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LEGENDE DE LA COUVERTURE 

Cumulonimbus tropical photographie depuis le DC 7 de la D.R.E.T. 
juste avant que l'avion ne penetre dans la partie la plus active 
et n'y rencontre une teneur en eau condensee de 16 g/rn3 et une 
vitesse verticale de l'air de 20 rn/s (cf. article de M. FODE 
et H. ISAKA) (cliche L.A.M.P.). 

Tropical cumulonimbus photographed from the DC 7 of the D.R.E.T., 
just before the plane penetrated the most active part of this 
cloud, where it observed a liquid water content of 16 g/m 3and 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 nee avec la decouverte, par Coulie 
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 role des cristaux de glace dans l'initiation 
des precipitations des regions temperees. Elle s'est imposee au ni
veau de 1950, en tant que discipline a part entiere dans la Meteoro
logie, apres la decouverte par Langmuir, Schaefer et Vonnegut de pos
sibilites d'action sur le temps par modification des nuages. De 1950 
a 1964, elle a ete, pour une grande part, la physique des changements 
de phase de l'eau dans l'atmosphere et la chimie physique des sub
stances (noyaux divers) susceptibles de modifier ces changements de 
phase. Pendant tout ce temps-la, elle a ete tres liee a la modifica
tion du temps et victime d'experiences prematurees et incompletes 
dans ce domaine, victime d'espoirs trop rapidement clames, ainsi que 
d'un trop grand empirisme. 

De 1964 ace jour, une partie d'abord, la grande majorite ensuite 
des physiciens des nuages sont revenus a l'etude des bases de la dis
cipline en considerant tous ses sous-domaines, c'est-a-dire lather
modynamique, la dynamique, le rayonnement des nuages aussi bien que 
leur microphysique. Ils se sont imposes le respect de trois etapes : 
connaissance, prevision, modification. Ils ont associe mesures in situ, 
interpretations physiques, modelisations numeriques. Ils ont develop
pe des techniques de mesures quantitatives des differents parametres. 

C'est ainsi qu'en 1980 la Physique des Nuages apparait comme une 
discipline qui a consolide ses bases, meme si elle a encore beaucoup 
de progres a faire, a redonne aux aspects thermodynamiques, dynamiques 
et radiatifs des phenomenes leur place, et est prete a des experiences 
scientifiques d'application. 

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

Cette evolution de la Physique des Nuages que nous venons de de
crire a ete jalonnee, au cours des vingt-cinq dernieres annees, par 
sept Conferences, celle de Clermont-Ferrand etant la huitieme. 

La premiere Conference Internationale sur la Physique des Nuages 
a eu lieu a Zurich (Suisse) en 1954, a l'initiative de Raymund Sanger 
qui avait lance une des premieres experiences scientifiques sur la 
grele et dirige une ecole sur les changements de phase de l'eau. C'est 
a cette Conference que fut en quelque sorte consacree la Physique des 
Nuages en tant que discipline a part entiere. 

La deuxieme Conference sur la Physique des Nuages s'est tenue a 
Verone en Italie en 1959, sous la presidence d'Ottavio Vittori. Elle 
a ete la premiere dominee par le probleme de la grele ; elle a 
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commence a mettre en evidence aux yeux de certains la necessite de 
retourner aux recherches fondamentales avant le passage aux applications 

La troisieme Conference sur la Physique des Nuages a ete orga
nisee a Canberra et Sydney en 1961 par le tres important groupe aus
tralien dirige par Eugene "Taffy" Bowen. Les deux poles de la Confe
rence ont ete les noyaux glagogenes et la pluie provoquee pour les
quels l'equipe australienne avait realise des travaux importants. Qui 
ne se souvient de la bataille sur les noyaux glagogenes meteori
tiques ! 

La quatrieme Conference sur la Physique des Nuages s'est tenue a 
Tokyo en 1964 aupres de l'ecole japonaise, animee par Kenji Isono et 
Choji Magono, et specialisee depuis de longues annees dans l'etude 
des cristaux de glace et des precipitations. 

La cinquieme Conference sur la Physique des Nuages a ete la pre
miere a se tenir sur le continent americain. Elle a ete organisee 
par Roland List et Walter Hitschfeld. Elle a constate le developpement 
considerable de la discipline en Amerique du Nord, la possibilite de 
parvenir a des progres rapides, la necessite pour cela de confirmer 
le retour aux recherches fondamentales en renongant pour un temps aux 
applications immediates a la modification du temps, dans le double but 
d'economiser des efforts inutiles et de ne pas etre victime du discre
dit d'operations prematurees ne conduisant a aucun resultat signifi
catif. 

C'est ainsi qu'a la sixieme Conference a Landres, presidee et or
ganisee par B.J. Mason, la modification du temps a ete pratiquement 
absente et seuls des problemes fondamentaux ont ete abordes. 

Mais la modification du temps restait une potentialite pour le 
futur au niveau des applications, un probleme scientifique pour le 
present, qui ne pouvaient pas etre negliges. Ceci conduisait la Com
mission de Physique des Nuages de l'Association Internationale de 
Meteorologie Physique de l'Atmosphere et l'Organisation Meteorologique 
Mondiale a s'entendre pour organiser a Boulder, en 1976, suc9essive
rnent la septieme Conference Internationale sur la Physique des Nuages, 
sous la presidence de Helmut Weickmann, et la deuxierne Conference 
Scientifique de l'O.M.M. sur la Modification du Temps, sous la presi
dence de Roland List. La Conference sur la Physique des Nuages de 
Boulder vit les progres de la discipline dans deux dornaines, celui de 
la saisie des donnees quantitatives et precises principalement en 
Physique des Nuages, et celui de 1 1apparition d'outils mathematiques 
sous la forme de modeles numeriques de developpement de nuages et de 
croissance de leurs elements. 

La presente Conference sur la Physique des Nuages se situe dans 
le prolongement direct de la Conference de Boulder, etant suivie com
me elle par une Conference Scientifique de l'O.M.M. sur la Modifica
tion du Temps. 

La Conference de Clermont-Ferrand presentera cependant l'origi
nalite de rnettre l'accent sur l'importance des aspects thermodyna
miques et dynamiques des nuages, sur l'interaction entre thermodyna
mique, dynamique, rayonnement et microphysique en leur sein, sur l'in
teraction entre les phenomenes a differentes echelles d'espace, depuis 
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l'echelle aerologique jusqu'a l'echelle synoptique. Enfin, sur 
chaque theme, done dans chaque session, seront regroupes experimen
tateurs et modelisateurs afin de jeter des ponts sur le fosse qui 
existe trop souvent entre theorie et experience. 

En reponse a la premiere et a la deuxieme circulaires annon
gant la Conference de Clermont-Ferrand, nous avons regu un nombre 
impressionnant de projets de communications : 251. Ce nombre montre 
la vitalite et l'expansion de notre discipline, mais il a pose un 
redoutable probleme d'organisation. 

Pour resoudre la difficulte, avec le Comite International des 
Programmes, nous avons decide : 

- de publier tousles resumes des projets de communications 
regus dans le "Journal de Recherches Atmospheriques" (vol. 13, n° 4, 
1979) et d 1 en faire une plaquette speciale montrant l'activite gene
rale de notre discipline en 1980, sans restriction ; 

- d'organiser 14 sessions avec chacune six a huit courtes pre
sentations orales suivies d'une table ronde animee par deux meneurs 
de jeux et portant sur les resultats les plus originaux et les pro
blemes les plus importants dans le domaine traite ; 

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

- de ne pas traiter certains sujets malgre leur interet intrin
seque parce qu'ils ont ete traites dans des Conferences recentes 
ou seront traites dans des Conferences prochaines (Conference de 
Manchester sur l'Electricite Atmospherique en aout 1980 ou Confe
rence de Hambourg sur la Nucleation en aout 1981). 

Dans les pages qui suivent sont publiees toutes les communica
tions acceptees, soit pour presentation orale, soit pour une session 
a '1posters" soi t en reserve. Ces communications sont regroupees sui
vant les sujets dans quatorze sessions normales ; dans chaque sujet, 
elles sont classees par ordre alphabetique. 

Mon souhait, celui du Comite International des Programmes, sont 
que cette formule de conference, sans doute encore tres imparfaite, 
mais qui laisse une grande place aux discussions, permette a tous 
de faire connaitre les progres qu'ils ont accomplis, de s'informer 
des progres des autres, de degager les lignes directrices de re
recherches nouvelles pour hater les progres de tous dans la connais
sance des nuages. 

Il me reste l'agreable devoir d'exprimer ma reconnaissance la 
plus vive a toutes les personnalites et tousles organismes cites 
en page de garde, sans lesquels la presente Conference n'aurait pu 
etre mise sur pied. 

R.G. SOULAGE 

President de 1a.VIIIeme Conf~rence 
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 Coulie (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 victim 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 
Zurich, 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 Atmosphfriques'' (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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I-1.1 

LA LOI CARACTERISTIQUE DES NOYAUX DE CONDENSATION NUAGEUSE 

ET SON EVOLUTION EN MILIEU INTERTROPICAL HUMIDE 

F. Desalmand et J. Baudet 
Departement de Physique Generale, Abidjan, COTE D'IVOIRE 

R. Serpolay 
I.O.P.G. du Puy de Dome, LAMP, Clermont-Fd, FRANCE 

I - INTRODUCTION 

La region d'Abidjan (Cote d'Ivoire) jouit, 
en zone intertropicale humide, d'une situation 
remarquable non seulement a cause d'une pollu
tion anthropogene encore faible, mais surtout 
en raison de l'abondance des poussieres conti
nentales - en relation avec l'arrivee du Front 
Intertropical (F.I.T.) - et de la richesse de 
la vegetation qui croit et se decompose en tou
te saison pour participer a la constitution de 
l'aerosol naturel, ainsi que de recents travaux 
l'ont montre (1) (2). 

Profitant de ces conditions privilegiees, 
nous nous sommes proposes : 
1°/ de montrer que les spectres des noyaux de 
condensation nuageuse (n.c.n.) etablis en fonc
tion de la sursaturation satisfont bien a une 
relation puissance; 
2°/ de suivre l'evolution quotidienne et saison
niere de cette loi caracteristique ; 
3°/ d'interpreter les resultats obtenus en te
nant compte des deux principales sources d'ae
rosol : la source continentale et la source ve
getale. 

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

Le dispositif utilise pour determiner la 
concentration d'un echantillon d'air en n.c.n. 
est la chambre a diffusion thermique a plaques 
paralleles et horizontales du modele decrit par 
TWOMEY (4). La plaque superieure est chauffee, 
tandis que la plaque inferieure reste a la tem
perature ambiante. On photographie les goutte
lettes contenues dans un volume de 0,027 cm3 
eclaire par un faisceau laser. 

Les mesures sont effectuees a proximite de 
la ville d'Abidjan, en un lieu non situe sous 
le vent de la cite. 

Les spectres de n.c.n. sont realises pour 
les 5 valeurs suivantes de la sursaturation 
S : O,15%, 0,25%, O,5O%, 0,75% et 1,0%. 

Pour chaque valeur de S, on effectue suc
cessivement 4 determinations de la concentra
tion a partir de 4 echantillons d'air. C'est la 
moyenne arithmetique de ces 4 determinations 
qui est donnee a N dans la relation: 

3 

N 

qui relie Set Net oil C et k sont des parame
tres differant pour chaque spectre. 

On a ainsi realise 20 spectres a differentes 
dates entre janvier et juin 1978 et on a montre, 
a partir des resultats obtenus, que la loi de 
la relation [!] leur etait applicable avec un 
rapport de correlation r voisin de l'unite. 

A Abidjan, dans le domaine des sursaturations 
etudie, la population des n.c.n. suit done bien 
la relation puissance : c'est leur loi caracte
ristique. 

Il est evident que C mesure la concentration 
des n.c.n. actives a la sursaturation S = 1,0% 
et que k varie dans le meme sens que le rapport 
de la concentration des noyaux les mains actifs 
- qui sont en general les plus petits - a celle 
des noyaux les plus actifs - qui sont aussi les 
plus gros. On a, par exemple : 

oil No,so= 

No,2s= 

Mais on 

'k =[log No,_so]/1og 2 
No,2s 

concentration des n.c.n. actives 
s = 0,50% 
concentration des n.c.n. actives 
s = 0,25% 

a sussi 

[ 3] C = (NO , 5 O) 
2 

/ NO , 2 5 

3 - ETUDE EXPERIMENTALE DES VARIATIONS 
DEN, C et k 

a 

a 

Au cours de II journees reparties le long de 
l'annee entre decembre et juin et a chaque heu
re de la journee, les valeurs de N0, 50 et No,2s 
ont ete determinees experimentalement de la ma
niere ci-dessus indi~uee. On en a deduit, par 
le calcul (relation l2]), les valeurs de k et 
on s'est servi de l'ensemble de ces donnees 
pour construire le tableau I. 

Si l'on remplace la valeur du parametre X 
(= N0, 50 , N0, 25, C, k) par sa valeur X moyennee 
sur l'ensemble de la journee, on constate que 



NO,SOmin k min 
No,somax k max 

DATE NO,SOmax k max --- --
No,somin k min 

---------------
2 au 2400 150 3, 71 0,45 16,0 8, 2 

.03.06. 77 8h 3h lh o & Sh 
------------------

II au 2890 260 2,54 0,22 11,1 11,5 
12.06.77 19h Sh 18h Sh 

--------- ---------
28.12.77 3590 1150 1,44 0,45 3, I 3, 2 

19h 24h 4h 2h 
---------------

01.01. 78 3370 1110 1,28 0,32 3,0 4,0 

Oh I Oh 18h Oh 

lo1.o, .78 
---------------

2780 960 I ,62 0,60 2,9 2, 7 

I 21h 16h30 8h 7h 
------------------

15.01. 78 2810 590 I, 73 0,42 4,7 4, I 

8h 4h 13h 4h 
---------------

26.01. 78 3920 1220 I ,47 0,65 3,2 2,2 

20h30 13 & 16h 18h 16h 

---------------
14.02.78 4070 520 I, 95 0,80 7 ,8 2,4 

19h 14h 17h 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 o, 70 5, 7 3 ,4 

9 & IOh 0,2 & 12 18h30 16h30 
---------------

15.05. 78 2780 440 2,33 0,42 6,3 5,5 

9h 20h 2th 20h 

TABLEAU I - VALEURS EXTREMES DES CONCENTRATIONS Nmax et Nmin DES 
NOYAUX ACTIFS A LA SURSATURATION S & 0, 50:t ET VALEURS 
EXTREMES DU PARAMETRE k DECOULANT DES SPECTRES HORAI
RES ETABLIS A PARTIR DE 11 JOURNEES DE MESURE. L'HEU
RE OU L 'EXTREMUM A ETE TROUVE EST INDIQUEE SOUS LE 
RESULTAT DE LA MESURE 

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

Dans le tableau II, un mois est represente 
par une ligne sur laquelle figurent les valeurs 
No,zs, .....• , 1/k ainsi que la valeur H (en 
metres) de la hauteur mensuelle de pluie. Lors
que, dans ce mois, les mesures horaires ont ete 
effectuees sur plusieurs journees, on a pris 
pour X la moyenne arithmetique des valeurs 
moyennees relatives a chaque journee. 

M0IS No•zs ii c k I 
H(m) .. ,. r 

juin 1977 365 890 2 200 1,30 0,77 0,339 

decembre 1977 I 130 2 040 3 680 0,85 1,i-8 0,047 

j.1ovier 1978 855 I 670 3 290 0,98 1,02 0,0075 

fivrier 1978 590 I 410 3 390 1,27 0,79 0,099 

""'" 1978 0,150 

avril 1978 470 I 220 3 200 1,39 0,72 0,278 

ui 1978 400 I 030 2 685 1,42 0,70 0,'S48 

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

4 

Il est ainsi aise de constater que les para
metres N0 , 25 , ••••• 1/k affectent une variation 
saisonniere se manifestant par une decroissance 
reguliere de decembre a juin - c'est-a-dire de 
la saison seche (mi-decembre a avril) a la sai
son des pluies (mai a mi-juillet) - alors que 
H varie en sens inverse. La concentration No,zs 
en"gros noyaux" et 1/k peuvent de plus etre 1cor
reles par la relation: N0 2 s= -670 + 1510(k) 
avec un coefficient de correlation lineaire 
r = 0,97. 

Le tableau III, deduit du tableau II, pre
sente les valeurs des rapports Xmax/Xmin. En 
comparant les valeurs des cases 2 et 4 a celles 
des rapports correspondant qui figurent dans 
les deux dernieres colonnes du tableau I, on 
constate que les variations saisonnieres de la 
concentration N0 , 50 et du parametre k sont in
ferieurs aux variations diurnes de N0 , 50 et k. 

TABLEAU III 

~max=l,7 
C min 

~ ma:x = J ,7 
k min 

On constate egalement que les variations 
saisonnieres de la concentration des noyaux ac
tifs a sursaturation S s'attenuent quand Sau
gmente. Ce fait est mis en evidence par la cour
be de variation, en fonction de S, du rapport 
Nmax/Nmin tire du tableau II (fig. 1, trait 
plein). Par extrapolation (partie en tiretes), 
il semble que ce rapport tende vers I aux envi
rons de S = 2,0%, valeur pour laquelle la moyen
ne journaliere N serait alors independante de la 
saison. 

N / N . max min 

3 

2 ---------
s % 

0 0,50 I ,5 2 

FIGURE I - VARIATION, E~ FONCTION DES, DU RAPPORT 
DES VALEURS EXTREMALES DES MOYENNES DES 
CONCENTRATIONS DES NOYAUX ACTIFS A LA 
SURSATURATIONS S 



4 - COMPARAISON DES MESURES DEN AVEC GELLES 
EFFECTUEES EN D'AUTRES LIEUX 

Pour l'ensemble des mesures realisees a 
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 €levees et les concentrations habituelles 
sont comparables a celles des regions industrie:r
les d'Europe ou d'Amerique (3). O½ clans notre 
cas, la pollution anthropogenique est faible. 

D'apres TWOMEY et WOJCIECHOWSKI (5), l'air 
maritime presente des valeurs de C et k a peu 
pres constantes et faibles (C ~ 100noyaux/cm3) 
sur l'ensemble des oceans. On voit, par conse
quent, que nos mesures ne traduisent pas une 

:influence maritime sur la region d'Abidjan. Il 
reste done a examiner l'intervention d'autres 
sources de production des n.c.n. 

5 - PROFIL DES VARIATIONS DIURNES ET 
INTERPRETATION 

La figure 2 presente le graphique de varia
tion diurne des concentrations mesurees les 2 
et 3 juin 1977, au cours de l'une des onze pe
riodes de 24 heures precitees. 

Il est clair que nous sommes en presence 
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 13-14 h. Avec 
prudence et en attendant confirmation de resul
tats obtenus par le groupe de recherche sur les 
aerosols de l'Universite d'Abidjan, on peut ten
ter l'analyse suivante de nos mesures : 

N/cm
3 

2000 

1000 

0 0 14 w; B 20 22 24 2 4 6 8 IO 12 l\ 16 B 

FIGURE 2 - VARIATIONS DES CONCENTRATIONS N
0

,
25 

(en tiretets) 

ET NO,SO (en trait plein) DES NOYAUX DE CONDENSATION 

NUAGEUSE ENTRE LE 2 JU.IN 1977 A 13h ET LE 3 JUIN A I Sh 

5-1 Valeurs maximales de Net k apres le 
lever du soleil 

Differentes sources sont susceptibles de 
produire un grand nombre de petits noyaux (Net 
k eleves), a savoir : source terrigene locale, 
sources anthropogeniques et source vegetale. 
Cette derniere merite une explication. En effet, 
la grande stabilite qui s'est etablie au-dessus 
de la foret a la faveur de la nuit est detruite 
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vers 8-9 h et l'aerosol forestier commence a se 
disperser clans l'atmosphere. Il est riche en 
petites particules de potassium (1). Par ail
leurs, des reactions photochimiques se develop
pent a partir des produits de decomposition bac
terienne de la lagune et de la foret (oxydation 
en sulfites et sulfates des gaz sulfureux et 
des mercaptans) et donnent lieu a la formation 
de petits noyaux (2). La station de mesure etant 
situee a proximite des arbres et sous le vent de 
la lagune, il ya lieu de penser que la produc
tion de noyaux d'origine vegetale est importan
te devant les deux autres sources ainsi qu'il 
peut en decouler d'une critique plus approfon
die de l'intervention de ces dernieres. 

5-2 Occurrence des autres valeurs 
extremales de Net k 

Vers 13-14h, l'activite thermoconvective 
passe par un maximum : la couche de surface est 
dilatee ou disparait et les valeurs de N passent 
par un minimum, tandis que, par coagulation, les 
petits noyaux peuvent en former de pius gros (k 
minimal). 

. En fin de nuit, la stabilite des basses cou
ches atmospheriques est a son maximum et favori
se la sedimentation des noyaux, rendant N mini
mal. Cette evolution est accentuee par les 
pluies (110/cm3 le 3 juin a 4h) ; mais lorsque 
le FIT se trouve au niveau d'Abidjan, les vaJeurs 
de N peuvent rester €levees dans l'air charge de 
poussieres continentales et de particules pro
venant de feux de brousse (1700/cm3 le 28.12.77 
a 4h). 

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

5-3 En conclusion, la production vegetale 
consecutive au lever du soleil et les mouvements 
de l'atmosphere lies aux €changes thermiques pa
raissent responsables des variations journalie
res de Net k. L'amplitude de ces variations est 
plus grande en saison des pluies qu'en saison 
seche ainsi qu'un examen attentif des deux der
nieres colonnes du tableau 1 nous le montre. 

6 - VARIATIONS SAISONNIERES ET INTERPRETATION 

Le tableau II indique que la richesse rela
tive de l'aerosol en petits noyaux augmente en 
meme temps que la hauteur de pluie. Ce resultat 
peut etre interpret€ en considerant que la pluie 
a, sur les concentrations en n.c.n., des effets 
concourant a accroitre ken activant la produc
tion des petits noyaux selon les processus indi
ques en 5-1. 

De plus, par intervention du processus natu
rel de condensation, les noyaux les plus actifs, 
qui sont generalement les plus gros, ont ten
dance a s'eliminer plus rapidement de l'atmos
phere. Ce sont aussi. les noyaux les plus gros qui 
sont captes par les gouttes de pluie dans leur 
chute. On peut, par consequent, proposer le 
schema suivant pour expliquer les variations 
saisonnieres des n.c.n. : 

En toute saison, l'aerosol vegetal produit 
des noyaux dont certains sont actifs a S < 1%, 
plus precisement vers 8-9h et davantage en sai-



son des pluies. 

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

Des fevrier, les orages amorcent le lessi
vage de l'atmosphere : il ya elimination des 
plus gros noyaux, qu'ils soient d'origine con
tinentale OU vegetale. 

La production par la vegetation de particu
les plus petites consecutivement aux pluies 
est telle qu'elle compense largement l'effet 
de lessivage pour l'ensemble des noyaux actifs 
as= 2,0%. 

7 - CONCLUSION GENERALE 

Les mesures horaires au cours des JI jour
nees considerees clans le tableau I ont mis en 
evidence les variations diurnes et saisonnie
res des parametres C et k de la loi caracte
ristique des n.c.n. Par ailleurs, la richesse 
de l'aerosol naturel en milieu equatorial a 
ete confirmee. Pour expliquer les valeurs ele
vees des concentrations, nous avons elimine la 
source oceanique et retenu la source continen
tale et la source vegetale. 

Parsa variation journaliere et saisonniere, 
la source vegetale apparait particulierement 
importante. 
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A PRELIMINARY STUDY OF CLOUD CHEMISTRY 

Dean A. Hegg, Peter V. Hobbs and Lawrence F, Radke 

Atmospheric Sciences Department, University of Washington 
Seattle, Washington, 98195 USA 

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 concentrations) 
ranged from 2.5 to 19. 7 mg 2-l with a mean of 
10.3 ± 5.3 m i-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 arenot 
entirely in agreement with Petrenchuk and 
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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 SO4 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 
~xplain 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 scaveng~ng 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 tiEe 

April 2Li, 1979 18 km north of Wave 
Mt, Rainier, Wa. 

" 

April 27, 1979 Washington Cascades 

April 30t 1979 54 km south of Stratus 
Tacoma, Wa. 

May 3, 1979 Over Mt. Rainier, Wa, Wave 

May 10, 1979 Over Orcas ls., Wa, 

May 15, 1979 9 km northwest of 
Olympia, Wa, 

" 

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. 

IEC[NO;] rnc[so:J FV[so:J* 

Samele No. (mg £ -1) (mg 9.-1) (mg £ -1) 

3 2.5 (±10%) 7.3 (±10%) 10.9 (±25%) 

4A 0.75 (±10%) 2.9 (±10%) 5.6 (±25%) 

4B o. 53 (±10%) 1.8 (±10%) 3.1 (±25%) 

6 0.28 (±10%) 0.67 (±10%) 1.1 (±25%) 

* Total sulfur expressed as [so:] 

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

Directly measured [so4 =1 derived fror.. 
[so/J (µg rn-3) cloud water 

Date (µg rn-3) 

30 April 1979 1. 02 6.20 

3 May 1979 0.93 0.53 

12 July 1979 0.97 30.7 

::.3 July 1979 0.34 0.19 
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Mass concentration of 
Mean cloud droplet .El! sulfuric cloud water 

radius (µm) (expressed as so:) (mg/liter) 

5. 4 4. 4 7. 3 

6 .1 4. 4 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. R 

this cloud (Fig, 2) corroborated the particle 
production within the cloud, The particle pro
duction seems most pronounced at a particle 
diameter of <vl µm, This 1 µm "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 concentratio~

3
was below the detection 

limit (O ± 0,40 µgm ) while the downwind 
concentration was 0,68 ± 0,46 µg m- 3 , This 
yields a sulfate production of 0,68 µg m-3 

These mea~urements, together with a cloud 
transit time of 5,8 min and a rather high 
ambient SOz level of 4 ppb, yield an SOz-to
S04 conversion rate of 104% hr-1. Ambient 
sulfate concentrations derived from 
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Particle size spectra measured upwind 
and downwind of a wave cloud on 
May 3, 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 µg m- 3 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 µg 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-1 
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 µm3 cm- 3 downwind and 3,1 + 1.7 µm3 cm-3 
upwind. If the excess volume is assumed to be 
(NH4)zS04, these measurements yield a sulfate 
production in the cloud of ~o.52 ± 7. 7 µg 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 SOz in solution by 
Oz or 03 can produce gas-to-particle conversion 
rates in clouds similar to those described 
above, An alternative mechanism is oxidation 
by HzOz as proposed by Penkett ~ al, (1979). 
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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 µm, Data from one case study 
yielded an S02-to-S04 conversion rate in the 
cloud of between 37 to 104% hr-1, 
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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 µm 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 µm 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 µm radius. The first mode was 
obtained with the Aitken Nuclei (AN} counter 
which was assumed to represent the 0.01 µm 
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 0.01 µmis si
gnificantly higher in east central Utah than 
in northwest New Mexico. However, the accumu
lation mode at 0.07 to 0.08 µmis 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: 

dNN 
dt = QN-~NN~ - KNANNNA - ~CNNNC 

Accumulation mode: 
dNA 
dt = QA - KAAN! - KACNANC where 

N is the average number concentration, 
Q the average rate insertion of new particle~ 
K the coagulation constant. 
The subscripts N,A,and C denotes nucleation, 
accumulation and coarse particle modes respec
tively. 

For 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(l964} 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, 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 mnde. 

Locale Modal radii (µm} Concentrations (cm-3) 

~ ¾ RC N NA NC N 

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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1. 

2. 

Table 2. Summary of aerosol physical and chemical properties in background aerosol. 

Percentage UTAH NEW MEXICO 

d < 0.5 µm d > 0.5 µm d < 0.5 µm 

Scanning electron microscopy and x-ray analysis 
Spherical Particles 88 17 93 

Emitting Particles 33 100 67 

Emitting Particles containing 65 17 78 
only s. 
Non emitting spherical 66 <l 29 
particles. 

Nitrate and sulfate spot test technique. 
Particles containing sulfate 70 <l 86 

Particles containing nitrates <l 8 <l 
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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. dN/dlogR is 
in cm~3 and R in µm. 

12 

d > 0.5 µm 

29 

86 

17 

25 

30 

11 



Results of the application of the SEM-XEDA 
system and the spot test techniques for nitra
and sulfates to individual particles are given 
in Table 2. The data were derived from indivi
dual particles and were grouped into two size 
ranges: smaller and larger than 0.5µm. In Utah, 
about two-thirds of the particles below 0.5µm 
areidentified as "non emitting particles", i.e. 
they are composed of elements lighter than so
dium such as C,O,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 ma~e up of+S in 
combination with cations such as H and NH4 
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 

0.5µm 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., 1976): ~ 

: = ~ - KNN N~(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-2.4xl0- 9cm3 .s-l, NN..., 5100~m-: ;then 
the flux of AN is approximately 104cm 2s 1 a 
value which is close to estimates obtained by 
Lopez et al.(1976) in southwest France. 
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Figure 2. The diurnal 
variation of the nor
malized Aitken nuclei 
counts for different 
seasons of the year. 
Measurements were ta
ken at the top of Cedar 
Mountain during 1978. 



In Northwest New Mexico where AN (organic) 
is only 290 cm- 3 (29% of 1000 cm- 3), and his 
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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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 BaC12 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 2µm 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 1%, while the 
inactive particles emerging from the impactor 
were collected on EM grids by electrostatic 
precipitation. For comparison, particles in the 
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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 gr·owth of a 
characteristic BaS04 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 1% (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 1% 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 µm) concentration (Environ
ment One Counter); Aerosol (0.18 < d < 3.0 µm) 
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) excep~ 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 
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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 Sand 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 northern 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 

\------ ------------------- -- --------- 27007 

\ / 
' I 
' I ' , 

\ AEROSOL SAMPLING LEVELS / 
' , 
\ / 

\----~ JANUARY 12, 1979 f..!~~q_7 
\ , ' , \ I 

\ I 
~~ ~~ ' / 

' /~m "I" ____ .,. "-----,. 

' .. ,,, /l;;m 
--::.--:.,-.::_,::::.. GROUND _____________ --~·:::::."=-....--

______ STATION 

,,,,,,,,,,CA~E' ,,,,,,,,n,, ,,, ;~~Tin:'17T1'77'$QG~H """''"""' '' "''" ,,, ,,, , ,, 1111nm 
LASARA I SABEL PADRE 

ISLAND GULF OF MEXICO 

50 km ·1• 50 km 

Fig. 1 



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 µm - 0.369 µm; 0.315 µm - 0.864 µm; 
0.359 - 1.488 µm; 0.467 µm 3.000 µmin 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 - EN cm- 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 µm and 
0.337 µm. 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 

19 

parenthesis) during the morning flight of Jan
uary 16 can be mentioned: 850 cm- 3 (120 m); 
1500 cm- 3 (230 m); 980 cm- 3 (720 m); 780 cm- 3 

(1370 m) and 6500 cm- 3 (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 cm- 3 • If one 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/ N1 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 µm). This might partly explain the find
ing of much larger mean factor I N'2/N for 



particle size interval 0.315 µm - 0.864 µm 
(51.6%) than for the smaller particles with 
diameters between 0.181 µm and 0.369 µm 
(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 (42.9%). 

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 95% hap
pens an activation of marine aerosol and that 
this threshold is confined to particle size 
between 0.2 to 0.4 µm depending upon the aer
osol nature (origin). 

Finally, the analysis of aerosol size dis-

20 

tribution curves for the most important size 
range for cloud physics (0.18 < d < 3.0 µm 
leads to the conclusion that particles smaller 
than 1.0 µm 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. In 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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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 S0 2 in precipitation and sul
fate can be scavenged directly as an aerosol or 
it can be formed in precipitation by acqueous
phase so 2 oxidation, eventually leading to the 
precipitation-borne sulfate. Recent estimates 
(MAP3S, 19792 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 so 2 • 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, so 2 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-~ffect 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. In 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. 1: Location of Muskegon which was used 
as a base for airborne observations. 

Table 1 

Fig. 2: Perspective view of the aerosol 
sampling section of the CCN spectro
m~ter (Fukuta and Saxena, 1979a, b) 
installed in the DC3 aircraft for 
the MAP3S observations. 

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

Flight Date Take Off 
No. EST 

hr. 

1 17 Nov. 1978 1305 

2 29 Nov. 1978 1035 

3 22 Jan. 1979 1122 

4 23 Jan. 1979 1140 

5 23 Jan. 1979 1440 

6 24 Jan. 1979 1058 

7 25 Jan. 1979 1243 

8 27 Jan. 1979 1157 

equipped to measure so 4 aerosol mass, SO and 
total NH3 volume concentrations, and aero~ol 
size distribution in the range from 0.01 µm to 

Landing Duration Type of 
EST hr. min. Precipitation 
hr. from the Storm 

1630 3 25 Rain 

1400 3 25 Freezing Rain 

1325 2 05 Clear Air 

1340 2 00 Light Snow 

1722 2 44 Snow 

1342 2 44 Graupel 

1507 2 24 Very Light Snow 

1446 2 49 Snow stopped 
before take off 

7 µm. Once these observations were completed, 
the aircraft was directed to penetrate the 
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 AIID 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 spectru1:\ 
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 cm-3) resulting from an 
updraft U (cms-1), may be expressed (Twomey, 
1959; Braham, 1974) as 

N=C2/(2+k) [68.8xl0-
3u312

]k/(2+k) 
k S(3/2,k/2) 

(1) 

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. For values of k ~ 0:5, N varies almost 
linearly with C, Fork> 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). 

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 if the nuclei source is assumed to 
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be at the surface. Either dry or aqueous 
phase·conversion of so 2 into sulfate particles 
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 measurfd 
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. 

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 surf;ace was 310-320° with 
speeds of 10-15 ms-1. 

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 2 
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 µm 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: Nov. 29, 1978 Jan. 24, 1979 
s (%) : 0.2-1.2 

Time C k Time C k 
EST cm-3 EST cm- 3 

11:37:03 3245 1.70 11:20:20 10825 0.36 

12:01:04 7283 0.68 11:30:46 10335 0.30 

12:05:34 11470 0.86 11:34:16 4247 0.91 
16323 1.94 

12:06:04 9726 1.23 11:40:10 2457 0.58 
11480 2.70 

12:09:16 10668 0.79 11:41:40 5423 1.31 

12:20:33 11316 1.10 11:45:23 7955 1.58 
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I - INTRODUCTION 

L'idee que les substances tensioactives 
puissent modifier la cinetique des processus 
de condensation et d'evaporation a ete utilisee 
par differents auteurs : DERJAGUIN, 1957 (2), 
JIUSTO, 1964 (3). D'autres,comme KOCMOND et 
coll., 1972 (4),ont compare au laboratoire l'e
volution d'un brouillard traite a l'hexadeca
nol-1 a celle d'un brouillard non traite. 
BAKHANOVA et SILAYEV (I) s'interesserent a la 
croissance de particules hygroscopiques recou
vertes d'une couche d'alcool cetylique. D'une 
fa~on generale, le principe de la mesure des 
vitesses de croissance fait intervenir soit la 
diffusion de la lumiere - le coefficient d'ex
tinction etant en relation avec le rayon de la 
particule, soit la cinematographie de la chu
te des particules - la vi tesse de ces dernieres 
etant directement liee a leur rayon. 

La methode que nous proposons differe des 
precedentes dans le sens ou il est possible de 
suivre, dans son ensemble, la croissance d'une 
particule isolee. La croissance est initiee a 
partir de cristaux de NaCl et les substances 
tensioactives ont ete choisies parmi celles qui 
sont susceptibles de se retrouver a la surface 
des eaux et dans l'atmosphere du fait de l'ac
tivite industrielle et des rejets des eaux me
nageres. 

Nous nous interessons ainsi aux substances 
tensioactives en tant que facteurs susceptibles 
de modifier l'activite des noyaux de condensa
tion dans un cycle naturel ou intervient l'ac
tivite humaine. 

Cette etude a ete orientee, d'une part, en 
considerant la structure des divers tensioac
tifs (anionique, cationique, non ionique), d'au
tre- part, en tenant compte de quantites crois
santes de ces substances a l'interface particu
le-air. 

II - DESCRIPTION DE LA METHODE EXPERIMENTALE 

Dans une cuve thermostatee ou regne une 
humidite relative proche de 100%, la croissance 
des gouttes a partir de noyaux salins est cine
matographiee sous microscope. Le film, une fois 
developpe, est projete sur papier millimetre. 
On peut ainsi mesurer le diametre avec une pre
cision de ±lµm. 
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Les cristaux de NaCl sont obtenus par pul
verisation d'une solution de NaCl au moyen d'un 
aerosoleur medical. On recueille les particules 
pulverisees sur un reseau de fils d'araignee. 
Pour une concentration de la solution saline de 
3% en poids, on obtient des cristaux se situant 
dans la classe des noyaux geants avec des dimen
sions qui varient entre lOµm et 4Oµm. Avec des 
cristaux plus petits, les conditions d'observa
tion qui sont alors imposees donnent lieu a des 
phenomenes de diffraction qui rendent les mesu
res difficiles a effectuer. 

La cuve thermostatee (figure I) permet de 
realiser deux regimes de condensation: 

a) regime statique : au moyen d'une serin
gue, on introduit de l'eau dans le fond de la 
cuve apres avoir rendu celle-ci hermetique. 

b) regime dynamique : on fait barboter un 
courant d'air dans un recipient d'eau a la tem
perature de la cuve et on dirige cet air sur la 
particule. Cette methode permet egalement de 
faire €vaporer les gouttelettes en envoyant de 
l'air sec dans la cuve. 

membrane objectif du 
microscope 

support en PVC 

Schema de la cuve 

FIGURE 

Toutefois, pour la majorite des experiences, 
le regime statique a ete prefer€ au regime dyna
mique, ce dernier imprimant parfois a la parti
cule en voie de croissance des vibrations preju
diciables a la qualite des images sur le plan 
cinematographique. 

Les tensioactifs sont choisis parmi les 
corps solubles des 3 classes suivantes : 
- anionique : la longue chaine est portee par 

l' anion. Exemple : le dodecylsulfate de 

d . C H so6
4 

Na@ so 1.um : I 2 25 -



- cationique : la longue chaine est portee par 
le cation. Exemple : l'amine tertiaire qui, 
avec l'eau, donne l'equilibre suivant : 

- non ionique : la longue chaine est reliee a 
des groupes polaires non ionises. Exemple : 
le tween 20 ou monodecanoate de polyethoxy
sorbitol. 

Pour pouvoir etablir une comparaison entre 
les courbes de croissance des cristaux de NaCl 
purs et des cristaux de NaCl pollues avec ces 
differents tensioactifs, il importe d'operer 
dans des conditions de proprete superficielle 
draconiennes pour eviter une eventuelle conta
mination du cristal. 

Deux methodes de pollution du cristal ont 
ete utilisees. L'une consiste a ajouter le ten
sioactif (O,l a 0,6% en poids) a la solution 
de NaCl qui sera pulverisee. On obtient alors 
de~ gouttelettes salines polluees et, par la 
suite, des cristaux pollues apres evaporation 
de l'eau. L'autre methode consiste a polluer 
directement un cristal de NaCl pur, dont on a 

,:filme la croissai;ice 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 porte par un reseau de fils d'araignee a 
la gouttelette polluee, porteepar un second 
reseau. L'avantage de cette methode est de 

,,pouvo,ir utiliser le meme cristal, done la meme 
masse de sel,et ainsi rendre plus significati
ves les comparaisons des courbes de croissan
ces. C'est pourquoi nous l'avons employee dans 
la plupart de nos experiences. 

III - RESULTATS 
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1°) Courbe de croissance et reproductibi
lite (diametre en fonction du temps) 
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la premiere, assimilable a une droite, corres
pond a la phase de dissolution du cristal 
jusqu'au moment ou il disparait completement· 
la seconde, qui tend asymptotiquement vers ' 
une valeur limite. 

Pour un meme cristal et dans les memes 
conditions de temperature, la pente de la droi
te est reproductible a 10% pres et varie en 
sens inverse de la masse du cristal. Cette 
masse peut d'ailleurs etre calculee a partir du 
diametre de la goutte a l'instant de la dispa
rition du cristal. 

Le film etant realise a une cadence de 
2 images/s., cet instant peut etre situe a une 
image pres. On considere que la gouttelette est 
alors une solution saturee. Aune temperature 
de 20°C, la formule utilisee est la suivante 
m 1,655 x 10- 13 (/J 3 (r/J : diametre en µm ; 
m: masse en gramme). 

Compte tenu de la precision de la mesure 
sur le diametre, la masse peut etre calculee a 
10% pres. 

Pour des cristaux de meme masse, et dans 
les memes conditions experimentales, la deuxie
me partie de la courbe de croissance est repro
ductible dans un domaine d'erreur de ±2µm. 

La difference entre les deux regimes de 
croissance se manifeste surtout dans la premie
re partie de la courbe, la vitesse etant plus 
rapide en regime dynamique. Dans la seconde 
phase de croissance, les courbes correspondant 
aces differents regimes finissent parse re
joindre. 

2°) Comparaison des courbes de croissance 
pour des cristaux purs et des cristaux 
pollues 

a) Tensioactif non ionique : le tween 20 
D'apres la figure 2 qui represente les 

courbes de croissance d'un cristal pur et du 
meme cristal soumis successivement a trois pol
lutions, on constate que la pente de la droite 
diminue quand on augmente la quantite du tensio-

• cristal pur 

I 0 0 
0 0 . ' ' 

0 ' ' 0 cristal io•• DODO 

pollue fois 
• DD 

,co 

16 6" 
A A 6 b A D cristal pollue 2 fois 

6. cristal pollue 3 fois 

20 30 40 50 60 mn 

FIGURE 2 - Tensioactif non ionique. Croissance en statique a 20°C 
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actif apportee sur la particule de sel. Lase-
,conde partie de la courbe est re la ti vement pro
che de celle correspondari: au eris tal pur pour 
une premiere pollution, mais s'en ecarte d'une 
fa~on significative pour les pollutions suivan
tes. 11 apparait done que la presence de ce 
tensioactif diminue la vitesse de croissance 
des gouttes. D'autres experiences avec ce ten
sioactif ont confirme ce resultat. 

b) tensioactif cationique : l'amine tertiaire 
En statique, a une temperature de 20°C 

(figure 3), la vitesse de croissance est dimi
nuee,surtout apres que deux pollutions succes
sives aient ete cumulees sur le cristal. Des 
essais effectues avec un autre tensioactif ca-
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tionique (le chlorure de dimethyl-ethyl-tetra
decyl ammonium) ont abouti au meme resultat 
une diminution de la vitesse de croissance. 

Expose a une humidite relative de 76% 1 le 
cristal de NaCl pollue avec ce tensioactif voit 
diminuer sa vitesse de croissance sans toutefois 
que son seuil d'hydratation ne soit altere. La 
meme constatation a ete faite avec le tensioac
tif non ionique. 
c) Tensioactif anionique : le dodecylsulfate 

de sodium 
La figure 4 represente les courbes de 

croissance de deux cristaux : le premier, de 
diametre initial 22µm, a ete pollue une fois ; 
il affecte une vitesse de croissance superieure 
a celle du cristal pur. On retrouve cette dif-
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FIGURE 3 - Tensioactif cationique, croissance en statique a 20°C 

0 µ111 

80 

60 

50 

40 .., 

10 ~--..._ __ ...._ ___ _..._ ____ ~ _____ ..._ ____ _.__,_....,___.__.___,. 

1/2 10 15 20 30 40 50 60 mn 

FIGURE 4 - Tensioactif anionique, croissance de 2 cristaux en statique 
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ference avec le cristal de diametre initial 
14 µm. Apres une deuxieme pollution, la courbe 
de croissance est a peu pres confondue avec 
celle du cristal pur. Apres une troisieme pol
lution, la croissance subit un net ralentisse
ment entre 20 et 60 minutes. 

Nous avons realise les memes experiences 
avec deux autres tensioactifs anioniques tres 
purs : le dodecylbenzenestilfonate de sodium et le 
decanoate de potassium. Ces deux tensioactifs 
contribuent egalement a augmenter la vitesse 
de croissance. Il semble, par consequent, que 
l'augmentation de la vitesse de croissance 
lorsque le cristal est faiblement pollue soit 
due a une propriete particuliere de ces tensio
actifs anioniques qui pourrait etre leur hy
groscopicite. Nous avons en effet constate 
qu'au voisinage de 100% d'humidite relative, 
ces substances condensaient l'eau. Une etude 
systematique de leur hygroscopicite devrait 
pouvoir verifier cette hypothese. 

IV - CONCLUSION 

Ce travail essentiellement experimental, 
.1.a mis en evidence une cinetique de croissance 
differente selon le type et la quantite de 
tensioactif utilises. Le resultat le plus net 
est que, pour une quantite importante de ten
sioactif sur le noyau salin, la vitesse de 
croissance est diminuee. 

Ce resultat est sensible dans la premiere 
phase de la croissance, surtout avec le tensio
actif non ionique. Mais il est egalement tres 
apparent dans la seconde phase de croissance 
a la fois~pour les tensioactifs non ionique et 
cationique. L'examen attentif de la figure 2 
nous montre par exemple que la gouttelette for
mee sur un cristal de NaCl met environ 1 heure 
pour atteindre, en regime statique, la dimen
sion de 60 µm, tandis qu'au bout du meme temps, 
la gouttelette formee sur le meme cristal,apres 
que celui-ci ait ete soumis a 3 pollutions, a 
seulement atteint la dimension de SOµm. 

Ce ralentissement de la vitesse de crois
sance par les tensioactifs peut avoir une inci
dence sur l'evolution du spectre de distribu
tion de taille des gouttelettes de nuage dans 
la mesure ou les noyaux geants de l'atmosphere 
sont susceptibles de modifier ce spectre. Il 
convient toutefois de considerer qu'en atmos
phere libre, les conditions de croissance des 
particules hygroscopiques sont plus proches du 
regime dynamique que du regime statique. 

Avant de conclure sur la modification si
gnificative des proprietes des noyaux salins 
atmospheriques par les tensioactifs, il serait 
necessaire d'etudier l'influence de ceux-ci 
sur les particules appartenant a la fraction 
la plus fine de l'aerosol en utilisant une me
thode apte a traduire l'aspect statistique des 
phenomenes qui ont ete observes sur des cris
taux isoles. 
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EFFECT OF INDUSTRIAL POLLUTANTS ON THE ACTIVITY OF ICE NUCLEI OF NATURAL 
ORIGIN 

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

The effect of common pollutants emi
tted into the atmosphere and water on 
the ice-forming activity of various 
substances waa studied.The combined ~ 
effect of a number of chemicals at -1~ 
C resulted in a change in the yield of 
ice nuclei in the range greater than 
l: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 aedium 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
peratuse to lower values by up to se
veral c. Thus the activity of the ice 
nuclei decreased.Oil vapours on the o
ther hand, increased the yield of ice 
nuclei for leas effective nucleante 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 industr:fal 
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 mea
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 
influence 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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Sample 

Table I. 

Method of sampls 
chemical treat
ment 

Montmorillo- untreated 
nite V fine sample 
fraction 

• 
• 

5 % CuS04 
5·% CuSO 
+ H2S vai. 

Montmorillo- untreated 
nite N coar- sample 

Yield of 
ice nuclei 
per gr5m 
at -15 C 
and satu
ration to 
water 

4 6 106 
• X 

2 7 106 
• X 

2 5 108 
• X 

2 l 107 
• X 

ee fraction 
• l % KI 4.3 x 106 

• l % AgN03 2.0 x 106 ______________________________ .,.. _____ _ 

Montmorillo
nite BV 16 
activated 
with cus .. 

Montmorillo
nite BV 22 
activated 
with CuS 

• 

Rotten oak 
tree trunk 

• 

Rotten pine 
tree trunk 

• 

untreated 
sample 

untreated 
sample 

untreated 
sample 3 10 mg so2 .m-

untreated 
sample 
oil vapours 
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Table II. 
Sample Drop freeijing tempe

rature (0 C) of l % 
suspensions of subs
tances 

Coal dust 
Ground limestone 
Power plant ashes 
Montmorillonite N 
Montmorillonite V 
Copper sulphide 
Aerosol freed by 
burning a mixture 
containing sulphi
des 

N 
[%) 

40 

30 

20 

10 

0 

0 -5 

-13.3 
-13.3 
-9.6 

-1.6 
-1.5 
-1.6 

~3 
I '4 

-10 

Power plant ashes CH 

N 

[%) 

40 

30 2~ 
'1, 
I \ 

20 
/: Zr-4 

,' I ' 
I I I 

I I 
10 ti I 

I I 
;{ 

0 
, 

0 -5 -10 

Rotten pine tree trunk 

0 

-15 T[DC) 

0 

-15 T [°Cl 
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THE EFFECT OF OIL VAPOURS AND SULPHUR 
DIOXIDE ON THE DROP FREEZING TEMPERA
TURE OF 1 % AQUEOUS SUSPENSIONS OF 
SUBSTANCES 

Relative frequency of 6rozen drops 
at a cooling rate of 10-15 C per minu
te. 

CURVE DESIGNATION : 0-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. 

N 
[%) 

40 

30 
t:.... 

2 I '4 
,' I 
I I 

0 

20 
I 
n 

-61 
fr ' 

10 
, I 

t 
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0 -5 -10 -15 T[°C] 
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N 
[%) 

40 
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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. 

l. INTRODUCTION 

This study is an expansion of an earlier 
experimental ,investigation carried out by Katz 
and Pilii (1974) which indicated that only a 
small fraction of ice crystals were formed 
through contact nucleation when a supercooled 
laboratory cloud was seeded with submicron AgI 
particles at about -l6°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 early experimental studies (reviewed 
by Katz and Pilie, 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 cont~ast to the deposition 
mechanism which is mainly vapor pressure and 
temperature dependent. 

For the case of an ice 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 
effective (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. T~eoretical 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 (1974) 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: Desert Research Institute 

Reno, Nevada, U.S.A. 
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(in their model) most ice particles are formed 
by a secondary process. 

2. EXPERIMENTAL PROCEDURE 

The oivotal element of this exoeriment is 
the sche~e for detecting events of· contact nu
cleation. Insoluble tracer particles incor
porated into cloud droplets remain there when 
the droplets freeze (Katz and Pilie, 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 vaoor 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 oosition. 

The basic experimental procedure was to fill 
a 2 m3 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 
esse~tially the same manner as described by 
Katz and Pilie (1974), only a few key items will 
be mentioned here. 

The clouds were generated by atomizing a 
hydrosol of fluorescent zinc-cadmium particles 
(fp) resulting in drool et size spectra shown in 
Fiaure l as determined with an impactor
reolicator. It has been established previously 
that the insoluble fp with a median diameter of 
2 µm did not influence the glaciation behavior 
of the droolets. Thermally (on hot wire) pro
duced submicron AqI 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 orecipitating 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 throuqh microscopic examination with 
combined UV and visible illumination. However, 
numerous microscooic observations were carried 
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Figure 1. Cloud droplet size distributionsJ 
(a) at time of ice mi,clei injectionJ (b) 100 s 
later. Thin lines represent total drop concen
tration; heavy lines indicate concentration of 
droplets containing fluorescent tracer particles. 
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Figure 2. Size distribution of AgI aerosols 
used to seed laboratory cloud. Thin line 
represents histogram for fresh AgI 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 woul~ 
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 low 
frequency of these events is indicated in 
Table I. 

While Katz and Pili~ (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 f.ound to be 
true in the case of columnar ice crystals as 
demonstrated in Figure 4 where fp are clearly 
visible in the oenters 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 -l9°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 -l0°C -l3°C -l6°C -l9°C 
Nucleation by Compressed Air l. 5% l. 3% 2.3% l. 8% l. 6% 
Seeding with AgI Smoke, Fresh 3.2% 2.5% 4.0% 3. l % 4.0% 

Adjusted Value for Contact Nucleation 2.6% 2.8% 2.6% 2.0% 3.6% 

Seeding with AgI 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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F 
100 µm 

Figure 3. Evaporating double-plate ice cyrstal 
on For'ITlvar substrate after application of chlo
rofor'ITI vapor replication technique. Sequence 
shows fluorescent particle on top plate gradu
ally migrating to center. 

Figure 4. Columnar ice crystals (replicas on 
right side) obtained at -S°C from supercooled 
cloud with droplets containing both AgI and 
fluorescent particles. 

Figure 5. E=mple of ioe crystals collected 
at -S°C in fp-doped cloud. No fp in crystal 
centers. 
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Figure 6. Sample of thick plates collected at 
-10°C in fp-doped cloud. 

Figure 7. Double-plate ice crystals collected 
at -13°C in fp-doped cloud. Note inset with 
side view of double-plate. 

Figure 8. Ice crystal sample collected at -19°C 
in fp-doped cloud. 



crystals obtained at these temperatures are pre
sented in the photomicrographs of Figures 5 
through 8. Illumination 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 
I) the percentage of crystals with a centrally 
located 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 Ag! 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 varia
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 Ag! 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 Pilie (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 

36 

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 (-l3°C to -20°C) develop from frozen drop
lets (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 located 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 

V.G.KHORGUANI 

HIGH MOUNTAIN GEOPHYSICAL INSTITUTE 

NALCHIK USSR 

The subject of this paper is the 
microetructural 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 hailstone center by a long~fo
cus microscope was made. Then embryo 
was plased on a special plate and the 
drop, produced by melting, evaporated 
or the embryo evaporated escaping li-
9uid phase. As a result of this there 
was a deposition on the plate, conta
ining aerosol particles of different 
sizeso 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 microstruetural features of 
aerosols were studied and then these 
samples were plased in a thermodiffu
aion cold chamber, where the ice-for
ming activity was examined under con
trol temperatures and supersaturation, 
according to described te9nology(1). 
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 9uite a similar method. 

2. EXl'ERDIIENTAL 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
st~nes6the3particle concentrati~n i' 
10 -10 cm- (in some embryos 10 -10 ~ 
besides, a.ny 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 (d730 ;4m) aerosol particle 
concentrations were considered indi
vidually. The results of four hail
falls, rain shower and snow are shown 
in Table 1. These hailfalls were 9uite 
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
sity. Analysis of this Table shows 
that with the increase of hailfall in
tensity the concentration of supergiant 
(d~JOµn) particles increasesi at this 
time difference between the rirst and 
the fourth is about two orders. The 
lowest concentration is observed in 
rain shower and in snow samples the 
particles with d ::> 30 14m were not ob
served practically. 

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

Fig.t 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. 

J., N/ dfrrt, OM ·J 

A H 
t/J /0° 

'D-5 /02.__ ____ __._ ____ _ 

'· 101 "t, /fM 101 

Fig.1 Aerosol particle.size dist-
ribution in atmosphere/A/,in hailstone 
embryos and precipitation/H/.1-hails
tone embryos, 2-in atmosphere at hei
ghts of 1-3 km, 3- rain shower, 4-snow 
shower. 



me!lll cubic 
Data diametero of 

NO and hailfall location lle.ilstone 

D3, 

l 15.06.74 Kraenoda.r 
2 21.05.75 Kabardino-Balkar. 
.3 .31.07.75 -"-
4 14.04.76 Nalchik 
5 .31.05.77 rain shower 
6 .3.0.3.77 snow shower 

The curves were drawn according to 
particle s,ize distribution of Junge 

dtv/(! - ,.., t_O( 
ld3t.- .,, 

. 
cm 

3,8 
2,2 
1,2 
0,7 

Data analysis of Fig.1 shows that in 
hailstone embryos a portion of larger 
particle conce~tration more than in 
atmosphere. The exponent in Junge 
distribution for hailstone embryos ava 
rages <i'.,=1, 5 and for atmosphere iX=4,4. 
Thus, it seems that in hailstone em
bryos the accumulation of giant aero
sol particles occurs. Fig.2 shows IN 
concentration in embryo ice, rain and 
snow as a function of temperature.Con
ce~trati~n of3active IN at -20°0 is 
10 - 10 cm and sharply decreases 
with temperature increase. 

/OJJ 
J✓,cM'I 

t!l2 

10' 
1 

-fO T,00 -20 

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

In addition, in all cases the fi
rst crystalls formed on the giant and 
supergiant aerosol particles at -8°C 
to -10°C. With temperature increase 
the spread of concentration magnitude 
increases; ,t -10°0 its mean value is 
about 10cm-. Thus, in temperature in-
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number of mean cubic diameter 
studied hail and concentration cf 
sto_nee, sam- narticlee , d > JO~ 
-plea d3, flm I n,cm- 3104 

19 50,2 .,, 11 
14 46, 1 0,79 
15 4.3,9 o, 15 
16 41 2 0,06 
14 34: 5 0,02 
7 

terval from -8°C to -20°0 the ratio 
of aerosol particle concentration of 
IN in ha~lstone embryo changes from 
105to 1~. 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°0 to 
-17°0. 

J. 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/)/. 

The concentratio, of h~il,tones 
usually is about 10- to 10 m- /4/ 
and it is clos~d to IN concentration 
at -10°0 and above. At lower tempera~ 
tures the IN concentration is one or 
two orders more than hail concentra
tion. At the same time the initial 
crystalls usually form on giant par
ticles present in hailstone embryos 
at -10°0 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 accumulation 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. Aircraft observations sho
wed that over the developing thunder
storm cloud the increase of giant ae
rosol particle concentration by one 
or two orders is observed. Thus, in 
hail cloud formation processes from 
the surface layer a large amount of 
giant aerosol particles rises and on
ly those particles which initiate the 
formation of ice phase at relatively 
high temperatures (above -8°0to -10°0) 
can transform into hail embryos, gra
upel and frozen drops. Particles, 



which ehow 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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NO and hailfall location hailstone 
• 
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3 31.07.75 -"- 1,2 
4 14.04.76 Nalchik 0,7 
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Table 1 
number of mean cubic diameter 
studied hail and concentration of 
stones, sam- narticles d 7 30 filll 
plea d.3, ;-1m n cm-J104 

' 

19 50,2 1,11 
14 46,1 .0,79 
15 43, 9 0,15 
16 41,2 0,06 
14 34,5 0,02 

7 
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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 nuclei 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. Frequent 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 

41 

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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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 
sample 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 4 Nucleas spectra of j oj oba bean material 

extracted for 7 and 22 hours with 
hexane. 

UI. 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 (Mandolfo, 
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 be.en 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. Since 
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 ~ubjected 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. 
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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. Isolation of INA Bacteria 

The existence of a few bacteria active 
as ice nuclei at relatively high tempera
tures (-2°c to -s 0c) 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, Ml 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 (l-2xl0 9 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 AgI smoke. While the inactivebacteria 
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°C to -3.5°c. 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 µl 
drop (1 mm radius) can be seen. Specific
ally, nuclei active at temperatures above 
-s 0c are present only where the number of 
cells examined exceeds 4xl0 6 /cm 3 • 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). 

Fig. 1. Scanning electron photomicrograph 
(20000x) of the citrus INA bacteriwn, Ml. 
The horizontal line in the lower right hand 
corner represents 1 µm and the average 
pore diameter of the support membrane is 
0.6 µm. 

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 alternative 
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 5 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 

z 
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20 cells. Unless 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 µm 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 temperatUY'e spectra of 
drops containing various ice nuclei, 

- Ml bacteria; , and - other yellow 
bacteria (named Ll, L2 and L3 respectively) 
also isolated from citrus leaves. Ll 
cannot be distinguished from Ml by either 
colony morphology or substrate range; L2 
differs from i'dl with respect to substrate 
range; and L3 is distinguished from Ml 
by the fact that it forms rough colonies, 
x - 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 temperatw:'e spectra of 
drops containing M 1 at different concen
trations. The few good INA bacteria among 
Ml population are responsible for the 
freezing of drops down to -4°C. The 
grouping of curves between -6°to -1 o0c is a 
result of the freezing due to the rest of 
Ml. The lowest freezing temperatures 
(< -16 C) 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 -s 0c. It was 
possible to pass such sonicates through 
0.45 µm pores without loss of activity, 
whereas 0.1 µm pores did not allow nuclei 
to pass through. Moreover, the number of 
nuclei 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 Ml is not active as a deposition 
nucleus at temperatures higher than -8°C 
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 suggesG 
that Ml 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 Ml 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 µm 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 Ml 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 initiate riming in clouds 
at temperatures around -s 0c, 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. In 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 lxlO 1 ". Assuming 1 nucleus per 5000 Ml 
cells, the corresponding cell number is 
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some 5xl0 17
• Standard cell yields are 

approximately 5xl0 12 /l of culture. There
fore, as things now stand, we would require 
10 5 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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Results 

I-2.6 

Large increases in the concentration of ice
forming nuclei (IFIT) w~re observed at ground 
level in thunderstorm downdrafts for the first 
time by Georg ii [ 3 ] . This has been substan
tiated by others, most recently by Langer, 

Size distributions of ice-forming nuclei, 
inorganic and organic, separated under different 
meteorolog1cal conditions are given in Fig. 1 
and 2. 

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 
aerosol 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 µm) separated from cloud droplets 
(dwater ~6 µm) were deposited on the surface 
of ~ither a vitreous carbon black or a nucle
pore filter. The separated ice crystals were 
allowed to sublime at temperatures below o0 c. 
Lithium chloride particles used as condensation 
nuclei were not detected in the residues; the 
detection limit for Li is 10-7 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. 

Particle 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 meaas of evaluating 
the scavenging of cloud droplets by growing ice 
crystals [8]. 

Fig. 1. 
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Size distribution of ice-forming nuclei 
active at -20°c. (A-all particles, B
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278 particles sized; exp. 1, 2, 7, and 
8). [Background during convective storm 
activity]. 
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Fig. 2 • Size distribution of ice-forming 
nuclei separated at -16°c and -20°c. 
(exp. 3 and 4; 9-10 July; 175 and 
250 particles sized). [Downdraft] 

Discussion 

A large percentage of the air in the thunder
storm outflow has its origin in the dry, low e 
air typically found in the middle troposphere e 
(altitudes 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 th~ 
updraft mixing with the down-draft air), of 
these aerosol particles, and perhaps of IFN. 
Examination of thermodynamic soundings in the 
near-storm environment shows an ample (1 km, 
thick or more) subfreezing layer to be generally 
available for the downdraft. 

The descent of the low ee air is believed to 
be due to the chilling effect of evaporating 
rain and cloud particles. Aerosol particles 
P:"esent in the initially dry air are brought, 
toerefore, 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 µm diameter size range over N.E. 
Colorado are approximately 107, 106, and 105m-3 

at altitudes of 2, 3, and 6 km, respectively; 
these concentrations are of course variable in 
time and space [l]. 
The updraft air frequently contains particles 
in the 0.1 to 2 µm diameter size range in 
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concentrations of up to 10 particles m · 
concentrations of 108m-3 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 µm 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 µm diameter 
aerosol particles, indicating that there is a 
cut-off at about 2 µm 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 90c 
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 µm 
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 µm 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 µm 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 IFN 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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I. 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-
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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-

August 

15 

Figure 1. Atmospheric ice nuclei 
measured at 60 m AGL at Boulder, 
Colorado in the summer of 1979 
showing threshold activity and 
the temperatures at which 500 
nuclei m- 3 were observed for 
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The decrease in atmospheric ice 
nucleus concentrations following 
frontal passages and the persis
tent low concentrations measured 
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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. This pat
tern has been observed on two subsequent occa
sions. 

III. RELEASE OF ICE NUCLEI FROM TERRESTRIAL 
SURFACES 

It has been shown by Schnell and Vali (1976), 
that naturally decayed plant l~tter contains 
numerous freezing nuclei active within the tem
perature range from -4°C and -S°C. In 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.S°C in 50 land 25 l 
samples in concentrations in the region of 1 
nucleus l- 1 active at -S°C. At 20 m vertical 
and 400 m horizontal from the grass plot, an 
air sample of 250 l exhibited threshold nuclea
tion at -S.1°C in concentrations of 1 nucleus 
l- 1 active at -ll.5°C, Disturbing the surface 
by agitation of the grass with a 20 cm long 
piece 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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X 251 
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'40drops 
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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 graoh) 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. 
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shown. It is interesting to note that the 
threshold activity of the IN from the larger 
(50 l) sample of air above the agitated sur
face is equal to that in the bulk sample of 
the leaf 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. 
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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 is predominate 
on filters exposed on 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 observations, 
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 
nuclei 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 then al!

6
but one 

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 ac ti vi ty 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 
reuorted by Allee (1974). Also, Rogers and 
vaii (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 
oround level up to cloud base. The present re
:ults 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
ciably 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 not_ed 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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II-1.1 

THE NON-ZERO CLOUD DROPLET KERNEL FUNCTION 

Fausto c. de Almeida 
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Belo Horizonte, BRASIL 

1. Introduction 

In studying the growth behavior 

of a cloud droplet population, the 

kernel function of the stochastic 

collection growth equation(Mason,1971) 

is a defining factor(Almeida,1979.a). 

This function has been dealt in 

general as a consequence of the col

lision efficiency function, and in 

reality little has been done to ana

lize it as a function in itself 

accessing its representativeness of 

the physical phenomena being simulated. 

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

tical and laboratory results. 

2. The non-zero kernel 

Recently, Almeida(l976,1979.b) 

treating the problem of cloud drop 

interactions in a turbulent environ

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. 

Using this more general definition 

it became clear that the usual defi

nition of the kernel function,- as the 

product of the collision efficiency 

times the terminal velocities differ

ence, not only neglects the interac

tional behavior of the collisional 
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problem, by using terminal velocities 

calculated, as the drops were falling 

in isolation, instead of the actual 

collisional velocities (Almeida,1978) 

but also attaches a zero value to the 

kernel function, for equal size drops, 

regardless of the value calculated 

for the collision efficiency. In other 

words, even if a collision between 

equal size drops is observed as pos

sible, this widely used definition 

negates this very outcome. 

Evidence has been piling up in the 

literature (e.g., Telford and Thorndike, 

1961; Woods and Mason, 1965; Almeida, 

1978 amon9 others) that equal size 

drops can and do actually collide, 

resulting in calculated values for the 

collision efficiencies that are dif

ferent than zero for all size ratios. 

Indeed, all published gravitational 

collision efficiencies have indicated 

(assumed or calculated) a different 

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). 

Note then, that in actual numerical 

simulations, although the values for 

the collision efficiencies entered in 

the model would assure possible col

lisions between two equal size drops, 

the use of the 'usual' definition for 

the kernel function negates this very 

possibility. 



Although it is easier to cc.l..:nlate 

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. For calculating the 

mean collisional velocities (Almeida, 

1978), this extra book-keeping in 

terms of parameter calculations, 

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 equation. 

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 SCAVEUGING OF MICRON SIZE PARTICLES BY CLOUD DROPS 

K. V. Beard*, K. H. Leong, and H. T. Ochs 
Illinois State Water Survey 

Urbana, Illinois, USA 

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. Pho re tic 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 
(Deryagin 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 µm radius in their evalua
tion of scavenging mechanisms. They showed that 
phoretic forces were the major scavenging mech
anism in the O .1-1 µm particle 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 thatphor
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 µm 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_ µm 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. 

* Also affiliated with the Laboratory for Atmo
spheric Research, University of Illinois. 
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Figu:re 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 crystal 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 µm the residual charges are less than 
2 x 10-15 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 cloud of 
droplets is generated by a Bergl•J.nd-Liu generator 
(TSI Inc. 3050). 1', 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 <lionized water. A 0.2 
µm 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 Bol tzman 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. 

Humidit;y Control. The relative humidity 
within the aerosol chamber is dependent on the 
water evaporated from the solution drops and the 



temperature of the room. With a value of 40 psi 
in the tracer reservoir and pinhole sizes of 
less than 10 µm, 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-1 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.lC). A 
lL volume of the aerosol is passed through 0.2 
µm 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 µm drops 
to 1400 radii for 100 µm 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 to 93 
µm 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 µm radius at 90% 
relative humidity with an effective density of 
0. 26 g cm- 3 and an effective thermal conducti v-
i ty of 18 mW cm-1 K-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 50 mW cm-1 
rl. The capture efficiency for 7 different 
particle sizes (0.58-3.2 µm) 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. 5 µm radius 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. In this paper we discuss the 
example of cloud formation in a cold thermal 
wave carried by conduction from a surface. In 
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 possible 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. 

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 known, 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, f3 , for 
water vapor on cloud drops and the thermal 
conductivity of cloud air. 

The Model 

The numerical model used in this study was 
the "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) 
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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 conditions 
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 µm diameter. (The 
detection threshold for the system is expected 
to be less than 4 µm.) 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 mar~s 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°c 
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 Gn 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 
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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/no-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 µm 
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 µm 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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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 cm 
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 
Initial temp. 
Initial dewpoint 
Initial pressure 
Expansion 
Mean probe temp. 
Wave amplitude 
Wave period 
Aerosol critical 

sat. ratio 
Aerosol no. den. 

0. 25 cm spacing 
291. 20°K 
291.15°K 
1000 mb. 
-1.5 mb/s for 17 s 
290. 70°K 
0.4°K 
10.0 s. 

0.005 -3 
500 cm 

These conditions yield drop sizes near the 
detection threshold ( < 2 ,um radius) if one 
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 
cm-3 produced no detectable change near the 
probe. Narrowing the size distribution by 
reducing the standard deviation from 0.2 r 
to O .1 r onl:' 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 µm. 

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 measure
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 mod~l 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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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 m3 atmospheric simulation cham
ber. This chamber is approximately 9.2 m high 
and 9.1 min diameter. Clouds were generated 

1Present 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- 1 

Natural (rurai continental) nuclei 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 cm- 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 3µm 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 Ool cm 3

• Drop
let concentrations were also determined from 
the measured visibilities and the corrected, 
normalized size spectra, by means of the 
Koschmieder visibility formulao 

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) RI. !!f!__ l dx 
dT = mp di di ( l) 
di cpd+ XCpv + WCw 

.E/!_ ' f ' di = given rate o expansion (Z) 

dx dr - = - 4rr LP N-r 2 _, 
di i "' " di 

(3) 

and 

dr r -= 
di D'e L 2 

1 + s 
K'RJT3 

The terms a, B, D' and K' in Eq. (4) are de
fined by 

D' = D r + .J2. 21r{ [ [ 1
1/21-1 

r + !J.D ra RdT 

K' = K [ r + 4K 
r+!:i.r 'Paf3cpd 

(4) 
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Table I. Data for selected cloud experiments. 

Cloud Expansion Equivalent Initial Initial 
experiment Aerosol rate updraft temp. R.H. 

type velocity no. (mb/min) (ms- 1) 
("K) (%) 

7 NaCl 5.0 0.73 295.10 95.2 

15 Natural 5.0 0.75 296.15 95.2 

19 (NH4)2SO4 3.75 0.54 298.88 95.8 

To conserve space, we will define only a few of 
tne less obvious symbols. Here€ is the mass 
fraction of soluble material in a nucleus; a is 
the condensation coefficient of water; Bis the 
thermal accommodation coefficient of water; 6D 

is the vapor jump distance at the droplet sur
face; 6T is the temperature jump distance; ~ is 

the ratio Rd/R and f is a correction factor 
V W 

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 
a 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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4. COMPARISON OF OBSERVED AND CALCULATED 
CLOUD PROPERTIES 

9 

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 (q), 

V 

71 

and mixing ratio of liquid water (q) 
may be expressed in the following f~rms 

91?. = 
dt 
dT 
dt = 
dq 

V 

dt = 

-pagw, 

_5!_ w -C p 
dq 

w 
- dt 

(1) 
L dqw 
C dt (2) I p 

I (3) 

dqw pw 5a 2 dr 
and dt = 4~- r dtn(r)dr, 

pa b 
(4) 

where p is the air density, g the gra
vitatioflal acceleration, w the vertical 
velocity, C the specific heat of cons
tant pressuFe, L the latent heat, p 
the water density, r the droplet ra~ius, 
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 
as = H w - H -3!. ( 5 l 
dt 1 2dt, 

dr a* b* 
rd t = G ( S -~3 ) F , ( 6 ) 

r 
respectively, where H1 , H2 , and Gare 
the thermodynamic parameters, a* rela
tes to the effects of surface tension, 
b* relates to the pr~sence of solute, 
Fis the ventilation factor, and the 
details can be found in Fletcher (1969). 
Finally, the kinematic equation for the 
number density of droplet spectrum is 

(7) 

With the aid of (6) 
llowing definitions 

and the fo-

and 

f(r) - ~~ = GF(i 

g(r) a dr 
- 3r(dt) = 

s GF(-2 
r 

½+¾),(8) 
r r 

+ & - ~) (9) 
3 5 , 

r r 

equations (7) and (4) can be re-written 

a a 
atn(r,t) + f(r)arn(r,t) 

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



and 
dq p ~b 2 w w 
dt = -4TTP r f(r)n(r)dr, 

a a 
(11) 

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. 

III. The Galerkin Approximation 

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

N-1 
nN(r,t) =n~O an(t)¢n(r), (12) 

where the time-independent basis func
tions¢ of degree n are assumed li
nearly £ndependent. After substituting 
(12) into (10), the inner products of 
(10) and the basis functions¢ of de

m gree m give 

N-1 da d¢. 
I:{<¢ I¢ >--2:!.+ <¢ l(fd n)>a 

n=0 m n dt m r n 

+ <¢ I (g¢ l >a } = o, m n n 

m = 0, 1, ' ' ' , N-1, ( 13) 
where 

<pJq> = fap(x)q(x)h(x)dx, (14) 

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

➔ 

A da + (B+C) t = 0, (15) 
dt 

where the matrices 

A= {<¢ I¢>} m n , 
d¢ 

B = { < ¢ m I ( f dr n) > } ' 

➔ 

C = {<¢ml (g¢n)>}, 

and a is a vector which consists of 
a (t). The partial differential equa
t£on (10) is now a set of ordinary di
fferential equations (15). Equation 
(11) may also be expressed in the 
Galerkin form, 

dq 
w 

dt = 

a n. (16) 

The procedure for approximation is 
quite general. The choice of the basis 
functions¢ of degree n determines 
the complex£ty of the matrices in (15). 
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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 Band 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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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 (q}, 

V 
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and mixing ratio of liquid water (q} 
may be expressed in the following f~rms 

~ 
dt 
dT 
dt 

dq 
V 

dt 

= 

= 

= 

-pagw, 

_9:. w -C p 
dq 

w 
- dt 

(1) 
L dqw 
c dt ( 2) I p 

( 3} 

dqw Pw Sa 2 dr 
and dt = 4TI- r dtn(r)dr, 

Pa b 
(4} 

where p is the air density, g the gra
vitatioAal acceleration, w the ver~ical 
velocity, C the specific heat of cons
tant pressuFe, L the latent heat, p 
the water density, r the droplet ra~ius, 
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 = H w - H _JI_ ( 5} 
dt 1 2dt, 

dr a* b* 
rd t = G ( S -~3 } F , ( 6 ) 

r 
respectively, where H1 , H2 , and Gare 
the thermodynamic parameters, a* rela
tes to the effects of surface tension, 
b* relates to the presence of solute, 
Fis the ventilation factor, and the 
details can be found in Fletcher (1969). 
Finally, the kinematic equation for the 
number density of droplet spectrum is 

With the aid of (6) and the fo
llowing definitions 

and 

f(r) = dr = GF(~ - ~2 + £.,._4}' (8) dt r 

g(r} 
3 dr 

- ar(dt} = 

s GF(-2 
r 

r r 

+ ~ - ~) (9) 
3 5 I 

r r 

equations (7) and (4) can be re-written 

3 3 
atn(r,t} + f(r)3rn(r,t) 

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



dqw PW \b 2 
dt = -4TTP j r f(r)n(r)dr, 

a a 
and ( 11) 

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. 

III. The Galerkin Approximation 

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

N-1 
nN(r,t) =n~O an(t)<Pn(r), (12) 

where the time-independent basis func
tions <P of degree n are assumed li
nearly ~ndependent. After substituting 
(12) into (10), the inner products of 
(10) and the basis functions <P of de

m gree m give 

N-1 da d<j> 
Z: {<¢ l<P >dtn + <¢ I (fd n)>a 

n=0 m n m r n 

+ <¢ml (g<j>n) >an} = 0, 

m = 0, 1,' • •, N-1, (13) 
where 

<pjq> = rp(x)q(x)h(x)dx, (14) 

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

-+ 
A da + (B+C) i = 0, (15) 

dt 
where the matrices 

A={<¢ l<P >} m n , 
d<j> 

B = { «Pm I ( f dr n) > } , 

-+ 
C = {<¢mj(g¢n)>}, 

and a is a vector which consists of 
a (t). The partial differential equa
t~on (10) is now a set of ordinary di
fferential equations (15). Equation 
(11) may also be expressed in the 
Galerkin form, 

a n. (16) 

The procedure for approximation is 
quite general. The choice of the basis 
functions¢ of degree n determines 
the complex~ty 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 Band 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 selecte~ 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 

A.AoLusbnikov 
Karpov Institute of PbJsical Chemistr;r 

Moscow USSR 

Two kinds of coagulation proces
ses are considered responsible for -
di!!erent stages of atmospheric con
densational aerosol formation: i. 
source e.Dhanced coagulation in free 
molecular regime and iiogravitational 
kinematic coagulation. 

Source enhanced coagulation in 
free molecular regime is responsible 
!or formation o! size spectra of high 
dispersed condensational aerosols · 
within the size interval 10 - 1oonm. 
Such aerosols serve then as condensa
tional nuclei affecting considerabl.;r· 
on earl;r stages of cloud droplet !or
mation.These aerosols form usuallJ' 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 governed b;r the 
well knoffll equation (see e.g. [1] ) : 

~C(J,t)=I~,t)+ sj{(~/~,~c(~,t)c(~,t) 
{)~ 

where 

(1) 

){ c~ / e1) e;J=f Jf<?,~)[01-1-~-~~-t)-'o{J-§.} 
c(g,t) is the concentration of par
ticles containing g monomers,I(g,t) 
is the rate of suppl;ring the system 
with fresh particles,K(l1 ,12 ) is the 
coagulation kernel and o (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): 

J<(?)~) oc(~1/3+~¾)Vf +f' (2) 
:i. "2 

Source enhanced coagulation pro
cesses had been·studied by several 
authors [2 - 5].The main attention 
had been paid to the cases when at 
t ~ oo the as;rmptoticall;r stead;r· 
state regime of coagulation was set
tled.The conditions for this were / 
found to be >.~.iJ.J'<,'1 )..::::c:i+.;3, .Jl::::/o!.-J3 · 
where >- is the hom.ogenei t;r parame
ter of the kernel and c,1; j3 are the 
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exponents of the as;rmptotic expansion 
o! the coagulation kernel: J.(_o,;;; ~"" ~..,a 
at? ?7 /!.~ · oFor the kernel (2) ,\ =1/6 
o( =2./3, J=-1/2 and y =7/6,i.eothe ste
ady state as;rmptotic regime is never 
achieved.Instead o! this the coagula
tion process proceeds as follows.At 
the initial stage the mass spectrum 
is smooth (the case c(g,0)::0 and I(g) 
::0 at g > g0 is considered) and spreads 
to the right along the g-aris in in
creasin@; t.In some time at g;,;;, g0 
there appears a peak containing al
most all mass of the s;rstem,while the 
total·particle number in it remains 
small.Particles inside this peak grow 
for two reasons:due to coalescence 
with each other and as a result of 
joining small particles,providing by 
the external sourc~The latter 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: 

(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 the self
preserving form( 5]: 

CA= Jt 8 
2 "f <;1~) (4) 

where :J=J8Id9 .substituting eqs. 
(3) and (4) into eq.(1) ;yields: 

-xY'-2'f"=ae2SXrt/J;z) rf"(y)t'(z.)J;clz <5) 
2. 

B(t)o<. i - .:t->-. 
(6) 

where a-e is a s•paration constant•~ 
Remaining part o! the equation de!inE!t 
CX .At large t two !actors are shoffll 

to affect c_r :the form of the exter
nal source and the coalescence o! 
small and large particles: 

~CI=l(3)- c_:r 3J1-,o1 (7) 

where ~(Ac: Jf"cA dg .The as;ym.ptotic 
solution to eqo(7) is: 

(8) 



Using eqs.(4) and (8) one gets: 
- -1.+>. 5 ~=-5cA1o(.f .:t->.) 1,= ~cAc~<X f-

_)1-.i 
f'f=-50:dJ o<. t-:t->-) HI=S~0:1ol i1!r 

(9) 

For the coagulation kernel (2) eq.(9) 
gives: _ 1/s- -1/s-

~ ott ., ~o<i 
It is seen that ~ ..c-< J!f at t ~ = 
in accordaJ'lce with the assumptions 
made. 

Thus we see that the asymptotic 
mass spectrum. in the case of the 
source eDhanced coagulation in free 
molecular regime consists of two parts 
one of which ( cA) is independent of 
the form of the external source,while 
the other one ( cI) depends essenti
ally on it. 

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

k(~) ~) 0( ((/lt{i/~ ~ Z/3 - { 2/3/ (10) 

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 Smoluchowsld. 
equation had been shown to give non
adequate description of some coagula
tion processes (the sravitational 
kinematic coagulation is in that num.
ber).The reason !or this is the for
mation of giant superparticles the 
concentration of which is vanishingly 
small in the thermod.;rnamic limit.Ne
vertheless the appearance of the su
perparticles affects·appreciably the 
coagulation kineticsoThis fact led to 
the necessity to consider coagulation 
processes in finite systems and to 
learn to diagnose situations in which 
the ~orm.ation of superparticles is 
possible.Attempts to make this had 
been done in [SJ.There an assumption 
had been suggested and confirmed by a 
numerical experiment that superpartic
les form in cases when coagulation 
kernels grow too fast rlth increase · 
of the size of coagulating particles. 
The exact condition·for this was sup-. 
posed to be .>. ;:> ..:f .The coagulation 
kernel (10) has the homogeneity expo
nent}. =4/3;,, 1, so the superparticle 
is expected to form. 

The kinetics of the coae;ulation 
process with the ~ernel (10) was stu
died with the aid of the Monte Carlo 
method according to receipt of refo 

9 .The simulation was performed of 
the coagulation process for a finite 
system containing M particles (M:100 
+ 800).The dependence on M of the 
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time '"C.d)Z of formation of a par
ticle with the mass equal to M/2 ser
ved as a criterion of the superpar
ticle formation.Once 7:.:1h, _,, co??s'"t 
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 ~ (i) 
increases sharpl~ at the moment of 
the superparticle appearance (see 
also [6 - 8J).The result of the nume
rical experiment showed that the time 
of formation of the superparticle was 

tc= 158/ Lr
0 

(min) (11) 

where Lis the
3
water content of the 

cloud (gramm/m) and.r is the ini
tial radius (in micro~) of coagulat
ing droplets.This time is of the or
der of several minutes and even less 
!or values Land r tn,ical for tro
pic warm clouds.so0 the appearance of 
superparticles should be ac?ounted 
for in constructing theoretical·mo
dels of tropic shower formation. 
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EXPERIMENTAL DETERMINATION OF COEFFICIENT OF GRAVITATIONAL 
COAGULATION FOR WATER DROPLETS IN WIDE RANGE OF SIZES ( 1 o-3 ~ 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 ~efini
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.z /r-1t o. 2 /5-8/, or 
P~ 0.95 /9,10/, therefore in fact 
these data•• make it 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 ~ rt f 100 µm and for droplets with 
radius 5~ r 2~19 p.m, at 0.15~ P~ 0.64. 
The idea of the experiment is as 
follows. The chamber with height his 
filled with monodisperse droplets of 
known r 2 , charges 42 and concentra
tion N. Then the known number of 
drops n0 (n0 ~ 1000) being intro-
duced into the chamber, pass through 
the droplet column and collide with 
some of the droplets with probability 
F=nc/no, where nc is the number of 
drops which captured the droplets. If 
the droplets are distributed in the 
chamber at random applying 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 /57: -1. 

K = -ln(1-F)•[% (r1 + r2 )
2Nh]. 

*) K= f7 ( ri +r2. ) 2 , where P is linear 
parameter of collision; r 1 , r2. -
drop and droplets radii,respecti
vely. 

**) With the exception of works 
/11-13/, where P changes from 
0.2 to o.6. 
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In order to determine CE in so 
wide range of ri and r 2 two different 
techniques and experimental appara
tuses are used. One of them allows 
determining drop CE with 38 .f :q ~ 1 OOµm, 
and another one - with 12~ r-1.f 38 pm. 
Let us discuss every technique. 

2. The technique for determining 
CE of drops with 38~r1 f 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 cm 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•10Ss-1 /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 
3-4%. 

The drops are obtained in the 
~enerator with a vibrating needle 

1 /14/, 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 cm2 • 

Drop and droplet sizes are deter
mined with sedimentation rates found 
from pictures of their tracks in pul
sed light /14/. The ~roplet specific 
concentration (Nh cm-) is determined 
with ~hotoelectric method /14/. The 
drop (q1 ) and droplet(~) charges do 
not exceed values q1~ 2 • 10-16 C, 
q2!: 1, 10-ff c. 



3. The technique for determi
ning CE of drops~with 
12~ rt~38 pm 

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

The drops and droplets are ob
tained in the generator of monodis
perse drops with a vibrating needle 
714/. The productivity of the gene
rator is 1200 s·i and that of the 
droplet one is 120-140 s•1. • The 
drops are produced from 10% water so
lution of NaCl and the droplets -
from the s.ame solution and O. 5% of 
fluorescent material. 

The methods of determining drop 
and droplet sizes and the specific 
droplet concentration are the same 
as in the above technique. When r 2 
and rt change from 5 to 38 pm, drop 
or droplet charges vary from 
1 -10·18 C to 1 -10-16 c, respectively. 

4. Results and discussion 

The results of experiments are 
given in Table 1. Tue intercompari
son of obtained data and calculated 
values of CE shows that if 
40~ ri~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 P~0.25, 
but when Pis less, they show some
what underestimated results. The cal
culations of Klett and Davis /3/ with 
the above said values of r 1 show 
underestimated results for all stu
died P. 

In the range of values 
25~ rt~ 40 pm for all P we observe 
good agreement with calculations /3/. 
But if r,{ 25 pm, calculations /3/ are 
significantly overestimated. It is 
particularly seen for experimental 
points 18.8·~ r:t~21.8 µm, which well 
coincide with curve K=f(P) when 
r 1= 20 pm, calculated by Jonas /2/, 
and almost 100% lower the values 
obtained in /3/. 

*) This technique and obtained 
results are being published in 
P"IzvestiatAcademii ~a5k SSSij"tg8o nysiKa A mospner1 i ceana, • 
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The experimental data for drop
lets with 11 ~ r1 ~ 25 pm and 0.2~ 
P~0.65 are in good agreement with 
calculations 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 band, they are 
small enough not to influence the 
values of Kand, on the other hand, 
great enough for the coefficient of 
droplet coalescence- to be equal to 
unity. The evaluation of the influ
ence of microturbulence on the value 
of CE showed that this effect may be 
negligible. 

For 10f r1.f 300 pm and 0.05f 
Pf 1 we have chosen approximate for

mulas*in a form: 
K=A(r1)sin'p,z(r1 ,P)+B(r1)• 

2 3 ( 1) 
•[1+(1953.0/r1+9.0/r1•P -6.2)• 

•(P-108.0/r~-0.5) 5]+ 1.14/r~•~p~ 

where A(r1 )=-0.050exp [-0.0142(r1-15) 2}+ 

+ 0.31exp [-0.019(r1-:;o) 2], 

B(r1)=exp[-(32.2/r1)5]; 
4 -7 4 z(r

1
,P)=P1.0+0.03 r 1-5•10 r 1 • 

In calculations according to (1) 
we must introduce two limitations in 
the program: 1. If K-' O, K=O. 2 .. If 
ri~ 50 pm, A(r1 )=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(r11 P) at r:1~80 Jll!l• The 
comparison of calculations (1) with 
numerical calculations /1-4,15,16/ 
showed, that for 10" r 1 f 300 J:llll and 
0.11:: Pf 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 
r1 may reach 15-30%. 

*) In formulas (1) r 1 in micrometres. 



Table 1 

Numerical values of experimental data about CE of drops. 
n - number of measurements in a series; tr1 , !K - confidence inter
vals in determining rt, r 2 , K, respectively, with confidence 

probability o.68 

Series 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

n 

8 
10 

9 
12 
12 

4 
10 

4 
8 
6 

10 
4 

10 
12 
12 
10 
12 
10 

8 
5 

12 
8 

12 
6 
8 

12 

5. Conclusion 

100.0 + o.6 
96.2 + 3.0 
82.9 + 1.1 
79.4 + o.6 
63.0 + 1.4 
61.2 + 2.2 
55.5 + 1.3 
48.2 + o.s 
47.0 + 1.2 
42.1 + o. 3 
38.2 + 0.5 
35.3 + 0.6 
38.3 + o.4 
31.9 ± 0.3 
31.1 + o. 2 
30.4 + 0.3 
29.6 + 0.3 
28.2 ± 0.3 
24.7 + 0.5 
22.9 + o.6 
21. 8 + o. 2 
20.4 + 0.2 
19.2 ± 0.1 
18.8 + 0.3 
15.0 + 0.2 
12.0 + 0.2 

Thus, the description of all 
the obtained and early known experi
mental data needs the assumption of 
at least three theories, correspon
ding to different approaches to the 
problem of the collision of two 
spheres. 1. In the range of values 
of 40 ~ r-1 4 100 pm - the theory of 
Lin and Lee /4/. 2. In the range of 
values of 10~ ri~ 25 pm - the theory 
of Davis /1/ or Jonas /2/. 3. In the 
range of values of 25 k r1f 40 pm - the 
theory of Klett and Davis /3/. 
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14 7 :!: o. 9 . 
19.2 ± 0.2 
19.2 + 0.2 
14.7 ± 0.9 
13.5 + 0.1 
19.2 ± 0.2 
12.9 + 0.1 
12.9 + 0.1 
14.1 ± 0.2 
14.1 + 0.5 
14.1 + 0.5 
19.2 + 0.2 
17.5 + 0.2 
7.9 + 0.1 

10.0 + 0.1 
17.5 + 0.2 
9.0 + 0.2 
4.9 ± 0.3 

13.0 + 0.1 
4.9 ± 0.1 

10.0 + 0.1 
13.0 + 0.1 
7.9 ± 0.1 

11.0 ± 0.1 
6.6 + 0.1 
6.9 ± 0.1 

0.93 + 0.02 
0.92 + 0.02 
0.93 :!: 0.02 
0.92 ± 0.03 
0.86 :!: 0.04 
0.88 :!: 0.02 
0.81 :!: 0.03 
0.82 ± 0.08 
0.82 :!: 0.04 
0.76 ± 0.03 
0.73 :!: 0.03 
0.66 :!: 0.05 
0.69 :!: 0.03 
0.24 :!: 0.02 
0.45 :!: 0.02 
0.59 ± 0.01 
0.25 + 0.01 
0.01'5:!: 0.002 
0.22 ± 0.03 
0.016:!: 0.001 
0.072± 0.004 
0.088± 0.006 
0.051± 0.003 
0.083:!: 0.015 
0.034± 0.004 
0.041± 0.006 

In conclusion the authors 
express their gratitude to Dr. 
I.P. Masin for the discussion of the 
obtained data and to G.B. Kotov for 
assistance in the experiment. 
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MEASUREMENTS OF THE COLLECTION EFFICIENCY FOR CLOUD DROPS 
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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 experirrental work with drops have 
been interpreted as a coalescence problem, e.g., 
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 µm radius 
for a size ratio of p~0.2. On the other hand 
high coalescence efficiencies can be inferred 
from the rreasurements of Picknett (1960) and 
also Woods and Mason (1964) for collector 
drops of 30-50 µm 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 
µm radius and cloud drops between 14 and 22 µm 
radius. 

2. Experimental Design and Procedure 

The experimental apparatus which is ex
plained in more detail in Beard et al. (1979) 
is shown in Fig. 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 
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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/[TTA2(1 + pJ2~v nmXtN], 

where Mis 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 TTA2(1 + p)2 is the geometric 
cross section for a collector drop of radius A 
and a smaller drop (size ratio p). Multiplica
tion of this cross section by the relative ter
minal velocity (~V) 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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Figure 1 . Diagram of experimental apparatus 
used to measure collection efficiencies. 



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 (t) 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 (6V) 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 µm and 
for raqius 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 O. 36 and O. 6 7. 

The collection of cloud 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. 
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INTRODUCTION 

A NUMERICAL SOLUTION OF THE KINETIC COALESCENCE EQUATION 

SH.I. Tzivion (Tzitzvashvili) 

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

II-1. 10 

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 (i970) 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: 
:H(x,t) - f( t) 09 
at -- x, ,J ~f](x,y)f(y,t)dy+0.5ficr(x-y)f(x-y,t)f(y,t)dy (l) 

where f(x, t)- the dist.ribution denisity function of cloud droplets by their mass x, at a time ins-• 
tant t, cr(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 cr(x,y) function may be expressed: 

1/3 1/3 
cr(x,y)=(9/l6TT) (x +y 

1/3 2 
) E(x,y) jvic-vYI (2) 

where: E(x,y)- is a capture coefficient which was approximated by a method suggested by Long 
(1974) and VX,V - are gravitational fall velocities of particles with mass x and y, respeqtively. 
They are approximated by the use of experimental data of Gunn and Kinzer (1949), and Beard (l976). 

The overall spectrum is subdivided into separate spectral intervals acording to the expression: 
xk+ 1 =pxk ( 3) 
wnere: k- number of the spectral interval, x, x -· the lower and upper mass limits of the spec-
tral class k respectively, p '." a parameter, ~esi~iHting the width of the spectral interval and it 
may take values of 2, /2, or 3/2. 

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

. xk l . 
Mi(t)=,i + xJfk(x,t)dx (4) 

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

J X . 

dMK(t) k Jk+l. . x'.. · l xk l . x 
dt =- ~ xJ fk (x, t)dx I+ crk . (x,y)f(y, t)dy+O .S ~+ xJ dx s cr(x-y) f(x-y, t) f(y, t)dy (5) 

;!:=l ' 1 x. 
xk xk 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: 

dMl(t) k Jxk+l-y . k-2 fxi+l xJk . 
-. -d- =~ . (x+y)Jcrk . (x,y)f(x,t)dx+~_ f. (y,t)dy (x+y)Jcr. k-l(x,y)fk_1 (x,y)dx + -· t 1 _ l , 1 1-l 1 1, 

-- xk xi xk-y 

fxk jxk . x. x. 
+0.5 f J k (K+l . f1+l 

x k-l(y,t)dy x (x+y) crk-1 k-1 (x,y)fk-l(x t)dx-E J xJf (x t)dx cr. (x y)f. (y t)dy+ 
k-1 .:k-1 ' ' i=lx. k ' X. 1,k ' 1 ' 

1< l. 
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Given j=l 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 ok i(x,y) 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: 

Using the known rules 

l<s < (p+l) 2 /4p 
p 

(7) 

of inequalities, the following expression can be written with respect to s : 
p 

(8) 

where p=xk+l/xk, and it varies within the limits l<p<2. The extreme values of Sp deviate from the 
mean values between 0.0- 6.0%, depending on the value of p. Using the mean Sp, the relationship 
between three neighbouring moments of the distribution function can be expressed in the form: 

Mj+l·=s (Mj) 2/ M j (9) 
k p K K 

By decreasing 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: 

xk+l-y 
lk= J FK(x,t)dx 

xk 
where Fk(x,t) = xSfk(x,t), and S=l,2,3, ... Introducing a new variable , 

x~{l-y/(p-l)xk}z+y/(p-1) 
point y=O, the following 

and expanding the integral function into a MacLaurin series 
expression has been obtained after some transformations: 

I = 
K 

n 
xk+l CO n+l O FK(x, t) n+l f FK(x,t)dx-FK(xk+l't)+~=l[(-l) /(n+l)l][ an ]x=xk l X y 
xk x + 

(10) 

around the 

(ll) 

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 Fk(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 APPROXIMATION 

The system of equations (6) can be used for the calculation of any of the 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-NK(t) and water content Mk(t) in spectral 
intervals k. To calculate the above moments from (6) the following system of equation is obtained: 

dNk(t)/dt =~K[Ni (t),Mj (t)] dMK(t)/dt=lK[Ni (t),Mj (t)] (12) 

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

The numerical experiment is carried out by assuming an initial exponential distribution fun
ction. The total initial concentration of droplets is assumed to by 3.0xlO~ particles per gr of 
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air, and the total water content - lgr per Kg of air. The number of spectral classes is choosen 
K=36, the minimum drop-radius is R1=1.5625µm, and p=2.0. The coagulation probability function cr(x,y) 
is approximated by a first-order polinomial in the form: 

f
xi+ I 

Ak .=[l.0/(xk 1 -xk)(x. 1-x.)] [crk .(x,y)/(x+y)]dx 
,1 + 1+ 1 ,1 

xk 
cr .. (x,y)=Ak . (x+y) 

K ,1 ,1 
where (13) 

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 respect to droP"' 
let masses. 

The distributions of specific water content by spectral intervals and time, are plotted in figu
re lA, the three curves represent a precise analytical solution, the proposed method and Bleck's 
method, respectively, for a value of cr(x,y)=1.ox10-4cm-3sec-1 . 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 Gola.,. 
vin's kernel which equals 1,sx103(x+y) is shown in figure lB. 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 lC. Analyzing figure lC 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 with 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 the value of the parameter 
p=xk+l/~k· 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. 
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II.2 - Cristaux de Slace 

Ice Crystals 





II-2.1 

LABORATORY STUDIES OF ICE SPLINTER PRODUCTION DURING RIMING 

T W Choularton, DJ Griggs, 8 V Humood and J Latham 

Physics Department, UMIST 
Manchester, ENGLAND 

In some 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 & 
Mossop, 1974) and calculations (eg, 
Chisnell & Latham, 1976) have indicated 
that ice splinter production during 
riming is responsible for this effect. 

Choularton et al (1978) suggested a 
possible explanation of this effect 
when they observed spikes on frozen 
accreted droplets of radius around 1Dum. 
These protuberances form when an ice 
shell surrounding the liquid interior 
of a drop freezing fairly symmetrically 
is ruptured at a single weak point. It 
was suggested that the alternative to 
this is the occasional explosion of 
such a shell,producing many splinters. 

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

The Experiment 

A frost coated needle was rotated, 
at a known speed, in a supercooled 
cloud of liquid water content around D.1 
to 1 g m- 3 contained in a chest-type 
freezer. The cloud was produced either 
using steam from a boiler (a typical 
drop size distribution is shown in 
Figure 1) or a spinning-top droplet 
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 for examination, 
during which time it was protected from 
any further drops. 

Results 

i) Riming with smaller droplets 

The experiments with the boiler 
were conducted over a temperature range 
-1 to -15C, with collection 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 from freezing drops to the 
surrounding air and the substrate. In 
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 error bars were calcu
lated using the expression (N±jl\1)/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 closely 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 
splinter production. However, most of 
the droplets on which protuberances 
were observed were below the diameter 
(24um) 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 
~Oum. With these drops no protuberances 
were observed at temperatures higher 
than -7C,when the droplets were observed 
to have spread substanti2lly. In this 
circumstance the thermal contact between 
the droplet and the rimer would be in
creased, and the resultant dominance of 
heat flow to the needl~ would eliminate 
the possibility of near symmetric 
freezing. 

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

(iii) Riming with a mixture of smaller 
and larger droplets 

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 BO drops observed. Further, 
the high temperature cut-off was raised 
to -4.SC, 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 
( i i ) , w i t h a m e a n d i a m e t e r a r o u n d 2 Su m • 
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 indicative 
of symmetric freezing which results, for 
other droplets, in explosion and the 
ejection of splinters. It is suggestive 
of a much closer link between the pro
tuberances themselves and the splinter 
production. In this connection we 
point out that the photograph in Fig.2d 
appears to show a disrupted region on a 
frozen drop surface, where a protuber
ance may have shattered. 

A possible mechanism for this is 
suggested by the results of Visagie 
(1959) who noted that after a protuber
ance formed on a freezing drop is 
sealed a rapid rise in pressure occurs 
as 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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n against diameters d for boiler 
produced cloud. 



Figure 2. The frozen products of drop
lets secreted on the frost coated needle 

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

B. A droplet showing a protuberance 
collected at a speed of 1.75m s-1 and 
temperature -5°C 

C. A droplet of about 2~1m diameter 
showing a protuberance collected at a 
speed of 1.75m s- 1 and temperature -7z0 c 
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D. A droplet of 35um diameter showing 
~vidence for the disruption of a pro
tuberance, collected at a speed of 
1.5m s- 1 ann temperature -7°C 

6 

3 
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Figure 3. Percentage P of drops 
ihowing protuberance against temperature 
T. 
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DEVELOPMENT OF FAST FALLING ICE CRYSTALS IN CLOUDS AT -l0°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 longer 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 
tunne 1 ( Fukuta, et a 1. , 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 SUPERCOOLED 

CLOUD TUNNEL 

2. 1 Measurements and Results 

Ice crysta 1 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 
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 
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chamber which was illuminated with a chopped 
light 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 lighter 
than ite (motor oil) and the othe~ heavier than 
water (silicone oil, DC-550). The density of 
DC-550 is 1.07 g cm- 3 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 -l3°C. Below this temperature, however, 
ice crystals by metaldehyde vapor activation 
become mostly double plates. The primary peak 
of the growth rate at -l5°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 resulted in 

, 50 cm , 

AIR FILTER 

STEAM 

OBSERVATION 
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fog was adjusted to be between 0.5 and 
1.0 g m- 3

• Terminal velocity measure
ments were carried out by allowing 

METAL SCREEN 

some of the ice crystals to fall out 
of the main flow through a glass Fig. 1. The L~shaped· supercooled cloud tunnel. 
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Fig. 2. The ice crystal mass m plotted as a 
function of temperature Tat different time 
intervals. 

discovery of a new peak at -l0°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 -l3°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 -l0°C have the c/2a 
ratio near unity and the density almost 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 
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are yet to be developed later. Then, small 
crystals before the shape and dendrite devel
opments are expected to fall fastest at 
around -l5°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 -l0°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 -l0°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) 

( 1 ) 

where n, g, b, e and Kare, respectively, the 
dynamic viscosity of air, the gravitational 
acceleration, the polar semi-axis, 
e = (l - a2 /b 2 )½,,where a is the equatorial 
semi-axis, and 

l = l (l-e
2_t [3e

2 
- 1 ln ( l+e) + l (2) 

K 8 e 3 2 1-e ej · 

By ignoring corrections due to fog, ventila
tion, and thermal accommodation and deposition 
coefficients (Fukuta et al., 1974), 
the growth rate may be desl:ribed as 

dm 4 b 2 ( l 2 ) db dt = TI -e P dt = 

[ 

2 -1 

~ 1 4TIC(S - l) KRT2 +p. DJ, (3) 
00 1,sat,00 J 

where m, t, p, S , Ld, K, R, T00 , 

'Zr-----,:,,.. 20 

0o1-L-..;L-......l---'~~::::'.t=---..----'---_1.,1 0:--1----'---'---'-_-=-1 '=-5 -'----'--'---'--_...12 o----'----'-_J 

Pi, sat,oo, D, and Care, 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 T00 , the dif
fusivity of water vapor in air, and 

T ( °C) 

Fig. 3. The fall velocity of ice crystal Vt plotted as' 
a function of temperature Tat different time intervals 
after the onset of growth 
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the electrostatic capacity of ice 
crysta 1. 

[ (l+e )J- 1 

C = 2be Jl.n l-e (4) 



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

2 

V = g(S-1 )t [~ + 1 J-l 
3n KRTJ, p. t ·D 

1 , sa ,oo 

{ 
3e 2

- 1 + 
X 2e2 (5) 

In this equation, the term in { } converges to 
unity when e + 1 (long needle). Whereas, when 
e + o (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 

( 6) 

and 

(7) 

results in 

V = g(S-1 )t [ 
3n 

The { } term in (8) converges into unity when 
e + 1 (flat plate). Whereas, the term converges 
into 4/3 when e + 00 (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, vat -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 20speriod. 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, 

(9) 

where r, E, and L are respectively the radius 
of ice crystal, tWe average riminq efficiency, 
and the liquid water contgnt of cloud. Ea.(9) 
under the regime of v cr r72 with constant E, 
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results in 
m cr (Lwt) 6 or m cr v6. ( 10) 

(10) may be compared with 
k 1k 

m cr t 2 or m cr V 2 

of vapor diffusion growth (Fukuta, 1969) in the 
Stokes regime (v cr r) under constant tempera
ture at water saturation. Fig. 4 gives compa
rison of these processes. 

I Qo,---------r-------.------.-----, 

c,, 

E 106 

Fig. 4. Relationship between the ice crystal 
mass m and the time t for vapor diffusion and 
riming growths. For conditions assumed, see 
text. 

Graupel formation. 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 -l0°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". 

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 
latter 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 er stal multi lication. 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 req
uirements for the process to take place. One 
is the existence of large droplets exceeding 
24 µmin diameter and the othrr 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 hail becomes possible 
regardless 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 possible 
implications in weather modification and they 
will be discussed elsewhere. 
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ICE CRYSTAL GROWTH FROM LIQUID IN LOW-GRAVITY II-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-13S 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 cm 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 
tubinr coiled around the block. A cell filled 
with distilled water and capped with a teflon 
lid is pre-cooled to o0 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 -o.s0 c to -1.S0 c. 
Even so, the time necessary to insure that the 
temperature of the water in the cell is uniform 
and has come to equilibrium with that of the 
chamber, i.e. within 0.1°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 maintained constant. At 
supercoolings 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 (-.,,Ql cm s-1 ) 
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 crys,tals freely suspended in the super
cooled water. In this case, the crystals 
remain freely suspended and stationary so long 
as 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 JJill s-1 in low-gravity 
to 40 nm s-1 in one gravity. Figure 2 is a 
photograph of freely suspended ice crystals 
growing at a supercooling of -o.s 0 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 rapidly 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 ice discs to dendrites 
under symmetrical heat transfer conditions is 
possible in low-gravity. With the incorpora
tion 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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5 mm 

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

5 mm 

FIGURE 2. Freely suspended ice crystals 
growing in low-6ravity at a super
cooling of -0.5 C. 
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THE PLATE-DENDRITE TRANSITION OF GROWING SNOW CRYSTALS 
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A laboratory simulation of snow crystal 
growth from the vapor varies temperature, 
supersaturation and velocity independently. 
This is 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 
air 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-1 , 
equivalent to crystals of a few hundred µm 
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(~ 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- 3) are shown. 
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-12.6°c
(0.44) 

-13.9°C
(0.39) 

-l~.2°C
(0.31) 

2mm 

Figure 1. (i) Shows dendrites which have been 
grou>ing at wind speed of? cm s-1. The wind 
tunnel was shut off, and the crystals in (ii) 
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 (iii) the velocity has been return
ed to? cm 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 µm s-1 for 
plate growth to near 2 µm s-1 for dendrite 
growth at a ventilation of 10 cm s-1 . 

4.5 
LESS -1 GREATER THAN 
THAN r WATER 

4.0 WATER SATURATION 
SATURATION 

I 3.5 1/) 

E 
::1.. 

3.0 
lJ.J 

ti 
a:: 

2.5 ::i::: DENDRITES I-
3= 
0 2.0 a:: 
(!) 

(/) 

x 1.5 <( DORITES 

C, 
1.0 ------- I SECTOR 

PLATES + 0.5 

0 I 
0 .10 .20 .30 .40 .50 .60 

AMBIENT VAPOR DENSITY EXCESS (g m-3) 

0 10 20 30 40 % 
SUPERSATURATION WITH RESPECT TO ICE 

Figure 2. The influence of excess vapor 
density, ice supersaturation (s) on the "a" 
axis growth rate at -14½°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 11 case) the 
V=O line would lie below V ~ mm s-1 . 
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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 (D,UK)½ where U is 

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

dm sF -a.---
dt _!! + !:, 

D K 

ment thermal conductivity and a, b, constants 
gives a relatiop which enhances the growth 
velocity with uYz, 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 itseli 
whereas gradients of adsorbed molecule concen
trations cannot be smoothed out over distances 
~ 5 µm, 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. Kikuchi and Hogan (1S76, 
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°oo'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 (68°22 1 N, 133°42

1
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.1 shows a time cross section of 

air temperature and relative humidity 
from the surface up t.o 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 
(Lb), 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 (<l>). 
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 ifr 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 is 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 oc, 
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.2. 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, Magone and Sasaki (1970) 
attempted a reproduction of these pecu
liar shapes using a convection 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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(a) Syowa Station, 1968. (b) Syowa Station, 1968 . le) Syowa Station, 1968. 
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ltlJ Syowa Station, 1968. (e) South Pole, 1975. (f) South Pole, 1975. 

(g) South Pole, 1978. (h) Inuvik, 1977. (i) Inuvik. 1977. 

(j) Inuvik, 1977. (k) Inuvik, 197 7. (1) Inuvik, 1980. 

(m) Inuvik, 1979. (n) Inuvik, 19 79. (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 

T.KURODA AND R.LACMANN 

Lehrstuhl A und Institut fur Physikalische Chemie der Technischen Universitat 
Braunschweig GERMANY 

Introduction. 
Fig.1 shows the observed growth forms of 

vapour-grown ice-crystals in the ~p/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 : o0c > T > -4 C (T ) 
B: Columns: -4°c > T > -10°c (TAB) 
C: Plates : -1o0c > T > -2o0c toB~35°c (TCD) 
D: Columns: T > T 
TC depends on iRe supersaturation of the va
poRr phase, it decreases with decreasing su
persaturation. 

Fig.2 and 3 show the influence of H
2
o

diffusion coefficient (in ije(O) and Ar(e)) on 
the c/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 vap= 

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 -100 to 
o0 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 o

0
c is covered 

with a quasi-liquid-layer, whose thickness (o) 
or coverage (8) decreases with falling tempe
rature, and therefore there are 3 growth
mechanism: 
I. Vapour+ Quasi-liquid-layer ➔ Solid

(V-Qll-S)-mechanism; (o>3 i, 6>1): 
0 

oc>T>T/. 
II. Adhesive ie~fianism (o<3 i, 8<1): 

T > T > T . 
III. 1~5!dimensiol!{!Jucleation-mechanism 

(8<0.01) TII/III> T. 
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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-Qll-S-mechanism (I): According to the Lac
mann-Stranski-model (1972) the quasi-liquid-
layer just below o

0 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 

Lia = a - (a + a ) > o -
is larger tfian th~t wit~Wlower one (a = sur
face tension of ice without quasi-liqlid-lay
er, OW= surface tension of water, o!/W = in
terfacial tension between water and ice) .Using 
broken bond model (cp. Kuroda (1979), Kuroda 
and Lacmann (1980)), it is shown that 

L\0
00 

( 1010) > L\0
00 

(0001) 
is valid. Therefore the quasi-liquid-layer on 
{1010}-faces is thicker than on {0001}-faces 
at the same temperature and it remains th:kker 
than about 3 ~ (o~3 ~ a 0~1) until lower 
temperature6 i.e. T 

11
(0001)~ -4°C; T 

1 
II 

(1010)~ -10 C. Fig. 1$ shows the surface tree 
energy (t:.f) as a function of the thickness (o) 
of the quasi-liquid-layer. There is equilibri
um between ice and quasi-liquid-layer at the 
minimum of LI£ (o=o ) . Fig. 6 shows the equi
librium-vapour-pre§~re of the quasi-liquid
layer (p (o ) ) as a function of o for 3 diffe
rent temperatures. The thermodynamic potential 
of the quasi-liquid-layer referred to that of 
ice is given by LlµQll/I = kT ln(p(o)/p1 ) for 
an ideal vapour-phase. 0 decreases with de
creasing temperature. eq 

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-±fquid-layer 
(Rb). R is given by the Hertz-Knudsen-equa-

l Ia 1/2 
tion (R =V (p - p(o))/(2TimkT) and decrea-
ses witfiain~reasing thickness, because p(o) 
increases with increasing o (cp.fig.6). R

1
b is 

given by the growth rate from the melt with 
two-dimensional nucleation, but the 6µ-value 
is given by LlµQll/I' which is less than Llµw/r 
at the same temperature and o<00 (cp.fig.6). It 
increases with increasing o. In steady state 
R =Rt is valid. Fig.7 shows Ras a func-
!a fl , h tion o wit R1 a = R1b = Rst· 

Adhesive mechanism (II): At TI/II the thick
ness o is equal to about 3 ~- The model of 
the qu~~i-liquid-layer is not valid for T < 
T . It is better to name it a strong eigen-
a!fu5fption with coverage (6<1) of adsorbed 
H

2
o-molecules on the ice surface. In this caS2 

a direct crystallization from the vapour" phase 
without two-dimensional nucleation is possible 
(adhesive growth) (cp.fig.8). The growth rate 
(R ) is given by the Hertz-Knudsen-equation 

wiEfi p = p
1

, that means the faces are 
growin~qwith maximum growth rate (the conden
sation coefficient a is equal to 1). 
Two-djmensjonal-nucleation mechanism (III): 
If 6 is very small (6<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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Fig. 5 

6-

Fig. 6 

R 

1 

0 
5eq 5st 

Fig. 7 

relative supersaturation Llp/p
1 

and increases 
very much with increasing Llp/p

1
, Fig.9 shows 

Pw-p1 , Llp/p1 for Llp=pw-Pr and Llp/p1 for Lip= 
0.01, 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 

LIG~(0001) > LIG~(1010) 
for the growth from the quasi-liquid-layer (I: 
LIG;..., 1 / LlµQll/I) and the vapour phase (III: 



_6G;~1/6µV/I). 6G; is the free energy of 

-nucleation. 
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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 
rcr in a spherical vessel (rve) the growth 
rate by diffusion is given by 

RD= Vm•D·6c/rcr·fsp (1) 
with fsp =(1-rcrlrvel; fsp is normally ;:::>1. 
(Vm = mole volume, D = diffusion coefficient, 
6c is the concentration difference between the 
wall of the vessel and the surface of the cry
stal). 
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In the case of a cylindrical crystal in a 
cylindrical vessel eq. (1) is also valid with 
fey= ln(rvelrcr). It means RD/c depends on 
the dimension of the diffusion field and 
RD/c < RD/sp is valid. 

¥or plane crystal face eq. (1) is also valid 
setting fpl = (rvelrcr - 1) and no convection 
beeing effective. From this we get 

R >> R > R 
D/sp D/cy D/pl' 

Fig.lo shows the model for an ice crystal 
in a diffusion field. In the case A and C (pla
tes) 2 rcr in fig.lo 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 (0001)-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 (1010) (Cl) 

is valid. 
In the other case (B,D acolumns) 2 rcr in 

fig.lo 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 g6Igmn) and that 
of (1010) by RD/cy (cylindrical field around 
the side-faces of the column). So we get 

RD (1010) < R
0 

(0001) (13) 

Growth forms. 
The interpretation of the growth forms is 

given by combination of the rate of surface me
chanism and diffusion. Fig.11 showsthe growth 
rates and growth forms in dependence on the 
temperature for p = p . 

A. Both faces arewgrowing by V-Qll-S-me
chanism. The free energy of nucleation for 
{0001} 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 
TbB' because the adhesive mechanism gets effe::
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 (13) is valid. 

C. At TBC the growth rate of {0001} 
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decreases and that of {1010} increases suppo
sing TBC~TII/III(0001)"""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{oool}-face. Beside this gas-phase volume 
diffusion is also effective as shown in fig.2 
and 3. 

D. The second change of growth mechanism 
of {1010} (TII/III(lOlO)) 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 6p/pI the nucleation 
rate drastically increases and the growth rate 
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increases until Rmax (given by Hertz-Knudsen
equation). At given 6p the growth rate of 
{1010} reaches R at higher temperature than 
that of {0001}. Tmaxis given by this temperature 
for {0001} depen~~ng on 6p. 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 S. Fig.12 shows the regions A, B, C and Din 
a 6p-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. 
6p/p > 25% at -3o0 c). These results are con
sist~nt with our theoretical prediction about 
Tc (6p). The measurement of the Tc (6p)-curve 
' D d f ' t 1 D. is expecte. I ice crys as 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 6p is very large under this conditions. 

The dependence on 6p 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, 
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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.l Snow crystals of radiating 
assemblage of dendrites or 
sectors, 1420-1430 2 Feb, 
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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.l. 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 O 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. 

0.2mm • 
i----1 

Fig.6 Diamond dust part1c1es, 
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 °c. 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 - ei. 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 °c. 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 oc 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 



(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 °c. 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 ~25 µm 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, HC2 or NH40H 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 NH3 or HC2 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 inter
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 HC2 or NH40H. (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. Addition of NH4oH 
or HC2 reduced the proportion of frozen drops 
that had spikes. The reduction was significant 
for concentrations of the solutes (HC2 or NH3) 
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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. l - 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 3 or HC2. 

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 1-min 
counts of ice particles established the pro
duction rate. A measured quantity of NH 3 gas 
was then injected into the cloud chamber and 
the new production rate of splinters was found. 



The cloud temperature was -5.5±0.5°C and 
liquid water content about 0.8 g m-3. The drop 
concentration was typically 500 cm-3 with 
median diameter 13 µm. Injection of NH 3 pro
duced no measurable change in the cloud-drop 
spectrum. The background concentration of NH 3 
in the cloud chamber at the start of an experi
ment was <l µg m-3. 

In a typical experiment the injection of 
10 cm3 of NH 3, giving a calculated concentra
tion of 420 µg m-3, reduced the counting rate 
of splinters from 28.3 to 2.6 min-1 - 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 µg m- 3 of NH 3 is needed to 
halve the splinter production rate. 
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Fig. 2 - The effect of added NH 3 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 ~H 3 as a percentage of the number 
beforeo 

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 (,<.,25 µm 
diameter) and small drops (93 µm) 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 long.er possible. 

The cut-off on the low-temperature side is 
probably governed by three factors which 
change rapidly as the temperature is 
reduced: 

(i) 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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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 columns, depending on the environmental 
temperature. Several studies have indicated 
that ice crystal habit may be caused by the 
migration 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 those 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 

da= bLS-1/h 2.f_*) 
dt fx \ i O $ Ii so ,"TT /z 

(1) 

The rate of growth of the semi-minor axis length, 
b, is 
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The mass growth rate is 

It is easily shown that the metric coefficient 
h = h! = ht 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 

The sign of d 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 d A.ft/ d log Mare-½ and +l, which 
correspond to db/dt =-O and da/dt = 0, respec
tively. 

c. Vapor Density Field 

At Reynolds number zero, the vapor density 
field about the ice crystal is laplacian: 

( 5) 

When the appropriate boundary conditions are 
applied, the vapor density field is determined, 
from which the surface derivative is 
found: 

d~; =----s_ec_h_~---

cl 3 S"=io Tr /2 - sin -l( tanh fc, 
(6) 

When the ice crystal obtains a significant 
fall velocity, the vapor density field is 
determined by the convective diffusion equation 

Solution of fl: 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 case, the derivative 
of S~ normal to the ice crystal surface is 
independent of position on the surface, so 
d AR/d log M = o. 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. 

For the ventilated case, numerical solu
tions of the velocity field by Pitter et al. 
(1973) were used by Pitter et al, (1974) 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 - ;;iS*!~S at meridional angles O, 7C 
and 1r/2. 

TABLE 1 
-(Jf~/d3) ro 

Reynolds Meridional Angle 
Number 0 '7f -;.:/2 

0.1 . 699 . 684 . 692 
0,5 , 753 . 705 . 732 
1 , 795 ,718 . 761 
2 , 857 . 732 .801 
5 . 987 . 754 . 879 

10 1.146 . 774 . 959 
20 L 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 -1.2x10-5 

0.5 -6.8xl0 -5 

1 -9,9xl0 -5 

2 4 -4 -1. xlO 

5 -1.6xl0 -4 

10 1. 7xl0-5 

20 4.3xl0-3 

4. 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 abs0lute·.,values~ of 
d AR/d log Mare 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 10 fill radius spherical 
frozen drop evolves to an ice crystal of axis 
ratio 0.05 when it achieves a Reynolds number 
of 5 ( a = 300 fv_m). To do so requires a mean 
d AR/d 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 numbe·r 
approaches zero. Thus, they indicate that 
convective diffusion is not a mechanism for ice 
crystal habit change. Another mechanism is 
required. 
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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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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 wa~ from 
the cloud to the ground, through the O 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 

. 2 
4TTL r p.(dr/dt) = 4TTark [T -T (r)]/(a-r) 

m 1. w o a 
- (1) 

= -4TTafhk [T00-Ta(r) ]+4TTaf L D [p -p ] , a v e v v, 00 v,a 

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 

t 
m 

Lmpi fr=O r(a-r)dr 
k a r=a T -T (r) w o a 

(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, T0 = 273.15°K, T and p are the 

oo V oo 
temperature and vapor density of the particle's 
environment, T (r) is the surface temperature 
of the particl~ k and k are the heat con
ductivity of wate¥ and a!r, respectively, p, is 
the density of ice, tis time, D is the dif
fusivity of water vapor in air, v f and f 
are the ventillation coefficients fZr wate¥ 
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 cone, 
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 smoot~ 
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 µm to 
8 mm in diameter and ice particles from 50 µm 
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 µm were considered, The temper
ature of the air was then raised at a constant 
rate of 2°c/min from about -l0°c to about 
+10°c. 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 
t~mperatures below o0 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 pronounced if the thickness of the 
melted layer becomes larger than the ice 
particle radius. 
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(4) Initially, 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 µm 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 
precipitation rate ranges from 0.1 
to 3. 0 mmhr~' while cloud top tempera
ture is between -15 °c 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 (SCC) 
in clouds 

From 357 aluminum -- foil samples 
obtained in 15 flights from April 
to June in 1963, the mean value of 
ICC is 26. 2 L-,, the maximum being 
222 L-1[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. 

· We take the diameter of 300,um 
as criterion to differentiate 
ice crystals from snow crystals. 
The relation between ICC and sec 
is shown in Fig.2.[2J.It is noted 
that sec increases with I8C. The 
ratio of sec to ICC decreases with 
the increase in ICC and approaches 
a constant value.of 5.2 x 10-3 

when ICC 1. 5xlO'"·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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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. (2J 
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Fig.l The sampling positions of 
ice crystal observation. 
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Fig. 2 The relation between ICC 
and sec. 

3. The formation of ice crystals 
in clouds 

Observations of mean ice 
nuclei concentration in certain 
areas in the Northern 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. From 
observed sec, 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 m-2 s-1 • \l.'ben the cloud 
top temperature is -15°c and the 
updraft velocity is 10 cm sec' the 
~eneration rate of ice crystal~ on 
ice nuclei within the cloud is 
calculated to be 2.1 x 103 m-2 sec- 1• 

Hence, it seems tbat the high values 
of ICC in clouds over Jilin is 
related not only to tbe higb ice 
nuclei concentration but also to 
the ice multiplication processes. 
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Fig. 3 The concentration of ice 
nuclei at various tempera
tures in certain areas in 
China [3] [4] [5]. 

4. The micropbysical processes of 
precipitation 

Observed data from 12 flights 
a~e analysed 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 growtb is 55% and tbe 
coalescence growth in warm region 
is 20%. Fig. 4 sbows the mean 
percentage of precipitation growth 
in various beigbt inttervals. The 
mass of precipitation which increases 
within a layer of 1 km depth above 
the 0°c isotherm accounts for 
40% of the total mass. 
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in various height intervals. 

From theoretical investigation 
of precipitation enhancement, 
ICC of 125 L-1 will be required to 
attain the higpest precipitation 
efficiency, when the updraft 
velo?ity w is equal to 10 cm sec-1[7]. 
In view of the observed values 
of ICC which do not exceed 125 L- 1 

it svggests that the clouds in ' 
spring over Jilin may be seeded 
with nucleating agents to enhance 
precipitation. 
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Table 1 The observed rec in different temperature ranges 
(a 1963, b 1974--1978) 

a. 

cloud top temp. 0 
-15 C Cloud top temp. 0 

-15 C 
Temperature 
range ( oc) rcc(L-t) SCC(L- 1

) ICC (L-') SCC(L-1
) 

-15.0- 12.1 6.5 0.10 15.9 0.22 

--1.2. 0- 9.1 2.3 0.07 29 .8 0.28 

-9.0- 6.1 22.9 0.12 31.4- 0.15 

-6.0- 3. 1 16.9 0.12 4-1.3 0.25 

-3.0- 0.1 10.7 0.07 4-4-. 2 0.24-

Mean 11.9 0.10 32,5 0.23 

b. 

Temperature range (
0 c) -12.0 -9.0 -6.0 -3,0 Mean 

- 9.1 6.1 - 3.1 0.1 

ICC (1- ) 8.8 11.5 16.2 15.4 13.0 

Table 2. The effect of Ci on rec in As. 

Observation No. of Ice crystal concentration (1-/) 
position* Observations Mean Max. 

a 10 0.19 0.96 

b 6 1.3 9.7 

C 10 6.2 14 

d 7 16.0 4-2 

* Gee Fig.2 
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II.3 - Population de Gouttes de Nuage et Gouttes de Pluie 

Cloud Droplet Population and Raindrops 





II-3 .1 

BIMODAL DROPLET SIZE DISTRIBUTIONS WITHIN CUMULUS CLOUDS 

DA 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 pm 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 
environment 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 (198o) provides hope of 
progress in this direction. In this paper data 
from a recent observational study both confirm 
Warner I 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 I 

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 spec.trum 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 cJ.ouds. However 
nothing can be said about this in relation 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 com
paratively few in mnnber 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 e:x:a.mple of bimodal spectra in the central 
region of a cloud is shown in Figure 1. 

heigh! 
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f2 53641, 
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from direction 285° 

20 
ms- 1 

Fig 1. Plan view of a region of bimodal spectra. 
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 dist
ribution throughout a horizontal cross-section 
of the cloud. The definition of bimodal was 
taken to be that the peaks were distinct and at 
least 5% higher than the miniml.111l between thEl!l. 
This is well above the error of the measure
ments. It will be noted that the bimodal region 
is on the downshear side of the cloud; a common 
feature of all the clouds observed. 

Theoretical model 

The growth of the visible CUlllulus cloud. is 
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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 
thennals from the boundary layer. Eventually 
these brea.k 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 com
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 considered the problem 
reduces to the solution of linearized equations 
containing two para.meters; the Prandtl number 
(Pr) and F where 

where U is a typical value of the velocity, ie 
the mean cloud. speed relative to the condens
ation level, Lis a length scale, ex. is the co
efficient of cubical expansion of air, r is 
the lapse rate {reduced for saturated ascent) 
and ~ is the diffusion. For a full derivation 
of the equations see Kimura. To gain an undex
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 bouyancy, 
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 naturally 
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"distribution of these 
solutions within para.metric space is shown in 
figure 3, The significance of the dashed line 
will be discussed later. 

Bimodal spectra have been associated with 
parcels of air in which drops partially evap
orate. Therefore interest centres on stream
lines, such as depicted in figure 2, on which 
this could occur. A full treatment of this 
problem requires that a range of microph.ysical 
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 



STREAMLINES AT F : I ,20 
PRANOTL NO : I ,00 

SCALE: • 0,017 

STREAMLINES RTF: 0,50 
PRRNOTL NO: 0,70 
SCALE:• 0,023 

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 para
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. 
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~ Distribution of solution 1, 2 and 3 in 
[F,-Pr) space. The dashed region very approxi
mately outlines the region where tpt type 
circulations can occur, 
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interface of the upward and downward motion, 
illustrated by the d.a.shed lines. Solutions a.re 
then sought such that a. parcel of air can 
traverse AB within 10-100 s depending on the 
ambient conditions and the initial droplet size 
distribution. Clearly the cloud bound.a.ries will 
be modified but the microphysical model shows 
this to be of second.a.ry importance as is the 
exact position of the cloud bound.a.ries. 

In figure 3 the dashed line shows, ~ 
approximately, the regime where recirculation 
is possible. The initial state of the atmos
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 pa.ra,-
meters are c<.."' '/300 °c.-', ::;i,.., ~ M'~ -• ;._,.. 1000 H 

/ )
I/~ I 

~,-l\i\~ f = u. t 4~0 r . 
Using the modified lapse rate r the model 
predicts tpt type circulations for U (measured 
relative to the condensation level) in the 
region of 0.5 to 2.5 m s-1. With clouds having 
an aspect ratio of·one this would correspond to 
a shear of 1 to 5 x 10-3 s-1; 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 
a.re 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 Pra.ndtl number. The nonna.l atmospheric 
assumption is for Pr to be unity ie the turbu
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 t... 1. 
Btmod.a.1 spectra can occur by means of tpt type 
circulations only if 0.3-' Pr ,6 o.8. Turbulent 
diffusion of temperature must be stronger than 
turbulent diffusion of velocity. 

Conclusions 

Evidence has been presented that a few (lo%) 
of the cumulus clouds observed had regions of 
bimod.a.1 spectra within the main body of the 
cloud. This can be explained in terms of a tpt 
type of circulation as illustrated by a simple 
dynamical model after Kimura (1976). Atmos
pheric conditions favourable to the developnent 
of such circulations a.re that the shear is light 
to moderate (0.001 to 0.005 s-1) and that the 
turbulent diffusion of temperature is stronger 
than the turbulent diffusion of velocity, 
Pr rv 0. 5. The tpt circulation then favours the 
down wind side (in relation to the condensation 
level). 

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 tpt 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 CHADDS II-3. 2 

Jean-Pierre Chalon, Anne Van Thournout et Jean-Louis Champeaux 

Etablissement d'Etudes et de Recherches Meteorologiques 

78470 Magny-les-Hameaux FRANCE 

I - INTRODUCTION 

Dans les zones arides ou semi-arides des re
gions intertropicales, l'initialisation des 
precipitations se produit souvent dans des cu
mulus dont le sommet n'atteint pas une altitude 
suffisamment elevee pour avoir une temperature 
negative (cumulus chauds). L'etude de leurs 
caracteristiques microphysiques devrait permet
tre de mieux comprendre les processus qui favo
risent ou inhibent la formation des precipita
tions. Des mesures in-situ du spectre dimension
nel des gouttelettes contenues dans les nuages 
ont pu etre effectuees grace au developpement 
de l'instrumentation aeroportee. Les gouttes 
furent d'abord mesurees et comptees grace a des 
methodes d'impaction ou de prelevement (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 l'instrument (effets aero
dynamiques) et souvent d'automatiser les proce
dures de comptage des gouttes. Pour obtenir des 
informations sur la repartition verticale du 
spectre dimensionnel des gouttelettes dans des 
nuages chauds, l'Etablissement d'Etudes et de 
Recherches Meteorologiques (EERM) de la Direc
tion de la Meteorologie a mis au point un ins
trument largable muni d'un capteur optique : 
l'Aquasonde. Cette sonde est larguee depuis un 
avion dans le nuage etudie et transmet le re
sultat de ses mesures (dimension des gouttes 
rencontrees et pression du milieu ambiant) par 
l'intermediaire d'un emetteur d'ondes radio
electriques. Les signaux de plusieurs Aquasondes 
peuvent etre enregistres simultanement. Les ca
racteristiques techniques de cette sonde ont 
ete decrites par Klaus et Champeaux (1977) et 
sont presentees par Champeaux au cours de cette 
conference. 

Une experience preliminaire d'etude des nuages 
chauds s'est deroulee en Septembre 1978 dans le 
Sud-Ouest de la France (a Captieux dans les 
Landes) avec la collaboration de l'Institut et 
Observatoire de Physique du Globe du Puy de 
Dome (IOPG). Elle mettait en oeuvre le radar 
millimetrique (8,6 mm de longueur d'onde) de 
l'IOPG, l'avion instrumente Cessna 206 de 
l'EERM et huit prototypes de 1 1Aquasonde. Cette 
experience a ete decrite de fa~on detaillee par 
Chalon et al. ( 19 79) . Nous presentons ici les 
principaux resultats d'une etude des nuages qui 
se sont developpes au-dessus du site d'experi
mentation le 6 Septembre 1978. 

2 - DESCRIPTION DE LA SITUATION METEOROLOGIQUE 

Un front froid axe Nord-Sud est passe au-dessus 
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des Landes le 6 Septembre a 02 TU et se deplace 
rapidement vers l'Est. A l'arriere l'air d'ori
gine polaire maritime (8' = 12°C) arrivant sur 
le sol chaud est en insta~ilite selective et 
convective. La traine associee est affaiblie 
par le passage d'une dorsale qui precede l'ar
rivee d'un front chaud actif. Ce front passera 
sur la region clans la nuit du 6 au 7. 

Les nuages etudies se sont developpes entre 
12.00 et 13.00 TU dans la masse d'air qui sui
vait ie front froid. Les sondages (voir Figure 
1) montrent la presence, du sol a 1500 metres, 
d'une couche en instabilite convective et selec
tive surmontee jusqu'a 2700 metres d'une couche 
legerement plus stable. Au-dessus, l'air est 
stable jusqu'a 4500 metres et limite la convec
tion. A 12. 15 TU, la hauteur au-dessus du sol 
de la base des nuages observes a partir de l'a
vion Cessna est evaluee a 500 metres, les som
mets ne depassent pas 2100 metres. A 13.00 TU, 
les bases seront observees a 1000 metres et cer
tains sommets pourront atteindre 4000 metres. 
L'isotherme 0°C se trouve a 2900 metres. 
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3 - STRUCTURE ET EVOLUTION DES NUAGES OBSERVES 

Les nuages observes ont l'aspect de strato-cu
mulus de 1000 metres d'epaisseur surmontes de 
tours espacees d'environ deux kilometres et pou
vant atteindre 3000 metres d'altitude. Les tours 
correspondent a des cellules actives et prennent 



naissance successivement au Nord des cellules 
plus anciennes qui se dissipent dans la partie 
Sud, Ces cellules ont une duree de vie assez 
courte. Elles se deplacent sensiblement dans la 
direction (I 10 degres) et a la vitesse (l l m/s) 
des vents de la couche (500 a 3000 metres) dans 
laquelle elles evoluent (voir Figure 2). 

v 
(11m.s1) 

1 km 
altitude: 1600m 

F ,i,gUJte. 2 - Coupe. hotu.zon;tai..e. de. ne6le.c.:ti..vae .ll.a.
dM (en dBZ) me1.>UJ1..ee. a 12.30 TU a 
1600 m d'aJ!;U;tu.de.. Le. ve.c..te.U.Jt V ,i,n
d,i,que. la d,[ne.c.:U..on e;t la vae1.>J.ie. de. 
deplac.eme.n:t. 

La Figure 3 montre une coupe verticale effectuee 
suivant l'axe AA' de la Figure 2 a 12.30 TU. 
La base des echos enregistres par le radar se 
trouve a une altitude inferieure a celle de la 
base des nuages estimee avec les mesures des 
Aquasondes et les observations effectuees de
puis l'avion instrumente. Cette difference peut 
etre attribuee a la presence sous la base des 
nuages de particules difficilement detectables 
par l'Aquasonde ou par les methodes visuelles 
(gouttes eparses de precipitation, aerosols ou 
insectes accompagnant l'ascendance). Au moment 
de sa representation, le nuage est constitue de 
deux cellules. La cellule en qui se developpe 
est pratiquement verticale, son sommet se trouve 
a 2500 metres. Les reflectivites atteignent 8 
dBZ au centre de la cellule ce qui correspond 
probablement a des precipitations n'atteignant 
pas le sol ou trop faibles et trop localisees 
pour avoir ete detectees. La cellule la plus 
ancienne Cn-1 a atteint son stade de dissipa
tion, elle s'affaisse en s'inclinant suivant 
l'axe de la coupe. Son sommet se trouve a 2100 
metres et sa reflectivite maximale ne depasse 
pas O dBZ. Deux ou trois cellules sont presentes 
simultanement dans les nuages etudies. La duree 
de vie de ces nuages est nettement superieure 
a celle des cellules qui les constituent. Elle 
depend essentiellement de la formation laterale 
de nouvelles cellules qui assurent le maintien 
du systeme et contribuent a son deplacement. 
Bien que d'amplitude plus modeste, ce systeme 
nuageux a une evolution comparable a celle des 
systemes multicellulaires decrits par Marwitz 
(1972) ou par Chalan et al. (1976). 

4 - STRUCTURE MICROPHYSIQUE 

Deux Aquasondes ont ete larguees dans la cel
lule Cn. La premiere a 12.35 TU, soit 5 minutes 
apres la coupe de la Figure 3, au moment du de
veloppement maximum de la cellule (sommet at
teignant 2800 metres). Le deuxieme sondage a 
ete effectue 4 minutes plus tard alors que la 
cellule s'affaissait. La localisation de la 
trajectoire des sondes est delicate, Nous 
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ne possedons pas d'information precise sur 
leur position pendant la chute, Nous avons es
saye d'estimer les trajectoires en comparant 
le profil de reflectivite calcule avec les don
nees d'Aquasonde a des profils verticaux de 
reflectivite radar. La trajectoire obtenue pour 
la premiere sonde est indiquee par TT' Figure 3. 
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11 existe toutefois entre l'instant de la coupe 
et ce sondage un delai de 5 minutes pendant le
quel le nuage va poursuivre son developpement 
pour atteindre son altitude maximale et s'in
cliner legerement vers la droite de la Figure. 
Lorsque la deuxieme sonde est larguee, la cel
lule Cn a commence a s'affaisser (sommet a 
2600 metres) et se trouve tres inclinee. Sa 
structure ressemble alors a celle de la cellule 
Cn-1 a !'instant de la Figure 3. 

Les spectres observes ont une forme unimodale 
montrant une forte concentration en gouttes 
de rayon compris entre 15 et 20 microns (voir 
Figure 4). La courbe decroit ensuite de fa9on 
exponentielle vers les rayons plus importants 
(25 a 50 microns). La dispersion des rayons 
augmente de la base du nuage vers le sommet, 
a proximite duquel se trouvent les gouttes les 
plus grosses. Ces distributions sont represen
tees avec une bonne approximation par une loi 
du type n(r) = Ark exp(-Br) 
ou n(r)dr est la concentration des gouttes dont 
le rayon est compris entre r et r+dr. Ba ete 
obtenu a partir de la valeur mode de la dis
tribution (rm), A peut etre deduit du calcul 
d'un de ses moments. 

B = l 
rm 

NBk+l 
et par exemple : A=~ ou Nest la 

concentration totale. L'expression de Ba ete 
choisie pour ajuster la cour.be sur la valeur 
maximale de la fonction de distribution. Les 
valeurs obtenues pour k sont comprises entre 
8 et 10 et different de la valeur (k = 2) uti
lisee dans la distribution de Khrgian-Mazin 

(Borovikov et al, 1963). 

Dans la cellule Cn, les valeurs moyennees, sur 
chaque sondage, du contenu en eau liquide sont 
comprises entre 0.5 et 1.8 g.rn-3, celles de la 
concentration restent inferieures a JOO crn-3, 
Ces donnees sont compatibles avec les observa
tions effectuees dans le passe (Squires et 
Gillespie, 1952) et sont tres proches des va
leurs generalement obtenues dans le cas de pe
tits cumulus d'origine maritime. Pour ces 



nuages qui ont pris naissance a 80 km a l'in
terieur des terres, les particules d'origine 
oceanique jouent vraisemblablement un role 
preponderant clans la nucleation des gouttelet
tes. 
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La Figure 5 montre la concentration totale N 
et le rayon moyen r des gouttes rencontrees 
par la premiere sonde au cours de sa chute. El
le met en evidence la presence de deux couches 
distinctes correspondant, de 700 a 1600 metres, 
au stratocumulus forme par la cellule Cn-1 en 
voie de dissipation et, de 1800 a 2800 metres, 
au cumulus associe a la cellule active Cn· Dans 
cette cellule, les plus grosses gouttes (enre
gistrees par la premiere sonde) ont un diametre 
de 50 microns et la concentration depasse 
90 cm-3. Lorsque en commence a s'affaisser, les 
gouttes deviennent mains grosses et mains nom
breuses (donnees du deuxieme sondage). Dans le 
stratocumulus qui correspond a un etat encore 
plus avance de la vie des cellules, le rayon 
des plus grosses gouttes ne depasse pas 20 
microns et la concentration 65 cm-3 

La structure de la cellule Cn obtenue a partir 
de la premiere sonde etant representative du 
nuage en cours de developpement, nous allons 
maintenant limiter notre etude a l'analyse des 
donnees correspondantes. Dans la partie infe
rieure du cumulus (voir Figure 5), la concen
tration augmente avec l'altitude pour atteindre 
sa valeur maximale (92 cm-3) et decroit ensuite 
lentement. Le rayon moyen des gouttes croit de 
fa~on reguliere jusqu'au voisinage du sommet. 
Ce type de repartition peut etre associe a 
trois modes d'evolution principaux : 
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- une region ou la condensation est le proces
sus dominant (Nest constant pendant que r 
augmente) 

- une region ou la coalescence est le processus 
de croissance le plus efficace (N decroit, r 
est sensiblement constant 

- des regions de melange avec l'environnement 
ou l'evaporation est le processus d'evolution 
dominant (parties inferieure et superieure ou 
l'on enregistre de fortes diminutions de Net 
de r en allant de l'interieur vers le bord 
du nuage). 
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La Figure 5 montre la repartition verticale du 
contenu en eau liquide M' et de la reflectivite 
Z calcules a partir des donnees de l'Aquasonde. 
Ces deux quantites augmentent progressivement 
avec la hauteur au-dessus de la base puis elles 
amorcent une brusque decroissance a l'approche 
du sommet. 

L'utilisation quantitative des donnees radar 
dans l'etude des nuages observes necessite la 
connaissance de relations entre la reflectivite 
et des parametres representatifs de la structure 
microphysique. Atlas (1954) propose des relations 
avec le contenu en eau liquide et avec le diame
tre du volume median (D0 ). Appliquees a la cel
lule Cn, ces equations donnent a M constant, des 
reflectivites 2.5 fois trop faibles et a D0 
constant des reflectivites 3 fois trop fortes. 
Nous avons recherche des ajustements du type 
Z = axb par la methode des moindres carres. De 
bonnes correlations (coefficient de determina
tion r 2> 0.97) sont obtenues pour les ajustements 
avec le contenu en eau liquide M, le rayon moyen 
r, le rayon du volume moyen rv ou le rayon du 
volume median r 0 • La reflectivite et la concen
tration ne sont pas associees par une loi de ce 
type. 
La relation obtenue entre Z et M est : 

Z = 13 x l0- 2M1, 95 ou M est exprime en gm-3 et 
Zen mm6m-3. L'approximation a la valeur 2 du 
coefficient b nous conduit a : 
Z = 12,3 x 10-2 M2 

Cette expression a ete calculee sans tenir 



compte des mesures au voisinage du sommet. Dans 
cette region de fort melange avec l'environne
ment, la forme du spectre est modifiee par l'e
vaporation rapide des petites gouttes. La rela
tion proposee sous-estime alors legerement les 
valeurs de la reflectivite. 

' 
Avec les autres parametres (exprimes en microns) 
on obtient 

z 
z 
z 

5.7 X 

1. 3 x 

10-6 r 4. 12 

10-6 r 4.4 
V 5,5 

r 12 X 10-9 
0 

En utilisant la valeur 6 pour le coefficient b, 
cette derniere equation donne l'approximation : 

Z = 3, 1 X 10-9 r 6 
0 

Nous avons utilise 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 rnontre le rapport entre le contenu 
en eau liquide evalue clans la cellule Ca partir 
des reflectivites radar et le contenu en eau li
quide calcule pour une transformation pseudo
adiabatique saturee (Warner 1970). Sous 1500 me
tres(region du stratocumulus) ce rapport est su
perieur a l'unite, Les reflectivites observees 
a cet endroit permettent d'envisager la presence 
de gouttes de precipitation qui expliquerait les 
fortes valeurs de contenu en eau liquide, La re
lation entre Z et M qui a ete etablie clans la 
cellule Cn a l'etat nuageux n'est probablement 
pas bien adaptee a cette couche. Le rapport d' 
entrainement peut s'ecrire : 

f = H ~: = % 
ou Rest le rayon moyen du nuage observe. 
b = 0.4 permet d'obtenir une altitude correcte 
du sommet. L'utilisation des quantites d'eau 
liquide evaluees precedemment conduit a des va
leurs def et deb qui augmentent avec l'altitude 
et a une valeur representative : b = 0.9. 
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5 - CONCLUSION 

Les nuages etudies sont de petits nuages chauds 
pour lesquels aucune precipitation n'a ete de
tectee au sol. La formation successive de cel
lules dans une direction privilegiee assure leur 
maintien et contribue a leur deplacement. Des 
informations sur la repartition verticale du 
spectre dimensionnel des gouttelettes ont ete 
obtenues grace a l'utilisation de sondes larga
bles Aquasondes. Les spectres obtenus ont une 
forrne unimodale. Une relation a ete etablie pour 
les representer avec une bonne approximation. La 
mise en evidence de relations simples entre la 
reflectivite et des parametres representatifs 
de la structure microphysique du nuage permet 
l'utilisation quantitative des donnees radar. 
Le contenu en eau liquide moyenne par tranche 
d'altitude et le rapport d'entrainement ont pu 
ainsi etre evalues. 
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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 

1. 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 Warner (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 (Warner, 
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 measurements 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, if 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. 
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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 (6e) derived from the temperature 
measurement can be used to differentiate 
between regions which are unmixed and those 
which are mixed. By using 6e 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 uncertainti~s 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 30% 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%. 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 fornarrow 
spectra with standard deviations less than 2 µm, 
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- 1 with peaks of 15 to 20 
m s- 1 . For more details of cloud characteris
tics see Heymsfield, Johnson 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 tempera.ture (0e) was 
within 1°K of the cloud base ee. (The cloud 
base value of ee 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 ee 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 measu:r>ements of the mean drop
let diameter plotted as a function of alti
tude above cloud base in A) unmixed and B) 
mixed regions of Colorado cumulus congestus. 
Values predioted from a 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- 1 • 
A typical northeast Colorado CCN spectrum of 
N = 900 s0 · 54 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. 

From Fig. 1A we see that in general, in the 
unmixed 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. 
lA. 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 function of 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- 3 in the 
unmixed and mixed regions respectively. . ,---,--,---,--,---,--,---,--,---,--,---,--,--, 
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Fig. 2. FSSP measurements of cloud droplet 
concentration plotted as a function of alti
tude above cloud base in A) unmixed and B) 
mixed regions of Colorado cumulus congestus. 
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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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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 is needed to examine this point 
further. 
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1. Introduction 

A NUMERICAL METHOD FOR INTEGRATING. THE KINETIC 
EQUATION OF COALESCENCE AND BREAKUP OF-CLOUD DROPLETS 

I. M. ENUKASHVILY 

Dept. for Research and Development Israel Meteorologtcal 
Service Bet-Dagan ISRAEL 

II-3. 4 

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 equa¥ion. 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+i,• This Bleck's uniform 
distribution hypothesis gives as a result a significant increase of 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 1s method and of the method of moments (Golovin,1963; 
Enukashvily, 1964 a,b) is developed. Each separate droplets mass interval (x, xk+ll(xk+l=2x l 
is considered as a cloud droplets packet with its own number concentration, fiquid water confent 
and other moments. The u~kno~n number density fun~tion ~k(x,~) in e~ch ~roplets ~acket is 
represented by an expansion in orthogonal polynomials wi'ch given weighting function 

nk(z,t)=wk(z,t) ~ a.k(t) P.k(z), (1) 
i=O i ' i 

where: 
z=x/xkrepresents the nondimensional mass of cloud droplets in the packet (xk' xk+ll; 

wk(z,t)-Weighting function; 

Pik(z) - are polynomials, orthogonal in the range (1,2) with wk(z,t)_; 

aik(t) - are the expansion coefficients, which describe the deviation of nk(z,tl from wk(z,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: 

J 
m 

= -E A. k 
i=l 1

' 

Mkm(t) = xt /z~k(z,t)dz, (3) 
1 

J - the total number of droplets packets; 

J 
Ill ID 

Bk + E B. k 
i=k 1

' 
' (2) 

m m m 
A . k A. k-l k; A . k - are the coalescence double integrals; 

i, 1, , i, ,k 

m m 
Bk; B i,k - 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.k(t) by means of 
linear combinations of moments, we obtain from (2) a finite set of differentiiI equations to 
compute the first m moments of the nk(z,t). Note that the convergence of (1) may be quite different 
for different weighting functions. The most appropriate choice for wk(z,t), i.e. the one which 
will yield the most rapid convergence, is a weighting function,which is as close to the nk(z,t)as 
is possible. Of course if wk(z,t) is exactly nk(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 

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 weightivg _function the Bleck's uniform distribution 
hypothesis for nk(z,t) and the Golovin's (1963) asym,p'totic 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 ch~sen wk(z,t) is close to nk(z, t), the difference between numerical results computed 
by Bleck's method and by using the firsr approximation of (1) is sufficiently small. 
b) If the chosen wk(z,t) is not close to n

1 
(z,t), the first approximation of(l) gives th~ 

numerical results, which are close to the ~nalytic solutions for the Golovin's (1963)kernel even 
for 60 min. 
c) For Long's (1974) kernel the difference between numerical results com~uted by using the first 
approximation of (1) with weighting functions wk(z, t)=l and wk(z,t)= z- /2 is not large and 
therefore these numerical results may be considered 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 (c=constant) were therefore tested also. 
It is shown that the zero approximation of (1) with wk(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 wk(z,t)=z- 4 ,8, 
e) The quasilinear approximations of nk (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. 

4.References 

Beheng,K.D,1978: Numerical simulation of graupel. J. Atmos.Sci.~, No.4 

Be:rry,E.X .1967: Cloud droplets growth by collection. J.Atmos.Sci. ~,688-701 

Bleck,R. 1970: A fast approximative method for integrating the stochastic coalescence equation. 
J. Ged)hys . Res. ~. 5165-5171 

Danielsen, E.F., R.Bleck and D.A.Morris, 1972: Hail growth by stochastic collection in a cumulus 
model. J. Atmos. Sci. 29, 135-155 

Enukashvily, I.M. 1964a : On the solution of the kinetic equation of coagulation. Izv.Akad.Nauk 
SSSR, Ser. Geofiz. No. 10,944 

Enukashvily, I.M. 1964b :On the problem of the kinetic theory of gravitational coagulation 
in spatially heterogeneous clouds. Izv. Akad. Nauk SSSR, Ser. Geofiz. No.11,1043 

Golovin, A.M.1963: The solution of the coagulation equation for cloud droplets in arising air 
currents. Izv. Akad. Nauk SSSR, ser. Geofiz. No. 5, 783 

Long, A.B. 1974 Solutions for the droplet collection equation for polynomial kernels. J.Atmos. 
Sci. l!_, No. 4, 1040 

Soong, S.T. 1974: Numerical simulation of warm rain development in an axisymmetric cloud model. 
J. Atmos. Sci. 31 , No.5, 1262-1285 

142 



II-3. 5 
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, 0.44x0.64xl,470 mm3 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(l971). 

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.1. After 1st 
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, 1st penetration was made 
during the cloud top grew from 2,400 to 2,400 
m. Second pene~ration was made 12 min later, 
just before the top decayed to 2,380 m, 3rd 
~enetration, 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 1st 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/m3 , 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. 

(2) The multimodal is common in the margi
nal region of L-volume. 

(3) In transient region from N-volume to L
volume, small drops (10pm order) have 
disappeared. 

(4) 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 
some 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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II-3. 6 

CUMULUS AND STRATOCUMULUS MICROSTRUCTURE 

FROM IN SITU MEASUREMENTS 

J.F. GAYET and M. BAIN 

1·. A. M. P. , University of Clermont-Pd, 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.O. 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, 
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Figure 1 

2. Cloud physics instrumentation 

The available instrumentation was as 
follows : 

. Three Particle Measuring System probes, 
FSSP (3 < D < 45 µm), 1 D-C (20 < D < 300 µm) 
and 1 D-P (300 < D < 4500 µm), 

. a Total Water Content probe (TWC -
General Eastern 1848), 

. a Johnson-Williams cloud liquid water 
content meter (particle diameter<~ 50 µm), 

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. 
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Figure 2 

Spatial resolution of tape recorded data 
was~ 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 lD 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~ 1000 m (10 discrete meas- -
urements) which is defined by an average LWC 



LWC > 10-2 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. 
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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~ 800 M.s.~. 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~ 1500 
m. The clouds containing large particles (or 
hydrometeors - diameter> 300 µm) have been 
differentiated, the lower average concentra
tion limit given by the lD-P specifications 
being~ 2 x 10- 2 1-l. 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 -
µm) and the cloud droplet concentration 
(Cc - cm- 3 ) from FSSP and the hydrometeor con
centration (CH - 1-1 ) from lD-P probe. Sus
cript (a) denotescumuliform clouds, whereas (b) 
denotes stratiform clouds. 
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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 µm (1- 1 ) and the condensed water 
content (LWCR - g/m3) from the TWC probe 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 
(~ 0.23 g/m3), the median volume diameter is 
greater (18.5 µm) for cumuliform clouds than 
for the other cloud type (14.6 µm). These dia
meter differences are balanced by the droplet 
concentrations : 94 cm-3 against 136 cm- 3 

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 µm. 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. 



Probes J - w F s s p l D-P l D-C TWC 
l D-P 

LI~ (g/m3) Do(µm) Cc (cm-3) CH (l-1) C70 (l-1) LI-CR g/m3 

M.V. S.D. M.V. S.D. M.V. S.D. M.V. S.D. M.V. s.o. M.V. S.D. 

Cum. clouds 0.23 0.23 18.5 6.7 94 66 

Strat. clouds 0.22 0.18 14.6 5.2 136 72 

Table 1 

clouds have a CH~ 3.5 times as great (2.8 
against 0.8 1-l) and a C70 ~ 4.5 times as great 
(27.3 against 6.1 i-1 ) 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 1-l hydrometeor concentration 
against 67 % for stratiform clouds. No strati
form clouds have a mean value> 6 1-l, and only 
5 % of cumulus clouds have a concentration> 
10 1-l. 
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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 µm and 
350 µm to be 0.3 g/m3 , 0.9 1-l and 0.015 1-l 
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. 

4. 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 = Voo.LWC.Ew (1), where V00 is the 
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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 2/s) 
of the cross section of ice on the cylinder 
(0 = 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 1-l) are 
depicted in Fig. 9. 
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1.5 

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 µm). The straight 
line corresponds to the best fit of data sets. 
(correlation : ~ 0.9). The dashed lines on fig. 
9 correspond to calculated relations for 
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Figure 10 
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 µm. 

Intensities Rate of ice Liquid water 
of icing accretion content 

(mm2/s) (g/m3) 

Trace o.o - 0,14 0.0 - 0.1 

Light 0,14 - 0. 70 0.1 - 0.5 

Moderate o. 70 - 1. 40 0.5 - 1.0 

Severe 1.40 or more 1.0 or more 

Tab?,,e 2 

4.2 Icing intensity as a function of alti
tude in a stratocumulus 

This variation has been studied for the 
flight 10 (~rom 11h22 to 11h50) at different 
levels. The cloud thickness was~ 1500 m. Fig. 
10 sbows 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 tbe maximum concentrations 
(0.7 1-l and 300 crn-3) are at~ 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 µm to 15.6 
µm) 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~ 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 1979. 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 li
quid water content and the median volume dia
meter. It was found larger near the top of 
stratocumulus. 
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SH.APE OF RAINDROP SIZE DISTRIBUTIONS SIMULTANEOUSLY OBSERVED AT THREE ALTITUDES 
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(t)- Istituto di Fisica dell'Atmosfera, Consiglio Nazionale delle Ricerche. 00144 Roma - ITALY 
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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 obser
ved at the ground with the computed changes as 
the raindrops fall,thus deducing the DSD at the 
melting level. Ohtak.e (1969) compared a few di§. 
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 stat ions, 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 eel= 
lular structure of precipitation. 

The disdrometers used in this experiment 
allow to get statistically meaningful samples 
at l 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, 
Mand H stations). The continuous widespread 
precipitation,recorded at the three stations, 
lasted from 1226 to 2349,Sept.28,1974: 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. Locations of three observation si-
tes on Mount Ccwdada: LJ Mand H stations;near 
LocarnoJ South of Switzeriand. 

-1 
weak and rarely reached 3 m sec , The disdrome 
ters of the H, Mand L stations recor~ed the -
raindrops on a sampling area of 50 cm in 20 
classes of drop-sizes,between 0.3 and 5 = 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, 

3, 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. l Integral Para.meters 

(=2m-3) . . . . . cr :optical extinction coefficient 

W (=3m - 3) :liquid water content 

( hr-1) . . . R = :rain intensity 

R~(=4m-3)=~N(D)D4 :related to rain intensity 

Z (=6m-3) :radar reflectivity factor 

3,2 Maximum Contribution Diameters 

D(cr), D(W), D(R~), D(Z) (=) :maximum contribu
tion diameters respectively to four cr, W, R
and Z parameters, For example the maximum con
tribution diameter D(Z) is the drop size of an 
exponential DSD with largest contribution to Z 
as defined by eq,(1): 

(1) D(Z)(=)= f;N(D)D6dD / f~N(D)D5dD. 

3,3 Shap~ Factors 

S(Wcr), S(R~W), S(ZR~), S(Zcr) (--):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 



parenthesis. The shape factor S(Zo),as example, 
is defined by the following equation: 

{
D ( Z) -D ( o )~ 

(2 ) S(Zo)= D(Z)+D(o~ observed 

{
D( z)-D(cr)l 
D(Z)+D(q~ exponential,20 classes 

0 means 
1 " 

S(Zoh 
S(Zo)< 
S(Zo)= l 
S(Zcr)> 1 

" 

quasi monodispersed shape 
toward monodispersed shape 
exponential shape 
more of the very small and/or 
very large drops than in an ex
ponential DSD. 

4, SHAPE OF DSD' s OBSERVED AT H, M AND L 
STATIONS 

Using the data 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 
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FIGURE 2. Average "instant" distri'bution 
(IM) of 684 1-min distributions together with 
the single sum-distribution (OM) during the sa 
me 684 mins,and the quasi-exponential retran-
sformed distribution (SM) of best fit. 

find.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-exponential retransformed distribution (SM) 
of best fit,calculated by means of the follo
wing equation,(see also Joss and Gori,1978): 

(3) N(D)= N0 exp(-AD) / (l-C(X0 -AD) 2) 

The following procedure was used in order 
to derive the average "instant" distribution 
(IM) in Fig.2: 

- parameters of 684 individual 1-min samples 
were calculated; 

- the average of each parameter was calculated; 
shown as OBS(l') in Tab,l; 

- the retransformation of the average parame
ters to a distribution N(D) of best fit (see 

(IM) in Fig.2) was calculated by choosing X0 

and C in equation (3) such that the parameters 

150 

1000 

N(o) 
100 

(mm1 rri3 
10 

0.1 

0.01 

0.001 

0.0001 

~>~ LOCARNO 28-9-1974 
·-.:~ 12 26 - 23 49 

RETRANSFORM ED 
DISTRIBUTIONS 

R ~ 2 mm hr°1 

2 3 4 
Dlmml 

5 

FIGURE 3. Average "instant" distributions 
(IH), (IM), (IL) of 684 1-min distributions to
gether with the quasi-exponential sum-distribu
tions (SH), (SM), (SL) of drops aaaumulated 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. 1. 

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. 

B) Distributions recorded at different altitu
des are systematically different,the lower 
station showing a stronger tendency towards 
monodispersity. 

C) The influence of the length of the sampling 
interval (A) is stronger than that of the 
altitude (B). 

The changes in altitude may be explained by 
drop collision during falling,by windsorting 

H M L 
Upper Lower Upper Lo'W:er Upper Low:er 

S(Wo) 1.016 1.000 ,914 • 899. .868 .855 
S(R-l'l) .908 .889 .814 .798 .772 . 756 
S(ZRA) • 732 • 709 .670 .655 .640 .626 
S(ZO) ,864 .850 .790 , 777 ,753 ,740 

TABLE 2. Confidenae limits of the average 
shape faators of the "instant" distributions re 
aorded on 28 Sept. at H, Mand L stations. Up-
per and Lower values represent: Average± 
±Sx//n , where n=6 84; the average shape faators 
are shown in Tab.1 as OBS(1'). 



STATION CURVE PARAMETERS RE TRANSFORMED 
and Figs, PARAMETERS TYPE 

ALTITUDE 2 + 3 (J v1. R z s(wo) S(RAW) S(ZRA) s( zo) A No C Xo 

-- 213 137 2.22 275 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 -.007 8 RETR(684 1 ) 

1015 -- 218 141 2.22 718 1.01 ,90 .72 .86 OBS(l') m 
IH 219 142 2.22 713 ,97 .87 .76 .86 4.05 23600 .061 8 RETR(l') 

OM 182 123 2.04 908 ,99 ,99 ,95 .98 OBS( 684') 
M SM 181 123 2.04 909 ,99 ,98 ,97 .98 3,14 3950 .004 5 RETR(684') 

-- 185 126 2.04 675 .91 .81 . 66 .78 OBS(l') 
370 m IM 183 126 2.04 674 ,94 .80 .66 ,79 4.05 25200 .125 7.5 RETR(l') 

-- 159 110 1.82 791 .94 ,93 .92 ,93 0BS(684') 
L SL 157 109 1.82 794 ,96 ,93 .91 .94 3,00 3040 .019 3,5 RETR(684') 

-- 162 111 1.82 597 .86 ,76 ,63 ,75 OBS(l') 
225 m 

IL 1sq 111 1.82 600 ,93 .76 . 62 .76 4.05 23500 .1s9 7.3 RETR(l') 

TABLE 1. Parameters pertinent to DSD's shown in Fig.2 and Fig.3; RETR and OBS stand for Retan
sformed and Observed. 

and orographic influences, Due to the high rela 
tive humidity of 95% evaporation 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 shows_,for 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 O. 5%, 

5, CHANGES OF SHAPE DURING PRECIPITATION 

In order to investigate the changes during 
the entire precipitation,we subdivided these
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(Zo) for the H, Mand L stations wer; 
calculated and shown in Fig.4. The correlation 

1.1 
S(ZG') 

28-9-1974 

1 
(-) 

0.9 

0.8 
... 

0.7 
............. AVERAGES ON 57 DISTRIB. OF 1 min 

0.6 14 16 18 20 22 
TIME (MST) 

FIGURE 4. Variations of the shape faotor 
S(Zo) ,for the average of 5? "instant" shape 
faotors,du:r>ing the entire preoipitation,at H, 
Mand L stations. 

-
L +-+ M M +-+ H L +-+ H. 

1 C (57 "instant") o. 96 0.89. 0.93 
2 C ("instant") 0.70 0.62 o. 59 
3 t.t ("instant"), (min) 1. 6 3,0 3,2 

TABLE 3, 
three pairs 
differenoe 
of S(Z!J). 

Correlation ooefficient C for the 
of stations and the equivalent time 
Min the autooorrelation function 

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 11 instant" shapes. The latter ones are 
smaller due to small scale variations of the 
precipitation. The last line in Tab.3 indicates 
the time ~t needed in the autocorrelation func 
tion to decay to the value of the correspon-
ding instant 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, Mand L stations depend on the 
sampling period during which the distributions 
were accumulated,we analyzed the three sequen
ces of 684 1-min samples with the procedure 
described by Joss and Gori,(1978). The results 
are partially shown in Fig,5 for the shape fac 
tor S(Zo),reflecting the average shape of the
distributions. We find that the difference~ 
in shape between different altitudes is rough
ly 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. 

-exp. 

0.9 

28·9·1974 

1 2 5 10 20 50 100 300 684 
SAMPLING PERIOD (min) 

FIGURE 5. Variation of the shape faotors as a 
funotion of the sampling period for 684 mins of 
continuous widespread rain (Sept,28,19?4) obser 
ved at H, Mand L stations. 



As pointed out by Joss and Gori,(1978) ,the 
angle a in Fig.5 is a measure of the autocorre 
lation coefficient CA. The smaller a,the -
higher is CA between samples (a=0°-+ CA=l; 
a=90° -➔ CA=O) . 

At the lowest station L,a is highest 
(100%),at M (94%) and at H lowest (83% of aL). 
This means that samples at station Hare 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 
ly equal (DH-M ~ D1_M). This suggests that th; 
changes are due to tlie 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,4), 

7 ,2 "Instant" distributions deviate strongly 
from exponential ones,(Fig,3),at all alti
tudes. 

7,3 Distributions at lower altitude are sligh
tly more monodisperse than higher up, 
(Fig.3 and Tab.1,). 

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,4)~ 
The crosscorrelation coefficient for the 
two extreme stations,800 m apart in alti
tude,is the same as the autocorrelation 
coefficient for any station with a delay 
l::,t~ 3 minutes,(Tab,3), 

7 .6 At the higher altitude the autocorrelation 
function for a given l::,t is also higher, 
indicating that changes occur more slowly, 
(Sec .6). 

7,7 The experiment does not answer the ques
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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THERMAL, MICROFHYSICAL 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, Foona 4ll 005, India, 

l, INTRODUCTION 

A study of the rainfall records 
for the period 1901-1969 in the urban 
industrial city of Bombay (18° 5l'N, 
72° 49 1 E, ll m ASL) suggested signi
ficant increases in rainfall in the 
downwind region by about 15 per cent 
durin~ the period of industrialisa
tion ,Khemani and Ramana Murty,1973). 
The physical reasons for the observed 
increases in rainfall could not be 
investigated i=ediately for lack of 
the necessary data in the region. For 
the above research field observatio
nal progra=es 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. 

2. LOCATION OF MEASUREMENTS 

The locations of the places of 
measurements are shown in Figure l. 
Solid strips in the figure denote the 
regions of major industrial establi
shments which were co=issioned 
during the period 1950-1960 (Kheman.i 
and Ramana Murty, 1973). The major 
industries include textiles, ferti
lizers, chemicals, oil refinery, 
thermal power generation etc. The 
population of Bombay city is about 6 
million. The meteorological condi
tions in the region during different 
seasons were described elsewhere 
(Mary Selvam et al., 1980). 

3.0 MEASUREMENTS 

3. l Surface 

Atmospheric trace gases (sulphur 
dioxide( oxides of nitrogen, and 
a=onia), total particulates, total 
hygroscopic and non-hygroscopic 
nuclei and chemical composition of 
rain water (chloride, sulphate, nitr
ate, a=onium, sodium, potassium and 
calcium) were measured. The location 
of different measurements and average 
values of the parameters are given in 
Tables land 2, The details of the 
methods of measurements and the tech
niques of analysis were described 
elsewhere (Khemani and Ramana Murty, 
1968; Khemani et al,, 1976). 

3.2 Aircraft 

Measurements using a DC-3 
aircraft were made at about 3000 ft 
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ASL (cloud base level is about 2000 
ft ASL). The parameters measured 
were (i) sulphur dioxide, (ii) ammo
nia, (iii) giant size hygroscopic 
and non-hygroscopic nuclei (iv) 
cloud condensation nuclei (cCN) at 
0,l per cent supersaturation, (v) 
cloud droplet size distribution, 
(vi) liquid water content and (vii) 
air temperature, 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 DISCtJ SSION 

4.l Surface Observations 

The mean values of hygrosco~ic 
and non-hygroscopic nuclei, (ii) 
total particulate concentration, 
(iii) $Ulphur 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 l. 
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Figure l: Location of the places of 
measurements. Solid strips denote 
regions of major industrial comple
xes. 



Table l Average concentrations of different parameters 
at the places of observation 

Month Hygroscopic Non-hygroscopic Total particu- so2 NO 
X 

l972 nuclei nuclei lates 
(l-l) ( l-l) (cm-3) (p.g m-3) (p.g m-3) 

------------------------------------------------------------------------------
ALIBA.G ( NON -URBA.N) 

Feb, l34 36 84 l,6 3,6 
Apr. 353 50 5l 3,8 5.4 
Sept, l52 34 l06 5.4 3.8 

Average 2l3 40 80 3,6 4.3 

COLA.BA. (PARTIALLY - URBA.N ) 

Feb, l68 57 99 7.4 l3,6 
Apr, 3l3 62 77 6,5 8.5 
Sept, l29 5l l05 l4,7 8,8 

Average 203 57 94 9.5 l0,3 

KA.LYAN (URBA.N) 

Feb. l7 93 l95 73.5 26. 5 
Apr. 5l l42 l95 22.4 l0.8 
Sept. 79 262 l38 l0,6 7.4 

Average 50 l66 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 l972 and l973, The 
rainfall recorded at the three places is also given. 

Year Rainfall 
in= 

ALIBA.G (NON-URBA.N) 

l972 
l973 

l240 
l947 

ll.85 
6.70 

2.59 0.40 O.l6 8,45 
2,29 0.35 0.21 5,52 

l.08 
0,30 

4,l6 
2.l8 

l.40 
l.2l 

0.22 
0.34 

COLA.BA. (PARTIALLY -URBA.N) 

l972 
1973 

l476 
l849 

9 0 05 
7.38 

4,l2 0,64 0.27 
4.50 0.68 0.3l 

6.98 
7.84 

l.Ol 
0.57 

3, 05 
2.42 

l, 30 
0.94 

0,46 
0.61 

KA.LYAN ( URBA.N) 

l972 
l973 

l548 
252l 

4, 5l 
2.l7 

0,64 
l. 60 

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
mum at Kalyan. The above observa
tions are consistent since a large 
number of industrial complexes are 

0.34 
0,3l 

3.42 
2,2l 

0.50 
0.24 

2.82 
l.75 

l,32 
0,98 

l.56 
2.90 
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located in the region, 

The results of the chemical 
composition of rain water samples 
collected at Alibag, Colaba BJ'.ld 
Kalyan are shown in Table 2, The 
concentrations 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 Al~bag (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 
l. 

Aircraft Observations 

The concentrations of (i) sulph
ur dioxide, (ii) ammoni,a, (iii) 
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) air 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 values 
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,, 
l976; l978; Eagen et al., l974; 
Dytch, l975; Carrera, l975), 
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~igure 2: Droplet s~ectra in clouds 
in the Kalyan (urban) and Arabian 
sea (non-urban) regions, 

Table 3: Average concentrations of different parameters obtained from 
the observations made over the Arabian sea and Kalyan regions 
during September l974, 

----------------------------------- -Giant condensation Total so
2 

w
3 

___ CCN---C~~~~--LWC---;~;----
---------~~~~~! ___________ .Particulates (cm-3)droplet temp. 

Hygroscopic Non-hygrosco- con. 
pie 

( l-l) 

A.RA.BUN 

l5 l6 Sl 

KALYAN 

23 46 ll6 

4.3 Urban Influence on Cloud 
Microstructure and Rainfall 

The urban influences on the 
cloud microstructure have been inve
stigated in the recent studies (Mary 
Selvam et al., l976; l978; Dytch, 
l975; Hindman et al,, l977). Also, 
the concentrations of large and 
giant size condensation nuclei were 
found to increase in the downwind 
region of a paper mill (Hindman et. 
al., l977). Further it was observed 
that the concentration of cloud 
drops of d~ameter greater than 30 fill 
were more in clouds fo=ing in the 
plume of the paper mill than those 
in clouds fonning outside the plume 
region, These observations are in 
agreement with the results of the 
present study, The higher concen
trations of sulphur dioxide and 

( o C) 

SEA (NON-URBAN) 

3.l 5 .s 265 72 O.l5 20.0 

(URBAN) 

l4.6 29.6 478 l03 0.24 20.9 

a=onia found in the downwind regions 
of the industrial complexes at Bombay 
could be responsible for the higher 
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., l970). The higher 
concentrations of larger cloud drous 
found in the clouds forming in the~ 
Kalyan (urban) region can help rain 
development through accelerated 
coalescence process. Further the 
warmer temperatures (about 1°0) 
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 drous 
leading to enhancement in rainf~ll. 
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The thermal, microphysical and che
mical conditions in the urban envi
ronment in the Bombay region are 
thus consistent with the l5 per cent 
increase in rainfall observed during 
the period of industrialisation 
(Khemani and Ramana 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°0 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 (Ali bag), 

1v) The concentrations of giant 
size hygroscopic and non-hygroscopic 
nuclei, total particulates, CON, 
cloud droplet concentration and con
e entrat ion 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 l5 per cent 
increase in rainfall noticed during 
the period of industrialisation in 
the region. 
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AIRCRAFT MEASUREMENT OF MOUNTAIN WAVE CLOUD 

H.R. Larsen and G.W. Fisher 

New Zealand Meteorological Service 
Wellington, NEW ZEALAND. 

1 • INTRODUCTION 

Mountain wave clouds are a relatively 
common feature of the New Zealand sky, The 
waves are formed by an approximately north
south 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, scanning all sensors 
every 0,5 seconds (although faster scan rates 
can be used). It includes a high speed BCD 
decoder/accumulator interface suitable for 

*Solid 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, 0,75m above the 
fuselage and 2.5m back from the nose (Fig.1). 
At the top of the package is the FSSP-100 
droplet spectrometer. To cover the full droplet 
size range of interest with a single FSSP, it is 
alternately switched between its most sensitive 
(0.5 to 8 µm) and least sensitive (2 to 47 µm) 
ranges by the DAS on successive data scans 
(i.e. every 0.5 seconds) to give two 
complementary sets of interleaved spectra. 

Figure 1. The external instrument pa.ckai,e 
mounted on its outrigger above the 
aircraft. The reverse flow housing for the 
temperature s~nsor projects down from 
the lower blac-k 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 simple airspeed 
measurement to estimate distance travelled 
leads to errors in the presence of horizontal 
inhomogeneities, particularly at the low 



Tabla 1. Senaors mounhd on the :BLA!r...X sailplane ZK-GliT for wave cloud studies. 

Parameter Sensor Type Manufacturer/Type 

Pressure Capacative Rosemount 1241 

Pressure rate of Variometer Altriss (N.:::.) change 

Temperature Semiconductor Analog Devices AD590 

Cu-Con thermocouple A N.Z. Met. Service 

Cu-Con thermocouple :B N.z. Met. Service 

*!iumidi ty Capacative Vaisala 

Cloud drop size Light scattering Particle Measuring 
Systems FSSP-100 

Air displacement Vortex shedding J-Tec VA220(modified) 

Air Speod (IAS) Differential pressure Rosemount 1221D 

A.nele of incidence Vane/transformer N.Z, Het. Service 

Vertical reference Gyroscope Ferranti ffl11/E1 

*Horizontiu position Jl,IE King 62A(modifiod) 

Ice concentration :Black Rod N.Z. Met Service 

Vertical reference Pendulum N.Z. Met. Service 

"To be fitted October 1980 

airspeed of the sailplane and with short scan 
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 is 
currently under development. 

The temperature sensor consists of three 
elements. The primary sensor is a low cost 
semiconductor device which offers high 
precision but slow response. Bonded to its 
base are the reference junctions 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 Spyers-lliu'an, 
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, 
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Range Reoolution Accuracy Dis·tance Constant 

-300 to 9100m 1.3m 0.25% 1m 

+10 to -10ms - 1 o.01ms -1 o.3ma-1 1m 

-55 to +150°C 0.02°0 0.1°0 100m 

! 5°0 0.1°0 0.1°0 2lll 

!'5°0 0.1°c 0.1°0 2m 

10 to 95% RH 1% RH ? 7 

0.5 to 8 ~ 0.5 µ.m 
2 to 47µ.m 3 µ.m 

1 to 60ms -1 o.01m 2% o.01m 

15 to 65ms-1 o.03ms-1 10% 11:l 

-7° to +12° 0,002° 0.2° 3m 

-45° to +45° 0 .o 
• I 0.1° 2m 

0 to 1701cm 17m 17m 17m 

ice/no ice 

-45° to +45° 0.1° 0.5° 10m 

3, RESULTS 

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 µm diameter) the 
mean droplet diameter had reached 8 µm, 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 35m~11 , normal 
component of !9e 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 



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 
iltto a lenticular cloud lea.ding edge. 
Cloud pass A, 18 December 1979, altitude 
58COm. 

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 uniformity of the 
droplet concentration (Fig,3) are apparent. 
The characteristics are quite different to 
those observed 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 
obserred within a lenticular cloud, Cloud 
pass a, 18 December 1979, 
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Figure~. fime sequence of droplet spectra 
observed-in a non-,recipitatiog cumulus 
cloud, Cloud pass A, 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, 



Cloud 
Type 

Ac lent 

Cumulus 

Teble 2. C~ti,pa.-riE·on of the cbaraoteristico 
of. the dr~plet di~tributions found in a 
lenticular a.."'ld a cun:::u.lua cloud. ~uanti tie a 
shown rel.ate, i:o both ca~t'l-s, to 10 a2.n::ples 
fro~ a 200m section cf oloud, Nin the 
total dxo;,l,;,t ccncent=tion a11d a;; its 
ate.nd.ard cleYiation, p: is the mean droplet 
~~.':'"ter an,i a;. its stand.«rd dcwiation, 

c:r,... io tho r,;ea..n of the otru1c.a._~ dGYic tio11 
of" thE:.T j.ndJ.Yidual Ape~t.:ra, ?,nd. L\/(; i~ the 
liquid \rd. t<!r conte11-t cr,,.louluted i'roru tha 
d.J.•oplil t clist:ibutioni,. 

N er;, µ ~ IF,: 

ml-1 ml-1 }llll }llll pm 

189 6 11.2 0.3 2.4 

107 54 1;.; 2,3 8,1 

4, DISCUSSION 

LWC 

gm-3 

0,16 

0.32 

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 
considerable convective overturning within them. 

In this example of a cloud formed by 
uniform rapid lifting of the air, apparently 
without entrainment or vertical 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 malcing 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 internal 
circulations 

The Kinetic Energy Change 

The conservation of momentum gives 

= (M
0 

+ M )V 
x, S C 

where Mand V are the mass and speed and 
subscripts i, s and c represent large, 
small and coalesced drops, respectively. 
speed of the coalesced drop is therefore 

V 
C 

MQ,VQ, + MSVS 

(Mi + Ms) 

and its kinetic energy 

the 

The 
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immediately after collision. Because the 
collision is inelastic, kinetic energy is not 
conserved, and we obtain 

(1) 

Where 6Ek 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 tension. According 
to ~amb (1932), the natural frequency, f, of 
oscillation of a raindrop can be estimated 
by means of 

f = (8cr/31rM) l/ 2 
( 2) 

where cr 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 
d~op shapes vary from prolate to oblate 
ellipsoids, Beard (1976) found an empirical 
expression relating the equivalent spherical 
diameter (d

0
) to the so-called projected 

(maximum) diameter (d) as a result of wind 
tunnel studies. The ~xpression is 

d 
m 

d = 
0 

for d in mm. 
0 

0.973 + 0.027 d 
0 



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= d /d - 1, we can estimate the oscillational 
energ~ p~ior to collision as follows. 

E = l:_ KA2 
0 2 

where K is a constant, since w2 

w = 2Tif, Substituting Eq. (2) in 
we have 

E 
0 

K/M, and 
Eq. (3)' 

(3) 

(4) 

for a 5-mm diameter drop, E is 0.14 erg, 
and it decreases rapidly as0 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 

E 
r 

where I is the moment of inertia and w the 
angular velocity. For a spheri2al dro~ of 
radius rand mass M, I= 2/5(Mr). If we 
assumer= 0.25 cm, w = 30/sec, then 

r 
E = 1 erg, and this may be taken as a rough 
e~timate indicative that the amount of energy 
in this form is also small prior to collision. 
In "head-on" collisions, no torque is available, 
hence Er after collision is also small for 
the present case. 

Surface Energy Change 

The surface energy of a spherical drop 
is 4TIR2o. 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, bE, produced by 
the coalescence of two drops, wesassume 
that each drop may be represented by an equi
valent sphere, and hence 

2 
bES = 4Tio{(rQ, 

Breakup Energy 

Numerous mechanisms of drop breakup have 

(5) 

been proposed in the literature. Gunn (1949) 
assumed that the drops are bro-ken 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 to 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 I 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). 
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Fig. 1. Energy r,elation~hips in the 
aollision-aoaiesaence-br-edku:p 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 
bEb' the critical energy required for breakup. 
If a drop collision releases energy at least 
equal to bEb, 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 bEb 
depends upon numerous details of each particular 
collision. To develop an estimate of the 
minimum value of bEh required for breakup, we 
assume that it may oe 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 

bEt = 4Tior2(n113 -1) ( 6) 

As a lower limit estimate for bEb, we shall use 
bEt with n = 2. 



3. THE ENERGY OF DIS RUPTURE 

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 = 6Ek + 6E + 6E + 6E s o r 
(7) 

As indicated above, 6E and 6E are of small 
magnitude, so that (7) 

0 may be feduced to 

Q " 6Ek + 6Es (8) 
upon initial coalescence. 
We now adopt the term "energy of disrupture" 
to describe Q, and we propose the following 
hypotheses: 

(a) 

(b) 

If Q < ~Eh, the drops coalesce and 
Q is diss·ipated as heat. 

If Q 2:_6Eb, the drops coalesce 
initially but breakup occurs con
tributing to surface energy and 
dissipating any residual energy 
as oscillational and rotational 
energy and heat. 

4, RESULTS AND DISCUSSION 

Values of Ek' E and E are shown in 
Figure 2 for drops 5f 0.01°cm to 0.58 cm in 
diameter. These curves span 8 orders of 
magnitude on the energy scale, and E is 
clearly negligible relative to Ek ana E in 
freely falling single drops. Thus the ~ource 
of breakup energy following head-on collisions 
must be mainly Ek and Es. 

Sample computations have been made for 
five large drop sizes: Dt 0.5, 0.38, 0.30, 
0.20 and 0,18 cm colliding with small drops 
in the range 0.01 cm< D < 0.37 cm using the 
limiting criteria: - s -

D < D , 
s - t 

D (D3 
C t 

and 

Values of 6E, 6E , Q and 6Eb for Dt = 0.5 cm 
colliding with th~ entire range of small 
drops are shown graphically in Fig. 3. 

The intersections of the Q and 6Eb curves 
show that for direct collision with drops of 
diameter Dt 0.5 cm, 

(a) small drops of diameter up to D " 
0.065 cm will coalesce permanen~ly 
with the large drop; 
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(b) small drops in the range 0.065 cm< D 
_::.. 0.375 cm upon initial coalescence s 
will provide disruption energy, Q, 
greater than 6E and the coalesced 
water mass will S,reak up; and 

(c) small drops larger than D = 0,375 cm 
will coalesce permanentlyswith the 
larger drop 

provided only that the hypotheses (a) and (b) 
stated above are correct. 
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Fig. 2. Variation of the kinetic, surface, and 
oscillational energy terms with drop diameter. 
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Fig. 3. Kinetic energy change, 6ER surface 
energy change, 6E , disruption energy, Q, 
and breakup thres~old energy, 6Et, 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, Q, and thresh
old breakup energy Eb, for drops of dia
meter DL = 0.2, 0.3, 0.38, and 0.5 am as 
functions of small drop size. 

The results from computations for four 
values of Dare shown in Fig. 4. Here the 
energy of disrupture, Q, and the threshold 
breakup energy, 6E , 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 do~s fiot o~cur 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 (197 5) . 

5. CONCLUSIONS 

A study based upon the various forms of 
energy involved in raindrop coalescence and 
breakup leads to the following conclusions. 

(1) The changes of kinetic energy 6E 
and surface energy 6E are crucih 
terms in the energy b~lance 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 Mc Taggart-Cowan and Li st 
(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 condit i ans of free fa 11 
at terminal velocity for each drop of five size 
pairs. Impact occured at angles of up to go 
from the vert i ca 1, These devi at i ans 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 just coalesce and 
contribute to growth. Observations showed, with 
one exception, that the colliding drop pairs 
broke up in 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 nm)were studied: (4.6;1.8), 
(4.6;1.0), (3.6;1.8), (3.6;1.0) and (3.0;1.0). 
The experiments with each drop pair were 
repeated at 1 east a hundred ti mes in order to 
get statistically meaningful, average fragment 
size distributions. Drop breakup was studied at 
1 aboratory 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 co 11 is i ans. 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 
1 arge side and 1 eft a cons i derab 1 e 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 version 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 layer 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 di st ri but ion conserved the 
MP character. 
2) Single peak or daub 1 e 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 2-2.5rrnn, 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 in 
a drop stabilization by ice remnants during part 
of the fall from the melting level. Other 
contributing factors could al so 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
ling of rain warranted an extension of the data 
base by studying more drop pairs with sizes [rrnn] 
(l.8;0.395), (4.0;0.395), (4.4;0.395), (l.8;-
0. 715), (1.8;1.0), and, for testing the overlap: 
with ML, (3.0;1.0) (Low, 1977). These ranges 
were made poss i b 1 e by increasing the ex peri men
ta 1 sensitivity of droplet detection from 0.5mm 
to 40um and fi na 11 y led to a disappearance of 
the sharp cutoffs in the size di stri but ions 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 initial large drop, is 
produced by each collision. For filament breakup 
a fragment corresponding to the small er drop 
of the interacting pair is also clearly detecta-
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166 

bl e. This can occur with sheets, but in cases 
where the smaller drop is small, the 
corresponding fragment may disappear in the 
multitude of the small er 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 norm a 1 and log- norm a 1 
di st ri but ions which covered the whole range of 
the experiments. This approximation is plotted 
as sol id 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, DL, is 
4mm. The small drop size, Ds, is varied in 
steps of 0.5mm. Increasing Ds 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 Ds=l.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 interpol a
ti on 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 a 11 
the collisions which resulted in 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 looked into 
before any rain mode 11 i ng is poss i b 1 e. We need 
to make assumptions about collisions for drop 
pairs with sizes below 0.5mm. In absence of 
adequate data the average fragment numbers were 
extrapolated; linking known data to the new 
results by a "match-up" function (Low, 1977). 
The over a 11 situation is i 11 ustrated 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. I-dimensional dependence of z and steady 
state). The equation controlling the evolution 
of the raindrop spectrum is the kinetic 
equation: 

~ + v .. n(m)VT(m) = C(m) + B(m), at ( 1) 

where n(m) is the numbe!: density in the mass 
interval m to m+dm, VT(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) is 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 least one 
larger drop, while the second term deals with 
the losses 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: 

(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 (0km) 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 
1 mm. 
3) While their concentration is very low, the 
large drops (DL=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 
est ab l i shed and needs further tests by 
modelling. 

For comparison the Gillespie-List (1978) data 
are al so 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. 

Si nee ra i nfa 11 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 sma 11 
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 
lOOmm/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: 

~ = a:f (mi Vi)= y (mi:~i + V;~;i) (3) 

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 longer Marshall-Palmer. In particu-
1 ar, the new model produces large numbers of 
sma 11 drops in a region where it was hitherto 
assumed that they are depleted through coll ec
t ion 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-
1 ar for nearly equa 1-s i zed 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 
Pune, INDIA 

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'Effect 
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. 

2, 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 conventration 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, 

2, 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. 
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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 (on 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 solu~le 
gas can enter into rain water. From the 
@onsideration 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 Yf\-,-. be its mass. The 
rate of growth of cloud droplet by conden
sation of water vapour on it is given by 

d-r'-)-r ::: it Tl J:; ," {I' - f.,.) - - - - {1) 
~t-

where D is the molecular diffusion co
efficient of water vapour, fr the water 
vapour density at the surface of the drop
let and f that of the ambient air, 

Rate of dissolution of a soluble gas 
on a droplet of radius r is proportional 
to the area it7fr1-and the mass of gas mo le-



cules strikin6 unit area per unit time of 
the droplet denoted byµ. Rate of disso
lution of the gas will then be given by 

C~ -- 11_ /4..-L /,7T--y,J.. -- ~/ ., ~ - . - . • (2-J 
c::ctt-

where >y, 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 

.k.. rrr 3 
3 

Assuming the density of water as unity the 
concentration of the dissolved gas in the 
droplet is given by 

From these equations we get 

etc.,. eR._ (.ST)-' ~.;.. 
c:>\..'>~ :;;:.;iy ~ -~r-;;f'r 

-=- _L ~(~jot ""-cl_ ~ } .,,$c_""'r 
~ l ~t- ,:,U;- 7 'l'h.,.. . d<...,,, 

From equations (1) to (4) we get 

e{c_"r' _ 3 A_,,M- 3 C-r- ___ . ( S") 
~ -. :I) (_1-f.,,.) Y' 

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. 

~~..,,. - :3_ c~ 1-;:;;._L ~Sr- - SY' ~h-\r 
e>tt-- - c:>U- ™v '»->:r- d.t 'YI-it' il 

:: !_½ _ 3 C.,,J) {f-fr) ___ . (') 
y' 7'~ 

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 

It 

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. C...5 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 

et..~.,. ::: 3 y [c..s-Cr) .:?c..,.. 
c-t -y• ]) Ct- f?" J ,,.. 

.:sys _ 3'>:'.:c.,. _ ~. ---(S') 
.D(f'-1..--) .D(f-fr) Y' 

:~~ ~ 3~ - .3C, 5 ,)/ 
V"L ~· -=;;;- { 3/ +J)~-t'0·-t~ 

By expressing the concentration in 
mole fractions 'X' we may write 
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Using Henry's law we may write 

where y is mole fraction gas in gaseous 
phase, and His a constant. Substituting 
this in equations (10)and (11) we get 

~~ _ 3, °'/Ht_ _ 3 o-..r)';-r _ s "h-, 
·TY - ·y cr-f-rJ J)[f-1"',,,J -;:;;- .. a.3J 

~"l-T' 3~Hl 3. ?<.¥ s }) (f-f.,,-)( .49 
-;rr:: ::: - Y' - -;;-- l O>J>- -r "I"' J 

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_,,,«.. is indirectly connec
ted with concentration of gas. 

3. Special Cases 

Let 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 C.-r➔ O as in the case 
when raindrops enter into a polluted area 
containing soluble gases, 

which means that rate of change of concen
tration is directly proportional to the 
solubility in the,tlnitial stage of disso
lution of gas by rain, 

3,2 Dependence on degree 
of supersaturation : 

As degree of supersaturation increases 
( f - f-r) increases. Equation (5) indi-



cates that when (1'-f?,.) is low, the rate 
of dissolution in the cloud droplets is 
more. In case(f-fr) is low andyis big 
as in case of raindrops, we may neglect 
3 ~y/'Y' in equation (5) at least when 
~ is small. In that case the rate of 

dissolution of the gas becomes almost in
versely proportional to the supersatura
tion of tourse 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-f-r} becomes zero, there 
will be no growth of the drop according 
to equation (1). Then 

d:(y--:::.. - ,;£ {c:~ -S::2-:::.. 
dt- ct,,t-

33/ {_c.s -~---u9 
"Y 

or (Cs - Cr) will decrease exponentially 
with time. 

During the initial stage of cloud 
growth in presence of the ~as, we may take 
r to be very small and c.f-fr} of quite 
high value so that (from equation 5) 

ex:_<:_..,,. .--......., 3 <:'y 
d,Y ,,-..._, -=;:-

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 {t-~) 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 
Rimple, 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 havedzo~,,,u-zo. Then 

:; ~ - 1'?(y~~-t'r} __ ~(t_'3) 

which means the gas will be desorped, a 
condition mentioned earlier. 

A complication comes when(f-f..,.) becomes 
negative. In such a case J-')( 'r/dt--wi 11 be 
positive as per equation (18) which means 
that the water of the drop will evaporate 
to increase )';'I'., We should, therefore, con
sider tLis process from a different angle. 
From equation (2) we have 
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~y -==- ,. ,4_,,i~ tr-117" ~~ o.... (_c.-~ -Y./-'- '1 rrr~-0,j 

But .1..:,.,.,. 7-?0/!~ ➔ o as per Henry's law, 

Hence ~Sy ~ 
-O'Lt' = - °'-- C:.,. _),L. 9- rr, - - -. (2-0} 

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. Removal 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 iljl "So. 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:,s 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 c:_s de
creases with rise in temperature, Thus if 
the rain tlrop falls to the surface of en
vironmental temperature 30°c and attain 
equilibrium at that temperature, it would 
be unsaturated when 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 monsoon 
in India, the air is saturated upto 500 mb. 
In that case (_f-f"f') is likely to be greater 
than at other places, Equations (5) and 



(6) show tLat rate of dissolution of car
bon dioxide should be slower with higher 
values of (f-f-,.) . 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 tLe 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 cornlition 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 bas 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. O. 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 t~e 
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 last 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), 

- AD 
N N N -4 = 0 e , o. cm (1) 

where N is the number concentration of the 
raindrops (per diameter bandwidth) and D is 
the drop diameter. 

The liquid water content of such distribu
tion, integrated from D= 0 to D =co, is 

1T co 

w = 6 PW )/ o3 dD 

or, from equation 1, 

w = 1T Pw No r(4) -3 
A4 g cm co 6 

The median volume diameter of the 
distribution is 

D - ct 
0 ---r cm 

(2) 

(3) 

(4) 

where, for integration from D = 0 to D =co, 
ct = 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 

(5) 

They further note that a plot of PwN 0
0
4/wQ) 

versus 0/0 0 on semi-logarithmic pap~r will 
yield a straight line of slope ct and intercept 

ct 4; 1T • For the Atlas value of ct , the inter-
cept is 57.7. A plot of this equation is 
shown in Fig 1, labeled n=o • 

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, WQ) and 00 
can be written and plotted non-dimensionally 
is the family of "moments of exponent i a 1 s" for 
which 

N = N on e n 

- An D 
(6) 



from 

w 

when 

where 

lT 
6 

equations 
1T 

6 

2 

PW 

and 6, or 

Nn I'(4+n} 
4+n 

An 

integrated. Additionally, 

An= .JL 
Do 

a 3.67 + n 

From equations 6, 8, 9 and 10 

PwN Do 4 = 6(~.67+n)4+n (Q_Jn -(3.67+n) 
-w r ( 4+n) 11 · D e 

ex, - .0 -

(7) 

(8) 

(9) 

(10) 

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 simple 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 
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Fig 1. Spectral shapes plotted from 
Equation 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 lDP instrument is 1 count per second. 
This means that, in the nondimensional 
plots of the aircraft spectra, no points 
will be plotted in the lower 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 lDP 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 µmover a diameter 
size range from 202 µm to 4660 µm, 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 lDP 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 m3 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 resolution, 
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 cm3 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 Atoll in the 
Marshall Isl ands. 

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 
di a grams of Fi gs 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 
less than average water content; the right 
hand diagrams show the data for greater than 
averaoe water content. 
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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. 
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The number count data were next summed 
and averaged for successive five second 
intervals of flight and the mean liquid 
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 flight 
intervals of 10, 50, 100 and 500 seconds, 
limited by the total sampling time of the 
aircraft 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/D0 = 1.0. 
This spike is associated with spectra that are 
monodispersed (all raindrops contained in one 
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~g 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 
large 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/D0 = 1,0 and 
a definite concavity downward relative to the 
exponential. Also, numerous of the data points 
for large D/D 0 occur well above the exponential 
line. 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/D0 portion of the spectrum. It can be 
seen that the maximum D/D0 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/D0 , the data points adhere reasonably close 
to the exponential line. But, for large D/D9, 
most points fall well above the line. There 1s 
little difference, on 2 March 1978, between the 
spectra of small and 1 arge 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 samp 1 es. 

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/D0 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 level 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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Stochastic condensation equations 
have been obtained for an arbitrary ra
tio of vapour phase relaxation time ani 
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 at' 
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 cases: relative water 
vapour excess time scale~ is much 
shorter than the integral Lagrangean 
turbulence time scale T1.. (1-2J and -r .. 7;. 
[3-41 .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 possibility to 
carry out physical and mathematical n:o-
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 avs
raged over turbulence realizations; 
3) the velocity field correlation func
tion can be presented as <V/(t) fl";' (tt) > = 
( 1/Ti,)Ki:; exp (-1 t - t 1 I/ Ti.) ; 4) non-adiaba

tici ty of fluctuations is described by 
the Burgers approach [4], i.e. by in
troducing the time scale for pulsation 
dissipation Tt. • 

With the method used in[1, 4] one 
can obtain an equation of stochastic 
condensation for an arbitrary ratio of 

'C and T1., : 

d0 
dt 
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where /- drop size and hygroscopic S.lb
stance fraction distribution function; 

B - potential temperature; c , m - va
pour density and saturated vapour den
sity above clean water surface; p - li
quid water content; JJ , ?w - air andva
ter dep.si ties,; R , s - drop radius and 
surface values; I<,'/ , ~ - turbulence and 
molecular diffusion coefficients for 
water vapour; f' = a correction for 
drop growth rate S due to surface ten
sion and hygroscopic substances effect; 

L , Cp - condensation latent heat aoi 
specific heat for air at constant pres
sure; 7' - temperature. 

In equations (1)-(3) the following 
notation is used: 

a;_= a,RJ /Rf; 
- fJ0 I -f = o:E - ~ ';/,; 
.i 8 J'l, i) 7: 7Z JJ 

to .Pw 
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 1: << T1.. and 

'C >> rJ. of the equations may have the 
form obtained in (1, 2, 41 • 

The analysis of Eqs. (1)-(3) with 
'C << Tt. has shown that turbulent mix

ing leads to drop spectrum broadening 
when even a single pseud9-potential tem
perature gradient or humidity gradient, 
or drop concentration gradient, or hyg
roscopic substances dissolved in cloud 
water gradient are non-zero. Ifi for~ 
ample, non-zero is only the veruical 
gradient of salt specific content 



(µ)in cloud water, and when the ini
tial Gaussian perturbation .J-l. is loca
lized in the region of size a. , then 
the drop size distribution variance b&
haviour is as follows 15]. At :first tre 
variance as a function of distance from 
the perturbation center has the formof 
a bimodal curve. At t = i 0 the modes 
coincide in the perturbation center.At 
t << a3/1< the variance increases as t 112 

attains maximum and then falls to the 
initial value as t ij~. 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 t < t 0 decreases with time 
near the perturbation spectrum and in
creases away from it. Beginning with 
the moment t 0 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 l1) 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 0 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 causesntem
perature spots 11 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 schemew±th 
the following parameter values:k=4.5.!!!.Z, 
drop concentration JV= 500 cm- 3

, thee 
layer base temperature T0 = 283°K, spe
cific liquid water contentqw=0.00834. 
At the lower and upper cloud layers tl:B 
drop size distribution was chosen sta
tionary [1 l . Minimum drop size R con
sidered by the scheme was 0.5rm. The 
account made for smaller drops could 
complicate the calculation scheme cho
sen. The distribution function trunca
tion at point R 0 leads to appearance of 
drop specific concentration 11 computati
onal gradient causing additional bro
adening of distribution. The evaluati
ons made have shown [6] that this dis
tribution broadening rate is about1jtmfo 
Maximum radiusR..v= 456.3pm. 

The calculation results have shown 
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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 N occur (Fig. 1b). The distribu
tion function variance (Fig. 1c) decre
ases at first, then increases, the va
riance as a function of distance of the 
perturbation center for t~ 5 min being 
a bimodal one. The coincidence of the 
modes does not take place as in case,of 
perturbation .f'- • But one of the modes 
for 30 min ~ t ~ 5 min becomes small.For 

7" 

J ~ 

Q) { t •O 
2 t.,,, ( s 
3t~6DO, 
I( t •M1DO, 

N(cm"'J 

0 75 fSD 3DII 415 f5D 2[m) 

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
tion center than at t ~ 5 min. Such -v&
riance behaviour is due to coagulation 
process. Intensive variations of con
centration and dispersion at t ~ 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 
noted that at R !:: 10ft m, G /R ~ o. 3 am 
P::: 1 g -3 the gravitational coagulation 
process at first ( t ~ 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 aftEil' 
the second maximum of the function 

I ( R, :l, t) R J. The curve describing va
riance for t :> 30 min space variation 
becomes bimodal. In this case it is ccn
nected with the coagulation processdtB 
to which the concentration gradient is 
formed and variance grows. 

!nf 

.2 

f t•O 
·JO z t = 1 3 

i. 3 t =f20QJ 
~ t =300O.S 

Fig. 2. Drop size distribution at 225m 
for various periods of time. 

Fig. 2 shows the cloud drop distri
bution variation with time at ~=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 ::S 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 
fo-andJ. concentration and liquid water 
content of the drops with the radii mo
re than 100 and 250JLm. If, in view of 

[7), it is assumed that a cloud is a 
precipitation one, when the concentra
tion and liquid water content of the 00l1-

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 ). Our radar echo rain intensity measurements were 
mapped for a warm shower, Figure 1 a, and an air mass 
thunderstorm, Figure 1 b, 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 limits 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. 

012345 
I 1a......zJ ---1 
kilometers 

Figure 1 a. Three-dimensional radar rain intensity map of nocturnal, 
2332 CST, air mass shower, July 9, 1975. The vertical scale 
expanded tenfold, level 1-0.1 mm hr·1, level 2-0.3 mm hr·1. 

Figure 1 b. Three-dimensional radar rain intensity map of early 
evening, 1901 CST, air mass thunder shower. Level 1-0.1 
mm hr·1 lower left, level 2-0.3 mm hr·\ level 3-1.0 mm hr· 1, 
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·2 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 N0 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 I and some aspects of 111 the spectra 
distributions are generally exponential with a negative slope. 
Category I 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-Hqufa-water content 
relationship 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 single 
universal emperical description of the precipitation process. 
The samples cited here were from geographically pure 
regions, either central Iowa, 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 1a 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 calculations is a de
crease in drop population as thei -mean drop diameter 
increases. Here we have maintained a single population ir· 
respective of rain rates. 
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Table I 

Computed w Computed Computed 
5 Rain Ra1e gra_'31s 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 1.55 
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 
4.5 1,717.6 103,622.6 37,965 1.03 
5.0 2,347.6 141,630.4 42,133 0.98 

Table 11 

Synoptic Cloud Precipitation Mean Computed 
Category Situation Type Type Drop Rain rate 

Diameter mm/hr 

warm stratus drizzle 0.63 5.23 
over light 
running rain 

II pre-frontal cumulus showers 1.73 92.60 
(cold) thunder 

showers 

Ill pre-frontal stratus drizzle 0.82 10.39 
(warm) strato- rain 

cumulus 

IV non-frontal cumulus rain 0.83 10.76 
tropical 

V 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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Figure 3. Example of observed mean drop diameter i5 and standard 
deviation for five categories as defined in Table II. 
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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 l. SUMMARY OF 

CLOUD TYPE ci d cr/ci CONC 
max 

(µm) (µm) -3 (cm ) 

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 .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 µm) to cover the full range 0.5-
45.0 µm, The primary size range is 2-30 µm 
with a 2 µm 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 µm diameter to a 
laboratory standard. The cloud gun impaction 
sampler agreed well with the laboratory 
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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. 

III. 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 µm and 
a narrow range of droplet sizes. Droplets 
>15 µmin diameter were rare and those >20 µm 
were noted in only a few instances. ~3oplet 
concentrations were generally <300 cm and _3 
liquid water contents were typically <0.10 gm 
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 
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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 drople!§ 
15-20 µmin diameter in concentrations >O.l 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,1980) 

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 distinct 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 
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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_1ayer 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 1Q313 µm. Droplet 
concentrations averaged 250 cm while droplets 
15-20 µmin diam~3er were observed in concen
trations >l.O cm . L!~uid water contents 
average93about 0.4 gm . A peak value of 
1.0 gm 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 µm and 
21 µm diameter and significant concentrations of 
droplets >30 µm 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 µmin diameter probably 
grew by condensation over a period of 30 minutes, 
but the presence of droplets >40 µm 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 condensational 
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) 
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II-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 
days. 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 1 ayer 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 
nucleation in the free atmosphere. An in
crease in number concentration was correlated 
with the appearance of cirrus clouds. The 
crystals •riere usually columns, but occasionally 
more than half were plate type. At temperatures 
around -35°C, plates larger than 200 microns 
prevailed. 
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Observations in Northern Alaska (Ohtake, 
et al, 1978) reconfirmed that ice crystals 
frequently fall from clear skies. The maxi
mum concentration 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 
1-0 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 1-0 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/m3 for particles larger 
than 2 microns. The counts have become as 
large as 105;m3 in clear air under cirrus 
clouds. 

The frequency of encounter of these 
particles in clear air 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. 

Tha Lear has detected sub-visible cirrus 
up to 13.7 km over the United States and over 
the Kwajalein Atoll 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. Total particle 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. Extra
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, Illinois to west of Madison, Wisconsin. 
During a forty minute period when the C-130 was 
between 5.5 and 6.0 km altitude at -l7°C in 
clear air with no clouds overhead the 2-D 
recorded a number of particles. The average 
rate of detection 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, particles 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 lifting 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 larger 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 lifting 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 r-◄ and ice particles 
in concentration of the order of 1~il~. 
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 (liquid 
water content: 1 gm~; mean radius: 
r 0 = 14 pm) coagulation of liquid drop
lets leads after some time to large 
liquid raindrops. The time in which the 
concentration of large raindrops with 
radii rlr*(r*: critical large drop 
radius) increases to 1 r 4 is called 
coagulation time tc . 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 r~r* and let them 
freeze assuming that one ice splinter will 
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let freeze one large raindrop.The fro
zen drop may accrete cloud droplets too1 
subsequently forming a "secondary" 
graupel producing ice splinters on his 
own and so leading 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
tals1for 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 (MSRJ. The 
CE and FV of coagulation and interaction 
between hexagonal ice crystals and drop
lets are the same as in Beheng (lac. 
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 (lac.cit.) are used, 



3. RESULTS 

The effects of various (1) prima
ry ice crystal concentrations Npt, (2) 
radii of large raindrops r~ and (3) ice 
splinter production rates ct. 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
trati_2n Npi while the mean ice crystal 
axis a;= 205 pm and the standard devia
tion 6 = 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 rp and 'i\ (subscript "p" 
for primary and "s" for secondary 
graupel) and (3) the.concentration of 
ice splinters or secondary ice crystals 
resp. N~ and of secondary graupel N~. 
The concentration of primary ice crys
tals Np, is assumed to be identical to 
that of primary graupel Np9 and is 
assumed to be constant in time. 

In Fig. 1 the time dependent va
riation of LWC, rp, r 5 , N~ and N.&e is 
shown varying the primary ice crystal 
concentration Np; = 2,5 X 10-3 to 
2, 5 X 1 o-"' cm-3 with r* = 1 7 8 pm and 
c;,(. = 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 N pl the decrease 
starts not before a certain time has 
elapsed (in the following called dead 
time t~ -see below-). The slope of de
creasing LWC is steep and changes only 
moderatly with varied N~. In case of 
large Npi the concentration of secon
dary graupel N59 as well as of secon
dary ice crystals N~ 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 N~) 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 r 9 ""'300pm and r 5 ""' 550pm. 
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 Np; the LWC decreases by 
80 percent in a time of about 350 s 
after the dead time has elapsed; the 
dead time to1, 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 partj 
liquid water content (LWC), concentra-
tion of secondary graupel N 99 ( lower 
curve) and of secondary ice crystals N~ 
(upper curve) and (upper part] of the 
size of primary graupel rp (lower curve) 
and of secondary graupel ~ (upper curve) 
as function of primary ice crystal con
centration Np; = 2, 5 X 10-3 cm~(---) 
and N": = 2, 5 X 1 o-' cm_, (- - - -) with 
~= 350 splinters per mg AM and 
r* = 178 pm 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 pm 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 valuer~= 56 pm and with area
sonable valuer~= 178 pm, and 
N pi = 2, 5 X 10-"' cm- 3 and c/.. = 350 per 
mg AM held fixed. By changing r* the 
the coagulation time increases strongly; 
for r* = 56 pm tc = 550 s, for 
r* = 178 pm tc = 1050 s. We see that 
the dead time td is five minutes shorter 
for r* = 178 pm than for r~ = 56 pm in
dicating that by freezing of "large" 
drops more mass is 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. Fo.r r* = 17 8 pm the size of 
secondary graupel is much larger than 
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of primary graupel while for r*= 56 pm 
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~ = 56 pm 
(-) and r"' = 17811m (----) with 

Npi = 2,5 X 10-6 cm- 3 andot.= 350 splin
ters per mg AM. For interpretation see 
text. 

The most interesting parameter seems to 
be the ice splinter production rate ot. 
The production rate~ is changed from 
350 to 50 per mg AM with 
N pi = 2, 5 X 10-5 cm-3 and r i< = 17 8 pm 
held fixed (Fig. 3). We note that with 
decreasing~ the dead time increases 
and the slope of decreasing LWC decrea
ses. As expected high production rates 
result in high concentration of secon
dary gr~upel and ice crystals whereas 
by decreasing~ the concentration of 
both secondary graupel and ice particles 
decreases by an order of magnitude. The 
size of the primary graupel rp remains 
nearly constant whereas the size of se
condary graupel rs increases with de
creasing Q<.,, an effect just shown in 
Fig. 1 as a result of decreasing Npi 

but here caused by the smaller secon
dary ic~ crystal concentration. But it 
seems important to note that with an 
only small Np; the LWC decreases com-
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pletely in reasonable times after the 
dead time has elapsed. · 
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Fig. 3 

Time-dependent variation of the same· pa
rameters as in Fig. 1 but now as a func
tion of splinter production rate c'- = 350 
(-·-·-·),Dl = 100 (----) and ol = 50 
(-) splinters per mg AM with 
N pi = 2, 5 X 10-5 cm- 3 and ri< = 1 78 ;um 
held fixed. For interpretation see text. 
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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 
tc, (2) the dead time tcl, both defined 
above, and (3) finally the glaciation time 

t 9 , i.e. the time of decreasing LWC by 
10 to 70 percent of the start value. The 
sum of the three time intervals 
tc. + td + t 9 = t:1: is called "inherent" 
microphysical time (IMT). If we choose 
~ = 50, 100 and 350 splinters per mg AM, 
N pi = 2, 5 X 10· 3 and 2, 5 x 1 o- cm·3 and 
r* = 56 and 178 pm 12 case studies re
sult,the characteristic time intervals 
td, t 9 and t~ of which are displayed in 
Fig. 4. We note that the small primary 
ice crystal concentration N pi ( indicated 
by hatching) leads to dead times td 
double as long as the larger N pi • Reduc-

ing the ice splinter production rate 
oi, shows the same effect as reducing N pi • 
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The influence of changing N0, ~ and 
the large drop radius r* on the glacia
tion time t 9 and IMT is not very signi
ficant al though small N pi and small 
result in somewhat longer IMT's. Sur
prisingly the glaciation times t 9 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. 
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Frequency distribution(N=12) of dead 
times td, glaciation times t 9 and "inhe
rent" microphysical times t~. Hatching 
indicates primary ice crystal concen
tration Npi = 2,5 X 10-scm-"'. 

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 10 3 • 

The concentrations and radii of secon
dary graupel resp. range from 5 X 10-~ 
to 1 x 10-2. cm-"' and 600 to 2000 ,,um resp .. 
The concentrations of secondary ice 
crystals vary between 1 X 10-5 and 
5 X 10-2. cm-3

, the radii of primary grau
pel between 300 and 2000,,um. Conside
ring that the concentration of large 
dr~ps 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 liquid 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 IN ISOLATED CUMULUS 
CLOUDS OF MONTANA 

Todd A. Cerni and William A. Cooper 
University of Wyoming 
Laramie, Wyoming U.S.A. 

l . 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 convectiV,e 
showers and thunderstorms. The climate is 
decidedly continental. 

2. CLOUD PHYSICS INSTRUMENTATION 

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 µm to 31 µm 
with 2 µm resolution in size and 0. l sec (10 m) 
resolution in space. All drops greater than 
30 µm diameter are placed in the last size bin. 

b) Ice 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 µm, with 25 µm resolution and a sampling 
rate of 5 9/s at 100 m/s. The precipitation 
probe has a rcinge of 200 to 6400 µm, with a 
200 µm resolution and a sampling rate of 170 
9ls at 100 m/s. Field trials indicate that the 
practical minimum detectable size of the cloud 
probe is slightly larger than 25 µm. 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 
chi 11 ed s i l i cone oil and photographed under a 
microscope. Water drops can easily be distin
guished from ice crystals for diameters greater 
than 25 µm. Comparisons between ice crystal 
concentrations measured with the 2D cloud probe 
and oil coated slides show a ratio (2D/s l i de) 
between 2; l and l ;.J (Cooper, 197Gb). 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 (~ 15 dBZ threshold) prior to 
penetration. 

c) From photographic evidence, aircraft 
crew voice notes and ice crystal size and habit 
determi.nations, it must be clear that the 
cloud is not being contaminated by ice crystals 
eminat[ng 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) A~~craft 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 and direct 
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 tor 
temperature and cloud base temperature for the 
sample are shown in Figures l 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 flight 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 l Distribution of cloud top temperature 
for the 45 selected clouds. 
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Figure 2 Distribution of cloud base temperature 
for the 45 selected clouds. 

The frequency distribution of pass averaged 
liquid water content and cloud drop concentra
tion is displayed in Figures 3 and 4, respec
tively. The mean 1 iquid water content is .54 
g/m 3 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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Figure 3 Distribution of pass averaged liquid 
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 45 selected clouds. 

4. ICE CRYSTAL CONCENTRATIONS 

Ice 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 concentratlon 
of ice nuclei which might be activated at the 
summit temperatures of such clouds (Mossop ~ 
al., 1972), This descrepancy has given support 
for various ice multiplication mechanisms 
(Mossop et al., 19721. 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 nucleation 
near cloud top. It was hoped that such a sample 
would show a correlation between ice crystal 
concentration and cloud top temrerature. 

Figure 5 shows the pass averaged ice crys
tal concentrations versus cloud top temperature 
for al 1 clouds in the sample. The lower 1 imit 
for detection of ice crystals in these clouds 
was about 0. 1/t and those clouds which 
were found to contain no ice were plotted on 
the x axis (.05/t) of the grarh. 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. 

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. 
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Figure 5 Pass averaged iae crystal aonaentra
tion versus aloud top temperature for the 45 
clouds. 

TABLE I 

Cloud Number % of % of Average 
top of clouds clouds ice 
temperature c I ouds with vii th concentration 

ice ice per 
> I /t 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 44 33 I. 8 
-14 to -15,9•c 9 44 33 2. 2 

' -15. 9•c II 82 9 o. 5 
a 11 45 49 20 I.I 

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 oficecyrstals, 
in the size range of 100-400 µm, less than or 
equal to 0.2 t- 1 at all penetration tempera
tures between 0°C and -21°C. Their mean for 
all penetrations was only0.02.t- 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 1/£ 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 44 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 coeffi-
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cienc of 0.93 for the I inear regression fi~ 
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 1,5 cumulus clouds of 
eastern Montana bear some resemblence. The 
mean cloud base temperatures and cloud drop 

. concentrations are very similar. The latter 
cloudshav-esignificantly 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 temnerature points. The 

. three middle points, which represent 31 clouds, 
indicate rather similar ice crvstal concentra
tions for summit temperatures bet1-1een -10°C and 
-l6°C. This feature is sisnificant and is not 
reflected in the data of Isaac and Schemenauer 
(f979). 
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Figure 6 A aorrrparison o.f maritime aumului 
in Tasmania, (Mossop et al, l9?0) continental 
aumului near Yellowknife fl.fl.T., Canada (Isaac 
and Sahemenauer, l9?9) 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 
-l0°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 cool inq of cloud 
tops as they penetrate the dry, st~ble layer. 
Mossop ~ ~- (1968) and Young (1974) have also 
discussed this possibility. It was observed 



that the cloud tops could experience l-2°C 
evaporative cool ingand become negatively buoy
ant as dry air was apparently entrained and 
mixed wfth 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. The nucleation mode must then be either 
contact or emer~ion. 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 c1early 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/t or more of large 
drops or are growing through on environment 
with less than a l0°C dew point depression. 
Such clouds havea7% (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 
l .0/t 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 1 imit 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. 
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FigW'e? Clouds (31), with summit temperatW'e 
between -10 C and -16 C, plotted with regards 
to their pass averaged ice crystal concentra
tion, pass averaged concentration of drops 
greater than 30 µm diameter and dew point 
depression of aloud environment at the aircraft 
penetration level. 
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GEOGRAPHICAL VARIABILITY OF ICE PHASE EVOLUTION IN SUPERCOOLED CLOUDS 
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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 c~oud 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. The efficiency of this pro
cess is dependent on the presence of droplets 
diameter <jJ .;:, 13 µm in concentration ~ 100 cm-3, 
and droplets <jJ ~ 25 µmin concentration 
~ 1 cm- 3 , 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 III, supercooled rain drops have ev
olved by coalescence from the cloud drops and 
are frozen by hydrodynamic capture of the 
small (100 µm) 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 

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 II 
process has been associated with situations 
where supercooled rain drops have failed to 
form, yet the upper tail of the drop spectrum 
(<jl > 25 µm) 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 µm, a situation most like
ly 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 
phases 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 

<jJ .;:, 13 µm <jJ ~ 25 µm <jJ ,t 500 µm 

a. 
b. 

100 -1 
none few i 

500 none none I 
no 
secondary ice 

II 500 10 none secondary ice; slow 
evolution (20 minutes) 

III 500 so 10 i 
-1 

secondary ice; fast 
evolution (5 minutes) 
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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 II. 

Tentative Assignment of Secondary Ice Generation Type According to Specific Meteorological 
Situation From Various Studies. 

LOCATION CLOUD BASE -3 to -8°C, Number of DroEs TYPE MOST (LE_SS) 
TEMPERATURE <j, > 25 µm <j, < 13 µm <j, > 500 µm LIKELY 

DroEs 

Florida (summer con- 22°C 
vection) 
Hallett et al. 1978 
Missouri (summer con- 20"C 
vection) 
Koenig 2 1963 
Colorado (summer con- 4°c 
vection) 12°c 
Heymsfield et al. 1979 
Hallett 1975 
Caucasus (summer thunder- 10-13°C 
storm) 
Sulakvelidze 1967 
Sierra (winter frontal, +5°C 
orographic clouds) 
Hallett 1980 
Tasmania (convective, +5°C 
winter) 
MossoE et al. 1972 
New Mexico summer con- +4°C 
vection with mountain 
recycling. 
Gaskell & Wagner 2 1980 
Israel winter contin- +5°C 
ental cumuli 
Gagin 2 1975 
Hawaii, development 20°C 
to deep convection 
Twomey & Sguires 1 1959 
Montana (summer con-
vection) 0°C 
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1. 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 

N(D) N
0 

exp(-;\ D) (1) 

where N(D)dD is the concentration of drops in 
the diameter range D to D+dD and N0 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 coas~ 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 · lighter, 
spotty precipitation behind it. On 8 December 
1976, radar and aircraft measurements were made 
in a widespread area of cloud and precipitation 
associated with the trailing portion of a cold 
front aloft. 

3. INTERNAL STRUCTURE AND VERTICAL AIR MOTIONS 
IN THE PRECIPITATION SYSTEMS 

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°to260°. 

a. Precipitation structure 

Three general characteristics which emerged 
from the time-height sections of z 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 Z 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 (2) 

where v0 is 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 Vo was estimated from measurements of z 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-1. 

The pattern of vertical air motions in the 
cold-surge rainband (Fig. lb) 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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Figure 1. Time-height sections through a cold-surge rainband on 26 January 1976: (a) radar reflectivity 
factor (dBZ) with precipitation shafts shaded, (b) vertical air velocity (cm s-1). Rectangles enclose 
regions where data are missing. In (a) aaircraft flight tracks are numbered 1-6. In (b) light shading is 
for updrafts 2_20 cm s-1, dark shading is for downdrafts 2_20 cm s-1 and contour interval is 40 cm s-1. 

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 ~n 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 ~ 2 mm in diameter) ; 

4) Non-exponential (having other devia
tions from the exponential form). 

Each spectrum type is illustrated in Fig. 2. 
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Fig. 2. Examples of sub-exponential (0), exponen
tial (A), super-exponential (e), and non-exponen
tial (A) 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 



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) (lo-2m-l) Spectra Spectra(%) Spectra(%) Spectra(%) Spectra(%) 

TYPE I: Stratiform cloud Stable 8 Dec 76 4.0 - 5.2 

TYPE 2: Stratiforrn cloud 
with well-defined Stable 22 Jan 76 2.4 - 4,8 
precipitation trails 

TYPE J: Weak genera ting Moist 
cells embedded Adiabatic 8 Dec 76 5.2 - 6.4 
in stratiform cloud 

TYPE 4: Vigorous generating Moist 
cells embedded Adiabatic 22 Jan 76 4.8 - 7.3 
in stra tiform cloud 

TYPE 5: ,Deep convective Moist 22 Jan 76 3.0 - 6.2 
cells Adiabatic 

qualitative explanation involving the formation 
of aggregate snowflakes, the dominant precipi
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 O .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 10-2 m-1 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 (Z), and thus may account for some 
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of the uncertainty in estimates of R and 
M which are based on measurements of Z 

The magnitude of this uncertainty was as
sessed by examining values of the parameters 

R* = R/R 
0 

and • M* = M/M
0 

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 precipi ta
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 

M* = R*l.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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Fig. 3. Summary of occurrence of values of dimensionless parameters R * amd M *. Cloud environments 
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 Min 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. 

l. INTRODUCTION 

Variations in the microstructure of convec
tive type clouds have been attributed to sys
tematic differences in the concentration ofCCN 
(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 fogsand 
stratus form at low supersaturations, which can
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 fog drop 
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 
isothermal 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 THC relates to 
the fact that the equilibrium size of a haze 
droplet, r0 , at 100% R.H. (supersaturation= 0) 
is uniquely related to the critical supersatu
ration, Sc, of the nucleus. At T = 20°c the 
relationship is: -6 

r = 4.lxlO (l) 
o Sc 

where r is in centimeters and Sc is in percent. 

The Desert Research Institute (DRI) IHC is 
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. Sc 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, 2? Dea. 19?5; 0 = Yaquina Head, 26 July 
19??; + = R.V. Weaoma (30 km off Oregon coast) 
29 July 19??. 

The DRI IHC was built along the same lines 
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 CFO 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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ments. 

Simultaneous CFD and IHC measure-

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
c~ti?ns, a CFD and an IHC were operated from 
within a shelter. The optical bench of one 
~oyco 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 levelness of the cumula
tive distribution shows that a tiny proportion 
?f the drops are between 0.4 µm and 2.0 µm 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
lei with higher Sc's) remain small because they 
are unactivated. Intermediate distributions 
were found at all locations. 

Thes~ differences in fog rnicrostructure may 
be explained by examining Fig. l 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. 
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Figure ·4. Same as Fig,· 3. Data taken onboard 
the R.V. Wecoma at about 30 km from the Oregon 

· coast at Newport. + = 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 
IHC should match that for the OPC on ambient 
aerosol. If the ambient environment is super
saturated (at Sm), then some of the larqer nuc
lei (those with Sc< Sm) should grow beyond 
their r0 sizes and should, in fact, exceed their 
critical sizes, re, 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 is strictly an artificial device which 
takes the IHC data and moves the sizes from r0 
to re (multiplying r0 by 13). This does not re
present any real distribution because drops can
not remain in equilibrium at their critical 
radii unles~ 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 foq. Above 
this size, there are more drops in the ambient 
~istribution because they have had the opportun
ity to grow beyond their critical size. At 
smaller sizes, the artificial distribution 
equals or surpasses the ambient droo distribu
tion because these drops are unable to grow be
yond their critical sizes. Thus, the Sc corres
ponding to the re 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. SimiZa.r to Fig. 3 , Data from San 
Diego, 0641-0646 PDT, 26 June 1976. X = direct 
aerosol, +=simultaneous cumulative drop dis
tribution in the IHC, 0 - takes the IHC curve 
and moves the sizes from r 0 to re (re= 3 r0 ). 

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 
0.10%, Visibility calculated from the drop dis
tribution= 300 m. Visibility measured simul
taneously by an MRI visiometer = 160-300 m. 
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 least up 
to the sizes which could be measured). This 
would indicate that the "fog" was not supersatu
rated even though the vi sibi 1 ity was measured to 
be less than 100 meters. 

Potentially low visiiblities (<l 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 tyoe 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 comoonents 
of the aeroso 1 CN, CCN, and FCN. ,A..11 three aero
sol comoonents 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 oarticles 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, 30f for CCN and 10% for FCN. The aerosol at 
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 o.f aero
sol concentration at San Nicholas Island for 
May 14-31, 1978. Each point rep1>esents the 
average value at a particular> hour .for> the en
tire period. +=condensation nuclei (CN or> 
Aitken nuclei; X = cloud condensation nuclei 
(CCN) (S0 = 0.7%); •=fog condensation nuclei 
(FCN) (0.15% S0 ). 

Figure 7 i 11 ustra tes the frequency dis tri
buti on of four aerosol components, showinq that 
all components vary over about an order of 
magnitude. The diurnal variation especially 
for CN seemed to be superimposed upon the secu
lar 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- 3
). In f~.ct, four out of five 

days which had maritime wind fetches also dis
played distinct mid-day peaks in concentration. 

5. CON CL US IONS 

Wide variations in fog microstructures have 
been shown to be due to variations in FCN con
centrations. It has been shown that, like 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. 11%. 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. 

6. AC KNOl~L EDGEMENTS 

This research was sponsored by the Office 
of Naval Research, Contract N-00014-75-C-0527. 
Much of the equipment was obtained by the Nat
ional Science Foundation under Grant DES-73-
0631. 

208 

z 

0 

✓ 
/ 

I 
0 I 
✓ 
✓ 

/ 

+-' 

O CN 

+ CCN -0.7% 

X FCN - 0.15% 

• FCN - 0.07% 

id ---~-1 .... 0 _ __.__30...._.__s.._o_.__1.._o_,__....,90 __ ___._...., __ .__ _ _...., 

PERCENT OF TIME CONCENTRATION WAS LESS THAN N 

Figure 7. F'Y'equency distribution o.f various· 
aerosol components at San Nicholas Island, 
May 14-31, 1978. 

7. REFERENCES 

Alofs, D.J., 1978: Performance of a dual-range cloud nucleus 
counter. J. Apo 1. Meteor., Jl., 1286-1297. 

Fitzgerald, J.W., 1972: A study of the initial phase of cloud 
droplet growth by condensation. Comparison between theory 
and observation. Dissertation for Ph.D. in the Geophysical 
Sciences, Univ. of Chicago, pub. as Tech. Note 44 of the 
Univ. of Chicago, Cloud Physics Lab, June. 

Garland, J.A., 1971: Some fog droplet size distributions ob
tained by an impaction method. Quart. J.R. Met. Soc., .2.?., 
483-494. 

Goodman, J., 1977: The microstructure of Calif. coastal fog and 
stratus. J. Appl. Meteor., 1§., 1056-1067. 

Hudson, J. G. and P. Squires, 1976: An improved continuous fl ow 
diffusion cloud chamber. J. Apol. Meteor_., Ji, 776-782. 

Jiusto, J, E., 1966: Maritime concentration of condensation nuclei. 
J. Rech. Atmos., 2, 245-250. 

Kocroond, w.c., et al.,-1969: A review of oroject fog drops "Pro
gress of NASA Research on liarm Fog Properties and Modifica
tion Concepts," NASA SP-212. 

Laktionov, A.G., 1972: A constant-temperature method of deter
mining the concentrations of cloud condensation nuclei. 
Atmos. Oceanic Phys., §., 382-·385. 

Low, R.D.H., 1975: M1crophysical and meteorological measurements 
of fog and supersaturation. ~. XXVII, i, 507-513. 

May, K.R., 1961: Fog-droplet samoling using a modified impactor 
technique. Quart. J.R. Met. Soc., fil., 535-548. 

Sinnarwalla, A.M., and D.J. Alofs, 1973: A cloud nucleus counter 
with long available growth time. J. Apel. Meteor., ]1.,831-835. 

Squires, P., 1958: The microstructure and colloidal stability of 
warm clouds. Part I: The relation between structure and 
stability. Part IJ: The causes of the variations in micro
structure. Tellus, 10, 256-271. 

Twomey, S., and P. Squires," 1959: The influence of cloud nucleus 
population on the microstructure and stability of convective 
clouds. ·Tellus, 11, 408-411. 

Twomey, S., 1967:Remarks on the photographic counting of nuclei. 
J. Rech. Atmos., 3; 85-90. 

Twomey, s. and J. Warner, 1967: Comparison of measurements of 
cloud droplets and cloud nuclei. J, Atmos. Sci., E.i, 702-703. 

Twomey, S. and T.A. Wojciechowski, 1969: Observations of the 
geographical variations of cloud nuclei. J, Atroos. Sci., E.§., 
684-688. 



OBSERVATIONAL EVIDENCE FOR SECONDARY ICE GENERATION IN A DEEP CONVECTIVE CLOUD II-4. 7 

Vernon W. Keller* and Robert I. Saxi<* 
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 
(-3°c to -8°c) 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 concentrations 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 associated 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. Following 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 

**Present 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 .llIII. 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 wher.e the vertical 
wind (W) is less than Om s-1 and less than 
negative 6 ms -1 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 photogramrnetric · 
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 gass 3/5 a new cloud bubble grew through the 
-13 C 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 ;v' 

0.02s) analysis of the formvar replications. 
Also indicated on Fig. 3 are portions of the 
pass where t'.[e vertical updraft was greater 
than 4 ms - . 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 ;im) 
approached 900 J-1. This far exceeds maximum 
concentrations previously observed in unseeded 
South Florida cumuli and even approaches the 
maximum concentrations (1300 R-1 ) 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 )..lm 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,R_-l but the ice crystals were 
larger than the majority of those detected on 
pass 3/5. In fact, ice crystals with d >100 
.um were found in about the same concentrations 
on this pass as ice crystals with d!S: 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 (900J-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 environment. 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 J-1 (pass 3/1) 
to 15 J-1 (nass 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 .mn) ranging in concentrations from 
15 ,R-1 (pass 3/1) to 10 ..Q-l (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 .um, (conditions hypothesized as 
necessary for the Hallett - Mossop secondary 
ice production mechanism to be effective) 
always exist in the region -30C to -s0c 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 (-3°c to -8°c) 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 
~egligible 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-1 , 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 forrnvar 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 over this temperature ranfe 
(-3°c to -13°C) are roughly 0.5 .urns-, 
Ryan et. al. (1976). (Recall that the basic 
habit of ice crystals is primarily a function 
of temperature with prisms occurring from 
-3°c to -8°c, more or less equiaxed crystals 
from -8°c to -11°c, and plates from -11°C 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 .urn 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 .um. 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 .R-1) in pass 3/5 and increased slightly 
more (to 150 _R-1 ) 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. In 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 -13°C 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 
a region 1 km or so below the flight level, 
consistent with the multiplication hypothesis 
advanced by Hallett and Mossop (1974). It is 
shown, though, that the ice production is 
very much dependent 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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OPTIC.AL PROPERTIES OF THE CLOUD CRYSTAL MEDIUM 
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The USSR State Committee for Hydrometeorology 
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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
velop ed. Models of ice spheres and cy
linders have been used until recently 
to calculate the optical properties 
of ice crystal clouds, however, these 
models did not provide the description 
of some specific 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 it is difficult to carry out optical 
experiments in the natural ice crystal 
clouds. Mo st experimental studies, 
beginning from Huffman ['11, deal with 
the phase scattering function (indicat
rix) of visible radiation. It was 
difficult to conclude on the applicati
on of the above ice cloud models for 
calculating phase scattering 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_Jvl,m obtained from the laboratory 
and field (up to 12J','--m) experiments 
have some differences. When measuring 
mainly plate-shaped crystals with the 
sizes of 4-0-200.f,m in the laboratory, 
extinction minima were observed in the 
vicinity of the 2.8 and 10.3y,-m wave
lengths. In the field experiments 
(with crystals having the sl:lape of 
needles, their sizes unknown), nearly 
neutral spectral 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 1CO m3 in volume where a cloud me~ 
diwn was generated with the crystals 
of particular shape, plate-shaped ones 
having a diameter up to 200 ym and 
thickness about 10 rm [2], and columnar 
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ones with the length up to 200 y-m and 
diameter about 4-0 _rm. 

I. Visible radiation scattering 

Phase scattering function was 
measured in a horizontal scattering 
plane for the horizontal propagation 
of radiation beam with the wavelength 
of 0.63J¼fil. 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 scatte::ir.ing at 
the angles of 10° and,-,.;180° and on the 
depolarization of a backscattering 
signal 1J = I_J:n;) / I 11 ('Jr). When comparing 
the relative phase scattering functions 
f(G)= I(G)/ 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 (D:w ~ o. 4-). The average 
measured results for the crystals of 
different shape and size are given in 
Fig.1. The dispersion of the values 
f(e) does not exceed ±.30%. It should 
be noted that the phase scattering 
function calculated for ice cylinders 
[3] underestimates f(8) in the vicini
ty of the 90° angles, does not describe 
the scattering maxima in the vicinity 
of halo angles, and significantly un
derstimates the backscattering. 

We have studied 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 e. Fig. 1 shows 
the calculated results of the phase 
scattering function for the assembly 
of prisms of different sizes, their 
long axes being randomly oriented in 
the plane of incident radiation propa
gation. Curve I shows the light 
scattering in the plane of prism orien
tation and curve 2 the scattering in 
the orthogonal plane. It is evident 
that the prefered prism orientation 
resulted in light scattering asymmetry. 
The intensity of light scattering at 



the angle G::90° in the plane of prism 
orientation is about twice as much as 
that in the orthogonal plane. This 
result agrees with the previous 
e:}."Perimental data [2]. Halos corres
ponding to the 22° and 46° angles 
occur in different scattering planes. 
The calculated phase scattering func- -
tions for prisms are in satisfactory 
aggreement with the eA"Perimental data 
in the range of 0=20-170°. The under
estimation of the calculated values 
for e = 180° appears to be the re
sult of neglecting the effect of sur
face waves, etc. As the variation in 
crystal sha;pe, size and orientation 
does not result sufficient change 
of phase scattering function within 
this range of scattering angles (ex
cept halo angles), the following 
approximated e:::-:::pression was proposed 
for calculating normalized phase 
scattering functions 

I(e) - To(f-¾) [_:; 1, (11: e"il 
1 + To ( [ - ~) L"iT +q 10 l ~-~ ' 

where To (; - : 1 - is the Fren-
sel reflection coefficient. 

I (0) . 

-- 1 

\ 5 10 0 ~-
\i 

10-1 

0 60 120 0 

Fig. 1. Phase scattering functions 
of radiation with A= O. 63 .f- m: 1, 2 -
calculated; 3 - measured. 
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2. Spectral extinction of 
infrared radiation by ice 
particles of different shapes 

To study the effect of particle 
shape and size on radiation ext inc-
t ion, experimental studies were made 
within the wavelength ranges from 
2.5 to 3.5p,m and 8 to 12}-tm (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_1wm. 
Fig. 2 shows the results of experimen
tal determination of Ke(/\.) for the 
crystals of various .§hapes: plates 
with half-thickness D.p ::::::4.5+-5.,._,m, 
columns with_f::::: 10;wm (±,.5_;,vm) and 
prisms withe=:::. 2r::::::: 5_;U m (in Fig. 
2a). 

a) 

-

2 \ 

1 

l , f , 
I + 2 

¼i -+- J 

b) 

2 

Fig. 2. Spectral radiation 
extinction by crystal medium: 
1 - plates; 2 - columns; 3 - prisms. 

The experimental data suggest that 
crystal sha;pe does not exert a signi
ficant effect on the efficiency of 
radiation extinction within the wave
length ranges studied. Variation in 
the mean characteristic size of 



particles appears to have more sigp.i
ficant effect than their shape. 
However, it ha~een possible to ob
tain any quantitative results for the 
experimental data because of their 
great dispersion. 

The calculated results of Ke(]\.) 
for ice spheres, cylinders and plates 
of the same characteristic size 
rs = re = l:,.p = 5p~ m (the radii of 
spheres and cylinders, and the half
thickness of plates) are presented in 
Fig. 3. 

-1 

-- 2· 

-· 3 
..... 4 

2.0 

1. 0 

8 10 

Fig. 3. Dependence of extinction 
efficiency factor on wavelength for 
ice particles of various shapes: 
1 - sphere rs = 5J<-, m; 2 - plate 
l:i.p = 5)1A m; -2, - cylinder re = 5JU m; 
4- - sphere rs = 7j! m • 

The axis of incident radiation forms 
an angle cl= 0 + 80° with the normal 
to the major axes of cylinder and 
plate. The calculations show that the 
values of Ke ( .i\.) for cylinders and 
plates differ insignificantly. The 
values of Ke ( 7\.) for spheres are 
considerably smaller than those for 
cylinders and plates. It should be 
noted that the calculated values of 
Ke ( j\) for the ice spheres with 

radius rs = Ap/co&d., rather closely 
agree with those for cylinders and 
plates within this range of 'A. (curve 
4- in Fig.3 for rs = 7}1. m). It is 
interesting to note that the calculat
ed dependence Ke(A)for the plates 
with 6.e = 5J\,\ m, when using the values 
of complex refractive index m.. from 
/4-/, is in good agreement with the 
experimental data in Fig. 2b within 
the range of J\._ = 9+·12fl m. 
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3. Conclusions 

1. Phase scattering function of 
visible radiation in crystal cloud 
mediwn depends insignificantly on the 
shape, size and orientation of crystals 
in the range of scattering angles 10 to 
170°. 

2. The expressions are obtained for 
calculating the phase 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 (i\.) 
in the minima at )\.:::::2.8 and 10.3p rn. 

4-. The experimental data of KeO.) 
for A= 9+12}1 mare in a satisfactory 
agreement with the calculated ones 
with the values of m taken from [4-]. 
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I. INTRODUCTION 

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 than -10°C (Koenig, 1963, 1968; 
Mossop et al., 1968, 1970, 1972; Hallett 
et al., 1978). Conditions conducive to such 
effective glaciation have been associated 
with the presence of large drops (supercooled 
"rain" in concentrations in excess of 1 ,e,-1), 
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 
containing substantial concentrations (> 1 
Q, -1) of supercooled rain drops (~ 1 mm 
diameter) 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
ly 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. 

II. 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. 

SPLINTER 

FROZENac::J 
CLOUD 'lS1 
DROP 

SPLINTERING ® FROZEN 
RAINDROP 
(GRAUPEL) 

/ 

j,. CONTACT 
NUCLEUS 

~ ; 
u.. 

O RAIN 
DROP 

Figure l. 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- 4 2-l; 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. 

III. RESULTS 

As one expects from the use of a contact 
nucleus concentration as low as 10-4 rl, 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 10
3 

s less than one in 105 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 a of cloud drops larger than 25 µmin 
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. 1'he relative importance of the 
three main pathways for generating graupel 
from supercooled rain. "Fraction 11 refers 
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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 '-R• the fraction of 
the initial liquid water content (5 g m-3) 
that constitutes the rain water, is varied 
from O (cloud water only) to 1 (rain water 
only). A minimum is clearly visible near '-R 
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 AR of the 
total initial liquid water content ex~sting 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 
('v 10-4 9,-l) 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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l. 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 saturation 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
~inuously 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 liter 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 ll and August 
23, 1977, precipitating ice crystals were 
collected on slide glass plates coated with 
oil 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 l mm or larger) 
of all observed at the South Pole in summer 
and winter as an example shown in Fiqure l. 
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 level in summer and 600 mb level in 
wtnter) at temperatures between -40° and 
-55°C, and often coincided with a high cirrus 
or cirrostratus cloud layer at 2000 to 4500 m 
above ground level (AGL). 

0.5mm 

Figure 2. Combined side plane crystals 
collected 10 July, 1977. These crystals 
are usuaUy .from middle clouds such as 
altostratus and altocumulus. 



0.1mm 

Figure 3. Plate crystals from clear sky 
on 8 December, 19??. (The highest temper
ature aloft was -2?.?°C). 

2.2 Combined ice crystals in form of side 
planes, bullets and columns 

These crystals were observed with moist 
upper air (~670 mb level) at temperatures be
tween -30° ~nd -45°C, and were found in 
association with altostratus cloud layers in 
700-2000 m AGL broken or overcast sky. 
Figure 2 shows an example of side plane 
crystals. They were about l 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 both 
types of ice crystal precipitations in winter 
were observed consistently throughout a year 
at the South Pole. When both high and low 
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 Maqono 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 lowest l ,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 th~ Arctic (Ohtake 
and Holmgren, 1974). The temperature range 
for formation of thin hexagonal plates do__es
not agree with the generally accepted range 
reported by Kobayashi (1958) and Magone and 
Lee (1966) of -10° to -l8°C. Further studies 
are needed to explain this discrepancy. Figure 
3 shows these ice crystals. 

2?.2 

Q2mm 

Figure 4. Pencil-shaped ice crystals. 
Sampling data is missing. 

Even in winter, these crystals were 
mostly observed under clear skies with a 
slight wind 2 - 5 meters per second from the 
qrid 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.d Pencil and triangular-shaped crystal~ 

These crystals formed near the surface, 
under clear skies, with northeasterly winds 
at l - 6 m per sec, and during extremely low 
temperatures of -50°C or below at the lowest 
part of the atmosphere. The pencil crystals 
had well defined basal planes (c) and very 
long 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 trianqle 
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 
Figure 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. 



0.2mm 

Figure 5. Triangle-shaped ice crystals 
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 correspon~
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 clouds 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 (Mago no et al . , 1976). An 
example of stepped column crystals is shown 
in Figure 7. Ice-crystal precipitations were 
associatej occasionally with fractostratus 
clouds or a high, humid, cloudless layer. In 
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1
0.2mm, 

Figure 6. Block-shaped ice crystals and 
thin plate crystals precipitated from clear 
sky on 15 July, 1977 at temperature of-5f.1°C. 

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-level 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 
~outh Pole Station. 

There may be plenty of hygroscopic in 
the lower 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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Figure?. A stepped column crystals collected on 
13 December, 1976. This crystal was presumed to 
be formed by freezing of 1,Jater droplet. 
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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.g. Tricker, 1970). 

We would like 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. Particularly with regard to 
the initial 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 l 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 µms-las 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 µm, 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 
(l.O<Re<lOO), but further show that crystals 
with Re~lo display the most perfect alignment. 
Moreover, the distribution of reflected light 
intensity horizontally across the pillars is 
typically Gaussian in character, demonstrating 
that the ice crystals are distributed normally 
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. 
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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 
other ice particles. In this paper, a brief ac
count will be given of observations which are 
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 
crystals. 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 
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. The shadow images 
are produced by a 2-D probe (Particle Measuring 
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. Meaningful 
comments about particle shapes are possible for 
images exceeding about 150 µmin 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; 
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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 µm. 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-

3 
and 8-15 µm 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 
might also play a role. The nature of the fila
mentary rime is clearly revealed by the slide 
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 pm. Overall concent~ations 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 
fragmentation 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 

228 

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
cle concentrations or sizes. 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 
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. 

References 

Hobbs P.V. and R.J. Farber, 1972: J. Rech. Atm., 
6, 245 

Jiusto J.E. and H.K. Weichmann, 1973: Bull. Amer. 
Meteor. Soc., 54, 1148 

Vardiman L., 1972: Atmos. Sci. Paper No. 191, 
Colo. st. Univ. 

' E 

-=-.... 
z 
uJ 
u 
a: 
uJ 
CL 

0 
10 

10· 

10·3 

I 
L----

Al -
A2---

, __ _ 

I 
I 
I 
I 
I 
I 

10·5.._ _________ ..__ __ ... 1 __ _... __ _. 

0 l000 2000 3000 '4000 !!>000 6000 

DIAMETER (,-ml 

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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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 lightning 
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
like 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 limit to how fast a crystal may rotate 
under the influence of an electrical torque. 
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At any rate, for both columnar and plate
like crystals, the electrical torque is of 
the form, 

TE= 4TI s
0 

E2 a3 f(k,sr)cose sine 

where Eis the electric field, a is the 
equatorial radius of the equivalent spheroid, 
e 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 sr, 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 low Reynolds numbers, the inertial terms 
in the Navier-Stokes equation for the air flow 
may be neglected. This Stokes flow assumption 
leads to a drag torque proportional to the 
spheroid's angular velocity w: 

Ts= 8TIµwa 3g(k) 

whereµ is the viscosity of the air and g is 
a function of the axis ratio k. Within this 
low 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. In all cases, complete align
ment with the field ultimately results for 
these small crystals. A lower limit on crystal 
size for this type of motion is due to the 
disorienting effects of Brownian motion. The 
upper limit is, for columns, a diameter on the 
order of 10 µ and, for plates, a diameter on 
the order of 100 µ, 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: 

T P = M' u2 h(k) cos¢ sin¢ 

where M' is the mass of the air displaced by 
the spheroid, U is its velocity, his a 
function of the axis ratio k, and cp 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 little as a factor of 2 
(or more) will be at least 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 
se.rious 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 Z-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 ND 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 (mm6 m-3) 
is given by 

and 

D 
z=J max NDD6dD, 

0 
the precipitation 

D 
R=~J max VNDD3dD, 

0 

(1) 

rate R (mm hr-1 ) by 

(2) 

where Dmax is the maximum diameter of the melt
ed snow particles. Using Zand R defined above, 
the Z-R relationship was determined empirically 
as 

Z=BRS, (3) 
where Band Sare constants and depend on pre
cipitation types. 

3, Results 
The observation was carried out in Nagaoka 

(20 km 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 Size distribution 
Generally, the size distribution for snow 

particles fits well to an exponential of the 
form 

ND=Noexp (-AD), ( 4) 
as found for rain by Marshall and Palmer(1948). 
Examples of the size distribution for snowflakes 
and graupel particles are shown in Figs.land 2, 
respectively. The distribution for snowflakes 
under a precipitation rate between 0.6 and 1.0 
mm hr-1 was expressed by ND=4.1x103exp(-2,9D). 
In the case of graupel particles for a precipi
tation rate between O. 5 and 1. 0 mm hr-1 , corre
sponding equation was ND=1:7x103exp(-2.6D). 

To specify the characteristics of size dis
tributions observed, the particular value of No 
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 No and A were computed for 
each class which had an averaged precipitation 
rate. Then the dependences of No 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 
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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 No and A against the 
average precipitation rate. The solid line is 
a regression curve for 8 points. The No value 
increased (N0=3,7x103R0,57) as the precipitation 
rate increased. The A value decreased (A=2.6 
R-0.10) 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 7 categories of precipitation 
rate, as seen in Fig.4, the N0 value increased 
(No=3.6x103R0.98) and the A value decreased only 
a little (A=2.9R-0.002 ) as the 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 N0 
value with increasing R value ig demonstrated 

4 in Fig,5, where N0=1.5x103R-0·3 and A=2.0R-0.3. 
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. 

In the case of the graupel particles for 
1979, 22 data and 4 categories of precipitation 
rate are illustrated in Fig.6, where N0=9,7x102 
R-O.Ql and A=2.2R-0.20, There were almost no 
change in No 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, 

10 

10 

3.2 Z-R relationship 
Using Equation 1 and 2, the 

radar reflectivity factor Zand 
the precipitation rate R were re
duced from the size distribution 
data obtained. Then the relation
ship between Zand R were comput
ed in the form of Equation 3 as 
follows: 

Results in 1978. The Z-R rela-
tionship for snowflakes in 1978 
was Z=l20QR1,3, The range of 
precipitation rate in this case 
was 0.013 to 11 mm hr-1. The 
case for graupel particles was 
Z=650R1,l and the range of pre
cipitation rate varied from 0,058 
through 8.1 mm hr-1, 

Fig.3 Size distributions for snowflakes observed in 1978, in terms 
of No & A vs. R (for equation Nn=N0exp(-AD)). 

Results in 1979. The relation
ship of Z to R for snowflakes was 
Z=2600R1.8 and the precipitation 
rate ranged from 0.031 to 4.3 mm 
hr-1, This result indicates Fig.4 Same as Fig,3, but for graupel particles observed in 1978. 
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For 1979 snowflakes where cy
clonic conditions prevailed, the 
value ·of No in Equation 4 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 
increased. These characteristics 
of size distribution were the same 
as the results of Gunn and Mar
shall (1958) obtained from obser-,J ~ <: I ------- vations for snowflakes from strat
iform clouds. And such similari
ty in size distribution would re
sult in a relatively good coinci
dence in the Z-R relationship, 
that is, Z=2600R1.8 by the present 
authors and Z=200QR2.0 by Gunn and 
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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 Band S values in 1979 compared to those 
for 1978. For the case of graupel particles, 
the Z-R relationship was Z=960R1.6 with a range 
of 0.13 to 3.7 mm hr-1 in precipitation rate. 
Also the greater Band S value in this case is 
significant when compared to the result for the 
1978 graupel event. 

4. Discussion 
All results described in the former section 

are outlined in Table 1, including the water 
content M (g m-3) and the median volume diameter 
Do (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=l200R1 •3 and that in 1979 Z=260oRl.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 as follows: 

Marshall (1988). 

For the snowflakes in 1978 formed under 
strong monsoon conditions, the No 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=l20QR1.3, i.e., 
smaller Band S values 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 results show that Z=650R1,l in 1978, 
and Z=960R1 · 6 in 1979. The characteristics in 
size distribution were an increase of No and 
constancy of A in 1978, and the constancy of No 
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-

Table 1 Precipitation factors for snowflakes and graupel particles observed in 1978 and 

Snowflake 

Graupel 

1979; precipitation rate R in mm hr-1, No and A values in size distribution Nv= 
Noexp(.-AD), water content Ming m-3, median volume diameter Do in mm, and B 
and S values in Z-R relationship Z=BRS. 

year data R No A M Do B 6 

1978 68 0.013-11 3.7xl0 3R0 · 57 2.6R-0.10 0.23R0, 9 S 0.9RO.ll 1200 1. 3 
1979 36 0.031-4.3 1. Sxl03R-o. JS 2.0R-0.34 0.20RO.S 2 l. 3R0.41 2600 1.8 

1978 38 0.058-8.1 3,6xl0 3R0 · 98 2 . 9R-0.002 O.lSRo.s 9 l.OR0.02 650 1.1 
1979 22 0.13-3.7 9,7xl0 2R-O.Ol 2.2R-0.20 O.llR0,84 l. 3R0.24 960 1. 6 
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tioned above were resulted. So the Band S 
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-S 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 data 
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
oka, 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 
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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 processes;have so far been 
investigated by many workers:Gunn and Marshall 
(1958),Lhermitte and Atlas(l963),Ohtake(1969), 
Takeda and Fujiyoshi(l978) 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 
cine-wavelength' observation., in this paper, 
dependence of backscatteri'ng 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(l97O). 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(197O) 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(l951), 
however,this assumption is not always applicable 
to large concentric spheres like melting snow
flakes. Our calculation of backscattering cross
section is exact based on the theory of Aden and 
Kerker(l951). 

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 
O°C level to the peak of bright band,i.e. ,the 
upper part of the melting layer,for two wave
lengths(3.2lcm and 5.6cm) for a wide rarrge of 
precipitation rates. It can be seen tha't the 
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increments of radar reflectivity factor c>_f 
5.6cm wavelength are slightly larger than those 
of 3.21cm 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 3.21cm wavelength especially when the preci
tation rate is high. 

3. Observation of the melting layer by two 
wavelength radars 

Observations of the precipitation from 
8tratiform 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 5km 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.S,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 derive 
these by means of isotopic measurements from 
hailstones collected on the ground, if, firstly, 
the relative enrichment of HDO and H2

18o 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 (Ro) and 
the degree of its change during the growth time 
of the hailstones should be known accurately. 
The lD-steady state model presented by Jouzel 
et al. (this conference) gives more realistic 
profiles of the isotope content of hailstones 
RH 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. 

graupel frozen drop 
% % 

August 6, 1977 37 49 

July 14, 1978 38 52 

August 6, 1978 28 63 

2. DETERMINATION OF Ro, THE ISOTOPE-CONTENT OF 
VAPOR AT CLOUD BASE. 

The R
0 

value is usually determined from the 
extreme values of D, 180 measured in hailstones 
and by attributing those to growth temperatures 
of -35C and QC for example. In this way the 
relationship between the D content of the con
densed phase Re and Ro is obtained. Since in the 
new model the deuterium content of hail RH 
results from the interaction of 5 water species, 
no analytical relation exists between the isotope 
content of the hailstone layers RH and Ro• There
fore a trial and error method has been employed: 
First a reasonable R0 is estimated using the 
adiabatic assumption. The model is then run 
yielding an approximate RH-profile. The D-con
centration corresponding to a specific extreme 
temperature or, better, identified from crystallo
graphic analysis (no large crystals at Tc< -24C, 
no small crystals at Tc> -15C), is compared 
with the result of this first approximation*. 
New approximations of Ro are obtained by shifting 
the theoretical profile to coincide with an 
increasing number of temperature reference points. 
The final Ro value then yields the optimum RH
profile as well as the D-profile of the entrained 
vapor Re by using the average decrease dRe/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. 

not total temperature 
classified number at CCL (Oc) 

14 35 6.7 

10 239 11.2 

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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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: 
OD= 7.6 o18o + 3.4 for Emmen (425 m MSL) 1978 
and 
OD= 6.7 o18o - 7.0 for Emmen 1979. 
Feldmoos 1979 (30 km to the SE, 805 m MSL) 
yielded 
OD= 7.1 o18o - 2.1. The relation for Pilatus 
(2100 m MSL) resembles most closely the theore
tical relation: OD= 7.9 o18o + 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 Ro-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 Ra's. A comparison of the 
two independent methods results in almost the 
same Ra's. This gives considerable confidence 
in the correctness of Ro 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 oD -0180 diagram. The relation oD = 
8.5 o18o + const.,valid for equilibrium condi
tions, is drawn for comparison through the 
"coldest" ice sample for each day,where equili
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 OD 
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 regime. As expected the graupel embryos are 
closer to the D - 180 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 u graupel embryo 

■ •• frozen drop embryo 

I 
~ -60 
~ • 

0 

~ 
L......J • (,., AUGUST 6, 1978) 
0 

"° -80 

/-12 
II II -10 -8 

(u JULY 14, 1978) 

-10 -8 

( H AUGUST 6, 1977) 

-14 -12 -10 -8 

f 180 [%0/SMOW] 
Fig. 2. Plot of the deuterium content vs. 180 -

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 
Ri and Re at the -25°-isotherm (point A in Fig. 
3). Suppose now that this graupel falls out of 
the updraft and is transported below the o0 -

isotherm in weak downdrafts as indicated for 
instance by the closed loop circulation by Dye 
et alo(l978). The melting time of the graupel 
to produce a drop of r;l mm would be about 100 
seconds in a cloud of Tc~+ 2°c (Drake and 
Mason, 1966), whereas the isotopic relaxation 
time ta 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 Re, 
cloud ice Ri and hydrometeor water Rh 
as a function of cloud temperature Tc. 
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 ta only 
after 400 sand 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 oD
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 oD-range of 18.0 /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 hailstones 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 
s0 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 (Ro) 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 Ro-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 Tc~ -24°c and no small 
crystals at Tc~ -15°C). Simultaneous Ro-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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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 (OD= 6°/oo) 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 o0 c-isotherm and 
recirculated. 
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GRAUPEL EMBRYOS 

T. Harimaya 

Department of Geophysics, Hokkaido University 
Sapporo, JAPAN 

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.1 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 is 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.1 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 (Magano and 
Tazawa, 1966; Magano and Lee, 1973; 
Taniguchi and Magano, 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 Magano, 
1978), it appears that snow clouds 
sometimes contain large cloud droplets 
larger than 100 µmin diameter. The 
temperature at the cloud base and 
thickness of mixed clouds at the time 
when cloud droplets were observed by 
snow crystal sondes (Magano and Tazawa, 
1966; Magano and Lee, 1973; Taniguchi 
and Magano, 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 ~pen circles show the cases with 
only small cloud droplets and with 
large cloud droplets, respectively. 
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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.S. 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 cloudi 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. 

KM 
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5 

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 
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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 
(1967/68rv1976/77). These value 
are shown in Fig.6 in the same 
manner as shown in Fig.4. As 
the region occupied by frozen 
drop embryos could not be dis
tinguished from the region occu- Fig,6 Regional characteristics in 

embryo type. 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. 
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A NUMERICAL CLOUD MODEL TO INTERPRET THE ISOTOPE CONTENT OF HAILSTONES 

J, JOUZEL (2 ), N. BRICHET ( 1), B. THALMANN ( 1), B. FEDERER ( 1) 

(1) Atmospheric physic, ETH, 8093 ZURICH (Switzerland) 
(2) D.P.C./SPP/SP, CEN/Saclay, BP n° 2, 91190 GIF S/YVETTE (France) 

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 hailstone growth. Only a limited work has 
been done in this field assuming adiabatic 

ascent of air parcels without removal of pre
ciFitation 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 it is highly questionable whether these 
are ever met in a hailstorm. Our present pur
pose is 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 
1.ce 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 NAFF region (Switzerland) 
on July 14~1978, Q , Q, Q. and Q represen-

. C n 1. g 
ting respectively cloud water, hydrometeor wa
ter, cloud ice and large ice particles, 

The water balance throughout the depth of 
the cloud is 

where Z is the altitude, q and q, the mixing 
ratios of the water vapor in theecloud and in 
the environment respectively andµ the entrain
ment rate. Fh and F correspond to the loss of 
hydrometeor water ind large ice particles by 
precipitation fallout. 

II - The isotopic model, 

The isotopic fractionation is due to diffe
rences existing between the saturation vapor 
pressures and the molecular diffusivities in 
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Fig, 1 - Cloud model (14/7/1978) 

air of the H 160, HDO and H
2

180 molecules gi
ving rise re~pectively 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 vapor, clofld droplets, hydrome
teors, cloud ice and graupels respectively. We 

1~ke 5his denomination, both for the D/H and 
o/ 1 0 ratios, the proposed equations being 

valuable for the two isotopic species. 
- q' , Q' ' Q' h' Q' . , Q' ' F' ' F 6- are the 

isotopic mixing ratiosl.defifled a~ q' 0 = j q R 
. , . . V 

as so on, J being a coefficient equal to 
2 x 19/18 for deuterium and 20/18 for oxygen 
18. We will establish the equations giving the 
derivative functions (versus Z) of the isotopic 
mixing ratios of each phase present in the 
cloud. 

Vapor phase - dq'/dZ is derived from the defini 

1/J df';!~: 0 ~i• ~/dz 7'-q dRv/c(z (2) 
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 = aR , a 

C V 



being the fractionation coefficient is always 
verified and we deduce that : 

1u/.· d(lc _ ~Ir? a!(}c -;JX {?e dRv -1- fb'?v dc.t' (3) 
/J dz - dz dz dz 

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: t7=('1-'1si)dA (4) 
where tis the time, q the saturation mixing 
ratio relative to ice,sd, the molecular diffu
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 corresponding isotopic equation is : 

.:(. ';/:'=(CfRv-<fsi M) d'A (5) 
,J " ' '-'IL m anQ d are the mass and the molecular diffu-

sivity of the isotopic species, q. the isoto
pic fractionation coefficient forithe solid
vapor phase change. R is the isotopic content 
in the ice surface. A~ 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 <?-m'/dm. It results that 
Rs = CX . R , 0( . talung account of both equi-ci V Cl 

librium and kinetic effects and being defined 
as : 

ot . =fd (1- 9.s'-)+ .f., 9s,j· - f (6) 
CL d.' </ (KL <j 

At the cloud scale, this fractionation is 
very similar and only affects the new deposited 
water vapor at the exclusion of the already 
formed cloud ice and d.('.)1/dZ is consequently 
given by 

½ dt{_ ~arr,,fv ~-✓"ft. iy'Rv-reRe LcrR.J4¢, _,.el.,11i1,t J 
,/ dz ~,..(le dz Pt-1fF' 1/' Y ,12 I F' (;~ 
Re is the water vapor isotopic content outsie 
the cloud at the altitude z, 

/2Ju'c), l Llz f c?rresponds to formation of cloud 
ice by freezing of cloud water and R. to con

version and accretion to graupel. 
ig 

Hydrometeor water. A complete equation giving 
the isotopic content of a single drop growing 
from water vapor and cloud droplets has been 
previously.derived by J ouzel 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 : 

1 d~/2 ' :J tiz = V .,..crRvRm-R/2(Rhg~,,.u'1iz.,..~) (a) 
v' is an isotopic exchange term. Assuming that 
the drops are in thermal equilibrium, v' is 
equal to : 

V~ cJ 11 #o dqth'v-Rh/1:t') Ire dr :ir , /, 1/cy -2Ar 
~ -0 (.9) 

~and Vth are the drop radius and the mass 
weighted mean velocity. No (number of drops) 
and A are related to the mean volumic radius 
rh an~4;Qh.the mixing ratio, Qb, by A: J.tf.35 and 

No = "If >.t r/2 
Pl being the liquid water density. f' is the ven
tilation coefficient. 
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Ice particles. None of the processes leading 
to ice particles formation is accompanied by 
isotopic fractionation and dQ'g/dZ is directly 
derived 

1. d(l9 - Rt'R½i,...Rh Rhg+O'R,_, Ro/--f?~~~) ~ ,i J dz - 1ftl/ 

R and R correspond to formatio~ 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 cloud

15
or the isotopic species is the same 

as for H 0. 
I / 2 / f/J I , - £. , I , / f , 

dft:,. d~~ ¢(?A+ d.v5;._@-=~ff47c;_a;..6-,.e'h-?o/-~ -~ 
dz dz dz dz dz (ti) 
We obtain the expression of dRv/dZ, introducing 
in this equation the different isotopic mixing 
ratio terms previously defined 

~&v(r;-1-a:~c)= · (t2) 
~be fa (R.-ll/J,)-1-91?,Jx-tJ/-V!.Ri,lrlf rr-~d(}irctfJf~«j 
~('le e If dz {Ji.,. {)c 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 equation is a very general one,valua
ble whatever is the cloud model smce the terms 
specific to the cloud phases interactions are 
excluded. Neglecting the ice phase formation 
(Qi= 0), the entrainment (s = 0) 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 = 0 
and if all the cloud water is kept, itscinte
gration leads to the relation used in a close 
system (MNR model). 

We use equation 12 to calculate 6Rv. For 
the condensed phases, the change in isotopic 
mixing ratios 6Q' from level i to j can be ex-
pressed as : ./&(J::R~{J_{}~R (!'.3) 

Injectin{13 in 3, 7, 8 and 10 yields an 
equation for 6R , 6R., 6Rh and 6R . The step by 

C l g 
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 pr<;>file of hail, RH, is finally obtained by 
averaging 

where Ec = 0.8, Eh= 0.8, Ei = 0.1 and 

E = 0.001 were taken as best estimates in the 
f~rst application of the model. 

We take the following values for the physi
cal parameters involved in the previous equa
tions. o< are deduced from Majoube's experiments 
(1971 a, 1971 b). We use ford the formula pro
posed by Musil (1970) and t~~e d'/.d = 0,9755 
and 0,9723 for the HD0 - H2

1 0 and Hz18o-H
2

16o 
·:couples 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 f(T). Instead of a linear 
function as used by Hirsch, a B 166 (1953) 
freezing process seems more appropriate for 
cloud droplets (d < 100µ) 

f ( T ) = 1 - ae - bT s ( 1 5 ) 

where T is the temperature of supercooling 
and a et bare 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, Re, is 
taken from Ehhalt's (1974) mean profile, 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 
hail~tones, RH, can b~ see~ to deviate subs
~antial~y from the adiabatic curve RMNR' used 
in previous works. Down to a temperature of 
- 18° C, RH is around 1,5 ppm richer and then 
d~creases con~iderably poorer than RNNR' The 
richer start is due to the presence err hydro
mete:JU•water which is not in equilibrium with 
the water vapor. This, of course, affects the 
vapor which is less depleted in isotopes so 
that_Rc is also richer in t~is reg~on. 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 Rh at T =-30° C is dSe to rapid disappea
rance of cloud 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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Fig, 2 - Isotopic model (14/7/1978) 
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GROWTH REGIME OF HAILSTONES AS DEDUCED FROM 
II-5. 4 

SIMULTANEOUS DEUTERIUM AND OXYGEN 18 MEASUREMENTS. 

J. JOUZEL, L. MERLIVAT 

CEN/Sac!ay - DPC/SPP/SP - B.P. n° 2, 91190 GIF S/YVETTE (France) 

18 
The behaviour of the HDO and H O 

molecules are very similar during ~he 
cloud water condensation processes 
which occur very slowly close to li
quid-vapor e~~ilibrium. It results that 
the oD and o O contents of the preci
pitation are generally linked by a li
near relationship with a slope close 
to 8 (Daansgard - 1964). In the case 
of evaporatio~ an additional kinetic 
effect due to the differences between 
the molecular diffusivities in air of 
the thr8e isotopic species (H 2

160, HDO 
and H

2
1 0) has to be taken into account. 

During hailstone growth, the evapo
ration takes place from the liquid pha
se when the surface temperature is o 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 jsotopes, deuterium and oxygen 18. 
For this purpose we have taken advanta
ge of a new mass spectrometer allowing 
D and 180 determinations the same sam
ple) with a size of about 20 mg of water. 
A very detailed study of both iso
topes repartition has been carried out 
on five large hailstones, three of them 
formed in the Massif Central region 
(France) 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 (Yssendo~ 
with a mean diameter equal to 9 cm) in 
a classical D- 18 0 diagram (figure 1), 
these parameters being expressed in the 
o notation. The precisions on indivi
dual points are equal respectively to 
0.5 and 0. 15 ~ for OD and 0180. To in
terpret these data in terms of a possi
ble kinetic isotopic enrichment, it is 
necessary to know the oD-o18G 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-
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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 Merli vat and Jouzel 
(1979) have shown that the oD-o 18o rela
tionship keeps very general and the in
terpretation of the data presented on 
figure 1 does not greetly depend on the 
isotopic cloud model used. 

Figure 1 clearly shows a general 
shift of the hailstone samples towards 
relatively higher 180 values as expected 
when evaporation occurs. This effect is 
maximum for clear layers and relatively 
weak fot the opaque ones. The opaque 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 th~liquid film surrounding 
the hailstone,u:µL (tbeing the time) 
can be writtencz'T 

d_µL = d,,u// - c{uf - d_µe - d.us (i) 
cir dt dt cit de 
The liquid f¥m grows by captation 

of cloud water,.2li:, and is 1;};duced by 
freezing, ~.,(, e~porat ion, Jae ( owing 
to the difLerence between surface hail
stone temperature, t equal too° C and 
t~ air temperature t ) , and shedding 
~ . a ctt as pointed out by Carras and Mack-

lin ( 1973) and List (1977). We define 
th~ corresponding isotopic masses, 

a,,u1_ d,,u11 dtt: dµ:Z ~; ~,~,a ., ~, 
taking thTS denomination for both the 
HDO or H

2 
0 molecules, the proposed 

equation being valuable for the two iso
topic species. The isotopic contents,RL 
and R ar 7 respectively equal to½ .,JJ.L 
and l~j A;t.,, , j being a coeff.icient"Lequal 
to 2x!2 µff for deuterium and ·2 o for 

18 18 . . 18 oxygen . The isotopic mass oalance equa-
tion is given by 

d,u}. dµ/1 d,µf 
dt dt dt 

(2) 
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Figure j - D~ 0 diagram. Experimental and theoretical results. 

Only freezing and evaporation give 
rise to isotopic fractionation, It re
sults : 

,,uL ,- =(RH_i)~h'+f-~)~1'+ <f::e-j ~~ 
b . tb . t . . . (3) a eing e iso opic fractionation 

c8efficient relative to the liquid-so
lid phase change. 

We use the growth and thermodynamic 
equations proposed by Mason ( 1971). In 
particular, the evaporation rate is gi
ven by d file =ZJ(LvRd(1-fe)Sh, (4) 
L being tbe latent heat of vaporiza
tion, d, tbe coefficient of molecular 
diffusivity of water vapor in air, R, 
the hailstone radius, p and p , tbe . s e 
vapor density at the surface or the 
sphere and in the remote environment 
and $b 1tbe Sherwood number. Tbe corres
ponding isotopic equation is 

! d_µ,'e,_2 lf L' Rd'(/J ,4z - 12 I? )S/2.' 
j cit - V 1$7;- /e' V (5) 

a is the isotopic fractionation coeffi
cient relative to the liquid-vapor pha
se change, R the isotopic content of 
the vapor, d'y and L~, the molecular dif
fusivity and the latent beat of vapori
zation of the isotopic species and Sb' 
the_ isotopic Sherwood number. ~quations 
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3, 4 and 5 allow to derive the isotopic 
content of a liquid film surrounding a 
hailstone. This has been donewitb (fi
gure 1) the cloud data relative to the 
Massif Central storm, the cloud water 
isotopic content being deduced from the 
MNR model (curve 1 ). We take d'/d = 
0,9$55 a~g 0,9723 for tbe HDO-H 16 0 and 
H2

1 0-H 2 0 couples respectivel~ (Merli
vat - 1978). 

Firstly, we have studied the beha
viour of a growing liquid film up to a 
maximum thickness,e , at different 
cloud temperatures .MWben eA1 is reached 
the water in excess is lost this corres
ponding to the shedding prcfcess. The D 
and 18 0 contents evolve along the cur
ves 2, wbicb are practkally straight li
nes of slope about 3,5, from A (isotopic 
equilibrium) to an asymptotique value 
B representing tbe maximum possible en
richment. This last value is independent 
o: tbe maximum thickness e41 . In addi
tion, we have drawn tbe envelope of all 
tbe 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 liquid film 
are theoretically expected. 

Q£Lgrowtb - During dry growth, col-



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 ff of the droplets and 
it is easily demonstrated that the re
sulting enrichment E is equal to 
E , f:.t!t

0 
, E and t 0 ~eing the enrich

mgnt and thg freezing time when the 
surface temperature is equal too° 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~ 
feet is weak fort = - 1° Csand 
t = - 2° C (figur~ 1) and becomes ne~ 
g!igible when the hailstone surface 
temperature is lower than - 2° C. 

III - Interpretation of experimental 
results. 

- Growth regims. 
We finally obtain a diagram in 

terms of our temperature, t , and sur~ 
face hailstone temperature,ats (figu
re 1). Experimentally, the maximum pos~ 
sible enrichment is observed only for 
the clear layer samples represented 
by triabgles 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 - jo C, 
thus confirming the wet growth regime 
of formation. On the other hand, we ob~ 
serve that all the opaque samples cor~ 
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 been for
med starting from a graupel 1 

- Trajectories, 
Before interpreting the results in 

terms of trajectories, it is necessary, 
owing to the enrichment effect, to de~ 
termine the isotopic content of the wa
ter at the moment of collecgion, This 
value corresponds 1 in a D~ 1 0 diagram, 
to the intersection of the curye rela~ 
tive to the cl6ud droplets (curve J) 
with a straight line of slope 3,5 pas
sing by the representative point of 
each sample, Using this procedure and 
~he 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. 

ALTITUDE Z 
in kilometers 

YSSENDON 4 

lNITIM. 
TRAJECTORY 

s'--------1 ... 0 _____ ... 20 ______ 3 .. 0 _____ 40-+---

Fig, 2 - Trajectories deduced for the 
Yssendon 4 hailstone. 

After the formation of the graQpel 
embryo (up tor= 5 mm), the Yssendon 4 
trajectory is composed of a unique as
cent from 5,5 to 8.5 km, a 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 simil~r 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 very 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 
(Joi,izel et al. 1 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 siffiultaneous D and 180 de
terminations, allow us to demonstrate, 
for the first time, a~ isotopic enrich
ment due to evaporation in natural hail
stones and to deduce information about 
the growth regime of the stones. 
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Fig. 3 - Trajectories deduced for 
the Alberta E hailstone, 
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II-5. 5 

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. 

Magano (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. Zikmunda and Vali (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 
8.3 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 oscillated 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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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.l., during the winter of 1978. 

2. Method of obse~vation 

The apparatus and stereoscopic came
ra system used in this observation are 
shown in Fig.l. This apparatus is made 
of two parts, a metal tower (A) 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 (9x4 cm). The lower parts of this 
box and tower were made airtight to keep 
the air in them stable. The falling 
particles illuminated by stroboscopic 
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 Z) 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
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diameter of circular cone, v 
the falling velocity and Re 
the Reynolds number. 
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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-

258 

)( 

d=4.70 mm 
v =293 cm;s 
Re=:984 

[1 cm 

)( 
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Horizontal movement of the 
conelike graupel (Case 2). 

ning motion of apex. The period of 
this motion is about 0.03 sec. 

I 

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 appeared.. 
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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Fig.6 Free-fall modes of 
conelike graupel 
particles. 

A,d=6.9 mm 
v=334 cm/sec 
Re=l793 

B, 8.3 
408 
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.6A). 
The axis of rotational symmetry ( axis 
of conelike graupel) was slightly obl
ique 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 
spinning 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/cm3 and 0.23 g/cm3 in the condi
tion of T z. 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 
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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 (0) and e1'- 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 0 <if, and with base up orienta
tion if 0 > ~ , where 

,-:ii-. h 7C. 
i::, =O. 68r + 4 

provided O. 2 < h/r < 1. O. It may be con
sidered that the conelike graupel in the 
region of 0 > e;;,: 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 0 <. ~, at 
Re above 700. Although the uncertainty 
of ±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)<l 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 
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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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II-5. 6 
PATTERNS OF HAILSTONE EMBRYO TYPE IN ALBERTA HAILSTORMS 
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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 
size 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 southernedge 
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. S 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 stone is 
also given and they show that the sample clos
est to the updraft contains both the largest 
stone and 100% 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
cy 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. Hai lswathJ ? July 
19?9. Shaded areas indi
cate hail sizes estimated 
by observers to be equal 
or greater than approxi
mately 24 mm in longest 
dimension . 

Fig. 2. Same as Fig. 1 
and showing location of 
sarrrplesJ percent of frozen 
drop embryos and maximum 
hailstone size in sample. 

Fig. 3. HailswathJ 21 
July 19?9. Shaded areas 
same as Fig. 1 . 
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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 region. 
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 density, 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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CAMROSE+ 

Fig. 4. Same as Fig. 3 
and showing location of 
samples, percent of fro
zen drop embryos, and 
maxinrum hailstone size. 

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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as determined by studying 
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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 hailstones conducted by one of 
the present authors (NK) prior to the 1979 hail 
season showed 80% 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 
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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 itis 
possible that it may lie in the much smaller 
number of samples obtained from the first storm .. 
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II-5. 7 
EFFECTS OF THE GROWTH CONDITIONS UPON THE CRYSTAL ORIENTATION 
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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 accretions 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 direction, but al
so of its component angles~ and 9 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 the11_ 
and e distributions which should be taken into 
account when the significance of the peaks of the 
f (f) curves is, 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): 

. -1 wind speed U = 29 m sec , mean droplet volurae 
diameter d = 17 pm. All deposits except one were 
grown in dry regime (deposit temperature Td <( 0°C), 
Plastic replicas of the cylinder cross sections 
were prepared for crystallographic analysis. 

The f(~), f(e) and f(lf') 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((/J) curves are given in Fig.l. Typical f(tj') 
distributions at air temperature T = -15°C, for 
dry and wet deposits, with their ra~in peaks at 
f~5° and f>70° respectively, are shown in Fig.la, 
The curves in Fig.lb and in Fig.le show that at 
Ta<.-20°c the main peaks in the distributions 
shift towards larger angles, At Ta= -21°C (Fig.lb) 
no pronounced maxima are found at Td= -2°C,but, 
at Td= -6°C and -11 °C peaks atc.f11130° and 35°'74' 
)' 50° respectively may be observed. At Ta= -27°C 

+Consejo Nacional de Investigaciones Cientificas 
y Tlcnicas and Comision Nacional de Energia At6-
mica,Argentina. 
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peaks are found in the interval 30°...:::. 4> LS0° 
both at Ta= -12°C and Ta= -5°C, but, at the lat
ter value of Ta, the curve also presents a maxi
mum at '-fN75°, The features of the curves corre
sponding to Ti' -21°C, Td= -2°C, and Ta= -27°C, 
Ta= -5°C probably indicate the coexistence of 
crystals nucleated both in dry and wet regimes. 
Notice that, at T = -27°C, accretion would occur 

a , . 
5

o 
close to the dry-wet limit, even at Ta= - 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 f(Q) and f(9.) distributions 
should be statistically equivalent. 
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However it is shown in Fig.2 that, for cylin
drical accretions, a systematic difference is 
obtained between these distributions. There are 
sharp peaks at small angles in all f(9) distri
butions, independently of the growth conditions, 
whereas the f(~) curves are quite similar to 
those corrsponding to f4)), 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 f<t/) and f(9) distributions are in oppo
site positions. 

Due to the difference between f d'j) and f (9-) 
the sinusoidal random distribution for'-f> should 
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be. replaced by the constant fr= N Ll fl 90° (where 
N is the number of the analyzed crystals and~f 
is the 4° width interval). Taking into account 
this behaviour, fr has been used to test, by the 
binomial statistics, the significance of peaks 
for the f('{') as well as for the f(n) and f(e) 
curves. 

Note that all curves, except one curve in 
Fig.lb, present significant peaks which, for~ 
and<.f vary with Ta and Ta, At low temperatures 
(Ta=-11°C in Fig.lb and both curves in Fig.le) 
there are sometimes two such peaks, approximate
ly symmetric with respect to<f-v40-45°, These may 
be considered as a part of one 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(Hailsto
nes Band 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 ½h, 
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 1 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 
"if was measured and,for some layers, the fre

quency distributions f(h), f(~) and f(i{>) were 
determined. Table 1 summwizes the results, by 
giving the values of "ff, 9 , f and th~ c2,rrespon
dinp; ci-. As it is seen, it _j_s ~lways 0_$q 

I 
with~< 

<Fi in 80% of the cases and e:: 11 in 20%. 

___ TABLE_ 1 
Values of t), 0 , Cf and er.for different hailstone 
layers 
Hails·tone 

B6 

B8 

C2 

cs 
C6 

CB 

C9 

A7 

A4 

A2 

Layer 

1 
2 
3 

4 

lb 
3 

4 
2 
3 
1 
2 
3 

2 
3 

lb 
2 

1 
2 

2 

ff 
40 
27 
48 

31 

24 
29 

50 
15 
32 
44 
34 
45 

14 
45 

19 
36 

27 
25 

39 

e q, Ci,' mm 2 

20 46 0.4 
20 37 1.5 
20 54 0,3 

23 46 2,0 

21 36 0,3 
25 42 1.2 

36 63 2.4 
15 23 2.4 
19 40 1.9 
34 59 0.1 
35 51 0,5 
36 63 2,0 

13 22 1. 2 
19 52 3.8 

12 24 1.0 
20 44 3.4 

27 41 0.4 
18 33 4.2 

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 of1j' and 0 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(~) and f(S-) distri
butions must be tested before discussing the 
f(l.f) distributions. Actually, when f(~) ,v f(8") 
the random distribution to be considere:icould 
approximate to the sinusoidal curve, and a fun
ction of the type h(1) = f(q)/N sen~ (see Rye 
and Macl6.n,1973) should be used to discuss the 
hailstone growth conditions, 

A few examples of the distributions f(~), 
f(9) and f(t.f) for natural hailstones are given 
in Figs 3,4 and 5. Fig.3a is a typical case of 
similar f(ry) and f(9) distributions. The corre
sponding f(~) 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.1, since, due to the similarity of the 
f(~) and f(S) distributions, the orientation of 
the c-axes must be considered rotationally sym
metric with respect to the radial direction. 
Due to this characteristic, the "zero angle 
peak" shown by the h(lf) curve, given in the same 
figure, may be considered evidence of dry growth 
at rather high air temperature. Since the ice 
was clear and CT',vl mrn2, it would result Ta = -15°C 
and Td 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(~) and f(9) 
curves. Since the ice was clear, i.e. Td re
mained near 0°C, the evident maximum of both 
f(f) and h(~) curves near '-f =20° may be related 
to a decrease of T with respec~to the previous 
layer, possibly du~ to the fact that the hailsto
ne was carried by the updraft towards higher 
cloud levels where -lS>T '?>-18°C, 

Figs.Sa and Sb show at example where the 
f(q) and f(9) 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(S) curve presents a significant 
peak near 0°C. Thus the sinusoidal random distri
bution of<.(> would not be applied and the zero 
angle peak of the h(~) curve,shown in Fig.Sb, 
may not be considered evidence of dry growth. 
Therefore the large disorder shown in the same 
figure by the f(tf) curve, with<fN50°, indicates 
that growth probably occurred in wet or limit 
wet regime. 

' The frequency distributions given in Figs. 
3,4 and 5 may be considered 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; 
CZ layer lb; C9 layer 2; A7 layer lb). In seve
ral cases frequency distributions were found, 
more similar to those in Fig 4 (B8 layer 4; CZ 
layer 3; B6 layer 2). Finally, for most hailstone 
layers characterized byq"7✓50° the frequency di
stributions showed similarities with those in 
Fig.S (for instance CS layer4; C8 layer3; C9 
layer3). 

It is interesting to observe, however,that 
f((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 1 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 mm2 or more (Table 1) and obser-

' vations of the ice opacity indicate that growth 
was mainly taking place at Ta> -25°C and that 
even when dry growth was established, Td remained 
rather near 0°C, 

It may be interesting to observe that, ac
cording to the one dimensional Hirsh model(l971) 
applied with the radiosoundings data of Dec,.22, 
1976, the transition from liquid hydrometeors to 
groupels would have occurred at the cloud~evel 
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 f@) 
curves are quite different from each other. 
The f©) 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 f(~) and f(f) curves present peaks 
which depend both on T and Td The dependence 
on Td is especially evfdent afT rv -20°C, For 
T l.. -25°C the peak position if mainly deter-

a mined by T • 
. c) In otlate hailstones, cut through their 

equatorial plane, the f(f) curves present also 
peaks near 0°, though the effect is less pro
nounced than in artificial accretions. 

d) The peak position of the f(~) and f(~) cur
ves may be used to determine T and T in natural 
hailstones. The samples analyz~d in t&e 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 II-5. 8 

ROLAND LIST, G.8. LESINS AND P.I. JOE 
Department of Physics, University of Toronto, 

TORONTO, CANADA M5S 1A7 

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 Enet 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 Enet and ice fractions of spongy depo
sits on rotating cylinders and re 1 ates 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 low as -28°c. 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 
-24°c. Further details of the wind tunnel can 
be found in Murray and Li st ( 1972). 

The plexiglass measuring section (Figure l} was 
48cm high, expanding from a cross-section of 15 
by 15cm to 21 by 21cm at the top. Attached to 
the bottom of this section was an aluminum mount 
which supported a horizontal plexiglass cylinder 
(23cm long 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 ti mes slower than above. Before i nj ec
t ion, the water was filtered and deionized. The 
nozzle was kept at a temperature just above 
o0c 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 fl ow through the nozzle. The 
mean volume diameter of the droplets could be 
varied from 90um to 150um. The liquid 

3
water 

conte~t, Wf, was varied from 2gm- to 
40gm- by adjusting the water flow through 
the nozzle. 
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The values for Wf were measured using a 
Knollenberg 2-D Cloud Droplet Optical Array 
Spectrometer configured for laboratory use. 
An independent technique was also applied to 
measure Wf• This consisted of collecting the 
water droplets onto an aluminum slab (4.76cm by 
1.90cm) which was initially cooled to -196°c 
in liquid nitrogen. Due to the relatively large 
droplets the col 1 is ion efficiency could safely 
be assumed to be one, and since no bouncing was 
observed the collection efficiency was also one. 
The final uncertainty in Wf is .:!:_10%. Analysis 
of the icing had to be confined to the centre 
2-4cm of the cylinder and wind tunnel si nee Wf 
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 norma 11 y not a 11 owed to grow 
more than 0.5cm 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" 
(!:OOC). 

At the completion of an icing experiment the 
cyl i nder was removed from the tunne 1 , 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. Pl exi glass 
cylinder before icing. 
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Figure 2. Experimenta ·, results for the net 
collection efficiency, Ene.t, versus 
1 iquid water content, Wf, for !::> air tempe
ratures, at a rotation rate of o. 5Hz, an air 
velocity of 18ms-1, and a mean volume 
diameter of water droplets of 90um (sol id 
lines). 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, Enet• 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=l by measuring the final 
diameter of the iced cylinder, D, from the 
photograph.This leads to: 

( D - Di ) 71' [ PW - I ( PW - Pi ) ] 

Enet = -----------
(2.1) 

where Di is the initial cylinder diameter, 
~w and Pj are the densities of water and 
1ce respectively, at o0c, I is the ice 
fraction in deposit, t is the icing time, V is 
the air velocity and Wf is the liquid water 
content. Error analysis of Equation 2.1 yields 
an uncertainty of _:!:,15% for Enet· 

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-l, over a range of 1iquid water 
contents, Wf from 2 to 40gm- and air 
temperature, ta 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 Enet and 
the ice fraction I were taken in order to deter-
mine the different heat transfer terms. 
Eoet decreased consistehtly with increa-
sing Wf and increasing ta (Figure 2).It was 
observed to decrease with increasing Wf, but 
not below limiting values. At temperatures 
higher than -5°c the net co 11 ect ion efficiency 
drops off very quickly and , for higher 1 iquid 
water contents, assumes values below 20%. 
However, no dependence of I on ta was observed 
in the range -4°~ta~ -16°(Figure 3). While 
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Figure 3. Ice fraction (I) dependence on 
1 i quid water content, Wf• Data was averaged 
over the temperature range -4°=ta=-16-
0c, where the variation of I was 1 ess than 
its uncertainty of +8%. I0 (=25%) is the 
asymptote for high Wf according to the 
curve fit. The lowest measured value for I 
was 33%. 

some dependence on ta could be expected it was 
not reso 1 ved within the +8% error in I. For 
temperatures warmer than .:ii-0c the ice fraction 
seemed to increase slightly. 

Parametric equations were sought to describe 
the experimental results for Enet and I. 
The best least square fits for the stated 
temperature range and E=l are given by: 

1 - E0 

Enet = Eo + -------

and 

1 - I0 
=Io+------

1 + Kr(Wf - WI) 

where: E0= 0.0165 - 0.0206]a• [-], 
KE= -0.122 - 3.79ta-l,[m g-lJ~ 
WE= 1.29 + 0.147ta + 0.0128ta , 
I0= 0.25, [-], 
Kr= 0.1798, Cj-1m3J 
w1= 2.0, [gm- J. 

(3.1) 

(3.2) 

4. HEAT TRANSFER ASPECTS OF SHEDDING AND 
ROUGHNESS 

The process of heat transfer by conduction 
and convection, Occ*, evaporation, condensa
tion or sublimation, QEsc*, droplet accre
tion and losses, Ocp*, and freezing, QF*• 
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. Li st 
(1962) expanded it for spongy ice growth and 
later (1977) inc 1 uded 1 osses of accreted water 
by shedding etc. 

Under present consideration are the roughness 



factor,9,for the terms Qcc* and QE~c* 
and possible contributions due to the properties 
of the shed water (supercooling, ts, or ice 
fraction, Is) as expressed in: 

Qcp*=-VD[EnetWfCw(td-ta)+ 

(E-Enet)Wf(Cw(ts-ta)-Islf)]. (4.1) 

where D is the cylinder diameter,Cw the speci
fic heat of water, Lf 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 O and the shed water 
a percentage heat flux residual R* is calculated 
according to: 

(QF* + Qcc* + QEsc* + Qcp*) 
R* = 100 __________ _ {4.2) 

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 o0c. 
Any R*=O 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). 

This :residual R* was found to be zero for 
wf;=q_3gm_ and was a relatively weak' 
function

3
of temperature. R* becomes negative for 

Wf~l 3gm- reaching about -20% at 
Wf=40gm- 3• A negative value for R* means 
that the theory with parameters chosen as 
di scribed above is predicting too much cool in~ 
at the cylinder's surface. For Wf;:!'.13gm-
R* becomes positive, predicting insufficien; 
cooling, and increases to 30% for Wf.!4gm
and ta#--3°c. This larger deviation for warm 
temperatures and low liquid water contents 
occurs in a region where E et is a rapidly 
varying function and hence 1 arger systematic 
deviations could result. 

Systematic errors in the measurements of 
Enet and I could explain the non-ze~o 
value fgr R* only in the region lOgm- ~ 
Wf.£.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 
less heat than originally assume~ 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 
accreted water which, as a consequence, may 
remain supercooled to some degree. 

For Wf~13 gm- 3 the "insufficient" coo-
1 ing can be improved by increasing the value of 
the surface roughness factor, 0, from one. At 
low Wf, 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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-2 -4 -6 
ta(Oc) 

-8 -10 -12 -14 -16 -18 -20 

4 2.5 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 1.5 1.3 1.2 1.1 1.1 1.1 1.0 1.0 0 -1 
16 1.2 0 0 -1 -1 -2 -3 -4 -6 -9 
20 0 0 -1 -2 -3 -4 -5 -7 -10 -13 
24 0 -1 -2 -3 -4 -5 -7 -9 -12 -15 
28 0 -1 -2 -3 -4 -6 -8 -10 -13 -17 
321 0 -1 -2 -3 -5 -6 -8 -11 -14 -17 

T~ble 1. Values for the roughness factor O or 
the temperature of the shed water, ts( 0c), 
in order to balance the heat flux (i.e.R*=O) are 
listed for different air tem~eratures, ta, and 
liquid water content, Wf[gm- ]. The values 
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 ts 
(values less than or equal to zero are in °c 
with 9=1) and for 9 (values greater than one 
with ts=o0c). Reasonable values for t 
(•ta) are predicted·~ are the values for e 
except for Wf'!:4gm- and t/-3°c where 
tlie values for Enet and l are less 
accurate. It should be added that R*=O could 
also be explained by the difference of two terms 
which compensate each other in various degrees 
over the whole parameter range. 

5. THE EFFECTS OF ROTATION ON ICING 

The net collection efficiency, ice fraction 
and total mass growth rate, Mr, were measured 
as a function t the cyl ind~f rotation rate, f, 
for Wf=5gm- , V=18ms- and d=90um. 
Mr 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 Enet calculations were impossi
ble· due to the formation of spikes on the 
cylinder. 

Figures 4 and 5 show that Enet and 
undergo rapid variations with rotation rate, 
even at 1 ow f. From f=O. 5 to ?Hz at -5°c and 
f=O. 5 to 3Hz at -10°c, the ice fraction 
decreases from about O. 75 to 0.4 at -5°c and 
to 0.5 at -10°c. In this region Enet 
increases just sufficiently to maintain the same 
heat balance; the total amount of ice formed, as 
given by the product EnetXI, is roughly 
independent of f. The trade-off effect between 
Enet and I can on 1 y 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 rot at ion rate was increased 
up to the value where I was a minimum the bulge 
in the water skin became sma 11 er and the water 
skin was more uniform in thickness. This allowed 
more of the accreted water to be trapped by the 
ice 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-1 , a liquid water content of 
5gm-3 and an air temperature of -5°c. 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 -10°c. The minimum ice fraction 
of 52% occurs at f=3Hz. 

Figure 6. Photographs of cylinders iced at a 
velocity of 18ms-1• a liquid water 
content of 5gm-3 and an air temperature 
of -Io0c. 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 Enet and the 
growth rate. 

As f was increased beyond the m1n1mum point 
in I the cylinder's surface became increasingly 
rough. The shallow ridges and knobs transformed 
into large fairly rounded lobes of up to 1cm in 
size. If f went beyond about 15Hz, then conical-
1 y shaped spikes formed. Even higher rotation 
rates produced longer, thinner and sharper 
spikes (Figure 6). 

Figures 4 and 5 reveal that the ice fraction 
approaches the value one for 1 arge f as the 
1 iquid water on the cylinder is being spun off 
by the centrifugal forces. Also at high rotation 
rates the lobes and spikes will promote increa
sed convective cooling. Such enhancements can 
only be determined experimentally. 

6. CONCLUSIONS 

I.) Icing of rotating (up to 35Hz) cylinders 
(diameter 1.9cm) in a cross flow containing 
supercooled water droplets over the ranges of 
air temperature from -2° to -20°c and of 
liquid water content from 2 to 40gm-3 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 Wf, 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 hail stone 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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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 loss mechanisms during wet 
growth, These losses not only represent a 
decrease in the net collection efficiency of the 
hail stones (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 al so available. These included a 
35mm motorized Nikon System, a Panasonic video 
system, a Bolex 16mm movie and a high speed 
Hycam camera. Illumination was provided by 
either two flood 1 amps used for the movies or 
two General Radio Strobol umes (model 1540 Pl) 
units v1hich 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, Wf, and air 1emperature, taj 
were varied between 9,3gm- and 41.8gm-
and -5°c to -18°c, respectively. The cylin
der diameter, D, was 1,9cm and its rotation rate 
was 0.5Hz. The tunnel velocity, Vr, was 18m/s. 
The cyl i nder was oriented para 11 e 1 to the axis 
of the camera lens. Illumination was provided by 
the strobes which were set to flash at a rate of 
60Hz, The fl ash duration was lOus. The camera 
lens was a Canon TV zoom 1 ens ( 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 ice deposits were relatively 
smooth (Figure 6, top, Part I). 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 al so 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 sub st rate, 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 al so observed in the 
experiments of Roos and Pum (1974), 

Under special conditions (either high Wf or 
low VT) 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 (line) 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
lation of the accreted water. As the bulge 
increased in mass it moved toward the front 
stagnation point under the force of gravity, 
with a limit 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 
100°, and the process repeated itself, 

Mechanical forces between the underlying 
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 (90%) was carried 
into the wake by the air flow. 

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, 
f i. 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 
1 arge drops, this effect meant that the large 



reach terminal speed in a shorter distance than 
large drops, this effect meant that the large 
drops were overcounted relative to the sma 11 
ones. This led to the introduction of a velocity 
adjustment factor fv, 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 sealing factor_ fr• Further. 
the losses by splashing were supposed to be 
small comparec:I 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 length, for drops with diameter d;, a 
terminal velocity, Vt;. and a water densi
ty, Pw• is given by: 

ff[ (rr/6} d; 3 Pw fi(Vrvt;) 
s = -~·~---------

(4.1) 
DOF H 

where ff= fTfv· Equation 4.1 requires SI 
units with m, kg ands. 

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: 

(4.2} 

A least squares fit yields ff=62. The num
ber production rate of shed drops in the ;th 
category per unit bin interval per unit cylinder 
length is given by: 

fffi (Vrvti) 
ni =-----

DOF H 
( 4. 3) 

A remarkable feature of the relations of 
number production rate, n( d}, versus shed drop 
diameter (Figures 4a,b,c} is the uniformity 
among the curves. These curves are Gaussian in 
nature, with a peak at a drop diameter d=l.22rmi, 
with a ha 1f width of about o. 7mm. This suggests 
a curve fit using a Gamma function: 

n(d} = _A_ e-(d-do)/q (d-d
0

)(p-l). (4.4) 
pq-r ( q} 

Of the four parameters (p,q,d0 ,A) only one 
is not determined. The lowest size class is 
d (=0.5mm}, the peak is located at d0+q(p-l} 
=f.22mm. Mass flux conservation determines A 
according to: 

"' 

or, by integrating: 
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Figure 1: The Wa!~r skin before eruption: 
ta=-5°c, Wf=lOgm • Vr=9m/s, f=0.5Hz, 
counterclockwise, D=l.9cm, magnification 2.75. 

Figure 2j Shed drops in the wake: 10°c, 
Wf=18mg- , Vr=l8m/s, f=0.5Hz 
clockwise. D=l.9crn. maanific~tion 2.0. 

Figure 3: Disruption of the water skin in the 
form of 1 sheet breaking up into drops; ta=-5°c, 
Wf=l8gm- , VT=l8m/s, f=0.5Hz, counter-
c ockwise, D=l.9cm, magnification 2.0. 
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Figures 4a, b ana c: Number production rate per 
meter of cylinder 1 ength and mm-drop diameter 
i nterv a 1 , as function of the diameter of the 
shed drops; for different liquid water contents, 
one rotation rate, and a given air temperature. 

A = 
(1-Enet) wf VT D 

P d 3 
W V 

( 4. 6) 

where the mean volume diameter of the shed 
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Figure 5: Relation of (shed) water contents in 
wake and liquid water content in swept out 
cloud, assumming that the shed drops have a size 
equa 1 to the mean vo 1 ume diameter ( 1. 4mm) and 
their terminal velocity is equal to 4.9m/s. A 
1 i ne with a s 1 ope greater than one means that 
the shed water content above the cylinder is 
greater than that below. 

drops is given by: 

dv = [p(p+l)(p+2)q3+3d0 p(p+l)q2 

+ 3do3pq+do3Jl/3 
(4. 7) 

Thus there are four parameters and three 
equations. The 1 ast parameter p ( or q) can be 
determined by a best fit to the data. The 
results are p=8, q=0.103, d0 =0.5mm, av=l.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 1 i quid 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: 

VT 
= (l-Enet) Wf -

Vr-vt 

= 1.37(1-Enet) wf. ( 5. 1 ) 

where Vt(dy)=4.9m/s according to the paper 
by Pruppacher and Klett (1975). 

It can be seen from this equation that if 
Enet is smaller than 0.27, the shedding 
can increase the water content above the cyl in
der even though there is an associated decrease 
of the mass flux. Plots of Wfshed 
versus Wf (Figure 5 and Figure 2, Part I) show 
that this situation may be expected whenever 
shedding occurs at temperatures warmer than 
about -8°c and 1 i quid water contents greater 



han 5gm- 3• The curve 
assumed Enet=O and 
striking the cylinder is 
to "rain" water, 

for o0c has an 
the cloud water 

immediately converted 

The results, extrapolated to hailstone growth 
give support to the concept of the water accumu
lation zone in thunderstorms expressd by Sulak
vel idze et al. (1967). These authors cl aimeg 
that liquid water contents up to 30 gm
were found in the form of large drops above the 
region of hail growth. More recently, Federer 
and Wa 1 voge l ( 1978) have al so 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 -18°C, with 
relative air speeds of 18mLs and liquid water 
contents between 9 and 42gm-3 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 fl ow 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 l,4rmn. 

4. It was shown in Part I that net collection 
efficiencies are very often much lower than 50% 
at liquid water contents which are reasonab 1 e 
from the point of view of atmospheric icing. 

5. The 1 i quid 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 ve 1 oc i ty of the large drops as compared to 
the cloud droplets (which move essentially at 
the speed of the air). This factor is particu-
1 arly important at warmer temperatures close to 
the freezing point (warmer than -10°c). 

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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A STUDY OF THE INITIAL STAGE OF THE ACCRETION PROCESS 
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t. 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 accretions 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, Ta, and a substrate orientation the droplets froze, 
with very few exceptions, following the substrate orienta
tion down to a transition substrate temperature Tt , where 
a droplet has a high probability (P .> 0.5) of haying a 
crystallographic orientation different from that of the 
substrate. They observed that, the values of Tt depend on 
Ta as well as on the substrate orientation and suggested 
that, a correspondence could exist between the values of 
Tt 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, Ta and Ts played a 
similar role in the studied phenomenon, so that, for 
constant Ts a transition air temperature Ti could also be 
defined. They consequently carried out a series of experi
ments where droplets of 75 _,,am and 135 _.,Pill 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 Ta :: - 7°C and Ts= - 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 
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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 Ta and Ts values well above the transition tern peratures 
(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 :t. 30_,ftm medium volume 
diameter and a vibrating needle device (Mason et al.,1963), 
which provided several streams of approximately uniform 
droplets, ranging from 50_,fam to 200,faID 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. l 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 -15°C, 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. 
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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 cm 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 Ta, 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 repres~nts 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 

-
Ta (°C) -3.5 -6.5 -10.0 -11.5 -12.5 -13.0 -14.5 

Ts (°C) -8.5 -11.5 -6.5 -11.0 -6.5 -4.5 -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 Ts"' -6.5°C 
and Ta: • 10°C, two droplets were frozen as new crystals, 
their c-axes nearly normal to the substrate surface. 

It may be concluded that, for Ta > - 15°C and dif
ferent values of Ts, droplets with diameter D < 200 ;um, 
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 (Ta, 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 Ta and T 8, for experiments performed 
on a prismatic substrate by injecting droplets in the tunnel 
during 3 minutes are given in Table 2. 

TABLE 2 

Ta (OC) -9.0 -9.0 -9.0 -11.0 -11.5 -13.5 

Ts (0 C) -2.5 -4.5 -6.5 -11.0 -4.5 -4.5 

It may be noted that in this case the temperature Ta 
ranged in the narrow interval of -9°C to -13.5°C, while 
Ts varied from -2.5°C down to -ll°C. 



a) bl cl 

d) e) 7T 
Figure 2: Polycrystalline structures in droplets frozen on the prismatic substrate. A, B basal crystals. a) and b) Ta "' -9°C, Ts = -4.s0 c ; 

c) Ta= -11.5°C, Ts= -4.5°C; d) Ta= -9°C, Ts= -2.5°C; e) Ta= -11°C, T5 = -11°C; f) Ta= -11.5°C, Ts= -4,5°C. 

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 l;'~esents the substrate orientation. Fig. 2b shows 
another pdl-ycrystalline structure formed in a droplet layer 
frozen on ,he 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 Ta~ 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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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(OC) -6.5 -4.5 -3.5 -4.5 -11.0 -11.0 -13.0 

On this substrate the experiments where single or 
overlapping droplets were studied gave similar results, 
showing that, the droplets followed .the substrate orienta
tion. Exceptionally, a few small isolated crystals with 
different orientations were observed. It is interesting to 
note that this behaviour was also followed by droplets of 
200 .,,u,in diameter, even at the minimum temperature used 
in the present experiments, i.e. T;; Ta~ Ts"' -13°C. This 
temperature is lower than the transition temperature cor
responding to droplets of this size colliding at low speed 
with this substrate orientation. According to Levi et al. 
( 1980), this temperature would be T = -11 °c. 

To confirm the fact that an increase in the impact 
velocity of droplets with the substrate results in an in
crease of the probability that the droplets follow the basal 
substrate orientation, two experiments at Ta= Ts= -13°C 
were performed, using the same droplet spectrum, both 
with and without ventilation. It was found that all the 
droplets colliding at 10 m/sec with the substrate followed 
the substrate orientation, whereas the droplets impinging 
at their free fall speed were polycrystalline. This different 
behaviour is shown in Fig. 3a and b respectivelly. It may 
be seen that several new crystals were formed in the 
droplet of Fig. 3b, while the droplet in the Fig. 3a is more 
spread and oriented as the substrate. 



a) 

b) 

Figure J: Crystal structure of droplets of 200~ diameter frozen 
on the basal substrate at Ta ~ T5 ~ -1 JOC a) impact 
droplet speed: 10 m/sec; b) Terminal free fall collision. 

4. DISCUSSION AND CONCLUSIONS 

The freezing process for droplets colliding at low 
speed with ice substrates has been previously discussed by 
Hallett (1964) and Levi et al. (1980). According to Levi et 
al. approximately basal dendrites, following a prismatic 
substrate orientation. would rapidly grnw outwards in the 
supercooled droplet, hindering the development of those 
new crystals which could be assumed to have the largest 
nucleation probability, i.e. those oriented with their c-axes 
normal to the substrate c-axis. On the contrary, a basal 
substrate could only advance slower in the droplets, since 
the process consists, in this case, of the succesive growth of 
ice layers parallel to the substrate surface. Consecuently, 
any new crystal nucleated with its c-axis parallel to the 
surface i.e. normal to the substrate c-axis, would have a 
large chance to develop in the droplets by dendrites 
growth. Due to these mechanisms the transition tempera
ture for a prismatic substrate would be lower than for a 
basal one. 

The present results obtained for droplets colliding at 
10 m/sec with an ice substrate may now be considered to 
indicate that some steps of the freezing process are modifi
ed by the increase of the impact speed. This different 
behaviour could possibly be related to the fact that the 
water layer, formed by the droplets that spread on the 
substrate would became thinner with the increase of the 
impact speed. Actually, in this case, it could be assumed 
that short dendrites, approximately normal to the sub
strate surface, could not favourably compete with laterally 
advancing crystals, which would determined a nearly 
complete solidification of the lhin water layer. 

Thus, on the prismatic substrate, new embryos could 
develop and determine the formation of the observed 
polycrystalline structures. On the contrary, in the case of 
the basal substrate .. the epitaxial layer as it advances on the 
substrate may be assumed to hinder the development of 
any new crystals. 
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It must be noted, however, that the polycrystalline 
structures found on the prismatic substrate were only 
observed when many droplets froze, partially superimpos
ed, after impinging on the substrate at 10 m/sec. In order 
to explain this behaviour, it could be assumed that, under 
the said conditions, the droplet spreading would increase, 
not only due to the impact velocity, hut also due to a pos
sible change in the microstmcture of the substrate surface. 
This change could be associated with local temperature 
variations or with the presence of a liquid film on the 
surface of the newly frozen droplets. 

The present results may now be applied to explain 
the structure of dry regime wind tunnel accretions grown 
at air temperatures near those of the present experiments 
(Ta = -l0°C, Levi and Aufdermaur, 1970). Actually, 
when these accretions begin on a non conveniently orient
ed ice substrate (for instance on a prism surface), new 
orientations may be formed inmediately in agreement with 
the results in Fig. 2. This figure shows that, among these 
orientations, some crystals are formed with their c-axis 
approximately normal to the surface. Now, according to 
the results in Fig. 3, this special orientation would tend to 
continue in successive droplets, probably advancing lateral
ly at the same time (Rye and Macklin, 1973). Due to this 
process, after the formation of a few droplet layers, crys
tals with their c-axes approximately radial (basal orienta
tion) would prevail in the cylindrical accretions forming 
large grains, because, new crystals rarely form once the 
preferential orientation is established. 

It may he interesting to note that, for droplet impact 
speeds ranging from a few cm/sec to 10 m/sec, substantial 
variations in the accretion structure may he expected to 
occur. This fact should be taken into account when the 
structure of small hailstone embryos, that may collide at 
relatively low speeds with the droplets, is studied. 
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1. INTRODUCTION 

Next to engine intake icing, the icing of 
the main rotor blade represents the most serious 
threat to the safe operation of helicopters in 
supercooled water clouds (Stallabrass and 
Lozowski, 1978). Ice accretion on the m~in 
rotor increases its drag, thereby necessitating 
an increase in engine power to maintain the 
same lift and altitude. In addition, asym
metrical shedding of accreted ice can cause 
imbalance of the rotors, strong vibrations, 
and severe stresses on the blades and control 
hub. 

The most promising current method of icing 
control on the main rotor is electro-thermal 
de-icing, in which the leading edge of the 
blade is heated in a periodic fashion in order 
to weaken the adhesive bond between the accumu
lated ice and the blade, and to allow aero
dynamic forces to cause the ice to break away. 
Because of the limited power available on 
helicopters for this purpose, the design of 
such systems needs to be optimized very care
fully. Wind tunnel and in-flight testing are 
absolutely necessary. However, an important 
adjunct to the experimental testing is computer 
modelling of the icing and de-icing process. 
This paper concerns itself with the develop
ment of a computer model for airfoil icing. 
Although developed for the purpose of investi
gating helicopter rotor icing, the model is of 
general applicability to two-dimensional air~ 
foils, or in fact to any longitudinally sym
metric body. This paper concerns itself 
principally with the methodology of the model. 
Because of space limitations, only a selection 
of results can be presented. 

2. METHODOLOGY 

The modelling process for airfoil icing can 
be conveniently broken down into two aspects, 
first the aerodynamics of the impingement of 
water droplets on the airfoil, and secondly the 
thermodynamics of the resulting accretion. In 
the present paper we deal exclusively with the 
first aspect. This is sufficient for the in
vestigation of dry accretion; that is, accre
tion under ambient conditions in which all of 
the impinging water freezes at the point of 
impact. The wet accretion process, in which 
some impacting water remains unfrozen and runs 
back along the airfoil, will be considered in 
subsequent papers. Wet accretion on cylinders 
has been treated by Cansdale and McNaughtan 
(1977), and by Lozowski et al. (1979). 
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In our approach towards simulating the dry 
accretion process, we have broken down the 
numerical procedure into the following steps: 

1. to determine the potential flow field 
around an airfoil of arbitrary shape. 

2. to determine the incompressible velocity 
field around the airfoil. 

3. to calculate the droplet trajectories 
within the airstream using the steady-state 
droplet drag coefficient. 

4. to derive collision efficiencies for the 
airfoil as a function of surface position, 
airspeed, droplet size, and angle of attack. 

S. to calculate the spatial distribution of 
icing during a short time interval assuming dry 
accretion. 

6. to calculate the new airfoil shape as 
modified by the ice accretion. 

7. to repeat steps 1 to 6 as often as 
desired and thereby determine the growth of the 
dry accretion as a function of time. 

8. to improve the calculations through the 
incorporation of compressibility effects on the 
airstream, acceleration effects on the droplet 
drag, and the effect of the airfoil boundary 
layer on the droplet trajectories. 

In the present paper, we will describe the 
development of the model up to step four. 

3. POTENTIAL FLOW ABOUT AN ARBITRARY AIRFOIL 

Several approaches are available for calcu
lating the potential flow about airfoils. 
While the conformal transformation method of 
Theodorsen and Garrick (1932) may be adequate 
for determining the potential flow about the 
original airfoil section, it would not be 
expected to give a good estimate of the flow 
around an airfoil whose shape has been sub
stantially altered by the ice accretion. Hess 
and Smith (1967) have developed a technique for 
potential flow estimation, which makes use of 
a surface distribution of sources, sinks and 
vortices along the airfoil. This method, how
ever, is expensive to compute and rather 
sensitive to the specified distribution of air
foil coordinates. The method used in the 
present study was developed by Kennedy and 
Marsden (1976). It employs a vorticity distri
bution along the airfoil surface, coupled with 
the boundary condition that the stream function 
is a constant on the surface, in order to 
obtain the potential flow. For comparable 
accuracy, this method requires far less computer 
time than that of Hess and Smith. 

In the Kennedy-Marsden method, the airfoil 
surface is divided into N line segments, Sj, 



each with a constant vorticity density y(Sj), 
The stream function w(x,y) at any point 
external to the airfoil P(x,y) is then given 
by: 

w(x,y) = ycos a - xsin a 

y(S.)tn r(P,S.)dS. 
J J J 

(1) 

where a is the angle of attack of the airfoil, 
and r(P,S.) is the distance between Panda 
point on ihe element Sj. The accuracy of this 
method was tested by comparing its predicted 
stream function for a cylinder with the ana
lytical solution. Using fifty surface elements, 
the stream function error is at most 0.1% near 
the cylinder, and it falls below 0.01% at 
distances exceeding about four diameters. 

4. THE DROPLET TRAJECTORY EQUATION 

Pearcey and Hill (1956) have expressed the 
complete equation of motion of a droplet in 
accelerated flow as: 

(2) 

dVd 2(pd - pa)+ 

dt (2pd + pa) g 

3CD Pa 
4rd(2pd + pa) JVd-vaJ(vd-Va) 

(3) 

where Xd(xd,yd) is the droplet position vector 

Vd(ud,vd) is the droplet velocity vector 

g is the gravitational acceleration 

CD is the steady-state droplet drag 
coefficient 

Pa is the air density 

pd is the droplet density 

rd is the droplet radius 

Va is the kinematic viscosity of the air 

and t is the time 

The first term on the right-hand-side of (3) 
combines the buoyancy of the droplet in air 
and the gravitational acceleration. The second 
term is the steady viscous drag, and the third 
(referred to as the history term) is related 
to the finite rate of vorticity diffusion from 
the surface of the droplet in accelerated 
motion. This equation implicitly incorporates 
the droplet induced mass, resulting from the 
momentum it imparts to the air as it accelerates. 
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The results presented in the present work 
have been calculated using (3) without the 
history term. However, based on an analysis 
by Crowe et al. (1963) we estimate that for the 
application to rotor blade icing it may be 
significant. Consequently, we are presently 
incorporating the history term into the model, 
This is in contrast to the calculations of 
Norment (1976). For droplet flow about aircraft 
fuselages, he found that the history term could 
be neglected. 

5. THE COMPUTATIONAL PROCEDURE FOR TRAJECTORIES 

The air velocity components may be calcu
lated at any point along the droplet trajectory 
by differentiating the stream function using 
finite differences. This is done with a space 
increment equal to the diameter of the droplet, 
which gives essentially an average air velocity 
over the droplet. Because of the economy with 
which w may be calculated using the Kennedy
Marsden approach, it is evaluated as needed at 
precise points along the trajectory of the 
droplet, rather than by interpolating among 
values of w at a fixed array of grid points. 

The four component trajectory equations 
have been numerically integrated using the 
fourth-order Runge-Kutta-Fehlberg method, 
which permits the time step to be continuously 
adjusted for optimum accuracy and speed of 
computation (Burden et al., 1978; Lapidus and 
Seinfeld, 1971). --

The droplet is taken to impinge upon the 
airfoil, if any part of it contacts the airfoil 
surface. Thus close to the airfoil, the finite 
size of the droplet must be taken into account. 
This is particularly true for those trajectories 
just within the envelope of colliding traject
ories, where the angle of incidence from the 
normal to the airfoil surface is large. 

6. THE CALCULATION OF COLLISION EFFICIENCIES 

Given a series of collision points, the 
distances along the airfoil surface from the 
nose to the collision location, Li, are 
determined by approximating the surface with 
at least 200 line segments. The initial 
release distances Yi from the dividing stream
line are then plotted against the corresponding 
Li. A cubic spline curve is used to inter
polate between the data points, with the spline 
constrained to have a zero first derivative at 
the end points. 

Using the coefficients calculated for the 
spline, the collision efficiency Eis calculated 
as a function of the distance along the airfoil 
surface from the nose, 

E(L) dY 
dL 

(4) 



7. RESULTS 

An example of a series of trajectory calcu
lations for droplets of 20 µm diameter impact
ing a NACA 0015 airfoil with chord length 
0.2127 m, angle of attack 8°, and a free stream 
velocity of 61 m s- 1 , is shown in Fig. 1. The 
envelope of collision traj ec tori es extends 2 % 
of the chord length back from the nose on the 
upper surface, and 30% on the lower surface. 

In order to compare the predictions of the 
present model with a standard reference, the 
collision efficiency for a cylinder of diameter 
2.54 cm at a velocity of 30.5 m s-1 was cal
culated. Fig. 2 compares the result (for 20 
µm diameter droplets) with the results of 
Langmuir and Blodgett (1946) as approximated 
by Lozowski et al. (1979). The present results 
indicate an overall collision efficiency of 
56.4% as opposed to the Langmuir-Blodgett 
value of 50%, the majority of the difference 
occurring at relatively small distances from 
the axis of symmetry of the flow. 

Fig. 3 displays the collision efficiency 
of a NACA 0015 airfoil of length 0.2127 m of 
a free stream velocity of 61 m s- 1 • The drop
let diameter is again 20 µm, and the angle of 
attack is 0°. The overall collision efficiency 
is 40.4%. Fig. 4 is the same as Fig. 3, except 
that the angle of attack is 8°, which corres
ponds to the trajectories of Fig. 1. The over
all collision efficiency has increased to 52.4%, 
and the maximum has shifted to about 0.015 
chord lengths below the nose. 

8. CONCLUSIONS 

A numerical model has been developed which 
calculates the trajectories of droplets in 
the potential flow field about an airfoil of 
arbitrary shape. Using the set of resulting 
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collision locations, the airfoil collision 
efficiency can be determined as a function of 
airfoil type, surface position, chord length, 
air speed, angle of attack, and droplet dia
meter. Preliminary results indicate acceptable 
agreement with previous work. Efforts are con
tinuing to incorporate a non-steady-state drop
let drag coefficient, as well as to extend the 
study into aspects of the time-dependent 
accretion processes for helicopter rotor blades. 
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AIR BUBBLE AND CRYSTALLOGRAPHIC CHARACTERISTICS OF FROZEN, SOAKED RIME 
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1. Introduction 

One of the ultimate goals of atmospheric 
research is to achieve a better understanding 
of hail formation processes within thunder
storms. Efforts toward this end have included 
multifaceted field projects combining radar, 
aircraft penetrations, and ground observations; 
numerical cloud models; and laboratory investi
gations of hydrometeor growth. Within this 
last category, considerable attention has been 
directed toward analyses of the hailstones 
themselves since it has long been thought that 
the complex crystallographic and air bubble 
patterns found within the stones contain the 
secret of their formation. 

Numerous attempts have been made to repro
duce observed hailstone properties within lab
oratory grown ice accretions (for a review, see 
Macklin, 1977). While these efforts have pro
vided some insights into hail formation mech
anisms, they have fallen short of complete 
interpretation. The innate difficulties of 
exactly reproducing atmospheric behavior under 
laboratory conditions is one explanation for 
existing inconsistencies. Just as critical, 
however, is the fact that any attempts at 
duplicating hailstone structures must be based 
on some inherent assumptions about how hail
stones actually grow in the atmosphere. From 
density measurements of hailstones collected 
at the ground and estimates of hydrometeor 
growth conditions within severe storms, there 
has been general agreement among the scientific 
community that hailstones grow mainlr

3
by direct 

accretion of high density (- O. 9 g cm ) ice or 
through freezing of spongy ice acquired during 
episodes of wet growth. Accordingly, almost 
all laboratory simulations of hailstone pro
perties have centered around these two growth 
mechanisms. Recently, Pflaum (1980) has shown 
that hailstone formation might well proceed 
through the acquisition of low density rime 
followed by wet growth soaking and freezing. 
The present research effort examines the 
crystallographic and air bubble structures of 
ice formed in such a manner and compares the 
findings to actual hailstones. 

2. Experimental Technique 

The research effort employed a modified 
version of the experimental design described by 
Ashworth and Knight (1978). A brief, general 
description follows, the reader being referred 
to the above-mentioned article for more spe
cific details. 
1, 

The National Center for Atmospheric Research 
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Cylindrical accretions were grown using a 
simple icing tunnel located within a temper
ature controlled walk-in cold room. Air from 
the room was driven by a centrifugal fan into 
a water spray housing, through a contraction 
section and finally through a uniform rectan
gular tube approximately 1 min length. The 
accretions were grown at the end of the rectan
gular section upon cylindrical styrofoam sub
strates fitted over a horizontal aluminum rod. 
The cylinders had an outer diameter of 2 cm 
and were rotated at a rate of 1 Hz. The 
deposit temperature was monitored by a therm
istor embedded in the styrofoam, flush with 
the cylindrical surface. A!Ispeeds could be 
varied between O and 35 ms and were usually 
chosen to match the expected terminal velocity 
of a hydrometeor of size and density similar 
to that of the accretion. 

A cloud of supercooled water drops was pro
duced by two water sprayers located in the 
center of the airflow. Variations in droplet 
sizes and liquid water contents could be pro
duced by varying the air and water pressure 
leading to the sprayers. The median volume 
droplet radius ranged from 5 to 20 µmas the 
air pressure feeding the sprayers was decreased 
from 40 to 15 psi. By adjusting the water 
pressure, liquid water contents could_~e varied 
between a few tenths and several g cm . This 
enabled low density rime as well as wet growth 
conditions to be produced over a temperature 
range of -5 to -30°C. Approximate calculations 
of thermal and gaseous relaxation times indi
cated that, in most cases, the cloud had 
attained equilibrium with the environmental 
air prior to impaction with the accreting 
cylinder. 

A typical experiment proceeded as follows. 
The cold room was adjusted to the desired 
temperature. A cylinder was coated with a thin 
layer of solid ice to seal the pores of the 
styrofoam. This prevented any air bubbles, 
which normally would be trapped in the ice, 
from escaping through the styrofoam during the 
riming, soaking, and freezing process. The 
width of the ice-coated cylinder was measured 
and the cylinder weighed. The centrifugal fan 
was turned on and the sprayers activated. The 
rotating cylinder was placed in position at 
the far end of the icing tunnel and rime was 
allowed to grow to a thickness between 0.5 and 
1 cm. The cloud was shut off and the rimed 
cylinder weighed and measured. From the dif
ference between the rimed and unrimed values 
of weight and thickness, the density_5f the 
deposit was determined to ±_0.05 g cm . The 
sprayers were reactivated to produce wet 
growth conditions and the rimed cylinder was 
placed back in position. Wet growth was 



allowed to proceed until visual inspection 
indicated that the rime was totally soaked. 
This was usually at the point when liquid 
water began to be shed by the accretion. The 
cloud was shut off and the sample allowed to 
completely freeze in the airstream. 

Thin sections of the accreted ice were 
prepared by slicing the accretion with a band 
saw, hand filing a smooth surface, freezing 
the ice onto a glass slide, and thinning to 
a desired thickness on a milling machine. 
Thin sections of 1 mm thickness were photo
graphed to record air bubble structures; thin 
sections of 100-200 µm thickness were photo
graphed between crossed polaroids to record 
crystal structures. In addition, a 1 cm thick 
section of the accretion was annealed for 1 hr 
and thin sections prepared as above for the 
purpose of examining recrystallization effects. 
Experiments were performed at temperatures 
ranging from -5 to -30°C_~ith rime densities 
between 0,1 and 0.9 g cm . Subsequent wet 
growth was produced at the same temperature as 
the initial rime formation as well as at sub
stantially different temperatures. 

3. Results 

At the time of writing this extended 
abstract, the acquisition and analysis of data 
is still in progress. Accordingly, it would 
be premature to present any quantitative 
information on air bubble size distributions 
and concentrations or crystal size variations 
as functions of initial rime densities and 
temperatures. These will be available at the 
time of the conference. It is appropriate, 
however, to discuss some preliminary general 
findings on the nature of frozen soaked rime. 

Lobe-like protuberances were commonly 
observed to develop during riming growth. 
Upon subsequent soaking and freezing, the 
lobe structures were preserved and distinct 
air bubble characteristics developed. 

Within the lobes themselves, air bubble 
distributions were broad, with sizes ranging 
from 1 µm to larger than 100 µm. Many bubbles 
often appeared with unusual shapes. Whe£3the 
initial rime density was low (~0.25 g cm ) 
larger bubbles dominated the distribution and 
the ice appeared quit~

3
transparent. At higher 

densities (c0,25 g cm ) there were large con
centrations of tiny air bubbles (1-3 µm) which 
gave the ice a very opaque appearance. 

At the inner edge of the soaked rime por
tion of the accretion, large amounts of air 
were often trapped. Depending on the freezing 
rate, this trapped air appeared as a concen
tric ring of air bubbles or as large (mm size) 
air inclusions. 

Radial chains of air bubbles were almost 
always found between adjacent lobes. They 
were encased in narrow channels of clear ice. 
Frequently, air inclusions of millimetric 
dimensions were also found in the lobe bound
aries. 

These observations are quite consistent 
with air bubble features of natural hailstones 
as reported by Browning (1966), Browning et 
al. (1968), Carte and Kidder (1966), Knight 
and Knight (1973), Macklin et al. (1970), 
among others. 
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The sizes of crystals contained in the 
final accretion were dictated by the tem
perature of the initial rime formation. The 
ambient temperature at which the rime was 
soaked had no effect on the final crystalline 
size within the soaked rime portion of the 
accretion. 

When riming and soaking were produced at 
similar temperatures, crystals grew through 
the rime lobe boundaries into the wet growth 
region without structural change. This relates 
well to the observed property of natural hail
stones that crystalline changes occur less 
frequently than opacity variations. 

As was demonstrated by Knight et al. 
(1978), high density, dry growth ice ~cretions 
are subject to substantial recrystallization 
effects even if maintained at a temperature of 
0°C for only a few minutes. In the present 
work, there was an indication that ice which 
formed through the soaking and freezing of 
rime was already substantially recrystallized 
and exhibited only a minimal response to fur
ther annealing. Accordingly, the possibility 
exists that this type of ice formation can be 
uniquely identified in natural hailstones by 
annealing them and observing little or no 
change in crystal structure. Of course, this 
requires fresh and properly collected hailstones 
for a true test. In addition, these efforts 
need to be coupled with air bubble observations 
to distinguish such ice from pure wet growth 
ice, which also seems to be less susceptible 
to recrystallization. 

Photographs supporting the above-mentioned 
results have been withheld for brevity's sake. 
They will be available for presentation at the 
conference. 
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HYPERFINE BUBBLE STRUCTURES IN ICE GROWN BY DROPLET ACCRETION 

F.Prodi and L.Levi+ 

Laboratorio FISBAT.-CNR, Rep.Nubi e Precipitazioni, Bologna, ITALY 

1. INTRODUCTION 

The bubble structure of ice grown by accre
tion was investigated by List et al (1972) and 
by List and Agnew (1973), who established some 
relations between this structure and the growth 
conditions. Continuing this line of study, Car
ras and Macklin (1975ajcarried out an extensive 
analysis of the bubble concentration and size 
distribution_ in accreted ice and ice grown from 
bulk water, and were able to clarify, on the ba
sis of their results, the role of the freezing 
rate as the main physical factor determining 
these features. 

However, there is no systematic information 
about specific hyperfine bubble configurations 
observed both in artificially accreted ice and 
in natural hailstones. Thus List and Agnew (1973) 
and Roos and Pum (1974) observed the formation, 
in cross sections of wind tunnel deposits grown 
in wet or spongy regimes, of skew fan-like struc
tures, appearing as periodical variations of the 
ice opacity. According to Roos and Pum this ef
fect was especially pronounced in centrifugated 
spongy accretions, where the opaque zones pre
sented radial lines and transversal fronts of 
air bubbles. 

For natural hailstones the subject was tou
ched on by Browning (1966) who noted the forma
tion of periodical bubble rings running parallel 
to the stone surface, and attributed the obser
ved periodicity to the tumbling action of the 
stone. 

In the present work, the hyperfine bubble 
structure of artificial ice accretions grown in 
dry, wet and spongy regimes is studied, mostly 
at low rotation rates to investigate if the air 
bubble configurations exhibit specific features 
in this condition. Theoretical estimates of Kni
ght and Knight (1970) and of Kry and List (1974) 
suggest that the motion of oblate hailstones 
should be a symmetric gyration about the horizon
tal, with rotation rates, about the spinning axis, 
of 2-6 Hz.However slower rotation rates cannot 
be completely ruled out for natural hailstones, 
which differ from the smooth spheroids used as 
models for theoretical calculations, due to 
their frequently irregular surface, 

Examples of bubble rings in natural hailsto
nes are also presented and discussed. 

2, EXPERIMENTAL COND1TIONS AND RESULTS 

The experiments were performed in a vertical 
icing wind tunnel already used by Levi and Pro
di (1978) and an extensive description of the 
apparatus and of the experimental conditions 
may be found there. The wind speed in the wor
king section was 29 m sec-1 and droplets of 17 
pm mean volume diameter were injected. The water 
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Fig.l, Bubble fronts in dry growth cylindrical 
deposits: distinct bubble fronts(a); faint 
bubble fronts (b); distinct bubble fronts 
and fan-like structure (c). 



-3 content varied from 0.5 to 6 gm for the dif-
ferent experiments. The air temperature T va
ried from -l0°C to -27°C and the mean depgsit 
temperature Td from 0°C to -15°C. The accretions 
were grown at 0.25 Hz in dry regime and mostly 
at 1 Hz in wet or spongy regime. 

a)Dry growth 
For proper values of the air and deposit 

temperatures,T and Td' that will be specified 
below, the eras~ sections of the d_eposits showed 
bubble fronts, the number of which was equal to 
the number of rotations. A more careful inspec
tion of the structures revealed that, rather than 
separate rings, the bubble fronts described a 
closely wound continuous spiral.Typical examples 
of bubble fronts are given in Fig 1. 

The T ,Td conditions favorable to the for
mation ofath1s type of air bubble fronts are re
presented in Fig.2. Here1 deposits showing dis
tinct bubble fronts(Fig.la), faint bubble fronts 
(Fig.lb) and uniform opacity (external layer in 
Fig.le) are gathered in separate zones of the 
T ,Td plane. Following Ashworth and Knight (1978) 
tte isopleths of the radial growth rate of cy
lindricaf accretions have also been drawn on the 
same plane (dashed lines in the figure). It can 
be observed that the boundaries between adjacent 
zones are also isopleths of the radial growth 
rate. There is a wide range of air temperatures 
where distinct fronts were formed, from T =-17°C 
down to the lowest T values used in th~ expe-
riments (T =-27°C).aHowever the formation of 
·such structures is limited to the area of growth 
rates )0.6 mm min-l , where the difference be
tween T and Td is quite large, Ta being in most 

a o cases few degrees only below 0 C. An area follows 
where faint bubble fronts are formed and the 
growth rate varies from 0.6 to 0.5 mm min-1; 
finally, in the area where the growth rate is 

..(_ 0.5 lnm min- 1 , a uniform ice opacity results. 
Thus a good correlation is found, as expected, 
between the appearance of the fronts and the 
growth rate of the deposits. 

-30 Td -20 -10 

-20 

-10 

Distinct bubble rings 

Ta 
o Faint bubble rings 

1111 Uniform opacity 

Fig,2. Bubble structure in cylindrical deposits 
at 0,25 Hz as a function of Ta and Td. 
Isopleths of growth rate are also drawn, 
(mm rnin-1). 

0 
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The radial average density of the rings ran
ged in the present experiments from 4to 12 per 
mm, giving a wavelength So<.,l.<250 pm, When the 
surface was knobby, the bubble fronts displayed 
the curvature of the lobes, their relative di
stance increasing in correspondence to the pro
tuberances and narrowing in the regions between 
them. Due to the periodicity of lobes thisr,ffect 
frequently determined the fan like structure of 
the ice sections shown in Fig.le, 

b)Wet and spongy growth 
The bubble structure of wet or spongy growth 

at the low rotation rate of 0.25 Hz was analyzed 
for a few deposits. It was found that, in this 
case, bubble fronts were formed but no correspon
dence could be established between the number of 
fronts and that of the rotations. For example, 

a 7mm 

b 5mm Ta:::-12 °C 

C 
Fig.3. Bubble fronts and lobes in wet and spongy 

regime:bubble front morphology (a); discon
tinuous bubble fronts(b); fan-like structure 
in correspondence of lobes (c). 



25 rings were counted in a deposit which expe
rienced 96 rotations, the resulting wavelength 
being A= 370 um, Similar wavelengths were obta
ined when the rotation rate was increased to 1 
Hz. The latter speed was used for most wet or 
spongy growth experiments, These were carried 
out at air temperatures varying between -10°C 
and -16°C,i,e. inside the range of cloud tem
peratures where spongy growth may be expected to 
occur frequently, As it may be observed in Table 
1, in these conditions the wavelength of bubble 
fronts varied from about 250 to 400 pm, the hi
ghest value pertaining to the highest spongyness. 

Table 1 

Wavelength of bubble fronts in wet and spongy 

T °C a' 

-14 
-13 
-16 
-10 
-10 
-14 

~Rotation rate 

regimes. 
Spongyness 
ratio 

0,00 
0.00 
0,08 
0,11 
0.17 

0,25 Hz. 

Wavelength,um 

250 
270 
244 
353 
370 
370~ 

As far as the morphology of bubble fronts is 
concerned, in spongy growth they are regularly 
interrupted by radial segments of bubbles (Fig. 
3a), which suggests a cellular-like structure, 
similar to that formed by aggregates of insolu
ble particles observed by Prodi et al (1980),in 
spongy accretions grown from droplets contai
ning Ni spherule powder.The fronts are less con
tinuous than in dry growth and they usually in
crease in thickness in the vicinity of lobes 
(Fig,3b),In some cases of wet or spongy growth 
a fan like structure appears, similar to that 
discussed by Roos and Pum (1974) (Fig.Jc), 

Fig,3~ may also be analyzed to obtain infor
mation about the process of lobe generation from 
the bubble configuration, Here a ring-like struc
ture of bubbles, formed at a small distance from 
the initiation of the spongy layer, is interrup
ted by periodic protrusions of bubbly ice, These 
protuberances correspond to the initiation of 
lobes which are slightly inclined with respect 
to the radial direction. 

3. DISCUSSION 
a) Dry growth 
The formation and characteristics of the dry 

growth bubble rings may be related both to the 
amount of accreted water per rotation of the 
deposit, which determines the distance between 
fronts, and to the periodical variations of the 
local surface temperature Ts,which affects the 
ice opacity, For a given value of the rotation 
rate and of the wind speed, both separation and 
opacity contrast of rings depend on the growth 
rate, which is related to the difference between 
T and T , as it results from Fig,2 This figure 
s~ows rJt at 0,25 Hz faint bubble rings appear 
at a growth rate where the accretion occurs far 
enough franthe dry-wet limit to ensure the sepa
rate freezing of individual droplets on the who
le collecting surface, but at a difference betwe
en T afrd Td large enough to determine··nonnegli
gibl~ fluctuations of T and consequently of the 

s ice opacity, 
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The opacity of accreted ice has been studied 
by Carras and Macklin (1975b) as a function of the 
mean deposit temperature Td' for cylinders rota
ting at 0.5 Hz. Their results, applied in the 
present case by replacing the variable Td by T , 
justify the formation of faint bubble rings ob~er
ved here. 

On the other hand, when the growth rate is 
>0.6 nun min- 1 and the difference between T 

and Td is near 20°C, the accretion process, ~hich 
would occur well inside the dry regime on the are
a A in Fig.4, cou1d become locally wet on area C, 
Here the droplets, instead of freezing ii:rli vidually 
would form a continuous liquid film, which would 
freeze at an increasing rate in the wake and sub
sequently cool down after its solidification is 
completed. In this way the high contrast between 
opaque and transparent layers, in thedistinct bub
ble ring zone of Fig,2 could be due to: 1) the 
different freezing rate of droplets accreted in dry 
regime on the surface surrounding point A and of 
the continuous water film 1 freezing slowly on the 
surface zone surrounding C, where T5 approximates 
0°C; 2) the increase of the freezing rate of the 
water film. itself,occurring when the latter enters 
the wake, where it solidifies completely,trappinp; 
the excess of dissolved air , previously segre
gated at the ice-water interface, 

Fig,4. Scheme of a knobby deposit, growing in wet 
or limit dry-wet regimes, 

When, for similar values of T and Td , the 
rotation rate is increased, local1y wet conditi
ons would not be established on C so that mechani
sm 2) would not operate. Thus, the reason why di
stinct bubble rings were not observed by previous 
authors would be the higher rotation rates of 
their deposits. Since in most cases rotation ra
tes ~0.5 Hz were used, the presentreSults also 
indicate that a reduction to O. 25 Hz would be 
enough to drastically change the fluctuations of 
the local growth conditions that determine the 
periodical variations of the ice opacity, 

b)Wet or spongy growth. In their study of 
spongy growth,Roos and Pum(l974) noted that,since 
water would never be completely eliminated from 
the accreted deposit, freezing would be a conti
nuous process, so that the bubble fronts should 
be formed by a long range segregation mechanism. 
They noted, however, that the wavelength of the 
bubble fronts was about half an order of magnitu
de less than that obtained by Carte (1961) from 
laboratory experiments. Consequently, Roos and 
Pum suggested that the observed submillimeter 
wavelength may be attributed to the inhibiting 
effect of the ice matrix with rESpect to the 



bubble formation. This mechanism, which could 
also be applied in the present case, may be con
sidered to coincide with that proposed by Prodi 
et al(1980) to explain the cellular-like struc
ture shown by aggregates of tracer Ni spherules 
in accreted spongy ice. On the other hand, the 
fan-like structure observed here both in spongy 
and wet regimes could be explained by the asym
metric lobe development due to water accumulating 

0 n zone C in Fig.4. Thus, a similar explanation 
could be given to the formation of fan-like 

,structures in spongy and wet regime and in the 
dry-wet limit discussed in a). · 

Finally, it must be noted that the bubble 
fronts were observed here after total freezing 
of the deposits, so that their structure could 
be more convenient for its comparison with the 
structures in natural hailstones than the bubble 
configurations observed by Roos and Pum in cen
trifugated artificial accretions. 

4. NATURAL HAILSTONES 
An example of natural hailstones showing 

well defined bubble fronts is shown in Fig.5. 
Similar features were observed in other hailsto
nes from the same precipitation (Negrar,PoValley, 
August 27,1971), all of them presenting typical 
features of wet or spongy growth. In the exam
ple of Fig.5 distinct but rather irregular 
bubble fronts may be observed in layer I. They 
are distributed at a distance of about 300ym, 
which coincides with that found in artificial 
accretions grown in wet or spongy regimes. The 
fronts become less defined in layer II, where 
lobes, also typical of the spongy regime, are 
generated, as it is shown by the presence of 
bubbly protuberances, and in some cases, by the 
curvature of the corresponding bubble fronts. 

Examples of bubble fronts possibly formed 
in dry growth have been presented by Browning 
(1966). In his case the fronts were rather 
regularly distributed, at a distance which chan
ged from sample to sample, but which could be 
as low as 200 ym. The assuption that in this 
case bubble fronts were generated in dry growth 
conditions coincides with Browninbinterpreta
tion of the phenomenon. However it must be noted 
that, if this interpretation is correct, the ro
tation speed of the considered hailstones should 
have been of the same order of magnitude as the 
one used in the present experiments, i.e. rather 
low with respect to the stationary rotation rates 
calculated by Kry and List (1974). 
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SOME SMALL SCALE VARIATIONS OF HAIL IN SPACE AND TIME 

D.v.d.S. Roos 

National Physical Research Laboratory CSIR 
Pretoria SOUTH AFRICA 

1 . INTRODUCTION 

One of the methods for gaining more 
knowledge of hail aloft is to relate aspects 
of hail at ground level to the hail growth 
environment. This paper deals essentially 
with a) preliminary results of small scale 
variations in hailfalls found in a newly 
established hailpad network and b) small 
scale variations in space and time in the 
features of hailstone embryos manifested at 
ground level. 

2. HAILFALL CHARACTERISTICS 

CSIR hailpads, which incorporate a cold
rolled aluminium sheet of 0.315 mm thickness 
as sensor (Roos, 1978), were set up in a 
network of 200 s.q km in Pretoria. A novel 
technique was applied to infer E, the impact 
kinetic energy density, not from measure
ments of individual dents but directly from 

Figure 1. a) Intensities of hailfall on 
1979-09-21 in the hailpad network; units 
are J/sq m. b) Onset times (broken 
lines) and durations (dotted lines) of 
hailfall; full lines correspond to a). 
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the total distortion of the sensor (Roos, 
1980). It was found that light, medium, 
heavy and violent hailfall intensities cor
responded to E;;; 10, 10 < E;;; 100, 100 < E :a 1000 
and E > 1000 J/sq m, respectively. It was 
proved possible to estimate the hail mass 
concentration from E provided that the dia
meter of the largest hailstone(s) is known. 

Results for hailfalls from two storms 
are discussed. The first storm hit Pretoria 
at about 01h00 (SAST) on 1979-09-21 and 
caused millions of rands worth of damage. 
E-values for 23 of the then existing 30 
field stations are shown in Fig. 1a. Severe 
hailfalls (with E > 100 J/sq m) covered two
thirds of the network and extended over a 
width of at least 8 km. The corresponding 
maximum hailstone sizes (exceeding 3 cm in 
diameter) suggest that a wide-spread up
draught reached speeds that generally ex
ceeded 30 m/s at the levels of hailstone 
growth nearly 10 km MSL (Roos et al., 1977). 
E-gradients in the vicinity of the "violent" 
region were found to be very steep. Like
wise, hail mass concentrations decreased 
from ~10 kg/sq m inside this region to zero 
over a distance of no more than 2 km. 

Onset times and durations of hailfalls 
were obtained from 160 hail reports of which 
70 % claimed an accuracy of 1 min or better 
and the rest 2 min or better. Evidently the 
leading edge of the hail was very irregular 
and moved north-eastwards at about 40 km/h 
(Fig. 1b). Point hailfalls of at least 5 
min occurred mainly in "heavy" and "violent" 
regions; the longest durations (>10 min) 
were found in three small (~1 sq km) and one 
larger (~15 sq km) area but these did not 
correspond to the region of maximum E. 

The space and time variations of hail
fall features depend on many factors. Con
sider, e.g., a simple model of a circular 
hail cell of diameter d km moving through 
still air at speed v km/h and generating 
hail homogeneously. The duration of hail
fall (min) at a point x km from the locus of 
the centre of the corresponding hailswath is 
given by 

t(x) = 60 (d/v) (1-4x2/d2)½, 

which shows that even for this idealised 
case, t(x) and hence E will decrease (sinus
oidally) with increasing x. The real picture 
is much more complex: onset times and dura
tions are determined by d, which depends on 
the expansion and contraction of a non-



circular hail cell, by v, which depends both 
on the in-cloud air flow pattern and hail 
cell growth, and by wind drifting of falling 
hailstones, which depends on the sub-cloud 
air flow pattern. Other techniques are 
obviously needed to study these fundamentally 
important factors. 

The number of hailpads within the net
work was increased from 30 to 72, resulting 
in one field station per 2.8 sq km. This 
compares favourably with the figure of one 
site per 2 sq km that Changnon (1977) con
sidered necessary to measure adequately the 
area of loss in a region. The denser net
work was traversed by a storm on 1979-10-21 
that left 41 hailpads dented (Fig. 2a). The 
heaviest hailfalls were <200 J/sq m and they 
covered no more than one-tenth of the net
work. In contrast to a finding for the first 
storm, the width of hailswaths increased with 
decreasing intensity. 
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Figure 2. a) Intensities of hailfall on 
1979-10-21 in the hailpad network; units 
are J/sq m. b) Onset times (broken lines) 
and durations (dotted lines) of hailfall; 
full lines correspond to a). 

According to hailfall times (obtained 
from 45 hail reports with accuracies similar 
to those above) the leading edge of the hail, 
of convex shape, showed a tendency to accel
lerate while moving eastwards at an average 
speed of about 20 km/h. Hailfalls lasting 
for at least 5 min occurred mainly in "medium" 
and "heavy" regions while the longest dura
tions (>10 min) were, in contrast to before, 
confined roughly to the region of maximum E. 
It seems that the durations and intensity 
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patterns of this hailfall may be explained 
roughly in terms of the equation for t(x) given 
above. 

3. EMBRYO CHARACTERISTICS 

Embryos constitute the earliest discernible 
growth centre in hailstones. Many embryos 
develop to form damaging hailstones while 
others may melt to form raindrops. Hence 
embryo studies have important implications for 
damaging hail, weather modification and rain 
formation. 

3.1 Classification 

Various schemes have been used by different 
authors for the classification of embryos 
(Table 1). This is partly because it is 
impossible to be completely objective in 
classification and also because there may be 
differences related to geographical regions, 
as discussed by Knight and Knight (1978). 
Unfortunately different classification schemes 
may have the effect of not revealing actual 
differences: for example, "glaze" embryos have 
been considered synonymous to "frozen drops" 
but indications are that these sets are not 
identical. Studies of 600 embryos from three 
storms over three years led to a scheme for 
classifying embryos as type K1 (conical, milky -
often called "conical graupel"), K2 (conical, 
glassy), S1 (~pheroidal, milky), S2 
(spheroidal, glassy - Table 1 shows how this 
type differs from the next) and S3 (spheroidal, 
glassy - often called "frozen drop")(Fig. 3). 
This scheme is simple yet comprehensive since 
information on shape and opacity may be acquired 
independently as follows: all K's are conical, 
1 's are milky, S's are spheroidal and 2's and 
3's are glassy. In Table 1 the distinguishing 
features of each embryo type are shown and, 
where possible, related to the views of other 
authors. 
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Figure 3. Schematic presentation of features 
of five embryo types; relative occurr.ences 
are shown at the bottom. Small air bubbles 
are indicated by dots and larger ones by tiny 
circles, large crystals by hatching and small 
ones by cross-hatching. "Small" and "large" 
are quantified in Table 1. 



3.2 Occurrence and interpretation 

The 600 analysed hailstones were represent
ative of all sizes that had been collected. 
Practically the same percentages of milky 
(49 %) and glassy (51 %) embryos were found 
but there were less K (37 %) than S (63 %) 
specimens (Fig. 4). Correlations were found 
between the occurrence of conical shapes and 
milky ice (and hence between spheroidal shapes 
and glassy ice) but none of the collections 
contained more conical than milky embryos. 
The interpretation of embryo features is 
mostly qualitative, if not speculative, 
because the relationship between structure 
and growth mechanism is not certain. For 
example, milky ice is associated with rapid 
freezing (to which a relatively low liquid 
water content will be conducive) and hence 
low deposit temperatures, which imply low 
air temperatures and small crystals. However, 
among milky embryos, K1 often comprised large 
crystals. If this implies that water had 
penetrated a porous substrate and subsequently 
froze, the K1 embryos concerned may have 
experienced large height fluctuations in 
clouds. Evidently then, milky ice does not 
necessarily indicate growth high in clouds 
only. On the contrary, similar arguments 
indicate that glassy ice, i.e. at least 51 % 
of the embryos examined (Fig. 4b), probably 
did grow relatively low in clouds. 

The relative occurrence of embryo types 
was found to depend on various factors. Not 
surprisingly, there were significant differ
ences from storm to storm. The relative 
occurrence of K-embryos for three storms from 
the same geographic region (Fig. 4a) were 22, 
51 and 48 % while those of milky embryos were 
35, 60 and 68 %, respectively. Variations 
were also found within a given storm. 
Figure 4c shows how the relative occurrence 
of embryo types at a specific point varied 
with arrival time: while 97 % of the 
specimens that arrived between 15h45 and 15h50 
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Figure 4. Occurrence of embryos according 
to shape (full lines) and opacity (broken 
lines); numbers per interval are shown at 
the top. The scale on the right increases 
downwards. a) Data per storm day. b) Totals 
from a). c) Data for time-resolved samples 
(graphs 'coincide). 

were conical and milky, this value decreased 
with time to reach a mere 21 % for the last 
two min of hailfall. The role that storm 
stage may play in the relative occurrence of 
embryo types was demonstrated by specimens 
collected from different hailstreaks: the 
envelopes in Fig. Sa show where hail was 
probably falling at the indicated times. 
Figure Sb shows that the relative frequency 
of K-embryos decreased sharply from 55 % 
(for the early stage of hailstreak 1) to 5 % 
(for its late stage); correspondingly, milky 
embryos decreased from 66 to 27 %. Corres
ponding variations found between the late 
stage of hailstreak 1 and the adjacent hail
streak 2 were not significant. 

Carte and Kidder (1970) found, for 1718 
specimens from the Transvaal Highveld, that 
the relative occurrence of rimed embryos 
increased with hailstone size. Knight and 
Knight (1978) found, for 1318 specimens from 
the Transvaal Lowveld (300 km east of the 
Highveld), a decrease in the relative occur
rence of graupel embryos with hailstone size. 

Table 1. Features of the suggested five types of embryos. Where applicable, corresponding classi
fications of other authors are indicated. 

0 i t y Designations by other authors p a C Mossop Carte Knight Federer QJ C r a 1 p.. QJ y s t and and and et al. o:I p.. 
Appear- f e st ..c: ::,... 

Bubble features* a t u r e Kidder Kidder Knight E-< C/l ance ( 1961) (1970) (1976) (1978) 

K1 Milky Apex: many bubbles, often Large or small or b1, b2 rime graupel 1C 
large ones. Base: either assorted; large ones .... bubbly or bubble free; bubbles elongated in growth o:I 

(.) sometimes in layers . direction. . ,., 
i:i K2 Glassy Apex virtually bubble free. Mostly large crystals. - glaze - 2D? 0 u Base: few bubbles, some- Also, decreasing from 

times more and then often large to small in 
layered as in K1. growth direction. 

S1 Milky Bubbly, sometimes densest Mostly small; also a, b3? rime spher. 1A, 1B 
.... at the centre. assorted with large. bubbly 

o:I S2 Glassy Few bubbles, often large; "rj Mostly assortment of - glaze - 2B, 2C .,., 
randomly distributed; centre large and small; also 0 

I-< often least dense. large, random crystals QJ 
..c: S3 Glassy Virtually bubble free; Virtually always C glaze frozen 2A, 2D p.. 
C/l bubbles clustered at centre; large and random; some- drop 

or bubble rings. times a single crystal. 

1<Diameter of large bubbles ,;;100 µm. t1ongest dimension of large crystals ,;;1 mm. 
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Figure 5. a) Plan presentation of two hail
streaks of 1975-01-17 indicated by isochrones. 
Dots show points from where samples were 
analysed. b) Occurrence of embryos according 
to shape and opacity, per hailstreak. 
Numbers per interval are shown at the top. 

The present Highveld results seem to agree 
with the Lowveld rather than earlier High
veld results: of the 396 hailstones not 
exceeding 25 mm in longest dimension, 56 % 
were milky and 43 % conical while for the 
204 larger specimens only 35 % were milky 
and 26 % conical. Evidently, spheroidal, 
glassy embryos (which are thought to have 
grown at relatively low levels and could 
approximately have been balanced by an 
increasing updraught) were favoured to develop 
into large hailstones. 

4. CONCLUSIONS 

The newly established dense network of 
hailpads in Pretoria, complemented by hail 
observers, has revealed small scale 
variabilities of hailfall similar to those 
reported by Changnon (1977) and Carte and 
Held (1978). In particular, the severe 
September storm (E ~ 560 J/sq m) showed steep 
gradients and great variability while the 
October storm was much less intense 
(E ~ 45 J/sq m) and simpler in structure. The 
intensity of the latter storm was above 
average for Pretoria and, evidently, also for 
Illinois where E ~ 2 J/sq m (Changnon, 1977), 
but comparable to the average for north~east 
Colorado where E ~ 50 J/sq m. The hailpads 
comprising ~o.3 mm thick sheets of aluminium 
have proved capable of registering satis
factorily hailfalls ranging in intensity from 
a few to a few thousand J/sq m and three years 
of field trials have shown that weathering 
has no adverse effect. The new technique of 
measuring the distortion of hail sensors is 
recommended for further studies of hailfall 
intensities since it saves much on time, cost 
and effort. 

The classification scheme for hailstone 
embryos presented above has proved to be 
straightforward and objective. Large 
variations were found in the relative 
occurrence of embryo types in hailstones of 
all sizes with regard to both arrival time 
and storm stage, which suggest short term 
variations in the growth environment of 
embryos. Variations in the predominant type 
of embryo in the growth environment may jeo-
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pardise the outcome of hail suppression efforts 
because it is thought that while "frozen drop" 
embryos may respond favourably to seeding, 
"graupel" embryos may in fact lead to an 
increased hail response (summarised by Atlas, 
1976). Therefore, basic research on the 
mechanisms of embryo growth and the environ
mental conditions that govern them should be 
intensified. Further studies of embryo 
occurrence could establish how significant 
local space-time variations are and whether 
geographical differences do in fact exist. 
Evidently, the need for more data on all 
aspects of hail growth and consolidation of 
efforts is very real. 
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1. INTRODUCTION 

An armored T-28 research aircraft (Sand 
and Schleusener, 1974) was used during the 
1970's to investigate the interior character
istics of hailstorms in the Great Plains region 
of the United States of America. Hydrometeor 
observations were of particular interest and 
the aircraft carried an increasingly elaborate 
array of hydrometeor sensors. Beginning in 
1975, this array included an optical hailstone 
spectrometer that senses particle sizes in the 
range from about 0.5 to S cm. The observed 
concentrations of particles larger than about 
2 cm are much higher than was anticipated on 
the basis of previous knowledge about hailstone 
size distributions. The purpose of this paper 
is to report these T-28 observations and 
advance a tentative explanation. 

2. DESCRIPTION OF THE HAIL SPECTROMETER 

The hail spectrometer design is based on the 
shadowgraph principle described by Knollenberg 
(1970). It measures the vertical widths of par
ticles (or rather, of the particle shadows) as 
they pass through its sensing aperture. Theses 
by Shaw (1974) and Spahn (1976) discuss the de
tailed design of the instrument. It uses a 
larger optical array than the instruments 
developed by Knollenberg, to increase the 
sampling volume to about 100 m3 per kilometer 
of flight path for the smallest particles (the 
effective sampling volume diminishes somewhat 
with increasing particle size). 

The sampling aperture of the instrument is 
large enough that some particle coincidences, 
or near coincidences, are expected. The elec
tronic circuitry is designed to distinguish 
between separate particles as long as their 
shadows do not overlap as they pass through 
the aperture. If the shadows are separated, 
the instrument can size and count the particles 
properly. It sorts them into 14 size categories, 
and the particle counts for each category are 
recorded digitally for each second of flight. 
The particles sampled are presumed to be graupel 
or hail, although large raindrops or snowflakes 
could register in the smallest size categories. 

The nominal flight speed of the T-28 is 
100 m s- 1 , and the area of the sampling aper
ture of the hail spectrometer is about 0.1 m2 • 

Thus each 1-sec sample corresponds to a sampling 
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volume of about 10 m3. An end-element rejection 
technique used to eliminate erroneous sizing of 
particles not entirely within the active area 
also reduces the effective sampling volume 
somewhat for the larger size categories. 

3. SUMMARY OF 1975 OBSERVATIONS 

A preliminary report of observations from 
the hail spectrometer and the other hydrometeor 
sensors on the T-28 was given at the 1976 Inter
national Conference on Cloud Physics (Smith et 
al., 1976). A more detailed analysis of the
hailstone size distributions observed during 
the 1975 northeast Colorado field season was 
reported the same year (Spahn and Smith, 1976). 
No particles larger than a nominal size of 
2.5 cm were observed during the 1975 season., 

The evidence from the 1975 observations 
suggested that the hailstone size distributions 
were exponential in form. However, they had 
steeper slopes (hence, smaller proportions of 
large hailstones) than those reported by 
Douglas (1964) from Alberta. Observations of 
hailstone size distributions in Switzerland 
(Federer and Waldvogel, 1975) tended to con
firm these general findings. There were, of 
course, substantial variations in individual 
size distributions, especially for small 
sampling volumes; however, distributions for 
volumes of SO m3 or more appeared to conform 
reasonably well to the exponential function. 

4. FIRST OBSERVATIONS OF LARGE PARTICLES: 1976 

Particles larger than 2.5 cm were first 
observed by the hail spectrometer in three 
1976 storms in northeast Colorado. The con
centrations of particles larger than about 
2 cm were found to be much higher than would 
be expected if one simply extrapolated expo
nential functions fit to the observations for 
smaller sizes. Comparison of these aircraft 
observations with hailstone observations at the 
ground (Fig. 1) and the pilot's reports did not 
support the indications of such high concentra
tions of large hailstones (Miller et al., 1978), 
Moreover, equivalent radar reflectivity factors 
estimated from the observed particle size dis
tributions were often much larger than the 
actual observations and, in some cases, were 
too large to be plausible. 
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Fig, l: Cumulative frequency distributions of 
hailstone sizes observed on 22 June 1976 in 
northeast Colorado, Ordinate gives percent of 
hailstones equal to or larger than indicated 
size, Aircraft data from T-28 hail spectrom
eter; surface data from NHRE hail pad network. 
[From Miller ~al., 1978) 

These comparisons raised doubts about the 
validity of the hail spectrometer measurements. 
A variety of possible explanations was sug
gested; one was that ice fragments breaking off 
the aircraft structure or the instrument housing 
were responsible for the indications of large 
particles. Plans were therefore made to modify 
the instrument to evaluate some of the possible 
alternatives, 

5. MODIFICATION OF THE HAIL SPECTROMETER 

In the initial configuration, 10 size 
categories were assigned to particles up to 
about 1.5 cm across, leaving only four cate
gories for larger sizes, The small hailstones 
were known to be much more numerous, and it was 
thought important to provide fine resolution in 
that portion of the size range, The seemingly 
anomalous observations of the large particles 
in 1976, however, suggested that changes were 
in order, . 

The hail spectrometer electronics were 
accordingly modified to provide more uniform 
resolution over the full working range of par
ticle sizes. The criterion adopted in the 
redesign was that the nominal size for each 
category should represent a factor two increase 
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in hailstone mass over the next smaller category. 
Some minor departures from this criterion were 
made to simplify the electronic logic. The 
resulting configuration allocated only eight 
size categories to particles up to about 1.5 cm 
across, leaving six categories available for 
larger particles, (An increase in the total 
number of categories was not practical because 
of data recording limitations,) 

A "slow-particle detector" was also added 
to the instrument to detect particles moving 
through the sensing aperture at speeds substan
tially less than the aircraft's true airspeed. 
This feature was intended to detect ice frag
ments that may have broken off or rebounded from 
the aircraft or instrument structure, 

6, LARGE-PARTICLE OBSERVATIONS DURING 
SESAME 1 79 

The T-28 was not operated in 1977, During 
the 1978 field season in northeast Colorado, 
only one mature storm was investigated and it 
contained hailstones only up to about 1 cm. 

The next observations of large particles 
occurred during the SESAME 1 79 project in 
Oklahoma, On several occasions, particles up to 
the largest size category (nominal size 5.0 cm) 
were again observed. The general character of 
the observations was remarkably similar to 
those in 1976, lending credence to the 
previous observations. 

Figure 2 shows the cumulative particle size 
distribution for one example from 27 May 1979. 
The semi-log plot shows the total number con
centration NL(D) of particles with diameters 
(actually, shadow widths) larger than or equal 
to the indicated size D. The curve in Fig, 2 
and the "aircraft" curve in Fig, 1 are quite 
similar: nearly linear for particles smaller 
than about 1.0 cm, with slight curvature above 
1 cm and a more pronounced break in slope around 
1,5 cm, For the data in Fig, 2, the number con
centration of particles larger than 1.5 cm is 
about 0.7 m- 3, and of ones larger than 3 cm 
about 0,3 m- 3. 

Shown for comparison in Fig. 2 is the 
cumulative size distribution according to 
Douglas' (1964) hailstone size distribution 
function. The observed concentration of par
ticles larger than 2.5 cm is more than five 
times the Douglas value, and that of particles 
larger than 4 cm more than 100 times the Douglas 
value, There is ample evidence that the Douglas 
function overestimates the concentrations of 
large hailstones, as compared to more recent 
observations at the ground (e.g., Federer and 
Waldvogel, 1975; or Smith et al,, 1975), Thus 
the T-28 observations fromboth Oklahoma (1979) 
and Colorado (1976) indicate concentrations of 
particles larger than about 2 cm, which are much 
higher than those suggested by hailstone 
observations at the ground, 
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Fig. 2: A particle size distribution measured 
over a 1-km path in an Oklahoma thunderstorm 
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on 27 May 1979, Ordinate gives number concen·
tration of particles equal to or larger than 
indicated size. Solid curve shows observed 
distribution, while dashed line shows Douglas 
function for same mass concentration (9.5 g/m 3). 

The total hail mass concentration calculated 
from the size distribution in Fig. 2 assuming 
spherical ice particles with densities of 
0.92 g cm- 3 is 9.5 g m~ 3• While this value is 
among the largest obtained from the T-28 obser
vations (the maximum to date being about 
12 g m- 3), it is not unreasonable. However, 
the equivalent radar reflectivity factor com
puted from the distribution is in excess of 
74 dBz. The corresponding SESAME radar 
measurements at the time were much smaller. 

There was again no supporting evidence of 
the presence of hailstones of such large sizes. 
Recordings of the audible hailstone impacts on 
the T-28 windscreen and the pilot reports do 
not indicate solid particles as large as several 
centimeters. The damage to the aircraft during 
the flight did not suggest encounters with such 
high concentrations of large solid hailstones. 
There were no confirming reports of large 
hailstones at the ground. 

When only particles up to about 1.5 cm 
across are present, size distributions deter
mined from the hail spectrometer data resemble 
exponential functions more closely (Fig. 3). 
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Fig. 3: Similar to Fig. 2, but for a different 
1-km path in the same storm where only particles 
up to about 1.6 cm across were observed. Douglas 
function shown here is for the observed mass 
concentration of 0.4 g/m3• 

There is some suggestion of a slight curvature 
above about 1 cm in Fig. 3, but in most similar 
cases it is very slight. The concentrations of 
particles larger than 1 cm or so drop below the 
Douglas values. Figure 3 shows a concentration 
of 1.5 cm particles of only 0.01 m- 3, more than 
an order of magnitude less than in Fig. 2. 

7, TENTATIVE EXPLANATION OF THE OBSERVATIONS 

The large particles indicated by the hail 
spectrometer are believed to be real. However, 
the other evidence is incompatible with the 
presence of high concentrations of large hail
stones, The observed radar reflectivity factors, 
the evidence of hailstone impacts on the air
craft, and the limited available comparisons 
with corresponding observations at the ground 
are not consistent with the presence of large 
solid ice particles. We therefore believe 
that the particles are giant low-density graupel 
of some sort. Supporting evidence for such a 
hypothesis has been obtained from dual-wavelength 
radar studies in Colorado, The T-28 pilots have 
also frequently reported seeing large "slush 
particles" hitting the windscreen. 



Such particles would tend to sweep up great 
amounts of cloud liquid water and should there
fore grow very quickly, On the other hand, 
they do not seem to appear in the precipitation 
at the ground so they must break up somehow 
during descent, So far the details of their 
fate in the clouds remain a mystery. 

Other possible explanations for the large 
particle observations have been evaluated and 
most have been discounted, The "slow-particle 
detector" gave positive indications on numerous 
occasions in Oklahoma. However, they occurred 
where only small particles were present, as 
well as where large ones were observed, More
over, the slow-particle detector sometimes 
appeared to stay on for more than a minute. 
The slow-particle indications have been 
ascribed to probable fogging or wetting of 
the instrument optics rather than slow-moving 
ice fragments, 

Particle coincidence probabilities were 
estimated during the initial design of the hail 
spectrometer (Shaw, 1974) and found to be small. 
In the actual observations, the concentrations 
of particles larger than 1,5 cm are less than 
1 m- 3• The instrument sampling volume is about 
10 m3 s- 1, so no more than 10 particles of 
these sizes are observed per second. At the 
nominal T-28 flight speed of 100 m s- 1, the 
spacing between large particles therefore 
averages 10 m or more; that is, at least 200 
particle diameters, Coincidence events 
involving large particles are therefore 
very unlikely. 

To better define the nature of the large 
particles, plans are now underway to convert 
the hail spectrometer into a two-dimensional 
imaging device. In that way the shapes, and 
therefore the compositions, of the particles 
can be determined. There is also some hope of 
photographing one of the particles with the 
T-28 particle camera (Cannon, 1976), However, 
its sampling volume is so small that the chance 
of finding one of the giant particles in the 
field of view is remote, The largest particle 
thus far photographed is less than 1,5 cm in 
diameter. 
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THE AERODYNAMICS OF FREELY FALLING DISKS AND IMPLICATIONS FOR 
UNDERSTANDING THE FREE FALL MOTIONS OF ATMOSPHERIC PARTICLES. 
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*Present address: University of Wyoming, Laramie, U.S.A. 

1. INTRODUCTION 

Before the growth of atmospheric particles 
such as snow crystals, graupel and hail stones 
can be explained and predicted, their free-fall 
motions must be understood. Terminal veloci
ties are just one aspect and it must be recogni
zed that other motions such as rotation and 
hori zonta 1 movement wil 1 a 1 so affect growth 
through changes in accretion and mass and heat 
transfers. 

The limitations of wind tunnel experiments 
were much reduced in the present experiments, 
where aerodynamic forces and torques could be 
calculated from changes in position and orien
tation of freely falling particles as observed 
with a high speed camera. 

In the present experiments with a fall
tower (Stewart et al.,1976) styrofoam and balsa 
disks with diameters of 2.0-3.lcm were chosen as 
falling bodies (Stewart, 1977) and released at 
different angles. The terminal velocities ranged 
from 1.7 to 3.2ms-1 while the Reynolds num
bers varied from 2200 to 4450. [Studies in water 
have shown that this shape falls in an unstable 
manner for ~eynolds numbers above 100 (Willmarth 
et al., 1964, Stringham et al., 1969, List and 
Schemenauer, 1971).] 

2. EXPERIMENTAL SETUP AND ANALYSIS TECHNIQUES 

In order to study the motions of a disk over 
the 3.25m fall distance, the particles are 
rel eased from rest and are fo 11 owed by a hori
zonta 11 y pointing high-speed camera which is 
driven to fall vertically at a velocity similar 
to that of the disk being studied so that the 
disk remains in the camera's field of view 
(Rentsch, 1975, Stewart et al,, 1976). Since the 
particles are observed through a mirror system 
their location in space can be determined on the 
basis of the multiple pictures obtained. The 
standard deviation of errors in the camera frame 
are 0.6mm for X, and 0.2 for Y and Z at a dist
ance of 45cm from the film plane. 

The orientation of a disk is described by the 
Euler angles. These angles were calculated in a 
"trial-and-error" computer program with the aid 
of colour coded marks placed onto the disks'sur
f aces. Accuracy is about + 3° for each of the 
Euler angles. Both translational and angular 
velocities and accelerations were calculated by 
central finite differencing techniques. The 
disks were photographed at a frame rate of 200 
frames/s using Ektachrome 7242 film. 
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3. DESCRIPTIONS OF FREE-FALL EXPERIMENTS 

The dimensions of the disks were chosen so 
that a 1 imited study of the dependence of the 
motions on Reynolds, Re, and non-dimensional 
moment of inertia, I*, could be made. Re is de
fined by Re = DU/v and I* is d2fined by I* = 
(1r/4)(pb/Pah[l/16 + (l/12}y] where Dis 
the diameter of the disk, U its velocity relati
ve to still air, v the kinematic viscosity of 
air, P b and Pa the disk and air density re
spectively, and y is the disk's thickness-to
diameter ratio. 

The di s~s were made from styrofoam sm( P0= 
0.123 g/cm ) and had the same thickness ratio 
of 0.275 + 0.005, two styrofoam disks of diame
ters 2.0-and 3.1 cm have the same value of 
I* (0.43 + -0.01) ,but their terminal velocity 
Reynolds numbers Re0 [using data for disks 
falling face-down from Hoerner (1957)] are 2200 
and 4100, respectively. A balsa disk of diameter 
2.13cm has Re0=4450 (within 8% of Re0 for 
the larger styrofoam disk), but I* for the balsa 
disk (1.53 + -0.01) is almost four times that of 
the styrofoam disks. Experiments with the styro
foam disks will elucidate Re effects, and moti
ons exhibited by the larger styrofoam disk and 
the balsa disk will point out !*effects. 

Approximately 175 experiments were carried 
out. The styrofoam disks were rel eased from 
0°(facedown), 45° and 90° (edge-down) 
while the release angle was o0 in all drops of 
the balsa disk. 

4. OBSERVED FREE FALL MODES 

Only three free-fal 1 modes were observed in 
all the 175 experiments: oscillation (essenti
ally about a horizontal diameter), rotation 
about a horizontal diameter, and gyration. 
Gyration consists of spin about the minor axis 
which is rotating at a constant or periodically 
varying angle about the hori zonta 1 axis so that 
the spin axis moves on the surface of a circular 
or elliptical cone (Kry and List, 1974a,b). 

Styrofoam disks released face-down reached or 
approached an oscillation mode of roughly con
stant amplitude (Fig.1). The disks fell nearly 
vertically, although horizontal swinging in the 
directon perpendicular to the oscillation axis 
was coupled with the angular oscillations. The 
fact that the same observatons were made when 
the rel ease angles were 45° suggests that the 
final state is independent of release angle up 
to at 1 east 450. 



FIG. 1: Orientation of disk which is 
centered in the middle of the sphere, and 
where the points are the intersections of the 
outward normal from the face of the disk with 
the sphere's surface. Contours not visible 
from the viewing point are dotted. The space 
axes coincide with the center of the disk. 
Time runs clockwise. 

5. CHARACTERISTICS OF THE OSCILLATION MODE 

The angular and translational characteristics 
of the oscillations are shown in Table 1. Angu-
1 ar amp 1 i tu des increased with Re 0 and decrea
sed with I*, oscillation frequencies de
creased with increasing Re0 and were relative
ly independent of I*, whereas the non-dimensio
nal oscillation frequency (defined as the Strou
ha 1 number S = nD /U where n is the osc i 11 at ion 
frequency) showed the opposite dependence on 
Re0 and I*. These observations are similar to 
those made by Willmarth et al. (1964) and Will
marth et al. (1967). Horizontal drift increased 
with Re0 and I* in agreement with results ob
tained by Stringham et al. (1969). As shown in 
the typical results of Fig. 1, oscillations were 
essentially about a horizontal diameter. The 
sense of the deviations about a hori zonta 1 di a
meter were opposite to the sense of spin about 
the minor axis. This can be explained by util i
zing a gyroscopic analogy and by noting that the 
aeordynamic torque will be restoring (Willmarth 
et a 1 • , 196 7) • 

For the styrofoam disks, calculated drag, 
Co, lift, CL, and torque, Ct, coefficients 
as functions of attack angle agreed within expe
rimental error with results presented by Hoerner 
(1957) for stationary disks in a wind tunnel 
(Stewart,1977i. c0 is defined as Co= Fol 
[ ( 1r /8) ( PaU o2) ]/Cf, CL is defl ned the 
same except FL rep aces Co, a£d Ct. is defi
ued as ct = t:![( 1r/8) p aU o3J /Fo where 
F O is the aJ!rodynami c force in the direction 
opposite to U, and tis the aerodynamic torque 
acting about a diameter. For stationary disks 
and attack angles < 45°, Co decreases 1 i near-
1 y with attack angle a and CL and CT increa
se linearly wj_th (Hoerner, 1957). a is defined 
by cos a = N.U/(NU), where N is the outward 
normal from the positive face of the disk. 

300 

TABLE 1: Characteristics of disks oscillating, 
rotating or gyrating while falling; s: styro
foam, b: balsa, A: oscillation amplitude (deg), 
n: frequency (Hz), S: Strouhal number, w'm: 
average largest vaue of angular velocity 
(rad/s), wm: average largest value of angular 
acceleration (rad/s2), Vfd: vertical 
velocity falling face-down (m/s), Vm: average 
vertical velocity (m/s), Coz: average 
vertical drag coefficient, Um: horizontal 
drift velocity (m/s), Ruv= fraction of 
horizontal drift to vertical velocity,R 0: 
ratio of peak-to-peak horizontal swinging-~o
diameter, R v= ratio of peak-to-peak hori
zontal velocP,ty fluctuation-to-vertical veloci
ty, Rag= ratio of peak-to-peak horizontal 
acceleration fluctuation-to-gravity, 0: nuta
tion amplitude (deg), :precession amplitude 
(deg), f s: spin frequency about mi nor axis 
(Hz), Rns= ratio of nutation/precession to 
spin frequency. 

0 2.0(s) 3.l(s) 2.l(b) 
Re0 2200 4100 4450 
I* 0.44 0.42 1.53 

Oscillation: 
A 30-35 50-55 20-30 
n 4.5 3.3 3.5 
s 0.05 0.045 0.023 
W I 14 19 5.0 m 
Wm 350 350-370 100 
Vfd 1.65 2.01 3.17 
Vm 1. 79 2.30 3.36 
Coz 0.99 0.88 1.04 
Um 0.025 0.055 0.40 
Ruv 0.01 0.024 0.12 
Rpo 0.65 1.10 
RpV .26 .36 
Rag 1.20 1. 60 

Rotation about horizontal: 
n 8.7 7.8 
s 0.106 0.12 
Vfd 1.65 2.01 
Vm 1.65 2.01 
Coz 1.17 1.17 
Um 0.6 0.55 
Ruv 0.35 0.25 

Gtration 
0 65 70 

57 59 
n 6.7 10.5 
s 0.09 0.066 
fs 1.8 3.0 
Rns 3.7 3.5 
Vfd 2. 01 3.17 
Vm 2.26 3.30 
Coz 0.91 1.07 
Um 0.35 0.25 
Ruv 0.15 0.08 

The aerodynamic coefficients generally showed 
some hysteresis with respect to orientation 
changes. This is shown in Fig, 2 for Co and 
CL, Co profiles closely followed a changes, 
but largest values of CL generally lagged 
peaks of a by 0.02- 0.05s, and CL minima 
sometimes lagged a minima by O.Ol-0.02s. These 
trends suggest that adjustment of the fluid flow 
lagged behind the continually changing orienta-
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FIG. 2: Drag and lift coefficients as 
functions of time for the 3.1cm styrofoam 
disk released face-down. Terminal velocity 
was reached by 0.5s. Circles and triangles 
correspond to times when minima and maxima, 
respectively, occurred in the attack angfe. 

tion. A phase shift also existed in the 
relation of C to orientation changes. C lead 
orientation changes by about 0.015s The phase 
lead of the aerodynamic torque with respect to 
orientation means that energy was being 
extracted from the osci 11 at ions (Wi 11 marth et 
al., 1967; Stewart, 1977), the oscillations were 
being damped. 

6. CHARACTERISTICS OF ROTATION ABOUT A 
HORIZONTAL DIAMETER MODE 

Characteristics of the free-fall experiments 
in which rotation about a horizontal diameter 
occurred are summarized in Table 1. The rotation 
frequency decreased with Re0 • Although S was 
the same within 5%, it shoul ct be noted that the 
rotation frequency of the 3. lcm styrofoam disk 
fluctuated 10-20% about its average value of 
7.8Hz. The horizontal drift was relatively 
independent of Re .The high CDz values 
agree with the resu9 ts of Stringham et al • 
(1969), who found that the vertical velocities 
of disks tumbling in water were often close to 
the values they would have had if they had 
fallen face-down. 

7. CHARACTERISTICS OF THE GYRATION MODE 

The 3.1cm styrofoam disk and the balsa disk 
autogyrated after rotational accelerations 
began. An example of the change in free-fal 1 
mode from rotation about a horizontal diameter 
to gyration for the 3.1cm disk is shown in Fig. 
3. The changes in free-fall mode from oscillati
ons or rotations about a hori zonta 1 diameter 
suggest that these motions became unstable. 
Statically, any diameter (about which the moment 
of inertia is least) and the minor axis (about 
which the moment of inertia is greatest) are 
stable rotation axes in a torque-free environ
ment (Smart, 1951). However,due to some inter
action with the air, the effective moment of 
inertia about the rotation diameter may become 
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z, 

FIG. 3: Orientation of the 3.1cm styrofoam 
disk after edge-down release showing the 
first (1) rotational cycle (great circle 
through the poles)and the last (2) cycle 
representing gyration (circle around point on 
equator)of the same experiment. The numbers 
are located at the starting points of the 
cycles. 

distinguishable from the effective moment of 
inertia about the diameter perpendicular to the 
rotation axis. If the effective moment of iner
tia about the rotation axis increases, and, thus 
becomes intermediate, such a rotation would be 
unstable. A small displacement of the angular 
momentum vector from the rotation diameter would 
cause the angular momentum to be divided among 
the principal axes so that spin would begin 
about the minor axis. The experiments clearly 
indicated that the instabilities which occurred 
changed the free-fall mode to gyration. 

The experiment in which the 3.1cm styrofoam 
disk remained rotating about a horizontal 
diameter but with a fluctuating rotation fre
quency, supports this interpretation of the 
evolution of gyration. The fluctuations result 
from a coupling between the effective moment of 
inertia and the rotation frequency when there is 
no component of the angular momentum about axes 
other than the rotation axis (Stewart, 1977). 

Characteristics of the free-fall experiments 
in which gyration occurred are shown in Table 1. 
Spin about the minor axis, nutation/precession 
frequency and average vertical drag coefficient 
increased with I*, whereas St rouha l number 
decreased with I*. The ratio of nutation/pre
cession frequency to spin frequency was almost 
independent of I*. 

In all observations, the relative sense of 
minor axis spin and nutation/precession was the 
same. Some gyration characteristics exhibited by 
the disks were siml iar to the characteristics 
pre2icted for spheroids of axis ratio >o.5 at Re 
<10 (Kry and List, 1974b). 

One difference between the experimental and 
predicted results is the relative sense of minor 
axis spin and nutation/precession. Expermen
tally, these two quantities were in the same 



sense, but the predicted relation is opposite. 
The distinction may be related to a difference 
in sense of aerodynamic torque at large attack 
angles. If the overall features of the torque 
acting on a cylinder of thickness ratio 1.0 
(Willmarth et al.,1967) are applicable to the 
disks used here, then the torque is acting to 
align the disk's edge with the fl ow at these 
angles. For spheroids, the torque is always 
restoring. 

9. SUMMARY, CONCLUSIONS AND COMMENTS 

The primary conclusion from the free-fall 
experiments is that three distinct modes were 
observed: 
(1) oscillation almost about a horizontal 
diameter, 
(2) rotation about a horizontal diameter, 
(3) gyration. 
C haracteri st i c transl at i ona l motions are super
imposed on these modes. 

Unsteadiness of free-fall motion incresese 
with Re and I*. The oscillation amplitude in
creases with Re, and although the oscillation 
amplitude of a balsa disk is lower than that of 
a stryofoam disk at the same value of Re, this 
mode can abruptly change into gyration for balsa 
disks. This does not occur for styrofoam disks 

None of the free-fall motions exhibited by 
the disks are predictable from wind tunnel 
measurements which ignore dynamic or non-statio
nary effects. The phase shifts of the aerodyn
mic coefficients, the horizontal drifts of the 
oscillating disks, the change in free-fall mode 
from oscillation or rotation to gyration, and 
the constant or decreasing energies of the 
secondary motions are all manifestations of 
dynamic effects. 

Rotation about a horizontal diameter is 
unstable if the effective moment of inertia 
about the rotation diameter becomes i ntermedi
ate due to air influences. Autogyration was 
observed for disks with thickness ratio of 0.275 
so the effective moment of inertia increases. 
For disks with thickness ratios greater than 
0.87, rotation could become unstable if this 
effective moment of inertia were able to de
crease. 

Other shapes may al so be able to autogyrate 
If the effective moment of inertia about the 
rotation axis increases, oblate spheroids and 
right cones with apex angles 53° could auto
gyrate if, respectively,rotation is initially 
about a major axis or about an axis perpendicu
lar to the symmetry axis. Only if the effective 
moment of inertia could decrease could prolate 
spheroids and right cones with apex angles 
53° autogyrate. 

Gyration may be important for understanding 
the growth of atmospheric particles. For exam
ple, it may be the mechanism responsible for 
changes in the shape of growing hailstones. 
Hail stones are typically spheroidal or conical 
in shape, and small conical particles are often 
the embryos of these hailstones. Spheroidal 
hailstones have normaly maintained their shape 
after the initial conical shape changed. In a 
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vertical 1c1ng tunnel, the shapes of growing 
spheroidal hailstone models were maintained if 
the models were restricted to gyrate with the 
relative sense of minor axis spin and nutation/ 
precession opposite (Macklin,1978). If this is 
the characteristic angular motion of natural 
spheroidal hail stones, the change from the 
initial conical shape may have occurred after 
this particle began to gyrate with opposite 
senses of spin and nutation/precession. Since 
conical hailstones maintain the shape of their 
embryos, this suggests that the growth regimes 
in clouds and their changes affect the particle 
dynamics. 

In summary, the experiments have shown that 
distinct free-fall modes occur and that these 
modes are influenced by aerodynamic effects 
caused by the motions themse 1 ves. Si mil ar modes 
may occur for other shapes, sizes and densities; 
one could even speculate that they represent the 
major modes of free fall and that irregular 
tumbling doesn't exist. 
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On 4 June, 1976, a meteorological radar• in Pingliang County, Gansu Province 
tracked and observed a supercell hailstorm from 16:53-20:50 (Beking time). The 
hailstorm moved into the boundary of Pingliang County from 19:00-20:00 and much 
hail fell in the vicinity of Qinglong station. At the Qingiong station, total 
precipitation fron 18:54 to 21:08 was 36.5 mm and hailfall extended from 19:20 to 
20:05 with giant hailstones appearing at 19:40-19:46. 

The wind velocity under the hailstorm cloud was smaller, symbolizing that the 
in-flow amount at the lowers was smaller, which might account for the weakening 
both of updraft and "weak echo region 11

'
1>. 

1. ECHO STRUCTURE 

Fig. 1A-D enumerated the three dimensions echo structures from 1s 29 to 19 36 • 
Fig. 1A is a combination

2
9f

31
he whole informations of PPI and RHI gathered within 

the four 4~!nu~e~ 3from 18 - • There was only one main echo cg~5 ig !~e outline 
of Z =10 mm m ( 46dbZ) w-lth a maximum center as big as Z =10 mm m and a tog 
exteAding 7 Km above ground. It was a lightly hailswath a! the position of 340 , 
27 Km in horizontal distance. On the cross section of RHI (Fig. 1A), at the most 
northern side (the back of the moving ~igec~i~~) of the main core's weak echo re
gion. There were two regions of Z =10 • mm m , 2-8 Km above ground. It is es
timated that this was resulted fro~ the precipitation particle by passing the nor
thern side of the main core at the middle air of the supercell. If at that time 
the echo structure was quasistationary, the echo boundary of a certain isoline 
might be regarded as an envelop of certain particles which would move up and down 
and would cut through the cross section of RHI (Fig. 1A). Actually it had both 
the movements. Most of the small particles in the above mentioned two Z regions 
eject from the hailstorm aloft together with the incus outflow. The bigeparticles 
might fall on the ground to the north of hailstorm through the selection of hori
zontal wind. They had no chance of entering the foot of updraft and were not grow 
up to4 t§e gi~~t sizes in recycle. The top of the outline of the main core echo 
Z =10 • mm m (Fig. 1B) was upwards of 8 Km, the temperature was around -40°c and 
tfie bottom had not yetreached the ground. It was inferred that the precipitation 
and hailstorm particles were well under the way of growth. 

In the front part of the4mgin 6co3e (Fig. 18) there was a secondary core echo 
with a top of outline (Z =10 • mm m-) less that 6 Km and a temperature around 
-25°c. It was a precipi~ation (shower and small hail) echo touching the ground. 

The form of the secondary core was quite peculiar, different from "embryo 
curtain" as put forward by Browning et. al.(2). Because in light of a strict con
dition for existence of embryo curtain, there must be a vault of "boundary weak 
echo region" between the curtain and the main core. But there was no such a 
vault. On the other hand, the central of a curtain is more class intensity levels 
less that those of main cell and does not touch the ground. Ho~ever, the secon
dary core was equal in intensity with the main core and presenting a precipitation 
form of touching the ground. That is to say, in the secondary core, the velocity 
of updraft which kept balance with the terminal velocity of falling particles was 
by far faster that those of which gava birth to embryonic curtain, and the preci
pitation particles were greatly bigger in size than the hail embryoes. 

Although the shape of secondary core bore some resemblance to the "feeder 
cloud" or the "daughter cloud" of multicell hailstorm as analysed by Dennis <3> , 
Musil~>, and Browning15', yet the secondary core was obsiously different. A top 
of "feeder cloud" or "daughter cloud" was nearly the same with that of a main 
cell, while the top of the secondary core was by far lower than the main core: 
An echo of "feeder cloud" or "daughter cloud" shared with main echo a common 
environmental condition and a common mechanism for hail growth, making it im-

• Type JMA-133D made in Japan, wave length 3.2 cm, beam width 1.3 , pulse 

duration 2 P sec, peak pulse power 200 KW, repetition frequency 210 sec - 1 
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possible to give rise to a precipitation under the conditions much lower than the 
main echo. But the secondary core presented a state of precipitation. From this 
we may certainly infer that the secondary core might well be a disturbance of up
draft at the front part of the supercell under the condition of weak updraft. 
Because its appearance was in advance of the falling of big hailstones on the 
ground, it must have 5~layed ~~ important role in hailstone growth (Fig. 1~~1i~ 
the time was from 18 to 19 , the falling of big hailstones began at 19 - in 
Qinglong station). 

There is still one more interesting thing on Fig.1B which merits our atten
tion: 6here was a juncture between the two echo cores, whose temperature was -s 0 c 
- -10 c. We drew an inference from this that certain precipitation particles or 
hail embryoes must have been transported to the main core echo through the distur
bance motion at the juncture and, in turn, certain hailstones in the main core 
must have entered the secondary core with the help of the easterly horizontal 
momentum acquired from the ~igher layers. In this way they became grew by absor
bing the superco led water droplets. The common existence of the two cores must 
have created favourable conditions for the formation of larger hailstones. 

Fig. 1C is the continuation and development of Fig. 1B, which just reflects the 
main features of the echoes before the appearance of giant hailstones. Fig. 1D is 
a repetition of Fig. 1A in shape just when giant hailstones fell on the ground 
but in intensity and altitude it exceeds Fig. 1A. 

2. THE MICROSTRUCTURE OF HAILSTONES 

1) Hail embryp 

We selected 25 hailstones with diameters upwards of 1 cm from those collec
ted on the spot at Qinglong station while it was hailing and analysed the thin 
section of them which showed that there were five types of hail embryoes. Their 
code names of the English letters are the same with the document<6) (A-transparent 
spherical, B-semi-transp. spher. with big air bubbles, C-instransp. spher. full 
of small air bubbles, D-partly intrasp. in narrow end, cone-shaped and elliptical, 
E-intransp. cone-shaped or elliptical.), but the proportion of the different 
types are characterized by the fact that types A and B amounted to 52% (A-32%, 
B-20%, C-16%, D-16%, E-16%). The diameters of types A and B were 3-13mm, in 
which most of them were 5-7 mm. Referring to the experiment to freeze water 
drops performed by Bigg<n , we know that the freezing temperature of water drops 
5-7 mm in diameter is about -19°c. This shows that the hail embryoes which had 
formed the big water drop slowly frozen, which made us come to the conclusion 
that the embryo source must have been the middle layers of the cloud with high 
liquid contents and not too low temperature. 

The frequency of the diameter of the hail embryoes is comparatively close 
to normal distribution, its formula is: 

( ) 5 37 1 -2 d 7.5 e-1.2d 0 f d
0 

= • X 0 X 
O 

X 

where, dis the diameter of embryo (mm), those of d
0

>6 mm amount to half of 
the tota~. 

According to transparency of the ice layers hailstones, we find that there 
are 1-7 layers in those of 25 selected hailstones. 4-5 layers and 1-2 layers 
are 45.5 % and 33.6 % respectively. 

2) Hailstone shape_and relative sp3ctrum 

The 139 hailstones on analysis here were collected at Qinglong station at 
the time of hail shooting; 113 of them were gathered at Caizhuang (3 Km to the 
southwest of Qinglong station) after the hail shooting. 

33 % the 111 collected at Caizhuang were in the shape dry persimmon and 
those in the shape of spheroid and cerebrum were 23 % and 22 % respectively. 
Those in the shape of dry persimmon were comparatively oblate, something like 
plates. The whole contour of cerebrum is semispherical, with an obvious hollow 
at the bottom and folds on the surface very much like the shallow-hilled irregu~ 
larities<8>. This type of hailstorms also grew under the condition of comparati
vely higher liquid water contents or larger supercooled water droplets. 

Arandom sample of 710 hailstones were collected at Caizhuang after hail 
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shooting, statistics showed that the formula of hailstone relative spectrum is 
as follow: 

f (d) = 115 X e-0 • 125d ( % ) d ~ 6 mm 
where, dis the diameter of a hailstone. The mode number is 6 mm. 
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