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LEGENDE DE LA COUVERTURE

Cumulonimbus tropical photographié depuis le DC 7 de la D.R.E.T.
juste avant que l'avion ne pénétre dans la partie la plus active
et n'y rencontre une teneur en eau condensée de 16 g/m3 et une
vitesse verticale de l'air de 20 m/s (cf. article de M. FODE

et H. ISAKA) (cliché L.A.M.P.).

Tropical cumulonimbus photographed from the DC 7 of the D.R.E.T.,
Jjust before the plane penetrated the most active part of this
cloud, where it observed a liquid water content of 16 g/mgand an
updraught velocity of 20 m/s (see paper by M. FODE and H. ISAKA)
(Photo L.A.M.P.).
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PREFACE

La Physique des Nuages est née avec la découverte, par Coulié
en 1875 et Aitken en 1880, des noyaux de condensation. Elle est de-
venue importante, entre 1933 et 1938, avec les travaux de T. Bergeron
et W. Findeisen sur le rdle des cristaux de glace dans l'initiation
des précipitations des régions tempérées. Elle s'est imposée au ni-
veau de 1950, en tant que discipline d part entiére dans la Météoro-
logie, aprés la découverte par Langmuir, Schaefer et Vonnegut de pos-
sibilités d'action sur le temps par modification des nuages. De 1950
a 1964, elle a été, pour une grande part, la physique des changements
de phase de l'eau dans l'atmosphére et la chimie physique des sub-
stances (noyaux divers) susceptibles de modifier ces changements de
phase. Pendant tout ce temps-13, elle a été trés liée 3 la modifica-
tion du temps et victime d'expériences prématurées et incomplétes
dans ce domaine, victime d'espoirs trop rapidement clamés, ainsi que
d'un trop grand empirisme.

De 1964 a ce jour, une partie d'abord, la grande majorité ensuite
des physiciens des nuages sont revenus d l'étude des bases de la dis-
cipline en considérant tous ses sous-domaines, c'est-d-dire la ther-
modynamique, la dynamique, le rayonnement des nuages aussi bien que
leur microphysique. Ils se sont imposés le respect de trois étapes
connaissance, prévision, modification. Ils ont associé mesures in situ,
interprétations physiques, modélisations numériques. Ils ont dévelop-
pé des techniques de mesures quantitatives des différents paramétres.

C'est ainsi qu'en 1980 la Physique des Nuages apparailt comme une
discipline gui a consolidé ses bases, méme si elle a encore beaucoup
de progreés & faire, a redonné aux aspects thermodynamiques, dynamiques
et radiatifs des phénoménes leur place, et est préte 3 des expériences
scientifiques d'application.

Ces applications sont de nouveau la modification du temps pour
laquelle les besoins sont encore plus grands que dans le passé, mais
ce sont aussi l'influence des nuages sur les divers moyens de commu-
nication terrestres, le rdle des nuages dans le climat & travers leurs
effets thermodynamiques et radiatifs, les effets des nuages artifi-
ciels que l'homme produit avec les rejets chauds et humides de ses
parcs énergétiques.

Cette évolution de la Physique des Nuages que nous venons de dé-
crire a été jalonnée, au cours des vingt-cing derniéres années, par
sept Conférences, celle de Clermont-Ferrand étant la huiticme.

La premiére Conférence Internationale sur la Physique des Nuages
a eu lieu 3 Zurich (Suisse) en 1954, 3 l'initiative de Raymund Sé&nger
qui avait lancé une des premiéres expériences scientifiques sur la
gréle et dirigé une école sur les changements de phase de l'eau. C'est
d cette Conférence que fut en gquelque sorte consacrée la Physique des
Nuages en tant que discipline 3 part entiére.

La deuxiéme Conférence sur la Physique des Nuages s'est tenue a
Vérone en Italie en 1959, sous la présidence d'Ottavio Vittori. Elle
a été la premiére dominée par le probléme de la gréle ; elle a



commencé 3 mettre en évidence aux yeux de certains la nécessité de
retourner aux recherches fondamentales avant le passage aux applications

La troisiéme Conférence sur la Physique des Nuages a été orga-
nisée a Canberra et Sydney en 1961 par le trés important groupe aus-
tralien dlrlge par Eugeéne "Taffy“ Bowen. Les deux p&les de la Confé-
rence ont été les noyaux glagogeénes et la pluie provoquée pour les-
quels l'équipe australienne avait réalisé des travaux 1mportants Qui
ne se souvient de la bataille sur les noyaux glacogénes météori-
tiques !

La quatriéme Conférence sur la Physique des Nuages s'est tenue &
Tokyo en 1964 aupres de 1l'école japonaise, animée par Kenji Isono et
Chdji Magono, et spécialisée depuls de longues années dans 1l'étude
des cristaux de glace et des précipitations.

La cinquiéme Conférence sur la Physique des Nuages a été la pre-
miére 4 se tenir sur le continent américain. Elle a été organisée
par Roland List et Walter Hitschfeld. Elle a constaté le développement
considérable de la discipline en Amérique du Nord, la possibilité de
parvenir 3 des progreés rapides, la nécessité pour cela de confirmer
le retour aux recherches fondamentales en renoncant pour un temps aux
applications immédiates 3 la modification du temps, dans le double but
d'économiser des efforts inutiles et de ne pas &tre victime du discré-
dit d'opérations prématurées ne conduisant 3 aucun résultat signifi-
catif.

C'est ainsi qu'd la sixiéme Conférence & Londres, présidée et or-
ganisée par B.J. Mason, la modification du temps a été pratiquement
absente et seuls des problémes fondamentaux ont é&té abordés.

Mais la modification du temps restait une potentialité pour le
futur au niveau des applications, un probléme scientifique pour le
présent, qui ne pouvaient pas &tre négligés. Ceci conduisait la Com-
mission de Physique des Nuages de l'Association Internationale de
Météorologie Physique de 1l'Atmosphére et 1'Organisation Mé&téorologique
Mondiale 3 s'entendre pour organiser 3 Boulder, en 1976, sucgessive-
ment la septiéme Conférence Internationale sur la Physique des Nuages,
sous la présidence de Helmut Weickmann, et la deuxiéme Conférence
Scientifique de 1'0.M.M. sur la Modification du Temps, sous la prési-
dence de Roland List. La Conférence sur la Physique des Nuages de
Boulder vit les progreés de la discipline dans deux domaines, celui de
la saisie des données quantitatives et précises principalement en
Physique des Nuages, et celui de l'apparition d'outils mathématiques
sous la forme de modeéles numériques de développement de nuages et de
croissance de leurs éléments.

La présente Conférence sur la Physique des Nuages se situe dans
le prolongement direct de la Conférence de Boulder, étant suivie com-
me elle par une Conférence Scientifique de 1'0.M.M. sur la Modifica-
tion du Temps.

La Conférence de Clermont-Ferrand présentera cependant l'origi-
nalité de mettre l'accent sur l'importance des aspects thermodyna-
miques et dynamiques des nuages, sur l'interaction entre thermodyna-
mique, dynamique, rayonnement et mlcrophy51que en leur sein, sur 1l'in-
teraction entre les phénoménes a différentes échelles d'espace, depuis
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1'échelle aérologique jusqu'a 1l'échelle synoptique. Enfin, sur
chaque theme, donc dans chagque session, seront regroupés expérimen-
tateurs et modélisateurs afin de Jjeter des ponts sur le fossé qui
existe trop souvent entre théorie et expérience.

En réponse 3 la premiére et 3 la deuxiéme circulaires annon-
cant la Conférence de Clermont-Ferrand, nous avons regu un nombre
impressionnant de projets de communications : 251. Ce nombre montre
la vitalité et l'expansion de notre discipline, mais il a posé un
redoutable probléme d'organisation.

Pour résoudre la difficulté, avec le Comité International des
Programmes, nous avons décidé :

- de publier tous les résumés des projets de communications
regus dans le "Journal de Recherches Atmosphériques" (vol. 13, n® 4,
1979) et d'en faire une plaquette spéciale montrant l'activité géné-
rale de notre discipline en 1980, sans restriction ;

- d'organiser 14 sessions avec chacune six 3 huit courtes pré-
sentations orales suivies d'une table ronde animée par deux meneurs
de jeux et portant sur les résultats les plus originaux et les pro-
blémes les plus importants dans le domaine traité ;

- d'organiser trois sessions a "posters" (phénoménes microphy-
siques, phénomeénes thermodynamiques et dynamiques, instrumentation)
pour les communications non présentées oralement. Chaque "poster-
session" comportera un temps pour l'examen des posters, un temps
pour leur discussion pléniere ;

- de ne pas traiter certains sujets malgré leur intéré&t intrin-
séque parce qu'ils ont été traités dans des Conférences récentes
ou seront traités dans des Conférences prochaines (Conférence de
Manchester sur 1'Electricité Atmosphérique en aolt 1980 ou Confé-
rence de Hambourg sur la Nucléation en aolt 1981).

Dans les pages qui suivent sont publiées toutes les communica-
tions acceptées, soit pour présentation orale, soit pour une session
d ‘posters” soit en réserve. Ces communications sont regroupées sui-
vant les sujets dans quatorze sessions normales ; dans chaque sujet,
elles sont classées par ordre alphabétique.

Mon souhait, celui du Comité International des Programmes, sont
que cette formule de conférence, sans doute encore trés imparfaite,
mais qui laisse une grande place aux discussions, permette & tous
de faire connaitre les progreés qu'ils ont accomplis, de s'informer
des progreés des autres, de dégager les lignes directrices de re-
recherches nouvelles pour hédter les progrés de tous dans la connais-
sance des nuages.

I1 me reste l'agréable devoir d'exprimer ma reconnaissance la
plus vive d toutes les personnalités et tous les organismes cités
en page de garde, sans lesquels la présente Conférence n'aurait pu
étre mise sur pied.

R.G. SOULAGE

Président de la VIIIéme Conférence
Internationale sur la Physique des
Nuages.
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PREFACE

Cloud Physics, as a subject of scientific study, was born a hundred
years ago, with the publication by Coulié (1875) and by Aitken
(1880) of their discoveries of the existence of condensation nuclei.
It came of age in the 1930's, through the work of Bergeron and Fin-
deisen on the role of ice crystals in rain formation in temperate
zones. It became a scientific discipline in its own right after the
discovery by Langmuir, Schaefer and Vonnegut in 1950 of the possi-
bility of weather modification by cloud seeding. During the follow-
ing 15 years, research was directed mainly to the physics and che-
mistry of phase changes in atmospheric water substance. It benefited
from, but was also the viectim of the high hopes placed in weather
modification, and suffered from hasty generalizations based on in-
complete knowledge and insufficiently-controlled experimentation.

Since 1965, cloud physicists have gradually returned to the study

of basic problems, seeking a deeper understanding of cloud processes,
not only the microphysics but the dynamics and thermodynamics of
clouds and the role played by them in the radiative budget of atmos-
phere. They have learnt not to jump fences before they come to them,
but to proceed in the classical order of scientific progress : under-
standing - prediction - modification. Much effort has been devoted

to the refinement of observational techniques, and the data acquired
are the subject of close physical reasoning backed up by numerical
modelling.

Thus, in 1980, one may say without fear of contradiction that Cloud
Physics has been established on a sound experimental and theoreti-
cal basis, even though much still remains to be done to restore a
proper balance between studies of the dynamical, thermodynamical,
radiative and microphysical aspects of the subject. However, the
basis for the scientific application of cloud physics now exists.

Chief among the possible applications is still weather modification,
for which the need and the demand are steadily increasing. But there
are many others : clouds interfere, in one way or another, with most
terrestrial communication systems ; they play a key role in climate,
through their influence on atmospheric thermodynamics and radiation ;
and this is true not only of natural clouds, but of those produced
by human activities such as the release of heat and water vapour to
the atmosphere by large power stations. :

This evolution of Cloud Physics has been marked, in the course of
the past 25 years, by seven international cloud physics conferences.
This, at Clermont-Ferrand, is the eighth.

The first International Conference on Cloud Physics was held in
Zirich, Switzerland, in 1954, on the initiative of Raymund Sanger,
who had launched one of the first scientific experiments on hail and
who was a leader of research on phase changes in water. It was this
Conference which confirmed the emergence of Cloud Physics as a scien-
tific discipline.
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The second Cloud Physics Conference took place in Verona, Italy,
in 1959 under the chairmanship of Ottavio Vittori. Here, for the
first time, the hail problem took pride of place, and the discus-
sions on this subject revealed to some workers the need for a
return to basic research before attempting to apply a science
which was still in its infancy.

The third Cloud Physics Conference was organized in 1961, in Can-
berra and Sydney, by the strong Australian research group led by
Eugene "Taffy" Bowen. Here, the limelight focussed on freezing
nuclei and rainmaking, subjects to which the Australians had devo-
ted considerable scientific effort. None of those present at this
Conference will have forgotten the epic battle over the question of
the meteoric origin of freezing nuclei !

The fourth Conference was held in Tokyo in 1964, under the wing of
the Japanese group headed by Kenji Isono and Choji Magono, which
had devoted many years of research to the study of ice crystals and
their formation.

The fifth Cloud Physics Conference was the first to be held on
American soil. It was organized by Roland List and Walter Hitschfeld,
and revealed the rapid development of the subject in North America.
Here again, despite good progress in observational techniques, it
became clear that no useful results could be expected from the pre-
mature application of incomplete knowledge, and in the lack of the
understanding which could only come from the systematic study of

the basic physical problems.

Thus it was that at the sixth Conference, organized in London by
B.J. Mason, weather modification was scarcely mentioned, all the
emphasis being given to fundamental research.

The prospects or hopes of weather modification nevertheless remained
in the background as a potential application whose immense prac-
tical importance could not be neglected. This led the Cloud Physics
Commission of IAMAP and the World Meteorological Organization to
arrange for the seventh Cloud Physics Conference, held in Boulder
(Colorado) in 1971 under the chairmanship of Helmut Weickmann, to
be followed immediately by the second WMO Scientific Conference on
Weather Modification, presided over by Roland List. The Boulder
Cloud Physics Conference revealed considerable progress in two
fields : observational techniques, and the mathematical modelling
of cloud processes.

The present Conference follows the one established in Boulder : it
will be followed by the third WMO Scientific Conference on Weather
Modification.

This Clermont-Ferrand Conference will differ slightly from its pre-
decessors in placing greater emphasis on cloud dynamics and thermo-
dynamics, on the interaction between dynamical, thermodynamical,
radiative and microphysical processes in clouds, and on the inter-
action between processes taking place on different scales, from the
aerological to the synoptic. Furthermore, under each theme, and
therefore at each session, experimentalists and modellers will be
brought together in the hope of bridging the gap which too often
exists between experiment and theory.
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In response to the first two circulars announcing the Conference,
an impressive number (251) of draft papers have been submitted.
This shows how vigorous is the subject, but it also poses a formi-
dable problem of organization. It has therefore been decided, on
the advice of the International Programme Committee

- to publish all the abstracts received, in the "Journal de
Recherches Atmosphériques" (Vol. 13, No. 4, 1979), in the form of
a special reprint which will thus give a broad picture of the state
of the subject in 1980.

- to organize 14 conference sessions, each beginning with 6-8 short
oral presentations, followed by a round-table discussion with two
question-masters, during which attention will be concentrated on
the outstanding problems in each particular field and on important
new results ;

- to organize three '"poster sessions" (microphysics, dynamics and
thermodynamics, and instrumentation) for papers not presented orally.
Each poster session will include a period for the study of the pos-
ters and a period for their discussion.

- not to discuss certain subjects, despite their intrinsic interest,
on the grounds that they have been dealt with in other recent con-
ferences, or will be dealt with at forthcoming conferences (e.g.,
the Manchester Conference on Atmospheric Electricity, August 1980 ;
or the Hamburg Conference on Nucleation, August 1981).

The following pages contain the texts of all the papers accepted
either for oral presentation, or for poster sessions, or for reten-
tion in reserve. They are grouped by subject matter under the head-
ings of the 14 conference sessions ; within each group, they appear
in the alphabetical order of the author's names.

My feeling, which is shared by the International Programme Committee,
is that this mode of organization of the Conference is still far
from being perfect ; however, it has the merit of providing ample
time for discussion, of allowing each participant to learn of pro-
gress in fields bordering on his own, and, we hope, of bringing out
more clearly the important problems to which future research in

cloud physics may be directed.

It only remains to me to express, with pleasure and gratitude, my
deep appreciation to all those, persons and organizations, who took
part in this Conference and especially to those whose names appear
on the opening pages of this volume and without whose devoted ef-
forts this Conference could never have been held.

R.G. SOULAGE

Chairman of the VIIIth International
Conference on Cloud Physics.
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SESSION I - NOYAUX ATMOSPHERIQUES
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LA LOI CARACTERISTIQUE DES NOYAUX DE CONDENSATION NUAGEUSE
ET SON EVOLUTION EN MILIEU INTERTROPICAL HUMIDE

F. Désalmand et J. Baudet
Département de Physique Gé&nérale, Abidjan, COTE D'IVOIRE

R. Serpolay
I.0.P.G. du Puy de DOme, LAMP, Clermont-Fd, FRANCE

I - INTRODUCTION

La région d'Abidjan (Cdte d'Ivoire) jouit,
en zone intertropicale humide, d'une situation
remarquable non seulement 3 cause d'ume pollu-
tion anthropogéne encore faible, mais surtout
en raison de 1'abondance des poussidres conti-
nentales =~ en relation avec 1'arrivée du Front
Intertropical (F.I.T.) - et de la richesse de
la végétation qui croit et se décompose en tou-
te saison pour participer 3 la constitution de
1'aérosol naturel, ainsi que de récents travaux
1'ont montré (1) (2).

Profitant de ces conditions privilégiées,
7OUS nous sommes proposés
1°/ de montrer que les spectres des noyaux de
condensation nuageuse (n.c.n,) &tablis en fonc-
tion de la sursaturation satisfont bien i une
relation puissance ;
2°/ de suivre 1l'@volution quotidienne et saison-
nidre de cette loi caractéristique ;
3°/ d'interpréter les résultats obtenus en te-
nant compte des deux principales sources d'aé-
roscl : la source continentale et la source vé-
gétale.

2 - METHODE DE MESURE DES n.c.n. ET LOI
CARACTERISTIQUE

Le dispositif utilisé& pour déterminer la
concentration d'un &chantillon d'air en n.c.n.
est la chambre & diffusion thermique & plaques
paralléles et horizontales du mod&le décrit par
TWOMEY (4). La plaque supérieure est chauffée,
tandis que la plaque inférieure reste 3 la tem=—
pérature ambiante. On photographie les goutte-
lettes contenues dans un volume de 0,027 cm3
éclairé par un faisceau laser.

Les mesures sont effectues 3 proximité de
la ville d'Abidjan, en un lieu non situé& sous
le vent de la cité.

Les spectres de n.c.n. sont réalisés pour
les 5 valeurs suivantes de la sursaturation
s : 0,157, 0,25%, 0,50%, 0,75% et 1,0%.

Pour chaque valeur de S, on effectue suc-
cessivement 4 déterminations de la concentra-
tion a partir de 4 échantillons d'air. C'est la
moyenne arithmétique de ces 4 déterminations

qui est donnée 3 N dans la relation :

1]~ = cs*

qui relie S et N et oll C et k sont des paramé-
tres différant pour chaque spectre.

On a ainsi réalisé 20 spectres i différentes
dates entre janvier et juin 1978 et on a montré,
i partir des résultats obtenus, que la loi de
la relation [1] leur &tait applicable avec un
rapport de corrélation r voisin de 1'unité.

A Abidjan, dans le domaine des sursaturations
étudié, la population des n.c.n. suit domc bien
la relation puissance : c'est leur loi caracté-
ristique.

Il est évident que C mesure la concentration
des n.c.n. activés 3 la sursaturation S = 1,07
et que k varie dans le m8me sens que le rapport

de la concentration des noyaux les moins actifs

- qui sont en général les plus petits - & celle
des noyaux les plus actifs - qui sont aussi les
plus gros. On a, par exemple
[2] & =[lo N°’5°J/1 2
g ” og
Ng,2s
ol Np,s59= concentration des n.c.n. activés 3
S = 0,507
No,25= concentration des n.c.n. activés 3
S = 0,257

Mais on a sussi

3] C = (No,s50)® / Ngsa2s

3 - ETUDE EXPERIMENTALE DES VARIATIONS
DE N, C et k

Au cours de 1! journées réparties le long de
1'année entre décembre et juin et 3 chaque heu-
re de la journée, les valeurs de Ny,s9 et Ng,25
ont été déterminées expérimentalement de la ma-
niére ci-dessus indiquée. On en a déduit, par
le calcul (relation TZ]), les valeurs de k et
on s'est servi de l'ensemble de ces données

pour construire le tableau I.

Si 1'on remplace la valeur du paramétre X
(= Ng,s59s Ngo2s C, k) par sa valeur X moyennée
sur l'ensemble de la journée, on counstate que



. T N Il est ainsi aisé de constater que le§ para-
DATE Ny gomax|B, gomin| k max | komin | 7~ mé&tres Ng,25, +.... 1/k affectent une variation
No,somint k min saisonnidre se manifestant par une décroissance
2 au 2600 1s0 | 3,71 | 0,45 | 16,0 8,2 réguliére de décembre & juin =~ c'est—a-dire de
03.06.77 &h an I loesh la saison s&che (mi-décembre & avril) i la sai-
N 2890 oo | 256 | o2z |1 s son dgs pluies (r.nai a8 mi-juillet) =~ a'lors que
12.06.77 '9h sh 18h h H Xarle en sen's' inverse. La concentratlgn Nop,25
en''gros noyaux" et l/k peuvent de plus &tre, cor-
28.12.77 3590 | 1150 | 1,44 10,45 4 3,1 3,2 rélés par la relation : Ny 5= =670 + 1510(=)
15h 24h 4h 2h avec un coefficient de corrélation linéaire
01.01.78 3370 1110 | 1,28 | 0,32 3,0 4,0 r = 0,97.
oh 10h 18h Oh
Le tableau III, d&duit du tableau II, pré-
01.01.78 2780 960 | 1,62 | 0,60 2,9 2,7 2 u -
2ih Jen3o | sn h sente les valeurs des rapports Xmax/Xmin. En
comparant les valeurs des cases 2 et 4 3 celles
15.01.78 | 2810 590 | 1,73 | 0,42 | 4.7 4 des rapports correspondant qui figurent dans
8n 4 | 13n 4b les deux derni&res colonnes du tableau I, on
26.01.78 3920 1220 | 1,47 | 0,65 3,2 2,2 constate que les variations saisonniéres de la
20h30 [13 & 16h| 18h 16h concentration Ny,s5p et du paramétre k sont in-
140278 w070 520 | 1.95 | 0,80 7.8 2.4 férieurs aux variations diurnes de Ngy,s5p et k.
19h T4h 17 14h
15.04.78 4140 330 | 2,03 | 0,85 | 12,5 2,3
8h 12h 16h Sh -
07.05.78 1480 260 | 2,42 | 0,70 5,7 3,4 Yhu e 3,1 fo,so“‘“ = 2,3 ?w c1,7 me 21,
9 & 10n10,2 & 12| 1830 | 16h30 Ky 5 min Ny, ¢omin € min k min
15.05.78 2780 440 | 2,33 | 0,42 6,3 5,5
9h 20h 21h 20h TABLEAU 111

TABLEAU I - VALEURS EXTREMES DES CONCENTRATIONS Nmax et Nmin DES . L
NOYAUX ACTIFS A LA SURSATURATION § = 0,50% ET VALEURS On constate &galement gque les variations

Rt R ey ‘l’fcggm;‘;"‘gss;ggﬁf e saisonnidres de la concentration des noyaux ac—
RE OU L'EXTREMUM A ETE TROUVE EST INDIQUEE SOUS LE tifs & sursaturation S s'att@&nuent quand S au-
RESULTAT DE LA MESURE gmente. Ce fait est mis en évidence par la cour-
be de variation, en fonction de S, du rapport
Nmax/Nmin tiré du tableau II (fig. 1, trait
plein). Par extrapolation (partie en tiretés),
il semble que ce rapport tende vers | aux envi-
rons de S = 2,07, valeur pour laquelle la moyen-
ne journalizre N serait alors indépendante de la

la loi caractéristique [1] ainsi que les rela-
tions [2] et [3] sont encore applicables.

Dans le tableau II, un mois est représenté

par une ligne sur_laquelle figurent les valeurs saison.
Noy255 svvsevy 1/k ainsi que la valeur H (en
métres) de la hauteur mensuelle de pluie. Lors-
que, dans ce mois, les mesures horaires ont &té
effectuées sur plusieurs journées, on a pris
pour X la moyenne arithmétique des valeurs
moyennées relatives 3 chaque journée.
4 N N .
max’ min
MOIS Novas | Movse ¢ K Il H(m) 3 9
juin 1977 365 890 | 2 200 | 1,30 | 0,77 0,339
décembre 1977 | 1 130 | 2 040 | 3 680 | 0,85 | 1,18 {0,047 21
jaovier 1978 855 | 1670 | 3290 | 0,98 | 1,02 |0,0075 i “~~__-
février 1978 590 | 1 410 | 339 | 1,27 | 0,79 |0,099 = e ¥
mars 1978 0,150 ’ S 7
avril 1978 470 | 1 220 | 3200 | 1,39 | 0,72 |o,278 4 - . - - >
mai 1978 40 | 1030 | 2685 1,42 | 0,70 Jo,58 0 0,50 1 1,5 2

TABLEAU II - MOYENNES DES DIFFERENTES VARIABLES
ETABLIES A PARTIR DES 11 JOURNEES
DE MESURE ET ORDONNEES SELON LE
MOIS CORRESPONDANT A CES JOURNEES

FIGURE | - VARIATION, EN FONCTION DE S, DU RAPPORT
DES VALEURS EXTREMALES DES MOYENNES DES
CONCENTRATIONS DES NOYAUX ACTIFS A LA
SURSATURATIONS S



4 - COMPARAISON DES MESURES DE N AVEC CELLES
EFFECTUEES EN D'AUTRES LIEUX

Pour l'ensemble des mesures réalisées 3
Abidjan, les valeurs de N varient entre 40 et
8700 noyaux/cm3, tandis que les valeurs de k
oscillent entre 0,3 et 3,7.

Les concentrations maximales sont anormale-—
ment 8levées et les concentrations habituelles
sont comparables 3 celles des régions industuekr
les d'Europe ou d'Amérique (3). Or, dans notre
cas, la pollution anthropogénique est faible.

D'apréds TWOMEY et WOJCIECHOWSKI (5), l'air
maritime présente des valeurs de C et k & peu
prés constantes et faibles (C = 100noyaux/cm3)
sur l'ensemble des oc&ans. On voit, par consé~
quent, que nos mesures ne traduisent pas une
influence maritime sur la région d'Abidjan. Il
reste donc 3 examiner 1l'intervention d'autres
sources de production des n.c.n.

5 - PROFIL DES VARIATIONS DIURNES ET
INTERPRETATION

La figure 2 présente le graphique de varia-
tion diurne des concentrations mesurées les 2
et 3 juin 1977, au cours de l'une des onze pé-
riodes de 24 heures précitées. '

Il est clair que nous sommes en présence
d'une distribution bimodale typique avec des
valeurs maximales de N vers 8~9 h et 18-19 h
et minimales vers 4-5 h et I3-14 h. Avec
prudence et en attendant confirmation de ré&sul-
tats obtenus par le groupe de recherche sur les
aérosols de 1l'Université d'Abidjan, oun peut ten-
ter l'analyse suivante de nos mesures :

¥em®

2000

toso | A

OB ¥ ¥ B 2022 24 2 4 6 8 10”2 bk 16 B

FIGURE 2 - VARIATIONS DES CONCENTRATIONS NO 25
»
ET NO 50 (en trait plein) DES NOYAUX DE CONDENSATION
)

NUAGEUSE ENTRE LE 2 JUIN 977 A i3h ET LE 3 JUIN A 18h

(en tiretets)

5~1 Valeurs maximales de N et k aprés le
lever du soleil

Différentes sources sont susceptibles de
produire un grand nombre de petits noyaux (N et
k &levés), 3 savoir : source terrigéne locale,
sources anthropogéniques et source végétale.
Cette dernidre mérite une explication. En effet,
la grande stabilité& qui s'est établie au-dessus
de la forét 3 la faveur de la nuit est détruite

vers 8-9 h et l'adrosol forestier commence i se
disperser dans 1'atmosphére. Il est riche en
petites particules de potassium (1). Par ail-
leurs, des réactioms photochimiques se dévelop-
pent 2 partir des produits de décomposition bac-
térienne de la lagune et de la forét (oxydation
en sulfites et sulfates des gaz sulfureux et

des mercaptans) et domnent lieu & la formation
de petits noyaux (2). La station de mesure &tant
situde 3 proximité des arbres et sous le vent de
la lagune, il y a lieu de penser que la produc~-
tion de noyaux d'origine végétale est importan-—
te devant les deux autres sources ainsi qu'il
peut en découler d'une critique plus approfon-
die de 1l'intervention de ces derniéres.

5~2 Occurrence des autres valeurs
extrémales de N et k

. Vers [3-14h, l'activité@ thermoconvective
passe par un maximum : la couche de surface est
dilatée ou disparalt et les valeurs de N passent
par un minimum, tandis que, par coagulation, les
petits noyaux peuvent en former de plus gros (k
minimal).

. En fin de nuit, la stabilité des basses cou-
ches atmosphériques est 3 son maximum et favori-
se la sédimentation des noyaux, rendant N mini-
mal. Cette évolution est accentuée par les
pluies (110/cm3 1le 3 juin a 4h) ; mais lorsque
le FIT se trouve au niveau d'Abidjan, les vdeurs
de N peuvent rester &levées dans 1'air chargé de
poussiéres continentales et de particules pro-
venant de feux de brousse (1700/cm3 le 28.12.77
& 4h).

. Au contraire, en fin d'apré&s-midi, l'affais-
sement de la couche de surface entraine une au-
gmentation des valeurs de N.

5-3 En conclusion, la production végétale
consécutive au lever du soleil et les mouvements
de l'atmosph&re liés aux &changes thermiques pa-
raissent responsables des variations journalié-
res de N et k. L'amplitude de ces variations est
plus grande en saison des pluies qu'en saison
s&che ainsi qu'un examen attentif des deux der-
niéres colonnes du tableau ! nous le montre.

6 - VARIATIONS SAISONNIERES ET INTERPRETATION

" Le tableau II indique que la richesse rela-
tive de 1'aérosol en petits noyaux augmente en
méme temps que la hauteur de pluie. Ce ré8sultat
peut étre interpré&té en considérant que la pluie
a, sur les concentrations en n.c.n., des effets
concourant 3 accroitre k en activant la produc~
tion des petits noyaux selon les processus indi-

qués en 5-1,

De plus, par intervention du processus natu-
rel de condensation, les noyaux les plus actifs,
qui sont généralement les plus gros, ont ten-
dance 3 s'éliminer plus rapidement de 1'atmos-
phére. Ce sont aussi les noyaux les plus gros qui
sont captés par les gouttes de pluie dans leur
chute. On peut, par conséquent, proposer le
schéma suivant pour expliquer les variations
saisonniéres des n.c.n.

En toute saison, l'aérosol végétal produit
des noyaux dont certains sont actifs & S < 1%,
plus précisément vers 8-9h et davantage en sai-



son des pluies.

En décembre, la source continentales appor-
te de grandes quantités de gros noyaux (le 28.
12.77, C = 3680 noyaux/cm3 et k = 0,85).

D&s février, les orages amorcent le lessi-
vage de 1'atmosph&re : il y a élimination des
plus gros noyaux, qu'ils soient d'origine con-
tinentale ou végétale.

La production par la végétation de particu~-
les plus petites cons&cutivement aux pluies
est telle qu'elle compense largement 1'effet
de lessivage pour 1'ensemble des noyaux actifs
as = 2,07.

7 - CONCLUSION GENERALE

Les mesures horaires au cours des 11 jour-
nées considérBes dans le tableau I ont mis en
8vidence les variations diurnes et saisonnié-
res des param@tres C &t k de la loi caracté-
ristique des n.c.n. Par ailleurs, la richesse
de 1'aBrosol naturel en milieu &quatorial a
€té confirmée. Pour expliquer les valeurs E&le-
vées des concentrations, nous avons €liminé la
source oc&anique et retenu la source continen-
tale et la source végétale.

Par sa variation journalidre et saisonniére,
la source végétale apparait particuliérement
importante.
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A PRELIMINARY STUDY OF CLOUD CHEMISTRY
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1. INTRODUCTION

Progress in several areas of atmospheric
science (e.g. planetary albedo; global sulfur
cycle; gas-to-particle conversion; acid rain)
is being retarded by a lack of understanding of
the chemical processes that occur in clouds and
of the interactions of clouds with the atmos-
heric aerosol, In this paper we present some
preliminary measurements on the ionic composi-
tion of cloud water and we examine the related
question of particle production in clouds.

2, INSTRUMENTATION AND ANALYSIS TECHNIQUES

All of the data presented were taken
aboard the University of Washington's B-23
research aircraft which is well equipped for
cloud chemistry and aerosol studies (Hobbs et
al,, 1979; Hegg and Hobbs, 1980),

Cloud water samples were analyzed for pH
and total dissolved sulfur. Selected samples
were also analyzed for sulfate and nitrate
content.

Four different techniques were used to de-
tect sulfate production in the clouds.
Changes in CCN activation spectra downwind of
clouds can be attributed to sulfate produc~
tion, as discussed quantitatively by Easter
and Hobbs (1974), Changes in total particle
volume due to cloud passage can also provide
information on sulfate production., Measure-
ments of sulfate concentration by filter sam-
pling upwind and downwind of clouds can pro-
vide direct evidence of sulfate production in
clouds. Finally, sulfate production can be
detected by measuring the cloud water sulfate
concentrations at the leading and trailing
edges of wave clouds--the trailing edge con-
centration being higher if sulfate production
has occurred,

3., RESULTS AND DISCUSSION
(a) Cloud water composition

The bulk cloud water pH values ranged
from 3.7 to 6.5 with a mean of 4,8 + 0.9
(Table 1). The cloud water sulfur concentra-
tions (expressed as sulfate concentratioms)
ranged from 2.5 to 19.7 mg ¢~1 with a mean of
10.3 £ 5.3 m &1 (Table 1). The data in
Table 1 do not show the strong negative corre-~
lation between pH and sulfate concentration
found in some rainwater samples (Likens, et
al., 1977). Also, the data in Table 1 are not
entirely in agreement with Petrenchuk and

Drozdova's (1966) hypothesis that the higher
concentrations of ions found in water from
stratus and stratocumulus clouds compared to
water from nimbostratus cloud are due to the
larger droplet sizes in the rain clouds and
consequent greater dilution of ionic species.
Our simultaneous measurements of cloud water
sulfur and mean cloud droplet radius show the
correlation coefficient between these para-
meters to be a modest 0.56 (significant at the
95% level). Clearly, other factors must be
taken into account to explain the sources of
variation in cloud water sulfate concentra=
tions,

To explore the extent to which the sulfur
in cloud water is in the form of sulfate, a
limited number of cloud water samples were
analyzed for SO; and NO3 (Table 2). The
results suggest that not all of the sulfur is
sulfate, This should be kept in mind when
comparing total sulfur with sulfate concentra-
tions. The nitrate concentrations shown in
Table 2 are somewhat lower than those reported
for rainwater (Dawson, 1978; March, 1978),
which may indicate the importance of below-
cloud scavenging.

Our data also provide insights into the
extent to which nucleation scavenging alone can
explain the sulfate concentrations observed in
cloud water. It can be seen from Table 3 that
in two out of four cases the sulfate concen-
trations measured directly in the ambient air
were lower than those derived from measurements
of amount of sulfate in cloud water, This sug-
gests that, on occasions, processes other than
nucleation scavenging are responsible for the
sulfate in cloud water, In the two cases for
which the cloud-water-derived sulfate was
higher than the ambient, the clouds were rela-
tively low altitude, long-lived stratiform.
Petrenchuk and Drozdova also found relatively
high sulfate levels in such clouds,

(b) Gas-to-particle conversion in clouds

We have found evidence of gas~to-particle
conversion in about one-third of the clouds we
have studied, We describe below just three
case studies,

On May 3, 1979, data were gathered in wave
clouds over Mt. Rainier, Washington. Cloud
condensation nucleus (CCN) spectra taken upwind
and downwind of one of these clouds are shown
in Fig., 1. The results suggest production of
some soluble CCN component. Particle size
spectra measurements upwind and downwind of



Table 1: Summary of Bulk Cloud Water pH and Sulfur Measurements

Location Cloud type
April 24, 1979 18 km north of Wave
Mt, Rainier, Wa.
" n "
April 27, 1979 Washington Cascades "
April 30, 1979 54 km south of Stratus
Tacoma, Wa.
" " "
" T "
" " "
May 3, 1979 Over Mt. Rainier, Wa. Wave
" " "
May 10, 1979 Over Orcas Is., Wa, ”
" " "
May 15, 1979 9 km northwest of "
Otympia, Wa.
" “ "
" w "
" " "
July 12, 1979 Washington Cascades Stratus
" " “
" " "
" " “
July 13, 1979 Over Mt. Rainier, Wa. Wave
" " "
August 3, 1979 West of Cascades, just Stratus

south of Seattle

" " "

,Table 2: Comparison of Cloud Water Species Concentrations
Derived from Ion Exchange Chromatography (IEC)
with those Derived from Flash Vaporization (FV).
Samples Taken in Stratus Clouds over the
Washington Cascades on July 12, 1979.

1EC[NO)] IEC[SOZ] FV[SOZ]*

Sample No. (mg 9."1) (mg 9,*1) (mg X_—l)
3 2.5 (+10%) 7.3 (4102  10.9 (+25%)

44 0.75 (¥10%) 2.9 (+10%) 5.6 (+25%)

4B 0.53 (+10%) 1.8 (+10%) 3.1 (+25%)

6 0.28 (#10%)  0.67 (#1020 1.1 (+25%)

* Total sulfur expressed as [soz]

Table 3: Comparisons of Directly Measured Ambient Particulate
Sulfate Concentrations with those Derived from Cloud
Water Sulfate Measurements

Directly measured

[SOA=] derived from
10,71 (ug m3)

cloud water

Date (g m=3)
30 April 1979 1.02 6.20
3 May 1979 0.93 0.53
12 July 1979 0.97 30.7

13 July 1979 0.34 0.19

Mean cloud droplet pH

Mass concentration of
sulfuric cloud water

radius (pm) (expressed as SO;)(mg/liter)

5.4 44 7.3
6.1 bob 5.5
10.0 4.2 13.2

243 3.7 17.8

105 3.9 12.0
16 3.9 16.0
— 3,8 17.9
3.1 4,8 9.4
— 4.6 5.8
— 6.2 15,7
_ 6.5 14,7
34 5.9 6.3
— 6.0 2,5
—_ 5.9 4.8
— 5.9 10.0
— 4.1 19.7
—_ 4.8 14.9
12 5.6 10.9
20 5.2 13,0
3.7 4.3 4.4
3.6 4.5 3.0
32 3.9 6.4 )
32 3.9 4.8

this cloud (Fig. 2) corroborated the particle
production within the cloud. The particle pro-
duction seems most pronounced at a particle
diameter of ~1 pum, This 1 um "peak" is

typical of cases in which enhanced CCN concen-
trations downwind of clouds are observed.

On May 10, 1979, measurements were obtained
in a wave cloud over Orcas Island, Washington.
The only evidence for sulfate production in
this case were slightly elevated CCN concen-
trations downwind of the cloud (Fig, 3). Par-
ticle size spectra showed no discernible
effects attributable to cloud passage (Fig. 4).

On July 13, 1979, particle size spectra,
particulate sulfate, and cloud water sulfate
data were obtained for a wave cloud situated
over Mt, Rainier, Washington. The most direct
and conclusive evidence of sulfate production
was provided by the measurements of sulfate
upwind and downwind of the cloud. The upwind
sulfate concentration,was below the detection
limit (0 % 0,40 pg m ~) while the downwind
concentration was 0,68 + 0,46 ug m'3. This
yields a sulfate production of 0,68 ug m -,
These measurements, together with a cloud
transit time of 5,8 min and a rather high
ambient S0p level of 4 ppb, yield an SOy-to-
807 conversion rate of 1047% hr-l. Ambient
sulfate concentrations derived from
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Fig. 1 Cloud condensation nucleus spectra
measured upwind and downwind of a wave
cloud on May 3, 1979,
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Fig, 2 Particle size spectra measured upwind
and downwind of a wave cloud on

May 3, 1979.
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Fig, 3 CCN spectra measured upwind and down-
wind of a wave cloud on May 10, 1979.
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Fig. 4 Particle size spectra measured upwind
and downwind of a wave cloud on -
May 3, 1979,

measurements of sulfate in cloud water samples
were found to be 0,041 and 0,285 ug m™ - on the
upwind and downwind edges of the clouds, re-
spectively, Based on these measurements, the
amount of sulfate produced in the cloud was
0,24 ng m™3. While these concentrations do
not differ significantly from those obtained
from direct measurements in the ambient air
upwind and downwind of the cloud, they yield a
considerably lower oxidation rate of 37% hr~l,
The particle size spectra measurements taken
upwind and downwind of the cloud (Fig. 5) show
definite evidence of particle production in
certain size ranges. Total particle volumes
derived from the spectra of Fig, 5 are 3.5 #
2,6 um3 em™3 downwind and 3,1 + 1.7 um3 cm”™
upwind. If the excess volume is assumed to be
(NH4) 9804, these measurements yield a sulfate
production in the cloud of ~0.52 % 7.7 ug m™3.
Clearly, the total particle volume method is a
very inaccurate technique for determining sul-
fate production in clouds, But the three
estimates of sulfate production given above are
not inconsistent.

Recent modeling work (Hegg and Hobbs, 1979)
suggests that oxidation of 809 in solution by
09 or 03 can produce gas-to-particle conversion
rates in clouds similar to those described
above, An alternative mechanism is oxidation
by Hp0o as proposed by Penkett et al, (1979).
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Fig. 5 Particle size spectra measured upwind

and downwind of a wave cloud over
Mt. Rainier on July 13, 1979.

4, SUMMARY AND CONCLUSIONS

Measurements have been presented on cloud
water composition and gas-to-particle conver-
sion in clouds. Sulfur levels in clouds cor-
relate rather poorly with both cloud water pH
and cloud droplet mean radius. The results
suggest that not all cloud water sulfur is in
the form of sulfate and that mechanisms other
than nucleation scavenging must be invoked to
explain cloud water sulfur levels. Evidence
of gas-to-particle conversion has been found
in roughly one-third of the clouds studied.
The particles produced in clouds tend to
"peak" in number concentration near particles
of diameter 1 um. Data from one case study
yielded an SO9-to-30,; conversion rate in the
cloud of between 37 to 104% hr-l.
Acknowledgments. Work supported by EPA Grant
R80 52 63010.
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ON THE PROPERTIES OF THE CONDENSATION NUCLEI IN RURAL UTAH AND NEW-MEXICO.
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1. NRC Postdoctoral Associate, Affiliation : Technion, Haifa, ISRAEL.

1. INTRODUCTION . In this paper the properties
of atmospheric particles in rural regions of
the western United States, in which energy de-
velopments are taking place, are described. The
locations east-central Utah and north-west New
Mexico are the subject of two different re-
search investigations: The Utah Visibility Stu-
dy in which baseline values for horizontal vi-
sibilities are being established, and the Four
Corners Power Plant Study whose purpose is to
determine the effect of an isolated coal-fired
power plant on the atmosphere (Mamane and
Pueschel, 1979, and references therein).

2. EXPERIMENTAL. The data were mostly col-
lected on board a light twin engine aircraft
equipped to measure aerosol, gas and meteoro-
logical parameters. In Utah, surface measure-
ments complement the airborne set of data. De-~
tailed description is given in the above refe-
rences.

Aerosol samples were also collected on
0.1 um Nuclepore filters and on electron mi-
crocospe screens using a cascade impactor. The
filters were later analysed in a scanning elec~
tron microscope (SEM)interfaced with an x-ray
energy dispersive analyzer (XEDA) for the ele-
mental content of individual particles down to
0.05 um dia. (Pueschel., 1976); and the screens
were chemically treated to detect individual
sulfate (Mamane and de Pena, 1978) and nitrate
particles (Mamane and Pueschel, 1980).

3. RESULTS AND DISCUSSION . In-situ measure-~
ments of the aerosol size spectra show that in
both rural locations, the number size distri-
bution is trimodal with modes around 0.01, 0.07
to 0.08 and 2 um radius. The first mode was
obtained with the Aitken Nuclei (AN) counter
which was assumed to represent the 0.0l um
mode. Figure 1 shows the size distribution of
particles collected within the boundary layer
at about 2000 m MSL, and above it at 3800 to
4200 m MSL for both locations. The Utah and
New Mexico samples were collected on May 18 and
June 6, 1978, respectively. In the lower ele-
vations the nucleation mode at 0.0l um is si-
gnificantly higher in east central Utah than

in northwest New Mexico. However, the accumu-
lation mode at 0.07 to 0.08 ym is lower in
Utah.This may be in part caused by different
aerosol sources in these regions.

According to Whitby (1978), in a typical
trimodal size distribution when all particles
are considered to be lumped at one mean size
for each mode, the rate of change of the num-
ber concentration in the three modes can be
described by the following equations:

Nucleation Mode:

N )

T X Ra™y T FaMa T See
Accumulation mode:

an

2 - K N2 - K_NN where

at A ARA AC A C

N is the average number concentration,

Q the average rate insertion of new particles
K the coagulation constant.

The subscripts N,A,and C denotes nucleation,
accumulation and coarse particle modes respec~
tively.

Por the background aerosols one may assume
that dN/dt is equal to zero during midday, when
meteorological conditions are uniform.

This also follows from figure 2, the norma-
lized hourly AN counts for four different
months in 1978 measured at the top of Cedar
Mountain, which shows clearly that dN/dt is
equal to zero during the morning and noon hours
in July, during the noon hours only in May and
October, and during the afternoon in January
and February. Similar results have been obtai-
ned by Went(1964) and Lopez et al.{(1976), both
studying rural locations. Figure 2 clearly in-
dicates that the production of AN in the dif-
ferent seasons is related to the ambient tempe-
rature and solar radiation, and therefore could
be through photochemical processes.

Another important information could be ob-
tained from the above equations when solved to
determine the atmospheric residence time,
=N /Q. Thus the T obtained in Utah and New
Mexico is respectively 0.6 and 2 days for the
nucleation mode, and 65 and 36 days for the ac-~
cumulation mode. The shorter residence times of
the nucleus mode suggest that the AN are formed
locally, especially in Utah, and are not trans-
ported over long distances as in the case for
the accumulation mode. Long residence times for
the warm season in the western United States
are to be expected since the removal processes
when the precipitation is low and the mixing
layer is deep are not efficient.

Table 1. Parameters used to calculate particle transfer rate into each mode.

N -3

Locale Modal radii (um) Concentrations (cm )
Ry Ra Re Ny Ny o Ne
Rural Utah 0.01 0.07 2.0 7800 140 0.8
Rural New Mexico 0.01 0.08 2.0 1000 260 0.8
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Table 2. Summary of aerosol physical and chemical properties in background aerosol.

UTAH NEW MEXICO

Percentage

d < 0.5 um d > 0.5 um d < 0.5 um d > 0.5 um
Scanning electron microscopy and x-ray analysis
Spherical Particles 88 17 93 29
Emitting Particles 33 100 67 86
Emitting Particles containing 65 17 78 17
only S.
Non emitting spherical 66 <1 29 25
particles,
Nitrate and sulfate spot test technigue.

Particles containing sulfate 70 <1 86 30
Particles containing nitrates <1 8 <1 11
5.1 ; 5. I i [

4~ Utah | 4L New Mexico _|
' 4200m 3800 m
3= - 3. s
2.1 4 2.k .
1.1 4 1k -
0.+ - 0 -
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o B | | | I I
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Figure 1. Size distribution of particles collected within the boundary
layer at 2000 m MSL and above it at 3800 and 4200 m MSL. aN/dlogR is
in cm 3 and R in um.
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Results of the application of the SEM-XEDA
system and the spot test techniques for nitra-
and sulfates to individual particlés are given
in Table 2. The data were derived from indivi-
dual particles and were grouped into two size
ranges: smaller and larger than O.5um. In Utah,
about two-thirds of the particles below 0.5um
areidentified as "non emitting particles", i.e.
they are composed of elements lighter than so-
dium such as C,0,H,and N. Since nitrates (Table
2) and inorganic carbon were not found in these
samples, we concluded that the Utah aerosol in
this range was dominated by organic spheres
probably formed by photochemical reaction of
terpenes (Went,1964; Rasmussen and Went, 1965)
and other organic vapors.

In Utah the"emitting particles", consist
mainly of two groups: The sulfur type and the
mineral type aerosol. In the former group par-
ticles emit only sulfur and are mage up of S in
combination with cations such as H and NH
ions. The second group is composed of the Al,
Si, Fe, Ca and Mg elements.

In New Mexico .sulfur is found in about 50
percent of the particles of diameter below

0.5um while the mineral type particles occupy
less than 5 percent of the emitting particles.
The major difference however is in the percenta-
ge of non-emitting particles: 66 in Utah versus,
29 in New Mexico ~ thus the organic particles
in Utah dominate particle of this size range.
This is probably due to the lack of forests in
desert like northwest New-Mexico, and the pre-
sence of large power plants there,

The production of AN from a forest canopy as
function of time can be expressed as (Lopez et

al., l976£§ ¢N
* = 1" Sm Nﬁ(t), where
NN(t) is the AN counts at time t.
¢N is the nucleus flux
h is the height of the mixing layer, and
KNN: is the coagulation constant for AN,

In Utah where dN/dt is equal to zero during
midday as is suggested from Fig. 2;
h~1500 m, K~2.4x10 Jem3.s”1, N_~ 5100cm 3 ;then
the flux of AN is approximately 10%cm 28°! a
value which is close to estimates obtained by
Lopez et al.(1976) in southwest France.

100 |

5.0

2.0

|2
~ . 1.0 [

=

<C
0.5

R

©

o

0.2

0.1

| | |

l

|
Cedar Mt., Utah

Figure 2. The diurnal
variation of the nor-
malized Aitken nuclei
counts for different
seasons of the year.
Measurements were ta-
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In Northwest New Mexico where AN (organic)
is only 290 cm 3(29% of 1000 cm 3), and h is
about 1700 m, the organic nuclei flux is over
two orders of magnitude smaller than that of
Utah.

4, CONCLUSIONS. The conclusions from this
paper are that at present the aerosol in some
parts of the western United States is still
dominated by particles originating from natu-
ral sources. There are indications however,
that the sulfur content of the aerosol in the
vicinity of a power generating station is
enhanced. This can lead to an increase in ha-
ziness at high relative humidities because of
the hygroscopic nature of sulfate particles.
Due to long residence times of the sulfur aero-
sol in the western United States, long range
transport is a distinct possibility and effects
are to be expected in the regional, eventual-
ly the mesoscale.
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ON THE CAPABILITY OF ATMOSPHERIC SULFATE PARTICLES AS CCN

A. Ono and T. Ohtani

Water Research Institute, Nagoya University
Nagoya, JAPAN

1. Introduction

The most important particles in the atmos~-
phere for their effects upon weather and
climate are the cloud active particles serving
as the nuclei for cloud droplet formation (CCN)
and ice formation (IFN).

The cloud condensation nuclei (CCN) are
hygroscopic compounds and a study of their
sensitivity to heat has suggested that sulfate
particles (sulfuric acid and/or its neutraliza-
tion products with ammonia) formed in the
atmosphere by gas-to-particle conversion are
the most likely inorganic component of CCN
(Twomey, 1971; Dinger et al., 1974).

However, the volatility measurements of
atmospheric CCN, though useful, are indirect
and may not provide a unique identification.
More direct evidences are needed to prove the
capability of atmospheric sulfate particles as
CCN and their cloud physical importance.

Since atmospheric CCN occure as a minority
fraction of a population of atmospheric parti-
cles exhibiting a great variety of size and
composition, they cannot be separated without
actually nucleating them as CCN at low, cloud-
like supersaturations of 1% or less.

To study directly the capability of atmos-
pheric sulfate particles as CCN, we carried
out a series of experiments using a vertical
flow-type thermal diffusion cloud chamber
(Sinnarwalla et al., 1973) in conjunction with
the application of BaClp thin film technique
for the detection of soluble sulfate in
individual particles described by Bigg et al.
(1974).

2 Experimental procedures

Figure 1 shows the schematic diagram of
the experimental system used in the present
studies.

Outside air was drawn into the cloud
chamber operated at slight supersaturations
less than 1% and then passed through a
impactor collecting 2um radius droplets with
50% collection efficiency to separate the
active particles as CCN from the atmospheric
particles. The active particles as CCN were
expected to be removed from the air by the
impactor as a result of small water droplets
forming on them in the cloud chamber at slight
supersaturations less than 17, while the
inactive particles emerging from the impactor
were collected on EM grids by electrostatic
precipitation. For comparison, particles in the

original air were also collected simultaneously
at the inlet of the cloud chamber on EM grids
by electrostatic precipitation.

To measure the sulfate particle concentra-
tion, the sulfate test described by Bigg et al.
(1974) was applied to a set of particles
collected from the original air and that
emerging from the cloud chamber-impactor system.
The presence of soluble sulfate in individual
particles is indicated by the growth of a
characteristic BaSO4 reaction product around the
particle  after exposed to alcoholic atmosphere.
This method is specific to soluble sulfate with
the detection limit of about 10‘17g.

3. Results

From the comparisons of a set of measure-
ments of the sulfate particle concentration in
the original air and that emerging from the
cloud chamber-impactor system, it will be
possible to see what proportion of atmospheric
sulfate particles is activated as CCN at a
given supersaturation.

Figure 2 shows the comparisons of a set of
sulfate particle concentrations (3 hrs average)
in the original air (left) and that emerging
from the cloud chamber-~impactor system operated
at a slight supersaturation less than 17 (right).
In the figure, similar comparisons using a
average of the sulfate particle concentration
obtained from two long-period samplings (July
10-12 and August 6-11, 1979) are also shown.

It can be seen that when the air was passed
through the cloud chamber-impactor system
operated at a slight supersaturation less than
1%, virtually almost all sulfate particles were
disappeared.

The losses of sulfate particles could be
due to the processes where sulfate particles
in the original air were activated as CCN and
removed from the air by the impactor as a
result of small water droplets forming on them
in the cloud chamber with long availabe growth
time. However, some diffusional loss of
particles in the experimental system are
inevitable. Therefore, in order to make certain
that the losses of sulfate particles is mainly
due to the activation as CCN, we examined the
losses of sulfate particles in the air emerging
from the cloud chamber-impactor system operated
at water saturation.

As shown in Fig. 3, when the air was passed
through the cloud chamber-impactor system
operated at water saturation, no significant
losses of sulfate particles were observed.



These experimental results, considered
together, suggest that observed losses of
sulfate particles in the air emerging form the
cloud chamber-impactor operated at a slight
supersaturation less than 17 are due to the
activation of sulfate particles as CCN and
they are removed from the air as a result of
small water droplets forming on them.

4, Conclusion

From our direct experimental evidences
discussed above, we conclude that atmospheric
sulfate particles with mass larger than 10‘17g
are in fact served as very efficient CCN at
low, cloud-like supersaturations of 1% or less.
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THE INFLUENCE OF AEROSOL INHOMOGENEITY ON CLOUD
FORMATION IN COASTAL REGION

Josef Podzimek

Graduate Center for Cloud Physics Research
University of Missouri-Rolla
Rolla, Missouri USA

1. INTRODUCTION

Coastal regions are a natural and unique
laboratory for investigating the impact of
atmospheric aerosol on the cloud evolution,
propagation of optical signals and potential
degradation of materials and soil. The inter~-
action, space and time variability of marine
and continental aerosol over coastal regions
promises further to check some of the existing
theories on aerosol size evolution at a spe-
cific meteorological situation.

Bearing in mind the aforementioned as-
pects of an aerosol study in a coastal region,
a research program supported by the National
Science Foundation was established in 1978,
It included theoretical and laboratory work,
ground and aircraft measurements in January
1979 on the seashore of South Padre Island
and over the Gulf of Mexico and South Texas.
This report summarizes the main findings
stemming from aircraft sampling, which was
performed in an instrumented Beechcraft Queen
Air aircraft of the National Center for At-
mospheric Research (NCAR), Boulder.

2. AIRCRAFT MEASUREMENT AND METEOROLOGICAL
CONDITIONS

The main parameters measured in the two
engine aircraft were the following: Aitken
nuclei (r < 0.1 um) concentration (Environ-
ment One Counter); Aerosol (0.18 < d < 3.0 um)
concentration and size distribution (Knollen-
berg laser cavity aerosol spectrometer);
Giant and ultra-giant nuclei of chlorides and
sulfates (UNICO cascade impactor) - sample
processing is described in the article by
Podzimek (1959); Air temperature, pressure
and humidity - the description of instruments
and installation can be found in the bulletin
of NCAR Atmospheric Technology (1973) and in
Lenschow and Pennell's article (1974); Mean
wind velocity and gust components of the wind
vector; Time lapse camera pictures of cloud
evolution.

All data (including aircraft position)
were recorded on the multi-track recording
system ARIS-IV (NCAR, RAF Bulletin No. 9,
Nov. 1976) except laser cavity spectrometer
counts (all points of the size spectrum were
printed every 4 sec.) and the evaluation of
impactor samples. Particle counters were
calibrated shortly before the field measure-
ments by latex particles. Aerosol was sam-
pled from a sampling tube of 2.54 cm ID in
which the permanent flow of outside air was

maintained by a venturi tube pressure differ-
ence. Negligible particle losses in the sam-
pling tubes were assumed.

The scheme of aircraft sampling and geo=-
graphical location of the sampling site is
depicted in Fig. 1. The main sampling profile
was oriented approximately NW-SE direction
referred to the ground station at South Padre
Island close to Port Isabel. Samplings over
the Gulf of Mexico have been performed 50 to
70 km from the seashore outside of the main
cell of sea breeze. Most of the samplings
over the mainland happened around Lake Lasara.
This site represented a typical continental
environment not directly polluted from the
nearby heavily populated and industrialized
areas around Brownsville and Harlingen. How-
ever, at S and SE winds the influence of
highly polluted atmosphere on the aerosol meas-
urements was apparent.

The seven series of aircraft measurements
were performed during the time period between
January 12 and January 18, 1979 mostly in the
afternoon hours. First days of this time
period were characterized by a low pressure
over the northerm part of the Gulf of Mexico
and the low pressure over northern Colorado
which gradually moved southwards. The change
in pressure configuration caused northwest
(NW) winds in the ground layer over the sam-
pling area to change into SW and S wind with
a strong W wind advection above 2.0 km alti-
tude. High relative humidity up to 0.3 km and
very dry air (R.H. < 20%) above the inversion
at 0.6 km prevailed till January 14 (Fig. 2).
Since January 15 the air circulation over
southern Texas was governed by the low pres-
sure over the Pacific Ocean off shore of
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California and by the mighty high pressure
system over the central parts of the United
States which gradually moved eastwards. At
the same time a ridge of high pressure evolved
over Arizona. During the whole remaining time
period secondary low pressure was over the
Colorado Rocky Mountains and over northern

Mexico. The pattern of aerological charts
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remained almost unchanged from January 16 to
January 19: very high relative humidity in
the planetary boundary layer up to 2.0 km
altitude with a shallow but very strong inver-
sion above it. At altitudes above 2.0 km a
very dry air prevailed with a strong south
wind component which, by the end of the time
period changed to SW and W wind.

In Fig. 3 are plotted the air mass tra-
jectories based on the ground weather chart
analysis and circulation pattern at 850 mb
and 700 mb level. The example indicates that
the aerosol of the January 12 sample over the
ocean was of continental origin with a short
dwelling time over the ocean. Also, there is
a high probability of finding the heavily pol
luted air from the industrial areas in South
Texas in the boundary layer over the ocean.
The same analysis for the time period of
January 15 to January 19 supports the idea
that the aerosol sampled over the Gulf of
Mexico resided for at least one day in the
boundary layer over the ocean. During this
time it might change its original continental
character (descending apparently from north-
ern Mexico). However, in the lowest sampling
levels one might anticipate pure maritime
aerosol generated over the sea surface.
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3., ANALYSIS OF AEROSOL SIZE SPECTRA

All data from the Knollenberg laser spec-—
trometer were divided into four groups cor-
responding to the four particle size ranges:
0.181 ym - 0.369 um; 0.315 ym - 0.864 um;
0.359 -~ 1.488 um; 0.467 ym 3.000 pym in diam-
eter. In each sampling level the four ranges
were automatically switched on so that a re-
cord at least for one minute for each range
was obtained. In particularly interesting
levels records of approximately 5 minutes in
duration were made and the concentrations
(printed every four seconds) analyzed. The
number of evaluated four second printings are
indicated in parenthesis (in Figs. 4-6) at
each specific level so that the reliability of
the plotted mean particle concentration (in
percent of the total concentration - IN e~ 3
can be estimated.
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Three examples of the plottings (Figs. 4-
5) were selected out of more than 50 diagrams
of size distributions of particles collected
over the Gulf of Mexico and over the mainland.
The curves do not follow exactly the log-nor-
mal distribution law. There is an apparent
tendency to form a plateau in case of sampling
close to the cloud boundary or temperature in-
version. This conclusion is supported by sam-~
pling on January 12 at an altitude of 300 m
above the sea (in Fig. 4 marked by crosses)
where a hazy layer of high humidity persisted
(Fig. 2). Another example is presented in
Fig. 5 which shows how the aerosol size dis-
tribution measured at an altitude of 220 m
above the ground was distorted when the air-
craft approached the layer with patches of
clouds (which later gave origin to drizzle
drops). Apparently the most active particles
of this marine aerosol are confined to the
domain of mean diameters between 0,226 um and
0.337 um. Basically different are the par-
ticle size distribution curves from the
flights at fair weather (Fig. 5) which were
performed on the same day (January 16) shortly
before the sampling over the mainland. Sim-
ilar observations were also made during
January 15 and 18 flights when the relative
humidity was not high enough (R.H. < 88%) to
cause the shifting in particle size distri-
bution curves.
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Simultaneous measurements of the Aitken
nuclei (AN) concentration and of the larger
particulates classified by Knollenberg aerosol
spectrometer offer a unique opportunity of
estimating how many aerosol particles are
smaller than the critical size detected by
aerosol spectrometer. As an example AN con-
centrations measured at a specific level (in
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parenthesis) during the morning flight of Jan-
uary 16 can be mentioned: 850 em™3 (120 m);
1500 cm™3 (230 m); 980 cm~3 (720 m); 780 cm~3
(1370 m) and 6500 cm™® (2370 m) over the sea.
Over the mainland AN concentrations were a
little higher but their course was almost
parallel to that over the sea. An exception
is high AN counts above the ground: 12000
cm™3 (120 m) and 10000 em™3. 1If omne compares
these numbers to the total particle concentra-
tion in the smallest size range of the Knollen-
berg aerosol spectrometer (Fig. 5 and 6), the
conclusion can be made that marine aerosol in
the planetary boundary layer is almost exclu-
sively composed of particles detectable by the
Knollenberg spectrometer. However, the major-
ity of AN emitted from ground sources and
transported in altitudes above 2.0 km over
mainland between January 16 and 19 cannot be
detected by Knollenberg spectrometer. This
hypothesis is also supported by the comparison
of data from the remaining flights.
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4. TIME VARIABILITY OF AEROSOL CONCENTRATIONS

An attempt was made to investigate the
characteristics of the fluctuating aerosol con-
centration. This was the continuation of the
previous study (Podzimek, 1978) when Fourrier
coefficients of the fluctuating particle con-
centration were plotted in dependence of fre-
quency for different altitudes. This time the
work was completed in order to characterize the
aerosol concentration fluctuation v N'2/N ex-
pressed in percent and to estimate the wave-
length of fluctuating concentration if any.

The calculated parameters have, however, a
very limited statistical weight mainly for
counting less numerous large particles (d >
0.4 pym). This might partly explain the find-
ing of much larger mean factor v Ji3/N for



particle size interval 0.315 um - 0.864 um
(51.6%) than for the smaller particles with
diameters between 0.181 um and 0.369 um
(19.9%).

Rough estimates of the mean wavelength of
the aerosol concentration fluctuation were
found for the mentioned group of layer partic-
ulates around 1,300 m and for smaller partic-
ulates around 1,000 m. These were the most
important peaks on the concentration curves
which significantly overshadowed the small
amplitude concentration fluctuations due to
statistical errors. In general, smallest am-
plitudes of aerosol concentrations were found
in layers of stable thermal stratification (in
the samples of e.g., January 12 around 9.0%)
if compared to instable temperature stratifi-
cation (42.97).

Comparison of the aerosol concentration
fluctuation with the change of the vertical
component of the wind vector for finding a
correlation between the supersaturation and
particle growth (based on a simple assumption
of a linear relationship between updraft and
supersaturation) did not lead to any conclu-
sive result,

5. SIGNIFICANCE OF AEROSOL INHOMOGENEITY FOR
CLOUD FORMATION

A very interesting experience was made
while analyzing the time lapse camera cloud
pictures which accompanied the aerosol meas-
urement, The camera was mounted in the air-
craft's nose section and the pictures document
the sampling conditions, cloud shape and the
very important sampling just below the cloud
base and above its top. During each flight
differences in cloud base altitude were found
even over a very uniform terrain. From the
flight records of January 13 and 15 one con-
cludes that the altitude of the bases of Cu
hum and med might vary more than 50 m from
cloud to cloud. There is of course a dramatic
change in the height of cloud base above the
sea and the mainland. On one specific day
(January 15) the cloud base of Cu type clouds
was 875 m above the sea and 480 m close to
Lake Lasara. Similar observation was made on
January 16 during the afternoon sampling.

50 m above cloud tops e.g., on January 15 was

found a strong fluctuation of aerosol concen-

tration with a wavelength roughly correspond-

ing to the cloud distribution in this specific
area (1.2 to 1.5 km).

The study which is still in a rudimentary
stage proved qualitatively that aerosol nature
might influence - together with the important
thermodynamic field - the initial cloud evolu=~
tion and vice versa that the cloud formation
can modify the aerosol characteristics. It
was demonstrated that at R.H. around 957 hap-
pens an activation of marine aerosol and that
this threshold is confined to particle size
between 0.2 to 0.4 um depending upon the aer-
osol nature (origin).

Finally, the analysis of aerosol size dis-
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tribution curves for the most important size
range for cloud physics (0.18 < d < 3.0 um
leads to the conclusion that particles smaller
than 1.0 pm survive and are transported on
longer distances. Their character changes
gradually after passing over the shoreline due
to the small particle diffusion, gravitational
coagulation with eventual settling and con-
densational growth. However, in mean there
seems to be a tendency towards establishing a
quasistable size distribution. 1In this sense
these findings from the coastal region do not
contradict the findings, e.g., by Whitby (1971)
or Blifford and Gillette (1971), made over dif-
ferent locations if one excludes from the par-
ticle size distribution the influence of local
sources of pollutants and layers with high
relative humidity. Then the combination of

two or three log-normal distributions seems to
reflect well the aerosol state,
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SOME WINTERTIME CLOUD-AEROSOL INTERACTIONS OVER LAKE MICHIGAN

V. K. Saxena
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Raleigh, NC U.S.A.

1. INTRODUCTION

Cloud-aerosol interactions are of conse-
quential importance in understanding the
thermodynamics and energy balance of the en-
vironment, extent of the cloud cover, scaveng-
ing mechanisms operative in clouds, and the
chemical nature of precipitation received on
the ground. In urban-industrial regions where
the acidity of precipitation has been a cause
of concern, it is imperative to investigate
these interactions if the precipitation acid-
ity is desired to be controlled through reg-
ulatory emission standards. Aerosols are re-
moved from the atmosphere by being deposited
or transported to the ground. The aerosol
particles which are so received at the ground
often differ greatly in their physico~-chemical
characteristics from the ones they had at the
location of their formation or emission. Be-
tween emission and deposition, condensation
and evaporation of water, growth and evapora-
tion of particles themselves, chemical and
photochemical reactions, coagulation of
particles, diffusion of particles to cloud
droplets and hydrometeors, and inertial collec—
tion by larger particles affect their physico-
chemical characteristics. Obviously, there
are a large number of steps and a great variety
of combinations of such steps which may occur
between emission and deposition. Precipitation
processes originating in warm and cold clouds
constitute an important sink for aerosols.

In urban-industrial areas, the precipita-
tion acidity is largely controlled by sulfur
which is one of the most dominant pollutants.
It gets involved in essentially all of the
scavenging interactions that are typically im-
portant as removal mechanisms. Sulfur dioxide
can-'be scavenged as a gas, leading to the pres-
ence of dissolved 50, in precipitation and sul-
fate can be scavenged directly as an aerosol or
it can be formed in precipitation by acqueous-
phase S0, oxidation, eventually leading to the
precipitation~borne sulfate. Recent estimates
(MAP3S, 1979) show that roughly one-third of
the MAP3S-area (i.e., the region including the

upper Midwest and the Northeast U.S., often re-

ferred to as Greater Northeast) sulfur emis-
sions are removed within the region by precipi-
tation scavenging, with an average of about
ninety percent of the sulfur occurring in rain
as sulfate, the remainder being in the form of
dissolved SO2. Investigations of the lake
effect snowstorms reveal (Scott, 1978) that be~
tween 50-90% of the subcloud sulfate gets acti-~
vated as CCN.

The cloud nucleation activity of aerosols
was investigated by us over Lake Michigan dur-
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ing November 1978-January 1979 under MAP3S
(Multi-State Atmospheric Power Production Pol-
lution Study). The field experiment was car-
ried out in cooperation with the Battelle,
Pacific Northwest Laboratory (PNL) with an aim
to delineate cloud-aerosol interactions. The
PNL DC3 aircraft was used as an observational
platform and a network of ground stations col-
lected precipitation samples. Our cloud con-
densation nucleus (CCN) spectrometer (Fukuta
and Saxena, 1973; Fukuta et.al., 1974; Saxena
and Fukuta, 1976; Saxena and Dytch, 1978;
Fukuta and Saxena, 1979a; 1979b) was installed
in the aircraft which was also equipped for
measuring the Aitken nuclei concentration,
cloud droplet size distribution, liquid water
content of clouds, 502 concentration in the
subcloud layer, and sulfate concentration in
the cloud water collected through direct air-
craft penetrations. This paper describes pre-
liminary findings of our one year field study.

2. EXPERIMENTAL PROCEDURE

In order to examine the cloud~aerosol in-
teractions over Lake Michigan, airborne obser-
vations were made near Muskegon, Michigan (see
Fig. 1) during November, 1978 and January,
1979. It was planned to investigate the lake-
effect snowstorms primarily, although all pre-
cipitation events were sampled whenever possi-
ble logistically. The CCN Spectrometer, as
displayed in Fig. 2, was installed in the DC3
aircraft for sampling purposes. Choice of the
Muskegon site was made because of relatively
high frequency of occurrence of wintertime,
lake-effect snow squalls which are accurately
predictable thus enabling a better coordination
of airborne and ground crews. Such storms
afford unique and unusual opportunity for sam—
pling since they are of low intensity and are
slow moving thus enabling frequent cloud pene~
trations and providing sufficient sampling
time in the clear air at cloud boundaries.

Experimental flights were made on 17 Nov.,
29 Nov., 1978 and on 22, 23, 24, 25 and 27
Jan., 1979. One flight was made each day ex-
cept on 23 Jan. when two flights were made as
indicated in Table 1. On 22 Jan., a flight was
conducted in clear air (cloudless sky) in order
to test the equipment and provide calibration
cross—-checks. 1In Table 1, the duration of each
flight, and the type of precipitation received
at the ground from each storm are listed. Dur-
ing each flight, measurements were made in the
sublcoud layer at one or two levels below the
cloud base and in a layer about 2000 m thick
both upwind and downwind of the lake-effect
snowstorms. In addition to the measurements of
CCN activity spectrum, the aircraft was
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Fig. 2: Perspective view of the aerosol

CHICAGO sampling section of the CCN spectro-
meter (Fukuta and Saxena, 1979a, b)
Fig. 1: Location of Muskegon which was used installed in the DC3 aircraft for
as a base for airborne observations. the MAP3S observations.
Table 1

Summary of DC3 flights conducted for studying the cloud-aerosol
interactions during November 1978~January 1979

Flight Date Take Off Landing Duration Type of
No. EST EST hr. min. Precipitation
) hr. hr. from the Storm
1 17 Nov. 1978 1305 1630 3 25 Rain
2 29 Nov. 1978 1035 1400 3 25 Freezing Rain
3 22 Jan. 1979 1122 1325 2 05 Clear Air
4 23 Jan. 1979 1140 1340 2 00 Light Snow
5 23 Jan. 1979 1440 1722 2 44 Snow
6 24 Jan. 1979 1058 1342 2 44 Graupel
7 25 Jan. 1979 1243 1507 2 24 Very Light Snow
8 27 Jan. 1979 1157 1446 2 49 Snow stopped

before take off

equipped to measure SO, aerosol mass, SOx and 7 um. Once these observations were completed,
total NH, volume concentrations, and aerosol the aircraft was directed to penetrate the
size distribution in the range from 0.01 um to clouds at locations upwind of the ground
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sampling sites which provided sequential sam-
ples of surface precipitation, meteorological
data, and replicas of falling ice crystals for
determination of growth histories of the pre-
cipitation particles. During cloud penetra-
tions, the aircraft obtained measurements of
cloud liquid water content and droplet size
distribution. Samples of supercooled cloud
water were collected for chemical analysis in
the laboratory. Except for the CCN Spectro-
meter, all other equipment was manned by the
scientists from the Battelle, Pacific Northwest
Laboratory. The former was operated by us and
real-time records of the cloud nucleation
activity of the aerosol in the subcloud layer
and at cloud boundaries were obtained.

3. RESULTS AND DISCUSSION

For the sake of brevity, results from only
three flights are reported in Table 2 at se-
lected times in order to point out some salient
features., The measured CCN activity spectrumk
was fitted to the usual functional form, n=CS ,
where n is the number concentration of CCN per
unit volume with critical supersaturations less
than S, and C and k are concentration and slope
parameters respectively. Primary cloud-aerosol
interaction takes place in evolving the cloud
droplet size spectrum. The concentration, N,
of cloud droplets (in em—3) resulting from an
updraft U (cms™"), may be expressed (Twomey,
1959; Braham, 1974) as

N=g2/ (2+K) [68.8x10'3u3/ 2
k B(3/2,k/2)

which is only an approximation and in reality,
the cloud-aerosol interactions leading to N are
very complex in nature. From Eq. (1) the de-
pendency of N upon C and U can be easily under-
stood. TFor values of k g 0:5, N varies almost
linearly with C. TFor k > 1.0, the dependency
of N upon U is stronger. Thus, in the former
case, the cloud droplet concentration is pri-
marily determined by the CCN concentration
while in the latter, it is strongly influenced
by the rate of ascent or the rate of supersat-
uration generation (i.e. dS/dt). .

k/ (2+k) 1)

From Table 2, it seems that values of k
>1.0 are almost as frequent as the ones around
0.5. In the air masses that we investigated
over Lake Michigan, the dynamics of cloud for-
mation seems to be as important as the micro-
physics in evolving the cloud droplet size
spectra. It may be noted that larger values of
k may also indicate the presence of a CCN
source since freshly generated nuclei are finer
in size and consequently activate at larger
supersaturations resulting in the steeper slope
of the spectrum.

On 29 Nov. 1978, a warm front was passing
through Muskegon. The cloud base was about 900
m MSL. Measurements were made at 365 m
(11:37:03 EST) and 760 m MSL in the subcloud
layer. The data (see Table 2) reveal that the
air at 760 m was, in general, twice or three
times richer in CCN and represented aged
aerosol (low values of k) when compared with
the air at 365 m. In terms of the vertical
concentration gradient, this seems contrary to
expectations 1f the nucleil source is assumed to
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be at the surface.
phase’ conversion of SO
may explain this finding. To this end, fur-
ther investigations are in progress. One
striking feature of the data, as shown by ex-
amples of Jan. 24, and 25 is that the measurgd
CCN Spectrum does not always conform to n=CS
form although the measurements may be fitted
to this form in small supersaturation inter-
vals. This finding resulting from our real=~
time, in situ measurements with the help of
the CCN Spectrometer, may have several inter-
esting implications, especially in dealing
with the polluted air masses.

Either dry or aqueous
into sulfate particles

More than one value of k parameter for
the same air sample indicates that either the
measurements do not conform to n=CSk, or the
sample is derived from two air masses which
are not homogeneously mixed. It may be re-
called that if the air sample is not repre-
sented by singular values of C and k, Eq. (1)
cannot be adequately used to estimate the
total cloud droplet concentration. The data
recorded on Jan. 25, 1979 show that for a con-
siderable number of samples taken at different
times during the flight, two sets of C and k
values may be found. Table 2 lists only a
very few selected measurements and the evi-
dence from the comprehensive data sets that we
obtained, supports this conclusion. There
exist a few instances where within a super-
saturation interval of 0.12-1.0%, three sets
of C and k values may be found. For this par-
ticular day, it may be noted that the cloud
base was not. well defined and the cloud tops
were at about 914 m MSL, The vertical cloud
development ranged from 152-243 m. The wind
direction at the surface was 310-320° with
speeds of 10-15 ms~L,

Based on the above data sets and other
cloud physical parameters measured during the
field study, we are in the process of assess-
ing the effectiveness of the cloud nucleation
process for removing pollutants such as SO
and sulfates originating from urban-industrial
areas, e.g. Chicago or Milwaukee (Fig. 1).

For the formation of each cloud droplet, a
cloud condensation nucleus (CCN) is required
and a cloud droplet has to grow a million
times in size in order to become a raindrop.
Evidently, an enormous range of dimensions is
spanned by these processes. The efficiency of
in-cloud removal processes for particles in
most size ranges is high when compared with
the processes for dry removal and removal by
precipitation below cloud levels. This is due
to the fact that very large surface area is
provided by the cloud droplets and cloud nu-
cleation is capable of transferring aerosol
particles from a small size into a much larger
size range quite abruptly. The latter indeed
is most effective when particles are soluble.
For example, a sulfate particle with an
initial radius of 0.02 um will grow through
cloud nucleation one hundred times and there-
by advance some two decades through the size
spectrum within a short time interval of ten
seconds or so.



TABLE 2

Measured values of slope (k) and concentration (C)
parameters at selected times during three flights

Date: WNov, 29, 1978 Jan. 24, 1979 Jan. 25, 1979
S{(%): 0.2-1.2
Time C k Time C k S Time C k S
EST cm-3 EST em3 (%) EST cm—3 (%)
11:37:03 3245 1.70 11:20:20 } 10825 0.36 | 0.11-0.75 {13:11:18 | 4640 {1.04 | 0.11-0.62
12:01:04 7283 0.68 11:30:46 | 103351 0.30 | 0.11-0.75 }13:11:48 | 3870 ]1.22 {0.11-0.62
. Jas. 4247 10.9110.19-0.39 na-. 4140 10.17 10.11-0.37
12:05:34 | 11470 0.86 11:34:16 16323 [ 1.94 [ 0.39-0.75 14:09:17 6825 10.68 1 0.37-0.62
. 2457 10.58 1 0.11-0.40 1. 4060 |1 0.19 ] 0.11-Q.37
12:06:04 | 9726 1.23 11:40:10 11480 | 2.70 | 0.40-0.75 14:10:47 94301 0.94 | Q.37-0.62
1227 10.401{0,11-0.37
12:09:16 (10668 0.79 11:41:40 5423 1 1.31 1 0.20-0.75 | 14:14:17 7833 1 1.23 1 0.37=0.67
1426 1 0.31 | 0.11-0.26
12:20:33 [11316 1.10 11:45:23 79551 1.58 1 0.20-0.75 | 14:16:17 TE04 [ 1.02 | 0. 26062
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ETUDE DE L'INFLUENCE DE

I-1.7

SUBSTANCES TENSIOACTIVES SUR LA CINETIQUE

DE LA CONDENSATION SUR DES NOYAUX GEANTS DE NaCl

B.
I.0.P.G.

S.

Limoges,

I - INTRODUCTION
L'idée que les substances temsioactives
puissent modifier la cinétique des processus

de condensation et d'évaporation a &té utilisée
par différents auteurs : DERJAGUIN, 1957 (2),
JIUSTO, 1964 (3). D'autres,comme KOCMOND et
coll., 1972 (4),ont comparé au laboratoire 1'é-
volution d'un brouillard traité 3 1'hexadeca-
nol-1 & celle d'un brouillard non traité.
BAKHANOVA et SILAYEV (1) s'intéressé@rent 3 la
croissance de particules hygroscopiques recou-
vertes d’une couche d’'alcool cétylique. D'une
fagon générale, le principe de la mesure des
vitesses de croissance fait intervenir soit la
diffusion de la lumidre =- le coefficient d'ex-
tinction &tant en relation avec le rayon de la
particule, soit la cinématographie de la chu-
te des particules - la vitesse de ces derniéres
étant directement liée i leur rayon.

La méthode que nous proposons différe des
précédentes dans le sens ol 1l est possible de
suivre, dans son ensemble, la croissance d'une
particule isolée. La croissance est initiée &
partir de cristaux de NaCl et les substances
tensioactives ont &té choisies parmi celles qui
sont susceptibles de se retrouver 3 la surface
des eaux et dans l'atmosphére du fait de 1'ac-
tivité industrielle et des rejets des eaux mé-
nagéres. \

Nous nous intéressons ainsi aux substances
tensioactives en tant que facteurs susceptibles
de modifier l'activité des noyaux de condensa-
tion dans un cycle naturel oli intervient 1l'ac-
tivité humaine.

Cette 8tude a &t& orientée, d'une part, en
considérant la structure des divers tensiocac-
tifs (anionique, cationique, non ionique), d'au-
tre- part, en tenant compte de quantité&s crois-—
santes de ces substances 3 l'interface particu-

le-air.

II - DESCRIPTION DE LA METHODE EXPERIMENTALE

Dans une cuve thermostatée oili régne une
humidité relative proche de 1007, la croissance
des gouttes d partir de noyaux salins est ciné-
matographiée sous microscope. Le film, une fois
développé, est projetd sur papler millimétré.
On peut ainsi mesurer le diamétre avec une pré-
cision de *lum.

Thaveau, R. Serpolay
du Puy de Ddme,
Clermont—-Ferrand,

L.A.M.P.
FRANCE

Piekarski
Laboratoire de chimie Organique B

FRANCE

Les cristaux de NaCl sont obtenus par pul-
v8risation d'une solution de NaCl au moyen d'un
aérosoleur médical. On recueille les particules
pulvérisées sur un réseau de fils d'araignée.
Pour une concentration de la solution saline de
3% en poids, on obtient des cristaux se situant
dans la classe des noyaux géants avec des dimen-
sions qui varient entre l10um et 40um. Avec des
cristaux plus petits, les conditions d'observa-
tion qui sont alors imposées donnent lieu 3 des
phénoménes de diffraction qui rendent les mesu-
res difficiles & effectuer.

. La cuve thermostatée (figure 1) permet de
réaliser deux régimes de condensation :

a) régime statique : au moyen d'ume serin~
gue, on introduit de l'eau dans le fond de la
cuve aprés avoir rendu celle-ci hermétique.

b) régime dynamique : on fait barboter un
courant d'air dans un récipient d'eau i la tem~
pérature de la cuve et on dirige cet air sur la
particule. Cette méthode permet &galement de
faire évaporer les gouttelettes en envoyant de

1'air sec dans la cuve.

membrane 6bjectif du
microscope
sortie
- 1
’ L\‘-/J —y P
sortie téseay fils d'araignée entrée
d'air™ - *d'air
o arrivée
d'eau

support en PVC

Schéma de la cuve

FIGURE |

Toutefois, pour la majorité& des expériences,
le régime statique a &té préféré au régime dyna-
mique, ce dernier imprimant parfois & la parti-
cule en voie de croissance des vibrations préju-
diciables & la qualité des images sur le plan

cinématographique.

Les tensioactifs sont choisis parmi les
corps solubles des 3 classes suivantes :
~ anionique : la longue chaine est portée par
1" anion. Exemple : le dodecylsulfate de

- SOe Na®

sodium : C12H25 4



- cationique : la longue chaine est portée par
le cation. Exemple : 1'amine tertiaire qui,
avec l'eau, domne 1'équilibre suivant

% W
C 4By " 1}1 + B0 T=C) Hyo -/N\ OH
CH, H CH,

- non ionique : la longue chaine est reliée &
des groupes polaires non ionisé&s. Exemple :
le tween 20 ou monodecanoate de polyethoxy-
sorbitol,

Pour pouvoir &tablir une comparaison entre
les courbes de croissance des cristaux de NaCl
purs et des cristaux de NaCl pollués avec ces
différents tensiocactifs, il importe d'opérer
dans des conditions de propreté superficielle
draconiennes pour éviter une é&ventuelle conta-
mination du cristal.

Deux méthodes de pollution du cristal ont
8té utilisées. L'une consiste 3 ajouter le ten-
sioactif (0,1 3 0,6% en poids) & la solution
de NaCl qui sera pulvérisée. On obtient alors
des gouttelettes salines polluées et, par la
suite, des cristaux pollués apré&s évaporation
de l'eau. L'autre méthode consiste & polluer
directement un cristal de NaCl pur, dont on a
ifilmé la croissapce auparavant, par contact
avec une gouttelette de solution de tensioac-
tif. Dans ce but, on utilise un micromanipula-
teur qui permet de superposer un cristal de
NaCl porté par un réseau de fils d'araignée &
la gouttelette polluée, porté par un second
réseau. L'avantage de cette méthode est de
opouvoir utiliser le méme cristal, donc la méme
masse de sel,et ainsi rendre plus significati-
ves les comparaisons des courbes de crolssan-
ces. C'est pourquoi nous 1'avons employée dans
la plupart de nos expériences,

IIT - RESULTATS

1°) Courbe de croissance et reproductibi-
11té (diamétre en fonctlon du temps)

La courbe de croissance comprend deux par-

~ la premiére, assimilable & une droite, corres-
pond & la phase de dissolution du cristal
jusqu'au moment ol il disparait compl&tement;
- la seconde, qui tend asymptotiquement vers
une valeur limite.

Pour un méme cristal et dans les mémes
conditions de température, la pente de la droi-
te est reproductible & 107 prés et varie en
sens inverse de la masse du cristal. Cette
masse peut d'ailleurs étre calculée & partir du

diamétre de la goutte & 1l'instant de la dispa-
rition du cristal.

Le film &tant réalisé& a une cadence de
2 images/s., cet instant peut &tre situé 3 une
image pré&s. On considére que la gouttelette est
alors une solution saturée. A une tempé&rature
de 20°C, la formule utilisBe est la suivante :
m= 1,655 x 107'% ¢% (¢ : diamdtre en um ;
m : masse en gramme).

Compte tenu de la précision de la mesure
sur le diamé@tre, la masse peut étre calculée 3
10Z prés.

Pour des cristaux de méme masse, et dans
les mémes conditions expérimentales, la deuxié~
me partie de la courbe de croissance est repro-
ductible dans un domaine d'erreur de *2um.

La différence entre les deux régimes de
croissance se manifeste surtout dans la premié-
re partie de la courbe, la vitesse &tant plus
rapide en régime dynamique. Dans la seconde
phase de croissance, les courbes correspondant
i ces différents régimes finissent par se re-
joindre.

2°) Comparaison des courbes de croissance
pour des cristaux purs et des cristaux
" pollués
a) Tensioactif non ionique : le tween 20
D'aprés la figure 2 qui représente les
courbes de croissance d'un cristal pur et du
méme cristal soumis successivement & trois pol-
lutions, on constate que la pente de la droite

diminue quand on augmente la quantité du tensio-

ties :
P yum
¥  cristal pur
ol | oo st ' ,
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FIGURE 2 - Tensioactif non ionique. Croissance en statique 3 20°C



actif apportée sur la particule de sel. La se-

«conde partie de la courbe est
che de celle correspondarnt au
une premidre pollution, mais
fagon significative pour les
tes. Il apparait donc que la

relativement pro-
cristal pur pour
s'en &carte d'une
pollutions suivan-
présence de ce

tensioactif diminue la vitesse de croissance
des gouttes. D'autres expériences avec ce ten-
sioactif ont confirmé ce résultat.

b) tensioactif cationique : 1l'amine tertiaire
En statique, 3 une température de 20°C
(figure 3), la vitesse de croissance est dimi-
nuée,surtout aprés que deux pollutions succes-
sives aient &t& cumuldes sur le cristal. Des

essals effectuds avec un autre tensioactif ca-

tionique (le chlorure de dimethyl-ethyl-tetra-
decyl ammonium) ont abouti au méme ré&sultat :
une diminution de la vitesse de croissance.

Exposé 4 une humidité relative de 76%,1le
cristal de NaCl pollué avec ce temsioactif voit
diminuer sa vitesse de croissance sans toutefois
que son seuil d'hydratation ne soit altéré. La
méme constatation a &té faite avec le temnsioac-
tif non ionique.
¢) Tensioactif anionique :

de sodium

La figure 4 représente les courbes de
croissance de deux cristaux : le premier, de
diam@tre initial 22um, a &té pollué une fois ;
il affecte une vitesse de croissance supérieure
d celle du cristal pur. On retrouve cette dif-

le dodecylsulfate
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férence avec le cristal de diamétre initial
14 pm. Aprés une deuxiéme pollution, la courbe
de croissance est & peu pré&s confondue avec
celle du cristal pur. Aprés une troisiéme pol-
lution, la croissance subit un net ralentisse-

ment entre 20 et 60 minutes.

Nous avons réalisé les mémes expériences
avec deux autres tensioactifs anioniques trés
purs : le dodecylbenzenesufonate de sodum et le
décanoate de potassium. Ces deux tensioactifs
contribuent également & augmenter la vitesse
de croissance. Il semble, par conséquent, que
1'augmentation de la vitesse de croissance
lorsque le cristal est faiblement pollué soit
due & une propriété particuliére de ces tensio-
actifs anioniques qui pourrait étre leur hy-
groscopicité. Nous avons en effet constaté
qu'au volsinage de 1007 d'humidité relative,
ces substances condensaient 1'eau. Une &tude
systématique de leur hygroscopicité devrait
pouvolr vérifier cette hypothése.

IV ~ CONCLUSION

Ce travail essentiellement expé&rimental,
2a mis en &vidence une cinétique de croissance
différente selon le type et la quantité de
tensioactif utilisés. Le résultat le plus net
est que, pour une quantité importante de ten-
sioactif sur le noyau salin, la vitesse de
croissance est diminuée.

Ce résultat est sensible dans la premiére
phase de la croissance, surtout avec le tensio-
actif non ionique. Mais il est &galement trés
apparent dans la seconde phase de croissance
& la fois:pour les tensioactifs non lonique et
cationique. L'examen attentif de la figure 2
nous montre par exemple que la gouttelette for-
mée sur un cristal de NaCl met environ 1 heure
pour atteindre, en régime statique, la dimen~
sion de 60 um, tandis qu'au bout du méme temps,
la gouttelette formée sur le méme cristal,aprés
que celui-ci ait &té soumis & 3 pollutions, a
seulement atteint la dimension de 50um.

Ce ralentissement de la vitesse de crois-
sance par les tensiocactifs peut avoir une inci-
dence sur 1'évolution du spectre de distribu-
tion de taille des gouttelettes de nuage dans
la mesure ol les noyaux géants de 1'atmosphére
sont susceptibles de modifier ce spectre. Il
convient toutefois de considérer qu'en atmos-
phére libre, les conditions de croissance des
particules hygroscopiques sont plus proches du
régime dynamique que du régime statique.

Avant de conclure sur la modification si-
gnificative des propriétés des noyaux salins
atmosphériques par les tensioactifs, il serait
nécessaire d'étudier 1'influence de ceux-ci
sur les particules appartenant 3@ la fraction
la plus fine de 1'aérosol en utilisant une mé-
thode apte & traduire 1'aspect statistique des
phénoménes qui ont &té observés sur des cris-
taux isolés.
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EFFECT OF INDUSTRIAL POLLUTANTS ON THE ACTIVITY OF ICE NUCLEI OF NATURAL

ORIGIN

F.AnyZ

Institute of the Physics of the Atmosphere, Czechosl.Acad.Sci.
Prague CZECHOSLOVAKIA

The effect of common pollutants emie
tted into the atmosphere and water on
the ics=-forming activity of various
substances was studied,The combined
effect of a number of chemicals at -1%5
C resulted in a change in the yield of
ice nuclei in the range greater than
1:200,Sulphur dioxide at a concentra=-
tion of 10 mg.m~3 caused a decrease in
the yield of ice nuclei produced by
the most effective nucleation on agen=
ts by as much as one order, The yield
for medium effective materials fell to
one half or even to one third of the
original value.Study of the drop free-
zing temperature of powder suspensions
exposed to sulphur dioxide demonstra-
ted a shift in the drop freezing tem=
peratuge to lower values by up to se=-
veral “C, Thus the activity of the ice
nuclei decreased,0il vapours on the o=
ther hand, increased the yield of ice
nuclel for less effective nucleants by
up to 7 times.A similar effect was al-
so demonstrated in the freezing of a
powder suspension exposed to the effect
of oil vapours, where the freezing
temperature shifted to higher values,
i.e. the ice nuclei were activated,
This effect was strongest for nucleants
of low activity The results demonstra-
ted that it will also be necessary in
the future to consider the effect of
increased pollution of the biosphere
from the point of view of changes in
the concentration of ice nuclei and of
the formation of cloud systems, A si=
milar effect must also be considered
in the evaluation of the possibility
of artificial intervention into the
weather by dispersion of various nuc-
leants in areas with intense industrial
and agricultural production,

The variations of the ice-power of
air mentioned many years ago (Soulage,
Admirat 1962) and the activity of free-
zing nuclei from decaying vegetation
(Schnell, vali, 1972) must be conside=-
red from this point of view, The re=
sults of a 16 years long series of meas=
surement of freezing nuclei concentra-
tions (Schmidt, 1975) showed that the
variations greater by as much as one
order are very rare, Such variations
are comparable with the results of the
tnfluence of chemical gaseous pollu-
tants mentioned in this paper, That
means the activity and the concentra=-
tion of ice nuclei is dependent on the
level of pollution of the air as well,
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Table I,

Sample Method of sample Yield of
chemical treat- ice nuclei
ment per graam

at =15°C
and satu-
ration to
water
Montmorillo~ untreated 4,6 x 106
nite V fine sample
fraction 6
. 5% CuSO4 2,7 x 10
- 5.9 CuSO 2.5 x 108
+ HZS vap.
Montmorillo- untrested 2.1 x 107
nite N coar- sample
se fraction 6
- 1 % KI 4,3 x 10
- 1 % AgNO, 2,0 x 10°
Montmorillo- untreated 1,1 x 108
nite BV 16 sample
activated
with CuS 3 7
" 10 mg SO, .m~ 1,2 x 10
Montmorillo~ untreated 2,3 x 108
nite BV 22 sample
activated
with CuS 3 2
" 10 mg SO,. m~~ 3.3 x 10
Rotten oak untreated 2,1 x 107
tree trunk sample 3 6
" 10 mg SOz.m' 6,6 x 10
Rotten pine untreated 4,7 % 104
tree trunk sample 5
" oil vepours 3.5 x 10
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Table II .

Sample Drop freeging tempe~
rature (0°C) of 1 %
suspensions of subse
tances

Coel dust ~13,3
Ground limestone ~13,3
Power plant ashes «9,6
Montmorillonite N -1.6
Montmorillonite V -1.,5
Copper sulphide -1,6
Aerosol freed by
burning & mixture -1l,1
containing sulphi-~
des

N

(%14

4,0

30 A

20 A

10

0 T H

0

N 7
[°/O]:

40 -
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Rotten pine tree trunk

THE EFFECT OF OIL VAPOURS AND SULPHUR
DIOXIDE ON THE DROP FREEZING TEMPERAw
TURE OF 1 % AQUEOUS SUSPENSIONS OF
SUBSTANCES

Relative frequency of frozen drops
at & cooling rate of 10=15"C per minue
te, ,

CURVE DESIGNATION : O=distilled
water, l,untreated sample, 2-effect of
oil vapours, 3-effect of sulphur dio=~
xide. The vertical lines designate the
median of the average freezing tempe-
rature of the suspensions,

Drops with 3.3 mm diameter,
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ON THE TEMPERATURE DEPENDENCE OF THE RELATIVE FREQUENCY OF ICE NUCLEATION
BY CONTACT AND VAPOR DEPOSITION

Ulrich Katz* and Eugene J. Mack

Calspan Corporation
Buffalo, New York, U.S.A.

7. INTRODUCTION

This study is an expansion of an earlier
experimental investigation carried out by Katz
and Pi1ié (1974) which indicated that only a
small fraction of ice crystals were formed
through contact nucleation when a supercooled
Taboratory cloud was seeded with submicron AgI
particles at about -16°C. The aim of the pre-
sent work was to determine the relative fre-
quency of contact nucleation over an extended
temperature range relevant to glaciating con-
ditions in natural clouds.

Among several possible mechanisms of ice
crystal initiation in clouds, nucleation by con-
tact of a nucleus with a supercooled droplet
occupies a special position. On one hand, a
number of eariy experimental studies (reviewed
by Katz and Pil1ié, 1974) showed contact nuclea-
tion to be highly effective and, in particular,
active at higher temperatures than immersion-
freezing and possibly even the deposition nu-
cleation process. On the other hand, by its
very nature, contact nucleation should depend,
in its rate, on the variables governing colli-
sion processes in contrast to the deposition
mechanism which is mainly vapor pressure and
temperature dependent.

For the case of an fce nucleus inside a
supercooled cloud one has to consider only two
competing nucleation mechanisms: contact and
deposition (the latter including what is some-
times called sorption nucleation), since
immersion-freezing was found to be much less
effggtive (see, e.g., Gokhale and Spengler,
1972).

In recent years, several workers attempted
to determine which of the two mechanisms in
question was responsible for the glaciation
observed in clouds. . Theoretical studies by
Cooper (1974) and by Young (1974) suggested
that contact nucleation was predominant. Simi-
lar conclusions were reached on the basis of
experimental work by Kumai (1974), Garvey and
Davis (1975) and Parungo, et al. (1976), while,
e.g., Langer (7974) and Langer and Rodgers
(1975) estimated the contact mechanism to be
inefficient. While discrepancies in previous
studies clearly point to the need for further
investigation of the contact vs. deposition
problem, a recent investigation by Lamb, etal.
{1980) concerning the glaciation of cumuli re-
emphasizes the requirement for knowing the pri-
mary nucleating mechanism despite the fact that

*Present Affiliation:
Reno, Nevada, U.S.A.

Desert Research Institute
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(in their model) most ice particles are formed
by a secondary process.

2. EXPERIMENTAL PROCEDURE

The pivotal element of this experiment is
the scheme for detecting events of contact nu-
cleation. Insoluble tracer particles incor-
porated into cloud droplets remain there when
the droplets freeze (Katz and Pi1ié, 1974) and
can thus be found at the center of ice crystals
that formed from frozen drops (i.e., by contact
nucleation in this case). Conversely, if an
ice crystal develops from water vapor deposi-
tion on an ice nucleus, the tracer particles
remain inside the evaporating drops relatively
remote from the growing crystal which, there-
fore, will not contain a tracer particle in its
center. The advantage of this method is its
decisiveness as compared to the technique where
one locates a presumed nucleus in an ice crys-
tal and attempts to draw conclusions regarding
its nucleation history depending on the exact
nucleus position,

The basic experimental procedure was to fill
a 2 m® cold chamber with a cloud of tagged
droplets, seed the cloud with ice nuclei, and
subsequently collect ice crystals for micro-
scopic examination and detection of tracer par-
ticle presence in the crystal centers. Since
the present experiments were carried out in
essentially the same manner as described by
Katz and Pi1ié (1974), only a few key itemswill
be mentioned here.

The clouds were generated by atomizing a
hydrosol of fluorescent zinc-cadmium particles
(fp) resulting in droolet size spectra shown in
Figure 1 as determined with an impactor-
repiicator. It has been established previously
that the insoluble fp with a median diameter of
2 um did not influence the glaciation behavior
of the droplets. Thermally (on hot wire) pro-
duced submicron Agl particles in nitrogen as
carrier served as ice nuclei; the particle size
distributions as measured with an electrical
aerosol analyzer are depicted in Figure 2. Par-
ticle number concentrations were not determined
since only the ratio of contact and deposition
nuclei was of interest.

Large numbers of brecipitating ice crystals
were collected on microscope slides and repli-
cated with Krylon (Clear Spray No. 1302, which
is not as fluorescent as formvar) for later
evaluation through microscopic examination with
combined UV and visible illumination. However,
numerous microsconic observations were carried
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Figure 2. GSize distribution of AgI aerosols
used to seed laboratory cloud. Thin line
represents histogram for fresh Agl smoke; heavy
line refers to coagulated aerosol.

out in the coldroom while the replicating solu-
tion was drying and the ice crystals were evap-
orating. Thereby, it was found that particles
not adhering to the plastic replica shell may
migrate with the receding crystal surface to-
wards the center of symmetry. This was par-
ticularly evident with the "vapor method” of
replication in which the replicas often are in-
complete, thus promoting the migration of par-
ticles that may have attached themselves to the
crystal during or after sedimentation. An
example of this type of particle migration is
shown in Figure 3 in the sequence of an evapora-
tion double plate where an fp on the upper plate
is gradually drawn into the center. It is,
therefore, particularly important to attempt
complete encapsulation in the replicating pro-
cess. Obviously, particles totally embedded
anywhere inside ice crystals would still tend
to migrate towards the center - a fact that
points to the danger of interpreting particle
position in terms of mode of nucleation as per-
formed, e.g., by Kumai (1974) and Parungo, et
al. (1976).

In order to determine experimentally to
what extent such particle migration or any
other effect leading to centrally located fp
not associated with contact nucleation would
affect the results of the present study, fp-
doped clouds were nucleated homogeneously by
adiabatic expansion of a small volume of com-
pressed air. This procedure of cloud glacia-
tion generates ice crystals from the water
vapor, as shown by Hicks (1976) and, therefore,
any fp appearing in the central area of the
grown ice crystals had to be attributed to pro-
cesses other than contact nucleation. The Tow
frequency of these events is indicated in
Table I.

While Katz and Pil1ié (1974) had shown for
the case of dendrites and plates that fp invol-
ved in the initial stage of crystal formation
(as in contact nucleation) could indeed be
found in the center of the crystals as well as
their replicas, the same was now found to be
true in the case of columnar ice crystals as
demonstrated in Figure 4 where fp are clearly
visible in the centers of crystals which were
grown from frozen droplets. .

The measurements were carried out in one-
degree temperature ranges centered at -8, -10,
-13, -16 and -19°C. Typical examples of ice

Table I. Percentage of Ice Crystals with Centrally Located fp for Indicated
Temperatures and Seeding Agent. Adjusted Total Percentage of Ice
Crystals Attributable to Contact Nucleation.
Temperature -8°C -10°C -13°C -16°C -19°C
Nucleation by Compressed Air 1.5% 1.3% 2.3% 1.8% 1.6%
Seeding with Agl Smoke, Fresh 3.2% 2.5% 4,0% 3.1% 4,0%
Adjusted Value for Contact Nucleation 2.6% 2. 8% 2.6% 2.0% 3.6%
Seeding with Agl Smoke, Coagulated 2.8% 2.7% 5.2% 3.6% 3.5%
Adjusted Value for Contact Nucleation 2.0% 2.1% 4.3% 2.7% 2.8%
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|
100 um
Figure 6. Sample of thick plates collected at

Figure 3. Evaporating double-plate ice eyrstal 219°C in fp-doped otoud.

on Formvar substrate after application of chlo-
roform vapor replication technique. Sequence
shows fluorescent particle on top plate gradu-
ally migrating to center.

Figure 4. Colwmnar ice crystals (replicas on Figure 7. Double-plate ice erystals collected
right side) obtained at -8°C from supercooled at -13°C in fp-doped cloud. Note inset with
cloud with droplets containing both AgI and side view of double-plate.

fluorescent particles.

Ice crystal sample collected at -19°C

Figure 5. Example of ice crystals collected figure 8.
at -8°C in fp-doped cloud. WNo fp in crystal in fp-doped cloud.
centers.
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crystals obtained at these temperatures are pre-
sented in the photomicrographs of Figures 5
through 8. ITlumination and focus were chosen
such that fp in or on the ice crystals could be
seen, Actual analysis for fp required, of
course, inspection of each crystal while vary-
ing the focus in order to determine the fp loca-
tion. Multiple reflection and refraction of
fp-emitted light within the actual ice crystals
made it generally preferable to conduct most of
the analysis on replicas.

3. RESULTS AND DISCUSSION

Based on the examination of nearly 20,000
ice crystals and replicas, evaluation of the
data proceeded as follows. For each combina-
tion of temperature and seeding mode (see Table
1) the percentage of crystals with a centrally
Tocated fp was established. Since the com-
pressed air seeding cases represent all those
events which generate center fp by means other
than contact nucleation, their respective per-
centages have to be subtracted from the values
obtained for the Agl seeding experiments which
comprise both contact nucleated crystals and
all other ice crystals. The resulting numbers
indicate the percentage of crystals which con-
tain fp in the center presumably due to con-
tact nucleation. However, since only about
2/3 of the cloud droplets contained fp, the
final adjusted result (italics in Table I) is
arrived at by multiplying the previous figures
by 3/2. (The end result would be affected
insignificantly by taking into account the
fact that larger cloud drops have a higher
probability for both containing fp and collid-
ing with Agl nuclei). It should be noted that
the average percentage appearing in Table I do
not reflect the considerable scatter in the raw
data within individual test series at a given
set of conditions; typically, values would
range from near zero to 7%. Thus, no signifi-
cance can be attributed to any of the varija-
tions shown in Table I, and one has to con-
clude that contact nucleation contributes at
most only a few percent (2-5%) of the ice cry-
stals formed regardless of temperature within
the investigated range of -8°C to -20°C. Simi-
larly, Table I indicates that the difference in
size of the Agl aerosols (i.e., fresh and aged)
had no influence on the frequency of contact
nucleation, possibly because of the opposite
size dependence of collision efficiency and
nucleating activity.

Although these results confirm the limited
earlier findings of Katz and Pi1ié (1974),
they are rather unexpected in view of some of
the previous studies mentioned in the Intro-
duction. The obvious question arises whether
the relatively short experiment duration did
prevent a large portion of potential contact
nuclei from becoming active. However, periodic
replenishment of the cloud was designed to re-
veal such prolonged ice crystal formation but
only in cases of initial overseeding did more
ice crystals appear (in a short burst) afterre-
formation of the cloud - thus indicating that a
prolonged gradual increase in ice crystal num-
ber was unlikely. The rapid formation of ice
crystals (evidently by deposition nucleation)
in the present experiments conforms quite well
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to the time lag of deposition nucleation reported
by Anderson and Hallett (1976).

The widely held assumption that the fre-
quently observed ice crystals with a circular
center (-13°C to -20°C) develop from frozen drop-
Jets (and are indicators of contact nucleation)
is incompatible with the findings of the present
experiments. However, in a recent investigation
Yamashita (1976) has demonstrated how double
plates with circular centers grow from simple
hexagonal plates, thus providing a satisfactory
explanation for the occurrence of that crystal
type without having to resort to the concept of
contact nucleation.

4. SUMMARY

The relative frequency of contact and depo-
sition nucleation in Agl-seeded, supercooled
laboratory clouds was investigated in the tem-
perature range of -8°C to -20°C. Doping cloud
droplets with insoluble fluorescent tracer par-
ticles provided the distinction between differ- -
ently nucleated ice crystals. With a frozen
drop at their center, contact nucleated ice cry-
stals contained a centrally Tocated fluorescent
particle in contrast to the crystals formed by
vapor deposition. Based on the microscopic
search for fluorescent particles in the centers
of a large number of ice crystal replicas, it
was concluded that contact nucleation contribu-
ted at most only 2-5% of the ice crystals under
conditions where both nucleation mechanisms were
competing with each other.
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ON THE ROLE OF NATURAL ICE-FORMING NUCLEI IN HAILSTONE EMBRYO FORMATION

Ve Go KHORGUANI

HIGH MOUNTAIN GEOPHYSICAL INSTITUTE
NALCHIK USSR

The subject of this paper is the
microsgtructural features and ice-for-
ming properties of aerosol particles
present in hailstone embryos,rain
shower and snow samples, The compari-
son of atmospheric ice~forming nuclei
(IN) with these data is made and the
mechanism of hailstone embryo forma-
tion is discussed, ;

1. PROCEDURE

A sterile dissecting knife and
blade were used to separate the hail-
stone embryo (usually 2-4 mm), Study
of a haillstone center by a long-fo-
cus microscope was made, Then embryo
was plased on a gpecial plate and the
drop, produced by melting, evaporated
or the embryo evaporated escaping li-
puid phase, As a result of this there
was a deposition on the plate, conta-
ining aerosol particles of different
sizess For complete representation of
particle size distribution the photo-
" graph of samples was taken by optical
and electron microscope, The reading
of particles from the film was made
by famous method,And from these sam-
ples the microstructural features of
aerogsols were studied and then these
samples were plased in a thermodiffu-
sion cold chamber, where the ice-for-
ming activity was examined under con-
trol temperatures and supersaturation,
according to described tegnology(1)e.
Samples were studied in temperature
interval -8°C to ~20°C,In addition,
the temperature on the sample surface
and chamber walls were chosen in such
a way that the supersaturation prac-
tically was constant and samples of
rain shower and snow were eXamined
in guite a similar method,

2, EXPERIMENTAL RESULTS

The aerosol structure of 150 hail
stones of different sizes collected
on North Caucasis during 7 hailfalls
was observed, Analysis of experimen-~
tal data showed that in embryo hail~-
stgnesGthQBparticle conCentratign i§
10°-10"cm™ ” (in some embryos 107-10")
besides, any hailfall character de—~
pendence can not be found. However,
we noted that in hailstone embryos of
intensive hailfalls large unsoluble
particles can be met more often and
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their size was about 200-300 m.In
this connection, the mean size and
supergiant (d~30 4m) aerosol particle
coneentrations were considered indi~
viduallye. The results of four hail=-
falls, rain shower and snow are ghown
in Table 1. These hailfalls were guite
different in their character and put
in the Table 1 according to intensity
and hailstone size, The first hailfall
was catastrophic;the size of some hail
stones reached 8 cm, And the last one
had small hailstones and slight inten-
sitys Analysis of this Table shows
that with the increase of hailfall in-
tensity the coneentration of supergiant
(d»30pm) particles increases; at this
time difference between the first and
the fourth is about two orders, The
lowest concentration is observed in
rain shower and in snow =samples the
particles with d >30 u#m were not ob=-
served practically.

Different concentrations of giant
aerosol particles in precipitation of
different types were also noted in pa-
per / 2 /s

Fige1 shows size distribution of
aerosol particles in hail embryos, ra-
in drops and snowflakes in atmosphere
according to measurements made by air-
craft impactor in hailfall regions up
to 3 km altitude.

L Ndlyz,om”
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¥ /04

L 2t . *
070 0 o 102
Fig.1 Aerosol particle size dist-

ribution in atmosphere/A/,in hailsione

embryos and precipitation/H/,i-~hails-

tone embryos, 2-in atmosphere at hei-

ghts of 1-3 km, 3- rain shower, 4-snow
shower,



Table 1

mean cubic number of mean cublc diametfer
Data diametero of|studied hail|and concentration cf
K and h&ilfall location heilstone mtones, sam-{particles ;d » 30sm
,, om ‘ples a5, pm n, cm” 10"
1 15.06,74 Krasnodar 3,8 19 50,2 1, 11
2 21.05,75 Kebardino-Bslkar. 2,2 14 46,1 9,79
3 3107675 - 1,2 15 43,9 0,15
4 14,04.76 Nalchik 0,7 16 41,2 0,06
5 31,05.77 rain shower - 14 34,5 0,02
6 3.03.77 snow shower - 7 - -

The curves were drawn according to
particle size distribution of Junge
-~

dN/dPgt = ac
Data analysis of Fig.1 shows that in
hailstone embryos a portion of larger
particle concentration more than in
atmosphere, The exponent in Junge
distribution for hailstone embryocs ava
rages =1,5 and for atmosphere x=4,4,
Thus, it seems that in hailstone em-
bryos the accumulation of giant aero-
sol perticles occurs, Fig.2 shows IN
concentration in embryo ice, rain and
snow as a function of temperature,Con=-
cegtratign o§3active IN at -20°C is
10 = 10”cm ~and sharply decreases
with temperature increase.

1

No
ﬁw i 4
Y4
0'r 3
/
V7
-0 T0-20

Fig,2 IN concentration in hailsto-
ne embryos( 1 ), rain shower(2), snow
shower(3) as a function of temperatu-
Ire,.

In addition, in &ll cases the fi-~
rst crystalls formed on the giant and
supergiant aserosol particles at ~8°C
to ~10°C, With temperature increase
the spread of concentration magnitude
increases;_gt -10°C its mean value is
about 10cm -, Thus, in temperature in-
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terval from -8°C to =20°C the ratio
of aerosol particle concentration of
INSin ha%lstone embryo changes from
10”to 10”. The concentration of IN in
raindrops and snowflakes is one or
two orders less than in hailstone em-
bryos (Fig.2) and in these samples
first crystalls formed at ~15°C to
~17°C,

3. DISCUSSION

The most significant point in
these investigations is the influence
of secondary ice~forming on tempera-
ture activity of aerosol particles.
Besides this, at sampling the coagu~
lation of submicron particles and the
activity loss are of necessity., The
physical and chemical properties of
particles play the main role in this
process, however, these particles are
expected to be deactivated/3/.

The concentratigq of hgi}gtones
usually is about 107 'to 10°m - /4/
and it is closed to IN concentration
at ~10°C and above, At lower tempera-
tures the IN concentration is one or
two orders more than hail concentra-
tion, At the same time the initisl
erystalls usually form on giant par-
ticles present in hailstone embryos
at -10°C and above., On the other hand
the concentration of giant aerosol
particles in embryo ice is very high.
The calculations /5/ show that for
such accumuletion it is necessary for
particle concentration in atmosphere
to be one order more compared to ob-
served one at heights of 1,5-2,0 km
and above., Alrcraft obeervations sho-
wed that over the developing thunder-
storm cloud the increase of giant ae-
rosol particle conceniration by one
or two orders is observed, Thus, in
hall cloud formation processes from
the surface layer a large amount of
giant aerosol particles rises and on~
1y those particles which initiate the
formation of ice phase at relatively
high temperatures (above -8°Cto -10°C)
can transform into hail embryos, gra-
upel and frozen drops. Particles,



which show ice forming activity at
lower temperatures, have no time to
grow into hailstones or they are ca-
ried out of cloud at all.
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ICE NUCLEATION AND ANTIFREEZE ACTIVITY BY
SIMONSIDA CHENISIS LINK

R.G. Layton and G. Caple

Northern Arizona University -~ U.S.A.

I. Introduction

Since Schnell and Vali (1974,1976) found
a source of ice nucleil in decomposing vegeta-
tion much study has been directed at understand-
ing the source and character of biogenic ice
nuclei. This study has mainly been devoted,
however, to decaying leaves and the associated
bacteria. The present study involves ice
nucleation by the seed of simonsida chenisis
link (the Joioba bean), the changes which
occure as the seeds oil is extracted using
common organic solvents, and some possible
implications of the results for cloud
physics.

II. Proceedure and results

The jojoba beans were crushed in a mortor
and pestle until no particles larger than 1.0
mm remained. The crushed beans were extracted
by palcing the solvent (50.0 ml) in a flask
and adding 2 grams of bean material. The
mixture was stirred with a magnetic stirrer
four times varying from 5 to 50 hrs. After
extraction, the solid material was removed by
filtration, rinsed with 5 ml of the solvent
and air dried.

The nucleation properties of the residue
were determined using the freezing drop method:
(vali, 1971) by placing the solid material on
a mylar film in contact with a cold plate. Dis~
tilled, deionized water was then placed in
contact with the solid material and the temper-
ature decreased as the freezing of the drops
was noted. TFrequent runs were also made using
only water to check for contamination.

The drops were three millimeters in diam—
eter and were in contact with particles which
we estimate in no case exceeded 10 mg of residue,
We have not determined the soluble fraction of
the seed, but comparison with other seeds (Diem
and Lenther, 1971) suggests that any soluble
component must have been present in rather
minute quantities. Indeed, if the estimated
total inorganic or soluble inorganic content
were dissolved in the drop, the molality would
be less than 10~3. During the course of the
freezing experiments there was little observed
change in the bean fragments suggesting a far
lower concentration of dissolved substance.

The nuclei spectra which we present are
calculated using a method based on that of
Vali (1971), however we have normalized our
results such that the cumulative spectrum is
presented in terms of the precentage of drops
which contain an ice nucleus active in the
0.5 C temperauture interval immediatly below
the temperature indicated on the graph. No
correction was made for the fact that not all
drops used was sufficient that this did not
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seem to be a problem, All results whcih we
report in this paper except the 48 hr. extrac-
tion data have been duplicated in two or more
independant runs.

Figure 1 contains the first data which we
obtained. The ice nuclei spectrum obtained

when the oil is extracted with hexane is noticably
different from that obtained when the oil is
extracted using either, The fact that the

curves cross suggest that more than one substance
is involved in the ice nucleation, with the
substances being extracted at different rates

by the different solvents. This data encouraged
us to evaluate the ice nucleation characteristics
vs. extraction time. (Fig. 2). During these
experiments we temporaraly experienced some
difficulty with the pruity of our water. Looking
back, is is fortunate that this occured as we
may have missed the freezing point depression
exhibited by the seven hour residue if we had
been using our usual quality of water. The

water plotted in Figure 3 represents the worst
water used in these experiments. Note that the
addition of the seven hour jojoba residue de-
presses the freezing temperatures at the warm

end of the spectrum while raising them at the
coolder end. Figure 4 compares the spectra for
the residue from a 22 hour extration with that
from of 7 hour extraction.
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Figure 1 Nucleus spectra of jojoba bean when

extracted with hexane and diethylether,
Crossing strongly suggest two or more
components being extracted at differ-
ing rates,
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Figure 2 Nucleas spectrum of hexane extracted
jojoba bean with T 10, 25, 50, 90,
and 100 percent nucleation plotted
against extration time. The dashed
lines give the T 10°,25,50,90,100
nucleation spectrum of the water
sample used in this study. The
sauple sizes were (in order of time)
115,235,291,71,115,86 drops with 169
drops used for the illustrated water
sample.
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Figure 3 Nucleus spectra of jojoba bean ex~

tracted for seven hours with hexane.
This spectrum shows inhibition at
warmer temperatures and slight
enhancement at colder temperatures,
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Figure 4 Nucleas spectra of jojoba bean material
extracted for 7 and 22 hours with
hexane.
III. Discussion

Extraction of the jojoba bean with solvents
removes unsaturated long chain esters with an
average molecualr spacing which in a situation
where the mismatch is large should not have
a great effect on the ice nucleation (Mondolfo,
1972), and a change of the ratio of hydrophyllic
to hydrophobic sites which should have a pron-
ounced effect on the ice nucleation. Indeed,

a change in such sites has been shown to result
in an ice nucleation size effect in silver
iodide which involves neither curveture nor
shape (Layton, 1973).

The surpression of freezing at the warmer
temperatures indicates that the activity of the
existing nuclei is being changed. Reischel and
Vali (1975) report similar changes, but only
wtih concentrations far in excess of that which
we report.

Schnell (1974) has related the ice nucleating
character of biogenic material to the climate
zone of the biogenic source. In general the
better warmer temperature nucleators originate
in colder climiate zones. We suggest perhaps
the property of noncolligitive freezing
inhibition may be involved in ice nculeation
processes. Yey and Fenny (1978) have investig-
ated the properties of anti freeze glyco prot~
iens and anti-freeze protiens openly suggest
that noncolligative anti freeze materials may
in fact at slightly colder temperatures be
efficient ice nucleators. There data indicate
that noncolligitive ice nucleation inhibition
involves the formation of embryonic ice nuclei;
and the inhibition is preventing crystal
growth. They discuss hydrophobic group and
hydrophilic group spacings as described by
Zettlemoyer (1968) as a possible explanation
for the observed results.
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In our experiment, clearly the unique
change is removal of a very hydorphobic oil
from the bean matrix. This would change the
overall hydorphobic material to the particle
surface and in turn to the water surface.
inhibition was observed even in the presence of
other nucleators, possibly, a water solvable

material was exposed such that it could easily
be dissolved.

Although exteraction by a slovent such as
hexane is not possible in the atmosphere, the
atmosphere can be regarede as a gaseous
solvent system, with varying hydrophobic-
hydrophillic character depending ypon water
content and temperature. It is well known
that vapor-pressure rises on the surface of
small pariticles and relatively large organic
molecules have been reported in the gaseous
state in the atmosphere.

Like wise, chemical processes could be
continually modifing the surface or small bio-
genic particles. This modification could be
by direct chemical modification or chemical
cmodification followed by enchanced physical
change (sublimation of condensation).

Some possible chemical changes that might be
expected to occur on particle surfaces

have been studies by organic chemists March
(1977).

The changes we observe are tantilizingly
similar to those observed by Schnell (1974)
as he observed the ice nucleating activity of
decaying leaves as a function of time., It
seems logical to assume that the jojoba is
not an isolated case, but is representative
of plants subjected to freezing stress.

This result is consistant with the geographical
distributions found by Schnell (1974) and
Schnell and Vali (1976). Although solvent
extraction is not a process which is

active in the atmosphere, there are reactions
which should produce similar results. A
glance at Figure 4 indicates the type of
changes that could result, Such changes
suggest that more attention should be paid to
the dynamic character of the nuclei population
and to the possibility of negative interaction
amoung them.

Since
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nuclei from decomposing vegetation.
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CITRUS DERIVED BACTERIA ACTIVE AS FREEZING NUCLEI AT -2.5 C

Z. Levin*, N. Sandlerman®*, A. Moshe**

T. Bertold**, and S.A. Yankofsky#*#*

Tel Aviv University, Ramat Aviv, ISRAEL

A. TIsolation of INA Bacteria

The existence of a few bacteria active
as ice nuclei at relatively high tempera-
tures (-2°C to -5%C) has recently been
demonstrated (Schnell and Vali, 1976,

Vali et al, 1976, and Maki and Willoughby,
1978). Moreover, based on the work of
Lindow et al (1978), these so-called INA
(ice nuclei active) bacteria are almost
certainly causative agents of frost damage
in various plants. We have now found that
citrus leaves in Israel also carry INA
bacteria, and that the sensitivity of citrus
crops to frost damage is probably due to
these bacteria.

The bacterium was isolated from frost-
damaged leaf fragments by techniques
similar to those described by Maki and
Willoughby (1978) and its freezing nucleus
spectrum assayed in a drop~freezing
spectrometer of a modified version to the
one designed by Vali (1971). A typical
cell from a stationary-phase culture of the
active isolate obtained is shown in Fig.l.
As can be seen, the organism, called Ml,
is a typical, rod-shaped bacterium with a
single polar flagellum. It should,however,
be noted that actively dividing cells
actually possess many flagella distributed
across all cell surfaces. Thus, in spite
of its yellow pigment and fermentative
ability, M1l is different from all INA
bacteria yet described. (Maki et al, 1974,
and Lindow et al, 1978).

B. Freezing Nucleus Activity of Whole Cells

The freezing spectrum of 100 drops of
a dense (1-2x10% cells/ml) culture of Ml
is compared in Fig.2 to that of drops from
cultures of non-INA yellow bacteria of
citrus origin, and to water drops exposed
to Agl smoke. While the inactive bacteria
obviously contain no freezing nuclei active
at higher temperatures than the aqueous
medium they were suspended in for testing,
drops from Ml culture froze over the range
-2.5% to -3.5%. On the other hand, no
drop containing Agl particles froze at a
temperature above -6°C.

* Dept. of Geophysics and Planetary
Sciences.

*% Dept. of Microbiology
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The effect of bacteria number concen-
tration on drop~freezing temperatures is
given in Fig.3. As can be seen, a sharp
dependence on number of bacteria per 5 pl
drop (1 mm radius) can be seen. Specific-
ally, nuclei active at temperatures above
-50C are present only where the number of
cells examined exceeds 4x10%/cm?®. Indeed,
careful Poisson statistics have established
that the frequency of -4°C (or higher)
nuclei is on the order of 1 per 50,000
cells in stationary cultures and 1 per 5000
cells in dividing cultures. Equally
evident is a second class of nuclei active
over the temperature range -6°C to -10%C.
Others have also shown the presence of
these less efficient nuclei in INA bacteria
(Maki and Willoughby, 1978).

Pig. 1. Secanning electron photomicrograph
(20000x) of the citrus INA bacterium, MI.
The horizontal line in the lower right hand
corner represents 1 um and the average

pore diameter of the support membrane is

0.6 um.

Three alternative interpretations of
the above data can be entertained: (1) That
efficient freezing nucleus activity demands
some cooperative interactions among all the
cells (e.g. excretions from cells or other
far field interactions); (2) that efficient
freezing nuclei are produced by aggregation
of a few cells; and (3) that only rare
single cells within the population act as



nuclei.

The first two interpretations imply
that the freezing temperature will be
lowered as cell concentration decreases.

On the other hand, the third altermative
can be likened to a queen bee in a hive
which suggests that in each family of cells
there is only one which causes freezing

at the higher temperature range. The last
possibility turns out to be the correct
one.

Evidence for this latter conclusion
was obtained by the following experiments.
A volume 0.5 ml containing 10°% cells was
equally distributed into 10 test tubes
containing 0.45 ml each of buffer. The
derivative tubes which froze after 30 min
at -4°C were then subjected to further
rounds of distribution and dilution as
above. In this way it was a simple matter
to purify freezing nuclei to the point
where they represented one in fewer than
20 cells. TUnless one wishes to claim that
each so-called cell is itself a multi-
cellular aggregate, the above experiments
rule out the cooperative mode of nucleus
origination. In a second experiment, cul -
ture containing freezing nuclei passed
through filters which trapped multicellular
clumps (i.e. 1.2 um pore size). Since the
filtered culture still possessed the
freezing capability, the idea of aggre—
gation as a required criterion for efficient
INA was ruled out.
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Fig. 2. Freezing temperature spectra of
drops containing various ice nuclet,

~ M1 bacteria; and - other yellow
bacteria (named L1, L2 and L3 respectively)
also isolated from citrus leaves. LI
cannot be distinguished from M1 by either
colony morphology or substrate range; L&
differs from M1 with respect to substrate
range; and L3 is distinguished from M1
by the fact that it forms rough colonies.
z - saline (NaCl) solution. - drops
exposed to AgI aerosol particles.
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It was further established by plating
all of the individual cells in an enrich-
ment, freezers and non-freezers alike, on
nutrient agar that the number of freezing
nuclei per unit cell number in resulting
colonies was always the same. In other
words, the factors which determine whether
a given cell will generate or not generate
freezing nuclei at any given moment are
physiological in nature, and not genetic.
Once again, the queen-bee analogy would seem
to be pertinent.
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Fig. 3. Freezing temperature spectra of

drops containing M1 at different concen-
trations., The few good INA bacteria among
M1 population are responsible for the
freeaing of drops dowm to -4°C. The
grouping of curves between -6to-10°C is a
result of the freezing due to the rest of
M1, The lowest freezing temperatures

(< <16 () are caused by the very inactive
bacteria and the saline itself.

C. Freezing Nucleus Activity of Subcellular
Fractions.

In contrast to what has been found with
other INA bacteria (Maki and Willoughby,
1978), fragments derived from whole cells
by sonic vibration retained activity at
temperatures warmer than -5%. It was
possible to pass such sonicates through
0.45 um pores without loss of activity,
whereas 0.1 um pores did not allow nuclei
to pass through. Moreover, the number of
nucleil in sonicates approximately equalled
that originally present in the starting cells.
Thus, there would appear to be about 1
nucleus per cell incorporated into some
sort of very large subcellular structure.
An obvious candidate would, of course, be
the surface wall of the organisms.

D. Mode of Nucleation.

Preliminary tests in which anhydrous
bacterial colonies on membrane filters were
placed in a standard ice nuclei counter
(Gagin and Aroyo, 1969) suggest that



bacterium M1 is not active as a deposition
nucleus at temperatures higher than -8°%
when tested under conditions of water sub-
saturation. On the other hand, when the
atmosphere in the chamber reached super-
saturation with respect to water, ice
crystals grew. This latter finding suggests
that M1 acts as a condensation~freezing
nucleus. Conclusive results must, however,
await further testing. Also in progress
are parallel studies on the mode of action
of subcellular nuclei.

E. Concentration of INA Bacteria in the
Atmosphere.

The leaf origin of M1 and other INA
micro-organisms suggest their easy dissem-
ination through the atmosphere. Such
organisms can be incorporated into clouds
acting as ice or condensation nuclei
(Soulage, 1957 and Dingel, 1966) or be
swept out by rain or snow. (Mandrioli
et al, 1973). Since the number of INA
bacteria per unit area of citrus leaf
surface suggests some variation with season
(i.e. is maximal in winter), it might also
follow that the number density concen-
tration of INA bacteria in the atmosphere
may vary similarly. The possibility is
under current investigation. Air samples
of 5000 1 are periodically collected onto
0.45 um filters and deposited bacteria
allowed to grow out into colonies at 4°c
on nutrient agar. After 2-4 weeks of
growth, each visible colony on a filter

is tested for its freezing nucleus function.

Thus far we have obtained various sorts of
bacteria active at temperatures ranging
from -4° to -8°C. However, not one of
these isolates retains the INA trait on
further cultivation in the laboratory, and
not one single isolation of M1 has yet been
made. The study is continuing.

F. Possible Application to Cloud Physics
and Weather Modification.

If bacterially-derived ice nuclei can
effectively grow ice crystals to sizes
large enough to indtiate riming in clouds
at temperatures around -5%C, their advant-
age over currently used nuclei in rain
enhancement operations becomes obvious.
One way to evaluate the effect of ice form-
ation at such a warm temperature on the
formation of precipitation is through
simulation in a numerical cloud model.
Another would be experiments in laboratory
cloud chambers and, eventually, by actual
seeding trials in the field. 1In this
latter regard, the number of nuclei needed
can be calculated. For example, in typical
cloud seeding operations, about 10-30
artificial nuclei per liter are released.
For a cloud updraft of 2 km diameter and
4 km height, the number of nuclei needed
to give a density of 10 per liter would
be 1x10%". Assuming 1 nucleus per 5000 ML
cells, the corresponding cell number is
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some 5x10%7. Standard cell yields are
approximately 5x10'2/1 of culture. There-
fore, as things now stand, we would require
10° 1 of culture per experiment. Clearly
then, even if modeling suggests feasibility,
some way to increase the nucleus to cell
ratio in cultures must be found. Search

for ways to do so is now underway.
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Introduction

Large increases in the concentration of ice-
forming nuclei (IFN) were observed at ground
level in thunderstorm downdrafts for the first
time by Georgii [3]. This has been substan-
tiated by others, most recently by Langer,
et al. [6].

The questions posted by these observations
are: what are these aerosol particles which
acted as ice-forming nuclei and where did they
come from? Why did the concentration of
aeroscol particles active as ice-forming nuclei
increase up to three orders of magnitude while
the general population of aerosol particles
showed hardly any change? Experiments were
performed in an attempt to answer some of these
questions.

Experimental procedures

An NCAR ice nucleus counter equipped with a
special low-velocity circular or slit impactor
was used during the summer of 1978 in N.E.
Colorado to collect single ice crystals grown
on ice-forming nuclei [5]. Ice crystals
(dice>20 um) separated from cloud droplets
(dyater ~6 um) were deposited on the surface
of either a vitreous carbon black or a nucle=-
pore filter. The separated ice crystals were
allowed to sublime at temperatures below 0°C.
Lithium chloride particles used as condensation
nuclei were not detected in the residues; the
detection limit for Li is 1077 atomic percentage
due to a lack of interference with other ele-
ments. This indicates that droplets and aerosol
particles scavenged by droplets did not contam-
inate separated IFN under the experimental
conditions.

Tarticle size distributions of X-ray emitting
(inorganic) and non-emitting (organic) particles
which acted as ice-forming nuclei were deter-
mined from the screens of the scanning electron
microscopes.

An ion microprobe analyzer (W.C. McCrone
Associates, Inc., Chicago, Illinois, U.S.A.)
used lithium detection as a means of evaluating
the scavenging of cloud droplets by growing ice
crystals [8].

Results

Size distributions of ice-forming nuclei,
inorganic and organic, separated under different
meteorological conditions are given in Fig. 1
and 2.
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Fig. 1. Size distribution of ice-forming nuclei
active at -20°C. (A-all particles, B-
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8). [Background during convective storm
activity].
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250 particles sized). [Downdraft]
Discussion

A large percentage of the air in the thunder-
storm outflow has its origin in the dry, low 6,
air typically found in the middle troposphere
(aititudes of 4 to 7 km). It can be speculated
that this wind-level air mass is the source, or
one of the sources (e.g., part of air in the
updraft mixing with the down-draft air), of
these aerosol particles, and perhaps of IFN.
Examination of thermodynamic soundings in the
near-storm enviromment shows an ample (1 km
thick or more) subfreezing layer to be generally
available for the downdraft.

The descent of the low 8, air is believed to
be due to the chilling effect of evaporating
rain and cloud particles. Aerosol particles
present in the initially dry air are brought,
tnerefore, into the proximity of evaporating
cloud particles. A fraction of these aerosol
particles colliding with supercooled droplets
in the downdraft will nucleate ice by contact.

Concentrations of aerosol particles in the
0.3 to 2 um diameter size range over N.E.
Colorado are approximately 10/, 106, and 10%m~3
at altitudes of 2, 3, and 6 km, respectively;
these concentrations are of course variable in
time and space [1].

The updraft air frequently contains particles
in the 0.1 to 2 ym diameter size range in
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concentrations of up to 109 particles m—3;
concentrations of 108m™> are quite common.

These particles survive in-cloud scavenging and
are transferred into the downdraft when part of
the updraft mixes with downdraft air. It was
shown by Greenfield [4] that aerosol particles
in this size range are too large to be removed
by Brownian scavenging and too small to be
scavenged by aerodynamic interaction between
cloud and aerosol particles. The net balance
of the phoretic forces in a downdraft favors
capture of the aerosol particles smaller than

1 ym diameter by evaporating cloud droplets
through thermophoretically induced drift [9,10].
The same drift but of opposite direction in

the updraft prevents capture of aerosol particles
by growing droplets through condensation, thus
providing additional force to protect aerosol
particles in the '"Greenfield gap" from being
scavenged.

Not every collision between an aerosol particle
and a droplet results in the freezing of a droplet
because only a fraction of the aerosol particles
can nucleate ice at any particular cloud tempera-
ture. In-cloud conditions favorable for ice
nucleation by contact are present in downdrafts
or in the presence of ice particles; both condi-
tions induce collisions between evaporating cloud
droplets and aerosol particles.

The experimentally determined thermal velocity
[7] diminishes at approximately 2 um diameter
aerosol particles, indicating that there is a

cut-off at about 2 um diameter for aerosol particles

during aerosol-cloud particle interactions; this
seems to have been confirmed by our observations.

Aerosol particles which acted as contact ice-
forming nuclei should become IFN active at some
warmer temperatures after the ice they produced
at the temperature of their ice nucleation in the
downdraft is evaporated [2]. Laboratory experi-
ments with particles from different soils from
N.E. Colorado have indeed shown the formation
of IFN through this process. The temperature at
which these IFN became active were up to 9°C
warmer than the temperatures at which the original
aerosol particles nucleated ice. If this explana-
tion of the origin of IFN in the 0.1 to 2 um
diameter size range is correct, then the entire
population of IFN present in the outflows of
convective storms most likely was never involved
directly in the formation of precipitation pro-
duced by that storm. Only some of these IFN
could be a source of IFN for a parent storm
through mixing of the downdraft air with the
updraft; most of them can supply IFN to an
adjacent storm in the area.

It should be emphasized that the narrow size
distributions observed for separated inorganic
and organic IFN indicate that a physical process
and not the chemical composition was responsible
for the classification of aerosol particles.
Activation of organic particles into IFN has
never been reported in the literature.

Conclusions
Both inorganic and organic aerosol particles

were found to be ice~forming nuclei in the con-
vective storm environment. Inorganic IFN were



usually more abundant than organic IFN, but on
few occasions both were present in equal concen-
trations. Organic spherical particles in the
0.01-0.1 ym diameter size range were separated
as ice-forming nuclei on one occasion.

Size distributions of separated IFN indicate
the presence of particles predominantly in the
0.1-2 ym diameter size range. If they are
activated through the evaporation of the ice
they produced in storm downdrafts, they may then
constitute a source of IFN for the parent storm
or some other storm in the area through recycling.
The presence of both inorganic and organic par-
ticles as TFN indicate that a physical process
is the basis for size classification. Measur-
ing the population of IFN in order to under-
stand and model their role in ice formation
within clouds must therefore include not only
separation of IFN for the purpose of determining
their size distribution and nature but also
analysis of the trajectories of IFN-rich air
parcels.

The lack of knowledge of the trajectories of
air masses makes measurements of the "background"
IFN population during convective storm activity
meaningless,

Results of this study pertain to the popula-
tion of ice-forming nuclei present during con-~
vective activity over N.E. Colorado.
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L. INTRODUCTION

Atmospheric ice nucleus (IN) concentrations
have been measured at 20 m AGL at Boulder, Colo-
rado on a regular basis since July of 1978 and
at irregular intervals at ground level over var-
ious terrestrial surfaces, using a combination
membrane filter-drop freezing technique in which
the freezing temperatures of clean distilled wa-
ter drops placed on exposed membrane filters are
taken to be a measure of the IN in the air
(Schnell, 1979). The data in that report (ibid.)
suggested that atmospheric IN concentrations de-
creased immediately following the passage of snow
producing cold fronts with recovery to pre-snow
levels over the space of a few weeks, as the snow
cover melted. In this present report, the re~
sults from 3 months of IN measurements in a sum=-
mertime period are presented along with data from
tests on aging and exposure of IN to vacuum treat
ments.

The IN measurement technique used in these
studies has not undergone the rigors of extensive
intercomparison with more established methods of
IN detection, thus the data presented herein are
best regarded as being internally comparable and
consistent but not absolute values until the re-
sults of intercomparison studies are published.
It may be observed. though, that in the data pre~-

Atmospheric lce Nuclei
Boulder, Colorado
1979

sented below, the relative concentrations and
changes in observed IN activity can be related
to meteorological and physical factors with pre-—
cision and, on some occasions, with a degree of
predictability.

II. ATMOSPHERIC ICE NUCLEUS CONCENTRATIONS

The temperature at which threshold IN acti-
vity and concentrations of 500 nuclei m 3 were
observed over the period of June 18 through Au-
gust 15, 1979 are shown in Figure 1. From this
Figure it may be seen that the passage of cold
fronts which introduced new air masses of north-
ern origins to the Boulder area were coincident
with decreases in IN threshold temperatures and
in IN concentrations. The IN concentrations are
seen to recover within a few days following fron-
tal passage as is well illustrated by the mea-
surements associated with the frontal passage of
July 24, 1979. Another interesting feature of
the summer's IN record is the persistent period
of low IN concentrations from August 2 through 6,
1979. This period was coincident with a heat
wave and dry period over the Western USA result-
ing in part from a large zone of persistent sub-
siding air of upper level origins. Relative hu-

Figure 1. Atmospheric ice nuclei
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midities in Boulder during this period were oc-
sasionally as low as 17%. Along with a change
in the air mass on August 6 and 7, IN concen-
trations returned to previous levels.
tern has been observed on two subsequent occa-
sions.
IIT. RELEASE OF ICE NUCLEI FROM TERRESTRIAL
SURFACES

It has been shown by Schnell and Vali (1976),

that naturally decayed plant lditter contains
numerous freezing nuclei active within the tem-
perature range from -4°C and -8°C., 1In experi-
ments designed to measure the release rates of
these IN from terrestrial surfaces, filters
were exposed at 5 cm above a variety of vege-
tated and cultivated soils in and near Boulder.
The results from one set of tests are shown in

Fig. 2 where it may be observed that on July 13,

1979, under calm wind conditions, (left-hand

graph) the ambient air above the grass contained

IN active.at -6.5°C and -7.8°C in 50 £ and 25 £
samples in concentrations in the region of 1
nucleus £ ! active at -8°C. At 20 m vertical
and 400 m horizontal from the grass plot, an
air sample of 250 £ exhibited threshold nuclea-
tion at -8.1°C in concentrations of 1 nucleus
£71 active at -11.5°C, Disturbing the surface
by agitation of the grass with a 20 cm long
plece of coiled rope released greater numbers
of nuclei than were in the ambient air. The
freezing nuclei in a bulk sample of the sur-
face leaf litter tested with the drop freezing
technique (Schnell and Vali, ibid.) is also
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Figure 2. Ice nucleus concentrations measured
in air at 5 cm above a dry grass surface
(left~hand graph) and above the same grass
surface (right-hand granh) following a 3-day
period of rain. The open circles indicate
the number of freezing nuclei measured in
samples of decayed leaf litter from the sur~
face of the soil.

This pat-
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shown. It is interesting to note that the
threshold activity of the IN from the larger
(50 £) sample of air above the agitated sur-
face is equal to that in the bulk sample of
the Jeaf litter suggesting that the IN on the
filter were the same as the IN in the leaf
litter.

A somewhat different picture was observed
over the same grass plot on September 14, 1979
following a 3-day period of rain (right-hand
portion of Fig. 2). There it may be seen that
there were few IN in the ambient air above the
wet grass. By disturbing the surface, appre-
ciably greater numbers of IN were released to
the air although their numbers and activity
were lower than when the same grass was dry.
The IN spectra for the bulk leaf litter and
for ambient air at 20 m AGL for this day are
also presented.

fce Nucleation Changes Over Time
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Figure 3. The freezing ranges of 20 drops of

distilled water placed on membrane filters
which were exposed in sets and stored for
various periods of time prior to testing.
The general decrease in the nucleation char-
acteristics of the aerosols on the filters
collected July 11, 1979 are of interest,



Vacuum Effect on Nucleation
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‘Figure 4. The freezing range of 20 drops of

distilled water placed on membrane filters
which were exposed in triplicate, halved,
then placed in a 10”6 Torr vacuum for vari-
ous periods of time prior to testing.

Halves from the same filters are indicated
by Roman numerals. A general increase in
ice nucleation activity after a vacuum
treatment of about 40 minutes 1s predominate
on filters exposed om July 9 and 10, but not
on July 16.

IV. ICE NUCLEUS ACTIVITY CHANGES WITH TIME
During the early stages of this research
project, it was noted that separate halves

of a filter occasionally produced different

IN spectra when processed at times separated
by a few days. To quantify these observatiomns,
a series of triplicate and sextuplicate filters
were exposed to natural air, stored at room
temperature in sealed petri dishes, and then
processed singly over time intervals varying
from a few hours to a month. The range of
changes observed in the IN activity are shown
in Fig. 3 where the freezing temperatures of

20 drop samples are plotted. From Fig. 3 it
may be seen that there was a slight but steady
decrease in IN activity on the filters collected
on the afternoon of the same day. The filters
exposed on July 11, 1979 exhibited a notable
spreading of the freezing range after 1 month
of storage, followed by a slight recovery of
activity. In other tests, little change in

IN activity was observed to occur on filters
stored less than 2 days. These results sug-
gest that the IN on the filters are either
changing in themselves over time, or are re-
acting with the filters in some as yet unex-
plained and apparently random manner. If the
nuclel are indeed changing, this suggests that
they may contain unstable organic materials or
adsorbed gases which can change or be removed
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over time. These changes also raise questions
about the validity of data obtained from fil-
ters stored more than a few days.

V. EFFECT OF VACUUM ON NATURAL ICE NUCLEI

In an experiment to test the volatility
of natural IN, triplicate filters were exposed
to natural air, halved, and them all but ome
portion subjected to a vacuum of 10 § Torr for
time periods ranging from 20 minutes to 125
minutes prior to testing for IN activity. The
results from 4 such tests are shown in Fig. &4
when it may be seen that in 3 out of 4 cases
the IN activity was significantly increased at
around 40 minutes of treatment, to be followed
by deactivation at from 60 minutes to 80 min-
ute of treatment. At 80 minutes to 120 minutes,
2 filter sets.exhibited further deactivation
and 2 sets exhibited reactivation. In other
tests, 36 out of 48 filters collected between
June 2 and July 16, 1979 exhibited an activa-
tion of IN at and around 40 minutes of treatment,
to be generally followed by some deactivation
between 80 and 120 minutes. These results sug-
gest that the vacuum may have removed some gas—
eous or liquid component of/on the IN which was
suppressing nucleation or that removal of some
component of the nuclei produced a new structure
which was more active. Continued exposure to
the vacuum further changes the nature of the
nuclei such that either deactivation and/or
further reactivation occurs over time. Again,
the possibility that the filter material and
the deposited aerosols may somehow be reacting
to produce the observed results must not be
discounted at this point.

VI. DISCUSSION

The changes in atmospheric IN concentrations
which were observed during this study (using a
combination membrane filter-drop freezing tech-
nique) can be related to large scale meteoro-
logical effects, thereby suggesting a cause
and effect relationship controlled by the me-
teorological characteristics /life history/
source region of a particular air mass. These
results are similar to those embodied in the
data collected in an ice nucleus benchmark as
reported by Allee (1974). Also, Rogers and
Vali (1978) and Langer et al.,(1979)have pre-
sented data which suggests that atmospheric IN
concentrations fluctuate on the mesoscale in
response to gust fronts and local wind patterns,
and that these effects are measurable from
ground level up to cloud base. The present re-—
sults differ from these earlier results mainly
in that the threshold nucleation temperatures
we detect are generally 6 to 10°C warmer than
reported in the other studies, and in that the
concentrations of IN we measured were appre-—
clably greater at temperatures warmer than
-10°C. The initial increase in IN activity
resulting from the outgassing treatment on the
filters is similar to that noted by Parungo
et al., (1978) for filter samples collected in
powerplant plumes, although in the present study
the samples were collected in relatively clean



air. In the powerplant studies, removal of ad-
sorbed IN suppressing pollutant gasses from the
surface of the IN was suggested as being a fac~
tor in the enhanced nucleation affects observed.

Based on the results from the surface mea~
surements of IN, and the results from the am-
bient temperature and pressure tests, we sug-
gest that the IN observed on filters both at
the surface and at 60 m AGL were surface deriv-
ed, and that the nuclei probably contained an
appreciable component of biogenic material.
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THE NON-ZERO CLOUD DROPLET KERNEL FUNCTION

Fausto C. de Almeida

Fundagao Centro Tecnoldgico, CETEC
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1. Introduction problem, by using terminal velocities

In studying the growth behavior calculated, as the drops were falling

of a cloud droplet population, the in isolation, instead of the actual

kernel function of the stochastic collisional velocities (Almeida,1978)

collection growth equation (Mason,1971) but also attaches a zero value to the

is a defining factor (Almeida,1979.a). kernel function, for equal size drops,

regardless of the value calculated

This function has been dealt in for the collision efficiency. In other

. si
general as a consequence of the col- words, even if a collision between

C s - . . i is os~-
lision efficiency function, and in equal size drops observed as pos

reality little has been done to ana- sible, this widely used definition

lize it as a function in itself negates this very outcome.

accessing its representativeness of
the physical phenomena being simulated. Evidence has been piling up in the
literature (e.g., Telford and Thorndike,
1961; Woods and Mason, 1965; Almeida,

1978 among others) that equal size

In this respect, more has been done
about its pure mathematical aspects

than what it really represents even

on the light of more recent theore- drops can and do actually collide,

tical and laboratory results resulting in calculated values for the

collision efficiencies that are dif-
2. The non-zero kernel ferent than zero for all size ratios.
Indeed, all published gravitational

Recently, Almeida(1976,1979.b) collision efficiencies have indicated

treating the problem of cloud drop (assumed or calculated) a different

interactions in a turbulent environ- than zero value for nearly equal or
equal size drops (Hocking and Jonas,
1970; Davis and Sartor, 1967; Klett
and Davis, 1973; Almeida, 1979.b, and

others) .

ment has offered a more general defi-
nition of the kernel function, that
allows the investigator to analyze
deterministic as well as probabilistic

cloud drop interactions.
Note then, that in actual numerical

Using this more general definition simulations, although the wvalues for

it became clear that the usual defi- the collision efficiencies entered in

nition of the kernel function,- as the the model would assure possible col-

product of the collision efficiency lisions between two equal size drops,

' '
times the terminal velocities differ- the use of the 'usual’ definition for

ence, not only neglects the interac- the kernel function negates this very

tional behavior of the collisional possibility.
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Although it is easier to calunlate
from an analytical formula the values
of the terminal velocities than it is
to interpolate a table of mean colli-
sional velocities in order to define
the kernel function in actual cloud
models calculations, the same look-up
procedure used to find the collision
efficiencies can be used to find the
mean collisional velocities from an-
other table.
mean collisional velocities
1978),

terms of parameter calculations,

For calculating the
(Almeida,
this extra book-keeping in

means only a very small increase in
computer time, when compared to a
simple collision efficiency instead
of a collision efficiency plus a

collisional velocity calculation.

What this written presentation
wants to emphasize is the need -
"not-to-deny" this possibility in
cloud models or any other calculation;
to investigate this non-zero behavior
of the kernel function in the growth
of a cloud droplet population; and to
review its effect on mathematical
schemes developed to solve the sto-

chastic collection egquation.

3. Remarks

Responding to the organizers of the
conference, and to make the central
point of the paper stronger it was
decided to limit the scope of this
written presentation, leaving the
other discussion topics to the oral

and round table discussions.
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PHORETIC SCAVENGING OF MICRON SIZE PARTICLES BY CLOUD DROPS
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1. Introduction

Since thermal and vapor density gradients
are usually encountered in the vicinity of
cloud drops and ice crystals, aerosol particles
are subjected to thermophoretic and diffusio-
phoretic forces. Phoretic forces have only
been studied recently as scavenging mechanisms
and are not as well understood as other mechan-
isms such as nucleation and Brownian capture.
Facy's (1955) experiments indicated that thermo-
phoresis was relatively unimportant for growing
and evaporating drops. However, later work
(Dexryagin and Dukhin, 1957; Slinn and Hales,
1971; Styra and Tarasyuk, 1974) indicated that
the temperatures of the drops in Facy's experi-
ment were not well controlled and thermophoresis
could be larger or comparable to diffusiophor-
esis. Slinn and Hales recognized the dominance
of thermophoresis over diffusiophoresis for
particles less than 1 umradius in their evalua-
tion of scavenging mechanisms. They showed that
phoretic forces were the major scavenging mech-
anism in the 0.1-1 pumparticle range. A primary
mechanism for precipitation initiation, the
contact nucleation of supercooled droplets, is
thought to be significantly enhanced by phoresis
(Young, 1974). Hogan (1976) suggested that phor-
esis may account for scavenging rates measured
in Hawaiian trade wind cumulus, and that phor-
esis may provide a major sink of particles at
cloud level and an important source of large
particles aloft.

Several capture efficiency experiments have
been conducted in subsaturated air, but the
effects of phoresis have usually been disregard-
ed. Wang and Pruppacher (1977) have produced the
only available experimental data on the phoretic
scavenging efficiency of evaporating drizzle and
rain size drops (100-2500 um radius). The values
obtained were believed to show good agreement
with the efficiency calculations of Grover et al.
(1977). In this paper we discuss the preliminary
results from measurements of scavengingby fall-
ing cloud drops {(i.e., <100 um radius).

2. Method

The design of the experiment is illustrated
by the schematic diagram in Fig. 1. The basic
technique is to produce a stream of widely
spaced drops of uniform size which fall at term~
inal velocity through a cloud of monodisperse
particles at a known temperature and humidity.
The drops are collected at the bottom of the
cloud and analyzed for the mass of particles
collected by atomic absorption/emission (AAE)
analysis. The major features of the experiment
are the cloud drop generator, aerosol generator,
neutralizer, humidifier and aerosol chamber.

* Alsco affiliated with the Laboratory for Atmo-~
spheric Research, University of Illinois.
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Figure 1. Diagram of experimental apparatus used
to measure capture efficiencies.

Drop Generation. The method of drop forma-
tion has been described by Adam et al. (1971).
Water is forced through a pinhole and a jet in-
stability is excited at a chosen frequency by a
piezoelectric crvstal producing a stream of uni-
form size drops. A pulse controlled charging
ring and deflection plants are used to separate
charged drops from the uncharged ones. The resid-
ual charge on the drops falling into the chamber
can be computed from the horizontal displacement
of a decelerating drop by using the drag, elec-
tric force and initial conditions. For drop sizes
of 60 to 90 {m the residual charges are less than
2 x 1015 and 5 x 10-14 coulombus respectively.
The drops achieve terminal velocity in the decel-
eration chamber before entering the aerosol cham-
ber. Thermal equilibrium is also attained by the
drops according to Davies (1978).

Aerosol Generation. A monodisperse cloudof
droplets is generatedby aBerglund-Liu generator
(TSI Inc. 3050). A pressure reservoir is used
instead of a syringe pump to produce a wider
range of constant feed rates. The aerosol sub-
stances were disolved in dionized water. A 0.2
Hm capsule filter is used between the reservoir
and generator to eliminate plugging of the pin-
hole. Dry air is used for the dispersion and
dilution flow to promote rapid evaporation of
the solution drops. The charge on the particles
is reduced to Boltzman equilibrium by ion capture
as they pass through the neutralizer (TSI, Inc.
3054) . The particle mass is obtained accurately
from a measure of the solution feed rate, the
generation frequency and solute concentration.

Humidity Comtrol. The relative humidity
within the aerosol chamber is dependent on the
water evaporated from the solution drops and the
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temperature of the room. With a value of 40psi
in the tracer reservoir and pinhole sizes of
less than 10 um, relative humidities of less
than 50% are produced. Higher humidities are
attained by wetting the absorbent paper wall of
the 2.3 m long pipe between the neutralizer and
aerosol chamber.

The Aerosol Chamber. The aerosol chamber
consists of a 1 m long plexiglass cylinder with
an inside diameter of 15 cm. Before an experi-
mental run, both slide valves are closed and a
continuous flow of aerosol is introduced into
the chamber through a ball valve for over 8 min.
The aerosol particles are removed by a large
hydrophobic filter on exiting the camber and
fed back into the base of the deceleration
column. Clean air is introduced continuously
above the bottom slide valve at a rate of
4.3 mL s to prevent aerosol particles from
entering the collector jar. Before the ball
valve is closed the dewpoint is measured through
a port located halfway up the chamber by an EG&G
911 digital humidity analyzer (£0.2C) which is
also used to monitor the temperature (£0.1C). A
1L volume of the aerosol is passed through 0.2
um cellulose filter for a later determination
of the mass concentration of the aerosol by AAE
analysis. After the ball valve and the top
chamber are closed, both slide valves are open
and 6~10 thousand drops fall through the chamber
into the collection jar. The separation between
the drop range from 600 radii for the 65 um drops
to 1400 radii for 100 um drops. After all the
drops have fallen through the aerosol chamber,
the dewpoint and the filter measurements are
taken again.

3. Results

Measurements of the scavenging efficiencies
were made for cloud drops in the range 54 to93
um near 24°C and 1 atm. Two solutes were used
to produce monodisperse clouds of aerosol par-
ticles. The first one, lithium carbonate,
yielded hollow spheres of 2 um radius at 90%
relative humidity with an effective density of
0.26 g cm~3 and an effective thermal conductiv-
ity of 18mW cml x-1. The second solute,
manganese hypophosphite, yielded solid spheroids
at 30% relative humidity with a density of 2.2
g cm~3 and a thermal conductivity of 50mWcm~1
k-1, The capture efficiency for 7 different
particle sizes (0.58~3.2 um) was measured.
Results of 4 to 8 experimental runs were averaged
for each combination of drop, particle size and
particle type.

The measured capture efficiencies for the
smaller manganese particles were found not to
decrease as rapidly with particle size as
phoretic theory predicts. Therefore, a much
larger efficiency was measured in the Greenfield
gap region than expected. The discrepancy be-
tween the measured results and theory may be
due to higher order effects neglected by theory
(e.g. curvature in the thermal field ). Measur-
ed efficiencies for manganese particles larger
than 1.5umradius increase strongly and are con-
sistent with numerical efficiencies based on the
theory of inertial impaction. The results for the
two particle types are consistent with the pre-
diction by theory that the thermophoretic force
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is larger on a particle of lower thermal conduc-
tivity. A graphical display of the comparison of
the experimental results with theory will be
available at the conference.
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Introduction

Laboratory investigation in space, in a
gravity-free environment, makes experiments
possible which are not feasible for earth-
based studies. 1In this paper we discuss the
example of cloud formation in a cold thermal
wave carried by conduction from a surface.
the terrestrial laboratory this process is
accompanied by convection in all but one
geometry (cold plate below the gas) and by
sedimentation of the cloud drops with a
velocity comparable to the propagation
velocity of the thermal wave. These factors
restrict the usefulness of the method to very
short-duration experiments only -- the study
of aerosol activation in a static diffusion
chamber, for example. The case we will
discuss is an experiment which was prepared
for pogsible flight in the laboratory
environment provided by the European Space
Agency's. (ESA) Spacelab and the Space
Transportation System (Shuttle) currently
being developed by NASA. It is a long-
duration experiment to study cloud growth and
thermal conductivity by a new method which
utilizes the convection-free and sedimentation-
free low gravity environment in space.

In

The experiment configuration to be
considered is as follows: a gas laden with a
monodisperse hygroscopic aerosol is at rest
in a cloud chamber. The system is isothermal,
at or near saturation. The temperature of a
surface in contact with the gas is driven to
a predefined function of time. As a cloud
forms or dissipates in response to the
temperature changes on the surface, the
location and movement of the cloud/clear air
interface is recorded photographically. The
cloud drop number density can be obtained from
the photographs. The detection threshold
(minimum radius) for the system is kmown, but
no other drop size information is obtainable.
A numerical model of this situation was used
to develop the experimental protocol described
later. The experiment provides a determination
of the condensation coefficient, 8 , for
water vapor on cloud drops and the thermal
conductivity of cloud air.

The Model

The numerical model used in this study was
"Non-adiabatic Expansion" model, which is
one of a set developed by Dr. Myron Plooster
and the General Electric Space Division,
Huntsville Operations, as part of NASA's
Atmospheric Cloud Physics Laboratory (ACPL)

the
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analytic simulator. The model was designed to
simulate wall effects in the ACPL expansion
chamber. It is a time-dependent, one-dimen-
sional description of the microphysics in a
spherical gas parcel bounded by a wall.
Expansions and sealed chamber operations can be
simulated with various initial aerosols,
initial conditions, and boundary conditioms

on the walls. The model accounts for both heat
and vapor diffusion toward or away from the
walls as well as gas motions caused by tempera-
ture changes and composition gradients. The
droplet growth formulation uses the well-known
Kohler theory, and it incorporates the treatment
of surface kinetic effects as described by
Carstens and Kassner (1968), Fukuta and Walter
(1970), and subsequent publications by Carstens
and his colleagues. ‘

Thermal Conductivity

The simplest experimental procedure which
will generate a well-characterized wave is to
produce a rapid pressure drop in an expansion
chamber. The chamber with uniform wall temper-
ature is first allowed to come to equilibrium
at a temperature just above the dew point. An
expansion of -1.5 mb/s for approximately 20 s
is usually adequate to produce a cloud of
detectable drops, 10 pm diameter. (The
detection threshold for the system is expected
to be less than 4 pm.) The wall temperature
may either be held constant during and after
the expansion or it may be changed to a new
value during the expansion and then held
constant. This procedure forms the cloud and
closely approximates the application of a
temperature step function to the boundary.
Then, with the chamber sealed, heat from the
wall is conducted into the cloud and evaporates
the drops. The location of the cloud/clear air
interface marls the progress of the wave. Its
passage is recorded photographically as it
enters the central portion of the 18 cm
diameter chamber. The numerical model verifies
the common laboratory experience that the
interface remains sharp until all but the last
vestige of cloud remains (Figure 1).

Numerical simulation of this expansion and
heat conduction process has shown that the
method will allow measurement of the thermal
conductivity of moist air at a precision of 5
percent or better. This is comparable to the
best ground laboratory method. Final determina-
tion of the experiment accuracy must await
completion and calibration of the hardware.

A change in conductivity by some percentage is
reflected as a shift by the same percentage in



the time of passage of the cloud interface.
The experiment requires precise knowledge

of the initial temperature difference

between the wall and the chamber dew point
before expansion and the depth of the
expansion. Typically, shifting the wall
temperature from 0.05° to 0.1°C above the dew
point yields a 9 percent shift in the movement
of the wave (wall temperature held constant
during and after expansion). Relative
temperature measurements approximately 0.01%
are feasible; thus the resulting uncertainty
should be 2 to &4 percent. All other sources
of error are small compared to this. The
experiment is sensitive to the pressure
change, a half-millibar shift will produce a
1 percent error, but this contribution can be
kept small because high-accuracy pressure
measurements are relatively easy. Cumulative
errors contributed by uncertainties in the
water vapor diffusion coefficient, aerosol
particle size and number concentration, and
the mass accommodation coefficient in the
droplet growth rate were found to be less than
0.4 percent in the cases considered.

There are other possible contributions to
the error that cannot be evaluated
numerically; they must await the actual
experiment. The prime concern is residual air
motion in the chamber caused by vehicle motions
or the residual "g" forces, primarily drag,
on the vehicle. These factors are dependent
upon the orbital altitude, experiment duration,
concurrent activities by the crew and other
experiments, and other factors that must be
evaluated postflight. However, analysis
based on expected flight profiles indicates
that the errors contributed by all of these
potential concerns should be insignificant.

Droplet Growth

When a step function is applied to the
temperature -- as discussed previously -- the

DROP RADIUS {um)

TIME {sec)

Figure 1. Drop radius versus time at various
distances from wall of chamber., This shows
that the propagation of the heat wave gives
rise to a sharp cloud/mo-cloud boundary.

A change in thermal conductivity, K, shifts
the time dependence a measurable amount.
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thermal conductivity is the limiting micro-
physical parameter that determines the rate of
penetration of the thermal wave. This condi-
tion can be changed by applying a short-period
sinusoidal thermal boundary condition of low
amplitude. In this case the wave takes the
form of a strongly damped sine wave (Carslaw
and Jaeger, pp. 64-69, 1976), and the growth
and evaporation rate of the cloud drops becomes
the limiting factor. A typical example, and
the baseline for our numerical study, is a wave
with a 0.4°C amplitude at the source and a 10
second period. This wave is attenuated approx-
imately 94 percent at 2.5 cm from the source.
If the mean temperature is equal to or just
below the dew point of the air, 4 to 6 ym
diameter drops will alternately form and evap~-
orate near the wave source. The maximum drop
size at a specified location is a strong
function of the mass condensation coefficient.
(Figure 2). Thus, when one knows the wave
source amplitude, period, phase, and the detec~-
tion threshold for the camera system, it is
possible to determine this parameter by match-
ing the results from the numerical model with
measured values of the cloud boundary location.
The method circumvents the problem of measuring
the drop size as a function of time.

The experiment as currently visualized
makes use of a thermal wave probe-- the device
that generates the sinusoidal temperature
boundary condition-- in the center of an ex-
pansion chamber with adiabatic walls. Other
variations using a static diffusion chamber can
easily be conceived, but these will not be
discussed here. Beginning with an isothermal
chamber and probe, a short expansion is used to
grow a cloud of 10 ym diameter drops on a
monodisperse salt aerosol of known size.

During the expansion, the mean chamber wall and
probe temperatures are set as close as possible
to the post-expansion dew point. With the
chamber remaining sealed and isothermal, a
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Figure 2. Drop radius versus distance from a

surface whose temperature is driven sinusoi-~
dally with period T (10s) for two values of
condensation coefficient. Curve A: time = tg,
B: to +0.2T, C: tg+ 0.47, D: tg + 0.6 7T,
E: t, + 0.8%. Wave amplitude was 0.49C at

o
source.



thermal wave is generated from the probe.
Various amplitudes and periods are stepped
through in sequence. The appearance of cloud
drops larger than the detection threshold is
recorded photographically in the first 1.5 ecm
space above the surface of the probe. Final
data reduction from the photographs will be
facilitated by use of a microdensitometer and
automatic image processing as required.

The sample experiment developed in this
study used the following initial conditions:

Grid 0.25 cm spacing
Initial temp. 291.20°K
Initial dewpoint 291.15°K
Initial pressure 1000 mb.
Expansion ~1.5 mb/s for 17 s
Mean probe temp. 290Q.70°K
Wave amplitude 0.4k
Wave period 10.0 s.
Aerosol critical

sat. ratio 0.005 -3
Aerosol no. den. 500 cm

These conditions yield drop sizes near the
detection threshold (<2 pym radius) if onme
assumes the thermal accommodation coefficient
is unity and the condensation coefficient is
between 0.03 and 0.04. By looking at
variations of the parameters about this base—
line we have obtained the following results:

1. The condensation coefficient can be
measured to the first significant figure,
assuming the thermal accommodation coefficient
is taken as unity.

2. The results are not sensitive to
uncertainties in the values of the thermal
conductivity of air and the diffusivity of
water vapor in air. A 5 percent shift in the
value of the conductivity alters the drop
size by approximately 0.05 um, which is not
detectable. The results are even less
sensitive to the diffusivity.

3. The experiment is only moderately
sensitive to the properties of the aerosol.
Changing the number density from 500 to 300
em~3 produced no detectable change near the
probe. Narrowing the size distribution by
reducing the standard deviation from 0.2 T
to 0.1 T onlw sharpens the cloud/clear air
interface. A change. in the mean aerosol size
will alter the measured value of the
condensation coefficient. The measurement is
altered by one significant figure if the
critical saturation ratio is shifted from
0.0044 to 0.0074.

4. The precision in temperature measure-
ment required for this experiment is well with-
in the state of the art. The most critical
temperature measurement is the amplitude of
the thermal wave source. A 10 percent change
in amplitude changes the drop size by 10
percent. Deviations of the wave form from a
perfect sine wave are not important since high-
frequency changes are very strongly damped
and the measured wave form can be put into the
model in the post-flight analysis. A
simulated 0.05°C error in the dewpoint changed
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the drop sizes by undetectable amounts, less
than 0.1 pm.

Conclusions

The growth of small cloud drops and the
associated problem of measuring the conden—
sation coefficient has a long history in cloud
physics. This is a result of both the
theoretical and experimental difficulty of the
problem and its great importance in the devel-
opment of cloud drop size distributions and
instrumentation design. Many of the experi-
mental difficulties are discussed by Chodes
et. al. (1974), who arrive at a value of 0.033
for the condensation coefficient. This is near
the classical value of 0.036 reported by Alty
and Mackay (1935). They looked at the
potential worst case errors from their peasure-
ments and reported that the value could range
from 0.022 to 0.073. They concluded that the
value should be less than 0.1 for atmospheric
conditions. However, a complete search of the
literature yields values from near zero to at
least 0.5, Johnson et. al. (1979), or even to
unity. Thus the experimental method discussed
in this paper is significant because it allows
determination of the condensation coefficient
by a completely new method which does not
require the direct measurement of the growth
rate or fall speed of small drops.

This method also has the advantage that the
conditions closely duplicate the atmospheric
environment. For example, measurements can be
made at various temperatures and pressures; the
maximum saturation ratios in the wave are not
large, near 0.023 in the baseline case., The
experiment exploits the low-gravity space
environment and, at the same time, is based on
a numerical model of the basic cloud formation
process. Thus it provides a new opportunity to
confirm our understanding of this segment of
cloud physics.
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INITIAL PHASE OF CLOUD DROPLET GROWTH BY CONDENSATION

J.W.. Fitzgerald and S.G, Gathman
Naval Research Laboratory
Washington, DC, USA

and

E.J. Mack and U, Katz'
Calspan Corporation
Buffalo, NY, USA

1. INTRODUCTION

The theory of droplet growth by condensa-
tion in a fixed parcel of air which is cooled
by adiabatic expansion has been used to de-
scribe the initial development of the droplet
distribution in cumulus clouds (Howell, 1949;
Mordy, 1959; Fitzgerald, 1972). This model
has been able to account for some observations
of droplet spectra made in the first two hun-
dred meters above cloud base if values of the
0.04 are used (Warner, 1969; Fitzgerald, 1972).
However, the adiabatic parcel model predicts
that the droplet spectrum narrows with further
ascent above cloud base. This behavior is in
conflict with observations (Warner, 1969) which
show that the dispersion of the droplet distri-
bution increases with height in the first 2 km,

Various mechanisms have been proposed to

- explain the broadening of the droplet spectrum
in the region of the cloud where condensation
dominates over collision-coalescence. These
include turbulent fluctuations in the updraft
velocity (Warner, 1969; Bartlett and Jonas,
1972), mixing between cloud and environment
(Warner, 1973; Lee and Pruppacher, 1977) and
turbulent mixing between different parcels of
air (Manton, 1979). Of these mechanisms, only
entrainment of nuclei-laden air and in~cloud
turbulent mixing appear to broaden the droplet
spectrum to any significant extent.

The purpose of the present study was to
conduct a test of the theory of droplet growth
by condensation in an adiabatically cooled
parcel, without the complicating effects of en-
trainment and turbulence. To accomplish this,
clouds were formed by adiabatic expansion in a
large atmospheric simulation chamber. The ob-
served cloud properties were then compared with
those predicted by the adiabatic parcel model
given the expansion rate and cloud condensation
nucleus (CCN) spectrum of the aerosol.

2., LABORATORY EXPERIMENTS

The cloud experiments were performed in
Calspan's 600 m® atmospheric simulation cham-
ber. This chamber is approximately 9.2 m high
and 9.1 m in diameter. Clouds were generated

!present Address: Desert Research Institute,
University of Nevada, Reno, NV, USA,
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by humidifying the chamber to 95% relative hu-
midity and then expanding the air at a nearly

constant rate of from 2.5 to 5.5 mb min~'.

Natural (rural continental) nucleili as well
as artificially produced sodium chloride and
ammonium sulfate nuclei were used as the cloud-
forming aerosol., When artificial nuclei were
used, the chamber was first filtered for a
period of several hours to remove the natural
nuclei. The artificial aerosol was not intro-
duced until the background count fell below
15 em~3. Artificial nuclei were produced by
pneumatically nebulizing aqueous solutions of
the desired salt and rapidly diluting the mist
to prevent coagulation. A large stirring fan
was used to distribute the aerosol uniformly.

The CCN supersaturation spectrum of the
aerosol was measured with the NRL thermal
gradient diffusion cloud chamber, which was
located outside the simulation chamber. CCN
concentrations were measured at five supersat-
urations between 0.15% and 1.0%. Following
completion of the CCN measurements, the chamber
was humidified by wetting the floor and the
lower half of the walls. At this point, a
quick check of the CCN concentrations was made
to determine if there had been any significant
change. The stirring fan was used to achieve a
uniform distribution of humidity. When the
relative humidity reached 95%, the air in the
chamber was expanded at a preselected rate, A
maximum expansion of about 40 mb could be
achieved.

By varying the expansion rate and the con-
centration of nuclei available for condensation,
it was possible to produce clouds exhibiting a
fairly wide range of microphysical characteris-
tics. The cloud properties measured were the
visibility and the number concentration and
size distribution of the droplets.

Visibility was measured with the two 18.3-m
path length transmissometers, positioned at the
1.5 and 4.5-m levels of the chamber. A reflec-
ting mirror was used to obtain a path length of
twice the chamber diameter,

Droplet samples were obtained with Calspan's
gelatin-coated slide impactor. This device has
proven to be a reliable droplet sampler. The
collection efficiency of the sampler coupled
with the difficulty of resolving very small



droplets limits the range of operation to drops
larger than about 3pm diameter. Raw size dis-
tributions were obtained by manually sizing
drop replicas on 150X microphotographs. The
sample size generally exceeded 400 drops per
distribution. A collection efficiency correc-
tion based on the work of Langmuir and Blodgett
was applied.

Droplet number concentrations were deter-
mined by two methods. First, concentrations
were obtained directly by photographing the
light scattered by individual droplets in an
intensely illuminated volume of 0.1 em®, Drop-
let concentrations were also determined from
the measured visibilities and the corrected,
normalized size spectra, by means of the
Koschmieder visibility formula.

3. DROPLET GROWTH MODEL

The growth, by condensation, of a popula-
tion of droplets contained in a parcel which is
cooled uniformly by adiabatic expansion is
governed by the following set of equations de-
scribing the time rate of change of temperature,
pressure, water vapor mixing ratio and droplet
radius (Fitzgerald, 1974).

(1+x)R,,,—§-ﬁ’-’l-L¥‘i

_d_]: _ dt dt (l)
dt Cpg T XCpy + WC,,
o _  exoansi :
i given rate of expansion (2)
dx dr;
& o 4r Tp Nrf =L (3)
dr "
and
D/Es Xp a
— Bexp|—
dr _ puvRvT[fw'es(X+€) P r . (4)
" T De,L? a
1+ ~———— B exp|—
KR2T? r

The terms a, B, D' and K' in Eq. (4) are de-
fined by
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Table 1. Data for selected cloud experiments.

Cloud | Expansion Eq“idva‘g“‘ Initial  Initial
experiment Aeroso rate up, rét temp. R.H.
no. type (mb/min) YUY k) ()
(ms™h)
7 NaCl 5.0 0.73 29510  95.2
15 Natural 5.0 0.75 296.15  95.2
19 (NH,),S0, 3.75 0.54 298.88  95.8

To conserve space, we will define only a few of
the less obvious symbols. Here € is the mass

fraction of soluble material in a nucleus; o is
the condensation coefficient of water; B is the
thermal accommodation coefficient of water; AD

is the vapor jump distance at the droplet sur-
face; AT is the temperature jump distance; & is

the ratio Rd/Rv and fW is a correction factor

for the departure of the air-water vapor mix-
ture from ideal behavior.

The model was used to predict the micro-
physical properties of the clouds formed in the
chamber. The equations were integrated by
means of the standard fourth-order Runge-Kutta
scheme, The input parameters to the numerical
simulations were the initial temperature and
relative humidity, the expansion rate and an
aerosol size distribution which was inferred
from the CCN spectrum. Based on the measure-
ments of Sinnarwalla et al. (1975), a value of
o of 0.035 was used. In the case of the nat-
ural aerosols, the value of € was taken to be
0.3. Ammonium sulfate was assumed to be the
soluble constituent of the natural nuclei.
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Fig. 1. CCN supersaturation spectra for three

of the cloud experniments. Upper curve: cloud
15; middle cunve: cloud 7; Lowern: cloud 19.
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4, COMPARISON OF OBSERVED AND CALCULATED
CLOUD PROPERTIES

A detailed comparison of the observed and
model-predicted cloud microphysical properties

is presented for three of the cloud experiments.

These cases involve a range of aerosol charac-
teristics and expansion rates. Table 1 gives
some pertinent data for these experiments. The
CCN supersaturation spectra for these cases are
shown in Fig. 1. Figs. 2-8 present comparisons
of the observed and predicted droplet number
concentrations, mean droplet diameter, visibil-
ties and droplet size distributions.
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I. Introduction

Traditionally , the detailed cal~
culations of cloud microphysical pro-
cesses are achieved by numerically
integrating a set of governing equa-
tions for each discrete size class.
Recent research efforts have been re-
viewed by Ochs and Yao (1978), Cotton
(1979), etc. The numerical techniques
used in previous calculations are
finite-difference methods. These me~-
thods are popular and easy because of
their simplicities in application.
The general drawback to them is their
low accuracy caused by the low-order
truncation of the Taylor series ex-
pansion when the finite-difference

methods are formulated. Clark has
used gamma distributions (1974) and
log-normal distributions (1976) to re-

present the droplet spectra. He cal-
culates the parameters of the distri-
butions to determine the shapes of the
droplet spectra. The representations
are limited by the assumption that the
spectra of the droplets for all time
and space are described by the gamma
or log-normal distributions. The de-
tailed microphysical processes should
be simulated to a more satisfactory
degree. A more accurate numerical
algorithm is very crucial to the out-
come of microphysical calculations.
The main purpose of this paper is to
describe a new methodology for calcu~-
lating the spectra of cloud droplets
and raindrops by using spectral me-
thods. The superior accuracy of the
spectral method and its applications
to other fluid problems are discussed
in Orszag and Israeli (1974), Gottlieb
and Orszag (1977), and Boyd (1978).

The application of the spectral
method to microphysical calculations
will now be illustrated. A Lagrangian
parcel model will be used to show the
basic relationship between a cloud
model in the condensation/evaporation
stage and the droplet spectrum.

II. The Cloud Model

A Lagrangian cloud model, which is
similar to Clark (1976), may be summa-
rized as follows. The tendency equa-
tions for pressure (p), temperature
(T), mixing ratio of water vapor (qv),
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and mixing ratio of liquid water (q )
may be expressed in the following f&rms

dp _ .
It PLIW, 4 (1)
ar _ g, . L
dt - ¢ " T C. dt 2
D o p (2)
Ay 4%
dt at , (3)
dg ) a
W ogp ¥ (Tp2 dr
and T = 4npa Sbr dtn(r)dr, (4)
where p_ is the air density, g the gra-

vitatiofial acceleration, w the vertical
velocity, C_ the specific heat of cons-
tant pressuge, L the latent heat, o

the water density, r the droplet ragius,
n the number density of droplets, a and
b the lower and upper bounds of the
spectrum respectively. The tendency
equation for super-saturation (S) and
the equation of the diffusional growth
for a droplet have the forms of

dq
ds W
= = Hyw - H —2~ (5)
dt 1 zdt,
a, by
rg% = G(S—;—+*§)F, (6)
r

respectively, where H., H,, and G are
the thermodynamic parametérs, a, rela-
tes to the effects of surface tension,
b, relates to the presence of solute,

F is the ventilation factor, and the
details can be found in Fletcher (1969).
Finally, the kinematic equation for the

number density of droplet spectrum is
dn 9 ,dr

With the aid of
llowing definitions

{6) and the fo-

- dr _ S _a b
f(r) = E - GF(; -5 + —j),(B)
r r
- 9 dr, _
and gl(r) = §F(EE) =
2a 4b
CF (- + —3* 5*1(9)
r r r
equations (7) and (4) can be re-written

%En(r,t) + f(r)%?n(r,t)

+ g(r)n(r,t) = Ol(lo)



dqw Pw o 2
and T = —4ﬂ——-S r"f(r)n(r)dr, (11)
P
ava
respectively. The last two equations

are explicitly involved in formulating
the spectral algorithm for the cloud

model. In the next section,
Galerkin approximation will be given.

The spectral method is only one special

case of the Galerkin approximation.

IITI. The Galerkin Approximation
A Galerkin approximation to (10)
is constructed as follows. The app-

roximation of the droplet spectrum
n_{(r,t) is sought in the form of the
truncated series,

N-1

(r,t) b an(t)¢n(r), (12)

oy “n=0
where the time-independent basis func-
tions ¢_ of degree n are assumed li-
nearly Endependent. After substituting
(12) into (10), the inner products of
(10) and the basis functions ¢_ of de-~
gree m give m

N-1 dan d¢h
ZO{<¢ml¢n>aE— + <¢m’<faf—)>a

n= n

+ <¢m[(g¢n)>an} = 0,

m=20, 1,""", N-1, (13)
where
<plg> = pr(x)q(x)h(x)dx, (14)
a
and h(x) is a weighting function. The
matrix form of (13) is
da >
a E% + (B+C) a = 0, (15)
where the matrices
A= <o le >}
d¢n
B = {<¢ml(fag—)>}/
C = eogltae)>h)
and a is a vector which consists of
am(t). The partial differential equa-
tion (10) is now a set of ordinary di-

fferential equations (15). Equation
(11) may also be expressed in the
Galerkin form,

dg o N-1
dt
a n=0
o 2
(Sar f¢ndr) a,. (16)

The procedure for approximation is
gquite general. The choice of the basis
functions ¢_ of degree n determines
the complex%ty of the matrices in (15).

the famous
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in (15).

A wise choice leads to sparse matrices
which are easily manipulated.

IV. Discussion

The general algorithm described in
the previous section may provide dif-
ferent practical algorithms based on
the selections of the basis functions.
In the spectral method, global contin-
uous functions which are usually a
subset of a complete system of ortho-
gonal functions are chosen. The set
of expansion coefficients of a certain
variable are actually calculated with
the truncated orthogonal functions.

In the calculations of the droplet
spectrum within a radius bound (a,b),
the shifted Chebyshev polynominals may
be chosen as the basis functions pro-
viding the independent variable r is
transformed to x = (r-a)/(b-a). The
bound for the integration in (14) be-
comes (0,1) for x. The property of
orthogonality of the shifted Chebyshev
polynominal gives a diagonal matrix A
Matrices B and C may be
obtained with the known properties of
the shifted Chebyshev polynominals (e.
g. Abramowitz and Stegun, 1965; Luke,
1969, etc).

If only the derivatives in (10)
are evaluated by the selected basis
functions and the rest of calculations
are still performed on the grids, the
approximation is called the pseudo-
spectral method. Obviously, the sp-
ectral calculations for the non-linear
terms are eased, but the accuracy of
the pseudo-spectral method is relati-
vely less than that of the spectral
method.

One may choose locally continuous
piece-wise polynominals as the basis
functions, i.e. functions each of
which are different from zero only in
a limited part of the integration
domain. This choice of the Galerkin
approximation gives the finite-element
method. 1In the simplest cases, the
finite-element method obtained coin-
cides with simple finite~difference
methods (Strang and Fix, 1973).

Numerical calculations and compa-
risons are currently under way.
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A SPECTRAL APPROACH TO CLOUD DROPLET GROWTH BY CONDENSATION

Hsiao-ming Hsu
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I. Introduction

Traditionally , the detailed cal~-
culations of cloud microphysical pro-
cesses are achieved by numerically
integrating a set of governing egua-
tions for each discrete size class.
Recent research efforts have been re-
viewed by Ochs and Yao (1978), Cotton
(1979), etc. The numerical techniques
used in previous calculations are
finite-difference methods. These me-
thods are popular and easy because of
their simplicities in application.

The general drawback to them is their
low accuracy caused by the low-order
truncation of the Taylor series ex~
pansion when the finite-difference
methods are formulated. Clark has
used gamma distributions (1874) and
log-normal distributions (1976) to re=-
present the droplet spectra. He cal-
culates the parameters of the distri-
butions to determine the shapes of the
droplet spectra. The representations
are limited by the assumption that the
spectra of the droplets for all time
and space are described by the gamma
or log-normal distributions. The de-
tailed microphysical processes should
be simulated to a more satisfactory
degree. A more accurate numerical
algorithm is very crucial to the out-
come of microphysical calculations.
The main purpose of this paper is to
describe a new methodology for calcu-
lating the spectra of cloud droplets
and raindrops by using spectral me=-
thods. The superior accuracy of the
spectral method and its applications
to other fluid problems are discussed
in Orszag and Israeli (1974), Gottlieb
and Orszag (1977), and Boyd (1978).

The application of the spectral
method to microphysical calculations
will now be illustrated. A Lagrangian
parcel model will be used to show the
basic relationship between a cloud
model in the condensation/evaporation
stage and the droplet spectrum.

II. The Cloud Model

A Lagrangian cloud model, which is
similar to Clark (1976), may be summa-
rized as follows. The tendency equa-
tions for pressure (p), temperature
(T), mixing ratio of water vapor (qv),
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and mixing ratio of liquid water (g )
may be expressed in the following forms

dp _ _
dT _ g w L %9y
dt - ¢ ' T C_dt 2
pd pdt (2)
Sy _ 2%
dt dat , (3)
dg p a
W o_ W 2 dr
and T = 4npa br aEn(r)dr, (4)
where p_ 1s the air density, g the gra-

vitatioflal acceleration, w the vertical
velocity, C_ the specific heat of cons-
tant pressu?e, L the latent heat, p

the water density, r the droplet radius,
n the number density of droplets, a and
b the lower and upper bounds of the
spectrum respectively. The tendency
equation for super-saturation (S) and
the equation of the diffusional growth
for a droplet have the forms of

dq
das W
dat 1 zdt,
b
a A, Py
rat = G(s-g+3)F, ©
r

respectively, where H., H,, and G are
the thermodynamic parametérs, a, rela-
tes to the effects of surface tension,
b, relates to the presence of solute,

F is the ventilation factor, and the
details can be found in Fletcher (1969).
Finally, the kinematic equation for the
number density of droplet spectrum is

dn 3 ,dr

a_t+ E(En) 0. (7)
With the aid of (6) and the fo-
llowing definitions .
- dr _ S a b
£r) = g5 = GF(2 - 25 + 25, (8)
r r
= 9 ,dr, _
and g(r) = Ha-g) =
S 2a 4b
GF (-~ + =3* - 5*2(9)
r r r
equations (7) and (4) can be re-written
9

gfn(r,t) + f(r)%;n(r,t)

+ g(r)n(r,t) = 0,(10)



dqw

pw b 2 .
and I = —4ﬂ——-g r°f(r)n(r)dr, (1ll)
Py Ja

respectively. The last two equations
are explicitly involved in formulating
the spectral algorithm for the cloud
model. In the next section, the famous
Galerkin approximation will be given.
The spectral method is only one special
case of the Galerkin approximation.

ITII. The Galerkin Approximation

A Galerkin approximation to (10)
is constructed as follows. The app-
roximation of the droplet spectrum
n.(r,t) is sought in the form of the
truncated series,

N-1

=nLg ap (V)¢ (r), (12)
where the time-independent basis func-
tions ¢_ of degree n are assumed li-~
nearly independent, After substituting
(12) into (10), the inner products of
(10) and the basis functions ¢_ of de-
gree m give m

nN(r,t)

N-1 dan d¢n
E {<¢m|¢n>5€_ * <(t)ml(fdr )ra,
n=0
+ <o l(ge)>a ) = 0,
m=20, 1,""", N-1, (13)
where
<plg> = SbP(X)q(x)h(x)dx, (14)
a

and h(x) is a weighting function. The
matrix form of (13) is

da >
A 3% + (B+C) a = 0, (15)
where the matrices
A {<¢ml¢n>},
d¢n
{<o | (£g7) >,

]

B

cC {<¢ml(g¢n)>},

and a is a vector which consists of
am(t). The partial differential equa-
tion (10) is now a set of ordinary di-
fferential eqguations (15). Egquation
(11) may also be expressed in the
Galerkin form,

dg p. N~1
__V! o= 4'|TGF__!7. Z
at
a n=0
b 2
(S r"f¢ _dr) a ‘ (16)
N n n.

The procedure for approximation is
quite general. The choice of the basis
functions ¢_of degree n determines
the complexgty of the matrices in (15).

A wise choice leads to sparse matrices
which are easily manipulated.

IV. Discussion

The general algorithm described in
the previous section may provide dif-
ferent practical algorithms based on
the selections of the basis functions.
In the spectral method, global contin-
uous functions which are usually a
subset of a complete system of ortho-
gonal functions are chosen. The set
of expansion coefficients of a certain
variable are actually calculated with
the truncated orthogonal functions.

In the calculations of the droplet
spectrum within a radius bound (a,b),
the shifted Chebyshev polynominals may
be chosen as the basis functions pro-
viding the independent variable r is
transformed to x = (r-a)/(b-a). The
bound for the integration in (14) be-
comes (0,1) for x. The property of
orthogonality of the shifted Chebyshev
polynominal gives a diagonal matrix A
in (15). Matrices B and C may be
obtained with the known properties of
the shifted Chebyshev polynominals (e.
g. Abramowitz and Stegun, 1965; Luke,
1969, etc).

If only the derivatives in (10)
are evaluated by the selected basis
functions and the rest of calculations
are still performed on the grids, the
approximation is called the pseudo-
spectral method. Obviously, the sp-
ectral calculations for the non-linear
terms are eased, but the accuracy of
the pseudo-spectral method is relati-
vely less than that of the spectral
method.

One may choose locally continuous
piece-wise polynominals as the basis
functions, i.e. functions each of
which are different from zero only in
a limited part of the integration
domain. This choice of the Galerkin
approximation gives the finite-element
method. In the simplest cases, the
finite-element method obtained coin-
cides with simple finite-difference
methods (Strang and Fix, 1973).

Numerical calculations and compa-
risons are currently under way.
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II-1.7

ROLE OF COAGULATION PROCESSES IN CLOUD AND RAIN FORMATION

AeA.Lushnikov
Karpov Institute of Physical Chemistry
Moscow USSR

Two kinds of coagulation proces-
ses are considered responsible for -
different stages of atmospheric con-
densational aerosol formations: i.
source enhanced coagulation in free
molecular regime and ii.gravitational
kinematlc coagulation.

Source enhanced coagulation in
free molecular regime is responsible
for formation of size spectra of high
dispersed condensational aerosols
within the size interval 10 - 100mm,"
Such aerosols serve then as condensa-
tional nuclei affecting considerably
on early stages of cloud droplet for-
mation,These aerosols form usually as
a result of influence of the sun ult-
raviolet radiation on trace organic
impurities which yield nonvolatile
combinations raising due to different
atmospheric chemical and photochemi-
cal reactions.These processes provide
condensing substances forming the
high dispersed particles.The kinetics
of their growth is govermed by the
well known equation (see e.g. [1]):

Qe49=IgY+ [Hglh e eey)
' £,

42

@)

whers
H(gft, =4 K.0)IS6-4-4)-%-415-4

¢(g,t) is the concentration of par-

ticles containing g monomers,I(g,t)

is the rate of supplying the system

with fresh particles,K(lq,lz) is the
coagulation kermel and B (x) ' stands
for the Dirac delta function,All va-
lues are dimensionless,

In what follows the steady state
external source is considered: I(g,t)
=I(g)+The coagulation kernel is assu=~
med to be of the form (the free mole~
cular regime):

s ;95\ /[4
K 8) <@g e +#

Source enhanced coagulation pro-
cesses had heen'studied by several
authors [2 - 5],The main attention
had been paid to the cases when at
t - o< the asymptoticslly steady
state regime of coagulation was set-
gled.The coniii}on%{rfrofhis wiﬁe /

ound to be AL < =X+ =/A~Bf
where A is théjaoﬁogensgiiﬂpardgz-
ter of the kernel and o), B8 are the

(2)
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exponents of the asympbtotic ex?ansion
of the coagulation kernel: K= &X&5
at ¢, >7 £, ~.For the kermel (2)°\ =1/6
X =2/3, B==1/2 and M =7/6,i.e.the ste-
ady state asymptotic regime is never
achieved,.Instead of this the coagula-
tion process proceeds as follows,At
the initial stage the mass spectrum
is smooth (the case ¢(g,0)=0 and I(g)
=0 at g> gois considered) and spreads
to the right along the g-axis in in-
creasing t.In some time at g’>? go
there appears a peak containing al-
most all mass of the system,while the
total particle number in it remains
small,Particles inside this peak grow
for two reasons:due to coalescenge
with each other and as a result of
joining small particles,providing by
the extermal sourceThe iatter process
leads to decrease of the total par—
ticle number of the high dispersed
part of the spectrum.According to the
above consideration the spectrum c

is divided into two parts:

C=Ch+Cp (3

where subscripts A and I are prescri-
bed to the coarse and high dispersed
fractions respectively.The coarse
fraction is expected to "forget" the
form of the external source I(g) and
therefore can be found in ths self-
preserving formf{ 5].

cA=5fBz“/”(35) ()

where J=§ gl ,Substituting eqs.
(3) and“(4) into eq.(1) yields:

~x¥2¥= 362_3"7[6([('957-) WV(G‘/) 7[’(1)‘{]‘/2 (5)
2

t)x t A=A
B(#) t -
where 3¢ 18 a separation comstant,
Remaining part of the equation defin
Cr oAt large t two factors are shown
t6 affect ¢ :the form of the exter-
nal source and the coalescence of
small and large particles:

chl..—.-l'(g)—-c“rgﬁ%fd (7

where if,’qu:?d ¢, d .The asymptotic
solution to eq.(?7) is:

(g, 4= 1) / jﬁago, (¢) (8)



Using eqs.(4)13§d (8) one gets:
= c[ f~m— N—‘- [
Mx SCA j‘x 3 A SgcA{?qlL (9)

e
%:Sc:rdg <t 1"%) /‘ﬁ-=_§gclc/ogo( /1_/Z~

For the coagulation kermel (2) eq.(9)
gives:

-3 4
Ny ST /5“) Mex ¢ o

It is seen that MV, <<Af  at t 5w
in accordance with the assumptions
madee.

Thus we see that the asymptotic
mass spectrum in the case of the
source enhanced coagulation in free
molecular regime consists of two parts
one of which ( ¢, ) is independent of
the form of the extermal source,while
the other one ( cr ) depends essenti-
ally on it.

The rain formation from warm clo=
uds is related to coagulation of com=
paratively large droplets ( 2,10 =
20 u ),The simplest version of the
coagulation kernel in this case (gra-~
vitational kinematic coagulation) is:

2
K g) < &gt F-6] o

Some attempts had been undertaken to
study the kinetics of gravitati=-
onal kinematic coagulation.However,
recently [6,7] a very nontrivial fact
had been elicited.The Smoluchowski
equation had been shown to give non=
adequate descripbtion of some cosgula=
tion processes (the gravitational
kinematic coagulation is in that num~
ber).The reason for this is the for-
mation of giant superparticles the
concentration of which is vanishingly
small in the thermodynamic limit,Ne~
vertheless the appearance of the su-
perparticles affects appreciably the
coagulation kinetics.This fact led to
the necessity to consider coagulation
processes in finite systems and to
learn to diagnose situations in which
the formation of superparticles is
possible.Attempts to make this had
been done in [8].There an assumption
had been suggested and confirmed by a
numerical experiment that superpartic
les form in cases when coagulation
kernels grow too fast with increase
of the size of coagulating particles,
The exact condition for this was sup-
posed to be A > 7 .The coagulation
kernel (10) has the homogeneity expo-
nent N\ =4/3>1,s0 the superparticle
is expected to form.

The kinetics of the coagulation
process with the kernel (10) was stu=-
died with the aid of the Monte Carlo
method according to receipt of ref,

9 ,The simulation was performed of
the coagulation process for a finite
systen containing M particles (M=100
4+ 800).The dependence on M of the
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time T/,
ticle wit
ved as a criterion of the supe
ticle formation.Once Tz, — cons
in increasing the total mass M the
superparticle is considered to appear.
The time dependence of the second mo-
ment of the mass spectrum was follo~-
wed as well.It was shown that B &)
increases sharply at the moment of

the superparticle appearance (see

also [6 - 8]).The result of the nume-
rical experiment showed that the time
of formation of the superparticle was

(11)

where L is theﬁwater content of the
cloud (gramm/m~) and r_is the ini=-
tial radius (in micronS) of coagulat=-
ing droplets,This time is of the or-
der of several minutes and even less
for values L and r_ typicel for tro-
pic warm clouds.So the appearance of
superperticles should be accounted
for in constructing theoretical mo-
dels of tropic shower formation,

of formation of a par-
the mass equal to M/2 ser=
o

t,= 158/ Lr  (min)
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EXPERIMENTAL DETERMINATION OF COEFFICIENT OF GRAVITATI%NAL
COAGULATION FOR WATER DROPLETS IN WIDE RANGE OF SIZES (10”° < Re £ 10)

A.I. Neizvestny and A.G. Kobzunenko

The Central Aerological Observatory, Moscow, USSR

I. Introduction

The determination of the growth
rate of cloud drops due to their
collision and coalescence is an im-
portant problem of cloud microphy-
sics. This rate is determined defini-
tely if collision efficiency of
drops is known.

In theory the collision effi-
ciency (CE) is determined by integ-
rating the equations of relative mo-
tion for interactive drops using
various expressions for the velocity
field of the flow around the drops.
Different approaches to solving the
problem of cloud drop CE determina~-
tion arise considerable discrepancy
in final results /1-4/. The experi=-
mental data about CE are obtained
only in cases P=r; /r ¢ 0.2 /5-8/, or
P> 0.95 /9,10/, therefore in fact
these data** make i1t impossible to
determine the limits of applicability
for different methods to calculate K.

In this work we experimentally
determine CE for drops with radius
10¢< ;£ 100 and for droplets with
radius 5¢ r,£19 pm, at 0.15¢ P<£ 0.64,
The idea of the experiment is as
follows, The chamber with height h is
£illed with monodisperse droplets of
known r; , charges q, and concentra-
tion N. Then the known number of
drops n, (n,z 1000) being intro-
duced into the chamber, pass through
the droplet column and collide with
some of the droplets with probability
F=n¢/ne, where n, is the number of
drops which captured the droplets. If
the droplets are distributed in the
chamber at random applving to
Poisson's distribution and their con-
centration is so small that the pro-
bability of two-multiple and three-
multiple captures is significantly
less than the probability of one-
multiple capture, we determine K from
equation /5/:

-1
K = -1n(1-F)[T (5, + 1, )?Nn].

*) K=§32/(r4 +rz)2,where P is linear
parameter of collision; r,, I, -
drop and droplets radii,respecti-
vely.

*%) Wizh the exception of works

/11-13/, where P changes from
0.2 to 0.6,
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In order to determine CE in so
wide range of ry and r; two different
techniques and experimental appara-
tuses are used. One of them allows
determining drop CE with 384 < 100um,
and another one - with 12< r;¢38 pm.
Let us discuss every technique.

2. The technique for determining
CE of drops with 384r;£100 pm

The chamber represents the cylin-
der 260 cm high with inner diameter
11 cm. The height of the chamber is
divided into three parts: 1. The
input zone, 50 c¢m long, where genera-
tion and dissipation of monodisperse
droplets take place. 2. The inter-
action. zone, 100 cm long, where drop-
droplet interactions take place.

3. The separation zone, 110 cm long,
where drops overtake droplets and
separate from them due to the diffe-~
rence in the sedimentation rate.

The droplets are produced from
10% water solution of NaCl in the
generator of monodisperse drops with
productivity 2.10%s-t /14/. The degree
of monodispersion of the obtained
droplets does not exceed 1-2%, and
the number of coagulated droplets
during dissipation does not exceed

The drops are obtained in the
enerator with a vibrating needle

714/, with productivity 120-140 s~%,
They are produced from 0.5% water so-
lution of fluorescent material. To
prevent scavenging, the generator is
provided with the scanning device
dissipating drops at area 2x2 cm?,

Drop and droplet sizes are deter-
mined with sedimentation rates found
from pictures of their tracks in pul-
sed light /14/. The droplet specific
concentration (Nh cm™) is determined
with photoelectric method /14/. The
drop (qq) and droplet (q,) charges do
not exceed values q,42:10°% C,
g,¢1:107¥ ¢,



3. The technique for determi-
ning CE of drops¥with
12¢ r €38 pm

The chamber represents the
cylinder 175 cm high with inner dia-
meter 3 om. It consists of three
parts - the imput zone, 35 cm long,
interaction zone, 140 cm long and
zone of separation, l.e, the hori-
zontal channel with cross-section
6x9 cm , where the laminar airflow
moves 1.5-2 cm/s. In this flow drops
separate from droplets.

The drops and droplets are ob-
tained in the generator of monodis-
perse drops with a vibrating needle
/14/. The productivity of the gene-
rator is 1200 s and that of the
droplet one is 120-140 s~? ., The
drops are produced from 10% water so-
lution of NaCl and the droplets -
from the same solution and 0.5% of
fluorescent materisal.

The methods of determining drop
and droplet sizes and the specific
droplet concentration are the same
as in the above technique. When ry
and ry change from 5 to 38 pm, drop
or droplet charges vary from
1-107%°C to 1-107% C, respectively.

4, Results and discussion

The results of experiments are
given in Table 1. The intercompari-
son of obtained data and calculated
values of CE shows that if
L0 ¢ r4<¢100 pm, the best agreement is
observed with the data of Lin and
Lee /4/. The calculations of Shlamp
et al. /15/ are also in good agree-
ment with the experiment when P20.25,
but when P is less, they show some-
what underestimated results. The cal~
culations of Klett and Davis /3/ with
the above said values of r, show
underestimated results for all stu-
died P. .

In the range of wvalues
25¢ r ¢ 40 um for all P we observe
good agreement with calculations /3/.
But if 1< 25 , calculations /3/ are
significantly overestimated, It is
particularly seen for experimental
points 18.8¢ r & 21.8Kpm, which well
coincide with curve K=f(P) when
ry= 20 , calculated by Jonas /2/,
and almost 100% lower the values
obtained in /3/.

*) This technique and obtained
results are bein§ published in
T

"
PLFLIRE R:hSE0R0 YoBKe2RER ) 1060.
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The experimental data for drop-
lets with 11<¢ m< 25 pm and 0.2¢
P<0.65 are in good agreement with
7a}culations of Jonas /1/ and Davis

2/.

The evaluation of the effect of
residual electrical charges of drop-
lets upon the values of K showed
/14/, that, on the one hand, they are
small enough not to influence the
values of K and, on the other hand,
great enough for the coefficient of
droplet coslescence to be equal to
unity. The evaluation of the influ-
ence of microturbulence on the value
of CE showed that this effect may b
negligible. .

For 10¢< ry¢300 pm and 0.05¢

P<£ 1 we have chosen approximate for-
mulas*in a form:
=A(r,)sin%z(r,,P)+B(r,)"*
! ! ] (1)

[1+(1953.0/r,+9.0/rZ. P>-6.2) -

- (P-108.0/r2-0.5)7]+ 1.14/r}:2p%
where A(r,)=0.050exp [-0.0142(r,~15)2}+
+ 0.31exp [-0.019(r,-30)?],

B(I‘,,)===eXI."[--(32.2/r1)5_]7;!+
Z(r1 :P)=P1 '0"'0-0341*1-5.10 r

In calculations according to (1)
we must introduce two limitations in
the program: 1. If K< 0, K=0, 2,If
ry2 50 pum, A(r; )=0 and the whole first
term in (1) equals O. The first limi-
tation allows to exclude negative
values of K. The second one allows
to shorten the time of computations
as well as to avoid infinitely great
values of z(1,P) at r,>80 pm., The
comparison of calculations (1) with
numerical calculations /1-4,15,16/
showed, that for 10< ry€300 um and
0.14£ P4 0.95 the formulas (1) error
does not exceed 3-6%. On the limit of
applicability for formulas (1) with
parameter P their error depending on
r, may reach 15-30%.

*) In formulas (1) Ty in micrometres.



Table 1

Numerical values of experimental data about CE of drops.
n - number of measurements in a series; #r;, fK - confidence inter-
vals in determining ry, 3, K, respectively, with confidence
probability 0.68

Series n ryZgr;, pm Ty 2er,, pm K: K
1 8 100.0 + 0.6 14.7 £ 0.9 0.93 I 0.02
2 10 96.2 * 3.0 19.2 + 0.2 0.92 t 0.02
3 9 82.9 + 1.1 19,2 + 0.2 0.93 * 0.02
4 12 79.4 + 0.6 14,7 + 0.9 0.92 % 0.03
5 12 63.0 + 1.4 13.5 + 0.1 0.86 * 0.04
6 4 61.2 + 2.2 19.2 + 0,2 0.88 * 0,02
7 10 55.5 + 1.3 12.9 * 0.1 0.81 * 0.03
8 4 48,2 + 0.8 12.9 * 0.1 0.82 * 0,08
9 8 47,0 + 1.2 14,1 + 0.2 0.82 * 0.04
10 6 42,1 + 0.3 14,1 + 0.5 0.76 * 0.03
11 10 38.2 + 0.5 14,1 *+ 0.5 0.73 * 0.03
12 4 35.3 + 0.6 19.2 # 0.2 0.66 * 0,05
13 10 38.3 + 0.4 17.5 + 0.2 0.69 * 0.03
14 12 31.9 + 0.3 7.9 * 0.1 0.24 * 0,02
15 12 3.1 + 0.2 10,0 % 0.1 0.45 * 0,02
16 10 30,4 + 0.3 17.5 + 0.2 0.59 + 0.01
17 12 29.6 + 0.3 9.0 + 0.2 0.25 + 0.01
18 10 28,2 + 0.3 4,9 £ 0.3 0.015% 0.002
19 8 24,7 + 0.5 13.0 + 0.1 0.22 * 0.03
20 5 22,9 + 0.6 4,9 + 0.1 0.016* 0.001
21 12 . 21.8 + 0.2 10.0 * 0.1 0.072% 0.004
22 8 20.4 + 0.2 13.0 + 0.1 0.088* 0.006
23 12 19.2 + 0.1 7.9 + 0.1 0.051+ 0.003
24 6 18.8 + 0.3 1.0 + 0.1 0.083%+ 0.015
25 8 15.0 + 0,2 6.6 + 0.1 0.034% 0.004
26 12 12.0 + 0.2 6.9 + 0.1 0.041% 0.006
5. Conclusion
Thus, the description of all In conclusion the authors
the obtained and early known experi-~ express their gratitude to Dr.
mental data needs the assumption of I.P. Masin for the discussion of the
at least three theories, correspon- obtained data and to G.B. Kotov for
ding to different approaches to the assistance in the experiment.

problem of the collision of two
spheres. 1. In the range of values

of 40& 1y ¢ 100 pm - the theory of
Lin and Lee /4/. 2, In the range of
values of 104 r 425 um - the theory
of Davis /1/ or Jonas /2/. 3. In the
range of values of 25& ry¢40 pm - the
theory of Klett and Davis /3/.
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MEASUREMENTS OF THE COLLECTION EFFICIENCY FOR CLOUD DROPS

H. T. Ochs, K. V.

Beard, and T. S. Tung

Illinoils State Water Survey
Urbana, Illinois, USA

1. Introduction

In evaluating the collision~coalescence
process for cloud drops the collection effi~
ciency is usually assumed to be equivalent to
the computed collision efficiency for rigid
spheres. Davis (1972) and Jonas. (1972) have
calculated the collision efficiencies for rig-
id spheres including viscous and slip effects.
Klett and Davis (1973) and de Almeida (1977)
have included viscous and inertial effects.
For a stronger inertial influence the method
of superposition has been used (e.g., Shafrir
and Neiburger, 1963). The validity of the as-
sumption that rigid sphere results are appli-
cable to deformable drops is not firmly esta-
blished because of a lack of experimental data.

Differences between the theory for rigid
spheres and experimental work with drops have
been interpreted as a coalescence problem, e.q.,
the rebound effect (Foote, 1971). Levin et al
(1973) concluded from wind tunnel measurements
that the coalescence efficiencies were quite
low for collector drops of 50-110 um radius
for a size ratio of p=0.2. On the other hand
high coalescence efficiencies can be inferred
from the measurements of Picknett (1960) and
also Woods and Mason (1964) for collector
drops of 30-50 pm radius and p=0.2 since these
empirical findings were comparable to theoreti-
cal collision efficiencies. High coalescence
efficiencies can also be inferred from the
collection efficiency measurements of cloud
drops for similar sizes, 0.7 £ p £ 1 (Woods
and Mason, 1965; Beard and Pruppacher, 1968;
Abbott, 1974) and for greatly dissimilar sizes,
p < 0.1 (Beard and Pruppacher, 1971).

This unresolved question concerning the
coalescence of cloud drops was singled out in
a review of cloud physics (Simpson et al., 1974)
as an area in "urgent need for further test-
ing."” The purpose of our research is to help
resolve this question. New findings are pre-
sented for collector drops between 63 and 84
um radius and cloud drops between 14 and 22 um
radius.

2. Experimental Design and Procedure

The experimental apparatus which is ex-
plained in more detail in Beard et al. (1979)
is shown in PFig. 1. A tracer solution of
lithium sulfate in deionized water (0.1% Li )
was used to form a highly monodisperse cloud
of droplets using a vibrating orifice device.
The cloud was passed through an ion discharge
device and the cloud chamber. A second vibrat-
ing orifice device was used to produce uniform
collector drops which were free of lithium.
Widely spaced collector drops that were

injected into the top of the cloud chamber were
collected in polypropylene bottles at the
bottom. The cloud drops were prevented from
entering the sample bottle by a sheath of hori-
zontally flowing air at the bottom of the cloud
chamber.

Two improvements in the experiment of Beard
et al. (1979) were adopted. First, by using
longer electrical deflection plates in the col-
lector drop generator (see Adam et al. 1971)
better charge minimization was achieved. Com-~
putations of the collector drop trajectory
through the deflecting electrodes established
upper air limits on the drop charge. These
calculations included effects of gravity, drag
and electrical forces as well as the initial
horizontal and vertical drop velocities and
alignment uncertainties. These computations
yielded a typical upper charge limit of 10-14
coulombs. The second improvement was the use
of polypropylene sample bottles to minimize any
loss of lithium ions to the container walls.

The collection efficiency was determined
from experimental parameters using the equation

E = M/[TA2(1 + p)2AV nmXtN],

where M is the amount of lithium measured for
an experimental run and the term in brackets is
the amount of lithium expected from capture of
all cloud droplets in the geometric path of the
collector drops (i.e., unity collection effi-
ciency). The term mA2(1 + p)2 is the geometric
cross section for a collector drop of radius 4
and a smaller drop (size ratio p). Multiplica-
tion of this cross section by the relative ter-
minal velocity (AV) and the number concentra-
tion of drops (n) results in the number of
cloud droplets encountered geometrically per
unit time by a single collector drop. Further
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&

SATURATOR CHARGE
\./ NEUTRALTZER

COMPRESSED
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FILTER
FLOW
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Figure 1. Diagram of experimental apparatus
used to measure collection efficiencies.
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multiplication by the mass of one cloud drop
(m) and mass fraction of lithium in one cloud
drop (X) results in the amount of lithium en-
countered geometrically per unit time by a
single collector drop. Finally, the lithium
encountered by all collector drops is found
from multiplication by the interaction time for
one collector drop (%) and the total number of
collector drops for one experimental run (N).

The amount of lithium for each run (M) was
determined by atomic absorption analysis. The
size of the collector drop and cloud drop was
used to obtain the size ratio (p) and the rela-
tive terminal velocity (AV) using the equations
in Beard (1976). The collector drop size was
calculated from a measurement of the water flow
rate, and the size of cloud drop in the chamber
was determined using a calibrated stain method
similar to that used by Liddell and Wootten
(1957). 'The initial cloud drop mass (m) was
obtained from a flow rate measurement, whereas
the initial lithium was fixed by the concentra=-
tion of the tracer in the cloud water solution
(X=0.001). The cloud drop concentration (n)
was determined photographically. The inter-
action time (t) was determined from the fall-
speed of the collector drop, the downward air
velocity in the cloud chamber and the cloud
chamber .height. Accurate knowledge of the air
velocity was unnecessary because its magnitude
was only about 5% of the collector drop velocity.

3. Results

To date we have obtained seven points for
collector drop radii between 63 and 84 um and
for radius ratios between 0.21 and 0.32. These
data all indicate collection efficiencies below
accepted values of computed collision efficien-
cies. Based on our data and computed collision
efficiencies the coalescence efficiency is be-
tween 0.36 and 0.67.

The collection of tloud droplets by the
few larger cloud drops present has been shown
to be an important factor in the initiation of
warm rain (Ochs and Semonin, 1979; Johnson,
1979). Thus the efficiency with which these
collector drops sweep out cloud water is impor-
tant to the rate at which precipitation is
formed. The data presented here indicates that
the collection efficiencies for these drops are
significantly lower than computed collision
efficiencies.

From a comparison with a summary by
Takahashi (1972) on measurements of charges in
warm rain, we have concluded that our cloud
droplet charges were considerably below those
occurring naturally, but our collector drop
charges were compaable to observed mean values.
Thus, we are continuing to make measurements
with reduced collector drop charge. We are
also extending the size range of the cloud and
collector drops. These additional results will
be presented at the conference.

Acknowledgments. The authors appreciate
the guidance of Richard G. Semonin during the
early stages of this research and the chemical
analysis performed by Mark R. Peden and Loretta
Skowron. This work was supported by the
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A NUMERICAL SOLUTION OF THE KINETIC COALESCENCE EQUATION

SH.I. Tzivion (Tzitzvashvili)

Israel Meteorological Service, Dept. for Research and Development
Bet Dagan, ISRAEL

INTRODUCTION

Numerical methods of solving the coalescence equation for cloud droplets, as a rule, involve
restrictions with recpect to the shape of the unknown distribution function. Piecewise power and
exponential distribution functions are used by Bleck (1870) and Soong (1974), respectively.Inter-
polation methods for the distribution function are used by Berry and Reihardt (1974). One may assu-
me that the above restrictions must lead to certain inaccuracies in solving the coalescence equati-
on.In the present study a different approach is followed. Only the known function, describing the
probability of collision between cloud particles, is approximated.

EQUATION OF THE MOMENTS

The kinetic equation of coalescence of cloud droplets may be written in the form:

IEC,E)
5t EOO1) uTe(x,y) £(y, £)dy+0.5 50 (xmy) £ (xoy , £ E(y, ) dy )

where f(x,t)- the distribution denisity function of cloud droplets by their mass x, at a time ins-
tant t, o(x,y)-the probability of coalescence betveen cloud particles with mass x and y, respeqti-
vely,at unit of time and a unit of cloud air volume.In case of gravitational coalescence mechan-
ism the o(x,y) function may be expressed:

/3 /3 1/3 2 .
O(x,y)=(9/16m)  (x 4y ) E(x,y) [V V] )
where: E(x,y)- is a capture coefficient which was approximated by a method suggested by Long

(1974) and VK’V - are gravitational fall velocities of particles with mass x and y, respeqtively.
They are app%omeated by the use of experimental data of Gunn and Kinzer (1949), and Beard (1976).

The overall spectrum is subdivided into separate spectral intervals acording to the expression:
X1 7Pk : (%)
wHere: k- number of the spectral interval, x,, -+ the lower and upper mass limits of the spec-

X
tral class k respectively, p - a parameter, esiﬁﬁ&ting the width of the spectral interval and it
may take values of 2, V2, or’/2,

A moment of the order j of the distribution function f(x,t), in the spectral interval k, is
now introduced in the form:

. X ,
Mi(t)=,;i+lx3fk(x,t)dx . 4

Using expression (4) a system of equations can now be derived from (1) with respect to the moments
in each class:

dMi(t) % k+1vj Xsi1 Xesl ; X
= L J ¥ £ (x,t)dx oy .(x,y)f(y,t)dy+0.5.§( x de’ a(x-y) £(x-y,t)E(y,t)dy (5)

=1 o1 X.

Xk Xk k 1

where k is the number of spectral classes considered. Defining the second integral in (5) in accor-
dance with Bleck's approach -(1970), and after some transformations, the following equations were
obtained:

dM]j((t) K j‘ku‘y ; k-2 fiﬂ ’fk ;
o 7L (ery)7op 5 oy Elx, t)dxed | £, (y,t)dy ] (e4y)70; g (oI (xoyddx +
1 lxk X3 XY
X X
' k k . X .
+0.5 £ j k 7tk+1 . i+l
jx k‘“””‘”i A N CROL R O P (x,t)dx? o, L (GY)E. (y,t)dy+
k-1 k-1 1=1xk k % ik i

i
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X, =X

X X. . -
k+1 k+1 j k™ *k-1 Y j
+0-5j;( £, ,t)dy i {x+y) ck,k(x,y)fk(x,t)dx—O.S )S( £ (v,t)dy [ (x+y) Gk_l,k_l(x,y) x
k k k-1 Xg-1
fk l(x,t)dx (6)

Given j=1 and assuming specific shape of the distribution function, the algorithm of Bleck-Soong
is obtained as a particular case of (6},

METHOD OF SOLUTION

For the closure and solution of the system of equations (6), the integrate entering these equ-
ations were expresed through moments of the order not exceding j. This can be accomplished if the
probability functions ok,i(x,y) are approximate by x and y polinomials of integer orders. High or-
der moments which may occur in this process must then be expressed by moments, the order of which
does not exceed j.

The oy, ; (x,¥) function can be approximated in each spectral interval by power polinomials with
any given accuracy. The closure problem of the system of equations (6) can be solved in principle
by finding the interrelationships between the various moments in the given spectral intervals. To
accomplish this a non-dimensional relationship between the various neighbouring moments of the dis-
tribution function isintroduced in each k interval, as following:

X : X . X . 2
S Sk+lx3 lfk(x,t)dx Sk+lx3+1fk(x,t)dX/{ fkﬂxjfk(x,t)dx} (7
Xy Xy Xy
Using the known rules of inequalities, the following expression can be written with respect to E
1<g, < (prd) ?/4p (8)

where p=Xj.;/Xx, and it varies within the limits 1<p<2. The extreme values of £, deviate from the
mean values between 0.0- 6.0%, depending on the value of p. Using the mean .§,, " the relationship
between three neighbouring moments of the distribution function can be expressed in the form:

MJ*l.-g (M )2/ My J ' | (9)

By decrea51ng the parameter p, i.e. the width of spectral intervals, it is possible in principle
to approximate any of the moments by means of two lower order neighbouring moments, with any given
accuracy. Th above procedure does not depend appreciably on the shape of the distribution function.

To solve the system of equations (6} it is necessary also to determine the integrals of the
type:

Xpoq™Y
_ rk+l
1= j Fpl(x,t)dx . (10)
*x
where Fk(x t) = xBf (x,t), y<xx and 8=1,2,3,... Introducing & new variable .

x={l~y/ (p- )% }z+y/(p -1) and - expanding the integral function into a MacLaurin series around the
point y=0, the following expression has been obtained after some transformations:

X oo a F (x t)
k+1 n+l +1
L [P (0 ax-Fy(xy o t)+E_ [(-1)77/ (mn+a) 1] [——————»]x=x x y" (11)
Xy - X ox k+1

The above series is an infinitive, monotonously converging one, and the accuracy of approximation
of the integral (10) will depend thus on the number of series members which will be considered. The
derivatives occuring in equation (11) were calculated by applying a finite difference scheme. To
find the values of Fx(x,t) at the various points the conditions of normalizing the distribution
function by its moments are used. An approximate schem of integration is then used,

NUMERICAL EXPERIMENTS WITH A TWO-MOMENT APPROXIMAfION

The system of equations (6) can be used for the calculation of any of thé physical moments of
interest. However, in applying the relationship (9) it is necessary to consider at least two
moments, In th numericl experiments which were carried out the zero-order and first moment of the
distribution function were used, i.e. concentration-Ny{t) and water content M (t) in spectral
intervals k, To calculate the above moments from (6) the following system of equatlon is obtained:

dNy (t)/dt =@ [N, () My (t)] M, (t)/dt=Y [N, (t) M (t)] (12)

where ¢ and ¥ are known analitical functions of concentration and water content in spectral
classes, and i,j=1,2,3,...K

The numerical experiment is carried out by assuming an initial exponengial distribution fun-
ction. The total initial concentration of droplets is assumed to by 3.0x10° particles per gr of
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air, and the total water content - 1lgr per Kg of air. The number of spectral classes is choosen
K=36, the minimum drop-radius is R3=1.5625um, and p=2.0. The coagulation probability function o(x,y)
is approximated by a first-order polinomial in the form:

X.

+
9.1 (XY)=Ay ; (x+y)  where Ak’i=[l~0/(xk+l-xk) (x4 ;7%;)] fl ![Ok,i(x,y)/(xw)]dx 3

*x

For the sake of comparison the obtained results were compared with other known solutions. The

analitical solution of Scott (1968) for a constant Kernel, as well as Golovin'’s solution (1963) for

a kernel proportional to the total mass of colliding particles were applied. In addition, the re-
sults obtained in this study are also compared with the numerical solution of Bleck (1970) for the

case when the distribution function within a spectral class is assumed constant with tespect to drop-
let masses.

The distributions of specific water content by spectral intervals and time, are plotted in figu-
re 1A, the three curves represent a precise analytical solution, the proposed method and Bleck's
method, respectively, for a value of 0(x,y)=1.0x10-4cm-3sec-L. Analyzing figure 1A can see that the
distribution obtained with the present method is considerably closer to the analytical solution, as
compared with Bleck's method. A similar comparison between the distribution curves in case of Golo-’
vin's kernel which equals 1,5x103(x+y) is shown in figure 1B. It is seen clearly that the distribu-
tion obtained by using Bleck’s method, 30 minutes after the beginning of the coagulation process,
deviates considerably from the analytical solution, whereas the present method yields results close
to the analytical solution. It is reasonable to conclude therefore that also in case of a real ker-
nel the proposed method may provide results closer to reality than Bleck's method. Distribution cur-
ves in case of a real hydrodynamic kernel are plotted in figure 1C. Analyzing figure 1C one may re-
veal that the coagulation processes calculated by using Bleck's method is faster by about a factor
of two, as compared to the present method.

The accelration of the coagulation process, obtained by applying Bleck's method, for any coagu-
lation kernel, seems to stem from averaging the distribution function in each spectral class., By
assuming a given shape of the distribution function valid for the whole spectral interval, as is
done by Bleck (1970) and Soong (1974), the solution is approximated to a given analitical solution
for a specific case, However, one can not deduce that the above approximation will be valid also for
a real hydrodynamic kernel. It is worth to mentionalso that the proposed method allows to investi-
gate the dependence of the coagulation process on the initial distribution by spectral classes of
concentration, water contant, radar reflectivity, average mass of droplets and other characteris-
tics. This is not case wath the algorithm of Bleck and Soong, as the solution is determined by the
initial distribution of water content by spectral classes, only. Due to above merit of the proposed
method it was possible to apply it for numerical simulation of the effects of cloud seeding by hyg-
roscopic particles (Tzivion et al, 1980)..

CONCLUSIONS

Applying Bleck's approach (1970) for the calculation of the double integrals, a system of ordi-
nary differential equations with respect to the moments of the distribution function was derived.
By -finding the interrelationships between the various moments, and representing the partial interval
moments by the whole interval moments, the closure of the system of equations with respect to the
moments of the distribution function, was achieved.

The proposed numerical method of solving the coalescence equation preserves the balance with
respect to the distribution function moments. The only requirement is that the distribution function
must be continuous and positive, and no other restrictions as to the shape of the unknown function
are required. The accuracy of the algorithm is determined primarily be thé value of the parameter
P=Xk+1/Xx. In the examples considered a value of p=2.0 was selected. The results of the numerical
computations are very close to the precise analytical solutions in case of a constant and Golovin's
kernel, respectively, No other values of p were therefore tested. However, one may assume that by
decreasing the value of p, even a higher accuracy of the numerical solution may be reached. This
will however increase considerably the required computer time. It should be noted that the computer
time, required for the computation of each of the moments with the proposed algorithm, is about the
same required by Bleck's (1970) algorithm. The proposed algorithm may be used to investigate the
dependence of the coagulation process on the initial distribution of the distribution function mo-
ments by spectral intervals. Due to the above merit of the proposed algorithm it can be applied suc-
cessfully for numerical smulation of the effects of cloud seeding by hygroscopic particles on coagu-
lation processes (Tzivion et al., 1980). Worthwhilile mentioning is also that the basic approach
used in the present algorithm may be applied easily to elaborate numerical schemes for the computa-
tion of other microphysical processes in clouds.

89



: us (mm)
812 825 Ruigine 25 50 i)

03 IR BISTRIBTION
soessvenns’ YTION. SOUTION AFTER 20 PIK
eeneenene THIS SRDY AFTFR 20 NIK
e REKS ETHO ATER 201K
Y]
4
[
)
=
=
04 )
-
] A /
g
4
4'.'
ant??
v T T 7 piemm ws § 12 B o
T2 Ry
1 5 s B8 5 o WG GLR)
IHTIAL BISTRSTIN
wl Ty e RETIOL ST 112X 30 M0 50 M1K
3 TS STOY KR M0 4D mmp
. - BEGCS METHD AT 30 M0 sy
-
e
et
[
bl
=
.=
&
[
E.o,)
s B
2 S,
Lo ass & Z kd 5
115 73 X 0 ‘LMl (sm)) [ . m L=
== INIT4L DISTRIBUTION
L O S
] THE PHESENT STUBY AFTER 30 AN 50 min.
- - - ¥ \,
BLEGK'S MO -AFTER 30 MIX.
-
Teo 02
ar
z
=
EM
s (o]
e,
4’-
0 Seasazonet sdazees
5o ass B %
FIb) (PPARISON F i w
3 N ; ]
ok it A I 70 TS FETHIS 511 T WAIIS DPTAE KL

REFERENCES

Beard, K.,V., 1976: Terminal velocity and shape of cloud and precipitation drops aloft.
J. Atm. Sci., 33, 851-864.
Berry, E.,X..and Reinhardt, R.,L., 1974: An analysis of cloud drop growth by collection.
J. Atm. Sci., 31, 1814.
Bleck, R., 1870: A fast approximative method for integrating the stochastic coalescence equation.
J. Geophys., Res., 75, 5165-5171.
Golovin, A.,M., 1963: The solution of the coagulation equation for cloud droplets in arising
air currents. Izv, Akad. Nauk. SSSR, Ser, Geofiz., 5, 783-791.
Gunn, R. and Kinzer, G.,D., 1949: The terminal velocity of fall for water droplets in stagnat air.
J. Meteor., 6, 243-248,
Long A.,B., 1974: Solutions to the droplet collection equation for polynomial kernels.
J. Atmos. Sci., 31, 4, 1040. .
Scott, W.,T., 1968: Analytic studies of cloud droplet coalescence. J. Atmos., Sci., 25, 54.
Soong, S., 1974: Numerical simulation of warm rain development in an axisymmetric cloud model.
J. Atmos. Sci., Z1, 1262-1285.
Tzivion, SH.,I., Yanetz, A, and Manes, A., 1980: Numerical simulation of cloud seeding by hygros-
copic particles on coalescence processes in clouds. Third WMO Scientific Conference on

Weather.Modification, Clermont- Ferrand, France.

90



IT.2 - Cristaux de Slace
Tce Crystals






Ir-2.1

LABORATORY STUDIES OF ICE SPLINTER PRODUCTION DURING RIMING

T W Chaulartan,

Physics Department,

0 J Griggs,

Manchester,

In same slightly supercooled clouds
the concentration of ice particles is
known to exceed the number of effective
ice nuclei by a factor of up to 104,

Various experiments (eg, Hallett &
Mossaop, 13974) and calculations (eg,
Chisnell & Latham, 1976) have indicated
that ice splinter production during
riming is responsible for this effect.

Choularton et sl (1978) suggested a
possible explanation of this effect
when they observed spikes on frozen
accreted droplets of radius around 10ym.
These protuberances farm when an ice
shell surrgunding the liguid interior
of a drop freezing fairly gsymmetrically
is ruptured at a single weak point. It
was suggested that the alternative to
this i1s the occasional explosion of
gsuch a shell,producing many splinters.

This paper describes experiments in
which the frozen products produced by
the accretion of small numbers of super-
cocled drops on to an ice surface were
examined.

The Experiment

A frost coated needle was rotated,
at a known speed, in a supercaocled
cloud of liquid water content around 0.1
to 1 g m~> contained in a chest-type
freezer. The cloud was produced eilther
using steam from a boiler (a2 typical
drop size distribution is shown in
Figure 1) ar a spinning-top draplet
generator (for larger droplets). In
some experiments both methods were used
together to obtain a broad drop size
distribution. Care was taken to ensure
that the needle, droplets and surround-
ing air were at the same temperature.

Riming was allowed to proceed for
around 30 seconds. Warming of the
needle due to the release of latent
heat of fusion was negligible. The
rimer was then removed to the coldest
part of the freezer faor examinatiaon,
during which time it was protected from
any further drops.

R2sults

i) Riming with smaller dropleis

The experiments with the boiler
were conducted over & temperature range
-1 to -15G, with collectiaon speeds
around 2m s~ 1. In the temperature
range -2 to -9C some droplets exhibited
protuberances, as shown in Fig.2(a,b).
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On some of the photographs it was
possible to estimate the relative rates
of heat loss fraom freezing drops to the
surrounding air and the substrate. 1In
each case, where a protuberance formed,
the restriction of heat flow to the
rimer was sufficient that the two losses
were at least comparable.

Figure 3 shows the rate of protub-
erance production as a function of tem-
perature. The erraor bars were calcu-
lated using the expression (NI /N)/A
where N is the number of protuberances
observed at a particular temperature
and A is the total number of droplets
examined at this temperature.

These results claosely parallel the
findings of Hallett & Mossop in the
high and low temperature cut-offs and
the temperature of peak production rate
for ice splinters.

The need for a restriction in the
heat flow from the freezing drop to the
rimer is consistent with the findings
of Mossop (1977) that a wide size dis-
tribution of droplets is required for
gsplinter production. However, most of
the droplets on which protuberances
were observed were helow the diameter
(24ym) which Mossop reports as being
required for splinter production,

ii) Riming with larger droplets

The droplet spectrum from the spin-
ning top had a mean diameter of around
LOym. With these drops no protuberances
were observed at temperatures higher
than -7C,when the droplets were observed
to have spread substantially. In this
circumstance the thermal contact between
the draplet and the rimer would be in-
creased, and the resultant dominance of
heat flow to the needle would eliminate
the posgsibility of near symmeiric
freezing.

The low temperature cut-off appeared
unaffected by the size increase. How-
gver, the rate of protuberance produc-
tion between -7C and -9C was much
smaller than ogver the same temperature
range far the droplets in (i) and was
about 1 protuberance for every 120 drops
accreted. Insufficient data were agb-
tained to assess how the rate varied as
a function of temperature.

(iii) Riming with a mixture af smaller
and larger draplets

In the majority of these experiments



the needle was first rimed in the cloud
produced by the boiler and then the
drops from the spinning top were intro-
duced. The rate of protuberance pro-
duction on the larger (spinning top)
drops was higher than in (ii),about 1
for every 80 drops observed. Further,
the high temperature cut-off was raised
to -4.50, but again the low temperature
cut-off appeared unaffected. The
results of this experiment were compli-
cated by the fact that the larger drop-
lets were on average smaller than in
(ii), with a mean diameter around 25ym.
It was observed that some of the larger
drops showing protuberances had landed
on smaller droplets, (Fig.2c),thus
restricting the heat loss to the sub-
strate.

Discussion

The observation that the tempera-
ture range for protuberance production
on accreted drops of all sizes corres-
ponded closely with that established by
other workers for splinter production
during riming is suggestive of a strong
link between the two effects.

This work is not consistent with
the suggestion of Choularton et al. that
protuberance production is indicstive
of symmetric freezing which results,
other droplets, in explosion and the
ejection of splimters. It is suggestive
of a much closer link between the pro-
tuberances themselves and the splinter
production. In this connection we
point out thet the photograph in Fig.Z2d
appears to show & disrupted region on a
frozen drop surface, where a protuber-
ance may have shattered.

for

A possible mechanism for thisg is
suggested by the results of Visagie
(1969) who noted that after & protuber-
ance formed on & freezing drop is
sealed & rapid rise in pressure occurs
s freezing continues. As the ice shell
around the protuberance will be thinner
at this time than elsewhere, it may be
prone to disrupt explosively.

It is clear from these results that
the sensitivity of the high-temperature
cut-off in protuberance production to
droplet size is due to the increasing
spreading of larger drops on impact,
thus causing heat loss to the substrate
to become increasingly dominant.

The low-temperature cut-off remains
unexplained.
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Figure 2, The frozen products aof drop-

lets sccreted on the frost coated needle

A. Droplets of around 20;m in diameter
showing protuberances, collected at a
speed of 2m s-1 and temperature -3°9C

B. A droplet showing a protuberance
collected at a speed of 1.75m s=1 and
temperature -59C

C. A droplet of about 25;m diameter
showing a8 protuberance collected at a

speed of 1.75m s=1 and temperature
-73%¢

D. A draplet aof 35ym diameter showing
evidence for the disruption of a pro-
tuberance, collected at a speed of
1.5m s~ 1 and temperature -79C

-1

Figure 3. Percentage P of drops
showing protuberance against temperature
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DEVELOPMENT OF FAST FALLING ICE CRYSTALS IN CLOUDS AT -10°C AND ITS
CONSEQUENCE IN ICE PHASE PROCESSES

N. Fukuta

Department of Meteorology, University of Utah
Salt Lake City, Utah, U.S.A.

1. INTRODUCTION

When growing in natural supercooled clouds,
ice crystals undergo complex microphysical
changes such as habit and dendrite developments
while falling relative to the cloudy air.

Under the existing cloud conditions, the shape,
size and mass of an ice crystal provide suf-
ficient information to describe the fall
behavior, but as the fall continues, those ice
crystal features change. This, in turn, affects
the fall behavior. In order to understand the
behaviors of dynamically changing ice crystals,
it is desirable to simultaneously determine all
the relevant growth parameters under simulated
conditions of natural clouds as a function of
time. The first of such attempts was made in
our laboratory about a decade ago (Fukuta,
1969). Since then, other researchers extended
the measurements into Tonger periods of time
(Ryan, et al., 1974 and 1976 Gallily and
Michaeli, 1976). However, lack of fall velo-
city determination made their data difficult to
apply to natural clouds. For this reason, we
recently extended the time periods of our
original work including the fall velocity
measurement in a new, simple supercooled cloud
tunnel (Fukuta, et al., 1979). This paper
reports the result and its possible consequence
in ice phase cloud processes.

2. SIMULTANEOUS DETERMINATION OF ICE CRYSTAL
GROWTH PARAMETERS IN A NEW SUPERCOCLED
CLOUD TUNNEL

2.1 Measurements and Results

Ice crystal growth measurements
were carried out in a supercooled cloud
tunnel operated in a walk-in cold room.
Air in the walk-in cold room was intro-
duced into the tunnel via an air filter
and steam was injected into it to form
supercooled fog. After passing through
honeycombs to suppress the turbulence,
the fog entered into the vertical sec-
tion. Ice crystals first generated
in a preseeding chamber were taken in
a controlled number and injected into
the lower portion of the vertical

COLD AIR

50 ¢m

AlR FILTER

STEAM

chamber which was illuminated with a chopped
1ight beam. Photographs of the crystals were
then taken as they fell through the chamber for
the velocity analysis.

The ice crystals thus grown in the super-
cooled cloud tunnel were received and held at
the interface of two water-immiscible and mutu-
ally-immiscible viscous liquids, one Tighter
than ice (motor 071, and the other heavier than
water (silicone oil, DC-550). The density of
DC-550 is 1.07 g cm-® and the viscosity 125
centistokes. Ice crystal preservation was ex-
cellent at the interface without undesirable
motions and aggregation, and they could be
rotated for observation from different angles by
applying a horizontal shear. Photomicrographs
of the crystals with and without melting provided
necessary data for the size, shape and mass.

Fig. 2 shows the result of ice crystal mass
measurements using ice crystals nucleated by
vapor activation of metaldehyde. There was no
difference in growth behaviors of ice crystals
nucleated by expansion of compressed air and by
metaldehyde vapor activation at temperatures
above -13°C. Below this temperature, however,
ice crystals by metaldehyde vapor activation
become mostly double plates. The primary peak
of the growth rate at -15°C for plate crystals
and the secondary peak at -7°C for column crys-
tals with a minimum at -10°C are all in agree-
ment with the previous observations. However,
the fall velocity measurements resuited in

Y e m—,
AlR EXIT ey T AIR
PEEEEE R FHTER

OBSERVATION
HOLE ]

HONEYCOMBS

SERVICE

section of the tunnel. The vertical
velocity of the fog was adjusted to the
fall velocity of the growing crystals
by means of suction at the top. The
average liquid water content of the

DOOR

e

fog was adjusted to be between 0.5 and
1.0 gm-3. Terminal velocity measure-
ments were carried out by allowing
some of the ice crystals to fall out
of the main flow through a glass

METAL SCREEN

Fig. 1.

GLASS CHAMBER CAMERA WINDOW

The L-shaped supercooled cloud tunnel.



T (°C)

Fig. 2. The ice crystal mass m plotted as a
function of temperature T at different time
intervals.

discovery of a new peak at -10°C, which corres-
ponds to the growth rate minimum rather than a
maximum. Fig. 3 presents the fall velocity data
for ice crystals nucleated by vapor activation
of metaldehyde and grown at water saturation,
Data below -13°C are not representing for

single plate ice crystals but for double plates.
Nevertheless, new data are again in good agree-
ment with those of our previous measurement
(Fukuta, 1969) for the entire temperature zone
of measurement within the first 60 s of growth.
Ice crystals growing at -10°C have the c¢/2a
ratio near unity and the density aimost as high
as solid ice. Considering the fact that ~15°C
is the temperature at which the environmental
condition is most advantageous for ice crystal
growth even without development of spatial
dendrite forms, and the fact that the shape of
small crystals shortly after nucleation is close
to spherical, being dominated by the effects of
surface free energy and vapor flux, not by the
surface diffusion; spatial forms of ice crystals

are yet to be developed later. Then, small
crystals before the shape and dendrite devel-
opments are expected to fall fastest at
around -15°C. The fall velocity data after
20 s of growth apparently shows such an
effect. As the ice crystals develop different
shapes, the diffusional rates of growth and
the fall velocities change due to varying
electrostatic capacities and aerodynamic
resistances respectively. Therefore, we
examine next the combined effect of shape

and size on the fall velocity development of
ice crystals under different temperatures at
water saturation.

2.2 Interpretation of Fall Velocity
Peak Development at -10°C

Since both the growth rate by vapor dif-
fusion and the fall velocity are functions of
the shape and size of the ice crystal, let us
examine the fall velocity development while
the crystal is growing by vapor diffusion
assuming the shape is held unchanged. For
convenience, we employ spheroidal shapes.

For prolate spheroids of rotation repre-
senting columnar crystals at temperatures
above -10°C, the gravitational force acting
on the crystal balances the viscous resis-
tance force in the Stokes regime, so that the
fall velocity of a small crystal is given as
(Fuchs, 1964)

2y%
veZot O-el)7 )

where n, g, b, e and « are, respectively, the
dynamic viscosity of air, the gravitational
acceleration, the polar semi-axis,

e = (1 - a?/b?)%, where a is the equatorial
semi-axis, and

% = %-(1—8%11 [362 =1 (%;%) + %}. (2)

By ignoring corrections due to fog, ventila-
tion, and thermal accommodation and deposition
coefficients (Fukuta et al., 1974),

the growth rate may be desciribed as
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d
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where m, t, 0, S , Lqs K, R, Tos

pi, sat,», D, and C are, respectively,
the mass, the time, the density of ice
crystal, the supersaturation with
respect to ice, the latent heat of
deposition of 1 g water, the thermal
conductivity of air, the specific gas
constant of water vapor, the tempera-
ture in the environment, the saturation
vapor density of ice at T, , the dif-

T (°C)

Fig. 3. The fall velocity of ice crystal vi plotted as
a function of temperature T at different time intervals

after the onset of growth

fusivity of water vapor in air, and
the electrostatic capacity of ice
crystal.

C = 2be [m(%—f{-)]'l (4)



Integrating (3) under a given shape, i.e.,
e = const., and inserting it with (2) and (4)
into (1), we have

2 -1
_g(s-nt [ _Ld 1
v 3 I 5 sat. D
3e2-1 1+e)1 ™ ;
g [emirEl]) (5)

In this equation, the term in { 1} converges to
unity when e -~ 1 (long needle). Whereas, when
e + 0 {sphere), the term converges to 7/6.
Since the nearly spherical shape happens at
-10°C, and the rest of (5) becomes largest at
-10°C within the temperature range between 0
and -10°C, -10°C is clearly the most favorable
temperature for rapid increase of v.

An identical treatment for oblate spheroids
of rotation using

JK‘z %[Zeze; Losin-te + 2 -622)%} )
and

C =ae(sin"te) ", (7)
results in

R R
The { } term in (8) converges into unity when

e ~ 1 (flat plate). Whereas, the term converges
into 4/3 when e + » (sphere). In this case,
although the nearly spherical shape at -10°C is
advantageous for v - development, other terms,
particularly (S-1), may very likely give

adverse effects. Indeed, as can be seen in

Fig. 3, v at -15°C appears to be larger at 20s
after the start of growth. However, thereafter,
v - development at -15°C slows down compared
with that at -10°C, suggesting a hindrance due
to spatial, aerodynamically high resistance
dendrite growth at -15°C. We did confirm
dendrite development at -15°C under water sat-
uration after the initial 20s period. This
implies that in the regime of vapor diffusion
growth, the mass increase and the fall velocity
development are in dichotomy. This further
suggests a consequence in phenomena involving
the subsequent riming growth of ice crystals.

3. FALL VELOCITY DEVELOPMENT OF ICE
CRYSTALS AT -10°C AND ITS CONSEQUENCE
IN ICE PHASE CLOUD PROCESSES

When an ice crystal falls fast through a
supercooled cloud, it collides with cloud drop-
lets and riming growth proceeds. In the riming

growth,
g%-= 4nr2pg% = nrz-ElLW-v, (9)

where r, E, and L are respectively the radius
of ice crystal, the average riming efficiency,
and the 1iquid water contgnt of cloud. Eg.(9)
under the regime of v = r* with constant E,
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results in

m « (Lwt)6 or m« v6. (10)
{10) may be compared with
1 1%
me t® or ma y'?

of vapor diffusion growth (Fukuta, 1969) in the
Stokes regime (v « r°) under constant tempera-
Fig. 4 gives compa-

ture at water saturation.
rison of these processes.

10 :
10° 10’ 10? 10
t (s)
Fig. 4. Relationship between the ice crystal

mass m and the time t for vapor diffusion and
riming growths. For conditions assumed, see
text.

From (10) and (11), it is
apparent that high L and fast v favor the rim-
ing process. In thi¥ regard, unless frozen
rain drops exist, the best temperature for rim-
ing crystal development and therefore graupel
formation following the normal diffusional
growth is -10°C, since it is the zone where
fastest falling ice crystals were observed to
develop., It should be interesting to point out
that if this riming growth starts at -10°C, the
ice crystals previously at the minimum of mass
growth rate by vapor diffusion will become
fastest growing. Hence, the -10°C zone may be
considered as "the window of graupel formation".

Graupel formation.

Examination of vapor diffusion and riming
mechanisms for ice crystal growth reveals their
incompatibility. The vapor diffusion mechanism
depends highly on the temperature, whereas the
riming mechanism hardly does. Fast growing ice
crystals by the former are of spatial forms of
high aerodynamic resistance and those by the
Tatter are vice versa. Furthermore, once either
mechanism has fully developed, mechanism change
automatically ceases, for it is not common to
observe a dendrite at the center of a snow
pellet nor is it usual for a grauped with dend-



ritic development on it.

Ice crystal multiplication. Hallett and Mossop
(1974) reported a possible mechanism of ice
crystal multiplication in the temperature range
between -3 and -8°C. There are two major reg-
uirements for the process to take place. One
is the existence of large droplets exceeding

24 uym in diameter and the othgr ice crystals
falling faster than 140 cm s~  (Mossop and
Wishart, 1976). How are these fast falling
crystals provided in nature ? Ice crystals
nucleated do not normally stay in the original
temperature zone. The fast falling crystals
required for the multiplication process must
come from above and the -10°C zone is likely

to supply these crystals.

Hail embryo formation. Hail often contains

snow pellets in their centers (Mason, 1971},

As already discussed above, the easiest zone

for the graupel growth seems to be at around
-10°C. The graupel formed or ice crystals grown
for some time in this.temperature zone should
subsequently become hail if all other conditio-
ns necessary for hail growth are satisfied.

Once the fall velocity exceeds a critical value,
which is yet to be determined, the habit not
only stops developing but is destroyed, and
growth of graupel and hajl becomes possible
regardiess of the temperature of the cloud
environment. Thus, for hail embryo formation
without involving frozen rain drops, the -10°C
zone may be considered as the most favorable
region.

The above findings may have poésib]e
implications in weather modification and they
will be discussed elsewhere,
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ICE CRYSTAL GROWTH FROM LIQUID IN LOW-GRAVITY

I1-2.3
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and

John Hallett
Desert Research Institute
Reno, Nevada, USA

I. BACKGROUND

Ice crystals are grown from the liquid in
the low-gravity environment available on the
NASA KC-135 aircraft parabolic flights. Since
natural convection, associated with latent heat
induced density gradients surrounding a grow—
ing crystal, is reduced in such an environment,
the flights provide the opportunity to perform
experiments which give useful insights into
the effects of reduced convection on growing
crystals. These insights are valuable to the
development of a better understanding of basic
crystal growth mechanisms and to the assess-
ment of future cloud physics experiment
concepts for low-gravity space flight. The
low-gravity time available in a single flight
parabola, about 20 seconds, is too short for
most experiments involving growth from the
vapor, but it covers a useful range for
applicable liquid-growth experiments.

2. PROCEDURE

Ice crystals are grown in an optical glass
cell, having dimensions 20 mm x 20 mm x 80 mm
high, which is contained in a temperature
controlled growth chamber. The growth
chamber is a 15 ecm diameter by 16 cm high
cylindrical block of aluminum with a 4.5 cm
diameter by 10 cm deep well machined along
the centerline of the cylinder. A hole
machined through the block, perpendicular to
this well, facilitates 2.2 cm diameter windows
on either side of the block. This allows
observation of the crystals using backlight
illumination while minimizing thermal effects
due to the windows. For the experiments
described here, the aluminum block was cooled
by circulating a cold fluid through copper
tubine coiled around the block. A cell filled
with distilled water and capped with a teflon
1id is pre-cooled to 0°C in an ice water bath
before being placed into the water—ethylene
glycol filled cavity of the chamber. This
reduces the time necessary for the temperature
within the cell to approach by conduction the
temperature of the growth chamber which is
normally chosen in the range -0.5°C to -1.5°C.
Even so, the time necessary to insure that the
temperature of the water in the cell is uniform
and has come to equlllbrlum with that of the
chamber, i.e. within O. l C, is still on the
order of 30 minutes. This limits the number
of low-gravity experimental runs to about four
on each flight. To maximize the number of runs
per flight and to eliminate the possibility
that solidification-melt cycling might have an
influence on these experiments, a different
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cell is used for each run.

When temperature equilibrium is achieved
for a cell, a nucleation probe, pre-cooled
to dry ice temperature, is inserted into a
capillary tube which extends into the bulk of
the distilled water. Ice crystals then grow
from the end of the capillary into the super-
cooled water and are photographed at 24 frames
per second using a 16 mm movie camera.
Observation of the growth of a crystal through-

“out an entire flight parabola, i.e. low-

gravity to high-gravity to low~gravity,
enhances the likelihood of observing effects
due to reduced convection because other
parameters can be malntalned constant. At
supercoollngs near -1.0°C growth rates along
the 'a'-axis are about 100 times greater than
those along the 'c'-axis (Hallett, 1964) but
are still sufficiently slow (~.01 cm s7)
such that a crystal can be observed throughout
an entire parabola before growing to the
opposite wall of the cell.

Our experiments have shown that- it is also
possible to nucleate and observe the growth
of ice crystals freely suspended in the super-
cooled water. In this case, the crystals
remain freely suspended and stationary so long
ag the aircraft is in the low-gravity portion
of the flight parabola. Further along in the
parabola, as gravity increases, the unsupported
ice crystals float toward the top of the cell.
As they float upward, heat transfer from the
crystals is enhanced at the leading edges and
the growth rate increases.

3. RESULTS

At this time, ice crystal growth from
liquid experiments have been performed on only
two aircraft flights. Some problems, which
have since been corrected, were encountered in
these flights with the thermal control of the
growth chamber., The chamber temperature
slowly flucuated several tenths of a degree
during the course of the experiments. None-
theless, preliminary results indicate, as
anticipated, that ice crystals have slower
growth rates in low-gravity where convection is
reduced. Figure 1 is a photograph of crystals
growing from a capillary support at a super-
cooling of -0.8°C. Growth rates for these
crystals ranged from 30 um s~l in low-gravity
to 40 um s+ in one gravity. Figure 2 is a
photograph of freely suspended ice crystals
growing at a supercooling of -0.5°C.



Unfortunately, there were air bubbles on the
inner surface of the observation window which
appear as black spots on the photograph. On
this run featureless thin circular discs grew
and then changed shape as they became larger.

Although the growth of ice discs from the
liquid has been studied previously in one
gravity (Arakawa and Higuchi, 1952; Kumai and
Itagaki, 1953; and Arakawa, 1954, 1955) most
studies involved the nucleation and growth
of crystals on the surface of supercooled
water. In those instances in which unsupported
crystals were nucleated in the free liquid
they rapldly floated to the surface. Under
either of these growth conditions heat transfer
from the crystal was asymmetrical. Our
preliminary experiments indicate that the study
of the transition of ijce discs to dendrites
under symmetrical heat transfer conditions is
possible in low-gravity. With the incorpora-
tfon of a revised thermal control for-the
growth chamber and improved optical
resolution, future low-gravity experiments
scheduled on the KC-135 will investigate
this phenomena in more detail as well as other
changes in crystal shape and linear growth
rate which result from a reduction in natural
convection,
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I 5 mm !

FIGURE 1. Ice crystals growing from the
liquid in low-gravity at a super-
cooling of -0.8°C.

1
5 mm
FIGURE 2. TFreely suspended ice crystals

growing in 1ow~gravity at a super-
cooling of -0.57C.
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THE PLATE~DENDRITE TRANSITION OF GROWING SNOW CRYSTALS

V. Keller

Marshall Space Flight Center
Huntsville, Alabama, U.S.A.

J. Hallett

Desert Research Institute
Reno, Nevada, U.S.A.

A laboratory simulation of snow crystal
growth from the vapor varies temperature,
supersaturation and velocity independently.
This 1s achieved by a dynamic thermal dif-
fusion chamber which consists of two horizon-
tal ice covered plates, 1 m long and 3 cm
separation.

A temperature difference between the
plates establishes both a thermal and a mois-~
ture gradient; an external closed circuit
alr circulation system establishes velocity.
With the uppermost plate at higher temperature
and flow Reynolds' Number < 104 a stable
laminar, flow results. Ice supersaturation
maximum occurs near the mid point between the
plates and reaches equilibrium, in the geomet-
ry used, for velocities up to 10 cm s™+,
equivalent to crystals of a few hundred um
diameter in terminal velocity. All nuclei
are removed from the chamber air by filtrat-
ion so supersaturation in excess of water sat-
uration may be attained. Crystals are grown
on a vertical fine glass fiber at the down-
stream end of the chamber; crystal growth is
recorded by time lapse camera.

At temperatures near -15°C, laboratory
studies under static conditions Nakaya (1954),
Kobayashi (1957), Hallett & Mason (1958), have
shown that ice crystals grow in the form of
plates or dendrites depending on the super-
saturation. Under static conditions with
velocities ¥ mm s~1 resulting from crystal
and chamber temperature irregularities, crys-
tals transformed from plates to sector plates
to dorites ("a" axis growth without branches),
and dendrites as supersaturation was increas-
ed from water saturation (v 15% over ice) to
about double this value. It was found that
with increasing air velocity, this transition
occurred at successively lower ice supersat-
uration. At the same time increasing air
velocity gave enhanced "a'" axis growth rate.

Fig. 1 shows dendrites changing to dorites,
sector plates or plates as the velocity is
removed, and resuming dendrite growth as the
velocity is reestablished. The air flows from
left to right of the photographs. Temperatures
and excess vapor density (g m~2) are shown.
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(0.44)
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Figure 1. (1) Shows dendrites which have been
growing at wind speed of 7 em s=1. The wind
tunnel was shut off, and the crystals in (11)
grew after 19 minutes. These show a sector
plate at the top, a dorite center and a plate
lower; each was originally a branching dend-
rite. In (i11) the velocity has been return-
ed to 7 em s~1 for 12 minutes and dendrites
are again growing similar to (i).



Observations from a series of sequences
similar to Fig. 1 enable the different forms
to be related to ice supersaturation and wind
speed (Fig. 2). This diagram shows that near
water saturation the growth rate in the "a"
axis direction increases from 0.5 um s™1 for
plate growth to near 2 um s™1 for dendrite

growth at a ventilation of 10 cm s~1.
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Figure 2. The influence of excess vapor

density, tce supersaturation (s) on the "a"
axis growth rate at -14%°C under different
ventilation velocities. Horizontal lines
delineate different crystal forms. Zero
velocity is in practice ~ mm s~1, caused by
residual chamber convection. In the complete
absence of convection, (low "g' case) the

V=0 line would lie below V ~ mm s™+.
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DISCUSSION

The growth rate of an ice crystal in a
supersaturated environment is, in the absence
of kinetic barriers, limited by the rate of
moisture diffusion to the crystal and the
rate of heat removal of latent heat by con-
duction away from the crystal into the envir-
onment. Each of these processes is enhanced
by ventilation (F) when the boundary layer
through which this transport takes place is
reduced in thickness as (-IQ,J-U-‘Q)l/2 where U is

the ventilation velocity and «, D are the
molecular diffusivities for vapor or heat.
The classical mass growth rate equation of
the form where K is the environ-

dm sF

dt “a b

D K

ment thermal conductivity and a, b, constants
gives a relation which enhances the growth
velocity with UZ. An increase of diffusion
coefficient and thermal conductivity of the
gaseous environment both lead to a growth rate
increase. The results presented here show
that the tendency for skeletal growth in-
creases with supersaturation and ventilation.
Gonda (1976) found that increase of thermal
conductivity alone enhanced skeletal growth
whereas increase of diffusion coefficient
made skeletal growth less likely.

This latter case leads to a reduction of
vapor gradients along the periphery of the
dendrite, in contrast to enhancement in the
other cases of increased ventilation and
carrier gas conductivity. This observation
is consistent with an interpretation that the
thermal gradients in a growing plate are small
because of heat conduction in the plate itself,
whereas gradients of adsorbed molecule concen-
trations cannot be smoothed out over distances
R 5 um, the order of magnitude of the distance
which molecules can migrate on the basal plane
of ice (Hallett 1961).
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PECULIAR SHAPES OF NATURAL SNOW CRYSTALS

K. Kikuchi

Department of Geophysics,

Faculty of Science

Hokkaido University, Sapporo, JAPAN

1. Introduction

There appears to be considerable
interest in the origin of polycrystal-
line and peculiar shapes of natural
snow crystals., However, regarding
polycrystalline snow crystals, namely,
spatial dendrites, radiating assem-
blages of dendrite and combination of
bullets, some crystallographic proper-
ties of these crystals have been clari-
fied to date (Lee, 1972; Uyeda and
Kikuchi, 1976, 1979; Kobayashi et al.
1976).

On the other hand, regarding the
peculiar shapes of natural snow crys-
tals discovered and reported mainly by
the author at Syowa Station, Antarctica,
and later at Hokkaido, Japan (Kikuchi,
1969, 1970, 1971, 1974; Kikuchi and
Yanai, 1971; Iwai, 1972) microphoto-
graphs of these snow crystals were
taken by ordinary transmitted light at
the beginning of examination. For this
reason, the principal axis and growth
mechanisms were considered based on
typical and common shapes of the snow
crystals. KXikuchi and Hogan (1976,
1979) firstly carried out a polariza-
tion microscope study of these peculiar
snow crystals in the austral summer
season at Amundsen-Scott South Pole
Station, Antarctica during January
1975. As a result, it might be laid
down as a general rule that the former
considerations were correct, however,
several new questions arose from the
study. Therefore, a more careful
series of observations to obtain in-
creasingly exact information and new
discovery regarding peculiar shapes
were required. In this paper, peculiar
shapes of natural snow crystals observ-
ed at the arctic and antarctica till
the present, and their falling frequen-
cy will be described.

2. Data acquisition

The main observation locations and
durations are as follows: Syowa
Station, Antarctica (69°00'S, 39°35'E);
from February 1968 to January 1969,
Amundsen-Scott South Pole Station,
Antarctica (90°S); January 1975 and
November 1978, Inuvik, Northwest ,
Territories, Canada (68922'N, 133%42'W);
from January to February, 1977 and
from November 1979 to January 1980,
Surface weather observations were made
hourly at all stations and upper air
observations were made once daily at
Syowa Station and twice at South Pole
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and Inuvik, routinely.

A polarization microscope with dou-
ble cameras was used to take photo-
graphs of snow crystals, and to deter-
mine the principal axis of the crystals
at 10 min, interval approximately; one
of the cameras was for color and the
other was for monochrome films, Falling
snow crystals simultaneously were col-
lected and replicated on 25 X 75 mm
glass slides coated with a 0,5 % Formvar
solution at 5 or 10 min. interval.

These replicas were used to estimate

the precipitation intensity and the

rate of peculiar shapes to common shapes
of snow crystals.

3. Results

Fig.1l shows a time cross section of
air temperature and relative humidity
from the surface up to 400 mb level
from January 11 to February 5, 1977 at
Inuvik, Canadian North as an example
of the typical ones. The isotherms are
drawn at an interval of -5 °C by solid
lines and the isopleths of relative
humidity are drawn by 80 %, thin dashed
and by 100 %, thick dashed lines, re-
spectively. Short horizontal bars with
spikes at both ends above the time cross
section, show the observation period of
snow crystals. Typical shapes of snow
crystals observed during the period
were sketched by graphic symbols and
additional characteristics based on the
classification of solid precipitation
agreeded upon by the International
Commission on Snow and Ice in 1949
(Mason, 1971). As may be clearly seen,
the classification does not include

"side planes'" type snow crystals

(Nakaya, 1954; Magono and Lee, 1966),
at present ''crossed plates! (Kikuchi,
1969) which is a typical shape growing
in relatively cold temperature regions.
Thus we added this shape to the classi-
fication depicted by a graphic symbol
(Ry). Furthermore, the discovery and
frequency of the peculiar shapes are
the most interesting objective, and we
added these shapes to the classifica-
tion depicted by a graphic symbol ().
This graphic symbol indicates a tetra-
gonal shape which is formed by two
prism planes growing from two columns’
or bullets, Therefore, the diagonal
line in general shows the grain bound-
ary between both prism planes. On
January 19 and 29, 1977, "Seagull"
shaped crystals similar to "V-shaped
crystals" introduced on the basis of



cold temperature experiments (Yamashita,
1971) were discovered, thus we added
them as a graphic symbol (\.) (Kikuchi
and Kajikawa, 1979).

As seen in Fig.l, there were water
saturation layers aloft consistently
throughout the observation period.
Especially, the height of water satura-
tion layers on January 21 and February
2 reached approximately 500 mb and the
height of over 80 % of relative humi-
dity reached 400 mb or more. As con-
sidered in general, the shapes of snow
crystals vary widely in accordance
with the thickness of the saturation
layer, in other words, the wider the
temperature region 1s the greater the
variation of the crystal shapes be-
comes. As pointed out by graphic
symbols in Fig.l, the peculiar shapes
were observed for eight days. Espe-
cially, however, it showed high fre-
quency on the January 27, 29 and 30
and February 1 and 2, 1977. The
temperature profiles of these days
differed widely, however, three cases
of January 30 and February 1 and 2
showed nearly the same profiles from
the surface to 800 mb level. The
temperature differences on the surface
and 800 mb level each were within 5 ©°C,
and the average temperatures on the
surface and 800 mb were -32 ©C and
-28 ©°C, respectively. Therefore, it
is estimated in approximation that the
temperature regions of the peculiar
shapes of natural snow crystals were
-30 °C for their growth.

Typical examples of the peculiar
shapes observed at three observation
stations described previously are shown
in Fig.Z. As these photographs are
taken by a polarization microscope ex-
cept (a) to (d) taken at Syowa Station,
their principal axes could easily de-
tect under a sensitive color plate.

As a result, almost peculiar shapes
were consisted of prism planes ex-
tended abnormally. Recently, Kobayashi
et al (1976) explained the grow of
linear development of the crystals of
(c) and (d) as a preferred nucleation
at a re-entrant twin edge and (a) and
{(e) as ones of a very early stage of
them. Therefore, the crystals of a
square part of (b), (g), (h), (m) and
{n) may be similar to them. The crys-
tals of (f) and (o) are clearly some
kind of combination of bullets, however,
they are single crystal frequently,

The crystals of (k) and (1) are a sea-
gull type from their external shape,
(i) is a different type of polycrystal-
line and (j) is a quite new type of
natural snow crystals.

Falling frequencies of these pecu-
liar shapes against other common shapes
in Inuvik are shown in Figs.3 and 4.

In these figures, upper and lower parts
show the total flux of snow crystals
and the falling frequency of peculiar
shapes against other shapes. The flux
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of snow crystals is an index of snow-
fall intensity, In the case of January
30, 1977, the main shapes of snow crys-
tals were side planes, column and com-
bination of bullets, Peculiar shapes
were observed a little time variation

in 3 to 5 %, but did not exceed 10 %,
This result coincided with that of the
observations at Hokkaido (Kikuchi, 1974).
The greater part of peculiar shapes was
"multiple extended prism planes of
tetragonal form with bullets'" as re-
presented by (c), (d) and (g) in Fig.2,
Its rate accounted for 25 % of all pecu-
liar shapes. In the case of February 2,
the main shapes of snow crystals were
bullets, combination of bullets, side
planes and plate around 0900, At that
time, the peculiar shapes accounted for
9 % of other shapes. After 1100, how-
ever, the rate of peculiar shapes de-
creased, and radiating types, plate and
dendrite increased instead of them,

4, Conclusion

A number of peculiar shapes of
natural snow crystals observed mainly
at the arctic region and antarctic
continent were introduced. They were
mainly consisted of prism planes ex-
tended abnormally from prism planes of
combination of bullets, Temperature
conditions for their growth were esti-
mated -30 °C approximately. Their fall-
ing frequencies to the common crystals
falling in the same time were 3 to 4 %
in average, and less than 10 % in the
maximum, A theoretical treatment for
growth mechanisms of multiple extended
prism planes of tetragonal form with
bullets which is the most typical one
of peculiar shapes was attempted by
Kobayashi et al (1976) on the basis of
a "twinned structure model', On the
other hand, Magono and Sasaki (1970)
attempted a reproduction of these pecu-
liar shapes using a convectilon type
cloud chamber artificially. Their
growth mechanisms, however, have not
been clarified to date, As a matter of
course, they do not give exact names,
neither do they classified yet,
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(k) Inuvik, 1977. (1) Inuvik, 1980,
(m) Inuvik, 1979, (n) Inuvik, 1979, (o) Inuvik, 1979.

Fig.2 Typical examples of peculiar shapes of natural snow crystals
observed at three stations.
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GROWTH KINETICS OF ICE FROM VAPOUR PHASE AND ITS GROWTH FORMS
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Introduction.

Fig.l shows the observed growth forms of
vapour-grown ice-crystals in the Ap/p-T dia-
gram by Kobayashi (1961). In this paper we will
give a new interpretation of the polyhedrical
growth form. There are 4 primary habits of ice
depending on the growth temgerature (T) :

A: Plates ogc > T > -4°C (T,0)

B: Columns: -4OC > T > -1OOC (’I‘BC) o

C: Plates -10°C > 7T > -20°C to =35°C (TCD)
D: Columns: T > T

T depends on %Be supersaturation of the va-
pour phase, it decreases with decreasing su-~
persaturation.

Fig.2 and 3 show the influence of H,O-
diffusion coefficient (in He(0) and Ar(e)) on
the ¢/a-relation of ice crystals (after Gonda
(1976)) (c,a = length of crystals in the c- or
a-direction). With increasing diffusion co-~
efficient the c/a-relation nears 1. In fig.4
you can see the different lenght of crystals
in a- and c-direction in dependence on the tem-
perature after a growth time of 200 s, obser-~
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ved by Yamashita (1974).

The growth of snow crystals from the vapaw
phase was interpreted by Lacmann and Stranski
(1972) by the aid of a quasi-liquid-layer and

the unwettability of edges and corners. A first
very incomplete interpretation of polyhedral

growth forms of ice in the region of -10° to
O%C with the Vapour - Quasi-liquid-layer = So-
lid~mechanism was given by Lacmann (1977).
Growth mechanism.

The theory is based on a viewpoint that
the surface of ice just below 0°C is covered
with a quasi-liguid-layer, whose thickness (§)
or coverage (B) decreases with falling tempe-
rature, and therefore there are 3 growth-
mechanism:

I. Vapour - Quasi-liguid-layer = Solid-

(X-Qll—s)-mechanism; (8>3 X, 6>1) :
oC>T> TI /11"
II. Adhesive mecganism (6<3 8, 0<1) :
T >T>T .
IT., . : .
III. %éozdlmen51o£§{§%£cleatlon—mechanlsm
g<0.01) T > T,
( ) II/III
-1¢
-15'C
S
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As the change in surface structure as well as
growth mechanism depend on surface orienta-
tion, the complicated habit change is caused
mainly by the combination of growth mechanism
of each face, i.e. {0001} and {1010}.
V-0ll-S-mechanism (I): According to the Lac-
mann—Stranski—mode% (1972) the quasi-~liquid-
layer just below O C can exist in a stable
way, so as to lower the surface free energy
of the system. The thickness of the quasi-
liquid-layer on the surface with larger wett-
ability~defined by

A = 0O g+ 0 >0 -
. o £ ( W .%éw)
is larger than that wi lower one (0O_ = sur-
face tension of ice without quasi-ligquid-lay~
er, O = surface tension of water, © = in-

terfacial tension between water and ice) .Using
broken bond model (cp. Kuroda (1979), Kuroda
and Lacmann (1980)), it is shown that

Ao_(1010) > Ag_(0001)
is valid. Therefore the quasi-liqguid-layer on
{1010}-faces is thicker than on {0001}-faces
at the same temperature and it remains thiker
than about 3 & (623 & 2 6~1) until lower
temperature6 i.e. TI II(OOOl)w —4OC; T 1
(1010)~ ~-10 C. Fig. shows the surface free
energy (Af) as a function of the thickness (§)
of the gquasi-liquid-layer. There is equilibri-
um between ice and quasi-liguid-layer at the
minimum of Af (6=6e ). Fig. 6 shows the equi-
librium—vapour—presgure of the quasi-liquid-
layer (p(§)) as a function of § for 3 diffe-
rent temperatures. The thermodynamic potential
of the guasi~liguid~layer referred to that of
ice is given by AUQll/I = kT ln(p(é)/pl) for
an ideal vapour-phase. e decreases with de-~
creasing temperature.

The growth rate by this mechanism is given
by the rate of condensation of the vapour-~
phase to the quasi-liquid-layer (R__) and that
of crystallization from the quasi—i?quid—layer
(RIb). RIa is given by the Hertz-Knudsen~equa-
tion (R_ =V_(p - p(§))/(2mmkT) and decrea-
ses wit%aingreasing thickness, because p(§)
increases with increasing 6 (cp.fig.6). R is
given by the growth rate from the melt with
two-dimensional nucleation, but the Au-value
is given by Aqul - which is less than AUW{I
at the same temperature and §<~(cp.fig.6). It
increases with increasing §. In steady state
RIa = R is valid. Fig.7 shows R as a func-
tion of with RIa = RIb = Rst'

Adhesive mechanism (II): At T the thick-
ness §  is equal to about 3 8.’ The model of
the quggi-liquid-layer is not valid for T <

T It is better to name it a strong eigen-
aééorption with coverage (0<1l) of adsorbed
H,O-molecules on the ice surface. In this cas
a“direct crystallization from the vapour phase
without two-dimensional nucleation is possible
(adhesive growth) (cp.£ig.8). The growth rate
(R..) is given by the Hertz-Knudsen-equation
wi%% pe = pI, that means the faces are

growing with maximum growth rate (the conden-~
sation coefficient o is egual to 1).

ion mechanism (IIT

If 6 is very small (8<0.01) the adhesive
growth mechanism is not possible and the growth
rate is given by the two dimensional nuclea-
tion rate. The nucleation rate depends on the
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relative supersaturation Ap/p. and increases
very much with increasing Ap/p_. Fig.9 shows
Py~Pr Ap/pI for Ap=pW-pI and Ap/pI for Ap =
0.0, 0.05, 0.1, 0.15 and 0.2 torr as a func-
tion of the temperature. Using broken bond mo-
del (cp.Kuroda(1979)), we get
4G, (0001) > AG] (1010)
for the growth from the quasi-liquid-layer (I:

AGZ~J1/Aqul/I) and the vapour phase (III:



AGé“l/AuV/I). AG; is the free energy of
-nucleation.
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Diffusion rate.

If an ice crystal is growing in air or in
an other gas the growth rate is determined by
diffusion decreasing with increasing gas pres-
sure. Fig.2 shows the c/a-relation increases
in the case of columns (B,D) or decreases in
the case of plates (A,C), with increasing in-
fluence of diffusion on the growth rate.

For a spherical crystal with a radius of
.y in a spherical vessel (r,,) the growth
rate by diffusion is given by

R_ = Vm-D-Ac/rcr~fsp
with fsp =(1—rcr/rve ; fsp is normally =1.

(V_ = mole volume, = diffusion coefficient,
Acis the concentratlon difference between the
wall of the vessel and the surface of the cry-
stal).

(1)
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crystal

[

wall of vessel

Fig. 10
In the case of a cylindrical crystal in a
cylindrical vessel eqg.(l) is also valid with
fcy = ln(rve/rcr) It means RD depends on
the dimension of the diffusion field and
D/cg RD sp is valid.

or plane crystal face eq.(l) is also valid

setting fpl = (ryo/rey - 1) and no convection
beeing effective. From this we get
>
RD/sp RD/cy RD/p].'

Fig.10 shows the model for an ice crystal
in a diffusion field. In the case A and C (pla-
tes) 2 rey in £ig.10 is equal to the thickness
of the plate. The horizontal extent of the cry-
stal in the figure is equal to the diameter of
the (000l)~face. The diffusion field on the
(0001) -face is a plane field and that on the
(1010) a cylindrical one. The relation

RD(0001) < RD(lolO)
is valid.

In the other case (B,D #columns) 2 ¢ in
fig.10 is equal to the diameter of the column
and the length of the column is given by the
horizontal extent in the figure. The growth
rate of (0001) is given by R (spherical
field around the tip of the cofgmn) and that
of (1010) by R (cylindrical field around
the side-faces of the column). So we get

R, (1010) < Ry (0001) (8)

(o)

Growth forms,

The interpretation of the growth forms is
given by combination of the rate of surface me-
chanism and diffusion. Fig.1l1 showsthe growth
rates and growth forms in dependence on the
temperature for p = pw.

A. Both faces are growing by V-Qll-S-me-~
chanism. The free energy of nucleation for
{ooot} is larger than that for {1010}, and
R(0001) < R(1010) is valid. From this we get
a c¢/a-value only some smaller than 1. Taking
also into account the diffusion, (a) is also
valid and the growth form is a typical plate
(cp.fig.4).

B, The growth rate of {0001} increases at
T__, because the adhesive mechanism gets effec~
tive on this face (TAB = TI/II(0001)).

So the growth form given by the surface mecha-
nism is a column with c¢/a near to 1. As shown
in fig.2 and 3 (cp.fig.4) the c/a-relation in-
reases with increasing retardation by diffu-
sion and (B) is wvalid.

C. At TBC the growth rate of {0001}
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decreases and that of {1010} increases suppo-
sing TBczéTII/III(Oool)=*TI/II(1010). In this
case {0001} is growing very slowly, because
the twodimensional nucleation rate is near to
zero. Because this the {1010}-face is growing
not only by direct condensation from the va-
pour-phase but also by surface diffusion from
the {0001 }-face. Beside this gas-phase volume
diffusion is also effective as shown in fig.2
and 3.

D. The second change of growth mechgnism
of {1010} (Tr7 777 (1010)) may be at -20°C.

but no habit change occurs at this temperature
because like A the two dimensional nucleation
rate on {0001} is much smaller than that on
{1010}. With increasing Ap/pI the nucleation
rate drastically increases and the growth rate
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increases until R a (given by Hertz-Knudsen-
equation). At given Ap the growth rate of
{1010} reaches R at higher temperature than
that of {0001}.Tm2*is given by this temperature
for {ooo1} depenggng on Ap. This is right for
the interpretation of an isometric habit. The
observed columns are explainable taking into
account the gas phase diffusion with relati-
on f. Fig.12 shows the regions A, B, C and D in
a Ap-T-diagram (cp.Kuroda (1979), Kuroda and
Lacmann (1980).

The given theoretical results are also in
agreement with new experimental results by An-
derson et al. (1976), Gonda(1977), Kikuchi and
Hogan{1978). Anderson et al. (1976) reported
that the column is the dominant habit of ice
crystal only at higher supersaturation (e.g.
Ap/pI > 25% at -30°C). These results are con-
sistent with our theoretical prediction about
T _ (Ap) . The measurement of the T __ (Ap)~-curve
,CD \ .
is expected. If ice crystals grow in pure wa-
ter vapour without air or other gases, the rate
of growth is not determind by the diffusion
process but only by surface kinetics. Thus co-
lumnar crystals would never appear below -20°C,
even if Ap is very large under this conditions.

The dependence on Ap of growth rate deter-
mined by each growth mechanism proposed here
at constant temperature is also discussed.
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METEOROLOGICAL CONDITIONS OF SNOWFALL IN ARCTIC CANADA

C. Magono and K. Kikuchi

Department of Geophysics, Faculty of Science, Hokkaido University
Sapporo, Japan

1. Introduction
Since the investigation by Nakaya
(1954), the study on natural and arti-
ficial snow crystals was mostly
limited to snow crystals of relatively
regular shapes which were formed in

temperature regions warmer than -25 °C.

The classification of natural snow
crystals made by Magono and Lee (1966)
likewise was insufficient to describe
snow crystals in cold temperature
regions. With this background, the
Cloud Physics Group, Hokkaido Univer-
sity made an expedition to observe
snow crystals in mid-winter from Jan.
12 to Feb. 6, 1977 at Inuvik, N.W.T.,
Canada.

From a meteorological point of
view, the following factors are gener-
ally considered in order to understand
snowfall phenomena.

1) The mechanism, in which the air
is cooled to produce snow crystals
in the air.

2) The origin of the water vapor
which is supplied to produce the
snow crystals.

3) The supplement of ice nuclei
sufficient to produce the snow
crystals.

4) Cloud height, in other words,
cloud temperature range where the
snow crystals are formed.

Our efforts were mainly concen-
trated on the observation of snow
crystals, the analysis of synoptic
conditions during snowfall, and the
vertical structure of clouds in which
snowfall occurred. The weather maps
and the data of vertical structure of
clouds were offered from the Surface
Weather Office and the Upper Air
Station at Inuvik.

2. Results
2.1 Heaviest snowfall during the
observation period
Almost every day, snowfall was
observed during the observation period
from Jan. 15 to Feb. 6, 1977, but its
amount was very light, that is, 1 or 2
cm/day. The snowfall in the afternoon
of Feb. 2 was exceptionally heavy for
this area, amounting to 5.1 cm/day.
Firstly the meteorological conditions
on this day were analyzed for the
purpose of finding the original source
of vapor supply for the formation of
snow crystals,

Height (mb)

1000

Snow crystals of radiating assem-
blage of dendrites or sectors were
predominant in the afternoon, as
illustrated in Fig.l. According to
Nakaya (1954) or Magono and Lee (1966)
it was expected that these types of
snow crystals are born as ice crystals
of polycrystalline type in a cloud
layer with a temperature somewhat cold-
er than -20 ©C, and then dendritic
branches (extensions) would develop
when the crystals fall into warmer
cloud layers in a temperature range of
-12 to -18 °C.

The vertical structure of air
four hours after the snow crystal
observation is shown in Fig.2. The
vertical distribution of wind, tempera-
ture and humidity with respect to
water surface (Hw) are shown from the

Fig.1 Snow crystals of radiating
assemblage of dendrites or
sectors, 1420-1430 2 Feb,

1500 LST Feb.2 1977

e—e, (mb) Inuvik
0 0
w00 1 02 03 -
M
500 | >
P—
600 \\
/
700 S
4
800 |-
=7 .
900
) q

w80 0 100 -40 -30 -20 -10 0
Humidity (%) Temperature(’C)

Fig.2 Vertical structure of atmo-
sphere, 1500 2 Feb.
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850MB Canada
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Fig.3

850 mb weather map,
2 Feb,

1500

1500LST Feb.2,1977
700MB Canada

300

700 mb weather map,
1500 2 Feb.

Fig.4
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right to left in the figure. The ex-
cess of water vapor pressure over the
ice saturation (e - e;) is indicated by
shaded area.

In Fig.2, following points are
noted:

1) The wind of in the layers below
800 mb level was very light and
entirely different from those of
higher layers than the level.

2) The temperature of air layers
lower than 750 mb level were about
20 OC colder than those above the
level.

These facts suggest that there was a
frontal surface at about the 750 mb
level below which a cold airmass ex-
isted, while a fairly warm airmass ex-
isted over the cold airmass.

Figure 3 shows a weather map at
850 mb level at the time nearest to
the observation time of snow crystals
in Fig.1l. It may be seen that a sta-
tionary front existed to the south of
Inuvik and it extended in a southeaster-
ly direction. This front corresponds
to that which was expected from Fig.2.
The isotherms of the map in Fig.3 show
that an airmass as warm as 0 ©C existed
to the southwest side of the front.

Figure 4 shows a 700 mb weather
map at the same time. On this map, no
front is described, but the distribu-
tion of wind clearly indicates that
air was flowing from over the warm
Eastern Pacific Ocean to the northeast,
and when it arrived at Inuvik area, it
turned to the southeast toward Middle
Canada.

From the synoptic and cloud-physi-
cal analysis described above, it is
considered that warm, moist air was
supplied from the sea surface of the
Eastern Pacific Ocean, from where it
was transported northeastward, and
then it proceeded along the upslope of
the frontal surface to be cooled there.

Thus clouds are formed in air
layers higher than the 750 mb level
above Inuvik area. Depending on the
temperature range of the layers, snow
crystals rapidly grew to the type of
radiating assemblage of dendrites or
sectors. Below the frontal surface,
snow crystals did not show detectable
growth, because the temperature was too
low and the vapor pressure was not high.
Thus, it may be said that the heavy
snowfall on Feb. 2 could be explained
as to be a frontal snowfall from both
synoptic and cloud-physical points of
view,

Snow crystals of plane dendritic
as illustrated in Fig.5 fell throughout
the daytime on Jan. 26. Both the
cloud-physical and synoptic situations
were entirely similar to those on
Feb. 2.

2.2 Diamond dust particles or
ice fog particles
Minute ice crystals as illustrated



Fig.5 Plane dendritic snow crystals,
1528-1600 26 Jan.
2 %
4 ,
/f
0.2Zmm “ .
B

Fig.6 Diamond dust particies,
0843-0913 31 Jan.

in Fig.6 were observed in the morning
of Jan. 31. It is considered that
these ice crystals were formed close
to the observation site, because their
sizes were very small, although radio-
sonde data showed a thin moist layer
between 750 and 950 mb levels. The
surface air temperature was as cold as
-38 9C. This was 6 °C colder than that
at a 100 m height level. It was also
very calm. Therefore, these diamond
dust particles were considered to be
ice fog particles.

2.3 Supercooled raindrops

Snow crystals of needle type fell
in the evening of Jan. 25. This type
of snow crystals are formed in a cloud
of -5 ©C or thereabouts (Magono and
Lee, 1966). Therefore, the fall of
needle snow crystals indicates that a
fairly warm cloud covered Inuvik at
this time. Around 22:00 LST super-
cooled small raindrops and graupel
began to fall, as illustrated in Fig.7.
This condition continued for about one
hour. Circular dots in the figure
show the trace of raindrops which were
not yet frozen when they fell on the

Fig.7

Supercooled raindrops and

graupel, 2155-2211 25 Jan.
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recipient glass plate.

Around 23:00 LST, instead of rain-
drops, snow crystals of plane dendritic
type began to fall. Such a rapid
change in the type of precipitation
suggests that a warm airmass sufficient-
ly warm to melt snow crystals, passed
over the observation site only for a
short time. According to radiosonde
data, however, there were no cloud
layers warmer than -6 °C, and the
weather map at 850 mb level showed no
temperature region warmer than melting
point near Inuvik.

3. Discussion

In the extra-tropical region, it
is usual that visual clouds are formed
when the relative humidity with respect
to water surface exceeds 85 or when
the vapor pressure exceeds the ice
saturation vapor pressure., If that is
the case for clouds over Inuvik, it
would be considered that the cloud top
in Fig.2 was at the 530 mb level, and
that snow crystals originated near at
the level, and grew at a rate propor-
tional to the value of e - ej. This
shows that the snow crystals were born
at about -23 ©C temperature layer, as
polycrystalline ice crystals, and then
dendritic or sector-form branches ex-
tended from the ice crystals in a
temperature range -13 to -18 9C. This
temperature range exactly coincided
with that predicted by Nakaya's diagram
(1954). Accordingly it may be said
that Nakaya's diagram is applicable to
the snow crystals on this day.

Theoretical calculations made by
Koenig (1970) and Jayaweera (1971)
show that the growth rate of snow crys-
tals is highest around a -15 ©C temper-
ature but it is extremely low around
-5 0C and -25 °C. It is, therefore,
considered that snow crystals hardly
grew at air layers below 900 mb level,
because the temperature was too cold
and the vapor pressure was not suffi-
ciently high at extremely cold temper-
ature. With due regard to these facts,
it is considered that snow crystals
mostly grew in the cloud layer higher
than 750 mb level, in other words, in
the warm air layer on Feb. 2,

The vertical extension of snow
clouds in the Arctic region is not
generally as high as that of congestus
clouds in the lower latitude region.
Accordingly it is of course that the
type of snow crystals is similar to
that of in the extra-tropical region,
if the snow clouds include a temper-
ature range around -15 ©C disregarding
the cold temperature near the ground.
However when the cloud temperature was
extremely low, that is, -30 to -40 °C
throughout of a cloud, irregular snow
crystals of cold temperature type were
actually observed at Inuvik, although
in a low frequency of a few percents,
as reported by Kikuchi and Kajikawa

0.
4
0 5



(1979).

It is generally accepted that the
majority of raindrops observed in the
extra-tropical regions are the result
of melting graupel or snowflakes. In
the present rainfall case the upper
half of the cloud layer was in a con-
dition to form snow crystals and the
lower half was in a condition to form
graupel or snowflakes, It was actu-
ally observed that graupel fell to-
gether with the raindrops. The mass
of graupel was nearly equivalent to
the raindrops, assuming that the
density of graupel was 0.1 or 0.2 g/cm,
Accordingly it is very likely that
those raindrops were the result of
melted graupel, although no clouds
warm enough to melt the graupel were
recognized by the routine observations,

4. Conclusion

At first the authors predicted
that snow crystals at Inuvik would
be formed in cloud air of very cold
temperature, that is, -30 to -50 °C,
However, according to the results of
analysis of synoptic conditions, the
cloud temperature and snow crystals
were in general nearly the same as
over Hokkaido, Japan except rare
cases. This was because the extremely
cold temperature and low vapor pres-
sure near the ground surface did not
affect the growth and shape of snow
crystals. When the air near the
surface was moist, an ice fog was
formed.

Occasionally a rainfall was
observed, together with the fall of
graupel, even if the air temperature
at the observation site was about
-12 9C. It was considered that the
raindrops were formed by the melting
of graupel in a warm air layer above
the lower cold air layer, although
the existence of such an air warm
sufficient to melt the graupel was not
detected in the cloud air around
Inuvik.

The moisture for the growth of
snow crystals at Inuvik was mostly
transported from the eastern or
northern Pacific Ocean.

The study on the formation mecha-
nism of rainfall in such cold climate
will be an important theme in the
future.
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THE MECHANISM OF SECONDARY ICE PARTICLE PRODUCTION DURING
THE GROWTH OF RIME

S.C. Mossop

Division of Cloud Physics, CSIRO
Sydney, Australia

It is now generally accepted that the
apparent "multiplication" of ice crystals at
temperatures near -5°C in maritime cumuli is
due to the ejection of secondary ice particles
when drops 225 um diameter are swept up by
graupel particles and subsequently freeze. The
physical mechanism by which ice "splinters" are
ejected is still uncertain. However, Choularton
et al. {(1978) have revived the hypothesis that
some of the large drops freeze in such a way
that a peripheral shell of ice is formed. The
internal pressure builds up as the water freezes
and expands. This may be relieved by cracking
of the shell and outflow of water which pro~-
duces a spike on the frozen drop. In some
cases the release of pressure may be violent
enough to eject small ice splinters. It is not
clear at this stage whether splinter ejection
is directly related to spike formation or
whether the two phenomena merely have a common
cause.

This hypothesis could be tested by
artificially introducing impurities which are
known to weaken the ice structure. The ice
shell round the freezing drop would then give
way at a lower pressure, with less likelihood
of either spike formation or the ejection of
ice fragments.

Nakamura and Jones (1973) have shown that
single crystals of ice made from water con-
taining HF, HCQR or NH,OH are "softer" (i.e. the
creep rate under applied stress is higher) at
-11°C than crystals made from pure water. We
have therefore carried out two sets of experi-
ments to test the effect of added NHy or HC% on
both spike formation and splintering of freezing
water drops.

In the first series of experiments, drops
of diameter 1-2 mm were suspended at the intexr-
face between layers of carbon tetrachloride and
liquid paraffin in three petri dishes. One
dish contained approximately 100 drops of
distilled water. The other two contained
similar numbers of drops made from the same
water with the addition of measured quantities
of either HCL or NH4OH. (To assist freezing,

a small quantity of freshly ground metaldehyde
was added to the basic stock of distilled
water.) The dishes were placed in an isothermal
chamber at =-8+0.5°C until most of the drops

had frozen.

About half the drops of distilled water
formed a spike on freezing. Aaddition of NH,OH
or HCR reduced the proportion of frozen drops
that had spikes. The reduction was significant
for concentrations of the solutes (HCZ or NHj)
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greater than about 3 p.p.m. by weight.
Concentrations greater than about 100 p.p.m.
suppressed spike formation entirely (Fig. 1).
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Fig. 1 - The effect of various concentrations

of solute on the formation of spikes
on frozen drops. The ordinate shows
the percentage of spikes which form
on "doped" drops relative to those on
drops of pure water, considering the
same total number of frozen drops in
each case.

This series of experiments supports the
idea that the pressures which build up within
freezing drops can be relieved without spike
formation if the ice structure is weakened by
the incorporation of NH; or HCQ.

In the second series of experiments we
studied the freezing and splintering of much
smaller drops, accreted upon an ice surface.

A cloud was continuously generated by
injecting steam into a chamber of volume 18 m3
held at a temperature of about ~5°C. Cloud
air could be drawn downwards from this chamber
through a small wind tunnel in which a metal
rod of length 4 cm and diameter 0.2 cm was
exposed normal to the airstream. Air velocity
was 2 m s~1 Supercooled drops striking the
rod froze as rime and in doing so ejected
secondary ice particles. These could be
counted as they traversed a beam of light down-
stream of the riming rod. Successive l-min
counts of ice particles established the pro-
duction rate. A measured quantity of NH, gas
was then injected into the cloud chamber and
the new production rate of splinters was found.



The cloud temperature was -5.520.5°C and
liquid water content about 0.8 g m~3. The drop
concentration was typically 500 em™3 with
median diameter 13 um. Injection of NH3 pro-
duced no measurable change in the cloud-drop
spectrum. The background concentration of NH 5
in the cloud chamber at the start of an experi-
ment was <1 ug m-3,

In a typical experiment the injection of
10 cm” of NHg, giving a calculated concentra-
tion of 420 ug m-3, reduced the counting rate
of splinters from 28.3 to 2.6 min~! - i.e. to
9% of the value for an uncontaminated cloud.

We see from Figure 2 that the rate of
splinter production decreases steadily as the
concentration of ammonia in the cloud is in=-
creased. Only 3 ug m~3 of NH3 is needed to
halve the splinter production rate.

100+ ®

RELATIVE RATE OF SPLINTER PRODUCTION

1 s § n H i 1 "
1 10 102

NH53 CONCENTRATION (pg m™3)

!
103

Fig. 2 - The effect of added NH; on the number
of ice splinters observed per minute
during rime growth in a cloud at -5°C.
The ordinate shows the number of

splinters per minute after introduction

of NH3 as a percentage of the number
before.

These two sets of experiments show that
the formation of spikes on frozen drops and the
ejection of secondary ice particles can be
reduced by adding impurities which weaken the
ice structure. This provides strong support
for the suggestion of Choularton et al. (1978)
that the ejection of ice splinters is associ-
ated with the sudden release of pressure built
up within freezing drops. This is the only
known mechanism consistent with a reduction of
splintering when the ice is weakened.

The ice shell hypothesis accounts for most
of the known features of the Hallett-Mossop
splintering process as follows.

(a) Splinter production is dependent upon the
concentration of large drops (225 um
diameter) and small drops (<13 um) in the
cloud (Mossop, 1978). This is consistent
with the idea that shell formation is most
likely when a large drop alights upon an

already frozen small drop so that it is
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joined to the ice substrate by only a
narrow bridge.

{(b) The formation of this type of structure is
less likely at high impact velocities =~
hence the lower efficiency of splinter
production as the velocity increases
(Mossop and Wishart, 1978). On the other
hand, the velocity effect is not a dramatic
one, since higher velocities favour shell
formation by improving the ventilation of
the freezing drop.

(c) The rate of formation of secondary ice

crystals reaches a maximum value at a
cloud temperature of about -5°C, falling
to zero at about -3 and -8°C (Hallett and
Mossop, 1974).

The peak at -5°C is probably not due to
any property of ice characteristic of this
temperature alone but rather to different
combinations of conditions which render
shell formations less likely at tempera-
tures above and below ~5°C.

The cut-off at ~3°C can be readily
explained. At temperatures approaching
0°C the rime becomes much denser as
accreted drops spread more easily over the
substrate (Macklin and Payne, 1968). The
type of structure described in (a) is then
no longer possible.

The cut-off on the low-temperature side is
probably governed by three factors which
change rapidly as the temperature is
reduced:

(1) a higher proportion of the mass of
the accreted drop freezes immediately on
impact;

(ii) the velocity of propagation of ice
dendrites through the freezing drop is much
more rapid;

(iii) the structure of these dendrites
becomes more elaborate below -5°C.

Though all these factors will strongly
influence the internal structure of the freezing
drop it is not yet clear how the shell-fracture
mechanism is thereby rendered inoperative.
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CONVECTIVE DIFFUSION AND ICE CRYSTAL HABIT
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1. INTRODUCTION

The initial determination of whether an ice
crystal will grow in a plate-like form or in a
columnar form is a fascinating and important
phenomenon. Magono et al. (1976) showed how
10 um diameter frozen drops evolve first into
polyhedrons with 20 faces and then into plates
or colums, depending on the environmental
temperature. Several studies have indicated
that ice crystal habit may be caused by the
miération of water molecules on the crystal
surface prior to orienting in place in the
molecular ice crystal lattice (Hobbs and Scott,
1970; Lamb and Hobbs, 1971). The result of
these studies is the propagation of steps
across the surface of the ice crystal. The
growth conditions of these experiments were not
controlled by the rate of supply of water vapor
to the crystal surface.

The present study examines another mechan-
ism, convective diffusion, to see whether it
acts to preserve or to modify the habit of thin
ice plates, and to see whether that mechanism
contributes significantly to the evolution of
a regular polyhedron into a thin ice plate
during its diffusion growth.

2. THEORY
a. Ice Crystal Model

The thin ice plate is modeled as a thin
oblate spheroid of axis ratio 0.05. List and
Schemenauer (1971) showed that simple ice
plates can be modeled by a thin circular disk,
and Pitter et al. (1973) showed that thin
oblate spheroids are dynamically similar to
thin disks. The axis ratio chosen is typical
of thHose for thin ice plates.

b. Measure of Habit Change

An overall measure of the rate of habit
change is the rate of change of the axis ratio,
AR=b/a, with change in the logarithm of ice
crystal mass, log M. The relation is derived
from expressions of the linear growth rate of
the ice crystal surface at the equator and the
two poles. The rate of growth of the semi-
major axis length, a, is

gé: ﬁ'A?v(h 2_5_7 (1)
& & o5 5,/
The rate of growth of the semi-minor axis length,
b, is
Laslrn df*
*- *(h ?) (hf; . (2)
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The mass growth rate is

aM _ b 2/ dp da
t—3T€Ia(dt+2ARdt>'

It is easily shown that the metric coefficient
h = hy = hl has the value of 1/a at the crystal
surfaCe on“the equator, and 1/b at the crystal
surface at either pole. Thus, one finds

(3)

2810 . 28w g af*(w
oo = AR gg(z 3?‘1) af*m )
og ) *0 7 /2,
55 55 4

The sign of 4@ AR/ d log M determines the
tendency of habit change. If the value is zero
it implies equilibrium: the habit does not
change during growth. If the sign is positive,
the axis ratio is increasing during growth,
leading to a non-maintenance of initial ice
crystal habit. If the sign is negative, the
axis ratio is decreasing with growth and the
ice crystal becomes more plate-like as it grows
larger.

If sublimation does not occur from any part
of the ice crystal surface during growth, the
limits of 4 AR / d log M are -% and +1, which
correspond to db/dt =0 and-da/dt = O, respec-
tively.

c. Vapor Density Field

At Reynolds number zero, the vapor density
field about the ice crystal is laplacian:

vi$*= (5)

When the appropriate boundary conditions are
applied, the vapor density field is determined,

from which the surface derivative is
found:
3¢ - sech§,
as/ ) - )
§:{, /2 - sin (tanh § )

When the ice crystal obtains a significant
fall velocity, the vapor density field is
determined by the convective diffusion equation

Y Ver= DvigT, (7)

Solution of f* here requires knowledge of the
velocity field about the falling body.

3. EVALUATION OF HABIT CHANGE

Evaluation of ice crystal habit change, as
expressed in Eq. (4), was undertaken using
Eq. (6) for the unventilated case and solutions
of Eq. {7) for the ventilated case.



In the unventilated
of $* normal to the ice
independent of position on the surface, so
d AR/d log M = 0. This simple result is
rather important, since it shows that station-
ary vapor diffusion to an ellipsoid of revolu-
tion proceeds in such a manner as to exactly
preserve the body's initial shape.

case, the derivative
crystal surface is

For the ventilated case, numerical solu-
tions of the velocity field by Pitter et al.
{1973) were used by Pitter et al. (197h4) to
numerically solve the vapor density field about
oblate spheroids of axis ratio 0.05 and
Reynolds numbers from 0.1 to 20. Table 1
presents the results in terms of the surface
derivative - 9§*/0% at meridional angles 0,7

and /2.
TABLE 1
—( 9?“/95){
Reynolds " Meridional Angle

Number 0 7 /2
0.1 . 699 . 68L . 692
0.5 .T53 . 705 .T32
1 . T795 . 718 . T61
2 .857 132 801
5 ., 987 .75k . 879
10 1.1h6 CTTh . 959
20 1.886 . 802 1.050

Evaluation of ice crystal habit change during
convective diffusion growth was then performed
using Eq. (4). The results are presented in
Table 2.

TABLE 2

Rate of Habit Change

. Reynolds d AR

Number d log M
0.1 -1.2%10-?

0.5 -6.8x107°

1 =9.9x10—5

2 -1.hxlo'h

5 —1.6x10'h

10 1.7x107°

20 4. 3x1073

L. DISCUSSION

Inspection of Table 2 reveals two charac-
teristics. First, the sign of habit change
reverses from negative to positive between
Reynolds numbers 5 and 10. This is the result
of the formation of reverse flow in the lee of
the ice crystal, providing a more direct ad-
vection of air with higher vapor density to the
back side of the ice crystal.

More importantly, the .abselutevwaluescof
d AR/d4 log M are very small compared with the
limiting values. A simple illustration shows
that these are too low to significantly alter
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ice crystal shape during diffusion growth.
Suppose that an initial lO,Am radius spherical
frozen drop evolves to an ice crystal of axis
ratio 0.05 when it achieves a Reynolds number
of 5 (a = BOO}um). To do so0 requires a mean

d AR/@ log M of -0.35 during evolution. The
present results (for AR=0.05) are plotted in
Figure 1 with the mean (Line 1) and the limiting
value (Line 2) of d AR/d log M. The present
results are three orders of magnitude less than
Line 1, and they diminish as Reynolds number
approaches zero. Thus, they indicate that
convective diffusion is not a mechanism for ice
crystal habit change. Another mechanism is

reqguired.
FIGURE 1
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5. CONCLUSION

Convective diffusion exhibits an extremely
weak ability to modify the initial habit of an
ice crystal of Reynolds number less than 20.

It therefore acts to preserve ice crystal habit

by supplying water vapor to surface sites in

the proportion needed to preserve crystal shape

during growth. Other mechanisms are responsible
for habit change during diffusion growth.
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A WIND TUNNEL INVESTIGATION ON THE MELTING OF ICE PARTICLES
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1. Introduction

The melting of ice particles is a micro-
physical process which is relatively poorly
understood. Yet, this process is of funda-
mental importance in determining whether or
not an ice particle, falling on its way from
the cloud to the ground, through the 0°C-level,
will arrive at the ground as a hard ice
particle or as a raindrop. Inside clouds, the
melting process plays an important role in the
formation of what is known as the "bright band"
in radar-meteorology.

Thus far, only two studies have been
reported in literature on the melting process
of ice particles (Mason, 1956; Drake and Mason
(1966)). In these studies, an attempt has
been made to determine the time an ice particle
requires to melt while falling through an
atmosphere of given temperature, pressure and
humidity. For a melting ice particle falling
in air the heat balance can be expressed by
the relation

QWLIr;rzpi(dr/dt) = 41Ta'rkw[To—Ta(r)]/(a-r)

(1)
]9 '

= -4maf - F -
ﬂafhké[Tm Ta(r)]-Hun;zszLeDV[pv’m Py 4

where the first term expresses the latent heat
consumed during melting, the second term
expresses the heat transferred through the
melted portion of the falling ice particle, the
third term representes the heat transferred
through the air, and the fourth term represents
the heat acquired (consumed) on the particle
surface due to condensation (evaporation).

From Eq. (1) Mason found that the time t_ for
the ice particle to completely melt is g?ven by

- mei fr=0 r(a-r)dr
m kwa r=q TO—Ta(r)

t

(2)

In the above equations r is the radius of the
ice core surrounded by a water layer of radius
a-r, a being the overall radius of the melting
particle, T, = 273.15°K, T, and p_  are the
temperature and vapor density of {ae particle’s
enviroument, T (r) is the surface temperature
of the particle k_and k_ are the heat con-
ductivity of water and air, respectively, p, is
the density of ice, t is time, D is the dif-
fusivity of water vapor in air, f and T

are the ventillation coefficients for water
vapor diffusion and heat diffusion in air, and
Lm and L_ are the latent heat of melting and
evaporation, respectively.
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For the derivation of Eq. (2) it was
assumed: (1) that the overall radius of the
melting particle remains constant, (2) that
the melting ice particle is spherical, (3) that
the ice core is spherical, being at all times
concentric with the outer boundary of the
melting particle, (4) that heat dissipation
inside the melting particle takes place by
molecular heat conduction only, and (5) that
the melting proceeds under steady state
conditions.

All these assumptions are highly suspect
since: (1) a melting ice particle, especially
a delicate dendrite or a graupel particle with
fine surface feature, may lose mass on melting;
(2) the shape of a frozen drop, graupel, hail-
stone, snowflake or single ice crystal cannot
be represented by an exact sphere or comne,
although some frozen drops, graupel or hail-
stones may be spherical or conical; (3) one
may not a priori assume that the ice core of
a melting particle is spherical or concentric
with the outer boundary of the melting par-
ticle; and (4) one must suspect that the heat
dissipation through the water in the melting
ice particle is affected by convection cur-
rents of the type present inside a falling
water drop (LeClair et al. 1972).

The only experimental test of Mason's
theory was carried out by Drake and Mason
(1966) in a simple wind tunnel in which smooth,
small ice spheres and cones were artifically
supported in the tunnel air stream by means
of a nylon supporting-grid. The ice spheres
studied had radii between 5 to 20 mm, and the
cones had maximum diameter of 3.6 mm. The
relative humidity of the tunnel air stream was
varied between 20 and 100%. The tunnel air
stream temperature and humidity were held con-
stant during melting. The experimentally
found melting times appeared to be in fair
agreement with those theoretically predicted,
except when the air temperature was warmer
than 5°C.

The experimental study of Drake and Mason
is unrealistic in that: (1) the ice particle
is held fixed in the air stream and is there-
fore not allowed to hydrodynamically behave
as it does when it freely falls, (2) atmos-
pheric ice particles are not smooth but have
rough surfaces and have a variety of shapes
other than spherical, (3) ice particles rarely
melt while the environmental temperature
remains constant, (4) the sizes of ice par-
ticles investigated were of hailstone size
and did not reflect the sizes of the large



number of smaller ice particles found in
atmospheric clouds.

2. Experimental Set-up

Our experimental study on the melting of
ice particles involved the UCLA Cloud Tunnel
which allows us to freely suspend in the
tunnel air stream, water drops of 20 um to
8 mm in diameter and ice particles from 50 um
to 2 mm in diameter. The experimental set-up
was essentially that of Pitter and Pruppacher
(1973), and of Pflaum et al. (1978). During
a particular experiment a supercooled water
drop, freely floating in the air stream of
the tunnel, was converted to a frozen drop
by contact with clay particles. In the
present experiment drops of radii between
300 to 350 um were considered, The temper-
ature of the air was then raised at a constant
rate of 2°C/min from about -10°C to about
+10°¢, Temperature and humidity of the air
were closely monitored, The melting ice
particle was observed and photographically
studied between crossed polarizers by color
motion picture. From our photographic
records it was possible to observe the hydro-
dynamic motion of the ice particle and to
determine the rate of melting and the total
melting time of the ice particle. The actual
surface temperature of the melting ice
particle was computed from the air temperature
and air humidity in the ambient air sur-
rounding the ice particle using the method
given by Beard and Pruppacher (1971) and Hall
and Pruppacher (1976).

3. Results

" A colored motion picture film is pre-
sented which demonstrates the melting
behavior of frozen drops. Our observations
allow the following conclusions:

(1) Melting has a profound effect on the
hydrodynamic behavior of the falling ice
particle. Thus, while a frozen drop at
temperatures below 0°C exhibits a helical
motion of the type described by Pitter and
Pruppacher (1973), melting induces an erratic
sailing motion which stops when the thickness
of the water layer is about 1/10 of the
overall particle radius.

(2) Melting always begins on the up-
stream side of the ice particle and also
progresses more efficiently on this side,
causing the ice core to recede as a spher-
ically or oblate-spheroidally shaped ice
particle. Also, this ice core is not con-
centric with the outer boundary of the drop,
due to the non-uniform melting over the ice
surface and because the ice core "floats"” to
the top of the drop.

(3) Internal circulation and convection
currents are suppressed as long as the layer
of melt water is thin, but becomes increas-
ingly promnounced if the thickness of the
melted layer becomes larger than the ice
particle radius.
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(4) 1Initially, melting proceeds quite
slowly but progesses at an ever increasing
rate once internal circulation inside the
melt-water has begun.

(5) The rate of melting is strongly
affected by the relative humiditiy of the
surrounding air. For a 305 um radius frozen
drop, no melting occurred if the relative
humidity of the surrounding air was less than
about 65 to 70% caused by cooling due to con-
tinuous evaporation of the melt water.

(6) Equation (1) was evaluated numerically
and the theoretically determined size of the
ice core observed inside the melting, frozen
drop was compared with the size of the ice
core observed during our wind-tunnel experi-
ments. Fair agreement between our experi-
ment and Mason's theory was found during the
initial stages of melting. During the final
stages of melting the experimentally observed
melting rate was somewhat faster than that
theoretically predicted.

(7) Equation (2) was evaluated numerically
and the theoretically determined overall
melting time compared with the overall
melting time observed during our wind tunnel
experiments. The melting times observed
where somewhat shorter than those theoret-
ically predicted by Mason's theory although
considerably uncertainty existed in our
experiments regarding the exact time at
which melting began.
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1. Introduction

The rainmaking experiment in
China started in Jilin province
in 1958. From 1963, in spring the
microstructure of stratiform clouds
in '"Northeastern Cyclones'" were
observed from aircraft while cloud
seedings were conducted. Most of
the cyclones moved in from the
west or the north rather than
formed in Jilin. The aircraft
observations were carried out over
the rain belt on surface. The
prec1p1tatlon rate ranges from O.1
to 3.0 mmhr™’ while cloud top tempera-
ture 1s between -15°% and ~25°c.
In this paper, main results from
55 flights are reported, also the
formation and growth of snow
crystals are discussed.

2. Ice crystal concentration (ICC)
and snow crystal concentration (3CC)
in clouds

From 557 aluminum -- foil samples
obtained in 15 flights from April
to June in 1065, the mean value of
ICC 1s 26.2 1™ the maximum being
222 L7'[1] The mean concentration
of ice and snow crystals in different
ranges of temperature are given in
table 1 a-b. It is shown that
ICC increases with temperature, i.e.
ICC increases downwards from the
cloud top.

The presence of Ci has an impor-
tant effect on ICC. High values of
ICC were generally observed in the
upper parts of As when Ci was seen
over As. The observed ICC is given
in table 2. and the positions of
measurement are shown in Fig. 1. [2)

= LA

N"é;f\“ ,J'r\\és—\ M—/“\d
As As As As

Fig.l The saupling positions of

ice crystal observation.
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We take the diameter of 3CQum

as criterion to differentiate

ice crystals from snow crystals.
The relation between ICC and SCC
is shown in Fig.2.[2] It is noted
that SCC increases with I€C. The
ratio of 3CC to ICC decreases with
the increase in ICC and approaches
a constant value.of 5.2 x 1073

when ICC 1.5x10%m™3.

The snow crystal spectra may
be classified into several types:
the exponential distribution for
plate and column crystals, the
normal distribution for needle

and dendritic crystals, etc.
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o'z"é“é'é‘}a’_zccnomi
Tig. 2 The relation between ICC
and SCC.

3., The formation of ice crystals
in clouds

Observations of mean ice
nuclei concentration in certain
areas in the Horthern part of China
are shown in Fig.3. It can be
seen that the mean ice nuclei
concentration is 1-2 order of
magnitude smaller than ICC. Froam
observed S5CC, droplet spectra and
supercooled water content, the



importance of ice multiplication

is studied, employing the results
of Mossop's experiments (1978) [6].
Take a multiplication layer of 1 km
depth in a cloud, the calculated
rate of ice crystal multiplication
is 3.2 x 103 /. When the cloud
top temperature 1s -15° and the
updraft velocity is 10 cm sec’/, the
generation rate of ice crystals on
ice nuclei within the cloud is
calculated to be 2.1 x 10%°m2sec™.
Hence, it seems that the high values
of ICC in clouds over Jilin is
related not only to the high ice
nuclei concentration but also to
the ice multiplication processes.

B;z/ckey (1964
Beljznj /963)
Lan zhou C1964)
24 Dalian (1964)
34 X'an (1964)

] | ] |
~/5 =20 =25 =30

Temp. (=C)

/ A

INC (L7H

The concentration of ice
nuclei at various tempera-
tures in certain areas in

China [3]J[4][5].

Fig. 3%

4, The microphysical processes of
precipitation

Observed data from 12 flights
are apalysed to study the microphy-
sical processes of precipitation
growth., Calculations indicate
that the contribution of sublimation
to total mass of precipitation
elements predominates only in a
few cases. The mean contribution
of sublimation growth to total
precipitation elements mass amounts
to 25%, while the contribution
of riming growth is 55% and the
coalescence growth in warm region
is 20%. TFig. 4 shows the mean
percentage of precipitation growth
in various height intlervals. The
mass of precipitation which increases
within a layer of 1 km depth above
the O° isotherm accounts for
40% of the total wass.

Y

N

Distance from  o° la/ver (kM)
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Fig.4 DMean percentage of
precipitation growth

in various height intervals.

From theoretical investigation
of precipitation enhancement,
ICC of 125 L™ will be requlred t0
attain the highest precipitation
efficiency, when the updraft
velocity w is equal to 10 cm sec t7.
In view of the observed values
of ICC which do not exceed 125 L7,
it suggests thst the clouds in
spring over Jilin may be seeded
with nucleating agents to enhance
precipitation.
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Table 1 The observed ICC in different temperature ranges
(a 1963, b 1974-1978)
a.
cloud top temp. -1500 Cloud top temp. —1500
Temperagure
range (°c) 1oy sco(@) 1cC (T sce(n)
-15.0- 12.1 6.5 0.10 15.9 0.22
~-12.0- 9,1 2.3 0.07 29.8 0.28
-9.0- 5.1 22.9 0.12 31.4 0.15
-6.0- 3.1 16.9 0.12 41.3 0.25
-3.0- 0.1 10.7 0.07 44,2 0.24
Mean 11.9 C.10 32.5 0.2%
b.
Temperature range (°c) -12.0 -9.0 -6.0 -3.0 Mean
- 9.1 - 6.1 - 3.1 - 0.1
IcC (T ) 8.8 11.5 16.2 15.4 13.0
Table 2. The effect of Ci on ICC in As.
Obsgryat&on No. of Ice crystal concentration (ﬁq)
position Observations Moan T
a 10 0.19 0.96
b 6 1.3 9.7
c 10 6.2 14
d 7 16.0 42
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II-3.1

BIMODAL DROPLET SIZE DISTRIBUTIONS WITHIN CUMULUS CLOUDS

D A Bennetts and J Gloster

Meteorological Office Bracknell UK

Introduction

In an observational study Warner (1969a)
concluded that the droplet size distribution of
a non-precipitating, non-freezing cumulus cloud
was usually positively skewed having a single
mode. However in a substantial minority of
cases it assumed a bimodal form. This occurred
more frequently in clouds which grew in relati=-
vely unstable environments and there was evidence
to suggest that the frequency increased towards
the top of the clouds.

Many papers have been written in an attempt
to explain these observations. Mason and Chien
(1962) and Warner (1969b) concluded that the
condensation on a realistic spectrum of soluble
nuclei in an ascending air parcel cooling
adiabatically, without mixing with its surround-
ings, produces much narrower cloud droplet
distributions than are observed, and could not
account for the high concentrations of small
droplets (<5 um radius) which occur at all
levels. However if a parcel is allowed to mix
with the surrounding air, good agreement is
obtained with the observed single mode distri-
butions. Provided the parcel remains within a
saturated environment, the final form of the
drop size distribution depends mainly on the
height risen, and is only very slightly affected
by the route taken. Mason and Jonas (1974)
showed that the maintenance of a saturated
entvironment was crucial to this result. Using a
double thermal, with mixing, they produced bi-
modal distributions whenever a parcel of air
became unsaturated and the droplets partially
evaporated before being mixed with the second
thermal.

These papers explain in a general way mostof
the features observed by Warner. In particular
bimodal distributions are expected near the tops
of clouds where dry environmental air can easily
mix with the cloudy air, allowing evaporation
before the droplets re-enter the growing cloud.
However they do not explain the occurrence of
bimodal distributions within the main body of the
cloud. Warner's papers contain insufficient
detail to analyse these cases.

It is to be expected that the occurrence of
such distributions is determined in some way by
the dynamical structure of the cloud and its
environment; the rather simplistic dynamics of
Mason and Jonas' model being only one of a range
of possibilities. To date there is little infor-
mation available on the internal circulations of
convective cloud, although the recent study by
Caughey and Kitchen (1980) provides hope of
progress in this direction. In this paper data
from a recent observational study both confirm
Warner's results and provide new evidence of the
spatial distribution of bimodal drop size spectra.
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As a result, the possibility is explored that a
'P' type of circulation (Ludlam 1978) might
create bimodal drop size distributions. Following
Kimura (1976), the range of conditions under
which such circulations may develop is invest-
igated.

Observational study

All the measurements were made from the
Hercules aircraft operated by the Meteorolog=
ical Research Flight. The aircraft is fully
equipped to measure quantities of meteorological
interest and additionally on these flights two
PMS Axially Scattering Spectrometer Probes
(ASSP-100), modified as described in Roach 1977,
were fitted; one was mounted on a port window
blank just forward of the leading edge of the
wing and the other on the starboard external
wing pod.

ASSP droplet spectra were obtained once per
second during cloud transit. Thus the data are
means over distances of the order of 100 m.

It was found that in general three penetra=-
tions could be made through an active non-
precipitating cumulus cloud but occasionally as
many as six were possible. The passes were
usually arranged to minimize the effect on later
measurements; early penetrations were at the top
or sides of the cloud and later ones in the
bottom or middle regions. All the penetrations
were completed within 4 to 10 minutes.

A total of 45 clouds were sampled on 3
different days. The results can be classified
into three groups.

Changes to the spectrum with cloud age 1

For this experiment the clouds were pene=
trated three times at a given height. In general
the results confirm Warner's hypothesis that the
shape of the droplet size distribution is a
function of age/height. For brevity the detailed
results are not presented here.

Changes to the speétrum with cloud age II

Clouds were penetrated approximately on their
centre line at different heights. Again the
observed drop size distribution is a function of
age/height, the drops being small and nearly mono-
dispersed at the base with both the size and the
distribution increasing towards cloud top.

Incidence of bimodal spectra

Warner found that 25% of his samples had a
bimodal structure. These occurred mainly near
the top of the clouds, the frequency varying with
the static stability of the atmosphere. The present
study confirms that bimodal spectra occur more
frequently near the top of the clouds. However
nothing can be said about this inrelation to the
static stability as the observations were not made
in such a variety of conditions as those




of Warner.

In the top 1/5 of all the clouds 30% of 47
spectra were bimodal, while in the bottom 1/5
there were 12% of 85 spectra. (Most of the
data were collected from the centre regions of
+the clouds).

However there were certain clouds which did
not fit into Warner's simple hypothesis. These
clouds all contained regions within the main
body of the cloud, in which a high percentage
of the spectra were bimodal. These were come
paratively few in number and, of those clouds
sampled in a manner that would detect this, 2
showed it well, a further 4 had regions which,
although well above the background values,
could not alone be considered convincing, and
12 were of the type discussed earlier, which
were relatively uniform, in a horizontal cross=
section.

An example of bimodal spectra in the centralv

region of a cloud is shown in Figure 1.

height

o 5 w0 15 2
from direction 285° ms

Fig 1,
which occurred in one of the clouds sampled.

B indicates bimodal, M mono-dispersed and §
indicates samples with no cloud droplets. The
wind profile is shown alongside.

This cloud was remarkably resilient and six
passes were obtained before any visible changes
occurred. The cloud was penetrated at right
angles to the wind and the spectra obtained
classified as bimodal (B), mono=dispersed (M)
or drop free (#). Figure 1 shows their diste
ribution throughout a horizontal crossw-section
of the cloud. The definition of bimodal was
taken to be that the peaks were distinct and at
least 5% higher than the minimum between them.
This is well above the error of the measure-
ments.
is on the downshear side of the cloud; a common
feature of all the clouds observed.

Theoretical model

The growth of the visible cumulus cloud is

Plan view of a region of bimodal spectra

It will be noted that the bimodal region
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preceded by the creation of a cold moist region
just below the condensation level. This is
built up by the cumulative effect of dry
thermmals from the boundary layer. Eventually
these break throughand the visibile cloud is
formed., This sub=condensation~level region may
be considered as the reservoir from which the
cloud grows. Provided it is large in come
parison to the cloud the situation may be
likened to convection generated from a heat
island,

A suitable formulation of the problem that
illustrates this idea was given by Kimura
(1976). He considered a Boussinesq fluid in
which the controlling influences were bouy=
ancy, vorticity and diffusion. When small
perturbations are oconsidered the problem
reduces ‘to the solution of linearized equations
containing two parameters; the Prandtl mmber
(Pr) and F where

Ly W S
(xgl > = 7 (T

where U is a typical value of the velocity, ie
the mean cloud speed relative to the condense
ation level, | is a length scale, X is the co=
efficient of cubical expansion of air, I is
the lapse rate (reduced for saturated ascent)
and X is the diffusion. PFor a full derivation
of the equations see Kimura. To gain an under—
standing of the types of flow that are possible
the problem is reduced to steady state, two dimen~
sional flow which allows an analytic solution and
permits a full exploration of parametric space.
When U is small the familiar symmetric
vortex solution develops and this is called
solution 1 (symmetric). As U is increased
the flow can change in one of two ways depend=
ing on the relative magnitude of the bouwyancy,
vorticity and diffusion., The streamlines of
solution 3 are shown in Figure 2, Superimposed
on the streamlines is one contour of the
temperature perturbation. Its shape naturelly
suggests the nomenclature .right
leaning solution. (The wind is from left to
right in the diagram). Solution 2 (left
leaning) is also shown in Figure 2. The temp=
erature perturbation in this case leans to the
left (into the wind) but for clarity the con=
tour is omitted. The ‘digtribution of these
solutions within parametric space is shown in
figure 3. The significance of the dashed line
will be discussed later.

F=E

Bimodal spectra have been associated with
parcels of air in which drops partially evap-
orate. Therefore interest centres on streame
lines, such as depicted in figure 2, on which
this could occur. A full treatment of this
problem requires that a range of microphysical
processes be represented in the model. This
in fact has been attempted, however it trans-
pires that a simpler approach gives a better
intuitive understanding of the basic idea.

Consider the circulation of a cloud for
example that of solution 2 in figure 2. The
regions of interest are the sides of the clouds
where parcels may exit and re-enter, for
example trajectory AB. As a first approxi-—
mation the cloud boundaries are put at the



Fig 2. A typical solution of solution 3 (right
leaning) is shown in the upper part of the
figure and solution 2 (left leaning) in the
lower. The contour scale and position in param
metric space is indicated at the top of each.
One temperature contour is superimposed onto
solution 3 and interesting trajectories (see

text) indicated on solution 2 (lower). The
plot is in scaled co-ordinates.
Pr
104
] solution 3
0754 2 right leaning
E
o
0-54~
<
2
]
02545 solution 2
left leaning
0 T T T T F'
1 2 3 4
Fig 3. Distribution of solution 1, 2 and 3 in

F, Pr) space. The dashed region very approxi-
mately outlines the region where YP? type
circulations can occur.
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interface of the upward and downward motion,
illustrated by the dashed lines. Solutions are
then sought such that a parcel of air can
traverse AB within 10100 s depending on the
ambient conditions and the initial droplet size
distribution. Clearly the cloud boundaries will
be modified but the microphysical model shows
this to be of secondary importance as is the
exact position of the cloud boundaries.

In figure 3 the dashed line shows, very
approximately, the regime where recirculation
is possible. The initial state of the atmosm
phere eg temperature, humidity, cloud conden=
sation nuclei, will be important, however these
effects only alter the size of the region not
its location.

Realistic atmospheric values of the
meters are « ~ '/3o0 °CL—‘, Q,AJ 3 mty” , Q ~ 1000 H
qinag  F = W /450 T),

Using the modified lapse rate U the model
predicts 'P? type circulations for U (measured
relative to the condensation level) in the
region of 0.5 to 2.5 m s=l, With clouds having
an aspect ratio of one this would correspond to
a shear of 1 to 5 x 10-3 S‘l; light to moderate.
If the shear is too light the circulation is
symmetric and the trajectory lengths outside
cloud are too long; if the shear is too strong
the cloud leans well over and again trajectories
are prohibitively long. The optimum region is
when the cloud is in transition from solution 2
to solution 3 ie left to right leaning, and then
the recirculation appears in the right hand cell
(AB rather than CD). In relation to the conden—
sation level this is the down wind side.

Figure 3 shows that the regime also depends
on the Prandtl number. The normal atmospheric
assunpiion is for Pr to be unity ie the turbum
lent diffusion acts equally on temperature and
velocity. When dealing with cumulus convection,
where vertical motion is equally important, this
is no longer necessarily so. If the lapse rate
is large, temperature gradients can become
larger than velocity gradients and Pr £ 1.
Bimodal spectra can occur by means of P! iype
circulations only if 0.3 & Pr & 0.8. Turbulent
diffusion of temperature must be stronger than
turbulent diffusion of velocity.

Conclugions

Evidence has been presented that a few (10%)
of the cumulus clouds observed had regions of
bimodal spectra within the main body of the
cloud. This can be explained in terms of a 'P*
type of circulation as illustrated by a simple
dynamical model after Kimura (1976). Atmos—
pheric conditions favourable to the development
of such circulations are that the shear is light
to moderate (0.001 to 0,005 s=!) and that the
furbulent diffusion of temperature is sitronger

_than the furbulent diffusion of velocity,

Pr ~ 0.5, The P! circulation then favours the
down wind side (in relation to the condensation
level )o

The model is two dimensional and steady state.
Clearly in the evolution of natural cumulus,
young clouds will not have sufficient time to
establish the circulation described and old
clouds will be in a state of decay. Therefore



well developed but active clouds are most
likely to have regions of bimodal spectra.

This would suggest that more than the observed
10% of clouds develop 'P? type circulations
subject to favourable environmental conditions:
in the present study there was no selection of
clouds by age.
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MESURES MICROPHYSIQUES DANS DES NUAGES CHAUDS

I1-3.2

Jean-Pierre Chalon, Anne Van Thournout et Jean-Louls Champeaux

Etablissement d'Etudes et de Recherches Météorologiques

78470 Magny-les~Hameaux FRANCE

1 - INTRODUCTION

Dans les zones arides ou semi-arides des ré-
gions intertropicales, l'initialisation des
précipitations se produit souvent dans des cu-
mulus dont le sommet n'atteint pas une altitude
suffisamment &levée pour avoir une température
négative (cumulus chauds). L'étude de leurs
caractdristiques microphysiques devrait permet=—
tre de mieux comprendre les processus qui favo-
risent ou inhibent la formation des précipita-
tions. Des mesures in-situ du spectre dimension-
nel des gouttelettes contenues dans les nuages
ont pu €tre effectuées grice au développement

de l'instrumentation aéroportée. Les gouttes
furent d'abord mesurées et comptées gridce 3 des
méthodes d'impaction ou de prélévement (voir

par exemple Squires et Gillespie - 1952). L'u-
tilisation de moyens de mesure optique (Knol-
lenberg - 1970) permet de limiter les perturba-
tions introduites par 1'instrument (effets aéro-
dynamiques) et souvent d'automatiser les procé-
dures de comptage des gouttes. Pour obtenir des *
informations sur la répartition verticale du
spectre dimensionnel des gouttelettes dans des
nuages chauds, 1'Etablissement d'Etudes et de
Recherches Météorologiques (EERM) de la Direc-—
tion de la Mét&orologie a mis au point un ins-
trument largable muni d'un capteur optique :
1'Aquasonde. Cette sonde est largue depuis un
avion dans le nuage &tudié et transmet le ré-
sultat de ses mesures (dimension des gouttes
rencontrées et pression du milieu ambiant) par
l'intermédiaire d'un émetteur d'ondes radio=
électriques. Les signaux de plusieurs Aquasondes
peuvent &tre enregistrés simultanément. Les ca-
ractéristiques techniques de cette sonde ont

8té décrites par Klaus et Champeaux (1977) et
sont présentées par Champeaux au cours de cette
conférence.

Une expérience préliminaire d'étude des nuages
chauds s'est déroulée en Septembre 1978 dans le
Sud~Ouest de la France (i Captieux dans les
Landes) avec la collaboration de 1'Institut et
Observatoire de Physique du Globe du Puy de
DOme (IOPG). Elle mettait en oeuvre le radar
millimétrique (8,6 mm de lomgueur d'onde) de
1'I0PG, l'avion instrumenté Cessna 206 de
1'EERM et huit prototypes de 1'Aquasonde. Cette
expérience a &té décrite de fagon détaillée par
Chalon et al. (1979). Nous présentons ici les
principaux résultats d'une étude des nuages qui
se sont développés au-dessus du site d'expéri-
mentation le 6 Septembre 1978.

2 - DESCRIPTION DE LA SITUATION METEOROLOGIQUE

Un front froid axé Nord-Sud est passé au—-dessus
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des Landes le 6 Septembre a 02 TU et se déplace
rapidement vers 1'Est. A l'arriére 1l'air d'ori-
gine polaire maritime (8'_ = 12°C) arrivant sur
le sol chaud est en instagilité gsélective et
convective. La tralne associée est affaiblie
par le passage d'une dorsale qui précéde 1'ar-
rivée d'un front chaud actif. Ce front passera
sur la région dans la nuit du 6 au 7.

Les nuages étudiés se sont développés entre
12.00 et 13.00 TU dans la masse d'air qui sui-
vait le front froid. Les sondages (voir Figure
1) montrent la présence, du sol 3 1500 métres,
d'une couche en instabilité convective et sélec-
tive surmontée jusqu'd 2700 métres d'ume couche
légérement plus stable. Au-dessus, l'air est
stable jusqu'3d 4500 métres et limite la convec-—
tion. A 12.15 TU, la hauteur au-dessus du sol

de la base des nuages observés 3 partir de 1'a-
vion Cessna est &valude 3 500 métres, les som—
mets ne dépassent pas 2100 métres. A 13.00 TU,
les bases seront observées a 1000 métres et cer-
tains sommets pourront atteindre 4000 métres.
L'isotherme 0°C se trouve i 2900 métres.

PN
BVARN

9

¥
\'\\\'\\
NV
d

Figure 1 - Radiosondage de Bordeaux & 12.00 TU
thaits pleins) et sondage effectud
par £'avion Cessna au vodsinage des
nuages BAudils (tralts pointillds)

3 ~ STRUCTURE ET EVOLUTION DES NUAGES OBSERVES

Les nuages observés ont l'aspect de strato-cu-
mulus de 1000 métres d'Epaisseur surmontds de
tours espacées d'environ deux kilomdtres et pou-
vant atteindre 3000 métres d'altitude. Les tours

~

correspondent 3 des cellules actives et prennent



naissance successivement au Nord des cellules
plus anciennes qui se dissipent dans la partie
Sud., Ces cellules ont une durée de vie assez
courte. Elles se déplacent sensiblement dans la
direction (110 degrés) et & la vitesse (11 m/s)
des vents de la couche (500 & 3000 métres) dans
laquelle elles é&voluent (voir Figure 2).

altitude : 1600m

Figure 2 - Coupe honizontale de #8flectivite nra-
dan  (en dBZ) mesurde a 12.30 TU &
1600 m d'altitude. Le vecteur V in-
dique La dérection et La vitesse de
déplacement.

La Figure 3 montre une coupe verticale effectuée
suivant 1'axe AA' de la Figure 2 3 12.30 TU.

La base des échos enregistrés par le radar se
trouve 3 une altitude inférieure & celle de la
base des nuages estimée avec les mesures des
Aquasondes et les observations effectuées de-
puis l'avion instrumenté. Cette différence peut
8tre attribue & la présence sous la base des
nuages de particules difficilement détectables
par l'Aquasonde ou par les méthodes visuelles
(gouttes éparses de précipitation, aérosols ou
insectes accompagnant 1'ascendance). Au moment
de sa représentation, le nuage est constitué de
deux cellules. La cellule Cj qui se développe
est pratiquement verticale, son sommet se trouve
a8 2500 métres. Les réflectivités atteignent 8
dBZ au centre de la cellule ce qui correspond
probablement & des précipitations n'atteignant
pas le sol ou trop faibles et trop localisées
pour avoir été détectées. La cellule la plus
ancienne Cp.; a atteint son stade de dissipa-
tion, elle s'affaisse en s'inclinant suivant
1'axe de la coupe. Son sommet se trouve & 2100
métres et sa réflectivité maximale ne dépasse
pas 0 dBZ. Deux ou trois cellules sont présentes
simultanément dans les nuages étudiés. La durée
de vie de ces nuages est nettement sup&rieure

d celle des cellules qui les constituent. Elle
dépend essentiellement de la formation latérale
de nouvelles cellules qui assurent le maintien
du systéme et contribuent & son déplacement.
Bien que d'amplitude plus modeste, ce systéme
nuageux a une évolution comparable 3 celle des
systémes multicellulaires décrits par Marwitz
(1972) ou par Chalon et al. (1976).

4 - STRUCTURE MICROPHYSIQUE

Deux Aquasondes ont &té larguées dans la cel-
lule C,. La premiére & 12.35 TU, soit 5 minutes
aprés la coupe de la Figure 3, au moment du dé-
veloppement maximum de la cellule (sommet at-
teignant 2800 métres). Le deuxiéme sondage a
été effectué 4 minutes plus tard alors que la
cellule s'affaissait. La localisation de la
trajectoire des sondes est délicate. Nous
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ne possédons pas d'information précise sur

leur position pendant la chute., Nous avons es-
sayé d'estimer les trajectoires en comparant

le profil de réflectivité calculé avec les don-
nées d'Aquasonde i des profils verticaux de
réflectivité radar. La trajectoire obtenue pour
la premi&re sonde est indiquée par TT' Figure 3.

altitude
(km) :

0 T'IIQ 4; (km)

Figure 3 - Coupe vernticale de AZflectivite
nadar (en dBZ) a 12.30 TU efpectule
suivant L'axe AA' indiqué sun La
Figure 2.

I1 existe toutefols entre l'instant de la coupe
et ce sondage un délai de 5 minutes pendant le-
quel le nuage va poursuivre son développement
pour atteindre son altitude maximale et s'in-
cliner légérement vers la droite de la Figure.
Lorsque la deuxidme sonde est larguée, la cel-
lule C, a commencé a s'affaisser (sommet &

2600 métres) et se trouve trés inclinée. Sa
structure ressemble alors & celle de la cellule
Cp-1 & l'instant de la Figure 3.

Les spectres observés ont une forme unimodale
montrant une forte concentration en gouttes
de rayon compris entre 15 et 20 microns (voir
Figure 4). La courbe décroit ensuite de fagon
exponentielle vers les rayons plus importants
(25 3 50 microns). La dispersion des rayons
augmente de la base du nuage vers le sommet,
34 proximité@ duquel se trouvent les gouttes les
plus grosses. Ces distributions sont représen-
tées avec une bonne approximation par une loi
du type n(r) = ArK exp(-Br)
ol n(r)dr est la concentration des gouttes dont
le rayon est compris entre r et r+dr. B a été
obtenu & partir de la valeur mode de la dis-
tribution (rp), A peut €tre déduit du calcul
d'un de ses moments.

k+1

B = k et par exemple : A = NB,
T'm k!

concentration totale. L'expression de B a &té
choisie pour ajuster la ceutbe sur la valeur
maximale de la fonction de distribution. Les
valeurs obtenues pour k sont comprises entre

8 et 10 et différent de la valeur (k = 2) uti-
lisée dans la distribution de Khrgian-Mazin
(Borovikov et al, 1963).

ol N est la

Dans la cellule C,, les valeurs moyennées, sur
chaque sondage, du contenu en eau liquide sont
comprises entre 0.5 et 1.8 g.m~3, celles de la
concentration restent inférieures & 100 cm™3,
Ces données sont compatibles avec les observa-
tions effectuées dans le passé (Squires et
Gillespie, 1952) et sont trés proches des va-
leurs généralement obtenues dans le cas de pe-~
tits cumulus d'origine maritime. Pour ces



nuages qui ont pris naissance 34 80 km 4 1'in-
térieur des terres, les particules d'origine
ocBanique jouent vraisemblablement un rdle
prépondérant dans la nucléation des gouttelet~—
tes.

n(r)
p=720mb|{p =733 mb p = 747 mb
10
N O
p=1760mb |p =772 mb p = 785 mb
10.}
5| . .
0 microns
p=797 mb |p=2809mb |p = 820 wb
of J
s , .
—~ microns
0 20 40 20 40 20 40

Figure 4 - Spectres dimensionnels des gouttes
rencontriées pendant La thaversée de
La ceflule C,- Les nayons sont ex-
primés en michons et Les disirnibu-
tions en am=3x(2 micnons) 1.

La Figure 5 montre la concentration totale N

et le rayon moyen ¥ des gouttes rencontrées

par la premiére sonde au cours de sa chute. El-
le met en évidence la présence de deux couches
distinctes correspondant, de 700 & 1600 métres,
au stratocumulus formé& par la cellule Cy_.y en
voie de dissipation et, de 1800 & 2800 métres,
au cumulus associé 3 la cellule active C,. Dans
cette cellule, les plus grosses gouttes (enre-
gistrées par la premi&re sonde) ont un diamétre
de 50 microns et la concentration dépasse

90 cm~3. Lorsque C, commence & s'affaisser, les
gouttes deviennent moins grosses et moins nom-
breuses (données du deuxiéme sondage). Dans le
stratocumulus qui correspond d un &tat encore
plus avancé de la vie des cellules, le rayon
des plus grosses gouttes ne dépasse pas 20
microns et la concentration 65 cm™3.

. La structure de la cellule C, obtenue i partir
de la premidre sonde &tant représentative du
nuage en cours de dé&veloppement, nous allons
maintenant limiter notre &tude & l'analyse des
données correspondantes. Dans la partie infé-
rieure du cumulus (voir Figure 5), la concen-
tration augmente avec 1l'altitude pour atteindre
sa valeur maximale (92 cm~3) et décroit ensuite
lentement. Le rayon moyen des gouttes croit de
fagon réguliére jusqu'au voisinage du sommet.
Ce type de répartition peut &tre associ& i
trois modes d'évolution principaux :
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- une région ol la condensation est le proces-—
sus dominant (N est constant pendant que T
augmente)

- une région ol la coalescence est le processus
de croissance le plus efficace (N décroit, T
est sensiblement comstant

- des régions de mélange avec 1l'environnement
ol 1'évaporation est le processus d'&volution
dominant (parties infé@rieure et supérieure ol
1'on enregistre de fortes diminutions de N et
de T en allant de l'intérieur vers le bord

du nuage).
mb | P
700 P
800
9omi::::::>> -3
N(em™>) M(g.m‘3)

0 40 80 0 0.4 0.8
700 P P
800

1
90Q -3
- T(microns) Z(mm6.m )
0 5 10 . 0 0.05 0.1

Figure 5 - Distrnibution verticale de La concen-
tration N, du contenu en eau Liquide
M, du rayon moyen % et de La réflec-
rivite 7.

La Figure 5 montre la répartition verticale du
contenu en eau liquide M et de la réflectivité
Z calculés 3 partir des données de 1'Aquasonde.
Ces deux quantités augmentent progressivement

avec la hauteur au-dessus de la base puis elles
amorcent une brusque décroissance 3 1'approche

du sommet.

L'utilisation quantitative des données radar

dans 1'étude des nuages observés nécessite la
connaissance de relations entre la réflectivité
et des paramé@tres représentatifs de la structure
microphysique. Atlas (1954) propose des relations
avec le contenu en eau liquide et avec le diamé-~
tre du volume médian (D,). Appliquées i la cel~-
lule C,, ces équations donnent & M constant, des
réflectivit@s 2.5 fois trop faibles et & Dy
constant des réflectivités 3 fois trop fortes.
Nous avons recherché des ajustements du type

Z = aXP par la méthode des moindres carrés. De
bonnes corré&lations (coefficient de détermina-
tion r2> 0.97) sont obtenues pour les ajustements
avec le contenu en eau liquide M, le rayon moyen
T, le rayon du volume moyen T, ou le rayon du
volume médian ry. La réflectivitéd et la concen-
tration ne sont pas associées par une loi de ce
type.

La relation obtenue entre Z et M est :

7 =

14

13 x 107241595 o3 M est exprimé en gm™3 et
Z en mm®m~3. L'approximation i la valeur 2 du

coefficient b nous conduit 3 :

Z = 12,3 x 1072 M2

Cette expression a &té calculé&e sans tenir



compte des mesures au voisinage du sommet. Dans
cette région de fort mélange avec 1'environne-
ment, la forme du spectre est modifiée par 1'é-
vaporation rapide des petites gouttes. La rela-
tion proposé&e sous—estime alors légérement les
valeurs de la réflectivité.

Avec les autres paramétres (exprimés en microns)
on obtient :

Z =5.7 % 10-6F 412
= 1.3 x 1076 F 44
=12 x 1079 y 23

[s]

En utilisant la valeur 6 pour le coefficient b,
cette derniére équation donne 1'approximation :

z=370%x10°°
&)

Nous avons utilisé la relation obtenue entre Z
et M pour essayer de chiffrer le rapport d'en-
trainement entre le nuage et son environnement.
La Figure 6 montre le rapport entre le contenu
en eau liquide &valué dans la cellule C 3 partir
des réflectivités radar et le contenu en eau li~
quide calculd pour une transformation pseudo-
adiabatique saturée (Warner 1970). Sous 1500 mé-
tres(région du stratocumulus) ce rapport est su-
périeur 3 1'unité. Les réflectivités observées

d cet endroit permettent d'envisager la présence
de gouttes de précipitation qui expliquerait les
fortes valeurs de contenu en eau liquide. La re-
lation efitre Z et M qui a &té établie dans la
cellule C; & 1'état nuageux n'est probablement
pas bien adapt@e & cette couche. Le rapport d'
entrainement peut s'dcrire

N = 1l aM_b
M dz R
od R est le rayon moyen du nuage observé.
b = 0.4 permet d'obtenir une altitude correcte

du sommet. L'utilisation des quantités d'eau
liquide &valuées précédemment conduit & des va-
et de b qui augmentent avec 1l'altitude
b = 0.9.

leurs de
et & une valeur représentative

05

Squires
05

01 140 15 Gy
|
Figure 6 - Rapport du contenu en eau Liquide mo-
yen a La valewr adiabatique en gonc-
Zion de La hauteurn au-dessus de La

base du nuage.
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5 -~ CONCLUSION

Les nuages étudiés sont de petits nuages chauds
pour lesquels aucune précipitation n'a été dé-
tectée au sol. La formation successive de cel-
lules dans une direction privilégiée assure leur
maintien et contribue & leur déplacement. Des
informations sur la répartition verticale du
gspectre dimensionnel des gouttelettes ont &té
obtenues grdce 3 l'utilisation de sondes larga-
bles Aquasondes. Les spectres obtenus ont une
forme unimodale. Une relation a &té& &tablie pour
les représenter avec une bonne approximation. La
mise en évidence de relations simples entre la
réflectivité et des paramétres représentatifs

de la structure microphysique du nuage permet
1'utilisation quantitative des donndes radar.

Le contenu en eau liquide moyenné par tranche
d'altitude et le rapport d'entralnement ont pu
ainsgi étre é&valués.
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EVOLUTION OF THE DROPLET SPECTRUM IN COLORADO CUMULUS CONGESTUS

James E. Dye

National Center for Atmospheric Research *
Boulder, Colorado 80307 USA

1l. Introduction

The evolution of the cloud droplet spectrum
has been a topic of cloud physics research for
many years. The early numerical investigations,
such as those of Howell (1949) and Mordy (1959),
as well as the more recent ones of Warner
(1969b) and Fitzgerald (1974) using adiabatic
parcel models, predict a narrowing of the drop-
let distribution with time due to the radial
growth rate being inversely proportional to the
drop radius.  In contrast, many observations,
for example Warmer (1969a), frequently show the
droplet spectrum to be bimodal. Most of the
more recent numerical investigations have
attempted to explain the cause of this bimodal~
ity and broadening of the distribution (Warmer,
1973; Mason and Jonas, 1974; Lee and Pruppacher,
1977). Previous measurements have not differ-
entiated between measurements made in mixed
regions and those made in regions where the air
had ascended adiabatically from cloud base. If
the mixing process is indeed responsible for
broadening of the spectrum, differences in the
distribution should exist between these two
regions.

The observations upon which most of the
past work has been based have relied largely
on medsurements utilizing impaction devices and
usually on spot samples. Within recent years
new instruments--most notably the Particle
Measuring Systems (PMS) scattering devices—-
have allowed continuous measurement of the drop-
let spectrum to be made. While the new devices
are not devoid of error and must be carefully
calibrated, many more measurements can be made
and, 1f used judiciously, can further our
understanding of the evolution of the droplet
spectrum.

The PMS Forward Scattering Spectrometer
Probe (FSSP) was used on the NCAR/NOAA sail-
plane during the 1976 and 1978 field seasons
of the Convective Storms Division of NCAR.
During these seasons the sailplane was used to
spiral in the updrafts of growing cumulus
towers and thus, provides a quasi-Lagrangian
measurement of the droplet size distribution
as it changes with altitude. Although the mea-
surements are deliberately biased towards up-
drafts, regions of downdraft and interfaces
between the updrafts and downdrafts are fre-
quently encountered. Studies by Heymsfield,
Johnson and Dye (1978), using the sailplane's
temperature, updraft, and liquid water content
measurements, have shown that adiabatic regions
may exist in many of the clouds investigated by

* The National Center for Atmospheric Research
is sponsored by the National Science Foundation.

137

the sailplane. As discussed in the above work,
the consistency shown in the independent
measurements give a high degree of confidence
that adiabatic regions exist. Of the measure-
ments mentioned, the temperature proved to be
the most reliable. The equivalent potential
temperature (8,) derived from the temperature
measurement can be used to differentiate
between regions which are ummixed and those
which are mixed. By using 8, to identify un-
mixed and mixed regions and examining the drop-
let distribution measurements in these regions
as the sailplane ascends in the cloud, it is
possible to follow the evolution of the drop-
let spectrum in both the mixed and unmixed
regions of the cloud. It is the purpose of
this paper to present some results of a study
of the cloud droplet evolution using the sail-
plane data.

2. Measurements

Before going into the results of the mea-
surements it seems appropriate to briefly dis-
cuss the reliability of the FSSP measurements,
in view of some of the uncertaintiks which have
arisen about the instrument. A number of labo-
ratory evaluations of the FSSP mounted on the
sailplane have been performed. The probe has
been calibrated for sizing accuracy usingwater
drops of known size as well as by the use of
glass beads. The results of this size calibra-
tion were reported by Cannon (1978) and sizing
accuracy for the measurements reported herein
is believed to be #10%. The total sampling
area of the probe was also determined using the
experimental setup described by Cannon and
agrees well with that determined by PMS. The
fraction of droplets accepted by the velocity
averaging circuit of the probe was found to
average about 40% during the 1978 field season
and this value was assumed for the 1976 data.
Coincidence errors in the 1976 data arising
from the electronic dead time of the instrument
were generally less than 307 at the flight
speed of the sailplane, and concentration mea=-
surements have been corrected for this error
using the technique described by Cooper (1978).
The concentrations are now felt to be accurate
to +20%7. Work is currently underway to evalu-~
ate how badly the FSSP distorts the shape of
the real droplet spectrum. It is expected that
the results will be similar to those reported
by Cooper (1978). Specifically that for narrow
spectra with standard deviations less than 2 um,
there is some spreading of the spectrum, but
that the instrument output does respond to and
reflect real changes in the shape of the dis-
tribution.

The measurements presented in this paper
are primarily those from the 1976 field season.



The sailplane generally penetrated the side of
a growing cumulus congestus at about 1 km above
base (cloud bases in NE Colorado are typically
+5°C and at 4.5 km MSL) and then ascended in
the updraft a kilometer or two before leaving
the cloud. Cloud depths ranged from 3 to 8 km.
Updraft strengths in many of the clouds were
commonly 5 to 10 m s”! with peaks of 15 to 20
m s} For more details of cloud characteris-
tics see Heymsfield, Johmson and Dye (1978).
The FSSP measurements presented in this paper
are those from regions free of ice particles as
determined by the Cannon cloud particle camera.
3. Results

The results presented below are divided
into categories of unmixed and mixed regions.
The unmixed regions are those regions for which
the equivalent potential temperature (ee) was
within 1°K of the cloud base 6,. (The cloud
base value of 6, in most cases was determined
by direct measurement of the cloud base by one
of the NCAR Queen Airs.) The mixed category
contains measurements in regions where 6, isat
least 1°K less than the cloud base value.

Figures 1A and B show the mean cloud drop-
let diameter as a function of altitude above
cloud base for the 1976 cases for both unmixed
and mixed regions. Figure 1A also shows the
mean diameter predicted from a diffusional
growth model in which a parcel of air ascends
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Fig. 1. FSSP measurements of the mean drop-

let diameter plotted as a function of alti-
tude above cloud base in A) unmized and B)
mixed regions of Colorado cumulus congestus.
Values predicted froma parcel model (see text)
are shown for different cloudbase temperatures.
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adiabatically without additional activation of
droplets above cloud base. The updraft
strength is assumed to be constant at 2 m s
A typical northeast Colorado CCN spectrum of
N = 900 50-5% reported by Rogers and Vali
(1978) was used for activation of the initial
cloud droplet distribution. The calculations
were run for cloud base temperatures of 0, 3,
and 7°C .and cloud base updraft of 2 m s 1, The
resulting droplet concentrations were 874, 924,
and 965 cm” 3 progressing from the warmest to
the coldest cloud base temperature.

1-

From Fig. 1A we see that in general, in the
ummixed regions, the evolution of the mean drop-
let diameter does follow that predicted from
the adiabatic ascent model. Each of the differ-
ent days has a different cloud base temperature
and activated droplet concentration at cloud
base, which results in the scatter seen in Fig.
1A. But by examining the points for individual
days we see that they follow the shape of the
predicted curves. As expected, the measure-
ments in the mixed regions also approach the
mean diameters expected from the adiabatic
model, but there are also many smaller values
caused by erosion of the distribution,

The cloud droplet concentrations for the
1976 data set are plotted as a functionof alti-
tude above cloud base in Figs. 2A and B. There
is a lot of scatter in the observations and no
systematic trend as a function of altitude.

The mean values were 800 and 600 cm™° in the
unmixed and mixed regions respectively.
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Fig. 2. FSSP measurements of cloud droplet
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The measurements of the dispersion (the
standard deviation of the droplet diameter
divided by the mean diameter) for this same
set of data are shown in Figs. 3A and B. The
measurements in the unmixed regions show con-
siderable scatter with a mean value of about
0.26. The measurements from 1 to 3 km above
cloud base, suggest a slight decrease of disper-
sion above cloud base, as do measurements from
individual days. The measurements in the mix—
ed regions show more scatter than the unmixed
regions and both larger and smaller values of
dispersion. The larger values are probably a
result of the broadening of the spectrum due
to the mixing process. A comparison of Fig.
3B with Fig. 2B shows that the few scattered
values less than 0.1 probably occurred as a
result of evaporation and erosion of most of
the droplets in the regions in which those
measurements were made.

4. Discussion

Comparison of the observations made by the
sailplane in unmixed regions of cumulus conges—~
tus clouds of northeast Colorado with results
predicted from numerical studies of cloud drop-
let evolution in an adiabatic parcel model
show agreement between predicted and observed
values of mean diameter. The measurements of
droplet concentration from the entire season
were too scattered to determine if the expect-
ed decrease in concentration due to expansion
of the parcel agreed with observations; and
measurements in any one cloud extended over too
short an altitude range to attempt to verify
this for individual clouds. The scatter in
the droplet concentration data results from
climatological variations in cloud base tem—
perature, updrafts and CCN spectra.

The dispersion of the droplet spectrum ob-
served in unmixed regions is larger than that
predicted from models of adiabatic ascent.

For example, Warner (1969b) calculates disper=~
sion of 0.05 after only 200 meters above base
in his adiabatic model. When he simulates the
effects of turbulence by a random walk process
the dispersion is somewhat larger for some
cases but still remains between 0.05 and 0.1.
Clark (1974) considers the effects of turbu-
lence on the droplet spectrum in a more sophis~
ticated manner, but after a few hundred meters
above base the dispersion is still less than
0.1 even for the highest degree of turbulence
which he considered.

As mentioned previously the FSSP does
create artificial spreading of the spectrum.
The degree to which this occurs is being
examined but has not been established for the
probe mounted on the sailplane. It seems un-
likely that the spreading of the spectrum by
the FSSP is sufficient to account for the dif-
ference between the predicted and observed
dispersions.

Other measurements were made in northeast
Colorado during 1976 and 1978 by the Univer-
sity of Wyoming using soot-coated impactor
slides., For slides exposed in. updrafts, the
dispersions ranged from 0.12 to 0.32 with a
mean of 0,18 (Vali, private communication).
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Fig. 3. FSSP measurements of the dispersion

of the cloud droplet distribution plotted as
a function of altitude above cloud base in
A) unmized and B) mized rvegions of Colorado
cumulus congestus.

These measurements are based on 17 samples
which were taken within the first 1 km above
cloud base. The values of dispersion given by
these results are smaller than the values shown
in Fig. 3A but are larger than those predicted
in the adiabatic parcel models.

This information, combined with the
measurements of the sailplane in the unmixed
cores, suggest that even in the unmixed (i.e.,
adiabatic) regions of the cloud the droplet
distribution is more disperse than that pre-
dicted from adiabatic parcel models. Addi-
tional research 1s needed to examine this point
further.
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A NUMERICAL METHOD FOR INTEGRATING THE KINETIC
EQUATION OF COALESCENCE AND BREAKUP OF CLOUD DROPLETS

I. M. ENUKASHVILY

Dept. for Research and. Development Israel Meteorological
Service Bet-Dagan ISRAEL

1. Introduction

The approximation of the number density function n(x,t) of cloud droplets between droplets
mass grid points x=x, is the main problem in the numerical integrating of the coalescence and
breakup kinetic equation. In Berry's ( Berry, 1967; Beheng, 1978) approximation of n(x,t) neither
the number concentration nor the liquid water content of cloud droplets are conserved.In Bleck's
(Bleck, 1970; Danielsen et al, 1972; Soong, 1974) method it is impossible to estimate the error
of the approximate numerical solution and an assumption is made that in each separate droplets
packet all droplets are spread over the whole mass interval (xk,xk+l o This Bleck's uniform
distribution hypothesis gives as a result a significant increase gf the conversion velocity
from cloud droplets to rain drops for real coalescence kernel.

2. The governing equations and computation method

In this study an extension of Bleck's method and of the method of moments (Golovin,1963;
Enukashvily, 1964 a,b) is developed. Each separate droplets mass interval (x, , xk+llek+132x )
is considered as a cloud droplets packet with its own number concentration, Eiqu1d water content
and other moments. The unknown number density function n¥(x,t) in each droplets packet is

represented by an expansion in orthogonal polynomials with given weighting function

nk(z,t)=wk(z,t)ifoaik(t) Pik(z), 1)
where: .
z=x/xkrepresents the nondimensional mass of cloud droplets in the packet (xk, xk+11_

wk(z,t)-Weighting function;
Pik(z) - are polynomials, orthogonal in the range (1,2) with wk(z,t1;
aik(t) - are the expansion coefficients, which describe the deviation of nk(z,tl from wk(;,t).

These expansion coefficients are expressed as a linear combinations of the number density
function moments. In this way droplets number concentration, liquid water content and other
moments are conserved in each separate droplets packet and the problem of solving the kinetic
equation is replaced by one of solving a following set of coupled differential equations for the
number density function moments

where:

MR (e) = _{2zmnk(z,t)dz, 3

J - the total number of droplets packets;
m m

. m . - 3 .
A ik’ A ik-1,k° A 1%,k are the coalescence double integrals;

m

g™ ; "

K’ ik are breakup integrals.

The conservation relations between coalescence double integrals are derived.
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The computations of the coalescence and breakup double integrals require the values of
number density function in each separate droplets packet. Therefore approximating n, {z,t) by
means of first m terms of the expansion (1) and substituting this approximation in %he coalescence
and breakup double integrals, and also replacing the expansion coefficients a,, (t) by means of
linear combinations of moments, we obtain from (2) a finite set of differenti%& equations to
compute the first m moments of the n (z,t). Note that the convergence of (1) may be quite different
for different weighting functions. The most appropriate choice for w, (z,t), i.e. the one which
will yield the most rapid convergence, is a weighting function,which is as close to the n, (z,t)as
is possible. Of course if w, (z,t) is exactly n, (z,t), there is only one term in expansion (1). It
is obviously that Bleck's method is obtained from (2) by including the first one term in (1),
that is by assuming

a0k(t)# 0 and alk(t)=a2k(t)=........=0

3.Numerical computations and concluding remarks

The method is tested against the existing analytic solutions of the coalescence equation.
Numerical results are obtained when for the weightipg function the Bleck's uniform distribution
~hypothesis for nk(z,t) and the Golovin's (1963) asy®Photic solution of the coalescence equation
is taken. A comparison between numerical results computed by using the zero approximation
(Bleck's method), which includes the one first term in (1) and by using the first approximation,
which includes the first two terms in the expansion(l) is made. The results of numerical
computations indicate: :

a) If the chosen w, (z,t) is close to n, (z, t), the difference between numerical results computed
by Bleck's method and by using the firs% approximation of (1) is sufficiently small.

b) If the chosen w, (z,t) is not close to n, (z,t), the first approximation of (1) gives th=
numerical results, which are close to the énalytic solutions for the Golovin's (1963)kernel even
for 60 min.

c) For Long's (1974) kernel the difference between numerical results comguted by using the first
approximation of (1) with weighting functions w, (z, t)=1 and w, (z,t)= z~ /2 is not large and
therefore these numerical results may be consideéred as sufficiently correct approximative
numerical solution of the coalescence equation for Long's kernel.

d) For practical computation of the coalescence and breakup processes in numerical modeling

of ‘clouds and precipitation the use of the first approximations of (1) requires considerable
computer time. The weighting functions of the form z-¢ (c=constant) were therefore tested also.
It is shown that the zero approximation of (1) with w, (z,t)=z-3 gives reasonable results for
Golovin's kernel (Bleck ,1970); For Long's (1974) kernel the reasonable results may be obtained
by using zero approximation of (1) with w (z,t)=z'4'8’

e) The quasilinear approximations of n, (z,t) which includes two first terms of (1), in
comparison with Berrys six point interpolation, give reasonable results, which are close to the
existing analytic solutions.
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MICROPHYSICAL STRUCTURE OF DRIZZLE INITIATING CONVECTIVE CLOUD

M.FUJIWARA, and I.ICHIMURA,
Meteorological Research Institute,

Tokyo,
K.ISONO

Nagoya University,
Nagoya, Japan

1. Measurement

The droplet sampler has MgO coated cylinder
with a spiral strip to obtain a continuous

- record through 2,142 or 1,071 m of path in
cloud with airplane speed 63 m/s. The expos-—
ure time is 0.023 or 0.012 sec, and sweeping
volume, 0.44x0.64x1,470 mmS per sec. The col-
lection efficiency was assumed after Langmuir
and Blodgett(1948) for cylinder. Calibration
coefficient for MgO was assumed to be constant
0.80 after May(1950) and Mason(1971).

After 3 days of an out-break from China, low
cumuli or strato-cumuli developed underneath
a weakened inversion and covered the Miyako=—
jima island (N 25,E 125). No clouds were ob-
served above them. The cloud base stayed at
1,070 m while the towering top changed from
1,980 to 2,700 m, Locally a few dark virgas
appeared through which airplane encountered
weak drizzle rain, but no evidence of it
reaching the ground.

Cloud skeches are shown in Fig.l. After lst
penetration (10:23:00) the cloud tower has
decayed very first. Cloud water contents
(calculated from the drop data) and concent-
rations are shown in Fig.2.

In the afternoon, lst penetration was made
during the cloud top grew from 2,400 to 2,400
m. Second penetration was made 12 min later,
just before the top decayed to 2,380 m, 3rd
cenetration, 11 min later, just before the
top decayed to 2,320 m.

On 24th, most cloud became fair-weather cu.
type. Penetrations were made about middle
part of cloud.

2. Results (a) Cloud water content and drop
concentration
As shown in Fig.2, the point values of water
content and droplet concentration vary re-
markably in space. Such violent variation
extends to the center part of cloud tower,
the variation with down to meter scale of
intervals.

Extreme large amounts of cloud water reach-
ing 10 gr/m3 as point values were observed
in the 1lst penetration (mature stage), 10:
23:10-14, while the average value was 2.94
gr/m3. Such extreme values were observed
also in the afternoon. Those are both in a
cloud tower in growing or mature stage.

In the afternoon, the average concentration
for each penetration was 4.86, 1.49,or 0.93
gr/m?®, respectively, with the cloud evolut-
ion. The data from the fair-weather cu.
show reasonable values to our knowledges.

(b) Size distributions of droplet
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In Fig.3, part of sequence of mass spectra of
droplet from the frame no. 1001 to 1500, which
was selected from that of mature stage for
that the microphysical variation with larger
scale is predominant. Since each histogram was
pasted so as to save pages, the zones of con-
centrated base lines ‘mean less cloud water.
Following along the frame no. systematic vari-
ation with some ten's meter scale ( each frame
is in 30 cm interval in cloud) is. found. Cloud
volume of high water content ( L-volume) and
that of low water content ( N-volume) exist
side by side.

Although not illustrated here, such specific
volume has distinguishably low and high con-
centrations, respectively, contrary to the
water content. In the particular stage of the .
cloud development, the microphysical property
is rather homogeneous within the individual
specific volume.

Although the sequence of histograms is distu-
rbed due to the sampling size, the multimodal
or monomodal feature of the spectrum can be
followed:

(1) The maximum peak values of the water
content achieved when the multimodal
becomes monomodal at center part of L-
volumes.

The multimodal is common in the margi-
nal region of L-volume.

In transient region from N-volume to L~
volume, small drops (lOpm order) have
disappeared.

One transient region of larger scale (
from 1170 to 1250) involved L~ and N-
volumes of smaller scale, say 2-5 m,
alternatively.

It is inferred from above evidences that
gome diffusional and collisional processes
in the boundary region between the specific
different cloud volumes might played signi-
ficant role for the drop growth, since the
violent microphysical variation extends to
the center part of cloud.
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CUMULUS AND STRATOCUMULUS MICROSTRUCTURE

FROM IN SITU MEASUREMENTS

J.F. GAYET and M. BAIN

L.AM.P., University of Clermont-Fd, FRANCE

1. Introduction

The 1979 spring field program of the
L.A.M.P. included a study of the microstruc-
ture of the icing clouds. It was carried out
from the Valladolid airport in an area in the
north-west of Spain (Fig. 1) during the SSP3
of the Precipitation Enhancement Project
(P.E.P.) of W.M.0. from March 27th to April
4th. As part of that program, the University
of Clermont II operated an instrumented DC 7
research aircraft. Approximately 390 cloud
penetrations on 8 different days were perform-
ed. 90 % were realized at negative tempera-
tures, 36 % were of cumuliform clouds and 64 %
of stratiform clouds.

The first part of the paper describes the
results of a microstructure statistical study
for the two cold cloud types.

The second part shows a relation between
the cloud microstructure and the icing rate
which is applied to give the intensity of
icing conditions in terms of meteorological
parameters and can be applied to the growth of
graupel.

- e . |
w . ]
I
Experiment
- area
'y VALLADOLID
o MADRID
0°
SPAIN
D
6" T
Figure 1
2. Cloud physics instrumentation

The available instrumentation was as
follows

. Three Particle Measuring System probes,
FSSP (3 < D < 45 um), 1 D-C (20 < D < 300 um)
and 1 D-P (300 < D < 4500 um),

. a Total Water Content probe (TWC -~
General Eastern 1848),

. a Johnson-Williams cloud ligquid water
content meter (particle diameter < n 50 um),

. usual thermodynamic devices,

. a 3 cm PPI radar.

The instrumentation was complemented with
a doppler radar and inertial platform for the
dynamical and navigation parameters. The mount-
ing location of the different probes can be
seen on fig. 2.

Microphysical probes
/——”———/\‘"—'—-"—_\

X Rosemount
T W
£
- "
- >~
e .

Cameras

2 == Inlet
Icing probe

\\\\\\ Wind vane

(attacHh angle)

] L.\ e
/
Total 5 - - - Total
pressure ; N - : temperature
—— oo ) probe

¥Wind vane
{sideslip angle)

3cm radar

Figure 2

Spatial resolution of tape recorded data
was v 100 m for all the parameters. A detailed
description of the DC 7 instrumentation has
been given in a previous paper (Gayet et al.
1979, a-b).

‘ The PMS 1D probe's data presented here
have not been corrected in spite of the pro-
blems affecting the PMS devices. Isaac et al.
(1977) suggest that the 1 D-C size and count
particles with an unknown accuracy for the 3
first classes, whereas the first 1 D-P channel
can be corrected by a factor which is a func-
tion of particle size distribution. In the same
way, Brenguier et al. (1980) show that the FSSP
undercounts the particles. The undercounting
depends on the concentration but also on the
droplet size distribution. The PMS 1-D data do
not permit the determination of the ice/liquid
phase of cloud particles.

3. Global comparison of the microstructure
of cumulus and stratocumulus clouds

3.1 Data processing

The results presented below concern micro-
physical parameters averaged over the cloud
penetration. We call penetration, a cloud
length greater than v 1000 m (10 discrete meas--
urements) which is defined by an average LWC
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LWC > 1072 g/m3, With these criteria the me-
dian penetration length was 4800 m, and 84 %
of the penetration lengths were between 1000
and 8000 m. Fig. 3 shows an histogram of the
temperature at the penetration level. The mean
value is found to be at - 9°C and 14 % of the
penetrations were carried out at temperatures
below - 16°C.

80 -
= 346 penetrations
7 60
z
w
3
240 }
[
i
20
0 J
0 -8 -6 -2 -32
TEMPERATURE (°C)

Figure 3

The mean level of cloud penetrations was 2800
MSL. (Most of the clouds, which have been in-
vestigated above 60 % over the Duero basin
rising v 800 M.s.l). Two microstructure cloud
types are described : the cumuliform clouds
including cumulus congestus and cumulonimbus
which were characterized by a thickness up to
3500 m during the experiment, Nimbostratus,
stratus, stratocumulus and altocumulus, all
in the stratiform category in which the maxi-
mum thickness of the noticed cloud was v 1500
m. The clouds containing large particles (or
hydrometeors - diameter > 300 um) have been
differentiated, the lower average concentra-
tion limit given by the 1D-P specifications
being v 2 x 1072 1-1, The temperature range of
cloud traverses and the preliminary results
from Vali (1979) seem to indicate that these
hydrometeors are more often ice particles.

3.2 Results

We simultaneously present the results con-
cerning cumuliform and stratiform clouds. Figs.
4 to 7 respectively display the histograms of
the cloud water content (LWC - g/m3) from J.W
probe, the median volume diameter (%) (Do -
um) and the cloud droplet concentration
(Cc - em™3) from FSSP and the hydrometeor con-
centration (CH - 171) from 1D-P probe. Sus-
cript (a) denotes cumuliform clouds, whereas (b)
denotes stratiform clouds.
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Fig. 4(a) Fig. 4(b)
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Table 1 summarizes the mean values (M.V.), the
standard deviations (S.D.) of the above men-
tioned parameters plus the concentration of
particles > 70 um (1=1) and the condensed water
content (LWCR - g/m3) from the TWC prohe by
substracting the vapor water content computed
from the filtered dew point temperature.

Figs. 4 to 7 and table 1 show noticeable
differences between the two cloud types. For a
same LWC value of cloud liquid water content
(v 0.23 g/m®), the median volume diameter is
greater (18.5 um) for cumuliform clouds than
for the other cloud type (14.6 um). These dia-
meter differences are balanced by the droplet
concentrations 94 cm”3 against 136 cm”
respectively. Because of the proximity of the
experiment area (fig. 1) from the sea and the
above mentioned characteristics, the clouds
examined can be considered as being maritime.

On the other hand, table 1 shows great
differences between the two cloud types for the
hydrometeor concentrations and the concentra-
tions of particles > 70 um. The cumuliform

(%) The median volume diameter (Do) is defined
by the diameter for which the mass of particles
< Do is equal to the mass of particles > Do.



1 D-C
Probes J - W F S s P 1 D~P 1 D=-P TWC
LWC (g/m3) Do (um) e (an3) cy (171 Cp (17H LWCR g/m3
M.V, S.D. M.V. | S.D. | M.V. | S.D. M.V.| S.D. | M.V. | 5.D. M.V S.D.
Cum. clouds 0.23 0.23 18.5| 6.7 94 66 2.8 4.0 27.8 | 53.0 0.6 0.5
Strat. clouds{ 0.22 0.18 14.6§ 5.2 136 72 0.8 1.2 6.1 | 11.6 0.5 0.4
Table 1

clouds have a Cy Vv 3.5 times as great (2.8
against 0.8 1-1) and a Cjp "~ 4.5 times as great
(27.8 against 6.1 171) as that of stratiform
clouds. Fig. 8 indicates the percentage of
cumuliform and stratiform clouds containing
hydrometeors as a function of hydrometeors con-
centration. 92 % of cumuliform clouds contain
more than 0.02 11 hydrometeor concentration
against 67 % for stratiform clouds. No strati-
form clouds have a mean value > 6 171, and only
5 % of cumulus clouds have a concentration >

10 17+,
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Our cumulus cloud results can be compared with
those of Isaac and Schemenauer's ones (1979).
These authors had performed many cumulus pene-
trations over Alaska, using a similar instru-
mentation and in the same temperature range.
They classified the sampled clouds as continen-
tal and found median penetration averages of
LWC, of concentrations of particles > 70 um and
350 um to be 0.3 g/m3, 0.9 1-1 and 0.015 1-1
respectively. Although they performed penetra-
tions only within 300 m of the cloud top,
comparisons can be made and indicate greater
hydrometeor concentrations over Spain.

b, Cloud microstructure and icing conditions

4,1 Icing intensity as a function of liquid
water content and median volume diameter

The intensity can be related to the rate of
accretion of ice on a cylinder (Lewis, 1947). If
no "run-back'" occurs on the cylinder and provi-
ded there is no sticking of ice crystals, the
rate of accretion is given by the following
relation : Rw = Ve.LWC.Ew (1), where Vo is the

free-stream velocity (m/s), LWC is the liquid
water content (g/m3) and Ew the water catch ef-
ficiency (Rw : g/m2/s). Ew depends upon several
parameters those characteristic of the air
(density and viscosity), those related to the
ice collector (diameter and stream velocity)
and those related to the cloud (density of wa-
ter and droplet diameter).

During the experiments described above, an
icing probe was filmed every 12 s with a 16 mm
camera. The rate of ice accretion (Ra - mm?/s)
of the cross section of ice on the cylinder
(¢ = 25.4 mm) has been obtained from the slides.
The preliminary measurements of Ra versus the
cloud liquid water content (JW probe) for a
stratocumulus cloud (flight 10 - March 31) with
a small hydrometeor concentration (< 1 171) are
depicted in Fig. 9.
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Ra being related to Rw (from ice density and
accretional surface area) the ice accretion

rate has been computed, using the relation (1)
and the Cansdale and Mc Naughtan's formulation
(1977) to obtain the data for a nominal speed
and an average median volume diameter in strati-
form clouds (100 m/s and 14.6 um). The straight
line corresponds to the best fit of data sets.
(correlation : A 0.9). The dashed lines on fig.
9 correspond to calculated relations for
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different median volume diameters. The icing
intensity recommended by Lewis (1947) and
translated in terms of ice accretion rate (Ra)
have been also reproduced in Fig. 9. Table 2
gives the icing intensities, the.corresponding
values of Ra and the ranges of LWC for a me-
dian volume diameter of 14.6 um.

Intensities Rate of ice Liquid water
of icing accretion content
{(mm2/s) {g/m3)
Trace 0.0 = 0.14 0.0 - 0.1
Light 0.14 - 0.70 0.1 - 0.5
Moderate 0.70 - 1.40 0.5 -~ 1.0
Severe 1.40 or more 1.0 or more
Table 2

4.2 Icing intensity as a function of alti-

tude in a stratocumulus

This variation has been studied for the
flight 10 (from 11h22 to 11h50) at different
levels. The cloud thickness was ~v 1500 m. Fig.
10 shows vertical profiles of mean values of
the liquid water content, median volume dia-
meter, hydrometeors concentration, cloud par-
ticles concentration and temperature. This
figure reveals that the maximum concentrations
(0.7 171 and 300 cm~3) are at v 740 mb. The
maximum of liquid water content (0.6 g/m3) is
located beneath the cloud top and the median
volume diameter increases (from 12 um to 15.6
um) from the base to the cloud top. Using Fig.
9 and the cloud microstructure characteristics,
the icing intensity profile has been calcula-
ted and is shown in Fig. 10. The more intense
icing zone (moderate, locally severe) is found
in a cloud thickness of v 350 m below the cloud
top and at a temperature of - 11°C. This zone
must correspond to that of maximum graupel
growth rate.

5. Conclusions

The paper describes general microstructure
of cumuliform and stratiform clouds over Spain
from 350 cloud penetrations on 8 different
days in spring 1978. Noticeable differences
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occur between the two types of clouds, not on
mean values of the cloud liquid water content,
but on droplet spectra characteristics and on
the occurrence of hydrometeors concentrations.

The icing intensity is related to the 1li-
quid water content and the median volume dia-
meter. It was found larger near the top of
stratocumulus.
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SHAPE OF RAINDROP SIZE DISTRIBUTIONS SIMULTANEOUSLY OBSERVED AT THREE ALTITUDES

E.G. Gori ()

and

J. Joss (T)

(t)- Istituto di Fisica dell'Atmosfera, Consiglio Nazionale delle Ricerche. OOL4L Roma - ITALY
(T)- Osservatorio Ticinese, Centrale Meteorologica Svizzera. 6605 Locarno Monti - SWITZERLAND

1. INTRODUCTION

The evolution of precipitation particles
has been investigated by means of very differ-
ent methods during the past 30 years. Hardy
(1963) used numerical procedures to combine
drop size distributions (DSD's) of rain cbser-
ved at the ground with the computed changes as
the raindrops fall,thus deducing the DSD at the
melting level. Ohtake (1969) compared a few dig
tributions of melted aggregate snowflakes and
of raindrops sampled simultaneously at two al-
titudes along a mountain slope by means of fil
ter paper. From these observations he deduced
changes occurring in the melting layer. Battan
(1977) investigated DSD in rain by means of a
zenith pointing Doppler radar ,making observa-—
tion of the reflectivities and Doppler spectra
of showers which exhibited a bright-band.

Two major difficulties arise when trying to
measure the evolution and growth of precipita-
tion particles in nature. The main difficulty
lies in the large natural variability of preci
pitation and,related to that,the amount of work
involved to receive a statistically meaningful
sample before the meteorological situation has
changed. The second difficulty is encountered
when comparing distributions measured at diffe
rent stations. For that we need a measure to
describe the shape. Then we are able to use sta
tistical methods for treating the data and fil
tering out unwanted noise,e.g. due to the cel-
lular structure of precipitation.

The disdrometers used in this experiment
allow to get statistically meaningful samples
at 1 min intervals,continuously and unattended
at three different altitudes. The parameters,
briefly covered in Sec.3,solve the second pro-
blem by allowing to measure and compare the
shape.

2. OBSERVATIONS

The rough data were collected by means of
automatic meteorological field stations,equip-
ped with the electromechanical disdrometer
RD~69 and placed along the slope of the Mount
Cardada (Fig.l) at altitudes of 225, 370, 1015
metres above sea level (respectively called L,
M and H stations). The continuous widespread
precipitation,recorded at the three stations,
lasted from 1226 to 2349,Sept.28,19Tk: 684 min
of continuous rain,

A zenith-pointing radar,at the M station,
exhibits long periods of uniform echo patterns
and a marked bright-band above 1600 metres. The
relative humidity,80% at the beginning of the
rainfall ,exceeded 95% in every station after
three hours. The wind,observed at M station,was
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FIGURE 1. Locatione of three observation gi-—
tes on Mount Cardada: L, M and H stations;near
Locarno, South of Switzerland.

weak and rarely reached 3 m sec-l. The disdrome
ters of the H, M and L stations recor%ed the
raindrops on a sampling area of 50 cm” in 20
clagsses of drop-sizes,between 0.3 and 5 mm dia-
meter., The sampling process was continuous and
during the storm for each station a total of
684 samples were obtained,each one accumulated
during one minute.

DSD's PARAMETERS

Following Joss and Gori (1976 and 1978),
three sets of parameters were used to describe
the DSD in rain,where N(D) is the drop concen-
tration per unit volume and unit diameter and D
is the diameter.

3.

3.1 Integral Parameters
5 (m%n )
W (mm3m—3)
R (mm hr—l) train intensity

R‘(mmhm—3)=ZN(D)Du irelated to rain intensity
%)

toptical extinction coefficient

1liquid water content

7 (mm'm iradar reflectivity factor

3.2 Maximum Contribution Diameters

D(o), D(W), D(R™), D(z) (mm) :maximum contribu-
tion diameters respectively to four o, W, R”
and 7 parameters., For example the maximum con-
tribution diasmeter D(Z) is the drop size of an
exponential DSD with largest conmtribution to Z
as defined by eq.(1):

(1) D(z)(mm)= f‘?N(D)DédD / fo(p)D’ap.
3'3

S(Wo), S(R™W), S(ZR™), S(Zo) (-—):shape factors
which describe the shape (curvature) of the DSD
over the region of the drops which most contri-
bute to the integral parameters specified in

Shape Factors



parenthesis. The shape factor S(Zo),as example,
is defined by the following equation:

{D z —D(g}
)= D(Z)+D(g) observed

(2) s(zo
{D(z>-D(cz)}
D(Z)+D(q)] exponential,20 classes
S(Zg)n O means quasi monodispersed shape
S(Zg)< 1 " toward monodispersed shape
S{Zo)= 1 "  exponential shape
8(Zg)> 1 " more of the very small and/or
very large drops than in an ex-—
ponential DSD.
L, SHAPE OF DSD's OBSERVED AT H, M AND L

STATIONS

Using the date reduction process described
by Joss and Gori,(1978),examples of the shapes
of different sampling periods are shown in
Fig.2. If during the whole storm all the drops
in each drop class of this rain are added,we

1000 STATION M (370 m)]
N(D) 28-9-1974 1226-2348
100+ R=204 mm hf'
G
, il ) PN
0r (OM) I
OBSERVED \
. RETRANSF.
| 684 min \ 684 min |
(SM)
0Af 2
\\

0.01+ (IM) N |

" | RETRANSFORMED AN

1min \\

0.001 \E
\
1 2 3 4 5

D (mm)

FIGURE 2. Average "instant" distribution

(IM) of 684 1-min distributions together with
the single sum-distribution (OM) during the eg
me 684 mins,and the quasi~exponential retran-
sformed distribution (SM) of best fit.

f£ind the dots (OM) in Fig.2; the parameters of
this distribution are given in Tab.l. These re
sults are in excellent agreement with the qua-
si-exponentisl retransformed distribution (8M)
of best fit,calculated by means of the follo-

wing equation,(see also Joss and Gori,1978):

(3) N(D)= No exp(-AD) / (1-C(Xo-AD)Z)

The following procedure was used in order
to derive the average "instant" distribution
(IM) in Fig.2:

~ parameters of 68L4 individual l-min samples
were calculated;

- the average of each parameter was calculated;
shown as OBS(1l') in Tab.l;

~ the retransformation of the average parame-
ters to & distribution N(D) of best fit (see

(IM) in Fig.2) was calculated by choosing X,

and C in equation (3) such that the parameters
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1000t § LOCARNO 28-91974
X 1226 -2348
N(p)
I RETRANSFORMED |
100 DISTRIBUTIONS
KNS F
ol R ~2 mm hr'
10t .
SUM
: N DISTRIBUTIONS
01 (SH)
I oaNsSTANTY Y (SM)
DISTRIBUTIONS
0.01r 1 min
0001 (IH), 1015 m \
(IM), 370 m/
ooool  (IL),225m 3}
2 3 _ 4 5
D (mm)
FIGURE 3. Average "instant" distributions

(IH), (IM), (IL) of 684 I-min distributions to-
gether with the quasi-exponential sum~distribu-—
tiome (SH), (SM), (SL) of drops accumilated du-
ring the 684 min at H, M, L stations.

defined in Sec.3 of the retransformed distribu-
tion agreed best with the parameters of the ob-
served distributions (for details see Joss and
Gori,1978).

The same process,applied to observed distri
butions at H and L stations leads to the "in-
stant" distributions (IH) and (IL) and those ac
cumulated during the entire precipitation (SH)
and (SL),shown in Fig.3. The parameters are gi-
ven in Tab.l.

The distributions plotted in Fig.3 show
that:

A) "Instant" distributions are very different
from sum~distributions in spite of the fact
that both cover exactly the same data.

Distributions recorded at different altitu-
des are systematically different,the lower
station showing a stronger tendency towards
menodispersity.

The influence of the length of the sampling
interval (A) is stronger than that of the
altitude (B).

B)

C)

The changes in altitude may be explained by
drop collision during falling,by windsorting

H M L
o Upper Lower |Upper Lower |Upper Lower
S(Wo) [21.016 1.000 | .914 .899 | .868 .855
S(R™W) .908 .889 | .81L4 .798 | .772 .756
S{ZR™) .T32 .709 | .670 .655 | .6LO .626
5(z0) (864 .850 | 790 .7TT | .753 .ThO
TABLE 2. Confidence limits of the average

shape factors of the "instant" distributions re
corded on 28 Sept. at H, M and L staticns. Up—
per and Lower values represent: Average *
£Sx/ M ,where n=684; the average shape factors
are shown wn Tab.1 as OBS(1').



STATION | CURVE RETRANSFORMED
ood Figs. PARAMETERS P ARAMETERS TYPE
ALTITUDE {2 + 3| 0 W R 2 [|8(Wo) S(R™W) S(ZR™) s8(Zo) A Ng c X
-- |213 137 2.22 975| 1.07 1.08 1.03 1.05 OBS( 684 ")
H SH (217 139 2.22 970( 1.01 1.05 1.08 1.05 {3.12 3640 -.00T 8 |[RETR(684')
1015 o -- 1218 141 2.22 718 1.01 .90 .72 .86 OBS(1')
219 1h2 2,22 T13| .97 .87 .76 .86 | 4,05 23600 .061 8 |RETR(1')
OM |182 123 2.04 908| .99 .99 .95 .98 OBS(68L1)
M SM {181 123 2.04 909| .99 .98 .97 .98 1 3.1k 3950 .00k 5 |RETR(684')
370 -- |185 126 2.04 675 .91 .81 .66 .78 0BS(1')
" IM [183 126 2.0k 674| .94 .80 .66 .79 | 4.05 25200 .125 7.5 |RETR(1')
L -— 1159 110 1.82 791{ .94 .93 .92 .93 OBS(6841)
SL |157 109 1.82 794 .96 .93 .91 .9k 13,00 3040 .019 3.5 |RETR(684")
225 m - 162 111 1.82 597| .86 .76 .63 <15 0BS(1")
| IL ]159 111 1.82 600 .93 .76 .62 .76 14,05 23500 .159 7.3 |RETR(1')
TABLE 1.  Parameters pertinent to DSD's shown in Fig.2 and Fig.3; RETR and 0BS stand for Retan—

sformed and Observed.

and orographic influences. Due to the high rela
tive humidity of 95% eveporation brings little
influence in this case,but may be significant
otherwise,

The limits of confidence of the average sha-
pe factor for the "instant'" DSD's plotted in
Fig.3 are shown in Tab.2. This showsfor all the
shape factors,that these are significant diffe-
rences between the stations. The test indicates
for all stations a significance level of better
than 0.5%.

5. CHANGES OF SHAPE DURING PRECIPITATION

In order to investigate the changes during
the entire precipitation,we subdivided the se-
quences of 684 shape parameters of "instant"
DSD's into 12 contiguous sequences of 57 val-
ues. Then the 12 averages of "instant" shape pa
rameters S(Zg) for the H, M and L stations were
calculated and shown in Fig.4. The correlation

W oa.oem A T
S(ze) 28-9-1974 / \"H
Al /
(=)
0.9t
08F
&\'\v"f = .
07 T A& D
- AVERAGES ON 57 DISTRIB. OF 1min
06 14 16 18 20 22
TIME (MST)
FIGURE 4.  Variations of the shape factor

S(Zo),for the average of 57 "instant" shape
factors,during the entire precipitation,at H,
M and L stations.

LM

M« H

L+~—3

1
2
3

C (57 "instant")
¢ ("“instant")
At ("instant"),(min)

0.96
0.70
1.6

0.89
0.62
3.0

0.93
0.59
3.2

TABLE 3. Correlation coefficient C for the
three pairs of stations and the equivalent time
difference 0Lt in the autocorrelation function
of 8(zag).

coefficient between the 12 average shapes meas
ured at different altitudes are shown in Tab.3
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together with the correlation coefficient for
the 684 "instant" shapes. The latter ones are
smaller due to small scale variations of the
precipitation. The last line in Tab.3 indicates
the time At needed in the autocorrelation func
tion to decay to the value of the correspon-
ding ingtant crosscorrelation coefficient in
the line 2 of Tab.3.

6. INFLUENCE OF THE SAMPLING PERIOD ON THE
SHAPE

In order to examine how the DSD shapes ob-
served at H, M and L stations depend on the
gsampling period during which the distributions
were accumulated,we analyzed the three sequen-
ces of 684 l-min samples with the procedure
described by Joss and Gori,(1978). The results
are partially shown in Fig.5 for the shape fac
tor 8(Z0),reflecting the average shape of the
distributions. We find that the difference A
in shape between different altitudes is rough-
1y independent of the sampling duration. In
other words,the way in which the shape approx-—
imates the exponential one as the sampling du-
ration is increased is,at first approximation,
independent of the sampling altitude.

SAMPLES AVERAGED =——
684 300 100 50 20 10 5 2 1

S(ze)
(—)

09

SAMPLING PERIOD (min)

FIGURE 5. Variation of the shape factors as a
function of the sampling pertod for 684 mins of
continuous widespread rain (Sept.28,1974) obser
ved at H, M and L stations. B



As pointed out by Joss and Gori,{(1978),the
angle o in Fig.5 is a measure of the autocorre
lation coefficient CA. The smaller o,the
higher is CA between samples (q=0° — CA=1;
0=90° —+ CA=0),

At the lowest station L,o is highest
(100%) ,at M (94%) and at H lowest (83% of al).
This means that samples at station E are bet-
ter correlated in time than lower down. The
changes are proportional rather to the diffe-
rences in altitude and not to the horizontal
distances between the stations,which are rough
1y equal (DH_ v D). This suggests that the
changes are due to the different altitude
rather than to the horizontal distance. The
higher correlation above means that changes at
higher altitude occur more slowly and are less
pronounced,

7. CONCLUSIONS

The analyses of the DSD's recorded at three
altitudes on a mountain slope suggest the fol-
lowing conclusions:

7.1 Major shape changes occur simultaneous at
the three altitudes reflecting changes in
weather conditions (Fig.h).

"Instant" distributions deviate strongly
from exponential ones,(Fig.3),et all alti-
tudes.

7.3 Distributions at lower altitude are sligh-
tly more monodisperse than higher up,
(Fig.3 and Tab.l.),

7.4 Exponential distributions are found at
every altitude when many "instant" distri-
butions from different conditions are sum—
med,(Fig.3 and Fig.5).

7.5 Shapes at the same time and different alti
tude show very similar variations (Fig.l).
The crosscorrelation coefficient for the
two extreme stations,B800 m apsrt in alti-
tude,is the same as the autocorrelation
coefficient for any station with a delay
At~ 3 minutes,(Tab.3).

7.6 At the higher altitude the autocorrelation
funetion for a given At is also higher,
indicating that changes occur more slowly,
(sec.6).

7.7 The experiment does not answer the gues-
tion of what fraction of the observed
significant changes are due to orographic
influence and what would be measured in
the free atmosphere in a flat country.
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THERMAT, MICROPHYSICAL AND CHEMICAL CONDITIONS IN AN URBAN ENVIRONMENT

L,T. Khemani, G.,A, Momin, M.S. Naik, A, Mary Selvam
and Bh.V, Ramana Murty

Indian Institute of Tropical Meteorology, Pooma 411 005, India,

1. INTRODUCTION

A study of the rainfall records
for the period 1901-1969 in the urban
industrial city of Bombay (18° 51'N,
72° 49'E, 11 m ASL) suggested signi-
ficant increases in rainfall in the
downwind region by about 15 per cent
during the period of industrialisa-
tion %Khemani and Ramana Murty,l973).
The physical reasons for the observed
increases in rainfall could not be
investigated immediately for lack of
the necessary data in the region. For
the above research field observatio-
nal programmes were carried out
during 1972, 1973 and 1974 and exten-
sive surface and aircraft observa-
tions were made. The results of the
study are presented below,. i

2. LOCATION OF MEASUREMENTS

The locations of the places of
measurements are shown in Pigure 1.
Solid strips in the figure denote the
regions of major industrial establi-
shments which were commissioned
during the period 1950-1960 (Ehemani
and Ramana Murty, 1973). The major
industries include textiles, ferti-
lizers, chemicals, oil refinery,
thermal power genevation etc. The
population of Bombay city is about 6
million, The meteorological condi-
tions in the region during different
seagons were described elsewhere
(Mary Selvam et al., 1980).

3.0 MEASUREMENTS
3.1 Surface

Atmospheric trace gases (sulphur
dioxide, oxides of nitrogen, and
ammonias, total particulates, total
hygroscopic and noun-hygroscopic
nuclei and chemical composition of
rain water (chloride, sulphate, nitr-
ate, ammonium, sodium, potassium and
calcium) were measured. The location
of different measurements and average
values of +the parameters are given in
Tables 1 and 2, The details of the
methods of measurements and the tech-
nigques of analysis were described
elsevwhere (Khemani and Ramana Murty,
1968; Khemani et al., 1976).

3.2 Aircraft

Measurements using a DC-3
aircraft were made a2t about 3000 It
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AST (cloud base level is about 2000
ft AST), The parameters measured
were (i sulphur dioxide, (ii) 2mmo -
nia, (iii) giant size hygroscopic
and non-hygroscopic nuclei iv
cloud condensation nuclei ECCN) at
0.1 per cent supersaturation, (v
cloud droplet size distribution,

(vi ligquid water content and (vii)
air tempexrature, The details of
measurements of the parameters at
(i) and (ii) and (iii) to (vii) were
respectively described (Khemani et
al., 1976) and (Mary Selvam et al.,
1978).

4,0 RESULTS AND DISCUSSION
4,1 Surface Observations

The mean values of hygroscopic
and non-hygroscopic nuclei, ii§
total particulate concentration,
(iii) sulphur dioxide and oxides of
nitrogen obtained from the measure-—
ments made at Alibag (non—urban),
Colaba (partially—urban) and Kalyan

urban) regions are given in Table 1.
r"_'—- PP o
72’30 72° a5 73°0
T -
18 18} 515
<
w Santacruz\ @ Powol
)
1906 1900
z
<
gas'f. @ 188’
<
[}
< BOMBAY -
Scals 1:380-000
5420 5 oKms
18 30 L Revondanda\o 3210 3 "‘":Jle"so'
77%" 72045 73°%C°
Figure 1 : Location of the places of

measurements, Solid strips denote
regions of major industrial comple-
xes,



Table 1 ¢

Average concentrations of different parameters

a2t the places of observation

Month Hygroscopic Non-hygroscopic Total particu- 802 NOx
1972 nucledi nucledi lates _ -3
(1-1) (-2 (Cm-3) (pg m™7)  (pg m™”)
ALIBAG (NON-URBAN)
Feb. 134 36 84’ l-6 3.6
Apr, 353 50 51 3.8 5.4
Sep't. 152 34 106 504 308
Average 2173 40 80 3,6 4,73
COLABA (PARTIALIY-URBAN) .
Feb. 168 57 99 T.4 13.6
Apr. 313 62 T 6,5 8.5
Sept. 129 51 105 14.7 8.8
Average 203 57 94 9.5 10.73
KALYAN (URBAN)
Feb. 17 93 195 T3.5 26.5
Apr. 51 142 195 22.4 10.8
Sept. 79 262 138 10.6 Ted
Average 50 166 176 35.5 14.9
Table 2 : Average concentrations of different chemical constituents (mg l_l)
in rain water samples collected at different places during the
summer monsoon Seasons June~September) of 1972 and 1973. The
rainfall recorded at the three places is also given.
Year Reinfall  CL~ so7”  woj NHZ wa” k¥ ™ ci/me s0,/c1
in mm
ALIBAG (NON—URBAN)

1972 1240 11.85 2.59 0.40 0,16 8.45 1.08 4,16 1,40 0.22
1973 1947 6,70 2,29 0.35 0.21 5.52 0.30 2,18 1,21 0.34
COLABA (PARTIALLY-URBAN)

1972 1476 9,05 4,12 0.64 0.27 6,98 1,01 3,05 1.30 0.46
1973 1849 7.38 4,50 0,68 0.31 7.84 0.57 2,42 0,94 0,61

KALYAN (URBAN)
1972 1548 4,51 6,98 0.64 0.34 3.42 0.50 2,82 1,32 1.56
1973 2521 2,17 6,30 1.60 0.31 2.21 0.24 1.75 0.98 2,90

The concentration of the total
hygroscopic nuclei was maximum at
Colaba which is located on the coast
(observational site was located on
the sea shore) and minimum at Kalyan
which is located at about 60 km away
from the coast. The concentrations
of the total particulates and the
total non~hygroscopic nuclei were
maximum at Kalyan, The concentrations
of sulphur dioxide and oxides of
nitrogen were also found to be maxi-
mun at Kalyan., The above observa-
tions are consistent since a large
number of industrial complexes are
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loceted in the region.

The results of the chemical
composition of rain water samples
collected at Alibag, Colaba and .
Kalyan are shown in Table 2. The
concentratlons of chloride and sodium
were maximum at Alibag (coast) and
minimum at Kalyan., The ratio values
of chloride to sodium also showed the
same trend. The concentrations of
sulphate, nitrate and ammonium were
minimum at Alibag (non—urban) The
ratio values of sulphate to chloride
also showed a similar trend.



The above results are consistent as
in the case of those shown in Table
1.

4,2

Aircraft Observations

The concentrations of (i) sulph-
ur dioxide, (ii) ammonia, iid
giant size hygroscopic and non-hygro-
scopic nuclei, iv) total particula-~
tes, (+v) CCN, (vi) cloud droplet
concentration, vii) computed liquid
water (LWC) and (viii) alr tempera-
ture obtained from the observations
made over the Arabian sea (50 km off
the coast at Santacruz, Figure l)
and Kalyan (urban) regions are shown
in Table 3. The cloud droplet size
distributions for sea and Kalyan
are shown in Figure 2, The walues
of all the parameters at Kalyan are
significantly higher than those for
the sea. The results are consistent
and are in agreement with those of
other studies (Mary Selvam et al.,
1976; 1978; Bagen et al., 1974;
Dytch, 1975; Carrera, 1975).

Table 3

L e T T : ; 7 4 T

Q) KtlyaN

=~ —¢ Seq

Concentration con” * (Ar)

-3l L ) I ! T M W—
o e 3
Droplet radius r, um
Figure 2 ¢ Droplet spectra in clouds

in the Kalyan (urban and Arabian
sea non—urban) regions.

Average concentrations of different parameters obtained from

the observations made over the Arabian sea and Kalyan regions

during September 1974.

Giant condensation Total 802 NH3 CCN Cloud IWC Air
_________ nuclei ~~ ~ Particulates (Cm-3>droplet temp.
. con.
Hygroscopic Non-hygrosco-~
pic
(17 (1-1) (cn™?) (pg n™”)(pe ) (om™7)(en™?) (oc)
ARABTAN SEA (NON-URBAN)
15 16 81 5.1 5.8 265 T2 0.15 20.0
KALYAN (URBAN)
273 46 116 14.6 29.6 478 103 0.24 20.9
4.3 Urban Influence on Cloud ammonia found in the downwind regiomns

Microstructure and Rainfall

The urban influences on the
cloud microstructure have been inve-
stigated in the recent studies (Mary
Selvam et al., 1976; 1978; Dytch,
1975; Hindmen et al., 1977). Also,
the concentrations of large and
giant size condensation nuclei were
found to increase in the downwind
region of a paper mill (HindmanvetA
al,, 1977). Further it was observed
that the concentration of cloud
drops of diameter greater than 30 yum
were more in clouds forming in the
plume of the paper mill than those
in clouds forxming outside the plume
region. These observations are in
agreement with the results of the
present study. The higher concen-
trations of sulphur dioxide and
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of the industrial complexes at Bombay
could be responsible for the highexr
concentrations of CCN observed in the
region. The excess CCN could be due
to the formation of ammonium sulphate
particles through the gas-to-particle
conversion by photo-chemical reacti-
ons (Vohra et al., 1970). The higher
concentrations of larger cloud droovs
found in the clouds forming in the
Kalyan urban) region can help rain
development through accelerated
coalescence process. Further the
warmer temperatures (about l°C)
observed at cloud base levels in the
Kalyan (urban) region than those
observed in the upwind sea) would
further contribute to enhance the
coalescence growth of cloud drops
leading to enhancement in rainfall.



The thermal, microphysical and che-
mical conditions in the urban envi-
ronment in the Bombay region are
thus consistent with the 15 per cent
increase in rainfall observed during
the period of industrizalisation

Khemani and Ramans Murty, 1973).
5.0 CONCLUSIONS
A study of the thermal, micro-

physical and chemical conditions in
the urban environment in the Bombay
region suggested the following :

i) The air temperature at the
cloud base level in the urban envi-
ronment was higher by about 1°C than
that in the upwind region.

ii) The concentrations of sulphur
dioxide, ammonia and oxides of
nitrogen were significantly higher
in the urban downwind) environment
than in the non~urban (upwind envi-
ronment,

iii) The concentrations of sulphate,
ammonium and nitrate in the rain
water samples collected in the urban
region (Kalyan) were significantly
higher than those in the non-~urban
region (Alibag).

iv) The concentrations of giant
size hygroscopic and non-hygroscopic
nuclei, total particulates, CCN,
cloud droplet concentration and con-
centration of larger cloud drops
were significantly higher in the
urban environment than in the non-
urban environment.

v) The integrated effect of the
thermal, microphysical and chemical
conditions in the urban environment
in the Bombay region appears to be
responsible for the 15 per cent
increase in rainfall noticed during
the period of industrialisation in
the region.
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ATRCRAFT MEASUREMENT OF MOUNTAIN WAVE CLOUD
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Te INTRODUCTION

Mountain wave clouds are a relatively
common feature of the New Zealand sky. The
waves are formed by an approximately north-
gsouth mountain chain down the length of the
country lying across the strong westerly
Southern Hemisphere middle latitude airflow,
It is presumed that in the simplest cases the
clouds will be formed of air parcels
essentially following the wave streamlines and
will be free of the effects of entrainment of
air at the cloud boundaries, vertical mixing
within the cloud and, for stationary waves, of
time variability, They therefore offer an
excellent natural laboratory in which the
evolution of cloud droplet spectra can be
studied in isolation from these effects. In
addition, because there appears to be little
information on the structure of such clouds,
they are of interest in themselves: for
example their shape relative to the airflow
streamlines, the effect of their formation on
these streamlines and the nature of the
humidity and temperature gradients giving
them their characteristic layered form, Cloud
physics instrumentation is therefore being
fitted to a sailplane to investigate the
microphysics and motion fields within these
clouds.

2, INSTRUMENTATION

The sailplane being used is an all metal
BLANIK L13 high performance two seater, The
choice of a sailplane rather than a powered
aircraft has conferred a number of
advantages in the placement and ease of
mounting of equipment. It has also given low
airspeed for high resolution measurements, at
the expense of restrictions on the weight and
power consumption of equipment carried.

All data is recorded on board in digital
form on magnetic tape cassettes, To simplify
analysis it is available, on replay, in
standard computer compatible ASCII format.,

The SSE 'PACIFIC' Data Acquisition System*
(DAS) used is a dual-microprocessor based unit
with 12 bit resolution, scamming all sensors
every 0.5 seconds {although faster scan rates
can be used). 1t includes a high speed BCD
decoder/accumulator interface suitable for

#S0l1id State Equipment Ltd, Lower Hutt, N.Z.
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recording droplet spectra.

The sensors on the aircraft are listed in
Table 1. External sensors are mounted in a
package on an outrigger, O0.75m above the
fuselage and 2.5m back from the nose (Fig.1).

At the top of the package is the F3SSP-100
droplet spectrometer. To cover the full droplet
gize range of interest with a single FSSP, it is
alternately switched between its most sensitive
(0.5 to 8 um) and least sensitive (2 to 47 pm)
ranges by the DAS on successive data scans

(i.e. every 0.5 seconds) to give two
complementary sets of interleaved spectra.

Fignre 1. The external instrument package
mounted on its outrigger above the
aiveraft. The reverse flow housing for the
temperature sensor projects down from

the lower black probe,

Below the FSSP is a probe carrying the
sensors for air displacement, temperature,
angle of incidence and true vertical, The
first of these, the vortex shedding
displacement sensor, gives a direct total of
cloud air run between data scans. The more
traditional use of a gimple airspeed
measurement to estimate distance travelled
leads to errors in the presence of horizontal
inhomogeneities, particularly at the low



Table 1. Sengors mountad on the BLAWIK sailplane Z¥~GHT for wave cloud studies,

Parameter Sensor Type Manufacturer/Type Range Regolution Accuracy Distance Constaat
Pressure Capacative Rosemount 1241 ~300 to 9100m 1.3m 0.25% m
Pressure rate of ” -l -~ -1

change Variometer Altriss (N.2.) +10 to -10ms 0.01ms O.3ms 1m
Temperature Semiconductor Analog Devices AD590 =55 to +150°C 0.02% 0.1°%¢ 100m
Cu-Con thermocouple A N.Z. Met. Service ¥ 5% 0.1°¢ 0.1% 2n
Cu-Con thermocouple B N.Z. Met. Service 35% 0.1°% 0.1% 2m
*Humidity Capacative Vaisala 10 to 95% HH 1% HHE ? 7
Cloud drop size Light scattering Particle Measuring 0.5 to 8 ym 0.5 pm
Systems FSSP-100 2 to 47am 3 pm
Air displacement Vortex shedding J-Tec VA220(modified) 1 to 60ms™" 0.01m 2% 0.01m
Adr Speed (IAS) Differential pressure Rosemount 1221D 15 to 651:151-1 O.O}ms—1 10% 1o
Angle of ineidence  Vane/tranaformer N.Z, Met. Service =7° to +12° 0,002° 0.2° 3m
Vertical reference  Gyroscope Ferranti FH11/E1 -45° to +45° 0.1° 0.1° 2m
*Horizontal position IME King 62A(modified) 0 to 170%km 17Tm 17m 17m
Ice concentration Black Rod N.Z. Met Service ice/no ice
Vertical reference Pendulum N.Z. Met, Service -45° to +45° 0.1° 0.5° 10m
*To be fitted October 1980
alrspeed of the sailplane and with short scan 3. RESULTS

intervals. As well as permitting accurate
expression of droplet measurements as volume
concentrations, the displacement data gives
direct information on horizontal velocity
fluctuations. A version of this sensor for
fitting to the aperture of the FSSP isg
currently under development,

The temperature sensor consists of three
elements, The primary sensor is a low cost
semiconductor device which offers high
precigion but slow response. Bonded to its
base are the reference junctionsg of two short,
fine gauge thermocouples whose active junctions
give the high frequency component of any
temperature changes., The small dynamic range
of the thermocouple outputs allows simple local
amplification while a comparison of their
outputs allows correction for any droplet
impactions., In practice very few droplet
impactions on the thermocouples have been
observed. The sensors are mounted in a
reverse flow housing {Rodi and SpyersDuran,

1972).

The vertical component of the air velocity
relative to the aircraft is computed using data
from the incidence vane (giving the angle of
the airflow relative to the probe), the true
vertical sensor (giving angle of the probe
to the vertical) and the air displacement
sensor. The absolute updraft can then be
found using this component and the pressure
rate of change.

The clouds being studied are between 3,000
and 10,000m in height above sea level, over the
low lying Wairarapa region some 50km east of
Wellington., Between the Wairarapa plains and
the Wellington coast are the Tararuas, a
continuous mountain range 1,000 to 1,500m high
and approximately 20km wide.

A number of features of interest are
already apparent in the data obtained from an
initial flight through lenticular cloud on 18
December 1979. These clouds were superficially
of a simple form, with smooth boundaries and no
external evidence of convective or.turbulent
overturning.

The results in Fig.2 are for a penetration
directly into the upwind boundary of a cloud.
They show a very rapid initial growth of the
droplets, Within 2 seconds or 70m of the
boundary (as determined from the first
detection of droplets over 0.5 nm diameter) the
mean droplet diameter had reached 8 um, while
beyond this point it increased only slowly.

The 70m corresponds to a little under 5 seconds
of growth time (the speed relative to the
(stationary) cloud boundary is 35msT', normal
component of the air speed is 20ms” ', wind
speed is 15ms ). The occurrence of very fast
growth rates and subsequent formation of a
uniform narrow distribution was predicted for
lenticular clouds by Howell (1949), although
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his calculations of droplet growth do not
cover updraft velocities as high as those
observed in the present case. The more

sophisticated later calculations of the initial

evolution of spectra (e.g. Mason and Chien,
1962, Lee and Pruppacher, 1977) are also for
lower updraft rates.
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Figure 2, Data for a penetration directly
into a lenticular cloud leading edge.
Cloud pass 4, 18 December 1979, altitude
58C0m.

The liquid water content calculated from
the FSSP data is also shown in Fig,2 and has
the steady increase expected in the rising air
of the wave. There is also the expected
evidence of an initial delay of some seconds
in the conversion of vapour to liquid at the
front of the cloud.

Within the cloud the narrowness of the
droplet distribution and the wniformity of the
droplet concentration (Fig.}) are apparent,
The characteristics are quite different to
those obgerved in other cloud types (e.g.
Warner 1969, Corbin et al,1977). For
comparison, the droplet spectra from a typical
non raining cumulus of comparable liquid water
content are shown in Fig.4.
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Figure 3. Time sequence of droplet spectra
observed within a lenticular cloud. Cloud
pass 4, 18 Decembor 1979,
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Figure 3. Time sequence of droplet epectra
obgerved-in a non-jprecipitating cumulus
cloud. Cloud pass 4, 11 September 1979,
altitude 830m,

(Note, however, that the cumulus was observed
on a different date at a different location and
at a significantly lower altitude.) The
spectra are compared in Table 2,



Tebls 2, Compariszon of the characteristics
of the droplet distributicns found in a
lenticuler and a cumuilus cloud, «vantities
shown relate, i both cases, to 10 samples
from a 200m section cf cloud, XN is the
{otal droplet coencentration and oy its
gtandard deviation, & is the mean droplst
di_@geter and o3 its standard deviation,

% 48 tho mean of ithe standard devriction
of the individual spestra, and LW iz the
liguid weter content calenlated from the
droplat distributions.

Cloud

Type N oy 7 07 & LWC
- - -

m m™ pn pm pm o>

Ao lent 189 6 11.2 0.3 2.4 0.16
Cumuius 107 54 13,3 2,3 8.1 0,32

4. DISCUSSION

The droplet spectra we have measured to
date differ from those presented by Cannon and
Sartor (1970) for a large Colorado wave cloud,

A small selection of droplet distributions they
obtained on Formvar slides show a very broad
distribution with low particle concentration.

We speculate that their data was obtained well
downwind of the cloud leading edge and that
their clouds were not as simple as ours but had
congiderable convective overturning within them.

In this example of a cloud formed by
uniform rapid lifting of the air, apparently
without entrainment oxr verticel mixing, a very
narrow drop size distribution is produced with
a high degree of homogeneity in drop
concentration within the cloud, The relative
lack of complexity in the processes establishing
this drop population should permit a straight-
forward comparison with theoretical models, If
these results are confirmed by later measure~
ments, particularly on lenticular clouds with
lower updraft velocities, they will complement
the measurements on other, more complex cloud
types.

Rogers and Vali (1978) have identified the
need for observations clarifying the initial
evolution of droplet spectra, and the
difficulty of making such observations. The
preliminary results described here indicate
that the measurements of lenticular clouds
using the instrumented sailplane may provide a
useful contribution to the solution of this
problem,
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1. INTRODUCTION

It has long been observed that raindrops
oscillate, rotate, become distorted, and
disintegrate, as they fall through the
atmosphere. It has also been realized that
coalescence and breakup are important
mechanisms in the conversion of warm cloud
to rain. The energy associated with each
of these processes and its relation to
the drop growth and breakup mechanisms are
less well known. In this study an analysis
is made of the exchanges and transformations
of energy in the collision process and a
simple model is derived to distinguish the
conditions for drop coalescence from those
for breakup.

2. ANALYSIS

Laboratory studies of raindrops in
collision indicate that many identifiable
processes may follow collision (e.g.,
Spengler and Gokhale, 1973). It is our
present aim to determine criteria for
distinguishing between the two general
cases of collision with coalescence and
collision with disrupture. We assume that
in all of the possible cases, momentum,
mass, and energy are conserved. For simplicity,
we envisage a direct "head on" and completely
inelastic collision, i.e., one that involves
at least momentary coalescence of the two
colliding drops. We further assume no
effects of electric charges or of internmal
circulations

The Kinetic Energy Change

The conservation of momentum gives
MV, MV = (MQ + MS)Vc

where M and V are the mass and speed and the

subscripts £, s and c represent large,

small and coalesced drops, respectively.

speed of the coalesced drop is therefore

The

.. MV, + MV
c (Ml + MS)

and its kinetic energy

2
(szg + MSVS)
(M2 + MS)
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immediately after collision. Because the
collision is inelastic, kinetic energy is not
conserved, and we obtain

1 2 1 2 1 2
E, =& ' = - =
A k2 MQVZ +'2 Msvs Z(MQ * Ms)Vc
M, M)
1 C 2 s 2
=5 —=(v, - V) @
ZMy +M 2 s
Where AE, is the kinetic energy release real-
ized upon collision and initial coalescence.

This term is always positive, and represents
energy that must be dissipated either to heat
or to work.

Oscillational Energy

Freely falling raindrops possess a
natural frequency of oscillation determined
by their size and surface temsion. According
to Lamb (1932), the natural frequency, £, of
oscillation of a raindrop can be estimated
by means of

f = (80/3wM)l/2 (2)

where ¢ is the surface tension.

Raindrops with radii larger than a certain
size are subject to deformation and tend to
become hydrodynamically unstable. Both
experiment and theory indicate that a drop
with radius less than 1 mm is nearly spherical
with little distortion (Pruppacher and Pitter,
1971) . As the drop size increases, the
deformation becomes more prominent, and the
dzop shapes vary from prolate to oblate
ellipsoids. Beard (1976) found an empirical
expression relating the equivalent spherical
diameter (do} to the so-called projected

(maximum) diameter (d ) as a result of wind
tunnel studies. The expression is

d

B

d
o

= 0.973 + 0.027 dO

for do in mm.



We know that as long as the amplitude of
the drop deformation remains in the proportional
(elastic) region, the mechanical vibrations are
well-approximated by simple harmonic motion.
A raindrop vibrating with natural frequency f
and amplitude A-may assume such a motion.
If we accept this assumption, and further
assume that the amplitude of an oscillating
drop follows Beard's (1976) formulation, i.e.,

A=4d /d =1, we can estimate the oscillational
m , .

energy prfior to collision as follows.

E =+’ (3)

o 2
where K is a constant, since w2 = K/M, and
w = 2mf, Substituting Eq. (2) in Eq. (3),
we have
léno 2
E,=—3 A (4)

for a 5~-mm diameter drop, E_is 0.14 erg,
. s o]
and it decreases rapidly as drop size decreases.

Rotational Energy

When a raindrop moves through the air,
unbalanced external torques cause the drop

to rotate. In terms of energy, we may write
1
E =1 w2
T 2 T

inertia and w_ the
spheriﬁal drog of
2/5(Mx%). If we
30/sec, then

where I is the moment of
angular velocity. For a
radius r and mass M, I =
agsume r = 0.25 cm, w
E_ =1 erg, and this may be taken as a rough
estimate indicative that the amount of energy
in this form is also small prior to collision.
In "head-on" collisions, no torque is available,
hence E_ after collision is also small for

the present case.

it

Surface Energy Change

The surface energy of a spherical drop
is 4mR%20. As long as the drop is not
excessively distorted, this remains a reasonable
estimate of its surface energy. To estimate
the change of surface energy, AES, produced by
the coalescence of two drops, we assume
that each drop may be represented by an equi-
valent sphere, and hence '

. 2 2 2.
AES = 4ﬁc{(r2 + rs) - RC} (5)

Breakup Energy

Numerous mechanisms of drop breakup have
been proposed in the literature. Gunn (1949)
assumed that the drops are broken up by aero-
dynamic forces. Gordon (1959) suggested that
drops disintegrate because of the deformation.
Komabayasi, et al., (1964), using Lamb's theory
(1932), attributed drop breakup te the capillary-
gravity waves. More recently, Pruppacher and
Pitter (1971) suggested that in direct collision
of drops the oscillation may lead to a breakup.
List (1976) emphasized that breakup is induced
by collision.
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In the process of drop breakup, the surface
energy of the system increases from an original
unified-mass state to the final multiple-
drop state., Thus a basic increase of surface
energy 1 from an intermediate unstable state
to the final multi-drop state. The requirement
that such an instability must be created before
disintegration can occur may be regarded as
a potential barrier to the disintegration
(Fig. 1).

D
1
_F
w!
< AEp
AE4
I
Time —*
Fig. 1. Energy rvelationships in the

colligton-coalescence-breakup sequence

If we consider I to represent the initial
undisturbed state of a single spherical drop,
F to represent the final undisturbed state
of the same water mass after breakup, and C
to represent the critical distorted state just
prior to breakup, the energy relationships may
be envisaged as in Fig. 1. We designate the
ordinate of the critical point in this figure
AE. , the critical energy required for breakup.
If"a drop collision releases energy at least
equal tOAEb, disintegration will occur, if
it releases less than this amount of energy,
the initial coalescence of the two colliding
drops will remain stable.

The analytical specification of AE
depends upon numerous details of each particular
collision. To develop an estimate of the
minimum value of AE, required for breakup, we
assume that it may ge approximated by the
surface energy difference between the final
state (F, Fig. 1) and the initial state (I,
Fig. 1) for the case of breakup into n
drops of equal size. Then

AE, = 4ﬂor2(nl/3—l) (6)

As a lower limit estimate for AEb, we shall use
AEt with n = 2,



3. THE ENERGY OF DISRUPTURE

It is perhaps useful to envision the
process of drop collision in three stages:
(1) a quasi-unstable state as the two drops
make contact and the momentum~energy exchanges
are initiated, (2) a stage in which the two
water masses either bounce apart or coalesce,
and (3) a stage following initial coalescence
in which the released energy either produces
disrupture of the coalesced water mass or
becomes absorbed as rotational and oscillational
energy and heat within the coalesced drop.

The energy balance may be written

Q = AE, + AES + AEO + AE_ N

k

As indicated above, AEO and AEr are of small
magnitude, so that (7) may be Feduced to

Q = AR + AE (8)
upon initial coalescence.
We now adopt the term "energy of disrupture"
to describe Q, and we propose the following
hypotheses:

(a) 1If Q < AE,, the drops coalesce and
Q is disgsipated as heat.

(b) If Q > AE,, the drops coalesce
initially but breakup occurs con-
tributing to surface energy and
dissipating any residual energy
as oscillational and rotatiomal
energy and heat.

4. TRESULTS AND DISCUSSION

Values of E,, E and E are shown in
Figure 2 for drops 8f 0.01%m to 0.58 cm in
diameter. These curves span 8 orders of
magnitude on the energy scale, and E_ is
clearly negligible relative to E. and E_in
freely falling single drops. Thus the Source
of breakup energy following head-on collisions
must be mainly Ek and Es'

Sample computations have been made for
five large drop sizes: D, = 0.5, 0.38, 0.30,
0.20 and 0.18 cm collidifig with small drops
in the range 0.0l cm < Ds«i 0.37 cm using the
limiting criteria:

Ds<i Dl’ and

3 3,1/3
D (Dl + DS)

< 0.58 cm
c =

Values of AE., AES, Q and AE, for D, = 0.5 cm
colliding wi%h thé entire range of small
drops are shown graphically in Fig. 3.

The intersections of the Q and AE, curves
show that for direct collision with dfops of
diameter D2 = 0,5 cm,

(a) small drops of diameter up to D _ =
0.065 cm will coalesce permanengly
with the large drop;
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(b) small drops in the range 0.065 cm < D
< 0.375 cm upon initial coalescence °
will provide disruption energy, Q,
greater than AE, and the coalesced
water mass willtbreak up; and

(¢) small drops larger than DS = 0.375 cm
will coalesce permanently with the
larger drop

provided only that the hypotheses (a) and (b)
stated above are correct.

w©!

i

o5 . of dz 03 04 05 as
B D incm

Fig. 2. Variation of the kinetic, surface, and

osctllational energy terms with drop diameter.
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Fig. 3. Kinetic energy change, AE, surface
energy change, AE_, disruption ene¥qy, 4,
and breakup threshold energy, AE,, as func-
tions of the small drop diameter for a large
drop of 0.5 mm diameter.
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Fig. 4. Disrupture energy, §, and thresh-
old breakup energy E,, for drops of dia-
meter D. = 0.2, 0.8,70.38, and 0.5 cm as
functiofis of small drop size.

The results from computations for four
values of D are shown in Fig. 4. Here the
energy of disrupture, Q, and the threshold
breakup energy, AE , are shown for each case.

Spengler and Gokhale (1973) present a
family of somewhat similar curves derived
from their concept of 'relative kinetic
energy" defined to be 1/2 M (V. - V)2,
Although this expression dols fiot ofcur in
the energy balance system, their approximate
threshold of 15 ergs for breakup of the
coalesced mass of an 0.5 cm and an 0.38 cm drop
is within the range of 12 to 33 ergs which
we find for the disrupture threshold for such
collisions.

Correspondence to the results of McTaggart-
Cowan and List (1975) is indicated by computing
the maximum numbers of equal-sized fragments
that may result from each sample collision.

As many as 54 fragments could be produced by

a collision between an 0.38 cm and an 0.17 cm
drop according to this very simple model. It

is of course evident that the head-on collisions
with which we are here concerned correspond

to the disk-type breakups observed by McTaggart-
Cowan and List (1975).

5. CONCLUSIONS

A study based upon the various forms of
energy inveolved in raindrop coalescence and
breakup leads to the following conclusions.

(1) The changes of kinetic energy AE
and surface energy AE_are crucigl
terms in the energy balance system of
colliding raindrops. The oscillational
energy and rotational energy are
approximately four and two orders of
magnitude less than the kinetic energy,
respectively
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(2) A physical model which enables dis-
crimination between the conditions
for permanent coalescence and those
for breakup is developed. The model
invokes a balance of energy and leads
to the concepts of energy of disrupture
and breakup threshold energy. It is
suggested that breakup will occur if
the disrupture energy exceeds the
breakup threshold energy. Otherwise,
permanent coalescence is expected.

(3) Certain two-drop collisions are capable
of producing more than 50 equal fragments
upon breakup. '

(4) Prediction of the drop size spectra
produced by raindrop collisions is
under study as an extension of the
present analysis.
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1. INTRODUCTION

Experiments by McTaggart-Cowan and List
(1975a and b) on the breakup of colliding water
drops (ML for short) produced the first sound
basis for the modelling of the evolution of
raindrop spectra in nature. Those experiments
were carried out under conditions of free fall
at terminal velocity for each drop of five size
pairs. Impact occured at angles of up to 99
from the vertical. These deviations from zero
were shown to have no effect on the outcome of
the experiments. The purpose of the experiments
was to establish whether drops collide and
breakup or whether they Jjust coalesce and
contribute to growth. Observations showed, with
one exception, that the colliding drop pairs
broke up 1in three different configurations:
filament (or neck), sheet and disk. The fragment
numbers increased substantially from filament to
disk. Only one bag breakup was observed and
seems to be unimportant. The following pair
sizes (diameters in mm)were studied: (4.6;1.8),
(4.651.0), (3.6;1.8), (3.6;1.0) and (3.0;1.0).
The experiments with each drop pair were
repeated at least a hundred times in order to
get statistically meaningful, average fragment
size distributions. Drop breakup was studied at
Taboratory pressure.

One may question the original selection of
sizes because they may seem large in hindsight.
However, in the late sixties, when the
experiments were started, the accepted view was
that drops would breakup because of aerodynamic
instabilities, at drop sizes of ~6mm. No
substantial information was available at that
time on the importance of collisions. Thus, the
above listed selections seemed to be in the
sensitive area where coalescence and breakup are
replacing each other.

The ML drop sizes turned out to be on the
Targe side and left a considerable gap between
the region of breakup and the region where it is
normally assumed that coalescence dominates. The

implications of the ML work could not be
recognized without the modelling of the
evolution of raindrop spectra with particle

ensembles where both coalescence and breakup
were included. This led to the rainshaft models
by List and Gillespie (1976) and Gillespie and
List (1978).

These authors parameterized the fragment size
distributions of ML by interpolation in the
breakup and extrapolation in the coalescence
region. The model was one-dimensional
and represented an infinitely wide rainshaft
with a source of rain at the top 2km level. In a
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first versfion the rain was supplied steadily at
different rainfall rates with drop sizes as
represented by a Marshall-Palmer distribution
(MP for short) and followed to the ground. In a
second model, the temporal equilibrium drop
distribution was established for a Tlayer in
which the rain falling out at the bottom was fed
back in the top. The major results were quite
surprising and can be given as follows:

1) The drop size distribution conserved the
MP character.

2) Single peak or double peak (non-MP)
distributions changed into MP with time.

3) Within a few kilometers of fall the drop
size distributions approached an equilibrium
distribution - which was only a function of
rainfall rate.

4) The peaks in the mass distribution were
around sizes of 2-2.5mm, with very few parti-
cles around 4-5mm.

5) In terms of warm rain (i.e. no ice in the
clouds) this means that only relatively small
drops. can be expected for wide-spread,
continuous precipitation.

The last result seemed supported by observa-
tions. However, there was the question about
cold rain (involving the ice phase) in which
many large drops fall. Explanations may lie 1in
a drop stabilization by ice remnants during part
of the fall from the melting level. Other
contributing factors could also be the time and
space variations within a given rainfall. The
question now is whether the experiments and the
added parameterization are representing proces-
ses in clouds.

2. EXPERIMENTS ON BREAKUP AND PARAMETERIZATION
The importance of drop breakup for the model-
1ing of rain warranted an extension of the data
base by studying more drop pairs with sizes [mm]
(1.8;0.395), (4.0;0.395), (4.4,0.395), (1.8;-
0.715), (1.8;1.0), and, for testing the overlap:
with ML, (3.0;1.0) (Low, 1977). These ranges
were made possible by increasing the experimen-
tal sensitivity of droplet detection from 0.5mm
to 40um and finally led to a disappearance of
the sharp cutoffs in the size distributions at
0.5mm observed by Gillespie (1977).

The new results confirmed the three breakup

configurations found by ML, and again the
pattern observed was that a large fragment,
corresponding to the dinitial large drop, is

produced by each collision. For filament breakup
a fragment corresponding to the smaller drop
of the interacting pair is also clearly detecta-
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ble. This can occur with sheets, but in cases
where the smaller drop is small, the
corresponding fragment may disappear 1in the
multitude of the smaller fragments. In the disk
breakup the smaller drop is not reflected in any
specific fragment. Typical results are shown in
Figures 1 and 2.

Low (1977) found an analytical description of
the data in the form of normal and log-normal
distributions which covered the whole range of
the experiments. This approximation is plotted
as solid curves in Figures 1 and 2. In order to
get overall distributions however, the fractio-
nal occurence of filament, sheet and disk break-
up also needed parameterization. The result of
this procedure is displayed in Figure 3 for drop
pairs where the large drop diameter, D, is
4mm. The small drop size, Dg, is varied in
steps of 0.5mm. Increasing Dg from 0.5mm shows
how the remnants of the small drops first appear
as a separate peak, then show up as a "shoulder"
to the small fragment peak and later turn up
again as a separate, wide bump. The small frag-
ments peak around Dg=1.0mm. The cutoff for
some of the peaks for the large fragments is
caused by mass conservation, which does not
allow any fragment with a size exceeding the sum
of the two original drop masses.

The parameterization describes by interpola-
tion the fragment spectra of any drop pairs.
This means that the surface in 3-space of Figure
3 is extended into 4-space by a variation of
DL .

How often does breakup occur? This question
was answered by looking at the fraction of all
the collisions which resulted 1in coalescence.
Figure 4 gives these probabilities, with the
conditions for which collisions always result in
breakup, and for which, for example, 50% of
collisions result in coalescence and 50% in
breakup (curve labeled 0.5).

There is one more point to be 1looked into
before any rain modelling is possible. We need
to make assumptions about collisions for drop
pairs with sizes below O0.5mm. In absence of
adequate data the average fragment numbers were
extrapolated; 1inking known data to the new
results by a ‘“match-up" function (Low, 1977).
The overall situation is illustrated in Figure
5, which also shows some of the approximations
by Gillespie (1977). Another aspect was the
extrapolation to large drop pair behavior, with
the assumption that nearly equally sized, large
drops would coalesce. The importance of this
assumption will be discussed later.

With these parameterizations of experiments
and some additional assumptions (as specified
above), it is now possible to calculate the 4913
breakup and 545 coalescence coefficients of the
type described by List and Gillespie (1976) and
which form the coalescence and breakup matrix.
Fortunately only 2601 of all the terms remain
non-zero. They form the basis for the modelling
of the evolution of raindrop spectra.



3. THE RAIN SHAFT MODEL

The calculations involving the new experimen-
tal data were carried out within the same bounds
of the shaft model by Gillespie and List (1978)
{i.e. l-dimensional dependence of z and steady
state). The equation controlling the evolution

of the raindrop spectrum 1is the kinetic
equation:
-
a0(m) 4 g.n(m)Vr(m) = C(m) + B(m), (1)
where n(m) is the number density in the mass
interval m to mtdm, V(m) is the drop's

terminal velocity as calculated with the formula
by Best (the drops are assumed to always be at
terminal speed, even after collision and
breakup), C(m) 1is the rate of production by
coalescence of drops with mass between m and
m+dm, and B(m) is the rate of creation of drops
in the m category due to breakup. Both C and B
consist of two terms, one deals with the
positive contribution by which an m-drop is
created either by coalscence of two smaller
drops or by breakup involving at Jleast one
larger drop, while the second term deals with
the Tlosses of m~-drops either because they
coalesce and fall into a bigger category or
because they are involved in breakup and fall

into other (normally smaller) size bins
{Gillespie and List, 1978).
In steady state equation 1 reduces to:
a4 yplic - B - n2VT).
= + ¥~ (C - B N ) {2)

By giving the model a MP spectrum at the 2km
level for example, this equation is integrated
downward to find the drop spectrum as a function
of height.

Figure 6 shows the evolution of two spectra,
starting MP at the 2km level with two different
rainfall rates. The resulting spectra at the
ground (Okm) show a distinct departure from MP.
Four specific points can to be made:

1) After some fall the spectra do not conser-
ve their MP character.

2) There are a great many small drops to be
found near the ground with sizes smaller than
lmm.

3) While their concentration is very low, the
large drops (D =5mm) are not depleted as
expected. There is a particle diameter beyond
which the concentration is even higher then
at the 2km level.

4) The existence of equilibrium
distributions, as previously observed, is not
established and needs further tests by
modelTing.

For comparison the Gillespie-List (1978) data
are also shown. The difference between the new
and old results is caused by the use of the new
data set which includes regions where coalescen-
ce is dominant. Different assumptions about the
outcome of collisions of large drops with nearly
equal mass must have also had an effect.

Since rainfall rate is conserved, the model
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was also tested in this respect: it gave a
change of only 0.007% over the 2km fall
distance.

In the evolution of the liquid water content

per size interval more water is concentrated
in the size-region below 1.5mm. The evolution
of the rainfall rate per drop size interval

is given in Figure 7. It shows that the small
drops with diameters below 1.5mm dominate again
and produce most of the precipitation at the
ground.

Figure 8 represents the total liquid water
content (or mass density) as a function of
height for three rainfall rates. A sorting
effect is particularly evident for the curve for
100mm/h. The increase can be explaned by consi-
dering two factors: the first is the convergence
of mass density due to the velocity convergence
(accounting for 8%), the second is the concen-
tration increase by the breakup and coalescence
processes which caused the shift to smaller
drops with smaller fall speeds. This vertical
change in rainfall rate is given by:

(3)

aR-— 4 . Y= T av .am'
5 _-EZ§ m; Vi) i (stzl + V1§?1)

The sums are taken over all the mass bins.

4. CONCLUSIONS

The extension of the experimental data base
on coalescence and breakup of rain-sized drops
and its parameterization, as well as the addi-
tion of some arguments about events involving
large, nearly equally sized drops, results in a
slower evolution of spectra (as compared to
Gillespie and List (1978)) and to distributions
which are no Tonger Marshall-Palmer. In particu-
lar, the new model produces targe numbers of
small drops 1in a region where it was hitherto
assumed that they are depleted through collec-
tion by larger drops.

The following aspects need study and clarifi-
cation by experiment: the details of the colli-
sion/breakup process in general and in particu-
lar for nearly equal-sized drops; and the
pressure dependence of these mechanisms. From
the numerical modelling point of view, sensiti-
vity to different assumptions, time dependence
and the introduction of warm-rain microphysics

into two-dimensional cloud models have high
priority.
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DISSOLUTION OF GASES IN RAIN

A. K. Mukherjee
Meteorological Office

Introduction

For several years considerable effort
has been devoted to the analysis of removal
of atmospheric contaminant by rain., The
bulk of the work however has been devoted
to aerosol removal, Most authors considered
trace gases to be totally soluble in rain
and hence considered washout of gas from the
theory of irreversible washout usually app-
lied to aerosols, Noted exception is Postma
(1970) who in his excellent paper on'Bffect
of solubilities of gases on their scavenging
by raindrops' demonstrated that the total
solubility approach to gas scavenging is
not appropriate,

Hales (1972) gave a theory of gas sca-
venging by rain, He pointed out the follow-
important processes in this connection,.

1. Washout rate of a gas will be
lowered as the precipitation
becomes saturated with the
pollutant gas in question,

A falling raindrop may become
super—satured (in gas concen~—
tration) with respect to the
ambient atmosphere and a desorp-
tion of pollutants may occur,

From these it follows that the reversible
nature of gas washout necessitates knowledge
of spatial distribution of conwentration of
the pollutant gas in the atmosphere prior
to the assessment of washout rates, The
absorption - desorption phenomenon intro-
duces a possibility of redistribution of
precipitation., Considering these, Hales
gave a generalised theory of gas scavenging
to provide a fundamental basis for gas wash-
out analysis,

Hales' approach has got the following
limitations -

1, The gas is supposed to be removed
by raindrop only after it has fully
grown, The removal of gas from air
even at the stage of formation of
cloud droplets has not been taken
into account,

A general theory of removal of gas
should not only attempt to calculate
the removal of gaseous pollutants
but should also be applicable in the
case of dissolution of constituent
soluble gases of air.

Pune,
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In the present paper an attempt has been
made to remove the above limitations, Where-
as Hales tried to develop his theory on the
basis of diffusion of pollutant in gas phase
followed by the diffusion of dissolved gas
in liquid phase, the present approach is
from the concept of gaseous molecules stri-
king the cloud (om rain) drops. It may be
stated here that a number of micro-physical
phenomena involving liquid phase should em-
erge in a total treatment of removal of gas
by rain or cloud. Particularly important
is possible chemical reaction in the liquid.
But this has not been dealt with here, Where-
as this has not been ignored, the process
has not been followed., Thus, the present
approach may be treated as a first attempt
in the direction of removal of gases by cloud
and raindrops from the considerations of
kinetic theory of gases purely on a physical
basis,

2, Derivation of the basic

equations :

The first question is - how any soluble
gas can enter into rain water, From the
gonsideration of airflow round a spherical
obstacle, it can be shown that the gas
molecules will be deflected around the
cloud particles and hence should not come
in contact with them. Hence they will not
be dissolved by sweeping action of moving
cloud particles of rain drops. They can
only dissolve when the gas molecules hit
the cloud droplet {or rain drop) because
of the random translatory motion of the
molecules,

Let us assume that a droplet is grow-
ing in favourable conditions, At the same
time it is capturing some of the molecules
of a soluble gas. Let r be the radius
of the droplet and Yy be its mass. The
rate of growth of cloud droplet by conden-
sation of water vapour on it is given by

"f;’" = bV (P—Fr) - (D

where D is the molecular diffusion co-
efficient of water vapour,/%,the water
vapour density at the surface of the drop-
let and A +that of the ambient air. '

Rate of dissolution of a soluble gas
on a droplet of radius r 1is proportional
to the area [Tr*and the mass of gas mole-



cules striking unit area per unit time of
the droplet denoted by 4t Rate of disso-
lution of the gas will then be given by

> /‘53—
E g

where Sy is the mass of gas dissolved and
A is the fraction of gas captured by the
droplet, It is a fraction with value quite
low for slowly soluble gas and may be
assumed to be nearer unity for very highly
soluble gas like ammonia, Again we know

W,ﬂz-ézf»rrrJ &)
Assuming the density of water as unity the
concentration of the dissolved gas in the
droplet is given by

Cr = Sp/mp - - CD)
From these equations we get
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From equations (1) to (4) we get
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‘ Thus we get the rate of change of con-
centration of dissolved gas with the size
of the drop, Now let us consider the rate
of change of concentration with time,

Y e A
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Now let us consider the significance
of the term A, This is the fraction of
gas captured by the drop, For this we can
assume that

A= ole-G) —mon(7)

where a can be assumed to be constant
at constant temperature provided there is
no chemical reaction in the liquid phase
other than the reversible reaction of the
dissolved gas and water. . is the solu-
bility of the gas in water and is constant
at constant temperature and partical pres-
sure, Thus equations (5) and (6) becomes

KL, - 3 et CCJ’CY) 2¢,
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By expressing the concentration in
mole fractions 'X' we may write
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Using Henry's law we may write

e

where y is mole fraction gas in gaseous
phase, and H is a constant, Substituting
this in equations (10)and (11) we get

fRX7 - 3‘>”AH2 _ 3% A
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Thus these two equations give us the
variation of concentration of dissolved
gas in cloud and raindrops with respect to
the concentration of the gas in ambient
air, It may be pointed out that although
the term y directly expresses the concen-
tration, the term 4L is indirectly connec-
ted with concentration of gas,.

7\& =

2%
e “C’—?].

%. Special Cases

Liet us now consider the influence of
each factor in the equations

3.1 Dependence of solubility
of gas :

In equations (8) and (9) we find that
rate of dissolution of gas is directly
related to the solubility of the gas, This
gives an interesting information about the
ambient temperature, The solubility of a
gas decreases rapidly with increase in
temperature, Thus the lower the ambient
temperature, the greater is the rate of
dissolution. In case of a raindrop further
growth by diffusion can be neglected, In
that case, equation (9) gives us a clearer
picture of connection of concentration
with solubility of gas in rain, Again in
this condition if (y->»0 as in the case
when raindrops enter into a polluted area
containing soluble gases,

£, 2 ooar O

o~
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which means that rate of change of concen-
tration is directly proportional to the
solubility in thepinitial stage of disso-
lution of gas by rain.

3.2 Dependence on degree
of supersaturation :

As degree of supersaturation increases
(f —-f;/) increases. Equation (5) indi-



cates that when (P~f.)is low, the rate
of dissolution in the cloud droplets is
more., In caseéf—ﬁ?) is low andvis big
as in case of raindrops, we may neglect
3¢y /v in equation (5) at least when
1s small, In that case the rate of
dissolution of the gas becomes almost in-
versely proportional to the supersatura-
tion of éourse within the limit of equa-
tion (7). Again equation (6) indicates
that under conditions of higher supersatu-
ration the rate of dissolution is lower
and vice-versa,

In case (f"ﬁ%) becomes zero, there
will be no growth 'of the drop according
to equation (1), Then

A T ' A6

Rey _ _L{cs =0 3o (< ~._0g)
r

or (Cs -~ Cr) will decrease expomentially
with time,

During the initial stage of cloud
growth in presence of the gas, we may take
r to be very small and (X—4 ) of quite
high value so that (from equation 5)

K <
N .~

This means smaller drops should become
more concentrated than the bigger drops
in the initial stage of cloud growth, This
is otherwise understandable since smaller
drops have bigger surface to volume ratio
than the bigger drops.

In case Q’“ﬁt) becomes negative, i.e,
when the raindrop moves in an unsaturated
environment, equation (6) indicates that
the concentration of gas will increase
with lapse of time. But this is not very
simple, since the size of the drop will
also change due to evaporation., Looking
at equation (5) we find that the radius of
the drop is decreasing and hence as the
particle becomes smaller the concentration
would increase,

3.3 Variation of concentration

of gas

A raindrop may pass through a highly
polluted area and then to an area which is
practically unpolluted., While passing
through polluted area the raindrop dis-

solves the pollutant gas as per equation

(15). But when it goes to the unpolluted
area, we may have y:jdcxmd/kkzgg . Then

i 3%y D (P06
2= -

which means the gas will be desorped, a
condition mentioned earlier,

A complication comes when fo;)becomes
negative, In such a case Xy/fFwill be
positive as per equation (18) which means
that the water of the drop will evaporate
to increase )(r- We should, therefore, con-
sider this process from a different angle,
From equation {2) we have

:ﬂij = L ARRTTC ales -~ ) nyTrid9

But 1J-7<?0/Q5—ao as per Henry's law,

Hence XSy —a (‘_r/u. prrr T G,a]

A& =

Whereas equation (18) can be used for
a supersaturated environment only and pre-
sents complications for saturated and un-
saturated environments, equation (19) is
of general applicability. For a general
statement we may write that if the concen-
tration of environmental gas is so low
that the saturation concentration, at
the existing partial prewsure is less than
Cr then the raindrop or cloud droplet would
desorp. Thus a raindrop may serve as a
carrier of gaseous pollutants and serve
to redistribute,

4, BRemoval of carbon dioxide
by monsoon rain water

Cloud particles and raindrops form in
air where carbon dioxide is a natural in-
gradient, Barrett and Brodin (1955) point-
ed out that all natural water should con-
tain dissolved carbon dioxide and at 25°C
rain water should have pH = 5.7, This
value is arrived at considering the dis-—
solved carbon dioxide to be in equilibrium
with the atmospheric gas, Or, in other
words, any rainwater showing pH greater
than 5,7 should be regarded as alkaline,
This view has been accepted by WMO (1978).
But Mukherjee (1957, 1964, 1978) has repea-
tedly shown that pH of rain water measured
at Calcutta (an inland station), Bombay
(a coastal station) and over the sea on
board a research vessel 400 km, away from
the nearest land the pH is always between
6.0 and 7.0. This indicates that carbon
dioxide may not be fully dissolved. The
above equations can be used to understand
why it i8 o, The arguments are as follows,

(1) In the tropics the temperature of
the cloud droplets and the raindrops should
be higher than that in extratropics, Thus
the value of C$ is lower and as per equa-
tions (8), (9) and (15) the rate of disso-
lution of carbon dioxide should be low,

Even if we assume that the life of
cloud droplet is long enough to dissolve
carbon dioxide fully, when they combine
and fall they come down to environment of
higher temperature., The value of & de-
creases with rise in temperature, Thus if
the rain drop falls to the surface of en-
vironmental temperature 30°C and attain
equilibrium at that temperature, it would
be unsaturated whenm brought to 25°C (in
the laboratory) and hence the pH may be
shown as greater than 5.7.

(2) In the condition of summer mousoon
in India, the air is saturated upto 500 mb,
In that case CP~ﬁ}) is likely to be greater
than at other places, ELquations (5) and



(6) show that rate of dissolution of car-
bon dioxide should be slower with higher
values of Cpfﬁn) . Moreover according to
equation (1) the growth of the droplet is
faster, Thus carbon dioxide may not come
into equilibrium by the time cloud drop-
lets mature and combine to form raindrops
and subsequently fall,

In most of tlhe places, the subcloud
layer may be unsaturated, As per argu-
ments in 3,2 it can be shown that the con-
centration of dissolved gas would increase,
In the sub-cloud layers during the summer
monsoon in India air is fully saturated.
This would not help the increase in con-
centration of the gas,

Summarising we get that in summer mon-
soon condition the rate of increase in con-
centration during growing stage of cloud
particles is slow and again due to absence
of evaporation of the drops in subcloud
layer the concentration does not increase,
Moreover, the process of cloud formation
may be very fast and hence the life of water
droplet in air may be short, Net result
is that in the condition of summer monsoon
the rainwater may not have dissolved carbon
dioxide in equilibrium with the atmospheric
gas.

In the equations (8) and (9) the term
'a' depends on chemical composition of the
raindrop and also on the chemical compo~
sition of the contaminants, In trying to
explain the pH observations, this has not
been taken into consideration, There may
be other explanations for the observations
that pH in monsoon rain water is greater
than 5,7. The one given in this paper is
from physical considerations only.
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THE SHAPE OF RAINDROP SPECTRA FOR
DIFFERENT SITUATIONS AND AVERAGING PERIODS

V. G. Plank, R. 0. Berthel and L. V. Delgado

Air Force Geophysics Laboratory
Bedford, Massachusetts U.S.A.

1. INTRODUCTION

Joss and Gori (1978) have presented
ground-based disdrometer data for widespread
and thunderstorm rain which indicate that the
shape of the raindrop size distribution spectra
is exponential for "long" averaging periods
(32 to 512 minutes) but that it departs from
exponential (toward monodispersity) when the
averaging periods become smaller, approaching
a 1 minute, or "instant", period. They also
found that the departures from exponential
were more pronounced at small rainfall rates
than at larger rates.

Considerable rain data have been acquired
in the the Tlast several years by the cloud
physics MC-130E aircraft of the Air Force
Geophysics Laboratory (AFGL). These data were
acquired using a one dimensional optical array
spectrometer, described by Knollenberg (1970,
1972) and produced by Particle Measuring
Systems (PMS), Inc., Boulder Colorado.

Rain data of this kind were selected for
four different situations of aircraft flight.
Two were situations of widespread rain of mod-
erate to heavy intensity which were sampled
near Talladega, Alabama on 23 February 1977
and between Little Rock, Arkansas and Memphis,
Tennessee on 2 March 1978. The other two were
situations of showery rain of light to moderate
intensity that were sampled near Wallops Island,
Virginia, on 22 March 1977, and near the
Kwajalein Atoll, in the Marshall Islands, on
27-28 June 1977. Other additional rain situa-
tions are also being investigated but the
analysis of these have not been completed as
of the date of this abstract.

The data for the four cited rain situa-
tions were analyzed in a manner permitting
comparisons with the findings of Joss and
Gori. A non-dimensional plotting technique,
described by Sekhon and Srivastava (1970) was
used to ascertain the shape of the raindrop
spectra. The aircraft data for each situation
were first analyzed and plotted for the
basic resolution time of the PMS instruments
(the 1 second buffer accumulation time). The
1 second data were next combined and averaged
over longer sampling periods, 5, 10, 50, 100
and 500 seconds, respectively, limited by the
total flight time of the aircraft sampling.
The data for each averaging period were also
separated into two categories of liquid
water content which were (1) smaller than
the average of the total data set and (2)
larger than the average of the total data
set.
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2. THE DETERMINATION OF SPECTRAL SHAPE

The exponential relation describing the
size distribution of raindrops is given by,
{Marshall and Palmer, 1948),

N=N,e , No. cm™? (1)
where N 1is the number concentration of the
raindrops (per diameter bandwidth) and D s
the drop diameter.

The 1iquid water content of such distribu-
tion, integrated from D=0 to D = =, is

™ 0
W=7 w S N D3 & (2)
0
or, from equation 1,
= TPy N, r(4) -3
. 6 A" g cm (3)
The median volume diameter of the
distribution is
= O cm 4
D, —— (4)
where, for integration fromD =0 toD = « |

a = 3.67 (Atlas, 1953).

Sekhon and Srivastava (1970) have pointed
out that equations 3 and 4 may be used to
write equation 1 in the non-dimensional form

a 4‘e' o B/DO (5)
™

4
PWWN Do

@

They further note that a plot of RN DOA'/Wm
versus D/D, on semi-Togarithmic paper will
yield a straight Tine of slope a and intercept

a T/ m . For the Atlas value of a , the inter-
cept is 57.7. A plot of this equation is

shown in Fig 1, labeled n=o0 .

Spectral shapes other than exponential
may also be recognized on a diagram of the
Fig 1 type. For example, one family of curves
for which the equations of N, W and Dy
can be written and plotted non-dimensionally
is the family of "moments of exponentials” for
which

-AnD

N=N, D" e (6)



0

J D3+ o= AD qp

Wo = _I6L o.My A .M
from equations 2 and 6, or
W = B e N M
n
6 w Aﬁ+n , (8)
when integrated. Additionally,
An= o (9)
Do
where
a =3.,67 +n . (10)

From equations 6, 8, 9 and 10
PuN D, = 6(3.67m)**M p {1 ~(3-674m) D/D,
W r{4+mn) « (D) ©

Plots_of this_equation for n values of
1, 10, 102 and 103, also for -1, -2 and -3,
are shown in Fig 1. It is seen that, with
the increasing positive values, the spectral
shape is tending more and more toward mono-
dispersed. With the negative values, the
spectral shape becomes concave upward,
relative to the simpie exponential for n=o.

When size distribution information is
obtained instrumentally, the data are trun-
cated at some minimum size, dictated by the
sensitivity of the instrument, and they may
also be instrumentally truncated at some
maximum size. Moreover, there are physical
size limits that govern the largest size
drops that will exist in any given situation

Fig 1.

Spectral shapes plotted from
Equation 11.

(11)
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(for example, the breakup size). Instrumental
data are also classified data, in that the
number concentration information is obtained
for definite size classes of the hydrometeors.

It is beyond the scope of this abstract
to consider and illustrate the various ways
that truncation and classification cause
modification of the spectral shapes relative
to those shown as examples in Fig 1. Suffice
it to say that unless the lower and/or upper
diameter truncation is very severe the spectral
shapes will not differ markedly from those for
no truncation. Classification of the data
causes departures from "the comparable con-
tinuous-distribution-function values” but
these departures, too, are rather small, provid-
ing that the number of size channels used for
counting exceeds 10, or so. Another effect
with classification occurs because the thres-
hold number count in any given channel with
the 1DP instrument is 1 count per second.
This means that, in the nondimensional
plots of the aircraft spectra, no points
will be plotted in the Tower portion of the
diagram, where, in Fig 1, the curves are
dashed.

3. THE AIRCRAFT DATA AND AVERAGING METHODS.

Four rain situations were selected for
analysis and discussion herein, as cited
previously in the introduction. The aircraft
PMS data for these situations were acquired
with a one-dimensional particle array spectro-
meter having a wide angle probe. This so-
called 1DP instrument was designed to sample
precipitation size particles. In rain, the
instrument provides size distribution
information for fifteen counting channels of
nominal width equal to 300 um over a diameter
size range from 202 um to 4660 um. The actual
widths of the channels vary somewhat from
nominal for reasons discussed by Knollenberg
(1975). The accurate widths are known, however,
and were used in all computations leading to
the non-dimensionalized spectra.

The sampling volume of the 1DP probe for
an indicated airspeed of 150 kts (77.2 m s-1,
which was held constant for all sampling
passes) is variable for the different size
channels from about .05 to .13 m3 s-1. The
average or nominal value for all channels is
approximately .1 m s-1. The sampling volume
also varies somewhat depending on the particular
altitude-temperature relationships between
indicated and true air speed, by about five
percent, relative to nominal. The buffer
accumulation time of the instrument, which
establishes the minimum sampling resoclution,
is one second.

Computations and non-dimensional plotting
were first accomplished, for the four rain
situations mentioned, for the spectral data
of 1 second resolution. (These were channel
number-count data normalized per cmd of volume
per cm bandwidth.) The mean liquid water
content was computed for the entire flight
period through rain for each of the days.
These periods were from 2222 to 2246 GMT for
the widespread rain of 23 February 1977 near
Talladega, Alabama, from 2037 to 2103 GMT



for the widespread rain of 2 March 1978,
between Little Rock, Arkansas and Memphis,
Tennessee, from 1413 to 1419 GMT for the
showery rain of 22 March 1977 near Wallops
Island, Virginia, and from 2313 GMT, 27 June
1977, to 0115 GMT, 28 June 1977, for the
showery rain near the Kwajalein Atol) in the
Marshall Islands.

From knowledge of the mean liquid water
content value for the flight period, the one
second spectral data could be separated into
two liquid water content categories, of samples
having individual values greater than the
mean and less than the mean. Non-dimensional
computations and plotting were accomplished
separately for each category.

The plots of these data for 23 February
and 22 March 1977 are shown in the upper
diagrams of Figs 2 and 3. (There is in-
sufficient space in this abstract to also
illustrate the plots for 2 March 78 and
27 June 1977. But, we will comment about
these situations later.) The left hand
diagrams of Figs 2 and 3 show the data for
Tess than average water content; the right
hand diagrams show the data for greater than
averadae water content.

<Avg.
isec.

>Avg.
{sec.

0 2 4 "6 0 2 4 6
D /Dy ~—»

Fig 2. Non dimensional spectra as a function
of averaging interval for rain flight
of 2 March 1977 near Talladega, Alabama
Samples with less than average water
content are shown at left. Those with
greater than average content are shown
at right.

The number count data were next summed
and averaged for successive five second
intervals of flight and the mean Tiquid
water content for these "5 second data"
was determined and data categorization and
plotting were accomplished for the “below
mean" and "above mean" spectra. These plots
are the second diagrams from the top in Figs
2 and 3.

Likewise, the data were summed, averaged,
categorized and plotted for successive fiight
intervals of 10, 50, 100 and 500 seconds,
lTimited by the total sampling time of the
ajrcraft in the given situations. These
plots are also shown in Figs 2 and 3.

4, DISCUSSION

The non-dimensionalized data for the wide-
spread rain situation near Talladega, Alabama,
of Fig 2, reveal fairly regular behavior rela-
tive to the exponential reference line of
Sekhon and Srivastava. There is appreciable
dispersion of the data for the one second
samples which decreases with increased averaging
interval. In the one second samples there is
also a "spike" of data points near D/Dy, = 1.0.
This spike is associated with spectra that are
monodispersed (all raindrops contained in one

< Avg,
1sec.

>Avg.
{sec.

4 60 2 4
D/ Dg —

Fig 3. Non-dimensional spectra as a function
of averaging interval for rain flight
of 22 March 1977 near Wallops Island
Virginia, with same format as Fig 2.



single size channel} or with spectra that have
a pronounced predominance of liquid water
content in a single channel. With averaging,
it is seen that the dispersion and features
‘of the one second spectra are rather quickly
modified to near exponential. It is also seen
that there are few appreciable differences
between the spectral plots for the small water
content samples as opposed to those for the
Targe water samples.

In contrast to these rather regularly
behaved data of Fig 2, the spectra plots of
Fig 3, for the showery rain sampled near
Wallops Island, Virginia, reveal considerable
differences of shape. At one second resolution,
the data for both the small and large water
contents show a data spike near D/Dy = 1.0 and
a definite concavity downward relative to the
exponential. Also, numerous of the data points
for large D/D, occur well above the exponential
1ine. With averaging, the spectral shape does
become closer to exponential but even at the
longest averaging time of 100 seconds there is
considerable departure from exponential in the
large D/Dy portion of the spectrum. It can be
seen that the maximum D/Dy values for this
showery rain are appreciably larger than for
the widespread Alabama rain.

It may be mentioned, without illustration,
that the non-dimensional spectra for the wide-
spread rain situation of 2 March 1978 from
Little Rock and Memphis fall "in between" the
ones illustrated in Figs 2 and 3. For small
D/Dy, the data points adhere reasonably close
to the exponential line. But, for large D/DQ,
most points fall well above the line. There 1is
1ittle difference, on 2 March 1978, between the
spectra of small and large water content. The
spectra for the showery rain of 27-28 June 1977,
at Kwajalein, reveal very similar characteris-
tics to the showery rain at Wallops, of Fig 3.
The Kwajalein data likewise show no appreciable
differences between the -small and large water
content samples.

Thus, to summarize our tentative findings
for the four rain situations we have investi-
gated to date, there appears to be shape
differences between showery type rain and
widespread rain. However, within any one of
our four situations, there are no apparent
differences for the spectra of small water
content as opposed to those of large water
content.

For both rain types, the spectra tend to
become more exponential with longer averaging
intervals. This tendency is very apparent for
the widespread rain of Fig 2. However, the
tendency is only a very general one in the
cases of our other three situations.

Hence, our investigations thus far verify
the Joss and Gori (1978) finding that the
shape of rain spectra become more exponential
with averaging period but we do not note
appreciable differences associated with the
water content of the samples. We observe
that, with showery rain, the samples at
one second resolution contain many spectra
which have a predominant water content in a
single size channel or that have a "peaked
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shape" (characteristics akin to the Joss-
Gori" tendency toward monodispersity”).

With averaging, these monodispersed features
are rapidly "smoothed out", toward exponen-
tial, except for the large D/D, points which
continue to exceed the exponential even at
the longest averaging period. With wide-
spread rain, the tendency from monodispersed
toward exponential is not as pronounced.

One possible explanation for our apparent
differences relative to Joss and Gori con-
cerning widespread rain may be that our rain
data were acquired at cloud Tevel or just
below cloud base whereas their data were
acquired at the surface level. Many of the
smallest rain drops, in a given rain situa-
tion, might conceivably evaporate, in whole
or part, between a saturated cloud level and
a possibly less-than-saturated surface level.
Such occurrence would be consistent with our
tentative findings as well as with theirs.

The authors wish to acknowledge that the
non-dimensional plotting technique was first
developed at AFGL by Dr. Robert M. Cunningham,
with the assistance of Mr. Morton Glass, AFGL
and personnel of Digital Programming Services,
Inc., Waltham, Massachusetts.
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TURBULENCE EFFECT ON WARM CLOUD MICROSTRUCTURE

II-3.14
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Stochastic condensation equations
have been obtained for an arbitrary ra-
tio of vapour phase relaxation time amd
turbulence Lagrangean time scale. An
analysis is given of droplet spectrum
behaviour under local perturbations of
liquid water cloud medium thermohydro-
dynamics. Numerical modeling results o
cloud microstructure under local varia-
tions are presented accounting for the
condensation and coagulation processes,

When describing turbulized cloud
microstructure analyzed are, as a rule,
two alternative casest: relative water
vapour excess time scale T 1is much
shorter than the integral Lagrangean
turbulence time scale 7, (1-2]) and T=7,
[3-4] .The first case is typical of the
cloud middle part and the second one -
of the cloud base and top. Such an ap-
proach permits to simplify the deriva-
tion of stochastic condensation equati-
ons but does not give a pessibility o
carry out physical and mathematical mo—
deling of the whole cloud life (from
its formation to dissipation).

Assume that the following conditi-
ons are valid: 1) typical space-time
scales of fluctuating parameters vari-
ations exist; 2) the scales are much
smaller than the corresponding space-
time variation scales of parameters ave-
raged over turbulence realizations;

3) the velocity field correlation func-
tion can be presented as <v/(¢) v; (¢)> =
U/n)Ky exp(-|t-¢,1/T,) ; 4) non-adiaba=-
ticity "of fluctuations is described by
the Burgers approach [4], i.e. by in-
troducing the time scale for pulsation
dissipation 7, .

With the method used in{1, 4] one
can obtain an equation of stochastic

condensation for an arbitrary ratio of
Cand 7, :

af o0aF 13, [.fi 2 }i-
atp 9s°p 20z Yloz; 0s7ilp

1 _12 to, +2T A

0 to*z‘li_

5 Ytz lp =0 0
dé 1 2 (V; 2y, T L Pw oA
a1 2y YRS
t 20z Y\n, &/ 20 £ d
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1 L] to*2T 2 £
4 ngpw5>{ ¢, ‘oz, p *
L+t 2 .f.l: 2
t-fop’qias ﬂ/ﬁ 0 @)
A L €Y _
/((&-+Cb f})-—U.
p.2_ 2 9 (3
/(—dt oz, K‘;/" 3:9.

where S - drop size and hygroscopic aib-
gtance fraction distribution function;

& -~ potential temperature; & ,m- Va-
pour density and saturated vapour den-
sity above clean water surface; o - li-
quid water content; o , £, - air andwe-
ter densities; X, § = drop radius and
surface values; AQ/, 2 - turbulence and
molecular diffusion coefficients for
water vapour; £ = a correction for
drop growth rate § due to surface ten-
gion and hygroscoplc substances effect;

L , Cp - condensation latent heat ad
specific heat for alr at constant pres-
sure; 7 - temperature.

In equations (1)-(3) the following
notation is used:

F=FRf/RS; T‘-‘f*a%;f**cpﬁg—(ﬁfj;
T = TRE/RF; 5:5%_(5/’:7545); L =27+ T
"‘:(g—;‘.’-é% r=[4z2%7]"

- mtc.@;::f ip 7% (&)

In all the cases of repeated use of
indeces summing-up is assumed, the line
above means integrating over drop and
equivalent hygroscopic nucleus sizes,
For asymptotic cases when 7«7, and
T > 7, of the equations may have the
form obtained in [1, 2, 41 .

The analysis of Egs. (1)-(3) with
T << 7, has shown that turbulent mix-
ing leads to drop spectrum broadening
when even a single pseudo-potential tem
perature gradient or humidity gradient,
or drop concentration gradient, or hys-
roscopilc substances dissolved in cloud
water gradient are non-zero, If .foi &
ample, non-zero is only the vertica

gradient of salt specific content



( # ) in cloud water, and when the ini-
tial Gaussian perturbation am is loca-
lized in the region of size ¢ , then
the drop size distribution varlance be-
haviour is as follows [5), At Tirst the
variance as a function of distance from
the perturbation center has the form of
a bimodal curve. At ¢ = £, the modes
coincide in the perturbation center.At
t << a%/k the variance increases as # /?
attains maximum and then falls to the
initial value as ¢ %/%. The time, when
the variance achieves and exceeds some
given value, depends on meteorological
conditions and perturbation parameters.

As this takes place drop spectrum
asymmetry at ¢ < ¢, decreases with time
near the perturbation spectrum and in-
creases away from it. Beginning with
the moment ¢, the asymmetry increases
in the whole volume.

A more detailed study of thermo-
hydrodynamics effect on cloud micro-
structure has been carried out by nu~
merical modeling, Let a warm cloud be
horizontally homogeneous, a 450-m la-
yer away from the cloud top and base
being studied. Assume now the initial
drop size distribution be described by
the exponent [1] at the effect of salts
on drop growth rate being negligible.
Let the drop size distribution vary
with time only due to stochastic con-
densation and gravitational coagulati-
on. At the initial instant the local
perturbation & with the magnitude of
~7°C is preset for the cloud layer cen-
ter., To solve this problem is interes-
ting first of all because it will make
it possible to determine natural hete-
rogeneity effect on the cloud medium.
On the other hand, the introduction of
seeding agents (a mostly used weather
modification method) always causes'tem
perature spots" occurrence, the influ-
ence of which on cloud microstructure
had not been studied in detail yet.

The above problem has been solved
numerically by the explicit scheme with
the following parameter values:ik=4 .52
drop concentration W= 500 cm™?, the
layer base temperature 7, = 28%°K, spe-
cific liquid water contentq, =0.008%4.
At the lower and upper cloud layers tie
drop size distribution was chosen sta-
ticnary {11 . Minimum drop size R con-
sidered by the scheme was 0.5 mm. The
account made for smaller drops could
complicate the calculation scheme cho-
sen, The distribution function trunca-
tion at poimt R, leads to appearance of
drop specific concentration "computati-
onal gradient causing additional bro-
adening of distribution. The evaluati-
ons made have shown [6] thet this dis-
tribution broadening rate is aboutjﬂq%
Meximum radius K, = 456.3 Mm,

The calculation results have shown

that due to cooling a cold zone of 30m
diameter is formed (see Fig. 1a). In
this zone a sharp increase of humidity
P , mean drop radius R and concentra-
tion W occur (Fig. 1b). The distribu-
tion function variance (Fig. ‘c) decre-
ases at first, then increases, the va-
riance as a function of distance of the
perturbation center for #<5 min being
a bimodal one. The coincidence of the
modes does not take place as in case of
perturbation x4 . But one of the modes
for 30 min > # 2 5 min becomes smallFor

t=fs
Lwra0s
¢ =30005

o
.
L2 TEN

7 7 70 3855w 3% 0 2im)
Fig. 1. Temperature (a), drop concen-

tration (b), distribution va-
riance (c) dependences on dis-
tance from disturbance center
for various periods of time,

t > 30 min the second mode becomes no-
ticeable again, though it is formed at
a more distant level from the perturba-
tiion center than at ¢#=< 5 min, Suchve
riance behaviour is due to coagulation
process. Intensive variations of con-
centration and dispersion at # =< 15 min
are mainly caused by turbulence,

Temperature space and time variati-
ons are shown in Fig, 1a. The tempera~
ture changes rather intensively during
first 10 = 15 min. A decrease of the
temperature gradient causes a decrease
of all microphysical parameters varia-

- tion intensity (Fig. 1a). It should be
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noted that at R<10mn, G/ < 0.3 and
P<£1 g~ the gravitational coagulation
process at first (¢ = 30 min) is slow.
For longer times coagulation intensity
increases rapidly, that may be caused
by rather large drops appearing in the
system. The coagulation process effect



on fine drop part of the drop size dis-
tribution becomes more pronounced aften
the second maximum of the function

£(R,2,t)R*. The curve describing va
riance for ¢ > 30 min space variation
becomes bimodal. In this case it is ca
nected with the coagulation process dwe
to which the concentration gradient is
formed and variance grows.

la;
10 -
a z 7 5 g
y
gfgn
3
-20
2
1 ¢=0
-30 L 2 t=1s
1 3 ¢t=12003
4 ¢ =3000s

Fig. 2. Drop size distribution at 225m
for various periods of time.

Fig. 2 shows the cloud drop distri-
bution variation with time at X=225 m,
i.e, in the center of the cold zone.An
increase of the fine drop fraction and
the mean radius decrease observed for

¢t < 15 min are caused by turbulence.A
subsequent decrease of these parameters
are governed by coagulation.,

On the base of the data obtained
the integral characteristics have been
founda concentration and liquid water
content of the drops with the radii mo-
re than 100 and 250 um. If, in view of

[7), it is assumed That a cloud is a
precipitation one, when the concentra-
tion and ligquid water content of the car
responding drop size exceeds 1500 m~3
and 0,005 g "3, then in the given cloud
layer drizzle is formed during 35 min
at the levels above 3200 m,
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The Rainrates and Drop Spectra Associated With Different Precipitation Types
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Introduction

Examination of drop spectra from different rain re-
gimes indicate they have unique characteristics, (Strantz,
1971). OQur radar echo rain intensity measurements were
mapped for a warm shower, Figure 1a, and an air mass
thunderstorm, Figure 1b, and each shows distinctly differ-
ent internal structure of the precipitation intensity and
complexity. The work presented here is divided into two
parts: first, a description of theoretical upper (imits of rain
rates computed from a hypothetical mono-dispersed rain,
and second: statistical characteristics of actual drop spectra
from different rain regimes and their differing characteris-
tics.

kilometers

Figure 1a. Three-dimensional radar rain intensity map of nocturnal,
2332 CST, air mass shower, July 9, 1975. The vertical scale
expanded tenfold, levefi 1-0.1 mm hr'1, levef 2-0.3 mm hel.

Figure 1b. Three-dimensional radar rain intensity map of early
evening, 1901 CST, air mass thunder shower. Level 1-0,1
mm hr'' lower left, level 2-0,3 mm hr’ 1!evel 3-1.0 mm hr'’,
level 4-3.0 mm hr'1 and level 5-10 mm hr™',
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The objective of the research was to obtain a better
understanding of the limits in rain rates from specific types
of rain regimes.

Hypothetical Drop Spectra

A review of a number of drop spectra measurements
from both mid-continent and tropical drop populations con-
sistently show less than one drop cm-2 sec‘1, irrespective of
the type of precipitation. For concenience, a one drop
cm” sec'1, population was chosen and a hypothetical
mono-dispersed rain rate computed for a range of 0.5 to
5 mm diameter drops. The resulting rain rates, Table 1,
were then used to compute a modified Marshall-Palmer
distribution, where the parameter N, was computed from
the rain rate using the Waldvogel technique, (Waldvogel,
1974). As might be expected, values of W became excessive
for drops greater than 2 mm diameter as taken from the
primary, hypothetical mono-dispersed, computation. This
is not intended to imply that rain rates for short periods
may not exceed 150 mm hr“1, only that sustained precipi-
tation approaches an upper limit near this value when
averaged over a reasonable period, say 1 hour, Figure 2.
The first spectral distribution very nearly describes a stratus
drizzle. With no convection such a rain may closely re-
semble a mono-dispersed spectra with a spectral width of
0.3 mm. The remaining distributions will be discussed in
the next section.

Selected Drop Spectra From Mid-Continent and Tropical
Rains

Drop spectra measurements from different rain regimes
used here have been made by both an electro-mechanical
drop spectrometer and dye paper, where each stain diameter
was measured to 0.1 mm diameter and the computed drop
diameters placed in 0.1 mm increment categories. Minute
by minute drop spectra were compared from selected rain
regimes. By categorizing rain regimes in regard to the
environment under which precipitation developed and grew,
it was found the mean drop diameter and standard deviation
of the samples tended to remain within defined bounds,
Figure 3. Five synoptic and subsynoptic categories were
chosen and are described in Table 2. With the possible
exception of category | and some aspects of |1} the spectra
distributions are generally exponential with a negative slope.
Category | under the simplest conditions of tropical {warm)
showers may, for short periods, generate a mono-dispersed
spectra with a spectral width of 0.3 mm and nearly sym-
metrical shape. This is attributed to a nearly homogeneous
environment, where all of the drops experience identical
growth opportunity. As the conditions become more com-
plex, the drop .growth remains within the maximum growth
region layer and the spectral range increases.

What is suggested here is that an approximate upper
limit may be represented by recomputing rain rates, from
the hypothetical drop density used previously, and the
mean drop diameter from each category. These values are



given in column 6 of Table 2. Mason-Andrews {1960) sug-
gested no single rainfall intensity-liquid  WatéF “content
retationship could be developed. The present authors agree.
This may be in a large part because of general geographical
conditions which restrict the development of a singie
universal emperical description of the precipitation process.
The samples cited here were from geographically pure
regions, either central lowa, a simple prairie, or eastern
Puerto Rico, a pure maritime environment. In both
environments the spectral distribution was quite uniform
from one shower to the next. As might be expected from
Figure 7a sampling beneath specific locations from similar
showers generally provide a spectra unique to that physical
location from shower to shower. The assumption made
here is that the upper limit of rainfall is governed by activity
related to specific synoptic or sub-synoptic scale events.
One problem not addressed in these caiculations is a de-
crease in drop population as the -mean drop diameter
increases. Here we have maintained a single population ir-
respective of rain rates.
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Table |
_ Computed w Computed Computed
D Rain Rate grargs No Lambda
mm Hr’ m
0.5 2.4 144.8 4,244 3.09
1.0 18.8 1,134.2 8,429 2.19
1.5 63.6 3,836.9 12,654 1.79
2.0 150.8 9,097.7 17,873 1.65
2.5 294.5 17,767.1 21,091 1.39
3.0 508.9 30,701.0 25,310 1.27
3.5 807.8 48,734.0 29,524 1.17
4.0 1,206.4 72,781.9 33,747 1.09
45 1,717.6 103,622.6 37,965 1.03
50 2347.6 141,630.4 42,133 0.98
Téble'll
Synoptic Cloud Precipitation Mean Computed
Category Situation Type Type Drop Rain rate
Diameter mm/hr
n
| warm stratus drizzle 0.63 6.23
over light
running rain
it pre-frontal cumulus showers 1.73 92.60
{cold) thunder
showers
1l pre-frontal  stratus drizzle 0.82 10.39
{warm) strato- rain
cumulus
v non-frontal cumuius rain 0.83 10.76
tropical
Y air mass cumulus showers 0.73 7.33

rain
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Figure 2. Hypothetical drop distribution computed from four rain
rates.
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v category |
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Standard Deviation {mm)

Figure 3. Example of observed mean drop diameter D and standard
deviation for five categories as defined in Table 11.
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CLOUD DROPLET DISTRUBUTIONS IN WINTERTIME ROCKY MOUNTAIN CLOUDS
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I. Introduction

Winter clouds over the high plains and
mountains of Colorado and southeastern Wyoming
are of interest to people both in and out of
the atmospheric sciences community. The snow-
fall from such clouds has a year around impact
on the economy by influencing both winter
recreation and summer agriculture. The
importance of the clouds has been recognized
by meteorologists. Research in the areas of
cloud physics, weather modification and
numerical modeling has been ongoing for a
number of years.

During the winter seasons 1974-1977, a
survey of cloud droplet distributions was made
in a number of winter cloud types using an
optical sensing probe and an impaction sampler.
In addition to droplet measurements, state
parameters and ice crystal data were obtained.
The research was the first extensive use of an
automated optical probe as a primary sampler in
cold, mixed-phase clouds. The value of the
survey was enhanced by the basic microphysical
nature of the measurements, the combination of
state of the art optical sensing and a tradi-
tional impaction technique, the continuity of
instrumentation throughout the study and the
variety of the winter clouds examined. Prior
to this study information on cloud droplet
distributions in Rocky Mountain winter clouds
had been based on non-continuous impaction
sampler data, laboratory simulations and/or
extrapolations from research done in coastal,
summer or warm (>0°C) clouds.

TABLE 1.
CLOUD TYPE d d g/d CONC
max
-3
(um) (um) (em 7)
Non-convective
Cap Clouds 8.0 16 .25 100-300
Upslope-Frontal
System 7.5 22 .35 100
Convective
Cap Cloud 7.0 16 .25 125
Small Winter
Cumulus Clouds 7.3 16 .25 100
Orographic Storms
Leading Edge 8~10 22 .18 50-300
Convection 10~14 30 .40 250
Over Mountains 13-18 >40 ] 250-300
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II. Instrumentation

The Axial Scattering Spectrometer Probe
(ASSP), designed by Partical Measuring Systems,
Inc. (PMS), is an optical scattering probe
which samples and sizes cloud droplets contin-
uously and records the information on magnetic
tape. Droplets are sized into 15 size classes
by measuring the amount of light scattered
into the collecting optics during droplet
interaction with a focused laser beam. The
probe has four selectable bin widths (0.5, 1.0,
2.0, and 3.0 um) to cover the full range 0.5-
45.0 um. The primary size range is 2-30 um
with a 2 um resolution.

The Wyoming cloud gun is a single-shot
impaction sampler with an advanced timing
mechanism accurate to 0.1 millisecond. Droplets
are impacted onto a soot-covered glass surface
for an accurately measured length of time.
Analysis of the impaction craters, which
includes consideration of the exposure time,
air speed at the impaction time and collection
efficiencies results in a description of the
cloud droplet spectrum and concentration,

A laboratory calibration was done prior to
the field observations to permit inter-
comparisons of subsequent droplet measurements.
In contrast to PMS factory calibration with
glass beads, a monodisperse water droplet spray
was used for the tests. The two samplers were
compared over a range of 8-38 um diameter to a
laboratory standard. The cloud gun impaction
sampler agreed well with the laboratory

SUMMARY OF CASE STUDIES

LWC GROWTH ICE PRECIP
3 TIME CRYSTAL%
(gm ™) (sec) (liter ™)
0.05-0.20 500~1000 1-5 NO
0.05 200-2000 -1-10 YES
0.04 300 0.1-1 NO
0.03 300-1000 10-70 YES
YES
0.10-0.20 <350 1-10
0.40 350-600 10-30
0.50-0.80 >1000 50-100
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Figure 1. Droplet spectrum observed in a

non-convective, non-precipitating cap cloud.
Histogram indicates observed spectrum, smooth
curve shows approximation to the real spectrum

after application of the calibration correction.

standard and calibration curves were developed
to account for systematic errors in the ASSP
data.

II1. Results

A summary of the cloud droplet spectra
observed in five winter cloud types is pre-
sented in Table 1. After correcting the ASSP
data according to calibration results, the
spectra were fitted to Gaussian (or normal)
distributions and characterized by the

arithmetic mean, d and the arithmetic standard
deviation, o.

A 'typical' spectrum observed at some stage
of all of the study clouds including the
orographic storm had a mean diameter <10 um and
a narrow range of droplet sizes. Droplets
>15 um in diameter were rare and those >20 um
were noted in only a few instances. Qggplet
concentrations were generally <300 cm and _
liquid water contents were typically <0.10 g m
An actual droplet distribution, observed in a
non-precipitating cap cloud, is presented in
Figure 1. The spectrum is very similar to that
described for the 'typical' case. Droplet
concentrations and liquid water contents
throughout the research were lower than those
observed in visually similar continental air
mass clouds by MacCready and Takeuchi, 1968 and
Breed et al,, 1976,

Three of the five cloud types studied were
observed to produce precipitation. In high
plains winter clouds precipitation is formed by
an ice phase (Bergeron) process. Ice growth
may result either from a diffusion process or
an accretion (riming) mechanism. The two non-
precipitating cloud types were characterized by

3
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small, narrow droplet spectra (like that in
Figure 1) and low ice crystal concentrations.
Short in-cloud growth times were not sufficient
to produce precipitation size particles by
diffusion and the combination of small crystals
and small droplets has been determined to be
inefficient for accretional growth. (Pitter and
Pruppacher, 1974; Schlamp et al., 1975.)

A comparison between a cloud gun sample and
the ASSP is shown in Figure 2. Longer in-cloud
growth times led to the development of a
slightly broader droplet spectra. Cloud droplegg
15-20 um in diameter in concentrations >0.1 cm
were observed. Droplets in this size range have
low collection efficiencies and were observed
as light rime on large dendritic snowflakes

falling from the upslope-frontal cloud.(Walsh,1380)

Cloud droplet spectra observed in the small
winter cumuli were unable to develop large
droplets or broad distributions despite long
in-cloud growth times. Competition for vapor
was dominated by the diffusional growth of a
high concentration of ice crystals. Droplet
distributions varied little from the 'typical'
spectrum through the entire lifetime of the
precipitating cells.

Characteristics of observed cloud droplet
spectra echoed the complexity of the extensive
orographic storms. Three distinet liquid water
regions within the storms were identified by
Marwitz et al., 1976.

The development of cloud droplet distribu-
tions at the leading edge was very similar to
the sequence observed in simple cap clouds.
Observations agreed well with calculations by
Howell, 1949 on the growth of droplet spectra
in uniformly cooled air and indicated that

2
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Figure 2. Comparison between the ASSP (histo-

gram), corrected ASSP (smooth curve) and a
cloud gun sample (dotted line) in the upslope-
frontal cloud.



entrainment and turbulence had a minimal effect
on the smooth orographic formation process.
Longer parcel transit times resulted in larger
droplets and broader droplet distributions until
at some distance from the leading edge the
diffusional growth of ice became the dominant
process and caused the glaciation of the liquid
region.

Approximately 15 km upwind of the mountain
barrier cloud droplets were observed in a
convective region embedded in the extensive
glaciated layer cloud. Updraft velocities of
3-5 m sec ~ appeared to be related to the
development of a confluence zone near the sur-
face. The spectra in the convective region were
broad with mean diameters of 10313 um. Droplet
concentrations averaged 250 em ” while droplets
15-20 pm in diamgger were observed in concen-
trations >1.0 cm ~. Ligquid water contents
averaged,about 0.4 g m ~. A peak value of
1.0 g m ~ was noted. The presence of large
cloud droplets has been linked to the efficiency
of many ice multiplication mechanisms, especially
the Hallett-Mossop mechanism (Hallett and Mossop,
1974). Although large droplets were present in
adequate concentrations, temperatures were much
colder than the optimal interval of -3 to -8 °C.
Conditions suitable for the Hallett-Mossop
mechanism were not observed in any of the winter
cloud types studied.

Figure 3 shows a bimodal droplet distribu-
tion which was observed in a liquid water region
over and slightly upwind of the mountain barrier.
The cloud gun data showed peaks at 12 um and
21 uym diameter and significant concentrations of
droplets >30 um diameter. The ASSP failed to
resolve the bimodal structure but did detect a
very broad spectra and the presence of the large
droplets. Droplets 20-30 um in diameter probably
grew by condensation over a period of 30 minutes,
but the presence of droplets >40 pm implied that
a coalescence process was active in this region.
Calculations of condensation growth rates
suggested that the origin of some of the droplets
was the embedded convective region and others
were the product of uninterrupted condensaticnal
growth in the general orographic flow. Obser-
vations of graupel and heavily rimed aggregates
at surface stations and the presence of heavily
rimed crystals along the flight path were
consistent with the presence of significant
concentrations of large droplets and emphasized
the dominance of accretional growth in the
formation of precipitation.

The observations and analysis described
above are examples of the usefulness of cloud
droplet data in assessing the origin and develop-
ment of study clouds and characteristics of
active precipitation formation mechanisms.
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Figure 3. Comparison between the ASSP (observed

and corrected) and cloud gun sample observed in
an orographic storm. Cloud gun shows a strongly
bimodal droplet spectrum. (Key in Figure 2)

ASSP (observed) (corrected) Cloud Gun Slide

d 15.1 um d 17.4% um d 18.5 um

g 6.2 um _ o 5.0 um_ o] 6.3 um -3

LWC 0.84 gm CONC 310 cm LWC 1.7 g m
CONC 375 cm’

V. References

Breed, D. Q., L. 0. Grant, and J. E. Dye, 1976: Cloud droplet distri-
bution in high elevation continental cumuli. Preprints, Inter-
national Conference on Cloud Physics, Boulder, Colorado,
pages 658-664.

Hallett, J. and 8. C. Mossop, 1974: Production of secondary ice
particles during the riming process. Nature, 249, pages 26-28,

Howell, W. E., 1949: The growth of cloud drops in uniformly cooled air.
Journal of Meteorology, 6, pages Ll3u4-1u49.

MacCready, P. B., Jr., and D. M. Takeuchi, 1968: Precipitation
initiation mechanisms and droplet characteristics of some
convective cloud cores. Journal of Applied Meteorology, 7,
pages $91-802.

Marwitz, J. D., W. A. Cooper, and C. P. R, Saunders, 1976; Structure
and seedability of San Juan storms. TFinal report to the Division
of Atmospheric Water Resources Management, Bureau of Reclamation,
Department of the Interior. Contract No. 1l4-06-D-680L, July 1,
1974 -~ August 31, 1976. 329 pages.

Pitter, R. L. and H. R. Pruppacher, 1974: A numerical investigation of
collision efficiencies of simple ice plates colliding with super-
cooled water drops. Journal of the Atmospheric Sciences, 31,
pages 551-559.

Schlamp, R. J., H. R. Pruppacher and A. E. Hamielec, 1975: A numerical
investigation of the efficiency with which simple columnar ice
crystals collide with supercooled water drops. dJournal of the
Atmospheric Sciences, 32, pages 2330-2337.

Walsh, P. A.,.1977: Cloud droplet measurements in wintertime clouds,
M. S. Thesis, Department of Atmospheric Science, University of
Wyoming, Laramie, Wyoming. 170 pages.

Walsh, P. A., 1980: Seedability and precipitation efficiency of an
upslope-~frontal storm. Submitted to the Third WMO Scientific
Conference on Weather Modification, Clermont-Ferrand, France.






IT.4 - Population de Cristaux de Glace et Flocons de Neige
Ice Crystals Population and Snowflakes






I1-4.1

ICE PARTICLES IN CLEAR AIR

A. A. Barnes, Jr.

Air Force Geophysics Laboratory
Bedford UMITED STATES

INTRODUCTION

The precipitation of ice particles from
clear air has been noted by observers in
polar regions. Hogan (1975) reported that
ice crystal precipitation at the South Pole
(2800 m) was observed at the surface only
when cirrus clouds were present at higher
altitudes. He found that ice crystal pre-
cipitation was relatively common and some-
times achieved a depth of 3 mm within a
few hours under calm conditions. Surface
temperatures ranged from -30°C to -40°C. He
distinguished two categories of ice crystals;
diamond dust, consisting of crystals with
maximum dimension of approximately 100 microns
or less, and larger columns similar to those
reported in cirrus at similar temperatures by
Jiusto and Weickmann (1973). Single columns
up to 1.3 mm in length were observed by Hogan,
but fragil combinations (referred to as prism
bundles by Jiusto and Weickmann) were also
observed.

On 29 March 1974 at a surface temperature
of -22.3°C, Ohtake and Holmgren (1974) found
ice crystals falling from cloudless skies
over Alaska with a maximum concentration of
9.6 x 104 crystals/m3 for particles larger
than 25 microns. The concentratons were
derived from fall velocities based on measure-
ments by Kajikawas (1973) and Jayaweera and
Cottis (1969).

Between 14 December 1974 and 28 January
1975 at the South Pole, Ohtake (1976) observed
ice crystal falls on both cloudless and cloudy
dazs. The maximum concentration was 8.7 x
10 /m3. The larger columns were 1 mm long and
0.2 mm in diameter, similar to Hogan's find-
ings, and were noted on cloudy days. These
crystals were thought to originate in Ci or
Cs before passing through a Tayer of As. On
days without any visible clouds smaller
crystals with average diameters of 60 microns
were observed. In January and February 1975
at the South Pole Kikuchi and Hogan (1979)
found that ice crystals formed by spontaneous

nucTeation in the free atmosphere. An in-
crease in number concentration was correlated
with the appearance of cirrus clouds. The
crystals were usually columns, but occasionally

more than half were plate type. At temperatures

around -35°C, plates larger than 200 microns
prevailed.

Observations in Northern Alaska (Ohtake,
et al, 1978) reconfirmed that ice crystals
frequently fall from clear skies. The maxi-
mum conceptration was about 100 crystals per
liter (105/m3) at -25°C. Crystals ranged
from 30 to 300 microns in diameter. Ice
crystals were observed up to 900 meters
using a PMS cloud probe on an airplane, but
no particles were detected at 1000 meters
altitude. The aircraft observations indicated
that the moisture source was from the towns of
Barrow and Browerville, Alaska in this case.
Open leads in the ice were shown to be moisture
sources in other cases. These moisture sources
are far removed at the South Pole indicating
other moisture sources for the ice crystals.

AIRCRAFT OBSERVATIONS

We have occasionally observed ice crystals
in clear air at heights up to 10 km using the
snow stick on the C-130. In the last few years
we have detected ice particles in clear air
with the PMS instruments on the MC-130 and
on the Learjet 36 and have labeled the
phenomena sub-visible cirrus.

The largest particles recorded by the
1-D cloud probe in cloudless skies have been
around 200 microns. On the other hand
particles as large as 2200 microns have been
detected by the 1-D precipitation probe when
flying between 7 and 9 km altitude, in clear
air, but underneath cirrus clouds. Generally,
the maximum concentrations in cloudless skies
have been 104 counts/mS for particles larger
than 2 microns. The counts have become as
large as 105/m3 in clear air under cirrus
cTouds.

The frequency of encounter of these
particles in clear ajr is difficult to
ascertain. On two flights of the C-130 be-
tween Ohio and California using the 1-D cloud
probe as a detector, sub-visible cirrus was
encountered in 15% of the clear air on one
flight and in 80% of the clear air on another.

The Lear has detected sub-visible cirrus
up to 13.7 km over the United States and over
the Kwajalein Atol]l in the Marshall Islands.
The maximum size of the particles becomes
smaller at these higher altitudes, and detec-
tion is by the PMS axially scattering probe
which has limitations in determining size
of ice particles.



Because of the darker sky background at
higher altitudes, thin cirrus which is not
visible from the ground can be seen above
the Lear when flying at high altitude. This
is particularly true at Kwajalein where the
tropopause is above 16 km.

On 22 August 1978 the Lear encountered
sub-visible cirrus for 62 minutes over Kansas
at altitudes between 10.3 and 13.2 km. The
peaks of the size spectra were at four microns
in two runs and were at or below two microns
in the other three runs. Tota] part1c1e count
ranged from 5 x 104/m3 to 103/m3 which was the
lower detectable limit. Most of the counts
were made by the ASSP, but counts were recorded
in the lowest channel of the 1-D precipitation
probe ( ~200 microns) in all five runs. Extro-
polation of the ASSP curves intersected the
first channel of the precipitation probe close
to the channel's detection level. This implied
that these data points could be real rather
than electronic noise in the 1-D precipitation
probe.

In order to verify that particles greater
than 100 microns existed in sub-visible cirrus,
the PMS 2-D precipitation probe on the C-130
was modified to provide additional information
on the time between the larger, infrequently
encountered ice crystals. The initial test of
the modification was made on 2 February 1980 on
a track from Wright-Patterson AFB, Ohio to
Chicago, ITlinois to west of Madison, Wisconsin.
During a forty minute period when the C-130 was
between 5.5 and 6.0 km altitude at -17°C in
clear air with no clouds overhead the 2-D
recorded a number of particles. The average
rate of detect1on was approximately 2 per minute
or .14/m3 for particles larger than _roughly 100
microns and 1 per minute or 6 x 10-2/m3 for
particles larger than 300 microns. These 2-D
records lend credence to those occasional counts
noted in the lower channels of the 1-D precipi-
tation probes. These stray counts had pre-
viously been considered as a residual noise
problem in the electronic circuits of the 1-Ds
in both the C-130 and the Lear.

On other flights in sub-visible cirrus
visual observations of the larger ice crystals
as seen on the snow stick were in the 200-300
micron range. These size particles were also
detected by the 1-D precipitation probe while
many smaller particles were detected by the
ASSP in the 2-30 micron range. Occasionally,
as mentioned above, particies with diameters
of 1000 microns or larger were detected but
these larger particles were associated with
visible cirrus above the aircraft.

The descriptions of the polar, clear
sky ice crystal falls are not very different
than the descriptions of the ice crystals
detected by aircraft in sub-visible cirrus.
The major amount of moisture must come from
within the atmosphere since there are no
ice leads or anthropogenic sources at these
altitudes with the exception of aircraft
exhaust. This indicates that 1ifting motions
are the major cause of the sub-visible cirrus.
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CONCLUSIONS

PMS particle detectors on a C-130 and
on a Lear 36 have recorded cirrus particles
in sub-visible cirrus while visibilities
were generally in excess of 100 km. Particles
on the snow stick were usually in the 200-300
micron range, but occasional particles with
diameters in excess of 1000 microns were
detected. The PMS equipment confirmed these
observations and also showed a large number
of particles in the 2-30 micron range.
Particles Targer than 1000 microns were
associated with cirrus clouds above the
aircraft.

The wide spread occurrence of sub-visible
cirrus seems to be associated with natural
atmospheric causes. Since aircraft exhaust
is a minor contributor to the moisture at
cirrus levels, wide spread 1ifting motions
and the naturally available water vapor are
considered to be the progenitors of sub-
visible cirrus.
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1. INTRODUCTION

Observations show that the
microphysical characteristics of gla-
ciating maritime clouds differ signi-
ficantly at the beginning and at the
end of glaciation. In the beginning
large liquid raindrops occur in concen-
tration of about 1 I"! and ice partigles
in concentration of the order of 10°'17.
After completion of glaciation large
raindrops still exist and the concen-
tration of regular ice crystals as well
as of other ice particles, as e.g.
graupel, is increased by one to three
orders of magnitude (Koenig, 1963;
Hallett et al., 1978).

To account for short conversion
times {(all water to all ice) and for
the occurrence of large amounts of re-
gular ice crystals it is suggested
(Hallett and Mossop, 1974) that as a
result of riming growth of ice parti-
cles ice splinters are produced the
concentration of which depends on the
accreted mass leading to quick trans-
formation rates in that large super-
cooled drops are converted to ice par-
ticles by collision with ice splinters.

2. MATHEMATICAL AND PHYSICAL
TREATMENT

At first the microphysics of
glaciating maritime convective clouds
are schematically outlined as to be
simulated. Starting with a maritime
cloud droplet size distribution (liguid
water content: 1 g m3; mean radius:

To= 14 pam) coagulation of liquid drop-
lets leads after some time to large
ligquid raindrops. The time in which the
concentration of large raindrops with
radii r2r* (r*: critical large drop
radius) increases to 1 1™ is called
coagulation time t,. At that time "pri-
mary” hexagonal ice crystal plates are
assumed to be present in a given con-
centration. By accretion they grow to
"primary" graupel. As claimed by the
ice splinter hypothesis ice splinters
are produced in a concentration which
is related to the accreted mass. In the
present paper ice splinters are assumed
to have no mass and no fall velocity.
Once ice splinters are present they may
collide with supercooled large rain-
drops with radii r2r® and let them

freeze assuming that one ice splinter will

let freeze one large raindrop.The fro-
zen drop may accrete cloud droplets too,
subsequently forming a "secondary"
graupel producing ice splinters on his
own and so lead ing to a chain reaction
of splinter production. Because more
ice splinters are produced than "con-
sumed" by collisions with large rain-
drops the remaining ice splinters are
assumed to grow by sublimation to large
"secondary" ice crystals.

To summarize the origin and inter-
action of the various cloud particles
we have (1) liquid cloud droplets and
when coagulation proceeds large rain-
drops, (2) primary hexagonal ice crys-
tals,for example originated from ice
nuclei, (3) primary graupel,formed by
accretion of cloud droplets on primary
ice crystals, (4) frozen drops or secon-~
dary graupel resp.,formed by collisions
of ice splinters with large drops and
by accretion of cloud droplets on fro-
zen drops resp. and (5) ice splinters
the concentration of which is increased
by riming and decreased by incorpora-
tion in freezing drops.

The interaction processes men-
tioned above are described by stochas-
tic collection equations (Berry, 1967;
Beheng, 1978) extended by an equation
corresponding to secondary graupel pro-
duction and interaction as well as by
an equation describing the splinter ba-
lance. The interaction processes of va-
rious cloud particles are taken into
consideration by different collision
efficiencies (CE), fall velocities (FV)
and mass—size-relationships (MSR). The
CE and FV of coagulation and interaction
between hexagonal ice crystals and drop-
lets are the same as in Beheng (loc.
cit.). Riming growth of primary and se-
condary graupel resp. is represented by
CE of Beard and Grover (1974) and FV as
well as MSR (primary graupel = lump
graupel 1; secondary graupel = lump
graupel 3) by Locatelli and Hobbs (1974),
For ice splinter interaction considering
the assumption made above the collection
kernel is independent of the ice splin-
ter's size and fall velocity. CE is set
equal to 1. Note that different values
of CE and MSR for the graupel particles
as in Beheng (loc.cit.) are used.



3. RESULTS

The effects of various (1) prima-
ry ice crystal concentrations Np , (2)
radii of large raindrops r* and (3) ice
splinter production rates e on the mic-
rophysical evolution are investigated.
The size distribution of the primary
ice crystals (a Gaussian distribution
function) is varied only by the concen-
tration Npi while the mean ice crystal
axis a; = 205 um and the standard devia-
tion ¢ = 2,0 is held fixed.

The results are shown in terms of
time variation of (1) the decrease of
LWC due to accretion and freezing, (2)
the radii of the graupel characterized
by the mode of the corresponding size
distributions ¥, and T, (subscript "p"
for primary and "s" for secondary
graupel) and (3) the concentration of
ice splinters or secondary ice crystals
resp. Ng and of secondary graupel Neg .
The concentration of primary ice crys-
tals Ny is assumed to be identical to
that of primary graupel Npy and is
assumed to be constant in time.

In Fig. 1 the time dependent va-
riation of LWC, ¥, Ts, Ng and Ng is
shown varying the primary ice crystal

concentration Npi = 2,5 X 107® to
2,5 X 107® cm” with r*¥ = 178 um and
& = 350 per milligram accreted mass

(mg AM) held fixed. While for the lar-
ger Npi the decrease of LWC begins at
once, for the smaller Npi the decrease
starts not before a certain time has
elapsed (in the following called dead
time t4 -see below-). The slope of de-
creasing LWC is steep and changes only
moderatly with varied Npi . In case of
large Npi the concentration of secon-
dary graupel Nsg as well as of secon-
dary ice crystals Ng increases by one
order of magnitude exceeding the con-
centration of primary ice crystals by
one (for the larger) and by three (for
the smaller Ny ) orders of magnitude at
the end of the glaciation. Due to the
large concentrations of primary and
secondary ice crystals the size of pri-
mary and secondary graupel is small and
nearly constant in time with maximum
values of ¥, = 300 um and ¥, = 550 um.
In both cases the size of secondary
graupel is larger than of the primary
graupel indicating that despite the
decreasing LWC coagulation can produce
large drops which by freezing become
large frozen drops and subsequently se-
condary graupel. Note that even with a
very small Ny the LWC decreases by

80 percent in a time of about 350 s
after the dead time has elapsed; the
dead time t4 is the time interval between
the end of the coagulation time and the
time at which the LWC has decreased by
10 percent.
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Fig, 1

Time~-dependent variation of [lower parﬂ
liguid water content (LWC), concentra-
tion of secondary graupel Ng, (lower
curve) and of secondary ice crystals Ng
(upper curve) and [upper part] of the
size of primary graupel ¥, (lower curve)
and of secondary graupel Y, (upper curve)
as function of primary ice cr%stal con-
centration Ny = 2,5 X 107 cm?( )
and Npi = 2,5 X 10~ cem™® (----) with
& = 350 splinters per mg AM and

r* = 178 um held fixed. For interpreta-
tion see text.

Now we turn to the effect of the radii
of "large" drops r* (Fig. 2). Large can
mean drops of diameter either of 100,
250 or 500 um due to the point of view
of the observer or to the detection
limit of the sampling device. The influ-
ence is tested with an extremely small
radius value r* = 56 um and with a rea-
gonable value r* = 178 um, and

Nei = 2,5 X 107° cm™® and o = 350 per
mg AM held fixed. By changing r* the
the coagulation time increases strongly:
for r* = 56 um t. = 550 s, for

r* = 178lpm t. = 1050 s. We see that
the dead time t, is five minutes shorter
for r* = 178 um than for r* = 56 um in-
dicating that by freezing of "large"
drops more mass 1is converted to ice
than in case of "small" large drops. In
both cases the slope of the decreasing
LWC is nearly equal just as the concen-
tration of secondary graupel and ice
crystals. For r* = 178 um the size of
secondary graupel is much larger than



of primary graupel while for r*= 56 um
the opposite is valid. In both cases
the final sizes of the smaller or lar-
ger graupel resp. differ not very sig-
nificantly.
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Fig. 2

Time-dependent variation of the same pa-~
rameters as in Fig. 1 but now as a
function of large drop radius r* =
( ) and r* = 178/um
Nei = 2,5 X 10°cm™?
ters per mg AM.
text.

56
(====) with
and e& = 350 splin-
For interpretation see

The most interesting parameter seems to
be the ice splinter production rate «.
The production rate o4 ig changed from
350 to 50 per mg AM with

Nei = 2,5 X 10%em™® and r* = 178

held fixed (Fig. 3). We note that with
decreasing o the dead time increases
and the slope of decreasing LWC decrea-
ses. As expected high production rates
result in high concentration of secon-
dary graupel and ice crystals whereas
by decreasing o the concentration of
both secondary graupel and ice particles
decreases by an order of magnitude. The
size of the primary graupel Tp remains
nearly constant whereas the size of se-
¢ondary graupel Ts increases with de-
creasing o, an effect just shown in
Fig. 1 as a result of decreasing Np

but here caused by the smaller secon-
dary ice crystal concentration. But it
seems important to note that with an
only small Npi the LWC decreases com-
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concentration of ice particles Nsg, Nsi lcm

pletely in reasonable times after the
dead time has elapsed.
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Time-dependent variation of the same pa-
rameters as in Fig. 1 but now as a func-
tion of splinter production rate o« = 350
o = 100 (=—-=-=) and * = 50

’

(o)
( ) splinters per mg AM with

Npi = 2,5X 107 cm™ and r* = 178 um
held fixed. For interpretation see text.

While so far microphysical paramters have
been discussed as the concentrations and
sizes of cloud particles now attention

is focussed on time scales involved in
the glaciation process. We split the
total time from the start of glaciation
in three parts: (1) the coagulation time

te, (2) the dead time t,, both defined
above, and (3) finally the glaciation time
ty s i.e. the time of decreasing LWC by

10 to 70 percent of the start value. The
sum of the three time intervals
te + t4q+ tg = tg is called "inherent"
microphysical time (IMT). If we choose
« = 50, 100 and 350 splinters per mg AM,
Npi =2,5X 10°3 and 2,5 X 10° cm™® and
r* = 56 and 178 um 12 case studies re-
sult,the characteristic time intervals
ty, tg and tg of which are displayed in
Fig. 4. We note that the small primary
ice crystal concentration N, (indicated
by hatching) leads to dead times tgq
double as long as the larger Npi . Reduc-
ing the ice splinter production rate
« shows the same effect as reducing Ngi .



frequency distribution

The influence of changing Npi , « and
the large drop radius r* on the glacia-
tion time tg and IMT is not very signi-
ficant although small Ny and small
result in somewhat longer IMT's. Sur-
prisingly the glaciation times tg are
shorter than 9 minutes, more than 50
percent of all cases (N=12) shorter
than 6 minutes with no marked influence
of any parameter investigated.

LANMIS BN S S S Smat Mt &

{min)

time

Fig. 4

Frequency distribution (N=12) of dead
times ty, glaciation timestg and "inhe-
rent" microphysical times ts. Hatching
indicates primary ice crystal concen-~
tration N = 2,5 X 10 cm™® .

Finally some findings are compiled. At
the end of glaciation the multiplica-
tion factor of ice crystals as relation
between primary and secondary ice crys-
tal concentration amounts to 10 to 1032,
The concentrations and radii of secon-
dary graupel resp. range from 5 X 107"
to 1 X 107® em™ and 600 to 2000 um resp..
The concentrations of secondary ice
crystals vary between 1 X 107% and

5 X 10 cm™, the radii of primary grau-
pel between 300 and 2000 um. Conside-
ring that the concentration of large
drops decreases only slightly during
glaciation (results not shown) and that
the glaciation times are shorter than

9 minutes all these values reported are
consistent with observational data.
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4. CONCLUSIONS

The results of numerical simula-
tions of the microphysical behaviour of
glaciating maritime clouds show that
proceeding from realistic initial con-
ditions all microphysical characteris-
tics as size and concentration of ice
particles and large ligquid drops as well
as the characteristic time scales agree
well with observations. It seems that
the microphysical conditions before ini-
tiation of glaciation, e.g. the warm
phase development by coagulation, deter-
mine crucially the glaciation process
even if the ice splinter production rate
is small and.the primary ice crystals
concentration is comparable to the ice
nuclei concentration.
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ICE CRYSTAL CONCENTRATIONS

I1-4.3

IN ISOLATED CUMULUS

CLOUDS OF MONTANA

Todd A. Cerni and William A. Cooper
University of Wyoming
Laramie, Wyoming U.S.A.

1. INTRODUCTION

For the past three years, the University of
Wyoming has operated an instrumented aircraft
in the summer (May-July) field season of the
High Plains Cooperative Program (HIPLEX) con-
ducted on the high plains of eastern Montana,
U.S.A. The experimental project area, some
300 km in diameter, is situated on a semi-arid,
gently sloping plain with mountains to the west
and southwest. The mean elevation of the pro-
ject area is 800 m, the latitude 45°N, the
mean annual temperature is 7°C and the mean
annual precipitation is 350 mm, most of which
occurs in the summer in the form of convective
showers and thunderstorms. The climate is
decidedly continental.

2. CLOUD PHYSICS {NSTRUMENTAT!ON

During the 1979 field season of HIPLEX
the University of Wyoming operated a model 200
T Beechcraft Super King Air, instrumented air-
craft. It is certified for operation to 9.5 km
MSL, has a maximum cruising speed of 140 m/s
and a typical operating speed, for cloud physics
work, of 100 m/s. An extensive list of primary
and derived, state and cloud physics parameters
are available for display to the crew and are
recorded on magnetic tape. These are summar-
ized in Cooper (1978a). A brief description of
those instruments which were most important
for the present analysis will be given here:

a) Cloud drop size distribution and con-
centration were measured with a forward-
scattering spectrometer probe (FSSP) similar to
that described by Knollenberg (1976). In its
normal operating mode, the drop size distribu-
tion is measured for the range 3 um to 3] um
with 2 um resolution in size and 0.} sec (10 m)
resolution in space. All drops greater than
30 um diameter are placed in the last size bin.

b) lce crystal concentration, size distri~
bution and habit identification are available
from a combination of three sampling devices.

A 2D cloud and 2D precipitation probe (Knollen-
berg, 1976) record the two dimensional shadow
of all particles passing through their sample
aperture. The cloud probe has a range of 25

to 800 um, with 25 um resolution and a sampling
rate of 5 s at 100 m/s. The precipitation
probe has a range of 200 to 6400 um, with a

200 uym resolution and a sampling rate of 170
/s at 100 m/s. Field trials indicate that the
practical minimum detectable size of the cloud
probe is slightly larger than 25 um. The 2D
images are all processed by computer to reject
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artifacts due to streakers (water shedding off
the deiced upstream edge of the probe and across
the sample aperture), splashing of large drops
and small objects which may trigger the record-
ing circuitry but cast a shadow of diameter

less than one element of resolution. In addi-
tion, the aircraft carries a decelerator sampler
in which oil-coated slides are exposed to an
airstream moving at 1/11 of the aircraft speed.
The hydrometer samples are then preserved in
chilled silicone oil and photographed under a
microscope. Water drops can easily be distin-
guished from ice crystals for diameters greater
than 25 um. Comparisons between ice crystal
concentrations measured with the 2D cloud probe
and oil coated slides show a ratio (2D/slide)
between 2:1 and 1:1 (Cooper, 1978b). The
computer processed 2D cloud probe images, aided
by manual processing of the oil-coated slides
and viewing of all 2D images, was used to deter-
mine the ice concentration in each of the sample
clouds.

3. ISOLATED CUMULUS CLOUDS OF EASTERN MONTANA

The clouds for this study were carefully
selected for the purpose of investigating ice
concentrations in the tops of cumulus clouds
which were primarily the result of nucleation.
To this end, five criteria were established to
qualify clouds as part of the investigation.

a) From photographic evidence, aircraft
crew voice notes and aircraft vertical velocity
measurements, the cloud must not be subsiding
at the time of penetration.

b) No radar echo must be detected by the
aircraft radar (v 15 dBZ threshold) prior to
penetration.

c) From photographic evidence, aircraft
crew voice notes and ice crystal size and habit
determinations, it must be clear that the
cloud is not being contaminated by ice crystals
eminating from another cloud.

d) From either photogrammetricdetermina-
tions or direct measurements by a second project
aircraft (Lear jet), a measurement of cloud top
temperature must be available.

3) Aifcraft penetration must be made within
500 m of cloud top.

Originally, 103 clouds from the 1979 field
season were considered for this study. Of those,
65 passed the first 4 selection criteria and 45
passed all 5 criteria. Based on comparisons



between photogrametric determinations anddirect
measurements by the Lear jet, the r.m.s. error
of cloud top temperature for the 45 clouds
estimated as +0,6°C.

The frequency distributions of cloud top
temperature and cloud base temperature for the
sample are shown in Figures 1 and 2, respec-
tively. The mean cloud base temperature of the
sample is +4.3°C and is a representative aver-
age for eastern Montana clouds for the months
of June and July. The average cloud top tem-
perature for the sample is ~13.7°C, and repre~
sents nothing more than the typical fiight level
at which the aircraft was operated in an effort
to discover the temperature threshold for the

creation of ice.
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Figure 1 Distribution of cloud top temperature
for the 45 selected clouds.

30

% OF CLOUDS

8 i0

TEMPERATURE OF CLOUD BASE (°C)

Figure 2 Distribution of cloud base temperature
for the 45 selected clouds.

The frequency distribution of pass averaged
1iquid water content and cloud drop concentra-
tion is displayed in Figures 3 and 4, respec-
tively. The mean liquid water content is .5k
g/m? and is somewhat above average as compared
to the mean of all cumulus penetrations for the
1979 season. The broad nature of the distribu-
tion is due to both the large variance in cloud
base temperatures of the sample and to the
variance in the amount of entrainment found for
different clouds on the same day. The mean
drop concentration is 370 cm™3 and reflects the
continental nature of the clouds. It should be
mentioned that a correlation between amount of
entrainment and drop concentration has been
noted for these clouds. Hence pass averaged
drop concentrations may well be higher, closer
to cloud base and 100 m averages of drop con-
centration in the wettest portion of a cloud
always exceeds the pass averaged values.
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water content, as measured with a Johnson-
Williams devise, for the 45 selected clouds.
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Figure 4  Distribution of pass averaged cloud

drop concentrations, as measured with an FSSP,
for the 46 selected clouds. '

L., ICE CRYSTAL CONCENTRATIONS

lce nuclei measurements have traditionally
shown a very strong dependence of concentration
on temperature (Bigg and Stevenson, 1970).
However ice crystal concentrations in cumulus
clouds have commonly exceeded the concentration
of ice nuciei which might be activated at the
summit temperatures of such clouds (Mossop et
al., 1972). This descrepancy has given support
for various ice multiplication mechanisms
(Mossop et al., 1972). This cloud sample has
been carefully selected according to the
aformentioned criteria such as to minimize the
probability of ice multiplication being active
and maximize the probability that the ice cyrs-
tals detected were the result of nucieation
near cioud top. It was hoped that such a sampie
would show a correlation between ice crystal
concentration and cloud top temperature.

Figure 5 shows the pass averaged ice crys-
concentrations versus cloud top temperature
all clouds in the sample. The lower limit
for detection of ice crystals in these clouds
was about 0.1/% and those clouds which

were found to contain no ice were plotted on
the x axis (.05/%) of the graph. The correla-
tion between summit temperature and ice crystal
concentration is .06, hence the correlation

is very small, The threshold cloud top tempera-
ture for the appearance of ice was found to be
-10°C.

tal
for

Although ice crystal concentration is poorly
correlated with summit temperature, there appears
to be a strong correlation between the % of



clouds containing ice and summit temperature.
Table 1 displays the results of dividing the
sample into 5 temperature bins and averaging
the points shown in Figure 5.

3

T T
-
.
.

°

?:i L0 = .
- L .
48 C . .
- L 23
L . .
L . .
Ol = . .
: o o st sol i - iy i i 1 PRI § X L 1
008 e 4T <8 -0 - -25 24
TEMPERATURE OF CLOUD TOP (°C)
Figure 5 Pass averaged ice crystal concentra-

tion versus cloud top temperature for the 45
elouds.

TABLE |

Cloud Number % of % of Average

top of clouds clouds ice

temperature clouds with viith concentration
ice ice per

> /e cloud

-8 to - 9.9°C 3 0 0 0.0
~10 to -11.9°C 13 38 15 0.6
-12 to ~13.9°C 9 bk 33 1.8
-1h to -15.9°¢C 9 b 33 2.2

< -15.9°C i 82 0.5
all 45 49 20 1.1

The average concentrations of ice found in cumu-
lus cloud tops in eastern Montana far exeeeds
the average concentrations of ice found in
unmixed updraft cores in northeastern Colorado
cumulus congestus by Heymsfield et al., (1979).
They found mean concentration of ice cyrstals,
in the size range of 100-400 um, less than or
equal to 0.2 2-! at al) penetration tempera-
tures between 0°C and -21°C. Their mean for
all penetrations was only 0.02 ¢~1. There are
similarities between the cumulus clouds of
these two regions, especially with regards the
dominance of the ice phase precipitation mecha-
nism (Cooper, 1978b). The conclusion to be
drawn from this comparison is that cumulus cloud
tops and not unmixed updraft cores serve as a
primary region for the creation of ice.

Twomey (1958) gave /% as the minimum concentra-
tion of ice or large particles required to
initiate the precipitation process. On this
basis, 20% of all the clouds and 33% of the
clouds with summit temperatures of -12°C to
~16°C contained sufficient ice crystal concen-
trations to initiate the precipitation process.

Figure 6 displays the % of clouds with ice
for maritime cumulus in Tasmania as reported
by Mossop et al, (1970), for 4k continental
cumulus near Yellowknife, NWT, Canada as
reported by Isaac and Schemenauer (1979) and
for the present sample. The points represent-
ing the present sample are plotted at the aver-
age summit temperature for all clouds within a
temperature bin and show a correlation ceeffi-

197

cient of 0.93 for the linear regression fit
shown. The agreement with Isaac and Schemenaur
(1979) and the value of the correlation coeffi-
cent is striking. However two points must be
"made. The 44 cumulus cloud sampled near
Yellowknife, NWT and the 45 cumulus clouds of
eastern Montana bear some resemblence. The
mean cloud base temperatures and cloud drop
.concentrations are very similar. The latter
clouds haye significantly higher liquid water
content which is probably a reflection of the
fact that they were deeper and penetrated far-
. ther above cloud base. An important observa-
tion regarding the high correlation coefficient
is the fact that it is primarily produced by the
the lowest and highest temperature points. The

. three middle points, which represent 31 clouds,

indicate rather similar ice crystal concentra-
tions for summit temperatures between -10°C and
-16°C. This feature is significant and is not
reflected in the data of Isaac and Schemenauer

(1979) .
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Figure 6 A comparison of maritime cumilui

in Tasmania, (Mossop et al, 1970) continental
cumilui near Yellowknife N.W.T., Conada (Isaac
and Schemenauer, 1979) and the data displayed
in Table 1.

5. CHARACTERISTICS OF CLOUDS CONTAINING ICE

During the HIPLEX field seasons of 1978
and 1979, it became clear that clouds with
summit temperatures in the approximate range of
-10°C to -16°C achieved much higher ice crystal
concentrations on post-frontal days than on
other days. On post-frontal days, it also

;appeared that cumulus clouds had larger mean

drop diameters. The general synoptic charac-
teristic of post-frontal days was the existance
of ample low level moisture and low level insta-
bility to support vigorous convection, but that
the convection was capped by a synoptic scale,
subsidence inversion which created a very dry,
stable layer somewhere between the -8°C to ~15°C
level. Clouds with tops to only =10°C to 14°C
would produce precipitation with much greater
frequency on post-frontal days than on other
days.

One possible expalnation for these enhanced
ice crystal concentrations is the creation of
ice through the evaporative cooling of cloud
tops as they penetrate the dry, stable layer.
Mossop et al. (1968) and Young (1974) have also
discussed this possibility. It was observed



that the cloud tops could experience 1-2°C
evaporative coolingand become negatively buoy=
ant as dry air was apparently entrained and
mixed with cloudy air. Calculations indicate
that evaporating drops may suffer as much as
4-6°C cooling, provided they are large enough
to survive the rapid evaporation and fall back
into the cloud top before completely disappear-
ing. Thenucleation mode must then be either
contact or emersion. Work by Cooper (1979)
suggests that contact nucleation is the most
active mode of nucleation for airborne aerosol
samples collected in the HIPLEX area.

Figure 7 shows that the existence of large
cloud drops and a dry environment near cloud
top clearly increase the probability of ice in
clouds whose summit temperatures are between
-10°C and -16°C. Points falling outside the
box indicated by the dashed lines represent
clouds which either lack 40/% or more of large
drops or are growing through on environment
with less than a 10°C dew point depression.
Such clouds have a 7% (1/15) frequency of occur-
rancy of any ice. Clouds represented by points
within the box have 75% (12/16) frequency of
occurrance of some ice. All 8 clouds with
1.0/% or more ice are represented by points
within the box. It should be noted that the
penetration levels for 27 of the 31 clouds
represented in Figure 7 were at temperatures
colder -8°C, the upper temperature limit pre-
scribed by Mossop et al (1972) for ice crystal
multiplication in cumulus clouds. Also, none
of the clouds had yet achieved significant
precipitation development as evidence by lack
of a radar echo. Hence, the data of Figure 7
provides support for the aforementioned
connection between ice crystal nucleation and
post~-frontal conditions in eastern Montana
cumulus clouds.

600 5 CLOUDS WITH NO ICE

= L o CLOUDS WITH OJ&L™'< ICE < LOL™
= « CLOUDS WITH 10L& < ICE
g 500
£
o L (o]
" '
* 400
P i
a P i

i I
E_ 300 Il .
§ i

- t
£ fo
S 200+ ! . I
g : . . A
L |
© loof .‘ ° N
g | o | o’ °
8 AA L——-o——.‘a—_.A- ———————————————

[e] I i s ] m'\% Il A n i Il L 1 I 1 i J

o] 4 8 12 18 20 24 28 32 36
DEW POINT DEPRESSION (°C)
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penetration level.
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A necessary prerequisite to understanding
the ice phase evolution in convective or oth-
er clouds is an appreciation of the evolution
of the supercooled water content both in the
form of cloud droplets and rain drops. This
is predicated by the development of the cloud
drop spectrum, the detailed evolution of
which is related initially to the CCN spectra
of the entering air, and ultimately to the
detail of the cloud top mixing process, Chai
& Telford (1979). The evolution of the ice
phase essentially follows one of three class=—
ifications depending on the prior evolution
of the supercooled water spectrum. In type
I, there is a one~to-one relation between an
ice nucleus and an ice crystal, the numbers
of ice crystals nucleated increasing with al-
titude and decreasing temperature, to be
later redistributed throughout the cloud by
vertical mixing process. In type II, a sec-
ondary ice generation process occurs during
the growth of graupel in the temperature reg—
ion ~3°C to ~8°C.
cess is dependent on the presence of droplets
diameter ¢ 5 13 um in concentration 3 100 cm™
and droglets ¢ % 25 um in concentration
X 1 em™?, Mossop (1978 a.). These secondary
crystals grow from the vapor, rime and in
turn produce more graupel particles and more
secondary particles. These graupel particles
are the initial fallout; as the cloud evol-
ves vapor grown crystals become more evident.
In type IITI, supercooled rain drops have ev—-
olved by coalescence from the cloud drops and
are frozen by hydrodynamic capture of the
small (100 um) vapor grown secondary parti-
cles; these in turn become graupel particles
and produce more secondary ice particles by
growth in the -3 to -8°C region., Both proc~
esses II and III give an approximate expon-
ential increase of ice particle concentration
while cloud conditions persist, with III

TABLE I

The efficiency of this pro-

3

being a faster process, (Lamb et al. this con~-

ference) .

The type III process has been associated
with warm base convective clouds growing in
regions of abundant cloud nuclei, such as the
Florida Peninsula or Missouri. The type IL
process has been associated with situations
where supercooled rain drops have failed to
form, yet the upper tail of the drop spectrum
(¢ > 25 um) has evolved. This occurs in more
maritime situations, with' cooler cloud bases
or less vigorous convective and more strati-
form situations, where the drop spectrum has
had time to undergo greater evolution through
mixing. Maritime clouds off Tasmania, con-
vective clouds over Soccoro, New Mexico and
warmer cloud base temperature Colorado summer
convective clouds gives examples of this pro-
cess. The type I process with absence of sec-
ondary ice production, operates in cool base
continental convective clouds and in more
stable systems in cyclonic storms. Colorado
summer convective cloud with cool base < 4°C
are examples of this process.

Absence of secondary ice production can
similarly be attributed to a lack of smaller
cloud droplets $ 13 um, a situation most like-
1y under conditions of extremely clean air,
where all particles become active as cloud
nuclei. Thus, trade wind cumuli well away
from nuclei sources as in Hawaii, and in ocean
hurricane situations, might be expected to de-
pend only on primary ice nucleation.

A geographical classification of situat-
ions into these different types must assess
the likelihood of evolution of the liquid
phase to give the concentrations of the liquid
rhases approximating to columns A, B, C of
Table I.

Classifications of Systems for Secondary Ice Evolution Associated With Graupel Growth
At Temperatures -3 to -8°C.

TYPE A B C CONDITIONS
Cloud Drops Cloud Drops Cloud Drops
¢ X 13 um ¢ R 25 um ¢ % 500 um
;& none 100 few 271 no
b. 500 none ~ none secondary ice
11 500 10 none secondary ice; slow
evolution (20 minutes)
111 500 50 10 ¢t secondary ice; fast
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evolution (5 minutes)



These concentrations are to be related to
three principal parameters;

first: the cloud base temperature specifies
the amount of moisture made available for

drop growth in the critical levels, Mossop,1978 b.
second: the detail of the cloud condensation
nucleus spectrum, giving the initial drop size
distribution in the air ascending from cloud
base

third: the detail of the mixing process as
the cloud top penetrates further into its en-
vironment. The modifications of the cloud
drop spectrum through this mixing and the
eventual development through coalescence to

TABLE II

precipitation sized drops to be carried to and
above the secondary._ice production zone. In-
cluded with these considerations is the over-
all time scale of the cloud evolution. A
cumulus cloud is in general shorter than stra-
tiform cloud whose persistance can lead more
efficiently to a broader drop spectrum.

From these general considerations, the
secondary ice classification can be assigned
as in Table TI.

Tentative Assignment of Secondary Ice Generation Type According to Specific Meteorological
Situation From Various Studies.

LOCATION CLOUD BASE

-3 to -8°C, Number of Drops

TYPE MOST (LESS)

TEMPERATURE

Drops Present (X)

o > 25 um ¢ < 13 uym ¢ > 500 um

LIKELY
Absent (0)

Florida (summer con- 22°¢C X
vection)

Hallett et al. 1978
Missouri (summer con-
vection)

Koenig, 1963

Colorado (summer con- 4
vection) 12
Heymsfield et al., 1979
Hallett 1975

Caucasus (summer thunder-
storm)

Sulakvelidze 1967

Sierra (winter frontal,
orographic clouds)
Hallett 1980

Tasmania (convective,
winter)

Mossop et al. 1972

New Mexico summer con-
vection with mountain
recycling.

Gaskell & Wagner, 1980
Israel winter contin-
ental cumuli

Gagin, 1975

Hawaii, development

to deep convection

Twomey & Squires, 1959
Montana (summer con-
vection) o°c 0

+5°C X

+5°C X

+4°C X

+5°¢C 0

20°C X

X X 111

X X ITI

X 0 I
X 0 II

(11) TIII
X 0:4) TII (III)
x) x> II (III)

X 0 IT
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INTRODUCTION

Marshall and Palmer (1948) were the first to
use an exponential relationship between concen-
tration and diameter to describe the size spec-
tra of raindrops. Their relation took the form

1.

N(D) = NJ exp (- A D) (1)
where N(D)dD is the concentration of drops in
the diameter range D to D+dD and N, and A

are empirical parameters. Since that time,
exponential relations such as (1) have been
widely used to describe rain, snow and hail size
spectra (Gunn and Marshall, 1958, Sekhon and
Srivastava, 1970; Federer and Waldvogel, 1975).
However, more recent studies have shown that in
many situations, particle size spectra do not
follow an exponential form., For example, Houze,
et al. (1979) found that 76% of the snow size
spectra which they observed in frontal clouds
contained significant deviations from the ex-
ponential form for diameters <2 mm,

In this paper we examine the forms of the
snow size spectra which were observed in three
cold-frontal precipitation systems using mea-
surements collected as part of the University of
Washington's CYCLES (Cyclonic Extratropical
Storms) Project. Radar measurements were ob-
tained from the National Center for Atmospheric
Research (NCAR) CP-3 radar (wavelength 5.45 cm),
which was located 45 km south of Seattle, WA
during January 1976 and on the Pacific coast at
Ocean Shores, WA during December 1976. Airborne
measurements were obtained from the University
of Washington's B-23 and NCAR's Sabreliner.
Particle~size spectra were measured aboard the
aircraft by Particle Measuring Systems (PMS)
cloud and precipitation probes.

2, MESOSCALE AND SYNOPTIC SETTINGS

On 26 January 1976, radar and aircraft ob-
servations were obtained in a mesoscale rainband
associated with a cold surge aloft, slightly
ahead of an upper-level cold front. On 22 Janu-
ary 1976, measurements were made in a wide cold-
frontal rainband and in a region of 1lighter,
spotty precipitation behind it. On 8 December
1976, radar and airgraft measurements were made
in a widespread area of cloud and precipitation
~ associated with the trailing portion of a cold
front aloft.

INTERNAL STRUCTURE AND VERTICAL AIR MOTIONS
IN THE PRECIPITATION SYSTEMS -

3.

The NCAR radar was routinely operated in the
vertically-pointing mode as precipitation areas
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passed over the radar site. The resulting mea-
surements yielded detailed time~height sections
of radar reflectivity factor (Z) which can be
roughly interpreted as cross-sections along the
mean wind direction, which ranged from about
245° to 260°.

a. Precipitation structure

Three general characteristics which emerged
from the time~height sections of 2 are exem—
plified in Fig. la. First, note that Z gener-
ally increased downward above the 0°C level.
This is a normal consequence of the growth of
falling precipitation particles in cloud. Se-
cond is the layer of high % values (the bright
band) which appears just below the 0°C level in
Fig. la. The bright band results from the in=-
creased radar backscattering of melting snow-
flakes bearing a thin film of liquid water and
indicates that snowflakes were the dominant par-
ticle forms above the 0°C level. Third is the
occurrence of nearly-vertical precipitation
shafts (shaded in Fig. la) which are associated
with embedded convection. Individual shafts
ranged from about 3 to 10 km in width,

b. Vertical air motions

The vertical air velocity (W) in snow over

the CP-3 radar was deduced from the relationship

W = V. =V (2)
where Vp 1is the mean vertical Doppler velocity
of particles at a specific height above the ra-
dar, and Vp is the mean reflectivity-weighted
terminal velocity of the particles. The quanti-
ty Vp was estimated from measurements of 2 as
described by Herzegh and Hobbs (1980). Due to
spatial variabilities in types and size spectra
of snow particles, values of W derived from
(2) may be in error by up to +0.30 m s~l .

The pattern of vertical air motions in the
cold~surge rainband (Fig. 1lb) was reminiscent of
that associated with mid-latitude squall lines,
which contain young, vigorous convective cells
in their leading portions and older, dissipating
cells to the rear. A region of deep convection
was located ahead of the cold-surge surface ob-
served, Like the cold~-surge rainband, the wide
cold-frontal rainband contained updrafts above
and ahead of the cold-frontal surface and down-
drafts beneath it. However, aircraft observa-
tions of icing, cloud structure, and turbulence
indicate that the vigorous convection in this
system was mainly confined to the region above 5
km altitude. The convective cells present,
which are termed generating cells because of the
precipitation trails generated within them,
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contained updrafts as strong as 1.2 m s”1 . Ra-
dar measurements in the region of the overhang-
ing cold front aloft revealed an irregular pat-
tern of vertical air motions in which most up-
drafts were located above the cold-frontal sur-
face and most downdrafts were located below it.

c. Summary of cloud environments observed

The general characteristics of the precipi-
tation systems discussed above are summarized by
the five cloud environments described in columns
1-5 of Table 1. These environments differed
from one another mainly through the role of con-
vection in each. The least convective environ-
ments observed were the regions of stratiform
cloud associated with the cold fronts aloft on 8
December and 22 January 1976 (lines 1 and 2,
Table 1). Moderate convection in the form of
shallow generating cells was present in the the
upper portions of the cloud systems observed on
these two days (lines 3 and 4, Table 1).
Strong, deep convection was found in the warm-
sector rainband observed on 26 January 1976
(line 5, Table 1}.

4, MEASUREMENTS OF SNOW SIZE SPECTRA

Measurements over 5-sec intervals by the PMS
Probes yielded average snow size spectra corre-
sponding to a 0.7 km path length. The spectra
observed were categorized according to the de-
gree to which they were exponential in form for
diameters from 0.3 to 3.12 mm. The categories
defined were:

1) Exponential (having no major deviations
from the exponential form);

2) Super—exponential (having an excess of
particles <2 mm in diameter);

3) Sub-exponential (having a deficit of
particles 22 mm in diameter);

4) Non-exponential (having other devia-
tions from the exponential form).

Each spectrum type is illustrated in Fig. 2.

o

<

=

—
<

CONCENTRATION PER DIAMETER INTERVAL (m'b)

DIAMETER {mm)

Fig. 2. Examples of sub-exponential (®), exponen-
tial (&), super-exponential (e), and non-exponen-
tial (») snow size spectra. Note deviations from
exponential form for diameters 2 mm in sub-
exponential and super-exponential spectra.

The results of the above analysis,
summarized in columns 6-10 of Table 1, reveal
several correlations between spectrum type and
cloud environment. Stratiform clouds (lines 1
and 2, Table 1) were marked by high proportions
of sub-exponential spectra (up to 87%) and much
lower fractions of exponential and super-
exponential spectra. However, as the degree of
convective activity increased (from top to
bottom in Table 1), the fractions of sub-
exponential spectra decreased, reaching a
minimum of 7% in the deep convective
environment, where 80% of the spectra observed
were exponential or super~exponential.

These observations indicate that the snow
size spectra in stratiform environments are, in
general, depleted of particles in the diameter
range 0.3 to 2 mm. The deepest depletion is ob-
served in the diameter range 0.5 to 1 mm, Al-
though a full understanding of these observa-
tions is not yet possible, our data do suggest a
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TABLE 1. Summary of observations of cloud environment characteristics and
corresponding snow size spectrum types.
Average Total Sub- Super- Non-
Cloud Lapse Altitude | Wind Shear | No. of | Exponential| Exponential | Exponential | Exponential
Environment Rate Date (km) (10~2m=1) | Spectra | Spectra (%) | Spectra (%) | Spectra (%) | Spectra (%)
I
TYPE |: Stratiform cloud Stable 8 Dec76 | 4.0-5.2 1.3% 38 37] 0 0 13
|

TYPE 2: Stratiform cloud

with well-defined Stable {22 Jan76 | 2.4 - 4.3 0.85 59 76 14 0 10

precipitation trails
TYPE 3: Weak generating Moist

cells embedded . .1 8Dec76 {5.2-6.4 0.71 50 72 20 2 6

N N Adiabatic

in stratiform cioud
TYPE 4: Vigorous generating Moist

cells embedded Adiabatic 22Jan76 { 4.8-7.3 0.32 63 32 56 6 6

in stratiform cloud
TYPE 5¢ ,Deeb convective Moist

cells Adiabatic 22 Jan 76 | 3.0 - 6.2 0.13 70 7 49 31 i3

qualitative explanation involving the formation of the uncertainty in estimates of R and
of aggregate snowflakes, the dominant precipi- M which are based on measurements of 37 .

tation particle type in the cloud environments
described in Table 1. The fact that most com-
ponent crystals collected by aggregate snow-
flakes are between 0.1 and 1.5 mm in diameter
indicates that the process of aggregation itself
will result in some depletion of in-cloud parti-
cle concentrations over a diameter range similar
to that in which depletion is actually observed.
Conversely, processes such as particle fragmen-
tation (Vardiman, 1978), the riming-splintering
ice multiplication mechanism described by Hall-
ett and Mossop (1974) and droplet freezing,
whose roles in frontal clouds have been dis-
cussed by Hobbs, et al. (1980) and Herzegh and
Hobbs (1980), can supplement the concentrations
of small ice particles in clouds. Thus, the
degree of particle depletion observed may re-
flect the balance between aggregation and these
supplementary processes. Accordingly, the vig-
orous activity expected of supplementary pro-
cesses in convective environments, where strong
turbulence and cloud liquid water are common,
could account for the formation of super-expon-
ential rather than sub-~exponential spectra
there. In addition, vertical changes in the
horizontal wind speed may contribute to the ob=-
served depletion of particles in the 0.3 to 2 mm
diameter range by separating fast-falling par-
ticles from slow~-falling ones. Such a mechanism
could effectively sort particles which are 0.3
to 3 mm in diameter, due to rapid changes of
fallspeed with diameter in this size range. As
shown by Column 5 of Table 1, the average verti-
cal shear of the horizontal wind decreased from
a maximum of 1.34 x 1072 m~l in the stratiform
environment, where sub-exponential spectra dom-
inated, to a minimum of 1.31 x 10=3 m~1 in the
deep convective environment, where very few sub-
exponential spectra were observed.

5. QUANTITATIVE EFFECTS OF OBSERVED SNOW SIZE

SPECTRUM DEVIATIONS

The depletion and enhancement of the concen
trations of particles <2 mm in diameter de-
scribed in §3 can influence the functional re-
lationships among precipitation rate (R), pre-
cipitation mass content (M), and radar reflec-
tivity factor

(2), and thus may account for some
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The magnitude of this uncertainty was as-

sessed by examining values of the parameters
R* = R/Ro and* M* = M/Mo

where R and M apply to the observed spectrum
and R* and M* are the precipitation rate and
precipitation mass content, respectively, of a
corresponding hypothetical spectrum of equal
slope and radar reflectivity factor, but lacking
any deviation from the exponential form. Thus,
R* and M* indicate quantitatively how the
observed spectrum deviations affect precipita-
tion rate and precipitation mass content. The
deficit of small particles in sub-exponential
spectra leads to values of R* and M* which
are <1, while the excess of small particles in
super-exponential spectra leads to values >1.

The histograms in Fig. 3 show the frequency
of occurrence of values of R* for each of the 5
environments described in Table 1. Correspond-
ing values of M* are not shown since they have
been found to closely follow the relationship

- pal-22

In stratiform cloud (Type 1 environment) R*
ranged from 0.3 to 0.8, indicating that the pre-
cipitation rates associated with the sub-expon-
ential spectra observed there ranged from about
30 to 80% of those which would be associated
with exponential spectra of equal radar reflec~
tivity factor. The mean values of 0.5 for R*
and 0.4 for M* shown in Fig. 3 for this envi-~
ronment suggest that in similar environments,
radar estimates of R which assume that the
snow size spectra within the radar beam follow
the exponential form are likely to be low by
about 50%, while corresponding estimates of M
are likely to be low by about 60%. Similar
radar estimates of R and M in stratiform
cloud containing weak generating cells (Type 3
environment) are, on the average, likely to be
low by about 30%, while no systematic error is
indicated for estimates of R and M in con-
vective regions, where snow size spectra are
dominantly exponential and super-exponential in
form.
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are described at left; histograms in center give frequency of occurrence of values of R* for each
environment; mean values of R* and M* for each environment are shown at right.

6. SUMMARY AND CONCLUSIONS

Snow size spectra measured aloft in clouds
associated with three frontal systems were cate-
gorized according to the degree to which they
were exponential in form for diameters from 0.3
to 3.12 mm. Several correlations between spec-
trum type and cloud environmental characteris-
tics were revealed. Stratiform clouds were
marked by high proportions (up to 87%) of sub-
exponential spectra and much lower fractions of
exponential and super-exponential spectra. As
the degree of convective activity increased,
fractions of sub-exponential spectra decreased,
reaching a minimum of 7% in an environment of
deep convection, where 80% of the spectra ob-
served where exponential or super-exponential,

Different spectrum types observed are be-
lieved to reflect different states of balance
among processes which produce small ice parti-
cles in cloud (such as fragmentation, droplet
freezing, and ice multiplication by the riming-
splintering mechanism) and those which can re-
move small particles (such as aggregation and
particle size-sorting). However, a complete un-
derstanding of roles played by these processes
in the development of sub- and super-exponential
‘spectra will require additional field studies
and detailed microphysical modeling efforts.

The depletion of small particles associated
with sub-exponential spectra was found to con-
tribute significantly to the uncertainty of ra-
dar estimates of R and M in snow. In strati-
form cloud, radar estimates of R which assume
that the snow size spectra within the radar beam
follow the exponential form are likely to be low
by about 50%, while corresponding estimates of M
are likely to be low by 60%. In convective
areas, these errors diminish to near =zero.
Thus, in frontal clouds, where convective bands
are frequently embedded in widespread strati-
form precipitation, it appears that radar esti-
mates of snowfall could be significantly im-
proved by taking into account correction factors
based on observed errors such as those described
above. Further examination of errors such as
these in mid-latitude snowfall is warranted.
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MICROPHYSICS OF COASTAL FOG AND STRATUS

James G. Hudson

Desert Research Institute
University of Nevada System
Reno, Nevada, U.S.A.

1. INTRODUCTION

Variations in the microstructure of convec-
tive type clouds have been attributed to sys-
tematic differences in the concentration of CCN
{Squires, 1958), which depend upon air mass
origin (Twomey and Wojciechowski, 1969). Seve-
ral studies have shown the relationship between
CCN concentrations and drop concentrations in
convective clouds.

Variations in the microstructure of fog
have also been reported (e.g. May, 1961; Gar-
land, 1971). However, it has not been possible
to actually match fog drop and CCN concentra-
tions because the observed CCN concentrations
are almost always higher than the concentra-
tions of drops in fog or stratus (e.g. Low,
1975; Goodman, 1977}. This is because fogs and
stratus form at low supersaturations, whichcan-
not be reliably duplicated in diffusion type
cloud chambers (Twomey, 1967: Sinnarwalla and
Alofs, 1973; Hudson and Squires, 1976).

One of the major purposes of this studywas
to actually measure the effective supersatura-
tion in fog by simultaneously measuring both
the nuclei of fog condensation and the fogdrop
concentration. In so doing, it would then be
possible to see to what extent fog microstruc-
ture is actually determined by the aerosol.

2. APPARATUS

The measurement of CCN can be extended to
lower values of supersaturation by using the
jsothermal haze chamber (IHC) first described
by Laktionov (1972). IHC's have been described
by Hudson (1976, 1978) and Alofs (1978). The
basic operating principle of the IHC relates to
the fact that the equilibrium size of a haze
droplet, rgy, at 100% R.H. (supersaturation = 0)
is uniquely related to the critical supersatu-
ration, S¢, of the nucleus. At T = 20°C the
relationship is: 6

_ 4.1x10°
o - SC (])

where r is in centimeters and S¢ is in percent,

The Desert Research Institute (DRI) IHC {s
a device which subjects sample aerosol to 100%
relative humidity for 100 to 200 seconds. In
most cases, this is enough time to allow the
drops to attain their equilibrium sizes at
which time they are counted and sized by an op-
tical particle counter (OPC - Royco 225). The
size is then related to the critical supersatu-
ration Sc so that an N vs. S. curve can be drawn
(such as Figure 1).
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Figure 1. Typical fog condensation nucleus

(FCN) spectra at three locations. X = San
Diego, 27 Dec. 1975; 0 = Yaquina Head, 26 July
1977; + = R.V. Wecoma (30 km off Oregon coast)
29 July 1977.

The DRI IHC was built along the same 1ines
as the continuous flow diffusion (CFD) chamber
(Hudson and Squires, 1976), in that the sample
occupies only a small volume of the cloud cham-
ber which is made up mostly of particle-free
filtered air. This instrument has been more
fully described by Hudson (1976). Results from
the DRI CFD and IHC were usually continuously
monitored and were found to be consistent as
exhibited in Figure 2.

3. FIELD OPERATION

Measurements were made at three coastal lo-
cations: (1) the Naval Ocean Systems Center
at Pt. Loma, San Diego, CA; (2) Trinidad Head
in northern CA; and (3) Yaquina Head on the
central Oregon coast. Another set of
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Figure 2. Simultaneous CFD and IHC measure-
ments.

measurements was made at San Nicholas Island
(90 km off the California coast from Pt. Mugu;
110 km southwest of Los Angeles). At these lo-
cations, a CFD and an IHC were operated from
within a shelter. The optical bench of one
Royco OPC was placed on the roof of the trailer
in order to monitor ambient aerosol (fog when
it occurred). A fifth set of measurements was
made from the R.V. Wecoma at a distance of about
30 km from the Oregon coast. Some additional
measurements were made from an aircraft off the
southern California coast. In this case, a PMS
OPC was used to measure the cloud drop spectrum.

4. RESULTS

Figure 3 shows fog with numerous dropswhile
Figure 4 shows very few drops. The San Diego
data (Fig. 3) does not show much of a distinc-
tion between unactivated haze drops and acti-
vated cloud drops but the fogs measured at sea
do show a very clear distinction between haze
and cloud drops. The Tevelness of the cumula-
tive distribution shows that a tiny proportion
of the drops are between 0.4 ym and 2.0 um rad-
ius. The absence of drops in this size range
is presumably due to the fact that the drops
which would have equilibrium haze sizes in this
range have become activated and have grown to
larger sizes. Small drops (those grown on nuc-
Tei with higher Sc's) remain small because they
are unactivated. Intermediate distributions
were found at all locations.

These differences in fog microstructure may
be explained by examining Fig. 1 which shows
typical FCN and CCN distributions at these sites.
These data clearly demonstrate the direct rela-
tionship between particle concentrations and fog
drop concentrations. A
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than the threshold sizes vs. radius. This data
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Figure 4. Same as Fig. 3. Data taken omboard

the R.V. Wecoma at about 30 km from the Oregon
+ = 0830-0840 h, 0 = 0843~
0901 h, PDT, 29 July 1977.

Table 1 summarizes some of the nucleus
spectra collected at the various sites. The
slope of the FCN distribution is usually much
higher than that for the CCN distribution.

Figure 5 shows an example of simultaneous
drop size distributions in fog and in the IHC.
Since the IHC operates at 100% R.H., this repre-
sents the equilibrium drop distribution in the
ambient air at 100% R.H. The FCN concentration
can be derived by using equation (1). By com-
bining these data, it is possible to associate
nucleus concentrations for specific Sc's with
drop concentrations. First, it is necessary to
assume that larger drops are formed on larger
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nuclei (those with lower Sc's); then a one-to-
one correspondence can be made between Sc and r
where N(<Sc) from the IHC is matched with N(>r)
from OPC measurements of fog.

If the ambient air were exactly saturated,
then the number vs. size distribution in the
THC should match that for the OPC on ambient
aerosol. If the ambient environment is super-
saturated (at Sp), then some of the Targer nuc-
Tei (those with Sc < Sp) should grow beyond
their ro sizes and should, in fact, exceed their
critical sizes, rc. In that case, the concen-
tration of large drops should be greater in am-
bient air than in the IHC. The third curve in
Fig. 5 1s strictly an artificial device which
takes the IHC data and moves the sizes from r
to ro (multiplying ro by v3). This does not re-
present any real distribution because drops can-
not remain in equilibrium at their critical
radii unless the ambient supersaturationexactly
matches their Sc. Obviously this is impossible
for a distribution of nuclei. However, this
curve is useful because its intersection with
the ambient distribution indicates the level of
the effective supersaturation in the fog. Above
this size, there are more drops in the ambient
distribution because they have had the opportun-
ity to grow beyond their critical size. At
smaller sizes, the artificial distribution
equals or surpasses the ambient drop distribu-
tion because these drops are unable to grow be-
yond their critical sizes. Thus, the Sc corres-
ponding to the r¢ at the intersection of these
curves yields the effective supersaturation in
the fog.

Several examples from the various surface
sites yielded effective supersaturations bet-
ween 0.06% and 0.11%. Aircraft measurements in
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Figure 5. Similar to Fig. 3. Data from San

Diego, 0641-0646 PDT, 26 June 1876. X = direct
aerosol, + = simultaneous cumulative drop dis-
tribution in the IHC, 0 - takes the IHC curve
and moves the stzes from r, to rp (re = 3 rol.
This curve does not represent any real drop dis-
tribution but is only used to determine the ef-

‘ fective supersaturation in the fog which was

Visibility calculated from the drop dis-
Visibility measured simul-
160-300 m,

0.10%.
tribution = 300 m.
taneously by an MRI visiometer
Effective supersaturation 0.10%.

stratus off the southern California coast dis-
played higher supersaturation between 0.2 and
0.3%. In a few cases at the San Diego site
there was no intersection between the ambient
drop curve and the N vs re curve {at Teast up

to the sizes which could be measured). This
would indicate that the "fog" was not supersatu-
rated even though the visibility was measured to
be less than 100 meters.

Potentially low visiiblities (<1 km- Tablel)
in saturated air (R.H. = 100%) were possible
only in "polluted" regimes where there were high
FCN concentrations such as that often observed
at the San Diego site. However, none of the
data collected here supports the contention that
fog type visibilities can exist in substantially
subsaturated air because even the highest FCN
concentration yielded a visibility of 2 km at
99% R.H.

Figure 6 shows a composite of diurnal aver-
ages at San Nicholas Island for three components
of the aerosol CN, CCN, and FCN. A1l three aero-
sol components show a mid-day peak in concentra-
tion which hints at photochemical particle pro-
duction. Furthermore, the fact that the small-
est but most numerous particles show the largest
variations is in keeping with the hypothesis of
particle production. The increase of daytime
over nighttime concentrations was about 50% for
CN, 30% for CCN and 10% for FCN. The aerosolat
SNI was subject to the influence of various air
masses - maritime, continental and polluted -as
the concentration showed a great deal of day-to-
day and even hour-to-hour variation.
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Figure 6. Composite diurnal averages of aero-
sol concentration at San Nicholas Island for
May 14-31, 1978. Each point represents the
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Aitken nuclei; X = cloud condensation nuclet
(CCN) (Sp = 0.7%); e = fog condensation nuclet
(FCN) (0.15% S,).

Figure 7 illustrates the frequency distri-
bution of four aerosol components, showing that
all components vary over about an order of
magnitude. The diurnal variation especially
for CN seemed to be superimposed upon the secu-
Tar variations due to air mass origin (wind
direction). In fact a diurnal CN plot for
cases only with westerly wind direction (the
maritime direction)showed only a slightly less
pronounced mid-day peak concentration (4 K cm-3
instead of 6 K cm=%). 1In fact, four out of five
days which had maritime wind fetches also dis-
played distinct mid-day peaks in concentration.

5. CONCLUSIONS

Wide variations in fog microstructures have
been shown to be due to variations in FCN con-
centrations. It has been shown that, Tike CCN
concentrations, FCN concentrations are also
higher in continental and polluted air. CCN
and FCN concentrations can vary by two orders of
magnitude. This variability is apparently res-
ponsible for the systematic variation in fog
microstructure between fogs formed in maritime,
continental, and "polluted” air masses, with
FCN and drop concentrations increasing respec-
tively. These simultaneous FCN and drop size
distributions have shown an effective fog su-
persaturation of between 0.06% and 0.71%. How-
ever, drop distributions in continental air (or
"polluted” air) show that in fog there is often
not a clear distinction between unactivated haze
drops and activated drops as is thought to be
the case for convective type clouds. Thus, un-
activated haze drops can play an important role
in fog visibility impairment.
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OBSERVATIONAL EVIDENCE FOR SECONDARY ICE GENERATION IN A DEEP CONVECTIVE CLOUD

II-4.7

Vernon W. Keller* and Robert L. Sax**
NOAA (NHEML)
Coral Gables, Florida, USA

1. INTRODUCTION

The rime-splintering hypothesis for
secondary ice production, advanced by Hallett
and Mossop (1974), is based upon the concept
that accretion of a population of small and
large cloud droplets by graupel particles
present within a narrow temperature range
(-39C to —80C) leads to the formation of
crystalline ice which can later serve as
centers for new graupel. Implicit in the
hypothesis is the importance of the cloud's
updraft structure in governing the timing of
the ice production by controlling the flux
of graupel particles through the critical
temperature zone.

This paper presents a case study of an
unseeded isolated cumulus tower which rapidly
produced large numbers of small ice crystals
within its active updraft region. Until the
present study, maximum congentrations of ice
crystals observed near ~10°C in the updraft
regions near the tops of unseeded Florida
cumuli were generally only a few per liter.
The microphysical characteristics of this
case study cloud, particularly the evolution
of the spatial distribution and habit of the
crystalline ice relative to the updraft are
shown to be consistent with a rime-splintering
hypothesis for secondary ice production.

2. OBSERVATIONS

The case study (August 15, 1978 Cloud 3)
presented here involves an isolated deep
(base + 22 C) cloud located in the southern
most portion of a cluster of clouds centered
just off the west shore of the Florida
peninsula near Naples. This cluster of clouds
was associlated with the west coast sea breeze
and during this particular afternoon was the
only cluster of clouds to be found anywhere
over South Florida. This cloud was penetrated
a total of seven times at the -13°C sampling
level, 6.7 km (22k £ft), by the NOAA RF42 WP-3D
aircraft. During the first four penetrations
the cloud was in a dissipating state, but, by
the time of the fifth penetration, a new tower
was actively growing through the remains of the
older cell. TFollowing pass 7 the cloud
continued growing very rapidly such that
further passes could not have been performed
without jeopardizing the safety of both the
aircraft and crew.

*Present Affiliation:

NASA
Marshall Space Flight Center, Alabama

**Pregsent Affiliation:

Joseph Oat Corporation
Camden, New Jersey
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Figure 1 shows a plan view of the
penetration sequence relative to Cloud 3
(August 15, 1978). Each of the seven cloud
passes is numbered and North is indicated with
an arrow. Figure 2 shows plots for the
initial cloud pass of total ice particle
concentration (derived from an optical
scattering device) and formvar replica -
deduced concentrations of both graupel and
vapor grown ice crystals. On this pass all
crystalline ice had major axis diameters
greater than 100 um. The ERT ice particle
counter is the commercial version of the
University of Washington's instrument (Turner
and Radke, 1973). Also indicated on Fig. 2
are regions of the cloud where the vertical
wind (W) is less than O m s + and less than
negative 6 m s - In pass 3/1 a downdraft
existed at the sampling level over the entire
expanse of the cloud. The cloud was in a
dissipating state with a cloud top height,
deduced from nose film photogrammetric
measurements, of 12.8 km (42k ft). The cloud
was nearly pinched off in the middle. It
contained a moderate amount of ice nearly all
of which was in the form of graupel. The
small amount of supercooled water present was
in the form of small raindrops. These
observations are typical of those found in
dissipating cumulus clouds in the South Florida
environment.

The cloud continued to dissipate for
passes 3/2, 3/3, and 3/4. However, just prior
to pass 3/5 a new cloud bubble grew through the
-137C flight level in the midst of the ’
dissipating tower. Figure 3 shows plots for
pass 3/5 of vapor grown ice crystal
concentration and total graupel concentration
deduced from a frame by frame (resolution ~

" 0.02s) analysis of the formvar replicatiomns.

Also indicated on Fig. 3 are portions of the
pass where tEe vertical updraft was greater
than 4 m s ~ The main point here is the
presence of many small ice crystals in the
active updraft region of the cloud. The
concentration of small ice crystals (d< 100 um)
approached 900 2-1. This far exceeds maximum
concentrations previously observed in unseeded
South Florida cumuli and even aEproaches the
maximum concentrations (1300 2- ) observed in
South Florida clouds massively seeded with
silver iodide, (Sax et. al., 1979).

Figures 4 and 5 are photographs of formvar
replica from pass 3/5. Figure 4, taken from
a portion of the replica frame corresponding
to a time of 2124:31 GMT, shows seven vapor
grown ice crystals. Five of these crystals
were replicated such that only their basal
faces are observable. They appear as hexagons
with inscribed six pointed stars. It is
difficult to determine if they are really



plates as they appear or equiaxed columns as
viewed end-on. The other two crystals in
Fig. 4 are shown enlarged in Fig. 5. They
are definitely equiaxed columns and the one in
the upper part of Fig. 5 shows hollowed prism
faces. All seven of these ice crystals have
major axis diameters less than 100 um. In
fact, the 100 am diameter class distinction
criteria was chosen for this cloud pass to
allow discrimination between these type
crystals, which we believe originated from a
secondary ice multiplication process lower in
the cloud, and large stellar crystals (not
shown), which we believe grew for substantial
time periods at or near the flight level.
Figure 6 shows plots for pass 3/6 of formvar
replica - deduced ice crystal concentrations
and graupel concentrations along with ERT

ice particle concentrations. Maximum formvar
ice crystal concentrations on this pass did
not exceed 275 £-1 but the ice crystals were
larger than the majority of those detected on
pass 3/5. In fact, ice crystals with d>100
uam were found in about the same concentrations
on this pass as ice crystals with d=<100 um.
The major point to observe in Fig. 6 is that
the greater part of the ice on pass 3/6 was
located in the downdraft regions, consistent
with our previous experience, rather than in
the updraft region as in pass 3/5.

3. DISCUSSION

The occurrence of abundant numbers of small
ice crystals (900 X-1) in pass 3/5 of an un-
seeded cumulus cloud is interpreted to be
direct evidence for a secondary ice multipli-~
cation mechanism operative in the Florida
atmospheric enviromnment. We suggest that the
observations in this study are consistent with
the Hallett -~ Mossop hypothesis for secondary
ice production. Graupel particles (d>300 um)
ranging in concentration from 50 -1 (pass 3/1)
to 15 £-1 (pass 3/4) fell through the flight
level (~13°C) into the hypothesized generation
zone (-3°C to -8°C) for a period of at least
seven minutes. Supercooled water droplets
(d>150 um) ranging in concentrations from
15 -1 (pass 3/1) to 1081 (pass 3/4) passed
downward through the flight level during this
same time period. Other studies, Sax and
Keller (1980) and Hallett et. al. (1978), have
shown that large amounts of supercooled cloud
water in the form of both small cloud droplets
and cloud droplets having diameters greater
than 25 am, (conditions hypothesized as
necessary for the Hallett -~ Mossop secondary
ice production mechanism to be effective)
always exist in the region -3°C to -8°C of
actively growing summertime cumuli in Southern
Florida. Thus, the new bubble (pass 3/5)
vigorously growing upwards through the remains
of the dissipating older tower certainly had
contained within it the particulate criteria
for the Hallett - Mossop ice multiplication
mechanism to operate.

The generation zone (-SOC to -800) in this
case corresponded to an altitude of between
5.3 km (17.5k ft) and 5.9 km (19.5k ft). If
one assumes ice splinter particles of
negligible size were produced in the generation
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zone and were immediately carried upward to
the -13°C (6.7km) sampling level with an
average velocity of 10 m s™~, growing the
whole time from the vapor at increasingly
colder temperatures, then the calculated time
interval between splinter production in the
generation zone and collection of vapor grown
ice crystals on formvar replica at the -13°C
flight level ranges between 75 and 140 seconds.
Average crystal diameter axial growth rates
along both the 'a' and ‘c' axes for small
vapor grown ice crystals in a supercooled
water cloud gver this temperature ran%e

(-3°¢ to -13°C) are roughly 0.5 um 5™,

Ryan et. al. (1976). (Recall that the basic
habit of ice crystals is primarily a function
of temperature with prisms occurring from
-3%¢ to_ -8°¢, more or less equiaxed crystals
from -8°C to -ll C, and plates from -11°¢ to
well below -15°C. ) Using these reasonable
assumptions, one can calculate that the vapor
grown ice crystals collected at the 6.7 km
(22k ft) flight level should have had major
axis diameters ranging from 35 um to 70 um.
This is consistent with the observations of
pass 3/5 that the majority (everything but
stellars) of the ice crystals had major axis
diameters less than 100 am. Crystals in
passes 3/6 and 3/7 were in general larger
than those observed in pass 3/5 because

of the additional time for growth in regions
of lower updrafts.

We postulate that maximum graupel
(d> 300 um) concentrations were high
(140 A-1y in pass 3/5 and increased slightly
more (to 150 £~ ) in passes 3/6 and 3/7
because ice splinters were being continuously
captured by large supercooled droplets in the
manner predicted by Hallett et. al. (1978),
who showed that the probability of a splinter
being caught by a supercooled drop is roughly
independent of the size of the drop in the
range 0.1 to 1.0 mm, Splinters are
considered here as either 'splinters'
produced directly during the riming process
or from cloud droplets (in which case the
frozen droplets may be thought of as second
generation 'splinters').

The importance of cloud pulsation growth
dynamics on the microphysics cannot be over-
emphasized. 1In this case the dissipating
cloud provided a large flux of graupel
throughout the hypothesized generation zone
of the new cloud bubble. If ice multiplica-
tion proceeded according to the Hallett -
Mossop hypothesis, it is reasonable to assume
that following the initial production of
prolific numbers of splinters, the strong up~
draft velocity evident in a portion of pass
3/6 (Fig. 6) carried the majority of the
secondary particles and the graupel aloft;
away fror the generation zone. The positive
feedback aspect of the multiplication
mechanism was broken and by the time of pass
3/6, the strong updraft region of the tower
was relatively ice - free. In this
situation the ice multiplication mechanism
would be repressed until the updraft again
weakened or graupel particles grew
sufficiently large to allow them to fall back
into the generation zone.



4. CONCLUSION

The presence of enormous quantities of
small crystalline ice particles within an
active updraft near the top of an isolated
Florida cumulus cloud at ~137C argues
persuasively for the occurrence of secondary
ice production. The observations presented
in this case study point to a rime-splinter-
ing generation mechanism operating within

START

a region 1 km or so
consistent with the
advanced by Hallett
shown, though, that
very much dependent

below the flight level,
multiplication hypothesis
and Mossop (1974). It is
the ice production is
upon the evolution of

the updraft. In this case, the tower grew
through the remains of a previously exist-
ing cloud and a downwards flux of graupel
occurred in the generation zone at the proper
time for the new updraft to be infused with
the products of the multiplication mechanism.
We suspect that such circumstances though
not typical, are not infrequent within an
evolving population of cumuli. The
opportunity to sample such a sequence of
microphysical events, however, is probably
rare considering the very narrow time
windows involved.
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OPTICAL PROPERTIES OF THE CLOUD CRYSTAL MEDIUM

V.V.Ruznetsov, N.,K.Nikiforova, L.N.Pavlova, A.G.Petrushin, O0.A.Volkovitsky

The USSR State Committee for Hydrometeorology
and Control of Natural Environment, Moscow, USSR

The solution of many problems in
physics of atmosphere, such as radia-
tive exchange or visibility forecast in
severe weather conditions is based on
the optical cloud medium models, In
spite of numerous publications on opti-
cal properties of ice crystal clouds
in the last decade, no appropriate op=-
tical models of this widespread type
of atmospheric aerosols have been de-
veloped. Models of ice spheres and cy=-
linders have been used until recently
to calculabte the optical propertiss
of ice crystal clouds, however, these
models did not provide the description
of some gpecific properties of light
scattering by crystals revealed from
the experiments., It should be noted
that almost all the experimental data
have been obtained in the laboratory,
as 1t is difficult to carry out optical
experiments in the natural ice crystal
clouds., Most experimental studies,
beginning from Huffman [1], deal with
the phase scattering function (indicat-
rix) of visible radiation. It was
difficult to conclude on the gpplicati-
on of the above ice cloud models for
calculating phase scabttering functions,
since there was a great discrepancy in
measurement results obtained by diffe-
rent authors, particularly in the vici-
nity of the 90° scattering angle.

The known measurement results of
spectral radiation extinction by crys—
tal cloud medium within the range of
0,5=25 mwm obtained from the laboratory
and field (up to 12w m) experiments
have some differences. When measuring
mainly plate-shaped crystals with the
sizes of 40-200Mm in the laboratory,
extinction minima were observed in the
vicinity of the 2.8 and 10.3 Mm wave-—
lengths, In the field experiments
(with crystals having the shape of
needles, their sizes unknown), nearly
neutral sgpectral extinction was
observed,

This paper presents some results
of the theoretical and experimental
studies of visible radiation scattering
and spectral extinction by ice non~
spherical particles that have been
recently performed by the authors,
Experiments were made in a cold cham-
ber 100 m”° in volume where a cloud me-
dium was generated with the crystals
of particular shape, plate-shaped ones
having a diameter up to 200 p#m and
thickness about 10 mm [2], and columnar
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ones with the length wp to 200 um and
diameter about 40 mm.

J. Visible radiation scattering

Phase scattering function was
megsured in a horizontal scattering
plane for the horizontal propsgation
of radiation beam with the wavelength
of 0.63 mm, Phase scattering function
measuring time was 10 s within the
range of scattering angles from 10 to
170°, Simultaneously, the measure-
ments were carried out on the coeffici-
ents of directed light scattering at
the angles of 10° and~180° and on the
depolarization of a backscattering
signal D= L(®)/ I, (). When comparing
the relative phase scattering functions
£(8)=T(6)/ I[10°) , obtained under
different conditions it was found
that the presence of spherical partic-
les in a mixed cloud medium
(0.03< D < 0.4) has much greater
effect on the angular distribution of
scattered radiation than a variation
in crystal size and shape in ice crys-—
tal medium (Dp > 0.4). The average
measured results for the crystals of
different shape and size are given in
FPig.1, The dispersion of the wvalues
£(9) does not exceed +30%. It should
be noted that the phase scattering
function calculated for ice c¢ylinders
[3] underestimates £(®) in the vicini-
ty of the 90° angles, does not describe
the scattering maximg in the vicinity
of halo angles, and significantly un=-
dergtimates the backscattering.

We have gtudied the light scatte-
ring by a hexagonal prism which is
much larger in length than in diameter,
using the approximate methods of geo-
metrical optics and diffraction, As a
result, the expressions were obtained
for calculating a normalized phase
scattering function for prisms in
different directions ©. Fig. 1 shows
the calculated results of the phase
scattering function for the assembly
of prisms of different sizes, their
long sxes being randomly oriented in
the plane of incident radiation propa-
gation, Curve I shows the light
gscabtering in the plane of prism orien-—
tation and curve 2 the scattering in
the orthogonal plane, It 1s evident
that the prefered prism orientation
resulted in light scabttering asymmetry,.
The intengity of light gcattering at



the angle $=90° in the plane of prism
orientation is agbout twice as much as
that in the orthogonsl plane, This
result agrees with the previous
experimental data [2]. Halos corres-
ponding to the 22° and 46° angles
occur in different scabtbtering planes,

The calculabed phase scattering func- "

tions for prisms are in satisfactory
aggreement with the experimental data
in the range of 6=20-170°, The under-
estimation of the calculated values
for @ = 180° gppears <+To be the re-
sult of neglecting the effect of sur-
face waves, etc, As the variation in
crystal shape, size and orientation
does not result gufficient change

of phase scattering function within
this range of gcatbering angles (ex~
cept halo angles), the following
gpproXximated expression was proposed
for calculating normalized phase

scattering fun%tions

_ -2
I(B) ?Ii—(é—:_—(—;)) [7 +7Z7']; (%_ '@-‘] '
where TS(%%“‘%J - is the Fren-

sel reflection coefficient.

1(0) |

e

103
\

70~1

1072

120 ©

Fig, 1. Phase scattering functions

of radiation with A= 0.63um: 1,2 =
calculated; 3 - measured.
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tion,

prisms with ¢ =

2. Spectral extinction of
infrared radistion by ice
particles of different shapes

To study the effect of particle
shape and size on radiation extinc-
experimental studies were made
within the wavelength ranges from
2.5 to 3,54m and 8 to 12 um (where

the minima were observed), and the
values of extinction efficiency factor

Ke(A) were calculated for ice
spheres, cylinders and plates within
the wavelength range 8 to 12 pm,

Fig., 2 shows the results of experimen-
tal determination of Ke( A)for the
crystals of various shapes: plates
with half-thickness Ap =4,545 .m,
columns with r = 10mm (45, m) and
2r=5um (in Fig.
2&)0

Ko (R)

L | 1 )

8 10 Aﬂm

Fig. 2. Spectral radiation
extinction by crystal medium:
1 =~ plates; 2 - columng; 3 - prisms,

The experimental data suggest that
crystal shape does not exert a signi-
ficant effect on the efficiency of
radistion extinction within the wave-
length ranges studied. Variation in
the mean characteristic size of



particles appears to have more gigni-
ficant effect than their shape.
However, it haS“been possible to ob=
tain any quantitative results for the
experimental data because of their
great dispersion. ,

The calculated results of Ke(M)
for ice spheres, cylinderg and plates
of the same characteristic size
ITg = Iy =Ap = 5/1,1.111 (the radii of
gpheres and cylinders, and the half-
thickness of plates) are presented in
Fig. 3.

Ke(ﬂz

N

8 10

Fig. 3. Dependence of extinction
efficlency factor on wavelength for
ice particles of various shapes:

1 « sphere rs = Sum; 2 - plate
Ap = Jpm; 3 = cylinder 1, = 5/u m;
4 - sphere I = ‘7ﬂ m .

The axis of incident radiation forms
an angle ol = O + 80° with the normal
to the major axes of cylinder and
plate, The calculations show that the
values of Ke(A)for cylinders and
plates differ insignificantly. The
values of Ke(A) for spheres are
considerably smaller than those for
cylinders and plates, It should be
noted that the calculabed values of
Ke (\) for the ice spheres with
radius &, = Ap/coSL rather closely
agree with those for cylinders and
plates within this range of A (curve

interesting to note that the calculat-

ed dependence Ke(N)for the plates
with Ap= 5mMm, when using the values
of complex refractive index M from
/4%/, 1is in good agreement with the
experimental data in Fig. 2b within
the range of A= 9+'12Ju m.

3, Conclusions

1« Phase scattering function of
vigible radiation in crystal cloud
medium depends insignificantly on the
shape, size and orientation of crystals
in the range of gcattering angles 10 %o
170°,

2. The expressions are obtained for
calculating the plhase function of radia-
tion scattering by ice prisms which
adequately describe the experimental
data.

3, It is shown that infrared
radiation extinction by the ice partic—
les having the form of plates and
cylinders (columns) of the same
characteristic size differs insignifi-
cantly. Increase in particle size :
results in increasing values of- Ke (N)
in the minima at A =2.8 and 1043 ju m,

4, The experimental data of “Ke(l\)
for A = 9+12M m are in a satisfactory
agreement with the calculated ones
with the values of m taken from [4].
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I. INTRODUCTTION

Observations of ice evolution in deep
natural cumulus and cumulus congestus clouds
have provided evidence for the rapid gla-
ciation of supercooled clouds at temperatures
often greater tham -10°C (Koenig, 1963, 1968;
Mossop et al., 1968, 1970, 1972; Hallett
et al., 1978). Conditions conducive to such
effective glaciation have been associated
w1th the presence of large drops (supercooled

"rain" in concentrations in excess of 1 Z“l),
weak or pulsating updrafts, and high ratios
of ice particle to ice nucleus concentrations
(previous references plus Mossop, 1972).

It has been common among the various
workers to attribute such glaciation behav-
ior to some sort of "ice multiplication'
process. Without detailing the history of
the various hypotheses, we note here simply
that secondary ice particles ("splinters')
can apparently be generated during the ac-~
cretional riming of large graupel (Hallett
and Mossop, 1974), at least within a restric-
ted temperature range (-3 to -8°C), by some
as yet undetermined mechanism (Mossop, 1976).
The obvious inferrence of such secondary ice
generation taking place in natural clouds
contalnlng substantial concentrations (> 1

-1y of supercooled rain drops (v 1 mm
dlameter) is the creation of a microphysical
setting in which splinters and graupel par-
ticles (from the freezing of the rain drops)
build up simultaneously in exponential fash-
ion by regenerative feedback.

The evolution of ice in clouds conducive
to regenerative processes has been studied
numerically by several workers (e.g., Koenig,
1977; Chisnell and Latham, 1976), but ex-
plicit attention was not given to the initia-
tion of the ice phase from primary nucleation
events. Hallett et al. (1978) showed favor-
able comparisons between calculated and ob-
served time scales for glaciation, provided
the regenerative glaciation model began with
an initial concentration of "proto-ice"

The origin of the primary ice was not dis-
cussed, nor the additional time required for
the primary nucleation events to establish
such initial ice concentrations, a potential-
1y serious consideration given the relative-
ly warm temperatures at which the primary
nucleation must take place. Here, we extend
the earlier work and show that high concen-
trations of ice can build up in reasonable
times in an initially ice-free cloud when
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the primary nucleation events are supplement-
ed by the simultaneous generation of secondary
ice.

ITI. MECHANISMS INVOLVED IN ICE PRODUCTION

In a related context Lamb et al.(1980)
described a simple conceptual model based on
the set of microphysical interactions depict=-
ed in Fig. 1.
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Figure 1. Schematic representation of the
various cloud particle interactions.

Although this other work also included depos-
itional nucleation as a means of forming pri-
mary ice, it was shown that the slower and,
therefore, more conservative process is con-
tact nucleation. Restricting ourselves to the
Brownian scavenging of contact nuclei by, res-—
pectively, the small supercooled cloud drops
(having no fallspeed) and the large supercool-
ed rain drops (having appreciable fallspeed),
we see from Fig. 1 that such primary nucle-
ation events will generally lead to the pro-
duction of "graupel" either directly by the
contact freezing of rain drops or indirectly



by the collisional capture of the frozen
cloud drops. Once rain drops freeze and be-
gin to accrete cloud water, a small but fi-
nite fraction of the accretional events may
lead to the liberation of a secondary ice
particle ("splinter"). Such secondary ice
adds to the general population of small ice
particles that can be aerodynamically cap-
tured by the supercooled rain drops. This
triangular pathway in the upper right portion
of Fig. 1 constitutes the regenerative feed-
back mechanism responsible for the exponential
increase in the concentrations of large
graupel particles and splinters calculated by
Hallett et al. (1978).

In order to be realistically conservat-
ive in this quantitative treatment we have
intentionally kept the concentration of con-
tact nuclei low (10™% 2~1; c.f., Koenig,
1977) and have restricted the capture effi-
ciency of the small ice particles by the
rain drops to 0.1 (c.f., Chisnell and Latham,
1976). Although influences of the dynamical
structure of a cloud on the microphysical
rates are recognized as important in the real
atmosphere, they are not included here for
the sake of clarity and brevity.

ITI. RESULTS

As one expects from the use of a contact
nucleus concenitration as low as 10™% 2”1, ice
cannot build up at any reasonable rate by
primary nucleation events alone, as shown in
Fig. 2.
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Figure 2. The restricted build-up of ice in

the absence of secondary ice formation.
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After lO3 s less than one in lO5 rain drops
has been converted to a graupel particle,
even allowing for the indirect process of
freezing rain drops by the capture of frozen
cloud drops (Fig. 1).

In sharp contrast to this highly restric-=
ted build-up of ice, Fig. 3 shows the evolu-
tion of ice after the generation of secondary
ice has been included in the calculations, the
generation rate being proportional to the fra-
ction o of cloud drops larger than 25 um in
diameter that generate 1 splinter.
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Figure 3. The evolution of ice in the pres-

ence of secondary ice production.

Now, except during the earliest stages (to
about 100 s, during which capture of the fro-
zen cloud drops are the primary means of nuc-
leating rain drops), graupel builds up ex-
ponentially in response to the simultaneous
generation of secondary ice (splinters) and
the freezing of the rain drops. The relative
importance of the various mechanistic path-
ways to the formation of the graupel particles
at various stages in the evolution is shown in
Fig. 4. In essence, it is the capture of the
splinters by the supercooled rain drops,
followed by their freezing to form new splin-
ter-generating particles which dominates the
glaciation. The primary nucleation, weak as
it is alone, needs only to get the regenerat-
ive process initiated.

In this treatment we have defined the
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Figure 4. The relative importance of the
three main pathways for generating graupel
from supercooled rain. "Fraction” refers

to the ratios of the rates of rain nucleation
by the respective pathways to the total rate
of graupel formation.

time to achieve "complete" glaciation as the
length of time for the concentration of large
graupel particles to build up to the decreas-
ing concentration of remaining rain drops
(dashed line in Fig. 3). Since the mechanism
quantitatively most responsible for the ini-
tiation of the regenerative ice processes is
the two-stage process involving the capture
of frozen cloud drops by rain drops, both
ends of the drop spectrum are required. This
is demonstrated readily in Fig. 5, a plot of
the "glaciation time" as AR, the fraction of
the initial liquid water content (5 g m™°)
that constitutes the rain water, is varied
from 0 (cloud water only ) to 1 (rain water
only). A minimum is clearly visible near Ap
0.45, an indication that an additional re-
quirement for reasonably rapid glaciation to
take place in natural cumuli is the simultan-—
eous presence of both cloud and rain water,
This has obvious implications to the glac—-
iation of extreme cloud forms, those of
strictly continental origin and those of
purely maritime origin.
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Figure 5. The dependence of glaciation time
(time at which the concentrations of graupel
and rain are equal) on the fraction Ap of the
total initial liquid water content existing in
the form of rain.

IV. SUMMARY AND CONCLUSIONS

By means of a simple conceptual model of
glaciation microphysics, it has been shown
that secondary ice production can lead to
powerful ice regeneration processes which
quickly dominate the glaciation of an initial-
ly ice~free cloud once initiated by the
freezing of cloud drops which are subsequently
captured by supercooled rain drops. If sig-
nificant concentrations of both cloud and rain
drops are present, even low concentrations
(n 107% -1y of natural contact nuclei can
lead to the short glaciation times observed
when the primary nucleation and regenerative
processes occur simultaneously.
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1. INTRODUCTION

In the central antarctic area, ice
crystals have frequently been observed pre-
cipitating from clear skies. The entire for-
mation mechanism for these ice crystals has
never been described, in spite of extensive
observations. Studies on the ice crystals
regarding occurrence, shapes, sizes, concen-
tration and chemical composition of nuclei
related to weather phenomena such as wind
direction, moisture trajectory, cloud situ-
ation, temperature and humidity profiles were
carried out. Concentrations of ice nuclei
effective at water saturaticrn and sub-water
saturation environments were also measured.
In this paper, possible formation mechanisms
of the ice crystals in the antarctic atmos-
phere are proposed on the basis of the obser-
vations described above.

2.  OBSERVATIONS

The ice-crystal concentration was con-
tinuously recorded by an acoustic sensor (for
ice-crystal counts) and an ice-crystal repli-
cator. The concentration varied widely, by
as much as 2 orders of magnitude in 10 to 60
minutes. The maximum concentration observed
was 100 crystals per Titer of air. The
changes in concentration were used to corre-
late ice-crystal events with cloudiness and
cloud forms (using an all-sky, slow-motion

Figure 1. Assembled bullet ice crystals
collected on 16 July, 1977. Surface
temperature was ~59.2°C. These crystals
are from high cirrus clouds.
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movie camera), wind direction, and upper air
conditions, such as humidity and temperature
aloft, including specially detailed radio-
sonde readings with dry ice calibration.

On 59 days between June 11 and August
23, 1977, precipitating ice crystals were
collected on slide glass plates coated with
0il and photographed under low temperature
conditions. The surface temperatures were
between -39.4° and -71.4°C.

The ice crystals at the South Pole
formed in basically five different kinds.

2.1 Assembled bullet crystals

This type of ice crystal is most common
and also the largest (about 1 mm or larger)
of all observed at the South Pole in summer
and winter as an example shown in Figure 1.
Columnar crystals with complex inner structures
were not unusual precipitating at the same
time. Since those crystals are large they
are the major contributor to the snow accumu-
lation throughout a year.

The assembled bullet crystals were
associated with incursions of moist upper air
(+500 mb Tevel in summer and 600 mb level in
winter) at temperatures between -40° and
-55°C, and often coincided with a high cirrus
or cirrostratus cloud layer at 2000 to 4500 m
above around level (AGL).

Combined side plane crystals

Figure 2.
collected 10 July, 1977. These crystals
are usually from middle clouds such as
altostratus and altocumulus.
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Figure 3. Plate crystals from clear sky
on 8 December, 1977. (The highest temper-
ature aloft was ~27.7°C).

2.2 Combined ice crystals in form of side
planes, bullets and columns

These crystals were observed with moist
upper air (x670 mb level) at temperatures be-
tween -30° and -45°C, and were found in
association with altostratus cloud Tayers in
700-2000 m AGL broken or overcast sky.

Figure 2 shows an example of side plane
crystals. They were about 1 mm in size but
play a lesser role in the Antarctic mass
balance because of their lower frequency of
occurrence.

It is noticed that the manners of baoth
types of ice crystal precipitations in winter
were observed consistently throughout a year
at the South Pole. When both high and Tow
cloud layers were found to have a high mois-
ture content, the first and second type of
crystals occurred simultaneously. The temper-
ature-humidity conditions characterized by
the crystal shapes seem to be agreed well to
the conditions extended from Magono and Lee's
(1966). Ice crystals from both high and
middle clouds form and grow in the clouds,
then fall out over long distances with some
changes of size and shape; some of them
evaporate completely during their fall.

2.3 Thin hexagonal plate crystals and columns

smaller than 0.2 mm

These were created in the Towest 1,000 m
AGL (mostly a few hundred meters) without any
visible cloud layer, but sometimes accompanied
by fractostratus clouds (water clouds). These
thin plates formed at temperatures lower
than -25°C, and none of their growth occurred
at higher temperatures. We have also observed
growth of such plates at temperatures below
-22°C from a clear sky in the Arctic {Ohtake
and Holmgren, 1974). The temperature range
for formation of thin hexagonal plates does
not agree with the generally accepted rance
reported by Kobayashi (1958) and Magono and
Lee (1966) of -10° to -18°C. Further studies
are needed to explain this discrepancy. Figure
3 shows these ice crystals.
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Pencil-shaped ice crystals.

Figure 4.
Sampling data is missing.

Even in winter, these crystals were
mostly observed under clear skies with a
sTight wind 2 - 5 meters per second from the
arid north. Such crystals in winter seemed
to fall only from clear skies (One should
bear in mind the difficulty of observing
clouds in darkness). Because of small masses,
these crystals do not substantially contri-
bute to snow accumulation in Antarctica but
offer an interesting cloud physics topic.

2.4 Pencil and triangular-shaped crystals

These crystals formed near the surface,
under clear skies, with northeasterly winds
at T - 6 m per sec, and during extremely low
temperatures of -50°C or below at the Towest
part of the atmosphere. The pencil crystals
had well defined basal planes (c) and very
Tong prismatic faces (a); the maximum ratio
of the c/a axes was 200. (Figure 4 shows
some examples of pencil ice crystals.) Tri-
angular crystals and pencil crystals occurred
under similar conditions. Some triangle
crystals are shown in Figure 5. Examination
of these crystals by electron microscope
revealed no detectable nucleus at magnification
of 20,000 times. This result confirms that
these crystals were formed by homogeneous
nucleation at temperatures below -40°C.

2.5 Block and polyhedral ice crystals

These crystals (about 0.02 mm in size)
were observed in winter under clear skies
with northerly wind of 5 m per second and at
temperatures of approximately -58°C. (See
Fiqure 6 for example.) The polyhedrons were
mostly 20 faceted, occurring with many thin
plates (which are described in 2.3) at sizes
of about 0.02 mm. Their shapes and formation
conditions are similar to Fairbanks' ice fog
crystals (Ohtake, 1970). The complex shape
are probably due to non-uniform growth con-
ditions under the extremely low temperatures.



Triangle-shaped ice crystals

Figure &5.
on 18 July, 1977.

3. MECHANISM OF CLEAR SKY ICE CRYSTAL
PRECIPITATION

The kind of ice crystals mentioned in
2.3 is the most complicated and has the most
interestina formation mechanism. Ice crystals
are usually formed at a relative humidity of
100 percent, which is also the critical
humidity for cloud formation in the atmos-
phere. So these ice crystals usually should
be formed within a cloud. We observed that
most of the cases of clear-sky ice crystal
precipitation were found in layers correspond-
ing to measurements of humidities higher than
ice saturation. Humidity measurements ob-
tained from radiosonde observations (RAOB's)
were corrected for surface pressure (%700 mb)
since the ground calibration procedure assumed
1000 mb. However, since very large numbers
of these ice crystals were observed in the
antarctic cloudless atmosphere, one may
advance the possibility of deposition nucle-
ation, i.e., water vapor deposition directly
onto nuclei under sub-water saturation (or
ice saturation) conditions. To examine this
possibility, an experiment was performed at
the South Pole during the 1977-1978 austral
summer. When aerosols, which may become ice
nuclei, were collected on hydrophobic mem-
brane filters and exposed to water vapor at -
25°C, ice crystals did not form on the aerosols
unless the water vapor concentration was
larger than the water saturation value.
Nevertheless, ice crystals sometimes precipi-
tate from the cloudless sub-ice saturated
sky. Values of humidity in the upper air
obtained by NWS at South Pole were frequently
calibrated by clear sky seeding of dry ice.
A piece of dry ice hanging down from a radio-
sonde makes streaks of ice ciouds when the
humidity is greater than ice saturation.

During the 1976-77 and 1977-78 austral
summer field seasons, ice-crystal replication
revealed that many ice crystals were in the
form of stepped columns by the freezing of
water droplets (Magono et al., 1976). An
example of stepped column crystals is shown
in Figure 7. Ice-crystal precipitations were
associated occasionally with fractostratus
clouds or a high, humid, cloudiess layer. In
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Block-shaped ice crystals and
thin plate erystals precipitated from clear
sky on 15 July, 1977 at temperature of -5€.1°C.

Figure 6.

both cases, such a humid layer existed
approximately 100 meters to 500 meters high,
and the wind in the layer always was directed
between 300° and 50° from the Greenwich
Meridian.

From the trajectory analyses using 700-,
500-, and 400-milibar isoheight maps, the
moisture and nuclei for the ice crystals
observed at South Pole were transported from
the Weddell Sea after traveling more than 7
days toward the Antarctic Plateau (Ohtake,
1976). The nuclei of individual ice crystals
replicated at Pole Station were analyzed by
means of an X-ray energy spectrometer during
1975-1976; about 50 percent of the summer ice
crystals contained sodium, magnesium, sulfur,
and chlorine, which are major components of
sea salt from the ocean (Ohtake, in press).

Similarly to the mechanism for the
arctic ice-crystal formation (Ohtake et al.,
1978), the clear-sky ice crystals at the
South Pole may result from the freezing of
low-Tevel stratus cloud droplets, which form
by slightly uprising and cooling warm air
transported from the Weddell Sea along the
slight slope toward the Antarctic Plateau.
The patchy stratus clouds are sometimes
beyond sight from Pole Station, although many
times such ice crystals may occur with the
stratus clouds or fog banks upwind from the
South Pole Station.

There may be plenty of hygroscopic in
the Tower antarctic atmosphere as Hogan
(personal communication) found at the South
Pole in 1978. Those particles may be sul-
furic compound because sulfur "S" was found
in many ice crystals (Ohtake, in press). It
is possible to form water droplets on these
hygroscopic particles in sub-water saturation
environments and to follow their subsequent
freezing.
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UNIQUE CLOUD MICROPHYSICAL DATA DERIVED FROM ATMOSPHERIC OPTICAL PHENOMENA:
EXAMPLES OF PASSIVE REMOTE SENSING STUDIES

Kenneth Sassen

Dept, of Meteorology, University of Utah
Salt Lake City, Utah, USA

Explanations for the presence of optical
phenomena in the atmosphere have traditionally
challenged some of the most formidable minds
of science. In more recent times, these his-
torical speculations have been replaced by
more exact theoretical simulations of the man-
ner in which hydrometeors scatter sunlight.

As a result, there remain few types of optical
displays which can not be satisfactorily ex-
plained by models utilizing hydrometeors with
specified size, or shape and orientation (see,
e.q. Tricker, 1970).

We would Tike to point out that this know-
ledge of the causes of optical phenomena is a
powerful tool for cloud microphysical studies
which is hardly exploited to its full extent.
Occurrences of optical phenomena in the atmos-
phere, albeit relatively uncommon, can pro-
vide the means to determine the characteris-
tics of a large population of undisturbed hy-
drometeors, often under conditions where

direct in situ measurements would be difficult

or impossible to obtain. Hence, through a
passive remote sensing approach involving the
analysis of photographic observations of opti-
cal displays, unique cloud microphysical in-
formation can be gathered from the ground, and
this data can be used to increase our under-
standing of important cloud processes. Through
the use of a microdensitometer, an instrument
which converts the density of a photographic
image to quantitative measurements, quite pre-
cise data can be generated. As examples of
the type of information which can be recovered
using this approach, summarized below are the
findings from two studies, one each concerned
with cloud droplets and ice crystals present
in the atmosphere.

Initial Contrail Formation

The formation and persistence of aircraft
condensation trails is a problem of consider-
able complexity, Particulariy with regard to
the <nitiql contrail formation, cloud droplet-
ice crystal growth predictions as well as in
situ measurements would be quite difficult to
obtain. Fortunately, contrails are occasion-
ally observed to generate the iridescence
phenomenon as the aircraft passes within ~30°
of the sun, so that a passive remote sensing
method is available to study the process of
initial contrail formation. As described in
Sassen (1979), the diffraction-corona theory
can be applied to iridescence observations to
determine cloud droplet sizes, providing esti-
mates of droplet growth rates in the forming
contrail.

Figure 1 shows the results of such an an-
alysis of photographs of a contrail which dis~
played iridescence while forming and which
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later persisted as an ice cloud. It can be
seen that, with reasonable assumptions of air-
craft height and speed, cloud droplet diameters
can be derived as a function of the distance
behind the aircraft, or approximate growth
time. We find droplet radius growth rates of
~1-3 um s-1 as the contrail is forming, indi-
cating that the contrail environment is ini-
tially highly supersaturated. Moreover, there
is evidence that the cloud droplets began
freezing (at an environmental temperature of
-40°C) soon after achieving a diameter of

~3 um, or after about 2 seconds total contrail
lifetime.

Ice Crystal Fall Attitudes

Knowledge of the falling behavior of ice
crystals has been derived primarily from model
experiments performed to simulate atmospheric
conditions in the laboratory tank. In the real
atmosphere, such information can be obtained
through observations of various optical phenom-
ena which require the presence of uniformly
arrayed ice crystals, if it is possible to con-
currently sample the size and type of particles
present. The light pillar, a nocturnal man-
made analog of the sun pillar which is observed
during light snowfall or ice fog, provides the
best opportunity for relating crystal fall at-
titudes to crystal characteristics.

Figure 2 illustrates the information which
can be gained through photographic observations
of light pillars in combination with ice crys-
tal size data., Shown is the relationship be-
tween the Reynolds number (Re) corresponding
to the modal crystal diameter present and the
half-width divergence angle of the pillar which
is simply related to the approximate maximum
crystal wobble angle from the horizontal plane.
These results yield general agreement with the
model experiment predictions for stable fall
(1.0<Re<100), but further show that crystals
with Re®10 display the most perfect alignment.
Moreover, the distribution of reflected Tight
intensity horizontally across the pillars is
typically Gaussian in character, demonstrating
that the ice crystals are distributed normaily
from the horizontal plane. These findings can
be accounted for by the response of the ice
crystals to turbulence-induced fall attitude
pertibations, a destablizing force not repro-
duced in the laboratory tank simulations.

References

Sassen, K., 1979: Iridescence in an aircraft
contrail. J. Opt. Soc. 4m., 69, 1080-1083.

Tricker, R, A. R., 1970: Introduction to
Meteorological Optics, American Elsevier,
New York.



DROP DIAMETER (urm)

t | | ]

!

I

{

!

400

[¢] 100 200 300
~DISTANCE BEHIND AIRCRAFT (m)
Figure 1. C(loud droplet growth rates in a

forming contrail as derived from

iridescence observations.

226

lIIll' i t

C%* ~to

SR

1
[
o

Ay
o

/
/

DENCRITES

PILLAR HAUF-WIDTH ANGLE (°)

o23]

poed

BRANCHED-PLATES

4

H- THICK PLATES {}/

IllllJ i {

| I

REYNOLDS NUMBER, Re

Figure 2.

100

The angular deviations from the

horizontal plane of various ice
erystals producing light pillar

displays.

“MAXIMUM" CRYSTAL WOBBLE ANGLE (*)



I1-4.12

ICE MULTIPLICATION BY RIME BREAKUP

Gabor Vali
University of Wyoming
Laramie, WY, U.S.A.

Introduction

The origins of ice particles in clouds of
different kinds is gradually becoming clarified,
but there are still many remaining questions.
The problem has two basic aspects: that of iden-
tifying processes which contribute to the popu-
lations of ice particles in clouds, and that of
establishing the realms of activity for each
process.

Perhaps the most important point which be-
came established over recent years is that there
are primary and secondary processes of ice gen-
eration; those which involve nucleation of ice,
and those which rely on the pre-existence of
In this paper, a brief ac-
count will be given of observations which are

other ice particles.

suggestive of a secondary process of ice gener-
ation (multiplication) via the breakup of rime.

Fragmentation of crystals due to collisions
has been examined already as a possible multi~
plication process, by Vardiman (1972), by Hobbs
and Farber (1972) and by Jiusto and Weickmann
(1973). These authors considered primarily the
consequences of collisions of vapor-grown ice
The process to be described in this
paper is similar to that discussed in the papers
cited above, with the difference that the break-
up of rime accreted on crystals is considered

crystals.

here instead of the fragmentation of vapor-grown
crystals themselves.

Observations

The observations relating to rime breakup
have been made in the course of studies of cloud
composition by instrumented aircraft. The prin-
cipal data sources are: 1) In-situ shadow images
of hydrometeors, and 2) Photographs of ice par-
ticles collected on slides.
are produced by a 2-D probe (Particle Measuring

The shadow images

Systems, Boulder, Colorado), are recorded on
magnetic tape, and are reproduced on paper after
the flight. Resolution in these images is about
25 um, and the minimum size of particle reliably
detected is about twice that value.
comments about particle shapes are possible for
images exceeding about 150 pm in size. The sam-
pling rate of the instrument is near 50 liters
per kilometer of flight path. The ice particle
collections are made on oil-coated slides, in a
decelerator which reduces particle impact speeds
to about 7 m/s. The sampling rate of the slides
is nearly the same as that of the 2-D probe;

Meaningful
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exposure times of the slides are varied accord-
ing to the particle concentration, to yield a
large sample but without overlap of particles

on the slides. The slides are stored cold until
photographed at 12X magnification after the
flight. The resulting photographs have a usable
resolution of around 5 ym. Because of the high
resolution, and because of the generally good
quality of the photographs, the nature of ice
particles can be deduced quite accurately from
these samples. The main shortcomings of the
technique is the occasional fracturing and splat-
tering of particles which occurs even at the re-
duced impaction velocity.

Using the two techniques of observation de-
scribed above, in .conjunction with other data on
state parameters, air motions and cloud droplet
populations, relatively complete descriptions of
cloud composition are possible, giving a good
basis for examining the manifestations of hydro-
meteor growth processes. Because of the rapid
motion of the aircraft through the clouds, it
is much more difficult to obtain information on
the temporal evolution of a given population of
hydrometeors. For these reasons the description
of the rime breakup process can be given mainly
in terms of the characteristics which accompany
it, but without good data on the time rates in-
volved.

The observations relating to rime breakup
were made in moderately convective clouds of
mid-latitude, continental character. Tempera-
tures at the tops of the clouds were generally
between -12 and -20°C. The concentrations and
mean sizes of cloud droplets were in the ranges
500-1000 cm ~ and 8-15 ym respectively. With
such relatively cold temperatures and small cloud
droplets, rime grows with a filamentary struc-
ture of low density. It is not entirely clear
whether conditions other than temperature and
drop size are also required for such filamentary
growth of rime; it is conceivable, for example,
that electrical charges of specific distributions
The nature of the fila-

mentary rime is clearly revealed by the slide

might also play a role.

collections; the rime consists of long strands
of droplets and of cones of very small spread.
The shadow images also show that rime branches
protrude out from the larger particles and the
outlines of the particles are highly convoluted.

Almost invariably, when conditions exist



such as those described above, the concentra-
tion of ice particles reaches 30-100 per liter,
and sometimes more. These concentration values
are derived from the 2-D data and therefore re-
flect the concentration of particles greater
than 50 pym. Overall concentrations might be
even higher. On the other hand, based on the
slide data it can be concluded that of the total
concentration only a small fraction, maybe 1-10
per liter, are recognizably vapor-grown crystals
in their entirety or as part of a larger rime
(graupel) particle. The majority of particles
appear to consist of rime only, without any
vapor-grown crystals or crystal fragments in
them. The vapor—grown crystals which are found
are often surprisingly free of rime over most
of their surface, even when found as part of,
or attached to graupel particles. The habits
of the crystals appear to be well related to
the cloud top temperatures according to the
known dependence of crystal type on growth tem-
perature, with water-saturated conditions.

The size distributions of the particle pop-
ulations are close to exponential, under the
type of conditions when rime breakup seems to
be occurring. An example of such a size dis-
tribution is shown in Fig. 1. The sizes of the
vapor-grown crystals are generally spread over
a relatively narrow range, for example 200-

800 um.

These observations are consistent with the
explanation that the fragmentation of filamen-
tary, low-density rime is the process leading to
the high ice particle concentrations. Mecha-
nisms which might be involved in producing the
frapmentation are collisions between particles,
and the sublimation of narrow connecting points
in the rime if the particles traverse subsatu-
rated regions. Collisions are almost certainly
the major contributors to causing breakup. It
is easy to envisage how collisions could lead to
numerous fragments of rime, given the filamen-
tary character of the rime and hence the exis-
tence of weak points in the structure. The
splattering of the rime on the sampling slides
provides a somewhat exaggerated but not totally
unrealistic indication of how fragile these rime
structures are. The fact that the size distri-
butions are exponential is also suggestive of a
dispersion process being involved in the produc-
tion of powders of solid materials.

Implications

The evidence seems fairly strong that the
process of rime breakup described in this paper
is a mechanism of secondary ice generation which
can lead to significant increases in the concen-
trations of ice particles in clouds. The con-
ditions under which the process operates are
known from the observations in rough detail; the
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ranges of conditions under which the process
operates and the dependence of the efficiency

of the process on the various parameters are not
yet known. Neither are the data comprehensive
enough to deduce the rate of evolution of parti-
Being tied to the
nature of the rime which is accreted on ice crys-
tals, understanding of the details of the depen-
dence of rime structure on environmental para-
meters will be necessary, before the details of

cle concentrations or sizes.

the breakup phenomenon can be clarified. Some
parameterization of the process might be possi-
ble, for use in numerical cloud models, and
such calculations then might give some measure
of the impact of the breakup process on precip-
itation production. It seems likely that the
breakup process results in more rapid develop-
ment of precipitation, because the majority of
the rime fragments produced in the breakup are
of precipitable sizes and they continue to grow
rapidly by further riming, provided that the
cloud water is not depleted entirely.
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Figure 1. Size distributions of ice particles
observed in Cu med. on 26 June 1976 in Wyoming.
The two different distributions refer to two
consecutive passes through the same cloud, six

minutes apart. Derived from 2-D probe data.
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ELECTRICAL EFFECTS ON THE ROTATIONAL DYNAMICS OF ICE CRYSTALS
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In recent years, there have been a number
of observations indicating that thunderstorm
electric fields cause alignment of ice crystals
present in the clouds (Hendry and McCormick,
1976; Cox and Arnold, 1979; Watson et al.,
1979). These observations include depolariza-
tion of radio waves by the anisotropic crystal
orientations, as well as rapid changes in this
depolarization coincident with 1ightning
flashes and the attendant field changes. These
rapid changes are presumably a result of rapid
changes in the degree of ice crystal alignment
and also the direction of the alignment. These
changes typically occur over times of a few
tenths of a second or less. Prior to these
measurements, Vonnegut (1965) had observed
rapid changes in the optical brightness of
thunderclouds illuminated by the sun. These
rapid changes, which occurred in less than a
second, were coincident with lightning flashes.

In addition to the rapid changes, the
radio frequency observations indicate gradual
changes in ice crystal orientations occurring
over times ranging from 15 seconds to a few
minutes. These times are comparable to times
required for the electric field to build up
inside some clouds, suggesting that the gradual
field build-up is reflected in gradual align-
ment changes.

This paper discusses an analysis of the
rotational dynamics of ice crystals when sub-
ject to the torques exerted by the electric
field and by the air. The columnar and plate-
1ike crystals are approximated as conducting
and dielectric, prolate and oblate spheroids;
and estimates are made of the torques exerted
on these spheroids. Also, characteristic
times for the crystal rotation are determined.
The possible significance of the electrical
alignment is then briefly discussed.

The ice crystals may be treated as either
conducting or dielectric spheroids depending
on the characteristic rotation time involved
in any particular case. For example, if the
rotational motion is slow enough that free
charge has sufficient time to redistribute it-
self in response to the changing crystal orien-
tation, the crystal surface may be treated as
an equipotential. If, however, the rotational
motion is somewhat faster, but still on a time
scale greater than the dielectric relaxation
time of ice, the crystal may be treated as a
dielectric. In most cases of interest, the
dielectric relaxation time represents the
ultimate 1imit to how fast a crystal may rotate
under the influence of an electrical torque.
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At any rate, for both cofumnar and plate-
like crystals, the electrical torque is of
the form,

Tg = 4m g g2 &3 f(k,er)cose sing
where E is the electric field, a is the
equatorial radius of the equivalent spheroid,

8 is the angle between the field and the
crystal's axis of rotation, and f is a function
of the crystal's axis ratio k and its relative
permittivity ep. The equation of motion of a
crystal subject to only this torque (neglecting
the aerodynamic torques for the moment) is
equivalent to that for a pendulum. As a
result, crystals will tend to oscillate like
pendulums in response to a field change.

At Tow Reynolds numbers, the inertial terms
in the Navier-Stokes equation for the air flow
may be neglected. This Stokes flow assumption
Teads to a drag torque proportional to the
spheroid's angular velocity w:

T - 8muwasg(k)

where u is the viscosity of the air and g is

a function of the axis ratio k. Within this
Tow Reynolds number approximation there is no
torque which tends to orient the crystals (with
three perpendicular planes of symmetry) in any
particular direction. Combining this drag
torque with the electrical torque yields, for
the smaller (lower Reynolds number) crystals,
a damped pendulum type of motion for which
various characteristic times may be defined
depending on whether the motion is overdamped
or underdamped. 1In all cases, complete align-
ment with the field ultimately results for
these small crystals. A Tower limit on crystal
size for this type of motion is due to the
disorienting effects of Brownian motion. The
upper 1imit is, for columns, a diameter on the
order of 10 u and, for plates, a diameter on
the order of 100 u, though there may be some
variation of these upper limits with the axis
ratio.

At higher Reynolds numbers, the observa-
tions that disks and cylinders tend to fall
with preferred orientations indicates that
there is an aerodynamic torque which must be
overcome by the electrical torque if there is
to be electric field alignment of ice crystals.
We approximate this aerodynamic torque by using
an ideal fluid (nonviscous) approach. Although
such an approach is certainly inadequate to
treat a number of the flow features for ice
crystals (it predicts zero drag), our analysis



indicates that it may be of some use in pre-
dicting torques. We find that it consistently
overestimates the real torque and by a factor
which, though variable, is typically between

2 and 8. This is no small amount of uncertain-
ty, but since the electrical torques of interest
vary over many orders of magnitude, a factor of
2 to 8 is not overwhelmingly large in compari-
son. Also, the fact that the fluid torque
appears always to be an upper limit enables

us to be certain of the predominance of
electrical torques when the ideal aerodynamic
torque is less than or equal to the electrical
torque. The expression for this ideal fluid
(potential flow) torque is the following:

Ty = M U2 h(k) cos¢ sind

P
where M' is the mass of the air displaced by
the spheroid, U is its velocity, h is a
function of the axis ratio k, and ¢ is the
angle between the vertical and the spheroid's
axis of symmetry. So for the larger crystals
we compare this torque to the electrical to
determine whether complete electric field
alignment may take place. Even if complete
alignment does not occur, alignment with the
horizontal component of the field may be
possible for the axes of columns constrained
by the air flow to lie in the horizontal plane.
Drag torques have not yet been incorporated
into the analysis for these higher Reynolds
numbers.

We have performed the above described
analysis of the rotational dynamics for a
spectrum of ice crystal sizes and axis ratios
and also electric field strengths. Though
our results are much more detailed in our
paper, we may summarize them briefly and
qualitatively as follows. It is found that
for relatively strong fields of 100 kV/m,
practically all crystals with axes whose
lengths differ by as 1ittie as a factor of 2
{or more) will be at Teast partially aligned.
For moderate fields of 10 kV/m, a substantial
amount of alignment exists, and for fields
even as small as 1 kV/m there may be some
alignment for sufficiently nonspherical
crystals of the right sizes.
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1. Introduction

Heavy snowfalls in the districts along the
coast of the Sea of Japan are mainly caused in
connection with cold air outbreaks from the
continental polar air mass. In this winter
monsoon condition, the Sea of Japan plays an
important role for the heavy snowfalls. The
cold air is supplied a great deal of water va-
pour from the warm sea surface and heated in
its lower layer during the travel over the Sea
of Japan leaving the Continent. The process
results an increase of the atmospheric instabil-=
ity, and hence violent convective activities are
caused and durable heavy snowfalls are realized.

The districts along the coast also experi-
ence snowfalls caused by a passage of a cyclone,
especially in so-called warm winter. This type
of snowfalls is specified by a relatively small
amount of precipitation and a short duration.

In many cases, stratiform clouds are responsible
for the snowfalls.

These different meteorological situations
are expected to materialize some different size
distributions of snow, and the ensuing discrep-
ancy in the relationship of the radar reflec-
tivity factor Z to the precipitation rate R.

The direct purpose of the present research
is to obtain the Z-R relationships for snow in
the region of Niigata Prefecture, one of the
most snowy regions among the coastal districts.
For prevention and preparedness against the
serious snow disaster, a weather radar would be
a powerful means to obtain information on snow-
fall area and intensity on a real time basis.
Then the 7Z-R relationship is essential for the
measurement by radar.

For rain, a great number of measurements of
the Z-R relationship have been reported (Battan,
1973) and compiled with regard to the rainfall
types (Fujiwara, 1965). However, only a few
reports for snow are available up to date {(Imai
et al., 1955; Gunn and Marshall, 1958; Fujiwara
et al., 1972; Yoshida, 1975; Kajikawa and Kiba,
1978; Harimaya, 1978). The authors have tried
to make observations in 1978 and 1979. In the
former year heavy snowfalls were predominant
under the winter monsoon, whereas in the next
year snowfalls were mainly brought on by cy-
clones. This preliminary paper clarifies the
different characteristics of size distribution
of snow particles observed in the two years and
discusses the discrepancy in the Z-R relation-
ship between both years.

2. Methods of observation and analysis
For calculation of the Z-R relationship of
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snow particles, a space size distribution must
be known in terms of the diameter of the water
drop formed on melting of the snow particles,
assuming any break-up does not occur. In order
to provide this, the filter paper method was
introduced as follows: A horizontal sheet of
brushed velvet (26 cm X 36 cm) was exposed to
snowfall on the ground. After exposure, the
velvet was taken inside a shelter, then the
snow particles on the velvet were photographed
and melted into water drops in a heated and hu-
midified box. The melted drop did not wet the
velvet. A filter paper dusted with water-blue
dye was laid on the velvet and the drops were
absorbed.

From the previous calibration of the filter
paper, the diameter D of the drop to which the
snow particles melted could be readily measured.
If a large snowflake melts into several drops,
all spots arising from the original snowflakes
were totalized with the aid of the photograph
of the snowflake and the diameter of the snow-
flake was taken as the diameter of the circular
area according to the total number and area of
spots. The diameters of melted snow particles
were measured every 0.2 mm. Thus the horizon-
tal distribution was obtained. The conversion
of the horizontal distribution to the corre-
sponding distribution in space Np were made by
using the measurements of the terminal speed V
of snowflakes (Kajikawa, 1974) and graupel par-
ticles (Kajikawa, 1975).

The radar reflectivity factor Z (mm® m—3)
is given by

Drax
z=J NpDOap, (1)
0
and the precipitation rate R (mm hr'l) by
D
R=l| max 3 : (2)

6y VNpD 4D,

where Dp.. is the maximum diameter of the melt-
ed snow particles. Using Z and R defined above,
the Z-R relationship was determined empirically
as 8

Z=BR", (3)
where B and B8 are constants and depend on pre-
cipitation types. ,

3. Results

The observation was carried out in Nagacka
(20 xm from the Sea of Japan), Niigata Prefec-
ture, on 25 January to 1 February in 1978 and
27 January to 4 February in 1979. The number
of effective data obtained was 106 in 1978 and
58 in 1979. The data for each year were ana-
lyzed with respect to snowflakes and graupel
particles.
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Fig.l A size distribution for snowflakes.
Fig.2 A size distribution for graupel particles.

3.1 S8ize distribution -

Generally, the size distribution for snow
particles fits well to an exponential of the
form

Np=Npexp(-AD), (4)
as found for rain by Marshall and Palmer(19L48).
Examples of the size distribution for snowflakes
and graupel particles are shown in Figs.l and 2,
respectively. The distribution for snowflakes
under a precipitation rate between 0.6 and 1.0
mn hr-l was expressed by ND=h.leO3exp(-2.9D).
In the case of graupel particles for a_precipi-
tation rate between 0.5 and 1.0 mm hr‘l, corre~
sponding equation was ND=lf7xlO3exp(—2.6D).

To specify the characteristics of size dis-
tributions observed, the particular value of Ng
and A for every value of R was taken into
account. So all data for the types of snow
particles obtained in an individual year were
classified into several groups for precipitation
rate, and values of Ny and A were computed for
each class which had an averaged precipitation
rate. Then the dependences of Ny and A upon R
were obtained. Attempts for such averaging are
to reveal a systematic change of size distribu-
tion with rate of snowfall for several samples

of snow obtained on different days.

Results in 1978. The number of data for snow-
flakes was 68 in 1978, and they were classified
into 8 categories depending upon precipitation
rate. Fig.3 shows plots of Ngy and A against the
average precipitation rate. The solid line is

a regression curve for 8 points. The No value
increased (No=3.7XlO3RO-57) as the precipitation
rate increased. The A value decreased (A=2.6
R'O'lo) as the precipitation rate increased.
Namely, the characteristics for 1978 snowflakes
were that the distribution became broader and
the number of particles increased on the whole
as the precipitation rate increased.

In the case of the 1978 graupel particles
with 38 data and T categories of precipitation
rate, as seen in Pig.k, the Ny value increased
(NO=3.6X103R0'98) and the A value decreased only
a little (A=2.9R-0:002) 4¢ tne precipitation
rate increased. This resulted in almost no
change in the pattern of distribution and the
total increased number of particles is attribut-
ed to the increase of the precipitation rate.

Results in 1979. In the case of snowflakes
which had 36 data and 7 categories of precipi-
tation rate, a remarkable decrease of the N
value with increasing R value 1s demonstrated
in Fig.5, where Ng=1.5x103R=0*3% ana A=2.0R-0-
The snowflake characteristics for 1979 were in
contrast to that of 1978, that is, the number
of smaller particles decreased with increasing
precipitation rate and the distribution became
much broader due to a notable increase of larger
snowflakes also with increasing precipitation
rate.
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In the case of the graupel particles for
1979, 22 data and 4 categories of precipitation
rate are illustrated in Fig.6, where NO=9.7><102
R-0-01 ang A=2.2R-0.20, There were almost no
change in Ng and a decrease in A, which were
also in contrast to the 1978 graupel case.
Namely, the increase of precipitation rate was
due to the increase of the larger graupel par-
ticles in the case of 1979.

3.2 Z-R relationship

Using Equation 1 and 2, the
radar reflectivity factor Z and
the precipitation rate R were re-
duced from the size distribution
data obtained., Then the relation-
ship between Z and R were comput-
ed in the form of Equation 3 as
follows:

Results in 1978. The Z-R rela-
tionship for snowflskes in 1978
was 7=1200R1-3, The range of

R (mm ny

precipitation rate in this case
was 0.013 to 11 mm hr-l, The
case for graupel particles was
7=650R1-1 and the range of pre-
cipitation rate varied from 0.058

through 8.1 mm hr-1,

Il " J
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Fig.3 Size distributions for snowflakes observed in 1978, in terms
of Ng & A vs. R (for equation Np=Npexp(-AD)).
Fig.4 Same as Fig.3, but for graupel particles observed in 1978.
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Results in 1979. The relation-
ship of Z to R for snowflakes was
7=2600RL+8 and the precipitation
rate ranged from 0.031 to 4.3 mm
hr=}. This result indicates

i 0

.
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For 1979 snowflakes where cy-
clonic conditions prevailed, the
value of Ng in Equation L decreas-
ed with increasing precipitation
rate and the value of A also show-
ed a distinct decrease. An expla-
nation for such a trend could be
that the number of small snow—
flakes or snow crystals decreased
relative to that of the larger
snowflakes which increased due to
processes of accretion and coagu-
lation as the precipitation rate
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increased. These characteristics
of size distribution were the same
as the results of Guan and Mar-
shall (1958) obtained from obser-
vations for snowflakes from strat-
iform clouds. And such similari-

o Bl 1 10 o 1
] tmm hr')

Fig.5 Same as Fig.3, but for snowflakes observed in 1979.
Fig.6 Same as Fig.3, but for graupel particles observed in 1979.

greater B and B values in 1979 compared to those
for 1978. For the case of graupel particles,
the Z-R relationship was Z=960R1.0 with a range
of 0.13 to 3.7 mm hr~1 in precipitation rate.
Also the greater B and B value in this case is
significant when compared to the result for the
1978 graupel event.

4, Discussion

A1l results described in the former section
are outlined in Table 1, including the water
content M (g m~3) and the median volume diameter
Dy (mm) which were reduced for snowflakes and
graupel particles in each year. In this section
a difference between meteorological conditions
of snowfall is discussed with respect to the
size distribution and Z-R relationship.

First, in the case of snowflakes, the observ-

ed results show that the Z-R relationship in
1978 was Z=1200R'‘3 and that in 1979 Z=2600R}-8
A discrepancy in the relationship between the
results for both years could be attributed to a
difference in the size distributions, as a re-
sult of the meteorological situation peculiar
to the observation period of each year. The
data in 1978 was mainly obtained under the so-
called heavy snowfalls during a strong winter
monsoon. On the other hand the majority of the
data obtained in 1979 was for snowfalls related
to extratropical cyclones which passed over the
observation point. In the 1979 winter, the
strong monsoon as usual did not occur; it was a
warm winter in 1979. This difference in weather
conditions between both winters would appear in
the form of size distribution ag follows:
:
Table 1

R {(mmn')

ty in size distribution would re-
sult in a relatively good coinci-
dence in the Z-R relationship,
that is, Z=2600RL:8 by the present
authors and Z=2000R2-0 by Gunn and
Marshall (1958).

For the snowflakes in 1978 formed under
strong monsoon conditions, the Ny value showed
a remarkable increase and the A value gently
decreased with increasing precipitation rate.
This may indicate that the number of larger
snowflakes increased, but still smaller parti-
cles existed and grew abundant in number as the
precipitation rate increased. Namely, a very
distinctive feature in size distribution for
snowflakes in 1978 was that numerous small par-
ticles fell with larger-size snowflakes at the
higher precipitation rate. Due to the existence
of numerous small particles in 1978 the median
volume diameter in 1978 was small in comparison
with that in 1979, and also the water content
in 1978 was large in comparison with that in
1979 because of a lower fall velocity of small
particles. These features would be reflected
in the 1978 Z-R relationship, Z=1200Rl-3, i.e.,
smaller B and B wvalues than those in 1979. It
is also considered that the features in size
distribution observed under heavy snowfalls was
related to a constant supply of water vapour
from the warm Sea of Japan to the cold atmos-
phere during the strong winter monsoon season.

Next, in the case of graupel particles, the
observed resylts show that Z=650Rl.1 in 1978,
and Z=960R1:° in 1979. The characteristics in
size distribution were an increase of Ny and
constancy of A in 1978, and the constancy of Ny
and a decrease of A in 1979, respectively with
increasing precipitation rate. In 1978, numer-
ous powder snow particles fell with graupel
particles, then such size distributions as men-

Precipitation factors for snowflakes and graupel particles observed in 1978 and
1979; precipitation rate R in mm hr-1,

Np and A values in size distribution Np=

Noexp(-\D), water content M in g m~3, median volume diameter Dp in mm, and B
and B values in Z-R relationship 7=BRB.

year data R NO A M DO B B
Snowflake | 1978 68  0.013-11  3.7x10°R°"°7 2.6R7 %1% 0.23r°"95 .9r%-1! 1300

1979 36  0.031-4.3 1.5x10°R7%°3% 2.0r7%'3% 0.20r°°82 1.3R%'4! 2600 1.8
Graupel 1978 38  0.058-8.1 3.6x10°R%'98 2.9r70:002 4 15g0-89 ; R0:92 oo 3

1979 22 0.13-3.7  9.7x10%R7%:%1 2.2r70-29 4. 11R%:84% 1.3R0:2%  g60 1.6
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tioned above were resulted. So the B and B
values in 1978 were smaller than those in 1979,
similar to the case of snowflakes. This follows
that the precipitation rate R in heavy snowfalls
under winter monsoon conditions is larger than
that in snowfalls related to a cyclone, under
the same radar reflectivity factor Z.

Finally, a comparison between the present
results and other observers' for the Z-R rela-~
tionship is attempted. Harimaya (1978) drew
two domains for snowflakes and graupel particles
on the B-f plane, based on his measurements and
those of several workers (Imai et al., 1955;
Gunn and Marshall, 1958; Fujiwara et al., 1972;
Yoshida, 1975), as seen in Fig.7. In this fig-
ure the Z-R relationship for snowflakes is in-
dicated by the broken line and those of graupel
particles by the solid line. As the present
authors' results are superimposed on the same
figure, then it can be said that they are in-
cluded in respective domains. This is good in a
way, because Harimaya's compilation was design-~
ed to include, possibly, the observational re-
sults for various conditions of weather. How-
ever, it should be noted that the observed dsata
available now including the present authors'
are still insufficient to classify the Z-R re-
lationship with respect to meteorological situ-
ations of snowy weather.

5. Summary and conclusions

Observation of size distribution for snow-
flakes and graupel particles were made in Naga-
oksa, 20 km from the Sea of Japan, in January to
February, in 1978 and 1979. The data in 1978
were obtained mainly in heavy snowfalls when
winter monsoon conditions were prevalent,
whereas those in 1979 were obtained under
extratropical-cyclonic conditions. Such a
difference in meteorological situations gave
discrepancy between the size distribution of
snowflakes and graupel particles for two years.

In the case of snowflakes, in 1978 the size
distribution grew slightly broader with a dis-
tinct increase of smaller particles as the pre-
cipitation rate increased, and in 1979 the size
distribution became remarkably broad with a dis-
tinct decrease in the smaller particles as the
precipitation rate increased. In the case of
graupel particles, the significant feature in
size distributions was the same as in the case

234

of snowflakes; the existence of numerous small-
er particles was very remarkable in 1978 under
the higher precipitation rate.

Based on such differences in size distribu-
tion, it can be stated that the precipitation
rate R in heavy snowfalls under winter monsoon
conditions are larger than that in snowfalls
related to a cyclone, under same radar reflec-
tivity factor Z.
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1. Introduction

A wide variety of behaviors of falling snow-
flakes in the melting layer,especially coales-
cence and breakup processesjyhave so far been
investigated by many workers:Gunn and Marshall
(1958) ,Lhermitte and Atlas(1963),0htake(1969),
Takeda and Fujiyoshi(1978) and so on. In spite
of their efforts,understanding of the roles of
the melting layer for rainfall mechanism are
still far from complete since there are many
uncertain parameters such as complex refractive
index,drag coefficient and shape deformation of
a melting snowflakes.

Radar observation using two wavelengths can
avoid such uncertainties as are involved in
one-wavelength observation. In this paper,
dependéh&e of baéﬁécatteriﬁg cross—~section,and
hence radar reflectivity factors,on wavelength
obtained by observation is compared with that
obtained by non-coalescence and non-breakup
model of the melting layer. Discrepancies
between them can be explained by introducing
coalescence process into the present model.

2. Non-coalescence and non-breakup model
of the melting layer

Firstly we shall propose a model of the
melting layer which is more sophisticated than
that of Ekpenyong and Srivastava(l970). Radar
reflectivity factors based on the model will be
compared with the observational results. This
model includes the following assumptions: (1)
coalescence and breakup of particles never occur,
(2)melting snowflakes are described by two
concentric spheres with water and snow, (3)pre-
cipitation rate is equal at all levels and is
steady. Ekpenyong and Srivastava(l970) assumed
in their calculation of microwave scattering
that the relation between melting rate and back~
scattering cross-section was decided uniquely
independent of particle diameters. According

to Mie scattering theory of Aden and Kerker(1951),

however,this assumption is not always applicable
to large concentric spheres like melting snow-
flakes.
section is exact based on the theory of Aden and
Kerker (1951).

Fig.l shows the vertical profiles of radar
reflectivity factor for different wavelevgths
when precipitation rate is 2mm/hr. We can find

that the differences of radar reflectivity factor

for three wavelengths (except a millimeter wave-
length) are rather small if non-coalescence and
non-breakup model is used. Fig.2 shows the
increments of radar reflectivity factor from
0°C level to the peak of bright band,i.e.,the
upper part of the melting layer,for two wave-
lengths(3.21lcm and 5.6cm) for a wide range of
precipitation rates. It can be seen that the
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Our calculation of backscattering cross-
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increments of radar reflectivity factor of
5.6cm wavelength are slightly larger than those
of 3.2lcm wavelength. The decrements from the
peak of bright band to rain level,i.e.,the
lower part of the melting layer,for two wave-
lengths are demonstrated in Fig.3. The decre-
ments of 5.6cm wavelength are larger than those
of 3.2lcm wavelength especially when the preci-
tation rate is high.

3. Observation of the melting layer by two
wavelength radars

Observations of the precipitation from
stratiform cloud associated with a Baiu front
were made by means of two radars of which wave-
lengths are 3.2cm and 5.6cm during the period
from 26 June to 1 July,1979 at the Kashima
branch of the Radio Research Laboratories
facing on the Pacific Ocean. Fig.4 shows time-
hight cross-section of radar reflectivity )
factor and time variation of the precipitation
rate measured on the ground during the period
of 22.20 to 23.30(JST) on 27 June. Bright band
is clearly found just below Skm level. The
vertical profiles of radar reflectivity factor
were obtained along precipitation streaks.

In Fig.5,the increments of radar reflec~
tivity factor in the upper part of the melting
layer for two wavelengths are shown. It is
clear that the increments of 5.6cm wavelength
are much larger than those of 3.2cm wavelength.
Comparison of the decrements of radar reflec-
tivity factor for two wavelengths in the lower
part of the melting layer is demonstrated in
Fig.6., In this case the discrepancies between
the decrements for two wavelengths are not
remarkable.

4, Comparison between model calculation
and observation

The upper part of the melting layer

From Fig.2 and Fig.5,it should be noted
that the increments corresponding to 5.6cm
wavelength are larger than those corresponding
to 3.2cm wavelength for both model calculation
and observation. Especially this tendency is
more remarkable for observation than for model
calculation. In order to examine the reason
for such discrepancies of the tendencies
between model calculation and observation,we
tried to carry out a calculation using simple
coalescence model in which particles are mono-
dispersive. The result of calculation shows
that only the changes of particle size by
coalescence lead to large difference between
the increments for two wavelengths. Changes
of other parameters such as falling velosity,
complex refractive index of snow and way of



melting do not cause such large discrepancies.

The lower part of the melting layer

From Fig.3 and Fig.6, the discrepancies
of the decrements of radar reflectivity factor
are rather small between model calculation and
observation. In order to check the result in
more detail,we made some calculations based on
the simple coalescence-breakup model changing
a couple of parameters such as falling velocity
complex refractive index and way of melting.
The results demonstrate that change of radar
reflectivity factor caused by coalescence and
breakup have the same tendency as that caused
by changing parameters above mentioned.
Therefore we can not discriminate whether size
change of particles is effective or not in
this region.
5., Conclusions
From the results obtained by model calcu-
lation and observation above mentioned,the
following conclusions about coalescence and
breakup processes occuring in the melting layer
are obtained.

(1) It is confirmed that coalescence of the
melting snowflakes is predominant in the
upper part of the melting layer.

This conclusion from two-wavelength
method is more persuasible than that
from traditional method,but we can only
conclude qualitatively at present.

(2) In the lower part of the melting layer,
we can not clarify which process is
predominant,coalescence and breakup.

To get more detailed informations in this
part of the melting layer,we must select
a more suitable pair of wavelengths.
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1. INTRODUCTION

One of the fundamental questions in hail
formation is the temperature of the origin of
hailstone embryos. It is possible to derxive
these by means of isotopic measurements from
hailstones collected on the ground, if, firstly,
the relative enrichment of HDO and H2180 in the
hydrometeors from which hailstones are grown,
and its decrease with height can be estimated
reliably. Secondly, the' isotope content of the
vapor feeding the cloud at cloud base (Ry) and
the degree of its change during the growth time
of the hailstones should be known accurately.
The 1lD-steady state model presented by Jouzel
et al. (this conference) gives more realistic
profiles of the isotope content of hailstones
Ry than the previously used adiabatic models.
In the new model the assumption that the D-
content in the hail layers is essentially that
of the accreted cloud droplets was dropped and
the interactions of 5 water species have been
taken into account. Concerning the second pro-
blem the isotope content of subcloud vapour was
measured during two summer seasons to assess
the value of the traditional Ro—-determination
and to obtain a measure of the variability of
Ro during a hailday. With these new tools a
refined interpretation of the growth history of
33 hailstones fallen on 3 days is presented.
The size of the stones, collected from the
ground or quenched directly in the chilled
hexane of the hail collector, ranged from 11 to
46 mm and the frequency of graupel or frozen
drop embryos in all stones collected on those
days is given in Table 1.

2. DETERMINATION OF Ry, THE ISOTOPE-CONTENT OF
VAPOR AT CLOUD BASE.

The R, value ig usually determined from the
extreme values of D, 185 measured in hailstones
and by attributing those to growth temperatures
of ~35C and OC for example. In this way the
relationship between the D content of the con-~
densed phase Rc and Ry is obtained. Since in the
new model the deuterium content of hail Ry
results from the interaction of 5 water species,
no analytical relation exists between the isotope
content of the hailstone layers Ry and R,. There-
fore a trial and error method has been employed:
First a reasonable Ry is estimated using the
adiabatic assumption. The model is then run
yielding an approximate Ry-profile. The D-con-
centration corresponding to a specific extreme
temperature or, better, identified from crystallo-
graphic analysis (no large crystals at T, < =-24C,
no small crystals at T, > -15C), is compared
with the result of this first approximation*.

New approximations of R, are obtained by shifting
the theoretical profile to coincide with an
increasing number of temperature reference points.
The final Ry value then yields the optimum Ry-
profile as well as the D-profile of the entrained
vapor Ry by using the average decrease dRg/dz =
0.0039 ppm/m (Ehhalt, 1974). In this method it
must be assumed that the isotope content of
subcloud vapor is reasonably constant both ver-
tically and horizontally.

"Crystal size in the growth layers was inferred
from off-center thin sections.

graupel frozen drop not total | temperature

% % classified| number | at CCL (OC)
August 6, 1977 37 49 14 35 6.7
July 14, 1978 38 52 10 239 11.2
August 6, 1978 28 63 9 430 9.3

Table 1:

Embryo classification for the 3 storms. Total number of stones

and percentage of the embryo types are given. The cloud base
(CCL) temperatures are also tabulated.
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Fig. 1. Three measured deuterium profiles of
water vapor in clear air as a function
of altitude, Note the different scale
on the abscissa for July 12, 1979 which
represents a typical gradient after a
rain shower.

This has been checked in an experiment with up
to 5 stations, sampling simultaneously in and
near the experimental area at altitudes between
430 and 2100 m MSL in typical prestorm condi-
tions. The 3 most important results of a total
of 153 vapor measurements on 29 days can be
summarized as follows: 1) The D-content of
vapor at any one sampling station typically
varied by less than 1 ppm within 2 hours (maxi-
mum 1.8 ppm at station Neuenkirch probably due
to the wet ground). 2) The horizontal variabi=-
lity was surprisingly large, typically 2 ppm
and up to 3.5 ppm. This casts doubt on the

value of measurements in narrow valleys which
might be subject to a very local circulation.
The mean relations, obtained on all sampling
days are:

6p = 7.6 6180 + 3.4 for Emmen (425 m MSL) 1978
and

6p = 6.7 6180 - 7.0 for Emmen 1979.

Feldmoos 1979 (30 km to the SE, 805 m MSL)
yielded

8D = 7.1 6380 - 2.1. The relation for Pilatus

(2100 m MSL) resembles most closely the theore-
tical relation: 6D = 7.9 6180 + 9.7. 3) The
vertical concentration-gradients are small in
cloudless situations but up to 3 ppm (for D)
after rain (see Fig. 1).

In conclusion, for the Ry~determination we
use the direct vapor measurements of the lowest
atmospheric layer, measured in the plain. If
none are available, we choose the crystallo-
graphic method which gives the smallest inter-
vals for the possible Rp's. A comparison of the
two independent methods results in almost the
same Ry's. This gives considerable confidence
in the correctness of Ry and therefore in the
model~calculated absolute temperature scales.
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3. APPLICATIONS TO EMBRYOS

3.1 Isotope-content

In Fig. 2 we have plotted the isotope con-
centrations of the hailstone embryos analysed
on August 6, 1977, August 6, 1978 and July 14,
1978 in a 6D -6+80 diagram. The relation 6D =
8.5 6*Y0 + const., valid for equilibrium condi-
tions, is drawn for comparison through the
"coldest" ice sample for each day, where eguili~
brium conditions are most likely to prevail.

Any deviation from the equilibrium line is due
to kinetic effects from condensation-evaporation
processes which are characterized by a slope 3.5
in the above relation (Jouzel and Merlivat, this
conference). Fig. 2 shows that the range of &D
for the embryos is about 22 % on August 6, 1977
and 1978 and about 32 %.on July 14, 1978 which
is comparable to the range reported by Roos et
al. (1977) for his South African embryos.

Most of the embryos lie close to the equi-
librium line and within the measurement uncer-
tainty. If the ice samples from the entire
stones are plotted in a similar diagram (not
shown), the warmer, clear layers with large cry-
stals tend to show a pronounced evaporation
effect; these layers must have been grown in the
wet régime. As expected the graupel embryos are
closer to the D -+80 equilibrium line than the
frozen drop embryos. The latter are generally
warmer and show signs of evaporation, especially
at the higher isotope contents. This indicates
that the drops were evaporating slightly prior
to their freezing. This is because they were
warmer than the environment, a situation to be

-40- =e graupel embryo —
wea frozen drop embryo
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Fig. 2. Plot of the deuterium content vs. 8O -

concentration of the 33 analysed hail-
stone embryos., The equilibrium line with
slope 8.5 is plotted through the 3 points
(asteriks) representing the coldest ice
sample of the day. The non-equilibrium
line with slope 3.5 through a selected
point is used to correct the measured
isotope values for evaporation effects
as suggested by Bailey et al. (1969).
The error bar indicates the standard
deviation of the 180 measurement.



expected with millimeter-sized drops ascending
in a moderate updraft and growing by coalescence.
On the other hand two frozen drop embryos, de-
signated by letters in Fig. 2, are lying to the
left of the equilibrium line for July 14, 1978
which indicates that condensation was occurring
on the cold drops prior to their freezing. This
and the fact that graupel are generally poorer
in isotopes, but drop embryos do not show any
substantial evaporation, raises the question
whether the drop embryos G and H were merely
melted and recirculated graupel, a possibility
indicated by workers in Colorado. This problem
will be addressed in the next section.

3.2 Recirculation

In order to show that it is unlikely that
the frozen drop embryos on July 14, 1978 were
merely melted graupel, we assume that a graupel
grown to a size of 3 mm diameter from an ice
crystal nucleated somewhere between the ~10 and
-15°C-isotherms, would have a D-content between
R; and Ry at the -25%-isotherm (point A in Fig.
3). Suppose now that this graupel falls out of
the updraft and is transported below the 0°-
isotherm in weak downdrafts as indicated for
instance by the closed loop circulation by Dye
et al.(1978). The melting time of the graupel
to produce a drop of r=l mm would be about 100
seconds in a cloud of T, 2 + 2°C (Drake and
Mason, 1966), whereas the isotopic relaxation
time ty for the same drop is of the order of
400 s (Stewart, 1975). The situation is schema-
tically depicted in Fig. 3 at the +2°C-isotherm,
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Fig. 3. Deuterium content of cloud water R,
cloud ice R; and hydrometeor water Ry
as a function of cloud temperature Tg.
The time for a drop of radius r = 1 mm
to approach isotopic equilibrium is in-
dicated at the + 2°C-isotherm. The drop
would reach the relaxation time t, only
after 400 s and would have a D-content
of 149.0 ppm. The graupel particle with
an assumed diameter of 3 mm starts to
melt at A' for 100 s (point B).
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where it is shown that the D-content of the

drop is always considerably smaller than the one
of the water species surrounding it (point B'),
unless the drop is kept in balance for an un-
realistically long time period. If the drop then
started to ascend again in the strong updraft
from point B, interacting with cloud droplets
only (no breakup), it is unlikely that it would
reach D-contents of 147.,9 and 149.6 ppm as
measured in embryos G and H respectively. It is
clear that there are many arbitrary assumptions
in this reasoning and each case would have to

be calculated separately with varying updraft
speeds and LWC's. But the fact that the D~content
of all embryos identified as graupel is at least
2 ppm lower than that of the drop embryos and
the observation that the two embryos exhibiting
condensation have D-contents lying in the range
of those for the frozen drop embryos (showing
evaporation),leads us to conclude that most em~
bryos were probably grown by coalescence.

4, APPLICATION TO TRAJECTORIES

The application of the new isotopic model to
the D-profiles of the entire hailstones yields
a range of growth temperatures which is much
narrower than those obtained earlier with the
adiabatic model (Fig. 4). In Fig. 4a the &§D-
profiles are shown together with the bubble
structure of 3 stones of August 6, 1977. From
the profile of stone G for example, a rapid up-
ward motion beginning at a radius of r = 11 mm
and spanning the whole 6D-range of 18.°/oo could
be inferred. Incidentally this rapid upward
motion is accompanied by the formation of a clear
layer, a fact observed in most published isotope
analyses of hallstones and already described by
Federer et al. (1978). This ascent is seen to
be much less dramatic in Fig. 4b where the 3
stones oscillate in a temperature range of merely
8°C during their entire growth. This means that
both embryo and hailstone growth take place in
a nearly balanced state and that changes in
opacity are not due to large changes in cloud
temperature but rather to changes in LWC, ice
content and/or drop spectra.

The narrowing of the temperature range of
hailstone trajectories due to the use of the
more realistic model also changes the earlier
calculations of maximum updraft speeds u. Since
the determination of u is critically dependent
on the altitude change of the stone with radius
dz/dr, the earlier excessive speeds of up to
80 m/s would be corrected down to considerably
lower values in the present approach.

The amplitudes of the recirculation of large
stones which extended over several kilometers in
the earlier model are now reduced considerably.
Hailstone recirculation is present in only 9 of
the 25 stones from which we obtained radial D=
profiles. Interestingly, the 3 hailstones with
graupel embryos (1 C-type) from the same site on
august 6, 1977 show recirculation, whereas the 4
with frozen drop embryos (2A and 2C-type) do not,
Crystallographic analysis of the rest of the
analysed ensemble (see Table 1) points in the same
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direction. This is consistent with the graupel
originating at a generally colder level than
drop embryos and therefore the greater necessity
for the graupel to recirculate in order to be-
come large.

5. CONCLUSIONS

The interpretation of the growth history of
hailstones and their embryos has been refined
with the use of a model which takes into account
the interaction of 5 water species, entrainment
and fallout. Furthermore the variability of the
isotope content of subcloud air (R,) assumed to
be constant during the growth time of hailstones,
has been investigated by direct measurements.

The following conclusions were obtained
from this preliminary data set:

1) The directly determined Rp-values are very
similar to the ones from the independent cry-
stallographic method. This gives considerable
confidence in the latter which is used in con~
junction with Macklin's composite diagram (no
large crystals at T¢ S -24°C and no small
crystals at To 2 -15°C). Simultaneous Rg-mea-
surements on the ground show a significant
horizontal gradient but a much smaller vertical
gradient, both dependent on the local weather
condition.

2) The application of the new isotopic model
results in a much narrower temperature range
for the trajectories indicating that hailstone
growth takes place in a nearly balanced state.
As the main advantage the new model eliminates
some contradictions in the adiabatic model like
growth temperatures >0° and excessive updraft
speeds.

3) In most of the hailstone trajectories in-
vestigated, no pronounced recirculation of the
stones was detected. This is in contrast to
results obtained with earlier isotope inter-
pretations which supported the recycling
hypothesis.
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Pig. 4b. Comparison of trajectories of the hail-
stones in Fig. 4a calculated with the
adiabatic (triangles) and the new model
(circles).

4) The simultaneous measurement of D and 180

on the same sample allows to correct for conden-
sation~evaporation effects during hailstone
growth. Evaporation effects for D of up to

1 ppm (8D = 6°/00) are observed in accordance
with the laboratory measurements of Bailey et
al. (1969).

5) A theoretical comparison of the melting time
of a typical graupel with the isotopic relaxa-
tion time of the drop produced leads us to
conclude that the frozen drops observed were not
merely graupel melted below the 0°C-isotherm and
recirculated,
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GRAUPEL EMBRYOS
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1. Introduction

For discussions of the formation
mechanism of graupel in clouds, it is
necessary to clarify what graupel
embryos are. Harimaya (1976, 1977)
observed graupel particles by the thin
section method and the direct method
in which graupel particles are dis-
assembled and showed that both snow
crystals and frozen drops can become
graupel embryos. The result was veri-
fied experimentally by Pflaum et al.
(1978) who succeeded in growing graupel
particles from frozen drop embryos and
graupel particles from model snow
crystal embryos using a vertical wind
tunnel.

Since it has been clearly shown
that both snow crystals and frozen
drops are the graupel embryos, the
question that follows are the condi-
tions which determine whether the snow
crystals or the frozen drops become
the graupel embryos. This study of
embryos can yield significant informa-
tion about the clouds which produce
them. In order to study the graupel
embryos under different meteorological
conditions, an observation in central
Japan was carried out in addition to
the previous observations in northern
Japan. In this paper, the relationship
between embryo type and meteorological
condition will be described using the
results. Then, based on the relation-
ship, the regional characteristic in
embryo type also will be described.

2. Observation of graupel embryo

In order to clarify what the grau-
pel embryos are, the author examined
the graupel particles by the thin sec-
tion method and direct disassembling
method of the graupel particles under
a microscope. Thin sections in paral-
lel to their growth direction through
their centers were made. If graupel
particles grow from snow crystals or
frozen drops, it will be expected that
they have the vertical section of snow
crystals or frozen drops at their top
as embryos. The thin sections of
graupel particles were examined under
a polarization microscope. This opti-
cal system can easily detect the
c-axis of thin sections under a sensi-
tive color plate, that is to say, when
the color is yellow the c-axis is di-
rected from top to bottom and when the
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color is blue the c-axis is directed
from right to left,

Fig.1l shows a thin section of a
graupel particle with a vertical sec-
tion of a snow crystal at its top.
Based on the shape, the yellow straight
line at its top is considered to be the
vertical section of a snow crystal.

In addition, since the color 1s yellow,
its c-axis is directed from top to
bottom. Accordingly the straight line
is the vertical section of a plane snow
crystal.

Fig.2 shows a graupel particle with
sections of two frozen drops at its
top. Sizes of spherical parts at its
top are 200 pm and 165 pm in diameter,
respectively. Based on their shapes,
it is considered that they are frozen
drops.

By the thin section method, the
sections of snow crystals and frozen
drops were found at the top of graupel
particles. Next, graupel particles
were examined by the direct method in
order to confirm that both snow crys-
tals and frozen drops are embryos.
Graupel particles were carefully dis-
assembled under a microscope. However,
it was difficult to identify a snow
crystal or a frozen drop as an embryo
of a graupel particle, because we had
not developed observational techniques
by which a snow crystal embryo or a
frozen drop embryo could be picked out
with certainty from the graupel parti-

YELLOW STRAIGHT LINE

Fig.l Microphotograph of a thin sec-
tion of a graupel particle
with a snow crystal at the top.
The yellow straight line is
the vertical section of a snow

crystal,



cle. The author has succeeded in seve-
ral cases as shown in Fig.3. Fig.3
shows a snow crystal of dendritic type
picked out from a hexagonal graupel,

a snow crystal of dendritic type picked
out from a conelike graupel and a
frozen drop picked out from a conelike
graupel, respectively. From the obser-
vational results described above, it
was confirmed that both snow crystals
and frozen drops can become graupel
embryos.

3. Relationship between embryo
type and meteorological
conditions

The temperature at the cloud base
and thickness of mixed clouds were
calculated from aerological data in
order to examine the relationship be-
tween embryo type and meteorological
conditions. Based on observations
which were made in northern Japan and
central Japan during the winter season
using snow crystal sondes (Magono and
Tazawa, 1966; Magono and Lee, 1973;
Taniguchi and Magono, 1978), there
were cloud droplets only in the parts
warmer than -20 ©C in snow clouds.
Therefore, in this calculation the
thickness of mixed clouds was defined
to be the thickness between the cloud
base and -20 ©C level if the cloud top
is higher than -20 °C level. Fig.4
shows the meteorological conditions at
the time when each embryo was observed.
The ordinate and abscissa show the
thickness of mixed clouds and temper-
ature at cloud base, respectively.
Frozen drop embryos belong to the upper
region above boundary A and snow crys-
tal embryos belong to the lower region
below boundary B. While there are
frozen drop embryos and snow crystal
embryos in the region between boundary
A and boundary B, it is seen that
embryos change from snow crystals to
frozen drops, as the temperature at
cloud base is warmer and as the thick-
ness of mixed clouds is thicker.

Next, we must examine whether there
are large cloud droplets in snow clouds
under the meteorological condition on
the upper right corner in Fig.4. Based
on the observational results using snow
crystal sondes (Taniguchi and Magono,
1978), it appears that snow clouds
sometimes contain large cloud droplets
larger than 100 pm in diameter. The
temperature at the cloud base and
thickness of mixed clouds at the time
when cloud droplets were observed by
snow crystal sondes (Magono and Tazawa,
1966; Magono and Lee, 1973; Taniguchi
and Magono, 1978) were calculated from
aerological data. It is shown in
Fig.5 that these values are added in
Fig.4. The small open circles and
large -open circles show the cases with
only small cloud droplets and with
large cloud droplets, respectively.
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FROZEN DROP

Fig.2

Microphotograph of a thin sec-
tion of a graupel particle
with two frozen drops at the
top.

Fig.3 Snow crystal embryos (a, b) and
a frozen drop embryo (c) picked
out from graupel particles.
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It is seen that small cloud droplets
and large cloud droplets are situated
at the lower left corner and at upper
right corner respectively, that is to
say, large cloud droplets are situated
at the region in which the temperature
at the cloud base is warmer and the
thickness of mixed clouds is greater.
Since warmer temperatures at the cloud
base provides a higher liquid water
content, the meteorological condition
corresponding to upper right corner is
suitable for liquid coalescence owing
to a higher liquid water content and
greater thickness of mixed clouds
(e.g. Singleton and Smith, 1960).
Therefore, it is reasonable that large
cloud droplets are situated at the
upper right corner in Fig.5. In this
figure frozen drop embryos are situ-
ated in the region in which large
cloud droplets belong. Therefore, it
is considered that warmer temperature
at the cloud base and greater thick-
ness of mixed clouds contribute to the
formation of large cloud droplets, then
the large cloud droplets transform
into frozen drops and grow into grau-
pel particles. This interpretation is
reasonable under the liquid coalescence
process in supercooled clouds without
a melted layer.

4. Regional characteristic in
embryo type

In the previous section it was
shown that embryo type was classified
by use of the temperature at the cloud
base and thickness of mixed clouds.

On the other hand, it is well known
that graupel particles often precipi-
tate on the western shore of northern
Japan and central Japan during the
winter season. As the meteorological
condition in central Japan is different
from that in northern Japan, it may be
expected that the predominant embryos
in each region are different.
Sapporo and Wajima were selected
as representative observation
points of northern Japan and
central Japan respectively, be-
cause aerological observations
are carried out at both points.
Statistical analysis was made
using only the aerological data
at the time when graupel parti-
cles precipitate for one hour
before and after the aerological
observation time. The temper-
ature at the cloud base and
thickness of mixed clouds at the
time were calculated from the
adopted aerological data 1
(1967/68~1976/77). These value

are shown in Fig.6 in the same
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using a boundary line in Fig.4, the
middle line between boundary lines A
and B may be adopted as the boundary
line between both regions. The bound-
ary line is indicated by a solid line
in Fig.6. It is seen that snow crys-
tals are superior to frozen drops as
embryos in Sapporo while frozen drops
are superior to snow crystals as
embryos in Wajima. This result shows
that the predominant embryo type in
Sapporo is different from that in
Wajima and suggests that the precipi-
tation mechanism may be different for
each region,

5. Conclusions

Some workers claim snow crystals as
the candidate of graupel embryos while
others state that frozen drops are the
graupel embryos. But, in this paper

3
a -
3
32
o L
w
%
: L
u
Q
2]
[7 B
w
g,
o
IS o
L S o:SMALL CLOUD DROPLET
O: LARGE CLOUD DROPLET
ke ®: FROZEN DROP EMBRYD
. %: SNOW CRYSTAL EMBRYO
0 b 1 1. i ‘ 1 1 A 1 ' i 1 1 1 [ 1 L " 1 J
-15 -10 -5 5'c
7 TEMPERATURE AT CLOUD BASE
Fig.5 Relationship between cloud drop-

let type and meteorological
conditions,

S AT

manner as shown in Fig.4. As 05
the region occupied by frozen

drop embryos could not be dis-
tinguished from the region occu-
pied by snow crystal embryos
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it was shown by thin section method
and direct method that both snow crys-
tals and frozen drops can become grau-
pel embryos.

By parameters of the temperature
at the cloud base and thickness of
mixed clouds, it was determined
whether snow crystals or frozen drops
are predominant as graupel embryos.

It was seen in the diagram that
embryos change from snow crystals to
frozen drops, as the temperature at
the cloud base is warmer and as the
thickness of mixed clouds is greater.
If the observational results of cloud
droplets are plotted on the diagram of
graupel embryos, frozen drop embryos
are situated in the region in which
large cloud droplets belong. There-
fore, it is considered that the warmer
temperature at the cloud base and
greater thickness of mixed clouds con-
tribute to the formation of large
cloud droplets, then the large cloud
droplets transform into frozen drops
and grow into graupel particles.

The embryo type in northern Japan
and central Japan was investigated
statistically using the relationship
between the embryo type and meteoro-
logical conditions mentioned above.

As a result, it was clearly shown that
snow crystal embryos are predominant
in northern Japan while frozen drop.
embryos are predominant in central
Japan. This suggests that the pre-
cipitation mechanism may be different
for each region.

Acknowledgments

The author wishes to express his
hearty thanks to Prof. C. Magono,
Hokkaido University, for his encourage-
ment and discussion throughout this
study. The expense of this work was
defrayed by scientific research funds
from the Ministry of Education, Science
and Culture of Japan.

References

The embryo and
J. Meteor.

Harimaya, T., 1976:
formation of graupel.
Soc. Japan, 54, 42-51,

Harimaya, T., 1977: The internal
structure and embryo of graupel.

J. Fac. Sci., Hokkaido Univ.,
Ser.VII, 5, 25-38,
Magono, C., and C.W. Lee, 1973: The

vertical structure of snow clouds,
as revealed by '"snow crystal
sondes', Part II. J. Meteor.
Japan, 51, 176-190.

Magono, C., and S. Tazawa, 1966:
Design of ''snow crystal sondes".
J. Atmos. Sci., 23, 618-625.

Pflaum, J.C., J.J. Martin and H.R.
Pruppacher, 1978: A wind tunnel
investigation of the hydrodynamic
behaviour of growing, freely fall-
ing graupel. Quart. J. Roy.

Soc.

248

Meteor., Soc., 104, 179-187,

Singleton, F., and " D.J. Smith, 1960:
Some observations of drop-size
distributions in low layer clouds.
Quart, J. Roy. Meteor. Soc., 86,
454-467, __

Taniguchi, T., and C. Magono, 1978:
Observations of the electric charge
and snow crystals in winter thunder-
clouds using sondes. Paper pre-
sented at the meeting of the Meteor
Soc. Japan held in Sendai.



IT-5.3

A NUMERICAL CLOUD MODEL TO INTERPRET THE ISOTOPE CONTENT OF HAILSTONES

(2)
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To interpret isotopic results relative to
hailstones in terms of trajectories, it is
necessary to calculate the isotopic content
of the condensed water which participates in
the hallstone growth. Only a limited work has
been done in this field assuming adiabatic
ascent of alr parcels without removal of pre-
cipitation and mixing of surrounding air
(Jouzel et al., 1975). The main problem with
adiabatic models is they are too simplistic
without entrainment and fallout. This led to
obvious contradictions. Roos et al. (1977)
found it impossible to reconcile the moist
adiabatic model with the large range of D-
concentrations observed for three storms occu-
ring on one day. Jouzel et al. (1975) have
given six very stringest conditions for the
applicability of the adiabatic M.N.R. model
and 1t is highly questionable whether these
are ever met in a hailstorm. Our present pur-—
pose 1s to derive an isotopic model base or a
more realistic cloud model. As a basis, we use
the steady state model described by J.H.
Hirsch (1971) which takes into account entrain-
ment of outside air, precipitation fallout
and interactions between water vapor, cloud
water, hydrometeor water cloud ice and large
ice particles. .

I - The cloud model.

The moisture balance equation necessary to
derive the isotopic model are those described
in the Hirsch report (1971), with slight modi-
fications in respect of the freezing and mixing
processes. Figure 1 shows the different mixing
ratios versus cloud temperature for the storm
which occured in the NAPF region (Switzerland)

on July 1h’1978, Q> Q,» Q; and Qg represen-

ting respectively cloud water, hydrometeor wa-
ter, cloud ice and large ice particles.

The water balance throughout the depth of
the cloud is

e 49, dh, 249, Jy

Ynlos Jh-ly
P A gl 7%

(/)

where Z is the altitude, g and g , the m1x1ng
ratios of the water vapor in the cloud and in
the environment respectively and u the entrain-
ment rate. F_ and F correspond to the loss of

hydrometeor water &nd large ice particles by
precipitation fallout.

IT - The isotopic model.

The i;otopic fractionation is due to diffe-
rences existing between the saturation vapor
pressures and the molecular diffusivities in
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air of the H216O, HDO and H 180 molecules gi-
ving rise respectively to an equilibrium and a
kinetic effect. These two effects occur at the
liquid-vapor or solid-vapor phase changes and
primarly affects the cloud droplets and ice
crystals formation. However, owing to the in-
interactions between the different phases, it
is necessary to follow the isotopic evolution
of all these phases during the parcel ascent.
For this purpose, we define the following quan-
tities
- Rv’ Rc’ Rh’ Ri and R_ are the isotopic

contents of the wvapor, cloﬁd droplets, hydrome-
teors, cloud ice and graupels respectively. We
nge1ghls denomination, both for the D/H and

0/ ~0 ratios, the proposed equatlons being
valuable for the two isotopic species.

—q’Q'C’ Q' ’Q'l’ Q’ 'ns F'o‘ are the

isotopic mixIng ratios deflﬁed as q' = JaR
as so on, J being a coefficient equal to v
2 x 19/18 for deuterium and 20/18 for oxygen
18. We will establish the equations giving the
derivative functions (versus %) of the isotopic
mixing ratios of each phase present in the
cloud.

Vapor phase - dgq'/dZ is derived from the defini

. rtion of q :

Y @G e~ Ry gy rg Pty 12)
Cloud droplets - The isotopic relaxation time
of cloud droplets is sufficiently low in order
that this phase is in isotopic equilibrium with
water vapor whatever is the updraft speed (Jou-

zel et al., 1975). The equation R, = uRv, o




being the fractionation coefficient is always
v?ri£Z§g and wgz%sduce tthP: o
. v %
/Jg%—c':a//ql/g;+qgc -&?7‘-06‘ v oz (3)
Cloud ice. The isotopic behaviour of cloud ice
has not yet been studied when water vapor,
cloud ice and cloud droplets coexist. In that
case, there is a supersaturation over ice and
a kinetic isotopic effect occurs. Let us consi-
der an ice particle of mass m, with no appre-
ciable fallspeed, its growth can be described
by :
Y §§§Z== (9-95:)4 A @)
where t is the time, q_ the saturation mixing
ratio relative to ice, d, the molecular 4iffu-
sivity of water vapor in air and A, a coeffi-
cient depending of the form of the ice crystal,
of the air pressure and of the air temperature.
The/c2§;5§ponding isotoa%c equa?ion is
;22 (gquv..gsz.azfg) A )
m' and d' are the mass and the molecular diffu~
sivity of the isotopic species, . the isoto-
pic fractionation coefficient for the solid-
vapor phase change. R_ is the isotopic content
in the ice surface. AE there is no isotope ho-
mogeneisation in the ice, R is also the iso-
topic content of the new water vapor deposited
and is equal to 1/j am'/dm. It results that

R, = a;i Rv,txci taking account of both equi-

librium and kinetic effects and being defined
as :

' NV, Zscr-7
Yoo =/ G (- Tk B )

At the cloud scale, this fractionation is
very similar and only affects the new deposited
water vapor at the exclgsion of the already
formed cloud ice and d40'1/47 is consequently
given by
Ydg ek, dy wli v
Hady lehy ag wdl 1op, oope W2 Riullinh,
U322~ Gt @ e 7977 "(42/1' "fffj)
Re is the water vapor isotopic content outside
the cloud at the altitude 7.

/Cbéla)

{dz/f corresponds to formation of cloud

ice by freezing of cloud water and Ri to con-
g

version and accretion to graupel.

Hydrometeor water. A complete eguation giving
the isotopic content of a single drop growing
from water vapor and cloud droplets has been
previously derived by Jouzel et al. (1975). It
can be easily extended to a population of

drops which is, in the Hirsch model, supposed
to follow a Marshall-Palmer distribution as

z,
7 dok_y
AN 1A + XK, Ay, - A Rl éy-ffz
7 2 v ek &(/égv/” % ,)/zv
v' is an isotopic exchange term. Assuming that
the drops are in thermal equilibrium, v' is
equal to

’ Y -
Vo TN Lol tf) [ Fie 247
Vs / 9

rjand v are the drop radius and the mass
weighted mean Velocity. No (number of drops)
and A are related to the mean volumic radius
T ani4‘§o/1the mixing ratio, q, by A=£835 ana

No = r

£ veing the ligquid water density. f' is the ven-

tilation coefficient.

Ice particles. None of the processes lgading
to ice particles formation is accompanied by

isotopilc fractionation and dQ'g/dZ is directly
derived

7/ _ir_za_g: Re Rig+ Rk Rhgs Ky, Reg-Ry (14t @’)/foj

R, and R correspond to formation of ice par-
hg cg

ticles from hydrometeors and cloud droplets.

Isotopic content of the different cloud water
species. The water balance existing throughout
the cloudqgor the isotopic species is the same
as ;or ﬁe p. , , ,

" 4 ’ ’ 4
QQE‘22&5423Eégaséiryqéabhqzygéfé%-ggnyg-A;
ay &y dr Az Az 1)
We obtain the expression of dRy/az, igtro@uging
in this equation the different isotopic mixing
ratio terms previously defined

%giyéfazkj=: (72)

2 (o (R - Y)-V-R (2o - ReiDiraly .t
/éf@.? 76/,?8 «h, )R (1) v 4:: Oc+gc g’dz

This is the basic relation of the new iso-
topic model, allowing to follow the isotopic
content of the water vapor in a cloud.

This equetion is a very general one,valua-
ble whatever is the cloud model sice the terms
specific to the cloud phases interactions are
excluded. Neglecting the ice phase formation
(@i = 0), the entrainment (s = O0) and the hy-
drometeor-water vapor exchange (V = 0), equa-
tion 12 becomes identical to that proposed by
Merlivat and Jouzel (1979) to study isotopic
transfer at a global scale. Then, it includes
the Rayleigh distillation formula for Q = O
and i1f all the cloud water is kept, its inte-
gration leads to the relation used in a close
system (MNR model).

We use equation 12 to calculate QRV. Fgr
the condensed phases, the change in isotopic
mixing ratios AQ' from level i to j can be ex-

pressed as jfdﬁ_é/?%ﬂ-ﬂ‘/ﬂ/? ﬁj}

Injecting 13 in 3, 7, 8 and 10 yields an
equation for ARC, ARi’ ARh and ARg. The step by

step procedure to solve for the isotopic con-
tent at each height interval is described in
detail in the annual report of Grossversuch IV
(Cloud physics group, E.T.H., 1980). The isoto-
pic prqfile of hail, Ry, is finally obtained by
averaging

2 - Lo Lo R+ LLC00R+ Lk Oh b +E9 Do o
4 Lefe +E0Q0 + bhh + Lol (4

where E, = 0.8, E, = 0.8, E; = 0.1 and

E = 0.001 were taken as best estimates in the
¥rst application of the model.

We take the following values for the physi-
cal parameters involved in the previous equa-—
tions. & are deduced from Majoube's experiments
(1971 a, 1971 b). We use for 4 the formula pro-
posed by Musil (1970) and take 4'/d = 0.9755
and 0.9723 for the HDO - Hy'%0 and H,180-1,160

rcouples respectively (Merlivat, 1978). The ven-
tilation coefficient for hydrometeors
is that derived by



Stewart (1975). Since the isotopic exchange
processes are most pronounced in the liquid
phase, the height profiles of the isotopic
contents are very sensitive to the relative
distribution of liquid and ice i.e. to the
freezing function £{T). Instead of a linear
function as used by Hirsch, a B 166 (1953)
freezing process seems more appropriate for
cloud droplets (d < 100u)

£7(T) = 1 - ae“st (15)
wvhere T 1is the temperature of supercooling
and a et b are constants.

As an illustration of the results, the
deuterium values versus temperature for the
july 14 hailstorm is shown on figure 2. In ad-
dition, we have reported the curve deduced
from the MNR model (Jouzel et al. 1975). The
deuterium content outside the cloud, R_, is
taken from Ehhalt's (197Y4) mean profilé, and
is supposed equal to 142.1 ppm at the cloud
base. In that particular case, the isotopic
exchange term, V', has been calculated using
a monodisperse population with drop radius
r .

n

The curve for isotope concentration in
hailstones, Ry, can be seen to deviate subs-
tantially from the adiabatic curve R , used
in previous works. Down to a temperature of
- 18° ¢, Ry is around 1.5 ppm richer and then
decreases considerably poorer than R . The
richer start is due to the presence g¥Rhydro—
metecrwater which is not in equilibrium with
the water vapor. This, of course, affects the
vapor which is less depleted in isotopes so
that R, 1s also richer in this region. The si-
tuation changes soon after ice begins to form.
The kinetic effect of vapor deposition is seen
in the "bump" on R, at T = - 23° C. The bump
in R at T =-30° C is due to rapid disappea-
rancé of cfoud water which has a major influ-
ence on RH through equation 15.

It is clear that from a cloud physics
point of view, the new model is still unrea-
listic because the particles interactions are
all parameterized according to Kessier's
(1969) scheme. The next step in the develop-
ment of this model will therefore be to drop
the parameterizations. But as shown in figu-
re 2, it is an important stepforward compared
to the model previously used.
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II-5.4

GROWTH REGIME OF HAILSTONES AS DEDUCED FROM

SIMULTANEOUS DEUTERIUM AND OXYGEN 18 MEASUREMENTS.

J. JOUZEL,

CEN/Saclay - DPC/S8PP/SP - B.P.

The behaviour of the HDO and H.'°0

molecules are very similar during %he
cloud water condensation processes
which occur very slowly close to 1li-
quid-vapor e%gilibrium. It results t@at
the 8D and 6 '°0 contents of the preci-
pitation are generally linked Dby a li-
near relationship with a slope close

to 8 (Daansgard - 1964). In the case

of evaporation, an additional kinetic
effect due to the differences between
the molecular diffusivities in air of
the thrge isotopic species (H 160, HDO
and #,'%0)

During hailstone growth, the evapo-
ration takes place from the liguid pha-
se when the surface temperature is 0°C
(wet growth). An isotopic enrichment
of the collected water due to this me-
chanism has been predicted and experi-
mentally demonstrated in an icing tun-
nel by Bailey et al. (1969). The first
objective of this work was to determi~
ne if this enrichment effect was obser-

ved on natural hailstones.

I - Experimental results.

The distinction between kinetic and
equilibrium fractionation effects is
made possible through the analysis of
both isotopes, deuterium and oxygen 18.
For this purpose we have taken advanta-
ge of a new mass spectrometer allowing
D and %0 determinations the same sam-

ple, with a size of about 20 mg of water.

A very detalled study of both iso-
topes repartition has been carried out
on five large hailstones, three of them
formed in the Massif Central region
(Prance) during a 1971 storm and the
other two during the Alberta storm
{(Canada) previously studied by Jouzel
et al. (1975)

We present the results relative to
one of the french hailstones (Yssendon,
with a mean diameter equal to 9 cm) in
a classical D-'°0 diagram (figure 1),
these parameters being expressed in the
§ notation. The precisions on indivi-
dual points are equal respectively to
0.5 and 0.15 % for 8D and 6180, To in-
terpret these data in terms of a possi-
ble kinetic isotopic enrichment, it is
necessary to know the §D-8185 relation-
ship in the collected cloud water. To
this end, we have applied the classical
MNR model corresponding to the curve 1
(Jouzel et al. 1975), the isotopic wa-
ter content at the cloud base being de-

has to be taken info account.

L. MERLIVAT
n® 2, 91190 GIF S/YVETTE (France)

deduced, assuming that evaporation and
consequently kinetic fractionation are
negligible for the poorer opaque layer
formed in the dry growth regime at low
temperature {around - 30° C). Recently,
Jouzel et al. (This conference), have
proposed a more realistic isotopic model
which substantially deviates from the
MNR one, as long as one isotope is con-
cerned ,. However Merlivat and Jouzel
(1979) have shown that the 8D-8190 rela-
tionship keeps very general and the in-
terpretation of the data presented on
figure 1 does not greetly depend on the
isotopiec cloud model used.

Figure 1 clearly shows a general
shift of the hailstgne samples towards
relatively higher 0O values .as expected
when evaporation occurs. This effect is
maximum for clear layers and relatively

weak fot the opaque ones. The opagque em-
bryo appears unaffected.

This shift is observed in all the
studied hailstones but this example is
the most covincing to demonstrate the
existence of a kinetic isotopic effect
during natural hailstones growth.

II - Theoretical aspect.

-~ Wet growth regime. The mass balance
equation of the,liquid film surrounding
the hailstone, @4/ (¢ being the time)
can be written @¢

Ay dupy  Quf Ay, 2 (7)

ar at art at &

The liquid ié&m grows by captation
of cloud water, Z“4 , and is ﬁfduced by
freezing ,-Z% % i ie i

g3—agf, evaporation, —%z% (owing
to the difference between surface hail-
stone temperature, t_ equal to 0° C and
the air temperature ), and shedding
=2 as pointed out by Carras and Mack-
1iR° (1973) and List (1977). We define
théusorﬁ%iaondép% isg}qpic‘?a§ses,

L A AL

> > d .) w—-{te 5 /‘
taking th%g denomination for both the
HDO or H 0 molecules, the proposed
equation being wvaluable for the two iso-
topic species. The isotopic contents, Ry
and R, are respectively equal to%:ﬁé
and 1§j “4H | j bveing a coeffécien€ﬂéqual
to 2xl¢ “# for deuterium and —-1‘3“- for
oxygen 18. The isotopic mass %alance equa-~
tion is given by
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Only freezing and evaporation give

rise to isotopic fractionation. It re-

sults : Z a/ o
oA L )T, Gy 12y

%Q.___: IQ)-—_'(7 J}aﬁ &,

o

being the isotopic fractionation

(3)

cBefficient relative to the liquid=~so-

1lid

equations proposed by Mason
particular,

ven

L

phase change.

We use the growth and thermodynamic
(1971). In

the evaporation rate is gi-
by
a
Lo 2TL RARB L) Sh (&)

being the latent heat of vaporiza-
tion,

d, the coefficient of molecular

diffusivity of water vapor in air, R,

the

hailstone radius, Py and o the

vapor density at the surface o? the
sphere and in the remote environment

and

Sh the Sherwood number. The corres-

pondlng 1sotop1c equation is

72 =271 R’
R 04

o 1

cient relative to

A

-/ V)”SA ’ (5)

fractionation coeffi-
the liguid-vapor pha-

s the 1sotop1c

se change, R the isotopic content of
the vapor, aV and Ly, the molecular dif-
fu51v1ty and the latent heat of vapori-~

zat

the

Sk
Equations

ion of the isotopic species and
isotopic Sherwood number.
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3, 4 and 5 allow to derive the isotopic
content of a liguid film surroundlng a
hailstone. This has been donewith (fi-
gure 1) the cloud data relative to the
Massif Centrel storm, the cloud water

isotopic content being deduced from the

MNR model (curve 1). We take 4 /d
0. 9 55 and 0. 9723 for the HDO-H 0 and
H, '©0-H 0 couples respectively (Merli-
vt - 1878).

Firstly, we have studied the beha-

viour of a growing liguid film up to a
maximum thickness at different

cloud temperatures’MWhen €, is reached
the water in excess is lost,this corres-
ponding to the shedding process. The D
and 190 contents evolve along the cur-
ves 2, which are practically straight 1i-
nes of slope about 3.5, from A (isotopic
equilibrium) to an asymptotique value

B representing the maximum possible en-
richment. This last value is independent
of the maximum thickness & In addi-
tion, we have drawn the envelope of all
the calculated maximum enrichments (cur-
ve 3), allowing to define an area (bet-
ween curves 1 and 3), in which all the
representative points of a liguid film
are theoretically expected.

During dry growth, col-

Dry growth ~



lected water is rapidly frozen by con-
duction into the stone (Bailey et al.,
1969), preventing such important evapo-
ration as during wet growth. However a
low evaporation takes place during the
freezing time 7, of the droplets and
it is easily demonstrated that the re-
sulting enrichment E_ is equal to

E .éﬁ%b , E_ and to‘ eing the enrich-
mént and theé freezing time when the
surface temperature is equal to 0° C.
Using the results of Macklin and Payne

(1967), this enrichment has been calcu-
lated for different values of the hail-
stone surface temperature, t This ef~
fect is weak for t_ = - 1° C%and

£ = - 2° ¢ (figuré 1) and becomes ne-
giigible when the hailstone surface
temperature is lower than - 2° C.

IIT - Interpretation of experimental
results.

- Growth regims.

We finally obtain
terms of our temperature, t_, and sur-
face hailstone temperature, ts (figu-
re 1). Experimentally, the maximum pos-=
gible enrichment is observed only for
the clear layer samples represented
by triangles and the effect is slightly
smaller for the three other clear la-
yers. However, the clear samples are
very generally formed at hailstone sur-
face temperature higher than -~ 1° C,
thus confirming the wet growth regime
of formation. On the other hand, we ob=
serve that all the opague samples cors
respond to surface temperature lower
than - 1° C. Nevertheless, if we except
the opaque embryo and the poorer opaque
leyer taken as reference, a small en-
richment is displayed showing that the
three other opaque layers have been
effectively formed in the dry growth
regime but at relatively high surface
temperature (around - 2° C), The absen~-
ce of any enrichment effect for the
opaque embryo clearly indicates that
the Yssendon 4 hailstone has bheen for-
med starting from a graupel,

a diagram in

~ Trajectories,

Before interpreting the results in
terms of trajectories, it iIs necessary,
owing to the enrichment effect, to de~
termine the isotopic content of the wa-
ter at the moment of collecgion‘ This
value corresponds, in a p-1%0 diagram,
to the intersection of the curve rela-
tive to the cloud droplets (curve 1)
with a straight line of slope 3.5 pas-
sing by the representative point of
each sample., Using this procedure and
the MNR model for.cloud droplets, we
have deduced the trajectories of the
five studied hailstones., The curves re-
lative to two of them, Yssendon 4 and
Alberta E (formed during the Alberta
storm of 1971, August 7) are shown on
figures 2 and 3, In each case, we have
represented the initial trajectory ob-
tained without considering the enrich-
ment effect and the corrected trajec-
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tory calculated applying the above des-—
cribed procedure.

YSSENDON 4

%AENTUDE P
in kilometers

CORRECTED
tRasECTORY N\
bs

INITIAL
TAAJECTORY

R (mm)

10 20 30

Fig. 2 - Trajectories deduced for the

Yssendon 4 hailstone.

After the formation of the graupel
embryo (up to r = 5 mm), the Yssendon L4
trajectory is composed of a unique as-
cent from 5.5 to 8.5 km, & noticeable
point being the absence of growth du-
ring the descent to the ground. The two
other Massif Central hailstones, with
size up to 85 mm, present similar sin-
gle up and down trajectories showing
that these three hailstones were like-
ly formed in a supercell storm. Unfortu-
nately, no radar data are available to
confirm this assumption., The correction
due to isotopic enrichment does not
appear yvery important (less than 0.5 km)
and in any case, does not greatly modi-
fy the informations possibly deduced
from such curves relative to the up-
draft speeds or to the growth regimes
(Jouzel et al., 1975),

The more complicated story of the
Alberta hailstones is very well confir-
med with succession of upward and down-
ward movements (figure 3), A stricking
feature, clearly observed for the first
time, is the systematic occurence of
wet growth during ascents and dry growth
during descents (except for the outer
clear layer formed during the last des-
cent to the ground). It is interesting
to notice that the clear layer from 7
to 12 mm develops in the wet growth re-
gime over a large range of temperatures.

If we had interpreted all these
isotopic data using the new model propo-
sed by Jouzel et al. (this conference)
it clearly results a decrease of the
amplitude of the trajectories but the
qualitative conclusions drawn stay unchan-
ged. In addition of the classical infor-
mations about trajectories, we have
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shown that simultaneous D and 18O de-
terminations, allow us to demonstrate,
for the first time, an isotopic enrich-
ment due to evaporation in natural hail-
stones and to deduce information about
the growth regime of the stones.

ALTITUDE
in kilometers

B Opsms Eminyo
Cieae Layers
©04 (imas pomm}

o .

PR i pomir)
Clowr Layers

DB ded powts)

Opsque Lasers
OF  (comected poens)

Fig. 3 - Trajectories deduced for
the Alberta E hailstone.
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OBSERVATIONS OF THE FREE~FALL BEHAVIOR OF CONELIKE GRAUPEL PARTICLES

M. Kajikawa

Department of Earth Science, Akita University, Akita, JAPAN

1. Introduction

It is considered that a knowledge
of the free-fall behavior of graupel
particles is necessary for the study of
their growth and hailstone embryos.

Magono (1953) found in the first
place that an oblique position of the
axis of rotational symmetry was the
stable fall mode for the conelike grau-
pel particles. 2ikmunda and Vvali (1972)
and Kajikawa (1975) also observed that
the axis of symmetry oscillated around
the vertical with the base down orien-
tation. '

Recently, Kajikawa (1977) obser-
ved the free-fall modes of conelike
graupel particles ranging from 0.8 to
§.3 mm in size using the stroboscopic
photographs and summarized as follows.
Those particles under 1 mm in size fell
with the stable attitude of base down
orientation. Over this size, the axis
of symmetry of them osgcillated around
the vertical. When the size exceeded
about 3.5 mm, those particles tumbled
during free-fall, in general. Pflaum
et al. (1978) studied the hydrodynamic
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‘Fig.l Apparatus, stereoscopic camera
system and co-ordinate axes.
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behavior of artificial graupel particles.
They observed the spinning, helical and
various oscillating motions and the sim-
ple straight fall with fixed orienta-
tions, but no tumbling motions because
the size of particles was smaller than

3 mm.

On the other hand, the model experi-

ment of fall mode for conelike particles

was performed by List (1959), Jayaweera
and Mason (1965), Goldburg and Florsheim
(1966) and List and Schemenauer (1971).
In those experiments, the relationship
between characteristic fall modes and
Reynolds number or the apex angle of
conelike models was discussed in detail.

The purpose of this study is to obs-
erve the free-~fall behavior of conelike
graupel particles in detail by means of
a stereoscopic camera system and to
clarify the conditions of various facto-
rs affecting the fall modes of them.

The observation was carried out at Akita,
10 m a.s.1., during the winter of 1978.

2. Method of observation

The apparatus and stereoscopic came-
ra gsystem used in this observation are
shown in Fig.l. This apparatus is made
of two parts, a metal tower (&) and a
wooden box (B) for the observation of
free-fall behavior. The tower is provi-
ded with a movable cover on the top,
which is exposed in open air.

After passing through the tower,
some graupel particles fall at terminal
velocity into the observation box. The
number of particles was controlled by a
slit (9x%x4 cm). The lower parts of this
box and tower were made airtight to keep
the air in them stable. The falling
particles illuminated by stroboscepic
light were photographed through a front
glass of the box using the stereoscopic
camera system. The optical axes of two
cameras were horizontal and parallel,
with the base line of 16 cm. The opti-
cal center of camera 1 was chosen as a
origin (0) of the rectangular coordinate
system (X,Y and 2Z) in space.

Individual graupel particles corres-
ponding to the trajectories in photo~
graphs were sampled on a woolen cloth.
After the particles were caught, the
cloth was taken out from the box and
then the particles were photographed by
a close up camera, so as to measure the
size and apex angle of conelike graupel.
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Fig.2 A example (Case 1) of stereo-
scopic photographs at 1/300
sec intervals. d is the base
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Fig.3 Horizontal movement of the
conelike graupel (Case 1).
Thick arrows are the axes of
rotational symmetry.
3. Results and considerations

3.1. Analysis of free-fall behavior
of conelike graupel particles by
stereophotographic method

One example of pairs of stereoscopic
photographs is shown in Fig.2., The ang-
ular oscillation of axis of rotational
symmetry can be seen from this figure.
Fig.3 is the projection of falling mot-
ion on horizontal plane. The coordina-
tes of apex and center of circular cone
were calculated from the corresponding
points on the pair of photographs. In
this figure, arrows and number indicate
the positions of axis of conelike grau-
pel taken in time interval 1/150 sec,
corresponding to the photographs of
Fig.2. So the length of arrows changed
slightly, this fall mode was the spin-

[t em

X X
d=4.70 mm
v=293 em/s
R=984
Fig.4 Stereoscopic photographs of
Case 2, taken with time inter-
val of 1/100 sec.
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\I
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'\/
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e
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>
525
80 X (cm) 30
Fig.5 Horizontal movement of the

conelike graupel (Case 2).

ning motion of apex. The period of
this motion is about 0.03 sec.

The other example of pairs of photo-
graphs is shown in Fig.4. Fig.5 is the
projection of falling motion of conelike
graupel (Case 2) on horizontal plane.

It is considered from this figure that
the change of length of arrows and the
spinning motion of apex were appeatyred
clearly. Although this graupel does not
indicate the tumbling motion in this
photographs, it seems that soon after
this motion comes in succession, because
of the large Reynolds number.

3.2. Classification of free-fall mode
of conelike graupel particles

According to the results of present
and previous observation ( Kajikawa,
1977), the fall modes of conelike graup-
el particles were classified into the
three main types, in the same manner as

given by the model experiment of List and
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Re=87.3 545 837
Fig.6 Free-fall modes of
conelike graupel
particles.
A,d=6.9 mm B, 8.3
v=334 cm/sec 408
Re=1793 2635
Fig.7 Examples of the impertect

tumbling motion.

Schemenauer (1971). The first is a sta-
ble motion with base down orientation
and vertical direction of fall (Fig.6Aa).
The axis of rotational symmetry ( axis
of conelike graupel ) was slightly obl-
igque in almost cases, as being pointed
out by Magono (1953).

The second type is a oscillating mo-
tion of the axis of conelike graupel
with base down orientation. It can be
seen that this type is split up into
the following two groups , the simple
reciprocating motion (Fig.6B) and the
spinning motion of apex (Fig.2). During
this oscillating motion, the angular
displacement to either sides of the fall
direction is smaller than 90°.

The third type is a tumbling motion
with rotation of axis of conelike grau-
pel. It can be considered that this
type is divided into the folloeing two
groups In the perfect tumbling motion
(Fig.6C), the apex down position ( to-
take the downward direction completely )
is taken during fall. On the other hand,
in the imperfect tumbling motion (Fig.7),
the apex down position is not seen dur-
ing fall, but the angular displacement
to either sides of fall direction by the
gpinning motion of apex is larger than
90°

3.3. Relationship between the fall
mode and Reynolds number

Fig.8 is the relationship between
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the fall modes and Reynolds number.

For convenience, the observational res-
ults were divided into two groups accor-
ding to the air temperature when each
graupel particles were observed. The
mean density of graupel particles was
0.42 g/cm® and 0.23 g/cm® in the condi-
tion of T2 0.5 °C and T<0.5 °C, respec-
tively ( Kajikawa, 1977 ).

It can be seen from Fig.8 that the
distinct difference in fall modes is ap-
peared as Re increases. This observati-
onal result confirms that of model expe-
riments by many researchers, in general
tendency. However, the oscillating mo-
tion starts at smaller Re (about 100) in
this observation than that of model ex-
periments (about 300, in the experiment
of List and Schemenauer, 1971). The tu-
mbling motion starts at Re of about 800
in the model experiments, on the other
hand this fall mode starts at Re of ab-
out 700 in this observation. It is con-
sidered that the main reason of those
discrepancies between the model experi-
ments and observation is due to the sur-
face roughness and nonsymmetry of natu-~
ral conelike graupel.

The imperfect tumbling motion is ob-
served even in the base diameter of 8.3
mm as seen in Fig.7. This confirms that
the conelike embryo corresponding to a
few thousands of Re is seen the inside
of hail stones as analysed by Magono and
Gotoh (1972), provided that the hail st-
ones of lump type grew from the conelike
graupel particles. It can be considered
that the conelike graupel particles sho-
wed the perfect tumbling motion change
into lump type particles in the process
of their growth, but the particles fall-
ing with the imperfect tumbling motion

&

104 , . . . .
C ]
L . ]
L N ‘
+ x
L - E
+ *
3 1 x x ”e *
10 X x ‘Q‘(" 3
r +tyx X 7
L o oo X ]
N ]
i e -
b fe. O B
Re | HJ:‘° ]
o 'ag
L]
o L L) -
° ' -
Py e
N S ]
c R T205°C T<05'C ]
r Ld + % Perfect tumbles ]
Fo + x Inperfect tumbles
" ° e Oscillates b
" e o Stable 1
1d 1 1 i 1 1 L ' {
0 1 2 3 4 5 6 7 8 9
d (mm)
FPig.8 Relationship between the fall

modes and Re. T and d are air
temperature and base diameter.



30
T=205C T<Q5C

L] @

Perfect tumbles

° o Imperfect tumbles

8oF 7

(deg.)

9‘4(

80 30

8 (deg)

Fig.9 Relationship between the apex
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do not change into the lump type easily.
3.4,

Relationship between the tumb-
ling motion and apex angle

Fig.9 is the relationship between
the apex angle (©) and 6* defined by
Jayaweera and Mason {(1965). They found
by model experiment that the cones of
base radius (r) with spherical cap of
height (h) fell with base down orienta-
tion if © <&, and with base up orienta-
tion 1f © > &, where

- h o
e*-—0.68r + 5

provided 0.2<h/r<1.0. It may be con-
sidered that the conelike graupel in the
region of 8 > ©* has a tendency of fall
with the perfect tumbling motion, on the
other hand it shows the imperfect tumbl-
ing motion in the region of ©< &%, at

Re above 700. Although the uncertainty
of 4+5° (broken lines in Fig.9) is exis-
tent, the tendency descrived above can
be seen in this figure. The uncertainty
is due to the ununiformity of density

at the inside of natural graupel parti-
cles and the error of measurement of
apex angle.

4. Concluding remarks

The free~fall behavior of conelike
graupel particles was observed by means
of stereophotographs. For Re <100, which
is corresponding to d (size)<1 mm, the
particles fell with stable attitude of
base down orientation. Over this Re
the particles oscillated with base down
orientation. When Re exceeded about 700,
which is corresponding to d of about 3.5
mm, the particles tumbled in free-fall.

However, the imperfect tumbling mo-
tion as seen in Fig.7 was ovserved even
in large particles. It is considered

260

that the occurence of this motion is con-
cerned with the apex angle and the ununi-
formity of density at the inside of par-
ticles.
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PATTERNS OF HAILSTONE EMBRYO TYPE IN ALBERTA HAILSTORMS

Nancy C. Knight

National Center for Atmospheric Research”
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Alberta Research Council
Edmonton, Alberta, Canada T6G 1K8

One of the basic reasons for investigating
hailstones has been to look for systematic
changes in the hailstone structures that re-
flect something about preferred hailstone tra-
jectories. All simple models such as those
which have been postulated by Browning and
Foote (1976), Young (1977), and English (1973)
predict something about hailstone trajectories.
In Browning's model, for example, the largest
hailstones grow at the edge of a weak echo
region and should fall first followed by the
smaller ones and by rain. Young illustrates
similar size sorting effects and English sug-
gests that the largest hailstones have the low-
est trajectories. Some of these predictions
can be checked by getting time-resolved collec=-
tions and by examining the hailstones.

The Alberta Hail Program is a good oppor-
tunity to make these kinds of checks because
of the existence of a dense volunteer observer
network and good radar data. The members of
the volunteer network have provided hailfall
data and have collected hailstones in the past
and were asked to do so again during July 1979.
In addition to these collections, time-resolved,
sequential samples were also obtained using a
mobile vehicle directed from the operations
center. On two days during this period, 7 and
21 July 1979, organized, isolated storms passed
over the operational area and the data present-
ed here were obtained.

The first of the storms occurred on 7 July.
Figure 1 illustrates the resulting hailswath.
All reports received from the volunteer net~-
work are represented by dots in the figure and
the outer contour encloses all of the reports
of hail. The shaded areas indicate hail sizes
estimated by the observers to be greater than
approximately 24 mm in largest dimension, Fig-
ure 2 repeats the hailswath and gives the
location of the samples collected and examined,
the percentage of frozen drop embryos observed
in the hailstones, and the maximum hailstone
slze in each sample. Figures 3 and 4 give the
same information for the storm on 21 July. As
is shown in Figs. 2 and 4, the largest hail-
stones and the largest percentage of frozen
drop embryos tend to occur on the southern edge
of the hailswath with the smaller stones and
larger percentages of graupel embryos tending
to be observed on the northern edge.

* The National Center for Atmospheric Research

is sponsored by the National Science Foundation.
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As has been reported (Knight and Knight,
1978), hailstones with maximum dimensions larg-
er than 25 mm tend to have a greater percentage
of frozen drop embryos and the tendency is
illustrated here in Fig. 5 for the storm on 21
July. The results from the storm on 7 July
with a smaller sample size showed the same ten-
dency.

A vertical cross section of the radar echo .
of the storm on 21 July at the time that the
largest number of the samples were obtained is
shown in Fig. 6. This section is taken along a
line which is approximately the direction of
motion of precipitation particles with respect
to the storm as determined by studying the
motion of small-scale reflectivity maxima
(Barge and Bergwall, 1976). The location of
the samples, the percentage of frozen drop em—
byros, and the size of the largest stome is
also given and they show that the sample clos-
est to the updraft contains both the largest
stone and 1007 drop embryos with the percentage
of frozen drop embryos and the maximum size of
the stones tending to decrease with distance
from the updraft. Unfortunately, the sample
size is small for the sample closest to the up-
draft, containing only two hailstones. The
sample immediately next to it contained only
six stones of which two had unidentifiable em-
bryos. The total number of hailstones in all
of the represented samples was 62. Although
only one vertical cross section is shown,
others from both storms also show similar re-
sults. The larger hailstones and the larger
percentages of frozen drop embryos were found
closest to the updraft and in general, the size
and percentage of frozen drop embryos declined
with distance from it.

Although it is difficult to draw firm con-
clusions from these results because of the
small size of some of the most critical samples,
it seems apparent that in both storms a tenden-
¢y could be demonstrated in which the hail-
stones falling closest to the updraft had pre-
dominantly frozen drop embryos and those fall-
ing furthest from the updraft had graupel
embryos. The larger stones had a larger per-
centage of frozen drop embryos. A total of 810
stones were examined for the two storms and
this tendency for the larger stones to have fro-
zen drop embryos was very apparent.

English (1973) modelled the growth of large
hail in Alberta hailstorms and found that the
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Fig. 1. Hailswath, 7 July
1979. Shaded areas indi-
cate hail sizes estimated
by observers to be equal
or greater than approxi-
mately 24 mm in longest
dimension.
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Fig. 4. Same as Fig. 3
and showing location of
samples, percent of fro-
zen drop embryos, and
maximum hatlstone size.

largest hailstones tended to follow the lowest
trajectory and fell out closest to the updraft.
Embryos that resulted in large hail tended to
grow just enough so that their fall speed re-
mained close to that of the updraft as they
ascended slowly in and over the updraft.
Embryos that resulted in small hail tended to
rise rapidly into upper parts of the.cloud
where little growth was possible and finally
fell out far away from the updraft regiomn.
Possible trajectories of hailstones in storms
such as the two reported here are illustrated
in Fig. 7, a represention of the hail growth
process in these types of storms. If frozen
drop embryos and graupel embryos follow differ-
ent trajectories, the frozen drop embryos must
have some initial advantage either in size,
point of injection into the main updraft, or in
time. The fall speed of drop embryos is likely
to be higher than that of comparably sized
graupel because of their greater demsity, which,.
other things being equal, would lead to lower
trajectories.

The results obtained from the hailstone
studies in these two storms seem to confirm
the model suggested by English as well as that
of Browning and Foote. It is interesting to
note, however, that the time~resolved sequen-
tial samples from these storms which covered
periods of about fifteen minutes in both cases,
show the larger hailstones falling approximate-
ly half way through the hailfall period and no
pronounced change in embryo type during the
entire sampling period. These samples, however,
were from the north side of the hailswaths.

The trajectories illustrated in Fig. 7 also
suggest implications for seeding for the miti-
gation of hail in that, if the embryos do follow
these trajectories, the graupel embryos cannot
compete effectively with the frozen drops and
if the goal in seeding hailstorms is to reduce
the size of the hailstones produced by the
storm, the methods used must produce frozen
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drop embryos of the right size and in the right
location to compete with the natural embryos
that produce the largest hail.

At present it is impossible to determine
the origin of frozen drop embryos from evidence
given in hailstone thin-sections. They may be
produced by a coalescence process, especially
if large, insoluble particles are present
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Fig. 6. Vertical cross
section of the radar echo
of the storm on 21 July
at the time that the larg-
est number of samples was
obtained. The section is
taken along a line which
is approximately the
dirvection of motion of
precipitation particles
with repsect to the storm
as determined by studying
the small-scale reflec-
tivity maxima (Barge and
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(Rosinski et al., 1979), or shedding from grow-
ing hailstones. In areas such as NE Colo. where
the primary precipitation formation process is
known to be through the ice phase, it is more
likely that they are produced by graupel fall-
ing below the melting level, melting and re-
freezing. Results of investigations of the em-
bryos of Alberta hailstonmes conducted by one of
the present authors (NK) prior to the 1979 hail
season showed 807 graupel embryos and it is
likely that the ice process often predominates
in Alberta as well. Both of the storms discuss-
ed had associated feeder clouds that merged
with the main storm and vertical cross sections
of the radar echo show particles falling through
the melting level in the feeder clouds.

The two storms reported here were similar
in many respects. They occurred over adjacent
areas and travelled in approximately the same
direction, both lasting for periods in excess
of four hours. The cloud base temperature was
approximately +7°C in both storms and they had
similar radar structures and produced large

hail. The storm on 21 July produced a much
CONCEPTUAL MODEL OF
HAILGROWTH PROCESSES
~—-——Small Hail with Graupel Embryos
Medium-Sized Hail ond Frozen Drop or
Graupel Embryos
— ———VLarge Hail with Frozen Drop Embryos
E
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Fig. 7. Conceptual model of hailstone
trajectories.
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larger proportion of frozen drop embryos than
did the one on 7 July. At present there is no
explanation for the difference in percentages
of embryo type in the two storms although it is
possible that it may lie in the much smaller
number of samples obtained from the first storm.
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IN ARTIFICTAL AND NATURAL HAILSTONES
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1. Introduction

Crystallographic orientation distributions
have been obtained and analyzed to infer the
hailstone growth conditions in the cloud,and
comparisons have been made of the peaks found in
these distributions with those observed in cy-
lindrical deposits accreted in known wind tunnel
conditions ( Knight and Knight,1968; Aufdermaur
et al,1963; Levi and Aufdermaur,1970; Macklin
and Rye,1974;Levi et al,1974; Macklin et al,1976).
However there are some disagreements about the
results found by different authors in artificial
accretions. In addition it is necessary to defi-
ne to what extent the results obtained from cy-
linders accreted around a fixed rotation axis
may be applied to natural hailstones.

In the present work the crystal orientation
in cylindrical accretionms and in natural hailsto-
nes is studied. The frequency distributions are
obtained, not only of the angle\( between the
crystal c—-axis and the growth directiom, but al-
so of its component anglesj and © between the
growth direction and the projections of the c-
axis onto the plane of the section and onto the
plane normal to it through the radius. In fact,
remarkable differences are found between the’
and ® distributions which should be taken into
account when the significance of the peaks of the
£P) curves 1is-discussed.

2. Artificial accretions

Cylindrical accretions were grown in dry re-
gime using an icing wind tunnel, under the same
conditions described by Levi and Prodi (1978):
wind speed U = 29 m sec -, mean droplet volume
diameter d = 17 um., All deposits except one were
grown in dry regime (deposit temperature Td<LO°C).
Plastic replicas of the cylinder cross sections
were prepared for crystallographic analysis.

The f(h), £(®) and £() distributions were
obtained, as indicated by Macklin and Rye (1974),
by analyzing 150~300 crystals per sample and
by counting their number in intervals, 4° in
width, centered on each whole degree from 2°to
88°, Some examples of the results obtained for
the £({f) curves are given in Fig.l. Typical £¢)
distributions at air temperature T, = -15°C, for
dry and wet deposits, with their main peaks at
f(5° andt{>70° respectively, are shown in Fig.la.
The curves in Fig.lb and in Fig,lc show that at
To< -20°C the main peaks in the distributions
shift towards larger angles. At Ty= -21°C (Fig.lb)
no pronounced maxima are found at Tg= =-2°C,but,
at Tg= -6°C and ~11°C peaks at@w30° and 35°>¢p
> 50° respectively may be observed. At T, = -27°C

. . . . N Y
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Fig.l Distributions of f() in artificial accre~
tions. Peaks with significance 770.99 are in-
dicated by interval bars and arrows.



peaks are found in the interval 30°< ¢ £.50°
both at Tq= -12°C and Tgq= =5°C, but, at the lat~
ter value of Ty, the curve also presents a maxi-
mum at\{bv75°, The features of the curves corre-
sponding to Tg -21°C, T,= -2°C, and T, = -27°C,
T4= ~5°C probably indicate the coexistence of
crystals nucleated both in dry and wet regimes.
Notice that, at T, = -27°C, accretion would occur
close to the dry-wet limit, even at Ty= -5°C,
Rye and Macklin (1973) tested the signifi-
cance of the peaks in the f{f) distributions
by assuming that the c-axis orientation is axi-
ally symmetric with respect to the radial direc~-
tion, i.e. that the random distribution is re-
presented by a sinusoidal curve. When this assum~
ption is valid, the £()) and £(¥) distributions
should be statistically equivalent.

 Ta.-f5% T.0%
T 7106 ) —
0.19°:f ) -

fm)or f(0)
8 =4 -

—t
[—]
T

ﬂﬂ

L Ta-21% W%
?l-=41';f (ﬂ) -

-t
[}

fm)or £(0)

o

OD 300 suﬂ snﬂ

Fig.2 Distributions of f(}) and £(8) for arti-
ficial accretions

However it is shown in TFig.2 that, for cylin-
drical accretions, a systematic difference is
obtained between these distributions. There are
sharp peaks at small angles in all f£(%) distri-
butions, independently of the growth conditions,
whereas the £(J)) curves are quite similar to
those corrsponding to f@P), the position of the
peaks being related to the air and deposit tem-
peratures, This behaviour is evident even in the
wet growth deposit (Fig.2a), for which the peaks
in the £(]) and £(@) distributions are in oppo-
site positions.

Due to the difference between qu) and £(&)
the sinusoidal random distribution for«f should
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be replaced by the constant fr= NAY¥/ 90° (where
N is the number of the analyzed crystals and gy
is the 4° width interval). Taking into account
this behaviour, £, has been used to test, by the
binomial statistics, the significance of peaks
for the f@f) as well as for the f£(}}) and £®)
curves.

Note that all curves, except one curve in
Fig.lb, present significant peaks which, for 4
andLP’vary with T, and Tq. At low temperatures
(Td=—ll°C in Fig.1lb and both curves in Fig.lc)
there are sometimes two such peaks, approximate-
ly symmetric with respect tol{fa40-45°, These may
be considered as a part of ome complex maximum
which is significant despite its width,

3. Natural hailstones

The crystallographic orientation was studied
in several layers of ten oblate hailstones pro-
duced by two hailstorms, that occurred at Mendo-
za city on January 29,1976(Hailstones A) and at
Rivadavia (Mendoza) on December 22,1976(Bailsto-
nes B and C).According to the radar data the top
of the cloud in the latter storm reached about
17 Km and the life time of the cell was about ih.
The stoneswere 3-4 cm in maximum diameter, with
a ratio of minor to major axes ranging from 0.6
to 0.8. After storage during a few weeks in a
deep freezer at a temperature of about -20°C,they
were cut through the equatorial plane, and repli-
cas of their etched surfaces were prepared for
analysis.

From: the replicas the mean crystal section

O~ was measured and,for some layers, the fre-
quency distributions £(f)), £(8) and £({) were
determined. Table 1 summerizes the results, by
giving the values of 0,9 ’ and the_ correspon-
ding &o~. As it is seen, it_is always 95?,With§<
<tjin 80% of the cases and ®=WNin 207.

. TABRLE 1
Values of 1,9 ,¢ and cfor different hailstone
layers

Hailstone Layer ﬁ é Z-P G;mnz
B6 1 40 20 46 0.4
2 27 20 37 1.5
3 48 20 54 0.3
B8 4 31 23 46 2,0
c2 1b 24 21 36 0.3
3 29 25 42 1.2
C5 4 50 36 63 2.4
c6 2 15 15 23 2.4
3 32 19 40 1.9
C8 1 44 34 59 0.1
2 34 35 51 0.5
3 45 36 63 2,0
Cc9 2 14 13 22 1.2
3 45 19 52 3.8
A7 1b 19 12 24 1.0
2 36 20 44 3.4
Ab 1 27 27 41 0.4
2 25 18 33 4,2
A2 2 39 20 46 3.5

It results that usually the c-axis orienta-
tion is not rotationally symmetric even for na-
tural hailstones. However, the comparison of the



values offj and O given in Fig2 for artificial
accretions with those in Table 1 shows that,in the
latter case, the effect is less pronounced and
it varies from one sample to another., This dif-
ferent behaviour, which could be interpreted in
terms of the non fixed rotation axis of the hail-
stones, indicates that the f(n) and £(&) distri-
bu tions must be tested before discussing the
£(f) distributions. Actually, when £(R) v £(6)
the random distribution to be considered could
approximate to the sinusoidal curve, and a fun-
ction of the type h(y) = £(§)/N senyq (see Rye
and Macﬁin,l973) should be used to discuss the
hailstone growth conditions.

A few examples of the distributions f(h),
£(9) and f@f) for natural hailstones are given
in Figs 3,4 and 5. Fig.3a is a typical case of
similar £(/)) and £(9) distributions. The corre-
sponding £(Y) curve given in Fig 3b presents
a broad maximum in the interval 10-20°. How-
ever the curve may not be discussed by direct
comparison with those for artificial accretions
in Fig.l, since, due to the similarity of the
£(h) and £(9) distributions, the orientation of
the c-axés must be considered rotationally sym-
metric with respect to the radial direction.

Due to this characteristic, the '"zero angle

peak'" shown by the h(@f) curve, given in the same

figure, may be considered evidence of dry growth

at rather high air temperature., Since the ice

was clear and 0wl mm%, it would result T, = -15°C
and T, just below 0°C ( Levi and Aufdermaur,1970;
Levi and Prodi,1978).

The frequency distributions in Fig.4 indicate
a higher disorder of the crystal orientation
and a larger difference between the f(n) and £(8)
curves, Since the ice was clear, i.e. T, re~
mained near 0°C, the evident maximum of both
fﬂf) and h(Y) curves near Y =20° may be related
to a decrease of T with respecdto the previous
layer, possibly dud to the fact that the hailsto-
ne was carried by the updraft towards higher
cloud levels where —15:>T;7’~18°C.

Figs.5a and 5b show an example where the
f(q) and f(P) distributions are markedly diffe-
rent. In this case the £(f)) curve slightly oscil-
lates about a nearly constant value. On the con-
trary the f(8) curve presents a significant
peak near 0°C. Thus the sinusoidal random distri-
bution of (P would not be applied and the zero
angle peak of the h({f) curve, shown in Fig.5b,
may not be considered evidence of dry growth.
Therefore the large disorder shown in the same
figure by the £({) curve, with §~50°, indicates
that growth probably occurred in wet or limit
wet regime,

~ The frequency distributions given in Figs.
3,4 and 5 may be comsidered representative of
the behaviour observed for the studied hailsto~
nes (Table 1). Among the analyzed layers a few
presented the characteristics of Fig.3 (C6 layer2;
C2 layer 1lb; C9 layer 2; A7 layer 1b). In seve-~
ral cases frequehcy distributions were found,
more similar to those in Fig 4 (B8 layer 4; C2
layer 3; B6 layer 2), Finally, for most hailstone
layers characterized by §750° the frequency di-
stributions showed similarities with those in
Fig.5 (for instance C5 layer4; C8 layer3; C9
layer3).

It is interesting to observe, however,that
f@) curves typical of spongy growth, with peaks
at > 70° (as shown for instance in Fig.l),
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could not be found for the natural hailstones
analyzed here,

In spite of this, the hailstone thin sections
presented in several cases large air cavities,
frequently distributed as rings at small dis-—
tance from the embryo,that could be considered
evidence of liquid water ejected during spongy
growth, For instance hailstone C9 showed a bubble
ring between the dry growth layer 2 and the layer
3 which presented frequency distributions si-
milar to those in Fig.5.

It may be concluded that the analyzed hail=-
stones presented layers grown in dry, wet and
spongy regime. On the other hand, the values
obtained for&which were, in several layers, of
the order of 1 mm? or more (Table 1), and obser-
vations of the ice opacity indicate that growth
was mainly taking place at Tg> -25°C and that
even when dry growth was established, Ty remained
rather near 0°C,

It may be interesting to observe that, ac-
cording to the one dimensional Hirsh model(1971)
applied with the radiosoundings data of Deg.22,
1976, the transition from liquid hydrometeors to
groupels would have occurred at the cloudhevel
between 7.4 and 8.4 Km, where the cloud tempe-
rature varied from-16.5 to -23.5°C, i.e. in
about the same temperature interval found from
the hailstone analysis.

4, Conclusions

a) In artificial accretions the f£() and £©)
curves are quite different from each other.
The £(9) curves present peaks near 0°in all the
experimental conditions tested. This behaviour
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should be related to the fixed rotation axis of
the growing deposit.

b) The £(N) and £(¢f) curves present peaks
which depend both on Ta and T, The dependence
on T, is especially evident atT_n ~20°C. For
Ta<‘ ~25°C the peak position is mainly deter-
mined by T ,

~c) In oblate hailstones, cut through their
equatorial plane, the f(¥) curves present alsoc
peaks near 0°, though the effect is less pro-
nounced than in artificial accretions,

d) The peak position of the f(§) and £ cur-
ves may be used to determine Ta and T, in natural
hailstones. The samples analyzed in tge present
work, showing no defined peak in their distri-
butions, were grown near the dry-wet limit.
Therefore they did not display the wide range
of growth conditions needed to extensively test
this criterium,
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CYLINDER ICING, PART I: DEPENDENCE OF NET COLLECTION RATE AND

SPONGINESS ON ROTATION RATE
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1. INTRODUCTION

The growth by the accretion of supercooled water
droplets onto on object (a cylinder, a hailsone,
etc.) is dependent on cloud properties such as
air temperature,liquid water content, size di-
stribution of water droplets and air density.
In addition, the shape of the iced object, its
size and surface features together determine the
aerodynamics and thus also affect the growth
process.

One of the most important parameters determi-
ning ice growth is the net collection efficiency
Enet (List,1978/79). If Ene were
known as a function of all the cloud and icing
object parameters then ice accretion rates could
be predicted. This paper reports measured values
of Epet and ice fractions of spongy depo-
sits on rotating cylinders and relates them to
the heat and mass flux. The effect of rotation
on the growth rate and ice fraction of the depo-
sit is also examined.

2. THE EXPERIMENT

The icing experiments were performed in a
closed circuit wind tunnel at the University of
Toronto. The air velocity in the vertical mea-
surIng section could be varied from 9 to 18
ms~ The entire wind tunnel was set up in a
walk-in cold room whose temperature could be set
as Tow as -280C. An additional cooling unit
was located within the tunnel to compensate for
compressible and frictional heating and allowed
the tunnel air to reach a minimum temperature of
-240Cc, Further details of the wind tunnel can
be found in  Murray and List  (1972).

The plexiglass measuring section (Figure 1) was
48cm high, expanding from a cross-section of 15
by 15cm to 21 by 2lcm at the top. Attached to
the bottom of this section was an aluminum mount
which supported a horizontal plexiglass cylinder
(23cm Tong and 1.90cm diameter) which rotated at
set speeds between 0.5 to 35Hz.

Water was injected into the airstream through
an atomizing nozzle, 1.8m below the measuring
section, into a tunnel part where the airspeed
was 10 times slower than above. Before injec-
tion, the water was filtered and deionized. The
nozzle was kept at a temperature just above
09C to allow maximum adjustment of the droplet
temperature to that of the surrounding air
(normally to within less than 10% of the origi-
nal temperature difference). The size distribu-
tion of the droplets could be controlled to some
extent by the air flow through the nozzle. The
mean volume diameter of the droplets could be
varied from 90um to 150um. The 1liquid _water
contegt, Wg, was varied from 29m'3 to
40gm~° by adjusting the water flow through
the nozzle.
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The values for Wg were measured using a

Knollenberg 2-D Cloud Droplet Optical Array
Spectrometer configured for laboratory use.
An independent technique was also applied to
measure Wg. This consisted of collecting the
water droplets onto an aluminum slab (4.76cm by
1.90cm) which was initially cooled to =-1969C
in liquid nitrogen. Due to the relatively large
droplets the collision efficiency could safely
be assumed to be one, and since no bouncing was
observed the collection efficiency was also one.
The final uncertainty in We is +10%. Analysis
of the icing had to be confined to the centre
2-4cm of the cylinder and wind tunnel since We
decreased towards the tunnel walls.

The environmental parameters that were set at
the start of each experiment (no pressure varia-
tion was possible) were air temperature, liquid
water content, air velocity, cylinder rotation
rate and mean volume diameter of the supercooled
droplets in the airflow. The rotating cylinder
was subjected to icing for a known amount of
time. All cylinders had an initial diameter of
1.90cm and were normally not allowed to grow
more than O.5c¢m in radius. The surface tempera-
ture of the cylinder was monitored by an infra-
red radiometric microscope to determine whether
the ice deposit was "wet" (0°C) or ‘“dry"
(£09¢).

At the completion of an icing experiment the
cylinder was removed from the tunnel, photogra-
phed, weighed and then a sample of the ice depo-
sit (2 to 20g) was removed and placed in a 50ml
calorimeter in order to determine the ice frac-
tion in the possibly spongy deposit. The calori-
metric check was unnecessary whenever the ice
deposit was dry. The error in I is +8%.

Figure 1. View of the measuring section of
the wind tunnel, with the air flow upwards. 1
Laser for Knollenberg Droplet Spectrometer,
2. Slot for radiometric microscope viewing,
3, Tunnel walls, 4. Knollenberg analyser, 5.
Motor for cylinder rotation, 6. Plexiglass
cylinder before icing.
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Figure 2. Experimentai results for the net
collection efficiency, Enet» versus
Tiquid water content, We, for % air tempe-

ratures, at a rotation rate of 0.5Hz, an air
velocity of 18ms~!, and a mean volume
dijameter of water droplets of 90um (solid
Tines). Results from Carras and Macklin
(1973) are shown after being adjusted for
speed by the velocity dependence given by
List et -al.(1976). Data from List et al.
(1976) is also shown. The lower values of
Enet May also be caused by the observed
bouncing, not just shedding.

The net collection efficiency, Epets is
defined as the fraction of the initially collec-
ted water droplets, which permanently accretes
onto the cylinder. It can be calculated by using
the definition and the observation that the
collection efficiency E=1 by measuring the final

diameter of the iced cylinder, D, from the
photograph.This Teads to:
(D - D1)1T [pw - I(pw -pi)]

Enet = > (2.1)
2t VW

where D; 1is the initial cylinder diameter,

Py and o are the densities of water and

ice respectively, at 09, I s the ice

fraction in deposit, t is the icing time, V is
the air velocity and Wg is the Tiquid water
content. Error analysis of Equation 2.1 yields
an uncertainty of +15% for Epqt-

3. NET COLLECTION EFFICIENCY AND ICE FRACTION

A series of icing experiments were performed
with cylinders  (diameter 1.9cm) at an air velo-
city of 18ms'1, over a range of %iquid water
contents, Wg¢ from 2 to 40gm” and air
temperature, t, between -2 and -20°C and
cylinder rotation rate of 0.5 + 0.2Hz and a mean
volume diameter of the incoming supercooled
droplets of 90um. Measurements of Epat and
the ice fraction I were taken in order to deter-
mine the different heat transfer terms.
Epet decreased consistentl with  increa-
sing We and increasing t, (Figure 2).1t was
observed to decrease with increasing Wg, but
not below limiting values. At temperatures
higher than -59C the net collection efficiency
drops off very quickly and , for higher liquid
water contents, assumes values below 20%.
However, no dependence of I on t, was observed
in the range -40¢t,€ -160(Figure 3). While

270

o8-

foX:1

04

0.2 o
0 " A ). A i
[¢] 10 20 30
. - ) W (am'?)
Figure 3. Ice fraction (I) dependence on

Tiquid water content, Wg. Data was averaged
over the temperature range -40=t.=-16-
0c, where the variation of I was less than
its uncertainty of +8%. I, (=25%) 1is the

asymptote for high We according to the
curve fit. The lowest measured value for I
was 33%.

some dependence on t; could be expected it was
not resolved within the 8% error in I. For
temperatures warmer than -49C the ice fraction
seemed to increase slightly.

Parametric equations were sought to describe

the experimental results for Epo¢ and I
The best Tleast square fits for the stated
temperature range and E=1 are given by:
1 -E,
Enet = Eo * s (3.1)
1+ KE(wf - WE)
and
1-1
I =14+ ° (3.2)
1+ KI(Wf - WI)
where: E,= 0.0165 - 0.0206t,, [-1],
Ke= -0.122 - 3.79ta~1,[m33-1]2
Wg= 1.29 + 0.147t, + 0.0128t,°,

Io= 0025, ['],

Ki= 0.1798, [§-1m3]

WI= 200, [gm- ]o

4. HEAT TRANSFER ASPECTS OF SHEDDING AND

ROUGHNESS

The process of heat transfer by conduction
and convection, Qcc*, evaporation, condensa-
tion or sublimation, Qpgc*, droplet accre-
tion and losses, Qcp*, and freezing, Q%,

are parts of the total heat flux and sinks for
icing cylinders. In quasi-equilibrium their sum
is zero. Ludlam (1951) was one of the first to
derive the equation for riming cylinders. List
(1962) expanded it for spongy ice growth and
later (1977) dincluded losses of accreted water
by shedding etc.

Under present consideration are the roughness



factor,8,for  the terms Qcc* and  Qpsc*
and poss1b1e contributions due to the properties
of the shed water (supercooling, tg, or ice
fraction, Ig) as expressed in:
Qcp*=-VDIEpethely(ty-ta)+
(E-Enet)Wf(Cw(ts-ta)-ISLf)]. (4.1)

where D is the cylinder diameter,C, the speci-
fic heat of water, Ly the latent heat of free-
zing, and the subscripts for temperature, t,
are s for shed water, a for ambient air, and d
for deposit.

To assess the effects of 0 and the shed water
a percentage heat flux residual R* is calculated
according to:

(Q* + Qcc* + Qgsc* * Qcp*)
2 = 100 T Qe Qesct * Qep®)

|ae*] + |oce*] +]oesc*] + foce*|
assuming that all the swept out water droplets
are accreted, that no roughness effect has to be
taken into account and that the shed water
contains no ice and has a temperature of 0°C.
Any R*=0 will mean that the assumptions need to
be revised, that effects occur which have to be

associated with the new terms in the theory
(their sum or difference).

(4.2)

This residual R* was found to be zero for

Wemd3gm_ and was a relatively  weak’
funct1on of temperature. R* becomes negative for
We13gm™ reaching about -20% at
w =40gm™ A negative value for R* means
that the theory with parameters chosen as

discribed above is predicting too much cool1ng
at the cylinder's surface. For wfrd3gm
R* becomes positive, predicting insufficien
cooling, and increases to 30% for Wesdgm™
and ta>h3°C. This larger deviation for warm
temperatures and low 1iquid water contents
occurs in a region where Enot is a rapidly
varying function and hence Tlarger systematic
deviations could result.

the measurements of
the non-zero
region 10gm™°%

in
explain

Systematic
Epet and I could
value fgr R* only in the
We£20gm™>.  Thus, the general validity of
the assumptions is questionable. If the shed
water were supercooled to some degree at the
moment of shedding, then the cylinder will lose
lTess heat than originally assumed, This alone
could correct R* for W=13 gm” For such
values a thicker water skin develops on the
cylinder's surface which undergoes frequent
disruption producing shed water. This results in
a shorter residence time for the temporarily

errors

accreted water which, as a consequence, may
remain supercooled to some degree.
For Wg<l13 gm'3 the ‘“insufficient" coo-

ling can be improved by increasing the value of
the surface roughness factor, 0, from one. At
low Wg, when the ice is less spongy, rough
elements several millimeters in height are quite
frequent and will induce enhanced convective and
evaporative cooling.
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t4(°C)

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20

4 12.5 2.1 1.9 1.7 1.6 1.5 1.4 1.3 1.2 1.1

8 [1.9 1.6 1.5 1.4 1.4 1.3 1.3 1.3 1.2 1.1

12 j1.51.31,2111.11.11..01.0 O -1

61,2 0 0 -1 -1 -2 -3 -4 -6 -9

20 0o 0 -1 -2 -3 -4 -5 -7 -10 -13

24 g0 -1 -2 -3 -4 -5 -7 -9 .12 -15

28 0 -1 -2 -3 -4 -6 -8 -10 -13 -17

32T 6 -1 -2 -3 -5 -6 -8 -11 -14 -17
W

Tagle 1. Values for the roughness factor O or
the temperature of the shed water, tg(°C),

in order to balance the heat flux (i.e.R*=0) are
listed for different air temgeratures, tys and
Tiquid water content, We[gm™2]. The valuas

less than or equal to zero are for shed water
temperature while values greater than or equal
to one are for the roughness factor.

Table 1 shows the calculated values for tg
(values less than or equal to zero are in OC
with 8= 1) and for 8 (values greater than one
with  t=00C).  Reasonable  values for t
(3ty) are predicted - 3 are the values for 8
except  for  Wefdgm™ and  t,*-39C  where
the values for Epa¢ and are less
accurate. It should be added that R*=0 could
also be explained by the difference of two terms
which compensate each other in varjous degrees
over the whole parameter range.

5. THE EFFECTS OF ROTATION ON ICING

The net collection efficiency, ice fraction
and total mass growth rate, My, were measured

as a function gf the cy11nd%r rotation rate, f,
for We=5gm~ V=18ms~ and d=90um.
My is the total increase in mass of the cylin-

der divided by the time of the experiment. It
was calculated to give an estimate of the growth

efficiency at higher rotation rates where
meaningful Epay Calculations were impossi-
ble® due to the formation of spikes on the
cylinder.

Figures 4 and 5 show that Epoy and I

undergo rapid variations with rotation rate,
even at low f. From f=0.5 to 7Hz at -59C and

f=0.5 to 3Hz at -109C, the ice fraction
decreases from about 0.75 to 0.4 at -59C and
to 0.5 at -100C. In this region Epet

increases just sufficiently to maintain the same
heat balance; the total amount of ice formed, as
given by the product Epe¢XI, is roughly
independent of f. The trade-off effect between
Enet and I can only be determined
experimentally. This variation in I appears to
be associated with the characteristics of the
water skin.

For f=0.5Hz there was a substantial bulge of
water (up to 3mm) near the flow separation lines
on the cylinder where nearly all the shed water
originates. As the rotation rate was increased
up to the value where I was a minimum the bulge
in the water skin became smaller and the water
skin was more uniform in thickness. This allowed
more of the accreted water to be trapped by the
jce matrix of the deposit, thereby reducing the
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Figure 4. Ice growth, represented by the net
colloection efficiency, the ice fraction and the
total mass growth rate My, as function of
cylinder rotation rate, f, for an air velocity
of _18ms~+, a Tliquid water content of
5gm™> and an air temperature of -59C. The
ice fraction reaches a minimum of 36% at 7Hz.
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Figure 5. Same as Figure 4 but for an air
temperature of -100C. The minimum ice fraction
of 52% occurs at f=3Hz.

Figure 6. Photographs_of cylinders iced at a
velocity of  18ms™+, a Tliquid water
content of b5gm™ and an air temperature
of ~10°C. The rotation rates from above
were 0.5, 7, and 37Hz, respectively. The
diameter of the un-iced cylinder part visible
in the two lower photographs was 1.9cm.
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shedding and hence increasing E,ot and the
growth rate.

As f was increased beyond the minimum point
in I the cylinder's surface became increasingly
rough. The shallow ridges and knobs transformed
into large fairly rounded lobes of up to lcm in
size. If f went beyond about 15Hz, then conical-
ly shaped spikes formed. Even higher rotation
rates produced Tlonger, thinner and sharper
spikes (Figure 6).

Figures 4 and 5 reveal that the ice fraction
approaches the value one for large f as the
1iquid water on the cylinder 1is being spun off
by the centrifugal forces. Also at high rotation
rates the lTobes and spikes will promote increa-
sed convective cooling. Such enhancements can
only be determined experimentally.

6. CONCLUSIONS

1.) lIcing of rotating (up to 35Hz) cylinders
{diameter 1.9cm) in a cross flow containing
supercooled water droplets over the ranges of
air temperature from -20 to -200C _and of
liquid water content from 2 to 40gm™ showed
that the net collection efficiency and the ice
fraction varied from 10 to 100% and 33 to 100%
respectively, with asymptotic values found at
high W, as also represented by empirical
formulas. While the net collection efficiency
was found to be temperature dependent, the ice
fraction in the deposit was not.

2.) There are strong indications that a rough-
ness factor and non-zero temperature and ice
content of shed or otherwise lost water needs to
be considered. The size of the effects should
be measured independent from each other.

3.) Variation of the cylinder rotation lead to
higher ice fractions both at low and high rota-
tion rates with substantially lower values in
between. Even at relatively high temperatures
where great sponginess is expected, hard ice was
observed.

4,) Extending the results to hailstone growth
implies that the ice growth rates and the cha-
racteristics of deposits are affected considera-
bly by rotational behavior, i.e. aerodynamics.
In this light, the chances to interpret hail-
stone growth on the basis of their structure are
very remote.
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CYLINDER ICING, PART II: INSTANTANEOUS CONVERSION
OF CLOUD WATER INTO RAINDROPS

ROLAND LIST, P.I. JOE AND G.B. LESINS
Department of Physics, University of Toronto,
TORONTO, CANADA M5S 1A7

1. INTRODUCTION

Artificial hail growth experiments by the
University of Toronto Cloud Physics group in
1972 and 1974 (List, 1977, List et al., 1976,

Joe et al., 1976) and those by Carras and
Macklin (1973) demonstrated the presence of
substantial water Tloss mechanisms during wet
growth. These losses not only represent a

decrease in the net collection efficiency of the
hailstones (defined as the ratio of the water
mass that permanently accretes on the hailstone
to that which collides with it), they also
result in an instantaneous conversion of cloud
droplets into rain drops. The purpose of this
paper is to study these losses as a function of
icing conditions. From previous experience it
was felt that icing of rotating horizontal
cylinders in a vertical airstream with supercoo-
led droplets should be studied first since their
symmetry is simpler than that of spheroids or
other three-dimensional bodies.

2. THE EXPERIMENT

The basic setup for the icing experiments was
described in Part I (List et al., 1980). Addi-
tionally, facilities for photographing the expe-
riments were also available. These included a
35mm motorized Nikon System, a Panasonic video
system, a Bolex 16mm movie and a high speed
Hycam camera. Il1lumination was provided by
either two flood lamps used for the movies or
two General Radio Strobolumes (model 1540 P1)
units which could be triggered by the 35mm
camera system or operated independently.

A series of experiments were recorded on
video tape in which the parameters of liquid
water content, Wg, and air temperature, ta3
were varied between 9.3gm‘3 and 41.8gm”
and -59C to -189C, respectively. The cylin-
der diameter, D, was 1.9cm and its rotation rate
was 0.5Hz. The tunnel velocity, Vy, was 18m/s.
The cylinder was oriented parallel to the axis
of the camera lens. Il1lumination was provided by
the strobes which were set to flash at a rate of
60Hz. The flash duration was 10us. The camera
lens was a Canon TV zoom lens (17mm to 102mm)
and provided a magnification of 2.8 on the video
monitor.

3. DESCRIPTION OF THE SHEDDING

For the icing conditions used in this inve-
stigation, the 1ice deposits were relatively
smooth (Figure 6, top, Part 1). The shedding
originated from an accumulation of water near
the flow separation points of the cylinder
(Figure 1), it occurred in the form of drops,
but sheets and filaments, which also broke into
drops, could also be seen. The water skin on
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the side of the cylinder moving with the air
stream was carried by the ice substrate, with
additional assistance by the air stress, to the
opposite side where it accumulated, and was
prevented from further movement by aerodynamic
forces. This behaviour was also observed in the
experiments of Roos and Pum (1974).

Under special conditions (either high We or
Tow V1) an additional but smaller bulge deve-
loped from which shedding also materialized.
This bulge occurred on the side of the cylinder
moving with the air stream, as there was insuf-
ficient friction between the water skin and the
underlying substrate to counteract the Bernoulli
forces. This bulge generally occurs farther away
from the stagnation point (7ine) than the pri-
mary one.

A periodic movement of the primary bulge was
observed. The shedding in the form of drops
occurred more or less continuously, but it was
not sufficient to completely offset the accumu-
Tation of the accreted water. As the bulge
increased in mass it moved toward the front
stagnation point under the force of gravity,
with a 1imit of about 80° from the stagnation
point. There, more spectacular forms of shedding
occured in the: form of sheets (Figure 2) or
filaments (Figure 3). These formations then
broke up to form some of the larger drops obser-
ved. Afterwards, the bulge decreased in size,
moved away from the stagnation point to about
1000, and the process repeated itself.

Mechanical forces between the underiying
spongy ice and the water skin are mainly respon-
sible for transporting the accreted water. The
air stress, surface tension and air pressure at
the water/air boundary essentially determine the
formation of the bulges and the shedding.

Most of the shed material
into the wake by the air flow.

(90%) was carried

4. SHEDDING RATES

The shed drops were counted in different size
categories from the video monitor. This gave the
number of shed drops per frame per category,
fi‘ The count was done for a constant volume
with a width, W, of 3.2cm, a height, H, of 2.5cm
and a depth, DOF, of 4.3cm, centered 3cm above
the top of the cylinder. Over 4,500 frames were
counted from six hours of video recordings.

The number of drops per frame was converted
to a number production rate of shed drops per
unit cylinder length by correcting for the fact
that the drops had not reached terminal velocity
immediately after shedding. Since small drops
reach terminal speed in a shorter distance than
large drops, this effect meant that the Targe



reach terminal speed in a shorter distance than
Targe drops, this effect meant that the Targe
drops were overcounted relative to the small
ones. This led to the introduction of a velocity
adjustment factor f,, assuming that the extra
residence time is proportional to the terminal
velocity.

It was further assumed that the sample coun-
ted is representative of the real spectrum and
differs only by a scaling factor fy. Further,
the Tosses by splashing were supposed to be
small compared— to the shedding. Any errors in
these assumptions do not affect the final result
.as long as they are systematic and a multiplica-
tive correction is appropriate.

The total mass production rate, S, per unit
cylinder Tength, for drops with d1ameter dj, a
terminal velocity, vij, and a water densi-
ty, pys 15 given by:

fel. (n/6) d;3
DOF H

pw FiliTves) g )

where f¢ = fyfy. Equation 4.1 requires SI

units with m, kg and s.

The non-dimensional scaling factor ff can
only be determined empirically. Therefore, it
implicitly contains a correction for possible
systematic errors in the assumptions.

From the bulk determination of the water
losses (List et al., 1980) the shedding can also
be expressed by:

S = (1—Enet) Wf VT D (4.2)
A least squares fit yields fg=62. The num-
ber production rate of shed drops in the ith

category per unit bin interval per unit cylinder
Tength is given by:

fefi (Vroveq)
DOF H

(4.3)

n1—=

A remarkable feature of the relations of
number production rate, n(d), versus shed drop
diameter (Figures 4a,b,c) 1is the uniformity
among the curves. These curves are Gaussian in
nature, with a peak at a drop diameter d=1.22mm,
with a half width of about 0.7mm. This suggests
a curve fit using a Gamma function:

A e(d=do)/a (g.qy)(P-1). (4.4)
pqT (q)

Of the four parameters (p,q,dy,A) only one

n{d) =

1s not determined. The Tlowest size class is
(=0.5mm), the peak 1is Tlocated at dy+q(p-1)
? 22mm. Mass flux conservation determines A

according to:

o

(1-Epat )WeVeD = [ n(d)(n/6) d3g, dd,
dO

(4.5)

or, by integrating:
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Figure 1: The Wat§r skin before eruption:
t —-5°C We=10gm™2, Vy=9m/s, f=0.5Hz,
counterc1ockw1se, D=1.9cm, magnification 2.75.

Figure 23 Shed drops in the wake: t =-10 Cs
=18mg™~, Vy=18m/s, f=0.5Hz, counterm
c ockwise. D 1.9cm. maanification 2.0.

Figure 3: Disruption of the water skin in the

form of ? sheet breaking up into drops; t,=-59C,
18gm=2, Vy=18m/s, f=0.5Hz, counter-

cTockw1se, D=1.9%cm, magnification 2.0.
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Figures 4a, b and c: Number production rate per
meter of cylinder Tlength and mm-drop diameter
interval, as function of the diameter of the
shed drops; for different liquid water contents,
one rotation rate, and a given air temperature.

A (I‘Enet) We vT 0
Dw dv3

(4.6)

where the mean volume diameter of the shed
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Figure 5: Relation of (shed) water contents in
wake and 1liquid water content 1in swept out
cloud, assumming that the shed drops have a size
equal to the mean volume diameter (1.4mm) and
their terminal velocity is equal to 4.9m/s. A
ITine with a slope greater than one means that

the shed water content above the cylinder is
greater than that below.
drops is given by:
dy = [p(p+1)(p+2)q3+3dgp(p+1)q?
(4.7)
+ 3d03pq-0-d03:|1 /3
Thus there are four parameters and three

equations. The last parameter p (or g) can be
determined by a best fit to the data. The
results are p=8, ¢=0.103, d,=0.5mm, d,=1.4mm
The physical interpretation is that A is the
total production rate of shed drops by the
cylinder per unit cylinder length.

5. LIQUID WATER CONTENT OF SHED DROPS

The Tiquid water content represented by the
shed drops can be estimated if all the shed
water moves at the terminal velocity of the mean

volume diameter. Conservation of mass flux
gives:
T
Weshed = (1-Enet) We
VT-Vt
= 1.37<1~Enet) Wf . (5.1)
where vt(33)=4.9m/s according to the paper

by Pruppacher and Klett (1975).

It can be seen from this equation that if
Enet 1s smaller than 0.27, the shedding
can increase the water content above the cylin-
der even though there is an associated decrease
of the mass flux. Plots of Weshed
versus Wy (Figure 5 and Figure 2, Part I) show
that this situation may be expected whenever
shedding occurs at temperatures warmer than
about -89C and Tliquid water contents greater



for 0% has an
the c¢loud water

immediately converted

han ng'3. The curve
assumed Epnt=0 and
striking the cylinder is
to "rain" water.

The results, extrapolated to hailstone growth
give support to the concept of the water accumu-
lation zone in thunderstorms expressd by Sulak-
velidze et al. (1967). These authors claime
that Tliquid water contents up to 30 gm”
were found in the form of large drops above the
region of hail growth. More recently, Federer
and Walvogel (1978) have also shown evidence for
a big drop zone as postulated by Voronov (1973).
In this case, the large drop zones were not
associated with large liquid water contents.

6. CONCLUSIONS

Experiments on the icing of slowly rotating
rotating (0.5Hz) cylinders (diameter 1.9cm) at
air temperatures of -5, -10 and -189C, with
relative air speeds of 18m/s and liquid water
contents between 9 and 42gm~° showed that:

1. Icing cylinders (but also hailstones) are
efficient and instantaneous converters of cloud
droplets to rain drops through shedding and
other losses of already accreted water.

2. The shedding mechanism is dependent on the
air flow around the cylinder, the heat and mass
transfer (which helps to determine the freezing
rate), the cylinder rotation, and the mobility
of the water skin within the air pressure field
at the cylinder's surface.

3. The observed shed drops had sizes between
0.4 and 3.6mm. Their production rate can be
parameterized using a Gamma function, with the
peak of the spectrum at a diameter of 1.22mm and
the mean volume diameter at 1.4mm.

4. It was shown in Part I that net collection
efficiencies are very often much Tower than 50%
at liquid water contents which are reasonable
from the point of view of atmospheric icing.

5. The liquid water content above the cylinder
{(i.e. on the "down"stream-side) may be larger
than that below due to the lower absolute verti-
cal velocity of the large drops as compared to
the cloud droplets (which move essentially at
the speed of the air). This factor is particu-
Tarly important at warmer temperatures close to
the freezing point (warmer than -109C).

6. Extrapolating to growing hailstones it can
also be expected that large drops with similar
size spectra are shed by rotating or gyrating
hydrometeors. These drops can then form a zone
of big drops in a hailstorm above the hail
growth region.
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1. INTRODUCTION

The crystal structure of supercooled droplets frozen
after impinging at low speed on an ice substrate has been
studied by several authors in order to obtain information
which could be useful for the interpretation of the struc-
ture of wind tunnel ice aceretions and of natural hailstones.

Hallett (1964) and Rye and Macklin (1975) studied
the phenomenon on substrates with different orientations.
Rye and Macklin showed that, for a given droplet tempera-
ture, Ty, and a substrate orientation the droplets froze,
with very few exceptions, following the substrate orienta-
tion down to a transition substrate temperature T§ , where
a droplet has a high probability (P > 0.5) of haying
erystallographic orientation different from that of the
substrate. They observed that, the values of T§ depend on
Ta as well as on the substrate orientation and suggested
that, a correspondence could exist between the values of
T¥# and the substrate temperature range, for which crys-
tals forming wind tunnel ice accretions were observed to
change from large to small sizes.

Levi et al. (1980) noted that, Ty and Tg played a
similar role in the studied phenomenon, so that, for
constant Tg a transition air temperature T could also be
defined. They consequently carried out a series of experi-
ments where droplets of 75 _4m and 135 «m diameter
were made to collide, at their terminal fall speed, with a
prismatic or a basal substrate. They studied P as a function
of T = Ta = Ts and found values of T* which depend on
the droplet diameters and on the substrate orientation.
Furthermore, these authors observed that, for T < T#* new
crystals were formed in a few droplets and that, among
these, the prevailing orientations were with their c-axes at
small angle to the substrate surface, both for the basal and
prismatic substrate. For T = T¥ the droplets became poly-
crystalline and their orientations could not be revealed.
As a complement to these experiments, a few accretions
without ventilation were also grown by the same authors.
It was found that, at Tq = — 7°C and Tg= — 3°C, accre-
tions about 5 mm thick followed the substrate orientation,
whether basal or prismatic, with the exception of a few
small crystals imbedded in the prevailing single crystal.
These were mainly oriented at random and their total
cross section was less than 5 o/o of the accretion surface.

Levi et al. concluded that the behaviour observed for

(x) Instituto de Matematica, Astronomia y Fisica — Universidad
Nacional de Cérdoba and Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET).

(xx) Comisién Nacional de Energia Atémica — Fellow of the
CONICET.

single droplets colliding at low speed with the ice substrate,
is in accordance with the results obtained for ice accretions
grown without ventilation. However, these results may not
be used to explain the very different structure shown by
dry growth wind tunnel accretions. Actually, the latter
usually consist of crystals growing with their c-axis at large
angle to the accretion surface. This orientation is establish-
ed along the first droplet layers, regardless of the nature of
the substrate and, when this is ice, of its orientation, even
at Tq and Ty values well above the transition temperatures
(Levi and Aufdermaur, 1970).

Considering that these results could be related to the
higher speed of the droplet collisions with the substrate, in
the present work new experiments were carried out, where
droplets were made to collide at 10 m/sec with prismatic
and basal ice surfaces. The crystal structure of single and
overlapping droplets, frozen on the substrate, was analysed.
As a complement, a few experiments without ventilation
were also performed.

2. EXPERIMENTAL

The experiments were carried out in a vertical square
section cold room, 160 cm high and 30 cm side.

Two droplet generators were used, a spray nozzle
giving a droplet spectrum of 84 * 30 4m medium volume
diameter and a vibrating needle device (Mason et al.,1963),
which provided several streams of approximately uniform
droplets, ranging from 50 «m to 200 sm diameter.

For experiments without ventilation, droplets of
destilled water, generated near the top of the cold room,
were received on an ice substrate placed about 10 cm
above the cold room bottom.

Experiments with ventilation were performed in a
small wind tunnel, 5 ¢cm diameter, assembled in the cold
room. Fig.1 shows the general layout of the apparatus.
The droplets falling in the precooling section at a speed of
about 1 m/sec reached, within 3 o/o, the surrounding air
temperature. In the working section, air was drawn at
10 m/sec speed. The air inlet was roughly exponential to
reduce turbulence.

When ventilation was not introduced, the cold room
temperature could be decreased down to —30°C but with
the tunnel in operation, the minimun air temperature in
the precooling zone was —159C, as, in these conditions
some heat exchange with the surrounding air could not be
avoided.
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Figure 1: Schematic wind tunnel arrangement.

Before beginning the experiments, the cold room
cover was briefly opened and the vibrating needle device,
with the reservoir filled with destilled water at 0°C, was
introduced in the upper cold room compartment. After
checking that, one of the droplet streams was directed
toward the tunnel mouth, the shutter was opened from the
outside and the experiment was initiated. It was not pos-
sible. during this operation, to select the most convenient
droplet stream, so that the experiments were not all
performed with the same droplet diameter.

The ice substrate was, for the experiments performed
both with and without ventilation, an ice sheet 2 to 5 mm
thick and 1.5 em wide, cut from a single crystal, so that
basal or prism surfaces were obtained. A small electronical-
ly controlled heater was used to keep the substrate temper-
ature at the desired value.

The crystal structure of the frozen drops was revealed
by using two succesive layers of 2 o/o and 4 o/o solutions
of formvar in 1-2 Dichloroethane and allowing them to
dry under controlled conditions of humidity and temper-
ature. The replicas obtained in this way showed thermal
pits and grain boundary grooves formed by selective evap-
oration of the ice substrate, as well as, chemical pits form-
ed by the etching effects of the formvar solution. These
chemical pits gave important information in the present
case, where the orientation of tiny new crystals, formed in
frozen droplets, ussually could not be revealed by rather
large thermal pits. Actually, striations parallel to the [000]]
direction were formed by chemical etching on approxi-
mately prism faces, while hexagonal pits appeared on
planes almost normal to the c-axis. A wide range of differ-
ents features were observed on surfaces other than the
above mentioned, not all allowing for the identification of
the plane.
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3. RESULTS

3.1 Prismatic Substrate
a) Crystal Structure of Single Frozen Droplets

The air and substrate temperature Ty, Ts, correspond-
ing to wind tunnel experiments where single frozen droplets
could be analysed separately, are given in Table 1. On the
third line of the table, N represents the number of droplets
which could be observed. Table 1 shows that, in most
cases, the temperature conditions which may exist when
accretions grow in wind tunnels were simulated by keeping
Ts > Ta.

TABLE i
T, (°C) [—-3.5 —6.5 ~10.0 —-11.5 12,5 —-13.0 —14.‘5_
Ts(°C) {—-8.5 ~115 —6.5 ~11.0 —65 —45 —6.5
N >100 50 >100 >100 30 >100 50

The analysis of the crystal structure of frozen droplets
showed that these usually followed the substrate orienta-
tion, Only for the experiment corresponding to Tg= -6.5°C
and Ta= - 1009C, two droplets were frozen as new crystals,
their c-axes nearly normal to the substrate surface.

It may be concluded that, for Ty > - 15°C and dif-
ferent values of Tg, droplets with diameter D < 200 pm,
that freeze separately on a prismatic substrate, have a very
low probability of inducing the formation of new crystals,
even at the impact velocity of about 10 m/sec used in the
present experiments. Since the (T, Ts) pairs used were in
all cases higher than the transition temperatures found for
droplets of similar diameters, frozen on similar ice
substrates without ventilation, (Rye and Macklin, 1975
and Levi et al., 1980), it may be concluded that in the
present conditions, the larger impact speed did not sub-
stantially change the droplet freezing behaviour.

b) . Crystal Structure of Overlapping Droplets
The values of Ty and Tg, for experiments performed

on a prismatic substrate by injecting droplets in the tunnel
during 3 minutes are given in Table 2.

TABLE 2

Ta(°C) | —9.0 -9.0 -9.0 -11.0 -11.5 -13.5

-25 —-45 65 -11.0 —45 -—-45

Ts (°C)

It may be noted that in this case the temperature Ty
ranged in the narrow interval of —9°2C to —13.5°C, while
Ty varied from —2.5°C down to —11°C.



a e

Figure 2: Polycrystalline structures in droplets frozen on the prismatic substrate. A, B basal crystals.

For the injection time used, the droplets impinging
on the substrate could overlap or freeze superimposed to
each other, forming a nearly continuous layer on limited
zones of the substrate. In these conditions, crystals with
new orientations, usually a few microns in size, were
observed throughout the studied temperature range. Some
examples of the results obtained are given in Fig. 2.

Fig. 2a shows a very polycrystalline structure, appar-
ently formed in two overlapping droplets, surrounds by an
area that presents the substrate orientation. Fig. 2b shows
another polycrystalline structure formed in a droplet layer
frozen on the prismatic substrate. The chemical pits, ap-
pearing on most crystals, suggest a tendency of the crystals
c-axes to be inclined to the substrate surface. Some crys-
tals, such as those marked A and B, present a nearly basal
orientations. Fig. 2c¢ and 2d are examples of new crystals
with a nearly basal orientation, clearly shown by the
hexagonal thermal pits. In the Fig. 2e other orientations
appear, one of them with its c-axis parallel to the substrate
surface, but at large angle to the substrate c-axis. Fig. 2f
was obtained from an experiment where T3 Ts* —11°C;
in this case the substrate appeared slightly rough, probably
because it was covered by a nearly continuous droplet
layer, however, the grain boundaries of some new crystals
may be clearly seen.

A few experiments were also carried out on the
prismatic substrate, without ventilation at (Ta, Ts) :
(—19°C, -3°C), (~19°C, —4°C) and (-23°C, —6°C).
In these cases it was found that, by operating the spreading
nozzle during about 3 minutes, the ice substrate appeared
covered by a continuous layer of partially superimposed
droplets, the orientations of which always followed that of
the substrate. These results, considered together with those
previously obtained by Levi et al. (1980) for thin accre-
tions grown without ventilation, indicate that the forma-
tion of the polycrystalline structures shown in Fig. 2, do
not occur when droplets collide at low speed with a pris-
matic substrate, even though they may interact during the
freezing process.
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—99C, Ts = —4.5°C ;

3.2 Basal Substrate

The conditions for the experiments performed using
basal substrate are given in Table 3.

TABLE 3

Ta(°C){-5.0 -8.5 —-10.5 -11.0 —-11.5 -11.5 ~12.5

Ts(eC)|-6.5 -45 -35 -45 -11.0 -11.0 -13.0

On this substrate the experiments where single or
overlapping droplets w