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III-1 .1 

SOME FIELD OBSERVATIONS OF RADIATION FOG AND THEIR INTERPRETATION 

R. Brown 

1. Introduction 

Meteorological Office, Bracknell, UK 

Results 

Since 1971 the UK Meteorological Office 
has been investigating the basic physics of 
radiation fog, both to understand the processes 
involved in its formation and dissipation and 
to assess the prospects for improved fore
casting. Field observations have been made at 
Cardington, Bedford, UK (latitude 52° 06 1 N, 
longitude o0 24 1 W), Roach et al (1976). In 
parallel with the development of the field 
project a numerical model of radiation fog has 
been constructed, Brown and Roach (1976). The 
first ph~se of the investigation, terminating 
in 1974 led to significant clarification of the 
principal constraints in the development of 
radiation fog. Radiative cooling was found to 
encourage fog formation whilst turbulence 
inhibited it. Gravitational settling of the 
fog droplets and the soil heat flux emerged as 
important factors. However the initial study 
was deficient in several respects. Measure
ments were made mainly from 16 m masts so that 
only the initial phase of fog development was 
comprehensively observed. Little microphysical 
data was gathered. The model simulated 
turbulent mixing using an exchange coefficient 
regime which was constant in time and so did 
not respond to the change in atmospheric 
stability brought about by a deep fog. A 
second phase of the project, designed to 
rectify these deficiencies, commenced in 1976. 
Some preliminary results from phase II are 
presented in this paper. 

2. Instrumentation 

Phase II involved a change from mast
based to tethered balloon-borne observations, 
partly to monitor the behaviour of the fog 
top and partly to realise the potential of 
greatly extended microphysical observations 
made possible by the acquisition of an Axially 
Scattering Spectrometer Probe (ASSP), manu
factured by Particle Measuring Systems Inc., 
Colorado. Besides the ASSP,also mounted on 
the balloon were a Point Visibility Meter 
(Plessey Ltd., UK), two CSIRO pattern net 
radiometers, a pressure sensor to monitor the 
height of the instrument package, and a 
Cardington turbulence probe. The latter 
measured temperature, wind and humidity at low 
frequencies and also high frequency fluctuations 
in wind and temperature from which the 
turbulent fluxes of heat and momentum could be 
calculated. 

The surface energy balance was determined 
from measurements of the soil heat flux, the 
surface net radiation and the surface moisture 
deposition (from a lysimeter). The behaviour 
of the nocturnal inversion was monitored using 
a monostatic acoustic sounder. 

309 

Five coherent case studies have been 
obtained during the period 1976-78. These 
include a clear night when fog just failed to 
form, the steady growth of a deep fog,the 
dispersal of a shallow and deep fog by solar 
radiation and a fog dispersed by increasing 
gradient wind. 

a. Microphysical Data 

Although the mean drop size varied 
from fog to fog (in the range 3-10_µ m 
radius), certain other features were 
common to most of the profiles obtained 
through fog so far. The mean drop radius 
showed no trend with height or decreased 
with height and the maximum drop size 
decreased with height. Although the drop 
concentration underwent larger 
fluctuations than the mean radius it 
showed no trend with height. Thus the 
extinction coefficient was either constant 
or decreased with height. These 
observations are in contrast to those of 
Pinnick et al. (1978) who found that the 
concentration of larger drops and the 
extinction coefficient increased with 
height. However they point out that most 
earlier measurements in continental fogs 
showed these to decrease with height, 
which is in agreement with the 
observations reported here. Our 
observations are biased towards fogs 
which formed when the geostrophic wind
speed approached t~; maximum for radiat:irn. 
fog formation (?ms ). This could have 
led to enhanced mixing at the fog top, as 
discussed later, and therefore to some 
evaporation of the drops in the upper 
part of the fog. 

b. Temperature and Radiation Profiles 

Only in phase II of the project 
has it been possible to obtain detailed 
observations through deep fogs. Figure 1 
shows profiles of temperature, net 
radiation and radiative cooling through 
such a fog, approximately seven hours 
after its local formation. The lapse 
rate was wet adiabatic throughout most of 
the depth, indicating that the atmosphere 
within the fog was well mixed. This is 
believed to be due to a weak convective 
regime set up by radiative cooling 
beneath the fog top and warming at the 
surface. The latter sets in when the 
upward flux of heat from the soil exceeds 
the surface net radiative loss. It is 
hoped that the analysis of the turbulence 
data will confirm the convective nature 
of the turbulent motions. 
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Figure 1. Profiles of temperature - , net 
longwave radiation-----, and radiative 
cooling-.-.-. through the deep fog of 17/18 
October 1977 •••••• Fog top. 

It can be seen from figure I that 
the pre-fog surface inversion had 
migrated to the fog top. The base of the 
inversion coincided with the fog top to 
within 2Om. The acoustic sounder 
recieved echoes from the base of the 
elevated inversion and so identified the 
position of the fog top with a similar 
accuracy. The ability to detect the top of 
a mature fog ( > 5Om) has been 
demonstrated on several other nights. 
Thus acoustic sounding shows potential as 
an aid to forecasting fog clearance. 

c. Wind Observations 

A most interesting feature to 
emerge from the observations is that 
besides having a significant effect on the 
thermal structure of the boundary layer, 
a mature fog can also modify the windfield. 
Figure 2 shows a time-height cross-section 
of the windspeed on a radiation night when 
fog did not form. !qe geostrophic wind
speed was 5 - 5.5ms • It can be seen 
that the maximum windshear was concen
trated at the surface. Less pronounced 
elevated regions of shear were associated 
with the development of a nocturnal jet. 
Figure 3 shows a similar cross-section 
through the deep fog of 17/18 October 
1977. The ge~~trophi? win~speed on t~is 
night was ?ms • It is evident that in 
this case the region of maximum windshear 
was not at the surface but close to the 
fog top and that it movedupwards with the 
fog top during the night. This was 
observed to occur in two other fogs for 
which detailed wind measurements were 
available and becomes noticeable once the 
fog has reached a depth of 4O-5Om. The 
weak convective regime which becomes 
established in a mature fog is believed 
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(ms- 1) on a radiation night with no fog 
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to be responsible for this phenomenon. 
This enhances the turbulent transfer of 
momentum to the surface especially from 
higher levels where without fog the 
turbulence would be decaying after sunset. 
This leads to a momentum deficit beneath 
the fog top especially if the pre-fog 
inversion has caused the cessation of 
turbulent transport from levels above the 
fog top. Since this phenomenon does not 
appear to have been discussed in previous 
fog models, the model of Brown and Roach 
(1976) has been extended to include a 
prediction of the wind profile. 

Numerical Fog Model 

a. Description 

The governing equations of the model 
are the 1-D continuity equations for heat, 
water vapour and liquid water. Longwave 
radiative transfer is incorporated using 



a simple two band scheme. When the air 
becomes supersaturated water is condensed 
and latent heat released until the air is 
just saturated. The radiative effects of 
the drops and droplet settling are 
parametrized in terms of liquid water 
content. The soil heat flux is calculated 
to a depth of 1m and the variation of the. 
surface temperature with time is 
calculated from the surface energy 
balance. To this model have been added 
the following momentum equations:-

where u, v are orthogonal components of 
the wind parallel and perpendicular to 
the wind direction, f is the Coriolis 
parameter (10-4 s- 1) and Km an exchange 
coefficient for momentum. At the model 
top boundary at 9()0m u = Ug and v = 0 
where U is the geostrophic windspeed 
which i~ assumed to be constant with 
height. Below 2m a logarithmic velocity 
profile is assumed. 

The exchange coefficients, held 
constant in the original model, have been 
made functions of the local gradient 
Richardson number (Ri) using the level 2 
formulation of Mellor and Yamada (1974). 
This was found by them to agree closely 
with the second order closure model from 
which it was derived, when used to 
simulate the diurnal variation of the 
atmospheric boundary layer. The 
formulation predicts a critical Ri of 
0.22 at which turbulence ceases. The 
model exchange coefficients are then set 
to values appropriate to molecular 
diffusion. The level 2 formulation 
requires the mixing length ~ to be 
specified. This has been taken to be of 
the form:-

where fo is an outer scale of turbulence 
set equal to the depth of the turbulent 
layer Zf. The term in parentheses allows 
for the reduction in scale of mixing 
caused by the capping inversion. 

The initial conditions simulated a 
convective boundary layer. The 
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temperature lapse rate was adiabatic from 
the surface to 3()0m and 0.09 °c m-1 from 
300 to 900m. The initial wind profile was 
based upon the mean shape of the wind 
profile during convective conditions 
taken from ten years of routine boundary 
layer ascents. 

b. Results 

Figure 4 shows a time-height cross
section of the windspeed from the model 
(Ug = 6ms-1) when fog formation was 
suppressed by the use of a low initial 
relative humidity (75%). Since solar 
radiation is omitted surface cooling sets 
in immediately due to a net radiative loss 
at the surface of 70wm- 2• The atmosphere 
is initially turbulent (Ri< 0.22) to a 
depth of 300m but after an hour the 
turbulent boundary layer has collapsed to 
a depth of 10m. The cessation of 
turbulent transfer at higher levels causes 
the wind to undergo an inertial oscil
lation which leads to the development of a 



nocturnal jet with supergeostrophic wind
speeds appearing after 4 hours integration. 
This leads to the deepening of the 
turbulent region to 30m after 7 hours 
integration. During the whole course of 
the integration the maximum windshear is 
concentrated at the surface. 

Figure 5 shows the development of the 
windfield when fog is allowed to form by 
increasing the initial relative humidity 
to 95%. The stepped structure of the fog 
top (broken line) is an artifact of the 
grid point representation. It can be seen 
that a region of maximum shear is 
associated with the fog top as it grows 
upwards. This is noticeable from 3; hours 
when the fog is 40m deep. At this time 
the surface inversion has migrated towards 
the fog top and turbulence extends from 
the surface to just beneath the fog top. 
The model produces greater shear near the 
surface than is evident in figure 3 which 
could indicate that the exchange 
coefficient formulation underestimates the 
convective mixing within a fog, 

5. Discussion 

Both observations and model indicate that 
the development of radiation fog, besides 
altering the boundary layer temperature 
structure, also modifies the windfield. The 
important question which remains to be 
answered is whether the concentration of wind
shear at the fog top can enhance turbulent 
mixing across the interface. Experiments with 
a version of the model containing explicit 
microphysics have suggested that only mixing 
which extends through the fog top can reduce 
the mean drop size. Using the formulation of 
Mellor and Yamada there is no such mixing 
because the capping inversion increases Ri 
above 0.22despite the enhanced windshear. This 
critical value of Riis implicit in the 
formulation and some features of the model 
suggest that it is too low e.g. small depth of 
the stable boundary layer. It is hoped that 
the turbulence probe data will indicate whether 
turbulence extends through the fog top and 
perhaps allow alternative estimates to be made 
of the relationship between turbulence and 
dynamic/thermodynamic structure. 
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A MICROPHYSICAL MODEL OF RADIATION FOG 

R Brown 

Meteorological Office, Bracknell, UK 

1. Introduction 

Brown and Roa.ch (1976) - hereafter refe
rred to as I have desoribed a model of radi
ation fog which ga.ve results broadly in 
agreement with data obtained from a field 
study. Since the publication of I detailed 
information on the behaviour of the drop size 
distribution in fog has been obtained. How
ever the original model does not contain a.n 
explicit description of the microphysics, 
necessitating parametrization of the radia,
tive effects and gravitational settling of 
the fog droplets in terms of liquid water 
content. In fact these properties and the 
visibility are functions of the drop size 
distribution which in turn depends on such 
factors as the initial spectrum of the cloud 
condensation nuclei. It seemed desirable 
therefore to extend the model to include an 
e:x:plici t description of the microphysics. 
This paper describes the extended model and 
the initial results obtained from its use. 

2. Theory 

a.. The governing equations of the model 

The basic equations are essentially the 
1-D continuity equations for heat and water 
vapour, a.a used in I, with additional equa.
tions for the time rate of change of super
saturation (6'), drop radius (r) and concen
tration. They are described fully in Brown 
(1980). The drop growth equation is of the 
form -

where m is the nucleus mass and a.1,a ,a., 
A1, A2 a.re temperature dependent coefficients. 
Besides the usual supersaturation, curvature 
and solute terms equation (1) contains an 
additional term due to Roach (1976) to allow 
for the net radiative loss (R) from the drop
let. The factor 8~ corrects for temperature 
and vapour density discontinuities within one 
molecular mean free path of the droplet suz
face, following Fukuta and Walter (1970). It 
is a function of the condensation coefficient 
( P) which is normally set equal to 0.033. 

Within the model a. cloud condensation 
nucleus (CCN) is so designated if it has an 
equilibrium radius > 0.3 Jim a.t the ambient 

313 

supersaturation. Nuclei a.re transported by 
turbulent diffusion but not by gravitational 
settling. They play no part in the model 
thermoeynamic or radiative processes but merely 
a.ct a.a a. source of drops. Every time step 
those nuclei with an equilibrium radius> 
0.3 ~ma.re reclassified as drops. They then 
grow by condensation, release la.tent heat, 
settle mder gravity and a.re subject to tuz
bulent diffusion. 

b. Solution of the droplet growth equation 

It is not practical to integrate equation 
(1) directly because ea.ch drop eventually ha.s 
a unique supersa.tu:ra.tion history. To over
come this problem a bin technique is intro
duced based on the assumption that over a time 
step "t' a fraction 6Ni of the drops in bin 
i grow into bin i + 1, where ~Ni is given by 

~1"t is the bin width. The radius range 0.3 
- 20 p1m is covered by 55 bins. A disadvantage 
of the bin technique, when applied to equation 
(1), is that it is subject to numerical 
spreading because for an activated drop the 
solution is positive for a.11 larger radii. 
The spreading ha.a been reduced to an accepta
ble level by various techniques described by 
Brown (1980). The bin technique can then 
predict drop radius with an accuracy of 3% 
but numerical spreading limits the minimum 
dispersion (standard deviation/mean radius) 
of the predicted drop size distribution to 5%. 
The full model equation set produces dispers
ions of typically 4o% which tests show are not 
numerically induced. 

c. Model radiation scheme 

The formulation of the equation for the 
radiative heating rate and the evaluation of 
the transmissivity of water vapour and carbon 
dioxide a.re described in I. In the original 
model by assuming that the droplet absorp
tion efficiency factor for longwave radiation 
(Qa) was a linear function of r, it was 
possible to express the droplet transmissivity 
in terms of liquid water path. In the micro
physical model it is possible to take some 
account of the radiative effect of the swelling 



nuclei before saturation is reached a.nd also 
to use a more accurate expression for Qa. 
The droplet spectrum used in the radiative 
transfer equation is predicted by the model 
so that there is direct coupling between the 
microphysics and radiation. Droplet scatte:r
ing has been omitted since it has a small 
( N 10'%) effect on the cooling rate. 

d. Boia,ndary and initial conditions 

The model equations are solved from -1m 
to 200 m using 26 grid points. At 200 m the 
temperature, humidity mixing ratio, and drop 
a.nd nucleus concentration are held oonstant. 
The variation of the surface temperature is 
calculated from the surface energy balance 
including the soil heat flux. The flux of 
nuclei and the drop concentration are ta.ken 
to be zero at the surface. For a.11 integra,
tions the initial temperature is 5°c and the 
relative humidity 95%. The exchange 
co!ffi~ie!;~S are constant in time with Kn•~= 
10 m s at 50 m. 

3. Results 

The model spectra are presented with 
droplets in the range O - 2t:f1 omit4ed._

3
Their 

concentration varies from 10 to 10 om 
depending upon the spectrum of nuclei. They 
are also omitted from discussion of the pre
dicted drop conoentration and mean radii since 
most observational techniques do not detect 
them They are included in the calculation of 
the visibility. 

A Junge type CON distrj_~~tion is assumed 
but with a plateau below 10 g. The basic 
spectrum (labelled B !~

3
figures 1 : 15) covered 

the mass range 6 x 10 to 3 x 10 g with 8 
nucleus_~l-a.sses. -~he total concentration is 
2323 om (40 f,tgm ) • The nuclei a.re taken 
to be ammonium sulphate. 

a. Basic featu;;es of the model fog 
At described in I radiative cooling of the 

air to the colder ground produces saturation 
of the air below 2m after 1¼ hours. Figure 1 
shows that the visibility has fallen to 1km 
after 1 hour, due to the growth of the nuclei. 
The supersaturation of the air causes several 
nucleus classes to be activated and the ini
tial rapid growth of the droplets (due to 
their small radius) produces a sharp reduct
ion in visibility to 200m, at a height of 2m, 
by 1¼ hours. As time proceeds the visibility 
declines more slowly because of reduction in 
the droplet growth rate with increasing 
radius a.nd reduced supersaturation and radia.
tive loss. Similar features are observed &t 
higher levels but with a time delay. 

Figure 2 (top) shows the droplet spectrum 
at 4 hours when the fog is 80m deep. The 
initial model drop concentrations ofN 140cm-3 
fall to 70cm-3 at 4 hours because of surface 
deposition. The mean drop size and dispersion 
show little variation with height except just 
beneath the fog top where the drops have been 
recently activated. -
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Figure 1. Visibility at 2m as a function of 
time from the start of the integration. Fe.oh 
curve represents a different nucleus concen
tration - spectrum B - - - spectrum D•-•-• 
spectrum E 

The fog drop size distribution, visibilii3' 
and liquid water content are found to be 
insensitive to variations in the width of the 
nucleus spectrum when th!1~a.ximum nuoll~ mass 
is varied between 3 x 10 to 3 x 10 ~5 A 
hi~~2concentration of large nuclei (70cm > 
10 g) slows down the development of a dense 
fog but has little effect on the drop size 
distribution. This result encourages the hopa 
that it may be possible to correlate the 
observed droplet spectra with parameters such 
as the turbulent mixing. This would be 
difficult if the size distribution of 
activated drops were sensitive to the spectrum 
of the larger nuclei since most CON counters 
are inaccurate below 0.2% supersaturation. 

b. Influence of the nucleus concentration 

A series of integrations have been perf
ormed using a nucle.us spectrum of constant 
sh~pe but varying total concentration.Nucleus 
spectrum (B) has been described previously 
whilst those labelled (D) and (E) have concen
trations 2½ and 5 times (B) respectively. As 
the nucleus concentration is increased the 
pea.le supersaturation is lowered, from 0.05% 
to 0.03% at 2m, a.nd the visibility is reduced, 
Figure 1. It is found that the minimum 
visibility is proportional to No➔ where No 
is the concentration of nuclei. The reduotiai 
in visibility is partly brought about by a 
reduction in mean drop size and partly by a.n 
increase in liquid water content { 50'% on ave.rage 
with nucleus spectrum E). As anticipated fran 
published work on cumulus miorophysics, inc:r
easing the nucleus concentration produces a 
drop size distribution with a smaller mean 
radius and higher drop concentration, Figure 2. 
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Figure 2. Drop size distribution at 2m after 
4 hours integration as a £'unction of nucleus 
concentration. 

At the initial relative humidity of 95% 
radiative cooling by the unactivated droplets 
is neglible. When the relative humidity 
approaches 100'% the droplet radiative cooling 
with nucleus spectrum E becomes comparable to 
the gaseous radiative cooling. Despite this 
the time of supersaturation of the air is 
delayed by 15 minutes compared to nucleus 
spectrum B. This indicates that the enhanced 
radiative cooling due to the high nucleus 
concentration is more than offset by addi
tional removal of water vapour by the swelling 
nuclei. With spectrum Ethe maxi~ !!f-iative 
cooling in the fog is doubled to 6 Ch com
pared to nucleus spectrum B. This doubles 
the liquid water content in the shallow fog 
but only increases it by 20'% when the fog 
becomes optically thick. 

c. The importance of net radiative loss f):om 
the drops 

Roach (1976) has discussed the effect of 
longwave radiative exchange on the growth of 
fog drops. The microphysical model has been 
used to perform a more realistic examination 
of the importance of this effect than was 
possible by Roach. Two integrations have been 
performed with the radiative term removed 
from equation (1). The radiative cooling of 
the air by the drops is still included. 

With nucleus spectrum B removal of the 
radiative term causes the mean drop radius to 
decrease by 30'% and there is a similar increase 
in liquid water content. Figure (3) shows the 
effect on the drop spectrum~

3 
The drop concen

tration increases from 10cm with radiative 
loss compared to 250cm- with no radiative loss. 

315 

SPECTRUM 8 

I I i--· : 
I I 

60 I I 
I I 
I I 
: '--•1 
I I 

f r-J l 
5 20 : : i o'----=-~•-----'----'-
U 100 

8 
r--. 

:-•· : SPECTRUM E 
I I 
I I 
I I 
I '-••1 

60 

'° 
20 

16 18 20 

RADIUS(11ml 

Figure 3. Drop size distribution at 2m after 
4 hours integration - with radiative term, 
- - - without radiative term in eq (1). 

The extra drops are generated by the activat:ion 
of additional nuclei caused by an increase in 
the maximum supersaturation with no radiative 
loss. Radiative exchange lowers the maximum 
supersaturation attained by lowering the criti
cal supersaturation of the larger nuclei. 

The radiative terms has little influence 
with a high nucleus concentration as can be 
seem from the lower drop spectra in Figure 3. 
This is because the drops only experience a. 
radiative loss over a small distance beneath 
the fog top due to the high opacity of the fog. 

d. Variation of the condensation coefficient 

There is still some controversy over the 
value of~ for pure water with estimates rang
ing from 0.022 to 1. When p is increased from 
0.033 to 1 using nucleus spectrum B the maxi
mum supersaturation is reduced from 0.057% to 
0.037'%,, halving the concentration of nuclei 
a.cti vat ed. The minimum visibility is increased 
by 35% and the maximum liquid water content 
reduced by 22'%. The mea.n drop radius a.t 4 
hours is increased by 15%, Figure (4). This is 
surprisingly small compared to the increase in 
growth rate brought about by the increase in 
fa• It may be accounted for by the increased 
supersaturation obtained with the lower value 
and by the decreasing influence of p as the 
drops grow larger. 

Coating nuclei with long chain fatty acics 
or alcohols can considerably reduce their 
growth rate. This has been sim~a.ted in the 
model by reducing p to 3.3 x 10-, a conserva
tive reduction compared to the mi~~mum value 
reported experimentally of 3 x 10 • The 
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Figure 4. Drop size distribution at 2m after 
4 hours integration as a function of p • 

slower growth of the drops initially ca.uses a.n 
increase in the maximum supersaturation which 
results in a much higher oon3entration of 
aoti va.ted drops ( rv 1000 cm - ).. ·competition 
for available water then reduces the mean drop 
size at _1;2hours by 5o% compared to the case p = 
3.3 x 10 , Figure 4. The minirm,un visibility 
is reduced by 65% to 19m, and the ma.x:imum 
liquid water content increased by 45%. These 
results indicate that the use of a surfactant 
to inhibit fog formation could instead lead to 
the formation of a dense fog. 

4. Discussion 

The miorophysioal model has shown the drop 
size distribution in radiation fog to be 
insensitive to the width of the nucleus 
spectrum but to depend on the concentration of 
nuclei and the value of , • When matching 
observed and model spectra. it is difficult to 
obtain agreement of both the total concen
tration and mean radius. The latter can be 
matched by reducing p or increasing the 
nucleus concentration but then the drop con
centrations are higher than those observed. 

One explanation is that the exchange 
coefficients used here are only representative 
of the pre-fog stable conditions. Within a. 
deep fog a weak convective regime is estab
lished, enhancing turbulent mixing. Prelimi
nary experiments have indicated that enhanced 
mixing can reduce the mean drop size but only 
if it extends through the fog top so that fresh 
nuclei are mixed in from above. 
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"SIMULTANEOUS MEASUREMENTS OF THE TURBULENT AND 
MICROPHYSICAL STRUCTURE OF NOCTURNAL STRATOCUMULUS CLOUDS" 

S.J.Caughey, M.Kitchen and A.Slingo 

Meteorological Office, Bracknell, Berks., UK 

1. Introduction 

The study of stratocumulus cloud is impor
tant in many respects. Firstly, it is a 
natural extension of the many investigations of 
the structure of cloud free atmospheric bound
ary layers. These studies have provided frame
works within which the statistics of boundary 
layer turbulence may be nondimensionalized and 
parametrised in terms of more readily measured 
quantities. Such schemes are not yet available 
for cloudy boundary layers and it would seem 
that the stratocumulus capped boundary layer 
would be a useful case for initial study. 
Stratocumulus may also turn out to be an impor
tant simplifying case in which to investigate 
the effect of entrainment of warm dry air on 
the cloud droplet spectrum and liquid water 
content, in seeking some justification for the 
inhomogeneous mixing model proposed by Latham 
and Reed (1977). The upper boundary of strato
cumulus almost invariably marks an abrupt 
change to very much drier and warmer air aloft 
and hence one might expect the local micro
physical consequences of entrainment to be 
particularly well marked. 

This paper describes the results from two 
field studies of nocturnal stratocumulus 
carried out at RAF Cardington, Bedfordshire, on 
the 19/20 November 1976 and 26/27 October 1977. 

Observations of the cloud droplet population 
and the characteristics of turbulence in the 
cloud and inversion layers are discussed in 
some detail. 

2. Instrumentation and experimental details 

Measurements of the high frequency fluctua
tions of the longitudinal (u), lateral (v) and 
vertical (w) components of air motion and of 
temperature (T) were made using a turbulence 
probe attached to the tethering cable of a 
large (1300m3) balloon (see Readings and Butler 
1972). Signals were relayed to the ground by 
radio and sampled at 20 Hz prior to computer 
processing. Information on the cloud droplet 
field was obtained with a PMS ASSP-100 
droplet spectrometer (10s data samples) whilst 
2 net radiometers spaced by about 5 /11\. provided 
measurements of the net radiative flux profile 
through the boundary layer. 

Two surface-based remote sensors were in 
operation, a microwave radiometer was used to 
provide estimates of the total liquid water 
path above the instrument (Slingo et al, 1980) 
and an acoustic sounder was used to monitor the 
general stability of the boundary layer 
(Caughey et al, 1980). Full details of the 
instrumentation can be found in the paper by 
Roach et al, (1980). 
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Figure 1. Acoustic; sounder record taken during 
Case Study ( 2). Tm dark areas represent regions 
of strong echo and nence significant temperature 
fluctuations on a scale of one-half the acoustic 
wavelength. 

The experimental strategy consisted of 
slowly raising and lowering the balloon-borne 
instruments through the sub-cloud, cloud and 
cloud top regions, with occasional periods at 
fixed heights to permit estimates of turbulent 
fluxes to be made. 

3. General characteristics of the case studies 

The essential difference between Case Study 
(1) (19/20 November 1976) and Case Study (2) 
(26/27 October 1977) is that during the former 
conditions were quasi steady-state whereas in 
the latter the cloud layer progressively mifted 
and thinned. This resulted from a less settled 
synoptic situation in which the mean wind speed 
in the cloud layer increased from 6 to 11 ms-1 
during the observation period. Nevertheless the 
temperature and humidity profiles from both 
studies exhibited very similar features i.e. a 
near surface stable boundary layer (SBL) several 
hundred metres deep overlain by a deep adiabatic 
region which extended through the cloud to a 
sharp inversion layer immediately above cloud 
top. In both studies the cloud depth was 
substantially less than the overall boundary 



layer depth (taken as the height of the sharp 
capping inversion), being 400 m and 1100 m for 
Case Study (1) and 200 m and 1100 m for Case 
Study (2) respectively. 

A section of the acoustic sounder record 
taken during Case Study (2) is given in Figure 
(1). The intense near surface echoes are from 
the SEL and indicate a layer of very variable 
depth occasionally extending up to_, 400 m. 
Above this the extensive echo free region 
reflects the presence of the deep adiabatic 
layer. Eetween1100-1300;m, an intense 
oscillatory layer echo is apparent and this is 
identified with the sharp capping inversion at 
cloud top • Since this is the region actively 
involved in entrainment we refer to it as the 
entrainment interfacial layer (EIL). It is 
important to note that there is no evidence in 
the acoustic records for entrained regions 
extending well down into the boundary layer 
which suggests a relatively small scale for the 
entrainment process. Examination of the turb
ulence probe observations suggest that the 
entrainment mechanism involved sporadic Kelvin
Helmholtz breakdown of the EIL and the entrain
ment scale was in the range 10-50mv. 

4, Observations near cloud top 

From transits with the instrument package 
through the cloud top and inversion detailed 
information on the temperature, wind velocity 
and liquid water content (LWC) variations were 
obtained. Figure (2) shows an example from 
Case Study (2) of a descent from the subsidence 
inversion layer (SIL) through the EIL into the 
cloud radiation layer (CRL i.e. the upper 5mb 
of cloud in which the bulk of the net radiative 
flux divergence occurs). The notable features 
here are the sharp and very large temperature 
step through the EIL and significant vertical 
velocity excursions (up to 1 ms-1) in the cloud 
layer. Turbulence levels decrease rapidly 
towards the base of the EIL an~ fall to low 
levels in the SIL ( ,-..J 0.01 m s-2). The LWC 
data suggest that on this occasion the cloud 
top extends up to the base of the EIL. Further
more it would seem that, within the limit of 
measurement, the LWC rises immediately to the 
full in-cloud value. In contrast other 
transits showed deeper EIL's with irregular 
temperature steps and small regions in the CRL 
with temperature excesses over their surround
ings of 1-2K. Similar features were observed 
in other transits from Case Study (1) and are 
identified with entrainment of warm air from 
the EIL/SIL into the cloud layer. The along
wind scale of the entrained volumes fell in 
the range 10-50 m. Some support for this inter
pretation comes from the change in character of 
the LWC profile into cloud on this occasion. 
With active entrainment this exhibits a much 
more gradual increase with distance into cloud, 
which is suggestive of evaporative loss. 

Much attention has recently been paid to 
the inhomogeneous mixing model proposed by 
Latham and Reed (1977). In this the effect of 
entrained air on the cloud droplet field depends 
on the ratio -Z:7 /7: y , where -C, is a time scale 
for the diffusion of entrained air into the 
cloud and -r.;.. is that for the evaporation of a 
droplet of radius -r' . If 7:,/-C .,-::>~ I then 
the mixing process would be expected to proceed 
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city (W) temperature (T) and liquid water 
content (<t) from a descent into the cloud top 
when the e#trainment interfacial layer (EIL) 
was thin and relatively non-turbulent. 

inhomogeneously whereas if the reverse were true 
homogeneous !llixing would result, The time scale 
-Z::-T ~ (_L2 /f_)'h. (where L is the characteristic 
scale of entrainment feature~ ana E. is the rate 
of dissipation of turbulent kinetic energy in 
the cloudy air) may be estimated from the observ
ations. Taking L ~10 m and€ _,10-3m2s-3 (see 
Figure ( 5 ) ) near cloud top we obtain "t"-r ,_ 50s. 
An estimate of the time scale for droplet evap
oration may be ~de from the evaporation equa
tion, ignoring the solute term i.e. 

.Q:J.l_) _g_r 0,98 (S0 - -r 
dt = (r +oe) 

where 
s 

0 
is the undersaturation of the entrained 
air 

r is the droplet radius 
CC is the length associated with the con-

densation coefficient ( taken as ~ 5 ;m) 
This equation indicates that a 5 )llll radius drop
let will evaporate in "'1s for a 20~ under
saturation. In fact the air above the EIL was 
very dry indeed (RH~10%) so we may expect that 
this estimate is an upper limit to -Z:-'I'" and hence 
the mixing should appear essentially inhomog~ 
eneous, Some support for this interpretation 
comes from an examination of the mean droplet 
spectrum in regions of high and low LWC, Fie11re 
(3) gives the spectra from regions in which the 
LWC was ·.:::::. than O. ts and > than O. :n gm-3 res
pectively. Clearly only minor changes in 
spectral shape have occured although the changes 
in droplet concentration are large. Mean pro
files from all ascents/descent~ through cloud 
top show large reductions in droplet population 
as cloud top is approached but the maintenance 
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Figure 3. Average droplet spectra from the high 
(>,2.7 gm m-5) and low (< • /8 gm m-:>) regions on all 
traverses through the cloud top. The small 
change in spectral shape,although the droplet 
concentration is much less7 suggests that the 
mixing is essentially inhomogeneous. 

of a constant mean radius, as expected with an 
essentially inhomogeneous mixing process. 

5. Convection with cloud 

The turbulence probe data show a well defi
ned convective field within cloud. An example 
of the fluctuation record for part of a run 

- 'I near cloud base ( i::' d ......., 0. 3, where i::,1 is the 
height above cloud base and dis cloud depth) 
during Case Study (2) ia given in Figure (4). 
The structure observed is essentially the same 
as that observed during Case Study (1) and 
indicates cooler regions associated with down
draughts. These 'plumes' appear to be respon
sible for most of the heat transfer and 
reflect the movement of radiatively cooled air 
away from the CRL. 

Heat flux cospectra from level runs during 
Case Study (2) confirm the. small nega.tiv~ heat 
flux in the near surface SEL (.,--..., - 5Wm-) and 
the large positive fluxes generated in the 
cloud (30-40 Wm-2) by radiative cooling. Above 
the EIL the heat flux is essentially zero. The 
well defined cospectra ( -4/3 slopes at high 
frequency)are noteworthy and relate well to 
other heat flux cospectra from lower levels in 
the clear convective boundary layer (Caughey 
and Kaimal, 1977). 

The behaviour of the characteristic wave
length for vertical velocity fluctuations, 
(A m)W, and the dissipation rate of turbulence 
kinetic energy(£) in the cloud layer are of 
some interest. These were deduced from vertical 
velocity power spectra using the relations 
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where u is the mean wind speed, (/IV""-')w is the 
frequency at which the power spectral maximum 
occurs and S (n) is the power spectral density. 
The data forwCase Studies (1) and (2) are shown 
in Figure (5). A sustained and nearly linear 
decrease in (A ) from about 800 m near 
cloud base to .-m1 ~0-200 m is apparent and is 
related to the organisation and.scale of convec
tive elements. The dissipation rate data are 
rather more scattered and indicate values of 
roughly 10-3m2s-3 through the bulk of the cloud 
with a significant reduction near cloud top. 
The dashed line in Figure (5) indicates the 
dissipation rate expected if turbulence is gen
erated through the buoyancy flux alone (see 
Caughey et al, 1980), i.e • 

.£ - ¾v w
1
s~ 

and the general agreement obtained suggests that 
the observed turbulence may be attributed to 
radiative cooling in the CRL since this is res
ponsible for the buoyancy flux. 

Concluding remarks 

Single level turbulence probe studies of 
nocturnal stratocumulus indicate a very sharp 
and intermittently turbulent entrainment inter
facial layer, with entrainment scales in the 
range 10-50 m. During entrainment episodes 
(identified with Kelvin-Helmholtz breakdown) the 
EIL thickens substantially and becomes fully 
turbulent. Within the cloud layer convective 
motions are clearly identifiable and these 
increase in scale away from cloud top. It is 
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Figure 4. Time historie::i 01 verucal velocity, 
temperature and heat flux taken near cloud 
base ( c. 1/d N .3) 
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considered that the turbulence field is driven 
by buoyancy fluctuations created by the large 
radiative cooling near cloud top. The observa-

_tions suggest that the mixing should proceed 
essentially inhomogeneously and this is con
firmed by the characteristics of the droplet 
field. 
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CALCULATED OPTICAL PARAMETERS OF CLOUD 

Hartmut Grassl and Madeleine Newiger 

Max-Planck-Institut fUr Meteorologie 
Hamburg, FRG 

INTRODUCTION 

Most clouds do not reach a magnitude allowing 
precipitation. Therefore these clouds mainly 
influence the optical characteristics of the 
atmosphere: They change, mainly increase, the 
short wave system albedo; shift the bulk absorp
tion of solar radiation into the upper cloud 
layers, thus leading to enhanced solar heating 
rates of this part of the atmosphere; cause a 
greenhouse effect in the terrestrial spectral re
gion by strong absorption of liquid water and ice 
within the only transparent region from 8-13 µm 
wavelength, thus leading to very strong cooling 
rates of the uppermost cloud layer. The magnitu
de of heating and cooling rates as well as the 
cloud albedo is besides the trivial dependence 
on vertical extent first of all a function of 
liquid water content (STEPHENS, 1978; GRASSL, 
1978) and - especially for cloud albedo - of the 
droplet size. The latter dependence shows the 
possible influence of aerosol particle 
concentration changes on the optical parameters 
of a cloud via the dependence of cloud droplet 
numbers on the concentration of condensation 
nuclei. 

This paper has three topics: 1) Comparison 
of reactions on an aerosol particle 
concentration and aerosol mass absorption 
coefficient change in both the solar and 
terrestrial part of the spectrum. Already used 
simple relations connecting total aerosol particle 
number to the optical depth of a cloud will be 
checked by measured size distributions from diffe
rent geographical locations; 2) Determination of 
the influence of rain drops and aerosol particles 
on the absorption of solar radiation; 3) Influ
ence of threedimensionality on flux inferred 
absorption of solar radiation. 

INFLUENCE OF AEROSOL PARTICLES ON CLOUD 
MICROPHYSICS AND ON OPTICAL CLOUD PARA
METERS 

In the solar spectral region from 0.3-4,0 µm 
wavelength estimates of the aerosol particles' 
influence on optical cloud parameters have 
already been given by TWOMEY (1978) and GRASSL 
(1975, 1978). A reappraisal by one of the present 
authors (see GRASSL, 1980) has shown that the 
formerly used bulk formula for the change of 
optical depth -c with aerosol particle number N0 

wi thtrr -c - N00.27 is only valid for rather 
narrow cloud drop size distributions as for 
instance DEIRMENDJIAN's Cl, C2, C3, 
C6-clouds and measurements by RY AN et al. 
(1972) in continental and maritime cumulus 
clouds, however is not acceptable for size 
distributions measured in ground fogs 
(GARLAND, 1971). This may be due to the 
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neglection of small droplets at a radius r ,s;;; 3µm 
by many experiments. 

Fig. l presents fractional absorption, 
netflux at the ground and albedo of a 500 m 
stratus cloud between 1000 and 1500 m height 
imbedded in a 45° latitude standard atmosphere 
for different droplet size distributions. Note 
the only slight changes in fractional absorption 
of solar radiation in contrast to the drastic 
changes in albedo and netflux at the ground. 
This clearly shows the potential for an albedo 
change by an aerosol particle concentration 
change, if one remembers the good agreement 
in mean radius and thus optical depth -c 
between Cl and a small continental cumulus as 
well as between C5 and a maritime stratus 
cloud (for details see GRASSL, 1980). 

The accompanying variations in integral 
optical parameters for a C5 -4 Cl transition 
(fig. 2) are caused by three different effects: 

Increasing droplet number and thus optical 
depth -c , slightly decreasing steepness of the 
phasefunction, possible additional absorption by 
continental aerosol particles, The total albedo 
change D. Aw has two characteristics: a 
maximum positive value (l 0-12%) for thin 
clouds with -Ccs = 10 corresponding to a vertical 
extent of approximately 350 m at a mean 
liquid water content of 0,2 gm- 3 , and a 
switching to an albedo decrease at -Ccs = 40, 
!his crossover is strongly depending on the 
mcrease of aerosol particle absoprtion. In fig. 2 
the imaginary part of the refractive index was 
chosen to be 0.02 for the continental cloud Cl 
while for C5 pure water droplets have been 
assumed, Adding the dashed and the dotted 
curve leads to the albedo change for no 
concurrent change in aerosol particle 
absorption. 

The strong effects on integral 
parameters like albedo within the solar 
spectral region are not compensated by the 
terrestrial spectral region. Calculations of the 
long wave net flux (wavelength interval 4-200 

. µm) for the same size distributions have only 
shown net flux differences at the top of the 
atmosphere, at cloud top, and at the ground of 
7.7, 9,0 and 11.0 W m- 2 respectively for all 
distributions used. These values seem 
negligible if compared to corresponding 
changes within the solar part. A simple 
reasoning would lead to a reduction of 
longwave loss to space with increasing aerosol 
particle numbers, since an increased number 
of smaller droplets at fixed liquid water 
content increases optical depth and thus shifts 
the radiating layer upwards to lower temperatures. 
This effect is partly or totally compensated by 



a simultaneous decrease of the single 
scattering albedo, the ratio of the scattering 
to the extinction coefficient. Local effects 
however may be strong, since the cooling 
rates are shifted upwards as shown by fig. 3, 
which additionally includes heating rates 
due to absorption of solar radiation. Solar 
radiation absorption is highest in upper layers 
however with a maximum below the maximum 
cooling rates due to terrestrial radiation;the 
top layer of a cloud is strongly cooled even 
under noon conditions (as shown in fig. 3). 

RAIN AND AEROSOL PARTICLES AS 
ABSORBERS OF SOLAR RADIATION IN A 
WATER CLOUD 

The high 'measured' absorption of solar ra
diation in clouds (up to 35 or 40%), hitherto 
unexplained by the models of radiative trans
fer, lead us to the introduction of additional 
absorbers like aerosol particles and rain. 
Despite the assumption of extremely turbid 
conditions with strong absorbing particles and 
heavy rain still a discrepancy exists. Fig, 4 
compares all our results to those given by 
STEPHENS et al. (1978) for different droplet 
size distributions (for details see NEWIGER 
and BAHNKE, 1980). The lower own 
absorption values for pure water clouds are 
mainly due to a different atmosphere 
(STEPHENS et al. used a tropical atmosphere) 
and are slightly influenced by different water 
vapour absorption data. 

POSSIBLE ERRORS OF THE ABSORPTION 
OF SOLAR RADIATION DERIVED FROM 
FLUX MEASUREMENTS 

In a threedimensional radiative transfer 
model applying the 5 -Eddington 
approximation as adopted by BAHNKE (1979), 
following DA VIES (1978), one of us (M.N.) has 
shown, that the flux inferred absorption 
values can easily be explained by radiative 
fluxes going through the walls of a cubic 
cloud. A cloud with a vertical and horizontal 
extent of 4000 m still looses 22% to 30% of 
the incoming radiation through the walls, 
depending on the absorption by other 
components than the pure water droplets. The 
smaller the absorption within the cloud, the 
bigger the scattering through the walls, 
leading to only slight changes in flux inferred 
fractional absorption despite strongly 
different real absorption within the cloud: 
Measuring radiative flux below and above a 
4000 m-cloud would lead to 38% (30 + 8) 
fractional absorption for pure water droplets 
and 38% (22 + 16) for a strongly absorbing 
aerosol component within the cloud, demon
strating the difficulty in determining fractio
nal absorption and the impossibility to derive 
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aerosol absorption from simple flux 
measurements, 

A cloud with 8000 m horizontal 
extent and again 4000 m height would 
show 29 and 28% for the high and low 
absorption case respectively. 

ESTIMATE OF GLOBAL ALBEDO CHANGE 

Using results from the second section and 
assuming no additional absorption with an 
aerosol particle concentration increase, thus 
increasing cloud albedo for all clouds 
with growing aerosol particle numbers, we 
can as a first guess or upper limit derive 
changes in global albedo given a certain 
increase in aerosol particle density Na • 
With a cloud cover N = 0,5, a global 
albedo of 30%, a mean albedo of 45% over 
cloudy areas, and using d Aw / di; = 0.2/1 
as given by TWOMEY (1978) LlAw for Na2 
/N01 = 2 will be 3.38% for all thin clouds 
with 10< 1 < 30 and thus lead to Ll Ag = 1.7% 
change in global albedo .• 'Ra,;tr/ct ins; ,ha.nges 
to only 10% of the cloudy areas leaves 
only 0.17% change in global albedo. 
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Fig. 1: Some optical parameters, 
integrated over the solar spectrum 
(0.3-3.7 µm) for an atmosphere containing 
a vertically inhomogeneous stratus cloud 
between 1000 and 1500 m height with a 
mean liquid water content of 0,2 gm-3 

The albedo of the atmosphere-cloud-ground 
system, fractional absorption within the 
cloud in percent~ and net flux at the 
ground in W m- are shown for 4 analy
tical size distributions as a function of 
the optical depth of these distributions, 
The cosine of the sun's zenith angle is 
0.9, surface albedo As = 0.2. The open 
circles stand for a measured stratus size 
distribution (see STEPHENS et al., 1978). 
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,INTRODUCTION 

Fog and cloud droplet sizes and concentra
tions were determined in the past using impac
tors (1,2). Consequently, the numbers of pri
marily submicron haze droplets were not 
measured because of the poor collection ef
ficiency of the impactors. Recent measure
ments in fogs with electro-optic particle 
counters show the presence of high numbers of 
submicron haze droplets. These droplets con
tribute to the reduction in visibility (3). 
Recent measurements in stratus clouds with 
electro-optic particle counters also show the 
.presence of high numbers of haze droplets (4). 
To our knowleage, data is lacking on the pre
sence of haze drops in other types of clouds. 

The commonly employed modified gamma drop
let distributions (5) are augmented in this 
paper to account for the pre·sence of haze 
droplets. The common and augmented distribu
tions are used to calculate the volume extinc
tion and backscatter coefficients of electro
magnetic radiation as well as the meteorologi
cal range. It is shown that accounting for 
haze droplets for the fog investigated re
duces the meteorological range by 27% and re
duces the meteorological range by a lesser de
gree for the cloud investigated. 

MEASUREMENTS 

Measurements in fogs with electro-optic 
particle counters show that droplet popula
tions contain variable concentrations of haze 
droplets in relation to the concentrations of 
fog droplets (here we define haze droplets as 
the unactivated droplets in the population and 
the fog droplets as the activated droplets). 
For example, Hudson (6) reports that a marine 
fog off the Oregon coast contained primarily 
fog droplets while a "post-Santa Ana" fog at 
San Diego, California, contained mostly haze 
droplets. He shows these differences relate 
to the concentrations of fog condensation 
nuclei (FCN) as determined with an isothermal 
haze chamber (7). 

For calculations here, the droplet 
measurements obtained in coastal fog at 
Trinidad, California, (8) are used because of 
the high size resolution (Fig. 1). The drop
let population in Fig. 1 is bimodal; a sub
micron mode (believed to be haze droplets) 
and a supermicron mode (believed to be fog 
droplets). To determine precisely the demar
cation between the haze and fog droplets, a 
calculation must be performed, after that of 
Fitzgerald (9), utilizing FCN and cloud con-
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densation nucleus measurements. Such a cal
culation is beyond the scope of this paper. 

PROCEDURES 

The volume extinction coefficient (S ,m- 1 ) 
and volume backscatter coefficient (S(1r)'; m-1 
ster- 1 ) as defined by Bird (10) were calcu
lated for wavelengths (A) of 0.55 and 10.5 µm 
using Hie light scattering theory. The drop
let-distribution from Trinidad, California, 
(Fig. 1) was differentiated to produce 6n/6r 
(cm- 3 µm) versus r(µm) (Fig. 2). The portion 
of the distribution in Fig. 2 between 0.1 and 

0.15 µm was fit by 

n(r) = 2 x 104 (1). 

The portion of the distribution between 0.15 
and 2 µm was fit satisfactorily with a Junge 
distribution of the form, 

n(r) = 81.6 r-2 , 9 (2) 

The portion of the distribution between 2 and 
10 µm was fit satisfactorily with the modi
fied gamma distribution, after Deirmendjian, 

n(r) = 32.36 r 5 - 75e-2 - 3 (3) 

The indices of"refraction (m) of the droplets 
(assumed to be pure water) were as follows; 
at A= 0.55 µm, m = 1.33 and at A= 10.5 µm, 
m = l.185-0.662i (11). 

Two calculations were performed. The 
first employed the combined Junge and gamma 
distribution (Eqs. 1, 2, 3) at both wave
lengths, and the second employed the gamma 
distribution (Eq. 3) over the size range 
0.1 < r < 10 µm. The meteorological range 
(V,m) wa-;; calculated using Koschmieder's 
expression V = 3.912/Se- The results of the 
two calculations are given in the table. 

>. 
(µm) 

Calculated Extinction (Se) and Backscattering (S(n)) 
Coefficients and Meteorological Range (V) Using 
Trinidad Fog Droplet Data. 

Be V S(TI) 
(m-1) (m) (m- 1ster- 1) 

Cale. l Cale, 2 Cale. 1 Cale. 2 Cale. 1 Cale. 2 

0.55 4 .. 9xlo- 3 3.6xl0- 3 799 1087 2. 4xl0- 4 l.9xl0- 4 

10.5 1.2x10- 3 l. lxl□- 3 - - 2.7xl□-• 2.6x10-• 



RESULTS 

Comparing the results in the table for the 
case with the submicron haze droplets included 
(Calculation 1) and for the case without the 
haze droplets (Calculation 2) it can be seen 
that the haze droplets have a greater effect 
on both the volume extinction coefficient (36% 
change) and the volume backscatter coefficient 
(26% change) at A= 0.55 µm than at A= 10.5 
µm (9% change for the volume extinction co
efficient, 4% change for the volume back
scatter coefficient). Furthermore, the values 
for the meteorological range decreased 27% 
when the haze droplets were included in the 
calculations. This result indicates that haze 
droplets should be included in propagation 
calculations for fogs which contain high con
centrations of haze droplets. 

Clouds also can contain high concentra
tions of haze droplets as shown in Fig. 3. 
Comparing Figs. 2 and 3 reveals that the fog 
contained higher concentrations of submicron 
droplets in relation to the concentration of 
supermicron droplets, Consequently, the de
crease in Vin the cloud due to the presence 
of the haze drops is expected to be less than 
the 27% calculated for the fog. 

CONCLUSIONS 

Submicron haze droplets were shown to co
exist with supermicron fog and cloud droplets 
in the fog and cloud investigated. Calcula
tions showed that the haze droplets are de
lete.rious to propagation at O. 55 µm and less 
so at 10.5 µm. Furthermore, the value for 
meteorological range in the fog decreased 27% 
when haze drops were included in the calcula
tions. The reduction in the meteorological 
range for the cloud was deduced to be less 
than in the fog. 
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Fig. 1. Fog droplet size distributions de
termined from measurements with optical parti
cle counters (ROYCO and Particle Measuring 
Systems) on 16 July 1976 at Trinidad, ~ali
fornia, 
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III-1.6 
RELATIONSHIPS BETWEEN IR EXTINCTION, ABSORPTION, BACKSCATTER 

AND LIQUID WATER CONTENT OF THE MAJOR CLOUD TYPES 

R G Pinnick P Chylek HJ Auverrnann & CV Harn S G Jennings 

UMIST, Manchester 
ENGLAND 

US Army Atmospheric M.I.T., Cambridge, New Mexico State Univ., 
Sciences Laboratory, Mass. 02139, U.S.A. Las Cruces, NM 88003, 
NM 88002, U.S.A. U.S.A. 

INTRODUCTION 
Both fog and cloud have an import

ant effect on radiative transfer in 
~he atmosphere. Recently Ch,lek (1979) 
and Pinnick et al (1979) have shown 
that in the case of atmospheric fog, at 
particular infrared wavelengths there 
do exist approximate linear relation
ships, that are independent of the form 
of the size distribution, between ex
tinction, absorption and liquid water 
content (LWC). In this paper we extend 
these relationships between extinction, 
absorption and LWC to water droplet 
clouds which cover the major cloud cat
egories. 

We show that for visible and near
infrared wavelengths the cloud extinc
tion coefficient cre(km- 1 ) is uniquely 
related to the backscatter coefficient 
Obs(km- 1sr- 1 ), independent of the form 
of the cloud drop size distribution. 
At the ruby laser wavelength \=0.694um 
the relation is cre=16 crbs· We also 
show however, that cloud liquid water 
content for clouds of unknown drop size 
distribution cannot be inferred from 
visible, infrared or nearmillimeter 
backscatter measurements alone. 

EXTINCTION, ABSORPTION, BACKSCATTER AND 
LIQUID WATER CONTENT OF WATER CLOUDS 

Consider a polydispersion of spher
ical droplets characterized by a size 
distribution n(r) and refractive index 
m. We want to investigate relationships 
between the cloud extinction and absorp
tion coefficients cre and cra, the back
scatter coefficient ~bs• and the cloud 
liquid water content W given by 

" 2 ae = Jnr Qe(m,x)n(r)dr (1) 

= fnr 2Qa(m,x)n(r)dr (2) a 
a 

1 ° 2 ~bs = 4r,Jttr G(m,x)n(r)dr (3) 

(4) 

where p is the water droplet density, 
Qe(m,x), Qa(m,x) are the efficiency 
factors for extinction and absorption 
for a droplet with refractive index m 
and size parameter x=2TTr/A, and G(m,x) 
is the backscatter efficiency (or gain) 
defined as the ratio of the backscatter 
cross section to the geometric area. 

The efficiency factors Qe(x) and 
Qa(x) for droplets having size parameter 
x ~ xm (xm = 2nr /\) can .be approximated 
by linear

1

functi8ns of droplet size 
parameter Qe(x,l) = c(l)x and 
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QaCx,l) = c
1
(\)x as shown by ChQlek 

(1978) and Pinnick et al (1979). 

The consequence of utilizing these 
simple linear approximations for the 
Mie efficiency factors in the express
ions for the cloud extinction and ab
sorption, given by Eqs.1,2 are far 
reaching. This is because these exp
~essions now contain the integral 
j r3n(r)dr and thus the coefficients be
come proportional to cloud water content 
Wand independent of the particle size 
distribution n(r): 

cr e = 

a a = 

3TTc w 2Ao 

3TTc I W 
2\ o 

(5) 

(6) 

where c(l), c'(l) are the slopes of the 
straight lines approximating the Mie 
efficiency curves. 

SELECTED CLOUD SIZE DISTRIBUTIONS 
The cloud droplet size measurements 

used here we judge to be fairly reliable 
and were chosen to represent adequately 
the major cloud types ranging from cum
ulus, continental and maritime cumulus 
(Diem (1948), Battan & Reitan (1957), 
Squires (1958), Durbin (1959), Jiusto 
(1967), Warner (1969, 1973ab), Fitz
gerald (1972), Fitzgerald & Spyers
Duran (1973), Ryan et al (1972) and 
Eagan et al (1974)], stratus and strata
cumulus [Diem (1948), Singleton & Smith 
(1960), Jiusto (1967), Spyers-Duran 
(1972), Fitzgerald & Spyers-Duran (1973) 
Ryan et al (1972) and Eagan et al (1974~ 
orographic (Squires (1958)] and cumulus 
congestus, cumulonimbus [Diem (1948), 
aufm Kampe & Weickmann (1952)(1953) and 
Battan & Ratan (1957)]. The main samp
ling technique employed to obtain the 
cloud droplet size distributions was 
that of impaction onto coated slides or 
r~plicator whose collection efficiencies 
were corrected. The practical lower 
limit for detection of cloud droplets by 
the impaction technique is around 1.$1m 
radius. The sole cloud size determin
ation by a light scattering counter 
(Ryan et al 1972) was calibrated by means 
of uniformly sized water droplets. 

Altogether, 158 different size dis
tributions were used in the analysis 
making use of the originally measured 
size categories which were digitised 
accordingly. Only non-precipitating 
clouds were used in the analysis and 
measurements which showed evidence of 
glaciation were excluded. 



Using a Mie scattering programme 
and index of refraction of water as 
given by Hale & Querry (1973) and Ray 
(1972) we have calculated ae,~~, 0bs 
and W given by equs. (1) to (4J for 
the 15B cloud size distributions n(r) 
at wavelengths),: □ .55, □ .694, 1.06, 
3.B, 10.6, 1363, 2142.9 and 3191.5um. 

EXTINCTION, ABSORPTION AND LIQUID 
WATER CONTENT IN CLOUDS 

The result for the volume extinc
tion coefficient CTe vs Wat A=1 □ .6um 
together with the approximation (5) 
is shown in Fig.1. At \=1 □ .6um the 
Qe=cx approximation is a good one 
(within a factor 2) for all size dis
tributions except those with a large 
range of droplet size, such as cumulus 
congestus, cumulonimbus, and some layer 
clouds. This is in good agreement with 
the prediction of Chylek (197B) and 
Pinnick et al (1979) that the Qe=cx 
approximation is valid except for those 
size distributions which contain a 
large number of droplets with radii> 
14um. The numerical results at visible 
and near infrared wavelengths showed 
that no relation between extinction and 
LWC independent of size distribution 
exists - since the Qe=CX approximation 
is valid only for water droplets ~1.Q1m 
in this wavelength region (Chylek,1978) 
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Fig.1 Variation of extinction coeffic
ient with liquid water content in cloud 
fo~ 153 size distribution measurements, 
covering all the major cloud types. In 
the infrared spectral region around 
>,=1 □ .6um, there exists a linear, size
distribution-independent relation be
tween ~he volume extinction coefficient 
0 8 (km- ) and the liquid water content 
W(g m-3) of the form of Eq.(5), shown by 
the straight line. 

A linear relation between cloud ab
sorption and LWC according to (6) was 
found to be within a factor 2 for all 
cloud types at A=3.Bum. This is in gen
eral accordance with the requirement 
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that droplets with maximum radii of 
14um is adequate for the verification of 
Qa=c' x for water droplets at \=3.8um 
(Pinnick et al 1979), 

BACKSCATTER AND EXTINCTION IN CLOUD 
For a realistic size distribution 

of cloud droplets we can expect to have 
a fairly uniform distribution of drop
lets throughout small ranges of drop 
sizes, let us say 6r~1um (corresponding 
to 6 x = 1 D a t \ = D • 6 9 4 3u m ) • Lin d e r t h i s 
rather minor constraint we then average 
the exact Mie values G(x) over intervals 
6x=1 □• These averaged values ITTx5' (Fig. 
2) are nearly constant (except for the 
smallest drops) for all realistic cloud 
drop sizes. Thus to first order we can 
replace G(x) in Eq.3 by a constant val
ue G(x,\)=g(\) that is independent of 
size parameter and depends only on the 
radiation wavelength\: the extinction 
in cloud is dominated by droplets with 
radii 2umzrz9Dum and so the extinction 
efficiency in Eq.1 can justifiably be 
approximated by Qe~2. This approxima
tion together with the approximation for 
backscatter gain G=g(\) leads to the 
cloud extinction coefficient being lin
early related to the backscatter co
efficient 
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Fig.2 The averaged backscatter gain 
G(x,\) for water droplets at a wavelength 
\= □ .694um (refractive index m=1,331 -
3.35 x 10-81). G(x,\) is averaged over 
size parameter 6x=1 □ (and intervals 6x 
:20 for x>150) and can be approximated 
by a constant value G(x,A)=g(\). 

where g(\) is determined.J2L_numerically 
averaging the values of G(x) as in Fig. 
2. (The resulting averages are 
g ( \ = D • 6 9 4u m ) = 1 • 5 2 , g ( \ = 1 • D 6µ m ) = 1 • 5 D ) • 

To test the validity of the extinc
tion-backscatter relation (7), we cal
culated using Mie theory the extincton 
coefficient according to Eq.1 and the 
backscatter coefficient according to Eq. 
3 for the 158 different cloud droplet 
size distributions. Plotted in Fio.3 
for each cloud size distribution are 
values of the extinction coefficient as 
a function of the backscatter coefficient 
at \=D.694um, The linear relation be
tween extinction and backscatter co-



efficients, a 8 =16 abs, predicted using 
our size-distribution-independent re
lation (7) is also shown in Fig.3. 

/1. =0.694 µm 

J 
J 
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Fig.3 Volume backscatter coefficient vs 
volume extinction coefficient at wave-· 
length \=D.694um for 158 droplet size 
distributions measured in cumulus and 
stratus type clouds. The results are 
in good agreement with the size
distribution-independent prediction (7) 
shown by the straight line, relating 
extinction uniquely to backscatter~ 

For all considered cloud size distrib
utions the relation (7) is within 30% 
of the numeri caL results. Thus if 
errors of this order are acceptable, 
cloud extinction coefficients can be 
inferred from measurement of the back
scatter coefficient directly from Eq.7 
without the need of knowing details of 
the cloud droplet size distribution. 

The calculation of the extinction 
and backscatter coefficients for the 
158 cloud size distributions at other 
laser wavelengths (3.Bum and 1 □.~1 m) 
showed that no such relation exists. 
The results showed that for a particular 
extinction coefficient the backscatter 
coefficient varies by about an order of 
magnitude for different droplet size 
distributions. Therefore a lidar 
measurement could not be used (by it
self) to deduce infrared extinction 
accurately in cloud. Neither can an un
ambiguous extinction-backscatter re
lation be expected to hold at near
millimeter wavelengths as can be seen 
from examining (1) and (3), knowing that 
the Ra 4leigh approximation holds with 
G(x)~x and Qe(x)~x. 

BACKSCATTER AND LIQUID WATER CONTENT IN 
CLOUD 

We extended our investigation to 
see if a relation might also exist be
tween cloud liquid water content and 
backscatter coefficient. Perusal of 
Eqs.3 and 4 reveals that for liquid 

331 

water content to be unambiguously re
lated to the backscatter coefficient 
for arbitrary size distribution n(r) 
the backscatter gain needs to be approx
imated by a linear function of droplet 
radius G(r) cr r(or equivalently G(x) cr 

X) • 

We already know the backscatter 
gain (averaged over about 1um radius 
intervals) at a wavelength \= □ .694um is 
nearly constant (G(x)=g) and not pro
portional to the particle size para
meter (Fig.2). Hence there can be no 
size distribution-independent relation 
between LWC and backscatter coefficient 
at this wavelength as the ratio of 
these quantities contains the ratio of 
the third to second moments of the drop
let size distribution. To obtain a 
quantitative measure of this size dis
tribution dependence, we performed Mie 
calculations of the backscatter coeffi
cient using Eq.3 and LWC using Eq.4 for 
the 158 cloud size distributions. The 
results of these calculations at\ = 
D.694um are presented in Fig.4 and show 
that for a particular backscatter co
efficient the cloud liquid water content 
can vary by as much as an order of mag
nitude with the droplet size distribu
tion. 
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Fig.4 Volume backscatter coefficient 
at \= □. 694um versus cloud liquid water 
content for 158 measured droplet size 
distributions of cumulus and stratus 
type clouds. The results show that 
cloud liquid water content is not uni
quely related to the backscatter co
efficient. 

Similar investigations of a possible 
relation between cloud LWC and back
scatter coefficient at other infrared, 
visible, and nearmillimeter wavelengths 
( \ = D • 5 Su m , 1 • D 6u m , 3 • Bu m , 1 D • 6u m , 1 3 6 4u m 
2 1 4 3u m an d 3 1 9 2u m ) s h ow a g a i n th a t n o 
unambiguous relations exist, and further 
that for a fixed backscatter coefficient 



at these other wavelengths the cloud 
liquid water content is generally an 
even more sensitive function of the 
droplet size distribution. 

CONCLUSIONS 
For all types of clouds consisting 

of spherical water droplets a linear 
relation between their extinction and 
backscatter coefficients at visible and 
near-infrared wavelengths has been de
rived, The relation is independent of 
the cloud size distribution. The re
lation should enable the determination 
of cloud extinction coefficient solely 
from a lidar return, providing the cun
tribution of multiply-scattered photons 
to the lidar return can be neglected. 
However, no size-distribution-independ
ent relation exists between cloud water 
content and backscatter coefficient at 
visible, infrared or nearmillimeter 
wavelengths. 

The prediction of Chylek (1978) of 
a linear relation, independent of the 
size distribution between extinction 
at l around 10~6um and liquid water 
content of cloud has been verified to 
within a factor 2 for all cloud size 
distributions, the exceptions being 
cloud types possessing a large range 
of drop sizes (cumulus congestus, 
cumulonimbus and some layer clouds). 
Integrated liquid water content along a 
path in cloud could be inferred from a 
CO 2 laser (\=10.6um) transmissometer 
measurement according to (5). A sim
ilar linear relation between cloud drop
let absorption at \=3.8um and liquid 
water content has also been validated 
(within a factor 2) for all cloud types. 
The relation bethleen cloud absorption 
and liquid water content can also be 
used, from a knowledge of cloud water 
content, to calculate cloud emissivity. 
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THERMODYNAMICS OF RADIATION FOG FORMATION AND DISSIPATION
A CASE STUDY 

James E. Jiusto and G. Garland Lala 
Atmospheric Sciences Research Center 

State University of New York, Albany, New York, USA 

1. Introduction 

Fogs continue to plague air and ground 
transportation in various parts of the world. 
During the autumn season, radiation-type fogs 
commonly occur over extensive regions of the 
northeastern United States. Despite their 
known association with high pressure systems, 
clear skies, light winds and fairly moist air, 
it has proven extremely difficult to forecast 
fogs with satisfactory precision. This seems 
particularly true at inland stations where a 
subtle combination of ambient thermodynamic 
conditions must be met to produce fog. 

Thus for several years a fog field program 
has been conducted at the municipal airport at 
Albany, New York (200 km north of New York C_ity 
and ~250 km from the Atlantic Ocean). By 
learning more about the physical processes 
during the evolution of radiation fog, it was 
felt that better subjective and numerical fog
forecasting techniques could be developed. 

2. Measurement Program 

Throughout evenings of anticipated haze 
and fog formation, the following detailed 
measurements are made: 

a. visual range (AEG Telefuhken scattered 
light meter) 

b. temperature - 8 levels to 10 m (transistor 
temperature sensors) 

c. wet bulb temperature (dewpoint) - 7 levels 

d. horizontal and vertical winds - 1, 4 and 
10 m (Gill anemome·ters) 

e. net radiation (Swissteco, Funk type) 

f. soil conditions - temperature and moisture, 
-0.1 and -0.S m 

g. dew rates - dew plates, 10 cm and 50 cm 
above ground (also Hiltner gauge) 

h. aerosol characteristics - Royco 225 
particle (droplet) detector; SUNY-ASRC CCN 
counter; T.S.I. electrical aerosol analyzer 

i. drop size distributions - Royco counter and 
gelatin slides 

j. fog water content - high volume filters 

Most variables are continuously or 
periodically monitored with a computerized 
data-gathering system, allowing for rapid 
processing of the data. 

Of the many fog and haze cases recorded, 
one particularly unique and complete fog data 
set was obtained on 29-30 September 1979. It 
revealed a number of interesting features per
taining to the dynamics and thermodynamics of 
radiation fog during the periods of formation, 
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"steady-state" equilibrium, and ultimate 
dissipation. 

3. Case Study Results 

Figure 1 shows the continuous visual range 
(V.R.) trace for the 13 hour case extending 
from evening through early morning, while 
Figure 2 depicts the corresponding temperature 
traces for five selected levels (surface to 
10 m). From the V.R. trace, we can define at 
least three periods of particular thermodynamic 
interest: 

a. 2000-0230 EST; initial haze and light fog 
formation period with the V.R. typically 
between ~1 and 8 km 

b. 0230-0630 EST; dense fog (V.R. <500 m) 
formation of a persistent nature 

c. 0630-0830 EST; iog dissipation after sun
rise 

As indicated during the initial period, and 
as we have invariably observed during haze and 
light fog situations, the variables such as 
temperatures, winds and visual range are highly 
oscillatory with time. The V.R. oscillations 
generally ·appear random and can be induced by 
changes in winds, temperature and/or net 
radiation; on occasion the oscillations are 
periodic (10-20 min. periods), as noted by 
Roach, 1976, and Lala et al., 1978, but such 
oscillations appear atypical. In this particu
lar case the V.R. oscillations during the early 
period were often linked with changes in the 
Richardson number R.: 

]. 

R. = ~ (d6/dz) 
1. 6 (du/dz) 2 

In short, lower visibilities tended to be 
associated with a more stable boundary layer 
(R. >0.5). Increases in winds and vertical 
miiing, at this stage, tended to warm the lower 
levels and weaken the light fog and haze 
(improve visibility). 

Figure 2 shows that a strong inversion of 
as much as s0 c over the lowest 10 m prevailed 
during this period - classic low level radia
tion conditions. Note the abrupt change to 
quasi-isothermal conditions from 2230-2315 EST. 
This was primarily induced by a cloud bank pass
ing overhead that reduced the outgoing net 
radiation from about 3.5 mW cm-2 to 0.5 mW cm-2. 
Shortly thereafter, pronounced radiational 
cooling resumed as did variable osciliations. 
Over the period from 2000-0230 EST the number N 
of fog drops 2._0.S µm diameter varied from about 
20 to 100 cm-3 (~30 cm-3 average), as shown in 
Figure 3. As would be expected V.R. varied 
inversely with N. 



Dense fog (V.R. <0.5 km) set in at 0230 EST 
and persisted until about 0630 EST, shortly 
after sunrise. Several interesting events 
occurred during this "steady-state" period. 
The strong temperature inversion gave way to a 
low-level neutral to superadiabatic lapse rate 
as the level of maximum radiation shifted from 
the surface to the fog top (Figure 2). Some
what surprisingly, horizontal wind speeds at 
all levels became much stronger (0.5 to 2 m 
sec-1), in accordance with a near neutral 
boundary layer (Ri <<0.25). One customarily 
associates fogs with very light winds. Also 
the visibility - Richardson number relationship 
reversed during this period; low V.R. was 
associated with very low (less stable boundary 
layer) Ri values. We postulate that with 
cooling (and higher humidities) extending 
upward through a greater depth than earlier, 
that vertical mixing then had the more cus
tomary effect of coupling with radiational 
cooling to generate supersaturated conditions. 
Droplet concentrations exceeded 300 cm- 3 and a 
pronounced increase in drop sizes occurred. 
For example, the number of drops larger than 
10 µm diameter jumped by almost two orders of 
magnitude in 5 minutes time starting at 0230 
EST. 

After sunrise, the fog slowly dissipated. 
Note the increase in visibility to 5 km at 
0800 EST (Figure 1), and the decrease in 
droplet concentration to 50 cm-3 (Figure 3). 
An historic question exists as to whether such 
fogs "burn off" because of direct adsorption of 
solar radiation by fog drops or by heating of 
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the ground and warming from below. Undoubtedly 
both mechanisms contribute. In Figure 2, one 
can see a pronounced 2°c increase at the surface 
from 0700-0800 EST. In this case at least, sur
face heating constituted a significant force for 
fog dissipation. 

In summary, it can be said that the critical 
conditions for fog evolution are complex with 
transitions often occurring quite rapidly. As 
these and other figures will demonstrate, the 
microphysics measurements described frequently 
can help define the governing physical principles 
involved. 
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A LAGRANGIAN APPROACH TO THE 
SIMULATION OF THE CONDENSATION PROCESS 

M Ou.ld.ridge 
Meteorological Office, Bracknell, UK. 

1. Introduction 

During an attempt to explain some of the 
microphysical features of Stratocumulus cloud, 
it was observed that the modelled development 
of the droplet size distribution was heavily 
influenced by the conditions assumed at cloud 
base - particularly the updraught strength. 
This report discusses the details and implic
ations of this sensitivity. 

Several investigators have attempted to 
explain the evolution of the droplet size 
distribution in cumulus, and there is general 
agreement that simple parcel models are inade
quate in retaining enough dispersion in the 
droplet sizes. 

Warner (1969) and Bartlett and Jonas 
(1972) considered the effect of supersaturation 
fluctuations directly caused by a randomly -
varying updraught, and concluded that these 
produced negligible dispersion. On the basis 
of Twomey•s (1959) work, Warner (1969) also 
deduced that a measured spectrum of updraught 
strengths failed to produce the required degree 
of variability in droplet number density between 
pa.reels. 

Clark (1974) and Manton (1979) have shown 
that the dispersion of droplet sizes is much 
more sensitive to fluctuations in supersatur
ation uncorrelated with updraught, i.e. 
occurring as a result of mixing. 

With the exception of Warner, however, the 
above workers all made simplifying assumptions 
about the droplet size spectrum or the conden
sation growth rate expression such that their 
results are valid strictly for regions above 
cloud base after activation. Warner's work 
was more detailed microphysically, but his 
integrations were started at loo% relative 
humidity with the pa.reel instantaneously 
accelerated to the mean updraught velocity. 

The present work returns to an adiabatic 
pa.reel model to study the activation process 
in detail. 

A closed pa.reel of air containing droplets 
and condensation nuclei is subjected to forced 
ascent with a prescribed velocity, and this is 
the only source of supersaturation. There is 
no turbulent exchange, nor fall-out of conden
sation products. All droplets and nuclei have 
identical histories: droplet radius at any time 
is a unique function of nucleus mass. The 
nucleus mass spectrum is constant throughout 
the integration, and is represented by a dis
crete distribution into 61 exponentially-spaced 
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categories with a factor of 21/ 3 between neigh
bours, and the smallest at 10-l6g. 

The droplet growth rate expression is 
essentially that of Fukuta and Walter (1970), 
including effects of surface curvature, salt 
nucleus content (van •t Hoff factor= 2.2), and 
gas-kinetic effects at the surface (the thermal 
accommodation coefficient taken as unity and the 
condensation coefficient as 0.03). 

Prohibitively small timesteps are avoided 
by allowing for a first-order change of humidity 
over a timestep, and by assuming that the factor 
accounting for surface curvature and nucleus 
mass is approximately locally linear in r2, 
where r is the droplet radius. If all other 
factors are assumed constant over a timestep, 
the resulting approximate expression for the 
rate of change of r2 can be integrated analyt
ically. The negative feedback effect of drop
let growth reducing ambient supersaturation is 
thus crudely modelled within the timestep. 

The parcel thermodynamic variables are 
incremented by forward differencing every time-
step. 
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Figure 1. Salt nucleus mass spectra. 

(a) Synthetic "continentaln spectrum. 

(b) Activation spectrum: k = 1.0 

3. Nucleus Spectra 

For the early integrations, performed 
specifically for comparison with experimental 
results, the nucleus spectrum shown in Fig.l(a) 
was used. 



There exists considerable uncertainty in 
the measurement of condensation nucleus mass 
spectra. 

Results are usually presented as activation 
spectra of the form 

N = ctf 
where N is the number density of cloud conden
sation nuclei active at a supersaturations(%), 
C is the number density active at 1%, and C and 
k are roughly constant. 

Pruppacher and Klett (1978) have summarized 
results obtained by many workers, and the 
values of slope parameter k claimed for contin
ental air alone range from 0.4 to 0.9. 
Hindman, Hobbs and Radke (1977) presented 
results in which the slope parameter k varied 
from 1.25 over western Washington to 2.10 over 
eastern Washington State, u.s.A. 

The spectrum of Fig. l(a) is artificial: 
it was designed to approximate that of contin
ental air and has a slope parameter in the 
region corresponding to typical peak supe:r
saturations ("' 0.1-0.3%) of k...,l, with few 
giant nuclei. The absolute number density was 
adjusted to give a realistic total droplet 
concentration in the range l µm to 20 µm radius 
when compared with experimental data. 

For purposes of comparison with model 
results from other workers, a simpler form of 
the nucleus spectrum was used {Fig. l(b)), with 
a constant k = 1. 0, and N = 1000 cm-3 at S = l?'o. 
Such a parametrization has been found 
(Ill. Kitchen, private corm:nunication) to fit 
quite adequately results obtained recently in 
urban air at the UK Meteorological Office 
over the range S = 0.2 to 1%. 

4. Other Initial Conditions 

Comparison is made here specifically 
between model results and measurements obtained 
in an extensive and persistent deck of Strato
cumulus on the night of 19/20 November 1976 at 
the UK Meteorological Office Research Unit at 
Cardington, Bedfordshire. (See e.g. Roach et 
al (1980), Slingo, Brown & Wrench (1980)). 

The observed cloud base temperature 
(+1.1500) and pressure (945 mb) was used as a 
basis for a reverse - Normand construction to 
recover hypothetical values of temperature and 
humidity at 1000 mb. This was to ensure that 
the model, which is adiabatic, produced cloud 
in the correct place; the hypothetical 1000 mb 
temperature was close to the observed value 
( +6°0), but the real atmosphere was more 
humid, 

The presence at Cardington of microwave and 
infra-red radiometers enabled cloud liquid-water 
content to be estimated quite accurately (Roach 

& Slingo, 1979), and so the droplet-sizing 
instrument, a PMS Axially Scattering Spectro
meter Probe (ASSP) (Knollenberg, 1976) could be 
calibrated independently. Results presented in 
Slingo, Brown & Wrench (1980) show that, 
although there was considerable scatter, the 
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droplet number density was 200-300 cm-3 through
out the cloud depth, ( ...... 40 mb). For the range 
of updraught strengths considered here, a total 
of 800 cm-3 ammonium sulphate nuclei, distrib
uted as in Fig. l(a), produced roughly the 
required number of droplets in the ASSP range. 

The nuclei were assumed in equilibrium at 
the hypothetical 1000 mb humidity (~77%) and 
all parcels originated at 1000 mb. 

5. Results and Discussion 

The ASSP distributes droplets into bins 
according to diameter, As demonstrated in 
Slingo, Brown & Wrench (1980), the absolute 
total number density of droplets fluctuates 
widely, but the shape of the normalized dist
ributions varies smoothly and slowly with 
height. Therefore, for easiest comparison, both 
the experimental data and model results are 
presented as they would appear to the ASSP, 
normalized to unit density over the ASSP range. 

(a) Comparison with experiment. 
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Figure 2. Full line: model results, dist
ributed in ASSP channels. Parcel ascending at 
constant 15 cms-1• 

Hached background: ASSP data from Cardington, 
19-2.0/11/76, profile 3. 

Figure 2 demonstrates the ability of the 
model to simulate the evolution of the droJ>
size distribution in Stratocumulus. Experi
mental data are compared with the result of 
adiabatic ascent at a constant 15 cms-1, when 
of the spectrum of Fig. l{a), 270 cm-3 droplets 
grew to radii within the ASSP range. 

Apart from the adjustments outlined above 
to ensure that the modelled condensation takes 
place in the correct part of the atmosphere and 
onto roughly the correct number of droplets, 



the input parameters for this comparison are 
nothing more than reasonable guesses. It is 
then surprising that the shape and variation 
with height of the observed droplet size dist
ribution can be reproduced so well, particulal"
ly as the measured total number density fluctu
ates a great deal (Slingo, Brown & Wrench, 
1980), with localized large departures from 
adiabatic liquid-water content. 

Latham and Reed (1977) have argued that the 
turbulent mixing of different air parcels ta.lees 
place inhomogeneously: localized regions of 
cloudy air are completely depleted of droplets 
in order to saturate the entrained air, whilst 
other regions are unaffected. The total number 
density of droplets should fluctuate in concert 
with the liquid water content, but the shape 
of the size distribution should be unaffected. 
The success of the present model in describing 
the shape of the experimental spectrum indic
ates that such a mechanism may be operating. 

(b) Influence of updraught at cloud base. 
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Model results, distributed in ASSP 

Full line: average of nine parcels subjected 
to fluctuating velocity: w1 = 15 cms-1, 
W'fil = 28 cms-1. 

Hached: model parcel under constant updraught 
of 28 cms-1• 

A strong updraught produces a high pea.le 
supersaturation, and large numbers of small 
nuclei are activated. This number of droplets 
competing for the available water results in a 
small mean radius. The small nuclei respond 
quickly, taking up the water and thus preventing 
the less responsive larger nuclei from growing. 
The result is a narrow distribution with many 
droplets at small radii. Conversely, a wea.lc 
updraught produces a broader spectrum of fewer 
droplets at larger radii. It follows that, 
where a collection of parcels are subjected to 
a range of updraughts, the resulting average 
spectrum, ta.lean over many pa.reels at a given 
height I will be broader than those of individ
ua..L parcels. 
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Warner (1969) concluded differently. Using 
a result of Twomey (1959), which links the 
number of droplets, N, produced by an updraught 
W from a parent nucleus spectrum coe: sk in the 
relationship: 

&N = (3k/(2k+4))-8rt. W + constant, 

Warner deduced that a measured velocity spectrum 
could not produce a significant spread of N 
with "reasonable" values of k ( ~ O. 5). 

F.a.rly results with the present model, using 
the nucleus spectrum of Fig.l(a), indicated 
that the dependence of N on W was stronger than 
Twomey•s relationship would predict. A series 
of numerical experiments were therefore pel"
fonned with a more directly comparable powel"
law nucleus spectrum, Fig. l(b), with k set to 
unity. 

Ta.ble I contains results of these model 
integrations, together with predictions from 
Twomey•s relationship which, with k = 1, 
reduces to 

Updraught Droplet concentrations cm-3 
strength 

cms-1 Present work Twomey (1959) 

15 123 166 

20 156 192 

30 222 235 

Table I. Concentrations of droplets, larger 
than largest unactivated droplet, predicted by 
present model, compared with results of Twomey•s 
(1959) expression, for same nucleus activation 
spectrum. 

fuubling the updraught strength in the 
present model almost doubles the number of 
"participating" droplets. (It should be noted 
that these are not all activated droplets: the 
largest nuclei respond so slowly that they do 
not activate however, in a closed parcel, a 
larger nucleus always means a larger droplet, 
regardless of activation). 

The conclusion here is that Twomey•s 
relationship underestimates the power of up
da.ught variations to control the droplet number 
density. 

The implications of this result were ex
plored by subjecting a series of independent 
parcels to fluctuating updraughts. The 
velocities were generated using a Markov chain 
process as in the work of Bartlett& Jonas (1972) 
with a Lagrangian mean velocity w1 of 15 clllS"""l, 
a variance of 400 cm2s-2. 

Figure 3 shows the result of averaging over 
nine parcels treated as above. The mean parcel 
velocity at the point where the relative humid
ity first exceeded 100%, called the Eulerian 
mean~, was 28 cms-1; the resultant droplet 
spectrum from a parcel subjected to a constant 
updraught of 28 cms-1 is also shown in Fig. 3. 
It is clear that the modest variability in up-



draught has broadened the resultant size dist
ribution quite considerably. 

The supersaturation in an ascending pa.reel 
grows quickly as long as there are few activ
ated droplets present. It reaches a peak value 
when the bulk of the nuclei are activated, and 
thereafter its response to changes in updraught 
is subdued by the readiness of droplets to ta.lee 
on water. This feature is illustrated by model 
results with a fluctuating updraught in Fig. 4. 
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Figure 4. ·l'race ot· supersaturation for model 
pa.reel subjected to a fluctuating updraught. 

There is therefore little cha.no~ of activ
ation of fresh nuclei in the same pa.reel above 
cloud base, and so the number density of drop
lets throughout the cloud is essentially dete:r
mined by the updraught experienced at the cloud 
base. The dispersion evident at 928 mb and 
917 mb in Fig. 3 is almost entirely due to the 
spread in number activated at cloud base. 

6. Conclusions 

The development of the droplet size dist
ribution in Stratocumuluscloud has been simu
lated with some success using a simple, adia
batic, Lagrangian model. That this was possible 
exclusive of the effects of mixing and entrain
ment lends support to the arguments of Latham & 
Reed ( 1977). 

The model was then used to explore the 
sensitivity of the droplet size distribution 
to updraught structure, and it has been shown 
that the updraught experienced at cloud base 
can have a profound effect on subsequent devel
opment of the spectrum. This is largely a 
result of the correlation between updraught 
strength and droplet number density, which was 
shown to be stronger than that derived by 
Twomey (1959). 

The present model has no claim to supe:r
iorit~ over those of Clark (1976) and Manton 
(1979) in the region above cloud base where 
activation has ceased, but complements them in 
highlighting the essential variability intro
duced on activation before those models have 
become valid. 
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HEAT AND WATER BUDGETS OF NOOTURNAL STRATOOUMULUS: A FIELD STUDY 

WT Roach, R Brown, SJ Caughey, BA Crease, A Slingo 

Meteorological Office, Bracknell, UK 

1. Introduction 

This paper describes and interprets 
observations of anticyclonic stra.tocumulus 
made with ground-based and balloon-borne 
equipment through the night of 19/20 November 
1966 a.t Cardington, Bedford, UK (la.ti tude 
52 o6•N, longitude o0 24•w) by the Cloud 
Physics and Boundary Layer Research Branches 
of the Meteorological Office, UK. 

An account is given of the budgets of heat 
and water substance ( vapour + liquid) in terms 
of the observed structure of the atmosphere 
from the ground to cloud top (referred to as 
the BL) with particular reference to the 
overall influence of anticyclonic subsidence. 
Other aspects of the interaction of turbulence, 
cloud top entrainment, microphysics and 
radiative transfer observed in this and other 
case studies appear in Slingo &: Brown ( 1980) 
and Caughey et al (1980) which will be 
referred to as papers II and III respectively. 

2. Instrumentation 

a. Ground-based 

Cardington is a regular Meteorological 
Office observing station, and standard 
observations of screen wet a.nd dry-bulb 
temperature, wind, pressure and cloud were 
available• The surface energy balance was 
determined from measurements of the soil 
heat flux, surface evaporation using a. 
Lysimeter, net radiative flux a.t 1 metre 
using a ventilated flux radiometer and 
profiles of mean windspeed and temperature 
to 16 metres. 

A monostatic acoustic sounder, which 
generated 30 w of acoustic power from 64 
vertically pointing horn loudspeakers, gave 
information on the variation of the height 
of the subsidence inversion base and on the 
structure of the cloud convection. A 
vertically pointing 95 GHz microwave radio
metre was operated by the Appleton 
Laboratory and provided a continuous record 
of the total liquid water pa.th through the 
cloud overhead at Cardington. 

be Balloon-borne 

The balloon-borne instrument package 
comprised a drop sizing device, a 
turbulence probe, two net radiometers and 
a pressure sensor to monitor the height of 
the package• These were attached to the 
cable of a tethered balloon capable of 
lifting the equipment to a. height of _1 1.5 km at speeds in the range 0.1-1 ms • 
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The equipment was powered by batteries and 
sensor outputs were telemetered to a 
ground receiving station. 

Drops were sized by an axially 
scattering spectrometer probe manufactured 
by Particle Systems Inc, Colorado. This 
was modified for use on the balloon to work 
a.t sampling velocities of 7 ms-1. The 
Cardington turbulence probe consists of a 
set of sensors mounted on a vane which is 
free to rotate a.bout the balloon cable and 
keep the sensors pointing into the wind. 
Fine wire sensors a.re used to measure 
fluctuations in temperature and the three 
components of wind, while the mean wind 
vector is obtained from a sensitive cup 
anemometer and a magnetic flux measurement. 
Humidity is measured with a Va.isala. 
•Humica.p• sensor. Two CSIRO pattern net 
radiometers were mounted on gimbals for 
attachment to the balloon cable. The domes 
were kept free of cloud droplets by guard 
rings and ventilated with dry a.ir. The 
profiles of net radiative flux were used to 
obtain profiles of radiative heating 
through the cloud. 

3. Synoptic Situation 

An intense stationary anticyclone was 
centred over the Irish Sea, and maintained a. 
northeast gradient of about 7 ms-1 over SE 
England. During most of the night of 
19/20 November 1976, the UK was covered by a. 
sheet of stra.tocumulus except for a persistent, 
quasi-stationary band of clear sky about 100 km 
wide over southern England (Fig 1 ) • The 
northern edge of this clear band ley 30-<50 km 
south of Cardington during the night, and 
geostrophic trajectory analysis indicated that 
a.ir passing over Cardington crossed the cloud 
edge obliquely some 4 hours (100 km) down
stream, having left the east coast near the 
Wash some 4 hours previously. 

Surface temperatures azid dewpoints in the 
cloudy areas a.wey from the east coast were 
remarkably uniform in space and time• Upper 
a.ir ascents indicated a subsidence inversion of 
6-7°c a.t 900-920 mb in the NE flow over south 
England which contrasted with inversions of up 
to 13°c at much lower levels in the central 
region of the anticyclone. 

4. Field Observations at Cardington 

The principal feature was the remarkable 
steadiness of most of the principal parameters 
during the night. 



Figure 1 Conventional surface observations 
at 0300 20 November 1976 
---isobars (mb) 
\.AAJ cloud edge 

C - Cardington 
L - Larkhill 

a. Surface Observations 

Screen temperatures varied little from 
7.5°c through the night, while the dew
point decreased from about 6.5°c to 4.5°c 
during the night. The surface energy 
balance was mainly between a surface 
evaporation of 20 w m-2 and a downward 
eddy flux of sensible heat of similar 
m~tude (giving a :Bowen ratio of order 
-1). Soil heat and net radiative fluxes 
contributed some 5-10 w m-2• 

The acoustic sounder indicated a sub
sidence inversion near 1.1 km throughout 
the night with a standard deviation of 
15-20 m. Cloud base recorders within 100km 
of Cardington indicate a base near O. 7-
0.8 km with a standard deviation of 
30-50 :m. Thus the standard deviation in 
cloud thickness was 10-15%• 

In contra.st to the steadiness of most 
parameters the cloud water showed large 
fluctuations (but no long term trend) a.bout 
a mean value of 56 g m-2, standard devia
tion 14 g m-2• Time spectral analysis of 
these fluctuations yielded peaks at 
3 hours, 1 hour and 38 minutes, correspond
ing to advection distances of 75, 25 and 
15 km respectively. 

b • :Balloon Observations 

The balloon was operated partly in a 
profiling mode and partly in a constant 
height mode to obtain some measurements of 
turbulent flux (see (iii)). 

Profiles of temperature, expressed in 
various weys, and of humidity mixing ratio 
a.re shown in Fig 2 and are characteristic 
of the whole period. 

Principal features are the temperature 
step of about 5°c at cloud top and the very 
stable layer some 20 mb deep at the surface• 
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Hum,d,ty m,xmg ratio ( g ·kg) Temperature ( °C) 

Figure 2 Representai;ive :i;,r..,files or· the 
principal parameters. The approximate spread 
is indicated by horizontal bars. 
T - dry bulb temperature Ge- equivalent poten-e- wet bulb potential tial temperature 

Ul temperature el)"- virtual potential 
temperature 

The turbulence probe reveaJ.ed the tempera
ture step at cloud top to va;zy between 1 
and 10 min thickness and it:; base to coin
cide (within 1 m) with a very sharp cloud top. 
A steady lapse of humidity mixing ratio from 
group to cloud was capped by a humidity step 
of 1-1.5 g/Kg at cloud top. 

Cloud liquid water content increased 
roughly linearly with height above cloud 
base at about ¾ the adiabatic value. The 
cloud droplet spectra are described in (ii). 

Above the stable surface leyer - which 
appears to correspond to the frictional 
boundary (Ekman) layer - the wind varied 
little from a speed of 6-7 ms-1 from 030°. 
Wind shear in the subsidence inversion was 
slight or non-existent throughout the 
period. 

There is a net radiative loss at cloud 
top of about 75 W m-2 ( see profile in Fig 3) • 
Radiative cooling of 5-10 K h:r"""1 is concen
trai;ed in the top 3-5 mb of cloud, and a 
level of zero flux and flux divergence 
located about 15 mb below cloud top. A 
ma.xilllUlll radiative heating of 0.3 K hr-1 
occurs at cloud base. Radiative cooling 
just above the temverature step at cloud 
top is 0.5-1 K hr-, while the net flux 
increases to about 85 W rn-2 20 mb above 
cloud top. 

5• Discussion 

It is considered that this case study is 
representative of a fairly commonly occurring 
situation, and insight into the physical and 
dynamical factors controlling this situation 
can be used to infer the behaviour of strato
cumulus with different boundary conditions. 



a. Subsidence 

It is likely that subsidence exerts a 
significant and perhaps controlling influ
ence on the structure of the BL and its 
associated cloud leyer. The nature of this 
influence is not well understood, but some 
estimate of the subsidence rate a.nd. its 
relationship to cloud top entrainment is 
required to estimate the heat and water 
budget of the BL. Subsidence rate is not 
yielded directly by the observations, but 
can be inferred indirectly from the 
following physical considerations. 

(i) A radiative cooling rate of 0.5-1Khr-1 
just above the cloud top in the presence of 
a locally steady temperature must have been 
offset by subsidence heating. This balance 
is expressed by 

us ( ~ -t r) = H~ (1) 

where w = vertical velocity,~= lapse rate 
of temperature, f' = dry adiabatic lapse 
rate, HR = radiative heating. 

H was computed by applying a. high 
resolufion radiative transfer scheme (Roa.ch 
and Slingo 1979) to the observed profiles 
of temperature, humidity mixing ratio and 
cloud droplet spectra and inserted in Eq 1 
to obtain w. Surprisingly consistent 
estimates of a.bout 0.5 cms-1 were obtained 
for subsidence rate. 

(ii) The horizontal and vertical uniformity 
of the wind field throughout most of the BL 
suggests that subsidence continues more or 
less unchecked through cloud down to the 
stable surface leyer within which the sub
siding air is dispersed by frictionally 
induced divergence (Ekman suction). A 
rough quanti ta.ti ve estimate shows that the 
vorticity field of the low level winds 
could achieve this. 

(iii) The constancy of cloud top height in 
the presence of a mean subsidence rate 
implies that entrainment of dry subsiding 
air must be taking place at a. rate 
balancing the subsidence rate• This is 
supported by the observation of sub
adiabatic liquid water content, and by the 
maintenance of a near discontinuity of 
temperature at cloud top. 

b. The Heat Budget 

The inference of an entrainment rate of 
0.5 cms-1 leads to an estimate of entrain
ment total heat flux of 15 W m-2 into the 
BL {consists of 30 W m-2 sensible heat gain 
and 15 W m-2 la.tent heat loss), which, when 
combined with a. small surface heat flux 
only accounts for about one-quarter the 
radiative loss frcm cloud top. This can 
only be balanced by local cooling, or by 
horizontal advection or subsidence within 
the BL. Observations show that local 
cooling and subsidence are small and of 
opposite sign, and that horizontal advection 
must, by elimination, be the major term 
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balancing radiative loss within the BL. 
This cannot be ~ea.sured because of in
adequate upper air data, but in arcy- case 
will be small - amounting to a decrease in 
dewpoint of o.8 K/100 km averaged through
out the BL if the energy loss is latent, 
or 0.5 K/100 km in temperature if the 
energy loss is sensible. 

c. The Water Budget 

In contra.st to the heat budget, no one 
term appears to dominate the water budget. 
Surface evaporation and latent heat entrain
ment fluxes roughly balance, while the sub
sidence (vertical advection) term is also 
estimated to be about 20 W m-2 and has to be 
balanced by a. horizontal advection term. 
This is a.bout¼ the total heat advection 
term. Thus we conclude that about half the 
cloud top radiative loss is compensated by 
horizontal advection of sensible heat (down
stream cooling), a.bout¼ by horizontal 
advection of latent heat (downstream dry
ing), and the remainder by local surface 
and entrainment heat fluxes. This is in 
contrast to the dey-time convective 
boundary leyer where the he at budget is 
balanced locally. 

d. Flux Profiles 

Although it was not practicable to make 
explicit observations of the eddy heat 
fluxes at several levels in the BL, the 
general form of the eddy flux profiles can 
be determined from the boundary conditions 
at the surface and cloud top, and the need 
to balance the radiative loss in the top 
part of the cloud by a maximum of upward 
convective heat flux of a.bout 65 W m-2 in 
the interior of the cloud. This leads to a 
profile of the form shown in Fig 3, and 
which is similar in form to that deduced by 
Deardorff (1976) for nocturnal Sc. 

e. Cloud Water Budget 

Sub-adiabatic liquid water content is 
positive evidence of cloud top entrainment, 
but does not by itself give a quantitative 
estimate of the observed ratio(¾) of 
liquid water content (q1) to its adiabatic 
value ( qad) • 

A simple quantitative theory is pro
posed in which it is suggested that the 
profile of ql is determined by the diff
erence between the saturated vapour 
pressure profile, and the profile of total 
water substance. The latter in turn is 
controlled by the requirement to balance 
the heat and water budgets by turbulent 
transfer, and leads to an expansion 

where the integral is performed from cloud 
base to height h above it. 
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stance flux 
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- latent entra.:i.nment heat flux 

-Ew = e L \JJ1 i1.,.., = energy equivalent of eddy 
_ flux of total water substance 

H = e ( p \J,11 a~ = total eddy heat flux 
& = equivalent potential temperature 

e. = 8 (1-t ~) 
Application of Eq 2 to profiles in Fig 3 

shows that qJ/qad. increases from a.bout 0.7 
at cloud base to about o.8 near the base of 
the radiatively cooled l8ifer of cloud, which 
is in substantial agreement withobservation. 

The large fluctuations in total cloud 
liquid water content (as observed by micro
wave rad.iometer) over periods of 1-3 hours 
is attributed to the fact that a change in 
total water substance is likely to appear 
entirely as a change in total cloud water 
since total vapour content in cloud is tied 
to the saturated vapour pressure curve along 
a stead.y state temperature profile. Thus a 
decrease of 1% in total water substance in 
one hour will induce a decrease of about 30% 
in total cloud water in the same period, and 
will require a heat input of about 10 W m-2• 
This decrease can be achieved by a decrease 
in the supply of water vapour eddy flux into. 
cloud base, or by an increase in the entra.:i.n
ment rate or of the dryness of a.:i.r from above 
cloud. Superimposed on this will be a. re
quirement to ma.:i.nta.:i.n a.:i.r subsiding through 
cloud at saturation - the vertical ad.vection 
term in the water budget. 

It seems ~ikely that a.n imbala.noe of 
about 10 Wm- resulted in the dispersal of 
cloud some 100 lon downstream of Cardington. 
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5. Conclusions 

The locally stead.y conditions facilitated 
the inference of tentative relationships 
between subsidence rate, cloud top entra.:i.nment 
a.nd the heat, water and cloud water budgets of 
the atmosphere from cloud top to ground. 

Subsidence r8:{e was indirectly inferred to 
be about 0.5 cm s- and to persist down to a 
shallow stable surface layer about 20 mb deep 
where it is dispersed by frictionally induced 
divergence (Elana.n suction). 

It appears that only a.bout one-third of the 
rad.iative loss from cloud top was accounted for 
locally (ie by surface and cloudtopentrainrnent 
fluxes), the balance being ma.inly accounted for 
by horizontal ad.vection. 

The observed ratio(¾) of liquid water 
content to its ad.iabatic value is accounted for 
in terms of the ratio of eddy fluxes of total 
water substance and total heat. An account is 
also give of the observed large fluctuations of 
total cloud water and the downwind dispersal of 
cloud. 
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SENSITIVITY OF A LOW STRATIFORM CLOUD MODEL TO ITS MICROPHYSICAL PARAMETERS 

R. Rosset (1), C. Fravalo (2) and Y. Fouquart (3) 

(1) LAMP, Clermont-Ferrand, (2) LPARA, Brest, (3) LOA, Lille - FRANCE 

It has long been recognized that exten
sive sheets of low clouds play a significant 
role in the energy budget at the earth's sur
face. These stratiform clouds maintain a deli
cate balance between thermodynamic, dynamic 
and radiative processes. In order to elucidate 
the relative importance of these different 
processes, we propose a comprehensive one
dimensional parametric stratiform cloud model 
designed with an equal stress put on all the 
processes. This requirement of equal stress 
has led us to a detailed formulation of the 
radiative fluxes, thus requiring emphasis to 
be put on the cloud microphysical characte
ristics. 

I - Microphysics in a low stratiform cloud 
model 

The intense mixing in a cloud-topped mi
xed layer of thickness H under an inversion 
results in a uniform vertical distribution 
of the moist static energy hand the total 
water content cr. This in turn implies a linear 
vertical variation for the following quanti
ties : F (z) + RL(z) + RS(z) and Fcr(z), where 
RL ( z) ancf RS ( z) are the net long - and short -
wave radiative fluxes and where FR(z) and 
F (z) the turbulent fluxes of hand cr at 

cr ' any level z are expressed as : 

Fh(z) Fhs 
z (F - FhH + RS + RL) + RS = H hs 

- R(z) (1) 

Fcr(z) = Fcrs - ~ (F - F ) (2) 
H crs crH 

with R(z) = RS(z) + RL(z), and the subscripts 
Hands respectively referring to the inver
sion and top of the surface layer levels. 

Equations (1) gives the relationship 
between the turbulent Fh(z) and radiative 
R(z) fluxes. Thus, within the cloud, due to 
R(z), Fh(z) is non-linear with height as 
opposed to F (z) which is not directly affec-

cr ' Th' ted to the radiative fluxes. is non-
linearity mainly appears in the upper part of 
the cloud deck. There, the positive R(z) 
divergence implies Fh(z) to.be negati:ely 
divergent in order to satisfy equation (1). 
In consequence the vertical profile of the 
turbulent virtual static energy flux Fsv(z) 

Fsv(z) = aFh(z) - sL Fcr(z) (3) 

is non-linear in the cloud. Below the cloud 
base, F v(z) turns out to be linear according 
to the ~elation : 

(4) 
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where the parameters 

C T 
E: = _E_ 

L 

1 + (1 + cS)q 
a=-------

(1 + y) 
y = 

remain approximately constant with height -
(T, absolute temperature ; q, water vapor 
mixing ratio ; L, latent heat of condensation; 
Cp, specific heat of the air at constant pres
sure ; Rv, the gas constant for water vapor ; 
c5 = 0.61). 

Only Deardorff's 1976 model includes a 
radiative flux divergence layer of finite 
thickness and strenght (Kahn & Businger, 1979). 
In order to remedy this arbitrariness and in 
agreement with Paltridge's data (1971, 1974), 
we explicitly compute the radiative fluxes at 
any level in.the mixed layer. In order to do 
so we need to retain the microphysical charac
te;istics of the cloud medium. More precisely, 
the mixed layer is divided into seven hori
zontally homogeneous sub-layers, six in the 
cloud and only one below. Within each sub
layer, the temperature, water vapor an~ liquid 
water 1 mixing ratios are computed, this lat
ter parameter defining in its turn the cloud 
spectrum. 

We 
in the 

assume for the liquid water content 1(z) 
cloud a relationship of the form : 

gf3 
1(z) = ----

L(l + y) 
A(z - z ) 

C 

where f3 = y - .l:'.9,_, with g, acceleration of 
oRvT 

(5) 

gravity z : cloud base height ; A is an 
empirical c"diabatism" coefficient between 0 
and 1 and is equal to the ratio of real 1 
to adiabatic la liquid water contents. 

In the framework of a simplified Mie 
theory, assuming a modified r distribution and 
on the basis of Paltridge's experimental 
results (1971, 1974) we represent the drop 
size distribution by its effective mean radium 
r (in µm), written as : 

e 

re= f (30 pl+ b) (6) 

p being the air density (in g/1), 1 in g/m- 3 

and ban adjustable parameter typically equal 
to 2 µm for maritime stratocumulus (Stephens, 
1978). 

A and r , together with 1(z) completely e . . . 
define the microphysical cloud properties in 
the radiation computations (Morcrette, 1978 ; 
Fouquart and Bonnel, 1979). Another original 
characteristics of our model is to be found 



in the formulation of the entrainment velocity 
We in terms of the turbulent as well as of 
the radiative fluxes (Fravalo et al., 1979). 

II - Sensitivity tests 

Our model is run on the basic data set 
described in Lilly (1968) and Deardorff 
(1976). 

II.1 Coefficient A 

For A between 0.02 and 0.8, the computed 
liquid water contents vary between 9.6 x 10-3 
to 0.38 g/kg at the inversion level. In Fig. 
1, 2 and 3 are reproduced as functions of A, 
the vertical profiles of RL( z) and RS s - RS ( z ),. 
Fh(z) and F (z). 
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Obviously, all the curves exhibit a strong 
dependence on A, particularly within the 
cloud. The second point to be noticed is in 
the existence of two domains separated by 
values of A between 0.1 and 0.2. 
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This is particularly clear on Fig. 4 which 
gives the variation of the entrainment veloci
ty we as a function of A : w varies very 
rapidly with the cloud liquia water content 
for the lower values of this parameter. 
For A> 0.2, a kind of saturation effect can 
be observed on all the preceding figures, being 
more pronounced as A approaches unity. 
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II.2 Effective mean radius r -----------------------e 
In the following, assuming a constant 

total precipitable liquid water content of 
16 g/m3 (with lH = 0.096 g/kg and A= 0.2), 
we have varied the mean effective radius re 
from 5 µm to 14 µm. The first case corresponds 
to small droplets (b = 0.5 µm) and the second 
one to larger droplets (b = 6 µm) ; roughly 
approximating non-precipitating and precipi
tating clouds. 
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Our results show that the effective radius 
re modifies only slightly the vertical pro
files of fluxes (Fig. 5) as well as the 
entrainment velocity w (Fig. 6). 
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III - Conclusions 

The ultimate goal of the model is in the 
parameterization of the planetary boundary 
layer with stratiform clouds. Our present 
purpose here was to put the stress on its 
microphysical aspect, in connection with the 
turbulent and radiative fluxes. Our model has 
thus proved to be useful in specifying quan
titative relationships between all these three 
types of terms. The main conclusion can be 
found in the great sensitivity of the results 
to the liquid water mixing ratio in the cloud 
deck, much greater than to the droplet spectra. 
The experimental implication is quite clear 
the liquid water content in clouds must be 
measured with great care and accuracy when 
coupled with radiative measurements and compu
tations. Preliminary measurements (not repor
ted here) giving values of A smaller than 
0.2 support this conclusion. The question 
remains about the factors which determine the 
values of A. 
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HIGH RESOLUTION RADIATIVE AND MICROPHYSICAL OBSERVATIONS OF NOCTURNAL S'IRA'IDCUMULUS 

A.Slingo and R.Brown 

Meteorological Office, Bracknell, U.K. 

l Introduction 

This paper presents detailed observations of 
the radiative and microphysical structure of 
nocturnal Stratocumulus clouds on three 
occasions. It forms part of a comprehensive 
study of this type of cloud carried out by the 
U.K. Meteorological Office, using the tethered 
balloon facility at Cardington, Bedfordshire. 
Other aspects of this work are described by 
Roach et al. (1980), hereafter referred to as 
Paper I, and Caughey et al. (1980) (Paper II). 
The observations are relevant to the physics 
of radiative transfer and the mixing processes 
which occur in these clouds. 

2 Instrumentation 

A description of the balloon-borne instru
mentation is given in Paper I. Dropsize data 
were obtained with a modified Axially Scatter
ing Spectrometer Probe (ASSP), from which two 
estimates of the drop concentration were used 
to scale the drop-size distribution to produce 
two estimates of liquid water content. The 
first was obtained from only those drops which 
the processing electronics accepted for sizing, 
being within the so-called "Inner" sampling 
volume. As a check, a second estimate was 
derived from all the drops capable of producing 
a signal at the main photodetector above some 
threshold, but which were not necessarily 
accepted for sizing. These result from drops 
within the larger "Outer" volume. 

Measurements were also made with a ground
based 95 G}ig radiometer operated by the 
Appleton Laboratory. The contribution to the 
sky emission from the liquid water component 
was deduced and used to derive the integrated 
liquid water content of the column above the 
instrument. All three case studies show high 
frequency variability due to irregularities on 
a spatial scale of about l km, superimposed on 
longer period drifts due to mesoscale changes 
in the boundary layer structure. 

The observed net infra-red radiative fluxes 
were corrected for the obscuration of the sky 
by the radiometer guard rings and by the 
balloon. The absolute accuracy of the correc
ted fluxes is estimated to be 10 per cent, 
although relative changes smaller than this 
can be identified. Theoretical fluxes from 
the high resolution infra-red radiation scheme 
of Roach and Slingo (1979) were obtained 
using the observed profiles of temperature, 
humidity mixing ratio, liquid water content 
and drop-size distribution as input data. 
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3 Results a) 19/20 November 1976 

This case study is discussed in detail in 
Paper I. Figure I illustrates the cloud 
microphysical data obtained with the ASSP 
during the first balloon profile. 
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FIGURE I. 

Rodiur. (.11 m) liquid water content (gm-3) 

The liquid water contents are the Inner volume 
estimates, scaled by a single factor so that 
the integrated liquid water path is equal to 
that measured by the microwave radiometer 
during the same period. The liquid water 
contents show considerable variability from 
point to point, but there is a systematic 
increase with height above cloud base at 
slightly less than the adiabatic rate, shown 
by the dashed line in Figure 1. In all three 
case studies the liquid water path inferred 
from the microwave radiometer data is smaller 
than the adiabatic value, the mean ratio being 
0.75. There is some evidence for increased 
variability above 920 mb, the amplitude of 
which varies from profile to profile. Note 
the very sharply defined cloud top. The drop 
spectra are presented as contours of the per
centage normalized spectral density, which 
allows the shape of the spectrum to be studied 
independently of the total liquid water 
content. The size distribution at any height 
may be reconstructed by noting that, for 
example, a value of 25 at 5.5 pm means that 
25 per cent of the drops lie in the radius 
range 5-6 pm. The mode radius rises from 
about 3 pm at cloud base to about 8 pm at 



cloud top. The spectral dispersion, which is 
the ratio of the standard deviation to the 
mode, is roughly constant with height at about 
25 per cent. 

It is remarkable that, at any given height, 
the spectrum and mode radius are virtually 
unaffected by the liquid water content fluct
uations. This means that the fluctuations are 
caused principally by variations in the total 
number of drops per unit volume. This is 
confirmed by the left hand diagram, which 
represents the drop total number density pro
file. The diagram also shows that the total 
number of drops per unit volume shows no 
systematic trend with height, so that the 
progressive increase of liquid water content 
with height is almost entirely provided by the 
increase in the mode radius. 

The observed net radiative fluxes and the 
theoretical fluxes from the high resolution 
radiation scheme are compared in Figure 2. 
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FIGURE 2. 

Data from the initial balloon ascent below 
cloudbase have been merged with the third 
profile. The midnight radiosonde ascent from 
Hemsby (roughly 100 km upwind of Cardington) 
was used to complete the temperature and hum
idity profile above the balloon data. The 
radiation scheme was run with a surface temper
ature of 7.5°c and 1000 vertical levels, giving 
a resolution of about 1 mb. The solid curves 
indicate the theoretical profiles using the 
liquid water content estimates from the ASSP 
Inner (I) and Outer (0) volumes and also from 
the ASSP Inner volume estimate, sealed by the 
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microwave radiometer (M). There is an uneert
ainty of about 0.5 mb in the positioning of 
the theoretical profiles owing to the 10 
second sampling period and the resolution of 
the radiation scheme. The observed flux 
profile in the inversion shows a gradually 
increasing curvature as the cloud is approached 
due to the increasing contribution of the 
upward flux from the cooler cloud top. It is 
suggested in Paper I that the energy balance 
in this region is between radiative cooling 
and subsidence heating. The net fluxes show 
the expected rapid decrease as the cloud is 
entered, with the cloud becoming ~12tically 
thick after about 10 mb, or 30 gm liquid 
water path. The closeness of the theoretical 
curves makes it difficult to assess which is the 
best liquid water content estimate, but the Outer 
volume can be seen to be too high, while the Inner 
and Microwave values give closer agreement. The 
.small ovestimate of the net flux above cloud top 
maybe due to the radiosonde data being unrepresen
tative of the real profile, or to inaccuracies in 
the correction of the observed fluxes. 

b) 26/27 October 1977 

During the period of these observations 
Cardington lay in a southerly airstream on the 
edge of an anticyclone which was centred over 
northern Germany. The synoptic situation was 
less settled than in the previous case study 
and the cloud was thinner and more broken. 
Some problems were experienced with the ASSP 
on this occasion. The Inner volume particle 
counts were seriously underestimated and the 
Outer volume counts overestimated, in compari
son with the microwave radiometer. It is 
believed that this was caused by low frequency 
oscillations of the signal baseline voltage. 
Laboratory simulations have shown that the 
derived drop-size distributions should not be 
affected by these counting errors. Despite 
these difficulties, there is good agreement 
between the observed and theoretical net 
fluxes when the liquid water path is corrected 
to the microwave radiometer value (Figure 3). 
All the corrected profiles underestimate the 
net flux towards cloud base, however, 
suggesting that the relative liquid water 
contents were overestimated here. 
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c) 15 January 1978 

On this occasion the British Isles were 
covered by a complex area of falling pressure 
between two anticyclones, centred over the 
North Atlanti:

1
and eastern Europe. Winds were 

light (l-3 ms ) and variable in direction bet
ween East and South, with a persistent and deep 
cloud layer variously reported as Stratus or 
Stratocumulus. The drop-size distributions 
showed little variability apart from a steady 
increase of mode radius from 4 pm at cloudbase 
to about 8 ?mat cloud top, with a spectral 
dispersion of 22+1 per cent throughout most of 
the cloud. Large fluctuations in liquid water 
content were observed which, as in the first 
case study, were related to variations in the 
total number density, rather than the shape of 
drop-size spectrum. The optical thickness of 
the cloud top was so large that all the liquid 
water content estimates lead to similar theore
tical net flux profiles, which fall rapidly to 
near zero within the cloud (Figure 4). The 
observed fluxes show similar sharp gradients to 
the theoretical curves, the vertical displace
ment being within the expected error in posit
ioning the theoretical fluxes. 
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4 Discussion 
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Latham and Reed (1977) have described Labor
atory studies of the evolution of cloud drop 
spectra following the mixing of controlled 
amounts of saturated and under-saturated air. 
They found that changes in the total number of 
drops and in the liquid water content resulted, 
while the shape of the drop-size spectrum re
mained essentially unchanged. This result is 
inexplicable if the two air streams are mixed 
homogeneously, as this would lead to a signifi
cant reduction in the mean drop-size and an 
increase in the spectral dispersion as the 
drops evaporate in the now uniformly undersat
urated air. If the mixing process is inhomo
geneous, however, the new air mass consists of 
some regions where very little dry air has been 
mixed in and others where the proportion is 
much larger and has led to complete evaporation 
of all the drops. Inhomogeneous mixing there
fore removes some drops of all sizes and 
results in changes in the total number density 
without affecting the spectrum. The present 
observations show similar behaviour and it 
seems possible that the inhomogeneous mixing 
process was operating in these clouds. The 
effect is most striking towards cloud top which 
suggests that the two streams being mixed are 
the cloudy air with the dry inversion air en
trained at the cloud top. It is interesting 
that evidence for this process is apparent 
through a considerable fraction of the cloud 
depth. Further examples of inhomogeneous 
mixing are discussed in Paper II. 



The shape of the net flux profiles and their 
position relative to the cloud top and inver
sion step are important in visualizing the 
cloud top entrainment process. It is clear 
that the bulk of the infra-red cooling occurs 
in the cloud itself and is due directly to the 
opacity of the cloud liquid water. The flux 
profiles are therefore constrained to follow 
the liquid water distribution, so that if the 
cloud top is deformed by turrets or gravity 
waves, the flux profiles will also deform to 
follow the liquid water. The amount of flux 
divergence available to initiate entrainment 
directly from above the gloud is therefore 
small and this supports the view that entrain
ment results indirectly from the motions 
induced within the cloud top by the radiative 
divergence. It is also important to note that 
since the majority of the infra-red cooling 
takes place within the cloud, this term must be 
included in the energy budget of the boundary 
layer, where it makes the dominant contribution 
(see Paper I). 
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THE MODIFICATION OF DROP SPECTRA IN 
SEA STRATUS BY ENTRAINMENT 

J.W. Telford, P.B. Wagner and S.K. Chai 

Desert Research Institute 
Reno, Nevada, USA 

1. Introduction 

One of the primary outstanding problems of 
cloud physics has been the need to provide an 
adequate explanation of how, large enough drops 
can form by condensation in cumulus clouds, to 
begin rain formation by coalescence. More 
directly it is neccessary to explain the 
observed drop size spectrum of cumulus clouds 
which show droplets of all radii up to a 
maximum, which far exceeds the sizes found by 
calculations of condensation growth in rising 
air parcels. Condensation growth leads to 
narrow radius distributions with smaller drops 
increasing proportionally in radius during 
condensation, faster than larger sizes. Various 
modifications to the process have changed this 
theoretical size distribution to various 
degrees but the changes so produced have never 
been large. 

This paper shows how mixing of dry air in 
at cloud tops totally deactivates nuclei by 
completely evaporating them, and so removing 
them effectively from further action. Mixing 
between the evaporation-chilled parcels which 
are now dense enough to descend, and 
surrounding rising air, slowly increases the 
total water mixing ratio in the descending 
parcels, but the drops introduced at the higher 
levels completely evaporate as descent 
continues. This process broadens the spectra, 
all small drop sizes thus being formed while 
the large drops from undiluted updrafts are 
continually being added in by mixing. This 
process explains the broadening of the droplet 
spectrum. 

The dilution process described above 
reduces the total water mixing ratio to less 
than adiabatic uplift from cloud base would 
allow, in effect it raises the lifting 
condensation level. The spectrum now contains 
droplets much larger than would be formed by 
lifting a fresh air parcel of the same mixing 
ratio up though the new lifting condensation 
level to the present level, although the 
largest drops are smaller than in the first 
original unmixed updraft. 

However, now let us cycle this parcel 
upwards again. The number concentration of 
drops is far less than before, and we start off 
with large droplets, equivalent to the giant 
condensation nuclei of earlier studies. These 
largest drops now grow by condensation to sizes 
much exceeding the sizes attained in an 
original undiluted updraft at the same height. 

This theoretical explanation was originally 
studied in order to explain observed drop 
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spectra in cumulus clouds. However, the process 
should work equally well in marine stratus. 
Here, as in cumulus cloud, cloud top 
entrainment of dry air into cloud tops produces 
similar effects. However, in the stratus case 
the cloud has no edges to interface with the 
process so that a gradual descent through cloud 
gives a series of samples at different heights. 

This paper presents a sample of the 
computed spectra and discusses data which shows 
that in a stratus cloud the process is even 
more efficient, producing drops 32)\m in 
diameter in clouds only a hundred meters or so 
deep. 

2. The Theory 

The growth of the droplets was calculated 
using regular condensation theory. The 
approximations necessary relate to grouping the 
drops present, into regular radii ranges. A 
further approximation relates to the nuclei 
released when the drops evaporate. No account 
has been kept of the modification of the nuclei 
spectrum in this way, and it has been assumed 
that the drops present always have removed the 
same number of the largest nuclei from the 
nuclei spectrum. This approximation will have 
an influence on the nuclei reactivated during 
later upward motion, but we do not believe this 
approximation will make a qualitative change to 
the results, and its correction requires a very 
substantial computational effort not justified 
until a better dynamical description becomes 
available. 

This discreteness in radii also leads to 
irregularities in the histogram which would be 
smoothed out in a more extensive calculation, 
but once again the conclusions will not be 
affected. 

In this study we take a parcel of air at 
cloud base and raise it 2000 m, add dry air 
until it just evaporates, return it to 1000 m, 
raise it to 2000m, return to 1500 m and raise 
it again to 2000 m, etc. In our earlier paper 
(Telford and Chai, 1979), the parcel cycling up 
and down mixes with the cloud air from the 
previous cycle at each 50 m level. In this 
paper, in order to check the effect on the 
droplet spectrum broadening of mixing at closer 
intervals, we did some calculations with mixing 
processes taking place at each 25 m. 

The air first rises from cloud base to 
cloud top (2000 m) without mixing. The 
entrainment of dry air at cloud top evaporates 
all the drops. This droplet free air then sinks 
down to 1000 m, mixing with the original 



updraft at each 25 m level. The mixing rate 
chosen maintains a liquid water mixing ratio of 
0.1 gm/kgm. After a 200 second dwell time at 
1000 m, the air is then raised again to the 
cloud top, mixing with the previous downdraft 
at each 25 m interval. The mixing rate is 2.5% 
in volume at each such step. 

Figure 1 shows the droplet spectrum at 1500 
m during the second ascending cycle. Comparing 
with Figure 2, which is the case where the 
mixing processes take place at each 50 m 
interval. We can see that no major difference 
in the droplet spectra occurs from this change 
except that a more continuous spectrum can be 
found in Figure 1. In Fi§ure 1, the droplet 
number density is 451 cm , the liquid water 
mixing ratio is 0. 73 gm/kgm, the water vapor 
mixing ratio is 5.82 gm/kgm and the 
supersaturation is 0.16 percent. In Fig~re 2, 
the droplet number density is 444 cm , the 
liquid water mixing ratio is 0.81 gm/kgm, the 
water vapor mixing ratio is 5.83 gm/kgm and the 
supersaturation is 0.12 percent. 
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Figure 1. This histogram shows the cloud 
droplet spectrum at 1500 min a parcel 
which first rose adiabatically to 2000 m 
and after mixing descended again to 1000 rn 
with sufficient mixing with the adjacent 
cloud from the previous stage, at each 25 
rn level, to maintain a liquid water 
content of 0.1 gm/kgrn. After a 200 seconds 
dwell time at 1000 m, the parcel rises 
again with mixing with the previously 

downdraft cloud, at each 25 rn level, at a 
rate of 2.5% in volume. 

Figure 3 is the droplet spectrum at 2000 rn 
after the second updraft cycle, with mixing at 
each 25 m, and Figure 4 is that with mixing at 
each 50 m. Once again, the 25 m case gives a 
more continues spectrum than the 50 m case 
does, but no major difference in the two 
spectra can be found. In f~gure 3, the droplet 
number density is 380 cm , the liquid water 
mixing is 1.07 grn/kgm, the water vapor mixing 
is 4.92 gm/kgm and the supersaturation is 0.03 
percent. In Fig~3e 4; the droplet number 
density is 364 cm , the liquid water mixing 
ratio is 1.31 gm/kgm, the water vapor mixing 
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ratio is 4.97 gm/kgm and the supersaturation is 
0. 

From the figures we can conclude that 
mixing interval makes no difference on the 
droplet spectrum. 
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Figure 2. This histogram shows the cloud 
droplet spectrum at 1500 min a parcel 
which experienced the same cycle as in 
Figure 1, but with mixing at each 50 m 
level. 
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Figure 3. The cloud histogram of Figure 1 after 
rising to 2000 m. 

Figure 5 shows the result of cycling the 
cloud between 2000- 1000- 2000- 1500- 2000-
1750- 2000 meter, with mixing at each 50 m 
level. The maximum drop diameter is 34 pm. 
Cycling this cloud parcel to 3000 m we get the 
spectrum as shown in Figure 6. We now have a 
significant number of 40),(m droplets in a cloud 
where the unmixed droplet spectrum would be all 
19_µm droplets. This size is probably sufficent 
to start the coalescence growth of drops. 

3. Stratus Cloud 



The theoretical study establishes a 
procedure for speading the droplet spectrum and 
generating large drops. The mixing procedure we 
used was chosen deliberately to be extremely 
conservative. The observations seem to show 
however that much more extreme mixing 
procedures, diluting the cloud droplet 
concentration by more than a factor of ten, is 
common. In a thin stratus cloud where the 
original condensation produces dr2Jlet 
concentrations exceeding 600 drops cm , we 
find parcels in the cloud conta_i:fing 
concentrations of less than 100 drops cm . The 
interesting point is that there is a strong 
correlation of the size of the largest drops 
with low droplet concentrations (Telford and 
Wagner, 1980). 
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Figure 4. The cloud histogram of Figure 2 after 
rising to 2000 m. 
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Figure 5. The cloud histogram of Figure 4 after 
a cycle of 2000-1500-2000-1750-2000 

meters. 

Figure 7 shows that only with 100 feet from 
the cloud base the peaks of liquid water 
content are close to the adiabatic values. The 
liquid water content is less than the adaibatic 
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value everywhere above this level. Therefore, 
the newly formed cloud base parcels are wetter 
than average and must be unstable all the way 
to cloud top, and thus they might rise rather 
quickly through the cloud, even if some 
dilution does occur at each level. 

At the cloud top, the droplet spectra is 
very uniform, from parcel to parcel, with large 
differences in droplet concentrations. The 
parcels always contain large numbers of small 
droplets. This tells us that the predominent 
mixing results from the penetrating downdrafts, 
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Figure 6. The cloud histogram of Figure 5 after 
cycling up over an additional 1000 m. 
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Figure 7. The liquid water mixing ratio derived 
from the drop spectrum as a function of 
altitude. The adiabatic liquid water 
mixing ratio based on the cloud base 
height has been added to the graph. 

and that it is associated with drastically 
reduced liquid water contents, and actually 
results from a mixing process which has little 
effect on the droplet sizes. Evaporation 
totally removes drops until the intruding dry 
air is saturated and then the drops are 
separated further apart without changing sizes. 
However a very slight reduction in the size of 



the smaller drops also suggests that some 
mixing of a different type occurs which 
preferentially reduces smaller drops. 

Figure 8 shows the 95 percentile liquid 
water diameter as a function of altitude. The 
largest drop is almost constant at 18 pm, from 
parcel to parcel, at cloud top. The liquid 
water mixing ratio and the droplet 
concentrations vary there by a factor of 10. 
Deeper in the cloud, the diameter of the 
largest drops varies greatly from parcel to 
parcel. The largest of these large drops 
increases from 18 ,µm to 32 _µm at cloud base. 
This appears to be the result of vertical 
cycling in the mixing process, like our 
theoretical analysis depicts. 
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Figure 8. The diameter of the largest drops in 
micrometers (this is the 95% volume 
diameter) as a function of altitude. The 
regions below 320 m and above 530 mare 
outside the cloud region and are not 
significant because of the extremely small 
number of drops present. 

There is a strong correlation of the size 
of the largest drops with low droplet 
concentrations deeper in the cloud. Given one 
parcel with smaller drops but high droplet 
concentration, the neighboring parcel may have 
larger big drops but low droplet concentration. 
The mixing between such parcels can be 
important in spectrum broadening. 

We have measurements of the vertical air 
velocity. From this data we can note that the 
air is more turbulent deeper in the cloud, 
which supports the vertical cycling hypothesis. 

Figure 9 shows the wide range in droplet 
concentrations at 18_µ.m which reflects the 
mixing near the cloud top. Joining those points 
in Figure 9 in sequence results in Figure 10. 
From this figure we can see that the points 
near 18)-lm over a wide range of droplet 
concentration are in adjacent parcels (at cloud 
top), while in other adjacent samples deeper in 
the cloud are seen to include large drops and 
low concentrations near parcels contain small 
drops with high concentrations. 

356 

These observations show that the initial 
cloud nucleus spectrum has little effect on the 
mature cloud droplet spectra. There is evidence 
that the plume model for convective mixing in 
stratus clouds provides an explanation of some 
features of the droplet spectra. The generation 
of large cloud droplets has thus been shown to 
follow the mixing in of dry air at cloud tops 
and any suggestion that the cloud nuclei 
spectra play a dominant role in initiating 
coalescence processes appears to be extremely 
dubious. 
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Figure 9. The diameter of the largest drops 
( the 95% volume diameter) vs ,_.fhe droplet 
concentration in drops cm . The line 
minimizes the squares of the perpendicular 
distance from the line to the points. The 
points corresponding to cloud top are 
those near 18,,um and ranging over large 
concentration changes of ten to one or 
more. 
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Figure 10. This figure shows the points in 
Figure 9 joined in the sequence they were 
observed. 

References 

Te 1 ford , J . W . and S . K. Ch a i , 1979 : A New 
Aspect of Condensation Theory. Pure Appl. 
Geophys., in press. 

Telford, J. W. and P. B. Wagner, 1980: 
Condensation Growth not Determined by 

Nuclei. Submitted for publication. 



III-1.13 

ON 1HE INTERACTION OF RADIATION AND CIRRUS CLOUDS 

Peter Wendling 

DFVLR,Institut filr Physik der 
Atmosphare, Wessling, Gennany 

1. Introduction 

Clouds play a major role in the radiation 
balance of the earth-atmosphere system since 
they emit infrared radiation to space in 
proportion to cloud top temperature, absorb 
infrared radiation from below their level and 
because they reflect a significant fraction 
of the incoming solar radiation. The ·effect of 
cloud on atmospheric heating rates and surface 
temperature mainly depends on the value of the 
cloud albedo and on the degree of blackness 
of the cloud to infrared radiation from below. 
With regard to cirrus clouds their effects on 
the radiation budge~ of the earth atmosphere 
system are until now not well understood becau
se of our incomplete knowledge of the 
scattering and absorption properties of non
spherical ice crystals. Furthermore as was 
shown by Barkstrom (1978) for water clouds the 
radiative flux divergence within the cloud 
itself may significantly affect the mass growth 
rate for reasonably large cloud elements. Since 
ice crystals are of importance in the initiation 
of precipitation in supercooled clouds it 
appears to be of interest to study the effects 
of radiative flux divergence on the mass growth 
rate of ice crystals. 

The following work presents computations of 
the radiative flux divergence within cirrus 
clouds which are based on the single scattering 
and absorption properties of hexagonal ice 
crystals in the fonn of plates and columns. The 
computation of radiative transfer through the 
atmosphere is performed by applying the matrix 
operator method (Plass 1973) which considers 
multiple scattering. The results are applied 
to calculate the influence of radiative flux 
divergence on the mass growth rate of indivi
dual ice crystals. 

2. Computation method and cloud model 

To calculate the single scattering and 
absorption properties of hexagonal ice crystals 
we use the ray optics method which has been 
developed by Wendling et al. (1979). This 
method allows to determine the optical pro
perties of finite sized hexagonal ice crystals. 
Radiative transfer calculations through cirrus 
clouds have been based until now upon the 
assumption that cirrus clouds consist either 
of ice spheres or of infinitely long cylinders 
with a circular or hexagonal cross section. The 
comparison of our results to previous calcu
lations shows that the scattering of radiation 
by hexagonal ice crystals of finite size is 
characterized by a strong backscattering. 
Based on our method we computed the extinction 
and absorption coefficients for ice columns, 

357 

plates and spheres. The results for ice spheres 
are based on Mie calculations. The matrix 
operator method is used to solve the radiative 
transfer equation and to calculate fluxes 
and cooling/ heating rates. With this method 
clouds of very high optical thickness can be 
built up quickly once the initial operators 
for an infinitesimal layer of optical thickness 
l, are given. Internal sources such as the 
Planck black body radiation are included in 
our calculation. Our results mainly refer 
to the radiative cooling within the atmospheric 
8 - 12 µm window region where the radiative 
flux divergence strongly affects the mass 
growth of cloud elements. 

The assumed model atmosphere consists of 
the emitting ground and an emitting atmosphere 
below and above the cloud. The absorption and 
emission by the water vapour continuum is 
included in our final calculations. This is 
done by splitting into monochromatic problems 
by fitting the gaseous transmission function 
with a sum of exponentials. The cloud itself 
is assumed to be isothermal and to have an 
ice crystal size distribution uniformly 
distributed with height. 

3. Results 

We performed calculations of the 8 - 12 µm 
window cooling rate within cirrus clouds as 
function of crystal size and shape for 
different cloud height and thickness. The 
results given in Fig. 1 to Fig. 4 are for 
ice clouds consisting of plates (size: 
a= SO µm, c = 10,8 µm, 2a = base diameter) 
or columns (a= 15 µm, c = 120 µm) with a 
concentration of 0.1 cm-3. The computations 
are done for a cloud thickness of 100 m and 
1000 m. The results until now do not include 
the water vapour continuum absorption. Our 
results show the well known behaviour of 
clouds, cooling near cloud top and warming 
near cloud base. As the cloud is placed 
higher in the atmosphere the difference between 
cloud and ground temperature increases and 
the cloud experiences a warming. When the cloud 
is thin we can have a warming at all cloud 
levels (Fig. 4). The highest cooling rate in 
the upper cloud part is about 0.5 OC/h. 

With regard to the effect of crystal shape 
on cloud heating or cooling our results 
demonstrate that for plates with the same 
volume as columns heating at cloud base and 
cooling at cloud top is increased when 
compared to columns. The reason for this is 
that plates with the same volume have a 
larger cross section. 
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Fig. 1 Cooling rates in the cloud as function 
of cloud height (temperature: T) and crystal 
shape (CL: columns, PL: plates)~Cloud level is 
given by Z/Zc(cloud top: Z/Zc = 0), cloud 
thiclmess by 6Z, The ground temperature is 
assumed to be 300 °K, the temperature of the 
atmosphere above the cloud is 210 °K. 
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Fig. 3 same as Fig. 1 but Tc= 258 K 
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Fig. 4 same as Fig. 1 but 6Z = 100 m 
and Tc= 258 K. 

In order to estimate the effect of radiative 
cooling on the mass growth rate of individual 
ice crystals we calculated the mass growth 
rate according to 

41TCK (Si - 1) - Ls/&,,T2 

Ls2/RwT2 + lffiwT/Dei(T) 

where M denotes the crystal mass, D the 
diffusion coefficient, K the thermal conduc
tivity, Ls the latent heat of sublimation, 
ei(T) the saturation vapor pressure with 
respect to ice. Si refers to the ambient 
saturation ratio with respect to ice, C is 
a function of the size and shape of the ice 
particle. We neglected the effects of thermal 
accomodation and ventilation. With respect to 
the value of C ice columns are approximated 
by the formula for a prolate spheroid, plates 
by that of an oblate spheroid. The ambient 
cloud air is assumed to be water saturated. 
The results given in Table I refer to cloud 
top conditions. As is indicated the mass growth 
rate of ice crystals can be significantly 
increased by radiative cooling especially 
when the crystals become large and when the 
cloud top is placed lower in the atmosphere 
(Table I: Tc= 268 K). Plates with the same 
volume as columns grow faster than columns. 
The highest increase in mass growth found 
for plates is about 40%. 
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0,934·E-9 1,037•E-9 l, 199·E-9 

2,019,E-9 2,379,E-!J 

Table I: Mass growth rate near cloud top as 
function of crystal shape and cloud 
temperature 
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CALIBRATION OF A ONE-DIMENSIONAL MODEL OF TROPICAL CUMULUS CONVECTION 

S. Achy* and R. Rbsset * * 

*Faculte des Sciences, Universite d'Abidjan, COTE D'IVOIRE 
**L.A.M.P., Universite de Clermont II, FRANCE 

I - Introduction 

Before its operational use, a convective 
cloud model necessitates to be calibrated. We 
propose here to calibrate the stationary and 
evolutionary versions of a parametric one
dimensional numerical model (1, 2) in the 
tropical atmosphere, on the basis of data col
lected in Ivory Coast during the October 1977 
little rainy season (Moussafrica 77 (3)). 
Among these data, we mainly use the photogram
metry of clouds performed at Yamoussoukro, 
south of the ITCZ at this period of the year. 
As for the adjustment of the model parameters, 
we have concentrated upon the entrainment 

constant k defined as : µ = ls., where µ(in m-1 ) 
r 

is the classical entrainment coefficient and 
r the radius of the cloud cell. 

II - Model adjustment as a function of the 
measured cloud top heights and vertical 
velocities 

Table I displays the results of this ad
justment for 2 particular days, october 26 
and 27, 1977. In columns 2, 3 and 7, the 
photogrammetric data have been reported, res
pectively for cloud radii, cloud top heights 
as well as for the mean ascent rates of these 
latter. Column 4 gives the entrainment cons
tants k tested in the model. On the same 
lines, have been reported in columns 5 and 6 
for the evolutionary and stationary models, 
the corresponding calculated cloud top 
heights. Two points will be underlined here 
firstly, the adjustment is realized for 
various k values in the 2 versions and 
secondly, according to the situations obser
ved the optimal k values are different in a 
given version (0.22 on October 26 versus less 
than 0.15 on October 27). The optimal k 
values having thus been determined for the 
evolutionary model, columns 7 and 8 enable 
us to compare the measured and computed cloud 
top ascent rates : there is a good agreement 
between the two, especially on October 26. 
For the stationary model, further results 
have been displayed in Table II : we shall 
only insist here upon the wide range of the 
optimal k values, from 0.1 to o:3. 

III - Statistics on k 

The variability in the optimal k values 
having been shown, we shall look now for 
statistical correlations between these values 
and cloud geometry, and/or the average 
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properties of the ambient atmosphere (Fig. 1). 
For example, we observe in Fig. (la) the rapid 
decrease of k as a function of the cloud ani
sotropy ratio between its thickness Hand its 
radius r : this ratio H/r sketches the rela
tive importance of the lateral entrained air 
versus the cloud base fluxes. In Fig. (lb), k 
is a function of T, the average ambient tempe
rature between the cloud base and top levels. 
Two distinct groups of points can be seen 
a first group in which the top heights ZM do 
not exceed 5500m (with a large dispersion in 
k) and a second group in which ZM exceeds 
15500 m (with k ~ 0.1). In Fig. (le) and (ld) 
are displayed large variations of k versus 

(~~)and(~~), respectively the average verti

cal gradients in environmental air tempera
tures and water vapour mixing ratios. As a 
matter of fact, the optimal k values most fre
quently observed for the thickest clouds lie 
near 0.1. As a result, the specification of k 
is not too crucial for the very deep convec
tive clouds, as long ask lies near 0.1 ; this 
result doesn't apply to shallower clouds for 
which the values of k are much more dispersed. 

IV - Cloud overshooting 

The vertical velocity previously used in 
the adjustment procedure only referred to the 
ascent phase of the cloud top. At the end of 
this phase, the cloud tops temporarily over
take their equilibrium level by a height P 
(the overshoot distance). This height defines 
the minimum temperature reached, which, in its 
turn, determines the freezing probability of 
the cloudy air. 

Saunders (4) distinguished two regimes 
of penetrative convection according to the 
value of (P/D) versus 0.6 (D being here the 
diameter of the convective element). As for 
us, after initialization of the stationary 
model with the radiosoundings released at 
Yamoussoukro during Moussafrica 77 and for 
various values of the initial cloud base 
radii between 0.5 and 4 km, we have reproduced 
i.n Fig. 2 the values of P computed as a 

W2D 1/3 
function of the parameter (8 ) , where G is 

the coefficient of atmospheric static stabili
ty above the equilibrium level, W the vertical 
velocity of the cloud when it first passes 
through this level and D the cloud diameter at 
that time. 



In agreement with Saunders, Fig. 2 reveals 
a linear behaviour in Pas a function of 

W2D 1/3 
(7;) . Nevertheless, in contrast with this 

latter author, the slope of our curve has a 
value of about 0.6 (versus 1.6 for Saunders). 
It is to be noted that among the 102 cases 
treated during Moussafrica 77, two cases only 

give cf) ratios greater than 0.6 (deep pene

trative convection) : the photogrammetric data 
(not reproduced here) confirm these results. 

V - Conclusion 

As a conclusion, we shall stress through 
an example the need of calibrating cloud nume
rical models such as ours by referring to a 
set of experimental data, previous to their 
operational use. For this purpose, we have 
drawn in Fig. 3 the vertical profiles of 
vertical velocities computed with the statio
nary model for the radiosoundings of 7.15, 
10.52 and 17.02 on October 24, 1977 at 
Yamoussoukro. We observe that the maxima in 
vertical velocities as well as the correspon
ding cloud top heights are very variable as 
functions of the initial cloud base radii 
lying in the range 0.5 to 4 km. Fig. 3 brings 
also support to the concept of a critical 
cloud base radius in a given situation 
(between 2 and 2.5 km at 7.15 ; between 1.5 
and 2 km at 10.52 and between 3.5 and 4 km 
at 17.02) beyond which the cloud thickness 
rapidly increases together with the rainfall 
probability occurrences at the ground. As a 
result, the operational use of our model 
requires the availability of basic pertinent 
measurements such as the effective cloud radii 
for the evaluation of which terrestrial photo
grammetry offers a precious technique, however 
difficult to use everywhere. 
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USE OF A ONE-DIMENSIONAL CUMULUS CLOUD MODEL 

AS A FORECASTING TOOL FOR PLUVIOMETRY IN THE TROPICS 

S. Achy* and R. Rasset** 

*University of Abidjan, IVORY COAST 
**L.A. M. P. , University of Clermont II, FRANCE 

I - Introduction 

There is no need to emphasize the interest 
of studies of the pluviometric regimes in the 
tropical and sahelian regions. In these re
gions, the pluviometric networks are generally 
not dense and the radiosounding stations too 
scarce. In this context, it appeared useful 
to elaborate a numerical one-dimensional model 
of cumulus convection (1) and to test its 
ability to forecast precipitation. 

In other words, we have tried to relate 
thr'ough such a model the aerological data of 
the radiosoundings to the local pluviometric 
measurements. In spite of the limitations of 
this approach, limitations of which we are 
well aware, we hope to make a contribution in 
this domain which is so important for the 
tropical regions. 

II - Procedures of study 

The calibration of the model for the West
African tropical atmosphere being presented 
elsewhere (2), we shall not summarize here 
this part. Our present study can be divided 
into two distinct parts : 

- firstly, we systematically apply our mo
del to the region near Abidjan (Ivory Coast), 
for a six-month period (from January to June 
1976) overlapping the dry and rainy seasons ; 

- secondly, with the advantage of an addi
tional radiosounding station at Yamoussoukro 
for a 15-day period, we apply the model to the 
two stations in order to retrace numerically 
meridional variations of rainfall inland from 
the coast of the Gulf of Guinea. 

III - Comparison between observed rainfall and 
the computed cloud developments at 
Abidjan (Ivory Coast) 

The selected period entends from January 
to June 1976. This period can be divided 
into three subperiods : usually, from January 
to about March 15, we are in the dry season, 
the rainy season being well established only 
by mid-May. Between these two seasons, we 
have a transition period with isolated con
vective rains. The dates above are subject to 
variations from year to year : these varia
tions are of vital importance for agriculture. 
Our selected period overlaps the three sub
periods. 
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For every day in this period, we fed into the 
stationary version of the model the daily 
radiosoundings at Abidjan. Then, for different 
initial cloud base radii, we computed the 
cloud characteristics, in particular the top 
heights, the vertical profiles of temperature 
and water content, together with the rain 
amount accumulated at the cloud base. Examples 
of application of this procedure are displayed 
here for four selected days : February 18 and 
March 3, 18 and 30, 1976. For these days, we 
reproduced in Fig. 1 the radiosoundings 
(T and Td curves) together with the simulated 
clouds (base and top) as a function of their 
base radii (from 0.5 to 3 km with 0.5 km 
steps). Two cases are similar in the cloud 
developments : February 18 and March 18, with 
cloud tops over the 10 km level. 

A - 18 hh976 n 
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rf lei' 

F,Lgutc..e 1 : The eonveilive devuopmeYLt6 (on the 
fU..ghi) :togethe/1.. wdh :the eoJUte.1.,poncUng tr.acUo
-0ouncUng-0 (on :the le6:t) 60~ :the 4 -0Uee:ted 
do.y-0 ( A :to V) ( eloud bM e tr.aclU.. 6Mm a . 5 :to 
3 km by O. 5 km -0:tep-0) . 

For March 3 and 30, the cloud developments 
are more restricted, due to the very dry la
yers at the 800 mb - 900 mb levels. In addi
tion, on March 30, development was further 
hampered by a very stable layer at 900 mb. 
Complementary results for these four days are 
reported in Table 1, with the radar echo top 
heights observed at Abidjan and the rain 
character (defined below), 

Turning now to the pluviometric data, a 
map of the station network appears in Fig. 2. 
The sampling area lies within a circle 75 km 
in radius centered at Abidjan-Airport. 

Figutc..e 2 

SICX.JNAN 0 

""' 

PfuviometfU..e ne:two~k n~ 
Abidjo.n-A~pou. 
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In this area, 18 stations have been retained. 
A binary classification has been adopted for 
the rainy sequences : "isolated rains" when no 
more than 2 stations have collected rain as 
opposed to the "generalized rains" otherwise. 

Our results for the 6-month period have 
been grouped in Fig. 3. For each month, the 
ordinate indicates : 

- the number of rainy days observed n1 ; 

- the number of days per month for which 
the model has given significant convective 
developments, i. e. cloud top heights over the 
5 km level (0°C isotherm) for a 3 km-base 
radius (model less sensitive to the entrain
ment coefficient (2)) ; 

- the number n2 of days per month with ob
served rainfall at the ground together with 
significant convective developments. 

30 
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· 17 

13 

_io __ 
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The main result to be noted from Fig. 3 
is the good agreement between observations 
and computations in March (n1 / n2 = 0.92) and 

April (n1 / n2 = 0,95), during the transition 

period. This agreement decreases during the 
dry season (n1 / n2 = 0.78 in January and 

0.89 in February) ; it is quite loose in the 
rainy season (n1 / n2 = 0,66 in May and 

0.43 in June). These results can be easily 
interpreted : during the transition and even 
the dry seasons, rainfall is mainly due to 
isolated convective clouds for which the mo
del is well suited. During the rainy season, 
on the contrary, the sky is overcast and rain
fall is no longer of purely local origin 
(layer instability instead of particle insta
bility as would be the case in our model), 

IV - Comparative meridional study at two 
stations (Moussafrica 77) 

This study only concerns a 15-day period 
in October 1977, during the little rainy 
season. The stationary model was fed with the 
daily (or more) radiosoundings at Abidjan 
(5° 15' N) and Yamoussoukro (6° 54' N), this 
latter station being situated at the limit 
between the forest and the savanna. The model 
results are displayed in Fig. 4, from October 
18 to October 27, 1977 : for the 2 stations 
with radii from 0.5 to 4 km (0.5 km steps), 
we show the computed rainfall amounts accumu
lated at the cloud bases, together with the 
observed rainfall amounts (the small segments 
in Fig. 4). Two points must be noted in 
Fig. 4 : firstly, the modulation imposed upon 
the precipitations by the initial cloud radii 
and secondly, the variability of rainfall is 
greater at Yamoussoukro than at Abidjan, in 
fair agreement with current observations. 

V - Conclusion 

Our present study only aimed at checking 
the ability of the model previously calibra
ted in the tropical atmosphere, to simulate 
the spatial and temporal variations of rain
fall over West Africa. We are well aware of 
the limitations inherent in this approach, 
namely the parametric treatment of rain in 
the model, the evaluation of the rainfall 
amount at the cloud base and the restricted 
spatial representativeness of the radiosoun
dings at a single station. Nevertheless, due 
to the scarcity of data, our study appeared 
to be worth while to be started. It is neces
sary now on the one hand to extend this study 
to longer periods and on the other hand, to 
complete it by stating more accurately the 
_concept of "significant convective deve
lopment" and by estimating the rain evapora
tion between the cloud base and the ground. 
These extensions are in progress : we think 
it could be useful for tropical and sahelian 
countries. 
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AGGREGATION OF SMALL CONVECTIVE RAIN CENTERS 
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Groups of'small cumulus clouds frequently 
precede the development of convective ~ains in 
the Central U. S. This paper describes the 
evolution of a cloud field leading to rain and 
hail on 30 July 1979, as recorded by a high
powered 10-cm radar. The convection occurred 
over a densely-instrumented network over which 
the radar provided full volume surveillance 
every 4 minutes. 

The area was under the influence of trop
ical maritime air mass providing afternoon 
temperatures of 30C and dewpoints of 25C and a 
very moist and unstable troposphere. The con
vection started around 1400 CDT as scattered, 
weak radar echoes which, with a few exceptions, 
were very short-lived. By 1530 the clouds were 
more numerous and a few became persistent. The 
evaluation of the echoes occurring over the 
northern half of the network is shown in Fig. 1. 
(The southern half was essentially cloud free.) 
Shown is the maximum 10-cm reflectivity measured 
in 1.5 km square columns reaching from the sur
face to the top of the volume scan. 

Prior to 1515, only one cloud had any per
sistence or strength. By 1520 the numbers of 
small echoes had increased and two, A and F were 
larger, more per sis tent·, and stronger than the 
others (Fig. la). These were the initial echoes 
of line formations which had different histories. 
Both first appeared at 1516, but A expanded and 
intensified much more rapidly than F. Within 
five minutes a second, B, had formed contiguous 
with A, while D formed to the west of F and 
echo E formed to the SE. With the development 
of echo Con the northwest side of A at 1527 
(Fig. lb) the main cloud area consisted of two 
approximately parallel lines of echoes, each 
composed of three distinctive echo "masses". 
The component cloud masses in these lines re
tained their identity but were usually multi
cellular, with the individual cells going 
through a history of growth and decay, to be 
followed by new cells coming up through the sa~~ 
general area.· Thi·s multicellular structure is 
most evident in the composites in Fig. 1 in 
echo B but higher resolution analysis clearly 
show the same structure in the other echoes. 

The echoes continued to form rapidly, with 
another cluster developing in the northeast by 
1532. This cluster was dominated by echo L 
(Fig. le) which reached 52 dbz reflectivity 
within 4 min, whereas echoes J, K remained weak 
and not very tall. Two additional major echoes 
developed, cloud Hat 1539 between lines CAB 
and DFE, and echo Nat 1555 (Fig. le). The 
latter heralded the decline of DFE and the weak
er echoes of the northeast cluster. The final 
complex, composed of line CAB, echoes Hand N, 
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and a new formation, 0, south of Band H, 
intensified as it moved east, producing moderate 
to heavy rains and hail on the east edge of the 
network, as well as a small funnel cloud. 

The evolution of the echo top and peak 
-:·eflectivity, in echoes A and F (Fig. 2) are 
representative of the components in the lines. 
Both the intensity and height of echoes in 
Line CAB grew very rapidly, reaching 60 dbz 
within 10 or 15 min of formation. Following 
a minor decrease in height and intensity 
(coincidental with the beginning of light rain 
at the ground) the echo once more intensified 
with peak reflectivities remaining above 60 dbz 
for another hour. The early development of 
echoes in Line DFE was very slow, with maximum 
reflectivities remaining below 35 dbz and tops 
below 5 km for 15 min. Intensification follow
ed, but slowly wit~ re_flec ti v:i_ties _reaching 
peak values below 55 dbz. These reflectivities. 
were maintained for less than 10 minutes. · 

Flight observations around the freezing 
level in convective clouds on days like 30 July 
have indicated high water contents, mostly in 
drops over 75 microns, and the existence of 
large water drops and/or ice pellets when cloud 
tops were well below -20C. In the early phases 
of echo A, when the reflectivities reached 60 
dbz with echo top below -20C, and the high 
reflectivities confined to regions warmer than 
OC, the intense cores may have been due to 
accumulation of large water drops, wetting of 
small ice pellets. and/or slush. After 1525 
the depth of high reflectivity extended into 
the -lOC region. This coupled with the greater 
cloud heights suggest that the high reflectiv
ities in the later cells may have been due to 
hail. 
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Figure 1. Map of maximum reflectivity in vertical columns of 1.5 km square cross-section. 
Sybmols explained in panel (b). 
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A CUMULUS CLOUD MODELLING USING SUCCESSIVE ISO~ED THEmlALS 

V.M • .And.reev,D.E.Syrakov,R.P.Mitseva 

Sofia University,Facult7 of Physics 
Sofia BULGARIA 

On the basis of experimental 
data and theoretical considerations 
( see, for example (1 l - C4J )the OO.lir 
Tective cloud is assumed to consist 
of:a)nonactive cloud mass which 
expanses by the mechanism of turbu
lent diffusion and b)active pa.rt - a 
region of intensive upward motions. 
In the model the nonactive part con
sists of one or more diffusing ther
mals which have reached convection 
level.Active upward moving thermals 
pass through the nonactive part.Eve~ 
consecutive thermal moves in an envi
ronment with constant profiles of the 
meteorological characteristics except 
in the nonactive cloud region. This 
region contains cloud droplets(liquid 
water content Sc ) or/and oristals 
( Ser ) , saturated vapour ( Gi ) and 
temperature excess( ,r1'r ).Thus,the 
nonactive cloud part is more favour
able for the rising of the active 
consecutive thermals. 

The basic structural element of 
the studied cloud is the model of 
isolated thermal.The changes of ther
mal's characteristics during the rise 
are described by one-dimentional 
steady-state numerical model [5] in 
which Kessler t7pe param.eterisation 
of precipitation processes is used 
(Fig. 1 ). 

Water 
VapOIJr, 

Fig.1. Scheme of the microphysical 
processes included in the iso
lated thermal model [5J • 
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The cloud model is realized 1n 
the following phases. 

In the first phase it is aseumed 
that eveey thermal which have reached 
convection level begins to diffuse 
isotropically as a spherical source ot 
enthalp7,water vapour and cloud drop
lets(oristals).The constant diffusion 
coeftitient K is used.Evaporation 
process takes place simultaneously 
(Figo2a).For the sake ot conveniance 
the spherical nonactive part is trans
formed in a cylindrical layer of the 
same volume(Fig.2b). 

N'?/ ______ ..... 
CJ dJ 

Fig.2. Phases of cloud modelling for 
three thermals in series 

In the second phase the rising of 
a new active thermal through the non
active cloud layer is considered. A 
part of the therms.l's trajectoey 
passes through the noncloud environ
ment with constant conditions.In the 
cloud layer the thermal's lateral 
boundary conditions are those of the 
diftusing thermals,which V&r7 in time 
(Fig.2c). 

In the third phase the nonactive 
cloud part is modelled using the 
characteristics of some thermals which 



have reached convection level(Fig.2d) 
As can be seen the parameters 

of the diffusing nonactive part of 
the cloud vary in time.On the other 

hand every next active thermal can be 
started by different time intervals 
with different initial properties. 
Therefore,such a model can describe 
the nonstationary variations of con
vective clouds including the dissipa
tion stage.A sjmilar modelling was 
made in [6,p.1311 • 

-20 

-ro 

0 zo 60 f{min) 

Fig.). Time variations ot temperature 
excess /J 1' in the noDactive 
part :toz,ned by one thermal tor 
different K • 20-100m 2/s 

The first numerical experiments 
were Cu hum cloud modelling.One 
thermal is rising and having reached 
the convection level begins to change 
its parameters by the mechanism of 
turbulent diffusion and evaporation 
only.The time variations of I). 'f and 

Sc at different K -values are 
shown in l'ig.3 and Fig.4.The initial 
radius of the thermal is R • 1km. 
It can be seen that the cooling 
process of air in the thermal is 
still in progress in the initial pha
se.This is due to the predomiDating 
of the cloud droplets evaporation 
over the diffusion process of nega
tive temperature excess.The duration 
of this stage increases with the 
increase of R. and the decrease of 

K • The quantity ~ Q decreases all 
the time. The cloud water content Sc 
decreases very quickly with the time 
because both evaporation and diffu
sion lead to that(r1g.4).It can be 
seen trom Fig.4 that if the life time 
ot Cv hum or ft./ met:/ is in order 
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of 15-JOmin the value ot /,( should 
be in the interval 40-80 m 1/sec.The 
comparison of model results as shown 
in Fig.4 with natural experiment data 
will facilitate the estimation not 
only of the effective diffusion coef
fitient /( but of its dependence on 
the scale of phenomenon as well. 

,0-2 L..--,J......1-1.-,L.~~~-

o fO 20 30 i[m1a} 

Fig.4o ::iSallle as Fig. 3 for LWC - Sc 

A part of the numerical experi
ments were made for ideal situation 
with constant relative humidity 
( f • 80%) and constant temperature 
lapse rate { 'l" • 7 deg/km). The 
followin& parameters were variedzini
t ial thez,nal radius /? , dif'fusion 
coefficient K and starting time 
interval A t between the successive 
thermals.In Fig.5 an example of time 
variation of relative humidity pro
file in the nonactive part of the 
cloud is shown.The moment of stopping 
of the first thermal is accepted as 
initial( t -o).The other results 
which are not shown here are to be 
published in Bulgarian J.of Geophy
sics. 

In Fig.6 the comparison of a 
model results with natural experiment 
data [9] is shown.The model gives not 
only qualitative but good quantita
tive agreement as well. 



Numerical experiments tor con
vective cloud simulation (including 

{'-IJ )in real atmosphere conditions 
are under investigation. 

l 
[K/Tl] 

6 

5 

3 

2 

1 

I 

I 
I 
I-)(-_.., 
I "-)( 

~ 
0 

80 go 
ll'ig.5. Relative humidity time varia

tions 1n the nonactive cloud 
part.1 - f •80%1 2 - 1 min 
a1'ter the first thermal stop
ping; 3 - after 36 min;tour 
thermals are stopped;4 -dter 
77 min;twelve thermals are 
stopped. 
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THE INFLUENCE OF INHOMOGENEOUS MIXING ON CLOUD DROPLET 
EVOLUTION AND RAINFALL PRODUCTION 

MB Baker* 
Istituto di Fisica 
dell' Atmosfera (CNR) 

Rome, ITALY 

INTRODUCTION One of the central prob
lems in cloud physics is the inadequacy 
of classical descriptions of the con
densation stage of droplet spectral 
evolution. This manifests itself in 
several serious discrepancies between 
observations and theory. One is that 
the measured time required to produce 
raindrops in water clouds may be appre
ciably shorter than values calculated 
on the basis of classical theory for 
growth by condensation followed by 
stochastic coalescence. Another is 
that the predicted size distributions 
of cloud droplets within the conden
sational stage of growth are inconsis
tent with those observed in cumulus 
clouds. The major goal of this paper 
is to examine the hypothesis - emanat
ing from experiments by Latham & Reed 
(1977) - that the inhomogeneous nature 
of the mixing between a cloud and unde~ 
saturated environmental air entrained 
into it produces fluctuations in super
saturation - not linked to fluctuations 
in vertical velocity - which cause 
spectral broadening and increased rates 
of droplet growth. The idea, which was 
developed by Baker & Latham (1979), is 
that when undersaturated environmental 
air is entrained into a growing cumulus 
some cloud droplets are greatly reduced 
in size, while others - at the same 
level, but more remote from the blobs 
or filaments of entrained air - are not 
directly influenced. This is clearly 
distinguished from the homogeneous des
cription of entrainment employed by 
other workers, where it is assumed that 
the reduction in supersaturation pro
duced by entrainment is, at any level, 
the same at all points. 

If this idea has relevance to cloud 
physics it may be expected that adja~ 
cent regions would sometimes occur, 
within natural clouds, which possess 
closely similar droplet size distrib
utions even when the values of liquid 
water content are very different. Con
firmatory evidence for this prediction 
is provided by Blyth et al (1980) and 
others. 

TIME CONSTANTS The extent to which the 

and R G Corbin and J Latham 
Physics Department, UMIST, 

Manchester, ENGLAND 

rounding cloudy air, and the evaporation 
of a droplet of radius r in an under
saturated environment. The character
istic times governing these three pro
cesses are defined as TT, TD and Tr 
respectively. If TT or TD is much less 
than Tr, any inhomogeneities created by 
the mixing process will be substantially 
smoothed out before significant droplet 
evaporation can occur, and the mixing 
will approach the classical description 
employed by other workers. On the 
other hand, if Tr<< TT,TD, the mixing 
process will approximate to the inhomo
geneous description outlined here. 

Taking X as the size of the blob, E 
the rate of kinetic energy dissipation 
via turbulent mixing, D the molecular 
diffusion coefficient, 6(%) the super
saturation, a the length associated 
with the condensation coefficient and 
characteristic values of the other para
meters involved, we may write 

TT ~ a2 IE ft 
Tr ~ 1 □- 6 (Pwlo 00 ~r+a) 2 - a 2)/DS 

where r is in micrometres and p /p
00 

is 
the ratio of the densities of l~quid 
water and saturated vapour. TT<TD for 
all scales of interest. Calculat~qns of 
the critical scale-length X =€t-r 12, 
for which TTITr = 1 reveal ~hat ~xcept 
for the highest levels of turbulence 
combined with low undersaturations the 
evaporation may be non-classical for 
scales in excess of about one metre. 
LABORATORY EXPERIMENTS The validity of 
the foregoing arguments was examined by 
performing mixing experiments in a 
specially constructed vertical wind 
tunnel. A cloud of droplets was drawn 
up the tunnel, a flow of undersaturated 
air was introduced into it from a nozzle 
located on the axis, and the droplet 
characteristics, temperature and flow 
speed were measured at many radial and 
axial positions above the nozzle. 

A spinning-top generator mounted 
axially in the vertical section of the 
tunnel, about 1m below the test section, 
was used to produce a unimodal droplet 
cloud covering the radius range 6 to 
15µm. In acceptable conditions the 
droplet spectrum did not alter signifi
cantly with height or time during the 
course of an experiment (about 40 minutes) 
The drop sizes and concentrations were 
measured using an electrostatic disdro
meter. Two mixing nozzles were used. 
The larger one was of diameter 10cm, and 

evaporation is inhomogeneous in a given 
situation will depend on certain rate 
processes associated with mixing within 
cumulus clouds. These are: turbulent 
diffusion of the entrained air into the 
cloud, molecular diffusion at the 
interface between a blob and the sur
*Dn leave from Civil Engineering Dept, University of Washington, Seattle, USA. 
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the other 3.8cm. The temperature in the 
mixing region was measured using a min
iature bead thermistor. A hot wire 
anemometer was used to measure the wind 
velocity and turbulent characteristics. 

Statistical examination of the 
measured time intervals between succes
sive droplets arriving at the disdro
meter was performed in order to reveal 
evidence of any structure that might be 
present in the cloud, especially in the 
mixing region. It illustrates the 
evolution from a random distribution 
prior to mixing, to a cloud with con
siderable structure shortly after mixing 
- this appears to correspond to pockets 
of original cloud intermixed with 
regions of zero or low droplet density -
followed by gradual smoothing to an 
essentially homogeneous final state. 

These experiments provide a test of 
the simple arguments, concerned with 
time constants, if - by utilizing both 
nozzles - the conditions rI/r <1 and 
TT/Tr>1 can be achieved. n the former 
case mixing will be rapid and the evap
oration approach the classical descrip
tion; in the latter case it will be 
distinctly inhomogeneous. Corbin(1979) 
deduced values of eddy diffusivity from 
the experimental results, and these led 
to values of r1~6s for the larger nozzle 
and TT~2s for the smaller. The values 
of Tr for the conditions employed in 
the experiments were generally in the 
range 3 to 4s, so experiments with the 
two nozzles were expected to yield thi 
required range of conditions. It was 
found that in all runs with the smaller 
nozzle the final mean radius of the 
droplets in the cloud was significantly 
lower, after entrainment, than the in
itial radius. On the other hand no sig
nificant change in mean size was found 
in nearly all of the runs with the 
larger nozzle although the liquid water 
content was substantially reduced. Thus 
we conclude that these experiments pro
vide support for the arguments concern
ing the crucial role of the ratio rT/rr 
in affecting the droplet spectrum. 

COMPUTATIONS OF SPECTRAL EVOLUTION In 
order to study the effects of inhomo
geneous mixing of dry and moist cloudy 
air on droplet spectral evolution, we 
have modelled the process by a simple 
mechanism which represents a limiting 
case. In this model all air is ent
rained in identical blobs, or filaments, 
of given volume V0 and relative humid
ity H. The nucleus spectrum in each is 
composed of NaCl particles in equilib
rium at H. The parcels of dry air are 
entrained at a constant mean rate and 
the entrainment sites are distributed 
uniformly over the cloud volume V. Thus 
each droplet in the cloud has the same 
probability of encounter with the dry 
air. The mechanics of the encounter 

378 

are not specified but the result is in
stantaneous total evaporation of suffi
cient numbers of droplets that the 
relative humidity in the original dry 
parcel rises to 100% and the dry part
icles grow by condensation to their 
equilibrium values at H=1 □□ %. Then the 
region affected by the blob mixes in
stantaneously with the surrounding 
cloudy air. 

The evolution of the cloud through 
1000 seconds was computed for: (1) Homo
geneous entrainment (H) The classical 
model, in which environmental air and 
nuclei are entrained at a constant rate 
u; (2) Inhomooeneous entrainment (I) 
Dry air and nuclei are entrained in 
discrete blobs at a mean rate A(t). 

In all the computations we assumed 
the environmental lapse rate 1 = -7.5°C/ 
km. The updraught speed Li was a con
stant and the cloud base temperature 
T0 was prescribed. The initial NaCl 
nucleus spectrum and the number n of 
size classes included were based 
loosely on those employed by Warner 
(1969a), whose basic equations were 
used to calculate the evolution of the 
droplet spectrum. Runs were made for 
a wide range of values of U,H,T 0 ,n,u 
and droplet concentration N. In order 
to avoid complications in interpreta
tion the CCN activity spectrum was 
truncated so that N remained constant 
during ascent. 

Since the primary objective of these 
calculations was to establish whether 
this extreme model of inhomooeneous 
mixing (I, rr/rT➔ O) provides-a more 
accurate description of the effect of 
entrainment upon cloud droplet evolu
tion than the classical, homogeneous 
model (H), which can be regarded the 
opposite extreme Crr/rT➔ oo), there was 
no justification for attempting to in
corporate into our calculations a full 
treatment of the cloud dynamics. It 
appeared to us adequate to base our cal
culations upon the simple model of 
Warner and to ensure that the average 
entrainment rates were identical in the 
homogeneous and inhomogeneous models -
from which it follows that the liquid 
water contents Lat any level were the 
same on models Hand I. This was found 
to be so. 

It was found that on the inhomogen
eous model, when blobs of air are en
trained at high frequency (simulating a 
steady stream) the spectrum flattens and 
broadens and the dispersion y increases, 
in the manner reported by Warner (1969b) 
to be characteristic of non-precipitating 
cumuli. 

An example of a precise comparison 
of the predictions of the inhomooeneous 
model with observation is provided by 



w 

a.,.__ ___ _..__.__ _ _._..___._......, 
0 10 r(µm) 20 

Figure 1. Size distribution in cumulus 
W, measured by Warner (1969b); H, cal
culated on the homogeneous model; I, on 
the inhomo~eneous model. N=2 □Dcm-3, 
n=6, A( □)- =10s, L=□ .45g m-3, U=1m s- 1 , 
u=1 □-3m-1. 

Figure (1). The agreement between the 
curves Wand I is seen to be excellent. 
On the other hand, curve (H), based on 
the homogeneous description of entrain
ment, is similar to those calculated by 
Warner (1973), but bears little resem
blance to observation. 

Another problem on which Warner has 
focused attention is the frequent occur
rence of bimodal spectra in cumulus 
clouds. Spectra containing more than 
one mode, and resembling those observed 
by Warner (1969b), are predicted by the 
inhomogeneous model when the frequency 
of infiltration, \, is low. 

z(m) 

RH(µm) 

RI Cum) 

N o- 1 ) 
T 

LH(g m-3) 

LI(g m-3) 

j SH(%) 

i SI(%) 

100 

8.5 

11 D. 5 

58 

0.10 

0.06 

I D. 37 
1.12 

300 

11.3 

17.6 

2.6 

0.39 

I D. 41 

. D. 17 
I 
I D. 42 

600 

13.8 

122. 2 
I 
1 D. 53 
i 

D. 72 

0.71 

D.14 
i 
1 D. 39 

'.1000 

i26. 1 

D.15 

1.00 

D.34 

Tabl~ 1. Ca)CL.1lated valu_a_s, at \l8.I'..lill.LS 
levels z, of liquid water content (L), 
supersaturation (S), maximum drop 
radius (R) and concentration of droplets 
of radius R, (Nr, inhomogeneous cas~ 
only). The suffices H, I refer respec
tively to the homogeneous, and inhomo
geneous models. 1/\.o=10s, U=1m s- , 
N=200cm 3 • 
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The results presented in Table (1) 
contain a striking prediction - that 
the largest droplets grow much faster 
through the condensational stage on the 
inhomogeneous than on the classical 
model. For example, about 200 seconds 
are required on the inhomogeneous model 
for the largest drops to achieve a 
radius of 1$1m, while about 800 seconds 
are required on the homogeneous model. 
We see that on ·model I the largest drop
lets move through the condensational 
stage about three tim~s as fast as is 
predicted classically. For larger val
ues of 1/\

0 
the rate of growth of the 

largest particles is not so great, but 
even for very large intervals between 
successive blobs (\ 0 - 1 =2 □□ ,300s) the 
rate. of growth is about twice the class
ical (homogeneous) value. Similar 
predictions have been made in a some
what different treatment of this problem 
by Telford & Chai (1980). They appear 
to offer a solution to the long-standing 
question of the rate at which raindrops 
can be produced in cumulus. It is in
terestin~ to note that the values oof 
NT(~1 1- ) presented in Table (1) are of 
the right order of magnitude for rain
drop concentrations. 

The reason for the greatly enhanced 
growth-rates on the inhomogeneous model 
is apparent from the inspection of 
Table (1) - the values of supersatur
ation are much greater. This is because 
on the inhomogeneous model more droplets 
are completely evaporated and the newly 
activated ones that replace them cannot 
compete so effectively for the available 
water vapour. Thus the supersaturation 
rises above that for the homogeneous 
case, and those drops unaffected by the 
infiltrating blob will grow faster. 

GENERAL MIXING CALCULATIONS During the 
mixing of cloudy and undersaturated air 
the local value y(n,t) of each conserved 
variable y obeys a-continuity equation 
of the form 

ll + v.(uy) - Dv 2y = Ry at - -
where u is the local turbulent fluid 
velocity, and Ry is the local rate of 
change of y due to evaporation or con
densation. We have performed crude num
erical calculations of the turbulent 
mixing and concomitant phase changes by 
assuming that an equation of this form 
holds for each of the following vari
ables: vapour density p , temperature T 
and population n(r) of ~roplets of rad
ius r. Th~ turbulent term has been re
placed by diffusivity term ~~2y, we 
neglect buoyancy effects and the calcu 
lations were run for the case that a 
uniform sphere of radius\ containing 
undersaturated air is introduced at t= □ 

into an infinite cloud. During the 
calculations the diffusion proceeds for 
a time interval 6t during which there 



is no evaporation, and then all quanti
ties remain fixed in space for a time 
interval 6t during which the phase 
change occurs. At the end of this 
period the time is marched forward 
through 6t and the cycle continued. The 
values of K, which were held constant 
for each run, were computed from£ and 
\ by, th, dimensional relationship 
K=(\~£)~ for £=1o-3,10-2m 2s-3. We put 
6t=(6\) 2/6K for numerical stability of 
the diffusion algorithm, and we chose 
the spatial grid point separation 
6\=0.1\. The initial values were 
r<A:T=277°K, 6=80%, L~3.6 x 10- 4g m-3 
r>\:T=278°K, 6=1 □□%, L= □ .5g m-3. 
The droplets inside and outside were 
assumed in equilibrium with their res
pective environments. All droplets 
were assumed to contain salt mass 
5 x 1 □- 1 3g. The droplet concentration 
was everywhere 250 cm- 3 

As the calculations progressed all 
droplets with radii within each □ .1µm 
interval were compressed into a single 
size class whose number was chosen to 
conserve liquid water. 

The results of these calculations 
show that for \=0.1m, and for \=1m, 
£=1 □-2m2s-3 the mixing is "classical" -
that is, the phase changes are slow 
compared with the diffusion, and uni
formity in S, Land Tis achieved by 
the mixing with relatively little 
change in the droplet radii. In the 
case \=1 □m, the phase changes occur on 
time-scales comparable with that of the 
diffusion, so that as the cloud begins 
to pour into the blob evaporation in 
that region brings S close to 100% and 
keeps the liquid water content there 
relatively low. The undersaturation 
is small, in subsequent stages of the 
mixing,and there is relatively little 
evaporation. Consequently, although 
the droplet spectra in the blob region 
contain some partially evaporated drops 
an increasing proportion are of basic
ally the same sizes as those in the 
cloud. 

These calculations, though crude, 
appear to be consistent with the field 
observations of Blyth et al (1980) 
and may provide a more realistic des
cription of the mixing process. 
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MULTILEVEL TURBULENCE PROBE STUDIES OF THE STRUCTURE OF SMALL CUMULUS CLOUDS 

s.J.Caughey and M.Kitchen 

Meteorological Office, Bracknell, Be.rks., U.K. 

l Introduction 

Previous observational studies of turbulence 
and mean airflow in and around cumulus clouds 
have in the main utilized aircraft to make 
one or more penetrations of selected clouds. 
In a comprehensive study of cumulus Warner 
(1970) made successive penetrations at 5 
minute intervals but found no consistent 
pattern between levels, although some 
updrafts were observed to persist for 15-20 
minutes. Other observations by MacPherson 
and Isaacs (1977) led them to the conclusion 
that the mean airflow within cloud was being 
masked by high levels of turbulence. It is 
also considered that turbulence plays a vital 
role in the entrainment of air into small 
cumulus and yet few detailed descriptions of 
the structure of the turbulence field within 
cloud are available. Warner (1977) 
recognised that a complete stuey of cumulus 
could not be based on aircraft sampling alone 
and the present study utilizes a tethered 
balloon system to investigate the structure 
of small cumulus. Amongst the advantages of 
this system are, 

1. Simultaneous observations at 
more than one level may be obtained 

2. There :Ls little or no disturbance 
to the clou<i 

3. Since the clouds drift slowly 
through the instrumentation array a 
much longer, more representative, 
sample is obtained 

4. It is relatively easy to resolve 
scales of motion down to """½Jm,. 

The disadvantages include the fact that 
significant cloud development may occur on 
the time scale of the observation and since 
it will take a fairly long time to collect 
data from a large number of clouds non
stationarity in boundary layer structure may 
be a problem. 

2 Instrumentation and Exnerimentaldetails 

A large ( 1300 ~) tethered ballQon was used 
to support three turbulence probes (see 
Caughey 1977) and a PMS ASSP-100 
droplet spectrometer. The highest probe and 
the ASSP were positioned a few metres apart 
and such that they intercepted the cumulus 
tops (up to 1400 m) whilst the other 
turbulence probes were positioned near cloud 
base (at ~ 1000 m) and within the convective 
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Figure 1. Wind velocity profiles from turbulence 
probe data (x) and tethered radiosonde (A). 
Temperature profiles are from the three probes, 
(x) descending in clear air at 1500 GMT and also 
from the tethered radiosonde ascent at 1440 GMT 
(o). A line with the slope of the dry adiabatic 
lapse rate is shown for comparison. 

boundary layer (at~ 800 m). Frequent cloud 
photographs were taken from the balloon 
tethering point and used to define cloud 
boundaries in the schematic figures presented 
later. 

3 Broad scale structure of the boundary-
~ 

This paper discusses the observations 
made on the 1st June 1979 at RAF Cardington, 
Beds between 1045 and 1330 GMT. A light 
northeasterly airstream covered the area and 
shallow fair weather cumulus (i cover) 
developed at the top of the convective 
boundary layer (CBL). Radiosonde ascents 
indicated a well mixed la;yer capped by an 
inversion ( temperature step ,-..J 2K) with drier, 
stable air, aloft. The theoretical condensa
tion level was 860 m and typical cloud base 
heights were in the range 1170 m to 950 m. 
Estimated cloud depths varied between 150 m 
and 300 m. Shown in Figure 1 are the mean 
wind and temperature profiles through the CBL 
and into the capping inversion, obtained from 
the turbulence probe data and an ascent at 
1440 GMT by a tethered radiosonde. The 
presence of the broken and shallow cloud 
layer clearly has a negligible effect on the 
overall boundary layer structure. 

Time histories of the vertical velocities 
for a section of the observation period and 
the associated temperature contours and cloud 
positions are given in Figure 2. (It should 
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Figure -z. Vertl.cal' velocTty time nisiories Cw) 
for the three levels and temperature contours 
(0.5°c) plotted from the data at these levels 

(m~rked -.-.-). The clouds are marked by stipling 
and are identified lzy the numbers 1 to 6 • 
Two between cloud gaps are marked A and B. 

be noted that the temperature measurement 
within cloud is affected by wetting of the 
resistance wire sensor and quantitative 
interpretation is therefore not possible, 
however the data a.re presented here to specify 
the capping inversion height and to assist 
discussion.) The turbulent up-and down
draughts (1-2 ms-1) associated with the clouds 
a.re particularly prominant in the data and 
exhibit marked vertical coherence. Their 
position is also well correlated with the 
undulations of the capping inversion. 

Turbulence statistics averaged over the 
whole run show similar behaviour to that 
observed in the higher regions of the cloud
free CBL {see Caughey and Palmer, 1979). 
Quantities such as the dissipation rate of 
turbulence kinetic energy, £., and the 
vertical velocity variance, Cw2 , decrease 
with height from ~- ""o.6 to 1.0 {where r, 
is the CBL depth and~ the observation height). 
The predominant scale for vertical motion also 
decreases as the capping inversion is 
approached. 

3 Turbulence structure of individual clouds 

Four clouds, in various stages of develop
ment, were selected for detailed study and the 
results for one a.re presented here. This cloud 
was considered to be at the •mature• stage of 
the life cycle and contained a single updraught 
which reached "'3 ms-1. Gust vectors (5 s 
aver~ng period) were constructed for the 
vertical ( see figure ( 3)) sllld. horizontal planes 
and: the cloud boundaries and suggested flow 
pa.ttem added. 
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A high degree of vertical coherence is evident 
with a. main inclined updraught which turns 
over at the CBL top in the direction of the 
mean shear, so that the overall circulation 
assumes a characteristic •p• shape. Strong 
inflow at cloud base, which results in a local 
lifting of the base, is also evident. 
Theoretical studies by Bennetts a.nd Gloster 
( 1980) have indicated that • P' type 
circulations should be a common occurrance 
a.nd in certain circumstances mcliY account for 
the observations of bimodal droplet spectra 
in large cumulus. Visual studies have also 
produced evidence for such flow pattems 
(Magono and Hozumi, 1975). The gust vectors 
in the horizontal plane show evidence for 
rotation of the flow about the updraught 
centre below cloud base. Other observations 
of rotating thermals have been discussed by 
Ludlam and Scorer ( 195 3). The pattern of 
motion discussed above was observed in all 
clouds studied, including a weak dissolving 
cloud. 

The distribution of the small scale 
turbulent fluctuations (ie scales from,.., 1 m 
to"' 50 m) within and below cloud were also 
considered. The results showed that the up 
and downdraught regions contained the highest 
levels of turbulence. Vertical velocity power 
spectra averaged over the cloud duration 
sometimes showed evidence for a double peak 
structure, indicative of two predominant 
scales for vertical motion (see Figure (4)). 
The lower frequency peak ( corresponding to a 
wavelength of ""2 km) reflects motion on the 
scale of the main up and downdraught structure, 
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Figure 3. 5 second gust vectors p~otteu 1ur 
cloud number 6 in the vertical plane. The 
cloud boundary is marked schematically together 
with the suggested flow pattern. 
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whereas that at higher frequency (wavelength 
50-100m) is characteristic of the embedded 
turbulent eddies. This is supported by the 
observation that the turbulence cascade, which 
forms the inertial subrange and produces a 
characteristic-% spectral slope, begins at the 
higher frequency peak. These observations 
therefore lend some support for a separation 
of the main scales for convective and turbulent 
motion which is widely assumed in numerical 
studies of cumulus to allow a simpler treatment 
of the turbulence field. 

Although the mean turbulent structure 
closely resembled that from the clear CBL it 
was found that the clouds strongly modulated 
the turbulence profiles. Typically turbulence 
dissipation rates increased with height and on 
occasions values at cloud top reached several 
times those in the clearCBL below. Maximum 
values were of order 3 10-..3mt..'2.s-.3 Profiles 
of <::S'W also serve to highlight the change in 
CBL structure (see Figure (5)). Passage of the 
clouds is invariably accompained by profile 
distortion and increased turbulence levels, the 
greatest effect being associated with the most 
visibly vigorous clouds. The gaps between 
clouds show a small decrease in <::S' w with 
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Figure 5. Profiles of (SW for clouds 1(e), 2(_, 
3(A), 4('4'); 5(*); 6(~) a.nd gaps .A.(O) and B(Q). 
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Figure o~ Temperature contours and -vert:lcal 
velocity time histor,J from cloud base for two 
clouds, together with droplet d:ata (Mean radius, 
concentration liquid water content and dispersion) 
from the ASSP-100. 

height and much reduced turbulence levels. 

4. Microphysical aspects 

Information on the cloud droplet field from 
the ASSP-100 is presented in Figure (6) for two 
clouds, together with the vertical velocity time 
history near cloud base. The second cloud 
appears to have three turrets which were inter
cepted by the ASSP and this is also reflected in 
the undulations on the inversion and positions 
of the up-draughts. A striking point to emerge 
from the droplet data is that the large and 
rapid fluctuations in

3
droplet concentration 

(between O and 500/cm in distances of a few 
tens of metres) are accompanied by only very 
minor changes in the mean droplet radius 
( AJ 10%). A compariso::

3
of droplet spec~5a from 

high and low ( 7.15gm and -< 0.05gm 
respectively) liquid water content regions is 
given in Figure (7) and confirms the small 
change in spectral shape occurring during 
evaporation. It would therefore seem that the 
mixing process in these clouds is proceeding 
essentially inhomogeneously, much as envisaged 
by Latham and Reed, 1977. Certainly it seems 
likely that with the measured turbulence levels 
in cloud the time scale for turbulent erosion of 
the entrained air was much longer than that for 
the evaporation of 4-5{',nt,radius droplets. 
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Figure 7. rliean d::,Qplet spectra for regi~.o.s of 
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liquid water content. 

Concluding remarks 

The simultaneous multilevel observations 
presented above have identified the occurance 
of 'P' type circulations in shallow cumulus 
growing at the top of the CBL. Spectral 
analysis of the vertical air motion shows some 
evidence for two predominant length scales, 
the larger associated with the main convective 
elements and the smaller due to the associated 
turbulence field. The microphysical data 
point to a highly inhomogeneous cloud structure 
with large and rapid fluctuations in number 
density, but surprisingly constant mean 
droplet radius and spectral shape. 
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III-2-3. 7 
ON MICRO-PHYSICAL PROCESSES IN MIDDLE-LEVEL PRECIPITATING CLOUD 

-- MIXING OF FALLING PARTICLES --

Y.Fujiyoshi and T.Takeda 
Water Research Institute 
Nagoya Univ., Nagoya, JAPAN 

1. Introduction 

The size distribution of precipitation par
ticles originated from middle-level clouds has 
been calculated by many authors (for example, 
Srivastava,1978; Passarelli,1978), taking into 
account such growth processes of particles as 
ice crystal aggregation, raindrop coalescence, 
drop breakup, accretion of cloud droplets and 
vapor deposition. In their models precipi
tation particles are postulated to be origi
nated only from a single cloud or generating 
cell. However, the mixing of precipitation 
particles originated from different clouds or 
generating cells wa·s frequently observed by 
radar. 

In our previous paper (Fujiyoshi et al., 
1980) we reported on the basis of the obser
vation of middle-level precipitating clouds 
using a verticall_y pointing radar, a field 
mill and an optical spectrometer with a charge 
detector that particles grew large when parti
cles originated from different generating 
cells were mixed above the freezing level. 
The effect of the mixing among particles on 
their growth was supported by the measurement 
of the charges on raindrops on the ground. 
That is, we observed quite large charges of 
raindrops whose magnitude was as large as 
those of drops from thunderclouds when the 
mixing process occurred. This fact suggests 
that precipitation particles were charged 
through friction process. 

In this paper we will show the RHI radar 
observation of the mixing process of parti
cles falling from middle-level precipitating 
clouds. We will discuss what type of the 
mixing process is of great importance for the 
micro-physical processes in middle-level 
clouds. 

2. Examples of the mixing process 

The mixing process can be classified into 
the following types in accordance with the 
level where the process occurres --- above 
or below the free~ing level --- and with the 
type of cloud from which precipitation parti
cles are originated --- whether the clouds 
are convective or not. 

(i) Mixing of precipitation particles from 
uniformly extended clouds. 

Fig.l shows an example of the vertical 
cross section of echo intensity in extended 
cloud. The movie of the radar display showed 
that the intensive echo layer fell into the 
weak echo layer above the freezing level, 
therefore suggested that the mixing process 
had occurred there (i-a). Precipitation par-
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ticles are dispersed vertically during their 
falling, since the falling velocity is differ
ent among particles. The particles with large 
velocity would catch up with those with small 
velocity which fell earlier. It would be 
fully expected that the mixing process occurres 
below the freezing level, too (i-b). 

It is found from our observations that 
rainfall intensity in this type of echoes was 
rather weak. The magnitude of surface elect
ric field was weak and its time change was very 
little. The mixing of particles from uniformly 
extended clouds would cause a little enhance
ment of crystal aggregation or raindrop coa
lescence. 

(ii) Mixing of particles originated from 
different generating cells. 

Fig.2 shows an example of the vertical 
cross section of echo intensity in clouds con
taining generating cells. The cross section 
suggests the occurrence of the mixing process 
above the freezing level (ii-a). As shown in 
Fig.3, the mixing process did not occur in the 
streamer region, but it did near the generating 
cell when convective cells were deep and they 
existed closely (ii-b). Fig.4 shows that the 
mixing process occurred below the freezing 
level under shallow generating cells (ii-c). 

Generally the magnitude of surface elect
ric field was weak and it did not change so 
much in the types of (ii-a) and (ii-c). On the 
other hand, surface electric field changed very 
frequently with large amplitude and lightning 
discharge was observed even though the bright 
band appeared in radar scope in the type of 
(ii-b). The case reported in our previous 
paper (Fujiyoshi et al.,1980) belongs to the 
type of (ii-b). The mixing process would play 
an important role in micro-physical processes 
in the type of (ii-b). 

(iii) Mixing between particles originated 
from uniformly extended cloud and those 
from convective cells. 

The coexistence of uniformly extended 
middle-level cloud and convective cells around 
the freezing level was sometimes observed. 
Fig.5 shows an example of this type. The 
height of bright bands fluctuated following 
the passage of convective cells. It is inter•
esting that the echo intensity of the convec
tive cells was quite large though they were 
shallow. This fact suggests that particles 
grew large at the region where the mixing 
occurred. In this type of (iii), the growth 
process of particles in the region where the 
mixing occurres would be an interesting prob
lem. 



3. Concluding remarks 

In this paper we described the various 
mixing of particles originated from middle
level clouds on the basis of radar obser
vations. The mixing which was inferred to be 
very important for the growth of particles was 
observed, 
(1) when the generating cells were deep and 
they existed closely, and 
(2) when middle-level precipitating clouds 
which were uniformly extended were coexisted 
with convective cells which appeared around 
the freezing level. 

Studying the change of echo intensity, we 
will discuss the growth .process of particles 
for the types of mixing written above in 
detail. 
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THE RELATIONSHIP BETWEEN THE DEPTH OF CUMULIFORM 
CLOUDS AND THEIR RAINDROP CHARACTERISTICS 

a. Winter Continental Cumuliform Clouds 

A. Gagin 
Department of Atmospheric Sciences 
The Hebrew University of Jerusalem 

Jerusalem, ISRAEL 

1. Introduction 

A computerized observation system consis
ting of a remotely located (50 km) C band 
volume scanning radar, x-band vertically poin
ting radar and groundbased distrometer, capa
ble of providing the spacial distribution of 
the clouds, real time crosssections of clouds 
passing overhead together with their raindrop 
characteristics on the ground, was utilized 
to provide also data on cloud echo height and 
the vertical distribution of reflectivity 
together with the corresponding values of rain 
rates (or intensities), rain liquid water con
tent, raindrops concentration and the raindrop 
mean volume diameters at a temporal resolu
tion of 60 seconds. 

The clouds studied were predominantly cu
muliform clouds associated with cold fronts, 
post-frontal cloud bands and open Benard cell 
convective cloud clusters. 

This study upgrades our previous studies 
on the relationship between the concentrations 
of ice crystals and graupel particles, in 
clouds of various depths and top temperatures, 
as performed by our research aircraft. Thus an 
attempt was made to add another link to the 
studies of the chain of events leading to the 
formation of precipitation particles, namely 
that of relating raindrop characteristics on 
the ground to the depth (or cloud top height 
since cloud base altitude is fairly uniform 
at approximately 2500 ft . m.s.l.) of such 
cumuliform clouds, for which our previous 
studies have established a relationship be
tween the concentration of ice crystals and 
the embiyomic graupel particles. 

2', Results 
The results outlined below are those ob

tained from a total number of 74 clouds for 
which the crosschecks of the two radars ensu
red that the ground based distrometer and the 
vertically pointing radar, located next to it, 
were both co-located under the main volume of 
t:1e cloud under study. The reference for com
parison was taken as the cloud top height. Rain 
drop size distributions and their derivatives 
such as rain rates, raindrop median volume 
diameters, rain liquid water contents and 
raindrop concentration were obtained for each 
cloud in two forms: maximum and mean values 
for cloud duration over the measuring site. 
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Figure 1. The dependence of mean rain rate on 
maximum cloud top height. 
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Figure 2. The dependence of maximum rain rate 
on maximum cloud top height. 

Some of the major findings are listed be
low: 

1. Both maximum and mean rain rates are shown 
to depend quite clearly on cloud top height. 
Correlation coefficients were found to be Q.84 
and 0,81 respectively. See figures 1 and 2. 



2, Clouds with tops lower than about 10,000 
ft m.s,l, (cloud depth of about 3 km) rarely 
produce any rain which can be detected at the 
ground - about 200 m below cloud base. 

3. Both mean liquid water content and raindrop 
mean volume diameter show similar positive : 
correlation with cloud top. The corresponding 
values of the correlation coefficients are 
0,77 and 0,73 respectively. See figures 3 and 
4. 
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Figure 3. The dependence of mean rain liquid 
water content on maximum cloud top 
height. 
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The dependence of mean raindrop 
mean volume diameter on maximum 
cloud top height, 

4. The correlation of the concentration of 
raindrops larger than 100 um with cloud top 
height was found to be 0.55. However if one 
takes the corresponding correlation 99Jy fQr 
the concentration of raindrops ~ 0. 6mm the 

value of coefficient is significantly higher 
i.e. O. 75. See figures 5 and 6. 
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5. Raindrop concentrations ( ~ 0.6 mm) 
roughly coxrespond, on the average, to graupel 
concentrations at altitudes -of 1000 ft. below 
cloud top, for clouds in the range of top 
heights of 11,000 to 20,000 ft or in the top 

0 teinperature range -10 to ~22 c. 
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Figure 5. The dependence of mean raindrop 
concentrations, ~ O. 6 mm, 
on maximum cloud top height. 
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Figure 6. The dependence of maximum raindrop 
concentrations on maximum cloud top 
height. 



3. General conclusions 

Tentative conclusions are drawn to su
ggest that: 

a) In the winter con~in~ntal cumuli-
form clouds of the Eastern Mediterranean the 
chain of events from ice crystals via graupel 
particles to raindrops on the ground can be 
described in a quantitative manner. 

b) Comparisons of the observed raindrop 
distribution data with calculations obtained 
from a rather straightforward model of hydro
meteor growth in clouds with a known vertical 
stratification of temperature, liquid water 
content, ice crystal concentrations and 
under some assumptions on the nature ofthe 
updraft vertical profiles, indicates a fair 
degree of agreement. 

c) The highly correlated relationship 
between cloud depth and rain rates was used 
to determine, by comparisons with one dimen
sional model prediction of rainfall, the 
adequate autoconversion rates for such high
ly col~oidal clouds. The best fit between the 
computed and observed rain rates_~as obtained 
for autoconversion rates of K=lO and a= 1,5 
as ~ompared to_3hose used for the Florida cu
muli of k = 10 and a= 0.5. 

The later conclusion is taken to conclu
de that the local winter continental cumuli
form clouds release their rainfall at relati
.v~ly low prec_ipitatiorr efficiencie~. 
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THE PARAMETERIZATION OF MICROPHYSICS IN DYNAMIC CLOUD MODELS 
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Over the last few years considerable pro
gress has been made in the numerical simulations 
of severe convection with the development of 
three-dimensional cloud models. Typically, 
microphysical treatments used in such multi
dimensional cloud models are crude and do not 
adequately describe the dominant microphysical 
processes controlling the development of pre
cipitation. While detailed numerical treat
ments in more simplified frameworks have been 
established,computer storage requirements and 
central processing time limitations prohibit 
their direct application in three dimensions. 
The present goal of this work is to develop 
and test suitable parameterizations of micro
physical processes that can be efficiently 
applied within three-dimensional cloud models. 

The microphysical processes within clouds 
are generally classified into two types, warm 
cloud processes and cold cloud processes. 
Warm cloud processes include the nucleation, 
condensation, coalescence, and breakup which 
affect the spectral development of the liquid 
phases. The cold cloud processes include 
nucleation, diffusional, accretional, and 
aggregational growth of ice particles. 

The most common applied warm rain param
eterization is due to Kessler (1969). This 
scheme assumes that the total liquid water 
phase can be represented by two variables, 
cloud water and rain water mixing ratios. The 
scheme contains no information on the spectral 
distribution of cloud water and assumed that 
the rain is represented by a Marshal-Palmer 
type spectra. An auto-conversion concept is 
utilized in which cloud water is converted to 
rain water at a rate based upon the value of 
the cloud mixing ratio value. Clark (1976) 
attempted to improve the physical basis of the 
conversion of cloud water to rain water by 
proposing a microphysical parameterization 
that assumed the liquid phase spectra is 
represented by two log-normal distributions. 
After introducing this solution into the 
physical equations governing the condensation 
and coalescence processes moment tendency 
equations were constructed to form the basis 
of the parameterization. Although this method 
was successful and compared well with detailed 
calculations in a Lagrangian parcel framework, 
it was later discovered that problems with the 
sensitivity to the collection kernal and solu
tion singularities associated with moment 
closure approximations could lead to physically 
inconsistent results. 

Koenig and Murray (1976) extended the 
Kessler scheme to incorporate the ice phase. 
This scheme allowed two types of ice particles 

to occur depending upon whether the ice parti
cle originated through sorption nucleation or 
by ice collisional contact nucleation with 
rain water. A significant improvement of the 
representation of the ice phase was made with 
this parameterization. They assumed that each 
ice species is represented by two variables -
a number concentration and mixing ratio. This 
allows for the calculation of a characteristic 
particle size in which realistic growth rates 
and terminal velocities are directly applied. 

In order to test any proposed parameteri
zation scheme within an interacting dynamical 
framework, a detailed model within a two
dimensional slab symmetric dynamic framework 
was constructed (Hall, 1980). The detailed 
model assumes that the liquid water spectra 
is represented by 69 logarithmically-spaced 
discrete categories and the ice spectra is 
represented by 51 categories. The warm rain 
processes considered in the model are nucleation, 
condensation, coalescence, and breakup of water 
droplets. The ice phase processes considered 
include nucleation, diffusional and accretional 
growth. Figures A, B, C, and D show results 
for one run of the detailed model. The envi
ronmental sounding data employed for this run 
was taken on July 22, 1976 during the National 
Hail Research Experiment field program in 
northeastern Colorado. The cloud condensation 
activation spectra and ice nucleation charac
teristics applied represent average measured 
properties for this region. The vertical vel
ocity structure, shown in Fig. A, at 27 minutes 
of integration time, illustrates two distinct 
maxima within the cloud. The primary maxima 
in vertical velocity at the top of the cloud 
has a value of 13.2 m/sec and the secondary 
maxima located near the side of the cloud is 
5.1 m/sec at this time. Both maxima are assoc
iated with maximum downdraft velocities near 
the same levels just outside the cloud. This 
velocity configuration is due to the production 
of horizontal vorticity caused by strong hori
zontal gradients in bouyancy across the cloud 
boundary. In Fig. B the total liquid water 
mixing ratio field is shown and in Figs. C 
and Dare shown the ice crystal concentrations 
of particles less than and greater than 400 nm 
diameter, respectively. This ice crystal con
centration pattern is the result of ice parti
cles being nucleated in the upper portions of 
the cloud and carried downward by vertical 
motions in the center and side of the cloud. 
The maximum concentration of the largest 
particles as found at this time is located 
within the updraft regions near the edges of 
the descending ice crystals. This result is 
due to transport and mixing of ice particles 
into larger liquid water content regions where 

*The National Center for Atmospheric Research is sponsored by the National Science Foundation. 
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accretional growth is most rapid. 

The detailed two-dimensional model will 
provide a basic framework for the testing of 
any proposed microphysical parameterization. 
Modification and testing of presently avail
able parameterization schemes are currently 
in progress. It is hoped that through careful 
analysis of the detailed model a parameteriza
tion method will be constructed in which the 
dominant microphysical mechanisms controlling 
the development of precipitation will be 
adequately represented. 
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Figure A. Vertical velocity field, solid line 
positive, dashed line negative, contour 
interval is 1 m/sec. 
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Figure C. Ice particle concentration of parti
cles less than 400 µm diameter. Contour 
interval is 0.1 per liter. 

393 

8 

Figure B. Liquid water mixing ratio, contour 
interval is 1 gm/kg. 
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Figure D. Ice particle concentration of parti
cles greater than 400 µm diameter. Con
tour interval is 0.01 per liter. 
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1. Introduction 
Augmentation of precipitation downwind 

from cooling towers of power plants has been 
announced allready in few papers - recently by 
Koenig (1978).Mechanism of this augmentation 
may be of microphysical character (since co
oling towers emit drift droplets,which can act 
either directly as coalescence nuclei,or after 
evaporation may form giant condensation nuclei) 
or may have dynamical character (since in suf
ficiently unstable and humid weather develope
ment of huge convective clouds can be trigge
red by cooling tower emission). 

In this paper another mechanism of such 
augmentation is being tested.The cooling to
wer plume can penetrate Ns clouds or subfron
tal cloud system increasing their thickness 
and water content,not only due to their initial 
water content,but also due to the humidity of 
environmental air entrained into the plume and 
forced to move upwards with it.The increased 
water content may be then washed out by preci
pitation falling from above,which in this way 
can increase its mass,or at least may reduce 
effects of evaporation in subcloud layer.It is 
worth of noting that Thor Berger✓.on have pos
tulated such a mechanism for explaining the in
creased rainfall correlated with low hills 
(Bergeron 1965).The authors of this paper had 
observed a visibly thicker cloud deck in the 
wake of a great power plant,during a continous 
rainfall.This effect was detectable more than 
15 km from the plant. 

In the present paper,a semiquantitative 
analysis of this mechanism is made,aimed at ap
proximative determination of the range and in
tensity of its effects and its dependence upon 
meteorological parameters.This analysis is per
formed by means of the one dimensional model 
of cooling tower plume,developed by the authors. 

2.The plume model 

The cooling tower plume in the model is 
considered to be a one dimensional steady jet 
with top hat profiles of all parameters in a 
plane perpendicular to its axis. The axis it
self may be three dimensional curve.Horizontal 
velocity is assumed to be equal to the veloci
ty of exte:maLwii:ld at a given level. Vertical 
velocity of the plume is calculated from equa
tion of motion,which takes into account the 
thermal buoyancy corrected for humidity and 
drag of condensed water,entrainment of environ
mental air,aerodynamic drag and internal cir
culation parametrized by virtual mass coeffi
tient.Balances of enthalpy and total water with 
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division into liquid water (LWC) and vapour ta
ke into account variations of pressure and en
trainment .Washout by precipitation is introdue<i!d 
by means of rather rough parametrisation - phy
sically consistent accounting for washout is 
very difficult in such a one dimensional plume 
model.The cross section of the plume is assumed 
elliptical - changes of semi-axes depend on 
deformation by by velocity gradients and en
trainment of mass.THe entrainment hypothesis 
which closes tha balance of mass equation is 
basically a Taylor's type one - the rate of 
the mass flux inrease is directly proportional 
to the relative velocity of the plume withres
pect to ambient air, and to the plume circum
pherence/cross-section area ratio.It also ta
kes into account the increase of entrainment 
with inclination of the plume and an extra term 
responsible for passive turbulent diffussion. 
The model allows for merging of plumes from 
various sources (also stacks) with relatively 
little distortion of the geometry of plumes. 
The input data consist of horizontally homoge
neous pressure,temperature,humidity and wind 
sounding,heights,sizes and localizations of 
towers or stacks,as well as temperatures,water 
contents and outflowing air velocities at their 
outlets. The output consists of vertical and 
hor;i.zontal coordinates of the plume axis,pre
ssure,temperature,humidity,LWC,velocity compo
nents of the plume and semi-axes of its perpen
dicular cross-section.Full description of the 
model is being prepared for publication. Among 
allready publis.--hed models of cooling tower 
plumes,the improoved "Sauna" model (Junod et· 
al.,)975) is probably the most similar one. 

3.Basic idea of the numerical experiment 

In• the course of experiment,the changes of 
rainfall rates due to the coalescence with li
quid water of clouds or plumes (continous coa
lescence model) as well as due to evaporation 
in cloud-free space are calculated.Computatioas 
are made for rainfall going through the plume 
and out of the plume.In the former case diffe
rences between trajectories of droplets of vari
ous sizes are taken into account, since the plu··· 
me is horizontally inhomogenous. 

THe following assumptions are made: the 
cloud has horizontally homogenous base height. 
Below the cloud base relative humidity is 97% -
- above 100%. LWC in the cloud is height inde
pendent.The power plant has 6 cooling towers, 
140 m high with diameters at the top 60m,arran
ged in two rows of three towers,300 m each from 
the other. The outflowing air has temperature 



15 K higher than the ambient air,is saturated 
with water vapour,its LWC is 0.1 g/kg and ver
tical velocity is 5.5 m/s. This system corres

-ponds to a power plant of about 5 GW. The rain
fall starts at the 1.5 km level; it is divided 
into 5 size classes based on the Marshall-Pal
mer distribution. 

The analysis of influence of the plume on 
the precipitation is based upon certain stan
dard case (row O in Table 1). In the course of 
experiment,these parameters were varried accor
ding to the Table 1 in such a way,that in each 
run only one parameter (sometimes two) has been 
changed. The computations were made up to 10 
or 25 km downwind from the plant and the rain
fall rate increase (in%) with respect to the 
rainfall outside the plume on each kilometer 
has been found,as well as the rainfall inte
grated over the area under the plume.Table 2 
gives the results obtained in certain selected 
runs. The first row (o) gives the rainfall in
crease in the standard case.The symbols of 
other runs indicate the row and column inter
section in Table l,which has been taken instead 
of the standard value. 

4. Discussion of the results 

The results presented in Tables l and 2, 
as well as certain other outprints concerning 
details of the geometry and thermodynamics of 
the plume, which cannot be presented because 
of the lack of space suggest the following 
conclusions: 

i) It is obvious,that the main parameters 
which control the augmentation of rainfall are 
thickness of the plume and its LWC.However, 
their influence upon the rainfall rate is non
linear and depends upon the dynamics and ther
modynamics of the plume and environment in a 
rather complicated way. 

ii) For stable stratification ( lapse rate 
more than 1 K/km less than the wet adiabatic 
one) the rainfall augmentation is limited to 
about 10% in a range of about 10 km or less, 
except of the close neibourhood of the plant. 
Variations in wind,rainfall intensity,or tem
perature don't introduce essential changes in
to this picture.Characteristic feature of this 
situations are weak and damped Vaisala-Brunt 
oscillations,whicft may lead even to the loss 
of precipitation intensity in their troughs. 

iii) For stratifications more close to the 
neutral one {lapse rate about 0.5 K/km 

less than the.wet adiabate) the rainfall 
augmentation becomes very sensitive the chan
ges of other parameters - particularily to the 
cloud base level.With low base (300 m),augmen
tation remains moderate but with higher base 
(500 m) essential relative increase of rain
fall is observed at distances up to 25 km due 
both to the increased evapotation belm~ the 
cloud (which decreases the reference rainfall), 
as well as to the slightly improoved conditions 
of plume rise at greater distances from the 
plant.For high base (800 m) the plume evapora
tes below the cloud base and its effect is re
duced to the close vicinity of the plant. 

iv) For stratification slightly unstable 
the augmentation of rainfall may increase very 
rapidly both in amount as in range,exceeding in 
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certain points 100%, though the vertical velo
city of the plume is kept well below 0.5 m/s. 
In such a case the augmentation of rainfall 
below the plume,only in the range up to 10 km, 
may exceed the total emission of water from 
the cooling towers. 

5. Conclusions 

Allthough the particular values of rainfall 
increase presented in Table, 2 may result 
partly from the simplifying assumptions, the 
fact of possibility of strong augmentation of 
rainfall even up to 100%,in cases wnen within 
the Ns cloud stratification becomes close to the 
wet adiabtic one seems to be a real physical 
fact and systematic increase of rainfall in the 
lee of power plants can be explained by such 
effects. The snowfall might increse even more 
due to greater scavenging ability of snowfla
kes in comparison with raindrops. 
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Table 1 

1 2 3 
V T u 

0 .2 15 6 
1 .OS 5 2 
2 .1 25 4 
3 .3 8 

Table 2 

run X 2 4 

0 % 27 24 
1.3 % 85 35 
3.3 % 20 16 
1.4 % 16 21 
1.5 % 29 30 
2.5 % 30 38 
1.7 % 5 25 
2.7 % 8 19 
1. 5/2.2 % 32 52 
1.7/2.5 % 30 35 

4 5 6 
I y 

y~ 1.5 4 
.75 4.5 7.5 

2.0 5 
O* 

6 8 10 

15 8 8 
13 5 .5 
18 11 6 
17 11 13 
27 16 13 
47 40 32 
23 18 22 
8 .s -.s 

87 105 91 
56 54 49 

7 
h 
3 
5 

15 

5 

10 

41 

8 
N 
a 
b 

20 

2 

4 

31 

9 
D 
a 
b 

25 

-3 

0 

23 

Legend: V - cloud LWC[g/kg];T - surf.temp[°C]; 
u - surf .wind vel. [m/s]; I - rainfall [mm/h]; 
y, Yu - temper.and wind vel.lapse rates [K/km, 
m/s km];N - number of cooling towers:a - 6 to
mers in two rows,b - 3 towers in one row;D -
wind direction:a - along the rows of towers, 
b - across; h - cloud_base height [hm] ;x - dis
tance down the plume [km]; % -·relative incre
ase of rainfall [%]; * - in cloud only. 
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1. Introduction 

Collision and coalescence have 
important influence not only on the 
process of precipitation formation 
(warm rain process) but also on the 
interaction between the microphysics 
and the dynamics of cloud. Kessler 
(1967), Berry (1968), Simpson (1969) 
and cotton (1972) have developed 
the following parameterized equations, 
PAC(l)-(4) respectively, describing 
the autoconversion rate of cloud 
water to precipitation: 

PAC(l) = ~ (Qc-A), 

{ 
Kr >0 when Qc > A, 
K1 =0 when Qc ~A; 

PAC(2)=ik._ • 
T; 

_ ~ (2+ 0,02.", -2!.L} ,· 
Tl - fQc D1, eQc:. 

PAC(3)= ~: , 
T _J!:_ (; o.o36b ~) 

2. - e Qc. + Db f Ge 

PAC(4)=exp[k'- 4
1a' (t-h'i'] 

where Qc is the cloud water con
tent (g.kg~; A is the threshold value; 
'1'1 , T2 are the elapsed time for 
cloud droplet radius rg=4Ot and lOOf 
respectively according to Berry's 
numerical experiments on cloud 
droplet collection; Db is the initial 
cloud droplet radius dispersion 
and Nb is the initial concentration 
( cm- 3 ) ; t is the time; k', a' and h' 
are functions of Db, Nb and liquid 
water content (LWC). Comparison 
of cloud model calculations with 
field observations in Hunan province 
of China indicates that the efficiency 
of rain formation are overestimated 
by equations PAC(l)-(3) and 
Weinstein and others (1968) made 
the same point. The possible 
explanation may be that according 
to the stationary equations PAC(l)
(3), raindrops are produced at 
the very beginning and grow rapidly 
due to the collection process. 
PAC(4) is a time dependent equation, 
but it has not been taken into 
consideration that LWC of a cloud 
parcel increases quickly in its 
early stage and LWC value at a 
given moment (t) is larger than 
the mean value over the time interval 
(o-t). The rate of rain formation 
is 1ery sensitive to LWC, it will 
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be overestimated if PAC(4) is 
employed directly, as shown by 
Silverman (1973), 

2. A new parameterized equation 
of autoconversion 

The conversion process of 
droplets into rain can be divided 
into two stages. In the preparatory 
stage the size spectrum of droplets 
expands, and yet there is no rain 
drops (r ~ lOOp) at all. After 
that begins the conversion stage, 
and a stationary autoconversion 
rate is presumed, since the cloud 
model results are much less sensitive 
to the conversion rate (K, ) 
than to the threshold value (A), 
as shown by Weinstein (1970). 
Based on Berry's calculations, 
the elapsed time T1 required for 
rg=4O~ is chosen to mark off 
these two stages. During the 
time interval T, to T~ nearly half 
of the cloud water is transformed 
into rain, partly due to auto
conversion and partly due to 
collection of raindrops. Thus, 

60 ( 0.02.66 Nb ) 
( ){ 

=0. when t ~Q. 2+~ ('Qc- J PAC 5 ·p,.c. 
_ J,·Qc:. ~c6+0.0200J:!!?._r' 
- 2.(T,.-T,) i,o l>b fQc. 
when i,o (z 0.02!'..b Nb ) • 

t>fQc. + Db fQ.c. J 

where~ is the portion of cloud 
water transformed due to autoconver
sion. Values of autoconversion 
rate calculated by PAC(l)-(5) 
for Db=O,25, Nb=30Ocm and 
LWC=2,5, 2,0, 1,5 m are shown 
in Fig.l. The threshold time of 
the be~inning of autoconversion 
in PAC(5) corresponds to the time 
when PAC(4) attains 10-5 g,ka'_, s- 1 

• 

If the coefficient J, in PAC(5) 
is presumed to be 0.5, the value 
of PAC(5) is smaller than PAC(l)-(3), 
but somewhat larger than the 
maximum value of PAC(4). To study 
the evolution of LWC, a new concept 
"accumulative brewing process" 
is put forward. The portion of 
the accumulative brewing process 
completed within the tim~nterval 
t-(t+dtj is taken to be ~ . 
';/hen it--f-= I , the brewing p'rocess 
comes to an end, autoconversion 
begins. Thus, 

St~( o.o~/,/, Ni, /dt ~ I 
PAC(5').l=Owb.e~ • ~ 2+., Pb -F " , 

'I- J,·{'0,: ( (,+~-'"-b-) 
- 60 :llb f '1c. 

h Jte'l.:.(2+0••~1,i. Nb)-'dt>I ,· wen obO Db ~ 
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Fig.l. Comparison of autoconver
sion rates calculated from differ
ent equations: 1 -- PAC(3), 
2 -- PAC(5), 3 -- PAC(4) for 
LWC=2,5(solid line), 2,0 (dotted 
line) and l,5g,m~ (dashed line) 

3, Results of calculation 

Several cases have been 
calculated, employing a one
dimensional stationary cloud 
model similar to that of Simpson 
(1969), Two autoconversion 
equations, PAC(3) and PAC(5), 
are used for comparison . For 
the stationary model PAC(5) 
is transformed into: 

PAC(5) { ":hen{ J~"w T, <; I ' 
_ J, · f-~ (b 0,0200 _&)-1 
- {,o + J)I, fQ<-

when l.H dH > I 
J,·W·T1 ; 

where His the height; W, vertical 
velocity. A coefficient J2 is 
assumed, in view of the velocity 
calculated by Simpson's model 
is greater than the observed in 
Hunan province. The values of 
cloud top height, velocity, 
temperature and LWC calculated 
by PAC(5) and PAC(3) are in 
good agreement with each other, 
while the rain water and radar 
reflectivity differ significantly. 
The results for Sept.2,1974 are 
listed in Tab,l. The cloud 
base was 1.2km. The observed 
height of echo tops were 5,5-6,3km. 
Calculation by PAC(5) shows that: 
1) for small cumulus (case 1) 
there are.no rain water and radar 
echo, which is in agreement with 
field observations, 2) for medium 
cumulus with top height at 4.8km 
(case 2), rain water and radar 
reflectivity are much less than 
that calculated by PAC(3), and 
nearer to field observations, 
3) the time and height of the 
first echo are 15-18min and 3.0-
3,4 km respectively, which is 
much larger than the corresponding 
values from PAC(3) and closer 
to cloud model calculations 
with nonparameterized microphysics 
equations (Silverman 1973), 
The calculated height of the 
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first echo from PAC(5) is in 
agreement with the medium 
value (3km above cloud base) observed 
by Koscielski and Dennis (1972), 

4. Further application of the 
new equation 

Several attempts are made 
to study the warm rain formation 
process with the new equation 
PAC(5) (1979): 1) The critical 
depth for the start of raining 
in cumulus with various growth 
speeds, cloud base temperatures 
and microstructures is calculated 
by PAC(5) on assumption that 
the LWC of cloud is equal to 
half of its adiabatic value. 
The calculated results agree 
fairly with the observed depth 
of cumulus with 50% probability 
of raining in 8 regions in the 
world. It is found that the 
rain formation depth of cumuli 
differ appreciably from one 
another and uepend mainly upon 
the vertical growth rate and 
to a lesser degree upon the 
cloud microstructure. 2) The 
rain-enhancing efficiency of 
salt seeding in numerical 
simulation with PAC(l)-(4) 
is underestimated, while 
the natural rain formation 
efficiency is overestimated. Using 
I'AC(5) and assuming that in the 
case of salt-seeding, some 
cloud water is converted into 
rain near the cloud base, the 
numerical simulation shows 
that the rain can be stimulated 
or enhanced and the height of 
first echo was lower, in accordance 
with the field observations in 
rain-enhancement experiwents. 
3) Assuming that in severe 
storms LWC approaches its 
adiabatic value, the rain-formation 
heights calculated_by PAC(5)_as 
a function of vertical velocity 
and cloud base temperature. 
The calculated heights are shown 
to be close to the first echo 
height of the rnulticell storm 
and to the upper boundary of 
the echo-free vault observed 
in 3 storms. Hence PAC(5) 
may be useful in severe storm 
models for the simulation of 
precipitation initiation and 
radar echo phenomena. 
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Table 1: Comparison between autoconversion equations 

Case No. 

Radii of updraughts (km) 

Equations 

Depth of cloud (km) 

Initiation of rain: Time (min) 

Height*(km) 

Max. rain water content (g.m-3) 

First echo: Time (min) 

Heigbt*(km) 

Max. reflectivity (dBz) 

* above cloud base 
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1 2 3 

1.0 

PAC(5 )/PAC(3) 

2.0 

2.8/2.8 3,6/3.6 

no/7 18/7 

no/0,4 3,4/0.4 

0/0. 25 0.1/1. 1 

no/9 

no/1.2 

no/34 

18/11 

;.4/1.0 

30/56 

5.0/4.8 

15/7 

3.0/0.4 

1.6/2. 7 

15/10 

3,0/1.0 

60/64 
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GEOGRAPHICAL AND CLIMATOLOGICAL VARIABILITY IN THE 

MICROPHYSICAL MECHANISMS OF PRECIPITATION DEVELOPMENT 

David B. Johnson 
State Water Survey Division 

Illinois Institute of Natural Resources 
Urbana, Illinois, USA 

1. Introduction 

In cloud physics research, as in many other 
areas of science, there is often a tendency to 
concentrate on increasingly detailed aspects of 
a particular problem, rather than to try to 
generalize the results. While individual 
studies of the many different physical pro
cesses involved in precipitation formation 
properly form the core of our di sci pl ine, we 
must examine these studies carefully in order 
to learn which factors are the most important 
in governing the microphysical mechanisms of 
precipitation development. 

This study examines several aspects of pre
cipitation development in an attempt to develop 
quantiative expressions which can illuminate 
the microphysical differences between clouds 
forming in different geographical or cl imato
logical areas. 

2. The Coalescence Threshold and the Critical 
Cloud Depth Needed For The Onset Of Effec
tive Coalescence 

When a cloud first forms, the 1 iquid water 
content is low and cloud droplets are small. 
Such conditions are not well suited for effec
tive coalescence. As the cloud grows, however, 
the 1 iquid water content increases and the 
cloud droplets grow bigger and bigger. ~ven
tual ly a few large drops begin to grow by col
liding and coalescing with the smaller, more 
numerous, cloud droplets. Johnson (1978; 1979) 
proposed a quantitative estimate for the mini
mum size of large drop that is capable of rapid 
coalescence growth for any specified water con
tent and droplet concentration. Fig. 1 shows 
the variation of this minimum size of large 
drop, termed the coalescence threshold with 
liquid water content and droplet conce~tration. 
When the 1 iquid water content is low, no drops, 
regardless of their size, can grow effectively 
by coalescence. When the water content reaches 
some critical value, however, the coalescence 
threshold quickly decreases to the vicinity of 
30-50 µm. 

Recent aerosol measurements suggest that . . . ' even 1n continental areas, there 1s no shortage 
of natural particles which are capable of form
ing drops larger than the coalescence threshold, 
once liquid water contents exceed 1-2 g m-3 
(see Johnson, 1978; 1979; 1980). This means 
that the sudden fall in the coalescence thres
hold can be used to partition a cloud into an 
initial incubation period, during which coales
cence will not be effective, and a subsequent 
period in which coalescence is active. For a 
given droplet concentration, the critical 1 iq
uid water content may be best defined by the 
"elbow" in the appropiate coalescence thres
hold curve shown in Fig. l. If the total 
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F~gure 1. Minirrrwn size d:t'op capable of effec
t~ve coalescence growth (coalescence threshold) 
as a function of liquid water content and drop
let concentration (c171~). 

concentration of cloud droplets, N, is speci
fied in terms of the number per cubic centi
meter, then the critical liquid water content, 
We (g m-3), can be approximated by: 

We= 1 .0 + 0.02(N)0.5 ( 1 ) 

Figure 2 shows the minimum cloud depth (km) 
required to reach We (assuming adiabatic water 
contents) for various cloud base temperatures 
and drop concentrations. Clouds smaller than 
the indicated cloud depth will not develop rain 
by the coalescence mechanism. Clouds that 
exceed this minimum depth are capable of pro
ducing coalescence rain, if the cloud survives 
long enough and' does not first produce precip
itation by other mechanisms. If the cloud base 
temperature is low enough, the 1 iquid water 
content may never exceed We· In this case the 
cloud, regardless of its thicknes~will not 
develop coalescence rain. For adiabatic water 
contents, however, this condition is restricted 
to the small and rather insignificant hatched 
area in the upper left corner of Fig. 2. 

The dashed, or pecked, 1 ines in Fig. 2 indi
cate the additional depth of cloud beyond the 
critical value, indicated by the solid lines 
which is necessary to reach the ~15c isother~. 
The actual depth necessary for coalescence rain 
to develop depends rather critically on the 
cloud base temperature and updraft velocity. 
In this context, it is useful to review Ludlam's 
(1951) estimates of the minimum depth of cloud 
necessary for the production of showers by the 
coalescence mechanism. In general, however, we 
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Figure 2. Minimum cloud depth (km) needed for 
the onset of effective coalescence (solid 
lines), and the additional height (km) re
quired to reach the -15C isotherm for adiabatic 
water contents (da.shed lines). 

may expect to find precipitation-sized parti
cles produced by the coalescence mechanism 
within a few kilo~eters of the critical depth 
specified in Fig. 2. 

If the cloud top extends into the sub-zero 
regions before coalescence rain develops, it is 
likely that ice processes will come into play. 
The nucleation of ice crystals is strongly tem
perature dependent, with the first ice crystals 
forming around -10 to -15C and increasi·ng by 
about an order of magnitude in concentration 
for each additional decrease of five degrees. 
Once ice forms, however, ice multiplication 
processes can significantly increase the con
centration of ice particles in the warmer re
gions of the cloud. Even if the upper regions 
of a cloud are completely glaciated, the ice· 
particles can continue to grow by aggregation, 
forming large low-density aggregates which may 
be important in the formation of ha i 1 (see 
Heymsfield, 1980). It should be noted that 
this aggregation Is not 1 imited to temperatures 
near the melting level, but can occur at any 
temperature. Riming growth of single crystals, 
aggregates, or frozen drops requires apprecia
ble amounts of supercooled water and will gen
erally be confined to the regions between the 
DC and the -15 or -20C isotherms (i.e. 3-4 km 
above the melting levell. 

3. Factors Governing Ice Particle Multiplica
tion In Cumulus Clouds 

In some clouds, many more ice crystals are 
observed at temperatures of -JDC, or warmer, 
than can be accounted for by measured concen
trations of ice nuclei. This has long been 
interpreted as evidence for some sort of ice 
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Figure 3. Relative efficiency of the Hallett
Mossop ice multiplication mechanism for adia
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multiplication mechanism. In a series of arti
cles, Hallett and Mossop have reported on lab
oratory experiments supporting a possible 
"splintering" mechanism for the production of 
secondary ice crystals (Hallett and ·Mossop, 
1974; Mossop and Hallett, 1974; Mossop, 1978a; 
Mossop and Wishart, 1978). Drops of 25 µm 
diameter and larger were found to be essential 
to this process. Mossop (1978b) used this fact 
to propose a "multiplication boundary" sepa
rating those cloud conditions in which multi
plication takes place from those in which i~ it 
does not, in terms of the cloud base temperature 
and droplet concentration. In a separate paper, 
Mossop (1978a) suggested that the rate of pro
duction of secondary ice crystals is proportion
al to NiNs0.93 where N1 is the number of large 
drops (D > 24 µm) swept up per second by a fall
ing graupel particle at -SC, and Ns Is the 
corresponding sweep-out rate of small (D < 
13 µm. 

If we assume that N1 and Ns are proportional 
to the number concentration of large and small 
drops respectively, it is possible to convert 
Mossop's "multiplication boundary" to a contour 
plot of relative effectiveness of the Hallett
Mossop ice multiplication mechanism (Fig. 3). 
In this case, the cloud droplet distribution at 
-SC is assumed to be described by a gamma dis 
trlbution with a relative dispersion (in radius) 
of 0. 18. In this figure, as in Fig. 2, adia
batic water contents were assumed. 

4. The Effect of Sub-Adiabatic Water Contents 

Real clouds are seldom adiabatic. In cumuli 
just large enough to develop precipitation, in 
fact, the average liquid water content decreases 
from about half the adiabatic value near cloud 
base to about one-fifth the adiabatic value at 
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Figure 4. Minirrrum cloud depth (km) needed for 
the onset of effective coalescence (solid 
lines), and the additional height (km) required 
to reach the -l5C isotherm for half adiabatic 
water contents (dashed lines). 

2 km above cloud base (Warner, 1970). It is 
not always the average conditions, however, 
that are important in coalescence calculations. 
Even though small pockets of high water con
tents may dominate warm rain formation (see 
Twomey, 1976), clouds wi 11 not generally be
have as if they were totally adiabatic. 
Figure 4 shows the effect of reducing the water 
content on the minimum depth of cloud necessary 
for effective coalescence growth to begin by 
arbitrarily reducing the liquid water content 
to half the adiabatic value. In this case the 
most noticeable changes from Fig. 2 are the 
increase in the critical cloud depth needed 
for coalescence onset, and a marked expansion 
of the area of which the liquid water content 
never gets large enough to allow effective 
coalescence. 

While small areas of high water content 
can be disproportionally important in coales
cence development, this is not the case with 
ice multiplication. Figure 5 illustrates the 
relative effectiveness of the Hallett-Mossop 
ice multiplication mechanism for liquid water 
contents which are reduced to 20% of their 
adiabatic values. This graph also includes 
Mossop's (1978b) compilation of ten observa
tional studies that displayed ice multi pl ica
tion (circles) and six cases in which multi pl i
ccation did not take place (crosses). In one 
case (Flordia) I have indicated a probable 
overestimate of the droplet concentration with 
an arrow pointing toward a more reasonable 
number of droplets. The circles representing 
the five ice multiplication cases which showed 
the greatest amount of secondary ice production 
(as reflected in the observed ice crystal con
centration) are completely filled in and, for 
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Figure 5. Relative efficiency of the Hallett
Mossop ice multiplication mechanism for water 
contents that are 20% of their adiabatic values. 

the most part, congregate near the region of 
maximum predicted multiplication efficiency. 
Of the four additional Canadian data points 
discussed by Mossop (1979), only one showed 
any evidence of an active ice multiplication 
mechanism and it was located squarely in the 
middle of the predicted area of maximum 
multi pl i cation. 

5. Summary 

Although simple theories of the type dis
cussed in this paper are inherently limited to 
describing only the most general features of 
cloud evolution, these features are often the 
most important factors in explaining geographi
cal or climatological differences in the micro
physical mechanisms of precipitation develop
ment. 
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LIQUID-PHASE MICROPHYSICAL INFLUENCES ON CLOUD DYNAMICS 

L. Randall Koenig and Francis W. Murray 
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Numerical experiments using an axially symmetric field-of-flow cumulus cloud model revealed a 
strong, unexpected relationship between the rapidity of coarsening of the liquid-phase hydrometeors 
and the evolution of the cloud. The liquid-phase size spectrum exerted much more control on the 
dynamical properties of the cloud than did orders of magnitude changes in the number concentration 
of ice particles and the consequential differences in the rapidity of glaciation of the cloud 
(Koenig, 19 77) . 

To investigate the origin of the sensitivity of the dynamical properties of the cloud to the 
liquid-phase microphysical processes, the temporal and spatial fields of the components of the force 
driving the circulations were analyzed. 

2. EVIDENCE FOR CONTROL OF MICROPHYSICS ON DYNAMICS 

Six experiments were run using the 1835 GMT sounding taken at St. Louis on 17 August 1973. For 
brevity, remarks will be confined to Cases 5 and 6. Case 5 may be thought of as depicting cloud 
growth in a CCN-sparse air mass in contrast to Case 6, which depicts growth in a CCN-abundant air 
mass. For a given water content, the conversion of suspended to precipitating water occurs much 
faster in the former case than in the latter, but in other respects the governing equations and in
put conditions are identical. 

Figure 1 shows-the draft structure on the axis of symmetry as a function of time for Cases 5 and 
6. Comparing these shows that the cloud having the slower broadening of its drop distribution (Case 
6) developed much more vigorous and transient circulation than did the cloud having the more rapid 
broadening. (Comparison with other runs would show this to be true regardless of the ice content of 
the simulated clouds.) 

3 . AN EXPLANATION 

The components of the force driving the cloud circulations are shown at representative ti.mes in 
Figure 2. An analysis of these kinds of data shows that changes in the rate of coarsening of the 
liquid phase affects dynamics by changing the vertical distribution of the downward force caused by 
condensate. This causes a chain of events that brings about the collapse of one cloud but not the 
other. 

Focusing attention on the early life of the cloud and components of force near the base, a com
parison of Case 5 with 6 shows the former to have less net upward force due to the added force of 
the falling hydrometeors--a factor that is largely absent in the slowly coarsening case (6). In 
that case (6), condensate has low fallspeed, is carried upward, and tends to accumulate near the 
summit of the cloud. There the downward force due to condensate grows but, in the early period, is 
more than offset by the upward force of thermal buoyancy. Cloud base updrafts are relatively unre
tarded by condensate loading, and a vigorous circulation develops. With time, however, the accumula
tion of condensate near the summit causes negative downward forces to overcome the positive forces, 
and drafts rapidly decrease. The liquid condensate, no longer supported by strong drafts, falls, 
and in so doing brings negative forces that throughout the cloud overwhelm positive forces. The 
resulting negative acceleration soon causes the updraft to cease, and the cloud collapses. 

The cause of the collapse in Case 6 stems from the growing downward force of condensate loading 
which in time exceeds positive forces, for they do not grow proportionally. In contrast, the forces 
in Case 5 remain more nearly in balance throughout the period of the calculation. Strong drafts do 
not occur, more drops fall out, and a strong downward condensate force does not develop near the 
cloud summit. (The oscillatory tendency in the upper half of the cloud is caused by the interplay 
between condensate accumulation and drafts, however.) 

4. A CAUTION 

In numerical models, the distribution of the forces driving the cloud depends on several factors, 
some physical, but others associated with the mathematical formulation of the model itself. Subgrid
scale (turbulent mixing) processes are poorly treated physically, but nevertheless they are accounted 
for. The net effect of these processes is to redistribute properties such as momentum and heat, 
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draft velocity on the axis of Cases 5 and 6. Regions of greater than 
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Figure 2. Components of the vertical acceleration on the central axis 
as functions of time and height for Cases 5 (upper) and 6 (lower). 

Since these properttes and their relation to the various forms of condensate control components of 
the force driving the cloud circulation, how the subgrid-scale processes are treated will determine 
to greater or lesser extent the net force acting on cloud elements. Recalling that the individual 
forces driving a cloud may be relatively large but the net force small, the influence of turbulent 
mixing may be disproportionately large. 
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INFLUENCE OF TURBULENCE AND CONDENSATION NUCLEI ON RAIN FORMATION IN 
CUMULUS CLOUDS: NUMERICAL Ell1ERIMENTS BASED ON THREE-DIMENSIONAL MODEL 

WITH DETAILED MICROPHYSICS 

E.L.Kogan and I.P.Mazin 
Central Aerological Observatory, Moscow, USSR 

1. Introduction 
In recent years many attempts have 

been made to assess tbe effect of tur
bulent mixing (TM) of cloud droplets 
on tbe evolving droplets distribution. 
But up to this time tbe role of TM in 
rain formation is not quite clear.This 
paper presents an attempt to solve the 
problem by a series of numerical expe
riments (NE) which may be considered 
as upper and lower estimates of the 
exact solution. The influence of TM 
between the cloud and its environment 
and the effect of CCN spectrum on rain 
formation are also studied. 

2. Numerical model 
The model was developed by Kogan 

/1978/, ~d includesequations for velo
cities U , potenti!ll temperature T 
and w~er vapor mixing ratio i 

ou r- -ri - - I - ;; ,r/t (1) at + U 'il;U= -'i7:ll + j ( &/Bo + 

+ 0. 6tq, '-Q) + LJ 
ID. 

Jf1.. ( .... ~, l B oM '0 
(2) dt r U-V;B= Cp T n +Ll . 

Q!¾ r ➔ -n oM I 
(3) dt + U·'il;(j, = - ff + il CJ, . 

% 1 represents perturbation of pres
sure ' , a a a a a a 
C4) iJ = ox K(}x +-o!JKoy +!J:zK a~. 
describes TM with the eddy mixing coe
fficient K in the form: 

(5) K =CL: [ i ( dl.L~· )27 '/2 
i,j::/ IJXj-; J . 

ff is the change of q,, due to con
uensation-evaporation processes and is 
calculated taking into account ~he 
growth of both cloud droplets (CD) and 
CON. The continuity equation has the 
form: 

(6) V·U =ow ' where 5=-dfnfl,(:i.)/dz. 

takes into account air density changing 
with height. CD according to Berry are 
classified by size into 30 groups from 
4 to 3250 }'-IDi CCN - into 19 groups 
from 0.0076 to 7.6 _JLm• 

Equations for density functions 
J.[m)and n(2} are: 

(7) :t +V[U-~(m)j] =[ff{ Jmtczo +Ll1. 
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(8) Jf + iJ.(Jn}= -[ %tlrw.ct + Ll 'n. 
TerJaf/at] mic:zo re pre sen ts the 

changes in f(m) due tQ condensation, 
coagulation, breakup;[dn/atJn l 
represents CCN sink due to nuci'feation, 

t:, 1 and K are given above as ( 4) 
and (5)• 

The calculations are based on the 
accurate numerical methods, such as 
Lagrangian-Eulerian scheme for diffu
sional growth of droplets, Berry and 
Reinhardts method for coagulation and 
breakup, Marchook splitting method for 
calculating advection and turbulence, 
Klett and Davis data for coagulation 
kernel, Komabayasbi and Srivastava 
data for breakup probabilities. 

3. Influence of TM on cloud 
microstructure 

3.1. Methodology 
During the existence of turbulent 

mole, large drops (r > 25 )Um) practi
cally do not change their sizes and 
may be considered as a conservative 
substance. Droplets of smaller sizes 
grow rather fast and one cannot con
sider tbem conservative. The theory 
of stochastic condensation (i.e. drop
let condensational growth in turbulent 
atmosphere) is being actively develop
ed, but the equations of tbis theory 
are so complicated that up to now they 
have not been included into numerical 
models. The influence of this fact on 
the final result is not clear yet. 

Tbe analysis of equations for sto
chastic condensation shows that the 
refusal from them and using the above 
system of equations in certain condi
tions may give the narrowing of drop
let size distribution, while in the 
other conditions-its broadening.Really, 
if droplets, at an average, grow with 
height, the neglecting of condensation
al growth and evaporation during their 
turbulent transport will lead to tbe 
fact that droplets, coming from below 
will be smaller than in reality, and 
vice versa. 

Thus, the dispersion of droplet 
size distribution at the given level 



will grow.•/ 
We made two NE taking into account 

the aboves aid. In NE II A" term LJ'f in 
equation (7) was taken into account for 
all droplets, including small ones. 
(Small CD are also considered conser
vative). The result of this NE is con
sidered as an upper estimate for the 
spectrum broadening. In NE "B" inside 
the cloud term 6'f was taken into ac
count only for drops r > 25 pm. It 
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•7 v.M.Merkulovicb (private communi
cation) came to the conclusion that 
the assumption of CD conservativeness 
results in size distr~bution broaden
ing, if LWC gradient ci,Q /d'l> 0.1 gm·.3 
[100 m -1. In our experiments this 
condition was alwa,Ys valid for lower 
and middle parts of the cloud. 
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is equivalent to the assumption that 
small droplets are not transported by 
™• We think in this NE droplet size 
distribution must be narrower than 
real one, and the obtained result was 
regarded as a low estimate. In NE "C" 
term LJ 'J- for droplets r < 25 µm 
was not taken into consideration, i.e. 
both TM insid~ the cloud and the sink 
of ~bese droplets due to mixing with 
environment were not taken into account. 
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3.2. Results 
Fig. 1 shows the changing of cloud 

microstructure with time in vertical 
section X=O (level ~ =0-5 km corres
ponds to the cloud base). The results 
of experiments "A11 and "B" are almost 
the same, but differ considerably from 
"C". One can see from Fig. 1 that in 
NE "C" large drops contain much more 
liquid water than in "A" ( or "B") (LWC 
is proportional to the area under 
curve). There.fore rain in "C" starts 
and stops earlier. Thus, neglecting 
turbulent sink of small droplets near 
the cloud boundary ("C") distorts cloud 
microstructure, increasing sharply CD 
concentration and precipitation inten
sity. At the same time, the difference 
between maximum precipitation inten
sity in experiments "A" and "B" is 
about 20%,. 

From NE we may conclude that it is 
not expedient to use complicated equa
tions of stochastic condensation in the 
numerical model of the convective cloud, 
because their account does not incre
ased the accuracy of calcul~tions on 
the whole. At the same time, the com
parison oetween 11 B11 and "C" shows that 
-cloud microstructure may strongly de
pend on the quality of parameteriza
tion of turbulent exchange oetween the 
cloud and environment. This problem 
deserves serious attention. 

z..,., JO' 1,11:m 35' z.-

precipitation up to t=45 min. 
There are no considerable differen

ces in cloud dynamics oefore precipi
tation starts. Note that in a maritime 
cloud horizontal gradients of vertical 
velocities may be 1.5 - 2 times less 
than in a continental one. It con.forms 
to low bumpiness of aircraft in a mari
time cloud (Kosa.rev and all, 1978). 
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The precipitation supresses updraft 
and leads to the cloud decay. 

Tbe comparison of NE 1 with 2, and 
3 with 4 showed that if concentration 
of large CON (r >- 0.2 pm) increased 
by several orders, it did not cause 
any noticeable change even in the most 
sensitive characteristics. The results 
of NE 1 and 5 practically coincide 
(Fig. 3)• 

Consequently, only CON concentra.-
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4. Role of condensation nuclei 
spectrum. 

The series of 5 NE with different 
CON distributions were performed. In 
the first NE maritime CCN spectrum is 
used, in tbe second - the same spect
rum, but with greater concentration of 
large (r > 0.2 ;um) nuclei. Analo
gical NE (Nos. 3,4) were made for con
tinental spectrum. In all NE CON con
centration decreased exponentially with 
height, dropping twice when LLl"'-1.0km. 
Tbe 5th NE was the same as tbe first 
one with the exception that CCN con
centration was constant in height. 

One can see from Fig. 2, that the 
supersaturation in a continental cloud 
was about 0.1 + 0.2%, in a maritime 
one - 0.3 + 0.6%, with little changing 
with time. The droplet concentration 
in a maritime cloud practically did not 
exceed 1o2cm-3 and reached 105 cm-j in 
a continental cloud. In a maritime 
cloud the droplets grew very fast and 
produced rain with Im== 2'1 mm/b, out 
in a continental cloud there was no 
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tion near the cloud base (or zone of 
entrainment) influences the develop
ment of a simulated cloud. CCN in.flow 
into tbe middle and upper part of the 
cloud through lateral boundaries is 
not great and so their concentration 
at these levels practically does not 
influences cloud development. 
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THEOREil'ICAL STUDY OF THE POWER SPECTRUM OF AIR MOTION IN CUMULUS CLOUDS 

A J Lapworth 

Meteorological Office, Bracknell, England 

Introduction 

Several workers - Ackerman (1967), Warner 
(1970), Beritashvili & Lominadze (1972), 
Macpherson & Isaac (1977) - have reported air
craft and photogrammetric measurements of air 
motions in and around cumulus clouds. The data 
are characterized by the presence of peaks in 
the gust power spectrum at wavelengths of 300 
to 900 m separated by a 'spectral gap' of red
uced power from peaks of 1-4 km corresponding 
to the cloud width. Warner has detected a 
systematic variation of the short wavelength 
peak with height with typical wavelengths of 
~300 mat the bottom of the cloud increasing 
to "' 700 m in the middle of the cloud and 
reducing to ~ 200 m at the top. Ackerman, 
Warner,Lemone (1976) and Beritashvili & 
Lominadze have noted further peaks of small 
amplitude in the range 100-300 m that may be 
ascribed to turbulence. Other features of 
cumulus - a downdraught within the cloud, and 
oscillations at the top (Lee 1979) have been 
noted in instrumented aircraft flights and in 
numerical models of cumulus. The following 
simple linear analyses of cumulus dynamics has 
been performed to show that many of these 
features can be reproduced in such models and 
that some quantitative correlation can be 
identified. 

The Models 

The models use the two dimensional linear
ized equations for Boussinesq fluid within 
which there exist regions of saturated and 
unsaturated air divided by linear boundaries 
across which air, but no water, can flow. Move
ment of the boundaries can be shown to be of 
second order. Encouraged by the spectral gap 
found experimentally between the shortest wave
length, possibly turbulent motions and the 
larger scale convective motions, a simple eddy 
viscosity and diffusivity (,14) fonnulation is 
used. Values of VT between 1 and 100 m/s2 have 
been suggested (see e.g. Krishnaumurti 1975) 
and several values in this range, with Prandtl 
number of one are used below. 

Linear theory is very restricted in the 
types of boundary that can be studied analy
tically but two types of model have been tried. 
In the first, vertical boundaries are used to 
simulate the effect of the lateral cloud edges, 
while in the second the top of R growing cloud is 
simulated by the use of horizontal boundaries. 
In case (i) (see Fig(1)) the cloud is simulated 
by a region of saturated air with zero initial 
motion bounded by the ground beneath and a 
slippery li~ inv~~Ri~n above. and laterally by 
two vertical edge boundaries of separation 2a. 
The environmental air is taken to be stable with 
respect to saturated motion, and the cloud is 
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Figure 1. Model diagrams with superimposed 
temperature lapses 

assumed to be at the temperature of the envir
onment. Although the initial mean motion is 
zero, it is tacitly assumed that subsequent 
motions will be related to those occurring in 
a developing cloud. In case (ii) the top of a 
cloud growing into environmental air stable to 
dry, but not saturated motions, is simulated by 
a saturated region of infinite horizontal extent. 
under a layer of stable air. Between these two 
regions is a thin(~ 200 m) layer of saturated 
air across which a potential temperature drop 
of ~1°C is assumed. The top and bottom bound
aries are defined as in model (i), and an ini
tial state of zero motion assumed. 

The two dimensional linet!rized Na vier-Stokes 
continuity_and thermodynamic equations forsat
urated air, with no mean motion using the 
Boussinesq approximation can be reduced to the 
following well known sixth order differential_ 
equation for the vertical velocity w: 

( l-v v~y- V''w 1- 31~ ( 'cies + 6s. L ~~)\ c)'-Q :Q 
or:; 

7 0 $ '1 2. CP T oi J c'i I<..,_ 
where t is the time, 9 s the potential temper
ature, T the absolute temperature, g the accel
eration due to gravity, L the latent heat of 
vapourization of water, C the specific heat at 
constant pressure of air,Pq the saturated 
mixing ratio, z the vertica~ co-ordinate and x 
the horizontal co-ordinate. The second term in 
the equation can be expressed in terms of the 
saturated equivalen\potential temperature 
e~s -= 6!. ( I - L 'l-:./cP T) • The differential equa
tion has solutions of the fonn Aexp(k~n1z.1-o-t-) 
for a given region where A,k,n and <rare all, 
in general, com~lex. ~e note immediately cloun 
liquid water ~1, -= % (~"loz. giving the corr
elation between ct .. and the cloud updraught 
noted experimentally in the middle of clouds by 
Warner (1970), the author and others. Numerical 
techniques are used to detennine the values of 

IS as a function of cloud width in case (i), and 
of horizontal wavelength in case (ii). The 



fastest growing, and hence predominant modes 
are those with the largest positive real parts 
of ~ while the imaginary part of 6 gives the 
frequency of oscillatory modes. The form of 
these u ,a and er ,k curves for several cases 
and par8llleter values are discussed below, The 
boundary conditions given above and those app
lied at the interfaces between the regions: 
continuity of pressure, horizontal velocity, 
vertical velocity, stress, temperature and heat 
flux restrict the combinations of allowed sol
utions. After some manipulation non trivial 
solutions are found by requiring a complex det
erminant to be zero. 

The main numerical problems are in deciding 
whether this determinant has passed through, or 
has merely passed near zero. This is because 
it has no absolute size and two dimensional 
freedom. A practical limit is set by machine 
truncation errors. Mapping the determinant in 
the neighbourhood of the zero has proved help
ful. Thus a coarse search for minima in the 
determinant 8lllplitude is first made by varying 
~ for fixed a or k. A high resolution search 

is then made in the vicinity of the minima and 
the numerical error in the determinant evalu
ated. Finally checks are made for equal or 
zero k(or n) values which give rise to trivial 
solutions. 

Case (i) 

In the first case described above the pure 
real positive values of~ are determined for 
cloud half widths varying from Oto 2 kms(Fig 
2). Calculations with zero viscosity and diff
usivity show a growth rate that decreases mono

·tonically with cloud width. (Davies 1979). 
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Figure 2, Growth rote of cloud versus width 

However, in this viscous formulation with 
stable environment the growth rate increases 
from no growth at zero width to maximum growth 
at infinite width. The solutions of ~ =f(a) 
are multivalued and the form of the updraught 
is studied for the branch giving the largest 
growth rate. For clouds of width 2a greater 
than ~4 km several branches merge together. 
The form of the main branch var;i.~s £i th sat
urated Rayleigh number K,:. :: ~--1' ~~ 
reaching a maximum at smaller 'i' for larger Rs. 
For an unstable environment, the curve tends to 
a finite V.<!.lue of (J" a.t zero cloud width. The 
reduced er at small width is due to viscosity, 
while the reason for maximum growth at infinite 
width is seen when the form of the updraught 
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solutions for a particular branch is studied. 
Solutions for two widths are shown in Fig. 3 
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Figure 3, Updraft for clouds of width 7 40 and 2620 metres 

and one of the main features is the edge down
draught which in general is localized at the 
cloud boundary and does not extend far into the 
environment. As a is increased the width of the 
updraught also increases up to a point when it 
splits into two updraughts with downdraughts 
between them and at the edges. At greater 
widths, several updraughts and downdraughts 
occur, Aircraft data in wide cumulus and 
cumulonimbus have shown internal downdraughts 
as strong as the updraughts. Thus there are 
peaks in the gust spectrum, which for the cloud 
parameters given in Fig 3 are at '"'- 600 and 
~1000 metres. These peaks do not vary greatly 
for cloud widths above a kilometer and are 
separated from any peak due to the cloud width 
itself. The multiple updraught solution appears 
to occur as a result of three factors. The 
cloudy air tries to grow at a minimum wave
length to reduce the horizontal accelerations 
in a vertically restricted region, but viscous 
forces oppose this resulting in an intermediate 
'natural' growth wavelength, The growth mode 
is constrained to the cloud width up to a point 
by the boundary conditions but the tendency to 
revert to the natural wavelength causes two or 
more updraughts to form. All branches of 
a-= f(a) show multiple updraughts at large 

values of a. The breaking up of the updraught 
provides the reason the ~ =f(a) curve does not 
decrease at large values of a. No long horiz
ontal wavelength with its energetically unfav
ourable horizontal acceleration is formed. 

Except in the case of small cloud widths the 
net updraught in the above solutions within the 
lateral cloud boundaries is small compared to 
the variance in w at wavelengths of less than a 
kilometre. The energy in the part of the spec
trum attributable to the cloud width is neglig
ible. 

Two attempts have been made to determine 
whether evaporation at the cloud edge contri
butes significantly to the localisation of the 
edge downdraught on linear theory. In the 
first attempt the cloudy air is divided into 
three regions - a central region, and two edge 
regions in which evaP,oration was simulated by a 
decreased value of ~& • The edge down-
draughts bec8llle shallower and less extended. 
In the second attempt the original cloud formu
lation is used but evaporation at the cloud 



boundary is allowed at a rate proportional to 
the local value of I.I> • The effect of this is 
small even at high evaporation rates. Thus in 
linear theory at least the observation of down
draughts at cloud edges is seen to be related 
to the difference in effective stability 
between the cloud interior and its environment 
rather than to local intense evaporation. 

Oscillatory solutions have been investie5" 
ated also. However these have low frequencies 
with decay rates high enough to make them 
experimentally unidentifiable. 

Case (ii) 

The cloud top model used in case (ii) 
involves linearizing about a basic state forced 
by a combination of non linear and condensation 
effects. As a basic state of zero motion is 
assumed this can be thought of as equivalent to 
a distribution of latent heat sources in the 
bulk cloud with an evaporation heat sink at the 
top. The ( <:r ,k) curves for the three fastest 
growing branches of this model are shown in 
Fig 4. These all feature maxima which are 
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Figure 4. Growth rate of multilayer cloud versus 

horizonta I wavelength 

sensitive to the Rayleigh numbers in each layer 
as might be expected, The top branch maximises 
at a horizontal wavelength ~ max "" 600 m and 
has maximum amplitude (Fig 5) in the thin 
unstable top layer which may account for the 

t 
Updraft 

w 

). = 1100 metres 
er, = 0·0084 sec- 1 

Unstable layerl 
boundary I 

I 

Figure 5. Updraft modes for cloud of height 1200 metres 

with top layer 200 metres thick 

'bubbly' tops seen in growing cumulus. Its 
associated downdraughts could be a powerful 
entraining mechanism, and it is tempting to 
identify this mode with the narrow ( "-' 500 m) 
updraughts and downdraughts observed by 
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MacPherson & Isaac (1977) in cloud tops and, by 
Warner (t970) although Warner observed much 
shorter wavelengths, of order 200 m. It may 
well be the case that the instability in the 
layer is much greater than assumed here in which 
case ').. max would be shorter. These modes are 
strongly entraining at the cloud top and may 
provide the mechanism· envisaged by Paluch (1979). 
At small wavelength this mode is rather loca
lized in the vertical, but at greater ')\. it 
reaches further down into the bulk of the cloud 
below, and into the environmental air above, and 
may be identified with the long wavelength in 
the inversion noted by Kuo (1976). ~ max 
varies slightly with the stability of the 
inversion above. Instability in the bulk cloud 
also increases the.wavelength of the mode. The 
lack of penetration of the fastestgrowing mode 
into the bulk cloud means that the second fast
est mode may be significant here. 

This mode has a maximum updraught in the 
middle of the cloud combined with a downdraught 
in the unstable layer at the top, the connec
tion being provided by turbulent viscosity. 
The growth rate maximises at a longer wavelength 
than the primary mode but the growth rate is 
about two thirds that of the primary. This mode 
can perhaps be identified with the longer wave
lengths found by Warner there. 

Oscillatory solutions are again investigated 
and none are found for positive 'real CJ • How
ever the solutions for a negative real part of 

ll"only decay very slowly, having e-folding 
times greater than 30 minutes at long wave
lengths. The frequencies are appropriate to 
the Brunt Vaisala frequency of the environ
mental air above the cloud, where the solution 
maximises (Fig 6) and have the form of a 
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Figure 6. Oscillatory mode for cloud of height 1200 metres 
with top layer 200 metres thick 

standing wave penetrating slightly into the 
cloud, Integrations of a full non-linear cloud 
model by the author indicate that in a cloud 
non-linear interactions are capable of init
ializing this mode significantly, which is the 
main mode in its layer despite its slightly 
negative growth rate. Oscillations of cloud 
tops have also been observed in the atmosphere 
(Lee, 1979), The variation of ll'with k is 
similar to that found in the simpler case of a 
perturbed stable fluid bounded by a lid above 
and below. 

The three level model has also been used to 
study a layer of stratocumulus above a convec-



tive boundary layer (CBL) and underneath a 
stable inversion. The forms of solutions obt
ained are related to those described above. 
In particular the rising solution in the CBL 
is connected to a downdraught in the cloud 
layer, and this, together with its different 
horizontal wavelength to the cloud layer mode, 
may be related to the fact that thermal 
updraughts in the CBL are often found not to be 
directly connected to updraughts in the strato
cumulus above (e.g. Hackett 1976). However 
evaporation effects are probably at least 
partly responsible for this phenomenon. 

Conclusion 

Simple linear models have been used to 
study growth and oscillatory modes in clouds. 
Internal up and downdraughts and downdraughts 
localized at the cloud edges are seen to be a 
natural consequence of saturated motions in a 
region bounded by stable environmental air. 
Relatively short wavelength, strongly entr
aining motions are seen to be important at the 
tops of growing clouds, which can also induce 
oscillations in the overlying air. These 
results may provide a basis for the study of 
full non-linear initial value problem modes. 
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THE MICROISTRUCTURE OF CUMULUS CONGESTUS CLOUDS IN CUBA 

Lu.bomir Levkov 
Geophysical Institute 

Academy of Sciences of Bulgaria 
Sofia BULGARIA 

INTRODUCTION 

The Academy of Sciences of Cuba and the 
Ministry cf Agriculture sponsored a cloud 
seeding experiment project to future 
operational program to enhace precipitation 
on the east part of Cuba. In the frame 
work of this project aloud physics researchs 
have been made and some results obtained 
from droplet sampling and liquid water 
measurements of tropical cu.mulus clouds are 
presented in this paper. 

The observations were made during two 
expeditions on the experimental area 
between May-August 1977 and August 1979. 
The clou.d samples were made in isolated 
cu.mull with depth 2 - 3,6 km, cloud top 
temperature above -2°c, using an IL-14 
aircra.i't for afternoon fligths during days 
in which found good convective development 
asociated with cumulus activities but not 
in though synoptic situation. About 170 
individual samples from nearly 100 traverses 
made at different levels through 80 clouds 
were analyzed. Cloud droplets were impacted 
on sooted glass slide in the sampling 
device described by Shmeter {1952). To found 
real diameter from the impression we used 
the calibration of Squires (1958) and for 
real concentration the K coefficient of 
Nevsorov and Shugaev (1974). Measurements 
of liquid water content have been made with 
Zaisev's equippment (Zaisev,1948) which 
use the size of coloured spot on the filter 
paper. 

RESULTS AND CONCLUSIONS 

General views of the microestructure of 
cloud and its vertical change were found 
dividing each cloud in three equal layers 
called: zone l (cloud base),zone 2 (middle 
cloud) and zone 3 ( cloud top). 

Summa.ries of the basic information 
available and from derived data are given 
in the table and are illustrated in the 
figures. Figures land 2 show the droplet 
size distribution for all clouds and a 
representative particular case. Those curve 
have generally a single ma.x:imwn with 
positive skew. In other way,the fluctuations 
obtained in the range 20 to 45 microns maybe 
connected with a secondary maximu.m. Both 
figures presents longer tailed spectrum in 
zone 3 than in zone l. In the lowest few 
hundred meters of cloud the occurrence of 
70 microns drops are very strange but at 
the top of them we could find even 150 
microns. 

The presents series of observations 
indicated a sistematic decrease in droplet 
concentration with increasing height. 

The liquid water content (g/m3) 
increased upward to within 200-400 m below 
cloud top. About 50 percent of the 
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measurements are below 0,4 g/m3• The greater 
part of the liquid water content belongs to 
the biggest droplets ( .Figures 3 and 4 ). 
The oomparition of liquid water derived from 
the sum of droplet volwnes and that from the 
paper tape-liquid meter shows value of the 
same order. 

In the light of our data, we conclude: 
l- Markedly tendency of the 

microest:ructural para.meters to vary with 
height variations. 

2- Cloud droplet concentration from 
our cumulus cloud compared with droplet 
concentration from maritime and continental 
cumuli ( Battan and Reitan,1957) show 
intermediate concentration valeus. Because 
of that, the cumulus cloud that developed 
from 30 to 50 km from the seashore had 
strong maritime influence. 
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Characteristics zone l zone 2 zone 3 

Mean diameter(p) 6,7 
Mean vol.diam. (p) 14, 9 
Mode diameter(j,L) 5 
Coef .dispersion 

3 
l, 0 

Mean. Concentj(cm- )186 
Mean LWC (g/m) 0,4 
Maximum LWC(g/m3) o,6 
Predominant dia. (y) 70 
Mean concent. by 127 LWC equippment 
Mean LWC by 
droplet spectrum 0,3 

8,9 
24,7 

5 
1,4 
55 
0,5 
1,7 
100 

72 

0,4 

9,7 
28,5 

5 
l,5 
47 
o,s 
3,2 
150 

64 

o,6 

Table. Microestructural parameters for 
zone 1 ( cloud base), zone 2 ( middle cloud) 
and zone 3 (cloud top). 
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NUMERICAL RESULTS OF A MODEL OF A CUMULUS CLOUD 

I.Nemesova , D.Rezacova 

Institute of the Physics of the Atmosphere CAS 
Prague CZECHOSLOVAKIA 

I.Introduction 
The original purpose of the proposed mo

del of a Cu cloud was to formulate such a mo
del in which attention is drawn to suitable 
simulation of the microstructural processes 
as a part of relationships for the macrostru
ctural characteristics of the cloud.The fun
damental ideas of one-dimensional steady-sta
te models were used.The parametrization of 
the formation and fallout of precipitation 
was substituted by a system of equations wh
ich describes the processes taking place in a 
unit volume of cloud air.The description of 
the processes is a modification of Belyaev's 
approach for studying the processes of 0.01 
to 10m scale by means of Lagrange's variables 
/1).From the computed characteristics it is 
possible to go over to Euler's variables at 
the end of each time(or height) interval and 
to determine the quantities required for app
lying the operations associated with the dy
namics of the cloud volume.In the original 
paper /2.J three model patterns were suggested 
-a one-stage model, without a fallout into 
the volume investigated and two others which 
contained an approximation of the fallout pr~ 
cesses.The structure of all the versions was 
based on the principle of the alteration of 
micro- and macro-operations (Mi and Ma).Both 
operations were described in detail in /J, 4, 
5,6/.In the one-stage model both operations 
are combined in the computation diagram illu
strated by Fig.1,In Fig.l symbol A(~.) repre-

Mi(l>.'rl 

LEVEL z,= Z1 • W1 A 'L 

TIME 'l:2='f:1 • l>.t 

i--;...--.:-,.,-(--''f~, -
1
-, ___ LEVEL z, = Zo • W0 A'r 

TIME '1:1 = 'i:"0 <- A 'i: 

A !f"ol SOUNDING LEVEL z0 = CL.CU) BASE ------ --
'No, c.'L 'No , Ro TIME '!;,= 0 

Fig,l, The computation diagram. 
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sents a set of quantities characterizing the 
initial conditions of the cloud volume in the 
cloud base;it contains the pressure,temperatu• 
re,water vapour density and the characteris
tics of condensation nuclei and the spectrum 
of droplets.Besides A('l:'.) also sounding data, 
vertical velocity Wo and the radius of the u~ 
current Ro enter the computations.On applying 
Mi(d'l:) operation to A('t"o) ,we obtain the new 
set A' ('rd which represents the state of the 
volume at the end of interval 4'1:", during which 
the volume is being cooled at a constant rate. 
With the aid of Ma(<c:'1) we then arrive at A('l:'1 J 
and new vertical velocity W1 and radius R1.The 
block Tr represents the substitution of Lag
range's variables by Euler's.The set A(~1) 
and W4 serves as the input set for the next 
step Mi(,c:,?t) .The chain of operations ends at 
the time 1:i at which Wj ,s;,. 0 ,As we can see the 
diagram cannot include the fallout of cloud 
elements. 
2.Input Data and Parameters 

In this paper numerical testing of the mo· 
delis limited to the liquid phase.All the va
riables are denoted by usual symbols.n(r) is 
the spectral function of droplets and the wa
ter content is denoted by Q.Indices e indica
te the ambient atmosphere. 

As the input external data we adopted the 
sounding data of July 5,1971 taken in Prague 
(Tab.l) for we got the heights of bases and 
tops of clouds.The weather situation was de
termined by a ridge of high pressure over Cen• 
tral Europe and by a NE flow. T'ne macro-chara
cteristics of the clouds corresponded roughly 
to the clouds in which Warner [7J had made 
his droplet measurements.The bases were at an 
altitude of 1500m and the tops reached the le
vel of up to JOOOm.We identified our cloud ba· 
se with the CCL at the level of 1410m.The set 
of cloud droplets in a unit volume in the 
cloud base was described by Khrgiyan-Mazin di
stribution where the maximum radius and numb
ers of droplets were determined from Warner's 
measurements.The characteristics of the spec
trum and of the condensation nuclei were des
cribed previously.The input velocity Wo in 
turn assumed the values of 1,3 and 5 ms- 1 for 
radii Ro 150, 350 and 500m.All the other in
put values are contained in Tab.2. 

The fundamental input parameter is the ti
me interval A"r. It determin':ls the total time 
of integration of the system of equations in 
the Mi operation and the frequency of al terna
ting of those operations.In addition, its cho
ice affects the computation time substantial
ly.The interval~'t' was in turn assumed to be 
5, 10, 20, 25 and JOs .Numerical results show 
that the temperature excess and velocity are 
nearly independent of the choice of ll..'C in the 
fixed range.The changes of the top level are 



within )Om.The water content and supersatura
tion react more sensitively to the changes of 
t>'L"',The water content is the .b.igher,the shor
ter the chosen interval (up to 20%),The situ
ation is the artificial consequence of link
ing up both operations,Shortert/t'give higher 
output Mi values of supersaturation, which 
means the decreasing evaporation in the next 
Ma-operation.We had to choose the values of 
6'1: such that they represented steady-state 
water vapour values preserving simultaneously 
reasonable vertical "steps",Also short compu
tation times spoke in favour of choosing lar
gerA'L .In all program runs we put t,7:= 22 s, 

Tab,l.Sounding on July 5,1971,00 GMT,Prague. 
rh is the relative humidity. 

p/mbar/ z/m/ T/°K/ 

9 60 4 70 289 • 2 
900 1013 287.9 
790 2100 278.5 
674 3400 272,2 
619 4070 271,0 

rh/%/ 

82 
71 
87 
50 
23 

Tab,2,Input values of the temperature, water 
vapour tension,virtual temperature and 
water content for selected values of 
the virtual temperature excesses at the 
cloud base, 

ATv,0 1°K/ T0 /°K/ u0 /mbar/ Tv;ol°KI Q/gm-3/ 

0.5 284,576 13.6408 
1.0 285.022 14.0484 

).Numerical Results 

286.29 
286,79 

0.38 
0,38 

The numerical results were obtained from 
the IBM 370 computer.The individual program 
runs require the CPU for 10 to 25 mins.We de
cided to illustrate the numerical results for 
the virtual temperature excess of 0,5°K(Figs. 
2,3,4).The numerals from 1 to 8 denote possi
ble ·combifations of Wo and

1 
Ro ,i.e. 1 to 3 

(W = lms-) ,4 to 6(W =Jms- ),7 to B(W =5ms-1 ) 
for Ro(l50,350,500m) ,respectively.The case 
R0 =150,Wo=5 is omitted.The levels of the clo
ud tops are between 2532 and 3680m.Clearly 1 

the larger the input radius and the larger 
the vertical velocity,the higher levels the 
computed cloud top attains.Fig,3 shows the 
dependence of the virtual temperature exces
ses of the ascending volume.The effect of the 
stratification of the atmosphere on the com
puted lifting forces is of principal import
ance as usual,Fig.4 contains the vertical de
pendence of supersaturation S (u/u -1) and 
of the water content.The supersatiJation in
creases rapidly at the base, reaches a maxi
mum value at the middle levels of the cloud 
and decreases to zero at its top.The maximum 
computed value of Sis about 0,35%,The curves 
representing the water content for all the 
input combinations lie close to each other in 
the hatched area in Fig.4. 

From the numerical results it is clear 
that the capability of the model to forecast 
the cloud top depends strongly on the choice 
of the initial values as it is the case with 
oth~r one-dimensional mo~1ls with entrainment. 
W0 is usually taken 1 ms ,The value of a re
presentative radius at the base is always pr~ 
blematic.Using Saunder's relation ,(BJ for the 

420 

radius and identifying the base with emergen
ce level,the estimated radius for the day is 
roughly 240m,The main characteristics for the 
chosen data are shown in Fig,5.We also added 
the computed spectra for 4 selected levels or 
at 4 individual times of ascent of the cloud 
volume.The spectra marked 1 and 4 correspond 
to the base and the top level,respectively. 
Fig,6 shows that between levels 1 and 2(inte
rval ( O, CZ-1)) the spectral curve is displaced 

z[mj 

---~---
_....-' :.: ___ 6 

,,,,,. --- - -----✓;-- - 7 ~~~----------5 
.i.----------- 3 

8 

3000 
I------------ 2 ,.._,,_....,.. 

---------- 4 

2500 ---------- 1 

2000 

1500 

2 3 4 5 6 7 8 g 10 11 w r ms1 

Fig.2,The vertical velocity W(full line) and 
the radius R(dashed line) as functions of 
the height.For symbols refer to the text. 

z [m] 

3500 

3000 

2500 

2000 

1500 

8 

-3 -2 -1 0 2 3 .c.Tv['t] 

Fig.3,The virtual temperature excess as a f~ 
nction of the vertical coordinate.For curve 
symbols refer to the text. 
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1E·3 2E-3 3E·3 4E-3 s[~s -1] 

Fig.4. Vertical dependence of the supersatu
ration Sand of the water content Q.The hat
ched area contains all the curves of the wa
ter content Q. 

a.a 1 14 1.s 2.2 a ~ 1E·3 2E·3 3E·J s it. ·1 

z[m] 
w R S 

2500 

2000 

w[m.s'] 
s R[uf.m) ·1 0 

Fig.5, Vertical dependence of the vertical 
velocity W,the water content Q,radius R,su
persaturation S ~fd of the temperature exce
sses for W0 = lms , R0 =240m. 

toward higher values of thedroplet radius wh
ereas at the level 3 the curve splits into 
two parts: the spectral function has zero va
lue for cloud droplets whose radii are bet
ween 5 and 11 µm.At the top level the spect
rum is again continuous. The development of 
the spectrum described is explained by a sch
eme of the droplet evaporation in the Ma ope
ration: the droplets of the smallest radii 
evaporate first. Up to level 2 1 the increment 
of water droplets of small radii is nearly 
compensated for by evaporation and the resul
ting spectrum contains mainly the original 
droplets, the dimensions of which increased 
in the course of interval ( O,'L2),The spec
trum at level 3 is composed of two parts.The 
first. represents particularly the droplets 
generated on the condensation nuclei during 
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n(rl 

(ta' enr.J] 3 

5 

2 

1E·3 2E·3 3£·3 4E·3 5E·3 6E·J r[cm) 

Fig.6.The spectral function at 4 selected le
vels ,or 4 times. l- base level ('i::1 =O ) , 2 -
1950m level ('t'2. =220s),J - 2466m level('t:3 = 
352s), level of the top 2810m('L'l< =506 s). 

the interval (~,2 1 ~) and not evaporated in 
the course of the Ma-operations.The spectrum 
at the top is continuous within the radius in~ 
terval of 6 ~m to 56 (UIII, 

4.Conclusions 
The proposed model allows to follow the 

life history of an individual cloud volume 
which ascends from the cloud base and mixes 
with the ambient atmosphere.The time or ver
tical co-ordinate dependence of all macro
characteristics corresponds to the results 
of one-dimensional models, which also applies 
to the prognostic ability of the model.The 
computations produce droplet spectra and re
produce their bi-modality although the latter 
is the consequence of modelling the spectrum 
evaporation in the Ma-operations, The struc
ture of alternating the Ma and Mi operations 
may be suitable for modelling the sequence of 
''lift" volumes, i.e. for a gradual "build-up" of 
a cloud. The originally proposed model in its 
general form /2./ represents a suitable basis 
for the contruction of a mixed cloud model 
where the dynamic equations are a modificati
on of Kachurin's approach.The numerical tes
ting is expected to be completed in the next 
future. 
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RESULTATS PRELI111INAIRES DE SIMULATION NUMERIQUE A L'AIDE D'UN lvlODELE 
TRI-DIMENSIONNEL DE CONVECTION PRECIPITANTE 

par 

J.L. Redelsperger et G. Sorrmeria 

Laboratoire de Meteorologie Dynamique 
CNRS, Paris 

1) Introduction 

,~ous presentons ici une methode originale 
de representation de la turbulence et des pre
cipitations pour un rrodele tri-dirrensionnel de 
convection atmospherique. Cette methode est 
developpee et essayee sur le rrodele de micro
echelle du Laboratoire de Meteorologie Dynami
que (Scmneria 1976), lui meme derive du modele 
de Deardorff (1972). 

Le modele de depart canprend quatre equa
tions de base, l'equation de Navier-Stokes, 
l'equation thennodynamique, les equations 
d'evolution de la teneur en vapeur d'eau q et 
en eau liquide nuageuse q. Il couvre un 
danaine de 2 km de cote a~c une maille cubi
que de 50 metres dans une des versions utili
sees pour les tests. Chaque rrodification est 
testee sur ce rrodele de base afin de pouvoir 
en juger les effets avec des criteres precis 
de comparaison; l'objectif ulterieur est de 
les incorporer dans un rrodele de convection 
profonde d'extension horizontale 40 x 40 km et 
d' extension verticale 16 km, en preparation au 
L.M.D. 

2) Representation de la turbulence 
d'echelle inferieure a la maille 

Avant d'etendre le rrodele au cas precipi
tant, il nous a semble preferable de repenser 
le probleme important de la turbulence a 
l'echelle inferieure a la maille. Ceci pour 
au mains deux raisons: nous voulions, d'une 
part, prendre en compte l 'interaction de petite 
echelle entre les te:rmes de condensation-evapo
ration et les autres variables du rrodele; 
d'autre part, nous voulions disposer d'un 
schena mieux adapte pour l'introduction de la 
pluie. Nous avons done m:xlifie le schema de
veloppe precederrrrent sur deux points princi
paux: 

a) adjonction d'une eguation__Eronostigue 
E9Ur_l'energie_cineti9!:!e_turbulente_E 

L'equation utilisee est ecrite en approxi
mation anelastique: 

a E/ at = (1 /<o>)o / OX1 (<Q>uJ"J - u';U'1 ( auJ OX1) 

+ (g/<0>)w'0', c2 (E3' 2/t.) 

+ (1/<Q>) a/ax1(<Q)Cif1E1 '
2 0E/ox1. 
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ou u., 0 , Q et /:;. sont respectivern.ent, le 
1 v vecteur vitesse, la tamperature :r:o

tentielle virtuelle, la densite et la dirren
sion de la ~aille. 

Les te:rmes de cisaillement et de flottabili
te sont donnees directement par le schema de 
parametrisation de la turbulence; le terme de 
dissipation turbulente est donne par une appro
ximation de type coefficient de diffusion, le 
te:rme noleculaire par analyse dirrensionnelle 
( c1 et c2 sont des constantes egales respec
tivement a o. 2 et o. 7) . 

Plusieurs simulations ont pennis de rrontrer 
l'irnportance d'une equation pronostique pour 
E; en particulier le terme d'advection neglige 
jusqu'a present accelere la formation des zones 
de turbulence et les intensifie. 

b) utilisation de variables se conservant 
durant la condensation rour le calcul des flux 
a_l'echelle_inferieure'1_1a maille 

Le concept de variables se conservant 
durant la condensation a ete introduit par 
Betts (1973). Leur utilisation pour le calcul 
des flux parametres pennet de prendre directe
ment en compte les interactions a l'echelle 
inferieure a la maille entre les termes de 
condensation-evaporation et les variables de 
base utilisees. Cela conduit a differencier 
les coefficients de diffusion (verticaux et 
horizontaux) pour le contenu en vapeur d'eau q 
et le contenu en eau liquide nuageuse q, ainsi 
qu'a prendre en canpte le degre de satufation 
dans la parametrisation de taus les flux. Les 
variables conservatives que nous avons utili
sees pour notre parametrisation sont la te:npe
rature potentielle d'eau liquide. 0, et le 
contenu en eau totale q,. defini par 

(0, = 0 - L0q,/TC.) 

ou 8 est la temperature potentielle, L la 
chaleur latente de aondensation de l'eau, C 
la chaleur massique a pression constante P 
de l'air sec. 



Les avantages de la methode proposee (cas 
VAR CCNS) ont ete mis en e0vidence par corrpa
raison avec le cas precedent utilisant des 
variables non conservatives (cas E PRO). Des 
differences irrportantes sont notees dans 
l 1estimation des quantites turbulentes d'echel:_ 
le inferieure a la maille, en particulier.dans 
la couche nuageuse ou on tient maintenant 
implici tement canpte J:ies processus de conden
sation aux echelles non resolues. La figure 1 
m:mtre l' exernple 

100q 

·-.......... ·, -----· 
---. 
10-

1000 

--Flux total IE PID 
----Flux parametrel 

-·- · Flux total I 
... .. . Flux parametre I VAR CONS 

. ... 
''<;, • ...,,.,~ "-w•ww~-.... ~~-~,.wu:.•~w~ ... w .. :.,.,_ • ..,_ ,_ ·- m.K.s· 

O"" 
0 

Fig. 1 : Flux totaux et parametres 
deev 

du flux vertical de temperature potentielle 
virtuelle 0 v• Dans la couche nuageuse, sa 
fraction parametree est positive dans VAR CONS 
et negative dans E PRO. Cette difference 
reflete l'effet de la flottabilite induite par 
la condensation a petite echelle qui, dans VAR 
CONS, rend similaires les flux parametres et 
calcules. 

3) Representation des precipitations 

Pour representer le phenomene de precipi
tation dans un rrodele dynamique de nuage, on 
doit considerer la presence d'au mains deux 
classes d'eau liquide (Kessler 1969) : les 
gouttelettes de nuages, restant en suspension 
dans l'qir, et les gouttes de pluie, tombant 
a une vitesse moyenne par rapport a l'air. La 
teneur specifique en eau liquide q1 est alors 
la sanrre de q, teneur specifique en eau pre
cipitante, etrde g~, teneur specifique en eau 
nuageus£. Une deu5a.eme hypothese (necessaire 
pour exprimer les termes de production de 
plu.ie) est de se dormer une distribution stati~ 
tique de la taille des gouttes de pluie (par 
exerrple, la distribution de Marshall-Palmer: 
N = N e->--D). 

0 

Dans notre cas, l'equation d'evolution de 
la teneur specifique en eau precipitante 
s'ecrit alors : 
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aq,/Bt = - '(1/<e>l [ a1ax1 (<e>u,q,)] 

+ (1/<e>l [ a/az(<e>v,q,) J 
+ ( a q,/ a t)AC + ( a Q,/ at),. + (a q,/ a t)EV 

Dans cette equation, les trois derniers termes 
du membre de croi te representent les differents 
termes de production de pluie qui sont: 
( a q,/ a t),.c, le taux d 'autoconversion d 'eau 

precipitante, non nul des que la teneur en eau 
nuageuse depasse une valeur critique 'lcr' 

( a q,/ a t)Ev I le taux d I evaporation des gouttes 
de pluie, lors de leur chute, 

(c3q,/ c3t)£V = e (q - q,) q, 

( a q,/ at),. I le taux d I accretion, representant 
l'accroissement des gouttes en eau, lors de 
leur chute, (c3q,/c3t),. = Bq.q, 

D'autre part, <e> est la valeur moyenne hori
zontale de la densite, u. la composante sui
vant l'axe j du vecteur ~itesse, V la 
vitesse terminale moyenne des gouttes de pluie . 

v, = E q,0•2 (E est de l'ordre de 5 rn.s-1 ) 

Le systeme d'equations d'evolution 
ecrites pour u., g, g1 , q et e est 
ensuite moyenn§ sur le volume de chaque maille, 
ce qui fait apparaitre les moments du second 
ordre. Ceux-ci sont obtenus grace a une 
fermeture de leur equation d'evolution simi
laire a celle utilisee pour le cas sans pluie. 
Pour resoudre corrpletement le syst;eme, la con
naissance des termes turbulents relatifs aux 
differents taux de production de pluie s'avere 
necessaire. 

On montre que ces tenres s'ecrivent de 
maniere generale 

PROD A' == KeA'0', + K. A'q'w + K. A'q', 
w ' 

ou PROD represente la sormre des trois taux de 
production de pluie et A l'une des variables 
u., a, q , e. 

l. -W r I• 

Ke, K. et K. sont des fonctions des 
variables du w charrp ' rroyen et des termes 
de production de pluie. 

u' .0·, = - (2/3) (A/ e,) E112 ( a 0,/ ax.) 

u;,q·w = - (2/3) (1:,./e.) E112 (c3qjc3x.) 

u'.q', = - (2/3) (A/en) E112 [1/(1 - K. (Ale" E112)] 
- f -

[ (c3q,/c3x.) + Ke, (Ale, E1 12 ) (80 1/ax.) 
+ K, (Ale. E112 ) (c3qjc3x.)] 

w . 

pour h = 1,2 (flux turbulents horizontaux), 

et w'0', = - (2/3) (t:,,/e,) E112 (80,/Bz) ~ 

w'q'w = - (2/3) (1:,./e.) E112 (c3qjc3z) 1./J 

w'q', = - (2/3) (!:,./en) E112 (c3q,/c3z) X 



pour les flux turbulents verticaux, ou tJ>, ljJ, x, 
sont des fonctions cornpliquees du champ de 
variables rnoyennes (pour plus de details voir 
Redelsperger 1980). 

4) Exemples de resultats de simulation 
dans un cas precipitant 

Les resultats suivants proviennent d'une 
simulation de 2 heures pour laquelle nous 
avons selectionne l'heure 1.83, les quantites 
statistiques etant rroyennees sur 200 sec. 
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Fig. 3 : Bilan du. contenu. en e3.u liquide 
precipitante qr. Heure 1. 83. 
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Les figures 2 et 3 representent respec
tivement lester.mes entrant dans le bilan de 
l'eau liquide nuageuse g et de l'eau precipi
tante q. La variation °ternporelle de 'Ic se 
subdivi§e en 3 termes, le terme d'advection 
verticale (calculee + parametree), 

< 1 .a ~> 
---- C < p> a z 

le terme de condensation et le terme represen
tant la transformation de Cle en q. Le tiers 
superieur de la couche nuageuse, futre 1000 et 
1300 metres est une region d'evaporation. Au 
contraire, la partie inferieure (500 a 1000 
metres) est une region de formation nuageuse, 
ou le terme de condensation est predominant. 
Le mecanisrne de conversion en eau precipitante 
se passe essentiellement entre 1000 et 1200 
metres. La variation temporelle du contenu en 
eau liquide precipitante q se subdivise en 
trois termes, le terme d'advection verticale 
totale (calculee + parametree), 

< 1 .a ~> 
---- ':Ir 
< p> a z 

le terme d'advection·vertical du a la vitesse 
propre des gouttes et le terme representant 
soit les mecanismes d'accretion et d'autocon
version, soit l'evaporation des gouttes. Nous 
constatons que q est en nette augmentation 
dans la couche nUageuse avec un maximum vers 
700 rretres, bien que la plus grande partie du 
transfert de qc en qr se passe dans les 2/3 
superieurs des nuages avec un maximum vers 
ll00 metres. Par contre q est en diminution 
dans toute la couche melanijee du fait de 
l'evaporation importante. 

Nous presentons sur les figures suivantes 

Fig. 4 : Coupe horizontale de la 
vitesse verticale w. 

1/2 
les coupes horizontales de w,q,qr,Km(= ~ E ) 
a l'altitude de 1025 metres et a 15 
l'heure 1.83 (Figures 4 a 7). Sur ces figures 
les moyennes horizontales ont ete soustraites 
sauf pour w et qr ; les contours en trait 
plein et pointil.Le sont les isolignes corres
pondant respectivement aux valeurs superieures 
et inferieures a la rroyenne horizontale, 
l'intervalle entre les isolignes est note IN 
en unite. rvrK.S sous chaque graphique. 



QG 

Fig. 5 : Coupe horizontale de l 'humidite 
specifigue q. 

QR 

2IN= 2.E-05 

Fi q . 6 : Coupe horizontale du contenu en 
eau liguide precipitante qr. 

'EDBAR= 7.1907E-0l 

Fiq. 7 : Couoe horizont~le du coefficient 
de diffusion K. 

JTl 
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Dans le cas presente, la partie active est 
concentree dans le quart superieur droit du 
dorraine ou ont lieu les principaux §changes 
verticaux. On peut remarguer les correlations 
p;:isitives entre· les champs dew, q, q et K. - - r m 

REFERENCES 

1) A.K. BEITS (1973) : Non precipitating cumu
lus convection and its parameterization. Quart 
J.Roy.~et.Soc., Vol.99, p.178-196. 

2) J. •AJ. DEA"ROORFF ( 19 72) : Numerical investi -
gation of neutral and unstable planetary boun
dary layers. J.Atrros.Sci., 29, p.91-115. 

3; E. KESSLER (.1969) : On the distribution and 
continuity of water substance in atrrospheric 
circulation.. .1\/\eteor .J1-bnogr., .10, n°32, 84 p. 

4) J.L. REDELSPE;Rr,ER (1980) : Traiternent des 
phenomenes turbulents dans un rrodele tri-dimen
sionnel de convection humide avec precipita -
tions. These de 3erre cycle, Uni versi te de 
Paris VI, ll0 p. 

5) G. SOM1''1ERIA (1976) : Three-dimensional 
simulation of turbulent process in an undis -
turbed trade wind boundary layer. J. Atrros. 
Sci., 33, 216-241. 



III-2-3 .19 

PROSPECTIVE CONSIDERATIONS ON THE LOCAL IMPACT OF A 

HEAT SOURCE 

E. Richard, J. Pastre and R. Rosset 

L.A.M.P., University of Clermont II, FRANCE 

I. General considerations 

The advent of power stations or power 
parks of increasing strength retains our at
tention on the local and regional effects of 
the release of large amounts of latent and 
sensible heat on the cloud cover. This problem 
has been tackled in its various aspects 

- a climatological aspect (possible modi
fication of the atmosphere in some conditions 
leading to cloud formation and modification of 
the rainfall regimes in the vicinity of the 
stations) ; 

- more localized aspects : modification of 
storms passing over power parks [1] and a pos
sible destabilization of the atmosphere in 
some situations [2] . In any case, an analysis 
of these aspects requires the use of numerical 
models which enable us to modify at will the 
atmospheric situations and the heat source 
conditions. We have focused our study on the 
response of a given atmosphere in the form of 
cloud formation to a surface source of varying 
characteristics. 

II. The model - Specification of the source 
reference case 

The model is a slab-symmetry two-dimensio
nal model of cumulus convection in a vertical 
plane [3], [4]. We shall only sketch this 
model. There are 7 prognostic variables : n, 
the normal vorticity component,¢', the entropy 
of moist air and the 5 microphysical variables 
defining the respective mixing ratios for water 
vapour qv, cloud droplets q, rain drops q, 
non-precipitating qi and prgcipitating qh lee 
particles. 

evaporation 
9t \s-n\ 

Orud water ,._.,........,,----; 
fusion 

coalescerce 
\....,) 

qr 
free:ing 

Rain water If--:----! 
fus,on 

Pree: pi tat: on 

evaporation 
9i 

Cloud ice 

c0atescence 
{1<.i1t«} 

Prec:pitati;-g Ce 

dry 1rd ••: ~,:,..,ti! 

Preci pitat:on 

Figwz.e. 1 - Synoptic. d,lagM.m 06 the. rru.c..1tophy
J.i,lc.a£ p.ltoc.e.M e.-6. 
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Figure 1 displays the synoptic diagram of the 
microphysical processes. Our approach consists 
in choosing an atmospheric state (the warm 
humid sounding of Figure 2) and in varying the 
source characteristics. 

F,i,gwz.e Z - The 1ta.d,lo1.,ou.mung ,ln the .1teae/!.enc.e 
c.Me (T and Td c.wz.vu). 

We start our simulations with a reference 
case to which will be compared all the other 
cases obtained after modification of the source. 
In the reference case, the source is specified 
as follows : 2 point-sources 2OOm apart (1 grid 
distance) lie 2OOm above the lower boundary of 
the domain, at its centre. The time evolution 
in temperature and water vapour mixing ratios 
q at these 2 points are imposed according to 
the relations 

2 ¢s oT = 
pCPDz at 

(1) 

oqv 2¢1 
at = pLD 

z 
(2) 

where pis the density of air, L the latent 
heat of condensation, Cp the specific heat of 
air under constant pressure, Dz a characteris
tic length (6Om here), ¢sand ¢1 are the res-



pective sensible and latent heat flux intensi
ties at the source (¢s = 2.08kW/m 2 and ¢1 = 
3.14kW/m 2 as in [2]), So defined, the source 
appears as a black box, specified as a whole. 
Amongst all our results, we had to select only 
a few of them. For example, we have reproduced 
in Figure 3 for the reference case, the evolu
tion of the maxi values, at every time in the 
domain, of the cloud water qc and rain water qr 
contents as well as the maxi horizontal (U) and 
vertical (W) velocities. 

30 

Ul 

1.0 

ao 

U,W 
(m/sl 

'60 DD LSD 60.0 

HgUAe 3 - T ,.[me, vOJU..a.tioVl,6 06 .:the ma.u hoJu
zo n,ta1 ( U ) a.nd v vr.:Uc.ai. ( W) v do -
c.Lti..v., a.nd 06 .:the ma.u c.lou.d qc., 
/z.a,{,n q Jt a.nd p.tteupU.O..:tlng ,i..c.e % 
c.o n.:teYIX.6 ( .tte6 e.ttenc.e c.cv., e) 

This figure shows that after an initializa
tion period of 20 to 30 mn, the model tends to 
stabilize with very small values for q and qh. 
We have noted too (not reproduced here) the 
bubbling mode of convection in spite of the 
maintained fluxes at the source. 

III.Modifications of the source characteristics 

Various modifications have been brought to 
the source, while retaining the sounding of 
Figure 2. 

a) Modification in the source strength : 

The geometry of the source being kept 
unchanged, we have multiplied by a factor K 
(between 0.5 and 10) the fluxes ¢sand ¢1 . We 
have reproduced in Figure 4 the initial rates 
of increase in the maxi qc and qr, U and W. 

~qJSt Su/St 
cSq.JJt $WI.St 

w 

QJQSI 5 10 K 
Hgu.tte 4 - In.,L:tlal. Jta.:t.v., 06 lnc..ttecv.,e in .:the 

ma.u c.lo u.d q c. a.nd /z.a,{,n q Jt wa.:t.e.tt 
c.on.:ten;l.!:, a.nd in .:the ma.u hoJuzon
:t.ai. U a.nd vvr.:Uc.ai. W velouuv., 
cv., 6u.nc.:tlon1., o 6 K. 
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The main conclusion to be drawn from this 
figure is the saturation effect appearing for 
K greater than about 5, particularly in the 
velocities. This would mean that beyond acer
tain energy input, the atmospheric response 
is no longer linear, but tends towards a limit 
depending upon the atmospheric stability and 
the source properties. 

b) Dry cooling compared to wet cooling 

Keeping the source geometry and the 
total heat flux emitted unchanged when compa
red to the reference case, we have varied the 
ratio of sensible to latent+ sensible heat 
fluxes from 0.8 to 0,4 and 0,2, Some of the 
results are displayed in Figure 5 for the 
maxi W velocities, and in Figures 6 and 7 for 
the maxi cloud q and rain q water contents, 
One can observe gnly small differences in qc, 
in contrast to qr, As for W (Figure 5), there 
is a secondary peak between 25 and 30mn, with 
a lag in time and a reduction in amplitude 
when passing from the dry to the wet cooling 
process. 
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c) Increasing the distance between the 
point-sources 

Starting from the reference case, we 
have progressively increased the distance bet
ween the 2 point-sources in order to simulate 
well-separated cooling towers in a park.In Fi
gure 8,are_reproduced as functionsof time the 
maxi cloud water content qc for different spa
cings e between the sources. 
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FiguJte. 8 - T,i,me. va!t,(,ation-6 06 :the. mau c..toud 
u:a..te.Jt c.o n;ten;t q c. M a 6 unc..tio n o 6 
the. 6pae,i,ng e be;tween :the 2 poirit-
6 0U!tC.e.-6 • 

We observe a marked effect on the absolute va
lues reached as well as on the shapes of the 
curves (e.g., compare the curves for 200m and 
1200m). The paradoxical result fore= 1000m 
can be explained as follows : there is a lag 
in time between the maxima in Wand in q, this 
lag increasing withe. When the first ma~imum 
in W has occurred and when this latter variable 
begins to decrease, the maxi qc for 1000m has 
already been reached and thus qc markedly de
creases too. On the opposite, the time lag 
between Wand q for e>lOOOm is such that the 
first maxi in q~ occurs when Wis already de
creasing, thus resulting in a reduced decrease 
in qc. 
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d) Effect of a vertical wind shear : 

In order to specify the effect of aver
tical wind shear on the clouds forming over the 
station, we have displayed the evolutions in 
time of cloud water qc (Figure 9) and rain wa
ter qr contents (Figure 10). Three cases have 
been considered according to the wind shears : 
U' 0 = O, 0,714 and 2.14 m/s/km. The wind shear 
effect is noticeable for the rain process of 
figure 10 at this latter value of u9, thus em
phasizing the inhibition of artificial convec
tion by strong wind shears. 
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IV. Conclusions 

We have reproduced rare only some of our com
putation results. The main interest of the pre
sent model as well as the others quoted in re
ference lies in the possibility of a systematic 
exploration of the atmospheric behaviour in res
ponse to its .own properties and to the source 
characteristics. Our model is now being tested 
for extended periods of time. 
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INTRODUCTION 

It has been demonstrated that the dissipa
tion of energy from a power generating faci
lity can induce cumulus clouds that are quite 
different from ordinary plumes and that assume 
a full description of dynamic and microphy
sical processes. 

Many attemps to model cumulus convection 
system have been made using one-dimensional 
[Weinstein (1970), Hanna (1976)] and two
dimensional models [Murray-Koenig (1979), 
Hane (1978), Bhumralkar (1976)]) ; but, due to 
computational difficulties, few three dimen
sional models have been essayed, for example 
Miller and Pearce (1974). 

This paper describes a three dimensional 
numerical model designed to simulate hot plumes 
and industrial clouds, such as those generated 
by dry or wet cooling towers. This model is 
based on the equations of motion for a quasi
incompressible fluid, the first law of thermo
dynamics and the conservation of mass and it 
uses a cloud physic parametrization which 
computes explicitly the concentrations both 
of cloud water droplets and falling water 
drops. 

The results of the model are compared with 
experimental results obtained during the 
"Cocagne" project [see Benech et al. (1980)] 
on the environmental impact of dumping waste 
dry heat in amounts of 1000 MW into the atmos
phere from an oil-fired source. 

2. DESCRIPTION OF THE MODEL 

The variables of the problem are the three 
components of the wind speed V(u,v,w), the 
pressure p, the density P, the temperature T, 
the mixing ratios of water vapor Cv, cloud 
water droplets Qc and precipitating drops Qr. 

The basic equations are the following : 

- conservation of mass, 

- conservation of momentum, 

- conservation of energy 

- conservation of species (water vapor, cloud 
droplets and precipitating drops), 

- equation of state for the mixture air/water. 
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2.1 Parametrization of turbulence 

The equations for the mean values contain 
the REYNOLDS stress uiuj and the velocity
temperature and velocity-concentration cova
riances : uie, uicv, uiqc and uiqr. To close 
those equations we use eddy viscosities and 
diffusivities VT and Kr : 

and similar equations for uicv, uiqc and uiqr• 

2.2 Microphysics 

The microphysical processes included in the 
model are illustrated schematically in figure 1. 

Suspended droplets are created by conden
sation. Precipitating drops are created by 
coalescence of suspended droplets among them
selves, the process being called "autoconversion". 
The category of precipitating drops then grows 
in bulk mass density both by autoconversion and 
by accretion of suspended droplets. 



The equations for Qc and Qr are the 
following : 

clQc a ) a2Q at+ ax. (U j Qc = Kj , QC ~ + EC - AC - cc 
J J 

clQr + - 3-(U · Qr) = AC + CC - EV 
at a~j J 

(we neglect turbulent diffusion for precipi
tating drops) with : 

- EC 

- AC 

- cc 
- EV 

Evaporation-Condensation, 

Autoconversion, 

Accretion, 

Evaporation of precipitating drops. 

For autoconversion and accretion, we use 
the KESSLER'S formulation 

AC Kl (Qc-a) 

a 10-3 kg/kg 

{ 
10-3 s- 1 if QC > a 

K1 
0 if QC ~ a 

cc K2,Qc Qh0,875 with K2 = 2,2 

2.3 Method of solution 

The procedure used is the "SMAC" method 
which was developed at Los Alamos and used in 
FRANCE by Gaillard (1978). It is explicit in 
time and implicit in pressure. 

The spatial discretisation in momentum 
equations is a weighted mean of CDM2 (Centered 
momentum flux) and UDV (Upwind velocity flux). 

The pressure/continuity treatment is based 
on a pressure correction formulation involving 
a simultaneous adjustement of velocities and 
pressures, in sequence : 

- first we obtain a provisional velocity field 
from explicit momentum equations, 

- then, we calculate velocity divergence at 
each cell and we use it to calculate a 
pressure change tP and an associated 6V for 
obtaining continuity balance, 

- we perform this treatment repeatedly until 
local balance prevails everywhere. 

The model needs about 20 minutes of C,P.U. 
time to reach permanent conditions with 
20x9x25 grid points, on an I.B.M. 370/168. 

3. 

3. 1 

SENSITIVITY TESTS AND COMPARISON 
WITH EXPERIMENTS 

The "Cocagne" Project 

The "Cocagne" project (Meteotron) described 
in a previous report (EDF-IOPG 1979). As part 
of a program on artificially-induced convection 
related to the environmental effects of dry 
cooling towers, a sensible heat release of 
1000 MW is produced by an oil~fired source. 
During each 30 minute experiment, a full 
description of the heat source, the ascending 
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hot plume and the resulting cloud micro
physical modifications is obtained using diffe
rent experimental techniques : 

- firstly, those which characterize the source 
temperature sensors and three dimensional 
anemometers at 30 and 60 m above the heating 
area, 

- secondly, those which characterize the ambiant 
atmosphere : radiosoundings and wind measu
rements with a radar, 

- lastly, those which characterize the plume 
aircraft, lidar, meteorological radar, 
infrared thermography •.• 

Three campaigns have been carried out : 
June 19 to July 8, 1979 ; October 3 to 20, 1978 
and May 27 to June 23, 1979. 

The experiments were performed under a wide 
variety of background meteorological situations. 
We present, on this paper, the experiment of 
July 8, 1978 to illustrate the testing method 
in order to validate the numerical model. 

3.2 Description of the Experiment of 
July 8, 1978 

It is a case of formation of a cumulus in 
low wind speed conditions, The dry plume spreads 
vertically up to about 550 m, level of conden
sation. Above this height, we observed the 
formation of a cumulus, the top of which is at 
about 950 m. The atmospheric sounding is 
plotted in figure 2. 
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Figure 2 Environmental temperature, humidity 
and wind speed soundings - July 8, 1978 

3.3 Input of the Model 

The characteristics of the heat source are 
the following : 



- exit velocity 

- exit temperature 

- exit relative humidity 

4 m/s 

21 °C 

52 % 

The finite difference mesh has the follo-
wing dimensions : 

20 grid points in the x-direction (tix = 60 m) 

9 grid points in the y-direction (tiy = 45 m) 

25 grid points in the z-direction (tiz = 60 m) 

Thus, the domain is 1200 m long by 400 m 
wide by 1500 m high, 

The heating area is represented as a 
square of 180 m by 180 mat 60 m above the 
ground. 

3.4 Simulation Results 

The computed velocity field is shown in 
figure 3 and the evolution of the simulated 
cloud is shown in figure 4 (for vT = 40 m2/s 
and KT= 60 m2/s). 

Table I compares the dimension of the 
cloud observed during the experiment with 
those simulated by the model for different 
values of the coefficients of eddy viscosity 
and diffusivity. 

Table 2 compares the vertical velocities 
computed, with those measured by the Aircraft. 

We can observe, from dynamic and micro
physical points of view, a good agreement 
between observed and computed values of cloud 
top, cloud base and water mixing ratio. 

We also observe that the computed vertical 
velocities and the observed ones are of the 
same order of magnitude, bearing in mind that 
the observed values are instantaneous whereas 
the computed ones are averaged. 

4. CONCLUSIONS 

The results of the model were compared 
with those obtained on July 8, 1978 during the 
"Meteotron" experiments, The agreement between 
computed and observed values is quite satis
factory so long as the following parameters 
are considered: cloud top, cloud base, area 
of maximum liquid content, vertical velocities 
in the plume. 

The validation of the model is now being 
achieved for other experiments of the three 
campaigns of 1978 and 1979. 

In order to take into account the varia
tions of the coefficients of eddy viscosity 
and diffusivity, we intend to use a parame
trization of the same type as the one deve
loped by TAG, MURRAY and KOENIG (1979). 

We also intend to use this model to simu
late a cloud observed by AUER (1976) over a 
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refinery which emitted about 1000 MW of sensible 
and latent heat. Thus, we shall be able to 
compare the results of this model with those 
obtained by HANNA (1976) using a one dimen
sional model and by MURRAY-KOENIG (1979) using 
a two-dimensional convective model. 
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Figure 3 Computed velocity field in 
the plane xOz. 

Predicted Observed 

vT(m2/s) 10 20 40 
Kr 15 30 60 

Cloud base 550 600 450 550 (m) 

Cloud top I I 50 1150 1000 950 (m) 

Max, Liquid 
content 0,76 0.84 0. 51 0.2-0,3 
(g/kg) 

at (m) 950-1050 900-1050 750-850 600-800 

Table 1 Cloud dimensions, 

Predicted Observed 

~ 10 20 40 

) 

T 
I 5 30 60 

300 WM/u( 4. 4. 9 6.8 7. 6 
WMIN - o. 2 - 0. 04 - I. 2 - 2. 2 

500 w~1AX 4.3 5.6 8.3 II.I 
WMIN - o. 6 - 0.3 - I. 5 - 2. 6 

700 WMAX 4.6 5.7 6. 8 3.8 
WMIN - I. 2 - 0. 2 - 0. 7 - 2. 3 

900 WMAX 4.4 3. 3.8 4. I 
WMIN - 2. I - 0. 7 - . 5 - 3 .5 

Table 2 Vertical velocity inside the plume. 
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HEAVY RAINFALL FROM VERY SHALLOW CONVECTIVE CLOUDS 

H. Sak.akibara 

Meteorological Research Institute 

Yatabe Ibaraki JAPAN 

1. INTRODUCTION 

Heavy rainfall usually results from deep 
convective clouds. In some cases, however, 
shallow clouds seem to have caused heavy rain-:. 
fall, because large condensation rate and high 
precipitation efficiency were realized. 

We analyzed a heavy rainfall from very 
shallow convective clouds over the coastal area 
of a mountainous region in Japan on 24-26 Au
gust 1977. Maxima of total and hourly rainfall 
amounts were 942 and 65 mm, respectively. The 
results of the analysis will be described and 
the causes of large condensation rate and high 
precipitation efficiency will be discussed. 

2. DATA 

Data of upper-air sounding, radar, rain 
gauge and surface observation at stations indi
cated in Fig.l are used. As shown in Fig.l, 
roughly speaking, three mountain ranges 
stretching from north to south form a mesoscale 
mountainous region oriented from northeast to 
southwest in the Kii Peninsula. 

130£ 14-0E 

Fig.l Map of analysis domain. The topography 
of the Kii Peninsula is shown in the right 
part. The stippled and hatched shadings repre
sent land higher than 1000 m and 500 m above 
sea level, respectively. The path of severe 
tropical storm7707 is also shown by a solid 
line in the left part. Numerals associated 
with crosses indicate observation time and 
surface pressure at the center of the storm. 

3. BRIEF DESCRIPTION OF THE RAINFALL AND 
SYNOPTIC SITUATIONS 

Rainfall associated with a severe tropical 
storm began at about OlGMT, August 24 over the 
Kii Peninsula. Most of the rainfall was ob
served during the period OOGMT, August 24 to 
OOGMT, August 26. Total amount of rainfall 
from OOGMT, August 24 to OOGMT, August 27 is 
shown in Fig.2. Heavy rain occurred in a nar
row zone of about 30 km wide along the south
eastern coast line of the peninsula. There are 
two maxima of rainfall and the primary one is 
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OOGMT,Auoust 24 
~ OOGMT,Auoust 27 

1977 

Fig.2 Total rainfall in mm (OOGMT, August 24 
to OOGMT, August 27, 1977) over the Kii Penin
sula. The topography of the peninsula is also 
shown. 

located over Owase. The distribution of rain
fall amount seems to be strongly affected by 
topography. Analyses of 12 hours rainfall (not 
shown) indicate that when heavy precipitation 
occurred around Owase, precipitation was hardly 
observed over the leeward area of a mountain 
range to the west of Owase. 

As seen in Fig.l, severe tropical storm 
7707, Amy moved eastward slowly and it was 
almost stationary after 12GMT, August 24. Sur
face pressure at its center was increasing. 
Fig.3 shows that a large low pressure zone 
covers the southern part of Japan at OOGMT, 

Fig.3 850-mb analysis for OOGMT, August 25, 
1977. Arrows indicate the movement of low 
pressure systems in 12 hours. Solid lines re
present geopotential height at 30 m intervals. 
Dashed lines are isotherms of 16 and 18 °C. 



:A:ugust 25. 
Hokkaido. 

Anticyclone was to the east of 
Around the Kii Peninsula the air was 

very warm and moist and winds had the component 
of easterly. A 500-mb chart (not shown) indi
cates that winds around the Kii Peninsula were 
westerly and that the air over southwestern 
Japan was very warm and dry, suggesting large
scale subsiding motion in the middle tropo
sphere. It is very interesting that during the 
period of heavy rain very dry air was observed 
in the middle troposphere. Synoptic situations 
described above changed very slowly during the 
analyzed period. 

Now we will study the vertical structure of 
the air mass by using upper-air sounding data 
at Shionomisaki. Fig.4 shows a time-height 
section of equivalent potential temperature and 
relative humidity. Inversion layers are also 
shown. It should be noted that there was al
ways at least one inversion layer at about 600 
mb after 12GMT, August 24 and that the air was 
very moist (nearly saturated) below the layer 
and very dry (relative humidity< 30%) above it. 
Air mass with high equivalent potential temper
ature (-352K) appeared in the lowest layer at 
about OOGMT, August 25. This corresponds to 
the incursion of warm and moist air in the 
eastern part of the severe tropical storm (see 
Fig.2). Stratification of the air mass was 
latently unstable as indicated in Fig.4. 

OOGMT 
24 

Augusf 1977 

12 00 
25 

Time 

12 00 

26 
12 

Fig.4 Time-height cross-section showing the 
thermodynamical structure of the air mass ob
served at Shionomisaki. The extent of dry air 
(relative humidity <,.30%) is hatched and that 
of moist air (relative humidity> 95%) is stip
pled. Thin solid and dashed lines are iso
pleths of equivalent potential temperature (K). 
Thick double lines represent inversion layers. 
Hatched, stippled and cross-hatched columns 
indicate vertical extent of latent instability 
assuming for its lower boundary to be at 1000, 
975 and 950 mb, respectively. The 0°C isotherm 
is also shown. Arrows at the bottom of the 
diagram denote the times of rawinsonde observa
tion. 

The time-height section of wind (not shown) 
indicates that the warm and moist air below the 
inversion layers was transported by easterly 
winds and the mean wind velocity had a large 
component normal to the direction of the meso
scale mountainous region, being almost perpen
dicular to the mountain range to the west of 
Owase (see Fig.1). 
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4. FEATURES OF THE RAIN 

. We will investigate the feature of the rain 
for various stations. Fig.5 shows time changes 
of the averaged rainfall intensity over 10 min
utes observed at stations near the southeastern 
coast line of the peninsula. Rainfall inten
sity at each station shows a large time varia
tion and it suggests that the rain had a 
convective nature. At stations along the coast 
line (Shionomisaki, Shingu and Kumano) the 
rainfall occurred intermittently. At stations 
on the windward side of the mesoscale mountain
ous region (Owase, Hachimantoge and Miyagawa) 
the rainfall was not intermittent. It is 
surprising that the average rainfall intensity 
attained about 100 mm hour-I during the period 
1850 to 1900GMT, August 24 at Owase (note that 
the ordinate for Owase is different from 
others). The rainfall at Hachimantoge seems 
to be more steady than the one at Owase. The 
time change of rainfall intensity at Miyagawa 
resembles the one at Owase, though its magni
tude is much smaller. At stations on the 
leeward side of the heavy rain areas (Kawai 
and Hongu) the time changes of rainfall inten
sity are very similar each other. Convective 
rainfall was observed until 08GMT, August 24, 
but only a weak rain was observed afterward 
in contrast to heavy rain on the windward side. 
The rainfall at Odai was rather continuous and 
the long term variation of rainfall intensity 
is not similar to the one at Kawai or Hongu, 
but it seems to be similar to the one at 
Miyagawa or Owase. These features of the rain
fall suggest that the heavy rain was strongly 
controlled by the mountainous topography. 

~-
1:l ... u4J1, 

OOGMT, August 24 

~ c:x:>GtvfT,.b.J~st 26 

19TT 

/ 

Fig.5 Time change of rainfall intensity aver
aged over 10 minutes for nine raingauge sta
tions. Their locations are indicated by arrows 
on the map of the peninsula. The distribution 
of rainfall amount from OOGMT, August 24 to 
OOGMT, August 26 is also shown. 

A fine structure of the heavy rain is shown 
by the detailed record of rainfall intensity 
at Owase (Fig.6). Heavy rains occurred fre
quently with a short period of 10 to 20 min
utes. It will be suggested that precipitating 
cells passed over Owase successively. 

5. STATIONARY ECHO BAND 

As stated in the last section, the heavy 
rain around Owase is characterized by a rather 
continuous rainfall. Fig.7 shows the change 
of radar echoes observed at about 10 minutes 



12GMT 13 14 15 lb 17 18 19 20 21 22 

AUGUST 24 . 1977 

AUGUST 25. 1977 

Fig.6 Time change of rainfall intensity ob
served every one minute at Owase. 

August 25, 1977 

Fig.7 Photographs of radar echoes observed by 
the Nagoya radar. Observations were done at 
about 10 minutes intervals. The location of 
Owase is indicated by a cross symbol. Range 
marks are at 50 km intervals. 

intervals by the Nagoya radar which is about 
140 km distant from Owase. Narrow and straight 
echo bands were stretching from 10°-30° to 190° 
-210° along the coast line crossing over Owase. 
Since they frequently appeared over the same 
area, they had a feature of a stationary band 
in spite of easterly w~nds of about 10 m sec'"" 
in the lower trojosphere. Echo bands had a 
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convective nature and sometimes they were com
posed distinct convective cells. The height of 
echo top was about 3.5 km near Owase and it was 
always lower than 5 km after 12GMT, August 24. 
Since the height of freezing level was about 
5.8 km, radar echoes were entirely below the 
level. 

6. PRECIPITATION EFFICIENCY 

Since synoptic situations changed slowly, 
we can obtain the time-averaged precipitation 
efficiency for the heavy rainfall area includ
ing Owase by using data of rainfall amount 
for 24 hours from 12GMT, August 24 to 12GMT, 
August 25 and upper-air soundings of every 
12 hours at Shionomisaki. Time-averaged rain
fall intensity over 24 hours is averaged 
horizontally in a band of 25 km wide and 50 km 
long oriented from 20° to 200° which almost 
includes the heavy rain area. The averaged 
rate of precipitation is about 250 1DIII day-'. 
The mean condensation rate over the area is 
calculated on the assumption based on the 
results of foregoing analyses that the airflow 
below 900 mb was blocked by the mountain range 
to the west of Owase, of which the height is 
about 1000 m above sea level, and ascended 
penetratively through a two-dimensional cloud 
band up to 650 mb. The calculated condensation 
rate is 214 1DIII day'"' for a band of 25 km wide. 
Therefore, the precipitation efficiency was 
higher than unity. Although the estimate of 
the condensation rate may be somewhat uncertain 
because of infrequent soundings at the distant 
station Shionomisaki, it is certain that very 
high precipitation efficiency was realized 
over the heavy rain area. 

Since radar. echoes over the heavy r,ain area 
were entirely below freezing level, the 
condensation'." coalescence .process was respon
sible for the formation of the rain. Shallow 
convective clouds around the Kii Peninsula 
were suitable for the release of precipitation 
by the condensation- coalescence process, 
because they were formed in maritime subtrop
ical air mass (see Fig.3). 

In addition to the above-mentioned readi
ness for precipitation release, recycling of 
precipitation particles between them, which can 
cause precipitation efficiency higher, might 
take place in the present case. The time 
change of rainfall rate in Fig.6 suggests that 
the heavy rain resulted from crowded cumuli 
between which recycling of precipitation parti
cles is expected. There was large wind shear 
during the heavy rain period. Takeda and 
Takase (1980) observed cells inclined windward 
in a staionary echo band near Owase in a 
similar situation to the present case. If we 
assume inclined cells in the present case, 
older cells may be able to seed new cells 
growing on the windward side of them with small 
precipitation particles coming out near the 
top of older cells. 

Moist atmosphere favors the above-mentioned 
seeding because of reduced evaporation of small 
precipitation particles in the environmental 
air. It might also be favorable for the 
reduction of evaporation of cloud droplets 



due to entrainment. Therefore very moist air 
around the Kii Peninsula might also cause the 
precipitation efficiency higher. 

7. SUMMARY 

A heavy rainfall from very shallow convec
tive clouds has been studied. We have paid 
attention to the causes of large condensation 
rate and of high precipitation efficiency which 
seem to be necessary for the occurrence of 
heavy rain from very shallow clouds. 

In the lower troposphere, a weak tropical 
depression was nearly stationary over the 
southwest of the heavy rain areas. Warm and 
moist air was observed below inversion layers 
in the eastern part of the depression. Strati
fication in the lower troposphere was latently 
unstable. Distributions of rainfall amount 
seem to be strongly affected by mountain 
ranges. Narrow and straight echo bands which 
might be composed of crowded cumuli were 
frequently observed over the area on the 
windward side of a mountain range. Time
averaged precipitation efficiency for the 
heavy rain area including Owase was very high, 
if we assume from the results of the 
foregoing analyses that the airflow below 
900 mb was blocked by the mountain range and 
ascended penetratively up to 650 mb. Crowded 
maritime cumuli and very moist air observed 
around Owase might be favorable for the high 
precipitation efficiency, 

8. REFERENCE 
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THE INFLUENCE OF THE UPDRAFT SHAPE ON GRAVITATIONAL COALESCENCE 

P.K. Smolarkiewicz 
Institute of Geophysics 

University of Warsaw, Poland 

1. Introduction 
Till now there is no good method of experimen
tal verification of validity of theoretical 
models of coalescence processes in natural 
clouds. During some measurements made by us 
inside a cooling tower, it was noticed that 
interior of the cooling tower can be treated 
as a kind of cloud chamber, The droplet spec
tra observed in cooling tower are determined 
mainly by two processes - coalescence and se
dimentation. The theoretical model of these 
droplet spectra has been constructed in a way 
similar to that used in cloud physics. The 
results can be verified experimentally more 
easy than in natural clouds. 

2. Abbreviated list of symbols 
g (lnr) "fl; 3v 2 n(v) - log-increment density fun
ction which is introduced for the purposes 
of displaying the results, K(v,v) - collection 
kernel, LWC - liquid water content, n(v,z,t) -
droplets spectrum, N - concentration of drop
lets, r - radius of droplet, R(z) - radius of 
cooling tower at level z, R ,R ,H,H - parame
ters of cooling tower geome~ryp(fig?l), S(z) -
area of the cross section of flow, t - time, 
vT - terminal velocity of dr~plets in still 
air, v- volume of a droplet,v 0 - average volu
me of spectrum n

0
(v), w(z) - vertical velocity 

of updraft at level z, z - height coordinate, 
<5 (z-z0 )· - Dirac's symbol. p - distance from 

axis of symetry of flow, t - "upwards", -1- - "do
wnwards", index" "denotes values, which re
fer to the source. 0 

3. Basic assumptions and equations 
It is assumed that evolution of droplet spec
tra is going on within a steady and predeter
mined field of vertical velocity, At certain 
fixed level z

0 
(fig.l) a source of droplets 

steady and homogenous is installed. The effec
ts of condensation or evaporation of droplets 
inside cooling tower can be neglected [Smolar
kiewicz 1978]. The following variants of ver
tical velocity fields were considered: i) -
horizontally homogenous and time independent 
velocity for hyperboloidal, conical and cylin
drical tower (fig.l - b,c); ii) - time inde
pendent, axialy symetric field in hyperboloi
dal tower; iii) - horizontally homogenous but 
time dependent flow for hyperboloidal tower. 
In the first variant it is assumed that at all 
levels droplets spectra are homogenous over 
cross section of updraft. This corresponds to 
the case of strong horizontal turbulent mix
ing, Basic equations can be written as fol
lows: 

- '!K(v ,v')n(v')n(v )dv1 + 
0 

(1) 
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w•s = const. (2) 

S = S(z,R0 ,R ,Hp,H) (3) 
The first tefu on the r.h.s. of eq,(1) descri
bes convective transport of droplets, these
cond and third term - coalescence, and the 
fourth one the effect of droplet production by 
the source. Eq.(2) express the continuity of 
air mass and equation (3) - geometry of the 
cooling tower. 
Boundary and initial conditions for eq,(1) are: 

[ n • (w-vT)] zt,O = 0 if w-vT~o (4) 

[n •(w-vT)] z:,H = 0 if w-vT~o (5) 

{ n0 (v ) z=z 0 
nw ,z,t=O) = O (6) 

ztz 0 

The conditions (4) and (5) express the assump
tion that no droplets come into the tower 
through the top and the base of it, and eq.(6) 
- that at the initial time the tower does not 
contain droplets. 

I 
I 
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I 
I 

80 

70 

GO 
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~ 

Fig.l Scheme of cooling tower, a - sour
ce of droplets, dashed lines - shapes of 
conical (b) and cylindrical (c) tower 

In the numerical experiments performed spectrum 
n0 (v) was assumed to be given by the gamma dis
tribution 

(7) 

[Scott 1968, Berry 1965], with v
0 

= v(r0 =100µm) 
and LWC = 1 or 3 g/m3 , what roughly corresponds 
to the conditions in cooling tower without eli
minators. 

4. Numerical model 
Making use of (2) and (3), equation (1) can be 
solved numerically with conditions (4)-(7). The 
coalescence terms was evaluated by method of 
Berry(l965) for 55 classes of droplet volumes 
caverning range of radii from 5 to 2500 µm. 



Collection kernel has form proposed by Long 
[1974) 

K(v, v') = 9,44•109(v2 + v~) for R<S0 µm 

K(v, v') S.78·103(v + v') for 
(8) 

R>S0 ].lm 

where R radius of the greater of two droplets 
(v ,v1 

- in cubic centimeters). For evaluation 
qf convective transport term in eq.(l) Lax 
scheme was used [Potter 1973] on twenty levels 
grid points. The terminal velocity of the dro
plet in still air is expressed by semiempiri
cal formula of Beard [1977). The final finite 
difference scheme becomes: 

n~+l(I) = (l/2Sj)(nf+1 (I)Sj+l + nf_1 (I)Sj_1) 

- (!::,t/2/::,zS.) (n~+l(I)w(I)s '+l-nl_< 1 (I)w{I1)s. 1)+ 
J J j+l J J- J- J-

+(1/4Sj) (Sj+ln~ l(I)+2n~(I)s.+n~ l(I)S )•!::,t+ 
J+ J J J- j-1 

+ n o. 2 . 0 J 
for 2<j<NH-l (9) 

(J'=l+z=0°J0 =2+z=z 'J0 =NH+z=H· w(I)=w -v (I)) 
' O' , j j T 

where nk(I) is coalescence term expressing the 
-change if n(I,(j-l)t:,z,k•t:,t) du~ to ~oalescence, 
I - numerical parameter (v=v 2~I-l)f 2 , v

0 
size 

of the first class),oj 2 Kronicker's symbol. 
For first and last level forward and backward 
Euler's schemes were used. Weighted averaging 
of the coalescence term over three levels is 
applied for sake of stability. The computati
ons were made with steps /::,z=Sm and /::,t=0.6s. 
Steady state was achieved after 480 time steps 
(about 288 sec. physical_time) what takes abo
ut one hour CPT of CDC 6600 computer. 

5. The influence of updraft shape on the 
steady state solution 

'The computations were made for cooling towers 
with hyperboloidal, conical and cylindrical 
shapes what correspond to vertical velocity 
of updraft with one maximum (hyperboloid), 
monotonically increasing with height (cone), 
and independent on z (cylinder). Comparing the 
results (figures 2,3,4) it can be noticed that 
for updrafts without maximum of vertical velo
city there is no strong second maximum in big
droplet end of the spectrum, which is present 
in the hyperbolic case, This result can be 
explained as follows. For the flow with hyper
boloidal geometry a "trap" for big droplets 
forms above the level of maximum velocity of 
updraft. In this zone the droplets tend to ac
cumulate at the levels where updraft compensa
te their free fall velocity, and they remain 
there untill they grow by coalescence to sizes 
large enough to fall down·through the level of 
maximum velocity. In this way an accumulation 
zone with high LWC and better conditions for 
rapid coalescence appear above the level of 
maximum w (fig.S). The droplets which grow big 
enough to return and fall down, grow further 
by collisions with droplets going upwards, 
giving in steady state bimodal spectra at all 
levels (fig.2). For case of the cylindrical 
geometry of the flow,the vertical velocity re
mains constant. The big droplets appearing due 
to coalescence do not accumulate but rather 
start to fall downwards. In the "conical case" 
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where velocity increases with height larger 
fraction of big droplets will be removed thro
ugh the top. This process leads to spectra bro
ader than the initial ones but the second maxi
mum for large radii does not appear. The grea
ter number of big droplets observed at low le
vels in "cylindrical case" than -in the "coni
cal" one, results from the fact that larger 
fraction of them is able to return downwards 
growing on the way. This results point out that 
the model: of infinite updraft with height inde
pendent properties [Jonas and Mason 1974, 
Leighton and Rogers 1974, Young 1975] may be a 
strong oversimplification and cannot account 
for certain important mechanisms of forming 
bimodal or multimodal spectra. 
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Fig.2 Steady state spectra for hyperbolo
idal geometry of flow, dashed line - spec
trum of the source (the same in each expe
riment) 
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Fig.4 Steady state spectra for conical 
geometry of flow 
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Fig.5 LWC and concentration distributions 
as a function of height for various geome
tries of flow 

6. The influence of the horizontal turbu
lent mixing on the results in stationa
ry state 

In the variant ii) the velocity field has form 
w(z,9) = w(z) f(~/R(z)) 

where function f has maximum for p= 0 (radial 
velocity component required by continuity equa
tion should appear explicitly in transport 
terms of the kinetic equation), and assumption 
of horizontal homogenity is deleted. Neverthe
less the onedimensional model can be retained 
along the axis of the flow. The kinetic equa
tion becomes 

(10) 

where n coalescence term. 
Change of the convective transport term with 
respect to the equation (1) express the fact 
that now there exist net horizontal transport 
of droplets with respect to the air. The resul
ts obtained for this variant are shown on figu
re 6· •. Comparing this with results of the var
iant i) (fig,2) one can see that in the variant 
ii) there are more big droplets at low levels. 
This can be explained by the horizontal conver
gence of droplets below the level of maximum w, 
and divergence above it due to inclination of 
droplets trajectories with respect to the stre
amlines of the air. Physically, variant i) cor
responds to strongly turbulent flow with very 
effective horizontal mixing, variant ii) to 
laminar flow. Differences between these two 
variants suggest that assumption with respect 
to the horizontal structure of the air flow and 
droplets distribution may have very essential 
influence on the spectrum evolution in the mo
del, and outline certain limits of applycabili
ty of onedimensional models in cloud microphy
sics. 

7. The effect of the periodical pulsation 
of vertical velocity of an updraft 

In variant iii) the vertical velocity of updra
ft, derived from eq.(2) and (3) was modified by 
periodic factor, 

w(z,t) = w(z)(l + 0.5sin(2~t/T) 
The experiments has been performed for two va
lues of period T - 30 and 60 sec. Until the 
second maximum in spectrum appeared· (about 200 
time steps) the solution of equation (1) evol
ves in this case like that for time independent 
updraft. Afterwards approximatively periodic 
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Fig.6 Steady state spectra for variant ii) 

solutions with period 3-4 time T has been obse~ 
rved, At some instants this quasi-periodic so
lution passes through the form much alike to 
that observed in steady state of variant i). 

:i,s .. 
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Ito =,100/'m 

Fig.7 Example of solution for variant iii) 
with updraft velocity periodically variable 
in time (2~t/T = ~/2) 

Figure 7) shows the spectra corresponding to 
the moment just after maximum w(z,t) is attai
ned. One can be see that variant iii) yields 
considerably broader instantaneous spectra than 
time independent variant i), at least below the 
level of maximum velocity, This result suggests 
that time pulsations of the updrafts present in 
natural clouds may also be responsible for fas
ter broadening of the spectra. 

8. Some additional remarks 
In cours of the numerical experiments it was 
found that certain properties of the model, 
like conservation of the total water, are very 
sensitive to the numerical diffusion and produ
ction in the advective scheme. The adverse ef
fect at these factors can be to high extent 
compensated by introduction of diffusion term 
with suitably chosen diffusivity. This effect 
must be taken into account when turbulent ex
change coeficients beeing introduced into the 
models of coalescence in clouds. 
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I. Introduction 

A cloud simulation provides one of 
the more demanding tests of a model's 
ability to conserve energy because of 
the complexities involved during phase 
change. Unless water vapor changes 
phase, the conservation of energy 
related to water vapor is primarily 
related to the conservation of the 
water substance itself. However, the 
release of latent heat, as well as the 
transformation of water vapor to an 
alternate form, adds considerable com
plexity to the energy balance. 

The purpose of this paper is to 
diagnose the transformations of energy 
which occur using an inviscid three
dimensional (3-D) numerical model of 
warm cloud formation. This diagnosis 
serves two purposes. First, we can 
assess the model's ability to conserve 
energy (and determine reasons for non
conservation). And second, we can 
observe the energy transformations with 
time for the purpose of better under
standing the dynamic and thermodynamic 
changes resulting from a simple phase 
change. 

In the following sections we first 
provide a brief description of the 
model. Second we describe the energy 
diagnosis package. And finally, we 
assess the energy diagnosis of a simple 
cloud simulation and its implications. 

II. The Model 

Our model is described in detail in 
Tag and Rosmond (1980). Briefly, the 
model is 3-D and anelastic, and the 
primary model equations (except for 
moisture) are derived in perturbation 
flux form. Coriolis force is neglected, 
there is no radiation, and the fluid is 
assumed to be inviscid (the energetics 
of a cloud simulation which includes 
subgrid turbulent mixing will be 
included in the paper's presentation.) 
In addition, although both vapor and 
liquid water can exist, precipitation 
is excluded. Although the momentum and 
thermodynamic equations are handled in 
the usual Eulerian fashion, phase 
changes and the advection of the mois
ture variables (mixing ratio of vapor 
and liquid) are handled in a Lagrangian 
manner. This latter procedure was 
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developed by Murray (1970) for his two
dimensional (2-D) cloud simulations. 
Murray concluded that this approach was 
conceptually more straightforward for 
phase changes, which occur in a highly 
implicit way. To ensure water conser
vation, the water conservation scheme 
developed by Murray (1974) is used (see 
Tag and Rosmond, 1980). And finally, 
scheme C of Arakawa and Lamb (Chang, 
1977) is used to define the grid 
staggering. 

For the following cloud simulation 
we use a course 8x8x8 grid domain with 
periodic boundaries, with tx=ty=600 m 
and tz=50 m. Because the purpose of 
this simulation is not to produce a 
detailed picture of a realistic cloud, 
the grid spacing is unimportant; in 
fact, all of the initial conditions to 
follow are quite artificial. It is our 
belief, however, that this artificiality 
will not adversely affect the important 
conservation aspects, or the validity 
of the relative energy comparisons, in 
this cloud simulation. 

To initiate the cloud we chose a 
moisture perturbation distributed over 
four grid points (planar view), two by 
two, in the center of the domain. This 
perturbation is also two grid points in 
depth, with the lower point at grid 
point two (50 m). The surface tempera
ture is set to 290 K; the lapse rate 
ae/az is equal to 1.0 K km-1. And to 
ensure cloud formation without immediate 
evaporation because of resolved mixing 
with the environment, relative humidity 
is set to 100.1% in the perturbation 
and to 95% elsewhere. We terminated 
the experiment at 25 min, at which time 
the updraft was approaching the upper 
boundary of the domain. 

III. Energy Diagnosis 

To assess energy conservation in 
the model domain, we compute the various 
forms of energy, as derived and defined 
by Murray and Koenig (1975a): 

Kinetic energy (KE) = 

pD(l+rv) (u 2+v 2+w 2 )/2 

Potential energy (PE) = 

pD(l+r +r )gz 
V C 

(1) 



Thermal enthalpy, air (TEA) = 

pDCPT 

Thermal enthalpy, vapor (TEV) = 

p0 rvcpvT (1) 

Thermal enthalpy, liquid (TEL) = 

pDrcCwT 

Latent enthalpy (LE) = p0 L'rv' 

where p
0 

is the dry air density; rv and 
re the respective mixing ratios of 
water vapor and liquid; Cp, Cpv, ~w.the 
respective constant pressure specific 
heats of dry air, water vapor, and 
liquid water; the other symbols having 
their customary definitions. Murray 
and Koenig used PD in place of PD i~ 
TEA, TEV, TEL, and LE. Because varia
tions in density can be of the same 
order as those for temperature, the 
change to actual dry air density was 
found to be necessary. In addition, 
Murray and Koenig used the latent h~at 
of vaporization Lin LE above. During 
the course of this experimentation, 
however, we discovered that the constant 
which is necessary to calculate latent 
enthalpy is not, in fact, the latent 
heat of vaporization. It is, instead, 
an alternate value (defined as L') 
which is approximately 27% larger than 
L. The reasoning behind, as well as a 
derivation supporting, this change can 
be found in Tag (1980). Murray and 
Koenig (1975b) used the energy formula
tions (1) in a realistic 2-D cloud 
simulation in which they emphasized the 
various fluxes of energy about the 
domain. 

We perform a perturbation expansion 
of (1), where all variables are broken 
into a base state (f{z) only) and a 
perturbation quantity. Because the 
mean energy in the model domain is 
quite large, only an analysis of the 
total perturbation energy can accurately 
determine whether the model conserves 
energy. 

Except for p 1

0 , all of the quanti
ties in (1) are easily determined from 
the model equations. The diagnosis of 
p'D requires considerable care to ensure 
a correct perturbation energy assess
ment. Two points are worthy of note: 
1) it is not sufficient to logarith
mically differentiate and linearize the 
equation of state to arrive at p'D and 
2) moisture must be included in deter
mining P'D• See Tag and Rosmond (1980) 
for a complete derivation. 

IV. Cloud Simulation 

In terms of energetics, the mois
ture perturbation described previously 
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consists, approximately, of 85% LE' and 
15% TEV', with a negligible contribution 
due to PE'. This combination contrasts 
with the mean atmospheric composition 
of 0.6% PE, 87.7% TEA, 1.7% TEV, and 
10.0% LE (both KE and TEL are zero). 
Not surprisingly, TEA is by far the 
dominant contributor in the mean 
atmosphere. Our perturbation adds only 
0.01% to the total energy in the 
domain. 1 

The cloud and vertical velocities 
generated by the moisture perturbation 
are small, owing to the fairly stable 
environment and to the limitation of 
the domain's vertical extent. A maxi
mum liquid water content (LWC) of 
0.087 g kg-1 and a maximum vertical _ 1 
velocity (occurs in-cloud) of ?,22,m s 
are achieved at 25 min. At this time 
the cloud is growing vigorously and 
produces a maximum temperature ~erturba
tion of 0.16 K due to condensation. 

The conversion of LE' (85.22% of 
total) and TEV' (14.76% of total) into 
the other energy forms provides the 
stimulus for generating the model cloud. 
Note that there is no contribution due 
to KE' and TEL', and an insignificant 
contribution due to PE' at the start of 
the model run. Qualitatively, we might 
expect the following: 1) an increase in 
the sensible heat of the dry air (TEA') 
because of condensation, 2) creation of 
TEL' and a decrease in LE' as water 
condenses, 3) either an increase or 
decrease in TEV' because of the compe
ting effects of vapor decrease and 
temperature increase, and 4) an increase 
in KE' from zero as circulations are 
produced within the domain. 

All of the above changes are 
observed in the model simulation, with 
TEV' indicating a slight decrease 

1Note that the absolute values (both 
mean and perturbation) of energy that 
we compute for TEA, TEV, and TEL are, 
in fact, fictitious. A correct deter
mination of enthalpy should be based 
on an integration of the specific heat 
times the change in temperature from 
o K to the temperature in question. 
This integration is complicated because 
specific heats do not remain constant 
to absolute zero. For this reason a 
more realistic determination of enthalpy 
would be based on a temperature range 
(T-T) through which the specific heats 
can ~ealistically be assumed constant. 
For comparison and conservation pur
poses, however, this addi~ional complex
ity is unnecessary. We will assume 
that To=0 K. Additional discussion is 
given in Tag (1980). 



(14.76 to 12.19%). Since TEV' decreases 
only slightly, the energy conversions 
result mainly from LE' which decreases 
from its initial 85.22% of the total to 
69.35% at 25 min. These decreases go 
mostly into warming the dry air (12.47% 
for TEA'), with a lesser amount going 
to TEL' (5.91%). PE' contains only 
0.07% of the perturbation at time zero 
and decreases almost imperceptibly 
thereafter. KE' does, of course, 
increase from its initial zero value, 
but can claim a mere 0.02% of the total 
perturbation energy at 25 min. We see 
that much more energy lies unharnessed 
in other forms. A time plot of all 
perturbation energies is given in 
Fig. 1. Note the apparent cloud pulsa
tion at 15 min, when some evaporation 
occurs prior to explosive cloud growth. 
Conservation of total perturbation 
energy in this experiment is good, with 
a maximum variation of 2.7% at the end 
of the 25 min run. 

.... 
-c ,-. 
c:, 
I.... 
c:, 

10.0 

ENTHALPY, VAPOR 

....... --... , / 
,,,..- ', I ,"' ,,_,,,, 

I 
I 

/TOTAL CLOUD 
/ CONDENSATE 

I 
I 

I 
I 

0 

~ 1.0 
I 
I 
I -c ,_ 

z: ..... 
c..> = ..... ... 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0.1 , 
I POTENTIAL ENERGY 

KINETIC 
ENERGY 

.01 J-------~--~----.--====. 
0 10 15 10 15 

TIME (mini 

Fig. 1. Cloud simulation. Perturbation energy 
variation as a percentage of total perturbation 
energy. Dashed line represents percentage of 
aloud condensate (based on maximwn value 
achieved at 25 min). Area inside schematic 
aloud illustration is proportional to amount of 
aloud condensate. Shape of schematic aloud 
does not represent model cloud. 
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Recall that a water conservation 
scheme was added to the model. To 
determine the effect of nonconservation, 
we switched off the conservation proce
dure in a second experiment. This 
modification changed an overall domain 
gain of 6.6 kg (with conservation) into 
a loss of l.84xlQ4 kg (without conserva
tion). Although this latter figure 
appears exorbitant, it represents only 
0.016% of the total water mass. In 
terms of total perturbation energy, this 
water loss translates into a 15% energy 
loss. However, KE' changes by only 
0.33%, an insignificant variation. 
Practically, it is in the cloud liquid 
water that we do, in fact, see an 
important modification. Although the 
cloud has approximately the same physi
cal size, total cloud condensate 
decreases by more than 10%. The point 
of this exercise is that a seemingly 
insignificant loss of water (0.016%) 
can produce a significant change in 
total perturbation energy (15%) and 
cloud condensate (10%). 

v. Discussion 

This simulation of the formation of 
a small nonprecipitating warm cloud has 
revealed several useful points regarding 
1) the diagnosis of energy during phase 
change and 2) the relative magnitudes 
of energy forms resulting from a simple 
phase change . 

Regarding the diagnosis of perturba
tion energy, we found that considerable 
care must be taken in assessing the 
perturbation quantities which result 
from a perturbation expansion of (1). 
The most crucial quantity was p'D, the 
perturbation dry air density. We found 
that 1) a logarithmic differentiation, 
followed by linearization, of the 
equation of state is not nearly accurate 
enough to define P'D and 2) the varia
tion of moisture must be included. 

Of the 85% LE' and 15% TEV' which 
resulted from the initiating moisture 
perturbation, approximately 18% was 
converted into other energy forms. 
Nearly all of it went into warming the 
air (TEA') and the generated cloud 
liquid water (TEL'). In comparison, the 
amount converted into kinetic energy 
(KE') was negligible. In a separate 
experiment which neglected the conserva
tion of total water in the domain, a 
seemingly negligible (0.016%) loss of 
water resulted in a 15% loss in total 
perturbation energy and a 10% reduction 
in total cloud condensate. 

This paper has addressed the ener
getics of cloud development generated 
only by condensation. The addition of 
ice with its differing specific heat, 
as well as the additional complication 
of the latent heat of fusion, would 



provide an obvious extention to this 
work. 
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l) Presentation du problerne 

Le problerne de l'interaction entre les pheno
menes dynamiques et radiatifs est un des as
pects fondamentaux des mecanismes atmospheri
ques. Pour des echelles de temps suffisamrrent 
grand:5, c 'est a dire nettement superieures a 
la journee, le rayonnement peut etre consider§ 
canme un facteur exteme qui force l'etat dy
namique et thennodynamique de l'atmosphere. 
Au fur et a mesure que l'on descend dans l'e
chelle de temps le couplage entre le rayonne
ment et les autres processus devient plus 
canplexe et se manifeste particuliererrent par 
l' intermediaire des nuages. Les effets radia
tifs sur une masse nuageuse stationnaire ou 
horizontalement hanogene sont calculables tout 
au rroins en ordre de grandeur. Le problerne 
devient beaucoup plus delicat quand il s'agit 
de nuages non stationnaires dont les fluctua
tions interagissent avec le champ radiatif. 
On tente d'aborder ici cette question par une 
simulation numerique tri-dimensionnelle dans 
le cas de petits cumulus. 

Jusqu'a present les etudes quantitatives 
sur l'interaction entre une couche de nuages 
et le champ radiatif ont ete effectuees dans 
le cas de nuages s.tratiformes ou l'hypothese 
d'hanogeneite horizontale peut etre appliquee 
aussi bien aux processus dynamiques et micro
physiques que radiatifs. C'est egalerrent dans 
ce cas que l'effet radiatif sur l'evolution du 
nuage est le plus important. Le role des flux 
radiatifs dans l'evolution d'une couche de 
stratus est mis en evidence dans un modele 
simple par Lilly (1968). Il est discute et 
approfondi par Deardorff (1976) et simule en 
detail dans un modele tri-dimensionnel par 
Deardorff (1980). D' autres mcdeles, uni-dimen
sionnels, mettent l'accent sur le role du re
froidissement radiatif dans l'equilibre ther
modynamique des nuages stratiformes; on peut 
citer dans cet ordre d'idee le travail de 
Paltridge (1974) et de Fravalo et al. (1980). 

Le role du refroidisserrent radiatif dans 
l'evolution des nuages cumuliformes a ete pres
senti par plusieurs auteurs, aussi bien aux 
petites echelles (initiation de la convection 
des petits cumulus, Sommeria 1976) qu'aux 
grandes echelles (initiation des perturbations 
tropicales, Albrecht et Cox 1975) mais n'a pas 
fait, jusqu'a present, l'objet d'etudes quan
titatives. Le. travail presente iciest un 
premier essai dans ce sens pour le cas de la 
convection nuageuse naissante. Une fonnulation 
schematique mais relativement canplete des 
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flux radiatifs infra-rouge est developpee et 
associee a un modele dynamique tri-dimensionnel. 
L'idee de base est de canparer sur un cas 
precis l'evolution de petits cumulus quand on 
tient compte ou.non de l'effet des gouttelettes 
de nuage sur le champ radiatif. Le resul tat 
trouve ne correspond qu'a un cas particulier 
et a une periode restreinte de comparaison mais 
donne une indication de l'importance de l'effet 
recherche. 

2) Le modele 

Le m:x.'.ele utilise dans cette etude est une 
version legerement amelioree de celui developpe 
par Somneria (1976) en collaboration avec J.W. 
Deardorff. 

Dans le cas present on a choisi des condi
tions typiques de couche limite tropicale non 
perturbee, conformement aux donnees d'une expe
rience faite en 1972 par le National Cent& for 
Atmospheric Research a Porto Rico (Pennell et 
Le!Xbne 1974). Les caracteristiques dynamiques 
correspondant ace cas d'etude font l'objet 
d 'un article recent par Saraneria et Le.Mone 
(1978). 

L'objectif etait de realiser un schema de 
calcul des flux radiatifs qui prenne en compte 
de fa~on realiste l'heterogeneite du champ 
d'eau liquide. Pratiquement il s'agit aussi 
de maintenir le temps de calcul et l'encombre
ment de la merroire de l'ordinateur dans des 
l.imites raisonnables. Ceci conduit a un cer
tain nanbre d'approximations dont la validite 
a ete evaluee. On a neglige le rayonnerrent 
solaire par rapport au rayonnement infra-rouge 
et les echanges radiatifs lateraux par rapport 
aux §changes verticaux. Par souci d' econanie 
de temps de calcul, on a choisi une fonnulation 
utilisant des emissivites integrees sur tout le 
spectre (cf. Sasarrori 1968), qui prennent en 
compte vapeur d 'eau et gaz carbonique. On a 
modifie les formulatioraoriginales de Sasarrori 
pour tenir compte de l'absorption par le conti
nuum de la vapeur d'eau dans la bande 8-14 µ 
(d' apres Roberts et coll. 1976) . La figure 1 

montre l'importance relative des differents 
types d'absorption dans l'expression du taux 
de refroidissement radiatif, pour les condi
tions de Porto Rico en absence de nuages 
(courbes 2-3-4). La courbe l correspond a un 
calcul de rayonnerrent simplifie (Sorrrneria 1976) 
avec, ici, prise en compte du gaz carbonique 
et de la vapeur d 'eau. Les presents resultats 
ont ete compares a un rrodele multispectral 
("1orcrette 1978) pour la validation. 



Le but de ce travail est d'etudier l'in
fluence sur la dynamique de la couche lirnite 
des inhornogeneites de charrp de rayonnement, 
elles rrerres liees aux heterogeneites du charrp 
d'eau liquide. On utilise done une rnethode 
simplifiee qui consiste a negliger la presence 
du nuage en ce qui conceme les echanges ra
diatifs entre les differents niveaux de l'at
rnosphere et a la prendre en canpte pour le 
calcul des termes preponderants qui correspon
dent aux echanges avec le sol et l 'espace. Le 
nuage est considere carme un corps ~i§1avec 
un coefficient d'absorption K=l20 rn kg . Le 
modele de rayonnement a ete realise en colla
boration avec Y. Fouquart de l 'Universite de 
Lille et ses caracteristiques sont exposees 
dans l 'article Veyre et coll. (1980) . 

3) Essais de simulation 

Le principe des essais de simulation est 
d'etudier, sur un cas particulier representatif 
de la couche lirnite tropicale, la difference de 
cornportement des petits nuages avec ou sans 
effet radiatif des gouttelettes d'eau nuageuse. 

Nous avons fai t deux simulations en paral
lele, l'une ne prenant pas en canpte l'eau 
liquide dans le calcul de rayonnement, l'autre 
la prenant en cornpte. Nous pouvons ainsi iso
ler le role du refroidissement radiatif des 
nuages sur la dynamique du systeme. Il doi t 
jouer sur le terme de condensation (en modi
fiant le rapport de melange saturant) , .sur la 
stabilite dans la rouche nuageuse, et done 
finalernent sur la turbulence dans cette couche. 

La comparaison a eu lieu sur un temps assez 
court (16 mn 40 s, soit 200 pas de temps), en 
partant d'une situation ou la convection n'est 
pas encore tres developpee (pas de temps 600) : 
nuages de faible extension verticale (de 600 a 
1000 m) et se dissipant rapidement (duree de 
l' ordre de 5 minutes). 

La figure 2 permet une comparaison des pro
fils verticaux de contenu en eau liquide pour 
le pas de temps 801. La figure 3 penret d'ap
precier l'evolution ternporelle du contenu rnoyen 
en eau liquide dans le danaine d'integration. 
On peut noter dans l'ensemble l'augmentation 
du contenu moyen en eau liquide quand on tient 
cornpte des nuages dans le calcul du rayonne
ment (la difference est de l'ordre de 10 % sur 
la periode de ccmparaison et atteint 25 % au 
bout de 16 minutes). Dans ce demier cas la 
montee du nuage et sa dissipation sont ralen
ties. 

L'examen des quantites turbul.entes rnontre 
que la plupart d'entre elles sont augmentees 
dans la couche nuageuse: variance des vitesses, 
et done energie cinetique turbulente (jusqu'a 
25 % de difference), variance de la temperature 
potentielle (+ 10 %) • Il ne semble pas y avoir 
de modification sensible du profil de la varian 
cede l'hurnidite. On note des flux verticaux -
plus importants pour l'eau liquide et la vapeur 
d'eau (+ 15 % a la base des nuages) et pour la 
chaleur sensible virtuelle (+ 30 % a 900m), ce 
qui est encore lie a une activite plus intense 
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de la turbulence dans la couche nuageuse. La 
figure 4 resume l'effet des nuages sur le 
tenne de rayonnement, en rnoyenne horizontale. 
Le refroidissement radiatif est maximum vers 
800 m, ou il ya beaucoup de sommets de colon
nes nuageuses et on a un effet d'ecran sous 
les nuages (couche 0-600 m). 

4) Conclusion 

On a defini un modele de rayonnement infra 
rouge prenant en compte taus les absorbants -
importants dans les basses couches (molecules 
et continuum), gaz carbonique, eau liquide. 

Seul le charrp d'eau liquide est pris en 
carrpte d'une maniere detaillee, encore qu'il 
s'agisse d'une rnethode tres simplifiee. Un 
essai a ete effectue pour des conditions meteo 
rologiques particulieres. Dans notre cas, le -
refroidissement radiatif des nuages a favorise 
leur developpement, puisqu'on a constate que 
la couverture nuageuse et le contenu en eau 
liquide ant ete augmentes, que les nuages se 
sont maintenus plus longternps. On a egalement 
note une augmentation des variances, de l'ener 
gie cinetique turbulente, ainsi que des flux -
verticaux turbulents d'eau et de chaleur sensi 
ble. On peut en conclure une augmentation de-
1 'activite turbulente, qui tend a cornpenser 
les pertes et gains d'energie par evaporation, 
condensation et rayonnement que ce soit au san 
met ou a la base des nuages. A moyen terme, -
on devraitassister a une modification de la 
stabilite thermique rnoyenne dans la couche 
nuageuse. Il resterai t a generaliser ce re -
sultat pour des conditions variees et a even
tuellement le parametrer pour des modeles de 
prevision. 
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A STUDY ON THE FORMATION OF THE 
PRECIPITATION rn CONVECTIVE CLOUD WITH CELLS 

Xu Hua-ying, Li Gui-chen 
Institute of Atmospheric Physics, Academia Sinica 

Beijing, 1'he People's Republic China 

1. Introduction 

Many observational facts show that the up
draft in convective cloud is not uniform. 
Vulfson"J pointed out thi>t in convective cloud 
there are a great deal of cells of different 
sizes, the updraft in cells is almost larger 
than that outside the cells. The diameter of 
cells is about ten meters to several hundreds 
meters, the average is one hundred meters. The 
observations of Huang Mei-yuanl 2 J indicated that 
the liquid water content was fluctuated in cu
mulus as well as updraft, the larger liquid 
water content often corresponds to stronger up
draft. 

Therefore we could consider that the con
vective cloud consists of a great deal of cells 
in different scales, and that liquid water con
tent and the speed of updraft in cloud cells 
are larger than those in their environment. 

The formation of precipitation in convec
tive clouds with cells has been studied by 
several authors, and the fluctuation of updraft 
in the cloud has been considered by Xu Hua-ying 
and Gu Zhen-chao (3 .

4 J for calculating the for
mation of precipitation. 

In this paper we investigate the formation 
of precipitation under the condition of simul
taneous fluctuations of updraft and liquid 
water content. 

2, 1'he model 

We supDose that the convective cloud con
sists of a great deal of cells of different 
scales, they distribute at random, the water 
content and speed of updraft in cloud cells 
are larger than that in their environment, and 
their values depend on the size of cell L. 
The cell moves upwards with the speed of the 
updraft in it. In the cloud outside the cells 
the liquid water content and updraft are uni
form. During the cloud development the cells 
are forming continuously from cloud base and 
moving upwards in the cloud. The cloud gra
dually develops with the uprising of cells, 

In the convective cloud the large drops or 
ice pellets grow up to form raindrops or hail
stones through coalescence. Because a cloud 
consists of a great deal of cells of different 
intensity, the embryoes descending frQ!Tl a cer
tain level in cloud meet several cells of va
rious size at random, In spite of the embryoes 
of precipitation forming from the same height 
and the same size originally, the embryoes of 
precipitation will grow up to different size at 
cloud base, for they meet different numbers and 
various sizes of cells. 1'herefore we could ob
tain different size of raindrops or hailstones 
with certain density, some of which could grow 
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even larger, 

J. The equation 

The increment of radius of particle by coa
lescence whengett:ing through a cloud cell with 
size Lis 

(1) 

where E is an effective average value of collec
tion efficiency for the droplet population, q 
is the liquid water content in the cloud cell 
with size L , fl is the density of precipitation 
particles. 

It can be seen_from equation (1) that the 
increment of radius of particle passing through 
a cell with size L depends on the character of 
cell only, but it is independent of the size of 
particle falling into the cell. Consequently, 
the growth of particle which stochastically 
passed through several cells with different 
size can be easily expressed in mathematics. 

In order to investigate the formation of 
precipitation, one must consider not only the 
growth rate of particles but also the path of 
particle in the cloud. Therefore, we discuss 
the displacement of particle in the cloud. 

The distance needed for a particle passing 
through a cell of size L to gain a increment 
LiRL is 

(2) 

where WL is the updraft in the cell with size 
L, and V(R) is the terminal fall speed of 
precipitation particles, 

For the rest of the cloud, we have 

/:::.Z = __il.._ ( Li~ - W t+4R dR ) ' 
Ei R V(/<) 

(J) 

where q and Ware the average liquid water con
tent and updraft in the rest of the cloud. 

The relationship of the change of height 
for particle passing through the cloud inside 
and outside the cell with equal increment of 
particle radius ( L:iR = ti Re ) is 

w. Wt 9 z L:izt=C,-w)L+w·Tc•ti , (4) 

if ~L = f = f3L and /3t - I = Y' L • 

t.hen DZL= t:,Z- (/3t-') L = .t:.Z-rL1 
• (5) 

Because the liquid water content and updraft 
in the c~lls are larger than those in the rest 
of the cloud, namely, 



~L > 1 or r > O, 

so that 

Therefore the change of height for particle 
which passed through the cloud in the cell is 
small than which pPssed through the cloud out
side the cells, and the deviation depends on 
the character of cell only, 

Hence, the relationship between the height 
H, from which a particle passing through a con
vective cell with size L, falls down to the 
cloud base and the displacement Z, required 
for same increment of the perticle radius in 
cloud without cells is 

( 6) 

we call Z the pseudo-height, it depends only 
on L, It can be seen from equation (6) that in 
the cloud with cells the height of cloud is in
creased, 

We asswne that the spectrwn of cells with 
size L through which the particle swept is 

( 7) 

Therefore the spectrwn of pseudo-height for 
the particle which passed through one cell is 

g(Z)=N(L) ~~ =N(L) / 2rL (8) 

If ye; 11 
, then the spectrum of y is 

(9) 

The spectrum of y for the particle which 
passed through a cell is denoted by f 1 (y), it 
is equal to f (y), f,(y) is the spectrum of y 
for the particle which passed through two cells 
and fn(y) is the spectrum of y for the particle 
which passed through n cells, which can be 
written as follows 

t (y )=ff •. ,(.Y- ~) f. ( ~) d; =(2~:: )/ .Y(2n-l) e-b:)'. (10) 

Therefore the spectrum of pseudo-height for 
the particle which passed through n cells is 

g ( Z ) = fn ( y) / r 
n 

b = (_1t)2n __ 1_ ( Z-H t•-•J e-F{Z-H) 
r t2n-l)/ , (11) 

The sweeping volume VLof the particle 
fallen down to the cloud base from the height 
H is 

,r 2 ( ) 2 3 VL = 4 L H + W1, t = cL + dl; (12) 

where tis the average time for the particles 
passing from height H to the base of the cloud, 
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hance the number of cells in unit volwne of 
cloud is 

m(L)= N(L)/ V(L) • (13) 

According to the spectrum of m(L) the para
meter b could be expressed by the predominant 
diameter (L .. ) 

b= 
C 

2 l."n ( C + d L.n ) 
(14) 

The number of cells, through which the par
ticle passed, can be expressed by Poisson dis
tribution 

(15) 

where N is the average number of cells swepted. 

The probabitity of pseudo-height Z for the 
particle which passed through all of different 
number of cells 

P(Z) = f p g" (Z) • 
,1:1 " 

(16) 

For a given pseudo-height the radius of par
ticle on the cloud base can be obtain by calcu
lation, it can be written as 

G(R) = P(Z) ~~ , (17) 

for the spectra of particles. 

We assume that at the height H there are 
precipitation embryoes with the radius Ro, that 
the number of embryoes per unit volume is no, 
and that V. is its terminal fall speed. On the 
cloud base these embryoes grow up by coalesce.nee 
to form precipitation particle with terminal 
fall speed V(R), the spectrum of precipitation 
particles in a unit volume which descends 'from 
cloud base is 

<.pCR>= G(R) :•c~> (18) 

The results of calculation 

For the first we calculate the formation of 
rain. In that case the embryoes and the preci
pitation particles are water drops. In the cal
culation we assume the radius of the embryoes is 
100 ).Jm and its concentration is 100 m3 • Its 
terminal velocities can be expressed as 

V(R)::;K,R for lOO,,UmfR'-500,Um, 
V(R)= KaR~ for R? 500,,um, 

where K,= 8000 , Kr= 200 for M.G.S, 

The liquid water content and updraft in the 
cloud outside the cells are 1 g/m3 and 0.5 m/sec 
respectively, the thickness of cloud is 3,6 km 
and the character of the cells can be expressed 
by the concentration of cells M= 106m-3, the pre
dominant size of cells Ln=- 70 m, and the liquid 
water content and updraft in cells are larger 
than that outside the cells, expressed by the 



parameter r= 0.01 ni' 

It found that the radius of precipitation 
particles have grown up to 1100-JOOO ,Mm on the 
cloud base, the predominant radius is 1800 ,Mm 

and the concentration of all particles on the 
cloud base is 10m3

• This is in accord with 
the concentration of rain drops by field obser
vations. 

If the drops in the cloud without cells 
(in which the liquid water content and updraft 
are the same as the average value in cloud 
with cells) grow up to 1800.Mm, it is necessary 
that the cloud thickness be 5,4 km. In this 
cloud only when the thickness is larger than 
9,4 km the drops of 3000 pm could be produced 
and in the cloud with thickness J.6 km the 
radius of drop grow up only to 1200 .,«m, 

We calculated the spectra of rain drops for 
t",he embryoes descendir,gfrom different height H, 
t.be result.a are drown in figure 1. 
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Fig,l. The raindrops spectra produced from 
the cloud with cells. 
1 - H = JOOO m, 2 - 2000 m, J - 1000 m. 

Next we calculate the formation of hail
stones, in this cases the embryoes of hail
stones are ice pellets. We assume that the 
radius of ice embryoes are 1 mm and its con
centration is 10 rri3

• Its terminal falling 
speed can be written as 

,-----
V(R) = J !i~: (22) 

where P. (=0.9 10
6 

g/m3 ) is the density of hail
stones, Cp(=0.5) is the drag coefficient and P"-

is the density of air, the liquid water con
tent and updraft are 2 g/m3 and 5 m/sec, the 
thickness of cloud is 4,5 km, the character 
of cell is the same as in the former. It can 
be shown that the radius of hailstones on the 
cloud base are grown up to 0.52-1.29 cm, the 
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Fig,2. 
The hailstones 

spectrum produced 
from the cloud 
with cells, 
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predominant raaius is 0,85 cm, and the concen
tration of the hailstones on the cloud base is 
0.1 m·3

• The hailstones specti:um is shown in 
figure 2, 

If the ice pellets in the cloud without 
cells (in which the liquid water content and 
updraft is set equal to the average value in 
cloud with cells) grow up to 0.85 cm, it is 
necessary that a cloud thickness be 6.1 km, the 
hailstone of 1.29 cm could grow up only in 
cloud with thick!].ess larger than 11 km. 

Therefore in the shallow convective cloud 
with cells the precipitation particles and hail
stones can occur larger than in clouds without 
cells if other things being equal. 

5. The relationship between the formation of 
precipitation and characteristics of cloud 
cells 

The characteristics of cells could be ex
pressed by the intensity of f'luctuation ( r ) , 
the predominant size of cells (Ln.) and the con
centration of cells (m). In figure J and 4 ex
press the influence of the fluctuation inten
sity (r) on the formation of precipitation • 
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Fig,J, The influence of fluctuation intensity 
on spectrum of raindrops fallen out of 
the cloud base. 
1 - r = 0.01, 2 - r = 0,02 , 
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Fig,4, Some as Fig.J except for hailstones. 

In figure 5 and 6 the influence of the 
number of cells in unit volwne (M) on precipi
tation is expressed. 
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cloud cells on spectrum of raindrops 
fallen out of the cloud base. 

6 -6 -3 - -3 
1 - M = 10 m , 2 - M = O. 7)(10 m. 

--~ ,01 C 

~ 

~ 
,_. 

tii::: 
'-' 

~ 

10• 

o.so 1.00 I.SO 

R (Cm) 

Fig.6. Some as Fig,5 except for hailstones. 

In figure 7 the influence of the predomi
nant size of cells (Ln) on precipitation is 
expressed, 
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Fig,?, The influence of the dimension of cloud 
cells on spectrumofraindrops fallen out 
of the cloud base. 

1 - L,. = 70 m , 2 - L,.= 80 m 

In a word the larger the values of r, M, Ln 
the more favourable the conditions for the 
formation of precipitation will be, This result 
is in good agreement with the field observation 
that intense precipitation is usually released 
from the convective cloud with stronger fluc
tuation or turbulence, 
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6. Su.mrnary 

A model of particle growth in stochactic 
process in the cloud has been proposed based 
on the observed structure of convective· cloud, 
the conclusion of calculation are as follows: 

(1) The rainfall or hailfall could be 
produced in shallow cloud, The result also 
provides some basis for field work of artifi
cial rainfall, for instance, rainfall could be 
expected after adequate quantity of larger 
waterdrops are sprayed to cloud with cells 
structure even if the cloud is not thick. 

(2) The concentration of precipitation 
particles and hailstones obtained by these cal
culations in accordance with field observations. 
So that we found that our model in realistic, 

(1) 

(2) 

(3) 
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DROP-SIZE DISTRIBUTIONS AND VERTICAL AIR MOTIONS IN A THUNDERSTORM 
AS INFERRED FROM DOPPLER RADAR OBSERVATIONS AT VERTICAL INCIDENCE 

P. Amayenc and D. Hauser 

Centre de Recherches en Physique de l'Environnement 
Issy les Moulineaux FRANCE 

l • INTRODUCTION 

th On July 18 1978, the two C-band doppler 
radars of the RONSARD system (A= 5.3 cm, peak 
power 250 kw, one way beamwidth 0.9°) were in
volved in an experiment aimed at studying con
vective storms near Zurich (Switzerland) and 
were situated. 30 km apart. The present study 
deals with data gathered during about half an 
hour, between 1640 and 1810 UT, by means of the 
two radars in a moderately convective storm mo
ving over radar R2, along the radars baseline 
from R2 towards Rl. One of the radars (R2) ope
rated vertical incidence soundings (VIS) se
quences while the other one (Rl) performed til
ted scans within a space volume including the 
vertical sounding zone of the R2 radar. The 
nearest meteorological radiosounding at 14 UT 
(20 km away from the radars) indicates convec
tive instability conditions between 2.5 and 
8 km, with the 0°C isotherm level at 3.2 km and 
the -10°C isotherm level at 5 km. The R2 radar 
performed 7 successive VIS sequences of 135 s 
each which have been located within the general 
structure of the storm provided by the Rl radar 
data (Part 2). The purpose of this paper is to 
present some results concerning the drop-size 
distributions (for diameter greater than 
JOO µm) and the vertical air motions inferred 
from the VIS data by using a method described 
in part 3. The main features of their observed 
structures and these of the associated global 
parameters .g. (total reflectivity factor), M 
(rain water content) and R (rainfall rate) are 
presented and discussed in part 4, including 
a study of some classical relationships between 
%, M, Rand the width of the DSD. 

2. GENERAL STRUCTURE AND MOTION OF THE STORM 

Data of radar Rl provide the general struc
ture and motion of the storm. The precipitating 
zone extends horizontally over a space area of 
about 20 x 20 km and vertically up to about 
8 km. The analysis of the horizontal motion of 
the reflectivity factor patterns indicates that 
the storm is advected at a velocity of about 
20 m s-l along the baseline of the radars. Fi
gure 1 shows the% structure from RI in the 
vertical plane including the radar baseline. A 
great variability is observed in the intensity 
and vertical extent of the structure of -i3-, re
vealing the existence of different subcells. 
The successive parts of the storm which were 
observed during the seven VIS (Tl to T7) of the 
radar R2 are also indicated in that figure. 

In figure 2 is shown the small scale structure 
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of% in a height time representation for each 
of the seven VIS's corresponding to an analysis 
of the storm over an horizontal extent of about 
2 km (taking into account the advection speed). 
A good agreement was found between the mean al
titude profiles of% obtained from i) Rl data 
averaged over horizontal space in the zone re
lative to a given VIS ii) the time averaged R2 
data corresponding to the same VIS. This indi
cates that the observed internal structure of 
the storm is advected without noticeable de
formation. 

3. VIS DATA ACQUISITION AND PROCESSING 

The general characteristics of the RONSARD 
radars can be found elsewhere (NUTTEN et al., 
1979). Those relative to VIS were : PRF = 732 ~, 
velocity span 19.6 m s-1, velocity spectral re
solution: 0.32 m s- 1, range gate length (spa
cing) 200 m (400 m), simultaneous data acquisi
tion in 4 range gates within 88 ms. A unit scan 
covered the altitude range 0.8 km (minimum ob
servation range) to 10.2 km or 1 km to 10.4 km, 
performing data acquisition in 24 range gates 
during 0.53 s. Each VIS sequence, operated du
ring 135 s corresponding to 256 samples in each 
range gate. An off line program (see HAUSER and 
AMAYENC 1980, for details) was applied to the 
tape recorded complex time series (64 points) 
in order to determine the doppler spectra, and 
the doppler parameters -i3- (total reflectivity 
factor), VD (mean doppler velocity) and cr 
(doppler velocity standard deviation). Finally, 
in each range gate, the average values of these 
quantities were calculated, for stationary data, 
within 8 s periods (corresponding to a 25 % 
statistical fluctuation). Figure 3 illustrates 
the time-height structure of%, VD and cr rela
tive to the first VIS sequence. For this sequen
ce as for the following ones, no bright band 
effect appears, which could reveal a clear par
tition between ice crystals and raindrops re
gions. The absence of large values of cr 
(> 2 m s-1) excludes the presence of hail (no 
hail was observed at ground level) and indica
tes no strong effect of spectral broadening due 
to turbulence. In fact, the values of cr are ty
pical of those of raindrops spectra (0.6 to 
1.5 m s-1). Local moderate turbulent broadening 
of the spectra is not excluded but has been ne
glected. Consequently, the doppler spectra were 
assumed to result essentially from the fall ve
locity spread of raindrops with a global shift 
due to the vertical air motion. The method used 
to infer the drop-size distributions (DSD) and 



the vertical air velocity w from the doppler 
spectra has been suggested by ATLAS et al (1973) 
but, as far as we know, it has never been used, 
It consists in determining the mean fall velo
city VT of raindrops by using an empirical 
VT - -r relationship proposed by JOSS and 
WALDVOGEL (1970) : 

(1) VT= 2,6 -¥:;O, 107 (-¥:; in nnn6 m-3 , VT in m s- 1) 

This relationship established from ground DSD's 
measurements can be extended to any altitude by 
using an appropriate correction for air density 
decrease (FOOTE and DU TOIT, 1969) and allows 
to determine w from VD and -r values : 

(2) w = VD - VT (all velocities negative upward) 

The drop-size distribution N(D) in each diame
ter interval (D, D + dD) is then calculated 
classically from: 

-6 
(3) N(D) = D z(vT) dvT/dD with vT = vD - w 

where z (vT) dvT is the measured reflectivity 
factor in the spectral velocity interval (vT, 
vT + dvT) and VD is the doppler velocity. In 
expression (3) the fall velocity-diameter depen
dance vT(D) at ground level has been taken from 
the analytical expression given by ATLAS et al 
(1973) representing the data of GUNN and KINZER 
(1948) within: 2 %. This approach avoids any 
assumption on the form of the DSD which may wi
dely vary in convective situations. However, 
each calculated DSD was characterized by deter
mining the two classical N0 and A parameters of 
the exponential distribution N(D) = N

0 
exp(-AD), 

which best represents the actual one. For each 
distribution the values of the parameters D

0 
(median volume diameter) Rand M were calculated, 

4. RESULTS AND DISCUSSION 

4.1 Drop size distributions and vertical 
air motions 

From the study of the seven VIS sequences 
some general features were deduced, They are 
analysed hereafter with detailed illustration 
(fig. 4) and description for the first VIS se
quence results. The vertical air motion is cha
racterized by a weak downdraft under l 800 m and 
an updraft increasing versus altitude up to 8 
to 10 m s-l in the region of upward mean doppler 
v~locity (see fig. 3). The values of N0 indica
te a large variability (0.1 to JO cm-4) with a 
clear tendancy to increase with height, while 
the values of A varies within a factor of 2, and 
are minimum (A <30 cm- 1) -i.e. the width of the 
DSD's is maximum- in the region of maximum-¥:;, 
The height-time structures of D0 (0. 5 to 2. 3 mm), 
M (0.2 to 0.9 g m-3) and R (I to 25 nnn h- 1) are 
well-organized and related to the reflectivity 
factor pattern with maximum values of all thes.e 
parameters occurring in the same regions. Note 
that R is the rainfall rate calculated using the 
fall velocity of scatterers i.e. excluding the 
effects of the vertical air motions. These gene
ral features remain unchanged from one VIS to 
the other despite the high variability of all 
the parameters. Moreover, the more intense up
drafts are observed during sequences evidencing 
the highest-¥:; values (VIS sequences Tl and T6). 

Figure 5 illustrates the time averaged alti
tude profiles of the parameters w, VD, A, D

0
, M,-¥:; 

for the first VIS, A balance level, correspon-
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ding to the level VD= 0 as defined by ATLAS 
(1966) clearly occurs near an altitude of 
4.8 km. It is located slightly under the level 
of maximum updraft (5.6 km) in agreement with 
ATLAS' analysis. An increase in the rain water 
content Mis observed from the top of the cloud 
down to a maximum located under the balance 
level (3.6 km). In the same region there is a 
progressive increase in the DSD's width (increa
se in D0 in decrease of A) with no particular 
feature when crossing the balance level. The 
same characteristics are observed for other VIS 
when a balance level exists (T2 and T6). The va
lue of M decreases abruptly by a factor 2 from 
its maximum and then becomes almost constant in 
the lower altitude region (under 3 km) even 
though the DSD's exhibit a clear narrowing which 
could be related to the weak downdraft zone. 

The actual shape of the DSD's was also stu
died by using a shape parameters, as defined 
by JOSS and GORI (1976) and calculated here 
from median diameters involving the second and 
sixth moments of the DSD. This parameter cha
racterizes the deviation of the shape of the 
DSD from an exponential one for which s = I. A 
value of s greater (smaller) than unity indica
tes a concave (convex) shape of the size dis
tribution on a semi-log plot, The values of s 
relative to the 7 VIS sequences indicate 49 % 
of convex type (s < 0,9), 22 % of exponential 
type (0.9 ~ s ~ 1,1) and 29 % of concave type 
DSD's. No clear organized height time structure 
of s was found in any of the studied VIS. In 
particular the balance level region is not asso
ciated with any local change in the shape of 
the DSD's even though it is generally thought 
tn be a region of particles sorting owing to 
wind divergence effects. This is in agreement 
with the theoretical results of SRIVASTAVA and 
ATLAS (1969). In fig. 5 is also plotted the 
mean height profile of s, showing a majority of 
DSD's of convex type shape (s < 1) except for 
the lower region where a clear transition 
towards exponentially shaped ones is evidenced, 

4 ,2 %- R, -¥:;- M, A-R, N0-R relationships 

Some of the classical relationships between 
%, R, Mand the parameters N0 and A were deter
mined each time adjusting the coefficients a 
and b of a Y = axb law by a least square fit
ting. This method was successively applied to 
the 7 VIS data (limited to data under the 0°C 
isotherm level) showing a small spread in the 
studied relationships. Consequently only the 
mean results over the entire set of data (7 VIS 
or 463 samples) are presented. Table I indicates 
% - R,-¥:; - R* and% - M relationships and the 
correspon1ing values of the determination coef
ficient r . A weak correlation (r2 = 0,64) is 
found between-rand the rainfall rate R* not 
corrected for vertical air motions. Conversely, 
-rand R (corrected for vertical air motion) are 
strongly correlated (r2 = 0.99) as shown on 
fig. 6. This shows that the presence of verti
cal air motions can introduce strong distorsions 
in the relationship between% and the rainfall 
rate. When compared to the -r - R relationship 
of MARSHALL and PALMER (1948) and of SEKHON and 
SRIVASTAVA (1971) the differences for Rare 
within a range of 40 % for the 20-45 dln3- range 
of%. The parameters% and Mare also highly 
correlated (r2 = 0.97) and the value 1.91 of 
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Fig. I : Cross section of the reflectivity factor in the vertical plane inclu
ding the radar baseline (R1-R2) as inferred from 2 sequences (starting at 1646 
and 1658 UT) of radar Rl, scanning at increasing elevation angles. The regions 
Tl to T?, drawn by taking into account the storm's adveation, correspond to 
those sampled by radar R2 at vertical incidence. 

the exponent of Mis in agreement with the ob-
servation of a majority of convex distributions 
since a value of 2 is expected for monodisperse 
distributions and a value of 1.75 for exponen
tially shaped ones. No correlation is found 
between N0 and R. The direct\ - R relationship 
is characterized by a smaller determination 
coefficient (r2 = 0.85) expected to result from 
the observed variability of N0 , as suggested by 
ULBRICH and ATLAS (1978). In order to take this 
N0 variability into account, a\ - R/N 0 rela
tionship was sought, and the result indicates a 
better determination coefficient (r2 = 0.96). 
Furthermore the substitution of the MARSHALL 
and PALMER (1948) N0 value in the\ - R/N0 ex
pression leads to\= 39 R-0, 20, which is very 
close to the expression\= 41 R-0, 2 l obtained 
by the latter authors. This means that the ob
tained relationship between\ and the reduced 
parameter R/N0 is implicitly in agreement with 
the M-P one. However, the value of N0 must be 
known in order to relate uniquely .the width of 
the DSD to the corresponding rainfall rate. 
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Fig. 2 : Height-time patterns of -3- as inferred
from the? vertical incidence soundings of ra
dar R2 (135 s duration each, starting times in
dicated by arrows). These patterns are obtained 
from data averaged over 8 sea periods in each 
range gate. Dashed lines indicate the limit of 
observations. 
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Fig. 3 : Height-time patterns of the reflecti
vity factor%, mean doppler velocity Vv (nega
tive upward), and doppler velocity standard 
deviation a, for the first VIS sequence Tl 
(164630 to 164845 UT). Same representation as 
in fig. 2. 
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A JOINT NUMERICAL AND OBSERVATIONAL STUDY OF CUMULONIMBUS CLOUDS 

D.A.Bennetts and F.Rawlins 

Meteorological Office, Bracknell, U.K. 

l Introduction 

In order to investigate the interaction of 
cloud microphysics and dynamics a three dimen
sional numerical model of a cumulonimbus cloud 
has been developed. This is based on the 
non-hydrostatic, pressure co-ordinate model of 
Miller and Pearce (1974), with a grid resolu
tion of l km x l km x 50 mb, and has been 
extended to include a parametrization of the 
ice phase. 

Numerical results are compared with atmos
pheric data obtained from aircraft measure
ments over the sea in the region of the U.K. 
This allows an identification and adjustment 
of certain model parameters to give the best 
agreement with observations. Particular cases 
requiring further modification to reproduce 
observed behaviour can then be examined 
individually. 

2 Moist parametrization 

The water phase representation follows 
Kessler (1969) and includes water vapour (q), 
cloud water (l) and rain (1) mixing ratios as 
model variables. The procetses described are: 
autoconversion of cloud water to rain, 
accretion of cloud water by rain and the evap
oration of rain. Supersaturated water vapour 
is assumed to be instantly condensed. 

The ice phase parametrization is similar to 
that of Wisner, Orville and Meyers (1972) and 
requires the bulk variables: hail (assumed to 
be all ice particles with radii greater than 
300 fm) and three size classes of cloud ice in 
the ranges 0-100, 100-200, 200-300 ?m radius. 
The ice phase is initiated by the activation 
of ice nuclei, assumed to be already in super
cooled cloud dr~~s, with the Fletcher (1962) 
expression N=lO exp(-006T) for the number 
activated per m3 where TC is the temperature. 
The cloud drops are considered to be distrib
uted as in Mossop, Cottis and Bartlett (1972). 

Ice phase calculations provide for the 
accretion of cloud water by hail, the freezing 
of rain by accretion of cloud ice, .the accre
tion of cloud water by cloud ice, the melting 
of hail, the sublimation of water vapour by 
ice particles and the resultant transfer bet
ween the ice size classes. Contact nucleation 
and ice crystal multiplication processes are 
not included. 

3 Route of precipitation 

The present scheme allows two routes by 
which precipitation can form: namely cloud 
w~ter-rain-hail and cloud 
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water-cloud ice-hail. Preliminary integrations 
with an average mid-latitude sounding were 
performed in order to investigate the effect of 
the two routes. It was found that, for realis
tic ice nuclei activation rates, the route was 
predominantly controlled by the parameter oc 
and lcrit in the autoconversion expression 

dlr 

dt 
= 

\ 0((1-1 cri t) 

Lo 
1 ) 

1 ~ 
1 't cri 
lcrit 

The cloud water-rain-hail route was favoured 
in a typical mid-latitude cloud if lcri t was 
small ( or o( large) • Then rain formed low and 
early in the clouds' lifetime leaving little 
cloud water to produce cloud ice or hail. The 
ground rainfall quickly decayed after reaching 
a quasi-steady maximum rate. 

The cloud water-cloud ice-hail route was 
favoured if lcri t was large ( or or; small). 
This inhibited rain production and the precip
itation occurred later in the clouds' lifetime. 
It was of longer duration but less intensive. 

le , t is mainly a function of the cloud con
densrtion nuclei spectrum and updraught ~peed; 
a one-dimensional model indicated that its 
value should lie in the range 2.0 to 2.5 gm/kg 
for a wide variety of spectra in a typical 
maritime mid-latitude airmass. In physical 
terms it is closely related to the 'height of 
first echo 1 • 

4 Measurements 

The Met Research Flight Cl30 aircraft was 
used to obtain simultaneous visual and radar 
images throughout the chosen clouds' lifetime. 
The aircraft ~as flown in a racetrack figure 
with photographs being taken from a forward 
facing camera. The E290 X band radar scans 
180° ahead of the aircraft and was elevated and 

0 0 
depressed from +15 to -15 to enable a com-
plete coverage of an area approximately 60x60km 
by 10 km deep. 

The photographs allowed the rate of rise of 
cloud top to be determined and the radar out
lined the regions of precipitation, with a 
threshold estimated to be about¾ mm/hr. A 
profile of thermodynamic measurements was made 
in the surrounding clear air and was supple
mented with nearby radiosonde ascents to provide 
the initial sounding for the model. 

Two such flights have been analysed: Hl82, 
16th February 1977 and H320, 9th March 1979, 
both off the north west coast of Scotland. Two 
neighbouring but separate clouds were measured 
in the former flight; one a small single celled 
cloud and the other a large multicell cumulo-



nimbus. 

5 Parameter 'tuning' 

The small cloud in Hl82 was used to deter
mine those parameters not fully constrained 
theoretically. The vertical diffusion coe
fficient in the dynamical calculations was 
found from the rate of rise of cloud top. 
This cloud was observed early in its life
cycle and to account for the first echo height 
1 . was required to be 2.0 gm/kg. In order 
t'if1>tst reproduce the distribution and dura
tion of the pr1cipitation a value of 
0(.. =0.00025 s - was used. The ice nuclei 

spectrum was found to play a secondary role, 
providing that realistic values were specified. 

These adjustments produce a self-consistent 
framework which have sufficed for the limited 
range of clouds studied. Any large dispari
ties from observations found in the future 
will point to limitations of the parametriz
ation scheme. 

6 -Multicell cloud dynamics 

The Hl82 single cell cloud was simulated 
with the sounding and hodograph given by 
Figure 1, with a surface temperature pertur
bation of 2°C; this gave a maximum cloud top 
at 4 km, as was observed. The Hl82 large 
cloud was initiated with a 2.75°c perturba
tion, allowing agreement with the measured 
cloud top height of 7 km. The numerical 
results led to the following description of 
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Figure 1 Sounding for Hl82 at pressure levels 
of model (5() mb intervals). The circle marks the 
simulated cell velocity in the hodograph 
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Figure 2 As for Figure 1 for case H320. 

dynamical development. 

The updraught, vertical in the early stages, 
had a downshear slope by the time that precip
itation had reached the surface. The down
draught first formed at 700 mb downshear of the 
updraught and progressively extended downwards 
until it reached the surface, when the rainfall 
rate was at its maximum intensity of 25 mm/hr. 
The downdraught provides a frame of reference 
for the cloud since it is relative motion with 
respect to the cell which determines the storm 
evolution. 

On reaching the surface the downdraught 
spread out in all directions, though more rap
idly to the west, with the low level winds 
(relative to the cell). This produced a den
sity current with a temperature deficit of 3°c, 
creating a gust front at the interface with the 
·undisturbed air. This interruption to the 
supply of inflowing moist air caused a separa
tion and weakening of the low level updraught, 
schematically indicated in Figure 3. The gust 
front created a ring of convergence around the 
downdraught with a near stationary region on 
the low level inflow flank i.e. the east. A 
second cell grew in this position, reaching a 
height of 7 km, and eventually supplanting the 
original cell. The rainfall rate and cell 
movement are shown in Figure 4 where the frame 
of reference is fixed and corresponds to the 
storm as a whole. The photographic and radar 
measurements confirm that the position and 
height of the daughter cell were correctly 
reproduced. 
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Figure 3 Schematic diagram of downdraught 
and inflow interaction for HJ.82 cloud. 

29 

E 

Fi§ure 4 Rainfall intensity in mm/hr for 
Hl 2 multicell cloud at time= 61 minutes 
(simulation). The cell tracks are also shown 
relative to the observation frame at times 
given in minutes. 

The H320 storm was also multicellular and 
the hodograph, in Figure 2, was similar to the 
previous case. However the low level moisture 
in the clear air sounding (see Table 2) was 
insufficient to grow a cloud in the model; 
therefore 0.5 gms/kg was added to the two 
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lowest layers for the integration. The cell 
produced was mostly glaciated and the precip
itation route cloud water-cloud ice-hail was 
predominant, with a maximum rainfall rate of 
15 mm/hr. A weaker downdraught was therefore 
created although the early behaviour was 
similar to that of HJ.82 multicell cloud. 

In this simulation the southern segment of 
the inflow branch was maintained - light pre
cipitation fell directly on the northern branch 
due to the upper level winds. Two regions of 
low level convergence at the gust front were 
favoured to form incipient daughter cells on 
the south-west and east flanks. The atmospher
ic observations showed a number of daughter 
cells being formed all round the southern side 
of the main cell, though not being easily 
distinguishable as separate entities. 

7 Discussion 

The main features of both the large multi
celled clouds were accurately reproduced with
out further tuning of the parameters. However 
it is instructive to consider how sensitive 
the numerical results are to these parameters. 

The large cloud on flight HJ.82 was relatively 
insensitive to change. The removal of the 
whole of the ice phase reduced the amount of 
precipitation and resulted in a weaker down
draught. A daughter cell still grew on the 
east flank; however it was weak and only 
attained half the observed height (7 km). Such 
a system can be considered to be strongly 
organised. Its basic structure is invariant 
and only the finer details are affected by 
changes to the parametrized microphysics. 

The H320 multicell simulation displayed a 
greater variation. The location of the second
ary growth varied with parametric changes. 
This cloud can be considered weakly organized. 

Two reasons are advanced for this behaviour. 
For H320 the convection is weak, implying that 
the critical perturbation is a larger fraction 
of the total energy than for HJ.82. (A basic 
assumption of the model is that advective 
processes dominate turbulent transfer.) 
Secondly H320 shows a large directional shear 
beneath cloud base whereas in HJ.82 it was 
unidirectional. This implies that in the 
former cloud the interaction of the gust front 
with the low level winds is strongly dependent 
on height, a feature that is poorly resolved in 
the model. 

8 Conclusions 

The results presented indicate that once a 
matched parametrization scheme has been estab
lished the main features of the numerical 



simulations are robust to small changes in 
that scheme. Furthermore the atmospheric 
observations for this small sample of clouds 
can be reproduced without further parametric 
adjustment. 

The incorporation of the ice phase is import
ant for the accurate description of mid-latit
ude clouds both for the extra latent heat 
released and more importantly in the determina
tion of the relative contributions of the two 
routes to produce hail. This allows accurate 
simulation of the downdraught and the develop
ment of secondary cells. 

With the 'tuned' model it is possible to 
distinguish the different dynamics of the two 
storms ID.82 and H320. The former is strongly 
organized, its basic features being dynamic
ally controlled and the microphysics only 
determining the finer details. The latter 
case is weakly organized with the position of 
the new cell being dependent on the details 
of the microphysical simulation. 
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DYNAMICS AND THERMODYNAMICAL STRUCTURE OF SUPERCELL HAILSTORM 

N.Sh. Bibilashvili, G.S. Bartishvili, 
A.N. Kovalchuk, T.N. Terskova 

HIGH MOUNTAIN GEOPHYSICAL INSTITUTE, 

NALCHIK, u.s.s.a. 
The experimental :re:sults of inves

tigations of dynamics and thermodyna
mical structure of hail clouds based 
on data analysis of radar, serologi
cal and mesoscale networks which were 
made over 1972-1977 on research poly
gon/ North Caucasus/ are given. 

Radar structure of hail clouds 
was investigated by radars with 3,2 
and 10 cm wavelengths according to 
special program, making it possible 
to obtain series of horizontal sec
tions of radar echo zones with 3-5mn 
intervals and altitude spacing of 
1-2 km from the first radar echo ap
pearance of the cloud before its dis
sipation / 1 /. 

Thermodynamical parameters and 
air flow circulation in hail cloud 
region were studied by fre9uent ra
dio-sounding and radar tracing of the 
sound and chaff movement which were 
sent to the cloud development zone 
/ 2 /. Transformation of meteorologi
cal element fields was analyzed on 
the data of surface mesoscale network 
instrumented by meteorological recor
ders / 3, 4 /. 

The information about conditions 
of embryo hail formation and growth 
in studied clouds was obtained on the 
basis of analysis of hailstone crys
tal structure and deuterium concent
ration in water samples of ice bed
ding of hailstones/ 6 /. 

On the basis of common analysis 
of obtained data basic regularities 
and control mechanism of hail cell 
development were found out. The mo
del of space-time evolution of mesa
scale circulation and thermodynamical 
properties of updraft within se-
vere hail cell was created. 

As radar observations showed the 
convective processes in studied re
gion are not differentiated unambigu
ously according to radar echo struc
ture as it is typical for other re
gions of the world/ 5 /. 

In most cases hail clouds have 
multicell structure, sometimes trans
forming into one supercell and vice 
versa. 

Interaction of cloud cells has 
compensative character and causes the 
process of cloud pulse regeneration 
related to formation and strengthe
ning of mesofront, dividing the up
drafts and downdrafts. The duration 
and intensity of pulses increases 
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with development of process from 10 
to 15 mn to 20-JO mn at initial peri-
od for severe hail cells. 

Pulse development of the cloud is 
determined by accumulation of hydrome
teors and is expressed in pulse change 
in time of cloud radar parameters. The 
upper boundary of radar echo and max
imum reflectivity are the most 9uasi
steady parameters, while the volume 
zone of increased reflectivity of the 
supercooled part of the cloud is the 
least stable one. Transformation of 
the structure of the first radar echo 
shows the 9uickness of hail formation 
process. Th~ first radar echo zone 
with '1 = 10- 2. - cm-I/ .A =3,2 cm / is 
formed firstly over the range 3-5 km 
above s.L. and with Q==10-;, cm-I -6-9 km 
above S.L. The mean value to reach 
the ground by the radar echo from its 
appearance is s-to mn. 

It was found out that the develop
ment of severe hail cells is determi
ned by the disturbances of thermoba
ric fields of the same scale. The evo~ 
lution of these mesoscale disturban
cesin virture of feedback is the ma
in control mechanism, transforming 
primary developed convective c~ll com
plex into organized, self-maintaining 
and surviving hail system. 

Hydrostatic power is the main dri
ving one at the initial period of the 
maximum cell development, but at the 
second period of their existence the 
hydrodynamic influence prevail due to 
disturbance of the baric gradient po
wer. 

The main role of the pressure fi
eld disturbances is underlined in or
ganization and support of the closed 
vertical circulation/ updraft and 
downdraft/ inside severe hail cell 
at the period of its maximum develop
ment. Above mentioned mechanism leads 
to cloud and rain particle recircula
tion inside a cell and it is respon
sible for its sharp intensification 
and large hail growth. 

Fig.1 shows the schematic model of 
air fluxes, thermoba:ric perturbation 
for the begining of maximum develop
ment of severe hail cell. 

The begining of the formation of 
closed circulation system is related 
to low warm mesocyclone formation in 
the cell at the cloud base level.Its 
arising is mainly due to considerable 
heat release of condensation at warm 



Fig.1 The schematic model of severe hail cell. Updraft is shown by solid 
arrows; downdraft is shown by dashed arrows. 

wet air fiow into the cell base. 
In our cases the values of pres

sure deficit at low cwll levels 
changed mainly within 2-5 mb, the 
maximum observed value reached 10mb. 
The warm wet updraft is observed up 
to mean levels /appr. 500 mb / in 
central and northern mesocyclone 
parts. Because of heating, relative 
geopotential of isobaric surfaces 
inside updraft increases, the isobe
Jic surface altitudes rise in its up
per part and by the time it leads to 
the onset of the ageostrophic out
flow in this region. 

The resulting current distribu
tion influenced by adaptation of 
wind field to pressure field cor
responded with case of gradual fil
ling up of low cyclone /mesoanticyc
lone / ·and its conversion into m,gh 
mesoanticyclone / mesocyclone /. 

During this period the titled 
cyclogenetic axis links low level 
convergenc~at the mid levels in the 
cell. with the conversence 

The result of thermobaric pertur
bation evolution, adapting to its 
wind field disturbances and the ma
in circulation branches - updrafts 
and downdrafts, respectively - low 
l~vel cyclone cooling gradually and 
filling upwards, converts into the 
e~e~t mid level cooled vortex to the 
second part of its maximum stage.Du
ring this period 1ieinflow and outflow 
in the cell is due to disturbances of 
pressure gradient powers, influenced 
mainly by nonhydrostatic pressure. 
Distribution of pressure and wind fi
eld disturbances in the cell becomes 
opposite to initial distribution at 
the corresponding levels at these
cond part of its maximum stage. 

It should be noted that the mid 
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period of the maturity stage corres
ponded mostly to 9uasi-steady concep
tion when there was the inflow balan
ce at low /mid/ levels and outflow 
at mid /low/ levels within the cell 
for updrafi;'Downdraft/.Up to this peri
od the intensification of updraft and 
accompaning downdraft is observed;the 
outflow at corresponding levels exce
eds inflow.To the end of maximum de
velopment stage the above mentioned 
relation changed to opposite, resul
ting in gradual dissipation of flows. 
Gradual development periods followed 
by abrupt periods/cascade/ leading to 
the new growth impulses. Cyclogenetic 
axis becomes titled again but the link 
with new low level cyclone located 
ahead is realized where the greatest 
pressure deficite at the point of oc
clusion is observed. 

The existence of well-organized, 
self-regenerating convection cell sys
tem is distroyed either by large-seale 
circulation changing or water supply 
depletion. 

Thus, severe convective cell in 
its mature stage represents a stable 
system of two interacting well-orga
nized air flows - updraft and down
draft - with absolute maximum verti
cal velocity up to 25-JO m/s. The most 
stable vertical velocity values in the 
moderate intense cells are 10-15 m/s, 
and for more severe sells - up to 
20-25 m/s. Undeluted cores of these 
flows are located in close proximity 
to each other at mid cloud levels 
/ appr. 3-6 km a.g.l. /. The maximum 
vertical velocities are observed in 
the adjacent sides of both flows at 
upper 1low/ mentioned levels for up
draft /downdraft/. 

Updraft/downdraft/ region is the 
warmest/coldest/ part in the cell; vir-



tual temperature differences between 
them may reach about 10°0. In the. 
cores ot strong updrafts /downdrafts/ 
air flow moves along wet adiabat,but 
air from weaker outlying flows 
is drawn rectilinear at some angle 
in the main flow core. 

Intermediate layers of 1-2 km 
power at low and mid levels in the 
cell are the most important in hail 
growth process. An active air in
volving and mixing from the strongest 
updraft/downdraft/ into downdraft 
/updraft/ leading to rain particle 
recirculation and, as a result of 
this, to intensive and accelerating 
hail growth process, is observed.Sig
nificant turbulence occuring initial
ly at these levels in intermediate 
zones at the updraft and downdraft 
boundary makes an additional influ
ence on these processes. Cloud and 
fine rain particle recirculation from 
the cell front part descending at 
strengthening of low level convergen
ce in mesocyclone is observed1 In ob
serving significant divergence in 
updraft at mid levels at enviro~nent 
produces a natural subseeding by rain 
particles ahead the cell. 

In studied cases a similar dis
tribution of vortex flows and radar 
echo structure was observed up to 
30mn. A persistent hail fallout from 
individual cloud for 2-3 hours is the 
result of individual cell self-rege
neration or new cell initiation. Both 
these processes occur in mesofront 
region and it is often difficult to 
differenciate them even at persistent 
radar echo observations since the in
flow localization region supporting 
the cloud development is specified 
by mesofront localization in eubclo
ud layer. 

Fig.2 shows the transformation 
of flows and severe hail cell radar 
echo zone during hail fallout. Descen
ding and enlarging of particles. in 
front part form an overhang, sprea
ding downward and gradually dissec
ting updraft and cutting its main 
part. Sharp particle descent occurs 
in cell rear, moreover, this process 
has always three-dimentional charac
ter. More intensive descent is ob
served in the right rear reginn, whe
re sharp cyclonic/ U /-turn of pre
cipitation zone occurs causing meso
front displacement and warm wet in
flow dislocation. 

The crystal structure analysis 
of the samples of thin section hail
stones shows that in the conditions 
of Northern Caucasus the hail embry
os are usually formed in the range 
-4 - -10°0 as a result of large drop
let freezing /DIAM appr. 1-2 mm/.Me
asurement data of deuterium concent
ration in hailstone ice layers show 
that the large hailstones grow as a 
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Fi~.2 The tr~sformation of three 
dimentional radar structure and air 
flows of severe hail cell at these
cond part of maturity stage. Theiil.ree 
darker grades of stippled shading ~e
pres13nt radar reflectivities of 10-1:4 
2• 10- and 5 • 10-? cm-1• Below, on the ' 
right side PPI echo at the ground le
vel are shown• The solid lines rep
resent isotherms at 3°0 intervals the 

. d ' win arrows are shown also. 



result of multiple /usually -2 / 
ascent anQ descent of hail stones in 
the cloud. 

The obtained results are impor
tant for understanding of hail forma
tion processes and may be used in ha
il suppression works. 
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III-4. 4 
THE RADAR CHARACTERISTICS AND THE IDENTIFICATION 

OF HAILSTORMS IN PINGLIANG REGION 

Cai Qiming Gong Naihu 
The Lanzhou Institute of Plateau Atmospheric 

Physics, Chinese Academy of Sciences 
Lanzhou, China 

Pingliang region, being in the northwestern plateau of this country, is one 
of the regions with much hailfall in China. In 1972, a 3cm weather radar (JMA-
133D) was installed there to coordinate the hail supression. Since then, the 
track observation to thunderstorms within the range of about 100 km, has been made 
in every summer. Our purpose is to find out the main radar characteristics of the 
thunderstorms and the rules of their development, motion and evolution, so as to 
suggest an indicator in identifying hailstorms among thunderstorms and provide a 
comparatively objective basis in hail suppression. In this paper the data of 182 
thunderstorms obtained during 1972-1977 are analyzed with the emphasis on the re
lations between hailfall and thunderstorms echo height with reflectivity of 46, 
36, 26,dbz and maximum echo height, also on vertical profiles of reflectivity in 
center of hailstorms and on the feature of PPI echo areas as well as the change of 
radar characteristics with time for hailstorms. 

1. ~he maximum echo top height and the intense echo top height 

The updraft in hailstorms is always very intense. It is one of the most im
portant conditions for hail growth and is also the basic cause for hailstorms to 
become so immense. It is known that the hail growth needs not only intense up
draft, but also sufficient supply and accumulation of water. It is generally 
considered that the important zone for hail growth is the supercooled zone in the 
upper-middle part of the cloud. That hails are able to grow up means that there 
exist a great deal of water content and large particles in the zone. On the basis 
of the calculation by Herman and BattanCll, for the·wavelength of 3.2 cm when the 
diameter of a dry hailstone increases from 0.5 cm to 3 cm its back-scattering 
cross-section might be increased by the order of four. It can be, therefore, ex
pected that though the maximum echo top height (i.e. the top height of an echo 
obtained from observation when radar gain is the maximum.) may indicate the 
strength of the updraft of a cloud, a better result could even be obtained if we 
use the top height of a more intense echo, responsive to the growth Qf large hails, 
which is in this paper known as the intense top height, as an indicator to identify 
hailstorms. 

In 1972 - 1973, we have already noticed the point. Now we use the data of 
intense thunderstorms observed during 1972 - 1977 to discuss the issue in detail. 
The so-called intense thunderstorms here mean the clouds that their intense echo 
top height with reflectivity Z=36 dbz.is larger than 5 km•.- We did so because 
99 % of the observed hailstorms in the period could be included in this criterion. 
During the years from 1972 to 1977, there were 182 thunderstorms that were observed 
satisfying the criterion. Among them 115 were reported to have produced hail on 
the ground, while the other 67 have not. The relation between the appearance fre
quency of hailstorms (or non-hailstorms) and their echo top height is shown in 
Fig. 1. This appearance frequency is the ratio of the number of hailstorms (or 
non-hailstorms) the top of which reaches a certain height interval, to the total 
number of intense thunderstorms reaching the same interval. 

It can be seen from F.ig. 1 that hailstorms have generally higher echo top than 
non-hailstorms, and for the great majority of hailstorms H46 = 5-8 km; H36 = 6-10 km; 
Hm = 7-13 km, the more intense the hailstorms are the higher their top will be. 

fi;j-. 1, echo top height (km) 

Fig. 1 Relation between occurence 
frequence and echo height for 
hailstorm and non-hailstorm 

hailstorm --- non-hailstorm 
• The height in this paper denotes the 

While for most of the non-hailstorms, 
l-!46< 5 km; H36< 7 km; H26< 8 km and Hm<- 11 km 
It can also be seen that in Fig. 1 a and 
b the peak zones of hailstorms and non
hailstorms do not overlap each other, 
while they do so in a certain degree in 
Fig. 1 c and d. This shows that in re
gard to the echo top height with less 
reflectivity there are more hailstorms 
and thunderstorms of the same height. 
Especially, although Hm of most of hail
storms is generally larger than 7 km, 
their appearance frequency will still be 
high enough, even until 10 - 13 km, yet 
many of thunderstorms with Hm= 7-11 km 
do not produce hailfalls. Hence, ob
viously it is better for us to use H46 

one above the ground. 
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and H56 as indicators for the identification of 
hailstorms rather than Hm. The dot-diagram (Fig. 
2) of H46 and H36 gives a clearer division. 

According to the data of the 182 intense 
thunderstorms, if H46 = 5 km and H J6 = 6 km are 
adopted as the criteria for identifying hailstorms. 
the accuracy rate might reach 88 %, the false and 
the omitted rate are 4 % and 8 % respectively. 

The above mentioned phenomena show that the 
important zone for hail growth in a hailstorm is 
the layer at the height of 5-10 km over Pingliang 
region. According to the radiosonde data in the 
very region, it is

0
the sup0rcooled zone with the 

temperature of -15 C - -48 c. 

2. The vertical reflectivity profile and the 
intense echo area 

In 1972 and 1973 we detected the reflectivity 
profile in the centre of thunderstorms and ob-
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and non-hailstorm 

tained some significant characteristics. Fig. 3 and Fig. 4 are the typical exa~ 
mples. It can be seen from Fig. 3 that there are three types of profiles for 
hailstorms: 

1) The profiles with maximum reflectivity at high level, as shown in curves 
(25) (31). Most of the maxima are at the height over 4 km. Their values are 
about 50 dbz. These are good agreement with Donaldson's resultsC 2J. 2) The pro
files with maxima at the lower part of clouds. Reflectivity value decreases mono
tonously with the increase of its height, as shown in curves (3) (18). 3) The 
profiles with reflectivity maintaining nearly a certain large value from the bot
tom of clouds to upper height. Above that height reflectivity value decreases 
quickly with the increase of its height, as shown in curves (10) (15). 

However, whatever shapes of the curves may be, they have a common character, 
i.e. the intense reflectivity of hailstorms can stretch to greater height than 
that of the non-hailstorms. e.g. the 46 dbz and 36 dbz reflectivities for hail
storms respectively may stretch over the height of 4.5 and 6.0 km. Some severe 
hailstorms may reach over 9 km. The higher they stretch, the more intense the 
hailstorms would be and the bigger the hails. For example, we had two hailstorms 
on May 27 and June 12, 1973 (curves 15 and 3) which produced hails of the size of 
walnuts, even as big as eggs, and the accumulated depth on the ground was about 
15 cm. Fig. 4 gives examples of the profiles of non-hailstorms. A number of the 
curves of them show that the reflectivity decreases monotonously with the increase 
of its height, though the reflectivity value at the bottom of clouds may approach 
50 dbz. A few of them show that there is a maximum of reflectivity at the high 
level (curves 23,24). However, the maximum values are comparatively small and 
the layer with great reflectivityTs rather ·thin. Hence, the main difference of ver
tical reflectivity profiles between hailstorms and non-hailstorms is not determin
ed by reflectivity value at the lower part of the clouds or by the fact that there 
is obvious maximum at high level, but is determined by the fact that the layer 
with large reflectivity is rather thick. 

By furtheg careful analysis of PPI echo areas of 46 dbz at low angle of ele
vation (near 3 ), it is found that many of non-hailstorms do not appear echo of 
46 dbz in their low part~ and even if some of them do so, their areas are relative
ly small (generally<9 km ). Bu2 nearly all ~f the hailstorms appear the echo of 
46 dbz, their areas are 2-30 km , even 50 km • Furthermore, the hailfall has a 
stren~hening tendency with the increase of the area. 

3 Probability of hailfall 

We use the concept of probability of hailfall mentioned by Douglas and 
Hishfeld (1959)C 3 J. The probability is the ratio of the number of hailstorms which 
reach to a certain height interval to the total number of thunderstorms which 
reach to the same interval. The result derived from the data of the 182 intense 
thunderstorms in the years of 1972 - 1977 is shown in Fig. s • It is shown that 
when the probability reaches 50 %, various echo top heights are respectively as 
follows: H# = 5 km; Hu= 6 km; H~ = 7 km; and Hm= 9 km. But in the case of 
H46= 5.5 km; H36 = 7 km; H26 = 8 km and Hm= 11 km, the probability would reach 70 %. 
This result is quite similar to that obtained in Joharnesburg and Pretoria region 
in South-African Highveld ~. 

4. The evolution of echo characteristics with time 

As having already mentioned above, RHI intense echo height can be used as the 
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indicator for identifying hailstorms. It is, therefore, quite natural to link 
that its evolution with time will denote the variation of the characteristics of 
hailstorms. Since 1975, we have intentionally made some successive track observa
tions to hailstorms and obtained more than ten series of the data of the evoluticn. 
Fig. 6 gives some examples. It can be seen from Fig. 6 that: 

(1) The evolution curves of the various reflectivity have some similar ten
dency ,but the variation of the curves of 36, 46 dbz are the most evident, their 
amplitudesof variation are,also the largest. 

(2) Before a hailfall or a severe hailfall the intense echo top appears 
growing violently, the time necessary for the growth is generally not longer than 
30 min, but the increment amplitude is rather large, especially for the curves 
of Z = 46 dbz and 36 dbz. For example, in Fig. 6 a the hailstorm rapidly grew 
during 18:19 - 18:42, taking about 23 min., with an amplitude of 7.8 km and 6.4 km 
for 46 dbz and 36 dbz respectively. This shows that there ls a process of violent 
growth of hailstorms within a period of less than half an hour. It may also be 
regarded as a sign of hailfall. 

(3) Following the violent growth, the echo top height will maintain a large 
value for a period of time about 40 min. to an hour in general. And corresponding-· 
ly the hailfall takes place on the ground in succession or in intermittence. For 
example, in Fig. 6a the period is about one hour. This clarifies that the hail-· 
storms are quasi-stable during this period and retains the basic conditions for 
forming hails. 

(4) During this quasi-stable period some small fluctuation will still take 
place in the echo height. The fluctuation amplitudes are 1 - 1.5 km for the 
curves of 46 dbz and 36 dbz, and the fluctuation period is about 20-40 min. They 
are probably related to the formation and the fall of hailstones. 

( 5) The maximum echo· top height has some similar variation but its amplitude 
is comparatively small and the period is not so obvious. 

(6) The more violently the intense echo top height increases before a hail
fall and the higher it will reach, the more intense the hailstorm will be. For 
example, the height of the reflectivity 46 dbz rapidly reaches 12 km in Fig. 6b. 
The curves of this type reflect a special intensity of hailstorms. In fact, a 
hailfall with large range and long duration occurred. The hailstones were as big 
as hen·•s eggs. and the hail depth on the ground was mere than 30 cm somewhere on 
the day, which caused a disastrous damage to crops. 

5. Summary 

In Pingllang region the difference of radar characteristics between hail
storms and ordinary thunderstorms, between weak hailstorms and tense hailstorms 
are very noticeable. 

Firstly, the difference in the intense echo height of 46 dbz and 36 dbz is 
obvious. When echo top height of H46 and H36 are larger than 5 km and 6 km res
pectively, the thunderstorms can be regarded as hailstorms. Furthermore, when 
the height H36>7 km, they c,an be considered as damaging hailstorms. When H4-0 and 
H36 are larger than 5.5 km and 7 km respectively, the probability of hailfall will 

471 



14 Hmax 

12 26dbz 

~10 36dbz 
s 
~ 

':;;s 46dbz .d ' 
t;O 

.,.; 

.d 6 

4 

2 

20 40 60 80 

probabil i fyc %) 

Fig. 7 Relation between 
hailfall probability 
and echo height 

,s a,June 6,75 rs b,June 4,76 c,June 29,76 

, 1 .110 ,e.:10 ,eso 1, 20•• 
time 

Fig.6 Variation of 
echo height with time 
for hailstorm 

1,2,3,4-height of 
z=46, 36, 26 and max. 
height respectively 

reach 70 %. Since H46 and H36 can be easily obtained and in real time by conven
tional weather radar, so the use of the previous indicators is rather simple and 
practical. In addition, it is either helpful for the choice of operating objects 
or useful for evaluating the effect in hail-suppression. 

Secondly, the vertical reflectiv'ity profiles and PPI intense echo area at lcw 
elevation angle of hailstorms are also different from those of ordinary thunder
storms. The most important difference is that the layer with large reflectivity 
is rather thick and the PPI area is larger for hailstorms. With the expansion 
of the layer depth and the area, the destructiveness of hailfall will show a 
strengthening tendency. 

Finally, there is still'difference between hailstorms and ordinary thunder
storms in the evolution of their radar characteristics. 
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III-4. 5 

SOME COMPARISONS BETWEEN HAILSTORMS ON THE TRANSVAAL HIGHVELD AND THOSE ELSEWHERE 

A.E. Carte 

National Physical Research Laboratory 
Pretoria SOUTH AFRICA 

1 . INTRODUCTION 

The point hail frequency in the Transvaal 
Highveld is about five days per year and the 
thunderstorm frequency is 75 (Schulze, 1965). 
Hail occurs mainly during the summer months 
and the annual average number of days when 
hail falls within an area of about 2700 km2 

that includes Pretoria and Johannesburg is 69, 
with hailstones exceeding 3 cm in diameter on 
an average of three days per year. Aspects of 
the hail climatology derived from many years 
of investigations of hailstone structures, 
observations of surface patterns of hailfalls 
and radar studies were summarised by Carte and 
Held (1978). These results and many from 
elsewhere have revealed certain conditions 
that favour formation of hail but by no means 
can all the necessary conditions be specified. 
It is, for example, not known why adjacent 
contemporaneous storms may behave differently, 
with the lesser storm perhaps being the more 
severe one, or why one of two apparently 
similar storms at the same locality has 
produced a flood but not hail while the other 
was a destructive hailstorm. The use of air
borne instruments and Doppler radars will con
tribute to providing explanations for such 
differences. In the meantime, further insight 

(a) 

(c) 40 krn 30 zo 

into hail growth can be gleaned from com
parisons of hailstorms in various geographical 
regions. 

2. SUSTAINED STORMS 

The Highveld has a high frequency of 
thunderstorms but long-lived ones are uncommon. 
Practically all of the sustained storms have 
proved to be multicellular or to have had other 
characteristics indicating unsteadiness of air
flow (Carte, 1979). The first storms to be 
identified as supercells occurred on 
16/17 October 1978, after seven years of radar 
observations. Supercells are not too common 
in the northern hemisphere but they occur much 
oftener than here, especially in Oklahoma, USA 
(Nelson and Young, 1979). The lack of sus
tained steady-state storms on the Highveld has 
been ascribed to the relatively weak upper 
winds that are usual (Carte, 1979). 

One storm (Storm H) on 16/17 October 1978 
travelled 275 km in six hours. It traversed 
a hail-reporting network where hailstones up 
to 5 cm in diameter were recorded although 
there were not many of this size nor was there 
a large amount of hail at any point. This 
storm was classified as a left-moving, weakly-

(b) 

(d) 
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Fig. 1. Schematic sections: (a) horizontally through Storm H, with echo overhang and winds 
relative to the storm indicated as in (b); (b) horizontally through a supercell according to 
Browning (1964); (c) vertically through Storm H along the line indicated in (a), showing inferred 
airflow and hailstone trajectories (broken lines); and (d) vertically through the Fleming super
cell (Browning and Foote, 1976). 
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vaulted supercell. Its structure is shown 
schematically in Fig. 1. Compare the overhang 
above the inflow region with that for the 
Fleming supercell (Figs 1a and c). Certain 
aspects of it were unusual compared with 
supercells elsewhere: 

(a) Winds. Its occurrence was attributed 
partly to unusually strong sub-cloud and 
opposing upper winds but these were not as 
strong as those associated with multicells and 
supercells in the northern hemisphere as shown 
i~ Fig. _2. Furthermore there was no appre
ciable in-cloud shear. The occurrence of 
supercells is favoured by strong wind shear 
in speed and direction and by strong subcloud 
winds according to Marwitz (1972), Some but 
not all of these conditions were met by 
Storm H. Strength of winds and shear cer
tainly are important factors in controlling 
the severity and persistence of storms but 
evidently not in a simple manner. 

1so0 

3 

Fig. 2. Hodographs showing upper winds 
characteristic of multicells (solid line) 
supercells (broken line) according to 
Chis~olm and Renick (1972) .. Lowest hodograph 
applies to Storm H. 

(b) Hook echo. Marwitz (1972) suggested that 
a hook in the PPI echo at cloud base level is 
probably a sufficient condition to identify 
a storm as a supercell. Storm H had a persis
tent notch or hook-shaped weak-echo region 
(WER) which showed in scans at low altitude. 
It was located in the inferred region of low
level inflow but it was small and ill-defined 
and not always present at cloud-base level. 
The hook criterion may therefore be more 
applicable to supercells with vaults than 
those without. 

(c) Crescent-shaped core. The echo core of 
Storm H had a pronounced concavity on the side 
remote from the inflow, whereas in the super
cell as described by Browning (1964) such a 
concavity forms the lower boundary of the WER 
(see Fig. 1b). This crescent-shape in 
Storm H was, however, not a static feature as 
would appear from viewing occasional PPis but 
was constantly evolving. The northern limb 
developed and then drifted southwards relative 
to the storm (following the direction of the 
cloud-level environmental winds) to become 
the southern limb. This behaviour suggested 
a periodic subsidiary region of inflow 
occurred at the left rear of the storm. The 
hailfall pattern confirmed that such discon
tinuities occurred, as did changes in the 
magnitude of the overhanging echo above the 
inferred inflow region. 

The most important feature of Storm H was 
the steadiness of its airflow, maintained for 
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many hours. There must have been fluctuations 
of the main inflow superimposed on the steady 
flow and furthermore there was a subsidiary 
and discontinuous inflow towards the rear. 
Hail growth may have been limited by lack of 
in-cloud shear, a strong tilt to the updraught 
and a simpler trajectory followed by the grow
ing hailstones than the spiral path inferred 
for the archetypal supercell, e.g. Browning and 
Foote (1976). 

3. AREAL FREQUENCY OF HAIL 

Dense hail-reporting networks enable the 
average area of hailfalls to be determined. 
This can be derived from curves that relate 
hail frequency to observational area (or from 
the point-areal frequency relationship). 
Nelson and Young (1979) showed from such 
results that Oklahoma experiences a larger 
mean hailfall area than either the Transvaal 
South Africa or Illinois, USA. Also the me~n 
hailstone per occurrence was larger in Oklahoma 
than in the Transvaal. The point frequencies 
of hail in these two localities are one and 
five days, respectively, while their thunder
storm frequencies differ by only 35 %. Hail 
production therefore seems to be relatively 
efficient in the Transvaal but the few hail
storms in Oklahoma are on average larger and 
more severe. The reason for these differences 
is attributed by Nelson and Young (1979) to 
the high proportion (25 %) of the storms in 
Oklahoma being supercells - the Transvaal, in 
contrast, has practically no supercell storms 
as mentioned earlier. 

4. EMBRYOS 

Knight and Knight (1978) have compared the 
proportion of two types of embryos (viz. 
graupel and frozen drops) which have been 
found in hailstones from a number of different 
geographical localities. These included the 
northern Caucasus, Switzerland, two regions 
in South Africa and five regions in the USA. 
Their conclusion was that embryo formation is 
significantly different in different regions. 
The findings in many instances were based on 
studies of relatively large numbers of hail
stones (>1000) from many storm days and one 
would therefore expect their average values to 
be significant. However, there appear to be 
too many discrepancies for this to be the case: 
List (see Knight and Knight, 1978) found 80 % 
of the hailstones from more than 40 hailfalls 
had centres composed of graupel whereas later 
results from Switzerland (Federer and Waldvogel, 
1978) found only 37 % of the embryos to be 
graupel; Knight and Knight report having 
found a relationship between embryo type and 
cloud base temperature but this was not sub
stantiated by later results; and the tendency 
for large Highveld hailstones to have a higher 
proportion of graupel embryos than smaller 
ones does not agree with results from the 
South African Lowveld, where cloud bases have 
nearly the same average temperature as on the 
Highveld although terrain altitude differs 
considerably in these two regions. 

It is well established that individual 
storms in one region may differ as regards 
type of embryo, e.g. in the Transvaal, practi-



cally all embryos of several hundred hailstones 
from three storms on one day were found to be 
rime (Carte and Mader, 1977) whereas on other 
days the embryos from adjacent hailstreaks 
produced by apparently similar storm cells 
differed, and variations related to storm 
stage were found (Roos, 1978). Federer and 
Waldvogel (1978) collected time-resolved 
specimens in Switzerland and found a general 
tendency for rimed embryos to occur at the 
beginning of hailswaths and for fewer to be 
found at later stages. 

The conclusion that must be reached is 
that type of embryo is more dependent on 
dynamical effects than on other characteristics. 
Differences from storm to storm and within 
one storm make it doubtful whether any of the 
geographical differences so far found are 
significant. Many more results are needed. 
The best approach to understanding the factors 
that govern embryo type would seem to be 
detailed studies of the kinematic and 
reflectivity structures of individual cells 
in relation to hailstone structures rather 
than accumulation of further climatological 
data (although this too is important). 

5. HAILSTONE TRAJECTORIES 

Structural analyses of hailstones have 
provided estimates of displacements in the 
vertical which they experienced during growth. 
Results have been reported for hailstones from 
North America, Europe and Australia, but 
relatively few hailstones were examined 
(Macklin, 1977, Macklin et al, 1976 and 
Federer et al, 1978), Some were concluded to 
have made multiple ascents while others 
remained balanced at approximately the same 
altitude during growth from small to large 
dimensions. Similar results were found for 
the Transvaal Highveld (Roos et al, 1976 and 
1977). From three storms on one day 34 hail
stones were analysed. The updraught 
encountered by some apparently increased with 
time, while for others it pulsated or there 
were multiple updraughts. Hailstones from 
only a few kilometres apart in one storm 
evidently encountered very different condi
tions. One finding in general conformity with 
results for elsewhere was that large hail
stones tended to acquire practically all their 
mass at ambient temperatures between -20 and 
-25 °C (7 to 8 km above ground level). Hail
stones of all sizes mostly grew between these 
limits during the early (and vigorous) stages 
of severe storms. During later stages growth 
was during descent but then only small hail
stones were produced. Complexity and unsteadi
ness of internal airflow is indicated by the 
variety of trajectories in some storms. This 
variability and inadequate sampling may explain 
why no definite geographical differences have 
been revealed. However, an important result 
is that in many regions hailstones require a 
time-varying updraught to maintain them within 
a rather narrow temperature regime if they are 
to grow large. Whether the updraught increases 
with time or the hailstones move horizontally 
towards the core of a steady updraught cannot 
be inferred from hailstone structures. The 
structure of the Fleming supercell led 
Browning and Foote (1976) to conclude that 
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hailstones ultimately of 8 cm in diameter grew 
by following a path around a steady updraught. 
A two-dimensional up and down path seems more 
likely for the large hailstones (5 cm) that 
formed in Storm H (Section 2). 

6. RADAR CHARACTERISTICS 

Curves that relate probability of hail on 
the Transvaal Highveld to the maximum height 
reached by various iso-echo contours have been 
presented by Held (1978). He compared the 
data with similar results for the Lowveld and 
Alberta, Canada. The results shown in Fig. 3 
show remarkably good agreement between those 
for Alberta and the Highveld in spite of geo
graphical, topographical and other differences 
such as the height of the tropopause (about 
16 km MSL over the Highveld and about 11 km 
for Alberta). In contrast, to have the same 
probability for hail, echo tops must extend to 
progressively greater heights as one moves 
southwards from Alberta to New England to 
Texas (Douglas, 1963). This suggests that 
there might be a latitude effect in North 
America, perhaps linked to the height of the 
tropopause. 
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Fig. 3. The probability of hail as a function 
of echo heights on the South African Highveld 
(a) for the 23 dBZ contour and (b) for the 
40 dBZ contour. Separate graphs are shown for 
cells producing hailstones >1 cm in diameter 
(from Held, 1978). 

A curious feature of the results shown in 
Fig. 3 is that all curves have a point of 
inflection, i.e. above a certain height the 
probability for hail becomes less with 
increasing height, at least within a restricted 
height interval. This result holds for the 
Transvaal Highveld even when the data were 
stratified according to hailstone size or 
subdivided into relatively small samples. 

7. CONCLUSIONS 

Many other comparisons can be made that 
reveal conditions conducive to hail growth. 
To mention two: urban/orographic effects 
have been found to stimulate hail formation 
on the Highveld (Held, 1974) and in Illinois 
(Changnon, 1977); frontal storms are common 
in northern Italy where prodigious amounts of 
hail and large hailstones are not unusual and 
on the Highveld the most severe storms are 
often associated with fronts (which occur 
rather seldom) and the commoner air mass 
storms are less severe (see Carte and Held, 
1978). To summarise other results: 



(a) conditions favouring the occurrence of 
severe and sustained storms are strong upper 
winds and wind shear but these do not act in 
a fully predictable manner; 

(b) essentially steady-state storms are rare 
on the Highveld because upper winds are 
usually rather weak; 

(c) not all supercells have readily 
distinguishable morphological characteristics, 
especially when there is superimposed 
unsteadiness of the airflow; 

(d) evidence that hailstone embryos differ 
with geographical region is inconclusive, but 
significant differences related to dynamical 
effects certainly occur; 

(e) large hailstones seem to require 
critical conditions that maintain them in a 
narrow horizontal zone during growth; 

(f) the internal airflow of storms needs to 
be known in detail for quantitative explana
tions of the variety of hailstone structures 
often found, the relatively large areas of 
hail produced by supercells and probability 
of hail/radar characteristics. 

REFERENCES 

Browning, K.A., 1964: Airflow and precipita
tion trajectories within severe local storms 
which travel to the right of the winds, J. 
Atmos. Sci. 21, 634-639. 

Browning, K.A. and G.B. Foote, 1976: Airflow 
and hail growth in supercell storms and some 
implications for hail suppression, Quart. J. 
Roy. Meteor. Soc. 102, 499-533. 

Carte, A.E., 1979: Sustained storms on the 
Transvaal Highveld, S. Afr. Geogr. J. 61, 
39-56. 

Carte, A.E. and G. Held, 1978: Variability 
of hailstorms on the South African plateau, 
J. Appl. Meteor. 17, 365-373. 

Carte, A.E. and G.N. Mader, 1977: Hailstorms 
in the Transvaal on 29 November 1972, Quart. 
J. Roy. Meteor. Soc. 103, 731-749. 

Changnon, S.A, Jr., 1977: The climatology of 
hail in North America. Hail: a review of 
hail science and hail suppression, Meteor. 
Monogr. 16, No 38, Amer. Meteor. Soc. 107-128. 

Chisholm, A.J. and J.H. Renick, 1972: The 
kinematics of multicell and supercell Alberta 
hailstorms, Alberta Hail Studies, Research 
Council of Alberta Hail Studies Rep. No 72-2, 
24-31. 

Douglas, R.H., 1963: Recent hail research: 
a review, Severe local storms, Meteor. 
Monogr. 5, No 27, Amer. Meteor. Soc. 157-167. 

Federer, B., J. Jouzel and A. Waldvogel, 1978: 
Hailstone trajectories determined from crystal
lography, deuterium content and radar back
scattering, Pure Appl. Geophys. 116, 112-129. 

476 

Federer, B. and A. Waldvogel, 1978: Time
resolved hailstone analyses and radar structure 
of Swiss storms, Quart. J. Roy. Meteor. Soc. 
104, 69-90. 

Held, G., 1974: Hail frequency in the 
Pretoria-Witwatersrand area during 1962 to 
1972, Pure Appl. Geophys. 112, 765-776. 

Held, G., 1978: The probability of hail in 
relation to radar echo heights on the South 
African Highveld, J. Appl. Meteor. 17, 755-762. 

Knight, N.C. and C.A. Knight, 1978: South 
African Lowveld hailstone embryos, Preprints 
Conf. on Cloud Physics and Atmos. Elec., 
Issaquah, Washington, 1-4. 

Macklin, W.C., 1977: The characteristics of 
natural hailstones and their interpretation, 
Hail: a review of hail science and hail 
suppression, Meteor. Monogr. 16, No 38, Amer. 
Meteor. Soc. 65-88. 

Macklin, w.c., J.N. Carras and P.J. Rye, 1976: 
The interpretation of the crystalline and air 
bubble structures of hailstones, Quart. J. 
Roy. Meteor. Soc. 102, 25-44. 

Marwitz, J.D., 1972: The structure and motion 
of severe hailstorms. Pt. 1: Supercell 
storms, J. Appl. Meteor. 11, 166-179. 

Nelson, S.P. and S.K. Young, 1979: Character
istics of Oklahoma hailfalls and hailstorms, 
J. Appl. Met. 18, 339-347. 

Roos, D. v.d. S., 1978: Aspekte van die groei 
en dinamika van haelstene, Ph.D. thesis, Univ. 
of S. Africa, 1-189. 

Roos, D. v.d. S., J.C. Vogel and A.E. Carte, 
1976: Hailstone growth, Preprint Int. Conf. 
on Cloud Physics, Boulder, Colorado, 240-245. 

Roos, D. v.d. S., H. Schooling and J.C. Vogel, 
1977: Deuterium in hailstones collected on 
29 November 1972, Quart. J. Roy. Meteor. Soc, 
103, 751-767. 

Schulze, B.R., 1965: Hail and thunderstorm 
frequency in South Africa, Notos 14, S. Afr. 
Weather Bureau, 67-71. 



III-4. 6 
ELECTRICAL AND DYNAMICAL DESCRIPTION OF A FRONTAL STORM 

DEDUCED FROM LANDES 79 EXPERIMENT 

S. Chauzy, P. Raizonville 

Laboratoire de Physique de l 'Atmosphere 
Toulouse, FRANCE 

D. Hauser, F. Roux 

Centre de Recherches en Physique de l 'Environnement 
Issy-les-Moulineaux, FRANCE 

INTRODUCTION 

The electrical features of a thunder
storm are obviously related to its microphysical 
and dynamical evolution. In order to point out 
such a complex relationship, various experiments 
have been carried out for several years inclu
ding in situ electric field measurements asso
ciated with radar observations. Winn et al. 
(1978) and Few et al. (1978) published important 
papers dealing with this subject. 

A balloon-borne sensor for measuring 
both horizontal and vertical components of the 
electric field has been developed and made it 
possible to initiate in France a long term expe
riment on electric charge localization within 
thunderstorms. This system as well as the RON
SARD system (dual-Doppler radars) participated 
in the LANDES 79 summer experiment performed by 
several french research organisms (C.E.A., 
C.E.S.T.A., C.N.E.T., D.R.E.T., D.R.s.w., 
E.E.R.M., L.M.D., L.P.A., O.N.E.R.A.)x. 

2. THE EQUIPMENT 

2.1 The RONSARD radars 

The RONSARD system is a dual radars 
system, operating at A= 5. 3 cm wavelength. 
Owing to this wavelength, only the precipitating 
part of the clouds (diameters of hydrometeors 
larger than I 00 µ m) can be observed. Detailed 
characteristics of the RONSARD radars may be 
found elsewhere (Nutten et al., 1979). 

x C.E.A.: Commissariat a l'Energie Atomique 
- C.E.S.T.A.: Centre d'Etudes Scientifiques et 

Techniques d 'Aquitaine 
C.N.E.T.: Centre National d'Etude des Tele

communications 
- D.R.E.T.: Direction des Recherches Etudes et 

Techniques 
- D.R.S.W.: Direction Regionale du Sud-Quest 

(Meteorologie, Bordeaux) 
- E.E.R.M.: Etablissement d'Etudes et de Recher

ches Meteorologiques 
- L.M.D.: Laboratoire de Meteorologie Dynamique 

(Paris) 
- L.P.A.: Laboratoire de Physique de !'Atmos

phere (Toulouse) 
- O.N.E.R.A.: Office National d'Etudes et de 

Recherches Aeronautiques 
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Three main operating sequences are 
used: 

- the mapping of the precipitating 
field within the maximum scanning domain (200 
km) and the restitution of the mean three dimen
sional motions and convergences with respect to 
altitude are obtained through VAD sequences, 
principally used for the study of frontal sys
tems (Testud et al., 1979), 

- the restitution of the three dimen
sional reflectivity and wind fields on the meso
scale (I to 50 km) is obtained through COPLAN 
sequences, principally used for the study of 
convection (Lhong et al., 1979). 

- the determination of microphysical 
characteristics of the. precipitations (fall 
speed and granulometry) is obtained through 
Vertical Incidence Soundings (Hauser and 
Amayenc, 1979). 

2.2 The electric field measurement system 

It consists in a dropsonde type intru
ment carried by free balloon. The collected da
ta are telemetered via 1680 MHz to a receiver 
(RD 65 model) which provides, at the same time, 
tracking of the balloon. 

The sensing instrument is an improved 
version of the autorotating dropsonde first de
veloped by Chauzy (1975). The body is a cylin
drical field-mill with vertical axis (Fig. 1) 
providing the horizontal component of the ex
ternal electric field. Two shutter field-mills, 
one at the top, the other one at the bottom of 
the cylinder ensure the measurement of the ver
tical component of the external electric field, 
excluding the influence of the proper charge. 
The sense of the vertical component (upward or 
downward) is obtained by making special shape 
apertures on the rotating screens and electro
des. As Winn and Moore (1971) previously did, 
the horizontal component of the terrestrial 
magnetic field is also detected by a small coil 
delivering a reference signal which is used to 
determine the direction of the electric field 
horizontal component. 

In addition, atmospheric pressure is 
measured in order to provide the altitude of 
the sensor. The necessary autorotation is car
ried out by two counter-gyrating rotors atta
ched, one to the body, the other one to the 



upper grounded shield (Fig. I). 

3. METEOROLOGICAL ENVIRONMENT 

A cold front, associated with a depres
sion centered on the north of England, begins 
to traverse France since the morning of August 
14. Its motion is slowed down owing to the pre
sence of a thalweg at the altitude of 5000 m. 
The cold front reaches Aquitaine during the fol
lowing night, associated with weak showers. 
During the afternoon, a weak stormy activity 
develops southwest of the experimental zone, 
close to mountainous regions. 

The present results concern 15:00 to 
18:00 (local time) observations. The 16:24 
local sounding (Fig. 2) shows a quite stable 
situation from ground level up to altitude 
4500 m, Weak convective motions can develop 
between 4500 and 6000 m. This situation is con
firmed by radar observations showing quite s-tra
tiform clouds without appreciable vertical 
motions. 

4. PRELIMINARY RESULTS 

Two electric field soundings have been 
performed during the afternoon: the first one 
started at 15:02, the second one at 17:17. 
Figures 3 and 4 display the variation with al
titude and time of the vertical and horizontal 
components, E and Eh' of the external electric 
field. Since ¥he electrical activity was rather 
weak (no close lightnings detected) and the 
temporal evolution very slow, we assume that 
the recorded electric field variations along 
the path of the balloon are primarily due to 
spacial changes, i.e. to vertical ascent of the 
sensor in relation to the charge distribution. 

The first sounding (15:02) exhibits, 
at 5500 m above sea levei, a typical reversal 
of the electric field vertical component. This 
component is upward below the reversal, down
ward above it and reaches respectively+ 36 kV/m 
and - 39 kV/m (maximum values). The rapid chan
ge in polarity as well as the stratiform struc
ture of the radar echoes suggest that the bal
loon flew through a negatively charged shallow 
layer situated at 5500 m above sea level. Accor
ding to the slope variation of the sounding, 
the vertical extension of the layer is about 
150 m. Now, if we want to deduce the approxima
te value of the charge density p responsible 
for the measured electric field variation from 
POISSON equation: div E = p/E:o , it is neces
sary to neglect the variations of the horizon
tal component along a horizontal path . This 
approximation is justified if the horizontal 
extension of the layer is much larger than its 
vertical depth, which we assume here. Under 
these conditions, 

div E 'v clE /clz and p 'v E: 0 tiE /t,z . 
V V 

The electric field values at the lower and up
per boundaries of the layer are respectively 
+ 28 kV /m and - 30 kV /m. 1M = -58 kV /m and the 
charge density: p 'v _ 3 _4 :c/m. 

The reflectivity mapping in the first 
plan (elevation angle a= 0.5°) of the 15:13 
COPLAN sequence (Fig. 5) shows that, at lower 
altitude (up to 3000 m), the balloon passed by 
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the high reflectivity region without penetrating 
it. A vertical cross section along the trajecto
ry (Fig. 6) shows that, above this altitude, the 
balloon flew through a horizontal extent of the 
cloud (reflectivity between 30 and 35 dBZ within 
the layer 5000-5500 m). 

The second electric field sounding 
displays a different structure, since two layers 
have been flown through by the balloon. The lo
wer layer (2300 m) is negatively charged, the 
upper one (3500 m) positively. The depths are 
respectively 250 m and 200 m corresponding to 
electric field variations tiE : - 86 and+ 67 
kV/m. In consideration of th¥ steepness of the
se field variations, the preceding treatment 
has been applied here. The deduced values of the 
charge density are then - 3.0 nC/m 3 for the lo
wer layer and+ 2.9 nC/m 3 for the upper one. 

During this sounding, replaced in 
17:28 reflectivity mapping (Fig. 7), the ballocn 
passed through a horizontally extended cloudy 
mass. A vertical cross section along the trajec
tory (Fig. 8) shows, in particular, that it 
crossed a bright band (reflectivity factor grea
ter than 40 dBZ) between altitudes 1500 and 
2500 m, probably generated by the melting of 
ice crystals (16:24 meteorological sounding 
shows that 0°C isotherm was located at altitude 
3000 m). 

5. DISCUSSION OF RESULTS 

Preliminary radar data reductions 
(COPLAN sequences and Vertical Incidence Soun
dings) suggest that the studied situation exhi
bits mainly stratiform features. The weakness 
of vertical motions could then explain the good 
connection between charged zones and reflectivi
ty patterns for both electric field soundings. 

The 15:02-15:30 sounding displays a 
charged zone at about 5500 m. At this altitude, 
the measured temperature (at 16:24) is - 15°C 
showing that the hydrometeor population consists 
of ice crystals. Charging process by freezing 
could then play an important part during the 
growing stage of crystals. A similar situation 
in altitude has previously been found (Chauzy 
et aL, 1979). 

As for the 17:17-17:43 electric field 
sounding, a quite different structure is obser
ved. Two oppositely charged layers are located 
right below and above 0°C isotherm. The lower 
one tops the bright band observed with the ra
dars. Since both phases coexist in such aregion 
the charge separation process the most likely 
to be active here can be collisions between ice 
crys.tals and drops. As Gaskell et al. (I 978) re
ported, electric charges and precipitations are 
closely connected. 

6. CONCLUSION 

Interesting informations can be ob
tained from the comparison between electric field 
in situ measurements and radar observations. It 
has been shown in previous paper (Waldteufel et 
al., 1979) that, during convective situations, 
there is no systematic coincidence between char
ge centers and radar echoes. In the case studied 
here, the rather stratiform stucture leads to a 
much better correlation between both features. 



More detailed studies will be carried 
out in this direction on LANDES 79 data, using 
more elaborate radar results: Vertical Incidence 
Soundings data providing microphysical descrip
tion of the precipitations and COPLAN data lea
ding to a kinematic analysis of the observed 
events, 
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THE INVESTIGATIONS OF WIND FIELD AND TURBULENCE IN CUMULONIMJ3US 
CLOUDS USING RADAR EQUIPMENT 

A.A. Chernikov, A.A. Ivanov, Yu.v. Melnichuk, A.K. Morgoev 

Central Aerological Observatory 
Dolgopru.dny USSR 

The last decade saw tangible pro
gress in investigation of air motion 
in clouds by meteorological radars. 
These investigations are called for by 
the need to have a deeper insight into 
the process of cloud formation and 
development. Even though many other 
physical processes play a significant 
role in the life of a cloud the cont
ribution of air motion is very large. 
If we knew the structure of air velo
city field in each cloud the forecast
ing of dangerous phenomena and their 
modification would be much easier to 
accomplish. This is especially rele
vant because airflow variability 
strongly influences the microphysical 
processes which result, in particular, 
in rain- and snowfalls. 

The air motions in a cloud are 
best described in terms of distribu
tion of the air velocity vector in the 
entire cloud or in its most characte
ristic cross-sections. Very few inves
tigations of wind fields in clouds 
have been completed because the avai
lable radar methods for observation of 
air motion inside clouds are not fast 
enough to obtain extensive and detail
ed data on the dynamics of Cb. 

A major technique of observing 
the field of absolute velocities in 
clouds is observation by two separated 
Doppler radars which scan simultaneous
ly in common planes with the computer 
processing of the radar data /1/. 
Unfortunately, acquiring the data on 
radial velocity components in the 
entire three-dimensional volume of the 
cloud takes too much t.ime, up to five 
minutes if .the measurements are to be 
accurate enough. Furthermore, even in 
coordinated plane measurements of two 
velocity components in some points are 
separated by a finite time intervals 
leading to significant errors in com
puting the absolute velocity vector 
from two components. 

For these reasons methods seem to 
be helpful whereby one radar is emp
loyed and even though some deteriora
tion of measurement accuracy may occur 
the rate of observation is increased 
to enable storm warning and use in 
weather modification, 
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To increase the rate of observa
tion measuring the field of velocity 
differences with a scale of about 500m 
rather than the field of absolute ra
dial velocities have been suggested 
/2/. The measurements and indication 
are performed in real time with a 
standard antenna scanning rate. As a 
result, what is displayed is the spa
tial structure of zones where the wind 
field is especially inhomogeneous in 
terms of differences of radial velo
cities with a scale of 500 m. It is 
very important that conventional non
Doppler meteorological radars are used. 

Knowledge of spatial distribution 
of wind field inhomogeneities was 
found useful in studying the evolution 
of cumulonimbus clouds. Investigation 
of models which describe turbulence 
and mesoscale updrafts in clouds re
vealed that the -zones of increased 
turbulence are seen as random points 
over radar echo pattern while the ver
tical flows are detected as vertically 
stretched structures of high velocity 
differences connected with flow boun
daries and convergence or divergence 
zones which accompany the flows. 
Horizontal stripes are observed if 
there are large wind shears in clouds 
or precipitation. 

The spatial structure of wind in
homogeneity was studied in vertical 
cross-sections of Cb at different sta
ges of their evolution /3/. In the de
velopment stage the lower part of 
clouds displays in most cases verti
cally stretched stripes of increased 
velocity differences. The upper half 
of clouds invariably shows intensive 
turbulence. To locate clouds or cells 
at the stages of development on PPI, 
small elevation angles are used which 
insure observation of the lower part 
of cloud where vertical flows are 
stable. 

At the mature stage the conti
nuous zone of turbulence in the upper 
part divides into separate areas. The 
vertical stripes cease to exist. 
These features indicate cessation of 
cloud development and start of the 
dissipation stage. 



Fig.1. Range-height pictures of reflec
tivit1 (a) and wind field inhomogenei
ty (b) in Cb at the stationary stage. 

At the stationary stage where the 
main cloud parameters are maintained 
for a long time (an hour or more) wind 
field mesoscale inhomogeneities are 
uniformly distributed over the entire 
vertical cross~section (Fig. 1). This 
structure of the velocity differences 
is the ~vidence of ascending and 
descending flows at all altitudes and 
their significant horizontal ihhomoge
neity., 

Fig.2. Range-height pictures of re!lee
tivity (a) and wind field inhomogenei
ty (b) in dissipating convective cloud. 
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The dissipation stage is clearly 
revealed in the spatial structure of 
velocity differences. First, the diffe
rences generally reduce from 2 to 3 
m/sec to 1 to 1,5 II/sec; also, verti
cal flows are replaced by stable hori
zontal flows and so the range-altitude 
display shows horizontal stripes of 
radial velocity gradients (Fig. 2). 

Real-time determination of the 
cloud development stage is important 
for experiments on cloud seeding as 
well as for studying the life cycle of 
storms. Incoherent radars do not insure 
now the determination of the velocity 
sign, so the separation of updrafts 
and downdrafts is hindered. In addi
tion to the direction of motion the 
knowledge, even approximate, of the 
airflow velocity would be useful and 
can be provided by a Doppler radar 
which takes a vertical cross-sections. 

In this method /4/, the field of 
radial velocities is measured by a 
single Doppler radar and the vertical 
velocities of airflows in cumulonimbus 
are computed with an accuracy suffi
cient for many real tasks. The measure
ments proceed as folows. With the 
azimuth angle fixed the antenna eleva
tion angle is varied in steps of two 
or three degrees. For each value of 
elevation angle the data on the ave
rage echo power and Doppler frequency 
shift are recorded for twenty range 
bins along the radar beam. The bins 
are spaced at 300 - 500 m. 

In data processing all the quanti
ties are transformed into appropriate 
absolute units from relative units; . 
the power is corrected by range; radar 
reflectivity is computed; from the 
measured radial velocities the compo
nent is subtracted that is introduced 
by the terminal fall speed (estimated 
from the experimental ratio of the 
fall speed and the radar reflectivity), 
in this way the mean scatterer veloci
ties are replaced by airflow veloci
ties; the values of velocity and radar 
reflectivity are interpolated into the 
nodes of a Cartesian grid points. Then 
integration over the altitude of hori
zontal wind velocities defined through 
finite differences of velocities in 
the grid nodes leads to vertical velo
cities of air motion. The boundary 
condition is that the vertical velo
cities at the lower altitude level are 
zero. 

The well-lmown continuity equa-. 
tion for an incompressible fluid has 
the form V, 

8 )( 
ax + (1) 



In this approach the measured 
values of the horizontal velocity com
ponent leads to the first addend in 
equation (1), or the one-dimensional 
horizontal velocity divergence in the 
cross-section plane. However, to integ
rate the continuity equations over the 
altitude Z, allowance should also be 
made for the horizontal one-dimensio
nal velocity divergence in a direction 
normal to the cross-section plane, or 
the second addend in equation (1). 
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Fig. 3. Experimental results on rela
tion of two-dimensional and one-dimen
sional horizontal velocity divergence 
in Cb. 

Experiments have been carried out 
to study the statistical relations of 
the horizontal one-dimensional diver
gence components 9Vx/ax and ;;Vy/8tj 
in Cb. Two Doppler radars at a dis
tance of 24.2 km from each other si
multaneously sounded, with small eleva
tion angles, the same region of space 
crossed by clouds. The sounding direc
tions made an angle of 90° + 30°. The 
results are shown in Fig. 37 The ordi
nate-axis representes the two-dimen
sional horizontal divergence 
.D= 1:dKhX + 6.V11 /t.1J and the abscis
sa is the one-dimensional horizontal 
divergence AVx/AX or AV/j/A'i • 

The most important finding is 
that the experimental points of Fig.3 
with rare exceptions lay in the first 
and third quadrants of the plot, which 
is evidence in favor of positive cor
relation between the two-dimensional 
divergence of horizontal wind and its 
one-dimensional components. 
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From Fig. 3 it follows that in 
this range of divergence values the 
experimental results can be approxima
ted by equation 

D = cr.I> 1 (2) 
where .D is the divergence of the 
horizontal wind component and :D1 is 
the one-dimensional component of this 
di vergance. In the case where .1)1 is 
measured along a direction making an 
arbitrary angle with the average wind 
the dependence (2) can be represented 
as .J) = 1. 2 .D f [ 1 I sec} (3) 
and the r.m.s. deviation of the expe
rimental points from the straight line 
(3) amounts to 9 x 10-" 1/sec. 

Thus the relation (2) provides an 
estimate of the two-dimensional hori
zontal divergence of the wind field 
in Cb from the data of a single Dop
pler radar. From invariance of point 
scattering with increasing divergence 
in Fig. 3 it follows that the absolute 
error in determining the two-dimen
sional horizontal divergence from the 
one-dimensional one is independent of 
the magnitude of divergence and so the 
relative error in computing· the two
dimensional divergence decreases while 
the magnitude of one-dimensional diver
gence increases. Experiments with two 
Doppler radars which simultaneously 
take the vertical cross-section of Cb 
also showed that the error in compu~
ing the vertical velocity of airfl.ows 
by integrating the values of one-dimen
sional divergence over altitude with 
the use of the relation (2) does not 
differ much from that given by 

<J'v,,_ =-"Ah/2eVT, (4) 
where G'~is the r.m.s. error in comput
ing the vertical velocity through (1) 
and (2); <Sis the r.m.s. error in 
computing the two-dimensional velocity 
from one-dimensional data through ,(2); 
Ah is the integration step; and 1. is 

the ordinal number of the horizontal 
level with respect to the ground level. 

The single Doppler radar was used 
in studying the structure of Cb over 
Moldavia in August 1979. An example of 
wind field structure in a vertical 
cross-section of Cb is presented by 
Fig. 4. 

In most these clouds there was an 
intensive sloping updraft with hori
zontal dimension from one to three 
kilometers and the vertical velocities 
up to 15 m/sec. The updraft was most 
often to be fould in the region of 
high gradien.t of the radar reflecti
vity. 

The updrafts and downdrafts at 
fixed altitudes were periodic in the 
entire cross-section of the cloud. 
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Fig. 4. Wind field structure in vertical cross-section of Cb: 
vertical velocities along the horizontal levels (left); velo
city vector field (right). Velocity scale is marked at the top. 

However, distribution of absolute ve
locities in the cloud cross-section 
indicates that in some regions the 
vertical flows are caused by mesoscale 
circulation and are not detected at 
all altitudes. 

An air inflow into the updraft 
which increases the vertical velocity 
occurs mainly in the lower three to 
four kilometer layer. The ascending 
flow in a cloud interacts in a complex 
way with the wind field in the environ
mental troposphere. The downdrafts are 
less intensive and observed mainly in 
the peripherial part of clouds. The 
structure of the wind field in a cloud 
maintains its most important features 
during the active stage of the cloud 
life. 

The preliminary results of wind 
field mesostructure investigations in 
Cb with both conventional and Doppler 
radars suggest that the observation 
methods reported here will lead to new 
data on the effect of the wind field 
in clouds during their evolution in 
natural conditions and/or as a result 
of cloud seeding. 
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1. Introduction 

On 19 July, 1977, an intense, quasi-steady 
thunderstorm was observed by three Doppler ra
dars, rawinsondes, and the NCAR Portable Auto
mated Mesonet (PAM) over South Park, Colorado, 
during the Colorado State University, 1977 
South Park Area Cumulus Experiment (SPACE-77). 

In this paper, we summarize the salient 
mesoscale features leading to the formation of 
the quasi-steady thunderstorm and the observed 
structure of the storm. The results of numeri
cal experiments with the three-dimensional cloud 
model reported by Cotton and Tripoli (1978), 
Tripoli and Cotton (1980) and Cotton, et al. 
(1980) attempting to simulate the formation 
and structure of the observed storm are 
discussed. 

2. Observations 

2.1 Mesoscale environment and general echo 
characteristics 

The 19 July regional synoptic environment 
was characterized by relatively weak-shear 
5-10 m s-1 southerly flow at mid to high levels. 
Throughout the day, the NE transport of low
level moisture over Colorado resulted in early 
deep convection over NW Colorado and midafter
noon deep convection over South Park. An analy
sis of the evolution of the 19 July South Park 
mesoscale features by George (1979) revealed a 
relatively complex, time-evolving pattern. 
During the initial stages, a north-south line 
of echoes was induced by a corresponding north
south line of low-level convergence, with 5-7 
m s-1 westerly winds to the west, and 5-7 m s-1 
easterly winds to the east. New convective 
cells 6-8 km in diameter typically formed 
periodically (10-20 min) on the line's southern 
(upshear) end and moved northward at 6-8 m s-1 
through the line while slowly weakening. 

The low-level flow and echo patterns at 
1742 MDT (approximately 90 min after the line's 
formation) are portrayed in Fig. 1. At this 
time, airflow behind a southward-advancing 
meso-cold front was characterized by relatively 
strong northerly surface winds (especially to 
the west of the line). The vertical structure 
of this post-frontal air mass exhibited signi
ficantly greater low-level shear of the hori
zontal wind (~10-2 s-1) and relatively large 
low-level mixing ratios (~9g kg-1), The total 
buoyancy of a parcel lifted from the surface 
was similar on each side of the front, although 
greater low-level negative buoyancy existed in 
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the cooler air. The post-frontal northerly flow 
remained over the western half of South Park for 
the ensuing 90 min. The increased low-level 
shear of the relatively shallow (51 km) airmass 
apparently altered subsequent storm structure 
and motion. One preexisting cell within the 
echo line's interior spawned a secondary cell 
which split and exhibited a diverging trajec
tory. Another storm, discussed in greater de
tail in the following section, rapidly intensi
fied upon encountering the moist, northerly flow. 

2.2 Observed characteristics of a quasi-steady 
storm (Cll) 

The most significant change in post
frontal storm behavior was the rapid intensifi
cation and organization of a relatively weak, 
multicellular cluster located on the southern 
end of the echo line. Prior to the arrival of 
the meso-cold front, this cell group exhibited 
a transient behavior in echo characteristics. 
Contrastingly, after the front's passage, the 
cell cluster rapidly intensified and consoli
dated within 30 min to become a heavy precipi
tating, quasi-steady storm which traveled ~40° 
to the left of the mean environmental cloud
level winds for the next 60 min. 
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Fig. 1 Surface flow streamlines, mesonet 
parameters, and 5.5° CP-3 PPI echo contours (25 
dBZ and 40 dBZ) at 1742 MDT. Trajectories of 
echo centroids are depicted. The 1710 vertical 
sounding location is denoted by star. (From 
George, 1979). 



The salient features of the flow patterns 
within and adjacent to Cll during its steady 
period are portrayed in Fig. 2. Storm motion 
was directed towards the NW in response to con
tinuous regeneration of precipitation within 
the propagating updraft Ul, located above the 
gust front in the NW storm quadrant. The 
steadiness of storm circulation patterns is at
tributed to the constructive interaction of the 
NW-moving gust front with opposing low-level 
flow. The observed behavior is consistent with 
previous numerical experiments (eg., Klemp and 
Wilhelmson, 1978; Thorpe and Miller, 1978) which 
have elucidated the importance of wind shear 
profiles on storm motion and organization. Air
flow at midlevels was characterized by acceler
ated flow around the updrafts and a weak flow 
wake region extending downstream. Anticyclonic 
vorticity peaking at midlevels (1.2 x 10-2 s-1) 
was associated with updraft Ul, while cyclonic 
vorticity was associated with flow around the 
updraft U2. Tilting of vortex tubes was a 
primary contributor to these patterns. High 
turbulence (Doppler radar inferred) was es
pecially pronounced and persistent at midlevels 
along the southern and western storm quadrants. 
Estimated turbulent kinetic energy dissipation 
rates exceeded 0.4 m2 s-3 within a highly 
sheared region separating an updraft and down
draft. Less intense turbulence was associated 
with midlevel relative storm inflow along the 
southern storm quadrant. 

Doppler-derived draft patterns (Fig. 2) 
exhibited more complexity than corresponding 
reflectivity patterns. Updraft Ul had roots 
ahead of the gust front in the NW (downshear) 
and exhibited a reversal in tilt from lower to 
upper levels. Continuous northwestward pro
pagation of Ul apparently goverened storm move
ment. Analyzed maximum updraft speeds attained 
peak magnitudes of 20-30 m s-1 at upper mid
levels (708 km AGL). A secondary, less intesnse 
and extensive updraft, with peak speeds of 10-
20 m s-1 , was analyzed in the southern storm 
quadrant. Its forcing mechanism could not be 
resolved from the Doppler data or surface meso
net data. Diverging of low-level flow around 
the west side of the gust front and subsequent 

D !,ll()lEVEL TURBULENCE ~ l'tEUTIVE HOAIZONTAL STREAMLINES 

/ 3•0 OIIAFT PIE\..ATIVE STREAMLINES 

Fig. 2 Conceptual model of Cll's flow pat
terns during its intense, organized storm stage, 
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convergence along the southern flank, similar to 
what has been modeled by Tripoli and Cotton 
(1980) may have played a role. The analyzed 
downdraft circulations consisted of three cells 
or source regions which coalesced near the sur
face to produce a coherent cold air mass and 
associated gust front. Inferred downdraft 
initiating and maintenance mechanisms consisted 
of precipitation drag (Dl) and evaporational 
cooling (D2 and D3). Flow around U2 was instru
mental in producing downdraft D2. 

One of the most striking characteristics 
of Cll was its copious production of precipita
tion. Of the 12 primary storm cells observed 
during a 4½-hour period within South Park, Cll 
contributed ~30% of the total precipitation. 
Such a large fraction was attributed to Cll's 
quasi-steady organized circulation and relative
ly long lifetime. The peak measured rainfall 
rate (1855 MDT) was 190 mm hr-1, corresponding 
to a maximum low-level reflectivity of less 
than 50 dBZ. Even higher rainfall rates may 
have existed after 1900 MDT since low-level re
flectivity factors exhibited an increasing 
trend until 1937, Analysis of Cll's radar echo 
characteristics revealed that areas of 40 dBZ 
and 45 dBZ echoes at 1 km AGL, as well as vol
umes enclosed by 40 dBZ and 45 dBZ echo surfaces 
attained maximum values at 1930. In contrast, 
updraft (and mass flux) magnitudes decreased 
slowly after attaining peak strength at 1900 MDT. 
Such a relationship implies that Cll's precipi
tation efficiency increased with time. 

Despite Cll's dynamic vigor and organiza
tion, large hail was inferred absent because 
of the lack of significantly high reflectivity 
(55 dBZ maximum). However, small hail and/or 
graupel may have reached the surface. The ab
sence of large hail, together with the presence 
of high rainfall rates, implies that precipita
tion processes within Cll were extremely effi
cient. Analyzed airflow and reflectivity pat
terns suggest that such a high precipitation 
efficiency resulted from an organized recircu
lation of precipitation from the updraft at mid
levels to that at low levels. Recirculating 
tranjectories were made possible by the large 
angle (~140°) between the midlevel and low-level 
wind vectors. Therefore, airflow and turbulent 
motions adjacent to the midlevel updraft would 
have transported precipitation from the updraft 
northward over the low-level inflow. The high 
precipitation efficiency also implies that the 
liquid water depletion concept advanced by 
Foote (1979) was occurring naturally with Cll, 
where numerous particles reentered the downshear 
updraft (Ul) in both liquid and solid form (this 
is substantiated by visual observations of a ne
bulous inflow sector). Thus, recirculation of 
precipitation elements explains (a) high rainfall 
rates, (b) lack of large hail, and (c) absence 
of a radar echo vault. 

In summary, the change in low-level air
flow affected storm-scale processes in two ways: 
(1) it altered storm dynamical processes by 
producing a quasi-steady updraft which governed 
storm movement; (2) the low to midlevel level 
directional wind shear promoted an organized re
circulation of precipitation elements into the 
low-level updraft, thus modifying precipitation 
growth processes. 



3.0 Numerical Experiments 

In order to gain a greater understanding 
of the dynamics responsible for the production 
and maintenance of Cll, a three-dimensional 
numerical simulation of cumulus development in 
the observed 17 July, 1977 environment was per
formed. The improved CSU multidimensional cloud 
model summarized by Cotton et al. (1980) was 
used. This model utilizes an ice phase para
meterization developed by Stephens (1979) in 
which mixing ratios of ice crystals and larger 
graupel particles are explicitly predicted. 

Because the ultimate objective of this 
study is to use the model to gain further in
sight into the dynamical structure of Cll, the 
basic state temperature, moisture and wind 
fields were specified initially from a late 
afternoon post-frontal sounding. A domain 
of 35 km square by 17 km high was selected with 
a uniform 750 m grid spacing. A convective cir
culation was initiated by the introduction of 
a low-level focused convergence field (see 
Tripoli and Cotton, 1980) producing a strong 
induced uplifting within an 8 km radius of the 
domain center. Surface moisture and potential 
temperatures were initially perturbed upward 
to the level of free convection in the region 
of maximum convergence so that downward accelera
tion produced by negative buoyancy would not 
destroy the perturbation before the cloud became 
self-sustaining. As a result, an intense cumu
lus circulation developed reaching 14.5 km MSL. 
The updraft, with a peak magnitude of 14 m s-1, 
evolved from the initial upward motion and mi
grated to the southern quadrant of the storm. 
This migration can be explained by the findings 
0-f Tripoli and Cotton (1980; hereafter referred 
to as T-C), which showed that in the presence 
of strong initial low-level convergence, the 
perturbation updraft may become long-lived. As
sociated with vigorous well-rooted, initial dis
turbances was a surface pressure low, In some 
cases, T-C found that the pressure anomaly was 
intense enough to divert downdraft air beneath 
the updraft in a direction opposite to the 
downward transport of horizontal momentum. Thus 
the downdraft reinforced the initial updraft 
which in this case was located in the southern 
quadrant of the storm, 

Because the updraft in Cll was, in fact, 
observed in the northern quadrant of the storm, 
it was decided to try a different approach to 
storm initialization, Storm Cll was observed 
to first develop in the prefrontal environment 
before taking on the characteristics of a steady 
state circulation subsequent to frontal passage, 
This earlier development took place along the 
southern flank of a convective line formed in 
conjunction with a preexisting mesoscale con
vergence zone. In addition, the low-level wind 
shear was opposite to that encountered later on. 
It was decided, therefore, to simulate convec
tion first in the prefrontal environment and 
then artificially induce a frontal passage in 
the presence of mature convective cells. 

To accomplish this, a new domain 45 km long 
in the north-south direction, and 30 km wide in 
the east-west direction and 15 km high (18 km 
MSL) was used. A uniform grid spacing of 750 m 
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was again taken. Initially, a uniform surface 
mesoscale convergence of 0,27 x 10-3 s-1 (simi
lar to observed) was imposed. A region of more 
vigorous vertical motion was imposed in the 
center of the southern 2/ 3 of the domain within 
a diameter of 8 km. The focusing function was 
slightly different than that of T-C in order to 
contain all compensating subsidence within a 
radius of 15 km, instead of over the entire do
main. This was necessary because the perturba
tion is not centered in the domain. It was 
anticipated that with this initialization method, 
convection will develop in conjunction with the 
focusing, drift northward and develop new 
cells to the south as observed. The results 
show that indeed convection developed, drifted 
northward and some new convection was produced 
to the south, The initial forced cell reached 
14.5 km MSL which can be compared to 15 km MSL 
observed in the prefrontal environment. Peak 
updrafts of 24 m s-1 were produced, No pre
frontal estimates of vertical velocity were made 
from observations, however values of 25 m s-1 
were observed in Cll after frontal passage. Pre
cipitation of over 1,5 cm over a 3,5 km2 area 
occurred primarily in the form of graupel. This 
is compared to observed values of 1.0 cm, al
though sampling stations may not have been lo
cated in the maximum zone. Fig. 3 shows the 
cloud water field at 2250 m above the ground 
level after 50 min simulation time. A loosely 
organized north-south pattern of convective 
cells can be seen. 

Numerical experiments in progress at the 
time of this writing include an altered initiali
zation algorithm designed to tighten up the 
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Fig. 3 Horizontal cross section at 2.25 km 
above ground with cloud water field contoured 
at intervals of .01 g kg-1. 



organization of the north-south line of cells. 
In addition, the passage of the meso-cold 
front through the line of mature convective 
cells will be induced. The results of these 
numerical experiments will be described in 
the oral presentations. 
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III-4. 9 
CALCULATIONS ON THE SENSITIVITY OF SEVERE STORM DYNAMICS 

TO THE DETAIL OF MICROPHYSICS AND DOMAIN SIZE 

W. D. Hall and T. L. Clark 

National Center for Atmospheric Research* 
Boulder, Colorado USA 

1. Introduction 

Clark (1979) demonstrated that lateral 
boundary conditions which consider only extrap
olation from the domain interior outwards can 
lead to an ill-posed problem when simulating 
severe convection. Such schemes, when applied 
to the normal velocities resulted in a runaway 
situation for the horizontally averaged verti
cal velocity, <w>. Values of <w> as large as 
3 m s-1 over a 60 x 60 km domain size were ob
tained using one such scheme. Further simula
tions using the NHRE 22 June 1976 case study 
environmental soundings were presented by 
Clark and Hall (1981) but this time a relaxa
tion in time to specification at inflow for 
the normal velocities resulted in much better 
behaved profiles of <w>. Figure 1 shows pro
files of <w> for three experiments from Clark 
and Hall (1981) where all experiments use 
6x = 6y = 1 km for the horizontal grid incre
ments, 6z = .5 km for the vertical grid size 
in the numerical model. All experiments used 
identical initialization and a warm rain param
eterization based on the Kessler (1969) scheme. 
The only difference in these three experiments 
is horizontal domain size. We see in Fig. 1 
three time levels of <w> versus z where the 
horizontal averaging has been performed over 
both the original model domain size as well as 
the reduced domain size of 40 x 40 km. Two 
points are evident in this figure. Firstly, 
for the original domain size <w>max values are 
systematically decreasing with increasing 
domain size. Secondly, the 40 x 40 km averaged 
values of <w> are very similar for all three 
experiments. The values at t = 5760 s or 96 min 
for Exp. 25 and 23 are due to slight phase 
differences since when these models were con
tinued for another 960 s the <w> profiles on 
the 40 x 40 km domain retreated back to near 
the t = 4800 s values. Thus, by using the re
laxed type of inflow specification described 
in Clark and Hall (1981) well-behaved solutions 
are obtained which are not overly sensitive to 
the lateral boundary conditions. Thus, we are 
now at a stage to study the sensitivity of the 
model to physical processes without having to 
be overly concerned with ill-posedness of the 
problem being the main contributor to any 
observed sensitivity. To further demonstrate 
the reproducibility of results, Fig. 2 dis
plays fields of vertical velocity at z = 6.5 km 
AGL for five experiments from Clark and Hall 
(1981). Only domain size and horizontal resolu
tion differ between any of these experiments. 
We see one main cell with a minor cell to the 
northeast in each case. The structure and 
intensity are similar in all cases. As demon
strated by Clark and Hall (1981) if we 

eliminate the specification at inflow for the 
normal velocity then dramatic differences in 
both wand <w> result. 

As a first test on the sensitivity of the 
ctynamics and thermodynamics to the cloud physi
cal processes one experiment was performed in 
which auto-conversion to rain water described 
by the Kessler parameterization was prohibited 
to occur. This results in qR = 0 with no 
trace of a gust front. This experiment is re
ferred to as 3D3 again taken from Clark and 
Hall (1981). A second experiment was performed 
using a modified version of the Koenig and 
Murray (1976) parameterization which considers 
the ice phase. This experiment produced some 
interesting results but was in fact a failure 
when compared with the observations. Due to 
deficiencies in the parameterization, as em
ployed, the anvil precipitated instead of the 
main cells precipitating out in the northwest 
flank. This resulted in extremely weak gust 
fronts with 68 = -4K instead of the observed 
-16K. The gust front structure was similarly 
in poor agreement with observations, The warm 
rain Kessler experiments such as Exp. 21R, 23, 
25, 26 and 27 were much closer to the observed 
producing 68 = -9K and a structure similar to 
the observations. This difference in simula
tions is attributed to the region of precipi
tation and subsequent evaporation being closer 
to those observed for the Kessler scheme than 
for the current version of the Koenig and 
Murray scheme. Improvement of the latter 
scheme for ice phase clouds is currently under 
study. The clouds considered are primarily ice 
phase clouds. 

2. Sensitivity Between the No Rain (Exp. 3D3) 
and Warm Rain (Exp. 25) Case 

The cell structures for 3D3 were rather 
close to those of 25 despite the fact that no 
gust front developed for the first experiment. 
Apparently the gust front was not sufficiently 
strong in Exp. 25 to be strongly coupled with 
cell evolution as had been earlier believed 
in Clark (1979). Figure 3 displays a vertically 
averaged correlation coefficient C between 
vertical velocity and vertical vorflcity for 
the two experiments. The averaging depth was 
taken as the first 5 km AGL. We see one effect 
of precipitation is to weaken the correlation 
between these variables where with qR = 0 we 
reach C values of .65 whereas qR f Owe reach 
values ~r only .38. This dramatic reduction is 
thought to be due to source/sink regions being 
decoupled due to sedimentation of the rain. 
The open triangles are taken from the observa
tions and are again even smaller than Exp. 25 

*The National Center for Atmospheric Research is sponsored by the National Science Foundation. 
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results suggesting even stronger sedimentation 
effects are present in the natural cloud than 
in the simulation. Figure 4 displays volume
integrated perturbation kinetic energies for 
the two experiments. Here we see that the 
effect of precipitation is to increase the 
eddy kinetic energy by a substantial amount. 
Figure 5 shows a similar result for volume
integrated values of the square of~-

3. A Koenig-Murray Parameterization Experiment 

Along with the two categories of liquid 
phase, cloud water and rain water, introduced 
by Kessler, the ice phase is assumed to be 
represented by two types of ice. Type A orig
inates from sorption nuclei and type B origi
nates by type A ice contact with the rain. 
Each category contains the two field variables 
of number concentration and mass mixing ratio. 

Figure 6 shows the model-simulated verti
cal velocity at t = 96 min in cross-sectional 
view with an east-west orie~lj:3-tion. Maximum 
values of w are about 28 m s in this plane. 
Figure 7 shows the type A ice mixing ratio for 
the same plane as in Fig. 6

1 
We see q. A 

values as large as 9 gr kg- The vautfe, 
region is the result of particles being nucle
ated within the updraft and having no time to 
grow to large .sizes until carried out of the 
main updraft. 

4. Conclusions 

It has been shown that two effects of pre
cipitation are to reduce the correlation be
tween vertical velocity and vertical vorticity 
as well as to increase the eddy kinetic energy. 

The experiment with ice physics produces 
the expected vault in the updraft region but is 
deficient as an overall parameterization be
cause problems associated primarily with the 
treatments of riming rate, melting and the 
subsequent sedimentation of raindrops. 
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Figure 1. Horizontally-averaged vertical 
velocity, <w>, versus height, z, for 
three experiments using a warm rain 
parameterization. Time is in seconds. 
Note the two averaging domains used for 
Exp. 25 and 23. The reduced domain is 
equivalent to that of Exo. 21R. 
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PRECIPITATION AND HAIL FORMATION MECHANISMS IN A COLORADO STORM 

Andrew J. Heymsfield 

National Center for Atmospheric Research* 
Boulder, Colorado 80307 USA 

1. Introduction 

The mechanisms of hailstone growth in clouds 
have been a topic of intrinsic scientific inter
est for many years. The present understanding 
of hail formation processes is incomplete, in 
part because the complete data sets that would 
be required to investigate the complexformation 
mechanisms do not exist. Previous hailstorm 
studies have relied extensively on radar reflec
tivity data and idealized hail growth trajecto
ries to develop conceptual models of the hail 
formation process. Unlike earlier studies, the 
present study of a multicellular hailstorm 
which occurred on 22 July 1976 in NE Colorado 
identifies the locations of graupel and hail 
within the storm through use of the dual-wave
length technique described by Jameson and 
Heymsfield (1980; hereafter referred to as JH). 
This information, in conjunction with the 
triple-Doppler radar analysis of Hal Frank of 
NCAR, with simplified calculations of particle 
trajectories and in situ aircraft observations 
led to the identification in this storm of what 
appear to be the dominant hail growth mechanisms. 

2. Description of the Data Set 

The storm was characterized as a relatively 
intense hailstorm prior to the Doppler radar 
observations, but had declined to a moderate 
level during the period under investigation. 
Peak reflectivities of 70 dBZ were found at the 
earlier, intense period, but had declined to 60-
65 dBZ during the period under investigation. 
The period from 1626-1718 MDT was chosen for the 
present analysis because of the simultaneity of 
the aircraft and triple-Doppler radar measure
ments. Unfortunately, hail collections during 
this period were sparse because of the lack of 
roads along the path of the storm. Hail collec
tions were made only at two locations, but the 
storm was likely to have produced hail during a 
significant portion of the observational period, 
as described by JH. During the observational 
period, the storm was characterized by a cloud 
top height of approximately 14.5 km MSL. The 
0°C and -40°C isotherms within the updraft were 
at approximately 4.7 and 10 km, respectively. 

The triple-Doppler radar data was crucial 
to the present analysis. The time required for 
a complete scan of the storm volume ranged from 
3.5 to 4 min and six complete scans were ana
lyzed for the observational period. Integra
tion of the equation of mass continuity proceed
ed from near the cloud top to the surface. The 
spatial resolution was 1-2 km in the horizontal 
and the vertical, and the accuracywas estimated 
to be generally better than ±2 m s- 1 in the 
horizontal and ±6 m s- 1 in the vertical. 

* The National Center for Atmospheric Research 
is sponsored by the National Science Foundation. 
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In the study by JH, it was shown that dual
wavelength radar measurements can be used to 
discriminate particle sizes for the 22 July 
1976 case study. In that study, the hail sig
nal (Y') was defined as the logarithm of the 
ratio of the reflectivity at 10 cm (Z10) to 
that at 3 cm. Values of Y' ~ 3 dB were found 
to be correlated with hailstones larger than 1 
cm which had a fairly high density. Values of 
Y' ~ -3 dB were found to be correlated with 
rimed particles or graupel with a fairly low 
density over the size range 5 to 10 mm. When
ever -3 dB< Y' < 3 dB, particles are presumed 
to be between graupel and hail in density and 
size or were less than 5 mm in size. A complete 
dual-wavelength scan of the storm took 1.5 min. 

In addition to an extensive set of radar 
data, measurements were made with the South 
Dakota School of Mines & Technology T-28 air
craft during six penetrations through high re
flectivity regions of the storm over the time 
period 1630-1720 MDT. These penetrations span
ned an altitude range of 6.0 to 7.5 km MSL (2.4 
to 3.9 km above cloud base) and a temperature 
range of -10 to -19°C. The measurements were 
supplemented by data below cloud base obtained 
from 15 passes with the NCAR Queen Air 306D. 
The altitude and temperature at the cloud base 
was found to be approximately 3.6 km MSL and 
+7.5°C, respectively. 

3. Locations of Hail and Graupel Within 
the Storm Complex 

Information on hail and graupel locations 
according to dual-wavelength measurements were 
compared with wind field data to provide a 
basis for investigating the hail productionpro
cess. Six sets of dual-wavelength measurements 
were analyzed in detail. A pulsating hail pro
duction process was noted during the observa
tional period. The periods during which Dopp
ler data were collected (MDT) and the corre
sponding volume over which hail was measured 
above the melting level were: 1626 (82 km 3), 
1632 (42 km 3), 1640 (12 km 3), 1708 (46 km 3), 
1712 (123 km 3), and 1718 (145 km 3). 

The processes leading to the pulsations in 
hail production were more fully investigated by 
combining the dual-wavelength radar data with 
the derived wind fields for the six times inves
tigated in detail, and some of the general 
features of the synthesis will be discussed 
here. Figure la shows data on graupel and hail 
locations, the storm relative wind field and 
the measured reflectivity at 1640 MDT on aver
tical section oriented from north to south 
through the main updraft region. This section 
was oriented approximately along the inflow 
direction. This figure illustrates one compo
nent of the hail production mechanism, in which 
particles are introduced into the main updraft 



region from the forward overhang and some grow 
into hail when they reach the upper levels of 
the updraft region. The lack of appreciable 
hail noted at 1640 MDT indicates that the hail 
production mechanism was not efficient at this 
time. The dominant mechanism for hail produc
tion over the period 1626-1640 MDT was found 
to result from the advection of hailstones in 
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the divergent wind field from a feeder cell 
located west of the main updraft region into 
the main updraft region where they continued to 
grow. 

An illustration of the transfer of embryos 
from a feeder cell into the main updraft region 
at 1708 MDT appears in Fig. lB in a vertical 
section oriented from west to east. An exten
sive region of graupel was observed at 6 km 
within the feeder cell located to the west of 
the main updraft region (Fig. lB). These em
bryos were apparently advected in the divergent 
wind field into the main updraft region, where 
hail was produced, These transferred embryos 
were responsible for the production of copious 
amounts of hail within the storm several min
utes later. A vertical section oriented from 
south to north through the storm at 1712 MDT 
appears in Fig. lC. A continuous region of 
hail was noted to form within the updraft re
gion at the low levels. A large band of 
graupel was noted downwind of the main updraft 
region and was a consequence of "size-sorting." 

A three-dimensional-type diagram indicating 
the hail locations at 1712 MDT appears in Fig. 
2. The outer contour in the figure represents 
a "smoothed" version of the locations where the 
hail signal (Y') ? 3 dBZ. The three-dimension
al form representing the hail locations appears 
near the top of the figure, and a fully sliced 
view of the hail locations appears in the 

8~ )( 
.5 8q_5 (~~) 

1712 MDT 
sa.s 

Fig. 2. Hail locations at 1712 MDT, with com
posite three-dimensiona·l cJ:r,awing at upper 
portion of figure and sliced view of three-di
mensional form cJ:r,awn on five planes which are 
oriented from north to south in lower portion 
of figure. Outer contours: dual-wavelength 
signal= +3 dB, increment of successive con
tours= +2 dB. Cell locations are indicated 
in upper portion of figure. Dark horizontal 
line oriented north to south: altitude (Z) 
= 9 km. Dark vertical line: Y = 19 km with 
respect to Grover coordinates. Position of 
north-south (X) planes are indicated in lower 
portion of figure. The separation between 
vertical lines and horizontal lines = 1 km. 



bottom of the figure. Figure 2 indicates that 
at 1712 MDT, a well-defined region of hail was 
located near the top of the storm, at the upper 
levels of the strong updraft region. The indi
vidual cells associated with the hail are indi
cated in Fig, 2. 

4. Trajectory Calculations 

To provide insight into the dominant mecha
nisms responsible for hail growth, particle 
growth trajectories, computed from the three
dimensional wind field, were compared with the 
locations of hail within the storm which were 
obtained from the dual-wavelength data. The 
particle trajectories were computed backwards 
in time using the observed three-dimensional 
wind field and a simplified particle growth 
model. Average lineal growth rates (dD/dt) and 
velocity growth rates (dV/dt) as a function of 
particle size were computed from the T-28 air
craft measurements of the drop size distribu
tion and the liquid water content, whenever the 
liquid water content exceeded 1 g m- 3 . A 20 s 
timestep and the appropriate triple-Doppler 
wind field were also used in the calculations. 

The calculations revealed two dominant tra
jectories existed for the growth of hail. The 
largest and most wide-spread hail resulted 
when graupel particles and hailstones were ad
vected in the divergent wind field from a feed
er cell into the main updraft region where they 
continued to grow. Smaller hail and graupel 
particles resulted when a feeder cell develop
ed within a region of precipitation debris. 
The particles entrained into the developing 
cell had a "head-start" over those particles 
nucleated within the cell. 

5. Discussion 

A fundamental requirement for the growth of 
a hail embryo into a hailstone is the provision 
of sufficient time for the particle to grow 
within the liquid water region. In this study, 
particles which grew into hailstones achieved 
this sufficient growth time by starting in a 
feeder cell and then subsequently being carried 
by the diverging flow near the top of the feed
er cell updraft into the main updraft region 
where the growth into hail was completed. The 
dominant modes of hail growth over the period 
are indicated in Fig. 3, for the period 1626-
1640. A schematic for the period 1708 to 
1718 is shown in Fig. 4. The particle trans
fer mechanism seems to be critically dependent 
upon the position of the feeder cell relative 
to the main updraft core, the presence of 
strong divergence at the mid- and upper levels 
of the storm and the magnitude of the vertical 
velocity within the divergent regions of the 
feeder cell, which must be sufficient to keep 
particles aloft. In the storm investigated in 
the present study, feeder cells often formed 
along the gust front generated by the storm. 
Specific characteristics of the environmental 
flow field may be important, as for example, 
cyclonic wind vorticity which may enable parti
cles to advect around the forward side of the 
storm. 

As noted in the previous section, many of 
the trajectories which ultimately became hail 
initiated within a region of "precipitation-
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debris." In order to understand the or1.g1.n 
and composition of hail embryos, it was useful 
to trace the development of several of the 
main feeder cells in this region. The radar 
measurements indicated that the radar reflec
tivity developed rapidly within these feeder 
cells. The T-28 measurements indicated that 
the particles ingested from the precipitation 
debris region by the feeder cells were primar
ily aggregates of dendrites up to 7 mm in size 
(Fig. 5). Rapid growth of these large aggre
gates into hail is anticipated. 

To assess the potential importance of ag
gregates in the hail formation process for 
this storm, a computer model was developed to 
determine the comparative rates of growth of 
various ice crystal forms. The calculations 
used the heat balance equations for determin-· 
ing the particle temperature, the accreted 
density based on the particle temperature and 
drop size distributions, and the most appro
priate collection efficiencies and Best Number 
(X) Reynolds number (Re) relationships for 
terminal velocity calculations. One measure 
of the suitability of an embryo to grow into a 

1626 -1640 MDT 

Fig. 3. Schematic representation of 
the hail formation process for the per
iod 1626-1640 MDT. Arrows: No shading 
--environmental winds; vertical shading 
--updraft ai~; stipled shading--
particle trajectories producing hail. 

FEEDER CELL 

__, 
IKM 

1708-1718 MDT 

Fig. 4. Same as Fig. 3, except for 
1708-1718 MDT. 



hailstone is the time required for it to 
achieve a terminal velocity of 10 m s- 1 (Fig. 
6). The calculations indicated that frozen 
drops are the most suitable hail embryos, and 
large graupel particles and aggregates are 
less so, and, dendrites make rather poor 
embryos. 

Within the newly developing feeder cells, 
the observed particle types were aggregates up 
to 5 mm and single dendrites up to 1 mm. It 
is apparent from Fig. 5 that aggregates are 
the preferable ice particle form for growth 
into graupel in the storm investigated. How
ever, within the mature updraft regions, grau
pel particles can more rapidly increase their 
terminal velocities, and therefore are pref
erable forms of hail embryos within the 
intense updraft regions. These calculations. 
are consistent with the observations of hail 
growth mechanisms described previously. 

6. Conclusions 

In the present study, a two-stage hail 
growth model is proposed in which 1) hail em
bryos originate in feeder cells and then 2) 
are transferred into the main updraft region 
where they continue to grow. The growth of 
hail embryos is accelerated if the feeder cell 
can ingest large aggregates from the precipi
tation debris region .. The storm investigated 
in this study was a typical, moderate
intensity hailstorm in northeast Colorado, as 
indicated by the maximum hailstone sizes (ap-
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Fig. 5. Two-dimensional (2-D) images of 
partiales sampled with the T-28 on 22 
July 1976. The symbols in the figure 
are: t (time, MDT); D = maximum dimen
sion (mm); T = temperature (°C); LWC = 
liquid water aontent (g m- 3 ); W = ver
tical velocity (m s- 1). All particles 
collected in feeder cells or upwind of 
feeder aeUs. 
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proximately 2.2 cm) and radar reflectivities. 
Since the reflectivity patterns found in the 
storm were similar to that exhibited by many 
other hailstorms in that area, it seems likely 
that this two~stage hail growth model is appli
cable to other hailstorms in northeast Colorado. 
Future research is needed to define the impor
tance of and determine the applicability of the 
particle transfer mechanism in hail and pre
cipitation formation. 
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LIQUID WATER CONTENT VERSUS VERTICAL VELOCITY IN 

TROPICAL CUMULONIMBUS* 

'(l) d G Ad d( 2) H. Isaka, M. Fode an . n rau 

L.A.M.P., University of Clermont-Fd, FRANCE 

1. Introduction 

Recent development of airborne microphy
sical probes has enabled to observe 'in situ' 
the entire size range of droplets and hydro
meteors inside the clouds. However, such ob
servations remain relatively scarce (Musil et 
al., 1918 ; Houze et al., 1978), while their 
importance to studies of the growth of preci
pitation and to cloud modellings is quite ob
vious. 

The purpose of the present paper is to 
report some results of analyses of the tropi
cal cumulonimbus penetrations made by a DC 7 
of French Air Forces in October 1977 over 
Ivory Coast. One of these penetrations was al
ready briefly described by Gayet et al. (1978). 
In this paper, we will be interested in some 
average features of microphysical parameters 
inside this kind of clouds and in their varia
tions with the updraught intensity. Some of 
the implications of such observations will al
so be considered with respect to precipitation 
processes and cloud modellings. 

2. Data and data processing 

The data in this study were obtained du
ring two (Nos. 2 and 7) of the 8 flights made 
by the DC 7 over Ivory Coast. These two flights 
totalizing 20 penetrations through continental 
tropical cumulonimbus, were selected for the 
present analysis, because almost all of their 
cloud penetrations were made through convec
tively active zones of cumulonimbus, charac
terized by moderate to strong updraughts. The 
penetration levels varied betwe~n 600 mb and 
480 mb, corresponding to a temperature range 
of o0 c to - 10°c. 

The DC 7 was instrumented for measurements 
of microphysical, thermodynamical and dynami
cal parameters. Characteristics of these ins
truments were previously described in detail 
by Lescure and Lejeune (1975) for thermodyna
mical and dynamical measurements and by Gayet 
(1976) for microphysical measurements. All ana
log data were digitalized and recorded with a 
sampling rate of 10 per second, except those 
supplied by an inertial navigation system, 
Litton 51 (4 per second) and by the Particle 
Measuring Systems ASSP, CDP and PSP probes 
(1 every 2 seconds). The output signals from 
the Ruskin probe for measurement of the total 
water content were recorded in analog form on 
magnetic tapes and later digitalized at an 
adequate samplig rate. 

The three components of air velocity were 
computed according to the method previously 
described (Guillemet et al., 1977). This 
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method includes a calibration scheme to mini
mize the effect of instrument biases in the es
timated air velocity. The vertical velocity of 
aircraft was computed according to the Lenschow' 
s scheme in which the pressure altitude is used 
to stabilize the altitude calculated by a two
fold integration of the vertical acceleration 
of aircraft (Lenschow, 1972). This acceleration 
was measured with an accelerometer strapped 
down to the aircraft structure instead of a 
vertically aligned accelerometer of the Litton 
51 inertial platform. This means that the acce
lerometer is sensitive not only to the vertical 
acceleration of aircraft, but also to other 
forces. Hence, we will only consider the verti
cal velocity computed on quasi-straight flight 
pathes. Furthermore, the vertical velocity was 
smoothed with a Gaussian low-pass filter to 
retain its variations of horizontal scales long
er than 500 m. 

The liquid water content of cloud was es
timated by integrating size spectra of cloud 
and precipitation droplets obtained by the ASSP, 
CDP and PSP probes. In doing so, we assumed 
that all the particles detected by these probes 
were of liquid phase, although the negative 
temperature recorded at the penetration levels 
should allow the presence of some solid parti
cles. In fact, the impact of solid elements, 
probably graupels and small hailstones, onto 
the cockpit window was reported for some of the 
penetrations. This implies that the estimate 
of liquid water content has to be considered 
cautiously. In this study, we did not refer to 
the liquid water content which could be esti
mated from the total liquid water contents mea
sured by the Ruskin probe, because the difficul
ty in estimating the water content in vapour 
phase have not yet been overcome completely 
(Pinty et al., 1978). 

3. Results and discussions 

3.1 Typical observations 

Figure 1 represents variations of some 
microphysical parameters and the vertical air 
velocity observed during one of the 20 cumulo
nimbus penetrations analyzed in this paper. 
This example may illustr.ate several interest
ing features of cloud penetration observations. 

In order to replace this penetration with 
respect to the entire masses of cloud as obser
ved by the airborne meteorological radar, we 
plotted the corresponding flight path of the 
DC 7 on an image of radar echoes photographed 
just before the cloud entry ; we reproduced it 
schematically in Figure 2. This figure shows 
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Fig. 1 : Example of Variations of Some Micro
physical Parameters and Vertical Air Veloci
ty during a Cumulonimbus Penetration (15 h 00 
Penetration of Flight No. 2) 
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Fig. 2: Horizontal Projection of the Flight 
Path of the DC 7 (15 h 00 penetration of 
Flight No. 2) and Radar Echoes observed by 
the Airborne Meteorological Radar (3 cm). Two 
solid cercles represent the locations of the 
DC 7 respectively at the cloud entry and af
ter 100 seconds. The letters A, Band Cindi
cate the three updraught regions identified 
in Fig. 1. 

that the DC 7 was flown through an edge of 
cumulonimbus which covered an area of about 
12 km x 10 km. It was reported that this part 
of the cumulonimbus was in developing phase 
with multiple visible convective towers. 
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The four curves in Fig. 1 display, from 
the top to the bottom, the number concentration 
of cloud droplets with a diameter less than 
300 µm (litre-1), the liquid water content 
(g m-3), the ratio between the precipitation 
water content and the liquid water content, and 
the vertical air velocity (m sec-1). The preci
pitation water content is defined as the part 
of liquid water content due to the particles 
in the PSP size range. The abscissa is thee
lapsed time with its origin taken at the in
stant of cloud entry determined by the ASSP 
probe. 

During this penetration of 7 km in length, 
the DC 7 crossed three distinct zones of weak 
to moderate updraughts, designated respective
ly by A, B, and C in Fig. 1, No downdraught was 
observed in this penetration, except at both 
edges of the cloud where weak subsidences of 
2 m sec-1 were found. The horizontal extent of 
the draught zone is of about 1 km for both A 
and C regions, and 2 km for the B region. The 
updraughts, observed during other penetrations, 
also have similar values of the horizontal ex
tent, except in a few cases where the updraught 
occupied a region exceeding 4 km in length. 

Both the number concentration of cloud 
droplets and the liquid water content also ex
hibit three distinct zones of high values. Their 
locations suggest clearly a close relationship 
of these high cloud droplet concentration and 
the liquid water content with the existence of 
updraught. The number concentration reaches 
peak values of 2 to 4 104 per litre in these 
updraught regions. Its value drops by a factor 
of 5 to 10 outside. These peak values are quite 
moderate ; higher number concentrations in the 
range of 1 to 2 105 per litre were sometim~s 
observed in much stronger updraughts. 

The liquid water content varies between 
2 and 5 g m-3, except near the edges of the 
cloud where its values drop much less than 0.5 
g m-3. The ratio R remains close to unity 
throughout the entire length of the penetra
tion, except in the zone located between the 
first edge of .,the A updraught region. ·This 
means that the liquid water content is mainly 
due to precipitation particles without any si
gnificant contribution from cloud droplets. 

The location of peak liquid water content 
sometimes coincides with that of the peak ver
tical air velocity, as it can be seen in the B 
and C regions in Fig. 1, while it also occurs 
that these two locations are slightly sepa
rated from each others so that the peak water 
content may be observed near the edge of up
draught regions. A similar observation was re
ported by Musil et al. (1978) in their analyses 
of thunderstorm penetrations. The A updraught 
region is one of these cases, though it is not 
the best example we can offer. 

3.2 Liquid water content vs Updraught Velocity 

The above example suggests that a fairly 
good correlation may be found between liquid 
water content and updraught velocity within 
developing convective cells in which a strong 
downdraft has not yet been produced. Many of 
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the cloud penetrations analyzed here belong to 
these kind of data. Hence, without looking for 
an exact coincidence between the locations of 
peak water content and peak updraught veloci
ty, we plotted in Figure 3 the peak liquid 
water content as a function of the peak up
draught velocity for each of the well-defined 
and isolated convective cells we encountered 
during Flights Nos. 2 and 7. This figure shows 
that the peak liquid water content within a 
developing cell increases with the peak up
draught velocity in the same cell, A liquid wa-. 
ter content larger than 10 g m-3 may occur 
within a cell in which the updraught velocity 
exceeds 10 m sec-1 . The highest liquid water 
content in Fig. 3 approaches a value close to 
20 g m-3, while the adiabatic value of liquid 
water content for an air parcel raised from 
the ground to 6 km, average altitude of the 
cloud penetrations, is merely 7 g m-3. This 
value i.s estimated from data of upper air 
sounding at Yamoussoukro, nearest upper sound
ing station in Ivory Coast during our field 
experiments. 

These superadiabatic liquid water con
tents raise some questions : 

- whether they are due to hydrometeors drift
ing downwards from higher altitudes or not ; 

- what kind of size spectra they correspond 
to, etc ... 

In order to look into these problems, we need 
to analyze the liquid water content, the size 
spectrum and the updraught velocity in a much 
smaller horizontal scale than that of an entire 
convective cell, We plotted the liquid water 
content as a function of updraught velocity in 
Figure 4, where each point corresponds to both 
quantities averaged over 200 m. of flight path. 
We did not reproduce points in the hatched 
rectangular box, because too many points exist. 
The adiabatic liquid water content is indica
ted by an horizontal dashed line. The terminal 
velocity of a drop with a diameter of 4.5 mm, 
the largest drop detectable by the PSP probe, 
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Fig. 4: Liquid Water Content as a Function of 
Vertical Air Velocity (Flights Nos. 2 and?). 
Each point represents these quantities aver
aged over a distance of 200 m. 

Wt(4.5) : Absolute value of the terminal ve
locity for the largest drop measur
able with the PSP probe (at 500 mb 
and - 10°c; 

LWCad Adiabatic value of liquid water 
content for an air parcel raised 
from the ground to 6 km; the va
lue is computed from upper air 
sounding data at Yamoussoukro (Ivo
ry Coast). 

is about 12 m sec-1 at 500 mb and - 10°C ac
cording to the estimation made by Beard (1976). 
This means that all the drops measured by the 
PSP probe still continue to drift upwards with
in an updraught whose velocity exceeds 12 m 
sec-1. Fig. 4 shows that a few of observed 
superadiabatic liquid water contents occurred 
with updraught velocities in this range. Fur
thermore, the relative displacement of drops, 
with respect to air parcels, may be comparati
vely small, as long as the relative drift velo
city of drops remains small. This leads us to 
a conclusion that these superadiabatic liquid 
water contents, corresponding to updraught 
velocities greater than 10 m sec-1, are not due 
to a massive downwards drift of precipitation 
water from higher altitudes. These findings 
suggest that an intense process of accumulation 
is going on within tropical cumulonimbus. 

3.3 Size spectra for superadiabatic liquid 
water contents and large updraught velo
city 

'Specific' ASSP, CDP and PSP size spectra, 
within intense updraught (W > 9 m sec-1) are 
divided into three categories according to the 
liquid water content and then averaged. Results 
based on the data of Flight No. 7, are presen
ted in Figure 5. The 'specific' size spectrum 
is defined by dividing the ordinary spectrum 
by the corresponding liquid water content, in 
order to facilitate a comparison between size 
spectra belonging to different values of the 
liquid water content. 

Figure 5 represents average 'specific' 
size spectra, over the size range of 10 µm to 
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4.5 mm, estimated for three categories of li
quid water content, when the updraught veloci
ty exceeds 9 m sec-1 . We immediately notice an 
abnormal underestimate of cloud droplet con
centration by the ASSP probe in its highest 8 
channels, the reason for which is not clear. 
Another underestimate with a smaller degree 
may also be noticed in the overlapping range 
of the CDP and PSP probes. If we neglect these 
dispersions of measurements in both the over
lapping ranges, all the points, belonging to 
one category of the liquid water content, are 
aligned fairly well along a straight line in 
log-log plot up to a critical size situated 
in the PSP range. Beyond this size, another 
straight line may be adjusted, but with a dif
ferent value of slope. These three spectra sug
gest a certain degree of coupling between the 
cloud droplets spectra and the precipitation 
spectra. The liquid water content less than 
the adiabatic value implies that the air par
cel in the updraught has experienced an inten
se entrainment and this results in a size spe~ 
trum with fewer number of large drops. Hence, 
these drops are less efficient to deplet smal
ler cloud droplets, from which results a high
er concentration in cloud droplets. As the li
quid water content increases (as a result of 
either the accumulation processes or the smal
ler entrainment experienced by an air parcel 
with a greater updraught velocity), larger 
drops appear in the updraught and their con
centration increases. This leads to a much 
more efficient depletion of cloud droplets and 
to a gentler slope of the cloud droplets size 
spectrum. A further increase of the liquid 
water content leads to a further increase of 
hydrometeors, so that the Marshall-Palmer dis
tribution might be satisfied in the entire 
range of hydrometeors and that the size spec
trum tend to an equilibrium state in its whole 
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size range. 

4. Conclusions 

The following conclusions were drawn from 
the present investigation : 

a) a fairly good correlation exists between the 
locations of high liquid water contents and of 
updraught within convective cells in developing 
phase. 

b) The locations of peak values of both para
meters do not always coincide with each others, 
but the peak value of liquid water content 
within an updraught increases with the peak va
lue of updraught velocity. 

c) The superadiabatic liquid water content may 
occur, while all the particles are still drif
ted upwards, suggesting the existence of effi
cient accumulation mechanisms in tropical cumu
lonimbus. 
d) Some evidence suggest that the Marshall-Pal
mer distribution may not be valid in the entire 
range of hydrometeors. The extent to which this 
distribution is valid seems to depend on both 
the updraught velocity and the liquid water con
tent. 

e) The cloud droplet size spectrum seems to 
change within the intense updraught with the 
precipitation water content suggesting that the 
size spectra of cloud and precipitation drop
lets need to be considered as an entity, and 
not as two distinct entities without interaction. 

These conclusions are tentative at the pre
sent state of our data analysis. Further obser
vations and analyses are needed in order to 
reach to a comprehensive picture of the.preci
pitation processes and its interaction with 
the dynamical processes in tropical cumulonim
bus. 
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During the summers of 1977 and 1978, 
the convective storms in the vicinity of the 
NASA Kennedy Space Center, Florida developing 
under the triggering effect of a sea breeze 
convergence regime were observed by a network 
of three Doppler radars assisted by other in
struments. The purpose of the experiments con
ducted within the Thunderstorm Research Inter
national Program (TRIP) was to assess the con ... 
ditions for which these convective storms de
velop and reach the thunderstorm stage indi
cated by the onset and growth of electrical 
activity. The Doppler radar network acquired 
three dimensional observations of the velocity 
of precipitation particles and also radar re
flectivity indicative of precipitation inten
sity. The electrical activity of the storms 
was monitored by visual observation of light
ning and a network of radar receivers named 
LDAR (Light Detection and Ranging), operating 
at a 40 MHz center frequency and capable of 
locating the position of the electrical elec
trical radiation sources in the thunderstorm 
so that they can be compared with the radar 
data. The LDAR system, which was presented by 
Lennon (1975), is composed of seven receivers 
installed at different locations and a com-'. 
puter which evaluates the time of arrival dif
ferences of the same signal reaching different 
receiver sites. These data are then inter
preted by the same computer to obtain the x, 
y,z origins of the received signal. 

The data pertaining to only a few 
storms have been selected and analyzed at the 
present time with the results reported in sev
eral papers (Lhermitte, Conte, Pasqualucci, 
Lennon, and Serafin, 1977; Lhermitte, 1978; 
Lhermitte and Poor, 1979; Lhermitte and Kreh
biel, 1979). The main concern in the data 
analysis was to present and discuss the joint 
radar and LDAR observations so that a descrip
tive model outlintng possible mechanisms for 
sto~m electrification could be derived from 
the interpretation of the results. Two storm 
systems were more thoroughly studied: Storm 
I, observed on August 1, 1977 and Storm II, 
observed on August 13, 1978, Since they were 
observed approximately one year a~art, these 
storms are unrelated, but they were both ob
served in the same geographical region, in the 
summer and in the same part (early afternoon 
hours) of the diurnal cycle of convection. 
The two storms show amazingly similar condi-
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tions in their dynamical, physical and elec
trical development which may serve as a basis 
for a more general understanding of the typical 
behavior of a thunderstorm. The purpose of 
this paper is thus to examine these similari
ties in an effort to report the typical or gen
eral conditions leading to the onset and devel
opment •thunderstorm electrification. 

Both storms evolved in a very strong wind 
shear environment which provided the conditions 
for quasi steady state circulation and precipi
tation without appreciable translation of the 
storm. However, environmental wind shear con
ditions for the two storms were different. 
Storm I evolved in an environment characterized 
by a southwest low level flow and northeast up
per flow. These conditions produced a multi
cell storm in the form of a small squall line 
aligned with the wind shear. The mean shear 
conditions for Storm II were a southeast low 
level flow and northwest upper flow; the storm 
system was composed of only two cells which 
developed almost sequentially. 

Both storms became el,0 ctrically active 
when their vertical development reached approx
imately 7 to 8 kms, although intense precipita
tion was observed earlier originating in the 
storm low altitude levels, In both storms the 
regions where electrical radiation sources were 
observed were always in the 7 to 10 kms alti-

·tude range and in the vicinity of or above a 
strong updraft. In the Storm I case three 
cells, aligned with the wind shear, were active 
simultaneously with the cell in the storm cen
ter associated with a much more vigorous up
draft. Although electrical activity was ob
served in the vicinity of each of the updrafts, 
it was much more intense in the vicinity of the 
stronger cell, where updraft velocity reached 
more than 20 ms-1 . In Storm II the cells de
veloped sequentially and triggered well iden
tified bursts of electrical activity correlated 
in space and time with updraft development. 
The altitude variation of the LDAR radiation 
sources followed similar behavior of the up
draft. The updrafts always develop in the vi
cinity o.f or above the freezing level and ex
hibit a velocity maximum rising systematically 
towards the storm top; when that updraft maxi
mum approaches the storm top, the updraft dis
appears which results in a strong divergence in 
this region. There is some question as to the 



steadiness and vertical continuity of the up
drafts observed in these storms since their 
lifetime (less than 4 to 10 minutes) is com
parable to the time necessary for an air par
cel to rise from a few kilometers abo.ve the 
freezing level to the storm top. The updraft 
may appear in the form of a bubble fed by en
trainment due to massive freezing occurring at 
a critical stage of the storm development. 

Note that in these stationary Coastal 
Florida storms, there is no substantial low 
altitude downdraft except in the final stages 
of a large storm system. Indeed, there is 
never much divergence/convergence in the storm 
low levels where the dominant feature is heavy 
precipitation mostly located below the freezing 
level and not necessarily related to the devel
opment of storm electrification. 

It is important to note that an up
draft is always associated with high altitude 
-no:wndrafts occurring upsbear from it. This is 
not surprising since this is a region where 
evaporative cooling may be important thereby 
providing a mechanism for accelerating the 
downdraft. 

Detailed inspection of the motion 
fields shows that the downdraft merges with the 
updraft in a region near the high reflectivity 
core. These conditions suggest a~possible ex
planation for thunderstorm electrification 
which was proposed and discussed in detail for 
Storm II. (Lhermitte, Krehbiel, 1979), It is 
assumed that the separation of charges takes 
place in the vicinity of the updraft at an al
titude where the downdraft meets that updraft. 
The high radar reflectivity observed in this 
part of the storm indicates -that large, frozen 
particles must be present there which may be 
suspended on the upshear side of the updraft 
maximum where their downward terminal velocity 
might equal the upward air velocity. Since the 
updraft extends from below the freezing level, 
it carries liquid water droplets which become 
supercooled at higher altitudes. Some of these 
supercooled droplets collide with the heavy 
particles suspended in the updraft and there
fore produce riming - and warming - of these 
large particles. The high altitude downdraft 
which accelerates by cooling, brings colder ice 
particles in contact with the large particles 
where it meets the updraft. Some of these par
ticles, which come in temporary contact with. 
the larger particles, bounce off carrying a 
positive charge resulting from a charge trans
fer process based on the temperature difference 
between the large particles and the ice crys
tals. The light, positively charged ice crys
tals are carried to the storm anvil by combina
tion of the updraft velocity and the wind r 
shear, leaving the high radar reflectivity core 
with a negative charge. The fact that LDAR 
activity is found on the edge of the high re
flectivity core (essentially above it) may in
dicate that breakdown events tend to concen
trate on the periphery of the negatively 
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charged region. 

In both storms, the electrical activity 
varies periodically with a maximum of inten
sity occurring every 4 to 6 minutes for Storm 
I and approximately 8 minutes for Storm II. 
These variations are correlated in space and 
time with updraft development. A possible ex
planation for the difference between the 
periods of variation of electrical activity 
for the two storms is that Storm I (shorter 
period) appears subdivided into smaller cells 
compared with Storm II, which exhibits only 
two cells developing sequentially. Note that 
the mean altitude of LDAR radiation always fol
lows the vertical rise of the updraft maximum 
so that the variation of electrical activity is 
really associated with the pulsating nature of 
these updrafts. When the updraft maximum 
reaches the storm top, it disappe~rs by diver
gence and the uf!lectrical radiation decreases in 
intensity and becomes more diffusel 

The analysis of data.pertaining to more 
storms must be included in this survey so that 
the hypothesis on thunderstorm electrification 
formula,ted in this report be consolidated, 
The data collected during the two summers of 
TRIP should provide such a data base. 
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NUMERICAL SIMULATION OF SELF-INDUCED RAINOUT 
USING A DYNAMIC CONVECTIVE CLOUD MODEL 

Charles R. Molenkamp 

Lawrence Livermore Laboratory, University of Califomia 
Livermore, California 94550, U.S.A. 

1. INTRODUCTION 

Fallout of radioactivity from the atmospheric 
detonation of a nuclear weapon can produce a 
severe collateral damage hazard. This hazard can 
be mitigated by detonating the weapon as a free-air 
burst, i.e., far enough above the ground that the 
fireball does not contact the surface, For a free-air 
burst primary damage is inflicted by blast and 
thermal effects; the radioactive debris, which forms 
as submicron particles, is widely dispersed by 
atmospheric motion before falling to the ground. 

If precipitation is falling in the vicinity of a 
nuclear burst, the radioactive debris particles can 
be entrained by the clouds and rapidly scavenged 
and deposited on the ground producing a severe 
collateral damage hazard. We have expended 
considerable effort at LLL trying to assess this 
hazard looking at microphysical, dynamic, and 
climatological aspects, and have concluded that a 
significant hazard would occur if the debris 
encounters precipitation before it is dispersed, I 
Because precipitation scavenging can occur only 
when it is raining, there is an upper limit on the 
probability of natural rainout of about O.Z. 

The probability of a rainout collateral damage 
hazard could be considerably enhanced if the cloud 
produced by the nuclear detonation develops 
precipitation. We call the phenomenon of rapid 
deposition of nuclear weapons debris by a cloud 
caused directly by the explosion self-induced 
rainout. Several years ago we investigated this 
possibility using a dynamic convective cloud model 
to simulate the life cycle of a nuclear cloud with 
the result that precipitation occurred and a 
significant amount of radioactive debris was 
deposited.2 On the basis of this simulation we 
surveyed the U.S. nuclear test data for evidence of 
self-induced rainout, but we did not find any. This 
was not particularly surprising for the Nevada tests 
because of the arid climate and the criterion to 
avoid precipitation. For the Pacific tests, where 
self-induced rainout would be more likely, the 
observers were situated 10 or more miles upwind of 
the detonation point and would not have seen 
precipitation falling from the base of the nuclear 
cloud if it occurred. 

Z. OBSERVATIONS AT Hffi.OSIDMA AND 
NAGASAKI 

About the time we completed our survey of the 
test data, we were told about the "black rain" that 
accompanied the nuclear events at Hiroshima and 
Nagasaki, Japan. "There has always been concem 
by survivors who were exposed to the so-called 
'black rain' • • • The updraft caused by the nuclear 
explosions drew much debris and dust into the 
atmosphere. The ensuing turbulence generated rain 
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showers in both cities beginning about half an hour 
after the blast. The first rain that fell was 
described as black, probably because it washed the 
dust and smoke from the buming cities out of the 
air. A number of survivors who had not been near 
enough to the explosion to receive significant initial 
exposures were caught in the black rain; they 
reported radiation-inducible symptoms."3 Con
cern about exposure to "black rain" was great 
enough that one of the items in the survivor reports, 
which were compiled for thousands of survivors, 
dealt specifically with this phenomenon. 

Evidence of radioactivity on the ground in the 
suburbs of Hiroshima was obtained by the Second 
Japanese Investigation on 13-14 August 1945. 
"Samples found in the area 3.5 km northwest of the 
hypocenter demonstrated considerably intense 
radiation. This is believed to be due to the fall of 
bomb fragments as a result of meteorological 
conditions at the time of the explosion. 114 "At 
that time (3-4 September 1945], in addition to the 
maximum residual gamma rays about twice as 
intensive as the background in the vicinity of the 
hypocenter, we detected on the Sanyo National 
Highway between Koi and Kusatsu [ "'3 km west of 
the hypocenter ], gamma rays of about the same 
intensity as in the vicinity of the hypocenter, ..• 
The cause of this radiation is considered to be 
different from that in the vicinity at the hypocenter 
and for the following reasons it is felt that uranium 
nuclear fission products of the A-bomb explosion 
had. fallen. That is, at the time of the explosion, an 
east wind was blowing in this area and there was 
much rain in this area about 30 minutes after the 
explosion. This rain is reported to have been black 
and dirty. Furthermore, evidence that this was due 
to fallout is that especially intensive radiation was 
found in mud which had collected in an eaves trough 
of a house ••. Chemical analysis was conducted on 
a part of it (mud collected from eaves trough of a 
small house below the Ueno Garden where the 
intensity of radiation was greatest) ••• and uranium 
nuclear fission products were confirmed to be 
present." 5 

"Radioactivity in the vicinity of Nishiyama 
Reservoir in Nagasaki City [ Nishiyama Reservoir •is 
3 km east of the hypocenter] was measured and 
found to be far greater than that of the hypocenter 
area ••• In the latter area [Nishiyama], radio
activity was found over a wide area covering more 
than 10 km 2, .•. at some places being as high as 
over 25 times as strong as that in the hypocenter 
area [ on 1 October 1945 ]. Since Nishiyama area 
was downwind from the hypocenter - a wind of 3 
meters per second was blowing then - the rain 
which fell about 20 minutes later must have washed 
down radioactive substances with the dust blown up 
over Nagasaki City • • • The vicinity of Nishiyama 
being a hilly area, heavy rains which fell several 



times following the A-bomb detonation before the 
measurements were started washed away almost all 
the radioactive substances on the road. Therefore, 
grassy areas along the roadside were chosen for 
measurement and strong radioactivity was usually 
found in such places. 116 

Some of the details of the "black rain" are 
given in The Report of the Atomic Bomb Damage in 
Hiroshima. I "20 to 30 minutes after the blast, 
the black clouds nimbostratus moved towards the 
north-northwest and it· distinctly caused to produce 
the phenomena of rain shower. The showers 
occurred between the hours of 0900-1600 • • . Fire 
became widespread from about 0900 hours, was at 
its height between 1000 and 1400 hours and 
slackened in the evening ••• This [motion of clouds 
and smoke to the NW] shows that a southeastern 
wind was blowing in the upper region at an altitude 
ranging from 500 to several thousand meters. Its 
estimated velocity is 1 to 3 m sec-1. We regret 
that we are unable to make a study on actual 
observations as we do not have in hand the 
observation reports on the upper air currents of that 
day. [As far as I can determine, they have never 
been found. ] The rainfall on this occasion came of 
two-fold influences, one being the direct influence 
of upward air current caused by the explosion itself 
and the other being the indirect influence of the 
upward air current caused by the fire after bombing. 

"The hour of initial rainfall ranges from 15 
minutes to 4 hours after observation of the flash of 
the explosion, but in most places it began raining 
from 20 minutes to an hour after • • • The rain 
stopped between 0900 and 0930 hours at the earliest 
points and between 1500 and 1600 hours at the 
latest • • • It may be concluded that the dust and 
soot in the air were for the most part washed down 
to be left on the ground during the first 1 to 2 hours 
of rainfall . • • I regret that we cannot give a 
definite figure of the amount of rainfall in the 
present case as there was not a single m eteoro
logical observation unit established in this area of 
rainfall. But judging from the fact that there 
appeared almost the same rise in water level in the 
same short hours in the mountain streams in Koi as 
well as in the Yasu River ••. as on the occasion of 
the typhoon experienced on 17 and 18 September 
[1945]; it is estimated that the rainfall in the area 
of downpour amounted to 50-100 mm within 1 to 3 
hours of rain. 11 

"In Nagasaki •.• , there was a shower 
phenomena far smaller in scale as compared with 
that of Hiroshima. This is probably due to reasons 
of the absence of frontier air. current zones as was 
seen in Hiroshima and the far smaller scale of the 
fire at the former city, which became additional 
influential factors to the rain-forming condi
tions.117 

lsodose contours for Nagasaki as measured with 
Geiger counters by the U.S. First Teclmical Group 
of the Manhatten Engineering District are shown in 
Fig. 1. These data were taken 'v60 days after the 
events and after 2 typhoons had swept through 
Southern Japan, but they appear generally con
sistent with the crude Japanese measurements 
obtained pre-typhoon. Arakawa8 estimates the 
external integrated gamma dose at about 100 rads in 
Nishiyama compared to several rads in the western 
suburbs at Hiroshima. 
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My conclusions are that deposition of 
radioactive debris by precipitation occurred at both 
Hiroshima and Nagasaki, and that the precipitation 
was initiated by the explosion itself and by the 
ensuing fires. Additional meteorological data and 
films of these detonations suggest that precipitation 
would not have occurred naturally. The deposited 
radioactivity was a small fraction of the debris 
produced by the nuclear detonation, but the con
tours presented are subject to considerable 
uncertainty due to questions regarding the mix of 
radioactive decay products and changing decay rates 
and because of weathering during the time between 
deposition and measurement. 

3. SIMULATION OF NAGASAKI EVENT 

During our rainout reseach we developed a 
two-dimensional axisymmetric convective cloud 
model of precipitation scavenging. The cloud 
dynamics and microphysics were taken from the 
Rand Cumulus Dynamics Model. 9 We developed a 
representation for scavenging of sub-micron aero
sols for this model that is compatible with the 
Kessler microphysics parameterization. We have 
used this model to simulate the scavenging and 
deposition of radioactive weapons debris by natural 
convective clouds. 

Since we had this model available, we used it in 
an attempt to simulate self-induced rainout. 2 

This was done with the realization that this appli
cation of the model violates one of the basic 
dynamic assumptions, that the density perturbation 
of the atmosphere is small. Nevertheless, the 
simulation produces an acceptable simulation of 
nuclear cloud rise and is considered reasonably 
realistic. 

The major difference between a simulation of 
self-induced rainout and natural convection is the 
initial perturbation. For the simulation of the 
Nagasaki event, we used a weapons yield of 22 kT, 
and extracted data on initial temperature 
(3000°C) and fireball radius (230 m) from Ref. 
10. We further assumed this thermal energy had a 
cos2(R) distribution from a maximum at the 
center to ambient at a radius of twice the fireball 
size. The radioactivity was assumed to have a 
similar distribution. 

The simulation was started from rest with this 
assumed perturbation and run with an initial grid 
spacing of 100 m from 0-30 sec. At this point the 
grid spacing was changed to 300 m and the model 
restarted using the motion field, temperature and 
debris distributions at 30 sec. No condensation had 
occurred at this time. With a 300 m grid spacing the 
domain of the model was height 13.5 km, radius 9 
km. 

The development of the cloud clearly depends 
on the vertical structure of the atmosphere. We 
have not been able to find any upper air data taken 
in Japan at this time, apparently it has been 
destroyed. We did find data from a series of 
weather reconnaissance missions flow by USAF over 
Japan from Guam. As planes approached the 
Japanese Islands from the east they ascended from 
about 2000 ft altitude to 30,000 ft and took 
measurements of temperature at 1000 ft intervals. 
Only one of these flights recorded humidity data, a 
flight on the morning of 9 August (the day of 



Nagasaki bombing); we used the sounding from this 
flight in the simulation for Nagasaki. Since the data 
ends at 30,000 ft, we placed the tropopause at that 
altitude although it was probably quite a bit higher 
since there was a high pressure region centered just 
east of Japan at this time. In the simulation the 
nuclear cloud rises to this tropopause in about 4 
minutes, after which the buoyancy term becomes 
negative and the upward velocity decreases. The 
cloud is also approaching the top boundary of the 
model. In the streamfunction-vorticity formulation, 
the upward velocity tends to be deviated to radially. 
outward, but this is a minor effect in this particular 
simulation. 

Sub-grid motions are represented in our model 
by a Fickian diffusion term. We have used a 
diffusion coefficient of 400 m2 sec-1, a very 
high value even for convective clouds but perhaps 
not unrealistic for nuclear weapons clouds parti
cularly at early times. The model results are fairly 
dependent upon the value of this parameter. 

An axi-symmetric model cannot represent the 
horizontal motion of the external atmosphere and 
particularly wind shear. Even a relatively small 
horizontal wind shear can dramatically affect the 
development of the cloud. Films of the Nagasaki 
event suggest that the wind shear was small, but not 
insignificant, and the distribution of deposited 
radioactivity suggest downwind transport of the 
debris at about 3 m sec-1• We assumed in plotting 
our simulated deposition patterns that the cloud 
moved as a whole with a velocity of 5 m sec-1. 

The scavenging parameterization envisions a 
two-step removal process. Sub-micron debris parti
cles are assumed to become attached to or 
incorporated in cloud droplets at a rate of 10-4 

sec-1. These debris-laden droplets can be 
inertially captured by raindrops, which transport the 
debris to the ground. Total evaporation of droplets 
and raindrops before they reach the ground leads to 
resuspension of radioactivity in the atmosphere. In 
the simulation there was no scavenging of debris by 
nucleation or direct attachment to raindrops. 

Of the radioactivity entrained into the cloud in 
the simulation of the Nagasaki event only 14 
percent is captured by droplets and only 3 percent is 
deposited on the ground by raindrops. The 
remainder is left suspended in the atmosphere after 
precipitation stops and the cloud dissipates. 

In the simulation initial condensention occurs at 
"'Z minutes after burst, and rain starts falling at 5 
minutes. The cloud base is 1.2 km and maximum 
cloud top is 13.Z km. Rain continues for 30 minutes 
with maximum accumulation, assuming no cloud 
motion, of 8.5 mm. Maximum rain rate at cloud 
center of 31 mm/hr occurs at 18 minutes. 

The surface distribution pattem of deposited 
radioactivity, assuming a 5 m sec-1 wind, is given 
in Fig. z. This pattem can be compared with the 
measured pattems given in Fig. 1. We feel these 
patterns compare very favorably given the uncer
tainties in both the simulation and the observations. 
The greater downwind displacement in the 
simulation is due primarily to an overestimate of 
the mean wind. 
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4. CONCLUSIONS 

The hypothesis that self-induced rainout can 
occur is supported by observations in Hiroshima and 
Nagasaki, where deposition of weapons debris with 
precipitation occurred several km downwind of the 
burst point. This precipitation was initiated either 
directly by the nuclear weapons or by the ensuing 
fires. 

Simulation of the Nagasaki event with a 
convection cloud precipitation scavenging model, 
although fraught with many questionable assump
tions, agrees surprisingly well with the observations 
and supports the hypothesis that self-induced 
rainout can occur. 
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CHARACTERIZATION OF THUNDERSTORM CLOUDS FROM DIGITAL RADAR DATA 

RECORDED IN THE NORTH-WEST OF ITALY IN THE 1979 SUMMER 

1 1 G · 2 L. Ordano2 G.E. Perona , F. Canavero , 0. higo , 

1Istituto di Elettronica e Telecomunicazioni, Politecnico, Torino ITALY 
2Ente di Sviluppo Agricole del Piemonte (ESAP), Torino ITALY 

1. INTRODUCTION 

During the 1979 summer, digital reflectivi 
ty data have been collected using a C-band EEC 
radar placed at the top of the hill near Turin. 
The radar operates at a wavelength of 5,3 cm, 
with pulse length of 2 µsec, 259 Hz PRF, and 
250 kW peak power. All data presented have been 
collected on digital tape, after processing by 
the DVIP section of the radar; the device pro
vides 8-bit digitized data, that represent av
erages over 15 pulses and 1 km in range. 

The radar observations have been carried 
on in the afternoon and evening hours (usually 
from 12.00 to 24.oo), in the period 1 June -
9 September. 

Fig. 1 shows the region under observation, 
namely the Piemonte and its immediate surround 
ings. In this region a few hail suppression -
campaign have been carried on in the past,wit~ 
out sufficient control. A comprehensive review 
of scientific studies concerning this same area 
is due to Morgan (1973). Just a few other pa
pers have been published in the scientific li
terature (e.g. Prodi, 1974 and 1976; Federer, 
1978; Vento, 1972); Bossolasco, 1949). 
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Fig. 1. Outline of the area under radar observa 
tion (N-W of Italy). The radar was usually
operating with 100 km range (dotted circle). 
The squares represent the four quadrants 
covered by the computer maps (Fig. 3). 
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Fig. 2. Distribution of Convective Day Categ
ories for the period 1 Aug. - 9 Sept. 1979, 

During the 1979 campaign, the radar opera
tors were asked to report all interesting 
phenomena in the 100 km radius region limited 
by the dotted circle in Fig. 1; at the same ti 
me they recorded on digital tape the observa-
tions for future analysis. The radar observa
tions during the month of June and July have 
not been systematic and regular for organizatio 
nal reasons; therefore some of the analysis pr; 
sented will be limited to the period 1 August--
9 September. Furthermore no hail pads data were 
available. Consequently, the results described 
in this paper may just represent a beginning 
of systematic and thorough studies that, we 
hope, will be conducted in the future. 

Fig. 2 shows a statistical distribution of 
the day categories, classified according to 
the criteria adopted in the Alberta Hail Proj
ect (Strong, 1979). Of course, the attribution 
of a specific category to each day has been 
performed without the possibility of using com 
pletely objectiv--= <:rite:ria, due to the limita-= 
tions stated before. 

2. RADAR DATA ANALYSIS 

The data stored on magnetic tape have been 
analyzed in order to study and classify the 
storms with particular emphasis to the hail
bearing ones. During the 1979 summer hail dam.§: 
ges have been at an average level. 

The data analysis has been performed using 
both the operators' reports, and computer maps. 
For this purpose a numerical program has been 



prepared: it searches the tapes and maps the 
maximura reflectivity projections of the scan
ned volume on three orthogonal planes, one of 
which represents the ground and the others are 
two vertical planes. The covered area is sub
divided in four squares, 100 km wide, as shown 
by the heavy lines of Fig. 1. 

Fig. 3 shows an example of two computer 
maps of the North-East quadrant, at dtfferent 
times (the projection on the eastern vertical 
plane is omitted). It is to be emphasized that 
only the events showing reflectivity values 
higher than 40 cIBZ (DVIP level ranging from 
3 to 6) are considered in the statistics to 
be presented. 

3. RESULTS 

Fig. 4 shows the distribution of the thun
derstorm events versus the observation hours. 
The outlined cases correspond to the hail
bearing storms: they are certainly not enough 
to represent a statistically significant set. 
The top of the cells detected during the sum
mer campaign (in 1 km height intervals) and 
the maximum intensity of their echo (expressed 
as DVIP levels) are collected in Fig. 5, The 
relative frequencies of top and reflectivity
level occurrences are drawn on the correspond 
ing axis. Fig. 5 shows a correlation between
the top of the cloud and the maximum reflecti
vity: the straight line represents the least 
square fit. Black boxes identify cases related 
to the hailstorms: hail-bearing cells appear 
to have high reflectivity values (maximum 
50 cIBZ or more) and cloud top exceeding some
times the tropopause. 

On the basis of computer maps and PPI pho
tographs a classification of the cells and 
storms, detected in the period 1 August - 9 
September, has been attempted. First, the 
cells have been classified as ordinary (or 
single) ones and supercells, following the 
criteria used by Chisholm and Renick (1972). 
We defined as single cell, one having horizon
tal and vertical scale length of less than 
10 km, with maximum DVIP level corresponding 
to 5 or less, and evolution time of approxima
tely 30 min. A supercell presents longer di
mensions: 20-30 km horizontally and 12-15 km 
in height, with a maximum activity period of 
1 hour, or more. The second step was to verify 
if the storms were constituted by a unique 
cell (unicellular), by a dominant cell and 
some satellites that grow to become dominant 
while the previous dissipate (multicellular), 
or by more cells laterally aligned (squall 
line): this classification follows the crite
ria stated by Browning (1977). The results of 
this double classification are represented in 
Table 1, for all storms, and in Table 2, only 
for hailstorms. During 1979 summer· 49 cells 
in 28 storms were detected: the first classi
fication identifies 43% of ordinary cells and 
41% of supercells (16% of cells have not been 
classified). For what concern.hailstorms, 10 
are ordinary cells, 2 are supercells and 2 
remain unclassified. This statistic of storms 
can be compared with the data available for 
the events collected in Oklahoma (USA) during 
the 1974~77 period (Nelson and Young, 1979): 
the hailstorms occurred in the North-Western 
part of Italy seem to be formed by a greater 
percentage of ordinary cells than the Oklahoma 
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Fig. 3. An example of computer maps. Each pict~ 

re represents the maximum reflectivity 
projection of the volume scanned by the 
radar,on the horizontal and vertical planes; 
the N-E quadrant is displaied, Evolution of 
a storm of the 2 Aug. 1979 is showed: 
a) time: 16.35; b) time: 17. 18. 
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Fig. 4. Distribution of the thunderstorm 
events observed during 1979 summer 
(1 June - 9 September). The outlined 
cases correspond to the hail-bearing 
storms. 
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Fig. 5, Correlation between the maximum cluod 
top and the maximum reflectivity (as DVIP 
level). The straight line represents the 
least square fit and black boxes identify 
cases related to the hailstorms. 

storms (72% instead of 55,9%), but, of course, 
no significance can be given at this result at 
this moment. 

Fig.s 3a and 3b show an example of the ev
olution of an hailstorm that presents a typical 
multicellular behaviour: in the first map a 
growing cell appears; in the second picture 
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Table 1. Classification of all the thunder
storms observed in Piemonte, during the 
period 1 Aug. - 9 Sept. 1979, For secoE_ 
dary classification: U, unicellular storm; 
M, multicellular storm; L, squall line; 
in parenthesis the number of attributed 
storms. 

Secondary 
classifications 

u (7) 

M (6) 

L ( 1) 

Missing 
data ( 14) 

Total 

Primary classifications 
Supercell Ordinary Missing 

cell data 

3 4 

7 6 

3 11 

7 0 8 

20(41%) 21(43%) 8(16%) 

Table 2. Classification of the hailstorms 
observed in Piemonte, during the period 
1 Aug. - 9 Sept. 1979, For secondary 
classification: see Table 1. 

Secondary 

classifications 

u (0) 

M ( 1) 

L ( 1) 

Missing 
data (2) 

Total 

Primary classifications 

Supercell 

0 

0 

2 

0 

2 

Ordinary 
cell 

0 

2 

8 

0 

10 

Missing 
data 

2 

2 

(45 min after) the storm moved in the N-E di
rection, the dominant cell is mature and a new 
one is growing on the right hand side of the 
complex (Chisholm and Renick, 1972). 

The meteorological radar is frequently used 
to detect the possible hail-bearing storms in 
an early stage of development: a few criteria 
have been used for this purpose (Battan, 1969; 
Federer et al., 1979). Our 1979 radar data have 
been analyzed "a posteriori" in an attempt to 
verify the fitting of two commonly used crite
ria (Waldvogel et al., 1979): 

i) H35_::H_5 

ii) H45 _:: H0 + 1 .4 km 

where H
35 

and H
45 

are the heights of the 35dBZ 

and 45 dBZ reflectivity contour, measured by 
the radar; H_

5 
and H0 are the heights of the 

-5 C and O C isotherms, determined by the radio 



Fig. 6. Comparison between two hailstorm de
tection criteria. Dotted area represents 
the fitted condition. See the text for 
SYIDbols explanation. 

sounding of Milano. Fig. 6 shows the percentage 
of storms satisfying and not satisfying each 
criterion: it is to be noted that the two cri 
teria were always satisfied in the occasion "c;"f 
hailstorms, but there is a relevant number of 
cases fitting the criterion in absence of hail. 
A reason for the result can be the use of mid
night data provided by the Milano radiosonde, 
the nearest to Torino, but probably not suffi
ciently representative of the meteorological 
situation at the time and place of the hail
storms. 

4. CONCLUSIONS 

Radar data collected during the 1979 sum
mer in the North-West part of Italy have been 
analyzed in order to study the main features 
of the thunderstorms. 

A correlation between the cloud top and the 
maximum reflectivity of the core has been found 
(Fig. 5). The storms and the cells detected 
during the period 1 August - 9 September have 
been classified (Tables 1 and 2) and their dis 
tribution has been compared with the distribu-=:
tion obtained in Oklahoma. 

An analysis of the validity of two hail
storm detection criteria has been performed. 
The best criterion appears to be the one com
paring the height of the 45 d.BZ reflectivity 
contour with the O C isotherm, although the 
number of false alarm is still relevant. 
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THREE-DIMENSIONAL MOTIONS, PRESSURE AND TEMPERATURE FIELDS 
WITHIN A CONVECTIVE CELL, FROM DUAL DOPPLER OBSERVATION 

F. ROUX, M. CHONG and J. TESTUD 

Centre de Recherches en Physique de l'Environnement, Issy-les-Moulineaux, FRANCE 

1 . INTRODUCTION 

Three-dimensional wind fields obtained from 
multiple Doppler radar data have proved of great 
interest for mesoscale meteorology. The main 
characteristic of this observation method con
sists in the restitution of detailed information 
concerning cloud internal structure within re
gions where other measurements are impossible 
or very partial. 

Beyond the kinematic description of the 
flow, the thermodynamic parameters may be infer
red from the computed wind field. A possible way 
consists in determining the flow accelerations, 
which are related, through the equation of mo
tion, to the pressure and temperature fluctua
tions and to the water loading. It is important 
to notice that such a study needs an accurate 
restitution of first order derivatives of the 
three-dimensional wind field. This condition is 
fulfilled by an original data processing method~ 
developed by Chong et al.(1980). 

This paper presents the observation of a 
convective cell using the RONSARD system, C-band 
dual Doppler radar system (Nutten et al., 1979) 
first operated during the "FRONTS 77" experi
ment. As a matter of fact, the observed event 
is not? severe one, leading to results that 
may be quite different from those obtained for 
most violent events, as previously observed with 
multiple Doppler radar systems (for example, see 
Ray et al., 1975). 

2. METEOROLOGICAL ENVIRONMENT 

During the night October 5th to 6th , 1977, 
a depression had formed in the chops of the 
Channel. It caused an inflow of unstable and 
strongly sheared air from South-West associated 
with the blocking of a frontal system on the 
Atlantic coast during the morning. 

A weak convective with cell (maximum alti
tude 6 km) has been observed at about 06:30 UT 
at 30 km from Magny les Hameaux (Site of Radar I, 
25 km SW from Paris). The 06:00 UT sounding 
(fig. I) shows a potentially unstable layer 
between altitudes 1.6 and 4 km. 

It may be noticed that the present situa
tion is not a classical case of diurnal convec
tion, with vertical motions starting from the 
bottom atmosphere, since here upward motions 
can only develop from I 600 m altitude. 

3. KINEMATIC STRUCTURE 

The described cell was sampled with three 
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successive COPLAN sequences starting at 06:28, 
06:33 and 06:38 TU respectively, each one las
ting 3 mn. Here, we only present results concer
ning the 06:38 sequence, other ones showing 
quite similar characteristics. 

This cell has been shown to move identical
ly whatever the altitude although horizontal 
wind shear, deduced from the 06:00 sounding was 
rather high (5.I0-3s-l). Thus, this allowed to 
define, without any ambiguity, an advection 
speed for the whole cell ; horizontal motions 
are presented here with respect to cell displa
cement. 

A first representation of the computed 
three-dimensional wind field is obtained through 
horizontal projections, allowing to define in
flow and outflow during cell motion. Two dis
tinct flows are present : the first one 
(fig. 2a), in lower altitudes (500 to 2 000 m), 
comes from East, with a mean speed of 10 ms-I 
(it is named E flow subsequently) the second one 
(fig. 2b), above I 500 m, is a westerly flow 
with a mean speed of 15 ms- 1 that increases with 
respect to height (referred to as w flow). 

Fig. 3a represents vertical cross section, 
parallel to X'X axis (Radars Axis), thus quite 
parallel-to cell displacement and elongation, 
and shows internal motions, Large vertical mo
tions (5 to 10 ms- 1) can be seen in the middle 
of the cell, in particular a vortex whose hori
zontal and vertical extent are respectively of 
about 4 km and 2 km, and on each side two 
updrafts, hereafter referred to as UI and U2. 
In front of the cell, air circulation shows 
little vertical motions, with. an inflow below 
a height of 2 000 m associated with E flow and 
a top outflow associated with the W flow. Behind 
the cell, the situation is more complicated, 
vertical motions exist but are less organized 
than in the middle, the vortex and inflow, alike 
those observed in UI, are present but seem not 
so clearly defined. 

Vertical cross sections, parallel to the 
Y'Y Axis (perpendicular to Radar Axis), thus 
substantially parallel to direction of inflows, 
show quite different structures for UI and U2. 
In UI (fig. 3b), motions seem to be due to ins
tability of the W flow which rises from 1 500-
3 000 m to 3 500-5 000 m (similar to the 06:00 
sounding forecast). In U2 (fig. 3c), E and W 
flows both seem to participate to vertical mo
tions, which are less intense than in UI. 



4. THERMODYNAMICAL PARAMETERS RETRIEVAL FROM 
THE THREE-DIMENSIONAL WIND FIELD 

The proposed method for deducing pressure 
and temperature gradients is quite similar to 
that proposed by Gal-Chen (1978). Following 
Wilhelmson and Ogura (1972), air motions, ex
pressed on grid points within the cell, are des
cribed by the equation: 

- Dv av -- - (0 'v ) - -I'= Dt =av+(v'i?)v = -Cp8vo 171! 1 + g -8-- ql k + F 
- VO 

where r is the flow acceleration, v the veloci-
ty, 9 the three-dimensional del operator, Cp 
the specific heat of satured wet air at cons
tant pressure, ev the virtual potential tempe
rature, defined as 0v = (1 + 0.61 qv) 8 where 
qv is the satured mixing ratio of water vapor 
and e the potential temperature, gk is the gra
vity acceleration, ql the mixing ratio of li
quid water, n = (l:. )K the non dimensional pres
sure where pis thg dimensional pressure, Po a 
reference pressure taken to be 1 000 mb and 
K = R/Cp where R is the gas constant for wet 
air, F denotes the subgrid scale turbulent 
force, Subscript o refers to an unperturbaten 
state of the atmosphere and' to perturbation. 

The purpose of this study is to retrieve 
thermodynamical parameters, pressure and tempe
rature fluctuations since radar data allow the 
other terms to be computed or estimated. Acce
lerations are deduced from three-dimensional 
velocities and their first order derivatives 
(Advection term : (VV)V) and from differences 
between values obtained at the same points for 
successive sequences, taking~ell motion into 
account (time derivative : ½f). The mixing ra
tio of liquid water can be estimated from re
flectivity factor values through adequate empi
rical relations, however the obtained values 
don't take non-precipitating cloud droplets in
to account, Owing to an error during data acqui
sition it was only possible to restore an esti
mation of reflectivity values allowing no exact 
calculation of the mixing ratio of liquid water. 
At last, the subgrid scale turbulent force 
F can be deduced from a parametrization follo
wing Gal-Chan we have used that defined by 
Deardorff ( 1979) . F is proportiona+ to the space 
derivative of the tensor (~~{+a~~) through 
turbulent energy on a scale smaliet than the 
grid, requiring values for standard deviations 
from three-dimensional velocity components 
(<u'x2>, <v'y2>, <w 1%2>), As these values are 
unavalaible we have estimated them in each mesh 
with standard deviations from mean radial velo
cities, thus leading to a rough estimation of 
the subgrid scale turbulent force. The applied 
forces are shown to have typical relative am
plitudes. 

< 1:;1 < i.evv5vi 
-2 

ms 

As we cannot obtain precise values for each 
grid point, water loading (gqlk) and subgrid 
phenomena (F) will subsequently be neglected, 
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5. PRESSURE PERTURBATIONS HORIZONTAL GRADIENTS 

The horizontal accelerations (subscript H) 
can be written as : 

r = -Cp e V 1T I + £H 
H VO H 

where 7H represents a noise added to the calcu
lated accelerations rH, due to the radar error, 
to the data processing method and to the fact 
that the other terms in the equation of motion 
have been neglected. We have developed an ite
rative method for filtering the non-divergent 
part of £H (the divergent part is undiscernable 
from the real pressure gradient VHn') ; this 
filtering allows a 6 dB gain in the signal to 
noise ratio, Fig. 4 shows an example non-hydro
static pressure gradient restitution, at a 
height 3 000 m. Similar features can be deduced 
from the 06:28, 06:33 and 06:38 sequences (the 
06:38 sequence is the only one presented here). 

Intensity increases with height, but always 
remains smaller than 07 mb/km. 

In front and in the middle of the cell, gra
dients are nearly westward and behind the cell 
they are nearly eastward. 

Comparison with vertical motions at the sa
me altitude allows a better understanding of 
these features, Quite good correlation may be 
found between intense gradients and Ul and U2 
updrafts regions, likewise, eastward gradients 
seem connected with intense downdraft. This 
structure may be explained in terms of interac
tion between horizontal wind shear and vertical 
motions. Horizontal accelerations rH are expres-
sed as, _ (av;) av; 
rH - -- + Ux -- + V at ax y 

av; 
a -r 

. . H -3 -1 . 
(
a~ ) 

Horizontal wind shear -a-~ 5.10 s is 
al~s g~ter than ~purely -r horizontal terms 

(
avH avH -3 -1 • __ ~ __ ~JO s , so pressure perturbations 
ax ay may be produced by horizontal flow 

acceleration into updrafts through parcels ele-
vation in a strongly sheared environment. An 
additional proof may be found by comparing pres
sure gradients and wind shear directions. 

6. VERTICAL FORCES RESTITUTION 

The calculated horizontal pressure gradients 
also allow the restitution of vertical pressure 
gradients. Sincet Vn' . ds = 0 

' ' 2 ~ 
VC'l'"'rtCOJ OXIS 

'I 

z 

e 

(x4y2) 
hor·i2011tal axis H 



It follows that : 

[

2 I [?, 
[

31!
1 

31! ] [31!
1 

o1T
1 

] 3% (h2)- 3-l. (hi) d% = ah (%1 )-all (%2) dh 

.g.1 1 

where h can be expressed "in terms of (x,y), ho
rizontal coordinates. 
The left part of this equation may be expressed 
as the horizontal gradient of the vertical pres
sure gradient, integrated between altitudes -s- 1 
and %2: < Vh(~;

1

)> %1,-n-2 , A similar calcula
tion for vertical acceleration f.g. then allows 
the contribution of buoyancy in the vertical 
component of the equation of the motion to be 
separated : 

e 
VO 

g 

2 

The presented results were obtained between 
altitudes 2 000 and 3 000 m (fig. 5), which is 
the most active part of the cell. Alike in the 
case of horizontal pressure gradients, direction 
of the horizontal wind shear may be considered 
as a preferential one, showing that wind shear 
certainly plays a prominent part in the orien
tation of the dynamical structures within con
vective cells. 

Horizontal gradients of vertical accelera
tion (fig, Sa) show two maxima of vertical acce
leration that are associated with UI and U2 
updrafts, 

Horizontal gradients of pressure farce 
and buoyancy (fig. Sb and Sc) show opposite fea
tures. That situation may be explained through 
the principle of action and reaction: a verti
cal (upward or downward) motion, generated by 
one of the two phenomena will indice a vertical 
motion, in the opposite direction, generated by 
the other phenomena. The dynamical processes, 
associated with vertical motions, are quite dif
ferent for UI and U2 updrafts : in UI buoyancy 
is greater than non-hydrostatic pressure 
strength, in U2 an opposite situation is obser
ved. 

These features can be explained through a 
circulation scheme within the precipitating part 
of the cell : the W flow enters into the cell 
from a height of I 500 m and rises upwards owing 
the thermal instability (UI updraft), interac
tion between vertical motions and horizontal 
wind shear causes an horizontal non-hydrostatic 
pressure gradient, inducing a pressure decrease 
in the internal part of the cell. 

Thus, the E flow, entering into the cell at 
a lower altitude, is subjected to a vertical 
non-hydrostatic pressure gradient, that forces 
it upwards counteracting the effect of negative 
buoyancy. 

This study shows the importance of non
hydrostatic pressure in the development of con
vection. The first effect leads to an attenua
tion of vertical motions due to thermal insta
bility, owing to the counter-reactive role of 
pressure perturbation; the second effect, asso-
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ciated with feeding of the cell at high levels, 
may induce vertical motipns for thermally sta
ble air. 

7. CONCLUSION 

The study of a weak convective cell, as ob
served with the RONSARD dual Doppler radar sys
tem using the COPLAN methodology, allowed to 
show some of the possibilities of this kind of 
observation. The coherence of results with res
pect to the expectation from sounding and the 
stability of restitutions for independant se
quences show the reliability of the developped 
data processing method, 

Beyond a kinematic analysis of air circu
lation within the cell, using of the ability to 
provide three-dimensional wind fields stable 
with respect to first order differentiation, we 
processed acceleration data to infer thermody
namical parameters by means of the equation of 
motion, Likewise, coheren,ce of the results en
hances the confidence in these restitutions, 
showing the production of horizontal pressure 
gradients through the interaction of vertical 
motions and horizontal wind shear, and dis
playing the importance of non-hydrostatic pres
sure in the development of convective cells. 
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Fig. 1 : Pressure, tem~erature and moisture 
sounding on October 6t 1977 at 06:00 UT. So
lid line represents temperature T, dotted line 
wet-bulb temperature Tw, 10°C and 20°C wet 
adiabats are plotted in dashed line. 
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Fig. 3 : Vertical cross sections displaying 
internal vertical motions, a : in a plane pa
rallel to radars axis, b : in a plane perpen
dicular to radars axis and into Ul updraft, 
c : same as b into U2 updraft. 
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North direction are also indicated. 

13 

- _,. .. I I ' 

.......... - .... ' 
\,,U11\\ ,,,,,_ 

\ \ 

\ 
', __ 

' \ 

' 
' ._ I 

\ ' 

I l 
-15 X(km) -'O 

' '- --.... -....-..... ' I \ \ ' \. ' 
, , I I AJ21 '' 

\ I I '- -

-o.3 (rnb.krn\krn1 

-25 

C 
~ 

I 

i-J-
1 

-1°I</krn 

-a) 

-25 -2:) 

-15 Xlkm) -10 

I I 
-15 Xlkm) -10 

Fig. 5 : Horizontal gradients of the vertical 
forces, integrated between 2 000 and 3 000 m 
altitudes. a : vertical accelerations showing 
two maxima that are associated with Ul and U2 
updrafts. b : pressure strength. c : buoyancy. 
Units are choised in order the various 
strengths to be comparated. Direction of the 
horizontal wind shear is also indicated. 



III-4.16 
CONDITIONS OF OCCURRENCE OF SEVERE CONVECTIVE STORMS LEWARDS OF THE ANDES, 

IN MENDOZA 

M.E. Saluzzi 

National Commission on Space Research, Buenos Aires, ARGENTINA 

I. Intro duct ion 

The northe-rn zone of the Province of 
Mendoza (Argentina), where an extended 
observational programme of severe con 
vection has been developed, is situ-
ated inmediately leewards of the Andes, 
The orography then appears as one of 
the most important determinant factors 
of the behaviour of the convection. 
The ground relief is, however, so com
plicated and singular that the study· 
of its influence may be undertaken in 
a direct and simple way. 

Its most evident climatological 
effect is proved observing the trace 
of the isohyet. The 350 mm. annual 
isohyet shows a trace (in the zone) 
which is almost parallel to the Andes 
and located at some 200 km. from them. 
(Hoffmann, WMO, 1975). 

That is to say, leewards of the 
Andes there is a quasi-desertic zone 
which is a natural consequence of the 
heating and intense drying undergone 
by the downward air. The zones where 
crops are intensive and valuable, 
artificially irrigated with water from 
thawing are true oasis. 

For that reason, the consequences 
of sever convection (strong winds and 
hailstone) cause a great deal of dam
age and have originated the observa
tional studies which are summarized 
since, in spite that the regimen con
ditions would seem not favourable to 
great convective developments, these 
occur frequently and with a consider
able magnitude in summer. 

Undoubtedly, at these times the 
regimen conditions must be altered 
noticeably. And likewise, some of these 
conditions must be, 'in spite of it all, 
favourable to the development of the 
process. 

One of them is undoubtedly the 
strong heating undergone by air, which 
is the result of the strong isolation 
added to the descent effect, and ena
bles it to hold huge amounts of humid
ity. Another condition is some dry 
macroturbulence which is undoubtedly 
produced when the descending air str
ikes the ground. This permanent effect 
is, according to our judgment, respon
sible for the zones of cumulus genesis 
observed in the region when the atmos
pheric conditions favourable to convec
tive processes appear in phase, 
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2. Atmospheric conditions which are 
favourable to convective devel
opment 

From the aforementioned it may be 
inferred that the permanent regimen 
in the zone, in spite of certain cir
cumstances which might be considered 
favourable, does not really make poss
ible the growth of big clouds. In 
fact, these do not develop if the reg
imen situation is not overcome. 

The modifications which must take 
place are: 

a) The surface thermodynamic param
eters must change, Fundamentally there 
is no convective developments without 
the presence of the necessary surface 
hum i di t y ( T d ~ 10 ° C ) • Thi s en t er s the 
zone advected by the local circulation 
with a strong East component. The 
humidity must come,however, from the 
NE region of the country and will only 
reach the zone under study if a sur
face anticyclon is located to the ENE 
of the region, This basic configuration 
is the result of a second condition 
Which must be situated in phase: 

b) There must be a forward difluent 
region of an upper trough affecting 
the zone. This trough, at the same 
time that it determines the baric sur
face configuration (since it must have 
been preceeded by a ridge), modifies 
the temperature gradients in the ver
tical, causing the conditional insta
bility which is characteristic of the 
zone radiosoundings for storm occur
rence. Another effect is undoubtedly 
added movements resulting from the 
surface convergency and divergency 
fields aloft, characteristic of the 
forward trough zone. These vertical 
movements appear as the agents of the 
interaction between two different 
scales of atmospheric movements: those 
in synoptic scale and those in meso
scale. The localized convective phenom 
en appears as the result of this -
interaction. If the trough is associ
ted to a frontal surface this synoptic 
mechanism can also operate as a trigger 
for convection, provided the prefron
tal air mass fulfill the necessary 
thermodynamic conditions and the front 
affect the zone at evening and night 
hours (when the thermodynamic condit
ions are favourable to the development 
of the big clouds). 



The Table shows the average values 
of certain synoptic thermodinamic paran 
eters (and their variability)recorded
during the occurrence of storms for 
80 cases of severe convection in the 
zone, 
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3, Radioechoes, precipitation and 
related parameters 

A cloud from the storm of 22 Decem 
ber, 1976 is studied, This cloud was 
responsible for an intense hailfall 
and therefore was representative of a 
severe convection case, Its develop
ment is sufficiently unusual as to 
typify the behaviour of a "pulsating" 
echo, different from others with 
simpler evolution and which character 
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ize the more frequent storms in the 
zone although they may all be hail 
storms, 

Echo C-22 December 1976, Hailstorm 

The C echo was first recorded by the 
FPS-18 Radar when it was at a distance 
of almost 50 km to the SE of its loca
tion, already on the plain. It had 
therefore emerged from the genesis zone 
and the first displacements which led 
it away from the mountains. It followed 
a SW-NE route to reach the city of San 
Mart1n at the end of its history, It 
always behaved as a mature echo and 
was observed for a very short time 
before the beginning of solid precipi
tation, 

The observation took place between 
22:29 and 23:50 LT, that is, it lasted 
for lh. 40 minutes; the last observation 
indicates the echo decay. 

It is interesting to verify its pul
sating behaviour, According to the 
observations of hailfall in the meso
network, hail fall was verified at 
22:39; 22:43; 23:06; 23:20; 23:29 and 
23:48 LT. All these times correspond 
to radar observations where a 50 dbz 
closed area was present in the PPI, at 
level oscillating between hights of 5 
and 10 km in the cloud, exhibiting 3 
maxima: two at 7 and 7,5 km and a sta
tionary one during 10 min at 10 km. 
For the re~aining observations (at 
23:14; 23:25; 23:35; 23:44 and 23:56 
LT). The maximun value observed in the 
PPI was 40 dbz (whitout an area of 50 
dbz). 

These islands with lower reflectivity 
correspond to the times of recovery of 
the cloud when, added to the precipi
tation, there was a process of feed 
back and formation of new hydrometeors. 
The last observation recorded marks 
the final decay of the echo. 

The 50 dbz measured areas mark the 
patterns of the process culminanting 
times with their variations, Their 
total development may be seen in Fig. 
Ne 1. 

The focus of the cloud activity is 
always observed in the left region ac
cording to the sense of its displace
ment. It was never stationary, but it 
had low velocity; during the whole 
observational period it covered a dis
tance of the order of 40 km following 
the already mentioned general direction 
although the focus of high reflec
tivity was more erratic within the 
cloud with a marked vertical motility, 
This was emphasized by the pulsating 
character of the echo, 

The evolution of the parameters read 
in the RHI shows another singularity 
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in the echo behaviour. Its develop
ment shows two periods. The first one 
lasts until 22,55, when the values of 
its parameters (except for the top one 
which was always very high) are com
parable to the usual ones in the zone. 
The second period starts at 23:06 
(marked by the discontinuity in the 
bbservations); from that time on, the 
permanence and the values of the 
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parameters are extraordinary until the 
time of decay, Their development fol
lows the aforementioned accurately, 
according to the PPI observations, Ho~ 
ever, the exceptional height of the 
top (indicating a strong upwards cur
rent) as well as that of the reflec
tivity area 30 dbz (indicating abun
dant li4uid hydrometeors) are remark
able. 
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The echo produced hail in both per
iods and samples were collected in 
both of them, The samples were ana
lysed at the Institute de Fisica de 
la Atm6sfera of the Servicio Meteoro-
16gico Nacional; the results are pre
sented in this Congress (Levi, Prodi 
et al). The hailstones were collected 
at mesonetwork posts 2148 and 3152, 
distant 10,35 km from each other, and 
they correspond to radar observations 
of 22:47 and 23:20 LT. Fig. 3 shows 
the location of the echoes on the 
mesonetwork for those times as well as 
an intermediate location corresponding 
to the maximum intensity of the hail
Iall at post 2645, 
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During the 1st. period of the cloud, 
the precipitation was continuous from 
22:39 on until 22:52 (13 min) whitout 
the appearance being recorded in the 
cloud of a reactivation of the 50dbz 
in the PPI's; a pulsation in the par
ameters read in the RHI is recorded. 
In the 2nd. period, between maximum 
activity and recovery periods, the 
lapse is of the order of 10 to 15 min. 
This seems to be, then, the hailstone 
growth time. 

For the storm of 18 January, 1977, 
whose behaviour is significatively 
representative of the one most fre
quently observed radioechoes displayed 
by the FPS-18 radar for the region, 
hailstone samples were collected by 
means of guided interception, The 
exact collection times are plotted in 
the graph. From the structure studies 
their possible growth period was de
rived; this is also shown in the graph, 

It may be seen that in general it 
coincides with the values inferred 
approximately for the preceeding case. 
Therefore, in spite of the different 
behaviour of the echoes, it seems to 
be true that the growth mechanism of 
the stones has worked similarly in 
both cases, taking similar times also. 
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CONCLUSIONS 

The behaviour of severe convection 
in the northern region of Mendoza is 
sufficiently typified. The values and 

~he behaviour of the synoptic and ter-
modynamic parameters of clear air which 
are favourable for the great convective 
developments are known. In addition, 
the FPS-18 radar observations have 
enabled the study of many storm echoes 
which are thus related to the life and 
growth of ~he hailstones originating 
in them. To sum up, the macrobehaviour 
of storms, the behaviour of radioechoes 
and the characteristics of their prod
ucts may be correlated. All this con
tributes some objective knowledge on 
the microphysics and the dynamics of 
great convective clouds, 
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ON THE CHAH.ACTERISTICS OF 
THE PHYSICAL PROCESSES OF HAIL CLOUD 

Wang Ang-sheng, Xu Nai-zhang, Huang Mei-yun et al. 
Institute of Atmos,pheric Physics, Academia Sinica. 

Beijing, The People's Republic of China 

Since hail cloud is a kind of convective 
clouds which causes damages, hail cloud is an 
object that many scientists attentively study'-4. 
Today, it is necessary for us to understand 
the physical processes of hail cloud. So that 
we can improve theorems and methods of hail 
suppression. Hence, observations and researches 
for hail cloud are carried out in many countries 
during recent yearJ,..,s,•, and lot of exciting pro
gresses have been got'' 2

'
1
'
8
, But, only little com

plete data has been obtained because of diffi
culties in observations of hail cloud. It is 
necessary to conduct more extensive research 
from various fields and more cases91

•, Some of 
our results in the research during recent years 
are presented. 

1. Some characteristics in the lifecycle of 
cell of hailcloud 

Some characteristics in the lifecycle of 
cell of hail cloud are obtained by the obser
vations during the years 1972-1978 over Xiyang. 

(1) Leap increase 

When differences between hail cloud and 
other convective clouds were studied, we found 
that parameters characterizing hail clouds in
crease rapidly. In the appearance the hail cloud 
extended rapidly, then the lightning frequency 
increased abruptly in short time interval be
fore the drop of hail. The increase of light
ning frequency is the most obvious~,,, • The de
tailed observations ~y radar show that top 
height of different strength of echo grow ra
pidly before the drop of hail". We define 
rapid increase of cloud parameters of hail 
cloud in short time interval as "leap increase". 

Lightning frP.quency N (strokes/~ min) in 

Fig.l. 
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Lightning frequency N as a function of 
time 1' in hailcloud ( top) and tr:rnsit 
thw1der cloud (below) over Xiyang. 
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hail cloud (top) and transit thunder cloud 
(below) over Xiyang during past years as a 
function of time Tare shown in Fig.l, but it 
is drawn only obvious "leap increase" part for 
hail cloud. We see from Fig.l that the para
meter ''leap increase" is a little in thunder 
cloud. This characteristic of lightning, there
fore, had been used as one of important method 
to distinguish hail cloud1.~. 

We find a rapid increase in short time in
terval about cloud tower and top height of 
echo of different strength for hail cloud in 
the observation designed specially, an obser
vational result is shown in Fig,2°. We can see 
that the cloud tower and echo top on July 14, 
1977 increase obviously, and tend to be very 
consistent. Alike observations show that this 
phenomenon of cloud before the drop of hail is 
related closely to the hail formation. Rapid 
increase curves of radar reflectivity of each 
cells in a propagational hail cloud was obtain
ed by J.P. Chalon et a11

•, it is seldom in thunder 
clouds, The leap increase represents rapid 
growth of the above parameters at some degrees 
in hailcloud. 

(2) Brew 

We called the stage as "brew" from the 
stronger echo (Ze=5x101 mrn¼,>) top of hail cloud 
into natural ice forming layer (-20°c) to the 
appearance of hailstone on the ground (include 
growing, melting and subtimating processes along 
its drop path), This stage is an important 
stage in which hailstone growed up. The obser
vations in Xiyang show that the "brew" stage 
was about twenty minutes. 

The observations indicate that leap increase 
continues to inital term of brew stage. Obtain
ed data show that the leap increase of lightning 
frequency somewhat later about ten minutes than 
that of echo (particularly strong echoY"·''. It 
is indicated that leap increase of hydrometeor 
field in cloud may be the precursor of the 

Fig,2. The top of cloud and its echo top height 
of different strength as a function of 
time Tin hailcloud. 



lightning leap increase~which is similar with 
the results of case research from abroad in 
recent years 16, Cloud grow slowly and reach a 
relatively stable stage because of obstruction 
from top of troposphere and affect of concen
tration of cloud hydrometeor, which are impor
tant feature in brew stage 17, The strong up
draft supports quite rich hydrometeor in cloud 
and carries them into the most favourable stage 
for the growth of hailstone during lifecycle of 
a cell. In addition, echo strength increase 
obviously in the brew stage. 

According to the view point about rapid 
growth of hailstone in accumulation zone 18, it 
requires not only rather short time for hail 
suppression (i.e. two minutes to complete all 
works from the finding of hail source to 
shooting), but over 20g/m3 of water content. 
It couldn't conform with practice. If the 
11brew 11 stage holds, hailstones could grew up in 
a few gram per cube meter of water content 
which can be observed in hail clouds. It con
forms to reality in most clouds. Therefore the 
existence of "brew" period about twenty minutes 
proved reasonable time for hail cloud identifi
cation and hail suppression. 

(3) Hail fall 

We have seen from voluminous observations 
that echo top height of different strength of 
hail cloud descend obviously after or before 
hailstones appear on the ground, as shown in 
Fig.2. From some other examples such as 13,15, 
17 and other, we could find that the top height 
descent 3-f, Km during 10-20 minutes, and mean
while the lightning frequency also decreases 
obviously, as shown in Fig,3, All these show 
that falling of hailstone in hail clouds always 
dynamically lead to dissipation of cloud, and 
precipitation drag play an important role in 
collapse of cloud. 

(4) The lifecycle of cells 

We divide lifecycle of cell of hail cloud 
as five stages from the research on hail cloud 
over Xiyang, as Fig.4, It is quite obvious, 
there is a peak part in the figure, it consists 
of three stage, i.e. leap increase, brew and 
hail fall, as above. The front and rear of the 
peak show rapid increase of parameters during 
leap increase and rapid decrease during hail 
fall, relative stables part in the peak shows 
brew stage, which is a key period for forming 
hailstone. In addition, the stage before leap 
increase had been called the "emerging" of 
cloud, and the stage after hail fall had been 

T 
;1.000 1330 1400 1700 1400 1600 < Tim, J 

Jur n,1973 AuJ•B ,1973 .J~ly ..,.,,,,~ .r~iy 1,191, :July ,1. 1916 

Fig,3. The lightning frequency decreases ob
viously when hail fall. 
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called the "decay". Although the cells of hail 
cloud change complexly with different strength 
and scale, they always possess the above general 
characters. Convective cloud such as thunder
cloud, in general, couldn 1 t reach to the con
dition about hail formation with the obvious 
peak, and particularly the condition of brew 
stage when stronger echo region (ze=5 x 10J-•/,,,_J) 
interjects -20° C level13

'
1
~ 

Division of lifecycle about cell of hail 
cloud into five stage, as above, generally is 
suitable for weak cell, multi cell and propa
gational hail cloud 19, except for severe cell, 
because of special structure iI1 its life and it 
makes to sustation brew and continuous hail 
fall slightly late. The leap increase and brew 
stages above mentioned are very significant, 
the former is an important evolutional stage 
that facilitate to reach condition of hail for
mation, and the later is the most favourable 
stage for hailstone formation iI1 the lifecycle. 
They are key term to identification, particu
larly, modification of hail cloud, and show 
that men identify and suppress hail cloud with 
certain physical basis~ 7 • 

2. The merging of cells and the formation of 
hailcloud 

A lot of observational results in Xiyang 
show that merging of cells is one of important 
causes of the leap increase, particularly in 
severe hail cloud. These observations show 
that merging of new cells with growing cells 
promote their dynamic growth, whereas the mer
gings of mature or dissipative cloud, general
ly, promote to develop only slowly. Prelimi
nary research shows that there are four classi
fications usually iI1 the manner of mergi.Ilgs. 

(1) Jet merging 

When a jet updraft (characterized by weak 
echo region) exists between cells, because of 
thermodynamics and dynamics, it lead to mergiI1g 
of cells A and B with jet and facilitates leap 
increase and formation of hailstone in hail 
cloud, 

(2) Pursuing merging 

When the cell B with faster velocity caught 
up with gradually slow one (cell A), because of 
some causes (e.g. affect of topography), out-

. flux from cell A could converge with influx of 
cell B to form circulation, so lead to merging 
or two clouds '5• 

" !: 
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Fig.,:i.. Sche.mal.ic diagram of lifecycle of cell. 
l - emergiI1g, 2 - leap iI1crease, 3 -
brew, 4 - hail fall, 5 - decay. 



(3) Fingerlike merging 

When a new cell grows rapidly in a favou
rable condition (such as updraft) on a flank 
of cloud and merges with the primary part of 
mother's cloud, they could form a obviously 
fingerlike echo2

~ 

(4) Convergence merging 

In meso scale weather, the convergence 
mergings often occure in convergence region of 
airflow, in where convective clouds are close 
by each other, when clouds move with airflow, 
and sometime lead to the formation of hail 
cloud, 

3, Some relations between hailcloud and 
environmental conditions 

(1) Relations between hailcloud and environ
mental temperature 

A high drop in temperature caused by cold 
advection in upper altitude is always one of 
important condition for hail damages, A typi
cal case in 1977 is shown in Fig.5. In this 
year hail fall occurred in every day of six 
(August 9-14) which results from the continual 
descent of -20°C level about 100 mb during 
nine days (August 7-15), and severe hail damage 
occurs just while decreasing quickly in tempe
rature. The correlation obtained from 87 hail 
fall days during June 15 to August 25 in 1970-
1977 has been shown in Fig,6, in which indi
cates the strength of hail fall to ground ( .A., 

A, o and x stand for damaged area (mu, a unit 
of area=0.0667 hectares) over 10000, 1000, 
100 and nondamage respectively), -20°C level 
descends obviously, as seen in Fig.6, in severe 
damaged days, but is higher in nondamaged days. 
It shows that environmental temperature may 
be an important factor of hail formation. 

On the other hand, disposition of cloud 
with its enviroment is also important factor. 
We, ss mentioned, emphasizeda.' 13

'
21 that the inter

jecting of stronger echo region with high water 
content in cloud to natural ice forming region 

1977 

A severe descent of 
temperature in high 
altitude and appea
rence of hail in Aug. 

",l',,_ 
• , 4 

• "• 4 ... .. . ,. 
• 

Fig.6, Correlation between damaged area and 
environmental height of -20°C layer. 

521 

(-20°c) is an important condition for hail for
mation. Works of our researchs indicated that 
95 % hail cloud of 83 storms could come to the 
condition, but 84 % of thwidercloud failed to 
itP, One example is shown in Fig,?, from 
which the leap increase of lightning frequency 
could be seen about ten minutes after the top 
of echo ( T1 ) interjected to -20°c layer~ 

(2) Relations between hailcloud and enviroB
mental wind shear 

Our analyses from 42 hailstorms over Xi
yang point out'9 that more moderate hail cloud 
appeared in weaker wind shear enviroment with 
mean wind shear 2,2 m/s•km in cloud region, 
whereas strong,severe hail cloud appeared 
in stronger wind shear environment with 
3,4 m/s,km. It confonns with results from 
other scientists during recent yearsn. A most 
severe wind damage occured in one of the most 
severe wind shear enviroment with 6.4 m/s•km 
on August 11, 1977, but only light hail damage 
was suffered. There are analogous examples in 
U,S,A.aa. It may imply that excessive severe 
wind shear environment,probably, isn't favour
able for formation of hailstone, as shown in 
Fig,8:' 

4. The classification research on hailcloud 
physics 

Like the division of cumulonimbus into 
thundercloud and hailcloud at the begining of 
research on hail process and hail suppression, 
it has been recqgnized at present that diffe-

rent mechanisms of hail formation exsist in hail 
cloud itself based on its physical and stru
ctural differences'. It is necessary to cor
rectly know the characteristic and structure 
of hail cloud of different categories, if you 
hope modificate effectly and suppress it suc
cessfully on purpose. In view of the failure 
results of modification in different hail 
clouds by means of the same method, we must pay 
more attention to the classification research 
on it. J .D.Marwitz22 and A.J ,Chisholm 4 have 
developed preliminary view point about hail 
cloud classification, but unsophisticated yet. 

Therefore, we have studied physical fea
ture and structure of 42 hail clouds over Xi
yang during 1975-1977, and divided them into 
four categories as follows'6'

19
: 

N 12 

Tf"'t 

Left: Fig,7, The temperature of echo top, 
lightning frequency and hail fall 
as a function of time on Aug. 8, 
1973, 

Right: Fig.8. A strong convective cloud of 
obvious tilting in strong wind 
shear environment. 



(1) Hailcloud of strong cell 

'!'he hailcloud, basically, is characterized 
by a great cell with an extending ''overhang 
echo", below which is 1J "weak echo region" 
formed by strong updrnft; near closely to main 
body of echo is almost vetical "echo wall" 115

, 

when it is in vigorous stage, It always con
sists of a pair framework which formed by up
draft and downdraft each other stand facing 
and shear, and maintains its quasisteady struc
ture for long time, so that severe hail damage 
may occur. 

(2) Hailcloud of weak cell 

It consists of a main cell which controls 
the development of cloud with column shape more 
likely. Since weak cell always appears and 
decays in local area, it is correlated obvious
ly with local thermodynamical and topograph·ic 
behavior, It moves slow, hailstones fall in 
short time, therefore hail damage occured 
lightly in small area. Also the cloud is small 
scale in short lifetime. 

(3) Propagational hailcloud 

It consists of more than two cells which 
each one often undergoes emerging, leap in
crease, brew, hail fall and decay etc. New 
cell appears in front of hail cloud in motion. 
Whereas old cell decays in rear of it. Every 
cells are highly corrected to each other and 
in different developing stages at a moment. 
The cloud travels by propagational mode. Since 
its propagational feature is related to induce
ment of systematic updraft, it usually occures 
severely for long time. 

(4) Hailcloud of multi cell 

It consists of several small ce+ls which 
exsist altogether and each one changes inde
pendently without propagational feather. Small 
hailstones probably fall to the ground from at 
least one of them with weak damage and short 
time, 

Our research works at hail clouds over Xi
yang indicate'5,t.9 that most of them are multi 
cell (about 47,6 %), next to it is weak cell 
(about 33,3 t) and then strong cell and propaga
tional hail clouds (12.0 'f., and 7.1 %, respe
ctively). It is inappropriate that only the 
later two categories in classifyirt.9 was paid 
attention at present, but multi cell and weak 
cell which occur more frequently. We can see 
from our studies that though hail clouds of 
strong cell occurred lower frequent ( only 12 %) , 
but lead to the severest damage ( over 80 %,) , 
their damage is ten -times as more as weak cell 
or multi cells once. As far as mean time of a 
hail fall process, strong cell and propagational 
hail cloud always continue for long time, espe
cially strong cell damage most heavily. 

The classification research on hailcloud 
shows that, to suppress hail damage on purpose, 
we must engage in clRssification research on 
hail clouds, no matter cloud seeding l-3 or ex
plosion method of cloud modification 1•7 are 
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applied, and develop different means of hail 
suppression, we can resolve question usefully, 
otherwise the effects of hail suppression are 
limited. 
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IV-1.1 

ON COMPUTING AVERAGE CLOUD-WATER QUANTITIES 
IN A PARTIALLY-CLOUDY REGION 

R. Banta and W.R. Cotton 

Colorado State University 
Fort Collins, USA 

In numerical cloud models condensation is 
traditionally assumed to occur when the specific 
humidity of water, averaged over some region or 
volume, exceeds its mean saturation value. The 
mean saturation specific humidity is determined 
from temperature and pressure values that are 
also averaged over the region of concern. [The 
"averaging region" has normally been interpreted 
as a grid-volume average; see Cotton et al. 
(1978).] Thus within a volume, no "parcel" may 
become saturated until the moisture averag~d 
over all parcels in the volume indicates satura
tion. At that time, however, all parcels within 
the region are assumed to become immediately 
saturated. This means first of all that initial 
condensation within a region is delayed until 
the entire region is saturated, and secondly, 
that a relatively large amount of latent heat is 
added impulsively to the model when this occurs. 
These produce unrealistic dynamic consequences 
in the model, as Sommeria and Deardorff (1977) 
have described. 

As an alternative to these traditional 
"all or nothing" condensation schemes, several 
authors have proposed "partial" or "subgrid 
condensation schemes", which allow cloud-water 
quantities to be computed as though the region 
were partly-cloudy (Fig, 1). These schemes are 
formulated by assuming a probability distribu
tion for (or a relationship between) certain 
temperature and moisture variables. Functions 
of the probability densities can then be inte
grated to obtain the cloud-water quantities of 
interest, namely the cloud fraction, the mean 
cloud-water specific humidity, and the cloud
water variance. 

For three of the proposed partial-conden
sation schemes, the assumed temperature-moisture 
relationships are as follows: Manton and Cotton 

LIQUID-WATER CONDENSATION SCHEME 

"ALL OR 
NOTHING" 

I 

□ +• I 

q,<q. q, = q. q,>q. 
I 
I 

"OAAT~c• □-[I;]-•_ ii-. 
I 

q, =q. 
Fig. 1 Sch~matic representation of cloudi

ness for traditional condensation scheme (top) 
and partial condensation scheme (bottom) with 
moisture increasing from left to right. 
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(1976, 1977, referred to hereafter as MC) as
sumed a normal distribution for the quantity 
qt-qs, where qt is the total-water specific 
humidity and qs is the saturation specific 
humidity. Sommeria and Deardorff (1977, re
ferred to as SD) and Mellor (1977) assumed a 
bivariate normal distribution between qt and 
the liquid-water potential temperature, eL. 
Finally, Oliver, et al. (1978) assumed that a 
volume is partly cloudy when the mean value 
cf t-cfs lies within a "trans2:.9.on regime" defined 
in terms of the variances qt2 and q~ 2 . Banta 
(1979) presented some preliminary analyses of 
aircraft data taken in clear air which tended 
to support MC's physical hypothesis over that 
of SD. 

The present paper discusses the partial
condensation scheme of MC. Their equations for 
the normal probability dens~ty, p(x), tl!_e 
cloud fraction h, the mea!!..._£loud water qc, and 
the cloud-water variance q~2 are given in 
Table Ia. Obviously these expressions, in
volving exponentials, are computationally ex
pensive to evaluate, especially since their 
solution involves iteration. It is desirable, 
therefore, to find simpler expressions. This 
was done by assuming a simpler probability 
density for qt-qs, then integrating to find 
the other cloud-water variables. Banta (1979) 
proposed a parabolic approximation; these 
equations are presented in Table Ib. Assuming 
a uniform distribution results in an even sim
pler set of expressions, as shown in Table Ic. 

The expressions for all three distribu
tions are shown graphically in Fig. 2. Also 
shown are the corresponding functions for the 
traditional "all or nothing" condensation 
scheme. Note that in this case, the degenerate 
"probability density" has to be represented by 
a Dirac a-function. 

Also note that, unlike the functions of 
the normal probability density, which are valid 
for all values of <i:'t-<i:'s, the uniform and para
bolic schemes divide the abscissa into three 
regimes: a regime of no cloudiness, a partly
cloudy regime, and a totally-cloudy regime. The 
width of these distributions is determined by a 
constant, c, and a parameter, Oc, which is a 
computed quantity. 

The cloud fraction for all three distribu
tions is equal to 0.5 when cft-cfs = O. For the 
uniform and parabolic distributions the cloud 
fraction is zero for qt-<is less than -coc, and 
unity whenever <i:'t-cfs is greater than coc --the 
half-width of the probability density. The mean 
cloud water given by the uniform and parabolic 
distributions is a good approximation to the 



TABLE I 

Expressions for Cloud-Water Quantities in the Partly-Cloudy Regillle 

x = CTiccis) I a c 

a. NORMAL DISTRIBUTION 

h = ½ (1 + erf[x)) where erf(z) 

qc/"c = xh + exp(-x2/2)/ili 

z 
(2//ii) / exp(-u2)du 

0 

q?/a/ = (x2 + l)h + x exp(-ii:"2/2)/./frr - ri./!a/ 
b. PARABOLIC DISTRIBUTION, for -/5 < x < +/5 

h = ½ + 3x/4/s - ii:"3/20/5 

q/0" C = 3/5/16 + x/2 + 3x2-/8/5 - X.4 /80/5 

q~2/o/ = ½ + 3/5 x/8 + x2/2 + x3/4/5 - x512oors - <i//0"/ 
c. UNIFORM DISTRIBUTION, for -/3 < x < +/3 

·· h = (x +/3) /2{3 

-normal for the partly-cloudy regime, while for 
values of cft-cfs exceeding ccrc (ie., in the 
totally-cloudy regime), cfc is the same as the 
cloud water diagnosed by the "all or nothing" 
scheme. The cloud-water variance computed from 
the normal probability density approaches a 
value of crc 2 as cft-cfs gets large. In the case 
of the uniform and parabolic distributions, q~Z 
levels off at a value proportional to crc2 as 
total cloudiness is approached. The proportion
ality factors, v1 and vz, however, are deter
mined by the width of the distribution. Thus, 
if one requires that v1 = v2 = 1, one can cal
culate the numerical coefficient c in the half
width of the probability density expression. 
This is how the numerical coefficients in Table 
lb and le were evaluated. 

Fig. 2 shows the cloud-water-quantity func
tions in order of increasing mathematical com
plexity from bottom to top. The biggest jump 
between the simple "all or nothing" scheme at 
the bottom and MC's normal scheme at the top is 
between the "all or nothing" and the uniform 
schemes. The behavior of the cloud-water quan
tities for the uniform, parabolic, and normal 
equation sets are very similar. Thus, substi
tuting the uniform scheme for MC's normal scheme 

o::b oz 
_, :i: _, ... 
.. 0 
e Z 

PROBABILITY 
DENSITY 

p(x) 

CLOUD 
FRACTION 

h 

MEAN CLOUD-WATER 
CLOUD WATER VARIANCE 

qc qc2 

Fig, 2 Graphs or probability densities and 
cloud-water quantities for various condensation 
schemes. Abscissa for probability densities is 
the variable qt-qs, while for other cloud-water 
quantities, abscissa is the mean value cft-<Is· 
Scale of the abscissa for each distribution is 
indicated on the graph of the cloud fraction,h. 
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should produce reasonable values of the cloud
water quantities at a substantial savings in 
computational expense. 

Another advantage of the uniform scheme is 
that much of the mathematical complexity of 
solving the equations is reduced. MC's scheme 
results in a complicated, implicit relationship 
between the parameter Oc and the cloud-fraction, 
h. The uniform scheme produces a fourth-order 
polynomial in h, which can be solved directly. 
Furthermore, if the cloud water variance can be 
reasonably approximated by a polynomial of lower 
order than fourth, then the uniform scheme yields 
a cubic equation - which has the advantage that 
it always has a real root. 

As mentioned above, some observational evi
dence suggests that MC's physical assumption is 
more realistic than SD's. However, .MC's scheme 
leads to a complex and implicit set of equations. 
Substituting a simpler probability density func
tion for MC's assumed normal density reduces ·the 
mathematical complexity of MC's set, yet the 
simpler derived functions behave similarly to 
those from the normal. 

The solutions to the various equation sets 
as a function of meteorological variables are 
currently being investigated. Additionally, a 
version of the uniform scheme is being incor
porated into a numerical model of shallow cumu
lus cloud formation over complex topography. 
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IV-1.2 

TWO CASE STUDIES OF THE EFFECT OF ENTRAINMENT 
UPON THE MICROPHYSICAL STRUCTURE OF CLOUDS 

AT GREAT DUN FELL 

AM Blyth, DJ Carruthers, T W Choularton, M J Gay, J Latham, CS Mill, 
M H Smith and IM Stromberg 

Physics Department, UMIST, Manchester 

SJ Caughayand BJ Conway 

Meteorological Office, Bracknell 
ENGLAND 

INTRODUCTION 
This paper describes two case stud

ies designed principally to examine the 
influence of entrainment upon the drop
let spectra within natural clouds. The 
experiments were performed on Great Dun 
Fell, a high point of 847m on a long 
ridge running north-west to south-east 
in Cumbria, England. Measurements in 
cloud were made a few metres above 
ground level. At the summit of the hill 
drop spectral data were obtained using 
a Keily Probe (KP)(Corbin et al 1978) 
and a PMS Axially Scattering Spectro
meter Probe (ASSP)(Ryder 1976). In 
addition, occasional measurements of 
drop concentration and size distribu
tion were made using a Laser Photo
graphy System. An acoustic sounder was 
employed to monitor cloud top height 
and observations of cloud condensation 
nucleus spectra (CCN) were made just 
below cloud base using a modified Mee 
CCN counter. Profiles of wind speed, 
direction and temperature were made at 
approximately 2m above the local sur
face from just below cloud base to the 
mountain top. When the ASSP and KP 
were operated together reasonable agree
ment was found in the spectral proper
ties and also in total drop concent
ration. These drQp concentrations were 
supported by holographic measurements. 

A microphysical model of the cloud 
has been developed in which droplets 
are grown on a CCN spectrum deduced 
from the measurements of the Mee counter 
in updraughts estimated from the ob
served wind profile. The predicted 
spectral properties of the adiabatic 
cloud have been compared with spectra 
measured at the mountain top. The model 
has also been used to estimate crudely 
the effects of dry air entrainment into 
the cloud for case study I. In addition 
the eddy diffusion equation has been 
solved to estimate the effect of de
pletion of the cloud by loss to ground. 
The results suggest that with U*=1m s-1 
and for clouds of vertical depth ~200m 
depletion may be significant. Hence 
absolute values of drop concentration 
and liquid water content must be treated 
with some caution; subadiabatic liouid 
water contents may not be due to ent
rainment alone. 

CASE I: 14 May 1979 
The cap cloud formed in a weakly 
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convective boundary layer capped by a 
strong subsidence inversion, which was 
generally at around 600m over lowland 
areas but was forced to rise in the 
vicinity of the hill, and was observed 
by the acoustic sounder to be between 
50 and 100m above the mountain top. The 
10m wind at the summit was from 210° 
with a speed of ~1om s-1. The CCN dis
tribution was much more maritime than 
in Case II. Curve P of Figure 1 shows 
the percentage of 3-second drop counts 
which satisfy the conditions 

N > W + 2/ N or N < N - 2JN ( 1 ) 
where N is the fifteen min~te average 
of drop concentration. Although the 
mean liquid water content was substan
tially subadiabatic, especially early in 
the period (Fig.2) the regions of high
est drop count had liquid water contents 
which approached the adiabatic value 
and drop concentrations similar to those 
predicted by the model. Further, the 
droplet spectrum observed for these 
regions agrees well with the calculated 
adiabatic spectrum, especially early in 
the day (Fig.3). The spectra in the 
high and low drop concentration regions 
(defined by (1)) are shown in Fig.4. 
The shape of these spectra, taken with 
the proximity of the dry air source, 
suggests that the inhomogeneities in the 
cloud were produced by dry air entrain
ment and this is supported by the acous
tic sounder traces. 

In order to investigate the effect 
of this entrainment the model was used 
in calculations of the evaporation of 
the high count spectrum in two differ
ent ways until its liquid water content 
equalled that of the low count spectrum. 
The first was classical homogeneous eva
poration and the second was a mixture 
of classical and extreme inhomogeneous 
evaporation ( Baker & Latham, 1979) 
1) Air was entrained into the cloud such 
that all droplets were subject to an 
initial undersaturation of 20%. The 
result·is shown in Curve C, Figure 4. 
2) Initially the entrained air totally 
evaporated an equal fraction of drops 
from all size categories. The evapor
ation of the remaining drops then pro
ceeded as in (1). The length of the 
first stage was adjusted so that the 
final drop concentration was approxi
mately equal to that in the low count 
spectrum. The result is shown in 



curve D, Figure 4. 

Curve C shows good agreement for 
radii greater than Bum but seriously 
overestimates the number of small drops 
Curve D gives better overall agreement 
but underestimates the number of drops 
around the spectral peak of Bum sugges
ting that too many drops of around this 
size have been removed. This tends to 
suggest a process closer to that of 
method 2 but in which a higher fraction 
of smaller drops suffered total evapor
ation. 

Examination of curve P, Fig.1, shows 
that there is a mixing maximum around 
11.00 after which a continual decrease 
occurs until near the end of the period. 
Despite this the form of the mixing 
remains as described above. The inhomo
geneity at the end of the period was 
due to patchy cloud as the base rose 
above the mountain top. 

The large rise in drop concentration 
towards the end of the period was part
ly reproduced by the model due to high
er updraught speeds near cloud base as 
this moved up the hill, producing high
er peak supersaturations and so activ
ating more drops. However, the narrow
ing of the spectrum was greater than 
predicted and this suggests a change to 
a more continental CCN. Measurements 
with the Mee device were unavailable to 
test this possibility. 

CASE II: 15 May 1979 
The day was characterized by light 

SW winds, (less than 4m s- 1at the 
mountain top). A general cover of 
stratus and stratocumulus cloud envel
oped the mountain. There was a weak 
subsidence inversion (much weaker than 
in case I) about 150m above the mount
ain top. 

During the period up to 14.30 the 
adiabatic liquid water content fell as 
cloud base rose (Fig.5). Initially a 
rise in the observed liquid water cont
ent and drop concentrations also occur
red. These were associated with in
creasing convectiv~ activity and were 
presumably due to upward transport of 
moisture and CCN in the boundary layer. 
After 12.00 the acoustic sounder showed 
entrainment into the cloud through the 
capping inversion on scales of several 
tens of metres (Fig.?). A large fall 
in mean drop count occurred as the cloud 
became very inhomogeneous (Fig.6) but 
the peak drop concentrations observed 
in the patches of thickest clrrnrl re
mained unchanged until about 13.10. 
During this time the high and low count 
spectra became very similar in shape, 
(Fig.El), suggesting that the mixing was 
extremely inhomogeneous (Baker & Latham), 
At the same time the observed spectrum 
became appreciably broader (Fig.9). 
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However, it was no broader than the 
adiabatic spectrum calculated for the 
same time using CCN measurements made 
at 11.40. 

During the remainder of the experi
ment cloud base remained near the moun
tain top. The curve of the number of 
histograms outside the 2/N criterion 
shows a marked lull in mixing around 
16.10 BST (confirmed by the acoustic 
sounder) and this is a period with a 
narrower spectrum (Fig.9). 

DISCUSSION 
The microphysical data suggests 

than in case II the mixing is extremely 
inhomogeneous whereas in case I the 
mixing is of a form intermediate between 
the classical homogeneous and extreme 
inhomogeneous descriptions. For extreme 
inhomogeneous mixing the ratio of the 
time constants for eddy dissipation and 
droplet evaporation 

rE/rd ➔ oo. 
The larger entrainment scales and lower 
windspeeds for case II suggest that the 
ratio is significantly higher than for 
case I. 

In case II the highest concentrations 
of large drops tend to be associated 
with periods of greatest mixing. Due to 
the complex nature of the cloud dynamics 
and evolution in this study it is not 
possible to say whether this confirms 
the predictions made by Baker & Latham 
of enhanced growth rates of the largest 
drops _resulting from inhomogeneous 
mixing. 
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Figure 3. Case I. A, measured size dis
tribution for the period 0830 to 0845 
BST, N=132cm- 3 ; 8, calculated adiabatic 
spectrum N = 212cm- 3 • 
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A, observed high count spectrum; 
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C, calculated, method (1); 
D, calculated, method (2). 
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1. Introduction 

Entrainment of environmental air into 
cumulus clouds has been treated theoretically 
by Stammel (1947, 1951), Scorer and Ludlam 
(1953), Morton (1957), Levine (1959) and Town
send ( 1966) . A 1 ternat i ve 1 y, Squires ( 1958) has 
envisioned the mixing of environmental air into 
cumuli as a process whereby a parcel of dry air 
becomes immersed in the cloud top with subse
quent mixing to produce a penetrative downdraft. 
Telford (1975) has proposed a mechanism whereby 
parcels of environmental air are entrained by 
cumulus clouds at their top. Recently, Pal-
uch (1979) used temperature and 1 iquid water 
content data collected within Colorado cumulus 
congestus clouds to conclude that the penetra
tive downdraft mechanism of Squires (1958) was 
most plausible in explaining the observed cloud 
behaviour. 

To test the theories proposed, our work ut
ilized measured cloudy and clear air properties 
in cumulus congestus clouds to determine where 
the entrained air within them originated. 

The data were collected using the Univer
sity of Wyomings" King Air research aircraft 
and by rawinsondes during the summer, 1978 
High Plains EXperiment (HIPLEX) in Kansas and 
Montana. TheKing Air instrumentation, data 
acquisition and quality are discussed by Cooper 
(1977), 

I I. Entrainment Thermodynamics 

The thermodynamics for the entrainment pro
cess in Cumuli have been concisely formulated 
by Dufour (1956) with essential assumptions as 
fol lows: 

1) the cloud is initially composed of sat
urated air and liquid water; 

2) the surrounding environmental air is 
composed of humid non-saturated air; 

3) the mixed parcels of environmental and 
cloudy air form a closed system; and 

4) the transformations within the closed 
systems are reversible and adiabatic. 

Assumption 1) precludes the existence of ice 
within the model clouds. Assumptions 3) and 
4) exclude precipitation size drops within the 
cloud since such drops could add or remove mass 
and sensible heat from the closed cloud-en
trained air system. 

With these assumptions the adiabatic temp-
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erature and 1 iquid water content at any pres
sure level within an initially undilute model 
cloud are given by: 

(lribarne and Gadsen, 1973) ( 1) 

where, 

rw = 1 iqu·id water m1x1ng ratio within cloud 
cw= specific heat capacity of liquid water 
Lv = latent heat of vaporization. Lv = 

597,3( 273+15)Y,Y = 0.667 + 3.67 X 

10-'+T from Pruppacher and Klett (1978); 
and the remaining terms have their common 
usage. 

The constant in eqn. 1) is determined by fix
ing a cloud base pressure and temperature. 

The mixing of different portions of envi
ronmental air into the initially undilute 
cloud at any pressure level will serve to di
lute the adiabatic temperature (T) and 1 iquid 
water content (rw). This process was accom
plished in the following way. A hypothetical 
entrainment parcel outside the model cloud 
with pressure, temperature and vapor mixing 
ratio P1

, T1 and r 1
, respectively, was chosen. 

The entrainment parcel was then moved reversi
bly and adiabatically to a sampling level P. 
In this process the vapor mixing ratio of the 
entrainment parcel remained constantwhilethe 
parcel temperature changed according to the 
Poisson relation. 

p Rd 
Tl=TI (pt)a,a=-c 

p pd 
( 2) 

The entrainment parcel was then proportionately 
mixed with undilute cloud air at the sampling 
level P. The result was: 

T + kT I 

f=( +/ (3) 

+ r w 
(4) 

where k is a non-dimensional mixing constant. 
If k = 0 no mixing of environmental air is 
allowed. If k = 00 replacement of the model 
cloud by environmental air will occur. 

Next, a reversible wet-bulb process was 
performed at constant pressure to evaporate 
any excess 1 iquid water in the following way: 

L 
- (-v) Twb = T + 

Cpd 
(-q - - r (T b)) ] _ q V W 

( 5) 



where; 

= the wet bulb temperature; and 
= the saturation vapor mixing ratio at 

the wet bulb temperature. 

The wet bulb temperature (Twb) and vapor mix
ing ratio (rv(Twb)) at the sampling pressure 
were found by iteration. 

The amount of liquid water rema1n1ng in 
the entrained parcel may be found by recal 1 ing 
that the amount of 1 iquid water plus vapor in 
the parcel must be conserved. This gives: 

r rs + 1 : k = rt = r v ( T wb) + r f ( 6) 

where, 

rt= the sum of vapor and 1 iquid water 
mixing ratio at pressure P, first 
before then after the wet bulb 
process; and 

rf = the final liquid water mixing ratio 
after completion of the wet bulb 
process at pressure P. 

This yield1_: 

rf =~ 
1 - q 

r 
w +---

1 + k 
(_7) 

The effect on temperature and 1 iquid water 
content at any sampling level due to entrain
ment of portions of environmental air from 
some other 1 eve 1 may now be pred i.cted. 

I I I. Downdraft Generation 

When subsaturated environmental air is en
trained into cumuli it will be evaporatively 
cooled. This process may leave the initially 
neutrally buoyant entrained air parcel nega
tively buoyant relative to air outside the 
cloud. 

The same assumptions used in formulating 
the entrainment model discussed above were 
again employed in exploring the generation of 
penetrative downdrafts in cumul I, In addition 
the environment was assumed quiescent so that 
dynamically induced vertical motions were not 
allowed. Initially, a fixed rate of mixing

1 
a, between cloud and any previously entrained 
parcel was assumed. 

With these stipulations, a reversible ad
iabatic mixing between the cloud and environ
ment at initial pressure level P' was perform
ed, The mixed parcel was then allowed to 
move to a new pressure level in density equil
ibrium with its new temperature and liquid 
water content. This pressure level was deter
mined from the following equation given by 
Squires (J 958). 

dW i\ - Ty' 
dt = [ T I - r f] g + a Cw) (.8) 

where, 

i\ = 

V 

virtual temperature of the entrained 
parcel after mixing at pressure P' 

:0 
.§ 

w a:: 
:::, 
(/) 
(/) 
w 
a:: 
0.. 
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Tv I = virtual temperature in the environ-
ment at pressure P' 

The remaining symbols have their common 
uses, 

Using the hydrostatic equation the newpressure 
of the mixed parcel after any given time was 
found. 

Employing a second by second integrationof 
eqn, (3) with additional mixing between the. 
entrained air and the undilute cloud at each 
new pressure level the vertical velocity and 
pressure of the entrained parcel were calcula
ted for a 20 minute period, 

IV. Case Study Results 

Using the University of Wyoming King Air 
research aircraft, temperature 1 iquid water 
content and vertical motion data were gathered 
in and near 16 large cumulus clouds, 

On May 21, 1978 the atmosphere was charac
terized as convectively unstable, moist near 
the surface and dry aloft above Goodland, Kan
sas, Cumulus clouds with bases at 750 mb and 
a temperature of JO C formed about 2100 Coor
dinated Universal Time (tUT; Coordinated Uni
versal Time wil I be used throughout this work) 
and grew rapidly, The King Air research air
craft was used to study these clouds beginning 
about 2230, 

Figure I depicts the pressure at thevisual 
cloud top versus time for the first cloud 
studied on this day. The times and pressure 
level of each cloud penetration are also shown. 
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The visual cloud top was measured photo
grammetrically from the aircraft and these 
measurements supplemented by observer esti
mates when possible. An estimate of the 
error associated with each photographic 
measurement is also shown and is based on the 
physics of the simple photogrammetric tech
nique used. 

Figure 2 is a plot of liquid water content 
versus temperature. Thin lines represent the 
predicted depletion of cloud 1 iquid water and 
temperature from the adiabatic values as the 
model cloud ingests increasingly large amounts 
of dry environmental air. Each thin 1 ine de
picts the depletion process due to ingestion 
of environmental air from a different pressure 
level. 
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Figure 2. Liquid water content vs. tempera
ture. Thin lines are modelled depletions due 
to entrainment from different pressures. Data 
points are cloud observations. 

Also plotted on this figure are the ob
served cloud 1 iquid water content and temper
ature during each second of the cloud penetra
tion ast 525 mb. The 1 iquid water content 
measurements were made with a Johnson-Williams 
device considered accurate within ±20%. The 
temperature measurements were made using a 
reverse flow sensor precise with ±0.2 C. Num
bers associated with each data point refer to 
sampling time in seconds after entrance into 
the cloud. Letters associated with each data 
point refer to the following: 

J - normal data point, no ice present; 
C - Knollenberg probe detected small ice 

particles (50-600 µm) in concentra
tions greater than zero in this cloud 
volume; 

P - Knollenberg probe detected large ice 
particles (800-2000 µm} in concentra
tions greater than zero in this cloud 
vo 1 ume. 

It is seen in Figure 2 that the majority 
of the data points fal 1 within the range 460-
500 mb. Thus, the model predicts that 
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entrained air in this portion of cloud or1g1n
ated between 460-500 mb at some earlier time. 

Figure 3 is a plot of pressure versus time. 
Thin 1 ines represent the modelled time history 
of entrained air parcels originating at differ
ent pressure levels, Parcels entrained between 
460-~00 mb are seen to descend through the mod
el cloud driven by evaporative cooling to the 
sampling level in 4,6 - 8,3 minutes. 
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Figure 3. Modelled time for parcels entrained 
between 460-500 mb to reach 525 mb. 

Using Figure 1 to project backward in 
time 4.8 - 8.3 minutes from the time of pene
tration two it is seen that the visual cloud 
top was between 420-450 mb during those times. 
In this case the model predicts that entrained 
air originating in the 460-500 mb range would 
have entered the observed cloud slightly be
low its visual top. 

Figure 4 is a plot of pressure versus ver
tical wind. Thin 1 ines represent the vertical 
velocity attained by air parcels entrained in
to the model cloud at different pressure lev
els as they descend through the cloud. Air 
entrained by the model cloud between 460-500 
mb have a vertical velocity in the range -2,5 
to -6.2 m/sec when it reaches 525 mb. 

Figure 5 is a plot of observed vertical 
wind versus time during this cloud penetration. 
The observed downdraft has an average velocity 
of -2.6 m/sec and maximum of -5.8 m/sec. The 
prediction of -2.6 to -6.2 m/sec downdrafts 
presented in Figure 4 is in good agreement 
with the observed values. 

In addition to the observations presented 
in detail an additional 25 useful cloud pene
trations were made over a total of 5 days. A 
summary of these penetrations is presented in 
Table l. In all cases the predicted entrain
ment region is seen to correspond we 11 with the 
cloud top pressure at the time of entrainment. 
As well, the predicted and observed downdraft 
speeds are in agreement except in the May 23 
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Table I, Cloud entrainment par•meters Observed on 5 days durlnp 1978 

Date Pressure 
Cloud (Pass) Level (mb) 

05/21/79 
\(\) 54) 
1(2) 525 
2(2) 508 

05/2)/78 
1(2) 498 
\(JI 480 
1(5) 46) 
5(1) 445 

06/02/78 
4(1) 596 
5(1 I 574 
5(2) 562 
5(3) 598 

06/15/78 
4(1) 458 
4(2) 475 
4(J) 500 
4(4) 534 
4(51 539 

07/08/78 
5(2) 551 
5(3) 588 
6(4) 585 
714) 585 
8(41 589 

10()) 550 
11(2) 550 
ll(J) 58) 
12 (J) 510 
12(4) 551 

Predicted Subsidence Cloud Top Predicted 
Entrainment Tlme(mln) Pressure(mb) Downdr~ft 
Region (mb) Speed (m/s) 

480-520 5,)-7,J 460-490 1.4-4.4 
li6fl-500 4,8-R,J 1,20-450 2,5·6.2 
460-500 J.7•7, 7 465-500 1.5-5,6 

380-1160 ,20 O.) 
380-ta60 11.2-14.7 420-460 0.7 
)60-400 10. 7-13.0 )80-)90 2.2-2.s 
liOO•l+ltO J,o-8,5 4)0 1.0-2.0 

540-580 J,5·5.5 570-5RO 1,)-5.2 
540-580 o.o-4.5 540-560 0,0·).9 
540-560 0.0-3. 7 540-545 0.0-2.8 
540-560 4.0-5,5 5bO 4.2-5, l 

270-320 12.2-1).J 2,0 
270-320 12.5·1),8 •300 8,9-16.2 
250-320 1),0-14.J •JOO 5.7-lJ.J 
)20-)60 10.5-13,0 320-340 \.9-2.1 
270-)40 12,5-15,0 )00-))0 l.0-4,0 

480-520 5,7-13,5 4eo 1.)-2,2 
500-540 8,3·1 l.5 li90 1.9 
500-540 7,8-11,0 500-530 1.9 
480-520 9,8-13.0 470-500 1,9 
480·540 8.J·l).5 470·510 1.9 
460-480 B.8-9,3 •470 2.1 
!iBo-500 6,B·B, 7 2. 1 
500-520 9, 5·11,0 .. 520 1.9 
460-~80 4,5•5.5 460•470 2.2-5,0 
460-480 B.8 450 I ,q-2, 1 

Observed Depletion of 
Downdraft LWC by ice 
Speetl(!'l/s) 
Av~ (Hax} 

2.1 (7,0) 
2, 1 (10,7) 
I ,9(R. I) 
2.0(8.0) 

0 
0,8(J,2) 
1, I (2.2) 
0,5(1 ,B) 
0.1 (1,0) 
1.1(2,2) 
0.1 (0.5) 
o.4(1,2) 
1,5(11,0) 
1, 1 (2.11 

small 
small 
moderate 

Larcte 
large 
Large 
Larpe 

small 
smal J 
small 
moderate 

Sll'lall 
small 
moderate 
Large 
moderate 

smal 1 
moderate 
smal I 
small 
small 
small 
small 
small 
moderate 
small 
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1978 case when ice concentrations were large. 
In this case ice loading of the downdrafts 
apparently added to the downdraft speed. 

V. Discussion and Conclusions 

Data from five different days of the 1978 
HIPLEX season in Kansas and Montana have been 
examined. A thermodynamic model for the en
trainment process was presented. By comparing 
the model predictions with the observed temper
ature and 1 iquid water content during a cloud 
penetration a predicted entrainment region 
resulted. A model for penetrative downdraft 
formation via evaporative cooling was also 
used. It allowed estimation of the time neces
sary for air parcels from a predicted entrain
ment region to reach the sampling level and the 
downdraft speed attained by these parcels. 

From an examination of the data it seems 
that 1} the predicted sources for entrained 
air were at or near the visual cloud top and 
2} the predicted downdrafts produced by evapor
ative cooling agreed well with the downdrafts 
observed, 

A possible consequence of this process is 
that the evaporation and cooling of cloud 
droplets near the entrainment region could 
produce contact or immersion freezing of these 
droplets via nuclei inactive at warmer 
temperatures. 
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IV-1.4 
MODELISATION UNIDIMENSIONNELLE 

DE LA CONVECTION NUAGEUSE DANS LA CLP 

Ph.Bougeault 
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Boulogne FRANCE 

I - INTRODUCTION 

Plusieurs types de modeles numeriques ont 
ete proposes depuis quelques annees pour la si
mulation de phenomenes dynamiques turbulents 
dans la couche limite planetaire (CLP), sous la 
seule restriction de l'homog~neite horizontale. 
Des modeles a points de grille resolvent expli
citement les equations de la mecanique des 
fluides discretisees sur une grille bidimension
nelle ou meme tridimens ionnelle ( 3D) 1 J 

(Deardorff, 1974). Des modeles unidimension
nels (1D) utilisent une discretisation vertica
le et des equations d'evolution, derivees des 
precedentes, pour les moments de variables fon
damentales. Parmi les plus efficaces citons 
ceux de Wingaard et Cote (1974), Mellor et 
Yamada (1974), Andre et al. (1978). Les princi
paux succes concernent la simulation de couches 
convectives seches et l'accent est porte main
tenant sur l'enrichissement physique et la di
versification de l'emploi de ces outils qui 
permettraient notament d'etablir des parametri
sations de la CLP dans un plus grand nombre de 
situations reelles. 

L'incorporation du cycle thermodynamique de 
l'eau dans les modeles, afin de prendre en 
compte le role dynamique des nuages, et ulte
rieurement leur role radiatif se fait sans dif
ficulte conceptuelle, pour les modeles a points 
de grille (Sommeria, 1976), ou l'on peut consi
derer que l'unite elementaire saturee est une 
maille du modele, ou meme parametrer la conden
sation a l'echelle inferieure a la maille 
(Sommeria et Deardorff, 1977) par une theorie 
statistique simple. Il faut toutefois inclure 
des mecanismes d'ajustement pour tenir compte 
des constantes de temps differentes de la con
densation et de la dynamique, ce que l'on peut 
schematiser simplement en imposant a q la limi
te qs (T, p), ou qs (T, p) est le contenu spe
cifique d'humidite saturante, calcule par une 
formule standart, negligant ainsi tousles phe
nomenes microphysiques. Des succes ont ainsi 
ete obtenus dans la simulttion de l'experience 
Porto Rico (1972) du NCAR (Sommeria et Le Mone 
1978), qui reproduit assez fidelement une cou
che convective marine surmontee d'une couche 
stable ou se developpent de petits cumulus des 
alizes. 

Parallelement, des modeles unidimensionnels 
ont ete utilises pour simuler des nuages bas 
stratiformes, mais il faut alors tenir compte 
d'une influence preponderante des processus ra
diatifs et microphysiques. Recemment, des sche
mas de parametrisations ont ete proposes pour 
permettre aces modeles de reproduire des nua-

(•) National Center for Atmospheric Research 
Boulder, Colorado 
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ges non stratiformes (Manton, 1978, Mellor, 
1977) et une simulation de 4 journees de l'ex
perience BOMEX (Holland et Rasmusson, 1973) a 
ete realisee par Yamada et Mellor (1979). On 
propose ici une contribution dans cette direc
tion. 

II - VARIABLES CONSERVATIVES 
ET SCHEMA DE PARAMETRISATION 

Un modele unidimensionnel de couche limite 
se presente traditionnellement sous la forme 
d'une hierarchie d'equations pour les moments 
turbulents des variables fondamentales u, v, w, 
0, q. La description d'une couche nuageuse im
pose les variables supplementaires ql, contenu 
specifique d'eau liquide et R (fraction conden
see en volume pour chaque niveau). La rapidite 
relative des phenomenes de condensation conduit 
a traiter ces variables de maniere diagnostique: 
on realise c.e filtrage en utilisant des varia
bles conservatives 

qw = q + ql, 8i = ~ - ~ ; 91 
On obtient des equations d'evolution sim

ples (diffusion) pour 81 et qw sous des hypo
theses assez restrictives : - schema de diffu
sion simple de la vapeur d'eau dans l'air, 
- diffusion des gouttelettes negligee 
- faibles variations du facteur L./~· La ferme-
ture des equations necessite alors d'exprimer 
les moments de la variable ql, qui intervient 
dans la temperature virtuelle 

8-.,: ~e+ O.'I T. 9w + {~)1/t;- ~ - -1,6:t T0 J 9e 
C'est le probleme de la parametrisation de 

la condensation aux echelles non resolues. Une 
theorie generale simple a ete developpee par 
Mellor (1977) sur une idee de Sommeria et 
Deardorff (1977). En negligeant l'influence des 
fluctuations depression sur qs, on obtient, 
par un developpement au premier ordre qui uti
lise la formule de Clapeyron, R, ql, et tous 
ses moments, en fonction des moments des varia
bles conservatives et de la distribution adi
mensionnee G(s) de la variables, combinaison 
lineaire de qw et 81. Le probleme est alors de 
trouver la distribution G(s) la plus simple qui 
permet de rendre compte correctement des pheno
menes. La loi normale a ete proposee par 
Sommeria Dearforff et utilisee par Yamada et 
Mellor pour la simulation de BOMEX, mais sans 
possibilite de controler la qualite des resul
tats. Il parait interessant de tester sur des 
resultats .la validite de cette hypothese pour 
divers types de loi G(s). C'est de qui a ete en
trepris. 



III - RESULTATS DE SIMULATION 
POUR G(s) NORMALE 

Devant l'absence de donnees reelles, on est 
conduit a utiliser les resultats d'un modele 3D 
(Sommeria, 76) pour tester ceux du modele 1D. 
Une simulation de l'experience Porto Rico a 
done ete realisee. Le modele 1D choisi est le 
modele COLT de l'EERM, qui decrit l'evolution 
des moments des variables conservatives jus
qu'a l'ordre 3. G(s) est la distribution nor
male. On compare le resultat des deux modeles 
dans les figures. 

Zlm) T,2.00h 
2000------------,-.,.., 

1800 

1200 

eoo 

400 

0 ...__,___,__.._..,__...__.___._..__~~ 

17 19 21 23 25 29 31 33 35 \IC) 

FIG. 1. - Profits compares de Bi• Le dllca
lage provient d'une definition differente 
de la pression de rllfllrence. Pour toutes 
les figures, trait continu : mod/lie 1-0 ; 
trait intarrompu : mod/lie 3-0 ; trait 
mixte : conditions initiates. 

Zlm) T,2.00 h 

2000 ...-------------

1600 

1100· 

800· 

400-

0 '--4--l---,-+-4---1-...:::::,-+-4--' 
2,5 S 7,5 10 12,5 15 17.5 20 22.S ciw 19/Kt) 

FIG. 2. - Profits compares de q.: 

Ces profils moyens initiaux font apparaitre 
trois couches superposees (fig. 1 et 2). Une 
couche melangee, une couche legerement stable 
qui devient nuageuse, une couche stable supe
rieure. Les flux inferieurs sont obtenus par des 
relations flux-gradients, la valeur des parame
tres moyens .et ant fixee au ni veau de la mer. Le 
reste de l'information est reconstitue par les 
modeles. Pendant 3 heures de simulation (duree 
totale disponible pour le modele 3D) les ordres 
de grandeur des resultats sont comparables. 
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FIG.J. - Evolution du contenu maximal d'eau liqulde 
ct. 1 II 3 heurn de 1imul1tlon. : 

La figure 3 montre que le developpement 
nuageux est retarde puis surestime par le mode
le 1D. Deux explications sont proposees 

1) Inadequation de la distribution 
Gaussienne, qui represente mal l'asymetrie et 
l'elargissement lies aux excursions nuageuses 
(particulierement au voisinage de la 2e inver
sion). Il conviendrait done d'employer des dis
tributions comportant plus d'elargissement ou 
meme incluant l'asymetrie, ce qui alourdirait 
le schema de parametrisation. 

2) Mauvaise representation de la couche 
stable : En effet, la plupart des modeles 1D ne 
representent pas le transport d 1 energie du aux 
presso-correlations c'est-a-dire aux ondes in
ternes libres. La couche stable se comporte a
lors comme une zone de blocage et la vapeur 
d'eau s 1 accumule sous l'inversion, ce qui con
duit a un contenu nuageux trop important. 

Zlm) T,2.00h 
2000 ,----------------, 

1600 

1200 • - - - __ _ 

_::;= ... -----:: ... ---
ROO r===~~--::::=~ v-
•oo 

0 '-------+--+---+-l---+-4---.--' 
01 o.• 0.6 o.e 1.0 1.2 1.• 1.e 1.11 2 ii;t10·•mkal 

FIG. 4. - Profils compares de qj. 

La fig, 4 donne une idee du profil d'eau li
quide : elle confirme que l'eau liquide est mal 
repartie dans le modele 1D ; neanmoins la base 
des nuages est bien representee. 

En conclusion, ce type de theorie semble ef
ficace, on peut attendre des ameliorations dans 
deux directions : ditribution G(s) optimale, 
meilleure modelisation des presso-correlations 
'i!f=>, wii ; ces recherches sont actuellement en 
cours a l'EERM, a partir de l 1 analyse des resul
tats du modele 3D, Cette utilisation de modeles 
elabores, comme laboratoires numeriques, qui ne 
remplace pas les mesures in situ, mais les com-



plete, se revele tres fructueuse. 
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IV-1. 5 
A SYSTEM OF SELF-AMPLIFICATION FOR THE GROWTH 

OF ORGANIZED CLOUD STRUCTURES 
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F. Einaudi 
Georgia Institute of Technology, Atlanta, Georgia 

D. P. Lalas 
Wayne State University, Detroit, Michigan 

Abundant evidence can be found in the 
literature for the existence of organization 
in the flow fields of condensation, precipita
tion and storms. This organization manifests 
itself as both time periodicity and spatial 
coherence of motion. For example, Chalon et 
al. (1976) found that new cells of hailstorms 
appear at intervals of 13 to 16 minutes and at 
locations 10 km apart. The list of spatially 
organized phenomena is long and includes rain 
bands (Browning, 1974; Houze et al., 1976a, 
b), cloud clusters in the tropics (Reed and 
Recker, 1971), travelling disturbances 
(Uccellini, 1975), and the familiar striations 
in mid-latitude cloud forms. 

The range of wavelengths and periods of 
the organized activity is such that internal 
gravity waves seem to be the most likely 
agents. This has already been noted by 
several investigators, notably Matsumoto and 
Ninomiya (1969), Raymond (1976) and, for CISK 
in the tropics, Stevens and Lindzen (1978). 

In attempting to develop a model for this 
interaction between gravity waves and conden
sation, two main problems have to be resolved. 
One is the mechanism of gravity wave genera
tion from the background temperature and wind 
profiles, and the second is the interaction 
between saturation, latent heat release and 
the wave itself. One usually bypasses the 
first obstacle by simply assuming a gravity 
wave has been generated by some unspecified 
mechanism; the second hurdle is overcome by 
parameterizing the latent heat release through 
the introduction of a phenomenological but 
ad hoc relation between the induced velocity 
component and the amount of condensation. 
Partial objections to these solutions have 
been raised on predictable grounds. Yet the 
evidence of periodicity is compelling enough 
that the hypothesis of gravity waves being an 
important mechanism of cloud and precipita
tion organization, and storm generation, 
cannot be discarded. In this study we look 
anew at the problem and try to develop a 
consistent approach for the initial stage of 
the triggering of condensation cells by 
gravity waves. 

Explicitly we consider a pre-condensation 
atmosphere in which the wind and temperature 
profiles give rise to a shear instability 
gravity wave mode. Initially the amplitude of 
this wave may be small, and its effect on the 
atmosphere is nothing more than a perturbation 
of velocity and temperature fields. But after 
some time its amplitude will exponentiate to 
the stage where it disturbs the conditions 
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· enough to initiate saturation in a localized 
'most favored' region. And associated with the 
water substance condensation there will be a 
latent heat release that is communicated to the 
other atmospheric components. 

If this latent heat occurs in the right 
fraction of the wave cycle it can feed back into 
the dynamics of the atmosphere to enhance the 
growth of the wave disturbance. This in turn 
will force further condensation, and a feedback 
instability occurs in which periodic cloud cells 
and the atmospheric wave grow together. 

We have formulated the dynamics and thermo
dynamics of this process in a fully self-consis
tent fashion using a forwards propagating 
Green's function technique. A stepwise inte
grating-routine allows us to accurately follow 
the space-time distribution of water substance, 
the heat transfers accompanying liquid-vapor 
transitions and the dynamic-thermodynamic 
behavior of the atmospheric gas. Applying the 
routine to any specific combination of mean 
atmospheric state and initial excitation of 
shear modes, we can trace the development of the 
system to see if the feedback is positive, 
negative or in quadrature. 

The method has been applied to wind, temper
ature and moisture profiles that are typical of 
certain pre-storm conditions. The temperature 
contains a strong inversion that acts as a lid 
to plentiful moisture in the lower atmosphere. 
The wind forms a low level jet with shears that 
are strong enough to produce the subcritical 
(< 1/4) Richardson numbers needed for linear 
instability. 

Not all modes show positive feedback when 
condensation occurs. In fact positive feedback 
is the exception rather than the rule, and 
occurs only over a narrow band of the spectrum 
of linear instabilities. However, where it 
does occur, substantial enhancement of the 
growth of the wave-cloud system is discovered. 
This suggests that there is a natural tendency 
of the atmosphere to form quasi-periodic cloud 
bands, rather than broadband quasi-random 
patches of condensation. 

The critical levels of the linear stability 
theory are found to play a major role in the 
condensation dynamics. Strong positive feedback 
seems to require a near coincidence of the wave 
critical level and the cloud condensation height. 
This seems plausible from various physical con
siderations, and serves to emphasize the intimate 
coupling between the thermodynamics and neutral 
dynamics of the atmospheric system. 



Conclusions 
It appears from this study that gravity 

waves generated by background shear insta
bility in a realistic atmosphere near satura
tion constitute a viable mechanism for in
ducing condensation and sustaining it by the 
utilization of the resultant heat release to 
amplify themselves. Further, it is shown that 
this process of self-amplification is trac
table without the use of parameterization, 
and the system's early characteristics, 
growth rates, height of saturation, etc. can 
be calculated via this consistent approach. 
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OBSERVATIONS OF THE SCALE AND DURATION OF 
CUMULUS CLOUD INITIATION 
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1. Introduction 

This paper is concerned with observations 
which throw some light on the question of 
whether or not cumulus clouds are initiated by 
a pulse-like fluctuation in properties of the 
sub-cloud layer which is short when compared 
with the average lifetime of a cloud. There 
is an extensive literature on numerical 
modelling of individual cumulus clouds, well 
reviewed by Cotton (1975), which contains 
evidence that the nature, magnitude and dura
tion of cloud-initiating phenomena are somewhat 
arbitrarily chosen because of the paucity of 
observational information. 

In a previous paper Coulman and Warner 
(1977) examined thermodynamic properties of 
the sub-cloud layer on scales of the order of 
cloud-size and larger; more recently Coulman 
(1980) directed attention towards both thermo
dynamic and dynamic variables on horizontal 
scales from cloud-size down to 15 m. The 
expedition described in the latter reference 
provided the data used in this paper and 
a detailed description of the observational 
procedure used and the conditions encountered 
was given there. Briefly, the data were 
obtained by an instrumented aircraft which flew 
level measurement runs at about 50 to 100 m 
below the base of cumulus cloud fields which 
formed over flat terrain in north-western NSW, 
Australia. 

2. Observed Cloud Base and Calculated 
Condensation Level 

In Figures 1 and 2 the observed variation 
of cloud-base height with time of day is shown 
for two days of the expedition. By flying just 
beneath cloud base the natural variability of 
this level was assessed to be as small as ±20 m 
over tens of kilometres during the period 
1200 hrs to 1430 hrs local time. Later than 
this each afternoon this figure increased to 
about ±40 m. 

The aircraft made runs of about 10 km 
length at 50 to 100 m below cloud base during 
which high-frequency dynamic and thermodynamic 
data were recorded and the presence of cloud 
above the ai~craft was detected by an upward
facing photoelectric instrument. To distinguish 
between sections of each run made beneath cloudy 
and. clear areas the recorded signal for any 
variable has been multiplied by an indicator 
function I(t). This function is the output of 
the upward-facing cloud detector and, 
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l under cloud 
I(t) = 

0 under clear 
(1) 

This conditional sampling technique has been 
more completely described in Coulman (1978). 

The adiabatic lifting condensation level 
Za has been calculated from observed data by 
numerical solution of the following equations 
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Fig. 1 - Observed cloud base (~), zb, as a 
function of time on 2 April 1976. 
Calculated lifting condensation level, 
<':z-?, averaged in each run beneath 
clouds and its standard deviation are 
shown by (!). 
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Fig. 2 - As Figure 1, but for 5 April 1976. 
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Here p is the pressure at adiabatic lifting 
conden~ation level, za the equivalent (ICAN) 
height, q and 8 the ambient mixing ratio and 
potential temperature respectively, and a, S, 
y, o are constants (see List, 1951). 

The average lifting con_densation level of 
air beneath clouds, denoted by <z;;_>, has been 
calculated for each run and is shown in 
Figures 1 and 2 for comparison with the observed 
cloud base height zb. The standard deviation 

<a;;_> is shown by vertical bars; it is important 
to note that <aa> is generally smaller than the 
hourly increment in cloud base height except in 
the decaying phase of the cloud field from 
about 1500 h onwards. Lifting condensation 
level is a sensitive function of q and 8; if 
we calculate the average value for each run 
~ za► under clear areas we may compare the 
difference ~Z? -<z;> with <a;> and, as shown 
in Figure 3, <aa> is generally smaller than 
this quantity. 
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Standard deviation of lifting condensa
tion level beneath cloud in each run 
is smaller than the difference between 
average L.C.L. beneath clear ~za► and 
beneath cloud <za_> . 

The measurement flights were made on pre
determined headings for specified times and so 
the cloud field was randomly sampled without 
intentional bias. It is therefore likely that 
clouds at most stages of their evolution were 
encountered and from cine-film records taken 
from the ground the average lifetime of these 
clouds was about 20 min. The above results 
therefore suggest that only small changes in 8 
and q, and hence za' occur in the air beneath 
a cloud during its lifetime. 
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3. Temperature, Humidity and Velocity 
Structure beneath Cloudy and Clear Areas 

To facilitate comparison of results from 
various days the conditionally sampled data 
have been normalized; normalized fluctuations 
are denoted by double-primed symbols such as, 

e• 
8" = -

08 
(4) 

where 8' is the fluctuation from a run mean 6 
and 0~ is the run variance. Sharp brackets 
< > denote an average under cloud and ~ ► an 
average under a clear region. 

Under cloud the mixing ratio <q"> exhibits 
in Figure 4 an excess over the value in the 
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Fig. 4 - Conditionally sampled, normalized and 
averaged under-cloud fluctuations in 
q, wand 8 show a well-marked maximum 
in <w"> around 1330 hrs and a strong 
tendency for <q"> to decrease with 
increasing time. A less pronounced 
trend is evident in <8">. Since the 
clouds were sampled randomly these 
results presumably characterize clouds 
at any stage of their individual life
times. 

surroundings and this excess diminishes as the 
afternoon advances; <8 "> exhibits a deficit 
beneath cloud (see Coulman and Warner, 1977) 
which also tends toward zero with increasing 
time after cloud formation. Vertical velocity 
<w"> has a fairly well-marked peak at about 2 h 
after cloud formation in this collection of 
data; it is always positive (upward). In 
Figure 5 the normalized fluctuations averaged 



under clear areas exhibit very weak dependence 
on time of day; there is, perhaps, a suggestion 
of a peak in ~"► at about 1400 hrs and a weak 
trend in ~ "►. However, all show opposite 
signs to the corresponding variables in 
Figure 4. 

4. Conclusions 

In cumulus models which employ a brief 
pulse-like change in properties to initiate 
cloud it is common to find a rate of increase 
in the height of cloud base during the indi
vidual cloud lifetime which is markedly larger 
than the observed values, such as are shown in 
Figures 1 and 2. In the observations referred 
to in Figures 4 and 5 more than 50 clouds were 

(q') J~ _ _., __ ,,,,__.__-=--,....•--..... 

l ' . ... . . . . .. . . 
-1 

-JL. 

-1 

11 12 13 14 15 16hrs 
LOCAL TIME 

Fig. 5 - As for Figure 4, but relating to 
fluctuations under clear areas. The 
signs of the normalized fluctuations 
are opposite to those under cloud but 
show insignificant dependence on time 
of day. 

studied. It seems reasonable to assume that 
clouds at most stages of their individual life
times will have been encountered during the 
observing period of several hours each day. 
Hence the general deductions from Figure 4 are 
presumably applicable to most of the lifetime 
of these cumulus clouds; for example, it 
appears that <w">, the velocity beneath cloud, 
is positive for much of a cloud's existence. 
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If <w 11> were, in fact, positive only at the 
moment of incipient cloud formation and there
after zero, as assumed in some numerical 
models, the distribution seen in Figure 4 
would be most unlikely to eventuate from an 
examination of over 50 clouds taken at random. 
Similar arguments may be followed in respect 
of the other variables. It is, of course, not 
implied that these properties in the sub-cloud 
layer remain unchanged throughout the lifetime 
of a cloud, but the present observations do 
not provide any direct information on that 
matter. 

It will be noted in Figures 1 and 2 that 
Za for air just beneath clouds is usually 
slightly higher than observed cloud base; 
this is consistent with Coulman and Warner 
(1977) and with the postulate that some com
paratively dry air from above the top of the 
convection layer is mixed with sub-cloud air. 
The horizontal scale of these parcels of air 
beneath cloud is known from Coulman and Warner 
(1977) and Coulman (1980) to be of cloud scale 
or larger. Hence it is not improbable that 
once condensation has occurred as a result of 
the arrival of a parcel of air from the well
mixed convection layer at condensation level 
the resultant cloud continues to "feed" from a 
substantial reservoir of warm, moist air. The 
volume of such a reservoir and the degree of 
mixing it experiences will determine the 
cloud's growth and lifetime, provided it 
remains a fair-weather cumulus. Should it 
become a cumulo-nirnbus with properties 
dominated by dynamic processes (Miller, 1978) 
these arguments become invalid. 
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DYNAMICS OF A COLD AIR OUTFLOW FROM THE BASE OF A 
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1. Introduction 

The thunderstorm has been characte
rising with extremely complicated 
dynamic, thermodynamic and micro
physical process. This process is 
complicated in the cloud as wel 1 as 
below its base. For this purpose a dif
ferent models have been developed to 
describe this process in a simpler 
form (Fujity and Grandoso, 1968; 
Thorpe and Miller, 1978). 

Due to the evaporation and melting 
of hydrometeors the cooling of air 
occurs below the cloud base. The motion 
of such cooled air is one of the 
important factors in the formation of 
new Cumulonimbus (Newton, 1966). The 
cooled air has been descending and 
spreading out in the form of the fun
nel over the surface. This spreading 
out is known as the gust front. The 
process of descending and spreading 
of cooled air causes supstantial 
energetic changes in the air below 
the base of Cumulonimbus. On the base 
of the energetic changes we shall find 
out a horizontal speed of gust front 
as one of the most important parameter 
of the dynamics of a cooled air outflow 
from the base of a Cumulonimbus. 

2. Energetic Changes Due to the 
Descending and Spreading out 
the Cooled Air 

In order to find out energetic 
changes and to express quantitati
vely a model has been formulated 
similar to the model developed by 
Margules (1906). Let the height of 
the Cumulonimbus base is hand radius 
of the base r. Between the Cumulo
nimbus base and the surface the 
vertical column of cooled air is 
considered with the same radius and 
the height. Around the cooled air 
the shell of warmer air with external 
radius R is considered. The cooled air 
is indicated by index 1 and warmer by 
index 2, The characteristic elements 
of this system of air,s, at the initial 
state are not supplied with an apo
strophe and in the later stage they 
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are supplied with an apostrophe. 

The cooled and warmer air has to 
change the position under the influence 
of the horizontal pressure gradient 
force, effective gravity and viscosity 
force. First,we shal 1 consider the 
energetic changes w~en the system 
S is composed of incompressible fluids 
with densities p

1 
and p 2 and after 

that, when the system is composed of 
compressible fluids. 

In the initial stage the consider
ed system has potential energy 

h2 
P=g 2 (p

1
cr

1 
2 where cr 1 = r '1T and 

( 1 ) 

After the change of position the 
system has a potential energy 

( 2) 

where 2 cr = R '1T. 

The difference of the potential 
energies of the system at the begin
ning and at the end of the process 
described above, p-p·, is the avail
able kinetic energy 

h 2 cr 1 
K = g2 p, 0 1 - Pa ( 3 l 

It can be seen that system of 
mass m = m1+m 2 in the case when 
cr>>cr 1 (m ~ m

2
J has at the end kinetic 

energy 

K 
m1h p,-p2 

( 4) = g -2-
P1 

where ml = p 1 cr h . 

When crl >> 0'2' i. e. 1 cr>>cr 2 , 

than 

K 
m2h p 1 -p2 

= g ---2 o, ( 5) 

where m2 = p2cr2h, 



If the considered system is compo
sed of the two air masses, cold and 
warm, then we can estimate of the 
amount of the kinetic energy as 
Margules did. For this reason we shall 
assume that the potential temperatu
re of all parcels of the cooled air 
at initial stage is the same and does 
not change when the air masses change 
position. The same assumption is 
applied to the parcels of the wormer 
air mass. 

The sum of internal and potential 
energy of the whole system S at the 
initial stage is in this case 

C Tr 

E = U + P = g l 1 +X ) 

where X = c I c . I n d 'ex o and h 
p V 

( 6) 

referred to the surface values and to 
the cloud base values. 

When the air masses change the 
position adiabaticaly, the sum of 
these two energies of the considered 
system is 

c Tr R
2 

E' = (U+P) • __.,,8-,-_,.. 
= g { 1 +x) 

(7) 

where 
2 2 

p; = + R -r 
(po2-ph) Ph R2 

( 8) 

p~ = + 
R2-r2 

(po2-ph) + Ph R2 
2 

r 
+ -

R2 
(pol-ph). ( 9) 

The difference of t2e (6) and 
(7), K'= E-E- = 1/2 mv, is equal to 
the kinetic energy of the system which 
is available when the masses change 
position under the conditions the 
system is considered. 

From the Poisson equation we have 
approximately 

( 1 1 ) 

( 1 2) 
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Internal energy of the considered 
air masses at the initial and in the 
finale state can be expressed in the 
fol lowing way: 

in 

2 
C Trr 

U = _v __ 

u·= 

g 

2 
c TrR 

V ---g 

C Tr 
V 

After substitution ( 1 1 ) and 
( 1 4 ) we have 

C Tr r/01 2 v·= _v_ 
r Tl ( 1 + L 

g Ph 
R2 

(R2-r2) Poz-P1 
dp + 

p o2 
p ) ! 

1 Ph 

2 

( 1 3) 

( 1 2) 

(R2-r2) 
p2-ph 

T2(1-x 
r d p 2 ). ( 1 5) ;z --) Pz 

From C 

K'= -E. ( u - u - ) ( 1 6) 
C 

V 

and ( 1 3) as we 11 as ( 1 4) we have 

R Tr 2 
( R 2 _ r 2 ) l jO 2 

T2-ph 
K'= _s_ r 

T2 g ;z 
Ph Pz 

p po2-p1 
d p 1) dp -! ol T, 2 P1 Ph 

( 17) 

By integration we get 

R Tr R2-r2 
K' = 

_s_ 
(r,(pol-ph) + g R2 

where r, and T2 are the mean tempera
tures with height in cold and warm air. 

After some rearangement the kinetic 
energy should be as it follows 

K. = 

2 
gh Ph 2 2 2 T2-T1 

(!..) (R -r )Tr --
2R R - -

s Tl T 2 

( 1 8) 



It is obvious that kinetic energy 
has increased after the air masses has 
changed the position. 

3. The Velocity of the Gust Front 

Velocity v, as a measure of the 
kinetic energy, can be obtained in the 
following way: The air mass m, of 
which system S is composed, may be 
expressed in the form 

m = 
2 2 2 

!._1!.(p • -p ) + (R -r ),r 
g o1 h g 

Expressing p01 and pO2 by Ph 

that mass can be described as 

m = 

( 1 9) 

( 2 0) 

From the definition of the kinetic 
energy, as well as (18)_and (2Q), when 
the difference between T1 and T

2 
is 

not so large, fol lows 

V = ( 2 1 ) 

In the case of the incompressible 
fluid velocity v is 

v = f (gh(R
2
-r

2
) 

p 1 - P2 
J 

1 / 2 
(22) 

If the whole considered air mass 
is in the motion than it should obtain 
aditional velocity v. The following 
example i lustrates the mentioned 
velocity. Let the height is h=S00 m, 
the mean temperature T1= 285°K, the 
difference of the mean air temperatures 
- - 0 T

2
-T 1 = 5 K, the ration of considered 

surfaces, cr
2

;cr 1= 2 than v is equal 
7 m/s. The importance of this velocity 
is bigger if we know that this new 
generated kinetic energy does not 
exite in whole considered mass and in 
some volumen of the air it can be 
supstantionaly bigger. In the case of 
the incompressible fluid, for example 
water, with densities p1=10 3 and 
~ = 991 kg/m3, velocity is about 

3 m/ s. 
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If the cold air should be obtained 
this aditional kinetic energy only, 
that velocity should be bigger. From 
the definition of the kinetic energy 
we have 

2 
V ( 2 3) 

where m1 and m2 are the masses of 
cooled and warmer air. Science we wish 
that is 

2 2K' 
V 1 = 

m1 
(24) 

i t fol lows 

R 
V 1 = - V 

r 
( 2 5) 

where v
1 

is velocity of cooled air. 

Velocity v] which have cooled air 
is significant y greater than v. 
The main part of this energy is realy 
horizontal velocity by which cooled 
air folow over surface. It moves under 
the wormer air. Spreading of the cold 
air which flowout from the Cumulonim
bus base has been happening along the 
vally in the mountain regions. On 
this way the gust front produces 
forced lifting of the warmer air in 
the head of it. This forced vertical 
velocity may be about 1 m/s (Curie, 
1977) what is sufficient to produce 
new Cumulonimbus eel I. 

The dynamics of the spreading out 
of outflowing cold air from the base 
of a thunderstorm is simulated in the 
laboratory. In the center of the 
tank which is filled in with a slight
ly 1 ighter fluid (fresh water) the 
tube is vertically situated. It is 
filled with a denser fluid (aqueous 
solution, water plus potassium per
manganate, KMnOH). Carefully taking 
out of a tube tne denser dyed water 
start to spread out. The head part 
of this denser fluid changes it shape 
with time. This motion is actually a 
density carent which is, among the 
other, laboratory simulated Simpson 
(1969). As a consequent of the change 
in shape of the head part the slope 
of gust front has been changing. The 
forced I ifting of warmer air has 
been favoring on this places. 
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A PARAMETERIZED CLOUD MODEL FOR MESOSCALE SIMULATIONS WITH OROGRAPHY 
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1. INTRODUCTION 

As orography exercises a large influence 
on mean isohyets, it is of great interest to 
study in mesoscale models orographically 
induced cloud systems like those connected 
with the stable upgliding of air on a 
mountain ridge. Such motions can produce 
high precipitation rates (Colton 1976)because 
of their occurence in the lower troposphere 
where the condensation rate is high, although 
the vertical velocities are small compared to 
the convective case. 

In contrast to microphysical studies dyna
mical simulations allow only a highly para
meterized representation of the precipitation 
process. This paper intends to introduce a 
parameterized kinematic cloud model for the 
mass balance of hydrometeors and to show 
first results for the simulation of orographic 
clouds. This model is one part in the 
development of a complete dynamical mesoscale 
model. 

2. MODELING THE WARM CLOUD 

For the calculation of the warm rain 
process the parameterization scheme after 
Kessler (1969) is used. Liquid water density 
is divided into two categories. While cloud 
droplets are in suspense, raindrops fall with 
their mass weighted terminal velocity. They 
are distributed with an exponential size 
spectrum 

f (r) = f
0 

exp ( -Ar) ( 1) 

Droplets are initiated when air reaches the 
saturation point. Raindrops develop by 
autoconversion and grow by collection of 
droplets and loose mass by evaporating outside 
the cloud. 

3. MODELING THE ICE CLOUD 

In order to save computer time the ice 
phase is treated in only one additional 
density class so that the mass fluxes in the 
whole scheme can be described as illustrated 
by figure 1. It is assumed that rainwater 
densities develop above the melting layer in 
only small amounts so that the freezing of 
raindrops may be neglected. 
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Condensation 

Cloud wafer Evaporation Vapour 

Sc S 1 

Free z-
Riming ing Evapo- ration 

Ice Rain 

S; 
Melling 

SR 

Fig. 1 Mass fluxes in the model of an 
ice cloud 

For the computation of the mass fluxes and 
terminal celocities of ice, the number, size, 
and shape of ice particles must be known. In an 
Eulerian framework it is difficult to determine 
these parameters because there is no information 
about the history of particles. Therefore only 
hypotheses are possible, which limits the model 
to situations where the basic suppositions are 
valid. The following case is assumed: 
a. In the initial stage of glaciation the ice 

phase is considered to consist of hexagonal 
plates. They are monodispersely distributed, 
their number being parameterized by the 
average _ice nuclei number (Fletbher 1962) 

(2) 

and by an enhancement factor a. T is the 
cloud top temperature. The crystal mass-size
relationship is formulated after Pruppacher 
and Klett (1978). 

b. It is assumed that neither r1m1ng nor 
diffusional growth is negligible. Therefore 
we postulate the ice particles to be graupel 
with a low density, if the plates exceed a 
critical size. This requires a sufficient 
quantity of liquid water for riming to occur. 
The particles are distributed exponentially 
where the parameter f0 depends on temperature 
and ice concentration (Houze et al.1979). 



The freezing of cloud droplets treated by 
the theory of Bigg (1953) is used as the ice 
nucleation process at temperatures below 
263 K. The collision efficiency of plates 
for collisions with droplets depends on the 
particle size (Pitter 1977). For graupel a 
constant value is used. The melting equation 
assumes the shedding of all liquid water. The 
terminal velocities are formulated after 
Locatelli and Hobbs (1974) and Davis and Auer 
(1974). 

4. BOUNDARY CONDITIONS AND OROGRAPHY 

At the ground the atmospheric vapour field 
is coupled with the soil moisture, which is 
computed by a two layer model for the moisture 
fluxes in the soil. An irregular lower boundary 
is avoided by the transformation of z into a 
new coordinate 

z - H 
n=n=---B (3) 

H represents the model height and h the height 
of the orography. 

5. INPUT PARAMETERS 

Although designed for combining with a 
dynamical model, first tests are conducted 
kinematically. So only the mass balance 
equations are solved. The steady state wind 
and temperature fields are taken from a 
hydrostatic dryadiabatic boundary layer model 
(Tangermann-Dlugi 1979) for the twodimensional 
airflow over a mountain ridge. The temperature 
gradient was modified in order to represent 
quasi moistadiabatic conditions. The values at 
the inflow boundary are shown in figure 2. 
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Fig. 2 Inflow boundary values 
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6. WARM CLOUD RESULTS 

Here only the role of autoconversion is 
noteworthy. Autoconversion will initiate rain 
only in case of high liquid water contents. Two 
formulas are tested for a warm cloud development: 
the autoconversion of Kessler (1969) depending 

linearly on cloud water content, and the nonli
near formulation of Orville and Kopp (1977). 
As a remarkable difference between the two 
cases the linear formula produces a smooth 
cloud water profile with one maximum while the 
nonlinear formulation results in two liquid 
water maxima. This result is illustrated in 
figure 3 by the autoconversion rate itself, 
which is also a measure for the cloud water 
content. 
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7. ICE CLOUD RESULTS 

For the comparison of the model results 
with microphysical experiments zero dimensional 
simulations for a parcel with impermeable 
boundaries were carried out. For T=Tc=255 K 
figure 4 shows the glaciation behaviour of the 
model cloud. The increase of ice density Pi 
and the decrease of cloud water density Pc 
depend mainly on the enhancement factor a. This 
fact and the shape of the graphs are well 
confirmed in literature, although the total 
glaciation times differ somewhat. 

Twodimensional simulations are also sensitive 
to the number of ice crystals. Figure 5 shows 
the ice and rainwater content for test 2. The 
cloud water in figure 6 is characterized by 
two maxima. This result agrees quantitatively 
with observations by Hobbs et al. (1972). The 
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Fig. 8 The cloud water content for 
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Fig. 7 Cloud water content for a= 1000. 

secondary liquid water maximum over the crest 
depends on the enhancement factor. In this case 
it was a= 10. The maximum diminishes for a= 
1000 (see figure 7). In this last case however 
not all of the model assumptions are valid as 
there is only a small amount of liquid water 
above the melting layer. 

Another important factor is the radius of 
rimed crystals. Above it was assumed that 
crystals have the radius of unrimed crystals. 
A reduced lateral growth can be simulated by 
introducing 

(4) 

into the continuous coalescence equation. ru 
represents the radius of unrimed crystals and 
r the radius at which riming starts. Further 

0simulations show that the cloud water content 
rises with a sinking s . The result for an ex
treme case S= 0.25 is shown in figure 8. 



8. CON CL US IONS 

For dynamical simulations it is necessary 
to reproduce the result of microphysical models 
in a parameterized form. It was shown that 
even a simple model can simulate several 
important features. 

Such models also can help to facilitate 
the understanding of complicated processes. So 
an increased degree of riming under the 
diffusional growth region reduces the water 
content and produces the relative liquid water 
maximum at greater heights. An increased crystal 
number reduces the water content already in the 
diffusional growth region. 
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When two volumes of moi~t air of different 
vapor density and temperature, are uniformly 
mixed the final equilibrium condition may or 
may not be supersaturated. When a supersat
uration is produced, the straight line join
ing the initial conditions of the two volumes 
on a vapor density-temperature plot crosses 
the saturation density curve at two points. 
If the initial conditions were saturated, all 
mixing volume proportions represented by 
points on the straight line joining the init
ial condition are supersaturated (a, Fig. 1); 
if the initial conditions were under satur
ated, only those where the proportion to the 
left of the saturation curve are supersatur
ated, (b, Fig. 1), if the straight line lies 
entirely to the right of the saturation curve, 
no supersaturation is produced (c, Fi3. 1). 
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Figure .1. Conditions for supersaturation by 
uniform mixing of two moist air volumes; the 
position on each line is in proportion to the 
volumes mixed, (50% is in the center). 

This analysis represents two equilibrium 
situations and in any realistic mixing pro
cess, parcels of fluid having different char
acteristics are brought into juxtaposition by 
complex flow patterns, whereupon equilibrium 
is established by molecular transport of both 
heat and moisture over the spatial scale of 
the mixing process. During this non steady 
state situation, transient supers.aturations occur 
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which may lead, locally, to quite different 
supersaturations that result from the equil
ibrium mixing of two volumes indicated in 
Fig. 1. The detail of the frequency spectra 
of suc.h occurrences evidently relates to the 
detail of the mixing process itself. 

One idealization is to take two air par
cels in juxtaposition, initially thermally and 
mechanically isolated and at initial time to 
permit moisture and heat to diffuse by molec
ular processes. Both temperature and vapor 
density relax, to be described analytically 
by solutions of the time dependent Laplace 
equation (Carslaw & Jaeger 1959). Fig. 2 
shows how the temperature of two 0.5 cm air 
slabs relaxes as they are brought into con
tact; a similar process takes place for the 
vapor density with a time enhancement of the 
ratio by the molecular diffusivity to the 
thermometric conductivity (~ 1.2 at 0°C). 
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Figure 2. Temperature changes of two infinite 
slabs of air temperature 0°C, 3°C brought into 
contact at t=O. 

The overall result is that a supersaturation 
pulse spreads from the interface, with a max
imum in the warm air. This reaches the warm 
air boundary (impervious in this model) and 
falls to overall equilibrium in~ 5 sec. 
(Fig. 3), The peak of the supersaturation in 
the example shown,air saturated at 0°C and 
+3°C,increases with time as the pulse spreads 
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Figur-e 3. Supersatui0ation produced in -two air 
slabs, salurated at 0°C and 3°C, brought into 
contact at t=O. 

to the edge of the volume to reach a maximum 
of 0 .• 6%, it then decays to the equilibrium 
volume, in~ 5 seconds. 

The realism of this model in any atmos
pheric situation lies in an understanding of 
the detail of the mixing process. Mixing in 
a shear flow between fluids of differing pro
perties is conventionally depicted as a ser
ies of vortices which wind up until destroyed 
by viscous dissipation, with simultaneous 
transport of heat and moisture. This process 
is conceptually more appropriate for horizon
tally stratified layers with shear giving 
Kelvin-Helmholtz Waves. In the more turbu
lent situation of the convective process an 
important question is the mechanism whereby 
air of different properties are brought toget
her and the magnitude of the resulting super
saturation. 

A process for transport of a fluid prop
erty with little interaction with its surr
oundings is by a vortex ring, The coherence 
of such a phenomenum is demonstrated in simple 
lab_oratory demonstrations, where rings of 
dimension centimeter to meter propagate con
siderable distances in still air, Recent ex
periments in water by Hallett & Christensen, 
relevant to cloud drop interactions, inspir
ed by an earlier paper of Reynolds (:1875) 
have shown how vortex r±ngs of water with a 
specific characteristic (temperature, density) 
propagate and come to rest, relaxing first in 
motion, then in temperature and finally in 
density, This provides a mechanism for in
jection of a slightly differeint'flt.lid over a 
considerable distance; cm vortex rings prop
agate in water some 20 to 20 cm, A solution 
vortex ring saturated at one temperature can 
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propagate into fluid saturated at another 
temperature, and become supersaturated as it 
relaxes, 

It is suggested that in a turbulent field 
of motion as produced in the convective envir
onment, that such vortex ring motion is init
iated on a random basis to be conceptualised 
by the successive occurrence of two normal 
stresses of different magnitude and size - to 
produce, in effect the mechanics of a vortex 
ring formation of a typical laboratory set up, 
Once formed, the ring propagates, to be dis
torted by other motion; but nevertheless 
carrying its initial characteristics undiluted, 
some 10 to 50 diameters distance, Here, mois
ture and thermal relaxation occur to produce 
a supersaturation, comparable to Fig, 3, but 
in cylindrical or more realistically toroidal 
symmetry. Those stresses which do not happen 
to be appropriate for producing a propagating 
ring will evidently not influece the process, 
and fail to lead to any transport; it is only 
those stresses which happen to give propaga
tion which dominate the long range transport. 

CONCLUSION 

In the cloud environment, propagation of 
vortex rings of varying degrees of distortion 
have the capability of transporting air of one 
temperature and moisture characteristic into 
regions of a different characteristic and 
giving rise to transient supersaturation in 
excess~ 0.5%. 
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l, INTRODUCTION 

Knowledge of t~e spatial power 
spectrum of temperature is valuable 
for the understanding of the dynami
cal characteristics of the atmosphe
ric boundary layer, The clear air 
temperature spectra in an isotropic 
atmosphere follow the -5/3 power law 
(Berman1 l976). Fluctuations in the 
turbulent air affect the characteri
stics of the temperature spectra. 

High resolution dry- and wet-bulb 
temperature observations across the 
wind were made, along the aircraft 
flight legs of about 30 km at l4 
levels, over the Arabian sea on a 
clear day during the summer monsoon 
of l979, The characteristics of the 
horizontal temperature spectra and 
the vertical temperature structure of 
the ABL in the region were investiga
ted, Also during the above flights., 
measurements on cloud condensation 
nuclei (CCN) were made at 8 levels, 
The variations noticed in the concen
tration of CCN were studied in rela
tion to the thermal stratification 
of the atmospheric boundary layer 
(ABL), The results are presented 
below, 

2, 0 MEA.SUREMENTS AND ANALYSIS 

Measurements were made using an 
instrumented DC-3 aircraft on 8 
September 1979 during the afternoon 
hours, On the above day weak monsoon 
conditions existed in the region and 
no clouds were present during the 
period of observations, 

The height of the cloud base in 
the region during the summer monsoon 
is between 2 and 3 kft (Mary Selvam 
et al,, l980). The details of the 
monsoon circulation and monsoon rain
fall were reviewed (Ananthakrishnan, 
l977), The location of the measure
ments was over the Arabian sea, about 
40 km off the coast at Bombay 
(l8° 5l'Nf 72° 49'E, ll m A.SL). The 
flight altitudes chosen for horizon
tal temperature measurements were 
l,O, l.5, 2.0, 2,5, 3,0, 3,5, 4,0, 
4,5, 5.0, 6,0, 7.0, 8.0, 9,0 and lO,O 
kft ASL. CCN measurements were made 
only at 8 of the above levels. 

Temperatures were measured using 
vortex (dry- and wet-bulb) thermo
meters (Vernekar and Mohan, l975). 
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The data at 3 second intervals, 
which give a resolution of l50 metres 
were utilised for the spectral analy
sis. The vertical temperature struc
ture of the ABL was obtained using 
the measurements made with a Weston 
(USA) make aircraft thermometer 
(dry-bulb). The accuracy of the tem
perature measurements were discussed 
elsewhere (Mary Selvam et al,, l980), 
The CCN were measured using a chemical 
diffusion chamber (Twomey, l959) and 
the details of the measurements were 
described (Ramachandra Murty et al,, 
l978), 

The spectral analysis techni~ue 
used in the present study is that of 
Jenkinson ( l975). 

3 • 0 RESULTS AND DISCUSSION 

3,l Vertical Temperature Structure 

The vertical temperature distribu
tions obtained during the aircraft 
ascent and descent in the ABL are 
shown in Figure l, The concentrations 
of CCN obtained at O.l per cent super
saturation are also shown in the 
Figure, 

The ABL consisted of near isother
mal layers of thickness up to 1000 ft 
with alternating layers having dry 
adiabatic lapse rate, The concentra
tions of CCN in general, decreased 
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Figure l: Vertical distributions of 
dry-bulb temperature obtained during 
the aircraft ascent and descent, Dry 
adiabatic lapse rate (DA.LR) distribu
tion is also shown. Figures indicate 
the concentration of cloud condensa
tion nuclei (CCN) at the respective 
levels. 



with height, However, in the regions 
of isothermal layers the concentra
tions were higher up to about lOO per 
cent than those in the respective 
preceding levels (Figure l). 

3.2 Horizontal Temperature Spectra 
(Dry- and Wet-bulb) 

The spectra of the dry- and wet
bulb temperatures at l, 2, 3, 5, 7 
and 9 kft levels are shown as repre
sentative sample data in Figures 2-4. 
Both the dry- and wet-bulb tempera
ture spectra at all the levels 
suggested that the wavelengths 2 km 
and above are significant above the 
white noise level (95 per cent), 
These wavelengths may correspond to 
gravity waves (see Vinnichenko et al., 
1973). 

Also, Grant (1965) observed moist 
patches of air from l to 3 km in 
horizontal extent in a sub-cloud 
layer and radar observations (Konrad, 
1970) have suggested structure in the 
temperature and humidity £ields on 
kilometre scales. The results of the 
present study are in agreement with 
those of the above studies. 
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Table l Values of dry- and wet-bulb temperatures and specific 
humidity at different levels. 

Altitude 
ft ASL 

lOOO 
2000 
3000 
5000 
7000 
9000 

Dry-bulb temperature 

Mean 
oc 

24.0 
2l.9 
20.5 
l8.l 
'J..3. 3 
ll.5 

Variance 

2.7 
6.7 
8.7 
2.8 
l.9 
l. 0 

The energy input and dissipation 
in the atmosphere can be studied from 
the slope of the temperature spectra. 
When the atmosphere is isotropic the 
energy input rate i:n the longer 
wavelength will be equal to the 
energy dissipation rate in the shor
ter wavelength and the slope of the 
spectrum tends to follow the -5/3 
power law (Kolmogorov, l94l). 

The slope of the dry-bulb tempe
rature spectra was less than -5/3 at 
all the levels of observation which 
indicates that the dissipation of 
energy in the shorter wavelengths 
was less. The slope of the wet-bulb 
temperature spectra was less than 
-5/3 up to 3 kft (sub-cloud layer). 
The slope of the spectra increased 
with altitude above 3 kft and appro
ached the -~/3 power law at higher 
levels (above 5 kft). This feature 
may be associated with the decrease 
in specific humidity with height in 
the atmosphere (Table l). The slopes 
of the wet-bulb temperature spectra 
were more than those of the dry-bulb 
temperature spectra at all levels 
whi9h may be attributed to the diffe
rences in the di£fusivity of water 
vapour and heat in the atmosphere. 
The diffusivity of water vapour is 
slightly more than that of heat in 
the atmosphere (Hill, l978), 

The longer wavelengths of the 
temperature spectra contained more 
energy i:n the case of wet-bulb than 
that of dry-bulb at all levels of 
observation (Figures 2-4), The 
energy dissipation rates were less in 
the case of dry-bulb temperature 
spectra, in the air layers having 
near isothermal stratification (5 and 
9 kft) than those observed in the air 
layers having dry adiabatic lapse 
rates (2 and 3 kft), This could be 
due to the stagnation of air in the 
isothermal layers, when vertical 
transport of heat flux will be 
inhibited, The trend is opposite in 
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Wet-bulb temperature 

Mean 
oc 

22.3 
l9.7 
l7.4 
l5.5 
l3.2 
7.8 

Variance 

0.4 
l.8 
0.7 
0.2 
o.6 
0.2 

Specific 
humidity 

-l gm kgm 

16.45 
l5.l4 
12.38 
ll.07 
12.06 

6.50 

the case of w~t-bulb temperature 
spectra, This feature was particula
rly marked in the shorter wavelength 
portion of the spectra. The opposite 
trends noticed in the case of dry
bulb and wet-bulb temperature spectra 
are consistent since miring ratio and 
temperature are negatively correlated 
in clear air conditions (Jensen and 
Lenschow, l978). As seen from the 
above discussion the larger va.riance 
in the dry-bulb temperature and 
smaller variance in the wet-bulb t em
perature observed in the smaller 
wavelengths of spectra relating to 
the regions of the isothermal layers 
(Figure 2 and Table l) is consistent. 
Also, the variance of the dry-bulb 
temperatures was more than that of 
the wet-bulb temperature at all the 
levels (Table l). The variance of 
the dry-bulb temperature was maximum 
at 3 kft while that of wet-bulb tempe
rature was maximum at 2 kft ( Table l). 
As already mentioned, the cloud base 
height varies between 2 kft and 3 kft 
in the region. During the aircraft 
flight turbulence was experienced at 
2 kft which was the level where tµe 
combined variance of dry- and wet
bulb temueratures was maximum (Table 
l). Al~, the energy level of the 
temperature spectra of the dry-bulb 
and wet-bulb in the shorter wavelength 
was noticed to be maximum at 2 kft 
(Figure 3) which is consistent with 
the turbulence encountered. 

4.0 CONCLUSIONS 

High resolution temperature obser
vations were made in the clear air at 
l4 levels along aircraft flight legs 
of 30 km in the atmospheric boundary 
layer (up to lO kft ASL) over the 
Arabian sea during the su=er monsoon 
of 1979, Cloud condensation nuclei 
(CCN) were also measured at 8 levels. 
The results of the study suggested 
the following, 



The atmospheric boundary layer 
consisted of near isothermal layers 
of thickness up to lOOO ft with 
alternating layers having dry adiaba
tic lapse rate. 

The concentration of CCN decrea
sed in general with height. In the 
region of isothermal layers the 
concentrations were higher up to 
about lOO per cent than those in the 
respective precedi~g levels. 

All wavelengths exceeding 2 km 
of the dry- and wet-bulb temperature 
spectra at all the levels of obser~ 
vation are significant, These wave
lengths may correspond to the gravity 
waves. 

The slope of the wet-bulb 
temperature spectra increased with 
height and tends to -5/3 at higher 
levels. The slope of the dry-bulb 
temperature spectra was less than 
-5/3 at all levels. The slopes of 
the wet-bulb temperature spectra were 
more than those of the dry-bulb 
temperature spectra at all levels 
which was attributed to the differe
nces in the diffusivity of water 
vapour and heat in atmosphere. 

The variance of the temperature 
spectra of dry-bulb was higher than 
that of the wet-bulb and the maximum 
values were found at 2 to 3 kft 
(cloud base levels). 

The longer wavelengths of the 
temperature spectra contain more 
energy in case of wet-bulb than ~hat 
in the case of dry-bulb. The energy 
dissipation rate from the longer to 
the shorter wavelengths of the tempe
rature spectra is more in the case 
of wet-bulb than that in the case of 
dry-bulb. 

The slope of the dry-bulb tempe
rature spectra in isothermal layers 
was less than in layers with dry adi
abatic lapse rate, The slope of the 
wet-bulb temperature spectra showed 
an opposite trend to that of the 
dry-bulb. In isothermal layers the 
energy dissipation rates are less in 
the case of dry-bulb temperature 
spectra and more in the case of wet
bulb temperature spectra, This 
feature is more markedly seen in the 
shorter wavelength region of the 
spectra. The above result was attri
buted to the negative correlation 
which exists between the water vapour 
mixing ratio and temperature in clear 
air conditions. 
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A NUMERICAL SIMULATION OF WARM RAIN OVER HAWAII 
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Atmospheric Physics and Chemistry Laboratory 

Boulder, Colorado 

1. Introduction 

Warm rain microphysical processes have 
been incorporated into a three-dimensional 
mesoscale model designed to predict airflow 
and clouds over complex terrain (Nickerson, 
1979). The model makes use of stability de
pendent surface layer and planetary bound
ary layer fornrulations for the vertical 
fluxes of sensible heat, latent heat, and 
momentum. At the lower boundary the temper
ature, vapor mixing ratio, and surface 
roughness vary with position but do not 
change during the course of the model run. 

There are 15 computational levels in the 
terrain following (modified sigma) coordi
nate system which extends through the en
tire depth of the atmosphere. The lowest 
grid level is approximately 18 meters above 
the lower boundary, and there are four com
putational levels within the lowest kilo
meter. The horizontal grid length is 10 km. 
and the model domain covers an area 250 km 
x 250 km. Centered differences are used to 
represent the time derivative, except that 
every eighth time step a Time and Space Un
centered Matsuno procedure is introduced. 
The time increment has been set equal to 
15 seconds. 

2. Rain Water 

Prediction equations for rain water mix
ing ratio and rain drop concentration have 
been derived and include the following pro
cesses: autoconversion, accretion, sedimen
tation, self collection, advection, and 
turbulent transport. 

Rain water is assumed to be distributed 
log-normally with diameter; that is, the 
droplet concentration in the size range D to 
D + 6D is given 

= N~ exp [- ~ (ln g /Jon 
/ Zif OD zcr- 0 

(1) 

where N is the total number concentration 
of dropiets and cr and D0 are distribution 

*Present Affiliation is the 
Naval Arctic Research Laboratory 
Barrow, Alaska 
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parameters. From (1) we may derive the fol
lowing expression for rain water mixing 
ratio: 

N Dmax 
qr = r f ifD3 P1 

✓ Zif op ( 6 ) exp 
a D . 

nun 

where Pa and PL represent the density of air 
and liquid water, respectively. If Do is 
sufficiently large there should be very few 
drops in the distribution of cloud drop size. 
We therefore take the limits in (2) from 
zero to infinity and obtain 

(3) 

Equation (3) states that qI consists of 
Nr drops of diameter D0 multip ied by a 
factor exp (9 crZ/2), where cr represents the 
dispersion of the distribution. It will be 
convenient, however, to define a mean 
diameter by _ N (if D 3 ) 

qr Pa - r o r PL' 
which from (3) gives 

This diameter Dr is the diameter the rain 
drops would have if they were all the same 
size. 

From (3) we see that there are two in
dependent distribution parameters, only one 
of which can be diagnosed from (3) given qr 
and Nr· To close the system of equations 
we assume cr is constant and compute Dr. For 
the model run reported on here cr = .5, al
though model sensitivity studies have been 
carried out using other values in the range 
.25 to 1.0. 



We have made extensive use of the work 
of Berry and Reinhardt (1973) in developing 
parameterizations for autoconversion, accre
tion, and self collection processes appro
priate to the log-nonnal rain drop distri
bution. Because the bulk cloud water fonrru
lation to be discussed in the following sec
tion does not allow supersaturation with 
respect to water, we assume that diffusional 
growth of rain drops can be neglected. In 
the case of evaporation, the necessary 
amount of rain water to maintain water satu
ration is evaporated after prediction, and 
the rain drop concentration reduced accord
ingly. 

3. Cloud Water 

Cloud water mixing ratio qcw is diag
nosed from the predicted values of 
W = qv + qcw (qv = vapor mixing ratio) ac
cording to 

q = 
V ~s 

qcw = w -

or 

q = w 
V 

qcw = 0 

qvs 
} 

} 

if w > q vs 

if w < q 
- 'VS 

where qYS is the saturation mixing ratio. 
The prediction equation for W includes the 
rate of conversion of cloud water to rain 
water by stochastic coalescence, as well as 
the rate of accretion of cloud water by rain 
water. 

We assume that the average mass of the 
cloud droplets is constant. This seemingly 
crude assumption is, however, consistent 
with the autoconversion and accretion para
meterizations of Berry and Reinhardt used 
in this model. They found in their numeri
cal experiments that the average cloud drop
let mass tended to remain constant through
out the fonnation of hydrometeors by stochas
tic coalescence. This assumption also saves 
computer time and storage. 

4. Initial Conditions 

The island of Hawaii (Fig. 1) has been 
selected as the site of this mesoscale mod
eling study. The twin peaks of Mauna Loa 
and Mauna Kea extend from sea level to 4.2 
kilometers and exert a dominant influence 
on local rainfall patterns. The model was 
initialized with a single sounding in which 
a moist, well mixed layer is capped by a 
2°c inversion at a height of 2 kilometers. 
Low level winds ar~ initially fr<?Jll the east 
at 5 m sec- changing to westerlies aloft. 
The low level air is close to saturation, 
but no clouds are present at the start of 
the model run. 
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Fig. 1. Perspective view of Hawaii terrain. 
Locations of individual grid points 
coincide with the intersections of 
north-south and east-west lines. 
The letter "A" identifies the lo
cation of the vertical cross sec
tions shown in Figs. 3 to 5 which 
traverse the saddle region on a 
west-east plane. 

5 . Model Results 

As the moist trade wind air is forced 
up the mountain slopes condensation occurs 
and clouds first form over those areas which 
receive the heaviest annual rainfall. Fig. 
2 shows the areal distribution of vertically 
integrated cloud water defined by 

00 

p q dz. a cw 

VERTICALLV l~TEGRATED CLOUDU(C~l 

(5) 

ese. -------.----,-----,----, 

C) 

178, 

130, 

98. 

58 • L_ __ ...1,_ __ ....1.... __ ---'-----'----2--:"s8, 
s0. 110. 130, 110. 210, 

Fig. 2. Vertically integrated cloud water 
after one hour of model time. 
Shaded areas indicate values in ex
cess of 1 cm. The maximum value is 
4.1 cm. 



Maxima in q occur over the Kohala moun
tains in th?northwest, over the windward 
Hilo area, and over the Kau forest area on 
the southeast slope of Mauna Loa. As time 
progresses the clouds increase in areal 
coverage and extend up over the saddle re
gion between the two peaks. In addition to 
the above mentioned primary areas of cloud
iness, smaller transient cloud masses ap
pear which have a typical life cycle of 15 
to 30 minutes. 

Fig. 3 shows a vertical cross section 
of cloud water mixing ratio after 4 hours 
of model time along the west-east line de
noted "A" in Fig. 1. The shaded areas in
dicate values in excess of 0.1 gm kgm-1; 
however, in some portions of the cloud near
ly 0.3 gm kgm-1 are found. 

CLOUD WATER MIXING RATIOCGM/KGM) 
25, r---.----.-----.-----r--~ 

(9 
20, 

15. 

ZCKMl 

10, 

s. 

W-ECKMl 

Fig. 3. Vertical cross section of cloud 
water mixing ratio along (A) after 
4 hours of model time. The shaded 
areas indicate values in excess of 
0.1 gm kgm-1. The inner contour has 
a value of 0:2 gm kgm-1 while the 
outei contour has a value of 0.05 gm 
kgm-

1
. The maximum value is .29 gm 

kgm- . 

'111e corresponding cross sections of rain 
water mixing ratio and number concentration 
are shown in Figs. 4 and 5, where values as 
high as .79 gm kgm-1 and 365 t-1 are found. 
The maximum value of Dr for this cross sec
tion is 0.27 mm. These values are consist
ent with observations made within the up
slope orographic cloud (Fujiwara, 1967), 
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RAIN ijATER ~IXING RATIO(G~/KG~l 
as.~------.-----,..--~---

(9 
ae. 

15, 

10. 

s. 

0 
122. 158, 19◄ , 

Fig. 4. Vertical cross section of rain water 
mixing ratio corresponding to Fig.3. 
The shaded areas indicate values in 
excess of 0.5 gm kgm- 1. The inner 
contour has a value of 0.6 gm kgm- 1 
while the outer contour has a value 
of O .1 gm kgm-1. The maximum value 
is 0.79 gm kgm-1. 

RAIN LIATER CONCENTRATION(NO,/tITERl 
as.,----,----.-------,-----,----, 

(9 
ae. 

15, 

10. 

s. 

86, 122, 158. 19◄ , 230. 
LI-E(Kl'll 

Fig. 5. Vertical cross section of rain water 
concentration corresponding to Fig.3. 
The shaded areas indicate values in 
excess of 100 i-1. The inner con
tour has a value of 300 i-l while 
the outer contour has a value of 
SO i-1. The maximum value is 365 
i-1. 



The predicted rainfall distribution 
after 4 hours of model time is shown in Fig. 
6. The maxiITILUn rainfall rates of 4 to 6 rrnn 
hr-1 observed during the model run are rela
tively light but are quite consistent with 
the high frequency of such events actually 
observed (Fullerton, 1972). 

PRECIPCCM WATERl 
as0. ,-----.----.------,-----,---

(9 
210, 

170, 

N-SCKM) 

130, 

90, 

50, '---------'------'----'--------'-----' 
50. 90, 130, 170. ase. 

W-EtKMl 

Fig. 6. Model predicted rainfall after 4 
hours. The shaded areas indicate 
values in excess of 0,5 cm, while 
the outer contour has a value of 0.1. 
cm. The maxinn.nn value is 1. 6 cm. 
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6. Discussion 

A mesoscale model has been developed to 
predict rainfall from wa:nn clouds over com
plex terrain. Preliminary results are en
couraging, but a much more complete data 
set is needed to initialize and validate 
the model. Data gathered aboard a NOAA 
P3-D aircraft during the June, 1980 Hawaii 
Mesoscale Energy and Climate Project (HAMEC) 
will permit a more accurate specification 
of initial conditions and the subsequent 
assessment of model results. 
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THE EFFECT OF MELTING PARTICLES ON THE 

THERMODYNAMIC AND MI CROPHYS I CAL CHARACTER I ST I CS OF 
SIERRA NEVADA WINTER STORMS 

J, C. Pace and R. E. Stewart 

Department of Atmospheric Science 
University of Wyoming 

Laramie, Wyoming, U.S.A. 

I . INTRODUCTION 

Widespread stratiform-1 Ike storms often 
occur in the wintertime in the vicinity of the 
Sierra Nevada Mountains. Observations made 
within the Sierra Cooperative Pilot Project 
(SCPP), have indicated that isothermal or near 
isothermal layers near 0°C are often present 
within such storms. These layers are generally 
caused by melting particles. 

The objective of this paper is to elucidate 
a few of the thermodynamic and mLcrophysical 
effects associated with the evolution and pre
sence of this melting-produced feature. Fea
tures discussed in the paper were measured with 
instruments on board the University of Wyoming's 
King Air (Cooper, 1978; Marwitz et al., 1978) 
during the last three field seas"or;°sof the SCPP. 

2. TYPICAL TEMPERATURE PROFILE 

Fig. l shows an ascent sounding in a strati
form storm on March 2, 1978. Features of the 
sounding are very typical for such situations. 
Precipitation was falling at 2-4 mm per hour 
and had been doing so for several hours pre
vious to the aircraft's ascent. The atmosphere 
was saturated.with respect to water from the 
surface to 690 mb, and cloud top was colder 
than -t5°c. 

300 305 310 

Fig. 1 Ascent sounding made on 2 March 1978. 
Isopleths shown, left to right, are dewpoint 
temperature (°C), temperature (°C), potential 
temperature (°K), and equivalent potential 
temperature (°K). Vertical axis is pressure 
(mb). 

A near isothermal layer existed between about 
785 and 765 mb ("-' 200 m) at a temperature very 
close to 0°C. As shown in the temperature and 
equivalent potential temperature (ee) profiles, 
a dramatic alteration of the environmental lapse 
rate had occurred in thevicinityofthe0°C layer. 
The minimum value of 8e occurred near the base of 
the 0°C isothermal layer, and the associated 
maximum 8e depression, relative to the atmosphere 
above tbe melting layer, was 2-3°K. Similar 
observations have been made numerous times in 
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soundings attained in this type of widespread 
precipitation (Marwitz ~~-, 1978). 

It is believed that melting particles were 
mainly responsible for the observed lapse rate 
alterations near the 0°C layer. Melting is a 
diabatic process which cools air toward 0°C and 
decreases 6e values in proportion to the tem
perature change. As seen in Fig. l, the effect 
ofthis is to increase convective stability 

(~:e > 0) above the 0°C layer and to increase 
convective instability (~ < ) below this 
layer. This fact was dz - O 
originally recognized by Findeisen (1940) and 
the pressure perturbations accompanying melting 
were the main thrust of an excellent article 
by Atlas et al. (1969). 

3, THEORETICAL DEVELOPMENT 

A simple model has been developed to examine 
the evolution of the melting layer. The model 
equates the energy absorbed by a flux of melting 
particles as they fall into air warmer than Q°C 
to the amount of energy required to cool the 
surrounding air. It is assumed that particles 
melt as soon as they encounter air warmer than 
0°C. Account is made as to whether the air is 
initially saturated or not. Condensation of 
water vapor in saturated air involves release 
of latent heat of vaporization, which reduces 
the cooling effect of melting by about 50%. 
Evaporation of melted snow in unsaturated air 
involves absorption of latent heat of vaporiza
tion. This can cause additional cooling and 
increase the depth of the isothermal layer. 
However, evaporation of melting snow is usually 
not a consideration in Sierra Nevada storms 
since the atmosphere is typically saturated 
through the 0°C layer (Marwitz and Stewart, 197~-

The depth of the i sotherma 1 1 ayer as a fun c
t ion of the amount of melted snow for unsatu
rated, just saturated, and saturated environ
ments is shown in Fig. 2. In constructing the 
figure, initial lapse rates of 6°C/km were 
assumed for all cases in order to isolate and 
examine the effects of varying the saturation. 
In the just saturated example, it was assumed 
that the air in the melting layer was being 
saturated by the cooling so that condensation 
of water vapor and evaporation of melting snow 
were not considered (Atlas et al., 1969). In 
the unsaturated case, the unrealistic assump
tion was made that all the melted snow evaporated 
within the final depth of the isothermal layer. 
Thus, this case serves as an upper l i mi t to the 
layer thickness that can be produced by melting 
snow. 
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Fig. 2 Thickness of the 0°C isothermal layer 
vs. accumulated depth of melted snow for three 
atmospheric conditions. 

Severa 1 insights into the effects of me 1 t-
ing particles on the vertical structure near 

the 0°C layer can be gleaned from Fig. 2, 
First, very small amounts of ice can produce 
significant isothermal layers. In just satu
rated air, a 100 m deep isothermal layer is 
produced by only 0. 1 mm of water. Second, for 
a given mass of melted ice, the isothermal 
layer is much deeper if melting occurs in 
unsaturated air. For example, with 1 mm of 
water, the isothermal depth in unsaturated air 
is 1000 m while in saturated air it is only 
about 230 m. Third, the figure also implies 
that significant isothermal layers can be 
produced within extremely short time periods. 
At a rainfal 1 rate of 1 mm per hour (relative
ly low for many stratiform stormsL, a 100 m 
deep isothermal layer would be produced in 6 
minutes in just saturated air and in 12 min
utes in saturated air. At a rainfall rate of 
10 mm per hour, the computed times would only 
be a tenth as large, Fourth, comparison of the 
just saturated and saturated cases ii lustrates 
that the inclusion of the latent heat of vapor
ization significantly reduces the rate at 
which the isothermal layer is produced. For 
example, 1 mm of water produces a 320 m iso
thermal layer in a just saturated environment 
and one only 70% as deep within a saturated 
environment. Fifth, in steady precipitation 1 

the rate at which the 0°C layer is produced 
decreases with time. For example, with a 
constant rainfal 1 rate of 1 mm per hour in just 
saturated air, a 100 m thick isothermal layer 
wil 1 be produced in only 6 minutes, whereas a 
layer twice as deep requires four times as 
long to be developed. 

4. DISCUSSION 

Isothermal layers up to 200-300 m thick 
have commonly been observed in Sierra Nevada 
widespread storms, although the model has pre
dicted that much thicker layers could be 
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produced within minutes in moderate precipita
tion, As first suggested by Findeisen U940), 
this discrepency can be at least partially ex
plained by the development of convection at 
the melting layer. This counteracts the cool
ing effect of melting and erodes the isother
mal layer from below. This convection must 
obviously be initiated very soon after melting 
commences. Such convection has often been ob
served in the SCPP, and it rarely extends above 
the-5°C level (Marwitzetal., 1978). It is 
not known why 200-300 m Ts generally the upper 
limit to isothermal depths as opposed to much 
deeper layers. 

Several microphysical characteristics ap
pear to be affected by the melting layer. 
First, significant amounts of supercooled 1 i
quid water (> 0. 1 g m-3 ) are often only found 
within these~stratiform storms in the convec
tion tied to the destabilization caused by 
melting. Second, the largest ice crystal con
centrations within the storms (sometimes up to 
100 i- 1) are also typically found just above 
the melting layer in connection with this 
convection whereas concentrations of ice crys
tals higher in the cloud are usually about 20 
i- 1 • Large numbers of warm temperature colum
nar crystals are responsible for the increase 
in concentration, but it is not known how this 
apparent ice crystal multiplication process 
operates. Third, aggregational growth is 
occurring in the vicinity of the melting layer. 
Although speculative at this time, it may be 
that very large aggregates (t 1-2 cm) are only 
produced when a substantial melting layer is 
present. 

In summary, this preliminary analysis has 
shown that melting particles affect the thermo
dynamic and microphysical aspects of Sierra 
Nevada stratiform storms. As discussed by 
Marwitz and Stewart (1979), melting can also 
affect the dynamics of these clouds. Further 
research will lead to a better understanding 
of the implications of melting particles on 
each of these areas. 
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CHA.RA.CTERISTICS OF TEMPERATURE SPECTRA IN THE ATMOSPHERIC 
BOUNDARY LA.YER 

S.S. Parasnis, A, Mary Selvam, K.G, Vernekar, Brij Mohan, 
A.S. Ramachandra Murty and Bh.V. Ramana Murty 

Indian Institute of Tropical Meteorology, Poona - 4ll005, India, 

l. INTRODUCTION 

Study of the horizontal tempera
ture spectra in the atmospheric 
boundary layer would be valuable for 
the understanding of the dynamical 
characteristics of the atmosphere, It 
is known that one-dimensional spectra 
of clear air temperature obey the 
-5/3 power law in the inertial sub
range (Kolmogorov, l94l). Weinstock 
(l978) attributed the slopes of the 
spectra higher than -5/3 to the decay 
of turbulence and the slopes lower 
than -5/3 to the growth of turbulence, 

Temperature observations in clear 
air were obtained in the horizontal 
during continuous aircraft flights 
made over the Arabian sea, across the 
Western Ghats and the Deccan Plateau 
in the summer monsoons of l973, l974 
and l976, The characteristics of the 
horizontal temperature spectra over 
the above three locations showed diff
erences. Observations were also made 
of the vertical temperature structure 
over the Deccan Plateau, The results 
of the study are presented below, 

2. MEASUREMENTS AND ANaLYSIS 

Observations were made in the 
regions over (i) Arabian sea{ 50 km 
off the coast at Alibag, (ii) Alibag 
(l8° 38'N, 72° 52'E, 7 m ASL), 
(iii) Pali (l8° 35'N, 73° 25'E, 

t::;;!. l50 m ASL), about 50 km inland on 
the windward side of the Western 
Ghats, (iv) Mulshi (l8° 32'N, 73° 37'E 
662 m ASL), crest of the Western 
Ghats, and (v) east of Poona (l8°32'N, 
73° 5l'E, 559 m ASL) in the Deccan 
Plateau. The locations are shown in 
Figure l. 

The air flow in the region during 
the period of observations was 
westerly in the lower t~oposphere, 
The average heights of cloud bases 
over the Arabian sea, Western Ghats 
and the Deccan Plateau are respecti
vely 2 kft, 8 kft and 7 kft (Mary 
Selvam et al,, l980; Parasnis et al,, 
l980a). The characteristics of the 
monsoon circulation and the monsoon 
rainfall were discussed 
(Ananthakrishnan, l977), The effects 
of orography in the region on certain 
meteorological parameters were studied 
( Sark er, l9 66) . 
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The details of the vortex thermo
meter which was used for temperature 
measurements in the horizontal were 
described (Vernekar and Mohan, l975), 
The data points extracted at 3 seconds 
interval, which correspond to a 
resolution of l50 m, were considered 
in the study, A Weston (USA.) make 
aircraft the=ometer was used for the 
measurement of temperature in the ver
tical, Details were given of the 
accuracy of temperature measurement 
(Mary Selvam et al., l980) and the 
~ower spectral analysis technique 
~Sadani et al., l979; Parasnis et al,, 
l980b) adopted in the study, 

3,0 RESULTS AND DISCUSSION 

3.l Horizontal Temperature Structure 

The horizontal temperature spectra 
obtained at different levels over the 
Arabian sea and across the Western 
Ghats are shown in Figures 2-7, The 
flight altitudes are also shown in the 
figures, All che spectra suggested 
that the wavelength of 2 km is signi
ficant at the white noise level (95 
per cent) which may be attributed to 
the internal gravity waves (see 
Gossard et al,, l970; Stilke, l973), 
The characteristics of the spectra 
obtained at different locations are 
discussed below. 
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3,l.l Arabian Sea 

The spectra are shown in Fi~ures 
2 and 3, The spectra at 2 kft lI 
and II) and 3 kft (III) showed 
steeper slopes than -5/3 power law 
in the wavelength range l km-540 m. 
The slope was luwer than -5/3 in 
case of the spectra at 5 kft (IV) in 
the wavelength range l km-540 m, A 
feeble secondary peak was observed 
in the spectra at 2 kft (II), 3 kft 
(III) and 5 kft (IV), in the wave
length range 540 m-350 m, but it was 
not present at higher levels, The 
secondary peak may represent the 
thermal bubble which gives rise to 
clouds (Jensen and Lenschow1 l978), 
The spectra at 6 and 8 kft ~VI to 
VIII) followed the -5/3 power law in 
the wavelength range l km-350 m, ·rhe 
steeper slope of the spectra exceed
ing -5/3 at the lower levels (below 
the cloud base levels) indicates 
higher energy dissipation rate lead
ing to the decay of turbulence. At 
higher levels (6 and 8 kft) the 
slope almost approached the -5/3, 
which indicates that there is a bala
nce between the energy input and 
dissipation. 

3. l. 2 Ali bag 

The spectra are shown in Figure 
4. The slope was steepest at 5 kft, 
The spectra exhibited a secondary 
peak at 2 kft (I), 3 kft (III) and 
5 kft (V). The slope was nearly 
equal to -5/3 at 8 kft, 

3, l. 3 :Pali 

The spectra are shown in Figure 
5, The slopes were steeper than -5/3 
in case of the spectra at 5 kft (VII) 
and 6 kft (VIII) in the wavelength 
range l km-540 m. The slope was 
nearly equal to -5/3 in case of the 
spectra at 8 kft and 9 kft. The 
secondary peak was absent. 

3,l.4 Western Ghats (Mulshl) 

The spectra are shown in Figure 
6, The characteristics of the spec
tra are different from those observed 
at other locations, which may be due 
to the effect of orography. 
The slope was steeper than -5/3 in 
case of the spectra at 8 kft (XII and 
XIII) in the wavelength range l km -
540 m. A feeble secondary peak was 
noticed at 6 kft (XI) in the wave
length range 540 m-350 m, The slope 
of the spectra at 9 kft is nearly 
equal to -5/3, 

3, l. 5 J?oona 

The spectra are shown in Figure 
7. In general, the slope of the 
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spectra were steeper than -5/3 in the 
wavelength range l km-540 mat all the 
levels. 

3.2 Vertical Temperature Structure 

The temperature profiles obtained 
over the Deccan :Plateau (east of 
J? o ona) during the air craft ascents. 
and descents in the atmospheric boun
dary layer (up to l0,000 ft ASL) are 
shown in Figures 8 and 9, 
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In general the ABL consisted of 
nearly isothermal layers of about 
l500 ft thickness with alternating 
layers of saturated adiabatic lapse 
rate when the monsoon was active in 
the region of observations, The 
locations of the near isothermal 
layer did not show marked change in 
their altitude on different days of 
observation. This feature is 



attributed to the nearly similar 
meteorological conditions prevailed 
on those days. 

4.0 CONCLUSIONS 

Temperature measurements were 
made from aircraft up to l0,000 ft 
over the regions of Arabian sea, 
Western Ghats and Deccan Plateau, The 
horizontal and vertical temperature 
structures of the atmospheric bound
ary layer were investigated, The 
study suggested the following. 

i) The horizontal temperature 
spectra suggest'ed that the wavelength 
of 2 km is highly significant which 
may be attributed to the gravity 
waves. 

ii) A secondary peak was observed 
in the spectra in the wavelength 
range 540 m-350 mat levels lower 
than the cloud base level which may 
represent the thermals in the 
atmosphere. 

iii) Over the Arabian Sea the slopes 
of the temperature spectra were 
st,eeper than -5/3 at levels iower 
than the cloud base level, At higher 
levels the slope nearly tends to the 
-5/3 power law. Over the Deccan 
Plateau the slopes were steeper than 
-5/3 at all levels. 

iv) During the active monsoon 
conditions the ABL over the Deccan 
:Plateau consisted of nearly isother
mal layers of about l500 ft thickness 
with alternating layers of saturated 
adiabatic lapse rate. 
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WARM RAIN STUDY IN HAWAII 

T. TAKAHASHI 

Cloud Physics Observatory 
Hawaii U. S .A, 

1. Introduction 

The ease with which rain forms and falls 
from shallow clouds over oceanic tropical 
regions has intrigued many investigators. 
Squires (1958) found a low concentration and 
broad size distribution of cloud droplets in 
the air over tropical oceans. Juisto (1967) 
and Twomey and Wojciechowski (1969) measured a 
low concentration of cloud nuclei in the 
maritime air mass. Brown and Braham (1959) 
measured drizzle size distributions in clouds 
above the Carribean Sea, while Blanchard (1953) 
observed raindrop size distributions beneath 
the cloud base at the ground in Hawaii. 
Recently, Takahashi (1977) used aircraft to 
sample rainfall just beneath the cloud base 
and found major differences in the rainfall 
pattern between isolated clouds and band 
clouds. While past studies have contributed 
to our understanding of the characteristics 
of warm rain, these studies have been 
fragmentary insofar as they concentrated on 
only a portion of the drop size range and 
life cycle during rain development. 

The purpose of the present work was to 
study the mechanism of warm rain development, 
from cloud droplet to raindrop, by measuring 
a wide range of drop sizes at critical 
locations and stages of the cloud life cycle. 
These measurements are then compared with the 
results derived from the author's three 
dimensional warm rain model (Takahashi, 
1980). 

2. Aircraft Operation 

To define the initial state of droplets 
it was necessary first to measure the distri
bution of cloud droplet size near the cloud 
base. To verify the cloud model result 
(Takahashi, 1973, 1974, 1975, and 1976) that 
major drop growth occurs near the cloud top, 
drop observations were taken at the cloud 
top throughout the entire cell life. When 
the cloud cell dissipated, the aircraft 
quickly descended to the cloud base and made 
successive traverses beneath the base to 
measure the amount of rainwater (Fig, 1), 

All observations were made over the ocean 
upwind of Hilo, Hawaii. The cloud base was 
typically 600 m; the cloud top 3 km (10°c), 

569 

2, CLOUO TOP 1,0, 

4, RAIN 

Fig. 1: Flight path du:ring operation: 
1. cloud droplet sampling neal' cloud 

base (100 m above the base). 
2. cloud top identification. 
3. successive traverses neal' cloud top 

(200 m below cloud tov) to measu:re 
both cloud droplets a~ drizzle 
du:ring entire cloud top cell life. 

4. successive traverses beneath cloud 
base to observe mcr,ximum rainfall 
intensity. 

3. Instruments (Photo lA-C) 

The major instruments employed were a cloud 
droplet sampler, a drizzle sampler, and a rain
water collector. 

The cloud droplet sampler has forty thin 
glass plates (3 mm long, 35 mm wide) coated 
with a carbon film (Neiburger, 1949). Each 
plate is attached to an alluminum slide (SO mm 
x 50 mm) on the lower end of an open frame 
(11 mm long, 33 mm wide). They were inserted 
into a modified commercial slide projector. 
Each slide was exposed for a short time to air 
flowing through a 50 mm square intake. 

The drizzle sampler also contains fortv 
slides (25 mm wide, 50 mm long) coated with a 
thin layer of vegetable oil (Crisco shortening), 
As drizzle strikes the coated surface, clear 
circular traces form with drops larger than 
200 µm. At no time did cloud droplets activate 
the oil surface. 

The rainwater collector contains a copper 
plate angled low in the direction of incoming 
air. The intake section is 10 cm deep and 
25 cm wide. As raindrops strike the plate, a 
thin layer of water forms. This layer of 
water flows up and over the plate and drains 



into a tube where it is measured by the 
capacitance method (Takahashi, 1977). 

Photo 1A: 

Photo 1B: 
Photo lC: 

IA 

IB 

Cloud droplet sampler (soot method) 
and drizzle sampler (Crisco 
shortenin.g) . 
Drizzle traces on the glass plate. 
Rain-collector, temperature and 
humidi~ -instruments. Cloud size 
was identified by the Johnson
Williams hot wire instrument. 

Other airborne instruments used include a 
variometer to measure the rate of aircraft 
climb, a Johnson-Williams heated-wire instru
ment to measure the cloud droplet water 
content and to identify the cloud size, a back 
flow type temperature measuring instrument and 
a Lyman-a humidiometer. All these instruments 
were installed on the strut of the aircraft 
(Stensen 1-5 or Cessna 182). 
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4. Results 

Cloud droplet size distributions near the 
cloud base generally are similar even at 
different locations. Large droplets at very 
low concentration were occasionally observed. 
In all probability these large droplets grew 
on giant nuclei. At higher altitudes, the 
condensation-collection growth of smaller 
cloud droplets results in a greater number of 
large cloud droplets; consequently, the 
contribution of the few large cloud droplets 
formed earlier on giant nuclei is negligible 
for drizzle growth. This result was suggested 
by the author's cloud model (Takahashi, 1976; 
Takahashi and Lee, 1978). Cloud droplets 
exhibit broader spectra as the peak droplet 
size exceeded 30 µmin diameter during upward 
movement. 

Near the cloud top, a bimodal distribution 
of cloud droplets is connnonly observed 
(Warner, 1969). Except at the extreme edges of 
the cloud, where large cloud droplets are 
abundant, cloud droplet size distributions 
near the cloud top resemble one another, even 
at different times and locations. 

Fig. 2: Ma,ximum broadenin.g of cloud droplet 
size distribution near the cloud top 
(ratio of number concentration of 
100 µm to 50 µm cloud droplet) and 
maximum peak cloud droplet size near 
cloud base. Maximum cloud droplet 
water contents (Qc) were also shown. 
The value 3.3 g m- 3 was observed when 
maximum peak droplet size at cloud 
base was 27 µmin diameter (April 11 
1979). Cloud size at cloud base of' 
isolated cloud was shown by Cs. 

The cloud droplet size distribution near 
the cloud top, however, is largely determined 
by the cloud droplet size distribution near the 
cloud base. Large droplets near the cloud base 
induced large droplet broadening near the cloud 
top. Large cloud droplets at the cloud base 
were observed during particular synoptic 
patterns. When the upper cyclone is located 
northwest ·of the Hawaiian Islands and the 
upper level southwesterlies from the near
equatorial ridge blow strongly from the 
southern edge of the island chain, upper air 
divergence forms upwind of the islands. During 



this process the inversion layer lifts, 
allowing moist air to fill the trade wind 
layer. Large cloud droplets form near the 
cloud base (Fig. 2). 

Two other processes may cause the forma
tion of large cloud droplets near the cloud 
base. With low level convergence, formed by 
the sea breeze-land breeze interaction, the 
cloud base is lowered a few hundred meters. 
Large cloud droplets form because of the 
deeper cloud depth. In the second case, when 
southerlies prevail, cloud droplets grow 
large during horizontal movement through 
clouds developed along the wind direction. 

When upper level convergence is formed by 
the combination of the polar westerlies, from 
the mid-latitudes, and the upper southwester
lies, from the near-equatorial ridge, the 
inversion layer lowers and the trade wind 
layer dries. In this case, only small drop
lets are observed near the cloud base. 

Drizzle size drops were observed in the 
updraft column during the developing stage, 
when the cloud base droplets were large and 
cloud droplet broadening was pronounced near 
the cloud top (Fig. 3). 

Within such a shallow layer (about 200 m), 
the drizzle-raindrop water content is in
creased by one order of magnitude during the 
cell life. Raindrops are commonly observed 
near the cloud top when the drizzle water 
content is greater than 0,1 gm - 3 The sudden 
increase in rainwater probably is due to the 
interaction of drop growth and the airflow 
pattern. The drizzle water content must be 
high enough to permit the development of large 
drops (formation of secondary peak raindrops) 
which can float against the updraft. Other
wise, the drops would be expelled from the 
cloud top, (Fig. 4-5). 

.J 
0 

or 1,11 

0 

<?, 

F 1001,1m / 

0 

0 

Fso 11m 

• 
0 0 

6 6 •' 0 
6 / 

1o·Z 

Fig. 3: Maximwn value of broadening of cloud 
d,roplets and maximum d,rizzle water 
content in updraft column at the 
developing stage near cloud top. 
Solid line shows the results by 
3D model. 
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Fig. 5: Maximwn raind,rop water content and 
maximwn d,rizzle-raind,rop water content 
near the cloud top. 

Rainfall occurs when the raindrop water 
content at the cloud top exceeds 0.1 gm- 3 • 
The amount of rain depends on the cloud type. 
For example, tilted clouds produce little or 
no rain. In general, rain from band clouds is 
heavier than rain from isolated cumuli. Find
ings were compared with the output of the 
three dimensional, shallow-anelastic cloud 
model where drops are classified into 59 
groups (Fig. 6-7). 

The general pattern, such as the growth 
rate of peak cloud droplets during upward move
ment, droplet broadening when the peak droplet 
size becomes larger than 30 µmin diameter and 
the high accumulation rate of drops near the 
cloud top, was well simulated. However, the 
observed raindrop size distribution is much 
sharper than the model-predicted distribution, 
probably because the collision-breakup process 



(McTaggart-Cowan and List, 1975; Takahashi, 
1978) is neglected in the model. 

Fig. 6: 
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Maximum rainwater contents near the 
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DIAMETER ( Alm) 

Cloud droplet size distribution near 
the cloud top (#32) and drizzle size 
distribution at various locations and 
at different times in a aell. 
Thin dash-dotted lines indicate size 
distribution calculated in 3D model. 
Since #32 sample was measured at 
dissipating stage, this cloud drop
let size distribution is closer to 
the T= 50 min droplet distribution in 
the model. 

Heavier rainfall than predicted by the 
model was observed from band clouds. This 
result is probably due to less dilution of 
liquid water in band clouds and the existence 
of strong inflow at the lower cloud layer due 
to local convergence. 
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NUMERICAL STUDY OF THE EFFECTS OF AEROSOL-COMPOSITIONS ON THE 
MICROSTRUCTURE OF CLOUDS 

T. Takeda and N. Harada 

Water Research Institute, Nagoya University 
Nagoya, JAPAN 

1. Introduction 

There have been very few models by which 
the effects of aerosol-compositions on the 
microstructure of clouds and the mechanism of 
precipitation formation can be studied, though 
the numerical studies of the effects of 
condensation nuclei on the size distribution 
of cloud droplets or the effects of initial 
size distribution of droplets on precipitation 
formation have been made ( Fitzgerald, 1974; 
Hjelmfelt, et al., 1978; Kornfeld, 1970; Lee 
and Pruppacher, 1977; Mordy, 1959; Ogura and 
Takahashi, 1973; Takeda, 1975; Warner, 1969 
and 1973 ). In this paper the·influence of 
aerosol-compositions on the microstructure of 
clouds will be studied. Aerosols composed of 
NaCl, H2s?4 or (NH~) 2so4_are_adopted as cloud 
condensation nuclei, taking into account inter
nally and externally mixed nuclei. 

2. Numerical model 

i) Dynamical framework 
A time-dependent cumulus model adopted 

here is axially symmetric. For the simplifica
tion of dynamical framework, the atmosphere is 
divided into three regions -- an inner region 
of cloud (I), an outer region of cloud (II) 
and an environment (III) (Fig.l). The sizes 
of regions are constant with time. Two cloud 
regions are made so as to describe the dif
ference between the trajectories of large and 
small precipitation particles in cloud and the 
weak intrusion of an entrained environmental 
air into the center of the cloud, because these 
processes could not be represented in one
dimensional model. A compensating current 
occurs in the region III. The detail of the 
model is described in the paper of the author 
( Takeda, 1975 ). 

The time variation of vertical air-velocity 
(w), potential temperature (9) and the mixing 
ratio of water vapor (q) are given for each 
region as follows : 

'dA,7 = -w- ~,Al -t y q2A_r -
', 'j; J ~ 2 ',1 ,:Z.:l. T rJ 

,: 1 ~ i':' l'-+1tl(~+1;[A(~H)-AJ) 
<f1'/ i d 

-t- ;;z (Y:) [AU~) - Al] 
d " d 

+ ~4- ( ;;.,.1 C ¾ -AJt-t H w.r - iJJ,., I ( 1 ) 

- ~ (AJ-1-AJ")-\w-J_r-wJ l J} 
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Fi,,-== ( 0ir - ~VO -R- ) d 
0vo 

f9 = - 0- L cr1., c,,r 
F; =- - u 

A = w, 9 or q 

( 2) 

j = 1, 2 or 3 when J = I, II or III 

The time variation of the mixing ratio of 
liquid water (!) or the number density of drops 
of each size (n(R)dR) is given by the modified 
form of eq.(l} in which the growth of drops due 
to condensation- and coagulation-processes and 
their falling are taken into account. 

The first half of the fourth term in eq.(l) 
indicates the mixing by the organized motion 
between neighboring regions under the condition 
of 

A(rj+l) = AJ if u(rj+l) ~ 0 

A(rj+l) = AJ+l if u(rj+l) < 0 

A(r. l = AJ-1 if u(r j) ~ 0 
J 

~ A(r.) = AJ ifu(r.)< 0 
J J 

The second half of the fourth term is the 
mo ification of lateral eddy mixing 
u"( )A" ) rj rj . 

( 4) 

u(~2 ) and u~r3 ) ar~ determined from the 
following equation derived from continuity 
equation of air, using boundary conditions at 
z = 0 and ZH and r = r 1 and r 4 . 

2 ( I: 1'/ u ( I'. t- / ) - J".. U U'. ) ) 
d d d 4 

T ( 1:; -Y'/ J ). · ~i <J; WJ > :: " 
( 5) 



wIII is given as the compensating current of 
wI and wII. 

ii) Growth of drops due to condensation proc
ess 

Cloud droplets are assumed to form on a 
specified population of cloud condensation 
nuclei in which internally mixed nuclei 
( hygroscopic aerosols containing insoluble 
matter ) are also included. As pointed out by 
Hjelmfelt et al. (1978), the dispersion coeffi
cient of computed cloud-droplet size-distribu
tion is critically dependent upon what size 
classes nuclei are discretized into. In this 
paper 96 size classes are adopted in describing 
the size distribution of nuclei. The number 
of nuclei contained in each class is nearly 
the same. 

3, Some results of computation 

Before the effects of aerosol-compositions 
on the microstructure of cloud are studied in 
axially symmetric cumulus model, their 
fundamental effects on the size distribution 
of cloud droplets were studied in the model of 
a closed air parcel with constant vertical 
velocity. The results of numerical computa
tion are summarized as follows : 

a) If the size distribution of nuclei is the 
same, the nuclei composed of matter which can 
be activated at lower super-saturation produce 
a broader size spectrum of droplets (Table 1). 

b) If the substance of nuclei is the same, 
a population of nuclei in which a greater 
number of small nuclei are contained produces 
a broader size spectrum of droplets (Figs. 2a 
and 2b). The difference in the number of large 
nuclei has hardly an influence on the value of 
dispersion coefficient, because the extent of 
super-saturation in the air parcel is not so 
much affected by their growth. It is to be 
noted that the growth rate of droplets formed 
on small nuclei is much affected by the extent 
of realized super-saturation, while the growth 
of droplets originated from large nuclei 
continues to be influenced by the amount of 
soluble matter for a longer time than droplets 
from small nuclei. 

c) If the size distribution of nuclei is the 
same, a population of mixed nuclei which 
contain insoluble matter internally produces a 
narrow size spectrum of droplets. However, 
if the mass spectrum of soluble matter is the 
same, a population of mixed nuclei causes 
nearly the same size spectrum of droplets as 
not-mixed nuclei (Tables 2 and 3). 

Fig. 3b shows the size distribution of 
droplets obtained in cumulus model under the 
assumption that :i:n case b a great number of 
small nuclei composed of H2so4 were added to 
a population of n~clei composed of (NH4 )2so4 in case a (Fig. 3a). It can be seen in Fig. 
3b that the size distribution of droplets is 
broader and their mean radius is smaller in 
case b than in case a, since the extent of 
super-saturation is reduced near cloud base 
because of the supply of a great number of 
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small nuclei and so the growth rate of small 
droplets is not so large as in case a. 

The effects of aerosol-compositions on the 
microstructure of cumulus cloud will be 
described on the basis of the results of 
computation in which coagulation process and 
sedimentation of drops are taken into account 
in the time variation of the size distribution 
of drops. The conversion rate of cloud water 
into rainwater in cloud will be also discussed 
in relation to the difference in aerosol
compositions. 
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NaCl I (NH4)2S04 

Total number of cloud droplets in dry 
air of 1 g. 

1. 97 X 105 I 1. 57 X 105 

Maximum value of super-saturation 

0.89% I 0.96% 

Dispersion coefficient cr at 250 m 
level above cloud base 

cr(NH4)2S04 / crNaCl = 
0 · 8 

Table 1 Results of computation for 
populations of nuclei NaCl and 
nuclei (NH~) 2so4 . Size distribution 
of type Bin Fig.2a is used. 

radius of nuclei 

, 

Fig. 2a Size distribution of nuclei of types 
A and B. 
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Total number of cloud droplets in dry 
air of 1 g. 

1.38; 106 
I 1.57 X 105 

Maximum value of super-saturation 

o.63 rJ/ I 0.96 % /0 

Dispersion coefficient cr at 250 m level 
above cloud base 

crType B / crType A= o. 3 

Fig.2b Results of computation for size 
distributions of typeS A( solid line) 
and B(dashed line) . 
The substance of nuclei is (NH4 )2so4 
in both cases. 

Pure I s = 0.8 I s = 0.2 

Total number of cloud droplets in dry 
air of 1 g. 

1.38 X 10 
6 

11.22 X 10
6 I 4.94 X 10 5 

Maximum value of super-saturation 

0.63 % I 0.65 % I o.88 % 

Dispersion coefficient cr at 250 m level 
above cloud base 

cr o. 8 I crPure = 0.7 

cro.2 I crPure = o.4 

Table 2 Results of computation for not-mixed 
nuclei and mixed nuclei. The same 
size distribution of nuclei is used. 
Eis a fraction of soluble matter in 
the nucleus. 



Pure I C = 0,2 

Total number of cloud droplets in dry 
air of 1 g. 

1. 38 X 10 
6 

I 1.40 X 10
6 

Maximum value of super-saturation 

0,63 % I 0.62 % 

Dispersion coefficient a at 250 m 
level above cloud base 

a I a "' 0.2 Pure 1 

Table 3 Results of computation for not
mixed nuclei and mixed nuclei. 
The S8llle mass spectrum of soluble 
matter is used in both cases. 

0. 01 0.1 1 10 (]Jm) 
radius of nuclei 
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Case a I Case b 

Mean radius 

3,7 ]Jm I 2.5 µm 

Dispersion coefficient 

0.12 I 0.25 

0 1 2 3 4 
radius of cloud droplets (]Jm) 

Fig. 3b Size distribution of cloud droplets 
in cases a and bat 150 m level 
above cloud base. 
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ON TI-IE BOUNDARY CONDITIONS FOR CONVECTION 

I, Zawadzki 

Universite du Quebec a Montreal, CANADA 

1. Introduction 

The interaction between convective stonns 
and their larger scale environment has been a 
challenging problem for many years. A large 
number of attempts have been made to identify 
the dynamic and thermodynamic mesoscale para
meters which determine the triggering, deve
lopment and organization of convective systems. 
TI1e dynamical interaction_betwe~n large scale 
convective clouds and their environment was 
described by Newton and Newton (1959) .. More 
recently and from a different perspec!ive 
Ogura (1976) gives an account of the influence 
of large scale convergence on convective clou~ 
initiation and development. Koch (1975) studied 
the effect of the mesoscale fields of pressure 
disturbances, wind convergence and equivalent 
potential temperature on the development of new 
cells. The effect of the wind shear on the 
storm efficiency was reported by Marwitz (1972). 
Tiris list is by no means exhaustive and a large 
number of references can be found in the works 
-mentioned. 

11le present paper describes an ~tte~pt at 
a systematic evaluation of the relative impor
tance of the thermodynamic conditions of the 
environment for the development of precipitating 
systems. For this purpose a large number of 
storm systems was studied and consequently . 
standard network observations were used. Rain
fall rate, being the only parameter o~ the 
convection that was observed systematically, 
was used as a mesure of convective activity. 
Of the environmental factors, surface tempera
ture and humidity as well as the upper ai: . 
temperature profi~e we:e consi~ered both indi
vidually and combined into a single ~a:ameter 
(positive area on a tep~igram): A similar 
analysis was performed m detail for three 
cases using radar data. 

• RAINGAGE STATIONS 
■ RAINGAGE AND SURFACE OBSERVATION 

STATIONS 
o SURFACE OBSERVATION 
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ob,1,e11.vatlon ,1,tatlon..o. 
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We will see in sections 2 and 3 that there 
is a strong relationship between the maximum 
and mean rain rates observed in a storm and the 
thermodynamic variables of the environme~t on 
the day in which the storm occurred. This 
relationship appears to hold on an hour_by hour 
basis as indicated by a detailed analysis of a 
few storm cases (section 4). However, no attempt 
is made here to establish a one to one connec
tion between a particular rain rate event ~d 
the thermodynamic conditions at the same time 
or the same place. The ~oint of_v~ew ~dopted 
here is that the convection-precipitation 
process is represented by_the solutions of_a 
set of differential equations; these solutions 
depend entirely on the initial and bomdary 
conditions (IBC). The fact that there could 
be a direct relationship between the IBC and 
precipitation does not ~ly that the re~a-_ 
tionship is physically simple. In fact it is 
as complex as the set of equations which govern 
the phenomenon. 

2. Maximum rain rate 

The present section complements the results 
reported by Zawadzki and Ro (1978), henceforth 
to be referred as (I). Therefore the description 
given here is rather brief. 

We will now examine the correlations between 
the thermodynamic variabl~s and the maJ_C~ :ain 
rate observed during a ram day. Precipitation 
data were obtained from a network of 14 tipping 
bucket raingages and only cases for which the 
strongest radar echo for the day passed over 
one of the gages are considered in this section. 

Four ground stations in the Montreal region 
(Fig. 1) provided hourly values of temperature 
and humidity while the vertical temperat1;1re . 
profile was given twice a day by !he Maniwa1:ct 
sounding. For each hour and station the adia
batic parcel energy (positive area) was calcu
lated for the parcel having the surface tenwe
rature and humidity and using the nearest Cn:i 
time) sounding* from Maniwaki. Parcel energies 
for unstable points in the soundings (upper air 
energies) were also calculated. 

Fig. 2 shows the correlogram_of the maxi
rm.nn rain rate, Rmax, observed during a storm, 
and the maximum parcel energy, Emax detected 
during the day in which the storm occurred. 
The population was <livid~ in~?:. the cases 
for which the strongest instabilities are 
related to the surface conditions and those 
for which the upper air instabilities seem to 
be dominant. Since for the latter 6 cases the 

* In (I) the previous instead of the closest 
sounding

1

was used. This explains the minor 
differences between the results given in this 
section and those presented in (I). 



relevant thennodynamic parameters are sampled 
only twice a day, the possibility of establishing 
their relationship to rain rates is rather sl:iJ!l. 
We will only take notice of the fact that there 
is an indication of two types of stonn systems: 
those for which the surface condition are 
directly related to precipitation and those 
for which they are not. TI1e thennodynamic 
distinction between the two groups would depend 
on the relative :iJ!lportance of the surface and 
upper air parcel energies. 

The correlation coefficients between Rmax 
and surface conditions, namely the surface 
max:iJ!lum wet bulb potential temperature, 6wmax 
and the max:iJ!lum mixing ratio, rmax are p = 0.74 
and p = 0.75 respectively. Since Emax, 6wmax 
and rmax are not independent variables, a 
partial correlation analysis was perfonned to 
find the degree to which each of these variables 
detennines the variability of ~x· 

The partial correlation coefficient between 
Rmax and Emax when their dependence on surface 
conditions is el:iJ!linated (therefore only the 
vertical temperature profile is variable) is 
p = 0.47. Thus 22% of the stonn to stonn 
variability of Rmax is explained by the vertical 
thennal structure. In the same way 46% of the 
variance of Rmax is explained by the variance 
of rmax and a non significant contribution to 
the explained variance of Rmax is given by the 
variance of the surface temperature. However, 
the two last results have a low statistical 
significance since they require the introduc
tion of the sounding temperature at every level, 
thus reducing appreciably the degrees of free
dom. 

It appeared from (I) that the ambient 
upper air humidity is of relatively small 
:iJ!lportance in detennining the rate of preci
pitation. This result could be attributed 
in part of the data used: although the Mani
waki sounding may represents well the vertical 
structure of temperature in the region under 
study, it could fail to do so for the more 
variable humidity profile. Since the humidity 
aloft is well detennined by the surface humi
dity (Bolsenga, 1965), it seems sufficient to 
relate the latter with precipitation. The 
multiple correlation coefficient between Emax, 
rmax and Rmax is p = 0,82, about the same as 
obtained in (I) by introducing the upper air 
mixing ratio. 

3 . Mean rain rate 

While the max:iJ!lum value of rain rate is 
unique, the mean value can be defined in many 
ways: over a fixed area and over the total 
t:iJ!le of precipitation; over the area of preci
pitation and the actual t:iJ!le of precipitation 
at each point; and so on. From our point of 
view the most significative mean rain rate is 
the one we call the "system mean" defined at 
the sum of all observed values of rain rate 
divided by the number of observations. If 
precipitation is observed at N uniformly spaced 
rain-gages with Ri the rain rate at the ith 
gage, starting at t:iJ!le t~ and finishing at 
t:iJ!le tf, the total rainfall is 
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Thus, the system mean is 

f 
1 N ti 1 

R=N L J R.dt=,=f===-
.,.. (tf to) i=l 1 (t. -t?) N 
'-' .- . 0 l l 
i=ll l ti 

N i 
L (1 R.dt 
i=lL l 

t~ 
l 

If the gages are not unifonnly spaced, the 
integral in (1) has to be multiplied by some 
weighting factors ai. 

(1) 

Daily totals of precipitation were avai
lable from 74 gages distributed over the area 
under consideration. The weighting factors 
were obtained by the Thiessen's polygon method 
(a standard hydrological technique). Each 
factor ai is then the polygon area over which 
the measurement by the ith gage is considered 
representative. Thus (1) is transfonned into 

i 
R = 

1 J 11 Ridt (2), 

(t#-t?) s s t~ l l l 



N 
where S = ~ a. is the area of precipitation. 

i=l i 

The chart records of the tipping bucket 
gages were inspected and the actual times of 
precipitation at every gage were ~dded to obtain 
the mean time of precipitation (t.-t9). 

i i 

Surface and upper air parcel energies were 
calculated for each stations and at every hour 
of each day for which there was not more than 
one storm in the same 24h period. For the sur
face energy, the maximum of the four hourly 
valu~s of ew was calculated from the four ground 
stations and was applied to the closest in time 
Maniwaki ~ounding. The time sequences of energy 
thus obtained were averaged over a time period 
including the precipitation time - from the 
first to the last detection of rain by any of 
the 14 tipping bucket gages - and a time in
terval ~t, taken from one to four hours before 
the onset of precipitation was added in an 
attempt to include values of energy affecting 
the clouds at the formation stage. The scatter
gram of R versus the mean energy E is shown 
in Fig. 3 for 80 cases for which the surface 
energy was greater than the upper air energy 
(100 out of 106 cases) and more than one 
tipping bucket gage detected precipitation. 
The highest value of p corresponds to ~t = Zh 
that is, for E including values of energy two' 
hours previous to the detection of precipitation. 

The correlation between Rand E can be 
easily improved. For cases for which at least 
four tipping bucket gages recorded precipitation 
(70 cases) - thus a better estimation of the 
mean time of precipitation could be e.--q,ected -
the correlation coefficient goes up top= 0,78, 
Separating the 70 cases in air mass (21 cases) 
and frontal (49 cases) gives p = 0.821 and 
p = 0.764 respectively. 

The fact that the energy is averaged over 
a time period which includes two hours previous 
to the detection of rain is of minor importance. 
The variation of p with ~tis small and the 
conclusions to be drawn from the correlations 
should not be affected by the choice of ~t. 
Fourteen raingages are not sufficient to de
termine accurately the onset time of precipi
tation which could have started earlier than 
the time of first detection. Therefore the 
value of ~t = -2h should be taken only as part 
of the description of the procedure followed, 
although it is physically reasonable to expect 
that ambient conditions present in the forma
tion stage are relevant. 

Correlation coefficients between 0w, r 
and lt are p = 0,55 and p = 0.58 respectively. 
As they are quite a bit lower than the ones 
obtained for the maximum values, the importance 
of the sounding is greater in this case. In 
effet the partial correlation between Rand E 
when the dependence on surface conditions is 
eliminated is p = 0. 6 2. Thus , while [ and 
Rmax are both equally detennined by parcel 
energy the surface conditions appear to be 
dominant in detennining Rmax while upper air 
conditions are of greater importance for R. 
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4. Case analysis 

Three storm cases were studied in detail 
using the McGill Weather Radar Observatory data 
in the form of 3 Km altitude CAPP I maps . These 
maps have a time resolution of five minutes 
and a space resolution of (4.8 x 7.5) Km 2

• 

Rain rate data are given in intervals increa
sing by a factor of~ 1,5 and a geometric mean 
of the extremes of each interval is used in 
this study. Only the precipitation within a 
range of 180 Km is considered here. 

Surface data of the Ottawa and Mirabel 
stations were used in addition to the previous 
four. Surface parcel energies were calculated 
for every hour at every station as described 
previously. The time sequences of the hourly 
maxima and the hourly means over the area of 
the parcel energies (Ero and < E > respectively) 
are shown in Fig. 4. 

The other curves of Fig. 4 represent: 
Rm, the maximum rain rate over the area and 
during an hour interval centered around the 
time of the surface observations; <R>, the 
mean rain rate over the hour and the area; 
<Rm>, the hour average of the area maximum of 
each CAPPI. 

Given the low density of surface observa
tions the correlations between the precipita
tion and the thermodriamic parameters is re
markable. On the 1s of Jme, with the lowest 
correlations, the radar echoes passed south 
of all the six ground stations. 



These correlations indicate that the close 
relationship between daily means and maxima of 
rain rates and energies holds hour by hour. 
Observation of the development of individual 
echo cells confirms results of other authors: 
cells tend to develop when approaching zones 
of instability. However, this spacial rela
tionship is not clear cut, particularly with 
cells forming part of large clusters or a fron
tal system. An easily identifiable spacial 
correspondence between the bormdary conditions 
and precipitation may not be present for the 
highly interactive convective clusters. 

5. Conclusions 

The results presented here show that the 
development of storms appears to be strongly 
related to the thennodynarnic variables. In 
particular the surface con~itions a:e of cri
tical importance. It remains guestioi:iable 
whether the 6 cases discussed m section 2, for 
which the surface conditions appeared to be 
irrelevant were actually an upper air pheno
menon or there was a question of inadequate 
measurements. In any case their inclusion in 
the statistical analysis does not affect appre
ciably the results. 

It should be mentioned that although~ 60% 
of storm to storm variability of Rma:x and [ is 
explained by the variability of the thermody
namic variables, the latter do not necessarily 
initiate the precipitation. It was seen in (I) 
that parcel energy could be present and no 
precipitation observed. There is enough evi
dence that larger scale convergence plays an 
important role in the initiation and the orga
nization of precipitation systems. However, 
only a study of a large number of cases will 
determine to what extent and in which types of 
storms this convergence is the result of convec
tion or vice versa. 

The existence of the correlations reported 
here and in (I) should not necessarily be inter-

.preted as an expression of any simple physical 
process. Taken strictly as its face value the 
reported relationships imply that for the s~orms 
studied at least 60% of storm to storm varia-' . . . bility of rainfall rate characteristics was 
determined by the sormding and the time evolu
tion of surface values of temperature and humi
dity. We would like to stress, however, the 
importance of this fact: it reveals~ strong 
regularity in the storm systems behaviour not
withstanding the complexity of the convection 
and precipitation formation processes. It ~s 
encouraging to see that a standard observation 
network, as the one used in this study, is 
sufficient to establish the relationships 
described. This indicates a certain stability 
in the convection-precipitation process so that 
the outcome of the process is not too sensitive 
to the fine scale details of the IBC. 

The importance of the surface condition 
is particularly relevant in relation to cloud 
modeling. If indicates the important role 
played by the bot.m.dary layer in the development 
of convection. 
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IV-2. 1 
DEUX ETUDES DE PARAMETRISATION 

DE LA COUCHE LIMITE CONVECTIVE 

J.C. Andre( 1), M.A. Artaz( 1), P. Lacarrere ( 1) et L.J. Mahrt( 2 ) 

(1) Direction de la Meteorologie, Boulogne, FRANCE 
(2) Oregon State University, Corvallis, U.S.A. 

1. Motivations et c&dre general 

La prevision du declenchement des phenome
nes nuageux necessite une bonne connaissance de 
la structure et de l'evolution de la couche li
mite. Ceci est plus particulierement vrai dans 
le cas des brouillards d'evaporation (cf. par 
exemple Wessels, 1979) mais s'applique aussi au 
cas de la convection tres developpee (cf. par 
exemple Mahrt, 1977). Le niveau de condensation 
depend en effet de faqon cruciale de la hauteur 
h de la couche melangee convective et de la re
partition verticale (f(z) de l'humidite specifi
que moyenne dans cette couche. 

Depuis quelques annees, la couche limite 
convective a ete etudiee en details a la fois 
aux plans experimentaux et theoriques. Sa dyna
mique et ses proprites sont maitenant assez 
bien comprises et il existe de nombreux modeles, 
de complexites tres variables, pour en effec
tuer la simulation (voir par exemple Artaz et 
Andre, 1980, pour une liste de ces differents 
modeles). 

Le present travail a pour objectif d'utili
ser au mieux cet ensemble de resultats experi
mentaux et d'etudes theoriques pour tester, mo
difier ou proposer des parametrisations simples 
du taux d'epaississement dh/dt de la couche 
convective et du gradient vertical d'humidite 
specifique aq/o.z dans cette couche. Un forma
lisme base sur la theorie de similitude a ete 
developpe a cet effet, plus particulierement 
pour faciliter la normalisation puis la compa
raison de toutes les donnees theoriques et ex
perimentales. Ces donnees que nous utiliserons 
proviennent soit d'experiences en laboratoire 
(Deardorff et al., 1969 ; Willis et Deardorff, 
1974 ; Heidt, 1977), soit des campagnes de me
sures WANGARA-1967 (Clarke et al., 1971), 
LIMAGNE-1974 (Jouvenaux, 1978), AMTEX-1975 
(Lenschow et Agee, 1976), HASWELL-1975, 
PHITIVIERS-1976 et VOVES-1977, soit enfin de 
simulations numeriques realisees a l'aide du 
modele de couche limite d'Andre et al. (1978) 
base Sur une theorie d I ordre eleve de la tur
bulence. 

Les resultats presentes ici sont extraits 
de deux publications recentes auxquelles le 
lecteur interesse pourra se reporter : Artaz et 
Andre (1980) en ce qui concerne le taux d'e
paississement dh/dt et Andre, Laccarrere et 
Mahrt (1979) pour l'etude de la structure ver
ticale de l'humidite. 
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2. Theorie de similitude 
de la couche convective : 

Nous schematisons la structure de la couche 
limite convective de la faq.on, maintenant classi
que, representee a la figure 1. Les parametres 
fondamentaux qui gouvernent l'evolution et la 
structure de cette couche limite sont : 

h 

Flux Q~ Flux E0 

q 

Figure 1 : Profils moyens verti_saux schematiques 
de la temperature potentielle Gv et de l'humidi
te specifique q dans la couche limite convecti
ve. 

- le flux cinematique vertical de chaleur 
virtuelle au sol Q' : 

0 

- le flux cinematique vertical d'humidite au 
sol E

0 
; 

- le gradient de temperature potentielle 
virtuelle '( dans la couche stable superieure 

- la discontinuite d'humidite specifique Aq 
au sommet de la couche convective 

- le parametre de flottabili te ~ = g/T 0 

- la hauteur h de la couche convective. 

A l' aide de ces six parametres dependant de 
quatre dimensions physiques "independantes" 
(longueur, temps, temperature et humidite) il 
est done possible de construire deux nombres 
sans dimension independants, par exemple un nom
bre x mesurant l'intensite de la convection 



( 1) ;:):. :: Q~ / '"t t w._ 
[ou w = (~Q' h) 113 est l'echelle de vitesse 
conve~ti ve J e~ un nombre y egal au rapport des 
flux turbulents d'humidite a l'inversion h et 
au sol 

L'influence de l'humidite sur la crois
sance de la couche convective etant prise en 
compte par l'introduction de la temperature 
virtuelle, on aura alors simplement 

dh w 
(3) dt: W* Th (:x.) 

ou If, (-x.) est une fonction uni verselle du nom
bre Q_ g_ui reste a determiner. Le gradient ver
tical moyen de l'humidite specifig_ue (oq/a2.)C.,M. 
dans la couche de melange devrait, g_uant a lui, 
dependre de x et y : 

mais un raisonnement simple permet de passer 
d' une fonction <...f' de 2 variables x et y a une 
fonction de la seule variable y. En effet, 
l'apparition, puis la permanence, de ce gra
dient vertical resulte d'une competition entre 
le melange (qui se fait avec nne vitesse de 
l'ordre dew) et l'entrainement d'air d'humi
dites specif!ques differentes depuis le haut et 
le bas (dont les valeurs caracteristiques sont 
respectivement Qq dh/dt et E) : 

0 

l5) ,-,.J 69 dl-i/d.l:: - E0 

d.7- C.M. h w..,, 
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L'utilisation de (3) conduit alors a 

(~) ,: ~ [o(''a ~ -f] -,Z. C..M, W,11,. h 
et, puisqu'il sera montre plus bas que ~h est 
lineaire, cette dependance se reduit done a : 

(5a) f~) " Eo 4J l1) \oz. c..M. w._\.i " 

( 5b) ~'1 ( 1a ) : "' ~ - f 
Il faut maintenant faire appel aux donnees 

experimentales et numeriques pour, d'une part, 
tester la validite des formulations (3) et (5) 
et, d'autre part, determiner la forme precise 
des fonctions universelles 4-'h et~-

3. Determination des fonctions 
universelles et parametrisations 

Sur la figure 2 ont ete reportees les don
nees relatives au taux d'epaississement de la 
couche convective. Il faut tout d'abord noter 
que les donnees atmospheriques ( □, WANGARA; O, 
LIMAGNE et PHITIVIERS ; t:,,, AMTEX et HASWELL; 
◊, VOVES) sont beaucoup plus dispersees que les 
donnees provenant du laboratoire (e, Deardorff 
et al. ; ■, Willis et Deardorff ; A, Heidt) et 
d'etudes de la thermocline lacustre (♦, Farmer 
1975), sans qu'il soit toutefois possible de 
deceler de differences systematiques entre ces 
diverses donnees. Les resultats du modele nume
rique ( •, Andre et al.), qui, en premier lieu, 
sont compatibles avec les resultats experimen
taux, permettent d'autre part de mettre en evi
dence une loi universelle pour la montee de 

21._.1....-___1...--1...-1-..L..J.....L.1..I-----L-..l..--'----'---'-'-'-'-'---......__._ .......... __._......._ ..... 

2 4 7 2 4 7 2 4 7 

0.01 0.1 
X 

Figure 2 Tauxd'epaississement normalise de la couche limite en fonction de l'intensite de la convec
tion ; . , donnees numeriques ; symboles pleins (e, ■ , A, ♦ ), donnees de laboratoire ; symboles evides 
( □,O,t:,,,◊), donnees atmospheriques. La courbe en tirete represente l'equation (6a) ~(x.) = 1,4x. 
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l'inversion ; cette loi est representee tres 
simplement par la relation lineaire (indiquee 
en tirete) : 

ou de fa~on equivalente, en termes de variables 
dimensionnelles, 

\ Q~ 
( 6b) ~ = 1 , 4 -

cit ~ ~ 

Il semble done que le modele simplifie de 
Tennekes (1973), equivalent a (5b), soit le 
mieux adapte pour la parametrisation de l'e
paississement de la couche convective et qu'il 
soit peu utile de chercher a le developper en 
le complexifiant. 

Sur la figure 3 ont ete reportees les don
nees relatives au gradient vertical d'hurnidite 
specifique dans la couche convective. Les don
nees experimentales ( □, WANGARA · ~ AMTEX · O 
HASWELL ; ◊, VOVES) et nurnerique~ ( : , Andre' et, 
al.) sont affectees d'une dispersion relative
ment faible qui justifie done le passage de la 
description (4) a deux parametres a la descrip
tion (5a) a un seul pararnetre. Ces deux types 
de donnees sont d'autre part en tres bon accord 
et permettent de determiner les constantes de 
la loi (5b) 

ou encore, en fonction des variables dimension
nelles 

1.--.,...---n-r-r,-r-r--,----,,---,-,,..,..,...,...,...~.--~----. 

2 

10 4 1 0.4 0.1 

-Y 
Figure 3 Gradient normalise de l'humidite spe
cifique dans la couche limite convective : . 
donnees numeriques ; ( □, ~, 0, ◊), donnees at
mospheriques. La courbe en tirete represente 
l'equation (7a) lf-'q(y) = 13 y - 1,7 
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Il faut enfin noter que dans un grand nom
bre de situations la parametrisation ( 7b) pourra 
etre simplifiee en negligeant le second terme 
du membre de droite, ce qui correspond au cas 
9u le flux d'assechement au sornmet de la couche 
convective est beaucoup plus efficace que le 
flux d'hurnidification au sol. 
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ETUDE DE LA COUCHE LIMITE TROPICALE MARITIME PAR SONDAGES ACOUSTIQUES 

IV-2.2 

ASPECT CONVECTIF 

C. Asselin de Beauville 
Centre Universitaire Antilles-Guyane 

et 
H. Oger 

Ingenieur de la Meteorologie 
Sous-Region Guadeloupe 

Introduction : Cette etude de la couche limi
te planetaire tropicale a debute en 1979, par 
l'utilisation conjointe d'un radar acoustique 
(C.U.A.G.-Fouillole - Pointe-a-Pitre) et des 
sondages classiques du Centre Local de Meteo
rologie (Aeroport du Raizet a Pointe-a-Pitre). 
Les sondages du Raizet sont depouilles auto
matiquement par une calculatrice HP 9825 
(systeme ETAROM). 

But de cette etude 
Le but de cette recherche est multiple. 

Precisons tout d'abord que ce travail est 
effectue dans le cadre de l'A.T.P. Recherches 
Atmospheriques. Le premier objectif est de 
realiser une etude suivie de la basse atmos
phere tropicale par sondages acoustiques. 
Le deuxieme est de determiner les correlations 
pouvant exister entre les resultats de ces 
sondages, les conditions climatiques propres 
et certains parametres de nature a caracte
riser le regime convectif local. 
Il convient enfin, de determiner si, malgre 
son caractere qualitatif, le sodar peut etre 
ou non, en milieu tropical humide, un instru
ment qui peut apporter une amelioration a 
l'aspect previsionnel. 

Realisation des travaux 
Cette realisation comporte trois etapes 

a) La premiere, qui a debute en 1979, 
a vise prTncipalement a mettre en oeuvre et 
a analyser les sondages acoustiques obtenus. 
Cette premiere etude permet de mettre en evi
dence 5 types principaux de sondages acousti
ques. Ceci confirme le classement fait par 
K. BETTS (1974) en fonction de la temperature 
potentielle equivalente ainsi que celui 
d'ASPLIDEN (1976). 
Les echos de type 1, relatifs au regime diurne 
(thermiques) representent environ 36 % des 
cas analyses. 
Les echos de type 2, relatifs au regime noc
turne avec presence d'inversion de rayonnement 
au voisinage du sol soit 29 % des cas analyses. 
Les echos de type 3, relatifs egalement au 
regime nocturne mais presentant par rapport 
au type 2 la dispari tion de L'. inversion de 
rayonnement au sol. L'influence de l'evolution 
saisonniere est tres nette. Cette categorie 
represente environ 10 % des cas etudies. 
Les echos de type 4. Ce type de sondage est 
relatif a la fois au regime diurne et au re
gime nocturne. Il montre des variations ondu
latoires a ondes multiples. Il concerne envi
ron 6 % des cas analyses. 
Les echos de type 5 couvrent a la fois le re
gime diurne et le regime nocturne et concer~ 
nent les passages de perturbations. Leur pour
centage represente environ 19 % des cas ana
lyses. 
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- Il n'a pas ete possible jusqu'a maintenant, 
de mettre en evidence la presence d'une inver
sion thermique entre 500 et 1000 m (la portee 
maximale du sodar est de 1000 metres). 
- L'etude des situations meteorologiques per
met de situer l'apparition des echos de type 4 
en presence de convergence prefrontale au ni
veau de l'Archipel des Petites Antilles jointe 
a une forte humidite dans les basses couches. 
< 80 a 100 %) • 
- Les echos sodar sernblent particulierement 
sensibles aux variations d'humidite. 

b) La deuxieme etape a consiste, grace 
au calculateur de-la Meteorologie precedemment 
cite, a tracer toutes les courbes, en fonction 
de l'altitude, relatives a l'energie statique 
de l'air humide (1) et celles de l'air sature 
(2) pour les differents types sodar rencontres. 
En effet, differentes etudes du G.A.R.P. et 
autres travaux (FAL'KOVICH A.I. (1977), 
ALBRECHT B.A. (1979))montrent que ce parametre 
caracterise bien l'evolution de la convection 
et est assez sensible en milieu tropical hu
mide pour permettre l'interpretation des pheno
menes par des considerations energetiques et 
l'elaboration de modeles representatifs. Rappe
lons son expression mathematique 
(1) Q = Cp T + gz + Lq 
( 2 ) Q'.' = Cp T + gz + Lq• 
Les courbes ont ete tracees d'apres les sonda
ges meteorologiques de ooH et 12 HTU pour les 
journees et les differents cas de la campagne 
d'enregistrement sodar. 

c) La troisieme etape de ce travail de 
recherche consiste-a-determiner a l'aide des 
courbes precedemment citees, l'epaisseur des 
couches de blocage, celle des couches en ins
tabilite convective ainsi que leurs niveaux. 
Ces dernieres jouent en effet un role deter
minant dans le declenchement des processus con
vectifs. Il convient egalement, de calculer 
l'energie que doit avoir une particule prise 
au niveau de la mer (temperature de l'eau re
levee a la Desirade a 7 H le matin, evolution 
+ 1°C dans la journee, avec une humidite mo
yenne de 80 %) pour vaincre la couche de blo
cage et arriver jusqu'a son niveau de convec~ 
tion libre ( NC L). L'utilisation des donnees 
sodar principalement celles relatives au type 1 
doivent permettre de determiner le debut de 
l'apparition des thermiques, leur intensite et 
eventuellement le moment ou une particule peut 
depasser son niveau de convection libre. Tout 
ceci devrait conduire a l'elaboration d'un 
modele simple d'evolution et de prevision quant 
a la repartition des nebulosites (altitude, 
etendue) avec tousles effets qui leur sont 
directement lies. 
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Photographie illustrant les sondages de type 4 

Conclusion 
11 semble que l'interet de ce travail 

de recherche reside a la fois, dans l'associa
tion d'un sondage acoustique avec un autre pro
cede de sondage classique, ainsi que par le 
fait qu'il s'appuie sur des donnees experi
mentales reelles dans un milieu ou il n'y a 
pas souvent de mesures faites, 
Cette etude en milieu tropical maritime humide 
devrait rendre possible l'elaboration de mo
deles theoriques plus elabores, Precisons a 
ce sujet, pour ceux qui souhaiteraient 
apporter leur aide dans l'elaboration de ces 
modeles, que le C.U.A.G. dispose d'un ordina
teur C 6-36 Honeywell Bull et d'une table 
tra9ante. 
Note apropos des formules (1) et (2) 
L =· chaleur latente de condensation 
q = humidite specifique de l'air non sature 
q• = humidite specifique de l'air sature 

588 

References bibliographiques 
1) ALBRECHT B.A. (1979) "A Model of the 
Thermodynamic structure of the Trade-Wind Boun
dary Layer : Part I. Theoretical Formulation 
and Sensivity Tests" 

Atmosph. Sciences vol. 36 n° 1 pp 73-89. 

2) ALBRECHT B.A. (1979) "A Model of the Ther
modynamic Structure of the Trade-Wind Boundary 
Layer : Part II. Applications. 

Atmosph. Sciences vol. 36 n° 1 pp 90-98 

3) ASPLIDEN C.I. (1976) "A Classification of 
the Structure of the Tropical Atmosphere and 
Related Energy Fluxes". 

Applied Meteorology vol. 15 pp 692-697 

4) BETTS A.K. (1974) "Thermodynamic Classifi
cation of Tropical Convective Soundings" 

Weather vol.102 pp .759-764. 

5) FAL'K0VICH (1977) "Thermodynamic Parameters 
and Convective Instability of the Tropical 
Atmosphere" 

Note of G.A.R.P. Meteorolgiya i Gidrologiya 
n° 9 pp 70-78. 



IV-2. 3 

AN INVESTIGATION OF A FRONTAL ZONE 
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Introduction 

Following successful attempts to study the 
fiue structure and dynamics of certain weather 
systems (Hardman et al, 1972 Browning et al, 
1973), the Meteorological Office began to 
develop an aircraft dropsonde capable of mea
suring ambient temperature, humidity, pressure 
and wind. The sondes were to be used to obtain 
a sequence of atmospheric soundings at a set of 
grid points in a chosen weather system, any
where within a large operational area over the. 
North Atlantic. This replaced the previous 
approach, which required a suitable system at an 
appropriate state of development to pass a 
specially manned and instrumented, land based 
field site. The design requirements were set by 
the desire to use the sonde with other air
bome instrumentation, whilst achieving an 
effective independence of special ground based 
facilities. 

Since that time the design,development and 
production of a suitable sonde has been achie
ved in parallel with that of necessary instru
mentation and a safe, effective sonde ejector 
for the Meteorological Research Flight Hercules 
aircraft. Evaluation trials of the complete 
system were conducted in 1978. The first pilot 
study of frontal structure took place over the 
North Atlantic in March 1979. Some of the 
results are reported below. Further investi
gations are planned. 

The dronsonde facility 

A sketch of the sonde is shown in figure 1. 
It is in the form of a cylinder of length 84cm 
and diameter 12.5cm. The total weight is 3.5kg. 
A spring loaded drogue is used to pull out the 
main guide-surface parasheet beneath which the 
sonde descends at a terminal velocity of about 
12 ms-1• 

The transducers for measuring temperature 
and humidity are located within a small duct 
at the downward facing end of the sonde. These 
are a fast response thermistor and carbon hyg
ristor respectively. The latter is of the type 
used on the VIZ*radiosonde. Laboratory and 
field trials suggest that temperature is 
measured to better than 0.5°c and humidity to 
.± 5% RH in the range 30 to 95% RH. 

The pressure transducer is a proprietary 
integrated circuit device, the National LX1602A. 
Trials in which the pressure altitude of the 
sonde has been derived from the surface press
ure, radar height and sonde observed air temp
erature have demonstrated that an operational 
accuracy of.± 1 to 2mb is possible, provided 
*VIZ Manufacturing Co., Philadelphia, USA 

589 

Both halves of 
casing comprue 

UHF Aerial 

Guard pin 

Porosheet --.. -

Figure 1. The Meteorological Office wind
finding dropsonde. 

that the transfer characteristics of each dev
ice are determined in the laboratory and a cal
ibration at aircraft cabin pressure is made 
shortly before use. 

The ability to measure the magnitude and 
direction of the wind from the horizontal move
ment of the sonde is an important requirement. 
Such information from a sequence of sondes 
allows inferrence of regions of vertical motion 
through the equation of continuity, for example. 
The expected scale and magnitude of such motion 
fields - a few cm per sec on scales of a few 
tens of kilometres in frontal studies - demands 
measurement of horizontal winds, averaged over 
600m or so,to .± 0.5 ms-1 or better. 

A guide surface parasheet was chosen as a 
result of comparative tests to establish wind 
following characteristics. Unlike some conven
tional parachutes this type possesses positive 
stability and is not prone to 'fly' relative to 
the air. Given that the sonde responds to and 
moves with the local wind, the problem is one 
of measuring the rate of change of its position. 
Conventionally such position finding has been 
achieved by radar or optical tracking. Unfort
unately these techniques require a very stable 
reference platform and are essentially short 
range ( ~ 100 km) methods. Such characteristics 
are not compatible with the desire to carry out 
self contained aircraft experiments over the 
North Atlantic. As a result sonde tracking 
through the re-transmission of the long range 
navigation aid, 'Loran r.' , w~s chosen after a 
careful assessment of its potential accuracy -
see Beukers (1968) and Ryder et al (1972) for 
example. Loran C consists of a set· of powerful 
transmitters which emit pulses of 100 kliz 
signal on a common and closely controlled time-



base. The difference in time of arrival of 
signals from two separate but coherent trans
mitters defines a locus or 'line of position'. 
In practice this is a vertical plane except 
close to either transmitter. Two such time 
differences obtained from signals from at least 
three transmitters create intersecting lines of 
position and hence effectively define a unique 
plan position, The advantage of this technique 
for sonde wind finding arises from the fact that 
positions can be established provided only that 
time or phase differences are preserved without 
distortion, In particular, any common and vary
ing signal path such as that between a moving 
aircraft and sonde is unimportant, 

The accuracy with which the wind vector can 
be defined by this method is a function of the 
relative position of the transmitters and sonde, 
and upon received signal strength and stability. 
Loran C is operated by the US Coastguard in co
operation with host nations and has been set up 
to provide an accurate navigation aid in vari
ous parts of the world, including the North 
Atlantic. The predicted wind finding accuracy 
for that region is shown in figure 2, ta.ken 
from Ryder et al (1972). These data are based 
upon ground based measurements of received sig
nal stability and lrnown transmitter locations. 
However the predictions have been confirmed in 
trials at test ranges in UK where sondes have 
been tracked by both radar and Loran C. 
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Figure 2. Predicted RMS 1 minute wind errors 
for daytime using the'indicated Loran C 
transmitters. 

The sonde Loran c· receiving aerial is for
med from a thin wire attached to a parasheet 
shroud line, The received signal is used to 
frequency modulate a UHF crystal controlled 
transmitter which feeds a dipole antenna formed 
from the two halves of the sonde - see figure 
1. The output signals from the pressure temp
erature and humidity transducers also modulate 
the same transmissions. 

Equipment on the Hercules aircraft is cap
able of Teceiving the~e t'Nl.nsmissions at any 
one of five crystal controlled frequencies in 
the 400 MHz band. Thus infonnation from up to 
five sondes can be received and processed sim
ultaneously, Individual sonde data in the form 
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of a time series of temperature, humidity and 
pressure measurements and Loran C time differ
ences are stored on magnetic tape for post 
flight analysis. The results of one such anal
ysis of data from one of the sondes released in 
the experiment described below, is shown in 
figure 3, 

Figure 3, Temperature/dew point profile and 
wind h01;iogra.ph measured by a sonde released at 
57°50 1N 15°21 1W, 1145 GMT on 29 March 1979, 

The aircraft is also equipped with an Ecko 
E290 3cm weather radar, The antenna, which has 
a beam width of 3°, is programmed to scan the 
180° sector ahead of the aircraft at one of a 
number of angles of tilt to the horizontal • 
This facility combined with the forward motion 
of the aircraft allows a three dimensional view 
of the precipitation echo to be constructed, 
The radar has range compensation and an experi
mentally determined threshold equivalent to a 
rainfall rate of about 0,25 to 0.5 mm hr-1 out 
to ranges of 40 km. The radar display is photo
graphed at regular intervals to allow detection 
of areas of rainfall exceeding this threshold. 

A pilot study of an Atlantic front 

The surface analysis for 1200 GMT 29 March 
1979 as produced by the Meteorological Office is 
shown in figure 4, Although rather a weak 
feature with little thennal contrast and produ
cing only light rain and drizzle., the occluded/ 
wann front S was chosen as the subject of a 
pilot study. The objectives were primarily tG 
test some operational procedures for locating 
and studying such fronts but a number of results 
were obtained which augur well for future inves
tigations. 

Measurements were made between 1100 and 
1300 GMT by sondes dropped along an East-West 
line centred at 57°50 1N, 17°w. Nin? sondes were 
released in two groups from an altitude of 7,3km 
in the vicinity of the front, Although wind 
data were obtained from only five of these and 
one parachute failed to ·deploy correctly so that 
temperature and humidity data are s~spect from 



Figure 4. Surface analysis for 1200 GMT 
29 March 1979. 

this sonde also, a number of E-W cross-sections 
of interest have been derived. 

Data are presented in a (p,x-st) frame of 
reference where pis pressure ands is .the com
ponent of the system velocity vector in the x 
direction; west to east in this case. Normally 
a sequence of sondes would be dropped both to 
test the validity of the system velocity con
cept (which assumes a non-developing system 
being advected at some constant velocity 1i!,) and 
where appropriate to define the vector. This 
was not done on the 29·March. However the syn
optic scale observations suggest that the fro~t 
was moving eastwards at between 10 and 15 ms
and the 700 mb westerly wind measured by all 
the sondes was close to 12.5 ms-1• Accordingly 
this value has been assumed to be the system 
velocity. Because the time between sonde 
ejections is short the resulting fields are not 
very sensitive to this assumption. The origin 
of the x co-ordinate is arbitrarily set to the 
west of the most upstream observations. 

Figure 5 shows the variation of relative 
humidity in this frame of reference. The major 
feature is the layer of saturated air in the 
lower half of the figure with a long sloping 
tongue of dry air overlaying it. Above the dry 
zone the air is moist again. The location of 
the radar echo above the threshold is superim
posed on the diagram. The same echo structure 
was observed throughout the area 20 lon to the 
north and south of the section but the extent 
to which the echoes represent bands of precipi
tations beyond that range is unknown. 

The field of wet bulb potential temperature, 
figure 6, exhibits the expected strong gradient 
in what is assumed to be the frontal zone exten
ding from the surface, at 150 lon, to 850 mb at 
300 lon, and weaker gradients elsewhere. Of 
special interest are the hatched regions denot
ing air which is potentially unstable. The two 
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Figure 5. East-West cross section of relative 
humidity and radar echo. 
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Figure 6, East-West cross section of wet bulb 
potential temperature. 

zones below 900 mb are saturated and represent 
regions where the measured lapse rate is at or 
greater than the moist adiabatic. Precipitation 
echoes are observed in the vicinity in poth 
cases. The band of potentially unstable air 
above the frontal surface mainly corresponds to 
the dry tongue of air identified in figure 5. 
It is conceivable that the implied instability 
there may have been realised subsequently foll
owing saturation by moistening/lifting. The 
potentially unstable air at 250 to 300 lon is 
partially within a saturated region and moist 
convective overturning in that area is again 
compatible with the observed precipitation echo 
and air motion field discussed below. The iden
tified zones exhibit an interesting mesoscale 
structure, if not periodicity, which is readily 
resolved by the pattern of sondes. In this con•~ 
text, it is particularly unfortunate that fu:l.'"-, 
ther data were not obtained between 50 and 
150 lon; the observations at 75 lon were made 
from an unretarded sonde. 

Figure 7 shows the u component of velocity 
relative to the system. Although perhaps dis
torted by the choice of system velocity, as 
expected air above the front is moving to the 
east and over-running that beneath the front. 
The v component (not shown) is broadly compat-
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:Jigure 7. East-West cross section of westerly 
component of wind relative to the sys1em, 
assumed to be moving at 270°/12.5 ms- · 

ible with the thermal wind equation producing 
an upper level jet parallel to the front. 
Because divergence perpendicular to the section 
is unknown, it is not possible to derive the 
vertical motion field rigorously from the hori
zontal field and the equation of continuity. 
However within a frontal zone it is reasonable 
to expect that locally ))...,/2),( > ))'1/~~ . 
Accordingly it is sensible to expect changes in 
vertical motion where I bu.fbxlis a maximum. In 
particular ascent is likely where ~u./~x is 
l.arge and negative, implying convergence and 
descent is probable where bu.Jox is large and 
positive. The field of ou.fox shown in figure 
8 is then compatible with ascent near 240 km, 
600 mb just below the cusp in the dry zone 
(figure 5) and descent at the same level at 200 
and 275 km, which correlates well with the two 
humidity minima. There is also a strong corr
elation with the precipitation echo at 250 km 
(figure 5) as well as the regions of potential 
instability at 250 km, 700 mb (figure 6) already 
referred to. The analogous region of implied 
descent at 230 km, 900 mb is closely related to 
the break in the radar echo. 
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Figure 8. East-West cross section of 0~/bx 

Discussion 

This first use of a new facility has high
lighted its potential for the study of the meso-
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scale structure and dynamics of the atmosphere. 
In particular the ability to define thermal 
and moisture fields together with the co
existing air motions, in two dimensions here and 
eventually in three, has been shown to provide 
a self consistent and mutually supportive data 
set. 

At the moment the results are rather 
limited in extent. Nevertheless in the example 
described above,a number of interesting features 
have been identified and a coherent if tentative 
picture of the airflow, cloud and precipitation 
has emerged. 
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EXTENDED ABSTRACT 

I. INTRODUCTION 

The kinematic structure of cold-front zones 
rarely has been observed on the cloud scale. 
Triple-Doppler radar measurements permit detail
ed resolution of this structure. The Sierra 
Cooperative Pilot Project, sponsored by the 
U.S. Bureau of Reclamation, conducted such ob
servations in cooperation with NCAR and the 
University of Wyoming. The case considered 
herein occurred on 5 February 1978 in the 
Central Valley of California, 100-150 km 
northeast of San Francisco and, kinematically, 
was the most intense event of the winter. The 
authors believe it to be a severe version of 
an important class of cold frontal events 
which have been reported by Browning and 
Harrold (1970), Browning and Pardoe (1973), 
and James and Browning (1979). Hobbs et al 
(1980) have also reported a similar event. 
This class of cold fronts is accompanied by a 
thin line of intense, two-dimensional convec
tion referred to by Browning et al as "line 
convection" and by Hobbs et al as "narrow cold 
frontal bands." The results of this case study 
identify a kinematic structure similar to that 
proposed by Newton (1963) for a squall line, 
Given that this event was accompanied by in
tense electrical activity as well as torrential 
rainfall rates the term "squall line" seems 
most appropriate despite the season and rela
tively shallow nature of convection compared 
to summertime events. 

There are two conditions which are common 
to at least some narrow cold frontal lines of 
precipitation. The pre-frontal atmosphere is 
nearly neutral with respect to a moist lifting 
process. In the Browning and Harrold (1970) 
case, as well as the case presented herein, a 
negligible amount of positive buoyancy is 
generated (over a very thin layer) when the 
pre-frontal boundary layer air is mechanically 
forced upward by the cold front. The second 
condition, which is of great importance, is 
the presence of a low-level jet, typically 
25-30 m/s, immediately ahead of the front. 
Strong wind shear and convergence across the 
narrow frontal zone creates the potential for 
severe hydrodynamic instability in the presence 
of what is essentially a hydrostatically stable 
environment. 

This particular case study resulted frbm 
the passage of a cold front which was directly 

* The National Center for Atmospheric Research 
is sponsored by the National Science Foundation. 
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associated with a strong short wave trough in 
advance of a long wave trough located west of 
California. Satellite imagery revealed that 
the cold front progressed northeastward at an 
average speed of 30 m/s across the Pacific Ocean. 
The convection was identified by satellite 
imagery approximately three hours prior to 
Doppler observations over Northern California. 
The squall line was approximately 500 km in 
length. Figure 1 shows the detailed radar re
flectivity structure along a representative 
section of the front as observed by Doppler 
radar. Peak radar reflectivity factor values 
were typically 50-60 dBZ (where dBZ is defined 
as 10 log Zand where Z is in units =6 /m 3

). 

The quasi two-dimensional structure is apparent 
along with the narrow (5 km) zone of high re
flectivity values. On a scale larger than shown 
in Figure 1 the reflectivity band was composed 
of several wave-like arcs, each approximately 
75 km long. 

II. KINEMATIC STRUCTURE 

Three Doppler radars scanned a 
major portion of the region in Figure 
1. Data were interpolated and filtered 
to Cartesian space, and horizontal 
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Fig. 1. Reflecti6ity factor, 30, 45, 55 dBZe 
from 1.5 PPI scan, NCAR CP-3 rad;u-. 
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Fig. 2. Total horizontal wind field at 
1.2 km level and radar reflectivity 
contours at 10 dB increments (40 dBZ, 
solid). Note sharp wind shear at 
leading edge of reflectivity line. 
Prefrontal flow below 0.7 km is 
essentially parallel to front as 
measured by single Doppler radar. 

Fig. 3. Same as Fig. 2 except storm 
motion removed. Storm advection from 
205° at 28 m/s. Note position of 
vortex in shear/convergence zone at 
leading edge of reflectivity line. 
All derivative motion field parameters 
average 10- 2 /s. 

Fig. 4. Expanded view of vortex which 
is the parent circulation of a small 
tornado. Note classical hook echo and 
weak echo inflow region. Reflectivity 
contours every 5 dB, 40 dBZ solid. 
Lowest level of triple Doppler data 

L-_-lL0 ______ ..1.5---,-(km_) _ __,_0 _____ ____.':"5 __, shown. Vertical component of vorticit! 
maximizes in center of vortex (4 x 10- /s). 

Fig. 2. Total wind. 
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air motions were calculated. Horizontal 
planes of data were shifted to compensate 
for storm advection which occurred during the 
radar scan time. Vertical air motion was ob
tained indirectly by means of mass continuity. 
An upper boundary condition of w = 0 at z = 6.3 
km was assumed. Downward integration of the 
anelastic mass continuity equation was the 
final step. The upper boundary condition is 
vulnerable to significant error; however, 
homogeneity of the reflectivity field aloft 
suggests that it is satisfactory for this case. 

Figure 2 shows the 1.2 km total horizontal 
wind field with contours of radar reflectivity 
factor superimposed (40 dBZ, solid). Note the 
sharp wind shift line at the leading edge of 
the band. Winds ahead of the front are south
southeasterly at 25-30 m/s. Single Doppler 
observations confirm a pre-frontal flow 
nearly parallel to the wind shear line below 
0.7 km. Triple Doppler data were not available 
so close to the lower boundary. Winds behind 
the front are southwesterly at 30-35 m/s. The 
transition zone between pre- and post-frontal 
flow is only a few hundred meters wide. This 
is due to the fact that hydrostatic stability 
is able to maintain both flow regimes up to 
the narrow zone of forced ascent along the 
surface cold front. 

An illustrative way to examine the hori
zontal air flow is to vectorially subtract 
storm motion and see air motion relative to 
the storm. Figure 3 shows the storm-relative 
horizontal air flow at 1.2 km with radar 
reflectivity factor superimposed as in Figure 
2. Figure 3 dramatically illustrates the 
strong cyclonic shear zone along the leading 
edge of the high reflectivity zone. Hori
zontal shear of the horizontal wind averages 
10-2 /s throughout the zone with peak values 
in excess of 3 x 10-2 /s. It is also obvious 
that breakdown of the shear zone has created 
a small vortex. The vortex has been directly 
associated with tornadic damage near Sacramento 

Metropolitan Airport (Carbone and Serafin, 
1980). Close examination of Figure 1 reveals 
a "hook echo" which is also coincident with 
the vortex. The average value of the vertical 
component of vorticity along the frontal shear 
zone is roughly 10- 2 /s with a maximum value of 
4 x 10-2 /s in the vortex circulation. Hori
zontal divergence values along the shear zone 
also average -1 x 10-2 /s with maxima in 
excess of 3 x 10- 2 /s at the leading edge of 
the high reflectivity zone. Figure 4 shows 
an expanded view of the vortex circulation 
at the lowest level of triple Doppler data. 
The reflectivity hook echo and shear-induced 
folding of the frontal zone are obvious features. 
Such vortex circulations are, in all likeli
hood, similar to the "corrugations" reported 
by Browning and Harrold (1970). In the 
dissipation stage the vortex region appears 
as a step discontinuity in the line with 
minimum wind shear in the mixed zone. 

Figure 5 shows a typical vertical cross
section oriented orthogonal to the squall line 
(WSW-ENE), where into the page is north
northwestward. The figure shows vertical air 
motion together with the storm-relative cold 
front-orthogonal component of horizontal air 
motion. Radar reflectivity factor contours 
are also shown at 10 dBZ intervals with the 
40 dBZ contour solid. Pre-frontal low-level 
inflow of 20 m/s is seen to be mechanically 
forced upward over the westerly momentum cold 
air below 2 km. Maximum updraft speed is 
typically 15-20 m/s at 2.1 km. Inertial 
ascent above 2.1 km continues for some of the 
updraft air to a level of 6 km or greater. 
The updraft is divergent above 2.1 km with 
maximum divergence typically between 3 and 4 km. 
Soundings indicate that updraft parcels should 
be slightly negatively buoyant above 2.1 km 
which agrees well with the deduced kinematic 
structure shown in Figure 5. Most of the air 
emanating from the updraft aloft diverges 
toward the rear of the squall line and rapidly 
subsides. A very small fraction of updraft 
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Typical squall line cross-section. Reflectivity contours at 10 dB increments, 40 dBZ 
Storm-relative horizontal wind and vertical air velocity. See text for explanation. 
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air diverges ahead of the band at an outflow 
rate of 1 m/s. Hydrometeors which exit the 
updraft via this forward branch of the outflow 
invariably re-enter the updraft at lower levels 
subsequent to sedimentation. The pre-frontal 
environment above 2 km is strongly subsident 
(~ 1 m/s) for a distance of at least 12 km 
ahead of the squall line, 

Post-frontal cellular convection is also 
evident in Figure 5. Vertical shear of the 
horizontal wind to the rear of the surface 
front (combined with shallow destabilization 
caused by melting hydrometeors) drives the 
post-frontal convection, Typical updraft values 
are 2-3 m/s; however, isolated cells sometimes 
exceed 5 m/s. The post-frontal convection is 
three-dimensional as opposed to the highly two
dimensional structure of the main pre-frontal 
updraft. Close correspondence between air 
motion vectors and reflectivity contours 
suggests transport of hydrometeors with rela
tively small terminal fallspeed (rather than 
growth of large particles) in the post-frontal 
convection. No hail was observed at the surface 
in connection with this storm. It is felt 
that the residence time of hydrqmeteors in the 
main updraft was much too small to permit hail 
production despite the fact that at least a 
few particles were recycled. Downdrafts,which 
averaged approximately 5 m/s,were cOilllllonly 
present in the heaviest precipitation and also 
along the rear flank. Local values occasionally 
exceeded 15 m/s. 

III. PRECIPITATION EFFICIENCY 

The squall line kinematic and radar reflec
tivity structure were observed to be in a quasi
steady state for a period of approximately one 
hour. For example, the line-averaged maximum 
updraft speed was 17 m/s ± 1.5 m/s during the 
entire period of triple Doppler observations. 
When a quasi-steady two-dimensional storm 
advects through a region, cumulative rainfall 
amounts are quite uniform. In this case, all 
eight rain gauges were within ± 35 ·percent of 
the 10,7 mm average cumulative rainfall amount. 
Peak rainfall rates were well in excess of 
100 mm/hr, 

One may calculate the total condensate pro
duction rate at each point in the.storm from 
the vertical air motion field. Provided that 
a quasi-steady state is maintained over the 
whole region, then condensate production may be 
interpreted as rainwater flux given by: 

Z2 
R = ( P ( z) dM w ( z) dz 

j z dz 
1 

where pis air density, Mis saturation mixing 
ratio, w is vertical air velocity (wherever 
w > o) and z is the vertical space dimension. 
Our preliminary calculation assumes a gradual 
transition from water saturation (at o0 c) to 
ice saturation (at -25°c) at the storm top. 
Cloud base was measured at 0,7 km (8°C). This 
calculation has been performed for all hori
zontal space and (R> has been computed where 
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(R.) is the ensemble average over the hori
zontal domain. Knowing the speed and direction 
of storm advection (28 m/s, 205°), it is 
straightforward to compute the total rainfall 
which would result from a 100 percent efficient 
storm. In this case<R> is 70 mm/hr. (equiva
lent rainfall/rate) and effective storm resi
dence time is 11.66 min. It follows that a 
100 percent efficient storm would have pro
duced 13.6 nnn precipitation as compared to 
the 10.7 mm measured. The calculations imply 
a 79 percent average efficiency over the entire 
frontal precipitation band. It is concluded 
that this squall line is highly efficient in 
spite of very short residence time in the main 
updraft. Hydrometeor recycling in post
frontal cells together with low potential 
for evaporative losses are likely to be the 
principle reasons for high efficiency. 

Topographical effects in the Central 
Valley of California are likely to have con
tributed to the severity of this case. These 
considerations will be discussed in detail in 
a formal publication. 
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ATMOSPHERIC POLLUTION BY PARTICULATE MATTER AND WEEKLY 

REGIME OF RAIN IN MADRID 

J. Catala, M.C. Martinez, M.T. Rico 

Catedra de Ffsica del Aire 

Madrid ESPAf!A 

ABSTRACT 

A comparative study between the 
evolution of the P.M. atmospheric pol
lution vs. the average daily measured 
precipitation for every day on the week 
within the last ten years, in Madrid 
city, shows a clear and strong corre
lation between both phenomena, with 
minimum values for both during the 
weekends. 

These results are corroborated by 
the same weekly pluviometric evolution 
along the 30's (1931-1940), where that 
minimun over the weekends does not 
appear, but the other round. 

INTRODUCTION 

As it is well known not all the 
aerosols or Particulate Matter (P.M.) 
suspended in the atmosphere are able 
to act as Condensation Nuclei (CN), 
because this phenomenon depends not 
only on the size and nature of the P.M. 
but also on the degree of supersatura
tion of the atmosphere. 

In order to became a real "cloud 
drop" the droplet fixed on the P.M. has 
to grow up over a critic radius which 
is related to the saturation ratio by 
the Kohler equation (Mason 1971) .Accord 
ing to this equation, for the differ- -
ent atmospheric conditions, the radii 
of the particles actini as condensation 
nuclei are between 10· and 1µ. (Stern 
et al. 1973). 

Those nuclei generate cloud drop
lets that after different microphysic
al processes reach enough size to be
came a rain drop, origin of the differ
ent kinds of precipitations. 

In those regions in which atmosphe 
ric pollution is high because there is 
a great number of P.M. there will be 
also many CN, and that bring us to sup
pose that there might be a possible ID£ 
dification of the pluviometric regime. 

In order to known this possible mo 
dification, in the case of Madrid, we-
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have compared the weekly pluviometric 
regime of the last ten years (1969-78) 
with that of the decade of "the thirt
ies" (1931-40) looking for the possi
ble influence of the growing up atmos
pheric pollution since 1970. 

As we have not sufficient measure
ments of CN, we have been obliged to 
use as a reference the P.M. data having 
into account that those data included 
particles with r? 0.5µ (Navarro 1975) 
and some of them are really what one 
calls CN. 

DATA 

The weekly pluviometric regime cor
responding to the years 1969-78 and 
1931-40 has been studied considering 
the daily values registered at the Re
tiro Observatory (Madrid). 

The P.M. concentrations have been 
obtained with an equipment "Dust Impac
tor" (Martinez 1976), and belong to ob
servations made during a five years 
period (1974-78) in the Campus of the 
University of Madrid. 

RESULTS 

The average rainfall for every day 
of the week during the last ten years 
(1969-78) on the area of Madrid has 
been computed, compared with the ave
rage rainfall in the same area for eve
ry day of the week during the decade 
(1931-40) when the pollution was prac
tically none.Those evolutions are ~iven 
respectively in figs.1 and 2. 

Fig.l(a) shows a clear maximun in 
the middle of the week and a minimun on 
Sundays. The average rainfall during 
the working days is 1.45 mm. and the 
average rainfall during the weekends is 
only 1.12 mm. which means a 30% less 
(fig.l(b)}. This situation is quite dif 
ferent to the one we can see in the fig. 
2 where the average rainfall during the 
working days (1.08 mm.) is a 15% small
er than the average (1.25 mm.) of the 
weekends rainfall (fig.2 (b)). 
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Fig.2. Average weekly variation of 
regime pluviometric (M-F: working days 
s-s: weekend). 

By spectral analysis (Catala and 
Martinez 1976), it has been proved that 
the atmospheric pollution by P.M. has a 
7 days periodicity. If we compare the 
weekly evolution of the P.M. concentra
tion (fig.3) with the pluviometric reg~ 
me obtained from fig.1 we may observe 
a great concordance, being both evolu
tions practically parallel, with a maxi 
mun in the middle of the week and a -
sharp minimun over the weekend, special 
ly on Sundays. These facts enhance the 
evidence of the change that the pluvio
metric regime has suffered from the 
years with no atmospheric pollution to 
those in which this pollution is high. 
The good agreement between the grafic 
of the rainfall and the one of the at
mospheric pollution by P.M. shows that 
those P.M. acted as additional CN. 
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These results are similar to those 
found by Detwiller (1970) for the city 
of Paris. This author found also simil
ar results in other four cities of the 
north of France where the values obtain 
ed for the rainfall during the weekend
are between 14 and 32% less to those of 
the rest of the week; he considered da
ta from the period 1960-67. 
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STRUCTURE A MOYENNE ECHELLE D'UN FRONT FROID IV-2.6 
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Etablissement d'Etudes et de Recherches Meteorologiques 

78470 Magny-les-Harneaux FRANCE 

1 - INTRODUCTION 

Aux echelles synoptique et subsynoptique, le 
front froid apparait cornme un phenornene bi
dirnensionnel. La plupart des etudes de petite 
echelle effectuees jusqu'a present se sont 
appuyees sur cette hypothese pour decrire 
la structure des systernes frontaux (voir par 
exernple Browning et Harrold, 1970). L'un des 
objectifs de la carnpagne Fronts 77 etait de 
parvenir a une description tridirnensionnelle 
a petite et rnoyenne echelle des fronts passant 
sur la region parisienne, afin de verifier la 
validite de l'hypothese de bidirnensionnalite. 

Trois laboratoires fran~ais participaient a 
la carnpagne, l'Etablissernent d'Etudes et de 
Recherches Meteorologiques de la Meteorologie 
Nationale (EERM), le Centre de Recherches sur 
la Physique de l'Environnernent (CRPE) et l'Ins
ti tut et Observatoire de Physique du Glo:be du 
Puy de Dorne (IOPG). 

L'experience qui s'est deroulee pendant ·1 1 au
tornne 1977 et le printernps 1978 mettait en 
oeuvre en particulier, trois stations de radio
sondage dont deux equipees de radar-vent et 
disposees en triangle(Magny-les-Harneaux, 
Orleans, Rouen), un systerne de deux radars Dop
pler (Ronsard) et un avion instrurnente Aero
cornmander. 

Nous presentons ici les principaux resultats 
d'une etude du front froid qui est passe sur 
la region parisienne le 3 Novembre 1977 
(Chalon et al. 1980). L'analyse detaillee de 
cette situation montre que si la structure de 
ce front peut etre presentee cornme bi-dimen
sionnelle a l'echelle subsynoptique, cette in
terpretation n'est pas applicable a petite 
echelle. 

\~ 
~"o 

1000 

Flgu.Jte. 1. Sdua.:Uon me.-te.oflo.tog,i,qu.e_ e.n .6u.Jt6ac.e_ 
le. 3 Nove.mbfle. 7977 a 00 TU. 
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2 - SITUATION SYNOPTIQUE 

La situation en altitude le 3 Novembre a OD.TU 
est caracterisee par une vaste zone depression
naire entre l'Islande et le Groenland. Cette 
zone qui se deplace vers l'Est est associee a 
un thalweg therrnique oriente Nord-Sud dont 
l'axe passe au-dessus de la Bretagne. La Figure 
1 rnontre la situation au sol a 00.00 TU. Elle 
met en evidence un systeme frontal associe a 
une depression secondaire qui est centree sur 
la mer du Nord. Le front chaud est passe sur 
Paris le 2 a 7.00 TU. Le front froid visible 
sur la Manche se deplace a 50 km/h vers le SSE. 
Sa progression sera ralentie a 15 km/h a son 
arrivee sur les terres et il atteindra Magny
les-Harneaux vers 15.00 TU. Dans le secteur 
chaud, l'air a un caractere cinematique de me
lange. A l'arriere du front, l'air froid a un 
caractere convectif et donne lieu a de norn
breuses averses. 

La limite entre les deux masses d'air est sen
siblement parallele au flux, ce qui arnene le 
front a onduler. 11 s'attenuera progressivernent 
dans la journee du 4, et ne produira plus que 
des averses eparses en arrivant sur la Provence. 

3 - ANALYSE SUB-SYNOPTIQUE 

Une serie de radiosondages (PTU) et de rnesures 
de vent en altitude a ete effectuee a partir 
de Magny-les-Harneaux et d'Orleans entre le 
2 Novembre a 9.00 TU et le 4 Novembre a 10.00 
TU. Au voisinage du front, les radio-sondages 
etaient espaces de 2 heures. Les profils de 
temperature pseudo-adiabatique potentielle du 
therrnornetre mouille (e'w - Figure 2) mettent 
en evidence une surface frontale correspondant 
sensiblernent a l'iso - 8Wl4°C et la presence en 
altitude de plusieurs gouttes froides de dimen
sions var1ees, notees Cl a CS. Les precipita
tions les plus importantes se trouvent le long 
d'une bande de convection prefrontale associee 
a de l'instabilite en altitude et au niveau 
d'une bande de convection ancree sur la trace 
du front au sol. On observe des averses dans 
le secteur froid. 

L'analyse des vents paralleles au front montre 
la presence de vents legerernent plus forts a 
850 mb a l'avant du front (jet de basses cou
ches) et de deux jets a 300 mb. Cette reparti
tion des vents est sirnilaire a celle decrite 
par Browning et Pardoe (1973 - Situation du 
6 Fevrier 1969). Ces auteurs ont montre que ce 
genre de structure est associe a une circula
tion helicoidale de l'air a l'avant du front. 
Le maximum de vitesse correspondant au jet de 
basses couches augrnente la convergence au ni
veau de la surface frontale par effet de frot
tement au sol. A cause de la convection, la 
pente du front est pratiquernent verticale dans 
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les 3000 premiers metres. Au-dessus de 4500 m, 
l'air chaud subit une ascension plus lente, 
au-dessus de l'air froid, suivant une pente 
plus douce (environ 1%). 

La convection frontale prenant naissance au ni
veau du sol est attenuee a 650 mb. Ceci peut 
etre attribue a un melange de l'air convectif 
avec de l'air sec subsident (e'w = 10°C) pro
venant de la masse d'air froid. Une partie de 
cet air froid semble parvenir a deferler au
dessus de l'air chaud pour se retrouver a 
l'avant du front sous forme de gouttes froides 
en altitude. La presence de ces gouttes froides 
(en e' ) au-dessus d'air plus chaud cree des 
zones ~'instabilite potentielle. Cette situa
tion ressemble a celle decrite par Kreitzberg 
et Brown (1970) pour une occlusion. La goutte 
froide C 3 correspond a une ligne de convection 
prefrontale. Une partie de l'air associe a cet
te goutte a ete humidifie par melange avec 
l'ascendance frontale et contient probablement 
des cristaux de glace (presence d'altocumulus). 
La presence de la goutte C 3 clans l'air chaud 
cree une instabilite potentielle et le declen
chement de la convection peut etre attribue a 
la fonte des cristaux au passage de l'isotherme 
0°C. L'examen des humidites (non representees 
ici) et des vitesses verticales ascendantes 
estimees a partir des donnees de radar vent en 
integrant l'equation de continuite avec une hy
pothese de bi-dimensionnalite (Figure 2) con
firme cette description. 

4 - DONNEES RADAR 

Les donnees radar obtenues avec le systeme 
RONSARD mis en oeuvre par le CRPE et analysees 
a l'EERM ont permis de preciser la structure 
a petite echelle du front. Le systeme RONSARD, 
compose de deux radars DOPPLER identique~ 
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fonctionnant en bande C, a ete decrit par 
Waldteufel et al. (1975). Les radars etaient 
installes a Magny-les-Hameaux et Ablis (voir 
Figure 3) et espaces de 29 km. 

La Figure 3 montre la position des echos clans 
un rayon de JOO km autour d'Ablis a 14.31 TU. 
Ces echos peuvent etre classes en fonction de 
leur position par rapport a la surface frontale 
(Hobbs et al., 1978). On constate que les preci
pitations associees a la trace du front au sol 
sont organisees en cellules et sont assez dis
persees. Leur deplacement suit sensiblement 
l'axe du front (60° par rapport au Nord) a une 
vitesse de 28 m/s. Une telle cellule est passee 
quelques kilometres au Nord de Magny-les-Hameaux 
un peu avant 15 heures et les precipitations 
enregistrees au passage du front y ont ete re
lativement importantes. Ces precipitations pre
cedaient tres legerement le passage du front au 
sol qui a ete marque de fa~on nette par des va
riations peu elevees mais rapides de temperature 
(-I.S°C), temperature du point de rosee (-I.S°C) 
pression (+0.5 mb), direction (+40 degres) et 
vitesse du vent (-4 m/s). 

Les precipitations les plus etendues sont si
tuees a l'avant du front et peuvent etre attri
buees aux phenomenes de convection prefrontale 
mentionnes plus haut. Elles se deplacent a peu 
pres a la meme vitesse que les cellules fronta
les mais en suivant un axe de 75° par rapport 
au Nord, ce qui leur donne une composante per
pendiculaire au front, dont elles s'eloignent 
de 7 a 8 m/s. 

L'analyse des donnees du systeme RONSARD a 
permis d'obtenir une description tri-dimension
nelle des champs de.vent clans ces precipitations. 
La methode de restitution des vents a ete de
crite par GILET et al. (1979). 



Le principe consiste a reechantillonner les 
donnees de vitesse radiale pour chaque radar 
dans un domaine decrit en coordonnees carte
siennes, a evaluer en chaque point de grille 
la composante du vent dans le plan defini par 
ce point et les deux radars, puis a integrer 
!'equation de continuite anelastique pour 
obtenir les vitesses verticales, en tenant 
compte de la contribution des vitesses de chute 
des particules. La Figure 4 montre une coupe 
verticale obtenue perpendiculairement a la sur
face frontale. La convection prefrontale situee 
35 km a l'avant du front est tres developpee. 
La cellule observee culmine a plus de 6000 me
tres avec des vitesses verticales ascendantes 
superieures a 5 ms- I • 

Aux environs de !'altitude 3 km, l'air situe 
au-dessus du front suit une trajectoire qui 
l'eloigne du front au-dessus de la masse d'air 
chaud. C'est probablement l'arrivee de cet air 
potentiellement instable et subsident sur 
l'isotherme 0°C qui declenche la convection par 
absorption de chaleur latente accompagnant la 
fonte des cristaux de glace. 

z{ km) 

F ,i,qWte. 4. Re.p11.e.1.,e,n;ta;tfo n dv., vde1,1., v., Vo ppleJt 
danJ.i un plan v e.11.-Uc.al peJtpe.nd,i,c.u -
la,{_/te. au 011.on;t a 15. 29 TU. LeJ.i e.c.he.l
lv., d e/2 v d e1, 1., e/2 ho /(_j_z o n;tal e1, e.t 
ve.11.-Uc.ale.1., 1.,on;t 11.e.p11.e.1.,e,n;te,e.1., le. long 
dv., axv., c.oMe/2 po ndan;U . 

La Figure 5 represente les perturbations du 
champ de vent horizontal a 250 metres dans le 
front. Les lignes de courant deduites de ce 
resultat sont presentees sur la Figure 6. Elles 
mettent en evidence une ligne de cisaillement 
de vent correspondant au front (FF') et une 
ligne de cisaillement CC' le long de laquelle 
la convergence est maximale ; ces deux lignes 
se rejoignent en T qui correspond a une region 
de fort tourbillon cyclonique. Dans la region 
NE, derriere le front, on remarque une region 
de divergence correspondant a un tourbillon 
anticyclonique. La Figure 6 montre egalement 
la repartition de la vitesse verticale ascen
dante obtenue avec le systeme DOPPLER. Bien 
que le front soit bien marque par un cisaille
ment de vent, les vitesses verticales le long 
de FF' sont faibles. Les maxima de vitesse 
ascendante sont situes le long de CC' qui 
correspond par ailleurs a une zone de reflec-
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tivite maximum. Des coupes verticales ont ete 
effectuees au niveau des noyaux de plus forte 
ascendance. 

La Figure 7 represente une telle coupe effec
tuee dans la region d'ascendance maximale qui 
est associee au tourbillon T. Sous le vent de 
la zone d'ascendance, on remarque deux zones 
de subsidence. Celle qui est proche de l'as
cendance est la plus active et correspond aux 
reflectivites maximales qui sont associees a 
la cellule. L'autre region de subsidence, plus 
etendue horizontalement correspond a de plus 
faibles reflectivites. 

5 - SYNTHESE ET CONCLUSION 

L'analyse comparee des donnees aerologiques et 
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des donnees radar permet d'aboutir a un schema 
possible de la circulation de l'air a moyenne 
echelle dans la zone active du front. Le front 
presentait aux echelles synoptiques et subsy
noptique une structure assez homogene et se 
depla~ait suivant une translation reguliere. 
Cependant, la circulation de l'air parait plus 
complexe que celle qui est decrite dans les 
schemas maintenant classiques de Browning 
et Pardoe (1973). 

A moyenne echelle, son mouvement semble plutot 
prov~nir de la combinaison d'une translation 
lente et reguliere et d'une propagation dis
crete associee aux cellules de precipitation. 
Les zones de convergence et de tourbillon 
observees par les radars correspondent a des 
ascendances bien localisees et de dimensions 
limitees. Les ascendances provoquent des pre
cipitations qui entrainent de l'air froid dans 
leur chute (air provenant de la masse d'air 
froid aux environs de 3000 metres). Cet air, 
plus rapide que la progression de la cellule, 
tombe a l'avant de celle-ci et s'etale en ar
rivant sur le sol (creation de zones de di
vergence horizontale et de tourbillon anticy
clonique). Ayant une composante horizontale 
plus rapide que l'air chaud, il permet alors la 
formation de nouvelles regions de convergence 
sous le vent des precipitations et contribue 
a plus long terme a l'isolement des ascendances 
qui lui avaient donne naissance et a leur des
truction. De nouvelles ascendances peuvent 
prendre naissance plus loin dans les nouvelles 
regions de convergence. Dans notre cas, ces 
descentes d'air froid semblent etre l'element 
moteur de l'entretien du contraste thermique et 
de la progression de la surface frontale. 

Au-dessus de 3000 metres, l'ascendance humidi
fie une partie de l'air froid (C 3 sur la Fi
gure 2) qui passe au-dessus de l'air chaud. On 
est en presence d'une instabilite convective 
potentielle. Cette instabilite qui se traduit 
a l'avant du front par une zone de convection 
est probablement declenchee par la fonte des 
cristaux de glace a l'isotherme 0°C qui se 
trouve a une altitude de 2800 metres. Cette 
convection s'etend alors aux niveaux inferieurs 
ou se situe la source principale d'humidite. 
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MESOSCALE FLOW, SMALL SCALE MOTIONS, AND MICROPHYSICS OF PRECIPITATIONS 
WITHIN A WARM FRONT : A DUAL-DOPPLER RADAR OBSERVATION 

M. CHONG, P. AMAYENC, D. HAUSER, G. SCIALOM, J. TESTUD 

Centre de Recherches en Physique de l'Environnement, Issy-les-Moulineaux, FRANCE 

l - INTRODUCTION 

During the night of November, 2 1977 the 
dual Doppler Radars of the "Ronsard" system in
volved in an experiment in association with a 
meteorological network, observed a wide-spread 
precipitation area, ahead of a surface warm 
front. The present paper deals with a descrip
tion of the mesoscale motion, thermal structure 
and of the small scale motions deduced from the 
observations. Both classical VAD (Browning and 
Wexler, 1968) and COPLAN (Lhermitte, 1970) scan
nings were used in order to infer the air mo
tions. Also vertical incidence soundings were 
operated in order to obtain results about the 
hydrometeor size distributions and vertical mo
tions. 

2 - METEOROLOGICAL SITUATION 

The warm front (associated with a low pres
sure zone centered over the Irish Sea at OUT) 
was oriented approximately N-S and was travel
ling eastward over France at a speed of 
45 km h-l (fig. l). The two Doppler radars were 
located at Magny-les-Hameaux and Ablis (see 
fig. !). The surface warm front passed over the 
radar sites at about 7.30 UT. The nearest soun
dings at Orleans (fig. 2), 70 km South of Ablis, 
indicate that the frontal zone is located in 
the layers 1.8 - 4.4 km at l UT and .2 - 2.6 km 
at 4.50 UT. 

At 1 UT the atmosphere was conditionally 
unstable between 1.4 and 2 km and stable in the 
frontal zone and above. The equivalent poten
tial temperature jump, deduced from temperature 
profiles in Fig. 2, is about 7°K. 

3 - DATA ACQUISITION AND PROCESSING 

Doppler radar data were collected during 6 
consecutive hours between l and 7 UT, by opera
ting various classical scannings : COPLAN, VAD 
and vertical incidence soundings. They provide 
a description of the frontal system at various 
scales. Three methods were used for processing 
the velocity data obtained by each scann.ing 
type : 

- For the coplanar scanning, a method based 
upon a technique of least square fit under cons
traints (Chong et al., 1980) is used. It allows 
to interpolate the radial velocities in carte
sian grid points l km spaced and to filter the 
turbulent motions with scales less than the grid 
mesh. When integrating the continuity equation, 
this method also takes into account the speed 
of advection of the convective structure. Fi
nally it provides a three-dimensional wind field 
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in cartesian grid points. 

- For the conical scanning (VAD), an analy
sis similar to that of Browning and Wexler 
(1968) is used (Testud et al., 1980), assuming 
that the horizontal wind field, in stratiform 
precipitation, can be represented at scales of 
a few tens of km by its first order expansion. 
This method based upon a least square fit, al
lows to define the mean horizontal wind and di
vergence height profiles. Then, using the air 
mass continuity equation, the vertical velocity 
profile can be calculated. 

- From the doppler spectra obtained at ver
tical incidence, it was possible to deduced the 
hydrometeor size distributions n(D) and the ver
tical air velocity w by means of a new method 
(Hauser and Amayenc, 1980). This method allows 
to determine simultaneously the three parameters 
w, N0 , A where N0 and A are the two classical 
parameters of an exponential shaped size distri
bution n(D) = N0 exp(-AD). 

4 - MESOSCALE CIRCULATION AND THER.J.'1AL STRUCTURE 

During the period l to 7 UT, 11 of the avai
lable radar volume sequences were analysed : 
8 VAD sequences and 2 COPLAN sequences. Radar 
echoes were observed up to 6 km before 3.30 UT. 
After 5 UT only those between O and 2 km were 
available for the analysis. 

4-1 The mean horizontal wind fields deduced from 
the.VA1:_and_COPLAN_scanningsi_and_their_charac
ter1.st1.cs 

In Fig. 3 (a) and (b), we have represented 
the two components U and V of the mean horizon
tal wind along X and Y axis pointing respecti
vely to 108° and 18° East of North (directions 
respectively perpendicular and parallel to the 
surface warm front, near the radar sites). Two 
profiles are obtained from the VAD analysis 
(Magny site) at 3.16 and 3.41 UT. The mean hori
zontal wind profile deduced from the COPLAN ana
lysis at 2.20 UT (corresponding to 2.50 UT when 
referring to Magny and taking into account the 
advection), is assumed to be represented by its 
first order expansion. From the analysis of 
Fig. 3, the following comments can be made : 

i) we notice a good agreement between the 
profiles, which confirms the consistency of each 
method for processing Doppler radar data 

ii) the flow parallel to the surface warm 
front is characterized by an intense shear 



separatinf a low layer with large velocity (22 
to 24 ms-) from an upper layer with weak velo
city (2 to 4 ms- 1). In addition, the shearing 
zone is displaced downwards as time increases, 
with a speed of 360 mh- 1. 

iii) with respect to the speed of the front 
(Uo = 12.5 ms- 1) the cross front velocity pro
files exhibit a flow which is directed in oppo
site to the front motion, below I .5 km. Above 
3 km the flow appears homogeneous in altitude 
with a large velocity (18 to 22 ms- 1). 

4-2 Thermal_structure_and mesoscale_circulation 

In order to describe the characteristics of 
the thermal structure and of the mesoscale cir
culation within the warm front, we use the ana
lysis developed in Testud et al. (1980). For 
that matter, we assume that the flow within the 
front is two-dimensional (depending only on X 
and h) and quasi-stationary with respect to a 
reference frame moving along X axis at the front 
speed Uo. Thus, the height-time representation 
of the components U, V, W, and of the horizon
tal divergence (fig. 4) is equivalent to that 
of vertical cross section perpendicular to the 
front (the origin along X axis corresponds to 
7. 30 UT). 

From the equation of the thermal wind, it 
can be shown (Testud et al. 1980) that the jump 
in long front velocity 6V is expressed as a 
function of the jump in potential temperature 
60' accross the front : 

6V = gs60'/f0 
0 

(I) 

wheres is the slope of the shearing zone 
(s ~ .8 % in our case), 00 is the large scale 
mean of potential temperature (0 0 = 283°K). So
me results corresponding to the height profiles 
shown in Fig. 3 are summarized in the following 
table. 

Time (UT) 
-1 

6V (ms ) 60 1 ( OK) 

2.20 20 7.2 

3. I 6 21 7.6 

3.46 20 7.2 

The obtained values of 60' are in perfect agree
ment with the value 7°K deduced from rawinsond 
data. 
Going now in more details on the analysis and 
using again the hypothesis that the wind field 
is time and Y independent, the equations of mo
tion in the Xoh plane can be written (Testud et 
al., I 980) 

U.1.,~.1U + a4>/ax - fV 0 (2) 

u.1.,v_1_v + fU = 0 (3) 

where - { u UJ_ = W 'JJ. 
= { a/ ax 

a/ah 

with the function <j, = Cp 0
0

(p/p
0

)R/Cp + gh
0

• 

Let us consider equation (3). It states that 
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the isocontours of the long front velocity V 
allow to determine the cross front circulation 
which are indicated by dark arrows on Fig. 4a. 
Then the cross front circulation corresponds to 
vertical ascents in the frontal zone. Below this 
zone it is characterized by a descent of cold 
air ahead of the front. 

Above the frontal zone (in the warm sector 
for X > 180 km and h > 3 km) no information on 
U_L is gained from equation (3) since \~.1.V\ is 
negligible. Then, let us consider equation (2) 
in that region. The term fV < 0.5 10-3 ms-2 is 
negligible when compared to the UJ.,V'tU term 
which is of the order of 2 and 3 10- ms-2 . 
Moreover, since the air is homogeneous above 
3 km with ae' /ax~ 0,1°K km-I (a value deduced 
from rawinsond data), the term aq,/ ax can be con
sidered as uniform horizontally and of the same 
order of magnitude as fV. Neglecting aq,/ax in 
the same time as fV, equation (2) can be appro
ximately rewritten as : 

U_1 'J..L U ~ 0 ( 4) 

which indicates that UJ. is parallel to the U 
isocontours (fig. 4b), and implies the existen
ce of a roll centered near X = 270 km and 
h = 6 km. 

Figs. 4(c) and 4(d) represent respectively 
the corresponding cross sections of the vertical 
velocity Wand of the horizontal divergence. We 
observe two cores of convergence, one in the 
shearing zone and the other in the warm sector. 
This is in agreement with the results inferred 
independently by considering the balance of the 
various terms of the equations of motion as done 
previously. 

The structure of the obtained mesoscale 
wind field is very similar to that observed by 
Browning and Harrold (1969), using a Doppler 
radar in a warm front at middle latitude. 

5 - SMALL SCALE MOTIONS 

This section deals with the fluctuations of 
the horizontal wind field which are characteri
zed by the residual signals oUi and oVi obtained 
after removing the mean horizontal wind field 
(Ui, Vi) at each grid point i. On fig. 5 are 
shown the height profiles of the velocity stan
dard-deviation Ou and Ov obtained from the co
planar sequence at 2,20 UT. 

The non-negligible values of Ou and ov in 
the shearing zone (between 1,5 and 3 km) show 
the existence of small scale motions. A preli
minary analysis of the perturbation wind field 
indicates a tendancy to present organized pat
terns with a typical horizontal scale of the 
order of 10 km. However, a detailed study pre
sently under progress, is necessary in order to 
confirm this picture. Moreover, in the shearing 
zone, it is possible to calculate the Richardson 
number Ri of the flow at 2.20 UT, expressed as 

I - 2 
Ri = (g/eE) (aeE/ah) / auH/ah (5) 

where eE is the equivalent potential temperature 
and UH is the horizontal wind. 
By using for this evaluation the rawinsond data 



at 3.00 UT, in the shearing zone which is sta
tically stable, it is found Ri = 0.3, a value 
very close to the theoretical critical value of 
0.25. This indicates that the small scale mo
tions could result from conditions close to dy
namical instability. 

6 - VERTICAL INCIDENCE SOUNDINGS 

The vertical velocity structures deduced 
from vertical incidence soundings at I .20, 1 .30 
and I .51 UT (see Hauser and Amayenc, 1980, for 
details) are in agreement with those observed 
by conical scannings with a maximum_ updraft 
around 5 km. The order of magnitude of the de
duced vertical air motions (within! I ms- 1) is 
quantitatively coherent with the existence of 
the previously mentioned small scale motion. 
The analysis of the deduced hydrometeor size 
distributions led to identify three regions 
versus height : 

i) a region of formation and important 
growth of ice particles above 5 km altitude 
(i.e. above the -10°C isotherm level). 

ii) a region of relatively slower growth of 
ice crystals between 2 and 5 km altitude. 

iii) a lower region (0.8 - 2 km) characte
rized by a pronounced bright band revealing the 
melting of ice crystals to form raindrops under 
the 0°C isotherm level. 

7 - CONCLUSION 

In this paper, we have examined the meso
scale circulation within a warm front, as infer
red from Doppler Radar data. It is characteri
zed by an intense shear flow in the warm fron
tal zone with a lower parallel flow and an upper 
cross flow. The behaviour of the streamlines in 
a cross section as deduced from the isocontours 
of U and V are coherent with the vertical velo
city field. 

The shearing zone corresponding to the fron
tal zone is close to dynamical instability con
ditions (Ri = 0.3) which can probably be rela
ted with the observed local increase in the 
small scale motions amplitude. However a more 
detailed study is necessary in order to charac
terize the space structure of the small scale 
motions. 

In addition, we have summarized some results 
inferred from vertical incidence soundings. The 
detailed description can be found elsewhere 
(Hauser and Amayenc, 1980). 
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Fig. 1 : Traces of the front observed at ground 
at different times on November, 2 1977 
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Fig. 2 : Temperature (--) and wet-bulb tempe
rature (---) profiles from OY'leans soundings at 
different times. Light continuous and dotted 
lines respectively represent isotherms and 
pseudo-adiabatics. 
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Fig. 3 : Cross front velocity (U) and long front 
velocity (V) profiles deduced from Doppler 
Radar data. 
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(av) at 2. 20 UT. 
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IV-2.8 
AIRFLOW SIMULATIONS OVER ELK MOUNTAIN 
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1. Introduction 

In recent years, considerable progress has 
been made in the numerical simulation of both 
the dynamics and microphysics of precipitating 
cloud systems. The literature is of course 
filled with examples of such simulations [e.g. 
Whiz (1980)], However, most of the interest
ing precipitating systems that have been the 
subject of these simulations, such as convec
tive clouds, are rather complex dynamically 
and strongly influenced by small-scale proces
ses. A proper initialization would require 
complete data of temperature and winds on 
spatial scales ~l km. Currently there is no 
way to precisely know the initial state of 
these systems and therefore it is impossible 
to make exact comparisons between subsequent 
evolution of the simulation and the real sys
tem, The best that can be hoped for is a 
reasonable comparison between various statis
tical parameters and a similarity between 
certain large-scale features. 

Ultimately we would like to use the numer
ical simulation models to assess various pro
posed precipitation modification methods. 
However, before we can be certain of the abil
ity of the numerical models to assess a modi
fication process, we must be certain of its 
ability to simulate the details of both the 
dynamics and microphysics of the unmodified 
cloud. This of course is accomplished by 
comparing details of the simulation with 
detailed observations. 

To do this it is necessary to at least 
start with a very simple precipitating sys
tem, one in which turbulent processes play 
only a very minor role and where the forcing 
is steady state and clearly defined. An 
example of such a system is the stable steady 
state winter orographic cap cloud. In such 
a system there is little turbulence, the 
forcing is clearly defined (the topography) 
and diabatic processes (such as solar heating 
of the ground) are negligible. Furthermore, 
since precipitation is light, the feedback 
from the cloud microphysics is minimal. It 
is the purpose of the research, described in 
part here, to use up-to-date numerical and 
physical parameterization methods to simulate 
first the flow field over a mountain during 
a period when a stable cap cloud formed and 
then use this flow field in a microP-hysical 
model t-o simulate the microphysical processes 
going on inside the cloud, Only preliminary 
results from the simulation of the flow field 

will be discussed here. This.will include a 
comparison of the generated flow fields with 
aircraft observations. Some discussion of the 
sensitivity of the flow over the peak to sur
rounding topography and the location of the 
upstream boundary will also be presented. 

2. The Model 

The dynamical model used in these simula
tions is discussed in detail by Clark (1977). 
It is nonhydrostatic, uses the anelastic ap
proximation to eliminate sound waves, and 
employs a terrain-following vertical coordinate 
system to treat the lower boundary condition. 
In all simulations described here, horizontal 
resolution was 1 km while vertical resolution 
was 1/2 km. Initial conditions consisted of a 
sounding, assumed to apply initially everywhere 
in the 'integration domain, and specified in the 
lower levels (up to 3 km MSL) by an aircraft 
sounding taken about 10 km upstream from the 
mountain and above 3 km MSL by a rawinsonde 
sounding taken about 100 km upstream. The 
model was then integrated in time until the 
flow over the mountain became slowly varying. 
For all runs this took about 1 hr real time. 

3. The Case Studies 

Two cases of flow over Elk Mountain, 
Wyoming were studied. In the first case, 
shown in Fig. 1, no cap cloud formed over the 
mountain since the air at all levels was very 
dry. Aircraft data of the wind field in the 
vicinity of Elk Mountain, however, were taken 
by the University of Wyoming (Karacostas, 1978) 
allowing at least some verification of the 
simulation. A cap cloud did form in the sec
ond case (not shown), but only microphysical 
data within the cloud were taken - no wind 
data - and therefore no direct verification 
of the model-generated flow field is possible. 
Only the first case will be described here. 

Figure 2 shows the topography in the vicin
ity of Elk Mountain which is located at the 
center of the diagram. The topography was 
generated from terrain data tapes obtained 
from the National Cartographic Information 
Center. On the original tapes terrain data 
were available at 200 foot intervals. The 
data were then interpolated to the grid 
points used in the model followed by a very 
weak smoothing. 

4. Comparison with Real Data 

Figure 3 shows streamline and isotachs 

*The National Center for Atmospheric Research is sponsored by the National Science Foundation. 
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produced by the model at 2550 m and 3310 m 
above sea level. These are compared with 
similar fields subjectively prepared from 
the aircraft data (Karacostas, 1978). For 
reference, the aircraft tracks relative to 
the mountain are indicated. 

The main features found by the aircraft 
are present in the numerical simulation. 
These include the area of decreased velocity 
downstream from the mountain, and higher 
velocities both north or southeast of the 
mountain at the two levels. Generally the 
streamlines produced by the model agree well 
with those determined by the aircraft. The 
main discrepancies between the simulations 
and the observations are in the magnitude of 
the maximum and minimum velocities. The 
model produced winds that were about 4 m/sec 
slower in the maximum northeast of the 
mountain at the 2550 m level. Similar error 
was found at 3310 m. At 2550 m, the aircraft 
found easterly winds just east of the mountain 
while the model produced westerly winds with 
a minimum velocity of only 8 m/sec. Thus 
the model appears to be able to reproduce the 
main features of the flow field although 
significant quantitative errors are present. 

These errors appear to be due in part to 
specification of the upstream sounding. The 
aircraft sounding showed considerable verti
cal structure in the upstream wind field 
which could not be resolved by the model. 
This structure was removed by subjective 
smoothing. Some of this detail may have been 
due to transients in the upstream flow but 
regardless of its origin, it must necessarily 
lead to some discrepancy between the model and 
the aircraft data. By modifying the upstream 
sounding we were able to produce significant 
changes in the generated flow fields and the 
one shown is our best simulation. 

Figure 4 shows the vertical velocity 
field at 3310 min three different runs. In 
Fig. 4a and 4b, the real topography surround
ing Elk Mountain was used but in 4a the 
western boundary (the upstream boundary for 
the low level flow) was 40 km from the mountain 
while in 4b it was only 20 km, These runs 
show the sensitivity of the flow over Elk 
Mountain to the location of the upstream 
boundary. The vertical velocity fields in 
both runs were quite similar indicating that 
at 20 km the upstream boundary is sufficiently 
far away to not influence the flow over the 
mountain. 

Figure 4c shows the vertical velocity 
field at 3310 mover an elliptical mountain 
defined by: 

h(x,y) 
h 

0 

where a= 3 km, b = 4 km and h = 1.4 km, 
Such a mountain is of course mSch smoother 
than Elk Mountain but has a very similar over
all shape, In addition, the surrounding 
topography is removed. The model run depicted 
in 4c used the same upstream flow field as 4b. 
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Note that there are large differences well to 
the northeast and south of Elk Mountain but 
that in the vicinity of the mountain itself 
the differences are slight. In fact the magni
tude of the first minimum and maximum vertical 
velocities downstream from the mountain are 
the same in 4b and 4c. Most of the differences 
are in the vicinity of the downstream mountains 
southeast of Elk, where of course one would 
expect them, The flow over Elk Mountain ap
pears to be only very slightly influenced by 
the downstream topography for low level flows 
from the west. 

Even though the general flow over Elk 
Mountain is not strongly influenced by down
stream topography, there can be some signifi
cant effects. In particular, there was a 
region of strong southwest flow east of Elk 
Mountain for the real topography case. This 
effect is essentially absent using the ellipti
cal topography where the downstream topography 
has been removed. When air flows over a moun
tain an excess of pressure develops at the sur
face upstream in order to force the flow upward, 
while the surface pressure is reduced downstream 
under the descending current. Thus in the case 
without downstream topography, broad areas of 
relatively high pressure develop southwest of 
the mountain and low pressure northeast. When 
downstream topography was included the ridge 
southeast of Elk Mountain'produced similar pres
sure patterns superimposed on the pressure 
fields forced by Elk, This reduces the area 
of negative pressure perturbation southeast 
of Elk that would exist without this downstream 
ridge and increases the pressure gradients east 
of Elk. These increased pressure gradients 
deflect the flow toward the northeast of Elk 
much more than they would be without the down
stream topography. Clearly, therefore, the 
downstream topography can exert some signifi
cant influence on the flow in the vicinity of 
even a relatively isolated peak such as Elk 
Mountain. 

5. Conclusions 

These preliminary results indicate that 
reasonably accurate simulations of the flow 
field over a mountain are possible with the 
model developed by Clark (1977). The results 
seem to be relatively insensitive to the detail 
of the surrounding topography. In fact vir
tually the same results can be obtained in the 
vicinity of Elk Mountain when a smooth ellipti
cal mountain is used instead of the real topog
raphy. Even the details of topography over the 
mountain itself seem relatively unimportant. 
Errors due to incomplete specification of the 
small-scale detail in the topography of the 
mountain and removal of the surrounding topog
raphy are no larger than errors due to inac
curate specification in the upstream sounding. 
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for 2.55 km MSL in lower two plates. Air
craft tracks for observational data are 
shown with heavy lines. The right-hand 
panels are from Karacostas (1978). 
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Figure 2. Topography of Elk Mountain region. 
Contour interval is 275 m with base level 
taken as 1950 m MSL . 
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OBSERVATION A L'AIDE D'UN SYSTEME DE DEUX RADARS IV-2.9 

DOPPLER D'UN 'IDURBILLON DE MOYENNE ECHELLE ASSCCIE A UN FRONT FROID 

C. Gaillard M. Gilet 

Etablissement d'Etudes et de Recherches Meteorologia.ues 

78470 - Magny-les-Hameaux FRANCE 

1. INTRODUCTION 

La plupart des campagnes de rresures recentes 
destinees a l'etude de la dynaroique des fronts 
a rroyenne et petite echelle (e.g. Browning et 
Harrold, 1969, Kreitzberg et Brown, 1970, .•. ) 
ant abouti a decrire le front froid comme un 
phenornene bi-dirrensionnel, i.e. invariant dans 
la direction parallele a sa trace au sol. ~u 
vu des cartes d'echelle synoptique, les fronts 
sont generalerrent confonnes a cette representa
tion, dans le cas de systemes actifs associes 
a un flux zonal. Ce!.)el1dant, pour des fronts 
lies a un flux meridien, on observe souvent a 
l'echelle synoptique le phenanene d'ondulation. 
L'ondulation est caracterisee par l'apparition 
'd' un minimum de pression au ni veau du front, 
associe a un tourbillon cyclonique, et peut 
dans certains cas dormer lieu a l'apparition 
de depressions secondaires, voire de cycloge
nese. Faute de rroyens experimentaux pennettant 
d'acceder a une description tri-dimensionnelle 
on connait encore mal la dynaroique de ce type 
de phenanene. C'est ce qui a pu etre observe 
lors du passage du front froid du 16 mars 1978. 

Ces observations ant ete faites a l'occasion 
d'une campagne de mesures sur les fronts 
associant trois laboratoires fran9ais, 
l'Etablissement d'Etudes et de Recherches 
Meteorologiques de la Meteorologie Nationale, 
le Centre de Recherches sur la Physique de 
l'Environnement et l'Institut et Observatoire 
de Physique du Globe du Puy-de-Dome. Cette 
campagne, decrite ailleurs par Gilet et al. 
(1978) ,etait con9ue de fa9on a obtenir un 

maximum d'inforrration sur la structure tri
dimensionnelle des phenanenes observes, grace 
en particulier a trois stations de radio
sondage et de mesure du vent en altitude 
disposees selon un triangle, et d'un ensemble 
de deux radars Doppler, le systeme Ronsard. 

2. LA SITUATION METEOROLOGIQUE 

La figure 1 indique les positions au sol des 
interfaces entre masses d'air le 16 mars 1978 
a 18:00 TU ainsi aue l'err.placement des zones 
nuageuses d'apres la photographie infrarcuge 
prise du satellite Meteosat a la meme heure. 
La situation est caracterisee en altitude par 
la presence d'un profond thalweg, s'etendant 
de la Norvege a la Bretagne, qui gouverne 
le flux au-dessus de la France. 
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6ig. 1 : 1.>Uucition 1.>ynop.:Uque. a 18 H TU le. 
16.3.78. Lu zonu e.n awe 1te.-
p1tu erite.nt lu ma.Mu nua.g e.~ u aM o
c.J..e,u aux 1.>y1.>.ti!.mu 61tontaux. 

Le front froid situe sur les Alpes est passe sur 
Paris le meme jour a 5:00 TU. Le front present 
sur la region parisienne a 18:00 TU est dessine 
cornme une occlusion sur la figure 1, a cause de 
la presence d'une petite vallee chaude contras
tant avec deux masses d'air froid situees al' 
Est et a l'OUest. Ce front se deplace vers 140° 
a 55 km/h lors de son passage sur Paris. Sa 
trace au sol subit un fort rrouvement de rotation 
cyclonique, de sorte gue sa vitesse croit en se 
depla9ant vers le Sud. 

La figure 2 rrontre les isolignes de la tempera
ture pseudo-adiabatique potentielle de therrrome
tre rrouille ( 0'w) et ··1es. vents en fonction du 
temps et de l'altitude. Les sondages ant ete 
effectues depuis Magny-les-Harr.eaux. On constate 
aue le front froid, situe a gauche de l'air 
chaud w, est bien delimite du point de vue des 
vents et des 0'w. Il passe a Magny-les-P..arneaux 
a 17:45 TU, 

IMugnu de. e'w e.t ve.n.t,~ e.n altitude. 
e.n 6onct.lon du .te.mpl.>. Lu he.UJtU e.n 
ab1.>c.J..Me. c.oMuponde.nt aux 1.>ondagu. 



One analyse du champ depression au sol a ete 
faite a partir des donnees horaires du reseau 
cli.m3.tologiaue de la re~ion parisienne. Le 
resultat est porte sur la figure 3. On consta
te la presence d'un minimum depression associe 
a l'air chaud w de la figure precedente. 

6-{g. 3 c.hamp de. p'1..UJ.>ion au Ml MIL la 
Jtegion NoJtd a 18 h TU. Le. c.e.Jtc.le. e.n 
poinuileJ.> e.J.>:t c.e.n:tJr..e J.>UJL Magny e.:t a 
un Myon de. 100 km. 

3. LES OONNEES RADAR 

On a pu obtenir des champs de reflectivite 
radar et de vitesse de vent au m::iment du passa
ge du front, a l'aide du systeme Doppler Ron-

..JSard. Ces radars, qui sont mis en oeuvre par 
la CPJ'E, ont ete decrits precederrment par 
Waldteufel et al. (1975). La methode de resti
tution des champs de vent developpee a l'EERM 
est proche de celle aui a ete employee par 
Lhermitte et Gilet (1975) et a ete decrite en 
detail par Gilet et al. (1979). Nous nous 
attacherons ici essentiellement aux resultats. 

Les radars etaient situes a Ablis et a :Magny-
.;J..es-Harneaux, et se trouvaient done espaces de 
29 km dans la direction 38°. Les balayages 
choisis variaient entre le Coplan, le PPI et 
le tir vertical. 

0 

PPI site1.5' 
17H58TU 
Ren db 

c.hamp de. M6le.c.uvUe .1te.lative. (MdM 
non Ualonne) EN VB. Lu zone.J.> e.n 
gwe C.OMUponde.n:t aux ec.hoJ., J.,upe
Jtie.UM a 40 VB. Le. c.aMe del.J..mUe. .t' 
ai!te. de. Jte.J.>:tdu.:Uon de.J.> c.hampJ.> de. ve.n:t 
( 6-{gWLe.J.i 1.,u,i,van:te.J.>) . 
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La figure 4 rrontre la situation d'enseIJ1ble a 
17:58 TU vue de Magny-les-Eiameaux. La portee 
du radar (100 km) est materialisee sur la 
figure 3 par un cercle en pointilles. On cons
tate l'absence d'echos a l'arriere du front. 
La cellule la plus intense (A) est situee au 
niveau du front !)res de Magny-les-Hameaux. Le 
sonmet des echos plafonnait a 6000 m. Au SW 
d'Ablis (B), on note une zone de faible reflec
tivite. Surles PPI suivants, non representes 
ici, on remargue aue cette zone d'echos faibles 
a tendance a s'allonger vers l'Est en se cour
bant vers le Nord. On verra plus loin aue ceci 
est certainement lie a une avancee d'air froid. 

La figure 5 represente en coupes horizontales 
les perturbations des champs de vent Doppler 
observees a 18:16 TU. Les vitesses ont ete 
calculees a l'interieur du damaine carre porte 
sur les figures 3 et 4, au SE de la ligne 
Ablis-Magny-les-Harneaux. Ses dimensions sont 
de 51,2 x 51,2 krn2 horizontalement, les altitu
des variant entre 250 met 8750 m. Les vitesses 
radiales Doppler ont d'abord ete reechantillon
nees sur une CTrille de nas 800 x 800 x 500 m3. 
Avant de calculer les CCXITp:)Santes cartesiennes 
de la vitesse du vent, on a liss§ les vitesses 
radiales fournies par chaaue radar selon une 
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ponderation Gaussienne portant sur deux points 
de grille de part et d'autre horizontalement 
et un p:)int verticalement (voir Gilet et al. 
1979). 

Le passage du front est marque par un fort 
tourbillon cyclonigue (jusqu'a 10-3s-l) super
PJSe au cisaillement horizontal gue l'on atten
dait. L'exaroen des vitesses Doppler obtenues a 
18:30 TU (non representees ici) confinne la 
presence de ce tourbillon, qui se trouve 
advecte en son centre du deplacement du front, 
alors aue la zone de cisaillerrent subit une 
rotation cyclonie::ue. La canparaison des coupes 
horizontales de vent a differentes altitudes 
rrontre par ailleurs que la zone de cisaillement 
se decale vers le NW avec des altitudes 
croissantes; ceci est bien en accord avec la 
corresp:)ndance entre le vent the:rmique et la 
forme attendue p:)ur une surface frontale froide. 

4. ESTIMATION DES CHAMPS DE PFESSION ET DE 
TEMPERATURE 

Il est theoriquerrent possible, rroyennant 
certaines approximations, d'acceder a une 
estimation des champs depression et de temo.e
rature a partir des donnees cinematiques 
Doppler (voir Leise, 1978 et Gal Chen, 1978). 
C'est ce qui a ete tente sur le champ de vent 
de 18:16 TU. 

L'eauation du rrouvement horizontal s'ecrit 
- --- --+ -,. --,.. 

g~H + ~ v'Hp + ~ 1,, A VH = o G) 
Les forces de frottement et les flux turbu
lents ont ete neqliges. % et% sont les 
vecteurs vitesse et operateur gradient 
horizontaux. D/Dt represente la diff~enciation 
totale, p la densite, p la pression, K le 
vecteur unitaire vertical et~ le parametre de 
Coriolis. Conformement a l'approximation de 
Boussinesq, on adrnet que les variations de .P 
par rapport a sa rroyenne horizontale (est.unee 
;_a 1' aide des donnees de radiosondage) ont une 
contribution negligeable. Par ailleurs, les 
champs de vent disp:)nibles (18:16 TU et 18:30 
TU) sont trop espaces PJur proceder a la 
differenciation temporelle necessaire a une 
estimation rigoureuse de la differentielle 
totale. On a done recours a une hyp)these de 
stationnarite, confirmee qualitativement par 
la similitude des champs aux deux instants. 
La vitesse d'advection retenue est celle de la 
trace du front au sol, en tenant canpte de sa 
rotation d'ensemble. 

La figure 6 rrontre le champ depression obtenu 
apres inteqration horizontale, pres du sol et 
en altitude. A 250 m, on note une bonne 
concordance avec les donnees du reseau (fig. 3) 
autant p:)ur l'orientation des isobares que pour 
la variation globale depression. La figure 6b 
rrontre gue par rapport au champ au sol, les 
isobares en altitude subissent une rotation 
cy:clonique et un decalage vers l'arriere du 
front. 

Connaissant le gradient horizontal depression, 
il est p:)ssible d'acceder au champ de tempera
ture, en utilisant l'equation du rrouvement 
vertical et la relation fondamentale de la 
thenrodynamique: 
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gt + i g; + <J ~ 0 @ 

P= ,PRT @ 
On neglige dans (2) les forces de frottement 
et les effets lies a la presence d ' eau. En 
differenciant (1) et (2) et en tenant carnpte 
~ (3) on_obtient z= ( _. J 
~T ="f VH p + ~(~+@) ~~p + ~ T 7H(gr)j 

Cette equation est ii?{egree apres quelgues 
simplifications applicables a notre cas 
- T et p sont renplaces par leur rroyenne 

horizontale 
- ~/Dt est neglige par rapport a g 
-'vH (Dw/Dt) est neqlige. 

Les deux dernieres approximations se justifient 
au vu de la faiblesse des vitesses verticales et 
de leurs gradients obtenus ~riroentalement 
(les w sont inferieurs a 2 ms-1). Ceci equivaut 
a une hYPJthese d'equilibre hydrostatique, et 
ne saurait s'appliquer a un cas de convection 
developpee. 

La figure 7 represente le resultat obtenu pres 
du sol et PP ?.ltit.uc'le. en rerrargue 2 250 m un 
rechaufferrent de l'air cruand on se deplace le 
long du front d'Ablis vers Maqny-les-H.ameaux. 
En altitude, on observe au contraire un refroi
dissernent. Il semble aue l'on assiste a une 
penetration de l'air chaud sous l'air froid 
aux niveaux inferieurs, ou crue l'air froid 
arrive a sw:plornber l'air chaud dans la partie 
de la figure situee du cote de Maq.ny-les-Hameaux. 

Ablis 

6,£.g. 7 

Mo rv Ablis 

c. hamp1., de. te.mpe.tta:tUJLe. tte.la:Uve. a 
750 m e.t 2750 m ( unUe.1., 10-1° C) 



5. SYNTHESE ET CONCLUSION 

La figure 8 est une image synthetique et sirnpli
fiee de la fa9on dont on peut se representer le 
'front au moment de son passage dans la zone 
observee par les radars. D'apres le chapitre 
precedent, la partie NE du tourbillon correspond 
a une zone ou l'air froid provenant de l'arriere 
du front surplcrnbe la vallee chaude, ce oui peut 
etre interprete corr.me une sorte de deferlement. 
Au S\'1 du tourbillon, le front a une allure plus 
classique, l'air chaud se trouvant au-dessus 
de l'air froid. Cette analyse se trouve 
confirmee par les champs de reflectivite, 
puisgu'on observe un :maximLim d'activite convec
tive au NE de Magny-les-Hameaux, et une zone 
d' echos faibles au Si'l, qui a tendance a s' 
agrandir et a se recourber dans le sens 
cyclonique (voir fiqure 4 en A et B) . L' inter
pretation est egalement confinnee par les 
donnees au sol (figure 3) et par l'analyse 
de l' organisation des nuages ,ms par Meteosat. 

La presence d'un tourbillon de :n:oyenne echelle 
sur une surface frontale n'est samme toute pas 
surprenante c:uand on sait que le phenamene 
d'ondulation des fronts froids soumis a un flux 
rneridien se rencontre couramnent en rneteorologie 
synoptique. L'analyse d'un autre front froid 
observe lors de la rnerne carnpagne (voir Chalon 
et Gilet, 1980) revele aussi la presence d'un 
tourbillon (de plus petite dimension) au 
niveau de la surface frontale. Le rnecanisrne 
d'instabilite dormant lieu aces perturbations 
de petite et :n:oyenne echelle ne semble pas 
connu actuellement, et rnerite certainement 
d'etre etudie. Le phenanene de deferlement 
du front, plus surprenant pour le meteorolo
giste, rnerite egalerrent d'etre confirme par 
d'autres etudes de cas et analyse d'un point 
de vue theorigue. Des travaux s'engaqent 
actuellerrent dans ce sens a l'EERM. 

11.e.p1te.1.>e.vita:ti..o n J,i,mpuM,e.e. de. .ta. 
pMilion 11.el.a:ti..ve. de.-o de.u.x mcu-o e.-o 
d'IU..Jl. dan-o la zone. de. 11.e.Qon-oti.i.u;U.on 
de.-o Qhamp-o de. ve.vit. Le.-o 6[e.Qhe.-o 
incuqu.e.vit le. mou.ve.me.nt de. l' a.)__f1. 
Qhau.d p!te.-o du. -ool e;t. e.n a.J!.;U;tu.de. 
(11.e.1.a:ti..ve.me.vit au. 611.0vit). 
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THE MESOSTRUCTURE AND MICROSTRUCTURE OF EXTRATROPICAL CYCLONES 

Peter V, Hobbs 

Atmospheric Sciences Department, University of Washington 
Seattle, Washington, 98195 USA 

1, INTRODUCTION 

At the last International Conference on 
Cloud Physics I reviewed the progress that had 
been made in the CYCLES (CYCLonic Extratropical 
Storms) PROJECT during the period 1973-1976 in 
increasing our understanding of the mesoscale 
and microscale processes associated with rain 
and precipitation in extratropical cyclones 
(Hobbs and Houze, 1976), The purpose of the 
present paper is to provide a brief review of 
CYCLES findings during the period 1976-1980, 

2, FACILITIES AND MODES OF OPERATION 

The measuring facilities and the ways in 
which they are employed have played a crucial 
role in the CYCLES PROJECT, Details are given 
in Hobbs (1978) and Hobbs!:!,&, (1980), 

The facilities include quantitative re
flectivity and Doppler radars, several instru
mented aircraft, rawinsondes, dropsondes, and 
ground stations, These facilities, together 
with synoptic data and satellite photographs, 
permit study of phenomena ranging from the 
synoptic-scale, through the mesoscale, down to 
the microscale, As much data as possible is 
relayed in real-time to a Control Center, The 
aircraft are directed by the Control Center 
into specific features of the storms that 
appear interesting and these features are then 
tracked by the aircraft as they move across the 
observational network (Lagrangian-type measure
ments), Alternatively, the aircraft make a 
series of horizontal flight tracks at different 
altitudes above the radar as mesoscale features 
pass over the radar (Eulerian-type measure
ments), The color-displayed Doppler radar data 
are particularly useful in identifying meso
scale features (Baynton ~ &,, 1977), 

3, CLASSIFICATION OF MESOSCALE RAINBANDS 

Hobbs and Houze (1976) identified six types 
of mesoscale rainbands in extratropical cyclones. 
Shown in Fig, 1 is a slightly refined version 
of their classification of rainbands, In addi
tion to some renumbering of the types of rain
bands, the new classification incorporates the 
following changes: warm-frontal rainbands 
(Types la and lb) are now differentiated by the 
positions ahead of or coincident with the sur
face warm front, The surge rainband (Type 4a) 
which occurs in advance of the cold front in an 
occlusion, has been added, the rainbands (Type 
4b) that follow the surge rainband are an ex
ample of the small wavelike rainbands described 
by Houze et al, (1976), 

615 

Cirrus cloud bound~ry 
as seen from 3a 
satellite ~ 

7 ;;//)2 
- I 

( 
~---------,/ 

SYNOPTIC FEATURES 

L SURFACE LOW-
PRESSURE CENTER 

~ SURFACE COLD 
FRONT 

,.4' SURFACE WARM 
FRONT 

/ SURFACE WARM 
OCCLUDED FRONT 

~ COLD FRONT ALOFT 

,<I PREFRONTAL COLD 
/ SURGE ALOFT ,<I 

0 100 
'---' 

KM 

TYPES OF 
MESOSCALE RAINBANDS 

I. WARM- FRONTAL 

2. WARM - SECTOR 

3. COLD- FRONTAL 

4. 

5, 

PRE FRONTAL 
COLD-SURGE 

POST FRONTAL 

Fig. 1 Schematic depiction in horizontal 
cross-section of the types of 
mesoscale rainbands (stippled 
areas) observed in extratropical 
cyclones. (From Hobbs, 1978,) 

4, STRUCTURES OF THE RAINBANDS 

Simultaneous airborne and radar measure
ments have revealed important aspects of the 
structures of the clouds and the processes 
acting to produce precipitation in the differ
ent types of rainbands (Hobbs !:!, &• , 1980,i 
Herzegh and Hobbs, 1980; Matejka et al., 1980), 
The results are summarized below.with illus
trations and schematics based on CYCLES case 
studies, 

Warm-frontal rainbands arise when precipi
tation is enhanced in a mesoscale region em
bedded within the widespread area of lighter 
precipitation associated with warm-frontal 
lifting, Natural "seeding" of the cloud layers 
below the warm front by ice particles from 
shallow convective "generating" cells located 
above the warm front is an important mechanism 
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Fig. 2 Schematic depiction in a vertical 
cross-section of the dynamical 
and microphysical processes 
associated with a warm-frontal 
rainband. Contours show radar 
reflectivity pattern in units of 

. dBZ). (From Houze et al., 1980.) 
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in the production of precipitation in these 
rainbands, Fig, 2 summarizes the results from 
one of the CYCLES case studies, In this case, 
the low stratiform cloud layer was entirely 
below the -4°C level and was enhanced by non
convective, mesoscale lifting, Associated with 
this lifting was water vapor convergence 'in 
the lowest 1,4 km. The mesoscale lifting below 
·the -4°C level led to the condensation of 
enough of the converged moisture to explain 
65% of the precipitation. The remaining 35% of 
the precipitation was due to condensation aloft 
of vapor converged at low levels but trans
ported upward across the -4°C level by the 
mesoscale vertical motion, Above the -4°C 
level this moisture was condensed in the con
vective generating cells, The condensation 
below the -4°C level was in the form of liquid 
droplets, The removal of the main mass of the 
condensate below the -4°C level as precipita
tion was due to its collection by ice particles 
falling from the generating cells, The pro
nounced radar "bright band" confirmed that con
siderable numbers of ice particles were drift
ing down into the lower layer, The snowfall 
rates just above the melting layer were 
<1-2 mm hr-1 , Since surface rainfall rates 
were ~s mm hr-1, collection of cloud water by 
the precipitation particles below the -4°C 
level was obviously substantial. A 11 seeder
feeder" mechanism, such as that described 
above, results in precipitation efficiencies 
approaching 100% (Hobbs et al,, 1980; Hobbs 
and Matejka, 1980), -~ 

Some warm-sector rainbands in extratropical 
cyclones resemble intense squall lines. Even 
the more benign warm-sector rainbands appear 
to be dynamically similar to sauall lines, with 
younger more active convective elements, con
taining relatively large amounts of liquid 
water, being followed by older glaciated 
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Fig. 3 Schematic vertical cross-section 
of a warm-sector rainband showing 
approximate fractions of the total 
mass of the precipitation that was 
produced in various regions of the 
rainband. The motion of the rain
band is from left to right. (From 
Hobbs et al., 1980.) 

clouds, Fig, 3 indicates the precipitation 
growth processes in a warm-sector rainband, 
Both the "seeder-feeder" process and deep con
vection played important roles. The top of 
the warm-sector band, which consisted of heavy 
cirrostratus cloud containing light precipita
tion and generating cells, functioned as a 
"seeder" zone, 10-20% of the mass of the pre
cipitation in the rainband originated in the 
"seeder" zone, The remaining 80-90% of the 
precipitation growth occurred in two distinct 
regions below this level, One of these regions 
was a zone of deep, vigorous convection; 50-60% 
of the mass of the precipitation in the main 
warm-sector rainband developed in this zone, 
The convection in this region produced a 
region of water-saturated cloud in which "seed" 
ice particles from above grew rapidly by 
deposition, riming and aggregation, The other 
region consisted of stratiform cloud in which 
"seed" ice crystals from above grew by depo
sition and aggregation to account for ~30-40% 
of the total mass of precipitation from the 
rainband, The precipitation efficien9ies in 
the convective and stratiform regions were ~40% 
and ~80%, respectively, 

Narrow cold-frontal rainbands occur at the 
advancing noses of cold fronts, where conver
gence of air in the boundary layer produces a 
narrow (~5 km) convective updraft of a few 
meters per second, Hobbs and Biswas (1979) 
observed that on the small mesoscale a narrow 
cold-frontal rainband consists of ellipsoidal 
areas of heavy precipitation oriented at an 
angle of ~35° to the surface cold front, A 
schematic of the airflow associated with a 
narrow cold-frontal rainband is shown on the 
right-hand side of Fig, 4. The young clouds 
that form in the strong updrafts have relatively 
high liquid water contents (~1 g m-3) and 
relatively low concentrations of small ice 
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and cloud liquid water contents (lwc) in g m-3, The motion of 
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particles. Rimed ice particles, graupel and 
aggregates are common in these clouds, Along
side the updraft is a downdraft in which are 
found much higher ice particle concentrations 
and less liquid water than in the updraft, The 
heaviest precipitation in the narrow cold
frontal rainband (and generally in the whole 
cyclone) is contained in this downdraft, 

Wide cold-frontal rainbands occur when 
lifting over the cold front is enhanced by 
several tens of centimeters per second over 
horizontal distances of several tens of kilo
meters in width (see center of Fig, 4), Below 
the cold front, the clouds associated with wide 
cold-frontal rainbands contain high concentra
tions of ice particles, many of which are ag
gregates, Above the cold front, the clouds are 
more turbulent, have more cloud liquid water, 
and may contain convective generating cells 
that provide "seed" crystals to the clouds 
below, 

Postfrontal rainbands form in the cold air
mass behind the zone of strong subsidence that 
immediately follows the passage of a cold front, 
They resemble organized convective systems and 
sometimes appear to be related to secondary 
cold fronts, The clouds in these rainbands 
have the structures of convective elements in 
various stages of development, 

In the occluded portions of a cyclone, the 
cold air that advances over the warm front may 
move in a series of pulses, The strongest 
pulse is associated with the cold front itself; 
associated with the cold front aloft are narrow 
and wide cold-frontal rainbands (Fig, 1) simi
lar to those previously described, Ahead of 
the cold front aloft may be weaker pulses of 
cold air which are referred to as prefrontal 
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cold surges (Fig. 5), Two types of mesoscale 
rainbands may be associated with the prefrontal 
cold surge aloft: a deep band of'cloud and 
precipitation that precedes or straddles the 
leading edge of the prefrontal cold surge 
(Type 4a in Fig, 1), and sharply defined small
scale (sometimes wavelike) rainbands (Type 4b 
in Fig, 1), The passage of a prefrontal cold 
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Fig, 5 Scher.,atic depiction in vertical 
cross-section of mesoscale rain
bands associated with a prefrontal 
surge of cold air aloft, ahead of 
an occluded front. The broken 
cold-frontal symbol indicates the 
leading edge of the surge (the 
primary cold front aloft is off 
the picture to the left). Open 
arrows depict airflow relative to 
the cold surge an·d convective 
ascent. Ice particle concentra
tions (ipc) are given in numbers 
per liter. The motion of the cold 
surge and the rainbands is from 
left to right. (From Matejka et 
al., 1980.) -



surge rainband is marked at the surface by a 
temporary slight rise in pressure, As in wide 
cold-frontal rainbands, warm-sector air ascends 
ahead of the advancing cold air, the potential 
instability is released to produce convection 
and generating cells in the prefrontal cold 
surge rainbands, The clouds in this type of 
rainband are composed of both ice particles 
and liquid water, and precipitable particles 
grow by riming and aggregation, The wavelike 
rainbands consist of a field of small convec
tive towers extending upward from the cloud 
layer associated with the warm front below, 
These towers occur in various stages of devel
opment, and range from young towers, contain
ing mostly supercooled liquid water, to old 
glaciated towers, with high concentratons of 
ice particles, 

5, CONCLUSIONS 

The 1970's have seen significant advances 
in our understanding of the mesoscale and micro
scale structures of extratropical cyclones and 
the processes involved in the formation of pre
cipitation in these systems, Subjects for 
future investigation include studies of the 
evolution on mesa- and micro-scales of 
cyclones, the effects of orography on storm 
structures and precipitation processes, the 
development of diagnostic and prognostic numer
ical models that incorporate the principal 
features of the mesa- and micro-processes, and 
applications of this growing body of knowledge 
to the forecasting and artificial modification 
of precipitation in extratropical cyclones, 
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1. Introduction 

The clouds and precipitation of the win
ter monsoon occur over the complex of islands 
and peninsulas of Malaysia and Indonesia, 
called the "maritime continent" (Ramage, 1968), 
As low-level northeasterly flow from the cold 
Asian continent arrives in this region, con
vergence at low levels and upward motion occur, 
while in the upper levels of the troposphere, 
the strongest divergence in the wintertime 
global circulation is. observed (Krishnamurti 
et al., 1973; Murakami and Unninayar, 1977). 
The latent heat release over the maritime con
tinent is innnense, constituting one of the 
primary sources of energy for the whole atmo
sphere (Ramage, 1968; Webster, 1972). Yet 
winter monsoon rains have been described only 
in the most general terms. Ramage (1971) cat
egorizes monsoon precipitation into "showers", 
from towering cumulus and cumulonimbus, and 
"rains", from deep nimbostratus with embedded 
cumulonimbus. He notes that both stratiform 
and convective air motions can occur in asso
ciation with monsoon clouds and that the pre
cipitation may be either widespread or local
ized. 

The question arises as to whether the 
stratiform component of the clouds and preci
pitation is in any way similar to the wide
spread stratiform precipitation associated 
with synoptic-scale disturbances in mid-lati
tudes, or whether it develops in association 
with deep convection, in a manner more similar 

2 
Department of Meteorology 

Massachusetts Institute of Technology 
Cambridge, U.S.A. 

to that of the widespread precipitation that 
falls from the anvils of cloud clusters over 
the equatorial oceans (Zipser, 1969, 1977; 
Houze, 1977; Leary and Houze, 1979a, b; Cheng 
and Houze, 1979), 

Though the clouds and precipitation over 
the maritime continent are primarily forced by 
the nearly steady monsoonal convergence, they 
may fluctuate in intensity in response to syn
optic-scale disturbances, such as "cold surges" 
over the South China Sea (Ramage, 1971) and 
westward-propagating near-equatorial distur
bances (Cheang, 1977; Chang et al,, 1979). 
Moreover, the clouds and precipitation are mod
ulated on subsynoptic time and space scales by 
land-sea contrasts, orography and the diurnal 
cycle of radiative heating (Ramage, 1971), 

In this paper, we use radar and satellite 
observations obtained in MONEX3 to examine: 
(1) the diurnal variation of winter monsoon 
clouds and precipitation; and (2) the relative 
extent to which the clouds and precipitation 
are stratiform and convective, 

3The International Winter Monsoon Experiment 
conducted in December 1978 (Greenfield and 
Krishnamurti, 1979) 
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Fig. 1 Contours o:nd grid point values of the December 1978 average high cloud coverage in 
tenths for (a) 0800 LST and (b) 2000 LST as determined from infrared geosynchronous 
satellite imagery. Partial circle shows area of radar observation, Shading within 
the radar circle shows contours of the 8-31 December 1978 average areal precipitation 
coverage in contours of 0.1, 0.2, 0.3 and 0.4. 
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2. Diurnal Variation of the Clouds and Pre
cipitation 

The upper-level cloud cover, determined 
from infrared images from the Japanese geosyn
chronous satellite, and the area covered by 
precipitation measured with the Massachusetts 
lnstitute of Technology's WR-73 Weather Radar, 
which was located on the north coast of Borneo, 
have been averaged for two times of day (Fig. 
1). At 08004, the precipitation and upper
level clouds were centered over the South Chi
na Sea, just west northwest of the radar site 
(Fig. la). At 2000, the clouds and precipita
tion were centered over land (Fig. lb). The 
precipitation observed by radar at this time 
occurred under an extension of the area of 
maximum cloud cover, which was centered south
west of the region of radar observations. 

The diurnal variation of the radar echo 
pattern is further seen by dividing the radar 
region into offshore and onshore sectors and 
plotting the mean fractional areas covered by 
rain in the two sectors (Fig. 2). The off
shore feature reaching its peak coverage at 
0600, and the onshore feature reaching its 
peak at 2100. 

The regularity of the diurnal cycle of 
cloudiness and precipitation is illustrated 
by Fig. 3, which shows that the offshore peak 
occurred every single morning, while the on
shore peak, midway between the offshore peaks, 
was just about as regular, being absent on 
only 2 or 3 days. Thus, the diurnal cycle is 

4All times are in LST for Borneo (8h later 
than GMT). 

z 
er I I I 

evident in each day's observations; the data 
do not have to be composited or filtered to 
see it. Rather, the diurnal periodicity dom
inates the time series. Synoptic-scale modu
lations of the cloudiness and precipitation 
are more difficult to discern. We are cur
rently investigating the extent to which vari
ations in the intensity of the diurnal peaks 
in Fig. 3 can be related to cold surges or 
westward propagating disturbances. 

That the diurnal variation of clouds and 
precipitation is associated with a land-sea 
circulation is confirmed by pilot balloon mea
surements at the radar site, which show that 
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Fig. 4 

( b) 

Low-level radar reflectivity pa&
tems showing the development and 
dissipation of the offshore rain 
area on 10 December 1978. Reflec
tivity is indicated by gray shades 
with thresholds of 12, 24 and 36 
dBZ. Cross hairs in b show posi
tions of cross sections in Fig. 5. 
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from 1400-2000, the period of active clouds 
and rain over land, the winds in the lowest 
1.5 km were directed onshore, while for the 
next 12 h, when the clouds and precipitaticn 
were active over the water, the winds were 
offshore. 

3. Development and Structure of the Offshore 
Precipitation 

Since the offshore precipitation that 
reached its peak activity in the morning was 
so well sampled by radar (Fig. 1), its develop
ment and structure could be studied in detail. 
An example of the offshore precipitation fea
ture on 10 December is shown in Fig. 4. Al
though the cloud system that developed on this 
day was a particularly well defined example, 
the offshore cloud systems on all other days 
tended toward and often closely approached the 
same structure. 

Around 0200, the offshore precipitation 
began as a group of convective cells (Fig, 4a). 
By 0800, it had developed into a large region 
of continuous precipitation over 200 km in di
mension centered over the water just northwest 
of the radar site (Fig. 4b). Later, the por
tion of the rain nearest the shore began to 
decay and the radar echo moved toward the 
northwest. By noon, the echo was dissipating 
and moving past the northwest edge of the re
gion of radar observations (Fig. 4c). 

Vertical cross sections through the off
shore precipitation show that at the time of 
its maximum size (around 0800) the echo was 
almost completely horizontally stratified 
(Fig. 5). These sections are typical of the 
early morning echo. A bright band at the melt
ing level extended continuously over 150-200 km, 
accentuating the stratiform character of the 
precipitation and indicating a near absence 
of convective scale updrafts and downdrafts. 
Convective cells, such as the one near Sin 
Fig. Sa occupied only a small fraction of the 
area of rain at this stage of its development. 

Satellite data show that this primarily 
stratiform rain was falling from a large anvil 
cloud, which had expanded from an initially 
small entity associated with the convective 
cells seen just offshore in Fig. 4a. Thus, 
the diurnally generated offshore cloud system 
developed in a manner similar to that of cloud 
clusters over the equatorial oceans (Zipser, 
1969, 1977; Houze, 1977; Leary and Houze,1979a, 
b; Cheng and Houze, 1979). Those clusters are 
also characterized in satellite data by large 
cirrus canopies and in radar data by mesoscale. 
regions of stratiform precipitation with well 
defined melting layers, and the stratiform 
rain areas in the clusters also evolve from 
groups (usually lines) of convective cells. 
These structural similarities suggest that the 
diurnally generated monsoonal cloud systems 
are similar in their dynamics and cloud micro
physical processes to the cloud clusters. 
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4. Conclusions 

The winter monsoonal clouds and precipita-
. tion that occur over north Borneo are strongly 
modulated diurnally, with the peak cloud and 
precipitation coverage occuring at 0600 off
shore and at 2100 onshore. Synoptic-scale 
time variations in the cloud and precipitation 
amounts, on the other hand, were more subtle 
and difficult to d_iscern, It its mature 
stages, the regularly recurring offshore cloud 
feature consisted of primarily stratiform pre
cipitation falling from a widespread anvil 
cloud. Its development, structure and proba
bly its internal dynamics and microphysics, 
resembled those of cloud clusters over the 
equatorial oceans, 
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COMPUTATION OF INSTABILITY IN OROGRAPHIC CLOUDS 

J. D. Marwitz 

Department of Atmospheric Science 
University of Wyoming 

Laramie, Wyoming 82071 
U.S.A. 

1. INTRODUCTION 

It is becoming increasingly evident that a 
seeding potential exists only in orographic 
storms which contain convection. Specifically 
it appears that the higher condensation rates 
associated with embedded and individual con
vective elements produce clouds which sometimes 
contain significant quantities of supercooled 
water (> 0.5 gm- 3) and a dearth of natural ice 
crystals (< 10 i- 1). Aircraft observations by 
our group lend support to this contention. We 
have flown a number of orographic storms over 
the San Juan Mountains of southern Colorado 
(Marwitz, 1974 and 1980; Cooper and Saunders, 
1980 and Marwitz and Cooper, 1980); over the 
Central Sierras of California (Marwitz et al., 
1978 and 1979), and over the Wasatch Mountains 
of Utah (Marwitz and Stewart, 1979). The 
observations and analysis by Hill (1979a & b) 
over the Bridger Range in Utah also indicate 
that supercooled water is primarily restricted 
to orographic clouds containing convective ele
ments. 

2. THERMODYNAMIC INSTABILITY 

There are two classic measures of thermo
dynamic instability, namely convective or 
potential instability and static or hydrostatic 
instability. Convective instability is the 
state of a column or layer of air and is mea
sured by the vertical profile of wet-bulb 
potential temperature, 8 (or equivalent poten
tial temperature, 8 ). ~tabc instability 
is the state of theebuoyancy restoring force on 
a parcel of air with respect to its environment 
and is measured by density differences or in 
the case of parcel theory by thermal differ
ences assuming hydros ta tic equilibrium (.Huschke, 
1959). 

The presence of convective instability is 
determined by examination of the vertical pro
file of 8 or 8 . Only three states can be 
specified1 unstible, (28w < 0); neutral (28w = 0); 

- 2Z 
or stable (28w > O). tie magnitude of the con-

2Z 
vective instability is not directly related to 
whether the instability will be released or if 
released, what will be the intensity of the 
convection. The convective instability is 
released only after the layer is vertically dis
placed to or above the lifted condensation 
levels in the layer. 

The use of parcel theory to determine static 
instability assumes hydrostatic pressures exist. 
Lifting individual parcels and noting their 
thermal differences and/or accumulated positive 
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and negative energy areas is the traditional 
and valid measure of static instability. The 
release of static instability only requires 
that an unstable parcel be vertically displaced 
above its level of free convection. This is 
typically produced in the atmosphere by small 
hills, thermals or turbulence. 

Fig. 1 contains an aircraft measured sound
ing upwind of the Central Sierra Mountains of 
California. Parcel theory applied to parcels 
below 900 mb indicates negative thermal buoy
ancy exists below 700 mb and hence no convec
tive clouds would develop. Using parcel theory 
on a parcel near 850 mb also predicts negative 
thermal buoyancy and hence no convective cloud 
below 700 mb. A thin stratocumulus cloud layer 
with tops near 880 mb was present over the 
California Valley. The winds within and below 
the stratocumulus layer were light and variabl~ 
i.e. no upslope flow. The winds above the 850 
mb layer were upslope. The crest of the Sierras 
is 'v 3 km or 700 mb. Towering cumulus were 
present over the barrier above the 1.8 km (829 
mb) contour with bases at +2°C. If the layer 
from 850 mb to 600 mb was lifted 'v 150 mb (850-
700 mb), then the observed convective clouds 
were readily explained. 

Fig. 1 Sounding on tfarch 21, l979 during 
takeoff and cUmbout. The temperature (T) and 
dewpoint (DP) are plotted on a Skew-T, tog-p 
diagram. Potential temperature (e) and equiva
lent potential temperature (e) are plotted on 
the right side of the diagram~ (From Marwitz 
_££at., 1979). 

Fig. 2 contains another example of an air
craft sounding upwind of the Sierras. Using 
parcel theory bel_ow 930 mb, negative thermal 
buoyancy was present below 800 mb. Stratiform 
clouds with embedded convection (stratocumulus) 
were observed over the barrier. The winds were 
upslope above 930 mb. Examination of the 
sounding indicates that if each level above 
930 mb -were vertically displaced only 50 mb 
(which must occur with the upslope flow), then 



the convective instability woul.d be released 
in the form of embedded convection. 

~~V'+-----¼,'...\';4;:l-\4+--+--t-;;-7tL--t-';~--j----j :o 
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Fig. 2 
1978. 

·c 

Same as Fig. 1 except for January 9, 
(From MaY'lvitz et al., 1978). 

3. RECOMMENDED PROCEDURE 

We have developed a reliable technique for 
evaluating the thermodynamic instability in 
orographic clouds from soundings taken upwind of 
of the barrier. If the sounding evaluated 
by this technique indicated convection should 
have been present, then indications of convec
tion were observed. Conversely if the sound
ing indicated convection shoul.d not be present, 
then it was not observed. 

The procedure is as follows: 

Examine only those atmospheric layers 
which are moving upslope as indicated 
by the winds. 

Vertically displace all layers an equal 
Lip amount correspo11:di.ng to t h_e pressure 
difference between the crest and the 
lowest upslope level. 

Use parcel theory on the modified sound
ing to quantify the magnitude of the 
resultant instability. 

This technique attempts to simulate the 
method whereby thermodynamic instability is 
released in orographic clouds. It uses the 
convective/potential instability procedure 
whereby the layers of upslope air are vertically 
displaced, then the resultant sounding is exam
ined for static/hydrostatic instability using 
the parcel method. If the parcel method indi
cates convection should be present, then our 
experience indicates it will be present. 
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UTILISATION CONJOINTE DE DONNEES RADAR ET DE "METEOSAT" POUR L'ETUDE 
DE LA CONVECTION TROPICALE EN VUE DE LA PREPARATION DE L'EXPERIENCE "COPT" 

Paul Olory-Togbe 

Laboratoire de Meteorologie Dynamique du C.N.R.S. 
Ecole Polytechnique - 91128 Palaiseau Cedex - France 

Les nuages precipitants associes a 12 per
turbations tropicales d'echelles synoptiques 
sont observes simultanement a l'aide d'un ra
dar au sol et de photographies du satellite 
Meteosat. 

On fait une etude de la morphologie des 
nuages a l'echelle convective et on essaie de 
faire un lien entre leur organisation, la stra
tification et l'ecoulement atmospherique a 
grande echelle. 

Les donnees de base sont 

- les photos du scope PPI du radar 5 cm 
(WRS-100 Entreprise Electronic) de l'Aero
port de Niamey, et du radar 3 cm (Ramo) de 
la Meteorologie Nationale franc;:aise, ins
talle a Khorogo (Cote d'Ivoire) ; 

- les photographies du satellite Meteosat clans 
les trois canaux: visible (0,4 - 1,1 µm) 
infrarouge (5,7 - 7, 1 µm) ; vapeur d'eau 
( I 0, 5 - I 2, 5 µm) . 

Ces photographies ont ete obtenues par 
l'intermediaire de l'E.S.A. sous forme de 
transparents positifs et de bandes magnetiques 
des valeurs video mesurees par le radiometre 
du satellite. 

On a egalement des donnees de radiosonda
ges, ainsi que les rapports des stations me
teorologiques regionales de l'Afrique de 
l'Ouest fournis par l'A.S.E.C.N.A. 

Deux pluviometres enregistreurs installes 
sur un rayon de 30 km autour du radar permet
tent de calibrer l'intensite des echos des 
radars. 

Les observations ont eu lieu du 2 au 31 
juillet 1978 a Niamey, et du 15 mai au 15 juin 
a Khorogo. 

Les systemes observes a l'aide du radar 
apparaissent organises en cellules de forme 
elliptique, de dimensio_ns variables, le plus 
souvent alignees. 

Un tableau donnant la distance moyenne 
separant les cellules, leurs dimensions, et 
leur duree de vie a ete etabli. 

Ce tableau met en evidence un lien entre 
les dimensions des cellules et, d'une part, la 
distance qui les separe, et, d'autre part, leur 
duree de vie : plus les dimensions des cellules 
sont grandes, plus la distance qui les separe 
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est faible et plus grande est la duree de vie. 
Et inversement. 

Les systemes nuageux different les uns des 
autres par le nombre de cellules presentes, 
leur degre d'alignement, ainsi que par leurs 
dimensions. 

On calcule actuellement la variation en 
fonction du temps, du taux precipitant moyen 
des perturbations observees, et on essaie de 
faire le lien entre le bilan en eau des per
turbations et la distribution des differentes 
classes de nuages presents. 

La Figure 1 presente la variation en fonc
tion du temps, du volume moyen d'eau precipi
tee par heure, de la ligne de grains observee 
le 22.07.78 a Niamey, dont la duree de vie a 
ete de 4 heures. 

L'observation a l'aide du satellite per
met d'etudier le developpement de la convec
tion a grande et a petite echelle : 

a) A grande echelle, les series chronologi
ques des photographies de Meteosat permet
tent d'associer le developpement des nua
ges convectifs aux passages d'ondes pla
netaires d·e periodes de 3 a 4 j ours. 

b) L'observation de la structure des nuages 
a l'echelle de la resolution spatiale du 
satellite permet de calculer le nombre de 
zones d'ascendance present clans un amas 
nuageux par l'observation de la photo 
prise clans le canal vapeur d'eau, la sur
face relative couverte par les nuages 
hauts et leur taux de croissance clans le 
canal infrarouge. Ces resultats sont com
pares aux caracteristiques des cellules 
precipitantes observees par le radar (ce 
travail est en cours). 

On a calcule les profils moyens du vent, 
d'humidite et de temperature potentielle 
equivalente (8) du jour qui precede une 
perturbation, c6nsidere comme favorable au 
developpement de la convection, et du jour 
qui suit une perturbation, considere comme 
defavorable au developpement de la convection. 

La Figure 2 presente la difference entre 
les profils moyens d'humidite pour 6 pertur
bations observees a Niamey. Elle montre que, 
avant la perturbation, le profil vertical est 
plus uniforme et l'humidite plus importante 
clans les hautes couches au-dessus de 800 mb. 



La Figure 3 prisente la diffirence entre 
les profile moyens du.vent. Elle montre que, 
avant la pertur.bation, il y a un accroissement 

de la force du courant d 'est a 700 mb et 100 mb, 
ainsi que du cisaillement vertical entre 950 
et 700 mb. 
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Tableau I 

CARACTERISTIQUES DES NOYAUX PRECIPITANTS 

DES PERTURBATIONS OBSERVEES AU NIGER 

Largeur moyenne Longueur moyenne Distance moyenne 
du noyau B (km) du noyau L (km) entre les noyaux D (km) 

7 14 21 

9 I 7 15 

10 16 14 

4 9 4 

9 18 5 

I 7 38 9 

11 22 I 0 

FIG 1 
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Taux Precipitant / Temps 

(perturbation du 22/07/78 dur6e de vle:4heures 
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NUMERICAL SIMULATION OF CLOUD INTERACTIONS 

Harold D, Orville, Ying-Hwa Kuo, 
and Richard D, Farley 

South Dakota School of Mines and Technology 
Rapid City, South Dakota, USA 57701 

A two-dimensional, time-dependent cloud 
model has been used to investigate factors con
trolling the merging of cumulus clouds (more 
precisely the merging of lines of cumulus 
clouds, because of the geometry of the model). 
The model predicts the evolution of the air 
flow, the water vapor field, the cloud liquid, 
cloud ice, rain, and precipitating ice 
(graupel/hail), temperature, and pressure 
fields (Orville and Kopp, 1977), 

Pairs of clouds were triggered by specified 
temperature perturbations. Spacing, timing, 
and intensity of the two perturbations were 
varied to simulate cloud interactions under 
various conditions. Also closed, periodic, 
and open boundary conditions were used to 
simulate different physical situations. Edge
to-edge spacing between the two initial per
turbations (within the model domain) varied 
from 1,2 km to 4.8 km (the corresponding 
center-to-center spacing varied from 6,0 km 
to 9,6 km), With closed boundary conditions, 
the model clouds have image clouds outside the 
domain, Thus, the interaction of the clouds 
(of equal intensity) is perfectly symmetric 
only in the 4.8 km spacing case. It is in 
that case that the center axes of the image 
and domain clouds (in a 19.2 km wide domain, 
200 m grid interval model) are all 9,6 km 
apart. All other spacings lead to asymmetric 
clouds, 

Two other factors can cause asymmetries 
and have been tested, First, the timing dif
ferences for the cloud initiation were varied 
from Oto 9 min at 3 min intervals, Second, 
the "intensity" of the clouds (maximum excess 
temperature of the initial perturbation) was 
varied from 1°C to 3°C. 

Figure 1 shows a case with perfect symmetry. 
This is Case C4,8L3R3 where C stands for closed 
boundary condition, 4,8 for the edge-to-edge 
spacing (in km), and L3R3 indicates that both 
the left cell and right cell have 3°C initial 
temperature perturbations, The two clouds in 
this case have only "destructive" interaction 
with each other (and their images), and both 
clouds together produce about as much precipi
tation as a single cell initiated along the 
central axis of the domain (at 9,6 km in from 
the left boundary) [see Table 1]. 
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TABLE 1 

Precipitation Results From Cases 
With Closed Boundary Conditions 

-----------------------------------------------
Unit: Dm3 C12er 1 km) 

Total 
Cases Rain Hail Preci]2, Merger 

A, Different s12acing Cases: 

Group a: 

CSINGLE3 41.0 1.6 42.6 no 
C4.8L3R3 43,1 0,4 43.5 no 
Cl.2L3R3 39.5 3,6 43.1 no 

Group b: 

C4,8L3Rl 40.2 1.9 42,1 no 
C3.6L3Rl 40,9 1.6 42.5 no 
C2.4L3Rl 45. 7 0.5 46.2 no 
Cl.2L3Rl 59,3 1.0 60,3 yes 

B. Different Intensity Cases: 

Cl.2L3Rl 59.3 1.0 60,3 yes 
Cl.2L3Rl.5 43,1 0.9 44.0 no 
Cl,2L3R2 42.2 1.6 43,8 no 
Cl.2L3R3 39,5 3,6 43. 1 no 

c. Different Timing Cases: 

Cl.2L3R3DTO 39,5 3.6 43.1 no 
Cl,2L3R3DT3 48.4 1.0 49,4 no 
Cl.2L3R3DT6 71.1 2,6 73.7 yes 
Cl,2L3R3DT9 55,1 3,2 58.3 no 

Figure 2 shows an example of cloud merger, 
which is caused by initiating one cloud 6 min 
later than the first, The basic force causing 
merger is the horizontal pressure gradient, 
which is maximized in this case due to the 
positive pressure perturbation region above 



a) b) 

d) 

e) f) 

Fig, 1: Simulation of two perfectly symmetric clouds, Case C4.8L3R3. Cloud areas (100% R.H.) are 
outlined by a solid line; streamlines are dashed lines. Small solid circles and asterisks indicate 
rain and hail greater than 1 g kg- 1, respectively; and the S's indicate cloud ice greater than 
0.1 g kg-l, 
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Fig. 2: Simulation of two clouds with 6 min difference in cloud initiations, Case Cl.2L3R3DT6. 
The symbols are the same as those in Fig. 1. 
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the cloud on the right, and the negative 
pressure perturbation region in the strong 
updraft of the cloud on the left (the pressure 
perturbation centers occurring at about the 
same elevation). 

Many more cases have been run. Table 1 
swnmarizes the results regarding total pre
cipitation and merger occurrence. The mnemonic 
for the cases is the same as described above 
with the addition that "single" stands for the 
single cloud case, Merger occurs if clouds 
are relatively close, or if one is stronger 
(more vigorous) than the other, or if one is 
initiated earlier than another of equal 
strength. Merger produces an increase in 
total precipitation by a factor of about 1.5. 

Quite possibly, the addition of mesoscale 
convergence in the lower levels would increase 
the number of merger cases, because the effect 
of the convergence is to move cells closer 
together (see Chen and Orville, 1980), Further 
tests need to be made. 
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MESOSCALE INTERACTION BETWEEN CONVECTIVE CELLS AND 

THE ENVIRONMENT : AN EFFICIENT NUMERICAL MODEL 

Y. POINT IN 

L.A.M.P., University of Clermont II, FRANCE 

I. Introduction 

The aim of the proposed model is to·study 
the influence of a deep convective cell on its 
neighboring environment and the modification 
that the resulting local variations of the 
thermodynamic and dynamic fields induce on the 
life cycle of the clouds. The time and space 
scales of the convective vertical transport of 
heat, humidity and momentum are of the order 
of one minute and a few kilometers respecti
vely and can hardly be assumed to be smaller 
than the characteristic time and space scales 
of an isolated cumulonimbus cloud adopted by 
other works (Kuo, 1974 ; Kreitzberg and Perkey, 
1976 ; Anthes, 1977). Active and convective 
cells concern a relatively small volume of the 
atmosphere which is otherwise stratified with 
very weak vertical transfers. The basic prin
ciple of this numerical model is to use a 
simplified description of the evolution of each 
convective cell in order to evaluate the 
vertical transports (convective fluxes) and to 
simulate their effects on the mesoscale flow 
with a simplified mesoscale model. This is 
realized by the imbrication of a one-dimen
sional time-dependent cumulus cloud in a three
dimensional non-hydrostatic mesoscale model. 

II. General description of the model 

The equations of the mesoscale model, 
similar to Tapp and White's (1976), simulate 
the dynamics and thermodynamics of the flow 
which is mainly quasi-barotropic and quasi
isentropic. Theses equations cannot take into 
account the internal structure of the convec
tive cells but include their effects by mean 
of convective fluxes induced by each cell 
(Fig. 1). The dynamic and thermodynamic fields 
are modified in a consistent way over the 
whole domain and at every instant through the 
mesoscale equations and their deformation in~ 
dicate clearly the position of each convective 
cell. The integration time step 6t is of the 
order of 40s and the grid cells have mean 
dimensions of the order of 5 km x 5 km x 1 km. 

The cloud model is based on existing mo
dels (Ogura and Takahashi, 1973) but several 
features have been added to permit the imbri
cation. 

Each cloud is visualized as three axi
syrnmetric coaxial cylinders vertically erected 
and topped by an hemispheric dome. The inner
most cylinder represents the active part of the 
cell which is usually simulated by other 
models. The middle cylinder represents the 
close neighborhood of the cell in which a 
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Fig. 1 : Block diagram of the imbrication of 
the cloud model in the mesoscale model 
(~ evolution following the equations, 
-+ data transmission, D parameters 

r7 Evaluation of the imbrication terms). 

localized downdraft can occur. The outermost 
cylinder represents the environment of the 
cloud which is modified both by the cloud and 
by the mesoscale flow. The top dome has the 
structure of a Hill vortex, raises like an air 
bubble an.d is pushed up or pulled down by the 
underlying turbulent jet. The air and the water 
substances pass from one cylinder to another 
through the lateral surface by means of turbu
lent motions induced by shear and thermal insta
bilities. The important effects of the boundary 
layer are partially simulated by the continuity 
equation, applied to the lowest layer of the 
cloud, from which a non zero velocity value 
for the bottom of the innermost cylinder is 
deduced. The microphysical phenomena are para
meterized according to Kessler's formulation. 
The turbulent field evolves under equations 
obtained following Lopez (1973) for the inner
most and middle cylinders and is deduced from 
the mesoscale flow fields by the diagnostic 
equations of Sommeria (1974) for the external 
cylinder. The vertical spacing between grid 
points of the axisyrnmetric one dimensional 
cloud model is 350 m and the variable time step 
is of the order of 10 s. 

The consistency of the description of the 
physical variables by two sets of parameters, 
one set in the mesoscale model, the other in 
the cloud model, requires that, for each alti
tude, the surface integral over the horizontal 



cross section of the external cylinder should 
be the same in the two models, According to 
this requirement, the values of the parameters 
in the external cylinder of the cloud model 
are computed from the values of the parameters 
in the mesoscale model every time these latter 
are modified (tn = n~t)(Fig. 1), Then, the 
cloud parameters evolve during a time internal 
~t and the differences between the new values 
and the old ones are used to define the con
vective fluxes which modify the values of the 
mesoscale parameters during the same time in
ternal ~t (Fig.1). This computing method for 
the fluxes is different from the methods pre
viously proposed (Kuo, 74; Kreitzberg and 
Perkey, 1976 ; Anthes, 1977) in the fact that 
the time evolution of the cloud parameters is 
essential. The fluxes are functions of time 
and space and closely reflect the evolution 
of the cloud. When the external cylinders of 
several clouds are intersecting, the fluxes 
over the common area are computed from the 
evolution of the values of the cloud parame
ters in each cell, 

The interaction between several cells is 
simulated by the direct influence that each 
cell has on the mesoscale surrounding of all 
the others. Furthermore, each cell competes 
in proportion to its radius, for the air sup
ply provided by the mesoscale convergence in 
the boundary layer. The modifications of the 
value of the mesoscale parameters, either by 
other cells or by itself, influence the life 
cycle of the cell. This model permits a more 
realistic and not too expensive simulation of 
the evolution of a convective cell. 

III. Imbrication of the two models 

The effects of the convective fluxes in 
the mesoscale vertical momentum equations, in 
the energy equation and in the humidity equa
tion are similar to the effects of an inter
nal body force, of a heat source and of a 
humidity source respectively. For example, the 
momentum equation reads : 

➔ 

au + + 
8-t°+U.v'U= 

where P, p are the pressure and density of a 
reference hydrostatic state and P' is the 
pressure perturbation with respect to this 
mean state. The internal body force F is 

CW 

computed between the time t and t 
1 

as 
n n+ 

F = (Wijk - Wi~k) /~t 
CW 

where Wi~k is the value of the vertical velo
city in the grid cell centered at (i~x, j~y, 
Zk) at time tn and Wijk is the mean value of 
the vertical velocities of the various volumes 
of all the parts of the clouds which intersect 
this grid cell, These modified vertical velo
cities are the result of the time integration 
of the cloud equations (Fig. 1) between tn 
and tn+l' The other fluxes are computed in the 
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same way but, so far, no convectively induced 
body force has been introduced in the horizontal 
momentum equations and this explains the axi
symmetric aspect of the perturbation pressure, 
temperature and vertical velocity fields in the 
mesoscale model. 

At every time step of the mesoscale mo
del, the local environment of each cell is cha
racterized by some parameters whose values are 
computed from the values of the mesoscale para
meters (Fig. 1) and which are used in the time 
integration of the differential equations of 
each cloud as initial or boundary values. These 
local environment parameters include the tempe
rature, the vapor (or small droplet) water con
tent, the vertical velocity, the mean horizon
tal wind and its divergence at the ground and 
the perturbation pressure. This latter para
meter is needed in order to transmit the effect 
of mesoscale divergence to the vertical veloci
ty equation of the cloud and to enable a non
zero vertical velocity at the "ground" in the 
inner cylinder which represents the dynamical 
forcing of the convective cell by the local 
environment. Holton (1973) has shown that the 
reactions of the surrounding of the cell, 
through the effect of the perturbation pressure, 
drastically influence the life cycle of the 
cell. This imbrication procedure takes in ac
count such effects which become important for 
the organized convection. 

IV. Case study 

A numerical simulation has been carried 
out, starting with hydrostatic and horizontal
ly uniform mesoscale fields with the tempera
ture, dew point temperature and horizontal wind 
profiles shown in fig. 2. 

A cloud has been created near the center 
of the domain with an arbitrary vertical velo
city of 2 m/s, an humidity of 95 % and a radius 
or 1700 m. The time-height cross section of the 

-~/ -"~ 
./ 

l0m/s 

Figure 2: Initial sounding of temperature, dew 
point temperature and horizontal wind profile. 



vertical velocity (WC) and of the temperature 
difference (DT) between the inner cylinder and 
the third cylinder (local environment of the 
cell) are shown in fig. 3 and 4 respectively. 
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Fig. 3: Time-height cross section of the 
vertical velocity in the innermost core·of the 
aloud (altitude in km, time in second). 

The cloud top reaches 13,5 km in 24 mn with a 
maximum vertical velocity of the order of 16.2 
m/s. As the cloud reaches 5 km (540 mb), it 
penetrates into dryer layer where the small 
droplets in the updraft rapidly evaporate in 
the entrained dry air. By 1000 s of simula
tion, the temperature in the updraft becomes 
lower than the external temperature in the 5 
km layers and induces a negative vertical velo
city later on. By reaching the freezing level, 
the cloud top resumes its activity and the 
vertical velocity reaches its maximum value 
just below the cloud top. In the dryer 5 km 
layers, the negative vertical velocity con
tributes to the heating of the air, the small 
droplets soon disappear and the evaporation 
decreases, leading to a positive temperature 
difference by 1200 s of simulation. After 
1300 s, the cloud top reaches 12 km where the 
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Fig. 4: Same as fig. 3 for the temperature 
difference between the innermost cylinder and 
the outermost one (loaa-l environment). 
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saturated vapor water content is low, the 
condensation heating is small and the tempera
ture difference becomes negative. After 1600 s 
of simulation, the vertical velocity and the 
temperature difference becomes small taking 
positive and negative values and the liquid wa
ter content decreases by precipitation and 
evaporation respectively. The impact of this 
convective cell on its mesoscale surroundings 
is visualized by the time evolution of various 
parameters at the mesoscale grid point closest 
to the center of the cloud on the figures 5-6-
7. The general features of these graphs is that 
the value of the mesoscale variables at the 
various altitudes are strongly affected by the 
cloud after various simulation times correspon
ding to those at which the cloud top reaches 
each altitude. These figures also show the in
fluence that the cloud has on the mesoscale 
field namely that the cloud heats and dries its 
neighborhood below 4 km (curbes labelled 1), 
cool_s and humidifies the dry layer between 5 km 
and 7 km (curves labelled 2) and heats the lay
er between 8 km and 12 km after 1200 s of si
mulation (curve labelled 3). The vertical 
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Fig. 5: Time evolution of the mesosaale tem
perature at the closest point to the aloud 
position for three different altitudes. 
Curve labelled 1 = 880 m, 2 = 5372 m, 3 = 
8349 m. A constant value has been substraated 

velocity is also strongly affected but the per
turbation pressure redistributes the effects of 
the momentum convective fluxes implying that 
the vertical velocity is downward at 8349 m 
by 1200 s before the penetration of the cloud 
in this layer. The other important influence of 
the cloud is the appearance of a convergence 
maximum near the cloud position in the ground 
layer as shown in fig. 8, convergence which 
contributes to the non-zero vertical velocity 
in the cloud model (Fig. 3). 
The horizontal extent of these perturbation 
fields is of the order of 15 km increasing 
with time while the amplitude of these 
perturbations decrease (Fig. 9), 



I/') 

c::i 

Cl") 

c::i 

_o 
O') -
r::l:S· _o 
_j I 

5CT; 
0 

I 

I/') 

0 

I 0, 25. SO. 75. 100. 125. iSO. 175. 
TEMPS 10 1 

Fig. 6: Same as fig. 5 for the vertical 
velocity. 
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Fig. ? : Same as Fig. 5 for the vapor water 
content. 
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Fig. 8: Time evolution of the horizontal 
wind divergence in the ground layer. 

V. Conclusions 

This simulation has shown that this cloud 
significantly modifies its environment and 
acts as a heat source in the layers between 
the ground and 5 km and between 8 km and 12 km 
but has a cooling effect on the layers between 
5 km and 7 km and above 12 km. This heating 
pattern is strongly dependent upon the time 
evolution of the cloud parameters and some pro
cesses like precipitation are important in 
this respect. 
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tual terrrperature in the mesoscale domain after 
1200 s of simulation for an altitude of 880 m. 
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Animated 3-D Depiction of a Summer Shower 

Gary R. White and Harry C. Vaughan 
Iowa State University 
Ames, Iowa U.S.A. 

Introduction 
The application of a series of isoplethic analyses to 

summer showers provides some insight into the complex 
composition of precipitation patterns. However, it is dif
ficult for the observer to visualize the many contributing 
events which build to a total area rain accumulation. In an 
attempt to better document the sub-cellular composition 
within a single rain event, a time dependent series of three
dimensional surfaces were plotted, based on real data from 
a symmetrical matrix of 25 rain gauges. 

To provide maximum insight into the development, 
movement and longevity of a shower a time lapse movie of 
the accumulation of precipitation over a 41 km2 area has 
been assembled. 

Collection of Data 
The data used for this study were collected over a 

41 km2 area of gently rolling farmland in central Iowa. A 
square matrix of 25 recording rain gauges with a linear 
spacing of 1.6 km was used. These gauges have a depth 
resolution of 0.025 mm and a time resolution of one 
minute. The data collected consists of summer (June, 
July, August) showers and thunderstorms. The gauges were 
serviced before and after each separate rain event. The 
charts were hand read and corrected for errors such as time 
clock and weighing mechanism inaccuracies. These results 
were then tabulated to give the minute-by-minute rain 
accumulation. 

Description of Program 
The computer program used to plot the rainfall data 

was translated from a FORTRAN version written by Steven 
L. Watkins (Watkins, 1974) into scientific BASIC used on 
Tektronix 4050 series graphics computers. This three
dimensional program has the capability of changing the 
viewing angle (degree of rotation), the elevation angle 
(above or below horizontal), and the spacing between 
plotted lines. A cubic spline interpolation routine (Johnson 
and Wiess, 1977) was developed for use with the plot 
program. This consisted of two steps: 1) interpolating 
points along each row of the rain gauge matrix and 2) 
interpolating along each of the columns (including inter
polated points of step 1 ). This results in a smooth data 
field to be used by the three-dimensional plot program. 

Each minute of rain gauge data from the 25 gauges 
are entered into this interpolation program by means of 
a 5 x 5 matrix. This program interpolates a 50 x 50 array 
(from the original 5 x 5 matrix) and prepares the result for 
storage onto magnetic tape. The three-dimensional plot 
program reads this interpolated array off the tape and 
begins the plotting process. The masking of hidden lines 
involved in this plot process requires that the foreground 
data to be plotted before data in the background. 
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Uses of Displays 
The output of the three-dimensional plot program can 

be seen in Figures 1-4. These four plots represent the life 
cycle of the rainfall pattern from thunderstorms the 
morning of August 16, 1976. These thunderstorms were 
triggered by an approaching warm front to the west. The 
first figure (Figure 1) describes the rainfall accumulated as 
of 1132 CST (four minutes after the rain began). The 
reader is viewing from southeast to northwest at an eleva
tion of 45°. The vertical scale is exaggerated, with a vertical 
measurement of 1 cm equalling 5.7 mm of rainfall. 

In Figure 1 it appears that the most rainfall has oc
curred in a narrow band (2 km wide) from the west central 
edge of the rain gauge matrix to the north central side. The 
rest of the area generally has received very little or no pre
cipitation by this time (1132 CST). 

Figure 2 (1137) contains several changes that took 
place in the preceding five minutes. First, all areas of the 
matrix have received additional, more general rainfall, ex
cept for the east central and extreme west central sides 
which are still near zero total precipitation. It also appears 
that the far northwest corner has received more rain than 
the rest of the gauges. 

Figure 3 ( 1203 CST) shows only two major differences 
from Figure 2: a) the general, matrix-wide rainfall contin
uing to raise the surface and b) a much higher rainfall area 
located at the northwest corner. 

The final figure (Figure 4) represents the total ac
cumulation for this particular rain which lasted 77 minutes, 
ending at 1245 CST. The only change that occurred be
tween 1203 and 1245 was relatively uniform rainfall over 
the area, thereby raising the entire surface. 

Conclusion 
These three-dimensional figures have some interesting 

attributes. With these figures the small scale variability of 
rainfall is much easier to visualize, as in the 2 km wide band 
of rain seen in Figure 1. Because variability of area rainfall 
is a value that is difficult to document, this type of plot 
helps the changes in accumulation over a small area become 
visible. 

It is hoped a time-lapse movie of a complete rain's 
minute-by-minute accumulation will accentuate the above 
mentioned qualities and show the movement associated 
with small scale events. 
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Figure 1. Three-dimensional representation of accumulated precipi
tation for August 16, 1976. Precipitation began at 1128 CST. 
Th is figure represents 1132 CST, viewing southeast to north
west. 

Figure 3. Three-dimensional representation of accumulated precipi
tation for 1203 CST August 16, 1976. 

638 

Figure 2. Three-dimensional representation of accumulated precipi
tation for 1137 CST August 16, 1976. 

Figure 4. This figure represents the final accumulation for August 16, 
1976 occurring at 1245 CST. 
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BACKSCATTERING OF MICROWAVES BY SPONGY ICE SPHERES 

Louis J. Battan and Craig F. Bohren* 

University of Arizona 
Tucson, Arizona USA 

1, Introduction 

Radar plays a crucial role in hail
storm seeding programs in many coun
tries. Decisions on whether or not to 
seed and evaluation of the result of 
seeding are made on the basis of radar 
backscatter measurements. The radar 
cross sections of hailstones depend on 
their shape, size, and composition as 
well as on the wavelength of the radia
tion. Various authors have calculated 
the scattering cross sections of uni
form ice spheres and of ice spheres 
coated with a shell of water. Theoret
ical calculations of the radar cross 
sections of inhomogeneous spheres, 
large with respect to the wavelength, 
have been limited, in part because of 
uncertainties in specifying the dielec
tric properties of ice-water mixtures 
(sometimes called ttspongy icett). 

A number of authors starting with 
Ryde (1946) have used an expression 
derived by Debye (1929) to calculate 
the refractive indices of mixtures of 
ice with air or with water. Battan and 
Herman (1962) having obtained the 
refractive indices in this way, calcu
lated scattering cross sections of 
spheres composed of spongy ice and of 
spheres having a core of ice surrounded 
with shells of spongy ice. Subse
quently, Atlas, Hardy, and Joss (1946) 
found that the latter calculations did 
not correlate at all with measurements 
of the backscattering from ice spheres 
having spongy ice shells. Instead, as 
shown in Fig. 1 the measurements 
corresponded quite well with the back
scattering from ice spheres having 
water shells containing the same amount 
of water as was contained in the spongy 
ice. These results verified early con
cerns that the Debye formulation was 
not appropriate for calculating the 
refractive indices of ice-water mix
tures. 

2. Dielectric function of mixtures 

In a recent paper, Bohren and Battan 
(1980) have discussed several other 
formulas for calculating the dielectric 
function (or refractive index) of a mix
ture of two substances, when the sub
units of the mixture are small with 
respect to the wavelength. This report 
is largely a condensed version of the 
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Bohren-Battan paper. 

Maxwell Garnet (1904), treating the 
mixture as spherical inclusions embed
ded in a homogeneous matrix, derived 
the following expression: 

= e: 
m 

I + 

3f [e:e: - e: ] 
+ 2: m (1) 

where EMG' e: and Em are the dielectric 
functions of the mixture, of the inclu
sions and of the matrix, respectively. 
The factor f is the volume fraction of 
the inclusions. It is easily seen that 
the values of e:MG of an ice-water mix
ture depend on whether ice is the 
inclusion or the matrix. 

Another formula for calculating the 
dielectric function of a mixture, 
called the effective-medium dielectric 
function, was first derived by Brugge
man ( 19 3 5) : 

These can be compared with Debye's 
(1929) function: 

Bohren and Battan (1980) show that 
if the values of e: of the two compon
ents of a mixture are not too different, 

*Present affiliation of Craig F. Bohren 
is Department of Meteorology, The 
Pennsylvania State University, Univer
sity Park, Pennsylvania USA. 



any one of the three equations above 
give about the same results. This is 
the case when air (s ~ 1) and ice 
(s ~ 3) are mixed to give low density 
ice. 

When the components of a mixture 
have dielectric functions that differ 
appreciably, the three equations can 
yield very large differences. This is 
the case for mixtures of water (s ~ 80) 
and ice (s ~ 3) as shown in Fig. 2. 

3. Backscattering cross sections 

Calculations have been made of the 
radar cross sections of ice spheres 
having overall diameters of 2 cm and 
composed of ice cores with shells of 
spongy ice. Figure 3 shows that the 
values of refractive index yielded by 
the Maxwell-Garnet function for ice 
inclusions in a water matrix yield 
backscattering cross sections in good 
agreement with the measurements shown 
in Fig. 1. It was found, but not shown 
here, that the correspondence between 
theory and measurements is poor when 
the refractive index is calculated for 
a mixture with water in an ice matrix. 

Figure 4 shows, as would have been 
anticipated from Fig. 2 that when f, 
the fraction of water, is high, the 
refractive indices obtained by the 
effective-medium function yield back
scattering cross sections in good 
agreement with the measurements. The 
correspondence changes markedly as f 
decreases. 

At first glance, it appears to be 
more reasonable to assume that spongy 
ice more nearly resembles water in an 
ice matrix. Nevertheless in view of 
the results to date, we would be 
inclined to use the Maxwell-Garnet 
equation with ice in a water mixture to 
calculate the refractive indices of 
ice-water mixtures. Future research 
should help resolve some of the exist
ing uncertainities. 
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Fig. 1 Normalized backscattering cross 
sections (in decibels) of ice 
spheres (diameters in mm given 
by numerals) obtained at 5.05 
cm wavelength. The spheres 
were composed of solid ice 
cores and having outer shells 
of spongy ice between 0.4 and 
2 mm thick and various water 
contents. The upper abscissa 
is the thickness of a water 
shell of the same water mass as 
in the ice-water shell. Each 
vertical line represents the 
range of measurements as each 
sphere was rotated. The all
water and all-ice values are 
shown as horizontal lines, tak
ing the former at O db. From 
Atlas, Hardy, and Joss (1964). 



Fig. 2 
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Fig. 3 Calcu~ated normalized backscat
tering cross sections of 
spheres (in decibels with 
respect to the cross sections 
of all-ice spheres) composed of 
solid ice cores with shells of 
spongy ice. The fraction of 
water in the mixture is given 
by f. The refractive indices 
were obtained by means of the 
Maxwell-Garnet function for 
water included in an ice 
matrix. 
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ACCURACY AND LIMITATION OF SOME CLOUD PHYSICS PROBES 

J.L. Brenguier, J.F. Gayet, P. Personne, J.P. Pinty, Y. Pointin, D. Rousset 

L.A.M.P., University of Clermont II, France 

I. Introduction 

These last few years, the LAMP has been 
using several probes in order to determine the 
microphysical characteristics of natural (air
borne measurements) and artificial (wind tun
nel measurements) clouds. These probes have 
been tested in laboratory in order to know 
their range of suitability and their respec
tive limitations. However, it is not easy to 
reproduce in laboratory the natural conditions 
of the airborne measurements, especially the 
relative speed of the particles (100 m/s), 
neither to know the spectral characteristics 
of the droplet distribution with enough accu
racy. Therefore, we have studied these probes 
"a posteriori" by comparing their respective 
measurements in the very different kinds of 
clouds studied during several experimental 
programs of the LAMP. An example of such com
parisons concerning the small droplets liquid 
water content is given here mainly based on 
measurements made during the PEP 79 experi
ment. 

II. Microphysical probes 

a) Measurement of the droplet spectra 

- The FSSP probe of Particle Measuring 
System (Knollenberg, 1976) is based on the 
measurement of the light intensity of the la
ser beam scattered by each droplet. All the 
droplets having a diameter between 3 µm and 
45 µmare sized and counted into 15 classes of 
3 µm width every 1 s by the electronic circui
try. The liquid water content is computed over 
the spectrum using the following relation 

LWCF =...!:!_ t:: pNi Di3 / (V.A.T.) 
6 i=l 

where Ni is the number of droplets in the ith 
class of mean diameter Di, V the relative ve
locity of particles and Tis the sampling time. 
The edge effect rejection circuitry and the 
depth of field limitation give a sampling area 
A of 0.35 mm2. 

b) Direct measurement of the liquid water 
content (LWC) 

- The Johnson-Williams probe of Bacharach 
Instrument Company (sampling area~ 10 mm2), 
It is based on the measurement of the power 
dissipated by a hot wire impacted by the drop
lets under a constant intensity current. The 
liquid water content is computed from the va
riation of the wire resistance (Spyers - Duran, 
1968). 
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c) Measurement of the total water content 
(TWC) 

- The Ruskin probe of General Eastern 
Corp. (sampling area= 75 mm2) is based on the 
measurement of the attenuation of the Lyman-a 
ray by water vapor after evaporation of the 
droplets and ice crystals· by heated grids. The 
liquid water content can be estimated by sub
stracting the water vapor content deduced from 
the dew point temperature. 

III. Response of the Probes 

a) Dynamical response of the probes 

Fig 1 shows two ratios of power spectra 
of water content deduced from the measurements 
of the different probes made during a 20 mn 
flight in a stratocumulus layer. The upper cur
ve is relative to the FSSP liquid water content 
compared to the Ruskin total water content and 
shows that the Ruskin cut-off frequency is at 
least equal to the FSSP's one (5 Hz). The lower 
curve is relative to the JW liquid water con
tent. It shows that the JW probe has a cut-off 
frequency close to 0.4 Hz above which the si
gnal has an attenuation of 20 dB per decade. 
This is further corroborated by the curve on 
Fig. 2 where the phase angle of the cross power 
spectrum of the JW liquid water content and of 
the Ruskin total water content is drawn and 
which show that a phase lag of 45° is reached 
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Fig. 1 : Ratios of the power spectra of the 
water content as functions of frequency 



at the cut-off frequency and which implies that 
the JW can be compared to a first order filter. 
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Fig. 2: Phase lag of the power spectra ratio 
of the JW LWC to the Ruskin TWC. 

b) Amplitude response of the probes 

- Fig.. 3a and b show the Ruskin total 
water content as a function of the Johnson
Williams and of the FSSP liquid water content 
respectively. Each dot corresponds to a one 
second(~ 100 m) averaged value during a cons
tant level flight (700 mb, - 10°C) in a stra
tocumulus cloud (PEP experiment), The points 
corresponding to~a liquid water content great
er than 0.05 g/mv are distributed along a line 
which has a slope of 0.82 on fig 3a and a slo
pe of 1.66 on fig 3 b. The intersection values 
of these lines with the y-axis are close to 
the water vapor content computed from the dew 
point temperature (2.4 g/m3), These figures 
reveal that the JW and Ruskin estimations of 
the liquid water content are equivalent where
as the FSSP values are underestimated by as 
much as 40 %. 
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and (b) the FSSP LWC. 
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IV. Analysis of the comparison 

a) The Cooper Formulation 

The previous part has shown that the JW 
probe gives a good estimate of the liquid wa
ter content in steady state measurements but 
has a time lag of 2.5 sin transient measure
ments. In order to refine the amplitude com
parison, the Ruskin and FSSP values recorded 
every.1 shave been smoothed by a recursive 
first order filter (Yn = .2 Yn + 0.8 Yn-1) and 
averaged over 1 sin order to be compared to 
the 1 s averaged JW values. Figs. 4a and 4 b 
give an example of the FSSP LWC as a function 
of the JW LWC during a stratocumulus cloud pe
netration in a layer near 700 mb, - 10 C with
out and with smoothing of the FSSP values res
pectively showing that the dispersion is re
duced by the filtering of the FSSP values. 
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Fig. 4 : Same as Fig. 3 for (a) the unsmoothed 
and (b) the time-filtered FSSP LWC as a func
tion of the JW LWC. 

The dots on Fig. 4b are distributed along a 
curve which has been described analytically by 
Cooper (Breed, 1978) under the relation 

(1) Nm= No exp (-A No) 

where No is the true number of particles per 
unit volume and Nm is the corresponding number 
measured by the FSSP. This relation is a con
sequence of the electronic behaviour of the 
probe. Any droplet crossing the laser beam and 
scattering enough light triggers a one shot 
circuitry which stays active during the time 
T = 16 µsand which prevents any subsequent 
particle to be counted if it crosses the beam 
during this time. If the mean time lag between 
droplets is less than T, only the first one is 
counted. This implies that the measured concen
tration reaches a maximum value and then 



decreases as the real concentration increases. 
In this above relation, the coefficient A= V. 
T.d.L is the reciprocal of the true concentra
tion for which the measured concentration is 
maximum ; Vis the air speed, T the time lag, 
d the beam width and L the beam length along 
which a droplet gives a high enough scattered 
light . .£i.!!!.. represents the probability that 

No 
a drop is counted by the FSSP probe and is 
independent of the radius. Assuming that the 
JW gives a reasonable estimate of the smoothed 
liquid water content, this probability is equal 
to FS/JW where FS represents the smoothed li
quid water content deduced from the droplet 
spectrum measured by the FSSP probe and JW the 
liquid water content measured by the JW probe. 
The above relation can be written 

(2) FS ln(FS/JW) = - A JW Nm 

and is illustrated by Fig. 5 where the left 
hand side is drawn as a function of the product 
JW.Nm.V.d.T every second during several cloud 
penetrations. The slope of the regression line 
gives an estimate of the effective beam length 
L = 4.6 mm leading to a coefficient A :1.5 10-3 
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Fig. 5: The left hand side of Eq. 2 as a func
tion of the right hand side divided by L. 

This value of Lis greater than the depth 
of field of the probe (2.85 mm) in which a 
particle is effectively counted into one of the 
15 classes. Fig. 5 shows that the formulation 
proposed by Cooper is suitable. 

However, some penetrations give dots 
which are significantly away from the Cooper 
curve as shown in Fig. 4b. Two different be
haviours, which are strongly inconsistent with 
the above relation are observed. On the one 
hand, Nm measured by the FSSP can be greater 
than the JW value, as for example during flight 
9 in a cumulus congestus cloud. On the other 
hand, Nm measured by the FSSP can be much lar
ger (Nm> 400 cm-3) than the maximum value al
lowed by equation 1, namely (A e)-1 = 245 cm-3 
with the adjusted value of A, as for example 
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during flight 10 in a stratocumulus cloud. 

b) Underestimation of the JW probe for 
the large droplets 

One explanation of the first behaviour 
may be found in the fact that, as shown on Fig. 
6, the JW liquid water content is also under
estimated with respect to the Ruskin values for 
the same flight in a cumulus cloud (compare with 
Fig. 3a). This suggests that the JW probe cannot 
properly take into account the water coc~snt of 
the larger droplets. 
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Fig. 6: Same as Fig. 3a during a cumulus pene
tration in flight 9 • 

For a cumulus cloud penetration at the level 
620 mb, - 20 C, the JW liquid water content is 
compared to the FSSP values computed by inte
gration over the whole droplet spectra (3.5 µm 
< D < 45 µm) on Fig. 7a and to the FSSP values 
computed by integration over the nine first 
classes on Fig. 7b (3,5 µm < D < 30 µm). The 
cut-off value of 30 µm has been. roughly adjus
ted in order to decrease the dispersion. 
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µm < D < 3 0 µm) . 



The comparison between these two graphs shows 
that some dots are unaffected by the spectra 
truncation while others which were away from 
the Cooper curve on Fig 7a have been brought 
closer to this curve on Fig. 7b. This implies 
clearly that the JW probe underestimates 
strongly the water content of the droplets with 
a diameter greater than 30 µm. It remains to 
estimate how the attenuation depends upon the 
diameter of the droplet and upon the water 
phase (ice or liquid). 

c) Diameter dependence of A 

In this discussion of Cooper formula (1), 
L was the beam length along which a droplet 
gives a threshold level of scattered light. 
The laser beam is focussed by optical lenses 
and the scattered light intensity decreases 
as the distance x between the droplet and the 
focus plane increases. The scattered intensi
ty behaves like : 

i z A D2 e -x2/L2 (Gayet, 1976) 
0 

The beam length inside which a particle of 
diameter D gives a scattered intensity greater 
than the threshold value depends upon the 
diameter as : 

( 3) L ( D) = 2 Lo ✓ 2 ln D + B 

This implies that, amongst the droplets out
side the depth of field, large droplets have 
a higher probability to trigger the electro
nic circuitry than smaller ones, leading the 
FSSP to count a smaller number of droplets 
when large droplets are present. Taking into 
account the probability that a particle cros
sing the beam has a diameter D and assuming 
that the time lag between subsequent particles 
has an exponenti'al distribution, the following 
formula can be derived 

( 4 ) Nm = No exp (- ! Ai Ni) 

where Ni is the true particle concentration in 
class i, No=~ Ni is the total particle con
centration, Ai = V.d.T L( Di) d and Nm is the to
tal particle concentration measured by the 
FSSP. This formulation explains the second in
consistent behaviour previously discussed 
namely that a high concentration can be obser
ved (Nm z 500 cm-3) in cloud containing only 
small particles. Preliminary results clearly 
indicate that the A coefficient of the Cooper 
formula (1) depends upon the spectrum shape 
as suggested by equation (4) and that the 
deviations of the instantaneous measures from 
the equation (4) is smaller that the devia
tions from equation (1). 

V. Conclusions 

The Ruskin probe has a cut-off frequency 
greater than 5 Hz and gives a good estimate of 
the total water content but without a fast 
response probe measuring the vapor water con
tent, one cannot deduce the LWC with a good 
accuracy. The JW probe has a frequency cut-off 
at around 0,4 Hz and measures only the small 
droplets (D < 30 µm) water content. The FSSP 
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probe undercounts the particles in a ratio which 
depends on the total concentration and on the 
distribution shape. 

A formula has been suggested which can 
give a better estimate of the real spectrum 
from the measured spectrum. 
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Introduction 

The shapes of falling hydrometeors in the 
atmosphere are usually nonspherical resulting 
in polarization dependent backscattering pro
perties of distributions of such scatterers. 
In particular, raindrops tend to be oblate 
spheroidal in shape and fall with their symme
try axis nearly vertical. The combined effect 
of nonsphericity and preferred orientation of 
raindrops forms the basis of the Differential 
Reflectivity (ZDR) radar technique for rainfall 
measurement. ZDR(dB) is defined as lOlog(ZH/Zv) 
where ZH v(mm 6m- 3 ) are the radar reflectivity 
factors ~t horizontal (H) and vertical (V) 
polarizations, respectively. ZDR in rain typi
cally ranges between O - SdB and can be measured 
very accurately [Bringi et al., 1978, 1980]. 
Seliga and Bringi (1976) first demonstrated that 
improved estimates of rainfall rate could be 
obtained by combining measurements of ZH and 
ZDR over conventional Z-R relationships. 
Experiments performed using the University of 
Chicago and Illinois State Water Survey (CHILL) 
radar and the Chilbolton radar operated by the 
Rutherford and Appleton Laboratories have demon
strated the usefulness of this technique in 
radar meteorology [Seliga et al. (1979, 1980a,b), 
Bringi et al. (1978, 1980), and Cherry et al. 
(1979, 1980)]. This paper outlines the theory 
and reviews some of the results of experiments 
performed using the CHILL radar, and cites 
possible applications of this remote measure
ment capability in cloud physics research. 

Theory 

Raindrops are assumed to be distributed 
exponentially with parameters N0 and A such that 

0 <De:;; Dm (1) 

where De is the equivalent spherical diameter 
of the assumed oblate spheroidal drop and Dm 
is the maximum expected drop size. We define 
Do as the median volume diameter corresponding 
to the distribution N(De) in (1) so that 
D0 = 3. 6 7 /" for D0 « Dm. 

ZDR(dB) is defined as 10 log (ZH/Zv) where 
ZH,V is given by 

/\4 °m 
zH,V = rrS\K\2 f crH,V(De)N(De) dDe (2) 

0 

where" is the radar wavelength, \K\ 2 = 
I (m2 - 1) / (m 2 + 2) \, m is the refractive index 
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of water and crH v are the radar cross sections 
of the oblate spheroidal raindrops at horizontal 
(aligned along the major axis) and vertical 
(aligned along the minor axis) polarizations, 
respectively. From (1) and (2) it is clear 
that ZDR is a function of D0 or"· These func
tional relationships are given in Figure 1, 
assuming Dm = 0.8cm. Hence, by combining mea
surements of ZDR and ZH it should be possible 
to estimate N0 and" and, hence, rainfall rate 
(R) or water content (W). 
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Fig. 1. Variations of ZDR and normalized 
horizontal reflectivity 10 log 
(ZH/N0 ) with D0 • 

Experimental Results 

As an example of the use of the ZDR tech
nique in the accurate measurement of rainfall 
rate, we compare radar derived rates with dis
drometer derived rates at the surface. Details 
of the experiment which used the CHILL radar 
located near Chicago are given in Seliga et al. 
(1980b). A disdrometer was operating at the 
radar site automatically measuring the raindrop 
size spectra at 30s intervals. Simultaneously, 
the radar operated in an RHI mode in the direc
tion of the approaching storm. This enabled us 
to compare radar-derived, range-dependent rain
fall rates obtained at the lowest elevation 
angles of the RHI scan with the disdrometer 
results translated from a time to a range depen
dency by assuming the storm approached the radar 
at a speed of 11mph. This comparison is mean
ingful only if the storm can be assumed to be 
in steady state between the times of the radar 
and disdrometer measurements; the radar scan 
which preceded the results given here by 4-m 
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produced a similar rainfall rate profile, thus 
supporting this assumption, Figure 2 gives ZH 
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Figure 2. ZDR and ZH as a function of range. 

and ZDR as a function of range along the radar 
beam just before the storm reached the radar 
site. These values were used to calculate 
(N 0 , D0 ) and, hence, rainfall rate as outlined 
in the previous section. The radar-derived 
rainfall rate is shown in Figure 3 along with 
the disdrometer results. The comparison is 
remarkably good, including the overall shape 
of the curves, the magnitude of the maximum 
rainrate ( - 150mm hr- 1 ) at range 3km and the 
secondary maximum (~10 mm hr- 1) at range 5km. 
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Figure 3. Comparison of radar and 
disdrometer rainfall rates. 

The ZDR technique in rain can be used to 
estimate the parameters N0 and D0 as well as 
rainfall rate as shown in Figures 4 - 8. Figures 
4 and 5 depict profiles of ZH and ZDR as a func
tion of range along the radar beam at an eleva
tion of 0.5° using the CHILL radar located in 
Oklahoma. The derived values of D0 , N0 and 
rainfall rate are shown in Figures 5, 6 and 7, 
respectively. Note the wide variability in the 
values of N0 and D0 clearly showing the inappli
cability of the constant Marshall-Palmer (1948) 
value of N0 = 80,000 m- 3cm- 1 . These profiles 
illustrate the type of data available using 
scanning radars equipped to measure ZDR and ZH 
as opposed to mea~uring reflectivity alone. 
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The accurate estimate of spatial and time 
averaged rainfall rate is an important objec
tive in cloud physics. We review rainfall rate 
measurements obtained with the CHILL radar oper
ating near Chicago for comparison with a dense 
raingauge network. Experimental details can be 
found in Seliga et al. (1980a). Figure 9 shows 
the location of the radar site and the raingauge 
network. Also shown are subareas S1i and Szi, 
i = 1, 7, and areas S1 and Sz (~550 km 2) over 
which areal rainfall rate estimates are obtained 
over a period of about 1 hr. Table 1 gives com
parative statistics of radar derived rainfall 
rate and raingauge (Re) derived rainfall rates 
using the subareas S1i, Szi, i = 1,7. Radar 
derived rainfall rates were obtained using the 
ZDR technique, RzDR, the Z-R relationship, RzR, 
and a calibrated Z-R relationship, R~R' Note 
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the excellent agreement between the ZDR tech
nique and the raingauge network including 
substantially lower values of the average 
difference between the two estimates as opposed 
to using either average Z-R (Z = 486R1 · 37) or 
calibrated Z-R relationships (Z = 187Rl.27). 

Radar Site;:: 
:i: 

Figure 9. Radar and raingauge locations 
near Chicago and areas S1 and 
S2 (see Table 1). 

TARLE 1 

Comparative Statistics of Rainfall Data 

Ratio Estimates s, Sz Average 

<RzoR>/<RG> 0,86 1. 17 1.02 

<R~R>/<R(;> 1.36 1.33 1.35 

<RzR>/ <RG> 0.57 0.66 0.62 

<RzoR/RG> o. 77 1.16 0.965 I 
<R~R/RG> 1.28 1.37 1.32 

<RZR/~> 0,52 0,64 0.58 

Average 
difference• 

Ri "' RzDRi 24\ 20\ 22% 

Rt = R~Ri 40\ 43\ 41.8\ 

Ri "' RzRi 56\ 38\ 47\ 

Fractional Stan-
dard Oeviationu 

R = Rzoa ZO\ 11.5\ 15.S\ 

R = R~R 26\ 12,5\ 19.3\ 

R = Rza 24.8\ 14\ 19,4\ 

.. FSD "' Standard Deviation of (R/RG)/<R/R(;> where 
R = Rzoa, R~R or RzR• 

Conclusions 

s,. 

The ZDR technique appears to be an impor
tant radar measurement in cloud physics research. 
The experimental results reviewed here have 
shown that this technique can yield (a) accu
rate, high resolution rainfall rate estimates 
below cloud base, (b) spatial and temporal 
variations of (N0 , D0 ) of an assumed exponen
tial drop size distribution, and (c) accurate 
areal estimates of rainfall. In addition, the 
ZDR signature has been found (Cherry et al., 
1979) to discriminate uniquely between water 
and ice phase hydrometeors due to the differ
ences in the polarization dependent backscat
tering properties of distributions of such 
scatterers. 
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A DOPPLER RADAR HAIL SENSOR 

A.E. Carte 

National Physical Research Laboratory 
Pretoria SOUTH AFRICA 

1 . INTRODUCTION 

Recent comprehensive reviews of methods 
for measurement of hailfalls have shown that a 
great variety of instruments has been 
developed (Towery et at, 1976 and Nicholas, 
1977). In practice, however, only the hail
pad is extensively used, despite its well
known limitations. This is because studies 
of hailfall patterns on the ground have 
revealed fine-scale structures in time and 
space, which imply that to characterize a 
hailfall fully a dense network of instruments 
spread over a relatively large area is 
required. Economic considerations have up to 
now ruled out instruments other than the hail
pad for such networks. Improved hailpads 
have been developed (Roos, 1978) which are 
hardly affected by wind or weathering. These 
pads can be evaluated rapidly and objectively 
and have been incorporated into recorders to 
provide time resolution. Even so, an auto
matic method would have obvious advantages. 
For this reason, the use as hail recorders 
of small, simple Doppler radars of the type 
used in communications systems, proximity 
alarms and speed traps was investigated. 

2. APPARATUS AND METHODS 

The radar that was selected for testing 
was a varactor-tuned Gunnplexer with a 17 dB 
horn antenna giving a half-power beamwidth 
in both planes of 30°. It comprised little 
more than a resonant cavity with a Gunn diode 
which acted as both transmitter and local 
oscillator, a Schottky diode mixer and a 
10 volt power supply. The radar operated in 
the continuous wave mode and its output was 
the Doppler shift frequency, fd = 2 v/A where 
vis the radial velocity of the target and A 
is the wavelength of the transmitted radiation. 
The amplitude of the received signal was 
dependent upon range and back-scattering 
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properties of the target. The power output of 
the unit was 15 mW and the operating frequency 
was 10•250 GHz (wavelength ~3 cm). The choice 
of this frequency meant that the Doppler shift 
from hailstones of 5 to 50 mm in diameter 
falling at terminal velocity would be in the 
audio frequency range. The output could there
fore be recorded with an inexpensive audio 
cassette recorder. 

Laboratory tests were carried out with 
falling spheres to check the frequency response 
and to determine the beam pattern. It was 
necessary to add an auxiliary amplifier in 
order to increase the sensitivity sufficiently 
to detect 5 mm spheres of ice satisfactorily 
at a range of 50 cm. On the basis of these 
tests, various configurations of the equipment 
were then tried to establish the best method 
for the detection of hailstones (Fig. 1). 
The radar was pointed vertically upwards for 
measuring only the vertical component of the 
velocity of falling hydrometeors, i.e. their 
terminal velocities would be determined even 
when there was a wind. The concentration of 
large particles would be overestimated if they 
entered a diverging beam, as shown schematic
ally by Fig. 1a, since they would be detected 
at longer ranges than smaller particles. Use 
of a parallel beam would overcome this unless 
there was a horizontal wind, when again larger 
objects would be overestimated (Fig. 1b). 
Thus a sensing platform, transparent to micro
waves and located directly above the radar, 
was used. It was 30 x 30 cm at a distance of 
about 40 cm, such that it was illuminated 
reasonably uniformly. This platform defined 
the sensing area provided that only impacting 
hailstones were counted. A horizontal surface, 
as in Fig. 1c, was abandoned in favour of a 
sloping surface, as in Fig. 1d, to allow rain
water to drain away readily and to ensure that 
hailstones would tend to bounce out of the 
beam and not undergo multiple impacts. 

; 
\ ' I 
\ i\ I t 

r1Y n 
(c) g (d) 6 

Fig. 1. Radar system with: (a) conical beam; (b) parallel beam; (c) sensing 
surface horizontal; and (d) sensing surface inclined. 
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3. RESULTS 

(a) Test objects 

The output waveforms for various falling 
objects were recorded by a storage oscillo
scope. Some results are shown in Fig. 2. 
Impacts on a resilient surface gave rise to 
low frequency oscillations that could persist 
for many tens of milliseconds, as in Fig. 2c, 
and these modulated the signal from objects 
that arrived shortly after an impact 
(Fig. 2d). Thick rigid surfaces caused too 
much attenuation of the microwave radiation, 
thus a compromise was necessary. Surfaces of 
Perspex, 6 mm thick, were used for the first 
instruments that were tested in the field. 
Another effect of surfaces that were not com
pletely transparent to the wavelength used 
was to cause interference which gave rise to 
fluctuations in amplitude of the signals as 
targets approached the surface. Also, ampli
tude at the instant of impact varied with 
distance of the target from the beam axis, so 
that amplitude could be used to give only a 
rough indication of size, even if the effects 
of Mie scattering could be disregarded. 

(a) (b) (c) 

simply by playing back the audio record. How
ever to enable quantitative measurements of 
freq~ency to be made and to detect small hail-
stones, the record was digitised (with . 
sampling done at 20 kHz) followed by a Fourier 
analysis by computer. The record was divided 
into blocks of 40 ms in duration and both the 
analogue results (amplitude versus time) and 
the results of the Fourier analysis (amplitude 
versus frequency) were plotted. 

Five radar hail sensors were tested in the 
field during the summer of 1979/80. A few 
hailfalls were recorded. They mostly com
prised small hailstones but one had hailstones 
with fallspeeds of up to 20 m/s. Four short 
sections of the record taken during a 5-minute 
hailfall are shown in Fig. 3. One section 
includes the signal from a hailstone with a 
fallspeed of 20 m/s. Its record extended 
partly across two 40 ms blocks so that its 
corresponding frequency peak also appears on 
two adjacent records, but with a high amplitude, 
low frequency signal from the impact being 
present only on the second one. The signals 
in the bottom line peak at a frequency that 

(d) (e) 

Fig. 2. Output waveforms: (a) water drop, 5.5 m/s; (b) sphere, 9 m/s; (c) sphere impacting on 
resilient surface; (d) two spheres in rapid succession on a resilient sur~ace; and (e) two . 
spheres in rapid succession on a firm surface, showing the low frequency signal from a non-vertical 
rebound. (Vertical grid lines are at 10 ms intervals in (a) and (b) and 20 ms in (c), (d) and (e). 

(b) Rain and hail 

The measurement of the Doppler frequency 
shift of an individual hailstone is quite 
straightforward. This gives fallspeed, which 
can then be related to size (Carte and Roos, 
1973). The areal concentration of hailstones 
can be determined by counting only those that 
struck the known area, and the spatial concen
tration can also be derived when the duration 
of the hailfall has been recorded. However, 
in actuality hailstones are usually accom
panied by heavy rain. This p~oduces two com
plications: (i) there may be a number of 
hydrometeors in the beam simultaneously, 
producing complex, fluctuating signals; and 
(ii) the sensing surface tends to become 
covered with water which flows away discon
tinuously in "blobs" that produce low 
frequency signals of large amplitude. Inex
pensive audio tape recorders have poor response 
to low frequencies and therefore filter out 
much of the background noise pro~uced by move-
ment of water. 

The signals from large hailstones that 
strike the surface can be recognised readily 
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gives a speed of 9 m/s, and were probably 
produced by large raindrops as this frequency 
was found throughout much of the record and 
when there was rain without hail. 

The results have also been displayed in a 
more compact manner by plotting the frequency 
of peaks against time. This, however, does 
not enable impacting hailstones to be dis
tinguished from those that missed the sensing 
surface. A more sophisticated method of 
analysis should enable such discrimination to 
be achieved. 

4. CONCLUSIONS 

A small Doppler radar has shown promise 
as a relatively inexpensive hail recorder. 
It provides a straightforward and accurate . 
method for measuring the speed of free-falling 
hailstones. Time-resolved size distributions 
and measurements of hailfall intensity such 
as areal concentration and kinetic energy 
density can also be obtained. These all 
require that only those hailstones that are 
intercepted by a known area are counted. The 
technique of detecting impacts on a sensing 
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Fig. 3. Analogue and Fourier results as plotted by computer from a digitised record of the radar 
output during a hailfall accompanied by rain. Four sections of the record, every one of 60 ms 
duration, are shown. 

platform is feasible for large hailstones but 
has limitations for smaller ones. Run-off of 
rainwater from this surface introduces com
plications. Other methods of delineating the 
area of interception are being investigated. 
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L'AQUASONDE, SONDE DONNANT LE SPECTRE DIMENSIONNEL 

DES GOUTTES DE NUAGE SUIVANT LA VERTICALE 

J-L. Champeaux 

Etablissement d'Etudes et de Recherches Meteorologiques 
Magny-les-Hameaux FRANCE 

Jusqu'a present, la mesure in situ de particu
les etait effectuee par des instruments de me
sure aeroportes : impacteurs, appareils photo
graphiques, precedes optiques (Knollenberg). 

La variation des parametres microphysiques 
suivant la verticale etant un element important 
dans les divers processus de genese des preci
pitations, il nous est apparu utile de develop
per une sonde, largable d'avion, qui donne en 
continu la structure verticale du nuage et son 
evolution temporelle. La gamme de mesure de 
l'Aquasonde va de 8 a 200 microns. 

PHOTON° 

J - CONCEPTION MECANIQUE 

Le corps de la sonde (photos 1,2), en polyure
thane, se presente sous la forme d'un cylindre 
(diametre 200 mm, hauteur 300 mm) traverse de 
part en part par le tube de mesure (diametre 
2 mm). Son poids est de 2,5 kg. L'Aquasonde 
peut actuellement etre equipee de deux versions 
de ralentisseurs : 

- un ralentisseur a huit ailettes concaves 
etudie en soufflerie qui confere a la 
sonde une tres bonne stabilite (vitesse 
de chute II m/s) (photo N°1) 

- un parachute a fentes, qui reduit la vi
tesse de chute a 3 m/s tout en conservant 
une bonne stabilite a la sonde. 

Des etudes en soufflerie ont permis de definir 
un ecoulement peu perturbe au niveau du volume 
de mesure en prolongeant de 10 cm le tube de 
mesure par rapport a la face avant de la sonde. 
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PHOTON° 2 

2 - PRINCIPE OPTIQUE (Figure I) 

Le principe de la mesure consiste a recevoir 
sur un detecteur photoelectrique, place a 30° 
par rapport au flux incident, une partie de 
l'energie refractee par la goutte d'eau lorsque 
celle-ci traverse le volume eclaire. Le volume 
d'echantillonnage est un parallelipipede droit 
a bords nets de 2 mm3 de volume; la surface 
d'echantillonnage etant de 4 mm2, la hauteur 
de 500 microns (Figure 2). La fluctuation mo
yenne de l'eclairement dans tout le champ est 
de 6%, ce qui donne une erreur de 3% sur le 
diametre. 

Figure I 

VOLUME 
DE MESURE 

DETECTEUR 

Schema optique 



FIGURE 2 : zone de captation vue de dessus 

Pour des ,~isons d'homogeneite de la zone 
d'epreuve, d'encombrement et de luminance, la 
source lumineuse est une lampe a filament de 
tungs tene aux halogenes ( 6V, I OW) fonc tion
nant en surtension (8V). L'element sensible 
est une photodiode PIN 5 D de 2, 5 'mm de dia
metre. 

Les blocs optiques sont mantes sur une galette 
en nid d'abeille. 

3 - PARTIE ELECTRONIQUE 

La photodiode transforme l'energie re9ue en 
courant; 2 amplificateurs successifs deli
vrent un signal rectangulaire dont l'amplitude 
est proportionnelle au diametre de la goutte 
d'eau. Les signaux, apres avoir subi une com
pression, modulent un emetteur en 400 MHz. 
Parallelement une information pression, deli
vree sous la forme d'une frequence, permet 
de donner l'altitude de la sonde dans le nuage. 
Le recepteur multi-frequence permet d'effectuer 
des lachers de plusieurs sondes simultanement, 
La reception s'effectue a bard de l'avion; 
les informations peuvent etre traitees en 
temps reel, ou bien enregistrees sur bande 
magnetique. 

Un systeme de localisation monte sur avian 
et sur un vehicule au sol permet de recuperer 
une grande partie des sondes. 

4 - TRAITEMENT DU SIGNAL 

Les impulsions demodulees issues du recepteur 
sont comptees et simultanement classees par 
comparaison instantanee a differentes valeurs 
de seuil (30 classes) reglables et definies 
dans la gamme de mesure de l'Aquasonde. La 
valeur de l'amplitude crete du signal est prise 
en memoire et validee sur le flanc de descente 
(C::,,V de quelques mV). Ces informations sont 
enregistrees sur cassette et traitees sur cal
culateur. 

5 - ERREURS DE MESURE 

Les erreurs de mesure sont de deux types : 
d'une part, les effets dus au passage de gout
tes sur le bard de la zone sensible ; dans ce 
cas, la goutte est comptee dans une classe 
inferieure. Ces effets sont minimes. D'autre 
part, les effets de coincidence: le probleme 
se pose lorsque deux ou plusieurs gouttes se 
presentent en meme temps dans le volume de 
mesure. 
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Plusieurs cas peuvent se produire 

a) 

Deux gouttes se trouvent simultanement dans le 
volume eclaire. Electroniquement, on compte 
une goutte plus grosse au lieu de deux plus 
petites; on commet alors une erreur sur le 
nombre et le spectre dimensionnel. 

b) 

Ce cas est un cas limite ; il est traite de 
maniere correcte au niveau de la chaine d'ac
quisition. Ce type de signal se presente ce
pendant frequemment, car dans certaines con
figurations de passage des gouttes le "cas a" 
devient "cas b". 

Pour ameliorer le systeme de comptage, on peut 
analyser le signal plus finement par echantil
lonnage. Une diminution de la surface d'echan
tillonnage reduirait considerablement le nom
bre de coincidence. 

Un programme de correction des erreurs de me
sure (effets de bard, coincidence) a ete mis 
au point, ce qui permet a l'Aquasonde de me
surer des concentrations de l'ordre de 200 
gouttes/cm3 avec une bonne precision. 
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6 - COMPARAISON AQUASONDE-KNOLLENBERG 

Une comparaison a ete effectuee entre les 
appareils de Knollenberg (FSSP et CDP) et 
l'Aquasonde a l'aide de particules de latex 
calibrees, et par pulverisation de gouttelet
tes d'eau. Les surfaces d'echantillonnage 
avaient ete positionnees le plus pres possible 
l'une de l'autre. 

L'examen des resultats montre une bonne con
cordance entre les diametres mesures par 
l'Aquasonde et les appareils de Knollenberg. 
(Figures 3 a et 3 b). 

Le comptage de particules dans les premiers 
canaux est certainement du a la presence de 
poussieres dans le jet de latex. 
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v. 6 
RESULTS FROM THE METEOROLOGICAL OFFICE AIRBORNE 

HOLOGRAPHIC PARTICLE-~!EASURING INSTRUMENT 

B.J. Conway, A.N. Bentley, M. Kitchen and S.J. Caughey 

Meteorological Office 
Bracknell U.K. 

Introduction 

The UK Meteorological Office has developed 
a holographic instrument for ground and 
aircraft - based measurements in cloud and 
precipitation (Ryder, 1976). Its 
characteristics complement those of the ASSP-
100 and 2D instruments, made by Particle 
Measuring Systems Inc, which are also in use. 
Thus each hologram is a virtually instantaneous 
(20 ns exposure) record of a localised volume 
'.J~- about 0.5 litre whereas the ASSP-100 samule 
is less than lmm2 in cross-section and tens.or 
hundreds of metres in length. The holographic 
instrument can be used to measure ice particles 
and water drops from around lO;um radius up to 
large precipitation elements, and is able to 
show particle-shape down to about 100 um 
diameter at which size the 2D cloud dtoplet 
probe images are poorly resolved. The ASSP-
100 and 2D instruments have the great 
advantage of presenting results in real time 
and hence one of their functions will be to 
enable selection of holograms for detailed 
analysis. 

The holographic system has been test
flown on the Meteorological Research Flight 
Hercules aircraft and used in ground-based 
measurements in cloud. This paper briefly 
describes the instrument and presents some 
results from recent trials. 

Technical Descrintion 

The instrument uses the in-line geometry 
which is generally favoured for particle 
holography since it minimises the laser 
coherence requirements and eliminates the 
need for a separate reference beam. Fig 1 
shows the recording and reconstruction 
arrangements in schematic form. 

The laser employed for recording is a 
:erranti Nd:Yag type, designed for airborne 
use, which produces some 50 mj of radiation 
G.i: 1.06(,um wavelength in each 20 ns pulse. 
;,. lithium iodate crystal converts about 10% 
of this radiation to the second harmonic at 
0,53 1um, which is a good match to the spectral 
sens1 ti vity peak of the Agfa 10E56AH 
holographic film. The unconverted infra-red 
light plays no part in hologram formation. 

A Vinten reconnaissac1ce camera (without 
lens) is loaded with enough 70 mm film to 
record some 300 holograms in a single flight. 
A roller-blind shutter, which limits exposure 
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RECORDING 

RECONSTRUCTION 

Figure 1. Holographic recording and recon
struction arrangements showing geometry and 
all essential components. 

of the film to background light, opens to a 
maximum aperture of 5 x 5 cm, whereupon the 
hologram is exposed by a synchronised laser 
pulse. The present system can operate at 2 
frames/sec; minor modifications will allow 
operation at up to 8 frames/sec. 

The optimum film-processing procedure is 
still being investigated, following results 
obtained at Loughborough University (Dunn and 
Walls, 1979). At present absorption 
holograms are produced by development in 
Kodak Dl9 to an overall density of about 1.5, 
followed by use of a rapid fixer 6ilch as 
Super Amfix. Absorption holograms are 
preferred, having been found to be mt1ch less 
noisy in reconstruction than phase holograms 
produced by bleaching out the silver image. 
For reconstruction it is found that holograms 
are held sufficiently flat when supported at 
their edges only, in a sprocketed frame 
mounted on micropositioners. A helium-neon 
laser provides the reconstruction beam. 

No imaging lenses are used in recording or 
reconstruction. The curved wave:f::-onts 
associated with the use of div~r~i~? beams 
(Fig 1) result in the production-0!-~agnified 
real images (Collier et al, 1971) which are 
allowed to fall directly onto the face of the 
TV camera's vidicon tube. The magnification 
varies with the distance of the droplet from 
the film at recording time and is typically 3J 
or less for a recording length of 1-2 m. 
Movement of the hologram towards or away from 
the TV camera brings different planes into 



li':igure 2. Reconstruction of ballotini on 
perspex fibres. Radius of largest particle 
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Figu.~e 3e Holographic vs microscope size 
measurements for the particles in Fig 2. 

eParticles recorded 12 cm from film. 
OSame particles recorded 30 cm from film. 

focus and allows the entire recorded volume 
to be scanned. 

Laboratory '.l'ests 

Test-recordings were made of ballotini 
(small glass beads) supported on perspex 
fibres as well as of water droplet sprays. 
Reconstructions of holograms recorded on film 
were not noticeably worse than those from 
holograms on glass plates. 

Fig 2 shows a typical reconstruction, from 
a film hologram, of ballotini supported on fine 
~hre~ds, the thinnest of which are 2 to 3 um 
in diameter. Threads of this size are cliarly 
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distinguishable in reconstruction although 
they cannot be sized accurately, but particles 
of such small dimensions are difficult to 
pick out. The ballotini range from 11 to 65 

1,1m in radius. Their radii deduced from the 
holographic reconstruction are plotted in 
flg 3 against corresponding values measured 
directly by microscope. The comparison is 
made for two cases: in one the particles 
were recorded 12 cm from the film and in the 
other the distance was 30 cm, ie opp9site ends 
of a recording volume of some 350 cm5. 
Agreement with microscope measurements is 
within.:!:. 10% in both cases. 

In other tests, recordings were made of 
beads in the precipitation size-range (several 
mm diameter) and found to give clear, well
defined reconstructions. 

Ground-based field trials 

In May 1979, the complete instrument was 
field-tested during an experimental study of 
entrainment effects in clouds (Blyth et al, 
1980). The experimental site was at the top 
of Great Dun Fell in Cumbria, 847 m a.m.s.l. 
The laser and camera were enclosed in weather 

-proof aluminium boxes about 1 m apart on a 
framework platform 4 m high. An ASSP-100 
droplet-sizing probe was mounted about 1 m 
from the holographic instrument. 

Fig 4 shows typical reconstructions of 
cloud droplets in the range 5-l01um radius 
recorded on 14th May in non-precipitating cap 
cloud. The mean ASSP droplet size spectrum 
(averaged over 10 seconds around the hologram 
recording time) appears in fig 5(a). For 
comparison the holographic size spectrum 
(mean of 3 scans each of 400 drops) is shown 
in fig 5(b). 

Direct comparison of the results is 
complicated by the difference in sample 
volumes. The holographic sample was about 
25 cm in maximum extent while the ASSP ten
second sample stretched over some 100 m 
alongwind ( wind speed was rvl0 m sec-1 ). 

Figure 4,. Reconstructions of droplets recorded 
during ground-based trials :i.n natural cloud,. 
In 4(a) a second, out of focus, droplet is also 
visible .. Droplet radii: (a) 6.5;um (larger 
droplet); (b) 9 .. o;um (Image size aepends on 
magnification whiuh varies with the position of 
the particle at recording time),. 
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Figure 5., Droplet size spectra measured by 
ASSP-100 and holographic instrument., (Ground
based t:rl:a.ls on 14th~ 1979). 
(a) Mean ASSP spectrum, 10-second sample., 
(b) Holographic spectrum.. 

The maximum ASSP sampling rate was 1 spectrum 
per second, ie an average over approximately 
10 m. Much shorter ASSP sampling periods 
would result in unreliable spectra containing 
very few droplets. 

Mean droplet radii from the ASSP 10-second 
spectrum and from the holographic spectrum are 
9.8,,um and 10.71um respectively. Ho~ever, the 
mean radii of individual 1-second ASSP spectra 
from within the 10-second sample of fig 5(a) 
range from 9.11um to 10.51um, the spread of 
values encountered within 15 seconds either 
side of the holographic exposure being even 
greater: 8.0 to 12.21um. Since even these 
1-second spectra, being 10 m averages, smooth 
out any fluctuations on the scale of the 
holographic sample volume, the holographic 
sizing is clearly consistent with the 
available ASSP data. 

Such attempts to compare measurements from 
the two instruments highlight the ability of 

Thus we can obtain three-dimensional spatial 
information on statistically significant 
numbers of particles within the sample volume 
of an individual hologram, and have similar, 
localised samples at spatial intervals governed 
by the period between consecutive exposures and 
the speed of the instrument relative to the 
surrounding air. 

Recordings made at other times during the 
trials at Great Dun Fell showed larger 
hydrometeors well outside the size range of the 
ASSP-100. Examples are shown in figs 6(a) and 
6(b). The former shows a drizzle drop of 
radius 1101um. The spherical shape of the 
particle is immediately apparent and 
measurements of perpendicular diameters agree 
to within '2:j,. In contrast, fig 6(b) shows 
a clearly non-spherical particle, of maximum 
chord 750;um, considered to be a small, 
partially'melted, hail pellet. 

Aircraft-based measurements 

More recently, the holographic equipment 
was installed in wing-pods on the MRF Hercules 
aircraft, and on 4th October 1979, 
penetrations were made of small, scattered, 
maritime cumulus clouds in an area a few miles 
north of the Scilly Isles. Cloud bases were 
at about 2300 ft with tops extending to 4700 
ft. Holograms were exposed in cloud and ASSP-
100 spectra were recorded at 1-second intervals 
(corresponding to a path length of about 100 
m) • 

On this occasion a minor camera fault 
resulted in some fogging of the holograms by 
background light. Nevertheless, it was found 
possible to recover information by partially 

the holographic system to permit investigations ~ 

on length-scales inaccessible by other means. J 

Figure 6. Reconstructions of precipitation -

~

rticles recorded during ground-based trials. 
) Drizzle drop, re.di us 110 /Ulll• 
) Hail pellet, max chord 75o;um• 
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bleaching them down to the usual density. 

Fig 7(a) shows the mean ASSP drop,-size 
spectrum from a typical cloud penetration at 
3400 ft. The spectrum is a mean of the six 
one-second spectra obtained during that 
penetration. No droplets above about 12JUI11 
radius were fotmd so the sample was at the 
small-size end of the holographic instrument's 
range. Images of droplets were readily found 
however and typical examples are shown in 
figs 7(b) and 7(0). All the droplets 
reconstructed were ~ound to fail within the 
size range of the ASSP distribution in fig 
7(a), those in figs 7(b) and 7(0) being of 

radius 11/'"11 and 6.5f1111 respectively. 

conclusio.p 

Recordings of cloud and precipitation 
particles have been made under a variety 
of conditions in ground and aircraft-based 
trials, and the resulting drop,-size 
measurements fotmd to compare well with values 
obtained ~n other ways. Success:f'ul 
reconstructions have been made of droplets 
down to a.bout 6 ~ radius, ie at the small
size end.of the instrument's range, recorded 
during aircraft penetrations of cumulus clouds, 
and these provide considerable encouragement 
for airborne use of the instrument in its other 
obvious area. of application: the precipitation 
size regime. 

The unique sampling characteristics of the 
instrument have been contrasted with those of 
single-particle scattering instruments such as 
the ASSP-100, in connection with ground-based 
measurements a.t Great Dun Fell, a.nd suggest a 
major role for the holographic system in 
future studies of inhomogeneities and 
entrainment effects in clouds. 

Work continues in the Meteorological 
Office on improving reconstruction quality by 
optimising the chemical processing of 
holograms. It is planned to transfer, in the 
near future, much of the analysis task to the 
automatic analysis system described by Bexon 
et al (1976), as the holographic technique 
becomes routinely used in cloud physics 
research programmes. 
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v. 7 
A METHOD OF DETECTING CONTACT ICE NUCLEI USING FILTER SAMPLES 

W. A. Cooper 

University of Wyoming 
Laramie, Wyoming, U.S.A. 

I . I NT RO DUCT I ON 

Membrane filters are used widely for the 
detection of ice nuclei. The method intro
duced by Bigg et al. (1961), and modified by 
Stevenson (1968/,provides convenience and re
producibi 1 ity. However, the ice nuclei de
tected in Stevenson's method are primarily de
position nuclei; the method is not sensitive 
to most immersion nuclei or to contact nuclei. 
The purpose of this paper is to describe a 
technique for processing filter samples to 
determine the separate contributions of depo
sition, immersion, and contact nuclei. Three 
processing instruments are used, each sensi
tive to different nucleation modes. 

2. FILTER PROCESS I NG METHODS 

a. Settling chamber. To simulate con
tact nucleation, droplets were sprayed into 
the top of a cold chamber and al lowed to 
settle onto filters placed near the bottom of 
the chamber. A Berglund-Liu monodisperse drop
let generator (Berglund and Liu, 1973) was 
used to generate droplets of about 70 µm diam
eter, a size chosen to insure thermal relaxa
tion to the chamber temperature before the 
droplets contact the filters. The thermal re
laxation time for droplets of this size is 
about 0.05 s, and several seconds are required 
for the droplets to fall through the chamber. 

The settling chamber used for these 
studies was 20 cm in diameter and 75 cm high. 
The walls were coated with circulating glycol 
to prevent frost. Filters were placed on a 
thin coating of microscope immersion oil on a 
brass plate, and this plate was placed into 
the chamber and al lowed to cool to the temper
ature of the chamber. Droplets of distilled 
water were then sprayed into the chamber, 
while both the temperature of the plate and 
of the air just above the plate were monitored 
by thin thermocouples. The droplet exposure 
was timed to produce about 25% coverage of the 
filter surface; this required 60 s. The frac
tion of the surface covered by droplets was 
determined by microscopic examination of the 
filter, and was also monitored by counting and 
s1z1ng craters produced in gelatin-coated 
slides exposed next to the filters. 

After exposure to the falling droplets, 
the filter was covered for 10 min to allow 
time for the nucleated ice particles to grow 
to visible ice patches. Since most of the 
filter remained coated with supercooled drop
lets during this time, those droplets provided 
the required vapor source for growth of the 
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ice. After 10 min the filter was removed from 
the chamber and the ice patches were counted 
and photographed. 

The use of microscope immersion oil was 
not necessary for the detection of ice, but 
it made the processing more convenient. It 
reduced the background and made the ice patches 
easier to see, and it also reduced the rate at 
which the ice would melt during examination and 
photography. STP, often used for filter pro
cessing, was also tried, but produced ice 
patches which were not as compact and which 
were more difficult to count. Petrolatum 
jelly was less suitable because of a tendency 
for frost to propagate over the droplet-coated 
surface. 

All three nucleation modes (deposition, im
mersion, and contact) would be activated by 
this processing technique. The entire filter 
surface is exposed to a humidity near water 
saturation, which could activate deposition 
nuclei. Immersion nuclei would be a subset of 
the contact nuclei, and both would be activated 
only on that portion (typically 25%) of the 
filter covered by droplets. 

b. Drop freezing. The technique used to 
detect immersion-freezing nuclei is an adapta
tion of that of Schnell (1979). Distilled 
water drops were placed on the filter surface 
and then the filter and drops were slowly 
cooled. To insure good thermal contact and 
reduce background freezing events, the filters 
were placed on a thin coating of microscope 
immersion oil. The filters were cooled on a 
copper stage, and the number of droplets that 
froze was observed as a function of temperature. 
Normally, 30 drops with a 3-mm diameter area 
of contact with the filter were used on each 
filter, and filters were processed in tandem 
with blanks to monitor the background. The 
spectra to be presented are all well above the 
background concentrations. Cooling was at a 
rate of 0.5°C/min, and the number of frozen 
drops was recorded in 1 min or 2 min intervals. 

The analysis for the ice nucleus spectrum 
is an adaptation of that used by Vali (1971). 
If the fraction of drops that remain unfrozen 
at temperature T is f, then the concentration 
of nuclei active at temperature Tor warmer is 

N(T) 
1 n ( f) 
S (a/ A) 

where S is the sample volume drawn through the 
filter, a is the area covered by each drop, and 
A is the total area of the filter. 



c. Thermal diffusion processor. A con
ventional filter processor was also used. The 
Wyoming filter processor has been described by 
Gordon and Val i (1976), and has been compared 
with a number of similar instruments (Val i 
1976). The measurements to be reported in' 
this paper were made at relative humidities 
between 99-100% relative to water saturation 
and wi I l be interpreted as measurements of ' 
nuclei active in the deposition mode. There 
are some indications that measurements from 
chambers such as this depend on the CCN con
tent of the air (Val i , 1975), but the resu I ts 
should still provide an upper I imit to the 
concentrations of deposition nuclei. Gagin 
(1972) and Huffman (1973) have shown that the 
concentrations from such chambers depend 
primarily on supersaturation relative to ice 
and are not functions of relative humidity ' 
with respect to water saturation or of tempera
ture except as those measures affect super
saturation relative to ice. This dependence 
argues for the deposition mode as the primary 
mode of activation in thermal diffusion 
processors. 

3. MEASUREMENTS OF NUCLEUS CONCENTRATIONS 

Sets of filter samples were collected on 
Sartorius hydrophobic filters (0.45 µm pore 
size, 45 mm diameter), and the filters were 
processed by the three methods described in 
section 2. The concentration detected in each 
processor represents a different combination 
of nucleation modes. The concentrations mea
sured by the thermal diffusion processor and 
by the drop freezing technique wil I be inter
preted as concentrations of deposition and 
immersion-freezing nuclei, respectively. To 
determine concentrations from the settling 
chamber, the corresponding concentrations of 
deposition nuc 1 e i (at water saturation) were 
subtracted from the number of ice patches on 
the filter surface, and then the remaining 
number was multiplied by a factor of typically 
4 to account for the probabi 1 ity of a particle 
being covered by a droplet. The resulting 
concentrations are assumed to represent 
contact-nucleus concentrations in the following 
discussion. As used here, the contact-nucleus 
concentrations will include the immersion
freezing nucleus concentrations as a subset. 

Fig. 1 shows a representative result. The 
filter sample~ used to determine these concen
trations were collected near the surface in 
Wyoming in wintertime. Sample volumes used 
were 50-200 1 iters. The samples processed in 
the sett! ing chamber yielded substantially 
higher concentrations, even before correction 
for droplet coverage, than did the other two 
techniques. Concentrations of 1/1 iter were 
common at temperatures of -11°c to -13°c. 

A similar test using an Agl aerosol is 
shown in Fig. 2. The Agl particles were gen
erated by heating a flask of Agl and then 
blowing nitrogen through the flask. The 
concentration detected in the sett! ing chamber 
was by far the highest, and the threshhold 
was the warmest, of the three techniques. 
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Figure l= Concentrations of ice nuclei as a 
function of supercooling. These results are 
based on filter samples collected near the 
surface in Wyoming in wintertime. In the 
case of deposition nuclei, the filters were 
processed at water saturation at the indicated 
temperature. 
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Figure~: Concentrations of ice nuclei as a 
function of supercooling, for an Agl sample. 

Fig. 3 shows some concentrations determined 
by processing filters collected on Elk Mountain 
in Wyoming, at an elevation of about 3400 m 
MSL. Typical ice crystal concentrations in 
this cloud have been discussed in Cooper and 
Val i (1976); they are simi Jar to the concen
trations determined by the sett] ing chamber 
method, although a more extensive and direct 
comparison is needed. Cooper and Va 1 i ( 1976) 
suggested that nucleation in the cap cloud was 
not in agreement with predictions from filter 
measurements, and that the development of ice 
in the cloud seemed to require either a con
densation-freezing or a contact nucleation 
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Figure 3: Ice nucleus concentration as a 
function of supercooling for filter samples 
collected on Elk Mountain, Wyoming, in 
wintertime. 
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Figure 4: Ice nucleus concentration as a 
function of supercooling for samples collected 
near the -10°c level in Montana in summertime. 

process. The present results seem to favor the 
contact nucleation process; results to be 
presented in section 4 indicate that the nu
cleation process in the settling chamber is 
not a condensation-freezing process. 

Fig. 4 shows some results from the HIPLEX 
Montana area during summer 1979. Again, the 
contact nucleus concentrations are well in 
excess of deposition or immersion concentra
tions, and are in a range that is similar to 
ice concentrations in new turrets of this 
region. 

In the preceding examples and in all other 
samples processed to date, the concentrations 
detected in the settling chamber were wel 1 
above those detected using the other methods. 
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similar filters exposed to the settling drop
lets for different periods of time. 

4. TESTS OF THE SETTLING-CHAMBER TECHNIQUE 

a. Dependence on area covered. If the 
process responsiblefornucleation in the 
settling-chamber is a contact nucleation pro
cess, the number of ice patches appearing on 
the filter should be proportional to the frac
tion of the filter covered by droplets. To 
test this proportionality, filters from the 
same aerosol sample were exposed to the drop
let spray for different lengths of time. 
Fig. 5 shows that the resulting number of ice 
crystals was proportional to the fraction of 
the filter covered by ice. (Corresponding 
blank filters yielded counts of 1-2/fi lter.) 

b. Refreeze tests. If the nucleation 
process in the settling chamber is a contact 
nucleation process, the activity should be 
substantially less when the sample is melted 
after processing and is then refrozen. To 
test this, processed filters were warmed unti 1 
the ice melted (without evaporating the water 
droplets) and were then cooled to the initial 
processing temperature. The resulting con
centrations of ice patches were generally less 
than 10% of the initial concentrations. 

c. Warm-contact tests. To check if the 
drops mustbe supercooled before contact in 
order to activate the ice nuclei, warm droplets 
were sprayed on filters and the filters were 
then cooled. Ice concentrations were generally 
less than 10% of the concentrations obtained 
using supercooled droplets, and generally 
agreed with the concentrations obtained from 
the drop freezing tests. 

d. Blank tests. Blank filters yielded 
concentrations()f<1, 1-5, and ~10 at tempera
tures of -12, -16, and -zo0 c, respectively. 
Blank filters were processed with al 1 filter 
samples to monitor the background counts. The 
concentrations in Figs. 1-4 were wel 1 above 
background concentrations, and include correc
tions for the background obtained by blanks. 



5. SOME REMAINING DIFFICULTIES 

The results reported here are preliminary, 
and several difficulties are sti 11 being in
vestigated. One problem which prevented a 
more extensive report of field measurements 
in this paper is that the concentrations de
tected in the settling chamber decay with 
time: samples processed several months after 
collection yield concentrations an order of 
magnitude lower than samples processed within 
days of collection. This behavior is unlike 
that of conventional filter processing, and 
is not understood. 

Another uncertainty involves the relative 
humidity to which the filter and droplets are 
exposed in the settling chamber. The correc
tion for deposition nucleation used in this 
paper is based on an assumed relative humidity 
of 100%, an assumption that seems reasonable 
because of the high concentration of droplets 
injected into the chamber. If the supersat
uration is actually higher, this correction 
would be invalid, but supersaturations in 
excess of 5% would be required to account 
for the observed concentrations by deposition 
nucleation alone. Because the chamber walls 
were coated with glycol, the chamber was in
itially subsaturated, and there was an initial 
cooling of the chamber at the start of pro
cessing because of the evaporation of drop
lets. (The temperature used to characterize 
the nucleation, and.plotted in Figs. 1-4, 
was the coldest temperature observed using 
a thin thermocouple placed just above the 
fi 1 ter surface.) 

Also needing investigation is the size 
of the particles responsible for the nuclea
tion in the settling chamber, and the loca
tion of those particles within or on the 
surface of the filters. 

6. CONCLUSIONS 

A set of three measurements provided the 
possibility of detecting the deposition, 
immersion-freezing, and contact nucleatiun 
modes separately using only filter samples. 
The technique yielded contact nucleus con
centrations that were typically an order of 
magnitude higher than deposition or immersion 
nucleus concentrations, and the values were 
similar to ice concentrations found in 
newly-formed clouds of the regions in which 
the samples were collected. 
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V.8 

COMPARAISON DE CHAMBRES A DIFFUSION THERMIQUE A PLAQUES PARALLELES 

F. Desalmand et R. Serpolay 

I.O.P.G. du Puy de Dome, L.A.M.P. Clermont-Fd, FRANCE 

On dispose de trois chambres a diffusion 
thermique du modele decrit par TWOMEY (1963). 
Ce sont des cylindres plats, creux, a axe ver
tical. On mesure la concentration des noyaux de 
condensation nuageuse dans le plan median de la 
chambre ou la sursaturation est maximale. 

I.DESCRIPTION DES APPAREILS 

I.J Caracteristiques geometriques 
des chambres 

La valeur du rapport D/H entre le diametre 
interieur D du cylindre et sa hauteur H permet 
de classer les chambres en"chambres hautes" (2 
et 3bis) et 'chambres plates" (I et 3). On tient 
compte egalement du rapport h/H, ou h est le 
diametre du faisceau laser qui sert a eclairer 
les gouttelettes formees sur les noyaux. 

VARIABLES CHAMBRE CHAMBRE CHAMBRE CHAMBRE 
I 2 3 3 bis 

D cm 8,8 7 ,6 7 ,5 6, 9 

H cm 1,0 2,6 0,9 I, 7 

h cm 0, 118 0, 125 o, 125 0, 125 

D/H 8 ,8 2, 9 8,3 4, I 

h/H 127. 5 % 14% 7 % 

TABLEAU I - CARACTERISTIQUES GE0METRIQUES DES CHA."fBRES 

I-2 Obtention de la sursaturation 
Dans la chambre 1, on peut refroidir la 

plaque inferieure ou chauffer la plaque supe
rieure a l'aide de plaques a effet Peltier, 
Dans les autres chambres, un fil resistant im
pose le chauffage de la plaque superieure. 

I-3 Admission de l'air dans la chambre 
Elle est effectuee d'une maniere disconti

nue par aspiration a travers deux orifices dia
metralement opposes. Sur la chambre I, ces ori
fices sont situes au milieu de la paroi latera
le de la chambre. Surles chambres 2, 3 et 3bi~ 
ils se trouvent sur la peripherie de la plaque 
inferieure. 

I-4 Enregistrement des gouttelettes formees 
sur les noyaux 

Le faisceau laser utilise pour eclairer les 
gouttelettes se propage selon un diametre situe 
dans le plan median. Pour les chambres I et 2, 
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les goutteiettes sont visualisees a l'aide d'un 
dispositif photographique ; pour les chambres 3 
et 3 bis, elles sont visualisees par l'interme
diaire d'un ensemble amera-video - magnetoscope 
dont on analyse la bande enregistree. 

I-5 Mode operatoire 
Pour chaque valeur de la sursaturation ~ on 

realise quatre fois le cycle suivant : admission 
de l'air, formation des gouttelettes, prise de 
vue, evacuation de l'air. On determine le nom
bre maximal de gouttelettes avec un microlecteur, 
dans le cas de photographies sur film,.ou par 
l'intermediaire d'un moniteu~ dans le cas de 
l'enregistrement sur bande. Le nombre n de gout
telettes est alors la moyenne arithmetique des 
gouttelettes formees au cours des quatre cycles 
precedents. V etant le volume du champ photo
graphie ou enregistre, la concentration N par 
cm 3 vaut alors : 

IN= %I OU n :st determine a 30% pres et Va 20% 
pres. 

II.RESULTATS EXPERIMENTAUX 

II-I Chauffage de la plaque superieure et 
refroidissement de la plaque inferieu
re de la chambre 1 

On determine le spectre des noyaux en fonc
tion de la sursaturatio~.de S = 0,25% a S=l,25%, 
en prenant cinq valeurs de S. On opere d'abord 
en refroidissant la plaque inferieure (chambreD 
puis, immediatement apres, en chauffant la plaque 
superieure (chambre Ibis). Cette experience a 
ete realisee quatre fois ; elle donne done vingt 
couples (NJ' N1) des concentrations des noyaux 
actifs a la sursaturation S, N1 etant obtenues 
par refroidissement de la plaque inferieure et 
N 1 par rechauffement de la plaque superieure ... 

La concentration des noyaux de condensation 
nuageuse actifs a la sursaturation S etant 
une fonction puissance de S 

(I) NJ= C1Sk 1 (2) N; = c;skl 

on voit qu'en elirninant S entre (I) et (2), N' 
est aussi une fonction puissance de N : 

1 

(3) Nl = c1c?11k 1Nfl/ki 

Le tableau 2 donne les resultats des calculs 
effectues a partir des vingt couples (N 1 , N1). 
r designe ici le rapport de correlation lineai
re de la rnethode des moindres carres. 



(4) 

N' 
I 

7. 3. 77 Cl 

7h 3810 

1 lh 2630 

14h 2180 

17h 1850 

1 , 0 8 

0,59 N1 

kl r C' 
I 

0,98 0,990 4300 

0,67 o, 990 3890 

o,39 0,990 2560 

0,64 0,990 1740 

avec un rapport 
de correlation 
r = 0,92 

k' 
I 

r 

1,05 0,980 

0, 79 0,950 

0,45 0,989 

o, 73 0,990 

TABLEAU 2 - PARAMETRES C ET k DE LA RELATION N=CSk 
OBTEl>US A L' AIDE DE LA CHAMBRE I : 
a) EN REFROIDISSANT LA PLAQUE INFERIEURE 

(moitie gauche du tableau) 
b) EN CHAUFF ANT LA PLAQUE SUPERIEURE 

(moi tie droi te du tableau) 

(NI) 
3 

6000 

3000 

1000 

100 

FIGURE 1 - DROITES CORRELANT 
a) Les mesures de la chambre Ibis 

a celles de la chambre 1 
b) Les mesures de la chambre 3bis 

a celles de la chambre 3 

II-2 Influence de la hauteur de la paroi 
verticale de la chambre 

La chambre 3 peut etre equipee alternati
vement de deux parois verticales de hauteur 
differente, ce qui permet de realiser deux 
chambres selon la formule "chambre 3 - plate" 
ou "chambre 3bis - haute" (cf. Tableau 1), On 
opere selon la methode decrite en II-1 en uti
lisant d'abord la paroi la mains haute, puis, 
immediatement apres, la paroi la plus haute. 
Cette experience, realisee dix fois, donne 50 
couples de valeurs (N 3 , N;) que l'on exploite 
selon la meme demarche qu'en II-1. 

Le tableau 3 donne les parametres C et k 
de la loi caracteristique N = csk et la rela
tion puissance entre N3 et N; s'ecrit : 
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(5) 

i 

0, 9 6 

I ,84 N s 
avec, un rapport 
de correlation 
r = 0,93 

1 
septembre 79 N3 k3 r N' 

3 
k' 

3 
r 

! 
le I 8 I 6h 1290 1,03 o, 997 2200 I, 29 0,980 

le 19 1 lh I 970 0,87 o, 990 3160 0,58 0,995 

le 20 9h 1150 1,02 0,992 1860 I, 34 0,970 

le 20 14h 1420 1,59 0,992 1340 1,11 0,958 

le 21 !Oh 3570 0, 94 0,988 3180 1,03 0,995 

le 24 19h 2000 0,54 o, 994 3730 0,43 0,911 

le 25 1 lh 3100 o, 74 0,972 5140 1,07 0,996 

le 26 9h 5050 0, 78 0,991 5760 0,39 0,964 

le 26 17h 2670 0,86 0,995 5740 0,86 0,947 

le 27 9h 8300 0,69 0,985 8650 I, 16 0,987 

TABLEAU 3 - PARAMETRES C ET k DE LA RELATION N=CSkOBTENUS 
a) A L' AIDE DE LA CHAMBRE 3 (plate) 
b) A L' AIDE DE LA CHAMBRE 3bis (haute) 

La droite correlant N3 et N
3 

est represen
tee sur la figue I ; on remarque que N3 > N . 
Pour une meme sursaturation, la chambre hau~e 
active un nombre plus grand de noyaux que la 
chambre plate. 

II-3 Influence de la turbulence dans les 
chambres 1 et 2 

La chambre I est plate et les deux orifices 
reserves au passage de l'air se trouvent dans 
la paroi laterale. La chambre 2 est haute et le 
passage de l'air se fait par la plaque inferieu
re. Les plaques superieures sont chauffees. 

Les deux chambres fonctionnent d'une manie
re independante avec des lasers, des appareils 
photographiques et des volumes photographies 
differents. 

A l'aide de ces chambres, on procede simul
tanement a la mesure des concentrations N1 et 
N2 des noyaux actifs a la meme sursaturation 
(T4 mesures a 0,25% et 15 mesures a 0,50%). 

N2 

eooo 

3000 

1000 

100 

50 100 3000 8000 

FIGURE 2 - DROITE DE CORRELATION ENTRE N
2 

ET NI 



La recherche d'une fonction puissance entre 
vingt neuf couples de valeurs (N

1
, N2) aboutit 

a la relation ----------
(6) r = 0,92 

La figure 2 illustre cette relation. 

3 Vers 4.200 noyaux/cm, les deux chambres 
donnent la meme concentration. 

II-4 Conclusion 
Ces series de comparaisons permettent d'ob

tenir des indications sur l'influence desdivers 
parametres envisages. 

A partir des relations (4), (5) et (6), on 
a calcule les rapports des concentrations 
N{/N 1 , N1/N 3 et N2 /N 1 pour des valeurs extre
mes et moyennes des concentrations N1 , N3 et 
N2 correspondant a differentes sursaturations 
et differentes masses d'air. Il en resulte le 
tableau 4. 

Dans le premier cas, le rapport des con
centrations N!/N 1 reste voisin de I : pour 
une meme chambre, le chauffage de la plaque 
superieure ou le refroidissement de la plaque 
inferieure aboutissent a des concentrations 
voisines (tableau 4, partie gauche). 

Dans le deuxieme cas, pour une meme cham
bre, le nombre de noyaux actives augmente avec 
la hauteur de la paroi verticale (tableau 4, 
partie centrale). 

La troisieme serie de comparaisons est 
etablie avec les deux chambres les plus dif
ferentes. L'ecart entre celles-ci est maximal 
aux faibles sursaturations pour des populations 
de gros noyaux; il decroit quand les concen
trations augmentent et, au-dessus de 4200/cm3, 
Jes reponses sont voisines.Au-dessous de 4200/ 
c m3, la chambre 2, ou 1' air entre avec la 
plus grande turbulence, active plus de noyaux 
que la chambre l (tableau 4 - partie droite). 

Nl N' 
I 

N1 /N 1 N3 N' 
3 N!/N3 NI NZ N2/N I 

50 40 0,81 50 80 1,57 50 165 3,30 

730 730 I 4180 4180 I 

6000 7100 1, 18 6000 7800 1,30 6000 5440 0,91 

TABLEAU 4 - RAPPORTS DES CONCENTRATIONS DEDUITS DES RELATIONS 
PUISSA.~CE POUR DES VALEURS EXTREMES ET ~OYENNES DES 
CONCENTRATIONS 
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III.INTERPRETATION PHYSIQUE 

On mesure la concentration des noyaux ac
tifs a la sursaturation S theoriquement egale 
a la valeur maximale qui regne a l'equilibre, 
au centre de la chambre,entre les 2 plaques su
perieure et inferieure, respectivement a tempe
rature T et T. 

S l 

(7) s S (T., T - T.) 
l S l 

Mais deux faits contrarient cette prevision: 

l'etendue du volume photographie ou enregis
tre ; 

- la turbulence consecutive a l'admission de 
l'air dans la chambre. 

III-I Etendue du volume photographie ou 
enregistre 

La sursaturation decroit a partir du centre 
de la chambre selon la verticale et selon l'ho
rizontale. La decroissance verticale augmente 
avec le rapport h/H entre le diametre du laser 
et la hauteur de la chambre, tandis que la de
croissance horizontale varie en sens inverse 
du rapport D/H (tableau I). 

Ainsi, si la decroissance horizontale de la 
sursaturation dans une chambre plate a partir 
du centre est faible, la decroissance vertica
le peut y-. etre importante, ce qui reviendrait 
a sous·-estimer les valeurs des concentrations 
N

3 
a la sursaturation calculee prevalant dans 

le plan median de la chambre. 

Cependant, en etudiant les enregistrements 
effectues avec les chambres 3 et 3bis, on ne 
discerne pas de differences dans les reparti
tions horizontale et verticale des gouttelettes; 
et, si ces differences se manifestent, il est 
peu probable qu'elles atteignent les 30% par
fois constatees au cours de deux prelevements 
succes:si.Es effectues sur un meme ech.antil
lon d'air et avec une meme chambre. 

III-2 Hauteur de la chambre 

Dans les deux chambres plates 1 et 3, tou
tes les gouttelettes tombent. Par centre, dans 
les deux autres chambres hautes 2 et 3bis, de 
nombreuses gouttelettes sont prises dans des 
courants ascendants, particulierement bien vi
sibles sur les enregistrements pris avec la 
chambre 3bis. Lorsque l'air humide ascendant 
s'approche de la surface humide et plus chaude 
de la plaque superieure, il peut y avoir forma
tion de sursaturations elevees qui activent un 
nombre plus grand de noyaux et l'on a toujours 
N3 > N

3 
(tableau 4). 

III-3 Turbulence 
Elle resulte de l'entree discontinue de 

l'air. Elle est tres importante dans les cham
bres hautes ou le passage de l'air se fait par 
la plaque inferieure (chambre 2 et 3bis). Elle 
est moindre dans la chambre I : paroi basse 
munie des orifices reserves au passage de l'aiL 
Le cas le plus defavorable est done celui de la 



chambre 2 comparee a la chambre I ; le rapport 
des concentrations, tres variable, diminue de 
3,30 a I lorsque N1 passe de 50 a 4.200 noyaux 
par cm3 (tableau 4, droite). La turbulence pro
duit done des sursaturations dont les effets 
sont particulierement nets pour des populations 
de gros noyaux peu nombreux, actifs aux faibles 
valeurs de S. Ces effets diminuent pour des po
pulations plus nombreuses necessitant des va
leurs de S plus elevees et dependent de l'humi
dite de l'air introduit. L'evaluation des sur
saturations transitoires d'origine turbulente 
est difficile (SAXENA, BURFORD et KASSNER, 
1970). 

III-4 Importance de l'instant choisi pour 
la prise de vue ou le comptage 

Si, a partir d'un enregistrement sur magne
toscope, nous effectuons des determinations de 
la concentration Na intervalles rapproches, de 
l'ordre de la seconde par exemple, nous cons
tatons que les valeurs de N fluctuent et pas
sent par un ou plusieurs maximums. Ce comporte
ment a l'interieur des chambres est d'autant 
plus net que celles-ci ont un faible rapport 
D/H. De plus, il semble que l'instant du pre
mier maximum soit d'autant plus rapproche de 
l'instant ou l'echantillon d'air a ete isole 
dans la chambre que le gradient de temperature 
entre les plaques est plus important (mesures 
a sursaturations S elevees). Les sursaturations 
transitoires d'origine thermique et turbulente, 
en produisant des gouttelettes qui emportent 
noyaux et vapeur d'eau, peuvent expliquer ce 
maximum. Apres s'etre stabilise, l'air dans la 
chambre presente une population en noyaux plus 
pauvre et une humidite plus faible. Une proce
dure satisfaisante serait d'effectuer la prise 
de vue ou la mesure a l'instant de ce maximum, 
c'est-a-dire au moment ou les noyaux presents 
ont ete actives a une sursaturation inconnue 
et non mesurable, mais sans doute superieure 
a la valeur theorique (7). 

IV.CONCLUSION 

Les concentrations des noyaux de condensa
tion nuageuse mesurees a l'aide de deux cham
bres a diffusion thermique a plaques paralle
les sont du meme ordre de grandeur. Il existe 
entre elles une relation puissance, en accord 
avec la loi caracteristique des noyaux de con
densation nuageuse 

ou Nest la concentration des noyaux actifs a 
la sursaturation S, C et k sont des parametres 
qui dependent de la masse d'air et de l'appa
reil utilise. Les concentrations augmentent 
avec la hauteur de la chambre. La turbulence, 
inevitable, produit des sursaturations parti
culierement importantes aux concentrations 
faibles. Vers 3.500 a 4.200 noyaux/cm3, toutes 
les chambres donnent des concentrations sensi
blement equivalentes. 
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A NEW HORIZONTAL GRADIENT, CONTINUOUS FLOW, ICE THERMAL 

DIFFUSION CHAMBER AND DETAILED OBSERVATION OF CONDENSATION
FREEZING AND DEPOSITION NUCLEATIONS 

N. Fukuta and E.M. Tomlinson 
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Salt Lake City, Utah, U.S.A. 

l. INTRODUCTION 

For studying ice nucleating behaviors of 
aerosol particles in the atmosphere, deposition 
and condensation-freezing nucleations in par
ticular, accurate control of both temperature 
and supersaturation is essential (Schaller and 
Fukuta, 1979). In addition, the aerosol par
ticles for ice nucleation studies should be 
freely suspended in this controlled environment 
so that they are devoid of any substrate effects. 
Thermal diffusion chambers can meet these re
quirements. The continuous flow-type thermal 
diffusion chambers for cloud condensation nucleus 
(CCN) study are advantageous for sampling a 
large volume of air (Hudson and Squires, 1973; 
Sinnarwalla and Alofs, 1973; Fukuta and Saxena, 
1979). In the thermal diffusion chamber deve
loped by Fukuta and Saxena, a temperature 
gradient across one or both plates is also main
tained so that a range of temperature and/or 
supersaturation is sustained, and effects of 
temperature and/or supersaturation can be studied 
in a single sampling. For ice nucleation studies 
this concept of varying temperature and/or 
supersaturation was already d~monstrated in the 
wedge-shaped ice thermal diffusion chamber, and 
although the chamber operation was static (with
out flow), its operation. resulted in a number of 
new findings as we reported in the last confe
rence (Schaller and Fukuta, 1979). 

Starting from concept of the wedge-shaped ice 
thermal diffusion chamber and that of the Fukuta
Saxena CCN spectrometer, we have developed a 
horizontal gradient continuous flow ice thermal 
diffusion chamber, incorporating a new inte
gration scheme of nucleated ice crystals. The 
new chamber allows for the continual treatment 
of the sample air under a range of accurately 
controlled supersaturations and the integtation 
of nucleated ice crystals for analysis. This 
paper reports the design, operation priociple 
and testing of the chamber as well as results of 
detailed studies on pure silver iodide nuclei 
and some preliminary measurements of natural 
nuclei. 

2. THE HORIZONTAL GRADIENT, CONTINUOUS FLOW, 
ICE THERMAL DIFFUSION CHAMBER 

2.1 Design and Operation of the Chamber 

The Chamber consists of three sections (see 
Fig. 1 ); the preprocessing (referred to as the 
prechamber), main activation (main chamber), and 
crystal settling section (postchamber), which 
have lengths of 15, 20, and 40 centimeters 
respectively. The interior width of the chamber 
is 15 centimeters and the height 6 millimeters 
except in the crystal settling section where it 
expands to 11 millimeters. All the thermally 
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Fig. 1. Design of the chamber. The height 
scale is expanded by a factor of 10. Typical 
values for positions A through E are presented 
in Table l. 

conducting parts are made of copper while plexi
glass is used for the thermally insulating por
tions. All three sections have a common top 
plate which is coated with a 1 millmeter layer 
of ice and is held isothermal using a circu
lating refrigerated bath. The bottom plates are 
coated with ice except in the crystal collection 
region of the post chamber. The walls are con
tinuous through the chamber and are made of 
thermal insulators. 

The pre-chamber is held nearly isothermal 
with the bottom plate slightly colder than the 
top. The incoming air is preconditioned in this 
section before entering into the main chamber to 
avoid transient supersaturations (Saxena, et al, 
1970), The prechamber is sufficiently long to 
allow steady state to be reached for the tempe
rature and vapor fields before the air moves in
to the main chamber. 

The main chamber provides a range of con
ditions for the activation of ice nuclei. The 
top plate is isothermal while a temperature gra
dient is maintained across the bottom plate. 
This configuration results in a nearly constaot 
temperature horizontally across the sample flow 
and produces a reage of supersaturations. The 
use of a thick copper plate on the bottom enables 
a nearly linear temperature gradient to be main
tained across it. The temperature of the bottom 
plate is controlled using thermoelectric modules 
on each edge. Rectangular heat pipes are adopted 
to insure uniformity of temperature along the 
direction of flow. The top surfaces of the heat 
pipes are cooled with the thermoelectric modules 
with the help of coolant from the circulating 
bath. The cooling is regulated by adjusting the 
current through the modules. A heating wire is 
adhered to the warmer side for use when heating 
is required to maintain a steady temperature 
profile. The design and flow of the main chamber 
allow steady state of the supersaturation field 
to be reached in the first half of the chamber 
so that a sufficient time at the final level of 



supersaturation is secured for ice nuclei acti;, 
vation. The nucleated crystals are then carried 
out of the ma in chamber by the fl ow into the 
postchamber. 

The postchamber serves as a collector for 
the nucleated ice crystals. The collection 
scheme requires the postchamber to be operated 
at warmer temperatures than the main chamber, 
and therefore special precautions must be taken 
to prevent transient supersaturation develop~ 
ment. This is achieved by delaying vapor dif
fusion while allowing thermal. conduction to 
proceed at the beginning of the postchamber. 
A copper plate substitutes for the first l 
centimeter of the ice surface on the bottom 
of the postchamber to achieve the delay of 
the vapor diffusion. After this delay device, 
the air passes over a 4 centimeter length of 
ice surface held at the temperature of the post
chamber so that the vapor pressure saturated at 
the postchamber temperature can be achieved 
before the sample air moves over the ice crystal 
collection film. This configuration insures 
that ice-supersaturated conditions are main
tained at all times in the postchamber, thereby 
eliminating the possibility of ice crystal loss 
by sublimation. A photograph of the chamber 
is presented in Fig. 2. 

Fig. 3. Example of collected 
crystals on the mylar film. 
Sample; Ag I. 

edge to avoid flow instability 
zones near the walls. An over
lay which divides the sample 
into ten regions or lanes across 
the flow is placed over the 
photogr,aph, and the crystals 
in each lane are counted. For 
the pure AgI studies, active 
number of ice nuclei is compared 
with the acutal number of smoke 
particles in the sample air as 
determined by the ultramicro~ 
scope method. 

Fig. 2. The entire chamber with the top plate removed. 

The emtire chamber has been 
mode~ed numerically considering 
vapor diffusion and heat con
duction as well as advection by 

Ice crystal detection and counting in ice 
thermal diffusion chambers has been a well
known problem, so we have developed a new 
method. Mylar copy film (carbon paper) hold
ing condensed water droplets is placed in the 
postchamber where the temperature is kept warmer 
than that of the main chamber. Ice crystals 
nu~leated in the main chamber fall on the film 
and grow to visible size in the presence of the 
droplets. The positions of the ice crystals 
across the flow direction give the supersatu
ration and temperature at which they nucleated, 
After sampling is completed, the film is 
moved into a freezer and photographed under low 
angle illumination. An example is shown in 
Fig. 3. The sample is confined to the middle 
10 centimeters of the chamber width leaving a 
2.5 centimeter crystal free region along each 
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the shear (Poiseuille) flow. 

The equations used for heat and vapor trans
port respectively are 

and 

where Tis the temperature, K the thermal diffu
sivity of air, D the vapor diffusivity, V(z) the 
shear flow velocity, and e the water vapor pres
sure. The z direction is taken in the vertical 
between the plates and th~ yin the direction 
of the flow. These equations were integrated 
numerically. Table l gives values for the 



temperatures and supersaturations.at the posi
tions indicated in Fig. l. The model is used 
to determine the positions in the chamber when 
a steady state is reached in the sample layer 
as well as to confirm that the transient super
saturations are properly suppressed. 

Table l 

Values for locations A through E as shown 
in Fig. 1. The top plate temperature is -10.0°C 
and the bottom plate temperature of the main 
chamber is -24.6°C. 

A B. C. D. E. 
Temperature (oc) -10.4 -17.3 -17 .3 -10,6 -10.4 
lc!e-
supersaturation (%) 0.0 22.0 22. l 1.3 5.3 
Water-
supersaturation (%) -9.5 3. l 3,2 -8.6 -4.7 

Copper-constantan thermocouples with ice 
bath reference junctions are used for tempera
ture measurements. The temperature is measured 
at nine locations in the chamber. Temperature 
recording is automated and controlled by a 
Terak mimicomputer. Each temperature is re
corded every 25 seconds on a magnetic disk and 
also displayed on a video screen for monitoring. 
The high accuracy voltmeter used enables an 
accuracy of 0.01°c at -l0°C. 

2.2 Positioning of the Sample 

The near linear temperature and vapor pres
sure profiles between the plates of a thermal 
diffusion chamber produces a supersaturation 
maximum near the center. For ice thermal 
diffusion chambers, a sufficiently large tem
perature difference between the plates produces 
a region of supersaturation with respect to water 
with a maximum near but not necessarily colocated 
with the ice supersaturation maximum. For a 
continuous flow chamber, the parabolic velocity 
profile of flow is symmetric about the chamber 
center. Therefore, if we can position a thin 
sample layer near the center of the chamber, 
being sandwiched between filtered air layers, 
the flow velocity and the supersaturations 
with respect to ice as well as water will be 
close to their maxima. Furthermore, use of a 
thin sample layer in the linear temperature 
profile makes the sample temperature nearly 
constant. Fig. 4 illustrates an example of 
top and bottom plate temperatures of -10.0°C 
and -24.6°C respectively. The sample thickness 
is 0.2H and is centered around 0.45H where H 
is the chamber height. Air filtered through 
glass wool is used to properly position the sam
ple layer. The correct sandwiching of the sample 
between the layers of filtered air is achieved 
with the intakP device (see Fig. 5.). T~is de
vice introduc~s the layers into the chamber 
while maint~ining a laminar flow. The height 
of the sa~ple layer is controlled by adjusting 
the ratiJ of the thicknesses of the upper and 
lower ,ayers of filtered air. 

Wall effects can be a significant factor in 
the operation of thermal diffusion chambers 
(i'omlinson and Fukuta, 1979), Our chamber 
has been numerically modeled and the extent of 
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the wall effects precisely determined. Laminar 
flow is required throughout the chamber in order 
that the temperature and supersaturation fields 
can be adequately controlled. Thermal convection 
tends to develop along the walls,.and ·caution 
must be taken to avoid any effect on the sample 
air. By keeping the chamber height small, these 
effects can be minimized and confined to the 
immediate vicinity of the walls. Filtered air 
is used to separate the sample from the walls in 
order to avoid wall effects. Smoke tests were 
performed to verify the correct positioning as well 
as the laminar flow of the sample air through the 
chamber. A photograph of one of these smoke 
tests is presented in Fig. 6. 

-20.0 -10.0 
-10.0 

0,0 
-20.0 

10.0 
-30.0 

20,0 
T ("C) 
5(%) 

0.0 2.0 4.0 6,0 8.0 10.0 
V ( cm s· 1

) 

Fig. 4. Profiles of the temperature (T}, water 
supersaturation (Sw), ice supersaturation (S.}, 
and shear velocity (V) between plates of an lee 
thermal diffusion chamber. 

Fig, 5. The intake device before final assembly 

Fig. 6. A typical smoke test where the smoke is 
introduced into the sample layer and illuminated 
through the transparent chamber wall. 



3. RESULTS OF MEASUREMENTS AND DISCUSSIONS 

Silver Iodide. This compound was selected 
because its ice nucleating characteristics have 
been most extensively investigated in the past. 
Smoke particles of AgI were prepared by heating 
the compound on a platinum wire. The average 
size of the smoke particles was 0,04 µm. 
Although tests were made with AgI smoke parti
cles generated in the room air, their behaviors 
did not differ appreciably from those generated 
in filtered air. Fig. 7 shows the results of 
nucleation tests with Ag I nuclei. The mecha
nism of ice nucleation under these conditions 
is apparently condensation-freezing. From the 
figure, it is clear that more supersaturation 
with respect to water (S ) is needed for the 
ice nucleation to take p1ace as T increases. 
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Fig. 7. Fraction of activated AgI particles 
plotted as a function of supersaturation with 
respect to water under different temperatures. 

At temperatures above -l5°C, significant increase 
in number of nucleation occurs as Sw exceeds 
1.5%. Since it is rare for Sw to exceed 1% 
level in natural clouds, majority of AgI parti
cles are likely to remain unactivated in seeded 
clouds unless other ice nucleation mechanisms 
are activated. This in turn suggests the 
danger of transient Sw for testing AgI nuclei 
in the laboratory. 

Natural ice nuclei. Preliminary investiga
tion of natural ice nuclei at temperatures 
between -16 and -2l°C showed that they are 
scarcely dependent on supersaturation within 
the range between -1% and 1% Sw, The reason is 
not yet clear. However, it is possible that 
due to the long period of time the natural ice 
nuclei have existed in the atmosphere, many of 
them must have coagulated with hygroscopic 
particles or the like, so that they absorb a 
substantial amount of water at around water 
saturation, providing the necessary supercooled 
water for freezing nucleation to ta~e place. 
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On March 4, 1980, the outdoor air was sampled 
before and during a snow shower. The chamber 
was operated with the sample air temperature at 
-20.0°C and Sw ranging from 0.0% to 2.8%. 
Shortly before the arrival of the shower, an 
ice nucleus concentration of 10 i- 1 was 
recorded, but when the precipitation arrived, 
the count went down to below l i- 1

• Again, we 
observed little supersaturation dependency 
with the sample natural nuclei. 

Research on natural and artificial ice 
nuclei using this chamber is continuing in our 
laboratory. 

REFERENCES 

Fukuta, N., and V. K. Saxena, 1979: A horizontal 
thennal gradient cloud condensation nucleus 
spectrometer. J. Appl. Meteor., l.§_, 1352-
1362. 

Hudson, J. G., and P. Squires, 1973: Evaluation 
of a recording continuous cloud nucleus 
counter. J. Appl. Meteor. , ..J1., 17 5-183. 

Saxena, V. K., J. N. Burford and J. L. Kassner, 
1970: Operation of a thennal diffusion 
chamber for measurements on cloud condensa
tion nuclei. J. Atmos. Sci.,'{]__, 73-80. 

Schaller, R. C., and N. Fukuta, 1979: Ice 
nucleation by aerosol particles: Experi
mental studies using a wedge-shaped ice 
thennal diffusion chamber. J. Atmos. Sci., 
l§_, 1788-1802. 

Sinnarwalla, A. M., and D. J. Alofs, 1973: A 
cloud nucleus counter with long available 
growth time. J. Appl. Meteor., ..J1., 831-835. 

Tomlinson, E. M., and N. Fukuta, 1979: Aspect 
ratio of thermal diffusion chambers. J. 
Atmos. Sci., l§_, 1362-1365. 



V .10 

CALIBRATION AND APPLICATION OF 
TWO KNOLLENBERG OPTICAL PARTICLE COUNTERS 

D, M. Garvey* 
R, G. Pinnick 

and 
C. W. Bruce 

US Army Atmospheric Sciences Laboratory 
White Sands Missile Range, New Mexico, USA 

1, Introduction 

Pinnick and Auvermann (1979) have provided 
detailed response characteristics for two Par
ticle Measuring Systems (PMS) light-scattering 
aerosol counters. They have pointed out that 
determination of particle size from the instru
ment response is indirect because of the de
pendence of the response on other properties 
of the particles, namely particle shape and 
complex index of refraction, Even for parti
cles of shperical shape and known index of re
fraction the size resolution of the counters is 
reduced because in the region where particles 
have sizes comparable to the radiation wave
length, resonance effects can produce a multi
:,ralued ref!ponse. 

The purpose of this paper is to describe 
the response characteristics of two other PMS 
light scattering counters, the Active Scatter
ing Aerosol Spectrometer Probe (ASASP-X) and 
the Forward Scattering Spectrometer Probe (FSSP 
100). The work was motivated by a desire to 
use the counters to characterize the smokes 
and resultant fogs produced by pyrotechnics 
designed to generate large quantities of cloud 
condensation nuclei. Preliminary results 
of measurements with the ASASP-X on dry smoke 
particles are described. 

z. The Particle Counters 

A description of each of the PMS optical 
counters has been given by Knollenberg (1976). 
The ASASP-X is specified by the manufacturer 
to size particles from 0,09 to 3.00µm diameter. 
It differs from other PMS optical scattering 
counters in that it hydrodynamically focuses 
the particle stream through the central por
tion of a laser beam. All of the particles 
passing through the instrument are counted; no 
attempt is made to further define an active 
sampling cross-section by means of a masked 
slit and depth-of-field or time-of-flight con
siderations. The absolute concentrations 
measured by the ASASP-X are therefore as accu
rate as the measurement of the flow rate 
through the instrument. Because the size range 
of the ASASP-X is limited to particles with 
diameters less than 3,0µm, distortions of the 
aerosol size spectrum caused by anisokinetic 
sampling and/or sedimentation are minimal. 
There may be a potential problem of partially 
or even completely clogging the sample jet, 

*National Research Council Senior Research 
Associate on leave from Colorado State Univer
sity, Fort Collins, Colorado. 
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however, if large particles should find their 
way into it, 

It was found that proper allignment of the 
sample jet with respect to the laser was quite, 
critical. Moreover, because of the design of 
the jet and its allignment mechanism, there 
was some danger of inadvertently bending the 
jet and causing the true allignment to change 
from that set by the manufacturer, Improper 
allignment causes particles of a given size to 
result in scattered light of reduced intensity 
because they either do not pass through the 
central portion of the laser beam or through 
the focal point of the parabolic mirror. The 
response to a monodispersed aerosol is then a 
spectrum of sizes exhibiting a "plateau" in 
the channels below that corresponding to the 
acutal size. With proper allignment a sharp 
peak is obtained. 

The FSSP-100 is specified by the manufac
turer to size particles from 0.5 to 47µm dia
meter. In the FSSP the depth of field over 
whichparticles are counted is determined by 

·comparing paired signals from scattered light 
passing through a circular aperture and an 
annular aperture created using a circular mask. 
In our instrument the depth of field is defin
ed to be 3,07mm by the relative gain ratios 
between these two signals. Particles passing 
through the edge of the laser beam, which 
would result in pulse amplitudes less than 
that resulting from the same particle passing 
through the center of the beam, are rejected 
using a transit-time analysis scheme. For our 
instrument the actual beam width is reduced 
from 0,193mm to an effective beam width of 
0,112mm. Distortions of the aerosol size 
spectrum caused by anisokinetic or other sam
pling errors are dependent on the manner in 
which the instrument is used; they are not 
addressed in this paper. 

3, Theoretical Response Calculations 

The response calculations, based on Mie 
theory, employ the same methods as those out
lined by Pinnick and Auvermann (1979). For a 
polarized plane wave having wave-number 1 
1 (-2

~) incident on a sphere with radius .E_, 

the scattering cross-section for radiation 
scattered into a solid angle having axial 
symmetry with respect to the incident beam is: 

TT S 2 2 
R = -2 & {ls1I + ls2I} sin 8d8, 

k 
where 81 (x, m, 8) and 82 (x, m, 8) are the Mie 
scattering amplitude functions corresponding to 



light polarized with electric vector perpen
dicular and parallel, respectively, to the 
plane of scattering. They depend on the par
ticle size parameter~= kr, the refractive 
index m, and the scattering angle 8. For the 
FSSP the integration is from a= 3° to B = 13°. 

Because the scattering for the ASASP-X is 
for a particle in the standing wave within the 
active cavity of a laser tube, the scattering 
amplitudes' is calculated by adding the Mie 
scattering amplitudes for plane waves travel
ing in opposite directions: S~8) = S(8) + 
S(TT-8). The response is then 

TT 
R = iZ2 ;B{ls1 (8) + s1(TT-e)l 2 + 

a 

Js 2 (8) + S2(TT-8)J 2 sin 8d8, 

For the ASASP-X the integration is from a= 
35° to B=l20°. It should be noted that no 
correction has been made for the fact that the 
inlet and outlet sample jets protrude into the 
collecting optics and reduce in a small but 
complicated fashion the solid angle over which 
scattered light is detected. 

4. Calibration Results 

Response characteristics for the ASASP-X 
have been calculated for spherical particles 
of non-absorbing substances having indices 
of refraction from 1.33 to 1.74. Calculations 
have also been made for highly absorbing 
nigrosin dye particles having a complex index 
of refraction (m = l.67-0.26i). Response 
characteristics have been me~ured_for mono~ 
dispersed latex particles (m = 1. 59) and for 
nigrosin dye particles generated using a 
Bergland-Liu vibrating orifice device. 

The measured responses of the ASASP-X for 
latex particles of 23 different sizes are 
superimposed on the theoretical response curve 
for polystyrene (m = 1. 592) in Fig. 1. The 
particle sizes are those provided by Dow 
Chemical or Particle Information Services. All 
were generated by nebulizing hydrosol samples 
diluted with distilled water using a Royco 
Model 256 Aerosol Generator. Some of the 
particles were actually polyvinyltoluene or 
styrene/vinyl toluene, which have indices of 
refraction slightly different from that of 
polystyrene. Theoretical response curves were 
determined for these substances, but the dif
ferences from the curve of Fig. 1 were so 
slight as to be experimentally indistinguish
able. The response voltages were determined 
from the measured peak channel readings, the 
relati¥-e gain ratio for each of the four size 
ranges, and the manufacturer's discriminator 
levels for each range provided with the instru
ment manual. They were calculated relative to 
a reference level of 10 volts corresponding to 
the upper limit of the highest channel in 
Range O. Each experimental value given in 
Fig, 1 is based on the estimated center of 
size-frequency histogram. The upper and lower 
bounds for each measurement were determined 
from the breadth of the size-frequency histo
grams. The differences between the upper and 
lower bounds correspond to as many as 5 channels 
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Figure 1. Comparison of theoretical ASASP-X 
response curve for polystyrene spheres with 
measured response for monodispersed latex 
particles of 23 different sizes, Normalization 
constant is 5.2 x lO-'cm 2 /volt (See text). 

and as few as 1. In cases where the size-fre
quency histogram overlapped two ranges, the lo
wer bound was determined from the more sensi
tive range and the upper bound from the less 
sensitive range. 

In general the experimental results for 
latex particles bear out the theoretical pre
diction quite well. The theoretical resonance 
peaks, however, are not resolved experimentally. 
In only two cases did a particle of a given size 
clearly result in a response less than that of 
particles of a smaller size. The normaliza
tion constant employed in fitting the experi
mental data to the theoretical response curve~-. 
of Fig. 1 is: 1 volt=S.2 x 10-9 cm2

• Instru
ment response to aerosols of other materials, 
not all of which were spherical, was determined 
relative to this normalization. 

Both the theoretical calculations and the 
experimental results for nigrosin dye indicate 
that the ASASP-X will considerably undersize 
highly absorbing particles of radii greater than 
0.15µm. For example, the theoretical predic
tion indicates that a lµm nigrosin dye particle 
will produce the same response as a polystyrene 
latex particle of radius just slightly greater 
than 0,3µm. Experimentally, the ASASP-X has a 
very limited resolution capability for nigrosin 
particles with radii from ~0.15 to ~0.50µm. All 
particles with radii in this range produce a 
pulse which falls in one of three channels, (4, 
5, or 6 of Range 1). Again there is no 



experimental evidence that the resonance peaks 
evident in the theoretical response curve can, 
in fact, be resolved by the instrument. 

At the time of this writing, calibration 
of the FSSP with monodispersed glass beads 
and latex spheres has not yet been completed. 
So the question remains open as to whether the 
resonance peaks predicted theoretically for 
particles of radius near lµm (Fig. 2) will be 
evident. Particularly important for our pur
poses are the differences in response for 
particles having an index of refraction of 
1.33 (water) as opposed to that for particles 
having indices near 1,50 (NaCl, KCl, and 
phosphoric acid) because as these hygroscopic 
particles absorb water and become solution 
drops, their indices of refraction will 
approach that of water and alter the response 
of the FSSP, For example, it can be seen 
that a water droplet O.Sµm in radius should 
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Figure 2. Theoretical FSSP response curves for 
spherical particles having specified indices of 
refraction (from Pinnick and Auvermann, 1979). 

exhibit a response about 5 times greater than 
the same size particle of KCl (m = 1.49) while 
a water droplet l.2µm in radius should exhibit 
a response about 5 times less than.the same 
size particle of KCl. The calibration results 
of Pinnick and Auvermann (1979) for the PMS 
Classical Scattering Aerosol Spectrometer 
Probe (CSASP) suggest that such effects will 
be experimentally resolvable. 

5, Dry Particle Measurements 

Preliminary measurements using the ASASP-X 
have been made of the smoke particles produced 
by Salty Dog (predominantly KCl and NaCl) and 
White Phosphorus pyrotechnics. Following the 
manufacturer's calibration, the peaks in the 
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particle size distributions (dN/dD) for 
laboratory measurements have been found to be 
between 0.25 and 0.45µm diameter, Field 
measurements of phosphorus smoke have yielded 
greater variability, the peaks in the number 
versus size distributions ranii~g from less 
than 0,2µm to greater than Q.5µm diameter. It 
is evident that as these particles are exposed 
to environments of varying humidities and grow 
by condensation they will pass through the size 
range for which the FSSP demonstrates pro
nounced theoretical resonance effects. Until 
the results of the FSSP calibration are known, 
it would appear prudent to use the ASASP-X to 
size haze-fog particles up to 3.0µm diameter 
and to employ the FSSP only for larger sizes. 
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MEASUREMENTS OF RELATIVE HUMIDITY IN FOGS AND CLOUDS 

H,E, Gerber 
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Washington, D.C. 20375, U.S.A. 

1. INTRODUCTION 

A new instrument, a saturation hygrometer, 
has been developed to measure relative humidi
ty (RH) between 95% and 105%. The purpose of 
this paper is to present results of the first 
measurements with the hygrometer which were 
made in radiation fog. These measurements dem
onstrate the unique capabilities of the hygro
meter, and they provide new insights into the 
microphysics of such fogs. A brief description 
of the hygrometer is given first, details are 
found elsewhere (Gerber, 1980), Also given are 
some results of modelling the performance of 
the hygrometer in cumulus clouds. 

2. INSTRUMENTATION 

The saturation hygrometer shares some 
characteristics with the well-known dew-point 
hygrometer: A droplet deposit on a mirror res
ponds to the ambient RH, and a thermo-optical 
servo system regulates the deposit. However, 
the new instrument differs in two important 
aspects: The deposit of droplets is regulated 
by heating the mirror instead of cooling it, 
and the exchange of water vapor with the mirr
or is carefully controlled to occur only on 
predetermined condensation sites instead of re
lying on an uncontrolled formation of dew. The 
latter aspect is critical, since uncontrolled 
dew formation causes about a 0,2C uncertainty 
in dew-point hygrometer measurements (Wylie 
et al. 1965). Controlled condensation permits 
the temperature of the new hygrometer to be 
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FIGURE 2, Results of laboratory calibration of 
the hygrometer for supersaturations. 

established to within about 0.005c which cor
responds to the supersaturations S (a few hun
dredths of 1%) thought to exist in fogs. 

The droplet deposit of the new hygrometer 
is controlled by first coating the mirror with 
a hydrophobic film and then coating the film 
with presized salt condensation nuclei. For am
bient RH greater than the deliquescent point of 
the salt, the nuclei grow into salt-solution 
droplets,; and due to the energy barrier imposed 
by the Kelvin effect, little water vapor exch
ange occurs between the atmosphere and the hy
drophobic mirror surface between the droplets. 

The hygrometer is calibrated by exposing 
it to a precise and constant value of RH, This 
done by placing the hygrometer into a "wet" 
box which consists of an insulated container 
with inner walls wetted with distilled water, 
After enough time has elapsed, the RH in the 
box closely approaches 100%, During use of the 
hygrometer in the atmosphere, the mirror is 
heated whenever RH~ 100%. The heat, controlled 
by a servo loop, is supplied in an amount which 
causes the droplets on the mirror to remain at 
their calibration size (their size at 100% RH), 
The temperature increase of the mirror is then 
related directly to the value of the ambient S 
through saturation-water-vapor tables. (This 
technique enhances the stability of the mirror 
droplet deposit, since the salt-solution drop
lets cannot become "activated" and must remain 
at a "haze-droplet"size, and the scavenging of 
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ambient aerosols by the mirror is minimized.) 
For measurements less than the calibration RH, 
the size of the droplets on the mirror must be 
sensed; it is possible with the "wet" box to 
precisely set the calibration point at a value 
of RH< 100%, e.g., at 98%. 

The components of the hygrometer sensor 
head are shown in Fig. l. The mirror consists 
of a thin square metal foil with its long dim
ension parallel to the direction in which the 
aspirated air is drawn into the cylindrical 
housing. The mirror is mounted on a support 
which has a low heat conductance, and a droplet 
guard (not shown) prevents the accumulation of 
fog or cloud droplets on the mirror's leading 
edge. Laser light scattered by the droplets is 
measured by a photodiode, and the mirror is he
ated on its other side with infrared diodes. 
The housing and mirror coatings are so designed 
to cause negligible errors from heat conductance 
and black-body radiation exchanges. 

Figure 2 shows laboratory calibrations of 
the hygrometer. The open data points relate 
measured temperature increases of the mirror to 
s values determined from water-vapor tables, 
and the other points are measurements of S pro
duced in a continuous-flow thermal-gradient 
diffusion chamber. The calibration for P.H <. 100% 
is not shown. The same hygrometer mirror was 
exposed for 4 hrs. to Sin the laboratory, for 
2 weeks to aerosols in room air, and for 7 hrs, 
during measurements in fog. Since the optical 
characteristics of this mirror's salt-solution 
droplet deposit did not change noticibly during 
this time, it can be concluded that the inevi
table deterioration of the mirror deposit is 
longer than the time scale of useful measure
ments. If it does deteriorate, it can easily 
be replaced. 

3. MEASUREMENTS Ill" RADIATION FOO 

On 19 and 20 Nov. 1979 humidity measure
ments were made 1 mover a relatively flat and 
tree-less grassy area located near Reston, Vir
ginia. Typical radiation fog (visual range, 
200-800 m) formed on both those nights when the 
area was ef.Periencing the low winds (mostly<. 
0.5 m sec-) and clear skies of a high pressure 
cell, Figure 3 shows the quantities measured in 
the fog during 0400-0506 on 20 Nov., this time 
period is typical of the behavior of the fogs 
during 7 hrs, of observation. 

The most pronounced feature of Fig. 3 is 
the rapid and large fluctuations seen in the RH 
measurements. (The reader should not be misled 
by the smoother curves for RH> 100% as compared 
to RH< 100%; the response time of the instru
ment accounts for this difference, since this 
time was 5 sec for RH<'. 100% and 30 sec for 
RH> 100%. By increasing the gain of the servo 
system, the fine structure was also evident for 
RH> 100%, however this caused overshoot in the 
readings. Future measurements will show a 1-sec 
response for both RH ranges.) Excursions of RH 
into the supersaturation regime were brief and 
rapid (faster than shown here), with maximum 
values of several tenths of 1%. The mean RH 
over a 4 hr, period ending with the Fig,-3 data 
showed that conditions in the fog were subsatu
rated 99.830 on the average. Figure 3 shows 
RH and temperature l out of phase; however, 
the specific humidity is in phase with the tem-
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perature, The latter holds when the heat and 
moisture fluxes are in the same direction 
(Schmitt et al. 1979), downward in this case, 
Clearly, turbulence plays a major role in this 
radiation fog, This gives credence to the "cla
ssical" theory of fog formation (e.g., see 
Rod.he, 1962) where the turbulence mixes nearly 
saturated air parcels at different temperatures. 
Another theory for radiation-fog formation 
(Brown and Roach, 1976; Roach, 1976a) where 
supersaturations of a few hundredths of 1% are 
formed near droplets cooling by black-body rad
diation, appears not to apply here. Nor does it 
appear necessary, as required by the fog model 
of Roach and co-workers, for droplet sedimen
tation losses to the ground to play a major 
role since RH in this fog remains on the aver-, . 
age just below saturation so that an excessive 
water content does not develop. The fog of 20 
Nov. showed persistent periodic oscillations 
which were also reported by Roach (1976b). The 
The oscillations are most evident in the RH 
record, and they have a mean period of 18 min. 

To successfully model this type of fog it 
is not sufficient to only know CCN spectra at 
low supersaturations, as for example,measured 
with the Laktionov (1972)-type haze chambers. 
It is necessary to establish CN and CCN spectra 
from several % of RH<. 100% to a S of several 
tenths of 1%, Further, these models must incor
porate the influence of turbulence on the broad
ening of the fog-droplet size distribution 
which appears to play a very important role 
here, The transmissometer record which was re
solved to 0.2 sec (not shown here; all data in 
Fig, 3 is resolved to 12 sec.) persistently 
showed changes which correspo~d to eddies as. 
small as 10 cm. This granularity in the fog is 
probably due to small turbulent eddies, althou
gh the release of latent heat in areas of drop
let "activation" and the accompanying changes 
in air buoyancy may contribute. The turbulence 
appears sufficiently strong and rapid that the 
"finite-phase-relaxation-time" droplet-broad
ening effect (e.g., Clark and Hall, 1979) may 
also be important. 

It is of interest to continue these RH 
measurements to obtain results which are based 
on more than two occur:rences of radiation fog, 
and to study other types of fogs including 
those where modelling has had reasonable suc
cesses (e.g., Fitzgerald, 1978; also Fitzger
ald in these proceedings). 

4. MEASUREMENTS Ill" CLOUDS 

No direct measurements in clouds have yet 
been made with the new hygrometer. Instead, 
the performance of the hygrometer was modelled 
for the hypothetical case where the instrument 
is imbedded in an atmospheric updraft and is 
permitted to move through the base and lower 
portions of a cumulus cloud. The RH values 
given by the hygrometer a.re compared to the 
predicted variation of S with time, and the 
physical characteristics of the hygrometer are 
varied in the calculations to discover its 
optimum performance. The effects of salt-nuc
leus size, heat conduction to the mirror sup
port, radiation energy exchanges, interactions 
with ambient cloud droplets, and mirror thermal 
properties were evaluated. The theoretical 
treatment will not be repeated here, since it 
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calibration RH of 100%,. The thermal pro
perties of the mirror are combined in 
13 = 2h/Pcc, where h is the unit surface 
heat conductance, P is the density, c is 
the specific heat, and c is the thickness 
of the mirror. Given that a tantalum mir
ror is used, the four values of 13 in the 
figure correspond to mirrors with four 
different yalues of 6: 1.27 X 10-3 cm, 
2.54 x 10-3 cm, 5.08 x 10-3 cm, and 
1.02 X 10-2 cm. 

is given elsewhere (Gerber, 198o). 

Figure 4 shows the hygrometer 1 s predicted 
performance which indicates that a judicious 
choice of materials and dimensions in the con
struction of the hygrometer will permit bal
loon-borne in-cloud measurements of RH which do 
not excessively distort the actual RH values. 
The principal sources of error are the finite 
growth time of the solution droplets on the 
mirror, and the lag of the hygrometer-mirror 
temperature behind the ambient temperature 
which cools as the air and hygrometer move 
upward in the cloud. The latter error shows 
up primarily in the asymptotic region of Fig. 4 
where time is large, the thickest mirror shows 
the greatest error. 

Measurements from aircraft are also fea
sible if the compression heating of the air 
accelerated to aircraft speed can be adequate
ly compensated. 
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1. Introduction 

The assumption,that droplets of any size 
class in:.clouds or fogs are randomly distribu
ted in tne space is a basic one for the clas
sical coalescence theory.However,various me
chanism of droplet separation,selection and 
clustering, due to superimposed effects of air 
motion,gravity and electrical interactions,may 
make this assumption unvalid.The most straight
foreward method of verification of this assum-

1 
ption is finding the positions of droplets in 
a sample of air and analysing them statistical
ly.The only technique which seems suitable for 
that purpose is holography.The first device 
for making holograms of fog droplets was built 
in USA in 1966 (Thompson et al.,1966) and used 
for measuring droplets size spectra, but essen
tial developement of holographic techniques 
since this time,has not improoved especially 
their applicability for small particles and 
droplets imaging.Holography<of fog and cloud 
samples appears to be a very laborious and ti
ll!e c_onsuming technique and it is very diffi
cult to obtain images of quality suitable for 
fully automatic analysis. 

In order to avoid •numerous technical dif
ficulties .·at the very beginning of the work, 
the authors decided to start their study from 
investigation of spatial distributions of dro
plets in radiative and advective fogs at Cen
tral Geophysical Observatory of the Polish 
Academy of Scienceadn Belsk near Warsaw,where 
relatively good technical facilities were a
vailable.The authors are indebtedto dr.S.Puchal
ski, the leader of the Atmospheric Optics Divi
sion at the Belsk Observatory,for his valuable 
support and assistance in realisation of this 
project. 

2.Registration of holograms 

The scheme of the device built for recor
ding the holograms of fog samples is presen
ten in Fig.l.The light beam from a ruby laser 
(1) (single;EH00 mode pulse of about 0.5mJ 
energy and 20 ns duration) becomes slightly 
divergent (apex angle 0.050) after passing 
throgh the lens (2) and a 67µm pinhole (3). 
The holograms have been recorded in a Gabor-ty
pe arrangement,which is the simplest and most 
frequently used for small particle holography. 
The beam is guided outside the cottage (4), 
where the laser (1) is located,through a 3 m 
long and 7 cm in diameter metall tube (5)? clQ
sed at the end with a glass plate covered with 
dew-repealing substance.7 cm from the end of 
the tube a holographic plate 6x9 cm is fixed 
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Fig.l, The scheme of recording device 

casette (6),The holograms are made du~ 
ring foggy nights,preferably when the wind 
gusts are perpendicular to the tube,in order to 
minimize disturbances in the airflow through 
the sample volume located between the end of 
the tube and casette (6).After making a holo
gram of the fog,a second hologram of a system 
of mutually crossing 20µm tungsten wires is 
recorded on the same plate in order to get a 
fixed reference frame for determining positions 
of the droplets. 

3.Reconstruction of the holograms 

In the reconstruction process the Bexon's 
method (Bexon 1973) is applied.The hologram 
is reconstructed in a diverging beam and the 
magnification is attained by a purely hologra
phic method,without using any optical elements, 
which may spoil the beam.The source of recon
struction beam and the image plane are fixed 
and the subsequent slices of the holographed 
sample are focused in the image plane by mo
ving the hologram.This arrangement has the ad
vantage of giving a good quality image,but al
so one important shortcoming consisting in the 
changes of magnification along the depth of 
examined sample, 

The reconstruction and analysis device is 
schematically presented in Fig.2.It consists 
of a Ile-Ne laser (1),the beam of which passes 
through a microscope objective (2) and a 20µm 
pinhole to form a diverging beam.The hologra
phic plate (4) is fastened to a micrometric 
table mounted __ on a havy chassis of a micromet
ric microscope with semiautomatic motion in 
both horizontal directions. Vertical motion of 
the plate is possible by means of a small,ma
nually controlled micrometric table. :'l':he beam 
difracts on the hologram and magnified real 
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Fig.2.Scheme of the reconstruction and 
analysis device 

images of droplets are focused on the vidicon 
of a high resolution,distortion-free TV came
ra (5) connected with the monitor (6).Analy
sing of the hologram consists in mooving the 
plate until a well focused picture of the dro
plet appears in the center of the monitor(6). 
The indications of the micrometers are then 
recorded,together with the diameter of the 
droplet estimated by means of the scale super
imposed upon the screen of the monitor.The po
sition of the vidicon is being changed few 
times during the scanning,in order to keep the 
variations of magnification smaller than 1:2. 
After any change in the system as well as few 
times during each scanning~the coordinates of 
holographic images of crossings of the refe
rence wires are checked.The registered coordi
nates of the droplets,their, sizes and coordi
nates of the reference points are then compu
ter processed, in order to get the true spa,tial 
coordinates and sizes of the droplets. 

Accuracy of positioning of droplet centres 
in x and y directions (perpendicular to 
the beam)depend on the quality of the microme
ters and stability of the device.In our case 
this accuracy has been estimated about 10 µm. 
Positioning along the beam (z - coordinate) 
depends upon the sharpness of focusing and its 
accuracy varies in the range 50 - l00µm.Six 
size classes ( 0 < 10 < 20 < 30 < 40 < 70 <) 
are presently used in preliminary analyses. 

4.Program of statistical analysis 

The first two problems which are going to 
be solved are: 1) - testing,by taking and ana
lysing a random sample of partial volumes of 
the hologram,whether and with what confidence 
level the hypothesis on the Poisson spatial 
distribution in given size classes can be re-
jected; 2) testing,whether there exists 
any preference for the droplet of a particular 
size to have the closest neibourgh also in a 
certain particular size class. 

During the cold season 1979/80, 40 holo
grams of about 5x5x5 cm fog sample~containing 
100 - 1000 droplets each.have been taken,and 
very laborious analysis of them is going on. 
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At the time this paper is being written,defini
te numerical results are not yet available, 
though it seems that there are considerable in
homogeneities in the spatial distribution of 
fog droplets,even on the scale of relatively 
small volume of a fog sample.However,the authors 
are aware of the fact that this may be~ result 
of particular conditions in which the holograms 
were made. 

Further program consists in making a mobile 
recording device and taking samples of low stra
tus (from high buildings); eventually investi
gation of micromotions of the droplets by means 
of double exposure. 

General view of the reconstruction and ana
lysis device and pictures of droplets and re-ff 
ference points images on the monitor screen are 
presented in the Figs 3 - 5. 
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Fig.4 General view of the reconstruction and 
analysis device. 

Fig.4. A reconstructed image of refernce wi
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Fig.5.A reconstruted image of a 15um droplet 
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l.Introduction 

Despite of considerable progress in cloud 
physics airborne instrumentation achieved in 
recent years,there still exists need for rela
tively simple and cheap but yet precise and 
reliable instruments for measuring even so ba
sic parameters like temperature and humidity, 

.especially from small aircrafts.Particularily 
measurements of humidity yield some problems, 
since classical sensors like hair or Goldbeater 
Akin are too slow and inacurate.From commonly 
used·more modern solutioms,automatic condensa
tion hygrometer may be for certain purposes 
too slow,Lyman-~ hygrometer,though virtually 
inertialess is relatively complicated and re
quires permanent check of reference level, 
while thin-film hygristors or capacitors are 
sensitive to temperature fluctuations and re
quire individual calibration. 

One of the methods which are sometimes con
sidered as alternative,is psychrometry based 
upon fine thermistors or thermocouples.However, 
for airborne use such psychrometers have con
siderable drawbacks.Dry and wet sensors have, 
usually different time constants and this dif
ference varies with pressure and temperature, 
making such measurements difficult for inter
pretation.Their accuracy falls down with tem
perature and the wet sensor is usually sensi
tive to contamination. 

In this paper a new method of adopting the 
psychrometr·y to fast response humidometers, su
itable for small aircraft or truck-based mo
bile units,is proposed. 

The principle of psychrometer based upon 
thermocouples (if time constant of decyseconds 
is required) or thermistors (if few seconds are 
sufficient) is retained,but the air is first 
suitably processed by passing through a heater, 
which rises (if necessary) its temperature to 
a level more suitable for psychrometric measu
rements and then through a "heat filter",which 
smoothes out fluctuations of dry-bulb tempera
ture,leaving only components with periods much 
longer than the time constant of the dry ther
mometer. The heat filter is simply a fast heat 
exchanger with relatively large heat capacity 
- for instance a thick bundle of fine copper 
.wire. 

In this system the time constant of the dry 
thermometer does not affect the measurements; 
they depend now only upon the wet-bulb time 
constant,which is usually about 3 times smaller 
than that of a dry bulb of similar size.The 
filter helps also to reduce contamination of 
the wetting wick. The ambient air temperature, 
if needed,must of course be measured with a se-
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parate sensor. 
It is easy to see,that the same principle 

of "heat filtering" can be applied to thin-film 
hygristors or capacitors,which also suffer from 
dry-bulb temperature variations and which for 
certain purposes may be more suitable than the 
thermocouples. 

At the University of Warsaw few such instru
ments were built,both for small aircraft (Yak-
12, "Rall ye") or truck-based mobile units. 

The airbo.rne instruments were based upon 
thermocouples,with separate thermocouple for 
ambient air temperature.Allthough slightly mo
re inert than resistance thermometers,the ther
mocouple has the advantage,that with point-li
ke sensor it is less sensitive to the thermal 
influences of the support and can be easier 
protected against impact of cloud droplets. On 
the other hand, it is l.ess inert and mechanica
lly stronger than fine-bead thermistors. 

The reference junctions in early models we
kept in ice-water thermostate,which prooved to 
be operationally inconvenient and not too re
liable.On the other hand the "filtered" dry
bulb temperature prooved to be so smooth,that 
it can be measured with a relatively slow but 
precise thermistor and used as a reference for 
the ambient air thermocouple sensor.Additional~ 
ly 1 this thermistor can be easily built into a 
feedback with a small heater,which keeps the 
dry-bulb temperature perfBctly constant,what es
sentially facilitates interpretation of the re
sults if recorded in ananalogue form. 

These improovements were introduced into 
the new model of thermo-psychrometer ATP-4,de
signed for the 2-seater motor-glider "Ogar" or 
4-seater "Rallye" aircraft. 

2.ATP-4 airborne thermo-psychrometer 

The general scheme of the ATP-4 instrument 
is presented in Fig.l. The air enters the psy
chrometer through the inlet (1) which is expo
sed directly to the speed of the aircraft (90 -
l50 km/h).The housing of the inlet contains a 
preheater with transistors BD-176 as heating 
elements and a simple stabilizer with thermis
tor (2) inside.The preheater protects the inlet 
against dew and rime and roughly stabilizes the 
the air temperature at a certain preset level, 
with accuracy of few K.With small effort,this 
heater be turned to evaporator for total water 
content measurements.After leaving the inlet, 
the air enters the filter-stabilizer through 
the plastic pipe (3).The filter-stabilizer (4), 
is made of 300 g of enameled copper wire,0,2mm 
diameter,with four BD-176 embedded in it as he-
aters,controlled by a feedback system with 
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Fig.l. Scheme of the ATP-4 airborne thermo-psychrometer.In the right 
upper corner a picture of the exchangeable segment with ther
mocouples and wetting device. 

thermistor (S).Direct use of transistors as 
heating elements essentially simplifies the 
design.The temperature of the heaters can be 
adjusted from the operator's board (6).If it 
is set at a level few K above the average of 
the preheater,the temperature of the air flo
wing out from the filter-stabilizer is kept 
constant with accuracy to O.OSK. As a passive 
heat filter (with heaters switched off),it has 
thermal time constant about 400s (for airflow 
rate about 300 mg/s) and smoothes out short 
period fluctuations of temperature practically 
independently of changes of ventilation caused 
~y variable flight conditions.The thermistor 
(5),placed within easily exchangable plexiglass 
segment has time constant less than 3s.Its out
put is used to control the heaters and indica
te the dry-bulb temperature.Resistance-voltage 
converter (7) of original design,permitts keep
ing the power dissipation of the thermistor 
~elow 10 µW.The differential dry-wet thermoco
uple (8) made of chromel-constantan 0.07mm wi
're has the wet point in a fine viscose wool 
wick,wetted withna pressure-controlled device. 
Its time constant is lessthan O.Ss.Another 
thermocouple (9) placed within one exchangeable 
segment with (8) is used as a reference for the 
ambient air temperature sensor (10).Sensors (5) 
(8) and (9) are ventilated with speed of about 
5 m/s, what makes the wet-bulb depression pra
ctically insensitive to ventilation variations 
possible during flight.The thermocouples are 
~onnected to high-quality solid-state preampli
fiers,well protected agains ambient electroma
gnetic disturbances (11).Their output signal is 
about lOOmV/K and can be measured by means of 
·any suitable recording voltmeter (12).The am
'.bient air tempera'ture sensor (10) consists of 
a 0.07 mm chromel-constantan thermocouple,con
nected with the reference point (9) by means 
of a doubly screened 0.7mm extension.In the 
new model of the sensor (10),the thermocouple 
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is fixed 5 mm behind a 0.7 mm metall rod.It is 
believed,that this should create a fairly good 
protection against wetting the sensing point 
(and its close vicinity)by the cloud droplets 
with relatively little disturbance to the ten
perature indications,at least in suffiently 
smooth flight conditions.Taste made in a S1Mll 
wind tunnel were encouraging - flight tests 
have not been made till the time this paper is 
being written. 

The accuracy of the instrument is not wor
se than O.lK for the thermocouples and 0.05 
for the thermistor (5) disregarding external 
sources of errors.Accuracy for humidity follows 
then from the psychrometric relation and should 
be about 0.1 - 0.2 g/kg of mixing ratio forty
pical summer conditions.Both the accuracy and 
response times of the instrument(O.Ss for hu
midity,0.1 s for temperature) might be subjects 
to certain further improovements.Correction for 
the time needed for the air to pass through the 
instrument (0.1 - 0.2s) can be eventually ap
plied. 

The variant of ATP-4 instrument,which was 
recently built has filter-stabilizer,sensors 
(5),(8) and (9) mounted together in a sequence 
inside a· .. duraluminum tube 480x60 mm. It can be 
fixed at the end of the wing ("Rallye") or in
side the cabin ("Ogar"); in the latter case the 
ambient temperature sensor (10) and the prehea
ted inlet (1) are fixed separately outside the 
fuselage and are connected with the main unit 
by means of flexible electrical and pneumatical 
extensions.llowever,dimensions and arrangement 
of various parts of the instrument can be ad
justed to particular technological and opera
tional demands. 
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TECHNIQUES FOR MEASURING ICE FORMING NUCLEI IN ROCKET EXHAUST CLOUDS 

Edward E. Hindman II 
Department of Atmospheric Science 

Colorado State University 
Fort Collins, Colorado 80523, USA 

INTRODUCTION 

The combustion aerosol from unpressured 
burns of Space Shuttle solid-rocket-motor pro
pellant contains about 5 x 10 10 ice nuclei 
(IN) per gram of propellant active at -20C 
(1,2). This measurement was made by burning 
slabs of propellant in a vertical wind tunnel 
and injecting aerosol samples into a large, 
isothermal cloud chamber (3). The Shuttle 
will burn about 5 x 108 g of solid propellant 
from the surface to approximately 3 km above 
the ground. Consequently, up to 1019 IN 
active at -20C could be released into the 
atmosphere each launch (5xlo 10 g- 1x. 5:icl08g). 
For this calculation, the laboratory figure is 
assumed representative of IN activity in 
rocket exhaust clouds. 

In order to test the laboratory figure, 
field measurements were made in the exhaust 
clouds from Titan III rockets and Super-HIPPO 
motor firings using airborne ite nucleus 
counters and filters (these rocket motors use 
solid cast-composite propellant similar to 
Shuttle propellant which contains primarily 
aluminum and ammonium perchlorate). The ex
haust clouds contain high concentrations of 
Al 2o3 particles, HCl gas (4), water vapor and 
cloud condensation nuclei (CCN) (5). This en
vironment is foreign to the normal function of 
the counters and filters. The behavior of the 
counters and filters in solid rocket exhaust 
clouds is summarized in this paper, The 
counters measure IN values within about an 
order of magnitude of values expected from the 
laboratory measurements. Further, the filters 
cannot be used to characterize the IN content 
of the clouds. 

ICE NUCLEUS COUNTERS 
The first IN measurements in Titan III ex

haust clouds, obtained with Mee Industries 
counters, demonstrated the presence of IN. 
Absolute values were not obtained because of 
instrument difficulties (6). A properly oper
ating Mee IN counter detected a maximum of 
850 i- 1 (active at -25C) in an exhaust cloud 

from a nozzle-up Super-HIPPO motor firing (6). 
According to laboratory findings from the 
Shuttle propellant combustion aerosol (2), the 
Mee IN counter and a NCAR IH counter (7) de
tected up to 103 fewer IN than the standard, 
isothermal cloud chamber. This result was due 
to larger quantities of HCl in the counters 
than in the chamber and shorter residence 
times in the counters. Consequently, the max
imum IN concentration active at -25C in the 
Super-HIPPO cloud was approximately 8.5xl0 5i-l 
(850 i- 1 x 10 3). Using the 5xl010 g-1 figure 
for activity at -20C from the laboratory (a 
conservative figure for IN activity at -25C), 
the expected concentration of IN in the Super
HIPPO cloud is 6.0xl0 5 2-l (1.2xl0 7 g pro
pellant burned x 10- 12 i-l (cloud volume)~ 1 x 
5x10 10 g- 1). The measured concentration is a 
factor of 1.4 greater than the expected concen
tration. This difference is considered negli
gible because of the order-of-magnitude nature 
of the calculations. 

A second set of IN measurements has been 
obtained in the exhaust cloud from a Titan III 
launch (5). A maximum of 200 i- 1 active at 
-20C was measured with a NCAR IN counter two 
hours after launch. The maximum concentra
tions were not detected shortly after launch 
because of the high concentrations of inter
fering HCl and CCN in the cloud. The higher 
the concentration of combustion aerosol, the 
fewer IN the NCAR counter detects as demon
strated in a laboratory test (see the table). 
As the Titan III exhaust cloud diluted with 
ambient air, its IN activity increased, a 
phenomenon also present in the earlier Titan 
III data (6). Applying the 103 calibration 
factor to the 200 i-1 measurement produces a 
worst case concentration of 2x10 5 i-1 • The 
expected IN concentration in the exhaust 
cloud is 6.8xl0 6 i- 1 (2.5xl0 8 g propellant 
burned x 5.5xio- 13 i- 1 (cloud volume)- 1 x 
5xl0 10 g- 1). The measured concentration is a 
factor of 34 less than the expected concen
tration; 

TABLE 

IN (i- 1) Detected with NCAR IN Counter (-20C) in Combustion 
Aerosol from Burning Two Pieces of Shuttle Propellant 

Mass of Propellant (g) Time From Ignition (min) 
0 1 2 3 4 5 6 

0.1 1 4 28 4 16 24 720 

0.003 1 240 72( Too 372 28 1 
NumerouE 
To count 
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7 8 9 

600 40 1 

1 1 1 



The measured and expected IN concentra
tions ~ere in a reasonable agreement in the 
Super-HIPPO exhaust cloud and differed by a 
factor of 34 in the Titan III exhaust cloud. 
These results illustrate the imprecise state 
of IN measurements with portable IN counters 
in rocket exhaust clouds. Nevertheless, it 
is concluded that order-of-magnitude IN 
measurements can be made in exhaust clouds 
using the counters if the laboratory calibra
tion factor is employed and the cloud is 
sufficiently dilute. Further laboratory 
tests are necessary to determine the required 
amount of dilution. 

FILTERS 

Filter samples have been obtained from two 
Titan III exhaust clouds (1,8). The filters 
were cut in half; one half was processed by 
Parungo and Allee (1) and the other half at the 
State University of New York at Albany (8). 
Parungo and Allee report detecting high concen
trations of IN early in the life of both clouds 
and a decrease to ambient values after 3 hours, 
Hindman and Lala (8) report this result is 
consistent with their result before correcting 
for the sample-volume-effect (large sample 
volumes yielded low IN concentrations and vice 
versa). After correcting the data from both 
flights and both processes (4 data sets), the 
high IN concentrations decreased to background 
values in three of the four data sets. Conse
quently, this result suggests the filters 
might not be able to detect the IN in the ex
haust clouds due to interfering HCl gas and 
high CCN concentrations. 

Subsequent to these measurements, the fil
ters were calibrated in the laboratory with 
Shuttle propellant combustion aerosol (2). It 
was found that the filters detected 10 to 1000 
times fewer IN than did simultaneously opera
ting IN counters. The IN counters also under
estimated the numbers of IN in the combustion 
aerosol (2). Consequently, the laboratory re
sults, that the filters are much less sensitive 
to the IN in the combustion aerosol than the 
counters, indicate that the filters may not be 
able to detect IN in rocket exhaust clouds. 

The most recent filter samples obtained in 
the exhaust cloud from a Titan III launch (5) 
were collected at the same volumes following 
the recommendation of Parungo and Allee (1). 
The filters also were processed using the same 
apparatus as ,Parungo and Allee and were 
corrected for the sample-volume-effect. The 
filters detected IN concentrations in the cloud 
below background values shortly after launch. 
Concentrations slightly greater than background 
values were detected with the filters when the 
simultaneously operating IN counter detected 
200 i- 1 in the dilute cloud two hours after 
launch. These results are consistent with the 
earlier Titan III filter results (8) and the 
laboratory findings (2). Consequently, the use 
of the filter technique is not an effective 
method for detecting IN in concentrated exhaust 
clouds. However, when the HCl concentrations 
are sufficiently low in dilute clouds, the fil
ters should be able to detect the IN. 
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CONCLUSIONS 

Concentrated solid rocket motor exhaust 
clouds should be diluted with clean ambient 
air in order to obtain order-of-magnitude IN 
measurements with portable counters. The IN 
concentrations measured with the counters are 
underestimated by a factor of about 10 3 be
cause of interfering HCl and CCN. Filters are 
unable to detect IN in concentrated clouds 
significantly above background values due to 
interfering HCl and CCN. Filters have de
tected IN in dilute clouds, but useful numbers 
were not obtained because of a significant 
sample-volume-effect. 
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TWO NEW CCN SPECTROMETERS 
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University of Nevada System 
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1. INTRODUCTION 

Two new CCN instruments which have evolved 
from the ORI continuous flow diffusion chamber 
(CFO) (Hudson and Squires, 1973, 1976) are pre
sented. Both instruments can accurately moni
tor the concentration of CCN over the conven
tional supersaturation range between 0. 1% and 
1%. The first instrument accomplishes this by 
rapidly changing the supersaturation level 
within the chamber so that an entire spectrum 
can be obtained in a short time. The second 
instrument derives CCN spectra by passing the 
sample aerosol through a series of supersatura
tion zones which creates a dispersion in drop 
sizes which can be used to deduce the critical 
supersaturation of the nuclei. This second in
strument then yields instantaneous spectra. 

2. RAPID CYCLE CCN SPECTROMETER 

The first instrument was built as a proto
type for the NASA low gravity cloud physics 
laboratory. Rapid changes in supersaturation 
are accomplished by injecting a surge of fluid 
into the temperature-controlled plates. This 
displacement of fluid is at a temperature dif
ferent from the original plate temperature. 
Thus the change in temperature of the plates is 
accomplished by proper mixing of an appropriate 
amount of fluid from a reservoir at an extreme 
temperature. A hot and a cold reservoir are on 
hand for this purpose. Microprocessor control 
is used to inject the fluid into the plates so 
that a smooth cycle of supersaturations can be 
obtained. Thus four or five supersaturations 
can be examined within a period of 5 to 10 min
utes, depending upon the desired accuracy and 
the particle concentration. This same period 
of time is required just to make one change in 
supersaturation with the original CFD 1 s. 

Figure 1 is a schematic diagram of the 
rapid cycle CCN spectrometer. It is quite s1m1-
lar even in dimensions to the earlier versions 
of the CFD's. A notable exception to this is 
the elimination of the flow around the back 
sides of each plate. In this version, the car
rier flow enters the chamber at the opposite 
end of the chamber from the optical bench 
(Royea 225) unlike the previous CF0 1s, where 
the carrier flow entered at the optical bench 
end of the chamber behind both plates only to 
flow toward the other end of the chamber around 
the plates and back between the plates. The 
laminar flow so accomplished is obtained in the 
spectrometer by the use of a diffuser screen. 
A stainless steel wicking surface is used in
stead of filter paper. 
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Pigu:roe 1. Physical Sohematio of the Rapid 
Cyole CCN Spectrometer 

Legend: 

1 . Carrier flow entrance 
2. Entrance manifold 
3. Cold plate wicking surface 
4. Diffuser screen 
5. Cold thermal plate 
6. Sample injection tube 
? • Warm thermal plate 
8. Warm plate wicking surface 
9. Exhaust manifold 

10. Optical particle counter 
11. Sheath flow entrance 
12. OPC exhaust 

Dimensions: L = 44. 45 om 
L~ =10cm 
Width= 29 om 
Plate spacing= 1.6 cm 

A hypothetical experiment is shown in Fig.2. 
Each supersaturation can be maintained as long 
as desired; each subsequent supersaturation can 
be established and stable within about 30 sec
onds. 

Each thermal plate is accurately controlled 
in temperature such that the temperature diff
erence between the two plates is stable and 
known to within about± 0. 01 °C for each super
saturation. Figure 3 is schematic of the hy
draulic circuit for the warm thermal plate. A 
centrifugal pump circulates water through the 
thermal plate and a housing containing four 
electrically resistive emersion heaters in a 
coolant flow of about 60 cm 3 /sec. The coolant 
is also circulated over a small glass bead ther
mistor just downstream of the pump; this method 
of temperature measurement provides an accurate 
estimate of the average temperature because of 
the thorough mixing present at the pump exit. 
The thermal plate consists of a covered chan
neled metal surface with large distribution mani
folds at both ends. The large manifolds assure 
that flow through each of the 18 water channels 
is uniform. Placing the exit and entrance ports 
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EVENT SEQUEtKE 

1. Stabilization: "vl 5-20 min. is required to 
allow the CFD to become equilibrated at the 
initial temper~ture settings. · 

2. "LWAIT" Period: The experiment is initiated 
by a mamal comnand at the start of "LWAIT". 
This period is long enough to allow suffi
cient time for counting -particles in theOPC. 

3. "TSTEP": Counting sto'ps at the end of the 
"LWAIT" period. TSTEP is a temp. -parameter 
required for reaching.the next supersatura
tion level in the experiment protocol. The 
corrrputer control servos ~round the value 
Tw defined by this variable. Time required 
for this step is "v2-5 sec. 

4. "PAUSE": Allows time for system to stabilize 
at new temp. settings. This has been a per
Iod of "v30 sec. in preliminary experiments. 
The end of "PAUSE" initiates another "LWAIT 11 

period at a new supersaturation. The instru
ment continues to sequence until 6T reaches 
a predetermined minimum. 

Figure 2. Temperature control of the thermal 
plates of the rapid cycle CCN spectrometer is 
programned to follow the sequence shown above. 

THFl1WIL PLATE 

Figure 3. Schematic representation of hydrau
lic circuit of the rapid.cycle CCN spectrometer 

Legend: 
1. Thermal plate 
2. Thermistor 
3. Centrifugal pump 
4. Servo heater 
5. Trickle pump 
6. Surge pump 
? •. Cold source heat exchanger 
8. Thermoelectric module 
9. Water jacket 

10. Waste heat radiator 
11. Fan 
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on the same side of the thermal plate assures 
kinematic mixing of the water in the primary 
circuit. The time required for a parcel of 
water to flow completely around the primary 
circuit is one to two seconds. 

Temperature control is provided by a secon
dary hydraulic circuit consisting of a thermo
electric module (TEM) powered "cold source" 
heat exchanger and a small gear pump. Since 
this is a closed hydraulic system, operation of 
the gear pump (trickle pump) displaces cold 
water into the primary circuit and returns war
mer water to the cold source heat exchanger. By 
correctly metering the proper water flow, any 
equilibrium temperature of the thermal plate 
above the cold source temperature can be main
tained. Very fine temperature control can be 
achieved by metering slightly more cold water 
than is required (slightly overcooling the pri
mary circuit) and adding electrical energy with 
the use of the immersion heater. Both immersion 
heater output and flow of water through the 
trickle pump are under servo control of the con
trol computer. 

A second pump is included in the secondary 
hydraulic circuit in order to provide rapid 
changes of thermal plate temperature during the 
"TSTEP" period shown in Fig. 2. The surge pump 
is operated full on for a period ranging from 
about l to 7 seconds, depending upon the magni
tude of the desired temperature decrease in the 
warm plate. A relatively large parcel of cold 
water is displaced into the primary circuit dur
ing this period, causing a rapid drop in tem
perature. A period of about 10-30 seconds is 
required for temperature equilibrium. The surge 
pump is not used again until another change in 
plate temperature is desired. The hydraulic 
circuit for the cold plate is similar to that 
described above except that the surge pump for 
the cold plate is attached to a separate TEM
powered heat exchanger (Hot Source), controlling 
temperature of water above the mean temperature 
of the experiment. Operation of the surge pump 
for the cold circuit raises the temperature of 
the cold plate, such that the temperature diff
erence between the plates is reduced in steps 
as the experiment progresses. 

The 6T measurement is accomplished with the 
use of a ten-element thermopile mounted on the 
back surface of each thermal plate. The thermo
couple junctions are chromel-cons;tantan and are 
potted in good thermal contact with an aluminum 
base with thermally conductive epoxy. The ther
mooile is assembled in the form of a yoke; the 
thin thermocouple leads are sandwiched between 
two layers of grounded copper foil tape for 
support and electrical shielding. The entire 
bundle is mounted on a thin (0.04 cm x 2.5 cm) 
strip of fiberglass that forms a yoke around 
the two thermal plates. The base of the yoke 
mounts on the thermopile amplifier, located at 
the bottom edge of the CFO chamber, reducing 
the lead length of the thermocouples to a mini
mum. The resolutinn of measurement is 0.0024°C. 

Carrier flow and sample flow rates are simi
lar to those used in the earlier model CFD's. 
The high degree of precision and accuracy ach
ieved with the earlier morlels is preserved in 



the spectrometer. In fact, the increased tem
perature uniformity and measurement sensitivity 
allows for increased accuracy. Moreover, this 
accuracy holds true during the supersaturation 
cycles of the spectrometer. Thus, the entire 
spectrum can be monitored with precision and 
accuracy limited primarily by statistics. 

Figure 4 displays an example of an F-plateau 
in the rapid cycle CCN spectrometer. This shows 
that the nculeus concentration is independent of 
the time the sample is exposed to the supersatu
ration. Thus all particles are allowed to acti
vate but not fall out. This is more fully ex
plained in Hudson and Squires (1976). Fig. 4 
also displays a comparison in particle concen
tration between the rapid cycle spectrometer 
and the earlier model CFD 1s. Agreement was 
within 3% which is about the same as the experi
mental uncertainty. Figure 5 is an example of 
a spectrum obtained with this instrument within 
a 10-minute period. Cycles such as this can be 
preprogrammed for any set of supersaturations 
or time spans. 

3. INSTANTANEOUS SPECTROMETER 

The second instrument is still being tested 
at the time of this writing. However, early 
tests of the device show that the basic operat
ing principle is sound. This instrument is a 
more radical departure from the original DRI 
CFD, as it uses the sizes of the drops detected 
by the optical counter to deduce the supersatu
ration of the nculei. The principle that lar
ger drops grow on larger nuclei has been used 
in the isothermal haze chamber (IHC) first pre
sented by Laktionov (1972) and used by Hudson 
(1976), Alofs (1978), and Hoppell (1979). In 
the isothermal haze chamber (IHC) the drops are 
in equilibrium sizes below cloud drop activa
tion. Thus the sizes ar8 fixed and should not 
depend upon growth time as long as sufficient 
time was allowed for growth to the equilibrium 
h~ze drop sizes. The idea of using the drop 
sizes to determine nucleus size or Sc in a 
supersaturated chamber (S = 0) originated with 
Hudson(l976). It was found that drop size was 
inversely related to Sc as anticipated. However, 
the application of this process depended on 
nearly continuous monitoring with a second CFD. 
Droplet size was extremely sensitive to small 
changes in flow rate, temperature, etc. Since 
the drop distribution was continuous there was 
no way to detect these small shifts which would 
lead to changes in nucleus concentrations. 
Although two CFD 1s could be used in this manner 
to o~tain 4 or 5 supersaturations, the procedure 
required very careful monitoring and did not 
seem practical. 

The new method presented here employs a ser
ies of.supersaturation steps.The device,Fig.6,is 
essentially a series of three CFD 1 s inside one 
chamber. Thus it is a series of three sets of 
temperature controlled plates so that a sample 
aerosol is exposed to three supersaturations in 
ascending order (S1, S2, S3). This means that 
in the first zone only the largest nuclei be
come activated drops. That is only those nuc
lei with Sc's below S1 cirow into droplets while 
the remaining nuclei remain as unactivated haze 
drops. After being exposed to this constant 
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Figure 4. Relative concentration of CCN detect
ed by the rapid cycle spectrometer vs. carrier 
(main) flow through the chamber. Here the count 
is normalized to the deduced concentration in a 
conventional CFD operating side-by-side. The 
supersaturation in both instruments was fixed 
at O. 80%. 
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Figure 5. CCN spectrum obtained with the rapid 
cycle spectrometer in a 10-minute interval, 
Dec. 27, 1979. 

supersaturation, these drops eventually take on 
a monodisperse distribution in agreement with 
classical theory. 

In the next zone nuclei with S1 <Sc< s2 be
come activated and grow into cloud droplets. In 
the meantime the drops which were already acti
vated in the first zone continue to grow in the 
second zone. In fact, their growth rate is 
speeded up due to the higher supersaturation. 
Thus, the nuclei with Sc< S1 grow even larger 
and become perhaps even more monodisperse. Nuc
lei with S1 <Sc<S2 activate, grow, and begin 
to form a monodisperse distribution which is 
much smaller than the first group of drops. Thus 
at the end of the second zone a bimodal drop 



distribution should exist. Finally, the third 
zone activates the drops with S2 <Sc< S3 and a 
trimodal distribution is obtained. Then if 
voltage thresholds are set at levels which cor
respond to sizes between these drop size modes, 
the appropriate discrimination can be obtained 
to determine N vs. Sc and an instantaneous CCN 
spectrum results. 

A computer model was developed in order to 
design the instrument for optimal operation. 
The model predicts the radius of a cloud drop
let grown upon a nucleus of known critical su~ 
persaturation Sc, after the droplet has passed 
through the spectrometer on a path along the 
long axis of the chamber. Therefore, the cloud 
droplet size spectrum at the exit of the cham
ber may be approximately predicted by repeated 
runs of the model, varying for each run the Sc 
of the entering cloud condensation nucleus. 

The component computer programs of the model 
are first, a finite-difference computation of 
the supersaturation field within the instan
taneous spectrometer, and second, a numerical 
integration of the Carstens theory (Carstens, 
et al., 1974) of cloud droplet growth. The 
supersaturation program solves the diffusion 
equations for heat and mass transfer, includ
ing the axial diffusion term in the presence of 
laminar flow, in a manner similar to that des
cribed by Rogers and Squires (1977). The su
per.saturation field is then calculated and 
stored on disc file to be used as input by the 
cloud droplet growth program. 

The model revealed that the first zone with 
the lowest supersaturation should be the lar
gest while the last stage needs to be relatively 
short because activation and growth are much 
faster at higher supersaturations. The Royea 
optical counter was again used as the detect
ing device. However, the five channels of the 
Royea are not sufficient to determine if mono
disperse distributions exist. For this purpose 
a 512 channel multichannel analyzer (MCA) 
(Northern Scientific, Inc.) was interfaced to 
the Royea. This greatly increases particle 
size resolution so that the monodispersity of 
the cloud drop spectrum can be seen on the CRT 
display. When three supersaturations are ap
plied to the two sections of the spectrometer, 
a distinctly separated trimodal distribution is 
observed. When the upstream lower supersatura
tion, S1, is increased, the larger sized drop
let peak increases and becomes larger as it 
should. When the higher downstream supersatu
ration, S3, is increased, the magnitude of the 
smaller sized peak is increased and there is 
an increase in its size. The larger sized peak 
is only shifted to a slightly larger size. 
These observations are all in keeping with the 
operating principles. Thus, sizes which allow 
separations between the peaks can be chosen. 
Moreover, the Royea voltage thresholds can be 
set so that certain size channels can be used 
to monitor the concentration at specific super
saturations. The size channels can be adjusted 
so that an individual drop size plateau can be 
obtained for each supersaturation (see Hudson 
and Squires, 1976). This assures that all drops 
which should have been activated at a certain 
supersaturation were activated and counted. 
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Changes in the downstream supersaturation, S3, 
do not affect the detected concentration active 
for instance at S1 or s2. Extensive tests will 
be conducted to see if the instrument continues 
to perform under a variety of conditions and 
with a variety of aerosols. 

Figure 6. Schematic o.f the instantaneous CCN 
spectrometer. 

~: L • 60 cm; L1 • 1 .3 cm; L2 • 10 cm; L3 • 12 cm; L4 = 40 cm 
(1st supersaturation zone - s1, T3, T4); Ls• 12 cm (2nd 
supersaturation zone - Sz, Tz, Ts); Ls = 8 cm (3rd super
saturation zone • S3, T1, T5). 

Supersaturation: S1 < S2< S3; Plate Temp: T1 < T2 < T3 < T4 < T5 < T6 

(1) Carrier flow entrance; (2) Diffuser screen; (3) Sample injection 
tube; (4) Cold plate diffuser screen; (S) Warm plate diffuser screen; 
(6) First wann section, T4; (7) First cold section, T3; (8) Second 
wann section, T5; (9) Second cold section, T2; (10) Third wann 
section, T5; (11) Third cold section, T1; (12) Temperature bath at 
T4; (13) Temperature bath at T3; (14) Temperature bath at T5; 
(15) Temperature bath at T2; (16) Temperature bath at Ts; (17) Tem
perature bath at T1; (18) exhaust to OPC. 
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DIRECT MEASUREMENT OF RAINDROP CONCENTRATIONS AT THE GROUND 

A J Illingworth 
UMIST, Manchester 

ENGLAND 

1. HJTRODUCTION 

Existing commercial ground based 
instruments for measuring raindrop 
sizes and concentrations detect the 
raindrop flux incident upon a horizon
tal surface, and derive the concent
ration from a knowledge of the drop 
velocity. The Joss disdrometer (Joss 
and Waldvogel 1967) senses the momen
tum of individual raindrops inc~dent 
upon a horizontal plate of 50cm area, 
whereas the Knollenberg precipitation 
probe (Heymsfield 1976) measures the 
diameter of shadows cast by raindrops 
on a linear photodiode array as they 
pass through a 6Dcm2 sample area. In 
both cases the drop concentrations are 
calculated assuming the drops to be 
falling with terminal velocity. 

In many field situations wind will 
result in raindrops falling at consid
erable angles to the vertical, conse
quently the projected sample area will 
decrease. This change in sample area 
will also be different for different 
drop sizes. The instrument described 
in this paper overcomes this problem. 

2. THE DISDROMETER 

The device operates on the shadow
graph principle, but, whereas the PMS 
device has a horizontal rectangular 
sample area, this instrument detects 
drops as they enter and leave a cylin
drical volume. This cylindrical volume 
presents an equal area to any drops 
which, due to high winds, are not fall
ing vertically. 

Figure 1 shows the optical arrange
ment. The device is very simple so 
that operation in hazardous field en
vironments will be reliable. The use 
of coherent radiation has been avoided 

Optical set-up. 

1mm diameter light source 

• 

because of interference problems aris
i~g from.dust particles and the expen
sive optical elements which would be 
required. None of the lenses need to 
be very precisely positioned thus no 
accurate adjustments are required in 
the field. 

A quartz-halogen filament light 
source of diameter 1mm at the focus of 
a lens of focal length 1m provides a 
parallel beam of light. After this 
light has .crossed the sample volume 
(irr this example a distance of 17cm) 
it is nqrmally incident upon a mask 
which only transmits light falling 
upon an annulus of diameter 3cm and 
width 10Dum, thus defining the boundary 
~f the sample volume. The light pass
ing through the annulus is then focussed 
on a large area photodiode. When a drop 
enters and leaves the volume it should 
give rise to two equally sized pulses 
from the photodiode amplifier as it 
obscures first one side of the annulus 
and then the other. Provided that the 
drop is larger than 10Dum diameter the 
ampl~tude of the pulses should be pro
portional to the drop diameter. Single 
pulses resulting from drops passing 
through the edge of the annulus are 
r e j e c t e d i n s u b s e q u e n t c o·m p u t e r a n a 1 y s i s • 
(Figure 2). 

3. DIFFRACTION LIMITS AND SAMPLING 
VOLUME 

Knollenberg (1970) shows that a 
raindrop acts as an opaque sphere and 
refraction can be neglected but the 
smallest detectable drop size is limited 
by diffraction. It can be seen from 
Knollenberg's isodensitometer traces 
of diffraction patterns of particles in 
white light that, at a distance equal 
to (3d 2 )/(4A) (where dis diameter and 

1 Dem 
1...-.....J 

0 + 
~ 
3cm 

Annular 
Mask 

Lens 

Large area 
photodiode 
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\ is the wavelength of light) the 
total intensity of light measured along 
a narrow slice throuoh the diffraction 
pattern has fallen t~ 75¼ of its value 
for a perfect geometric shadow. For a 
sample cylinder of length 17cm this 
corresponds to a particle of diameter 
3 D □·. 1 rn be i n g meas u red t o a n a cc u r a c y o f 
10~,m. Laboratory calibration of the 
disdrometer with artificially produced 
drops confirms this limit. 

The 17cm sample length, giving a 
sample area of 51cm2, was chosen as a 
compromise so that a reasonable number 
of large drops would be sampled with
out having too high a minimum detect
able drop size. If it were considered 
important to build up a statistically 
significant number of both very small 
and very large drops in the minimum 
time then two instruments with differ
ing lengths of sampling cylinder would 
be operated simultaneously. The dis
drometer is constructed so that this 
is a trivial mechanical adjustment. 

4. DATA ANALYSIS 

The photodiode output as a drop 
enters and leaves the sample volume(V) 
is shown in Figure 2. Computer analy
sis enables pulse pairs of the same 
amplitude to be identified and inter
preted as the passage of a drop of a 
particular size, having a transit time 
through the sample volulme of T. If, 
during a total observation time (T), 
the sum of the transit times for a 
given drop size is '<:""T, then the con
centration of these drops is given 
directly as ~T/T per volume V. The 
measurement needs no correction for 
wind speeds or droplet terminal velo
city, and the cylindrical sample volume 
presents the same incident area to any 
non-vertically falling raindrops. 

Figure 2. 
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In theory the rise and fall timesof 
the individual pulses shown in Figure 2 
give an independent check of the drop 
velocity as it crosses the 100um ann
ulus. However, diffraction effects, 
especially important for small drops 
some distance from the mask, will tend 
to superimpose a broadening of the 
pulse. 
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A DROPLET IMPACTOR TO COLLECT LIQUID WATER FROM 

LABORATORY CLOUDS FOR CHEMICAL ANALYSIS 

Ulrich Katz 
Desert Research Institute 

University of Nevada System 
Reno, Nevada, U.S.A. 

l. INTRODUCTION 

The study of interactions between clouds 
and atmospheric trace constituents (aerosols 
and gases) frequently requires the ability to 
obtain bulk samples of cloud water for chemi
cal analysis. Thereby it is essential that 
the sampling device rejects aerosols other 
than cloud droplets, since chemical processes 
in the dilute cloud droplets are likely to be 
different from those associated with other 
particles such as the concentrated solutions 
of deliquesced but unactivated CCN. 

In the course of a laboratory investiga
tion on effects of aerosols and cloud droplets 
on nighttime transformations of sulfur oxides 
being carried out in the DRI's 7 m3 dynamic 
cloud chamber, a cloud water collector (CWC) 
was designed and built which has, in addition 
to the above-mentioned separation characteris
tics, the capability to extract nearly quanti
tatively and virtually free of contamination 
the liquid water from 2.5 m3 of cloud in two 
minutes. 

2. BASIC DESIGN CONCEPTS 

Since cloud droplets differ mostly by 
their size from the other aerosol particles, 
the strongly size discriminatinq process of 
impaction was selected for the ewe droplet 
collecting operation. Several types of impac
tion devices were considered: (l) whirling 
arm samplers have been used successfully by 
Mack, et al. (1973) in field studies; however, 
in a cloud chamber, the stirring action of 
that device causes the cloud to dissipate pre
maturely; (2) cyclones have a less well defined 
size cut-off than (3) jet impactors which thus 
offer the best overall potential for meeting 
all requirements for a ewe. 

A key element in the present impactor de
sign is the application of slowly rotating Tef
lon cylinders as impaction surfaces thereby 
providing solutions to three separate prob
lems: (1) While collection of solid particles 
in jet impactors generally requires that the 
impaction surface be coated with a sticky sub
stance to prevent reentrainment of the depos
ited particles into the airstream, a different 
approach has to be found for the case of liquid 
deposits where reentrainment occurs after the 
accumulation has reached a certain critical 
size. Thus, rotation of the Teflon cylinders 
removes the deposit from the impact area where 
air velocities are high, and transports the 
sample to a sheltered position. (The earliest 
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version of the CWC utilized a stationarycoarse
ly ground glass cylinder as impaction surface 
which had the disadvantage that it was (a) dif
ficult to clean and (b) withheld too much sam
ple - see Katz (1977). 
(2) Unlike samples-of low mass which are usu
ally kept on the impact surface or on filters 
(e.g., as in the currently often-used dicho
tomous impactor), the cloud water sample, being 
in the range of 0.5 to 5 ml, has to be brought 
into bulk form by forcing it to converqe'into 
a container. This is accomplished by addition 
of a second (collection) Teflon cylinder paral
lel to and in contact with the impaction cylin
der which causes the deposited water to accrue 
at the contact line of the two counter-rotating 
cylinders due to the Teflon's hydrophobicity. 
Vertical orientation of the cylinders provides 
continuous run-off along the contact line into 
a collection vessel. 
(3) The described system provides for the sam
ple to contact no other material but an inert, 
smooth Teflon surface prior to collection in a 
container. Thus, contamination is kept to a 
minimum. 

3. DESCRIPTION OF DESIGN 

Figure l shows schematically how the above 
described concept was applied in the actual 
design. By arranging three impaction cylinders 
around a thin central collection cylinder (or 
roller), it was possible to obtain a mechani
cally stable system while, at the same time, 
minimizing the surface area contacted by the 
collected water. 

The particular shape of the impaction sur
faces practically mandated the use of high as
pect ratio rectangular jets (one per impaction 
cylinder). The jet nozzles as well as the ex
haust ducting are incorporated in a one-piece 
acrylic housing; as Fig. l indicates, two con
centric tubes at the underside of the ewe 
penetrate the bottom of the cloud chamber, 
whereby the outer tube serves as exhaust duct 
connecting with a suction pump, while the inner 
tube provides a means to insert and retrieve 
6 ml pyrex sample vials from the outside of 
the chamber. A drive shaft located in the ex
haust tube connects the Teflon cylinders to an 
external 10 rpm motor. The Teflon roller 
assembly can easily be removed from the housing 
for maintenance. An overall view of the CWC 
is provided in Figure 2. 

In order to determine the critical dimen
sions of the ewe, the given values (sampling 
rate Fr 20 is- 1 ,50% collection for 5 um 
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Figure 1. Scherratic cross-section of Cloud 
Water Collector. (1) gears for control of Tef
lon roller rotation; (2) one of three Teflon 
~oller~ (2.5 cm diameter) serving as droplet 
unpactwn surface; (3) small central Teflon 
roller guiding collected wa;ter into (4) sample 
wa;ter receptacle (test tube); (5) holder to 
guide test tube through (6) sample entry/exit. 
tube which connects to outside of chamber; 
(7) slot shaped nozzle to fom cloud air jet 
width W = 0.4 cm, length L = 8.3 cm; (8) diffu
sor to distribute air flow evenly over length 
of nozzle: (9) suction ports; (10) plenum; 
(11) shaft connecting one Teflon roller with 
motor outside of chamber; and (12) chamber 
bottom. 
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Figure 2. Photograph of Cloud Water Collector. 
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Figure 3. Collection efficiency of rectangu
lar jet impactors as a function of the Stokes 
number. (After Mercer and Chow, 1968). Dp, 
droplet diameter; Pp, droplet density; n, air 
viscosity; V, jet velocity; W, jet width. 
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Figure 4. Collection 
efficiency vs. jet velo
city for Cloud Water 
Collector. Curves de
rived from Fig. 3 for 
droplets at indicated 
sizes. See text for 
details. 
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diameter droplets) were combined with experi
mental data of Mercer and Chow (1968) for the 
collection efficiency of rectangular jet impac
tors. Two of their curves are shown in Figure 
3, labF!l led S/W = 1 and 5.___llilere S_ .denotes the 
jet to impaction piate distance and W the jet 
width. The unlabelled curve in the middle re
presents the estimate for S/W = 1 .75 which was 
selected for the present design. This deter
mines the Stokes number for the 50% cut-off and, 
consequently, the ratio V/W. Since the only 
other condition relates the flow rate, F = V\~L 
(where L denotes the total length of the nozzle) 
one of the jet parameters could be chosen for 
convenience. Thus, W was set at 0.4 cm, small 
enough for the cylindrical impaction_s~rfa~e to 
appear to the jet as flat. The rema1n1ng Jet 
parameters can then be calculated: V=20ms- 1 

and L = 25 cm (or 3 nozzles each 8.3 cm long). 

4. PERFORMANCE TESTS 

While routine operation of the ewe in the 
cloud chamber showed that, without any prob
lem, sufficient water was collected for chemi
cal analysis, separate tests were conducted to 
confirm the size dependency of the collection 
efficiency. Two sizes of Dow Chemical latex 
spheres were aerosolized and collected over a 
wide range of jet velocities, whereby the Tef
lon surface of the impaction cylinder was re
placed by a vaseline coat to prevent particle 
bounce-off. Microscopic evaluation of the 
deposits provided the data shown in Figure 4. 
Less than 1% of 2.02 ]Jill particles (X) were 
collected even at speeds three times the design 
velocity. The measurements for the "5. 3 µm" 
particles ( 0) show a gradual increase of the 
collection efficiency over a wide range of 
velocities which is due to the broad size dis
tribution (a= 1.5 µm). On the basis of Fig. 3 
the collection efficiency curves for droplets 
of indicated sizes were obtained and served as 
basis for calculating the bold curve for the 
polydisperse "5.3 µm" particles. Since the 
measurements agree reasonably well with the 
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calculated curve, the collection efficiency of 
the ewe can be assumed to be well represented 
by the curves of Figure 4. 

Various tests with clouds of known compo
sition showed that the ewe does not represent 
a source of contamination and that small amounts 
of sample remaining on the Teflon surfaces 
after an experiment can be best washed off by 
collecting the water from two subsequent "clean" 
clouds (i.e., clouds formed on nuclei which do 
not interfere with the chemistry under investi
gation). 

5. SUMMARY AND CONCLUSIONS 

Cloud chamber studies of the interaction of 
clouds with air pollutants require a devicethat 
can collect and coalesce cloud droplets into a 
bulk water sample, while rejecting smaller 
interstitial particles. To achieve this objec
tive, the ORI cloud water collector was de
signed utilizing the jet impactor principle. 
Through use of slowly rotating Teflon cylinders 
as impaction surfaces, reentrainment of depo
sited water is prevented while the sample is 
forced to converge into a receptacle. This 
design also serves to minimize sample contami
nation. 

Tests with the cloud water collector have 
shown its collection efficiency to be nearunity 
for 5 µm diameter drops and near zero for 2 µm 
particles (of unit density) at typical sampling 
rates of 2.5xl0 4 cm 3s- 1

• Chemical analyses con
firmed the excellent discrimination between 
cloud droplets and interstitial particles. 
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.AIRCRAFT CLOUD WATER CONTENT METER 
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I. Introduction. The modern solu
tion of the problem of precise cloud 
water content measurement from air
craft seems to be closely connected 
with the development of thermal measu
ring techniques [IJ • The most common 
thermal instrument uses electrically 
heated water-exposed sensor ( "hot 
wire") with temperature being a fun
ction of water content. Limitations of 
this constant-power mode was repeated
ly discussed [I-3] • The alternative 
idea of constant-temperature mode with 
power monitored has been suggested in 
(2,3] and constant-temperature instru
ments have been reported in [3,4] • 
However, the instruments cited have no 
considerable advantages in accuracy 
and sensitivity since provide no ope
ration to eliminate the drift problem. 
Besides, the streamlined form of sen
sor like a cylinder is not favourable 
in regard to particle breakup problem 
as it results in undesirable depen
dence of collected water evaporation 
efficiency on cloud phase and disperse 
composition and flight speed. This 
effect limits the representability of 
empiric calibration of NHRL instrument 
[3] as well as of calculated calibra
tion used for CSIRO instrument [4] • 
The two reasons make the instruments 
insensitive to ice clouds. 

.A new constant-temperature cloud 
water content meter ITO-C.AO reported 
here is rather free of above limita
tions. It has a sensitivity of about 
o .002 gm-3 and allows more reliable 
calculated calibration. The instrument 
is available for operating in extended 
(stratiform) clouds including ice ones. 

2. Operating principle, To main
tain the sensor at constant temperatu
re Ts the total power is required 

Ps = Pc + Pw , where Pc is convec-
tive heat emission from the sensor and 

Pw is heat losses associated with 
the precipitating cloud water warming 
and evaporation. The device contains 
auxiliary water-shadowed (reference) 
sensor maintained at the same tempe-
rature T5 by the power PR • It may 
be assumed that Pc is proportional to 

PR , i.e. Pc= !cPR C k, = const) at 
least for limited range of air flow 
parameters variations. 

Further, the method of direct 
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determination of Pw is based on the 
principle of independence of partial 
powers of incoherent currents via the 
same load. The main sensor is main
tained at operating temperature by DC 
control voltage and in parallel is 
feeded by AC voltage proportional to 
the control output of separate refe
rence sensor cird~t, so that in dry air 
its temperature is kept 7s by .AC 
alone. Then, under cloud conditions the 
"dry" term Pc is compensated by AC 
and the "wet" term Pw by control DC 
voltage. We have 

efR('fs)=8 'we!Vl *, (I) 

where e is DC component voltage ac
ross the main sensor, R (Ts) is its 
resistance at Ts , i,..; is cloud water 
con tent, 6' is the sensor sampling 
area, 7/ is true air speed, -e = col
lection efficiency X evaporation 
efficiency. The value of l ;IE- is a spe
cific heat required to warm the water 
from air temperature T;i to effective 
evaporation temperature TE ( including 
if necessary ice melting heat) and to 
evaporate it at Te • The value of Te 
is found from the known equation of 
stationary water collection/evaporation 
equilibrium: 

e 'w?f==O. 822c4,( pCp)-1f E(7;)-E(~ )J. ( 2) 

Here p and Cp are air pressure and 
specific heat, E(T} is saturated 
vapour pressure at T , ol<S is heat 
transfer coefficient per unit (5' area. 

3. Probe design (see fig.I). The 
IVO-CAO probe consists of two sensors 
placed on the same cylinder base di
rected with its axis along the air
stream. Both sensors a.re made of iso
lated nickel wire closely wound in a 
single l8J7'er. The main (water-exposed) 
sensor is cone-shaped and glued within 
the base butt-end cone hollow. The re
ference one is wounaon the cylinder 
side. The cylinder diameter is 8 mm. 
The estimated collection efficiency of 
the main sensor is close to one of 
stream-cross cylinder with dia of 2 to 
2.5 mm. The concave sensor collection 
surface contributes to more effective 
evaporation of particles even if spla
shing, especially of ice crystals. 

The frontal heating of the probe 
and of its holder provides ideal con-



ditions for long normal operating in 
supercooled cloud. 

4. Circuitry (see fig.2). Every 
sensor is connected to a separate con
trol lOOJ? of self-balancing by electri
cal heating a bridge with temperature
dependent resistance of a leg which is 
the sensor itself. Both bridges are 
balanced at the same sensor temperatu
re (80 to 100°c). The main sensor 
bridge is feeded by DC control voltage 
as well as by rectangular voltage from 
control output of reference sensor cil.t
cuit. The rheostat R allows manual. 
balance ai;ijusting in dry air with zero 
DC output. 

The instrument output is taken di
rectly from the main sensor terminals 
via the AC filter with time constant 
of O.l sec or another desired. 

5. Flight tests. Since 1975 the 
instrument was thoroughly tested in 
various ambient and flight conditions. 
The real sensitivity was established 
in clean air flights by the output ze
ro drift. Under steady flight condi
tions, the equivalent water content 
drift as a rule did not exceed 0.002 
gm-3 , and at variable flight alti
tude reaches 0.005 to O.Ol gm -3 • The 
drift is prove to be associated mainly 
with variations in plane angle of 
attack. 

The preliminary experimental test 
of measurement accuracy was carried 
out by comparing of lVO-CAO calculated 
data with simultaneous data obtained 
from filter paper L,'vJC meter in Cu. 
clouds. The mean relative discrepancy 
of the data was 6% with correlation 
coefficient of 0.92. That is, the 
comparison result lies within the 
error of fitter paper device. 

The flight tests showed that the 
instrument responds to even weakest 
cirrus with their ice content less 
than O.OI gm-3. 

6. Accuracy. The formula (l) is 
used for calculated calibration of the 
instrument. The value of e is esti
mated for most stratiform water clouds 
by c = 0.9 ± o.I. In principle, it is 
possible to correct value of e using, 
for instance, simultaneous extinction 
coefficient measurement [5] • To 
simplify data processing we use the 
calculated values ofCaveraged for 
reasonable range of variability of W 
and TA in stratiform clouds, commi
ting the error up to 5% for purely 
water and purely ice clouds and II% 
for clouds of mixed or uncertain phase 
state. Other accumulated errors are 
estimated by 5%,. ~~hus, excepting par
ticular cases, the overall maximum 
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error in determining cloud water con
tent amounts to the order of (0.002 
gm- 3 + 20%). The relative item is 
expected to be reduced 2 to 3 times 
by introducing c and L* correction. 

7. Conclusion. The described im
provements of the constant temperature 
technique results in arising of sensi
tivity, calculated calibration relia
bility and responsability to ice cloud. 
The new instrument seems to be quite 
useful for investigation of strati
form, particularly of ice clouds. 
Since 1977 the IVO-CAO instrument is 
regularly used in cloud physics expe
rimental studies. 
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MILLIMETER RADAR OBSERVATIONS OF VERTICAL VELOCITIES IN 
NONPRECIPITATING CUMULUS CLOUDS 

Fausto Pasqualucci 
NOAA/ERL/Wave Propagation Laboratory 

Boulder, Colorado 80303 

Introduction 

The understanding of cloud development 
and evolution necessitates a knowledge of the 
entrainment of environmental air and its 
effects on cumulus convection. Environmental 
entrainment causes convective overturning of 
the cloud interior, and this instability is in 
general independent of the gross overturning 
of the cloud as a whole. The cloud top mixes 
with the dry air above it; this causes cooling 
of the upper regions of the cloud by evapora
tion with an increase of the instability in the 
mixing air. This phenomenon will increase 
convective turbulence in the cloud and thus 
increase mixing. The cloud will then act as a 
device taking in air from the upper and lower 
levels and ejecting a mixture of air and cloud 
particles at mid-levels (Fraser, 1968; Telford, 
1975). The mixed air will usually be in buoy
ancy equilibrium, relative to the environment, 
between cloud base and cloud top. 

The above discussion shows the importance 
of vertical mixing as suggested by Warner 
(1955) and Squires (1958a and b); actual air
craft measurements discussed by Telford and 
Wagner (1974) have shown a net divergent flow 
near the middle of small cumulus clouds. The 
vertical mixing near the top of the cloud will 
generate downdrafts when the overlying dry air 
is entrained and descends because of evapora
tive cooling of the mixed-in cloud water. 
Doppler radar measurement at vertical incidence 
should be able to detect these downdrafts. 
Such detection is the purpose of the experi
ments discussed here. 

A pseudo-noise (P-N) coded 35 GHz Doppler 
radar was used in the vertically pointing mode 
to measure the profiles of vertical air velocity 
in growing cumulus clouds in Johannesburg, 
South Africa. 

The radar system operates in the contin
uous wave mode and uses two separate 6 ft 
antennas for the transmitter and the receiver 
(Pasqualucci, 1972). 

The short wavelength of the radar (0.86 cm) 
allows the study of clouds at their earliest 
stage of formation and evolution when standard 
weather radars operating at longer wavelengths 
(5 cm to 10 cm) fail to detect them. 

Experimental Observations and Data Processing 

On the 16th of February 1973, cumulus 
clouds started to develop near the radar sta-
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tion at Johannesburg. At 12h 45
1 

the radar 
started to take data on a growing cumulus 
cloud. The P-N code clock rate was 2.5 MHz, 
giving the radar a range resolution of 60 m. 
Four complete scans were taken between the 
ground and 5.4 km AGL. The time interval 
between consecutive scans was 4 min, and the 
cloud moved relatively slowly (3 to 6 km/h) over 
the vertically pointing radar during the mea
surement period. The true vertical velocity 
component is measured in the center of the 
scattering volume common to the two antennas 
although slight variations appear at the edge 
of that scattering region. The contamination 
of the Doppler by the presence of the hori
zontal wind can therefore be considered negli
gible and will not affect the computation of 
the spectral first moment. The observed ver
tical velocities will involve only the terminal 
speed of the cloud particles and the vertical 
air velocity. In our case the diameter of the 
cloud particles is typically less than about 
100 µ. The terminal velocity of the cloud par
ticles can be considered negligible. and there
fore the Doppler frequency shift gives a 
direct estimate of the vertical air velocity. 

It is found from the radar measurements 
that enough particles of different kinds (seeds, 
pollution particles etc.) exist between ground 
and cloud base to give echoes of the same order 
of magnitude as the backscattering from cloud 
particles (Z ~ -20 dBZ). The signal dwell time 
is 1.6 s. At a sampling rate of 10 kHz, 128 
Doppler spectra are averaged to obtain one 
Doppler spectrum of 128 points at each range 
gate. The mean Doppler velocity vis then 
computed from this averaged Doppler spectrum. 
When the effects of turbulence in the small 
scattering region are neglected, the variance 
0 of the individual estimates vis dependent 
oi the dwell time and the standard deviation of 
the Doppler spectrum a . For a signal dwell 
time of 1.6 sand a stXndard deviation of 1.2 

-1 1 ms , a value of a = 0.03 ms- is obtained. 
s 

This will give a maximum uncertainty (95% 

confidence limit) of+ 0.06 m s-l in the esti
mate of the spectrum first moment v. 

Discussion and Conclusion 

The height profiles of the vertical air 
velocity are shown in Figs. 1 and 2. Three 
of the four profiles clearly show the pre
sence of a penetrative downdraft near the top 
of the cloud, as detected by the radar. Be-

h I h I 

tween 12 45 and 12 49 the cloud top height 



increased from 4.32 to 4.8 km at an average 

velocity of 2 m s-1 . This speed is very close 

to 1.8 m s-l which is half the maximum updraft 
-1 h ' h ' of 3.6 ms Between 12 49 and 12 53 the 

average velocity of the cloud top height in-

crease is 1.75 m s-l which again is very close 
to the value of half the maximum updraft or 

1. 6 m s-l 

It is interesting to note the change in 
the vertical air velocity profile between 

h ' h ' 12 53 and 12 57 which indicates the 
limited spatial extent of the penetrative down
draft. Unfortunately the lack of knowledge 
of the time changes in the structure of the 
air flow inside the cloud makes it very difficult 
to estimate the horizontal dimension of the 
downdraft. However, assuming an air flow that 
does not change over the total measurement 
time, and using an estimated advection ve-
locity of 3 to 6 km/h, we obtain a minimum 
estimate of the horizontal dimension of the 
penetrative downdraft between 400 and 800 m. 

A good check of the accuracy of the 
vertical velocity estimates is provided by the 
very small values of vat the cloud top and 
near the ground. 

The results discussed above, showing the 
presence of downdrafts near the top of the cloud, 
clearly demonstrate the usefulness of short 
wavelength Doppler radars in the study of the 
early stages of cloud development and evolution. 
A system of multiple short wavelength Doppler 
radar should be able to monitor the time vari
ation of the three-dimensional wind field and 
provide new insights into the processes in
volved in the formation and evolution of clouds. 
This should tremendously benefit cloud modelers 
and cloud physicists and should be of great 
help in weather modification experiments. 

706 

Acknowledgment 

The author gratefully acknowledges the 
help and cooperation of the Director and staff 
of the Council for Scientific and Industrial 
Research, National Institute for Teleco=uni
cations Research, Johannesburg, South Africa. 

References 

Fraser, A. B., 1968: The white box: 
mechanics of the cumulus cycle. 
Roy. Meteor. Soc., 94, 71-87. 

The mean 
Quart. J. 

Pasqualucci, F., 1972: Measurements of drop
size distributions using a 35 GHz 
Doppler radar. Preprints of the 15th 
Radar Meteorology Conference, Champaign
Urbana, Illinois, AMS, Boston, Mass. 

Squires, P., 1958a: The spatial variation of 
liquid water and droplet concentration 
in cumuli. Tellus, 10, 372-380. 

Squires, P., 1958b: Penetrative down
draughts in cumuli. Tellus, 10, 381-389. 

Telford, J. W., 1975: Turbulence, entrain
ment and mixing in cloud dynamics. Pure 
Appl. Geophys., 113, 1067-1084. 

Telford, J. W., and P. B. Wagner, 1974: The 
measurement of horizontal air motion near 
clouds from aircraft. J. Atmos. Sci., 
31, 2066-2080. 

Warner, J., 1955: 
liform cloud. 

The water content of cumu
Tellus, 7, 449-457. 



::i 
(!) 
<( 

E 
,:,,:, 

Q) 
"C 

2 
:;::; 
<( 

4.8...---~-...---.---.--,----,.--.--,----, 4,8,.......--,--....... -,----.--

4.2 4.2 

3.6 3.6 

3.0 :::, 3.0 
(!) 
<( 

E 
,:,,:, -Q) 
"C 
::, -:;::; 

2.4 <( 2.4 

1.8 1.8 

1.2 1.2 

0.6 0.6 

o,_____.__......._ __ ___._ _ _._ ______ _._ __ _ 
0'--....J--..J--'-----'---'--'----'--......__...__, 

-5 -4 -3 -2 -1 0 2 3 4 5 -5 -4 -3 -2 -1 0 2 3 4 5 

v (m s-1 ) v (m s-1) 

Figure 1. Height profiles of vertical air velocity measured with the vertically pointing 
35 GHz Doppler radar. Note the presence of penetrative downdraft between 3.6 km and 
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cloud top at 12 45 and between 3 km and 4.8 km at 12 49 . 
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the data show the presence of a penetrative down

draft between 3 km and 5.2 km while at 12h 57
1 

there is only updraft throughout the 
cloud. 

708 



V.20 
ICE NUCLEUS CONCENTRATIONS 

CPR Saunders and K Hussain 

University of Manchester Institute of Science and Technology 
ENGLAND 

1) INTRODUCTION 
Field observations of ice crystal 

concentrations and sizes in winter-time 
clouds in the San Juan Mountains 
(Cooper & Saunders 1976) and in cap 
clouds over Elk Mountain (Cooper & Vali 
1976) revealed the presence of ice 
crystals very close to the cloud edges. 
The inference drawn was that these 
crystals may have been formed near the 
edge of the cloud in association with 
the initial condensation process upon 
condensation-freezing nuclei or, less 
likely, by the process of Brownian cap
ture of contact nuclei smaller than 
0. □ 2um by water dropets. Ice nucleus 
measurements, by Millipore filters and 
subsequent diffusion chamber processing 
gave nuclei concentrations of around 
□ .11- 1 whereas the crystal c~ncent
rations were around 3 or 41- over 
Elk Mountain at -18°C and exceeded 
1001-1 at -19°c and 501- 1 at -13ac over 
the San Juan Mountains. The rapid de
velopment of the high crystal concent
rations near the cloud edges and the 
absence of further increase inside the 
cloud suggested that ice multiplication 
was not the cause of the high crystal 
concentrations. In particular, the 
requirements for the Hallett-Mossop 
mechanism to operate were not met. The 
discrepancy between crystal and nucleus 
concentrations may therefore be due to 
the inability of the filter process to 
detect condensation-freezing nuclei. 
In order to test this possibility, a 
continuous flow chamber was developed 
by Cooper, Rogers & Vali at the Univer
sity of Wyoming and a second chamber 
has been built at UMIST. The contin
uous flow chamber permits nuclei to be 
activated while they flow between two 
ice coated, temperature controlled 
plates which provide the required 
supersaturation. In this way the act
ivation process is close to the natural 
cloud process and supersaturations both 
above and below water saturation can be 
experimented with in order to activate 
different modes of ice nucleation. 
Below water saturation, but above ice 
saturation, deposition (sublimation) 
nuclei are activated while above water 
saturation, both deposition and con
densation-freezing nuclei will be act
ivated. The filter processor technique 
suffers from the volume effect in which 
the number of nuclei detected is not 
proportional to the volume of air 
sampled due to vapour depletion by act
ivated nuclei. It also has the draw
back that during processing at humid
ities close to 100% hygroscopic nuclei 
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sampled on the filter nucleate small 
water droplets which may contact ice 
nuclei and cause spurious freezing. 
These disadvantages are not present in 
the continuous flow chamber. 

2) APPARATUS 
The UMIST continuous flow chamber 

(CFC) is shown in Fig.1. The CFC con
sists of two parallel, horizontal, 
plates with a separation of 1cm.through 
which a flow of clean, dry, filtered 
air may ~e drawn at a rate of around 
201 min- • This flow draws in, via a 
row of jets at the inlet to the chamber, 
the air sample to be examined. The 
sample is introduced mid-way between 
the top and bottom plates and maintains 
itself in a laminar layer through the 
apparatus~ This behaviour has been 
verified using smoke as an air tracer. 
During the passage between the plates, 
which are covered in a layer of ice, 
ice nuclei are activated and the result
ing ice crystal embryos grow by vapour 
diffusion. Calculations of the growth 
rate for the appropriate values of the 
controlling growth parameters show that 
the crystals can be expected to grow to 
aroand 1Dum in size during the passage 
time and will fall through approximately 
1cm in the same time. The crystals may 
be detected in a supercooled sugar bath 
placed at the output of the chamber 
where they can be counted visually. 
Occasionally, a Royea particle counter 
has been available in place of the sugar 
solution. The plates of the chamber are 
cooled by means of chilled methanol from 
two subsidiary coolers. The temperature 
of the ice surfaces are monitored with a 
series of thermocouples and the coolers 
are capable of maintaining the methanol 
temperature steady to within +D.03°C. 
The supersaturation in the chamber can 
be determined ~ram the plate temperature. 
The chamber was designed so that access 
between the plates could be readily ob
tained by using hinges on one side and 
suitcase clasps on the other. An air
tight seal is maintained by tightly com
pressed rubber strips between the side 
walls and the plates. This ready access 
is useful for polishing the ice surfaces 
flat and for introducing water onto the 
plates before cool-down. The plates 
have been covered with a strong fabric 
attached by a water and low temperature 
resistant adhesive; this has proved 
better than the conventional blotting 
paper which can rot, tear and peel off. 
The fabric is water absorbent and so 
can hold a layer of water on the plate 



during cool-down. 

The non-steady-state solutions of 
the vapour pressure and temperature 
equations have been used to find the 
times for equilibrium to occur when air 
is introduced at one end of the CFC. 
Vapour equilibrium is attained before 
temperature equilibrium which results 
in a separation between these equilib
rium points of about only 1cm. In gen
eral, for the air velocities used in 
these experiments, equilibrium occurs 
at about 20cm from the input end of the 
CFC leaving about 100cm for the activ
ated ice nuclei to grow at the required 
supersaturation. Transient supersat
urations greater than the final equil
ibrium value do not occur in this 
chamber because the incoming air sample 
is warmer than the top plate tempera
ture. 

The sugar both at the chamber exit 
is maintained at its threshold of 
nucleation and is able to detect cry
stals for about 10 minutes or so before 
the crystals grow to completely cover 
the bath •. There is a background ice 
crystal count, due to fibres blown from 
the growth on the ice walls of the 
chamber. This background count is 
noted between data runs when filtered 
air alone is drawn into the chamber. 
When the number of background crystals 
detected approaches the same number of 
activated nuclei detected in the same 
time then the chamber is opened up and 
the ice walls are polished. 

A static diffusion chamber (SDC) 
was built in additio~ which allows 4 
47mm diameter millipore filters to be 
processed at a required temperature and 
supersaturation. The two horizontal 
plates are cooled by chilled methanol 
sqlution while the top ice~coated plate 
is warmed by thermoelectric modules em
bedded in it. The filter samples are 
usually gathered close to the times 
that the CFC is running in order to per
mit comparisons of the results. Normal
ly 1001 of sample air are drawn through 
each filter. The filters rest on brass 
discs on the lower plate and good ther
mal contact is ensured by soaking the 
back of each filter in petroleum jelly. 
The effect of chamber height (separa
tion between the filter surface and the 
ice surface above it) has been investi
gated and agreement with other workers 
noted in that increased height leads to 
a reduced number of crystals activated 
on the filter; a value of 0.5cm has 
been adopted for the present measure
ments. The volume effect has also been 
investigated. The volume effect re
lationship N=Av-k was found to hold 
with k=0.63 and A=3.54 at T=-15.5°C and 
Si=1.15 for Manchester laboratory air 
with sample volumes between 50 and 1[]][]1. 
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Filter samples of over 5001 were found 
to be coloured by dust. The mean value 
of k for Albany (USA) is 0.9 and Laramie 
(US) is 0.86 (Jiusto & Lala 1976). 
Futher comparisons with the present 
results can be made from Figure 2. 

3) RESULTS 
In Summer 1979 measurements were 

made with the CFC at the UMIST Great 
Dun Fell field station. Some of these 
data are shown in Table 1. Filter sam
ples were taken simultaneously and were 
processed later in the SDC. The concen
tration of crystals from the CFC has 
been corrected for the background count 
measured with filtered air. The SDC 
data is corrected for an average back
ground count found on processed but un
used filters. The deposition nuclei 
results for both chambers showed some 
agreement although the CFC results will 
be an underestimate of the nucleus con
centration because of large crystal 
fall-out before the sugar bath and small 
crystal carry-over to miss the sugar 
bath. In general the CFC detected more 
ice nuclei than did the SDC. 

TABLE 1 
c::nr DATA I r.Fr. flATA 

'foc 
Cgn c. 

SSI% 
! Conc.1 

~-1 T2oc \ ~91 SSI% 

-19.57 18.86 0.996 -16.89 16.7 1. 6 
-19.55 18.65 0.875 -16.86 16.8 . 0. 8 
-19.55 18.65 0.75 
-15.31 13.38 0.375 -16.50 16.8 0.3 

-15.54 15.21 0.833 -17.2 17.9 0.2 
-15.56 15.20 0.5 -17.2 17.6 0.5 
-13.99 13.91 0.22 
-15.38 14.34 0.53 -16.9 17.2 0. 13 

Subsequent measurements in the lab
oratory have shown that the average con
centration of ice nuclei detected with 
the CFC at a mid-plane temperature of 
-16°c with SSI~15% is 0.81- 1 • Corres
ponding values of ice nucleus concent
ration in Manchester laboratory air, 
determined with the SDC, are shown on 
Figure 3 where at -16°C the concent
ration is :::.o.51- 1 • Also shown are 
values from other workers. All the 
data fits the power law Ni=bSia and the 
values of a and bare shown on the 
figure. The present results have a=2.3 
and b=7.7 x 10- 4 at -16°C; Huffman 
obtained at -2 □ 0 c, a=2.6 to 3.2 for 
Northeast Colorado (Summer) and a=4.1 
to 5.1 for Laramie (Winter). 

When a Roye □ optical particle 
counter was available it was connected 
to the output of the CFC and counted 
particles which were too small to have 
fallen in the sugar bath. A prelimin
ary experiment was conducted to check 
whether natural aerosol would be pre
sent which would swamp the ice particle 
count. With the CFC plates above □ 0 c, 
filtered and sample air was drawn 



through in the normal way. The Roye □ 

counted no particles in the >3.Dum 
size range; these particles were ob
viously falling out during passage 
through the CFC. When in the mode for 
detecting deposition nuclei, the 
counter detected no particles >Sum, 
these fell out during transit. However 
in the 3.0 to 5.Dum range, particles 
which had been activated late and had 
not grown large enough to fall out 
were detected. The average concent
ration detected over 29 runs taking 
background concentration into account 
is 6.si- 1 • Taking the average value 
counted with the sugar technique to
gether with the Royea value leads t~ a 
typical crystal count of around 71- • 
This is still an underestimate because 
of the fallout of large crystals inside 
the CFC. Nevertheless the CFC data is 
indicating the presence of a larger 
concentration of ice nuclei than does 
the SOC data by a factor of~1 □• 

Measurements above and below water 
saturation have been made with the CFC 
in order to determine whether conden
sation freezing nuclei are present. 
For several hundred 201 samples taken 
from Manchester city air, the average 
increase in crystal count for measure
ments made above water saturation is 
324% compared with measurements made 
below water saturation. The increases 
range from 53% to 1767%. Thus the 
average nucleus concentration measured 
with the ~oyco and sugar bath together 
is 22.71- when detecting both con
densation freezing nuclei and depos
ition nuclei above water saturation. 
Such high values are not obtained from 
the filters in the static diffusion 
chamber when processed at the same 
supersaturation. 

Measurements are continuing to 
compare further the two techniques of 
ice nucleus detection and to learn 
more about the presence of condensation 
freezing nuclei in natural aerosol. 
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V. 21 
A METHOD FOR DEDUCING THERMODYNAMICAL INFORMATION 

FROM DOPPLER RADARS OBSERVATIONS 

Tzvi Gal-Chen 

National Center for Atmospheric Research 
Boulder, Colorado, U.S.A. 

Carl E. Hane 

National Severe Storms Laboratory 
Norman, Oklahoma, U.S.A. 

1. INTRODUCTION AND GOALS 

Doppler radars can provide a detailed and 
reasonably accurate estimation of the horizon
tal wind components of a convective system. 
It is recognized, however, that "directly 
derived" estimates of vertical velocities and 
liquid water content are subject to great 
uncertainties. In this paper we briefly outline 
a procedure, whereby, from the observed two 
dimensional wind and the anelastic momentum and 
continuity equations, the vertical velocity, 
liquid water content, temperature and pressure 
are evaluated. The method is an extension and 
modification of previous methods developed by 
the authors (Hane and Scott, 1978; Gal-Chen, 
1978). In order to assess the viability of 
the method we have conducted several simulations 
with simulated radar data generated by numerical 
models (Deardorff, 1974; Klemp and Wilhelmson, 
1978). Some of these results are presented in 
Section 3. Encouraged by the results of the , 
simulations we are now experimenting with real 
radar data from projects PHOENIX (boundary 
layer observations) and SESAME (severe storms 
observations). 

2. PRINCIPLES OF THE MODEL 

2.1 Governing Equations 

A special form of the Navier-Stokes equa
tions for low Mach number flows is the so-called 
"anelastic" approximation (Batchelor, 1953; 
Ogura and Charney, 1962; Ogura and Phillips, 
1962). The continuity and momentum equations 
of the "anelastic" set may be written in Cartesian 
coordinates as follows: Continuity equation, 

(2.1) 

Momentum equations, 

(2 0 2) 

.3 
8

1 
is the Kronecker delta, g is the constant of 

gravity. Here the tensorial notation with the 
summation convention has been used. ui is the 
velocity in Xi direction averaged over a grid 
of volume txtytz, where tx, 6y, tz are the grid 
resolution in the x, y, z direction, respective
ly (i, j, k run from 1 to 3 x1 + x, x2 + y, 
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x
3 

+ z which is the vertical direction). ,ij 
is the i, j turbulent stress component. p' and 
p' are density and pressure deviations from 
their "basic" hydrostatic values given by 

U = V = W = 0, ( 2. 3a) 

clp /3z 
0 

p = p RT , T = T (z). 
0 0 0 0 0 

(2.3c) 

(2.3c) is the equation of state for ideal gases, 
R is the gas constant for dry air(= 2.8704 x 
106 cm2 sec-2 deg-1). T (z) is the environmental 
stratification and is me~sured by conventional 
radiosondes. Poa(z) is the density which 
corresponds to hydrostatic adiabatic atmosphere 
and is given by 

H. = c 8 /g. 
1 p 0 

( 2. 4a) 

(2.4b) 

Where p00 is the density at z O, 80 is the 
potential temperature (constant for adiabatic 
atmosphere). Cp and Cv are the specific heats 
at constant pressure and volume, respectively; 
for an ideal gas, their values are: Cp = (7/2)R, 
Cv = (5/2)R. fi is a general representation 
for body forces other than gravity (e.g. 
Coriolis force) . 

Following Deardorff (1975) we assume 

,ij = p K (3ui/3x.+3ui/3x.), 
oa m J 1 

6 

K 
m 

1/3 (tx•ty-tz) , 

( 2. Sa) 

(2.Sb) 

(2.5c) 

(2.Sd) 

(2.Se) 

Where Km is the sub-grid eddy viscosity coeffi
cient, 6 is the average grid resolution, tx, 
6y, 'tz are the grid resolutions in the x, y, z 
directions respectively, Eis the turbulent 
energy on scale smaller than the grid resolu
tion,~, "v"'Z, w'L are the standard deviations 
from u, v, w respectively. Where the ( ) 



indicate an average over the interval 

(2.6) 

2.2 Outline of the algorithm 

The first step consists of casting the 
continuity and momentum equations in a non
orthogonal non-Cartesian radar coordinates 
(Gal-Chen and Somerville, 1975). In doing so two 
potential sources of errors are minimized. The 
first are the errors introduced by interpolating 
the radar data (measured in radar coordinates) 
from irregularly spaced points to a regularly 
spaced grid. The interpolation, does not take 
into account the non-linearity of the governing 
equations and, therefore, lead to loss of infor
mation about smaller scales (Gal-Chen, 1978). 
In the transformed coordinates the radar 
measurements are regular. The only interpola
tions needed are those which, made the centers 
of two (or more) pulse volumes coincide. The 
second one are errors introduced by inverting 
the radial velocities into Cartesian u, v, w 
components. To do so one solves a matrix equa
tion of the form 

A ➔ ➔ 

A(x) • u 
➔ 
V r 

(2. 7) 

A ➔ 

Here A(x) is a position matrix, where the ele-
ments are the cosines of the angles between the 
radial directions and the rectangular x, y, z 
coordinates, ;-position vector, i = (u, v, w), 
v - radial components. In practice, the radars 
d6 not mea~ure Vr but Yr-some volume average 
and since A·TI # A•TI, an error is introduced 
(Miller, personal communication). Even more 
seriously, however, the noise of two radial 
velocities measured by two radars is uncorrelated, 
but by virtue of Eq. (2.7) the noise of two 
orthogonal components (say u and v) is 
correlated. This affects both the integration 
of the continuity Eq. (2.1) and the calculations 
of velocity products (Eq. 2.2). Since in the 
transformed coordinates the governing Eqs. are 
expressed in terms of Vr rather than i the 
above mentioned errors are eliminated. 

The second step is the estimation of the 
vertical velocity. If four (or more) radars 
are used and the elevation angle is sufficient
ly high than, one can measure directly w; in 
practice, four radars are not always available 
and in a substantial portion of a remotely 
sensed cloud the elevation angle is low. Under 
those circumstances, in order to obtain vertical 
velocities, one still has to integrate the 
continuity Eq. (2.1) either, upward or downward. 
For the integration of the continuity Eq. one 
needs either lower or upper boundary condition 
for w. Unless one can manage to have horizontal 
wind measurements very close to the surface 
(~ 50 m above ground and less) the assumption 
of zero vertical motion at the lowest observa
tional level is questionable. Recently, it 
has been demonstrated (Gal-Chen, 1979) that, 
the vertical velocity at the lower (upper) 
boundary can be inferred from the vertical 
vorticity (i.e. 8u/8y-3v/3x) equation. Unfor
tunately, the method requires calculations of 
second derivatives, the most crucial are 
3/3y(3u/3t) and 3/8x(3v/3t). Because derivatives 
are powerful amplifiers of noise, the method 
works only with very smooth data. To overcome 
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this limitation we are now using the integral 
form of the vorticity Eq. which, requires 
only calculation of first derivatives, therefore, 
less smooth data is also accpeted. The integral 
form of the vertical vorticity Eqs. turns out 
to be 

➔➔ ➔➔ ➔➔ 
f[A(x')xVG(x,x')]•kdx' H(i) (2.8a) 

A(i') = [w au/az-(aw /3x)(8K /8z))i 
o o m (2.8b) 

+ [w 8v/3z-(3w /8y)(8K /3z))8 
o o m 

Here w0 is the unk~o~ liwer (or.upper) bou~
dary conditions. i, d, k are unit vectors in 
the x, y, z directions respectively, G is a 
Green function (see e.g. Courant and Hilbert, 
1953; Courant and Hilbert, 1962 for its defini
tion and use), H(1) is a known function of the 
horizontal velocities and is given by, 

!{ ~; ~18/ )~ H(x) = [ (du dt-8, clxa i 

~ 28 ➔ ➔ ➔ 
(dv/dt-3, /8x

8
)8] x v'G} • kdx 

Here du/dt and dv/dt are the horizontal accel
erations that the u and v components would 
have had if the lower (upper) boundary condi
tions were zero. Similarly, i 18 and i 28 are 
the turbulent stress terms obtained assuming 
zero vertical velocities at the lower (upper) 
boundary. The method of solution of the 
integral Eq. (2.8a, b) is involved and its 
description will be given elsewhere. 

The next step is the determination of 
liquid water content. This can be done only 
in places where the ,elevation angle is suffi
ciently high so that, one can measure directly 
w + VT, VT - terminal fall velocity. Since 
w is deduced in the previous step it follows 
that VT can be measured. Z-·- the radar 
reflectivity factor is also a measurable 
quantity. Assuming a generalized Marshall 
and Palmer distribution given by 

where ND(D) = number concentration per unit 
volume per unit size interval of particle dia
meter D. N , A are empirical constants to be 
determined ~rom the data. Following Atlas, 
Srivastava and Sekhon (1973) it may be shown 
that, 

Thus, from the inferred vT and Z, A and N0 
may be estimated. The liquid water content 
Mis given by 

4 3 ' 3 M = (~pN /A) x 10 kg/m. 
0 

It is noteworthy that traditional estimates of 
liquid water content use only one parameter, 
the radar reflectivity,and are therefore 
subject to great uncertainties (Atlas, 
Srivastava and Sekhon, 1973). Since we are 
using two parameters (vT and Z) it is hoped 
that, a better estimation of the liquid water 
content is obtained. 



The fourth and last step is the retrieval 
of buoyancy and pressure fluctuations. The 
buoyancy is defined as the density fluctuation 
of the medium. For the case :of bounda:r.,r11'lyer 
observations the medium is a dry air. In the 
case of clouds the medium is the moist air and 
the solid and liquid water. The buoyancy and 
the pressure are evaluated using Gal-Chen (1978) 
method. 

3. RESULTS 

The viability of the method is tested with 
data generated by numerical models. To simu
late boundary layer observations we have used 
Deardorff (1974) model. For severe storm 
simulations we have used the Klemp-Wilhelmson 
(1978) cloud model. With no errors added our 
procedure recovers exactly the vertical velo
cities,buoyancy an~ pressure. To test the 
sensitivity of the procedure to observational 
errors we have contaminated the data as 
follows: (a) addition of random noise to the 
"observed" horizontal velocities+ 15 cm/sec 
for the boundary layer case and .±.-50 cm/sec 
for the severe storm case. (b) We have taken 
"observations" which are 2 min apart in the 
boundary layer case and 4 min apart for the 
severe storm case. This simulates the fact 
that, radar measurements are non-simultaneous. 
In both models the actual time step (i.e. 
interval between successive time integration) 
is the order of 10 sec. Thus the models 
generate data every 10 sec, but we "observed" 
it every 2 or 4 minutes. The results for the 
boundary layer case are summarized in Fig. 1 
and for the severe storm case in Fig. 2. In 
Fig. 1 four curves are plotted as a function 
of z: 1) (le' I) here 0' is the potential 
temperature deviation from the horizontal 
average, I lis a symbol for absolute value and 
( )is a symbol for horizontal average; 
2) (cle'I- (Je'l)) 2 )½ i.e. the standard 
deviation associated with (10' I {; 3) 
(IM' I) = (I 0 '-0' obs I) whe:re 0 obs is the 
"observed" potential temperature deviation, 
lt.0' I is the "observed" absolute value of the 
"error"; and 4) ((lt.e'l-~t.e'I) )2) ½, the 
standard deviation of the absolute value of the 
error. In Fig. 2 we have also plotted the 
temperature statistics as a function of z. 
Solid line is the retrieved temperature, broken 
line is the standard deviation of the temperature. 
Short dashed lines (near axis) is the measure 
of the error (average and standard deviation). 
From these simulations we have concluded that 
our procedure may be a viable one. We are now 
testing it with real data. 
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Figure 1. Statistical analysis of the cal
culated virtual potential temperature devia
tions e ' = .e - (0) .for the boundary layer 
simulation. Curve A is a vertical profilf 
of (le'I); curve Bis (<le'I - (le'l)J) ~, 
i.e. the standard deviation associated with A; 
curve C is the average "observation error" 
( I t.e ' I ) _; curve D is the standard deviation 
associated with C. 
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Figure 2. Same as Figure 1 but for the 
severe storm simulations. Solid line is 
for the retrieval temperature, broken line 
is the standard deviation of the temperatureJ 
and short dashed lines (near axis) is the 
measure o.f the error. 
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SATELLITE OBSERVATIONS OF LIGHTNING IN CLOUD SYSTEMS OVER LAND AND OVER OCEANS 

R.. E. Orvi:lle 

State University of New York at Albany 
Albany, New York, UNITED STATES OF AMERICA 

Introduction 
The launch of several satellites in the 

Defense Meteorological Satellite Program 
(DMSP) has produced a series of papers on 
lightning observations from satellites. Re
sults published to-date, however, have failed 
to give a complete picture of global lightning 
for any time and date, The research reported 
in this paper is on a detailed effort that is 
analyzing all global midnight lightning re
corded by a DMSP satellite for 365 consecutive 
days, beginning in September 1977. 

Data Source 
The data consist of photographs recorded 

by the high-resolution scanner on the DMSP 
midnight-noon satellite. It is important to 
understand the basic characteristics of the 
satellite before examining the initial re
sults of our analyses. 

The DMSP satellite is in a sun-synchronous 
orbit around the earth; that is, the orbit 
precesses·around the earth once a yea~ and 
passes overhead near the same local time each 
day, The orbit is circular with an altitude 
of 830 km and inclined 98.7° to the equator 
on the northbound pass. The orbital period 
is 101.56 min and the highest latitude reached 
by the subpoint track is 81.3°, 

The satellite's high-resolution detector 
is a silicon PN photodiode with .a response 

Ml~Hl6HT LlliHTNIH6 
1i sm Im , Y7 F1Jl5HE5 ) 

curve that peaks at 800 nm with the 0.5 re
sponse points at 570 and 970 nm. Gain con
trols allow the satellite to photograph the 
surface under illuminations from full daylight 
to one-quarter moonlight. A change in gain 
changes the saturation threshold of the system. 
At night the threshold is low. enough so that 
cities, gas and brush fires, and lightning 
flashes saturate the system. T. A. Croft has 
studied these images and determined that the 
DMSP sensor responds to bright sources from an 
area extending 92.5 km (50 n mi) above and 
below the path being scanned by the sensor. 
Thus the area from which the satellite sensor 
can respond to lightning is defined by aver
tical rectangle with dimensions 3.8 km x 185 
km. The sensor's characteristic response to 
lightning produces a horizontal streak on the 
negative. The differential sensitivity, if 
any, to cloud-to-ground or intracloud lightning 
is unknown. 

Data Reduction and Discussion 
The lightning data consist of a series of 

photographs taken by the high-resolution 
scanner on the DMSP satellite. The entire 
globe between 60°S and 60°N is covered in 
these data. and some areas receive· more· cover
age than others. Areas at higher latitudes 
are generally of poor image quality because 
the satellite is passing through a daylight
nigh't transition period. Consequently, light
ning at latitudes higher than 60° is neglected. 

.. 

Fig. 1: Satellite orbital paths and lightning flash locations are plotted for one 
twenty-four hour period. Gaps in the orbital path indicate that data were 
not obtained over these areas on September 4, 1977. Lightning locations 
are marked with a "+11 sign. 
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Fig. 2: Midnight lightning,flash locations for the .month of September 1977 are plotted 
with a dot. A total of 1813 flashes show concentrations over Indonesia, South 
America, and Africa. There appear to be very few lightning flashes occurring 
over the oceans. 

The data set under analysis consists of 
photographs which are archived at the Universi
ty of Wisconsin-Madison Space Science and 
Engineering Center. Our analysis begins with 
the photographs collected on September 1, 1977 
and continues for 365 days. 

The lightning flashes are easy to differ
entiate from other bright areas such as cities, 
and gas and brush fires. These latter events 
are several scan lines thick while lightning 
is only one line thick, and is always asso
ciated with clouds. 

Our analysis requires that each lightning 
streak on a DMSP photograph be marked on a map 
as near as possible to the location where it 
occurred. On the same map, we plot the path 
of the orbit subpoint when the high resolution 
scanner was on. The maps are then mounted on 
a digitizer board and the coordinate of the 
lightning flashes and orbital path entered into 
a minicomputer. The resulting data can then 
be plotted for one day or any number of days 
under software control. 

One example is shown in Fig. 1 for Septem
ber 4, 1977, The world is plotted as a merca
tor projection from 60°S to 60°N. The diagon
al lines represent the approximate paths of 
the DMSP satellite over the earth near local 
midnight. Small plus marks are plotted to show 
the location of each flash recorded by the DttSP 
satellite~ a total of 47 flashes for this 24 
hour period. \lhere several flashes are in 
proximity to each other, the plotting marks 
overlap. A plot of the local midnight data for 
one 24 hour period, however, is of little use 
except to check the accuracy of the digitiza
tion process. Only a small percentage of the 
flashes occurring near local midriight are re
corded in orie day. Consequently, significant 
plots can be generated only by sutmning the 
data for one month and plotting the result. 

Our initial analysis has been completed 
for the month of September 1977 and the re-
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sults are presented in Fig. 2. 
of 1,813 lightning flashes are 
spect to the major land areas. 
bit paths have been omitted. 

The location 
shown in re
Satellite or-

We note the obvious concentration of 
lightning in Indonesia, Central and South 
America and Africa. An apparent lack of 
lightning over the oceans is a curious result .• 
for example, lightning is concentrated in cen
tral Africa in a pattern which appears to rep
resent the intertropical convergence zone. 
This lightning pattern, however, does not ccn
tinue to the west over the Atlantic Ocean where 
the intertropical convergence zone is observed, 
Other lightning concentrations appear in east
ern India and Bangladesh in association with 
the monsoon and in Uruguay and off the east 
coast of Australia in association with areas of 
cyclogenesis. Note that no lightning flashes 
are recorded over Florida, but trequent mid
night lightning is recorded over the midwestern 
part of the United States. This result is con
sistent with the diurnal variability of convec
tion over Florida which reaches a maximum in 
the afternoon, more than six hours before the 
DMSP satellite passes overhead. Our observa
tions are also consistent with the maximum 
frequency of thunderstorms over the midwest 
around midnight which has been studied by 
J. M. Wallace. 

These data are only the first results of a 
detailed study of the global lightning fre
quency near local midnight. Monthly maps are 
now being generated for the remaining eleven 
months and will result •in the cataloging o{ 
over 20,000 flash locations. Quantitative 
analyses are also in progress t.o determine the 
land-ocean midnight flash ratio which is the 
order of 10 and t-he global lightning frequency 
which is thought to range from 40 per sec to 
150 per sec. 

NOTE: References and acknowledgments have 
been omitted to conserve space. 
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COMPARAISON DES CONCENTRATIONS EN NOYAUX GLA~OGENES OBTENUES 

PAR UNE CHAMBRE A NUAGE ET PAR UNE CHAMBRE A DIFFUSION THERMIQUE 

J.J. BERTRAND, P. BOULARD 

Faculte des Sciences 

Abidjan 

Des mesures systematiques de concentration 

en noyaux gla<;_ogenes ont ete faites a Abidjan 

(Cote d'Ivoire) a l'aide d'une chambre a nuage 

d'une part, de l'analyse sur filtres dans une 

chamore a diffusion thermique d'autre part. 

I.- TECHNIQUES DE MESURE 

I. I. La dtamore a nuag~. Un volume d' air de 
deux litres est introduit dans une cuve et 
refroidi uniformement a -20°C. On cree par 
evaporation un nuage d'eau surfondu. Ces 
noyaux gla<;ogenes donnent naissance a des 
cristaux qui se developpent et tombent dans 
une solution surfondue ou ils sont comptes 
lorsqu'ils atteignent une taille suffisante. 

I.2.Methode des Filtres. Un volume d'air est 
preleve entre 6 et 20 m au-dessus du sol et 
fHtre avec un debit de 15 a 20 1/mn sur Fil
tres Millipores ; les filtres sont exposes · 
30 mn a -20 9 C et saturation nominale par rap
port a l'eau dans une chamore a diffusion 
thermique de Gagin avant le denombrement des 
cr±staux developpes sur le Filtre. 

II.- RESULTATS 

IN/LI 

2.1 ,- Comparaison de valeurs ponctuelles 

(decembre 1971-mai 1972) 

~ -\~Ni ~ _/ 
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FIGURE 1.- Concentration en noyaux gla<;ogenes 
a Abidjan 

A. Analyse sur filtre 
B. Analyse par la cuve a nuage. 

COTE D'IVOIRE 
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La figure I presente des resultats obtenus 
de decembre 1971 a mai 1972. Les deux methodes 
permettent de mettre en evidence une meme evo
lution generale de l'activite gla<;ogene, On 
assiste en decembre 1971 a une brusque et im
portante augmentation du nombre de noyaux gla
<;ogenes. Les valeurs trouvees se maintiennent 
a un niveau eleve en janvier, puis decroissent 
en mov0.nne progressivement de fevrier a mai. 

Il apparait clairement que les deux metho
des permettent de suivre avec des ordres de 
grandeurs differents les memes variations de 
l'activite gla<;ogene. 

On a trace (Fig. 2) les courbes de regres
sion entre les resultats obtenus par les deux 
mer.hodes, a partir de cinquante sept j ours ou 
les prelevements sur filtres ont ete faits, 
immediatement apres les comptages par la cuve. 

FIGURE 2 .-. 

83 n/]50 1 

f '}1oyenne Cuve 18 n/·l 
11 ~ 0,75 
~Y = o. 62 ; . ~ = a. 5 g-

COICltrT!tAflO• Ill lfl1'1'11UI il.ll;(UIIJIU 11111110 l1HTMGOI au flLfUS 

Courbes- de regr.ession entre les 
concentrations en noyaux gla<;oge
nes mesurees sur filtre dans la 
chambre a diffusion thermique et 
par la cuve a nuage (A et B). 

Droite des Hoindres Carres (C) • 

Les variations importantes du pouvoir gla
<;ogene sont per<;ues de la meme fa<;on par les 
deux methodes. Un coefficient de correlation 
lineaire de 0,75 et des rapports de correla
tion, tous deux voisins de 0,60 attestent 
d'une liaison certaine et reciproque entre les 
deux methodes. 

l! ■ /IHll 



2.2.- Comparaison de Moyennes mensuelles 

(1973-1974) 
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FIGURE,3.- Concentrations mensuelles moyennes 
en noyaux gla9ogenes mesurees 

A. sur filtres 
B. par la cuve a nuage. 

Les mesures systematiques du pouvoir gla-
9ogene de 1 'air realisees a Ab·idj.an en 1973 
et 1974 par la methode de la cuve peuvent 
etre utilement comparees a celles faites par 
la methode des filtres (150 1 d'air preleves 
sur des filtres de pores 0,22 µm) a Abidjan 
en 1~73 et a Adiopodoume (15 km d'Abidjan) en 
1974. Les dates et heures de prelevement ne 
se correspondant pas exactement, nous avons 
compare les moyennes mensuelles (Fig. 3). 

Les deux methodes donnent des variations 
generalement bien correlees, mais les rap
ports entre les valeurs extremes sont de 
deux a trois fois plus importants par la me
thode de la cuve que par la methode des fil
tres (4,3 contre 2,6 en 1973 ; 6,1 contre 2,6 
en 19]4, Les concentrations en noyaux gla90-
genes sur filtre sont de dix a trente cinq 
fois plus faibles que celles obtenues par la 
methode de la cuve. Le rapport moyen entre le 
nombre de noyaux gla9ogenes denombres par li
tre dans la cuve et sur les filtres est de 
20,7 en 1973 et 20,8 en 1974. 
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11 est interessant de noter que ce rapport 
subit une evolution saisonniere tres marquee 
comme la figure 4 permet de le constater. 

.. 

" 

" 
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FIGURE 4.- Evolution saisonniere du rapport R 
entre les concentrations en noyaux 
gla9ogenes mesurees dans la cuve a 
nuage et sur filtres dans la cham
bre a diffusion. 

Les plus faibles valeurs de ce rapport sont 
observees de mai a octobre aux epoques ou 
l'activite gla~ogene est la plus faible, Ceci 
peut etre attribue a une moindre importance de 
l'effet de volume sur les filtres qui est d'au
tant plus reduit que le nombre de particules 
activables est plus faible (2) 

Inversement, lorsque le nombre de noyaux 
gla9ogenes est important, le nombre de noyaux 
denombres par la cuve croit plus vite que le 
nombre de noyaux denombres sur filtres et le 
rapport entre les deux a tendance a augmenter. 

Un facteur different de l'effet de volume 
doit cependant intervenir pour expliquer que 
les maxima du rapport represente sur la figu
re 4 se situent, non pas en janvier, ou la 
concentration en noyaux gla9ogenes est la plus 
forte, mais .en avril 1973 et mars 1974. Cela 
signifie que, dans ce cas, le nombre de noyaux 
detectes dans-.la euve·diminue moins-vite que 
le nombre de noyaux detectes par la methode des 
filtres, Cette difference est imputable, semble 
t-il, a l'elimination des particules gla9ogenes 
les plus grosses qui sont aussi les plus acti
ves par la methode des filtres, au fur et a me
sure que le Front Intertropical s'eloigne 
d 1Abidjan (J). 

III.- CONCLUSION 

L'activite gla~ogene est une donnee qui 
depend de multiples parametres et chaque me
thode de mesure ne permet que d 1 en donner un 
aspect. Les deux methodes de mesure utilisees 
permettent d'apprecier de deux fa9ons diffe
rentes les variations importantes du pouvoir 



gla~ogene de l'air. Elles fournissent des re
ponses relatives mais coherentes et manifes
tent un accord satisfaisant. D'une fa~on gene
rale, la methode de la cuve est beaucoup plus 
sensible que la methode des filtres et les 
valeurs obtenues se rapprochent, semble-t-il, 
plus des valeurs reelles. La methode des fil
tres, en raison de l'uniformite des conditions 
d 1 analyse, permet par contre une analyse plus 
objective, lorsque les caracteristiques physi
ques de l'air analyse, en particulier l'humi
dite, varient de fa~on importante. Mais la pe
netration des particules a l'interieur des 
filtres et leur interaction sur sa surface 
(effet de volume) diminuent considerablement 
le nombre de particules gla~ogenes detectees. 
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REAL TIME PROCESSING OF CLOUD PARTICLE IMAGE DATA 

Philip G. Stickel and D. Ray Booker 
Aeromet, Inc. 
P.O. Box 45447 

Tulsa, Oklahoma 74145 

1.0 INTRODUCTION 

Aero met, Inc. is currently under contract with 
the United States Army Ballistic Missile Defense 
Systems Command (BMDSCOM) to furnish in real 
time; descriptions of cloud particle habits, liquid 
water contents, and cloud particle spectra 
information. The aircraft collected cloud particle 
data are collated with radar "S" band and "C" band 
data. The particle data are used to determine Z- M 
equations in real time so the radars can be used to 
define liquid water content profiles in real time. 
There was a need to improve aircraft cloud particle 
information through the use of a real time program 
for two dimensional (2-D) Particle Measuring 
Systems (PMS) probe data. The following paper 
describes the method Aero met accomplishes this 
requirement. 

2.0 DAT A SOUR CE 

The cloud particle data are measured and 
recorded by means of a Learjet at altitude ranges 
from the su!1ace to 15 km and at sampling speeds 
near 180 ms- • The majority of the measurements 
are in a tropical environment, however, data are 
also collected in continental air masses at the 
middle latitudes, near Tulsa, Oklahoma. 

The aircraft is equipped with a full set of 
Particle Measuring Systems (PMS) Optical Array 
Spectrometer one dimensional and two dimensional 
probes,two Omega navigation systems, a TACAN 
system and state parameter measuring equipment 
such as altitude, static air temperature, etc. A 
minicam puter system, two magnetic tape drives and 
a dual floppy disk drive process and record the data 
in real time. 

3.0 PMS PROBES 

The release of the two dimensional (2-D) Optical 
Array Spectrometer Probes (Knollenberg, 1976) 
provided an additional means of measuring cloud 
and precipitation droplets in an undisturbed air 
flow. Numerious authors (Cunningham, 1978; 
Hey m sfield, 1972, 1976; Can non, 1976) have 
described and reviewed the PMS probes. Due to the 
abundance of reading material available, a 
discussion of the 2-D probes will be included only to 
enhance the topic presented. 

The 2-D system uses a linear array of 32 
photodiodes illuminated by a 1.5 mW helium-neon 
laser. The laser beam is reflected from the laser 
source by optical mirrors to provide a vertical beam 
in the free airstrea m before illuminating the 
photodiodes. Cloud particles passing through the 
beam cast a shadow on the photodiodes. If 50 % or 
more of the light is occulted, then the photodiode is 
considered sh ado wed, Fig. 1. The probe hardware 
checks the status of the 32 photodiodes, at a rate of 
up to 4 MHz for the 2-D cloud probe and 1 MHz for 
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the precipitation probe. 0 nee a photodiode is 
shadowed, the status of each of the photodiodes is 
recorded into a 32 bit binary word and stored into a 
1024 word buffer. Data are stored at the status 
sampling rate until no photodiodes are shadowed, at 
which time a series of 2 to 3 blank words are 
recorded during the clock shutdown, and two words 
containing sync information and 24 bits of elapsed 
time information are recorded. When the buffer is 
full, the data are dumped through a Data 
Acquisition System (DAS) to magnetic tape. The 
important items of note are that the data are 
already com pressed by the recording technique, and 
that there are 2 to 3 blank scans immediately after 
the image and before the time information. 
However, the amount of data recorded is still 
tremendous with a 1200 foot reel of magnetic 
computer tape only archiving ten minutes of data at 
the maximum sampling rate. 
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The only means by which PMS supplied to use 
the 2-D data in real time was through the viewing 
of the data on a Particle Image Detector (PIO) 
CRT. The data are displayed as a shadow 
pictograph where one picture element (pixel) 
corresponds to one bit of each 32 bit scan word. 
During in cloud sampling the update rate is typically 
too fast to visually digest the information. 

The processing time required of the copious 
am aunts of data by a computer is typically a factor 
of 1.5 to 2 times longer than to collect. This puts a 
serious crimp into real time processing of the data. 

4.0 ADVANTAGES OF 2-D DATA ANALYSIS 
TECHNIQUES 

The use of 2-D data have many advantages to 
aid in the definition of a "cloudy" environment. A 
list of advantages may be as follows. 
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1. 

2. 

The ability to define the actual image 
area instead of a predicted area based 
on a one dimensional measurement. 

The ability to see the shadow image of 
the particle, which aids in the 
understanding the crystal type and 
growth process. 

3. The ability to distinguish between valid 
images and image artifacts. 

Many papers have been released on the analysis 
techniques used to glean useful information from 
the data (Cunningham, 1978; Cooper, 1978; 
Heymsfield, and Parrish, 1978). Each of these 
authors and data users are interested in, but not 
limited to the following. 

1) Defining techniques which use measurable 
image characteristics to convert from physical size 
to equivalent melted diameter, (EM D). These 
characteristics are sometimes referred to as 
roughness parameters i) aspect ratio, ii) 
equivalent circle ratio, iii) average projection 
ratio, and iv) bulk area ratio. 

2) Defining techniques to eliminate image 
artifacts. 

3) Defining techniques to reconstruct 
particles lying partially within the sampling volume 
in order to improve sampling statistics. 

4) Developing techniques to speed up the 
processing of 2-D data. 

The following section is a method by which 
item 4 can be achieved to the level of real time 
processing of 2-D data. 

5. 0 R E A L TI M E IM A G E P R O C E S S O R 

The 2-D data is needed for real time decisions, 
but the abundance of data is too great to process by 
a computer in real time. It also becomes evident 
from the support material referenced, that there 
exists a preferred group of image characterizing 
parameters which are required to derive needed 
spectra 1 information. 

Under a contract to the Air Force 
Geophysics Laboratory, Aeromet designed, built, 
and currently uses operationally a Real Ti me Im age 
Processor (R TIP), to calculate by hardware in real 
time, image characterizing parameters. The RTIP 
system, which consists of 16 printed circuit cards, is 
installed in the spare card slots of the DAS and 
intercepts the incoming eight bit byte bursts of one 
MHz bit data rate from each probe at the input of 
the DA s. The image data are then routed through 
the R TIP where several image characteristics are 
computed. The data are delayed by 64 bits so the 
PMS sync byte can be recognized and used as an 
indication of the end of the image data. The flow 
of data is shown in Fig. 2. 
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The R TIP data are then inserted into the data 
stream just ahead of the PMS word containing the 
sync byte and elapsed ti me word. Thus, it is written 
over the blank data after the end of each image and 
before the elapsed time word. This form at allows 
the R TIP information to be inserted into the norm al 
PMS record without changing the length of the 
record or altering any of the information norm ally 
used for processing 2-D data. The resulting form at 
of an image is shown in Fig. 3. An R TIP sync byte 
is written so post flight computer processing can 
easily identify the R TIP data. 
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The R TIP contains several counters which 
accumulate the; 1) area, 2) length, 3) perimeter 
and other characteristics discussed below as the 
image data are passed through the P.TIP. The 
contents of these counters are sequentially dumped 
as two 32 bit words when the PMS sync byte is 
recognized. 

The R TIP data contained in the two words 
can be output to a computer in real time in addition 
to being written onto the magnetic tape. The real 
time computer program can then use the RTIP data 
to compute particle size spectra, equivalent water 
content and other information that may be needed 
for real time purposes. 

To further discuss the recorded R TIP 
variables, a conventional notation must be defined 
to simplify the discussion. If one views the image 



printouts as shown in Fig. 3, the particle images are 
displayed as if the aircraft was sampling from the 
1 eft side of the page eastbound towards the right 
side of the page. Tops of the images can, therefore, 
be referred to as the north side and so forth around 
the com pass. Use of this orientation allows one to 
define "x" to be increasing in the easterly direction, 
agreeing with the direction of flight. However, "y" 
will be defined to increase from north to south to 
agree with PMS documentation manuals. An image 
element is defined to correspond to a shadowed 
diode during sampling. The characterizing 
parameters defined by the R TIP, ma king reference 
to Fig. 3 are as follows. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

X MAX - a flag set when the number of 
image elements in the "x" direction 
equals or exceeds 64, (1 bit of R TIP 
data). 

North end element count (E ) - the total 
number of image element~ along the 
north edge, (6 bits of R TIP data). 

South end element count (E 1) - the total 
number of image elements along the 
south edge, (6 bits of R TIP data). 

Area (A) - the total number of image 
elements contained within the image (11 
bits of R TIP data). 

Probe identification flag - written as a 
binary "01" for the 2-D cloud probe and 
a "10" for the 2-D precipitation probe (2 
bits of R TIP data). 

North facing perimeter (P ) - the total 
number of image elem€nts with a 
northern exposure, which also equals the 
southern exposure, (7 bits of R TIP data). 

East facing perimeter (P ) - the total 
number of image elemt¥nts with an 
eastern exposure, which equals the 
western exposure, (7 bits of R TIP data). 

Real-Time 
Process 
of 2-D 

l. Convert slow data to engineer units 

2. Read entire buffer of image data 
( process image by image) 

3. Convert to spectral information 
(in development phase) 

8. 

9. 

10. 

Maximum x address (X ) - the address of 
the eastern most imagt elements (6 bits 
of RTIP data). Minimum x address is 
always zero. 

Maximum y address (Y ) - the image 
element number countinJfrom the north 
end element to the southern most image 
element, (5 bits of R TIP data). 

Minimum y address (Y ) - the image 
element number counting0 from the north 
end element to the northern most image 
element, (5 bits of RTIP data). 

11. Sync byte - written as the compliment 
of the PMS sync byte (8 bits of R TIP 
data). 

The eleven characterizing parameters 
produced by the R TIP provide all the information 
needed to properly size and categorize the 2-D 
image data on a particle by particle basis which can 
then be converted to spectral information. 

6. 0 2- D R E A L TI M E P R O G R A M 

Aero met, Inc. is in the process of developing a 
2-D real time program, using the R TIP information, 
to replace the present 1-D real time program. The 
R TIP data are being recorded on the 2-D flight 
tapes and used as a real time input to the software 
development. A brief description follows to 
illustrate the point of how R TIP data can be used. 

The processing of the 2-D data is illustrated 
in Fig. 4 through the use of a W arnier-Orr diagram 
com m on to structure design. The program is being 
developed to allow freedom in many areas of the 
calculations based on modifications to the decision 
constraints. The first of these areas is in the image 
artifact rejection criteria section. A second area of 
the software decision making which is also on 
muddy ground is the classifying of data into bin 
types (EMO, area, maximum length), while a third 
area is in the conversion from physical dimensions 
of ice crystals to equivalent melted diameters. 
Experience with the use of 2-D data in spectral 
form along with intercom parison with radar data 
will define a more rigid processing technique. 

1. Fi
nd 

RTIP sync byt{e l. For l¾ initial missing scans 
2. Correct area 

2. For true airspeed overdrive 

{

l. Aspect ratio 
3. Calculate roughnes 2. Equivalent circle ratio 

parameters 3. Average project ratio 
~- Sulk area ratio 

2. 

{

l. 

4. Apply rejection 3. 
criteria 4. 

5. Accumulate the 
accepted par ti cl es 
into 30 bins 

5. 
6. 

Raw area > 50% of 32 x 64 image element 
field -

North end element > 0 
South end element> 0 
XMAX , 64 
Aspect ratio> 6 
Sulk area ratlo < 40% 

F-lg. 4. Wa/t/Ue/1.-0M d..iagl!.am .i-UUA.t/r.a.,t;[ng .the du,lgn &.tiwetwr.e on .the Ae/1.ome.t 2-V 

Real T-lme PMgl!.am, 
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PART REC El.RPS TIME XTAL -Tl1 ID '!'MAX YM I H )IJ'IAX XFLG HEE SEE SPER EPER PER IN LY LX LNAX AREA AREA AREA ECR APR ASR TST 
HUM SECONDS NIL&EC NJCSEC CHT CHT CHT CHT CHT CHT CHT MIC MIC MIC MIC R-CHT A-CHT M'1**2 REJ 

31 1989. 362. 131. CL 10 8 8 0 0 0 8 3 240 120 0 120 19 0 0.0000 0.00 1.00 0.00 0 
32 1989. 362. 17705. CL 32 23 7 0 0 6 9 10 800 400 0 400 47 0 0,0000 0.00 1.00 0.00 4 
33 1983. 362. 8298. CL 0 31 0 0 0 0 0 0 0 0 0 0 0 0 0.0000 0.00 0.00 0.00 32 
34 1989. 362, 2270. CL 32 I 37 0 7 7 56 49 3920 1280 0 1280 516 0 0.0000 0.00 1.53 0.00 6 
35 1989, 362, 2230, CL 29 27 2 0 0 0 4 2 160 120 0 120 4 0 0.0000 0,00 .67 0.00 0 
36 1909, 362. 2188. CL 8 3 4 0 0 0 5 6 480 240 0 240 22 0 0.0000 0.00 1.00 0,00 0 
37 1989, 362. 2560. CL 32 25 9 0 0 7 9 9 720 320 0 320 56 0 0.0000 0.00 1.13 0,00 4 
38 1989. 362, 4121. CL 32 16 23 0 0 10 26 18 1440 680 0 680 202 0 0.0000 0.00 1.06 0.00 4 
39 1909. 362. 1222. CL 32 31 3 0 0 2 3 2 160 80 0 80 4 0 0.0000 0.00 1.00 0.00 4 
40 1989. 362. 16465. CL 32 31 3 0 0 3 3 2 160 80 0 80 6 0 0.0000 0.00 1.00 0.00 4 
41 1989. 362. 5273. CL 32 10 16 0 0 12 27 23 1840 920 0 920 185 0 0.0000 0.00 1.00 0.00 4 
42 1989. 362. 8684. CL 18 9 8 0 0 0 8 10 800 400 0 400 57 0 0.0000 0.00 1.00 0.00 0 
43 1989. 362. 3670. CL 10 I 7 0 6 0 8 10 800 400 0 400 60 0 0.0000 0.00 1.00 0.00 2 
44 1989. 362. 1055. CL 23 22 1 0 0 0 1 2 160 80 0 80 2 0 0.0000 0.00 I .00 0.00 0 

REJECT TOTALS :CARER. GE. 50Y. H.DIODE S.DJODE X.GE.64 ASPR.GT.6 RCHT.EQ.0 A..-XV.LT •• 4 HO. REJ. • REJECTJ X C□RR.F 
0 10 16 0 0 2 3 27 61. 0.0000 

F.i.fj. 5. PM..tla-e. eom,x,m genl!IULted Lwting 06 the eluvw.ctVU:.U:119 pcvuvne.tCM gwe/111.ted 601t eo.e/1 

.imll£le, The lt./.fjh.tmoU eo.tunm ,l/, the tv,t 1tejeetion eode. A hunmM.y 06 the totJJ..t pe1tewt 
1tejeetio11 60/t the .image hco.n ,l/, g-lven mec.,te_y above the hco.11. 

A more indepth description of the 2-D real time 
program will be available in a subsequent 
publication. An example of some of the current 
computer generated output is given in Figs. 5 and 6 
to illustrate the versatility and usefulness of R TIP 
data. 

2-D CLOUD PROBE 
Y-DlrEHSl □H TO EMJ) \ 

START• 212928. EHD• 212958. CRYSTAL TYPE•BULLET ROSETTES 

CHAH ADJ. CHAH AREA EMD RAW CLSS COUHT 
DIODE - NM SIZE 

I 1.33 4.80 12.95 40. 5. 
2 2.48 18.56 22.34 80. 2. 
3 3.63 40.32 31. 17 120. 2. 
4 4-78 65.88 39.66 160. I. 
5 5.93 63,44 47 .89 200. 3. 
6 7 .00 61 .00 55.93 240. I. 
7 8.23 58.56 63.80 288. 2. 
8 9,3S 56.12 71.54 320. I. 
9 18.53 53.68 79. 16 360. 0. 

10 11 .68 51 .24 86.67 408. 8, 
11 12.83 48,88 94.89 440, I. 
12 13.98 46.36 181.43 488. 8. 
13 15.13 43.92 108.78 520. 0. 
14 16.28 41.48 115.89 560. 0. 
15 17.43 39.04 123.03 680. 0. 
16 18.58 36.60 130. 10 640. 0. 
17 19.73 34.16 137, 12 680. 0. 
18 20.88 31.72 144.89 720. I. 
19 22.03 29.28 151.01 760. 1. 
28 23. 16 26.84 157 ,88 880. 0. 
21 24.33 24.40 164.72 840. 0. 
22 25,48 21.96 171.51 880. 0. 
23 26.63 19.52 178.28 920. 0. 
24 27 ,78 17 .88 184,98 960. 0. 
25 28.93 14.64 191.66 1000. 0. 
26 38.08 12.20 198.31 1048. 8. 
27 31.23 9.76 284.93 1080. 0, 
28 32.38 7.32 211.52 1128. 0, 
29 33.53 4.88 218,08 1160. e. 
30 34.68 2.44 224.61 1280. 8. 

F.ig. 6, An ex.ample 06 the~ 1te1,u..UI, 06 the AeJWme..t Real 

T .ime PMgJUVn W>.i.ng .the RTIP -input. 

7.0 SUMMARY 

The use of 2-D data has many advantages over 
1-D data, especially when used in making real time 
decisions. Some of these advantages are known to 
be: 1. better crystal habit definition; 2. increased 
accuracy of the data base; and 3. better size 
range. 

The 2-D data in its present form was seen to 
be too much for real time processing. The 
development of the Real Time Image Processor 
(R TIP) by Aero met, Inc. has provided the avenue to 
achieve real time processing of 2-D data on a 
minicomputer. The means for this achievement is 
through hardware circuitry consisting of several 
counters which interpret the image data at the 
leading edge of the Data Acquisitions System (DAS) 
and accumulate known parameters which 
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characterize the image. The output of the counter 
buffers are overlayed as two 32 bit words between 
the image data and corresponding P MS sync and 
elapsed time information. No additional space on 
the magnetic tape is required. An additional port 
from the RTIP can provide the information directly 
into a minicomputer for real time processing. The 
operational use of the R TIP coupled with its 
accuracy and reliablity has permitted Aeromet to 
develop a real time program on a minicomputer 
using 2-D R TIP data. 
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I-2.8 
MISE EN EVIDENCE DE L'EFFICACITE GLAQOGENE DES AEROSOLS 

AU CONTACT D'UNE MASSE D'AIR OCEANIQUE 

J. Bertrand 

Laboratoire de Physique Atmospherique 

Abidjan COTE D'IVOIRE 

J • .,. Introduction. 

Les concentrations en noyaux gla~ogenes 
(NG) mesurees en Afrique de l'ouest a diffe
rentes latitudes, Abidjan (5°15'N), Lamto 
(6._~JJ'N~, Bubu,D±oulasso (11°1O'N) sont carac
te-i;-~-~ee~ · pa"); d,es variations annuelles sim±lai.,
:i;-es, et §:ien ma;.quee~ dont la figure 1 donne 
un ~eniple. · 

C (njl) 

26 

10 

J. F. M A. M . J. J . A . 5. 0. N . D 

FIGURE I Moyennes mensuelles (1968-1974) des 
concentrations en noyaux gla~ogenes 
a Abidjan mesurees par la methode 
de la Crramore a nuage. 

Ces variations .sont liees d'une part au 
mouyeII)ent des masses d'air representees par le 
deplacement du Front Intertropical (F.I.T.) 
l±m±te entre l'air oceanique au Sud et l'Alize 
continental au Nord (Fig. 2), d'autre part a 
la generation et au deplacement de brumes de 
poussiere ayant pour origine la bordure Sud du 
Sahara (:'.I~, 

En ete, lorsque le FIT est haut en latitude 
et que la mousson penetre profondement sur le 
continent, les concentrations en N,G, sont fai
bles. En hiver par contre, epoque privilegiee 
des brumes seches, ces concentrations sont 
elevees. 

Ainsi le pouvoir gla~ogene depend essen
tiellement de la presence d'aerosols continen
taux dont l'efficacite peut etre expliquee par 
la presence constante d'une fraction argileuse. 

729 

... .. 
= ... ... -.... 

5" 

FIGURE 2 

I 973 

II J A S N D F M 

Position de la trace au sol du FIT 
en latitude a 5°W, de janvier 1973 
a avril 1974. 

M 

Cependant, de nombreuses observations 
montrent qu'il est necessaire de distinguer 
so±gneusement entre concentrations en noyaux 
gla~ogenes et concentrations en aerosols. (2) 
D'une fa~on generale, la decroissance de la 
concentration en noyaux gla~ogenes, tant dans 
la variation annuelle que pour des situations 
particul±eres, est moins rapide que la decrois
sance des concentrations en aerosols. Par 
a±lleurs, on peut, dans certains cas, obtenir 
des poµvohs glag>genes aussi ou plus eleves 
avec une faible masse d'aerosols continentaux 
que dans des situations caracterisees de bru
mes de poussiere. 

Nous avons essaye d'interpreter ces ano
malies sur la base d'une augmentation de l'ef
ficacite gla~ogene des aerosols continentaux 
lorsqu'ils penetrent dans la masse d'air ocea
nique. 



2.- Collecte des donnees 

Des echantillons d'aerosols atmospheriques 
ont ete collectes d'aout a decembre 1974, a la 
fois sur filtres MILLIPORE HSWP et sur filtres 
WHATMAN 41, a Adiopodoume, Lamto et Bobo
Dioulasso, Cette periode de prelevement cor
respond a un deplacement du FIT de sa position 
la plus au Nord en aout, a la position la plus 
au Sud en decembre. Les prelevements de 
150 litres sur filtres MILLIPORE ont servi a 
determiner le pouvoir gla9ogene a -20°C dans 
une chambre a diffusion thermique de GAGIN (3). 
Les prelevements sur filtres WHATMAN, corres
pondant a une moyenne de 900 m3 d'air filtre 
en trois ou quatre jours, ont servi a analyser 
les principaux constituants elementaires de 
l'aerosol atmospherique exceptee la Silice 
(Na, K, Ca, Mg, Al, Fe) sous leur forme solu
b-le (s) et insoluble (i), par la methode d 'ad
sorption atomique (4). 

A chaque prelevement sur filtre WHATMAN, 
nous avons fait correspondre la valeur moyenne 
du pouvoir gla9ogene. Les donnees sont consti
tuees de 88 echantillons a 24 variables obte
nues en considerant, en plus du pouvoir gla90-
gene et des concentrations des elements sous 
leur forme soluble et insoluble, la concentra
tion en masse de l'aerosol atmospherique, la 
position et la vitesse moyenne du FIT au cours 
du prelevement et la position du FIT quatre 
jours avant le prelevement. 

3.- Analyse des donnees 

Un programme d'analyse en composantes prin
cipales a ete applique a quatre groupes d'e
chantillons en utilisant les criteres de la po
sition et des mouvements du FIT pour stratifier 
les donnees. 

a) Ce groupe inclue l'ensemble des echan
tillons (88) 

b) On a selectionne tousles cas ou la tra
ce au sol du FIT se trouvait entre 4° de lati
tude au Nord et 2° de latitude au Sud de la 
Station ou etait preleve l'echantillon (36 cas) 

c) Parmi les echantillons de (b), on a re
tenu les cas ou le FIT se trouvait au Nord de 
la station, quatre jours avant le prelevement 
(21 cas) 

d) Echantillons de (b) pour lesquels le 
FIT se trouvait au Sud de la Station, quatre 
jours avant le prelevement (15 cas). 

4.- Resultats 

Nous ne presenterons ici que la position 
dans le plan principal des vecteurs corres
pondant aux cinq variables les plus significa
tives pour la discussion: noyaux gla9ogenes 
(N.S.), position du FIT (F.I.T.), masse d'aero
sols (M.P.), sodium soluble Nas et Aluminium 
(Al), ainsi que les ·,matrices de correlation de 
ces variables entre elles, 

,, 
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4.1. Premier cas incluant l'ensemble 

des observations 

CD 
Nu ,, SODIUM SOLUll[ 

"'' ,. MAi6SE 0[ P11USSJ{RC N,G, M,P, AL NOS 
ll'G • IIOTAUA GUCll&UES 
H AlUMIIIIIIIII 
flT • POSITIOII DU flT N, G, 1 0,604 0,542 0,006 

M,f, o,eo"' 1 o,a30 o,,., 
,, Al 0,,42.. 0,830 ' .. '1',108' 

u~ o, 006 0,141 - 0,108 1 

f, P·l't. o, 55!5 o, 31$. O, 813 -0,-449 

fl I 

P.F-1-T 

0,555 

d.sl~ 

0,61~ 

• 0,449 
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FIGURE 3 Position des vecteurs variables dans 
le plan principal et Matrice de 
correlation. 

La correlation positive de la position du 
FIT en latitude avec l'aluminium et negative 
avec le sodium soluble montre que l'aluminium 
est un element d'origine continentale et le 
sodium soluble un element surtout d'origine 
oceanique. Al et Na(s) sont ainsi d'une fa~on 
generale anticorreles. Les valeurs relativeroent 
faibles des rapports de correlation s'expliquent 
aisement si l'on considere que la concentration 
en aerosols continentaux n'est pas necessaire.,.. 
ment une fonction croissante de la latitude et 
depend en particulier, de la trajectoire des 
poussieres a partir des zones de generation et 
qu'unefraction du sodium soluble est d'origine 
continentale, 

La correlation forte existant entre la con
centration en masse des aerosols et l'aluminium 
montre que les aerosols presents sur l'Afri
que de-l'ouest sont essentiellement .d'origine 
continentale, Le pouvoir gla9ogene est correle 
avec la concentration en masse (0,604), et avec 
les aerosols continentaux representes par Al 
(0,542). Il n'est par contre pas lie a Nas 
(0,006). 

4.2. Second cas regroupant les Echantillons 

preleves au voisinage du FIT 

Le champ de variation du FIT autour de 
chaque station de prelevement etant reduit, sa 
position devient alors moins significative. La 
concentration en masse reste fortement liee a 
Al, c'est-a-dire aux aerosols continentaux. 
Mais la correlation entre ces aerosols et le 
pouvoir gla9ogene diminue par rapport au cas 
precedent. On constate simultanement une corre
lation positive entre pouvoir gla9ogene et so.,. 
dium soluble. Si le sodium soluble etait 
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FIGURE 4 Matrice de correlation et position 
des vecteurs variables dans le plan 
principal. 

uniquement d'origine oceanique, on pourrait y 
voir une preuve de l'influence d'aerosols ma
rins sur le pouvoir gla~ogene. Mais la corre
lation entre Al et Na(s) qui, de negative de
vient positive, manifeste que dans ce cas la 
majeure partie du sodium soluble est d'origine 
continentale. On ne peut done conclure. Pour 
le faire, nous avons du considerer les mouve
ments du FIT en nous referant a sa position 
quatre jours avant le prelevement, 

11 

4.3. Troisieme cas : les prelevements ont 

lieu a proximite du FIT et celui-ci 

se trouvait au Nord des stations, 

quatre jours avant. 

'" = SODIUM SOlUHlf 

" = .,ouux !lLACOG[IIES ! 

" ~usu ,J[ ~OUSSlUE! 
ll UUMIIIIUM I ... 11 FIT ~OSI TION " "'I 

~ 
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N,Q·. 1· d,e?f o,s13 o, .. 7S ~ ◄ 34 

M, ,. o,e11. t 0,932 0,5Sf 0,124 

" " Al 0,573 0,932 1 0,361 0,259 

NIS 0,478 0,581 o, 367 I •<7,455 

'" 
FIGURE 5 

P, FH o, ◄ 34 o, 12 ◄ 0,381 -0, ◄ !5! 

Position des vecteurs variables dans 
le plan principal. 

Il ya done eu en moyenne une descente du 
FIT et un apport d'aerosols typiquement conti
nentaux. C'est ce que marque la tres forte cor
relation (0,932) existant entre la masse 
d'aerosols et l'aluminium. C'est dans ce cas 

I 

'" 
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que le lien existant entre le pouvoir gla~o
gene et la masse de poussieres est le plus 
fort. La bonne correlation exist'ant entre le 
pouvoir gla~ogene et le sodium soluble n'est 
pas une preuve d'action des aerosols marins, 
puisque la correlation positive entre Al et 
Na(s) montre, qu'ici encore, le sodium soluble 
est surtout d'origine continentale. 

" 

4.4. Quatrieme cas : les prelevements ont 

lieu a proximite du FIT qui se trou

vait au Sud des stations, quatre 

..-------~.t. 
'" = SODIUM SOlUIU 

" ' ~OUUI &UCOSUU ., IUSSE aE ,ournuc 
H ' ALUMINIUM 

"' ,asma. OU '" 
' ~.Q. /1111p!, •r us ,. ~I~. 

N•G· 1 o,net o,ot• O,J&I 0,10'1. 

M, ,. 0,061 I o,32~ 0,491 0,07f 

II Al 0,014- 0,321 , .o,o7f 0, S71 

us 0,381• 0;492 .. 0,011 I .Q,330 

FIGURE.. 7 

p.!+T 0,101 .. 0,07f O,Ht ... o,J30 

Position des vecteurs variables 
dans le plan principal. 

Ceci indique en moyenne une remontee du FIT 
dans les jours qui ont precede la prise 
d'echantillon. 

On constate, a l'inverse des trois cas pre
cedents qu'il n'existe pas de correlation en
tre le pouvoir gla~ogene et la masse d'aerosols 
ou la concentration en aluminium. Par contre, 
une correlation faible mais positive existe 
avec le sodium soluble dont l'origine est prin
cipalement oceanique, puisque c~t element est 
anticorrele avec l'aluminium. L'activite gla
~ogene augmente done ici avec un element d'ori
gine oceanique qui n'est pas actif par lui-meme 
puisque toutes les mesures montrent que l'acti
vite gla~ogene d'une masse d'air typiquement 
oceanique est tres faible. Cet element agit 
done par son interaction avec les aerosols 
continentaux. L'absence de correlation entre 
le pouvoir gla~ogene et la masse d'aerosol dans 
ce quatrieme cas s'explique par l'effet de cet
te activation. 

Lorsque le FIT remonte, entrainant une di
minution de la masse de poussiere, l'activa
tion des aerosols continentaux qui, en.raison 
de la structure verticale du FIT, restent pre
sents dans la couche de mousson, maintient le 
pouvoir gla~~gene a un niveau eleve. On peut 
meme, comme nous l'avons montre dans plusieurs 
cas particuliers, obtenir avec une concentra
tion en poussieres faible, un pouvoir gla~ogene 

, 



plus elev€ qu 1 en periode de brume seche dense. 
Dans ces conditions, la correlation entre masse 
de .poussiere et activite gla9ogene ne peut etre 
que faible. Elle sera par contre relativement 
€levee, si, comme dans le cas pr€cedent, le 
melange des aerosols continentaux et oceaniques 
est faible. 

5,- Discussion 

L 1 activation de particules au contact d 1une 
masse d 1 air oceanique avait ete suggeree par 
Soulage des 1959 (5). Elle est en bon accord 
avec la theorie des sites de nucleation deve
loppee par Fletcher (6) et avec de nombreux 
resultats experimentaux. Ainsi, une des princi
pales conclusions du Workshop de Laramie sur 
les techniques de mesure des N.G. presentee par 
Vali (7) est que le nombre de noyaux gla9ogenes 
detectes augmente de fa9on considerable avec la 
concentration en noyaux de condensatio.n. Dans 
le meme sens Rosinski et Langer (8), analysant 
la composition chimique des N.G. naturels ont 

; 1 '1 , montre qui s sont pour la plupart des parti-
cules mixtes, c 1 est-a-dire contenant une frac
tion soluble. 

L'action des particules hygroscopiques se
rait decreer des sites de nucleation en favo
risant la formation a sous .saturation par rap
port a l 1 eau, d 1 eau liquide OU adsorbee a par~ 
tir de laquelle se developpe la phase solide 
(2). 

5.- Conclusion 

L1 analyse des differents cas envisages per
met une mise en evidence les facteurs dont de~ 
pend le pouvoir gla9ogene en Afrique de 
l'ouest : presence d 1 aerosols continentaux et 
augmentation de leur efficacite gla99gene au 
contact d 1 une masse d 1 air oceanique. 

Les aerosols marins hygroscopiques non gla~ 
9ogenes peuvent ainsi jouer indirectement un 
role important sur le pouvoir gla9ogene. 
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EFFECT OF METEOROLOGICAL FLUCTUATIONS ON HAIL GROWTH 

J. L. Xu 

Lanzhou University, P.R.C 

Gu et al. (1962) and Zhou (1964) have made 
theoreticalcalculations of the mechanisms of 
precipitation in warm clouds using a mono
dispersed size spectrum for the initial parti
cle and fluctuations in the meteorological 
factors. In this paper we consider the radii 
of growth particles as a function of random 
variables (initial particle radius and differ
ent meteorological factors). Here we use a 
polydispersed size spectrum for the initial 
particle radii and fluctuating water content 
and turbulent acceleration. We derive and 
calculate the equation and compare with 
other, more simple models. The results show 
that convective storm may produce moderately 
sized hail in a relatively short time. 

We specify quantitatively the effects of 
increasing or decreasing fluctuations in the 
meteorological factors as well as changing 
hail size distributions on the hail spectra. 

1. HAIL GROWTH IN AVERAGE METEOROLOGICAL 
CONDITIONS 

The growth rate equation is 

dr 
dt 

E 
4pi qv 

where E = collection efficiency, q the cloud 
water content, Pi the hailstone density and 
v the hailstone terminal velocity, a semi
empirical formula 

V = a,{r, a,= 2.04 X 103 cm112 SeC-l 

Integrating (1) we obtain 

where A Ea. 
8 

t, t is time from r
0 

to r. 
Pi 

(2) 

The radius, r
0

, of the hail embryo is the 
random variable from observation, its prob
ability distribution is 

[rd - r ]2 
0 

1 202 

v'Zna e r 
.:_ 0.05 </lo (ro) 0 ro cm 

ro 
ro < 0.05 cm 

0 

From these equations we obtain 
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[ 2 - ] 2 - (/r- Aq) -r 
,O• 

2a2 
r. 

0 

(3) 

3 
If q = 2grms/m; t=540 sec; the minimum 
embryo radius= 0.05 cm and the maximum 0.3 cm 
with a mean radius of 0.15 cm and mean square 
deviation, crr0 =O. 05 cm, then the result is 
curve A in Fig. 1 

3 1.0 
't;, ,, ~ 

0 \· 
0 r l \ 
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Fig. 1 - Hail size distributions for different 
conditions. 

2. HAIL GROWTH WITH POLYDISPERSED EMBRYO 
SPECTRUM, FLUCTUATING WATER CONTENT AND 
FLUCTUATING TURBULENT ACCELERATION 

The condition of turbulent acceleration, 
we obtain the semi-empirical formula for 
terminal velocity v = Sv'w Ir where w is the 
vertical acceleration of a hailstone with 
respect to the air, S= 65.27, and w is _::q. 

The distributions of q and w are assumed 
as 

-(g-9)2 
1 

20 
2 

(4) 
<pl (q) - e q _::o 

/2rraq q 

0 q > ') 

and 



--"1-e 
1/ziro 

w 
b 

2 
-(w-g) 

2a2 
w 

w > 0 (5) 

w < 0 

where q is the mean value, Oq and ow the mean 
square deviations. Integrating (1) we obtain 

(6) 

because r
0

, q and ware random variables, r is 
also a random variable. For a given time, t, 
and assuming E and p 1 are constant, Bis also 
constant, and we obtain the distribution 
function of r as 

F(r) (7) 

in the domain where r. < ¢Cr , q, w) < r, the 
probability of r may ~e-exp~essed as-a triple 
integration 

F(r) = Jffiµ(r , q, w)drdqdw 
0 

V 

assuming 

(8) 

(9) 

Making the transformation (B/wq+fr) 2 z and 
differentiating for r, we obtain ~e proba
bility density of r as 

1 Jr 'M fg+3o 1 
<j>(r)= -------- 0 dr w 

2~ Bo o o ir- r d g-2o /w 
r

0 
q w om w 

1 2 (10) 

l 
( -)2 2 - ,-(./r-./r )-Bq 
_r_o_-_r_o_- +<w-g) 

1 
_v_ww ___ o _____ l--

202 2o 2 2o2B2 

.e 
r 0 w q ,dw 

If r = 0.15 cm; or· = O. 05 cm; the mini-
o 0 

mum hail embryo radius= 0,05 cm, the maxi-
mum= 0,30; q = 2 grms/m3; Oq = 0.3 q; ow= 
]/3 g; t = 545 sec, from (10) we obtain the 
curve Bin Figs. land 2. 

The result obtained are in good agreement 
with observations by Douglas (1963)(curve (2) 
in Fig, 2) and Xu et al (1965) (curve (1) in 
Fig. 2, --

3. MORE SIMPLE MODELS 

a~ Hail growth with a tnonodispersed hail 
embryo spectrum and a fluctuating water content: 
The distribution density of r is 

<I> (r) 
1 1 

---€ 

ilia A 
q 

- 2 
< rr - ✓r") 

and in the domaine where ~l ~ r ~ r 2 the 

probability of hailstone radii size is 

(11) 
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Fig. 2 - Hail size distribution - polydisper
sed hail embryos, water content and turbulent 
acceleration fluctuation. 

where <l>(y) Ir - t 
a r 

(12) 

0 

If~= 2 gm/m3, oq 
t 540 sec, we obtain 
1 and 3, 

= 0.3 q; r
0 

= 0.15 cm; 
the curves c2 in Figs 

In Fig. 3, curves c1 and c
3 

show the probabil
ity densities of hailstone radii where oq = 
0.15 q (C

1
) and 0,45 q (C

3
) when r = 0,05 cm. 

In Fig. 4, curves D and E give the
0
probability 

densities for hailstone radii where o = 0.15 
q and 0.45 q respectively when r = 0~25 cm. 

0 
The probability of hailstone radii> 0.5 cm 
and.:".. 0.75 cm was calculated from (12) and the 
results are given in Table I. 

Table I 
Probability of Hailstone Radii 

C(l) C(2) C(3) D 

P(r.::_0,5) 0.063 0.22 0.31 2.3Xlo-3 

P(r.::_0.75) <10-8 2. 6x10-3 0.fJ31 3. 3x10-7 

E 

0. 75 

0.087 

b. Hail growth with a polydispersed 
embryo spectrum and fluctuating water content: 
The distribution density for r is 

<I> (r) 
e 



- 2 (r -r) 
-- 0 0 

- 2 cur" -1r"2-rr - ✓r ) J + _______ o __ o __ 
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2 2 AZ 
(J q 
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(13) 

-Fig. 3 - Hail size distribution - monodis
persed hail embryo, fluctuating water 
content for different fluctuation amplitudes. 

1.0 

-6~ _ __,_ __ .__ _ __._ __ 
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Fig. 4 - Hail size distribution - polodis
persed hail embryo, fluctuating water 
content for different hail embryo size, 
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The results of the calculations are shown in 
curves F and F' in Fig. 1. for F, t and q 
are the same as in curve Cz in the same figure 
and the other parameters are the same as in 
curves A and B. For F', the parameters are 
the same as F except r =0,5 cm; r

0
=0.25 cm; _ 1 _ om 

and cr r o - -3" r o. 

c. Hail growth with a mono:lispersed hail 
embryo spectrum, fluctuating water content 
and fluctuating turbulent acceleration: 

1 j g+3crw 1 

4B1rcr cr ✓r g-Zcrw 1w 
q w 

dw (14) 

The results are shown in curve G, Fig. 1 where 
the parameters are the same as curve B except 
r 0 =0.15 cm. 

4. SUMMARY 

If average meteorological factors a.re used 
and the hail embryo size spectrum is monodis
persed, the resulting hail size spectrum is 
also monodispersed. If the meteorological 
factors are allowed to fluctuate, however, 
the resulting hail size spectrum is polydis
persed. 

Increasing or decreasing the magnitude of 
the fluctuations seriously affects the hail 
size distributions. 

Hail size distributions are also affected 
by whether the hail embry.o size spectrum is 
mono or polydispersed, 

The effect of the size of the hail embryo 
radius or mean radius are striking. 

The results show that a relatively weak 
convective storm (q = 2 gms/m3), with moderate 
fluctuations i.n meteorological parameters 
(C>cj=O. 3q) may produce hails tones 2 to 3 <1:111. in 
diameter in a relatively short time (9 min.) 
which can damage crops. 
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ANALYSIS OF THE RAD.AR ECHOES AND TEE HAILSTONE MICROSTRUCTURE 
OF A MULTICELL HAILSTORM 

Naihu Gong, Tangfu Liu, Song:ri Yang 
Lanzhou Institute of Plateau Atmospheric Physics 

Chinese Academy of Sciences 

Jialiu Xu 
Department of Geology and Geography, Lanzhou University 

Lanzhou, China 

A multicell hailstorm was for the !irst time well observed at the pinglia.ng ha
il suppression base, Gansu, China, from 17:o7 to 19:50 on June 25, 1977. In the 
process of motion and propagation, the hailstorm hailfall shot on the ground hail
stones of various sizes as big as broad beans and apricots. The hail accumulation 
was about 15 cm in thickness in some regions. At the same time, strong thunder 
shower was accompanied. The precipitation at the central region amounted to 16 mm 
within 15 minutes. In order to make clear the structure of the hailstorm and its 
physical process of formation so as to conduct more effective operation to suppre
ss hail artificially, we have analysed the radar echo and the hailstone micro
structure of the multicell hailstorm. 

1. The radar echo character 
a) The developing and evolving process. The radar ( Type JMA-133d made in Ja

pan) echo evolving process of the this hailstorm is shown in figure which shows 

1720 17''2 
313° m• 

~10 
O&Vn.oPIN 

.1,11•~ .. ·30 
;;; 5 .zo .,. 

0 
10 

40k,. 30 2.0 ID 0 40 30 20 10 0 ,40 50 20 /0 0 40 30 20 /0 0 

Fig. 2. Echo charts of reflectivity contours (dbZ) in PPI. RHI at some ma.in 
time. (reflectivity contours from outside oo, 26, 36, 46, 56 dbZ respectively) 

the complete process of how the multicell hailstorm generated, developed, matured 
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and dissipated. The b cloud echo generated just at 17:23 was very small and weak 
and was in the initial stage, situated at the right front flank of the hailstorm, 
but developed rapidly during its moving process and combined into the compound 
body of hailstorm at 17:33. The developing stage was represented at 17:42. The 
height of the top of b cloud from RHI was about? km, with corresponding tempera
ture of -10°- -25°c. This is the right place where hail-embryos formed and grew 
into the small hail (-%5mm). It grew rapidly in a further step and became the main 
center of original cell group at about 18:o1, ie. the mature stage. The cloud body 
was then high and intensive. !I.1b.e reflectivity region of ~46dbZ stretched to the 
height of 5-9 km with the coxresponding temperature of -15°- -4o 0 c. It is main 
growing regions of hailstone. It turned into the decaying stage at about 18:30. 
During the b cloud developing, the original primary cloud a dissipated gradually. 
Another cloud c was formed at the right front flank of hailstorm. The cloud c re
peated again the same process afterwards, ie. 18:o1 being the initial stage, 18:1? 
developing stage, 18:33 mature stage and decaying stage at 19:oo about. The radar 
echo evolution showed a sequence of developing cells at the right front flank of 
hailstorm. Each of cells proceeds though a similar life cycle and at the same time 
the old cells dissipated gradually at the left rear flank of hailstorm. 

b) The life cycle of the cells. Tracking cells motion and discontinuity propa
gation of hailstorm in our example, it was found that the life cycle of cell at 
its initiating and developing stages was 15±5 minutes respectively, and that at 
the mature and decaying stages was each about 30 minutes, thus the whole life cycle 
of the cell was not more than 1.5 hours. 

c) The moving direction of cell and hailstorm. Observing that the individual 
echo moved continuously toward 30 ° left of the environmental wind and the echo 

0 • 

group of hailstorm propagated discontinuously toward 30 right of the environmental 
wind, the deviative angle between the moving direction of the cell and the hail
storm was then about 60°. Inspecting the splitting cell, the deviative angle was 
even 9o O 

• 

d) The splitting phenomenon. There was a splitting phenomenon in the intensive 
region of the cell in mature stage. Figure shows that splitting occurred at 17:43 
in the intensive region of radar echo. The phenomenon of the high elevation angle 
of PPI was also the same. The cross-section of elevation angle 11.5 at 17:50 shows 
the splitting of a thicker layer of cloud too. After splitting, the two mature 
cells moved at the same time in different direction and caused hailfalls respecti
vely with the area of coverage being enlarged. The cell splits from the intensive 
region weakened and dissipated gradually after the hailfall and didn't go through 
the regular life-cycle as the multicell did. 

2. The microstructure character of hailstones 
a) The feature of the shapes of hailstones. Analysis of 120 hailstones collected 

from the ground shows that the diameters of the hailstones produced by the multi
cell hailstorm were small, the hailstones bad more identical shapes, mainly the 
spheres and the spheroids. The spheric shape was the major 83.6%. It denotes that 
the environmental disturbance was much serious. 

b) The inner structure of the hailstone. Cross-sectional observation on the 108 
hailstones collected from the field has been made. The major shape of the hail
embryos was sphere and the secondary one was spheroid. The hail-embryos of 64.8 
percent were transparent and semitransparent and their diameter were small, the 
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distribution was biased. 
From the analyses of the selected 130 pieces of hailstones it could be seen that 

in spite of it was not so large size ( the ma..~imum diameter was not more than 2 cm) 
the hailstone consisted of many layers, the number of which was rather divergent. 
Pieces with 2-5 layers were in the majority, amounting to 67.6% and the secondary 
were that of 6-9 layers, amounting to 30.8%. This illustrates the great fluctua~ 
tion of the air current and the water content in the cloud, and also the feature 
of hailstone growth through different stage$of cells in a multicell hailstorm. 

c) The character of hailstone spectrum. looking through the spectral distribut~ 
ion of 1557 hailstones collected at random two hours after the hailfall, the re
lationship between its relative concentration and diameters was unsymmetrical 
distribution with single peak. The mode diameter was 7mm, and could be expressed 
as 

f(d)=1.o8d5• 12e-o.S9d (%) 

Besides, during the former period of hailfall (17:43 1-'l7:44'39''), the hailstone 
spectral distribution of the absolute concentration was also observed. Its mode 
diameter was 6-7mm. The total concentration of the hail was o.136/m3 (being some
what too little). 

3. The operating portion on the hail suppression 
For different hailstorm we propose to use different methods of hail suppression. 

For the multicell hailstorm, basing upon the analysis of the radar echo we consid
er that it is not only necessary to bombard to the front part of the main cell and 
to the region of intense echo, but also to bombard to those where the little cloud 
mass formed in the right front flank of the moving hailstorm, the site of b. c 
initial echo with height of 3-5 km and the site of developing b. c echo after com
bined with the main cloud with the height of 5-7km ( the forming and growing re
gion of hailembryos ). Because the cells have the similar developing evolving 
process in the multicell hailstorm, it is better to make several repetitions to 
the operating portion as above mentioned in hail-suppression work. 
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ERRATUM 

- Les articles II-1.5 et II-1.6 sont les rnernes. 

The papers II-1.5 et II-1.6 are the same. 

- La classification a ete legerernent rnodifiee entre l'imp~ession des 
Proceedings et l'etablissement du Programme Scientifique. 

The classification has been slightly changed between the Proceedings 
and the Scientific Program. · 
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