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Welcome to Reno — the Biggest Little City in the World!

As we welcome participants to the 13® International Conference on Clouds and Precipitation, we
do so from a perspective that our subject is putting on our shoulders a responsibility to the
scientific community which was not there before. More than ever, the enjoyment and
interpretation of cloudscapes are taking second place to application of our knowledge in
important political and technological decisions. Such decisions are based on an assessment of
complex atmospheric processes including, for example, the influence of cloud particles on the
global radiation budget or atmospheric chemical reactions.

Fundamental to this responsibility is assessing the reality—or otherwise—of how our
technological society is influencing global climate through the generation and use of energy.
This involves use of satellite remote sensors to attempt to retrieve cloud properties on a global
scale, leading to insights into energy budgets related to radiation absorption and scatter, and
latent heat transfer through different phase changes.

Meanwhile, more immediate problems include predicting likely precipitation rates, providing
accurate warnings of severe storms, and assessing the impact of clouds on air quality. Solutions
to these challenges require improved interpretations of radar signatures and more reasonable
parameterizations within numerical weather and air quality forecast models. With all of these
endeavors, from the use of remote sensing to improved modeling, there is a great danger that our
drive for simplicity will lead to divergence from the reality we seek, and thus result in misleading
information. Herein lies our responsibility

We must advance the concept that algorithms for computing things work better if they are based
on physical or chemical insight. This has been considered heretical in some circles and may
have slowed advance in both understanding and representing certain problems. And there are
areas where our understanding is still thin—the nature and role of mixing processes on a variety
of scales, ice nucleation, the role of the surface layer on ice, and cloud electrification, to name a
few.

Our perspective must encompass all approaches—observational, experimental, theoretical, and
numerical. We seek to further our basic understanding as well as promote application to topics
possibly well outside our immediate interests. Our goal for this meeting must be to further these
objectives by successfully following the long tradition of scientific leadership set by the
preceding International Conferences on Clouds and Precipitation.

John Hallett — Chair, Local Arrangements
George Isaac — Chair, Program Committee

June 2000
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CONVECTIVE CLOUDS WITH SUSTAINED HIGHLY SUPERCOOLED LIQUID WATER UNTIL -38°C

Daniel Rosenfeld’ and William L. Woodley?

1Inst of Earth Sciences, the Hebrew University of Jerusalem, Jerusalem 91904, Israel
*Woodley Weather Consultants, 11 White Fir Court, Littleton, CO 80127, USA

1. INTRODUCTION

Highly supercooled water at temperatures < -35°C were
previously observed in small quantities < 0.15 gm™
cirrus (Sassen, 1985) and orographic wave clouds
(Heymsfield and Miloshevich, 1993). The high
supercooling was attributed to the very smalt droplet size
and to the lack of ice nuclei at these heights. No similar
measurements were reported for deep convective
clouds, which have much larger droplets near their tops
(>10 mm) and ingest aerosols from near the ground.
However, remote sensing from satellites (Rosenfeld and
Lensky, 1998) suggested that highly supercooled water
up to nearly —40°C is a common occurrence in vigorous
continental convective storms. To validate that, in situ
measurements with a Lear Jet have shown that most of
the condensed water remained liquid droplets up to -
37.5°C, where they reached median volume diameter of
17-mm and amounted to 1.8 gm'a, which is 13 times the
previous maximum report (Heymsfield and Miloshevich,
1993). Only ice was found at slightly colder temperature,
suggesting homogeneous freezing. Because of the poor
knowledge of mixed phase cloud processes (Pruppacher
and Klett, 1997), cloud models cannot properly simulate
them. Therefore, the insights from these unique
observations have major implications for rainfall, hall,
cloud-electrification and climate.

2, PREVIOUS OBSEVATIONS

Cloud droplets do not readily freeze at 0°C, but often
remain liquid at colder temperatures in a “supercooled”
state. The cloud droplets can freeze by either ice nuclei
or by homogeneous freezing. The lowest temperatures
to which pure water droplets can exist in a supercooled
state for times longer than a fraction of a second before
homogeneously freezing depends on the drop size.
According to both theory (Jeffery and Austin, 1997) and
laboratory experiments (Pruppacher, 1995), a 10-mm
cloud droplet freezes homogeneously near -39°C. The
coldest previously reported in situ measurements of
supercooled liquid water content (SLWC) colder than —
32°C, in excess of the sensitivity of the measuring
instruments (0.02 gm™ for hot wire probes Heymsfield
and Miloshevich, 1989), was 0.14 gm® at -36°C,
measured in 1989 by Heymsfield and Miloshevich in
orographic lenticular wave clouds.

Corresponding author’s address: Daniel Rosenfeld, Inst.
of Earth Sciences, The Hebrew University of Jerusalem,
Jerusalem 91904, Israel;

E-Mail: Daniel@vms.huji.ac.il.

Sassen, in 1985, reported SLWC of 0.06 gm™ at the
base of cirrus clouds, between -35° and ~36°C. He
stated that “in comparison with earlier reported aircraft
measurements, the detection of such highly supercooled
water is unique”.
Both reports (Sassen, 1985; Heymsfield and
Miloshevich, 1993) suggested that the dearth of ice
nuclei derived from the earth's surface at the upper
troposphere prevented heterogeneous nucleation,
allowing for the observed homogeneous nucleation at
such cold temperatures in altocumulus and cirrus clouds
(Sassen, 1992). No previous reports are available for
observations of similar highly supercooled water and
homogeneous freezing in convective clouds with roots
near the surface. |n view of the reported findings to the
contrary here, one can only speculate about the reasons
they have not been reported previously:

e lLow priority was given to such measurements,
because it was felt that clouds ingesting air rich in
ice nuclei from the boundary layer would glaciate
long before reaching the point of homogeneous
freezing (Houghton, 1985).

e The safety problems involved in penetrating
vigorous cumulonimbus towers at the ~30° to —40°C
isotherm levels in storms that typically contain hail
and frequent lightning.

The first indications available to the authors that highly
supercooled water might exist in convective clouds were
obtained by remote sensing from satellites over
Thailand, using the technique developed by the first
author (Rosenfeld and Lensky, 1998). The inference of
supercooled water at temperatures below -30°C
prompted the authors to fly with the Thai King Air cloud
physics aircraft to measure the cloud microstructure in
Thailand clouds. Penetrating feeders of cumulonimbus
clouds, a SLWC of 2.4 gm™® was measured at the
operational ceiling of the aircraft (9300 m above sea
level) at a temperature of ~31.6°C (Sukarnjanaset et al.,
1998). The cloud base temperature was +13°C at 2800
m above sea level. The SLWC was measured by the
King hot wire instrument.

3. THE NEW OBSERVATIONS

The satellite inferences with the methodology of
Rosenfeld and Lensky (1998) suggested that
supercooled  water  occasionally occurred  at
temperatures approaching —40°C in cumulonimbus
clouds over the western USA. An opportunity to validate
these satellite inferences came when Weather
Modification, Inc. gave the authors access to its Lear jet
cloud physics aircraft in the period 9-14 August 1998 for
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measurements in Texas clouds. The aircraft cloud

physics instrumentation included:

e Hot wire cloud liquid water probe, model LWC-100,
manufactured by Droplet Measurement
Technologies (DMT). The measurement efficiency
of the sensor depends on the drop sizes. For the
observed distribution it underestimated the SLWC
by not more than 10%.

s Air temperature probe,
manufactured by Rosemount.

¢ Forward Scattering Spectrometer Probe (FSSP) for
the range 0547 mm, model FSSP-100,
manufactured by Particle Measuring Systems Inc.

e Optical array particle imaging probe, for the range
25-800 mm, model OAP-2D2-C, manufactured by
Particle Measuring Systems Inc.

model  102AU1AP,

High level measurements in the tops of vigorous growing
convective elements of cumulonimbus clouds were done
with the Lear Jet on 11 and 13 August 19989. The
authors, also the flight scientists onboard the Lear Jet,
selected for penetration the visibly most-vigorous new
convective elements as they grew through the
measurement flight level. [In addition, extensive
measurements were made at all levels down to cloud
base for documenting the vertical microphysical
evolution of the cloud. Cloud base on both days was
near 3500 m at a temperature of 10°C.

On the flight of 11 August (20:28-23:42 GMT) just to the
west of iLubbock, Texas (34N 102W), a supercooled
liquid water content (SLWC) of 0.6 gm 4 was observed at
-35.9°C, 0.9 gm™ at -35.6°C, and159m at

34.4°C. Larger SLWC, up to 2.4 gm™, were recorded at
warmer cloud temperatures. Direct measurements of the
updraft velocity were not available. However, a rate of
climb of 68 m/sec was sufficient to keep up with the rate
of growth of the tops of some of the clouds containing
highly supercooled water. The residence time of the
water was measured by repeated penetrations in the
same cloud, which was narrow and clearly isolated. in 3
passes spaced at 3.5-min intervals the temperatures
and maximum cloud water contents were 1 2 gm®at -
32.9°C, 1.5 gm™ at -32.7°C, and 0.4 gm™ at -35.2°C.
That means that the large amounts of highly
supercooled cloud water were not a transient feature,
but rather long lasting, with freezing time of about 7
minutes.

On the flight of 13 August (20:26-23:09 GMT), to the
north of Midland, Texas (33N 102W), the effort was
focused on documentation of the transition from water to
ice clouds in vigorous convective elements. Extensive
documentation of the clouds from their bases was done
as on the 11 August. The vertical evolution of cloud
microstructure was found to be similar for both days.
Therefore, only figures from the 13 August are provided
here. As illustrated in Figure 1A, maximum SLWC
values of nearly % adiabatic water content was
measured throughout the cloud depth, up to the —37.5°C
isotherm. The aircraft windshield was instantly covered
with rime ice during the readings of high SLWC despite
the windshield heater, demonstrating that there was
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really ample supercooled water at these very low
temperatures. An abrupt vanishing of the SLWC was
recorded at colder temperatures in the same clouds. The
remaining reading of up to 0.2 gm™ in obviously fully
glaciated clouds (i.e., at temperatures < -40°C, where
theory dictates that droplets >1-mm must freeze
homogeneously, Jeffery and Austin, 1997) is attributed
to the cooling effect of the frozen cloud drops on the hot
wire (Personal communications, D. Baumgardner).

: / g . -
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Figure 1: The supercooled cloud liquid water content as
a function of temperature, in all the clouds on the 13
August 1999. Each point represents one second of
measurements, or 150 - 200 m of cloud path. Note the
abrupt decrease of the water at —~38°C, indicating the
point of homogeneous freezing. The dotted curve marks
the Y2 adiabatic water content, as reference for the rate
of consumption of cloud water to freezing and other
processes.

The accuracy of the instrument reading is critical in the
context of these findings. A calibration check was made
{o the instruments before and after the reported flights,
and they were found to have been properly calibrated.
The temperature readings were validated against the
rawinsonde-sounding balloon, which was launched from
Midland at 00 GMT, on 14 August. The sounding was
quite representative, because it was within 100 km and 1
hour of the time of the aircraft measurements. The
intercomparison of the aircraft temperature (Ta) with the
sounding temperature (Tg) at the point where 1.8 gm’ % of
SLWC was measured shows in cloud; Static pressure
265 mb; T,=-37.5°C; T, at the same pressure was
-38.1°C. Out of cloud in level flight: T.=-37.5°C at a static
pressure of 260 mb whereas T; was -39.3°C at the same
pressure. Direct checks of the temperature probe on the
ground provided T,=+0.4°C at 0°C and T,=-9.7°C at —
10°C. These comparisons suggest that
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Figure 2: The FSSP measured medjan volume diameter
of the cloud particles as a function of temperature, in all
the clouds on the 13 August 1999. Each point represents
one second of data, or 150 - 200 m of cloud path,
containing more than 100 cm™ FSSP-measured cloud
particles. The red symbolis denofe cioud segmenis with
hot-wire measured liquid water contents >0.3 gm™.

our measurements provide a conservative estimate of
the temperature at which homogeneous freezing took
place. It might actually have taken place at a slightly
lower temperature.

4. THE SIGNIFICANCE OF THE FINDINGS

The lack of significant freezing at higher temperatures,
and the sudden freezing at —38°C are indicative of
homogeneous freezing as the major glaciating
mechanism in the measured convective clouds. This is a
remarkable observation with far reaching implications:

e Heterogeneous nucleation by ice nuclei was
incapable of freezing much of the cloud water.
However, it not likely that it was because of a dearth
in ice nuclei. The air ingested into the cloud base
had substantial amounts of aerosols of unknown
composition. The FSSP measured average
concentrations of 0.5 cm™ particles >0.5-mm. Most
insoluble aerosols of that size become ice nuclei
below —25°C. A possible explanation might be the
very small collision efficiencies between the ice
crystals that were nucleated heterogeneously and
the cloud droplets <~40-mm, for ice crystals
<~200-mm*. :

e Most of the water remained in the form of large
concentrations of small cloud droplets (Figure 1B),
with FSSP measured median volume diameter
(MVD) increasing with height, reaching 17 mm at
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Figure 3: The same as Fig. 2, but for the FSSP-100
measured concenlration of cloud particles.

~-37.5°C isotherm, just below the height of
homogeneous freezing (see Figure 1C).

e The FSSP cannot resoive ice from water. However,
the fact that the SLWC was % of the adiabatic water
content implies the existence of liquid water droplets
of at least the MVD size of 17-mm. Such droplets
freeze homogeneously near —38°C.

e The nearly constant half adiabatic water content
(see Figure 1B) and the small MVD of the cloud
droplets suggest that only a small fraction of the
cloud water was converted into precipitation. That is
confirmed by the 2DC measurements, showing ice
particles > ~50 mm exceeding the concentrations >
10 I'" in the high SLWC clouds only at temperatures
<-30°C.

e The maintenance of the MVD through the glaciation
at —38°C indicates that the cloud droplets freeze into
small ice particles, presumably in the form of frozen
droplets. That ice is exhausted through the
cumulonimbus anvil and is not likely to contribute to
the precipitation. Therefore, the observation of the
apparent homogeneous freezing in cumulonimbus
clouds is indicative of very poor precipitation
efficiency.

e The deep layer of high SLWC provides large growth
potential for the small concentration of ice
precipitation particles that are initiated in the lower
parts of the updraft. This means that such highly
supercooled and persistent SLWC represents
favorable conditions for the growth of large hail.

e Given the empirical necessity for liquid water for
appreciable electrification in laboratory experiments
(Williams et al., 1991), the extension of supercooled
droplets to greater heights above the 0°C isotherm
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might explain the observations that deep continental
clouds have the strongest electrification of all
cumulonimbus types.

it should be noted that the Lear Jet was available for
only 6 days, and on only 2 days were attempts made to
document the highly supercooled portions of the clouds,
although potentially suitable clouds occurred aiso on
other days of that week. The fact that the highly
supercooled water was found in two of the two attempts
strengthens the evidence from the satellite indications
that the reported observations are not rare occurrences.
Furthermore, similar observations conducted in the last
week of January and first week of February 2000 at
Mendoza, Argentina, documented additional five such
casss, with up to 4 gm'3 of supercooled cloud water at
-38°C.

5. CONCLUSIONS

The discovery that in some clouds most of the
condensed cloud water remains liquid until the point of
homogeneous freezing requires a major revision in cloud
models simulating rain, hail and cloud electrification.
Incorporation of these changes in global circulation
models will likely incur substantial differences in our
understanding of the way aerosols, clouds and
precipitation are affecting the global climate. For
example, aergsols thai serve as small  cloud
condensation nuclei, which make the clouds more
continental (i.e., with smaller droplels), aie iikely io
reduce their precipitation efficiency and thus inhibit
rainfall in polluted areas. The reduced precipitation
means more water vapor flux to the upper troposphere
and lower stratosphere, and reduced net latent heat
release, which in fact change both the radiative and
heating forcing of the climate system.,
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A STUDY OF AGGREGATION CHARACTISTICS IN A
WINTERTIME OROGRAPHIC STORM

W. D. Hall, R. M. Rasmussen, E. Brandes, H. Hsu, and J. E. Dye !

1National Center for Atmospheric Research, Boulder, Colorado, USA

1. INTRODUCTION

The development of ice particle spectra in clouds
has long been a major research topic in cloud physics
for many years. To quantitatively understand the
aggregational process of ice crystals forming snow
requires knowledge of many ice particle physical
factors under varying thermodynamic and dynam-
ical conditions of rising and mixing currents within
clouds. The physical factors governing aggregation
of ice crystals into snow involve ice particle shape,
bulk density, sedimentation characteristics, ice par-
ticle collection rates by sweép out and wake capture,
adhesion rates after collision which involve details of
surface mechanical, electrical properties, and parti-
cle fragmentation.

To model the complex aggregation process one
must include considerable empirical observational
data to sort out the dominate physical character-
istics. Due to many uncertainties and variations of
ice particle type and behavior observational evidence
needs to be critically examined.

The qualitative aggregation characteristics have
been established over 40 years ago in the literature
by Austin and Bemis (1950), Magono (1953),
Langleben (1954), Imai et al (1956) and Fujiwara
(1957).  These characteristics can be generally
summarized for temperatures warmer than -22°C
where the aggregate size increases with warmer
temperatures with a secondary peak between -10°C
and -15°C ( Kajikawa and Heymsfield, 1989). These
early works also noted bright bands with thicknesses
less that 300 meters appear near the 0°C isotherm,
and that snowflake melting generally occurs between
the temperatures of 0°C and +3°C. Exponential size
spectra were often cited for particle sizes larger than
2mm. Fujiwara (1957) further showed by simply
comparing the fall speeds and shapes of ice particles
to water drops that the collision frequency for a
given fall distance of interacting ice particles could
be 100 to 1000 times larger than for water droplets
of the same mass. He also noted the difficulty in
determining the coalescence rates.

In more recent times the works of Passarelli
(1978), and Mitchell (1991) have used spectral func-
tions and have approximated analytical solutions of

Corresponding author address: William D. Hall,
NCAR, P.O. Box 3000, Boulder, CO 80307-3000.
Email: hallb@ucar.edu

the spectra equations governing vapor growth and
aggregation to arrive at steady state and time de-
pendent solutions. Mitchell (1988) states that that
the treatment of updraft velocities is perhaps the
most serious theoretical deficiency in both models.
Modern day three dimensional cloud scale models
can yield improved descriptions of the dynamical and
thermo-dynamical conditions for such studies.

The purpose of the current paper is to perform
numerical experiments with three dimensional cloud
model simulations to better estimate the updraft
spatial and temporal characteristics of the clouds
and to use simple Lagrangian ice particle growth
models to predict the location where aggregation is
expected within an orographic winter storm. The
results of these calculations will be compared with
in situ aircraft ice particle measurements and radar
bright band observations taken during the Winter
Icing Storm Project of 1994 (WISP 94) to improve
our understanding of the physical conditions that
control ice particle aggregation. This case study will’
use observational data collected during the WISP
94 field study. Numerical simulations applying a
non-hydrostatic 3-dimensional model with mesoscale
forcing and parameterized warm rain and ice micro-
physical processes will be used. Simpler Lagrangian
parcel microphysical models that contain more cloud
physical details of the particle spectrum than that
of the three dimensional cloud model will be also
used to identify the microphysical charactistics of
aggregational snow formation. Additional goals of
this study are to improve the microphysical param-
eterization of the aggregation process within cloud
dynamical models and to enhance the physical in-
terpretations of modern radar data.

2. PRELIMINARY RESULTS

The modeling procedure is to first run the Penn.
State/NCAR mesoscale model, MM5, to provide
information on the large scale forcing for a WISP
observational period. The last 12 hours of the MM5
36 hour forecast is then used to drive the smaller
scale cloud model by using the data to initialize
the cloud model and update the cloud models outer
boundary conditions with time.

Some preliminary low resolution (3 km horizontal
and 200 m vertical gird) cloud model results are
shown in figures 1, 2 ,3 and 4. The results are
for the cloud model 6 hours into the 12 hour run.
Figures 1, 2, 3, and 4 show various model fields over
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"the 432 km by 432 km domain centered at 39.75°N
and 105.0°W. The domain covers most of the State
of Colorado and parts of Wyoming, Utah and New
Mexico. On each of the figures the topography is
shown with the white areas indicating regions above
3 km MSL. Figure 1 shows the low level vector for
a constant elevation of 1.87 km MSL and figure 2
shows the same vector field at 2.7 km MSL. These
figures indicate a low level circulating system that
dominates the location and intensity of the snowfall.
Figure 3 shows a three dimensional depiction of the
.1 g m~3 iso-surface of simulated cloud ice mass field.
Figure 4 shows a vertical southwest to northeast
cross-section along approximate ice particle growth
path illustrating a typical winter time upslope
snowstorm structure with low level flow coming
from the north east and the upper level return
flow from the west. These early results indicate
that the simulated mesoscale currents compare well
with observations. Continued calculations using
high resolution nested grids will focus on the fine
scales and details within the orographic precipitating
cloud. Finally, a Lagrangian growth model will be
used to examine details of the aggregation process.
These results will be presented at the conference
along with comparisons of available mesonet, in-situ
aircraft and radar data.
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Fienra 1. T.ow level wind vertors at 1.87 km MST, at 18 UI'TCC

Figure 2. Low level wind vectors at 2.7km MSL at 18 UTC
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Figure 3. View from the southwest of the 0.1 g m™
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ICE PARTICLE EVOLUTION IN TROPICAL STRATIFORM ICE CLOUDS:
RESULTS FROM TRMM FIELD PROGRAMS
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1. INTRODUCTION

During 1998 and 1999, the Tropical Rain Mea-
suring Mission (TRMM) program conducted four
focused field campaigns to evaluate the perfor-
mance of the TRMM radar and radiometer re-
trieval algorithms and to provide validation data
for TRMM mesoscale and regional scale mod-
els. The experiments were conducted in sub-
tropical and tropical regions: Texas and Florida
(TEFLUN-A and -B), Brazil (LBA), and Kwa-
jalein, Marshall Islands (KWAJEX). Measurements
were acquired with multi-polarization ground-based
Doppler radars, raingauges, in-situ aircraft, and
overflying aircraft with a host of active (Doppler
radar) and passive (microwave radiometers) instru-
ments.

As part of the validation effort, in-situ mea-
surements were acquired by the University of North
Dakota Citation in the latter three field campaigns.
The microphysical data set from the Citation proba-
bly constitutes the most complete set of in-situ data
in subtropical and tropical regions to date, as it in-
cludes particle size distributions and habit informa-
tion over a broad range of particle sizes and temper-
atures, using recently developed instruments. This
study reports on some of the Citation microphysical
data in deep anvils and stratiform ice clouds.

There have been few opportunities to collect
and analyze anvil and stratiform ice cloud micro-
physical data from the tropics. Knollenberg et
al. (1993) documented cirrus anvils over northern
Australia in the -60 to -90°C temperature range,
while Heymsfield and McFarquhar (1996) and Mc-
Farquhar and Heymsfield (1996) described the mi-
crophysical characteristics of cirrus clouds over a
wide temperature range (-20 to -70°C) from obser-

* Corresponding author address: Andrew Heyms-
field, NCAR/MMM, 3450 Mitchell Lane, Boulder,
CO 80303; e-mail: heymsl@ncar.ucar.edu

vations near Kwajalein, M. I., and during CEPEX.
These observations were limited by the lack of high-
quality particle habit information, especially in the
smaller particle sizes, and the absence of probes
with large sampling volumes to ascertain the sizes
of the largest particles.

In this article, the particle size distributions
(PSD) and habit information from a number of
slow, “Lagrangian-type” spiral descents through
cloud by the Citation in Brazil and Kwajalein are
examined. The Lagrangian spiral descents were
conducted to provide information on the vertical
structure of the particle size distributions (PSD)
through the depths of anvils and deep stratiform
clouds; the descents often began at or close to cloud
top, and ended at or close to cloud base. The
profiles also provide information on the evolution
of the ice particle population, as the aircraft
usually descended at approximately the mean mass-
weighted terminal velocity of the ice particles, about
1-2m s,

This article is organized as follows. Section 2
identifies the instrumentation and the cases selected
for analysis in this study. Section 3 presents the
observations and Section 4 summarizes the results
of this study.

2. OBSERVATIONS

The data herein are primarily in anvils and
dissipating deep stratiform ice clouds in Brazil
and Kwajalein (see Table 1). Of the seven cases
examined, cloud top temperatures at the sampling
location were < -35°C in four instance and > -
20°C in two instances. The lowest temperature,
-50°C, is relatively warm for tropical anvils, hence
the observations apply primarily to relatively warm,
dissipating tropical anvils and stratiform ice clouds.

The Citation usually descended at 1-2 m s™! as
it spiralled downwards from the coldest temperature
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Table 1
TRMM Lagrangian Spiral Descents

Date Location Times (UTC)  Alt (m) Temp(C) No. of Loops
990217 Puerto Velho, Bra. 194224 195601 10042 4602 -38 0O 4
990818 Kwajalein, M.I. 035139 040701 8508 5695 -27 -5 7
990819 Kwajalein, M.IL 220448 225000 6950 3346 -15 7 23
990822 Kwajalein, M.IL 211958 220451 11268 6993 -50 -16 14
990823 Kwajalein, M.I. 031423 034550 10408 6176 -42 -9 10
990830 Kwajalein, M.IL. 201056 203730 7376 3694  -18 6 13
990911 Kwajalein, M.L 194955 203121 10055 4514 -39 7 11
to base, usually representing a vertical depth of 3 to of 6.1 cm. All particles imaged by the 2DC

4.5 km (Table 1). Most spirals consisted of ten or
more loops, thus an average spectrum was obtained
over vertical distances of 300 m. The loop diameter
was approximately 5 km (Fig. 1).

082299
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) 5
9 166 9.2 Lat

Figure 1. Flight track of the UND Citation during a
Lagrangian spiral descent on 082299.

Particle shapes and size distributions were
measured over a broad range of particle sizes. The
SPEC, Inc. Cloud Particle Imager (CPI) provided
detailed information on the shapes and sizes of
particles from about 20 to above 500 pm. Because
the probe’s sampling volume is relatively small and
still the subject of study, the size distributions
obtained from the CPI are not used in this study.
The PSD’s are obtained primarily from the PMS
2D-C imaging probe, 100 ym and above, and the
SPEC, Inc., High Volume Particle Sampler (HVPS),
sizing from about 1 mm to the instrument’s limit

above 100 pm were included in the calculation of
the concentration; partially imaged particles were
“reconstructed” (Heymsfield and Parrish, 1978) to
yield their maximum dimension. State parameters
were obtained from the aircraft’ standard suite of
instruments.

The PSD often varied over the course of a
loop. With horizontal wind shear, variations in
the PSD could complicate comparisons of the size
distributions hetween successive loops. To reduce
errors in interpretation produced by size sorting,
each loop was divided into an upwind and a
downwind half-loop. Average size distributions
were obtained over each half-lop.

From the particle size distributions, bulk micro-
physical properties including the ice water content,
the radar reflectivity factor, and the precipitation
rate were calculated. A variety of mass-dimensional
relationships were used, and for the discussion here
the relationships of Mitchell (1996) for side planes
(< 400 pm) and aggregates of side planes (> 400)
are used as the observed particle shapes are best-
represented by these types.

3. RESULTS

Size distributions and habit information for the
22 August 1999 case (Figs. 2 and 3) is typical
of the broader data set in that it exemplifies the
development of the size distribution by aggregation
from the upper to lower levels of the cloud. Between
11.2 and 10.0 km, the maximum particle size
increases from 3 to 8 mm (fig 2, left panels).
Note that there is excellent overlap between the
2D and HVPS size distributions, giving confidence
to the size distribution measurements. - As the
aircraft progressed downward to 6.9 km, the size

670 13" International Conference on Clouds and Precipitation



22 Aug 99

11.1km —48°C ~48°C to —19°C

ISR VO I
Q 2000 4000 6000 B000 10000
0 um 3

S

10.9km _—46°C ®

N
[ 2000 4000 6000 8000 10000
0 um

C 2000 4000 6000 8000 10000
© pm

10.6km _—44°C 12 12

H km

o 2000 4000 6000 B80GO 10000
0 pm

3
o
Oooooo%ooo
S
)
5
3

10.4km ~42°C 8 8
T °
o,
o 10
2 ot [ . 5
5 1o* 10° 10 16 100  tooo 10000
10% Concanl tration m™* Maan Diomater um
0 2000 4000 600D BOOO 10000
0 um
10.2km_~40°C
8
. 10 12 12
&
10 .
g % G'°-o
S 10 % %
® Q
1072 to 2 10 )
0 2000 4000 6000 8000 10000 O,
D pm £ ‘?-o IE @,
. ) o
10,0km —38°C k3 o E @
s o Y
10 ; :
T ° " |
o 10 ¢ ©
2
Tt
5
102 6 " .
0 2000 4000 5000 B0CO 10000 0.001 0.0t0 0.100 ~t0 -5 0 5 10 15
D pm wc g m™? 2db

Figure 2. Summary of microphyiscal data collected during
the spiral descent on 22 August 1999. Left panels: PSD
from 2D probe (from 25 to about 1500 pm) and HVPS
(above 1000 pum) for selected heights between 10 and 11.1 km.
Right, top panel. Size distributions from upwind part of each
loop. middle panels: Concentration and number and mass-
weighted diameters. bottom panels. Calculated ice water
content and radar reflectivity (see text).

distribution continued to broaden (Fig. 2, upper
right panel).

An examination of the CPI imagery revealed
that virtually all particles above 200 pm were
aggregates, and those below 100 pm were single
crystals. This tendency is illustrated in Fig. 3,
where habits in three size ranges are presented: <
100 pm, between 400 and 600 pm, and > 800 pm.
It is apparent from these particle images, and from
the data set in general, that the particle shapes are
complex. The very small particles are almost always
circular, suggesting that they are either frozen drops
or sublimated ice crystals, although near cloud top
the latter are not likely. The aggregates are often
composed of a variety of crystal types and often
indicate riming. Aggregates often contain capped
columns.

- A minima in concentration, not apparent in
Fig. 2, is found between 100 and 200 pm,
conforming to the observations of Field (1999)
which attributes the minima to aggregation. The

< 100 microns

400 to 600 microns

> 800 microns

Figure 3. CPI images of particles in three different size ranges

collection efficiency of crystals below 100 pm by
aggregates is apparently near zero, whereas the
collection efficiency for crystals above 100 pm is
quite high, thus the crystals in the 100-200 pm
range are depleted. An examination of the CPI
imagery for aggregates supports the idea that
particles below 100 pm were not involved in the
aggregation process.

The tendency for aggregation is further exem-
plified in Fig. 2, right panels, second row. Con-
centration decreases systematically with height as
a result of aggregation. While the mean diame-
ter changes only slightly with height because the
number concentration is dominated by sub-100 pym
crystals, the mass-weighted diameter increases pro-
gressively with distance below cloud top.

The ice water content (IWC) and radar reflec-
tivity factor (dbZ., in db) increased progressively
with distance below cloud top. It is unclear why
the IWC (or the derived precipitation rate, which
is not shown) increases downwards, if the cloud is
essentially a region of fallout, with no growth and
some sublimation. One must question whether the
mass-dimensional relationships used to derive the
IWC is applicable to this situation. Other relation-
ships were used to derive the IWC, but these pro-
duced unrealistically-low dBZ’s for the situation.
Improved estimates of the IWC involve comparing
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the calculated to measured reflectivity at the air-
craft location, a topic of investigation.

The size distributions above 1 mm in Fig. 2
conform to an exponential form, therefore, curves of
the form N = Nye~*P were fit to the PSD’s above
diameters D = 1 mm to examine whether there
were systematic trends in the PSD’s with height.
Fig. 4 indicates that there may be a systematic
relationship between Ny and A. Near cloud top, the
Ny and ) are each relatively large, because the slope
of the PSD is relatively large. In the middle and
ice portion of the clouds, the Ny values decrease
to about 10° m~* and the A decrease to about
1000 m~!. These changes are clearly the result of
aggregation.

Three of the Lagrangian spiral descents con-
cluded in regions below the melting layer (Table
1). In these situations, a systematic relationship
between Ny and A was also observed. In Fig. 4,
Ny in the melting layer decreases from the value at
higher levels to approximately 105 m~*, whereas A
remains constant at about 1000 m~!. Continued
aggregation in the melting layer must lead to larger
particles but fewer particles overall to produce this
trend. Once significant melting begins, the slope
begins to increase. Since it is likely that the larger
particles are less dense than the smaller ones, the
former melt to relatively smaller diameter, leading
to an increase in A and Ny. Below the melting level,
the A and Ny increase, presumably due to breakup,
and must tend to a Marshall-Palmer type PSD.

4. SUMMARY AND CONCLUSIONS

This study has examined the evolution of the
particle size distribution in layers of anvil and strat-

iform ice cloud during TRMM field campaigns in
Brazil and Kwajalein, Marshall Islands. Lagrangian
spiral descents through the cloud layers showed that
the size distributions broaden substantially by ag-
gregation, even though most of the cloud layers were
dissipating. Above 1 mm, the PSD could be repre-
sented accurately by an exponential size distribu-
tion of the form N = Nye *P. In the ice re-
gion, a systematic relationship between Ny and A
was found with distance below cloud top. The ag-
gregation process was found to be responsible for
the changes in the form of the PSD with distance
below cloud top. In and below the melting layer, a
systematic relationship between Ny and \ was also
found for particles < 1 mm.

The relationship between Ny and X in dissi-
pating layers of stratiform ice cloud can therefore
be parameterized in terms of normalized height
or distance below cloud top. Examination of the
constant-altitude legs from the TRMM data set can
be used to examine whether the findings are general.
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LOW-TEMPERATURE ELECTRODYNAMIC BALANCE STUDY OF THE EVOLUTION
AND GROWTH RATES OF SUPERCOOLED WATER DROPLETS AND ICE PARTICLES

Neil J. Bacgn, Brian D. Swanson, Marcia B. Baker, and E. James Davis
University of Washington, Seattte, Washington

1. INTRODUCTION

We describe here preliminary hydrometeor growth
rate measurements made using a new instrument
built for studying ice and water droplet evolution.
While numerous experiments on ice growth have
been performed on substrates (e.g., Lamb and Scott
1971) and in cloud chambers (Fukuta and Takahashi
1999), the evolution and light-scattering properties of
single isolated ice particles have not been studied in
detail in the laboratory. Using the principle of
electrodynamic frapping, we are able to hold single
ice particles or aqueous droplets for periods of up to
several hours under controlled conditions, and we
have developed technigues to measure their sizes
both optically and via the levitating voitages. With
calibrations using aqueous droplets and by close
control of chamber temperatures, we can
characterize the temperature and humidity in the
vicinity of the levitated particle.

2. APPARATUS AND EXPERIMENTAL METHOD

We have shown the electrodynamic balance (EDB)
to be a useful tool for studying single ice particles at
lower-tropospheric temperatures (Bacon et al. 1998,
Swanson et al. 1998, 1999, Bacon and Swanson
2000). We have built anew EDB for studies of
ice particle formation, light scattering, and
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Fig. 1. Schematic of the apparatus
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growth/sublimation (g/s) rates under cirrus
temperature, pressure, and humidity conditions. The
main features of the new instrument are illustrated in
Fig. 1. The central cylindrical thermal diffusion
chamber (TDC), bounded by a cylindrical quartz
window for optical access, is mounted within an
octagonal vacuum jacket with 8 optical windows for
illumination, video-telemicroscopy, and angular light-
scattering measurements. To isolate the TDC
thermally, we pump the outer vacuum jacket to 10°
Torr with a diffusion pump. The TDC is cooled by
cryogenic fluid flowing though its walls from a
temperature-controlled refrigerated bath (Neslab
ULT-80). The current flowing through Peltier devices
(set by a digital/analog temperature-control feedback
circuit capable of milliKelvin control) heats or cools
the top and bottom vapor sources of the TDC relative
to the chamber temperature. In practice, we find that
the temperatures of the ice surfaces, walls, and
cylindrical window, monitored with calibrated
thermistors, can be controlled to within 0.1 ° C over
several hours,

Superimposed dc and ac potentials, applied to two
coaxial ring electrodes at the center of the chamber,
can be adjusted to trap single particles. Sliding ports
on the chamber top and bottom allow for particle
insertion and chamber access, with optional windows
for illumination and video-telemicroscopy. A vacuum-
sealed rofation stage at the chamber top allows re-
orientation of the particle for measurement of the
particle shape. Video-telemicroscopic cameras with
1 um/pixel resolution provide two views of the
particle. The two views are electronically combined
side-by-side and recorded on VCR.

Water droplets can be charged and introduced into
the balance using either a pulsed high-voltage
charging system or a droplet-on-demand system
consfructed using an inkjet printer cartridge. The
former method results in variable droplet radius and
charge, while the latter gives more closely matching
parameters — though the charge is generally smaller.
By adjusting the temperature difference between the
upper and lower vapor sources we can create either
growth or sublimation conditions at the EDB center. if
needed, we can accelerate sublimation by
illuminating the particle with a broadband light source
modulated with infrared filter-mirror combinations. For
normal operation, we illuminate the particle with
puised monochromatic (590 nm) light-emitting diodes
that have a negligible heating effect. The g/s rate of
a water droplet or frozen ice particle can be
measured by continuously monitoring both the dc
levitation voitage necessary to balance particle weight
and the frequency of the ac field necessary for stable
trapping. The general experimental method is
discussed in more detail in Swanson et al. 1999.
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3. ICE PARTICLE GROWTH HABITS

We have observed the evolution of ice particles
grown from 40 um diameter frozen HPLC water
droplets and of ice particles grown from small frost
seeds (Swanson et al. 1998, 1999). While particles
grown from a frost seed a few microns in diameter
often adopt hexagonal habits (see Fig. 2), all of the
frozen droplets to daie have evolved as polycrystals.

Fig. 2. Two side views of a thin platelike crystal grown from
a frost seed at about —-25°C

Figure 3 shows the shape evolution of one such ice
particle grown from a frozen water droplet at about —
30 °C. The typical evolution of frozen droplets has
been from sphere to a partially faceted (but not
pristineg) poiyhedion, which then sprouis several
faceted platelike crystallites. Given their size and
freezing temperature (below -35 °C), such
polycrystallinity is consistent with earlier findings
(Pruppacher and Kileit, 1997). It s notable that
particles grown between about ~20 °C and —40 °C are
aimost aiways piatelike, contrary to received wisdom.

Fig. 3. Evolution of a frozen droplet over 2 % hours at
~30 °C. The line in the first frame gives the 100 um scale.
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4. GROWTH RATES OF AQUEOUS DROPLETS
AND ICE PARTICLES

At lower-tropospheric temperatures, we have found
(Swanson et al. 1998, 1999) frost particle g/s to be
consistent with diffusion-limited growth

m’ = mg +ct (1)

where m is the mass, and my, ¥, and ¢ are constants
(y=2/3 when thermal and vapor diffusion control the
mass growth rate). In those studies we were unable
to measure the humidity directly, but we have
subsequently developed a technique to introduce
aqueous dropiets under identical conditions to those
experienced by our ice particles. By comparing the
g/s of pure (HPLC) water and lithium chloride (LiCl)
solution droplets, we are able to strongly constrain
the humidity and temperature at the center of the
chamber. To this end, we have selected conditions
close to water saturation at temperatures down to
about -40 °C.

We have measured the size evolution of HPLC
water droplets, 1 molar LiCl solution droplets and ice
particles held at about -30 ° C under identical
humidity conditions. The endcap (vapor source)
temperatures were conirolied to + 0.05 °C and the
cylindrical window temperature to = 0.1 °C, while the
mean temperaiures between different data sets have
standard deviations of 0.1 °C and 0.4 °C for the
endcaps and window, respeciiveiy. From ihe dynamic
stability characteristics of the trapped particle, we
measure (Swanson ei ai. 1999) ihe equivaient
spherical radius (radius of an equal-volume sphere).
By choosing the conditions to be at or near water
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Fig. 4. Growth of ice particles under controlled conditions,
with mode! result for diffusion-limited growth.

saturation, we are able to derive the humidity from
our water-droplet data with little dependence on the



droplet-growth model. The LIiCl solution droplets
provide an additional check of the temperature and
humidity (see Sec. 5).

Figure 4 shows 6 data sets of HPLC ice particle
growth. From the size evolution of HPLC water
droplets in the chamber, we infer a partial pressure of
water vapor e, of 50.65 + 0.95 Pa at around -30° C,
based on a polynomial parameterization of water
saturation given by Pruppacher and Klett (1997). The
line in Fig. 4 is the model result for spherical ice
particle growth (at partial pressure ey =49.7 Pa) with
both  condensation coefficient and thermal
accommodation coefficients (Fukuta and Walter
1970, Choularton and Latham 1977) set to unity. We
find the exponent y in Eq. (1) derived from this set of
ice particle growths to be 0.83 + 0.18. This, by itself,
is consistent with diffusion-limited growth (y=2/3).
However, the rate of growth of the ice particles (both
frozen water droplets and frost seeds) appears to be
too small to be consistent with simple diffusion-limited
growth (solid line in Fig. 4), given the humidity implied
by the water droplets held under matching conditions.

We have explored the possibilty of water
contamination, and have measured the impurity
concentration in the droplet generator at a few parts
per billion (Song Gao, private communication). In
addition, we have not observed any difference
between droplets from different sources and methods
of injection, and the humidity implied by growth rates
of solution droplets is consistent with the HPLC
droplet data, within experimental error.

5. LICL SOLUTION DROPLET GROWTH

We have studied the growth of 1 molar lithium
chioride solution droplets to calibrate the temperature
and humidity at the center of the TDC. The solution
droplets are useful since they evolve in LiCl
concentration as they grow and become more
dilute
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Fig. 5. Lithium chloride solution droplet growth, with model

We have used melting-point data to parameterize the
water activity as a function of molarity. From this, we
can model the growth of solution droplets and

compare with data. To make model and data agree,
both temperature and humidity must be adjusted
independently (due to the dilution effect). Currently
we are testing the accuracy of this method, using
tabulated data to deduce the water activity in
supercooled solutions. Figure 5 shows the growth of
LiCl solution droplets under the same conditions as
the ice particles in Fig. 4, with the droplet growth
model indicated by the solid line.

6. DISCUSSION

We are currently collecting more data to better
understand the low growth rates of the ice particles.
One possible explanation could be that the
condensation (or thermal accommodation) coefficient
is much smaller than presumed (to the extent that it
can be represented as a constant). An advantage of
our method is that any model must not only give the
correct growth rate, but must also match the
measured time dependence of the evolution. For
example, growth limited by surface processes leads
to a linear r(t) in the case of a spherical particle
growth. This translates as y=1/3 in Eq. (1). However,
nonspherical particle growth can lead to a different
exponent. Comparisons with a more sophisticated
growth model (Wood et al. 2000) are under way.

We plan to take more data at higher temperatures
in order to compare with published data of other
workers (e.g., Fukuta and Takahashi, 1999), and also
to grow ice particles at reduced pressure under true
cirrus conditions.
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EXPERIMENTAL STUDIES ON THE DENDRITIC GROWTH
OF A SNOW CRYSTAL IN A WATER CLOUD

Tsuneya Takahashi! and Tatsuo Endoh?2

THokkaido University of Education, Sapporo, 002-8501, Japan
2Hokkaido University, Sapporo, 060-0819, Japan

1. INTRODUCTION

Snow crystal growth by vapor diffusion plays
a dominant role in the development of both nat-
ural and seeded precipitation.

Laboratory studies of the snow crystal habits
have been carried out in a convection or diffu~
sion cloud chamber, in which ice crystals have
been grown on a hair or a fiber (e.g. Nakaya
1954; Hallett and Mason 1958, Kobayashi
1961). Dendritic crystals have been shown to
grow at temperatures between -12 and -16 °C,
while sectors grow at temperatures greater or
less than this range. Also, several percent of
supersaturation relative to water is needed for
dendritic growth, although snow crystal growth
in the atmosphere usually occurs at, or some-
what below, the water saturation level.

Using a supercooled cloud tunnel in which
the growth of an isolated snow crystal was suc-
cessfully simulated for a period of more than 30
min, Takahashi and Fukuta (1988), Takahashi
et al. (1991) and Fukuta and Takahashi (1999)
showed that dendrites grow under the condi-
tions of water saturation at temperatures be-
tween -14 and -16°C and the dimensional and
mass growth rates are pronouncedly highest.
Dendritic growth is helped by the increased
vapor density gradient at the edges due to the
ventilation effect. This finding agrees with that
of Keller and Hallett (1982), who conducted ex-
periments using forced ventilation.

Since natural snow crystals grow in a water
cloud, the effect on snow crystal growth of
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Takahashi, Hokkaido Univ. of Education, Inte-
grated Center for Educ. Res. & Training, Sap-
poro 002-8501, JAPAN; e-mail: takahasi@sap.
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the cloud droplets surrounding a snow crystal,
which also serve to enhance the vapor and
sensible heat transfers, should be considered.
in this paper, we address the effect of coexist-
ing cloud droplets on the dendritic growth of a
snow crystal.

2. EXPERIMENTS

The present study was carried out using a
supercooled cloud tunnel, in which a snow
crystal can be suspended freely and grown by
applying aerodynamical mechanisms for hori-
zontal stability, described in detail by Fukuta et
al. (1982) and Takahashi and Fukuta (1988).

Fog droplets were continuously generated
by an ultrasonic atomizer and were supplied
into a fog chamber.  The concentration of fog
droplets was controlled by impressed voltage to
the atomizer. In the fog chamber, the dense
fog was immediately mixed and supercooled by

10 + . .

FREQUENCY (%)

0 10 ] 20 30
DIAMETER {um)

Fig. 1. Averaged size distribution of fog drop-
lets in the working/observation section of a
supercooled cloud tunnel.
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Fig. 2. Snow crystals grown for 10 min at-12.5°C and -13.5°C with the different
liquid water contents, which are shown in respective photographs.

cold air that was introduced by an air suction
device using a vacuum cleaner. Three verti-
cal partitions were used to divide the fog cham-
ber (which is 92 cm long, 165 cm high and 46
cm wide) into four sections.  While the air
containing the supercooled droplets moved
through these seciions, turbuience was damp-
ing, the air was saturated with water, and the
fog became uniform in terms of both tempera-
ture and droplet concentration. The fog was
then introduced into the working/observation
section, where a snow crystal was to be freely
suspended,

The liquid water content of the fog was cal-
culated from the air temperature and the dew
point of air obtained by evaporating the fog.
The air temperature and the dew point of air
were continuously monitored by a thermister
thermometer and a quartz dew point
hygrometer, respectively.  The maximum fluc-
tuation in air temperature in each experiment
was t0.3°C. Experiments were carried out at
growth time of 10 min under isothermal condi-
tions from -11°C to -17°C with liquid water con-
tents between 0 and 1.5 g m3,  Figure 1
shows the averaged cloud droplet size distribu-
tion measured by an impaction method. The
average diameter was 8.3 ym.

3. RESULTS AND DISCUSSION

3.1 Experimental Results

Figure 2 shows examples of snow crystals
arown under various liquid water contents at
-12.5C and -13.5°C, where a plate and a sec-
tor were grown unaer the conditions of a liguid
water content of about 0.1 g m3, respectively
(Takahashi et al. 1991). The crystal shape
changed with increases in the liquid water con-
tent. At -12.5°C, a plate, a sector and a den-
drite grew when the liquid water contents were
0.1, 0.6 and 0.9 g m3, respectively., At -13.5
°C, the crystal shape changed from a sector
when the liquid water content was 0.0 g m3 to
a dendrite when the liquid water content was
0.2 g m3,  Six branch tips of a dendrite grown
with a liquid water content of 0.5 g m3 had
rounded figures, while the tips of a dendrite
grown at -12.5°Cand at -13.5°C with a liquid
water content of 0.2 g m~3 had angular figures.

The variation of crystal shapes formed with
different temperatures between -11 and -17°C
and liquid water contents between 0 to 1.4 ¢
m3 are summarized in Fig. 3. The crystal
shape depended on the liquid water content in
the temperature range of -12°C and -13C; i.e,,
fog droplets enhanced the dendritic growth of a
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Fig. 3.. Snow crystal shape as a function of

temperature and liquid water content for a
growth time of 10 min.

snow crystal. On the other hand, ata tem-
perature below about -16°C, there was no
dendritic growth.  Because the crystal shape
did not change with increases in liquid water
content, the fog droplets did not notably affect
snow crystal growth. Thus, dendritic growth
was observed at temperatures from -12°C to
-16°C, which coincides with the results obtained
by Hallett and Mason (1958) using a static
chamber.

Figure 4 shows the changes in crystal di-
mension along a-axis with changes in liquid
water content at temperatures between -12.5C
to -12.9°C and between -13.3C and -13.7°C.
The sizes of the snow crystals increased as the
fog became denser up to a liquid water content
of about 0.9 g m™ in the former case and about
0.5 g m3 in the latter case. The sizes be-
came almost constant over these liquid water
contents, where dendrites with angular tips and
dendrites with rounded tips were grown, re-
spectively.  Also, the dendrites were about 3
to 5-times heavier than crystals in case of a lig-
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vapor supply.

3.2 Theoretical Considerations

The mass growth rate of a snow crystal can
be obtained by using the diffusion equations for
the

in
cloud, corrections due to the coexistence of

water vapor and heat together with
Clausius-Clapeyron equation at the surface.

cloud droplets and crystal fall are needed.
dm/dt = fr fv (dm/dt)o,

where dm/dt is the mass growth rate of a crys-

tal, (dm/dt)o is the mass growth rate for a sta-

tionary crystal grown under conditions of water

saturation and the absence of supercooied
droplets, fr is the fog factor, and fv is the venti-
lation factor, Takahashi et al. (1991) showed

that the ventilation effect is recognizable after

the Reynolds numbers exceeded 2 at -12.2C
(a sector) and 5 at -14.4°C (a dendritic crystal).

The droplets act as local sources of water

vapor. Marshall and Langleben (1954) pre-
sented the following derivation of fr.
fr=1+ (4n Zra) V27,

(2)

dimensions with
changes in liquid water content for a growth

This indicates
that dendritic growth was induced by a high

M
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1.0

where XLrd and r are the sum of the radii of
droplets per unit volume and the radius of a
spherical ice crystal, respectively. For
nonspherical crystals, the shape factor C shouid
be used in piace of r.  For a very thin plate
whose radius of a circle circumscribed to the
basal plane is &,

C=2alm. (3)
The fog factor linearly increases with crystal di-
mensions and the square root of the sum of the
radii of droplets.  Smaller cloud droplets work
more effectively as local sources of water
vapor.

Figure 5 shows the fog factor as a function
of crystal diameter (2a) at liquid water contents
of 0.1, 0.2, 0.5 and 1.0 g m3, where I rd was
estimated from Fig. 1.  For a crystal whose di-
ameter is 0.5 mm, the effect of fog on the snow
crystal growth is several percent.

4. CONCLUSIONS

By simulation experiments on snow crystal
growth under a free-fall condition in a
supercooled cloud, it was found that a dendrite
grows at temperatures between -12°C and -16
°C. It coincides with the results in the static
chamber by Hallett and Mason (1958), although
several percent of supersaturation with respect

to water was needed for dendritic growth in the
chamber. At temperatures between -14°C
and -16°C, a dendrite can grow only with the
ventilation effect, as described by Takahashi et
al. (1991). At temperatures between -12°C to
-14°C, growth enhancement by cloud droplets
that coexist with a snow crystal is essential for
dendritic growth in a water cloud in addition to
the ventilation effect: the droplets can steepen
the thermal and vapor fields, thereby increasing
the growth rate and inducing dendritic growth.
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1. INTRODUCTION

Freezing precipitation (freezing rain or drizzle) forms
through one of two microphysical paths. The first occurs
when ice particles fall from aloft into an atmospheric
layer where the temperature exceeds 0°C. The ice
particles melt into raindrops within the layer, then fall
into a sub-freezing surface layer, supercool, and freeze
on contact with surface objects. This process, which for
simplicity we will refer to as the “melting process”, has
been recognized by meteorologists since the early part
of this century. Freezing precipitation can also form by
collision and coalescence of droplets, a process
commonly referred to as the “warm rain process”. The
importance of the warm rain process in freezing
precipitation events was first recognized when
temperature profiles from soundings taken during some
events were discovered to be entirely sub-freezing
(Bocchieri 1980). Huffman and Norman (1988) coined
the phrase “supercooled warm rain process” to
emphasize that, under these conditions, droplets are
continuously supercooled during their growth.

Huffman and Norman (1988) concluded from a 10-year
sounding climatology that about 30% of freezing
precipitation events ‘occur during times when the
atmosphere was sub-freezing, and must therefore be
associated with the warm rain process. However, their
analysis did not consider situations where the
atmosphere contains a warm (> 0°C} layet, but freezing
precipitation still develops through the warm rain
process. This situation can occur when a warm layer
overrides a subfreezing layer, but the cloud top
temperature (CTT) exceeds about -10°C. When the CTT
> -10°C, ice can only initially form through a
heterogeneous process that involves ice nuclei. in
general, measurements of ice nuclei suggest that few
nuclei will be active at temperatures warmer than -10°C,
and that clouds with CTT > -10°C will, for the most part,
consist of supercooled water.

In this paper, we examine the relative importance of the
warm rain process and the melting process in freezing
precipitation events. This work expands on the work of
Huffman and Norman (1988} in five ways. Specifically,
we 1) consider the importance of these processes in
conditions where the atmosphere contains a warm (>
0°C) layer; 2) examine the geographic distribution of
different sounding types associated with warm rain and

Corresponding Author email: r-rauber@uiuc.edu

melting processes; 3) examine the frequency of freezing
drizzle vs rain occurrence at the sounding sites; 4)
examine the range of cloud depths associated with
clouds where warm rain processes occur; and 5)
expand the size of the database to 25 years.

2. DATA

Soundings from all United States stations east of the
Rocky Mountain States during the 25 year petiod from 1
January 1970 through 31 December 1994 were
considered for this analysis. Freezing precipitation
(freezing rain or freezing drizzle) events were first
identified using the National Climatic Data Center's
Storm Data reports (Storm Data, 1970-94). Each state
report was carefully screened for any occurrence of the
terms ‘freezing rain" or "freezing drizzle". The three
hourly surface charts for the entire storm associated
with each freezing precipitation event were then
analyzed to determine the regions of freezing
precipitation. With this procedure, we identified 1023 12
hour periods when freezing precipitation occurred, an
average of 40/winter or about 8/month {(Nov.-Mar.). We
then examined the 0000 and 1200 UTC chars to
identify those sounding sites within the area of freezing
precipitation that reported freezing drizzle or freezing
rain at the time of launch. In the case where there was
not a surface report at the site itself, nearest-neighbor
stations surrounding the site had to be reporting
freezing drizzle or rain for the sounding to be included in
the database. These soundings were retained for
analysis. We also recorded whether the precipitation
was reported as freezing drizzle or rain.

A total of 972 soundings were identified. The soundings
were divided into six categories based on the cloud top
temperature (CTT), the presence or absence of a warm
layer, and the altitude of cloud top relative to the warm
layer. “Cloud top” in this study was defined as the first
level above the low-level cloud layer where the dewpoint
depression exceeded 3°C, provided that the dewpoint
depression remained > 3°C through a layer of at least 1
km depth. This method leaves open the possibility of
ice falling from higher cloud layers and melting, provided
the ice particles can survive the transit through the dry
layer above the cloud top. Higher cloud layers were
indeed present in some of the soundings. However, in
most soundings where warm rain processes were
suspected, a significant deep dry layer capped the
clouds. We provide examples of both situations in the
following section.
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The six categories used were: 1) no warm (> 0°C) layer
present; 2) cloud top below the warm layer; 3) cloud top
withini the waim layer, 4) cloud top above the warm iayer
and 0°C > CTT = -5°C; 5) cloud top above the warm
layer and -5°C > CTT 2 -10°C; and 6) cloud top above
the warm layer and CTT < -10°C. Once the soundings
were categorized, they were interpolated logarithmically
to 10 mb intervals. The soundings in each category
were then composited.

All categories
971 soundings

FIG. 1: Geographic frequency distribution of 972
soundings reporting freezing precipitation in the 25 year
period from 1 January 1970 through 31 December 1994,
The total number of freezing precipitation soundings at
each station in the database is also shown.

Figure 1 shows the geographic distribution of the 972
soundings reporting freezing precipitation in the 25 year
period. A large region of high reporting frequency
appears across the western and central Plains from
Oklahoma and Kansas into Indiana. A second region of
high reporting frequency appears east of the
Appalachian Mountains.  The reporting frequency
decreases northward toward the Canadian border and
southward to zero at the Gulf of Mexico. This
distribution conforms very well to distributions of
cumulative hours of freezing precipitation derived from
surface observations (Robbins and Cortinas 1996,
Bernstein and Brown 1997).

3. Sounding climatology

Figure 2a shows the composite sounding, and an
example, for the category where the temperature profile
on the entire sounding was below freezing. In about
90% of these soundings, the CTT was warmer than -
10°C. Figure 2a suggests that a dry airmass typically
capped the cloud layer during these events. This was
borne out by examination of the individual soundings.
The composite hodograph suggests a common synoptic
pattern, with low level northeasterly winds and
southwesterly winds aloft.  Category 1 soundings
occurred most frequently in the north-central Plains

region of the United States. The frequency decreased
southward and eastward, with no stations reporting this
profile in the southern half of the U.S. The vast majority
of these soundings, 95.4%, were associated with
freezing drizzle. Fig. 3 shows a cumulative frequency
distribution of the cloud top altitude (above ground level,
AGL) for the category 1 soundings. Fifty-three percent
were less than 2 km deep, 85% were less than 3 km
deep, and 97% were less than 4 km deep. On four
soundings, the clouds were surprisingly deep, with cloud
tops > 5 km AGL. Despite the depth of the clouds, 3
cases were associated with light freezing drizzle. In the
fourth, deepest case (7.1 km), the precipitation was a
mix of light snow, ice pellets, and freezing rain. In this
case, the -10°C level was at 550 mb.

In category 2 soundings (Fig. 2b), the cloud top was
located below the warm layer, so the entire cloud was
still supercooled. The cloud layers for all category 2
soundings were shallow, virtually none extending above
2 km AGL (Fig. 3). The majority of surface reports,
83.8%, were freezing drizzle. When freezing rain was
reported, neighbor stations often reported freezing
drizzle. Except for the presence of the warm layer aloft,
the distribution and composite sounding structure for
category 2 is essentially the same as category 1, except
that there are fewer soundings.

The high frequency of category 1 and 2 soundings in the
northern Plains, together with the composite wind,
temperature and moisture profile, suggests that these
soundings were commonly taken after the passage of
arctic fronte over the Plaine. Soundings in categories 1
and 2 were not observed in the southeastern part of the
U.S during the 25 year period and were seldom
observed along the East Coast.

The composite sounding for category 3, the case where
the cloud top resided within the warm layer aloft, is
illustrated in Fig 2¢. The composite hodograph shows
that winds were commonly northerly at the surface,
veering rapidly to southerly and southwesterly aloft. The
cloud top in these cases was virtually always < 3 km
AGL (Fig. 3). As in the previous two categories, the
cloud layer was typically capped by a very dry layer
aloft. In contrast to the previous two categories, this
type of sounding most commonly occurred across the
southern states, particularly in the southwest Plains and
along the southeastern Appalachians. A local maximum
also occurred in the New England States. This type of
sounding is associated with shallow arctic fronts that
approach the Gulf Coast and displace warm air aloft,
creating a shallow cloud layer. Freezing precipitation
also develops in clouds associated with overrunning as
these fronts become stationary or return northward as
warm fronts. A maximum in reporting frequency along
the east side of the Appalachian mountains suggests
that this type of sounding also can occur when cold air
becomes dammed on the east side of the mountain
chain. The cloud layer was typically capped by a dry
layer containing southwesterly winds.
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FIG. 2: a) Composite (left) and example (right) sounding using a standard Skew-T Log-P format for Category 1; b-f)
same as a, but for categories 2-6 respectively. The winds are plotted in knots. The 0°C isotherm is highlighted for

clarity. A standard wind hodograph is shown for the composite.

The warm rain process is the only process possible in
the first three categories described above, since the
clouds are either entirely sub-freezing (category 1 and
2), or the sub-freezing region of the cloud is topped by a
cloud layer that is above freezing (category 3). These
clouds characteristically produce freezing drizzle. The
three categories respectively account for 15.6%, 4.4%,
and 26.8% of the 972 soundings taken during freezing
precipitation events. The data demonstrate that the
warm rain process was unambiguously responsible for
freezing precipitation nearly 47% of the time soundings
were taken during freezing precipitation.

It is noteworthy that our value of 15.6% for category 1
differs from Huffman and Norman's earlier estimate of
30%. There appear to be three sources for this
difference. First, there is ambiguity in Huffman and

Norman'’s (1988) actual value from their paper. Second,
the stations in their database differed significantly from
ours. Sixteen of the 48 stations used in their database
were in the Western U.S. and were not included in our
database. On the other hand, 11 stations in our
database, including Monett, MO, Paducah, KY, Omaha,
NE, Dayton, OH, and Sterling, VA, were not included in
their database. These stations are all in the region of
highest reporting frequency on Fig. 1. The third is the
size of the database, 10 versus our 25 years. Huffman
and Norman did not specify which 10 year period was
used in their study, making further comparison with their
analysis difficult.

The soundings where the cloud top extended above the
warm layer, but the cloud top temperature was > -10°C
are shown on Figs 2d and 2e. Those with tops between
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-5°C and -10°C (Fig. 2e) may be more likely to contain
ice particles. The warm rain process is likely to be
important in both categories. These two categories
accounted for 15.3% and 13.0% of the freezing
precipitation soundings respectively.

The composite soundings appear quite similar, differing
from the soundings in the first three categories only in
that the cloud tops are colder and the clouds are deeper
(Fig. 3). Nearly all the sample in category 4, and 80% of
the sample in category 5 had cloud tops under 4 km
AGL. Freezing drizzle was still the most common
precipitation type (62.4% in category 4 and 53.1% in
category 5). Like the other composite soundings, these
categories show easterly surface winds veering to
southwesterly aloft, and a dry layer aloft above the
cloud. Again, this pattern is commonly observed when
shallow clouds form over cold, shallow arctic air
masses, as illustrated in the example sounding for
category 5. Category 4 and 5 soundings were also
common along the East Coast, primarily in situations
where cold air damming occurred.

Considering the first five categories together, the warm
rain process was potentially important in 75.1% of the
freezing precipitation soundings. This estimate, based
on a 25 year sounding database, is significantly higher
than the estimaie of ~30% previously determined by
Huffman and Norman (1988) in their 10 vyear
climatology, which only considered soundings
corresponding to the first category.

The composite and example soundings for the sixih
category, where the cloud top temperature was colder
than -10°C and melting processes presumably
predominate, is shown in Fig. 2f. Freezing rain was
reported nearly 80% of the time for these soundings.
Soundings in this category frequently had a deep layer
of moisture, as one might expect for freezing rain
events. The depths of the clouds in this category
differed significantly from those in other categories (Fig.
3). Like the other composite soundings, the composite
for this category showed the characteristic easterly flow
near the surface veering to southwesterly aloft. The
geographic distribution of these soundings shows a
strong maximum on the east side of the Appalachian
mountains. These types of soundings often occur
during periods where a cyclone tracks up the East Coast
immediately following a cold air damming event. A
second maximum occurs just north of the Ohio River
valley, a region where freezing rain events commonly
occur in association with warm frontal overrunning.
Category 6 soundings also were found in the vicinity of
low pressure systems crossing the Midwestern U.S.

4. Conclusions

The warm rain process was unambiguously
responsible for the freezing precipitation 47% of the time
soundings were taken during freezing precipitation. In
these cases, the clouds were either entirely below
freezing, or had their tops within an above-freezing
layer. Freezing precipitation is likely to have developed

through the warm rain process as much as 75% of the
time, if one considers that clouds that have top
temperatures > -10°C oiftenn have an active warm rain
process. Because of the shallow nature of the clouds,
the precipitation produced is typically in the form of
freezing drizzle. The distribution of soundings, together
with the temperature and moisture profiles, suggests
that these events ococur most commonly when shallow
cloud decks form above arctic fronts.

The more “classic” freezing rain sounding, with a
deep moist layer (CTT < -10°C) and a mid-level warm (>
0°C) layer, was observed only 25% of the time. In these
cases, the melting process was presumably important to
precipitation production. These cases appeared from
their geographic distribution and the sounding profile to
be associated with cold air damming and overrunning
during storms on the U.S. East Coast, and with warm
frontal overrunning in the Midwestern U.S.
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RIMED AND AGGRAGATED ICE CRYSTALS WITH SPECIFIC ORIENTATIONS
IN CUMULUS CLOUDS
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1. INTRODUCTION

The understanding of the “chain-of-events” that
occurs between the initiation of the ice phase and
precipitation falling to the ground has not been well
established. A field program was conducted in Texas
during August 1999 to gain information on the
initiation of natural precipitation. It was hypothesized
that the precipitation process in cumulus clouds and
orographic clouds, containing liquid supercooled
cloud wafer, is initiated by the aggregation of single
ice crystals having charge separations. Electric
charge separations between the crystal ice phase or
body and the liquid or liquid-like layer at the growing
ends or edges of the crystals promote the
aggregation process, as shown in laboratory studies.
The electric charge separations are the result of
preferential ion inclusion in the growing crystals
(Finnegan and Pitter, 1988 and 1997). This is an
extension of the Walkman and Reynolds (1950)
freezing potential to single crystals. The aggregation
process is accompanied by a secondary nucleation
process (Pitter and Finnegan, 1990) which is
hypothesized to influence the duration of the
precipitation process. Further confirmation of the ion
separation and charge development process is shown
by the occurrence of coupled chemical oxidation-
reduction reactions in growing ice crystals (Finnegan
etal, 1991).

The electric charge separation development occurs
when the appropriate ionizable salt concentrations in
the liquid Iayers at the growing ends or edges are less
than about 10™ molar, by analogy with the laboratory
findings for the linear freezing of dilute salt solutions
of mono-valent cations (Murphy, 1970). At higher
concentrations, the charge separations vanish and the
promoted aggregations and secondary nucleation do
not occur. Evidence sugges’s that solutions of divalent
cations, such as Ca ° and Mg+2 are active in
suppressing charge separation development at even
lower concentrations (Finnegan, 1998). Fundamental
explanations for these phenomena are found in
published Colloid and Interface Science literature
(see Finnegan, 1998 for information and refevant
literature citations). These findings suggest that cold
cumulus clouds and orographic clouds containing
relatively low concentrations of atmospherically
common salts, such as sodium chloride or

ammonium sulfate, in their cloud water droplets, are
successful in producing precipitation on the ground.
Cumulus clouds that may contain only an order of
magnitude higher concentration of these salts in their
cloud droplets are hypothesized not to be successful,
due to suppression of promoted ice crystal
aggregation and secondary nucleation. Clouds
traveling over desert regions, which are strong
sources of alkali dusts, such as calcium carbonate
and soluble neutral salts of divalent cations, such as
calcium sulfate, may display consistently reduced
rainfall characterisfics, because of the relatively low
concentrations of divalent cations required for
suppression of aggregation and secondary
nucleation,

2. BACKGROUND

Electrical charge separations occur between the
growing ice phase and supercooled water dunng
!mear freezing of solutions of certain salts of 10* to
10° molar concentrations, due to the preferential
inclusion of specific ions into the ice phase. The
oppositely charged counter-ion remains with the liquid
phase, leading to the measured electric charge
separation. This process is called the Workman-
Reynolds effect, after the discoverers (Workman and
Reynolds, 1850). This phenomenon has been studied
extensively by others (Cobb and Gross, 1969 and
Murphy, 1970, for example). The charge separafions
were aftributed to the inclusions in the ice phase of
either cations or anions of the salts in solution
depending on their composition.

As described in the introduction, Finnegan and
Pitter, working with the cloud chamber at the Desert
Research Institute, established that charge
separations occurred in single ice crystals at
temperatures from -4°C to at least -25°C when salts
were present in the growing crystals. The charge
separations were deduced from the observation of
geometrically regular point-to-center two crystal
aggregates. Experiments, suggested by Dr. Bernard
Vonnegut, demonstrated that two different salts, such
as sodium chloride and ammonium sulfate, which
give ice phases with opposite sign charges in bulk
solution freezing experiments, give single ice crystals
with opposite charge separations in cloud chamber
experiments (Finnegan and Pitter, 1988). This was
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shown by point-to-point aggregations, observed when
the two types of crystais were generated
simultaneously. The authors believe that these
laboratory experiments, taken together, gave resuits
that are completely translatable to atmospheric
clouds. The ice phase processes in supercooled
orographic and cumulus ciouds should respond to the
presence of soluble inorganic salts that promote
charge separations following the Workman-Reynolds
Effect. The hypothesis that aggregation of single ice
crystals and secondary ice nucleation are involved in
the initiation and duration of natural precipitation is
then a reasonable and testable one.

While one author (Finnegan) was surveying the
colloid and surface science literature in preparing to
write the article on the mechanism of heterogeneous
nucleation (Finnegan, 1998), it became apparent that
the mechanism of the Workman-Reynolds "Effect"”
was incorrect. In colloid chemistry, the potential
determining ions that are responsible for the
development of charged and, hence stable, colloidal
systems, are constituent ions of the colloid
compounds themselves. For example, the potential
determining ions for silver iodide colloids are Ag” and
I ions, and the colloid potential can be changed by
adding excess Ag’ or | ions as AgNO; or Nal,
respectively, to the colloid-water system. These
additions force the additional poteniial determining
ions onto the colloid particles in order to maintain the
Agl solubility nroduct that must be kept constant at 107
1 gram moles per liter of solution. Similarly, for oxide
colloids, the potential determining ions are H" and
OH" ions (protons and hydroxyl ions). Since the
ionization constant for water is 107, and water is
neutral, additon of acidic or basic salis in low
concentrations (from 10* to 105) will increase or
decrease the potential determining ion concentrations
and change the charge on ice particles in contact with
the water solution. Acidic and basic salts are those
that hydrolyze in water solution (react with water) {o
give acidic or basic solutions. Ammonium chloride, a
salt of a strong acid and a weak base, gives acidic
solutions and freezing dilute solutions of this salt
vields ice with a positive charge and residual
supercooled solution with a negative charge during
freezing. Similarly, potassium cyanide, KCN, is a salt
of a strong base (KOH) and a very weak acid (HCN).
Its dilute solution, on freezing, gives ice with a
negative charge and residual supercooled solution
with a positive charge. Itis postulated that protons (H*
ions) add to the ice phase in the first instance and
leave the ice phase in the second instance to
establish the charge separafions. This study led to the
article by Finnegan and Pitter (1997) which corrects
the Workman-Reynolds mechanism of charge
separation development during the linear freezing of
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dilute salt solutions. The background knowledge in
coiloid chemistry and surface science then led to an
understanding of the potential effect on cloud
precipitation of inorganic salt compositions and
concentrations in the cloud water.

3. FUNDAMENTAL ASPECTS

A fundamental aspect of colloidal systems is the
development of electrochemical double layers on the
surfaces of colloidal particles or, in the case of the ice
water system, on the ice surface. These layers
develop on addition of soluble salts to the agueous
colloid. At salt concentrations below about 10” molar,
the electro-chemical layers are mainly diffuse. At
concentrations above 10° molar, the double layer
develops a compact structure with layers termed the
inner and outer Helmholtz layers and a layer adjacent
to the solid surface called the Stern layer. The Stern
layer, which may extend to the particie solid surface,
is the location of counter-ions from the supporting
electrolyte (the added salf) with charge opposite to
the particle charge. As the supporting electrolyte
concentration is increased, ions of both signs are
adsorbed in the Stern and inner Helmholiz layers and
the induced charge separafions are suppressed.
Further, in the growing ice system, either in bulk or
during growth of single crystals, ions in the Stem layer
are apparently incorporated into the ice phase, which
limits the charge separation to a steady-state value. It
is apparent that the compositions and concentrations
of the added salts (the counter ion source) are
important in the behavior of colloid systems and to
that of the growing ice system.

4. AIRBORNE MEASUREMENTS

An 82 Tracker aircraft was used in the Texas field
experiment in August 1999. Cumulus penetrations
were made primarily at the ~8°C level early in the
clouds lifetime. The aircraft was equipped, in addition
fo the standard air measuring probes, with a formvar
replicator, a cloud scope with video output, and a
cloud water riming probe to collect data necessary to
verify the hypothesis. The cloud scope provides video
images of cloud particles that impact it. These
images were used for real time identification of the
optimum regions of study within a cloud. The
replicator produces clear impressions of cloud ice
particles on a 16mm film coated with formvar. The
replicator data will be used to document the initial ice
crystal sizes and types, and provide clear evidence of
the existence of two-crystal aggregates that are
expected to form if cloud water contains inorganic
salts. In situ cloud water collections, by means of the
riming probe, and subsequent analysis of the water



samples by ion chromategraphy and atomic
absorption provided data on the composition and
concentration of the inorganic ions. This data will be
used fo study the correlation between the presence of
two-crystal aggregation and the presence of inorganic
salts within the affective range of concentrations. A
strong correlation will verify the hypothesis concerning
precipitation initiation.

5. PRELIMINARY RESULTS

Analysis of the “formvar” replicator tapes has
provided evidence for the existence of oriented two
crystal aggregates of columnar prisms in the
atmosphere. The “formvar” replicator film data also
revealed the existence of geometrically rimed
columnar prisms. Generally, supercooled cloud
droplets collected at the ends of the columnar prisms
although occasionally the cloud droplets formed a
girdle around the center of the columnar prisms.
(Please see the replicator pictures collected at the
end of the paper.)

Analysis of collected rime ice (supercooled cloud
water) demonstrated that concentrations of sodium
chloride, ammonium suifate, and calcium bicarbonate
were within the concentration range tested in the
laboratory experiments and the range where the
Walkman Reynolds freezing potential appears.
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ASSESSING THE RELATIVE CONTRIBUTIONS OF
LIQUID AND ICE PHASES IN WINTER CLOUDS

Stewart G. Cober, George A. Isaac, Alexei V. Korolev and J. Walter Strapp

Meteorological Service of Canada
Toronto, Ontario, Canada

1. INTRODUCTION

To characterize cloud environments associated with
aircraft icing, accurate measurements of cloud liquid
water content (LWC) and drop spectra are required. Such
measurements are complicated when ice crystals are
present because most instruments designed for making
in-situ measurements respond to both liquid and ice
hydrometeors. Most reports that provide characterizations
of icing environments also include observations of mixed
phase conditions (Sand et al. 1984, Bain and Gayet
1982, Cober et al. 1995), although the liquid and ice
components have usually been determined
independently. In each of these studies, mixed phase
conditions were commonly observed. Cober et al. (1995)
discussed how a PMS King probe measured an attificial
LWC as high as 0.1 g m® in glaciated clouds, while
Korolev et al. (1998a) showed that the Nevzorov LWC
probe could show an artificial LWC of 10% of the total
water content (TWC) in glaciated clouds. Strapp et al.
(1999) have shown that the Nevzorov and King probes
respond to as much as 40% of the ice water content
(IWC) in certain situations. Gardiner and Hallett (1985)
showed that PMS FSSP probes could measure artificial
droplet spectra in ice crystal clouds. The misinterpretation
of droplets as ice crystals for 2D-C measurements has
been discussed by Rauber and Heggli (1988). In this
paper, the relative responses to ice and liquid particles
for several instruments will be discussed. A methodology
for segregating ice and liquid components will be
presented, and the results will be compared to other
factors such as drop concentration and temperature.

2. FIELD PROJECTS

The data were obtained during the First and Third
Canadian Freezing Drizzle Experiments (CFDE [ and Ilf),
which were conducted during the winters of 1995 and
1997-98 respectively (Isaac et al. 1999). Both projects
were designed in part to characterize aircraft icing
environments in winter storms through the collection and
interpretation of in-situ microphysics data. CFDE |
included 12 flights over the North Atlantic Ocean in the
area of Newfoundland, while CFDE Hl included 26 flights
over Southern Ontario and Quebec. The majority of
flights targeted the warm frontal regions of winter

Corresponding Author: S.G. Cober, Environment Canada
4905 Dufferin Street, Toronto, Ontario, Canada, M3H 5T4

storms. The National Research Council Convair-580 was
used as the instrument platform for both projects.

3. INSTRUMENTATION

Instrumentation on the Convair-580 has been
described in Isaac et al. (1999). Important parameters were
normally measured with redundant systems to avoid errors
associated with malfunctioning instruments. Temperature
was measured within + 1°C with three sensors including
Rosemount and Reverse Flow probes; LWC was
measured within + 15% (or 0.02 g m™ for low LWC values)
with two PMS King probes and Nevzorov LWC and TWC
probes; and droplet concentrations were measured with
two PMS FSSP probes. The FSSP concentrations agreed
within + 34% for 85% of the data points. In addition, the
hydrometeor spectra were measured with three PMS 2D
probes including 2D-C mono 25-800 gm, 2D-C grey 25-
1600 gm, and 2D-P mono 200-6400 wm. The first four
channels of each 2D probe were ignored because of the
depth of field and sizing uncertainties that exist for these
channels (Korolev et al. 1998b). The rate of ice
accumulation was measured with a Rosemount Icing

Detector (RID).
4, [INSTRUMENT RESPONSES TO CRYSTALS
4.1 Rosemount Icing Detector

The RID is a valuable tool for segregating glaciated
and non-glaciated conditions, since it does not respond to
ice crystals (Baumgardner and Rodi 1989, Cober et al.
2000). The absence of a voltage rise for in-cloud
observations normally implies that the cloud contains only
ice crystals, or that the LWC is below the threshold
detection level for a RID. Mazin et al. (2000) showed that
the threshold LWC is approximately 0.003 g m™ for a RID
operated at airspeeds characteristic of the Convair-580
(100 m s™"). High LWC values can cause the RID surface
temperature to reach 0°C, which can in turn result in the
probe showing no response. Therefore glaciated conditions
should only be assessed for temperatures that are well
below 0°C and LWC values which are below the Ludlam
limit (Cober et al. 2000).

4.2 PMS 2D-C Probes

The segregation of liquid and ice hydrometeors (= 5
pixels) can be assessed using 2D images obtained from
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PMS 2D-C mono or grey probes. Particle images were
processed following the centre-in technigue of Heymsfield
and Parrish (1978). Images were segregated into circles
and non-circles using several geometric tests including
particle axis ratio, area (A) to diameter (D) ratio, area to
perimeter (P) ratio, perimeter to diameter ratio and
symmetry in the length and height dimensions. Each
geometric ratio was calibrated using data from warm (>
0°C) clouds where there were no ice crystals, and where
each image (less spurious artifacts) could be interpreted
as a circle. Fig. 1 shows the maximum and minimum
observed calibration values for particles with diameters >
5 pixels (125 pm) as a function of size. In order for a
particle to be interpreted as a circle, it had to pass every
geometric test, while non-circles would normally fail one
or more of the tests. It is clear that with increasing
diameter, the geometric criteria becomes more restrictive,
and the identification of circles and non-circles more
accurate. Fig. 2 shows the relative fractions of circles and
non-circles in entirely liquid and glaciated clouds
respectively. In liquid clouds, the geometric criteria
identify approximately 90% of the particles as circular.
Conversely, in glaciated clouds the percentage of circular
particles is as high as 40% for particles of 5-8 pixels in
diameter, dropping to < 10% for particles with diameters
> 13 pixels. Therefore, in mixed phase clouds, the errors
in interpreting circular particles as liquid drops could
average 40% for 6 pixel pariicles.

4.3 Nevzorov LWC and PMS King LWC Probes

Glaciated cloud conditions at temperatures colder
than -5°C were identified using the RID, and confirmed
by examining the 2D-C segregation of circles and non-
circles. Fig. 3 shows the response of the Nevzorov LWC
probe for these conditions (the response for entirely liquid
cases and a 1:1 correlation curve are shown for
comparison). The results are similar to those shown by
Korolev et al (1998a). The lower curve in Fig. 3 can be
used as a threshold for inferring glaciated cloud. Fig. 4
shows the relative ratio of LWC/TWC for TWC values >
0.075 g m™ for both the Nevzorov and King LWC probes.
The average LWC response is 15-20% of the TWC for
the Nevzorov probe and 10-15% for the King probe.
There are fewer King probe data points because it was
not working on several flights. In general, the response
to ice is similar for both instruments. When assessing a
mixed phase condition, the response to ice should be
subtracted from the LWC signal (Section 6).

4.4 PMS FSSP Probes

Fig. 5 shows the median volume diameter (MVD) for
glaciated and liquid phase conditions as measured with
the FSSP 5-95 um instrument. As shown by Gardiner
and Hallett (1985), ice crystals can cause counts in
higher FSSP channels that cause apparent high MVD
values in glaciated clouds. The FSSP 5-95 um MVD
values are higher than the FSSP 3-45 ym values (not

shown) for this reason. For the 3-45 gym and 5-95 pm
probes, MVD values > 30 ym accounted for 99% of the
glaciated cloud cases, and 4% of the liuid cloud cases
observed. Similarly, concenirations measured with both
probes were < 15 cm™ for 100% and 8% of the glaciated
and liquid phase conditions respectively. These thresholds
are useful when attempting to infer glaciated and non-
glaciated conditions, although they cannot be used in
isolation because there is some overlap at these values
between liquid and glaciated conditions.

5. PHASE ASSESSMENT

The data were averaged into 30-second periods
representing approximately 3 km in horizontal extent. In-
cloud regions were identified using a TWC > 0.01 g m™,
droplet concentration > 0.1 ¢m™, and temperature < 0°C.
In total there were 2301 in-cloud cases from CFDE | and
5040 cases from CFDE [l Liquid phase conditions were
identified when the LWC and TWC measurements agreed
within 15%, when the 2D images indicated circular images
within the error limitations shown in Fig. 2, and when there
were no obvious ice crystal images. In cases with no
hydrometeors = 125 wm, the 2D instruments were not
used. In cases with significant drizzle drops, the LWC
measurements tended to be less than the TWC because
of the fall off in response discussed by Biter et al. (1987)
and Strapp et al. (2000). Some liquid phase cases will
contain an IWC that cannot be separated from the TWC
signal, since agreement within + 15% between the LWC
and TWC probes can mask a small IWC sianal. In addition,
soime imegular images observed with ihe 2D probes were
likely ice crystals. The IWC for the liquid phase cases was
estimated to be less than 5% of the TWC for the majority
of cases observed. Glaciated clouds with temperatures <
-5°C were identified using the RID and 2D images. Cases
with LWC below the RID threshold of 0.003 g m™ (Section
4.1) could not be differentiated from entirely glaciated
cases. Glaciated clouds with temperatures between 0 and
-5°C were identified using the combination of the Nevzorov
threshold (Fig. 3), fraction of non-circular 2D images > 0.6,
FSSP MVD > 30 um and concentrations < 15 cm™®. When
these criteria were applied to the RID data at temperatures
colder than -5°C, they identified 900 of 973 cases (92%)
correctly as glaciated. Therefore, the combination of FSSP,
Nevzorov, and 2D criteria were adequate for assessing
glaciated cases in the absence of a reliable RID
measurement. An identification of mixed phase was given
to cases that were not identified as liquid or glaciated.

6. RESULTS AND DISCUSSION

Table 1 shows the percentages of liquid, mixed and
glaciated phase conditions for CFDE | and CFDE Ill. There
were substantially more mixed and less glaciated phase’
conditions in CFDE 1ll than in CFDE 1. This may be related
to the cloud drop sizes. In CFDE |, the median droplet
concentration was significantly smaller than in. CFDE I
(Table 1), while the median MVD was significantly larger.
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Table 1
Project CFDE | CFDE 1l
Liquid Phase (%) 40 39
Mixed Phase (%) 25 47
Glaciated Phase (%) 35 14
Median Temperature (°C) -4.5 6.9
Median Concentration (cm®) 65 157
Median MVD (um) 24 19

In addition, 81% of the CFDE | cases had drops > 40 ym
as measured with the FSSP 5-95 ym probe, compared
to 57% for CFDE Ill. These statistics were based on the
liquid phase cases only, so that ice crystals did not affect
these conclusions. The observations are consistent with
differences between maritime and continental clouds.
The presence of cloud drops > 25 pm is a necessary
condition for ice multiplication as discussed by Hallett
and Mossop (1974). The Hallett and Mossop effect is
only believed to be active between -4 and -8°C, which
accounts for 35-40% of all the in-cloud data for CFDE |
and lll. These observations are consistent and sufficient
to explain the differences in Table 1. Table 1 also shows
the average temperature for clouds with LWC > 0 for
both projects. Since the frequency of liquid phase cases
was the same for both projects, the colder temperatures
during CFDE 1l do not appear to have caused a greater
activation of ice nuclei. Hence, temperature effects are
not believed to account for the differences between
mixed and glaciated phase cases for CFDE | and Ill. The
mean and standard deviation for ice crystal
concentrations (= 125 ym) for CFDE | and Iif were 5+5
and 4+5 L' respectively. These data show no distinct
differences in crystal concentrations between the two
projects. Fig. 6 shows the fraction of liquid water for the
mixed phase cases listed in Table 1. The calculations
assume that the Nevzorov TWC probe measured both
LWC and IWC while the Nevzorov LWC probe measured
LWC and 20% of the IWC. Errors associated with the fall
off of the LWC probes for drizzle sized drops were
neglected for the mixed phase cases. The curve is
relatively flat which may imply that clouds undergo a
relatively constant rate of transition from liquid to
glaciated phase conditions, or that a mixed phase cloud
can maintain its relative liquid/ice ratio for a considerable
length of time.

7. ACKNOWLEDGEMENTS

This work was supported by the Canadian National
Search and Rescue Secretariat, Transport Canada, the
Meteorological Service of Canada, and Boeing
Commercial Airplane Group.

8. REFERENCES

Bain, M., and J.F. Gayet, 1982: Aircraft measurements of
icing in supercooled and water droplet/ice crystal
clouds. J. Appl. Meteor., 21, 631-641.

Baumgardner, D., and A. Rodi, 1989: Laboratory and wind
tunnel evaluations of the Rosemount icing detector. J.
Atmos. Oceanic Technol., 6, 971-979.

Biter, C.J., J.E. Dye, D. Huffman, and W.D. King, 1987:
The drop-size response of the CSIRO liquid water
probe. J. Afmos. Oceanic Technol., 4, 359-367.

Cober, S.G., G.A. Isaac and A.V. Korolev, 2000: Assessing

the Rosemount Icing Detector with in-situ
measurements. Submitted to J. Atmos. Oceanic
Technol.

Cober S.G., G.A. Isaac, and J.W. Strapp, 1995 : Aircraft
icing measurements in east coast winter storms. J.
Appl. Meteor., 34, 88-100.

Gardiner, B.A., and J. Hallett, 1985. Degradation of in-
cloud forward scattering spectrometer probe
measurements in the presence of ice particles. J.
Atmos. Oceanic Technol., 2, 171-180.

Hallett, J., and S.C. Mossop, 1974: Production of
secondary ice particles during the riming process.
Nature, 249, 26-28.

Heymsfield, A.J., and J.L. Parrish, 1978: A computational
technique for increasing the effective sampling volume
ofthe PMS two-dimensional particle size spectrometer.
J. Appl. Meteor., 17, 1566-1572.

Isaac, G.A., S.G. Cober, AV. Korolev, JW. Strapp, A.
Tremblay, and D.L. Marcotte, 1999:; Canadian Freezing
Drizzle Experiment. 37th Aerospace Sci. Meetling,
Reno Nevada, 11-14 January 1999.

Korolev, AV., JW. Strapp, and G.A. Isaac, 1998a:
Evaluation of the accuracy of PMS optical array
probes. J. Atmos. Oceanic Technol., 15, 708-720.

Korolev, A.V., J.W. Strapp, G.A. isaac, and A.N. Nevzorov,
1998b: The Nevzorov airborne hot wire LWC/TWC
probe: Principles of operation and performance
characteristics. J. Afmaos. Oceanic Technol., 15, 1496-
1511.

Mazin, I.P., A.V. Korolev, A. Heymsfield, G.A. Isaac, and
S.G. Cober, 2000: Thermodynamics of icing cylinder
measurements of liquid water content in supercooled
clouds. Submitted to J. Afmos. Oceanic Technol.

Rauber, R.M., and M.F. Heggli, 1988: The influence of
cloud droplets on the measurement of ice particle
concentrations with a Parficle Measuring System's
2DC optical array probe. J. Atmos. Oceanic Technol.,
5, 123-128.

Sand, W.R., W.A. Cooper, M.K. Politavich, and D.L. Veal,
1984: Icing conditions encountered by a research
aircraft. J. Climate Appl. Meteor., 23, 1427-1440.

Strapp, J.W., J. Oldenburg, R. lde, S. Bacic, and L. Lilie,
2000: Measurements of the response of hot wire LWC
and TWC probes to large droplet clouds. Proceedings
13th Intl. Conf. on Clouds and Precipitation, Reno
Nevada, 14-18 August 2000.

Strapp, J.W., P. Chow, M. Maltby, A.D. Bezer, AV.
Korolev, |. Stromberg, and J. Hallett, 1999: Cloud
microphysical measurements in thunderstorm outflow
regions during Allied/BAE 1997 flight trials. 37th
Aerospace Sci. Meeting, Reno Nevada, 11-14 January
1999.

13" International Conference on Clouds and Precipitation

691



1.5 250

4;—4A/7rD2
141 @ —Nevzorov
-=P/7D S 200
o 13+ -(% . ng
=1 [ -PD/®A 2
S 42 S 150
e ..l 2
g 1.1 9
S 10} g 100 -
0
© ol E
3 L
08 r
07 : : ' ' a L
4 8 12 18 20 24 00 0. 02 03 04 05
2D-G Channel Diameter (x25 microns) LWC/TWC Ratio
Figure 1. Maximum and minimum limits for three  Figure 4. Ratio of LWC/TWC for Nevzorov and PMS King
geometric ratios for the 2D-C grey probe with a 50% probe ‘measurements in glaciated clouds for the
shadowing threshold. complete CFDE 1 and il data set.
350 ;
10 ! —Glaciated
0° 2301 _.liquid
o 9T £ 250
€ o7} & Circles/Liquid Phase g
o] [
o 08 r -=Non-Circles/ice Phase é 200
g 05 r <Circles/lce Phase 5150 b
S 04 r . . :
g 0s _n/p_&:“\oNon-Circles/Liquid Phase é 100 - : |
“ozf a 2 /
N 50 - D
01 T‘\’* Oy > o
00 ! ! n 0 ; P .
Ta 8 12 16 20 24 0 2 40 80 80
2D-G Channel Diameter (x25 pm) Median Volume Diameter (microns)
Figure 2. Relative fractions of circles and non-circles for  Figure 5. MVD measurements from the FSSP 5-95 ym
liquid and glaciated cloud conditions, when the six - probe, for liquid and glaciated cloud cases for the
geometric tests were applied. complete CFDE | and lll data set.
0.6
6\ <
£ 05+ s Liquid ge 2
o , o o 2
. ° @
Z 04 Glaciated ;? 47, g
P BPF £a g0 o
= o, © 0}
S ° 8
S o3f o ° o
5 S o, S
So2f e 3
"c ? Q E
= 2
o 01} H o
— o JET P
0‘0 il 1! 1 Il L L L L 1 O
00 01 02 03 04 05 06 0o 02 04 06 08 :
Total Water Content (g m®) Liquid Fraction

Figure 3. Nevzorov LWC and TWC measurements for  Figure 6. Histogram of liquid water content fraction
glaciated and liquid phase clouds for the complete (LWC/(LWC+IWC) for mixed phase cloud conditions.
CFDE | and Il data set.

692 13" International Conference on Clouds and Precipitation



EVOLUTION OF MICROPHYSICAL STRUCTURE OF OROGRAPHIC SNOW
CLOUDS ASSOCIATED WITH THE PASSAGE OF UPPER TROUGH
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1.INTRODUCTION

Snow clouds form while a cold airmass from
the Eurasian Continent crosses the Sea of
Japan under a winter monsoon pressure pat-
tern of west-high and east-low, and bring about
snowfall over the west coast of Japan. Even-
tually the airmass is forced up the mountains
with the crest height of 2000 m, causing fur-
ther condensation and heavy snowfall. Micro-
physical structures of the snow clouds over the
coastal areas have been studied by some re-
searchers (Magono and Lee, 1973, Murakami
et al.,, 1994b, Murakami et al.,, 1996, etc.).
However, the snow clouds modified by the
mountains topography have not been investi-
gated so far. Meteorological Research Institute
(MRI), Japan Meteorological Agency and_Tone
River Dams Integrated Control Office, Ministry
of Construction carried out the orographic snow
cloud project over the north-western slope of
the Mikuni Mountains from 1994 to 1999. An
instrumented aircraft has been introduced since
1997. During the field campaign of this project,
an upper trough extending from a cold low at
the Kamchatka passed through the observation
area early in the afternoon of 21st February
1999. In this paper the evolution of microphys-
ical structures associated with the passage of
the trough are described.

2.0BSERVATION FACILITIES

Figure 1 shows the topography around the
observation area. The main observation area
was one of valleys extending southeast to
northwest, perpendicularly to the mountain

OCorresponding author’s address: Mizuho Hoshimoto,
Meteorological Research Institute, Dept. of Physical Mete-
orological Research, 1-1, Nagamine, Tsukuba City, Ibaragi,
JAPAN 305-0052; e-mail: mhoshimo@mri-jma.go.jp

range. The instrumented aircraft was equipped
with microphysical, thermodynamical and dy-
namical sensors. The ground-based obser-
vations were concentrated at Shiozawa and
Shimizu. The principal observation facilities
were hydrometeor videosonde (Murakami and
Matsuo, 1990) and rawinsonde system, Doppler
radar and a microwave radiometer at Shiozawa
and a microwave radiometer at Shimizu. We
also used an instrumented automobile. The
automobile run along the valley and measured
the vertically integrated cloud water, precipita-
tion particle images and so on. The aircraft
operated from Niigata Airport made in-site mea-
surements of snow clouds over Shiozawa and
the Mikuni Mountains. On 21st February 1999,
the aircraft flew three or four legs with dif-
ferent altitudes along the valley in the morn-
ing (1110 JST -1148 JST) and in the after-
noon (1549 JST - 1626 JST). Rawinsondes
were launched at 0601 JST, 1154 JST, 1426
JST and 1726 JST. At 1426 JST, the rawin-
sonde was launched together with hydrometeor
videosonde. The instrumented automobile went
up and down the valley four times in the morn-
ing and did three times in the afternoon.

3.0BSERVATION RESULTS
3.1 Synoptic Situations

Surface weather map (Fig.2) at 0900 JST
shows a pressure pattern of winter monsoon.
The upper trough extending from a cold low at
the Kamchatka Peninsula passed through the
observation area between 1200 JST and 1400
JST.

Two major changes associated with the pas-
sage of the trough were found in vertical pro-
files of winds and microphysical structures of
snow clouds. We will examine the relation be-
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tween these two changes.
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Fig. 2: Surface weather map at 0900 JST 21 Feb. 1999.

3.2 Evolution of wind

Figure 3 shows a time-height cross section
of equivalent potential temperatures and hori-
zontal winds. Before the passage of the upper
trough (0601 and 1154 JST), the wind was
north-westerly with a speed of 5-10 m/s be-
low the 3.5 km level and west-southwesterly
with a speed of 20 m/s above the level. Af-
ter the passage (1426 and 1726 JST), the

wind changed to westerly below the 3.5 km
level and to west-northwesterly above the level.
By 1726 JST, the weak temperature inversion
gradually rose from 3.5 km MSL to 4 km MSL
and the wind directional shear across the cloud
top weakened. The cloud top height was coin-
cident with the base of inversion layer and its
temperature was ~ -27°C during the observa-
tion period.

altitude (m)

i!l[lil!lI||||!Il%l'llilltlllillll'llll
1200 JST 1800 JST

0 Lol
0600 JST

Fig. 3: Time-height cross section of equivalent potential
leimperaluies and hoiizointal winds at Shiozawa

3.3 Evolution of Microphysical Structure

We compared the observation results before
the passage of the trough (1110 - 1148 JST)
with those after the passage (1549 - 1626
JST). Figure 4 gives cloud liquid water con-
tents (CLW), measured by FSSP before and
after the passage of the trough. The maximum
CLW was above 0.1g/m? in the both cases.
Before the passage, there were two peaks of
CLW, which were over the Uonuma Hills and
the Mikuni Mountains. After the passage, only
one peak, over the Uonuma Hills, was ob-
served. The hydrometeor videosonde, launched
at 1426 JST, did not detect cloud droplets.

Figure 5 gives number concentrations of
snow particles, measured with 2DC probe, be-
fore and after the passage of the trough. The
peaks of snow particle concentrations, that was
5 times larger than mean value, were not at
the cloud top but were collocated with the
peaks of CLW. As shown in Fig.6, mean di-
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ameters of snow particles increased with de-
creasing altitude over the hills and the moun-
tains before the passage of the trough. After
the passage of the trough, however, snow par-
ticles over the Mikuni Mountains did not show
any significant growth.

RHI of reflectivities measured with Ka-band
radar showed that precipitation type changed
from stratiform to convective associated with
the passage of the trough.
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4.DISCUSSION

Interactions between the low-level wind and
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Fig. 5: Distributions of number concentrations of snow par-
ticles measured with 2DC before (a) and after (b) the pas-
sage of upper trough.

orographic topography seemed to modify the
spatial distributions of hydrometeors in the
snow clouds. Several mountains with the crest
of ~ 2000 m are situated west (upstream) of
the Mikuni Mountains. The upstream moun-
tains decelerated the westerly wind, resulting in
weakening of the orographic lift. Furthermore,
the upstream mountains induced upward mo-
tions, causing the precipitation, and drying out
the air at lower levels before arriving at the
Mikuni Mountains. Thus cloud liquid water dis-
appeared and ice supersaturations decreased
in the snow clouds over the Mikuni Moun-
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Fig. 6: Mean diameters of snow particles measured with
2DC before (a) and after (b) the passage of upper trough.

tains after the passage of the trough. Such
cloud conditions prevented a significant growth
of snow particles.

The number concentrations of snow particles
increased in places where CLW existed. This
suggests that the most likely mechanisms of
ice nucleation were the freezing of supercooled
cloud droplets and/or the activation of deposi-
tion nuclei at high ice supersaturations.

5.CONCLUSION

The evolution of microphysical structures of
orographic snow clouds was observed with an
instrumented aircraft and ground-based obser-
vation facilities. The spatial distribution of hy-
drometeors changed in association with the
passage of the upper trough. A shift of wind
directions at lower levels seemed to cause this
change in two ways. After the passage of
the trough, mountains west (upstream) of the
Mikuni Mountains decelerated the westerly wind
that would produce the orographic lift. They
also consumed the available airflow through
precipitaion processes. In consequence, the
snow. clouds over the Mikuni Mountains dried
up and the growth of snow particles in them
was suppressed.

The coincidence of the high concentrations
of snow particles and cloud liquid water sug-
gests that ice nucleation is closely related to
the existence of supercooled cloud droplets.
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Thomas H. Vonder Haar, Stephen K. Cox

Cooperative Institute for Research in the Atmosphere/Center for Geosciences
Colorado State University
Fort Collins, Colorado, 80523-1375, USA

1. INTRODUCTION

The Center for Geosciences recently completed the
fifth in an ongoing series of field programs connected
with the Complex Layered Cloud Experiment (CLEX).
The motivation for CLEX is to further our understanding
of the processes inherent to the formation, maintenance
and dissipation of mid-level, non-precipitating mixed
phased clouds. A better understanding of mid-level
clouds has many applications for both military and
civilian purposes. For example, during DESERT
SHIELD/STORM, mid-level cloud systems often masked
target areas and hampered use of electro-optic sensors
and weapons systems. For civilian pilots, poorly
forecast mid-level clouds often restrict flight visibility and
can create icing hazards.

During CLEX-5 (5 Nov - 5 Dec 1999), the University
of North Dakota Citation Il research aircraft took in-situ
microphysical measurements of mid-level clouds over
the central and northern Great Plains of the United
States. The experiment yielded four mixed-phase cloud
cases from 11 Nov and 2, 4, and 5 Dec 99. The 11 Nov
99 case was a lLagrangian measurement over east-
central Montana, while the December cases were
sampled over the Atmospheric Radiation Measurement
(ARM) site in north-central Oklahoma. We now
describe the instrumentation, aircraft sampling strategy,
and discuss preliminary research results from the 11
Nov case study. A brief look at the subject of cloud
glaciation will be performed. Finally, we will compare
our measurements to those obtained in previous studies
of this cloud type by several authors (Heymsfield, et al.,
1991; Hobbs and Rangno, 1985, 1998; Paltridge, et al.,
1986; Pinto, 1998; Tulich and Vonder Haar, 1998).

2. INSTRUMENTS

All of the measurements reported in this paper were
obtained aboard the University  of North Dakota's
Citation 1l research aircraft. The basic instrumentation
package measures temperature, dewpoint temperature,
pressure, winds and cloud microphysics, along with
aircraft position, attitude and performance information.

*Corresponding author's address: J. Adam Kankiewicz,
CIRA/CSU, Fort Collins, CO 80523, USA
E-Mail: kankie@cira.colostate.edu

For our study, we focus on the cloud microphysical
measurements, which were made with an array of
Particle Measuring System (PMS) probes. These
probes include the Forward Scattering Spectrometer
Probe (FSSP), one-dimensional (1D-C) and two-
dimensional (2D-C) optical array imaging probes, and
the King Liquid Water Probe. All of these instruments
are described in detail in NCAR's Research Aviation
Facility Bulletin 24 (Baumgardner, 1981). We also
employed the Cloud Particle Imager, a relatively new
instrument, which records high- resolution (2.3 micron)
digital images of cloud particles and processes them “on
the fly” (Lawson and Jensen, 1998).

3. SAMPLING STRATEGIES

We used three basic flight patterns in CLEX-5: a
racetrack pattern over a fixed point, Lagrangian
racetracks, and a slow, spiral sounding. The racetrack
is the basic sampling pattern. It involves a series of
racetrack-shaped patterns at different altitudes. For a
typical cloud of one kilometer thickness, we made five
racetracks at different altitudes: one above cloud, three
in-cloud, and another below cloud. Relative rapid
descents were made between racetracks. Lagrangian
racetracks were horizontally displaced from one another
so the aircraft drifted with the horizontal wind at mid-
cloud level. We sampled the wind speed and direction
during the first mid-cloud racetrack and used this
information to determine the horizontal position of
subsequent racetracks, so that we stayed in the same
relative cloud parcel for the duration of the
measurement time.

Airspace restrictions prevented us from making
Lagrangian measurements over the Southern Great
Plains ARM site on 2, 4 and 5 Dec 99. Hence, we
sampled clouds over the ARM site while centered at a
fixed latitude and longitude. The racetracks were
contained entirely within a reasonably homogeneous
cloud region, with the longer dimension of the racetrack
approximately 20 km in length. Above and below cloud
racetracks were made far enough away from the cloud
so they occurred entirely within clear air. The highest
racetrack within cloud was made just enough below
cloud top so the racetrack was entirely within cloud.
Similarly, the lowest racetrack within cloud was just
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Flight leg| Helght | Temp | LWC | Stdev |- W .| Stdev. |Wind spd| Wind dir - Cloud location
o Imach) ey | @ty b @m®  msTy | ms™y | s L (deg) :
1 4525 | -8.31 | 0.000 | 0.0017 | 0.585 | 0.2274 | 23.8 268 Below
2 5279 |-13.88| 0.018 | 0.0238 | 1.174 | 0.7347 | 26.3 266 In Bottom
3 5608 |-16.40| 0.150 | 0.0635 | 0.593 | 0.6396 | 26.5 269 In Top
4 5794 |-16.29] 0.000 | 0.0012 | 1.020 | 0.2857 | 24.5 270 Above
5 5546 |-15.76| 0.114 | 0.0579 | 0.602 | 0.6799 | 26.1 270 in Middle
6 5434 |-14.90| 0.063 | 0.0306 | 2.170 | 0.8421 | 25.6 271 In Middle
7 5182 |-12.71| 0.003 | 0.0038 | 2.868 | 0.5020 | 25.5 271 In Bottom
8 | 4877 |-10.02| 0.004 | 0.0026 | 1.215 | 0.6269 | 25.8 273 Below

Table 1. Mean microphysical and kinematic values for each leg of the 11 Nov 1999 cloud sample.

above cloud base. The racetracks within cloud were
vertically separated by 200-500 m, depending on cloud
depth. Due to limited upper air data, and the desire to
get a vertical sample of the clouds, the aircraft
performed slow spiral descents for a thermodynamic
sounding. The aircraft sounding extended from about
one kilometer above cloud top to a kilometer below
cloud base, at a constant 300 meters per minute rate.

5. 11 NOV 1999 CASE STUDY
5.1 Synoptic Overview and Case Summary

A large area of mid and upper level cloudiness was
advecting eastward along the Wyoming-Montana
border, over the noith end of a ildge axis about haliway
between Casper, WY and Mile City, MT. An upper level
shortwave moving across the area from the Nevada-
Utah border enhanced early morning clouds beginning
around local noon. OQur aircraft sample took place
between 1923 and 2040 UTC, as the cloud field crested
the ridge axis and eventually dissipated.

As mentioned previously, the 11 Nov 99 case was a
Lagrangian sample, so we remained in the same cloud
parcel with time and saw the evolution of the various
microphysical parameters as we drifted eastward. Table
1 summarizes the mean microphysical and kinematic
quantities observed within the Lagrangian sampled
cloud. In-cloud temperatures ranged from -12.5 to -
16.5°C through a cloud depth of just over 500 m. Liquid
water contents were highest in the mid and upper
portions of the cloud (0.114 to 0.150 gm™), and dropped
to less than 0.02 gm™ at cloud base, which were just
below 5,200 m.

5.1 Mixed Phase Cloud Glaciation

The Lagrangian aircraft measurements obtained from
the mixed phase altostratus cloud observed on
November 11, 1999 offer a unique opportunity to look at
the subject of mixed phase cloud glaciation. How long
can mixed phase clouds persist in a mixed phase
state?, or alternatively, How fast does glaciation of
clouds occur? We find that the rate of glaciation in this

cloud was slow, and that by some measures, the cloud
in fact de-glaciated.

The answer is not obvious a priori because the
glaciation rate probably depends strongly on the number
of ice-forming nuclei near the cloud, and little is known
about the concentration of IFN at mid altitudes over
continents. One can imagine two scenarios. First, if the
IFN concentration is sufficiently large, a liquid cloud may
be entirely converted to ice and only then dissipate
either through precipitation or  entrainment.
Alternatively, if the IFN concentrations are small, a cloud
may retain considerable liquid water until the moment it
iinally dissipates.

Field observations have demonstialed that glaciation
can occur rapidly, i.e. within minutes, in the tops of
cumulus turrets (MHobbs and Rangno 1885). In contrast,
glaciation appears to proceed much more slowly in
Arctic stratus clouds. In fact, both field observations
(Pinto 1998) and numerical simulations (Harrington et
al. 1999) suggest that Arctic stratus may sometimes
reach an equilibrium in which the ratio of ice to liquid
remains constant. This is possible because as ice
particles grow, they tend to fall out of cloud, and then
they can no longer deplete cloud liquid water. If the rate
of formation of new ice crystals balances the rate of
sedimentation of ice crystals, then the cloud can
achieve an equilibrium.  Both Pinto (1998) and
Harrington et al. (1999) state that the rate of glaciation is
highly sensitive to the concentration of ice-forming
nuclei (IFN).

Hobbs and Rangno (1985) state that glaciation of
altostratus and altocumulus clouds can require several
hours, in contrast to the rapid glaciation of cumulus
turrets. However, the aircraft measurements of Hobbs
and Rangno (1985) (and those of Pinto 1998) were not
Lagrangian measurements.  That is, their aircraft
transects did not drift with the horizontal wind so as to
subtract out advective effects. With non-Lagrangian
measurements, it can be difficult to determine whether
an observed change in cloud properties occurs because
the aircraft has observed temporal variations of a single
patch of cloud or because the aircraft has sampled a
horizontally varying cloud.
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Aircraft sampling revealed little, if any, ice present in
the top of the 11 Nov 99 cloud. However, ice did exist in
the base of and beneath the cloud. Therefore we
compare the amount of ice measured in two racetracks
near cloud base, separated in time by about half an
tiour. (The earlier and later racetracks are numbered 2
and 7 respectively in Table 1.) The altitude of the later
racetrack was about 100 m lower than that of the earlier
racetrack.  Since the aircraft used a Lagrangian
sampling strategy, both racetracks intercepted the same
column of air. Therefore the observed changes in ice
amount reflect temporal and not horizontal spatial
changes.

The ice crystal measurements may be summarized
as follows. Though not shown here, both the CPI and
2D-C find that the number concentration of ice particles
and the ice water content slightly decrease between the
two racetracks. Therefore, if glaciation rate is defined
as either the change in number concentration of ice
crystals or the change in ice water content, then the
cloud, instead of glaciating, actually de-glaciates.
However, the liquid water content also decreases during
this time, so that the ratio of liquid to ice water content,
for example, stays roughly constant within the (large)
uncertainty of the measurements. What we can say
with a fair degree of certainty is that for the Nov. 11
case, the process of glaciation (or de-glaciation) has a
timescale longer than 40 minutes. The cloud was
sampled until minutes before its disappearance, and
considerable liquid water remained in cloud even at the
end of sampling.

Since thin cirrus was observed above the altostratus
cloud that we sampled, one might hypothesize that the
seeder-feeder process was responsible for the fact that
the altostratus cloud was mixed phase and that it
persisted in a mixed phase state. That is, one might
suppose that the ice present in the altostratus originated
as ice faillout from the cirrus cloud above. However,
neither the CPl nor the Forward Scattering
Spectrometer Probe (FSSP) observed hydrometeors
falling into the top of the altostratus during the two times
when the aircraft flew above the altostratus cloud.
These two times occurred when the aircraft first
approached the cloud from above and performed a
spiral descent, and midway through sampling when the
aircraft executed an above-cloud racetrack. Despite the
failure to observe seeder crystals, one might argue that
ice had fallen into the top of the altostratus cloud before
the aircraft arrived, and that the possible de-glaciation
we observed occurred because the seeder process
ceased as soon as the aircraft arrived. However, the
cirrus clouds, as recorded on flight video, appear to be
high, thin, and without virga. The possibility that
precipitating crystals from the cirrus cloud could have
survived the long fall through subsaturated air to the
altostratus cloud is remote.

6. COMPARISON OF CLEX-5 RESULTS WITH
OTHER STUDIES

- favorably with our four cases.

Heymsfield, et al. (1991) took aircraft measurements
of two clouds near Green Bay, WI in October of 1986.
The first was a thin cloud about 200 m thick with a base
at 7.3 km altitude, while the second was on the order of
500 m thick with a base at 7.5 km. Liquid water
contents in the first case were only .01 to .02 gm™, while
the second was in the range from 0.04 to 0.12 gm™.
These values fall within the range of those measured in
CLEX-5, but are closer to the low end of our
measurements. The temperatures were -29 to -31°C,
which is similar to our coldest day on 2 Dec 99. Vertical
velocities in this study varied from .25 to .75 ms™, which
also compares quite favorably to those we measured
during CLEX-5.

Hobbs and Rangno (1985) reported the findings on
measurements and observations of 90 cumuliform and
72 stratiform clouds. One of their illustrative examples
is an altocumulus (AC) cloud over Washington State
with bases at 5 km (AGL), temperatures ranging from -8
to -13°C, and approximately 800 m deep. The
measured maximum liquid water content was 3 gm™
near cloud top, which more than twice that found in
CLEX-5 and over an order of magnitude higher than the
October 1986 clouds previously discussed. However,
this may be attributed to the difference in maritime and
continental climates. Their study also cites ice particle
concentrations of 0.1 to 2 liter".

Airborne measurements of mid-level clouds over the
Beaufort Sea in Alaska were also reported by Hobbs
and Rangno (1998). In this study, they found AC 30 to
800 m thick, with temperatures in the 1 to ~31°C range.
Observed Mean liquid water contents varied from 0.02
to 0.14 gm™, which are in good agreement with our
measurements. Droplet concentrations were 105-450
cm®, with average effective cloud droplet radius of 10
um.

Paltridge, et al., (1986) completed a case study of ice
particle growth in a mixed-phase altostratus (AS) cloud.
The system was divided into two layers, with the first
from 2600 to 3300 m and the second from 3300 to 3600
m. Liquid water contents varied from 0.0 to 1.2 gm?3,
depending on location within the cloud, which compares
Temperatures in cloud
ranged from -6 to —~11°C, which is comparable to our §
Dec 99 case. Upward vertical motion was calculated in
this study to be approximately .09 ms™, which is an
about an order of magnitude lower than those we
measured or those reported by Heymsfield, et al.
(1991).

Pinto (1998) analyzed two Arctic mixed-phase cloudy
boundary layers in the temperature range —13 to —20°C.
He found that liquid water content generally increased
with height through the cloud layer with a maximum just
below cloud top. Values were on the order of 0.005 to
just over 0.1 gm™, which is in good agreement with our
measurements and previously described studies. Total
cloud ice generally decreased with height through the
layer with a maximum near cloud base. Although we
don’t show any of these values here, that trend is
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apparent in our data. Typical vertical velocities in this
study were +0.002 ms™' in one cloud and -0.005 ms™ in
the other. Due to these low values, Pinto concluded that
the sign of vertical velocity is relatively unimportant for
cloud existence. These values are much lower than

those seen in other cases examined thus far, and are -

well below the noise level of the Citation instruments.

Finally, Tulich and Vonder Haar (1998) examined
measured structures of a multi-layer cloud in great
detail. The system started out as an AS layer from 5800
to 6000 m, with an AC layer rising into it from a base of
approximately 5125 m. Mean liquid water contents
varied from a minimum of 0.03 gm™ to a maximum of
0.31 gm™ through the center of the cloud system. The
mean value for most flight legs was 0.08 to 0.16 gm™.
The reason for the higher mid layer value my be due to
the fact that this was a summer time system, and
appeared to have formed from detrained convective
moisture. Mean in-cloud vertical motion ranged from
+0.6 to -0.5 ms™, with maximum values of +2.2 and -
1.8 ms'. All values compare reasonably well to the
CLEX-5 measurements.

7. CONCLUSIONS AND FUTURE WORK

We have sampled a mixed phase altostratus cloud
and have found the in-situ observations to be similar to
those observed in previous studies. We have also
found that the rate of glaciation was slow, and that by
some measures, the cloud was in fact de-glaciating.
We speculate that the cause of the slow or non-existent
alaciation was low concentration of ice-forming nuclei
{IFN), coupled with the. fact that ice partlicles tend to
sediment rapidly after they have grown sufficiently large
by vapor diffusion. This hypothesis must remain
speculative, since we did not measure IFN
concentration.

Future work will center on refinement of the
measurements taken thus far, such as retrieving liquid
and ice particle sizes and concentrations. We will aiso
be deriving products from the measurements, such as
turbulent kinetic energy, potential temperature, lapse

rates, radiative heating and cooling rates, etc. Some
radiative transfer modeling, as well as cloud
microphysical modeling, is also planned.  Once the

processing of the in-situ data is completed, the next step
will to tie the in-situ measurements to satellite imagery,
with the emphasis on developing improved forecasting
techniques and remote sensing algorithms for mixed
phase systems.
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PRECIPITATION MECHANISMS IN EAST ASIAN MONSOON RAIN

Tsutomu Takahashi
(Obirin University)

1. INTRODUCTION

In addition to their importance to the inhabitants
of the region, the East Asian monsoon rains also
contribute to the large scale circulation through the
heat released during rain formation. There have been
only a few attempts to investigate the mechanisms
through which rain is formed in such systems
(Churchill and Houze 1984, Houze and Churchill
1987). The primary difficulty in such studies is the
hazardous pature of aircraft flights in intense echo

regions of storms where there is abundant liquid water.

A videosonde system has been developed to
overcome “these difficulties (Takahashi 1990) and
more than 200 sondes have been released in various
areas of East Asia.

2. VIDEOSONDE SYSTEM

As is illustrated in Fig. 1, the videosonde
consists of two parts, one to obtain images of
precipitation particles and the other to measure the
clectric charge on the particles. When a particle larger
than 0.5 mm in diameter interrupts a beam of infrared
light, a flash is triggered and a videocamera obtains
an image of the particle. The electric charge on the
particle is measured by an induction ring. In the most
recent version of the videosonde ice crystals are
collected on a transparent film and magnified. The
camera images, the electric charges, and the
magnified crystal images are all transmitted to a
ground station over 1680 MHz. In addition, the
videosonde may also transmit temperature, humidity,
and pressure. During the past ten years 227 such
videosondes have been released into monsoon rain
clouds from various parts of East Asia (Fig. 2).

3. PRECIPITATION MECHANISMS IN PRIMARY
CLOUD SYSTEMS

Cloud systems and precipitation mechanisms
differ in different monsoonal areas (Fig. 3). In Manus
Island., rainbands develop along strong, low-level

Corresponding author’s address: Tsutomu Takahashi,
Obirin University, 3758 Tokiwa-cho, Machida-shi,
Tokyo 194-0294, Japan;

E-Mail: 2(@obirin.ac.jp
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convergence formed by interaction between tropical
cyclones and easterlies while in Ponape, cloud
clusters develop within the intertropical convergence
zone. They are very few ice crystals and large
raindrops are formed by rapidly growing frozen drops
pear the freezing level. In Brunei, vortex over the
ocean off Brunei build cloud cluster over the land. In
Songkhala and Surat Thani, longitudinal rainbands
developed by the interaction of easterlies and a
cyclone over the South China Sea. Graupel are now
active. In Phuket, rainbands developed over the
ocean along the coast as- southwesterlies were
accelerated by the Australian High, the Somalia High
and the Indian heat low. Here the rain was formed
primarily through the warm rain process with many
ice crystals in the upper levels.

In Melville Island, cloud first developed along a
sea-breeze front. As the cloud produced heavy rain, it
exhibited squall line characteristics. Large frozen
drops and enormous numbers of graupel and ice
crystals were observed in the cloud. The number
concentration of ice crystals increased to as many as
10 cm™ and there was frequent lightning. In Ubon, as
cumulonimbus merge and produce intense rain, a
series of cloud bands appeared in front. As one of the

bands increased in intensity, original cloud clusters
showed vortex. In Chiangrai, strong convergence
zone developed through interaction with the monsoon
southwesterlies and a vortex formed originally over
the ocean off Vietnam. When low-level stratocumulus
reached the higher, layered cloud, graupel were
formed. Ice crystals were widely spread and formed
snowflakes. In  Shanghai, Tanegashima and
Kagoshima, mesoscale cloud clusters lined up the
front.

In the comvected area, frozen drops and graupel
grew. In the upper cloud level, there were wide-spread
ice crystals and it rains as snowflakes. In Pingliang,
the warm rain process no longer contributes to rain
formation and rain is formed through very efficient
graupel formation.

4. SUMMARY

a. Results obtained from videosondes show
that different cloud systems and different
precipitation processes occur in different
areas of Fast Asia during the monsoon
period. Near the equator the process is either
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Fig. 4. Contribution of ice-phase particles to total water content and ice crystal
number deunsity for different latitudes.
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warm rain as in Phuket or graupel formation
as in Brunei. Over the open ocean as in
Ponape and Manus, large raindrops are
produced through the growth of frozen
drops. At higher latitudes, graupel interact
with Jower level precipitation processes and,
where frontal passages occur, snowflakes
are also involved (Fig. 4).

Over the ocean in equatorial regions, where
there are low number concentrations of
graupe] and/or ice crystals, lightning activity
is also weak (Fig. 5).
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CHARACTERISTICS OF MIXED-PHASE CLOUDS FROM RADAR AND LIDAR OBSERVATIONS
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1 INTRODUCTION

Of primary importance in determining the radiative prop-
erties and evolution of a cloud is its phase. Mixed-phase
clouds could potentially play an important role in the cli-
mate system, but due to a lack of good observational
datasets there is much uncertainty regarding the extent
to which ice and liquid water coexist, and hence most
models crudely assume that the ice/liquid water ratio var-
ies as a function of temperature alone. In this paper we
present radar, lidar and aircraft measurements taken at
Chilbolton, England, from which it is shown that super-
cooled liquid water tends to occur in the form of distinct
layers that are strongly reflective at the lidar wavelength,
while the radar echo tends to be dominated by the much-
larger ice crystals. Analysis of three years of lidar data
shows that these layers occur surprisingly frequently. We
also demonstrate that the differential refiectivity (Zor)
measured by a scanning radar can attain very high values
in the vicinity of supercooled water, indicating the growth
of pristine columns and plates in the highly supersatur-
ated environment. These two techniques could prove
very valuable in determining the distribution and charac-

teristics of mixed-phase clouds.

2 ‘CLARE’98' CASE STUDY

Figure 1 shows simultaneous measurements through a
mixed-phase cloud over Chilbolton by a 1064-nm nadir-
pointing polarization lidar mounted on the DLR Falcon air-
craft (top two panels), a scanning 3 GHz polarization radar
(third and fourth panels), and the microphysical probes
of the UK Met Office C-130 aircraft (last panel). The
data were taken on 20 October 1998 during the Cloud
Lidar And Radar Experiment (CLARE'98). A number of
strongly-reflective layers are clearly present in the lidar
backscatter coefficient (B) field, and their low depolariz-
ation indicates that they are composed predominantly of
spherical water droplets. The radar shows no such fea-
tures in reflectivity (Z), since the ice crystals are much lar-
ger than the liquid water droplets and therefore dominate
the signal. However, unusually high values of differential
reflectivity (Zpr) are observed beneath the supercooled
water layers, indicating the growth of horizontally-aligned,
highly non-spherical crystals. This feature is discussed

- Corresponding author address: Robin Hogan, Department of
Meteorology, University of Reading, Earley Gate, PO Box 243,
Reading RG6 6BB, UK; e-mail: R.J.Hogan@reading.ac.uk.

further in section 3. In situ measurements by the C-130
at an altitude of around 4 km (—7°C) reveal the lowest el-
evated lidar echo to be associated with a liquid water con-
tent (LWC) of up to 0.2 g m~3. The vertical velocity exhibits
periodicity characteristic of a gravity wave, and simple cal-
culations confirm that it is of sufficient amplitude to be the
likely cause of the liquid water. The crystals sampled in
the high Zpg region were sector plates, which are known
to grow only under high supersaturation conditions.

3 ‘CWVC’ CASE STUDY

A second flight through warm frontal cloud took place on
30 March 1999 and involved only the C-130 aircraft and
the Chilbolton radar. Figure 3 shows a radar scan through
a high-Zpg ‘plume’ (values up to 3 dB) which is shown by
the simultaneous in situ aircraft measurements at —6°C
to be associated with an ascending region of supercooled
water with a maximum LWC of 0.19 g m=® and vertical
velocities of the order of 1 m s~'. This time the crystal
imaging probes on board the C-130 showed that needles
were responsible for the high Zpg. Similar high-Zpg fea-
tures have been observed before (e.g. Bader et al. 1987),
although this is the first time that it has been suggested
that liquid water is responsible.

To better interpret the radar measurements, Fig. 2
shows Zpg as a function of ice-air ratio for homogeneous
oblate spheroids with a variety of different aspect ratios,
calculated using Rayleigh-Gans theory (Seliga and Bringi
1976). Usually the Zpg of cirrus and mid-level cloud at
Rayleigh-scattering frequencies is less than 0.5 dB, indic-
ating that typically crystals are of fairly low density and do
not have extreme aspect ratios. This has been confirmed
by aircraft measurements. For example, Korolev et al.
(1999) found that only 3% of crystals in a large aircraft
dataset spanning the temperature range —45°C to 0°C
could be classified as ‘pristine’ columns, plates or dend-
rites; the vast majority were irregular aggregates or poly-
crystals. This would suggest that pristine crystals occurin
mid-level clouds only when liquid water is present, and un-
der normal low-supersaturation conditions most particles
are aggregates.

4 STATISTICS ON SUPERCOOLED CLOUDS FROM
LONG-TERM LIDAR OBSERVATIONS

Supercooled water layers similar to those observed in

Fig. 1 are clearly detectable in observations by ground-

based lidar, and we have used over three years of data

13" International Conference on Clouds and Precipitation

705



Height (km)

Height (km)

(=]

Height (km)
£

N

<

T

T

)

Height (km
SN

e 3 GHz Ditterential reflectivity,

e . i

%
I

(o]

o
)

Water content (g m'3)

7

<

5 {m

-~

Varical w

-60 -50 -40 -30

~20 -10 0

Distance from Chilbolton (km)

Figure 1: Composite of observations from the 14:20 UTC over-flight of Chilbolton on 20 October 1998 during CLARE’98. The first two
panels show measurements by the nadir-pointing lidar on board the DLR Falcon aircraft flying at an altitude of 13 km. Simultaneous
measurements of Zand Zpg by the ground based 3 GHz radar are shown in the next two panels, and the last panel shows liquid water
content, ice water content and vertical velocity measured by the C-130 aircraft at an altitude of 4 km (~7°C).

from a vertically-pointing 905 nm Vaisala lidar ceilometer
(30-s/30-m resolution) at Chilbolton to determine the fre-
quency of such layers as a function of temperature. Since
their lidar characteristics are so distinctly different from

clouds that consist purely of ice, it is straightforward to de-
vise an objective algorithm for identifying them. We dia-
gnose the presence of a layer wherever § exceeds 2.5 x
105 sr "' m~", provided that this maximum value of 8 is at
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Figure 2: Zpr as a function of ice-air ratio for single horizontally-
aligned oblate spheroidal crystals with various aspect ratios. Zpg
is not directly related to crystal size.

least 20 times greater than the value 300 m above. Only
one layer is diagnosed in any given profile.

An example of the scheme is shown in Fig. 4. A num-
ber of layers are present at temperatures down to -30°C,
and their location as determined by the lidar has been su-
perimposed on the simultaneous Z field measured by the
vertically-pointing 94 GHz Galileo radar. As in Fig. 1, the
radar echos are dominated by the larger ice crystals and
the layers are not apparent. The radiative significance of
the layers is obvious by their rapid extinction of the lidar
signal, but it is somewhat surprising that they are able
to persist for so long (up to 9 hours on some occasions)
when ice crystals are present and presumably growing
rapidly by virtue of the difference in saturation vapor pres-
sure.

The algorithm has been applied to all the lidar data
taken at Chilbolton, from the summer of 1996 until April
1999. In total 2.47 million 30-s rays have been pro-
cessed. The 6-hourly radiosonde ascents from Herst-
monceux (125 km from Chilbolton) were used to estimate
the temperature at the altitude of the layers.

The resuits are summarized in Fig. 5. Panel a shows
the fraction of the dataset for which the instrument ob-
served any cloud in each 5° temperature interval between
~50°C and —-5°C. Pixels were defined to be cloudy if the
lidar backscatter coefficient was atleast 2x 10~7 sr=' m~',
At temperatures warmer than —5°C the data were often
contaminated by aerosol so are not shown. Because of
frequent obscuration by low stratocumulus, clouds colder
than —10°C were observed only 10% of the time. Panel
b shows the fraction of observed clouds that contained
a supercooled layer satisfying the definition given earlier,
in each 5° interval. As one might expect, the frac-
tion of clouds containing a supercooled layer decreases
with temperature: 18.5% of clouds between -10°C and
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Figure 5: Statistics from the 31-month zenith-pointing lidar ceilo-
meter dataset taken at Chilbolton: (a) Fraction of observations in
which cloud was seen in each 5° temperature range; (b) Fraction

of clouds that contain a layer in each 5° temperature range.

—15°C contained a layer, whereas between -30°C and
—35°C the value was only 5.5%. The small fraction of
clouds colder than —40°C that appear to contain layers
are typically very short lived and probably correspond to
aircraft contrails.

5 CONCLUSIONS

Two new observational techniques for the study of mixed-
phase cloud have been described. Simultaneous lidar,
radar and aircraft observations have shown that super-
cooled liquid water tends to occurin the form of thin layers,
and analysis of a large lidar dataset suggests that they oc-
cur surprisingly often: around 30% of the time that cloud
colder than ~10°C was observed, a layer was observed
within it. it was also found that pristine needles or plates
tend to grow in the vicinity of the liquid water. While this is
of considerable microphysical interest, it also means that
future radar-aircraft studies could be much more fruitful
since the radar would be able to use Zpg to rapidly locate
the most promising areas for the aircratft to fly through.
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Ice particle habits in stratiform clouds
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1. INTRODUCTION.

lce crystals in clouds in the atmosphere have
shapes, which relate to their density, terminal fall
velocity, growth rate and radiative properties. In
calculations for climate change predictions, forecasting
of precipitation and remote sensing retrievals, idealized
crystal shapes such as spheres, columns, plates and
dendrites are often assumed.

The objective of this work is to study the frequency
of occurrence of different habits of cloud particles in
natural clouds from aircraft observations. Images of the
particles were measured by a PMS OAP-2DC at 25 um
resolution installed on National Research Council (NRC)
Convair-580.

2. ALGORITHM AND DATA PROCESSING
2.1 Basics of the algorithm

The present recognition technique is based on the
originally developed algorithm for particle habit
classification (Korolev and Sussman 2000). The particle
habit is classified by analyzing dimensionless ratios R of
simple geometrical measures such as the X- and Y-
dimensions, perimeter and image area. The key to this
method lies in considering these ratios for an ensemble
of images. It is assumed that each habit category has a
unique distribution of ratios. For an ensemble of images
presented by a mixture of different habits, the
distribution of a particular ratio will be a superposition of
distributions of ratios of individual habits. If these
distributions are known, than the fraction of each habit
for an ensemble of 2D-images can be found as the
solution of an inverse problem

f=B'M (1)

where M is a vector describing the measured
distribution of the parameter R for an ensemble of 2D-

images; f is a vector of fractions of images belonging

to the different habit categories; B is a matrix composed
of basis vectors of B; describing the distribution of the
ratio R in each habit category. Images, which did not
touch edge elements (or “complete” images) and those
that were partially viewed by the probe (or “partial”
images) were processed separately.

For "complete" images the ratio

z(v2+n2) z(D2+D2)
1= = ~
8Nroml 8S
was found to have the most unique features to
characterize each category of habits. Here N, is the

number of pixels in the X-direction (perpendicular to the
photodiode array, i.e. along the flight direction), N, the

()
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number of pixels in the Y-direction (parallel to the
photodiode array), Nya the total number of shadowed
pixels, D,=0N, the X-size; D,=0N, the Y-size; S=62N,o,a,
the particle shadow image area; 8=25um is the probe pixel
resolution. “Complete” images with Ny,<25 were rejected
because of limited habit recognition capability.

Partial images were classified using the ratio

R2 = Pmeas /Pcirc (3)
Here Ppeas is measured image perimeter, P, is the
perimeter calculated in assumption that the image is
perfect sphere. Knowing the number of triggered edge
pixels in the image Neqger and Neggez, the perimeter of the
sphere can be found as

P.=2(6,-6))r (4)

Here 6, = arctan i ; 8, =arctan . ;
2z 2(z+ ygo)

2
2 ) 2_ .2

SR £ TN 4T ; 7= Xz_)’o+r;
4 2 8¥o 8y, 2

- X1=0Nedge1; X2=O0Ngggez; Yo=826. “Partial” images with

Niotat <180 were rejected because of poor habit resolution.

2.2 Habit categories

The present algorithm classifies 2D-images into four
habit categories: "spheres”, "irregulars", "needles" and
"dendrites” (Fig. 1). )

The class "spheres" (Fig. 1a) includes particles with
circular images. Such particles could be liquid drops or
quasi-spherical ice particles like graupel or frozen drops.

The category "needies" (Fig. 1c) includes images
having elongated quasi-rectangular projection with aspect
ratio C/A>3, here C s the length along the c-axis, and A is
the diameter in the a-axis direction. Such projections in the
majority of cases are produced by needles or columns.
Rosettes with 3 to 5 bullets also fall in the category
"needles".

The class "dendrites" (Fig. 1d) includes dendrites,
stellar crystals, or aggregates of dendrites.

Polycrystalline ice particles such as combination of
plates or columns, heavily rimed particles, graupel, and
other forms that do not display features “needles”,
"dendrites” or “spheres” would fall into the category
“irregulars” (Fig. 1b).

The current four categories cover the major habits of
ice particles in the troposphere. Plates were not included
since the occurrence of this habit in clouds is estimated as
0.5-2% (Zamorsky, 1955, Korolev et. al 1999)

2.3 Accuracy of the method

Figure 2 shows the results of the image recognition
analysis. The panels Fig. 2 b, ¢, d, and e show the fraction
of spheres, irregulars, dendrites and needles, respectively,
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derived from the OAP-2DC data. Figure 3 shows the
OAP-2DC images measured in zones with a high
percentage of circulars (a), irregulars (b), dendrites (c),
and needles (d). A comparison of the results of habit
recognition using the present algorithm, with those
performed by eye, shows that for randomly chosen sets
of images contained in five 2D-buffers, the error in
misclassifying particle habits does not exceed 10%-15%
on average.,
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Figure 1. Habit categories used for classification of PMS OAP-

2DC cloud particle images.

3 FREQUENCY OF OCCURRENCE OF PARTICLE HABITS

The data on ice particle habits were collected
during four field campaigns: the Beaufort Arctic Storm
Experiment (BASE) in September-October 1994, the
Canadian Freezing Drizzle Experiment | (CFDE 1) in
March 1995, the Canadian Freezing Drizzle Experiment
Il (CFDE 1ll) December 1997-February 1998, and
FIRE.ACE in April 1998. The main bulk of data were
collected in stratiform clouds (St Sc, Ns, As, Ac, Cs),
usually associated with frontal systems. The total flight
length in cloud was 35,840 km. The temperature and
altitude of measurements ranged from 0 to -45°C and
from O to 7.5 km, respectively.

Within this study, about 3 x107 particle i Images were
analyzed. The frequency of occurrence of ice particle
habits was calculated for three size intervals D>125um,
D>250um and D>500um in 5-degree temperature
intervals in the range 0°C to -45°C. The results of the
processing are presented in Fig. 4.

3.1 irregular particles

The most important finding of this study is that the
fraction of irregular particles is dominant over other forms
in all temperature intervals (Fig. 4a). On average, the
fraction of irregulars in the analyzed data set is 84% for
D>125um, and 76% for D>500um. These results are
consistent with observations of ice particle habits with the
help of a SPEC Cloud Particle Imager (CPI) in Arctic
clouds by Korolev et. al (1999).

The Magono-Lee diagram does not show irregular
shaped particles in the temperature interval
-20°C<T<-15°C and -35°C<T7<-30°C. However, the OAP-
2DC imagery of cloud particles indicated that the fractions
of irregular particles in these temperature intervals are
84% and 93%, respectively.
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Figure 2. Changes of cloud particle habits during the flight
on January 23, 1998 (CFDE Ill). {a) changes of temperature and
altitude. Spatial changes of the fraction of (b) spheres,
(c)irregulars, (d) dendrites, (e) needies.

3.2 Dendrites

On average the fraction of dendrites at temperatures
-45°C<T<0°C is 3% and 10% for particles with D>125um
and D>500um, respectively. The fraction of dendrites
increases with an increase of particle size at -15°C<7<0°C
(Fig. 4b). For example during FIRE.ACE the fraction of
dendrites increased from 17% to 55% when the threshold
size increased from 125um to 500um at -15°C<T<-10°C.

The maximum frequency of occurrence of dendrites
was observed at temperatures -15°C<T<-10°C (Fig. 6b).
This is consistent with the dendritic growth of ice particles
observed in laboratory and in natural conditions (e.g.
Hallett and Mason 1958; Magono and Lee 1966).
However, in the majority of cases at -15°C<T<-10°C, there
are no dendrites at all, and the dominant ice particle habit
is irregular. This fact is not reflected in the Magono-Lee
diagram. Though the Magono-Lee diagram has categories
"graupel" {R3a, R3b, R3c in Magono-Lee classification)
and "graupellike" (R4a, R4b, R4c), which would be
interpreted as irregulars, there are a large variety of
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observed at
into these two

iregular ice  particle  shapes
-15°C<T<-10°C, which do not fit
categories.

A significant number of dendrites were observed
within the temperature interval -10°C<7<0°C. During
FIRE.ACE the fraction of dendrites with D>500um was
55% in the temperature interval -10°C<7<-5°C. These
dendrites were likely formed in the upper layers at
colder temperatures and then fell down to the lower
warmer layers still keeping their dendritic shape. It is
worth noting that the Magono-Lee dtagram does not
show dendntes at temperatures -10°C<T<0°C.

3.3 Needies and columns

On average the fraction of needles and columns is
about 6% and 8% for D>125um and D>500um,
respectively (Table 4). The fraction of needles/columns
increases with an increase of particle size at
-5°C<T<0°C and -45°C<T<-40°C. For all four projects
the maximum of the fraction of needles was observed in
the -5°C <T<0°C temperature interval. There is only a
small  fraction of «columns at temperatures
-35°C «T<-10°C.

The observation of the maximum frequency of
occurrence of needles at -5°C <7<0°C is in agreement
with observations of needle growth in laboratory studies
(e.g. Hallett and Mason 1958; Magono and Lee 1966).

The Magono-Lee diagram shows that in the
temperature interval -35°C<T<-30°C ice particles in
natural clouds should consist of columns or rosettes of
bullets. The algorithm used in this study would classify
these particles as columns However, the OAP- 2DC
this temperature interval. This indicates a brg
divergence between observation of .ice particles in the
interval -35°C <7<-30°C obtained in the frame of this
study and the Magono-Lee diagram.
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Figure 3. Samples of OAP-2DC images measured in zones of

(a) spheres; (b) irregulars; (¢) dendrites; (d) needles during the
flight shown in Fig. 2.
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3.4 Spherical particles

On average, spherical particles represent 7% and
6% of the classified images for the size intervals 125um
and 500um, respectively. The fraction of spherical
particles gradually decreases towards low temperatures.
A large number of spherical partictes (from 6 to 20%)
were observed in the temperature interval -10°C<7<0°C
during CFDE | and CFDE Ill. These particies were

mainly associated with freezing drizzle events and were
either liquid or frozen droplets. In contrast, in Arctic clouds,
the spherical particles were more or less evenly distributed
within the -40°C<T<0°C temperature interval. This is
consistent with our numerous observations of CPl images
of quasi-spherical particles in cirrus and mid-level clouds
in the Arctic during FIRE.ACE. It is possible that, due to a
poor resolution and digitizing problems of the OAP-2DC
(Korolev et. al 1998) some irregulars were categorized as
spherical particles. However, these types of errors do not
exceed several percent on average and do not affect
significantly the statistical results.
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Figure 4. Dependence of the frequency of occurrence of particle
habits versus temperature.

4. Cellular structure of needles and dendrites
zones

The dendritic ice particles occur in isolated cells
embedded in zones of irreqular shape ice particles (Fig.
2c¢). In such cells the fraction of dendrites may reach
100%. Similar to dendrites, the needles at warm
temperatures  (-5°C<7<0°C) and columns at cold
temperatures (-45°C<T<-40°C) occurred in cells (Fig. 2d).
The dendrites and needles in such cells are frequently
mixed with irregulars. The characteristic size of these cells
is several kilometers, though it may range from hundreds
of meters to tens of kilometers (Fig. 2¢,d).

The observation of needles and dendrites in mainly
isolated cells leads to the conclusion that columnar and
dendritic growth in clouds at temperatures -5°C<7<0°C
and -15°C<T<-10°C, respectively, occurs only in limited
conditions.

5. CONCENTRATION OF ICE PARTICLES

The number concentration of ice particles was
estimated as

N= n/ SLclaud (5)
where n is total number of analyzed particles larger than
125um, 250um, or 500um measured over a cloud path
length Leoua, S is the sample area of the OAP-2DC.

In order to avoid misinterpretation, it is worth noting
that the particle concentration estimated from Eq. 5 is a
result of averaging over the distance Lcous, the value of
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which is of the order of magnitude 10' to 10°%km. These
results may be most useful for interpretation of meso-
and macro- scaies associated with sateliite images and
climate modeling. The estimated concentrations Njzs,
Noso, and Nsge should be interpreted as the
concentration of ice particles. The effect of supercooled
drops is estimated as a few percent.

The constant concentration of ice crystals (Niz5 and
Naso) with temperature (7>-35°C) in the -troposphere
shown in Fig. 5 is very important result. Past works have
suggested an increase in concentration with colder
temperatures (e.g. Meyers et al., 1992). Guitepe et al.,
{(2000) suggest that this lack of relationship also holds
for smaller ice particles (< 125 um). No simple
explanation for this observation is possible at this time.
However, particle breakup, aggregation, ice
multiplication (e.g. Hallett and Mossop, 1974) are
temperature dependent processes and do not provide a
solution. lce multiplication due to particle breakup
caused by evaporation or sublimation can occur at any
temperature under non-steady conditions as ice
particles fall from aloft into sub ice saturated regions, or
by turbulent mixing with sub-saturated air. However, the
exact mechanism for why such a process would lead to
the concentration of ice particles being independent of
temperature remains unclear and requires further study.

Another surprising result is rather sharp decrease
of Nizs below -35°C (Fig. 5). Small crystals below the
125 um resolution limit are a key to interpretation of the
variations in concentration with temperature.
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Figure 5. Averaged number concentration of cloud particles
larger 125 um 250 um and 500 pm measured by the OAP-2DC
during BASE, CFDE 1, CFDE Ilf, and FIRE.ACE.

6. CONCLUSION

The following results were obtained:

(a). A new algorithm for particle recognition was
developed. One of the advantages of this algorithm is
that it processes both "complete” and “partial” images.

(b). The frequency of occurrence of four habit
categories (irregulars, dendrites, needles and spheres)
was found. The majority of ice particles (D>125um)
were found to have an irregular shape (84%).

(c). The frequency of occurrence of ice particle
habit was found to depend on particle size. The fraction
of irregulars decreases with increasing particle size in
the temperature intervals 0°C<T<-15°C  and
-35°C<T<-45°C. In the temperature interval

-35°C<T<-15°C, the fraction of
approximately constant with size.

(d). lce particles observed in natural clouds frequently
did not fit into the Magono-Lee diagram.

(e). The concentration of ice particles larger 125 pm
averaged over 10%-10° km scale is approximately 2.5-3.7/"
and it does not depend on temperature in the range
-35°C<T<0°C. The concentration of ice particles larger
than 500 um decreases below -15°C.

(g). Needles and dendrites were found to form in cells
with a horizontal scale of hundreds of meters to tens of
kilometers embedded in zones of irregularly shaped
particles.

Since the data were collected in different climatic
zones within many cloud types, and covered a significant
cloud path length (3.6x10* km), the conclusions are’
applicable to most stratiform clouds containing ice. The
details of this study are presented in Korolev et al. (2000).

irregulars  stays
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SHORTWAVE, SINGLE-SCATTERING PROPERTIES OF ARCTIC ICE CLOUDS

Timothy J. Garretf, Peter V. Hobbs‘, and H. Gerber?

'Department of Atmosphenc Sciences, University of Washington, Seattle, Washington, 98195-1640, USA
®Gerber Scientific Inc., Reston, Virginia, 20190, USA

1. INTRODUCTION

Clouds play important roles in the energy balance of
the Earth by trapping longwave terrestrial radiation and
by absorbing and scattering shortwave solar radiation.
When light impinges on a patrticle it is either scattered
or absorbed. Three optical parameters can be used to
describe how a beam of light interacts with a cloud of
particles: the extinction coefficient, B, the single-

scattering albedo, w,, and the asymmetry parameter, g.

At visible wavelengths, light absorption by cloud
particles is small, therefore, B,,, and g depend only on

scattering.

The asymmetry factor is given by [van de Hulst,
1981}

] Pl
> _I (1)

where, P(u) is the phase function which is the
probability that a photon is scattered into du (4 = cos 6).
Low values of g imply greater back-scattering and
therefore greater reflectance. Exact scattering solutions
are known only for relatively simple and mostly
rotationally-symmetric particle shapes such as spheres,
infinite and finite circular cylinders and spheroids
[Mishchenko et al., 1999]. Measurements of angular
light scattering by ice crystals exist for only parts of the
scattering phase function [e.g. Sassen and Liou, 1979]

Some attempts have been made to derive the
asymmetry parameter of ice crystals by measuring
radiative fluxes in cirrus clouds, and then deducing
values of g that when input into radiative transfer
models best reproduce the observations [e.g. Stephens
et al., 1990]. Theoretical approaches for deriving g have
involved calculating how a beam of radiation interacts
with idealized model ice crystals [e.g. Takano and Liou,
1989]. The observational and theoretical approaches
have led to very different estimates of the asymmetry
parameter for cirrus clouds. The values of g derived
from various observational studies lie between 0.6 and
0.84; the theoretical approaches suggest values of g
between 0.74 and 0.94 for various ice crystals types.
Differences of this magnitude can lead to large
differences in computed cloud albedo, and large
" differences in the derived values of solar heating of the
Earth's surface and the upper troposphere [Stephens et
al., 1990]. It is still unclear which of these approaches

Corresponding author's address: Peter V. Hobbs,
Department of Atmospheric Sciences, University of
Washington, Seattle, Washington, 98195-1640; E-mail:
phobbs @ atmos.washington.edu

best describes scattering by the wide variety of ice
crystals that occur in clouds.

The first direct measurements of the single-
scattering properties of ice crystal clouds were obtained
using a prototype Cloud Integrating Nephelometer (CIN)
buift by Gerber Scientific, Inc. [Gerber, 1996, Gerber et
al., this issue] when it was flown aboard the University
of Washington's (UW) Convair-580 research aircraft
during the 1998 FIRE-ACE/SHEBA field study in the
Arctic. Also aboard the UW’s Convair-580 aircraft was
another new instrument: the Cloud Particle Imager
(CP1), built by SPEC Inc. [Lawson and Jensen, 1998].
The CPI provides high frequency digital photographs of
particles, with diameters down to 10 um with a
resolution of 2.3 um, in the free airstream.

2. SINGLE-SCATTERING OF
CIRRUS CLOUDS

PROPERTIES

To derive the-extinction coefficient and asymmetry
parameter from measurements by the CIN a value must
be used for the fraction of light (f) scattered in the
forward 10°. This can be estimated from the fractional-
scattering coefficient based on phase function
calculations for ice crystals. Such computations have
been performed by Gerber et al. [2000], based on the
phase functions described by Takano and Liou [1995]
for a variety of crystal habits and sizes. The value of fis
moderately sensitive to crystal habit and size. For
cirrus clouds, which are cold and frequently composed
of bullet rosettes, the values of f range from 0.546 to
0.572. We use a value 0.56 for cirrus clouds composed
solely of ice particles.

The UW Convair-580 research aircraft flew in a
cirrus spissatus band ~300 km long, located between
70° and 72°N and 157° and 166°W, between 2230 UTC
on June 1 and 0010 UTC on June 2, 1998. Cloud top
was at ~8.2 km. A profile of this cirrus cloud was flown
between 2220 and 2250 UTC on June 1t (Fig. 1). The
maximum value of f,,, measured in the cirrus cloud was

13 km™'. Precipitation extended below the base of the
cloud down to 5.8 km. The total optical depth was 5.3;
the ground was not visible when the aircraft was flying
near the top of the cirrus.
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Figure 1: Values of Bex for the vertical profile through
the cirrus cloud on June 1, 1998.

Between 2357 UTC on June 1 and 0009 UTC on
June 2 the UW CV-580 flew a horizontal segment ~80
km long in the cirrus cloud at an altitude of 7.65 km.
Seven segments of the cloud were chosen where the
cloud particle habits were fairly uniform. Within each of
these segments, we analyzed 100 frames, evenly
dispersed. Crystal habits were classified into the eight
types shown in Figure 2. The predominant crystal habits
were bullet rosettes, droxtals, and germs.

- ¥
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bullets ‘ %
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a e
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Figure 2: SPEC CP! images of ice crystals in the cirrus
cloud at ~-40 °C measured on June 1, 1998.

The maximum dimension, L, and the projected area,
P, of each classified crystal was measured. From these
data we estimated particle volume using characteristic
relations between volume and maximum dimension
[Mitchell and Arnott, 1994; Arnott et al. 1994]. The ratio
of the average volume to the projected area of a
distribution of crystals gives the crystal generalized
effective radius [Fu, 1996}

)

rgg

“I%
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Figure 3 shows g versus rg for the cirrus cloud
sampled on June 1. The measured asymmetry
parameter ranged from 0.73 to 0.76 in segments of the
cirrus cloud that were saturated with respect to ice.
Modeling studies have indicated the potential sensitivity
of the asymmetry parameter to the degree of forward
scattering is closely tied to the size of the particle
[Takano and Liou, 1989]. However, our data do not
show a clear relation between either the size or the
habit of ice crystals and their asymmetry parameter. If
8-function transmission is included in the derivation of g
from the CIN measurements, the asymmetry parameter
is somewhat higher (g = 0.76 % 0.03). However, there
remains a large difference between parameterizations
of g designed for representations of cirrus clouds in
climate models [Fu, 1996] and the values of g for cirrus
clouds measured by the CIN (Fig. 3). This difference is
important, since it can lead to a significant change in
the inferred value of the cloud albedo [Mishchenko et
al., 1996]. For example, the albedo of the cirrus cloud
for which values of f3,,; were measured, calculated for a

solar zenith angle of 50° using the DISORT radiative
transfer code [Stamnes et al., 1988], is 42% for g =
0.837 and 53% for g = 0.74.

T T T T T T T

0.85+ sublimating crystals

- P
{Fu, 1996)
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Asymmetry parameter, ¢
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w

0.70 T T T T T Y u
10 20 30 40 S50 60 70 80
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Figure 3: Values of g derived from CIN measurements
versus rye Of the ice crystals shown in Fig. 2.

3. SINGLE-SCATTERING PROPERTIES OF MIXED-
PHASED CLOUDS

Between 2020 and 2300 UTC on June 2, 1998, the
UW Convair-580 aircraft flew in, above, and below
boundary-layer  stratocumulus perlucidus  clouds.
Beginning at 2247 UTC the Convair-580 made a spiral
descent through the stratocumulus. Cloud top
temperature was -4.8 °C. Both ice and water were
observed in the cloud. Images of cloud particles from
the CP! showed the majority of the ice crystals to be
small columns and frozen droplets (e.g., spheres with
spicules). The images from the CPI were used to obtain
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the relative fractions of ice and water at each level in
the cloud. Combining these ice/water fractions with
total particle concentrations measured by the PMS
FSSP-100, we derived profiles of the concentrations of
ice and water. The average ice particle concentration in
the supercooled portion of the cloud was 8.3 + 7.6 cm™
and the maximum concentration 31.5 c¢cm3. The
average droplet concentration in the supercooled
portion of the cloud was 29 + 30 cm?3. Significant
increases in ice particle concentrations occurred over a
depth of 800 m, between -0.7 and -4.8°C.

The optical properties of the cloud layer were
measured with the CIN. The entire optical depth of the
cloud (obtained by integrating the extinction coefficient
over the vertical extent of the cloud) was 21.3.
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Figure 4: Measurements of g and Pex versus ice
particle number fraction in a profile of a stratocumulus
cloud measured on June 2, 1998.

In Figure 4a the asymmetry parameter is piotted
against the fractional number of particles in the cloud
that were ice. Although there is significant scatter in the
data, due in part to a low signal-to-noise ratio, a least-
squares best fit shows that as the ice particle fraction
increases the value of g decreases significantly. The
value of g varies linearly from 0.87 for clouds containing
no ice to 0.73 for completely glaciated cloud. Our field
results show that the asymmetry parameter of mixed-
phase arctic clouds is intermediate between that of ice
and water clouds, the exact value depending on the
relative number fraction of ice particles in the cloud.
The albedo of a plane parallel cloud can be
approximated by [Meador and Weaver, 1980]

A= (1- 2)BexiBz (3)
H'(1"L§')ﬁextAZ

where, Az is the cloud thickness. The best-fit line to the
measurements shown in Figure 4a vyields the
expression

1-g=0.13(1+9¢) (4)
where, ¢ is the fractional number concentration of ice
particles in the cloud (i.e., @ = number of ice
particles/(number of ice particles + number of water
drops)). For the case illustrated in Figure 4b, the
contribution of g to the observed variance in B, is very

small (‘r2 = 0.04). Therefore, we detived an expression
for the sensitivity of cloud albedo to ice particle fraction

by substituting (4) into (3) and taking the first derivative
with respect to ¢, which yieids

0A _A(l-4)
o l+o

G)

A plot of this relation (Fig. 5) shows that the
sensitivity of cloud albedo A to ice particle number
fraction ¢@is largest when A = 0.5 and the cloud
contains little or no ice. In this case, a 1% increase in
ice particle fraction produces about 0.25% increase in
cloud albedo. Thus, the radiative properties of
supercooled clouds are particularly sensitive to the
onset of ice formation. ‘

Change in cloud albedo (%) tor
1% increase in ice particle fraction

ot

B
£
Clous altedo (4}

Figure 5: Three-dimensional piot of the relation given
by (5) showing the sensitivity of cloud albedo to ice
particle number fraction and cloud albedo. For example
an increase in the ice particle number fraction from 0 to
1%, in a cloud with an albedo of 50%, produces an
increase in cloud albedo of 0.25%.

4. SUMMARY

In this paper we have analyzed and interpreted the
first direct measurements of the asymmetry parameter
(g) and extinction coefficient (3,,) in a glaciated and a

mixed phase cloud. Measurements of g in a cirrus
cloud were ~0.75. This value is considerably lower than
those used in numerical models that assume ice clouds
to be composed of spheres (g ~0.87) or regular
hexagonal crystals (g ~0.82). The mixed phase cloud
had values of g intermediate between those of all-ice
and all-water clouds. We have shown that the albedo
of clouds is most sensitive to changes in ice number
concentrations at the onset of ice formation.
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BIDIRECTIONAL REFLECTION AND ANGULAR SCATTERING PROPERTIES OF LABORATORY ICE CLOUDS

B. Barkey, K. N. Liou and Y. Takano

Department of Atmospheric Sciences, University of California, Los Angeles, California

1. INTRODUCTION

This report describes an ongoing experimental
program to measure the buik optical properties of ice
clouds generated in a cloud chamber along with a
characterization of the cloud’s microphysical properties.
The purpose is to cross check the theoretical spectral
radiative transfer -and light scattering programs
developed for ice crystal clouds with experimental
results and to explore the information content of ice
clouds which may not be availabie from theory.

The cloud chamber and the spectral experimental
measuring setup are described, then the reflective
properties of the ice cloud are compared to theoretical
results based on the measured microphysical
properties. Finally, a polar nephelometer designed for
eventual balloon born measurements is described and
some scattering results derived from this instrument are
presented. ‘

2. EXPERIMENTAL SETUP

The light from a 250 watt tungsten-halogen lamp is
sent through a diffraction grating spectrometer and
directed into the cloud chamber with spherical and flat
mirrors as shown in Fig. 1. With this lamp the
monochromator outputs light between 0.2 to about 3
um with a spectral resolution of 0.01 pm. To ensure the
spectral accuracy of the experiment, the transmission
properties of water vapor are measured as shown in
Fig. 2. This result is derived by comparing the
transmitted spectral intensities through the chamber
with a water vapor pressure of 34 Mb + 3 Mb to that of
the chamber dried (fo < 5 Mb) with compressed
nitrogen gas. A mirror placed at the bottom of the
chamber completes the 1 m optical path. The
theoretical results shown in Fig. 2 are derived from a
radiative transfer model based on the correlated k-
distribution method (Liou et al. 1998) which compare
well with the experimental measurement.

3. MICROPHYSICS AND ICE CLOUD GENERATION
The cloud chamber is a stainless steel box, 0.76 m

by 0.76 m by 50 cm high placed inside a larger
insulated plywood box. There is a 25 cm by 30 cm

Corresponding author's address: Brian Barkey, 1437
29th St., Ogden Utah, 84403  E-Mail:
barkey@bibbs.com.

square hole at the top of the box and the chamber is
cooled by placing dry ice around the steel box.
Electronic temperature sensors (+ 2°C) are placed near
the top, middle and bottom of the chamber. Due to
stratification, the temperature at the top of the cloud is
less than that near the bottom by 5 to 6°C and because
the ice cloud is much colder than the ambient
surroundings, the ice cloud has a flat and relatively
stable boundary at ' the chamber opening.
Temperatures reported are those nearest the top. Ice
crystals are produced by injecting water droplets
generated by ultrasonic humidifiers into the chamber
and because our focus is on the optical measurements,
no attempt has been made to control the ice
microphysics. A diode laser and silicon photo diode are
placed near the chamber hole to monitor the extinction
properties of the ice cloud.

Spherical
collection
Monochromhatlor with mirmror
tungsten halogen .
I?ght source Mirror LN2

1.0 um <A<35um

Spherical mirror
to collimate
monochromator
output

Dry ice cooled
stainless steel
inner chamber Ultrasonic
humidifier
) Heated mirror
Insulated outer (removed for

box reflection
measurements)

Fig. 1 The ice cloud chamber and optical setup.

Fig. 3 shows a photomicrograph of a typical replica
and the size distribution taken just after spectral
reflection measurements of the ice cloud at -37°C are
made. Details on the ice microphysical measurements
are given in Barkey et al. (2000). Extinction properties
based on these concentrations and the particle
projected area agree, within experimental uncertainties
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and assumptions, with the extinction of the laser beam
through the ice cloud. Because this method does not
characterize the ice cloud when reflectance
measurements are taken, a continuous optical video
method is being developed.

4. ICE CLOUD REFLECTANCE

The  optical arrangement  for reflection
measurements, shown in Fig. 1, is exactly the same as
that of the transmission measurements except that the
heated mirror at the bottom of the chamber is removed.
Because the reflected light intensity is considerably less
than the direct beam used for transmission
measurements, the intensity output of the
monochromator is increased with a corresponding
reduction in spectral resolution to about 0.1 um. There
is no detectable reflection signal without a cloud
because the chamber walls are coated with a non-
reflective paint. Fig. 4 shows the result of comparing
the light reflected from the top of an ice cloud measured
at an angle of 22°, with the incident light at nadir to that
of the same measurement from a diffuse reflectance
standard (IRT-94-100 from Labsphere Inc.). Details on
the experimental error are given in Barkey et al. (2000)
and are about 3-4% from 1 to 2 um, 5% from 2 to 2.8
um and between 10-20% above 2.6 pm as shown by
the error bars. The maxima located at 1.3, 1.7, 2.2 and
3.1 um are shown in the spectrum, along with minima
at about 1.5 and 2.0 um, which correspond to the
absorption properties of bulk ice. The strong minima at
about 2.8 um is associaied with the Christiansen effect,
which is caused by the real part of the refractive index
going towards unity accompanied by an increase of
absorption at this wavelength.

0.9+
2
[
£
= 0.8+ .
% Ex periment
E

0.7+ — Theory

0.6 | T T T

1 1.4 1.8 22 2.6 3

wav elength (pm)

Fig. 2 Theoretical and experimentally measured water
vapor absorption.

Using the line-by-line equivalent radiative transfer
model (Liou et al. 1998) with an ice crystal mean
effective size of 10 um, a number of calculations have
been carried out. The model employs a combination of
plate and other irregular crystals in the light scattering
and radiative transfer calculations. The model
assumptions are close to the ice crystal shapes that
were seen in the replicas and to the mean crystal size
(~7 um) that was obtained in the experiment. The
amount of water vapor in the cloud chamber was taken
to be the saturation water vapor over ice at the chamber
temperature. Due to uncertainties in the ice cloud
microphysical determination, three optical depths of
0.4, 0.5 and 0.6 were used in the calculations. The
spectral resolutions of the theoretical expectations,
which are calculated in the wavenumber domain, were
about 0.3 pum for wavelengths less than 2.6 um, and
0.05 pm for wavelengths above 2.6 um. The theoretical
points, which are not shown on Fig. 4, are connected
using a spline fit. The optical depth of 0.5 appears to
give the best match over the entire spectral
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Fig. 3 Representative ice crystals and size distribution.
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Fig. 4 Experimental and theoretical ice cloud reflectance.

interval, except in the vicinity of the 1.0 and 2.2 pym
wavelengths.

5. POLAR NEPHELOMETER

As shown in Fig 5 there are 33 fiber optic light
guides positioned to measure the light scattered from
ice particles in a two dimensional plane between 5° and
175° in a lightweight instrument designed for .in situ
measurements. The 3 mm diameter unpolarized
spherical beam from a small diode laser (A = 6870 nm,
0.95 mw) illuminates the scattering sample which is
allowed to freely fall into the center of the detector array

by a small, (3 mm inside diameter) tube. A larger tube -

(5 mm inside diameter) directs the falling crystals out of
the bottom of the instrument. The amount of unwanted
scattered light in the instrument is minimal because

Fiber light
guides

Diode laser

(670 nm) Sample guide tubesu

there is a beam dump to collect the laser beam in the
forward direction. and 2 three dimensional iight
absorbers positioned to absorb light scattered anywhere
besides the detector array. The fiber light guides direct
the scattered light to 33 ampiified linear, large area
photo diode detectors which convert the intensities to
voltage signals. A data acquisition card mounted on a
486 PC motherboard are used to collect, analyze and
store the resulting voltage signals. Another light guide
measures the laser beam extinction through the sample
by measuring the intensity of the laser beam inside the
forward beam dump. The system is capable of
measuring the signals voltages over 5 decades of light
intensity at 70000 samples/sec.

The photo diode detector array is calibrated with a
small Teflon Lambertian source in a manner similar to
that by Barkey et al. (1999) and the system response is
verified by measuring the scattering properties of water
droplets as shown in Fig. 8, generated by an ultrasonic
humidifier. The theoretical results in this figure are
generated via Mie calculations and the lognormal size
distribution with a mean effective radius of 4.5 um and
a variance of 0.1. The error bar, of 10% represents the
system error at the fow intensity limit of the instrument's
response, while the 1% error at the upper end of the
instruments response is not shown. These errors are
due to electronic noise and the inherent response
differences between the detector/amplifier units which
are not corrected for by the calibration. The
experimental results compare quite well to the
theoretical expectation. The differences are attributed
to errors not corrected for by the calibration at the low
intensity range of the instrument response.

The nephelometer was placed inside the cloud
chamber and an ice cloud was generated in the manner
described above to produce the scattering
measurement shown in Fig. 7. The ice crystal habit
and concentration are similar to that seen in Fig. 3. The
theoretical curve is for irregular crystals calculated with
the unified geometric-ray-tracing and finite-difference

Data acquisition card and PC computer

Photo diode
detector/amplif iers

Forward beam
dump

Fig. 5 View of the polar nephelometer showing the scattering geometry. Not shown are the
three dimensional light absorbers placed above and below the scattering plane. The instrument

is approximately 50 cm x 50 cm by 18 cm.
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Fig. 6 Theoretical and experimental phase function of
water drops generated by an ultrasonic humidifier.

time domain method using the same crystal size (Liou
et al. 1998) . The error bar (10%) is determined as
above. The absence of halo peaks is indicative of the
irregular crystal type and because the theoretical result
is based on a builet rosette habit with rough surfaces
and not the irregular crystal type seen in the photo
micrograph of Fig. 3 there are small differences
between the two results.

6. SUMMARY
The optical characteristics of a preliminary
experimentai setup fo measure the reflectance

properties of an ice cloud. of the system have been
verified via measurements of water vapor transmission
properties. The experimentally measured bidirectional
reflectance from an ice cloud compares reasonably well
with theoretical results based on the measured ice
crystal habits, concentrations and sizes of the ice
particles. Due to the preliminary nature of this study,
there are uncertainties in the optical measurement
associated with the assessment of the microphysical
properties of the cloud. Considerable difficulties remain
in matching the experimental and theoretical results in a
precise manner. Future improvements will include
temperature controlied refrigeration of the cloud
chamber and a continuous and concurrent method to
determine the cloud microphysical properties and
optical depth. Measurements of the reflectance
properties at other wavelengths and using a variety of
incident and reflection geometry’s will be conducted in
future experiments.

The experimentally measured two dimensional
scattering phase function of very small water drops
made with a new polar nephelometer design, compare
closely with theoretical expectations based on Mie
theory. Measurements of the scattering properties of
ice particles generated in the laboratory cold chamber
have been measured by the nephelometer and as seen
in comparable theoretical expectations, there are no

10% =

i’ ~Rw SX periment
10'g k —— theory
=
L2
B
(=
< 10° <
a
7 .
£
D. o s 5
10"
10.2 ' 1 { t ¢

I
60 120 180

scattering angle

Fig. 7 Theoreticaily derived phase function of irregular
ice crystals and the experimentally measured scattering
properties of ice crystals generated in the cold
chamber.

indications of halo phenomena. The production of
larger, more regular ice crystals for experiments with
the polar nephelometer are underway. We expect to
place the polar nephelometer on a balloon borne
platform to measure the scattering properties of actual
cirrus cloud particles in the near future.
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REPRESENTATION OF A HEXAGONAL ICE CRYSTAL BY A COLLECTION OF INDEPENDENT SPHERES FOR
SCATTERING AND ABSORPTION OF RADIATION

Timothy F. Rahmes, Thomas C. Grenfell, Stephen G. Warren
University of Washington, Seatile, Washington

1. INTRODUCTION

The use of "equivalent” spheres to represent
the scattering and absorption properties of nonspherical
particles has been unsatisfactory in the past because
the sphere of equal volume has too little surface area
and thus too little scattering, whereas the sphere of
equal area has too much volume giving too much
absorption. Their asymmetry factors are also too large.
These problems can largely be avoided if the real cloud
of nonspherical particles is represented by a model
cloud of spheres such that the model cloud contains the
same total surface area as well as the same total
volume. Each nonspherical particle is then represented
not just by one sphere but rather by a collection of
independent spheres, each of which has the same
volume-to-surface area ratio (V/A) as the nonspherical
particle. To demonstrate the broad utility of this
approach, we show results for ice, whose absorption
coefficient varies with wavelength by 8 orders of
magnitude. The method is thus useful for a variety of
geophysical modeling problems requiring an efficient
computation-scheme for radiative fluxes.

This work is a continuation of our comparison
of equivalent spheres with nonspherical particles. The
previous publication (Grenfell and Warren, 1999)
showed that the equal-V/A formulation adequately
represents the irradiances for clouds of infinite circular
cylinders of ice for sizes 1-500um, wavelengths 0.2-
50um, and ice water paths of 0.4-200,000gm™. The
comparison is now extended to hexagonal crystals by
comparing equivalent spheres with scattering by
randomly oriented hexagonal ice prisms using the
geometric optics method (GOM) (e.g., Takano and Liou,
1989, Yang and Liou, 1996, and Fu, 1996).

2. THE EQUAL-SURFACE-TO-VOLUME-RATIO
PRINCIPLE

As discussed by Grenfell and Warren (1999), a
patrticle of volume V and surface area A is represented
by a collection of spheres. The ratio V/A for a sphere is
set equal to 1/3 yielding a radius of an equal-V/A sphere
of

1%

rVA :32 (1)

The number of equivalent spheres n. relative to the
number of nonspherical particles nis given by

n, _ 1% _ @)

3
n Arwn,

For hexagonal columns, with dimensions a and ¢, as
shown in Figure 1, the volume and radius for the equal-
V/A sphere are given by

* Corresponding author address: Stephen G. Warren,
Atmospheric Sciences, Box 351640, Univ. Washington,
Seattle, WA 98195; email: sgw@ atmos.washington.edu
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Figure 1. Hexagonal columns represented as spheres

of equal volume, equal surface area, and equal-V/A.
3. THE GEOMETRIC OPTICS METHOD (GOM)

The principles of the geometric optics method
are asymptotic approximations of electromagnetic
theory, valid for light-scattering computations involving
particles with dimensions much larger than the incident
wavelength (Takano and Liou, 1989). The geometric
optics method has been used to evaluate single-
scattering properties of cirrus clouds (Fu, 1996) and is
useful for terrestrial snow packs. The method becomes
more accurate as the size parameter increases. |t is
known to be accurate for typical sizes of cirrus crystals
at solar wavelengths, but is often inappropriate for
thermal infrared wavelengths where the ice crystals are
no longer large compared to the wavelength (Fu et al,,
1998).

Using the GOM2 of Yang and Liou (1996), we
perform computations for crystals as large as a few
millimeters, to cover sizes found in surface snow as well
as those found in clouds. "Shimizu" crystals, shown in
Fig 1b of Grenfell and Warren (1999), commonly have
aspect ratios (c/2a) near 50. Hexagonal plates have
aspect ratios less than 0.5.
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Figure 2. Extinction efficiency (Qex), single-scattering coalbedo (1-w,), and asymmetry parameter
{(g) versus wavelength from 0.2 to 100 um (for sizes where GOM is applicable) for randomly
oriented hexagonal crystals (solid lines) and equal-V/A spheres (dashed lines). The geometric
dimensions of each are indicated at the top of each column. [aspect ratio = 0.2]

The size parameter for GOM is defined as
2r {ac

X = f— (4)
A N2
To ensure validity of the GOM, we require
x240; P54 %240- (5)

These criteria account for the situations in which very
high and low aspect ratios give large size parameters
but a small dimension "a" or “c" compared to the
wavelength of light.
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4. SINGLE-SCATTERING PROPERTIES

Figures 2, 3, and 4 show the single-
scattering properties for three crystal morphologies;
plates, stubby columns, and elongated columns.
These correspond to aspect ratios of 0.2, 1.0, and
5.0, respectively. The dimensions "a" and “c" are as
shown in the figures. Wavelengths, as discussed
above, are chosen so that equation 5 is satisfied. The
equal-V/A spheres give excellent agreement for
extinction efficiency and single-scattering albedo.
The major difference between the two models occurs
in the asymmetry parameter for the aspect ratio of 1
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Figure 3. Same as Figure 2, but for aspect ratio = 1.

(stubby column). Surprisingly, the asymmetry
parameter for plates and elongated columns is well-
matched by that of the equal-V/A spheres.

5. FUTURE WORK

The work will be extended to other aspect
ratios, and a radiative transfer model will be used to
compute multiple-scattering errors for a variety of ice-
water paths.
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well as Q. Fu for helpful discussions of the model
results. This research was supported by the National
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Phase composition of stratiform clouds

Alexei Korolev' and George Isaac
Meteorological Service of Canada, Toronto, Canada

1. Introduction

Cloud droplets may stay in metastabie liquid
condition down to about —40°C. In natural clouds this
results in a population of cloud particles below 0°C
which may consist of mixture of ice particles and
liquid droplets. Due to the difference of saturation
over ice and liquid the mixture of ice particles and
liquid droplets is condensationaly unstable and may
exist only during a limited time. The phenomenon of
mixed phase clouds is important for both theoretical
and apptied cloud physics. The proportion between
ice and liquid phase or phase composition of clouds
is an important parameter. The phase composition
affects the rate of precipitation formation, lifetime of
cloud, radiation properties of clouds. Up to date the
studies of phase composition of clouds were
significantly limited by a lack of aircraft instruments
capable of discriminating the ice and liquid phase in a
wide range of particle sizes. The objective of this
study is to get statistics of the ice and liquid phase in
cold clouds. For this study, the phase composition of
clouds was measured using a Nevzorov LWC/TWC
probe (Korolev et al. 1998).

2. Instrumentation

The Nevzorov LWC/TWC probe is a constant
temperature hot wire instrument consisting of two
sensors: (1) for measurement of liquid water content
(LWC) and (2) for total (ice+liquid) water content
(TWC). The phase discriminating capability of the
TWC and LWC sensors are a result of the difference
in the behaviour of liquid and solid particles impacting
with their surfaces. Small liquid droplets after collision
with the LWC or TWC collector sensors are flattened
into a thin surface film and completely evaporate. At
the same time, ice particles tend to remain inside the
conical hollow of the TWC collector until they melt
and evaporate. In contrast, ice particles are expected
to instantly break away from the convex surface of
the LWC collector with negligible heat expended
relative to that for complete ice evaporation. The
questions related to the accuracy of measurements
were discussed in detail in Korolev et. al (1998).

The phase discriminating capability was tested in
the National Research Council (NRC) wind tunnel.
The residual response of LWC sensor to ice in
natural clouds was estimated on average as about
10% of the ice water content (IWC) (Korolev et al.
1998). The phase discriminating capability of the

'Corresponding author: Alexei Korolev, Meteorological
Service of Canada, 4905 Dufferin St., Downsview, Ontario,
M3H 5T4, Canada. e-mail: Alexei.Korolev@ec.gc.ca

Nevzorov probe is demonstrated in Fig. 1. Figure 1
shows synchronous measurements of the Nevzorov
probe and the Rosemount lcing Detector (RICE) in a
supercooled cloud. The zones where the RICE signal is
oscillating or gradually increasing are associated with
the presence of liquid water. In zones where the RICE
signal is constant or gradually decreasing, the LWC is
fess than about 0.01gm™ (Mazin et. al 2000). Figure 1a
shows that the zones with the Nevzorov LWC>0.01gm™®
are well correlated with those where the RICE probe is
triggering (Fig 1b), which indicates the presence of
liquid water. At the same time, for most of the cloud
measured Nevzorov TWC>LWC (Fig. 1a), which
indicates the presence of ice.

CFDES3; 11 Febuary 1998  20:10:57-20:41:13

“mm o @
GMT (hh:mm)

. :
20:40

Figure 1. Measurements of LWC and TWC by the Nevzorov
probe (a) and RICE rasponse to liquid water (b) in supercooled
cloud. The temperature changed from —1°C to —10°C.

The Nevzorov probe was installed on the National
Research Council (NRC) Convair-580. Measurements
of LWC and TWC in clouds were collected during two
field campaigns: the Canadian Freezing Drizzle
Experiment 1 (CFDE1) in March 1995 in Newfoundland
(Isaac et al. 1998), and CFDE3 in December 1997-
February 1998 in the Great Lakes region (Isaac et al.
1999). The data were measured mainly in stratiform
clouds St Sc, As, Ac, Ns associated with frontal
systems in the altitude range 0.5 to 6 km. The statistics
presented here were calculated for clouds with
TWC>0.01g/m®. The remaining cloud zones were
rejected from the analysis. The scale of spatial
averaging is about 100m (1s). The total length of the
analysed cloud legs with TWC>0.01g/m® is 7986 km for
CFDE1 and 16157 km for CFDE3. The statistics of
water content were calculated for three
temperature intervals -10°C<T<0°C, -20°C<T<-10°C,
-30°C<T<-20°C. At temperatures below -30°C there are
only 22 km of measurements and these numbers are
statistically insignificant. For this reason these cases
were not included in the general statistics.
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3. lee, Liquid and Total Water Content

ice water content (IWC) was derived from the
Nevzorov probe measurements as

Wiwc=k(Wrwe-Wiwc), (1

here Wrwe, Wiwe are measured TWC and LWC,
k=0.89 is a correction for the difference between the
latent heat of evaporation and sublimation.

Figure 2 shows the cumulative probability of
IWC, LWC and TWC for different temperature
intervals for CFDE1 and CFDE3. The cumulative
probability for TWC is in general agreement with that
obtained by Mazin (1995) for midlatitude continental
clouds. The surprising result is that the cumulative
probability for IWC for the three temperature intervals
does not change much and stays approximately the
same. Table 2 shows median values of IWC, LWC
and TWC for clouds with TWC>0.01gm™, 1t is seen
that the LWC and TWC decreases with the decrease
of temperature, whereas IWC stays approximately
constant. The decrease of TWC occurs mainly due to
the decrease of LWC.

Table 1. Average IWC, LWC, TWC during CFDE1 and
CFDE3

Temperature WC LWC TWC
gm’® gm™® gm™®

-10°C<T<0°C 0.05 0.10 0.14
-20°C<T<-10°C 0.04 0.07 0.10
-30°C<T<-20°C 0.04 0.03 0.06

Table 2 shows median values of IWC, LWC and
TWC. The LWC and TWC decrease with a decrease
of temperature.

Table 2. Median IWC, LWC, TWC and p during CFDE1 and
CFDE3

Temperature IWC LWC | TW m
-3 -3
gm gm C
m~3
-10°C<T<0°C <0.02 0.06 0.11 0.1
-20°C<T<-10°C | <0.02 0.03 0.06 | 0.35
-30°C<T<-20°C | <0.02 | <0.02 | 0.03 | 0.4

4. Phase composition of clouds

To characterize the phase composition the
following parameter was used (Korolev and Isaac,
1998)

_TWC-LWC _ IWC @
TWC TWC )

The advantage of this parameter is that it
changes in a limited interval, i.e. from u=0, when the
cloud is liquid, to u=1, when the cloud is completely
glaciated. In further consideration we imply the clouds
with p<0.2 as “liquid”’; clouds with 0.2<u<0.8 as

“mixed”; and clouds having 1>0.8 as “glaciated”. The
definition of "liquid”, “mixed” and “ice” is not that simple
and needs special consideration. So far, there is no
consensus regarding this question in the cloud physics
community. It may require a more rigorous definition
than that suggested above. The definitions of “liquid”,
“mixed” and “ice” clouds used in this work were mainly
limited by the coarse phase resolution of the
instruments.

1 =
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Figure 2. Cumulative probabilities of IWC (a), LWC (b) and
TWC (c) for different temperature intervals

Figure 3 shows the density distributions of u in
different temperature intervals. The diagrams in Fig. 3
show explicit maximums around u<0.2 in the all
temperature intervals at -30°C<T<0°C. The amplitude of
these maximums  decrease with  decreasing
temperature. It indicates that the frequency of
occurrence of ‘“liquid” clouds is decreasing with
decreasing temperature. This result is consistent with
the laboratory studies of droplet freezing, which showed
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that the probability of freezing increases with a
decrease of the temperature (e.g. Vali, 1971).

1
08t --- -30°C<T<-20°C
— -20°C<T<-10°C
06! — 10°C<T< 0°C
.
04—
0.2 N
_____ I —
0 02 04 06 08 1
IWC/TWC

Figure 3. Differential probability the parameter u=IWC/TWC
derived from the Nevzorov probe measurements for
different temperature intervals

In the temperature interval -10°C<T<0°C
approximately 50 to 60% can be considered as liquid.
Approximately 10% to 20% of all clouds at
-30°C<T<0°C are glaciated and 40% to 60% have
mixed phase. The minimum of u is observed in the
interval 0.2<u<0.4. In general the frequency of
occurrence of clouds with u>0.2 stays approximately
constant and changes somewhat from 15% to 25%.
The median values of u are shown in Table 2. It is
worth mentioning that 90% of the clouds at
35°C<T7<-30°C are glaciated.

5. Conclusions
in this study the following results were obtained:

(a) Statistics of the parameter u=IWC/TWC
characterizing the phase composition of clouds
were obtained for different temperature intervais.
It was found that the frequency of occurrence of
mixed clouds is approximately constant for y>0.2
at -30°C<T<0°C. The frequency of occurrence of
4 has an explicit maximum for 11<0.2.

(b) It was found that the LWC decreases with a
decrease of temperature. This result is
consistent with the results of Gultepe and Isaac
(1997).

(c) The statistics of IWC for different temperature
intervals is a unique results. It was found that the
IWC stays approximately constant in the
temperature interval -30°C<7<0°C.

The observation of phase composition p looks
quite unusual and unexpected, and it needs further
explanation.

No simple explanation at this time is possible for
the observation that the IWC is independent of
temperature for the temperature interval -30°C<7<0°C.
In this regard it is worth mentioning that on average the
ice particle concentration with D>125um stays
apgroximately constant for the temperature range -
35°C<T<0°C as well (Korolev et al. 2000 a, b). Both
results obviously complement each other. These two
observations of ice concentration and IWC in natural
clouds were conducted by quite different set of
instruments. That increases the confidence of these
results. :
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CLOUD PHASE COMPOSITION AND PHASE EVOLUTION AS DEDUCED FROM
EXPERIMENTAL EVIDENCE AND PHYSICO-CHEMICAL CONCEPTS

Anatoly N. Nevzorov

Central Aerological Observatory, Dolgoprudny, Moscow Reg., 141700 Russia. E-mail: rain@caravan.ru

1. INTRODUCTION

The current knowledge of the phase composition and
phase evolution of atmospheric clouds with temperatures
below 0°C (cold clouds) is much deficient suffering a
variety of uncertainties and manifest paradoxes. This
statement may be briefly illustrated by the following
examples.

Despite the fact that ice-forming nuclei (IFN) are
permanently present in both dry and cloudy atmospheric
air, being relatively instantly developed while sampling,
purely water clouds typically retain with no detectable
glaciation as long as during many hours. Next, a typical
mixed cloud is believed from various studies to be trans-
formed with the Bergeron-Findeisen process into an ice
cloud in a matter of minutes. However, even routine ob-
servations reveal that natural stratiform clouds conserve
their phase-mixed state many orders longer than thus
predicted. Moreover, in defiance of water evaporation,
ice-containing clouds as a rule contain much bigger
droplets than purely water ones usually do, which is ex-
hibited by the crystal riming phenomenon, in impactor
samples, and on.

The concentrations of cloud ice particles are com-
monly found to exceed by several orders those of the
known IFN and little or not vary with cloud temperature,
which is hardly explicable in the context of the tem-
perature-dependent activity of both IFN and hypothetical
mechanisms of ice multiplication. Besides, at tempera-
tures below —40°C ice particle concentrations keep the
same order in magnitude as at higher temperatures, even
though the physical prohibition as taken of liquid water
existence itself at so low temperatures makes one sug-
gest that an ice generation mechanism is here other than
the result of water freezing.

Yet unsolved remain such problems related to so-
called "quasiliquid"” transient layer on ice particle surface
(Jellinek, 1967) as its physico-chemical nature, its asso-
ciation with ice saturation humidity, and its role in ice —
vapor exchange.

Up to now, only speculative hypotheses have been at
best offered to explain this kind of gaps and contradic-
tions with no success achieved in their experimental
and/or theoretical examination. Unfortunately, the avail-
able measurements on cloud microphysics leave aside
those properties of cold clouds which might best con-
tribute to adequate explanations of their "abnormal”
features.

An effort to solve this problem has been made by
CAO in the late 80s, using original aircraft instrumenta-
tion (Nevzorov, 1996a, 1997). The assembly of cloud
microphysical probes was designed to measure directly
or to estimate by calculation from the combined meas-

urements a series of properties of phase mixed clouds: (i)
both liquid and solid phase components of water content
with the sensitivity of ~0.003 g:m™, (ii) cloud optical
extinction, (iii) number concentration of separately
spherical and non-spherical particles greater than 12-30
um depending on their nature, (iv) various approxima-
tions of the size spectra of these particles up to 6 mm, (v)
the lower estimation of the effective diameter of water
droplets, and some others, The size specira of non-
spherical (ice) particles are determined in terms of area-
equivalent diameters of their orientation-averaged optical
sections.

The representative enough measurements made in
layer-type clouds (over 20,000 km of total path of pene-
tration of over 300 clouds at temperatures between 0°C
and -55°C) have stated that the above "anomalies" are
indeed totally inherent in natural cold clouds. The use of
different high-sensitive techniques enabled us to obtain
more complete, than ever before, general notion of the
phase composition and two-phase microstructure of
these clouds. Also among the data obtained there are
such that give certain clues to an adequate understanding
of the phase kinetic of cold atmospheric clouds.

The measurement results with some physical conclu-
sions made have been previously described in more or
less detail (Nevzorov, 1992, 1993, 1996b; Nevzorov and
Shugaev, 1992a, 1992b). Briefly summarized here are
the most notable and important results obtained, the
physico-chemical aspects of their interpretation, and new
inference regarding the nature, formation, and evolution
of cloud dispersion phases.

2. KEY EVIDENCE

The measurements above have revealed that a vast
majority of cold clouds contain simultaneously both lig-
uid and solid disperse phases and thus are phase mixed
even at temperatures down to —55°C, the lowest of met
with.

In about 75% of clouds, referred by common evi-
dence to purely water ones, detected was the presence of
ice particles smaller than 20-25 pm, contributing 10 to
30 percent to total condensed water content (TWC). The
concentrations of these particles were estimated to be
well exceeding 3 em™ to 20 cm™ for different clouds,
thus being comparable with those of cloud droplets.
Such "latent-ice-containing" clouds (LICC) were classed
as having the mixed structure of the l-st type (MI).
Taking into account that the lower limit of ice detection
was 10-15% of LWC, the assurance arises that at least a
part of the rest conventionally water clouds can actually
contain smaller relative amounts of the fine-dispersed
ice.
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On the contrary, clouds commonly considered as
purely ice ones were found to contain free liquid phase
in the form of droplets with diameters from several tens
to 1-2 hundred micrometers. Only at temperatures below
~45°C and, correspondingly, at TWCs lying close to the
instrumental sensitivity limit, the LWC component failed
to be detected in about 10% of events, which by no
means excludes its presence in these clouds as well.

All clouds corresponding to the common notion of
ice-containing (ice and mixed) ones include as expected
as large ice particles as >200 pm in size. [f particles
smaller than 20 — 30 pm made a detectable contribution
to the cloud extinction (optical density), such clouds
were referred to the mixed structure of M2 type. Other-
wise mixed clouds were placed in the M3 type that con-
stitutes the vast majority of clouds at temperatures below
-20°C. Let us term clouds of M2 and M3 types together
as "developed mixed clouds" (DMC) from the following
reasoning.

The relative occurrences -of the selected types of
cloud phase-disperse structure against local cloud tem-
perature are illustrated in Figure 1. Not shown here is the
intermediate structure between M1 and M2, M12, where
the fargest crystals are between 20 um and 200 pm, be-
cause this occupied less than 0.7% of the total cloud
space at given temperature. All the listed structure types
often alternate with each other within the same cloud.

Percent of occurence

Temperature [°C]

Fig. I. Temperature diagram of relative occurrence (be-
tween the curves) of the types of cloud phase-disperse
structure. Here "Ice’ and "L" signify the situations where
no liquid and ice, respectively, were detected.

The positive space correlation between ice and liquid
contents was traced in DMC almost without exceptions.

All the above contain ample evidence that in clouds
of M2 and M3 types, or DMC, the condensation equilib-
rium takes place between ice and liquid particles. At the
same time, the relative humidity in these clouds corre-
sponds closely to ice saturation as measured by Mezrin
at al. (1991) in parallel with our measurements. Also
accounting for the stable existence of liquid droplets at T
< -40°C, this in turn offers that the liquid droplet sub-
stance in DMC differs from the ordinary supercooled
water in fundamental physical properties though re-
maining chemically as pure H,O as possible under the
effect of actual atmospheric pollution. That this liquid
substance constitutes an alternative phase state of H,0,
will be demonstrated just below.

3. PROPERTIES AND NATURE OF LIQUID PHASE
IN DEVELOPED MIXED CLOUDS

A special, as described in detail by Nevzorov (1992,
1993), analysis of comparative microphysical measure-
ments, made in M3 type clouds using the physically dif-
ferent techniques, have revealed that the substance of
liquid droplets has the density 2.17£0.12 g-cm™, the
refractive index 1.8 — 1.9, and the evaporation heat 550
J-g™' £40% at —30°C (around 4.7 times less than that of
the familiar ordinary water). To support these results,
such yet poorly explained phenomenon as the colored
glory around the airplane shadow against sunlight on
cold cloud tops alone (!), with its red outer ring viewed
under the invariant radial angle of 3.6° is readily calcu-
lated to be the first order bow on spheres with the re-
fractive index of ~1.83. As for the density, a similar
value 2.32+0.17 g-cm™ has been earlier found by Del-
semme and Wenger (1970) for the low-temperature
(around 100 K) water condensate known as "amorphous
ice", representing a specific phase state of H,0.

Numerous laboratory studies reviewed in depth by
Skripov and Koverda (1984) have shown that this water
condensate: (i) unlike the crystalline ice and ordinary
liquid water, is fully disordered in internal structure as
examined by structure-sensitive techniques, thus is de-
void of at least regular intermolecular hydrogen bonds,
(i) with temperature rising, experiences smooth fall in
viscosity taking the softened state at temperature 137+1
K (vitrification point) and then flowable (liquid) state as
temperature becomes above ~150 K (or —120°C), (iii)
can originate from vapor directly into any of the listed
states, (iv) is metastable relative to crystallization into
ice I, like supercooled ordinary water, in the softened
and liquid states only. Note that the superhigh density of
the amorphous phase of water is expected as the end
effect of the decrease in concentration of hydrogen
bonds, starting from the transition from crystalline ice I
to liquid water acquiring higher density with a part of
initial bonds broken.

The conclusion to be drawn from the above reason-
ing is that droplets in DMC consist of the same amor-
phous phase of water in liquid state, previously referred
to as amorphous, or A-water (Nevzorov, 1992, 1993).
The field experiments interpreted in the context of the
structural physical chemistry have served to extend our
knowledge of the properties of this thus far poorly in-
vestigated state of water.,

One of the most important features of A-water for
the cloud physics, the condensation equilibrium with ice
at ice saturation, suggests that the so-called "quasiliquid”
film covering ice particles has the surface structure iden-
tical to that of free A-water and therefore consists of A-
water (similar idea has been earlier proposed by Fletcher
(1970)). This in turn implies that it is rather A-water than
supercooled water as per Pruppacher and Klett (1978)
that contributes a step transient phase in ice deposition
from vapor in accordance with the universal Ostwald's
rule. Hence the initiation of a cloud ice particle is always
preceded by the nucleation of an embryonic droplet of
A-water with its subsequent crystallization if a crystalli-
zation center is embedded in its condensation nucleus
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Table 1: Averaged microphysical parameters of mixed clouds of M2 and M3 types at given temperatures

Temperature interval (°C) ~5.-15 -15.-25 | =25.-35 | -35..-45 | -45..-~55

A-water content (AWC) (g-m™) MZ | 042 0.29 0.060 - -
M3 0.19 0.18 0.088 0.050 0.028

Ice water content (TWC) (g-m™) M2 | 0.031 0.024 0.006 - -
M3 0.17 0.12 0.022 0.012 0.007

Ratio AWC/TWC x 100% M2 | 93 92 91 - .
M3 53 61 80 81 80

Concentration of droplets >12 pm (1I") [M2 | 203 162 193 - -
M3 435 248 231 299 582

Concentration of ice crystals >20 um M2 |45 63 127 - -
M3 192 196 202 259 380

or captured externally. Otherwise the A-water droplet
even while growing is capable of preserving its metasta-
ble state, as supercooled ordinary water does.

4. ON_THE TWO-PHASE MICROSTRUCTURE OF
DEVELOPED MIXED CLOUDS

The summarized results of microphysical measure-
ments in stratiform DMC, corrected for the affecting
physical properties of A-water, were presented by
Nevzorov (1997) in the form of data averaged over sam-
pled clouds of separate types and temperatures, as dis-
played in Table 1. All the parameters concerned exhibit a
very wide scatter from cloud to cloud and as a rule inside
the same cloud, whence the statistical uncertainty of the
averages is rather great.

Neveriheless, as seen from the Table 1, the distinc-
tion between the selected cloud structure types M2 and
M3 is pronounced enough in aimost all averaged data,
and most of all most in ice particle concentration and
IWC. The average concenirations of A-waier dropleis
exceeding 12 pum in diameter exhibit markedly less dif-
ference between both cloud types than those of ice parti-
cles. The concentrations of both kinds of particles with
similar threshold sizes are of the same order in magni-
tude and little, if at all, depend on temperature. The share
of A-water in the total condensed water content (TWC)
is surprisingly high and essentially independent of tem-
perature. In addition to the presented data, the though
roughly estimated average droplet size spectra differ
distinctly between the both cloud types in that that in M3
type they possess modes lying between 30 um and 45
um equally at all temperatures, whereas those in M2 type
always lie to the left of 12 pum.

5. PROCESSES OF PHASE EVOLUTION OF COLD
CLOUDS

Being of the highest internal energy among all water
condensed phases, A-water can originate only directly
from vapor. Therefore, the permanent coexistence of free
A-water with cloud ice implies that the processes of
condensation and partial crystallization of A-water nec-
essarily play the significant role in the formation of
cloud phase composition. Moreover, the high and tem-
perature-independent concentrations of ice crystals, close
to those of A-water droplets (see Table 1) and well far
from those of the known ice-forming (water freezing)
nuclei, give evidence that these processes are dominant

in formation of DMC, and that the primary nucleation of
A-water occurs on alternative, specific nuclei.

The question arises about the nature of these A-water
condensation nuclei (AWCN) as well as about their
origination, because the abundance of atmospheric lay-
ers, free of cloud though at ice supersaturation, signifies
that no such active nuclei are as a rule present in dry air,
One of the mechanisms of their natural initiation is indi-
rectly pointed to by Rosinski et al. (1991) who have
found that a supercooled water droplet being just evapo-
rated can be immediately replaced by a newly formed
ice crystal. In fact, as follows from the foregoing, the
dehydrated residuals of ordinary water droplets acquire
the properties of catalytic centers of condensation, and
only some part of them of crystallization of A-water.
Such secondary AWCN are enable to be collectively
generated within a supercooled water cloud, when rela-
tive humidity lowers to a degree sufficient for the small-
est droplets to evaporaie. This occurs near cloud edges,
or due to dry air entrainment, or as the final of the cycle
of wetiing of non-hiygioscopic nuclei, ete. In any case, &
supercooled water cloud is bound to acquire the "latent-
ice-containing" structurc M1, containing A-water drop-
lets as well, most probable from the very beginning of its
lifetime. The above-mentioned superhigh concentrations
of fine ice particles in M1 type clouds evidence that the
ice forming mechanism of droplet evaporation is many
orders more productive than that of droplet freezing.
This thereby removes the need for the jce multiplication
version.

In spite of the high vapor supersaturation, just nucle-
ated particles of A-water and ice are initially growing
extremely slowly because of the molecular-diffusion
growth mode. As they increase and their gravitational
sedimentation accordingly accelerates, the resulting mi-
croscale disturbance of air makes the Bergeron transcon-
densation to become progressively faster. When the
particles achieve critical sizes of order of 20 um, this
process proceeds to its avalanche-like stage that culmi-
nates in complete evaporation of droplets of ordinary
water. A minute duration of this stage is expressed in the
negligible occurrence of the transient structure M12.

A developed mixed cloud (DMC) thus formed con-
sists of ice and liquid A-water alone and may be consid-
ered, depending on the physical application involved, as
either a condensation-stable biphase cloud or a "quasi-
ice" cloud wherein a part of potential ice remains in the
form of a metastable transient substance.

730

13" International Conference on Clouds and Precipitation



The two-phase microstructure of DMC is formed un-
der the combined effect of a variety of factors such as:
(i) a disbalance in vapor saturation with respect to ice,
caused by air motions, trends of air temperature, etc., (ii)
a direct relationship between vapor supersaturation and
concentration of active AWCN, (iii) an inverse depend-
ence of saturated vapor pressure on particle size, (iv) low
condensation enthalpy of A-water, responsible for its
small thermal resistance to both condensation and evapo-
ration processes, and so on.

The last factor suggests that the liquid fraction serves
as the most fast-acting regulator of relative humidity in
clouds, being the most sensitive in microstructure to its
variations. All these together provide a certain explana-
tion for the distinction between M2 and M3 cloud
structure types. The M2 structure is formed under as
high ice supersaturation of vapor as being sufficient for
the activation a supplementary portion of condensation
nuclei to produce the distinctive fraction of fine-sized
particles. Subsequent condensation of vapor occurs pref-
erably on the biggest particles and resulting fall in its
supersaturation causes evaporation of the smallest parti-
cles if progressively increasing sizes. The cloud thus
transforms into the conceptually stable structure of M3
type wherein all droplets are large enough to provide,
under given thermodynamical conditions, the best ap-
proach to equilibrium between all three phases.

6. CONCLUSION

The great diversity of evidence related to cold clouds
are paradoxical to an extent that they need to be inter-
preted from physical concepts to be radically improved.
The conclusions made in this paper include, as a basic
finding, the established existence and specific properties
of the little- known amorphous phase of water, A-water,
constituting a certain part of liquid droplets in mixed
clouds. A series of missing physical properties of A-
water have been gained in our field studies of cloud
properties.

The concepts suggested are most strongly supported
by the fact that unlike those leading in today’s cloud
physics, they furnish the simplest and quite obvious ex-
planation for every conceivable poorly understood phe-
nomenon associated with cold clouds. Apart from the
mentioned above, these are for example such phenomena
as the formation of graupel and freezing drizzle in ice-
containing clouds, the burst-like and bald-formed glaci-
ation of the tops of cumulus congestus clouds (occurring
due to collective evaporation of supercooled water
droplets near the cloud boundary), the occurrence of
precipitating ice in a initially water cloud while merely
penetrated by an aircraft (producing heavy air distur-
bance that strongly encourages the growth of "latent”
fine ice), and others to be encountered.

It is of great importance that the high relative content
of free A-water imparts to ice-containing clouds differ-
ent, than considered up to now, properties in formation

and phase composition of winter precipitation, in accu-
mulation, transformation and global transfer of atmos-
pheric aerosol, in propagation and scattering of light and
other electromagnetic as well as corpuscular radiation, in
aircraft icing, and possible in other problems involved.
There are all reasons to believe that free A-water is
an essential constituent of noctilucent and nacreous
clouds as well as of clouds encountered in cold atmos-
pheric layers on other planets, all being known to contain
spherical particles as found with optical methods.

REFERENCES

Delsemme, A. H., and A. Wenger, 1970: Superdense
water ice. Science, 167, 44-45

Fletcher N.H., 1970: The chemical physics of ice. Cam-
bridge Univ. Press

Jellinek H.H.G., 1967: Liquid-like (transition) layer on
ice. J. Colloid and Interface Sci., 25, 192-197.

Mezrin, M. Yu,, and G. V. Mironova, 1991: Some re-
sults of research of air humidity in stratiform clouds.
Proc. of CAO, issue 178, 125~132 (in Russian)

Nevzorov, A. N., 1992: Permanence, properties and na-
ture of liquid phase in ice-containing clouds. //th
Int. Conf. on Clouds and Prec., Montreal, Canada,
270-273

Nevzorov, A. N., 1993: Studies into the physics of liquid
phase in ice-containing clouds. Russian Meteorology
and Hydrology, No 1, 47-59

Nevzorov, A. N., 1996a: CAO aircraft instrumentation
for cloud physics. /2th Int. Conf. on Clouds and
Precipitation, Zurich, Switzerland, 371-374

Nevzorov, A. N., 1996b: Observations of initial stage of
ice development in supercooled clouds. /bid., 124-
127

Nevzorov, A. N.,, 1997: An experience and promising
results of advanced measurements into microphysics
of cold clouds. WMO Workshop on Measurements
of Cloud Properties for Forecasts of Weather and
Climate. Mexico City, 173-182.

Nevzorov, A. N, and V. F. Shugaev, 19924: Observa-
tions of the initial stage of evolution of ice phase in
supercooled clouds. Soviet Meteorology and Hydrol-
ogy, No 1, 69-76.

Nevzorov, A. N,, and V. F. Shugaev, 1992b: Experi-
mental studies of phase-dispersion structure of strati-
form clouds at negative temperatures. /bid.,, No 8,
41-51.

Pruppacher H.R., Klett J.D., 1978: Microphysics of
clouds and precipitation. D. Reidel.

Rosinski, J., and G. Morgan, 1991: Cloud condensation
nuclei as a source of ice-formation nuclei in clouds.
J. Aerosol Sci., 22, No. 2, 123-133.

Skripov, V. P., and Koverda, V. P., 1984: Spontaneous
crystallization of supercooled liquids. Nauka, Mos-
cow, 232 pp. (in Russian).

13" International Conference on Clouds and Precipitation

731



MICROPHYSICAL CHARACTERIZATION OF THE ISRAELI CLOUDS
FROM AIRCRAFT AND SATELLITES

Ronen Lahav and Daniel Rosenfeld

Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel

1. INTRODUCTION

Preliminary resulis of extensive cloud physics
measurements in Israel are reported. These
measurements were done during the 1998-1999
winter as part of the research program of the
Israeli rain enhancement project.

In this study we tried to document the cloud
evolution in a way that would be easy for
comparison with NOAA/AVHRR data. The
AVHRR microphysical inferences were validated
by the in-situ measurements. Based on 10
flights, we were able to identify four major factors
determining the cloud microstructure in Israel,
which are used for a microphysical classification
of the clouds.

2. THE AIRCRAFT MEASUREMENTS

Data was obtained from the lsraeli King air
C90 cloud physics aircraft, in which the authors

PN S S Ty

were the flight sclentists.

The main instruments used in this study were
SPP-20, 2DC, King hot wire cioud liquid water
contents, temperature, dew point, pressure, GPS
and ball variometer. The data system was the

SEA-200.

2.1 Data Processing

All the research flights were conducted in the
same way so we could compare them to each
other.

a. The takeoff was from Sde-Dov, which is
located just 200 meters from the Tel Aviv coast
line, in a parallel orientation. Therefore sea spray
was readily detectable by the SPP-20, starting
from the takeoff run.

b. We flew to the target area passing and
penetrating the cloud bases.

Corresponding author's address: Ronen Lahav,
Inst. of Earth Sciences, The Hebrew University of
Jerusalem, Jerusalem 91904, Israei;

E-Mail: ronenl@vms.huji.ac.il.

¢. After reaching the target area we penetrated
young growing convective elements in vertical
steps of 1000 feet from cloud base to the altitude
were the SILWC (supercooled liquid water
content) completely depleted or up to the cloud
top if water persisted there. The parameters that
were analyzed are cloud liquid water content
(CLW); maximum up and down drafts; 2DC
particle types and their maximum sizes; drop
size distribution and their number concentrations;
temperature and dew point.

d. Monitoring clouds separately over sea and
inland, for documenting potential differences
between the two areas.

The AVHRR and TRMM overpasses within 2
hours of the flight were analyzed. The analyses
were done using the methods of Rosenfeld and
Lensky (1998), and Rosenfeld (1999; 2000)

3. RESULTS
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FIGURE 1. Cloud droplet concentration [cm-3] as
function of depth above cloud base, as determined by
the temperature. Cloud base is at 7° C over the sea
and 4° C over land.
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Figures 1 and 2 show the large difference '

between the iland and the sea as measured at
15.1.99. The air in this day was hazy, probably
from local air pollution. No sea spray was seen
or detectable. Fig 1 shows that inland the drop
concentration is higher than over the sea, with
local concentration above 1000 drops cm™ near
cloud base decreasing with height. Over the sea
the concentration varies between 200-350 drops
cm’. Fig 2 shows the difference in the effective
radius of the same case. Over the land the
effective radius is smaller by about 2-3 um for
the same depth, as obtained from the
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FIGURE 2. Same as Fig 1, but for the SPP-20
measured cloud droplets effective radius [um].
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FIGURE 3. The 30" percentile effective radius [um]
of cloud droplets as measured by the NOAA-14
Satellite over Sea and Galilee (inland} on the 15.1.99.
The vertical line is the 14-um precipitation threshold.

temperature relative to cloud base temperature.
Fig 3 shows that the satellite retrieved r,
(effective radius) decreases when moving from

sea inland, following the aircraft measurements.’

The clouds over the sea exceeded the 14-pum
precipitation threshold at -2°C isotherm while
inland it barely reached it at -11°C isotherm. The
differences between the land and the sea are
probably due to the local -air pollution above the
land.

Figures 4-8 show a case of clouds forming in
air mass containing desert dust limiting the
visibility to 5 km. The flow was from the sea
inland. The dust was originated over North
Africa, and moved through the east
Mediterranean to Israel. The strong surface wind
(SW, 20 knot) caused a stormy sea with much
sea spray.
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FIGURE 4. Cloud Droplet concentration [cm-3] as
measured by the SPP-20 over the Sea and Land on
21.3.99.

Fig 4 shows that the concentration is changing
in the range 300-600 droplets cm™ and there is
almost no differences between sea and land.
However according to Fig 5 the r. over land is
smaller by 2 ym than over the sea.

Figures 6 and 7 show the drop size distribution
at different depths above cloud base, as
indicated by the temperature relative to cloud
base temperature. The distribution over the sea
is wider, We suggest that the sea spray is
responsible for that. Because the desert dust
prevailed equally over sea and land, it is unlikely
that the desert dust was responsible for widening
the distribution over sea. When the clouds are
moving from sea inland they lose their large CCN
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Based on those factors we classified the
Israeli clouds into the following types:

. Maritime clouds in clean marine air.

2. Continental clouds in locally polluted air
without desert dust.

3. Continental clouds in CCN rich Mediterranean
air.

4. Clouds with warm rain in air
non-desert-dust-haze.

5. Clouds in air with desert dust, without warm
rain.

6. Clouds in air with desert dust, with warm rain.

—

with

We characterized the microphysical properties
of the clouds in each flight. According to that we
found that Maritime clouds in clean marine air
with low concentration of CCN (cloud type 1)
changes to Continental clouds in the center of
Israel (cloud type 2) 10-20 km after crossing the
coast line. Because instability over sea is at least
as strong as over land, the likely explanation of
the differences is the effects from the locally
polluted air. Occasionally the air arrives from the
sea already rich with CCN, forming cloud type 3.

in days with warm rain and poor visibility due
to non-desert-dust-haze (cloud type 4), the cloud
base drop size distribution (DSD) was wide, yet
containing large concentrations of droplets. The
DSD narrowed gradually as the clouds moved
farther iniand untii most of the warm rain
processes ceased at the eastern border of Israel.
The reason for that may be the wash out of the
large and giant CCN originated as sea spray,
and the added continental aerosols from local
sources.

Convective clouds in heavy dust stom,
limiting the visibility to less than 2 km, had no
warm rain, and up to 3 g m™ of liquid water were
observed up to -20°C. At colder temperatures
that water froze quickly. These clouds are
defined as cloud type 5.

In days where desert dust was observed with
warm rain (cloud type 6), the warm rain
decreased gradually inland, transforming the
clouds into cloud type 5. The warm rain was not
likely caused by desert dust, but rather from the
sea spray that was depleted inland. We suggest
that clouds in hazy (cloud type 4) and dusty air
(cloud type 8) became continental inland slower
than clouds in maritime clean air (cloud type 1)
because the slow deposition of the large CCN as
compared to the fast inclusion of the continental
small CCN.

Those observations help us to understand
better the causes for the large variability of Israeli
clouds. This understanding will lead eventually to
the possibility to assess the suitability of the
clouds to the various possible treatments for rain
enhancement: hygroscopic seeding, glaciogenic
seeding, or no seeding at all.
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FREEZING PRECIPITATION CLIMATOLOGY IN THE FORMER EUROPEAN USSR

N.A. Bezrukova', L.S. Mininaz, A.Ya. Naumov'

'Central Aerological Observatory, Dolgoprudny, Moscow Region, 141700, Russia
2Hydrcmeteorological Centre of Russia, Moscow, 123242, Russia

1. INTRODUCTION

Ice accretion, i.e. freezing precipitation deposition
on objects in the air or on the ground, is one of the
most hazardous phenomena for aviation. Most often
in-flight aircraft icing occurs at temperatures between
0° and -20°C, while for supersonic aircraft this
temperature may be still lower. At low heights and low
speeds aircraft icing generally occurs at temperatures
from 0° to -10°C. Glaze-ice or grains of frost may
deposit on an airplane body on the land causing the
deterioration of the airplane's aerodynamics,
increasing its weight, and leading to its intense icing, if
after take-off it penetrates supercooled clouds.

The knowledge of the spatial distribution of glazed
frost occurrence frequency, based on ground-based
observations, is very important for aircraft servicing at
take-off and landing. Runway covered with glaze-ice is
particularly dangerous for aircraft of today with their
high take-of and landing speeds. Braking on ice may
result in a ground-loop, loss of control at take-off
running, and getling beyond the runway. Icing of wires
may cause their rupture and thus damage ground-
based communication.

Our aim is to clarify some aspects of freezing
precipitation climatology of the European Territory
(ET) of the former USSR for the last two decades of

~ regular observations when the conditions of the
observational network were still satisfactory.

2. BACKGROUND DATA

The data analyzed were borrowed from four-time
and continuous daily observations reported in issues
of "USSR Weather Monthly" for the period of 1971-
1990. These data refer to the overall network of
weather stations (over 50 stations) involved in the
international data exchange. The available data
included the type of weather phenomenon based on
four-time daily observations (at 03:00, 09:00, 15:00,
and 21:00 Moscow time) and duration of phenomena
from continuous daily observations.

Routine surface observations include (1) visual
determination of supercooled liquid precipitation and
(2) combined visual and instrumental determination of
the characteristics of ice accretion on wires resulting
from freezing precipitation deposition. Data on icing
are considered to be high importance for practical
purposes, when mapping with regard to wire icing
-these data were also involved.

Corresponding author's  address: Natalia A.
Bezrukova, Central  Aerological  Observatory,
Dolgoprudny, Moscow Region, 141700, Russia;
E-Mail: natalia_bezrukova@ mtu-net.ru.

Therefore, we have treated the fields of both the
icing of wires (caused by freezing precipitation) and
liquid precipitation at negative temperatures. Duration
(in hours) was taken as the basic feature to describe
the occurrence frequency of icing or freezing
precipitation at a given station.

3. WEATHER CONDITIONS FAVORABLE FOR
FREEZING PRECIPITATION

For many years, some research teams in Russia
were involved with studying atmospheric ice, freezing
rain and such phenomena as glaze-ice and frost or
rime, as well as their detrimental effect on flight
vehicles, power transmission lines, transport and
communication (Zamorsky, 1955, Mazin, 1957,
Buchinsky, 1960; Rudneva, 1967; Jakovlev, 1971;
Abramovich, 1979; Baranov, 1983). Based on
measurements from a specialized observational
network, weather conditions under which ice accretion
caused by freezing precipitation occurs have been
summarized. The extreme values of freezing
precipitation temperature range are 0° and -16°C. The
maxiimnuim frequency is between 0° and - 5°C (Fig.1).
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Fig.1 Frequency of occurrence of freezing rain (%) as
a function of surface air temperature (°C), Buchinsky
(1960).
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Temperatures between 0° and -1°C account for
35-40% of all freezing precipitation occurrences. As
temperature goes down freezing precipitation
frequency decreases abruptly. This temperature
range, though quite narrow accounting for the highest
frequency offering precipitation occurrence is in
agreement with the temperature lapse-rate in winter,
which is generally 0.2 - 0.3°C/100 m.

According to Buchinsky (1960), Abramovich
(1979) and others, the mean monthly icing
temperature varies as shown in Table 1 for freezing
precipitation and, for comparison, grained rime.

Table 1
Mean monthly icing air temperature, Abramovich
(1979).
Precipita
tiontype | X | X1 | Xl ] Il ] v
Freezing
Precip. | - |-16(|-23 |29 |22 |14 ] -
Grained
Rime (0.0 |-3.3 |-5.1 |-8.7 |-11.8 |-3.8 |2.3

Many authors believe that 3/4 of all cases of
ground icing are connected with fronts, while only 1/4
are accounted for by uniform air masses. More over,
cases of the most severe icing are associated with
warm fronts between maritime tropical air (0 - + + 5°C)
and the air of middle latitudes (-5 + -10°C). This has
been confirmed by the spatial icing distribution, with
the highest values in the southern belt of the USSR
ET, obtained by the authors (Fig.2). Far less intense
freezing precipitation are observed in conditions of
maritime air advection caused by westerly cyclones,
which usually have not layers with positive
temperatures in winter.

Over the major part of the ET, supercooled rain
and icing occur in winter, without layers with positive
temperatures aloft being observed, as in Isaac (1996).

The mechanism of freezing rain formation due to
melting  of hydrometeors in a warm layer was
discussed as early as at the beginning of the: last
century. This and some other mechanisms have been
discussed by Zamorsky (1955) and by other
experimentators, Knight (1979). At present, there is
experimental evidence of the presence of supercooled
water drops and rain-size drops at essentially - all
atmospheric levels.

On the average, ice sheet density varies between
0.6and 0.9 gicm”,

Freezing precipitation frequency and its intensity
depend on relative humidity. Humidity range of 96-
100% accounts for 96-100% of icing occurrences,
while a 91-100% humidity gives rise to 90% of all
cases of icing. Observational sites elevated relative to
the surrounding areas generally register 94% of icing
occurrences at 96-100% humidity.

4. SYNOPTIC AND CLIMATIC ICING CONDITIONS

The most intense and durable ground icing is
observed in zones of supercooled rain falling from
As-Ns cloud system that are at an intensive
development stage, have the highest moisture
content, and are associated with active fronts.

According to Dubrovina (1982), based on airplane
sounding data, the highest drizzle frequency is
connected with St clouds; in other words, almost 2%
of the total amount of precipitation in winter (Table.2).

Table 2
Frequency (%) of occurrence of drizzle for the various
type of clouds in winter, Dubrovina (1982).

Precipitation type Sc St Ns-(As-
Ns)

Drizzle 0.1 1.7 0.1

Rain 0.9 0.5 1.6

Duration of freezing precipitation, February

Fig.2 Mean monthly duration depositions of ice
caused by freezing rain (in hours) on the USSR ET in
February.
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The fall of supercooled water in the form of
freezing precipitation and its intensity is governed by
frontal mechanisms and depends on front intensity.

This paper analyzes the spatial distribution of icing
duration (in hours) and basic cyclone paths during the
cold season for the USSR ET, discussed by
Krizhanovskaya (1977). This analysis has been made
for each autumn, winter, and spring month. Fig. 2
exemplifies such a map of icing occurrences (in
hours)in February. The frequency distribution of icing
occurrences on the USSR ET is not at alt uniform.
However, despite this nonuniformity of its field, its
general features correspond to the climatic and
synoptic conditions of the area concerned.

In general, the southern part of the USSR ET,
where the Mediterranean cyclones carrying warm and
moist air are most frequent, is exposed to icing most
of all. In the south, icing is known to ruin
communication and power transmission lines very
often and sometimes even break electric cable poles.

In the northern part of the ET, icing occurs far less
frequently, with frost rather being encountered.

In the centrai part of the ET, mainly on a high
ground, there are zones of maximums associated with
the passage of westerly fronts.

Fig.3 Monthly mean duration of liquid precipitation (in
hours) at negative temperatures on the USSR ET.
February.

Based on the climatic data, essentially no freezing
precipitation is caused by the Siberian anticyclone,
which creates a steady background of negative
temperatures, in the eastern part of ET.

Figure 3 shows a map of the distribution of liquid
precipitation at negative temperatures on the ET in
February.

It can be seen that this pattern is in full agreement
with ice accretion (caused by freezing precipitation)
field for the same period (Fig. 2). The largest duration
values are also observed in the southern part of the
USSR ET most often influenced by the Mediterranean
cyclones. At the fronts of these cyclones moist air
actively interacts with the cold air of middle latitudes.

We believe that the distribution of icing field
maximums fairly well agrees with that for liquid
precipitation and with the cyclone paths in the
corresponding months of the cold season.

5. FREEZING PRECIPITATION DEPENDENCE ON
ALTITUDE

Apart from the above conditions, the spatial

distribution of freezing precipitation depends on
altitude and relief. Most exposed to icing are areas at
larger heights and on upwind slopes.
We have ventured to estimate the relation between
altitude and freezing precipitation duration for various
ET areas. This relation has proved to be rather
pronounced for the central part of the ET between 45°
- 60° N and 30°- 60° E. The correlation coefficient has
been found to be 0.2 - 0.3 in October, 0.6 — 0.7 in
November and December ( Fig.4 and Fig.5, P is
significance level) and 0.5 - 0.6 in January,

Freezing redipitationcration, hours
309

2
20
154

104

Fig.4 Dependence of freezing rain duration on altitude
in the central part of the USSR ET, December, P<
0.01.

The relation between ice duration and height in
November — January is due to climatic reasons.
A steady winter circulation with low ground air
temperatures settles, i.e. the likeliness of significant
contrasts and deep inversions is preserved at fronts
with relatively warm air advection.
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Fig.5 Dependence of freezing rain duration on
“altitude in the central part of the USSR ET,
November, P<0.01

The correlation coefficient has been found to be 0.2 —
0.3 in February and March ( Fig. 6, P is significance
level ).
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Fig.6 Dependence of freezing rain duration on

altitude in the central part of the USSR ET, March,
P =0.06.

The loosening of this dependence in February and
March is due to circulation change, warming, and
lower probability of big temperature contrasts at
fronts, i.e. the fronts’ activity.

6. RESUME

The output of this work is an atlas of maps of the
monthly occurrence of ice accretion, caused by
freezing precipitation and liquid precipitation at
negative temperatures in the USSR European
Territory. This atlas is supplemented with statistical
assessment and basic routes of civil aviation.
Unfortunately, this abstract does not permit presenting
the work done in sufficient detail. The authors have
set an objective of compiling such an atlas for the
whole territory of the USSR.
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LARGE CLOUD DROPS RIMED ON SNOW CRYSTALS
OBSERVED AT NY-ALESUND, SVALBARD, ARCTIC

Hiroyuki Konishi' and Makoto Wada?

'Osaka Kyoiku University, Kashiwara, Osaka, 582-8582, Japan
?National Institute of Polar Research, Itabashi, Tokyo, 173-8515, Japan

1. INTRODUCTION

Non-ordinary large cloud drops were found
on snow crystals in a wintertime snowfall during
an observation period on January 1999 at Ny-
Alesund(79°N,12°E), Svalbard, Norwagian high
Arctic. The maximum size of drops were larger
than 200 1« m. it is interesting that the cloud drops
could grow to large size under supercooled
condition below the freezing point. The large
supercooled cloud drops are considered to be
one of the typical precipitation pariicles only
grown in polar region.

This type of rimed snow crystals with large
cloud droplets and/or small raindrops were
already observed in the polar region: e.q. at
Syowa Station, Antarctica (Kikuchi 1972; iwai
1881), at lnuvik, Arclic Canada (Kikuchi and
Uyeda 1979; Magono and Kikuchi 1980) and at
Fairbanks, Alaska (Sakurai and Ohtake 1981).
Localities of these observation sites suggest that
the rimed snow crystals with large cloud droplets
and/or small raindrops are a characteristic type of
snow crystals in polar regions.

The present paper first describes the
condition for formation of growing large cloud
drops by using the data of the vertical pointing
meteorological radar, microwave radiometer and
an aerosol particle counter. Next we discuss the
formation process of the large supercooled cloud
drops with comparing to the data obtained when
the normal size frozen drops were found.

2. INSTRUMENTS AND OBSERVATION

Precipitating snow clouds at Ny-Alesund
have been observed continuously from 1992 by

Corresponding author's address: Hiroyuki Konishi,
Osaka Kyoiku University, Kashiwara, Osaka,
582-8582, Japan;

E-Mail: konishi@ cc.osaka-kyoiku.ac.jp.

means of a vertical pointing radar. The radar
measures echo intensities every 10 seconds from

. the ground level to 6.4 km in altitude with 50 m

vertical resolution, which specifications were
reported in Wada and konishi (1992). A
microwave radiometer and an aerosol particle
counter were also operated in 1998 and 1999 for
continuous measuring of vertically integrated
liquid water contents in the atmosphere and the
number of aerosols at the ground surface
respectively.

Precipitation particles were also recorded by
photographs under a stereoscopic polarization
microscope at the radar site.

Fig.1. An example of large size rimed drops. In the
center of this figure, the large drop (240 £ m in
diameter) is rimed on a blanch of a dendrite crystal.
This particle was observed at 0725UT on 28 January
1999 when the ground surface temperature was -8C
and echo top height was 2.5km.
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3. Result

Rimed crystals with frozen drops larger than
200 um in diameter were found in a snowfall on
28 January 1999. The examples of this type of
crystals are shown in Fig. 1. The rimed crystals
with large cloud drops were observed for several
hours. The shape of the snow crystal collecting
the large size frozen drops was almost all
dendrite type.

Vertical profiles of temperature, humidity and
the radar echo intensity when the large cloud
drops were observed are shown in Fig. 2 and Fig.
3.

The features of vertical profiles are as
follows.

1) Cloud top height was comparatively low: about
2 km, assuming that the cloud layer was defined
as the relative humidity was larger than 70 %.

2) The humidity decreases sharply to less than
50 % above the cloud top.

3) The temperature between cloud top and
ground was under freezing point throughtout. The
temperature was —~23 °C and —10 2C respectively.
4) The cloud top height was several hundred
meter higher than the echo top height where the
echo intensity decrease with height under 1 dBZ.
5) The convective activity was not so strong
because the pattern of radar echo intensity
change moderately with time.

Height{km)

40 -3 =20 -0 o

Temperature("C) RH(%) WD .¥S

Fig.2. Vertical profiles of temperature and humidity
derived from the radio sonde launched at 1118UT on
28 January 1999. The temperature profile is drawn by
solid line and iso-potential temperature is also drawn
by dotted line. The relative humidity is drawn by solid
line and ice saturated line is also drawn by dotted line.

Height (km)

6) The height of maximum radar echo intensity
was scarcely change for several hours and the
height was nearly equal the level of temperature
at-15 °C.

Figure 4 shows the time series of vertically
integrated liquid water contents derived from the
data of a microwave radiometer for 3 days. The
contents ran up to 0.4 cm during the time when
the large cloud drops were found. At Ny-Alesund
in winter the contents rarely went over the value
of 0.5 cm and the frequency of high water content
larger than 0.4 cm was a few days in a month.lt is
thought that there would be plenty of liquid water
content in the clouds consisting of the large cloud
drops on 28 January 1999.

On the other hand the number of aeroso! at
ground surface was very small during the time
when the large cloud drops were found. Figure 5
shows the time series of the number of aerosof at
ground surface for the same duration in Fig. 4.
The number of aerosol begins to decrease at the
time when the large cloud drops were first
observed. Especially the number of small size
aerosol (<0.3 £ m) change to the minumum value
during the snowfall. The number decreases from
several thousands to one thousand by a litter. At
Ny-Alesund in winter the number usually went
over several thousand and the frequency of the
aerosol number smaller than 1000/l was a few
times in a month. The time series of the number
indicate that the air brought the large cloud drops
is cleaner than usual, '

28 Jan. 1999

Fig.3. Time height cross section of echo intensity
measured by a vertical pointing radar. Contour lines

depicted every 5dBZ from 1dBZ.
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4. Discussion

The observation results indicate that the
large size cloud drops would be grown in the
supercooled condition with much smailler number
of aerosol particles. Since part of aerosols play a
role as condensation nuclei and /for freezing
nuclei, the cloud drops grew larger in the clouds
without sharing the water among the many nuclei
and without freezing. The humid and clean air
would be needed to form the large cloud drops.

The snowfall in Svarvard were mainly
brought by clouds which were accompanied by a
depression moving from midlatitude to high
latitude, however, that brought the large cloud
drops stayed for several days in polar region near
Greenland. The back trajectory of the air also
indicates that the cloud drops have been formed
with staying for several days in polar region.

4.2. Formatlon process

The vertical profile of echo intensity and
humidity suggests that the cloud was divided into
two layers by echo top height. Upper pari of cioud
is the layer between the echo top and the cloud
top, and lower part of cloud is the layer below the

6
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i} Q | .
27 28 29
Jan. 1999

Fig.4. Time series of vertical integrated liquid water
contents (thick line), and ice water contents (thin
line) for 3 days. Solid lines at bottom of the figure
indicate the duration of particle observation at radar
site.

echo top. In the upper cloud, cloud particles were
expected to be small size because the radar echo
indicates low reflectivity and aerological sounding
data shows high relative humidity. If snow
particles grow in the upper cloud, the snow
crystals observed on the ground would show the
shape grown at lower temperature such as
column and bullet. However the shape of snow
crystal with large frozen drops was mostly
dendrite type. Thus it is expected that the cloud
particles were mostly consist of cloud drops in the
upper cloud. On the other hand, in the lower
cloud, radar echo profile suggests that the size
and the number of particles were larger than
those in the upper cloud. The vertical sharp
increase of radar reflectivity in the lower cloud
would indicate that the crystal grew rapidly at this
height. Since the temperature was near -15 °C in
the lower cloud, which is preferable temperature
to grow dendritic crystal, the snow patrticles would
grow fast and become large by coalescence each
other.
Usually rimed snow crystals are considered
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Fig.5. Time series of aerosol number measured at
ground surface for 3 days. The 5 sizes of aerosol in
diameter are shown. The aerosol number by a litter is
expressed as logarithms in a vertical axis
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to be formed by collection of the cloud droplets
when the crystals are falling among the cloud
droplets, because crystal usually falls faster than
cloud droplet. But fall velocity of cloud drops
larger than 200 um was larger than 0.8 m/sec,
which was faster than that of snow crystal.
Therefore it is expected that the large cloud drops
grew in the upper cloud and fell into the lower
snow crystal cloud and accreted the snow crystal.
Sakurai and Ohtake (1981) also guessed without
radar data that the large supercooled cloud drops
were produced in upper part of a cloud and snow
crystals were formed in the lower part of a cloud
from their observation at Fairbanks, Alaska.

The size distribution of cloud drops on snow
crystal may also suggest that the large cloud
drops were made in upper part of a cloud. If the
cloud drop were made in lower cloud, not only
large cloud drop but smali size cloud droplets
should be observed on snow crystals. However,
small size droplets were not observed in this
case.

5. Summary

Large cloud drops larger than 200 #m in
diameter were found on the snow crystais in
winter 1999 at Ny-Alesund, Svalbard, Arctic.

The formation condition and process are
investigated by using the data of a vertical
pointing radar, a microwave radiometer and an
aerosol counter. The data indicate that the large
cloud drops were made in the humid and clean
air in polar region..

The formation process was considered as
follows. There are two layers in the clouds. These
snow crystals are inferred to be formed by the

following way: Small supercooled rain drops
grown in upper cloud of temperature about -20 to
-25 °C formed in Arctic air with dendrites grown in
a lower cloud of temperatures about -15 °C
formed in polar maritime air.
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1. INTRODUCTION

Theoretical studies of various optical phenomena
caused by light-scattering properties of ice crystals
have been subjected to considerable works these last
ten years within the critical global climate issue
involving cirrus clouds. Different techniques have been
used to model the scattering phase functions for
crystals of different regular shapes (see among
others : Macke et al., 1998). Most of the theoretical
results addressed to simple geometric ice crystals
show rather sharp peaks related to the well known 22°
and 46° halos. Nevertheless, the rare ground-observed
occurrence of these optical phenomena indicate
serious deficiencies in the theoretical approaches
mainly due to the fact that highly regular ice crystals
are rarely cbserved in drus clouds (Korolev et al,
1999). In support to this finding, first direct
measurements of scattering phase function from
ensemble of ice crystals made by Gayet et al. (1998)
showed that the 22° halo was absent in drrostratus
clouds. Direct measurements of the scattering phase
function in laboratories confirn this finding whereas
Crépei et al. (1997) did defect very smoothed 22°
peak. On the contrary, ground-based aureolemeter
measurements by Brogniez et al. (1995) showed a
pronounced 22° halo. However, the authors also
showed that the radiance field around the halo is
smoother than the modeling results relative to
hexagonal ice crystals can predict.

In this paper we show that in some cirrus uncinus
cloud parts, measured scattering phase function do
exhibit 22° and 46° halo features. These optical
properties are compared to subsequent ice particles
characteristics .

2. INSTRUMENTATION & SITUATION

An instrumented TBM700 aircraft was operated during
the CIRRUS'98 experiment. This aircraft is a single
turbo-propeller developed and manufactured by
SOCATA in Tarbes (South-West of France). For this
experiment, the operational ceiling of the aircraft was
extended from 30 000 to 35 000 ft and the standard
avionics has been supplemented with an inertial
plateform, an airdata unit and a GPS (Durand et al,,
1998). Two in situ microphysical probes were
mounted on the TBM700 : a PMS 2D-C for recording
the cloud particle images ranged from
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25 to 800 um diameter and the Polar Nephelometer.
We recall that the Polar Nephelometer is an unique
airborne in situ instrument which is compatible with
PMS canister (Gayet et al., 1997). This instrument
measures the scattering phase function of an
ensemble of cloud particles (i. e., water droplets or ice
crystals or a mixture of these particles from a few
micrometers to about 500 microns diameter) which
intersect a collimated laser beam near the focal point
of a paraboloidal mirror.

The observations presented in this study were
obtained on 19 February 1998 and the TBM700 flight
lasted from 13 :40 to 17 :00 UTC. The meteorological
situation was characterized by a persistent high
pressure system centered over France with humid air
at higher troposphere levels coming over the
experimental area from the South-west. The vertical
sounding revealed a wet layer which roughly
corresponds to the cirus cloud detected from the
aircraft, namely between 7200 m MSL/ -30°C to 10800
m MSL/ -60°C. Much dryer air characterizes the lower .
lavers. From satellite NOAA14/AVHRR image the
cirrus cloud field appeared rather scatlered and put
together with visual observations from the aircraft, the
studied cirrus may be classified as cirrus uncinus.

3. EVIDENCE OF 22° & 46° HALOS

In order to determine a quantitative criteria for the
occurrence of the 22° and 46° halos respectively, we
define the ratio of the values measured by the Polar
Nephelometer at the scattering angles of 22° and 18.5°
(ratio of channel 7 on channel 51 : P7/P51) and the
ratio of the values measured at 46° and 44.5° (ratio of
channel 47 on channel 10 : P47/P10).

A representative example of 22° & 46° halos
displayed on Figure 1.a concerns a 6 sec. cirrus
sampling at 7600 mMSL/-35°C level. This figure
represents the mean scattering phase function
measured by the Polar Nephelometer (solid circles)
with an arbitrary example of theoretical scattering
phase function (solid line) relative to ramdomly
oriented hexagonal crystal plates with an aspect ratio
(Q) of 0.2. The Fig. 1.b displays the comresponding
2D-C size histogram with the subsequent mean values
of the relevant parameters and examples of ice particle
images sampled by the 2D-C. The results show that
the measured scattering phase function clearly exhibits
the 22° and 46° halos feature. As a matter of fact the
measured value at 22° (channel 7) is significantly
larger than the 18.5° one (channel 51)leadingto a
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P7/P51 ratio of about 1.5. As for the 46° halo, the ratio
P47/P10 is only 1.1 leading to a smoothed peak at 46°.
in order to show that the 22° and 46° peaks evidenced
from the measured scattering phase functions
represent actual optical characteristics we have
reported on Figures 2.a & b the scattering plots of P7
(22°) versus P51 (18.5°) and P47 (46.5°) versus P10
(43°) respectively. in the both cases, the results show
that most of the data points are disfributed with a low
dispersion and the exceptions of P7/P51 and P47/P10
ratios larger than 1 characterize halo occurrences.
Such a feature observed wathever the signal to noise
ratio leads to claim that the observed 22° and 46°
peaks are not artefacts (due to optical or electronical
noise problems for instance) but can be regarded as
physical phenomena. Nevertheless, the examination of
the measured scattering phase function on Fig. 1
reveals that the 22° and 46° peaks are rather
smoothed when compared with the theoretical
approach. This characteristic is systematically
evidenced for all the observations reported here.

Coming back on the microphysical and optical
properties of cirrus cloud segment exemplified on
Figures 1, we report that the subsequent mean values
of IWC, C2D, D2D, owuand g are respectively 4 mgm>,
103 1, 83 pm, 1.5 km™ and 0.77. The examination of
the corresponding 2D-C probe information shows  that
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Figure 1.a: Measured scattering phase function &
theoretical results (hexagonal crystal).

Figure 1.b : 2D-C size histogram with the subsequent
mean values of the relevant parameters and examples
of ice particle images sampled by the 2D-C.
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the particle size does not exceed 300 um with rather
iregular shape at least for the largest ice crystals from
which the shape recognition i less problematic. A
careful examination may suggest that only a few of the
largest ice crystals may be shaped by 3-D
assemblage fike bullet-rosette type. Furthermore,
some of the other recognizable ice crystals appear to
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Contrasting with the last example, the cirrus cloud
sampled 7 mn later, still at the same level (-35°C) does
not exhibit 22° and 46° halos, as dlearly highlighted on
Figures 3, despite microphysical and optical properties
which are similar to those reported on Fig. 1. As
already pointed out, the 2D-C particle images can only
be «considered as a qualitative information.
Nevertheless, a careful comparison between the 2D-C
images on Figs. 1 and 3 suggests that no significant
difference can objectively be found about the observed
shapes of ice crystals.

4. DISCUSSION

These above observations strongly suggest that the
dominant ice particles with regards to scattering
properties are the small ice crystals (typically < 50 um)
which cannot be accurately documented by the 2D-C
probe. Evidence of these small particles in cirrus
clouds is now well recognized (see among others,
Heymsfield et al., 1990) and the lack of accurate
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be transparent because only the shape perimeter
pixels are tumed-on but this feature could also be due
to particles passing out of the depth-of-field. Despite
the qualitative information issued from the 20-C probe
measurement, one may conclude that ice crystals with
simple geometric shape, at least larger than 100 um,
are not prevailing within this sample of ice particles.

Figure 3.a : Measured scattering phase function

Figure 3.b: 2D-C size histogram with the subsequent
mean values of the relevant parameters and examples
of ice particle images sampled by the 2D-C.
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measurements of such ice erystals crucially limit the
interpretation of our results. The above assumption is
supported by the fact that in cirus clouds which have a
low optical depth, the extinction coefficient is usually
dominated by small ice particles (i.e. < 50 ym). As a
matter of fact, Auriol (1998) showed that in such clouds
the extinction coefficient derived from the Polar
Nephelometer measurement is dominated (~ 70%) by
the contribution of particles smaller than 50 pm.
Consequently we may reasonably argue that the
observed halo feature is due to the presence of smalil
ice crystals typically smaller than 50 pm. This may
explain why former works (see for instance, Glass and
Varley, 1978) did not observe pristine crystal forms (in
cirus clouds) required by theory to explain optical
phenomena simply because they did not use
appropriate and reliable in situ instrumentation to
measure the smallest ice particles.

For the highly regular crystals responsible for halo
phenomena there must be a subsequent main phase
of extremely regular crystal growth. Low ice



supersaturation are known to favor regular and slow
crystal growth (that may be found in low updraft
velocities. Accordingly only a few cloud portions which
are characterized by small horizontal scales (100 to
400 m) present relevant thermodynamicai and
dynamical conditions, that may characterize formation
areas of fresh ice particles. Following our observations,
these areas wouid represent a proportion of only 2% of
the sampled cirrus.

As for smoothed peak features it may be hypothetized
that the presence of irregular-shaped crystals with
rough surfaces or multiple inclusions inside regular
crystals could smooth the peaks in the phase functions
predicted by hexagonals crystals (Liou et al., 1997 ;
Labonnote et al., 2000).

5. CONCLUSIONS

Using the Polar Nephelometer, a new instrument for in
situ measuring the scattering phase function of ice
particles, 22° & 46° halo features have been evidenced
for the first time in cirrus uncinus clouds between —
30°C and ~38°C. In halo-producing cirrus clouds, most
of the ice crystals larger than 100 uym were observed
iregular-shaped and no significant difference in the
shape of ice crystals has been objectively found
between the cirrus parts with and without halo. More
generally, the halo occurrences were not related to the
ice particle properties derived from the 2D-C probe.
Therefore, we obtained proof that the cloud scattering
properties and subsequent optical phenomena are
dominated by the smallest ice particles (smaller than
50 um) which are poorly documented with
conventional PMS probes. Hypothesizing that highly-
regular small-crystals are responsible for halo
phenomena there must be a subsequent main phase
of extremely regular crystal slow growth which requires
low ice supersaturation. Only a few drrus cloud
portions which are characterized by small harizontal
scales (100 to 400 m) did present such relevant
thermodynamical and dynamical conditions, that may
characterize formation areas of fresh ice particles.
Following our observations, these areas would
represent a proportion of only 2% of the sampled
cirrus. Moreover, the observed 22° & 46° peak
features are smoothed out with regards to modeling
results relative to usual geometric crystal shape.

A more convincing interpretation of optical phenomena
occurrences in cirrus clouds would need additional
pertinent measurements, namely : the shape and size
of the small ice crystals, the accurate and fine scale
structure of the low water vapour content and of the
dynamical parameters (wind vector and turbulence)
and vertical profiles of cirrus properties which can be
obtained from Lidar measurements.
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THE ICE INITIATION BY THE ACOUSTIC-ELECTROSTATIC COALESCENCE
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1. INTRODUCTION

The droplet motion and electrical effects produced by
lightning may cause a rapid and effective droplet
coalescence process (Goyer 1965, Moore and
Vonnegut 1964; Curié and Vukovié 1988, 1991, 1992;
Vukavié and Curic 1996, 1998; Ling et al. 1999). The
model simulations suggest that in the area near where
a lightning event happened, after a few seconds, the
initial unimodal spectra of supercooled water drops can
be changed to the bimodal spectra of unfrozen and
frozen water drops. The number of frozen drops is a few
orders less than unfrozen water drops, but can be still
very important for further transformations due to
gravitational coagulation and other known microphisical
processes.

2. MODEL DESCRIPTION

2.1 General description

The paper does not deal with mechanism of electrical
discharge in a cloud. We only observe the moment
when il happened. The lighining channei wili be
considered vertical and the cloud characteristics are
axial-symmetrical around the iightning channel. It is
also assumed that before the electrical discharge a
cloud is composed of negatively charged supercooled
water drops which belong to the horizontal layer of unit
thickness with constant temperature T. The size
distribution spectra is equal everywhere until the first
electrical discharge, while after it there are only positive
ions around the lightning channel (Moore et al., 1964).
Those ions, carried by shock wave front, will be moved
away from the channel and collected by negative
droplets. The ions may first neutralise the negative
cloud droplets and because of the high space density of
the ions, then give them a very large positive charge.
According to this picture we will have mostly positive
charged droplets near the channel and more negative
ions with increased distance from it. Although before
electrical discharge we had only supercooled droplets
after it some of them will be frozen and the final result is
that air motion caused by the acoustic wave suddenly
increases the velocity of differently charged frozen and
unfrozen droplets. Faster drops move past the slower
ones, and create conditions for coalescence growth.

! Corresponding author’s address:  Zlatko Vukovic,
1286 Gryphon Mews, Mississauga, Ontario, L4W 3ES5,
Canada; E-Mail: zlatko.vukovic@ec.gc.ca.
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Since the droplets are charged, the electric forces
cause changing stability in a newly created droplet. Also
very fast water drop will be unstable and they will be
broken in smaller stabile one. In case that collision
between frozen and unfrozen drops is happened,
depend of stability of new-formed drop, we can have
new bigger frozen drop. This growth of frozen and
unfrozen drops, as well as a mass transfer from liquid
to ice phase spectra is called acoustic-glectric
coalescence with temperature influence (AECT)

2.2. Freezing

Two main mechanisms of ice generations by drops'’
freezing are usually considered: immersion freezing and
contact freezing nucleation. QObservational results
suggest that formation of ice in clouds is determined
mainly by the transformation of supercooled liquid
water. Varieties of studies have suggested that
subjecting water drops to mechanical shock could result
in freezing the drops. Czys (1989) summarizes several
of these studies and presents additional evidence that
mechanical shock can induce freezing drops. He relates
the shocleinduced freezing to the occuirence of
cavitation within the drops. The cavitation results as the
external pressure drops suddenly and the resulting
forces are great enough to exceed the tensile strength
of the liquid. The mechanism by which cavitation
produces freezing is unclear same as the importance of
such processes in the cloud.

In the AECT model, we are introducing drops’
freezing due acoustic shock wave of electrical discharge
in the cloud. The glaciation process of supercooled
drops due electrical discharge is assumed to occur in
two different ways.

The first process is initiation of ice (frozen drop) as a
result of dynamic stress of sonic waves generated from
lightning discharge (Goyer et al. 1965; Czys 1989).

The second mechanism of the glaciation is contact
freezing, freezing by collisions between ice particles and
water drops. The simulation of hydrometeor size
spectra evolution by water-water, ice-water and ice-ice
interaction was object of investigation by numerous of
authors. In AECT model we assumed that in case of



collision of water drops always we have water drops
while in case of collision of water-ice drops it is
assumed that the result is frozen drop (or drops).

3. RESULTS

Several numerical simulations have been carried
out for the temperatures 0, -5, -10, -15, and ~20C. They
have been classified in Table 1 according to the liquid
water content L, , the average droplet radius R, ,
the initial energy density of the lightning channel E,,
the values of droplet charge Q and the radius of
positively charged droplets area A . In the case studies
we used a radial domain of 25m.

Table 1. Summary of experimental parameters. Liquid
water content, L__; average spectra radius R, ;
initially energy density of lightning channel E,; values
of droplet charge: 0 means no charge, <Q_, empirical
relation. between droplet size and charge, =Q_,
Rayleigh limit charge; radius of positively charged
droplets area A.

- Case L,. R,, E, Q A

[gm'J] {um] [Jm>2m~l] [m]
1 1 100 10° <Qum 15
2 3 100 10 <Qux 15
3 2 100 10° < Qax 15
4 2 100 10° =Qu 15
5 2 100 10° 0 15
6 2 100 10* <Qux 15
7 2 100 10° < Qux 15
8 2 50 10° <Qux 15
9 2 50 10° =Qum 15
10 2 150 10° <Que 15
11 3 150 108 0 15
12 3 150 10° <Qu 15
13 3 150 10° =Qu 15
14 2 100 10° < Qux 5
15 2 - 100 10’ <Qm 25

3.1 Evolution of the initial concentrations

The typical transfer of mass spectra due AECT (T =
—~10°C) for five different distance from lightning channel
(x=5,10,15,20 and 25m) are shown on the Figure 1. On
the left half of the graph are concentration of water
spectra and on the right side are frozen drops spectra.
The dashed lines represent initial distributions of
unfrozen or frozen water concentration drops. Initial
frozen drops are result of the dynamic stress of sonic
waves. The full lines are transformed water or ice
spectra. The greatest change of the spectra are in the
second position (x=10m) and after that the effects
decrease with distance. The water mass drop spectra
have been shifted to the bimodal distributions (except in
the first position).

From the presented graph we can notice
concentration decreases below drop radius of 200

" microns and as a result of collisions it increase for

drops larger than 200 microns, The spectra
concentration of frozen drops has deep minimum for
the smallest drops although in the initial distribution it
didn’'t exist. The initial glacation is starting for droplet
bigger of certain size {(depend of temperature and other
initial conditions) while later due unsuccessful ice-water
collisions we have break up of water drop in the smaller
frozen drops.

3.2 Spectra changes for different initial conditions

The model sensibility on the different initial
conditions can be tested throw analysing of radar
reflectivity factor which includes effects of mass and
radius spectra transfers.

In general, for all temperatures we can say that the
influence of AECT is more significant as the liquid water
content, mean radius or drop charge is higher. The
energy of lightning discharge also increase effects of
AECT, except when we have to much energy and all
drops are liquid (E=10°Jmm™", T=0C) and many of
them are unstable. Radius of positive charge area
(§=A) has bigger influence on AECT for Q=Qmx
then for Q< @mx. The influence of temperature on
AECT and variation of total radar reflectivity is smaller
as the temperature is lower. in the Table 2 are shown
the summary results of AECT for five chosen
temperatures for 15 cases with different combination of
initial parameters (Table 1).

4. DISCUSSION

The model results have given us a two possible
explanation regarding to electrical discharge and drop
spectra transformations. First, explanation about drastic
changes in drop spectra distribution (from unimodular
to bimodular spectra and mass transfer toward bigger
drops), Second explanation, very fast - almost
immediately, freezing of one portion of supercooled
water drops. For correct understanding and validation
of the model result, we have to be conciseness about the
model limitations. In this stage model mainly can give
us just estimations in which direction we can expect
influence of electrical discharge toward supercooled
drops. Quantitative results can be more valid if the
model is used inside the bigger, more complex, model
where post ice growth and thermodynamic interactions
are treat more realistic. However, the actual model
resuits can help us in some explanations of

characteristic inferred from Lopez and Aubagnac'’s
polarimetric radar observations (1997).
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Figure 1. Evolution of the initial concentration spectrums (dashed lines) of unfrozen (left) and frozen water (right)
due to acoustic-electrostatic coagulation for T=-10C for initial conditions shown in case 4 for five different distances
from lightning channel (x=5,10,15,20 and 25m).
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Table 2. Summary of space averaged output model values for relative rates of the mean volume radius dR

my

and radar reflectivity factor dZ for total cloud content ( frozen and unfrozen drops) for five temperatures.

dZ (dB2) R (%)
case oc -5C -10C -15C -20C 0C -5C -10C -15C -20C
1 30 29 28 15 17 9.0 87 86 56 56
2 103 101 102 62 65 456 442 443 239 241
3 72 70 26 37 40 249 241 239 140 143
4 112 105 107 108  10.8 39.1 349 359 377 367
5 72 69 68 30 39 244 235 231 121 140
6 34 33 32 19 19 126 121 119 79 83
7 62 72 69 35  3af 105 132 146 91 84
"8 131 128 130 120 129 282 282 27.3 242 280
9 131 128 130 120 129 282 282 27.3 242 280
10 30 29 28 16 17 135 131 128 74 75
11 63 63 58 16 15 170 197 216 61 6.0
12 63 63 58 20 15 174 200 224 73 58
13 56 54 59 30 27 182 212 31.0 128 118
14 72 70 69 38 40 247 238 236 143 142
15 73 70 70 36 40 250 240 238 139 143
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CRYSTAL GROWTH: 2-D or Not 2-D?

Dennis Lamb

Meteorology Department, The Pennsylvania State University
University Park, Pennsylvania 16802, USA

1. INTRODUCTION

The evolution of the ice phase in atmospheric
clouds starts with the nucleation of primary ice
particles and their subsequent growth by the
deposition of water vapor under supersaturated
conditions. Vapor deposition is an important
process to understand because it establishes the
initial shapes, masses and fallspeeds of the ice
particles that subsequently interact collisionally
with other cloud particles and contribute to
precipitation via the so-called “cold-rain”
mechanism (Young 1993, p. 7). Precisely how
vapor molecules contribute to the growth of these
ice particles is still unknown, posing a limitation to
the development of realistic cloud models.

Ice crystal growth is complicated because of
the wide wvariety of shapes found in nature
(Bentley 1901; Weickmann 1945). Non spherical
forms arise fioim vanalions acioss ihe surface in
the probability with which water molecules are
able to build into the crystal. A commonly used
descriptor of growth efficiency is the deposition
coefficient « , the fraction of molecules striking
the surface that successfully incorporate into the
ice lattice and contribute to growth of the particle.
By virtue of the crystaliographic nature of ice |h
(Petrenko and Whitworth 1999, Chapt. 2), vapor-
grown ice crystals are typically bounded by two
basal faces and six prism faces, the growths of
which are kinetically limited. The primary habit of
a crystal (whether it is a plate or a column) is thus
determined by the relative magnitudes of the
deposition coefficients characterizing the basal
and prism faces. Plates evolve, for instance,
when ... > Q. , whereas columns develop
when @, >a,,,,. At high supersaturations,
gradients of vapor density across the faces lead to
“hollowing” (Nelson and Baker 1996) and to more
complicated forms (Yokoyama 1993).

Author's address: Dennis Lamb, 503 Walker
Bidg., Penn State University, University Park, PA
16802, USA; email: Ino@ems.psu.edu.

The mechanism of molecular incorporation,
although still highly uncertain in detail, is generally
thought to involve steps or ledges on otherwise
flat surfaces (Hudson 1992, p. 4; Nelson and
Baker 1996). The steps are likely to contain
numerous “kink” sites, where adsorbed molecules
of water find facile incorporation into the lattice
(Frenkel 1945; Gilmer et al. 1971). Controversy
exists mainly over the origins of the steps,
whether they result from two-dimensional (2-D)
nucleation or from the emergence of screw
dislocations onto the growing surfaces (see Frank
1949, 1982; McKnight and Halilett 1978; Neison
and Knight 1998). Each mechanism of step origin
vields a different dependence of the deposition
coefficient on supersaturation, which should be
reflected in the linear growth rates of the various
crystal faces.

This paper explores the inter-relationships
Uetween these ailermalive mechanisins and how
the presence of a non condensable medium (air)
influences the overall dependence of growth on
ambient supersaturation. The traditional concern
about whether 2-D nucleation is the relevant
mechanism or not may be mute if the effects of
volume diffusion dominate the surface kinetics.

2. THEORETICAL RELATIONSHIPS

The effect of each mechanism of step origin
on the growth of a particular crystal face can be
expressed in quantitative terms through the use of
appropriate theory. For instance, Burton et al.
(1951) developed an elaborate theory of growth
based on the emergence of one or more screw
dislocations on a crystal face exposed to a
supersaturation of specified magnitude. The
spiral-step mechanism helped resolve the
conceptual difficulty of reconciling observed
growth rates at low supersaturations with
predictions from theory based on the need for
steps to be generated by nucleation of new layers
on defect-free surfaces (Becker and Doring 1935;
Frank 1949). The linear growth rate of a given
crystallographic face (i.e., a basal or prism face)
can be calculated once certain parameters
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Figure 1. Dependence of the deposition coefficient
on local supersaturation and the mechanism of step
origin. The supersaturation S has been normalized
to the transition value s, described in the text. The
forms of the curves are based on the
parameterization of Nelson and Baker (1996).

characteristic of the crystalline material are
known. The appropriate theory predicts the growth
in terms of the deposition coefficient, in effect the
growth rate normalized to the maximum rate
predictable from kinetic theory (Lamb and Scott
1974). The characteristic dependence of « on

the ice supersaturation s immediately over the
surface is shown in Fig. 1 for each mechanism.
Note that the 2-D nucleation of new layers on
perfect faces requires that this “local”
supersaturation exceed a ‘“transition” value s,
before significant growth can be expected,
whereas growth on defective faces is achievable
even when s/s, is well below unity. These two
mechanisms of step origin yield seemingly large
differences in the crystal growth rates. The
relationship of s, to the growth of ice by either
step mechanism is described later.

Lewis (1974) examined the theories for each
mechanism of step origin in some detail and
pointed out that the edge energy &, viewed here
as the surface free energy integrated over the
height of a step, is a material parameter that is
common to both theories. The edge energy is
best thought of as an empirical parameter
characteristic of a given crystalline surface (Frank
1972), as possibly affected by interfaciai structure
(Fukuta and Lu 1994). Bernal (1958) suggested
that the variations with temperature in the surface
free energies of the basal and prism faces cause
the ice crystal habits to alternate between plates
and columns with temperature.

The relationship between the edge energy of a
face and the transition supersaturation (s,) that
characterizes the efficiency of growth on that face
can be established through consideration of the
thermodynamics of “island” formation. If the
istand is circular and of monomolecular height «a,
then the critical radius is given by
_d'e

Au
where Ay = kT In(s+1) is the chemical potential
difference of molecules in the vapor and
condensed phases (Hudson 1992, p. 301).
Islands of this size are in unstable equilibrium with
the adsorbed molecules in the surface layer. The
important point to note is that such critical islands
play central roles in both thecries of step origin
(Hudson 1992, p. 307). On faces with emergent
screw dislocations, the spiral steps exhibit local
radii of curvature that depend on the distance

away from the dislocation. The minimum radius
of curvature is equal to the critical value given by

r*

. )

Eq. (1). The transition supersaturation for spiral
growth is shown through classical theory to be
2nr” 2w a’e
5 = § e @
X, kT x,

where x,  is the mean distance of molecular
diffusion on the surface (Burton et al. 1951). Note
that s, depends directly on r*(and hence ¢) and
on x . Such a simple relationship between s,
and r has yet to be demonstrated for 2-D
nucleation.  Nevertheless, once a critical-size
island forms on a defect-free surface, a new layer
is able to form and propagate rapidly across the
surface, causing the face to advance.

Nelson and Baker (1996) have suggested that
the deposition coefficient may be related to the
transition supersaturation in a general way for all
mechanisms of step generation:

az(—s—J tanh (5&) 1, 3)
8, s

where m is a parameter used to distinguish the
different mechanisms. The dependencies of «
on s shown in Fig. 1, for instance, are based on
Eq. (3) with m = 1 for screw dislocations and with
m = 30 to represent the effect of 2-D nucleation.
Variations in the edge energy with temperature or
with crystallographic orientation would manifest
themselves as variations in 5, (Eqs. 1 and 2),
thus affecting each mechanism of step origin in
qualitatively similar ways.
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3. PRACTICAL APPLICATIONS

Given the fact that the two main mechanisms
of crystal growth are each influenced by a
common property of a crystal face, one should be
able to apply theory toward some practical ends.
Extrapolations of laboratory data of crystal growth
to an atmospheric context, for instance, may be
facilitated by appropriate reasoning. Nelson and
Knight (1996, 1998) have recenily measured the
critical supersaturations needed to initiate growth
on the basal and prism faces of laboratory ice
crystals thought to be free of defects. However,
ice grown on substrates (e.g., Lamb and Scott
1972) is likely to be defective because of the
artificial contact, whereas ice crystals of
atmospheric origin may or may not contain
dislocations (McKnight and Hallett 1978; Keller et
al. 1980; Frank 1982). It is tempting to think that
growth rates derived from defective crystals, even
if atmospheric crystals prove to be defect free,
could be interpreted in terms of a transition or
critical supersaturation that would find general
application to atmospheric ice.

The presence of a non condensable gas like
air imposes praciical limitations thal need to be
undersiood. ~ Active growth of a crystal in air
necessarily lowers the excess vapor density in the
immediate vicinities of the growing faces, leading
to gradienis of vapor and temperaiure that impact
the overall (measurable) growth of the crystal
(Nelson and Baker 1996). The dependence of
growth rate on supersaturation derived from
classical theory (as depicted in Fig. 1) is
appropriate only if the supersaturation is that
immediately over the surface. This “local”
supersaturation cannot, however, be measured
during active growth in air. Crystals grown in a
pure-vapor environment could be used, but one
still faces the challenge of “taking” those findings
to the atmosphere.

l.Lamb and Chen (1995) considered the impact
of air on growth controlled by screw dislocations
and showed that the mathematical form of the
function a(s/s,) changes markedly when using
the ambient, rather than the local supersaturation.
Instead of an initially linear dependence of o on
s/s, (as shown in Fig. 1), the function becomes
parabolic, as can be seen in Fig. 2 (solid curve).

A similar analysis has now been performed for
the case of growth dominated by 2-D nucleation
using the parameterization of the surface physics
given by Eq. (3), with m = 30. Simultaneous
consideration of the inherent growth efficiency

AIR

Dislocations

ot 2-D
‘ Nucleation

DEPOSITION COEFFICIENT
=)
wn
i

0 T T T T T T
0 1 2 3 4 5 6 7 8 9 10

NORMALIZED AMBIENT SUPERSATURATION

Figure 2. Dependence of the deposition coefficient on
ambient supersaturation and the mechanism of step
origin when growth occurs in air. Each curve is derived
from Eq. (4) with K =10. The solid curve results from
using m = 1, whereas the dashed curve arises when
m =30

{dashed curve in Fig. 1) and mass continuity of
vapor leads to a generai relationship of the form

m m
I+ Ka x )

where x=s_,../5 and Kqa is the ratio of the
transport resistances due to volume diffusion and
surface kinetics. Equation (4) is an implicit
transcendental equation that is typically solved by
iteration. The dashed curve in Fig. 2 shows the
result for K = 10, a value characteristic of growth
under atmospheric conditions (Lamb and Chen
1995). Note in particular how growth in air (Fig. 2,
dashed curve) causes the apparent dependence
of ¢ on s to be much gentler than in its absence
(Fig. 1). In effect, air not only restricts the overall
flux of water vapor to the crystal, but it also
greatly broadens the range of ambient
supersaturations over which moderate growth
occurs, even when layers form by 2-D nucleation.

4. CONCLUSIONS

Whereas controversy over the origin of steps
responsible for the growth of ice crystals has
emphasized the differences arising from 2-D
nucleation . and screw dislocations, these two
mechanisms exhibit a number of similarities that
are often overlooked. Both types of steps depend
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in concept on the existence of islands of water
molecules clustered together on the surface in
unstable equitibrium with the population of
adsorbed water molecules. The size of these
critical islands is the same in both cases, being
dependent on the surface free energy, as
manifested along the periphery of the critical
islands. This edge energy, a material property of
each crystal surface, is common to both
mechanisms of step origin, so any changes in its
magnitude, such as arise from changes in
temperature, will affect the growth of the face in
the same way, regardless which mechanism is
operative.

The presence of air further diminishes the
distinction between the effects of 2-D nucleation
and spiral steps on the growth of ice. Diffusion of
water vapor through the air surrounding a growing
crystal clearly restricts the vapor flux, but more
importantly, the implied gradients of vapor density
cause the local supersaturation immediately over
each face to respond simultaneously to the
environmental conditions and to the inherent
growth efficiency of that face. The nonlinear
interactions that arise from this coupling of mass
transport in the vapor phase and surface physics
cause the deposition coefficients of each
mechanism to depend on the ambient
supersaturation in fundamentally similar ways.
More detailed analyses of this problem in the
future may well demonstrate that the evolution of
ice by vapor deposition in atmospheric clouds is
only weakly dependent upon which model of
growth is actually used.
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The snow particle measuring system includes a
CCD camera photographing snowflakes
falling in the measuring tower. The data
stored on the the
distributions of snowflakes per 0.5 mm in 1 m®
The
falling velocity of each individual snowflake

for

computer are size
volume of air over one-minute intervals.

can also be simultaneously measured and

recorded by this system.

3. RESULTS

3.1 Variation of Snowflake Size Distribution

We used principal component analysis to
the variation in
distributions. As the
the second
component was over 90%,

objectively determine
snowf | ake

accumulated proportion

size
until
principal we can
express the major parts of the main variation

if we adopt the first and second principal

components.

Figure 2 shows the size distributions
averaged over each score of the first
principal component, which has the largest
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Fig. 2. Size distributions averaged over

each score of the first principal
component.

in the
figure, each averaged size distribution is an-
exponential distribution and moves parallel

variable component. As can be seen

to a higher number concentration with an
increase in the score value. As the score of
first principle component was thought to be
related to the the
relationship of both values was plotted in the
figure. [t was found that the score values
increased with an

snowfall intensity,

increase in snowfall
it was clarified
that an averaged size distribution with an

equal snowfall intensity moves parallel to a

intensity. In other words,

higher number concentration, maintaining an
exponential form, with an increase insnowfall
intensity.

Next, the second principal component was
analyzed in the same manner as that for the
Figure 3 shows

the size distributions averaged over each

first principal component.

score of the second principal component.

Each averaged size distribution 1is an
exponential distribution, like those in Fig.
2. The characteristic in the second

principa! component is that the slopes of the
si

ize distributions become steeper when the
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Fig. 3. As inFig. 2, except for the second

principal component.
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score values increase

The difference in density of snowflakes
is considered to be the cause of the difference
insizedistributions even under the condition
of equal snowfall intensity. When we plotted
the relationship between the score of the
second principal component and the ratio of
averaged falling velocity to the averaged
(VW0 of a
distribution, we found that the score values
increased when the ratio V/0 increased. The
in the ratio V/0 is thought to
correspond to the change from low density to
high density.

diameter of snowflakes size

increase
In other .words, the score
values the properties of
snowf lakes change from low density to high
density.

increase when
We can therefore say that the slope
of the size distribution becomes steeper under
this condition.

The trends in variations when principal
data
obtained from the other three stations were

component analysis was applied to

aimost the same as the results reported in

Toyama
Np = Nyexp(~AD)
10 o = Noexpl ———————r
C o TWAMIZAWA r=0288 1]
- & SHINORO (=0.227 {1
r o SAGURIGAWA-DAM r = 0.155 | ]
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A
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SNOWFALL INTENSITY(mm h™)

Fig. 4. Relationship between snowfall

intensity and slope A.
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3.2 Shape of Snowflake Size Distribution

The shape of the snowflake size

distribution was also studied. In order to
compare with snowflake size distributions in
four station, the intercept (#o) and slope
(A) were used as the indicator of the shape
distribution
approximately expressed by an exponential
the

intensity and slope (A1).

when a snowflake size was

function. Figure 4 shows relation
between snowfall
When we made an approximation using a linear
although

Avalues varied widely under the condition of

equation, we obtained four lines,

equalbsnowfall intensity. This result shows
generally the difference of 1 between two
stations in central Japan and two stations in
northern Japan. Therefore, we conclude that

the shapes of snowflake size distributions

under the «condition of equal snowfall
intensity show clear regional
characteristics.
4. DISCUSSION

Next, we investigated the possible

in the
As stated in the previous

reason for the difference mentioned
previous section
section, variation in slopes in the size
distributions is related to the parameter V/0
which expresses the mean density of snowflakes.
Therefore, the parameter V/0 can explain why
the slope A in central Japan is smaller than
that in northern Japan, if the parameter V/D
in central Japan is smaller than that in
When the compact ratio of
the density of

snowf lakes is thought to become smaller. We

northern Japan
snowf lakes becomes smaller,

therefore tried to measure the compact ratio
of snowflakes. Maximum diameters (d, om) are
measured for each snow crystal composing a

snowflake. The total areas (A4, cm?) of each
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Fig. 5. Relationship between area of a

snowflake and tota} areas of each
snow crystal composing a snowflake.
snow corystal composing a snowflake are
obtained from the d,. It can be estimated that
snowf lakes have more compact structures with
an increase in A,under the conditionof equal
area of a snowflake (4)).

Figure 5 shows the relation between A4,
and A, Each symboi shows the mean values
obtained at each station, and vertical broken
It can be

seen from this figure that the compact ratio

lines show standard deviations.

of snowflakes in central Japan is smaller than
that in northern Japan. Therefore, we could
explain the reason why the parameter V/0 in
central Japan is smaller than that in northern
Japan.

As the air temperature in central Japan
is higher than that in northern Japan, two snow
crystals in central Japan are expected to be
able to convert into a snowflake by the touth
with both ends, because the force of adhesion
increases with an increase
Therefore, the compact ratio of snowflakes in
central Japan becomes smaller than that in
Thus, it was shown that the

regional characteristics of snowflake size

in temperature.

northern Japan.

distribution
temperature,

depend strongly on air

5. CONCLUSIONS

The main variation shows that averaged
size distribution with an equal snowfall
intensity moves parallel to a higher number
concentration, maintaining an exponential
form, with an increase in snowfall intensity.
The second variation shows that the slope of
the size distribution becomes steeper under
the change from low density to high density in
the property of snowflakes. These variation

characteristics of snowflake size
distributions were similar at the four
stations.

The mean slope of snowflake size

distributions in central Japan was more gentle
than that in northern Japan. The fact could
be explained by the density of
snowf | akes. As
central Japan is higher than that in northern
Japan,

lower
the air temperature in
the compact ratio of snowflakes in
central Japan becomes smaller than that in

northern Japan. Therefore, the density also

becomes smaller. Thus, it was shown from the
observations that the regional
characteristics of snowflake size
distributions depend strongly on air
temperature.
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RELATIONSHIP BETWEEN RIME SURFACE TEMPERATURE AND CLOUD DROPLET SPECTRA

E. E. Avila', R. Pereyra', N.E. Castellano’ and C.P.R. Saunders?

' Fa.M.A.F, Universidad Nacional de Cérdoba, Ciudad Universitaria, 5000 Cérdoba, Argentina

2 physics Department, UMIST, Manchester, M60 1QD, UK

1. INTRODUCTION

The surface temperature of riming graupel is a
variable invalved in many physical processes occurring
inside clouds. For example, it controls the density of the
graupel pellets (Macklin, 1962); the ice crystal
mulitiplication (Hailet and Mossop, 1974); the process of
melting and shedding from the surface of riming
graupel and hailstones (Rasmussen and Heymsfield,
1987); and charge separation during collisions between
ice particles (Avila et al.,, 1895). The heat and mass
transfer process plays an essential role in the surface
temperature.

The heat batance equation given by Macklin and
Payne (1967) for a cylindrical collector of diameter D,
growing by riming, exposed to an air flux of velocity V
containing a cloud of supercooled water droplets of
liquid water content W, is:

EWV (L ; + ey (Tq =To)+ ¢;(To = Ts)}

7w
N KTy =T+ S, LD (p, = pg)

) Eq. (1)

where E is the graupel/droplet collection efficiency, cu
the specific heat of water, ¢; the specific heat of ice, Dy
the coefficient of moiecular diffusion of water vapour in
air, K the thermal conductivity of air, L,the latent heat of
fusion of water, Ls the latent heat of sublimation of ice,
N, the Nusselt number, S, the Sherwood number, ps
the density of water vapour at the surface of ice deposit,
pa the density of water vapour in the environment, 7,
ambient temperature, T, melting temperature of ice, T
mean temperature of ice deposit.

The term on the left concerns the rate at which heat
is being released per unit area by freezing droplets, the
first term on the right concerns the rate per unit area at
which heat is being dissipated to the surroundings by
conduction/convection, and the second term on the
right concerns the rate per unit area at which heat is
being exchanged with the environment by sublimation
or deposition. Ny and Sy are the heat and mass transfer
coefficient respectively, in principle they depend on the
_particular conditions on the surface (Eckert and Drake
1974, Pruppacher and Klett, 1978), however, we are

Corresponding author's address: Eldo E. Avila,
Fa.M.A.F, Universidad Naciona! de Cdrdoba, Ciudad
Universitaria, 5000 Cérdoba, Argentina.

E-Mail: avila@roble.fis.uncor.edu

concerned with the average surface temperature. For
the range of atmospheric pressures and temperatures
Ny and Sy numbers are related by $,=0.95 N,.

Incropera and DeWitt (1996) determined that the
average Nusselt number for the entire surface is only a
function of the Prandtl and Reynolds numbers (R.) and
can be parameterized as:

Ny=z RM P Eq (2)

where y is a coefficient; y and m take different values
depending on the range of Reynolds number, in
particular for a circular cylinder and for 40 < R, < 1000
7=0.51andm=0.5and for 1000 < R, <2x10° g =
0.28 and m = 0.6. Under atmospheric conditions P, is a
constant and P=0.71 and n = 0.37, then N, is only a
function of Re.

An experimental study is presented here, where
results obtained by Avila et al. (1999) are re-examined
together with new experimental resuits and it is shown
that the coefficient of heat transfer to the environment
(Nu) depends on the cloud droplet size spectrum used
for the accretion and characterized by the mean volume
diameter (dv). The influences and effects of the cloud
droplet size spectrum on the surface temperature and
heat transfer coefficient for different velocities and
collector sizes are discussed as a function of the Stokes
number. This study was carried out for a cylindrical
collector.

2, EXPERIMENTS AND RESULTS

The convective heat transfer of a fixed cylindrical rod
growing by riming was determined by measuring the
rime temperature elevation above ambient of the
collector in steady state. The measurements were
carried out inside a cold room with controllable air
temperature, velocity and liquid water content, which
can simulate natural cloud conditions. All the variables
and parameters involved in the current work (75, V, EW,

d,, and D) were varied taking vaiues within the range of
interest in cloud physics.

The water droplets, used to rime the target, were
generated by water vapor condensation from a boiler
located inside the cold room. The cloud droplet
concentration was controlled by the power input to an
electrical heater immersed in the boiler. The effective
liquid water content (EW) was determined by weighing
the deposit of rime collected (4m) on the rod during a
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given time (4t) and was calculated from the rime
accretion equation:

Am
AtVA,

EW =

where A, is the cross sectional area of the collector.
Different cloud droplet spectra were produced by
using boiler nozzles of different diameter following the
technique developed by Mossop [1984]. The
characteristics of the cloud droplet spectrum were
obtained by taking cloud samples on a microscope slide

results obtained with V=4 m/s and D=2.8 mm (R.=835)
are shown in Figure 2a), the horizontal line (N,=13)
belongs to the theoretical value of Nusselt number
calculated by using Eq. (2). The results obtained with
V=7 m/s and D=2.8 mm (R.=1462) are shown in Figure
2b), here the theoretical value of Nusselt number is
N,=20; and the results obtained with V=8.5 m/s and
D=4 mm (R, =2536) are shown in Figure 2c), the
theoretical value of Nusselt number is N,=27.

coated with formvar solution, followed by microscopic

analysis. .

The air temperature was varied from -5 to =27 °C,
and the experiments were performed at three different
velocities: 4.0, 7.0 and 8.5 m/s and rod cylinders of 2.8
and 4.0 mm in diameter were used as collectors; in
consequence, the Reynolds number was varied from
800 <R, <3000; for this range of R, it was possible to
use Eq. (2) with values of y = 0.28 and m = 0.6 with a
good degree of approximation.

The experiments were started by riming the collector
with supercooled water droplets during 60 s
approximately. Figure 1 shows the time evolution of the
rime temperature for two different cloud droplet spectra
under the same conditions of ambient temperature,
effective ‘liquid water content and velocity indicated in
the figure. Rime temperature increases quickly during
the first 20 s to reach a steady state after which it
remains fairly constant. The behaviour shown in Figure
1 is representative of most of the measurements and on
the basis of this behaviour, the steady state
temperature of the collector was determined. In this
figure it is possible to observe that the warming
produced by large droplets is greater than the warming
produced by small droplets.
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Figure 1. Elevated rime temperatures for two different cloud
droplet spectra under the same conditions of velocity, effective
liquid water content and size of the rod.

The Nusselt number was determined by using Eq. (1)
and is presented as a function of the mean volume
diameter of the cloud droplet spectrum in Figure 2. The
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Figure 2. Experimental values of N, obtained as a function of
mean volume diameter of the droplets for different Re. The
horizontal line indicates the theoretical value of N, obtained
with the corresponding Re.

Clearly, Figure 2 shows that the Nusselt number
increases when the size of the cloud droplets is
decreased.
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4, DISCUSSION

The dependence of the heat transfer coefficient with
Reynolds number has been well determined for the
present symmetry (Incropera and DeWitt, 1996) and is
not the subject of the present work, but here we are
interested in how the cloud droplet distribution can
modify the heat and mass transfer process. The present
results show that the mean surface temperature of an
accreting rime deposit, for a given ambient
temperature, velocity and effective liquid water content,
may be influenced by the size of the supercooled
droplets present. Figure 1 shows that the difference in
surface temperature between accretions made with
different cloud droplet spectra for the same rime
accretion rate (same EW and V) reach more than 1 K.
In general, it was found that for the same rate of
accretion, large droplets raise the rime temperature
more than do smaller droplets. Figure 2 illustrates that
the heat transfer coefficient N, also depends on the size
of the cloud droplets used for riming. In all cases
Nusselt numbers are higher than those predicted by Eq.
(2). Furthermore, it is possible to observe that the
theoretical value of N, is better approached for the
largest cloud droplets (dv > 30 pum), while for smaller
droplets (dv = 18 um) the experimental values of N, are
60% or even higher than the theoretical ones.

Heat and mass transfer between the accreted ice and
the surroundings, takes place through the boundary
layer settled around the surface of the rime. The
presence of surface roughness has some important
influences in many properties, for instance: it increases
the surface area of the collector, changes the drag
coefficient, and more important for the present resuits,
it causes the airflow around the particle to be more
turbulent because each rough element can create its
own wake, which increases the heat and mass
exchange process (Achenbach, 1977). Bailey and
Macklin (1968) observed that smaller droplets build
rime accretions with higher surface roughness than do
larger droplets, suggesting that the roughness could be
an effect of droplet trajectories and the collector/droplet
collection efficiency.

The collision efficiency is related to the
dimensionless quantity Ns called the inertia parameter
or Stokes number (Langmuir and Blodgett, 1946;
Finstad et al. 1988), it provides a measure of the ability
of a cloud droplet to persist in its state of motion in a

viscous fluid, and is defined as: Ns =py V d,2 (97D)"!

where pw is the droplet density, and 7 is the dynamic
viscosity of the air. Figure 3 shows the dependence of
the ratio between the experimental value of N, and its
corresponding theoretical value on the Stokes number.
In this Figure it is possible to observe that the ratio of
the experimental N, to its theoretical value is related to
the Stokes number, indicating that the difference
between them increases for lower Ns. For example, for
Ns around 2 the ventilation coefficient obtained
experimentally is twice the theoretical value predicted;
and for Ns around 12, N, = N, ™",

These results indicate that Stokes number is also
associated with the heat and mass transfer in the
process involving accretion of supercooled cloud
droplets. The best fit line for the experimental points of
Figure 3 is given by the expression;

NP ) NS = 1+ 1.41 x exp (-0.173 Ns)
In order to check the consistency of the resuits, the

parameters. velocity (V), droplet sizes (dy) and size of
the collector (D), all of them involved with the Stokes

‘number, have been varied in this work, and the results

summarized in Figure 3.
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—— N /NS = 14141 exp (0173 N,)
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Figure 3. Dependence of the ratio N,™®*" / N,"**" on Stokes
number.

Some authors have already studied the dependence
of the heat transfer coefficient as a function of surface
roughness, for example, Achenbach (1977) studied this
effect for circular cylinders in the range of 2.2x10° < R,
< 4x10° the surface roughness elements were
produced by regular arrangements of pyramids, each
having a rhomboidal base. He found that the surface
roughness started to influence the Nusselt number
when Reynolds number was greater than a critical
value, associating the critical value to the point where
the transition from a laminar to a turbulent boundary
layer occurs. Also, Zheng and List (1996) observed that
the heat transfer coefficient is significantly affected by
the presence of surface roughness for spheroidal
symmetry. They found the following expression for N,
as a function of R, and the degree of surface roughness

(B):
Ny =(0.316 + 0.103B)R, =57 = 00099
for B between 0 and 11% and Reynolds number in the

range 1.1x10* < R, < 4.4x10°. Both studies have been
carried out for R, numbers higher than in the present
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case.

Surface roughness, however, is not a suitable
parameter to describe or simulate heat and mass
transfer processes in clouds. In general, it is not a
measurable parameter and its real values and forms
are ignored. Instead, Stokes number could be an
appropriate parameter because all its involved variables
can be well determined by measurements in situ in the
clouds or in laboratory experiments. :

Similar results to the present ones have been
reported for different symmetry of the collector by
Castellano et al. (1999), who worked with spherical
symmetry. Therefore, it is possible to suggest that the
effect of the droplet size distribution on the heat transfer
coefficient could also be present in natural graupel
pellets and hailstones in thunderstorms.

5. CONCLUSION

As was mentioned in thé Introduction the surface
temperature of an accreting ice particle is a very
important variable in cloud physics processes and its
parameterization depends on a precise determination of
the ventilation coefficient. Experimental results
presented here show that the heat and mass transfer
coefficient of a graupel pellet during the riming process
can be substantially modified by using different cloud
droplet size distributions. Furthermore, it is suggested
that in general the ventilation coefficient depends on the
Stokes number as well as the Reynolds number. The
following expression can be used for calculating the
Nusselt number of a circular cylinder when the
correction for the size of cloud droplets is taken into
account:

Ny =0.28 R06 P, 0371+ 1.41 x exp (-0.173 Ns))

The present results point out the importance of an
accurate knowledge of cloud droplet spectra, which are
essential for the understanding of several phenomena
in clouds. ’
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THE EFFECT OF STOCHASTIC CLOUD STRUCTURE ON THE ICING PROCESS
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1. INTRODUCTION

While it may sometimes be possible to identify dry
growth conditions simply by knowing the mean cloud
water content, and temperature if the clouds are
‘Poissonian’, that is, if the droplets are distributed spatially
as uniformly as randomness allows, ambiguities are likely
in most real clouds because of droplet clustering, i.e.,
because natural clouds are not ‘uniform’ but ‘patchy’ (e.q.,
Jameson et al. 1998; Kostinski and Jameson 2000).

It is shown that such patchiness leads to a significant
increase in frequency of Wsw, than would be expected for
Poissonian clouds in which the water content fluctuates
very narrowly about the mean value. That is, simply
knowing the mean W is not sufficient. One must also know
the ratio of the variance to the mean water content for a
more complete description of the icing process. The
patchiness of clouds not only likely explains much of the
fine structure observed in cross-sections of hailstones,
but, on a more practical note, likely contributes to unsafe
aircraft icing conditions even when, for the same mean
water content, a ‘Polssonian’ cloud would preclude any
danger.

A discussion of ‘clustering’ is presenied in a series of
articles with regard to rain in Kostinski and Jameson
(1997); Jameson and Kostinski (1998); Kostinski and
Jameson (1999); Jameson et al.(1999), Jameson and
Kostinski (1999); Jameson and Kostinski (2000a) and with
regard to clouds in Jameson et al (1998) and Kostinski
and Jameson (2000). Simply put, clustering of cloud
droplets has been observed in a number of clouds
(Paluch and Baumgardner 1989; Baker 1992; Jameson et
al. 1998; Kostinski and Jameson 2000) in no small part
because of the ubiquity of convective turbulence in
clouds.

What is new in the present work is that we apply a
simulation procedure developed for our work on rain to
generate Monte Carlo realizations of patchy clouds in
order to explore the probability distribution functions of
cloud water content with an eye toward its interpretation
with respect to the icing process. As a result we show (1)
that it is not just the mean W, but the ratio of the variance
to the mean W that is important, (2) that this ratio depends
upon the length scale associated with the measurement
volume and (3) that the rate of ice deposition depends on
these first two factors through the Schumann-Ludlam limit.

'Corresponding author address: A.R. Jameson, RJH
Scientific, Inc., 8101Hinson Farm Rd., Ste. 112,
Alexandria, VA 223 06

2. CLUSTERING PARAMETERS

There are two important quantities required for
describing and simulating clustering. These are the
clustering intensity parameter, &, and the auto-covariance

or ‘coherence’ length, x,., as explained in greater detail in
Jameson and Kostinski (2000b).
First we define N to be

sfi-2)pog) o

where 1 and o® are the mean and variance of the
number of droplets (per unit volume) over the entire
observation domain. Note that for Poisson distributions,
when there is no clusiering, 8-0, because o’=p. The

second variable is the coherence length, v, of the pair-

correlation function (e.g., Kostinski and Jameson 1997).
in this work we choose y, as that characteristic

dimension of the sampling demain, V, such that most
droplet clustering (8>0) will be observed on scales of
order y,and smaller. A more detailed discussion may be

found in Jameson and Kostinski (2000b).

While there are several techniques in the literature for
generating correlated samples, the one used in this study
is based upon that given by Johnson (1994) as discussed
in detail in Jameson and Kostinski {1999); (2000b).in
these simulations, statistical homogeneity (stationarity) is
assumed (For some justification, see Appendix A in
Kostinski and Jameson 2000). The droplet counts are
assumed to obey the geometric distribution (when &=1),
the binomial distribution with m=2 (when ¥=0.5) and a
stretched-exponential type distribution when 8=2.

Nevertheless, because the simulation of clustering
requires correlated samples, apparent ‘structures’ can
appear at times solely as a result of these correlations.

3. THE RELATION BETWEEN & AND THE
DISTRIBUTIONS OF W

As an example, Fig.1 is a plot of a spatial series of
‘measurements’ in Monte Carlo simulated clouds for ¥,
fixed at 300 m for three different & including 8=0

corresponding to a Poissonian cloud. First we note that
any ‘structures’ in Fig.1 are simply a consequence of
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FIG.1: Spatial series of cloud water content, W, for a

simulated, statistically homogenheous cloud of correlated

droplet counts having a fixed x, and mean water content
of 0.5 gm® for different N in clustered clouds as well as for

a ‘uniform, Poissonian’ cloud. Correlated fluctuations in
droplet counts produce the ‘structure’ in W while
increasing N of the droplet counts produces increasing

magnitudes of the fluctuations in W.

FiG.2: The frequency distribution for cloud water content
for a mean of 0.5 g m*® as a function of drop count
clustering, 8 for a fixed x, of 300 m. Note that F(W)

depends on N. Also note the narrow distribution
associated with a Poissonian cloud.

e R=0.5
CZZZ0 R=1
R=2
ﬂ e ¥=0, Poissonian cloud

F(W)

correlated fluctuations associated with a constant mean
value and should not be construed to be statistical
inhomogeneities in which the mean and other properties
are changing. Moreover, as R increases, the effect on the

cloud water appears to be a ‘squeezing’ or confinement of
the cloud into narrower regions of increasingly larger W.
Even modest clustering ( 8=0.5) produces a spatial

distribution of W considerably different from that for a
Poissonian cloud having the same mean water content.
Obviously such changes due to clustering must be
reflected in the probability distribution F(W) as illustrated
in Fig.2.

The effect of different degrees of clustering (R) of drop
counts per unit volume is readily apparent. First, consider
the distribution of W associated with a Poissonian cloud
(Poisson drop concentrations, 8=0) having the same

mean of 0.5 g m?® as for the clustered clouds. This
distribution is narrowly confined around the mean value.
Note that while the droplet counts per unit volume are
Poisson, the distribution of W in Fig.6a is actually much
narrower having a variance (¢ of only 0.0059 g°m®. By
contrast, on the other hand, even for 8=0.5, there is a

significant broadening of the distributions of W (0°=0.14
g°m®), a broadening that increases with increasing 8. That

is, as N becomes larger, not only are there ever

increasingly larger values of W, but there is an increasing
frequency of lower values of W as well.

4. THE EFFECT OF & ON ICING

. 4 v . Al

For a constant Schumann-Ludlam threshold (w,), the
total length over which dense icing is possible increases
as the clustering intensity, R, increases because of

increasing frequencies of W>w, as illustrated in Fig.3.
There is a second significant effect of increasing N,

namely that as & becomes larger, any spongy ice that

does form is then more likely to freeze rather than to
slough off because of the greater frequency of relative
voids deficient in cloud water. These regions will tend to
promote heat loss with minimal compensating heat gains
derived from the acquisition of significant amounts of new
cloud water.

5. CONCLUDING COMMENTS

While Fig.3 likely exaggerates the icing effects due to
clustering since the collection efficiency is set to unity,
even a value of E as small as 0.1 in this example would
yield a significant ice thickness of about 0.2-0.4 cm.
However, what is important here is not the detail of this
particular simulation. Rather, based upon this study we
conclude (1) that droplet clustering leads to significant
‘broadening of the probability distribution of liquid water
content, (2) that significant dense ice formation may occur
even when the mean super-cooled liquid water content
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F1G.3: The total depth of ice accumulated as a function of
cloud droplet clustering along a ten kilometer path
through a simulated cloud having a mean water content
of 0.5 g m® assuming (1) all water is captured (a
collection efficiency E=1) and (2) a Schumann-Ludlam
threshold, w, of 1 g m®. Note that W for a ‘Poissonian’
cloud never exceeds w,.
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would suggesi oniy fow density, dry rime for a Poissonian
cloud (3) that forecasting of conditions suitable for the
formation of dense ice will depend not only on the
prognosis of large scale average super-cooled cloud
water contents, but also on the forecasting of the variance
of W at small scales associated with locations of
significant convection and turbulence likely to enhance
cloud clustering and (4) that these spatial variabilities
introduce a ‘memory’ into the icing process that is lacking
in Poissonian clouds.
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1. INTRODUCTION

According to surface and satellite observations,
(Warren et al. 1988, Rossow and Lacis 1990), the
eastern subtropical oceans are primarily covered by
low-level clouds confined to the boundary layer. The
geographical concentration of low clouds and an
- associated near-total absence of higher clouds imply
that large-scale conditions exist which make these
areas unusually favorable for low clouds.

Global data and GCM studies of low cloud time
variability have focused mainly on seasonal mean prop-
erties (e.g. Tselioudis et al. 1992, Klein and Hartmann
1993 (hereafter KH93), Ma et al. 1996, Del Genio et al.
1996). Based on seasonal information alone, it is
impossible to tell whether deficiencies in seasonal and
annual mean quantities are due to differences in
frequency of occurrence or amount of coverage.

Studies of time variability of marine low-level cloud
on smaller spatial scales have focused on the Northern
Hemisphere (NH) regions during local summer; these
cases are summarized by Klein (1997). In addition,
such studies are often limited to the variability of low
cloud fraction only. The detail offered by these surface
datasets is valuable for testing local corretations
between clouds and their environment. However, these
point measurement data cannot be used to examine the
interactions of large-scale meteorology and clouds or to
compare multiple regions during the same time period.

These issues are addressed here by combining
satellite cloud data and model analysis products
(meteorological observations interpolated by model
output). Since this combination of information provides
global coverage for ail seasons, it is possible to
compare the seasonal and intraseasonal variability of
subtropical low clouds and their environment on a truly
synoptic scale in all locations at once. The seasonal
and intraseasonal variability of boundary layer cloud in
the subtropical eastern oceans are studied using
combined data from the International Satellite Cloud
Climatology Project (ISCCP) and the
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalyses. This study is limited to the
Pacific and Atlantic subtropical regions defined by
KHS3.

Corresponding author address: Margaret A. Rozendaal,
NASA GISS, 2880 Broadway, New York NY, 10025,
U.S.A.; E-Mail: margaret@giss.nasa.gov.

2. TIME VARIABILITY OF SUBTROPICAL LOW
CLOUDS

The temporal power spectrum of daily average
cloud liquid water path (LWP) for the Californian and
Peruvian regions is shown in Figure 1. (The spectra for
cloud fraction and cloud top pressure (CTP) are similar
and therefore not shown). Most of the power occurs on
seasonal to annual time scales. The power decreases
one to two orders of magnitude for each decade of time
scale decrease, but there is a plateau at weekly to
monthly time scales.
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Figure 1. Temporal spectrum of daily average ISCCP
cloud liquid water path for eight years (1984-92) in the
10x10° Californian and Peruvian regions. A line
representing a power law with exponent —1 is shown for
reference.

The length of the dominant time scales indicates
that the majority of the variability is under control of the
general circulation and its interaction with boundary
layer turbulence, rather than the product of boundary
layer turbulence alone. Hovmoller time-longitude plots
{not shown) indicate that the NH regions experience
changes in the frequency of occurrence of large low
cloud fraction and LWP events during different
seasons. In contrast, the Southern Hemisphere (SH)
events show little change in frequency.

We quantify these observations by counting the
number of times the cloud fraction reaches a chosen
threshold value, and once it does, how many days it
remains at this value. For a threshold value of 70%,
Table 1 shows that there are more large events in all
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regions except the Canarian during the May-September
(MJJAS) season compared to the November-March
(NDJFM) season. Cloud fraction in the Canarian region
seldom reaches 70%, but the result is the same if the
threshold is reduced to 30%.

Region MJIJAS NDJFM
Californian 95 56
Peruvian 75 36
Canarian 13 16
Namibian 78 67

Table |. Total number of low cloud fraction > 70%
events Jasting more than two days in each season for
ISCCP 1984-92,

Figure 2 shows that in the NH regions, not only is
the frequency of occurrence of these large events
greater during the MJJAS season, but so is the
persistence. In contrast, the persistence of these events
in the SH regions is approximately the same in either
season.
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Figure 2. The persistence (in days) of low cioud fraction
events larger than 70% during the MJJAS and NDJFM
seasons. The number of events is normalized for each
season.

Intraseasonal information can be used to interpret
changes in seasonal averages. For instance, in the
subtropics, seasonally averaged low cloud fraction and
LWP decrease from MJJAS to NDJFM. Our analysis
shows that this accurs due to decreases in frequency
and persistence in the NH and due to decreases in
mean values in the SH.

Conclusions about seasonal variability can also be

affected by the choice of variable. For instance, cloud -

fraction estimates can be biased by the size of the
spatial averaging domain. Similar to Rossow et al.
(1993) and Rossow and Cairns (1995), clear and
overcast scenes dominate frequency distributions for
subtropical low clouds at domain sizes of 2.5x2.5°. As
the domain size is increased to 20x20°, the distribution
is increasingly dominated by partly cloud scenes.

Since LWP and CTP are undefined in clear-sky
scenes, their frequency distributions are relatively
invariant with respect to averaging domain size,
indicating that when the clouds are present, their
properties are similar over a broad range of spatial
scales. Therefore, time variations of low cloud in these
regions can be more accurately characterized by
changes in CTP-LWP frequency distributions.

Figure 3 shows CTP-LWP frequency distributions
for the subtropical regions in different seasons. In
general, the distributions are similar during MJJAS for
all regions except the Canarian, which tends to have
lower values of CTP and LWP. During NDJFM, there is
an increase in fow CTP (high-altitude), low LWP clouds
in the Californian region so than its distribution more
closely resembles the Canarian. The SH regions tend to
have similar.cloud types in both seasons.
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Figure 3. Daily average LWP-CTP distributions for the
subtropical regions in different seasons. Solid lines are
MJJAS, dashed lines are NDJFM.

Differences in persistence, propagation and cloud
type between the seasons indicate a shift in dynamic
regime in NH subtropics. During NDJFM, midlatitude
storms intrude into the NH subtropical regions, which
are located more poleward than their SH counterparts.
This is consistent with Trenberth (1881), who observes
that while the NH storm-track activity is weaker in
summer and shifts poleward, the SH activity is as
strong as in winter and remains around 50°S.

3. LOW CLOUDS AND THEIR ENVIRONMENT
3.1 Seasonal

These analyses and many previous studies have
suggested that significant correlations exist between the
variability of large-scale meteorology and cloud on
seasonal and intraseasonal time scales. The largest
such relationship is found by KH93, where seasonal
variations in surface observed low cloud fraction are
correlated with atmospheric static stability with a
coefficient (r-squared) of 0.88. Since the coefficient is
so large, this relationship is sometimes used to
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simulate the seasonal cycle of stratiform cloud (e.g.
Philander et al. 1996, Miller 1987, Larson et al. 19989,
Clement and Seager 1999).

However, as discussed in KH93, this relationship is
calculated using seasonally averaged data at many
locations (Figure 13 of KH93). Geographic variations in
stability between locations during one year are
approximately the same magnitude as seasonal
variations taken at one location for many years.
Therefore, it is not clear how much of this large
correlation is due to time variability and how much of it
is due to space variability.

Plots of seasonal cycle of low cloud and stability in
KH83 indicate that the seasonal correlation alone is
probably still large. We test this hypothesis using the
ISCCP low cloud cover and static stability, defined as
the difference between the potential temperature at
740mb from the Tiros Operational Vertical Sounder
(TOVS) and the ISCCP clear-sky skin temperature. We
average the data for each season and then remove the
annual mean to create seasonal anomalies.

When seasonal anomalies of low cloud fraction and
stability are correlated for each region separately, the r-
squared coefficients range from 0.43 in the Peruvian to
0.74 in the Californian. If the correlation is calculated
similar to KH93, the coefficient is 0.71. As stated in
KH93, this suggests that part of the large positive
correlation is due to correlations in space, but that the
seasonal correlation is high even by itself.

Thus far, synoptic studies of low cloud fraction have
found no single good predictor of daily cloud fraction
variability (Klein, 1997). Repeating the previous
analysis between low cloud fraction and stability on
daily anomalies finds that correlation coefficients
decrease in magnitude compared to the seasonal,
ranging from 0.19 to 0.33 during MJJAS and 0.06 to
0.31 during NDJFM.

Correlation makes the assumption that the
frequency distribution is close to normal. Compositing
data is an alternative way to look at cloud variations
without making assumptions about the frequency
distribution. Similar to earlier studies which examine
relationships between composite meteorology and
cloud (Klein et al. 1895, Lau and Crane, 1995, 1997,
Tselioudis et al. 2000, Norris and Kiein 2000), we
composite ISCCP cloud properties in categories based
on daily anomalies of meteorological data from
ECMWF. Tselioudis et al. (2000) use 12-hourly sea
level pressure (SLP) anomalies to identify the passage
of low-pressure systems and to group clouds by
dynamic regimes. We apply their method to subtropical
clouds using four years of daily ISCCP and ECMWF
data during the MJJAS and NDJFM seasons. In
addition to SLP, we also examine relationships between
cloud properties and daily anomalies of vertical velocity
at 700mb (O700), static stability, meridional wind speed
and temperature advection. For simplicity, we discuss
only the SLP and O700 results.
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Figure 4. Daily anomalies of ISCCP total cloud TAU
and CTP sorted by SLP from ECMWF for the 10x10°
Californian region during NDJFM. Contours represent
the fractional population, where 100 is the total
normalized population (roughly 600 days).

The categories of total cloud CTP and optical
thickness (TAU) are the same as those of Tselioudis et
al. (2000). Unlike Tselioudis et al. (2000), the data in
this analysis is spatially averaged. so the dispersion
seen in Figure 4 is due entirely to temporal variability in
cloud properties and SLP. The fourth panel of Figure 4
shows that days of negative SLP anomaly are more
often associated with low TAU cloud. The Canarian
picture is similar except that the positive SLP anomaly
is also associated with the thinnest, lowest altitude
clouds.
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Figure 5. Daily anomalies of ISCCP total cloud TAU
and CTP sorted by 0700 from ECMWF for the 10x10°
Californian region during NDJFM.

In Figure 8, the difference between negative and
positive O700 anomalies separates the clouds fairly
cleanly into high and low cloud top regimes. Since
0700 is positive for descent and monthly mean Q700 is
always positive, positive O700 anomalies represent
times of increased descent. In this figure, positive
anomalies are associated with higher clouds top
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pressures (or lower altitude cloud tops). In this case,
0700 has no apparent relationship to TAU.
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Figure 6. Daily anomalies of ISCCP total cloud TAU
and CTP sorted by both SLP and O700 from ECMWF
for the 10x10° Californian region during NDJFM.
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Since correlations between daily anomalies of SLP
and O700 are weak to fair in the subtropics (r values of
.15 to .42), we can sort the data using both criteria
without redundancy. In Figure 6 days that have the
thickest, highest top clouds most often have negative
anomalies in both SLP and O700. These are days when
the SLP is lower than usual and Q700 is sither lass
strong in the downward direction or upward in direction.

We repeated these analyses for the SH regicns
during NDJFM and all regions during MJJAS. Thus far,
none of the variables mentioned above separate the
clouds into particular types. This may be because these
intraseasonal variations in cloud and meteorology are
smaller, requiring @ more careful analysis.
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REPRESENTATION OF BOUNDARY LAYER CLOUDS IN
THE MET. OFFICE’S UNIFIED MODEL

G.M. Martin, A.L.M. Grant and A.P. Lock

The Met. Office, Bracknell, UK

1. INTRODUCTION

Clouds, through their impact both on latent heat re-
lease and the earth’s radiation budget, are very impor-
tant when estimating the earth’s sensitivity to climate
change. However, prediction of cloud cover and cloud
type, particularly in the boundary layer, remains a prob-
lem in both the forecast and climate prediction config-
urations of The Met. Otfice’s Unified Model (UM), in
common with many other general circulation models
(GCMs). Low-level clouds are very sensitive to the ver-
tical temperature and moisture structure in the bound-
ary layer. Thus, accurate modelling of turbulent mixing
in the atmospheric boundary layer is essential for good
forecasts of fog, cloud and precipitation. In addition,
the model must be able to represent both stratiform and
convective clouds, and the heat, moisture and momen-
tum transports associated with them. Finally, the verti-
cal atmospheric structure in a GCM can be dependent
upon the vertical resolution. Lower troposphere verti-
cal resolution in in many GCMs is poor, with boundary
layer clouds in practice restricted to the lowest 3 or 4
model levels.

A new boundary layer turbulent mixing scheme (here-
after referred to as the PBL-N scheme; Lock et al.
2000) has recently been implemented in the mesoscale
configuration of the UM. The PBL-N scheme includes
a representation of non-local mixing (driven by sur-
face fluxes and cloud-top processes) in unstable layers
which are either coupled to or decoupled from the sur-
face, and an explicit entrainment parametrization. An
intrinsic part of this scheme is the diagnosis of different
mixing regimes, including stable, well-mixed, decou-
pled and cumulus. The scheme is implemented in con-
junction with increased vertical resolution in the lower
troposphere, in order that the different boundary layer
types and processes can be identified and treated prop-
erly.

However, since other model schemes have been built
and tuned in the model at low vertical resolution, prob-
lems inevitably arise when the resolution is increased.
One of the major contributors to such problems is the
UM'’s convection scheme. Unresolved convection in
the UM is represented by a mass-flux scheme with sta-
bility dependent closure (Gregory and Rowntree,

1990). Several parts of the convection scheme, includ-
ing the triggering and the treatment of detrainment, rely
on constants which were derived with low vertical res-
olution and which may not be appropriate at higher res-
olution.

Another major problem with the current configura-
tion of the UM is that vertical mixing of heat, moisture
and momentum can be carried out essentiaily indepen-
dently by the boundary layer and convection schemes,
and there is no explicit treatment of the interaction be-
tween them. Although the PBL-N scheme may di-
agnose a convective boundary layer type, the convec-
tion scheme is not forced to trigger convection (al-
though it is prevented from doing so within the bound-
ary layer when the PBL-N scheme does not diagnose
convection), and this can result in unrealistic bound-
ary layer thermodynamic profiles which have undesir-
able feedback effects on the overall simulation. Thus,
it has become clear that improvements to the convec-
tion scheme will be required if the PBL.-N scheme is to
be used in either operational forecasting or long-term
climate predictions.

Another aspect of the convection parameterization
which requires improvement is the diagnosis and treat-
ment of shallow convection. Currently, shallow con-
vection is diagnosed (by the convection scheme) if an
entraining perturbed parcel becomes negatively buoy-
ant below a specified model level (corresponding to
about 750 hPa for surface pressure of 1020 hPa). How-
ever, the entrainment rates applied during this test are
inappropriate (compared with those derived from cloud
resolving model (CRM) simulations) for shallow con-
vection, so that this diagnosis is unreliable. In addi-
tion, CRM simulations indicate that entrainment rates
in shallow cumulus clouds are larger than those in deep
convective clouds, whilst the same entrainment factors
are used for both cloud types in the model.

2. REVISIONS TO THE MIXING
SCHEMES

The first stage on the way to addressing the prob-
lems described above is to provide a direct link between
the boundary layer and convection schemes. The PBL-
N scheme determines the mixing regime and the verti-
cal extent of any mixed layers by the use of an undi-
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lute parcel ascent and examination of the gradients of
the thermodynamic profiles (see Lock et al., 2000). In
the revised version of the model (hereafter referred to
as NEWCONYV), we additionally distinguish between
deep and shallow convection at this stage, and this in-
formation is passed into the convection scheme. The
diagnosis of shallow convection relies on finding a suit-
able minimum (or zero) in buoyancy of the undilute
parcel above the maximum which denotes the presence
of an inversion, provided that the inversion is located
below either 2.5km or the freezing level, whichever is
the greater. Once cumulus convection has been diag-
nosed, the PBL-N scheme is restricted to mixing the
model atmosphere below the lifting condensation level
(LCL) and the convection scheme is forced to trigger
from the LCL using information about the subcloud
layer (see below), thus avoiding problems with the two
schemes interacting in an uncontrolled manner.

Shallow convection is triggered by creating, at the
LCL, a saturated parcel perturbed by an amount which
is related to the surface buoyancy flux. Continuity
of the thermodynamic fluxes at the LCL is achieved
through the use of a jump model (Grant 2000). From
CRM results, the convective cloud base mass flux for
shallow convection can be parameterized in terms of
the subcloud layer velocity scale: m, = 0.03w.p. Re-
cent work by Grant and Brown (1999) has shown that
scaling arguments can be applied to mass-flux schemes
to determine the tractional entrainment rate in shallow
convection. This can be parameterized in terms of the
cloud base mass flux, the characteristic velocity scale
of the convective circulation and the fractional height
above cloud base. Following CRM results, the detrain-
ment rates in shallow convection are set to a constant
factor (currently 1.3) times the entrainment rates.

3. RESULTS OF SINGLE COLUMN
MODEL (SCM) TESTS

Here, we examine SCM simulations of (a) a stra-
tocumulus to trade cumulus transition, and (b) trade
cumulus, looking at the impact of (i) using the PBL-N
scheme and increased vertical resolution, and (ii) us-
ing the NEWCONYV version. The control runs for (i)
are using the model as described by Pope et al. (2000),
but with increased vertical resolution in the mid- and
upper-troposphere such that there are 30 (irregularly
spaced) vertical levels. The L30 model has only four
layers at most between the surface and 900 hPa (for a
surface pressure ot around 1020 hPa). Therefore, when
using the PBL-N scheme, the vertical resolution is in-
creased to 38 levels by adding extra levels mainly be-
low about 600 hPa, such that the lower tropospheric
resolution is almost tripled.

The SCM simulations presented here are driven by
prescribed large-scale divergence, geostrophic winds
and sea-surface temperatures (SSTs).

3.1 Stratocumulus to trade cumulus transition

This simulation illustrates the transition from well-
mixed stratocumulus to trade cumulus that occurs in the
sub-tropics as air moves over a progressively warmer
sea-surface and subsidence weakens. The simulation
is based on that described in Bretherton et al. (1999)
which was driven by the changes in SST and large-
scale divergence observed in the first ASTEX Lagrangian
experiment.

(i) Impact of using the PBL-N scheme and increas-
ing vertical resolution

Figure 1 shows the time-evolution of the updraught
mass flux in convection and the layer cloud liquid water
content, from a L.30 run with standard physics. Despite
the increasing SST and decreasing subsidence during
this run, there is little change in the diagnosed bound-
ary layer depth (not shown) because of the poor vertical
resolution. The convection does become deeper, which
is quite realistic. However, the layer cloud is restricted
to a single model level, and is unable to move into the
next level when the SST is greater and the subsidence
weaker at the end of the run, so it dissipates.
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Figure 1

Figure 2 shows results of this case with the PBL-
N scheme in the L38 model. The PBL-N scheme
diagnoses both the depth of the surface-based mixed
layer (solid line) and the top of any decoupled mixed
layer (dashed line). Initially the surface layer is sta-
ble and the overlying stratocumulus is decoupled from
it (type 2). As the SST increases, the layer becomes
well-mixed to the surface (type 3). Towards the end
of day 1, decoupled cloud with underlying cumuli is
diagnosed (type 5). At the end of day 2, the decou-
pled stratocumulus layer evaporates and trade cumu-
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lus alone remains (type 6). This simulation is an im-
provement on the standard L30 model, although addi-

ASTEX Stratocumulus—trade cumulus transition
8L type: well—mixed (3); cumutus (6)

of
tional tests (not shown) indicate that much of the im- 4w
provement comes from increasing the vertical resolu- 2; E
tion. The additional benefit from the PBL-N scheme % ; 2

Doys

is in improving the diagnosis of the surface-based and
decoupled mixed layer depths, the application of cloud

Uodraught mass flux
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800 4

top-driven mixing and entrainment which improve the joid 1 3
boundary layer structure, and in preventing the convec- ssof @ —

1000 &= =

tion scheme from triggering too early, during the period 0 5 2
in day 1 when only stratocumulus was observed. How-

ever, in both runs with L38 the convection becomes in-
termittent and dry convection, triggered from the first
model level and extending to the L.CL, is apparent be-
low the deeper moist convection.
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This simulation uses observations from BOMEX
(Siebesma and Holtslag, 1996), and represents trade
cumulus clouds in equilibrium with a fixed radiative
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Figure 2
(ii) Using NEWCONV

Figure 3 shows similar timeseries from the L38 run
with NEWCONYV. The evolution of the boundary layer
is similar to that in Figure 2 (since it is largely driven by
the large-scale forcing). However, the boundary layer
remains well-mixed for longer, allowing more stratocu-
mulus to form, and the convection is triggered consis-
tently from the LCL and is much steadier.

cooling rate of 2 K/day and large scale subsidence such
that the mean downward velocity at the inversion is
around 5.5 x 10™3ms~1,

(i) Impact of using the PBL-N scheme and increas-
ing vertical resolution

BOMEX Shallow convection
Ugdraught mass flux
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Figure 4

Figure 4 shows a contoured timeseries of the con-
vective updraught mass flux from a L30 BOMEX sim-
ulation with standard physics. The convection is very
intermittent, and despite the fact that the simulation is
meant to be of shallow cumuli, the convection often
reaches 350 hPa as a result of incorrect triggering from
model level 1, and entrainment rates which are more
suited to deep convection. The boundary layer scheme

~ diagnoses a mixed layer depth of 400m throughout the
run, but very little mixing is done by the local mixing
scheme above about 150m.
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Figure 5 shows results from the L38 run with the
PBL-N scheme. This scheme diagnoses convection
for much of the time, with occasional periods of a
well-mixed boundary layer (in which convection is pre-
vented). However, although the PBL-N scheme diag-
noses cumulus, the convection scheme fails to trigger
moist convection consistently. In addition, there are
several instances of deeper convection, and these are
eventually followed by a return to a well-mixed diagno-
sis, indicating that the profiles are no longer indicative
of cumulus convection. These problems are caused by
the failure of the convection schere (o rigger consis-
tently or to differentiate properly between shallow and
deep convection. During the periods of deeper convec-
tion, dry convection is occurring over the first 6 model
levels. This is undesirable, partly because this convec-
tion scheme is intended for moist convection, and also
because the convection and boundary layer schemes are
both attempting to mix this subcloud region. Exami-
nation of consecutive timesteps reveals that this con-
tributes to the rather random triggering of moist con-
vection from the LCL.

(i) Using NEWCONY

Figure 6 shows results from the L38 BOMEX simu-
lation with NEWCONYV. A shallow cumulus boundary
layer is diagnosed throughout this simulation, and the
boundary layer depth in Figure 6 marks the LCL, from
which the convection scheme is triggered. The con-
toured mass flux timeseries shows consistent triggering
of shallow convection. whose depth is limited by the
height of the trade inversion. The profiles and incre-
ments from this run show a realistic trade wind bound-
ary layer structure and convection which is in equilib-
rium with the radiative cooling. Dry convection is pre-

vented in the subcloud layer, although the couvective
increment from the LCL is mixed uniformly through
the subcloud layer to balance the supply of heat and
moisture to the convection.
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r e
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Figure 6

4. FUTURE WORK

The changes described above will require extensive
testing in the Unified Model in its different configu-
rations, from operational mesoscale modelling to long
climate simulations. However, preliminary tests car-
ried out in the climate model indicate that the diagnosis
of deep and shallow convection is reasonable and that
there are no major undesirable consequences of forcing
the triggering of convection in this way. More extensive
testing, in operational forecast models, will follow.
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STRUCTURAL AND PARAMETRIC UNCERTAINTIES IN LARGE-EDDY SIMULATIONS OF THE
STRATOCUMULUS-TOPPED MARINE ATMOSPHERIC BOUNDARY LAYER

Andreas Chlond” and Andreas Wolkau

Max-Planck-Institut fir Meteorologie, Hamburg, Germany

1. INTRODUCTION

Low-level marine stratus clouds are important modu-
lators of the earth's radiation budget (Klein and Hart-
mann, 1993). Consequently, comprehensive field
experiments and detailed modeling studies of the stra-
tocumulus-topped marine boundary layer are of con-
siderable importance to our understanding of the
physics of the atmosphere, including possible effects
of this boundary layer regime on climate.

Models of the stratocumulus-topped boundary layer
range in complexity from simple mixed layer schemes
(Lilly, 1968) to 3D large-eddy simulation (LES) codes
(Deardorff, 1980; Moeng 1986). LES is now widely
used in small-scale meteorology and is still one of the
best techniques we have today for studying turbulence.
The strength of LES lies in its explicit calculation of
three-dimensional time-evolving turbulent flow fields,
which can be used to examine the time evolution of
coherent structures and their contribution to turbulent
transport. The major deficiency of LES models is that
they are computationally demanding. They also gener-
ate large volumes of data which require considerable
analysis. Moreover, like most modeling techniques
LES-modeling is influenced by different uncertainties
caused by modeling per se or by assumptions or
uncertain values used in the model runs. Two main
types of uncertainty affect our confidence in the resuits
from numerical models: parametric uncertainty and
structural uncertainty. Parametric uncertainty arises
because of incomplete knowledge of model parame-
ters such as empirical quantities, defined constants,
and boundary conditions. Structural uncertainty in
models arises because of inaccurate treatment of
dynamical and physical processes, inexact numerical
schemes, inadequate resolutions, and limited domain
sizes. In general, the total uncertainty in modelling
depends on these factors in a complicated and often
counterintuitive way (Tatang, 1997).

In this paper we study three related aspects of LES
in the stratocumulus-topped boundary fayer. Our study
focuses on some aspects of parametric and structural
uncertainty and includes the following items:

(1) We investigate the statistical significance of LES-
derived data products. This has been done by perform-
ing ensemble runs of the stratocumulus-topped bound-
ary layer to demonstrate the stochastic nature of the
turbulent processes within the boundary layer.

(2) We examine the sensitivity of our LES-model
with respect to the treatment of subgrid-scale pro-
cesses and microphysical processes. For this purpose
we have started model runs using Deardorfi's and
Schumann's parameterization scheme, respectively.
Likewise, we investigate the sensitivity of model results

" Corresponding author's address: Andreas Chiond,
Max-Planck-Institut fir Meteorologie, Bundesstr. 55,
D-20146 Hamburg, Germany, E-mail: chlond @ dkrz.de

in response to Kessler's and Lipkes' drizzle parame-
terization scheme, respectively, and by deactivation of
all precipitation processes.

(8) We examine the sensitivity of our LES results
with respect to the assumed values of various external,
environmental conditions. Moreover, we apply a meth-
odology for objective determination of the uncertainty
in LES-derived quantities. The methodology is based
on standard error-propagation procedures and yields
expressions for probable errors as a function of the rel-
evant parameters (see section 4.3).

2. APPROACH

The approach undertaken is to use a state of the art
LES-model (Chlond, 1992, 1994; Miller and Chlond,
1996) that incorporates a detailed description of all rel-
evant physical processes. The model uses Bouss-
inesg-equations for the components of velocity (u, v,
w) liquid water potential temperature 8, and total water
content g. These equations are formulated in a Carte-
sian coordinate system that is translated with the geo-
strophic wind to follow a trajectory of air in a
Lagrangian manner. In that way, the marine cumulus
and stratocumulus cases are treated as a time-depen-
dent, quasi-local development. The model takes into
account infrared radiative cooling in cloudy conditions
(using a simple effective emissivity like approach) and
the influence of large-scale vertical motions. The sub-
grid-scale (SGS) model is based on a transport equa-
tion for the SGS turbulent energy. To represent SGS
fluxes two different closure schemes could be used:
either the parameterization scheme of Deardorff
(Deardorff, 1980) or the parameterization scheme of
Schumann (Schumann, 1991). The schemes differ in
that Schumann’s scheme applies the limiting effect of
stable stratification only to the length-scales for SGS
effects of vertical eddy-diffusivities of heat and scalars
but not to those of momentum. in contrast, Deardorff
(1980) proposed to reduce all the length-scales for sta-
ble stratification. To take into account the microphysi-
cal processes we have implemented two different bulk
parameterization schemes into our LES-model:
Kessler's parameterization scheme (Kessler, 1969)
and LUpkes' 3-variable-parameterization scheme (L.tp-
kes, 1991). These schemes distinguish between cloud
and rain water content and - depending on the param-
eterization scheme - on the rain number density. The
parameterized microphysical processes include con-
densation, evaporation, coagulation and sedimenta-
tion.

The solution of the basic equations is based on a
finite differencing method on an equidistant staggered
grid. Cyclic iateral boundary conditions were applied
and a Rayleigh damping layer in the upper third of the
domain was utilized to absorb vertically propagating
gravity waves. At the lower boundary prescribed fluxes
of momentum, heat and moisture were imposed. The
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ensemble runs and the runs which utilize different
microphysical and subgrid-scale models use a compu-
tational domain of size 3.2x3.2x1.5 km3. The sensitiv-
ity runs have bcen performed in a larger domain
(28 8x3.2x1.5 km3) in order to enhance the signal to
noise ratio. The grid intervals fixed to Ax=Ay=50 m and
Az=25. A time step of 3 s was used for all runs.

3. MODEL INITIALIZATION AND FORCING

In this paper the MPI LES-model is tested against
observations of the structure of the marine stratocu-
mulus layer observed during the first Lagrangian
(Albrecht et al., 1995) experiment of the Atlantic Stra-
tocumulus Transition Experiment (ASTEX). More spe-
cifically, the case is based on flight RFO06 of the NCAR
Electra in the night and early morning of 13 June 1992
at about 37% N, 24° W. This dataset is extensively
described by de Roode and Duynkerke (1997) and
Duynkerke et al. (1999), so only a short summary is
given here.

The case study was of stratocumulus cloud cover
over the North Atlantic which was in a transition stage,
changing from a horizontally homogeneous cloud layer
to a decoupled boundary layer with cumulus penetrat-
ing the stratocumulus deck from below. Observations
are made by 7 research aircraft, from a research ship
and from the islands of Santa Maria (Azores) and
Porto Santo (Madeira). Aircraft flights were made at
different levels above, within and below the stratocu-
mulus deck. The navigation was such that the aircraft
remained roughly in the same airmass, and the micro-
physical, radiative and turbulence measurements were
made at heights between 30 m and 2800 m. The data
were considered suitable for preparing initial and
boundary conditions for a 4-hour model simulation of
the evolution of the boundary layer, starting at 0700
UTC on 13 June 1992.

The initial conditions for ihe modei have been cho-
sen such as to be broadly consistent with the condi-
tions met during the observations and were specified
in the form of simplified vertical profiles of the two hori-
zontal wind components, the liquid-water potential
temperature, and the total water content. These were
independent of height below cloud base, and varied
Imeanly with height w1th|n and above the cloud, with
jumpsof Ag=-1.6g kg™ and A = 5.5 K in the liquid-
water potential temperature and the total water content
across the inversion, respectively. Cloud base was at z
=312.5 m and cloud top at z =712.5 m. A uniform geo-
strophic wind was assumed, and an initial value for
subgrid turbulent kinetic energy of 1 m? s was speci-
fied for z < 687.5 m. The friction velocity and the heat
and moisture fluxes at the surface were given fixed val-
ues, and the net longwave radiation parameterization
was a prescribed function of the liquid-water path (the
net shortwave radiation was assumed to be zero). The
Iarge -scale divergence was set to 1.5 105 s 1, result-
ing in a profile for the Iarge -scale subsndence accord-
ing to: wig = 1.5-10°%(zZm) m s°'. All initial profiles
were assumed to be horizontally homogeneous,
except for the temperature field. In order to start the
convective instability, spatially uncorrelated random
perturbations, uniformly distributed between -0.1 K
and 0.1 K, were applied to the initial temperature field

at all grid points with z < 687.5. This specification of
model initialization and forcing has also been used in
the European Cloud-Resolving Modelling (EUCREM)
model intercomparison project where the main focus
has been on the entrainment velocity which is the most
important parameter for the cloud development
(Duynkerke et al., 1999).

4. RESULTS

4.1 Satistical significance of the simulations

Ensemble runs (using initial data described in sec-
tion 3, but perturbed with different sets of spatially
uncorrelated variations to the temperature field within

_the range 0.1 K) have been performed to give 21 real-

izations of the simulation. Examination of profiles of
the predicted mean fluxes at a particular instant of time
(150 minutes after the initial time) showed consider-
able spread among the ensemble members (see Fig.
1). The spread was reduced, but was still not negligi-
ble, when the results were displayed as 1-hr averages
(see Fig.2). An additional run was done for a domain 9
times larger in the cross-wind direction. The spreading
was reduced still further for the 1-hour averages over
the larger domain (see Fig. 3). These results indicate
the need for care in interpreting results from a single
model run, and demonstrate that averaging should be
done over sufficiently large temporal and spatial
dornains.

Total waoler flux
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Fig. 1: Vertical profiles of total vertical velocity vari-
ance (a), total buoyancy flux (b), total water flux (c),
and precipitation flux (d) at t=9000 s generated from
21 LES-modei realizations of the stratocumulus case.
The thick black line refers to the ensemble average.

4.2 Sensitivity to physical parameterizations

A number of runs was done to test the sensitivity of
the results to Deardorff’s and Schumann's subgrid-
scale scheme, and to Kessler's and Lipkes’s cloud
microphysics schemes, as well as a “no-rain” scheme.
The Deardorff/no rain run produced the deepest
boundary layer and the largest liquid-water path. The
impacts of the different subgrid schemes were small,
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but the primary effects of drizzle in the Kessler or Liip-
kes runs were to reduce the buoyant production of tur-
bulent kinetic energy, resulting in shallower boundary
layers due to reduced entrainment rates. The removal
of water by drizzle lowered the maximum liquid water
content at cloud top by 20%. The effects of latent heat-
ing within the cloud and evaporative cooling below
tended to produce an intermediate stable layer that
decoupled the sub-cloud layer from the radiatively-
driven turbulence in the cloud layer.
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i:ig. 2: As in Fig. 1 except profiles of time-averaged
quantities from 7200 s to 10800 s.
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Fig. 3: Vertical profiles of total buoyancy flux at t=2.5
h for (a) the standard domain of size 3.3x3.2x1.5 km®
(upper panel) and for (b) the extended domain of size
28.8x3.2x1.5 km® (lower panel). The thick full lines are
used to denote the one-hour averages whereas the
thin full lines are used to depict the five-minute aver-
ages within the one-hour averaging period.

4.3 Sensitivity to the initial data measurements

A numerical model designed to simulate variables of
interest in a given system can be tested by comparing
mode! predictions against observations. Since both
observations and predictions may be uncertain, mean-
ingful model verification requires not only the average
values but also some measure of the uncertainty of
target variables.

Here, we examine the sensitivity of our LES results
with respect to the assumed values of various external,
environmental conditions. These conditions include all
those environmental parameters that are needed to

specify all of the mean initial and boundary conditions
required to run a model simulation. Our study investi-
gates the sensitivity of the model output with respect to
the following parameters: (a) the inversion strength in
total water content {AQy)iny , (b) the inversion strength

in liquid water potential temperature (AQ);,, , (¢) the

large-scale subsidence w| g , (d) the sea surface flux of
heat (wB)q , (e) the sea surface flux of moisture (wqyo ,
and (f) the net longwave radiative cooling AF,. Uncer-
tainties in these external input parameters may arise
from instrumental measurement errors, sampling
errors, and the instationarity and spatial inhomogene-
ities of the fields under consideration during the mea-
surements. Central values and uncertainty factors
(standard deviations) of the external, environmental
input parameters are listed in Table 1.

Table 1: Central values and uncertainty factors
(standard deviations) of the external, environmental
input parameters

Parameter Central value g;?,?g?éﬁ
(AO)iny 55K TK
(AQpiny -1.6 g kg™ 0.5gkg"
Wis -0.0225ms | 0.00565m s’
(wB) 149 W m™ 3.725 W m™
(way)g 51.5W m™ 12.875 W m™
AF, 74 W m™ 18.5 W m™

Simplified linear relationships between the variances
of simulated quantities and the variances of measured
environmental parameters were used to asses the
sensitivity of the model to initial-data uncertainties.
The coefficients in these relationships, which depend
on the gradients of simulated quantities with respect to
the observed parameters, were estimated from a lim-
ited number of sensitivity runs. The exercise enabled
error bars to be estimated for the simulations.

Figure 4 presents the vertical profiles of (a) liquid
water content, (b) total (resolved plus subgrid-scale)
buoyancy flux, (c) total (resolved plus subgrid-scaie)
water flux, (d) precipitation flux, (e) total (resolved plus
subgrid-scale) vertical velocity variance, and (f) total
(resolved plus subgrid-scale) turbulent kinetic energy
(TKE) for the reference run which utilizes the central
values for the input parameters. The profiles represent
time averages over hour 2 to 3. The vertical axes have
been scaled using the inversion height z,. Data are
marked with diamonds and refer to aircraft measure-
ments during the flight ASTEX RF06 (after de Roode
and Duynkerke (1997)). In addition, 90% confidence
limits (that is, £1.6 o intervals) have been plotted at
selected height levels for the various quantities. Over-
all, with the exception of the precipitation flux the
model predictions of thermodynamic, dynamic and
microphysical properties are generally in a reasonable
agreement with the measurements during the flight
ASTEX RF06 obtained in a stratocumulus topped
boundary layer. The differences between the model
and measurements are within the modeling uncertain-
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ties, but the calculated precipitation rate differs signifi-
cantly from that derived in the observations. Apart from
the confidence limits, the sensitivity analysis also pro-
vides a framework for ranking the uncertain parame-
ters according to their contribution to the total model
variance. We find that the largest contribution to the
variance of the LES-derived data products is due to
the uncertainties in the cloud-top jump of total water
mixing ratio and the net radiative forcing. However, the
calculated precipitation rate was found to differ signifi-
cantly from that derived in the observations. Therefore,
we conclude that the representation of precipitation
process within a numerical model of stratocumulus is
difficult, and improving the results will prove to be a
challenging task.
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Fig. 4: Calculated and measured vertical profiles of
(a) liquid water content, (b) total buoyancy flux, (c) total
water flux, (d) precipitation flux, (e) total vertical veloc-
ity variance, and (f) total turbulent kinetic energy
(TKE). Data are marked with diamonds and refer to
aircraft measurements during the flight ASTEX RF06
(after de Roode and Duynkerke (1997)). Error bars
correspond to 90% confidence limits.
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INVERSION STRUCTURE AND ENTRAINMENT RATE IN STRATOCUMULUS
TOPPED BOUNDARY LAYERS

Qing Wang, David W. McDowell, and Michelle K. Whisenhant
Naval Postgraduate School, Monterey, CA

1. INTRODUCTION

We have long recognized that the difficulty in
simulating  stratocumulus-topped  boundary layers
(STBL) lies in the parameterization of entrainment rate
(e.g., Moeng ef al. 1996). The difficulty in determining
entrainment rate from observations is the uncertainty in
turbulent fluxes and particularly in the jump conditions
obtained from limited number of soundings. This is
seen in the most commonly used entrainment rate
equation (Deardorff, 1979):

B we_, )

wE
AC
where W, is the entrainment velocity, w'c,, is the

turbulent flux of variable C at the boundary layer top,
and h the boundary layer height. This variable is
conserved in an adiabatic process. The changes in the
mean quantity across the capping inversion is denoted
as AC, which indicates the difference between the
entrained air parcel and the boundary layer
environment. While the entrainment flux shows the
amount of C being entrained within a unit time, the
entrainment rate is an ensemble measure of the rate at
which all quantities are entrained from the free
atmosphere to the boundary layer. In order to describe
the entrainment rate, one not only needs a statistically
significant entrainment flux, but also a jump condition
that realistically describes an ensemble average of the
differences between the entrained air and the boundary
layer air.

The entrainment zone was introduced to describe
the interface between the boundary layer and the free
troposphere where entrainment occurs. Deardorff
(1979) provided an early description of entrainment
zone in a clear convective mixed layer (CBL)} by
experimenting in a laboratory convection chamber.
From this, he defined the entrainment zone as the
outermost portion of the mixed layer where non-
turbulent fluid is being entrained, but is not vyet
incorporated into the well-mixed layer. The top of the
entrainment zone was therefore determined to be the
maximum height any mixed parcel could reach. His
depiction of the entrainment zone is shown in Fig. 1
where the depth marked Ah is an ensemble-mean of
many soundings. The depth of the entrainment zone
was typically 25% of the mixed layer depth (Deardorff,
1979), although the local interface between the

* Corresponding author address: Dr. Qing Wang, Naval
Postgraduate School, Dept. of Meteorology, Monterey,
CA 93840. e-mail: gwang@nps.navy.mil

inversion air and the boundary layer may be shallower.
This depth of the entrainment zone depicts the range of
updraft penetration into the capping inversion, which
can also be regarded as the variation of the boundary

Figure 1. Depiction of the entrainment zone in

~a convection tank, from Deardorff (1979).
Light areas show the well-mixed fluid. The
region indicated by Ah is defined as the
entrainment zone.

layer top.

A few studies on cloudy boundary layers have
revealed significant differences between the inversion
structure in the cloudy and clear boundary layers (e.g.,
Nicholls and Turton, 1986). An example of such
difference is shown in Fig. 2. This comparison between
two soundings taken from the same area on the same
day demonstrates the significant changes that can occur
at the top of the boundary layer when ciouds are
present. The strengthening of the inversion in the
stratocumulus-topped boundary layer profile suggests
the effect of radiative cooling at the cloud top. With
these observed differences, more detailed studies
regarding the inversion structure and the entrainment
process in a stratocumulus-topped boundary layer are
needed in order to fully understand the effects of such
clouds on boundary layer evolution.

2. THE DATA

Our analysis is based on measurements made
during the First International Satellite Cloud and Climate
Project (ISCCP) Regional Experiment (FIRE) Marine
Stratocumulus Intensive Field Observations (IFO) phase
off the coast of southern California in the summer of
1987 (Albrecht et al., 1988). In this study, observations
provided by a research aircraft (the NCAR Electra) are
used to analyze the turbulence and inversion structure
of the cloudy 'boundary layer. Wang and McDowell
(2000) discussed the measurements and the
instrumentation used in this study. The aircraft had an
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on-station horizontal speed of about 100 ms™; the
ascending/descending speed was 2.54 m s” (or 500
feet per minute). The data was sampled at 50 Hz,
filtered and recorded at 20 Hz. Thus, the horizontal
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B
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200 4 q 200 + E
(@) (b)
00 5 10 290 300 310 00 5 10 290 300 310
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Figure 2. Comparison between a cloud-

topped and clear boundary layer from July 7
(flight 5) of FIRE. Total water and virtual
potential temperature profiles for the clear
case are shown in (a) and for the
stratocumulus-topped case in (b).

resolution of the measurements was 5 m, the vertical
resolution was 0.13 m. The aircraft soundings hence
have sufficient vertical resolution to reveat the fine
inversion structure.

3. VARIATION OF CLOUD TOP HEIGHT

Figure 1 shows the penetration of the turbulent
updrafte into the caopping inversion in the
convective situation. This picture appears to imply a
close correlation between the turbulence
updrafts/downdrafts and the shape of the interface. It
appears that the scale of variation for the boundary
layer top is similar to that of the penetrating updraft.
With this in mind, we examined the energy density
spectra of the lidar-measured cloud top height and the
vertical velocity from the highest measurement level
about 100 m below the cloud top. The spectra are
shown in the. bottom panel of Fig. 3. It is seen that the
vertical velocity peaks at 700 m —1.5 km, which is the
scale of boundary layer internal circulation. Variation of
the cloud top height, on the other hand, is mostly
greater than 10 km. The high magnitude of power
spectra at the small-scale range is likely caused by
noise in the LIDAR-retrieved cloud top height.

The fact that the cloud top varies at a much larger
scale than the turbuient updraft and downdraft indicates
a different entrainment mechanism in cloudy boundary
layers than that depicted in Fig. 1. The cloud top does
not seem to be shaped by penetrating updrafts in the
cloudy conditions. With a weaker turbulence intensity
and a stronger capping inversion (to be discussed in the
next section) compared to clear boundary layers, this
finding appears to be reasonable.

clear

4. INVERSION STRUCTURE

We analyzed a total of 56 soundings from nine
FiIRE flights to examine the inversion structure at the
cloud top. The exact cloud fop was identified using
signatures from several variables including the cloud
droplet concentration, potential temperature, total water,
ozone, and the horizontal wind components, We also
performed wavelet analysis on the 20 Hz sampled
vertical velocity and potential temperature and kept the
small-scale perturbations. The boundary layer top can
be clearly identified at the level of sharp decrease of
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Figure 3. Spatial variation of cioud top height

(top) and comparison of power specira of cloud top

height (solid lines) and vertical velocity (dash line)

(bottom). The thick solid line shows the —5/3 slope

in the lurbulence inertial subrange.
turbulence perturbations. An example of the soundings
is shown in Fig. 4. From most of the soundings, we
found an extremely sharp inversion immediately above
the cloud top. This inversion is in general several
meters in depth with a potential temperature increase of
up to 3 K. We refer to this sharp gradient layer as the
initial gradient layer. Yet, this layer is only a portion of
the entire inversion layer above the cloud top. The
upper inversion layer has a much weaker 0 gradient
compared to that in the initial gradient layer and
generally has a depth of several tens of meters. Table 1
shows the properties of the initial gradient layer from all
soundings from July 5, 1987 (flight 4).

There also exists a strong scalar gradient in the
initial gradient layer. It seems that the air within the
gradient layer is a mixture of the boundary layer and the
air from above this layer, as indicated by the mixing line
analysis in Fig. 5. Here the total water content (g, ) and
ozone concentration (O3;) are both conserved in a
adiabatic process. Mixing between the air at the top of
the gradient layer with that from the boundary layer
should result in mixtures shown by the solid line. Figure
5 shows that most of the (g, ,03) pairs from the initial
gradient layer are on the mixing line. We therefore
consider this initial gradient layer as the
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Figure 4. Example of sounding profi les of (a) cloud droplet concentration (N cm’ ) (b) v:rtual potential
temperature (K), (c) total water (g kg’ ) (d) ozone (ppbv), (e) u wind component (m s ) (f) v wind
component, (g) wavelet decomposition of smali-scale vertical velocity perturbations (m s™), and (h) same
as in (g) except for potential temperature (K). Horizontal lines in (b)-(d) indicate the top and bottom of
initial gradient fayer.
Table 1. Properties of the initial gradient layers 28 »
from flight 4 soundings. The jump in a variable ¢
is defined as Ap= @iop — Ppase - Here, ar, Oa, 9y, =1 * s &
Az, V8,, and Her are total water (gkg™), ozone 26 . =
(ppbv), virtual potential temperature (K), —~ as| g ol 5
inversion depth, 8, gradient in the inversion layer .é s -2
(Km™), and cloud-top height (m), respectively. - B < B
O s X 4 O K
o] o 28} -
. Sndg # AQT AOs AOV Az Vev HCT P *4.'." o>
st -05 -28 1.1 3.0 036 7800 2 é N 3
S2 -09 -39 21 1.8 1.18 805.0 20} 5 - J 22k —
S3  -0.8 -24 22 22 0.98 8720 gr (g kg™ g, (g kg)
-S4 42 24 21 36 0.59 842.0 Figure 5. Examples of mixing diagrams from two
soundings of flight 4. The boundary layer and
S5 15 45 23 45 050 834.0 inversion air are denoted as (o) and (%),
S6 -1.2 6.0 25 20 124 968.0 respectively. The solid line denotes the result of
s7 14 27 26 3.2 0.81 819.0 adiabatic mixing between the boundary layer
S8 15 57 2.9 47 062 788.0 and inversion air at different mixing ratios.
s9 07 -27 14 22 064 814.0 5. ENTRAINMENT FLUXES AND RATE
S10 -05 1.0 03 16 019 7340 Entrainment flux of total water was determined
S11 11 44 20 22 088 913.0 using the vertical fiux profiles linearly extrapolated to the

entrainment zone. The difference of a particular scalar,
i.e., total water content, between the top and the bottom
of the gradient layer is thus defined as the entrainment
jump condition at the location of the sounding. We then
use the mean of jump conditions from all soundings as
the ensemble jump condition.

cloud top. In calculating the flux profiles from various
measurement levels, a cutoff wavelength of 6 km was
used to obtain the flux from the co-spectra between
vertical velocity and total water. For a well-mixed layer,
the vertical flux profile of a conserved variable is
expected to be linear with height through the depth of
the layer. This is generally the case for most of the
FIRE flights. In this analysis, entrainment fluxes were
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determined using the best fit linear profile from
measurements in the cloud mixed layer. In a well-mixed
boundary layer, the cloud mixed layer is the entire
boundary layer, while in a decoupled boundary layer the
cloud mixed layer is the upper mixed layer associated
with the cloud layer (Wang 1993). Cloud top heights
were obtained using LIDAR measurements or sounding
profiles when LIDAR measurements were not available.
Figure 6 shows an example of the vertical flux profiles
and the linear fit to the profiles from two flights of FIRE.
Table 2 gives the entrainment fluxes, jump conditions,
and the corresponding entrainment rate.
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Figure 6. Vertical flux profiles for total water
(Wm?) for flights 3 (left) and 4 (right). The
solid line shows the finear fit that was used
to obtain entrainment flux.

Tabie 2. Estimate of enirainment rate (cm s™) for
all flights of FIRE. The jump conditions shown are
averages from all soundings of each flight.

Fit oL wa. Ag, w,

2 28.7 -0.57 2.0
3 58.9 -0.73 3.2
4 34.1 -1.02 1.3
5 45.8 -1.38 1.3
6 8.0 -0.36 0.9
7 13.6 -0.71 0.8
8 32.0 -0.85 1.5
9 13.0 -0.11 4.7
10 422 -0.56 3.0

6. CONCLUSIONS

We analyzed a large number of soundings from 9
flights of FIRE to understand the inversion structure and
its implication for entrainment process and entrainment
rate estimates. We found that the entrainment zone in
the STBL is a thin layer of a few meters in depth.

Although this so-called initial gradient layer is only a
small part of the inversion layer above the cloud top, it
appears to contain a mixture of the air at the top and
bottom of the layer. We therefore define this layer as
the entrainment zone and define the difference at the
top and bottom of the layer as the entrainment jump
conditions.

We examined the spectra of the cloud top height
measured by airborne lidar and compared the spectra
with that of vertical velocity from within the turbulent
boundary layer. This comparison reveals that the cioud-
top height varied at a scale of more than 10 km, much
larger than the scale of the dominate turbulent updraft
and downdraft. Updraft penetration into the inversion,
as pictured in Fig. 1 for clear convective boundary
layers, is thus not likely for stratocumulus-topped
boundary layers. It is thus possible that the dominant
entrainment process occurs at scales smaller than that
of the convective updraft/downdraft.  Further studies
are needed on this aspect to understand the
entrainment process in cloudy boundary layers.

The uncertainty in the estimated entrainment rate
(Table 2) has not been discussed and is part of our
ongoing work.
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LARGE EDDY SIMULATIONS OF CUMULUS CLOUDS OVER LAND AND
SENSITIVITY TO SOIL MOISTURE

Jean-Christophe vGolaz', Hongli Jiang, and William Cotton.

Dept. of Atmospheric Science, Colorado State University, Fort Collins, Colorado 80523

1. INTRODUCTION

As participants in the 6" intercomparison of
the -GCSS boundary layer group, we have
conducted large-eddy simulations (LES) of a
daytime cumulus cloud-topped boundary layer
over land observed at the Southern Great Plains
(SGP) ARM site on 21 June 1997 (Brown, 1999).

The first LES was an idealized simulation
following the GCSS specifications. In addition, we
have tested the sensitivity of the boundary layer
clouds to initial soil moisture using a land-surface
model and a two-stream radiative transfer code.

2. MODEL SETUP AND IDEALIZED CASE
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Figure 1: 30-minute running average of maximum
cloud fraction (solid line) and liquid water path
(dashed line).

All simulations presented here were performed
using the LES wversion of the Regional
Atmospheric Modeling System (RAMS) (Pielke et
al.,, 1992). The grid spacing was 100 m in the
horizontal and 40 m in the vertical with a domain
size of 6700 m in the horizontal and 4400 m in the
vertical. Periodic boundary conditions were used

*Corresponding author address: Jean-Christophe Golaz
‘Dept. of Atmospheric Science, Colorado State University
Fort Colling, CO 80523, USA.

E-mail: golaz @atmos.colostate.edu

in the horizontal and subgrid-scale fluxes were
computed with a Deardorff-type turbulence kinetic
energy scheme. No microphysics was used, except
for the condensation of water vapor into cloud
water.
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Figure 2: Isosurface representation of cloud water
field at 1930 UTC.

The time evolution of maximum cloud fraction
and average liquid water path is shown in Figure 1.
Cumulus clouds start forming at the top of the
convective boundary layer;around 1500 UTC and
reach a maximum cloud fraction of 20%
approximately two hours/later. The liquid water
path increases to 20 (g/m?) and remains relatively
steady for four hours, whereas the cloud fraction
continuously decreases’ after reaching its early
maximum. Clouds completely dissipate towards the
end of the simulation. A representation of the cloud
field at 1930 UTC is shown in Figure 2. Model
output and statistics ~obtained with RAMS
compared favorably with those of other GCSS
participants.

3. SENSITIVITY EXPERIMENTS

As a follow-up to this idealized simulation, we
performed a series of additional experiments in
which the imposed surface fluxes and radiative
tendencies were replaced with an interactive land
surface model (Walko et al.,, 1999) and a two-
stream radiative transfer code (Harrington 1997).
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Figure 3: Evolution of domain-averaged latent heat
flux for the four experiments and observed values.

The land surface model was initialized with
uniform scil moisture. Soil moisture observations
from the SGP ARM site on 21 June 1997 ranged
from 0.12 to 0.22 mass mixing ratio, where the
mass mixing ratio is defined as the mass of water
per unit mass of dry soil. In this work, we present
results from three differant experiments initialized
with soil moisture mass mixing ratios of 0.125,
0.155, and 0.185, respectively. Those values
correspond to soil moisture ranging from 42 to
62% saturation. The mode! was otherwise set up
and initialized similarly to the idealized case. Table
1 summarizes the various experiments conducted.
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Figure 4: Same as Figure 3 but for sensible heat
flux.

almost 400 (W/m?) compared to approximately 150
(W/m? in the reference case. The latent heat flux
maximum is of the order of 180 (W/m?) compared
to more than 500 (W/m?) in the other simulations.

Experiment Soil Soil Surface | Radiation
name moisture moisture fluxes
mixing ratio | saturation
Idealized N/A N/A Imposed | Imposed
Exp 12.5 0.125 42% Interactive | Interactive
Exp 155 0.155 52% Interactive | Interactive
Exp 18.5 0.185 62% Interactive | Interactive
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Table 1: Summary of experiments

The differences in initial soil moisture content
have a considerable impact on the time evolution
of surface heat fluxes as shown in Figures 3 and
4, Experiments 15.5 and 18.5 produce almost
identical  surface  fluxes. Compared  to
observations, those fluxes have slightly larger
values of latent and smaller values of sensible
heat. Simulation 12.5 produces very different
fluxes. The maximum sensible heat flux reaches

Figure 5: 30-minute running average of maximum
cloud fraction (top three curves) and liquid water
path (bottom three curves) for the three sensitivity
experiments.

The evolution of maximum cloud fraction and
liquid water path for the three sensitivity
experiments are shown in Figure 5. Timing of the
onset of convection is similar for the three runs and
comparable with the idealized LES (Fig. 1). Cloud
fraction and liquid water path for experiments 18.5
and 15.5 are also close to the idealized simulation
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except for the initial peak in cloud fraction in the
idealized case. Liquid water path is slightly lower
for the drier 12.5 simulation. During the decay
phase, all three simulations exhibit very similar
domain-averaged cloudiness. It is interesting to
note that despite the very large differences in
surface heat fluxes between the 12.5 experiment
and the other two moister simulations, the
differences in cloud field appear to be minor with
relative differences of the order of 20% or less.

This is further confirmed by looking at profiles
of cloud fraction and cloud water mixing ratio.
Those fields are depicted in Figures 6 and 7
between 1900 UTC and 2000 UTC.

It is interesting to note that, except for a
vertical displacement, the profiles of cloud fraction
look strikingly similar among the various
experiments. The differences in cloud base are
explained in terms of variations in the LCL.
Simulation 12.5, with its higher sensible and lower
latent heat flux, leads to a significantly warmer and
drier subcloud layer compared the the other
experiments, and therefore a higher LCL. Also,
simulations 15.5 and 18.5 have lower cloud base
compared to the idealized case because the larger
latent heat fluxes create a colder and moister
subcloud layer.
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Figure 6: Average profiles of cloud fraction between
1900 and 2000 UTC for the idealized simulation and
the three sensitivity experiments.

The profiles of cloud water mixing ratio also
show similar features with the main difference
being the variation in cloud base, whereas the
actual amounts of cloud water remain in a
relatively narrow range for all cases. The lower
cloud water amount for experiment 18.5 is largely
an artifact of the one hour averaging period which

is not long enough to always capture a
representative ensemble of clouds.
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Figure 7: Same as Figure 6 but for cloud water
mixing ratio.

4. CONCLUSION

We performed a series of large-eddy
simulations of a cumulus cloud-topped boundary
layer over land, based on the idealized GCSS
intercomparison workshop. This is a case of cloud
fraction of less than 20%. Sensitivity in initial soil
moisture was investigated by conducting three
experiments with initial soil moisture mixing ratios
of 0.125, 0.155, and 0.185. The 15.5 and 18.5
experiments produced results that were very
similar to each other, both in terms of surface heat
fluxes and cloud field properties. The drier 12.5
experiment led to substantially different surface
fluxes with a shift from a latent heat dominance to
sensible heat flux dominance. Despite this large
difference in surface forcing, the impact on the
cloud field was moderate. The main difference was
a displacement of the cloud base. A slight
reduction of domain average liquid water path was
also observed, but the maximum cloud fraction
remained essentially unchanged.
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VERTICAL MOTIONS OF DROPS OF DIFFERENT SIZES IN MARINE STRATUS

Swarndeep S. Gill* and Gabor Vali
Dept. of Atmospheric Science, University of Wyoming, Laramie, WY, 82071

1. Introduction

The mechanism for drizzle formation in warm
marine stratus is an important current topic. A
key element to understanding the process is the
characterization of the spatial and temporal
history of drizzie drops. Simple upward moving
parcel descriptions are clearly invalid in stratus.
While the desired histories are unobtainable,
some clues can be derived from the associations
of drizzle drops, and of other droplets, of different
sizes with air motions. This is the topic
addressed in this paper, restricting the analyses
at this stage to vertical air motions.

2. Basic features

Vertical motions of cloud (d < 50 pm) and
drizzle drops within the cloud are not easily
observed. These motions are a combination of
turbulence and of regions of updrafts and
downdrafts.

Several previous studies have shown positive
correlations between upward air velocity (positive
w) and FSSP measured droplet concentration
(Nesse) in marine stratus or stratocumulus clouds
(Curry, 1986; Hudson and Svensson, 1995;
Hudson and Li, 1995, Vali et al., 1998, hereafter
Va8). These correlations apply to N and w-
values averaged over roughly 100-m scales. In
contrast, the liquid water content (LWC)
contributed by cloud droplets (d < 50 um) was
generally found to be independent of w. In
concert with these facts, the volume mean
diameter of cloud droplets show negative
correlations with w.

Because the concentrations of drizzle drops (d
> 50 um) are much lower than those of cloud
droplets, sampling problems make it difficult to
examine correlations with air velocities from in
situ data. V98, using an airborne cloud radar
showed that higher reflectivities (Z), i.e. regions
of greater drizzle drop concentrations, coincided
with smaller downward Doppler velocities (V) in
the upper halves of cloud decks. In contrast, the
expected coincidences of regions of higher
reflectivities and larger downward Doppler
velocities were found in the lower half of the

Dept. of Atmosperic Science, University of
Wyoming, P.O. Box 3038, Laramie, WY,
82071. 307-766-4447 (v) 307-766-2635 (fax);
sgill@uwyo.edu; vali@uwyo.edu.

cloud decks. These observations were made in
unbroken stratus situations.

For the cases presented in V98 the in situ data
from a PMS 1-DC probe (Noned) Showed positive
correlations with the vertical air velocity. Possible
explanations for the Z-V and Nopeg - w
correlations in the upper parts of clouds were
seen as either reduced drizzle concentrations in
downward moving air originating from
entrainment, or increased drizzle concentrations
in upward moving air.

3. New analyses.

In order to further refine the analyses, we
have now moved from the simple cloud droplet
vs. drizzle droplet stratification to an examination
of spectral characteristics up to the resolution
available from the FSSP and 1-DC probes. We
have done this with both the data previously
described in V98 and with additional observations
made in 1999. Such analyses can only be
performed with data of reasonable homogeneity
over large sample regions, typically about 80 km
in horizontal extent.

Further analyses were also directed toward
shedding light on the nature of the correlations
between vertical air velocity and drop
concentrations. We have tried to identify the
local events that lead to the correlations.

The 1999 field studies (Coastal Stratus 1999,
or CS99) were again conducted in unbroken
marine stratus off the coast of Oregon and
utilized the Wyoming King Air and the Wyoming
Cloud Radar (95 GHz airborne radar).

4. General cloud characteristics

Data from two days will be discussed in some
detail in this paper. On 15 September 1995 a
solid cloud cover, without visible breaks, was
observed 30-80 km off the Oregon Coast. This
day was analyzed in detail in V98. ltis
recommended that the reader consult this paper
for more details about the observations made on
this day. Cloud base was at about 380 m and
cloud top was at 700 m. The lapse rate from the
surface up to cloud top was -5.0 °C/km. The
temperature inversion at cloud top was 7 °C over
a 100-m height interval. The average LWC near
cloud top was about 0.55 g m™, about 90% of the
adiabatic value.
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The second day, 17 August 1999 also had a
solid cloud cover for most of the region studied.
The area studied, again, lies 30-80 km off the
Oregon Coast. Cloud base was about 400 m and
cloud top ranged from about 730 m to 800 m.
The lapse rate from near the surface to 500 m
was about -9 °C/km and the lapse rate from this
height to the inversion at cloud top was about 4
°C/km. The temperature above cloud top
increased 7 °C over a distance of 200 m. The

w0 810 1260

LWC were relatively weak at all heights in the
cloud. Most were below 0.1 and the highest
correlation of 0.3 was observed only once. The
CS99 data yielded different results. For 17 Aug
1999, and for other days from CS99, correlation
values are generally above 0.2 at various levels
in the cloud deck, both low and high. There are
several values above 0.3, and two highest values
are 0.41, and 0.46. Correlations between w and
NEssp are also strong. Correlation values for 15
Sept. 1995 were 0.39 in the upper part of the

Q

1710 2168 2810

Fig. 1. Vertical cross-section of the cloud deck for 17 August 1999 as observed by the Wyoming
Cloud Radar on board the King Air. The distance traversed in the cross-section is nearly 2.8 km. The
y-axis represents height in meters above sea level. Reflectivity ranges from 0 to —25 dBZ.

temperature at cloud base was 12 °C. The
average LWC value for the cloud was 0.6. An
adiabatic value of LWC would be near 0.7.

5. Radar observations

A representative vertical cross-section of the
reflectivity field is shown in Fig.1 for 17 August
1899. Maximum reflectivities were about -2 dBZ.
The reflectivity field is similar to the reflectivity
field for 15 September 1995 in V98. A cellular
structure in the echoes can be seen; the high
reflectivity cells extend downward from near echo
tops. There is a thin fayer of relatively uniform
structure at the upper echo boundary. Echo top
is less uniform in height than was the 15 Sept.
1995 case.

. The correlation between reflectivity and
Doppler velocity for 17 August 1999 shows the
same reverse S shape as was described in V98,
This has been also seen in several of the days
analyzed so far in the CS99 data. Atlower
aftitudes, higher reflectivity values correspond to
downward Doppler velocities as would be
expected when drizzle is present. However, the
correlation reverses in the upper third of the
cloud. »

6. Vertical velocity correlations

Correlations between w and in-situ
measurements of LWC, Nessp, Noned, and mean
drop size were examined for different level flight
segments in the cloud deck. For all the days
analyzed in V98 correlations between w and
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cloud deck and 0.44 in lower part of the cloud
deck. For 17 Aug: 1999 correlations are between
0.26 and 0.46 for flight levels ranging from just
ahove cloud base to about two thirds of the cloud
depth. Correlations between w and Nrssp are
strong for all days studied during CS89.

A more detailed analysis of the nature of the
correlations in the 1999 data was performed by
comparing deviations in LWC and in w from their
surrounding mean values over scales varying
from 20-100 m. In general both coincidences of
increases in LWC and increases in w, and
coincidences of decreases in LWC and
decreases in w were found. However, the
number of the latter events far outweighed the
former. This finding indicates a dominant role of
downward moving air with reduced LWC,
possibly as a result of entrainment of drier air
from cloud top.

It should also be noted that on one occasion
during CS99 (21 Aug 1999) we found a fairly
strong negative correlation between LWC and w
(values between ~0.25 and -0.34). This day does
not support the claims made above and so the
idea of diluted regions of downward moving air
does not seem to be a general one. Examination
of the specific 'events’ showed that on this
occasion lower LWC accompanied positive
pulses in w, while negative pulses in w had
higher LWC. More analysis is needed to
determine why this day is different.

Both 15 Sept. 1995 and 17 Aug. 1999 showed
strong negative correlations between w and



mean drop diameter. Other days studied in both
1995 and 1999 consistently show this correlation
at all levels within the cloud deck. Values
generally showed magnitudes greater than —-0.15,
going as high as ~0.53. There seems to be no
trend between weak correlations and height
within the cloud deck. The strong negative
correlations between mean drop size and w are
also supportive of new drops being created in
updrafts. The correlation between w and Nonede
(drops with d > 50 pum) is weak for 17 Aug. 1899:
a maximum value of 0.26 occurs at lower levels
in the cloud. This contrasts with the value of 0.45
for 15 Sept. 1995 in the upper portion of the
cloud deck..

7. Vertical velocity correlations with different
drop size ranges.

In order to further dissect the correlations
described in the preceding, the relationships
between w and the concentrations of drops in
individual size bins of the 1-DC and the FSSP
probes were investigated. A representative result
is shown for a data segment (27 km in extent)
from 15 Sept. 1995 in Fig. 2. These data are for
480 m altitude, about 1/3™ of the way up in the
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Fig. 2. (a) Cloud drop distribution from FSSP, 1-D
and 2-D data on 15 September 1995. (b) Plot
showing the ratio, for each bin of the FSSP and 1-D
probe, of drop concentrations in the 80" percentile
of vertical velocities to drop concentration in the
lower 20" percentile of vertical velocities.

cloud layer.

In order to maintain sufficient sample sizes in
spite of the stratification by droplet size, the
comparison is restricted to the uppermost and
lowest 20% of the vertical air velocity. For the
data shown in Fig. 2, the mean value of w for the
uppermost 20 % of vertical velocities is +0.38 m
s, The mean Nesse value corresponding to
these velacities is 196 cm™, the mean FSSP-
calculated LWC is 0.24 g m™, and the total
calculated reflectivity is —20 dBZ. For the lowest
20 percent of vertical velocities, the mean w is
~0.48 ms™ Nrssp = 115 cm™, FSSP calculated
LWCis0.2g m'3, and the total calculated
reflectivity is —21.5 dBZ.

The ratios of concentrations in the uppermost
to the lowest 20 percent of vertical velocities for
the different drop sizes is shown in the lower
panel of Fig. 2. Values significantly different from
unity are evident. A first peak occurs at a
diameter of about 10 um with a ratio of drop
concentrations of about 2.5, i.e. there were 2.5
times more droplets of these sizes in areas of the
largest upward velocities than they were in areas
of largest downward velocities. The second
significant region of departures from unity is at a
diameter little larger than 20 um. The ratio at this
dip is about 0.6 indicating that there are nearly
twice as many drops of this size in downward
moving air than in upward moving air. The third
size region of interest is that of the drizzle drops
(from the 1-DC data) where ratios are generally
above unity and have values of about 6 near 120
pum diameter.

The pattern shown in Fig. 2(b) has been
observed for about 22 level flight segments from
8 days at various heights within the cloud decks.
There seems to be no dependence of the shape
of this curve on height within the cloud deck. For
almost all the days studied from 1995 and 1999
data, ratios at the first peak ranged from 2-3, for
diameters of 9-11 um. The dip in the curve has
also been observed consistently, and found to be
similar in amplitude and location, for all days
analyzed, at all levels within the cloud deck. For
the drizzle sizes, the range of ratios found on
other days was from 2 to 7, at diameters from 50-
100 pm. In the largest size bins of the 1-DC
probe, ratios almost always drop to values of
unity or slightly lower.

8. Conclusions

Data from the 1995 and 1999 observations
support the findings of previous studies, as well
as provide new information about the evolution of
the droplet spectrum in unbroken marine stratus.
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The positive correlation between cloud droplet
concentrations and vertical velocity seems to be
a quite general feature of marine stratus and
stratocumulus. Our analyses show that this
correlation is dominated by droplets of about 10
um diameter and does not extend over the entire
range of cloud droplet sizes. Indeed a negative
correlation is the rule for droplets around 20 pm
diameter. The pattern reverses again for drizzle
drops, which are found in higher concentrations
in upward moving air than in downward moving
air. This latter finding is also supported by the
correlation of radar reflectivity and Doppler
velocity. There is a yet unresolved disagreement
between the radar data and the in situ data, in
that the correlation in the radar is as just
described only in the upper 1/3 of the cloud
layers while the in situ data show the same
pattern at all heights within the cloud. The
negative correlation for drops around 20 pum
diameter is a puzzling result, which is yet to be
explained.

The correlation between vertical air velocity and
LWC appears to be variable from case to case.
No correlation was reported by Va8, Most of the
1999 data so far examined show reasonably
strong positive correlations. One case in 1999
exhibited a strong negative correlation.

Examinations of the individual events
(coincident local peaks in vertical velocity and in
Nrssp or LWC), which lead to the statistical
correlations, reveal that in the 1999 data the
strongest signals are from downward moving air
and reduced Nrssp or LWC. Negative buoyancy
due to entrainment of dry air and evaporation
may be one of the reasons for this observation,
but other possibilities exist and we have not yet
pursued the question far enough to know which
explanation is the most credible.
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Observed Boundary Layer Humidity Distributions and Errors in Parameterised Cloud Fraction

By Jeremy D. Price’

The Met. Office, UK

1. Introduction

Cloud fraction parameterisations often use
specific probability distributions for humidity, an early
example of which was presented by Sommeria and
Deardorff (1977). Smith (1990), describes a triangular
distribution function which is the scheme currently
used by the UK Meteorological Office. The cloud
fraction is calculated by estimating the fraction of the
distribution which is moister than the saturation value.
A variation of the scheme discussed by Smith (1990),
is presented in Cusack et al (1999) for use at climate
scales. In their work, the width of the triangular
function is scaled individually for each grid box in an
attempt to simulate the sub-grid scale humidity
distribution. The method used to estimate the sub-grid
scale humidity variation is a statistical one which
interpolates the resolved grid scale features to smaller
scales by assuming a spectral power law which
follows a —5/3 slope. This approach appears to give
improved climatological scale cloud fraction estimates
compared to the earlier scheme by Smith. However,
spectral power plots often show variation from a slope
of —~5/3, and therefore it might be expected that a
more physically based estimation of sub-gridscale
variation of humidity may show further benefits.

The aim of the present paper is to use
experimental data to examine boundary layer humidity
probability distributions for a selection of different
boundary layer types and test the effectiveness of
various parameterised distributions. The emphasis is
on understanding the small-scale structure on scales
of a few kilometres, which are relevant to mesoscale
sub-grid parameterisations. Experimental data were
examined from nine boundary layer case studies,
which were chosen from a much larger number of
cases to represent a wide range of atmospheric
conditions. From those cases humidity distributions
were deduced for forty-two discrete periods/altitudes.
Four types of mathematical function are fitted to the
data: A normal beta distribution, a symmetric beta
distribution, and two triangular functions with different
width. The first is scaled to fit the data while the
second is scaled to fit the intrinsic distribution (see
later). The performance of each of these functions is
assessed by comparing their errors in the estimate of
cloud fraction. Section two presents the experimental
data and discusses various types of humidity

distribution and section three presents the analysis of
cloud fraction errors.

2. Humidity Distributions
(a) Definitions and initial analysis

Data used for this study were collected with
the UK Meteorological Office tethered balloon facility
between 1996 and 1999. The experiments were
typical boundary layer studies, examples of which can
be found in Price (1999) and Price (2000). Data used
were from level turbulence runs, where probes are
placed at a fixed height for periods of approximately.
one to three hours. The resulting time series were
divided into sectors which represented a range of
length scales from ~2-20km. These length scales
were simply defined as the distance air was advected
during each sector. As such, data in each sector will
approximate to the range of values present in a grid
box with a size equal to the length scale, and over the
time period taken for the air parcel to advect over the
observation site. Actual total specific humidity (i.e.
liquid plus vapour) probability distributions were
calculated using a bin-type method whereby the range
of observed values was divided into 100 sub-ranges.
It became apparent on plotting a number of
distributions that although there was a wide variety of
shapes and widths, they could be classified into four
basic types. These were defined as: gaussian,
skewed, platykurtic and multimodal types, depending
on how closely each conforms to a simple unimodal
gaussian type distribution. The formal definition is as
follows:

Gaussian, ‘G’ type: distribution is unimodal,
symmetric or nearly symmetric and close to a
gaussian or triangular shape.

Skewed, ‘S’ type: distribution is unimodal, but
has significant skewness. Also includes
types with small skewness but a flattened
non-gaussian/triangular peak.

Platykurtic, ‘P’ type: distribution is poorly
defined with either no clear singular peak in
the distribution, or a very wide peak of non-
gaussian or triangular shape.

! Authors address: Meteorological Research Unit, Cardington Airfield, Shortstown, Bedfordshire, MK42 0SY, UK;

E-mail, jdprice @ meto.gov.uk
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Figures 1a-d. a) Example of an observed total specific humidity distribution, standard deviation and skewness for
a G type distribution. b): as a), but for an S type distribution. c): as a), butfora P type distribution. d): as a), but

for an M type distribution.

Multi-modal, ‘M’ type: similar to P type but
where there are at least two distinct populations in the
distribution.

P and M types are likely to be more difficult
to model due to their poorly defined shape. Examples
of each type of distribution are given in figures ta-d.
Typically, G type distributions were found to have the
narrowest width with maximum and minimum values
of specmc humidity normally having a difference of
<1gkg P type distributions normally have the widest
width which can be several gkg'. The minimum,
average and maximum  distribution standard
deviations of the 42 data series examined were, 0.02,
0.28 and 1.73 gkg' respectively. The distribution
widths therefore showed considerable variation. The
retative abundance of each type of distribution in the
data sampled is given in table 1.

Table 1
Distribution I G S l p ‘ M
type
Percentage ‘ 12 [ 38 ’ 26 [ 24
occurrence

It can be seen from the tabie that G type
profiles are relatively rare and that S type is the most
common. The split between profiles that are relatively
well defined (G & S type), and those poorly defined (
P & M type) is 50/50. It was found that profiles near
the ground were almost always G or S type, whilst
those away from the surface layer were rarely G type.
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a), but for P type distribution. d) as a), but for M type distribution.
(b) advective probesses series. Results showed a lot of scatter in the data and
: that for length scales of Skm or less, ca may be
Examination of any time series will normally indicate  considered negligible, but becomes larger and
whether advection modulates the distribution. increasingly important at longer scales. However, this

Advection was seen to have the effect of significantly
broadening some distributions. By using a linear or
polynomial regression, it is possible to separate the
advective from the intrinsic insitu distribution. A
quadratic regression was used with the data in this
study. It was noted that after removal of advection, the
remaining intrinsic distribution usually became more
gaussian in  nature, indicating that intrinsic
distributions are G or S type, and become broadened
by advection. The relative importance of advective
and insitu effects on the original time series can be
deduced from the ratio of their standard deviations. In
general the insitu distribution was slightly wider with
the average value of the ratio 6. / oi =0.84. Both
processes therefore play an important role in forming
the distribution.

The data were also used to investigate the
relation between o, and the length scale of the time

relation is approximate and estimates of ca from
length scale will be prone to significant error.

Distributions in relative humidity were also
examined and seen to be similar to those in specific
humidity

3.Cloud fraction errors

The definition of cloud fraction appropriate to
a humidity probability density function, f(x) is,

J, s&@
C, ="t
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where gsa is the normalised saturation value of
specific humidity. At any given value of g.. the cloud
fraction error for a given distribution is ,

_ [ r&) [ 1)
T @ [ re)

where f(o) is the observed distribution function.
Equation (1) was used to evaluate the cloud fraction
error over 50 intervals of humidity for each of the four
distribution functions. The results, for the four data
series presented in figure 1, are shown in figures 2a-
d, which display the error as a function of cloud
fraction. The average error over the entire fraction
range is also presented. Immediately obvious from
these figures is that the cloud fraction error is a strong
function of cloud fraction in most cases, and that the
location of the maximum errors depends mainly on the
observed distribution. Typically the error will oscillate
and change sign throughout the cloud fraction range.
As expected, figure 2a, which depicts the G type
distribution, shows small errors from all of the
functions throughout the cloud fraction range. Errors
for the S distribution are significantly larger (except 8
) than for the G distribution. Note that since the
function has accounted for the skewness, its error is
significantly smaller than the other distributions, and
that the T; function error is significantly larger than
average due to its inability to represent the advective
term. Figures 2c and 2d shows a similar result to 2b.
Note that at certain cloud fractions the errors can be
large. Although average errors over a range of
climatologies may be small, local errors, which are of
significant importance for weather forecasting
services, may be very significant. It is therefore
important to choose a distribution function which
minimises both climatological and local errors.
Bearing in mind those criteria, in the study conducted
here the B function consistently performed best,
followed by (in order) Ta, Bs and Ti. The average of all
these data are given in table 2.

Table 2

Distribution B Bs Ta ‘ Ti
function

Average

cloud 1 0.035 \ 0.054 ‘ 0.039 ’ 0.056
fraction error

The most important conclusion to be made
from table 2, by comparison of Ty and T, is that
accounting for advective influences on humidity
distributions can significantly reduce the cloud fraction
error (by approximately 30%).
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ON THE INFLUENCE OF ICE PRECIPITATION ON STRATUS CLOUD DYNAMICS
OVER THE MARGINAL ICE ZONE

Jerry Y. Harrington! and Peter Q. Olsson?

!Geophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska

2Alaska Experimental Forecast Facility, University of Alaska Anchorage, Anchorage, Alaska

1. INTRODUCTION

The marginal ice zone (MIZ), and the overlying atmo-
sphere, make-up a unique coastal environment which is char-
acterized by sharp changes in surface and atmospheric
properties as one traverses the ice edge. Of particular impor-
tance is the dramatic contrast between the surface sensible and
latent heat fluxes of the solid ice sheet and the open ocean.

The atmospheric/oceanic response to this strongly dis-
continuous region is complicated and reveals sensitivity to
ambient stratification, large-scale flow strength and direction,
vertical and horizontal shear, and cloud cover. During periods
of off-ice flow cold, stable air is subjected to large surface heat
and moisture fluxes producing explosive convective develop-
ment (Lupkes and Schlutzen 1994). This is particularly true
when the air originating over the ice pack has been static for a
significant period of time (e.g. Curry 1983). The flow of
extremely cold air off of the ice pack, which is often referred
to as a “cold-air outbreak”, is accompanied by intense convec-
tion, precipitating mixed-phase clouds, and significant BL
modification.

Over the past decade, there has been some effort to model
the convective development which occurs during off-ice flow.
A large portion of this work to date has focused on either ther-
mal internal boundary layer development (e.g. Lupkes and
Schultzen 1996), momentum impacts due to spatial-ice varia-
tion induced changes in surface drag (e.g. Kantha and Mellor
1989), and on the development of roll convection (e.g. Chlond
1992). However, few efforts have been directed towards under-
standing the impacts of cloudy processes on the BL over the
MIZ. The work of Rao and Agee (1996) and Olsson and Har-
rington (2000) showed that both liquid-phase and mixed-phase
clouds have a significant impact on TIBL development over
the MIZ. An issue left unaddressed by that work, is the influ-
ence of ice crystal concentration on BL development. In par-
ticular, the impact of ice nuclei (IN) concentrations, which can
strongly constrain the cloud dynamics (e.g. Harrington et al.
1999), is not well understood. In this work, we make an initial

Corresponding author’s address: J. Y. Hérrington, Geophys-
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attempt to examine the potential importance of the ice phase,
and IN concentrations, on strongly surface forced BLs.

2. NUMERICAL MODEL

The numerical model used in this work is a version of the
Regional Atmospheric Modeling System (RAMS) developed
at Colorado State University. This model has been used in both
2-D eddy resolving model (ERM) and fully 3-D large eddy
simulation (LES) mode to study the Arctic BL (e.g. Har-
rington et al. 1999). Because of the exploratory nature of this
study, we use the ERM since it is computationally expedient
but still captures the essence of the dynamic-microphysics-
radiation interactions (Harrington et al. 1999).

The dynamic framework is coupled to a sophisticated
microphysical model (Walko et al. 1995). This model repre-
sents the evolution of various liquid and ice hydrometeor spe-
cies, and the various conversions between different species.
While complex and state-of-the-art, the model is limited in
that certain components of the hydrometeor size spectra must
be prescribed a priori.

This microphysical model is coupled to a detailed two-
stream radiation scheme (Harrington and Olsson 2000) which
computes absorption by gaseous H,0, CO,, and Os, and scat-
tering and absorption by liquid and ice hydrometeors.

3. REFLEX II March 4, 1993 CASE

The case used for these studies is one that was observed
during the Radiation and Eddy Flux Experiment (REFLEX II)
in 1993 off the northwest coast of Spitsbergen. The off-ice
flow on this day brought exceedingly cold and stable air (T,.
race ~ -35C) over a relatively warm ocean (SST ~ 0C). The sur-
face sensible and latent heat fluxes from the ocean produced
intense convection and rapid BL development (Lupkes and
Schultzen 1996). Organized roll convection was produced a
short distance off the ice edge (~ 50 km) which was trans-
formed to cellular convection further over the open ocean (~
200 km).

4, NUMERICAL STUDIES

The RAMS model was set up for this study with a (x,z)
domain size of 8.4 by 4.6 km. The grid-spacing used was AX =
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60m and AZ = 30 m. To simulate the effect of moving this grid
over a warm ocean, the lower SST boundary of the model was
warmed using the SST-gradient given in Lupkes and Schultzen
(1996).

Studies were conducted in which the hydrometeor phase
is varied systematically. Table | lists acronyms for the various
simulations. We begin with simulations using the non-precipi-

TABLE 1.  MIZ Sensitivity Simulations
Simulation Acronym
Liquid-phase LP
Mixed-phase, IN MP_INS
Mixed-phase, INy/10 MP_INT
Mixed-phase, IN/100 MP_INH

tating, liquid-phase bulk microphysics (LP). We then include
the effect of the ice-phase on the MIZ BL evolution by using
the standard ice nucleation formulations (IN;) in the bulk
microphysics (MP_INS). This is important because ice nucle-
ation at these temperatures (T > -35C) is predominately heter-
ogeneous (i.e. due to IN), and ice concentration strongly
influences precipitation fluxes out of mixed-phase stratus
(Harrington et al. 1999). Unfortunately IN are only marginally
understood in general, and this is especially true at high lati-
tudes (Bigg 1996).

Because of this, we undertake a set of exploratory sensi-
tivity simulations in which IN concentrations are reduced by a
factor of 10 and 100 (MP_INT and MP_INH, respectively).
This is done to emulate relatively clean arctic conditions, since
the IN formulations used in most models are from lower lati-
tudes (Walko et al. 1995).

4.1 Comparison ofmicrophysical schemes

In this section, we intercompare LP and MP_INS. Figure
1 shows contours of the liquid water content (LWC) and ice
water content (IWC) superimposed on contours of turbulent
kinetic energy (TKE) as a function of time. In the case of LP,
the water content increases in time as strong surface latent
(Flste ~ 180 W m2) and sensible (Fy g ~ 300 - 500 W m™®)
heat fluxes moisten and deepen the BL (reaching nearly 2400
m by 8 hrs). Significant cloud top radiative cooling, in con-
junction with strong surface heating, produces TKE as large as
30 m? 572, The addition of the ice phase produces a drastically
different cloud evolution. In MP_INS, the liquid phase is
essentially depleted by ~ 1 hr by glaciation, Water contents are
lower than LP and they undergo strong undulations with time.
The BL is less deep (reaching ~ 1800 m by 8 hrs) and much

Liquid Phase (LP)

Height [m]

Height [m]

Time [hr]

FIGURE 1. Shaded contours are water content (g
m3) while solid contours are TKE (m? s‘z).

less turbulent (TKE < 8 m? s°2). Comparison with observations
show that ihe inclusion of the ice phase drastically improves
the prediction of BL depth and structure.

So, what is the reason for the significantly reduced TKE
and BL depth in the case of mixed-phase clouds? Figure 2
shows an x,z cross-section of clouds and eddies at ~ 230 km
from the ice edge. Note that the water contents (mostly ice) are
high in the updraft regions and that the downdraft regions are
essentially clear. In comparison to the liquid-phase case

Height [m]

X [kmf

FIGURE 2. Shaded contours are jce water content
(g m™) while solid vectors are w and perturbation u
(m 57! for case MP_INS.

MP_INS has significantly less water content at the top of the
cloud due to ice precipitation. Thus, weaker cloud-top radia-
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tive cooling occurs in MP_INS and this reduces the strength of
the circulations. However, there are two more important rea-
sons for the reduction in TKE and BL depth in MP_INS.
Figure 3 shows profiles of the updraft and downdraft
buoyancy flux for both LP and MP_INS corresponding to the
location in Fig. 2. Note that in the case of LP both updrafts and
downdrafts are producing TKE, except for the negative
entrainment flux at the top of the downdrafts. This, however, is
not the case for MP_INS. Updrafts are still positively buoyant
and producing significant TKE. However, downdrafts are
warm leading to TKE consumption, and reduced eddy
strength, This occurs because, during significant glaciation, ice
is precipitating rapidly out of updrafts (Fig. 2). However, the
20 ¢

20 r
|’\q MP_INS
7/
15 1571 //
E T /
Z 1.0} £ 10} 1
N N \ drat
N updraf
0.5 | L AN
l:lowndraﬂ

0.0 - - :
-04 -0.2 0.0 02 0.4
W8> [m° s

0'0 L L |
~-0.1 0.0 0.1 0.2 0.3 0.4
<w8'> [m’ 57

FIGURE 3. Updraft and downdraft buoyancy flux for
the time-period shown in Fig. 2. Labels on figure.

latent heat released during vapor deposition remains in the
updraft and this warmed air must now be forced down in
downdrafts, consuming TKE. This mechanism is similar to
that posed by Stevens et al. (1998). Because circulation
strengths are reduced during glaciation, so are downward
momentum fluxes, and this reduces surface wind speeds and,
hence, surface heat fluxes. This process also drives down the
TKE, as we shall see in the next section.

4.2 Sensitivity Studies

The above simulations of mixed-phase clouds have ice
concentrations that vary between 1 and 25 L'L. This is some-
what higher than ice nuclei measurements in the Arctic (e.g.
Bigg 1996). Because of this, we reduce the modeled IN con-
centrations by a factor of 10 and 100 (MP_INT and MP_INH)
for better agreement with observations. Additionally, this
allows us to illustrate how strongly BL dynamics are modu-
lated by ice precipitation.

Figure 4 shows the evolution of the liquid and ice water
paths (LWP, IWP) for the sensitivities in Table 1. With respect
to MP_INS, fewer IN produces larger ice crystals with shorter
in-cloud residence times. Thus, the impact of the Bergeron-
Findeisen process is weakened, allowing for liquid to persist
further into the model run before complete glaciation occurs

= ,

= 500 —— MP_INS

g _ 400 | L= "7 MPNT

£ v 300 o \ ——- MP_INH

= E 200 ;(:‘--" \

T K \

& 1°g . N
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= 1000 | N

& _ 800 I\

x 7. 600 ~ -
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FIGURE 4. LWP and IWP for sensitivities in Table 1.

(MP_INH). This delayed glaciation occurs because it takes a
significant amount of time for crystal concentrations to build
to critical levels,

The number of IN has a significant impact on the strength
of the convection (Fig. 5), even in this strongly surface forced
case. The case with few ice crystals (near 0.1 Ltin MP_INH)
has BL convection similar to LP (not shown) until glaciation
occurs, At that point, heavy ice precipitation reduces TKE and
wx from ~ 7 m s to ~ 2 m s°L. Periods of heavy precipitation

8.0 |

200 300
Time [min]

0 100

FIGURE 5. Convective velocity for cases labeled in
Fig. 4.

from mixed-phase stratus tend to be more prevalent than from
pure liquid clouds and this enhances the stabilizing influence
discussed above.

As TKE is reduced through ice precipitation, downward
momentumn fluxes in the BL also decrease. This has the effect
of decreasing the surface wind speeds by up to 3.5 m s™. Since
surface sensible and latent heat fluxes (F; s, and Fj g respec-
tively) depend strongly on surface winds, ice precipitation has
a significant impact on these quantities. As one can ascertain
from Fig. 6, F ¢, and F) g1 can vary by as much as 60 - 120 W
m™? depending on the IN concentration. Of course, this feeds
back into the BL convection. For example, in MP_INH, the
insignificant precipitation at time < 300 min has a weaker sta-
bilizing influence on the BL and F . is similar to the other
sensitivities. Once glaciation occurs, strong precipitation
reduces convective mixing which reduces the wind-speeds at
the surface and, therefore, reduces both Fy ¢, and F .. This
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FIGURE 6. Surface sensible and latent heat fluxes.
Lines are labeled as in Fig. 4.

causes further reductions in TKE, ‘which further reduces the
surface winds. Hence, this constitutes a positive feedback pro-
cess whereby ice precipitation stabilization of downdrafts
works in conjunction with reduced Fj g, and Fj ¢ to further
drive down convection.

Whether or not processes such as these would have an
effect on phenomena such as ice rafting and the MIZ ice distri-
bution wonld depend on whether or not significant glaciation

occurs closer to the ice edge.

5. CONCLUDING REMARKS

In this work, we have undertaken a set of exploratory
studies to examine the potential impact of ice-phase micro-
physics on the BL and surface processes. Earlier works have,
for the most part, ignored detailed cloud processes over the
MIZ. The work of Harrington et al. (1999) illustrate that ice-
phase processes have a strong impact on cloud-scale dynam-
ics. However, ice nucleation (T < -35C) is predominately due
to IN which then controls ice concentration and, hence, ice
precipitation. This motivated the current exploratory studies.

The exploratory work of the preceding sections shows the
following:

® Mixed-phase clouds have a significant impact on BL
dynamics in strongly surface force situations.

e Periods of glaciation, and significant ice precipitation,
produces BL stabilization in three ways. The first is
through direct stabilization of downdrafts, the second is
through reduced surface heat fluxes, and the third is
through reduction in cloud-top radiative cooling.

e Glaciation, and the attendant reduction in BL circulation
strength, is dependent upon IN concentrations which con-
trol precipitation. For cases with lower IN concentrations,

LWPs can persist and increase. This delays glaciation, but
when glaciation does occur the effects of precipitation are
stronger.

®Reduced surface sensible and latent heat fluxes are
caused by reductions in surface wind-speed. In turn, this
is produced by weakened convection due to precipitation,
which reduces momentum fluxes to the surface.

While the above issues are intriguing, they must, at this
point, be considered hypothetical. Further studies are needed
with more complete data-sets.
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MULTI-SCALE ANALYSIS OF IN-CLOUD VERTICAL VELOCITY
DERIVED FROM 94-GHz DOPPLER RADAR
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1. INTRODUCTION

When present during cold-air outbreaks over warm
water, mesoscale structures, such as cloud bands and
hexagonal cells, represent the organization of the verti-
cal transport of heat and moisture from the surface to
the cloud layer (Etling and Brown 1993). The contin-
ued development of more accurate boundary-layer mod-
els examining lake-induced convection therefore requires
a better understanding of the vertical velocity structure
of clouds and the interaction between different scales of
motion. As part of the Lake-Induced Convection Exper-
iment (Lake-ICE, Kristovich et al 2000), The Pennsyl-
vania State University 94-GHz vertically-pointing cloud
radar was deployed on the downwind shore of Lake
Michigan. The dataset collected during Lake-ICE, with
its high resolution and longevity, lends itself to the study
of the different scales of motion and their interaction.

The purpose of this project is to better understand
the vertical velocity structure of lake-effect snow clouds,
thus contributing to more accurate models of lake-
induced convection and improved forecasts. Various
time series analysis techniques are used to examine the
vertical velocity structure of a lake-effect storm.

2. LAKE-ICE

The vertically-pointing PSU cloud radar, deployed in
December 97 - January 98 as part of Lake-ICE, was
positioned on the downwind shore of Lake Michigan, in
Muskegon, MI. The current work focuses on results from
13 January 1998, when the radar operated continuously
for over 18 hours. The sounding data on 13 January
indicate in-cloud temperatures ranging from -18°C to
-14°C, wind speeds of 8-16 m s™!, and wind directions
of 240 to 300°. With the lake temperature during the
experiment of about 4°C, the synoptic conditions were
favorable for intense boundary layer convection.

One set of Doppler power spectra was recorded every
7.5 seconds, with a data collection cycle of about 5

*Corresponding author address: Natasha L. Miles, Depart-
ment of Meteorology, The Pennsylvania State University, Uni-
versity Park, PA 16802; e-mail: nmiles@essc.psu.edu

seconds and a processing cycle of about 2.5 sseconds.
With typical wind speeds of 8-16 m s™!, the along-wind
dimension of the radar resolution volume was thus 40-80
m. The vertical resolution was 30 m.

The data were processed using a technique {Babb
and Verlinde 1999) that removes the effects of turbu-
lent broadening from a Doppler power spectrum to give
the quiet-air fall velocity spectrum of the population
of cloud particles without any assumptions about the
shape of the particle size distribution. We assume that
the smallest detectable particles have essentially zero fall
velocity. Therefore, the mean motion of the air within
the radar resolution volume is determined.

3. RESULTS AND DISCUSSION
3.1 Wavelet Analysis

Preliminary analysis of the vertical velocity data indi-
cates that there are several scales of coherent motion.
Although the measured data includes vertical profiles
from cloud base to near cloud top, the focus of the sec-
tion is on a time series at one mid-cloud height (900 m,
~0.82 7). Throughout this continuous 18-hour time
series, beginning at 12:17 UTC on 13 January 1998,
the vertical velocity changed in both frequency and am-
plitude. This non-stationarity in time suggests the use
of wavelet analysis. Shown in Fig. 1la is the wavelet
power spectrum as a function of both period and time
for the time series of vertical velocities, where we have
used a Morlet wavelet (Torrence and Compo 1998). In
Fig. 1a, white shading corresponds to high power re-
gions and black to low power regions. Zero padding has
reduced the power in the area below the black curve.
In Fig. 1b, the global power is plotted as a function
of period, with the periods of the peaks are indicated
to the right of each peak. These peaks correspond to
long-scale (184 min), mid-scale (46 min) and short-scale
(11.5 min) structures. Since there are only about 6
full oscillations of the 184-minute period, information
about the time variation of the long-scale structure is
smeared and the power in that period range appears
approximately constant throughout the entire analysis
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Figure 1: a) Wavelet power spectrum as a function of period and time for a time series of vertical velocities at
a height of 720 m (~ 0.65 z;). b) Global power as a function of period. Associated periods (in minutes) are

indicated to the right of the peaks.

period. The power in the mid-scale is, however, in-
termittent, with three periods of stronger activity each
lasting about 200 minutes and followed by weaker activ-
ity. The short-scale variations are stronger during peaks
in the mid-scale organization, suggesting a relationship
between mid-scale organization and short-scale activity,
although some strong short-scale peaks occur during
weaker mid-scale activity.

Possible physical explanations for these peaks are:
mesoscale gravity wave activity (184 min), cloud bands
or cellular structures (46 min) and thermal-scale struc-
tures (11.5 min). Although it is difficult to distinguish
between banded structure and cellular structure with a
vertically-pointing instrument, prior studies have found
cloud bands associated with lake-effect storms (Kris-
tovich 1993, LeMone 1973, Walter and Overland 1984).
Cloud rolls were observed via satellite over land on 13
January 1998, with a more cellular structure observed
over the lake {Fig. 6 in Kristovich et al 2000). The
radar's location on the shore of the lake placed it the
transition area between these two regimes.

3.2 Conditional Sampling

To investigate the interaction of the different scales
of motion indicated by the wavelet analysis, the data
were processed with three different amounts of smooth-
ing, each highlighting a different scale. These results
are shown in Fig. 2, where the thin black line represents
the short-scale variations, the thick black fine is the mid-
scale variations, and the gray line is the long-scale vari-
ations. Results are quantified according to location in
a mid-scale updraft. A mid-scale updraft is defined as
a time interval where the mid-scale curve is above the
fong-scale curve; conversely, a mid-scale downdraft is
where the mid-scale curve is below the long-scale curve.
Subtracting the mid-scale curve from the small-scale

curve yields the local variations in the vertical velocity.
The local variations are binned according to whether
they occur in a mid-scale updraft or downdraft region.
Shown in Fig. 2b and 2c are probability distributions of
the local variations in mid-scale updraft and downdraft
regions, respectively. Positive values represent short-
scale updrafts, whereas negative values represent short-
scale downdrafts. Both short-scale updraft and down-
drafts are larger in magnitude in mid-scale updrafts than
those in mid-scale downdrafts. Quantifying this obser-
vation, the variance in the local variations in mid-scale
updrafts regions is 0.037 m? s~2, compared to 0.015 m?
s72 in the mid-scale downdraft regions. These results
suggest that mid-scale updraft regions are characterized
by stronger convective activity. Furthermore, the local
variations in mid-scale updraft regions are more skewed
towards updrafts than the local variations in mid-scale
downdrafts.

3.3 Vertical Coherence

Next, we focus on a 90-minute time period spanning a
strong mid-scale updraft. Vertical cloud profiles (cloud
base to near cloud top) are included in the analysis.
The observed cloud base height is at 650 m (% 100
m), and cloud top height varies between 900 and 1100
m. Mean vertical velocities are calculated for each radar
resolutions volume (Az = 30 m) throughout the entire
cloud depth, and are shown in the Fig. 3. To emphasize
the velocity structure, velocities greater than 1.0 m s™*
(up) are shown in white and velocities less than -1.0 m
s~* (down) are black. Velocities near zero are shown in
gray. The maximum magnitude of the vertical velocities
is greater than 4.0 m s~!. A downdraft region was
measured from 5 to 15 minutes past the starting point
of 00:30 UTC, followed by an updraft region from 15 to
55 minutes. Another downdraft region exists between
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Figure 2: Time series of 18 hours of retrieved vertical velocity processed with varying amounts of smoothing.
The thin black line represents short-scale variations, the thick black line mid-scale variations, and the gray line
long-scale variations. Vertical velocity probability distributions for local variations on b) mid-scale updraft regions
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Figure 3: Vertical velocity profile from cloud base to near cloud top. To emphasize the velocity structure,
velocities greater than 1.0 m s~ (up) are shown in white and velocities less than -1.0 m s™* (down) are black.
The maximum magnitude of the vertical velocities is greater than 4.0 m s™'.

13" International Conference on Clouds and Precipitation 801



Height (m AGL)

NG ﬁ

i IV

0 1 2 3
Frequency (min")

Height (m AGL)

Frequency (min")

Figure 4. a) Coherence of vertical velocity at each level
with cloud top vertical velocity. b) Coherence of vertical
velocity at each level with cloud base vertical velocity.

55 and 70 minutes, with an updraft region following.
The reflectivity profile indicates lower cloud top heights
associated with mid-scale downdrafts and higher cloud
tops during mid-scale updrafts (not shown).

In order to study the nature of the convection, co-
herency analyses were performed. Coherence quantifies
the correlation between two signals; the more closely
related the signals are, the closer the coherence is to
one. The coherence of each level with cloud top and
cloud base is shown in Fig. 4 a and 4b, respectively. At
low frequencies (periods longer than 25-50 minutes),
the coherence with cloud top(base) is high through-
out most of the depth of the cloud. Isolated peaks
of high coherence are not statistically significant. The
coherency of mid-scale and larger structures indicates
that they are aligned throughout the depth of the cloud,
whereas short-scale structures do not extend throughout
the cloud depth. '

4. SUMMARY

The Pennsylvania State University 94-GHz vertically-
pointing Doppler cloud radar was deployed during De-
cember 1997 and January 1998 as a part of Lake-ICE.
A lake-effect event, for which a total of over 18 hours
of data at a temporal resolution of 7.5 seconds was
measured, is analyzed. From the Doppler spectrum,
we estimate mean vertical air motion within each radar
resolution volume from cloud base to near cloud top,
with a vertical resolution of 30 meters. Dominant fre-

quencies are determined using wavelet analysis, show-
ing a spectral gap between the primary scales of motion
(short-scale, mid-scale, and long-scale structures). Co-
herence of the vertical velocity at various heights with
cloud-base and cloud-top vertical velocity is also calcu-
lated, indicating high coherence throughout the cloud
for structures mid-scale and farger. Conditional sam-
pling is used to give insight into the interaction between
different scales of motion. For example, it is shown that
short-scale variations in mid-scale updraft regions are
larger in magnitude than those in mid-scale downdraft
regions.

The dataset collected during Lake-ICE, with its high
resolution and longevity, lends itself to the study of the
different scales of motion and their interaction. The
primary applications of this work lie in boundary layer
meteorology, and more specifically, in convection in lake-
effect storms. By documenting the vertical velocity of
cloud bands as they drift past a point on the down-
wind shore of the lake, we can gain understanding of
their structure. This understanding will, eventually, con-
tribute to more accurate models of lake-effect storms,
and thus better forecasts of snow in the Great Lakes
region.
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1. CONTEXT AND OUTLINE

There are many reasons for investigating the internal
structure of marine boundary-layer (BL) clouds, not the
least being to improve cloud radiation models. Indeed,
these typically spatially extensive and temporally persis-
tent systems have a first-order effect in both solar and
IR radiation budgets. At the same time, it is widely ac-
knowledged that, due to this internal variability, the
standard plane-parallel models used in GCM radiation
schemes are inadequate in spite of the external resem-
blance of these clouds to horizontally infinite slabs. In
cloud remote sensing from satellites, sub-pixel (101-103
m) variability is a concern. Validation of Large-Eddy
Simulation (LES) models is another reason for document-
ing the spatial statistics of BL cloud structure at the
scales they resolve, down to =10' m. Finally, there is a
growing interest in the cloud microphysical community
about the spatial distribution of cloud droplets (e.g.,
Korolev and Mazin 1993; Malinovski et al. 1994).
Recently, this question of smali-scale homogeneity is
recast as whether or not the relative droplet positions
can represented by a spatial Poisson process (Baker
1992 Brenguier 1993; Kostinski and Jameson 1997;
Shaw et al. 1998; Davis et al. 1999; L. Chaumat and J.-L.
Brenguier 1998-1999, private communications).

In this report, our considerations sweep five orders of
magnitude in scale and thus address both LES-related
form tens of kilometers to tens of meters, and
microphysically-motivated issues at sub-meter scales.
We are able to do this because of the airborne
deployment of Gerber et al.’'s (1994) Particle Volume
Monitor (PVM) which can reliably sample cioud liquid
water content (LWC) at 2 kHz, 4 cm at a nominal 80 m/s
aircraft speed. The PVM also has a particle-surface area
channel (not used here). The data used here were
collected on July 26, 1993, during the Southern Ocean
Cloud EXperiment (SOCEX — Phase 1) and we refer to
Davis et al. (1999) for a detailed description of the ex-
tensive dataset and meteorological conditions.

In the following section, we present spectral evidence
for a scale-break in cloud structure at 2-5 m. In section
3, we show this is not an instrumental artifact and that it
is likely to be a manifestation of locally non-Poissonian
droplet distributions. In section 4, we show that the ro-
bust low-order scaling exponents of LWC are similar for
three major campaigns in vastly different areas while
their high-order counterparts are significantly different;
this implies that both correlation and intermittence prop-
erties of marine BL clouds are universal at first-order but
that the details that determine the unstable dynamics of

Corresponding author's address: Anthony B. Davis,
LANL/NIS-2, Mail Stop C-323, P.O.B. 1663, Los Alamos,
NM 87545, USA; E-Mail: adavis@lanl.gov.

strong LWC inhomogeneities depend on the local
climate. We summarize our main findings in section 5.

2. SCALE-BREAK AT 2-5 METERS

A convenient way for analyzing spatial variability on a
scale-by-scale basis is to invoke the Fourier energy
spectrum: E(k)dk is band-pass variance in [k k+dk)
where wavenumber k is related to scale rby k= 1/r. Itis
then customary to seek power-law behavior or “scale-
invariance™:

E(K) ~ kPrange, )
For the LWC data from SOCEX-1, we find two distinct
regimes (cf. Fig. 1c):

Biarge = 1.8, for 10*km<r=1/k<r =~ 5m; (2a)

Bsman = 0.9, for2m = r' < r< 1/kyyq =8 cm. (2b)

This break in scaling at 2-5 m was not expected on the
grounds of atmospheric turbulence phenomenology
where one thinks of LWC as a passive admixture, at
least at small scales. In this case, one anficipates
1/k5-type behavior down to the Kolmogorov-scale
which is centimeters at most; even then the break
involve a trend towards smoother behavior since
molecular diffusion dominates the stretching-mixing
process driven by the passive advection.

Interestingly, scale-invariant processes with p < 1 and
B > 1 have completely different statistical flavors. A
large sample of the large-scale behavior with § = 1.6 can
be visualized in Fig. 1a where we have averaged the raw
4-cm resolution data over 5.12 m segments (128 points).
One can see both large and small jumps but also a high
degree of continuity, hence large variations in local
means at all scales up to at least 10 km. In this
“nonstationary” situation, one has long-range
correlations. The prototype of nonstationarity is
Brownian motion (i.e., the running sum of independent
increments) with 8 = 2 > 1. In contrast, the small scale
behavior with § = 0.9 < 1 illustrated in Fig. 1b is
“stationary.” Again we have large and smail jumps,
however a jump in one direction is followed most often
with one in the opposite direction so there is no
continuity and spatial correlations are short. Local
averages vary little over the domain (up to a few 5-m
segments). The prime example of stationary behavior is
S-correlated or “white” noise with = 0.

We discuss the meaning and origin of the large jumps
at both small and large scales in the next two sections.

3. SMALL SCALES: EXCESS VARIANCE
The simplest interpretation of the scale-break leading

10 excess small-scale variability with a stationary (if not
completely decorrelated) character is that a turbulence-
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Figure 1: Fluctuations in PVM-100A’s LWC Channel Recorded during SOCEX ~ Phase 1. (a) Typical large-scale behavior; note the large as well
as small jumps. (b) Typical small-scale activity; note the spikes, mostly upward here, but that tend to be in both directions when the average
LWC is higher (see Davis et al. (1999)); the eight 5.12-m pixels from panel (a) are visible in white. (c) Energy spectrum for the data in panel (a) as
well as the grand ensemble of 37 different 1.3-km sections; the longest dataset in panel (a) contributes 19 of these, the smaliest dataset a single
one, and others yield 3, 4, and twice 5 sections (details in Davis et al. (1899)).

based signal with 1/k'-® behavior is present but it has The LWC obtained in Eq. (4) corresponds to a certain
become. overwhelmed by uninteresting instrumental number density n(x) of cloud droplets for given size dis-
noise, including the effect of insufficiently fine digitiza- tribution:

tion. To test this hypothesis, we conducted very de- 6(1+V,)3

tailed simulations of PVM-100A operation in a variable n(x) = —-———-—513— Psmall.turb(X) (5)

LWC environment. nPwds '
To this effect, we first generated the following coarse-  \here we have made a log-normal assumption about the
grained version of the field size distribution with effective diameter d, and effective
; xr variance v,. We will proceed here with d, = 29.6 um and
Plarge(X) = 7 fPPVM,obs(X')dX’» xF=01,2735, .. (3) Ve = 0.015; however, we varied these parameters within
¥ the observed range (typically smaller and more numer-

ous droplets, hence less sampling noise) and this does
not change the conclusion we draw below.

For a (laser-beam) sampling volume V, = 1.25 cm?,
n(x)Vs from Eq. (5) would be only a very rough estimate

which is believed to be free of the alleged instrumental
artifacts. We then interpolate the large-scale fractal be-
havior down to the 0.5 mm (=20 kHz) scale of instanta-

neous sampling by the PVM’s fine laser beam; we de- C i
note this field as of the actual discrete number of droplets in the volume at
, ) the time of the measurement. So, we equate it to the
Psmall,wrb(X) = Prarge(X) + fractal_interpolation(x). (4)  mean (N)(x) of a Poisson variable and generate one
The parameters of the interpolation scheme were chosen value for )
to extend the observed spectral scaling in Egs. (1) and _ . _
(2a), with approximately the observed degree of intermit- .N(X) - ran.dom_Pglsson_sample[(Al?(x) = N(X)Vel. (6)
tency. This is the droplet environment in which the PvM  This random integer is then used to simulate the LWC
is presumably operating, mildly non-Poissonian in space.  that the PVM's optical detector would actually measure,
conditional to specified vignetting constraints on large
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and small droplets (see Davis et al. (1998} for details). In
other words, we draw N(x) log-normal random deviates
for the droplet diameters and compute directly

Iﬁ)
np .
Psmall,Pym(X) = (6 V:) ds. @)

=1
This quantity pertains to the instantaneous 1.25 cm?®
volume V; and the internal 20 kHz sampling of the PVM.
[Note that we actually used 16 kHz for the convenience
of having a power of 2 in the fractal interpolation in Eq.
(4).] We therefore simulated exactly the down-sampling
to 2 kHz using the specified frequency response of the
A/D converter (see Davis et al. (1999) for details). This
filtering/re-sampling of pgmai pym(X) leads to ppyi,sim(X)
which can be directly compared to ppym,ops(¥) in Eq. (3).
Davis et al. (1999) thus show that the extreme events,
the spikes in both directions, are missing and therefore
conclude that these features are not instrumental
artifacts. In other words, the PVM is operating in a
significantly non-Poissonian droplet environment,

Figure 2 summarizes in spectral representation the
above attempt to explain the 2-5 m scale break with in-
strumental noise (sampling strategy and digitization).
The unexplained part of the observed variance between
0.1 and 1.0 meter scales is on the order of 22 = 4 or more.
We attribute this excess variance to the LWC spikes in
Fig. 1b, areas where the droplet distribution is surely not
Poissonian in space.
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Figure 2: Evolution of LWC Energy Spectrum in Detailed Simulation
of PVM Operation in a Micro-Variable Environment. See text for an
explanation and Davis et al. (1999) for full details.

Using a simplified Gaussian version of Davis et al.’s
(1999) model for PVM noise estimation, Gerber et al.
(2000) come to the same conclusion as above about the
reality of the extreme deviations LWC, These authors
also find the same scale-break in data captured in
convective clouds and they speculate on the origin of
the outliers in terms of entrainment/mixing processes. It
has been suggested (Wood and Field 2000) that addition
of a drizzle mode can naturally explain the spikes in Fig.
1b without leaving the framework of Poissonian point
distributions in space. This is not an impossibility under
some circumstances, however Gerber and Davis (2000)
recall that the PVM does not respond to drizzle due to a

dramatic cut-off in sensitivity between 60 and 100 um in
droplet diameter.

4. LARGE SCALES: MULTIFRACTALITY

Following Davis et al. (1994) and Marshak et al. (1997),
large-scale statistical properties of LWC are now charac-
terized, beyond spectral analysis, using higher-order
structure functions which is a form of multifractal analy-
sis. Specifically, we compute the I.h. side of

(pOen—p(X)P) ~ -, r=6m =~ r (8
where ris a “lag,” and p = 0 takes real as well as integer
values, and {-) means averaging over x and flight seg-
ments. This is meaningful since the large-scale LWC
fluctuations are nonstationary but its increments, that is,
the random fields p(x+A—p(x) for r = 1, are stationary. As
suggested by the r.h. side of Eq. (8), we then parameter-
ize the (r,p)-dependent statistics by power laws in scale
r, calling for linear regressions in log(statistic)-log(scale)
axes. We clearly have {(0)=0and {(p) = Oforp> 0. It
can be shown (Frisch and Parisi 1985) that {(p) is nec-
essarily convex, i.e., {"(p) < 0. Finally, we retrieve at p =
2 an equivalent of the power-law spectral analysis that
we covered in §2:

Blarge =02+ 1 (9)
equivalence follows here from the Wiener-Khinchin theo-
rem generalized to stationary increments, then special-
ized for power-laws (e.g., Monin and Yagiom 1975).
Multifractal analysis can thus be viewed as a natural ex-
tension of spectral analysis,

Results for {(p) obtained from our in situ LWC data
counterparts for two other field programs also focused
on marine BL clouds: FIRE’'87 (in the Pacific) from the
analysis of Marshak et al. (1997), and ASTEX (in the
Atlantic) analyzed by Davis et al. (1994). We note the
similarity of the exponents from the trivially common
point at p = 0 up to at least p = 1, and a significant diver-
gence of results beyond.

Another way of illustrating the similarity of the FIRE,
ASTEX and SOCEX results is to use the “bi-fractal” plane
with coordinates:

H1 = C(1) € [011]: (10a)
Cy=L(1)-¢(1) € [0,1]; (10b)

the last limit assumes {(p) is non-decreasing, {'(p) = 0, a
property that can be associated with the existence of fi-
nite bounds on the absolute moments in Eq. (8) (Marshak
et al. 1994). There are other definitions of the C; expo-
nent in (10b) but the alternatives lead to the same con-
clusions as given below; Davis et al. (1994,1999) dis-
cuss the details as well as the statistical and geometrical
meanings of both guantities in (10a~b). For the present
purposes, it suffices to recall that: '

e H,; (the Hurst exponent) is 1st-order an alternative to
B that describes the broad fluctuations of the LWC
data traceable to the mostly small jumps and their
negative or positive correlations;

° (Cy is a 1st-order measure of intermittency in the
data which is controlled by the relative frequency of
the large versus small jumps in LWC at the scale r.

The main advantage of using the lower-order moments in

Eq. (8) is the increased robustness with respect to

problems of insufficient sampling.
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Figure 3: Multifractal Properties of In-Situ LWC Variability Observed
During Three Major Field Programs. (a) Scaling exponents {(p) for the
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SOCEX~1. (b) Cloud LWC and other denizens of the “bi-fractal” plane,
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Within all possibilities in Egs. (10a-b), the LWC data
—although collected under vastly different climatic
regimes— occupies a very small area: H, € [0.28,0.31],
Cy € [0.08,0.12]. In Fig. 3b, we show the cluster of LWC
data in the (H,,C,) domain along with passive scalars in
turbulence and some of the more popular scale-invariant
models (fractional Brownian motion, multiplicative cas-
cades, etc.). As expected, the turbulence data is not far
from the LWC cluster but the models are all at the domain
boundaries and therefore need refinement (or hybridiza-
tion) to adequately represent LWC fields. For a survey of
lesser-known models that have non-extreme Hy and C;
values, see Marshak et al. (1997).

Higher-order moments are the most vulnerable to poor
sampling but the results in Fig. 3a have been scrutinized
for this, hence the limitation to p < 4. At the same time,
the higher p, the more it is influenced by the large jumps
in LWC, their size and/or frequency. So the divergence
in {(p) between the three field programs reflects a fun-
damental difference in the turbulent cloud dynamics as
forced by the different climatic regimes.

5. SUMMARY AND DISCUSSION

Our analysis of small-scale LWC fluctuations in PVM
data from SOCEX~1 supports the still controversial claim
that droplet concentration is not everywhere Poissonian.
This does not exclude a slow (spectral exponent § = 5/3)
low-amplitude component in the variability of droplet
number and size distribution. We believe the cause of
the excess small-scale LWC variance causing the scale-
break at 2-5 m lies in entrainment-and/or-mixing events;
such processes may be related to the intermittency
(occasional bursts of variability at the inner-scale) as-
sociated with the large-scale muitifractality.

Comparing exponents obtained for large-scale behav-
jor with those previously obiained from two other field
programs, we uncover remarkable similarities between
the basic multifractal (i.e., arbitrary-order structure
function) properties of LWC in SOCEX, FIRE'87 and
ASTEX clouds and those of passively advected scalars
in turbulent flows. However, we also find interesting dif-
ferences between the three kinds of marine cloud cover
and with passive scalars but these are in the details of
the various multifractal characterizations (inner and
outer scales, high-order scaling). To reproduce these
statistical behaviors defines a quantitatively-precise
challenge for the cloud-modeling community.
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Microphysical Properties of Arctic Boundary Layer Clouds Observed during FIRE.ACE
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1. INTRODUCTION

Cloud-radiative processes in the Arclic have a strong
impact on the stability of the Arctic Ocean pack (Curry et
al. 1993) and also have ramifications on the global
energy budget (e.g., IPCC 1990). Clouds in the boundary
layer are persistent during May through September and
strongly influence the melting rate of the pack ice (Curry
et al. 1996). The optically thin, low-level Arctic boundary
layer cloud increases the summertime melt rate of sea ice
since the longwave exceeds the shortwave cloud-
radiative forcing at the surface. A positive feedback
scenario occurs as melt ponds and leads form and the
surface albedo decreases.

This paper presents microphysical data collected
during May and July 1998 in Arctic clouds by the National
Center for Atmospheric Research (NCAR) C-130
research aircraft. The C-130 was one of three research
aircraft used for in situ studies of cloud microphysics
during the Surface HEat Budget of the Arctic (SHEBA)
project (Perovich et al. 1999), and the First ISCCP

(International  Satellite Cloud Climatology Project)
Regional Experiment Arctic Clouds Experiment
(FIRE.ACE) (Curry et al. 2000).
2. INSTRUMENTATION

The capabiliies of the NCAR C-130 and

instrumentation on the research aircraft are described by
Curry et al. (2000). Of particular interest to this study are
some of the microphysical instruments used to measure
cloud particle characteristics and cloud liquid water
content (LWC), including a Particle Measuring Systems
(PMS) Forward Scattering Spectrometer Probe (FSSP-
100), described by Knollenberg (1981),two King hot-wire
LWC devices (King et al. 1978) manufactured by PMS
with modifications to the electronics by NCAR, a cloud
particle imager (CPI) described briefly by Lawson et al.
(1998), Korolev et al. (1999) and in more detail by
Lawson and Jensen (1998).

3. BOUNDARY LAYER CLOUDS

Sixteen research missions were conducted during
FIRE.ACE by the C-130. Half of the 16 missions were
flown in May 19898 and the remainder was flown in July
1998. Of the 16 missions, 11 cases were identified when
there were boundary layer clouds. However, our
definition is not stringent, being based mainly on cases
when the lowest cloud layer was < 300 m, and including
cases when the lowest cloud was > 300 m only if the
subcloud layer was well-mixed to the surface. Table 1
shows characteristics of the clouds. In May, six out of
eight cases had boundary layer clouds and all six
boundary layer clouds were mixed from the surface to
cloud base. The depths of the mixing layers in May

Corresponding Author: Dr. R. Paul Lawson, SPEC Inc.
5401 Western  Ave,, Boulder, CO 80301
plawson@specinc.com

ranged from 150 to 1200 m. In July, five of the eight
cases had boundary layer clouds, but none of these were
mixed from the surface to cloud base.

TABLE 1. Some Characteristics of FIRE.ACE Clouds
Flight Temp Cloud |B.L.|Mixed |Characteristics
No. |Date (°C) Depth [Cid |from |Observed by CP!

(m}) ? |Sfcto
(m)
RF01 | 5/4/98)-22 to -25 |640 — 1000 |Yes |1200 [Mixed phase with
Drizzle & Graupel
RF02 | 5/7/98|-18 t0-20|290 —420 |Yes |[400 |Thin mixed-phase
RF03 | 5/11/98|-5t0 43 |210~6600 |Yes |350 |Thin patchy water
with ice above.
RF04 | 5/15/98|-6t0-9 |120-650 |Yes {550 |Mostly water with
some ice.
RF05 | 5/18/98)-7t0-9 |180-460 |Yes|150 [Mostly water
RF06 | 5/20/98 No - |Clear
RF07 | 5/24/98)-16 to -21 | 1500 -3000 | No - |Minimal Cloud
RF08 | 5/27/98/0to-2 |<50-500 |Yes |250 |Water
1500 - 1700 Water
RF09 | 7/8/98{-19 to -28 15650 ~ 7150 | No - llce
RF10 | 7/15/98/-2 <150 Yes {None |Fog- Water
-20 to -22 |14600 - 5200 Water & ice layers
RF11 | 7/18/98/5 to -25 |2000 - 6000 No - |Layers: ice, water
and mixed.
RF12 | 7/21/98]-2 <240 Yes {None |No CPI data
available
RF13 | 7/23/98(0 to 2 <30-280 ([Yes |None [Water
-25 6150 - 6380 Waler over ice
RF14 | 7/26/98|210-23 |SFC -6500 [Yes |None |[Layers: ice, water
and mixed.
RF15 | 7/28/98]2 10 -29 |2000 - 6700 | No - |Layers: ice, water
] and mixed.
RF16 | 7/29/98;0t0~3 |60m-520 |[Yes |None |All water
-12 to -15 {1900 — 2130 Glaciated

3.1 Mixing and Drizzle Formation

The C-130 flew a total of 21 vertical profiles through
boundary layer clouds on 15, 18, 27 May and 29 July that
consisted almost entirely of liquid water. Some of these
profiles were flown through clouds that had distinctively
adiabatic characteristics, i.e., the temperature followed
the adiabatic value and the droplet spectra evolved as
expected. An example of vertical profiles of the
dispersion in the droplet size distribution, droplet
diameter, temperature and LWC measurements during
an ascent on 18 May in a boundary layer cloud that is
close to adiabatic is shown in Figure 1. The droplet
spectra were nearly mono-modal with mean size
increasing with height, and there was no drizzle detected,
hence the cloud LWC is close to adiabatic, as is predicted
from theoretical considerations (Lawson and Blyth 1998).
Even in these cases, however, there is evidence that
isolated entrainment events are occurring. For example,

13" International Conference on Clouds and Precipitation

807




clear air holes are seen that exiend to al least 106 m
below cloud top. The FSSP and CPI also confirm the lack
of cloud in these spots. Presumably, these are
entrainment events that bring clear air from above the
cloud into the cloud layer. Curry (1986) also observed
that cloud top air penetrated downward into boundary
layer clouds, however, the maximum entrainment depth
she reported was 50 m below cloud top.

In general, the vertical profiles varied from nearly
adiabatic (Figure 1) to significantly sub-adiabatic, and the
droplet spectra varied from strictly mono-modal to
significantly bimodal. Figure 2 shows a profile ascent
where the lower one-third of the cloud was well mixed,
temperature is nearly adiabatic, LWC is sub-adiabatic
and the droplet spectra are mono-modal. In the same
cloud, the middle one-third is well mixed, temperature
and LWC are sub-adiabatic and the spectra are bimodal.
The top one-third of cloud is actively mixing, the drop
spectra is bimodal, LWC is highly variable and the
temperature fluctuates rapidly, up to 2 © C warmer than
the adiabatic value, due to active mixing from warm air in
the inversion layer above cloud top.

In clouds where the LWC and temperature profiles
were adiabatic and the drop spectra were mono-modal,
drizzie was not observed anywhere along the profile.
When the LWC and temperature profiles were
significanily sub-adiabatic, the droplet spectra near cloud
top were bimodal and drizzle was observed lower in the
cloud. These variations occurred in a consistent and
physically understandable way.  Although the Arclic
atmosphere tends to be stable and layered, the boundary
layer can be vertically well mixed. On occasion the upper
part of the layer is cloudy. The vertical profiles of cloud
liquid water and temperature remain adiabatic until
despite the stable flat top appearance, mixing at cloud top
occurs, producing bimodal droplet spectra, and the broad
bimodal specira allow drizzle to form. The mixing initially
causes a deviation from adiabatic LWC and temperature,
while the drizzle precipitation eventually causes
significant deviations from adiabatic profiles.

3.2 Microphysical Inhomogeneity

The effects of mixing at cloud top (i.e., Figure 2)
eventually leads to inhomogeneous distribution of cloud
drops, broadening of the drop distribution and the
potential for formation of drizzle. In supercooled clouds,
broadening of the drop distribution has been associated
empirically with enhancement in the production of ice
crystals (Hobbs and Rangno 1985). Perhaps the most
striking aspect of FIRE.ACE boundary layer clouds, as
revealed by initial analysis of CPI data, is the degree to
which the characteristics of the hydrometeors can change
over short (10 km) spatial distances. Large variations in
cloud hydrometeors over scales of a 1 Km are expected
in cumulus clouds, and can be explained by the strong
vertical motions and levels of turbulence. Turbulence
levels in cumulus clouds (MacPherson and Isaac 1977)
are typically more than an order of magnitude larger than
those observed in Arctic boundary layer clouds by Curry
(1986). The clouds studied here also appeared to be
fairly quiescent, with very flat cloud tops and minimai
turbulence. Even so, as seen in Figure 1, in some cases
there was significant mixing with apparent penetration of
dry air from above cloud top deep into the boundary layer

cloud. Curry (1986) reported horizontai variations in
cloud microphysics in three of the four missions flown in
Arctic boundary layer clouds in 1980. The
instrumentation in the 1980 study, however, did not
include any particle imaging probes. Therefore, in the
1980 study it was not possible to reliably separate ice
particles from water drops, and to identify
inhomogeneities in cloud particie characteristics.

One case, 4 May 1998, particularly emphasizes the
microphysical inhomogeneity in hydrometeor fields
observed in the FIRE.ACE data set. Figure 3 shows a
portion of the flight track when the C-130 was descending
and making passes over the SHEBA ship, from cloud top
(1025 m) down to cloud base (690 m) and examples of
CPl images, water drop and ice particle size distributions
during this time period. The data in the figure show that
the hydrometeor fields varied considerably over spatial
distances of 10 Km horizontally and a few hundred
meters in the vertical.  When the C-130 skimmed cloud
top and then turned and made a pass 30 m below top, it
encountered mostly supercooled (-25.5 to —~22° C) cloud
droplets with a mono-modal size distribution and only a
few 100 — 500 um ice particles. The larger ice particles
may have fallen from a higher cloud. The ratio of water
drop to ice particle concentration is > 1000:1, so the
region near cloud top was predominately composed of
supercooled cloud droplets with a monomodal size
distribution.  On the next pass 75 m below cloud top,
Figure 3 shows that the CPI water drop concentration
had decreased by about a facior of six, and the size
distribution still had a mode of abom 30 um, but had also

broadenad sl o s
i uu},uu, [R5 yc\luunca Waie UUOCHIC:U,

mostly unrimed with sizes to about 300 um, and an
occasicnal rimed particle as large as 800 um. However,
just west of this position and 30 m iower (920 mb), while
the C-130 was turning to reverse course, a section of
drizzle about 10 km in horizontal dimension was
observed with supercooled (-25° C) drops with sizes up to
180 pum. After the pocket of drizzle was transected, the
C-130 made another pass over the ship while descending
to 900 m and encountered supercooled drops with a
mode of about 30 um and ice particles that were mostly
< 500 pm, with a few larger rimed particles. But then,
when the C-130 reversed course and two minutes later
flew only 30 m lower (870 m) over the same flight track,
significantly higher concenirations of rimed ice particles
from 400 — 800 um and occasional graupel particles up to
1 mm were observed.

The degree of inhomogeneity in cloud microphysics
could possibly be due to mixing downward from cloud top
or from the effects of seeding from higher clouds. Even
though significant concentrations of ice particles were not
observed during the passes over cloud top, the potential
for temporal and spatial variability of this type of seeding
precludes eliminating this possibility. The presence of the
small pocket of drizzle at -25°° C, however, cannot be
directly explained by either surface or elevated effects.
Curry (1986) reported drizzle when there was a relatively
large dispersion in the drop spectra. In our case the
FSSP drop spectra at cloud top (not shown) were
relatively narrow and mono-modal, in contrast to the
example shown in Figure 2, where the drop spectra were
bimodal and drizzle was observed at -1° C. The cloud
on 4 May existed for a long time and seeding from above
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was sporadic. Perhaps the curious pocket of drizzle was
produced by coalescence in a region that was not seeded
from above.

3. DISCUSSION

This research focused on data collected by the
NCAR C-130 on 11 missions with Arctic-boundary layer
clouds, derived from the total FIRE.ACE data set of 16
missions flown in May and July, 1998. The boundary
layer clouds ranged from adiabatic to well-mixed with
drizzle and graupel. In one cloud (4 May 1998) at ~25 °
C, the C-130 observed individual 10 Km pockets of
supercooled cloud drops, drizzle and graupel while
descending through a 400 m thick boundary layer cloud
over the SHEBA ship.
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THE IMPACT OF IMPROVED STRATOCUMULUS CLOUD OPTICAL PROPERTIES ON A

GENERAL CIRCULATION MODEL

Jui-Lin F Li'. Martin Kohler? and C. R. Mechoso®

2 Department of Atmospheric Sciences, Universiry of California at Los Angeles

’Geophysical Fluid Dynamics Laboratory, Forrestal Campus / US Route 1, Princeton, New Jersey 08542.

1. INTRODUCTION

Persistent stratocumulus clouds are usually
observed to be capped by warm, dry subsiding air above
and cool ocean surfaces underneath. They cover a
significant portion of the Earth’s surface and are
important with respect to the global radiation budget and
coupled atmosphere-ocean system. The major impact of
stratocumulus clouds on climate through global radiation
budget is that they reflect more solar fluxes (~60%) back
to space than the surface does (~ less than 10%).

Stratocumulus cloud incidence [%]

CONTROL JAN

<

90

thy

Lotitude
=]

Figure 1

Figure 1. Simulated January mean PBL stratocumulus cloud
incidence using the earlier version of the UCLA AGCM. The
contour interval 10 %.

In the UCLA atmospheric general circulation
model (AGCM), the variable-depth planetary boundary
layer (PBL) model with the assumption of well-mixed
total water mixing ratio and moist static energy is
incorporated as an integral part of the model vertical
structure (Suarez et al. 1983). The earlier formulation of
the PBL moist processes in the AGCM significantly
underpredicted stratocumulus cloud incidence almost
everywhere (Fig. 1) when compared to the observations
of Warren et al. (1988). This includes the subtropical
marine stratocumulus over the eastern subtropical Pacific
in both hemispheres, indicating that the simulated PBL

was not sufficiently moist (and possibly not sufficiently
deep). This relatively dry PBL over the oceans was not a
consequence of insufficient surface evaporation. Indeed,
the simulated mean surface evaporation was too large
compared to observations, while the layer immediately
above the PBL was too moist, resulting in an
overestimate of mean cloud incidence for that layer (Li
and Arakawa 1997). All of these suggest that the
redistribution of moisture from the PBL to the layer
above was excessive in the model. When this version of
the AGCM was coupled with an oceanic GCM initialized
with a climatological temperature distribution, the
simulated mean sea surface temperatures (SSTs) became
too cold over most of subtropical oceans due to
overpredicted evaporation, while the SSTs off the coasts
of California and Peru became too warm due to
underpredicted stratocumulus cloud incidence (Ma et al.
1996; Mechoso et al 1999).

STRATOCUMULUS CLOUD INCIDENCE [%]

STEP3 JAN

Lotitude

0 GOIE 120E 180 120w 60w 0
Long iude
Figure 2
Figure 2. Simulated January mean PBL stratocumulus cloud
incidence using the CONTROL version of the UCLA AGCM.
The contour interval 10 %.

The formulation of PBL moist processes in the
AGCM has recently been revised to address these
problems (Li and Arakawa 1997). Three major revisions

*Corresponding author address: Jui-Lin, Li, University of California at Los Angeles, Department of Atmospheric
Sciences, 405 Hilgard Avenue, Los Angeles, CA 90095-156505; e-mail <li@vortex.atmos.ucla.edu>
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have been made: (i) the properties of air entrained into
the PBL were reformulated; (ii) entrainment processes
associated with cloud top entrainment instability were
refined; and (iii) the effect of subgrid-scale orography on
the fractional stratocumulus cloudiness was included.
With these revisions, the simulation of PBL moist
processes is greatly improved. In particular, the surface
evaporation and stratocumulus incidence (shown in Fig.
2) are far more realistically simulated than with the
original version. Mechoso et al. (1999) presented a
coupled GCM simulation in which this version of the
UCLA AGCM is used and showed that the cold bias in

tropical Pacific SSTs was alleviated.
NET SURFACE SHORTWAVE RADIATION [w/m2)]
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Lotitude

0 60E 120 E 180 120W 60W 0
Longitude

Figure 3a
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S
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Fihure 3b
Figure 3. (a) Simulated January mean net surface solar
flux using the CONTROL version. (b) Same variable for
ERBE reanalysis. The contour interval is 25 (Wm™?).

Although this version of the UCLA AGCM is
successful in the simulation of PBL stratocumulus cloud
incidence, the net surface solar and terrestrial fluxes are
generally overpredicted (see Fig. 3a and 3b). This is due
to too thin stratocumulus cloud optical thicknesses,
when compared to those suggested in ISCCP-C2 data
(Rossow and Schiffer 1991). In the current formulation,
the stratocumulus cloud optical thickness is proportional

812 13" International Conference on Clouds and Precipitation

to cloud depth, but does not consider cloud liquid water
amount (Harshvardhan et al. 1989). With  this
formulation the AGCM predicts net surface solar fluxes
over the low pressure belt around the Antarctic continent
in Winter (Fig. 3a) and the Northern Pacific ocean in
Summer (not shown) that are too high compared to those
of ERBE (Fig. 3b). This results in simulated sea surface
temperatures which are too warm when the AGCM is
coupled to an ocean general circulation model which
includes the North Pacific ocean (J. Farrara; personal
communication). We believe that the excessive net solar
fluxes reaching the ocean surface are responsible.

This letter describes our attempts to improve the
estimate of PBL cloud optical properties by taking into
account the liquid water path (LWP) in the calculation of
the optical thickness. Results using the UCLA AGCM
with the revisions are compared with ISCCP optical
thicknesses and ERBE derived surface solar fluxes.

The AGCM is a finite-difference model based on
the primitive equations, with horizontal velocity,
potential temperature, surface pressure, water vapor
mixing ratio, and ground temperature and snow depth
over land as its prognostic variables. For this study we
use a version of the model that has 15 layers in the
vertical, with the top at 1 mb, and a horizontal resolution
of 5° in longitude and 4° in latitude. For a detailed
description of the model see Mechoso et al. 1999). We
note that solar and terrestrial radiation as well as cloud
optical ~ properties are parameterized  following
Harshvardhan et al. (1989),

In section 2 the revision of PBL cloud optical
properties is described. In section 3 we present
comparisons of simulations with (NEW) and without
(CONTROL) the new revisions. Both runs are initialized
using October 1 1982 observations and integrated for 5
years. Concluding remarks are contained in section 4.

2. STRATOCUMULUS CLOUD RADIATIVE
PROPERTIES

In the UCLA AGCM, the stratocumulus cloud
condensation level, p., is defined as a level at which

. q* =Ty. Here q* (T, p ) is the saturation value of

water vapor mixing ratio and I, =q, +q,, where q,

is the water vapor mixing ratio and (, represents the
liquid water mixing ratio (Suarez et al. 1983). The
vertical profile of the saturated water vapor mixing ratio
varies approximately linearly with pressure. The vertical
profiles of g, and ¢, are then completely defined by the
condensation level and the liquid water mixing ratio at
cloud top g,;. The liquid water path (LWP, i.e. the
vertical integral of g,) for stratocumulus clouds then
becomes (Randall 1994, personal communication):



LWP = %qw BPs:

M

With (1) the optical thickness T, can be calculated as

described next.

The calculation of cloud radiative fluxes requires the
specification of optical thickness. In Harshvardhan et al.
(1989) the stratiform cloud optical thickness  is
computed as

Aps
T, = ——25— | 2
S 12.5mb @

where ApSC =Pc — Pp) represents cloud pressure
thickness. Additionally, a cloud fraction of f; =1 for
Tg, >1 and fi,=T, for Ty, <1 is assumed. This

formulation produces considerably too thin cloud optical
thicknesses T, compared to those indicated by ISCCP-
(2 data (on the order of 3 to 30). For example, with a
cloud pressure thickness commonly observed on the order
of 25 to 50 mb (2) gives T, =2 to 4,

Here, we propose an alternative to (2) by
adopting the formulation of Stephens (1978), which can
be written as

_3LWP
2 ppr, ,

¥Se (3)

where 1, ,the effective radius of cloud droplets, is
assumed as 10 LM and P, is the density of liquid water.

In equation (3) LWP is determined in (1) in a manner
consistent with the formulation of the PBL moist
processes in the UCLA AGCM (Suarez, et al., 1983).
Note that the cloud optical thickness (3) is a function of
liquid water mixing ratio at cloud top and cloud pressure
thickness.

3. THE IMPACT OF THE REVISION ON
NET SURFACE SOLAR RADIATIVE
FLUXES

The January stratocumulus cloud incidence (not
shown, but similar to Fig. 2) with the NEW version
shows that the locations of the maxima off the west
coasts of North America, South America, and South
Africa, over the northeastern Atlantic ocean, and over the
low pressure belt around the Antarctic continents are
simulated fairly realistic compared to the observations of
Warren et al. (1988). The NEW simulated January mean
optical depths shown in Figure 4b have values reaching
above 30 and are typically 5 to 10 times larger than the
values produced by the CONTROL Tun (Fig. 4a). These

NEW optical depths are comparable to those suggested in

the ISCCP-C2 data set (Rossow and Schiffer 1991).
PBL CLOUD OPTICAL THICKNESS

| atitu-de

PBL CLOUD OPTICAL THICKNESS

STEP4 céntourinterval: § JAN

Latifude

Figure 4. (a) Simulated January mean optical thickness
using the CONTROL version. The contour interval is 1.
(b) Same variable for the NEW version. The contour
interval is 5.
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NET SURFACE SHORTWAVE RADIATION [w/m2]
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Figure 5. Simulated (a) January mean surface net solar
radiative heat fluxes using the NEW version. (b) the
same as (a) but for July. The contour interval is 25

(Wm?).

Consistently, the simulated net surface solar fluxes (Fig.
5a) are more realistic than those in CONTROL (Fig. 3a),
in particular over the low pressure belt around the
Antarctic continent (Fig, 3b).- Similar to those in
January, the simulated July mean solar fluxes at the
surface are also well simulated, in particular over North
Pacific and the northeastern Atlantic ocean (Fig. 5b).
For the locations of the maxima off the west coasts of
North America, South America, South Africa, the revised
model also simulates more realistic surface solar fluxes.
Those fluxes reduce by about 75 Wm™ in January over
the Southern Hemispheric low pressure belt, by about
100 Wm in July over Northern Pacific and Atlantic, and
by about 50 Wm? over off the coast of California
(South America) in particular in Fall seasons, to become
more realistic as compared to the ERBE derived values
(Li and Leighton 1993).

4. CONCLUDING REMARKS

The revised formulation of stratocumulus cloud
optical thickness used in the UCLA AGCM is presented.
Preliminary results using the UCLA AGCM with this
revision are very encouraging and show large impacts on
the simulated solar fluxes at the surfaces. We find that
the AGCM simulates much more realistic net surface
solar fluxes than those of CONTROL throughout ail
seasons. We conclude that it is important not only to
realistically simulate the geographical distribution of
stratocumulus clouds but also correctly explicitly specify
their optical thickness. This is obviously a crucial
requirement for a coupled atmosphere-ocean model.

Acknowledgments. The authors wish to thank
Professor Akio Arakawa for his encouragement and Drs. John
Farrara and Leslie Hartten for their comprehensive comments. This
research was funded under NSF ATM--9613979, NASA NAGS-
4420, DOE-CHAMMP-DE-FG03-91ER61214 and NOAA

814 13" International Conference on Clouds and Precipitation

NA66GPOI21. Mode! integrations were performed at the computer
facilities at UCLA Department of Atmospheric Sciences and San
Diego Supercomputer Center.

6. REFERENCES

Harshvardhan, R D., D. A. Randall, T. G. Corsetti and D. A.
Dazlich, 1989: Earth radiation budget and cloudiness
simulations with a general circulation model. J Atmos.
Sci., 46, 1922-1942,

Li, J-L and A. Arakawa, 1997: Improvement of PBL moist
processes in the UCLA General Circulation Model. The
Seventh AMS Conference on Climate Variation, Long
Beach, Feb.2-7.

Li, Z. and H. G. Leighton, 1993: Global climatologies of
solar radiation budgets at the surface and in the
atmosphere from 5 years ERBE data. J. Geophys. Res.,
98, 4919-4930.

Ma, C.-C., C. R. Mechoso, A. W. Robertson, and A.
Arakawa, 1996: Peruvian stratus clouds and the tropical
Pacific circulation: A coupled ocean-atmosphere GCM
study, J. Climate, 9, 1635-1645.

Mechoso, C. R., J.-Y. Yu and A. Arakawa, 1999: A coupled
GCM npilgrimage: From climate catastrophe to ENSO
simulations. General Circulation Model Developmeni:
Past, present and future, Proceedings of a Symposium in
Honor of Professor Akio Arakawa, D. A. Randall, Ed.,
Academic Press.

Rossow, W. B, and R. A. Schiffer, 1991: ISCCP cloud data
products. Bull. Amer. Meteor. Soc., 72, 2-20.

Stephens, G. L., 1978: Radiation profiles in exiended waier
clouds. Il Parameterization Schemes. J Ammos. Sci., 35,
2123-2132.

Suarez, M. J., A. Arakawa, and D. A. Randall, 1983: The
parameterization of the planetary boundary layer in the
UCLA general circulation model:  Formulation and
results. Mon. Wea. Rev., 111, 2224-2243,

Warren, S. G, C. J. Hahn, J. London, R.M. Chervin, and
R.L. Jenne, 1988: Global distribution of total cloud
cover and cloud type amounts over ocean. NCAR Tech.
Note NCAR/TN-273+STR, National Center for
Atmospheric Research, Boulder, CO, 42pp. plus 170
maps.



FOG FORMATION OFF THE U. S. WEST COAST
AS INDICATED BY GOES SOUNDINGS, COMPARED TO A SHORE BASED PREDICTION

Dale F. Leipper and Bryan R. Leipper

1. INTRODUCTION

This is an abstact of a technical note prepared by the
authors on a similar subject (Leipper and Leipper, 1999).
Space does not permit the inclusion here of a number of
the important illustrations which may be found in the
technical note or seen on the poster.

As far as is known, there is no agreed upon method by
which the formation of observed shallow fogs and thin
mixed layers off the west coast may be explained or pre-
dicted. These events are a critical part of the fog fore-
casting method calied LIBS (Leipper inversion base
statistics, see below). This method uses shore based ob-
servations and satellite visual imagery in a conceptual
model to aid in forecasting offshore fog. It provides indi-
ces which allow the process of fog/stratus development
to be monitored readily in a way which is very difficult us-
ing synoptic maps or other available analyzed products.
To date, the paucity of offshore observations has made it
difficult to demonstrate the validity of this model offshore
but recent availablity of GOES soundings for offshore ar-
eas provides indication that the conceptual model does
indeed apply.

The LIBS conceptualized development (Leipper
1995), and (Leipper et ai. 1999), receives considerable
new support from the GOES observations. They show
the extension to a distance offshore of the strong surface
inversion and a cleared area. They, together with coastal
data, give new indication that the OAK RAOB data is ap-
plicable over a region along the coast and offshore.

Leipper (1995) concludes, "However, fog creates the
mixed layer and not vice versa." Although several exten-
_sive field experiments have been conducted in such
situations, none has provided hour by hour observations
during fog formation at a given location offshore. Direct
observations are needed to evaluate the LIBS concept of
formation. GOES satellite soundings may provide these.

The physical processes indicated by GOES soundings
may be combined with a theoretical and experimental
study of fog formation in a stable atmosphere over a
moist surface (Fleagle at al. 1952). This combination
seems {o provide the most satisfactory explanation of
fog formation and the creation of a mixed layer offshore
in these circumstances.

Although fog formation is a micro-meteorological proc-
ess, this process is so much controlled by the sequential
development or preconditioning of the atmosphere and
the existing synoptic situation that a forecaster may base
his decisions upon the synoptic and mesoscale factors.

Corresponding author's address:
Dale F Leipper, 716 Terra Court, Reno, NV 89506
(7785) 972 6995 dalelr@attglobal.net

2. THE GOES SOUNDINGS

A sequence of GOES soundings made between 227
August 22, 1999 and 14Z August 23 (locally overnight) is
of considerable interest. These follow the Qakland
RACB of 12Z on August 22. This RAOB is an early
morning coastal observation which was made at the
peak of a strong offshore flow and a coastal hot spell.
Except for the surface dew point, the features of the
Goes sounding and the OAK RAOB at the same time
are almost identical and a strong surface temperature in-
version is clearly shown by each.

The similarity of the GOES sounding and the balloon
sounding at OAK gives confidence in the use of the off-
shore GOES soundings when used alone. However,
more investigation of the accuracy of the GOES sound-
ings is needed, especially in the surface layers,

The surface synoptic map for 1335Z on August 22
shows the geostrophic wind pattern which included
downslope offshore winds. These winds add anomalous
heating to the continental air already heated by subsi-
dence over the land. They carry the hot dry air to the
coast, where its presence is indicated by the observed
temperature structure, see Table 4, and then on off-
shore. The offshore area showing the presence of the
hot dry air is seen as the cleared area on the satellite
visual image of Fig. 1.

Fortunately for this event, the normal position for one
of the regularly distributed GOES soundings, 35N,
125W, falls within the cleared area on Fig. 1. The sound-

_ o L
Monterey Code 7541. The visual satellite image of the
cleared area offshore is believed to show the extent of the
surface inversion.
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Sounding is 18 nm SW  of station.
Figure 2. 3125 8/22/99 20Z. The mid afternoon GOES
sounding indicating no change as yet in the surface
layer. Strong surface inversions are indicated in both
air temperature and moisture. The surface air
temperature approaches the sea surface temperature.

ings reported at this site included one made before the
surface inversion had been modified by its presence
over the sea, Fig. 2. Three features of this observation
which was made at 20Z, ( 1 p.m. local time) are impor-
tant. One is that the inversion is a surface inversion with
no indication of a mixed layer. Secondly, there is no in-
dication of a shallow moist layer and thirdly the humidity
is low from low levels to some 500 mb. This is a critical
factor in the fog formation and the subsequent increase
in depth of the mixed layer. (Leipper 1995).

The feaiures shown in Fig. 2 lead, when the ofishore
wind eases, to a very shallow layer of high humidity re-
strained vertically by the strong ----5---s-----=---r--¢--7-

This humid layer is indicated by -
the GOES sounding made at

Fig.3. Although this indication is ol
small, it is a definite change

from the unmodified surface Figure 3
situation of Fig.2. 3125 8/23/98 02Z.

3. FOG FORMATION AND CREATION OF A MIXED
LAYER

Given the surface moisture source and the vertical re-
striction of the highly stable atmosphere, Fleagle et al.
(1952) describe and test experimentally how fog and a
mixed layer are formed during the night by nocturnal ra-
diation and eddy conduction. IV ‘
The GOES sounding made at 77~ 77 7=yt

10Z, ( 3 am. local time, Fig. "’

4), now indicates the presence --.-.

of a mixed layer and that, pre- ---

sumably, fog has formed.
The visual satellite image of -

2100Z on the 23 shows that Figure 4

cloudiness (presumably fog) 3125 8/23/99 10z.

has now developed over the

formerly cleared area. Inversion heights of less than 400

................

m would indicate that it was fog rather than stratus. The
OAK RAOB at 14Z on the 23rd, showing an inversion
height of 193 m, supports fog rather than stratus.

Sea surface temperature at this time varied from 11 C
at the coast to nearly 19 C near 25N, 135W.

4. THE TIME OF FOG FORMATION AT SEA IN THE
COASTALLY BASED FOG SEQUENCE OF
OBSERVATIONS DURING A HOT SPELL

As mentioned, the formation of new fog at sea and the
creation of a mixed layer are important parts of the LIBS
forecasting method. Since over-ocean observations
were almost never available in the past, this method util-
ized coastal observations and a conceptual model of
what happened offshore. The over-ocean satellite
soundings have considerably increased the understand-
ing of the development and therefore in the confidence
in this portion of the method.

Table 1 A simplified weather log. The LIBS fog sequence
as observed at coastal sites, Aug 99 UTC

Date Ta Bi MRY  SFO SF0-0

18 17.6 803 10 10 8
19 19.8 513 10 8 4
20 22.4 435 0.5 10 7
21 238 335 3 10 S
22 26.4 0 1 8 clr

23 25.4 193 1.5 9 sct

24 24.6 320 0.5 4 4

Table 1 shows how the offshore fog formation case
presented above fits into the over-all LIBS day-to-day
fog sequence, L95 and L99, as observed at two coastal
stations which are some 125 km apart. The over-ocean
satellite sounding observations occurred on the 22nd
and 23rd of August. The night of the 23rd (UTC) was the
night when the soundings indicated fog formation in the
offshore formerly cleared area. The fog formation oc-
curred the day after the Ta had gradually and regularly
reached its maximum of 26.4. It was to decrease after
that, indicating that the offshore wind had eased. During
the rise of the Ta, the Bl gradually decreased from 803
m to zero. When Bl had dropped to 435 (near the 400 m
guideline for fog), on the 20th, fog occurred at MRY. It
then occurred each day at MRY from the 20th through
the 24th while the Bl remained less than 400 m. The Bl
had risen gradually from zero to 320 m after the Ta
maximum and while the Ta was decreasing.

When the new fog had formed on the 23rd it did not
reach SFO that day nor the following two days because
the Bl was low. Skies at SFO were clear on the 22nd
and scattered the following day. On the 24th the Bl had
grown to 320 m and fog was able to approach SFO. The
visibility in the new fog at SFO did drop to 4 miles with
an overcast at 400 feet.
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5. GOES USEAGE

The GOES calculated soundings are particularly suit-
able to an analysis of the formation of fog off the coast.
Menzel et al (1998) describe the manner by which these
soundings are determined and their primary characteris-
tics. When the sky is clear, the GOES products include
temperature and moisture profiles that, while containing
less detail than radiosondes, do capture the profile in the
mean very well. Moisture is more problematic than tem-
perature and the recommendation appears to be to use
layer mean and total column values rather than single
level values. :

The GOES retrievals differ from radiosonde measure-
ments in that they do not use the same measurement
characteristics and may not represent the almosphere at
exactly the same location or time. Radiosonde instru-
mentation errors may also affect comparisons. The
GOES retrievals have been found to be more accurate
than NCEP short term regional forecasts.

6. WEATHER LOGS

A number of weather logs showing selected and sum-
mary data were used in this analysis. Data from the Uni-
versity of Wyoming web site and the National Buoy Data
center were converted to a convenient form and then
summarized in a daily log. Examples of these logs are
shown in tables one through four. Heights are usually in
meters (m) and temperatures in degrees Celsius scaled
by ten (10C). Column definitions are as follows.

6.1Simple weather log elements (Table 1)

Date - in August 1999

Ta - highest temperature in lowest km (10C).

B! - height of the inversion base (m), OAK 12z

MRY - MRY minimum visibility (miles)

SFO - SFO minimum visibility (miles)

SFO-0 - SFO minimum height of overcast (100s feet)

6.2 Surface log elements (Tables 2 and 3)

P12z - surface pressure at
Table 2 MRY Surface Log 127 (HPa)
ID date P12z C12zD21z MinV CIG mDD Visibility Map C12z - celling at 12z (m)
MRY 8-16-99 1019 91 111 8047 91 67 ....... ... ...2... D21z - surface dewpoint at
MRY 8-17-99 1020 213 113 16093 152 61  ....22.2......... I 21z (10C)

MRY 8-18-99 1018 335 55

16093 274 67

MinV - minimum visibility (m)

CIG - minimum ceiling {m)

mDD - max dewpoint depres-
sion during day (10C)

6.3 CdxMap (Condition Map)

A condition map is a map

MRY 8-19-99 1017 213 118 11285 122 50

MRY 8-20-99 1016 81 122 805 30 55

MRY 8-21-99 1017 152 122 4828 30 61

MRY 8-22-99 1011 91 115 18609 30 89 .........
MRY 8-23-99 1012 61 113 2414 61 95

MRY 8-24-99 1013 91 111 6437 30 67

MRY 8-25-99 1013 61 103 805 61 73 ==
MRY 8-26-99 1010 30 122 322 30 11t

MRY 8-27-99 1012 122 131 1609 61 67 .......
MRY 8-28-99 1016 30 128 €437 30 34 .......

Table 3 SFO Surface Map

ID date P12z C12z D21 MinV CIG mDD
V4
SFO 8-16-99 1017 305 122 16093 305 94

showing the existence of a se-
lected weather condition hour
by hour during the weather
log day. A single character or
symbol is placed in the map
for each hour of the day. This
representation provides a
simple means to illustrate pat-
terns of the selected condi-
tion. A question mark (“?") is
used to indicate no observa-

Stratus Map

SFO 8-17-99 1019 213 120 8047 152 67 ....... 111211111....... tions in a particular hour

SFO 8-18-99 1017 427 120 8047 152 67 22.22111121112 ... ... '
SFO 8-19-99 1015 183 81 16093 183 56 1....11111112711?1111111 6.4low stratus map

SFO 8-20-99 1015213 122 12875 122 94 1111111111112111........

SFO 8-21-99 1015335 122 16093 213 72 .......... 111111111..... The low stratus map sym-
SFO 8-22-99 1009 122 14484 274 111 I11111131................ bols represent the number of
SFO 8-23-99 1010 6096 127 12875 6096183 ... ... ... ... observations in a particular
SFO 8-24-99 1012 183 124 14484 183 83 ............ ool hour that contain observa-
SFO 8-25-99 1011 152 122 4828 61 100 ....... R S tions of greater than 60% sky
SFO 8-26-99 1008 122 4023 91 133 ... ... 1ot cover with a ceiling lower
SFO 8-27-99 1008 6096 122 14484 305 122 ..... PR than 1000 m. Normally there
SFO 8-28-99 1014 305 135 16093 305 100 ............ Lo, is just one observation per

hour uniess some change in
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atmospheric conditions triggered

Table 4 OAK 12z sounding log

more frequent observation re-
cording. ID date Bl Bltop ta dt dc 1850 h850 lyrs grad strength score
OAK 8-16-99 236721 20890 2571 162 1529 2 18 90 65
6.5visibility map - v OAK 8-18-99 803903 17692 2413 174 15122 100 Q2 111
OAK 8-19-99 5131083 19892 1506 190 1506 2 26 92 69
The visibility map indicates the OAK 8-20-99 435788 224110 1750 188 1516 2 47 110 94
lowest visibility observed during OAK 8-21-99 562 848 238116 1524 200 1524 3 88 116 104
the hour with a period for clear; OAK 8-22-99 6 407 26488 1820 210 15003 21 86 37
pound sign (#) for visibilies < QAK 8-23-99 193952 254126 2003 226 1490 2 36 126 75
1000m; equal sign for 1to 5 kilo-  OAK 8-24-99 320 944 246130 1630 212 1497 2 42 130 88
meters; or underscore for 510 12 OAK 8-25-99 164 1048 266 142 2759 224 1508 2 33 142 52
kilometers visibility.. OAK 8-26-99 3 559 306142 1508 256 1508 2 36 156 56
, OAK 8-27-99 79 256 26472 1895 206 1501 4 65 72 71
6.65ounding log elements OAK 8-28-99 516 1008 236118 2611 208 15133 56 118 102

Bl - base inversion above MSL

Bitop - primary bi top height (m)

ta - highest temperature in lowest kilometer (10C)
dt - inversion strength (10C)

dc - depth of sounding with <= 5kt winds (m)

t850 -850 mb temperature (10C)

h8589 - 850 mb height (m)

lyrs - layers found in sounding

grad - primary bi temp gradient (10C/km)
strength - primary bi strength (10C)

score - primary xLayer calculated Bl quality score

The combination of over-ocean GOES sounding data
with other readily available observations and the applica-
tion of the Fleagle et al. theory and experimental results
lead to a satisfactory description of how shallow fog
forms at sea on the west coast. This has been a topic of
considerable concern in the past. These direct observa-
tions at sea support the conceptual model of fog forma-
tion based upon land Observations.
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CLOUD MICROPHYSICAL PROPERTIES ASSOCIATED WITH CONVECTIVE ACTIVITIES WITHIN THE
STRATOCUMULUS-TOPPED BOUNDARY LAYERS

Michelle K. Whisenhant and Qing Wang

Naval Postgraduate School, Monterey, CA

1. INTRODUCTION

Although the convective activities within the
stratocumulus-topped boundary layers (STBL) are in
general weaker compared to the cumulus boundary
layers, the turbulent updraft and downdraft in STBL can
be clearly defined and were found to possess distinctive
thermodynamic  properties  (e.g., Khalsa, 1983,
Whisenhant, 1999).  For this reason, attempts have
been made to apply the mass flux concept to STBLs in
both one-dimensional boundary layer models (Wang
and Albrecht, 1986) or climate models (Randall et al.,
1992). Large eddy simulations (LES) also revealed
significant  differences in  microphysics propetties
between the turbulent updrafts and downdrafts. For
example, Feingold et al. (1986), from a two-dimensional
jarge eddy simulation model with size resolved cloud
microphysics, showed larger number concentration and
smaller droplet size in the updraft region compared to
the downdrafts. The work by Kogan et al. (1995) using
a three-dimensional LES with explicit cloud
microphysics also revealed similar differences in the
microphysics properties, which can be explained in the
context of the condensation/evaporation in response to
supersaturation in updrafts and entrainment in
downdrafts. In contrast to the variability in cloud
microphysics in response to different aerosol loading
(Pawlowska and Brenguier, 1999), we refer to the
variability seen between the convective events as the
‘natural variability’ of cloud microphysical properties.

However, the natural variability of cloud
microphysics properties seen in LES has not been
studied using in situ observations. Due to the weak
nature of the convective elements in the stratocumulus-
topped boundary layers, the resulted differences in
microphysics properties are likely small and are thus
difficult to evaluate. The work presented here attempts
to fill this void by examining a large number of aircraft
observations. Confidence in the results is gained
through consistency in the results from many cases. In
addition to the variability associated with turbuient
updrafts and downdrafts, we will also analyze the
variability on scales greater than the boundary layer
internal circulation. These analyses contribute to further
in-depth understanding of the interaction between the
boundary layer dynamics and the microphysical
processes.

*  Corresponding author address: Michelle K.
Whisenhant, Naval Postgraduate School, Dept. of
Meteorology, Monterey, CA  93840. e-mail:
mkwhisen@nps.navy.mil

2. DATA

The measurements used in this study were
obtained during the First International Satellite Cloud
and Climate Project (ISCCP) Regional Experiment
(FIRE) Marine “Stratocumulus  Intensive  Field
Observations (IFO) conducted off the coast of southern
California in June and July 1987. In particular, we used
the aircraft measurements made by the Electra
operated by the National Center for Atmospheric
Research (NCAR). The general instrumentation of the
NCAR Electra during FIRE experiment has been
discussed in several FIRE related publications (e.g.,
Paluch and Lenschow, 1991, Wang and Albrecht,
1994). The main measurements used in this study are
the cloud droplet spectra sampled by the Forward
Scattering  Spectrometer Probe (FSSP), which
measures droplet number concentration between 3 and
45 um. We utilize data obtained by the NCAR Electra
aircraft in seven of the ten flights flown during FIRE to
analyze various aspects of the spatial variability in the
cloudy BL. The seven flights chosen to study contain
level leg measurementis at levels both in and out of the
cloud. The in-cloud level legs are used to analyze the
variations of cloud microphysics properties.

3. ANALYSIS METHOD

A conditional sampling method is used to identify
the turbulent updrafts and downdrafts based on vertical
velocity. The criteria used to define the convective
events is similar to that used in Nicholls (1989), where a
minimum event width and a minimum mean vertical
velocity are required. The non-zero vertical velocity
criterion results in a third group named the
‘environment’, defined as the regions that are neither
occupied by an updraft or a downdraft. Once the events
are defined, the geometric, thermodynamic, and
microphysical parameters within the updrafts and
downdrafts are calcuiated and analyzed.

An example of the various event properties from
July 5, 1987 (flight 4) is shown in Fig. 1. In general, the
mean event sizes (Fig. 1, left panel) are between 10 and
30 percent of the BL height (z;), or about 200-300 m in
the cases of FIRE. In all cases {(except for one flight
near the coast of California), the convective event size
in the upper BL is about 0.2 to 0.3 of z, while the near-
surface event size is between 0.10z; and 0.20z;. We
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observed increased event size below the cloud layer, as
shown in the example in Fig. 1, although the updraft and
downdraft appear to have similar sizes. The total
fractional length coverage, defined as the ratio between
the total length covered by the updraft (or downdraft)

and the total length of measurements, varied

1 -t 1 ¢
flight 4 S flight 4 ©@ 4
0.8 @ 0.8 & @
PR 25 s R SR N C o 0 S
0.6 b 0.6 ®5
" E «
0.4 0.4
L3 RO
0.2 0.2
o o e -
o0 0l 02 03 04 0 01 02 03 04
<dy, 4>/2; Ny <dyg>
Figure 1. Mean event sizes (d) scaled by the

boundary layer depth (left panel) and fractional
length coverage (right panel) for updrafts (+) and
downdrafts (*) for the horizontal measurement
legs. Here, N is the total number of events per
unit horizontal measurement length. Results from
additional legs are denoted with a circle on the
updraft or downdraft symbols. The dofted line
shows the average height of the cloud base.

between the different flights and between different leveis
in the BL within each flight. The fractional coverage
ranges between 0.3 and 0.5, the magnitude of which
seemed to be associated with the strength of the
turbulence in each case. Figure 1 also shows that the
updrafts occupy a larger fraction than the downdrafts, A
phenomenon that was also observed in nearly all the
cases. This indicates the presence of some strong
‘downdrafts that may contribute to a negative skewness
of vertical velocity perturbations. The results for other
flights and detailed discussions can be found in
Whisenhant (1999).

4. CLOUD MICROPHYSICS PROPERTIES IN
CONVECTIVE EVENTS

1) Mean Droplet Size and Number Concentration

Once the updrafts and downdrafts were identified,
the properties of the cloud droplets are calculated for
updrafts, downdrafts, and the environment, respectively.
We first compared the droplet sizes in the updrafts and
downdrafts. The results are shown (Fig. 2) as a
fractional difference, defined as the ratio between the
difference in volume diameter between the two types of
events (d,-d,) and the average volume diameter of

d,+d,

both events (( )2 }. The magnitude of difference

is small, less than 10%, but is consistently negative in
all cases. This trend indicates that the downdrafts,
which originated from higher levels, contain larger

droplets. Larger differences are observed near the base
and top of cloud, with a minimum difference in the mid
cloud range, which is consistent with droplet formation
in the updrafts near the cloud base and evaporation due
to entrainment in the downdrafts near the cloud top.

1 S -
flight 4
0.9
+ -+
0.8} + Ei
=3
0.71 H
- }
0.6
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._f,
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Figure 2. Fractional difference for volume

diameter of cloud droplets (Fa,). Fgv is

1
Y=, +d, ).
u
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2
The number concentration of droplets in the updrafts is
consistenily higher than in the downdrafts at all levels
within the cloud (Fig. 3). Since activation of cloud

calculated as: (v, -4
V“ Vd
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Figure 3. Same as Fig. 1, except for
number concentration of cloud droplets (in
cm'a).

droplets is occurring in the updrafts and evaporation of
droplets is occurring in the downdrafts, these
observations are reasonable and are consistent with
resuits from LES models (Feingold et al., 1986, Kogan
et al. 1995).

2) Cloud Droplet Spectra

The droplet size variation in turbulent updrafts and
downdrafts are seen more clearly in the cioud droplet
spectra from the FIRE flights.  Figure 4 shows an
example of the mean droplet spectra in the convective
updrafts and downdrafts at three representative levels in
the cloud layer. The results are from measurements of
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July 10, 1987-(flight 6), but are typical of those observed
during FIRE. The droplet spectra in panels a, b, and ¢
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Figure 4. Cloud droplet spectra from three in-
cloud measurement legs on flight 6. The vertical
axis is dN/dlogD, where N is the droplet number
concentration (in cm'a) and D is the droplet
diameter (in um). a) near the cloud base, b) near
the middle of the cloud, c¢) near the cloud top.
The symbols for updrafts, downdrafts, and the
defined environment are given in the legend.

of Fig. 4 were obtained from measurement legs near the
cloud base, in the middle of the cloud layer, and near
the cloud top, respectively. As already noted, the
updrafts typically contain a larger concentration of
droplets at all droplet size bins than the downdrafts for a
given in-cloud leg. Additionally, the droplet spectra of
the defined environment falls in between the updraft and
downdraft droplet spectra, and there is typically no shift
in the peak droplet size between the updrafts,
downdrafts, and environment at a given height. There is
a shift to larger droplet sizes with increasing height in
the cloud, independent of the convective events. The
difference in peak droplet concentration between
updrafts, downdrafts, and environment appears to
increase near the cloud top. Additionally, the number
of small droplets occurring in the downdrafts appears to
decrease near the cloud top, resulting in the observed
jarger mean droplet diameters in the downdrafts here.

5. OTHER VARIABILITIES IN CLOUD
MICROPHYSICS

In most of the flights analyzed, we observed
significant differences in the droplet spectra between
two legs at the same vertical level in a particular flight,
indicating . the horizontal variability of the cloud
microstructure on a scale larger than the boundary layer
internal circulation (50 to 100 km). Figure 5 shows the
droplet size distribution from two different turbulence
legs from July 3, 1987 (flight 3) that were flown in-cloud
near the cloud base. Figure 5a has a spectral shape

similar to the typical case in Fig. 4, yet the plot indicates
that the droplet concentration is largest in the defined
environment, slightly higher than the updraft
concentration. This implies that the turbulence is not as
active in this region of the cloud base. As a result, the
turbulence updraft and downdraft may not be well
correlated with the activation and growth of the cloud
droplets. Figure 5b shows a bimodal size distribution,
with a larger concentration and smaller droplets in the
updrafts in both modes.  This spectral structure
indicates that, in this well-mixed turbulent BL, there are
downdraft droplets being recaptured and recycled in the
updrafts at this particular horizontal location near the

cloud base. This phenomenon was reproduced in a
LES mode! by Kogan et al. (1995).
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Figure 5. Same as in Fig. 3, except for two
horizontal turbulence legs near the cloud
base in flight 3. Legs are between 60 and
85 km apart.

We also observed horizontal variability in the cloud
droplet spectra in the cases where cumulus clouds
penetrate the stratocumulus deck from below. Figure 6
iltustrates one example of this occurrence in the FIRE
flights using measurements from July 11, 1987 (flight 7).
Figure 6 shows two cloud droplet spectra from the same
horizontal measurement leg near the cloud top. During
this in-cloud flight leg, the observer’s notes indicate the
presence of thick stratocumulus, with some regions of
penetrating cumulus observed. The droplet spectra
from the first segment (Fig. 6a) appear similar to those
shown earlier for flight 6 for the updrafts, downdrafts,
and defined environment, and thus it is consistent with
the droplet spectra of stratocumulus with no penetrating
cumulus (Fig. 4). In Fig. 6b, however, the total number
concentration is much higher, and the updraft and
downdraft concentration is much higher than that of the
defined environment. Also, the droplet sizes are smaller
than those in Fig. 5a. This is consistent with the
findings of Martin et al. (1994), who observed that the
intrusion of cumulus clouds resulted in a localized
increase in droplet concentration and liquid water
content in the stratocumulus layer, with a localized
decrease in droplet size as more droplets compete for
available water vapor.
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Figure 6. Same as Fig. 4, except for flight 7
where penetration of the stratocumulus by
cumulus was observed. Cumulus penetration
was recorded by the in-flight observer in (b).

6. SUMMARY

Analysis of updraft/downdraft microphysical
parameters revealed consistent differences between
updraft and downdraft. In general, the updrafts
occupied iarger areas and coniain smalier dropiets.
These results were obtained from LES studies utilizing
explicit cloud microphysics, but have not been evaluated
using observational data. This study fills the void using
a large number of cases.

We also studied the variability in cloud
microphysical properties on a scale larger than the
boundary layer internal circulation. These variability can
be identified from the differences in different legs at the
same level of the same flight. The differences seen are
likely the result of localized changes in the extent of
turbulent mixing occurring near the cloud top and base
and also the interaction with cumulus forming beneath
the stratocumulus deck in a localized area.

We do not present error statistics for the
calculations made in this study. In one aspect, there is
no accepted method of error representation for these
types of calculations. Nevertheless, confidence in the
results is obtained through consistency between results
from different flights.

The current research provides, for the first time,
the microphysical properties in the convective events.
These observational results are consistent with those
from LES with explicit cloud microphysics, such as in
Kogan et al. (1995). The differences in the
microphysical properties between the turbulent updrafts
and downdrafts clearly revealed the physical processes
occurring in each type of event. More well-designed in-
cloud measurements are desirable to further quantify
the findings here.
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CHARACTERISTICS OF DRIZZLE IN COASTAL STRATOCUMULUS CLOUDS

Silke Fritz, B. A. Albrecht and P. Kollias

MPQO Division, RSMAS/University of Miami, Miami, FL.

1. INTRODUCTION

Drizzle processes often influence the dynamics and
structure of marine stratocumulus clouds. Numerous
studies have considered the significance and
contribution of drizzle processes to the cloud-topped
boundary layer (e.g., Vali et al., (1998), Wang et al.,
(1994), Bretherton et al., (1995)). However, several
issues concerning the formation of drizzle in shallow
boundary layer clouds remain unresolved. These
include the effects of the depth of the cloud layer,
CCN concentration, and turbulence structure on
drizzle formation. in this paper, the characteristics of
drizzle in coastal stratocumulus clouds and its relation
to cloud thickness and turbulence are examined.

The specific goals of this study are to:

1) characterize the vertical distribution of drizzle
and its relation to large-eddy cloud circulations,
and

2) examine the refative roles of clotid thickness and
cloud turbulence levels on drizzle production.

Preliminary analysis of observations from a mm-
wavelength radar is presented here fo illustrate the
techniques being developed to address these goals.
Using a case study, characteristics of drizzle observed
in marine stratocumulus are discussed and simplified
methods are applied to illustrate the horizontal
variability ‘and the mean vertical structure of the
stratocumulus layer. A comparison of a drizzle and a
non-drizzle period is presented to highlight differences
in cloud structures for these conditions.

*Corresponding author address: Silke Fritz,
Rosenstiel School of Marine and Atmospheric
Science, Division of Meteorology and Physical
Oceanography 4600 Rickenbacker Causeway of
Miami, Florida 33149-1098.

2. EXPERIMENT - INSTRUMENTATION

Various parameters characterizing drizzle and its
related formation processes were observed during the
Drizzle and Entrainment Cloud Studies experiment
(DECS) conducted on the shore of Monterey Bay,
California from 14 June to 9 July 1999 using a suite of
surface-based remote sensing systems. The principal
observing system for this study was a surface-based
upward looking 94 GHz Doppler radar. A description
of this system can be found in Lhermitte (1987) and
Albrecht et al. (1999). Doppler spectra from this radar
were collected to provide cloud microphysical and
turbulence retrievals, The vertical resolution of the
cloud radar for this study is 30 m. The temporal
resolution is 3.5 sec. A ceilometer collocated with the
cloud radar was used to define the cloud-base height.
Continuous observations of boundary layer height and
winds were obtained from the Naval Postgraduate
School  (NPS) 915 MHz wind profiler. Radiosondes
were released to obtain the boundary layer structure
at the site. In addition to remote sensing, in-situ
observations from the Center for Interdisciplinary
Remotely-Piloted Aircraft Studies (CIRPAS) Twin
Otter were made to assist in the evaluation of the
remote sensing retrievals.

3. OBSERVATIONS

The cloud radar data collected during the 4 weeks
of the experiment where made as the stratus layer
advected on-shore. Here a very small sample of the

observations made on 24 June 1999 are used to

examine the variability of the marine stratocumulus
layer with an emphasis on drizzle variability. A weak
surface cold front was located northwest of the
experiment area resulting in a NNW flow. During the
night the front moved over the site and continued
southeast. Early in the night there was a short
intensive period of heavy drizzle. The drizzle
progressively weakened and eventually dissipated.
The cloud/drizzle base temperature was 11 ° C
throughout the night.
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In the following sections, a subset of the drizzle
period lasting 40 minutes between 05;10 and 05:50
UTC and a subset of the non-drizzle period between
07:30 and 08:10 UTC on 24 June 1999 were used for
the main characteristics of the cases and to apply
simplified retrieval techniques.

Cloud Reflectivily [d8Ze)

0 [ ¢ 1

Mean Dappder (e

s 7 ¥ T e

height ()

Fig.i A i0-minute time height mapping of cioud
reflectivity and Doppler velocity starting at 05:20 UTC.
The height resolution is 30 m and the temporal
resolution 3.5 sec. The accuracy of the Doppler
velocity measurements is 1.65 cms”,

The observed reflectivity and Doppler velocity for a
10-minute period during the drizzle period are shown
in Figure 1. These provide a typical picture of the
horizontal variability of stratus clouds with drizzle. At
05:20 UTC (22:20 PST) the drizzle events occur in
wavelike structures with time scales of the order of 3-4
min. within the stratocumulus cloud. This is indicated
by the reflectivity mapping of the stratus layer, which
exhibits large inhomogeneities in the horizontal. The
cloud base is not defined since the drizzle signal
clearly dominates the radar returns. The velocity field
is dominated by downward motion associated with
downdrafts and the drizzle. The strongest downdrafts
are located in regions of low reflectivity. Some of the
downdraft structures appear to originate from the
cloud top as indicated by the penetration of low
reflectivity values from the cloud top in association
with strong downward motion.
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The reflectivity mapping {not shown) for a non-
drizzle period observed 2 hours later, has the same
variability but with significantly lower reflectivity values
and weak updraft structures. The cloud tops for both
areas are at approximately the same height with a
cloud thickness of about 500 m. The cloud top is
detected by the 2 dimensional reflectivity field using a
reflectivity gradient method.

800 T —r

Non-Drizzie Cloud Top + 100 m

T80F

g

Drizzle Cloud Top

Height (m)
g

Tire {min)

Fig. 2 Cloud top height time series (40 min) for drizzle
ihe and non-drizzie cases.

Figure 2 shows the retrieved cloud top for 40
minutes of observations in a stratus layer with high
reflectivities (drizzle case) and 40 minutes with low
teflectivities (non-drizzle case). Time seties of cloud
top boundaries indicate the depth of the entrainment
zone. During the drizzle period the cloud top variability
is greater than that observed during the non-drizzle
case. Further investigation of the cloud-top variability
will be made using the entire DECS data set.

Observations of cloud base are difficult since
surface-based cloud radars cannot resolve structures
below about 200 m. Therefore, the cloud base
boundaries are not resolvable by the cloud radar
especially in the drizzle case. During the drizzle
period, the cloud base detected by the ceilometer was
near the ground (30 m). Interpretation of the
ceilometer data may make it difficult to discriminate
between the real cloud base and the level of the
drizzle. In the non-drizzle case the cloud base height
for the ceilometer was between 100 — 150 m.
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Fig. 3 Average of 10-minute profiles of reflectivity and
Doppler velocity for both the drizzle and non-drizzle
case.

The mean reflectivity and the mean Doppler velocity
computed from the Doppler spectra for the two cases
are shown in Figure 3. The reflectivity profiles indicate
distinct differences between the drizzle case and the
non-drizzle case. Although the reflectivity is
substantially lower for the non-drizzle case than for
the drizzle case, there is more variability in the profiles
for this period. The Doppler velocity profiles for the
drizzle case indicate that below 400 m an increase in
reflectivity is associated with an increased fall velocity.
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Fig. 4 Retrieved profiles of the droplet diameter and
concentration number for the drizzle case.

The Doppler spectra will be used to develop more
sophisticated techniques for distinguishing drizzle/non
drizzle modes of the stratus layer and retrieving cloud
microphysics. Currently, simple parameterization of
the cloud microphysical structure is made using the
mean profiles of reflectivity and vertical velocity in the
drizzle case. Using a mono-dispersed cloud droplet
model we estimate the mean equivalent diameter
corresponding to the observed mean Doppler profile.
The equivalent diameter retrieved by this simplified
technique can be used to deduce the number of
droplets needed to provide the observed reflectivities.

Figure 4 shows the retrieved profiles of the droplet
diameter and number concentration for the drizzle
case. The profiles exhibit increasing droplet sizes
towards the cloud base and a corresponding decrease
in the number of droplets towards the ground. Despite
the simplicity of our model, the results are consistent
with previous observations in marine stratocumulus
clouds (Frisch et al., 1994).

4, CONCLUSIONS

The DECS radar data of marine stratocumulus
clouds provides detailed descriptions of drizzle and
non-drizzle conditions. The data presented here
demonstrate the highly variable character of marine
stratocumuius clouds. Furthermore, the results show a
clear picture of drizzle structure in the lower cloud
part, which has a lower droplet concentration and
bigger drops than in the upper part of the cloud. The
treatment of the dynamics of the cloud in our study is
very simplified. In addition, to the drizzle / non-drizzle
modes, each case considered is characterized by
substantial internal variability. Nevertheless, the high-
resolution data collected during the DECS experiment
can be proved extremely valuable in our effort to
quantify the variability and highlight the physical
processes contributing to the drizzle.

In the future, retrieval techniques using the full
recorded Doppler spectrum and data collected by
other instruments will be developed to facifitate the
study of drizzle characteristics and processes for the
entire DECS data set.

13" International Conference on Clouds and Precipitation

825



5. ACKNOWLEDGEMENTS

This research was funded by ONR N 00014-99-1-
0036.

6. REFERENCES

Albrecht, B. A. P. Kollias, R. Lhermitte, and R. Peters,
1999: Observations Of Tropical Cloud Systems With A
MM-Wavelength Doppler Radar -~ An Overview
Proceedings 29" International Conference on Radar
Meteorology, Am. Meteorol. Soc., Montreal, 454 —456.

Bretherton, C. S. P. Austin, and S. T. Siems, 1995
Cloudiness and Marine Boundary Layer Dynamics in
the ASTEX Lagrangian Experiments. Part |I;
Cloudiness, Drizzle, Surface fluxes, and Entrainment.
J. Atmos. Sci. 52, 2724 -2736.

Frisch, A. S. C. W. Fairall, and J. B. Snider, 1994:
Measurement of Stratus Cloud and Drizzle
Parameters in ASTEX with a K, -Band Doppler Radar
and a Microwave Radiomieter. J. Almos. Sci. 52,
2788-2799.

Lhermitte, R., 1987: A 94 GHz Doppler radar for cloud
observations. J. Afmos. Oceanic Tech,, 4, 36-48.

Vali, G., R. D. Kelly, J. French, S, Haimov, D. Leon, R.
E. Mcintosh, and A. Pazmany, 1998: Finescale
Structure and Microphysics of Coastal Stratus. J.
Atmos. Sci. 55, 3540-3564.

Wang, S., and Q. Wang, 1994; Roles of Drizzle in a
One-Dimensional Third Order Turbulence Closure
Model of the Nocturnal Stratus - Topped Marine
Boundary Layer. J. Atmos. Sci,, 51, 1559-1576.

826 13" International Conference on Clouds and Precipitation
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1. INTRODUCTION

ft is now well-recognized that boundary-layer clouds
have a great influence on weather and climate through
their effects on the radiative energy budget in the
atmosphere (see among others Fouquart et al.,, 1989 or
Heymsfield, 1993). Despite many researches devoted to
field experiments and subsequent cloud-radiation
modelings (see for instance Foot, 1988), the well-
documented simuitaneous observations of cloud
microphysical and optical properties are still insufficient
and essential to improve our understanding of the
retationship between radiation and the boundary-layer
clouds, including mixed-phase conditions. During
January 1999, an intensive aircraft field observations of
clouds -and radiation was cammed out by the
Meteorological Research Institute (MRI) within the
Japanese Cloud and Climate Study (JACCS) program
(Asano et al, 1994). The experimental strategy was
designed to simultaneously document the radiative and
microphysical properties of winter-time boundary-layer
clouds, including mixed-phase  situations, by
synchronized formation flights with two aircraft. An
instrumented Cessna 404 Titan aircraft was used for
radiation and remote-sensing measurements with flight
patterns conducted above the clouds. A Beechcraft
B200 Super King Air aircraft {B200) was used for in situ
cloud microphysic and radiation measurements with
collocated flight patterns conducted into the cloud and
below the cloud base. In this paper we shall address the
microphysical and optical properties for two winter
boundary-layer clouds : one relies on a continental and
rather uniform stratocumulus water cloud and the other
relies on a maritime mixed-phase stratiform cloud.

2. AIRCRAFT INSTRUMENTS

The microphysical probes operated by MR! on the 8200
aircraft are the following : @ PMS PCASP for the
measurement of the aerosal size-distribution from 0.1 to
3.0 um diameter; a PMS FSSP-100 for the sampling of
the droplet size-distribution from 3 to 45 pm diameter, a
PMS 2D-C for recording the cloud particle images
ranged from 25 to 800 pm diameter and a Gerber PYM-
100 for measuring liquid water content and effective
diameter of cloud droplets < 50 pm diameter. The Polar
Nephelometer operated by the LaMP (Crépel et al,
1897) was also mounted on the B200, We recall that the
Polar Nephelometer is an unique airborne in sifu
instrurment which is compatible with PMS canister (Gayet

et al, 1997). This instrument measures the scattering
phase function of an ensemble of cloud particles (i. e.,
water droplets or ice crystals or a mixture of these
particles from a few micrometers to about 500 microns
diameter). The PMS probe data were processed with
standard methods and the derivation of the extinction -
coefficient and asymmetry parameter from the Polar
Nephelometer measurements have been discussed with
details in Gayet et al. (2000). It should be noticed that in
stratocumulus water droplet cloud, the measured phase
function fits very well with the phase function derived
from direct PMS probes measurements. This definitively
confirms the reliability of the Polar Nephelometer for
airborne measurements.

3. WATER-DROPLET STRATOCUM. CASE

The observation presented in this section was carried
out on 21 January 1999 (between 11:10 and 13:30 JST)
in an area of 70 km x 70 km centered at 32.2°N and
129.5°E, located about 100 km West of Kydsha island.
On that day we had a typical wintertype pressure
pattern with a high pressure system widely covering the
East China Sea. Over the observational area, the
vertical profiles (see below) reveal that the cloud was
about 500 m deep with a cloud-layer base near 1000 m,
a temperature of -4°C and a cloud-top height at 1500 m
with a temperature of -6°C. The cloud was topped by a
strong temperature inversion as much as 5°C and visual
observations from the aircraft revealed a rather uniform
cloud field. Figures 1.a to-c display vertical profiles liquid
and ice water content, extinction coefficient (cex) and
asymmetry parameter (g), respectivelx. LWC mongtically
increases with height up to 0.65g m™, which is close to
the adiabatic profile indicating a well-mixed cloud. The
cloud droplet concentration and effective diameter were
about 1000 cm™> and 8 pm respectively indicating
continental-type properties. Some ice particles -(non-
rimed ice columns) have been evidenced at any cloud
levels with a low concentration (i.e., a few per liter to 20
). The extinction coefficient profile in Fig, 1.b also
exhibits a monatically increase up to 160 km™ near the
cloud top and conducts to a visible optical depth (z) of
about 40. The asymmetry parameter monotically
increases from about 0.83 near the cloud base to 0.846
at the cloud top {Fig. 1.c). These values are typical of
water cloud and highlight that the presence of ice
particles mentioned above does not significantly affect
the cloud optical properties.
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Figure 4 : Relative frequecy of g measured near the top
of the mixed-phase stratocumulus cloud

The subsequent optical depth (7) is difficult to derive but
a rough estimate gives a range between 15 and 20. The
g-values (Fig. 3.c) which range from 0.82 to 0.87 are
typical of water droplets and they are linked to the
largest values of the extinction coefficient and to the
water cloud droplets (LWC) occurrences. Significant
smaller g-vaiues (0.73 to 0.80) are related to small
values of gexr and to noticeable MWC. Fig. 4 displays the
relative frequency of the g-values measured near the
cloud top.The results clearly show two modes centered
around 0.835 (water droplets with an occurence of 70%)
and 0.79 (ice particles with an occurrence of 30%).

In order to put forward interpretation of these near-cloud
top properties, we have reported, in Figs. 5 and 6, a few
examples of the Polar Nephelometer measurements

which address to two ftypical g-values. They both
represent measured phase functions with the
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corresponding particle size-spectra obtained by both the
PMS FSSP-100 and 2D-C probes and ice particle
images. In the figures are superimposed the scattering
phase functions calculated by Mie theory for the
measured FSSP mean droplet size-spectra assuming
spherical ice particles.

Figure 5 demonstrates a close agreement between the

two scattering phase functions. This highlights that a

few remaining cloud water droplets (Conc =~ 45 cm")

dominate the optical properties (g ~ 0.83) near the

cloud top, even the presence of pristine dentric shaped

ice crystals which have an ice content twice the liquid

content (WC/LWC = 2). Compared to the previous

example, the results in Fig. 6 show that ice crystals

(pristine dentric shaped and some aggregates) with

much higher M/C (0.28 g m‘3) and concentration (C2D

= 55 I} dominate the scattering properties. As a matter

of fact, the measured scattering phase function is larger

than the theoretical one particularly at the side angles

between 80° and 120°, leading to a smaller g-value of

0.79. Interestingly, the measured phase function shows

a small bump near 145° which suggests that the

remaining water droplets, even in a few concentration

(15 cm™) and small size (Deff = 5 pm), may also

contribute to the scattering properties. Subsequently,

the contribution of such remnant water droplets should

bring a slight increase of the g-value by comparison

with pure ice crystal clouds. The above results clearly

show that the present mixed-phased cloud exhibits a

cloud topped liquid water layer that yields ice

precipitation. This feature may play an important role in

cloud radiative properties and remote sensing. Since

the scattering properties near the cloud top are mostly

dominated by water droplets, the interpretation of

satellite remote sensing of mixed-phase clouds (under

the assumption of water clouds) may seriously restrict

inference of the cloud compositions (Buriez et al.,

1997).
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Figure 5 : Example of measurements obtained by the Polar Nephelometer and PMS FSSP & 2D-C probes near the
cloud top at 2300 m MSL / -15°C. Right panel : Mean scattering phase function measured by the Polar
Nephelometer (cpen circle symbols) and scattering phase function obtained by Mie theory (line) calculated with the
average droplet size distribution measured by the FSSP. An example of ice particle images sampled by the 2D-C
probe is reported in the above right corner. Left panel : Direct FSSP and 2D-C size-distributions with values of the
pertinent microphysical & optical parameters.
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EFFECTS OF URBANIZATION ON RADIATION FOG IN XISHUANGBANNA AREA

Shen Ying

Huang Yuren
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Tan Yingzhong

Meteorological Bureau of Yunnan Province, Kunming 650034, P. R. China

1. INTRODUCTION

Xishuangbanna area is situated in the southwest
of Yunnan Province, P. R. China. Radiation fog
appears almost every day in winter half year. The
period of fog last about 6~7 hours. But the fog has
decreased clearly in last teens years along with the
change of natural climate and the action of humanity. In
order to understand the reason of the variation of fog,

we analyzed the data of Jinghong and Damonglong
weather station from 1960 to 1996. Jinghong station is
situated at 101°04'E, 21°52'N, 552.7m above sea level.
Damonglong station is situated 100°40'E, 21°35'N,
621.8m above sea level. The straight distance
between Jinghong and Damonglong is nearly 50km.
The climatic characters and natural conditions of
Jinghong are the same as that in Damonglong. The
statistical resuits are listed in Table 1 and Table 2.

Table 1. Changes of elements

Meteorological Period Jinghong Damonglong
elements Average Sample Average Sample
value variance value variance
Annual foggy days (day) 1960~1984  116.06 21.19 129.40 18.53
1985~1996 61.58 11.79 109.42 8.82
Mean annual 1960~1984 21.90 0.40 21.31 0.32
temperature ('C) 1985~1996 22.62 0.23 21.65 0.24
Mean annual relative 1960~1984 81.88 2.05 84 .24 113
humidity (%) 1985~1996 78.42 1.08 84.08 0.79
Mean annual maximum  1960~1984 29.35 0.48 28.39 0.39
temperature (C) 1985~1996 29.78 0.27 28.62 0.18
Mean annual minimum _ 1960~1984 17.42 0.54 16.77 0.49
temperature ('C) 1985~1996 18.18 0.35 17.32 0.27

Table 2. Relationship between Jinghong and Damonglong

Meteorological Period Correlation analysis
elements Correlation Regression
coefficient equation’
Annual foggy days (day) 1960~1984 0.727 Y=55.6+0.636x
1985~1996 -0.0926 Y=113.68-0.0693x
Mean annual 1960~1984 0.540 Y=11.78+0.435x
temperature ('C) 1985~1996 0.880 Y=1.26+0.902x
Mean annual relative 1960~1984 0.788 Y=48.67+0.434x
humidity (%) 1985~1996 0.379 Y=62.33+0.277x
Mean annual maximum  1960~1984 0.778 Y=9.66+0.638x
temperature (C) 1985~1996 0.832 Y=12.11+0.555x
Mean annual minimum  1960~1984 0.785 Y=4.34+0.713x
temperature ('C) 1985~1996 0.839 Y=5.48+0.651x

*Y: Jinghong's elements, X: Damonglong’s elements.

2. VARIATIONS OF FOG

The annual foggy days have decreased since
1960, but Jinghong's decrease range is bigger than
Damonglong's. Jinghong's annual foggy days

Correspending author's address: Shen Ying,
Meteorological Bureau of Yunnan Province, 73
Xichang Road, Kunming, Yunnan 650034, P. R. China;
E-Mail: yingshen@ynmail.com i

decrease from 162 days in 1960 to 45 days in 1996,
while Damonglong’s annual foggy days decrease from
150 days in 1960 to 102 days in 1996. Table 1 shows:
Jinghong's annual foggy days are about the same as
Damonglong's before 1984, they are 116.1 days and
129.4 days respectively in the period from 1960 to
1984. After 1985, Jinghong's annual foggy days
decrease clearly but Damongiong's decrease slowly.
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-They are 61.6 days and 109.4 days respectively from
1985 to 1996.

Besides ihe decreasing of foggy days, the lasting
period of fog is becoming shorter and shorter. Gong
(1996) analyzed the Jinghong's and Mengla's (another
weather station in Xishuangbanna area) mean lasting
period of fog. They found that: Jinghong's mean lasting
period of fog decrease from 634 hours in the winter half

year of 1960s to 213 hours in the winter half year of
1990s. Mengla's mean lasting period of fog decrease
somewhat slowly from 873 hours in the winter half year
of 1960s to 554 hours in the winter half year of 1990s.

The microstructure of fog also changes clearly.
Huang et al. (1986) detected the microstructure of
radiation fog in Xishuangbanna area in the winters of
1986 and 1997. Results are showed in Table 3.

Table 3. Variations of microphysical characteristics of fog in Jinghong

Sounding Mean minimum  Mean maximum  Mean diameter Number Water
period diameter diameter density content
(um) (um) (um) (em?) (g/m’)

86.12~87.2 4.3 58.8 13.6 94.8 0.25
97.11 42 37.5 8.0 236.6 0.124

The above results show that the microphysical
characteristics of Jinghong's fog have changed clearly
in last ten years. The mean diameter decreases from
13.6 um to 8.0um. The mean maximum diameter
decreases from 58.8um to 37.5u m. The change of
mean minimum diameter is insignificant. The number
density of fog increases from 94.8/cm® to 236.6/cm?®.
The water content of fog decreases from 0.25g/m? to
0.124g/cm®. The result is about the same as Gong's
(1996) result, which/ showed the decrease of the water
content of Xishuangbanna's fog.

3. MEAN ANNUAL TEMPERATURE

The mean annual temperature has increased
slowly since 1960. The change range of mean annual
temperature is very similar between Jinghong and
Damonglong before 1984, From 1960 to 1984,
Jinghong's and Damonglong's mean temperature is
21.90°C and 21.31°C respectively. From 1985 to 1996,
they are 2262 C and 2165 C respectively.
Jinghong's and Damonglong's mean temperature from
1985 to 1996 is higher 0.72°C and 0.34°C respectively
than from 1960 to 1984.

4. MEAN ANNUAL RELATIVE HUMIDITY

Jinghong's mean annual relative humidity has
decreased since 1960. But Damonglong's has only
fluctuant change since 1960. Jinghong's mean annual
relative humidity decreases from 84% in 1960 to 79%
in 1996. Damonglong's is 85% in 1960 and 85% in
1996. From 1960 to 1984, Jinghong's mean relative
humidity is 81.88% and Damonglong's is 84.24%.
From 1985 to 1996, the former is 78.42% and the latter
is 84.08%.

5. MEAN ANNUAL MAXIMUM TEMPERATURE

Jinghong's and Damonglong's mean annual
maximum temperature have not significant change
since 1960. The former is 28.3°C in 1960 and 29.5C
in 1996. The latter is 29.0C in 1960 and 28.6°C in
1996. From 1960 to 1984, Jinghong's and

Damonglong’'s mean maximum temperature are
29.35°C and 28.39°C respectively. From 1985 to 1996,
they are 29.78°C and 28.62°C respectively.

6. MEAN ANNUAL MINIMUM TEMPERATURE

Jinghong's and Damonglong's mean annual
minimum temperature have not significant change
since 1960. The former is 17.8°C in 1960 and 18.4°C
in 1996. The latter is 16.7°C in 1960 and 17.5C in
1996. From 1960 to 1984, Jinghong's and
Damonglong's  mean minimum temperature are
17.42°C and 16.77°C respectively. From 1985 to 1996,
they are 18.18°C and 17.32°C respectively.

Situated in the same climatic region, effected by
the same weather system and having the same relief
conditions, the two stations should have the same
climatic variations. But the analysis above shows that:
Jinghong's and Damonglong’s change of annual foggy
days, mean annual relative humidity and mean annual
temperature are different in last tens years. We think
that these differences may be caused by other reasons.
Jinghong's data (Table 4) shows: forest covering
fraction decreases clearly from 1950s to 1970s, while
the annual foggy days, mean annual relative humidity
and mean annual temperature have not significant
variations. After 1980s, forest covering fraction
increases due to afforestation project. Nevertheless,
these meteorological elements change clearly. So, we
think that Jinghong's urbanization plays important role
for the variations of Jinghong's fog. These results
about temperature raise, relative humidity decrease,
foggy days and lasting period of fog decrease are
about the same as Zhou's (1994) results about
urbanization effects.

Table 4. Data of Jinghong city

Program 1950s 1970s 1980s  1990s
Urban area (km?) 16 59
Urban population 30000 50000 120000
Forest covering 70 30 34 59

fraction(%)
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SENSITIVITY OF THE RADIATIVE PROPERTIES OF STRATIFORM CLOUDS TO
ENVIRONMENTAL CONDITIONS
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1Department of Atmospheric Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel
“Cooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma, Norman, OK

1. INTRODUCTION

The drop size distribution of stratiform clouds
is particularly important for calculating stratiform
cloud radiative properties. The formation of a
drop size distribution is a complicated process
affected by the concentration and size
distribution of aerosol particles (AP) as well as by
the thermodynamic  properties of the
atmosphere. A large variation in droplet spectra
over a distance of only a few meters is regularly
observed in stratiform clouds (Korolev 1995).
These spectra differ in width and shape, and
some of the spectra are monomodal while others
are bimodal. The cause of such variability is not
well understood.

The radiative properties of a cloud are
influenced by both the size and number
concentration of droplets. An increase in number
concentration or a decrease in drop size will
increase the solar albedo of a cloud (see, e.q,
Hansen and Travis 1974). Hence, the widening
of a size distribution towards smaller droplets or
an overall increase in number concentration
caused by an increase in AP will tend to increase
a cloud's albedo. Conversely, a shift in the size

distribution towards larger droplets will tend to

decrease a cloud's total solar albedo and
increase the cloud's absorption of near infrared
radiation. Therefore, the large variation in width,
shape, and number of modes observed in
stratiform clouds is likely to cause a
correspondingly strong variation in their solar
albedo and absorption.

2. CONCEPT

It is well known that drop concentration in the
vicinity of a cloud base is determined by the local
maximum of supersaturation, which is in turn
determined by the vertical velocity at the cloud

Corresponding author address: Carynelisa
Erlick, Department of Atmospheric Sciences, The
Hebrew University of Jerusalem, Jerusalem
91904, Israel; E-mail: caryn@sharav.es.huji.ac.il.

base (Rogers and Yau 1989). Khain and Pinsky
(2000) found that for cumulus clouds, a variable
updraft velocity can, under certain conditions,
increase supersaturation in the upper levels of a
cloud in excess of the supersaturation maximum
at cloud base. This leads to in-cloud nucleation
of droplets accompanied by a) an increase in
droplet concentration, b) droplet spectrum
broadening towards smaller droplets, and c) the
formation of bimodal spectra. We expect that
processes of such kind take place in stratiform’
clouds as well. Moreover, because vertical
velocities at the base of stratiform clouds can be
rather small, we expect that turbulent fluctuations
in vertical velocity can lead to fluctuations in the
supersaturation with amplitude exceeding the
maximum at cloud base. Therefore, we expect
turbulent  velocity fluctuations to play a
substantial role in the broadening of droplet
spectra in stratiform clouds. Fluctuations of
velocity at cloud base (due to large eddies or
turbuient fiuctuaiions of a smailer scale) could be
responsible for the formation of the wide variety
of size spectra observed in these clouds.

To simulate these fine features of the droplet
size spectra in stratiform clouds (different width,
spatial inhomogeneity, etc.), it is necessary to
have the proper relationship between vertical
velocity and supersaturation for parcels that
circulate within stratiform clouds in updraft and
downdraft loops of various scales. One way of
accurately modeling such profiles is through
three-dimensional large eddy simulations (LES)
(e.g., Kogan et al. 1995; Stevens et al. 1998b).
These contain advanced advective schemes and
microphysics, and can produce stratiform size
distributions with reasonable widths. However,
LES models tend to be very time expensive and
are associated with other computational
problems, and are therefore not well suited for
sensitivity studies.

Another approach is through a
one-dimensional 'model of the planetary
boundary layer (PBL), in which the transport of
water vapor, potential temperature, and wind
stress in the vertical are averaged horizontally
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(e.g., Bott et al. 2000). This method allows for
complicated microphysics, even two-dimensional
microphysics schemes in the case of Bott et al.
(2000). However, processes such as turbulence
and turbulent velocity fluctuations are by

necessity parameterized, and there are many

assumptions associated with using horizontal
mean values of quantities such as
supersaturation (Stevens et al. 1998a).

We suggest a third method, using a
Lagrangian approach to investigate the droplet
spectrum formation in  stratiform  clouds.
According to this approach, a stratiform cloud
can be represented as a population of a great
number of cloud parcels moving along air
streamlines. In this approach, droplet spectra are
calculated in each parcel, and the spectrum over
the wholie cloud can be obtained by proper
averaging of the spectra of individual cloud
parcels.

Our aim of the Monte Cario simulations is to
restore the microphysical and geometrical
structure of a stratocumulus cloud simulated by
the LES model of Kogan et al. (1995) (see
Khairoutdinov and Kogan 1999), and to compare
the spectra we obtain with their results. We will
then use the same Lagrangian approach to
investigate the effect of atmospheric aerosols on
droplet spectrum formation in stratiform clouds,
and to reveal the sensitivity of cloud radiative
properties to aerosol concentration and size
distribution.

3. MODEL DESCRIPTION

3.1 Cloud Microphysics

To simulate stratiform cloud droplet size
spectra, we employ a cloud parcel model
developed by Khain and Pinsky (2000). In this
model, the growth rate of atmospheric particles is
described by the equation of diffusional growth
(Pruppacher and Klett 1997):

d F ror-ry

where r is the radius of the wet particle, ry is the
radius of the dry soluble fraction, S is the
supersaturation with respect to water, and F is a
thermodynamic coefficient. The second and third
terms are related to the drop curvature -and
soluble aerosol fraction, respectively.

The rate of change of supersaturation is
expressed by the saturation development
equation (Pruppacher and Klett 1997):

where w is the updraft velocity, g, is the molar
mixing ratio of liquid water in the air, and A, and
A, are thermodynamic coefficients. The two
terms in the equation describe adiabatic cooling
and the condensation of water vapor on growing
particles, respectively. The temperature of the
air parcel is described by (Pruppacher and Klett
1997):

_dr_s ., Ldqg
dt ¢, c dt

p

where L is the latent heat of condensation, and
¢, is the specific heat of water.

In the calculations of diffusional growth, there
is no differentiation between aerosol particles
and cloud droplets. The size distribution consists
of 2000 mass bins, with the mass increment
increasing exponentially up to that corresponding
to a drop of radius 20 um. To eliminate any
artificial broadening, we do not use a regular
mass grid; particles (aerosols and droplets) grow
according to the equation of diffusional growth,
so that a new set of drop masses is formed at
each subsequent time step. The utilization of a
large number of bins allows us to simulate
droplet activation smoothly, avoiding sharp
jumps in drop concentration.

The velocity field in stratocumulus clouds
results from several complicated
thermodynamical processes: thermal instability in
the boundary layer, entrainment in the vicinity of
the cloud top, radiative cooling at the cloud top,
and turbulent velocity fluctuations. In contrast to
cumulus clouds, latent heat release and droplet
weight do not significantly affect the velocity field.
Therefore, in stratiform clouds we have as a first
approximation a unidirectional influence of the
velocity field on cloud microphysics.

We use the velocity field generated by the 3-D
LES microphysical model developed by Kogan et
al. (1995) for the simulation of air parcel tracks.
The model resolution is 75 m in the horizontal
and 25 m in the vertical. The initial position of air
parcels is chosen to be below cloud base, and
the aerosol size distribution at cloud base is
taken as suggested by Respondek et al. (1995).
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3.2 Radiative Transfer

The cioud single scatlering properiies are
computed from the mean droplet spectra using
the Mie scattering subroutine for spheres found
in Bohren and Huffman (1983). Since the mean
droplet spectra vary with position in the cloud,
the cloud single scattering properties are
calculated as a function of height (or cloud layer),
where a layer is on the order of 50 m deep.

The single scattering properties are then
entered into the radiation algorithm, a 26-band
solar parameterization for . inhomogeneous
scattering and absorbing atmospheres, spanning
wavenumbers 0 to 57,600 and wavelengths
0.174 um to greater than 4.0 um (Freidenreich
and Ramaswamy 1999). In the radiation
algorithm, the delta-Eddington method (Joseph
et al. 1976) is used to calculate the reflection and
transmission of scattering layers, and the layers
are combined using the adding method
(Ramaswamy and Bowen 1994). The
exponential . sum-fit technique (Wiscombe and
Evans 1977) is used for the parameterization of
water vapor transmission in the main absorbing
bands, while absorption by other gases is
computed using a regular absorptivity approach.
The solar radiation aigorithm provides the
albedo, absorption, and transmission of the cloud
layer as a function of wavelength and solar
zenith angle.

4 PRELIMINARY SIMULATIONS

In our preliminary simulations, the shape of
the vertical velocity profile was prescribed to
conform to updraft and downdraft loops of either
elliptical or sinusoidal shape, with a maximum
vertical velocity at cloud center of 0.5 m s and
zero vertical velocity at cloud top. The elliptical
profile (Figure 1a), with a rapid increase in
vertical velocity with height, produced a
supersaturation profile with maximum
supersaturation near the cloud base. As a result,
there was no new nucleation above the cloud
base, and the size distribution narrows with cloud
height (Rogers and Yau 1989; Khain and Pinsky
2000).

The sinusoidal profile (Figure 1b), with a
relatively slow increase in vertical velocity with
height, produced a supersaturation profile with
maximum supersaturation near the cloud center.
As a result, new nucleation and spectral
broadening occurred from the cloud base up to
the cloud center, and the drop distribution at the
cloud top (z = 200 m) is relatively broad. The

spectral broadening in Figure 1b leads to a
slightly higher mean radius than in Figure 1a, a
slightly lower visibie optical depth, and a 2%
decrease in visible albedo from ~0.51 to ~0.50.
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Figure 1. (a) Size distribution resulting from an
elliptical updraft vertical velocity profile, as a
function of height within cloud (z), (b) Size
distribution resulting from a sinusocidal updraft
vertical velocity profile, as a function of height
within cloud, (c) Size distribution resulting from a
sinusoidal updraft velocity profile, with 3 times the
initial AP concentration, as a function of height
within cloud. In all simulations, the vertical velocity
at cloud base was 0.05 m s’ and maximum
vertical velocity at cloud center was 0.5 m s,

in Figure 1c, the updraft velocity profile
remained sinusoidal, but the initial AP
concentration was increased from 2151 cm™ to
6454 cm™. In comparison with Figure 1b, the
resulting size distribution has a smaller mode
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radius, a smaller width, and a higher number
concentration. This translates into a 74%
increase in visibie optical depth from ~19 to ~33,
and a 28% increase in visible albedo from ~0.50
to ~0.64. This is a clear signature of the effect of
AP concentration on increasing the drop number,
decreasing the drop size, and increasing the
cloud solar albedo. Note that these results are
only preliminary; a more detailed sensitivity study
will be presented following the method outlined in
Sections 2 and 3.

5. CONCLUSIONS

From Figure 1, it is clear that the

supersaturation and size distribution are rather- -

sensitive to the shape of the vertical velocity
profile and to the initial aerosol concentration.
We expect, therefore, that in our Lagrangian
approach, the variations in the vertical velocity
profile over the various trajectories and the
dependence of supersaturation on these vertical
profiles as per the saturation development
equation, should provide us with a realistic
average drop size spectrum with an appropriate
width for stratocumulus clouds. Based on our
preliminary results, we also expect that, given
our realistic stratiform cloud drop size spectrum,
this method will provide us with a
correspondingly realistic assessment of the
sensitivity of the cloud drop spectrum and cloud

radiative = properties to  initial  aerosol
concentration and size distribution.
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The effect of surface winds on marine stratus microstructure and drizzle

Yefim L. Kogan and Yuri Y. Shprits

Cooperative Institute for Mesoscale Meteorological Studies,
University of Oklahoma, Norman OK

1. Introduction’

Through their radiative effects, marine
stratocumulus clouds play an important role
in climate and weather. This role is
frequently illustrated by an example
showing that a few percent increase of
stratocumulus cloud cover  would
compensate the greenhouse warming due to
CO; doubling, while similar decrease would
double the warming (Randall et al 1984,
Ramanathan et al 1989). Cloud radiative
parameters, in turn, are affected by cloud
microstructure {e.g., etfective radius) which
is closely related to the CCN concentration
and size distribution (Twomey, 1977). The
environments with more abundant CCN
concentrations should lead to the increased
cloud drop concentrations and, therefore,
given the same amount of liquid water
content, to the decreased drop sizes. Based
on many observations in different regions of
the globe, Martin et al (1994), O'Dowd et al
(1996), among others suggested various
analytical relations between the aerosol and
cloud drop concentrations. These relations,
however, need to be modified for conditions
of strong surface winds, which directly
affect the number of sea-salt aerosol

! Corresponding author address:

Dr. Yefim L. Kogan, Cooperative Institute
for Mesoscale Meteorological Studies,
University of Oklahoma, 100 E. Boyd,
Norman, OK 73019. E-mail:
ykogan@ou.edu

838 13" International Conference on Clouds and Precipitation

particles. As was shown by O'Dowd et al.
(1997), Ghan et al. (1998), the number of
activated  drops  depends on  the
concentration of sea-salt CCN, as well as
boundary layer (BL) turbulence.

2. Description of model and cases

In this study we investigate the role of the
shape of the background (nss) aerosol
spectrum under conditions of moderate
surface winds (10-17m/s). We performed a
series of experiments using the CIMMS LES
model (Kogan et al. 1995; Khairoutdinov
and Kogan 1999). Cloud physics processes
are treated explicitly based on the prediction
equations for cloud particle spectra that
include cloud condensation nuclei (19 bins),
cloud and drizzle drops (25 bins). The
equations for particle size distribution
functions include processes of advection,
sedimentation, turbulent mixing, and
individual microphysical processes of
nucleation, condensation/evaporation and
stochastic coagulation.

The simulations were based on
thermodynamical conditions obtained from
measurements  during ASTEX  field
campaign. The CCN spectra were taken
from observations by Hoppel et al (1990),
the surface wind dependent sea-salt
distributions were taken from O’Dowd et al
(1997). Fig. 1 shows the background aerosol
sulfate spectra used in a series of three of
experiments.



The first experiment, Cp, represented a
very clean air mass with a relatively low
total sulfate concentration of 70 cm™. The
second experiment, Cy, represents a more
polluted air mass with the total sulfate
concentration of 230 cm>. In the third
experiment, Cy;, the total concentration was
slightly lower than in Cy due to lower
concentration of particles in the range 0.04-
0.1p (30 versus 110 cm™). Aitken nuclei in
this range of radii correspond to critical
supersaturation range from 0.05% to 0.2%
which has the highest frequency of
occurrence under simulated conditions. The
latter are characterized- by mean updraft
velocities of about 0.3 — 0.4m/s.

For each of the three experiments, Cy,
Cm, Cu, we conducted three simulations
varying surface winds. In the first
simulation, the surface winds were absent,
i.e., the background aerosol spectra
consisted only of non sea-salt (nss) sulfate
particles. In the second simulation the
surface winds were specified at 10 m/s,
resulting in the production of additional sea-
salt CCN distribution of 30 cm™. Finally, in
the third simulation the surface winds were
specified at 17 m/s, resulting in the sea-salt
particle concentration of 60 cm™. The size
distribution of the sea-salt particles in the
latter case is shown in Fig. 1.
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Fig. 1. The non sea-salt (C, Cym, Ch,)

and sea-salt (at U=17 ms™") components of
CCN spectrum used for model initialization.

3. Results

Fig. 2 shows evolution of the domain
averaged drop concentration in experiment
CL after the two-hour spin-up time for three
different surface wind conditions.
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Fig. 2. Case Cp: time evolution of the
domain averaged cloud drop concentration
as a function of surface wind U (ms™).

As Fig. 2 shows, the addition of sea-salt
particles  increases the cloud drop
concentration only slightly at moderate
winds (U=10m/s), but more significantly, by
20-50%, at higher winds (U=17 m/s). The
explanation lies in the fact that the sulfate
CCN spectrum in the case Cp has a very
narrow left mode at about 0.03-0.04p (the
corresponding critical supersaturation is
about 0.2%). As the total number of sulfate
and sea-salt particles is rather small (less
than 80 cm™ even at the initial stage of
activation), it cannot substantially reduce the
supersaturation in cloud and all sea-salt, as
well as sulfate particles, are activated.
Drizzle is easily formed in this rather clean
air mass, as a result the drop concentration
decreases with time, the decrease is more
rapid in the nss case where there is no sea-
salt particle source (see Fig. 2).

The effect is different in the case Cy,
where sulfate drop concentration is larger
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and also much broader. Compared to Cp
case, the number of sulfate particles in the
0.04-0.1u range is also substantially larger.

Fig. 3 shows that there is a slight 5-10%
decrease in drop concentration. At U=17 m/s
the decrease is smaller than at U=10 m/s,
most likely due to negative feedbacks
caused by the larger drizzle in this case.
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Fig. 3. The same as Fig. 2, but for case Cy.

In the Cy; case the effect on cloud drop
concentration is the strongest. Fig. 4 shows
the decrease in drop concentration from
about 100 cm> to 70 cm>. The
concentration of sulfate particles in the 0.04-
0.1p range is much smaller than in Cy case.
The activation of sea-salt particles limits the
growth of supersaturation and keeps sulfate
particles smaller than 0.04p from activation.
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Fig. 4. The same as Fig. 2, but for case Cy.
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Interestingly, the effect is almost the
same for U=10 and U=17 m/s. Again, a
possible explanation is negative feedbacks
resulting from interactions between drizzle
and supersaturation. Initially, the former is
larger at U=17 m/s. As a result, the decrease
in drop concentration due to drizzle is more
pronounced in this case. The lower drop
concentration will lead to larger
supersaturations in cloud and increase in
CCN nucleation that may counterbalance the
drop concentration decrease due to drizzle.

4. Conclusions

The CIMMS explicit microphysics
model was used to investigate the effect of
surface winds on cloud drop microstructure
and drizzle. In particular, we focus on the
role of the shape of the background (nss)
aerosol spectrum under conditions of
moderate surface winds (10-17m/s).

We performed a series of three
experiments using the CIMMS LES explicit
microphysical model initialized with
thermodynamical profiles measured during
ASTEX field campaign and the nss marine
background spectra observed by Hoppel et
al (1990) in the Atlantic. For each of the
three background spectra we conducted a set
of three simulation for surface winds
specified at U=0, 10 and 17 m/s. The sea-
salt distributions produced by surface winds
up to 17 m/s were taken from observations
by O’Dowd et al (1997).

The surface winds affect the
stratocumulus drop concentration in a
complex way involving many feedbacks
between the total concentration of the
background CCN sulfate spectra, but also its
shape and amount of drizzle. Model
simulations showed that the total
background sulfate concentration does not
uniquely define the effect of surface winds.



An accurate formulation of this effect
should account for the shape of the
background sulfate spectrum. In particular,
it is important to account for the number
concentration of Aitken nuclei in the radius
range from 0.04p to 0.1p. The latter are
activated at supersaturations of 0 — 0.2%
which is the prevailing range in
stratocumulus topped marine boundary
layers characterized by moderate turbulence.
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1. INTRODUCTION

A primary objective of the Indian Ocean Experiment
(INDOEX) was to quantify the indirect effect of aerosols
on climate through their effects on clouds (Ramanathan
et al., 1996). Conventionally, increased aerosol
concentrations are expected to increase cloud droplet
concentrations, and hence, total droplet cross-sectional
area, thereby increasing cloud albedo (Twomey, 1974).
Furthermore, model simulations of marine
stratocumulus (Albrecht, 1989; Ackerman et al., 1993;
Pincus and Baker, 1994) and observations of ship
tracks (Radke et al., 1989; Hindman et al., 1994, Taylor
and Ackerman, 1999) suggest that increased aerosol
concentrations can enhance cloud water content,
physical thickness, and areal coverage by decreasing
precipitation.

Deep layers of dark haze were observed over much
of the northern Indian Ocean in the winters (dry
monsoons) of 1998 and 1999 (Jayaraman et al., 1998;
Satheesh and Ramanathan, 2000) during INDOEX. The
clouds were typically embedded in the haze, which filled
the marine boundary layer and was often overlain by a
residual continental boundary layer advecting pollution
over vast areas (Manghani et al.,, 2000). In apparent
contrast to the conventional expectation that aerosols
augment cloud depth and coverage, very sparse cloud
cover is found in that region during that time of year
(Rossow and Schiffer, 1991). These INDOEX
observations suggest another mechanism by which
aerosols impact clouds, in which a dark haze can
significantly reduce aereal coverage of trade cumulus
(the predominant cloud type expected at that latitude
and season) by amplifying the radiatively-driven diurnal
cycle of cloudiness by increasing solar heating of the
boundary layer.

2. APPROACH

We use a large-eddy simulation mode! (Stevens and
Bretherton, 1997) with parameterized precipitation
(Wyant et al., 1997) and plane-parallel radiative transfer
(Toon et al., 1989). For metecrological context, we use

Corresponding author's address: Andrew S. Ackerman,
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94035, USA; E-Mail: ack@sky.arc.nasa.qov.

measurements from the Atlantic Trade-Wind Experiment
(ATEX), characterized as “nearly classic” trade cumulus,
n which areal coverage was dominated by stratiform
anvils spreading out below a strong trade inversion
(Augstein et al., 1973). The simulation setup is derived
from a GCSS model intercomparison (Stevens et al.,
1999). We compare a sequence of model simulations
subject to varying degrees of aerosol-induced solar
heating to evaluate the cloud-burning effect of soot, and
independently vary droplet concentrations from 50 to
500 cm™.to incorporate conventional indirect effects.
Our approach and results are described at greater
length by Ackerman et al. (2000).

3. RESULTS

Relative 1o the baseline fractional cloud coverage of
0.19 (at a droplet concentration of 250 cm"a), the solar
absorption in our idealized INDOEX 1998 and 1999
hazes results in 25 and 40% reductions in daytime
cloudiness, respectively. The reductions exceed the
offsetting increases in cloudiness due to conventional
indirect effects.

Diurnally-averaged, the top-of-atmosphere (TOA)
radiative forcing due to aerosol-induced solar absorption
in_gur INDOEX 1998 and 1999 hazes is 3.3 and 7.5 W
m~, respectively, amounting to more than 2 and 4 times
the globally-averaged forcing due to increases in carbon
dioxide since the 1850s (Houghton et al., 1996). The
positive radiative forcing due to the cloud-burning effect
of soot is opposed by the net direct and the
conventional indirect aerosol forcings at the surface and
at the top-of-atmosphere (TOA). We find that the net
anthropogenic TOA forcing by aerosols can be positive
or negative (or zero), depending on assumptions about
unpoliuted and polluted conditions. We note that this
equivocal theoretical finding is analogous to satellite
observations showing that absorbing aerosols can
decrease (Kaufman and Nakajima, 1993) or increase
{(Kaufman and Fraser, 1997) horizontally averaged cloud
albedo.
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IS THERE AN INDIRECT AEROSOL EFFECT ASSOCIATED WITH ICE CLOUDS?
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1. INTRODUCTION

Anthropogenic aerosols such as sulfate and carbona-
ceous aerosols have substantially increased the global
mean burden of aerosols from preindustrial times to
present-day. While the change in solar radiation at
the top of the atmosphere by absorption and scatter-
ing of anthropogenic aerosols (direct aerosol effect) re-
mains uncertain (Houghton et al., 1996), the change
associated with the indirect effect, where anthropogenic
aerosols act as cloud condensation nuclei (CCN) thereby
determining the initial cloud droplet number concentra-
tion (CDNC), albedo, precipitation formation, and life-
time of warm clouds, is far more uncertain. The indirect
aerosol effect is negative and estimated to be between
0 and -2 W m~2, Rotstayn (1999) and Lohmann et
al.  (2000) included contributions to the indirect sul-
fate aerosol effact from the change in cloud albedo as
well as from an increase in cloud lifetime due to slower
precipitation formation {cloud albedo and cloud lifetime
effect). They found both effects almost equally impor-
tant. :

The addition of anthropogenic aerosols decreases
the mean cloud droplet size and the smaller droplets are
less likely to freeze for a given temperature leading to a
slower or less frequent glaciation of supercooled clouds.
This could potentially change the phase of clouds and
the longwave radiative forcing. However, this effect was
found to be negligible so far. In the reference experi-
ment described in Lohmann et al. (2000) this effect was
included through equation (2). It was found to increase
the global mean longwave radiation by only 0.2 W/m?
which is comparable to the increase of 0.1 W/m? in
Rotstayn's (1999) experiment.

Anthropogenic aerosols may also change the prop-
erties of ice forming nuclei. The presence of salt ions
causes a lowering of the effective freezing temperature
and foreign gases such as SO, or NH3 occupy the ac-
tive sites, both effects reduce the nucleability of ice nu-

*Corresponding author's address: Ulrike Lohmann,
Atmospheric Science Program, Dept. of Physics, Dal-
housie University, Halifax, N.S. B3H 3J5, Canada; (E-
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clei (see, for instance, Pruppacher and Klett, 1997) and
promote the prolonged existence of supercooled clouds
which would effect the precipitation efficiency of these
clouds as well as their radiative properties. This could
effect both the shortwave radiation in a way similar to
water clouds and the longwave radiation.

Here we investigate the hypotheses that anthro-
pogenic sulfur compounds reduce the nucleability
of ice forming nuclei which are assumed to be dust
aerosols. SO, on a dust particle will occupy active sites.
Additionally, if oxidized to sulfate, the mixed aerosol
will be hygroscopic and be incorporated in a cloud drop
and, thus, no longer be available as a contact nuclei.
it could increase the number of immersion nuclei
because the sulfate/dust mixture will have a surface
for ice nucleation. However, the parameterization of
immersion freezing which we currently use in ECHAIM
does not depend on the number of immersion freezing
nuclei (equation 1). Therefore we only consider the
change in the number of contact nuclei due to internally
mixed sulfate/dust aerosols. We conduct 2 experiments
one in which the number of contact nuclei equals the
number of dust aerosols and one where the number of
contact nuclei is reduced in proportion to the number
of sulfate aerosols.

1. MODEL DESCRIPTION

The ECHAM model used in this study is a modified
version based on Lohmann et al. (1999a). Prognos-
tic aerosol variables are mass mixing ratios of sulfate,
organic and black carbon, sub- and supermicron dust
(0-1 pm and 1-2 pm), and sub- and supermicron sea
salt (0-1 pm and 1-10 um). Sulfate, organic and black
carbon are described in Lohmann et al. (1999a). The
dust fluxes are provided by Ginoux (personal communi-
cation, 1999) and the sea salt fluxes are parameterized

as a function of wind speed following Monahan et al.
(1986).

Prognostic cloud variables are mass mixing ratios
of cloud liquid water and cloud ice, the number con-
centrations of cloud droplets and ice crystals. Parame-
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terized microphysical processes for the mass mixing ra-
tios are condensational growth of cloud droplets, de-
positional growth of ice crystals, homogeneous and het-
erogeneous freezing of cloud droplets, autoconversion of
cloud droplets, aggregation of ice crystals, accretion of
cloud ice and cloud droplets by snow, of cloud droplets
by rain, evaporation of cloud liquid water and rain, sub-
limation of cloud ice and snow, and melting of cloud ice
and snow. The precipitation formation rates for mixed
and ice clouds are adopted from the formulation used in
the mesoscale model GESIMA (Geesthacht simulation
model of the atmosphere) by Levkov et al. (1992).

Cloud droplet number is predicted from nucleation
using the modified version of the Ghan et al. (1993)
parameterization (Lin and Leaitch, 1993) and parame-
terized autoconversion, accretion and self collection of
cloud droplets. ‘

The ice crystal number assuming equivalent spheres
of newly formed ice crystals is estimated from the de-
posited vapor and a mean ice crystal size, which de-
pends on temperature, as described in Lohmann et al.
(1999b). We also consider aggregation, accretion and

self collection of ice crystals, the secondary ice produc-

tion mechanism by Hallett and Mossop and two different
ways of freezing of cloud droplets as described below.
All of these processes are described in detail in Levkov
et al. (1992).

Immersion freezing and condensation freezing are
assumed to depend only on the cloud liquid water con-
tent in the cloudy part of the grid box ¢; and tempera-
ture T as follows:

P

Q frz et = alezp{b(273.2-T)} — 1] P (1)
where p is the air density, p; is the water density, a=100
m~3 57! and b=0.66 K~1.

The only parameterization of ice formation which
depends on the number of ice nuclei is contact freezing
of cloud droplets:

N?

Qfrzent = MioDapdnr N, (270.15 — T) =L

Pai @

where 7; is the volume mean droplet radius, NN is the
number of cloud droplets, m;, = 10712 kg is the original
mass of a newly formed ice crystal, Dy = 1.4 - 1078 m?
s71 is the aerosol diffusivity, Ny, = 2 - 10° m™3 is the
number of active ice nuclei at 269 K. To connect this
equation to our prognosed aerosols, we assume that the
number of active ice nuclei at 269K equals the num-
ber of dust aerosols. The number of dust aerosols in

the reference simulation is obtained from the sub- and
supermicron dust mass by assuming log-normal distri-
butions with mode radii of 0.07 um and 0.39 um, a
density of 2600 kg/m? and a geometric standard devia-
tion of 1.95 and 2 pm, respectively (Hess et al. 1998).
This is an upper bound for the number of contact nu-
clei, because an external mixture is assumed. We then
conduct a sensitivity study where we assume that the
number of dust contact nuclei is reduced according to
the abundance of sulfate aerosols. That is, we subtract
from the sub- and supermicron dust mass half of the
sulfate mass each and convert the remaining dust mass
into the number of ice nuclei. As sulfate aerosols are
mainly anthropogenic, this difference in contact nuclei
could be taken as the anthropogenic impact.

Between -35°C and 0°C mixed clouds can exist.
if no cloud ice is present, it is assumed that the
cloud consists of supercooled cloud droplets only, and
saturation with respect to liquid water is assumed.
These cloud droplets can either evaporate again, form
rain drops or freeze. Once ice crystals are present the
lower vapor pressure over ice causes water vapor to be
deposited directly on ice crystals, and if the air is not
saturated with respect to liquid water, cloud droplets
will evaporate. We considered this process by assuming
that, if ice crystals are present, the water vapor is
deposited directly on them, i. e. condensation no longer
leads to production of liquid water and saturation with
respect to ice is assumed. Below -35°C only ice is
present and diffusional growth the only source.

2. PRELIMINARY RESULTS

Figure 1a shows the annual mean zonally averaged
aerosol number concentration as a function of height
from a one-year experiment. Aerosols are most numer-
ous in the midlatitude Northern Hemisphere boundary
layer between 25°N and 60°N and rapidly decrease with
height and polewards. The number of ice nuclei at 269K
is calculated from the number of dust aerosols. Figure
1b shows the product of N,, (270.15 - T). One has
to bear in mind that it is not meaningful for tempera-
tures below -35°C where all cloud water is assumed to
freeze spontaneously. It allows for the fact that other
substances such as industrial metal oxides, volcanic dust
and probably soot from forest fires can act as ice form-
ing nuclei as well. The maximum in ice forming nuclei
concentration is at the north pole between 300hPa and
400hPa caused by the combination of dust transport.to
the Arctic and extremely cold temperatures. However,
as Figure 1c shows, the number of ice crystals inside
the cloudy part of the grid box averaged over cloudy
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events does not reflect the number of ice forming nu-
clei. That is, contact nucleation is not the dominant
process, but immersion and condensation freezing fol-
lowed by depositional growth between 0°C and -35°C
" as well as depositional growth below -35°C seem to be
dominant. The ice water content (Figure 1d) has max-
ima in the tropics associated with convective anvils and
midlatitude cirrus.

If sulfate is allowed to reduce the ice forming
potential of dust aerosols, than the number of contact
nuclei is reduced by up to 3 cm™? at high latitudes of
the Northern Hemisphere. Natural variability is quite
large between the 2 one-year experiments so that the
difference in occurrence of ice clouds is very noisy. The
decrease in contact nuclei is not reflected in a decrease
in ice crystal number at the North pole, but the ice
crystal number has actually slightly increased at the
North pole.

3. SUMMARY AND CONCLUSIONS

Preliminary results investigating the importance of
contact nuclei for ice cloud formation in the ECHAM
model show that contact nucleation is not the domi-
nant process. Accounting for iniernaily mixed aerosois
rather than externally mixed aerosols by reducing the
number of contact nuclei proportional to the number
of sulfate aerosols being present does not change the
number of ice crystals nor the ice water content signif-
icantly. As sulfate aerosols are mainly anthropogenic,
this difference in contact nuclei could be taken as the
anthropogenic impact.

However, there are other ways in which anthro-
pogenic aerosols could influence ice clouds such as the
reduction in the freezing point of cloud drops or the
increased cirrus cloudiness due to aircraft exhaust (see,
for instance, Boucher, 1999), which have not been
considered here.
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Annual zonal mean clouds and aerosols
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Figure 1: Annual zonal mean cross section of (a) the aerosol number concentration [cm™2], (b) ice forming
nuclei number concentration [0.1 cm™2], (c) ice crystal number concentration [0.1 cm™~3], (d) ice water content
[mg kg™'], (e) difference in ice forming nuclei number concentration between the sensitivity experiment
and the reference experiment (see text for details) [0.1 cm™3], and (f) difference in ice crystal number
concentration [0.1 cm™3]. '
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1. INTRODUCTION

The indirect effect of aerosols on ciimate, also
refetred to as the Twomey Effect, is related to
changes in cloud radiative properties due to aerosols
acting as cloud condensation nuclei (CCN), via
changes in cloud microphysics. This anthropogenic
forcing is estimated with global climate simulations
supplemented by satellite survey. It is thus crucial to
develop techniques for the retrieval of cloud
microphysical and optical parameters from space.

The measurement of the reflected solar radiation in
the visible (VIS) and near infrared (NIR) spectral
regions has been used to retrieve the cloud optical
thickness and the effective droplet radius assuming
vertically homogeneous clouds (e.g. Twomey and
Seton, 1980, Nakajima and King, 1890, King, 1993).
The relationship between droplet concentration as
derived from CCN properties and the droplet radius is
still missing. In actual clouds of stralocumiulus lype,
the droplet effective radius is in fact dependent on
both the droplet concentration and the altitude above
cloud base: a negative correlation between remotely
sensed cloud optical thickness and effective radius
thus reflects the Twomey Effect, while a positive
correlation iflustrates the cloud geometrical thickness
dependence.

A conceptual cloud model with an adiabatic profile
of the microphysics has been used in radiative
transfer calculations instead of the plane-parallel
vertically uniform model. The conceptual model is
parameterised with cloud geometrical thickness H and
cloud droplet number concentration (CDNC) N, and
reflectances in the VIS and NIR are calculated. The
inverse procedure is then used to derive H and N from
measurements of the reflectances. The statistical
analysis of the results and the comparison with in situ
data is presented in this paper.

Corresponding author's address: Lothar Schiller
Institut flr Weltraumwissenschaften, Freie Universitat
Berlin, Fabeckstr. 69, 14195 Berlin, Germany

E-Mail: lothar@amor.met.fu-berlin.de

2. MEASUREMENTS DURING ACE-2

During the ACE-2 Cloudy-Column campaign, the
FUB-WeW operated- a high spectral resolution
downward looking radiometer OVID (Schiller et al.
1997) onboard the DLR-D0228. The OVID instrument
consists of two detection units (telescope, fibre cable,
spectrometer and CCD detector). The VIS part covers
the spectral range between 700 nm and 1000 nm with
1024 spectral channels (spectral resolution 0.8 nm)
and the NIR (near infrared) part has 256 channels for
measurements between 1000 nm and 1700 nm. The
spectral resolution is 6 am. The sampling frequency
during ACE-2 was 10 Hz, that corresponds to a spatial
resolution of approximately 70 m.

A number of & flight missions were flown by the Do-
228 in close co-ordination with the Météo-France M-V
instrumented  aircraft, equipped with in situ
measurements of cloud microphysical properties
(Fawlowska and Brenguier, 2000). Observations were
made above marine stratocumulus clouds that were
affected by different levels of poliution. A more
detailed description of the project can be found in
Brenguier et al., (2000-a).

3. RADIATIVE TRANSFER SIMULATIONS AND
ALGORITHM DEVELOPMENT

Radiative transfer calculation are the basis of
retrieval algorithms, that usually compare the
measured radiation to simulated ones. The cloud
reflectance in a VIS channel is mainly dependent
upon cloud optical thickness, while the reflectance in
the liquid water absorption bands (NIR) shows more
sensitivity to the droplet size. Due to large muiti-
scattering effects, photons at wavelengths, where
absorption occur, carry information from the top-most
cloud layer only. A remotely sensed droplet radius
refers therefore to the upper cloud layer and it is not
necessarily representative of the whole cloud.
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Stratocumulus  clouds  usually
pronounced vertical profile of the droplet size, that
depends on CDNC. The interpretation of remotely
sensed droplet sizes is therefore problematic, since
natural variations of cloud geometrical thickness will
result in variations of the droplet sizes at cloud top.
On the contrary CDNC is more uniform through the
cloud fayer and it is thus more suited for
characterizing the microphysical properties of
stratocumulus and their relationship with the aerosol
background. Therefore, stratified cloud models are
more realistic than vertically uniform modeis for
radiative transfer simulations.

3.1 The adlabatlc model

The adiabatic model describes the vertical profile of
the microphysics in a closed ascending cloud parcel.
The liquid water content increases linearly with height:

LWCq(h)=Cy h.

In addition, N,q is constant in the adiabatic model.
Hence, the droplet mean volume diameter expresses
as:

ry, sa(h) = (A 0)"® (Nog) " with A= C/(4/3 7 p.,).
The effective radius can be derived from r, .4 with
the factor k = rs° / r;>. The optical thickness of an
adiabatic cloud layer can thus be calculated as a
function of Hand N (Brenguier et al. 2000-b):
7= 3/5 & Qo A% (kN)"P H*®,

in the adiabatic model, droplet effective radius and
optical thickness are both functions of N and H:

fe = re(N:H)
T =T (NH).

This relation is used to simulate the radiative
transfer of vertically stratified clouds.

3.2 Radiative transfer simulations

For the calculation of the radiative transfer a Matrix-

Operator Mode! has been applied (Fischer and GraBl,’

1991). The single scattering properties (extinction and
scattering coefficient, scattering phase function) are
calculated by Mie theory. Upward directed radiances
at flight level have been calculated and converted to
reflectance values.

Vertical stratification of the simulated clouds were
realized by combining homogeneous sub-layers of
25 m thickness as indicated in Fig. 1. The layer
averaged values of rand r, are determined by the
adiabatic model (previous section). The reflectances
at two wavelength (754 nm and 1535nm) were

show - a very -

calculated for different combinations of H (from 0 to
500 my and N (from 10 to 800 cm™). Figures 2 and 3
show the result of the radiative transfer simulations as
iso-lines of N and H together with the statistics of the
measured reflectances.

1500m

625m

altifude
8
g

OSEQ PP BAOGE SPIIE

effective radius

optical thickness

Flgure 1: Optical thickness and effective radius of the
homogeneous sub-layers for radiative transfer
simulations with the adiabatic stratified cloud model.

3.1 Inversion technlgue

The data set of simulated reflectances for different
combinations of N and H is inverted by means of
artificial neural network training. A number of 1000
learning patterns were used for the training, where
each learning pattern consists in the three input
values for solar zenith angle, reflectance at 754 nm
and reflectance at 1535 nm, and the corresponding
output values for N and H. The test patterns have the
same structure and are used to control and estimate
the quality of the inversion. ‘

A back-propagation type of network training was
applied to the learning patterns. The resuiting neural

network is implemented in the OVID processing
system.

4. STATISTICAL ANALYSIS

The 754 nm and 1535 nm reflectances of the solar
radiation were extracted from the OVID spectra and
the algorithm for the retrieval of N and H was applied
to the OVID measurements performed during ACE-2.
Fig. 2 and 3 show the statistics of two flight legs that
were flown above clouds in a clean (Fig. 2) and in a
polluted (Fig. 3) environment. '

There is a remarkable increase of reflection in the
polluted case in contrast to the clean case. The
comparison of measured data with the radiative
transfer simulations (iso-lines) indicates that the
largest variation in reflectance is due to variations of
cloud thickness while N is rather constant. Generally,
the measured data show similar behaviour as
predicted by the radiative transfer simulations with the
adiabatic stratified cloud model.
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The statistics of reflectance can be assigned to
typical iso-lines of droplet concentration, such as
N=25 cm™ for the clean case (26 June, 1997, Fig. 2)
and 100 cm” for the polluted case (9 July, 1997,
Fig. 3). Since the adiabatic model describes the
maximum possible liquid water that can be
condensed, it is expected, that the high reflective
parts of a flight leg correspond to adiabatic conditions
and that the retrieval is more accurate for those
samples. For the statistical analysis and comparison
with in situ data, we therefore selected samples
corresponding to samples with reflectance values in
the upper p % of the distribution.
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Figure 2: Two-dimensional histogram of measured
refiectances ar two wavelengths during a flight mission
in a marine environment ( 26 June, 1997). The results
of the cerresponding radiative transfer simulations are
indicated as iso-lines of N and H.
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Flgure 3: Same as Figure 2 in a polluted environment
(9 July, 1997).

An example of the resulting N histograms is
displayed in Fig. 4 (polluted case 9 July, 1997, for p=
0 (all values), 40, 80 and 80 %.
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Figure 4: Histograms of the retrieved droplet
concentration for the Cloudy-Column mission in a
polluted environment (9 July, 1997).

5. COMPARISON WITH IN SITU MEASUREMENTS

The retrieval of N and H has been performed for 8
Cloudy-Column missions. After selection of the most
reflective parts (p=80 %) of the flight legs, the mean
droplet concentration of the histogram (Nowp) s
compared (Fig. 5) to the mean droplet concentration,
derived from in situ measurements with the Fast-
FSSP, after selection of samples that are not affected
by mixing with dry air and drizzle scavenging (Nmean)
(Pawlowska and Brenguier, 2000-a and ~b). Fig. 5
demonstrates, that the new remote sensing procedure
is able to retrieve correctly the variations of Npjean,
from the pure marine case to the most polluted one.
The figure also shows, that there is a significant bias
between in situ derived and remotely retrieved N
values. The retrieved values are underestimated by a
factor of about 2. The reason for this deviation is not
clear. It is probably related to the sub-adiabaticity of
microphysics in the cloud layer and to its spatial
heterogeneity.

The comparison between remotely sensed and in
situ observed cloud geometrical thickness is reported
in Fig. 6. Nnpay is first derived as the value at 99 %
probability of the cumulated distribution of the
measured N values. The typical H value for each case
is then derived from the cumulated distribution of the
measured values of altitude above cloud base, after
selection of samples with N > 0.2 N, It is calculated
as the value at 97 % probability of the distribution and
it is referred to as H,. (Pawlowska and Brenguier,
2000-a and -b). Fig. 6 shows ailso a good correlation
but with an overestimation by the radiation
measurements.
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6. CONCLUSION

A new remote sensing technique, based on a
realistic cloud model for radiative transfer simulations,
has been developed for the retrieval of cloud
geometrical thickness and droplet concentration. The
anthropogenic Twomey Effect as well as the natural
variation of cloud geometrical thickness both affect
optical thickness and the effective radius at cloud top.
In contrast, using N and H as co-ordinates, dynamical
variations can be separated from the possible
modifications of cloud microphysical properties.
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Figure 5: Comparison of the remotely retrieved

(Novip) and in situ measured (Ngrssp) droplet
concentration values, for 8 Cloudy-Column missions.
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Figure 6: Comparison of the remotely retrieved
(Hovip) and in situ measured (Hessp) geometrical
thickness values for 8 Cloudy-Column missions.

Simultaneous measurements of the reflected
radiation and microphysical properties with two
instrumented aircraft have been used to validate the
new remote sensing technique. Qualitatively, the
validity of the algorithms has been demonstrated by
the correlation between the in situ measured and
retrieved values of N (Fig. 5) and H (Fig. 6). The next
step will be focused on the analysis of the influence of
non-adiabadicity and spatial heterogeneity of the
microphysical field on the retrieval method. This might
lead to a better parameterization of the aerosol-cloud-

radiation interaction processes for the development of
remote sensing algorithms as well as for climate
models.
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1. INTRODUCTION

During the second aerosol characterization
experiment (ACE-2 1997) , the Cloudy-Column project
was dedicated to a column closure experiment on the
indirect effect of aerosols on climate, that is to the
possible changes of the cloud radiative properties due
to anthropogenic changes in the chemical and
physical properties of the aerosols. Cloudy-Column
was focused on marine boundary layer clouds. The
experiment took place in June and July 1997, in the
vicinity of the Tenerife Island (Spain), a region of
marine aerosol background, with occasional pollution
outbreaks originating from Europe.

The strategy in Cloudy-Column was based on
simultaneous aircraft measurements of aerosol
properties and turbulent fluxes in the boundary layer
(UKMO (€130 and CIRPAS Pelican), of cloud
microphysics and dynamics in the stratocumulus layer
(Météo-France M-1V) and of the cloud radiative
properties by remote sensing with radiometers and a
lidar (DLR Do-228 and ARAT F-27) (Brenguier et al.
2000-a). Besides the aircraft, detailed measurements
of the aerosol chemical and physical properties (APP)
‘were performed at the ground site (PDH), on the
north-eastern coast of Tenerife (Putaud et al. 2000).
Twelve missions were flown between 21 June and 21
July 1997, with various aerosols backgrounds, from
pure marine to significantly polluted.

2. CLOUDY-COLUMN SUMMARY

The aerosol indirect effect involves various physical
processes which have been examined separately.

2.1 The CCN activation process

The cloud' droplet number concentration (CONC) is
dependent upon the activation of a subset of the
aerosols, referred to as cloud condensation nuclei
(CCN). The activation process is described by a two
steps calculation, namely the Koéhler theory for
characterizing the hygroscopic properties of the
aerosols (static), and the convective parcel model
which simulates the evolution of the supersaturation
and CCN growth in an updraft (kinetic). .

Corresponding author’s address: J. L. Brenguier,
Météo-France, CNRM/GMEI, 42 av. Coriolis, 31057
Toulouse Cedex 01, FRANCE.

Email : jlo@meteo.fr
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Closure “A” addresses the activation process as a
whole. The APP measured at PDH are used to
initialise the complete (static and kinetic) activation
model, and calculate CONC as a function of the
updraft vertical velocity of the convective cell w. The
probability density function (PDF) of w, as measured
at cloud base, is thus transformed onto a predicted
PDF of CDNC. Microphysical measurements inside
the cloud layer, after selection of regions that are not
affected by mixing and drizzle scavenging (Pawlowska
and Brenguier, 2000-a) are then used to derive a
measured PDF(CDNC). The level of closure is
evaluated by comparing the 10 % percentiles of the
predicted and the measured PDF(CDNC).

Sub-closure experiments have also been designed
to test both steps of the calculation separately (Snider
and Brenguier, 2000; Guibert et al. 2000).

Sub-closure “S” is designed to test the static step of
the calculation, that is the K&hler theory. The physical
and chemical properties of the sub-micrometric
aerosol (APP) measured at the PDH site are used to
initialise the Kohler equation and to derive the size
distribution of the particles in the range of relative
humidity between 87 and 97 %. The predicted
distribution is then compared to the one measured on
the M-IV with the FSSP-300 (diameter range between
0.3 and 20 um) after selection of samples taken below
cloud base in the same relative humidity range. The
Kéhier equation is also used to derive the CCN
activation spectrum in the range of supersaturation
between 0.2 and 1.6 %. The predicted spectrum is
then compared to the one measured in the sub-cloud
layer with a CCN counter (Snider and Brenguier,
2000).

Sub-closure "K" addresses the kinetic step of the
calculation. It is similar to closure “A” except that the
measured CCN spectra, are used directly in activation
calculations.

The same methodology applied to the twelve
missions reveals that sub-closure “K” is within the
instrumental uncertainty range, thus suggesting






and a polluted case are clearly revealed by the VIS
and NIR reflectances (Fig. 7 in Brenguier et al. 2000-
a). However, the retiieved values of CDNC are
systematically underestimated by the retrieval
technique. This bias has been aftributed to the
horizontal heterogeneity of the cloud layer and the
sub-adiabaticity of the microphysical field. These
features are now considered for the development of a
more realistic cloud model for radiative transfer
calculations.

2.4 Summary

The Cloudy-Column experiment offers presently the
most detailed data set for the study of the aerosol
indirect effect in boundary layer clouds, with
complementary information about the aerosol
properties, cloud microphysics and radiation,
measured simultaneously by different aircraft. The
data set covers a broad range of aerosol and
microphysical properties that are reflected in
significant variations of the radiative properties: CN
and CCN concentrations that range over nearly an
order of magnitude, CDNC mean values from 50 to
250 cm’®, effective diameter at cloud top from 12 to
25 um, peak values of reflectance from 0.5 to 0.8
(VIS), or from 0.3 to 0.5 (NIR). For the study of the
second indirect effect (precipitation efficiency), the
data set provides 8 well documented cases, where the
droplet sizes are close to the threshold for the onset of
coalescence, with some cases producing significant
precipitation and some voia of drizzle drops.

gprm
A=

The second step towards parameterizations of the
aerosol indirect effect in general circulation models
(GCM) is to extrapolate the Cloudy-Column results to
the GCM scale. This will be achieved within PACE
(Parameterization of the Aerosol Climatic Effect), a
project of the European Commission (2000-2001) with
a contribution from US and Canada. Four
experimental groups from ACE-2, Météo-France (F),
Freie Univ. of Berlin (G), Univ. of Warsaw (PL) and
Univ. of Wyoming (US), are involved in the analysis of
the ACE-2 data set in order to document the physical
processes, to identify the most relevant variables to
use in a GCM, and to develop and validate improved
parameterizations of the processes in co-ordination
with five GCM modelling groups: MPI Hamburg (G),
Hadley Centre (UK), Univ. of Dalhousie (CAN), NASA-
GISS (US) and PNNL (US).

The methodology in PACE is to test various
parameterisations of the aerosol/cloud/radiation
interaction in single column versions (SCM) of the
GCMs. Reference case studies will be selected from
the Cloudy-Column data set, with pure marine,
polluted and intermediate aerosol background. The
SCMs will be initialised with extracted ECMWF
meteorological fields.
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Despite the ACE-2 efforts for synthesizing the in
situ data, it is difficult to link the data set with SCM
simulations. That link wili be established with a LES
non-hydrostatic mode! (horizontal resolution between
10 and 100 m, over a simulation domain between
1x1 km and 50x50 km). During the first phase of
PACE, the LES simulations will be validated versus
the ACE-2 data set, with emphasis placed on vertical
velocity statistics at cloud base, on the microphysical
field, and on the cloud morphology. The validated 3-D
simulations will then be used for a precise evaluation
of the radiative bias with Monte-Carlo radiative
transfer calculations. Finally, the simulations will be
analysed to derive domain averaged values of the
prognostic variables used in the SCMs and their
relationship with the distribution of the local values for
validation of the sub-grid parameterization schemes.

4. CONCLUSION

The aerosol indirect effect remains the most
uncertain contribution in the evaluation of global
change. In particular, the recent exercise of the IPCC
reveals that the estimations of this contribution are
doubled when the second indirect effect is accounted
for, besides the first Twomey (1977) effect, as shown
in GCM experiments by Lohmann and Feichter (1997)
and Rotstayn (1999). The Cloudy-Column experiment
in ACE-2 directly addressed this subject with a column
closure methodology, based on multi-aircraft sampling
of the aerosol properties, cloud microphysics and
cloud radiative properties. These closure exercises
confirm both the first and second indirect effects. They
also reveal that pieces of the whole chain between the
aerosols and radiation are still inaccurate. The most
serious limitations to a precise closure are the aerosol
properties, especially those associated with pollution
derived from the continent, and the effects of
horizontal cloud heterogeneity on radiative transfer.
Both will be further examined with the Cloudy-Column
data set.

Despite the remaining uncertainties, the Cloudy-
Column data set is particularly suited for tests of GCM
parameterisations because it covers a broad range of
aerosol properties in cloudy fields that are otherwise
very similar. This feature prevents biases in the
interpretation that could be due to differences in the
cloud types. The new PACE project provides an
opportunity for experimentalists and modellers to join
their efforts and expertises, and thus reduce the
uncertainty in the estimation of the indirect effect of
the aerosols on climate.
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THE INDIRECT EFFECT OF AEROSOL ON CLIMATE:
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1. INTRODUCTION

The basis of the aerosol indirect effect is a
relationship between the cloud droplet number
concentration (CDNC) and the light extinction in a
cloud volume: at a fixed value of liquid water content
(LWC), the extinction increases when CDNC
increases. Twomey (1977) pointed out that
anthropogenic changes of the aerosol physical and
chemical properties (APP), and more precisely
changes of a subset of the aerosols, referred to as
cloud condensation nuclei (CCN}), is potentially able to
increase CDNC values in clouds, hence increasing
light extinction, and modifying the radiative balance.

" Besides this effect, a CDNC increase results in
smaller cloud droplets, that is in a lower efficiency of
the droplet to drizzle conversion process (auto-
conversion). Therefore, anthropogenic changes of
APP are also likely to affect cloud life time and spatial
extent (Albrecht, 1889). This process is now referred
io as the second aerosol indirect effect, while the
Twomey effect is referred to as the first indirect effect.

The aerosol indirect effect is presently the most
uncertain process in ihe estimation of climate change.
The recent IPCC exercise reveals that its contribution
can be doubled when the second indirect sffect is
accounted for (Lohmann and Feichter (1997),
Rotstayn (1999). It is thus crucial to improve our
understanding of the sensitivity of the precipitation
efficiency to CDNC. Rosenfeld (1999) showed
evidence of rain inhibition by forest fires, but the
impact of anthropogenic pollution on natural clouds
has not yet been documented. CDNC modifications
have little impact on deep clouds, which contribute the
most to the global precipitation, because they are
producing droplets much larger than the auto-
conversion threshold, no matter what their droplet
concentration is. The second indirect effect is in fact
concerned with boundary layer clouds, because of
their large contribution to the global energy balance,
because they are directly exposed to anthropogenic
pollution in the boundary layer, and because they
have a limited vertical extent, so that the largest cloud
dropiets are close to the auto-conversion threshold,
slightly above or below, depending on CDNGC.
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2. THEORETICAL BACKGROUND

The onset of precipitation is a non-linear process.
During the initial phase of cloud development, cloud
droplets are formed at cloud base from CCN activation
and they grow by water vapour diffusion along their
ascent. When a few droplets are reaching the auto-
conversion threshold, close to cloud top, precipitation
embryos are formed. The embryos are then falling into
the cloud and collect numerous droplets to form
precipitation. Droplet scavenging by drizzle particles
results in a rapid depletion of CDNC and the cloud
liquid water content is transferred to the drizzle
content. This second phase, referred to as the
coalescence phase, is no longer sensitive to CDNC.
The susceptibility of precipitation efficiency to CDNC
shall thus be assessed by investigating the early stage
of the precipitation process, namely the formation of
the primary precipitation embryos. The first challenge
in the experimental study of the indirect effect is thus
to identify cloud regions representative of droplet
growth by vapour diffusion, that is regions which are
not affecied by drizzle scavenging or enirainment-
mixing processes.

The largest droplet size in a cloud can be
approximated by the adiabatic mean volume diameter
d. atcloud top:

o N M
where C. is the moist adiabatic condensation rate, o«

is the liquid water density, H is the cloud thickness,
and N is the droplet number concentration
(Brenguier et al. 2000-b). This formula expresses that
a relative increase of N has the same effect as the
same relative decrease of H . It is therefore difficult in
the interpretation of observations to discriminate
between the respective contributions of H and N to
the observed changes of precipitation efficiency. The
second challenge in the experimental study of the
indirect effect is thus to collect a large sample of case
studies with a large variability of CDNC and a reduced
variability of cloud thickness. The Cloudy-Column
experiment in ACE-2 provides such a data set, with 8
cases characterized by N values varying from 55 to
244 cm® while the H values are limited to the range
from 160to 290 m.



2. THE DATA SET

Cloudy-Column, one of the six projects in ACE-2
(Raes et al. 2000), was designed as a column closure
experiment on the aerosol indirect effect (Brenguier et
al. 2000-a). The sampling strategy was based on a
multi-aircraft approach for measurements of aerosol
properties in the boundary layer with the UK-C130 and
the CIRPAS Pelican, measurements of cloud
microphysical properties with the Météo-France
Merlin-IV  (M-1V), and remote sensing of cloud
radiative properties with the DLR-Do228 and the
ARAT-F27. Only the M-IV microphysical data are
analysed here. They were collected with the Fast-
FSSP (Brenguier et al. 1998) for the droplet size
distribution in the diameter range 2.6 — 35 um, and a
PMS-OAP-1DC for the drizzle size distribution in the
diameter range 20 — 300 um.

The 8 Cloudy-Column cases discussed here are
summarized in Table |, with the corresponding date
and flight number. A very efficient sampling procedure
based on series of ascents and descents through the
cloud layer was applied in Gloudy-Column. At least 15
(F28 and F33), and up to 35 (F21), vertical profiles
were performed by the M-IV. They are particularly
suited for describing the statistical properties of the
cloud layer and the vertical stratification of the
microphysics.

3. DATA PROCESSING

The first step consists in the characterization of
each case.in term of a CDNC typical vaiues. The
procedure aims at selecting cloud samples that are
not affected by mixing with the overlying dry air or
drizzle scavenging. Such a value is supposed to
reflect the influence of the APP during the CCN

activation phase at cloud base.

The cumulated frequency distribution of the 10 Hz
(10 m) sampled values of CDNC is used to derive the
value at 99 % probability, which is referred to as Npax.
The cumulated frequency distribution of the aircraft
altitude above cloud base h, restricted to samples with
N>0.2 Nmax, is then calculated to derive the h value
at 97 % probability, which is referred to as Hmax.
Samples are then selected on the basis of the three
following criteria (Pawlowska and Brenguier, 2000):

(i) 0.4 < b/ Huay < 0.6;
(i) LWC > 0.9 LWCaq,
(iii) Noap < 2 cmi®,

where LWC,y is the adiabatic LWC at h, and Noap is
the drizzle concentration. The resulting frequency
distribution is finally used to derive the mean CDNC
value, which is further used as a reference for each
case. The largest values of droplet mean volume
diameter measured in the cloud layer with the Fast-
FSSP are characterized by the value d,q5ax selected at

97 % of its cumulated frequency distribution. Finally
drizzle concentration is characterized by the value at
95 % of its cumulated frequency distribution and it is
referred to as Noapmax-

The values of Hmax, Nmean, Ovmax, and Noapmax are
reported in Table I. The Cloudy-Column cases can be
classified in three categories: F20 and 21 are
characterized by a low Npean, large droplets and a
significant drizzle concentration. In contrast, F28, 30
and 34 show large values of CDNC, smaller droplet
sizes and almost no drizzle. The three other flights,

F31, 33, and 35, exhibit intermediate characteristics.

Date Flight | Hmax Niean Avmax | Noapmax
# m cm® | um em®

25Jdune | 20 287 70 27.0 12.3

26 June | 21 207 55 25.8 16.7

17July | 33 267 110 21.1 6.3

19 July 35 272 128 21.7 5.5

16 July 31 227 128 20.9 4.8

18 July 34 187 183 16.8 1.1

8 July 28 182 196 15.3 1.9

9 July 30 162 244 13.6 2.5

Table I: Summary of the 8 Cloudy-Column cases.
4. DRIZZLE SCAVENGING

The second step aims at evaluating the impact of
precipitation at the scale of the whole cloud layer.
Noapmax does not provide information about the drizzle
particle sizes, which could be indicated by the mean
diameter of the OAP distributions, but it is more
interesting to look directly at the statistical impact of
the drizzle particles on CDNC. Fig. 1 shows scatter
plots of the local Npap values (1 Hzor 100 m average)
against the CDNC values measured with the Fast-
FSSP (Nrssp), after normalization by Nmear. The graphs
are presented, from the upper left column to the lower
right, in the same order as in Table 1.

The two first flights show the same frend, with the
largest values of drizzle concentration associated to
the lowest normalized CDNC values at about 0.2. This
feature is typical of drizzle scavenging and it makes
evident that the precipitation process is efficient in the
cloud layer. in contrast, the scatter plots for the last
three flights (18, 8 and 9 July) exhibit a rather different
trend, with the largest values of drizzle concentration
associated to normalized CDNC values close to 1.
This feature suggests that the particles counted by the
OAP are large droplets, rather than drizzle particles,
and that the precipitation process is not efficient at
depleting CDNC. The three intermediate cases (17,
19, and 16 July show the same trend as in the two first
graph, though the peak values of Npap are observed
at normalized CDNC values of the order of 0.5 and
larger. Drizzle scavenging is thus active but not able
to deplete efficiently the droplets that are continuously
produced in the cloud layer.
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858 13" International Conference on Clouds and Precipitation



5. THE AUTOCONVERSION THRESHOLD

The results of the Cloudy-Column closure experiment
are now used for the validation of climate model
parameterisations within the PACE (Parameterization
of the Aerosol indirect Effect) project.
Parameterizations of the precipitation process in
boundary layer clouds are dependent upon the value
of the auto-conversion threshold. This value is used to
compare with a diagnostic of the largest droplets
produced in a cloud layer for deriving a rate of drizzle
production from the cloud liquid water content.
Present values of that threshold are derived from
numerical simulations of the auto-conversion process,
but data collected in actual clouds are also needed.
The 8 Cloudy-Column cases shown here provide a
remarkable set for such a validation. Fig. 2 shows the
Noapmax values of Table I, versus the maximum droplet
mean volume diameter dymax. The dymax value of Table
| derived from Fast-FSSP measurements Iis
designated by arrows. A second characterization is
obtained with the adiabatic value at cloud top, which is
derived from (1) with N=Npesn and H=Hpax. It is
represented by different symbols for each case.

3o T T L

Z I ]

25 I -

—~ r N T

g L 1

= 20 :_ Lm ® 25 June -

3 L #26 June i

g F +8 July b

o] r I o9 July ]

X A 16 July _

15 - * o 17 July _

- & x 18 July -

N 0 18 July T

10000 o v e e ]

0 5 10 15 20
(cm™)

oaprnax

Fig. 2: Maximum value of drizzle concentration Noae,
versus the maximum mean volume diameter Oymax, for
each case. (See text for symbols).

it can be noted first that the adiabatic value at cloud
top for N=Ngpes» is slightly smaller (by 3 um at the
most) than the value at 97 % of the measured dy,
frequency distribution. Fig. 5 in Pawlowska and
Brenguier, 2000 shows that the largest d, values
correspond in fact to the adiabatic prediction with N
smaller than Nmean, because of the natural CDNC
variability in the cloud layer.

Fig. 2 reveals that droplets with diameters of about
15 um (the three polluted cases) are not acting as
precipitation embryos, while droplets of the order of
25 um (the two marine cases) are efficient. The three
intermediate cases are characterized by peak values

of the mean volume diameter of about 20 um, and it
has been shown with Fig. 1 that there is no significant
drizzle production on these days. Therefore, this
20 um value seems to be a good estimate of the auto-
conversion threshold.

These data will be further analysed for the calculation
of the cloud water to drizzle water conversion rates
that are needed for validation of the general circulation
models.

6. ACKNOWLEDGMENTS

The authors acknowledge the contributions of the
ACE-2 participants, and the support of Météo-France
and the European Union under grants ENV4-CT95-
0117 (Cloudy-Column) and EVK2-CT-1999-00340
(PACE).

7. REFERENCES

Albrecht, B. A., 1989: Aerosols, cloud microphysics,
and fractional cloudiness. Science, 245, 1227-1230.

Brenguier, J.L., T. Bourrianne, A. Coelho, J. Isbert, R.
Peytavi, D. Trevarin, and P. Wechsler, 1998:
Improvements of the droplet size distribution
measurements with the Fast FSSP, J. Atmos. Oceanic
Technol., 15, 1077-1090.

Brenguier, J. L., P. Y. Chuang, Y. Fouquart, D. W.
Johnson, F. Parol, H. Pawlowska, J. Pelon, L.
Schuller, F. Schréder and J. R. Snider, 2000-a; An
overview of the ACE-2 CLOUDYCOLUMN Closure
Experiment. Tellus. 52B, 814-826.

Brenguier, J. L., H. Pawlowska, L. Schueller, R.
Preusker, J. Fischer, and Y. Fouquart, 2000-b:
Radiative properties of boundary layer clouds: droplet
effective radius versus number concentration. J.
Atmos. Sci. 57, 803-821.

Lohmann, U., and J. Feichter, 1997:. impact of sulfate
aerosols on albedo and lifetime of clouds: A sensitivity
study with the ECHAM GCM, J. Geophys. Res. 102,
13,685-13,700.

Pawlowska, H. , and J. L. Brenguier, 2000:
Microphysical properties of stratocumulus clouds
during ACE-2. Tellus. 52B, 867-886.

Raes, F., T. Bates, F. McGovern, and M. van
Liedekerke, 2000: The second aerosol
characterization  experiment (ACE-2): General
overview, and main results. Tellus. 52B, 111-125.

Rosenfeld, D., 1999: TRMM observed first direct
evidence of smoke from forest fires inhibiting rainfall.
Geophys. Res. Letter, 26, 3105-3108.

Rotstayn, L. D., 1999: Indirect forcing by
anthropogenic aerosols: A global climate model
calculation of the effective radius and cloud lifetime
effects, J. Geophys. Res., 104, 9369-9380,.

Twomey S., 1977: The influence of pollution on the
shortwave albedo of clouds. J. Atmos. Sci., 34, 1149-
1152.

13™ International Conference on Clouds and Precipitation

859



AEROSOLS, CLOUDS, AND CLIMATE OF THE SOUTHEASTERN U.S.

V.K. Saxena', B.N. Wenny1, S. Menon?, and S.-C. Yu®

'Department of Marine, Earth and Atmospheric Sciences, North Carolina State University, Raleigh, NC 27695
2NASA GISS/Columbia University, New York, NY 10025
®Nicholas School of the Environment, Duke University, Durham, NC 27708

1. INTRODUCTION

Anthropogenic aerosols perturb the atmospheric
radiation field through direct and indirect interactions
with solar radiation, thereby influencing the climate.
Through the direct effect, aerosols can scatter and
absorb solar radiation in cloud-free air (Charlson et al.,
1992). In terms of the indirect effect, aerosols
composed of soluble substances such as sulfates can
act as cloud condensation nuclei (CCN). Increases in
CCN concentrations increase cloud droplet number (N),
thereby reducing cloud droplet size, assuming the liquid
water content (LWC) stays the same. This enhances
cloud albedo and can also act to suppress drizzle
production, which then increases fractional cloudiness
and cloud lifetime (Twomey, 1977, Albretch, 1989). To
investigate the climatic impact of anthropogenic
aerosols in the southeastern U.S., the direct and indirect
effects of aerosols (primarily sulfates and to a lesser
extent black carbon (BC)) were investigated using
surface measurements, modeling results and remotely
sensed saleilite measuremenis. Since the observalionai
site intercepts relatively clean marine and highly
poliuted urban industrial air masses, il offers unusual
and unique opportunities to observe the impact of the air
mass content on the microphysical and optical
properties of the ensuing clouds.

2. EXPERIMENTAL SITE AND INSTRUMENTATION

The research site is a mountam top statlon located
on the peak of Mt. Gibbes (35.78° N, 82.29° W, 2006 m
MSL), in the Blue Ridge Mountams of western North
Carolina (Bahrmann and Saxena, 1998). Measurements
of aerosol and cloud physico-chemical properties have
been collected during intensive field campaigns dating
back to 1986. The instruments include active and
passive cloud water collectors, and a PMS Forward
Scattenng Sgectrometer Probe The ion concentrations
(Na*, K*, Ca®, Mg**, NH4*, cu®’, Zn?*, Fe¥*, AI**, NO3',
cr, SO42+) in the cloud water were measured by lon
Chromatography (IC). All measurements of CCN
activation spectrum reported in this paper were obtained
with the CCN Spectrometer (Fukuta and Saxena, 1979).
Real-time, continuous measurements of BC mass
concentration were made by a commercial instrument
named the Aethalometer (Hansen et al., 19986),
manufactured by Magee Scientific. The sources of the

Corresponding author's address: V.K. Saxena, Dept. of
MEAS, N.C. State University, Raleigh, NC 27695-8208;
email: saxena@eos.ncsu.edu

cloud forming air masses were analyzed from their back
trajectories obtained from the HY-SPLIT model (Draxler,
1987). The continental U.S. is divided into three
sectors: (1) the PC sector located between 290° and
65° azimuth relative to Mt. Gibbes that is influenced by
highly polluted air from the Ohio valley region, (2) the C
sector between 210° and 290° that is influenced by
relatively clean continental air from the great plains and
(3) the marine (M) sector between 65° and 210° that is
influenced by clean maritime air from the ocean. This
classification is based on the SOy and NO, emission
inventory (Ulman and Saxena, 1997) from the U.S.
Environmental Protection Agency. However, the marine
air masses must traverse over some land before
reaching the site, and hence is a modified marine air
mass.

3. RESULTS AND DISCUSSION
3.1. Sector Classification of Aerosol Properties

The chemical characteristics of polluted continental
(PC), continental (C), and marine (M) air masses were
studied by applying principal component analysis to the
cloud water collected during field studies at the field
research site. It was found that acids, particularly
sulfuric acid, were most abundant in clouds formed in
polluted continental air masses. The majority of marine
cloud events were characterized by the presence of
sea-salt pamcles Continental air masses were
abundant in Ca®* ions (Deininger and Saxena, 1997).

The role of BC aerosols on cloud
microphysical/optical properties was investigated. The
average BC mass concentrations for each sector was
determmed to be 65.6 + 23.5 ng m’ for M, 169.9 + 50.6
ng m ® for C, and 216.6 + 47.8 ngm ® for PC sectors.
These results compare well with those obtained by
Chylek et al. (1996) in southern Nova Scotia and those
found at Mace Head, Ireland by Jennings et al. (1993).
Average values of transatiantic BC transport to Mace
Head ranged from 7 to 21 ng m™. The average BC data
collected at Mt. Gibbes for M air was 62 ng m?>. The
higher value can be expected for Mt. Gibbes because
the marine air may have been modified by traversing
over land before reaching the site.

Concurrent measurements of CCN and BC mass
concentration indicated a positive correlation. This
suggests that a percentage of the BC measured may
exist in the form of an internal mixture. Incorporation of
BC into cloud droplets ranged from 0-70% of the total
BC measured in cloud for 11 cloud events that had
coincident measurements. On average, the BC
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incorporated into cloud ranged from 2-30%. The BC
mixing ratio (BCMR), a parameter used to model the
effect of BC on cloud albedo, was also calculated from
the BC incorporated into cloud droplets and the LWC of
the cloud. From the 11 cloud events sampled the BCMR
ranged from 20-250 pg kg™, this range of values is too
jow to significantly affect cloud albedo (Chylek et al.,
1984). An estimate of the reduction of direct forcing due
to sulfate aerosols is obtained from the BC/SO4 mass
ratio. The BC/SO4 mass ratios obtained for the 1996
field season ranged from 0.01-0.09 with an average of
0.03. This average will lead to only a slight reduction in
the cooling due to sulfates (Haywood and Shine, 1995).

3.2 Evidence of Aerosol in Surface
Temperature Records

Forcing

The arithmetic average of annual mean daily
temperature for 47 stations in the Southeast has
decreased by -0.09 C during .the past 46 years. There
was a slight cooling trend in the Southeast during the
past 46 years. The aerosol loading injected by large
volcanic eruptions such as due to Mt. Pinatubo on June
15, 1991 was analyzed to provide a validation of aerosol
radiative forcing. The three-year mean optical depth at
0.453 pm due to volcanic aerosol mass loading in the
Southeast for the periods 1985-87, 1988-80 and 1892-
94 was 0.012, 0.008, and 0.037 respectively. We have
used the period 1988-90 as representing the
background stratospheric aerosol. As expected from the
aerosol shortwave forcing, the arithmetic average
annual maximum temperature of the period 1992-1994
and the period 1985-1987 for 47 stations in the
Southeast US had decreased by -0.57 C and -0.09 C,
respectively, when compared to that of the period 1988-
1990. However, the three-year annual mean minimum
temperature for the periods 1992-94 and 1985-87
increased at 80.9% stations in the Southeast when
compared to that of period 1988-90. The arithmetic
average annual minimum temperature of the periods
1992-1994 and 1985-1987 for 47 stations in the
Southeast US had increased by 0.19 C and 0.32 C,
respectively, when compared to that of the period 1988-
1990. These results are consistent with the expected
shortwave and longwave radiative forcing due to
aerosols. According to theoretical analysis, diurnal
temperature range (DTR), which is defined as the
difference between the maximum and minimum
temperature, will decrease as the aerosol radiative
forcing increases because of the decrease of maximum
temperature and the increase of minimum temperature.
It was found that there were dominant decreasing trends
of mean DTR for annual and all seasons over the
periods 1985-87 and 1992-94 compared to that of the
period 1988-90. The aerosol forcing can have effect on
the daily temperature and precipitation depending on
the season and regional environment.

3.3. Cloud-Climate Interactions

Time series observations of sulfate concentrations in
cloud water since 1986 indicate higher sulfate

concentrations for 1993-97 as compared to that during
1986-89, as seen in Figure 1. The calculated increase
in cloud albedo from changes in CCN and N in cleaner
to polluted air masses was higher for the Southeast as
compared to the Northeast. Varying levels of sulfate in
polluted and marine air masses, lead to changes in Rer
that are of sufficient magnitude to counteract warming
expected due to doubling of CO,. Higher sensitivity of N
to sulfate content is obtained for the southeastern U.S.
as compared to that for eastern North America and
Puerto Rico. The indirect forcing effect due to sulfates
for the Southeast is of higher magnitude than the —4.0
W m? estimated by modeling studies. A continual
increase in cloud albedo with an increase in cloud water
sulfate was not found (both from satellite retrievals and
calculations from in situ measurements). Variations in N
and Rey with varying sulfate content as well as in
dynamical properties such as liquid water content
(LWC) and cloud thickness were found to be important
in determining variations in cloud reflectivity. Vertical
variations in LWC, N and Rex must also be considered.
An internal mix of BC and sulfate reduces the sulfate
forcing by ~1.12 W m? for summertime BC and sulfate
concentrations., However, despite this reduction, the
combination of both direct (average ~ 4.8 W m) and
indirect (of greater magnitude than -4.0 W m'z)
summertime radiative forcing for the sulfate aerosols for
the past four years (1993-96) suggest (Saxena and
Menon, 1999) that anthropogenic influences could
balance any warming expected from the doubling of
CO; for the southeastern U.S.

Comparison of cloud albedos calculated from in situ
measurements was performed with cloud albedos
inferred from the AVHRR data for cases that coincided
with in situ observations. The AVHRR data retrieved
from the NOAA -11, NOAA-12, and NOAA-14 satellites
provide visible and near infrared radiances from which
cloud albedo is inferred. The raw visible counts are
scaled by the solar zenith angle and an anisotropic low
(water) cloud reflectance factor is applied to determine
the visible albedo. The same procedures and
measurement criteria have been used to determine
cloud albedo from satellite data as is given in Saxena et
al. (1996). Ali convective type clouds were excluded
from the analyses to avoid errors associated with
inhomogeneous vertical stratification (Nakajima and
King 1990). Only warm orographic stratiform clouds
formed in the vicinity of the Mt. Gibbes site were
included. Five cases were utilized from the 1993-94
field season and four cases from the 1995 field season.
A large number of cases for comparison of cloud
albedos are difficult to obtain since a variety of
conditions need to be fulfilied, e.g. non-precipitating
cloud events, variable sulfate content in the cloud
forming air mass, cloud thickness less than 300 m,
coincidence of satellite passage with sampling period,
etc. The conditions imposed for comparison as well as
the five cases from the 1993-94 field season are
discussed in detail in Saxena et al. (1996). The relation
between satellite inferred cloud albedo and that

. calculated from in situ measurements is indicated in Fig.

2. The correlation coefficient is about 0.90 for the nine
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cases and the 95% confidence interval for the
correlation coefficient is between 0.58 to 0.98. Some
uncertainty in determining cloud albedo from in situ
measurements can be expected since vertical variations
in Refy and LWC within cioud depth were not determined
and satellite inferred albedo is usually dependent on
cloud top values. Also, satellite data is obtained for a
particular time period whereas in situ measurements are
averaged for the whole hour, which might lead to some
discrepancy especially for cases where the cloud
properties fluctuate during a particular hour.  An
agreement between the two data sets is however useful
since this would lead to confidence in using estimates of
cloud albedo calculated from in situ measurements.

The climatic impact of the CCN-cloud albedo
interaction has been recently debated although a
number of issues concerning this process still remain
uncertain. It has been suggested that CCN potentially
play an effective role in climate-regulation (i.e.
counteracting the greenhouse warming due to CO: etc.),
and an increase in CCN number concentration, by as
much as a factor of four, would cause an global albedo
increase of ~1.7%. To look for possible evidence of
such a CCN enhancement, we investigated
measurements of episodes of enhanced CCN
concentrations near cloud boundaries around the world.
The analyzed data include (1) airborne measurements
made in St. Louis, over the California coast, off the
coasts of Nova Scotia and Newfoundland, over Lake
Michigan, over Bay of Bengal, and at Boulder of
Colorado; (2) polar measurements, both from the
Antarctic (off the coast, near the Ross sea and at
Palmer Station) and the Arctic (cver the Alaska sector
(Barrow)); and (3) ground base measurements made at

Mt. Gibbes, North Carolina. In light of these
observations, the possible mechanisms and
atmospheric conditions favorable for CCN

enhancements are analyzed. Our results show that the
evidence for CCN enhancement near and within clouds
is substantial and definitive, however, these processes
can only occur under special atmospheric conditions.
This implies that such a CCN enhancement could have
local and regional impact rather global impact on
indirect aerosol forcing.

Although it is believed that organic aerosols play a
key role in cloud nucleation and make an important
contribution to cloud condensation nuclei (CCN)
population, their specific species remain poorly
characterized. We find evidence that strongly suggests
that organic acids (mainly formic, acetic, pyruvic and
oxalic acids) are at least one of the primary sources of
CCN in the troposphere due to their ubiquitous
presence, physical-chemical properties and sources in
the troposphere, especially over the continental forested
areas. We have analyzed the extent to which organic
acids act as CCN, and compared the physical and
chemical properties of organic acids with those of CCN.
The results show that aerosol formate and acetate
concentrations range from 0.02 to 5.3 nmol/m® and from
0.03 to 12.4 nmol/m® respectively, and that between 34
to 77% of formate and between 21 to 66% of acetate
are present in the fine fraction of aerosols. It is found

that although most (98-99%) of these volatile organic
acids are present in the gas phase, their concentrations
in the aerosol particles are sufficient to make
themselves a good candidate for CCN. The restuits also
show that organic acids may make an important
contribution to the formation of CCN in some special
sources such as vegetation emissions and biomass-
burning. Organic acids are expected to contribute
significantly to the estimates of indirect (cloud-mediated)
forcing due to aerosols.

Sulfate production in clouds is a critical component
of the global sulfur cycle. Traditionally, butk water
measurements of cloud water acidity have been used to
estimate sulfate production within clouds. While it is
easy and convenient to use bulk water measurements
to infer in-cloud sulfate production rates, it tends to
mask chemical differences between droplets of different
sizes, and also between droplets of the same size. Both
models, and limited experimental data, suggest that
cloud droplet populations are chemically
heterogeneous. Investigation of the pH variations
between large and small cloud droplets at the Mt.
Gibbes site indicated that smaller droplets are often, but
not always, more acidic than larger droplets. On an
average smaller drops were more enriched (Menon et

, 2000) in SO4%, NO3, NH4" and H*: whereas larger
droplels had higher values of Ne ca®, Mg*
supporting the findings of Munger et al. (1 089). Smaller
droplets were usually more acidic than the larger
droplets for bolh marine and polluted air masses
could be drawn Cloud formmg air masses from the
polluted continental sector had the highest sulfaie
content for both larger and smaller drops, whereas
those from the marine sector had the highest sodium
content in the larger drops.

4. CONCLUDING REMARKS

Observations at a remote mountain-top site have
been analyzed to investigate aerosol-cloud-climate
interactions in the context of the climate change debate.
The southeastern U.S. has been identified as a region
where the direct and cloud mediated effects of
anthropogenic aerosols have been found by modeling
studies to counteract the warming due to
anthropogenically enhanced greenhouse gases and
result in a net regional cooling. The evidence obtained
from our field site supports this conclusion of regional
cooling in the southeastern U.S.
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Figure 2. Average values of cloud albedo calculated
from in-situ observations and that retrieved from the
Advanced Very High Resolution Radiometer
(AVHRR) data for two channels for the same three pH
categories as Figure 1, left column: pH < 3.0, center
column: 3.0 < pH < 3.7, right column: pH > 3.7
(Saxena and Menon, 1999).
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LABORATORY STUDIES OF AEROSOL EFFECTS ON ICE FORMATION IN CIRRUS CLOUDS

Paul J. DeMott, Sonia M. Kreidenweis, David C. Rogers, Yalei Chen and D. Eli Sherman

Department of Atmospheric Science, Colorado State University, Ft. Collins, CO

1. INTRODUCTION

The formative conditions, concentrations and sizes
of ice particles are important factors determining the
radiative properties of highly supercooled clouds in the
troposphere (e.g., Baker, 1997). Water uptake and
subsequent freezing of aerosols that are wholly or
partially composed of sulfate aerosols are thought to be
responsible for ice formation in cirrus clouds. The
presence of insoluble components in such aerosols
may favor heterogeneous nucleation and formation of
different ice crystal populations. While evidence exists
for the action of both processes in the atmosphere
(e.g., DeMott et al., 1998), many uncertainties remain
regarding ice nucleation by aerosol particles.

The conditions leading to ice formation by different
pure sulfate aerosols and others that have been altered
to include an insoluble component are reported in this
paper. Continuing specific objectives are to:

1) validate theoretical understanding of ice formation
by homogeneous and heterogeneous freezing,

2) determine if sulfate chemical composition and
particle size matter in determining the conditions
for ice formation at temperatures below -40°C,

3) determine if associating certain insoluble
components with mixed sulfate particles causes ice
nucleation more readily for cirrus conditions,

4) determine if surrogate aircraft exhaust soot
particles serve as nuclei for cirrus cloud formation,

5) determine the effects of various categories of
organic aerosol constituents on homogeneous and
heterogeneous ice nucleation processes,

8) Examine the implications of aerosol effects and
other factors on cirrus cloud properties via
numerical modeling studies.

2. EXPERIMENTAL METHODS

ice nucleation studies are being conducted using a
continuous flow ice-thermal diffusion (CFD) chamber.
Details are given in Chen et al. (2000) and Rogers et al.
(2000). The intent of the method is to expose a stream
of aerosol particles to constant temperature and
moisture conditions for a known time. Hydration,
nucleation and growth processes have to occur within
the residence time to detect ice crystals as product. lce
crystals are discriminated from aerosol and liquid
particles by size, due to their high growth rates.
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Colorado State University, Department of Atmospheric
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Figure 1. Schematic diagram of aerosol generation and
experimental design. See text for description.

In the CFD chamber, aerosols are direcied verticaily
downward between particle free sheath flows and in the
annular space between 1wo ice-coated cyiinders. ne
temperatures of the ice walls, which are force-cooled,
determine sample temperature and humidity. i is
possible to expose aerosol particles to a wide range of
constant conditions, from -10 to -65°C and from ice
saturation to approximately 10% water supersaturation.
Measurement of liguid and ice particle sizes at the
outlet of the chamber is done opfically.

Aerosol generation systems are shown in Figure 1.
Two systems were used to generate soluble aerosol
particles. Ammonium sulfate and ammonium bisulfate
aerosols were continuously generated by atomization of
solutions and drying. Sulfuric acid particles were
produced by passing purified nitrogen gas over a small
heated sample of H.SO4, which led to high
supersaturations and particie nucleation upon cooling.
Size classification was done with a differential mobility
analyzer (DMA). The sizes most often selected were
0.05 pm for H2SO4 and 0.2 um for the sulfates. Particle
concentrations in the sample stream were continuously
monitored using a condensation particie counter gCNC)
and were maintained between 10 and 500 cm™. The
final water relative humidity (RHw) of the particle
stream was controlled to be < 2% at room temperature.

Two types of carbon-containing mixed particles
have been generated thus far. The system for
generation of black carbon /H,S04 particles has been
described by DeMott et al. (1999). It utilizes a speaker
to agitate commercial black carbon powders and the
H.S04 generator to coat particles with varying amounts
of solute, These soot particles could only be generated
as polydisperse distributions. High concentrations of



soot particles were produced by high-temperature
{(~1500°C) combustion of jet fuel (jet fuel A with PRIST
additive) using a camp stove (MSR Model 31160,
Seattle, WA, USA). These particles were generated by
short duration "bursts" into an isolated holding bin that
had been pre-filtered to remove ambient particles.
Particles at a size of 0.05 um were selected from the
holding bin (1 liter min” flow rate) with a DMA. This
size was considered representative of soot particles
generated in the upper troposphere by jet aircraft.
Particles were sometimes sampled by a cloud
condensation nucleus (CCN) counter (thermal gradient
diffusion chamber) operated at room temperature. This
device was used to validate soluble particle sizes and
estimate the soluble content of mixed particles (DeMott
et al., 1999). Before the CFD chamber, particles
entered an optional saturator, used to humidify
particles above their deliquescence RHy (at 20°C), and
a tube cooled to approximately -25°C. The purpose of
the pre-conditioner was to permit studies of initially
crystalline versus initially Jiquid aerosols. The CFD
chamber was operated at 840 hPa for reporied studies.
Typical particle residence times were 10 to 15 s.

3. EXPERIMENTAL RESULTS

Selected experimental results are presented in
Figures 2 to 5. Figure 2 shows data on the freezing
temperature and calculated composition of small
H.804/H0 particles. Original data are given as a
function of RHy in Chen et ai. {2000). Composition was
estimated considering that particles were approximately
at their Kéhler equilibrium sizes. Nominal uncertainties
are + 1°C and + 2 weight %. An interesting feature in
Fig. 2 is that the degree of supercooling required for
freezing increases with H,SO4 weight percent. This was
also found for liquid sulfate aerosol particles.
Furthermore, as discussed by Chen et al. (2000) and
DeMott et al. (2000), this increase in supercooling is
nearly proportional to the melting point depression
(absolute value of the ice/liquid equilibrium line below
0°C in Fig. 2). That is, the "homogeneous freezing
temperature” of same sized solution droplets (Thisotution))
and pure water drops (Tnwaten) appear related by ,

The(sotutiony = Trigwatery - AATm, M

where ATy, is the depression of the melting point and A
is a constant. Since the data points in Fig. 1 represent
different sizes of particles as they adjusted to the CFD
chamber humidity, Chen et al. (2000) followed Sassen
and Dodd (1988) in assuming that an effective freezing
temperature (Tenr) may also be defined as,

Terr = T + AATH, (2)

where T is droplet temperature. Then the nucleated
fraction (F) is related to droplet volume (Va), residence
time (At) and the well characterized homogeneous
freezing rate of pure water (Jne(T)) by,
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Figure 2. Experimental data on homogeneous freezing
superimposed on thermodynamic phase diagram
relating sulfuric acid temperature and weight percent
composition. Data on the temperature for 0.1 (small
triangles), 1 (medium triangles) and 10% (large
triangles) particle fractions freezing (in 1242 s) versus
RHw (Chen et al., 2000) are converied here to H2SO4
compositions (see text). The "Freezing" line is not a
thermodynamic line in the sense of the icelliquid
equilibrium line, but is fit o the 1% activation data. This
line is intended only to indicate the trend toward deeper
supercooling at higher weight % composition.

F =1 - exp[ -Jn(Ten) Vo] )

Expressions (2), (3) and the Kdhler equation were
used (Chen et al.,, 2000) to evaluate A from the
experimental data. Average A (for all fractions
nucleating) for H2S04, (NH4)2S04, and NH4HSO,
solutions were determined as 1.98+0.27, 1.73+0.35 and
1.3810.34, respectively. These values in (1), along with
specifications of water activities (Clegg et al., 1998),
lead to the ice relative humidity (RHice) versus
temperature relations for freezing shown in Fig. 3. In
the absence of Kelvin effects, there are only small
differences in freezing conditions induced by changes
in degree of sulfate ammoniation. RHice required to
freeze small solution drops will always exceed that
shown in Fig. 3 because higher volume nucleation rates
are necessary and because RHy exceeds water activity.

Equations (2) to (3) have been used to model
homogeneous freezing in numerical simulations of
cirrus clouds (e.g., Lin