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F O R·E WORD 

It is obvious that our generation of cloud physicists is un~ 
able to solve all.the problems at hand. we all have a lot to 
learn, but we should not forget that good ideas, foresight, 
persistence and courage to risk mistakes are still main in
gredients for exciting research. 

(R. List, 5th Int. Conf. Cl. Phys., 1968) -

It becomes ever clearer that processes in cloud physics are 
extremely complex, as if nature protects this part of'he~ 
kingdom with special care. 

(H.K. Weickmann, 7th Int. Conf. Cl. Phys., 1976) 

International conferences on cloud 
physics give a new impetus to the advance
ment of many areas of this science. The 
history of these conferences is succinctly 
and vividly recounted by one of the parti
cipants.~ 

"The first International Conference on 
Cloud Physics was held in Zurich, Switzer
land, 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 con
firmed the emergence of Cloud Physics as a· 
scientific discipline. 

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 discussions on this 
subject revealed to some workers the need 
for a re~urn to basic research before at
tempting to apply a science which was still 
in its infancy. 

_ Tne third Cloud Physics Conference was 
organized in 1961, in Canberra and Sydney, 
by the strong Australian research group led 
by Eugene "Taffy" Bowen. Here, the lime
light was focussed on freezing nuclei and 
rainmaking, subjects to which the Au_stra
lians had devoted considerable scientific 
effort. None of those present at this Con
ference 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 wi·ng of the Japan
ese group.headed by Kenji Isono and Choji 
Magono, which had devoted many years of re
search to the study of ice crystals and 
their formation. 

The fifth Cloud Physics Conference-was 
the first to be held on the American soil. 

~R. G. Soulage. Preface to the eight Inter
national Conference on Cloud Physics. 
Clermont-Ferrand, 1980. 

It was organized by Roland List and Walter 
Hitschfeld, and revealed the rapid develop
ment of the subject in North America. Here 
again, despite good progress in observa~ 
tional techniques, it became clear that no 
useful results could be expected from the 
premature application of incomplete knowl
edge, 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 Confer
ence, organized in London by B. J, Mason, 
weather modification was scarcely mentioned, 
all the emphasis being given to fund·amental 
research. 

The prospects or hopes of weather mod
ification nevertheless remained in the 
background as a potential application whose 
immense practical importance could not be 
neglected. This led the Cloud Physics Com
mission of IAMAP and the World Meteorolo
gical Organization to arrange for the sev
enth Cloud Physics Conference, held in 
Boulder (Colorado) in 1971 under the chair
manship of Helmut Weickrnann, to be followed 
immediately by the second WMO Scientific 
Conference on Weather Modification, pre
sided over by Roland List. The Boulder 
Cloud Physics Conference revealed consider
able progress in two fields: observational 
techniques, and the mathematical modelling 
of cloud processes." 

The eighth International Conference on 
Cloud Physics (Clermont-Ferrand, 1980) was 
headed by R. G. Soulage,·the author of this 
brief summary. As previously, it was fol
lowed by the WMO Scientific Conference on 
Weather Modification. At the eighth Con
ference for the first time greater emphasis 
was laid on the necessity of the deep study 
of interaction between microphysical pro
cesses in cloud formation and dynamics and 

-thermodynamics of clouds. The idea proposed 
at the Conference about heterogeneous mix
ing of cloudy air with the surrounding 
drier air was fr~itful and encouraged nu-. 
merous investigations. The interest to 
cloud physics steadily grows because its 
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practical value becomes increasingly appar
ent. Just a few of the practical applica
tions are climatology, weather forecast, 
self-cleaning of the atmosphere, aviation 
meteorology, satellite and radar research. 
As regards weather modification; recent 
years and mostly the WMO Precipitation En
hancement Project (PEP) once again demon
strated that fundamental knowledge in cloud 
physics is insufficient to carry out prac
tical activities on a universal scale. Nev
ertheless, there is no doubt, that even at 
the present moment cloud seeding could and 
should constitute an important element of 
a practical experiment, the purpose of 
which is to study the physical processes in 
the clouds including precipitation forma
tion. 

Recent years were characterized by 
great development in experimental research 
and in numerical simulation of cloud pro
cesses. On the one h~nd, we observe the ex
pansion of natural observations and the pe
netration into the fine microphysical and 
dynami~ structure of clouds; on the other 
hand, we witness a more extensive experi
mental research of mesa- and macrostructure 
of clouds and cloud systems, the results of 
which are still inadequately reflected in 
numerical models of clouds. At the same 
time, numerical models have approached much 
closer in many aspects to the description 
of real, concrete situations in the forma
tion of clouds and precipitation. 

The present proceedings of the 9th 
International Cloud Physics Conference have 
accumulated results of the last four years 
and provide grounds for serious deliber
a•tion. The Conference will obviously stimu
late the development of initiated research 
thus providing a better understanding and 
an adequate representation in numerical 
models of· such important processes as, for 
example, the generation of ice phase or the 
appearance of mesoscale inhomogeneities in 
different types of clouds and cloud sys
tems. 

As at the previous Conference, the 
International Scientific Programme Commit
tee (ISPC) has received an impressive num
ber of claims for reports (see Volume of 
Collected Abstracts, comprising the entire 
number of 252 abstracts). The three vol
umes of the proceedings contain all papers 
accepted for oral and poster presentation 
and reserve papers received by March 1984. 
The papers are arranged according to the 
topics of sessions and ~~bsessions and 
alphabetically (by the name of the first 
author) within the topics. 

In the name of the ISPC, I would wish 
to express sincere thanks to all institu
tions, which participated in the prepara
tion and organization of the Conference, 
and to all authors of the presented papers. 

In only remains to add that without 
an active assistance from the members of 
the ISPC and the Organizing Committee and 
primarily from Professor w. F. Hitschfeld, 
President of the International Commission 
on Cloud Physics, IAMAP, it would have been 
impossible to convene and hold such a con
ference. 

I. P. Mazin 

Chairman of ISPC 
The 9th International Cloud Physics 

Conference 
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IT PE n H, C n OB !1 E 

O~eBH;o:Ho, qTo Hawe ITOKoneHHe pa6oTa!O!I\HX B o6naCTH QH3HKH 
O6J1aKOB He B COCTOITHHH peWHTb Bee CTOHmHe rrepeg HHMH rrpo6neMbl ••• 
Mbl ,l:IOfl:KHbl e!I\e MHOrOMY Hay1n1TbCH, HO He cnegyeT sa6blBaTb, qTo Ha
J1HqHe XOpOWHX H,l:leil:, rrpe,l:IBH;o:eHHe, HaCTOil:qHBOCTb H OTCYTCTBHe 
CTpaxa rrepeg BO3MOJKHOCTh!O OL!lli6KH HBflHIOTCH HenpeMeHHblM YCJ1OBHeM 
rronyqeHHH BOflHY!O!I\HX pesyJ1bTaToB ..• " 

PonaH;o: TIHCT, 5 MK<PO, TopoHTO,_ 1968. 

CTaHOBHTCH BCe oqeBH,I(Hee, qTo QH3ffqeCKHe rrpoueccbl B o6naKaX 
'l.,_'33BblqafIHO CJ10lKHbl,. KaK 6y;o:To ITPHPO;o:a oco6eHHO 3a6OTflHBO o6epe
raeT OT Hae 3TY qaCTh CBOHX Bna.ri;eHHil:". 

MeJK,D;yHapo;o:Hble o6naqHEJe KOHQepeHUHH 
Bcer;o:a ;o:a!OT HOBblli HMITynbC pa3BHTmo q>H3HKH 
o6naKOB. BOT KpaTKaH HCTOPHH 3T.HX KOHQepeH
:J;Hil: B HPKOM H3flO,KeHHH O,I(Horo H3 ee yqacTHH
KOB'{). 

" ••• TiepBaH Me)!(,l,yHapo;o:HaH KOHQepeHUHH 
ITO QH3HKe o6naKOB (MK<PO) COCTOHnaCb B UrnpH
xe. WBeil:uapHH, B 1954 r •• ITO HHHUHaTHBe 
Pail:MYH;o:a CeHrepa, KOTOPhlli opraHH3OBan O,1:IHH 
H3 ITepBblX HayqHhJX 3KCITePHMeHTOB ITO rpa.rsy 
H 6hln nH,l:lepoM B HCCne;o:oBaHHHX ¢asOBblX rrepe
xo;o:oB, ITPOHCXO;D:fllI\HX B BO;o:e. !1MeHHO 3Ta KOH
¢epeHUHH ITO;D:TBep;o:Hna CTaHOBneHHe QH3HKH 
o6naKOB KaK HayqHOfi ;D:HCU:•ITnHHbl. 

BTopaH MKOO ITPOBO;o:Hnacb B BepoHe, !1Ta
nHH, B 1959 r. rro;o: rrpegce;o:aTenoCTBOM 0TTa
BHO BHTTOPH. 3;o:ech BrrepBble rrpo6neMa rpa;o:a 
3aHHna ,l:IOCTO!J:Hoe MeCTO, a ,l:IHCKYCCHH ITO Hert 
OTKpblna PH.i:IY yqeHblX, qTo HeO6XO,l:IHMO BepHyTb
CH K HccnegoBaHmo OCHOB HaYKH, a He ITblTaTb
CH rrpHnaraTb Ha rrpaKTHKe HayKy' Haxo;o:HI,sjl!OCH 
B Mna,ri;eHqeCKOM BOspacTe. 

TpeThfl KOH¢epeHUHH 6blna opraHH3OBaHa 
B 1961 r. B KaH6eppe :a CH;o:Hee CHnbllOrt aBCT
panHHCKOfi HCCne;o:oBaTeflbCKOil: rpyITITOil:, BO3-
rnaBnHeMofl 9JKeHOM EOY3HOM. 3;o:ecb BHHMaHHe 
6bJno·c¢oKyCHPOBaHO Ha rr;o:pax saMepsaHHH H Ha 
Bbl3blBaHHH ,U:O}7-.I<H - npp6na'-1aX, pemeHHIO KOTO
pblX aBCTpanHflll;bl IlOCBB:THnH 3 HaqHTeJ1b Hble HayT{
Hble YCHJ1HH. HHKTO H3 ITPHCyTCTBOBaBL!lliX Ha 
3TOJ1: KOH(j)epeHUHH He sa6y;o:eT 3ITHqecKHX cno
POB EOKpyr Borrpoca O MeTeopHOM ITPOHCXO}:<,l:le
HHH H;o:ep 3~1',1ep3aHHH! 

~eTBepTaH KoH¢epeHUHH npoxo;o:Hna B To
KHO B 1964 r., 11O.[I ITOKPOBHT-em,cTBOM KeHHH 
HCOHO H ~OH MaroHo, °KOTOPble ITOCBHTHnH MHO
rHe ro;o:bl HsyqeHH!O KPHCTannoB H HX ¢oprvmpo
BaHH!O. 

TIHTaH K'oHQepeHD;HlI BIIePBble ITPOBO;:i;Hnach 
Ha Ar~epiKaHCKOM KOHTHHeHTe. OHa 6blfla opra
HH3OBaHa PonaH;o:OM TIHCTOM H Bai,bTepoM XHTq
ipeJ1h;D:OM H OTpa,KaJ1a OblCTpoe pa3BHTHe QH3HKH 
O6J1aKOB B CeBepHOH AMePHKe. 3;o:ecb BHOBh, 
HeCMOTP5i Ha 3 aMeTHblH nporpecc B MeTo;o:ax 
Ha6nro;o:eHHf!, CTaHOBHTCH HCHblM, qTo HeJ1h3R 
OJKH.[laTh ITOJ1e3HblX pesynbTaTOB OT rrpeJK,;:i;eBpe-

:.:) 
P. r. Cyna;rc. ppe;o:ncnoBHe K 8-r:i: MeJK.I(yHapo,r:;;-
Hoi'i KOHipepeHUHH 110 QH3 HKe O6JiaKOB, Krrep
MOH-<t>eppaH, 1980 r. 

XenbMYT BefiKMaH, 7 MK<PO. Eoyn;o:ep. 1976. 

M8HHOI'O rrpHJ1OJ1ceHHH HecoEeprneHHblX 3 HaHHil:, 
Kor;o:a He;o:ocTaeT 11OHHMaHHH, ;o:ocTHqh KOToporo 
MOJKHO TOJ1bKO B pe3yJ1bTaTe CHCTeMaTHqecKor_o 
HsyqeHHfl OCHOBHblX (j>H3HtJ:eCKHX npo6neM. 

!1MeHHO T!O3TOMY Ha wecToil: KOH(j>epeHUHH, 
opraHH3OBaHHOH Mefi:COHOM B noH;o:oe, Bos;:i;eflCT
BHe Ha noro;o:y 6hlnO J1Hlllh egBa Yl10MHHYTO, a 
ECe BHHMaHHe 6blflO y;o:eneHo QyH;o:aMeHTaJ1hHblM 
HCCJ18,l:IOBaHHHM. O;o:HaKo rrepcneKTHBh1 H Ha;o:ex,
.[lbl, BosnaraeMble Ha Bos;:i;eil:cTEHH Ha o6naKa., 
OCTaBaJ1HCh, TeM He MeHee, sa Ka;o:poM, KaK 
!1OT8HUHaJ1hHafl BO3MOlKHOCTh T!PHJ10lKeHHil:, or
poMHoe npaKTH-Y:eCKOe 3Ha-Y:eHn:e KOTOPblX H8J1h3H 
c6pac@BaTh co c-Y:eTa. 

TIO3TOMY KOMHCCHH ITO (j)H3HKe O6J1aKOE 
MAr1<t>A H BceMHpHarr MeTeoponortt-Y:ecicaH opraHH
sa:o;HR f!PHHHJIH peweHHe opraHH3OBaTh ce,I(b?,,!Y!O 
KOH¢epeHUHI0 ITO (j)H3HKe o6naKOB B Eoyn,D,epe 
(Konopa;o:o) B 1971 r. no;o: npe;o:ce,D,aTeJ1hCTBOM 
XenbMYTa Bei1KMaHa TaKHM o6pa3OM, '9:TO6bl CJie
,;:i;OM 3a Hei1 rrpowna BToparr HayqHaH KOH¢epeH-
1\HH BMO ITO aKTHBHOMY BO3.L(el'!CTBHlO Ha o6naKa 
no;o: npegce;o:aTeJ1hCTEOM PonaH;o:a TIHcTa. Eoyn
;o:epoBcKaR O6J1aqHall: KOHQepeHIJ;HR ITpo;o:eMOHCT
PHPOBana 3Ha'IHT8JibHbl..'1 rrporpecc E ;o:Byx O6-
naCTHX: TeXHHKe E MeTogax Ha6JIIO,l:leHl-Ii1 E Ma
TeMaTH-Y:eCKOM Mo;o:ennpoBaHHH O6J1a-Y:Hb1X npo
IJ,8CCOB ••• " 

Cne;o:y!O!I\YHJ, EOChMYlO o6Jia-Y:HY]i) KOHipepeH
.u;mo (KnepMoH-cj)eppaH, 1980 r.) BO3rJTaBHJ1 
aETOP 3TOil: KpaTKOH HCTCPHH P. r. CyJia)K. KaK 
H B npe;o:bI):(y!I\eM cny,rae, Henocpe;o:cTBeHHo 3a 
Herl: CJ1e)J.OBaJ1a HayqHafl KOH,j)epeHUHR BMO ITO 
npeo6pa3OBaHHlO IToro;:i;bl. Ha 8-n KOH<!>epeHilHH 
BITepBble c 6OJlhWOH CHIIOH 6blJ1a nogqepKHyTa 
Heo6XO,D;HMOCTh rny6oKoro n3yqeHHfl B3aHMO
;o:ei1CTBHH MI1l<PO<l>H3H'l:8CKHX npou,eccoB o6naKO
o6pa3OBaHHfl C ,I(HHaMHKOH H TepMO,l:IHHa.MHKOB 
O6J1aKOB. Bh1CKa3aHHaH 3,lJ,8Ch H;o:en: cylijeCTBO
BaHHJJ: reTeporeHHoro rrepeMelilMBaHHR o6naqso
ro EO3,I(yxa c OKpyJKaIDtil;HM ero 6oJiee CYXHM 
EO3;D:YXOM OKa3aJ1aCb rrno;o:OTEOPHOfl. H TIOCJ1y21m
J1a TOJ1-Y:KOM ;o:nn: aI<THBH3aUHH MHOroqHCJ1eHHOro 
HCCJ1e,D;oBaHMR" 

MHTepec K ~H3HJCe o6naKOB ITOCTORHHO 
BospacTaeT, H6o c KalK,lJ,blM ro;o:oM Bee ;rcHee 
CTctHOBHTC.8: ee TIPMKJia,:W:Hoe 3Ha'rJ.eHHe .. 3,:o:ecb 
;o:ocTaTO'-IHO YITOMHHYTb TaKHe O6J1aCTH ITPHJ1O
)~(eHMI~, KaK KJ1I1MaTOJ10rHH, nporH03 norO,JJJ:-1,. 
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caMOO'<HII\em1e aTMOCQ)epbl, aBHar:(HOHHaH :vreTeo
poJiorHH, CITYTHHKOBble H pagHOJIOKar:(HOHHble Me
TO,[(bl HCCJiegOBaHHH- 'ITO KacaeTCH aKTHBHblX 
BO3,[(el1CTBH>l Ha O6JiaJCa C ueJib!O YBeJIH'J:eHHH 
oca.[(KOB, TO ITpowe.[(WHe ·rogbl H ITpeJKge Bcero 
!IpoeKT ITO yBeJIH'J:eHH!0 oca,[(KOB' pa3pa6aTbIBaro
[IjH!1CH ITO.I:( PYKOBO,[(CTBOM BMO BHOBb IToKa3aJIH, 
'ITO ¢YH.[(aMeHTaJibHblX 3Ham1t1 B o6JiaCTH (j)H3HKH 
o6JiaJCOB ewe He,[(OCTaTO'l:HO .[(JIH ITOBCeMeCTHoro 
pa3BepTb!BaHHH ITPaKTH'l:eCKHX pa6OT. B TO JKe 
BpeMH He BblS:bIBaeT COMHeHHH, 'ITO 3 aceHBaHHe 
o6JiaKOB YJKe ce;1qac Mm:<:eT H ,[(O.T.GKHO CTaTb 
BaJKHOH COCTaBHOH 'l:aCTb!O (j)H3H'l:eCKOro 3KCITe
pHMeHTa, ueJib!0 KOTOporo HBJIHeTCH HCCJie.[(oBa
HHe o6na'l:Hb!X ITPoueccoB H B TOM 'l:HCJie ITpo
ueccoB (j)OpMHPOBaHHH oca,[(KOB. 

TIOCJiegHHe ro.[(bl O3HaMeHOBaJIHCb 3Ha'l:H
TeJibHblM pa3BHTHeM 3KCITePHMeHTaJibHblX HCCJie
,[(OBaHHH H 'l:HCJieHHoro MO,[(eJIHpoBaHHH o6Jia'l:HblX 
ITPOUeCCOB. C O.[(HOH C~OPOHbl, Mb! HBJIHeMCH 
CBHgeTeJIHMH pacl!llipeHHH HaTypHb!X Ha6JI!0geHHH 
H ITpOHHKHOBeHHH B TOHKYI0 CTpyKTYPY MHKpo
(pH3H'l:eCKOro H .[(HHaMH'l:ecKoro CTPOeHHH o6na
KOB, C gpyroH CTOPOHbl, 3aMeTHO paclliHPHJIHCb 
3KCITepHMeHTaJibHble HCCJie.[(oBaHHH Me3o- H MaK
pocTpYKTYPbl O6JiaKOB H O6Jia'l:Hb!X CHCTeM, pe-
3YJibTaTbl KOTOpblX eu1e He HalliJIH .[(O.T.GKHoro oT
pa,;ceHHH Il 'l:HCJieHHblX MOgeJIHX o6JiaKOB. B TO 
)Xe BpeMH BO MHOrHX qepTax 'l:HCJieHHOe MO,[(eJIH
poBaHHe ITpH6JIH3HJIOCb K OITHCaHH!O peaJibHblX, 
KOHKpeTHblX CHTyaIJ;RH ¢OPMHPOBaHHH O6JiaKOB 
H oca.[(KOB. 

ITpegCTaBJIHeMble 'l:HTaTemo TPY.[(bl 9-tl O6-
.fra'l:HOfI KOHcpepeHI:(HH OTpaJKaIOT HaKOITJieHHb,le 3 a 

.ITQCJie,[(HHe 4 ro,r:\a 3HaHHH H ,[(a10T 6oraTYl0 ITH
WY ,Ii;JIH. pa.3MbllilJieHHI1. ,-leT COMHeHHH, 'ITO H 
3Ta KOHcpepeHI:(HH ITOCJIYJKHT TOJI'l:KOM ,[(JIH pa3-
BHTHH .Ha'l:aTblX HCCJie,[(oBaHHH, 'ITO ITO33OJIHT, 
HanpHMep, Jiy'l:IIle ITOHHTb H ageKBaTHO OITHCaTb 
B 'l:HCJieHHblX MO,[(eJIHX TaKMe BaJKHble ITPoueccbl, 
KaK 3apoiK,r:\eHHe Jie.[(HHOH (j)a3bl HJIH BO3HHKHOBe
HHe Me3QMaCIIJTa6HblX HeO,[(HOpOgHOCTeH B o6na
K~2'__]2ci3JIH'J:Hb!X <popM H O6Jia'l:HblX CHCTeMax. 

TaK we, KaK H Ha upe.[(blgyr,iel?I KOHr)lepeH
UHH' HeJK.[(YHapogHl,lli Hay'l:Hb!H ITporpaMMHblH KO
MHTeT (MHITX) ITOJIY'l:HJI BITe'l:aTJIH!Q[Ijee KOJIH'l:e
CTBO 3aHBOK Ha .[(OKJia,[(bl (CM. C6OPHHK a6cT
paKTOB, B KOTOpb!H BOlliJIH Bee 252 ITOJiyqeH!iblX 
a6cTpaKTa). B 3 TOMa BOlliJIH BCe ,[(OKJia,[(bl ITPH
HHTble ,[(JIH YCTHOro ITpO'l:TeHHH flJIH B Ka'l:eCTBe 
CTeH,[(OBb!X HJIH pe3 epB Hb!X gOKJia,[(OB H ITOJiy,;:eH
Hble .[(O 5 MapTa 1984 r. Bee gOKJiagbl pacITOJIO
J!<eHbl _rPYITITaMH TIO TeMaTHke CeKI:(Hi'I H TIO.[(CeK
um1, a B Ka)!(,[(or~ rpyTIITe - cornac11O an¢aBHTa 
TIO TiepBOMY aBTOpy. 

OT HMeHH MHITK H pag BbJPa3HTb HCKpe11-
HlO!O 6JiarogapHOCTb BCeM yqpe;xgeHHHM, TIPHHHB
IIJHM yqacTHe B TIO.[(rOTOBKe H opraHH3aUHH 
KOHq:>epeliUHH, H BCeM aBTOPaM, TipegcTaBHBIIJHM 
CBOH ,lJ;OKJiagbl. 

Mue OCTaeTCH TOJibKO CK.a3aTb, 'ITO 6e3 
aKTHBHOH ITOMOfl\H BCex 'l:JieHOB MeJK.[(YHapOgHoro 
rrporpaMMHoro H opraHH3ar:(HOHHOro KOMHTeTOB 
H ITpeJK,[(e Bcero ITpe3HgeHTa MeJI(.[(YHapogHOH 
KOMHCCHH ITO (pH3HKe O6JiaKOB l-W1<l>A Tipo¢ecco
pa B. XHT'l:<peJibga co6paTb H ITPOBeCTH TaKY!O 
KOH\l)epeHI:(H!O Ob!JIO 6bl HeBO3MOJKHO. 

11. IT. Ma3HH 

ITpegCe.[(aTeJib MHITK 
9-B MellC,ll;yHapogHOH KOH(!lepeuuHH 

ITO (j)H3HKe o6JiaKOB 
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AIRBORNE STUDIES OF MICROPHYSICAL VARIABILITY IN SMALL MONTANA CUMULI 
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THE STUDIES OF 27 JULY 1981 

A special set of experiments was perfor
med in C~OPE specifically to examine the 
evolution of the cloud droplet spectrum. 
They· involved vertical descents by 1 or 
more aircraft so as to cover the whole 
vertical extent of the cloud in as short 
a tiine as possible. On 27 Jul·y the Uni
versity of Wyoming King AiF, H-2, 
well-equipped with dynamical and cloud 
microphysical instruments - descended 
from the cloud top to near the base of 
three clouds. Each descent took about 6 
minutes and involved about 6 penetra
tions. Table 1 presents information on 
the penetration for· each cloud, with 
associated,temperatures, pressures, alti
tudes and times.· The data set therefore 
provides an excellent opportunity to look 
at the variability of cloud properties in 
the vertical. 

The study was conducted fairly early in 
the day. The sky was filled with small 
cumulus, only a few of which. penetrated 
much beyond the very dry layers at 650mb. 
All three clouds were located between 70 
and_ 100km SSE of Mi!fs. City, ~nd ~ere 
moving &t about 7ms ln a SE direction. 
The sou~ding showed light winds at all 
levels and little instability. Cloud 
base was not directly measured during the 
flights, but ·an approximate value of 
T=8C, p=783mb was obtained using flight 
notes, the sounding, a later measurement 
and an estimate from eq/Q plots, where eq 
is the wet equivalent temperature and Q 
is total water content. 

It is difficult to form a picture of the 
overall dynamics of the clouds due to the 
problems wi tl. the vertical winds, which 
were severe on account of the rapid 
turning needed to descend in.the shortest 
time possible. The video records re
vealed that each cloud was fairly simple 
and quite small c~lkrnl in horizontal 
extent, at least in the upper levels. 

It •is instructive to e;,cami ne the micro
physical measurements of liquid-water
content L, droplet concentration N and 
mean droplet diam~ter d, in terms of the 
observed wind-fields. We consider, for 
example, a penetration made about lOmb 
below the top of the cloud 2. The wind 
vectors show there to be a lot of turbu
lence across the cloud with the exception 
of a smaller turret ~iere the updraught O 
is smoother (~ Sms ) and there is a 
higher liquid water content. The spectra 
are_ve~y narrow in this region and adia
batic in · character. There are down
draughts on either side with· rolling 
motions at the interface. Spectra 
throughout the rest of the pass ar? 
broader and often bimodal. This descrip
tion can he applied to .any of the 3 
clouds for the upper levels. Vertical 
winds lower down, when they can be deter
mined, have a. smaller magnitude and tend 
to be more variable. Scatter diagrams 
were produced showing, for all 3 clouds, 

J Latham 
Department of Pu:e & Applied Physics, 

UMIS~, Manchester M60 ,1QD, England 
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the variations in the vertical of: 
L/LA, the ratio of measured to adiabatic 

liquid water content; N; d; and spectral 
dispersion rr. It was found that at each 
level, in each cloud, there is a· wide 
range of Land N. However, d increases 
with height. The dispersion is lower at 
higher levels. L/LA varied widely at 

all levels but was characteristically 
<0.5. 

It is evident that considerable entrain
ment of environmental air has occurred. 
The results indicated the presence of 
three types of regions in the ~lauds: 
i) "Adiabatic", or near adiabatic where L 
is close to the adiabatic value, 9g is 
near the cl0u0 base value, the oloud is 
"smooth", there is an updraught, very 
little turbulence and the spectra are 
very narrow. 
iii "Smooth" regions where Lis substan
tially sub-adiabatic, the coefficient of 
variability, k < 1, and spectra are quite 
narrow, with a large single peak. 
iii) "Variable" regions where R ~ 2, i.e. 
N is highly variable, the winds are usu
ally highly turbulent, spectra are broad 
and often bimodal and Lis substantially 
sub-adiabatic. In Lhese regions N often 
varies from almost a maximum to zero 
within a very short distance. These 
regions tend to be found at the cloud 
side. 

Apparently entrainment has affec·ted re
gions ii) and iii), and in different ways. 
A particular preliminary goal would be to 
find the origin of this entrained air. 
Paluch (Ref.41 formulated a technique for 
tracing the origins of a parcel of cloudy 
air. Figures 1 and 2 present Paluch 
diagrams for an individual and all penet
rations through cloud 1, respectively. 
On these diagrams, points are marked on 
the sounding corresponding to the penet
ration level and the cloud top level, as 
determined by the photogrametric analy
sis. The cloud base point is al?o mar
ked. It is shown that the two sources of 
air forming the cloudy mixtures found at 
all levels are cloud-base and cloud-top. 
Similar results were found for clouds 2 
and 3. This clear thermo~ynamic picture 
must be consistent with the cloud dyna
mics, in that there must be a way for air 
to be brought down from the top of the 
cloud to the observation level. Penetra
tive downdraughts have been suggested as 
being one such mechanism. The measure
ments showed that there do exist parcels 
of air which are negatively buoyant rela
tive to the rest of the cloud, have sig
nificant negative vertical velocity, and 
lower liquid water contents. "There are 
very few such parcels at lower levels in 
cloud 1, but significant numbers in 
clouds 2 and 3. The eq/Q points calcu
lated for these parcels, when plotted on 
the P~luch diagrams lie on the "mixing 
line". A detailed examination of the air 
motions within the penetrative down
draughts shows there to be a rolling flow 
from the downdraught into the updraught. 
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Figure 1 
Paluch diagram for penetration 2 of 
Cloud 1. +, in-cloud points; *, □ enet
ratio·n level; o, cloud top level, 
determined from video-recorder records: 
f- cloud base level 
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Figure 2 
Paluch diaoram for all 6 penetrations ~f 
Cloud 1. ;, in-cloud points;+ ~loud-base 
level 

TABLc l 

Cloud Penetration Time lnterval Altitude Pressure Temperature 
(ml (mbl (C) 

l 183410 - 183450 4300 590 -6.0 
2 183520 - 183540 3870 630 -3.0 

l 3 183600 - 183650 3520 650 -1. 4 
4 183715 - 183755 3200 680 +1.0 
5 183850 - 183925 2650 730 +5. (J 

6 184 00 0 - 184050 2270 770 +7.0 

l 184630 - 184650 4260 590 -5.0 
2 184905 - 184920 4750 560 -7.5 

2 3 185015 - 185040 4170 600 -4.0 
4 185130 - 185205 3700 640 -2.5 
5 185245 - 185330 3350 670 0 

l 185635 - 185650 3900 620 -2.0 
2 185 84 0 - 185915 3950 620 -2.0 

3 3 190000 - 190035 3570 650 -1.0 
4 190ll0 - 190150 3200 680 0 
5 190235 - 190335 2 700 730 +4. 0 
6 1904 25 - 190535 2500 750 +6.0 

Times, altitudes, pressures and temperatures associated with the 
penetrations of the 3 clouds studied on 27 July 1981. In each case the 

cloud base was at abom 1970m, +9C. The cloud tops ,,ere at: 4460m, -7C, 
Cloud l; 5230m, -lOC, Cloud 2; and 4460m, -7C, Cloud 3. 

i 

335 
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·rhus, there is clear evidence of nega
tively buoyant parcels of cloudy air in 
the upper regions of the three clouds, 
suggesting strongly - and supporting the 
Paluch analyses - that their sub-adibati
city is ptimarily a consequence of en
trainment of environmental air •at their 
upper surfaces. Although this is the 
general finding there were one or two 
situations indicative of significant en
trainment from lower levels, proh.ably the 
sides. · 

Jensen et al (~ef.3) have developed a 
technique. for determining the effect of 
mixing on the droplet spectra; in all 
three of the clouds there is a large 
variation in the spectrKl shapes, as 
mentioned above. It involves plotting 
number c~ncentration Nin a given parcel 
against t~e fraction r of cloud-base air 
contained within it. Fis determined 
trom the Paluch diagram. The N-F techni
que presents a difficulty on this day 
because there are very few adiabatic 
parcels. However, from the few that 
there are . and by assuming that most 
points do not lie above the droplet con
servin~ wedge, an estimate of the range 
of the adiabatic values of N Can be rnas!3 . 
This was found to be 370 to 530 cm 
These values agree with ones calculated 
from the measured CCN distribution (mea
sured by the University of wyorning Queen 
Air) ~1ing an updraught_of betw~en 1 and 
4 ms . The observational points were 
found generally to fall into the droplet
conserving wedge, although there are some 
which are ambiguous. Thus the effect of 
the entrainment on the majority of the 
droplet spectra appears to have been to 
conserve the total number of droplets, 
either by a dilution process or by 
classical evaporation. 

Evidence was found, as mentioned earlier, 
of vorticity at the cloud edges and also 
in tne centre of the cloud at the inter
face between updraught and downdraught. 
This kind of dynamical feature is des
cribed in Ref.l. It is often observed. 
Baker et al also predict a time evolution 
of the mixing process which might be 
simply observed in a ~loud. Often, it 
was possible to identify distinct regions 
of reduced L whic

0

h are different in cha
racter. Both regions are in downdraughts, 
near cloud top and are negatively 
buoyant. In one, there is considerable 
structure in the 50az droplet concentra
tions measured with the PMS FSSP device, 
while the mean diameter remains almost 
constant. In the other, the concentra
tions are more uniform into and out of 
the region of lower L, while the mean 
diameter decreases substantially. These 
obser~ations are consistent with the 
predictions of the model, where initially 
there are filaments of dry and cloudy air 
intertwined until tl1e Kolmogorov scale is 
reached, whereupon an instantaneous 
mixing occurs, resulting in a homogeneous 
mixture. In tnis process, depending on 
environmental and cloud conditions, it is 
likely that ·the mean diameter in the 
mixture will be lower than in the unmixed 

cloud. These findings are consistent 
with the interpretation of the N-F 
diagrams; which is that the mixing causes 
diiution (filaments of cloudy and dry air 
intertwined) or classical evaporation 
(decrease of mean diameter in the mix
ture). These· two types of region are 
always found to be associated with ~igni
ficant vorticity. 

Refs. 2, 5 predict that droplets should 
grow faster than adiabatically, due to 
the effects of entrainment. Our data can 
be used to examine this hypothesis, but 
the results of this analysis are not yet 
clear. 
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SUPERCOOLED LIQUID WATER CONCENTRATIONS IN WINTER OROGRAPHIC CLOUDS 
FROM GROUND-BASED ICE ACCRETION MEASUREMENTS 

Thomas J. Hender.son· 
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Fresno, California 93727 USA· 

ABSTRACT 

An icing rate detector originally· designed for 
aircraft is used to measure supercooled liquid water 
in winter orographic clouds at fixed mountain-top 
sites in the w~stern United States. Supercooled 
1 i quid water concentrations ha·:e been determined 
using continuous records of rime ice accretion and 
windspeed. It is shown that supercooled liquid 
water is occurring within larger portions of storms 
than prior airborne observations over project areas 
have indicated, particularly below safe aircraft 
operational altitudes. The ground-based measurement 
system provides an effective tool for semi-quantita-· 
tive determination of supercooled liquid water with
in specific cloud volumes heretofore unmeasure~. 

l(eywords: Supercooled liquid water, weather modifi
cation, orographic clouds, instrumentation 

1. INTRODUCTION 

A crucial factor in any-program designed to 
investigate the characteristics of orograph_ic stormi 
is the measurement of supercooled liquid water (SLW 
within clouds traversing a project area. The amoun 
and.areal distribution of SLW may be the single mos~ 
important indicator of precipitation potential amonb 
the enormous number of physical and chemical proper~ 
ties of clouds and storm systems. -The scientific 
literature contains frequent references to the· pre-1 
sence of SLW as a key condition to be investigated, 
particularly in weather modification research and 
applied operations programs. Past investigations 
have involved a variety of measurement techniques_. 

Modern measurement efforts involving aircraft 
have included the Johnson-Williams hot-wire device 
(Neel and Steinmetz, 1952; Neel, 1955), the Rose
mount icing rate detector (Brown, 1981), the 
rartic1e Measurement Systems imaging probes (Knol
lenberg, 1970, 197L), and a variety of dropsondes 
(Hill and Woffinden, 1977). Ground-based efforts 
have ~mployed microwave radiometers (Guiraud, et 
al, 1979), snow and ice .crystal sampling and photo
graphy (Vardiman and Hartzell, 1976), and balloon 
borne sondes (Hill and Woffinden, 1980). Ground
based in-situ measurements of SLW include micro
scope slide sampling of ice crystals and the analy
sis of ice accretion on cylinders (Schaefer, 1945; 
Howe, 1960). Each technique offers unique capa
bilities. 

An example of a large field research effort 
where SLW occupies an important segment of investi
gations is the Sierra Cooperative Pilot Project 
(SCPP). /Thi-s is a winter precipitation enhancement 
research program funded by the Bureau Qf Reclamation 
and conducted in the Central Sierra Nevada Range of 
California. Recognition of the value of documenting 
the distribution of SLH has been reflected in the 
program's research efforts sin~e its inception. 
Airborne measurement techniques em~loyed in SCPP 
have included coated microscope slides, the standard 
Johnson-Hill iams instruments, a variety o( probes 
from particle measurement systems, and cert?in 

Rosemount devices (Lamb, et al., 1976; Marwitz, et 
al., 1978; Marwitz, 1979; Stewart and Marwitz, 1980),. 
Additional techniques include remote sensing by 
radiometer (Snider and Rottner, 1982) and ground
based snow crystal sampling and photography (Humph-
ries and Moore, 1981; Humphries, 1982). · 

Since the 1977/78 winter season, the SCPP inves,_ 
tigations have yielded a somewhat varied indication 
of the concentration and temporal occurrence of SLW. 
Although SLW has been noted during a number of the 
project's cloud physics measurement flights, air
borne indications have rarely reached the.abundant 
levels suggested by ground-based ice crystal· sampl
ing, moderate to heavy icing noted on commercial 
and private aircraft, and ground observations of , 
heavy riming Gn structures and trees. This apparent 
discrepancy suggested that substantial quantities o~ 
SLW actually traverse the mountain barrier for ex
tended periods and below allowable flight altitudesJ 
generally at temperature levels warmer than -10°C .. 
Toward resolving this particular concern, a new 
development in SCPP investigations has been the use 
of a Rosemount icing rate detector and supporting· 
systems at a mountain-top installation to document 
in-cloud SLW content and distributions via ice accre
tion measurements. The location of the SCPP is s·howr 
in Figure 1. 

This paper presents (1) a description of the 
icing rate detection systems, (2) the initial metho~ 
used to cal cul ate cloud SL\.J from ice accretion .and 
wind data, and (3) some preliminary findings_ from 
data analyses. 

CALIFORNIA 

Oroville 

-·· 
fl fl 

fl"" 

s~;:~~ 
" Mt. Lincoln 

Siu® Canyon 

Jackson 

Plasse 

Lovelock 

EXTENDED AREA 1 

NEVADA 

0 Reno 

Car-,on 
Range 

'-.. 
Woodf~• 
I\ '-.. Hawlho,ne 

"' fl ' n 

Figure 1. Research area and location of one 
measurement site for SLW. 

2. THE ICING RATE DETECTOR 

For many years, icing rate detectors have been 
used on aircraft and ground-based structures where . 
measurements of icing are required for operation _of 
deicing equipment or warning systems, as well as in 



20 
T.J. HENDERSON 

I-1 

engineering studies for structure design in icing
prone locations (Tattelman, 1982). Most of these 
instruments are labor-intensive and require on-site 
personnel for operations: The use of a Rosemount 
icing rate probe operating continuously at a fixed 
ground-based location for the purpose of determining 
specific quantities and distributions of in-cloud 
SLW is unique. 

The Rosemount icing rate detector is an electro
mechanical device which transmits a signal when a 
specified amount of ice is present on the sensing 
element. This element is an axially vibrating tube 
(24.5 x 6.4 mm) protruding from a strut airfoil. 
The airfoil contains a heater for deicing the probe 
with the heater wires interfaced to the ice detec
tor's electronics. The device is shown schemati
cally in Fiaure 2. 

AIR 
FLOW --

Probe 

Airfoil 

Figure 2. Schematic dra;iing of the Rosemount 
icing rate detector Model 871FA 

The 40 KHz vibration frequency of the probe is 
of such low magnitude that it cannot be seen or felt 
This is achieved through a property of certain metal~ 
kno~n ~s magn~tostriction and hookup to a magneto
strictive oscillator (MS0). The ref~rence signal of 
the oscillator is summed with the signal from the 
MS0 to produce a difference frequency which serves 
as the output of the instrument. The frequency-to
voltage converter changes the difference frequency 
to a voltage. \/hen this voltage reaches a preset 
level corresponding to a known accumulation of ice, 
an output signal is provided to two timers. These 
t~mers control the duration of the 24 voe deicing 
signal and the 1.8 ampere current supplied for 7 
seconds to the detector deicing heaters. An analog 
o~tput corresponding to ice accretion is also pro
vided as a test point or monitoring voltage. The 
resp?nse time of the ice detector is inversely pro
portional to the liquid water content of the air 
times its velocity at a specified ambient temperature 
and water droplet diameter. 

Due to the adhesion property of ice, its effect 
on the probe vibration is different from other sub
stances such as oil, greaso, dirt, insects or other 

contaminants. As a result, valid icing signals are 
produced only when ice is actually formed. Due to 
the high collection efficiency of the probe, ice 
forms on this sensor before it collects on other sur
faces. The key to the ice detection performance is 
the design simplicity which virtually eliminates 
false signals. Additionally, if the probe is 
damaged the resultant frequency shift causes the 
unit to produce a continuous -offset base line signal, 
thereby providing a fail-safe indication of opera
tional status. The instrument responds to ice mass 
accumulated in any physical configuration on the 
sensing probe. This is a unique and valuable fea
ture. 

3. THE MEASUREMENT SYSTEM 

Atmospherics Incorporated (AI) has organized 
and installed a number of individual componerits.which 
comprise the total icing rate detection system. 
These components are: 

o Rosemount 1-ce Detector Model 871FA 
• WeatherMeasure Heated Windspeed Sensor Mod W203H 
• WeatherMeasure Heated Wind Direction Sensor W204H 
• AI Platinum Resistance Temperature Probe 
• WeatherMeasure Signal eo~ditioning Modules MD 
• Linseis 4-channel Recorder Model L2001 
• Science Assoc. Max-Min Theremometer 
• Science Assoc. Instrument Shelter 
• Batteries, battery charger, inverter, control 

and relay boxes, cables 

The electrical arrangement of each component is 
accomplished in such a manner that operations can 
be maintained throughout moderate-duration commerci a·1 
power outages. The 115 VAe commercial power source 
is fed through a battery charger to the two series
connected 12 voe wet cell batteries. In turn these 
feed a 24 VDC-to-115 VAe inverter which provides 
power to the relevant instrumentation. The 24 voe 
requirement for certain i,1strumentation comes direct
ly from the batteries. vJhen power outages occur, the 
wet cell batteries are able to maintain operation of 
all instrumentation for a continuous period of at 
least 24 hours, regardless of the ice detector's 
deicing requirements. 

The general layout of the total system as estab
lished in mountain areas of the western U.S. during 
the 1980-1983 season is shown in Figure 3. 

Figure 3. 
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4. DATA" REDUCTION AND LWC CALCULATIONS 

During the winter seasons of 1980 through 1983, 
ice accretion records were obtained in analog form 
on the recorder strip charts. Measuremen"ts obtained 
during storm periods of particular interest were 
coded a~ 15-minute average values of windspeed, wind 
direction, a'ir temperature and, for the riming mea
·surements, the number of deicing signals ("trips") 
of the icing rate detector. 

Calculation of liquid water conten~ from this 
measurement system hinges on the fact co1at the Rose
mount device cycles when the probe senses the ice 
mass equivalent of a uniformly distributed 0.5 mm 
thick film of water. It has been assumed this mass 
is independent of the physical configuration of the 
rime ice build-up on the probe but recent laboratory 
tests indicate uncertainty _about this characteristic. 

The physical and operational characteristics of 
the icing rate probe pertinent to the LWC calcula
tions are: 

• Length (1) = 25.40 mm 
• Diameter (d) ~ 6.35 mm 
• Probe cr.Qss-section presented to airflow= 

1.613 cmZ 
e Mass of ice recessaryto initiate "trip" = 

0.51 mm uniform water thickness 

To determine the mass of 0.51.mm water thickness 
on the probe we use, 

V3 = V2 - vl 

where v1 = volume-of the dry probe and v2 volume 
of the probe with a 0.51 mm thick coating of water. 
The volume of w~ter· required to cycle the instru
ment= 0.279 cm . Therefore, the-mass of a 0.51 
mm water thickness on the probe= 0.279 grams. 

The volume of air sampled between "trip" points 
is obtained using, 

v
4 

= vtA 

where v = the mean wind speed (cm sec-1) for the 
icing accumulation period since the previous "trip", 
t = time (sec) since the previous ;trip", and A= 
probe areo exposed to the wind (cm). 

The uncorrected liquid water content is then, 

LWC = ViV 4 
LWC values through ·extended storm periods are 

calculated at 15-minute intervals using, 

LWC = number of trips x v3 
V4 

As an example, a 15-minute .period which includes 
three ice d1tector trips and windspeeds averaging 
11.6 m sec- would yield, 

Lwc , 3x0.279.g 
= 1160 cm sec 1 x 900 sec x 1.613 cm2 

I . 

0.837 g 
1. 684 x 106 cm3 

-3 0. 497 g m -

Obviously, the calculation of LWC values can 
be strongly influenced by the·collection efficiency 
of the sensing probe. For cylinders, collection 
efficiency varies· directly with ventilation rate 
and droplet siz~, and inversely with sensor diame
ter. The efficiency is also affected to a much 

smaller degree by other factors, such as the density 
of the.sampled air. Recent work by Tattleman (1982) 
tes·t_ing Rosemount' s probes under chamber and field 
conditions, indicates that the instrument is a very 
efficient collector. Rosemount has also conducted 
some exhaustive laboratory tests and notes that the 
probe output is hignly correlated with the mass and 
thickness of ice measured on this particular diameter 
cylinder. 

As a confirming measuremen·t to the •ice accretion 
measurement system, a number of LWC calculations 
have been made using cloud droplet size and concentra
tion data from both mineral oil and formvar coated 
slides exposed at the ice detection site during 
several storm periods. These data show- reasonably 
good correspondence with the LvJC values calculated 
from the icing rate detector system. In most cases, 
the comparisons between LWC calculated from measure
ments of supercooled cloud droplets and LWC calcu
lated from the ice accretion system show correspond
ence within a factor of two or three. 

Calibration checks of the Rosemount probe have 
also been conducted in the laboratory facilities at 
AI Head Office. This work involved bonding a variety 
of materials to the probe and documenting the mass 
required to cycle the device. Of particular interest 
has been the bonding of aluminum 10 mg balance weights 
with 3M adhesive products. In these preliminary . 
tests, the analog output voltage of the icing rate 
detector shows excellent correspondence with each 
.balance weight bonded to the probe, and the "trip" 
point occurs reasonably close to the total bonded 
weight of 0.279 gms. 

Further calibration checks of several Rosemount 
probes have been conducted in the laboratory at the 
University of vJyoming. From tests of sever.al probes 
operating simultaneously in this laboratory, there 
is evidence to suggest that each individtial probe 
may have its own calibration curve and the mass 
required to "trip" any individual probe may ·be as 
low as 0.08 gms and as high as 0.36 gms. It should 
be emphasized that individual laboratory calibration 
work should be conducted before the assumed physical 
characteristics of a probe's output are accepted. 

In our analysis work we have not yet attempted 
to adjust the results based on calculations of 
collection efficiency of the probe used in this par
ticular application. More measurements are required 
with an observer on site during storm episodes be
fore we can adequately address this issue, Visual 
observations will also be particularly helpful in· 
determining the probe performance and identification 
of chart record characteristics during conditions 
of freezing drizzle, freezing rain, and conditions 
of mixed supercooled liquid water and snow. 

5. ANALYSIS 

As an example of analytical work, this section 
presents some preliminary results from analyses 
within the overall goals of the SCPP, including the· 
seasonal distribution and character of SLW.at the 
Squaw Peak site, the relationship of the occurrence 
of SLW with precipitation events in thjs project 
area, and the distribution and charicter of SLW 
related to specific cloud tops. The results are 
drawn from the 1981-1982 field season when radar 
and other SCPP systems were in ope_ration. 

5.1 Seasonal distribution and character of SLW 

Given the availability of continuous observation: 
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a key question concerning the occurrence of SLW is 
that of seasonal distribution. Aircraft measurements 
conducted during past SCPP seasons suggested that 
significant SLW occurrence over time was disappoint
ingly infrequent, particularly during pre-frontal 
stable orographic storm conditions (Marwitz, et al_ 
1978: Marwitz, et al., 1979; Stewart and Marwitz, 
1980). 

Obviously, ai, 0O,,,e r'cs,1lts are greatly influ
enced by altitude restrictions on ai ,·craft open-
ti ons over the mountainous pt·oj ect area, p 1 us the 
limitations of on-station time during total storm 
periods. These airoorne measurement difficulties 
may be somevihat offset by the limitaticns associated 
with a fixed-point sensor, b~t proper site locations 
coupled with the distinct advantage of a continuous 
record have produced a most useful system for assess
ment of SLW over this part1cular project area. 

The 1981-1982 records have been analyzed to 
determine the full-seasoD frequency of icing occur
rence by tabulating positive icing indications with
in 15-minute intervals for the six-month period of 
record. - These resuits are summarized in Table 1. 
The values strongly suggest a substantial occunence 
of SLW during the winter season at an elevation of 
2,625 m asl. 

The temperature distribution at the Squaw Peak 
site during icing periods throughout the six-month 
season is shown- in Figure 4. The plot is based on 
a tabulation of values from 15-minute intervals 
whenever icing was indicated. The distribution 
shows that nearly 60% of the total 15-minute icing 
periods occurred in the range of 0°C to -5°C, and 
that 90% occurred ·at -10°C or warmer. The magnitude 
of the full-season occurrence shown earlier, com
bined with the temperature distribution noted in 
Figure 4, supports the suspicion that significant 
quantities of SLW can and do occur at altitudes 
below safe aircraft operational limits. 

Table 1. Total hours of positive icing 

Month Hours Month 
Nov'81 175.0 Feb 182 
Dec'81 155.5 Mar'82 
Jan'82 68.0 Apr'82 

Season total: 

Squaw Peak Ice Detection System 
- November 1981 - April 1982 -
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Ffgure 4. Temperature distribution at Squaw Peak 
during icing periods within the 6-month measurement 
season of November 1981 through April 1982. Values 
were determined at 15-minute intervals. 

5.2 Uccurrence of SLW relative to precipitation 
events 

The rnontl1ly and seasonal values of icing indi
cations presented in Table 1· assume additional mean
ing when compared with the occurrence of precipitc1-
tion across the project area. -,ward this type 
:•n,,lys1s, the combined du,·atic,n _f "significant 
precipitation periods" was compared with the season 
total icing duration. By definition, the blocks of 
time begin with the first measureable precipitation 
at gage ,.·ithin- the project net\'1ork and end with 
the ast precipitat'on at any location. Within this 
definition, the "significant precipitation periods" 
tend to over-estimate the actual duration of precipi
tation at any fixed point within the netl-1orf s large 
geographical area of approximately 2,500 km . 

The 26 precipitation periods identified during 
the 1981-1982 season had a total duration of 1,489.5 
hours. The total season duration of icing divided 
by the total precipitation duration is 879.5/1489.5 
= 59%. With a few notable exceptions, the icing 
periods at the Squaw Peak site were found to ·corres
pond well with the "significant precipitation periods". 
Icing indications generally preceded by one to six 
hours the occurrence of measureable precipitation any
where within the SCPP gage network in approximately 
35% of the observed storm sequences. 

5.3 SLW character during the stable pre-frontal 
cloud conditions 

A sample of observations in stable pre-frontal 
cloud conditions was analyzed to determine the 
character and distribution of SLW during those 
periods. The 137-hour sample included all storm 
periods classified as orographic (OR), area-wide 
(AW), and embedded band (EB), as d9scribed in the 
SCPP Operations Plan (Huggins, 1981). Tabulation 
of positive icing indications at 15-minute intervals 
within the 137-hr. sample indicated icing was in 
progress during approximately 45% of the periods. 
A collection of periods was analyzed to yield the 
characteristics shown in Figures 5a, 5b, and 5c. 
The key findings can be summarized as follows: 

• LWC during riming periods _3 o frequency of LWC ~ 0.5 g m_ 3 • frequency of L\-/C ~ 1. 0 g m 
• frequency of riming 0° to -5°C 
• frequency of riming 0° to -10°C 

6. CON CL US IONS 

0.40 g m- 3 

75% 
94% 
57% 
85% 

Based on three winter seasons of operation with
in western mountain areas of the United States, we 
conclude that the Rosemount icing rate detector 
1"1odel 871FA combined with reliable wind and tempera
ture sensors provides an effective system for ground
based measurements of in-cloud supercooled liquid 
water. The measurements strongly support the con
clusion that SLW is occurring throughout larger 
portions of stormy periods, particularly in pre
frontal portions, than past airborne observations 
over some project areas have indicated. In many 
cases, the SUJ simply occurs over the mountainous 
areas below the altitudes considered safe for air
craft operations. 

Like any single instrument, or assemblage of 
many components, thfs ice accretion measurement 
system requires fundamental knowledge of orographic 
cloud•characteristics and considerable understanding 
of how the sensor responds to the various icing 
conditions within a field measurement program. 
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Figures 5a, 5b and 5c. Distributions of LWC, 
temperature and wind speed measured at 15-minute 
intervals during icing periods at the Squaw Peak 
site. The sample cinsists of periods classified 
as stable orographic cloud occurrences over the 
project a_rea. ' 
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1. INT.H.ODUCT ION 
A long-standing, important problem in 
cloud physics concerns the mechanism by 
which continental cumulus clouds a.re able 
to produce rainfall on a t~nescale short 
compared to that predicted assuming adia
batic growth of cloud droplets oh a rea
sonable cloud condensation nucleus spec
trum·, followed by stochastic coalescence. 
It has recently been suggested by Refs. 1 
and 2 that t'nis may occur as a result of 
enha·nced growth of a small proportion of 
cloud droplets following dilution. 

Firstly, entrainea dry air causes evap
oration to occur in a limited section of 
the cloud. This results in a region of 
much reduced water content (with small 
drops remaining) or. in the extreme case, 
a saturated, drop-free, region. This 
then mixes.with other areas of the cloud, 
diluting the drops present but not 
causing further evaporation. If this 
region then rises, a supersaturation 
increase will occur and the drops present 
will grow faster than in neighbouring 
regions. Because reactivation of nuclei 
will occur, the effectiveness of the 
process requires frequent dilution events 
or the recirculation of large drops. 

In this paper, we present results of 
penetrations into a growing ice-free 
cumulus cloud performed by the Wyoming 
King Air (H2l during the Co-operative 
Convective Precipitation Experiment 
(CCOPE) conducted in Montana, USA during 
July 1981. The data strongly suggests 
that dilution e·ffects resulting from dry 
air entrainment are causin~ accelerated 
growth of a small fraction ot droplets to 
a size at which the observed coalescence 
could begin. 

2. GENERAL DESC.H.IPTION 
The. study was performed on 12th July 
1981, 60nm to the East of Miles City, 
Montana. During the penetr~tions made by 
the Wyoming King Air (H-2) (varying be
tween 5.8 and .4.5km altitude), a Queen 
Air (H-6) aircraft was making measure
ments at cloudbase. General cloud prop
erties·were: cloudbase at 2.4km, tempera
ture 13°C, cloud top between 5.6 and 
6.0kmL1temperature .-l0°C, updraught~1from 
3m s at cloud base up to 15m s at 
observation level. The pass discussed in 
detail below was typical of other passes 
through similar cloud regions on the same 
day and includes a highly buoyant region 
in which the largest drops were encoun
tered. 

3. DESCRIPTION OF ·rttE MICROPHYSICS AND 
,DYNAMICAL STRUCTURE 

Figurer, la-d show the liquid water con
tent (ootained from integrated forward 
scattering spectrometer probe data, FSSP) 
sampled at l0Hz, droplet number· concen
tration sampled at l0Hz, the dry bu~b 
temperature measured using the reverse 
flow thermometer and the.vertical wind. 

The aircraft flew.through the cloud at 
5.8km. The, adiabatic liquid water con
tent calculated from the observed. cloud 

-3 base .of 2. 4km was 8. 4g m · . The observ~1 
liquid water content w~3 typically 2g m 
with a maxiinum of 3g m so that it must 
be con cl ua.eo. tl1at dry air entrainment had 
substantially affected all parts of the 
cloud. The cl~ud pass itself is entirely 
a region of positive vertical wind, ·The 
regions of highest liquid water content 
correspond to regions of highest.tempera
ture excess < up to 4 °Cl. 

4. EFFEC'l'S OF MIXING ON CLOUD MICROPHYSICS 
Figure 2 shows tlle F;;,SP number concentra
tion sampled at 50Hz (about 2m horizontal 
resolution). With a~1average aircraft 
speed of about l00m s the cloud can be 
seen to be about 2km wide. It can be 
seen also that the exit side has an ex..; 
tremel y sharp boundary indicat"ing little 
or no mixing is occurring ,t this edge. 
The other side, however, i's less. sharply 
defined and there are several small re
gions of very large fluctuations in num
ber concentration. These are in the 
vicinity of the lowest liquid water con
~ent regions. These features are typical 
of other passes and are sometimes more 
clearly seen on those. See Fig.3a,b 
which shows l0Hz and 50Hz frequency num
ber concentration data for a pass through 
another cloud on the same day. The Paluch 
analysis showed a single entrainment 
source at cloud top. 

In these narrow regions, which show large 
fluctuations in number concentration, the 
droplet spectra from the FSSP plotted· 
every 0.1 of a second, show substantial 
variability in number concentration and 
droplet size, indicating that evapora
tion is occurring. The large amplitude 
fluctuations occurring in the mixing 
regions is consistent with the concept 
discussed by Ref.3. 

These observations suggest that the 
mixing between dry and cloudy air. is· 
intermittent and confined to relatively 
small regions of the cloud at any one 
time. However, the small scale structure 
in the number concentrations. throughout 
the remainder of the cloud suggests that 
the dilution effect is transmitted 
through the remainder of the cloud. This· 
is c0nfirmed by the shape of the droplet 
spectrum. 

5. DROPLET SPECTRAL SHAPE 
Throughout the pass the droplet spectrum 
was broad with a main peak at around l0µM 
radius, some large drops, discussed be
low, and a variable number of drops down 
to the smallest detectable size. Many of 
the spectra shown in Fig.4 are bi-modal. 
In addition to activation of nuclei fol
lowing evaporation and dilution there are 
three other mechanisms that could gen
erate the bi-modal spectra ·observed. 
These have been investigated previously, 
as discussed in Ref.4. 
ll The increase in speed of the updraught 
above cloud base may produ~e a second 
peak in supersaturation higher in the. 
cloud. 
This was investigated using an adiabatic 
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parcel growti, mouel. The cloud condensa
tion nucleus spectrum was based on a 
typical continental spectrum observed 
during CCOPE (we do ·not have data for the 
12th July). It was found that no secon
dary activation well above cloud base 
occurred. This result was insensitive to 
the CCN spectrum chosen and to the up
draught profile. 
2) Fluctuations in the humidity of air 
entering cloud base may produce broad 
spectra higher in the cloud. Again, this 
was simulated using the temperature and 
humidity structure reported at cloud base 
by H-6 using the technique discussed in 
detail by Ref.4. Again, no bi-modality 
existed at the observation level. 
3) Similarly,• when the effect of turbu
lence in the updraught was considered, 
(causing variatioQs in the number of 
drops activated at cloud base), or varia
tions in the CCN spectrum between 
neignbouring parcels, the drop size dis
tribution at the level of the H-2 pass 
was always narrow and quite different 
from the spectra observed. 

It would therefore seem likely that the 
large number of small droplets and the 
bi-modal spectra occur as a result of 
fresh activation of nuclei which occurs 
as a result of an •increase in the super
saturation following the dilution of the 
pre-existing droplet spectrum. Further 
svidence for ·this is now discussed. 

Figure 5 shows a plot of the number of 
drops in the range 5-15µm sampled every 
0.1sec against liquid water content. 
Examination of the spectral shapes in 
F'ig.4 confirms the picture that the chan
ges in the liquid water content are 
largely produced by a change in the num
ber concentration in this size range with 
very little change in the position of the 
spectral peak. This is consistent with 
the molecular mixing of cloudy and en
vironmental air, and subsequent evapora
tion, occurring in localised regions and 
not with large scale evaporation in an 
environment of spatially constant rela
tive humidity. 

Figure 6, in contrast, shows that the 
number of drops in the size range 0-5µm 
generally decreases with increasing 
liquid water content and that the largest 
concentration of small drops are gound in 
regions of low water content (Ll. It is 
this effect which accounts for the large 
fluctuation in L associated with roughly 
constant N (fig.ll throughout much of the 
pass. 

6. 'SUPt:R-ADIABA'rIC' DROPLE·rs 
The largest droplets obtained by growing 
a distribution of droplet adiabatically 
may be compared with largest drops mea
sured by the F'SSP. Using a reasonable 
continental CCN, the largest droplets 
were 16µm in E~dius with a concentrtion 
of about 0.1cm . The FSSP, in contrast, 
frequently detected droplets of between 
18 and 2Q~m in concentrations typicab1Y 
of 0.5cm and sometimes up to 1.5cm . 

As a furtner check, we chose a reqion 
where strong evaporation had occurred and 
where ,,,oatly small, recently activated, 
droplets were present in a concentration 
comparable to tne total droplet conceu
tration at the observation level. This 
spectrum was grown adiabatic;ally from the 
cloud· base level to this level. In this 
case, the largest droplets were 18µm_~n 
radius with a concentration of 0.1cm . 
It must be concluded therefore that some 
superadiabatic growth is taking place 
amongst a few larger drops. 

Figure 7 shows a graph of the number of 
droplets in the largest FSSP bin (in this 
case about 19.5µm) against liquid water 
content. This shows a result common to 
those regions of the cloud containing 
large FSSP droplets, which is that . the 
largest drops are nearly always found to 
be associated with liquid water contents 
significantly below the maximum, Tnis is 
consistent with the large drops being 
produced by the dilution effect and not 
consistent with the suggestion that giant 
CCN are responsible. 

In this pass, the Knollenberg Optical 
Array Probe (1-D probe) shows that larger 
droplets (r>25µm) are present in loc
alised regions of this pas~1at concen
trations of around 10 1 (Fig.Bl. 
During later passes through the cloud, 
these drops become more widely distri
buted. In the pass discussed here the 
presence of OAP drops of radius 25µm 
occurred in regions in which the FSSP was 
detecting 18 to 20µm drops. Despite this 
general assoc~ated beween large FSSP 
drops and the 25µm OAP drops detected, 
(the OAP records every 1 sec only), the 
two are not always· closely correlated. 
This, however, may not be very surprising 
in view of the gap in the detection range 
of the two. instruments and the_11arge 
difference in concentration (_10 1 for 
the OAP and _l cm-3 for the FSSP). 

7. CONCLUSIONS 
The results described above sugqest that 
in this particular cloud, dry air en
trainment causes localised intermittent 
evaporation of cloud water. Other parts 
of the cloud are subsequently diluted and 
continued ascent results in a rise in the 
supersaturation which will re-activate 
nuclei producing a broad droplet spectrum 
and also enhance the growth of a small 
fractipn of the largest drops apparently 
resulting in some droplets reachin::; a 
size of -25µm at which coalescence can 
begin. This suggests that the general 
mixing ideas of Ref.land 2 are capable 
of producing enhanced growth in rea·l 
clouds. 

It must be stressed, however, that en
hanced growth did not occur in some of 
the CCOPE clouds studied. This effect 
seems to be confined to actively growing 
clouds which are very buoyant with res
pect to their surroundings. 
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1. INTRODUCTION 

The rate o:( coalescence within the cloud is 
critically dependent on the cloud droplet size 
distribution.· The nature of the cloud droplet 
distribution is influenced by the physical and 
chemical characteristics of atmospheric aerosols. 
Hence measurements of atmospheric aerosols and 
microphysical properties of clouds are important 
for the physical understa,'.,ding of the formation 
of rain in warm clouds. Aircraft observatiuns of 
cloud microphysicai parameters, atmospheric aero
sols and chemical composition of cloud/rain water 
have been made in the Deccan plateau region of 
Maharashtra state in India as a part of the warm 
cloud modification experiment undertake_n by the 
Indian Institute of Tropical Meteorology. The 
results of the observations are presented in this 
paper. 

2. MEASUREMENTS 

Observations of i) Aitken nuclei, ii) cloud 
condensation cuclei (at 0.1% supersaturation), 
iii) cloud droplet size distribution, iv) cloud 
liquid water content were made during the summer 
monsoon (June-September) seasons of 1979-1982. 
Also samples of cloud/rain water '![ere collected 
during the aircraft penetrations into clouds. 
A DC-3 aircraft was us<er1 for the measurements. 

Aitken nu~lei (AN) were measured using an 
,,xp,.,nslon type I ortable nuclei counter ( Gardner 
\ssociates, USA). The instrument measures the 
nuclei in th•" size range of 0.001 to 0.1 µm. The 
method of sampling nuclei from aircraft and the 
accuracy of measurements were described elsewhere 
(Ref. 1). Tue concentrations of cloud condensa
tion nucl•ei ( CCN active at O. 1% supersaturation 
were measured using a chemical diffusion chamber 
(Ref. 2). The details of the sampling and the 
measurements of concentration of CCN were described 
elsewhere (Ref. 3). The cloud LWC is measured 
using a JW-hot wire meter (Jhonson Williams, USA). 
The cloud droplet sampler containing magnesium 
oxide coating glass slides was used for the 
measurement of cloud droplet size distributions. 
rhe method of sampling of cloud droplets and 
~easurement of size distributions were described 
elsewhere (Ref. 4). The cloud/rain water samplers 
,ere collected using a·specially designed stain
less steel gadget. The details of the gadget were 
described elsewhere (Rs. 5). The chemical compo
sition of cldud/rain water were 'determined using 
standard colorimetric and atomic absorption 
spectrophotometric methods. 

3. RESULTS AND DISCUSSION 

3.l Seasonal variation of Aitken Nuclei (AN) 

The mean m~nthly concentrations of AN at the 
surface are shown in Fig. 1. The average concen
trcctions during the summer monsoon (June-September) 

India 

and winter (October-March) season are respeccively 
l.4 x 10 4 cm-3 and 4.8 x 10 4 cm-3 • The higher 
concentrations of AN observed during the winter 
are attributed to the transport of nuclei of 
continental origin by airmasses travelling over 
land from east. The lower concentrations of AN 
observed during the monsoon period ar_e due to 
westerly summer monsoon flow which .is by and large 
maritime in nature. 

Fig. l The mean monthly concentrations of 
Aitken nuclei during June 1980 to 
May 1982. 

3.2 Vertical distribution of AN 

The mean vertical distribution of AN in cloud
free air is shown in Fig. 2. The data shown in the 
figure relates to 69 days of aircraft observations 
made during the three summer monsoon seasons (1980-
82). The concentration of AN is nearly steady from 
0.9 to 2.l km and is one order of magnitude more 
than that at the surface. The concentration of the 
nuclei up to 2 .1 km showed little variation an·a 
thereafter it decreased with height. The height of 
the cloud-top in the region is found to be around 
2 km and the concentration of' AN decreasPd sharply 
above that level. Similar distributions were also 
reported by other investigators (Ref. 6). 
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3.3 Variations of AN in cloud- air and 
cloud- free air · 

· observations of .AN were made inside the 
stratocumulus and cUiilulus clouds and in the air 
outside the cloud at the . same level during the 
three monsoon seasons. The results are given in 
Table 1. The concentration of AN is found to be 
significantly higher inside the cloud than that 
in cloud- free air. Similar feature was noticed 

. in the measurements reported by others (Ref. 7). 
The higher concentrations observed in cloud- air 
were attributed to the higher gas-to- particl e 
conversion -rates inside the cloud by some of the 
investigators. 

Table 1 

The average ~oncentration of Aitken nucle i 
(x lO~cm- 3

) in cloud-air and cloud- free air. 
Figures in brackets denote standard deviations. 

Year No.of observa- Cloud- Cloud-free 
tion air air 

1980 16 7.4 4.2 
(3.38) (2.78) 

1.981 28 7.1 3-9 
(4.14) (3.4b} ; 

1982 25 4.4 1.9 
(2.46) (-1.31) 

3. ·4 · CCN vertical distribution 

The -vertical distribution of CCN and the 
variation of dry-bulb temperature obtained during 
the aircraft ascent and descent over the Arabian 
sea near Bombay (18° 5l'N, 72° 49'E, 11 m asl) 
coast are shown in the Fig. 3. 

The .atmospheric boundary layer consisted of 
near isothermal layers of thickness up to 330 m 
with alternating layers having dry adiabatic 
lapse rate. The concentration of CCN at 0 . 1% 
super saturation varied between 200 and 510 cm- •. 

The concentration of CCN decreased in gene
ral with height. In the region of isothermal 
layers the concentrations are higher up to about 
100 per cent than those in the respective prece
ding levels. 

3.5 Cloud dropl et size dist r ibutions 

The cloud drop size distribution for diffe
rent altitudes is shown in Figure 4. The total 
droplet concentration varied between 28 and 82 
82 cm- •. The concentration of bigger drops 
(diameter~ 50 µm) var ied between 0.18 and 
0.71 cm- 3

• The concentration of bigger drops 
increased rapidly with height above the cloud
base indicating that the size distribution expe
riences a broadening effect with increase in 
distance from the cloud-base. The width of cloud 
drop size distribution increased progressively 
with height and it is maximum at 2.1 km. The 
percentage contribution by the drops with diameter · 
less than . 30 µm to the total LWC was computed 
using the data presented in the figure. It 

constitutes only 20% of the total LWC. 
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Vertical distribution of dry-buJb 
temperature obtained during the 
aircraft ascent and descent. Dry 
adiabatic lapse rate (DALR) distri
bution is also shown. Figures 
indicate the concentration of cloud 
cloud condensation nuclei (CCN) at 
the respective levels. 
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The computed LWC due to the drops bf diameter 
~ 30 µmis an order of magnitude less than that 
measured by the JW-LWC meter. Hence it appears 
that the collection efficiency of the cloud drop
let sampler (Ref. ·8) may be low especially for the 
drops in the Jmaller ~ize ranges. This is also _ 
seen fpom the very low concentrations 'of droplets. 
However, the drop size spectrum may be of some use 
for ·evaluating the collision-coalescence growth of 
cloud drops of diameter~ 30 µm. The broadening 
of the drop size spectrum observed with height 
from the base of the cloud can· lead to the conclu
sion that the collision coalescence.growth is more 
effective at h~gher levels in the cloud. The JW
LWC also showed an increase with height from the 
base of the cloud. 

3.6 Chemical composition of cloud/rain water 

The mean chemical composition of cloud and 
rain water is Given in Table 2. The concentrations 
of all the constituents measured except nitrate 
are higher in cloui water than in rain water. They 
are significantly higher for Cl, Na, Ca, NH4and 
so4. Petrenchuk and Drozdova (Ref, 9) have 
noticed higher concentrations of some constituents 
in cloud water than in rain water depending upon 
the location of observation. Bogen (Ref. 10) has 
observed higher concentration for Cl and Na in 
cloud water than in rain water. The higher cone.en-

Table 2 

trations of the Na, Cl, NH4 and so4 observed in 
clou~ water indicate the importance of the conden
sation nuclei containing ammonium sulphate ancl sea 
salt in the microphysics of clouds and coalescence 
process. Results of the chemical composition of 
cloud water collected at the hill station, 
Mahabaleshwar (17° 56 1N, 73° 40 1E, 1382 m ASL)· 
situated on the crest of the Western Ghats tRef.11) 
are in agreement with the present stndy. 

4. CONCLUSIONS 

Aircraft/surface observations of atmospheric 
aerosols, cloud microphysical parameters, at a 
tropical station in India and analysis of cloud· 
and rain water samples collected from aircraft 
suggested the following: 

1) The Aitken nuclei concentrE!tions at the 
surface during the summer monsoon and winter 
seasons showed marked variations. 

2) The verticar distribution of AN showed 
increase up to 0.9 km above the surface, litt~e 
variation near the cloud-base levels and a decrease 
above the cloud-top height. 

3) The concentration of AN iS found to be 
significantly higher inside the cloud than that 
in the cloud-free air. 

4) The concentration of CCN (at 0.1% supe
rsaturation) in general decreased with height .. 

The mean concentration of different ions (mg 1-
1

) in cloud and rain water, Figures 
in brackets indicate standard deviations. 

Cl 

5.20 

(0.10) 

3-95 

(0.30) 

1.57 

(0.35) 

0.95 

(0.80) 

0.80 

(0.10) 

1.36 

(0.42) 

Na 

CLOUD WATER 

0.82 

(0.02) 

4.60 

(2.75) 

RAIN WATER 

0.61 

(0.11) 

2.96 

(1.60) 

K 

2.70 

(1.00) 

1.75 

(1.48) 

Ca 

5.00 

0.28) 

2.72 

(2.10) 

Mg 

1.50 

(0.14) 

0.65 

(0.40) 
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5) The wi dth of the cloud drop size distri 
bution increased progressively with height above 
the cloud-base. 

6) _ The concentrations of Na, Cl , NH 4 , and 
so

4 
in cloud water are found to be higher than 

those in rain water . 

1. 

2. 

3-

4. 

5. 
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1. INTRODUCTION 

-The spatial inhomogeneity of cloud mic
:ostructure has been a topic of increasing 
interest to cloud physicists. The informa
tion·about spatial-variations of concentra
~ion and cloud drop size spectr? is of great 
importance for understanding cloud and ore
cipitation formation mechanisms. Differ~nt 
authors repeatedly pointed out the necessity 
of a detail experimental study of microstruc
ture including the scale of averaging influ
ence on microstructure parameters (e.g. Refs. 
1 , 2) • . -

. Howev~r, until recently, cloud physi-
cists often used the data on microstructure 
averaged on large spatial scale. The deve
lopment of high precision probes as well as 
aircraft experimental techniques made it 
possible to study the fine structure of 
clouds. This. is the main object of the paper. 
Our attention was concentrated primarily on 
stratiform liquid clouds (St, Sc, Ns). The 
choice is not accidental. On the one hand, 
stratiform (particularly frontal) clouds 
play a great role in weather formation in 
the middle latitudes and on the other hand, 
they are often thought of as rather homoge
neous and stable objects. 

The experimental results given below 
are chosen from 60 analysed cases, each of 
them being a part of flight made in St, Sc 
and ~s clouds. The flights were performed by 
an aircraft Il-18 (TAS = 100-150 m/s) equipped 
with special cloud probes including PMS FSSP 
-100 droplet spectrometer (Ref. 3). Theda
ta obtained by FSSP-100 form the basis of 
this paper. The measurements were made in 
one of four drop size ranges: 0.5-8 _µ.m, 1-16 
pm, 2-32 pm and 2-47 pm. Time averaging was 
usually selected to be equal to 0.1 sec, 
corresponding to the spatial length of 10 
meters, so that a samplE would have enough 
volume to contain about 1000 droplets in an 
individual spectrum at a concentration of 
300 cm-3. Some measurements were made with 
time averaging up to 0.01 sec, which enables 
us to study spatial spectrum variations with 
one meter averaging, Each of constant-level 
paths into clouds is 5-20 km long. 

The experimental data were treated by 
an on-ground computer. The results of tho
rough laboratory FSSP-100 tests and calibra
tions of the probe by means of water droos 
(Refs. 4, 5) were taken into account during 
the treatment. It w0.s demonstrated (Ref. 4) 
that utilization of the FSSP manufacture
supply calibrations would lead to the mea
sured and r~al diameter discrepancy up to 3 

,um. Laboratory tests also s·how· that systema
tic underestimating of droplet concentration 
due to electronics may reach more than 100 % 
(it depends on air speed and concentration 
(Ref. 5) ~ 

The following oarameters used in tne 
oaper, are calculated from droolet size-
spectra and given below: • 

total concentration in the used FSSP
-100 range 45 

N=.LN·, c1> 
,,1 L, 

where Ni is a dioplet concentration in 
FSSP-100 i-th channel; 

concentration of large droplets 

15 

N1 =~ N~ 
liquid water content (LWC) 

"JT 15 3 
W=-6.L.DLNL, 

l,=1 

the 

(2) 

(3) 

where Di is a mean diameter of the i-thchan
nel; 

here i is the number of a channel for which 
Ni= Nmax 

mean volume diameter (MVD) -(:j; N~D~l )y_;. (5) 

Dw- 15 J 
l::: N · 
i,d I. 

D95 - 95 % quantile, i.e. 95 % of all drop
lets are smaller than D95 . This value was 
calculated by means of linear interpolation. 
'tr is phase relaxation time (Ref. 6) 

1 1 't - --- (6J' 
P - 21r Dv . ND 1 

where Dv is diffusion coefficient of water 
vapour in air, Dis droplet diameter. Over
bar denotes averaging. 

2. HORIZONTAL INHOMOGENEITY 

The preliminary data analysis shows 
substantial spatial inhomogeneity in strati
form cloud microphysical structure. Figs.1 
and 2 show the fragments of realization of 
several microphysical parameters obtained in 
stratiform clouds in two diffe=ent geogra
phical regions. In spite of their visual si
milarity, there is a great difference in the 
average values of these parameters and in 
their spatial in_,homogeneity. So the varia
tion coefficients of the droplet concentra
tion ~N/N differ one from another approxi
mately by four times and they are equal to 
0.05 _.(Fig. 1) and 0.22 (Fig. 2). The average 
particle concentr~tion LWC and 'tp are equal 
to N = 270 cm- 3 , W = 0.28 gm-3 't', = 2 sec· 
(Fig. 1), and N = 110 cm- 3 , W = 0~05 gm- 3 

tp = 9 sec (Fig. 2), respectively. 
To determine which has stronger effect 

on LWC cloud droplet concentration or size~ 
spectra shape, we apply correlation coeffi
cients of particle concentra§ion, LWC and 
cube of MVD (K(N, W), K(N, D w); K(W, o3w)). 
The analysis of the accumulated data shows 
that the spatial variations of LWC are more 
closely associated with droplet size varia
tions than with the variations of a total 
droplet concentration, i.e. K (W, o3w) K (W., 
N). The typical values of these correlation 
coefficients are K(W, o 3w) = 0.7 and K(W, 
N) = 0.4. 
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It should be noted that the K(N, D3w) 
and K(N, D9 5 ) are always negative (in parti
cular, for the cases consider~d here K(N, 
D3w) = -0.39 (Fig. 1), K(N, D w) = 0.37 
(Fig. 2)). Fairly often, when the total 
droplet concentration-decreases, the amount 
of large size droplets increases. The de
tailed study of spectrum variations showed 
two different mechanisms responsible for 
this effect. Oneof them depends on the fact 
that the total concentration variations are 
often caused by variations in small droplet 
(left) part of particle size distribution. 
Small droplets respond more rapidly than 
large ones to variations of relative humidi
ty, and they may evaporate when it becomes 
less than 100 %. In this case the small 
droplets are transformed into watered nuclei 
(CCN), thus diminishing the measured total 
concentration. Large droplets due to their 
'condensational inertia' cannot follow re-

-lative humidity va3i_ations. Hence, a rela
tive increase of D wand D95 takes place 
when small droplets evaporate and a relative 
decrease - when CCN grow and are transformed 
into cloud droplets. Another reason for a 
negative correlation lies not in relative 
but in absolute increase of large particle 
concentration when the total concentration 
decreases. In this case it is convenient to 
use correlation coefficient of the total 
concentration N and concentration of large 
droplets Nl. In Fig. 2 K(N, Nl) = -0.55 when 
averaged over the distance of 200 meters. 
Due to a common trend between N and Nl for 
·all realization K(N, Nl) = -0.2. It i,s quite 
plausible that such an anticorrelation is 
caused by inhomogeneous mixing (Ref. 7), the 
essence of which is as follows: when a por
tion of relatively dry air penetrates into 
a cloud parcel (for example from the upper 
boundary of a cloud) some drops evaporate, 
thus. diminishing the droplet concentration. 
When humidity increases (for example during 
updraft), the remained large droplets grow 
faster and may even reach more than 50 j{m. 
in diameter. These droplets may later be
come embryos of precipitation. 

Note that in Fig. 2, where negative 
correlationsbetween N and D3w or D95 are 
caused by evaporating small droplets, the 
correlation coefficient is rather small, 
K(N, Nl) = -0.05. 

Generally for correlation radii of N, 
Wand D3w obtained from calculated correla
tion functions, the following inequality is 
true: R (N) « R (W) ~ R (D 3w), where R (N) is 
about some meters and R(W), R(D 3w) are about 
some hundreds of meters. 

3. VERTICAL PROFILES OF SOME 
MICROPHYSICAL PARAMETERS 

Several soundings by aircraft in stra
tiform clouds were made in order to explore 
the vertical profiles of microphysical pa
rameters. The-vertical component of the air
craft velocity was approximately constant 
and equal to 2-4 m/s. 

Fig. 3 shows the successive transfor
mation of drop size distributions during 
aircraft ascent through the lower cloud 
boundary. It is easy to see how CCN in the 
subcloud layer quickly grow up. Within the 
cloud the originated droplets continue to 
grow and approximately at 30 meters above 
the boundary, the concentration of 1-2 jJ.;rn 
diameter droplets ·sharply diminishes (an 

order and more). At 50 meters, size spec
trum minimum is about 1-2jAm, i.e. supersa
turation here does not exceed 0.1 %. The 
modal diameter at this point is approximate
ly equal to 5.5 yrn and relative standard 
deviation of particle size distribution 9 
= 0.2. That i9 in a good agreement with the 
theory of regular condensation. 

The modal diameter slightly increases 
with height up to the upper boundary. The 
spectrum transformation near the upper cloud 
boundary substantially differs from its be
havior at the lower boundary. In all cases 
when the upper boundary was cros~ed, we ne
ver saw any smooth decrease of D wand d 95 . 
Usually these variables as well as particle 
concentration and LWC decrease abruptly in 
a transitional layer with the thickness 
about 5-10 meters. It indicates a sharp de
crease of relative humidity over the upper 
boundary. In this case all droplets will 
evaporate very quickly. 

Fig. 4 shows the typical vertical pro
files of some microphysical parameters. In 
the lower part of Fig. 4 the subcloud zone 
of watered CCN with the diameter 1 )<,ill is 
well distinguished. In the lowest cloud 
layer, 100-150 meters thick, the particle 
concentration decreases, while the 3LWC and 
the characteristic droolet size (D wand 
D95) increasej Comparatively slow further 
increase of D wand wand the invariability 
of average D95 are rather unexpected. Per
haps the process of entrainment of dry air 
into the cloud body and the inhomogeneous 
mixing which relax towards the lower bound
ary, play a great role here. These mecha
nisms suppress increase in LWC, D3w and D95 
with height. 

Fig. 5 shows the presence of several lay
ers (in our case three), with the vertical 
trends of the microphysical parameters simi
lar to those showed in Fig. 4. The bounda
ries of the layers are approximately located 
at the levels: 1250-1450 m, 1500-1620 m,and 
1720-1900 m. It may be a result of closing 
different cloYd layers. The case represented 
in Fig. 5 was investigated on 11.12. 83 in 
the region of Penza in the rear part on the 
cold front, where the layering is a common 
phenomenon. 

5. SOME OTHER FEATURES OF CLOUD 
MICROSTRUCTURE 

The analysis of spatial variations of 
the dropl~t size spectra obtained during 
vertical aircraft soundings and horizontal 
flights in the upper half of the clouds re
veals the zones, where particle concentra
tion falls several orders. The spatial size 
of those cloud zones hereafter called 'ca~ 
verns' is 10-100 meters and the distance 
from the upper boundary is tens and hund
reds of meters. Fig. 6 shows a flight 
through a cloud cavern. Note that the abr~ 
ness of the droplet size spectrum in the ca
vern is similar to that at the upper bound
ary. This similarity implies that the ori
gin of the cavern is due to a dry air parcel 
penetration from the upper boundary. As the 
cavern lowers down, the evaporation of drop
lets and turbulent diffusion provoke its 
erosion. The existence of caverns confirms 
again the hypothesis of inhomogeneous mix
in~ in stratiform clouds. 

High spatial resolution permits us to 
study spectrum transformation with averaging 
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length beginning from one meter. There is an 
opinion (e.g. Ref. 8), that in sufficiently 
small cloud parcels droplet size spectra are 
rather narrow, but the measured spectra are 
essentially bro'ader due to spatial averaging. 
The analysis of droplet size spectra ob
tained in different clouds shows that along 
with the above-mentioned tendency of spec
trum broadening, there are cases when spec
trum width is independent of averaging dis
tance from 1 m up to 1 km. This is also true 
for bimodal spectra. Two types of bimodal 
spectra were found: i). when bimodality ap
pears in each individual spectrum at the 
averaging length less than 10 meters, and 
ii) when bimodality appears only at averag
ing at large distances, while each individu
al spectrum is unimodal: Note that bimodal 
spectra usually appear in the middle part of 
the stratiform clouds. 

5. CONCLUSION 

It is impossible in a short paper to 
consider and even to enumerate all the fea
tures of cloud microstructure. Some of them 
presented here show that there are more 
questions than answers. Which mechanisms are 
responsible for the observed spatial inhomo
genei ty of microstructu:r,,? Which conditions 
are favourable for the ; ·mation of the ve
ry narrow cloud droo-si spectrum in one 
place of the cloud and b.·oad enough and even 
bimodal in another point of a cloud? What 
is the role of the inhomogeneity in cloud 
stability and precipitation formation? How 
to describe it quantitatively in theoreti
cal and numerical models? 

To answer these and many other ques
tions it is necessary to get much more in
formation about the fine structure of spa
tial and time variability of·cloud micro
physical parameters and its relation with 
cloud dynamics and thermodynamics. But in 
our opinion, the spatial inhomogeneity of 
cloud microstructure plays a great role in 
cloud processes and even now it should be 
taken into account when developing numeri
cal models of clouds, if authors wish to 
describe the real processes of precipi taUon 
formation, phase relaxation time 'Lr and 
phase scale of turbulence Lp (Ref. 6) being 
the important parameters. 
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Figure 1. A part of the horizontal path in 
Ns, 20 km long. March 5, 1982, the Central 
Asia. Flight level H = 1500 m, temperature 
T = -3,2 °c, time of averaging f:lt = 0.1._s. 
The FSSP-100 drop size range is 2-l-32 .f'Jil· N = 
273 cm-3, W= 0.26 gm-3,o'N/N = 0.05. The antico=e
lation of N and Nl pulsations is distinct. 
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Figure 2. A part of the horizontal path in 
Sc, 20 km long. November 30, 1983, the re
gion of the European part (EP) of the USSR. 
~ = 1500 m, T = -0.3 oc, D D15 = 2-32 JPfl· 
N = 108 cm-3, W = 0.056 gm, <rN /N = 0.22. In 
this case, not only Dw, but also variations 
of total concentration N influence the value 
of LWC. 
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Figure 3. Consequent droplet size spectra 
in space, obtained during vertical sounding 
in SC - Ns. November 18, 1983, the region 
of Ri1a. The speed of aircraft descent is 
2 m-- . The time of averaging, i.e. the 
time interval between neighbouring spectra 
is Lit = 1 s. In the region of lower cloud 
boundary (above the arrow), one can see 
watered CCN. The droplet modal diameter 
grows up to 5-6 p.m (the lower part of the 
Figure). (The vertical profiles of cloud 
parameters in this case are shown in Fig. 
4). 
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Figure 4. Vertical profiles of some oara
meters in Sc - Ns. November 18, 1983~ the 
region of Riga. The droplet concentration 
maximum equals 280 cm-3-near cloud base. 
At 100 meters over the cloud base the 
concentration decreases to 80 cm-3 and 
further changes are weak. LWC and Dw sub
stantially increase in the lower quarter 
of the cloud, but the further increase be
comes weak. The mean phase relaxation time 
't'p is approximately constant within the 
cloud body and equal to 10 s. 
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Figure 5. Vertical profiles of some parame
ters in Sc. November 30, 1983, central part 
of EP of the USSR. There is substantial 
vertical variability of microstructure. One 
can distinguish three layers, where the pro
files of N, W, Dm and D95 are similar to 
those in Fig. 4. 

Figure 6. A part of the horizontal path in 
St. November 30, 1983, the central part of 
EP of the USSR. H = 1500 m, T = -0.3 OC. 
The spatial scale averaging (the distance 
between neighbouring spectra) is 2 meters. 
The arrow points to a cloud cavern - a par
cel where droplet concentration falls seve
ral orders. The horizontal dimension of 
this cavern is about 20 'l!eters. The cavern 
seems to be provoked by dry air penetra
tion through the upper cloud boundary. 
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1 . ·rnTRODUCTJON 

The classical descriptions of cloud droplet spectra 
development by condensation due to adiabatic lift
ing of moist air and subsequent collision· / collec
tion processes ~ue to different fall speeds of 
different sized droplets do not explain satisfac
torily droplet distribution development as observed 
in cumulus clouds. Especially natural cumulus 
cloud~ do develop faster to a mature precipita
ting stage mainly by a faster broadening of the 
initial droplet distribution. A significant increase 
of efficiencies of the stochastic collision-collec
tion processes gue· to microscale turb"ulence for 
droplet radii of 10 - 20 µm has been discussed by 
ALMEIDA (1, 2; 3). A further approach to the ex
planation of enhanced spectral broadening is the 
hypothesis of inhomogeneous mixing of cloud air 
with environmental air lateraliy and from cloud top 
in separate blobs or continuously (4-7). Other cal
culations investigate the.influence of turbulent 
velocity fluctuations near cloud base and the role 
of vertical coheren·cy of turbulence on the droplet 
distribution (8, 9). Especially in the case of 
high vertical coherence of turbulence the calcu
lations yield realistic dropsize distributions in
cluding bimodal spectra. 

Most of these theoretical findings are compared 
with aircraft observation performed and described 
in very detail by Warner, 1969 (10-14). Relatively 
few more recent and high resolution measurements 
in cumulus clouds are available. Some case studies 
with tethered balloons in small cumulus clouds (15) 
and within cap clouds under various meteor.ological 
situations (16, 17) cover this field. 

One aim within ou~ field studies KOOP (Convection 
Obe.rpfaffenhofen) on convective clouds in the lower 
Alpine Region near Oberpfaffenhofen was to study 
the microphysical behaviour of sm~ll growing cumu
lus clouds in relation to the cloud internal dyna
mics by aircraft measurements. First results of a 
case study are to be presented here. 

2. MEASUREMENTS 

The observations were performed with the German 
Meteorological Research Aircraft FALCON operated 
by the Flight Facility within DFVLR - the German 
Aerospace Research Establishment. The equipment of 
interest for this study was: Sensors for pressure, 
total temperature, humidity (Ly-a), a Rosemount 
gust probe, a Knollenberg FSSP-100, a Litton INS, 
LTN 72 .. 

The physical quantitit~s computed and presented 
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Fig. 1. Flight paths in growing Cu-cloud, II 

here as time series plots with 1 Hz res0lution are 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Po.tential temperature TPO'.fC in deg C 
. The relative accuracies are about O, ·1 deg C in 
cloud free air, the in-cloud accuracy is un
known but an error of up to about -1 .O deg 
seems possible due to the vaporization of drop
lets in the total temperature probe. 

Potential virtual temperature TPVC in deg C 
possible errors somewhat higher than for TPOTC. 

Relative humidity computed from Ly-a UWLY in%. 
Accuracy: about 10%. 

Water vapour mixing ratio RLY in g/kg computed 
from Ly-a values. 
Accuracy as in 3. 

Horizontal wind speed WIS in m/s 
Relative accuracy !o,5 m/s (The relative accura
cy may increase for time intervals of more than 
5 minutes). 

Wind angle of horizontal wind WIA in·deg. coun
ting from north to east. 

Vertical wind speed+WWG in m/s 
Accuracy, absolute -0,5 m/s 

relative !o,2 m/s 

Clouds droplet concentration CONC. in particles 
per cm3 from FSSP. 
Error: about -35%. 

Mean droplet diameter M.DIAM. in µm. Accuracy 
!1 µm; undersizing in more likely because of 
the high flight speed of the FALCON. 

Liquid water content computed from droplet 
spectra LWC-KN. in g/m3 

Error: about -40%, in higher flight levels still 
higher because of increased flight speed. 

Dispersion of droplet spectra DISP. 
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Fig. 2. Flight tracks in growing Cu-clouds 
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The strategy of observation was to penetrate a just 
developing cumulus cloud ·er~ near to its ~ase and 
then successively at.increasing levels during 
growth. At some levels successions were flown. 
Because of the aim to hit the cloud almost central
ly, the in~cloud tracks ar.e not stationary in space, 
as can be seen in fig. 1 for two clouds observed 
on. this flight. Only cloud II will be di:cussed 
here. The corresponding flight levels, times of 
penetration and flight directions are given in 
fig. 2 which shows that the relatively stationary 
cloud developed to a depth of 1400 m within about 
37 min. The environmental wind blew from 100 deg 
to 210 deg, wind speed was between 4 and? m/s. 
Because only in-cloud processes will be discussed 
here no further description of environmental con
diti~ns is given but will be presented in the paper 
of A. Jochum in this conference using some of these 
observational data for model comparisons. 

3. RESULTS 

The observed data of only four selected traverses 
of cloud II are presented here, illustrating the 
general" findings of this study. These are tra
verse {1} near cloud base at 2600 m NN in fig. 3, 
traverses {S} and {7} at 3250 m, 23 and 27,5 min 
later in fig. 4 and 5 and traverse {11} near cloud 
top at 4000 m NN about 39 min after first penetra
tion, presented in fig. 6. 

The measurements at cloud base - traverse {1}, 
fig. 3 - show a sign}ficant humidit~ excess_within 
cloud regions up to -90% compared with 45% in_t~e 
environment. The corresponding water vapour mixing 
ratio is 9 and 5 g/kg respectively. The in-cloud 
vir·tual potential· temperature TPVC does not exceed 

· the ·environmental values even if an error of about 
-,,1 deg is taken into account. The in-clo':1d humidity 
field shows inhomogenities. The fluctuations of 
horizontal wind between 2 and 7 m/s and between 
40 and 120 deg in direction suggest turbulent 
mixing espe·cially near the updraft core which 
reaches 3 m/s, The environmental wind comes from 
120deg with 6 m/s. Cloud droplets occur only in 
the updraft region; the concentration shows high 
fluctuations between about 50 and 150 per cm' as 
well as the mean droplet diameter ranging between 
6 and 9 µm. 

Concentration and mean diameter fluctuations show 
the same trends and therewith the computed LWC 
having values between 0,01 and 0,1 g/m'. The dis
persion of the droplet_ spectra is between ?, 17 and 
0,3 with the lower values for lower mean diameters 
and lower concentrations. 

The two traverses {S} and {7}, fig. 4, 5 show in 
general similar dynamical and microphysical :truc
tures despite of the time shift of about_S min .. 
Note that these two traverses are flown in opposite 
directions! The relative humidity exceeds 100% and 
the in-cloud and environmental water vapour mixing 
ratios are 8 and 5,5 g/kg resp. Calculated rela-_ 
tive humidities in excess of 100% do not necessari
ly indicate supersaturation, but may also be e~us_ed 
by droplet evaporation at the inlet of the humidi
ty channel; see the inaccuracies mentioned above. 
Again there are fluctuations of humidity .which e~
tend to cloud environment especially to be seen in 
the later traverse {7}. Relative maxima of in-cloud 
temperature are observed at locations of strong 
updraft velocity only. Strong wind fluctuations 
within cloud between 1 and 8 m/s indicate turbu
lent mixing. The environmental wind is blow~ng with 
7 mis from about 180 deg. The updraft core is 
structured with a main peak value near 8 m/s. For 

traverse {7} a _downward motion of 1-2 m/s outside 
of the visible cloud but near the edges is measured. 

Cloud droplets with concentrations of about 150 /crri 
occur in regions of WWG ~Om/sonly. The values of 
droplet concentrations and droplet diameters show_ 
equal trends in good correlation with the updraft 
structure. The droplet diameters vary between 7 and 
12 µm for traverse {S} and 7 and ·13 µm for tra
verse {i} with the higher updraft values. The com
puted LWC reaches values between 0,02 and 0,2 g/m3 • 

The dispersion in this level clearly shows lower 
values ·for higher mean droplet diameters which means 
that the droplet distribution does not broaden with 
droplet growth in the updraft region. 

Traverse {11}, fig. 6 near cloud top is characteri
zed by frequent and strong fluctuations of all quan
tities measured, showing the typical cauly-flower 
structure of growing cumulus clouds. The relative 
humidity within cloud reaches values of 100% in 
peaks only and has a mean value of about 90%; in . 
the environment of 50%. The corresponding in-cloud 
and environmental water vapour mixing ratios are 
at 5,5 and 3 g/kg. The in-cloud temperature again 
shows peaks at locations of high updrafts. A tempe
rature increase 'is observed near the cloud in re
gions with low humidity values and small downward 
air motion of about 1 m/s. Obviously advected air 
masses are present here, which is indicated by a 
higher horizontal wind speed. The str~ng wind fluctua
tions between 2 and 11 m/s and between 150 and 300 
deg extend far beyond the visible cloud. The updraft 
area is structured too with a distinct peak of 
;4 m/s. 

Correlated with wind and updraft fluctuations there 
are well distinguisable parcels about 400 min 
diameter containing cloud droplets with quite inte
resting behaviour: For the overall· cloud the drop
let concentration decreases from about 140 to 
120/cm3 which corresponds to an increase in droplet 
diameter from 8 to 12 µm. In contrast to this fin
ding within the individual parcels the mean droplet 
diamter correlates positiyley with droplet concen
tration. The same holds for the disper•sion of the 
droplet spectra: The dispersion increases for the 
whole cloud with decreas·ing concentration and in
creasing mean diamter from 0,3 to 0,4, whereas 
within the individual parcels the dispersion is 
negatively correlated with mean droplet diameter. 

For this traverse most of the observed spectra are 
of bimodal type. 

4. CONCLUSIONS 

In-cloud measurements with the FALCON aircraft, 
equipped with gust probe and microphysics sensors 
are suited to study microphysical developments in 
relation to dynamics at least in small cumulus clouds. 

In this case a cumulus cloud _near the northern edge 
of the Alps has been investigated in detail. 
This cloud remained relatively stationary in space, 
despite the environmental wind blowing from south
east with a mean of appr. 7 m/s. Repeated flights 
through cloud at constant levels show a certain 
degree of stability of dynamical structure within 
at least some minutes. All in-cloud measurements 
show highly inhomogeneous structures with strong 
relationship between microphysics and dynamics which 
suggest turbulent mixing at all levels and in each 
state of development. The droplet concentration to 
some extend, but much more pronounced the mean drop
let diameter is positively correlated with updraft 
velocity. The ~ispersion of droplet spectra increa
ses w~th height from about 0,2 to 0,4. 
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. . 

At cloud base the dispersion is positively corre
lated with me~~ droplet diameter and concentration. 
For the later. traverses {5} and {7} the correlation 
between dispersion and mean droplet diameter changes 
between positive and negative values whereas near 
cloud top - travers·e { 11 } - for the indiv.idua1· 
cloud parcels the dispersion is negatively corre
late·d with mean droplet diameter. Bimoda'l spectra 
have been observed mainly at cloud top. 
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MIXING AND THE EVOLUTION OF CLOUD DROPLET SIZE SPECTRA 
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It has long been recognized that the rate of 
precipitatio.n formation through the water phase is 
sensitive to the width of the cloud droplet size 
spectrum produced by diffusional growth, and that 
diffusional growth calculations in a rising, homo
geneously mixed air parcel result in a narrower 
spectrum tl;an is commonly observed except within a 
few hundred,meters of cloud base. Attempts to pro
duce a broader droplet spectrum have led to a number 
of microphysical models employing a variety of· phy
sical assumptions and mixing parameterizations, and 
presently there is disagreement over which sets of 
assumptions are more realistic (Refs. 1-8). In the 
following work ai{craft data from a continental cu
mulus cloud are examined in an attempt to infer to 
what extent the observations are consistent with 
some model assumptions and mixing parameterizations. 
Because the analysis is limited to one cloud only, 
the present results and conclusions should not be 
interpreted as a general evaluation of the various 
modeling assumptions. 

The data were collected during the Cooperative 
Convective Precipitation Experiment (CCOPE) in 
southeastern Montana on June 9, 1981, in a towering 
cumulus that grew In a dry, strongly sheared envi
ronment. The cloud was 4-5 km wide, 5-7 km high 
(from cloud base to the O dBZ radar top), and con
tained updrafts up to about 17 m s- 1 • The cloud 
base was at 4°C, 790 mb, 2 km (MSL). Data :rom the 
nearest sounding and aircraft cloud base measure
ments from NCAR Queen Air 306D indicate that the 
cloud adiabatic temperature excess could be as high 
as 5°C. However, no adiabatic cloud regions were 
observed from the Wyoming King Air flying 2.3-3.6 km 
above cloud base. 

The cloud droplet size spectra were measured 
with the FSSP on the Wyoming King Air (Ref. 9), 
averaged over 100 m (ls) intervals. Some examples 
of-the observed spectra a~e shown in Fig. 1. The 
spectra often had more than one peak, and more fre
quently at the higher· altitudes. During the highest 
cloud pass, at about -21°C, none of the observed 
spectra had a single peak. While the data presented 
here are limited to the first cloud investigated on 
June 9, other clouds penetrated later had rather 
similar droplet spectra. Droplet spectra with more 
·than one peak are not uncommon (Refs. 10, 11), 
though on this flight such spectra were observed 
with an unusually high frequency. 

In numerical models, dropiet spectra with more 
than one peak sometimes result from activation of 
new droplets, when the supersaturation in an air 
parcel exceeds the peak supersaturation it had ex
perienced earlier. Seeking evidence of activation 
of new .droplets within cloud, the data were examined 
for correlation between the presence of large con
centrations of very small droplets and an estimate 
of a kind of conditional supersaturatio~, a supersa-. 
turation that would have been attained if the small 
cloud droplets.were not present. When the updraft 

velocity and the droplet size spe·ctra are knowri, su
persaturation can be computed using a steady state 
assumption that the condensation rate just balances 
the tendency for supersaturation to increase during 
ascent. For the present data, this equilibriUlll con
dition typically would be reached within a few 
seconds; less than 20 seven in the extreme cases 
of very low droplet concentration. 

0

The cloud super
saturations were calculated using the measured vert
ical velocities, assuming that the updraft had not 
changed too much since the hypothetical droplet ac
tivation occurred. 

,o 

,o 

RADIUS (µm) 

Figure 1. Concentrations of cloud d:I'oplets 
cnr 3 in 1 µm radius intervals. :the spectra 
were measured by FSSP over 100 m (ls) paths. 
The vertical velocity (W) is indicated above. 
The positions in the upd:I'aft of samples b, 
c, and d, are marked in the vertical velocity 
plots in Fig. 2. 
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Figure 2. Data collected during the fifth cloud 
penetration, at ahout -17°C. For explanation, see 
text. 

The first. two plots in figure 2 show concentra
tions of droplets :'.::_ 6 µm in radius and supersatura
tions calculated as above, but in two ways: using 
the droplets >6 µmin radius only (solid lines--this 
is the conditional supersaturation), and using all 
the droplets in the spectrum (dashed line). As.can 
be seen, there it a cloud region where the supersa
turation would have been very high without the small 
droplets, and this region is a~sociated with a 
strong peak in the concentration of small droplets. 
Except for the most prominent peaks in conditional 
super~aturation, all of which correspond to the 
highest peaks in concentration of small droplets, 
the rest of the data show little correlation between 
the two. 

It is difficult to account \or the correlation 
between the prominent peaks except by appealing to 
droplet activation. Let us assume that new droplets 
have been activated a short time prior to the meas

urements, and that during this time the.updraft has 
not changed. Then the droplets would have experi
enced an average supersaturation that is less than 
the computed conditional supersaturation .but more 

than the supersaturation computed usifig all of the 
droplets. If supersaturation is high the growth 
times for small droplets are short: to reach 2 µ m 
radius, this time is 36s and 3.6s at 1% and 10% su
persaturation, and to reach 6 µm radius, 144s and 
14.4s. In these estimates the length scale associ
ated with the condensation coefficient is 5 µm. At 
high supersaturations the assumption that the up
draft has not changed significantly since the dro
plets were activated does not seem unrealistic. 
Thus we would expect some correlation between the 
computed conditional supersaturation and the concen
tration of small droplets when this supersaturation 
is high, but not when it is low, as indeed the 
present data indicate. The correlation between only 
the highest peaks in the conditional supersaturation 
and the highest peaks in the concentration of small 
droplets is therefore consistent with the activation 
of new droplets. 

The third and fourth plots in Figure 2 show 
droplet concentrations. and vertical air velocities. 
The high conditi~nal supersaturations are found in 
cloud regions where low concentrations of large dro
plets and relatively high vertical velocities coex
ist. The bottom plot in Figure 2 shows cloud air 
potential temperature calculated from data from the 
reverse flow thermometer. This temperature fluctu
ates in phase with droplet concentration indicating 
that mixing rather than droplet depletion by growing 
precipitation is the main cause of low droplet con
centrations. The dashed line represents the poten
tial temperature of the environment at the flight 
altitude, interpolated from King Air data collected 
in the clear air at ends of each penetration. As 
can be seen, even in highly mixed cloud regions the 
potential temperature is only a few tenths of a de
gree below that of the environment, whereas in thP. 
less .mixed cloud regions the potent·ial temperature 
excess is sometimes as high as 2 to 2 .5 °K. The po
tential temperature excess and the vertical velocity 
are not well correlated in this cloud. In clouds 
with less buoyancy mixing would tend to decrease or 
destroy the updraft, and thus the creation of high 
supersaturations, with concommitant activation of 
new droplets, would be less likely. 

Aside from new droplet activation there are 
other processes that can produce bimodal droplet 
spectra. For example, numerical simulations show 
that bimodal spectra can be produc·ed when droplets 
sediment into dry air. At an interface between 
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cloud and dry_air, the droplets only partially eva
porate because as their fall speed slows down they 
are overtaken by larger, faster falling droplets 
which in turn evaporate and raise the humidity. 
While the sedimentation process could be disrupted 
by small turbulent eddies, on scales of a meter or 
les_s, it is cortceivable that ·such eddies exist only 
intermi.ttently, and that they would no·t disrupt the 
sedimentation prncess everywhere. It is not clear 
whether this process is quantitatively significant. 
Bimodal spectra can also result from mixing two dif~ 
ferent cloud volumes, each having a distinctly dif
ferent spectral mode. Such mixing should produce an 
inverse correlation between the co~centrations of 
small and large droplets. A simila·r trend whould 
also result if all the small droplets in the bimodal 
spectra resulted from evaporation due to mixing with 
dry air. However, the present data show no such 
trend, except in the few cloud regions associated 
with the highest peaks in the estimated supersatura
tion. 

The small cloud droplets in the secondary peaks 
containei very little cloud water, at m~st 
.05 gm m- but usually much less, and thus they 
would not be expected to have had a large influence 
on the growth or evaporation of the larger droplets. 
Figure 3 shows droplet concentration at the large 
droplet peak·as a function of the radius at the 
peak. As in Fig. 1, the data are lOOm(ls) averages. 
Cases where the peak is not resolved, ,sin Fig. lh, 
which constitute 14 percent of the data set were ex
cluded. (This was done by excludng spectr~ for 
which, at 3 µm above the radius at peak concentra
tion, the concentration dropped by less than 
one-third of the peak concentration.) The shape of 
the spectrum at the large droplet end is relatively 
constant, and when the large droplet peak is well 
resolved the total droplet concentration in this 
peak is about 3 times the value at the peak itself, 
using the 1 µm radius interval. Since often this 
peak is partially obscured by nearby peaks at small
er droplet sizes, the value of the peak itself has 
been used as an estimate of the total droplet con
centration in the peak (left hand scale in Fig. 3). 

The data in Fig. 3 show that at any given alti
tude the radius at ·the large droplet spectral peak 
remains nearly constant regardless of droplet con
centration. This result is inconsistent with the 
homogeneous mixing parameterization, commonly used 
in the sjmple entraining parcel models, which 
predicts a shift towards smaller sizes at low con
centrations. The nearly constant radius and the low 
droplet ·concentrations suggest that mixing may have 
taken place with already premoistened entrained air, 
as in the entity type entrainment mixing model by 
Telford and Chai (Ref. 3) or in the inhomogeneous 
mixing model by Baker and Latham (Ref. 2). However, 
the lack of variation in the droplet size at low 
concentrations is surprising because in this situa
tion small adiabatic changes in altitude following 
mixing could be expected to produce large changes in 
droplet size. For example, if an airpar""'l contain-

Figure 3. Observed large d:I'oplet concentration 
versus radius· at peak concentration. Left hand 

'scale shows· the concentration at the large d:I'oplet 
spectral peak, right hand scale shows the estimated 
total concentration in this peak. The approximate 
penetration temperature is shown in the upper left 
hand corner. (a) and (b) contain two cloud penetra
tions each, (c) and (d) only one. The resolution 
of the FSSP corresponds to a 1 µm radius interval. 
In the plots, the data points are placed in the 
center of the radius interval, except when there is 
no room, in which case they are plotted nearby. 
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ing 1_?
3 

µm raa1us droplets in concentrations of 
30 cm were raised adiabatically 200 m, then the 
droplets should grow to about 13 pm radius. Their 
size would not be significantly smaller if during 
ascent ne~ cloud droplets were ~ctiva·ed, provided 
that the liquid water content of the ~mall droplets 
did not exceed the maximum values observed 
(,07 gm kg-1). Similarly, if the above airparcel 
were lowered adiabatically 200 m, then all the 10 µm 
droplets should evaporate. 

A possible explana•· ,n for the striking lack o' 
change in the droplet size at low concentration~ is 
that the measured concentrations, which are 100 m 
averages, may not be representative of the local 
concentrations that determine the supersaturation 
and hence the droplet growth rate. The local con
centrations could be much higher and the droplet 
growth rates much low~r if the turbulent eddies had 
not homogenized the mixed cloud regions down to the 
scale where molecular diffusion can operate effec
tively (which is of the order of a cm). This situa
tion could occur if turbulence had not fully ~e
veloped down to smaller scales, or if the small 
scale eddies were highly localized and not very ef
ficient in homogenizing the mixed cloud regions. If 
such inhomogenieties do exist, then high supersatu
rations could develop in the cloud regions free of 
small droplets and there the potential for activa
tion of new cloud droplets and ice particles could 
be much higher than predicted using the average su
persaturation. 
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1. INTRODUCTION 

Measurements of cloud drop size distributions 
in warm clouds are important for the physical under~ 
standing of rain-formation in tropical monsoon 
clouds. Cloud .drop size distribu~ions in warm 
monsoon clouas have been measured during aircraft 
penetrations into isolated warm cumulus clouds at 
different levels. A DC-3 aircraft was used for 
the above observations. 
the observations made in 
5l'E, 559 m asl), region 
seasons of 1981 and 1982 
paper. 

The results relating to 
the Pune (18° 32'N, 73° 
during the summer monsoon 
are presented in this 

2. MEASUREMENTS 

A spring loaded sampler was used for colle
ction of cl~ud drops on magnesium oxide coated 
slides. The ·drop sizes were measured using an 
optical microscope. True drop si_zes from the 
craters were obtained using calibrations made 
earlier (Ref. 1). Measurements were made on 26 
and 21 days during the summer monsoon (June
September) seasons of 1981 and 1982 respectively 
and the number of samples were 100 and -143 respe
ctively. 

3. RESULTS AND CONCLUSIONS 

The average cloud drop sp~ctra for different 
levels for the summer monsoon seasons of 1981 and 
1982 are shown in figures land 2, respectively. 
The standard deviations, total cloud drop concen
tration, NT (cm-3), computed liquid water content, 
LWC (g m- 3

), mean volume diameter, MVD ( µm), 
concentration of drops with diameter greater than 
30 µm (cm- 3

) and the shapes (modes) of the spectra 
are also given in the figures. 

T~e total concentration of cloud drops in 
1981 initially decreased from the cloud-base level 
up to 6700 feet and thereafter increased. ·In 1982 
the drop concentration did not show systematic 
variation in the vertical. The average cloud-base 
height in the region varies between 4000 and 5000 
feet ASL. The drop spectra showed, by and large, 
broadening with height above the cloud-base. This 
is marked in 1981 (Figure 1). The spectra narrowed 
after 7200 feet during 1981 and after 8iOO feet 
during 1982. The total drop concentration and LWC 
were higher during 1982 than during 1981. The 
shapes (modes) of the distri1mtions were different 
at various levels during both the years. The 
distributions were usually unimodal when the 
concentration of drops with diameter greater than 
30 µm diameter was low and multi-modal if the 
concentration of the said drops was high. In 
general, total concentration was less when the b 
broadening of spectrum width was more and vice
versa. The concentration of drops greater than 
30 µ·m diameter was higber in the lower lev'els 
during 1982. 
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DROPLET DIAMETER (.uml--

Cloud drop size spectra~ 1981. 
The ordinate is shifted by one 
scale each for the successive 
indicated heights. 
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Figure 2 

DROPLET DIAMETER f.vm) -

Cloud drop size spectra - 1982. The 
ordinate is shifted by one scale each for 
for the successive indicated heights. 

The multimodal drop spectra may be due to the 
downward transport of·larger size drops from higher 
levels to lower levels by the cloud-top-gravity 
oscillations (Ref.2). The turbulent eddies origina
ting from surface friction get amplified in the 
vertical by the energy released due to the conden
sation during the ascent of turbulent air parcels. 
Microscale-fractional-condensation occurs in turbu
lent eddis even in unsaturated environment. The 
turbulent eddies are inherently present all along 
the envelope of the large eddies as internal cir
culati~ns (Fig. 3). 

SU ilFAC E LAYEil 

Figure 3 Vortex rolls (large eddies) in the 
PBL. The turbulent eddies which are 
mainly caused by the roughness of the 
earth's surface exist all ~long the 
envelope of the large eddy. The 
turbulent eddes get amplified in the 
vertical by the latent heat reieased 
by the condensation of water vapour 
and generate cloud-top-gravity (buoy
ancy) oscillations . 

The energy gained by the turbulent eddies would 
contribute to the sustenance and growth of the 
large eddy because the RMS circulation velocity 
of the large eddy is the integrated mean of the 
velocities of the individual turbulent eddies. 
Under favourable synoptic conditions the turbu
lent eddies get amplified by the energy released 
due to enhanced condensation and lead to the 
growth of the large eddy in the vertical resulting 
in cloud formation above LCL. Inside the cloud 
the turbulent eddies get ampli°fied faster due to 
higher degree of condensation and generate cloud
top-gravity oscillations exclusively Of buoyancy 
or 'gravity' type of·internal waves (Ref. 2). 
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1. INTRODUCTION 

With the development of the dual-channel 
scanning microwave radiometer (Ref. 1), a new 
dimension of observational capability became 
available ,to determine the spatial and temporal 
distribution of supercooled cloud water in 
wintertime mountain cloud systems. Unlike air
craft or surface observations, radiometric measure
ments have the distinct advantage of being able 
to observe a large volume of the cloud system in 
a short amount of time. In addition, the radio
meter can view regions of the cloud unapproachable 
by aircraft and can operate continuously in mar
ginal weather conditions. 

During the winter of 1981-82, this radiometric 
system was used as one part of a comprehensive 
field program conducted by Colorado State Univer~ 
sity in the Park Range region of Northern Colorado. 
The purpose of the field effort was to determine 
the structure and modification potential of winter
time cloud systems over the Northern Colorado River 
basin. One component of this program was to doc
ument the presence, spatial distribution and temp
oral variation of supercooled cioud water occuring 
in storms affecting the region. 

Nine storms occured during the field program for 
wl:ich scanning radiometer data was available. In this 
paper, two of these case studies will be developed to 
illustrate the utility of the scanning radiometer in 
determining the supercooled liquid water distribution 
in wintertime storms. The major conclusions of this 
study, based on the complete nine storm data set, 
will also be discussed. 

2. INSTRUMENTATION 

This paper utilizes data collected by several 
instruments used during the Colorado Orographic 
Seeding Experiment (COSE). The field experiment 
was conducted during the months of December ··and 
January. Because the primary purpose of the exper
iment was to study the natural physical and micro
physical structure of the cloud systems occuring 
in the region, no seeding operations were conducted. 
Figure 1 is a cross-section showing the major topo
graphy and the location of the instruments used in 
this analysis. 

2.1 Microwa\re Radiometer 

Details and references concerning the opera
tion, theory and accuracy of measurements of cloud 
water and water vapor content obtained by the dual
channel radiometer are given by Ref. 1. The dual
channel radiometer is a passive instrument. Be
cause it is passive, it can provide no information 

* Permanent affiliation: Academy of Meteorological 
Science, NMV, Beijing, China 

concerning the variation of liquid water content 
along the beam. 

In ::,~ COSE program, the radiometer was mount
ed with a steerable antenna so that the spatial and 
temporal variability of the liquid water field 
could be studied. A standard scanning technique 
was adopted to observe the evolution of this field. 
The antenna was set at 15° elevation angle and 
rotated through 360° azimuth sweeps approximately 
every 15 minutes. Using this technique, it was 
possible to observe the changes in the integrated 
liquid water content in all directions. Because 
the 15° elevation angle was quite low, this tech
nique allowed the observer to monitor the temporal 
~nd spatial evolution of the cloud water field. 
The data were analyzed on azimuth/time diagrams, 
which allowed for easy interpretation of the lift
ing mechanisms responsible for the production of 
the cloud water. The azimuth angles represent the 
following locations with respect to the barrier: 
0° (north, parallel to barrier, 6 km west of. crest); 
90°(east, over barrier crest); 180° (south, par
allel to barrier, 6 km west of crest); 270°(west, 
upwind of barrier). 

2.2 Kµ band (1. 79 cm) radar 

During the COSE program, a vertically pointing 
radar was colocated with the dual channel radiometer 
near Steamboat Springs, Co. In this paper, the radar 
data are used to continuously monitor cloud top 
height, cloud top temperature (temperatures were 
obtained from special rawinsondes launched every 3 
hours), and cloud maximum reflectivity. 

2.3 Precipitation intensity and rime characteristics 

Visual observations of snow crystal rime char
acteristics and special measurements of precipitation 
intensity were made continuously at the radiometer 
site (RAD). In this paper, the Magano and Lee 
(Ref 2) classification is simplified to examine only 
the rime characteristics of crystals. Unrimed 
crystals are classified as no rime (NR). Ria, Rib, 
Ric, and R1d are classified a~ Rl. Similarly, Rza,b,c 
are classified as R2, R3a, R3b, R3c as R3 and R4a,b,c 
as R4. Two additional categories are added for ag
gregates, LA for lightly rimed aggregates and MA 
for moderately rimed aggregates. NS indicates no snow. 
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Figure 1. Cross-section of study area 
showing topography and instrumentation 
locations described in the text. 
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2.4 Storm Peak Laboratory measurements 

During the program, a mountaintop laboratory 
-was established athe summit of Storm Peak (3100m msl) 
on the Park Range. Two of the many measurements 
collected at Storm Peak LaboratorJ 1 ~PL) are report
ed in this paper. Liquid water contents in the 
cloud enveloping the mountain peak were measured 
with a rotorod device. Crystal rime char
acteristics were also re'-~oi-deci. /!le categories 
used were NS (no snow), NR (no rime), LR (light 
rime), MR (moderate rime) and HR (heavy rime). 

2.5 Supporting data sets 

Meausurements of surface temperature, pressure 
wind and precipitation were made continuously at 
RAD. Special rawinsondes were launched every 3 
hours at Craig, Co (CG), 48 km upwind of RAD. 
Synoptic and other supporting data were obtained 
from standard Nation_al Weather Service products. 

3. CASE STUDIES 

During the COSE program, nine storm systems 
occured for which scanning radiometer data and 
other supporting data sets were available. Two 
of these storms will be discussed in this-paper. 
One storm was selected to show the characteristics 
of a storm system prior to and during the onset 
of a convective band in a pre-frontal enviorn
ment. The second was selected to show the 
characteristics of a post frontal decaying system 
with a strong orographic component. 

These two cases are ill.ustrated 
utility of radiometric measurements. 
conclusions based on the analysis of 
data set will also be discuss~d. 

3.1 December 15, 1981 case study 

to show the 
The Rajor 

the complete 

3.11 Synoptic scale and local weather conditions 

At 06002 on December 15, 1981, a low pressure 
system was located in west central Nebraska and 
a weak high pressure system in southwest colorado. 
A stationary front extended from the low in Nebraska 
across Southern Wyoming and into Utah where it became 
a warm front associated with an intense weather sys
tem still off the west coast of the United States. 
By 12002, this intense storm system had moved rapidly 
inland. Ahead of the system, a strong, moist mid
lev<.cl jet developed.. The axis of this jet was lo
cated along the warm f,contal bounrlary and stronglv 
enhanced the development of clouds along the Wasatch 
mountains of Utah and in the mountains of Colora<ln. 
Winds normal to the barrier were 17 m/s. During the 
next hours through 18002, the warm frontal boundary 
slowly moved northward. A low pressure center devel
oped in southwest Montana along the cold front assoc
iated with the deeply occluded system moving rapidly 
inland. Primarily orographically induced stratiform 
clouds with embedded heavy banded convective precip
itation characterized the clouds present in the 
Park Range region during this period. The intensity 
of these storms slowly weakened as the warm frontal 
boundary moved slowly northward, the mid-level jet 
weakened and the strong cold front approached from 
the west. 

3.12 Storm evolution and liquid water distribution 

The cloud system of December 15, 1981 evolved 
through several distinct stages, each exhibiting 
significant variations in the cloud water distrib
ution. These variations were associated with the 
passage of two wide area bands of heavy precipitation. 

The bands were embedded in a large scale stratiform 
system which extended over much of the Northern 
Colorado Rockies. Passage of the bands was marked 
by significant increases in cloud depth and precip
itation intensity. This case study will concentrate 
on the cloud system prior to and during the p.assage 
of the first bf these bands. The first band arriv
ed at RAD at 14502 and passed over the site in about 
one-hour. 

Rawinsondes were launched on a three hour sch
edule from CG during this storm. These soundings 
indicated that the atmosphere became progressively 
less stable with time. During the period of inter
est, a layer of potentially unstable air was present 
between 6400 and 8200m m.s.l. with a neutral layer 
extending to 4415m m.s.l., well within the stratiform 
layer present throughout the region. The lower re
gi·:m of this neutral layer became potentially un
stable between 15002 and 18002. The banded structure 
evident in the radar analysis was associated with 
enhanced cloud development in the middle and upper 
troposphere due to the release of weak potential in
stability and to the presence of significant amounts 
of middle and upper level moisture. 

The time evolution of the supercooled water field 
is shown on.figure 2. Precipitation characteristics 
at SPL and RAD, liquid water contents at SPL, radar 
characteristics and surface temperature at RAD are 
also shown on the figure. 

During the early stage of this storm from 1310-
14502, a stratiform cloud system with tops at 5000m 
m.s.l. was present over the Park Range region. Pre
cipitation from this storm fell steadily at a rate 
of 1 mm/hr at RAD. During this period, radiometric 
measurements of the supercooled cloud water field 
indicated that cloud water was present throughout 
the cloud system, but was concentrated over the Park 
Range, particularly over the mountains southeast of 
RAD. Simultaneous measurements of rime intensity 
at SPL and RAD supported these measurements. At 
RAD, crystals were observed primarily in the R3, R2 
and NR categories, indicating that significant 
accretion of supercooled water droplets was occuring 
upstream of RAD. Nearly all crystals collected at 
SPL were moderately rimed during this period. The 
lack of unrimed crystals at SPL provides strong sup
port for the radiometric observation of increased 
liquid water contents over the barrier. During the 
early stages of this storm, mountaintop observations 
of supercooled cloud water gradually increased from 
0.02 to 0.10 g/m3, paralleling the observed increases 
in supercooled water measured by the radiometer in 

With the onset of the band at 15002, cloud tops 
rapidly increased to 7000-8000m m.s.l. (-30 to -35"Ci. 
Radiometric liquid water contents rapidly decreased 
throughout the storm system during this stage of the 
storm. Prior to the ouset of the band,crystals at 

SPL were all heavily rimed, but as the band progres
sed across the area, the amount of rime decreased 
substantially. During the passage of the band, pre
cipitation rates increased considerably at RAD and 
SPL. 

Within 40 minutes, all crystals observed at SPL 
were unrimed. Crystals observed at RAD showed a 
marked degree of aggregation. Many of the aggregates 
at RAD were lightly rimed. A few single crystals were 
moderately rimed. Liquid water contents at the sur
face at SPL reduced to 0.05 g/m3. 

These observations all suggest that the liquid 
water remaining in the cloud during band passage wa, 
below SPL and was horizontally distributed throughout 
the cloud. The·rapid decrease in liquLd water within 
the cloud system and the rapid increase in pre-

out the cloud system and the rapid increase in pre
cipitation intensity and depth of the cloud all sug
gest that significant increases jn the total cloud 
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ice crystal concentrations resulted from the enhanced 
convective activity. Three possible mechanisms could 
h~ve produced these increases. Enhanced nucleation at 
cold cloud temperatures may have occured. Ice multip
lication processes could have increased ice crystal 
concentrations during the initial stages of cloud de
velopment. Additional primary nucleation may also 
have occured in regions. of high supersaturation in 
developing convective regions. Whatever the mechan
ism, these ice particles rapidly and efficiently re
moved the liquid condensate from the cloud system. 
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Figure 2. December 15, 1981 (1320-16002); (A) Radio
metric precipitable liquid water as a .function of az
imuth from the radiometer (mm); (B) Precipitation in
tensity at RAD; (C) Rime characteristics of cry~tals 
collecteq at RAD (see sec.2.3); (D) Rime character
is.tics of crystals collected at SPL isee sec. 2. 4); 
(.E) Rotorod liquid water content (g/m ) at SPL; (F) 
fadar cloud top (km) and cloud top temp. (c;); {G) 
Radar max reflec~.-(dBZ); (H) Surf. temp. at RAD (C). 

3.2 January 27, 1982 case study 

3.21 Synoptic scale and local weather conditions 

At 10002 on January 27,1982 a strong cold front 
moved through the study area in Northwest Colorado: 
From the. time of surface frontal passage until 15302 
precipitation fell continuously throughout the Park 
Range region. This precipitation was associated 
with an area of cloud cover which extended approx
imately 300 km northwest of the surface front. At 
15302, the western edge of this cloud• system passed 
over the region and clouds over the valleys and 
lower elevations rapidly dissipated. During this 
period, strong mid-level winds ma·intained localized 
cloud systems over higher elevations. These cap 
clouds persisted until well after 19002 and frequent~ 
ly contained shallow convective elements. The ex
tent of the cap cloud cover decreased during the 
afternoon and skies were clear by 21002. 

360 .---,----,----,r-----,------,--.,.---,-, 360 

A 
320 320 

280 200 

240 240 

200 200 

160 
- ------------, ----------------- - 160 

120 

BO ~~': 
40 '>s~c:.::c.=----- '. :' 

40 

0 

~b 
~! NS '" 
HR 
MR 
LR 
NR 
NS 

----~~--------,_,. : 

C r LA 
R4 
R3 

j~ 
HR 
MR 

---LIGHT SNOW-- LR 

w:~:~r ;Loru~e;::s~~T ~~ 

D 

E 

o. 

F ~-40 

=~~ 
~ ' • I 0 

_:~~ ~ G .n: 
-~~-----------------. - .. -.. __ H_1,~ 

-IQ- I 1 I I I ~-10, 
1530 1600 1630 1700 1730 1800 

TIME ti!) 

Figure 3. January 27, 1981 (1505-1805Z): All dia~ 
grams are the,same as in figure 2. 
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3.12 Storm evolution and J.iquid water distribution 

The January 27, 1982 storm system moved rapidly 
through the Park Range area, producing about seven 
hours of snowfall. Radiometric scans were performed 
during the latter disipating stages of this system. 
During this period, a shallow cap cloud was present 
over the Park Range. The edge of the cloud extended 
west of RAD, but the cloud produced no precipitation 
at RAD or other valley observation sites. The cap 
cloud contained shallow convective elements. These 
convective cells were primarily along the ridgeline 
embedded in the stratiform cap. More important to 
the production of liquid water in this cloud was the 
strong orographic forcing of the airflow due to ex
ceptionally strong mid-level winds. The component 
of the 700 mb wind normal to the barrier was 21.7 m/s 
at 1600Z. Thes winds reduced substantially during 
the three hours following 1600Z. By 1900Z, 700 mb 
wind speeds normal to the barrier had reduced to 8.5 
m/s. During th~s period, the extent of the cap 
cloud over the Park Range decreased. Precipitation 
at SPL was light in intensity between 1500 and 1800Z, 
gradually reducing as the mid-level wind speed 
declined. 

-The time evolution of the supercooled water 
field and all associated parameters are shown on 
figure 3. From the radiometric scans, it .is evid-
ent that virtually all of the liquid water in this 
cloud system was concentrated over the windward 
slopes of the barrier. The liquid water contents 
decreased slowly with time, indicating that the pro
duction of liquid water was primarily due to the oro
graphic -component of the vertical motion field. It 
is likely that a component of this liquid water was 
also due to vertical motion associated with the weak 
embedded convection occuring along the ridgeline. 

The presence of this liquid water was confirmed 
both by ice crystal observations at SPL and by the 
Rotorod liquid water content measurements. During 
the observation period, the cloud enveloping Storm 
Peak had liquid water contents ranging from 0.25 to 
0.32 g/m3, Although only light precipitation fell 
at the lab, all of the precipitating crystals were 
rimed. During the first hour of radiometric scans, 
crystals were heavily rimed. The amount of rime 
reduced with time as the cloud system slowly di$
sipated, but the laboratory remained in a liquid 
cloud throughout the period. 

4. SUMMARY AND CONCLUSIONS 

This paper has used two case studies to illus
trate the use of the-scanning dual-channel radio-
meter in determining the spatial and temporal dist
ribution of supercooled water in wintertime mount-
ain cloud systems. In the complete analysis, which 
included nine independant storms, several signif-
icant features of the evolution of the cloud water 
field were apparent. The various storms in the complete 
data set occured in pre-frontal,post frontal, and oro
graphic enviornments and included systems with convec
tive bands, cellular convection, stable wide area 
clouds and clouds formed primarily by orographic 
lifting. The cloud structure and liquid water dis
tributions were studied with the complete network 
of instrumentation outlined in this paper. Details 
concerning additional storms will be presented at 
the conference. From the complete analysis, the 
following conclusions concerning the distribution 
of supercooled cloud water in wintertime storms 
occuring over the Northern Colorado Rockies were 
developed: 

(1) The presence of liquid water within the cloud 
systems.was inversely related to storm intensity. 
Intense storm periods with high,cold tops, heavy 

precipitation rates and high radar reflectivit; c•s 

had little liquid water present in the system. 
Shallow cloud systems with low precipitation 
rates and weak reflectivities had the highest 
liquid water contents. 

(2) Liquid water presence in convective b~nds 
was generally limited to a short period during 
the developing stage of the·band. In nearly 
all cases of band passage, cloud water present 
initially in the system was rapidly depleted by 
rapid growth of crystals by diffusion and ac
cretion. During the majority of the time that 

the convective band affected the region, the en
tire cloud system had.minimal liquid water con
tents. 

(3) The distribution of supercooled water in 
the stratiform regions of the cloud system were 
closely related to the strength of the orographic 
component of the airflow. In the pre-frontal 
enviornment, the cross barrier component of the 
wind was found to vary significantly depending 
on the orientation of the approaching frontal 
system. Liquid water concentrations were high
est when this component was large. In the post
frontal enviornment, this component was generally 
large and liquid water was commonly observed. 

(4) In virtually aii stratiform cioud systems, 
the majority of the liquid water is concentrated 

over the windward slopes of the mountain range. 
In most of these cloud systems, large enough 
quantities of cloud water were present upstream 
of the range to at least cause minimal riming 
of crystals falling in the valley. In some cases, 
values were much higher and riming was extensive. 

(5) The temporal variation of the supercooled 
cloud water distribution in all cloud systems 
is large, even in systems which appear to be 
steady state on_ the mesoscale. 

(6) The conversion ~rom shallow systems with 
high liquid water contents and low precipitation 
rates to deep systems with low liquid water con
tents and high precipitation rates is accom
panied by a systematic evolution in the micro
physical characteristics of the precipitation. 
Prior tothe onset of the deep storm system, pre
cipitating crystals are usually single, and 
are rimed. The degree of rime is a strong 
function of elevation, since crystals falling 
near the top of the mountain have to pass 
through the zone of high water content over the 
windward slopes. During the initial stages after 
the onset of the deep storm, the intensity of 
accretion increases as large numbers of·crystals 
sweep out the cloud drops remaining in the system. 
Within thirty minutes, all of these particles have 
precipitated or were carried over the barrier. 
From.this point onward until the system returU:s 
to a more shallow structure, the. preciptation is 
dominantly composed of aggregates of unrimed 
crystals. 
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1. INTRODUCTION 

During October-Kovember, 1980 ·and December 
1982-Januarv 1983, the Cloud Aerosol Interaction 
Lab (CAIL) ~f-North Carolina State.University 
participated in field experiments over the Antarc
tic coast for investigating the cloud microstruc
ture. In particular, measurements of the miro
physical parameters of Antarctic coastal stratus 
clouds were made. The objective of the field 
study wer~ (1) determination of the cloud nuclea
tion charafteristics of aerosols particles that 
participate in the formation of Antarctic coastal 
clouds, (2) study of variations in the cloud 
droplet size spectra through direct measurements 
within the clouds, (3) simultaneous measurements 
of the Aitken nuclei concentrations, and (4) 
determinatiqn of ·the primary chemical constituents 
of cloud water collected directly by means of air
craft penetrations. Some of the results of the 
latter two objectives have previously been reported 
by Saxena (Refs. 1,2). This paper concerns itself 
with the first two objectives. We use the 
observations of the activity spectrum of cloud 
condensation nuclei in the substratus layer with 
simultaneous observations of cloud droplet size 
distribution to analyze recent models proposed 
for the evolutien of the cloud droplet spectra. 
This is accomplished by examining the correlation 
between the CCN activity spectrum and the droplet 
size spectrum. 

2. INSTRUMENTATION 

The observational platform used for this 
study was an instrumented C-130 aircraft described 
by Hutchins and Wall (Ref. 3) and Saxena (Ref. 1). 
The aircraft made use of the Aitborne Research 
Data System (ARD_S) which was equipped with sensors 
for pre~sure, temperature, wind, humidity, and 
aircraft position. In addition the C-130 was 
speciqlly equipped with a Forward Scattering 
Spectrometer Probe (FSSP) .similar to that 
described by Knollenberg (Ref. 4) to measure the 
cloud droplet size distribution and a cloud 
condensation nucleus (CCN) spectrometer developed 
by Fukuta and Saxena (Refs. 5,6) to measure the 
spatial and temporal distributions of CCN. 

Sampling of the cloud droplet size distribu
tion was done at 10 sec. intervals with the FSSP. 
From the size distribut ons the mean diameter (D), 
total concentration (N), liquid water content 
(l.w.c.), and the diameter below which 95% of the 
liqui1 water is continued (D

95
) were calculated. 

The probe was operated in the size. range 2-32 µm 
with a resolution of 2 µm. 

The CCN spectrometer took samples every 60 
sec and measured concentration (n) in.the super
saturation range 0.15-1.2%. This lead to values 
of concentration and slope parameters of the con
ventional representation n; csk. 

*Research suppo~ted by the National Science 
Foundation under grant no_. DPP-7922058. 

The ::,dmpling site is sho\m in Fig. 1. Samp
ling was carried out on days when the Antarctic 
Coastal Stratus Clouds were detected from the 
satellite imagery. Measurements of the cloud 
droplet size distribution were made on November 
3-4, 1980, and November 5, 1980. CCN measurements 
are presently available for November 3-4, 1980. 

3. RESULTS AND DISCUSSION 

3.1 Cloud Geometry 

Two dimensional cloud geometries for November 
3-4 and 5 are presented in Figs. 2 and 3. The 
cloud boundaries were determined in part by the 
liquid water content calculations and notes made by 
one of us aboard the aircraft at the time of the 
observations. A l.w.c. of 0.05 g/m3 was used as a 
threshold value in helping to determine cloud 
boundaries. 

4.2 Cloud Droplet Spectra 

Table 1 summarizes the measurements cakeu and 
calculations made for each cloud observed. It is 

noteworthy that a strong correlation between the 
height of the cloud base and D exists. The 
correlation coefficient was found to be 0.9?· Al-

though the sample size is small,the correlation 
seems strong enough to be significant. 

The observed spectral broadening with height 
is also revealed by the drop size distribution for 
individual clouds at different heights. All the 
clouds sampled were found to have a bimodal size 
distributi.on (Figs. 4 and 5) with one peak ·of 
concentration of drops appearing at about 2-4 
µm and another one somewhere in the range of 10 to 
18 m. The diameter at which the second peak 
occurs seems to be a function of height; In Fig. 

ATUWTIC OC£AM fNOIAN OCEAN 

Figure 1. Sampling site in Antarctica where 
coastal clouds were penetrated. 
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Table 1. Measured and derived parameters forclouds sampled on November 3 and 5, 1980 
Cloud · Cone. 

Date 
11/3/80 
11/3/80 
11/3/80 
11/ 5/80 
11/5/80 
11/5/80 
11/ 5/80 

Time (GMT) 
23:21:10-23:27:00 
23:40:10-23:46:20 
23:47:50-23:48:10 
08:10:00-08:13:30 
08:22:10-08:22:40 
08:29:50-08:31:30 
08:33:20-08:33:50 

Droplet 
CONC (cm-3) 

79.9 
52.2 
91. 8 
32.6 

101.0 
95.1 
87.7 

Height of 
Cloud Base 

700 
1450 
1400 
1900 

550 
500 
500 

5, the size distribution of a cloud with a base at 
500m MSL is shown an.d it has a second peak in 
concentration corresponding to a diameter of 10 µm. 
This is contrasted to Fig. 4 which shows the size 
distribution of a cloud with a base at 1450m MSL 
and a second peak at a diameter of 18 µm. Within 
the cloud itself, there is a tendency for spectral 
broadening to occur with height. Figure 6 shows 
the cloud drop size distribution for two different 
heights within one cloud. Near the cloud base the 
second peak occurs at a diameter of 10 µm while 
near tP.e cloud top, the second peak in concen
trat~on corresponds to a diameter of 22 µm. 

Though the observation of peaks in concen
tration at two different diameters is interesting, 
it certainly is not unique. Bimodal size distri
butions have been observed elsewhere for cumulus 
(Refs. 7,8,9) and Arctic stratus (Ref. 10) clouds . 

. Cumulus clouds were observed by Warner (Ref. 7) to 
have peaks at the diameters of 10 and 25 µm. In 
their work with Arctic stratus Tsay and Jayaweera 
(Refs. lC found concentration peaks at 6 and 16 
µm. They also noticed that the spectral broaden
iP.g i;,ccurred at a higher level within a cloud. 

1.5 
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Q 
:::, 
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5 
<( 

0.S 

11/3-4/80 

172 

22:52:49-00:12:54 GMT 

173 

LONGITUDE 
174 

Figure 2. Two dimensional N - S reconstruction 
of cloud geometries observed on 
November 3-4, 1980. 

(m) 
Cloud Base 
Temp. °C 

-5.25 
-10.52 
-6.50 

-18.59 
-7.89 
..:8. 81 
-7.29 

Parameter 
C (cm-3) 

242 
250 
121 

D 
(µm) 
9.24 

11.89 
13.29 
13.52 

9.27 
9.90 
9. 77 

D95 
(µm) 

23.28 
23.21 
21.57 
24.85 
·19. 95 
18.63 
18.57 

lw~3 
~ 
0.10 
0.09 
0-.18 
0.06 
0.07 
0.09 
0.07 

4.3 Comparison of observations with theory 

, Recently three theories have been proposed to. 
explain the coexistence of large concentrations of 
large and small drops in a cloud. Johnson (Ref. 11) 
proposed that giant and ultra-giant nuclei exist 
which form the large drops. A second theory 
proposed by Manton and Warner (Ref. 12) suggests 
that the spectral broadening would be the result 
of mixing of cloudy parcels and differential 
molecular absorption between the small and large 
drops. The third one commonly called: the · 
inhomogenous -mixing model,discussed by Baker and 
Latham (Refs. 13,14) and Baker et. al. (Ref. 15) is 
based on the inhomogenous mixing of dry air with 
the cloudy air. The observations of the Antarctic 
coastal stratus clouds seem to be most easily 
explained by this latter model. 

:,, the inhomogenous mixing model individual 
cloud drops may be involved several times in cloudy 
and dry air and when the time constant for the 
turbulent diffusion is smaller, the cloud drops 
may completely evaporate upon their contact with 
the dry air blob. This will continue to happen 
till the dry air is saturated. · Once the saturation 
is achieved, the slow mixing process will separate 
the rest of the drops without causing any evapora
tion. In the model, a given number of drops in a 
size range is evaporated and each is reduced to the 
size of an activated CGN at each step of the 
entrainment process. Consequently, total drop 
concentration remains unchanged although smaller 
drops.will be generated at the expense of larger 
ones thus giving the larger drops an advantage of 
serving as "giant nuclei" and growing bigger yet. 
Thus, the observed spectral broadening may be 

e 
~ 

, .. 

w 1.0 

0 
:, ... 
~ 
< 

11/5/80 07:1500 -ca :ss:oo GMT 

115030 181 
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Figure 3. Two ·dimensional N - S reconstruction of 
cloud geometries observed on November 
5, 1980. 
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Figure 4. _Droplet size distribution for a cloud 
with base at 1450mMSL sampled on 
November 3, 1980·. 
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Figure 6. Drople:1: size distributio~ for near the top 
and near the bottom of a cloud sampled on 

· November 3, 1980. 
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Figure 5. Droplet size distribution for a cloud 
with base at 500m MSL sampled on 
November 5, 1980. 
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produced by the entrainment process. The small 
differences of size distributions between·that of 
the Antarctic coastal clouds and other clouds 
(Refs. 7, 8, 9, 10) are probably due to the 
spatial and temporal variation in the process of 
inhomogenous mixing. The increase of mixing with 
height aiso could explain the spectral broadening 
that occurs with increasing height both within 
the cloud and with different clouds at different 
heights. 

4.4 CCN Spectra 

Measurements from the CCN spectrometer are 
available for November 3-4, 1980. The data are 
represented by the conventional n=csk form. An 
average value of 1.03 was found fork for the 
entire flight. The measured values of C for the 
areas below each cloud are listed in Table 1. With 
these values for C and k and assuming that the 
total number of Gloud drops N, represents the 
activated CCN (See Fig. 7), the supersaturations 
that are realized in the Antarctic clouds are 
found to be 0.34%, 0.22% and 0.76%. Super
saturations as high as 0.40% have been previously 
reported in fogs by Gerber (Ref. 16) and the 
theoretical considerations for such high super
saturations have been discussed by Saxena.and 
Fukuta (Ref. 17). The first two values, namely 
0.34% and 0.22% seem to be reasonable. However, 
the third value of 0.76% seems to be too high 
although there could be a possibility that 
higher than normal supersaturations may indeed 
exist due to the fact that with the limited 
concentrations of CCN available, the water vapor 
depletion may be very limited or nonexistent. 
Alternatively, it could result from some instru
menta:L errors. 'It is unlikely that both FSSP and 
the CCN spectrometer were malfunctioning at the 

,same time because no problems were observed from 
the readings of either instrument at any other 
times. It is in order here to mention that 
Telford and Chai (Ref. 18) and Telford and Wagner 
(Ref. 19) ·have argued that the CCN activity 
spectrum in the cloud forming air has an 
insignificant influence on the evolution of the 
cloud droplet size spectra and the one to one 
correspondence may not be valid. 

4. CONCLUDING REMARKS 

Antarctic coastal cloud-aerosol interactions 
are of consequential •importance in understanding 
the hydrologic cycle of the coastal regions, the 
thermodynamics and the energy balance, extent of 
cloud cover during austral summer months, and 
the chemical nature of the precipitation 
accumulated on the surface. Despite this, the 
measurements reported here represent the first 
done of their kind'1;;· 

The droplet'' si'ie spectra of Antarctic 
coastal stratus cloiids exhibit a bimodal 
distribution. One peak corresponds to the haze 
drops with diameter less than 4 µm and the other 
peak is associated with the diameter at which 
cloud droplets usually occur (10 µm <d <18 µm). 
The broadening of the cloud droplet spectrum as a 
function of height from the cloud base and also 
the height of the cloud base seem to· be reason
ably explained by the inhomogenous mixing model 
(Refs. 11,12,13). The CCN activation spectrum 
was examined and it was found that assuming a 
one-to-one correspondence between cloud droplet 
and activated CCN, rather high supersaturations 

(although below 1%) are needed in order to produce 
the total number of observed cloud droplets. 
Theoretical work does exist (Ref. 17) that explains 
how the high supersaturations could occur. Super
saturations of 0-. 40% have been found (Ref. 16) in 
mid latitude fogs so it may not be unconceivable, 
given the very pristine nature of the Antarctic· 
atmosphere, that higher supersaturations would 
occur in Antarctic clouds due to possible absence 
of vap.or depletion effect. 
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SOME REGULARITIES OF THE TRACER 210Po DISTRIBUTION IN RAINDROPS 

S.S. Shalaveyus, R.G. Krankalis, R.V. Leskauskas · 

Institute of Physics of the Academy of Sciences of the Lithuanian SSR 

Microphysical processes in. convective 
clouds a~e much more investigated than meso
scale dynamical processes. In the investi
gation of microphysical processes laborato
ry experiments are used while in the inves
tigation of mesodynamical phenomena expen
sive field experiments are conducted. The 
investigation of the spreading and washout 
of the tracers injected artificially into 
the clouds enab.les to obtain new data on 
the dynamics of development and decay of the 
clouds and on the precipitation generation 
processes. Using radioactive tracers it is 
possible to reveal simultaneously a number 
of peculiarities of the aerosol admixtures 
washout by raindrops. The tracer method of 
the clouds investigation gives us an idea 
of the microphysical capture mechanisms of 
tracer particles by the cloud and rain dro1,r 
lets (Refs. 1, 2, 8). 

The data of 23 field experiments con
ducted on the proving grounds in the period 
1972-1982 are used for the determination of 
some reguliarities of tracer 210Po injected 
into a local space of a Cumulonimbus cloud. 

The technique of conducting field ex
periments is described in (Refs.5, 6). A 
tracer was injected into a cloud by means 
of a hail-suppressing rocket. The spraying 
of a tracer was carried out by explosions 
in a determined part of a Cumulonimbus 
cloud. The epicentre of the injection and 
the height of tracer injection were deter
mined by the rocket trajectories and the 
given explosion time of the.rocket head. 

A series of subsequent samples of rain 
drops was collected for an f8proximate de
termination of the tracer .2 Po injected 
into a cloud spreading velocity and of the 
evaluation of the washout ability of dif
ferent-sized raindrops during rain. Sampl
ing was carried out on a proving ground in 
several points. On the proving ground with 
the area about 700 km· there were from 7 to 
13 posts for the collection of separate 
droplets. The raindrops left bright spots 
on the coloured paper. The mass of the 
raindrbp was determined by the radius of 
the'spot. The samples were collected every 
two minutes during Tain. Four days after 
the collection of droplets the dried chro
matographic paper was brought into contact 
with a nuclear emulsion of type A-2.and it 
was exposed during 40-60 days. The amount 
of the tracer was determined by the amount 
of ol,-tracks in the droplets of definite 
size. 

An application of radioactive sub
stances injected artificially irito clouds 
for the investigation of the peculiarities 
of their spreading and washout by raindrops 
is impossible without knowing their back
ground values in precipitations: It is 
known that in most cases the radionuclide 
background levels were determined by the 
summary· precipitation samples, they were 
not concretized for the precipitations from 
different types of clouds and the radioac
tive backgroun~ of droplets was not deter
mined in dependence of their sizes (Ref. 
3). 

An attempt was made to determine sta
tistically reliable distributions of·natu
ral 210po in the raindrops from Cumulonim
bus clouds depending on the sizes of rain
drops. Both the data obtained during the · 
background experiments and during the ex
periments with artificial tracer injection 
into the cloud were used. The raindrops with 
radii O. 24-2, 05 mm were investigated. More 
than ten thousand droplets were investi
gated. Measurements showed that the great
est amount of raindrops consists of drop
lets with radii exceeding 1 ·• 10 mm (70 %) • 
The dependences obtained from ~he natural 
210po distribution in droplets by their 
sizes were approximated using the method of 
least squares. The sui:nmary distribution of 
the natural 210Po amount in raindrops de
pending on their sizes is of parabolic 
shape. 

As the measurements showed the back-· 
ground values of 210po in droplets ranged 
from 3.1-10-SBq. (for R = 0,24 mm) to 
1,6-10-6Bq (for R = 2.05 mm). It is deter
mined that the droplets falling out at the 
beginning of rain were of the greatest ra
dioactivity, i.e. a decrease of 210po don
centration in raindrops during the rain was 
observed. 

For the evaluation of time moment of 
the appearance of raindrops with the arti
ficially injected 210Po several criteria
are selected. It is partly admitted that 
the time of appearance of the fi~st maximum 
in the specific radioactivity time distri
bution in the ground measurements points 
coincides with the time moment of the ap
pearance of tracer 210Po (Ref. 3). It should 
be noted here that the maximum value of spe
cific radioactivity is obtained both due to 
a change in the droplets distribution ac
cording to their sizes during rain and due 
to the droplets evaporation. 

15 

10 

5 

a 0,5 f,O f,5 2,0 R,mm 

Figure 1. The summary distribution of the 
amount of natural 210Po in raindrops of 
Cumulonimbus clouds in dependence of their 
sizes. The vertical lines denote the mean 
square deviations. 

It is our opinion that the time of·the 
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appearance of tracer 210Po coincides with 
the time of appearance of the first maximum 
on the curves of the tracer amounts distri
bution in raindrops of definite size. The 
droplets with effective radii, i.e. the 
droplets which wash-out the greatest amount 
of tracer 210po, are investigated. In some 
cases the droplets with predominating radii 
were investigated .. 

The vector of arrival velocity of 
droplets with 210po to the ground level 
sampling point is determined as a sum of 
two per~endicular vectors of vertical fal
ling velocity and horizontal transport ve
locity. In this case the arrival velocities 
of raindrops with 210Po are minimum be
cause in reality the raindrops move at much 
more complex trajectories. 

It is obtained that the arrival velo
city of raindEops with the tracer at the 
ground level measuring points range from 2 
to 25 ms-1. The mean velocity is equal to 
14 ms-1. The value of the definite velocity 
in a given sampling point depends evidently 
on whether this point is located under the 
experimental radar cell or at some distance 
from it at the moment of tracer injection. 
In the first case the tracer arrival velo
city changes from 8 to 25 ms-1 (mean velo
city T6 ms-1), in the second case - from 2 
to 12 ms-1 (mean velocity 6 ms-1). If se
yeral sepaxate collection points of rain
drops are located under the experimental 
cell at the moment of tracer 210Po spray
ing, the velocity values obtained correlate 
with the distance from these points.to the 
.tracer _injection epicentre. The closer the 
ground measurements point is, the faster 
210po arrives in droplets to this point 
(Figure 2). The dependence is obtained for 
the sampling points located at the distance 
of not more than 2 km from each other. It 
sho.uld be noted that such tracer arrival 
velocity distribution in sampling points is 
independent of the cloud system displace
ment direction relative to the location of 
measuring points. 

By the 210po injection into the fron
tal part of the cell the tracer spreads 
rapidly in the whole cell independently of 
the injection height. The arrival of trac
ers at the cloud displacement front coin
cides with displacement time and trajecto
ry of the cells. "The arri vaJ: velocity of 
tracers ranges from 12 to 25 ms- 1 , mean 
value - 19 ms-1. If the cell moves above 
the observation site at great velocity (70 
-100 kmh-1) ✓ 210Po is rapidly transported 
from the injection point in the direction 
opposite to .the movement of the cloud sys
tem. The tracer arrival velocity ranges 
from 20 to 24 ms-1 with a mean value 
23 ms-1. 

By the tracer injection to the centre 
of the cell, the admixture spreads in all 
directions from the injection point and 
practically independently of the air stream 
direction at the cloud height. According 
to our data the arrival velocity of 210po 
with droplets at the sampling points is 
equal to 11-20 ms-1 with a mean value 
15 ms~1. The velocities are determined in 
the points located under the cell at the 
moment of 210po injection. 

In some experiments 210Po was in
jected into the rear part of the cell dur
ing its decay. In these cases the tracer 

was washed out mainly at the small area 
under the injection epicentre with the ve
locity 23-25 ms-1. The velocities are de
termined in the zone of intensive precipi
tation. However, there are cases when some 
part of the tracer is taken away by the air 
streams to the other parts of the experi
mental cell and washed out -by raindrops at 
a greater area. In these cases the tracer 
arrival velocities at ~he measuring points 
are equal to 10-11 ms-1. 
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Figure 2. The dependence of the arrival ve
locities of tracer 210po in raindrops to 
the ground level sampling points located 
under an experimental cell at the moment of 
tracer injection, at the distance of the 
points fr.om the epicentre of 210po injec
tion. Curve 1 - the field ·experiment on 
17th June, 1972', 2 - 24th June, 1972, 3 -
18th July, 1972, 4 - 2th August, 1974, 5 -
20th July, 1974. 

It should be noted that the great ve
locities of tracer.spreading were noted in 
the points w~ich at the moment of 210po in
jection were located in opposite direction 
from the gen~ral air stream and from the 
radar cell displacement (Figure 3). It sug
gests that inside t~e cells there exist 
convective streams which transport the 
tracer at great velocities into a rear part 
of the cloud. Due to strong turbulence 
210po is captured rapidly by the cloud and 
rain droplets and.in consequence of descend
ing cur~ents it arrives rapidly at the 
earth surface. 

Field experiments showed that.in the 
presence of several cells in the cloud the 
tracer spreads mainly in the cell into 
which it was injected. This cohclusion is 
true in cases when the tracer is injectetl 
into a mature cell. By the disintegration 
of the cell the remainders of the tracer 
may be transported at great distances 
(Refs, 6, 7). 

The density of 210po fallout or its 
amount washed out by raindrops of definite 

, radius on the unit of area v1a_s deLarmi_ged _ 
by us by multiplyingthemean amount of the 
tracer in the droplets of the given size by 
their number. It was statistically deter- · 
mined that the greater the radius of rain
drops, the greater on the average is their 
tracer radioactivity (Figure_ 4). 
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Figure 3. The distribution of the tracer 
210po arrival velocities ~the ground 

level sampling points No. 3, 4 during the 
field experiment on 17th July, 1972. A 
solid line denotes the ·cloud by the atte
nuation-~£ radar signal by O dB; shaded 
zones - by 48 dB, a triangle - the launch
ing place of the rocket carrying the trac~ 
er, an asterisk - the epicentre of the 
tracer iniection. 
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Figure 4. The distribution of the amoufit of 
tracer 210po in raindrops of Cumulonimbus 
clouds in dependence of their radii (after 
the measurements of more than 2-104 drop
lets). The vertical lines denote the mean 
square deviations. 

We evaluated the amount on the unit of 
area of 210Po washed out by raindrops by 
counting the number of droplets collected 
on the area exceeding by an order of mag
nitude the area of nuclear photoplates of 
type A-2. In most cases it was obtained 
that the tracer 21,0po fallout density dis
tributions by the sizes of raindrops have 
a marked maximum in the range of radii 
0,57-1.47 mm (a mean value is equal to 
1.10 mm. The value of the maximum depends 
mainly on the raindrops amounts distribu
tion considering the radii. In some cases 
a second maximum in the fallout density 
distributions depending on the sizes of 
droplets was obtained. The second maximum 
was usual\y 1.5-2 times lqwer than the 
first I one and it was observed by R > 1,, 19 
mm. There are also distributions in which 
the amount of the tracer washed out on the 
unit of area increased on the average with 
the increase of the sizes of raindrops, It 
should be noted that.for the summary dis
tributions of the 210po £allout densities 
and of the raindrops mass by the radii it 
was characteristic that the maxima of de
pendences almcist coincide in'majority of 
cases. The curve of recurrence of the rain-

drops sizes distribution according to their 
sizes intersects the ra~ge of their coin
cidences (Figure 5). 

if,M,Q,% 
. 16 
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Figure 5. The summary mean distributions of 
the number of raindrops (curve 1)

6 
of their 

mass M (curve 2) and of tracer 21 Po fall
out density Q (curve 3) by the raindrops 
sizes during the field experiment on 20th 
July, 1974. Other denotations as in Fig. 1. 

The data obtained during the field ex
periments suggest an idea that there are 
raindrops of optimal s·izes relative to 
their number, mass and amount of tracer 
210po washed out by them. 
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MICROSTRUCTURE VARIATIONS IN THE LIFE OF EX'i'RA TROPICAL CYCLONES · 

by 

Arnold A. Barnes, Jr. 
Ian D. Cohen, Capt., USAF 

Air Force Geopµysics Laboratory 
Hanscom AFB, MA 01731 U.S.A. 

The Air Force Geophysics Laboratory (AFGL) 
has used two aircraft, an MC130E turboprop trans
port and a Lear 36 jet t·o examine . the micro
physical structure of extra tropical cyclones. 
Barnes, ·eohen, and McLeod (1982) ·describe the 
instrumentation on both airplanes, and list the 
flights conducted during the program, 

The MC-130E provided data at various st·andard 
pressure levels for several storms. Varley (1980) 
and Cohen (1981) reported on the structure of 
clouds in ·two of these cases. Cohen (1982) 
summarized the findings of this part of the 
project. Flights_ in the northeast quadrant of 
the storm were made on consecutive days whenever 
possible. Data were gathe·red at the 400, 500, and 
,700, millibar levels. In some cases, the 300 mb 
and/or 850 mb levels were also sampled. Particle 
size, particle shape, and liquid (or ice) water 
content per unit volume were compared. Plank 
(1967) devised a . "form factor" which describes 
the shape of the size distributions of the parti
cles in a given sample. 

The form factor is described by equation 1: 

i=n 

FF 

1: (21-1) 3 a 
i=2 i 

i=n 
[,: (2i-1)6J0.5 
i=2 

(1) 

In using it to categorize a particle distri
bution, the dis.tribution •is divided into size 
categories. In the .case of our flights, the 
probes used provided distributions in categories. 
In equation 1,. n represents the number of cate
gories, and a i is the ratio of the number of 
particles in category i to the total number of 
particles in the distribution. Each of the three 
probes used to gather the data has 15 channels, 
so in our case, a form factor for the entire 
distribution represents a sum of 45 • channels. 
The value of the form factor will vary between O 
and l; 0 indicates a completely random distribu
tion o~ particles, while 1 means that all parti
cles are ln the same size category.· 

In general upper levels (400 miliibars and 
above) showed the greatest consistency in s:l,ze 
,and shape. At that altitude (about 7 to 10 Km), 
irregular shaped crystals, called small snow, 
predominated. The majority of the particles were 
less than 100 µm in dfameter. The form- factors 
tended to be h;l.gber (generally .4 to .6) than 
those observed at lower levels, indicating a 

lognormal distribution. The warmer teuiperatu,es 
and complex dynamics found near thEI melt.ing layer 
resulted in a variety of particle shapes and 

'sizes, and form factors of .3 or less reflec
ting the non-uniform size distributions:. 

Figures 1 through 4 show the size distribu
tions at 400 millibars (altitude about 7 Km) and' 
700 millibars (altitude about 3 Km) on 4 days· 
during the storm of 23-27 March 1978. These 
figures, from Cohen (1982), show how the size 
distributions changed as the storm matured and 
then dissipated. With the exception of 25 March, 
the 400 mb level (the dotted lines) looked simi
lar from day to day, while the 700. mb distribu
tions vary much more as the storm moves. Shadow
graphs, taken simultaneously with these measure
ments, showed that the particle shapes alsci re
mained more consistent at the 400 · mb level.· 

Dyer and ·Cohen (1983) made a spectral analy-_ 
sis of horizontal fluctuations of temper~ture 
and liquid water content in this storm system. 
This analysis showed that each stage of the 
storm had its distinctive characteristics; the 
earlier stages, when convective activity predo
minated had peaks at certain frequencies while 
in later stages, when stratiform activity in
creased, the_s~ectra wer~mor~_11niform. 

The vertical structure of large scale storms 
was studied (Lo and Passarelli, 1981, 1982) by. 
_making spiral descents with the C-130 at approx
imately 200 ft/min; a rate which approximates 
that of a falling snow flake. As snow- crystals 
fall, they go through three distinct slages: de
position, aggregation and breakup. Differing 
rates of aggregation and breakup due to local 
differences in temperature and vertical motion 
are postulated as the causes of the larger vari
ety of particle shapes seen at the lower levels. 

Schaller et al (1982) · and Cohen and Sweeney 
(198"3) h~ve done further work with the melting 
layer. 

The AFGL study of tenuous clouds also exam
ined microstructure variations of clouds; in this. 
case, thin cirrus clouds. Cohen and Barnes (1980) 
looked twice at a weak frontal system in · New 
Mexico, while Varley, Cohen and Barnes (1980) 

. looked at the cirrus canopy above. a· more intense 
storm in that same area. In the former case, 
the only cloudiness produced ·by the system was 
a small band of cirrus with particles as large 
as 700 µm ahead of the front,. and very thin 
cirrus with unusually large (1200µm) particles 
behind it. The more intense storm produced den
ser cirrus with many particles of 1100 µm or 
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Figure 1. Size distribution of particles at 
400 Mbar (solid line) and 700 Mbar (dotted 
line) on 23 Mar 78. 
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~igure 3. Size distribution of particles at 
·' 400 Mbar (solid line) and 700 Mbar {dotted 

line) on 25 Mar 78. 

•larger •. This was due to stronger updrafts, which 
brought mote moisture to the level of cirrus 
clouds. 

The data · provided by the AFGL-instrumented 
aircraft have been useful defining many aspects 
of the microstructure of extratropical cyclones. 
The results have increased our understanding of 
these storms. 
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Figure 2. Size distribution of particles at 
400 Mbar (solid line) and 700 Mbar (dotted 
line) on 24 Mar 78. 
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Fi3ure 4. Size distribution of particles at 
1+00 Mbar (solid line) and 700 Mbar (dotted 
line) on 26 .Mar 78. 
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DOMINANT ICE PROCESSES IN SUMMERTIME CUMULUS CLOUDS 
IN THE BETHLEHEM AREA_ 

R T Bruint]es 
South African Weather Bureau 

I. INTRODUCTION 

For the past three years, four instrumented aircraft 
have been operated as part of the Bethlehem Precipi
tation Research Project, conducted in the north-eas
te·rn parts of the Orange Free State, S,mth Africa. 
The area, 200 km in diameter, is essentially a 
farming region with the majority of roads unpaved. 
Uncultivated land and exposed soil is common in the 
area and blowing sand and dust is a frequent occur
rence. Bethlehem, as centre of the area, where the 
research facilities are situated, is a medium.-sized 
town and the only significant population centre. 
Approximately 85% of the annual preci_pi tat ion (600-
700 mm) falls in the summer months between October 
and March. Most of this rainfall is the result of 
convective activity. · 

The origins of natural ice in summertime cumulus 
clouds together ~ith the processes that contribute 
to the evolution of ice crystal concentrations is an 
important facet to be considered in any weather 
modification research project. In this paper, a 
brief account will be given of the observations 
which are suggestive of a primary process where ice 
is nucleated at fairly warm temperatures, early in 
the lifetime of the clouds, on what would seem to be 
dry soil particles. Secondly a brief account of a 
possible secondary process of ice generation by 
c7ystal f 7agmentation and via the break-up of rime 
will be given. · 

2. PRIMARY ICE 

The process of ice nucleating at fairly warm tempe
ratures on dry aerosol particles has been examined 
by Young (1974) who suggested that the warm tempe
rature glaciation may be the result of contact nu
cleation of supercooled cloud drops at the cloud 
edges. Evidence for the effective forming of ice 
by contact nucleation has been given by Gokhale and 
Spengler (1972) and Pitter and Pruppacher (1973) 
who showed that clay and soil particles can nucleate 
superco0led water droplets at temperatures as warm 
as -3 to -4 °c. Cerni et al (1980) suggested that 
enhaneed crystal concentrations could be explained 
by the creation of ice thFough the evaporative 
cooling of cloud tops as they penetrate the dry, 
stable layer. Mossop et al (1968) have also dis
cussed this possibility. 

Observations in natural clouds in the Bethlehem area 
have shown that the concentrations of ice crystal 
are sometimes much greater than the measured con
centrations of ice nuclei at ·comparable temperatures. 
Ice crystal concentrations in young growing cumulus 
clouds are usually between l and 10 per litre with 
the summit _temperature of the _cloud top warmer than 
-16 °1 fairly early in the lifetimes of the clouds 
(3-5 minutes). 

s7veral f~ights with an instrumented aircraft speci
~ically aimed at studying the appearance of first 
ice have been conducted during the past two years. 
The aircraft would, for this.purpose, fly at the 
-IO 0 c level and penetrate young developing cumulus· 
clouds which were growing through the aircraft flight 
level. The clou·d top was always within 150 metres 

of the flight level. One such case occurred on 23 
March 1982. This cloud was separated by more than 
IO km from a:'y other conve,;:tive activity. Figure I 
r 7pr7sents time histories of vertical velocity, 
liquid water content, pressure, humidity over water 
and ice and the Rosemont and reverse flow tempera
tures of the p7netration through the young growing 
turret. The diameter of the turret was about l km. 
at the time of penetration. Environmental tempera
ture at the penetration level was around -13 °c. 

While the aircraft's true airspeed was about 100 m/s 
obser~at~ons during the first 400 metres showed very' 
low liquid water content values coincident with pre
dominating downdrafts, On the other hand a rela
tively ~igh liquid water content witn a-peak of 
1,8 g/m was measured during the last 600 metres of 
the penetration. 

Although the instruments' accuracy might be question
able it is interesting to note in Figure l that even 
the humidity over ice never reached 100% or ice 
saturation. A peak value of only 80% was reached. 
Relative humidities of 100% with respect to water 
were measured in other clouds studied during the 
same flight, which might indicate that the cloud air
in this turret was subsaturated. This seems likely 
when it is taken into account that the aircraft was 
unable to do a second penetration on this turret 
~ecaus7 it evaporated and collapsed completely with~ 
in a minute o~ two. · 

In figure 2 time histories of the particle concen
trations measured by a PMS2DC probe (25-800 µm) and 
a PMSIDC probe (20-300 µm) are shown. For the JDC 
probe only the concentrations of particl~s larger· 
than 50 µmare shown,assuming that these particles 
were all ice particles,because no evidence exists 
from the slide photos nor replicator photos that 
any drops larger than 30 µm were present in the 
cloud. Both probes measured concentrations of be
tween I and 5 per litre for the cloud penetration. 
The images collected by the 2DC probe are shown in 
figure 3 indicating the existence of plates and 
sector plates with branches, together with a few 
small graupel particles. This was supported by the 
stellar crystal collected on the slide-and shown in 
figure 4. The diameter of the ice crystal is ·about 
230 to 250 µm. Small cloud droplets are also visi
ble on the slide photos. 

Sector plates and sector plates with branches seem 
to be the most dominant crystal types observed in 
cumulus clouds in the Bethlehem area. These sector 
plates then apparently grow into sector plates with 
branches or stellar ice crystals and, after the on
set of riming, into graupel particles. 

An ice growth model with detailed microphysical 
treatment developed by Strapp (1977) was used to 
simulate the natural growth of ice crystals in cloud 
for this day. According to the model results a 
PIC-s crystal nucleated at· the -IO 0c level w~uld 
grow to a size of about 250 ,um by the time it 
reached the -12 to·-13 °c level. This corresponds 
well with the size of the particle found on the 
slide shown in figure 4. The comparison of the 
model results with the measurements are thus sti
mulating. 
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3. SECONDARY ICE 

Fragmentation of ice crystals due to collisions has 
been examined as a possible ice multiplication me
chanism .by Vardiman· (I 972), · by Hobbs and Faber 
(1972) and by Juisto and.Weickman (1973). While 
these authors primarily considered the consequences 
of collisio~s of vapour grown ice crystals, Vali 
(1980) considers the breakup of rime accreted on 
crystals. 

The observations relating to the secondary ice pro
c7ss were made i_n clouds selected according to 
~isual criteria involving active growth, horizontal 
and vertical dimensions (greater than 2 000 m and 
2 400 m r~pectively), shape, firmnessof cloud base, 
and the absence of a radar echo. The clouds were of 
continental character with- the concentrations and 
mean sizes of the cloud droplets in the ranges of 
600-1100 cm- 3 and 10 to 15 µm respectively. Cloud 
top temperatures were generally between -12 and 
-20 °c. Under these conditions, and as suggested by 
Vali (1980), rime usually occurs with a filamentary 
structure of low density. 

,The growth histories of ice particles are summarised 
in figures 5 to 7 which show the photographs of the 
ice crys'tal slides collected in the clouds. Figure 
5 displ~ys a sector plate of about 180 J1m in diameter 
indicating that the crystal probably nucleated at ' 
around -JO 0 c. The aircraft penetration level.was 
at the -13 °C level. Interesting to note is that 
the crystal is also just starting to grow branches 
at the corners of the plate. The next stage is dis
played in figure 6 where it is readily seen that the 
C!=,'Stal has now,grown branches on the corneTs. The 
tliameter.is about 250 µm. The cross-section of the 
branches- is a minimum at the corners of the ice 
crystal indicating the weakest point in the crystal 
structure and they become thicker as they get longef· 
It can be seen that two branches are missing which 
must have. broken off at the weak points in the 
structure. The missing branches were not detected 
on the slide, giving r~se ~o the suspicion that they 
had not broken off during impact on the- slide but 
in the cloud. This is a common finding on the ice 
crystal slides an_d the formvar particle replicator 
operated on another research aircraft. 

The last part of the growth history is shown in 
f~gure 7 ~her7 a graupel particle of about 800 µmin 
diameter is displayed. From the slide it can be 
seen that the graupel particle is of a generally 
loose structure and low density. Considering the 
splintering on the sides, these types would seem to 
be very fragile. 

When conditions as described above were found to 
exist, ice crystals in concentrations of between JO 
and 100 per litre were measured within 5 minutes 
after the cloud top first penetrated the -12 oc 
level. When clouds experienced further growth and 
a water saturated cloud environment was maintained 
for mor7 than 5 minutes even higher ice crystal con
centrations were detected. In a few cases values of 
up to a thousand particles per litre were observed. 

4. DISCUSSION 

To summarize, the following scenario is suggested as 
the possible sequence of events: 

(a) Primary ice is most likely nucleated around th~ 
-10 °c level. The mode of nucleation is still in 
question aithough the most possible mechanism may 

be by contact nucleation along the sides of the 
cloud as sugges-ted by Young (197 4). 

(b) The crystal habit when crystals are nucleated 
is mostly sector plates. These sector plates then 
tend to grow branches,- developing into stellar. 
crystals as the ice is taken upward in the cloud. 
After the crystal dimension exce~ds 300 µm further 
growth is enhanced by riming. These particles then 
develop into a very low density graupel particles as 
shown in the slide photogr~phs. As soon as the 
graupel particl~s grow to millimetre sizes, colli
sions between ice crystals and graupel, graupel and 
graupel particles occur more frequently. Fragments 
of ice are produced _during collisions, mostly due 
td.the low density ~nd loose structure of the graupel, 
which enhances the ice concentrations. The fragments 
grow into stellar crystals and become part of the 
process. Increases in crystal concentrations due to 
this process can·be several orders of magnitude. 
Prerequisite conditions for this process are: 

1. Sufficient moisture supply to maintain.super
cooled water for at least 4 minutes t-0 sta.rt the 
process and for longer times to get i higher en
hancement factor for ice concentrations. 

2. The cloud top should reach temperatures in the 
order of -12 °c or colder (see Prupacher and Klett, 
p. 459). 

3. Water saturation should be maintained ·1ong 
enough to stimulate the growth of stellar ice cry
stals. 

The above mentioned process may represent the most 
common evolution of the ice process in the proj.ect 
area ~lthou·gh there may be a sc!ile difference. The 
effect of these results on reaching a seeding hypo
thesis with the classical seeding theories for 
Bethlehem clouds will .have to be considered very 
carefully if it can show that the extent of this 
process is sufficient to generate rainfall natural
ly. 
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CLOUD RIMING REGIONS FOR SNOW CRYSTALS THAT 
IMPACT MOUNTAINTOPS IN THE COLORADO ROCKIES 
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Fort Collins, Colorado 80523 U.S.A. 

ABSTRACT 

Characteristics of the droplet and crystal 
speCtra and water contents required for snow crystal 
riming are known. Further, surface,. remote and 
airborne measttrements of these properties have been 
and are being reported for wintertime Rocky Mountain 
c1ouds. The characteristics and measurements were 
combined to identify at least two crystal riming 
regi,ms. The first region is upwind of topographic 
features, a short distance west of the primary 
barrier, aud the second -region is immediately upwind 
of the primary barrier. The contri0ution of each 
region varies with the storm and storm stage. The 
first region is accessible to airborne measurements; 
the second is not. 

1 .. INTRODUCTION 

The collection of supercooled cloud droplets 
by falling snow crystals is an important source of 
moisture to the growing snow crystals. I have 
estimated in Table 1 the cloud droplet contribution 
to be approximately 31% of the mass of snow that 
fell at Steamboat Springs, Colorado during December 
1981 and January 1982. The remaining 69% of the 
mass came from diffusional growth of the crystals. 
The rime ice estimate was made from, the snow 
crystal observat'ions and measurements of Feng and 
Grant (Ref. 1). It was found, from their data, 
that rimed crystals were, on average, about twice 
as heavy as unri~ed crystals of ·the same type and 
number flu~ independent of crystal type (a result 
consistent for rimed and unrimed dendrites as 
summarized by Pruppacher and Klett [Ref. 2]). 

An additional source of moisture to the snow
pack at Steamboat Springs is the collection of 
supercooled cloud droplets by the high-elevation 
trees and the shedding of the subsequent rime ice 
deposits to the snowpack.. Hind~an et al. (Ref. 3) 
estimated these deposits to contribute about 10% 
to the snowpack water. Combining this value with 
the estimated percent of rime ice on the falling 
snow cTystals in Table 1 results in 38% of the 

Table 1 

Analysis of Feng and Grant's Snow Crystal Data 
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snowpack water being due to rime ice and 62% being 
due to diffusion-grown ice. Jhis result is signifi
cant because Borys et al. (Ref. 4) have shown that 
rime ice deposits contain the majority of the trace
chemical components .of the snowfall at Steamboat 
Springs. 

It is important to know where the falling 
crystals are riming in winter mountai~ clouds. For 
instance, the proper interpretation of simultaneous 
snow crystal and cloud water coll'ections made by· 
Borys et al. (Ref. 4) at their mountaintop Storm 
Peak Laboratory (SPL) require the cloud water 
collected at SPL be similar physically and chemically 
to the droplets collected by the falling crystals. 
Knowledge is increasing on the location and· charac
teristics of the supercooled water regions in Rocky 
Mountain winter clouds based on recent air-
borne.measurements reported in the literature. Iri 
this paper, these data are combined with the known 
physical characteristics of the droplets and crystals 
which collide to begin to answer the following 
question: Where do the crystals rime which settle 
onto mountaintops in the Colorado Rockies? 

2. CHARACTERISTICS OF DROPLETS AND CRYSTALS 

The physical characteristics of the droplets 
and crystals which collide have been determined 
through a combination of field measurements, obser
vations and numerical simulations as summarized by 
Pruppacher and Klett (Ref. 2). Snow czystal riming 
occurs in regions of clouds where (a) drops are 
sufficiently large (>20µm diamet.ar}, (b) water 
contents are sufficientl7 high (~0.1 gm-3 from 
calculations by Hind!"an and Johnson [Ref. 5]), and 
(c) the crystals are large enough to collect the 
droplets (for example, ~5001Jll1 for plate~ and 
dendrites). 

3. ANALYSES 

The literature was reviewed to locate measure
ments of cloud droplet and snow crystal spectra and 
liquid water contents made in wintertime Rocky · 
l1ountain clouds. These measurements were anlayzed 
to identify regions in the clouds with the large 
drops, high contents and large crystals necessary 
for riming. Although these regions were from 
different storms and stages of storms, the analyses 
were conducted to determine if common regions 
existed which had the necessary properties for 
crystal riming. The common regions, then, are 
presented as first approximations of the location& 
of the riming regions. It must be recognized, the 
regions may not exist in each storm or stage of 
storm but they represent the most probable.regions 
where riming occurs. 

4. REGIONS WITH LARGE DROPLETS 

Cooper and Saunders (Ref. 6) made extensive 
airborne physical measurements of winter mountain 
clouds upwind and over the southern Colorado Rockies. 
From these measurements they identified three storm
stages: stable, neutral, and unstable which occurred 
in that sequence. They reported droplet spectra' only 
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for the unstaole stage and the regions containing 
drops >20]Jlll are shown in Fig. 1. The droplet 
characteristics of these regions are given in Table 
2. Rime ice measurements ·made at Wolf Creek Pass 
by Hindman et al. (Ref. 3) are included in Fig. 1 
to augment theairborne measurements. 

Fig. 1. Vertical cross-sections of the regions with 
large drops (>20um) and high water contents (>0.1 
gm-3) for the-unstable stage of the storm of 29 
December 1974 in the southern Colorado Rockies from 
Cooper and Saunders (Ref. 6). The shaded and 
hatched regions indicate ?0.lgm-3. The hatched 
regions also contain drops ?20µm. The Wolf Creek 
Pass (WCP) data are from Hindman et al. (Ref. 3). 

Table 2 

Characteristics of Regions with Droplets ~20µm 
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Rauber (Ref. 7), Blumenstein et al. (Ref. 8), 
and DeMott et al. (Ref. 9,10) haverepc;rted extensive 
airborne physical measurements over the northern 
Colorado Rockies near Steamboat Springs. The 
regions with drops ?20µm analyzed from these 
investigations are shown in Fig. 2. The drop 
characteristics are in Table 2. It must be emphas
ized that these measurements represent "snapshots" 
from a variety of storms. The storms have a 
spatial and temporal dependence which is illustrated 
by Raub er et al. (Ref. 19). 

Rauber (Ref. 7) studied two storms, _both were 
stably stratified. Blumenstein et al. studied 
another storm which also was stablyatratified. 
They reported a graupel shower at the surface which 
was coincident with a reduction in large drops 
(10 to 1 cm-3) overhead indicating the removal of 
the drops by the graupel. DeMott et al. studied 
a large, precipitating, stable orographic cloud. 
They reported few if any large drops; a result 
consistent with that of Politovich and Vali (Ref. 13) 
for similar cl~uds over Elk Mountain, Wyoming. This 
type of cloud represents a lower limit to winter 
clouds which contain large,- collectible droplets. 

Hindman (1984, unpublished) made droplet 
measurements at SPL near the same time Blumenstein 
et al. were making their airborne droplet 
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Fig. 2. A composit vertical cross-section of regions 
of large drops (>20µm) and high water contents 
(~0.1 gm-3) for storms over the northern Colorado 
R~ckies. The regions are as follows: E:Z2a drops 
:::20µm, LWC :::0.1 gm-3 and i1J1lJ LWC :::0-1 gm-3 (no 
droplet data) on 24 and 26 November 1979 from Rauber 
(Ref. 7); ~ drops~ 20µm on 5 January 1982 (LWC 
>0.1 gm-3) from Blumenstein et al. (Ref. 8), 0 LWC 
>0.1 gm-3 (no drops >20um) o-;:;-16January 1982 from 
DeHott et al. (Refs. 9, 10) and eJ drops :::20µm, LWC 
:::0.1 gm-3 on 5 January 1982 from Hindman (1984, 
unpublished) and Hindman et al. (Refs:. 3, il) made at 
Storm Peak Lab (SPL). Thevertically-integrated 
radiometer measurements are reported by Rauber et al. 
(Ref. 12). 

measurements on 5 January 1982 as shown in Fig. 2. 
Droplets >20um were measured at SPL with character
istics si;ilar to the airborne measurements as 
indicated in Table 2. Also, Hindman et al. (Refs. 
3,11) report the liquid clouds impactthePark Range 
at about 3000 m msl indicatin? the large 20µm drops 
may be even lower in the cloud than at SPL. 

5. REGIONS WITH HIGH WA_TER CONTENT 

The regions of liquid water contents >0.10 gm- 3 

which were analyzed from the literature ar; illus
trated in Figs. l.and· 2. It can be seen from these 
figures that the regions which contained large drops 
also contained high water contents. An exception 
are the DeMott data. They reported small drops but 
high water contents probably due to high CCN concen
trations and updraft speeds. 

Rauber et al. (Ref. 12) operated a dual-wave 
length, passive microwave radiometer at Steamboat 
Springs as illustrated in Fig. 2. The radiometer 
measures the integrated liquid water (gm2) in its 
narrow but long-path beam (3° by surface to top of 
the cloud). They report that, in general, more 
liquid water was detected when the beam was directed 
toward the Park Range than away as shown in Fig. 2. 
The location of the liquid water region in the beam 
is unknown and will be inferred from the airborne 
measurements and_computer simulations. 

Rauber (Ref. 7) developed a numerical mode~ 
which predicts the condensation production rate 
(ice plus water) for moist air flowing over a 
mountain-barrier. lie initialized the model using 
rawinsonde data collected 60 km upwind of the Park 
Range. The predicted condensation rates (see Fig. 
3) compared favorably with his airborne water 
content measurements: maximum contents were 
predicted to be just upwind of the barrier. Tripoli 
and Cotton (Ref. 14) have expanded Rauber's calcu
lations by performing multiple-barrier simulations, 
the results of which confirm Rauber's findings but 
also provide support for the water content region 
detected upwind of Ht. Harris in Fig. 2. 
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Fig. 3. Potential condensate production rates 
(105 gm-3 s..:l) for the 24 November 1979 storm from 
Rauber (Ref. 7). 

6. REGIONS WITH.LARGE SNOW CRYSTALS 

The airborne snow crystal spectra measurements 
reported by Rauber (Ref. 7) were analyzed to iden
tify the regions with crystals ~500µm. The results 
of these analyses are shown in Fig. 4. It can be 
seen from the figure, that the majority of the 
largest crystals w.ere detected below 4800 m msl. 
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Fig. 4. A composit vertical cross-section of concen
trations (i-1) of large snow crystals (~500µm) for 
storms over the northern Colorado Rockies from 
Rauber (Ref. 7): ♦ -24 November 1979, 0-26 November 
1979. The envelope of crystal trajectories is also 
from Rauber (Ref. 7). 

Raubcr (Ref. 7) has computed a series of snow 
crystal trajectories for horizontal wind speeds of 
15 to 20 m s-1 using his 24 and 26 November 1979 
The ·envelope of those traje~tories is given in Fig. 
4. The envelope emcompasses that estimated by Cooper 
and Marwitz (Ref. 15) for the same wind speeds. 

7. DISCUSSION 

The expected regions in the winter mountain 
clouds with characteristics suitable for crystal 
riming are identified in Fig. 5 for the southern 
Colorado Rockies and in Fig. 6 for stable storm
stages in the northern Colorado Rockies. It can be 
seen from these two figures that there are at least 
two comI?on crystal riming regio~s: the first is 
upwind of S'maller topographic featur1es west of the 
priaary barriers, and the second ·is immediately 
upwind of the primary barriers. The liquid water in 
these regions is produced in rising air caused, 
prinarily by west winds forced over the .barriers. 
The risin8 air is augmented by. convection in the 
unstable stages as well as surface convergence zones 
identified by Marwitz (Ref. 16). 
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Fig. 5. Compilation of results from Fig. 1 and 
typical crystal trajectories (➔ ➔ ➔) .from Cooper and 
Marwitz (Ref. 15) to.identify riming regions(~) in. 
unstable storm-stages for crystals that impact Wolf 
Creek Pass (WCP): Regions with drops >20µm (----) 
and regions with LWC >0.1 g m-3 (--). 
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·Fig. 6. Compilation of results. from Figs. 2, 3 and 
4 to identify riming regions (~) in stable stou~
stages for crystals that impact Storm Peak Labora
tory (SPL): Regions with drops .::20 µm (-. - -), 
regions with LWC .::O.l g m-3(--), regions with 
crystals> 500 µm (-·-·-) and typical crystal 
trajectories (➔ + +). 

Cooper and Marwitz (Ref. 15) and Rauber (Ref. 
7) have postulated, through numerical simulations 
based on their field measurements, that crystals 
are nucleated at the upwind edge of the first riming 
region and grow by diffusion, riming and aggregation 
in the region as illustrated in Figs. 5 and 6. 
Further, growth in the second region ass~res the 
rimed snow flakes which emerge from the first region 
are large enough to overcome the vertical motion 
just upwind of the primary barriers. In support of 
these thoughts, DeMott et al. (Ref. 10) measurements 
reveal rapid nucleationat-;:;:pwind edges of liquid 
water.zones in winter mountain clouds. Further, 
Tripoli and Cotton's (Ref. 14) recent numerical 
simulations indicate that the first riming region 
is required to generate aggregates which precipitate 
onto the primary barrier. 

Another possibility exists, in that the crys-_ 
tals that nucleate at the upwind edge of the second 
riming region grow sufficiently by diffusion, rim
ing and aggregation to precipitate onto the primary 
barrier. Hindman and Johnson (Ref .. 5j show that 
crystal riming begins within two minutes of 
nucleation independent of temperature and water 
content (for contents >0.1 g--m-3}.Further, they 
show graupel particles -;;-an be produced at -10 and 
-20C and 0.1 g m-3 within 11 and 15 minutes of 
nucleation, respectively, _and heavily rimed 
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crystals are produced at -15C. Aggregation was 
not simulated. Cry"stal transit time through the 
second riming regions are about 20 minutes for 
representative wind speeds of 15 ms-1. Consequently, 
there is sufficient growth time and liquid water 
for th.e crystals to grow and precipitate. Aggre
gation will further enhance these processes. 

It remains an unresolved and important question 
which region primary riming occurs; important 
because the composition _of the water may be differ
ent between the two regions. Primary riming prob
ably occurs in either region depending on the stage 
of the storm. Further research is required to 
resolve this question perhaps by employing the 
techniques of Warburton and DeFelice (Ref. 17) to 
"tag" the temperature at which riming occurred and 
of Borys et al. (Ref. 4) to use the chemical 
composition of the cloud water to infer cloud 
nucleus sources. 

An important result f~om Figs. 5 and 6 is 
that the second riming region is below the level 
for safe aircraft operation; a result similar to 
that reported by Henderson and Solak (Ref. 18) in 
th~ Sier.a Nevada Mountains. Consequently, the 
droplet and crystal spectra and water contents must 
be determined remotely as in Rauber et ·al. (Ref. 19), 
through detailed numerical simulations as in 
Tripoli and Cotton (Ref. 14), and from mountaintop 
measurements. 

8. CONCLUSIONS 

Rime ice deposits are important to the mass of 
snow crystals and determine the composition of the 
crystals at ~teamboat Springs, Colorado:· the drop
lets contribute 31% of the mass, the remainder 
comes from diffusional growth. The crystals collect 
the supercooled drops in at least two riming regions: 
the first region is upwind of smaller topographic 
features west of the primary barrier and the second 
is immediately upwind of the primary barrier. It is 
an unresolved question as to which region contributes 
a majorority of the rime deposits; it probably 
depends on the storm and stage of the storm. The 
first rime region is accessible to airborne measure
ments, the second is not. Thus the characteristics 
of the second region are being estimated using 
remotely sensed and mountaintop measurements and 
detailed microphysical/dynamical numerical simula-
tion models. · 
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ICE PARTICLES IN MARINE AND CONTINENTAL CLOUDS 

Peter V Hobbs and Arthur L Rangno 
Cloud and Aerosol Research Group, Atmqspheric Sciences Department, · 

University of Washington, Seattle, Washington, 98195 USA 

1. INTRODUCTION. 

· Although there is observational evidence. that ice particle 
concentrations in some clouds exceed measurements of ice 
nucleus (IN) concentrations by several orders of magnitude 
(Refs. 1-5), the factors that determine such ice enhancement 
have not been firmly established. 

To provide a broader data base for elucidating this pheno
meno·n, we have. made extensive airborne measurements in a 
wide variety of clouds. A full description of these data and 
a discussion of their implica~ions may be found in Ref. 6. Here 
we confine our attention to describing a sub-set of the data. 

2. CLOUD TYPES AND SAMPLING PROCEDURES 

Obtaining representative relationships between ice particle 
concentrations and other cloud· parameters is a difficult task. 
For example, during a few hours flying on one day in 
Washington .State {where the measurements to be described 
were obtained), we encountered marine cumulus mediocris 
with a top temperature of -6°C containing 100 L-1 of ice 
particles, single cumulus congestus clouds with. 3 top temper
ature of -10°c but with no ice, a line of cumulus congestus 
that developed into cumulonimbus with a top temperature 
of -10°c and 50 L-1 of ice particles, orographic stratocumulus 
with no ice in their tops at -9°C but 15 L-1 of ice particles 
500m below cloud top, and,· no ice particles in cumulus 
mediocris with top temperatures of -14°C. 

In view of this large variability, it is necessary to define care
fully the type of cloud that is sampled, and the location and 
timing of the sampling relative to the lifecycle of the cloud. 

Here we will confine our discussion to those clouds that had 
· distinct origins in the boundary layer, these comprise strato

cumulus clouds with bases < 2.5 km AGL and with no 
temperature inversion below cloud. base, and cumulus and 
cumulonimbus clouds. Cloud base temperatures were between 
10 and .,o0 c. Also, emphasis will be on clouds with depths 
> 1.5 km but with cloud top temperatures (TT) ;;,, -20°c. 
These clouds are divided into three categories according to their 
average droplet concentrations (N): marine (N < 300 cm-3), 
transitional (300 < N < 800 cm-3), and continental (!iii;;,, 800 
cm-3). 

Clouds were sampled at several lev!!ls and at various stages 
in their lifecycies. For the convective clouds maximum ice 
particle concentrations were generally encountered in down
drafts well below cloud top and during the later stages in the 
cloud lifecycle. 

The measurements were obt11ined using the University of 
Washington's B-23 aircraft (Ref. 5). Ice particle concentrations 
were measured with an· optical ice particle counter (Ref. 7) 
and . cloud droplet spectra with a PMS Axially Scattering 
Spectrometer Probe (ASSP) and a PMS Forward Scattering 
Spectrometer Probe (FSSP). Since the ASSP measurements 
give erroneously broad spectra, they were corrected to agree 
with the more reliable FSSP measurements (Ref 8). 

3. RESU.LTS 

Fig. 1 shows the measured maximum concentrations of ice 
particles (CM) in "boundary-layer" clouds plotted against 
TT. For TT ~ -20°c, CM is essentially independent of TT. 
For 1the . marine clouds, ice enhancement occurred when 
TT {".'. -5°c. For continental clouds, _it occurred when 
TT~ -10°c. All "boundary-layer" clouds that were;;,, 1.5 km 
deep and had TT~ -10°C contained ice; the lower limit to 
CM in these clouds increased rapidly with decrea$ing TT 
( dotted line in Fig. 1). 

Most of the variance ii) CM is accounted for by variations 
in N (Fig. 2) .. For the "boundary layer'' clouds with · 

-5°C >TT> -11°c, the relationship between CM (in L·1i and 
N (in cm·3j is 

CM = 249 exp (-0.009 N) (1) 

with a correlation coefficient (rl between these variables of 
0.95, In this temperature range, the clouds ·are dominated by 
needle and columnar - type ice crystals. 

Shown in Fig. 3 is the relationship between CM and N for 
clouds with -13°c >TT> -20°c. These clouds are do.minated 
by dendritic-type ice crystals. In this case; 

CM= 156 exp (-0.0037 N) 
with r = 0.68. 

(2) 

To show the effects of larger cloud droplets on CM, we define 
a "threshold" cloud droplet diameter (DT) as that for which 
the cumulative concentration of droplets. with diameters 
;;,, DT reaches a value of 10 cm-3. Hence, large values of DT 
indicate droplet size distributions with "tails" extending to 
larger diameter droplets. The droplet spectra were measured 
in the upper regions of the clouds where liquid water 
dominated. 

Plots of .CM versus DT are shown in Fig. 4 for three classes 
of cloud: marine "boundary-layer", continental "bourulary
layer" and altocumulus lenticularis. These three classes of cloud 
represent high ice producers, moderate ice producers and poor 
ice producers, respectively (Ref. 6). · 

For the high and moderate ice producers the values of DT are 
relatively large, for the poor ice producers the DT's are small. 
Hence, the more the "tail" of the droplet size distribution 
extends to larger diameter droplets the more likely is the cl_oud 
to exhibit ice enhancement. 

The data in Fig 4 indicate that a DT value of -18 µmis 
required for CM ;;,, 1 L-1. Above this threshold, the relation 
between CM and DT is: 

CM = 0.003 exp (0.33 DT) 

where DT is in µm, and r = 0.86. 
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1 . INTRODUCTION. 

In the few available stqdies of high 
cloua microphysics (e.g. Refs,1-4, 7) the 
ice crystal .. size spectra and ice water con
tent derived from the spectra were deter
mined for inadequate particle size ranges, 
and other limitations are there for the da~ 
ta Presented to produce sufficiently reli
able, compJ.ete, and detail empirical model 
of cirriform cloud microphysics. 

A good opportunity for collecting_da
ta on microphysical properties of ice high 
clouds was afforded by a series of flights 
of Il-18 aircraft equipped with unique cloud 
physics instruments developed in CAO. The 
flights were carried out during 1976-82 over 
the USSR territory. Cirriform clouds passed 
through were mainly of Cs type (including 
Cs neb, Cs fil, Cs-As, Ci sp) which this re
oort is concentrated on: Over 25 hours of 
continuous recording of ice particle concen
tration and size spectra, ice ~ater· content 
(IWC), ana extinction coefficient (E~) with
in tens of individual Cs clouds provided a 
large bulk of material for both case studies 
and statistical analyses. 

Some results of sampling survey ana
lysis of the data are summarized in this re
port. 

2. INSTRUMENTS AND MEASUREMENT DESIGN 

2.1. Measurement of crystal size spec-
tra. 

Two photoelectric particle spectrome
ters for different size r?nges were used in 
our study. 

Large particle spectrometer (LPS) 
being in routine use for over 20 yea:s (Ref. 
1) operates on the principle of partial/ 
shadowing flat-formed light beam by a .,sing1e 
particle, the beam thickness being less than 
minimum size to measure. The present LPS mer 
dification involves a 12-channel pulse height 
analyzer scaled in drop diameters from 200 
to 6000 m with increasing sequential s'te9s. 
As fo'.· ice crystals, the actual measured 
size is the maximum of Parallel chords of 
accidental cross-section; thus the instru
ment· determines the SDectra of crystal "ef
f;,,ctive linear" diame·ters. The LPS has a 
sampling area of ·7 cm2 and ensures measu~3 ing particle concentration up to 3-104 m 

A more recent instrument, particle 
phase/size analyser (PPSA), was originally 
designed as a combination of light ~cat~er
ing drop-size probe and cross-polarization 
ice crystal counter both using the same

0
op

tical system with operating angle of 90 
and separate photodetectors of initi~l and 
depolarized component3of scattered lig~t, 
respectively. A 16 mm2 sample volume with 
caot~re area of 16 mm allows the u~pe~ 3 measurable concentration about 2·10 m 
(= 20 cm-3). · 

A Dulse hight analyser connected with 
the initial polarization photodetector had 
a threshold scale of 30-50-80-120,µm drop 
diameter as adjusted by the use of calibra
tion curve. Further was presented the pos-. 
sibility to estimate the equivalent thres
hold sizes of ice crystals using the expe-

rimental results reported in Ref. (8) a~ 
well as our revelation made with .the aid of 
?PSA that in natural Cs clouds the depolari
zation factor of light.scattered by a single 
crystal at 90° averaged 0,7-0.9. It was fourrl 
that the above scale fit directly (within 
20 % estimation error) for determination of 
distribution of effective cross-section dia
meters of ice crystals. 

For both LPS and PPSA certain distor
tions of measured size spectra occur due to 
scatter in size-equivalent crystal responses 
that was estimated and taken into account in 
data handling. Pulse-count rate outputs of 
the both were continuously recorded with the 
time resolution of 0.5-1 sec. 

2.2. Measurement of IWC. 
Since 1976 a cloud water content me

ter IVO CAO, based on constant temperature 
of impact collector-evaporator was used _in 
our studies (Ref. 6). The instrument posses
ses as high as .003 gm- 3 sensitivity and is 
able to measure also IWC by using a crater
shaped collector with sampling area of-about 
0.5 cm2 • The output time response was as-
signed to be 0.25 sec. . 

A suspicion arose from some flight 
tests that two main reasons, such as incom
Plete inertial capture of particles by the 
collector and taking off fractions of the 
captured ones before completely evaporated, 
are responsible for IWC measured value un
derestimation which reached probably 30-40 '0 

in some clouds depending on crystal habit 
not less than on size spectra. 

2.3. Measurement of extinction coeffi
cient. 
----In cloud studies by CAO an aircraft 
optical transmissiometer is widely used 
since 1969 (Ref. 5). With its base of~ 16 m, 
25 % error limits of measureable values of 
EC are 2.5 and 250 km- 1 , though mists with 
EC down to~ 1 km- 1 were reliably detected. 

3. SUMMARY OF EXPERIMENTAL RESULTS 

A great variability in magnitude of 
so-called "local" microphysical parameters 
in Cs (i.e. in fact belonging to cloud par
cels of minimum dimensions as resolved by 
the instruments) is demonstrated in Fig. 1 
in the form of cumulative frequency distri
butions of crystal concentration and maximum 
size, IWC, and EC, all sampled in many clouds 
Penetrated. The spatial inhomogeneity of 
cirriform clouds is also characterized by 
the fact that the horizontal autocorrelation 
radius of IWC ranged widely from 0.2-0.3 to 
> 20 km in individual clouds. Relative sta

bility of crystal size distribution was ob
served as a rule on 1-10 km length paths, so 
that the definition of "local" size spectrum 
is somewhat associated with a cloud cell of 
several km in diameter (Ref. 4). 

3.1. Crystal size spectra. 
Some examples of local spectra of 

crystal sizes (in terms of effective diame
ters d as dBfined above) obtained by PPSA 
( 30-120 µ) .and LPS ( > 200 _µ.m) are presented 
in Fig. 2. The tendency of general decrease 
of number concentration density per unit 
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Fig. 2. Examples of local crystal size spectra obtained in Cs. Shaded are the por
tions determined with PPSA (left) and LPS, with rough intermediate data 
column unshaded. The entire curves are approximatjons by Eq. (2). Values 
of N are in m- 3 , A in y.m, W in gm- 3 

size, n(d), with d increasing from 30 ,_µ.m 
is the common feature of soectra samoled 
within the cloud itself but not in p~ecipi
tation. Of more than 1800 individual spec-
tra, relatively weak peaks of n(d) were ob
served in 7 % in the region from 300 to 600 
ym and in 4 % at larger d, sometimes being 
the second ones. In all the others 90 % 
n(d) descented monotonously or, perhaps, in 
a small part had maxima at 120-300 _µ,m dif
ficult to be reliably revealed, and peaks 
were never observed at d < 120 p.m. 

The exponential character of cloud 
crystal d > 150 )A.m size distribution was 
noted earlier (Ref. 1). As for more broad 
size spectra in Cs, •.• e found the most com
mon habit of these to be well reproduced by 
Eq. 1 appropriate for approximation or 
smoothing experimental distributions in size 
range from 30 )A-ID to dmax= 

N(d) =N1exp(-f
1
)+N2 exp(- f

2
), 

( 1 ) 

where N(d) is the number concentration of 
crystals with size exceeding d, or 

(2) 

for the number concentration density, as il
lustrated by Fig. 2. Accepting the first 
terms of Eqs. 1 and 2 to be responsible for 
smaller size portion, we have N1>N2 and 
.>..1 <A2. 

Now_ it is -convenient to employ the em
pirical parameters N 1, .A. 1 , N2 , .A in de
scription of the spectra variability and,· in 
general, for other various purposes. In all 
Cs s·amoled, the most conservative appeared 
to be -.>.. 1 , which varied mostly within 10-20 
JI.ID, whereas 'A 2 scattered from 20-30 to over 
500 _µm (Fig. 1) . The evi:l.ence of great scat
ter in magnitudes of N1 and N2 is given by 
the frequency distribution of corresponding
ly derived parameters N30 and N200- Note 
that for N200 large enough the ratio of 
N30/N200 was mostly within 30-300 and no 
more correlation between the distribution 
parameters was found. 

3.2. Ice water content. 
' The mean and median values of IWC di

rectly measured in Cs were about 0.03 and 
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0.025 gm-3 , respectively, with overall lo
ca·l variations from < 0.003 to O. 3-0. 4 gm- 3 

in infrequent record peaks. As derived from 
the data above, the main contribution to 
values of IWC,is to be expected from both 
the smallest ( < 100pm) and largest par
ticle fraction while, in general, the IWC 
is one magnitude higher when large crystals 
contribute it. 

Some appreciable relation to flight 
level temperature came out for IWC when 
averaged on tens of km flight paths. The 
relation displayed itself

0
in that almost 

all Cs clouds at ( - 40 C contained 
<0.01 gm-3 9f ice against) 0.01 grn-3 at 
) -25 °c. 

3.3. Extinction coefficient: useful 
evidence. 

The transmissiometer used was not ca
pable to measure such low EC as inherent in 
most Cs parcels (Fig, 1). Nevertheless, an 
important microphysical information was ex
tracted from these measurements when com
pared with EC values estimated from crystal 
cross-section spectra determined with PPSA 
and extrapolated to zero by using Eq. 2. 
First of all, the comparison indicated that 
at least for most local spectra samoled in 
Cs actual concentrations of crystals <. 30 
J,tm were markedly lower than if extrapo
lated, as it was demonstrated in Ref. (7). 
It is also of great significance that in 
alternative cloud regions where direct EC 
values, in particular when ranged 5-10 t0 
40 km-1, were comparable with or exceeded 
those derived via-extrapolation, the cor
relation between EC and crystal concentra
tion became tyP.ically weaker than usually 
observed, sometimes turning even to inverse 
one. 

The phenomenon is well pronouned in 
record patterns· presented as examples in 
Fig. 3. No realistic physical interpreta
tion of such an "anomaly" was suggested Dut 
that liquid water droplets were present 
within the dense Cs regions as it was hypo
thesized by Heyrnsfield (Refs,2, 4) for cir
rus generating cells. No doubt that many 
actually mixed cells we encountered in Cs 
involved liquid water phase during diffe
rent stages of ice formation. Moreover, 
some opp0rtunities appeared to be-available 
to determine LWC (even roughly) and to 
evaluate drop ~ean radii rm (by a method of 
LWC/EC ·ratio adduced in Ref. ( S)) , when 
the recorded water content corresponded to 
EC variations rather than to those of crys
tal concentration. So, the synchronous 
peaks of W and 1' in Fig. 3 correspond to 
LWC of 0.01-0.04 grn-3 and rm~ 2-3 .f(Rl for 
Ex. (a), and to those of~ 0.2 gm-3 and 5-8 
JJ,,m for Ex. (b). In Ex. (c), LWC value re
mained uncertain and mean drop radius was 
estimated not to be more than 0.5-1_,,«.m. 

4. CONCLUSION 

We consider that the determination of 
ice cryttal size spectra in terms of effec
tive diameters as well as direct_IWC mea
surement provide the data to be sufficient
ly accurate and fairly indifferent to the 
crystal form. This together with the spec
tra parameterization is believed to be the 
prerequisite for effective· data compres
sing, as needed in many up-to-date ~nves
tigations. 

0 1 2, 3 

N_;o]0.2 
0.1 

0 

l,km 
Fig. 3. Record patterns made in "anomally" 

dense Cs cells: EC (¥), water con
tent (vi), and total crystal )·30 
p concentration (N30 ). a) Warm 
front, Cs-As, 29. 10. 81, 1219 I.MT, 
H = 7150 m, T = -30 °c, Kirov reg:, 
bl Warm front, cs~As, 27. 05. 82, 
1021 LMT, H = 6400 m, T =· -36 °c, 
200 km NE from the Arkhangelsk, 
c) Cold front, Cs, 06. 06. 82, 1019 
LMT, H = 6500 m, T = 25 °c, Vologda 
reg. 

In this report the statistical descri~ 
tion of "elementary" Cs parcels is presented 
in the form of frequency distribution of 
IWC and for parameters of a simple (two-es
ponent) function approximating or, even 
though, smoothing empirical spectra of crys
tal effective diameters in over 30 m range. 
The extinction coefficient measurements e_i'\
abled us to witness the presence of liquid• 
water in Cs regions considered as ice cloud 
generating cells. 
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1. INTRODUCTION 

On 19 July 1981 during the Cooperative Con
vective Precipitation Experiment (CCOPE) the 
life cycle of a cumulus congestus was investi
gated using four powered aircraf~ an instrument
ed sailplane, ~nd three meteorological radars 
with Doppler capability. The observations ex
tended from before the first precipitation de
velopment through the stage of active growth and 
the dissipation of the cloud. The University of 
North Dakota Citation took time-lapse photo
graphs of the life cycle of the cloud from which 
the visual history was determined; the Univer
sity of Wyoming King Air made ten penetrations 
of the cloud, at about 5.3 to 6 km (-10 to 
-15°C) (all altitudes are referenced to mean sea 
level); the University of Wyoming Queen Air 
made 12 passes below cloud base at 2.7 to 3.2 km 
(+7° to +ll°C); the National Center for Atmos
pheric Research (NCAR)/National Oceanic and At
mospheric Administration (NOAA) sailplane made a 
spiral ascent in the updr2ft from cloud base 
(3.9 km, +l.1°C) to 7.1 km (-20°C); and an 
Aerocommander operated for the Desert Research 
Tnstitute made several passes through the cloud 
at 4.3 to 4.8 km (-3 to -6°C). 

In previous reports on this cloud, cloud 
droplet measurements from the King Air were used 
to describe the nature of the mixing process 
(Ref. 1), and electric field measurements from 
the sailplane were briefly related t.o the pre
cipitation particle measurements of the King Air 
(Ref. 2). In this paper we review the visual, 
radar, and microphysical history of the cloud 
and emphasize the vertical and temporal evolu
tion of the cloud droplet spectrum. 
Measurements taken by the sailplane are supple
mented by those from the King Air. In any study 
of this nature reliability and accuracy of the 
measurements must be a consideration. Because 
of limited ~pace this topic will not be dis
cussed, b•1t the measurement techniques, accura
cies and calibrations of the FSSP can be found 
in Refs. 3-6. 

2. THE ENVIRONMENT AND GENERAL CLOUD HISTORY 

The day was quite favorable for the de
velopment of cumulus convection but the lack of 
upper level support led to small individual 
storms rather than strong, propagating thunder
storme. A sounding composited from aircraft and 
rawinsonde measurements showed weak wind shear, 
thermal instability of.1.5 to 2° from 625 to 425 
mb, and cloud tops expected to reach 11 km. The 
cloud base measured by the sailplane varied from 
634 to 636 mb (0.8 to l.1°C), thus yielding an 
equival~nt potential temperature (0e) of 332 to 
332 .6 K, at· the time the sailplane entered cloud 
base. Measurements from the Queen Air, when 
corrected for a small discrepancy in temperature 
measurement between it and the sailplane, show 
that peak 0e's below cloud base remained within 
0.5 K of the sailplane values during the active 
part of the cloud's life. 

2university of Wyoming 
Laramie, Wyoming 82071, U.S.A. 

The time history of maximum reflectivity at 
a given altitude and of cloud tOf are shown_ in 
Fig. 1 with the cloud base passes of the Queen 
Air, cloud penetrations by the King Air, and the 
in-cloud ascent of the sailplane superimposed. 
The reflectivity structure was determined from 
the NCAR 10 cm CP-2 radar augmented by the 
University of Chicago-Illinois State Water Sur
vey, CHILL, 10 cm radar for the upper levels. 
The figure shows the altitude of the aircraft at 
various times but does not necessarily imply 
that the aircraft penetrated the maximum reflec
tivity at that altitude and time. 

2.1 Visual and Radar History 

At 1607 local time, time lapse photographs 
show a cumulus mediocris with tops near 6.5 km 
embedded in a field of similar clouds. At about 
1616 growth started on the northwest side of the 
cloud, followed at 1621 by rapid growth in the 
northeast sector of the cloud. This de•,elopment 
dominated the growth of the cloud and reached 
its peak altitude of 10.S km at about 1630, at 
which time an anvil began to form. By 1650 the 
once actively growing cloud had become a trail 
of precipitation from a widespread anvil. 
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Fig. 1. The altitude time history of cloud top and 
the maximum radar reflectivity with the altitudes 
of the Wyoming King Air, (2UW) NCAR/NOAA sailplane 
(5/P), and Wyoming Queen Air (lOUW) superimposed. 
The in-cloud penetrations or below cloud passes 
are shown by solid dark lines. The lower part 
of the figure shows the maximum 10 sec averages 
of parameters measured by the King Air during ten 
cloud penetrations (see Text). 
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The CP-2 radar showed sporadic, weak re
t?rns of up to O dBZ from 1606, the time of 
f~rst coverage, to about 1614 when a more per
sistent O dBZ return appeared from 6 to 7 km. 

!he first 5 dBZ return was detected at 1623 from 
c.•.5 _to 7 -~ km, and thereafter the reflectivity 
rapidly increased to a maximum of 45 dBZ at 
7.5 km at 1633. After 1636 the reflectivity 
showed the storm to be dissipating with maximum 
reflect~vities near the surface reachin5 55 dBZ. 
The maY.1mum area at mid-levels was about SO km2 
or about 8 km across. Thus, this was a small 
storm which briefly produced a moderate shower 
over a small area at the surface. 

2.2 Microphysical History 

Measurements from the ten penetrations of 
the King Air are summarized in the lower portion 
of Fig. 1. For each pass the maximum 10 sec 
average ( ~1 km) liquid water content (LWC) de
termined by the Forward Scattering Spectrometer 
~robe (FSSP), vertical wind speed (VW), total 
ice particle concentrations (ICE) from the Par
ticle Measurements Systems 2D-C (25-800 µm) and 
2D-P (200-6400 µm) ·probes, and concentration of 
ice particles >l mm in diameter (MMICE). The 
lowest plot shows the maximum ice particle diam
eter (ICED) for a concentration of 1 m-3_ The 
values seen for different passes are mainly in
dicators of temporal variations at ~6 km in the 
cloud but also reflect variations due to the 
aircraft penetrating slightly different parts of 
the cloud on each pass. There are gradual in
creases in LWC and vertical wind until pass 5, 
(1629-1630) which is coincident with the cloud 
top reaching its maximum altitude. After pass S 
t~e vertical winds and LWC decrease and largely 
disappear by pass 8 (1642-1643). Ice particle 
concentrations and maximum diameters increased 
until the last pass (1650-1651) with maximum 
values of 10 i-l and 5 mm, respectively. 

In summary, the King Air measurements 
visual history, and radar reflectivity structur~ 
show the cloud to be in an active stage of de
velopment from about 1620 to 1630· 
precipitation growth apd spread continue fro~ 

TEMP 

331'. 

l<I 

e) 

ICE 
(11!( I 

1629 

1627 

z 
1621: 

1625 < 
8 

16?7 

in the 800 cm- 3 parcel 
(dashed). b) Liquid water 
content measured by the FSSP 
and for adiabatic ascent 
(dashed). c) Vertical wind; 
d) equivalent potential 
temperature (Oe) and temp
erature (temp); e) five 
second averages of ice 
particle concentration 
(see text). Capital ietters 
denote features discussed 

in the tcAt. 

1630 to about 1636; thereafter the cloud is de
caying with precipitation falling to the ground 
until somewhat after 1700. One intra-cloud 
lightning discharge occurred at 1637, just at 
the peak of precipitation development in the 
cloud (Ref. 2). 

3. VERTICAL STRUCTURE 

The observations made fr.om the sailplane 
not only provide insight into the vertical 
structure of the cloud and the changes that 
occur as a parcel ascends from cloud base, but 
horizontal and temporal changes as well. The 
sailplane ascended continuously in a 1 km spiral 
from cloud base to 7.1 km in a region with re
flectivities <5 dBZ until 6 km and <15 dBZ until 
the last 300 meters of the ascent. Very little 
ice was detected (Fig. 2e) until after 1630 
(6.9 km), near the top of the ascent with maxi
mum concentrations above this of only 2 i-

1
• 

The largest ice particle observed by the sail
plane was a 7 mm diameter graupel. 

One second measurements of droplet concen
tration, mean droplet diameter and LWC from the 
FSSP; vertical wind; temperature; and 
equivalent potential temperature are shown in 
Fig. 2 for the sailplane ascent. The ice parti
cle concentrations are five second averages with 
the asterisks denoting the observation of a sin
gle ice particle. For a five second average 
this gives a minimum detectable concentration of 
approximately 0.25 i-l_ For comparison pur~ 
poses, several lines are included in the figure 
to show-the properties of the droplet spectra 
and LWC for a parcel which ascends adiabatically 
(see figure caption). 

3.1 Liquid~ Content, Equivalent Potential 
Temperature and Vertical Wind 

The measurements of 0eand LWC suggest that 
the sailplane remained in an adiabatic or only 
slightly mixed region of the cloud throughout 
most of the ascent. Peak values of 0e remained 
nrar the cloud base value of 332 to 332,6 K 
until about 5.1 km, but then increased to 333.5 
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to 334 K (point A in Fig. 2) all.the way up to 
7 km. Because the sailplane sinks at about 
1.5 m s-l in still air, this increase in 
0esuggests that a parcel with different thermo
dynamic properties overt·ook the sailplane. A 
temperature increase of about 0.6°C at cloud 
base would be sufficient to explain the observed 
increase in 0e- This would result in an im~er
cepti0le increase in LWC of about 0.05 gm- at 
6 km. A small increase in FSSP LWC of this mag
nitude can be seen in Fig. 2b. There is no ap
parent change in vertical wind·at this point. 

The vertical wind trace exhibits consider
able variability during the entire ascent, with 
an average of 6 to 7 m s-1 up to about 5.5 km 
with a gradual increase in average vertical wind 
speed of 10 to 11 m s-l by 6 to 7 km. The large 
excursions of vertical wind and other parameters 
with a periodicity of 50 to 60 s occur as a 
result of the sailplane flying near and then 
away ·from the core of the updraft. The LWC 
values measured by the FSSP (Fig. 2b) are within 
20% of the adiabatic values during most of the 
ascent, except for the periodic times above 
S •. 5 km when the sailplane moved away from the 
core of the updraft. Fufly adiabatic regions 
were found as high as 7 km altitude in agreement 
with the 0emeasurements. 

3.2 Droplet Evolution 

The droplet concentration and mean diame
ters measured by the FSSP are compared with con
centrations and mean· diameters calculated for 
adiabatic parcel ascent in Fig. 2a. The calcu
lations were performed for cloud base concentra
tion of both 800 and 900 droplets cm-3 • During 
the first 250 meters of the ascent and again at 
5.9 km the measured concentrations are more con
sisten3 with cloud base concentration of 
900 cm- . During the rest of the ascent the 
measured concentrations are more consistent with 
cloud ·base values of 800 cm-3 • Note that at 
4.2 km the droplet concentration decreased ra
pidly with concurrent increases in mean droplet 
diameter and a sharp reduction in vertical wind, 
but no discont:inui ty in liquid water content. 

1616-18 5.6-6.3 Km 1618-30 6.3-6.9 l(m 

15 10 10 15 10 

Fig. 3. Mean droplet diameter 
and droplet concentrations 
plotted as functions of the 
liquid water content and con
centration plotted as a func
tion of mean droplet diameter 
for 2-minute time periods 
during the sailplane ascent 
on 19 July 1981. The· solid, 
curved lines show the rela
tionship of these parameters 
for a parcel which initially 
contains 800 droplets cm-3 
at cloud base, being lifted 
adiabatically. 

Perhaps the reduction in droplet concentration 
was a result of the lower updraft speed which 
led to the activation of fewer cloud droplots at 
cloud base. However there we re l h-i ' arge c anges 

n vertical wind below this level but t -
responding h no cor 

c anges in droplet concentration. 
Another explanation would be a change in· the 
cloud condensation nuclei (CCN) 
cloud base. spectra entertng 

The mean diameters calculated for the as~ 
cent of the parcel with 800 droplets cm- 3 were 
larger than those measured above 5 km; The mean 
volume diameter for the measured spectrum; was 
about 1 µ m larger than the mean diameter·, d, in 
these regions and would account for part of the 
difference. For the calculations the arithmetic 
mean and mean volume diameters are equivalent. 
However, since the calculations assumed that the 
water was uniformly distributed on the droplets, 
a comparison with the mean volume diameter ·seems 
more appropriate. 

The FSSP one second measurements of concen
tration, mean diameter, and LWC are plotted 
versus each other in two minute time segments in 
Fig. 3 to demonstrate some characteristics of 
the droplet spectrum evolution at different al-· 
titudes. The solid lines in the figure show the 
relationship between these parameters for an 
adiabatic ascent of a parcel containing 800 dro
plets cm-3 at cloud base. From 1619 to 1620 the 
sailplane ascended through and was climbing 
shortly above cloud base .. The. rapid increase in 
droplet concentration, moderate change in mean· 
diameter, and slight change in LWC illustrate 
the activation of droplets which occurred near 
cloud base. The overestimate of liquid water 
content at cloud base (Fig. 2b) and the minimum· 
mean diameter of about 5 µ m seen in any of the 
spectra g,yggest that the FSSP was not properly 
sizing the droplets in this size·range even 
though the correction techniques described in 
Ref. 5 were used. 
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to 
served. 

and 

regions 
from each 
Fig. 4. 
did occur 

Both. the sailplane and King Air measure-
ments showed bimodal spectra to 
been present in quite different regions~ 
The sailpl_ane encountered bimodal spectra each 
time it came the mixed 
ing at 1625 :30, 1626: 20, and 1627: , 
D, and E in Fig. 2, periodicity 
tion of these regions on the 
flight track suggest vertical 
region from at least 5.5 to 
observed 

Using the 
droplet spectra~ 

were calculated 
following the approach of Paluch (Ref. 7), The 
calculations suggest that of the 
observed spectrum explained by the 
further activation of CCN ins updraf 
The bimodality of the spectra decreased at each 
successive encounter of the suggest-
ing ~hat further growth of as they 
ascended reducing the 

The King observed bimodal spectra in 
the large adiabatic region pass (Fig. . 
Since these spectra were measured in a region 
which was apparently unaffected by entrainment, 
mixing between cloud and environmental air are 
not possible for the observation~ 
Although instrumental effects cannot be ruled 
out, they seem unlikely since unimodal spectra 
were observed before after these ob~erva-
tions. One possibility is acceleration of 
vertical airflow produce enhanced 
supersaturation and additional activation of 
CCN, If this were 
expect the sailplane 
dal spectra the 

level" 
dency for 

DIAMETER. (1lm) 

I-3 

Fig. . Droplet spectra, 
measured by the FSSP or, 
the King Air in repre
sentative regions of 
high liquid r~rater con
tent on 19 July 1981. 
Pass 1-solid; pass ;2-
small dashes; pass 3-
da tej, pass 4-long 
dashes« 

reveal any ten
data. 

the sailplane data 
larger above 6 than below. It 

that the sailplane either temporally 
or .s1>11::1.,u.Ly missed region investigated by 
the King The King Air pass 4 data the 
large adiabatic regions were remarkably- unif~rm:} 
whereas sailplane data near 6 km. showed con-

the frac
observed by the sail

re a very small frcction of 
therefore, not 

However, presence of the 
~ to identify processes 

6. CONCLUDING REMARKS 

The observations made during the Early 
Storm Study on 19 July 1981 a wealth of 
information on the life cycle of a large cumulus 
congestus cloud. In this paper we have fo~used 

the general characteristics of the storm his
and precipitation ~~uv,we:a, and the vert
and temporal evolution the droplet spec

trum. Additional studies on the origin of ice, 
details of precipitation development, evolution 
of the electrical struCture, entrainment, 
kinematic structure .are being undertaken~ 
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VARIATION OF HAILSTONE SIZE DISTRIBUTIONS IN ALBERTA HAILSTORMS 

Marianne English and Lawrence Cheng 
Atmospheric Sciences Department 

Alberta Research Council 
Edmonton, Alberta, Canada 

1. INTRODUCTION 

Hailstone size distributions have been studied in 
A 1 berta to fac i 1 it ate the remote measurement of 
precipitation by radar and to help ·evaluate hail 
suppression efforts. 

The mathematical form for the size distributions 
that provides reasonable approximations to typical 
hailstone spectra is a truncated exponential 
function of the form 

where N(D) is the number of hailstones per unit 
volume per unit size interval and D is the 
hailstone diameter (Ref. 1, 2, 3, 4, 5, 6), The 
size distribution must be truncated at a minimum 
diameter of 5 mm because of the definition of hail 
( Ref. 7). Since the most cone] ated experimental 
hail parameters are the maximum hailstone 
diameter, the maximum updraft velocity and the 
temperature of the updraft (Ref. 8), it appears 
that a storm can produce hailstones with a size up 
to that 11hich can be supported by the updraft. 
Thus .the hailstone size distributions must be 
truncated at some maximum di arneter? D 

max 

In addition to the exponential approximation for 
hailstone size d;stributions, it has been found 
that the intercept parameters, N , and the slope 
parameters, A , of individual si'3:e distributions 
can be related by,a p0\4er relationship (Ref. 4) of 
the form 

N = AA b 
0 

(2) 

Furthermore, it appears that significant 
differences exist between the relationship derived 
for A 1 berta storms and that derived for a 
hailstorm in Switzerland, especially as far as the 
constant of proportionality, A, ls concerned. No 
significant di ffer.ences were found in the exponent 
parameter, b, between Alberta and Swiss storms. 

Passarelli (Ref. 9) constructed an approximate 
analytical model of deposJtion and aggregation 
growth of snow assumipg exponential ice crystal 
size distributions. He showed that an equilibrium 
relation should exist between the intercept a~d 
slope parameters ( N and /\). of the form N = Cf( , 
where C depends up8n the cloud thermodyn&iics as 
we\ l as microphysical parameters such as 
fa 11 speed, co 11 ect l on efficiency and deposit i ona 1 
growth parameter. Elements of Passare11 i I s 
analytical model may be applicable to the growth 
of hailsones and so it is not u8reasonab1e that a 
relationship of the form N = AA should exist for 
hailstorye size distributlogs and that the constant 
of proportionality, A, should be a function of 
storm thermodynamics. 

I\ time-resolved hailstone sampling system has been 
operated. as part of the Alberta Hail Project since 
1979, (The sampling and data .reduction procedures 
are described in Ref, 4.) In this paper, the 
hailstone size dlstributions and the 
thermodynamics of· the storms from which the hail 

samples were collected are invest i gat.ed. On 1 y 
data.from storms for which 8 or more hail samples 
were collected were used in this study. 
Furthermore, the samples had· to meet ·the m1n1mum· 
criteria of at least 100 hailstones in the sample 
and a maximum diameter of at least 1 cm. These 
criteria were obtained by allo~ing. a variable 
sampling duration. The criteria resulted in a 
data set which comprised 5 major storms. 

2. RELATION BETWEEN N
0 

AND A 

The N and A from our fitted hailstone 
distrib't.tions are plotted in Figure 1. This 
diagram suggests that a power relationship of the 
form log N

0 
= log A + b log A exists for the five 

Alberta storms. Least-squares regression analys;s 
for the data points in Figure 1 gives the 
following expression for the line of best fit, 

(1.79:::_0.11) + (3.86_!0.25) logA(3) 

The standard deviations of the constant of 
proportionality and the exponent parameter are 
given inside the respective parentheses. The 
correlation coefficient for the data points to 
this 1 ine is 0.84. Equation (3) is very similar 
to Equation ( 11) in Ref. 4. 
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Figure 1. Variation of the intercept parameter 
(N ) as a function of the slope parameter ( A) of 
thg exponential size distributions for the 1980 
and 1982 time-resolved hailstone samples. The 
sol id 1 ine is the 1 ine of best fit for the data. 
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N and /1. have al s.o been examined on a storm by 
s~orm basis. Table 1 gives the coefficients of 
the 1 ine of best fit for each storm, the standard 
deviations of these coefficients and the 
correlation coefficient from the regression 
analyses. The exponent parameters, b, are a11 in 
good agreement within the standard deviations. 
Statistical testing of one-way analysis of 
covariance shows that the probability of equality 
of exponents is 0.98. However, the constants of 
proportionality, A, are quite different for the 
five storms. As will be shown in the next 
section, the differences in the constants of 
proportionality can be attributed to the 
difference7 in thermodynamic characteristics of 
the storms . 

3. RELATION BET\IEEN HAILSTONE SIZED STRIBUTIONS 
AND STORM THERMODYNAMICS 

The thermodynamic properties of the 5 storms 
studied have been_ examined using the loaded 
moist-adiabatic (LMA) cloud model (Ref. 10). The 
model uses the atmospheric temperature and dew 
point profiles as input and calculates the 
available parcel energy, vertical velocity, and 
adiabatic water content. Upper-air data used for 
the 5 storms are obtained from representative 
rawinsondes released ahead of the storm. The 

Tab le 1 
Intercept and exponent parameters with standard 
deviations and the correlation coefficients of the 
line of best _fit (of the form log N = log A • b 
log A) obtained from regression anal?ses for each 
of the five storms studied. 

Sto-rm Date 

27 /7 /80 
02/8/80 
30/6/82 
21/7/82 
11 /8/82 

log A 

1 .63 + 
2.01 + 
o.84 + 
1.80 + 
2.18 + 

.43 

.18 

.35 

.17 
• 14 

b 

3.36.:::: 
3.61 + 
3.49 + 
3.98 + 
3.89 + 

Correlation 
Coefficient 

r 

.79 0.85 

.34 0.97 

.88 0.67 

.45 o.84 

.29 0.92 

ln A= (-o.42+1.38) + (o.48_::::o._15) \s ( 4) 

The correlation coefficient for this 1 ine is 0.88. 

Very good relations between the maximum·water mass 
flux M and the constant of proportionality, A, 
and be't~i~en the product of the avail ab 1 e parcel 
energy and 1 i quid water content and the constant 
of proportionality, A, can also be obtained. The 
equations of the least-squares regression 1 ine of 

Table 2 
Storm thermodynamic parameters obtained with the LMA model. 

Storm TCB V . L\./C PE (PExl\./C)max M 
max max max max 

(oC) -i (gm-3) ( Jg -1) (Jm-3) (gms-1m-3 ) Date (ms ) 

27/7/80 7.6 28.95 4.08 o.415 1 .691 118. 12 

02/8/80 11.6 30.43 4.99 o.458 2.277 151 .50 
30/6/82 6.0 21 .86 3-69 0.235 o.864 80.48 
21/7 /82 9.4 33.45 4.55 0.555 1.855 128.89 
11 /8/82 9.9 32.03 4.55 0.509 2.247 139.44 

L\./C = 1 iquid water content, PE= parcel energy, V = vertical 
velocity, M = water mass flux, TCB = cloud base temperature 

cloud base temperature is either estimated by the 
1 ifting condensation level determined from the 
surface temperature and moisture or by aircraft 
observations; aircraft observations being used 
when available. Table 2 summarizes the results 
from the LMA model- for the 5 storms. Based on the 
classification given by Chisholm (Ref. 10), the 
storms of 27 July 1980 and 30 June 982 are medium 
energy storms wh i 1 e the others are high energy 
storms. 

The cloud base temperature for the 5 storms is 
plotted against the constant of proportionality, 
A, in Figure 2 in the semi-logarithmic form. It 
appears that the higher the cloud base temperature 
the larger N • The least-squares regression 1 ine 
of best fit 0 is shown in the diagram and can be 
expressed as 

1 
Two of the five storms studied (27 July 1980 and 

2 August 1980) were seeded with Agl flares, the 
other three storms were not seeded during the 
period that hailstone sampling occurred. Since no 
conclusive evidence has yet been found that 
seeding with Ag flares affects hail on the 
ground, the seeding has been ignored in this 
analysis. 

best fit are 

log A= (-8.12_::::1,39) + (4.71_::::.67) log Mmax (5) 

and 

log A= (1.01_::::.07) + (2,97_::::,26) log(PExL\./C)max (6) 

The correlation coefficients are 0.97 and 0.99, 
respectively. These relations simply imply that 
the warmer the cloud base and the more severe the 
storm the higher the hailstone concentration is 

ikeiy to be. 

4. MAXIMUM HAIL \./ATER· CONTENT 

Available evidence suggests that a maximum 
concentration may exist for each size category of 
hailstones if the relationship between N and A is 
val id (Ref. 4). Thus a maximum hail watgr content 

ikely to have existed can be estimated for each 
storm once the maximum hailstone size for the 
storm is determined. This maximum hail water 
content can be compared to the maximum adiabatic 
water content to determine the fraction of the 
available water that is converted to hail by each 
storm. Table 3 summarizes th_e maximum hai stone 
size as estimated by volunteer observers, the 
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Figure 2. Variation of the constant of 
proportionality (A) of the N - /\. relationship 
as a function of cloud base femperature (TC 8 ) for 
the five 1980 and 1982 hailstorms. The sol ,a 1 ine 
is the line of best fit of the data. 

maximum hail water content likely to have existed 
in the storm and the ratio of_ this maximum hail 
water content to the maximum adiabatic liquid 
water content for each of the 5 storms. Note that 
the percentage of available water converted to 
hai 1 is rather smal 1 for al 1 storms and is highly 
variable from storm to storm. 

5. CON CL US IONS 

Hailstone size distributions have been determined 
from 106 time-resolved hail samples collected from 
5 storms that occurred in Alberta in the summers 
of 1980 and 1982; Trnncated exponent i a 1 
distributions have been fitted to the hailstone 
size and concentration data for each hail 'i:jWPle. 
Power relationships,

0

of the form N = AA have 
been derived for the intercept (N) ind slope(/\.) 
parameters of the fitted size d~stribut ions for 
each of the S storms. No significant d i-fferences 
were found amongst the 5 exponent parameters (b), 
but significant variations from storm to storm 
were recognized in the constant of proportionality 
(A). 

The variation in the constant of proportionality 
{A) with c'loud base tem~erature (TCB), maximum 
water !mass flux and maximum product of parcel 
energy and 1 i quid water content. were_ investigated. 
(Cloud base temperature is an indication of the 
amount of water vapor ava i 1 ab 1 e to the storm, 
while the product of parcel energy and liquid 
water content is an indicator of the amount of 
work done by the storm on the water substances.) 
In general, the constant of proportionality, A, 
increases with all of these parameters, ·indicating 

. that the more water vapor available to the storm, 

Table 3 
Estimate of maximum ha i 1 stone size, maximum ha i 1 
water content predicted from the N - /\. 
reTationship and r·atio of maximum hail eater 
content to maximum liquid water content. 

Storm Date 0max(mm) 
\,J ( m-3) \,J /LWCmax(%) max g max 

2 7 /7 /8D 40-50 .50 -.60 12.2-14.8 
02/8/180 30-40 .65 -.81 13.1-16.2 
30/6/82 40-50 .066-.084 1.8- 2.3 

21/7/82 50-60 .33 -,36 7.5- 8.1 
11 /8/82 20-30 .51 -.68 11.3-15.0 

the greater the water mass flux and the greater 
the availble work, the more hail is 1 ikely to fall 
from the storm. An exponential approximation can 
relate the constant of proportionality (A) to the 
cloud_ ba~e temperature (TC

6
), while power 

relat1onsh1ps have been derived to relate the 
constant of proportionality to maximum water mass 
flux and maximum product of parcei energy and 
liquid water content. 

Using the relationship between N and/\., a maximum 
hai 1 water content has been deiermined for each 
storm. In comparing this maximum hail water 
content to the maximum adiabatic liquid water 
content it was found that the percentage of 
available water converted into hail is ra.ther 
small and highly variable from storm to storm. 

The relationship between N and/\. implies an 
inverse relationship betweer\' number and size of 
hailstones because N is proportional to 
concentration and /\. is igversely related to s_ize. 

The relationships derived in this _study can 
greatly facilitate the measurement of hailf?ll by 
weather radar. 

The relationships derived can also greatly 
facilitate the evaluation of hail suppression 
programs. Predictor values of various hail 
parameters can be calculated from these 
relationships which can then be compared to 
measured values to obtain an estimate of 
modification effects. 

t should be emphasized, however, that data from 
many more storms are required to confirm these 
results. It would be desirable to examine data 
from other regions to see if similar relationships 
can be determined. · 
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ON SNOW PARTICLES COMPRISING AN AGGREGATE 

Yasushi Fuj iyoshi and Go.row Wakahama 

Institute of Low Temperature Science, Hokkaido University, 
Sapporo 060, Japan 

1. INTRODUCTION 

Solid precipitation in winter mostly originates 
from band snow clouds in the coastal region of the 
Sea of Japan; then the amount of snowfall and pre
cipitation intensity vary significantly with the 
cloud. To clarify causes. giving rise to this vari
ance counts for much in 'forecasting and modifying 
the amount of snowfall. 

Snow particles often observed in this region. 
have the form of an aggregate. Accordingly, such 
snow particles have been subjected to studies by 
many researchers on relationships of the- size of the 
aggregate with properties such as types, site dis
tribution and number per aggregate of snow parti
cles (Refs 1-3). Studies on a relationship of pre
cipitation intensity with size of the aggregate are 
also abundant (Refs 1, 3, 4~8). Few reports deal, 
however, with a relationship of precipitation inten
sity with types and size distribution of snow parti
cles comprising :eon aggrega·te. 

The purpose of this paper is to elucidate what 
kinds of microphysical processes predominantly 
affect the amoun~ of snowfall and the precipitation 
intensity by investigating the types and size of 
such snow particles. 

2. METHOD 

Aggregates were sampled in Sapporo, Japan, from 
January to February in 1983. They were caught on a 
piece of velvet cloth and were dipped into a bath 
filled ~ith cooled silicon oil at -10 "c. Each 
aggregate was then separated into individual snow 
particles as carefully as possible in. a cold room 
at -10 'c so that they were not broken. 

Precipitation intensity was measured by weigh
ing the total mass of snow particles which had 
fallen into a pan 56.5cm X 40cm in size during 
every five minutes. 

3. RES'OLTS 

3.1. Precipitation intensity 

Figure 1 shows a relationship between maximum 
precipitation intensities averaged for ten minutes 
(R10 , mm/hr) and one hour (R

60
, mm/hr). As shown 

in the figure, R10 is proportional to R
60

. 
It snowed continuously from February 26 to 27 

in Sapporo. The resuitant accumulation amounted to 
102 cm during the two days, which turned out as an 
extraordinarily large amount of snowfall between 
Novemb7r 1982 and April 1983. ·However, both R10 
and R60 fdr the two days were not the largest.as 
shown in Fig. 1, from which it follows that the most 
necessary factor for a heavy snowfall is not pre
cipitation intensity, but snowfall duration. 

As. seen from Fig. 1, the values of R O of' 
February 16 is 16 times that pf January 11. 
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Figu:r>e 1. Relationship beween maximwn precipitation 
intensities averaged for ten minutes (R10 , mm/hr) and 
one hour (R60 , mm/hr). 

3.2. Types of snow particles comprising an aggre
gate 

Snow particles comprising an aggregate were 
classified into three types according to degree of 
riming; namely, (Type 1) nonrimed or lightly rimed 
snow crystals; (Type 2) rimed or heavily'rimed snow 
crystals (distinguishable the type of snow crystal 
prior to riming); and (Type 3) heavily rimed or 
graupel-like snow particles. A few aggregates were 
sampled when R

10 
was at its maximum for examining 

percentage ratios of the number of snow particles of 
each type to the total number by counting and.aver
aging· them, the result of which is shown in Fig. 2 
in the increasing order of magnitude of precipitation 
intensity. 

When R10 < 4 mm/hr (Jan. 13, Jan. 12, Feb. SA, 
Feb. 8B), tfie ratio of the first type decreases with 
increasing precipitation intensity. Meanwhile, when 
R10 > 5 mm/hr (Jan. 22, Feb. 22, Feb. 16), the. ratio 
of Type 1 is slightly over 30 %. When it snowed very 
hard (Feb. 26 and 27), the ratio of Type 3 is fairly 
large in comparison with rat.ios of 'the other types. 
It shows that snow crystals were rimed very actively 
in clouds then. 
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Figuy,e 2. Percentage ratios of the nwnber of snow 
particle,; of nonrimed or lightly rimed snow crystals 
(n.r. ~ l.r.J, rimed or heavily rimed snow crystals 
(r. ~ h.r. )· (distinguishable the type of snow 
crystal prior to riming), and heavily rimed or 
graupel-like snow particles (h.r. ~ g.p.J to the 
total nwnber of snow particles (written. in round 
bracket). 
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Figuy,e 3. Size distribution of snow particles of 
Type 1 (dotted line), Type 2 (dashed line) and 
Type 3 (solid line). Size interval is taken to be 
0.25 mm. 

3.3. Size distribution of snow particles and types 
of snow crystals 

Fig~re 3 shows the size distribution of snow 
particles. It -is found that Type 2 and Type 3 lie 
mostly in a size range from 0.5 - 1.25 mm, whereas 
Type 1 lies mostly in a size range from 0.5 -•l.5 
mm. This type shows a broader size distribution 
than Type 2 and Type 3. 

·When R10 < 4 mm/hr (Jan. 13, Jan.12, Feb. 8A, 
Feb. SB), tfie size of particles of Type 3 tends to 
increase on an average with increasing precipitation 
intensity. No _apparent differences exist in size 
distribution of .snow particles between the cases in 
which R10. < 4 mm/hr and> 5 mm/hr. The size of 
particles of Type 3. observed on February 26 and 27 
when it snowed very hard is small on an average. 

All the crystals of Type 1 are stellar crystals 
and spatial dendrites according to International Snow 
Classification. When R

10 
< 4 mm/hr, snow crystals 

are rimed especially in the tip of branches of a 
crystal, as shown in Fig. 4a. On the -other hand, 
when R1 > 5 mm/hr (Jan. 22, Feb. 22, Feb. 16), 
rimed s~ellar crystals with nonrimed extensions 
(Fig. 4b) were found very often. 

When R
10 

< 4 mm/hr, the size of snow particles 
of Type 3 increases with increasing precipitation 
intensity, as seen in Fig. 3. Cone-like graupels 
were found espec.ially on February SA. When Rl

0 
> 

5 mm/hr (3an. 22, Feb. 22, Feb. 16), graupel- ike 
snow particles with nonrimed extensions were found. 
Graupel-like snow particles with long nonrimed 
_extensions (Fig. 4c) and rimed stellar crystals with 
nonrimed extensions (Fig. 4b) were found especially 
on February 16 and February 22·. · 

(b) 

(c) 

Figure 4. (a) Stellar .crystal especially rimed in 
the tip of branches (observed on Jan 12), (b) 
stellar crystal with nonrimed extensions (observed on 
Feb. 22), (c) graupel-like snow particles with long 
nonrimed extensions (observed on Feb. 22). 
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4. DISCUSSION 

When R
10 

< 4 mm/hr, the ratio of Type 1 
decreases with increasing precipitation intensity, 
and the size of particles of Type 3 increases on an 
average with increasing precipitation intensity. It 
shows that the riming process contributes greatly 
to.an :i,ncrease in precipitation intensity then. It 
is obvious ·that the r lming of a snow crystal occurs 
before it comes to aggregate with another snow 
particle. 

When R
10 

> 5 mm/hr except on February 26 and 
27, the ratio of Type 1 is slightly over 30 %. No 
apparent differences exist in size qistribution of 
snow particles-between the cases in which R

10 
< 4 

mm/hr and> 5 mm/hr. Further, snow particles with 
nonrimed exrensions ar~ found only when R10 > 5 
mm/hr. These facts indicate that the feeder zone 
where depositional growth of snow particles and snow 
crystals occur plays an important role in an 
increase in precipitation intensity. 

Figure ,5 shows vertical profiles cif relative 
humidity with respect to water. It is found that 
the relative humidity is larger when R10 > 5 mm/hr· 
than when R

10 
< 4 mm/hr. Also, the air temperature 

region where stellar crystals grow (around -15 °C) 
exists in the lower half of the layer fro·m the ground 
to the level of the radar-echo top when R10 > 5 
mm/hr. When R

10 
> 5 mm/hr, it is, therefore, 

suggested that snow crystals are rimed in a covec
tive region (seeder zone), grow by deposition during 
their fall and aggregate with crystals of three 
types of snow particles in the feeder zone. 

As mentioned above, snow particles with non
rimed extensions are likely to be rimed and then 
grow by deposition before aggregating with other 
particles. In contrast to them is the frequent 
observations of the following snow crystals in 
samples of ag?regated snow particles originating 
from band -'low clouds (Fig. 6, Dec. 6, 1983); 
namely, snow crystals, the formaeion process of 
which is likely that they grow by deposition and be 
rimed after aggregation. Factors controlling such 
properties of snow particles composing an aggregate 
remain to be ecucidated. A difference in vertical 
profile of air temperature in clouds is a possible 
factor, as mentioned below. 

Jan. 
12 

Feb. 
8 

Feb. Jan. Feb. Feb. 
26 22 27 22 

Feb. 
16 

0 60 100 60 60 60 60 60 

Figure 5. Vertical profiles of relative humidity 
with respect to water (R.H.). Vertical dashed lineo 
mean 60 % of R.H. in each figure. Horizontal small 
bars mean the level of radar echo top. Horizontal 
small thick bars mean the level of -15 "C of air 
temperature. 

As shown in Fig. 7, the -15°C level of air 
temperature exists near the level of the cloud top 
on De~. 6, 1983. It is considered in this case that 
snow crystals grew rapidly by consuming supercooled 
water droplets to become stellar crystals, and then 
aggregated with one another near the cloud top, 
since their size and their shape were favorable to 
aggregation. In contrast to this case the air 
temperature was lower than -15 'c near the clcit'd top 
from January to February, 1983. It is also consid
ered that snow crystals grew slowly and hardly 
aggregated with other particles because of their 
small size, their shape and low temperature; conse
quently riming dominated aggregation near the cloud 
top. 

1 mm 

Figure 6. Stellar crystal with both nonrimed and 
rimed long extensions (observed on Dec. 6). 
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Figure 7. A vertical profile of 
relative humidity with respect to 
water. 
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THE MICROPHYSICAL S'l'RUCTUl\ES OF 
HAILSTONES OBSERVED ON THE XIZANG PLATEAU 

Guo Enrr1ing 

Institute of Weather Modification Academy of 
Meteorological Science State Meteorological 
Administration Beijing People's Republic of 
China · 

1. Introduction 

The Xizang Plateau (formerly known as 
the Plateau of Tibet) is composed of a 
group of mountains, for instance, the Hima
layan, the Kunlun, tl,e 'l'anggula, the Nian
qingtanggula and the Gandisi Mountains. 
These mountains have an average height of 
over 4,500 meters above sea level, and many 
of the mountain peaks are snow-capped thro
ughout the year. Important rivers on the 
Xizang Plateau are the Yarlung Zanbo River, 
the Nujiang Ri9er, and the Lancangji~ng 
River (knu~n as the Brahmaputra, the Sal
~een, and the Mekong respectively outside 
the territory of China). Many streams and 
lakes scatter over the Plateau. In summer, 
much more water vapour is evaporated into 
the atmosphere due to the melting of ice 
and snow, favouring the formation and 
development of convective clouds. The Pla
teau is exposed to strong solar radiation 
in long duration, and often strengthened 
by atmospheric vortices or shear lines,lead 
to the advantage of unstable stratifica
tion. The ascending of air along the moun
tain slopes spurs the conv~ctive clouds to 
develop into hail-bearing Cumulonimbus. 
Consequently, the Plateau experiences not 
infrequently showers, graupels or hailston
es in summer days. 

From June to July in 1981, .we. nlade an 
expedition to the Xizang Plateau with refe
rence to colud physics. There we encounte
red 9 hailstorms which we ;studied later 
through photographs 0f hailstone structure 
and size distribution of hailstones. In 
addition, we collected historical weather 
data with respect to hailstorms from wea
ther observatories in that area, Based on 
these information, preiiminary investiga
tions were made in-to the structures of hail 
clouds and hailstones observed on the Pla
teau. 

2. Hail clouds 

Hail-bearing clouds over the Xizang Pla
teau evolve mainly_ from single coJlvective 
cells. Generally speaking, the top of these 
clouds are not very high, ranging from 5,000 
to 8,000 ~eter above the surface, and us
ually1the cloud top temperature is below 
-20°c. sometimes clouds of limited depth 
may also release graupels and hailstones. 
Fig, 1 shows a hailfall photographed at 
Dingri towards southwest. , 

The height of the cloud top was around 
8,000 meters and the cloud depth about 2,000 
meters. The cloud moved to the northwest 
after crrssing the'mountain peak. The 
hails, graupel"s and rain fell down from the 
rear part of the cloud._ 

Fif; 1. ilail-bt,ar·ing duud 
( Dingr·i, June 25, 1981) 

Fig. 2 illustrates another hailstorm obser
ved on the Jiacuola Mountain with elevation 
of 5,200 meters. 

Fig 2. A hailstorm cloud 
(Mt. jiacuola, June 24, 1981, 
from an elevation of 5,200 · 
meters) 

Hailstones accumulated on the hillside 
to a depth of 2 centimeters. The cloud in 
Fig. 2 was somewhat different from the hail 
clouds observed in lower areas ·(3;500-4,,500 
meters above sea level). The latter usuaiiy 
evolved from several convective cells merg
ing into a single whole, then grew exuberan
tly to a higher level (some.9,000 meters 
above the ground). There were ·_a_;J.so hail 
clouds derived from single convective cells, 
but they produced only a small amount of 
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hailstones for a short duration, 
On the basis of the analyses oi several 

hailstorms we encountered~ we are inclined 
to the view that most o ite haii clouds 
over the Plateau developed from single 
convective cellsm Severe hailstorms derived 
from the merging of several coavective 
cells were seldom seen. Such severe stor·ms 
generally were caused by the passage of a 
derression or shearline in the lower atmo
sphere, accompanied with strong :old advec
tion aloft. They were not the OLltcome of 
local convective cells. 

3. The microstructure 
of hailstones 

Most of the hailstones obseTved on the 
Xizang Plateau had an opaque ou~ermost 
layer, with d~stinct layers of alter~ately 
clear and cloudy ice inside. Evidently 
this structure was ·formed during successive 
stages of wet and dry growths The clolidy 
layers were sometimes compactly construct
ed a~d sometimes loosely organized, On tte 
spot of observation, we found that the 
majority of hailstones had only 2-3 layers. 
The number of layers is less than that 
observed in ~he interior of China. We 
have not found bigger hailstcnes with more 
layers on the Plateau. Possibly this is due 
to the fact that we have ct encountered 
severe hailstorms during Llr visita 

The embryos of the hii ~ere 
mostly opaqu graupels a 
few of the s oLes had~ z~n dr0p 
in their cen ers. 

Fig 3, Opaque graupels 

These are in accordanc~ wi~h the obser
vations in Chj_na Inte:riol'.3 

Hailstones with multiple nuclei we~e 
observed on June 2E at 1~:50 from an eleva
tion of 5,100 meters in the no~theast oi 
the Jiacuola Mountain. Beyond· cur ~xp~~ta
tion, we found some of the stones had 2-~ 
nuclei, some others had even 5 nuc~ei. 
Most of these nuclei ~ere opaque graupels, 
although some of them were clea~ ice pelle
ts. In Fig. 4 we can see a hailstone with 
melted outer lsyer and fou~ nuclei. U?On 
close examination, we may discern other 
hails with shallow protubera~ces on their 
surfaces, indicating mult4;le nuclei 
inside. 

Fig ~w Hai~stonss wlth n1ulti-n~clei 
~2~>7j ~-:iune 22, 1901.) 

Hails~o~es c~ tk1is sort were only obser-
✓ ed ~vo s~crros from an elevation 

m2te~s, mostly on the ·north-
0;:zs·,:.0~,, sJ_de. :il ~,!:;_e r2ou:r._t2j_n" Ir: our view, 
tje ~ail clo~ds ~~ ~~is a~ea ~ere compara

~et ~te vey·tical motion 

tc co~plica~ed to~Jgrap~y~ 
_here was a bigh c~alesce~cs a 
between tne ~raGpels ~n~ :r2ze~ 
L..e.-1"01...,.:r.::..ng t..-~ e 

Fig J ~ulti-nuclei Sailstones 

drc ps r 

furLher 
clouCi, 

struc-

(l9;L~0 7 July JL1, 1(_;82~ Beijir::_g) 

L.N. Rogers has shown a~ e~bryo composed 
of two melting part~cles in a hailstone 
slice, Yet hail e~jryos consisting of more 
tnan two ~icles so far have noL ~een 
£"01..-;.rid i_~-1 T-era.ti...~:-·e?; 

~ u Sha~es of haj_lstones 

Of ~he ~cer ailstcrms ~e encountered, 
three storms wee observed nearly from 

~ 2 S23 hailstones are 
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classified and listed in Table 1. 

Table 1 
Classification of the shapes of hailstones 

Place of ShaJ2e 
observation spherical ellipsoid conical irregular 

Mt. Jiacuola 
315 (5,200 m) 

Mt. Jiacuola 
384 ( 5, 100 m) 

Mt. Mila 665 (4,500 m) 

Percentage 
51.9 (%) 

In Table 1 we cai see that the majority 
of the hailstones appeareti in the spheri~ 
.. cal form. Since the stones were rather 
small, they were difficult to be classifi
ed and the "spherical" hailstones may con
tain some ellipsoid stones or the like. 
The irregular hails were of various shapes, 
Some were in the form of a long, narrow 
bar, with 1-3 transparent l~bes on the 
surfaces, others with many ice splinters, 
The result of classification is similar 
to those observed in the interior of China 
and abroad. The special feature .. of the 
multi-nuclei hailstones observed from an 
elev~tion of over 5,000 meters· was the 
irregular appearance owing to the aggrega
tion of several nuclei. Spherical stones 
were observed in case the hail was wrapped 
in a thick layer of ice. 

5. Size distribution of hails 

The size distribution of hailstones is 
an important information for the study of 
hail physics. Large •• hailstenes·· densely 
hitting the ground bring about a severe 
damage, Hails on the Xizang Plateau were 
also characterized by comparatively small 
size (mostly 3-5 millimeters in diameter), 
due to the small depth and low water con
tent of the hail clouds, Generally, hails 
were accompanied by graupels and rarely 
covered a vast extent. Fig. 6 shows the 
hail spectra observed on the Jiacuola Moun
tain and ;the Mila Mountain, It can be seen 
that the maximum diameter of the .-.hails 
amounts to 9 millimeters while the minimum 
is about 2 millimeters, 

The size distribution of hailstones 
observed on the Mila Mountain and to the 
southwest of the Jfacuola Mountain shown 
in Fig, 6 both occurred in the shape of 
logarithmi~ curves with the peak values 
at 4 millimeters, The spectrum observed 
to the northeast of the Jiacuola Mountain 
appeared in a quite different way. It was 
much broader, having a maximum diameter of 
9 millimeters and a minimum of 3 millime
ters, with the peak value at 6 millimeters, 
Most of the stones concentrated within the 
range between 5-7 millimeters. The broad 
spectrum may be attributed to' the 
that there were a number of multi-nuclei 
hailstones during the hailing process and 

225 124 34 

106 74 29 

279 191 202 

23.2 14,8 10, 1 

the mechanism of the formation of hails 
tad its particularity, 
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Fig 6. Size distributions of hails 

In order to investigate the maximum size 
of hailstones on the Xizang Plateau, we 
plotted the curve in Fig. 7 according to 
the historical data of Naqu Observatory and 
other places, It can be seen in Fig. 7 that 
most of the 51 storms concerned (35,2%) 
produced hailstones with a maximum dia
meter of 3 millimeters. · Ji. few storms 
(11.8%) released hails with a maximum dia
meter of 1 millimeter. 
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On the basis of the 18-year record of 
672 hailstorms observed at the Naqu Observ
tory, only was the storm occurring on June 
9, 1974 reported to rain hails with a max

.imum weight of 4,5 grams. On May 19, 1980 
•maximum stone diameter of 1.5 millimeter 
was observed. Although hails of the egg 
size have been reported by the people, 
there were no quantitative record was 
foung.. · 

6. Statistical analyses 
of hail observations 

The Xizang Plateau is the area. wher.e 
hailstorms occured most frequently in China. 
We lay emphasis on the observational data 
of the Naqu Observatory, supplemented with 
the data of Lhasa, Rikeze and Linzhi. 

The 18-year record of 672 hailstorms is 
summarized in Table2, 

Table 2. 
Monthl;y mean number of hailstorms at 

Month May June July Aug. Sept. 

Number of 18 161 163 169 159 storms 

Percer.tage 
(%) 2.7 24,0 24,2 25.1 23,7 

Table 2 shows that most of the. hail
storms occurred in summer, from June to 
September, The annual mean amounts to 37.3 
storms per year. The earliest hails 
happened in May, the last in October. The 
maximum number of hailstorms were observed 
in 1976, attaining 48 storms from May to· 
August, The minimum occurred in 1973, 21 
storms hit the area from May·to October. 
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ABSTRACT 

According to data observ.ed by radar, 
airplane and others in the Xinan River 
valley, the analyses and studies are pre
sented of ·(1) the precipitation fe~tures, 
radar echo structure and macro-physical and 
micro-physical characteristics. of wecipi
tating stratiform cloud, '(2) the distribu
tion of large cloud droplets and the corre
lation between the concentration of large 
cloud droplets and rainformation and (3) 
the vertical distribution of giant- salt 
·nuclei concentration with height in and out. 
of cloud under.different weather situation. 

·1. INTRODUCTION 

In 1979-1980, observations were carried 
out through aircraft, radar and ground
based network over the basin of' the Xinan 
River surounded by Hangzhou, Tunqi and Ji
ande, 

An analysis based on the data of June 
and July shows that at this basin the 
appearence_of various clouds is more than 
20 days per month for the precipitable 
stratiformis (such as As, Ns, Sc), about 15 
days for Cu, and about 10-14 days_ for rain
fall. · The fraction of stratiformis rain
fall is above 2/3 and that of convective 
cloud rainfall is less than 1/3, Strati
formis rainfall is produced mainly by.two 
kinds of clouds or cloud systems. One of 
them is quite thick As-Ns system, The dai
ly rainfall amount is about 30-50 mm. T~e 
other is As, Ns or Sc, the daily rainfall 
amount is generally 2-15 mm. In the latter, 
all of Ns are p,~cipitus, but some of As, 
sc· are· not. In June, the rainfall probabi
lity is about 50-60% for As and about 30-
40% for Sc,respectively. 

The analysis shows that the rainfall 
froln the stra.tiform clouds in this region· 
is much larger than the total· water con
tent in the clouds, The moisture cycles 
many times i~ clouds. The number of cycle 
reaches 20-50 in the deep precipitus 
system of As-Ns-Sc. , For Ns generally it 
is about 20 times, but for Sc only 3-5 
times, The precipitation efficiency of 
various clouds is analysed via estimating 

the moisture amount entried into the base 
of cloud. The p~ecipitation efficiency in 
deep precipitus system of As-Ns-Sc is 
high, about 0.75-0,96, for Ns it is 0,38-

10,48,. It is lowest in the thin cloud of 
Sc, only 0.25, 

In this region all of Sc are warm clouds_ 
Their thickness is between 500 m and 4000m, 
But most of them are 2000-3000 m thick. The 
lowest temperature on the top of the clouds 
is 5' C. The liquid water content in the 
clouds is 0,1-1.0 g/m3 • The average Yalue 
is about 0,4 g/m'. It shows that the 11-· 
quid water content'of Sc over the basin of 
Xinan River is more than that o; the same 
cloud in north China and USSR. In this 
reg;i.on not all Sc are precipitus. 'l'he pre
liminary analysis indicates that the thick
ness of precipitus Sc is generally more 
than 2000 m; its liquid water content is 
not less than 0,5 g/m1 • The concentration 
of large droplets reaches to 1a3 /m' in 
order of magnitude, · 

2. INHOMOGENEOUS STRUCTURE IN 
STRATIFORM CLOUD 

Our observations show that· in Sc and 
sometimes 1n Ns and As, there are inhomo
geneous constructions in the horizontal 
direction, which appear as some strong· 
echo cores in the radar echoes. ~hey may 
be divided into two types, One is the 
echo of convective cell in stratiformis 
( Fig,1 ), which develops upwards from 
below. The other is the inhomogeneous 
bright echo band which appears first near 
the -~ C level, Some parts of echoes in 
the bright band are stronger than that of 
others as strong echo ~ores. Then these 
strong cores develop downwards gradually 
and form the bright strip in the vertical 
direction ( Fig.2) and heavy rai~fall, 
which is called rain cores. According to 
the extent of aircraft bump and the data 
of the liquid water content and• tempera
ture which are observed continuously du~ 
ring the flight, it can be concluded that 
there are really some areas with larger 
liquid water content in the horizontal 
direction where tl,e bump is rather strong; 
and the temperature is high. These _may 
be the convective cells in the stratifor-
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fig.1, The radar echoes of convective 
i:ell in stratiformis. 

mis •. However, in either areas with much 
more liquid water content, there are no 
~igher temperatures and sensible bumps 
~han those of the surroundings. The ten
tative analysis shows that the inhomoge
peities ( the common name of both convec
ltive cell and rain cores mentioned above) 
are related closely to the rain formation 
fB!d the increa-.sing of rain intensity. 

Fig,2. The radar echoes of strong cores 
in stratiformis. 

f.rable 

Average concentration 
Cloud type 

for d~80_,,1A. for ai200JA 

As precipitus 14.0 0.5 

Ns precipitus 6,3 1.0 

Sc precipitus 7.7 1.5 

Sc non-precipitus 4.8 0.63 

3, LARGE CLOUD DROPLETS 

We observed and analysed the large drop
lets ( diameter more than 80;,t) in the 
stratiformis at this region, The results 
show that in As, Ns and Sc precipitus, the 
average concentrations of large droplets 
are 14.0, 6.3 and 7,7/~itre respectively 
( Table 1 ). For three kinds of cloud, the 
probabilities of more than 1/litre of large 
:droplet concentration are 85%, 65% and 65% 
respectively. It sh6ws that there are many 
large droplets in the p~ecipitus stratifor
mis. The spectrum of large droplets is 
wide too. It is worthy to point out that 
in the thin Sc with a thickness of less 
than 2 km, the concentration of large drop
lets is also able to reach 2.6/litre and 
precipitation can be produced. 

In general, the concentration and spec~ 
trum of large droplets in the Sc·non-preci
pitus are less than that in Sc precipitus, 
but it is true that the average concentra
tion of large droplets in Sc non-precipitus 
still reaches 4.8/litre. 30% probability of 
1/litre of large droplet concentration was 
still observed,;. It means that al though the 
large droplet concentration in some Sc is 
more than 1/litre (in other words it has 
already reached the concentFation of na
tural rain drops) it still fails to pro
du~e rain fall. 

The further analysis shows that there 
are two kinds of Sc non-precipitus. For 
orte, large droplet concentration is too low 
( 10' /m3 ) to form, rain. For the other, 
only few precipitation elements of more 
than 500 )I- in diameter exist, though the 
concentration of large droplets of more 
than 80,~ in diameter may reach to 100/m3 , 

even to 1000/m1 • It seems that although 
there are many ·1arge droplets of more 
than 100 µ. ±n diameter in these clouds, 
they still cannot form rainfall, because 
of. either lower liquid water content (less 
than 0.2 g/m') or weak updraft, Mo.st of 
large droplets can not grow up to 500,µ.. 

of large droplets ( 11 tre-•) 

for d~500fl for d~100~ 

0.46 0,09 

0.26 0.08 

0.22 0.03 

0.001 0 
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giant sal·t nuclei out of cloud under different 
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The above analysis· shows that the 
existence of enough con~entration ( such 
as 101 

- 10~ /m3 ) of large droplet;s in 
cloud is a necessary condition of rain 
formation but not the only one. A cloud 
precipitabl~ requires not only enough 
concentration of large droplets but also 
the appropriate thickness, updraft, as 
well as liquid water content. Only when 
the_ right dispoai tion of these physical 
quantities exist, can rainfall occur. 

4. GIANT SALT NUCLEI 

We observed giant salt nuclei over the 
basin of the Xinan River. Fig.3 shows 
the vertical distribution of the concen
tration of giant salt nuclei out of cloud 
under different weather. It can be seen 
chat under the effect of a front and in 
the cloudy weather of innermass, the va
riation of the giant salt nuclei concen
tration with the height is not signifi
cant. The average concentrations are 
107/litre and 66/litre respectively. In 
weat~er affected by typhoon, the concen
tration of salt nuclei increases obvious
ly because. the air of the lower atmos
phere comes from the sea.. Its average 
amount is 317/litre. But above 1500 m, 
the concentration decreases rapidly- with 
the h.eight. Howev.or, in the clear air 
controlled by cold high pressure, t.he 
average concentration of giant salt nu
clei in the lower atmosphere is minimal, 
only 57/litre. But over 2000 m, the con
centration increases again. Thus it can 
be seen that the p_roperty of air mass 
can largely affect the giant salt nuclei 
~oncentration in the lower atmosphere. 
But near the ground, the variation of the 
giant salt nuclei concentration under dif
ferent weather is less than that in the 
lower atmosphere. 

A comparison of giant salt nuclei con
centration in cloud with that out of cloud 
( Fig.4) shows that under various wea
ther conditions, the former is consistent
ly larger than the latter at the same hei
ght. Generally speaking, the ratio of 
average concentration of giant salt nuclei 
in cloud to that out of_cloud is depentent 
on the WLather conditions. It has a maxi
mum of 3-9 for the weather affected by ty
phoon, and a minimum of 1.9 for the cloudy 
weather within air mass, with regard to 
the dependence of this ratio on the hei
ght, it is greatest at 1000 m. The diffe
rence between them is one order of magni
tude for the overcast and raining days in
fluenced by front. When it is cloudy wea
ther of innermass, the difference is only 
1.9 times. On this region the cloud base 
of Cu and Sc is usually near 1000 m high, 
On the basis of the dat.a., the cloud base 
is the convergence area for giant salt 
nuclei. Of ~ourse, because of th~ conden
sation growth under the supersaturation 
condition, the giant salt nuclei observed 
in cloud include the part of original large 
salt nuclei in the air uniter the clond. 
This effe~t may result in an increase of 
giant salt nuclei in cloud. 

In fact the giant salt nuclei which we 
observed consist of some cloud droplets 
containing _salt nuclei. Their spectra are 
similar to cloud droplets. But in cloud, 
the concentJatipn of giant salt nuclei are 
usually fo -1 O" /m! and that of the cloud 
droplets are usually 107 -10' /m3 • The 
concentration of ~iant salt nuclei in 
cloud is two orders. of magnitude.less than 
that of cloud droplets. This seems to 
show that the contribution of· giant salt 
nuclei as condensation nuclei to the for
mation of cloud droplets is small, 



99 
THE SHAPE FACTOR OF HAILSTONES 
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1. INTRODUCTION 

There are relatively few investigations of 
the relationship of hailstone shape to hailstone 
size in the literature. One of ~he ~arliest re
ports of a systematic stud~ of hailstone shapes is 
by Weickmann (1953) who classified three principal 
shapes and gave the occurrence of these shapes in 
ob'server's reports of hail over a one hundred year 
period. List (1958) gave eight different classif
ications as well as details of the internal struc
tures obtained through thin-sectioning. The most 
complete descriptions and illustrations of the 
various shapes and the frequency of their occur
rence has been given by Carte and Kidder (1966, 
1970) for hailstones £ram the South African 
Transvaal. 

The major reasons for interest in the shape 
of hailstones relate to their terminal velocities, 
collection efficiencies, and calculations of the 
transfer of heat to the environment. These fac
tors have been addressed by many researchers. 
More recently, the characteristics of radar return 
from precipitation particles, particularly from 
polarization diversity radars with rapid switching 
devices, have stimulated further interest in the 
hailstone shape/size relationship. These radar 
techniques rely on the non-sphericity of hy
drometeors and on ~heir preferential fall alti
tudes (e.g., Humphries, 1974). 

The existence of a large body of data from 
several geographical regions in ehe form of photo
graphs of thin-sections of ha.ilstones, all of 
which were sectioned so that both the longest. and 
shortest axes of the stones lie in the plane of 
the sections, made it possible to compile graphs 
of the shape factors as a function of the size.of 
the stones. 

2. METHOD 

The shape factor for ellipsoidal hailstones 
is here defined as the length of the shortest axis 
of any given stone divided by the length of its 
longest, axis. For hailstones with conical symme
try; the cone axis is defined as the major axis 
and the shortest axis is taken as the maximum di
mension perpendicular ·to. the cone axis. The .data 
are given as a function of the longest axis. 

3. RESULTS 

The largest collections of hailstone 
thin-sections were from northeastern Colorado and 
central Oklahoma. The results of the measurements 
are given in Fig. 1 where the shape factor is 
plotted against the longest dimension in 5 mm in
tervals. The bars give the 95% confidence inter
vals from ·the t distribution where tis a function 
of ·s//n, sis the standard deviation and n the· 
sample number. 
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Fig. 1. Shape factors longest hails7one axis I 
for Oklahoma and northeast Colorado hailstones. 
The curve connects the average shape factors· for 
each size interval. The bars indicate the 95% 
confidence level for the average shape factor 
from the t distribution. 

4. DISCUSSION 

The results for both regions show increasing 
asymmetry with size to approximately 30 mm in 
longest dimension. The small hail from northeast
ern Colorado is significantly less symmetrical 
than hail of comparable size from Oklahoma. This 
is a straightforward reflection of the difference 
in embryo type between these areas: . Colorado em
bryos are predominantly conical graupel and Ok
lahoma embryos are predominantly frozen drops 
(Knight, 1981). The curves for both areas suggest 
a local maximum in the shape factor at about 40 mm 
longest dimension. This maximum is not statisti
cally significant in the Oklahoma data, but it is 
significant in the Colorado sample. In fact, the 
95% confidence levels of the two samples do not 
overlap in the size range between 36 and 45 mm. 

The explanation for this peculiar bump in the 
data is not obvious from looking at the hailstones 
but one may speculate that it may be explained by 
the onset of tumbling. It is not unusual for 
Colorado hailstones to retain a conical shape 
until the cone axis dimension is 20 to 30 mm or 
even a little longer. At this point the hailstone 
begins to tumble and the whole growth symmetry 
changes (Mossop and Kidder, 1962; Knight an•d 
Knight, 1970). This sequence also occurs in Ok
lahoma but is much less common since the original 
conical shape is also less common. 
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Hailstones larger than 60 mm maximum dimen
sion appear to follow a trend toward greater sym
metry but the data are sparse and the trend may 
not be significant. It is typical for large hail 
to tumble very rapidly while falling so it is not 
easy to deduce the backscattering cross-section as 
a function of the direction of a radar beam. The 
radar return is probably dominated by 10 to 30 mm 
hail in any event since stones of that size are 
present in much higher concentrations except when 
local size sorting isolates the very large hail. 
Direct detection of large hail by its radar polar
ization characteristics appears to be quite uncer
tain. 

As the shape factor curves given here indi
cate, the radar return from small hail may be dif
ferent in different geographic areas. One might 
also expect it to be different from one storm to 
the next in the same area. The important factors 
are both the embryo type and whether the early 
growth of the hailstones is wet or dry. 
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THE EVOLUTION AND TRANSFER OF HAIL IN A SEVERE MONTANA TifllNDERSTORM 
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1. INTRODUCTION 

The field experiment. 0£ the Cooperative Convective 
Precipitation Experiment (CCOPE)., which was con
ducted in scruthea~tern·Montana in 1981, .produced 
numerous observations of the conditions within and 
surrounding convective storms.. The overall objec
tive of COOPE is to develop an increased under
standing of the precipitation mechanisms in convec
tive clouds of the northern High Plains over a 
wide range of convective scales. 

One of the more interesting sto=s during CCOPE 
occurred on 2 August 1981, md was investigated 
with a variety of equipment, including conven
tional and Doppler radar, aircraft, surface 
measurements, and radiosondes. One of the air
craft involved in the study of this storm was m 
a.mored T-28 (Ref. l). In situ observations were 
made during three ptnetraticms"cf the storm, which 
were analyzed and are being combined with other 
observations of the storm. This paper presents 
preliminary results of the analysi~· and discusses 
a possible hail growth mechanism that was felt to 
b~ operating in this sto:r:m. 

2. STORM FEATURES 

The intense storm on 2 Aug fo:r:med more tho 100 km 
to the west northwest of Miles City, Montana, and 
moved east southeast at a speed of about 20·m s-1, 
passing directly through the CCOPE reseaxch network. 
The storm was more or less steady for at least a 
2-hour period and produced large amounts of pre
cipitation, including baseball sized hail and a 
possible tornado. It later developed into, a meso
scale convective complex.that· encompassed ll!llch of 
eastern Montana and the wes·tern Dakotas. The storm 
also exhibited a well-defined hook echo on its 
southen:i flank for an extended period and ·was 
characterized by a large weak echo region (l'IER) 
throughout much of its development. A detailed 
description of the storm and its development has 
been given by Wade (Ref •. 3). 

4. RADAR FEATURES 

The penetration trac~ and the corresponding 10-cm 
slant·PPI .radar data near the altitudes of the 
T-28 ar.e sholll1ll in Figs. 1-3 for each of the pene
tratioas. The ma.riml.llll reflectivity at this level 
occurred well to the oorth of ~he . .ai:t.:ra£t tracks 
1n,·each .. penetration and had a value in excess of 

Andy J. Heymsfield and L. Jay Miller 

and Convective Storms.Division 
National Center. flll"-Atmospheric Research1 

Boulder, Colorade 80307 

65 dBz. The T-28 encountered the weak echo region 
during Penetration 1, while on the·twe subsequent 
penetrations. the track.was well to.the south of 
this region because of having previously encoun
tered extreme turliulence. The presence ef the 
WER, a well-developed reflectivity "notch". in the 
echo structure at low levels (not shewn here),. and 
the strong wind shear .mark this stom as a well 
developE?d supercell. Miller (Ref. 2) exaJBined the 
Doppler data for this sto:rm from about a 2-hr 
time period ending a.bout 30 min prior to the T-28 
penetrations ·and showed the supercell characteristics 
of the storm at that tillle. 

At the time of writing, Dop¥ler data were no~ 
available for the time period encompassing the T-28 
penetr.ations. The lack of Doppler data prevents 
us from making definitive statements about· the 
precipitation mechanism present in this· storm. 

km EAST OF MLS 

Figza,e 1. Pl-an Position I~ p.l.ot near tM 
az.ti-tude and. ti.ma of Pen.et:Ni:iM- 1. hy the ff~2B on 
2 Aug .1.981. The .pemetz,ation path of the T-2/i is 
tiluwn 'luith 1-min tiek =kB. The bol,d Nfiion al.one 
the f1,igh:t; pai:h z,epJ?esents:th@ appr~u·regu:m 
of etro'llges.t upa-ft encoimured by the.: X,-28. 
Reflectivity cumtou:zo.41 .:we 1001:'keri in dllz.. The 
Ji/El/ is at app7=-£mau7,.y 121¥, 70E of MLS. 

1The National· Center fox Atmospheric Research is sponsored· by the National Science Fountlation. 
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Figure 2. SaJr;e as Fig, 1, except for Penetration 2, 
!,)here the WER is at appro:ximateZy 2N, 97E of MLS. 

Insofar as we can extrapolate from the earlier 
Doppler time period to the time of the T-28 
penetrations, we can speculate about interactions 
between the hydrometeor observations from the 
T-28 and the :motion fields represented by the 
Doppler data. It is planned to present more 
detailed information at the conference. 

4. SUMMARY OF T-28 MEASUREMENTS 

The T-28 measurements within and near the WER were 
discussed by Musil et al. (Ref. 4). Briefly sum
marizing, they showed the strongest updrafts were 
in the weak echo region be~eath the overhang, while 
the strongest downdrafts were found in the high 
reflectivity regions to the west of the WER. Peak 
updrafts were about 40 m s-1 , while downdrafts 
existed on both sides of the WER, with peak values 
of -25 m s-1 on the west side. The WER exhibited 
an adiabatic core near its middle and was virtually 
free of ice at the level of observation (6-7 km MSL). 
Cloud liquid water values in updraft regions several 
km from the WER ranged approximately between 
0.5-2.0 g m- 3• 

Hydrometeor observations were extremely variable, 
but were consistent with past observations (Ref. S), 
Hail was common to the west of the ll'Ei., with appar
ently reduced amounts to the east of the weak echo 
region. The highest concentrations of large hail 
were found along the west edge of the WER in weaker 
updrafts and virtually no liquid water. Hydro
meteors were smaller and observed in lower fre
quencies during Penetrations 2·and 3, which were 
further removed from the WER intercepted in 
Penetration L 

5, DISCUSSION AND CONCWSIONS 

Since we are forced to extrapolate motion fields 
some 30 min into the future to reach the time of 
the T-28 penetrations, we cannot at this time say 
for sure how the air motions will interact with the 
hydrometeor observations by the T-28. If the 
earlier'Doppler measurements apply, then the sug
gestion is that the hailstones could be growing 
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Figuz,e 3, Same as Fig. 1, except for Penetration 3, 
where the WER is at approximately -5N, l05E of MLS. 

according to a mechanism described by Browning 
(Ref. 6}. In any event, the details of the pre
cipitation mechanism in this storm will remain 
1mcertain until the Doppler data becomes available 
for the time period of the T-28 penetrations. At 
that time, a study combining air motions and Doppler 
data with hydrometeor observations from the T-28 
can be done, which will allow an examination of 
detailed particle trajectories in this storm. 
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FORMATION OF FROZEN DROPS, CONGLOMERATES, AND GRAUPEL 
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1. INTRODUCTION 

\le investigated (1) snow crystals collected at 
groun_d level, (2) hydrometeors replicated in 
clouds, and (3) ice crystals produced in the labo
ratory. Two major particle forms were observed at 
(-&:i:2)°C: noncrystalline frozen droplets and their 
co~glomerates formed at water saturation; hexagonal 
thick plates or columns formed at ice super-satu
ation. The observations are discussed considering 
the mechanisms of crystal growth. 

2. SNOW CRYSTALS COLLECTED AT THE SURFACE 

Boulder is located close to the foothills of the 
Rocky Mountains. Precipitating cloud systems are 
often shallow upslope systems and frequently have 
isothermal conditions from base to top. They are 
ideally suited for the study of snow crystals that 
develop in an isothermal water cloud. We found 
that at -8°C!2°c and relative humidities of 100% 
with respect to water, snow pellets ~nd graupel 
form, (Nakaya called these snow formations "lump 
graupel"), but crystals do not. Crystals appear, 
however, when the humidity drops below water satu
rat)on. Apparently, ·a small change in the relative 
humidity causes a big change of the crystal shape. 

For example, on 3-31-1980, a very shallow cloud 
layer about 150 mo thick had formed, with a mini
~um ~emperature of -10.5 C. Figure l shows precip
itation collected. All particles are snow grains 
in diameter between 0.5 mm and l .mm. There is no 
regu)ar crystal among them. A magnified view (Fig. 
1, right) shows the tenuous attachment of spliR-
ters. ' 

In the same temperature range but under conditio.ns 
of subsaturation with respect to water (supersatura
tion with respect to ice) hexagonal crystals will 
form. 

3. HYDROMETEORS REPLICATED IN CLOUDS 

In th~ Florida Area Cumulus Experiment (FACE), 
dynamic ·cloud seeding with Ag! was conducted 
{Woodley, 1970). A continuous Formvar replicator 
was mounted on an aircraft to collect hydrometeors 
o~ a Formvar-coated tape during the cloud penetra
tions (Hallett, 197~). Portions of the tape were· 
cut and coated with carbon for examinatfon with the 
scanning electron microscope. The hydrometeors can 
be distinguish~d morphologically as liquid drops, 
rozen drops, ice crystals in various shapes, or 

graupel. The concentrqtions of each category were 
measured at various stages of the cloud evolution. 
the results showed that seeding indeed converted 
-many large liguid drops into frozen drops by con
tact nucleation. At temperatures between -6 and 
~10°C and at water saturation, frozen drops conglo
merated to form "ice grains' which could have high 
falling belocity. As they fell, they scavenged 
liquid cloud droplets along the way to form conglo
merates or graupel. However, when the humidity was 
subsaturated with respect to water but super
saturated with respect to ice, the frozen drops 
grew into column or thick plate crystals. 

For example, on 24 July 1980, AgI pyrotechnic flares 
were released from an aircraft_ to ~~ed clouds 
(temperatu'.e = -9!1°c3 LWC:~-9 gm ). Cloud drop 
concentration was 10 cm and no ice particle was 
found (Fig. 2a). 

Approximately every 2 minutes, the aircraft made a 
cloud p~ss. In the second pass, the LWC reduced to 
1.4 gm after seeding. The shape and structure of 
the replicas indicated that 90% of the hydrometeors 
were liquid drops, 7% were frozen drops (Fig, 2b), 2% 
were conglomerated frozen drops including graupel, 
and 1% were columns. The columns appeared mostly at 
the edge of the cloud where the humidity was probably 
subsaturated with respect to water. 

In the third and fourth passes the liquid drop con
~entratio~ further decreased; on the other hand, the 
i~e parti~le concentration increased and particle 
size also increased (Figs. 2c and 2d). More frozen 
drops conglomerated to form large grains, or links or 
large graupel. This indicates that at water satura
tion ice particles grow mainly by accretion of frozen 
drops rather than by vapor-phase growth of column 
crystals. 

Repli~as of the fifth pass showed no liquid drops 
only ice particles which included 20% frozen drop;, 
35% columns, 15% graupel, and 30% irregulars. 
~owever, the total concentration reduced to lOcm-3. 
!he fact that the most frequent hydrometeors were 
columns rather than frozen drops indicates that 
moisture supply in the cloud at the fifth pass had 
been reduced to ice supersaturation and vapor-phase 
growth took place. 

4. ICE CRYSTALS PRODUCED IN LABORATORY 

We placed a beaker (500cm3) of hot water (90°C) in 
the bottom of a cold box (40 cm X 40 cm X 60 cm) 
whose inside temperature was kept -8°C.:::2°C. The' 
water vapor generated a stream of1cloud which 
ascended with a speed of 50 cm s- . A match coated 
with.Ag! was lit to generate ice nuclei. The ice 
crystals produced were collected on Formvar-coated 
slides. In the first 2 minutes a mixture of columns, 
plates, frozen drops, and their accretions were 
observed (Fig. 3a). This suggested that the humidity 
throughout the box was not homogeneous because the 
excess AgI nuclei glaciated most cloud drops and reduc
~d the humidity to subsaturation with respect to water 
in some areas. After 2 minutes when the ice nuclei 
~ere mostly consumed but clouds were still continously 
introduced, the humidity probably increased to water 
saturation. Frozen drops, conglomerated frozen 
drops, and graupel were now the products. The ex
periment demonstrated that indeed at -8°C.:::2°C at 
wa~er satu1ation, ice particles remained isom~tric 
(Fig. 3b). Only at ice saturation did vapor-phase
grown crystals develop. 

5. DISCUSSION 

We have demonstrated that frozen drops can be genuine 
precipitation particles at -8°C.:::2°C or, more impor
tantly, that they can be the embryos of graupel. In 
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order to understand that frozen drops grow iso
metrically and that they can eas-ily conglomerate, 
one must understand the physical properties of 
the ice surface. The water molecules on the ice 
surface are understandably not so well arranged 
as the internal molecules. fhe degree of 
disorder increases with higher temperature and 
water vapor pressure of the environment. Within 
certain temperature and humidity boundaries, an 
ice surface can be covered with a-quasi-liquid 
1 ayer. 

Faraday (1859) first noticed that an ice surface 
below freezing was covered with a thin film of 
water. Fletcher (1962 and 1968) studied the 
stability of a quasi-liquid layer from statisti
cal and thermodynamical considerations. He 
discussed the variation of the layer thickness 
with temperature. Kvlividze et al. (1974) con
firmed the existence of -this moblli water layer 
at temperature warmer than -10°C by using neutron 
magnetic resonance spectrometry. Applications to 
cloud m_icro-physics of the quasi-liquid layer are 
most evident in the research of Nakaya and 
Matsumoto (1953) who explained the existence of a 
quasi-liquid layer on ice spheres. T~e influence 
of the quasi-liquid layer on crystal growth was 
developed by Lacmann and Stranski (1972). 

The ·thickness of the qua~;-liquid layer on ice is 
a function of temperature and humidity, as the 
temperature becomes warmer !he quasi-liquid layer 
becomes thicker. At -8°:.!2 C and at water 
saturation, the ice surface is probably fully• 
covered with this layer. The growth of ice par
ticle takes place as a two-step vocess: (1) 
condensatior into ttre layer, and (2) crystaliza
tion into the ice surface through the two~ 
dimensional nucleation mechanism. As a result, 
frozen drop is the product. However, tlie rate of 
the growth is relatively slow because the layer 
resembles bulk water toward the environment. Ono 
(1970) has observed that growth rate through dif
fusion at this temperature range is greatly 
reduced. A competitive process, collision and 
accretion between frozen drops, becomes an impor
tant mechanism for ice particle growth. Because 
of the water-like surface of frozen drops, upon 
collision, they cohere to form conglomerates 
which occur in all forms, from tenuous attach
ments to "lump 9raupel". These large ice par
ticles will then sweep liquid drops as they move 
inside a cloud and convert liquid droplets to ice 
on their surface by contact. The riming process 
produces mostly snow grains or graupel but not 
snow crystals. However, _when the humidity 
decreases to ice saturation, the quasi-liquid 
layer diminishes and ice surface is exposed to 
the environment; then vapor deposition growth 
becomes the main process and hexagonal columns or 
pl ates appear. 
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I-3 FORJ'1ATION OF FROZEN DROPS, CONGLOMERATES AND GRAUPEL 

Fig. 1 Snow particles collected on 
Jl March, 1980 

Fig. 3, Ice particles nucleated with 
AgI in a cold box. (A) l 
min. after seeding; and (Bl 
3 min. after seeding. 

Fie ~ ,~, icated in 
.·,_.s. (A) be-

fore 1\gI seeding; (8) 2 min. 
~fter seeding (C) 5 min. af
ter seeding and (D) 8 min. 
after seedingc 
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RAIN DROPLET SPECTRA OBTAINED FROM WARM CONVECTIVE CLOUDS WITH REGULAR 
TRADEWINDS IN A SUBTROPICAL MARITIME AREA 

C. PONTIKIS , A. RIGAUD 
French Meteorological Office, 78470 Magny les Hameaux 

J,P. LACAUX , B. COOISTRON 
Aerology Laboratory, 6530p Campistrous/Lannemezan 

The observations of rain drop ai;tributio~s are not 
only important for ··radar applications, but also for 
cloud physics studies, since they allow the check of 
theor~tical computation results. 
This note summarizes the data of two different sets 
(SI and S2) of rain drop size measurements obtained 
by classical disdrometer devices, •over the flatter 
part of the island of Guadeloupe, 
During these measurement times ( March' 1981 and Ja
nuary 1984) the tradewind was regular and only warm 
convective clouds were observed. Figure 1 represent~ 
a typical radiosounding ( 19 January 1984). 

600 

700 
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900 
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FIGURE I 

The whole data collection time was 60 minutes for SI 
and 180 minutes for S2, 
Drop spec.tra are analysed for 
very individual rain event to 
mer distribution : 

the whole time of e
fit the Marshall-Pal-

N =· N0 • e 
-1\ D 

Table 1 suDDnarizes the·relation between the distri
bution parameters ( D

0
, /\, N

0
) and the rain rate R. 

The agreement between observed values and classical 
Marshall-Palmer values is fairly good for A and N

0
• 

Parameter Marshall- SJ 
Palmer 

WL (g/m3) .072 R' 88 ,075·R· 85 

D (mm) .09 R' 21 .92 R.24 
0 

/\ (mm-I) 4.1 R-.Zl 4 .8 R-.z4 

[n a similar way, the mean values of these parametert 
bbtained according to the formula 

-X <' X.R. < 
i = ' 1. 1. / <, R. 

are in good agreement with the cfissical Marshall
Palmer values for A and N ( see last column of ta+ 
ple 1). Numerous large dropg are observed (D> 3mm). 
is a result, the median and mean diameter·values are 
higher than in aost other places ( Austin ·and Geotis·i 
~lanchard). It seems that, for a same precipitation 
kate, the characteristic A and N values for a sub
tropical event are fairly smaller0 than those obtained 
in the mid-latitudes. 
1able 2 shows a comparison between two ·particular raln 
~vents observed during the data collection periods, 
~nd the results obtained by Waldvogel. 

R /\ No Reference 

(DDn/h) (DDn -1) -3 -I (m ,DDn ) 

10.2 3.7 3.5 104 
Waldvogel 
(Thunderstorm) 

10.3 3, 1.4 104 SI (warm comrec-
tiire cloud) 

4. 3.8 1.6 104 Waldvogel 
(shower) 

4. 3. .5 104 S2 (warm shover) 

TAllLE -2: 

A one-dimensional warm convective cloud model (Ponti~
kis and al.) is used to si11111late the rain situations 
observed during the data collection periods. 
This model initiates convection by introducing a small 
thermal instability between O and 200 meters, and 
using an entrainment coefficient proportional to the 
altitude : 

µ =AZ with -11 A= 4.5 10 C.G.S. 

Its microphysical part is classical, similar to the 
one used by Ogura and Takahashi. Precipitation spec
tra on the ground are calculated by using the 8 a.m. 
radiosounding of the meteorological station in Le Rai-

S2 Mean Values 

.073 R" 83 

.811 R' 295 1.112 R" 21 

5.3 R-.Zl2 4.275 R-.ZI 

-3 -I , 
10 ·3 1.5 104R-.31 J.77 I04R-. 2~? 9.76 103 

N (m mm ) 8 
0 

TABLE 
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zet airport. 
Figure 2 shows the comparison between the observed 
and calculated data for the 2 p.m. rain event on 16 
January 1984. The whole cloud life time was 60 minu
tes. 

Percentage 

40 

} ·--· • S2 results 

30 l +- - -t Modef results 

20 

I 

JO I 

~~-\ . 
\ 

' '+,' ·--,___ 

o __ -eo-=---=----+_-_-~---=----_,•.,..---·---.,.. -..-::,_..,.. 
.5 3. .5 4. 4.5 

Diameter (mm) 
FIGURE 2 

The main purpose of this paper was to present the 
characteristic raindrop spectra issued from warm 
convective clouds aver the flatter part of Guadelou
pe. These spectra can be represented fairly well by 
using the classical Marshall-Palmer distribution. 
Unlike the typical mid-latitude drop spectra, high 
nlllilbers of large drops ( D> 3 mm) are observed, 
while a deficit exists in the class range between 
.5 and 1.5 mm. 
An attempt to obtain the theoretical rain spectra by 
using a 0ne-dimensional model leads to a fair agree
ment b~.ween calculate~ and observed drpp classes 
for the middle sized drops ( 2 ' D ( 3mm). 
The model leads to a 3 mm maximum diameter after 30 
minutes of cloud life, while drops up to 4.5 mm are 
experimentally observed-. This behavior seems to be 
characteristic of the t~·models of this kind : 
usually they develop drops larger than 4 mm for cloud 
life times higher than 50 minutes. 
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AIRCRAFT OBSERVATIONS INSIDE SWISS HAILSTORMS 

Paul L. Smith and Dennis J. Musil 

Institute of At:mospheric Sciences 
South Dakota School of Mines and Technology 

Rapid City, South Dakot~ 57701 

1. INTRODUCTION 

A series of observations of the interior character
istics of Swiss hailstorms was made with the T-28 
armored .reseru::ch aircraft- (Ref. l} during the 
SUJ!llllers of 1982 and 1983. The main objective was 
to determine the presence of any accumulations of 
supercooled raindrops in the so-called "Big Drop 
Zone" (BDZ); such accumulations are an important 
basis for the Soviet method of hail suppression 
seeding under test in Grossversuch IV (Ref. 2). 
The target zone for the aircraft penetrations was 
identified by radar in the same manner as used for 
the seeding rockets in Grossversuch IV. 

This pa.per discusses the observations from stoms 
on four days during· the two seasons, l!lhich resulted 
in a total of 27 penetrations. The aircraft was 
directed from the ground to a point indicated by 
radar toward which the seeding rockets would have 
been fired according to normal Grossversuch IV 
seeding procedure~. The storms penetrated were, 
however, not seeded. 

2. IDENTIFICATION OF THE BIG DRO, ZONE 

The BDZ was identified by 5-cm radar Deasurements 
opera.ting in a Range Height Indicator (R!:!I) :mode. 
First, the maxi= reflectivity above the OC level 
(Zm) is determined. When 45 dBz .::_ Zm ::,__55 dBz, 
the radar-identified BDZ is that region above the 
-SC level were the radar reflectivities are 
.::_ Zm-10 dBz. ll'hen Zin is> 55 dBz, the BDZ is that 
region where·the radar reflectivities are> 45 dBz 
above the -SC level. If an overhang region is iden
tified, the radar-identified BDZ can be extended 
into the overhang region, even if the reflectivities 
there are less than the above described limits. 

The above definition WIIS YSed routinely during. 
Grossversuch IV for conducting the seeding opera
tioJI.S with rockets: The same technique was used 
in a real time mode to idsntify the target toward 
which the T-28 was vectored in order to investigate 
the characteristics of the BDZ. 

3. PENETRATIONS OF THE BIG DROP ZONE 

3.1 Storms considered 

Storms from four days were considered in this 
study because they contained the best potential 
for penetrations of the BDZ. Table 1 shows the 
atmospheric conditions on the days chosen as 
determined from the 12Z Payerne radiosonde. 

All the days showed light to l!!Oderate instability 
with sufficient low level moisture to initiate and 

and 
Albert Waldvogel 

Laboratorium fur Atmosphaxenphysik 
EIB-Honggerberg 

CH-8093 Z\lrich; Switzerlad 

TABLE 1. S1.lllllllal')' of atmospheric conditioJI.S for the· 
dates shown using the 12Z Payerne radiosonde. 

-------------------------------------------~-------
CCL 

DATE LLM CCL TEMP _g_ SHEAR 
(g kg-1) (mb) c•cJ (10-~ s-•) 

116 Aug o2 10.7 780 10.6 -4.3 0.6 

23 Jun 83 9.2 800 9.0 -2.7 0.9 

13 Jul 83 7.5 705 4.0 -0.7 1.0 

18 Jul 83 8.8 720 6.8 -2.7 2.6 

llllrintain deep convection in the region. The verti
cal shear of the horizontal wind was generally 
small. The storms penetrated by the T-28 during 
the SUl!l!llers of 1982-83 were ll!llinly aa.11, air-lU.SS 
types and therefore cannot be consi!UlrN to repre
sent the whole spectrum of storms obsened during 
Grossversuch IV (1977-1982). The implications this 
:may have for attempting to descrihe the precipita
tion mechanism in th.e Swiss storms relllllin to be 
determined. 

3.2 Summary of penetrations 

Table 2 SU!!lll!arizes info:rmation pertaining to each 
penetr~tion for the days studied. The aititwies 
and temperatures are averages for each penetration. 
The temperatures were generally around -SC during 
1983, while the penetrations in 1982 were· at· slightly 
cooler temperatures because ef a potential conflict 
with rocket firings into the region where the T-28 
was flying at that time. Table 2 also sholilS on 
which penetrations the BDZ selection criteria were 
satisfied, as well as showing the effectiveness of 
actually hitting the intended target.. There is 
always difficulty when attempting to coincide 
aircraft penetrations with the vagaries foimd in 
convective clouds. Hence, about 60% of the pene
trations were made at a time when the selection 
triteria was satisfied. Of thllise, about 65% l"'401 
of the totl.l} actW1.lly intercepted the BDZ, which 
resulted in a substantial number of cues for this 
study. 

An example of a penetration of the BDZ on 13 July 
1983 (Pen. 3) is sholilll in Fig. l. _The penetration 
was almost along the same direction as the Rill 
sholilll in the inset. It has been estimated that 
the BDZ at the T-28 altitude we:s approximately. 
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TABLE 2. Summary of conditions pertaining to T-28 
penetrations for the dates shown. OK indicates the 
BDZ_was_penetrated_and_NA means Not,1\£flicable. _____ 

CRITERIA 
DATE PEN TEMP ALT FULFILLED ACCURACY -- ['cf (_]on) 

16 Aug·&z l -10.9 5.6 y OK 
2 -11.0 5.6 y OK 
3 -12.8 5.6 y 2 km S 
4 -13.3 5.6 y OK 
5 -12.3 5.6 y 3 km E 
6 -12.5 5.6 y 2 km S 

23 Jun 83 l -7.9 4.7 y 4 km SE 
2 -7.4 4.6 N NA 
3 -7.7 4.6 N NA 
4 -7.6 4.6 N NA 
5 -7.7 4.6 y OK 
6 -7.7 4.6 y OK 
7 -7,7 4.6 y OK 
8 -7.5 4.6 N NA 
9 -7.6 4.6 y OK 

10 -7.8 4.6 y OK 
11 -7.6 4.5 y OK 

13 Jul 83 l 8.9 S.l 'l 2 km SE 
2 -8.9 5.0 y OK 
3 -9.0 5.1 y OK 
4 -9.0 5.1 N NA 

18 Jul 83 l -7.9 s.o y l km NW 
-2 -7.8 5.1 N NA 
3 -7.6 5.0 N NA 
4 -7.6 s.o N NA 
5 -7.7 s.o N NA 
6 -7.8 s.o N NA 

13. 7. 

1983 

1532H 

TIME 
153153 30-- 15 

40 ---------
45-- 10 
50 ---

5 -5C 

PPI 
0
40 50 60 

EL=5.5 

0 10 20 

10. c 2 in this c.ase. The time period in which the 
T-28 encountered the BDZ (about 153134-153203 SDT) 
was characterized by updrafts, which at times 
exceeded 15 m s-1 . 

4. SUMMARY OF FINDINGS 

A preliminary analysis of the data gathered in 
Switzerland by the T-28 has been made, The most 
important items are outlined below; these key 
points provide the basis for current, more 
detailed investigations. 

4.1 Liquid water drops and accompanying ice 
particles. 

The T-28 particle camera has the capability to 
differentiate between ice and liquid particles, as 
well as to determine the relative concentrations 
of each. AA examination of the data from the 
camera has shown that extremely few liquid par
ticles were observed in the radar-identified BDZ. 
A typical frl!llle of data that includes ·a liquid 
drop is given.in Fig, 2. The drops are ·usually 
found in conjunction with nU111erous ice hydro
meteors. In fact, estimates of the concentrations 
of liquid a.~d ice particles for the four days 
considered here show the concentrations of liquid 
drops to be no more than about 0,1 lll-3, while 
the accompanying ice particles have concentrations 
ranging between 8J)proximately 103-10 5 m- 3, The 
survival of the drops in a liquid state in such an 
environment, or their chance of contributing in any 
meaningful way to the precipitation mechanism in 
these storms, is doubtful, 
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Figuz,e 1. Radaz, views of a BDZ penetration on 13 ,lu"ly .1.983, Slcmt PPI 'View UO-cml hmi aircraft 
flight -track su:pe:ri.mposed, with squcwes :z,epresenting minutes after 1500 SDT, RliI section (3-cm; 
conto£a.s 10, 20, 40, and 45 dBz) along the direction indicated eh.owe position where T-28 eroeeed 
the RHI plane, which is aZmcst a"long the flight track, 
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Fi{ll,Cl'e 2, Ca:rmcm camem phctcgraph frati 13 Ju7,y 1983 
ne= 152537 SDT (Pen #2),. Mo~t hydrcmBteo7• a:l'e ice, 
with a possib1,e drop eu1 indlcatsd. 

4.2 Cloud droplets in the IIDZ 

The penetrations of the BDZ were often characterized 
by substantial amounts of cloud li~uid water, at 
times ranging between 1,5-2,0 gm- . A typical 
frequency distribution of cloud droplets obtained 
from the FSSP and taken from the updraft region of 
the BDZ in Fig. l is ·sh,nm in Fig, 3. The total 
droplet concentration is typical of :maritime clouds 
and the spectra also shows the presence of se-veral 
large cloud droplets. The cloud droplets obviously 
can provide the material on which hailstones grow, 
but the presence of the large droplets suggests 
the possibility that a coalescence mechanism may 
be active. Observations in continental clouds in 
the U.S.A. where an ice process has been shown to 
exist (Ref. 3), seldom exhibit large cloud droplets. 
In any event, the rather substantial mnounts of 
cloud liquid water in the BDZ are sufficient to 
permit the growth of rather large hailstones.· 

The BDZ apparently has, at best, a seeding window of 
relatively short duration, but it is possible that 
earlier penetrations of it lllight have produced more 
evidence of supercooled raindrops and perhaps less 
ice. Earlier investigations of the hail falling 
from Swiss storms showed roughly equal occurrence 
of graupel versus drop embryos in th• stones 
(Ref. 4). On the other hand, the ice particles 
observ~d in updraft regions were generally well
rimed, suuestini that they had frozen at siiJlifi
cantly lower altitudes_ (higher temperatures). 

4.3 Characteristics of the regions of vertical 
·air motions 

The sizes of the updraft reiions in these storms 
were smaller than those in hailstoJ:1115 of comparable 
intensity in the North American Great Plains, but 
the speeds appeared to be quite similar. The 
maximum observed updraft speed was about 25 m s-1 • 
Despite the smliller sizes of the storms, comparable 
values of mro::imlllll turbulence intensity were noted, 
The strongest turbulence seemed to be associated 
with the sharp transition from strong updraft to 
strong downdraft which occurred on several 
penetrations. 

4.4 Anomalous large particles 

A few large elongated particles with dimensions up 
to about lx4 cm were observed during some of the 
penetrations. Figure 4 shows an example of one of 
these particle~ observed by the particle camera. 
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Figu.re 3. Average cioua drop7,et counu per 3-µm 
size category frOl'II FSSP dia-lng the tiwt period 
153134-153203 SDT, which corzoeapon& to the updraft 
region of the BJJZ diaau,saed in Figure 1, 

f'igu:H 4, ~ ~ ph.~k cf a ~e 
pa:l'tic1,e ob•Q7Hd on 2$ .Tune 1983. Mazi"IIIW'II 
dimension is about 2 cm. 
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The :maxilllum dilnension in this case is appriuii:illi:,tely 
2 c:m. The meclumis:m producing them is 
but they 111ay be silnilar to the llIWJ!lalous_ large par
ticles previously found inside Colorado, Montana, 
and Oklahoma hailstorms (Ref. 5). Th.e appearance 
of this particle also suggests that it :might be an 
artifact resulting frlll!l shedding following icing on 
the aircraft .or the instrumentation. 

5. CONCLUSIONS 

Recognizing the limitations that the T-28 observa
tions are from essentially a single level and that 
the full spectrum of Swiss hailstorm types :may not 
have been Slill!pled, the following tentative conclu
sions can be drawn. The scarcity of large liquid 
drops and their occurrence in conjunction with 
large concentrations of ice particles suggest t~at 
th~ liquid drops probably do not play an effective 
role in the precipitation mechanisms of the storms 
studied. The large amounts of ice observed in 
these penetrations strongly suggest that an ice 
process is involved in the precipitation mechanism, 
even though there is some evidence that coalescence 
could also play a role. The most probable hail 
growth mechanism in these stoms appears to involve 
the growth of ice particles threugh the accretion 
of cloud liquid water rather than of supercooled 
raindrops. The embryos fsr the hailstones could 
be either frozen drops or graupel. 
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STUDIES ON SNOW PRODUCTION PROCESSES IN A CONVECTIVE CLOUD BY THE SIMULTANEOUS USE OF RADARS AND A 

"CLOUD-SHUTTLE SOLID PRECIPITATION SOUNDER" 

Wakahama G., Endoh, T., Fujiyoshi, Y., Irikawa, S., and Konishi, H. 

Institute of Low Temperature Science, Hokkaido University 

Sapporo 060, Japan 

1. INTRODUCTION 

Although the microphysics, structure and dyna
mics of clouds associated•with prec~pitating clouds 
have been studied by a number of investigators by 
the use of radars, radiosondes, airborne devices and 
meteorological data collecting systems on the ground, 
many problems remain unsolved yet (Refs. 1, 2, 3). 
Airborne devices such as the Knollenberg apparatus 
are known to be very useful and valuable for clari
fying the microphysics of the clouds. It is, how
ever, fairly difficult for meteorologists in some 
countries such as Japan to conduct ~irborne mea
surements in convective clouds ·mainly because of the 
lack of suitable aircraft for meteorological obser
vations. Instead o·f airborne measurements, a. "cloud
shuttle solid precipitation sounder", or shortly 
"cloud-shuttle sonde" (CS-sonde) has been .developed 
and used in order that microphysical data were 
collected in and beneath the snow-forming clouds. 

Our purpose is to look into the microphysical 
characteristics of snowfalls in conjunction with the 
life cycle of convective snow clouds. This paper 
will present the methodology of the simulcaneous use 
of a CS-sonde and two radars (A= 3.2 cm, 5.0 cm) 
with illustrative examples,-

2. METHOD 

A CS-sonde is composed of (1) an ordinary 
"radio-sonde" for obtaining vertical profiles of air 
temperature and humidity, (2) a "snow crystal sonde" 
for collecting replicas of snow crystals or aggre
gates at various altitudes (Ref. 4); (3) an "aerial 
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camera" for obtaining the concentration of aggregate,: 
and the visibility in and beneath a cloud by taking· 
time-lapse 35 mm stereophotographs; (4) a corner 
reflector for tracking the sonde by the radar; (5) 
a main balloon filled with Helium gas; (6) ~ para
chute; (7) a small red-coloured balloon as a "mark" 
when the sonde returns to the ground; and (8)·a 
baroswitch to separate the devices from the main 
balloon at a specified altitude. 

The exact position of the sonde was tracked by 
an auto-tracking apparatus and an REI radar: the 
altitude as well as the azimuth and distance from the 
site of release was obtained at all time during its 
flight and at the time of its landing on the ground 
(Fig. 1). 

When a CS-sonde made a return landing, it was 
located easily thanks to its red balloon lying or. a 
flat snow cover in the vicinity of the estima,ted 
landing place with an accuracy of ±G. 5 km, and the 
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Figure 1. Trajectory of CS-sonde. Open circles 
indicate the positions where the corner reflector 
was detected by the REI radar. 
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Figure 2. Vertical profiles of air temperature, relative hwnidity, ascent velocity of the CS-sonde, wind 
speed and direction, horizontal wind shear, concentration of aggregates ~nd mode of snow crystals observed 
on 11 Feb., 198). 
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sonde, aerial camera, and radiosonde were safely 
collected. Since ·these collected sondes and camera 
were reusable in the fbllowing ascent, the total 
system was nained "Cloud-shuttle Solid Precipitation 
Sounder .(Sonde) ". The ratio of successful collection 
of CS-sondes was around 80 %. 

In addition to the observations using the radars 
and sondes, ground observations were also carried out 
on snowfall intensity, shape and size of snow crys
tals, visibility, and so forth, continuously during 
the snowfall. 

3. RESULTS 

The meteorological data, replicas of aggregates 
and stereophotographs obtained by the CS-sonde were 
'analyzed, and some examples are illustrated in Figs. 
2, 3, 5, 6, 7, 9, and 10, together with the data 
obtained by the radars and ground observations. 

Figure 2 shows the vertical prof-<.les of air 
temperature, relative humidity, vertical air motion 
estimated from the ?scent velocity of the balloon 
(Ref. 5), wind direction and speed, horizontal wind 
shear, concentration of aggregates, and mode of snow 
crystals ·observed on 11 February, 1983. It is 
obvious that there exist strong vertical fluctuations 
in concentration of aggregates, vertical air motion 
and horizontal wind· shear, and that the fluctuations 
in concentration of aggregates and relative humidity 
are consistent with those in vertical air motion. 
The amplitude of fluctuations in concentration of 
aggregates increase with descending altitude of 
aggregates, which suggests that the degree of 
localization of aggregates increases during their 
fal:J.. 

Tt should be also noted that the mode of snow 
crys~als changes from the dendritic to the broad
branchetl steller mode while they continue to fall 
beneath a. cloud. It moans that snow crystals grew 
even atsuG-h a place below the cloud base in which 

Figure· 3. Change with time of the position of the 
sonde (solid circles) and REI radar echo patterns 
e1•0,ry 024 seconds. Arrows indicate motion of snow 
parti-Jles deduced from the_.§9hQ ~- · 

the air was supersaturated with respect to ice. 
Successive positions of the same CS-s.onde to

gether with the REI radar echoes taken every 24 
seconds are indicated in Fig. 3. The convex and 
the concave shape of the convective echoes suggest 
the upward and the downward motion of snow particles, 
respectively. The motion of snow particles deduced 
from the shape of echoes is indicated by arrows in 
the figure. The upward motion of snow particles 
indicates the existence of _updraught. It is noted 
that the updraught exisrs above 1000 in in altitude, 
which is consistent with the higher ascent velocity 
of the CS-sonde above the cloud base illustrated in 
Fig. 2. 

On 12 March, 1983, a steady snowfall was ob
served from the clouds in the warm sector of a 
cyclone on the Ishikari Plain, Hokkaido Island. 
The PPI radar echoes and the snowfall intensity are 
illustrated in Fig. 4. A CS-sonde.was then released 
from ILTS (Inst. of Low Temp. Sci.) at 18:00 toward 
the precipitating stratus snow cloud. Vertical 
profiles of air temperature, ascent velocity and the 
maximum and the averaged diameter of snow crystals 
obtained by the CS-sonde are shown in Fig. 5. It is 
noteworthy t.hat the size of snow crystals increases 
with _escending altitude to 1800 m, but does not 
increase below it. Fractions of various crystal 
shapes at different altitudes were also obtained by 
the CS-sonde as shown in Fig. 6. lt is seen in this 
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~ 
·12:00 S:00 t--1 »OO ?t:00 -Figure 4. Time series of PPI radar echo sketches 

(upper) and snowfall intensity on the ground surface 
deduced from visibility (lower). CU, St and Mix 
indicate the echoes of convective, stratified and 
their mixed types, respectively, on 12 Mar., 1983 
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Figure 5. Vertical diotribution of mean (triangles) 
and maximum (solid circles) diameter of snow 
crystals, ascent velocity of the CS~sonde and air 
.:temperature,·-
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figure that smaller crystals with broad or 
sector-like branches as well as hexagonal plates are 
predominant at higher altitudes, while relatively 
larger crystals such as dendrites exist at lower 
alti°tudes. 

On the basis of the results described in the 
previous two figures, the origin and the falling 
trajectories of the predominant snow crystals found 
at different altitudes are.summarized in Fig. 7. 

On 26-27 February, 1983, a series of band
shaped snow clouds brought a heavy snowfall in the 
Sapporo area. A sketch of a PP.I rasJar echo on 26 
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Figu...ne 6. Change with height of fractions of each 
snow crystal type in percentage (%). 
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Figure ?. Trajectory of'the CS-sonde and the pre
dominant shapes of snow crystals observed at each 
point. 

Feb. is shown in Fig. 8, in which HU indicates the 
site of the radar as well as the site at which the 
sonde was released. Figure 9 shows an REI radar 
echo together with the trajectory of the CS-sonde, 
and the continuous record of snowfall intensities 
deduced from visibility observations. As seen fro;1 
Figs.· 8 and 9, band-shaped snow clouds successively 
generated above the Sea of Japan are incorporated 
into a thick layered cloud after arriving in above 
the Ishikari Plain. At the same time, vertical 
convective clouds gradually_inclined forward after 
the arrival. 

The upper left figure in Fig. 110 shows the 
vertical distribution of number·concentration of 
snow particles and that of aggregates, while the 
upper right figure indicates the trajectories of 
snow particles estimated from their averaged fall
ing velocities observed at the ground during the_ 
snowfall. The horizontal arrows indicated near the 
abscissa of the upper right figure show the.time 
when large aggregates fell. It should be-noted 
that two trajectories intersect with each other, 
and the altitudes at which large aggregates are 
formed are consistent with the altitude at ·which 
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Figure 8. A PPI radar echo sketch of·snow clouds on 
26 FPb., 1983, when snow fell heavily. HU (Hokkaido 
University) indicates the position at which the 
CS-sonde was released and the radar was operated. 
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Figure 9. An REI radar echo sketch and the trajec7 
tory of the CS-sonde (upper) and the continuous 
record of snowfall intensity deduced from visibility 
(lower). Arrows indicate the time of releasing the 
CS-sonde and its observational duration. 
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snow crystals have higher concentration, as seen in 
the upper left figure. It is suggested from the 
above that the difference in falling velocity of 
snow particles cause the intersection of the trajec
tories to form large aggregates. 

1. 

2. 

3. 

4. 

5. 
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Figure 10. Relationship of the snow particles 
detected aloft by the snow crystal sonde and aerial 
carpera with the particles observed on the ground. 
surface. Upper: Vertical distribution of quali
tative number concentration of snow particles 
(solid lines)· and aggregates (broken lines) and 
corresponding trajectories of the sonde and snow 
particles in a time-height chart. Arrows indicat~ 
the observed durations of large aggregates. Mean 
fall velocity of snow particles is indicated below 
the abscissa. Middle: Change with time of size 
distribution spectra of snaw particles observed on 
the ground surface. Lower: Change with time of 
fall velocity distribution spectra of snaw particles. 
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THE SHAPE-SIZE DISTRIBUTIONS OF .HYDROMETEORS 
AND THEIR EFFECTS ON CLOUD PROPERTIES 

Pao K. Wang 

Department of Meteorology 
University of Wisconsin 

Madison, Wisconsin 53706 
U.S.A. 

1. Intro~uction 

The shapes and sizes of hydrometeors are among 
the most important physical properties of clouds 
and precipitation. For example, sizes of precip
itation elements play a central role in the detection 
of storms by radar. The recently developed radar 
technique utilizes the.linear ·depolarization of 
backscattered electromagnetic waves by hydrometeors. 
This depolarization property depends strongly on 
the shapes of the particles encountered (Refs. 1 
and 2). Particles of d1fferent shapes and sizes 
falling in air also have different flow fields 
around them and therefore may be subject to differ
ent hydrodynamic drags. These drag forces have 
significant influences on the microphysical prop
erties of these hydrometeors such as their fall 
velocities, surface heat dissipation rates', and 
collision efficiencies with other particles (Ref. 3). 

Despite the importance of the shape-size fac
tor, our knowledge of it is rather inadequate. So 
far only the size distribution of cloud droplets 
and raindrops are better understood (Refs. 4 and 
5). The problems concerning ice particles remain 
unsolved. Furthermore, the shape distribution of 
hydrometeor, pot~ntially most important ·to the new 
radar technique, is practically unknown (except fot 
the case of clo~d droplets where the shapes are 
essentially spherical). This is.not to say that 
there are no attempts trying to understand it but 
merely reflecting the difficulties involved. • 

The main difficulty involved in the quantita
tive shape distribution study .is in mathematically 
describing the many complicated shapes-of hydrom
eteors. In order to be physically tractable, the 
formulas used must be simple, especially, the num-, 
ber of parameters involved should not be too large( 
The conventional shape description methods (e.g., 
Legendre polynomials) usually require a relatively 
large number of parameters, often exceeding 10, to 
describe a not-so-complicated shape. They are 
th~refore not very suitable. There are some simplb 
shapes, such as columnar ice crystals, that can 
be specified by two .paraineters (e.g., length ·and 
radius) but it fails to apply to general 'ice particles~ 

Recently Wang (Ref. 6) and Wang and Denzer 
(Ref. 7) developed some simple formulas for describing 
the shapes of conical hydrometeors (raindrops, 
graupel, and hailstones) and plane hexagonal snow 
crysta.ls, respectively. Using only 3 parameters 
in the formu~as, both mehtods specify not only the 
shapes but also the sizes of particles. It is fel~ 
that these methods should serve as a concise and 
consistent basis for shape-size distribution stud~ 
·ies. In the following we w;:iefly summarized the 
methods and give some actual examples. 

2. Shape-size distribution of concial hydrometeors 

We classify raindrops, graupel, and hailstonep 
as concial hydrometeors here because their shapes 
can usually be described by the conical function 
given by Ref. 6: 

(1) 

where x: and y are horizontal and vertical coordinates 
of the surface, respectively (see Fig. 1). A, c, 

z 

A 
,,,.-;, 

/ / 
/ I 

/ I 
I I 

I 
C I 

I I 
I I 
I I 
I I a 
I I 

B 

,-'X 111 ' ' 
' , 121 

\ '/ 

fi 

;K \ 
\ \ I I I 

\ I 
I I 

' I 

I 
I I 
I I 
I I 
I I 
I I 

I I 
I I 

I / 
I / 

I / 
~ ......... 

X 

l•Figure 1. Definition of the coordinate system and 
various quantities. Solid curve is an axial cross
section of a concial body. Dashed cv.:rves (1) and 
(2) are the generating ellipse and limiting elipse, 
respectively. 

and A are parameters to be determined. a and care 
semi-axes of the generating ellipse (Ellipse (1)) 
in the x and z-direction~ respectively. Eq. (1) is 
thus an ellipse modified by an arc-cosine function 
with A as a parameter. Note that since the principal 
value of the arc cosine function lies between O and 
TI, the value of A must be equal or larger than l'. 
When A is small, Eq. (1) describes a conical body 
with sharp apex. When A is large, the apex becomes 
blunt. As A+ 00 , Eq. (1) becomes 

x 
TI 2 l, ± 2 a[l-(z/c) ] (2) 

which is a ellipse with semi-axes Tia/2 and c. This 
is the limiting ellipse (Ellipse (2)). By changing 
the values of a, c, and A, various conical shapes 
are obtained. 

Th~ steps of finding vaLues of a, c, and A for 
a given concial particle are (referring to Fig. 1): 

(1) Determine c - This is just the half length from 
top to the bottom. 

(2) Determine a - First draw the x-axis passing 
through the center point and measure the hori
zontal length L. a is simply L/TI. 

(3) Determine A - There are two cases: 
(A) The concical curve intersects with the 

generating ellipse - A is determined by 

(3) 

where z is the z-coordinates of point K (see 
Fig. 1):'.° 
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(B) The concial curve does not intersect with 
the generating ellipse - A is determined by 

(4) 

where x and z are the maximum x coordinate of the 
conicalmcurve ~nd the corresponding z coordinate, 
respectively. x is the Corresponding x coordinate 
of the generatin~ ellipse. 

Using the method, various shapes of graupel, 
hailstones, and large raindrops can be simulated 
quite closely, as shown in Figs. (2) and (3). Note 
that Eq. (1) can also describe spheres and prolate 
and oblate spheroids if we let A+~. Then the 
semi-axes ... of them 3.rc given by na/2 and c, respectively. 

X 

2. of fitting conical gra:upel a:nd 
:,,stones (1). (a) a= 1.48 mm, c =2.32mm, 

A. 1.0; (b) a= c = 1.95 mm, A= 1.72. 

.z 

X 

Figu1°e 3. Example of fitting a large freely fall
ing rainc;:r0p by Eq. (1). a= 2.29 mm, c = 2.5 mm, 
!c=l!!.79. 

\Ve now come to t;:he analysis of the shape-size 
distribution of samples of a particular precipi
tation event. As a preliminary example, a sample 
of 63 hailstones from June 22, 1976 storm in 
Colorado (shown in Fig. 4) was analyzed. The photo-

Figure 5. Sirrrulated hailstone shapes of the sample 
in Fig. 4 using Eq. (1). 

graph was kindly provided by Drs. Charles and Nancy 
Knight of NCAR. A perfect simulation is impossible, 
of course, considering the surface irregularities. 
During the fall, the tip of some concial particles 
melted considerably (Knight, 1983, private commu
nication). In the present study we artifically 
"made up" these melted tips. This does not result 
in a large deviations from the shapes in thee p110to, 
as can be seen if we compare the simulated shapes 
(Fig. 5) and the original photo. In fact, it may 
be that the sililt/lated (unmelted) shapes are closer 
to the shapes of these hailstones when they were 
still suspended higher above in cioud s and which are 
of the greater concern for radar observations. The 
distributions of various geometrical properties of 
this particular sample are given in Figs. 6-11. 
Note that the volume, axial cross-sectional area, 
and area cf the surface of revolution are calculated 
according to (Ref. 6): 

v ~ TI2ac( 3 •2889 ; 0.2667 + 0.0382 + 0.0046 (S) 
~ -~ ~ 

0.0024) 
~, 

~ :::: 2rr2ac, (7) 

respectively. Ax is in<lependent of 7', V and~ are 
only weakly dependent on A. Due to this fact, the 
ratios between these quantities are nearly constant. 
i.e., 

(8) 

These expressions may be used as handy rules 
for estimating the geometrical quantities. 
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Figure 6. A-distribution of hailstones in Fig. 5. 
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Figure· 9. Volwne distribution of hailstones in 
Fig. 5. 
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Figure 10. Axial cross-sectional area distribu
tion of hailstones in Fig. 5. 
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Figure 11. Area of the s=face revolution distri
bution of hailstones in Fig. 5. 

It is seen from these figures that the distri
butions are not irregular but show rather distinct 
characteristics. For exahlple, both a- and c- dis
tributions show a distinct peak close to its respec
tive median value, especially the a-distribution. 
Perhaps the single quantity that can be thought as 
reprei,entative of the concept 'size" is the axial 
cross-section A which is independent of the s;,;,pe 
factor A while~ and A are somewhat dependent on 
A, although only weakl~. It is seen from Fig. 10 
that A -distribution is close to a x2-distribution. 
Actually, V and A also have the similar type of 
distribution. A ~distribution is almost the same as 
A which is to b~ expected from Eqs. (6) and (7). 
0-distribution is also close to x2-type but of higher 
frequency. The quasi-x2 property of these quantities 
may be of importance. The properties of x2-distri
bution is well-known and we recall here that the 
Maxwell distribution of the kinetic energy of molec
ules is a x2-type whose physical interpretation is 
wellknown. Thus the x2 property of hailstone dis
tribution, if confirmed by further analysis, may 
one day afford a physical-dynamical interpretation 
of hail formation. Of course, the above conclusions 
are based on this 63 hailstone samples which is 
definitely. inadequate to say anything certain. 

Fig. 8. shows another interesting property. 
Since A is the main factor that determines the shape, 
the A-distribution may be considered as the shape 
distribution. It is seen here that A-distribution 
has two distinct peaks, i.e., it is a bimodal dis
tribution. Remember that when A is close to 1 the 
curve is concially shaped with a sharp tip, i.e., a 
vertically highly asymmetric shape. On the other 
hand, large A represents symmetrical shapes such as 
spheres and spheroids. The bimodal distribution 
seen here thus can be interpreted as that there are 
two main types of hailstone shapes in this sample, 
one type with sharp cones and the other are sphe
roids. Since the differential scattering between 
horizontally and vertically polarized waves depend 
strongly on· the particle shapes and fall orientations, 
it is possible that this bimodal property of A-dis
tribution may be observed directly by radar. If 
this A-property can be proved to be well-correlated 
with radar differential scattering, then it may 
become a useful tool for severe storm observations. 
It is to be noted here that the values of A of the 
second peak are put near 10. Changing these A
values to much larger numbers will not change sig
nificantly the shapes. Hence the absolute position 
of this second peak is not definite. But the impor
tance is that the two-peak structure will remain 
regardless of the absolute position of the second 
peak. 
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Again it is stressed that the above are merely 
preliminary results based on the analysis of a 
rather limited sample. A more extensive analysis 
based on much larger samples is currently underway. 
The results will be reported at the time of the 
conference. Similar method can be applied to ana
lyze the shape-size distributions of raindrops. 
This work is also underway and the results will be 
reported later. 

3. Shape-size distributions of snow crystals 

The shapes and sizes of snow crystals can also 
be described by 3-parameter functions, as have been 
shown in Ref. 7. For example the following for
mulas produce the shapes shown in Figs. 12 and 13: 

(1) Type-1. 

y a (sin2 (3 e)f + C (9) 

(2) Type-2 

y = a[l-(sin 2 (38))A] + C (10) 

respectively. Here the parameters are a, c, and A 
where a is the branch length, c is the radius of 
the center disk, and· A is the shape factor regu
lating the width of the branch. It is conceivable 
that these 3 parameters can be used as the bases of 
shape-size distribution analysis. Results will be 
reported later. 

36d' 

FigvJOe 12. Hexagonal crystal shapes generated by 
Eq. (9). Left: a=?.37, c=0.25, A=50; Right: 
a=4.22, c=3.4, A=~2. 

36d' 360' 

Figure 13. Hexagonai crystal shapes generated by 
Eq. (10). Le.ft: a=l.02, c=6.6, A=0.35; Right: 
a=S.12, C=2.50, A=0.35. 

4. Conclusions 

It is seen from above discussions that analyzing 
shape-size distributions of hydrometeors using 
simple formulas is possible. In the examples 
shown here, only 3 parameters are involved, thus 
serving as a concise base of the shape-size catego~ 
orizat±on. The preliminary results for conical 
hydrometeors show interesting properties which 
may be important for understanding the physical 
processes involved. The present sample is a ground 
sample. The actual in-situ air sample is becoming 

available through the use of 2D probe. Theseinsitu 
sample will be our future subject of analysis.----
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RAINDROP OSCILLATION MODES 
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1. INTRODUCTION 

Although our quantitative knowledge of drop oscilla~ 
tions dates from 19th century hydrodynamic theory 
and the important contribution of Ref. l·on the 
normal modes, the oscillation of drops falling in 
air had not been studied in detail until the subject 
was pioneered by Ref. 2 at the beginning of the 
modern era of cloud ph,·sics. Our knowledge of drop 
oscillations has been advanced by more recent theo
retical (Ref. 3) and observational studies (Refs. 
4-6). An important indication that raindrops under
go frequent non-equilibrium distortions is found in 
the photographic study of Ref. 7. His work has been 
often cited, but usually only as evidence for an 
average oblate distortion. Support for a strong 
source of raindrop oscillations is presented in 
Ref. 8 based on a balance between collisional energy 
and viscous dissipation. With the advent of dual
polarization radar it has become increasingly im
portant to quantify drop shape since it is the key 
microphysical parameter needed for determining the 
rainfall rate (Ref. 9). 

2. OBSERVATIONS OF DROP OSCILLATIONS 

The most important observational knowledge of osci·l
lating water drops falling in air originated from 
wind tunnel investigations (Ref. 2) followed by 
field investigations (Ref. 7) and subsequent wind 
tunnel work (Refs. 4-6). Large amplitude distortions 
were observed which increased with drop size. Two 
types of deformation were noted for very large 
drops (Ref. 2 for D = 6-9 mm, where Dis the diameter 
of an equivalent volume sphere): rotations about the 
vertical minor axis as a ~igid ellipsoid with the 
major axis horizontal; and oscillations between el
lipsoidal shapes with alternating major axes 90° 
apart in the horizontal plane. As pointed.out by 
Ref. 3 this latter type of oscillation is a degener
ate mode of the fundamental harmonic· (m = 2, Ref. 
10). In contrast the type of oscillation ~bserve~ 
by Ref. 4 for drops (D = 3.7-5.6 mm) were approxi
mately of the prolate-oblate type" (according to 
Ref. 11), corresponding to the axisymmetric oscilla
tion of the fundamental harmonic (m = 0) described 
by Ref. 1. This was the only type of oscillation 
for small drops (D = 1-3 mm), ~d large drops 
(D = 4-7 mm) exhibited various other shapes near the 
fundamental frequency with no evidence for higher 
harmonics (Ref. 5). There is photographic documen
tation (see Refs. 4, 6) that the approximate prolate
oblate oscillation noted by Ref. 11 contains features 
of both the axisymmetric oscillation and the remain
ing degenerate mode at the fundamental frequency 
(m = 1), one in which the drop elongates in alter
nate orthogonal directions tilted at 45° from the 
·:~rcLcal in a vertical plane. 

These wind tunnel observations of water drops falling 
in air have shown that the majority of oscillations 
occur near the fundamental frequency with some evi
dence of a few higher harmonics but at greatly re
duced amplitudes (Refs. 4, 6). Small drops oscillate 
in the most symmetrical manner, whereas larger drops 
whose equilibrium shape is notably different than a 
sphere exhibit characteristics of all three degener
ate modes for the lowest harmonic. 

In his raindrop study, Ref. 7 considered average 
axis .ratios obtained using two orthogonal cameras. 
Although the prolate and oblate distortions were 
found, no details were given on their relative or
ientation which could be used in determining the 
type of oscillation. These results are shown in 
Fig. 1 for comparison with observations of drop 
oscillations1 in a wind tunnel. The mean axis ratio 
line was obtained by Ref. 7 for 1783 raindrops. A 
slight corre~tion was made to account for a system
atic error in the vertical dimension due to the 
( 10 µs ) flash· duration (Ref. 12) which leads to a 
.02-.03 decrease in axis ratios. The upper and 
lower dashed lines provide an envelope to the rain
drop measurements. The wind tunnel data show means 
and extremes observed for oscillating water drops. 
Although the mechanism that causes raindrop oscilla
tions is most likely different than in the wind tun
nel experiments (collisions not turbulence) the 
responses seem to be remarkably similar. This com
parison provides indirect evidence that the shift 
observed by Ref. 7 is due to oscillations. A more 
direct form of evidence for oscillations is the 
scintillation seen in raindrop streaks under dark 
field illumination (Refs. 13, 8). 

THEORY FOR RAINDROP OSCILLATIONS 

A brief description of the theory for oscillations 
about· the equilibrium raindrop distortion is found 
in Ref. 14 with an account of the potential flow 
aspects given in Ref. 15. In these studies an ellip
soidal shape constraint was used for the lowest 
harmonic because of the.relative ease in evaluating 
the surface area compared to the Rayleigh shape. 

The kinetic energy of constant volume ellipsoid 
assuming potential Eow (Ref. 16) is expressed in 
terms of the mass (m) of the drop and the rates of 
changes for the semi-axis as 

(1) 

For axisymmetric (vertical) drop oscillations Eq. 1 
is reformulated as a differential equation for the 
change in axis ratio with time using the following 
definitions for the axis ratios, a= c/a = c/b, and 

the volume constrair.t n 3 = 8 abc, so that 



124 K.V. BEARD II-1 

1.4 

--]-/ '-
/ " 

1.3 / . . \ 
I \ 

I \ 

1.2 I \ 

1.1 

1.0 

0 '-
'-;:: '-<( 

'-0: 0.9 '-,,t "' x 
<( 

0.8 IIT 'o'-

I '1, 
\ 0.7 
\ 
\ 
\ 

0.6 \ 
\ 

l \. 

" " 0.5 ' -- Pruppacher and Pitter 
.... 

...... 
-------Jones ---

0.4 -I Brook and Latham 

0 2 3 4 5 6 

DROP.DIAMETER, mm 

Figu:l'e 1. Observed =is ratios as a function of d:r:,op 
diameter. Solid curve is the equilibriwn value. 
Dashed lines are the mean and extremes for raind:r:,ops. 
Open circles and vertical bars show mean and extremes 
for water d:r:,ops in a wind tunnel. 

Ct (2) 

The change in axis ratio with time of the asymmetric 
mode can be obtained from Eq. 1 by assuming that 
oscillations occur as ellipsoidal variations in drop 
size. The hor.izontal mode has two axis ratios 

Ctx = c/a and ety = c/b = a~/ax where the vertical 

semi-axis, c = o3(8ab) = Da~/3/2, is assumed to be 

invariant for consistency with theory for the analo
gous asymmetric oscillation about a sphere (Ref. 10). 
With these definitions the time rate of change for 
Ctx is 

Ct 
X 

(3) 

The task of integrating Eq. 2 or 3 for the temporal 
behavior of the axis ratio requires an expression 
for the instantaneous kinetic energy which can be 
obtained using conservation of energy.with dissipa
tion. Thus two additional equations are needed, one 
that accounts for the relative amount of kinetic and 
potential energies, E = Ep + Ek, where the total 
energy (E) determined at an oscillation end point 
from the potential energy function (Ep); and one ·for 
viscous dissipation, Ek = -B Ek , where B can be 
approximated assuming linear dissipation. 

The potential energy function is Ep = Es + mgc, ur ln 
terms of the axis ratio, 

where F 

E p 
1roD2 F + rrpgD4 a 213 /12 (4) 

is the dimensionless area (area/rrD2) for 
an oblate or prolate spheroid. This equation is 
equivalent to the potential energy of a spheroidal 
drop on an idealized non-wettable surface. A min
imum in Eq. 4 occurs because the gravitational energy 
decreases whereas the surface energy increases as 
the drop becomes more oblate: The predicted axis 
ratios using Eq. 4 are generally within 17, of the 
force balance (Ref. 17) which included an aero
dynamic pressure. The agreement shows that the 
equilibrium axis ratio is determined almost en
tirely by a balance between the curvature of the 
hydrostatic pressures in the manner of a sessile 
drop. 

Time average axis ratios for the vertical mode (&,,) 
were computed by integration of Eq. 2 and found to 
be predicted by a,, =1/2 a' + 1/2 a~/a', where a' is 
the initial axis ratio. The computed deviations, 
(&,,-av)/ (&,,-a0 ), were found to be independent of 
amplitude for a 0 - a 1 < 0. 35 and to vary with raindrop 
size yielding values of 14, 7, 0, -7, -18 and -30%_ 
for D = 1, 2, 3, 4, 5 and 6 mm. As a consequence a 
provides a useful approximation to av for raindrops 
up to moderate sizes (D < 5 mm). · 

The computed time averages for the horizontal mode 
(ah) were predicte5! by ahA= 1/2 Cto + 1/2 a' + 1/2 a~/a' 
with deviations, (ah-ah) /oh - a 0 ), in the range ±5% 
for D = 1-6 mm and amplitudes a

0 
-a• < 0.35 • 

4. COMPARISON OF MODEL RESULTS WITH OBSERVATIONS 

4.1 Oscillation Frequency 

Quantitative observations have been made of the os
cillation frequency for water drops in wind tunnel 
experiments (Refs. 18, 4-6, 19). A comparison of 
frequency data is shown in Fig. 2 along with 
findings from the potential flow model. For 
drop sizes above 2 mm the model results for the 
vertical oscillation diverge from the fit labeled 
"Nelson & Gokhale". Most of the frequency data ob
tained by photographic measurements are above the 
Ray·leigh result about halfway between the theory 
for the vertical and horizontal oscillations for 
drops in the range 3 to 1 mm. 

The comparison of the computed frequencies with the 
modulation frequency from microwave laboratory 
studies is also shown in Fig. 2. The data labeled 
"Brook & Latham" were obtained with the transmitted 
wave polarized vertically, whereas the measurements 
labeled "Goodall" were made with the trans;mitted 
wave polarized vertically and also horizontally. 
The microwave data show two distinct frequency var
iat.ions with drop size. The lower set can be attrib
uted to the horizontal mode because it was detected 
only with horizontal polarization and because it 
was directly observed in the "Blanchard" frequency 
measurements for very large drops (D = 6-10 mm). 
The "computed frequencies for tre horizontal mode 
correspond wel.1 with the lower data set although 
agreement is best for the largest drops at small 
amplitudes·. Breakup would probably occur for large 
amplitude (6a = 0.3) as expected for maximum hori
zontal dimension exceeding 1.0 cm. 

Photographic sequences of large oscillating drops 
(D = 5 mm, Ref, 5; and D "' 4.5 mm, Ref. 6) show 
features of both the vertical and transverse (m 1) 
modes. Therefore it is P.ossible that the upper fre-
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quency set corresponds to drops oscillating in some 
combination of the vertical and transverse modes. 

Although the potential flow model with gravity is 
capable of simulating many features of drop oscil
lation it fails to predict the oscillation frequency 
for many drops in the range of 2-7 mm diameter (an 
important size range for microwave scattering). 
Oscillations of the transverse mode may be partly 
responsible for the difference between model results 
and obse~vations. However, it is possible that the 
model- frequencies are too high because the sessile 
drop analog of the vertical mode is inadequate. 
Clearly the frequency sh.ifts seen in Fig. 2 for. 
small amplitude are the result of gravity since the 
Rayleigh frequency can be recovered for g = 0 or as 
D ➔ 0. The decrease in frequency for the horizontal 
oscillation must be due to the gravity induced dis
tortion because the potential energy of the horizon
tal mode is the result of changes in surface area 
only. In fact the ratio of the computed frequency 
to the Rayleigh frequency (f/fR) for small amplitude 
was found to be a function of only a 0 (f/fR = ag, 
with n = 0.6).' 

For the vertical mode, changes in gravitational 
energy occur during the oscillation and n was 
found to vary from -0.9 to -0.6 monotonically with 
increasing size from D = 1 to 10 mm. The drop os
cillates on an imaginary surface causing a varying 
hydrostatic pressure. A raipdrop oscillates with. 
a varying drag force as the cross section changes 
producing a varying acceleration and hydrostatic 
pressure. This mechanism couples to the vertical 

·mode by driving axisymmetric shape changes (Ref. 20). 
Since the acceleration mechanism provides a positive 
feedback to the vertical mode it may be responsible 
for the higher frequencies seen in the upper data 
set in Fig. 2 (i.e., the upwards shift from the pure 
distortion case of the horizontal mode). 

Although the sessile drop analog may not predict the 
exact oscillation frequency for the vertical mode, 
it is adequate for estimating the time average axis 
ratio. The formula for predicting the average for 
the vertical mode with gravity, (a,,) actually has A 

less error when compared to model calculations (ay) 
without gravity as the deviation, (ay - 'av)/ (ay- a 0 ), 

is less than 3% for amplitudes 6a < 0.35. Thus the 
role of gravity is a minor one in the time average 
problem and the different dependencies for the ver
tical (&v) and horizontal (&h) oscillations must be 
primarily the result of shape changes unique to each 
mode. 

4.2 Average Axis Ratios 

The axis ratio curves shown in Fig. 3 are from. the 
above formulas foray and ah. Most of the observed 
averages are consistent with model amplitudes of 
0,20-0.25 for the vertical mode and 0.30-0.35 for 
the horizontal mode. Since the data are measured 
for drops wi_£h maximum amplitudes of 0.25-0.30 the 
formula for av appears to be a better predictor of 
the observed averages. The oscillations from wind 
tunnel measurements (labeled "Brook & Latham", Ref, 
4) were "approximately of the prolate-oblate type" 
corresponding to the vertical mode (Ref, 11). In 
addition the photographic sequence by Ref. 6 sha> .s 

a vertical motion that would be absent in the hori
zontal mode. Thus these wind tunnel averages most 
likely do not involve the horizontal mc'e. 

The raindrop data in Fig. 3 (labeled "Jones", Ref. 7) 
correspond to the linear fit on Fig. 1. There are 
probably too few data for larger raindrops to deter
mine a reliable average since there were only 88 
axis ratios for D > 4 mm and 15 for D > 5 mm. How
ever, for smaller raindrops (D < 4 mm), where the 
number of measurements appears to be adequate (1595), 
the predicted average (¾) is consistent with the 
wind tunnel observations and indicates the presence 
of the vertical mode. 
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5. CONCLUSIONS 

Axisymmetric oscillations were simulated by the ver
tical motion of a drop on a surface in which the 
gravitational potential energy was proportional to 
the displacement of the center of mass. The resul
tant oscillation frequencies were higher than the 
Rayleigh result (and the data for large drops) but 
agreed with measurements for D < 2 mm. Asymmetric 
oscillations were modeled for a horizontal mode 
whereby the potential energy increases with the sur
face area for ellipsoidal variations about a spher
oid. The computed frequencies were lower than the 
Rayleigh result and compared favorably to observa
tions. Simple formulas with good accuracy were 
developed for the time· dependent and average axis 
ratios as a function of oscillation amplitude. The 
comparison between the prediction for the average 
axis ratio with measurements suggests the dominance 
of the vertical mode. 
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I. INTRODUCTION 

The attempts to estimate the effect 
of electric forces on the grav:i,tational· 
coagulation process.important for the pre
cipitation generation process in clouds 
were undertaken long ago. From this point 
of view mean Reynolds numbers.ranging bet
ween IO-IOO are less investigated both 
experimentally and numerically. The effect 
of electric forces(Refs.I,2) on collection 
efficiency of water drops colliding with 
small spherical particles at the charge Q 
on drops with the maximum values occurring 
in thunderstorm clouds(Ref.3) was studied 
in the experimental paper(Ref .2) for NRe~ 
IO and numerically(Ref.I) for NRe= I-400. 
It is found that such magnitudes of charg
es are of great importance for drop groW!ih 
with radii R ~ IOO f"m and their role decrea
ses with increasing drop size. In.the ex
perimental paper(Ref.5) a strong effect 
is shown of drop large charges identical 
with the limiting Rayleigh charges which 
are assumed(Ref.4) to be present in the 
vicinity of the lightning channels at 
N Re = 5-I5. 

In this paper the experimerital(Ref.I4) 
and numerical results ·are given on collec
tion efficiency with which charged water 
drops of radii from 90 to 250]'1,n. with a 
charge exceeding the maximum one in thun
derstorm collect(capture) neutral fog 
droplets at NRe= 7-70. The charge on drops 
changed from I.Io-13 .to 3.Io-" C and reach
ed I7-5;f}f; of the limiting Rayleigh charge. 

2. EXPERIMENTAL PROCEDURE AND 
THE ~NSTRUMENTS 

The experiments were carried out in 
a vertical wind tunnel of the Institute of 
Experimental Meteorolo~(diameter - 2 m, 
height of the work part of the tunnel -
20 m)(Ref.I5). Thus the coagulation pro
cess was not affected by.the walls and 

instruments. Charged collector drops of 
equal sizes were injected into the central 
part of the wind tunnel top to the cloud 
of small neutral droplets ascending in the 
work part of the tunnel with the mean velo
city smaller than the terminal velocity of 
collector drops. The integral collection 
efficiency was estimated from more than a 
hundred of measurements of size increase 
of collector drops after their passage 
a distance of I9-37 min the cloud. Its 
value was attributed to the liquid water 
content weishted mean value of cloud drop
lets radius(Ref .(5), -C:w· 

If cloud droplets have relatively 
narrow drop size distribution as it is 
shown in (Ref.7) the expression for drop 
growth rate in supposition of continuous 
collector drops growth model is in the form 

i: = K ( R, 7:w, l1) · W J (I) 

where W is the liquid water content. In 
Eq.I the kernel of coagulation is express
ed by 

where E is the collection efficiency, p -
water density, UR and Zlz.,the terminal ve
locity of a collector drop and a cloud 
droplet having the liquid water content 
weighted mean value radius 

n. 
tw = .1.. l: "ti. · ..1Wi 

W i.·I 
(3) 
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In Eq.3 "tl is the mean droplet radius in 
the i-th interval of droplet size distri
bution,AW,:, - contribution to drop water 
content of this interval, 

Such representation of the collector 
drop growth rate is possible under the 
condition of linear dependence of I< on Z 
ior a given size R of a collector drop, 
This condition is approximately realized 
for the neutral collector drops and for 

. the cloud droplets spectrum with 'i:,;; IO rm, 
and this is true for the charged collector 
drops up to~~ 7fm (Refs.I,8). 

From Eq.I for the integral coagula
tion kernel at a small increase of charged 
collector drop size and the time of their 
passage we obtain 

= .i 
w ( 4) 

where .i> R is the increase of a collector 
drop, .ll. t is the time of their passage wi
thin the cloud, !i =015 (Ritt+ Rt. ) is the 
mean drop radius, Rm , Rt are the ini
tial and terminal drop radii. Experimen
tal measurements of a R, il. t , W and 'l:w 
allow to obtain the coagulation kernel K 
and the collection efficiencyE 

In experiments the collector drops 
were generated by a piezoceramic genera
tor of monodisperse drops at frequency 
from 4 to 20kHz. The initial and the ter
minal collector drop sizes were estimated 
by identical laser meter(Ref.9) fixed on 
two levels'of vertical wind tunnel at the 
distance of 15, 45 m from each other. 

The cloud of small droplets was ge
nerated by water spraying with pneumatic 
nozzles. The cloud droplet size distribu
tion -y ( '2: ) was measur~d with a televisi
on counter(Ref.IO) and was closely appro
ximated by the gamma-distribution with the 
_garameters of-0.2 ~ b ~ +0.2 and 2.5~ 
r43.Sf1m 

wheres r (b + I) - the grunma-function, 
~ = ts/ Zi - the size making a maximum 

contribution to the liquid water content 
of the cloud, ?:2,t3is the root-mean-square 

and root-mean-cube radii of cloud droplets. 
When t changes in the given interval the 
relationship between "!:wand it has the 
form 'tw == k ~ ,where Ir changes from 
I, 31 to I, 37. The droplets size '<:w remains 
constant during the experiillent,but it chan
ges from (3,4 ± 0,2)J1m to (5,0 ± 0,3)~m 
from one experiment to another experiment. 
The contribution of the droplets with ra
dius less than 7 J"fffl to the liquid water 
contents accounts for~ 80% and of droplets 
with radius less than IOJ"lm accounts for 
~9%, that allow to represent the collec
tor drop growth rate in the form of Eq.I. 

The liquid water content was measured 
with the device described in(Ref.II). It 
was generated under the conditions of a 
small increase of collector drops. Maximum 
increasing of the collector drops radii 
did not exceed IO%, the liquid water con
tent changed from r.35 to 4 g/m; In general 
cloud droplets were neutral ones; the maxi
mum charge on the individual largest drop
lets did not eneed several hundreds of 
elementary charges; the distribution was 
symmetrical in respect to the charge sign. 
The collector drops were charged by the 
induction method. The drop charge was measu
red from the charging current which the 
charged drops carried on and from the fre
quency of their generation. 

The total relative measurement error 
of the collection efficiencyE (R,tw, Q) 
ranged from 4.5 to 7% according to the 
given experimental procedure. 

3. NlJMERICAL MODEL 

For comparison of the obtained expe
rimental results with the theoretical ones 
a numerical gravitational coagulation pro
ce~s model was developed, This model took 
into account the electrical forces and was 
identical to the one- given in (Ref.I). The 
model supposed that the cloud droplets had 
no effect on the flow field arccind the col
lector drops, The resistance force ·for the 
small droplets was calculated from the 
Stokes-Cunningham formula. The charge on 
the cloud droplets was small enough and 
this permitted to neglect the effect of 
the coulomb forces and to consider the in
duction forces as the electric ones. The 
induction forces consideration was taken 
from (Ref.I3). 

· As distinguished f~0m the numerical 
model(Ref.I)in our computations we used 
stream functions of the flow around a fluid 
sphere obtained by Rivkind V.J, and Ryskin 
G,M,(Ref.I2) for mean Reynolds numbers 
N~ IO I5,40,50,70 and for the distance 
~lO from the collector drop center. our 

model computations showed that the collisi
on efficiences of the neutral droplets and 
collector drops(computed by the given model) 
coincided with the values obtained in (Ref.I) 
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with the error up to 3%, 

4, DISCUSSION OF RESULTS 

The experimental results obtained 
are given in Figure I. This figure shows 
that the electric charges on drops of radii 
from 90 to 200 f!m have a considerable ef
fect on the collection efficiency E. For 
the collector drops of radii ",?, I24f1m , 
i.e. at NRe-;z I6 a nonmonotonous dependence 
of the collection efficiency on collector 
drops charge was found. The curve bend 
zone tends to larger charges and becomes 
more pronounced as the collector drop size 
grows. 

f. 2 R= 91,4fm 
!66,5_/lm 

E 

f, 0 125,Bfm 

0,8 

0,6 

0,4 
• experimental date 

Q(C) 

Figure I. The dependence of the drop col
lection efficiency on its size and charge 
(7'.w= 3.4 - 5,2fim. ), Adapted from Ref.I4, 

The comparison of the experimental· 
and theoretical data is given in Fig.2. 
This figure(solid line) gives as an examp
le experimentally measured effi~iency E 
with which a collector drop of R ~ 97 flm 
(NRe<>::. 40) collects cloud droplets with 
their ~w from 5, 0 to 5. 2 rm.. depending on 
the charge of a collector drop. The cloud 
droplet size distribution f(r) is charac
terized by tqe parameters: b = -0.2 , z = 
3, 8;1m. Dashed lines represent calculated 
collision efficiences E for the same value 
NRe and monodisperse cloud droplets with 
radii of 5,0f'1m. and 5,5,Mm. As seen 
from Fig.2 the calculated and experimental 
values E are in a good agreement, but 
the behaviour of the experimental curve 
differs from the calculated one. The cau
se of difference of the experimental and 
theoretical dependence of collection effi-

ciency Eon Q is now under study. 

f,2 

E 

I, 0 

0,8 

0,6 

Figure .2. The experimental and theoretical 
dependence of the collection efficiency E 
on a collector drop charge for N Re""' 40. 
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OSCILLATION E~ERGI[S OF COLLIDING RAINDROPS 
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1. INTRODUCTION 

\./hen two raindrops co 11 i de, they can e,ither 
bounce off one another, coalesce, or break info frag
ments. In every case however, some of the kinectic 
energy involved in the-collision will manifest itself 
in mechanical oscillations of the drop or grouo of 
drops that survive the collision. While there are a 
variety of other energy sources that at times may be 
capable of driving drop oscillations (such as tur
bulent air motions, wake shedding, or fall into 
strongly sheared e_rivironments), the collisional energy 
source is particularly intriguing since it provides 
an inherent oscillation mechanism that does not re
quite special conditions or circu~stances. 

The degree to which a colliding raindrop stays 
in an agitated state, of course, will depend on the 
collision rate and amount of energy provided by each 
collision as well as the rate at whic~ the oscilla
tions are damped by viscosity. In a recent paper 
(Ref. 1) we examined the collisional mechanism for 
raindrop oscillation by means of a model w~ich pro
duced an estimate of the average energy levels 
associated with a balance between dissipation of os
cillational energy and its rate of supoly by collisions 
with other raindrops. That study concluded that 
co 11 is ions could pro vi de sufficient energy to produce 
large-amplitude oscillations in moderate-to-heavy 
rainfall. Under such cjrcumstances drop collisions 
are likely to be the dominant energy source for os
cillations·. In the_ present work, we reexamine the 
question of collision-induced drop oscillations 
using a probabilistic interpretation of the 
coalescence equations similar to that employed in 
stochastic collection models to generate an estimate 
of the full distribution of oscillation energies as 
a function of drop diameter and rainfall rate. 

2. MODEL FORMULATION 

The goal of this model is to calculate the os- · 
cillation energies of large raindrops resulting from 
collisions with smaller drops. The model starts with 
the same basic assumptions as were invoked in Ref. 1, 
but extends the calculations to produce estimates of 
the full distribution of os~illation energies. Com
putations are performed for each of a number of dif
ferent raindrop distributions. Each distribution is 
assumed to be at least quasi steadv-state, so any 

changes in the distribution resulting from coalescence 
or breakup can be ignored. To adequately describe the 
raindrop distribution, 112 logarithmically-spaced 
drop categories were used to cover the diameter range 
from 30 µm to 5 mm with the number of drops in each 
class assigned as a function of rainfall rate using 
the equations of Sekhon and Srivastava (Ref. 2). The 
overall approach is based on the average collision 
rates between a large drop of diameter D and each 
smaller raindrop category, the collisional energy 
associated with each collision, and the expected rate 
at which the collision-induced oscillations are dis
sipated by viscosity in the liquid drop. The final 
product of each calculation is a distribution showing 
the fraction of large drops of diameter D having 
oscillation energies in any specified range. 

The average number of collisions that a drop of 
diameter D exoeriences in a time step. II t with 
smaller drops· of diameter di is given by 

Ci (D,di) = f(D+di) 2 [ v(D) - v(d;)] n(di) 6t, (1) 

where v(D) and v(di) are the terminal velocities of 
the drops and n(di) is the concentration of the smal
ler -drops. If i:Ci « l, then an individual collision 
rate C- (D,di) can be directly interpreted as the 
probability that the la'.ge drop wi~l underQO a_col
lision with a drop of diameter di in the time inter
val 11t. 

The excess kinetic energy associated viith a 
collision between a large drop of diameter D and a 
smaller drop of diameter di can be expressed as 

1 2 1 2 
Eki (D,di) = I Mv(D) + I mv(di) 

- ½ [Mv(D) + mv(di l] 2; (M+m), (2) 

where~ and mare the masses of the drops of diam
eters D and di, respectively and, as before v(D) and 
v(di) are their terminal velocities. -

The dissipation of energy by a vibrating drop 
of diameter D can be estimated by the relation 

dE = -2E 
dt T 

(3) 



132 D.B. JOHNSON & K.V. BEARD II-1 

where -r, the time constant of amplitude decay for 
the fundamenta 1 mode, is given by -r = o2; ( 20 v ) , 
and vis the kinematic viscosity of liquid water. 
Since the energy decays exponentially, it is con
venient to introduce discrete energy categories that 
are spaced logarithmically. In this case, the time 
step, ~t, can be selected so that the energy dis
sipation during one time step always reduces the 
energy by a single category. In the present model, 
55 logarithmically spaced energy categories are used 
to describe the oscillation energies non-dimension
alized by the surface energy of the drop ranging 
from .001 to .5. The upper limit on the energy 
classifications is assumed to correspond to the 
maximum oscillation that can be supported by a 
raindrop without breakup while the lower energy 
limit represents an estimate of the smallest os
cillation energies that are likely to produce sig
nificant deviations from equilibrium shapes (Refs. 
1 and 3). An additional energy category (E = 01 
is used to keep track of all drops that are not yet 
oscillating or whose oscillations have decayed be
low the .001 energy level. 

A separate ·calculation is performed for each 
raindrop distribution specified by its rainfall 
rate (see Ref. 2) and for each large drop diameter, 
D. The fundamenta 1 pa ram et er to be fo 11 owed is ~I•, 
the number of raindrops of diameter D having oscil
lation energies in category j. If the probability 
of a drop D striking a smaller drop d; during a 
time step ~tis Ci and the collisional kinetic 
energy associated with that collision is Ek;, then 
Nj C; drops are transferred from category E,j to a 
new energy category Em that corresponds to an energy 
level of E = Ej + Ek; while (1-C;) Nj drops remain 
in the category j. If Ej + Ek; > 0.5, then breakup 
is invoked with the assumption tr.at each of these 
coll is ions produces one large fragment, correspond
ing to the initial large drop, that survives the 
breakup and carries away the maximum energy permit
ted (E = 0.5). Excess energy beyond this level is 
ignored, as are the other fragments produced during 
breakup. After redistributing the drops in each of 
the_ 56_ energy categories for every possible collision 
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Figure 2. Steady-state mean oscillation energies 
(in non-dimensionalized units) from the energy 
model as a function of drop size and rain rate. 
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Figure 1. Time evolution of the non-dimensionalized 
mean oscillation energy for five different ensembles 
of 4 mm diameter raindrops. Each curve corresponds 
to a different raindrop di~tribution and i~ la~ele~ 
in terms of the overall ra"n rate of the d"str~but"on. 
The thin dashed lines represent the correspond"ng 
estimates of the mean energies from the steady-state 
energy balance model (Ref •. 1). 

such that d; < D, time is incremented and all drops 
decay to the next 1 ower en.ergy 1 eve 1 . 

Initially, all drops are assigned to the non
oscillating category. Once the computations begin, 
however, all possible energy states become occupied 
as the average energy increases and the distribution 
converges toward steady-state. Figure 1 shows one 
aspect of the evolution of the model. This example 
illustrates the build up of the mean oscillation 
energy of 4 mm drops for five different droplet 
distributions. After a rapid initial rise, the 
mean energy quick.ly levels off at, or slightly be
low, the level predicted by our earlier steady
state energy balance model. Figure 2 shows the 
steady-state mean energies predicted by the energy· 
distribution model as a function of drop diameter 
and rainfall rate. These mean energies, as well as 
the energy distributions discussed in the next 
section, were obtained after a time interval of 
8-r from the start of the computations in order to 
ensure that model predictions reflect steady-state 
conditions. 
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3. MODEL RESULTS 

Figure 3 illustrates the steady-state number 
density distributions of raindrops with diameters 
ranging from 2.5 to 5.0 mm as a function of the non
dimensionalized oscillation energies. Within each 
plot, separate distributions are shown for rainfall 
rates up to 100 mm/h. In this type of presentation 
the area under each curve is proportional to the 
total fraction of drops oscillating within the 
range of energies plotted. The increase in area 
beneath the curves fcir higher rainfall rates. and 
large: 9rop diameters merely reflects a larger 
fraction of dropr having oscillation energies be
tween .001 and .5. 

Taken collectively these results indicate that 
at any instant, a suitable ensemble of colliding 
raindrops will contain drops having oscillation 
energies that range from intense to imperceptible. 
At the level of the individual drops, this distri
bution of energies is understandable since the 
collisional mechanism for generating oscillations 
is inherently ~nsteady with irregularly repeated· 
cycles of sudden-energy input followed by gradual 
decay. If drops with non-dimensionalized oscilla
tion energies smaller than 0.001 are classified as 
not oscillating, there is almost always a signifi
cant number of non-oscill,ating drops. This remains 
the case even when the mean oscillation energies 
are quite high. In every case, however, both the 
fraction of drops oscillating and the severity of 

the oscillations increase as the drop diameter and 
rainfall rate increase. For example, the model 
suggests that 86% of the 3 mm diameter raindrops 
in a 3 mm/h rainshaft would be expected to have 
os~illation energies less than .001 (not oscillating), 
while only 2% _are oscillating intensely with 
energies> .1. With an increase in the rainfall 
rate to 30 mm/h, 58% of the drops are not oscillating, 
while 9% are oscillating intensely. On the other · 
hand, if we consider drops as large as 5 mm, then 
the model predicts that 32% of these drops will not 
be oscillating in a 3 mm/h rainfall and 13% will 
have oscillations with energies> .1. With a 
30 mm/h rain rate, only 1% of the 5 mm raindrops 
would not exhibit appreciable oscillations while 
53% _would exhibit strong oscillations. 

4. DISCUSSION 

This study reinforces our earlier conclusion 
that drop collisions can be an important energy 
source for drop oscillations, while emphasizing 
that there will always be a wide range of intensi
ties of osci 11 ati on in any ensemble of. drops under
going collisional excitation. Althouoh other 
energy sources may also contribute to~oscillations 
in special situations, the collisional energy source 
would seem to have i-1i despread applicability si nee 
it will always be present when drops exist in 
sufficient numbers to collide with one anothe~. 
Although it may be possible to find an example of 
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0lmost any level of osciilation within a single 
rainshaft, ranging from drops oscillating at the 
verge of breakup to those with motions that are so 
thoroughly da,nped that they seem to be at rest, the 
number of drops oscillating and the intensity of the 
oscillatiuns will always increase with increasing 
0 irop size and rainfall rat<e. 

1•1hi1e these results should be useful in under
standing some of the general features of the collis
ional forcing of raind.rop oscillations, the specific 
numbers produced by the model should be taken with 
some caution. The model includes only one energy 
source and is by no means a complete description of 
that one. For example, the smaller fragments re
sulting from breakup and their oscillations are not 
considered by the model. Furthermore. it should be 
noted that there will be situations in which the 
model predictions may significantly overestimate 
-or underestimate the intensity of the ·oscillations. 
Our previous study, for example, revealed the sen
sitivity of the model results to the small end of 
the raindrop distribution, and any process that 
modifies the relative concen:ration of these drops 
will have a direct impact in the intensity of the 
collisional forcing. Size-sorting of particles 
within a precipitation shaft is one example of a 
process that will clearly imoact on the collisional 
forcing. In addition, any residual fragments of 
unmelted ice (or even air bubbles left in the 
process of melting) may be expected to enhance the 
speed with which oscillations are damped (Refs. 4 
and 5) and may produce significant shifts in the 
expected•energy distributions. Similarly, the in-

troduction of oscillation energy in modes higher 
than t~e fundamental is likely to speed damoing 
and shift the energy distributions toviard lower 
energies. 
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1. INTRODUCTION 
The data on the effect of turbulence on 

cloud drops coagulation growth rate (CDCGR) 
given in the literature are rather inconsis
tent, since CDCGR theoretical estimates 
(Refs.1-J) using the model convective dif
fusion of drops have shown that the effect 
of turbulence on CDCGR can be neglected, 
while the nwne_rical simulation. (of the pro
cess) of drops random movement in the field 
of turbulent pulsations of air flow velo
cities (Ref.4) gives a drop collection ef
ficiency increase of one order of magnitude, 
if the drop sizes are comparable, the grea
ter drop radius is r1~ 25 µm, and the rate 
of turbulent kinetic energy dissipation 
E = 1 cm2s-3 • 

Regarding the turbulent flow as an ag
gregate of velocity shears of different 
scales, Jonas and Goldsmith (Ref.5) have 
estimated collection efficiency of drops 
in a laminar flow with a constant shear. 
They have found that for shears of 10 to 
20 1/s, r2/r1?0.4, collection efficiency 
of drops also increases by an order of mag
nitude. Thus, the lack of experimental data 
on the effect of turbulent pulsations on 
CDCGR and marked diversity of data from 
different calculated models of drops in
teraction in a turbulent flow strongly 
necessitates experiments for in situ CDCGR 
determination in a turbulent flow. 

This paper presents data on the relative 
change of collection efficiency for drops 
of radius r1 = 14 to 27.5 µm and droplets 
of radius r2 = 9 to 11 µm interacting in 
turbulent and laminar flows. 

2. THE EXPERIMENT 
A certain nwnber of drops and droplets 

are injected into a horizontal tunnel. Ent
rained by an air flow the drops interact 
and then precipitate onto a collecting plate 
introduced into the flow. A certain part 
of drops capture droplets with the probabi
lity F=nc/nt, where nc is the number of 
drops which have captured droplets and nt 
is the total number of drops which have 
precipitated on the collecting plate. If 
the distribution of drops in the tunnel is 
Poissonian and their number density is so 
low ·that the probability of double, triple, 
ets. captures is negligible, then the col
lection efficiency K is estimated from 
the expression (Ref.6) · 

K=-ln(1-F)[Yt(r1+ r 2 ) 2N•vs· ti]- 1 ; (1) 

where N is the mean n_umbers density of drop
lets in the tunnel,. vs is sedimentation rate 
of drops, ti is the drops-droplets interac
tion time (see Table 1). It should be noted 
that relationship (1) coincides with Pick
nett•s one (Ref.6) only in case of gravita
tional coagulation, when the condition h= 
= v;ti is fulfi],led. Yet, in a turbulent 
flow drops move randomly due to turbulent 
pulsations, which makes the "height h" 
notion of the column, washed out by drops 
in a droplets' layer, physically meaning
less. The product v9ti'in this case actually 
shows, what portion or the height h the · 
drops passed interacting and what portion 

h they moved due to turbulent transport 
of a mole of air across the tunnel. 

The experimental apparatus, shown in 
Fi~.1, is a tunnel, 290cm long with 9x10 
cm cross-section. Filtered air is injec
ted into straightening chamber 11, further 

JOcm 71cm 

Fig.1 Diagram of the experimental appara
tus. 2 is photodetector for measuring the 
droplet number density. 8 is honeycomb with 

a 45o. shearing angle. The rest of the signa
tures are given in the text. 
straightening of air flow is done with rec
tangular honeycomb section 9 of 1.5 mm mean 
cell diameter and 10 cm length and with 
four rows of nets 10 with a 0.5 mm cell dia
meter. For producing a turbulent air flow, 
grating 7 with a 25 mm rods diameter is 
placed in the tunnel. 

Drops and droplets are produced by gene
rators J and 4 with a dissipating jet des
cribed in paper (Ref.8), with the exception, 
that in the present case a pneumatic dis
sipation of a droplet chain is performed. 
To neutralize a spontaneous charge of drops 
(droplets) a constant voltage is applied 
between the jet and the discharge electrode. 
The drops I generator has an or.ifice with a 
28 µm diameter and uses a water solution of 
JO% of glicerine, 6% of NaCl and 10% of 
black ink. The droplets' generator has an 
orifice with a 17 µm diameter and uses a 
water solution of 10% of glicerin and 1% 
fluoresceine - IJa. This composition of solu
tions and the dimensions of the orifices 
provide that after partial drying of the 
drops we obtain scarlet glicerine droplets 
with the spectrwn, shown in Fig.2, and 

0 ~-'-,_,__-'-,_,__-'-'-'·'-

10 15 5 10 'i 5 

DROPLET RADIUS (pm) 

Fig.2 Droplet size spectra: left-reg:':,,E 1, 
series 1 and 2, regime 4, series 2 and), 
right - the rest of the regimes and series 
(see Table 2). 
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dark-blue glicerine drops with a discrete 
spectrum. of 14 to 27.5 ;um. 

,0-2 

FREQUENCE 1./f ( s - 1 ) 

102 103 Before getting into the horizontal tun
nel drops and droplets pass at a 5-6 cm/s 
speed through vertical chambers 5 of an 

C\J 

-~ 11 cm diameter and a 70 cm length and 
honeycombs 6 with cells of a 4 mm mean 
diameter and a 3 cm length. Sampling within 
the flow

2
is done using glass plates of 

6 x 9 cm size. The plates are placed into 
holder 1 which can be inserted at different 
heights into the slits in the side walls 
of the tunnel. 

Experiments are conducted in the follow
ing succession. After starting droplets• 
generator, neutralizing the integrated 
charg~ of the droplets, and measuring their 
balanced size in the lower portion of ver
tical chamber 6 (Fig.1), the number density 
N is determined. Then the drups' generator 
is started and after the charge neutraliza
tion and drops size measurement the flow 
is sampled. For this purpose the holder 
with a plate is exposed in the flow for 
3-10 s. Repeated exposure provides 60 
plates for each regime, which after proces
sing are divided into three series. 

For estimating the collecting plate is 
placed upon a transparent backing with a 
reference grid on it. Drops and droplets 
are seen through a binocular microscope as 
round spots with the diameter 2.4 times 
the diameter of the original spherical 
drops, differing significantly in colour. 
Coalescence of dark-blue drops and scarlet 
droplets results in specifically coloured 
drops which can be easily discriminated 
from-dark-blue ones. When successively 
surveying through the microscope the whole 
of the collecting plate, the total number 
nt(r1 ) of drops for each size fraction is 
counted and the number of drops which have 
collected droplets, nc(r1), is determined. 

3. CHARACTERISTICS OF THE FLOWS 
The ch~racteristics of turbulent and 

laminar flows in the tunnel without drops 
(droplets) are determined with a constant 
temperature thermoanemometer DISA, model 
55A01, with the detector thread diameter 
of 5 pm and length of 2 mm. Frequency and 
wave number spectra are obtained ~sing a 
quartz filter spectrum analyser with a 
5 Hz passband. The spectrum of longitudinal 
pulsation (Fig.3) spans two orders of wave 
numbers and five orders of parameter 
2s ( .Q )v-2 has a specific form and is gover
netl. by "the law of -5/3" up to the 

I> ....._ 

---
C: ,o-3 
.._, 
Cl.l 
Cl.I 

,o-4 

,o-5 

•--. ..._ -5 /3 LAW ............ ....... 
'· 

'·\ 
\. 
\ 
\ 

,oo 101 
WAVE NUMBER Q (cm-1 ) 

Fig.3 Spectrum of the longitudinal com
ponent of turbulent pulsation versus 
frequency (wave number). 

frequencyWZ 160 Hz <5l =0.5 cm-: 1 ). So, all 
further measurements of S (.5?. ) were perfor
med at a single frequency rJ/ = 80 Hz (where 
S? =W/..v (1/cm) is the wave number; S(.51) = 
1 /2 v 2 is the spectrum density of turbulent 
kinetic energy in a 1 Hz frequency band; 
o/ (cm/s) is the turbulent pulsation rate 
at the wave number 2; v (cm/s) is the mean 
air flow velocity in the detection zone). 
The value of { is estimated from the rela
tionship: 

( = [1/c3 S(Q ) 3Q 5 )1 12 (cm2s-J); (2) 
which has been obtained using "the law of 
-5/3". Th~ con~tant c = 0,14, if 2 is 
measured in cm • 

Fig,4 shows the profiles of mean flow 
velocities at the level of the horizontal 
tunnel. Table 1 gives the mean flow velo
city shears and other measured parameters. 
It can be seen that for r~~ime 1 the mean 
shear does not exceed 2 s • A honeycomb 
with a 45° shearing angle, introduced into 
the f!9w, increases the mean_shear_up to 
8.8 s (regime J). Further v growing 
(reg~e 4) causes the shear to grow up to 
10 s- (this shear is conditioned by a 
Poiseuille profile.of the flow velocities 
in the tunnel). 

The value of! remains constant over 
the height of the tunnel under regime 4 
(Fig.5) and!= 0 under regime 1. Under 
regimes 2 and 3, in the central portion 
of the chamber t = 0, while near the walls 

Table 1 The apparatus operational regime.His the vertical distance from the upper por
tion of the tunnel to the collecting plate; t. = L/v is the time of drops-droplets inter
action· L = 71 cm is the distance from the potnt of drops' injection into the tunnel to the 
center'of the collecting p~ate; N and N ~re the mean numbe~ densities of drops and ~op
lets, precipitated on 1 cm of thJ colle&ting plate, respectively; h=5 cm for all regimes. 

Regime Elements Flow V Mean f. ti N H N1 . N2 
No introduced state (cm/s) shear 

(cm2/s3 ) (cm-3 ) (cm-2 ) (cm-2) into the flow (1/s) (s) (cm) 

1 laminar 48 2 0 1.48 166.5 9 26 6.4 
(5) 

2 by-the-wall 97.6 J.8 0.15 0.13 60.2 5 10.5 5.8 
turbulence 

79.2 8.8 0 0.90 56.2 5 15.4 5.8 3 honeycomb laminar 
4 grid turbulent 133 10 1 0.53 29.4 5 11.6 1. 9 

(2J.8) (5) (16.8) ( 1. 83) 
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5 shows that the chosen regimes of .the 
apparatus operation allows of studying 
gravitational and turbulent-shear coagula
tions (regimes 1 and 4 respectively). A 
comparison of collection efficiencies ob
tained under regimes 3 and 4 will make it 
possible to isolate a pure turbulent pul
sation effect. Likewise, a comparison of K 
values obtained for regimes 1 and 2 with 
those for regime 3 allows of the determi
nation of a pure stationary shear effect. 

4, RESULTS 
The interacting drops radia r 1 and r 2 , · 

collection probabilities F, and other 
~ 

10
-1 2 3 o measured parameters are given in Table 2, 

..., (cm s- ) 10 which shows that K value for drops with 
~ THE MEAN DISSIPATION RATE OF ENERGY r 1 = 25-27.5 J.lID. under each of the regimes 
::i::: and in alJ. the series remains constant. 
Fig.5 Profiles over the height of the This proves the reliability of the techni-
hor5zontal tunnel. Regime· 1 , where f = o, que of determining Kand the insensitivity 
is not sho~m. of the collection efficiency of such drops 

to neither turbulent pulsations nor sta-
turbulence develops (at the bottom under tionary shears. Moreover, K values for any 
regime 3 and at top under regime 2). r under regime 1 and those for r ~ 21.5µm 

The analysis of Table 1 and Fies. 4 and uJder regime 3 agree well with collection 
Table 2 ExperfD-ental collect\on efficiencies of glicerine drops (p =1.37 g/cm3 for drops 

and p =1.26 g/cm for droplP.ts, w11ere Pis the density of the drc.,ps). Inc and !nt are the 
number of drops which have collecteci_ clroplets and the total number of drops in the given · 
experimental series, respectively. Y'' is the collectior. e1ficiency evaluated for p =1 g/cm~ 
Ks/Kg is the ratio of the shear coagulation collection efficiency to that of the gravitati
onal one (Ref.5). The results for N,H and h in both s'3ries under regime 4 in Table 1 are 
given: in brackets. 

Regime Series 
No. No. 

r1 r2 r Ile rnt (F± .AF), 103 K :!: 4 K K* Ks/Kg K* K* /K* 
µm p.m t t g 

1 2 

2 1 

J 1 

4 
2 

J 

18.0 9.2 62 33188 1.s1±0.21 0.061!0.007 0.035 1 
14,0 9.2 12 17670 o.68io.2 0,050+0.015 0.029 1 
16,5 10.6 24 14599 1.60+0.52 0,35 +0.11 0.20 1 0.20 6 
21.5 10.6 31 1 t,282 2.2 +0.52 0.20 +0.05 0.12 1 0.12 1. 8 
27.5 10.6 33 3607 9,8 -3.1 o. 40 +o. 13 0,23 1 0.23 1 
16.5 10.6 11 11134 o. c- 4!0- 5 0.18 +0,1 0.1_0 3 
21.5 10.6 49 33697 1. 43+0.'2 0.11 +0.015 0.064 1 
27.5 10.6 40 3946 10.2 :;:1. 6 0.36 -0.06 o. 21 1 
16.5 10.6 11 6884 1. 58+0.14 0.98 10.09 0,57 3 0,19 5.8 
21.5 10.G 15 4671 3,2 +0.2 0.84 +0.05 (J, 49 1 0,49 7.6 
27,5 10.6 12 3135 3,5 +0.2 0,41 +0.02 0.2.-1. 1 0.24 1 
16,5 9.2 17 21784 0,83+0.24 0,70 +0.2 o. 41 3 0.14 4.2 
21.5 9,2 31 2626 3,2 +0.09 1.14 +0.03 o.66 1 o.66 10,3 
27.5 9.2 12 3394 J,4:;:1,2 0,53 +0.19 O,J1 1 0,31 1. 4 
14.0 9.2 38 19859 1.8'7i0.2 2.71 +0.02 1. 6 5,7 0.29 7,9 
19.5, 9.2 ?O C554 2.4 -1.02 1. H3 +0,5 0.60 1. 2 0.57 10 
25,0 g.2 . 3 1531 1.97:!:o.2 0,42 -0.04 0.24 1 0.24 1 
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~ffi ciency re su.l t::- for f:ravi tational coa gu
lation. Theoc currence of even relat i ve l y 
\'leak by- the-\7all tu:>.·i,ulence (re i:; ime 2) en
tails K increase fo r drone with radia of 
16 .5 and 21.5 1-un, while ~.n 8. 13 s - 1 shear 
results in K increase for r1 = 16.5 }lJil un
<ler re gi me J. A combined turbulent- sbear 
coagul ation increases the collect ion effi
ciency of drops with r 1 ~ 16. 5 p.m. several 
ten• . fol c,. . The isolatiQn of the pure turbu
lent pulsation effect*) under re ~ime 4 
shov,s t hat at t he inves tigated { value tur
bulent pulsations increase K, on average, 
6 or 8 fold, if r 1 k 21. 5 ),l.Ill• 

It shou~d be noted that al l our K values 
are slightl~ overestimated, since in the 
expe riment 'fJ > 1 (see Table 2) . To reduce K 
values to I~"' volues use i s made of the cal
~ula ted K as func~ ion of Stokes ' s number 
(Ref.9). I :f in Stokes's number droplets 
density i s increased 1.26 fold, t he n Sto
kes's number itself will i ncrease 1.74 
fold, he nce, K* = 0.58•K. 

5. ERROR ESTIMATI ON 
Finally, we shal l co.is i der the experi

mental errors and analyse t he factors af
fecting the accuracy of determining K. 

'l'he mai n source of error in the deter
mination of K i s random errors in the esti
mation of the collection probability F. 
The empiricaJ confi dence intervals of the 
determination of Fat a 0.68 confidence 
probabil ity for each of the experi mental 
series arl given i n Ta ble 2. The root
mean- sq:i.are error obtained from 10 :neasure
ments of Nin each series does not exceed 
6- 8%. The determining error in estimating 
the drop size l i es i n the wi dth of the in
terva.: r in the drops I discrete spectrum. 
At~ r·=2 µm. the maximum error grov/S from 6 
to 12%. 

A certai n not easily estimc>te d bias in 
the determination of Fis present in seri
es 1 and 2, regime 4, and under regimes 2 
and J, when a drop with r =16.5 ;µ.m collects 
a droplet from the large - Jize f raction of 
the droplets' spectrum (Fi g.2), which re
sul ts in a drop l nrge enough to be regis
tereu when counted on the collecting plate 
a s a r'.rop oi t he second drop's size fracti
on (rl=21.5 pm). This effect results in a 
certa n underestimation of K for drops of 
the first size fraction and overestimation 
of K for those of the second fraction. 

A possible source of error in the deter
ntination of F may be t he background value 
of n which can, in principle, occure in a 
turbtilent flow when t he :irops bounce av,ay 
from the walls of the horizontal tunnel, 
po lluted by fluo~osceine sodium, and thus 
take on the colour of t he collecting drops. 
An a Cditional experiment under regime 4 
with t he droplets ' generator s\7itche d off 
s howetl i;he absenc e of the baclcr,rounci value 
of nc. 

A poss ibility of the coal escence of 
C:Crops anci. droplets right on the collectinc 

,, ) 
1•'or this purpose the expe::-imental K va

J ucs 1·1ere diviJ e C:. by r:,./E: ,., v1hicll has been 
,) i_ ~aine <l from the compari~ion of regime s 1 
~n et J _(r 1 =1 6. 5 anc,. 21. 5 µra) as v,e ll e.G 
.L r O"l (Re .r.5) for r 1=1 4, 1G an<.i 25 }-11Il• 

p.Late i s prevented by se lecting properly 
the time of t he pl8.te 's exposure in the 
flow. The time anci conseq~ently the number 
ciensities N1 and N2 (1/cm) (see Table 1) 
are selectea so as to make the collect ~on 
probability on the plate negl igibl e. Al so, 
N for regime 4 has always been several 
times smaller th,m for the rest of the re
gimes. Hence, K incre<).se under regime 4 is 
not connec t ed with this effect. 

6. CONCLUSION 
Thus, the experimental resul i.s show thc1.t 

smal.L- scale turbulence v,hi ch is a l ways pre s-
ent i n clouds , even when f =1 cm;cs-.J , i n
crease s the co lle ction ef:iciency of cloud 
drops with r 1 ~ 21 .5 pm and r 2/r1~ 0.5, al-
most by an order of ma.gnitude in comparison 
ni th the case of a pure ly gravi t e.tional co
agulation. In this connection it is necessa
ry to revise fundamentally the modern noti
ons of the atmospheric turbuience effect on 
t he c oagulat ional growth rate of cloud 
droplets. 

Ac l;: now 1 e d gm en t. The authors 
wish to express their sincere gratitude to 
Prof. LP. Mazin and Dr. V.I.3mirnov for va
luable discuss ion of the results. 
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ACCRETION OF CLOUD DROPS BY PRECIPITATION 

Harry T . Ochs Ill and K. V. Beard 

Illinois State Water Survey, P. 0 . Box 5050 , Station A 
Champaign, Illinois 61820 U. S.A . 

1 . INTRODUCTION 

The evolution of warm-rain precipitation has 
been divided into two processes (Ref . 1) . The first 
of these is autoconversion in which cloud water is 
transferred to precipitation water by the collection 
mechanism with in the ·cloud water distribution. The 
second is accretion in which precipitation 
hydrometeors collect· cloud water. A third warm rain 
process is self collection which is responsible for 
increasing the dispersion of the precipitation water 
distribution (Ref . 2). Of these three processes the 
second, accretion, is the most efficient for 
increasing the precipitation water content . Thus a 
knowledge of collection efficiencie·s for small 
precipitation drops collecting cloud drops is 
essential for understanding warm-rain precipitation 
develooment . , 

There are aimost no experimental data for 
accretion in the critical size ranges cov ered in 
this paper . Ear ly experiments (Refs. 3-4) for very 
small cloud droplets (about 5 µ~ mean radius) 
collected by 7 0 to 300 µm radius drops have been 
improved by R·ef . 5 . Good agreement was found by 
Ref . 5 with theoretical collision efficiencies in 
Refs . 6-8 . The accretion of 20 to 24 µm radius 
cloud droplets by 95 to llq µm radius collector 
drops have been studied (Ref . 9) and collection 
efficiencies between 0 . 11 and 0 . 23 were measured . 
Refs . 10-11 concluded that the efficiencies in 
Ref . 9 were anomalously io w and resulted from 
spurious e x perimental errors . Thus adequate 
measurements of collection efficiency are 
unavailable for cloud drops greater than 10 µm 
radius. The modeling results (e.g., Ref. 2) suggest 
that the mean size of the cloud droplet distribution 
must be at least 10 µm before significant collection 
can occur . In the study presented in this paper, 
collection efficiencies were measured in the 
important size regime for accretion of cloud 
droplets bet ween 10 and 20 µm radius by small 
precipitation drops· of 100 to 400 µm radius . 

2 . EXPERIMENTAL DESIGN ANr PROCEDURE 

The collection efficiency was determined 
experimentally by measuring the amount of tracer 
captured by a stream of widely spaced drops falling 
at terminal velocity through a monodisperse cloud of 
chemically tagged droplets (see Fig. 1) . The method 
was an extension of the experiment reported in 
Refs . 12- 13 . The cloud was produced by a vibrating 
orifice dev ice (TSI Model 3050) , whe reby a liquid 
jet was disrupted into a stream of uniform size 
~roplets. Both the dilution and dispersiori air 
streams were saturated slightly above room 
temperature to prevent evaporation and provided 
saturation in the cloud chamber . The tracer 
solution of lithium sulfate (0.1% Li+) was fed to 
the cloud droplet gene-rater from a reservoir under 
pressure. An electrically neutral cloud was 
achieved with an ion discharge device (TSI Model 
3054). The cloud wa s continuously generat!d during 
the experiment and flowed at 11 liters min- through 
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Figure 1. Diagram of experimental apparatus . 

the cloud chamber (1 . 3 m long by 10 . 6 cm in 
diameter). 

Sampling ports were located in the chamber to 
permit the insertion of slides coated with dye and 
gelatin mixture for an evaluation of the droplet 
sizes . The stain produced by the droplets was 
calibrated with an accuracy of ±0 . 5 µm by using the 
direct output of the droplet generator. For typical 
experiments droplets in the chamber were found to be 
of one size (dispersion of 0.1 µm) except for an 
occasional doublet (< 2%) . The droplet 
concentration was measured from strobe photographs 
with illumination arranged in a vertical plane of 
well-defined thickness by two cylindrical lenses and 
two slits . A typical conc3ntration for 11 µm :floud 
droplets was about 100 cm- , and about 6 cm- for 
17 µm droplets . 

An orifice device was also used to produce the 
collector drops (Ref . 14). Drops with a wide 
vertical spacing (several centimeters) were 
separated from the main stream using a charging 
electrode and high voltage deflection plates. The 
drops reached terminal velocity within the 
electrometer compartment before entering the top of 
the cloud chamber. 

During an experiment the drops were collected 
beneath the cloud chamber in a polypropylene jar . 
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After chemical 
was determined 
the equation 

analysis the collection efficiency 
from experimental parameters using 

The number of collector drops (N) was calculated 
from the drop generation rate and the experimental 
time. The mass of lithium from each experiment (M) 
was determined by atomic absorption analysis. The 
collector drop radius (R) and cloud droplet radius 
(r) was used to obtain the relative terminal 
velocity (6V) from the equations in Ref. 17. The 
cloud droplet concentration (n) was determined 
photographically by the method discussed above. The 
initial droplet mass (m) was determined from the 
rate and generation frequency whereas the mass 
fraction of lithium (X) was the initial 
concentration of the tracer in the cloud water 
solution. The interaction 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. A more complete description 
of this equation can be found in Beard and Ochs 
(1983). 

3. ERROR ANALYSIS 

Chem~sts trained in microanalysis performed the 
atomic absorption measurements necessary to 
determine the amount of Li+ in each sample. 
The total error from chemical contamination and 
analysis was found to be less than 3%. 

Spurious electrical forces could have altered 
either the collision or coalescence efficiencies, 
Therefore the charge on the small cloud droplets was 
minimized by a charge neutralizer (Fig. 1) designed 
to achieve a Boltzmann charge distribution. We have 
computed that the mean -f~gnitude of charge on a 
cloud droplet was < 2 X 10 C. The charge on the 
collector drop was also minimized. The measured 
magnitude was < 3 X l0-16 _£

5 
for the smaller 

collector drops and < 5 X 10 C for the largest. 
Previously reported effe:£1 on coalescence suggests 
that magnitudes of > 10 ·Con oppositel) charged 
drops are necessary to affect coalescence (e.g., 
Refs. 16-17). The force from opposite charges of 
this size is orders of magnitude larger than the 
electrical forces in our experiment. A brass 
experimental chamber was us~d to minimize electric 

fields. Since the charges and fields were too small 
to affect the collision efficiencies for our drop 
sizes (Ref. 18), we conclude that our measured 
collection efficienc1es (collision and coalescence) 
were unaffected by electric forces. 

4. RESULTS 

Table l shows values of R, r, p, and E for six drop 
size pairs derived from 38 experiments. The stated 
measurement uncertainty was based on the s11m of the 
90% confideuce intervals estimated for the mean 
cloud droplet concentration from counting 2000 to 
13,000 dr0ps for each group of experiments and the 
mean tracer mass collected per collector drop in a 
sequence of 4 to 8 experiments. There is an 
additional uncertainty (not included in the table) 
of about 5% from therms combination of measurement 
and calibration errors. The reported collector drop 
size is known to ±0.1% and the cloud droplet size to 
±0.5 em. The measured collection efficiency was 
used with the collision efficiency from Ref. 19 to 
obtain the coalescence efficiency ( c = E/E). 

Fig. 2 shows the measured collection 
efficiencies and curves based on the collision 
efficiencies from Ref. 19. The data show a trend of 
decreasing efficiency with increasing cloud droplet 
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Table 1. Experimental Results 

Radius 
Ratio 

p 

0.097 
0.123 
0.053 
0.078 
0.052 
0.030 

Efficiency {%) 

Measured 
Collection 

E 

70 ± 4 
65 ± 3 
68 ± 2 
61 ± 6 
51 ± 3 
63 ± 2 

Computed 
Collision 

E 

85 
94 
89 
94 
94 
90 
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Figure 2. M, asured collection efficiencies and 
computed collision efficiencies as c 
function of droplet radius. Numerical 
values are the collector drop radii in 
micronso 

size which is consistent with the finding of 
Pef. 13. The measured efficiencies also decrease 
with increasing collector drop size. It is clear 
that the measured collection efficiencies are 
significantly below the computed values. Table 1 
shows that for the 326 11m collector drop and the 
17 ~m c:oud droplet, the measured collection 
efficiency is only 54% of the computed collision 
efficiency (i.e., E = 54%). The estimated 
uncertainty of about ±10% in both the measured and 
computed efficiencies is not l~rge enough to account 
for this difference. 

Fig. 2 also 
efficiencies from 
collector drops in 

shows the mean collection 
the measurements of Ref. 5 for 
the size range of the present 
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study. They concluded that their data agreed with 
theoretical collision efficiencies since the error 
bars overlap' the computed collision efficiencies. 
However, the mean collection efficiencies for 
R > 113 m are from 4 to 19% below theoretical 
values. 

In Fig. 3 the empirical coalescence 
efficiencies are presented. The present data show a 
decreasing coalescence efficiency with increasing 
cloud droplet size. Thus the higher coalescence 
efficiencies for 4 to 5 µm cloud droplets calculated 
from the data in Ref. 5 are con.sistent with this 
trend. In ~ddition the coalescence efficiencies 
also decrease with increasing collector drop size. 
The dashed curves in Fig. 3 are contours of constant 
coalescence efficiency interpolated from the present 
data. Fig. 3 also shows the semi-empirical 
coalescence efficiencies from Refs. 20-21. Both 
formulations were develop·ed from data taken outside 
the size ranges used in the preient study and 
apparently cannot be extrapolated to the sizes shown 
in Fig. 3. . 
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Coalescence efficiencies from present 
data using theoretical collision 
efficiencies. Also shown are empirical 
curves from coalesence studies. Data and 
curves are fabeled with coalescence 
efficiencies in percent. 

5. DISCUSSION 

There are two· distinct yet related physical 
mechanisms that can prevent coalescence for 
colliding drops (Ref. 13). Both depend on drop 
defor,mation and the result·ing entrapped air to 
reduie the closure velocity. Bouncing occurs by the 
rebound mechanism if the restoring force of surface 
tension causes the drops to spring apart before the 
air film can drain. In contrast, bouncing occurs by 
the grazing bounce mechanism if the tangential 
velocity of the droplet carries it past the 
collector drop before t~e air film drains. Of 
course, in actual deep interactions bouncing could 
occur as a result of some combination of these 
mechanisms. 

Photographs of 
distinguish between 
mechanisms. Fig. 

bouncing drops cen help to 
the rebound and grazing bounce 
3b in Ref. 21 shows a drop 

interaction where the ama-11 drop leaves the surface 
of· the stationary large drop with a nearly 
·tangential trajectory, an indication that bounce was 
due to the grazing bounce mechanism. A clear 
indicat.ion of the more elastic rebound mechanism is 
found in Ref. 20. There is also evidence to suggest 
that grazing bounce is primarily responsible for our 
coalescence efficien~ies. In experim~nts with 
supported drops (Refs. 20-21) and with two drop 
streams (Ref. 17) bouncing was · found to b·e a 
function of closure velocity and impact angle. 
Extrapolation to our sizes suggests that coalescence 
should always be expected for direct collisions. 
These studies also suggest that the likelihood of 
bouncing increases with impact angle. A geometric 
interpretation of our measured collection 
efficiencies results in critical impact angles of 
> 45° (i.e., for s > 50%). · In actuality the 
critical impact angle is increased and the droplet 
trajectory becomes more tangential because of 
hydrodynamic deflection. Thus we believe that the 
grazing bounce mechanism is primarily responsible 
for our results. The collector drop with its lower 
curvature pressure apparently ind~nt ■ , entraps 
additional air and allows the closure velocity to 
vanish so that the tangential velocity can carry the 
droplet past the collector drop. 

Both the rebound and grazing bounce mechanisms 
depend on drop deformation to entrap air and.retard 
contact. The Weber number is the relevant parameter 
governing the deformation of equal size drops 
colliding along their line of centers (Ref.· 22) •. It 
is proportional to the ratio of an inertial force· to 
a surface tension force and can be defined as 

(2) 

where pis the density of water, IL is a 
characteristic curvature radius for the deformation, 
U is the an impact speed and CT is tlie surface 
tens ion. For unequal size drops there is a Web.er 
number that characterizes each drop deformation. 
However, in our study we assumed that the cloud 
droplet was rigid and the curvature of ihe 
deformation in the collector drop wa.s characterized 
by the radius of the cloud droplet. Since the 
impact speed for small size ratios scales· with the 
collector drop velocity (V), the Weber number for 
our drop interactions is 

(3) 

When the Weber number is small, then the 
collector drop does not deform and the collection 
efficiency is equivalent to the hydrodynamic 
collision efficiency. Thus as the cloud droplet or 
collector drop becomes smaller (r or V smaller) the 
coalescence efficiency should approach 100%. 
Conyer■ ely the coalescence efficiency is reduced by 
grazing bounce as the Weber number increases in both 
the increa■ ing drop and droplet size directions. 
The tendencies in our data (see Fig. 3.) are 
consistent with Weber number projections. 

It is interesting to compare our inferenc~ of 
grazing bounce to the phenomena investigated by 
Whelpdale and List O 971). They noted a "low 
velocity bounce" at the lowest impact speeds (We of 
0.1 to 1.7) and high angles of incidence (i.e., the 
most grazing interactions). At somewhat higher 
iapact speeds they found that the droplet bounced 
"aft.~r deformation of the drop" (We of 1.7 to 3.5). 
They also found partial coalescence at still higher 
impact speeds (We of 3.5 to 7.7). The Weber numbers 
for our sizes ranged between 0.1 and 1.6. Thus the 
interactions that we have studied are well below the 
impact regime for partial co~lescence and within the 
range for low velocity bounce. 
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6. CONCLUSIONS 

Collection efficiencies for accretion were 
measured for six drop pairs . Cloud droplets from 11 
tc 17 µm radius and collector drops between 100 and 
400 µm radius were used. The resulting efficiencies 
were in the 56 - 72% range and all values were 
significantly below computed col lision efficiencies. 
Coalescence efficiencies between 54 and 82% were 
found to decrease with increasing drop and drop l et 
size. Poor agreement was found between our results 
and extrapolated values using the semi- empirical 
formulations in Refs. 20- 21. · 

The mechanism of grazing bounce (Ref. 13) has 
been reasserted as the physical explanation for our 
coalescence efficiencies. The cap ture of c loud 
droplets by larger collector drops is important to 
the initiation of warm-rain precipitation and is the 
most important mechanism for transferring liquid 
water content . from the cloud droplet to the 
precipitation distribution (Refs. 1, 23- 24). Thus 
our findings of significantly reduced collection 
efficiencies should encourage the inclusion of 
coalescence effects in modeling studies of warm rain 
processes. 
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1. INTRODUCTION 

Numerical computations of the collection 
efficiencies for small precipitation drops (100 
through 400 µm radius) have been presented in Refs. 
1- 2. In these computations the drops are assumed to 
be rigid spheres and the method of superposition 
obtained from solutions of the Navier Stokes 
equation for single spreres was employed. There is 
very little experimental evidence available in the 
literature to evaluate the accuracy of these 
results. A comparison of results for a 75 i- m 
collector drop with data from Refs. 3 - 5 show 
reasonable agreement for the radius r ·atio, p, 
between about 0 . 55 and 0.8 (Ref. 2). No comparisons 
are given for larger collector drops. 

Collections between drops in the size range of 
100 to 400 µm may be important in the evolution of 
precipitation by warm .rain microphysical processes. 
The rate of growth of the drop having the rize 
corresponding to the mean of the mais density 
distribution (the "predominant" size), after this 
size exceeds 50 µm radius, is formulated in Ref. 6. 
The growth of the drop with the predominant mass 
results from continuous collection of the cloud 
water distribution by the precipitation drops and 
stochastic collection within the precipitation 
distribution. In addition, the self-collection 
process (precipitation drops collecting other 
precipitation drops) is essentially responsible for 
the spreading of the precipitation distribution. 
T~ rate at which this spreading proceeds is 
proportional to the precipitation liquid water 
content which is in turn governed by accretion of 
cloud water. The rate coefficient for stochastic 
collection was related to the kernel for the capture 
of the p r edominan·t sized drops by drops 1,5 times 
larger (i.e. p = 0.67) (Ref. 6). Thus collections 
between small precipitation drops at intermediate 
valµes · of p may be impor~ant in the evolution of 
precipitation. 

An important ~actor that cannot be treated by 
the superpos(tion method of computing collision 
efficiencies is the coalescence efficiency which is 
typically assumed to be equal to unity for drops of 
100 to 400 µm radius. Experimental s~udies of drop 
coalescence have been carried out at various impact 
speeds (Refs, 7- 8) , · Partial coalescence or drop 
bounce (without coalescence) was not_ indicated in 
Ref. 7 as lon1 as both drops are smaller than 
300 µm. A large probability of · partial coalescence 
and alio bounce for a 225 µm radius drop collecting 
a 75 µm drop at a relative impac_t sp!'!ed similar to 
the difference in terminal velocities -was found in 
Ref, 8. The inconsistency between these findings 

. may result from differences in the angle between the 
drop trajectories and drop speeds (i.e., differences 
in the vector drop velocities). In addition, there 
is evidence in Ref. 7· of pronounced oscillations 
before collision. These experiments may not 
adequately simuiate the situation in clouds wh·ere · 
drops are initially at terminal velocity and collide 

under the inf 1 u enc e of aerodynamic for c e s 
appropriate to their environment. The theo.retical · 
superpos1tion method is also subject to uncertainty 
in the aerodynamic forces. It is therefore 
important to carry out experiments that incorporate 
a more comple.e modeling of collisio~ and 
coalescence in clouds. 

The purpose of this paper is to p,esent results · 
from an experiment that has been designed· to measure 
the collection efficiency of small precipitation 
drops, The drops studied (100 to 400 µm radius and 
p > 0.65) interacted under free fall conditions _at 
terminal velocity. 

2. EXPERIMENTAL APPARATUS 

The fundamental principal by which uniform 
droplets are produced by perturbing a liquid j~t was 
developed by Ref. 9. A method for p'roducing pair• 
of unequal sized drops from a single jet was 
demonstrated in Ref. 10. A sinusoidal voltage was 
applied to a piezeoelectric transducer -which induced 
capillary waves on the jet resulting in uniform 
droplet production. The excitation frequency·was 
periodically switched between ·two values ·to produce 
a group of drops of one size followed .by · a group of 
L second size. The drops could be charged and 
deflected between high voltage electrodes. Pulses 
of controlled width and voltage were used to isolate 
a drop with negligible charge from each group. 
Fig . 1 shows a photograp~ of an uncharged drop pair 

Figure 1. 
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Photograph of drop stream betw~en 
deflection elec trodes showing uncharged 
drop pair. 
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and the main drop stream being deflected between the 
high voltage electrodes. In practice the uncharged 
drops i:n each pair were generated at a much larger 
separation to allow them to achieve terminal 
velocity. 

Several design changes and improvements have 
been made to the system in Ref. 10. First TTL 
digital logic has been adopted for the majority of 
the electronic controls. By using a 10 MHz crystal 
controlled oscillator good long term frequency 
stability was achieved. Digital counters divided 
the oscillator frequency thus producing square waves 
of controllable frequency that were amplified and 
applied to the piezeoelectric transducer. Satellite 
drops were almost never formed in the stable range 
of drop generation frequencies. This may have 
resulted from sharper edges on the perturbations 
imposed on the liquid jet. The size ratio of the 
drop pair produced by this generator was extendable 
using a lower harmonic to form a larger drop outside 
of the normal operating range of this type of 
generator. A disadvantage of this generator was 
that both drops were produced at the same speed 
(i.e. the jet speed). Thus a practical lower limit 
of p = 0.65 resulted from the criteria that both 
drops be at terminal velocity when they interacted. 

The deionized water for the drop generator was 
supplied by a large pressurized reservoir (Fig. 2) 
consisting of two 55 gallon drums. The vibration 

·absorbing platform minimized the transmission of 
building vibrations to the drop generator and liquid 
jet, 

SUPPORTS FOR 
CAMERAS AND LIGHTS 

¾ 

...,_ ADJUSTABLE TABLE 

ACOUSTICAL 
ABSORBER 

Figure 2. Experimental apparatus 

At the beginning of each experiment the 
uncharged jet was directed vertically. After the 
deflection field was applied the uncharged drop 
pairs were adjusted to fall vertically. The drop 
charges were minimized by this method and were 

<,3 X 10-16 C for the ~maller drops to< 5 X 10-15 C 
·for the largest. Previously reported effects Qn 

coalescence· suggests that magnitudes of > 10-l 4 C on 
oppositely charged drop• are necessary to affect 
coalescence (e.g., Refs. 8,11). 

The uncharged drop pairs fell vertically between 
the high voltage electrodes and through al m 
plexiglas colu]Jlll with a 10 cm by 10 cm cross section 
(Fig. 2). The experimental chamber was located on a 
vibration absorbing platform to reduce the ~ffects 
of building vibrations on drop generation. The 
electronic controls, camera,_ and lighting systems 
were- attached to a large metal frame that was set on 
the floor so that vibrations that these devices 
caused would not be tr~nsmitted to the drop 
generator. 

3. RESULTS 

Streak and strobe photographs of the type shovn 
in Fig. 3 were used to obtain the data necessary to 
deduce the collection efficiency. The streaks were 
created by an incandescent lamp located about 45° 
above the camera axis. and on the opposite side of 
the chamber (see Fig. 2) and were taken at-the point 
where the large drop overtook the smaller one. The 
streak photographs were used to determine the type 
of interaction (miss, bounce, or col-lectfon) and the 
initial horizontal separation. The ·first photograph 
in Fig. 3 ihovs the signature of a coalescence 
wher'eas the second shows a drop bounce. The bounce 
in Fig. 3 is caused by an entrapped air film 
resulting from a deformation in the colliding drops, 
and the wavering in the diverging streaks after 
bounce is evidence of drop oscillation resulting 
from the distortion of the drop surfaces during 
·collision. A free running strobe positioned about 
45° to one side of the optical axis created 
successive exposures on the film. The fall speed of 
each drop was computed from the displacement and 
frequency. 

Figure 3. Streak and strobe of coalescing_ and 
bouncing drop interactions. 

The results of this study are presented in 
Table l, Both the measured collection efficiency 
(accuracy of ±10%) and the theoretical collision 
efficiencies (Ref. 1) are shown for each drop pair 
studied_. The measured co 1 lec ti.on efficiencies are 
consistently and significantly below the theoretical 
values. Additional data is being obtained for 
larger collector drops. 



· II-1 COLLECTION EFFICIENCIES FOR SMALL PRECIPITATION DROPS 145 

Table l. Measured collection efficiencies 

Efficiencies(%) 

Drop Radius Measured Computed 
Radius Ratio Collection Collision 
(µm) 

R r p E E 

128 111 0.87 0.90 1.04 
249 204 0.82 1.00 1.06 
270 249 0.92 0.86 1.02 
271 202 0.75 0.60 1.00 
277 187 0.68 0.31 1.00 
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Studies of the· physical processes in warm convective 
subtropical clouds are helpful in the understanding 
of more complicated cloud systems (Ref. 6-10). 

For example, the temperature and mixing ratio·hehavior 
in this layer for February 17 are given in figures 1 
and 2, as obtained by S.A.M. measur~ments. 

In view of a detailed study of this ,;onvection type, 
daily meteorological observations made in Guadeloupe 
are used to associate the precipitation measurements 
on the ground with the dynamic and microphysic pro
perties of the theoretical cloud obtained by using 
a 1 D model. 
Unlike classical models of this type initiating con
vection by introducing either a small temperature per
turbation from the ground up to the cloud basis, or 
a non-zero advection VPlocity, this model starts con
vection by using a small temperature excess between 
0 and 200 meters ( Refs 4-9-11). 
The equations are classical (Refs 3-4·) : 

(1) Vertical velocity U(Z,t) 

oU =-uoU +}(Tv-Tv.- _wt..) -pU2. 
'at clt Tve 

(2) Temperature T(Z,t) 

oT=-u(C}- -i-oT\_l::__DWv _(.J -W )pUL r4U(T-T) 
ob e-p at: I ep ot- 1 v 'IE ~ - e: 

(3) Entrainment co~fficient · 

Ll:: .::i_,~ =- A.?:: 
l Ma cl t: 

where A is a constant 
(4) The complete microphysics treatment used the 
droplet radii distribution F(Z,t) defined according 
to the classical cinetic growth equation : 

ai:- = Q - Q 
~ p - .D 

QP and QD cerms contain the collision-coalescence 
and bre.aR-up processes. 

The f'lat part of the island of 'Guadeloupe is conve::
nient for that kind of experiment (Grande Terre). 
Routine measurements are made between 8 am and 3 pm 
(local time): daily ·radio soundings, precipitation 
measurements (11 points in the North), estimated 
cloud top heights. 
During 2 weeks in February 1981, combined flying te
lepiloted saucer S.A.M. (P;T;U) and photogrammetric 
measurements were associated to 'the routine ones. 
These observations allo~ the check of some general 
properties of the sub-tropical boundary layer, limi
ted by the trade inversion. 
These pr9perties can be summarized as follows 

-- There is a well-mixed subcloud layer, even over 
land. Its upper limit, between 500 and 1,"000 meters, 
often coincides with the beginning of the conditio
nal convective instability. So thermals have to ~e
ach this altitude to give a cumulus cloud (Refs 5,8). 
In fact, con~2ction only starts if air masses near 
the ground are heated enough to go beyond .this level. 
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The temperature decreases adiabatically with height 
and the mixing ratios are approximately constant. 
From these results, it seems reasonable to conclude 
that the layer heated to give thermals is situated 
between O· and 200 meters, 

-- The mean features of the convective cloud forma-

2.7m/s 

2000 

tion layer are : 1500 
+ the conditional instability described in Refs I 

and 5, 
+ the sporadic existence of a shear in the trade-

wind velocity and direction (limiting the cloud top 
height at about 1,400 m). 

The above conclusions obtained after analysis of the 
routine daily measurements in relation with the mo
del (Ref 7) lead to two discrete values of the en
trainment constant A: 

1.5 10-IO ~nd .45 10-IO cm-2 

Five days are chosen from the period of February. 
1981. The calc~lated cloud basis and top heights and 
top advection velocity agree fairly well with the 
observed ones. Table I summarizes the analysis re
sults· obtained by using three different versions of 
the I D model ( non-precipitating a, parametrized 
microphysics b /Ref .2/, and complete microphysics 
c versions. The last one is described in this paper). 
The precipitation values on the ground are first 
classified following the goemetrical cloud characte
ristics (cloud top and basis heights, cloud diame
ters) for the period between January 1981 and Janu-
ary 1983. · 
For approximately equal maximum diameters and cloud 
dep'tbs, 2 different classes of observed clo.ud top 
_and basis heights are obtained (Table 2). 

TABLE 2 

Mean Basis Mean Top Diameter Depth 
Height Height (m) (m) 

Class I 800 m 1,600 m 
700-900 800-1100 

Class 2 1000 m 2,100 m 

A second classification is drawn according to the 
maximum liquid water content and the maximum up
draught velocity (for approximately equal mean cloud 
droplet numbers.and diameters) for the theoretical 
cloud produced by the I D model in connection with 
daily radiosounding.data. 
For a nearly constant maximum liquid water content 
(wL ,v 2 g/kg air), 3 cloud classes are obtained, 
leading respectively to .5, I.I and 4,1 mm of mean 
precipitation on the ground. Their mean characteris
tics are represented on the figure 3. 

TABLE l 

Cloud Basis/Top 
Height (m) 

Date 
Obs. 1 Da 1 Db 

17/2/81 750/1600 800/1800 800/1800 

19/2/81 700/2000 800/2200 800/2200 

20/2/81 800/1700 800/1600 800/1600 

21/2/81 700/1600 800/1600 800/1600 

26/2/81 800/1200 900/1200 900/1200 

1.6m/s 

1600 

1400 

1200 

1000 

990cm/s 774cm/s 

800 

600 

P,0.5mm P,1.1mm P,4.1mm 
400 

200 

• ! 

I 
0 //////////////////// /. / 

FIG. 3 : CLOUD CLASSES WITH WL rv 2 g/kg 

The top advection and maximum updraught velocities 
are strongly linked to the precipitation on the ground. 
Generally, the maximum updraught velocity is located 
near the cloud basis, below the level of the maximum 
liquid water content. So droplets have to grow large 
enough to overcome the barrier of. the maximum updraught 
velocity. 
There is also a coupling between the subcloud layer 
properties and precipitation on the ground..: In fact, 
a well-mixed subcloud layer is observed for almost 
all cases of high precipitation () 3mm) while stra-

Top Advection 
Velocity (m/s) 

1 De Obs. 1 Da 1 Db 1 De 

800/1800 1.5• 3. 2. 2. 2.1 

800/2200 3.3 3.2 3.3 

800/1800 2. 2. 2.1 

800/1600 1.6 2. 1.9 2. 

I 
900/1200 · 0.8 · 1.3 1.2 1.2 1.3 
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ti£ied subcloud layers occur for precipitation less 
than 3 m,n. 

The precipitations obtained using the ID model for 
the three cloud ,classes are in agreement with the 
observed ones. 
The main purposes of this papar were .to present the 
connection between observed characteristics of a warm 
convective cloud by regular tradewinds and mean theo
retical features obtained by using a l D model. 
It was possible to calibrate the model to predict 
fairly well the top heights, mean top velocities and 
precipitations, by using two different values of the 
entrainment coefficient constant A, and the thermo
dynamic properties of the subcloud layer. 
It appears that, by observed equal cloud thickness 
and theoretical equal maximum liquid water contents, 
there is an inverse relation between cloud top height 
and observed precipitation on the ground. 
Updraught velocities and subcloud layer seem to play 
an important role in this-case. 

List_of_symbols 

C specific heat 
gPgravity acceleration 
L latent heat of evaporation 
m ascending air 
T: temperature of environmental air 
T virtual temperature 

V • 1 f • TE virtua temperature o environmental air 
W~ liquid water content /g air 
w water vapnr mixing ratio 
Wv water vapor mixing ratio for environmental air vE 
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1. INTRODUCT::.ON 

Recent observations on the growth of 
hydrometeors· in the July 22, 1976 hailstorm in north
eastern Colorado (ref. 1) suggest that snowflakes 
(or ice crystal aggregates) may serve as the initial 
hail embryo. These authors suggest that aggregates 
formed in the forward regions of the storm (in a 
region with weak updrafts), are introduced into the 
storm near the boundary of the Weak Echo Region 
(HER). Rapid growth is thought to occur in this 
region because the depletion of liquid.water hy par
ticles other thqn the growth particle is lowest a
long the WER boundary. An attempt to verify this 
hypothesis was made by Heymsf' eld (ref. 2), whccre 
he modelled the growth and trajectories of various 
particle types and sizes in a three-dimensional 
Doppler radar-derived wind field for this same 
storm. He iound that the particles most likely to 
become hail were aggregates (snowflakes) of 5.0 x 
10-3 to 1.5 x 10-2 m [5 to 15 mm] diameter. The re
sµlts of this model, c1owever, depend critically on 
the collection kernels assumed for these aggregates. 
The collection kernels for aggregates used by 
Heymsfield (ref. 2) was based on the collection ef
ficienty for a solid ;phere of the same diameter as 
the agg,·egate. However, since snowflakes are porous 
by nature, one might expect a different collection 
kernel because significant amounts of air can pass 
through them, as suggested b.y 11agono and Nakamura 
(ref. 3). They analyzed ITTiowflake fallspeeds and 
found that on the average, the drag coefficient e
quals 1.3 for snowflakes. For solid spheres with 
Reynolds numbers between 100 and 1000, the drag co
efficient ranges between 1.0 and 0.45, considerably 
less than 1.3. Magano and Nakamura (ref: 3) attrib
uted this discrepancy to the flow of air through the 
snowflakes. Since the collision efficiency between 
hydrometeors and cloud drople.ts depends critically 
on the flow field around the hydrometeor, one may 
expect the riming rate of a snowflake to depend cri
tically on xhe amount of air that passes through the 
snowfiak~s. To date, there have been no experimen
tal or theoretical studies on this problem. 

2. EXPERIMENT 

This study attempts to experimentally 
determine how t9e fallspeeds and porosities of ag
gregates affect their accretional growth rates in 

.order to find an "optimum". snowflake for graupel and 
hailstone :e.roduction. Aggr~gates were modelled QY 

ice disks molded wi.th circular holes evenly spaced 
on its surface. These models had two ranges c,f dia
meters, 5.0 x 10- 0

- 6.0 x 10-3 m [S-6 mm] and 1.0 x 

10-2 - 1.1 x 10-2 m [10-11 mm], and had thicknesses in 
the range 7.9 x 10-4 -1.6 x 10-3 m [O 79-1.6 mm]. 
The number of holes and the hole size·s were varied, 
resulting in 12 models (see T2ble 1 for a descrip
tion of each model). Table 2 s'1ows the Reynolds 
numbers for our models for the fallspeeds used in 
our experiment. These models were suspended on a 
1 x 10-4 m [0.1 mm] diameter fiber or rigidly on the 
end of a thin wooden stick. They were taken into a 
refrigerated walk-in cold chamber and weighed to get 
an initial mass and then placed into the UCLA Cloud 
Tunnel. An airflow in the tunnel carried cloud drop
lets condensed from steam past the models at either 
one of four constant speeds (1.5, 2.0, 2.5, and 3.0 
m s-1) or at the terminal velocity of ·the crystal 
(which varied with time). The temperature was moni
tored with a copper-constantan thermocouple and the 
liquid water content of the cloud was computed from 
a measurement taken by an E G & G Dewpoint Hygro
meter. The cloud liquid water content averaged a
round 2 x 10-3 kg m-3 with some runs under 1 x l0-3 
kg m-3 and some over 3 x 10-3 kg m-3. The drop size 
distribution was estimated using the rod impaction 
method (ref. 4) and was found to be very narrow with 
a median size of about 5 x 10-6 m [S µm] radius. Af
ter a period of time, the models were transferred 
back into the refrigerated walk-in chamber where they 
were photographed and weighed to determine the mass 
of rime accumulated. The density of the rime on the 
models was then measured by the mercury displacement 
method (ref. 5). 

3. OBSERVATIONS 

The model aggregates rimed only on the 
side facing the air stream,- never on the "back" 
side. Most rime grew around the outer rim of the 
disk while a substantial amount accumulated around 
the edges of the holes and often inside the holes 
themselves, clogging them. The smaller holes tended 
to clog fairly early in the growth period, creating 
what was essentially a sol.id disk aRd preventing 
furthRr growth in the center of the disk. The models 
with larger holes clogged at a much later tiine and 
usually had much greater amounts of rime around the 
holes than on the smaller-hole models. The clogging 
effect appeared to be largely due to diffusional 
growth inside the holes on which cloud particles 
rimed. The rime around the outer rim appeared to 
grow inward toward the center. of the disk as well as 



Table 1. Model specifications and experimental results 

Overall Hole X-sect, 
Model diam, diam. No, of area Poros:1,.ty 

No. (10- 3m) (lo- 3m) holes (10-5m2
) (%) 

1 6 1.65 4 1.97 30,3 

2 11 1.65 14 6,51 31.5 

3 6 1.22 4 2.36 16.S 

4 6 2.06 4 1.49 47.2 

5 11 1.22 14 7.87 17.2 

6 11 2.06 14 4.84 49.1 

7 10 ,86 21 f.62 15.7 

8 10 1.09 21 5.89 25,1 

9 5 .51 17 1.59 19.0 

10 5 1.02 7 1.40 28,9 

11 10 ,51 74 6.17 21.4 

12 10 1.02 32 5.26 33,0 

disk 6 ,00 0 2.83 .o 

disk 10 .oo 0 7.85 .o 

* Parentheses denote tentative values, 

* Ee at constant velocity 
m s-1 

J..S 2.0 2.5 3.0 

.20 .• 31 .so .42 

.12 .22 .32 ,33 

.15 .19 .27 .22 

.32 .43 ,66 ,61 

.06 .10 ,13 .15 

,28 .35 .43 (. 52) 

,02 (.07) (.10) ---
,03 ,09 (.25) ---

.11 --- --- ---

.18 --- --- ---

.07 --- --- ---

.11 --- --- ---

.02 ,08 .14 ---

.004 .02 ,07 ---

i<)10- 6 m3s-1 ) at constant velocity 
m s-1 

1.5 2,0 2,5 3,0 

5.76 11.21 24.63 23.81 

10,44 28,80 52.53 63,95 

5.23 9.31 15.95 15.35 

7.23 12.94 24.44 27.15 

6,96 15.15 25,89 35.31 

19.96 34.67 51. 70 (74. 80) 

1.88 (9.35) (17.00) 

2.89 10.53 (36,97) ---
2.72 --- --- ---
3. 71 --- --- ---
6,116 --- --- ---
8.84 --- --- ---

.78 4.28 9.89 ----

.49 2.90 13,74 

* 
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N 
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Table 2. Reynolds numbers for agr,regate models 

NRe at constant velocity 

Model 
--1'i9.:_ 

1,3,4 

2,5, ~-

7 ,8 ,11,12 

9,10 

6 mm diam. 
disk 

10 mm diam. 
disk 

1.5 

600 

llOO 

1000 

500 

• 600 

1000 

2.0 2.5 3.0 

300 1000 1.200 

1467 1333 2200 

1333 1667 2000 

667 833 1000 

300 1000 1200 

1333 1667 2000 

downward as the growth time l·engthened. We specu
late that the rime was growing along the flow 
streamlines around the model. Many of the string
suspended disks swung from side to side· or helical~ 
ly and some would shake. However, the string did 
not allow the disk to flip over and rime on the 
other side, as was observed in our preliminary .. ex
periments witt freely-floating natural aggregates. 
A film showing the accretional growth of our models 
in the Cloud Tunnel will be presented at the Con
ference. 

Although the string suspensfon of the 
aggregate models allowed them to move freely in the 
air stream and thus more closely simulate their 
natural motions, the early rime growth habits of 
these crystals did not differ much from rigidly 
mounted crystals in appearance nor in collection ef
ficie~cy. Assuming the cloud droplets are very 
small compared to the aggregate mode:s, the collec
tion efficiency Ee was calculated from 

(1) 

where tm is the mass of the rime (or change in mass 
of 'the model), tis the time of growth, wL is the 
liquid water content of the cloud, U is the airflow 
speed in the Cloud Tunnel, and Ac is the effective 
cross-sectional area of the model perpendicular to 
the a.irflow. The •c-')llection kernel K is the effec
tive volume swept out by the model in unit time and 
represents a nondimensional growth rate. It is 
given by 

K 

or 

K 

E A U 
C C 

(2) 

(3) 

where we have assumed that the ·cloud droplets are 
very small compared to the model and have negligi
ble fall velocities in calm air. Table 1 compares 
collection e:(ficiencies and collection kernels for 
the varjou~ aggregate model configurations. By com~ 
paring the results of model 3 with models 1 and 4, 
and model 5 with models 2 and 6, ·one observes that 
larger holes in th~ disk models resulted in higher 
mass growth rates (larger collection kernels) des
pite the smaller cross-sectional area. ·This sug
gests that the collision effioiency increases at a 
faster rate than the cross-sectional area decreasesb 
resulting in a hi~her g·rowth rate for the- more 
porous aggregate models. 

CoI!_sider _i:he r~sults fq_r the difierenj:_ 

fallspeeds. One observes that in general, as the 
fallspeed· increases to a point, so does the collec
tion efficiency and collection kernel, regardless of 
hole size. This implies that aggregates with. the 
highest initial terminal velocities are the fastest 
rimers. The effect of increased collection effi
ciency at higher speeds can also be seen in the 
Stokes impaction parameter, Nstk• The Stokes'number 
~Stk gives a relative ranking of the likelihood of 
collisions between bodies due .to their inertia (ref. 
6): . 

2Voor
2 Pd 

NStk = ~ (4) 

phere r is the cloud droplet radius, Pd is the den-

~

. ity of a clouc droplet,µ is the dynamic viscosity 
fair, V00 is the terminal fall velocity of the disk, 

. nd a is the radius of the porous disk model (we 
~hose to represent the overall dimensions of the po
rous model rather than_ the equivalent rafiius of the 
solid disk of the same cross-sectional area in order 
to compare the effects of different holes in the same 
size disk). The Stokes number is therefore propor
tional to fallspeed and cloud droplet size. A plot 
of NStk versus the collection efficiency Ee (fig. 1) 

1.0 

6 
• 4 

@1 
2 . 

~ 0.1 

0.01 
0.1 1.0 

figu:pe 1. Collection efficiency Ee vs. Stokes num
per Nstk· Present results: model 1: + ; model 2: O ; 
model 3: 0 ; model. 4: © ; model 5: A ; model 6: ~ ; 
~.Ox 20- 3 m f6 mm] diam. disk:•; 1.0 x 10-2 m [10 

~

1

] diam. disk:+. Solid line "sphere" for NRe = . 
0 sphere (ref. 7); solid disk NRe = 25, 51: ,0, (ref. 
• See table 1 for model specifications. 

~

hows again that for the same disk size, the higher 
he porosity and the greater the Stokes number (high~ 
r relative speed or larger c_lou~ droplets), the 
reater the collection efficiency. Also plotted on 

l
ig. 1 are values for a solid disk and a sphere· (ref; 
, 7) and our own experimental res4lts for two so'iid 
isks with diameters similar to our aggregate models~ 
,ote that our collection efficiencies are higher ~han 
oth the disk and sphere collection efficiencies. 

i\].so note that the solid disk collection efficiencies 
~ie closer to our model ag~regate results than a 
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100 

10 

I 
I 

1.0 t 

0.1 
0.5 1.0 

Figure 2. Colleetion kernel K vs. Stokes number 
Nstk for 6·.o x 10- 3 m [6 mm] diam. models. Preser,'. 
results: model 1: ♦ ; model 3:.; model 4:@; 6.0 
x 10- 3 m [6 mm] diam. disk: • • Solid line "sphere" 
is kernel for 6.0 x 10-3 m [6 mm] diam. sphere adapt
ed from NRe = 400 collection efficiency data (ref: 7 J. 
See table 1 for model specifications. 

sphere with the same Stokes number. This would im
ply that one cannot use the data for solid spheres 
to describe the early-growth habits of porous disks. 

While the more porous models have high
er collection efficiencies, the relative rate of 
growth of the different models (as expressed by the 
collection kernel) may reflect a different trend, 
since the kernel depends on the models' cross
sectional areas perpendicular to the air flow. In 
figs. 2 and 3, we plot the collection kernel K ver
sus the Stokes number Rstk for our models and our 
own experiments with·solid disks. Also plotted are 
collection kernels for similarly-sized solid spheres 
.computed from the collision efficiency data in ref. 
7. These plots show that the more porous models 
(with correspondingl-y smaller cross-sectional area) 
have higher relative growth rates, as previously men
tioned.· The collection kernels of the solid disks 
were nearly an order of magnitude smaller at small 
Stokes ·numbers, reducing to a factor of two to three 
less at higher Stokes numbers. More interesting is 
the comparison between our models and solid spheres. 
The collection kernels for our aggregate models are 
one to two orders of magnitude higher than the 
kernels for spheres of the same Stokes number. 

10 

1.0 

0.1 

I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

sphere 

I 

I 
I 

I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

0.1 0.5 1.0 

Figure . .3, Collection kernel K vs. Stokes number> 
Nstk for 1.0 to 1.1 x 10- 2 m [J0-11 mm] diam. models. 
Present results: model 2: O; model. 5: A; model 6: 
t::,.; model 7: 1111; model 8: □; 1.0 x 10- 2 m [10 1'17'1] 

diam. disk: 8 • Dashed lined "sphere" fa ker-ael 
for 1.1 x 10- 2 m [11 mm] diam. sphere adapted from 
NRe = 400 collection efficiency data (ref. 7). See 
table 1 for model specifications. 

These results suggest that a porous aggregate may 
have a growth rate which is significantly higher thaJ 
a sphere or non-porous disk of the same overall dia
meter and falling at the same terminal velocity, at 
least during its early stages of riming growth. 

The density of the rime is important to 
our studies since it may affect the fallspeed of 
rimed aggregates. The rime density depends on the 
air temperature, cloud droplet size (which remained 
fairly constant throughout the series of experiments), 
liquid water content of the cloud arid impact velocity 
of the droplets. The measured densities varied from 
about 5.0 x 101 to 2.5 x 102 kg m- 3 [0.05-0.25 g cm- 3 ] 

with the higher densities observed at higher tempera
tures. This is expected since the growth is "wetter" 
and therefore becomes more dense at higher tempera
tures (ref. 8). With respect to the constant fall
speeds used in our experiments up to.now, there was 
little apparent variation in the rime density. There 
was a slight tendency toward higher rime densities at 
higher cloud liquid wate~ contents, 

This study is mainly concerned with the 
:initial growth of aggregates by collisions with 
cloud . .dr.ople.ts.. AS growth continues., porosity is 
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reduced because of the aforementioned mechanism of 
diffusional growth in the holes followed by riming. 
This will result in a reduced growth rate due to the 
lower porosity as long as the aggregate does not 
change its terminal velocity. In free-fall, the ag
gregate may or may not change its fallspeed as it 
grows, depending on parameters such as its growth 
mod2, rate of hole clogging, density, etc. As 
shown in table 1, the growth rate for a given ag!,Te
gate size and por:isity increases with its fallspee~. 
In order to properly model the growth of aggregates 
in nature, we must know how the fallspeed varies 
with the amount, density, and growth pattern of mass 
accreted. In prder to study these aspects and to 
verify the results obtained in our experiments thus 
far, we are currently riming natural snowflakes. 
Early results from riming freely-floating natural 
aggregates in our Cloud Tunnel are as expected--that 
the larger, more porous aggregates rime more quickly, 
and increase their terminal velocities significantly 
in a shorter period of t.ime than the smaller, less 
porous aggregates. 
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THE MECHANISM OF HABIT DEVELOPMENT 
IN DIFFUSION.~L ICE CRYSTAL GROWTH 
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Department of Meteorolony, University of Utah 
Salt Lake City, Utah 84112, U.S.A. 

l. INTRODUCTION . 

Ice crystals, ·when growing from small seeds in the 
atmosnhere, gather water vapor on their surfaces and 
release the generated latent heat to the environment. 
It is this process that leads to a variety of and 
often beautiful forms of snow crvstals. It has beco
me increasin!lly evident that ice· crystals of differe
nt shapes play different roles in summer convective 
and winter layer coluds (Ref. l). 
The basic shape of snow crystals, hexagonal column, 
changes depending on the condition of the environment. 
Variation of the dia.neter (2a) to height (c) ratio, 
or the growth habit, appears to depend mainly on the 
temoerature (Refs 2-7) and dendrite development or 
morphological instability to depend on the supersatu
ration. It is now widely believed that as the tempe
rature drops from the freezing point, the ice crystal 
shape qrown by the d·iffusional mechanism varies from 
thick plates tg columns (-6°£) to thin plates ang 
dendrites (-15 C) and back to cloumns (below -20 C) 
(Refs 7,8). The mechanism of this growth habit var
iation nuzzled many researchers and a number of expe
rimental and theoretical studies have been carried 
out. Ice crystals epitaxially growing on cleaved 
covellite surfaces provided behaviors of qiant growth 
steps (Refs 9,lO)(see Fiq. l), reflecting the habit 

0 -10 -20 -30 

T (°C) 

Pigu.re 1. I The variation with temperature of the 
mean migration distance xs of a water molecule on: 

the basal face (measv.:r-ed); ~------ the prism 
:ace (hypothetical)(Ref. 9 with changes). 

variation. Similar variations wert: confirmed on both 
~rism and basal faces of single ice crystals (Ref. 11). 

*on leave from In$titute of Atmospheric Physics, 
Academia Sinica, 8eijin, The_People's Republic of 
China 

Recently, surface kinetic nrocesses of.crystal growth 
including quasiliquid layer (Ref. 12) and adhesive 
growth mechanism (Refs 13, 14) were applied to explain 
the habit variation. However the problem still rema
ins unsettled. 

In this raper, we shall first report an upgraded 
Nakaya diagram determined in an ice thermal diffusion 
chamber and introduce two new surface kinetic proces
ses to explain the habit variation mechanism. 

2. THE REVISED NAKAYA DIAGRAM 

To analyze the process responsible for habit variati
on, accurate knowledge of it is essential. Utilizing 
the stable, steady state fields of vapor and tempera
ture of a wedge-shaped ice thermal diffusion chamber 
(Refs 15,16), qrowinq the crystals on a ffne fiber 
nnd rotatinq them for accurate measurement, the habit 
parameter, 2a/c, has been determined as. a function of 
ice sunersaturation (Si - l) and temperature Tandi~ 
shown in Fig. 2, in comparison with the frequently 

20 
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-10 

2 ale CONTOUR~ 
(! :50min) 

-20 
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-30 

Figure 2. Contours of ice crystal diameter to height 
ratio 2a/c plotted as a function of temperature T an8 
ice supersaturation (Si-1) afer 30 min of growth. 

quoted di a gram reported by Kobayashi (Pig. 3), Our 
diagram is closer to Hanajima's (Ref. 5) than Koba.va~ 
shi 's and give a 2a/c minimum and a maximum-at -5 and 
~l5°C, respectively, instead of at -8 and -l3°C of 
Kobayashi. The extremum positions at -5 and -l5°C 
are also confirmed with ice crystals grown under. free 
fall in our vertical supercooled cloud tunnel (Ref. 
17). In Fig 2, it can be seen that the extrema occu~ 
when the environmental conditions are close to water 
saturation, suggesting a oossible effect of transiti
pnal liquid layer that appears on the crystal surface 
during the growth. 
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Figure 3. The form of ice crystal. pfotted as a 
function of.temperature and ice supersaturation repo
rted)Jy Kobayashi (Ref. 8). 

Under very low (Si-1) at T < -l5°C, 2a/c approached 
a limiting value ofl.4 instead of Kobayashi !5 1,25. 
Applying Wulff's theorem to 2a/c=l.4, we obtained 

cr5G,P/cr5G,B = /'Ja/c = 1.21, 

where crSG,P and crSG,B are surface free energy at ice
air interface on prism face and that on basal face, 
respectively. 

3. MECH+\tHS11 OF GROIHH HABIT DEVELOPMENT 

3.1. Habit Variation 
· Before proceeding to theoretical analysis of the habit 

process, let us try to understand relationships among 
observed surface kinetic processes and the new Nakava 
diagram, since some.of the processes are obviously· 
responsible.for the habit development under the rest
riction of vapor and heat trnsport process and the 
shape and size of crystal or boundary conditions. 
Upon inspecting Figs. l and 2, one may notice that 
the step migration velocity data of Fig. l are merely 
isolated behaviors of crystal planes. However, the 
data and others (Refs 10,ll) clearly show existence 
of a maximum as well as a minimum of the velocity, an 
important but rather unique feature of ice crystal 
habit development. Fiqs. 4 and 5 show 2a and c values 
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determined in our diffusion chamber,'also"showing the· 
extrema. The problem of habit variation, therefore, 
boils down to identifying the surface kinetic process 
responsible for formation of the extrema. 

3.2. The two-dimansional nucleation 
In the process of crystal qrowth, molecules migrate 
to steps, causinq step advance. There seems no plau
sible factor of surface migration that can cause a 
steer maximum and a sharp minimum in step velocity. 
The observed step ve 1 oci ty va ri a'ti on must therefore 
be caused by the behavior of microsteps which, after 
bunching, become visible. Two tvpes of step are known. 
One is associated with spiril dislocation which rota
tes upon step adva_nce and rematns during the growth. 
However-, it has a -high enerqy and its formation is 
difficult (Ref. 18). Ice crystal growth in the atmos
phere takes place at temperatures near the meltinq 
point of ice where annealing tendency is so stronq 
that the dislocation, even if fonned, will move to 
the edge and disappear: In fact, McKniqht and Hallett 
(Ref. 19) reported absence of dislocation in their x~ 
ray topographic studies on vapor grown crystals. Th~ 
!other is so-called "two-dimensional (2D) nucleation" 
~hich Renerates islands without dislocations. Once,
formed, an island spreads collecting molecules on th~ 
-step, often bunching up with others to become visibl~ 
and disappears at the crystal edge. For this reasonp 
it reauires repeated nucleation of the islands. At 
the a{r-ice in~erface, however, this 2D deposition 
nucleation is practically impossible due ta relative~ 
ly large surface free energy there (Ref. 20) •. Appli~ 
cation of this mechanism under the coverage e < 0.02, 
without evaluation of the rate (Refs 13;14) cannot be 
pustified. Thus, there is no existing mechanism at 
rresent that provides steps for the crystal plane gr-
owth. . 

Under 'I > e > 0. 02, Kuroda (Ref. 13) and Kuroda ·and 
Lacmann (Ref. 14) proposed the "adhesive mechanism" 
to capture water molecules on rouphened surface bv 
iadsorbed molecules without 2D nucleation. On the 
~rystal surface,.clusters of molecules maintain_ a 
dynamic equilibrium resulting in the Boltzmann distri
hution 

n/n1 = exp(-L'IF/kT), (l) 

,here n1 and n1 are the number of.cluster containing 
i molecules ner unit area and that of single molecules, 
resnectively, L'IF;- the free enerq_y of cluster formati
on and k Boltzmann's constant. Addition of a molecule 
to,a cluster will create a "c-urrent" ta the direction 
of single molecules of the distributi'on to lower clus-
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ter free energy and merely changes the population of 
the latter and eventually a molecule will be emitted 
back. Therefore, the adhesive mechanism hardly leads 
to capture of molecules on the surface. Thus, even 
under· large e, 20 nucleation cannot be avoided. Neve
rtheless, our experiments clearly showed growth of ice 
crystals even under low (Si-1) where the previous 2D 
nucleation-growth theory fails to provide a sufficient 
rate. 
The conventional theory of 2D nucleation assumes no 
mutual interactions among adsorbed molecules. Since 
o56 js involved in 6Fi, as we shall see later, this 

effect of eon o56 has to be evaluated based on funda
mental concept.of surface free energy o. Fig. 6 shows 

MODEL a 

B' T BT 

A•· o A 

B' e Be 

• MODEL b 
ADSORBED 
MOLECULE 

A' A : :\ 
B' e 0 Be B~ 

Figure 6. Interactions involved for formation of a 
flat surface and side of monomolecular step. 

interactions in the surface layer. When a surface 
increases the area, there appears a resisting force. 
This resistance is.due to the work agatnst the inter
molecular potential existing in the surface layer when 
molecules in the .bulk are brought to the surface to 
fill the gap. o is therefore the normal component of 
jmbalanced total surface potential (Fig. 6 MODEL a). 
For the side of a semi-infinite molecular layer, the 
interaction lost due to steo formation on a flat sur
face is AA' in Fiq. 6 MODEL. b. If all the A' molecu
les are brought back in the original phase, the o on 
the side surface ,1il l disappear. If they are brought 
back in liquid p.hase, a 20 o5L st:iould result. Assum
ing additive molfccular ootent1al and adsorbed layer 
is 1 i quid- l i ke, 

0 SG,A = 0 SG,2 - (oSG,2 - 0 LS,2)e, (2) 

where subscripts A ;ind 2 st.and for adsorbed and 2D, 
respectively.' 
The free energy required for formation of a disk-like 
embryo is 

(3) 

where r is the radius of the embryo, 6µ the chemical 
potential difference per unit volume of ice between 
ice and water vapor an-d h the height. 6F shows a max
imum which is to be overcome during nucleation. By 
differentiating Eq. 3 with rand setting to 0, we 
have thp rad1us of critical embryo 

r* = - oSG,A/6µ. (4) 

Using Eq. 2 for o of flat surface which is an overes
timate, and Eq. 4 in Eq. 3, the free energy of-criti
cal embryo formation 

F* _ 11h 2 _ '1fhr ( ) ] 2 ( 5) - -Eµ°SG.A - - EµL 0 SG- 0 SG-oLS e · 

Since our estimate involves a number of crude assump~ 
iions, we use an approximate formula for nucleation 

rate 
(6) 

F.ig.·7 shows J computed as a function of eat -10°C 
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Figure 7. Log J plotted as a function of eat -10°C 
on the basal plane of ice. The numbers in the brac
kets are coordinate positions. 

on the basal plane. o56 and oLS are taken to be 10.9 
and 2.7 x 10-2 Jm- 2 and h = 3.68 x l0- 10m. The previ
ous treatment corresponds to e = O and shows clearly 
the nucleation difficulty with J " 10- 135 ·cm- 2 s- 1 for 
(Si-l) = 0.10 an~ 10- 1510 cm- 2 s- 1 for (Si-l) = 0.01. 
However, as e increases, J gradually becomes recogni
zable or J > 1 cm· 2 s- 1

• At (Si-l) = 0.01 at -10°C, 
the BET (Brunauer-Emmett-Teller) adsorption equation 
gives e = 1 .34 which is the portion above the ice sa
~uration (transient 5dsorbed layer in which the 20 
nucleation is possible). Furthermore, as pointed out 
above, the o used for this computation are the over
estimate and if proper values were used, J is likely 
to increase considerably. Thus the difficulty of 2D 
nucleation previously thought is eased by the intera• 
ction between the embryo and adsorbed molecules. 
3.3. The transitional nucleation mechanism 
As we have seen above, the 20 nucleation is possible 
on ice crystal faces and when e and therefore T incr
ease under (Si-l)=const., it becomes faster. Whereas, 
the adhesive mechanism does not. However, the 20 de
position nucleation alone is still insufficient to 
explain the maximum and the minimum of the face growth 
rate. When the (Si-l) increases, e in the transitio
nal layer accordingly becomes larger and eventually 
exceeds the critical embryo height. Then, formation 
of the critical embryo demands exposure of the top of 
embryo to the gaseous phase (see Fig. 8). Then, 

6F = 11r2 h6µ + 211rhoLS,Z+ 11~2 60, (7) 

1,here 60 = o56 , 2 - oLS,Z - oLG,z· Applying the same 
proceaure discussed above, we have 

r* = - hoLs,zl(h6µ + 60). (8) 

Then, because r* > 0, 
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h>h =-1':,0 

C !':,µ ' (9) 

where he is the critical height below which r* < 0. 
Since adsorption occurs on the solid surface to red
uce o there, /':,o > 0. Replacing Eq. 8 in Eq. 7, 

!':,F* = - ,rhot'.s,z!(!':,µ + !':,o/h). (10) 

MECHANISM 

DEPOSITION 
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BEFORE 

G 
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m777m77 
'Figure 8. Three poss_ible mechanisms of 2D nucleation 
on ice crystal planes. G,L and S denote gaseous, 
transitional lJquid and solid phase, respectively. 

At h=hc, !':,F* + 00 suggesting an extreme decrease of J. 
For (Sj-l)=0.10 and T=270°K assuming l':,o=l0- 1 Jm- 2 , he 
'=8.75x10- 11m or 24% of the monolayer height hm. 

. Tbts restriction 'becomes effective only when e > l. 
Thus, when 0.c:J and hm0>hc, J becomes very low. Under 
the condition, molecules arriving at the surface acc
umulate in the form of transitional liquid layer and 
the mecharism shift to faster 2D freezing nucleation. 
However, during this shift, vapor pressure of the 
layer. increases and reduces the vapor flux arriving 
at the surface, causing slow down of crystal face 
growth. When 0>>1, the layer becomes bulk supercoo-
1ed water and the 2D freezing nucleation proceeds 
easily. This change of nucleation mechanism explains 
occurrence of the two extrema for the crystal face 
growth rate. To explain the habit variation, howev
er, the shift of growth rate between the basal and 
prism face must be analyzed. 

From our experiments, 0SG,P>o0G,G' and considering 
i nteracti ens responsi b·i e for o, it is reaso.nab 1 e to 
expect oLS,P>oLS,B" For growth of the basal face in 
c-axis direction, as can be seen in Eq. 10, oLS,P is 
involved. So, !':,F* becomes small to nucleate when 
-/':,µ or (Si-l) is large. Under such a condition, he 
is small and the restriction from the mechanism swi
tch-over becomes effective. As T increases under 
water saturation, the basal plane or c-axis growth 
slows down leading to plate formation. Whereas, the 
growth slow down happens in a-axis direction on the 
prism plane, where oLS,B is involved, under low (Sill), 

;which occurs at higher T. Thus, the growth slow down 
at low T and high (S1-l) on basal face or inc-dire~ 
ction, and that at high T and low (Si-l) on prism 
face or in a-direction explain the observed habit 
variation. It should be pointed out, however, for 
computation of surface kinetics which involves feed~ 
,backs of many processes, basic constants such as 
surface free energies of the embryo and adsorbed 
molecules must be evaluated first based on correct 
and fundamental molecular interactions. 
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LABORATORY SIMULATIONS 'JF GRAUPEL GROWTH 
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l. INTRODUCTION 

The growth of ice particles by accretion in 
natural clouds is one of the fundamental precipita
tion forming processes. One step in the formation 
of hail is the graupel stage, and graupel melting 
to form raindrops is the final stage of precipita
tion formation in many clouds. Relatively little 
work has been -directed towards understanding graupel 
growth. This is partly.due to the difficulty of 
appropriate field observations providing quanti
tative information on the growth. 

The ,object of ·this paper. is to present pre
liminary results of a laboratory study on graupel 
growth. To achieve thi&, ·graupel has been grown 
in an icing tunnel using various initial embryos. 
The shape evolution of the particles was studied 
and, in some cases, density measurements of the 
resulting particles were made. 

2. EXPERIMENTAL 

2. 1. Apparatus 

The experiments were performed in the cloud 
physics wind tunnel at the University of Toronto, 
(Fig. 1). A full description is presented in re
ference 1. The facility was originally used for 
studying the growth and m-.lting of hailst.ones, and 
a number of modifications had to be made before the 
graupel study could be performed. With the changes, 
temperatures between +10°C and -30°C, wind speeds 
between 1 m s-1 and 28 m s-1 , and pressures down to 
25 kPa can be obtai·ned. 

Cloud droplets are produced.by an atomizing 
nozzle and calculations show that they reach ther
mal equilibrium with the surr~undings before en
tering the measuring section. 

2.2. Measurement techniques and experimental con
ditions. 

Seven different embryo models were used for the 
graupel growth experiments. These were 1,2 and 3 
mm diameter circul~ disc~, 1,2 and 3 maximum di
mension hexagonal plates and conical ice particles 
of 3.5 mm base dimension with a cone angle of 75° . 
All the .circular discs and hexagonal plates were 
made.from mylar,,_; 80 µm thick and were suspended.in 
the tunnel with the pla,ne of the disc perpendicular 
to the flow, using a 250 µm thick glass fibre, which 
has the advantage of very good thermal insulation. 
This method was not used for the conical embryos 
because it was not rigid enough at the higner ter
minal velocities of these particles. The conical 
embryos were mounted in the wind tunnel.with either 
the base or the apex pointing downwards into the 
~trea.m of droplets, using stainless steel wire 300 
~m diameter. These orientations were chosen as they 
iare both known·to be possible free fall modes, 
{referenre 2)~ The relative air.speeds were chosen 
to be eqhlvalent to the terminal velocities of the 
particles. 

During each experiment the temperature, dew 
point, pressure, relative humidity and air veloc;i.ty 
were cont.inuously moni tared. Li.quid water content 
was measured to a first approx:i,mation by icing a 
cylinder at high velocity (25 m s-1 ) and low tem
perature (-20°C) and by"assuming a collection effi
ciency of unity. 

Figure 1. Schematic diagram of the University'of 
Toronto icing tunnel: 1) Fan 2) Cooling elements: 
~) Atomizing nozzle port 4) Measuring section 

The liquid water content reading was calibrated 
before the experiments began and was checked after 
completion. The nozzle produced a spray with a 
mean diameter of~ 15 µmin the measuring section, 
as measured by the magnesium oxide coated slide 
technique. Photographs were also taken at regular 
intervals during the growth. 

On completion of growth, the graupel was im
mediately placed into a cooled container and trans
ferred to a cold room. Analysis in the 9old room 
consisted of photographing the final· graupel·and 
measuring mass and then the volume to determine the; 
density. In these latter cases, accretion was only 
allowed to take place for~ 5 minutes so that the 
actual terminal velocity of a freely falling par
ticle would have remained relatively constant. Mass 
was measured to an accuracy 'of ± O: 1 mg and volume 
was cilculated using the buoyancy technique des
cribed in references 3 and 4 to an accuracy of± 
l.i.15mm3. 

IP these prelim.inary studies, ail the experi
ments were conducted at -15°C, at laboratory ~res
sure, and in liquid water content of~ 1 gm- • 
The value of updraft velocitl for the discs and 
hexagonal plates of 1.0 ms- ±16% was chosen 11Sing 
drag coefficient .data from. referenc.es-2 and 5 and 
these experiments ran for~ 20 m.in. 

Six up,l:caft velocities were used for the coni
cal emb:·yos. Three values were used for each 
initial embrye, orientation and these corresponded 
to the terminal velocities associated with three 
densities. The values of air velocity used in. 
all the experiments and corresponding initial 
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densities are shown in Table 1. Because of the 
higher velocities used with the conical embryos, 
the duration of these experiments was reduced to 
10 min. 

Embryo Diameter 
[mm] 

Discs and hexagonal plates l.O 
2.0 
3.0 

Cone base pointing down 3-5 
3-5 
3-5 

Cone apex pointing down 3-5 
3.5 
3.5 

Velocity Corresponding 
[m s- 1 ]+16% density [g cm- 3 ] 

J..O 0,91 
1.0 0.91 
1.0 0.91 
l._4 0.2 
1.7 0.3 
2.2 0.5 
2.1 0.2 
2.5 0.3 
3.4 0.5 

Table 1. Size of the various embryo models and the air velocity used for riming.Drag coefficients of 1.2 were 
used for the discs, hexagonal plates and cones with the base down. A value of 0.5 was used for cones with 
apex down. 

3. RESULTS 

In all cases, the graupel grew in the dry growth 
regime. Their appearance was white and they were 
very fragile. In nearly all cases the graupel also 
grew into a conical ··shape although the ·cone angle 
changed as the conditions varied. The results for 
circular discs, hexagonal plates and conical em
bryos will be dealt with consecutively. 

A quantitative description of the variation 
of the cone &ngle with disc size has not yet been 
obtained since only a small number of preliminary 
experiments have been performed. However, in all 
cases, the cone angle ·was between 60° and 100°. 
This is not unrealistic when compared to natural 
-gr_aupel. Examples of the conical structure are 
shown in Figs. 2a and 2b. 

For.all sizes of disc, accretion occurred pre
ferentially around the edges rather than in the 
centre. Thus, on completion of riming, a distinct 
indentation could be seen in the base of the grau
pel. This poirit is illustrated by Figs. 2c and 2d 
which show t'he indentation for two sizes of initial 
disc. In general the circular shape of the embryo 
was preserved into the graupel phase although the 
shape became more irregular as time progressed 
(see Fig 2e). It was also noticed, on occasion, 
that irregularities in the growth occurred early 
in the riming process, and that these irregular 
growths generally grew larger with time. This 
point. is illustrated in Figs. 2f and 2g. Fig 2f, 
taken 5 min after the start, shows a small pro
tuberance whereas Fig 2g, taken after riming is 
complete, shows that this additional growth has 
become larger. 

The results obtained with hexagonal plates 
of all size _categories were consistent with the 
results found with discs. The cone angles were 
again in the range of 60° to 100°, and again the 
indentation in the base of the final graupel was 
always present. In most cases us ·.ng a hexagonal 
plate embryo, the initial shape tended to be pre
served throughout the growth so that the hexagonal 
shape could still be distinguished on completion 
of riming (as shown in Fig 2h), even though the 
diameter of the particle had increased by a factor 
of"' 2. 

When a cone with its base downwards was used, 
the cone angle varied with velocity (See Figs.'2i 

· and 2j). At high velocities (2.2 m s-1 ) the 
growth eventually produced a cylindrically shaped 
particle, whereas at low velocities (1.4 m s-1 ) 
the angle of growth much more resembled those 
found using the discs and the plates, i.e. 60° to 
100°. At all velocities the indentation in the 

base was present and its general appearance did not 
vary significantly as the velocity was changed. 

When a cone with its apex pointing downwards 
was used, a growth pattern was observed whereby the 
area around the apex of the cone tended to fill-in 
as growth progressed. This continued until the 
shape of the particle had reverted to a cone with 
its base downwards. This is illustrated in-Figs. 
2k and 21. 

The density of graupel was found for two 
different conditions. The density of growth pro
duced by riming a 2 mm circular disc was found to 
be 0.30 ± 0.05 g cm- 3 • Using a cone with the base 
down in an updraft of 1.7 m s- 1 , the value for the 
density was again found to be 0;30 ± 0.05 g cm- 3 • 

Thus for these two.conditions, the density was in
variant. 

. 4 •. DISCUSSION 

Many of the accretional growth results were 
not unexpected. First, the photographs and visual 
impressions indicated·that the growth became less 
fragile at the higher velocities. This is consis
tent with an increase~ spreading of the droplets 
on impact with the substrate. Second, the experi
ments tended to produce conical shapes with realis
tic cone angles. This is important when relating 
the results to nature. Third, the common occurrence 
of an indentation in the base of the graupel may be 
due to increased collection of droplets around the 
edge. due to inertial arid aeroeynamic coupling. This 
has been studied theoretically, reference 6, in the 
laboratory, reference 7, and in the field~ reference 
8. However, the field observations indicate that 
the indentations do not exist or perhaps do not per
sist to the size of particles examined here. The 
reason for this is not clear from this study, al~ 
though the fact that the embryos in this experiment 
were fixed whereas in nature they a.re free to os
cillate in some manner might provide a possible 
explanation. Drop sizes and their distribution, 
could be crucial aspects of the problem because 
larger drops would be less deflected before accre
tion and thus an indentation would be less likely. 
Fourth, the preservation of the embryo shape (i.e. 
hexagonal plate) into the graupel p!;e.se could simply 
be due to the airflow around the crystal causing 
more drops to be deposited at'the·corners of a 
hexagonal crystal.than at the edges. This is in 
agreement with previous work, (reference 7). How
ever, a.detailed study of the flow pattern Eoround 
a growing hexagonal plate would have to be perform¢ 
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Fig. 2a 
3nnn hexagon 

Fig, 2c 
2mm hexagon 

Fig. 2e 
3mm disc 
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Fig. 2b 
l1mn disc 

Fig. 2d 
3mm disc 

Fig. 2f · 
2min hexagoJ2 

Fig. 2g 
2mm hexagon 

Fig. 2i 
cone, base down 

Fig. 2k 
cone, apex down 

Fig. 2h 
3mm hexagon 

Fig. 2J 
cone, base down 

Fig. 21 
cone,1 apex down 

Fig. 2 Photographs illustrating various aspects of the growth of the graupel. 
Embryo size is given belo;r each photograph. 
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before this could be confirmed. The irregularities 
often observed on the completion of riming are pro
bably due to the increased collection efficiency 
of a small irregularity which protrudes into the 
flow. Thus it will tend to grow with respect to the 
rest of the surface. The·original irregularity 
coi;jld be,,present on the crystal itself or could 
just be caused by statistical variations in the 
accretion process. Fifth, the densities measured 
in the two cases were not unrealistic (~ 0.3 g cm-3 ). 

Such densities have been measured in the laboratory 
by others (reference 9). However, they are much 
too ·low compared with some field observations 
(reference lO) which recorded densities mostly 
around 0.7 g cm- 3 • 

The new features which were found with a coni
cal embryo were the variation in cone angle with 
velocity arid the reversal in the growth of a cone 
originally placed with the apex directed towards 
the flow. Both these effects may be explainable 
when the airflow around the embryo is considered. 

5- CONCLUSIONS 

Experiments have been conducted on the accre~ 
tional growth of particles in a vertical icing 
tunnel in which the conditions simulated a natural 
graupel growth enviroriment. Results were focused 
towards shape evolution of initial discs, hexagonal 
plates and cones. Some attention was directed to 
measuring the density of the deposit. The graupel 
-evolved towards" a conical shape in nearly all cases, 
and in the base of the cones there were often in-

. dentations. -These observations were independent 
?f the size and shape of embryo used. When a
conical embryo was used with the base directed 

·towards.the fiow the cone angle was found to change 
systematically with velocity. When a conical embryo 
with the apex directed towards the flow was used, 
the cone reverted to a cone with a base down. The 
density of the graupel tested was 0.3 g cm-3 although 
only two sets of data were obtained. 

Future experiments will elucidate these and 
other aspects of graupel growth. Such results will 
enhance our understanding of precipitation formation 
via icing processes. 
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REGIONAL CHARACTERISTICS OF GRAUPEL FORMATION 

-Toshio Harimaya 

· Department of Geophysics, Hokkaido Universicy, Sapporo 060, Japan 

l. INTRODUCTION 

In previous papers (Refs. l,2), it was shown 
that ooth snow crystals and frozen drops could be
come graupel embryos. The following.question is 
what meteorologi~al conditions. determine that snow 
crystals or frozen drops b·ecome graupel embryos. 
On the other hand, it was shown in another paper 
(Ref. 3) that the in~ernal structures of graupel 
particles were classified into three types, that 
is porous ice with small crystals, porous ice with 
large crystals and compact· ice'with larg~ crystals. 

The tJ:µ-esholds of meteorological conditions 
which classify-the types of embryo and internal 
structure can be obtained from observational re
sults. It is described in the present paper that 
predominant embryo and internal structure of grau
pel are estimated at· 6 places .:.n the Japanese ·Is
lands using the thresholds and regional character
istics are studied concerning the embryo and inter
nal structure of graupel. 

2. REGIONAL- CHARACTERIST-IC OF EMBRYO 

The temperature at the cloud base and thick
ness of mixed clouds were. calculated f'rom aerologi
cal data in order to examine the relationship bet
ween embryo type and meteorological conditions. 
Fig:l shows the meteorological conditions at the 
time when each embryo was observed. Frozen drop 
embryos belong to the upper region.above boundary 
A and snow crystal ~mbryos belong to the lower-re-
gion below boundary B. · 

Next, we must examine whether there are large 
cloud droplets in the snow clouds under the meteor
ological condition on the upper right corner in 
Fig.l.. The temperature at the cloud base and 
thickness of mixed clouds at the time when cloud 
droplets were observed by snow cry~tal sondes (Refs. 
4, 5, 6) were calculated fr.om aerological data. 
These values are added in Fig.l. 
It is seen that small cloud drop-
lets and large cloud droplets are 
situated -at the lower left corner 
and at the upper right corner-
respectively. Since WB.Z'Iller tem
peratures at th_e cloud base pro
vide a higher liquid water con
tent, the meteorological condi
tion corresponding to the upper 
right corner fs suitable for liq
uid coalescence owing to a higher 
liquid wat·r content an~ greater· 
thickness of mixed clouds (Ref. T), 
Therefore, it is reasonable that 
large cloud dr~plet and frozen 
drop embryo are situated at the 
upper right corner in Fig.l. 

Next, the predominant types 
of embryo were estimated at the 
places on.the western shore of 
the Japanese Islands using the 
threshold regarding the embryo.· 
Wakkanai, Sapporo, Akita, Wajima, 
Yonago and Fukuoka ~ere selected 
as representative'rlaces, because 
aerological observations were· 
car,ied out at these places. 

Figure 2. 

Statistical analysis was made using only the aero
logical data at the time when graupel particles pre~ 
cipitate for one hour before and after the·aerolo
gical observation time. The temperature at the 
cloud base and thickness of mixed clouds at the 
time were calculated from the adopted aerological 
data (l967 /68 ~l976/7T). These values are shown. 
in Fig.2 in the same manner as shown in Fig.l. 
As the region occupied by frozen drop embryos could 
not be distinguisr i from the region occupied by 
snow crystal embryos using a boundary line in Fig;lJ 
the middle line between boundary line ·A and B may 
be adopted as the boundary line between both region~. 
The boundary line is indicated by a soli~ line in 
Fig.2 and the line is the threshold regarding the 
embryo. Fig.2 shows the ratios of snow crystal 

KM 

A 

~ 
0 
!!/2 
:I: • ~ * B. 

i * 
!,! . 

s *" i!:1 5 s * 

.. 
5 

. ,h 
5 . 

5 
• 5IW.L Cl.0II) DADl'I.ET 
o URGE Cl.OU) IIIOPl.ET 
• FR2EN DA0P 1:-.o 
* SNOlf CR'IS1lllL 8'Bffl) 

~11..s_,___,___,'--.__ ... 10-'__,'--.._.,_ _ _.s_....._.._..,__.__o.._.,__._~~-~s' "t 
Te4PERA'II.IIE AT Cl.OU) ""5E 

Figure l. Relationship between embryo type and 
meteorological conditiJns. 

t 

Regional characteristics in embryo type. 

t 



T. HARIMAYA II-2 

e-m'rryo 1':er an,J fruzen rJ-co" 2r,b.!'":V"O number tc total 
It i~ 3~en that snow crys-

tr Ts tu f;·czen :lrops as embr:/02 in the 
:r-:·c,up of re.[.l1J11 ::·uch as Hakkanai, Sapporo 
<'.:nd rJ··" i wldle f:::·ozen drops are superior to snow 
cr~/0tA.J:~ a3 embryos in the group of southern region 

;:iajima and Yonago. But, it is an unusual 
c:1se that snow crystals are superior to frozen drops 
as e;·1bryos at F'uk.uoka in the trroup of southern re
'·ion. It is an important result that the distri
butior_,_ of predominant embryo type is not arranged 
rando:nly but is arranged systematically correspond
inr-; t-o the latitude. 

~. REGIONAL CHARACTERISTIC :JF liJTERNAL 
STRUCTURE 

'.:ombining the appearance l•rith cry3tal size, 
the iu ternal structures of graupel particles ,.,.~ere 
classi l'ied irlto th_ree types, ti1at i::--: porous ice 
wi 1=-~1 3t<:8,ll crystals., porous ice wi t"i:1 large crystals 

compact ice with large crystals (Ref. 3). 
rJn the experimental results of appearance and 

er;) stal size regarding the accreted ice, contribut-
f'2"c_tors to internal structure of graupel are 

ccns~!...dered to be environmental temperature and sur
face temperature of graupel. As wet-bulk potential 
temperature was uniform in clouds, it was adopted as 
the environmental temperature. And the temperature 
at cloud base was adopted as the other parameter 
instead of liquid water content which is effective 
to control the,surface temperature of graupel. 
Fitz. 3 ~hows tbe relationship between the internal 
structure and meteorological conditions above
mentioned. It is seen that each type of internal 
'Structure occupy different positions on the diagram 
respectively and <each type is classified clearly by 
two thick solid lines. 

Next,' the predominant types of internal struc
ture were estimated at the places on the western 
shore of the Japanese Islands using the threshold 
regarding t.he internal structure in the same manner 
as carried out regarding the embryo. It was 
characteristic result that porous ice with small 
crystals (P-S) type was observed in the group of 
northern region such as Wakkanai, Sapporo and Akita 
whereas the same was not observed in the group of 
southern region such as Wajima and Yonago. But, 
it was an 1musual case that ( P-S) type was observed 
at Fukuoka in the group of southern region. The 
distribution of predominant internal structure type 
is not arranged randomly but is arranged systemati
cally corresponding to the latitude. And the 
boundary line was observed at the same position as 
obtained in the case of jJredominant embryo type. 

4. REGIONAL CHARACTERISTICS OF GRAUPEL 
FORMATION AND CLIMATE 

It is important in the regional characteristics 
of predominant embryo and internal structure types 
that each was divided into two groups of northern 
and southern regions. As the Japanese Islands 
elongate along the latitude, this is expected to 
cause considerable difference in air temperature 
between northern and southern ends of the Japanese 
Islands. Therefore, it is considered that this 
regional characteristic of graupel formation re
flects the climate. On the other hand, the thresh
olds regarding predominant embryo and internal 
structure were closely related to the air tempera
ture and humidity at the ground. After due con
sideration of the facts above-mentioned, monthly 
mean values were examined regarding the air tem
perature and h11,~idity at 6 places during 10 winters 
(1967/68~1976/77). Each place had the same value 
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Figure 3. Re1ationship between internal struc
ture type and meteorological conditions .. 

as one another regarding humidity except Fukuoka, 
but the temperature of Wakkanai was about 12°C cold
er than that of Fukuoka. The boundary line con
cerning graupel formation corresponded to the +2°C 
isotherm of monthly mean temperature in the coldest 
,nonth. When graupel particles precipitate, the 
temperature at cloud base in northern region is 
colder than that in southern region and the thick
ness of mixed clouds in northern region is thinner 
than that in southern region. 

5- CONCLUDING REMARKS 

The regional characteristics' based on the dif
ference of climate were detected in the formation 
process of graupel. This kind of study offers in
formations regarding artificial cloud modification 
theories and techniques in the ca.se of their appli
cation in different geographical areas. 
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ON THE SNOW CRYSTALS OF COLD TEMPERATURE TYPES 

Katsuhiro Kikuchi-and Noboru Sato 

Department of Geophysics, Hokkaido University, Sapporo 060, JAPAN 

1. INTRODUCTION 

Various kinds of unknown and peculiar shapes of 
snow crystals discovered in the antarctic region 
were first reported by Kikuchi (Refs. 1-4). Fur
ther, most of them were observed wi.thin the arctic 
region (Refs. 5, 6). It was reco~nized that the 
temperature conditions of the growth of these crys
tals were colder than -20°C. Therefore, they were 
called "Snow crystals of cold temperature types"·. 
The main external _shapes of these snow crystals of 
cold temperature types were "Tetragon", "Seagull", 
"Gohei" types, and so on.(peculiar shapes) except 
columns, combinations of bullets, and.crossed-plates. 
A "Gohei" is a Japanese word for the pendant paper 
strips hanging from a sacred rope at· a Shinto shr,ine. 
Almost all of these crystals were of polycrystalline 
types. Since the first report on the peculiar 
shapes, the crystal structures and formation mechan
isms of polycrystalline snow crystals incluuing the 
peculiar shapes have received wide attention. The 
origin of polycrystalline snow crystals is becoming 
clear by the observations of snow .crystals, the 
freezing experiments of water droplets, and the- con
sideration of models on the formation mechanisms of 
polycrystalline s~ow crystals.· In order to clarifi 
the formation mechanisms of polycrystalline snow · 
crystal&, freezing experiments of supercooled water 
droplets were carried ·out by many workers (Refs. 7-
112) . - Kobayashi et al. explained the structure of 
polycrystalline"snow.crystals by the "Generalized 
Coincidence Lattice Site" theory (Ref. 13). Fur
'ther, Kobayashi et -al.- proposed a "Cubic Strv,:,ture 
Model" at a junction between each component_ 0 poly-' 
crystalline snow crystals (Ref. 14). Regarding the 
peculiar shaped crystals, the c-axis of several 
types rf peculiar crystals and their crystalline 
struct re were decided using a polarizing micro
scope (Ref. 4). The frequency of occurrence of th~ 
peculiar shapes in the natural snowfalls was exam
ined in the Arctic Canada (Ref. 15). In order to 
study the crystal structure, formation mechanisms, 
and growth mechanisms of. the peculiar shaped crys
tals below -20°C·in detail,~ new diffusion type of 
cold chamber was constructed. The purpose of the 
work reported here is ·to investigate the production 
frequency, formation mechani_sms, structures, and 
growth mechanisms of the~culiar sh8:J?ed crystals 

.. 
Fig.l. Schematic diagram of the experimental ar

rangement. 

growing from the vapor by the use of the new cold 
chamber. 

2. EXPERIMENTAL METHOD 

A thermal diffusion type cold chamber has been 
de~igned in order to investigate· the peculiar shapes 
of snow crystals. An outline of the apparatus used 
in the experiment is shown in Fig.l. It consists 
of four parts, that is, a cold chamber (A), tempe
rature controller (B), ritrogen gas vessei {C), and 
a jar of liquid nitrogen (D). _The cold chamber was 
mounted on a ·stage of an inverted microscope. It 
is possible to cool or warm the te~peratures of 
upper and lower stages in the chamber-independently. 
Liquid nitrogen in the jar was poured.onto the 
stages of the chamber by the pressure of· the nitro
gen gas vessel. The flow rate of liquid :n:i:tr!J'gen .,-a$ 
controlled by the temperature controller in such a · 
way that the temperatures of the upper and lower. 
stages were set up at any desired'temperatures. 
Temperatures of the upper and lower stages were 
measured with fine thermocouples attached immediate~ 
,ly to the surfaces of the stages. A heater is im
bedded in the lower stage to control the temperatur~ 
automatically. The temperature and the rate. of 
temperature change in the chamber can be controlle~ 

:by the temperature controller .programatically. 
ion the other hand,_ the upper stage can be maintained 
at the constant temperature desired. · Therefore, 
the temperatures of both stages can be maintained a~ 
any desired temperature down to -70°C. The sur
faces of both stages were lined with -ice·. sheets 
formed by freezing of the distilled and deionized 
·water. The ice sheets were the source of ~ater 
vapor to induce snow crystal growth. At the cente~ 
of the stages, there are small windows through which 
the growing snow crystals were observed under a 
transmitted light. The observation windows were 
exposed to heated nitrogen gas in order to prevent 
window frost. Prior to the starting of the experi~ 
ment, two or three fine filaments using silk thread~ 
on which snow crystals were grown, were stretched.on 
a plastic frame with intervals of 1.5 mm apart hori~ 
zontally through the center of the ch?-I11ber. The 
diameter of the filaments was 5 to 20 µm. The tem
perature of ambient air near the filaments, Ta, was 
measured by means of a fine thermocouple, like~ise. 
Therefore, three kinds of temperatures at the upper 
and lower stages, and ambient air, Tt, Tb, and Ta, 
were recorded by a recorder. 

The temperature difference between the upper 
and lower ice surfaces formed on the upper and lower 
stages was controlled in such a way that the germs 
of snow crystals could be nucleated. When a tem
perature difference, ~T = Tt-Tb~was given, the snow 
crystals grew from certain points on the silk -fila
ments. After the appearance of germs on _the fila
ments, Tt and Tb were fixed and steady state conQi
tions were readily achieved. Hence, snow crystals 
were grown on the filaments under constant tempera
tw-e. Various types of snow cryst!l,l were grown by 
changing the temperatures of Tt and Tb. The growth 
of crystals was recorded by taking photographs at 
appropriate intervals through a ,:nicroscope, and the 
growth rate of crystals was measured. Moreover, 
the c-axis of crystals was determined by use of 
crossed nicols and sensitive color plates. Ex
periments were repeated many times, and a number of 
snow crystals were found to g~ow in this chamber at 
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Fig.2. Small water drop
lets on a thread. 

temperatures between -20° and -40°C. 

3. RESULTS AHD DISCUSSION 

3 1 }'ormation condition of artificial snow crystals 

The distance between the two stages in the cold 
chamber was 6 mm. The temperature profile was 
:neasured at intenrals of one millimeter by a very 
fine thermocouple. As a result, the measured tem
perature showed 'an almost linear p:rofile. The 
state of thread at the nucleation stage was indicat-
ed in Fig. 2. It was found from this :photograph 
lthat the artificial sno1; crystals passed through a 
liquid phase. The condition of supersaturation was 
at ot near water saturation~ From the simple ex
periments, the supersaturation was about l0% after 
about 10 minutes elapsed f:rom the nucleation of 
crystals~ If the ·influence of the interface kinet-
ics is.taken into·account, supersaturation will be 
about two fold (Ref. 16). Moreover, the supersatu
ration depend.ed on the number of crystals nucleated 
in this manner. 

2.2 ·Peculiar sbapes of snow crystals made a.r-cifi
::.ially 

A number qf experime!lts ... ,rere carried out 3.nd 
re:peated lL.'1.der v·arious air conditions in the cold 
chamber. Many kiGd.s of peci.,1_lia.r shapes -;,1ere ::i1.ad2 
a.rt2.ficially. The •rarious types of peculiar sl:1s,r,es 
-were a~.:: follows. Typical pecu::Us.r :s.h3pes of snc.,-vr 
c.rystoJ.s rr,e..d.c a.!·tificiB.lly were sho·"'m. in Fig. 3 (a) 
to ( f} . Crystal (a) shows one of the t~fpical pec\1-
liar shapes of snow \..'.rystals wit:-, Ta. ::: -23°C. This 
crystal as Seen in fi~ure grew· :predominS11tly tows;rd 

Typical examples of artificial snow crystals 
of peculiar shapes. 
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Fig.4. F're(luency histograms of the production of 
each shape of snow crystals. 

one direction from the center of the crystal which 
10ss mainly composed of colUIDJ:ls. Th~· hex~gonal· 
J _3.:t-es were seen growing on the linear assemblage of 
c:-::luinnar crystals. An average growth rate of this 
c.cystal was about 0.4 µm•s·1 • This growth rate was 
greater than theoretical gro½rth rate along the 
[1010] and [0001] directions at water saturation. 
Crystal (b) grovm at -22.5"C is an examp~e of the 
crystal in which incomplete columns appear on the 
linear growing part. Ac-axis ~f the linear grow
i.ng part was different from that of incomplete col
umns. In these two crystals the structure of cou
pling is unknown. The c~ystal which grew alter
nately on ·ooth sides of the growth direction is 
sho-wn in (c). The c-axes were different between 
both sides of the gro;;Jing part of the crystal. The 
g:-owtb, tempe~~atur~ of this cryStal was -20°C. !?-e 
average grovch rate of this crystal was 0.12 µm•s 
The scrolls at the initial stage of gro-t·lth changed 
to incorn:9lete columns as the crystal grew, The 
crystal shovn ir. '( d) seems to correspond to 11 Gohei 11 

C 

C 

Fig.5. Schematic figure_ 
of nGohei 11 type 
crystals. 

F~g.6. Photographs of "Gohei" type crystals. (a) and 
(b): artifjcial, (c) and (d): natural. 
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type which has a twin scructure. Using the cross 
nicols on this crystal, it was clear that the c-axes 
were different between both sides of the center line 
of the crystal., This crystal continues to grow at 
-24°c. Crystal (e) is a polycrystalline snow crys
tal which had many c·olumns.. The direction of the 
c-axis of the lonv, scroll was made at a right angle 
to that of the short scrolls. A scroll continuous
ly originated and grew to a column as time passed. 
The temperature which this crystal grew was -30°C. 
Crystal (f) was made at -25°C and was a linear 
ass.emblage of incomplete columns. The crystals 
made artificially as described above had be 0 n al
ready observe~ in the natural environment lnefs.1-6~ 

3. 3 Frequency of occurr.ence of peculiar shapes of 
snow crystals 

The frequency- of occurrence of peculiar shapes 
of snow crystals was examined in Arctic Canada (Ref. 
15). It wRs reported that.the falling frequency of 
the peculiar shapes against other basic and regular 
shapes was 3 to 4% on the average although sometimes 
this rate reached a maximum value of 9%. To com~ 
pare the frequency of occurrence of peculiar shapes 
of artificia.l snow crystals against that of natural 
snow crystals, experiments were made using a newly 
construct·ed diffusion type cold chamber. Artifi
cial making of snow crystals was carried out under 
the conditions of Ta= -22.5°, -27.5°, -32-5°, and 
-37-5°C and 6T = Tt-Tb = 20°C. The crystals grown 
on filaments in the chamber.were classified into 
seven types depending their shapes, namely, columns, 
combination of.bullets, co.mbination of columns, com
bination of columns and plates, radiating assemblage 
of plates, crossed-plates, and peculiar shapes. 
The percentages of these crystals to the total num
bers ·examined were calculated at each temperature. 
Results are shown in •Fig.4. The numbers in the 
upper part in the figure show the total numbers of 
snow crystals made at each air ~emperature, Ta, in 
the chamber. The ordinate shows the frequency of 
occurrence of each shape of snow crystals. The 
percentages of occurrence of peculiar shapes were 
9% at -22.5°C, 4% at -27.5°C, i% at -32.5°C, and 
2% at -37-5°C, respectively. 

The frequency of occurrence of the peculiar 
shapes to the basic and regular shapes of snow crys
tals was 3.4% on the average of all data. The 
result seems to be equal.to the frequency of pecu
liar shapes in natural observations (Ref. 15). 

3.4 Formation mechanisms of "Gohei" tyPe crystals 

"Gohei" type snow crystals which are the m•,st 
typically polycrystalline peculiar. crystals in 
natural conditions wene also made artificially. 
These crystals were defined as follows; (l) poly
crystalline, (2) symmetry, (,3) closed tip, (4) mul
tiplicity. A Gohei type crystal is shown in Fig.5, 
schematically. Examples of Gohei type crystals are 
shown in Fig.6. The tip angle a (Fig.5) of artifi
cial Gohei type snow crystals were 78°. (Fig.6 (a)) 

'and 55° (Fig.6 (b)). . 

In order to study the presence of a rule in the 
tip angle of Gohei type, microphotographs and repli
cas of pohei ,· type crystals which were taken and re
plicatid in the polar region were available for ex
amination (Refs. 1-6). ~he total nll!llber of crys
tals examined in this analysis was 116 of which 53 
were taken by microphotographs. The result is 
shown in Fig.7. It was found.that the.number'fre
quencey of tip angle had a maximum peak around 77° 
and a minor peak around 54°. · The distribution 
around 66° was indistimct. The Gohei tY.Pe crystals 
which were obser··ed in the polar region ·are indica
ted in Fig.6 (c) and (d). 
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Fig.7. Frequency histograms of the tip angle (a). 

coming clear by the observation of snow crystals in 
natural environment and the experiments of artifi
cial making of snow crystals. (1) There was a rule 
in the tip angle of Gohei type, (2) Gohei type crys
tals grew as a part of combination of bullets, and 
( 3) the condition of saturation at the nucleation was 
at or near the water saturation. Therefore, it was 
concluded that Gohei type crystals grew from frozen 
cloud droplets. From these results, it was con
sidered that a polycrystalline snow crystal was de
fined by their c-axes when a cloud dropiet was 
frozen, and if at that time two prism planes grew 
and crossed each other having a small angle,,their 
crossing planes grew as a Gohei type crystals. 

The formation processes of axial angle between 
the c-axes were considered by the same manner a~ 
Uyeda and Kikuchi (Ref. 17). It was assumed that 
the polycrystalization in a frozen water.droplet was 
formed according to the cubic structure model on a 
basal plane of ice (Ref. 14). When polycrystali
zation commenced on a basal plane of a hexagonal ice, 
the direction of the c-axes of C1, C2, ... and C6 
indicated in Fig.8 would be constructed in the water 
droplet. Further, if a cubic structure was_ formed 
again on a basal plane of the crystal, of which c
axis was one of the c-axes of C1, C2, ... and C6, 
six new directions of the c-axes would be made as 
shown on the right hand side in Fig.8. 

Here new directions C1, that is, -six new direc
tions C'11, C'12, ... and C'16, were taken toward C1. 
Similary, six new c-axes were formed on.each of C2, 
C3, ..• and C6- The six new c-axes on C2, C3, · .•. 
and C6 were symbolized as C'2 (C'21, C'22, ... and 
C' 26) , C ' 3 ( C ' 31, C ' 32, ... and C '36) , ... arid C '6 
(C'6l, C'62, .•. ~nd C'66). Thus, new c-axes of 
36 directions were formed. By the combination of 
two of the new c-axes, the axial angle between the 
c-axes was calculated. · · 

Selecting one of the directions of these c-axes 
and one of the directions of three a-axes, one prism 

C, 

Fig. 8. Ari arrangement of the c-axes. 
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Fig. 9. '.ngles of a' 
and B of "Gohei" 
type crystals. 

Table 1. Calculation results 
of the angles of a' 
and fl. 

plane was decided. The crossing angle of two prism 
planes, B, was calculated. A combination of two 
prism planes.satisfying the following two condi
tions is listed in Table 1. The conditions were 
(1) S < 20° and (2) two c-axes were in symmetry with 
respect ·to.the crossing line of two prism planes 
i(Fig.9). An a' indicates a supplementary ~ngle of 
angle between c'-axes of two prism planes y. a' = 
'78° and S = 13°, a' = 56° and S = 19~ and a' = 68° 
and S = 18° (a' = 66° and S = 11°) which were marked 
by(*) in Table 1 seem to correspond to the peaks 
,a= 77°, 54°, and 66°, respectively. The reason 
why the peak 77° is predominant seems to be that the 
density of coincidence sites on a composition bound
ary'is larga. 

4. CONCLUSION 

Using a new diffusion type cold chamber, vari
ous kinds· of peculiar shaped crystals were made 
artificially, which had already been observed in 
natural condition. And the production frequency of 
the peculiar shapes was the same value as natural 
snowfalls found in Arctic Canada. Moreover, the 
Gohei type crystals which were the most attractive 
peculiar shapes were'produced artificially. 
Assuming that a crystal took a cubic structure twice 
on the basal planes of (0001) of frozen cloud drop
let at the nucleation stage and prism planes (1010) 
of crystals grew at the initial growth stage, this 
rule in the tip angle of Gohei type crystals may be 

~ceptable as one of the formation mechanisms of 
Gohei type crystals. 
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1. ICE CRYSTAL MOTION INVESTIGATIONS 

Much attention has been paid in the past to 
the motion and aggregation of planar and columnar 
crystals. As long as the crystal remains steady on 
its trajectory, one can describe its behavior by 
simple terms, such as the aerodynamic drag or the 
steady settling velocity. Both parameters are 
functions of the corresponding Reynolds .number· (Re) 
and Best number (Be). The last parameter can be 
expressed as a function of the corresponding drag 
coefficient (C ) and Re. From the extended 
discussion of tRis subject by ·rruppacher and Klett 
(Ref. 9) and other investigators, one can make the 
following conclusions: 

In most of the theoretical studies a good 
agreement between the numerical solution and 
experimentally fou~d flow field around a thin disk 
was ·found for Re < 100·, From the experiments by 
Willmarth et al. (Ref. 15) we learned that the 
shedding of vortices behind a thi_n disk starts at 
Re ~ 100. At this Re it is assumed that a thin 
disk starts to oscillate and its amplitude 
increases with increasing Re, until a 
glide-tumbling motion originates. 

The fall of columnar-type models, approximated 
often by cylinders of different ratio of the 
cylinder diameter, d, and length, L, was 
investigated theroretically and experimentally as 
well. Analytical solutions are usually related to 
the classical approach by Lamb who calculated the 
drag per unit length of an infinite cylinder as a 
function of Re. For Re> 0.2 one has, however, to 
resort to a numeri-cal solution. which was presented 
by s~veral authors. The standing eddy on the 
reverse side develops· at Re 6.0 and grows 
linearly with increasing Re until Re~ 40.0. At Re 
> 40.0 the shedding of vortices was observed in 
accordance with tho numerical models. 

The non-steady motion of falling planar models 
was studied by Podzimek (Refs. 4, 5, 6, 7), 
Schemenauer (Ref. 11) Stringham et al. (Ret. 14), 
List and Schemenauer (Ref. 3), and Sasyo (Ref. 
10). These investigations are based on several 
simplifying assumptions and present often only the 
simple deicr!ption of the model trajectory, without 
any casual relationships between the observed 
parameters. First at tempts to analyze .in detail 
the motion of a free falling disk at 2200 < Re < 
4450 were made by Stewart (Ref. 12) and Stewart and 
List ( Ref. 13). 

The purpose of this- contribution is to review 
the old measurements with planar. and ·columnar 
models falling in'liquids, Podzimek (Refs. 4, 5, 

and 6) and to complete them with the studies of 
falling planar models in the air, Podzimek (Ref. 
8). Further, an attempt will be made· to summarize 
some of the measurements with several 
aerodynamically interacting models. 

2. EXPERIMENTAL FACILITIES 

The experiments with aluminum models falling 
in a mixture of glycerol and water .were performed· 
i~ a glass tank of main dimensions 1.5 x 0.6 x 0.6 
m. The motion of a falling model was recorded by 
two movie cameras, one placed approximately 100 cm 
in front of the side wall and the other 50 cm above 
the top of the tank. Records with 24 frames per 
second were made after the model resumed its steady 
mode of motion (between 30 cm and 50 cm from the 
liquid surface). The correction on the 
hydrodynamic effect of the wall proximity was 
usually less than 1%. The liquid viscosity was 
controlled before each experiment during which the 
liquid temperature was kept -constant within + 
0.05°C. Probable errors in determining_ the model 
fall velocity from the projected pictures. were 
smaller than + 3% (resp. + 7%) for planar. models 
falling at Re < 200 (resp. Re < 6000). For 
columnar models these errors were slightly lower. 
The models were made of aluminum with the diameter 
of the circle circumscribed to plates and stars 50 
mm (thickness h = 1.5 mm), 20 mm (h = 0.5 mm) and 
10 mm (h = O. 2 mm). The diameters of columnar 
models were 20 mm, 10 mm, 5 mm with the d/L ratios 
l; 1/2; 1/4; 1/6. 

Experiments with falling paper models were 
made in a large plexiglass cylinder or i~ a large 
environmental chamber adapted for the phot·ographing 
of the models illuminated by strobo-flash.
Estimates about the third dimension of the model 
trajectory were made from the comparison with the 
scale picture distorted by the perspective. That 
explains larger errors (_±: 15%) in determining the 
model position in the direction of the photographic 
camera· optical axis in comparison with the two 
cooroinates perpendicular to it (mean error smaller 
than+ 6%). The evaluation of the mean errors in 
determining the model position -refers to the 
projection of the 35 mm film record on the screen 
at a magnification 10:1. The influence of a side 
wind (0.7 m/s to 1.0 m/s) on the mode of settling 
of planar models has been studied in the same 
environmental chamber (4.10 x 1.70 x 4.00 m) which 
was converted into a low speed wind tunnel with the 
cross-section of the experimental space of 1.80 m x 
1.67 m. A detailed description and sketch of the 
tunnel was published elsewhere, Podzimek (Ref. 8). 
Toe models falling in the air were' cut out £5 high 
quality paper of the density, P = 0.97 g cm , and p 
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thickness h = 0.017 cm. A few models were made of 
styrofoam 0.15 cm a~d 0.50 cm thick. 

3. CHARACTERISTICS OF THE STEADY FALLING MODELS 

3.1 Plate-Type Crystals 

Figure 1 summarizes the results of experiments 
with disks made in liquids, Podzimek (Refs. 4, 5, 
6) and in the air, Podzimek (Refs. 7, 8). At Re< 
2 the measured data agree very well with the theory 
and experiments of other investigators. For 2 < Re 
< 30 the measured values of C are closer to the 
curves obtained by Oseen or Pitter than to that 
calculated by Oberbeck [Pruppacher and Klett (Ref. 
9, p. 333)]. Between Re = 30 and Re = 100 a 
transition from a quiescent fall to markable 
oscillatory motion develops. At Re > 100 a 
substantial difference between the observed mot ion 
in the liquid and in the air is apparent and the 
values of Cil vary considerably over the domain of 
Re between 100 and 1500. The increase in CD beyond 
Re = 1000 is explained by the fact that C is 
related to the vertical component of the set&ing 
velocity v (and therefore to Re) which, however, 
becomes smfller than the horizont~l component v at 
an intense swinging. There is a large scatterxand 
poor response of the CD points calculated from the 
measurement in liquids (mixture of glycerol and 
water - marked in Fig. 1 by circles o) and in the 
air (marked by o). The disk motion in the air is 
characterized often by temporary gliding or 
tumbling, especially at side wind conditions 
(marked by /',). This will be discussed in the 
section of unsteady model motion. 
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Plates with outgrows and star-like crystals 
show much greater stability of movement than simple 
plates and plates with large sectors. In Fig. 2 
are plotted curves of C = f(Re) for a disk (PD-1) 
and several planar mode~s (PD-f and PD-5 to PD-11) 
the shapes of which are drawn next to the li1213s 
representing a simplified relationhip CD = A.Re • 
The lines are the best fit to the points calctlated 
fre>m the velocity of fal.ling models, their 
geometry, weight and parameters characterizing the 
state of the fluid. Only· the individual points for 
a ·disk (PD-1) are plotted. Practically, all lines 
in Fig. 2 are parallel for 1.0 < Re < 100.0. The 
lines are norinalized and refer to an "equivalent 
disk" corresponding to ·the main cross-section of a 
hexagonal plate (PD-2). After comparison of the 
position of individual lines, one concludes that 
the lines for plate, plate with outgrows and star 
with large sectors (PD-2, PD-5, PD-6) are almost 
identical, while scar-type and dendritic models 
deviate considerably from the "equivalent disk" 
substitution suggested by Jayaweera (Ref. 1 Y. 

3.2 Columnar-Type Crystals 

The steady falling columnar crystals are 
characterized by the curves CD= f(Re) where Re is 
referred to the diameter of the circle 
circumscribed to the hexagonal base of the column, 
d, CD depends also on the ratio d/L, where Lis the 
column length. Fo1 the range 1 < Re ~ 100 is 
suggested a simple relationship CD= AcRe- c, which 
is simpler than r~e empirical formula suggested by 
Jayaweera and Cottis (Ref. 2).· 

In Fig. 3 are plotted lines representing• the 
bestBfit of measured data to the relationship C,., = 
A Re c for cylinders with the ratio of 'the 
h~xagonal base diameter, d, . to the length of the 
column, L, l:.l(C-1), l:2(C-3), l:4(C-5) and 
l:6(C-6). The model C-1 (with an axis ratio of 
1 :2) was slightly different than the other three. 
It had a hollow conical space on both ends the 
depth of which was equal to the radius of the base. 
From Fig. 3 and other experiments one can deduce 
the following characteristics of falling columns: 

· Be 
The forl)lula c

0 
= AcRe is a reasonably good 

approximation to the measured values for a long· 
cylinder [P-K line in Fig. 3 was replotted from 
Pruppacher and Klett (Ref. 9)] especially if 
compared to long columns (C-5, C-6). 

Model C-1 (with an axis ratio l:i) fell at 7 < 
Re< 150 with the main axis in the direction of its 
vertical path. Around Re = 150 the model started 
to fall with its main axis ·in horizontal position. 
At Re corresponding to several hundreds the model 
started to oscillate along its main axis (in 
horizontal position) and performed a slight 
trochoidal movement along its path. The trajectory 
was slightly inclined from the vertic,sl (3° to. 8°). 

Columns C-3 and C-5 remained steady with the 
main axis in horizontal position until Re= 200 and 
then began to swing slightly and deviate (6° to 
11°) from the vertical. 

The influence of hollow spaces at the ends of 
columnar crystals on the value of the drag 
coefficient, CD' is insignificant_. The ratios of 
CD ( solid model)/ CJ) ( with hollow space) have the 
following values for Re = SO and Re = 200 ( in 
parenthesis): ·For axis ratio 1/2 1.1207 (1.1580), 
for 1/4 1.0430 (1.0672) and for 1/6 1.0325 
p.0517). 
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Fig. 3 
The behavior of pyramidal models with the 

angles at the top 60"· (model PY-1) and 30° (PY-2) 
can be characterized in the following way: PY-1, 
at Re between 13.4 and several thousands, usually 
fell with the tip down. However, the position was 
not stable. At Re = 39.2 the model fell a long 
distance with the tip up. Model PY-2 settled 
quietly with the. tip up at Re below 25. Around Re 

50, it increased the amplitude of the 
processional movement. At Re = 100 the model 
started to fall with sideways its main axis 
approximately in horizontal position. The CD 
values for steady fall (tip down or up) were: 

3.95 Re -0. 213 • 

Several columnar models with a pyramid at the 
end were investigated: Two columns with the height 
of one diamete·r of the base. One had a pyramid 
with the angle 60° (PJ-3), the other with 30° 
(PJ-4). Two columns with the height of two 
diameters of the base and the pyramid top angle 60° 
(PJ-5) and 30° (PJ-6). In general, it can be said 
that bullet-type models of crystals fall quietly 
with their major axes in horizontal position up to 
Re = 100. For this region of Re (related to the 
vertical component of the velocfty of a falling 
model) the CD values are: 

PJ-5 CD= 3.05 Re
2
-0.l65; PJ-6 .CD= 2.55 Re

2
-0.l 32 • 

Due to the hydrodynamic forces 
with a pyramid at the end, the 
direction opposite the tip of 
its fall. This horizontal 
velocity of falling bullet-type 
in Fig. 4. 

10 

Fig. 4 

acting on a column 
model moved in the 
the pyramid during 
component of the 
models is apparent 

4. UNSTEADY MOTION OF SWINGING MODELS 

4;1 Planar Models ----------
Time lapse camera ar,j stroboscopic· pictures 

allowed identification of the following parameters 
featuring each fa 11 experiment: Model velocity, 
V(V ,V V ) , angular velocities of motion, w (w , 
w ,at )~ 2

angle of attack of a planar model' X' 

fteq~ency, n, amplitude /i and "'wave" length of the 
oscillatory motion, A • From these parameters ·and 
from the knowledge of the model weight, geometry 
and from the known fluid properties (viscosity, 
density) the parameters of similarily were deduced 
such as Re, Best number, Willmarth's stability 
number and Strauhal number. An _attempt was also 
made to relate some of these parameters to planar 
models performing an oscillatory motion during 
their fall in fluids, Podzimek, (Ref. 7). The main 
conclusions from these studies are the following: 

The comparability of the experiments with 
swinging models made in liquids and· in the air is 
poor, and the author believes, impossible. Tn Fig. 
5 we plotted the amplitudes, /i , of regularly 
oscillating planar models in a mixture of water and 
glycerol and the amplitudes of a paper disk falling 
in the air. The difference in slope of both curves 
for 700 < Re < 3000 (unrealistic in nature) is 
obvious. It "can be explained by energy transfer 
during a model motion in liquid and in the air 
which causes a spectacular difference -½' model 
acceleration in a liquii!_/ up to 200 cm s · and in 
the air (up to 1000 cm s ). 
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Fig. 5 
Slight side wind (0. 7 m s -l) has a markable 

effect on the mode of falling models for Re> 900, 
however, it does not affect much the mean velocity 
of settling models. 

4.2 Columnar Models 

The studies of the falling columnar models 
were performed mainly in liquids, where it was 
possible to follow the model slight oscillatory 
motion at Re ) 200 with high accuracy. At Re 
exceeding several hundreds the columnar models· 
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start to twist around their main axis and their 
wave-like path reminded a trochoid-type curve. 

The swinging of bullet-type (column with a 
pyramid on the end) models is featured by a 
sideways component of fall motion (Fig. 4) and 
usually by a complicated· precession of the main 
axis. The periodically appearing instability of 
movement 
surpassed 
the case 
(PJ-3). 

is fully developed after the models 
Re = 2000 and started at smaller Re in 
of shorter pyramids and shorter columns 

5, AERODYNAMIC INTERACTION OF SEVERAL FALLING 
MODELS 

Planar crystals interact if they are closer 
than one diameter sideways and less than five 
diameters in the wake of their precursors at 50 < 
Re < 80. In Fig. 6 are plotted positions z of 
hexagonal plate models (measured in diameters, D, 
of the leading plate) in the wake of the plate of 
the same size. The position, z, of the le~1ing 
plate settling at a mean velocity of 13.l cm s is 
expressed also in plate diameters, D. Two 
different observations are plotted in the same 
figure: a) leading plate falling at mean Re= 55.7 
is followed by the same plate which will acquire in 
the wake of its precursor the mean velocity 
corresponding to Re = 78. 2. At the time t = 0 
their distance was 3.15 D, b) Two plates follow 
the '"leader'" of the same size and aggregate 
successively with it. The leading plate is falling 
at a mean velocity corresponding to Re= 49.4, the 
third one aggregated first with the second one and 
t_hen both reached in the "leader's" wake a velocity 
corresponding to Re= 60.2. 
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Fig. 6 
of systematic experiments with 
concentrated on the aerodynamic 

long columnar models (C-6) with 
crossed and parallel main axes. 

6. CONCLUSION 

Useful relationships were found between the 
mode of movement of falling planar and columnar 
models simulating the fall of ice crystals in the 
atmosphere and the important parameters such as CD' 
Re and Best number. 

The ·fall of compact planar models tan be 
approximated by an "equivalent disk" diameter for 
Re< 70, 

The effect of a side wind of 0.7 m s-l on the 
mode of motion of a planar crystal is 
However, it affects only slightly 
velocity of planar models. 

considerable. 
the settling 

The comparison of model settl~ng 
characteristics in liquids and in the air is 
satisfactory for Re < 200. However, for Re> 500 
the deviation of calculated CD is ·1arge due to the 
different mode of oscillatory motion in both media. 
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l. INTRODUCTION 
·rhere is little data available of the 
collection ejficiencies of soft-hail pel
lets for ice crystals. In laboratory 
experiments, the numbers of ice crystals 
collected by 360µm and 3mm diameter ice 
targets were determined and corresponding 
values of collection efficiency of around 
0:1-0.2 and 0.3 respectively were found 
(Ref.1,2) These workers used small va
pour grown ice crystals up to a mean size 
of Sµm for which they assumed a collision 
efficiency of unity with th& ice target. 
In clouds,° the ice crystals have time to 
grow to larger sizes for which collection 
efficiency data is not available. 

Recently, a new method of measuring col
lection efficiencies has become available 
following studies· of ·the electric charge 
that is separated when ice crystals 
bounce off a riming ice target. This 
work had an objective of simulating thun·
derstorm charge transfer processes in the 
laboratory. The techniques developed 
proved to give reproducea ble res ul-ts as 
long as the cloud conditions, which were 
closely monitored, were reproduced. (Ref. 
3). In these studies, ice. crystals were 
grown in a .cold room, up tc l00µm in 
s.1.ze, from a_ cloud of supercooled water 
droplets. The cloud was nucleated by the 
brief presence o·f a· fine wire cooled in 
liquid nitrogen. A target rod, represen
ting a soft-hail pellet, was either moved 
through the cloud on a rotating frame or 
was held stationary while the cloud was 
drawn past it, During the interactions 
of the ice crystals with the riming tar
get, the current to the target was mea
sured. The moving tar'iet was used up to 
speeds of about 3.6m s , but above this 
speed, unwanted rotational forces were 
avoided by using a stationary target. 

During ice crystal collisions with the 
riming target, electric charge was 
transferred across the crystal/rimer in
terface, so that crystals which separated 
from the rimer removed charge. The nett 
effect of many such interactions was to 
produce a current to the rimer which 
passed through an amplifier to earth and 
could be measured. ·Thus, with a know
ledge of the ice crystal concentration, 
the charge transfer per collision could 
be estmated by assuming a collision effi
ciency of uni~y. Also of interest is the 
size of the charge removed by each sep
arating crystal. The separation pro
bability is a function of whether most of 
the colliding crystals leave the rimer 
with a small charge or whether only a few 
of the colliding crystals separate but 
with a larger charge. The product of the 
sep~ration probability (the fraction of 
colliding crystals that separate) and the 
collision efficiency ( the -fraction of 
crystals in the geometric path of the 
rimer that impact) is here called, the 
Event Probability, (EP). 

By simultaneously measuring the current 
to two ri~ing targets of -different 
diameter, -the ratio of tne currents may 

be obtained which is related to the ratio 
oJ; their EP values. One of the targets 
consisted of a fine stainless steel wire 
of 0.25mm diameter, for which the Event 
Probability may be taken as being· close 
to unity. An upper value of EP for the· 
other, thicker, riming target can then be 
determined. If d and Dare the diameters 
of the thin and thick riming targets, of 

equ:: l:n( i: ~( ~~=:: 
D \I/\.D/d 

where I is ehe current to each target. 

2. THE EXPERIMEN'l' 
Two riming targets were mounted across 
the end of an open tube of diameter 38mm, 
the other end of which was connected to a 
suction pump. The tube· was mounted 
within the cold room so that a cloud of 
supercooled water droplets and ice crys
tals could be drawn past the targets at a 
known speed. Both targets thus experien
ced identical cloud conditions. The 
targets were insulated from the suppor
ting tube and the currents to them were 
monitored during crystal interactions. 

The figure shows the results at three 
temperatures and three velocities for a 
target of diameter 5mm. Because the 
small currents were hard to measure a 1 low velocities, the results at 3.6m s
were obtained with 30cm long targets on a 
rotating frame which provided- a higher 
rate of interactions than did the shorter 
stationary targets. Rotational effects 
were not found to cause problems at low 
v .ocities. Each point on the figure is 
the average of about 30 individual ex
periments. Throughout each experiment, 
the ice crystals grew to a maximum size 
of about l00µm before they fell out of 
the cloud; however, at large sizes, there 
were so few crystals left that the cur
rent was immeasurable. The effect of 
crystal size on the EP values was not 
found to be as great as that of temper
ature, hence all values plotted on the 
figure shown are average results obtained 
for ice crystals in the size range 30 to 
60µm. The error bars for ea.ch point 
indicate the standard deviation of the 
mean of the 30 values of EP while the 
lines are best fits having coefficients 
of determination close to 0.9. The 
values of EP for the thicker target were 
calculated assuming that for the thinner 
target EP =l. EP may be slightly less 
than unit~ but in view of the size of the 
errors involved, small changes in do 
not significantly alter EP values. In 
any case, the values sho~n are maximw~ 
values of EPD. 

3. CON CL US IONS 
The results show that the event probabi
lity increases at colder temperatures in 
line with the generally observed decrease 
of "stickiness" of ice at lower tempera
tures. The coilision efficiency is unaf
fected by temperature, hence the graphs 
represent the effect of· temperature ·on 
the separation probability of ice crys-
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tals impactin9 on a riming target. There 
is no evidence here of the otservation 
(Ref,ll that the collection efficiency is 
higher at -ll°C than at warmer or colder 
temperatures. 

The increase of EP-values with higher 
velocities indicates that the impacts are 
not modelled well by the concept of de
formable ice crystals hitting a soft ice 
surface - the crystals behave more like 
rigid spheres bouncing off a firm sur
face. However, there may be break-up of 
th~ crystals during the collision and 
evidence for or against this is being 
sought at present. 

The values of EP are s urpr is ingly low. 
If a collision efficiency of unity is 
assumed, then the event probability 
ranges between'0.l and 0.5 corresponding 
to adhesion efficiencies of between 0.9 

0.6 
Event 
Probability 

·o.s 

I 
0.'4 

0.3 

0.2 

0.1 

2 3 4 5 6 
Velocity 

1 .. 

and 0.5. The results indicate that soft
hail and hailstones will collect ice 
crystals in clouds although this is not a 
well-documented observation. In order to 
verify that ice crystals are retained on 
the rimer surface, a fresh rime sample 
was scraped off a rimer target and ~as 
viewed through a microscope.. Indeed, ice 
crvstals could clearly be seen trapped in 
th~ lattice of frozen supercooled drop
lets. 
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ABSTRACT 

On the basis of a great number of our experi -
mental data. in new wedge-s.ha.ped chamber whicw has 
stable enviromental conditions and we can measure 
three dimension sizes of ice crystal easy in here. 
A new model of ice crystal ha.bit variation with tem
perature and ice supersaturation, and another new 
model of ice crystal ha.bit variation with tempera
ture and vapor deru,ity excess have been presented in 
the paper. In.lower ice supersaturation, they are 
different from former models which were used about 
20 years, New models are much better than former 
models, and more closed natural observational re -
sults, 

Keywords: Cloud Physics, Ice crystal, Chamber, 
Model, Experiment, 

1. FORMER MODEI,S 

It is well know, the law of ice crystal in tem
perature - ice supersaturation field is a very im
portant and basis problem, During recent 30 years, 
many scientists engaged a lot of experimental works, 
and got a volW!le of data of ice crystal growth. Many 
models of ice crystal growth law had been summa -
rized by use of above data, 

On the basis of M. Ranajima.'s (1949, Ref,1), U. 
Nakaya's (1951, 1954 and 1955; Ref.2, 3, 4), and J. 
Hallett and B. J. Mason's (1958, Ref. 5) etc. expe
riments, J. Hallett and B. J. Mason (1958) presented 
first model in which there hadn't data of lower ice 
supersaturation region. In 1961, T. Kobayashi (Ref. 
6) firstly got a few data of ice crystal growth in 
lower i~e supersaturation region, and gave his fa
mous_model on the basis of ~ormer models and his 
new data. During recent 20 years, many scientific 
papers and books on Cloud Physics or Atmospheric 
Physics applied his result. For example, N. H. 
Fletcher's book (1962, Ref,7), P, V, Hobbs's book 

50 

-10 -15 -20 -25 -30 

TEMPERATURE {"'c) 

1974, Ref,8), D. Rottner and G. Vali's paper (1974, 
Ref.9), Ta.kehiko Gonda's paper (1974, Ref. 10), R, 
R, Rogers's book (1976, Ref,11), R. µacmann's paper 
(1977, Ref.12), H, R. Pruppacher and J. D, Klett's 
book (1978, Ref,13), T. Kuroda and R. Lomann's pa
per (1980, Ref.14), and H. R. Pruppacher's paper ( 
19811 Ref, 15) etc, That means T, Kobayashi's model 
was very important and basic. In 1978 only, H, R, 
P'l"Uppacher and J. D. Klett (Ref.13) modified his mo
del a little according to B. J. Mason's (1971, Ref, 
16), J. Hallett and B. J. Mason's (1958, Ref.5), and 
D. Rottner and G. Vali's (1974, Ref,9) etc.works. 

Now, a former variation model of ice crystal ha.
bit with temperature and ice supersaturation and 
another model of ice crystal ha.bit wi.th temperature 
and vapor density excess (H. R. Pruppacher and J. D. 
Klett, 1978, Ref.13) are shown in Fig.1 left and 
right. They are former basic models which were got 
by T, Kobayashi (1961, Ref;6) and were used about 20 
years. Fig.1 is a new modified models by H. R. Prup
pacher and J, D. Klett (1978,Ref,13), but there are 
three problems in the model. 

(1). They were qualitative data, so· it wa,,s very 
difficult for distinguishing many kinds of ice cry
stals, specially near the boundary. 

(2), There were a few data in lower ice super
saturation (i. e. below water saturation line), and 
it was not good to use them for deciding model. 

(3), T. Kobayashi's (and et. al) data weren't 
accurate, for example, he §8-vethetemperature range 
was -10°c,:,,r > -20°c, or -23 C > T ) -32°C etc. a a 

We believe that it is very necessary to do more 
experiments and get a lot of accurate data, then to 
improve former models. 

0.28 

'E 0.26 
~ 

"' "' w 

0.20 

u 0.16 
X 
w 
>- 0.12 
,_ 
~ 0.08 
w 
0 

a:: 0.04 
0 
a. 
< 
> 0 

(bl 

SOLIO TO SIC(UCTON j "'"-TEI'! 

TM!'" Pl.ATES I _.S4TUIU,Tt0N 

_ _ _ thhoi<o.:z __ J ___ _ 

HOLLO so1..10 TO s,n:uo:TO!'< li-ioLL0"' 
ow..... noc=; ,.,._..,TES lco1..u .... 
___ O.'Z<:hhol<1.o __ L ____ _ 

- - :o~~:1 V(R:h;;~~~;~nc ~~ho/~l:>-',04LU"'" _ 

l!'.0UILl8"1•U"' SMAPf:T -

-10 -20 -30 

TEMPERATURE {"'c) 

Fig. 1, Variational models of ice crystal ha.bit with temperature and 
supersaturation (a, left)', and temperature and vapor density 
excess (b, right) (from H. R. Pruppacher and J. D. Klett,). 
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lJurin~; recent three ·years, we got accurate and 20 .,.,, 
a great number of data ·of ice crystal growth by use 
of a new wedge-shaped ice thermal diffusion chamber 
which h..as staole enviromental conditions and can 
measure three dimensicn sizes of ice crystal easy 
(N. F'ukuta, G. D, Swoboda and Ang Sheng Wang, 1982 
Ref. 1 /; Ang Sheng Wang and N, Fukuta, 1983, Ref, 
18), According tc above a volume of data and other 
conditions, we studied the law of ice crystal growth 
and gave new models. 

Firstly, a quantitative classification of ice 
crystal has been given in Table 1 (Ang Sheng Wang 
and N, F'ukuta, 1983, Ref,19) and will be used in 
this paper, Their objective definition is diffe
rent from qualitative and subjective definition of 
ice crystal form, So it will be careful to compare 
our data with former author's data. 

Secondly, quac~titative experimental results of 
ice ~rystal habit variation with temperature and 
supersaturation have been presented in Fig,2, The 
number of every points in Fig.2 is 2a/~ value in 
thatpoin-t when growing time of ice crystal is eg_ual 
50 minutes. It represeits the form of ice crystal 
in that point according Table 1¢ At same time, i20-

lines of 2a/c ( for example 0.1, 1, 2, 5, 10, 20, 
a..-rid 40 etc,, .i~olines ) is dra1,,;11. in Fig¢2 for dis
tinguishing different kinds of ice crystal ~s Table 
1., The=e are about 120 pointz in lower ice super
saturation region (i .. ee below water saturation)., 
The number of data is much more than former auther' 
data, and every 2a/c is got fr~m meaeuring 2a and 
~, so this re!!ult ie1 better than former data. 

According to quantitative experimental results 
as Fig.2 ( time: 50 min.) and similar data ( but 
different time) (Ang Sheng Wang and N, Fukuta, 19 
83a, Ref. 18),a new variational model of ice crystal 
habit with-temperature and ice 21upersaturation has 
been presented in Fig.3. It is very clear that the 
new model is similar to F'ig.2, but it iei more ideal 
and different from former model (see Fig.1 left) in 
lower ice supersaturation (i.e. below water satura
tion) region. Two centers of this model are needle 
ice crystal region ( 2a/cs0,1, near T=-5°C and 
( Si - 1 ) is higher than 6 % ) and dendrite or 
spatial plate -- very thin plah region ( 2a/c > 20, 
temperature i21 from near -12°c to -18°c, and (Sc1) 
is higher tha::i. 8 % .) ., Around above two centers, 
all kind.s of ice cryste_l char.ge gradually • For 
example, there are thin plate, thick plate, prism 
and needle ice crystal, ac,d 2a/c changes from about 
20 to 10, 5, 2, ·••to 0.1 gradually, and so on ( 
temperature is from -15°c to -5°c ). We can find 
that the diE!tribution of ice crystalkind11 a.s close 
a~ symmetric to two centers of dendrite and needle 
ice cry2-Cal regions,. Another characteristics of our 
modsl is a" vlulff's theory region" which is in 
( Si - 1 )=O - 6 % region and temperature is from 
~bout -10 or -15 8 C to -30°c. In this region, 2a/c 
i2' close about 1 .5 or c/2a!t-O. 7. This value iii 
close Wulff'~ theory ( H. R. Pruppacher and J. D. 
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~'ig. 2 Q,uantita.tive experimental remults of ice 
crystal habit variation with temperature (from 
o0 c to -30°c) and ice supersaturation (from 0 
to 25 %) at time=50 minutes in new wedge -
shaped chamber. 

*W.S.=Water Saturation. 
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Fig. 3 A new variatioD&l model of ice crystal 

habit with temperature and ice·11upersatura
tion. 

Table 1. A quantitative classification of ice crystal by ( 2a/c) 

Sign * - 0 □ t::. ◊ I 
Name of ice Dendrite or 

Very thin plate Thin plate Thick plate Prism Long prism Needle crystal Spatial plate 

2a./c 2a/c > 20 2a/c> 20 20,) 2a/c> 5 5),2a/c > 2 2)2a/c>1 1)2a/c>0.1 o. 1;?; 2a/c 



II-2 NEW MODELS OF ICE CRYSTAL GROWTH LAW IN TEMPERATURE 1 81 

~ ::;:~i· f:,j".R 
- --------·------ , ______ ~'·.,·., 

Fig. a Temperature and humidity conditions 
for the growth of natural snow crys
tals, ( from C, Magone and C, Lee, 
1966, Ref, 20 ), 

Klett, 1978 ), and c/2as:,,1..0,8L In this condition, 
ice crystal ~row in equilibrium situation closely, 

It is very interesting to find that our model 
is similar to C. Magone and C. Lee's ( 1966, Ref. 
20 ) observational result of natural snow crystal 
growth as in Fig, 4, Although their result hadn't 
quantitative data and ice supersaturation, then 
their qualitative obJJervational result of natural 
snow crystal grovth gave JJimilar tendency which 
is like our model. 

when compare our model ( Fig. 3) and observa
tional natural result ( Fig. 4 ), they are similar 
very much in needle, dendrite, ~ery thin plate etc, 
ice crystal regions a,,d their near regions; speci
ally in symmetric characteristic of different kinds 
of ice crystals between - 10°c and - 20°c, In lower 
ice supersaturation region ( near ice saturation), 
it is clear, we only find priwm or thick plate in 
Fig. 3 or Fig, 4, In above region, there are close 
equilibrium condition, and ice crystals grow 
according to Wulff's theory, so the form of ice 
crystals is prism closely. In addition, ice crystal 
form changes gradually from prism to thicJ<: plate, 
thin plate, very thin plate and dendrite and so on 
in near - 15°c, when ( Si - 1 ) increases, we can 
see this similar phenomenon is in above both figu
res, So we can think that Magono's work supports 
our· model by hie, natural olJmervation of snow crys
tal growth. 

3, A NEW MODEL OF ICE CRYSTAL HABIT 
VARIATION \i/ITH TEMPERATURE AND 
VAPOR DENSITY EXCESS 

Same as second section, fi·ratly we give our 
qual-itative re,rnlt of 'ice crystal form in tempe
rature and vapor dinsity excess field in Fig. 5. 
This is first result of a volume of measuring 
data, A/:. lik'e as_ second meotion·, many isoline of 
2a/c ( for. example, 40, 20, 10, 5, 2, 1 and 0.1 
etc. ) was drawn in Fig, 5, according to quanti
tative data ( Ang Sheng Wang and N. Fukuta, 19 
83 b, Ref, 19 ), In comparision of our data ( in 
Fig, 5) with fonner data ( in Fig, 1 right), 'it 
is very clear that their model was ideal too, In 
the situation of lacking data~ former authers ( 
for example, J, Hallett and B. J, Mason, _1958; T. 
Kobayashi, 1961; H. R, Pruppacher and J, D, Klett, 
1978 et, al) ueed isothermohyps and vapor den
sity excess iBoline■ to decide ice crystal form, 
But, our acture data show tha·t later isn't go·od, 
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<l 

because of most boundaries of different kinds of 
ice crystals are slope from higher to lower tem
perature, and aren't parallel to vapor density 
excess isolinese 

According to our a lot of data, a new v~riation
model of ice crystal habit with temperature and va
por density excess has been presented in Fig. 6. It 
is different from former model, specially in low 
ice supersaturation region ( i.e. below water satu
ration). Its characteristics are similar to Fig,3. 
Of course, same as former work, isothermohyps are 
main factor to decide ice crystal form still; but, 
vapor density excess is another factor, and it chan
ges with different temperature, so most boundaries 
of different kinds of ice crysrals are slope and 
aren't parallel to vapor density excess isolines. 
This is very important result. 
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ABSTRACT 

An overall and quantitative studies of growth 
rates of ice crystal at different t.emperature and 
ice supersaturation have been introduced in this 
paper. Authors point out that d(2a)/dt and dc/dt 
plotted as a function of temperature at ( Si - 1 = 1, 3, 6, 9, 12, 15 and 18 %; their changes with 
time; and their characteristics at water ~atura -
tion etc. We can quantitatively calculate 2a and c 
of ice crystal, and decide the form of ice crystal 
by use of those results. 

Keywords: Ioe crystal, Cloud Physics, Microphysics, 
Cloud Cpamber, Ice supersaturation, Tem
perature'!' 

1, INTRODUCTION 

During the fifties of this century, qualita
tive characteristics of ice crystal form had been 
found ( M, Hanajima, 1949, Ref,1;. U. Nakaya, 1954, 
Ref, 2; J. Hallett and B,. J, Mason, 1958, Ref. 3; 
et, al), so many.scientists tried to explain this 
phenomenon by use of the growth rate of ice crystal, 
The linear growth rate of the basal face of ice 
crystal.is different from one of prism face had 
been found, and it can be using for explaining ice 
crystal form, But it was very difficult to measure 
linear growth rates, So B, J. Mason et. al ( 1963, 
Ref,4) firstly measured the mean surface migration 
distance of basal surface only, and they suggested 
the mean surface migration distance of prism sur
face, and used them to explain the forms of ice 
crystals, In 1971, D. Lamb an~ P. V. Hobbs ( Ref,5) 
used experimental metr,d to measure the linear 
growth rates of the basal and prism faces of ice 
crystals as a fun~tion of temperature under water 
vapor, and the excess vapor pressure was constant 
at 10 ~ of mercury. Although their data were dis
persion, but that was first quantitative data, and 
explained some ice crystal form. Because of an over
all quantitative data of ice crystal gro·wth hadn't 
been got, so quantitative explaintion of ice crys
tal fomwas difficult still. 

In 1982 and 1983, the wedge-shaped ice thermal 
diffusion chamber had been used to get a ,ot of 
quantitative data·of ice crystal growth, and we got 
more than 4000 <fu.ta of the largest linear size of 
the basal surface ( 2a) and·the height of prism 
surface ( C) at different ice supersaturation ( 
from Oto 25 % ) and temperature ( from Oto - 30°c) 

~ 
;;-.. 

(fJ 

during about one hour ( Wang Ang Sheng and N, Fu.ku
ta, 1983, Ref. 6 ). According to those data, first 
overall and complete quantitative growth characte
ristics of ice crystal had been presented, On the 
basis of above results, we studied the growth rates 
of ice crystal at different temperature ( T) and 
ice supersaturation ( Si - 1 ). The main result has 
been given as follows. 

2. d (2a)/dt AND dc/dt PLOTTED AS .A FUNCTION 
O'F TEMPERATURE AT DIFFERENT ICE SUPER -: 
SATURATION 

As you well know, the temperature is a. very im
portant factor which decided the growth characte
ristics of ice crystal, so it is necessary to study 
that d ( 2a )/ dt and dc/dt plotted as a·function 
of temperature. 
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The variation of 2a/c ratio plotted 
as a function of. temperature and 
ice supersaturation at 50 minutes 
of ice crystal growth. 
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Fig. 2 Average d(2a)/dt and dc/dt plotted as 
a function of temperature at ( Si-1 ) 
= 1, 3, 6, 9, 12, 15, and 18 :;6, and 
time= 50 minutes. 

First, let us introduce a main result of quan
titative characteristics of ice crystal in Fig, 1. 
Fig, 1 consists of about 400 data of 2a and c. 'lhere 
is an interval of every 5 minutes for 2a/c field 
( like Fig, 1 ) which was been got from our data ( 
Wang Ang Sheng and N. Fukuta, 1983a, Ref, 6 ). As 
you see from Fig. 1, we can find any quantitative 
datum in this T and ( Si-1 ) field; and ca..~ use the 
figures which had been got in different time to com
pute the growth rates of ice crystal at different 
temperature and ice supersaturation ( Wang Ang Sheng 
and N, Fukuta, 1983b, Ref. 7 ). 

Now, average d(2a)/dt and dc/dt plotted as a 
function of temperature at ice supersaturation 
( Si - 1 )= 1, 3, 6, 9, 12, 15 and 18 % have been 
shown in Fig. 2 ( time=50 minutes), According to 
those data, we can find main results as following: 

(1), Because of ice crystal forms in ( Si-1 ) 
T field are complex, so d(2a)/dt and dc/dt are 

complex too. d(2a)/dt and dc/dt change with either 
temperature or ice supersaturation, 

(2). In lower supersaturation ( for example, 
1 % or 3 % ) , dc/dt were near 0,01 ( 1 % ) or 0,025 
"J)Jl;/s ( 3 % ); then d(2a)/dt were simple, only had a 
peak of curve which are near -4°C ( 1 % ) and -6°c 
( 3 % ). 

(3), In lower ice supersaturations ( from 1 % 
to 6 % ) arid colder temperatures ( from -10 or -15°c 
to -30°G ), the curves of d(2a)/dt and dc/dt were 
parallel each other, so 2a/c values in this region 

were closely about 1,4. That means the form of ice 
crystal is the prism ice crystal, and this growth 
likes wulff 1 s growth ( H. R. Pruppacher and J. D. 
Klett, 1978, Ref. 8 ). 

(4), dc/dt has a rapid increace rad been found 
in ( Si - 1 )= 6 - 9 % and T= -5°C; at same time, 
d(2a)/dt rapidly decreaced. In here, dc/dt increaced 
from about 0.1 to 0.67 ,usr,./s. Because of c increased 
rapidly and 2a increased slowly, so needle formed 
near -5°C region. Due to the measurement of ice 
crystal size w1asntt easy, so there weren~t data in 
( Si - 1 ) = 12, 15 and 18 %, but same tendency had 
been found. 

(5), An obvious d(2a)/dt peak region and dc/dt 
concave region had been found between -10 and -2o 0 c 
and over ( Si - 1 )=9%, When ( Si - 1) is 
heigher, d(2a)/dt is much heigher. For example, 
"'hen ( Si - 1 ) increases from 12 to 18 ;lb, and. 
d(2a)/dt increases from 0,28 to 0,76 mi/a. we can 
find that the maximum of d(2a)/dt is near -15°c, 
In this region, dendrite, spatial plate arid very 
tJ-.:in plate etc, ice crystal have been found. 

Above results tell us that the growth rates of 
ice crystal in ( Si - 1 ) - T field are complexer 
tJ-.ac~ D. Lamb and P. V, Hobbs's work (1971). 

3, TF-E GROWTH RATES OF ICE CRYSTAL 
CHANGE WITH TIME 

In static experiment of ice crystal growth, we 
found that the growth rates of ice crystal is faster 
during starting period, and one is slower during 
latter period. In Fig. 3, we can find this pheno
menon. As an example, d(2a)/dt and dc/dt which are 
mean values either from Oto 10 minutes or from 0 
to 50 minutes have been shown in Fig. 3, their tem
perature is - 15°c. 

From Fig, 3, we can find that either d(2a)/dt or 
dc/dt, the mean values.which are from Oto 10 minu
tes always bigger than the values which are from 0 
to 50 minutes, Of course, their changing values are 
different at different ice supersaturations, That 
means small ice crystal during starting period grows 
faster, hut bigger ice crystal grows slower in sta
tic experiment, 
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Fig. 3 Mean d(2a)/dt and dc/dt ( from Oto 
10 ainutee or from Oto 50 min) 
plotted as a function of ice super
saturation at - 15°e: 
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Fig. 4 d(2a)/dt plotted as a 
-function of ice supersatu
ration at -6, -10, -15., -20 
and -25°C, from 10 to 50 
m~nutes. 
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Fig. 5 dc/dt plotted as a 
function of ice supersatu
ration at -6, -10, -15, -20 
and -25°c, from 10 to 50 
minutes., 
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4. d(2a)/dt AND dc/dt PLOTTED AS A 
FUNCTION OF ICE SUPERSATURATION 

Al~hough the temperature is very important 
factor for ice crys_tal growth, the ice supersatu
ration is another very important factor. From Fig.1 
and Fig. 2, we can find that the ice supersatura
tion influences the growth rates of ice crystal. 

Now, d(2a)/dt and dc/dt plotted as a function 
of ic-e superaaturation at -6,-10, -15, -20 and 
-25°c have been given in Fig. 4 and Fig. 5 respec
tively. In Fig, 4, we can see that d(2a)/dt which 
are as a function of ice supersaturation are differ
ent at different temperature. For example, when the 
temperature is equal -6°c, d(2a)/dt increases from 
( Si-1 ) = 1 % to 6%, and the value of d(2a)/dt 
decreases from ( Si-1 )=6 % to 15 %. Than d(2a)/ 
dt changes a little and is equal about 0.02 -0.04 
at -25°C, When ice supersaturation is lower than 
7 %, d(2a)/dt increases with the ice supersatura
tion; and-when temperature is warm, the d(2a)/dt is 
bigger. Than when the ice supersaturation is high
er than 7 %, we can find that d(2a)/dt increases 
With cold temperature; and the value of d(2a)/dt 
decreases with cold temperature only from -15 to 
-25°c, but the former temperature regio., is from 
-6 to-15°c. 

/0 15 

The data of dc/dt which had been shown in Fig.5 
are different from d(2a)/dt, At -6°c, dc/dt grc-,s 
faster, specilly when ( Si - 1 ) '?;; 9 %, the dc/dt is 
equal about 0.35 .mn/s. Than when temperature is cold, 
dc/dt decreases. But they change· complexly as same 
as Fig. 5, 

We can use above data at same time, and compare 
them, According to our data, we can point out the 
ice crysta form in different ( Si - 1 ) and tempera
ture region and the explanation of ice crystal form
ing, Fqr example, when temperature is equal -6°c and 
ice supersaturation is higher than 6 %, dc/dt > O. 17 
=/s ( as we see ) and d(2a)/dt changes from O .1 to 
0.01 =/s, soc increases rapidly than 2a; and the 
needle ice crystal Yill form in this region. The 
dendritic and very thin plate ice crystal have been 
found in near -15°c and ( Si - 1 ) > 9 % region, 
because of d(2a)/dt is bigger than about 0,15 )J.JD./s, 
and dc/dt is smaller than 0.004 JJJil/s. 

5, d(2a)/dt AND dc/dt AT
0

WATER 
SATURATION 

Usually the form of ice crystal at water satura~ 
tion has heen applied in the research work on Atmos
ph~ric Physics, because of it is like natural situa
tion. According to our data, we can calculate the 
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Fig. 6 d(2a)/dt a.nd dc/dt plotted as a 
function of temperature at water 
saturation ( time; 50min.). 

d(2a)/dt and dc/dt at water saturation a.nd give them 
in Fig. 6. Above data are mea.n value of d(2a)/dt a.nd 
·do/dt from Oto 50 minutes. A ma.in peak of d(2a)/dt 
has been fo;wid in -16°c a.nd is equal 0.66 JJJJJ/s. We 
ca.n see another ma.in peak of dc/dt in -6.5°c, a.nd it 
is about 0,43 =/s. The main peak of d(2a)/dt a.nd 
dc/dt respond to minimum of dA/dt and d(2a)/dt re
spectively, they are 0.01 a.nd ).02 )JB/s. So at water 
saturation and -6,5°c, a typical needle ice crystal 
had been found. Than at water saturation and -16°c 
cow:litions, a typical dendritic ice crystal had been 
foWlli too. 

When we compare.Fig. 1 and Fig, 6, it is very 
clear to find that the needle a.nd dendritic ice 
crystal regiom are over water saturation. So the 
lilll.ld!lNlll of d(2a}/dt and dc/dt in ( Si - 1 ) - T 
field aren't in water saturation line. According to 
ow: resaarch i:m. water saturation line frolll zero 
point ( o, O) to another side, the fom of ice crys
tal will be o:cdnl;p thick pla.te ( 2a/ c > 2 ) , prism 

!2,) 2a/ o >1), long prism ( 1,) 2a/ c > O, 1 ) to needle 
2a/ c::;: 0.1 ) ; tha.n long prism, prism, thiok plate 
5)2a/c>2 ), thin plate ( 20~2a/c>5 ), very 

thin plata ( 2a/c>20 ) and dendritic or spacial 
plate ( 2a/o>20 ) etc. ( Wang Ang Sheng, 1984, Ref. 
9 ), ow: data of d(2a)/dt a.nd dc/dt at water satura
tion in Fig.6 show above phenomena a.re t=e• We ca.n 
use ttose data. to calculate quantitatively ice crys
tal growth and decide their foms, 
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ABSTRACT 

A knowledge of the rates and mechanisms of ice 
crvstal formation hv artificial ice nuclei may be 
critical in their application for cloud nodification. 
Previous laboratory studies in an isothernal cloud 
at water saturation, have shown that different sil
ver iodide nucleating aerosols demonstrate different 
characteristic ·nucleation rates and 0.echRnisMS that 
could differently affect the magnitudes (spatially 
and temporally) of ice crystal concentrations in the 
same seeded cloud volume. It is necessary, therefore, 
to define the rates of ice crystal formation by nuc
leating aerosols, under variety of cloud conditions. 
Toward this end, a contr;lled slow-expansion(dynam
ic) cloud chamber is being used. The chamber is de
scribed in its operating mode for cold cloud stud-· 
ies and preliminary results of below-cloud base 
seeding simulations are discussed. 

l'.eywords: Ice ·Nucleation, Ice Nuclei, Cloud Seeding 

1. INTRODUCTION 

The temporal and spatial development of icA 
crystal concentrations in clouds can be affected by 
the mechanisms and rates of ice crystal formation 
by natural ice nuclei (Ref. 1). Based on laboratory 
studies, this will also be true for artificial nuc
lei used for weather modification. Experiments in 
a large isothermal cloud chamber have shown that 
various silver iodide nucleating aerosols function 
be different rates· and mechanisms under identical 
cloud conditions (Refs. 2-4). Therefore, it would 
be desireable to quantify the character of nuclea
tion by different aerosols, under a variety of en
vironmental conditions and in SiIT'lulations of various 
seeding metho<lologies. To achieve this, a large 
slow-expansion cloud chamber has been instrumented 
for use. The Dynamic Cloud Chamber (DCC) can simu
late a wide variety of parcel/cloQd conditions in
cluding warm or cold cloud· formation, various con
trolled d:·oplet spectra, high versus low vertical 
velocity, and cloudless ice nucleation at low temp
eratures. 

_At 
0

this writing, preliminary studies have been 
performed to evaluate the function of various nuc
lei in simulations of seeding below cloud base. 
This is important information for weather modifica
tion programs in which seeding is done from the 
surface, or by aircraft below cloud base. It also 
serves to demonstrate the importance of rates and 
mechanisras to the development of the initial ice 
crystal structure of a cloud after seeding. Con
tinuing experiments and· development of quantitative 
methods are discussed briefly. 

2: THE DYNAMIC CLOUD . CHAf1BER 

The DCC is a slow expansion cloud.chamber cap
able of simulating adiabatic ascents. This device 
was first operated in 1976 (Ref. 5) with a crude 
control system and no aerosol/cloud physics instru
mentation. In the past two years the system has 
been upgraded through physical 'refinements, auto
mation and the installation of particle se~s1ng in
strumentation. The-chamber consists of a 2 m 
stainless steel outer pressure vessel which houses 
an inner liquid-cooled copper· liner. The total 

observational working volume is 1.19 m3 • In opera
tion, air is evacuated from the pressure vessel at 
a controlled rate, producing true adiabatic cooling 
of the air inside. Simuitaneously, the inner liner 
is force, cooled to match the 'mean air ·temperature · 
due to expansion. This produces a lacge homogeneous 
(free of large temperature gradients) working vol
ume. Expansion is controlled by ocmputer generated 
code containing ascent profile data, as determined 
by initial temperature, dewpoint temperature and 
pressure data. Nuclei can be inserted at any point 
during an expansion. Useful working ranges presently 
are, temperature: +40°C to -38°C ± 0.2°C, pressure: 
900mb to 150mb ± O.Smb, relative humidity: 0.1% to 
>110% ± 0.2% steady state, a»d simulated vertical 
velocity: 0.2ms-l to 20 ms-1 

Particle sensing instruments currently within 
the observational volume of the DCC include a Part
icle l!easuring System (PMS) ASASP-X aerosol probe 
for pre-cloud/haze detection, a PMS FSSP-100, mod
ified and adapted to facillitate non-intrusive 
droplet spectra measurement, and a PMS 2D-c probe 
a<lapted to detect ice crystal formation rate in a 
mode directly verifiable by cold-stage microscopy. 
Additionally, a developmental laser based, axial 
extinction/depolarization sensor has been installed 
to provide measurement redundancy for small ice 
crystal detection. 

3. PRELIMINARY EXPERIMENTS 

Two nucleating aerosols that are known to be· 
mechanistically different in function at water sat
uration were tested for their ice nucleation ability 
after injection below cloud base at 0°C. The first 
nucleus, silver iodochloride (AgI•AgCl), has been 
shown to function primarily as a contact nucleus at 
water saturation and temperatures -16°C and warmer 
(Ref. 2). The nucleation rate at these temperatures 
is controlled by the transport rate of nuclei to 
cloud droplets. At colder temperatures, it can also 
function as a deposition nucleus. Contrasted to the 
AgI-AgCl nuclei are silver iodochloride - sodium 
chloride (AgI•AgCl-NaCl) ice nuclei. These aerosols 
have been shown to function rather rapidly by a 
condensation-freezing mode of nucleation (Ref. 4). 
These two nucleating aerosols provide and ·excellent 
comparison due to their nearly equivalent· activity 
spectra at water saturation. 

The results of a particular set of experiments 
are shown in Figure 1 and 2. These were repeatable 
with high confidence. Cloud droplet concentrations 
are rather high at warm temperatures (3000 cm-3), 
but subsequently decay by fallout and pumping losses. 
Droplet sizes at peak concentrations is about 10 µm 
mean diameter. These results may be summarized as 
follows: 

1) Detectable ice crystal concentrations 
(30 -l) were produced at -6.9°C by AgI•AgCl 
versus -9.5°C by AgI•AgCl-NaCl nuclei for 
initial seeding concentrations of approxi
mately 106 -l 

2) Rates of ice crystal formation•(indicated 
by the slope of the c~mulative ice crystal 
number plot) by AgI·AgCl nuclei are slow at 
warmer temperatures and characteristic at 
any temperature of both contact nucleation 
and immersion-freezing nucieation (of drop_s 
collided with, but not nucleated at warmer 
temperatures). 
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Figure 1. Plot of ascent data for AgI•AgCl seeding 
test. Air temp t ( ) . era ure a , Pressure (p), FSSP drop 
~~~centration (F) and cumulative ice crystal num-

3) AgI•AgCl-NaCl nuclei are apparently iillITlers
ed in droplets during cloud formation. This 
is consistent with its behavior as a conden
:ation-f:~ez~ng nucleus and observations of 

1000 cm higher peak concentrations. As 
a·result, the ice crystal formation rate is 
rapid after nucleation begins, such that 
cloud glaciation occurs at -15°C. Interest
ingly, nucleation persists after glaciation, 
indicating depositional nuclea,tion behavior 
at colder temperatures. 

4) It is apparent that very high seeding rates 
may be necessary,using either of these high
ly efficient nucleating aerosols,to achieve 
significant ice crystal concentrations at 
temperatures warmer than -10°C by seeding 
through cloud base. 

.4. SU:tlliARY 

A cloud chamber to simulate "dynamic" cloud con
ditions has been described. Using this device, it 
has been demonstrated that the rates and mechanisms, 
of ice crystal formation by ice nucleating aerosols, 
influence the development (in time) of ice crystal 
concentrations. Quantitative analysis methods and 
formulation fo nuclei depletion effects will follow 
methodologies based in chemical kinetics (Ref. 2). 
These methods and further results of experiments 
will be reported on at conference time. 
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ABSTRACT 

Primary processes responsible for the develop
ment of ice crystal concentrations in stably strati
fied winter orographic clouds in Northwest Colorado 
have been studied using airborne ins·trumentation. 
Initial ice forms rapidly at tl1e upwind liquid cloud 
edge. Crystal ~oncentrations are maintained in the 
absence of fallout or additi·onal primary ice crystal 
nucleation. 'Nucleation zones are primarily observ_ed 
in association with orographic lifting and addition
al condensate fol'.l!lation. A chemical kinetic analysis 
of the rates of ice crystal formation on a particu
lar case study day shows, that a single nucleation 
mechanism is functioning. A strong relation between 
ice cryst_al appearance rates and concentration chang
es with estimates of water supersaturations gener-· 
ated in the cloud supports condensation-freezing 
nucleation as the primary ice nucleation mechanism. 

Keywords: Ice.Nucleation, Ice evolution,Ice Crystal 
Concentrations, Cloud Microphysics, Orographic Clouds 

1 ~ INTRODUCTION 

Basic knowledge about the fol'.l!lation of ice in 
the atmosphere is incomplete. Large discr~pancies 
have been shown to exist between ice nucleus concen
tra,ions and ice crystal concentrations in some 
clouds (Ref. 1), Although measured ice nucleus con
centrations increase exponentially with decreasing 
temperature, a large scatter of ice crystal concen~ 
trations as a function of cloud top (coldest) tem
perature is frequently found (Ref, 2). In some 
cases, the concentration of ice crystals measured 
at relatively warm temperatures are several orders 
of magnitude higher than measured ice nucleus con
centrations. Secondary ice nucleation mechanisms 
have·been described to explain such observations 
(Refs. 3-4). However, it is also recognized that 
ice nucleus measurement methods may not be repre
sentative because they do 'not properly simulate 
the natural nucleation mechanism. Only a few ob
servational studies have made inferences to pri
mary processes functioning to form ice crystals in 
natu~al ·clouds (Refs, 5-6). The identification of 
specific processes of ice g~neration and the con~ 
ditions on which they aepnd would help determine 
how much of the variation in measured ice crystal 
concentrations ·(at a given temperature) might be 
explained by primary nucleation mechanisms. In 
addition, it·would add to the basic knowledge of 
such processes. This goal is being pursued by exam+ 
ining detailed aircraft microphysical observations 
of orographic cl_oud systems in the Northern Colo
rado Rockies. 

In laboratory studies (Ref. 7), rates of ice 
crystal ~o=arion, measured as a ·function of cloud 
paramete:ts, .were used to d_efine the nucleation mech;
anisms of an artificial nucleant •. Similar methods 
can be applied in natural clouds if the d·evelopment 
of ice can be traced into and through the cloud, 
Stratifie~ orographic clouds thus provide an excel
lent natural laboratory to ·perform such studies. In 
the case examined in detail here, the aircraft 
flight track was designe!tl to be along the_ path of 
the wind in a relatively thin orographic cloud that 
was _preci_pit_ating' only :J,i_g_htl_y •. By choosing an al-

titude within a few hundred meters of cloud top, the 
influence of ice crystal fallout was minimiz~d. 
Thus, ice crystal concentration changes should re
flect nucleation. Changes in cloud droplet concen
trations and sizes, in association witb changes in. 
ice crystal concentrations, are then used to infer 
that nucleation proceeds by a condensation-freezit.g 
nucleation process versus a contact nucleation pro
cess. Due to the nature of this mechanism,. defini
tion of nucleation activity at a given temperatur·e 
is not possible without a simultaneous definition 
of supersaturation. 

2. DATA COLLECTION 

The Colorado International Corporation Cheyenne 
II instrumented aircraft was used for data: collec
tion. Ice crystals were continuously sampled using 
a PMS (Particle Measuring Systems) 2D-c spectrometer 
probe. Spot samples for microscopic examination were 
collected using a decellerator, Cloud droplets were 
observed using a PMS Forward Scattering Spectromet
er Probe (FSSP). These measurements of cloud droplet 
concentrations and sizes were used to determine 
droplet size distributions and to calculate cloud 
liquid water content. Ice crystal size analysis was 
also performed on the data. Both ice crystal and 
cloud droplet data were averaged for 5 second inter
vals at true air speed to obtain statistical sam
ples, Only "streakers" were rejected from the 2D 
data. Emphasis was on small ice crystals and it:was 
felt that unrealistic spectra were obtained by the 
rejection of zero images. 

3. A CASE STUDY 

An orographic cloud was studied on 16 January, 
1982, as part of Colorado State University's COSE 
(Colorado Orographic Seeding Experiment) III pro~ 
gram in the Northwest Colorado Rocky Mountains. 
Snow fell during the morning hours, but ended at 
all but the highest elevations by 1130 local time. 
At flight time (1230 local), the cloud extended 
approximately 50 km upwind of the primary mountain 
ba·rrier (Park Range) pe.rpendicular to the wind. 
Aircraft measured cloud top varied from·4~00 to 
4300 m HSL while cloud base was at 2800 to 2900 m 
MSL based on surface observations. The aircraft en
tered the upwind cloud edge at 3900 m and maintain~ 
ed constant altitude. Cloud temperature was approx
imately -16.5°C at this level. Horizontal wind 
speed was 15 m s-1 as interpolated from an upwind 
soundingat 1200 local time. The equivalent poten
tial temperature profile from this sounding in.di
cated a stable atmosphere and radar reflectivities 
(from a vertically poi'l'lting Ku-band radar at the 
base of the Park Range) were nearly invariant 
during the flight. · 

A cross-section of relevant measurements as a 
function of the topography along the flight track 
is shown in Fig. 1. Of innnediate note is the rela
tion between ice crystal concentration and liquid 
water content. Both rise in coincidenc~ at cloud 
leading edge and subsequently level ·off. This is 
consistent with observations of cap clouds at 

· nearby Elk Hountain, Wyoming (Ref. -6). Unlike the 
case observed in that particular s~udy however, 
both ice crystal concentrations and liquid water . 
content increase in coincidence at locations within 
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Figure 1. FSSP liquid water content ( · ), 2D ice 
crystal cdncentration ( x ), temperature and equi
valent potential temperature (Se) in the pass 
through the 16 JAN 1982 cloud. Average topography 
along the flight track is shown at the bottom. At 
the top of ·the figure, the crystal concentrations 
are differentiated for sizes ~150 µm and ~300 µm. 
Location of various ice crystal formation zones are 
denoted by large symbols. 

the cloud (with one exception, discussed later). 
These locations appear primarily associated with 
elevation increases in the underlying topography. 
Thus, the formation of new ice crystals appears 
connected to the orographic lifting which is caus
ing the new condensate formation as well. The mech
anism behind the formation of ice crystals could be 
either contact nucleation or condensation-freezing 
nucleation based only on this information. The 
temperature at flight level precludes the possibil
ity of the Hallett-Mossop ice multiplication mech
anism functioning. Secondary production by den
dritic collisional fracturing (Refs. 8-9) was poss
ible since this crystal habit predominated in the 
2D images and some aggregates were observed at the 
surface. However, very few aggregates were evident 
at flight level. Secondary mechanisms are thus 
ruled out. The coincidence of ice crystal and 
liquid water peaks also argues against the possi
bility that new crystals are being mixed from cloud 
top. That ice crystal concentration increases re
sult from newly formed ice crystals, receives 
strong support from the size differentiated data 
in Figure 1. Host concentration changes in inferred 
nucleation zones occurs for crystals ~150 µm. 

A kinetic analysis of the rates of ice crys
tal formation in the nucleation zones reveals that 
a single mechanism is likely responsible for ice 
crystal formation. The rates of ice crystal 

formation are .displayed in Figure 2 for the various 
locations. Time in the figure is not aircraft time, 
but parcel transit time based on the horizontal wind 
S?eed at flight level. The assumption is made that 
over the short times considered, the same air par
cel is sampled. This is supported by the fairly_ 
constant Be on the flight track (Figure 1). Each 
point in Figure 2 is an average of 5 seconds of 
aircraft data. This smooths out any horizontal in
homc,geneities. The ice crystal formation rates are 
very rapid and are exponentia1 in nature. This has 
been noted in pr~vious studies (Ref. 6). These plots 
can be converted into more meaningful plots of the 
Ln (100 - %IC) versus parcel time, where %IC is the 
percent of new ice crystals formed at any time after 
the'onset of nucleation in each case. At time zero, 
the ice crystal concentration is che initial stable 
concentration. The maximum concentration after the 
onset of nucleation is the value used to normalize 
to obtain the %IC. These plots represent the 
rate of depletion of nuclei (which can function 
under the given conditions) to form ice crystals· 
and the slopes display the apparent rate constants 
in each case (see Ref. 7). In a contact nuc1:eation 
process, an in~rease in the rate constant would be 
caused by a substantial increase in droplet concen
trations. In a condensation-freezing process, an 
increase in slope (at the same temperature) would 
be a manifestation of an increase in vapor concen
tration (or alternately supersaturation). The sin
gularity of the slopes (in all but one case) is in
dicative of a single, psuedo-first order process in 
action{ see Figure 3). 

The possible mechanisms are now considered. The 
rates are extremely rapid and cannot be explained 
by a conventional (Brownian) contact nucleation 
mechanism for reasonably sized natural nuclei and 
for the slight changes in droplet- concentrations 
that occur in the nucleation zones( see Figure 4). 
Concentration changes at in-cloud locations are only 
on the order of 30 cm-3 across the nucleation zones. 
Even at cloud edge the concent:ation of approximate
ly U0 cm-3 ·.,ould not result in a rapid contact nuc
l ec1,lon rate by Brownian motion alone. Calculations 
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Figure 2. Rates of- ice crystal formation through 
the various locations denoted by symbols in Figure 1. 
Time in this figure is parcc,1 transit time. 
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Figure 3. Kinetics plots of ice crystal formation. 
The percent of ice crystals (new) formed at any time 
(%IC), is computed based on ·zero crystals at the on
set of nucleation and the total at ·the maximum value 
at any location. 
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Figure 5. Supersaturation (SS) estimation based on droplet growth calculations. Spectra (---) computed from 
initial spectra in Figure 4 under given supersaturations are matched with the observed final spectra(--). 
Integration time (bt) is the time separating observed initial and final spectra and is determined by the com
pletion time for new ice crystal formation. 

have also shown that contact nucleation can be en
hanced by phoretic forces, but this occurs only in 
zones of evaporation (Ref. 10). It has also been 
postulated that an upper limit to the contact nuc
leation rate is set by the collision rate of nuclei 
treated as a molecular species in the presence of 
condensing droplets (Ref. 6 ). This mechanism can 
be ruled out because the fastest-nucleation rate is 
predicted at cloU:d edge and this does not occur. 
Also, a concentration gradient between aerosols and 
droplets is well established within the cloud and 
the molecular processes would no longer govern the 
transport process. Thus, a process of elimination 
alone, would predict condensation-freezing nuclea
tion as the mechanism responsible for ice crystal 
concentration increases. 

Additional support ~or condensation-freezing 
nucleation on the.natural aerosols (which may or 
may not oe preactivated) lies in the indications of 
slight water supersaturations present and the cor
relation of estimated values of supersaturation with 
both the rates o·f nucleation and the numbers of ice 
crystals nucleated. Fr.om the cloud droplet distri
bution changes across nucleation zones (assuming 
horizontal flow for the short elapsed times), it is 
seen that the primary contribution to the increases 
in liquid water content is due to growth df the 
droplets already present. This is a strong indica
tion of water supersaturation. It is curious that 
the new droplets do not appear· in the smallest bins. 
However, the response ·of droplet distributions to 
supersaturations in mixed-phase clouds is not well 
documented and the growth of newly nucleated drop
lets t~ 3-4µ~ radius sizes is n~t inconsistent with
the growth' times in Figure 4. It is-therefore 
attempted to estimate supersaturation based on the 
changes in the droplet spectra.using a simple drop
let growth model and ignoring new nucleation. Jhis 
supersaturation is that in excess of what can be 
immediately used by gr~wing ice crystals (can be 
viewed as a competing rate process). New droplets 
would not be nucleated" if this excess did not exist. 
Integration times over which the supersaturation 
is assumed constant are based on the times for the 

formation of 99% of the new ice crystals in each 
case. The simplified droplet growth expression is 
(Ref. 11 ) , 

r dr (S-1) • G 
dt = p---

L 

(1) 

where r is the droplet radius, Sis th,;, ratio.of 
ambient to saturation vapor pressure, PL is liquid 
water density and G is the thermodynamic function. 
Assumptions of quiescent droplets, steady state 
thermal and vapor fields and linearly distributed 
temperature and vapor density are inherent in Eq. 1, 
Integration gives, 

Also, 

r = (r
0

2 + 2(S-l)G bt)½ 

PL 

G 

(2) 

(3) 

where Ry is the gas constant for water vapor, Lis 
the latent heat of vaporization, es is the satura
tion vapor pressure at an infinite distance, K is 
thermal conductivity (from standard meteorological 
tables) and Dis the diffusivity of water vapor in 
air. ,The relation given by Ref. 12'· is used for D. 

The results of computations are shown in 
Figure 5. The best fits between the droplet dist-· 
ribution predicted from the ·initial spectra (dashed 
line) and the observed final spectra (solid line) 
are displayed. These define the supersaturation 
necessary to produce the observed change. All SS 
values are reasonable atmospheric values; but.may 
be quite surprising. for orographic clouds. 'A com
parison between the diagnosed SS values and the 
rates of formation and concentrations of ice crys
tals can now be made. This conparison is shown in 
Table 1. Entries are ordered by the diagnosed SS 
values. Supersaturation is not known for cloud edge. 
and the apparent rate constant at location C is ·not 
given due to the dual kinetic slope. For the values 
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Table 1 
Comparison of computed supersaturation values (SS) 
with the apparent rate constant of ice crystal form
ation and the change in ice crystal concentration 
in various nucleation_zones. 

Location SS(%) Rate Const.(s-l) ~IC Cone.~ 

0 0.077 0.73 
0 0.3 (dual slope) 3.82 

• 0.5 0.137 2.01 
V 0.6 0.125 1.02 
A 0.9 0.200 2.15 
X 1.1 0.244 2.27 

given, the correlation between rate constant and 
the change in ice crystal concentration is very 
good. In the comparison between these and SS, only 
the values at 8 and V are reversed in order, but 
these are very close. If only SS and rate trended 
together, it could be argued that the rate observ
ed is ice crystal growth , but the correlation also 
with ice crystal numbers nucleated is nost consis
tent with a condensation-freezing nucelation pro
cess for which condensation is rate determining. 

One region of prolific apparent ice crsytal 
nucleation that is anomalous to the behavior dis
cussed previously occurs to the lee of the primary 
topographic barrier in Figure 1. Crystal concentra
tions rise sharply in coincidence with strong li
quid water depletion. This is a frequent feature in 
data collected during the COSE program. The source 
of these ice crystals is not known, but there are a 
few possibilities. Mixing of crystals from the 
mountain surf~ce is not likely due to the stability 
and the height of the aircraft. However, droplet 
distributions and visual observations from aircraft 
indicate that this is a region of strong evaporation 
and descending air. Therefore, more conceivable 
mechanisms are the local accumulation of ice crys
tals in this region (that may have nucleated near 
cloud.top).or enhanced contact nucleation by phor
etic forces (Ref. 10). 

4. COMMENTS Ai~D SUMMARY 

For the case study of an orographic cloud pre
sented, natural nuclei at this continental location 
are show,1 to function primarily in a condensation
freezing nucleation mode. This result has been in
ferred oreviosly at a separate location in the 
Rocky M~untains (Ref. 6). As a result, variations 
of supersaturation ( inferred from cloud droplet 
measurements)•at the same temperature in the cloud 
examined,were responsible for variations in ice 
crystal concentrations by a factor of 2 to 5. The 
data set is small and therefore the generality of 
this result and its relevance to more complex cloud 
systems cannot be concluded. Larger scale st~rm 
systems have been studied at this same location and 
detailed analyses of sources of ice crystal concen
trations in the clouds are continuing. Already, 
spatial distributions of ice crystal concentrations 
that are contrary to those expected on the basis 
of ice nucleus activation spectra, have been noted 
(Ref. 2). Namely, higher concentrations of ice crys
tals are frequently found at the warmer temperatur
es (lower altitudes) in stable orographic cloud 
systems, that cannot be explained by sedimentation 
or secondary nucleation. These are cloud regions 
most affected by lifting effects of topography and 
thus more susceptible to supersaturations. 

If condensation-freezing nucleation is an im
portant m~chanism for natural ice nucleation, as it 

was found to be in t,12 case described here, the 
definition of nucleation activity at a given temp
erature is a function of supersaturation. This will 
also be an important consideration in the seeding 
of clouds with artificial nuclei for the purp0ses 
of snowpack enhancement. The processes respoftsible 
for primary nucleation can strongly affect the spa
tial and temporal development of ice cry~tal con
centrations in clouds. 
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I • INT':1.0DUCTION 

Stratocumulus clouds are generally characterized by 
the0presence of embedded convection into the strati
form layer. As a function of the convective intensit,•, 
the stratocu!'lulus clouds may present very di_fferent -
microphysical and dynamical structures (from quasi
stratiform layer to small cumulus field). 

The precipitations gi_ven by these clouc:s are very 
relia,_ble in _type and intensity and the production of 
precinitating particles can have several causes. 
Some ~bservati~ns in 1cm non-glaciated clouds (Ref. I) 
show that occasionally precinitation drops can 
appear from the coalescence urocess alone. 

Other measurements in low summer stratocumulus 
(cloud top warmer than - l2°C) (Ref. 2) shou that 
the clouds wereweakly glaciated (10 1-I) and the 
secondary ice multiplication processes were not 
active. 

On the contrary, .-this paper describes measurements 
carried out in heavily qlaciated low stratocumulus 
with evidence of ice multinlication nrocesses. 
These measurements have been obtained during the 
W.P.O. Precinitation Enhancement Project in Snain 
(Valladolid site) from !1arch to May 1981. 

2. AIRCRAFT INST~UMENTATION 

The measurements were obtained from the instrumented 
Piner Aztec aircraft of the "l'eteorologie Nationale". 

The available instrumentation was the follm,ing 

usual thermodynamical and dynamical probes ; 

a hot-wire Jolmson-Hilliams liauid wate_r content 
nrobe (reliable for drop size smaller than abuut 
30 µm) 

a PMS* FSSP for the measurement of the dronlet 
spectra (3, D, 45 µm) ; 

- a P,1S 2D-C ima!':in<; probe (25 ~ D .i:; 300 µm with 
25 µrr. resolution). 

The.data of this probe have been nrocessed using a 
pattern recognition method (Ref. 3) able to discri
minate six usual narticle-shapes (size larger than 
150 µm). 

The 2D-C data for narticles smaller than 100 µmare 
used in a qualitative way because of the lack of 
reliable sampling voiume of the pr~be (the maximum 
overestimation factor for the total ice concen· -
Cration is around 3). 

3. llAXIMill1 ICE PARTICLE CONCENTRATION 
VERSUS THE TEMPE!\ATURE 

In th1/s chapter are presented and discussed the 
results concerning the ice particle uooulations 
sampled with the 2D-C probe during all the 
stratocumulus cloud penetrations in which the 
maximum ice particle** concentration was locally 
greater than 100 1-I (with 180 m averagino:). With 
this criterion, the study concerns 17 nenetrations 
of 8 distinct embedded convective. cells. 

* PMS : Particle Measuring Systems, Boulder, Co. 
**Particle size larger than 150 µm. 

Figure I displays the maximum ice narticle concentra
tion versus the temperature -at the uenetration level. 
Cross and circle symbols refer to columns and graupel3 
respectively (size lar.o:er than 1 50 µrr.). Triangle 
symbols concern the total ice concentration of 
narticles laro;er than 25 µm. 
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Fig. I. Maximum pass concentration of ice crystals_ 
(D ;i. 150 µm) and total ice concentration 
(D ;i. 25 µn,) versus temperature of the 
sampling level (15 cloud passes ·during PEP 81). 

This fi_o;ure shows : 

- the total ice concentration (triangle) and the 
column concentration (cross) are maximum for temoe
ratures ranging from - 3°C to - 7°C. In this ran<>:e 
of temneratures the total ice concentration is higher 
than 400 1 ·· I and reaches 2000 1 - 1 durinfs some clo~d 
oenetrations at a temoerature of - 5°C ; 

- in this same range of temperatures, the column 
oonulation is dominating with re~ards to the other 
ice particle shaoe (~rauoels). 

These observations disnlayed in Figure I are not in 
agreement with the hypothesis of a glaciation governed 
by a· ori_mary ice generation nrocess alone (via ice 
nuclei). Tndeed, on the one hand, the maximum concen
trations of ice particles found at - 5°C level are 
about three orders of ma~nitude higher than the 
concentration of ice nuclei active at this tempera
ture (~ I to 10 m-3) (Ref. 4) ; on the other hand, 
the active ice nuclei concentration always presents 
an increase as temuerature decreases. 

This well-marked stratification of i~e concentration 
versus the temperature has also been found from 
the larger sample of measurements (59 penetrations 
in glaciated stratocumulus) obtained d~ring the 
1979 PEP experiment (same site) supposing asin Ref:5 
that hvdrometeors larger than 100 µm were ice · 
crystais. Nevertheless, because of the lack of· imaging 
nrobes the ice shape was unknmm. 
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Figure 2 represents the maximum ice concentration 
of particles laro.;er .than JOO µm versus the tempe
rature at the penetration level. 
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Fig. 2. Maximum pass concentration of hydrometeors 
(D ~ 100 µm) versus temperature of the 
sampling leve:l (59 cloud passes during PEP 79). 

This figure (PEP 1979) shows the same result as 
·Figure 1 '(PEP 1981). 63 % of penetrations carried 
out at temperatures ranging from - 3°C to - 7°C 
have a maximum ice particle concentration higher 
than 20 1-l, against only 11 % of nenetrations 
realized at temperatures colder th~n - 7°C. 

The high concentrations of ice crystals observed 
between - 3°C and - 7°C temperature levels cannot 
be exnlained without secondary ice generation 
processes. These processes and the localization 
of the cloud zones where they are efficient are 
discussed in the nex~ chapter through a case study. 

4. EVIDENCE OF ICE CRYSTAL MULTIPLICATION BY 
SPLINTERING IN MIXED ZONES LOCATED BETWEEN 
THE CONVECTIVE AND THE STRATIFOR.~ CLOUD 
REGIONS. 

The discussed case corresponds to a study at three 
levels (- 1!°C, - 6.5°C and - 3°C) of a convective 
:ell embedded in a stratiform layer. These three 
1enetrations have been nerformed during a neriod 
10 longer than 15 mn and the general characteristics 
of this situation have been frequently encountered 
during the study of this cloud type. 

The radiosounding carried out near the flight zone, 
is characterized by a wet unstable low layer leading 
to the development of a convective activity embeddetl 
in the stratiform layer (1.6 km depth). The 
convection was nevertheless limited by a well-marketl 
temperature inversion at 700 mb, - l2°C and 
corresponded to the cloud top. 

From JQ. cm radar observations (Ref. 6), the forma
tion of precipitation particles was efficient in 
spite of a small thickness of the cloud layer. 
No upper cloud was observed during the exneriment 
flight thus· leading to suggest, that the heavy 
glaciation of cloud system w~tch was observed, 

was not due to a natural seeding of the lower layer 
by crystal sedimentation. 

Figures 3-a, 3-b and 3-c represent for the three 
nenetrations : (a) T = - 11 °C:"' convective cell top, 
(b) T = - 6.5°C : "'stratocumulus layer top, 
(c) T = - 3°C : "'cloud· base, the evolution alotfg 
the fli.o;ht track of the following parameters 

- the concentration of ice particles greater than 
800 µm ; 

- the concentration of graupels (? 150 µm) ; 
- the· concentration of columns (? 150 µm) ; 
- the total ice particle concentrati-0n (:;:. 25 µm) 
- the.concentration of large drops ranging from 

25 to 45 µmin diameter; 
- t'he cloud droplet c·oncentration ; 
- the liquid water content. 

The spatial resolution was about 90 m. 

An example of images sampled with the 2D-C probe is 
given on Figure 4 for five zones labelled A, .B, C 
D and E. These letters are indicated on Figures· 3 
and give the localization of. these zones. 

:The analysis of Figures 3 and 4 leads.to the 
following comments : 

a/ Near the cloud base (Fig. 3-c : T = - 3°C), the 
glaciated zone is more extended ("' 20 km) than on 
the active zone ("' 4 km), which is defined by a 
significant liquid water content. 

The regions of high concentrations of crystals 
(with columns as dominant shapes, Fig. 4, zones D 
and E) are located on both sides of the condensation 
zone (Fig. 3, zone C) in which the column concentra
tion is much smaller. The ·uresence of large aggregates 
of columns (precipitating) is correlated to the zones 
where the concentration of single columns is the 
largest _and reaches_ 30 1-l (D :;. ·150 µm) (Fig. 4-C). 

b/ Near the top of the stratiform layer (Fig. 3-b), 
T = - 6.5°C), the ice concentrations were much 
higher than the one measured near the cloud base. 
This cloud nenetration reveals two convective 
heavily o;la~iated zones: 

The total ice concentration reaches (on about 160 m) 
1800 1-l near the zones of maximum liquid water 
content. This ice population is mainly composed of 
small columns (< 100 µm) as shown on Figure 4-B. 
The small size of the columns sampled in the regions 
of high ice concentration indicates that these 
regio~s are ice generating zones of ice crystals 
(indeed, the column growth rate - at 6.5°C and at 

wate·r saturation - being about 1 µm s-1, a column 
growing under th.ese conditions takes nearly· 1 min. 
to reach 60 µm). 

Furthermore, Figure 3-b reveals the presence of 
nrecipitating graupels (D? 800 µm) with concentra
tion locally high~r than 1 1-1. 

Figure 3-b also reveals that the ice 'generating 
zones are not located in the zones of maximum liquid 
water content, but on their edges. 

c/ Near the top of the convective cell (Fig. 3-a, 
T = - ll°C), the sampled ice crystals are mainly 
composed of graupels, the initial ice crystal of 
which is frequently a.column (Fig. 4-A). The ice 
concentration is weaker than the one measured at 
the - 6.5°C level ("' 40 1-l), 

Discussion 

The microphysical_characteristics of the generating 
zones (small columns, large graupels, concentration 
of large droplets (D? 24 µm) higher than 10 cm-3) 
foJnd at a temperature of - 6.5°C suggest that the 
secondary ice production by splintering (Ref. 7) 
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is efficient in these regions. 

In addition, the possibility to measure its 
characteristics with a spatial resolution of about 
100 m,. allows the following comments : 

- the observation of zones in which the conditions 
required for the snlintering process are got, 
correspond indeed to the observation of a lot of 
young crystals. (Fig. 4-B gives a uarticularly good 
examplQ of this type of splintering zone) ; 

- these glaciation zones are located in mixed regions 
of the active cells rather than in their center. 
The causes of this localization may be linked to the 
dynamics of these convective zones which favours 
the precipitation of large particles (graupels) on 
the edges of the updrafts (Ref. 8). For strata
cumulus clouds, the existence of an extended mixed 
zone Cembedded convection) allows these precipitating 
particles to go through reeions having large conden
sation droplets, the collection of which causes the 
splintering. 
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This hypothesis,which neo:lects the time evolution of 
the convection, is put forward due to the long time 
life of the convective cells observed in this cloud 
type (up to I hour). Nevertheless, the aircraft data 
being quasi-instantaneous, it is difficult to 
conclude on the origin of large graupels found near 
the maximum liquid water content zones. These large 
narticles can be either generated by the cell itself, 
as discussed above, or come from an older cell in 
dissiuating stage. 

Whatever the cause, this localization of ice gene
rating zones outside the convective regions is 
confirmed by the observation of the maximum ice 
concentration stratification versus the temperature 
at the penetration level (Fig. I). Indeed, this 
stratification shows heavy ice concentrations for 
temperatures warmer than - 8°C, and suggests a 
bad efficiency of stratocumulus in glaciation phase 
to carry (via the updrafts) the generated ice 
crystals from the lower to ·the upper regions of 
clouds. 
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Fig. 3 .. Micronhysical data of the four.nenetrations at three temperature levels 
(a) T - 11°C (near the ton of the convective tower), 
(b) T = - 6.5°C(near the top of the stratiform layer), 
(c) T = - 3°C (near the cloud base). 
Time axis are underlined when the liquid water content is greater than 
the half of the maximum liquid water content of the pass. The circled letters 
on the top refer to the representative 2D-C images displayed on Fig. 4. 
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Fig. 4. Representative 2D-C images (0.8 mm width) 
which were sampled at the time indicated 
by accompanying letter designations on 
Fig. 3. 

5. CONCLUSIONS 

·This study shows an original stratification of the 
maximum ice concentration versus the temperature. 
The largest concentrations are found at temperatures 
ranging between - 3°C and - 7°C and can reach 
200 1-l for the narticles larger than 150 µm, and much 
more than 1000 1~1 for the particles larger than 
25 µm. 

Due to the cloud top temperatures generally warmer 
than - 15°C, these heavy ice concentrations are not 
compatible with a glaciation governed by a primary 
nucleation on ice nuclei. Through a case study, 
one of the secondary ice multiPlication processes 
responsible for the heavy ice concentration has 
been identified to the splintering described in 
Ref. 7. Furthermore, the preferential glaciated 
zones are located on the edges of the high liquid 
water content regions rather than in their center. 
This last point is important for the microphysical 
and dynamical cloud evolution after the formation 
of the ice phase. 
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1. INT!WDUCTIOt-. 

The hypothesis that rime and vapour grown 
crystals may fragment due to collision 
with other cloud particles has been pro
posed in various forms for a number of 
yea.rs. Experiments have been performed 
with the intention of testing this hypo
thesis. The experiments were carried out 
by impacting small glass bea·ds with the 
ice and thus measuring the impact para
meter required to break both rime and 
vapour grown crystals. Rime grown in the 
temperature range -1°C to -24°C was tes
te4. During some experiments the rime 
was left in an undersat.urated environment 
before testing. Vapour grown crystals of 
various habits fouqd in the range -3°C to 
-25°C were tested, in both ice saturated 
and undersaturate~ environments. In some 
cases accretion was allowed to take place 
on the vapour grown crystals before tes
ting. The results of these experiments 
are compared to the findings of other 
workers and their relevance to natural 
conditions is discussed. 

2. EXPEKIMENTAL APPARATUS AND MEASUREMENT 
TECHNIQUE 

The experiments used to test rime breakup 
were carried out inside a chamber of 
dimensions 30 x 30 x 75cms located within 
a walk-in cold room. The target rod was 
attached horizontally to a constant speed 
motor. The rod rotated within the cham
ber with its axis normal to the direction 
of rotation, so rime cqllected on the 
leading edge. The speed ff rotation of 
the rod was fixed at 2m s- . 

A cloud was introduced into the chamber 
by injection of steam from a boiler. ·The 
liquid water content in the chamber could 
be varied throughout an expe•riment by 
altering the power input to the boiler. 
Liquid water content was measured using 
a two-stage impactor of the type des
cribed by May(l). These results were 
compared with those obtained by collec
ting the rime of the rod, weighing it and 
uqing the expression 

RAR = L x EX AX v 

where KAR= Rime accretion rate= mass of 
rime collected per second, L liquid 
water content, E = collection efficiency 
of target rod for cloud droplets, A 
area of target rod normal to axis of 
rotation, v = velocity of target rod. 
The results obtained by the two methods 
were consistent. Temperature was mea
sured using a thermocouple and was moni
tored throughout an experiment. 

In order to .test the rime, air from a 
cylinder was passed into a vertical glass 
tube with a nozzle of known diameter. 
The target rod was fixed so that air from 
the nozzle could be directed onto any 
part of the rime. tmpacts with the rime 
were obtained by individually inserting 
thermalised glass beads of various sizes 
into the flow of air. 

The flow rate of air was continuously 
monitored using a flowmeter, hence the 
velocity at the nozzle was also known.· 
The air used to test the rime could 
either come directly from a compressed 
air cylinder or it could be saturated 
with respect to ice by first passing the 
air through an ice filled vessel. 

When 
ting 
they 
with 

ice particles broke off during tes
they were either detected by eye, or 
were collected on a slide coated 

silicone oil which was then examined 
under a microscope. 

The apparatus used to test vapour grown 
crystals was very similar. Because of 
the heat introduced into the chamber as a 
cloud was formed, the temperature of the 
chamber was slightly warmer than the air 
outside the chamber. Thus the target rod 
was disconnected from the motor and 
attached to a large metal heat sink lo
cated outside the chamber. The tempera
ture of the target rod was thus slightly 
colder than the air in the chamber and 
ice could be grown from the vapour. The 
test apparatus was the same for vapour 
grown crystals as for rime. 

A combination of the two experiments was 
also carried out by first growing crys
tals from the vapour and then rotating 
the rod so that the crystals became 
rimed. The time for which riming took 
place was adjusted, depending on how 
heavily the crystals were to be rimed. 
(Ref.2) suggested that vapour grown crys
tals which had subsequently rimed might 
be the most suitable form of ice for 
fragmentation. 

3. RESUL'fS 
3.1 Rime breakup 
After several preliminary experiments, it 
was decided that a suitable amount of 
rime (_3mml was obtained when riming took 
place for about 20 mins. Photographs 
taken of the rime showed that it became 
increasingly less dense as the tempera
ture at which it was grown was lowered. 

Two different sizes of glass bead were 
used to test the strength of the rime. 
Grade 4 beads with diameter 1075µm ± 
200µm and grade 8 beads with diameter 
485µm ± 45µm. 'fhe values given for the 
velocity required to break the rime are 
the values at which the first fragment 
broke off at a particular temperature. 
Figures 1 and 2 show the velocity re
quired to break the rime for grade 8 and 
grade 4 beads respectively. From compa
rison of both curves it can be seen that 
the velocity-required to break rime dec
reases as the temperature is lowered. 
Also, that the larger the impacting mass 
the lower the velocity required to break 
the rime at a particular temperature. In 
all cases, however, at temperatures 
higher than -2°C, when the rime was grown 
in the wet growth regime, the velocity 
required to_rreak the rime was gr.eater 
than 115m s , the maximum velocity the 
system was able to record. ~n each of 
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the graphs the error bars on the ordinate 
axis refer to the accuracy with which 
velocity was measured. The error bars on 
the abscissa refer to the ranqe in tem
perature over whicri an experiment was 
conducted. 'I'he temperature was found to 
vary somewhat durin'cl an E'xperiment and 
therefore was adjusted, with a time lag 
of several minutes, by changing the power 
input to the boiler. 

The results presented have been for air 
supplied directly from a cylinder. 
Various experiments were performed to see 
if evaporation of the rime occurred due 
to the air being undersaturated. From 
these experiments it can be stated that 
any evaporation which took place had no 
significant effect on the strength ot the 
rime. 

The effect of allowing the rime to evap
orate during accretion was also studied. 
In the expf'riments described to date 
calculation shows the rime surface to be 
growing by vapour diffusion as well as 
accretion. By increasing the liquid 
water content and reducing the tempera
ture it was possible to rime in condi
tions where the rime surface was evapora
ting. This could weaken the ice struc
ture due to partial evaporation of ice 
bridges linking frozen droplets. For 
liquid water contents of about 2g m- 3 at 
temperatures between -1S°C and -21°C the 
velocity required to break the rime on 
impact. with grade 8 ~!ads increased by 
approximately l0m s when compared· to 
results obtained at lower liquid water 
contents at the same temperature. It 
would appear therefore that any weakening 
due to evaporation is more than compen
sated for by the increase in the surface 
temeprature, due to the high liquid water 
content, causing the impacting drops to 
pack more closely. A similar result was 
found at higher temperatures. An experi
ment was also performed in which ri,ning 
was carried out at low temperatures c~ 
-20~~) and low liquid water content <~0.3 
gm ) to grow fragile rime, and then the 
temeprature and liquid water co~tent were 
increased to ,.., -7°C and N lg iii respec
tively to examine the possibility that 
this might weaken by evaporation the rime 
grown in the first stage of the experi
ment. The strength of the ri,ne was found 
not to differ from that grown in the 
first stage of the experiment alone. 
however, in a single case, this method 
did produce the lowes!1velocity of all 
experiments of 17m s on impact with 
grade 8 beads. 

3.1.1 Effects of variations in liquid 
water content 'l'he results pres en tea so 
far have not taken into account possible 
errors due to the variation of liqui~ 
water content between ex121riments. Th~~ 
was found to be 0. 2g rn t9

3 
0. 4g m · 

b~~ow -8°C and between 0.Sg m. and 1.2g 
m at higher temperatures. c'urtner 
experiments anu calculations were per
for,ned in order to assess any effect due 
to this variation. A series of experi
ments were carried out in which the 
strength was tested for rime grown in the 
range of liquid water contents found 

during the experiments but with the tern-· 
perature the same in each case. No dif
ference in the strength ot the rime coula 
be deLected within the errors already 
snown. ln addition, a calculation was 
LJer formed to solve ti1e equation (Ref. 3) 

(Ewv[Lf + 

x.ke0.S X 

C ('l'a-'I'm) + c. (Tm-'I·s)J )/4 = 
W l 

J,., J,,. 
(Pr3 k('l's-•ra) + Sc3LvD(ps-_pe)) 

21< 

wnere E is the collecti'on efficiency of 
the rimer for cloud drops (:,{ef.4); W 
liquid water content; vis the collection 
speed; Lf and Lv are latent heats of 
fusion and vapourisation respectively. 
C., C are the specific heats of ice and 
w§:ter ¥"espectively. 'I'a, Tm, Ts are the 
ambient, melting and surface tempera
tures; Re is the Reynolds number, Pr and 
Prandtl number, k is the thermal conduc
tivity of air. Sc is the Schmidt number, 
D is the diffusion coefficient of water 
vapour in air, ,ps, .J)e are the densities 
of water vapour at the riming surface and 
in the environment, R is the radius of 
the rod and .x. is a roughness parameter 
and was taken to be 0.76 the value for a 
relatively smooth sphere. The results of 
this calculation show the maximµ,-n rise in 
the surface temperature of the. rime to be 
1°c. If figure 2 is inspected it can be 
seen, for example, that for grade 8 
beads, the difference in.velocity re
quired to

1
break the rime at--4°C and -S°C 

is Sm s- However, the density and 
hence the strength of the rime is not 
dependent only on the surface temperature 
of the riming surface. As all other 
relevant parameters have remained con
stant this will tend to reduce further 
any effect due to an increase in liquid 
water content. ttence the sensitivity to 
changes in liquid_ water content wi:!:l 
again be concealed within the ±6m s 
error bars. 

3.2 Vapour grown crystal breakup 
It was found that a suitable amount of 
ice grew from the vapour in 2 hours. 
This time was required due to the small 
difference between the temperatures in
side and outside the chamber. The crys
tal length varied considerably between 
experiments, but as near as possible 
crystals were grown of length 3mm. The 
temperature was constantly monitored 

throughout the growth and was kept as 
constant as possible by adjusting the 
power to the boiler. 

In actdition to grade 8 and grade 4 beads, 
grade 10 beads with diameter 270µm + 60µm 
were used to test the strength of the 
vapour grown crystals. The testing of 
the strengti1 was performed in the same 
way as already described. 

It was not possible to obtain values for 
the velocity required to break ti~ 
various crystal types with grade 4 or 
grade c beads as at all temperatures tl-ie 
crystal were found to break on impact 
with the beads with the air supply turned 
off. 

'Ihe values obtained for the velocity 
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required to break different types of 
crystal with air alone and grade 10 beads 
are shown in Table 1. As can be seen 
from· the table the velocity required to 
break dendritic crystals with grade 10 
beads is below the limit of de~1ction of 
the experiment, namely 1.2m s . As this 
is the weakest crystal type it would 
appear to be the most likely to undergo 
fragmentation. If·the results for other 
crystal types are extrapolated to deter
mine a value .for dendritic crystals on 
impact with grade 10 beads the veloc!iY 
required is estimated to be about lm s . 

The same experiments as those already 
described, with respect to evaporation 
during testng were again performed ·for 
vapour grown crystals. Again no differ
ences in the velocity required to break 
the crystals were found. ' 

4. DISCUSSION 
The strength of rime grown under dif
ferent conditions was measured by finding 
the velocity at which a glass bead must 
impact with the rime before it b~eaks. 
The results are shown in Figures 1, 2 and 
3. The strength of the rime was found· to 
decrease as the temperature decreased. 
This is reasonable as the drops will 
freeeze quicker and spread less at lower 
temperatures, with only narrow points of 
contact between individual frozen drops. 

By considering their relative fall velo
cities,_~he size of hailstone, of density 
0.9g cm , with the same kinetic energy 
with respect to the rime ~an er found. 
For rime which breaks at 17m s on im
pact with a grade 8 glass bead, (the 
weakest value found during experiments), 
the size of.hailstone with the ·same kine
tic energy was found to ·be about 6mm 
diameter. Similarly for rime grown at~ 
-15°C the size of equivalent hailstone, 
with the same kinetic energy, which could 
fragment the rime was found to be about 
7.5mm diameter. Particles of this size 
are found only rarely even in quite vig
orous clouds and hence from these results 
it would appear that rime fragmentation 
is. unlikely to have any significant ef
fect _in most natural clouds. 

The results obtained with vapour grown 
crystals are shown in Table 1; It is 
clear that the vapour grown crystals 
grown in this manner are much weaker than 
rime grown at the same temperature. 
These results have been compared with 
Ref.5, see Table -2. These values were 
obtained by estimating the maximum impact 
speeds which natural ice crystals could 
withstand -without fragmentation when they 
impact upon a mylar film coated with a 
wet 4% solution of Formvar in chloroform 
150µm thick •. Qualitatively the results 
show good agreement with dendrites the 
weakest crystal habit and prisms and 
plates the strongest. Thus it seems more 
likely from these results that vapour 
grown crystals, particularly dendrites, 
could fragment under natural conditions. 

dowever, there are many possible ooJec
tions as to the quantitative applicabil-

ity of results of this type to natural 
conditions. An objection t( the test 
method whereby an ice crystal is grown 
and then collided with an object of known 
mass and velocity was raised (Ref.2). 
That is, the most delicate fragments 
could be broken in catching and mounting 
the crystal. This was overcome by 
growing the crystal on the rod on which 
it was to be tested. 

In attempting to apply these results it 
must be recognised that the nature of the 
impacting particle differs between the 
experiment and natural clouds. Thus the 
differences caused by using glass as 
opposed to ice as the impacting medium 
must be accounted for. The dens~ty of 
the glass bead is greater than that of an 
ice particle and hence, to impart a cor
responding force the ice particle must be 
larger than the glass bead. 

In addition, any possible differences in 
contact times must be considered as this 
will also affect the force on impact. 
When, the Hertz ian theory of elastic col
lision is applied to the various inter
actions it is found that the differences 
in contact times are minimal, al though 
this does not take into account the 
changing surface nature of ice as the 
temperature changes. Since plastic flow 
of ice can give rise to apparent higher 
strength the difference in contact times 
could be important. 

Calculations were also performed to com
pare the experimental results with the 
calculations where a cantilever expres
sion was used. (Ref.SJ 

Firstly, considering dend ritic crystals, 
the size and velocity of glass beads 
required to break a dendritic.crystal can 
be found from the experiment. Then by 
calculating the size of hailstone_

3
or 

graupel particle (density 0.9g cm J, 
which has the same kinetic energy avail
able with respect to the crystal when 
falling at their terminal velocities, a 
comparison can be made with the canti
lever expression. Thus the experiment 
predicts that any graupel particle 
greater than about SS0µm diameter will be 
able to break a crystal 3mm long. The 
cantilever expression predicts that a 
400µm diameter graupel particle will be 
needed to break a crystal of the same 
length, width lS0µm and thickness lS0µm. 
Thus there is very close agreement bet
ween the two methods. Using the same 
method for a columnar crystal, the ex
periment predicts that a 1500µm graupel 
particle will break the 3mm long crystal 
whereas the cantilever expression, when a 
crystal of the same length and with an 
end radius of 250µm is used, predicts 
that a graupel particle of 850µm is re
quired. 'I'hus in this case the agreement 
is not as good. Both these methods have 
further doubts as to their quantitative 
applicability to natural clouds. 
1. The crystal in the experiment is fixed 
to a target rod. This forbids a degree 
of rotational freedom which a natural 
crystal would have. This lack of rota
tion gives an enhanced stress at the 
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point of impact and an enhanced moment at 
the suspension point. A natural crystal 
would be able to dissipate some of the 
energy of impact in the form of rotation. 
2. The lack of rotation interferes with 
the flow of air around the target crystal 
on impact. 
Thus it can be deduced from these experi
ments that vapour grown crystals appear 
to be much more likely to fragment than 
rime grown at the same temperature with 
the possible implication that vapour 

.grown crystal fragmentation, particularly 
that of dendrites, could provide a signi
ficant number of secondary ice crystals 
to some natural clouds. 

Any quantitative estimation of the effect 
is limited however by the inherent dif
ferences between the experiment and nat
ural conditions. Further studies, parti
cularly in the field need to be carried 
out before any reliable estimates can be 
made. 
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Crystal 
Habit 

Needles 
Prisms 
Plates 
Dendrites 

Plates 

TABLE .l 
Temperature 

(OC) 

-3 to -5 
-5 to -8 
-8 to -12 

-12 to -16 

-16 to -25 

B.V. 
with air 

alon~1 (ms ) 

9 
11 
11 

2 

8 

B.V. 
with 270µ111 

diameter ' 
beadl?_l 
(m s J 

5 
6 
6 

Terminal 
velocity 

4 

(B.V. Breaking veiocityl 

Crystal 
Type 

Dendritic 
Thin 
hexagonal 

plate 
Hollow 

column 
Needles 

TABLE 2 
Maximum dimension 
of crystal (mml 

3 

1 

3 
3 

Maximum impact 
speed at which 
crystal reJ!!'iins 
intact (ms ) 

9 

14 

18 
9 

m 

40 

40 

Figure 1. Velocity, V, at which rime was 
observed to break on impact with 4B5µm 
diameter glass beads, plotted against 
temperature T. 

-f 
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Figu= e 2. Velocity, V, at which-rime waa 
observed to break W'hen impacted with 
1 □75µm glass beads, plotted against 
temperature T. 
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Water Research.Institute, Nagoya University 
Xa.csoya, Japan 

1. INTRODUCTION 

Layer clouds at upper- and middle-levels, 
which are often formed around a cyclooe, have an 
important role in'the water budget and heat budget 
in the atmosphere. One of interesting problems of 
these layer clouds is the formation of ice particles 
and their growth in them. The observational study 
of layer clouds around a cyclone has been made at· 
Nagoya since 1980, mainly using a vertically
pointing radar of 8.6mm wave length and a laser 
radar by which the depolarization ratio of clouds 
is also measured. In thi·s paper tile fine structure 
of layer clouds and the spatial distribution of ice 
particles in them are described on the basis of 
observational results by both radars. 

2. RESULTS OF OBSERVATION 

2 .1. Obse,vut:c.,: of layer clouds at upper-levels 
by 8.6mm radar 

All of observations were made when it was not rainy 
and visible layer cloud3 at upper-levels were 
recognized. The observation by the vertically
pointing 8.6mm-radar often showed that layer clouds 
had the fine structure of radar echo shown in Fig. 
1. In most of cases in which the ra~f5 e~foes of 
large reflectivity (larger than 4xl0 cm ) were 
observed, they had· a tendency to appear with period 
of' about 10 min il'J tr,e time-heil':ht cross section of 
reflectivity. Interestin[l;ly the cluster of radar 
echoes ( for example2lbhe_Icho region of reflectiv
ity larger than 3xl0 cm ) also appeared -with 
period of 40 to 60 min sometimes~ as shown in Fig. 
1. 
2.2. Simultaneous observation by a laser radar and 

a 8.6mm radar 
A laser radar of 0.6943µm wave length vas sometfmes 
used for the observation of layer clouds together 
with.the 8.6mm radar. The laser radar can detect 
super-cooled cloud droplets as well as small ice 
particles, while our 8.6mm radar can detect only 
rather large particles. One example of simultaneous 

'"' Apr. 24.1981 
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16-00 timlo 17.00 

Fig• 1 Time-height cross section of radar re
flectivity observed by a vertically-point
ing radar of 8.6mm warve length on April 24 
in_1g81~

1 
Contours qf 3, 4, 6 10 and 20 x 

10 cm are drawn. 

observation is shown in Fig. 2, which correspords to 
the echo region between 16.30 and 17.00 in Fig. 1. 
Echoes of two radars show a much different st.rue-· 
ture, though intensive echoes appeared with period 
of about 10 min in both cases similarly. Detailed 
analysis of observational data suggests that this 
cloud system consisted of upper-level clouds and 
middle-level clouds and the latter clouds were main
ly composed of super-cooled cloud droplets. 
2.3. Measurements·of depolarization ratio 
The depolarization ratio of clouds (?, = Pi.!Pu 
measured by the laser radar is very useful for 
identifying whether cloud-composing particles are 
ice or liquid. Our measurements made for many kinds 
of clouds, which are summarized in Fig. 3, indicate 
that ice clouds showed the depolarization ratio of 
40% or more, liquid cloud did the ratio of 10.% or 
less and mixed clouds the ratio between 10 and 40%. 
2.4. Case study of layer clouds observed on July 20 

in 1983 
On July 20 in 1983 the fine structure of layer 
clouds was observed using both the 8.6mm radar and 
the laser r~dar simultaneously, including the 
measurement of depolarization ratio. The data of 
channels 3 (3.55~ 3.93µm) and 4 (10.5 ~ll.~m) of 
satellite NOAA were also used in the analysis. It 
is seen from Fig. 4 ( actually from more detailed 
figure ) that generating.cells appeared with period 
of 12 to 17min in the time-height cross section of 
reflectivity and streaks falling from these cells 
were identified. The measurement of depolarization 
ratio indicates that middle-level clouds, the radar 
echo of which is shown in Fig. 4, included many 
super-cooled cloud droplets and some streaks fell 
through cloud regions composed of cloud droplets. 
Figure 5 indicates the vertical profiles of reflec
tivity alon& streaks 2A, 2H and 3A and depolariza-
tion ratio in each part of clouds. · 

0 
16.30 t.O time 

so· 

Fig. 2 Time-height cross section of backscatter
ing coefficient observed by a laser radar on 
Apr. 24 in 198!

1 
Contours of O, ·0.05,. 0.3, 

1.0 and 2.0 km are drawn. Contours of 
radar reflectivity are also shown by dotted 
J..ines. 
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Fig. 3 Relationship between depolarization ratio 

(ordinate) and air temperature range of cloud· 
layers observed by the laser radar (abscissa). 

Fig. 4 Time-height cross section of radar reflec
tivity observed by the 8.6mm radar on July 20 
in 1983. 2A, 2H and 3A indicates examples o:f 
streaks and dots are cloud bases determined by 
the las~10ra~1r •. Contours o:f 3, 4, 10, 20 and 
30 x 10 cm are drawn. 

Figure 6 is the horizontal distribution o:f bright
ness temperature·o:r channel 4 o:f NOAA 8. Radar 
echoes o:f Fig. 4 correspond to clouds shown in the 
right hal:f part o:f Fig. 6. It is possible to infer 
the structure o:f upper part o:f clouds .:from the 
q\J.anti tati ve an·alysis o:f· the data uf channels 3 and 
4. On the basis o:f the analysis o:f observational 
data o:f the laser radar and the 8.6mm radar and 
satellite data, the :fine structure o:f layer clouds 
and the formation o:f ice part_icles in them will be 
discussed. 
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MODELLING THE VARIATION OF AEROSOL CONCENTRATION IN DROPS AS A RESULT OF 

SCAVENGING AND REDISTRIBUTION BY COAGULATION 

K.D. Beheng and F. Herbert 

Institut fur Meteorologie und Geophysik der Universitat Frankfurt/Main 
D-6000 Frankfurt 1, Fed. Rep. Germany 

1. INTRODUCTION 

The importance for cleansing the atmosphere 
from pollutants has been·motivation for ma
ny investigations to the removal of aerosol 
particles (AP) by in cloud- and below cloud
scavenging of drops and ice particles. Usual
ly, the efficiency of these processes is de
scribed in terms of a characteristic scaveng
ing parameter formerly referred to as wash 
out- and rain out coefficients. These para
meters are defined as fractional removal ra
tes of airborne AP depending on the size dis
tributions of both the AP and the particles 
removing the AP as well as on the scavenging 
collection kernel which is a decisive quanti
ty in numerical scavenging models. In our 
companion article (Ref.1) we discussed in de
tail how this kernel function has been mo
delled analytica.lly under the aspect of con
sidering the effects of the microphysical 
atmospheric scavenging mechanisms in combi
nation. 

For estimating the scavenging effect by obser
vational data it is common to combine mean 
bulk quantities such as liquid water content, 
total -AP concentration in air and number or 
mass of AP in cloud or precipitation water 
in an empirical formula. This illustrates 
the present situation that, on the one hand, 
theoretically required microphysical quanti
ties are not sufficiently known while, on the 
other.hand, many measurements are made with
out taking notice of the microphysical cha
racter of the processes to be investigated. 
To overcome this discrepancy partially, theo
retical models can be developed to account 
for the spectral character of scavenging and 
pollution and to investigate how microphysi
cal quantities are related to the empirical 
bulk formula mentioned above. Such a model 
is subject of this study. Here we formulate 
the equations describing the degree of pollu
tion of an evolv_ing droplet spectrum by con
sidering two mechanisms: the directly acting 
scavenging process and the indirectly operat
ing redistribution of AP by coagulation of 
polluted drops. 

2. MODEL DESCRIPTION,INITIALIZATION 

The process of pollution of drops as well as 
the decrease of airborne AP are appropriate
ly described in terms of kinetic equations 
for the size distribution functions. In or
der to simulate the degree of pollution we 
introduce, besides the drop mass x, a further 
internal coordinate n, ~ounting the number 
of particles capturedr As a consequence of 
this, the kinetic equation of the drop dis-· 
tribution function has been extended and 
reformulated in' two aspects. First, by adding 
a flux divergence expression which considers 
the effects of direct scavenging of AP ana
logous to the formulation of drop condensa
tion or evaporation. In doing so the 'pollu
tion•velocity'is determined by a specific 
mass balance condition so that the diver
gence term results in shifting the droplet 

spectrum towards increasing AP numcers. It 
is thereby assumed that all AP colliding with 
drops are incorporated as insoluble, non-re
active matter. As second aspect besides 
this direct pollution process just described 
it is considered that the AP number in a 
drop is changed by mutual coagulation be
tween drops. The coagulation integrals then 
are defined in takinq __ into account balance 
conditions for both the drop mass and the 
particle number within each drop. The kine
tic equation for the AP distribution func
tion representing ~he depletion of airborne 
AP is merely changed in so far as a droplet 
spectrum referenced to the new coordinate 
n has to be considered. 
TRis description represents two coupled in
tegro-differential equations then must be 
solved numerically. 

.Basis of the numerical scheme is a suitably 
defined discretization grid for particle 
mass, drop mass and AP number in drops. As 
initial size distribution of smaller AP we 
used a gamma function and for larger AP a 
Junge power law. For the two case studies 
presented in section 3 the same AP distri
bution is chosen with a mean radius of 
0.03 µm and a total number concentration 
of 8x103 cm- 3 according to values typically 
observed over industrial regions. The initial 
distribution function of polluted drops is 
given as f(x,n) ~ g(x) h(n), where both 
g(x) and h(n )Pare given byPmodified gamma 
functions ea§h· specified by appropriate 
parameters. Note tpat the drop spectrum is 
yet polluted to some degree at the beginning 
of the model time. All distribution functions 
are transformed according to the known sug
gestions of ·Berry (Ref.2). The scavenging 
collection kernel is defined and computed as 
reported in Ref.1. The coagulation kernel is 
calculated according to Scott and Chen (Ref.3) 

3. TWO CASE STUDIES 

Numerical integrations of the kinetic equa
tions have been carried out for different 
atmospheric situations and assuming that 
pollution is described (i) without drop 
coagulation effects, as e.g. scavenging by 
_fog and (ii) by inclusion of the· redistri
bution term by drop coagulation, simulating a 
cloud with relatively high liquid water con
tent. 
In· case I we have considered the direct pollu
tion term onlv. It is evident that for each 
drop category-the corresponding liquid water 
content and droplet number density are·con
stant with time. In contrast, we expect a 
considerable increase of the mass-dependent 
mean AP number per drop 

Np(x) = [ np f(~,np) dnp / Nd(x) 

as well as the total mean AP number per drop 

N = f N (x) dx / Nd p O p 

where Na(x): number density of drops with mass 
x and Na: total number density of drops. 
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' 
fig.1: (a) Isolines f(x,np) = 100,10,1,10- 7 cm- 3 as function of drop radius a and AP number np 
J'ort= 0 s (-) and t = 3000 s (-); 
(b) mass-dependent_AP number per drop NP (x) at .t=O s (- - -) and t=3000 s (-·-· ➔ and AP number in
crease in drops, LI [N · (x) Nd (x) }.in cm-& ,during the total model time as function -of drop radius a 
Ambient conditions:PRH = 100.5%, T = 5 °c, p = 900 mb 

.In omitting the coagulation impact we chosed 
ia fog droplet distribution with a mean ra-' 
~ius of 2.5 µm, a liquid water content of 
b.1 g m-3 and a total number concentration 
NQ = 103 cm- 3 • The ambient conditions are 
listed in the figure captions. Computed iso
lines f(x,n~) = _const. are presented in Fig. 
1a for initial time and fort= 3000 s where 
Np(x,t=O) = Np(t=O) = 8. During the integra
tion time the distribution function moves to
wards larger AP contents whereby larger drops 
are quicker advected· than smaller. This pro
perty of relatively large drops, i.e. incor
porati~g many AP, is also documented by the 
large NP(x)-values in Fig.1b. However, large 
drops are in so low concentration that their 
contribution to the depletion of particles 
is negligibly small. On the other hand, as 
shown by the solid line in Fig.1b, small 
drops present in high concentration are very 
effective in removing AP_from air despite the 
only slight increase of NP(x). At i = 3000 s 
the total mean AP numeer per·drop Np is raiR
ed to 10. Expressing Np(x) in a mean AP numr 

jt>er per unit water mass these results corre
spond to about 109 particles per gram in good 
1agreement with estimates of Rosinski (Ref.4). 

In case II we studied the effect of the re
distribution term disregarded in case I. To 
realize this effect a drop size distribution 
is given with a liquid water content of 
1.0 g m-3 and an initial mean drop radius of 
14 µm. In contrast to case I, we recognize 
in Fig.2 that after 900 s model time larger 
drops highly polluted have been developed by 
coagulation in relatively small number con
centrations. However, it is expected that for 
longer model times larger drops in appreci
able concentration will ee formed. The total 
meai:i AP number per drop NP amounts to 1 S·. 5 
compared to the initial value of 8. A defini
te influence of the drop size_on the deple
tion of AP by means of using Np(x) cannot be 
found out.because the number of drops per 
mass category has been changed by coagulation 
processes in contrast to case I. 
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1 . INTRODUCTION 

The quantitative prediction of precipitations is a 
complex objectif because of unstable processes, 
which can completely change the rain rates depen
ding if they occur or not during the lifetime of 
clouds. These are principally the rapid growth of 
large droplets for coalescence _and the ice multi
plication mecanisms for cold clouds. The frequency 
of occurence of these pro~esses has, been compared 
in various parts of the world (Ref.1), but little 
is known to explain the p{gh variability of micro
physical properties of the clouds in the same place 
and during the same season, as it has been observed 
during the PEP* experiment in North West Spain 
(Ref. 2). 

In this paper, a large and homogeneous cloud data 
set is analysed in order to relate the production 
of large droplets and the occurence of ice multi
plication with primary cloud microphysical proper
ties, lik~ the droplet concentration and with 
thermodynamical characteristics, like the cloud 
top temperature. In the same time, an attempt is 
made to see if the origin of the air masse·s is able 
to explain the variability of these microphysical 
characteristics. · 

2. THE PEP SITE 

The site, located in North-West Spain, is an area 
100 km in radius, centered on Valladolid (5°W,42°N). 
Its most important features for our study are that 
the target area is : 
- situated at 300 km from the ocean. Sufficiently 
close for the maritime properties of the air to be 
sensible, sufficiently far for the continental 
pollution to occur. 
- very homogeneous over 10000 km', without appre
ciable change of relief (average altitude l1SL; 900m; 
annual rainfall between 300 and 600 mm). 
- very inhomogeneous in the environment since it is 
surrounded by J700 m high mountains over 270° and 
open.to~ards the ocean, in the South-West, by a 
slowly sloping plateau._ 

That appearson Fig.1 where different ai.r mass cir
culations ·have been symbolized. Maritime air masses, 
flowing from West and South-West, penetrate in the 
Duero basin without strong orographic effect. They 
are called hereafter Maritime (M). Maritime Air 
masses, flowing from the South, the North-West or 
the Nort;h, give generally heavy precipitations up
wind of the mountains before penetrating in the 
basin. They are called Modified Maritime (MM). 
Finally, continental airmasses, flowing from the 
East and the North, and maritime air masses, 
flowing from the East and South-East after having 
turned around Spain, have been put together into 
the Continental categorie (C). The number of cloud 
systems studied in each categorie are indicated in 
the arrows. The percentage of the precipitation 
for the 1981 period is indi:ated for each category. 

More climatological characteristics of the site are 
available through a series of special reports 

*PEP : Precipitation Enhancement Project of the 
World Meteorological Organization. 

published by WNO. 

:,1 
FiaUJte 1. The Jr.eu.e6 06 :the VueJr.o beuiin. Vi66eJr.en:t 
a.A..11. 6low;., Me incuc.a:ted blf MJr.oW6 and cfa!,;.,iMed in
:to 3 c.a:tegofl.,(_ef.>. The numbeJr. -<.rt :t~e a.:vio~ '1.~pJr.uen:t 
:the numbeJr. 06 cloud J.>lfJ.>:tem;., ;.,:tucued olf a-<.Jr. nlow Jr.e
gime. The peJr.c.en:tage Ob :the pJr.eup,i_;ta:t,i_on 60'1. :the 
1981 peJt,lod ,i_)., incuc.a:ted 6oJr. eac.h c.a:tegoJr.lf. 

3. DATA BASE 

The clouds were sampled by a cloud physics aircraft, 
the University of \•;yarning' s Queen Air. The periods 
of observation extended from February to May 1980 
and 1981. The data used in this study have been ob
tained with a scattering probe (PMS ASSP) for the 
~ondensation droplet spectra, with a PMS 2D-C probe, 
which records the shadow images of particles with 
25 µm resolution, for the crystal distribution and 
current aircraft measurement systems for thermody
nami'cal parameters. 

The maximum droplet concentration (CM) has been es
timated on vertical profile of the droplet concen
tration, in regions where the ice concentration was 
smaller than 0.1 Q-1. Because the mean.value and the 
maximum of CM for 1981 were 20% smaller than the 
mean value and the maximum for 1980, all the 1980 
values have been reduced by 20%. This discrepancy 
can result from change of the probe sample area or 
of the processing technique. used to correct the 
coincidence effects. 

To characterized the droplet growth at cloud base, 
the volume weighted size distribution has been. cal
culated. The maximum mode of this distribution (¢M) 
has been estimated 500 m above cloud ba~T' wben the 
ice concentration was smaller than 0.1Q • 

The maximum ice concentration. (ICM) has been estima·
ted in the University of Wyoming oy processing the 
2D images and noted in the detailed flights reports. 
In these reports have been noted too : the cloud 
base altitude (ZB) and the cloud top temperature 
(TT). 

The air trajectories have been class~fieG, as ~ndi
cated in the preceding paragraph, using syn~pt1c~l 
maps at. c;ifferent levels. and. the radio~ounding winds 
measured in the Valladolid airport during the expe
riment. 
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4. CONDENSATION PHASE 

Figure 2 shows the Vdriability of the maximum dro
plet concentration (CM) and its dependence on cloud 
base altitude above ground (ZB). For ZB < 1600 m, 
CH is varying from 80 cm-' up tC' 620 cm-', charac
terizing modified maritime clouds. (The uncorrected 
1980 CM values reached up to 800 cm-'). Ahove 1600m, 
the CM values remain smaller than 350 cm-'. Except 
for this observation, the_droplet concentration 
for the whole data set does not show strong corre
lation with cloud base altitude, whereas the data 
collected on the same day in multi-layers clouds 
do. 13 situations of :.,ulti-layer clouds have been 
studierl durin~ 1980 and 1981. Up to 4 super-imposed 
cloud layers 'have been sampled and the correspon
ding data points are joined on Figure 2. They show 
similar decreases of CM versus ZB of about 100 cm-' 
per km. Somes cases (noted by*) indicate the pre
sence of distinct homogeneous layers separated by 
an inversion; with constant values of CM in the 
same layer and a rapid change of CM for clouds lo
cated on bo·i:h sides of the inversion. On the other 
hand, FifUre 2 suggests that the CM values of mari
time clouds are smaller that those of the maritime 
mouified and the continental ones. In n,Jer to ap
preciate this difference more quantitatively, the 
mean values and the variances of CM hav•. been cal
culated for the three categories. To take into ac
count for the decrease of CM versus ZB, virtual 
concentrations C'M reported to the ground altitude 
have been calculated by the relation : 

C 'M = CH + 0. 1 * ZB, wl:ere ZB is the cloud 
base altitude above ground in meters. 
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--;::::::=~=:;::::=:::_}c;,, 
MAXIMUM OROPlET CONCENTilATION ICM-'! 

FicWte 2. Maumwn conde.ru,a..u.on dAople.:t concen,,t/ta,Uon 
CM( c.m- 3 
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concen;tlta;tlon, C'M, 11.epoJtted to the 911.ou.nd a.U;,i;tude 
(1.>ee text) Me 11.epoJtted belo«: the concen,,tlta,uon 

1.>cale. 

We note that th-a results obtained without correc
tion, for cloud base altitudes lower than 1~00 m, 
dre similar to those presented here, but the cor
rection allows to take into account all the data 
points. The concentrations of the clouds classified 
as maritime are well distinct. from those classified 
as continental, with_pean values of c•~ respe~ti
vely equal to 370 cm and 510-.Jn and w1.tp variances 
respectively.equal to 108 cm-' and 85 cm. Clouds 
classified as maritime modified have intermediate 
droplec concentrations, with 460 cm-' for the mean 
value and 115 cm-' for the variance. These values 

are added on Figure 2 below the concentration scale. 

These differences can appear insignificant compar~d 
to differences between true maritime (C~100 cm-3

) 

and true continental (CM >1000 cm-') clouds. In fact, 
they affect the droplet growth at cloud base which 
is represented on Figure 3 by the maximum mode of 
the volume weighted droplet spectrum, 500 m above 
cloud base (0M) versus CM. Less data points have 
been plotted on Figure 3 because the maximum values 
of th~ mode have been estimated only when measure
ments of the droplet spectrum were available SOC m 
above cloud base and in regions where the ice· con-

-1 centration was lower than 0.1 1 . 

Figure 3 shows that droplet concentrations smaller 
than 400 cm-'are able to produce large droplets 
(0M>20 µm) in the first 500 meters of cloud depth. 
Hence, due to their lower droplet concentrations, 
the maritime clouds have more chance to produce lar
ge. droplets rapidly. 

This analysis of the condensation phas_e reveals that 
air masses penetrating the Duero basin through the 
South-West Valley, can preserve their maritime cha
racteristics even in the lowest levels (CM<250 cm-' 
for ZB~700 m). On the contrary, maritime air flows 
from che North and North-West, crossing the Canta
bric barrier, can change their condensation charac
teristics even for high cloud base altitudes 
(CM>450 cm-' for ZB>1200 m) These modifications are 
important for warm rain initiati~n because of tl:e 
sensitivity of coalescence processes to the large 
droplet concentrations. 
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5. ICE PHASE 

Most of the clouds sampled in the Duero basin d-u
ring PEP, have cold top temperature and produce 
rain by ice _processes. Based on a 43 cases analysis, 
Vali( Ref.2) has shown that in about 45% of the non 
convective clouds and in 81% of the convective ones, 
secondary ice processes were evident. Different me
canisms, called the Hallet-Mossop Splintering,(Ref. 
3), the crystal fragmentation (Ref.4) and the rime 
break-up (Ref. 5) , ha·,e been proposed to exp lain the 
high ice concentrations observed in clouds with 
moderately cold top temperatures (TT>-10°C). F6r 
the Iiallet-Mossop process, large drops of about 
25 ym in diameter and larger are essential. It 
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follows that the cloud base temperature, governing 
the maximum condensate available at -8°C, and the 
droplet concentration are critical for ice multi
plication (Ref. 1 ) . On the other hand, though 
the ice nuclei concentrations have shown a very J 
strong dependence on temperature , the ice 
crystal concentrations do r0t (Ref.6). Discrepancies 
can be due to ice multiplication processes, but even 
after ~election of clouds to study primary ice pro
duction the ice concentration is not well correla
ted with cloud top temperature for the complete 
set of clouds (Ref-.7). On tJ,e contrary, che correla
tion is remarkable for individual days, on which 
many clouds were penetrated over a wide range of 
temperatures (Ref.7). On the same location, changes 
in air mass, ice nucleus concentration and conden
sation characteristics can explain this observation. 
This hypothesis has been tested by plotting on Fi
gure 4. the maximum ice concentration (ICM) measu
red in a given cloud as a. function ~f the maximum 
droplet concentration (CH) and the cloud top tempe
rature (TT). 

1:. 
z I~ 
0 
j:: '1,& i:2 
I-z w 
() 
z 
0 

.._& () 

w 
~ * 
::!: 
::) 

::!: 

~ 
::!: 

f,i,gUJte 4. ~a)(..{mum ,i,c.e c.onc.en.:tJr.a;ti.on, ICM r.e.-7) 
veJr..6u.o max.,<.mum dlr.ople.,t c.onc.enbuJ.;t,i,on CM { c.m- 3 ) and 
c..f.oud ~op ~empvr.a.,twr.e Tr[°C) 

f ma.Ju.,t,i,me a..ur. mMf.. u, 
o: ..i.6 ICM<l· 

mod,i,6,i,ed ma.Ju.,t,i,me a..ur. mM.6 u, 
"':, i6 ICM<l 

c.o.nune~ a,i,Jt mMf..U 
•: ..i.6 ICM<l 

C 01t V ~ype c..f.oudf.. 

Viewed as a whole, Figure 4 shows that for c·loud 
t~p temperatures warmer than -5°C, ice multiplica
tion occurs only for very lDw droplet concentrations. 
Particularly in the situation noted by (*) where the 
merger between a Sc (base temperature=+ 10°C) andan 
As layer (top temperature= -~°C) was sampled by 

the Queen Air. Due to the warm temperature of the 
cloud base, the cloud depth of about 2 km and the 
very low droplet concentration measured (CM<80 cm-'), 
the coalescence was very active and at the highest 
level (T = -3°C) a mixing of needles and semi ro,nd 
water or ice particles were observed by the 2D' probe 
in concentration up to 100 2-1 ;Queen-Air flight 
reports). 

For cloud top temperature between -8°C and -10°C, 
most of the clouds produce high ice concentrations·, 
for droplet concentrations up to 450 cm-'. For CM 
larger than 450 cm- and the same temperature inter
val, tw.l) cases have been sampled showing ice concen
trations of about 50 e-1• One of these cases, 
CM= 580 m-' and TT= -9l, correspond to a situation 
where a high pollution spreading all over the Duero 
basin was noted by G. Vali, with possible very high 
ice nucleus concentration.(Queen-Air flight reports). 

For cloud top temperatures colder than -10°c·, the 
droplet concentration threshold for ice multipli
cation seems to decrease rapidly until 300 cm~

3
• 

Clouds with tops colder than -20°c, are not reported· 
on Figure 4 for two main reasons. First of all, at 
these temperatures, ice concentration is less depen
dent on condensation droplet characteristics and the 
origin of the air masses. Secondly, the cloud top 
temperature is not so well known because the Queen 
Air has flown at lower levels and cloud tops were 
estimated by visual observations or echotop radar 
measurements. 

Due to differences in droplet concentration between 
the maritime clouds and the maritime modified or 
the continental ones, the maritime clouds appear 
to have more chance to produce high ice concentra
tions. Moreover, maritime modified clouds with. 
low droplet concentrations are able to produce simi
lar high ice concentrations. On the other hand, 
continental clouds even with low droplet concentra
tions give smaller concentrations of ice. 

This observation suggest that the condensation 
droplet concentration is an important factor go
verning ice multiplication for clouds growing in 
air masses of recent maritime origin; whereas ice 
multiplication is less efficient in clouds of con
tinental origin and less dependent on the droplet 
concentration. 

6. SUMMARY 

The observations described in the two preceding pa
ragraphs, show that the rain formation in clouds 
growing in maritime air masses are different accor
dine to the air mass trajectories. For air masses 
crossing the mountains (South, North-West and North 
flow), the inefficiency of· the microphysical proces• 
ses to produce large droplets and high ice concen
tratipns, appears to be related with an increase of 
the condensation droplet concentration. An alterna
tive explanation could be that this inefficiency is 
due only to different dynamical properties of the 
clouds growing downwind of the mountains. 

In order to test this hypothesis, the distribution· 
of cloud types in each air mass category has been 
studied. In 1980, G. Vali has proposed a classifi
cation ot the cloud systems based on morphological 
properties of the clouds : class A - Deep, non con
vective (NS, merging layers) ; class B - Shallow 
clouds (St, As, Cuhum, Sc, Ac) ; class C - deep 
widespread convection (Cu cong, Cu med) ; C_lass D -
isolated deep (Cb calv.). The relative frequency 
of A, Band C + D types of situations is roughly 
ever,, while the A type systems are responsible for 
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cwo thirds of the total rain, the C + D clouds 
systems for the other one third, and the B cloud 
systems yield only 1% of the ·total precipitation 
(Ref. 2) 

B 
St,As, 
Sc,Ac 

M MM 

x : me~n value }of Cr.it (upper left) 
q : vanance ICM ( lower right) 
P"'' percentage of clouds in the given class 
ml, number 

Ta.ble I. V.v.,:vubu.tion 06 :the analyzed clou.d6 in:to 
:the :t/vr.ee aDr. ma.6-6 e/2 c.a:tegoJU,e/2 (c.ofumn-6) and :the 
:t/vr.ee cloud :type c.la.6.6 e✓-1 I 1tow.6) 

The distribution of the clouds used in this analy
sis into the three cloud types (A, Band C + D) 
and into the three air mass categories (maritime, 
10,dified maritime and continental) has been repor
ted in Table I. In each box, the upper left cor
ner corresponds to the data set used for droplet 
conce,tration analysis and the lower right corner 
to the ice production analysis. These two sets are 
not equivalent because the warm top clouds and 
those with top colder than -20°C have not been 
used for the ice production analysis. Inversely 
the same cloud base values can correspond to more 
than one maximum ice concentration for clouds of 
different depths and top temperatures. The numbers 
in the boxes give the percentage of the total num
ber of clouds of the air mass category indicated 
on top of the Table which belong to the cloud type 
class indicated on the left. The number in brackets 
indicates the true number of clouds. In the column 
on the right, the data are summarized by cloud 
type class with the mean value and the variance 
for the virtual concentration C'M and the maximum 
ice concentration ICM· The true number of clouds 
for the droplet concentration is the same than the 
percentage because the total number is just equal 
to 100. In the lower row, the data are summarized 
by air mass categories. 

The numbers of the column on the right indicate 
that the data sets used for CM and ICE are well 
representative of the general cloud type distribu
tion (1/3 in each cloud type class). On the contra
ry, _5?% of the clouds (35% for I~) belong to the 
maritime category for only 13% (10% for ICM) to 
the continental one and moreover, the cloud types 
are not homogeneously distributed into the air 
mass eategories. 

Concerning the droplet concentration, the A type 
clouds have a lower value of C'M (380 cm-3

) than the 
Band C + D type clouds (445 cm-3

), but their distri
bution into the three air mass categories cannct ex
plain the result of paragraph 4. Table I she.rs in
deed that the mean values of C'M, respectively in 
each of- the 3 cloud type classes, are smaller in the 
maritime category than in the two other ones. 

Concerning the ice production, the number of C + D 
type clouds is very different in the maritime catego
ry (15) than in the continental one (1) and the mean 
value of ICM for the C + D type clouds (96 £-1) is 
very high com~ared to its mean value for the A type 
clouds (54 Q- ) and the B type clouds (2~ Q-1). To 
verify that this observation does not change the con
clusion of paragraph 5, the C + D type clouds have 
been symbolized on Figure 4 by black arrows. They 
correspond to cloud top temperatures between -1C°C 
and -15 °C. In this temperature in.terval, the modified 
or continental C + D type clouds have effectively low 
values of ICM, which confirms the interpretation of 
these observations. 

7. CONCLUSIONS 

In spite of the variability of the cloud microphysi
cal characteristics, the analysis of a large and ho
mogeneous data set allowed to document in detail the 
dependence of trre droplet growth and ice production 
on droplet concentration, cloud base altitude and 
cloud top temperature. In particular, the occurrence 
of ice multiplication, favoured by·warm cloud bases 
(Ref .1.), is generally reduced in our case, because 
of the high droplet concentrations of the clouds with 
low cloud base altitudes above ground. On rne other 
hand, the maritime air masses seems to have a reduced 
precipitation efficiency due to the increase of their 
droplet concentration ~.hen they penetrate the Duero 
basin through the surrounding mountains. 
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1. INTRODUCTION 

Esse-ntially influenced by the previous 
works of Greenfield (Ref.1) and Young 
(Ref.2), in recent time, numerical simula
tion models of the complex particle remov
al process by cloud and rain drop scaveng
ing have been developed on the basis of 
improved theoretical concepts. Central 
points in such mathematical models are the 
following two questions. First, how one 
can describe the significant atmospheric 
scavenging processes in combination and 
second, which removal rates, i.e. the por
tion of aerosol mass absorbed by drops (or 
ice particles), can be computed on the ba
sis of stochastic-kinetic continuity equa
tions? 

While earlier models operate with partial
ly incomplete and partially erroneous ma
thematical concepts for the particle trans
port with the result that the so-derived 
scavenging collection kernels are not uni
formly applicable in the whole particle 
size range, extended theoretical simula
tions of the basic scavenging microphysics 
developed more·recently (Refs.3,4,5) pro
vide successively improvements over those 
earlier calculations. From a physical 
point of view these flux m9dels are not 
yet complete in so far as they ignore ef
fects by mechanic inertial impaction and 
therefore only apply (in the case of un
charged drops and particles") to relatively 
small particles with radii smaller than· 
about 0.1-0.5 µm. However, to apply gene
rally in the whole particle size range the 
flux method should permit the quantitative 
computation of the scavenging collection 
kernel between aerosol particles and water 
drops (or ice particles) due to the com
bined impact of all responsible internal 
and external driving force.s, i.e. the si
multaneous action of Brownian and phoretic 
diffusion as well as Coulomb· and mechanic 
inertia forces. such a closed flux model 
{Ref.9)-has been developed with·reiatively 
simple assumptions about the effective 
collision cross sectional area. 

A generalization of this simulation me
thos is subject of_ the present study. It 
is shown that this model allows, for the 
first time, to describe the effect of par
ticle scav~nging in the whole radius size 
range 10-3 < r < 102 µmas function of all 
known dynamic influences and geometric pa
rameters. The model operates, compared to 
earlier models,· with an inertia-corrected 
scavenging collection kernel as well as 
with kinetic equations for the time evolu
tion of the drop and particle size spectra. 

' Fig.1: Effective collision surface for 
Brownian, phoretic and Coulomb induced• 
scavenging (left sketch) and effective 
cross sectional area for gravitational 
induced scavenging (right- sketch) 

2. THE SCAVENGING KERNEL FUNCTION 

In this context the first question concern
ing the microphysical mechanisms is ans
wered with the help of a thermodyna~ically 
derived particle flow equation with which 
the combined action of purely stochastic 
forces by Brownian, pressure and phoretic 
diffusion as well as inertial impaction of 
the paricles can be considered. Associated 
with specific 'dynamic closure' conditions 
for the inertia terms, this equation final
ly leads to a purely diagnostic flux equa
tion for the particles in which gravita
tional and Coulomb forces now become addi
tionally effective. 

This'flux velocity equation and specific 
kinematic constraints and boundary condi
tions for the particle flow are combined 
together in a mathematical concept general 
enough to model the fine structure of the 
collection mechanism between large drops 
and relatively small particles. 'The result 
of this analysis is a significant kernel 
function K representing an effective volum~ 
of collection per unit time. According to 
this we assume that Brownian diffusion as 
well as phoretic and Coulomb forces provid~ 
via a simultaneous action a spherically 
symmetric particle transport to the drop 
surface 4TTa 2 equivalent to that K-expres
sion used in Ref.3, whereas gravity and 
other dynamic forces are assumed to provide 
an additional contribution which strongly 
depends· on an effective collis'ion cross 
sectional area TTy2 (see schematic illustra-
tion in Fig.1). e · 

While the terms due to Brownian, phoretic 
and Coulomb forces in the K-expression can 
be evaluated according to Ref. 3 or 5, a nu-
merical evaluation of the gravitational 
term requires an explicit formulation of 
the effective cross sectional radius Ye• 
The Ye-specification might generally be a 
very complicated kinetic-dynamic problem, 
whereas for practical estimations a quite 
useful approximation appears to be already 
given by Ye=a, hence the cross sectional 
area is TTa2. This simple approach holds 
for pure gravity impaction having a colli
sion efficiency of about 1. From the basic 
flux concept, however, it is clear that 
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inertial impaction represented by the gra
vitational term is not. a function of gra
vity only but also of other hydrodynamic 
influences which may gradually enhance the 
impaction process as larger the particles 
a:re. Although such effects are not in all 
cases dominant, of course, they should be 
associated with the fine structure of Kus
ing a more general definition for the ef
fective collision radius. For doing this a 
polynomial approach should be successful, 
its constants being computed to give a pre
cise fit to observed collection kernels for 
particles with.radii of about >o.5-1 µm. 
At time, however, there are not enough ob
servational data of this size range avail
able to compute a representative polynom 
with reliability. As a way out of this di
lemma we therefore choosed a simpler, semi
empirical concept setting Ye= a(r/r 0 )a. 
In this case one needs far less kernel-data 
to compute realistic values of the two pa
rameters a and ro. For some few special 
cases such fitting values could be found 
with the scavenging efficiency data of a 
trajectory model by Grover et al. (Ref.6) 
as well as the few observations of Leong et 
al. (Ref.7) where a and r 0 then have been 
determined by numerical interpolation to 
fit each two of these data sets. 

Numerical evaluations have been made for 
particle radii between 10- 3 < r < 10 µm 
and drop radii between 10 <a< 500-µm 
and for alternate ambient temperatures, 
pressures and relative humidities. The 
collector drops and the particles were as
sumed either to be uncharged or to carry 
an electric charge of the magnitude of 
mean thunderstorm charges on drops measured 
by various authors (see Ref.8). The venti
lation coefficients and terminal velocities 
were calculated according to the schemes 
recommended in Refs.10, 3. 
For the air-particle conductivity ratio 
which plays a role in the phoresis correc
tion we assumed either the value 0.05.as it 
was used in other numerical studies (e.g. 
Ref. 3) or the value O. 005- ·estimated (Ref. 7) 
from observations. 

One example of the computed variations of 
the.collection kernel with the particle 
radius is presented in Fig.2. The calcula
tions have been carried out for the condi
tions RH= 30%, T = 24 °c, p = 1000 mb for 
uncharged particles and.for the collector 
drop radii a= 72 µm and 66 µm. These case 
studies exhibit the effects of. diffusio
and thermophoresis and particu~arly 
of the inertial impaction term represented 
alternatively with the simplest and with 
the inertia corrected Ye-form. 

In summary for all numerical case studies 
we can state that, independent of whether 
Ye could be determined inertia corrected or 
not, the results provide the typical struc
ture of the kernel mentioned before. This 
means, in contrast to the predicted K-curves 
of former flux models, a minimum of Kin a 
certain size range (0.1 < r < 1-2 µm; so
called Greenfield gap range) and a rapid 
increa~e for larger particles. With charac
teristic values a and r 0 it is found that 
K increases~ rn (n>4) up to particle radii 
of about 5-7 µm, whereas with a non-cor-

r
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Leong et al. (Ref.7) Grover et al. (Rcf.6) 
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1.7/2.09 2.09/3.16 1.6/2.0 2.0/3.0 

1. 84 1. 47 1. 72 0.95 

7.95 2. 85 8.49 1. 74 

X 

X 

X 

10-' '-----------'-----'----'------'----' 
.5 1. ' 1.5 2. 3. 

r (JJm) 
Fig.2: Collision.efficiency E as function 
of particle radius r. For the drop radius 
a= 72 µm E has been fitted to the trajec
tory model values of Grover et al. (Ref.6) 
and for a=· &6 µm to the experimental data 
of Leong et al. (Ref.7) indicated by cros
ses, respectively. The interpolation para
meters a and ro are listed in the Table. 
For further parameters see text. 

rected gravitational term it is found that 
the right branch of the curves increases 
uniformly~ r2 

Although from a microphysical point of view 
this ascent K ~ r2 is really too flat for 
larger particle radii r > 1-2 µm, nonethe
less one may expect that, when using Ye=a, 
numerically predicted wash out effects in 
natural particle size spectra are not con
siderably underestimated. 

3. CALCULATED PARTICLE SCAVENGING EFFECT 

The second question quoted in the Introduc
tion is associated with the more general 
task that the particle scavenging microme
chanism is to be treated as a part of a nu
merical cloud simulation model with which 
in particular the wash out effect of air
borne particles under given external condi
tions can be predicted. Obviously in this 
case we have to solve kinetic continuity 
equations for the particle and drop size 
spectra. Here the key problem is the nume-
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rical integration of these equations using 
given kernel functions by which the evolu
tion of the siz~ spectra as well as especi
ally the decrease of number and mass of the 
particles by the scavenging impact are de
termined. 

In tnis study we operate with a reduced 
calculation scheme for the drop and partic
le microphysics. This makes use of the as
sum.ptions that the drop size spectrum fw (s), 
s: drop mass, is varied due to drop coagu
lation and break-up terms, only, while the 
time variation of the particle spectrum 
fp(m), m: particle mass, is exclusively de
scribed by the loss of particles due to 
their absorption by drops. The numerical 
scheme allows to calculate the scavenging 
impact on the spectral distribution func
tion fp(m) as well as for any derived ma
thematical moment 

as e.g. the number density (v=O) and the 
mass density (v=1)of particles. 

Because the removal rates of particles es
sentially depend on the structure and time 
variation of the drop size spectrum the 
loss integral in "the particle equation can 
numerically be solved in detail or by ap
proximation. Here both methods are applied 
and compared with one another. The approxi
mation method is based on a specialized 
theoretical concept so that the particle 
collection effect can be described more 
simply as th·e result of a relaxation pro
cess in the sense of chemical reaction re
laxations. Central point of this treatment 
is a characteristic-relaxation time 

T = (f K(m,s) f 0 (s) ds)- 1 in which_, 
0 w, 

for practical applications, the.drop size 
distribution is set to be stationarv, i.e. 
fw(s) = fw 

0
(s), and the phoresis-Coulomb 

corrected term in the scavenging kernel 
K(m,s) is developed into a polynomial form. 
Practical advantage of such a relaxation 
approach is a considerably reduced numeri
cal work compared with that needed to com
pute non-specialized kinetic equations. 
Some explicit calculations of our numerical 
studies are presented in Fig.3 and 4 •. For 
these as ·well as for all other numerical 
evaluations with variable ambient tempera
ture, pressure, relative humidity, particle 
and liquid water content etc. we can summa
rize the following main aspects: 

1) The model predicted removed aerosol 
mass is strongest in the beginning of the 
scavenging process and decreases gradually 
with increasing time (Fig.3, curve 1). · 
This result could be expected due to obser
vations of in-cloud and below-cloud sea-· 
venging. 

2) Characteristic for the time development 
of the particle spectrum is a strong de
crease of small parti~les which diminishes 
gradually (under the main impact of Brown
ian and phoretic diffusion forces) towards 
the Greenfield minimum. Beyond this range 
the capture,of larger particles again in
creases rapidly. This size range of the 
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particle spectrum contributes the main por
tion to the removed aerosol mass although 
the concentration of larger particles is 
relatively small. 
Curve 2 in Figs.3 and 4 represents computa
tions of the scavenging effect in spectral 
resolution; its integral influence is in
cluded implicitly in curve 1 of Fig.3. 

3) For a natural drop size spectrum fw,o 
the spectral structure of the relaxation 
coefficient 1/T(r) has been computed in the 
form shown in Fig.4. It is characteristic 
that the 1/,-curve consists of two branches 
separated by a (small) minimum range simi
lar to the Greenfield minimum in the kernel 
spectrum (cf. Fig.2). It might be clear 
that this .,similarity is not self-evident. 
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ABSTRACT 

A controlled, slow-expansion cloud chamber was 
used to investigate droplet activation, growth and 
evaporation. The resulting measurements reproduced 
the droplet activation and growth behavior first 
predicted by Howell. The measurements revealed 
possible evaporation of certain cloud droplets in 
supersaturated conditions. 

l. INTRODUCTION 

The formation of cloud droplets in an adiaba
tically rising air parcel, in its simplest form, is 
a function of the sizes, numbers and compositions 
of the nuclei and the temperature, moisture and 
parcel rise-rate. Howell (Ref. 1) first predicted 
the following features of a droplet population in a 
rising air parcel. 

l. The initial population of solut'ion 
droplets in subsaturated conditio~s, grow by con
densation as the relative humidity (RH) in the par
cel increases. 

2. As the RH ·exceeds 100%, the larger 
droplets "activate" (exceed their critical sizes) 
and form cloud droplets. 

3. A maximum supersaturation is reached which 
represents an equilibrium between moisture 
available for condensation and the growth of the 
cloud droplets. 

4. Finally, certain droplets with critical 
supersaturations greater than.or equal to the maxi
mum supersaturation remain "unactivated", or haze 
droplets. 

Fitzgerald (Ref. 2), among others, tested 
these predictions with careful subcloud nucle_us, 
temperature, moisture and updraft measurements and 
cloud base droplet measurements. He used the · 
subcloud measurements to predict cloud-base droplet 
spectra. The general features of Howell's theory 
were confirmed by Fitzgerald's work. Further, he 
found the predicted spectra dispersion to be 
narrower than the measured dispersion: r-tire large 
drops were measured than were predicted. This 
discrepancy is presently unresolved. The discre
pancy may be resolved through a combination of 
laboratory tests and droplet activation and growth 
calculations. 

As a first step in this direction, 
Fitzgerald's field experiment has been simulated in 
the CSU slow-expansion cloud chamber. Nuclei of 
known sizes, numbers and composition were exposed 
to the -chamber environment which simulates an 
adiabatically rising parcel. The purpose of the 
experiment was to determine how accurately the 
chamber and measurement systems reproduce the acti
vation and' growth of cloud drops and to provide 
droplet evaporation data. According to the surrrnary 
in Pruppacher and Klett (Ref. 3), there is a derth 
of droplet evaporation data. 

lPermanent affiliation: Department of Atmospheric. 
Science, Colorado State University, Fort Collins, 
CD 80523 USA. 

2. QOUD CHAMBER SYSTEM 

The chamber and data collection system are 
shown in Fig. 1. Briefly, referring to the fi~ure, 
the -lm 3 chamber was expanded at 3.5 mb min- 1 Lthe 
values which can be achieved range between 850 and 
275 mb (+ 0.5 mb) and between 30 and -35C 
C± 0.5c)J. The walls were cooled (Tw) to track the 
chamber air temperature (Ta). The nuclei for 
droplet formation were primarily NaCl or (N-14)2.9J4 
particles generated by bubbling solutions using the 
system described by Hindman and Blumenstein 
(Ref. 4). 

Figure 1. The CSU slow-expansion cloud chamber and 
measurement systems. Details are given in the text. 

The sizes (0.01 to 30 µm dia.) and con
centrations (10-• to io•cm- 3

) of the particles in 
the chamber were determined by combining measure
ments from a condensation nucleus counter (CNC) 
(Environment/One), and a series of optical particle 
counters (Particle Measurement Systems - Active 
Scattering Spectrometer Probe (ASASPX} and Forward 
scattering Specrometer Probe (FSSP-lOD.) , Ref. 5, 
and a Royco Model 200). The FSSP was modified to 
sample throu~h a capillary which restricted the 
flow to l cm s-1 and avoided the "dead-time" 
problems discussed in Refs. 6, 7 and 8. The sizes 
and concentrations of haze droplets in equilibrium 
at 100.0% were determined prior to chamber expan
sion using an isothermal haze chamber (IHC) · 
desctibed by Hindman (Ref. 9). 
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As seen in Fig. l, the data rrom the CNC, 
ASASPX, FSSP, Royea and IHC were collected on 
magnetic tape for post-experiment reduction and 
size distribution and number concentration analy
ses. The pressure, temperature and dewpoint (Td) 
measurements were continuously processed, relative 
humidity was calculated and the resulting values 
were continuously displayed to aid conduct of the 
experiment. 

3. PROCEDURES 

Between 27 September and 1 October 1982, ten 
cloud formation and evaporation experiments were 
conducted in the CSU chamber. Results from the 30 
September experiment using a 1% NaCl solution are 
available for presentation. The procedures and the 
times they occurred during the experiment as well 
as the resulting chamber conditions are listed in 
the table. As seen in the table, the experiment 
was divided into three periods: -34 min to O min, 
initialize the chamber; 0 min to 42.3 min, expan
sion period and 42.3 min to 49.5 min, constant low
pressure period. 
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Cloud droplet spectra were measured every 4s 
and averaged over 12s intervals for analyses. The 
spectra measured during the 20 min period between 
bubbler termination and chamber expansion were ana
lyzed to estimate rate cif particle loss by coagula
tion and diffusion to the walls (0.9% min- 1 ). The 
rate of particle loss due to evacuation of the 
chamber was estimated from the pumping rate 
(0.34% min- 1

). The FSSP flow rate changed with 
reducing pressure causing an apparent particle loss 
of 0.46% min- 1

• The rate of particle loss due to 
sedimentation were estimated from the fall speeds 
to range from 0.16% min- 1 for l µm diameter par
ticles to 46% min- 1 for 20 µm particles. Each ana
lyzed droplet spectra was corrected for these 
losses. 

As can be seen in the table, two procedures 
were used to evaluate the chamber relative humi
dity. The first procedure was to calculate RH 
values from.the Ta and Td measurements. The calcu
lated RH values greater than 100.0% were caused by 
Td > fa due to droplets partially evaporating in 
the Td sensor. The second procedure was to esti-

mate the subsaturated and saturated RH values by 
matching the analyzed droplet spectra to expected 
spectra as a function of RH from the K'ohler curves 
of Low (Ref. 10). In Fig. 2, the dry particle 
spectra and spectra at 99.8, 100.0 and 100.06% were 
estimated from the spectra measured at 72:¼ RH. 

The supersaturated RH values in the table were 
estimated using the following iterative procedure 
which is ill"strated in Fig. 2: rirst, a supersa
turation value was assigned and the corresponding 
Kohler curve was plotted; Second, the cumulative 
concentration for the intersection between the 
Kohler curve and analyzed droplet spectra was 
evaluated; Third, the smallest dry particle size 
that accounted for the cumulative concentration was 
read off the plots; Fourth, from Fitzgerald 
(Ref. 11) the critical supersaturation was calcu
lated from the dry particle size. If tbe calcu
lated supersaturation was less than (greater than) 
the first estimate, then the second estimate was 
less (greater) than the first. The steps then were 
repeated until the calculated and estimated super
saturations were equal. 
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Figure 2. Estimation of chamber relative humidity 
by matching measured droplet spectra with expected 
spectra from Kohler theory. The fZ2j area is the 
region of activated droplets. The size ranges of 
the CN, ASASPX and FSSP particle counters are indi
cated. 

4. RESULTS 

The chamber temperat~re, pressure and dew 
point measurements taken during the experiment are 
plotted on an adiabatic diagram in Fig. 3. It can 
be seen from the figure that the chamber environ
ment reproduced first a dry-adiabatically rising 
air parcel. After cloud formation, the chamber 
reproduced a moist-adiabatically rising parcel. 
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Figure 3. The temperature, pressure and dewpoint 
measurements from the 30 September experiment that 
employed at 1% NaCl solution. 

The cloud droplet spectra measurement during 
the 30 September 1982 experiment are illustrated in 
Fig. 4. Three distinct stages are apparent in the 
figure (the chamber conditions are detailed in the 
table): 0 min to 26.7 min, haze droplet formation 
and growth, 26.7 min to 42.3 min, cloud droplet 
activation and growth, 42.3 min to 49.5 min, cloud 
droplet evaporation to haze drops. 
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5. DISCUSSION 

Kohler theory is strictly valid for rono
disperse droplets and equilibrium RH conditions. 
Gerber et al. (Ref. 12) followed these constraints 
and experimentally verified the theory for both 
NaCl and (NH4)2SD4 particles 0.02 to 0.12 µm 
diameter. Nevertheless, the use of Kohler theory 
in the slow-expansion chamber experiments is 
justified. First, the polydispersion of droplets 
was sufficiently low in concentration 
(N(~0.01 µm) = io•cm- 3

) that the droplets were 
separated by 46,000 times their diameters. They 
acted as individual droplets. Second, the rates of 
changes of relative humidity (0.024%s- 1 sub
saturated conditions, 0.003%s- 1 ~upersaturated 
conditions) were slow enough so the droplets were 
always at equilibrium size. For example, Hindman 
(Ref. 9) reported that dry NaCl particles 0.2 and 
0.6 µm diameter reach their critical sizes 20 and 
1200s after being exposed to their critical super
saturations of 0.04 and 0.0075%, respectively. 
This translates to equilibrium growth at rates less 
than or equal to 3.3%s- 1 and 0.08%s- 1 , respec
tively. The chamber rates were well below these 
upper-limit rates. 

.,,,.2.3,...,~ ~-----

10-'· 10° 10 1 /D"-
IJ1A"1""'1< ( ,,,_.,,,,,.) 

Figure 4. Droplet spectra as a function of time (min) from beginning of expansion;· 
30 September 1982'experiment, 1% NaCl solution. The upper dashed-segments of the spectra are 
expected spectra using Ki:ihler theory. The solid lines are measured spectra and the lower dashed
segments are reasonable extrapolations of the measurements. The-·- curve separates the unac-· 
tivated and activated droplet populations. The chamber ·conditons corresponding to the indicated 
times are given in the table. 
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Consequently, because of the low droplet con
centrations and slow-expansion rate, it is expected 
that the measured droplet behavior, up to the cri
tical superaturation values, will conform to Kb'hler 
theory. It can be seen in Figs. 2 and 4 that only 
the larger droplets ( .:;:., 1 µm) conformed to theory. 
The concentrations of submicron droplets are lower 
than predicted with theory. The particle con
centrations were not large enough to cause coin
cident errors in the ASASPX and FSSP instruments 
(significant errors occur when N(~o.ce µm) ~ 
105 cm- 3 and N(~0.5 µm) ~ 1500 cm- 3

). So the low 
concentrations of submicron droplets in the ASASPX 
data are probably due to partial evaporation of 
droplets in the 14 cm sampling tube between the 
chamber and sensor. The FSSP sensor was in situ so 
evaporation should have been a minimum. Acomplete 
analysis of the remaining nine experiments will be 
required before final conclusions can be made about 
the measured low concentrations of submicron 
droplets. 

As can be seen in the table, the measured and 
estimated relative humidity values up to 99.0% are 
in good agreement. The measured values reached 
100% sooner than the estimated values because of 
partial evaporation of large droplets in the Td 
sensor. During the constant pressure period the 
measured RH values ·plateaued at 99.2 while esti
mated RH values reduced from 100.15 to 99.8%. From 
this analysis, it appears measured RH values $99.0% 
are reliable. Values above 99.0% should be 
inferred using Kb'hler theory. To avoid this 
inference in future experiments, the hygrometer of 
Gerber (Ref. 13, 14) should be employed which 
accurately measures RH between 95 and 105%. 

Combining the droplet spectra in Fig; 4 with 
the supersaturation variations listed in the table 
produces laboratory confirmation of the droplet 
growth behavior first predicted by Howell (Ref. 1): 
Haze droplets grow as relative humidity.increases, 
activation of drops and gradual increase of super
saturation to Smax (0.50%) and then continued 
growth of drops but diminishing of the super
saturation. The maximum supersaturation of 0.50% 
is consistent with that reported by Hudson (Ref.15) 
for stratus clouds and lies between values for fog 
(0.1%) and cumulus (1.0%). Droplet activation and 
growth calculations, initialized with chamber data 
are underway by Fitzgerald using an adaptation of ' 
his warm-fog model (Ref. 16). Tne·model has 
realistically reproduced the formation of warm fog 
at sea. The purpose of these calculations is to 
compare the measured spectra of active droplets 
with expected spectra. 

As seen in Fig. 4, droplet evaporation began 
after 42.3 min, the point at which the pressure was 
held constant at 710 mb. However, the bimodal 
droplet spectra indicated supersaturated con
ditions persisted. It may be possible to have 
newly activated cloud droplets evaporating in 
supersaturated conditions as soon as the super
saturation reduces below the critical super
saturations of the droplets. The most rapid 
droplet evaporation occurred between 45.8 and 46.0 
min (0.2 min) for droplets 0.5 to 5 µm diameter. 
For droplets of similar sizes, an equivalent amount 
of growth occurred between 26.7 and 27.5 min (0.8 
min). Thus, in this experiment, droplet evapora-· 
tion rates exceeded droplet growth rates. 

6. CONCLUSIONS 

From the one experiment presented, droplet 
activation and growth measurements in the slow 
expansion cloud chamber, in general, followed what 
was e,epected from theory for drops ~l µm. 

Measurement difficulties prevented resolution of 
growth below this size. Evidence is presented that 
newly activated droplets may evaporate in super
saturated conditions as soon as the supersaturation 
reduces below the critical supersaturations of the
droplets. Droplet evaporation was measured to be 
somewhat faster than droplet growth for droplets 
0.5 to 5 µm diameter. 
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1. INTRODUCTION 

An earlier work ( Ref. l) presented the first 
cloud interstitial measurements of CCN spectra. 
This was accomplished by separating cloud droplets 
from the samples. Comparisons with ~otal within
cloud · CCN spectra:, which included nuclei within 
droplets, were then interpreted in terms of 
various models of cloud mixing. The results 
suggested that classical or homogeneous mixing 
processes were occurring. 

Further experiTPents are now described which 
employed improved droplet size cuts which were 
also varied during the eX'periments ~ The results 
not only confirm the previous study but also 
establish a correlation between cloud droplet size 
and nucleus critical supersaturation. 

These mixing models which attempt to explain 
how large droplets are formed can be classified 
into two categories depending on the assumed mode 
of mixing. The homogeneous mixing models {Ref. 2 
and 3) explicitly state that the largest surviving 
cloud droplets should be those· which were 
nucleated upon the largest ( most active and 
lowest Sc) CCN. An •inhomogeneous mixing model 
(Ref. 4) explicitly states that no such linkage 
exists and we infer the same for an entity mixing 
model (Ref. 5) which states that the development 
of large drops is independent of CCN con
centrations. 

As pointed ·out in Ref. 1, interstitial CCN 
spectra can be used to differentia-te between these 
two mixing modes. Homogeneous mixing should 
result in steeper interstitial spectra because 
more of the lower Sc nuclei should be within 
rlroplets. The interstitial spectra in an inhomo
geneously mixed cloud should not display ttiis 
characteristic steepness because droplet growth is 
more of a function of the dynamics rather than the 
nucleus Sc. Interstitial measurements with cuts 
at larger sizes emphasize the differences between 
the two types of m1xmg processes and more 
directly address the important question of large 
droplet formation. For homogeneous mixing, many 
of the smaller droplets grown on high Sc nuclei 
woul1:l. now show up in the interstitial spectrum. 
Multiple cycles of evaporation and recondensation 
as well as mixtures of parcels with different 
supersaturation histories would still display a 
characteristic steepness in the interstitial CCN 
spectrum. For inhomogeneous or entity mixing, the 
interstitial CCN concentration for all Sc's should 
be raised below Seff (effec-tive cloud 
supersaturation) because the nuclei within small 
droplets which would ·appear in the "interstitial" 
sample have approximately equal potential of 
having any ~c below Seff• If either mixing sce
nario actually influences the development of large 
droplets, then the predicted characteristics of 
the "intersti-tial" spectra should persist to size 
cuts as large as the drop sizes which are 
influenced by mixing. 

2. DESCRIPTION OF EXPERIMENTS 

The measurements were carried out at Henninger 
Flats (765 m elevation) near Pasadena, California. 
CCN were measured with a continuous flow diffusion 
chamber (Ref. fi) and an isothermal haze chamber 

(Ref. 7). Droplet size cuts were achieved with a 
cyclone separator (Ref. 8) attached to the sample 
inlet tube. The flowrate through the cyclone was 
periodically changed to achieve various desired 
droplet size cuts. The cyclone was also periodi
cally removed from the tube in order to make 
direct "total" within-cloud CCN measurements. 
Since this does not exclude the cloud droplets 
from the sample, these "total" CCN measurements 
include all nuclei within the measured volume of 
the cloud. Droplets are evaporated within the 
sampling tube inside the instrument trailer before 
the sample enters the cloud chambers where the 
nuclei form droplets. These droplets are counted 
in standard practice by the optical counters on 
each cloud chamber. 

Table 1 presents all of the data for one cloud 
event including both interstitial and total CCN 
measurements. The remarkable consistency of the 
concentrations of high Sc nuclei even with various 
droplet size cuts attests to the fact that these 
smaller nuclei had little droplet involvement. 
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The measured total within-cloud CCN con
centrations indeed showed a remarkable degree of 
consistency with time during cloud events (Fig. 
1 ) • These results show that non -nucleation aero
sol scavenging by cloud droplets was not an active 
process. Moreover, chemical conversion within 
droplets was also apparently not significantly 
changing the CCN concentrations. These obser
vations indicate conservation of CCN within 
clouds; therefore, even though the measurements 
were not simultaneous, the interstitial CCN con
centrations could be subtracted from the total 
concentrations to deduce the spectrum of CCN which 
were within cloud droplets greater than the cut 
sizes. 

3. RESULTS 

The significant aspect of this work is the 
changes in the concentrations of the lower Sc 
nuclei as the cyclone size cut was varied ( Table 
1). These concentrations are also understanaably 
a function of cloud density as shown in Fig. 2. 
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Figure 1. TotaL CCN concentrations for various Sc 
intervals during a cLoud event. 

Higher LWC generally resulted in . lower con
centration~ of the lowest Sc interstitial CCN for 
all size cuts whereas total concentrations of 
these nuclei\ were usually unaffected by LWC 
variations. 

A measurement cycle representing the total CCN 
spectrum and the interstitial spectra for three 
inlet size cuts is displayed in Figs. 3-6. Also 
displayed on Figs. 4, 5 and 6 are the percentage 
decreases in concentration with respect to Fig. 3 
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F"gure J. · CCN concentra"ions within the specified 
s intervals for an CCN within the clouds for 
p~riods before and after the interstitial measure
ments (displayed in Figs. 4, 5 and 6). 

(total CCN) for each s0 interval. This represents 
the percentage of nuclei within droplets. 

Since the very small percentages for the 
higher Sc's are within experimental uncertainty, 
this indicates that virtually none of these n:iclei 
are involved in droplets. An interpretation of 
the mixing mode can be obtained from the percen
tages displayed in Figs-. 4, 5 and 6. Since these 
percentages monotonically increase for lower Sc's 
for each figure, homogeneous mixing is indicated. 
Note also that these percentages are lower for the 
larger drop siz" c. its (lowest for Fig. 6) oecause 
larger size cuts allow more nuclei into the 
interstitial samples. Nevertheless, the similari
ties of Figs. 4, 5 and 6 indicate that homogeneous 
mixing affects droplet size up to 9 µm. The simi
larities of the percentages between Figs. 4 and 5 
show that there are very few droplets between 2 .5 
and 5 µm diameter. 

The relationship, or correlation between 
·droplet size and nucleus Sc 1s further revealed 
by comparisons of Figs. 5 and 6. Seventy-six per
cent of the lowest Sc nuclei which are within 
droplets lar·ger than 5 µm are also within droplets 
larger 'than 9 µ m (comparing 90% and 68%). 
Proceeding similarly, only about 50% of the nuclei 
in the next two Sc intervals which are within 5 µ m 
droplets (Fig. 5) are also within droplets greater 
than 9 µm (Fig. 6) (61% vs. 31% and 24% vs. 12%). 
The reader may calculate that it makes little dif
ference whether we choose the 5 µ m cutoff of Fig. 
5 or the 2 .5 µ m cutoff of Fig. 4 to compare with 
Fig. 6 arriving at this conclusion for these three 
Sc intervals. Figs. 4, 5 and 6 illustrate the 
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Figure 4. Simi i ~r to Fig. 3 except that nuclei 
within droplets greater than 2.5 µm have been 
e:-;cluded. Also disp Layed here ar>e the percentage 
differences for· eaah Sa inter>va! relative to· the 
data in Fig. 3. This r>epr>esenta the percentage of 
nuclei within droplets. 

typical monotonically-decreasing percentage . of 
nuclei found within cloud droplets, as the cyclone 
size cut is held constant and the nucleus Sc 
is increased in the analysis. Furthermore, as the 
cyclone size cut is reduced, these data generally 
show increased involvement of intermediate- and 
low-Sc nuclei within droplets. 

The above analysis is now applied to the 
entire t983 Henninger data, shown in a compressed, 
tabular form (Table 2). Although a wide range of 
cloud conditions are included the consistency of 
the results is noteworthy. The percentage of 
nucleus ·involvement in droplets is· shown in 
parentheses and like Figs. 4-6 these generally 
increase for lower Sc's (to the right). showing 
that lower Sc nuclei are more likely to be incor
porated into droplets. As with the figures com
parisons of the average percentages for the 
different size cuts reveals a correlation between 
droplet size and nucleus Sc. Eighty percent of 
the lowest Sc nuclei found within droplets > 5 µ m 
are also within droplets larger than 9 µ m, (32% 
out of 40%), whereas only 64% of the next Sc group. 
are in the larges~ drops whUe this is the case 
for only abou half of the third nucleus interval 
(0.08 to O.O:.J6% Sc). Furthermore, while only 7% 
(3 of 43) of the lowest Sc nuclei which are 
detected to be within droplets, are within 
droplets between 2.5 and ,5 µm, 36% (8 of 22) of 
the next nucleus interval (0 .022% to O .036% Sc) 
and 80% (8 of 10) of the nuclei in the next Sc 
interval which are within droplets are within 
these same relfrtively small droplets. 
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9;0o/.,61o/,., 24%, 991., +So/e, 
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+3% 
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Figure 5. Aa Fig. 4 except that only the nualei 
within droplets greater> than 5 µm have been 
excluded. 

The comparisons made in this table must be 
taken with the warning that there may have been 
some uncharted changes in the total CCN con
centrations over the entire course of the cloud 
even ts even though Fig. 2 , Table 1 and similar 
<iata for the other events show this to be unli
kely. It must also be remembered .that variations 
in cloud density throughout each event affected 
the interstitial percentages even for constant 
size cuts (Fig. 2). Nevertheless, for each event 
( date) there is a monotonic increase downward 
reflecting the fact that lower size c11ts remove 
more nuclei. The systematic differences between 
cloud events ( dates) are mostly due to systematic 
differences in cloud density. 

The consistently low percentages for the high, 
Sc's confirm the low Se.ff' s of stratus clouds 
(Ref. 9 and l). However, many of the experiments 
in Tables 1 and 2 took place when the cloud was 
not as dense as for Figs. 4-6, few CCN were con
tained within droplets and thus the average 
decreases from the total CCN concentrations were 
minimal. Nevertheless the results always followed 
the same pattern with larger drops associated with 
low Sc nuclei. 

4. CONCLUSIONS 

A new technique for cloud microphysical 
investigation has been developed which has 
demonstrated the existence of a correlation bet
ween cloud droplet size and nucleus Sc. This in 
itself could have important implications for cloud 
physics as it may be determined that only a subset 
of activated CCN or the shape of the CCN spectrum 
are really important for the development of large 
droplets and precipitation. 
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Figure 6. As Fig. 4 exeept that the drop7,et 
eutoff is 9 µm. 

These measurements have been used to 
distinguish between the effects of certain cloud 
droplet growth models which address a central 
problem in cloud physics--bridging the size gap 
b_eJW~E,n condensation growth and the size necessary 
for _Jriitiation of the coalescence process. The 
vast"., majority of the data tend to support the 
homogeneous mixing interpretation, confirming the 
earlier work ( Ref. l). 
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TABLE 2 - HENNINGER, 1983 

Number cm-3 (Percentage of Nuclei Involved in 

Cut Size and 
Droplets for Same Date Within Sc Intervals) 

(+ Indicates Increase Over Total) (Sc U 
Date No. of Cases 0.3 o.14 0.10 o.na o.oJ6 0.022 

Total 

June 9· "' " 12 134 147 114 
11 I 1341 261 130 209 152 65 
21 9 966 126 73 165 149 66 
22 ' 12!17 172 103 200 158 67 
25 3 1455 246 142 247 lBl 103 
26 1Z 1066 156 92 184 150 60 

9 11m Diameter 
June 9 9 434 (3) 78 (6) 73 ('•l) 138 (+3) 129 (12) 67 (41) 

II 5 1306 CJ) 253 (3) 127 (2) 203 (3) 127 (16) 29 (55} 
21 J 933 (3) 128 (•2) 76 (+4) 170 (+3) 143 (4) 49 (26} 
22 0 
25 3 1386 (5) "' (2) 135 {5) 231 (6) 171 (6) 80 (22) 
26 8 926 (13) 139 (11) 85{8) 184 (0) 141 (6) 50 (11) 

Avenge (S) (<) (2) (l} (9) {32} 
for ail date:i 

5 1u:n Diametet" 
June 9 14 442 {l) " (0) 60 (4) 122 (9) 104 (29) 54 (53) 

11 15 1306 {3) 270 (+3) 134 (+J) 208 (0.5) 117 (23) 13 (80) 
21 6 923 (-4) 132 (•5) 76 {•4) 172 (•4) 143 (9) 56 (15) 
22 1336 (+4) 183 (+6) 104 (+l} 195 (3) 143 (9) 50 (25) 
25 1352 (7) 235 (4) 136 (4) 236 (4) 159 (12) 55 (47) 
26 1162 (9) 171 (+10} 98 (+7) 188 (+2} 152 (6) 47 (22) 

Avctn.ge (3) (+3) (+1} (%} CU> (40) 
!or all date• 

2.5 µm Diametet" 
June 9 6 374 (16) 80 {4) 67 {7) 114 (15) 84 (43) 31 (73) 

1-

2. 

3. 

4-

5-

6. 

7. 

8. 

11 l 1208 (10) 225 (14) 103 (21) 139 (33) 62 (59) 2.5 (98) 
21 2 930 {4) 132 (5) 74 {+1) 164 (l) 146 (2) 61 (8) 
22 12 1325 (+J) 186 (•8) 105 (+2) 184 (8) 131 (17) 44 (34) 
25 14 1410 (3) 251 (+2) 143 {l} 231 (6) 147 (19) 56 (46) 
26 4 1041 {2) 154 (l) 97 (+5) 190 (+3) 158 (+5) 58 (3) 

Avenge (S) (2) m (10) (22) (43) 
!or all datea 
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AND PRECIPITATION FORMATION 
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AB3TRACT 

'l'he coagulation growth o.f cloud 
particles is considered. Assuming the 
particle overgrown a critical mass G to 
be removed instantly from the cloud the 
equation governing the time evolution of 
the particle mass spectrum is solved ana
lytically for three model coagulation 
kernels. In addition to the time depen
dence of the coagulating particles mass 
distributions the precipitation mass spec
tra are .found. A special attention is gi
ven to the problem of the precipitation 
formation in the case when a giant super
particle might arise in the corresponding 
coagulating system without sinks. It is 
shown that there exi.st then two clearly 
distinguished stages: i. the coagulation 
growth of the_particles without the total 
cloud mass loss, ii. the stage of the ac
tive rain droplets formation being accom
panied with the total cloud mass exhaus~ 
tion owing to the release.of precipita
tion from the cloud. The characteristic 
time of the first stage is occurred to 
be asymptotically independent of G, and 
the precipitation mass spectrum be of 
the form: 

G-2:f(g/G) 

where g j_s a droplet mass. 

Keywords: Coagulation, Cloud Particles, 
Precipitation, Mass Spectra 

1 • INTRODUCTION 

Among numerous processes responsible 
for the cloud particles size spectrum 
formation and affecting considerably the 
dynamics of the release of precipitation, 
the coagulation plays a very important 
role, especially in warm clouds that are 
entirely·beneath the level of the 0°C 
isotherm. 

The coagulation leads to the growth 
of small cloud particles with radii of 
the order 10 up to relatively large 
rain droplets the size of which lies 
within the range 0.5 - 5mm and larger. 
These droplets are released then as a 
rain, the-dynamics of which is thus go
verned by the kinetics of the coagulation 
process. · 

It is frequently assumed that the 
rate of a single coalescence act (the 
coagulation kernel) has the form (1) 

(the gravitational kinematic coagulation): 

K = K0 (1~/3+ 1Jl3)2 j1;f3-1f3/ (1) 

where 
4 

Ko = 2gn--ro 91y5\.1 
g :;:: 9~81m/s2 ., _j\1 , j) ~re the water 
and air densities respectively and 11 , 12 
are the masses of colliding particles me
asured in units of a minimal mass or a mo
nomeric particle of the radius r

0 
(below 

r
0 

:;;: 10J-, ). 
The coagulation kernel (1) is a homo

geneous function of its arguments whose 
homogeneity e~~onent is A :::4/3>1. As nas 
been shown. in ref's. [1,;;] in the case j > "I 
a giant superparticle must appear during 
a finite interval of time. This superpar
ticle has the mass comparable ,nth the to
tal mass of a coagulating cloud. The fact 
of appearance of the superparticle in a 
rinite coagulating system had been confir
med by a numerical experiment in ref.[3J • 
where the characteristic time :for the 
superparticle formation had been evaluated 

tc== 10 /L(s) (2) 

where L(kg/m 3 ) is the cloud water con
tent. According to eq.(2) the superparticle 
should be formed very quickly (during the 
time of the order or several minutes ). 

Of coarse, it is very di.fficult t:o 
imagine that a large object can be retained 
in a cloud. Moreover, sufficiently large 
particles of the coagulation origin res
ponsible for the superparticle formation 
should also be released from the cloud as 
precipitation. This means that the coagu
lation process is affected considerably 
by the presence of sinks of large partic
les. 

The rate of the particle removal de
pends on the particle size. This dependence 
is assumed below to have a threshold naturR, 
i.e. particles with l'!l.asses larger than a 
critical mass G (in units of the monomeric· 
mass) are removed instantly from the cloud. 
The value of G is extremely large: G N106 
(r :::::: 10.1-o rr,.~1mm). It is also assumed 
thgt the smaller particles are retained 
in the cloud for a sutriciently long time 
to grow up to the critical mass. The model 
described above is seemed to be quite rea
sonable and suitable !or a qualitative so
lution of the following problems: 



3 

the p~ecipitation form.a= 

res-t..11--;:;s 
C: 
/D 

(3) 

the concentrat:ion of the 
is the inten-

II-

(7) 

kernels are chosen 

sinl{s 0 

Some j7e,gults are also for the 

t::U:.12 is formecLw 
fer the initial 
ts, 1 for 

general fo= 

COAGULATION 

Gt lnG 

(9) 

g 
peo
imes 
der 

ve2..y same sequence 
11:he final stage takes up all remaining 

remarkable fact is the.t the time 
incerval of the initiel stage for the third 
model is independent of G whereas the 
time interval-of' the transient neriod 
77"~r,rJ s O at G ➔ 00 This is 8:. general 

systems in 
can , It is 

the su..
systems with 
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sharp sinks. It is explained by the fact 
that the superparticle formation requires 
a dif!'erent limiting transition. Namely, 
it is necessary to consider a finite co
agulating system with the total mass m 
and then shi!'t G to inrinity fixing the 
ratio G/mt o. The situation discussed 
above corresponds to the case limG/m= 0 
at G ➔ oo t so the superparticle embryo 
has precipitated be.fore i·I; grqw-, su:U:J_ci
ently to !'orm the superparticle. 

Below some results are listed concer
ning the precipitation mass spectra. In 
the limit of large Gone has for the ker-
nel K1 : 

00 

c+(g,oo):;; G-2(1-r)e-2C) exp [(1+r)s-

SS eu-1 7 ::.Eit""' , r 2 ~ujds, r , 0= e.577 •• ,10) 
0 ....J 

For the remaining two models the precipi
tation spectra are similar: 

c +(g,oo )'" 7r-1 G-2 eq_(1+r) (1-r )/('l+r ) 2r 112 

where g_:::: O.854032557••• • The total par
ticle concentration in the precipitation 
ic• 

rG 
N+(OO)= \ c+(g.oO)dg::: e.7923G-1 

~o 
for the !irst model, and for the latter 
two it is: 

(12) 

For the third wodel after the criti
cal moment 1:;:::: 1 ( cor-responding to the 
time of the superparticle _.formation in 
the sink free case) the tim.e dependence 
o:l the precipitation mass spectrum has 
the :lorm: 

('13) 

At t > 1 the total mass concentration M 
begins to decrease with time: 

(,4) 

It :Should be emphasized that the d_epen
dence. (14) is a consequence of the initi
al condition (6). 

For initially polzdispersed :9artic
les the dependence M(t_1 can be easily 
found at G= e--ci. Let F(p) be the Laplace 
transform of gc(g,t). Then for M(t) eq. 
(15) is obtained: 

hb F(M-tM) ("15) 

This equation is solved exactly. Derivat
ing eg_. (15) wj_th respect to t and intro
ducing the fllilction ,;i, inverse to -F' yield: 

/l 

:M:::: F(Q.(t-')) 

The critical moment t
0 

(after which the 
precipitation release begins) is readi
ly found from eq_. ("16): 

t~1 == -F
1

(0)= 5 g2c(g,t)dg (17) 

The form of the mass spectrum is conserved 
in the postcritical period: 

c(g, t,)OCl!l(t )g·-512exp( qg/G) (18) 

The remarkable .fact brought up by-
the influence of the sink is the appearance 
the exponentially growing .factor on the 
rj.ght hand side of eq.('18). As will be 
shown a little below this is rather ge
neral feature of coagulating systems with 
sharp sinks. 

Some analytic results may be obtai
ned for the kernel K given by eq.(9). 
I.f 1< !'< 2 andJ< 1, where 

_y.= le:,{ -JI (19) 

then at; G ➔ cP there exists a critical mo
ment t

0 
after which the active release 

of precipitation begins. In the postcri
tical period the mass spectrum of active
ly coagulating particles is of the .form: 

c( g. t )c(_ M (t )g-( 3+A) 12e:xp( ~g/G) (20) 

where the parameter q is the solution 
o:t: eq.(21): 

s:\eq~, -1)g-(>-j')/2dg:::: 2/(1:}') (21) 
0 

A closed equation similar to eq.('15 ) 
does not exist .for the kernel K • though 
the low Y=tc/t holds for the initially 
monodispersed mass spectra. 

The precipitation mass spectrum looks 
as follows: 

c+(g,t)cx('1-tc/t)G-2expqr(1+r) 

S1<1-x)-(3+\)/2Cr+x)-C3-A)/2ax (22) 
0 

Of coarset the integral on the right hand 
side of eq.(22) can be expressed in terms 
of special functions. 

In sinkless coagulating systems with 
the kernel K the superparticle is formed. 
However, u:nlike to the case o.f the kernel 
K3 this superparticle is passive at c,{~J3 < 1, 
i.e. its appearance does not a.f.fect tne 
mass spectrum of smaller particles. It 
serves just as a sink of the total mass 
concentration, whereas the mass spectrum 
is defined by e q. ( 3) at G= c,..--., • The super
particle !ormed is unique. 

'rhis is a consequence o.r. the .r.ollow
ing simple consideration. The rate of co
alescence of two superparticles with mas
ses comparable tom has the order K(m,m)/m 
~ m'A.-'1 (K/V« K/m is the rate o:t: the super
particle collision the concentration ot' 
which<:x 1/V«1/m, where V is the volume 
containing t:he finite coagu,lating system 
with the total mass m). At A> 1 and m-;, eo 
this rate becomes infinitely large. there
fore only one superparticle can exist in 
the system. On the other hand, the rate 
of coalescence of the superparticle with 
smaller particles the concentration o.f 
which is :finite in the thermodynamic limit 
is estimated as K('1 9 m)/mocmoC-.:l ➔ 0 (o(:>j3) 
at c( < 1 and m ➔ oo • Thus the presence o.f 
the superparticle does not affect the 
particle mass spectrUlll in this case. 

4. SOURCE El'!'HANCED COAGULATION 

In this section the steady state re
gimes of coagulation in the presence of 
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a source of small particles. 
For the kernel (9) e q , ' 7) has the 

steady state solution apprvaching asym
ptotically (at large g<G ) to 

c(g) ~ g-(3+ \)/2exp( ~g/G) (23) 

where q.t4iS again defined by eq.(21). 
The mass concentration M grows with Gas: 

M= S~c(g)dgoCGC1-:\)/2 (24) 
0 

These results hold for .}J<-1,when the steady 
state regime exists at G= o0. 

5. CONCLUDING REMARKS 

The above consideration ·allows one 
to make several qualitative conclusions 
about the behaviour of the coagulating 
system with sharp sinks and the kernel (1). 
In this case the superparticle can be 
formed , thus the dynamics of the coagu
lation process is expected to be similar 
to that for the model system with the ker
nel K. Three stages should be observed: 
i . Active coagulation without the preci
pitation formation (till the moment tc 
given by eq.(2)). The mass spectrum 
of coagulating particles can be found by 
solving numerically eq.(3) . 
ii. A very short transient period the du
ration o! which decreases with G. 
iii. ·The stage o! the precipitation for
mation ( t< t ) • One may anticipate that 
at t<tc c 

c(g,t)= c(g)tc/t (25) 

Substituting eq.(25) into eq. (3) yields: 

sk(gjx,y)c(x) c(y)dxdy + c(g ) /tc=0 
(26) 

The precipitation mass spectrum is then 
found from eq.(27): 

c+(g,t) = (1-tc/t)SK(x,y)8G(x)9G(y). 

O(g-x-y)c(x)c(y)dxdy (27) 

Even in the framework of such oversimpli
fied approach the problem of calculating 
the particle mass spectrum remains very 
complicate , but not hopeless one. 
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l . INTRODUCTION 

Traditionally, entrainment has been assumed to 
retard precipitation development . However, a number 
of studies have suggested that mixing between the 
cloud and the environment or between the cloud and 
residues of previous thermals would tend to broaden 
the cloud droplet distribution and, under some 
circumstances, would actually accelerate 
precipitation development (Refs. 1-4). This paper 
presents results of an explicit test of the effect 
of mixing on precipitation initiat1on. This study 
uses a modified version of the microphysical parcel 
model di~cussed in Ref. 5 . 

2 . INITIAL CONDITIONS 

The CCN (cloud condensation nuclei) distribution 
used for the calculations is similar to those used 
in Refs. 6-7, but with the distribution truncated at 
3 micrometers diameter . The parcel's star t ing 
temperature, pressure and relative humidity were set 
at 16.7°C, 886 mb, . a~d 83% , respectively . The 
P~fcel was lifted at a constant ascent rate oJ 4 m
s until a liquid water content of 0 . 1 gm- was 
achieved . At this point entrainment was initiated . 

3. MODEL EXPLORATIONS 

After modifications, the model was structured to 
permit two general types of mixing: homogeneous and 
inhomogeneous . In both cases the general approach 
employed was. based (loosely) on the study in Ref . 
8. The environmental air entrained into the cloud 
was assumed to have the same tempeiature as the 
cloud and a relative humidity of 80%. _For 
simplicity, in these exploratory calculations 
environmental air was mixed into the rising parcel 
at every time step . The net rate was picked to 
result in parcel liquid water contents that were 
maintained a t approximately half the adiabatic 
value. 

Homogeneous mixing was relatively easy to 
simulate ·. Near the end of the calculation within a 
condensation time step, the desired quantity of 
environmental air was mixed into tl,e cloudy parce 1. 
A. mass-weighted mean temperature and mixing ratio 
were compu·ted with the liquid water content being 
adjusted appropriately. A new supersaturation could 
then be computed. Nuclei entrained into the main 
parcel were assumed to have relative size 
distributions equivalent to the size distribution of 
cloud droplets (or potential cloud droplets) 
obtained at

3
the poiut where the liquid water content 

was 0.1 gm (see Fig. 1) . 

Inhomogeneous mixing assumes that the entraining 
parcel mixes relatively slowl y with the cloudy air 
so that some dropl P. ts are Plmost completely 
evaporated while others remain essentially 
unaffected ; The m•mber of cloud droplets evaporated 
was determined by the amount of vapor required to 
saturate the ~ncoming parcel. In this calculation 
drops larger than 30 micrometers radius were assumed 
to be unaffected by possiblP evaporation. All drops 
emaller than 30 micrometers were possible candidates 
for evaporation to saturate the incoming parcel. 
The evaporated dropl-ets were th,m reintroducP.d into 

1o' 

FROM L • 0. 1 gm/m3 DISTRIBUTION 

,o-"L
0 

_ _ _..._ _ _ -'----'---c_- --'----'---...L_J 

RADIUS (µm) 

Fig . 1. Wet CCN distribution. 

the parcel in the relative ·ccN distribution of Fig . 
1 while the appropriate adjustments were made in the 
temperature . The parcel now completed mixing with 
the remaining cloudy air in a manner identical to 
the treatment of homogeneous mixing. As in the 
homogeneous cases the entrained air could contain 
nuclei or be nuclei free. 

As a benchmark the model was run without mixing; 
i.e., an "adiabatic" simulation. Fig. 2 shows five 
variables as functions of height derived from t his 
calculation. Four are self explanatory. The fifth 
variable, Rm ' is the droplet radiys at which t ~e 
droplet distribution falls below 10- drops per cm, 
per micrometer i.,terval. This variable is intended 
t o serve as a measure of the rate at which the cloud 
droplet distribution spreads t o larger sizes. The 
predicted cloud droplet distributions are highly 
monodisperse ; as would be expected for an adiabatic 
calculation. 

The results of t wo simulations with homogeneous 
mixing· are presented in Figs. 3 and 4 . The only 
difference bet ween the homogeneous-mixing 
simulations is in the nuclei in the entrained air . 
One case (Fig. 3) had no nuclei in the entrained air 
while ·the other had nuclei in the same concentration 
as were present at cloud base . As in the adiabatic 
case the cloud droplet distributions resulting from 
th ~ case depicted in Fig . 3 ~ere highly 
monodisperse . Fig. 4 depict.s the results obtained 
when the entra i ned nuclei were assumed to 
immediately form into the s ame rflative size 
c!istribution exhibited at the 0.1 g m- level. The 
simulation that included nuclei in the entraining 
air produced cloud droplet distributions that showed 
significant broadening (mostly toward the small end 
of the . spectrum) , but were still dominated by a . 
pronounced peak in the distribution. 
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Fig. 2. Parameters computed in an adibatic 
simulation. 
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Fig. 3. Parameters computed in a parcel simulation 
with homogeneous mixing. 

Figs. 5 and 6 depict the results of two cases 
in which inhomogeneous was simulated, In both cases 
the nuclei distribution in Fig. 1 was used. In the 
case depicted in Fig. 5 no nuclei were contained in 
the enlraining air and drops that evaporated to 
saturate the entraining parcel :,ere reintroduced 
with a relative size distribution based on the 
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Fig. 4. Parameters computed in a parcel simulation 
with homogeneous mixing. 

distribution shown in Fig. 1. Fig. 6 illustrates 
the results of the case where nuclei were included 
in the entraining air. The corresponding cloud 
droplet distributions for this simulation are shown 
in Fig. 7. 

4. OTHER CALCULATIONS 

Several other model simulation,, were used to 
investigate other aspects of precipitation 
initiation. The adiabatic simulation and two of the 
mixing cases were repeated with the CCN distribution 
extended to larger sizes in the same manner as in 
Refs. 6-7. These results suggest that if large 
particles are present in the air entering cloud 
base~ they can be very effective in initiating 
precipitation. In addition, other calculations are 
being performed to investigate the effect of 
entraining air discontinuously in larger units 
(blobs) than simulated in the cases discussed here. 

5. DISCUSSION 

These calculations suggest that inhomogeneous 
mixing can enhance the rate of precipitation 
development compared to corresponding homogeneous 
mixing simulations. However, the cases presented in 
both Figs. 3 and 5 develop precipitation faster than 
the corresponding cases with nuclei in the entrained 
air, which suggests that dilution of the droplet 
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Fig. 5. Parameters computed in a parcel simulation 
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Fig. 7. Cloud droplet distributions predicted at 2 
and 4 km above the L • 0.1 gm/kg level for 
a parcel simulation with "inhomogeneous 
mixing". 

concentration may be more significant in these cases 
than the details of the mixing process. In addition 
the results of the simulations in which the tail of 
the nuclei distribution was incl~ded a·uggest the 
importance of large particles in precipitation 
initiation. 
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ANALYTICAL SOLUTIONS TO A KINETIC EQUATION FOR THE CLOUD DROP SIZE 

SPECTRUM FORMED BY CONDENSA~ION IN A TURBULENT MEDIUM 

V. I. Smirnov and L.A. Nadeykina 

Central Aerological Observatory, Moscow, USSR 

In clouds condensation is affected by 
turbulence (Refs 1-6), nucleus matter 
solubility (Refs 7,8), the residence time 
(age).of droplets (Ref. 9), mixing be
tween a cloud and the environment (Refs 
10-12). In the present paper a kinetic 
equation is derived taking into account 
the factors mentioned above, and several 

· analytical solutions of this equation 
are folllld. 
We introduce a distribution function of 
cloud drops (spectrum) f(t,x,r,c,~), 
where t denotes time, fdx 1 dx 2dxzdrdcdT 
is the mean (over a cloud ensemble) num
ber of drops in a volume ele~ent 
dx.dx.idx =<ix with radii from r to r + dr, 
with nucleus condensational activity 
from c to c+dc, with age from 'C to-r +d-r. 
The equation for a drop growing by con
densation can be written in the follow~ 
ing well known form, e.g. Ref. 8: 

i. = [A
0

(T)/(t+'C.*)p5J[P-J\(1+w)],(1) 

where pis the vapour density in the 
environment, p is the saturated vapour 
density at temiferature T, A0 is a T fun
ction which depends on the vapour and 
medium parameters, too, r* is a free
molecular parameter which includes the 
condensation coefficient, r+ is the drop 
surface curvature parameter, c.> = r + /r
c/r3, the last term representing the 
nucleus solubility contribution. 
Vapour supersaturation is defined through 
<t = (p - p JI .9s • . 
The equa!ion derived for f by a known me
thod is 

ol + v(irl) -t- ~ (i J)+ al = ~(i,x,'I. c:d2) 
lH ,h or . , , 
where v is the drop velocity, J is a 
source and sink function describing 
nucleus activation and mixing between 
the cloud and its environment. 
On the basis of the mass, momentum and 
energy.conservation laws one can write, 
following Ref. 6, a set of equations 

T"' _: ou.3 - Q3 =1.,,.; VU .. u. 3 /.>.- a3 :J,./T 

i. = 'De i's ( a.1 u~ + ~ - uJ P. + Q.t. '.J,..) ' 
'I, F. J,,,. . 

where a 1=(~cpf~fT) (LR,i~pTRy-1 )_a~, 
a2=La3/R-ylr , a3 =Cp(1+L pa/cpR:,;T pa>, 

(3) 

~ =g(1+L.Ps/~eTPa)a3 , .>,-1=Cg/Ra- '3')/_;, 
P a<Pw) is_ the air (water)density, u is 

the air velocity, g is the gravity ac
celeration, x3.is the vertical coordi
nate, Cp is tlie air specific heat at 
constant pressure, Lis the latent 
heat of condensation, Ra. (R) is the gas 
constant for air (water vapour), J* is 
the energy loss per g unit mass (e.g. 
due to radiation). (4) 

'i\ = A
0 

(T) ~'IIT/.Ps (1+ 'l,*/rt.) :! flo/ (1+ ii,*/-t-) 

F.; = 1irr/ff<fJe1./d'L·dcdr. 

p
2 

== 1trrj/ffJetQfd"dcd., 
(5) 

the last expressions being generalized 
as compared to the P and F. of Ref. 6. 
Starting from Eqs (2). and 13), upon aver
aging over an· ensemble of turbulent 
clouds, we derive the following kinetic 
equation which generalizes and corrects 
the form derived in Ref. 6. 

al + i ( u. L - 1Ts 8 i~) l + ~ ! <i)e X 

8t. ox;, o p_ 'ih 't-
.,., 1 

where K . . , is the turbulent diffusion 
tensor,~lv-

5 
is the sedimentation velocity, 

~ j 3 A
1 

(x) = Hr / f Ve 'I. i'I. (x I) drt dcd-r. . (7) 

Eq.(6) does hold for a cloud which is 
dense enough for the supersaturation 
relaxation time to be short as compared 
to the time scale over which a spectrum 
is evolving. · 
The mean effective vapour supersatur
ation (which determines a mean growth 
rate of drop r~ii) is equal to 

8: .i. [a.◄ LL!'>+F'a,+a.1K,Lde,,..~+ 
P. . axL (8) 

+ (°'·) 2 .Ps K T ('oe) - a. d fn.Js K ·. (dT+ "6&\. . 
P. .f.., :s?> • 't- . • dr . ~~ -ax~ . Ji/ 

and differs from the mean supersatur
ation only by the ' te:rm proportional to 
dln .f'5 /dT. 
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1 • DROP SPECTRA IN A MODEL WHICH INCLUDES 
A STEADY-STATE LATERAL NUCLEUS INPUT 
INTO AND DROP LOSS FROM THE CLOUD 

We consider a one-dimensional conveccive 
updraft exchanging air with its surroun
dings. Air outside the cloud is assumed 
to be nearly saturated, the temperature 
and its gradient outside the cloud bein[; 
equal. Due to mixing the spectrum tends 
to be independent of heigl:!t. 
On adding the sink term-Ei into the right 
side uf Eq.(6), t~e source term being 
proportional to o (r), one obtains a 
following equation for the drop age dis
tribution 'X.. ( t) 

dX./ch::=-EX. (9) 

The solutioL to (9) is 

x = E exp(-Er) ( 10) 

1 • 1 • Diffusion and mixing are taken into 
account, the nucleus activity being 

negligible and r+= 0 

integrating Eq.(6) over~ we come 

* 2 where u 3 = u 3-(Lu/a1RvT +K33dltifs/dT) 
(O T/clx

3
+ ~ ) • 

Ea.(11) has an exact solution of the 
form 

where n 0 is the dr.op concentration, and 
~ being determined by a rather complex 

nonlinear equation. 
Assuming that r*<~ r, which is commonly 
true for cloud drops, we find 

I..!- It is assumed that K33/.>.~u3, 
u 3/ .>. '-"' E and u 3@ T/OX;,+ o) /T « E which 
to ,a2:J,,..=-(Lu/¾T2h~T/1lx3+ o). 

leais 

For the case, where r"'» r (e.g. the con
densation coefficient being small), we 
find 

f (1-)"' n.0 0."1,*exp(-J.11,,*>t,) (14) 

* 1/3 where o<.r* =(811Enofw/a 1,Psu3) , The - ,. -mean drop radius is r
2

=1/oLr =O.69r~, the 
variability factor equalling 1. 
Note that the turbulence on vertical 
exerts no influence on both the spectrum 
shape and the variability factor but it 
affects strongly the mean drop size. 
Alteration of the drop growth regime 
occurring due to decrease in the con
densation coefficient results in a strong 
change in the spectrum shape implying a 
sharp increase in the large drop concent
ration. 
The liquid water content (LWC) equals 

( 15) 

being equal to the LWC gradient for an 
adiabatic process. ,. 
Condensation takes place when u > O, 
which is possible when i)u

3
,-o, ~T/8x~ +a 

<. a" =a1RvT 2./L, ii)uy,.u3=K33(dln.f:s/dT) 
(OT/ox3+ 0)/[1-L(OT/h3+ lf )/a1RvT 2], ;; 

0T/8x3+ 0t. o*, iii) u3 <.o', OT/8xfo, o. 

1.2. The case, where K39 =O, EEO (which 
holds when K · 4 u2 /E) 

The vapour supersaturation as determined 
by Eq.(8) being,constant the radius of a 
drop is related to its age and nucleus 
activity by 

'l, 

f ( 16) 

where r
0
(c) is the drop radius after the 

initial stage of condensation. 
From Eqs (9) and (16), taking the nucleus 
activity distribution into account, we 
come to 

4 
f~(C)'!-J,.,_,. X 

Js 'i:\ ( '!.) ( h" - 'J. + 1- 2. + c) 
( 17) 

"' 
,r ) x exp \ _ E J-w x" cJx } 

!s 'De(x) (ox 3- '!,+j(:i..,.c) 

g(c) being the nucleus activity spectrum. 
According to Ref.13 and to the familiar 
formulae for an equilibrium particle 
size one has g(c)=b1c-(Hs) , where 1i1, S 
are constant. 
Fo;r r >>' r 0 , r ;:;:,r * we find that 
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A:n ana:ogous relation can easily be 
derived for the case, where r "-"' r"', too: 
f ~ r - ( 1 + 4s) • 
The dependence off upon r is the same 
as that found in Ref.7 for a non-turbu
lent cloud. 

2.·LARGE DROP SPECTRUM CONTROLLED BY DROP 
AGE AND THE NUCLEUS HYGROSCOPICITY 

Neglecting r+ and r* in Eq.(1) one finds 
r 5 =5A 0 cT. Upon excluding a dependent vari
able r and letting v-5 =0 we express the 
spectrum in a form of g(t,x,c)?C(t,x, 'C)' 
the age distribution X obeying a general
ized equation of convective diffusion. 
The X function being knowil, the drop size 
spectrum can be determined from the rel
ation 

For g ~ c-( 1+s) we find 

/ ~ If,- (1+5S) 
1 

(20) 

which is analogous to fin the case of a 
non-turbulent medium (Refs 7,8). 
Thus the lateral mixing of updrafts 
with the environment appears to be the 
most powerful of the known mechanisms 
responsible for the broadening drop size 
spectra in convective clouds. 
A proportional relation between LWC and 
air velocity for updraf.ts mixing with 
the environment is in striking contrast 
to the LWC dependence on height for · 
adiabatic processes. 
A conclusion that clouds can forn:: in 
downdrafts under instability (the air 
vertical velocities being low enough) 
seems to be rather surprising. 
A:n interesting fact revealed in this 
study is a spectrum breadening due to 
the condensation coefficient decrease 
which can occur when drop surfaces are 
contaminated. 
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The paper gives an analysis of microstruc
ture evolution of a ITarrn locally superhea
ted or supercooled cloud layer. 
Cloud medium state is described with an equ
ation sys~em including a kinetic equation 
for drop size distribution as well as an 
equation for heat and moisture balance.The 
kinetic equation for regular, stochastic 
condensation and gravitational coagulation 
is 

,:;, -"(~ x ti ,. //:T' x t) ,. .:1Y-r, x,t} ( 1) 
..:::._ ;r , , , :/ = l t. '. , +- i., ,.----. 
ilt ..P , ..P ,2 ..P 

. I\ 

Here the condensation operator J,, 
vcn as in (Ref.1): 

is gi-

L :!..=- :Ot/4 _!._ Nz-,,x,t}+ Jrf ':, + 
, .P .f' w rJ:z-, .f' a ::c 

iJS" I iJ]Z .f'{-r>,.:C,t) 
+ o:» :r iJr ..P , 

(2) 

(J) 

A 

The coagulation operator l 2 is a usual col
lision integral (Ref.2). For calculations 
of sedinentation rates and water drop cap
ture coefficients approximate expressions 
were used (Refs. 3-5). Supersaturation,spe
cific moisture and tempera~ure are defined 
by equations as follows (Ref.1): 

-"_ Cp(U6 _ a§)L t~ o ,_!!. • ..!.:!!. a P+.Pvs_ 
~ - /., {j:f f},X R't' 3 ~ Wl ,P 3 p 9 .P 

, _,o c ae1 cp a§ iJea r. (4) 
- 3 J5 / (r-d~ + '7:-z: az ax ' · 

i'=l+.Pvs _!:__ _!::_; 
.P C'p 7' Rv 7' 

( _!_ _, ~)B -O B={B-.!:.. .!?_,.Prs+P).(5) 
/Jt oz2 

J c,.. .P .P 
The system (1)-(5) has the following nota
tions: t is the time; iE ( ::i: , V , 2 ) is 1he 
Cartesian coordinate system (the axis 2 is 
directed upwards; / is the drop size dis
tribution; r , ., are the radius and surfa
ce area of a drop;· :iJ , ~- are molecular and 
turbulent diffusion coefficients; .P , .l'w 
are the air and water; .P~- is the density cf 
saturated vapor above the flat surface of 
pure water; 7' is the temperature; i9 , 19' 
are the potential and pseudopotential tem
peratures; 1:=[1Zt>JPf'dr]_,. is the. 
time constant for·water vapor condensation; 
Pis water constant; r is the drop con

centratio:t_J.; Cf' is the air heat capacity at 
constant pressure;/., is the latent heat of 
condensation; R is the gas constant for wa-
ter vapor. v- · 
\/hen writing e·quations (1 )-(5) the follow
ing assumptions were used: 1) a volume of 
interest is rather distant from cloud boun
daries and sufficiently large to study clo
ud microstructure evolution in it under tuz.. 
bulence; 2) the effect of drop sedimenta
tion and mean medium velocity on drop spect
rum is not considered; 3) the drops are 
of such sizes that the influence of hygro-

scopicity and surface tension can be neg
lected. The first assumption makes it pos
sible to use the operator l, in the fonn of 
(2) (Ref.1). The second assumption is not 
a principal one and is used only to find a 

"pure" effect of drop spectrum evolution un
der stochastic condensation in a turbulized 
medium locally inhomogeneous in temperature 
on gravitational coagulation. The influen
ce of sedimentation and convection arising 
under a local perturbation of medium on the 
drop spectrum is considered in (Refs.6,7) • 
Initial conditions of the equation system 
(1)-(5) are: 

-- = :: cons ; P+.P~i C t 
.,P t=o w 

(6) 

where C! w :j,s the medium :;:pecific moisture 
cii_tcnt; r(z) is a solution of the equation 
: 2 =O at 7'(2,} =7:., 2., is the height where 

the temperature perturbation maximum is lo
cated; Qr• er~ are the perturbation and the 
diameter of the turbulized zone; 'P(:7ir> "- s") 
is the solution of 

iJ / /I ;/ 

--=1. -, 
Jt ,.,P ~ 

(9) 

at a.,. =O for steady-state conditions. 
Boundary conditions formulated under the as
sumption that the cloud medium surrounding 
the volume of interest is nonturbulized. 
If ar*O limitations appear for possible COl
sidered time ranges • 
So a problem is considered of the cloud drcp 
spectrum evolution under regular, stochas
tic condensation and gravitational coagula
tion in the cloud layer where a one-dimen
sional instant local temperature perturba
tion is preset. It is assumed that the m.ic
rostructure immediately accomodates to the · 
temperature variation. The spectrum shape 
is chosen so that in a nonperturbed cloud 
fraction the spectrum should not change due 
to condensation. 
The kinetic equation ·(9) is known for fif
teen years already. But during this time 
not ·a single attempt has been made to nume
rically solve this equation together with 
the equations for mass .and water vapor trans
port. In the papers dealing with the kine
tic equation of stochastic condensation its 
follllhas some way or other been changed.In 
(Ref. 8) the effect of turbulence on ave
raged over turbulence realizations water 
vapor saturation value is not considered 
and above all the drop distribution func
tion-is treated as a conservative substance. 
Due to the latter assumption the eddy li
quid water flux proved to be proportional 
to liquid water gradient thougll in the case 
considered in (Ref. 10) it follows from eq
uations of balance for heat and liquid wa
ter content that the turbulized liquid wa-
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ter flux is proportional to the difference 
between dry- and moist-adiabatic gradients 
and does not approach zero at homogeneous 
liquid water distribution. 
In (Ref. 9) the kinetic equation gives in
.correct items describing the effect of tur
bulence on a drop spectrum. Therefore the 
equations for liquid water content obtain
ed with the kinetic equation integration 
and by the balance equation for heat and 
moisture content do not coincide. Drop spe
ctrum height variation in a steady-state 
turbulized cloud is studied analytically 
in (Ref. 10) where an erroneous conclusion 
is made that the solution of the stochas
tic condensation kinetic equation has a bi
modal form: 

where fo (s)is the drop spectrum near the clo
ud base. When obtaining and analysing the 
solution of (10) the parameters t, and S,e 
considered independent. It can be shown 
(Ref. 11) that the requirement to conserve 
the moisture leads to a dependence between 
the two parameters and t, becomes equal to 
fz, i.e. both modes c0incide. 

The equation system (1)-(8) has been solv
ed numerically with the following values 
of the parameters: 0'2 = 0.5; r 0 = 0.5jt'm;Ar= 
o. 25 Jim'; ti :,t = 7. 5 m, where .r,, is the minimum 
considered radius, AT' is the grid interval 
for radius for fine droplets. Fo~ large 
droplet spectrum part this interval is not 
constant and t,r;.+1/A:r. = 1.05. The cloud lay
er height where the'process of interest 
has taken place was 450 m. Other parameters 
were variable:ar= + 1; - J.5; - 10; - 13; 
- 20_K; the initial relative dispersion 
6:r/r was equal to 0.2; 0.4; the tempera
ture perturbation maxj_mum height $ 0 was 150; 
225; JOO m; specific moisture content Cw= 
O. 884. io-2; drop concentration at z0 n0 = 
JOO cm-3; edd2 diffusivity coefficient~ 
was 2.25; 9 m /s. Cloud drop spectra were 
obtained for different time points, then 
calculo.ted were concentration, mean radius, 
dispersion, liquid water content, concent
ration nr and li·quid water content P. for 
large drops. - z 

- 4 f 3 n='f'rzt')dr· P =7:i'A :r/(:r,:z,t)a:r. :r J v, y , r ,J w r 
As far as the ini ti.al drop size distri b:u
tion implies the drop specific concentra
tion homogeneous, local cooling causes drop 
concentration increase and heating leads 
to its decrease. Turbulent mixing (consi
der a certain case of local cooling gives 
a temperature increase with time near cool
ing maximum (the layer center at :lo= 225 m) 
and a temperature decrease with time at the 
layer periphery. 
At small times the gravitational coagula
tion begins in tne center of the perturba
tion zone where the drop concentration and 
mean drop radius are maximal. That is why 
at the beginning in the central part of the 
parturbation zone the concentration and li
quid water content of large drops increase 
wher~as the total drop concentration decre
ases. In the course of time the coagulation 
rate in the center becomes less intensive 
due to the drop concentration decrease be-

cause of turbulent mixing as well as due to 
decreasing cf mean drop radius as a result 
of stochastic condensation. The appearance 
of large drops, drop concentration increase 
due to turbulence, mean radius and disper
sion increase by stochastic condensationma.ke 
the process of coagulation at the periphery 
more intensive. As far as liquid water con
tent and mean drop radius increase with he:ight 
the coagulation rate above the cloud layer 
center is more intensive. 
As a whole in the course of time in the cen
ter of the cooling zone the drop concentra
tion decreases monotonously by turbulence 
and coagulatior .• At the periphery the con
centration at first increases due to turbu
lence. Then the coagulation retards the con
centration increase and in some time causes 
its decrease. Table I gives percentage dif
ference of initial drop concentration and 
that for a certain period of time. The .fint 
and the second columns show the variant for 
basic drop concentration (ar=O) and the va
riant for th~ drop concentration without co
agulation ( l..2, = 0), respectively. Atar=O the 
coagulation leads to some variation of drop 
concentration with 1110 ~o. 01 m-J and JZ250 ~ 
0.0002 lli-J. The turbuient mixing within the 
calculation uncertainties does not influence 
the drop conoentration. Stochastic condenca
tion and turbulent transport at a,.=-7 K re
sult in a decrease of concentration in the 
center of the perturbed zone and its incre
ase at the periphery. 
The rate of coagulation growth of drops in 
the problem under consideration depends on 
the following characteristics of perturbati
on and cloud medium: amplitude, water and 
moisture content, 'drop concentration, eddy 
diffusivity coefficieI't. 
Increasing of perturbation amplitude causes 
an increase of drop concentration, of mean 
drop radius and water content. Dispersion 
of the initial drop distribution decreases 
and the rate. of dispersion increase becomes 
more intensive due to stochastic condensa
tion. These factors provoke the coagulation 
(see tables I and 2). Turbulent "smearing" 
of perturbation sm9othes the difference in 
coagula.tion rates with time. The data of tai
ble 2 indicate that by 30 minutes of the 
process n 10o<ar= 10 K).::11,00 (<2,.= -7 K)in the 
center of the c.ooling zone. It can be ex
plained by more intensive coagulation at 
ar= -10 Kand to some extent by enhance

ment of large drops exchange by turbulence 
caused by medium heterogeneity increasing. 
Analytical studying of drop s~ectrum evolu
tion under stochastic condensation (Refs. 
17, 12) has shown that the spectrum disper
sion in the center of local cooling 
zone as a function of the parameterJt/a~z 
has a maximum. Therefore an increase of the 
eddy diffusivity coefficient may cause both 
the intensification and suppression of the 
coagulation process. The intensification 
of the perturbation "smearing" at increas
ing eddy diffusivity coefficient leads to 
suppression of coagulation by a fast decre
ase of drop concentration and mean radius 
in the cooling zone. The data obtained ha
ve shown that at least at t;;,, 5 min the sup
pression of coagulation with increasingk 
prevails over the intensification (see tab
les 1 anu J) This is most important in ap
pearance and growth of large particles and 
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their water content. At increasing~ from 
2.25 m2/s to 9 m2/s 1lu0 and .P2 " give a de
crease of an order of a value (table 3), 
but they are more than 104 higher the cor
responding values in the basic case. At t= 
40 min maximum values of 17700 and P,011 are at
tained at :l =270 m and are: n 1" 0 = 1570 m-3 
and Pu,o= 0.08570 m-3. 
Initial concentration decrease at given wa
ter content leads to mean radius increase 
that in its turn causes coagulation growth 
enhancement. This effect is more important 
for the processes at the periphery of the 
perturbati_o_n zone where temperature gradi
ent.a ·a:re · cl-oa-e ·to the environmental ones. 
Stochastic condensation in this case chan
ges the drop spectrum insignificantl-y and 
the effect of initial conditions on coagu
lation kinetics is more pronounced. 
Variations of maximum cooling level infl"
ences the drop gro,vth rate as far as water 
content and drop concentration change with 
height. The behavior of concentration pro
files( large arop water content, total con
centration, etc.) is similar to that of cor
responding parameters when maximum cooling 
takes place at the level of 225 m. 
The results given above have been obtained 
for the specific moisture content of Q834. 
10-2 and 7;, = 283 K. The water content at 
the level :Zo is· 1 · g-3 at ar= O and~ 4. 7 gm-3 
at ar=-7 K. A double decrease of specific 
moisture content results in a more abrupt 
decrease of coagulation rate of droplet 
growth, i.e. 'f?j()() at ar=-1 K decreases for 
four orders 01· magnitude ( see tables, 1 and 
4) To obtain data of such an order (as in 
case of Cw =0. 834.1 o-2) ar should be de
creased to -20 K. The data of table 4 il
lustrate the role of perturbation pulsati
ons in the coagulation kinetics. When Clr 
decreases from -7 K to -20 K the concentra
tion 11 700 and water content P 100 increase for 
four orders in the center of the perturba
tion zone. The data of table 1 ·show that at 
decreasing water content in about 20 minu
tes the total drop concentration at the le
vels higher than 75 m above the center of 
the cooling zone is still growing, i.e.the 
turbulent mixing is more effective than-1:re 
gravitational coagulation. 
Lo·cal heating causes a decrease· of drop ccn
centration, mean drop radius, water content, 
drop spectrum dispersion at initial adjust
ment of cloud microstructure to perturbati
ons. The system in this case tends to re
gain the unperturbed state; the time cons
tant in this case is about 50 min. The coa
gulation rate is close to the initial one, 
large drops conce.ntration and water captu-, 
red by them do not practically differ fro~ 
the initial 6a1ues at :t = 225 m,7l ~0.01.la?; 
P,oo ~ 0 • 1 .J 0- gm-3 • loo 
Of certain interest is studying of a drop 
spectrum in the medium undergoing recurrent 
local cooling. It was assumed that tempe·ra
ture perturbation occurred two or threeti.
mes with the interval of 5 min. The follow
ing cas?:!s were considered: 1) T =283 K; C'w = 
0.884,10 ~=-3-5 K at t=O and t;;5 min; 2)T = 
274 I(; Cw= 0.442.10'-2 ; a-r=-1 at t = O; 5° 
min and 10 min. The data obtained were com
pared with the results corresponding to 
the following parameter values: 3) T0 =283K, 
C,,,,, = 0.884.10-2 , Clr=-1 Kat t=0;4)T=274 K, 

Cw = 0.442.10-2, ar =-20 K at t=O. Fig.1 
shows the behavior of n100 for these fource.-
ses. When analysing these data and the lar
ge drop water content one can see tha'i :tn ihe 
center of the cooling zone at the nearest 
levels (the distance of ·15-37.5 m) cool-
ing resul is in a more intensive growth of Jar
ge drops. The behavior of these par=~ters 
at the periphery is practically the same. 
The difference at the central levels can be 
explained by differences· in turbulent mix
ing intensity. From the one hand large tem
perature gradients(cases 3 and 4) cause mo
re intensive mixing both of large and fine 
drops leading to a decrease of large drop 
number in the center of the perturbed zone 
as compared to cases 1 and 2, respectively. 
From the other hand, at the levels more dis
tant from the center than mentioned above, 
an in~eFse picture can be seen, i.e. the, 
number of large drops is greater at larger 
temperature gradients and correspondingly 
more intensive mixing. In case 2) a great 
number of drops with the radii more than 
250 m form during 40 minutes, the variati
ons in n 2so being similar to that for -n 1oo .• 
Thus the results obtained have shown that 
the drop spectrum evolution in a turbulized, 
locally cooled medium leads to intensifica
tion of gravitational coagulation. At the 
same time coagulation rate increases with 
cooling increasing with a decrease of eddy 
diffusivity coefficient and an increase of 
specific moisture content. In a mediumwiih 
repeated local cooling the coagulation pro
cess enh~nces in the center of the pertur
bation zone. If in view of (Ref. 13) it is 
assumed that ~recipitations take p~ace at 

11100 ~1500 m-:J, .i;,0 ~0.005 g/m3 (drizzle), 
then according to our data precipitation 
particles form if water content within the 
cooled zone reaches 3 - 4 g/m3. 

" fl
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·!0 

Fig. 1. 

15 

fO 

5 

-JO -20 -10 

Profiles of 
Drop radii 
1 case 1; 
4 - case 4. 
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~~~ c-.o ~- ~,~c:: variation 1J.f Lo :;.-:1J tlrop concentration. Le.ft nu.mber cor:cor.;l1onds ~c) t 
richt - tot= JO min. 

7'0 = 283 K; i == 2.25 ;77 Z.s-1 
~ =2831( 
~ ~ 9m~s-1 ro = 27// K; £ =2.2S77? 2

S-f 

1( m} 
a'T' == o I ';-r = - 7 K I I a,,,=-71< 1 I L.2 = 0 a.,,= IK a.,. =-toK a.,.= -7K a-r = -IOK Q,,. =-20,I( 

-- -- - ----- -· --- - -
3~ r. I •:;, o.6 0.8 -0.6 -1. 0 0.9 1. 4 0 0.4 0.1 7.7 0 0.7 -1. 1 -1.2 -1.3 -0.7 
7'-J 1.0 1.5 -1.6 -2.2 2.0 2.9 0 1. 4 1.9 20.9 0.2 1.5 -3.2 -3.6 -3.7 -1.9 
112.5 1. J 1.9 -2.8 -J.1 J.J 4.2 0.2 J.8 8.1 38.2 0.4 2.4 -5.7 -5.4 -5.9 -0.1 
150 1.5 2.J -J.9 -J.7 4.7 5.3 0.8 8.J 22.1 
187.5 1.7 2.6 J.8 4.5 3.2 J.4 6.9 18.2 43.7 

54.8 1. 0 3.5 -7.6 -6. 1 -6.8 6.3 
69.9 9.6 12.3 9.8 12.1 15.6 32.0 

225 1.9 2.8 5.1 5.9 -14.4 -14,,2 6.7 21.8 51.4 75.5 11.4 14.4 14.7 17.3 16.6 36.0 
262.5 2.1 J.1 3.2 3.9 2.6 2.9 6.8 20.6 4G.7 73.6 9.4 12.6 9.0 11.4 1.4.0 32.6 
JOO 2.2 J.J -1.7 -1.4 J.9 4.7 J.J 14. 1 29.5 62.0 3.8 6.8 -2.6 0.8 -1.5 13.9 
337.5 2.3 3.3 -1.0 -1.0 3.2 4.2 2.6 9.2 14.7 36.7 3. 1 5.9 -0.9 -0.04 -0.6 7.9 
375 2.2 J.O -0.4 -0.5 2.6 3.5 2.1 5.4 
415.5 1. 6 2. 0 -0. 1 -0.2 1. 7 2.3 0.7 2.7 

Table 2 
Large drop conc.:mtra.tion at different tem
peratu2e local perturbations. T = 283 K,i= 
2.25 m /s, Cw= .834.102 , t=30 min,20 =225 m 

n,oo (m-3} 77uo (m-3; Proo{g•nFj P;s,,(8"·7711 
l(m) Clr (I() a.,. (K) <Zr {K} a-.,.(KJ 

- 7 I -10 -7 I -10 -? I -,o - 7 1-10 

75 446 1260 0.9 374 .02 .08 .02 .06 
150 2190 2655 590 901 .13 .19 • 10 .16 
225 3620 3050 1040 1099 .22 .· .24 .17 .20 
JOO 2990 2980 825 1010 .18 .22 • 14 .18 
375 1100 2020 265 613 .06 • 1 J .04 .10 

Table J 
Large drop concentration and liquid water 
content at different eddy diffusivitr coef 
ficient. T 283 K, a.,.=-7 K, ~=.834.10 , t=JO' 
min, 2 0 =225 m. 

A(m 2 -s-:) ~(mZ.s-'} 4(m•-s-:; 

150 
225 
JOO 
375 

2190 
3620 
2990 
1100 

590 
1040 
825 
265 

Table 4 

9 

56 
97 

109 
70 

. 

.1 J 

.22 

.18 
• 06 

. 

.OJ] 

.022 

.025 

.016 

. 

.10 

.17 

.14 

.04 

• J 
.008 
.015 
.017 
.011 

Values ofrt/Mand.P,00 at_ l'w=.442.10-2 , T=274K, 
fl =2. 25 m4 /S, t=JO IDJ.r:., 2o= 225 m 

n,oo ( m-3) P,ao ( 8 . n-, - 3 J 
2{m} a,,. { K} 

-7 

75 0.006 
1500.11 
225 0.4 
JOO 0.28 
375 0.05 

I -20 

220 
1509 
2865 
1925 
424 

-7 
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1. INTRJDUCTION 

Microphysical processes in clouds depend 
basically on the present drop size distri
bution. Therefore, anv detailed mathemati
cal simulation of the-development of clouds 
and precipitation requires the knowledge of 
the drop size spectrum changing in time by 
condensation, coagulation, nucleation etc., 
described in terms of, the (kinetic) spec
tral budget equation for the distribution 
function. 

In this paper we will deal with the conden
sation process, which plays a predominant 
role in the early stage of a cloud. Omitt
ing all microphysical processes except con
densation the corresponding prognostic 
equation for the drop mass distribution 
function f = f(m,t) with m: drop mass, is 
the so called (kinetic) spectral condensa
tion equation (hereafter referred to as 
SCE): 

0 ( 1 ) 

This continuity equation is-of the type of 
a non-linear advection equation, where the 
condensation growth rate m has the meaning 
of an 'advection velocity'. 

The solution of Eq. (1) by means of purely 
numerical schemes as proposed by e.g. 
Richtmyer and Morton (1967; Ref.1) and 
Book (1981; Ref.2) for advection equations 
is basically connected with the difficul
ties resulting from the extremely steep 
gradients off and mas well as a probable 
change of sign of the advection velocity 
m(m) along m. To circumvent the problem of 
integrating the SCE (1) most microphysical 
models (e.g. Takah~shi and Lee, 1978; 
Ref.3; Fitzgerald, 1974; Ref.4) apply the 
imposed conservation condition for the num
ber of drops in each class in connection 
with grid points moving along m according 
tom. However, a severe limitation of this 
method is the distortion of the grid points 
in most important regions, namely where the 
growth rate m changes its sign. 

To overcome these difficulties we will pre
sent in this paper an analytical method to 
solve the spectral condensation equation. 
The treatment of Eq. (1) in a Lagrangian 
space formalism leads to an exact solution 
f(m,t) throughout the whole drop size range, 
even at those critical points of m mention
ed above. 

2. SOLUTION METHOD 

The SCE (1) describes the evolution of the 
drop size spectrum f{m,t) by condensation 
or evaporation as a function of drop mass 
m and time t. A necessary condition for 
solving Eq. (1) is the knowledge of the 
condensation growth rate m. Here we use the 
formulation as given by Pruppacher and 
Klett (1978; Ref.5). The analytic integra
tion of the SCE requires the assumption of 
constant relative humidity RH and tempera
ture T. 

To elaborate f(m,t) we have to pay atten
tion to the facts th~t t~e drop growth rate 
is a ·function of m, m = m(m), that it may 
become zero and change its sign. Because of 
the type of the SCE (1) its solution requi
res a distinct treatment of masses with 
in= 0 and in# o. 

First we will consider the evolution of 
f(m,t) for masses m=m* with vanishing 
growth rate, m(m=m*) = 0. Ob•,iously, if 
(am/8m)m*>O drops with m>m* grow steadily 
and drops with m<m* evaporate, so that all 
particles adjacent tom* are moving away 
from that mass,and f(m*,t) will decrease 
in time. Hence, in this case we may inter
prete m* as a 'divergence point' maiv• 
On the contrary, if {am/am)m*<O, i.e. drops 
with m>m* evaporate and those with m<m* 
condensate, all drops near m* tend to ap
proach that very point and contribute to an 
increase of drops at m*. This feature caus
es a rising value of f(m*,t) and we call 
the point a 'convergence point' mean• 
The evolution of f(m*,t) is described quan
titatively by the analytical solution of 
Eq. (1) form*= mean, maiv: 

f(m*,t:) = f(m*,t 0 ) exp[-(~:)m*(t-to)] (2) 

The atmospheric conditions relative humidi
ty, temperature and salt content of the 
drops decide, whether-there exists only a 
convergence point, a convergence point as 
well. as a d:j.vergence point or none of both, 
because of m>o for all drops. 

Next we will reflect upon drops with non
vanishing growth rate. -To integrate Eq. (1) 
analytically we adopt the Lagrangian point 
of view by following the trajectories of 
single particles resulting in an exact ana
lytical solution for the evolution of the 
drop size sp~ctrum: 

~(mo) 
f(m,t:) f(mo,to) 

m(m) 
(3) 
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The initial value m0 m(to) is linked to 
the actual drop mass m by the drop growth 
rate m. 

From the interpretation of the zeros of m 
as convergence or divergence points it fol
lows that the related growth rates m (m) and 
m(m) have equal signs. Therefore, Eq. (3) 
satisfies the necessary condition of a 
probability distribution function, namely 
f(m,t)>0. 

The evaluation of the analvtical solution 
of the SCE (1), i.e. Eq. (2j and (3), re
quires numerical procedures, which causes 
the ~ppearance of difficulties. They are 
primarily connected with the convergence 
point, because a maximum of f(m,t) arises 
at mcon accompanied by very steep gradients 
comparable to the Dirac 6-function. This 
feature gives rise to large errors for the 
integration over the whole spectrum. To 
a,·-:iid the difficulty we consider only drops 
with m>mcon and choose a minimum value of 
m, IDmin, next to mcon· The discretization 
of the mass coordinate exhibits an extra
ordinarv fine resolution for the smallest 
masses,~and the grid points are kept fixed 
with respect to time.-It should be noted 
that this scheme does not conserve the to
tal number of drops, because evaporating 
drops migrate straight onto mcon and 
leave the prescribed mass range. However, 
the number of lost particles and the re
sulting error can be estimated from the 
conservation law. Moreover, in the presence 
of an additional divergence point the num
ber of drops with an initial value mo>maiv 
must also be conserved; this condition 
serves as a test for the quality of the 
solution scheme of the SCE (1). 

With regard to the divergence point the 
distribution function f(maiv, t) is calcu
lated directly from Eq. (2) without any 
further difficulties. In case of m>0 for 
all drops sharp gradients do not arise 
because of the missing convergence point 
leading to a simpler treatment. 

3. A CASE STUDY 

Now we will discuss an example for the so
lution of Eq. (1) for 
RH= 100.1%, T = 283 K, p = 900 mb and a 
s~lt content ms= 1.1x1~-15 g NaCl for each 
drop. The corresponding growth rate for mo
tionless drops is shown in Fig.1. For the 
given atmospheric conditions rn is positive 
if m < 2.9x1o-13 g and m > 4.2x10-12 g, and 
negative if 2.9x1o-13 < m < 4.2x10-12 g, 
indicating a convergence point at 
mcon = 2.9x1o-13 as well as a divergence 
point at mdiv = 4.2x1o-12 g. 

The corresponding time development of f(m,t) 
is plotted in Fig.2 fort= 0,10,100 s. Be
cause of constant RH and T the characteris
tic effects of the convergence and diver
gence point on the shape of f(m,t) are 
clearly illustrated. 

As the ~istribution function is not calcu
lated at the convergence point the curve of 
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Fig.1: 

Drop growth rate mas function of drop size 
for model conditions 
RH= 100.1%, T = 283 K, p = 900 rob, 
ms= 1.1x1o-l5 g NaCl. 

(--: positive _values,---: negative values) 

f(m,t) is indicated in the range mcon < m 
< mmin by a dashed line to point out the 
arising extremely steep gradient in that 
rr,gion. 

Despite the low absolute values of m for 
smallest drops most droplets with m r <ma iv 
reach their (stable) equilibrium value 
mcon = 2.9x10- 13 g within less than 20 s; 
these_ are the unactivated particles under 
the given model conditions. The presence of 
the divergence ~oint causes a minimum at 
md. = 4.2x10- 1 g becoming more and more 
pr5riounced. The growing d~ops with mo>mdiv 
lead to a maximum at m = 1 o-1 o g at 
t = 100 s, which is augmented by more than 
a factor of 100 in comparison to the initi
al value of the distribution function. 
Within that peak most of the growing par
ticles are concentrated. The cons3rvation 
error for the total number of activated 
drops with m0 > mdiv amounts to only 6% of 
the initial value. 
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Time development of the drop size distribu
tion f(m) fort= 0, 10, 100 s, calculated 
with the semi-analytical integration 
scheme. Model conditions as in Fig.1. 
Dashed lines indicate f(m) for mcon<m,mmin· 

4. CONCLUDING REMARKS 

The ability of the presented semi-analytical 
solution of (1) is best illustrated by a 
comparison with the results obtained by a 
conventional model, i.e. using time depen
dent grid points and applying the drop num
ber conservition foi each class as carried 
out for instance by Fitzgerald, 1974 (Ref.4). 
Fig. 3 shows that the class containing ini
tially maiv grows steadily throughout the 
whole integration time; at last it spreads 
over several orders of magnitude of m (in
cluding the convergence point), but charac
terized by just one value of f(m). There
fore, this interesting mass region cannot 
be resolved in sufficient detail. However, 
far awa1 from the divergence point with 
m > 10- o g the models agree quite well for 
growing drops; the same featur~ holds true, 
if the model conditions cause m > 0 for all 
drops. 
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As Fig.2, but calculated with a conventio
nal model. For details see text. 

To summarize the results it should be stat
ed that the presented analytic-numerical 
solution of the (kinetic) spectral conden
sation equation and its verification are a 
real improvement over previous numerical 
schemes in mathematical and physical 
aspects. This applies especially to those 
cases, where the drop growth rate changes 
its sign, i.e. at subsaturation or low va
lues of supersaturation as is often observ
ed under atmospheric conditions. 
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M, ANALYSIS OF CLOUD DROPLETS SPECTRUM EVOLUTION 
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Abstract. 

A neh· algorithm of the numerical method of 
moments is developed for integrating the kinetic 
equation of coalescence and breakup of cloud drop
lets.Analytic expressions of autoconversion,accreti
on and breakup conversion of mass and number concen
tration describing the intraction between small clo
ud droplets portion of the spectrum and larger drops 
portior, of the spe,·trum are derivrt1,Numerical res
ults are obtained for different initial droplet spe
ctrum and for different .coalescence/breakup kernels. 
Also droplets mass grid points and time steps are 
varied.The results of numerical experiments are co
mpared with Berry's and Reinhardt's analysis for the 
autoconversion,accretion and larger drops selfcolle
ction. 

1. Introduction. 
The microphysical processes ·of coalescence 

and breakup of cloud droplets are among the impor
tant processes governing the mass conversion f1~m 
cloud droplets to larger drops in the problem of 
cloud droplets spectrum evolution.Coalescence of 
cloud droplets alone tends to formation of larger 
drops (autoconversion);coalescence alone between 
cloud droplets and larger drops (accretion) and co
alescence between larger drops (selfcollection) 
tends to mass conversion from cloud droplets to la
rger drops (Ref.l).Cloud droplets· and larger drops 
disintegration opposes this tendency and tends to 
mass conversion from larger drops to cloud droplets. 
If there is an equilibrium between these two tende
ncies a steady-state distributions of cloud droplets 
and larger drops may be developed as a result of si
multaneous action of coalescence and br~akup pro
cesses (Ref. 5 ,6, 7). 

In this study a new algorithm of the nume
rical method of moments for integrating coalescence 
/breakup kinetic equation (Ref.2,3,4) is developed. 
Analytic expressions for time derivatives of num
ber concentrations and liquid water contents of 
cloud droplets and larger drops each taken separa
tely are derived.Numerical experiments are carried 
out to study the mass conversion process between 
cloud droplets and larger drops resulting from si
multaneous action of coalescence and breakup pro
cesses. 

2.The governing equations 
and computation method. 

The coalescence/breakup kinetic equation 
for number density function n(x,t) can be written as: 

an(x,t)/3t=-n(x,t)Jcr(x,y)n(y,t)dy-n(x,t)P(x)+ 
0 

X 

+(l/2)Jcr(x-y,y)n(x-y,t)n(y,t)dy+JP(y)Q(y,x)n(y,t)dy 
0 

X (1) 

In this equation cr(x,y) rep;esents the coalescence 
kernel for two droplets of mass x and y;P(x)-the 
probability that a droplet of mass x will break up 
during a unit time and Q(y,x)-the number density fu
nction of fragm~nt droplets of mass x formed due to 

breakup of a parent drop of _mass y. 

Multiplying fl) by dx and .by xdx and integra
ting in both cases from O to S and from S to = we 
have: 

s s 
3N (t)/3t=-(l/2)Jn(x,t)dxJcr(x,y)n(y,t)dy-(l/2) 

1 0 0 
s s s 
Jn(x,t)dxJcr(x,y)n(y,t)dy-Jn(x,t)dx/cr(x,y)n(y,t)dy-
0 s-x O S 

5 S X 

-JP (x)n (x, t) dx+ JP (x)n (x, t) d1Q (y, x) dy+ 
0 0 

s 
+JP(y)n(y,t)dyJQ(y,x)dx (2) 
S 0 

s s 
3M (t)/3t=-Jxn(x,t)dx/cr(x,y)n(y,t)dy-(l/2)Jn(y,t)dy 

§ 0 S S 0 

J (x+y)a (x, y) n (x, t) dx+ JP (y)n (y, t) dy JxQ (y, x)dx (3) 
S-y S 0 

aN2 (t)/at=-(l/2)Jn(x,t)dxJcr(x,y)n(y,t)dy+(l/2) 
s § 

s s 
Jn(x,t)dxJcr(x,y)n(y,t)dy-JP(x)n(x,t)dx+ 
0 S-x S 

y 
+Jn(y,t)P(y)dyJQ(y,x)dx 
s s 

s s 

(4) 

aM (t)/3t=Jxn(x,t)dxJcr(x,y)n(y,t)dy+(l/2)Jn(y,t)dy 
2 0 S 0 

s s 
J (x+y)a (x,y)n(x, t)dx-JP (y)n(y, t)dyJxQ(y ,x)dx (5) 

S-y S 0 

In equations (2)-(5) N (t),N (t) represent number 
concentrations of clou! dro_p!ets and larger drops 
respectively; M1 (t),M2 (t)-are liquid water contents 
of cloud droplets and larger drops respectively. S 
repres·ents a droplet mass separating cloud droplets 
diapason from larger drops diapason of the spectrum. 
In equations (3) and (5) the first term on the right 
hand side represents the accretion term;The second 
term represents the autoconversion term; The third 
term describes breakup mass conversion from larger· 
drops portion of the spectrum to the small cloud 
droplets portion of the spectrum. 

In equations (2) and (4) the first term on t_he 

right hand side describes the decreasing of N1(t) 

and N2(t) respectively as a result of coalescence 
between cloud droplets in eq. (2) and between la
rger drops in eq. (4). The second term in equations 
(2) and (4) is the number concentration autoconver
sion term. The third term in eq. (2) represents the 
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accretion term; The last three terms in ( ~. ( :.) and 
the last two terms in eq, (4; describe number con
centration balance (variation) in (2) and (4) respe~ 
ctively as a result of cloud drop 1 ets and larger 
urops disintegration. 

To compute the autoconversion,accretion and 
breakup conversion terms (double integrals),and also 
to solve the equations (2)-(Si,the numerical method 
of moments (Ref.2,3,4) is used .for integrating the 
kinetic eq. (1). Eac,'1 separate droplet mass interval 
between druplets mass grid points (xk'¾+l) where 

¾+i=s¾ is consides·ed as a droplet patlet with its 

own number com:.entration, liq-..iid water content al'd 
other moments 0 nd the unknown number density func
tion nk(x,t) ~n each droplet paek~t is represented 
by an expansion in orthogonal polynomials with a gi
ven weighting function 

where z=x/~ represents drr?lets nondimensional mass 
in the packet (¾ ,xk+l); Wk (z, t)-weighting fuaction; 

Jik(z)~are polynomials orthogonal in the range (1,s) 

with weighting function Wk(z,t). aik(t) are the ex

pansion coefficients which are expressed as linear 
combinations of the moments of number density fun
ction nk(z,t) .It should be noted ·that the first or
der approximation of the expansion (6) w~ich inclu
des the first two terms of the expansion (61 desc-
. ~bes not only the case where the dropcets in the 
packet(xk''1<+l) are spread over the whole mass in~
erval (¾,xk+l) but also the case where droplets in 

the packet (xk,~+l' are located only in the part 

of the whole mass interval (xk,xk+l) (Ref.3,4).In 

last case the bidimensional integration formula of 
Gaussian type is used to reduce the computer time 
required for numerical computation of the coalesce
nce a,1d breakup double integrals (Ref. 3). 

3.Numerical computations 
and concluding remarks. 

The unknown number densiiy function nk(z,t) 
in each separate droplet packet (xk,xk+l) is repre-

sented by an expansion in orthogonal polynomials 
with a given weighting function in the· range (xk, 

xk+l).In this way the problem of solving the coale
scence/breakup kinetic equation (1) is replaced by 
one of solving a set of coupled differential equa
tions for the moments of the number density function 
1\(z,t). The convergence of the expansion (6) for 
the number density function 1\(z,t) in terms of or
thogonal polynomials with a given weighting functi -
ons in range (1,s) (s{2) is sufficiently rapid and 
for droplet mass grid points ¾+i=sxk (s~2) the ap-

proximation of 1\(z,t) by means of the first two 
moments ,that is by means of the first two terms of 
the expansion (6) is sufficiently correct. 

Analytic expressions for the values of auto
conversion,accretion and breakup conversion for nu
mber concentrations and liquid water contents of 
cloud droplets and larger drops are derived.A nume
rical experiments and an analysis are carried out 
to study the-variation of the autoconversion,accre
tion apd breakup conversion terms in equations (21-
-(S) in terms of time and number density function 
moments and to study the interaction between the 
small droplets portion of the spectrum and the lar-
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ger· drops portion of the spectrum as well. 
For numerical integration of coupled differen

tial equations for number concentrations and liquid 
water contents of the number density function :\(z,t) 
L1 each separate droplet packet (~,¾-l) which are 
derived fro eq. (1} the method of ·fra~tional time 
steps is adopted.In this method it is assumed that 
the time step of integration-is broken up into se
parate treatment of coalescence and breakup proces
ses.Also numerical computations without using the 
method of fractional time steps are carried out. It 
is shown that for time steps 6-t(Ssec. the differen
ce between nll!llerical results obtained by usinr and 
without using the method of fractional time steps 
is very small. 

A Jevelopment of an equilibrium steadv-state 
distributions for cloud droplets and:larger drops a, 
a result of simultaneous action of coalescence and 
breakup processes is studied in terms of coalescence 
and breakup kernels and in terms of cloud droplets 
and ·1arger drops initial spectra .A comparison is 
made between numerical results computed by using the 
whole kineti,·eq. (1) and by using eq. (1) without 
breakup terms.It is shown that the reak values of 
the number density and mass density distribution fu
nctions are displaced towards the small droplets po
rtion of the spectrum as a result of cloud droplets 
and larger drops disintegration. 
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Abstract 

An extension cf numerical method of moments 
is developed for numerical integ-ation of c:oupled 
coalescence kinetic equations for supercooled cloud 
droplets number density function n1(x,t) and for ice 
particles number density function n

2
6c,t).The time 

evolution of n1 Cx, t) is considered' as a result of 
coalescence,breakup a;1d collisions of supercooled 
droplets with ice partfcles.The n

2
(x,t) varies in 

time t as a result of coalescence and collisions of 
ice particles with supercooled droplets.The method 
is used for numerical modelling of hail growth by 
stochastic collection. 

1. Introduction 

Coalescence and breakup of supercooled cloud 
droplets,coalescence of ice particles and coalescen
ce between ice particles and supercooled cloud dro
plets are among the important processes governing 
the formation and development of ice phase in mixed 
clouds.In (Ref.S) ~ set of coupled kinetic equations 
for supercooled droplets number density function 
n1 (x,t) and ice particles number density function 

n2 (x, t) is der:i, ved and the met!. d of moments is used 

to wmpute the first moments o~ n 1(x,t) and n2(x,t). 
Iu Beheng's•(Ref.2) numerical simulation of graupel 
development the numerical method of Berry (Ref.I) is 
used.In ()l.ef.4) the method of- Bleck ·(Ref.3) is used 
for numerical modelling of hail growth by stochas-
tic collection. · 

The_ approximation of the numbe~ density fun
ctions n (x,t) and n (x,t) between.supercooled dro
plets and ice particles mass grid points respective
ly is the main proolem in the numerical integrating 
of the set of coupled coalescence kinetic equations 
for n1 (x,t) and n2(x,tJ.In Berry's approximation of 

number density functions (Ref.l) neither the number 
concentrations nor the mass of supercooled droplets 
and ice particles are conserved.In Bleck's method 
(Ref.3) it is impossible to estimate the error of the 
approximate numerical solution and an assumption is 
made that in each separate supercooled dropilets and 
ice partigles packets all droplets and ice particles 
respectively are spread over the whole mass intervals 
(xk,xk+l).This Bleck's uniform distribution hypothe-

sis gives as a result a significant increase of the
mrss conversion velocity from cloud droplets to lar
ger drops and from cloud droplets to ice particles 
for real coalescence kernels. 

In this study numerical method of moments 
(Ref.6,7) is used for integrating the set of coupled 
kinetic equations for n1 (x, t} and n2 (x, t} describ.ing 
supercooled droplets ana ice particles spectra evo
lution resulting from droplet-droplet,droplet-ice 
particle and ice particle-ice particle coalescences 
and from supercooled droplets breakup as well. 

2. The governing equations 
and computation method. 

The set of coupled kinetic equations for super
cooled droplets number density function n1(x,t) and 
for ice particles number density function I1z-Lx,t) 

can be written as (Ref.2,4,5): 

X 

n2 (y,t)dy)+(l/2)fa11 (x-y,y)n1(x-y,t)n1(y,t)dy
O .. 

-P(x)n1 (x, t), IP (y}Q(y ,x)n1 (y, t)dy 
X 

n1 (y,t)dy)+(l/2)1a22 (x-y,y)n2(x-y,t)n2(y,t)dy+ 
0 

X 

+fa21 (x-y,y)n2 (x-y,t)n
1 

(y,t)dy 
0 

(1) 

(2) 

In these equations a 11 (x,y) and a 22 (x,y) represent 
the coalescence kernel for two supercooled droplets 
and for two ice particles Jnteractions respectively; 
~12 Cx,y)=a21 (x,y) represents the coalescence kernel 

for supercooled dreplet and ice particle interaction. 
P(x) is the probability that a droplet of mass x will 
break up during a unit time,and Q(y,x)-the number de
nsity function of fragment droplets of mass x for
med due to breakup of a parent drop of mass y. 

Unknown number density functions n1(x,t) and 
n (x,t) in each droplet packets and ice particle pa
clets respectively are represented by an expansion 
in orthogonal polynomials with a given weighting fu
nctions (Ref.6,7) 

(3) 

n (z,t)=W2k(z,t)t b.k(t)P.k(z) 
2k i=O 1 1 

(4) 

where z=x/Xi,_represents nondimensional mass of supe-
rcooled droplets or ice particles .·;;w k (z, t) and 
w2k(z,t) are weighting functions.G.k{z) and P.k(z) 
are polynomials orthogonal in the fange (l_s);ls= 
=xk Ix) with weighting functions W (z,t) and 
W k(i,tj respectively.a.k(t) and b-k~) are expansion 
c3efficients which descf1be deviations of n1k(z,t), 
n2k(z,t) from W1k(z,t) and w2k(z,t) respect1vely. 
Expansion coeff1cients a.k(tJ and b.k(t) are expres
sed as a linear combinations of the1 number density 
functions moments.In this way droplets and jce par
ticles number concentrations ,masses and other mom
ents in each corresponding packets are conserved and 
the problem of solving the coupled kinetic equations 
(1)-(21 is replaced by one of solving a following set 
of coupled differential equations for the number de-
nsity functions-n1k(z,t) and n2k(z,t) moments (Ref.6). 
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Ill J Ill .J Ill k-1 m 
3;1 (t)/at=-l:All -l:Al2 +l:.-\11 + 

lk 1=1 ik i=l ik i=l i ,k-1 .i, 

k-1 m m J rn 
Ti~llHli,k,k -Bk +ihBi,k (Si 

m J Ill J Ill k-J m 

k-l Ill k-1 Ill k- l Ill 

+ l: A2? +.l: A21. +.l: A21. (6) 
i=l -i,k,k 1=1 1,k-l,k i=l 1,k,k 

Ill Ill 

where n
1
k(t) and M

2
k(t) represent the mth order 

moments of the number density functions n
1
fz,t) 

and n
2
k(z,t) respectively in the packets (xk,xk+ll; 

J-the total number of supercooled droplets ca· ice 
particles packets. 

Ill m Ill Ill 

All , Al2 All ,All 
m 

, A22 
ik ik ik i,k-1,k i,k,k 

m 
A21 

ik 

Ill 
A22 

i,k-1,k 

ID 
,A22 

i,k,k 

Ill 
,A21 

i,k-1,k 

Ill 
,A21 

i,k,k 

'll'e the coalescence double integrals; 
Ill 

B and 
k 

ID 
B are breakup integrals(Ref.6,7). 
ik 

"he computations of the coalescence and bre
akup double integrals require the values of number 
density functions n

1
k(z,t) and n

2
k(z,t) in each se-

parate droplets and ice particles packets.Therefore 
approximating n

1
k(z,t) and n

2
k(z,t) by means of the 

first L terms of the expansions (3)-(4) respectively 
and substituting these approximations in the coales
cence and breakup double integrals,and also replacing 
the expansion coefficients aik (t) and bik (t) by means 

of linear combinations of number density functions 
moments we obtain from (5)- (6) a finite set of cou
pled differential equations to compute the first L 
moments of n1k(z,t) and nzk(z,t). 

The accuracy of the approximations of n1k(z,t) 

and nzk(z,t) by means of the first L terms of the 

expansions (3)-(4) respectively depend on the choice 
of weighting functions as well as on the choice of 
droplets~ice particles mass grid points xk+l=sxk.The 
number density functions n1 (x,t) and n2(x,t) in ex-

periments are determined only for the range (x,x+dx) . 
If dx<<x the number density functions in each range 
(x,x+dx) represent a piece-wise constant functions 
and an arbitrary moments of n1 (x,t) and n2(x,t) in 

the range (x,x+dx) are expressed by means of the ze
ro order moments of corresponding number density fu
nctions.For numerical integrating the kinetic equa
tions (l)-l2) it is impossible to choose mass grid 
points for which (xk+l-xk)<<xk.Therefore for such 

grid points the zero-order approximation of the exp
ansions (3)-(4) (l=l),which corresponds to Bleck's 
method (Ref.3,4) will be incorrect for an arbitrary 
weighting functions.It should be noted that the first 
o,·der approximations of the expansions (3)-(4) (L=2) 
describe not only the case where supercooled drop
lets and ice particles in the packet (~,xk+l) are 

spread over the whole mass interval (xk,xk+l) but 

also the case where supercooled droplets and ice 
particles in the pacLt (~,~--+1)are located only 

II-4 

in the part c,•· tLc whole mass interval (xk,"iz+l). 

3. Numerical computations 
and concluding remarks. 

The unknown n·1rnber density functions 

,nd n2k(:,t) in each separate supercooled \roplcts 

packets and ice particles packets are repre,,:nted by 
an expansions in orthogonal polynomials with a given 
h'eighting functions in the range (xk,Xk+lJ.In this 

1,ay the problem of solving the kinetic equations (1), 
(2) is replaced by one of solving a set of coupled 
differential equations for the moments of the number 
:lensity functions nlk(z,t) and n2k(z,t).The conver-

gence of the expansions (3)-(4) in terms of orthogo
nal nolynomials with a given weighting functions in 
the range (l,s) (s~2) is sufficiently rapid.For dro
plets and ice particles mass grid points xk+1=sxk 

(s~2J the approximatfon of nlk(z,,i;) and n 2k(z,t) by 

means of the first two terms of the expansions (3)
(4) respectively is sufficiently correct. 

Analytic expressions for the time derivatives 
of ice phase number concentrations and ice phase wa
ter contents of small and larger portions of ice pa
rticles spectrum are derived.Also analytic expressi
ons of mass and number concentration conversion dou
ble integrals describing formation and development 
of larger ice particles portion of ice phase are de
rived.Numerical results are obtained for different 
coalescence/breakup kernels and for different initial 
droplets and ice particles spectra.Also droplets and 
ice particles mass grid points intervals are varied. 
Weighting functions and integration time steps are 
varied as well.Numerical experiments are carried out 
simulating hailstones growth by stochastic collection 
and simulating mass conversion fromliquid supercooled 
droplets to larger ice particles as well.The corres
ponding results of numerical computations are compa
red with Danielsen's and'Bleck's numerical modelling 
of hail growth by stochastic collection(Ref.4). 
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Abstract 

An extension of the method of moments is deve
loped for the numerical integration of the equations 
of droplet spectrum evolution by condensation and 
evaporation processes.Droplet ·packets between non
fixed droplet mass grid points (xlt(tJ ,xk+l (tD de-

pending on time tare considered and unknown number 
density function n,,,(x,t) in each such droplet pac
kets is represented"by an expansion in orthogonal 
polynomials with a given weighting function. In this 
way the problem of solving the condensation kinetic 
equation is replaced by one of solving a set of co
upled differential equations. for the moments of the 
number density function I\(x,t), and the fir~t re
lationship between droplet total liquid ~at_er . co:1-
tent M(t) and between vapor supersaturation S (tl is 
derived. The second relationship between M(t) and 
S(t) can be derived in the known manner using the 
equations of advection phenomena and thermodynamics. 

l. Introduction 

There exist ~hree maijor difficulties in nume
rical computation Of droplet spectrum.evolution by 
condensation/evaporation processes (Ref. 3-5}.alThe 
problem of distribution of condensed or evaporated 
water between droplet packets requires a correct 
approximation of droplets number density function 
~(x,t) in each droplet packets.b)For- correct com-

putation of vapor supersaturation the release of 
latent heat of condensation/evaporation should be 
taken into account. cJThe small relaxation time of 
condensation/evaporation processes requires very 
small time steps for numerical integrating the cor
responding equations. 

To surmount these difficulties in this study a 
separate treatment of microphysics of condensation 
and evaporation processes (without advection pheno:- , 
men~) is adopted and these processes for suffici
ently small time steps is considered as a space
-homogenous process. Such consideration is based on 
the assumption that the time step of iµtegrat1on is 
broken up· into separate treatment of the dynamic 
tendency and of ~he microphysical process,(Ref.3,5). 

2.The Governing Equations 
and Computation Method. 

Drfferential equations describing the micro
physics of droplet spectrum evolution by condensa
tion and evaporation processes can be w~:i:tten as:: 

an(x, tl/ot+a ((dx/dt}n(x,t) )/ax=O 

Q(t)+M(t)=Q(O)+M(O) 

(11 

(3) 

(4) 

(2) 

PCP (dT (t) / dt)=L (dM(t) /dt) 

(6) 

Eq. (1) represents condensation kinetic equation 
Eq. (2)- the individual droplet diffusional· growth 
equation w~f!h includes the terms due to s"27!ace te~ 
nsion (Bx ) and solute effects (F(G)x .); 

S(t)-supersaturation ratio; M(t)-droplets total li
quid water content;Q(t)-vapor density; Q (t)-vapor 
saturation density at temperature T(t); Eq. (4) re
presents the mass conservation equation; Eq. (5)
the first law of thermodynamics; Eq. (6) represents 
the Clapeyron-Clausius equation. 

For t=O (O~t~-r) ,.,he1·e -r is time step,we have 
initial conditions: 

~(t=O)=~(G) ;x(y,O)=y; n(x,O)=n
0

(y); 

Q(t=O) =Q(O); ; M(t=O) =M(O); T(t=O) =T(O); (7) 

Multiplying (1) by xmdx and integrating from 

~(t) to ~+ 1(t) and also talcing into account that 

n(x,t~dx=n
0

(y)dy, we h~ve the set of number density 
function moments equations: 

Xk+lftl 
d~(t)/dt=m / x - (dx/dt)n(x,t)dx=-

~(t) . 

. :>':k+l (O) 
=m"/ (x(y,t))m-l(dx(y,t)/dt)n

0
(y)dy (8) 

xk(O) 

where x Lt) x (O) 
k+l -,k+l 

~(t)=/xmn(x,t}dx;_/ (x(y,t))mn
0

(y)dy (9) 

~(t) Xk(O) 

represents them-order moment of the number density 
function inthe droplet packet with nonfixed grid· 
points (~+l (t),xk(t)),that ·is in the droplet packei 

which for t~O is contained within grid points-
(~ (O) ,~+l (O)) and for time·t transfers in the 

droplet packet (~(t),~+1 (t)) as a result _of the 
droplets diffusional gr~h. ' 

From equation (8) we_ have for m=O and m=l. 

xk+l (0) 

dNk(t)/dt=O; d.t\C.t)/dt=/ (dx(y,t)/dt)no(y)dy (10) 
\CO) . · . 

where Nk (.t)=~ (~) and l\ (~)=~(t) represent the num_l 
ber concentration and liquia water content r~spec
tivelY_in the droplet packet (~(t),~+1 (t)).Using 
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(lOJ we have for t::e droplets total liquid water 
content 

J Xk+l (0) 

dM(t)/dt= I: f (dx(y,t)/dt)n
0

(y)dy (ll) 

k=l xk (O) 

where J-total number of dro?let packets. 

. Picard• s method of succesi ve. approximations is 
used for the integration of differential equation 
(2) with initial condition for t=O x=y.For suffici
ently small time steps, (O~t~,) it is assumed that 
the droplet individual growth rate in the (j+l)th 
approximation is determined by the droplet mass in 
jth approximation.Substituting (2) in (11) and app
roximating n (y) by means of the first two moments 
Nk(O) and M,,YO) {Ref.1,2) 'We obtain the first rela
tionship be~ween total liquid water content of dro
plets and between water vapor supersaturation: 

. (j) (j-1) (j-1) 
dM(J)(t)1dt=S (tH (t)+'I' (t) (12) 

where 

(j-1) 2/3 (j-1) J xk+l (0) 
~ (t)=KI: l 

k=l ~ (0) 
((x (y,t)) n0 (y)dy)/ 

((x(j-1) (y,t)) 1/3+~) 

(j -1) J ~+l (0) 

(t)= KE r n
0

(y)dy((-B(x 
k=l xk (0) 

'I' 

(j-1) 2/3 (j-1) 

(j-1) 

(13) 

1/3 

(y, t)) + 

+F(c) (x (y,t)) )/((x 
1/ 3 

(y, t)) (14) 

are condensation/evaporation integrals(Ref.1,2). 

(j) The second relationship between M(j) (t) and 

S (t) can be derived using equations (3)-(6) and 
expanding Q (t) in Tailor's series; for smalltime 
steps,for which (T(t)-T(O))«T(O) we have: 

(j) (j) Lil 
s 

where 

(t) = (Q (O} +M(O)-M(t}) / (Qs (T (0)) +F (M(t)-M (0)~-1 

(15} 

F= ( (LQs (T (_O) )l/ pep T CO)) ( (L/Rv T (0)) -1) 

and L-the latent heat of water vaporization. 

Note that according to (10) number concentrati 
-·on Nk (t) in the dropl<"t packets with nctnfixeC: grid 
points (xkCt),xk+l Ct)) is constant and for initial 

monodisperse droplet spectrum M(t)=NCO)x(t) ,where 
N(O) represents the total number concentration of 
droplets.Therefore for initial monodisnP.rse droplet 
spectrum and for the case B=O and F(c)=O' in eq. (2) 
there exist analytic solution of the set of eq.(2), 
(11),(15) which may be used for the test of the nu
merical method developed in this study. 

3.Numerical Computations 
and Concluding Remarks. 

The tmknown number density function ~(x,t) 
in each separate droplet packet with nonfixed grid 
points is represented by an expansion in orthogonal 
polynomials with a given weighting function in the 
range (fk (:t),xk Ct)). In this way the problem of 
solving the coriaensation kinetic equation is rep
laced by one of solving a set of coupled differen-

t .al equations for the moments of the number densi
ty function nk(x,t) and the first relationship hct
ween droplets total liquid water content ~l(t I :ind 
vapor supersaturation S(t) is obtained. 

Numerical results are obtained for di ffrrent 
individual droplet diffusional growth rate and for 
different initial droplets spectrum.Also droplet 
mass grid points intervals,weighting functions and 
integration time steps are varied . 

The results of numerical computations of drop
let spectrum evolution by condensation/evaporation 
processes indicate that the convergence of the Pi
card's method of the succesive approximations for 
equation (2) for small time steps is sufficiently 
rapid. It is shown that a simultaneous using of the 
Picard' s method and of the method of moment.s gives 
reasonable results which for the initial monocli sner
se droplets spectrum and for the case B=O and F(c)=O 
in eq. (2) are very close to the existing analytic 
solution. 

At the current stage the logical extension of 
numerical method develop<"d in this study is to use 
this method for numerical integrating the equations 
describing droplets condensation/evaporation and ice 
particles sublimation/evaporation processes in mixed 
clouds. 
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1. INTRODUCTION 

Numerous hailstone samples have been collected 
from · a number of severe hai 1 storms to obtain 
supporting evidence for hypotheses, derived from 
aircraft and radar data, concerning the origin of 
hail embryos in Alberta storms. 

Some of the hail samples have been time-resolved 
having been collected with mobile vehicles 
especially equipped for hail sampling. In 1979, 
one vehicle was available for hail, sampling. Two 
vehicles were made available in 1980 for hail 
s amp 1 i ng and, s i nee 198.1 , three samp 1 i ng veh i c 1 es 
have been in use. To augment the samples 
collected with the mobile vehicles, a network of 
volunteers was established who were instructed to 
co 11 ect ti me-integrated ha i 1 samp 1 es whenever it 
hailed on their property. In this manne,·, hail 
samples were collected at 5 to 35 different 
locations from a number of severe hailstorms. 
Some of these ha i 1 stones have been· sectioned for 
embryo analysis. The hailstones collected in 1979 
were photographed, measured and sectioned at NCAR 
(see Ref. 1 for details of the technique). Those 
collected since 1980 have been photographed and 
sectioned at the University of Alberta in Edmonton 
using very similar techntques. 

The conceptual hailstorm model believed applicable 
to Alberta Storms is described in Section 2 of 
this paper. Section 3 presents the available data 
on hail embryo type in Alberta hailstorms and 
patterns in hail embryo type are discussed in 
Section 4. A discussion of the results obtained 
to date is presented in Section 5. 

2, THE CONCEPTUAL HAILSTORM MODEL 

Figure represents a conceptual model of the 
precipitation processes leading to the formation 
of hail within a severe Alberta hailstorm. The 
dominant hail formation mechanism involves graupel 
particles which are grown within feeder clouds and 
then t r:ansported by the wind into the main storm 
where they grow to hailstones along the edges of 
the main updraft. (This concept is consistent 
with Ref. 2.) For storms where a relatively long 
time ( ~ 15 min as opposed to ~ 5 min) elapses 
between the initiation of graupel in the feeder 
clouds and the merger of the feeder clouds with 
the main storm, the graupel particles in the 
feeder clouds may have time to descend to the 
melting level. In such cases, frozen drop embryos 
may be found in hai 1 stones co 11 ected at the 
ground, the frozen drop embryos being due to 
melted graupel (Ref. 3). 

3. FROZEN DROP EMBRYOS IN ALBERTA STORMS 

Knight (Ref. 1 ) ana 1 yzed numerous ha i 1 stor.es from 
a numb~r of hail days in Alberta for embryo type 
and determined that, overall, 74% of the embryos 
were graupe l. Furthermore, she determined that 
hai !storms in regions with warm cloud bases tend 
to produce more drop embryos than ha i 1 storms in 
regions with cold clo.ud bases. In the present 
analysis, ha i 1 stones are analyzed on a storm by 
storm basis. 

and 
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Figure 1. A conceptual model of the precipitation 
processes leading to the formation of hail within 
severe alberta hailstorms (from Ref. 3 and 5). 

The average percentages of drop embryos found in 
the storms ana 1 yzed are shown in Tab le 1. A 1 so 
shown in Tab 1 e 1 are the number of samp 1 es, the 
total number of hailstones analyzed, and the cloud 
base temperature for each storm. ( In the present 
ana 1 ys is, time variations have been ignored and 
a 11 samp 1 es co 11 ected at one 1 ocat ion have been 
combined. The number of samples, therefore, is 
actually the number of locations at which sampl~~ 
were co 11 ected.) It is apparent that the 
percentage of drop embryos varies widely from 
storm to storm, the values shown in Table 
varying from O to 58%. Furthermore, no obvious 
relat•ionship with cloud base temperature is 
apparent. 

4. PATTERNS IN EMBRYO TYPE 

Knight and English (Ref. 4) analyzed hailstone 
embryos from the storms of 7 and 21 July 1979 and 
concluded that the percentage of drop embryos, as 
well as the hailstone sizes, were highest at the 
southern edges of the hailswaths. (In Alberta, 
most hailstorms travel from west to east with the 
southern edge of the storm being the upwind edge.) 
Furthermore, they hypothesized that if feeder 
clouds were the primary source of embryos for the 
storms, then embryos would be introduced mostly 
into the upwind edge of the updraft and the drop 
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Table 1 
Proportion of Frozen Drop Embryos in Alberta Storms 

Storm Date Cloud Base5 Number NTA 
1 

NSA 
2 - 3 Echoing 4 

Temperature of Samples 
NS 

Feeder Clouds 
oC 

NTA ~ 
7 July '79 10 7 363 28 42 y 

21 July '79 11 28 467 58 58 y 
16 July •So 8 14 218 D D y 
23 July •so 10 35 461 2 3 n 
26 July •so 6 25 364 2 1 y 
7~ 
- I July •So 8 26 907 1 1 n 
2 August 'So 12 17 358 15 16 n 

30 June •82 6 9 242 20 19 y 

1 
2 

NTA is the total number of hailstones analyzed 
N5A/NTA is the ratio of the total number of hailstones with drop embryos to 
tne total number of hailstones analyzed 

3 
4 

~/NT)° is the average percentage of drop embryos in a sample 
f 1nd1cates that the storm had echoing feeder clouds in the vicinity of the 
melting level 
n indicates that the storm had no echoing feeder clouds in the vicinity of 
the melting level 

5 cloud base temperatures were determined from aircraft observations or From 
surface temperature and dew

0 
point temperature observations; they are 

expected to be accurate to+ 1 C 

embryos would be Initially bigger/heavier ana 
lower than the graupel embryos. Under such 
conditions the calculations of English (Ref. 2) 
suggest that drop embryos and large hail would 
predominate closest to the updraft, 1.e. · at the 
southern edge of the swaths and drop embryos 
should be found primarily in the largest 
hailstones. 

Krauss (Ref. 3 and 5) examined radar data from the 
storms of 7 and 21 July 1979. He found that many 
of the feeder clouds produced echoes before 
merging with the main storm. Echoes often formed 
above the -10°c level, but due to the time and 
distance before merging with the main storm, most 
of the echoes were able to descend to below the 
melting level. Dccasslonal ly, such echoes were 
seen to rise w~en they approached the strong 
updrafts of the main storm, suggesting that melted 
graupel particles from the feeder clouds were 
being entrained into the main storms. 

For these reasons, data from the storms listed In 
Table 1 were examined for evidence of spat;al, 
size and radar echo patterns. 

4.1 Spatial Patterns 

It is apparent from Table 1 that only the storms 
of 7 July 1979, 21 July 1979, 2 August 1980 and 30 
June 1982 produced significant numbers of frozen 
drop embryos. In al L four storms, the 5ame kind 
of embryo pattern Is apparent, I.e. there Is a 
tendency for more drop embryos to be found close 
to the 5outhern edge of the hallswaths. As well, 
the biggest hailstones are found in the same 
l ocat Ion. 

The change in embryo type Is often quite marked 
even over small distances like a few kilometers, 
suggesting that the observed embryo type wi 11 be 
very strongly dependent upon the locat In of the 
sample. This may be a reason for the lack of a 
relat,onshlp between the average percentage of 
frozen drop embryos and cloud base temperature in 
the data of Table 1. 

4.2 Embryo Type as a Function of Hailstone Size 

Percentages of drop embryos and of graupel embryos 
have been plotted as a function of hailstone size 
for each of the four storms that exhibited 
s ignl fl cant numbers of frozen drop embryos. For 
ha 11 stones co 11 ected from the storm of 2 August 
1980, the percentages of frozen drop and graupel 
embryos seem to be 'more or le~s constant with 
size. In the other three stcrms (7 and 21 July 
1979 and 30 June 1982) a marked tendency for 
greater numbers of frozen drop embryos with larger 
hailstone size is evident. Thus the hailstone 
size/embryo type pattern seen In the storms of 7 
July 1979, 21 July 1979 and 30 June 1982 is 
consistent wlt.h the hypothesis that frozen drop 
embryos result from melted graupel In the feeder 
clouds. The pattern seen In the storm of 2 August 
1980 does not see~ to be cnslstent with the melted 
graupel from feeder clouds hypothesis. 

4.3 Radar Echo Patterns 

Because of the results of Krauss (Ref. 3 and 5), 
it seems reasonable to expect that feeder clouds, 
In which significant numbers of graupel particles 
descend to below the melting level, would produce 
a radar echo in the vicinity of the melting level. 
For this reason, radar data from the storms listed 
in Table 1 have been examined for evidence of 
echoing feeder clouds in the vicinity of the 
melting level. The results are Indicated in 
Table 1. Of the four storms which produced 
significant numbers of frozen drop embryos only 
the storm of 2 August 198n did not have echoing 
feeder clouds. 

Five of the storms l lsted In Table 1 had echoing 
feeder clouds; only three of the five produced 
sign If I cant numbers of frozen drop embryos. The 
two storms that d Id not seem to produce 
significant numbers of drop embryos were those of 
16 July 1980 and 26 July 1980. In both of these 
storms, hall sampling occurred only during two 
short, well separated periods and only a few of 
the sampl Ing locations were at the southern edge 
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of the hailswaths. Thus the embryo type data for 
these two storms may not be representative of the 
whole storms. Furthermore, a few of the storms 
which had echoing feeder clouds did not have such 
feeder clouds throughout their lifetime. Thus a 
closer coordination is required between the radar 
data and the hail samples before any conclusions 
can be drawn about these two storms. 

5. CONCLUSIONS 

From 7 to 35 samples, that is from 218 to 907 
hailstones per storm hav,: been analyzed for hail 
embryo type, samples having been collected from 8 
Alberta storms. The results suggest that the 
percentage of frozen drop embryos varies 
considerably from storm to storm, values from Oto 
58% having been found in the storms analyzed here. 
In most storms, graupel embryos predominate. 
Within a storm, the percentage of drop embryos can 
vary markedly with sample location, so that it may 
be difficult to obtain.a representative value for 
a storm. 

Four of the 8 storms studied produced significant 
numbers of frozen drop embryos. For these 4 
storms, patterns in embryo type, hailstone size 
and radar echo structure have been investigated. 
For three of the four storms, the patterns found 
are consistent with the hypothesis that the frozen 
drop embryos originated as melted graupel in 
feeder clouds. The hailstone size/embryo type 
pattern and the radar echo structure of the 4th 
storm, that of 2 August 1980, do not seem to be 
consistent with this hypothesis. In fact, these 
patterns seem to be consistent with the hypothesis 
that the frozen drops originated through 
coalescence in the main updraft (Ref. 6). The 
very warm clou-d base temperature of this storm 
lends credance to the coal escer:ice hypothesis as 
does al so the evidence of a coalescence process 
operating in cumulus clouds in Yellowknife, N.W.T. 
(Ref. 7). 

In conclusion then, the evidence suggests that 
many of the frozen drop embryos originate as 
melted graupel which has been entrain.ed into the 
main storm from feeder clouds. However, it 
appears likely that in storms with particularly 
warm bases, significant numbers of embryos arise 
through a warm rain process. 
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A MICROPHvSICAL ORIGIN OF GRAUPEL AND HAIL 

* ** N Fukuta, N -H. Gong and A.-S, Wang 

Deoart~ent of Meteorology, University of Utah 
Salt Lake City, Utah 34112, U.S.A. 

1. INTRODUCTION 

In the atmosphers, ice crystals grow while falling. 
The falling corstantly brings fresh environment to 
the crystal surface and causes a feed-back effect 
changing the rate and the mode of growth and subse
quently the fall behavior. The ice crystal growth 
in natural environments is therefore di~ficult to 
estimate from that measured in static environments 
nor can it be evaluated by the growth data under 
unnatural or artificial draft. Our ice crystal 
growth study under free fall in supercooled fog 
started for this reason (Ref. 1) although the time 
for the growth was less than l min. The study all
owed the crystal growth parameters to be combined 
with a single variable, i.e., time, under the given 
environmental condition. The growth time under 
free fall was extended to about 3 min ~y Ryan et a1 
(Refs 2,3) Michaeli and Gallily (Ref. 4) and Fukuta 
et al (Ref. 5). 

Recoynizing the importance of ice crystal growth 
under free fall, we applied the wind tunnel techni
~ue to the problem using supercooled fog, first 
without specific stabilization mechanism for suspe-

* 

** 
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heric physics, Academia Sinica, Lanzhou, The Peo~
le's Republic of China 

On leave from Institute of Atmospheric Phvsics, 
Academia Sinica, BeijinR, The People's Re~ublic 
of China 

nded crystals other than a simple honeycomb (Ref. 5). 
However, the study revealed formation of fast fa 11 i ng 
ice crystals at -l0°C and its possible consequence 
of growing into graupe 1 and hail embryos was specul -· 
ated (Refs 6,7). To confirm the fate of ice crystals 
growing at -10°C and other temperatures, applying the 
previous experience and giving careful thought, we 
developed a vertical supercooled cloud tunnel (Refs 
8,9). It has a number of new su~porting mechanisms 
ar,d extended the growth period drastically, as much 
as 30 min under some conditions. Details of the 
supercooled cloud tunnel and its operation have 
been reported (Refs 8,9). Fig. 1 shows the latest 
version of the tunnel which has further improvements 
on the fog by-pass mechanism and honeycomb design. 

In this paper, we shall report results of measureme
nts recently carried out using the supercooled cloud 
tunnel, and discuss the difference in growth mode 
switch over from the vapor diffusion to riming of 
graupel and hail type under different temperatures 
in comparison with the result of center crystal ana-
lysis obtained with natural graupel. 

/

SUCTION CHAMBER 

THERMOCOUPLE 

j lwoRKING / OBSERVATION y YI SECTION 

GHT 

/ \J S~NDING POSITION 

.,,.,,.' ,.~ SAMPLING DEVICE 
----OR ANEMOMETER 

CRYSTAL INJECTION POINT ---
1 
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i 
VACUUM 

CLEANER 

30cm 

Figure 1. The new vertical, supercooled cloud ti,.nnel. 

2. BEHAVIORS OF ICE CRYSTALS 
GROWING UNDER FREE FALL 

The present supercooled cloud tunnel (see Fig. l) 
has the following modifications since last report 
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Figu:t'e 5. Ice crystal fall velocity v plotted as a 
function of temperature Tat different growth time t. 
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Figu:t'e 6. The ice crystal diameter 2a plotted as a 
function of growth time tat different temperature T. 

min Qf growth, However, after the period, the grow-
th rate begins to deviate for all temperatures from 
the Maxwellian slope, showing additional effects 
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Figure 8. Ice crystal mass m plotted as a function 
of growth time tat different temperatu:t'e T. 

such as ventilation and riming. The most remarkable 
i~ the behavior of -l0°C crystals. As we have pre
dicted (Ref. 6), the present data, though limited in 
number, seem. to approach slope of 6 for graupe l pro-
cess. 
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(Ref. 9). The fog bypass mechanism was moved to a 
position close to the honeycomb so that fog free 
zone development under the honeycomb is avoided at 
the beginning of operation. The honeycomb made of 
plastic straws has now proportionally longer air path 
toward the middle to increase the resistance to the 
fog flow and secures the updraft profile gently con
cave upward. The liquid water content is now deter
mined by the dew point hygrometer mechod. Fig. 2 
shows an example of data recording during measureme
nt. Fig. 3 shows photographs of ice crystals grown 
in the tunnel. The liquid water content varies from 

i 

SIGNAL-+ 

Fiqure ;;_ An example of temperature and ail' velocit)) 
rec:01iclirlu in t,h .. : surercooled cloud tunnel. 

J. Ice crystals qrown in the supercooled 
tunnel. a: -9. S°C, 10 min growth, 0.14 mm lonq, 

b: -10.6°C, 25 min, 1.05 mm, c: -14°C, 7 min, 1.12 
mm dia., e: -6.5°C, 16 min, 0.63 mm long, f: -13.0°C, 
10 min, 0.63 mm, g: -12.1°:;, 10 min, 0.66 mm, h: 
-11.2°C, 8 min, 0.47 mm. 

0.4 gm- 3 at 0°C to l .5 gm- 3 at -24°C. 

The observed habit variation with temperature is in 
agreement witr, previous works (Refs 5,8,9); columns 
at temperatures between -4.5 and -7.0°C (Fig. 3e), 
isometric crystals at around -l0°C (Fig. 3a), vaned 
and double plates between -10 and -l2°C (Fig. 3, f·, 
g, h), dendrites between -13 and -l6°C (Fig. 3, c, 
d) and complex crystals below -l8°C. The isometric 
crystals growing at -l0°C have tendency to develop 
appendages and become graupel (Fig. 3, a,b). Where
as, ice crystals growing at around -15°C continue to 
develop dendritic structure·s (Fig. 3, c,d). The 
double plates which are often observed shortly after 
nucleation tend to become single plates because the 
upper plate is starved due to moisture extraction· 
by the lower while falling. Fig. 3h indicates the 
effect. 

2.1. The Fall Velocity 
The fa 11 ve 1 oc ity of ice crysta 1 s· growing under free 
fall, as we pointed out earlier (Ref. 6), is of par
ticular interest to understand the change of the 
growth mode. In the supercooled cloud tunnel, it is 
continuously monitored and measured through the upd
raft speed to suspend the crystal. Fig. 4 shows the 
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Figure 4. The ice crystal fall velocity v plotted as 
a function of growth time tat different temperature 
T. 

fall velocity change with time at different tempera
ture. As is evident in the figure, the fall velocity 
at -l0°C, which was already the fastest after 3 min 
of growth (Ref. 5), continues to increase. Fig. 5 
shows the fall velocity plotted as a function of te-
mperature at different growth time. The general tr·· 
end observed for shorter growth times, still contin
ues with a maximum at -l0°C and two minima at around 
-5 and -15°C. 
2.2. The Mass and Crystal Dimensions· 
Figs. 6 and 7 show increase of the crystal dimensions 
with time, where 2a is the diameter and c the height. 
The maxima of each dimensions increase linearly with 
time. Fig. 8 shows the measured mass of crystal as 
a function of time in log-log plot at different tem
perature. From the figure, it is clear that the 
Maxwellian slope of 1 .5 is sutained for initial 2-3 
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3. CENTER CRYSTALS OF Nll.TURAL GRAUPEL 
To check the natural occurrence of the fastest growth 
mode switchover, we collected graupel from 3 storms 
during the spring of 1983 in Salt Lake City; noon on 
March 23, midnight on April 2-3, and 5:50 pm on Apr~l 
25. Graupel were preserved in silicone oil DC330 i1, 
a deep freezer. 250 graupel of average size 4 - 5 
mm were carefully crushed ar,d examined under the mi
croscope in the silicone oil. Most of them did not 
contain ice crystals of recognizable size. However, 
9 of them had ice crystils with size ranging from 
0.5 - 2.0 mm. Classification of the crystals is as 
foll ow~: 

SHAPE OF CRYSTAL NUMBER OF CASES 

Plate 1 
Column 3 
Dendrite 1 
Prism l 
Complex 3 

Columns are obviously most common. 

4. A MICROPHYSICAL ORIGIN OF GRAUPEL AND HAIL 

As we have seen in Fig. 8 and discussed in our prev
ious study (Ref. 6), the growth modf: switchover from 
the diffusional growth where m cr t 1~ to the riming 
growth of spherical particles where m cr t 6 happens 
in the shortest period of time with dense isometric 
crystals growing at -l0°C. It is now believed to be 
due to the habit change between cloumn and plate ( 
dendrite) occurring at that temperature which helps 
develop the fastest fa 11 ve 1 oci ty due to aerodynami ·· 
callt small drag and large gravitational pull. Since 
vcrr~, where r is the radius, for graupel aAd hail, 
m cr v~. It is for this reason, the earliest graupel 
development is expexted with -l0°C crystals. 
for graupel development, a large effective fall dis
tance is required which is found normJily only in 
convective clouds. When a convective cloud develops 
strongly in isolation o, without graupel feeding 
mechanism form preexisting clouds, -10°C is the zone 
where ice nucleation begins to provide a sufficient 
number of ice crystals for later graupel and hail 
development. The ice crystals nucleated at around 
-l0°C hav~ a longer growth time in the updraft comp
ared with those nucleated at lower temperatures, and 
when they fall back to the undisturbed cloud updraL, 
they enjoy fast growth under high liquid water cont
ent, WL. The high WL again gives a strong advant~ge 
in the mass growth : _m cr WL (Ref. 6). 

Although crystals nucleated at around -15°C are more 
numerous, they initially grow into p 1 ates and dendr-· 
ites. Unless their dendritic growth of side stretc
hing is overcome by riming growth to thicken, they 
are not likely to go into·graupel growth. Whereas, 
crystals nucleated at temperatures warmer than -10°C 
can r,ow into graupel relatively easily but their 
number may not be significantly high due to low ice 
nucleation rate. There is a reason to believe that 
graupel and hail do not grow on weak crystals such 
as thin dendrites and snowflakes. The uneven aero
dynamic drag which is common for large falling bodies 
may destroy such structures. 

Cloud droplet coalescence followed by freezing does 
not provide a faster formation of graupel and hail 
compared ,,; th the -10°C ice crysta 1 mechanism. Dro
plet growth rate is proportional to the supersatura
tion and in clouds the supersaturation is at the most 
1%, normally much less. Whereas, ice supersaturation 
vailable for crystal growth at -l0°C is about 10%, 
and since the crystal grown at that temperature is 
nearly•spherical, the riming rate is considered to 
be as fast as the coalescence rate of a drop of equ-

ivalent size. 

Thus, ice crystals grown at -l0°C possess a microph
ysical advantage of further growing into graupel and 
hail. If, however, the ice nucleation at that level 
1-iere insufficient, other graupel mechanisms may come 
into play. If the -l0°C advantage were real for gra
upel and subsequent hail development, one may apply 
it for hail control jamming the route artificially 
although the dynamic motion of convective clouds, 
horizontal direction in particular, has to be proper
ly utilized (Ref. 7). Although the above discussion~ 
are largely speculative, it is clear that the behavi
or of ice crystals at -l0°C in supercooled convective 
clouds deserves special attention. 
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Numerical Modelling of Hail tu Rain Conversion 

Paul Joe 4 and Raland List 
DePt, of PhYsics, University of Toronto, 

Toronto, Ont,, Canada 

1, INTRODIJCTION 

The sheddin! of millimeter sized drops durinl 
the wet <.irowlh of hailstones has been observed in 
laboratory experiments, Carras and Macklin (Ref, 
4} studYinl the lrowth rate 0f hailstones 
recognized Lhe loss of accreted water bY the 
sheddir,<.i cf rJr·oPs of aboui 1 mn, in diameter, The 
ruaJor observation of icinl ~xPeriments, closely 
s.in11Jlati.r,~ n.at1J:·al cc1ridi.tiaris, inaludin!:i hailstone 
aerodsnamic, and •ressure effects, was that the net 
collectihr1 @fficier,c~ was less than unity beca1Jse 
of shedding (Ref. 11, 12, 13, 21), The first 
Guantit~tive e~Periments to measyre the shed droP 
spectrum were Performed on rotatin! cylinders at 
laboratory Pressures (Ref. 9, 10), 

In~omPlete fr~ezng of accreted water occurs 
beca,,se the he;;it transfer due to evaporation ;,nd 
convective cooling ls less than th• latent heat of 
fusion that is released durinl freezinB, This 
r2sults ln the fo•m•tion of sPonlw ice, in which 
Lhe unfrozen water is incorporated into the ice 
matrix, However, the excess water msw form a wster 
skin which can disruPt and shed, 

The obJect·of this PaPer is to exa~ine the 
silnificance of this Process to the atmosphere via 
a numerical model. How does sheddinl affect 
haillrowth 7 Does the sheddinB Process Produce 
enough millimeter sized dtoPlets under atmosPheric 
conditions? Can rain sized drops foynd in 
hsilstorms be exPlained? The idea behind the model 
is not to si~ulate a case studw but to investigate 
the Possible roles that shedding maw PlBY in a hail 
cloud. 

This is the first model to use measured 
collection efficiencies and measured shed drop size 
distributions. Orville and KOPP (Ref, 18) 
included sheddinl iri their model bw calculatinl the 
heat transfer from a hailstone and shedding the 
water, comPonent of the spongy ice and creatinl rain
sized droPs, 

2, THE SHED DROP SPECTRUM 

Quantitative observations of the shed drop 
spectrum have been made from the icina of rotating 
cwlinders (Ref, 9, 10) with an initial diameter of 
2 cm. The experiments were conducted at the 
University of Toronto, in a closed circuit icinl 
tunnel with a total length of 3,4m, The tunnel has 
a vertical measyrinl section 0,48m hish and a 0,15m 
b~ 0 f 150-1 c~ross-section. The tunnel was contained 
in a 3.S~ high cold room with horizontal dimensions 
of ~,4m b~ 2,7m, Deionized water was inJected via 
u, air aton,izir,g nozzle Positioned 1,8m below the 
IDeasurinl section, The mean volume diameter of the 
imPir1Sin~ drops was ~PProximatelY 75 microns. The 
conditions of the eKPeriments were: 

1Fresent affiliation: Visiting fellow with the Cloud 
Ph~sics sro~~, AtlliosPheric Environment Service. 
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Fiture 1: Number concentration of shed drops from a 
twPical sheddinl exFeriment, The conditions were: 
initial size was 2 cm, temPerature was -7C, liauid 
water content was 6,4 g/mSIJ and the rotation rate 
was 1,4 Hz, The solid line is a curve fit by 
eauation 1 ♦ 

1. The temperature varied from Oto -20 C, 
2, The liauid water content ILWC) varied from 
0.5 to 20,0 1/mllJ. Sheddinl occurred at all 
llmuid water contents dePending on the 
tem::::-eratur·e. 
3, The relative air velocit~ was 22 mis. 
4. The rotation rates varied from Oto 25 Hz. 

The shed drop distributions were measured, 
0.237 m dowr,stream in the wake of the cylinder, 
usinS a two-dimeniional Srey-scale oPtical arra~ 
sPectrorueter. Fig1Jre 1 shows a tYPical spectr~m 
from an sheddinl exPeriment. Also drawn is a curve 
fit to the data, The main ~onclusions from these 
experiffients were! 

,. Sheddin!cl occurs at conditions that may be 
exFected in a hail clo•Jd. 
L, Cloud droplets arE instanLaneouslw 
converted to rain-si~ed drops, 
~~ The shed drDP sizes ranged from 0.5 mm to 
2 ruru with the mode size beinl 1140 microns in 
the mass di~tribulion~ 
4, The shape of the-spectrum maw be described 
i.1:j a Gan,ma f1mction of the for-m! 

where n(d) dd is the number c .ncentration 
of drops in Lhe range 
d to d + dd 

dO 604 microns 
u 140.51 n1icrons 

3,40 
nO is a constant determined bw the 

sher:iding r-,3te 
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J, The net collecLion efficienc~, Enet, 
defined as the 'ratio of the net arowth rate, 
~. r·epr·eser1le,:: i ; the difference between the 
accrelian of droplets and anY loss by sheddinl 
and bouncins or similar mech~nism, and the 
tota°l droPlet mass flu,-: in ti1e swept out air 
volume', (Ref. t2) ~nd conversel~ ti1e 
sheddins r·ate (1-Enetl is given by: 

2. 2. 

Er1et LL Aij • TUi • lffUj (2i 

'"° j-0 AC0=0,4141 
AOl=-0,04556 
H◊2=0.001134 
Al0=0,05617 
All=0,0008018 
Al'.>O 
,;20=-0,0009143 
A21=0 
A22=0 

where T is'in delrees Celsius and Wf is in 
Sr~ms Per cubic meter. 

3, THE MODEL 

Uhile the experiments were carried out with 
rotatinl cylinders, .the assumPtion was made that 
the basic results can be aPPlied to growing 
hailstones, This has been a traditional aPPro~~h 
(Ref, 161, the results eKhibit similar trends 
(Ref, 211 and are totally adeouate for this model, 
A one-dimensional steadw-state microPhYsical model 
was forn1ulated, 

The dwnaruics are determined bY the steady
state cantinuitw eouation with a heiaht deiendent 
air d~nsitw, The updraft velocity is inverselw 
Proportional to the air densitY, That isl 

where~ 
and Vi 

~ !Jz = constant 

is the air density 
is the updraft velocit~ 

(3) 

The environmental tem•erature is derived from 
18 soundings in the Denver area (Ref, 11 and are 
not unlike those recorded during the National Hail 
Research EKPeriment (Ref, 221, The temPerature is 
Biven by: 

Tenv = 53 ln ( 2,84 P I (4) 

where the temperature (Tenv) is in degrees Kelvin 
and the pressure CPI in kiloPascals, 

The :ifting condensation level ILCLl is taken 
as the cloud base and oc~urs at 3,5 km, with a 
Pressure of 67,08 kPa, cloud base temperature of SC 
and a mixina ratio of 0,00822, The cloud 
temperature is calculated assuming a moist adiabtic 
lapse rate, The model is stead~-state so that the 
spectra evolve with height but not in time, a 
condition that would be expected in the mature 
Phase of a hailstorru. 

4. THE WATFR SUBSTANCES 

The mo~el distinauishes seven different water 
substance components: vaeour, cloud water, 
hailstones, rain water, water shed from hailstones, 
rrozen rain water an~ frozen shed water, Rainwster 
differs from shed water in its originl that is, a 
collision-coalescence mechanism versus the 
accret'ion-shedding mechar1ism, resPectivel,;, In 

RAIN WATER 

+ FROZEN RAIN 
WATER 

VAPOUR 

+-
CLOUDWAT\~ 

co~tion 

tio/HEOfWATER .) 

free 1ng 

" s ding 

FROZEN SHED 
WATER 

' 
colli°tion 

HAILSTONES 

Liure :: Interaction diagram, This figure shows 
hP wat~r substar1ce components and tf,eir 
,,t.eri<ctians with each other, The emphasis of the 

model is indicated on the dialram bw heavH solid 
lines. 

urder to investiaate the oriiin of frozen hailstone 
embr~os, the fro:en rainwater is kePt separate from 
the frozen shedwater, 

Fisure 2 shows the interactions, which are 
considered to be continuous, among the various 
water coffiPOnents, Fiture 2 shows the interactions 
aruon~ the various wat@r components which are 
~onsidered to be continuous, Each distribution is 
assu~ed to be stalionarw and thus self-interactions 
such as coalescence and breakup of raindrops are 
not exFlicitlw ruodellAd but assumed, 

ThP spectra of the water substances are 
Parameterized &w Gamma functions of ~arious orders 
except for the cloud water which is assumed ta have 
negli•ible size and fuoves with the air, It is the 
on 1 ~ 1<a le r con~Poner1 t th;a t interacts with the vaP01;r 
Phase through condensation and evaporation, The 
rain and hail is assumed to be Parameterized bw a 
zero order Gamn1a fur,clions of the fa,·~: 

rd d) dd 
" rJ 

dd (5) 

valid far d 3mm and d ~= 3 mm for rain and hail, 
resPectivelw; where, the parameters nO, ~, d have 
their usual definitions, The bou~darw at Jmm 
between rain and hail is based uPon observations 
(Ref, 6, 201, The mean volume diameter of the 
raln is assumed to be 1mm and remains constant 
throulhout the calculations, The initial hail 
embr~o si~e is assumed to be 5mm in order to 
~o•Pate with calculations of Previous models (Ref, 
SJ; so that their more exte~sive comPutations ~aw 
be emPlowed to extend these results, The spectra 
of Lhe shed waLer is defined bw eauation 11) which 
~ields a me.=i:r1 ·~·ol:.rn,e di-3meter of 1.4 mm. 

B~ assumir1J ~ Bis~·s (Ref. 2) t~Pe free~ing 
mechanism, the Probabilitw of freezing is 
PtoPortional to drop volume; thus, the frozen dtoP 
,,·ectr;;; ;ire r-roi,ortion;;l to their· lio1Jid 
counLerparts multiPlied bH drop diameter to the 
third PowPr {Ref, 7), The liauid components of 
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~he wBter substances have UPPer limits to their 
si:e distributions to reflect the size limitin~ 
~~~h~nlsms such as collision-breakup l~Pe (Ref. 
14r 1~~n However, the solid Phase components are 
not limited ln this wa~ and their UPPer limits 
e•tend to infinii.y, 

Haillrowth is initiated bw 5mm embrwos, These 
are assurued to ~e produced b~ feeder clouds and 
ir,jected into the mair, uPdraft region (Ref. 3, 17, 
19) at the OC level of the cloud, The embrYos 
6scend in the cloud and the calculations terminate 
when the~ reach their balance level w~ere the 
l,ail;tone terminal velocitsi is eGual to the updraft 
velocit>!, 

In order to examine the influence of the 
interactions on the size distributions that may be 
observed, the SPectr•l parameters are calculated 
from the ruiHint ratios. This reouires that for the 
rr·ozen water substances, the a,ean s'ize increases 
with mixin~ ratio, For the liouid components, an 
e~ilibrium situation is assumed which imPlies that 
Lhe ■ean siz~ remains the same but the number 
~oncentration increases, As new substances are 
created, the initial· characteristic sizes are 
allotted to the new Particles and the spectrum 
PBra■ 2ters are •~calculated assumin~ conservation 
uf ~e~~ and nuffiber. 

5, MODEL RESULTS AND LISCUSSION 

This paper will restrict itself to examinins 
the siSnificance Jf just the sheddin~ Process, 
Fut.ur8 Publicat: ms will address the role of shed 
drops as frozen droP e ■br~os for further haii 
Srowth, Three ca&es will be described! no 
~hedding, shedding onl~ and shedding with rain and 
rreezins. 
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Fiture 3! No shed case stud~ with initial hail 
concentration of 1/rull3, Family of curves are for 
~:oud base updraft velocities of 18, 20, 22 and 24 
m/s, The me~n volume diamter of the hailstones is 
Plotted, Full width of the diasram is 4cm, The 
double line at about ,2cm are the diameters of the 
rrazen •hed and rain droPs which in this case do 
not exist, The curves trace the hail embryo 
traJectories fro■ the OC level to their balance 
leveli the larser the updraft, the hisher the 
b,,lance level, 

5,1 CASE 1! NO SHEDDING 

Figure 3 Presents the model results, with no 
shedding and no rain Production for comParison 
Purposes, A hail concentration of 1/m*l3 is 
injected at the OC level as in Charlton and List 
(Ref, 51, The fisure presents the mean volume 
diameter of the hailstones for updraft velocities 
of 16, 20, 22 and 24 mis, The results show that 
the larler the updraft, the larler the hail that is 
Produced, This is as a result of lonser residence 
times and hence lrowth time, i~ the hail Srowing 
relion, However, if thP updraft velocity is too 
l.;rs!e, then the hail is carried out of the hail 
Srowinl relion without lrowinl verw much, Lar~e 
hail 12 cm) maw be Produced in a reasonable amount 
or time, 10 minutes, The effect of lar~er hail 
concentration (not Presented) is to dePlete the 
cloud water more ouicklY which a~ain results in 
slower 1rowth and therefore larser hail, 

~.2 CASE 2! SHEDDING WITHOUT FREEZING 

Figure 4 Presents the case with sheddin_s, but 
no rain production and no freezin~. Sheddins 
sli1htlY reduces the lrowth rate of the hailstones, 
The hailstones are carried UP higher Cbw 1 km) in 
the cloud to colder relions where more effective 
srowth maY take Place, This results in larler 
hailstones when compared to similar conditions 
without shedding, Thus, the updrafts reouired to 
Produce larse hail do not have to be as larle as in 
Lhe no-shed case, 

Sheddinl occurs onlw in the lower and warmer 
C<3kml re~ions of the cloud which milht have been 
eKPected but not obvious when both temPerature and 
liauid water content are determinin~ factors in the 
sheddinl Process (see fisure 5), The shed water 
may collect the cloud water, which slilhtlY 
depletes it, lcontributins to a lower hail lrowth 
rate) but is itself collected bw the nailstones, 
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Filure 4; Same as fiSure 3 except for the sheddinl 
~•se, Sheddin~ results in hiSher traJectories and 
~Ji~htly lar~er hailstones. 
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Fi~ure 5! liauid wate1· cor,tent of tt.e st;ed drops 
for the case of a 22m/s cloud base uPdraft, The 
hail concentration is varied fr-nni O .:i, !.r 2 and 5 
Per cubic meter. As the the h~il coGcentraLicin 
increases, the peak ir, the shed wat~r corit.~n1, 
appears lower in the cloud, Tf the hail 
concentration becomes Sreater th~n 2/mit3, then t~1~ 
shed droPs become totally dePleted bw the 
hailstones and is onlw an in-cloud feature, 

These Processes occur in roulhlw different·relions 
Hf the cloud, Production occurs in the lowest few 
Lilometers of the cloud, collection of cloud water 
ir; the r,e>:t few kilometers ;;,nd ciePletion bw hail 
collection in the toP few kilometers of the cloud, 
The shed wat~r is not realls lost to the hailstone; 
b1Jt rather, the water is teniP □ rarils stored in 
millimeter sized droPs which maw later be collected 
alain, If the hail concentration is larae enoulh 
1}2/mll3)1 then, the shed water maw be totally 
Jepleted and the orcurence of aillimeter sized 
di'u?s is oril~ an in-cloud feat1Jre.. The maximum 
waler content of the shed drops is about 0,5 
9/mSl3, Clearly, there is a sensitive balance 
between the hail concentration and the observation 
of millimeter sized drops, 

This aodel is dYnamicallY limited; however, 
with realistic updrafts that maw decrease with 
heisi1L after .increasins to a ma,,,imum, !Ref. 8, 23) 
shed water maw accumulate at its own balance level 
and form a zone of larae droPs, 

Another imPortant feature is in the spectral 
?icturef Presented in fi~ure 6~ There is 
sufficient water content in the shed drops to be 
noticable in the PreciPitation spectrum and Produce 
a biexpcnential distribution not unlike those 
observed on the around and in the air (Ref, 6, 
20), A break appears in the spectrum, with the 
steePer nelative slope beinl associated with the 
liauid particles, Filure 7 Pre~ents the sPectral 
Picture of hailtrowth with sheddinl, rain 
Production and the freezinl of both twPes of 
milliaeLer sized drops, With the addition of the 
warn, rair, Process an unrealistic sPectral Picture 
occurs, The mass sPectrufu has a trimodal 
•~Pearence, At the lower levels of the cloud, the 
number cDnc•ntration has a biexponential look but 
the slopes of the distrib11tions are in the wrons 
sense; the rain contribution to the spectrum is 
flatter· than the hai:-J. p;;,rt of the spectru111, 

Filure 6: Three-dimensional sPectral diasram 0f the 
Precipitation Particles, The horizontal axis is 
lolarithmic drop size, The oblioue axis is heiiht 
above the DC level, Full sc;;,le is 6k111, The 
vertical axis is losarithmic number concent~ation 
(toP) and linear wat~r content (bottom), The 
distribution i5 drawn every 250m e>:cept for the toP 
line which is the distribution at the bal~nce 
level, This fisure is for the case of sheddin~ 
with an uPdraft velocitw of 20 mis and h~il 
concentration of 1/mU:3, i'lote the bimodal 
distribution not unlike those observed in nature, 
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Fiiure 7! Same as in figure 6 except rain 
Productio·; and freezin~ of drops is included. Rsir1 
is Produced b:: the autoconversion Proc-es.5 1H1l·~ iri 
the warm Part of the clou~. There i~ a 
biexPonential aPPearence at low levels but the 
slopes are ir, the ,-iror,I sense frrJm those <>bs~,-•.Eed 
in nature and a trimodal aPPearence at hilher 
levels, 
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6, CONCLUSIONS 

The experiments have shown the existence of 
Lhe sh.eddins mechanism which instantaneously 
converts cloud droplets to rain-sized drops, The 
model shows that shedding is a sisnificant Process 
in the atmosphere. Sheddins occurs in the lower 
levels of the hail Srowth rESion, Larser hail 
results bec~us~ of slower srowth rates and lenser 
residence tiu,es, 
1·eaui red to Pr 

Therefore, lower uPdrafts are 
1Jce larse h,ii.1. 

·The sheJ drops collect cloud water and are 
collected by the hail. The maximum water content 
of the shed drops is about 0,5 S/mlt3, The 
collection by hail may dominate if the hail 
concentration is sreater than about 2/mll3 such 
that all the shed drops may be depleted and are 
unlY an in-cloud feature, 

The freezins of shed drops wodld possibly lead 
to frozen drop embrYos, Inclusion of shedding 
produces distributions not unlike those observed in 
nature. 

It is clear from this model that h•il and rain 
are intimately linked and the consideration of one 
ruust include the other, SheddinS provides a 
Possible third mechanism for the formation of rain, 
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1. INTRODUCTION 

Analysis of properly collected and preserved 
h~ils~ones may be used to verify trajectory model
ling in Doppler flow fields. The method for such 
collection and preservation and the rationale for 
the technique has been reported by Knight and Knight 
(1968). The hailstones used in the investigation 
reported here were collected from a storm in central 
Oklahoma on 19 June 1980. The hailfall was of rela
tively short duration, lasting approximately five 
minutes, and over this period of time a total of 364 
stones were collected on· an area ~f one square 
meter. The stones ranged in size from 6 to 29 mm in 
longest dimension. 

2. HAILSTONE STRUCTURE ANALYSIS 

There are problems in using ground truth from 
hailstones, particularly 1~ wet growth, and primari
ly because of the amount of recrystallization which 
occurs when the hailstone temperature is close to 
0°C. The collection method used insures that the 
structure is preserved as it was when the hailstone 
arrived at the surface ·and that any evidence of re
crystallization present in the stones is a result of 
processes occurring prior to their collection. 
Evidence of recrystallization is given in hailstone 
thin-~ections by the presence of large, 
equi-dimensional trystals with straight, smooth 
boundaries and equi-dimensional air bubbles (Knight 
and Knight, 1968). The hailstones from the storm on 
19 June exhibited all of these characteristics in 
varying degrees, as is illustrated by the 
thin-sections shown in Fig. 1, but because they were 
properly collected and preserved, one knows that the 
recrystallization features observed occurred before 
the stones reached the surface. 

Fiy. 1. Hailstone thin sections from 19 June 1980 
in transmitted and polarized light. Note graupel 
embryos, large, equi-dimensional crystals and smooth 
crystal boundries. The transparent ice surrounding 
the embryo is evidence of wet growth. 

The majority of the hailstones contained grau
pel embryos with all subsequent growth having been 
wet. Because of the recrystallization in these 
hailstones, it is more difficult to use crystal size 
as a determinant of growth conditions; however, one 
can conclude with considerable certainty that the 
outer sections of the stones grew wet and eve~ 
slightly spongy because of the general transparency 
of the ice and the relationship between the ~ir bub
bles and the lobe structures (Knight and Knight, 
1970). Quite similar hailstone structures ~ave also 
been reported by Levi et al., (1970). 

3. THE DOPPLER WIND FIELD AND THE KINEMATIC MODEL 

The storm from which the hailstones were col
lected formed west of the National Severe Storms La
boratory (NSSL) in Norman, Oklahoma late in the 
evening and moved eastward as a complex of several 
cells among which one eventually intensified and 
turned toward the southeast. By 2320 hours this 
cell was located about 35 km southwest of NSSL and 
NSSL's two 10 cm wavelength Doppler radars began 
scanning it. (The characteristics of these radars 
are given in Sirmans et al., 1977.) The three dimen
sional wind field used here was obtained from the 
two measured radial velocities, the mass continuity 
equation, and an assumed terminal 
velocity/reflectivity relationship. Vertical velo
cities were obtained by downward integration of the 
continuity equation where the velocities were con
strained to be zero at both the storm top and the 
earth's surface (Brown et al., 1981). The horizon
tal flow field at 8.5 agl that is correlated with 
the hailstone collections is shown in Fig. 2. 
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Fig. 2. Horizontal flow fields and equivalent 
rcdar reflectivity factors, Ze, at 8.5 km AGL, 
2320 hrs, 19 June 1980. 
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The details of the kinematic model used here 
are given in Nelson, 1983 and will be only briefly 
described. The hail growth model uses the three di
mensional, multi-Doppler synthesized flow field as a 
framework. The winds are assumed to be steady over 
the hail growth times ( "-' 15 min) • The _model was in
itialized.with 4 mm embry0s. This dimension was de
termined from measurements· of the average size of 
the embryos in the hailstone collections, The model 
embryos were distributed throughout the storm, re
leased, and allowed to advect and grow. For each 
hailstone, the ambient conditions and surface tem-

'perature, and, therefore, the wet or dry growth 
mode, were calculated using the appropriate thermo
dynamic equations, The thermal and moisture condi
tions are assumed to be adiabatic in areas where the 
updrafts are greater than 10 m s-1 and equal to the 
environmental values outside of the updrafts. 

4. RESULTS 

The hailstones were collected at the ground 
between 2333 and 2338 hours. The pattern of reflec
tivity at 0.5 km agl and 2320 hours is given in 
Fig. 3 in which the ,,ehicle position is also indi
cated, Thib position has been time-to-space adjust
ed to the radar reference time for the entire period 
of hail collection, using the storm motion vector. 
The 11110del producet two predominant hail growth tra
jectories. The two trajectories gave fallout posi
tions that were somewhat separate and that cor
responded rather well with reflectivity maxima near 
the ground. One representative fallout position is 
given for each trajectory in Fig. 3. The trajecto
ries for these particles and the vertical velocities 
at 8,5 km agl are shown in Fig. 4. In these figures 
particle 17 represents the trajectory a~d growth 
hiilto_!=y corre11p-0nding to the hailstones in the 
ground collection, Thia 11110delled hydrometeor tra
velled very little in a horizontal direction, having 
been caught in a rotary flow ~entered at x ~ -35 and 
y "'-U(Fig, 2). In agreement with the hailstones 
collected at the surface, all of the mass of the 
modelled hailstone, excepting the embryo, is accret
ed in the wet growth mode in which the hailstone 
surface temperature is constant at 0°C and the cold
est 11111bient temperature ls -17°C. The size of the 
aodelled hailst::ine at the surface was 18 mm diame- ' 
ter. 

As is evident from Figs, 3 and 4, the hail
stones collected by the vehicle were not from the 
strongest area of the storm. The trajectory for 
modelled particle 19 is longer in horizontal extent 
and the stone encountered somewhat colder and drier 
con&itions in the beginning of its growth history. 
Ro-ver, it soon entered the wet growth regime and 
continued to grow wet, reaching a maximum diameter 
at the ground of 29 mm, ·unfortunately, there were 
no surface collections fr0111 this area of the· storm 
with which this stone might be compared. 

5, CONCLUSIONS 

Railetones collected from an Oklahoma storm ex
hibited evidence of wet growth and recrystallization 
associated with hailstone surface temperatures close 
to o•c. The kinematic, three dimensional model 
using multi-Doppler synthesized flow fields repro
duced the wet growth conditions and produced hail
stones grown on graupel embryos upon which all sub
sequent growth was wet and which were within the 
size range observed at the ground. 
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adjust.ed. Particle 7 corresponds to the 
ground collections. 

X 

0 
U> 
-I 
l> z 
(") 

!Tl ..,, 
:::0 
0 
s::: 
z 
0 
:::0 
s::: 
l> z 

1 
(>I 
01 

I 
N 
(]I 

Y DISTANCE FROM NORMAN 

~ 
(JI 
';p::" 

3 

Fig. 4. Ze at 8.5 km M;L, 2320 hrs. 19 June 1980. 
vertical velocities are: outer shaded contour 
w >·10 m s-1; inner contour (unshaded) W > 20 m s-1 ; 
in-;:{ermost shaded contours W >30 m s-1 . Modelled 
trajectories are given for particles 7 and 9. 
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Two basic hail growth trajectories were derived 
from the model which were related to the two ob
served reflectivity maxima. The horizontal flow 
patterns suggest that there may be two embryo source 
regions, one associated with a satellite , 11 and 
the other with recycling in the main updraft. 
However, because of the long growth times required 
for the 4 mm embryos, time-varying solutions will be 
required to confirm this and they are not presently 
available. 
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l. INTRODUCTION 

It has been generally observed that, when hailstone.s 
collected on the ground are analysed, the modificatiors 
aue to annea 1 i ng, that these have suffered both befo•·, 
collection and during storage, should be taken into 
account in order to correctly infer their growth con
ditions from their structure. Knight and Knight 
(Ref. 1) suggested that the original hailstone struc
ture could be better preserved by quenching, that is, 
by directly receiving the precipitation particles in 
a cold bath. However, quenching may not avoid the 
annealing effects that might have occurred before 
precipitation, when the growth of external layers 
in wet or spongy regime keeps the stone at 0°C during 
a non negligible time. Finally, quenching itself 
could be a source of modifications of .the hailstone 
structure, specially when spongy ice laye~s exist, 
for, in this case, th.e r:-apid freezing of the remaining 
water may generate new crystals not related with the 
growth conditions. For these reasons, the study of 
the annealing effects on the hailstone structure is 
still of interest. 
The annealing effects on the structure of dry regime 
accretions have recently been studied by McCappin and 
Macklin (Ref. 2). According to these authors, the rel 
ations, observed in the studied samples between grain 
length and grain widt1, could be informative as to 
the annealing effects that the grains have suffered 
before analysis, so that the initial crystallographic 
structure of a stone layer could be derived from that 
observed in the annea 1 ed one. However, McCappi n an·d 
Macklin did not try any direct application of their 
results, to interpret the sturcture actually found in 
natural hailstones. In fact, this structure differs, 
to some extent, from that of the dry growth 
accretions studied by these authors, possibly because 
of the frecuent formation of wet or spongy ice layers. 
Considering that the annealing effect in natural 
hailstones has scarcely been studied, research on 
this phenomenon, using several large stones, has been 
presently carried out. The behaviour observed will be 
discussed by taking into account previous results on 
grain growth that were obtained for accreted ice 
(Refs. 2-4), for thin sheets of natural hailstones 
(Refs. 5,6) and for ice samples grown in the labora
tory (Refs. 7,8). 

2. CHARACTERISTICS OF THE SAMPLES 
AND EXPERIMENTAL METHODS 

The studied haiJstones, of 3-5 cm diameter, were 
from two different storms, that had occurred in 
Cordoba (17/11/81) and in Buenos Aires (20/7/82). 
The stones analysed from the first storm (X-stones) 
were about 150 samples collected on the ground 
during precipitation. They were stored in a con
tainer at dry ice temperature and,after five 
months, they were .placed in a cold room at -15°C. 
Most samples were progressively prepared for 
structure analysis, whereas four of them were 
used for annealing experiments. 

About 30 hailstones were collected on the. ground dur
ing the second storm. They were stored in the cold 
room at -15°C and prepared for analysis about six 
months later. Five samples were used for the annealing 
experiments. 
The datailed study of the hailstone structure was 
carried out by analysing plastic replicas of the 
thermally etched surfaces, in the microscope (Ref.9}. 
Thin sheets were also observed in natural and 
polarized light. The samples were cut through their 
equatorial plane. They all presented evident prevalence 
of wet or spongy growth, as revealed both by the 
orientation of the crystals and by the presence of 
rather large air bubbles. 
The X-stones usually consisted of a conical or a spher
ical embryo, frequently grown about a small but vis
ible frozen droplet and of two succesive transparent 
and ooaque ice layers, formed by large and small crys
tals respectively. There were evidences of a final 
transparent ice layer, partially melted during preci
pitation. 
The C-stones consisted of an approximately spherical 
embryo, sometimes not definitely differentiated from 
the subsequent structure. The latter was formed by 
one or two layers of relatively large crystals and 
transparent ice. There was strong evidence of spongy 
growth as shown by the presence of pronounced lobes. 
The samples used for the annealing experiments at 
T 1/fo -10°C were cut through two orthogonal planes that 
contained the stone center, as shown in Fig. 1. Part 0 
was not annealed, while parts 1, 2 and 3 were annealed 
in a thermostat during progressively larger times. 
The temperature in the thermostat was measured by a 
thermocouple and electronically regulated to ±_0.2°C. 
After annealing, surfaces corresponding t~-the 
p-plane (Fig. 1) were prepared for ana1ysis. 

Figure 1. X-stone divided by two orthogonal 
planes through its center. 
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3. RESULTS 

3.1. Effects of storage at -15°C. 

The effects of annealing at -15°C have been derived 
from the comparison of the structure of X-ston~s 
sectioned 2nd replicated for analysis at different 
times. Some results are gi'✓ en in Table 1, where ~ 
is the mean grain area and e is the mean shape factor 
obtained as the ratio of the mean length to the mean 
width of the crystals. The table shows that samples 
selected for analysis from the dry ice container and 
inmediately sectioned and replicated, presented a 
structure very similar to that of samples prepared 
for analysis after about a year storage in the cold 
room. In all cases, the stones presented a layer of 
large crystals, (sometimes split into two slightly 
different zones) with mean area varying between 
1 and 0.1 mm2 and a layer of small crystals, with 
mean area varying between 0.03 and 0.07 mm2. The 
initial mean shape factor varied between 1.2 and 2.1 
ramaining in the same range after storage. 

Table 1 

Mean grain area t?- and shape factor e for different 
storage times at -l5°C. 

Storage time 
Mean Grain Shape factors at -15°C 

Sample Area mm2 e months 

X-38 A 0.45 1,7 0 
X-38 B 0.057 1. 3 0 

X-39 A 0.15 1.8 0 
X-39 B 1.1 2.1 0 
X-39 C 0.042 1. 2 ') 

X-33 A 0.16 1. 7 12 

X-37 A 0.36 1. 6 14 
X-37 B 0.15 1. 6 14 
X-37 C 0.037 1.5 14 

It was concluded from these results that, if some 
modification of the grain size and shape occurred 
during a year annealing at -15°C, this was smaller 
than that corresponding to the lack of homogeneity 
of the samples. Thus,. if annealing effects had 
modified the initial crystal structure of the samples, 
they should have operated previously to collection. 

3. 2. Anne a 1 i ng effects at T ;; -10° C 

Most experiment~ were performed at annealing tempera
tures of 0°C and -2°C; in two cases this temperature 
was -6°C and -10°C. Representative examples of the 
results obtained for the me~n grain radius r as a 
function of time are given in Fig. 2. Notice that, 
since the experimental points were calculated by 
writing r = J&>/ir, the phenomenon was treated here 
as for spherical grains. The straight lines in Fig. 2 
represent a least-square fit to experimental data 
:orresponding to a given hailstone layer. For part 0 
(Fig. 1) the annealing time was taken t = 30 min. Not 
all the series of points have been represented in 
Fig. 2 to avoid their superposition. 
The linear cJrrelation assumed in Fig. 2 between log r 
and log t corresponds to the application of the grain 
growth law 

r = k tn 
n 

( 1) 

0 
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" 
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Figure 2. Radius r as a function of time, 
for different stones. 

In Fig. 3 then values obtained in the whole series of 
experiments are represented as a function of T. the 
results are quite scattered; however, the curve for 
long n, where n is the mean value of n corresponding 
to each T, shows that, according to the present re
sults, n would be temperature dependent, its value 
decreasing with 'T. At T = 0°C, the values of n are 
near those obtained for artificial accretions (Ref.2) 
On the other hand, kn represents the mean grain radius 
at t = 1 s. As it may be exoected, it is slightly 
smaller but always of the same orjer of magnitud of fo-

T 

C 

C'l 2 
0 .... 

X 

X 

3 -'---+--+---1--1------l-~---.....I 

6 -8 -10 T (°C) 0 -2 -4 

Figure 3. Log n a~ a function of t~~erature. 

3.3. Shape facto 
It has been ahown that th~ shape factor e depends 
on the growth conditions of the accreted ice (air 
temperature, surface temperature and growth regime). 

Now, it has been condidered of interest to determine 
its variations due to annealing at T ,!,-10°C. The 
results are exemplified in Table 2. It may be seen 
that, when the samples are heavily annealed at 0°C 
or -2°C, so that r increases markedly with time, ~ 
decreases slightly. However. the variation is wea~ly 
significant. Actually, even the smaller value of e 
found after annealing, e = 1.3, is comparable to the 
value e = 1.2 given in Table 1 for a non annealed 
ice layer, formed by crystals of about t:,e same ci ·e 
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Table 2 

Grain radius and shape ,cactor before and after 
annealing 

-T t •o r3 2o 23 
Sample oc days mm mm 

X-33 -6 100 0, 7l 0.89 L? 1.7 

C-40 -2 50 0,37 ' 16 LB 1.6 " 
X-37 A -2 50 0,34 0.58 L6 L4 
X-37 B -2: 50 0~22 0.29 L6 1.6 
X-37 (' -2 ~o 0, 11 0.21 1.5 L3 c., 

C-30 0 o, ?~ _Q 0, 60 0.86 2,4 2.0 

3.4. Grain size frequency distri~utions 

It has been obser~ed that normal grain growth deter
mines appro::,ete 1y gc:uss i an di stri buti ons for the gra i 11 

dimensions 1 that is for the mean radius r of singular 
crystals or, ~1iien the crystal shape is taken into ac
count, for their 1 engt~ 1 and width w, These di stri -
butions are centered about a maximun, located near the 
rrean value of the measured d1mension r, Tor w res
pectively, When the phenomenon is quasi st~tfonary and 
the frequency is giver'! as a function of r/r or simi1ar 
adimensiona 1 var, ab 1 es, tne frecuency di stri but ions 
obtained at succes•ve an~ealing t~mes are similar to 
each other, despite the evolution of the ~bso 1 ute 
grain dime~sicrs. 

~ ~ Si 

SJ n (a) 
I I { bl 

! ~1 I 
f--,_ 

0 
I l--, t l 

0 0 0 ~t g_ 0 0 0 0 0 0 C 0 0 C> 0 0 0 .r, c_ if>_ 0 "'°' 0 if> 0 if) 0 "'- C: '°- 0 
6 r.: r, ~ :-t""t r.- ,< ci -- - N, 

N cry cry -...T-

r/r 

F~gure ~ Frequency d~stributions of grain radius 
a) before annealing 
b) after 50 days annealing at -2"C 

Is; tl1e presen~ v.cr,<, distributions of r/r 
have been obtained for the i tial sample structure 
and for those corresporiding to different annealing 
times, The ;·esu1ts are exemplified by the hystograms 
in Fig. 4 corresponding to a hailstone layer initial
}Y formed by'qu~·ce sman crystals, \1ith mean radius 
ro= 0, 3 mm. ,4fter 50 days anne1l ing at -2°C, it was 
'r-3 = L 1 mm, t!'lat is r3 = 3. 5 ro, It may be observed 
that both distributio1s in Fig, 4, corresponding to 
the initial and final sample structure, have their 
maximum near r/r = l so that they may be considered 
simi:ar for t~eir general shape. This result suggests 
that normal grai~ growth occurred along the whole 
process. 

4. DISCUSSION 

Following previous euthors (Refs, 2,3,3,6), in section 
3,2, the grain size has been represented as a function 
of time by applying Eq, L It is known, howeve,, that 
:his law is only theoretically valid when the initial 
grain size is negligible with respect to that the 
annealed samples. In this case, it should be n = 0.5 and 
the factor kn would have a theoretic exp;·ession depend
ing on the grain boundary interface free energy and 
mobility. When the initial grain dimensions are not 
negligible, it should be written, instead of ~q. 1 

(2) 

·where K=k~ when r0 =0 for t=O. The parameter K is 
usually given by 

K = Ko exp 1-Q/kT) (3) 

1,here Q is the activation energy for the grain bound
ary mobility. The values of Ko and Q characteristic 
of a given pure material would not depend on the 
temperature, as far as a given mechanism controls 
th~ boundary motion. It has been shown, however, that 
secondary features of the samples, such as impurities 
or fo-c:1 usi ons, may hinder the grain growth process. 
This fact may be taken into account by introducing a 
retarding term in the equation wich relates the grain 
growth rate with the radius r or by modifying the 
value of K. 
Now, it has been considered of interest to apply Eq, 2 
to the present results and to those obtained by 
previous authors for accreted ice (Refs. 2,3), in 
order to evaluate the rate factor I<. The results are 
represented in Fig. 5, where ln K is given as a 
function of 100: / T. The straight line in the 
figure was obtained by Levi and Ceppi (Ref. 8) after 
applying Eq.2 to their results and those obtained by 
Jellinek and Gouda (Ref, 7). It may be seen that 
several points are well distributed along this curve 
which corresponds to 0"" 0.6 eV. A similar value of 
Q was found by Azuma ar,d Higashi (Ref.10). The corres 
ponding curve sho11s that, for T.2:: -3°C, the Azume and
Higashi 's results are quite near those of previous 
authors (Refs. 7,8). However, for annealing tempera
tures closer to the melting point, I( increases more 
rapidly, approaching the experimental point obtainPd 
by Levi and Ceppi at T = 0°C. 
For T = 0°C, we have also indicated in Fig. 5 the in
terval inside which the values of Kare scattered 
when Eq.2 is applied to the results of McCappin and 
Macklin. 

-10 -20 T 
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5, ln Kasa functio~ of 1000/T as derived 
from different experiments. 
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It may be interesting to observe that the scattering 
interval extends markedly above the straight line 
derived from Ref. 7, this behaviour being in agree
ment with the pronounced increase of K observed 
previously at this temperature (Refs. 8,10). 

As for the experimental points corresponding to the 
natural hailstones studied in the present work, 
Fig. 5 shows that those corresponding to T = 0°C are 
located in the same interval as the results of 
McCappin and Macklin. The results for T< 0°C show 
that, at a given temperature, K may vary markedly 
with the sample, but that all the values obtained 
are distributed below the previously mentioned 
straight line. At T = -10°C, K is so small that the 
change in the grain size observed after 100 days 
storage may not be considered larger than the 
scattering of the results due to the non 
homogeneity of the samples. This last result could 
be considered in partial disagreement with those 
obtained by Prodi and Levi, who observed a small 
but nor really negligible annealing effect in 
artifical accretions, stored during 90 days at 
-19°C. This difference could be explained, however, 
by observing that the accreted ice studied by the 
above mentioned authors was stored at the annealing 
temperature inmediately after growth. On the 
contrary, all the hailstones had certainly undergone 
some annealing before the experiments took place. 
It is possible that during previous annealing, the 
migration of impurities or air bubbles to the 
boundaries had reduced the boundary mobility. 

5. CONCLUSIONS 

From the present comparative analysis of the grain 
growth behaviour observed in ice samples of dif
ferent origin, it may be concluded that the curves 
in Fig. 5. give, with good approximation, the value 
of K which should be introduced in Eq. 2 so as to 
represent normal grain growth in pure ice samples. 
However, since ice is rarely pure, the grain 
boundary migration is usually hindered by impurities 
or air bubbles, this fact determining a strong 
decrease of K when T<:.0°C. 
It seems reasonable that, in these conditions, the 
values of K obtained at given temperature, for 
different samples, may differ markedly. In fact, 
these samples could differ in their impurity 
content as well as in their previous history. The 
considered retarding effects on the grain boundary 
motion would be weak or negligible at T=0°C, where 
K would increase sharply, regardless of the sample 
structure. 
As for the applications ·of the present results to 
the study of natural hailstones, it should be noted 
that protracted storage at T (-10°C could determine 
modifications of the hailstone structure so slight, 
that they may be ignored, whenever this structure 
is interpreted in terms of the growth conditions. 

On the contrary storage at higher temperatures 
would determine non negligible effects. In this 
case, the estimation of the initial grain size 
from that observed after storage could not be 
very precise, due to the dependence of the 
phenomenon on the initial sample structure itself. 
The rapid annealing effects that occur at T = 0°C 
have been already pointed out (Ref. 1). It is 
now interesting to observe that, at this +emper
ature, a non negligible grain modification could 
take place during annealing times as short as 
10-20 min. For instance, a structure containing 
grains of negligible initial size could attain 
mean grain dimens·ions of about 100 ,um after about 
10 min at 0°C. 

This fact might account for the shape factor observed 
for natural hailstones which is smaller than for 
artificial accretions and which could be mainly due to 
annealing previous to collection. 
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1. INTRODUCTION 

Hailstones progress through different stages during 
their life cycle. A large number of laboratory 
studiLs have concentrated on the accretional growth 
of hailstones and have illustrated, in particular, 
that growth rates arc typically limited by the shed
ding of millimeter-sized drops (Refs. 1,2,3 and .i). 
These represent instantaneously produced rain drops. 
Comparatively little attention has been directed 
towards the melting of hailstones, even though this 
phase is crucial for predicting hail characteristics 
on the ground and for determining the amount of and 
spectral distribution of the shed melt icater. 

The purpose of this paper is to report an investig
ation on the melting of hailstones under simulated 
natural conditions in a wind tunnel. Both spherical 
and spheroidal particles i;erc investigated at term
inal speeds and with rotational and gyrational modes 
of motion relative to the surrounding air-stream. 
Particular attention icas given to the comparison of 
the observed melting and the theoretical predictions. 
The manner of the shedding itself was another focus 
of the investigation. 

2. THE EXPERIMENT 

The melting experiments were performed at the Univ
ersity of Toronto in a closed-circuit wind tunnel 
with controllable air speed, pressure and tempera
ture. The air speed in the vertical measuring sect
ion is produced by a fan coupled to a motor assembly 
and can be varied from 7 to 40 ms- 1 A vacuum pump 
directly connected to the tunnel allows the tunnel 
air to reach a minimum pressure of 30 kPa. Cooling 
is provided by a compressor that can maintain a con
stant temperature as low as -300C. A heating system 
located inside the tunnel is required to ensure 
steady state conditions for temperatures above -15°C. 
A unique feature of this tunnel is the double wall 
construction prior to and including the measuring 

section. The inner wall isolates the experimental 
region from the large temperatu1e gradients near the 
outer wall. The measuring sect.ion (68 .6 cm high, 
with a cross-section of 17.7 x 17.7 cm) consists of 
four aluminum outer plates and four plexiglass inner 
plates. Any plate may be modified for a specific 
function and mounted on any of the four faces, thus 
making the measuring section easy to adapt. for any 
particular experiment. 

For the melting experiments, four specially designed 
plates were used (Figure 1). A plate with an air 
tight door and a quick-relc,se plexiglass plate pro
vided access to the interior of the measuring section. 
The plate opposite to the door plate was designed to 
support the hailstone in the air stream and also to 
cause the particle to execute the fall mode of an 
oblate spheroid, called symmetric gyration (Ref. 5). 
A third plate was designed to provide proper illumin
ation for photographic purposes and to hold a support 
system used to rotate spherical particles. The fourth 
plate provided photographic and video-recording cam
era mountings. 

For the melting experiments, pressure (50 to 100 kPa), 
temperature (3 to 12°c) and air speed (19 to 28 ms- 1) 
icere system~tically varied. The experimental condit
ions were chosen to simulate melting conditions near, 
but below, the cloud base, using as a basis radiosonde 
observations taken on hail days in Colorado (Ref. 6). 
Vertical air speeds were set equal to the calculated 
terminal velocities of the hailstones. It should be 
noted that the relative humidity could not be varied 
over a wide range. Dry and wet bulb temperatures 
were measurc:d with two iron-constantan thermocouples 
located at the measuring section. Relative humidity 
values ranged between 55 and 80%. 

The hailstone models used for the experiments were 
made by freezing water in rubber molds. Ice oblate 
spheroids (2 cm major axis diameter and aspect ratic 
0.67) were forced to gyrate symmetrically with a 
nutation/precession angle of 300 and at frequencies 

Figure l. Photograph of the measuring section of the wind tunnel. 
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between 5 and 30. Hz. Ice spheres (2 cm diameter) 
were rotated about a horizontal axis at frequencies 
be·c1ffen O and 20 Hz. The hailstones were allowed to 
meJ.t for a known amount of time, then removed from 
the tunnel, weighed and measured. The change in 
pa:rticle diame_er was always less than 10%. 

3. DESCRIPTION OF THE SHEDDING 

Observations of the shedding characteristics were 
m?de during the experiments and documented with the 
~id of photographs and video-tape recordings. As 
the hailstone began to melt, the melted water clung 
to the ice particle due to surface tension. As the 
v1ater skin grew thicker, it started to accumulate on 
the surface of the hailstone. At this point, the 
accumulation of water is in balance under the forces 
due to the aerodynamic stress, the underlying frict
ion, gravity, the surface tension and the angular 
motions of the hailstone (centrifugal forces). 

In the case of non-rotating spheres, the water skin 
accumulated at both poles of the particle. For rot
ation cases, the water skin moved along the equator 
and formed a bulge on the side of the particle rot
ating against the airflow. The transition in the 
motion of the water skin from the poles to the equat
or took place at a rotation rate between 0.3 and 2.0 
Hz. In the case of spheroids, the type of angular 
motion executed by the hailstone (symmetric gyration) 
affected the aerodynamic forces exerted on the water 
skin and the melted water was observed to collect 
slightly below the equator. 

The major portion of the shedding originated from the 
water bulge. As the bulge became large enough, rip
ples started to form. The shedding, normally arising 
from these ripples, occurred mainly in the form of 
drops, but filaments that broke into drops were also 
observed (Figure 2). Bag breakups, as described in 
coalescence-breakup studies (Ref. 7), were also ob
served (Figure 3); however, this was a very rare 

Figure 2. Photograph of a spherical ice particle 
showing shedding from a filament. Parameters: air 
temperature s0 c, air pressure 67 kPa, air velocity 
24 ms- 1 , and rotation rate 5 Hz, clockwise. 

event, accounting for less than O .59& of the total 
number of shed drops observed. 

The shedding of drops appears to be an instability 
phenomenon of the water ski11, probably related to its 
size, shape, dynamics and temperature. Hov1ever > the 
roughness of the hailstone surface affects the shedd-

.1g characteristics. For hailstones ·with smooth surf
aces, only shedding from the equatorial bulge was ob
served.· For hailstones with rough surfaces, any lobe 
kerved as a collection point fpr the melted wa-cer and 
the excess of water was shed from these locations. 

It is interesting to note that both the spheric2.1 1.nd 
the spheroidal hailstone models preserved "'.eir shapes 
during melting. 

4. SEED DROP SPECTRA OF SPHERICAL HAILSTONES 

A series of experiments was recorded on video-tape, 
from which the shedding spectra of spherical hail
stones were determined. Air temperature and rotation 
rate were varied between 5 and 10°c, and O and 10 Hz, 
respectively. These experiments were carried out at 
laboratory pressur~ (100 kPa) and an air speed of 19 
ms-1 . Illumination was provided by a strobolume unit 
set at a 60 Hz constant flashing rate, with a flash 
duration of 10 microseconds. A 35 mm lens was used 
and provided a magnification factor of 2.0 on the vid
eo mon~tor, from which the shed drops were counted i:--1 
different size ca!egories. 

Shed drop spectra did not show major dependences on 
temperature or rotation rate. Shed drop distributions 
exhibited a unimodal pattern, with an average voluae_ 
diameter of 0.95 mm. The minimum and maxim::iu drop 
size observed. were 0.3 ana 2 .0 Tiwl.l; respectively. 

A lognormal function was fitted to the rela-~ive numb
er distribution of shed drops. This provided areas
onable fit to the data for all the experi:r_e~ts (::=ig
ure 4). Trie den5ity' =:1..-1n2t=..on P(d), oi t!':~ :og-.,::>.c1:.=. 

Figure 3. Photograph of an explosive shedding froa e 
spheroid. The view is from the side of hailstone 
!mount. Par;:imeters: air temperature s0 c, 2.ir pressere 
100 kPa, air velocity 20 ms- 1 and gyration frequency 
10 Hz. 
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Figure 4. A typical shed drop spectrum for a spheri
cal hailstone. Conditio_ns for tld,s experiment were: 
air temperature, soc; air pressure, 100 kPa; air 
velocity, 19 ms- 1 ; rotation rate, 5 Hz. The contin
uous line is a lognormal distribution given by Eq.l. 

distribution is given by: 

H 1 ln d - µ 2 
P(d) = d exp{- 2( 

0 
°) } (1) 

where dis the diameter of the shed drop in mm, and 
the average values of the parameters of the distri
bution were found to be: H = 0.213, µ

0 
= -0.058 and 

er= 0.389. 

5. HEAT TRANSFER AND MELTING RATES OF HAILSTONES 

The general heat balance equation for a growing hail
stone under quasi steady state conditions is given 
by the experession: 

(2) 

The first three terms represent the direct and in
direct heat flux between the particle and its_envir
onment by conduction and convection (Qcc), by evapor
ation, sublimation or condensation (QEsc), and by 
accretion of water droplets (Qcp). The term QpM rep
resents the heat per unit time used to freeze the 
deposited water partly or entirely or to melt a part 
of the original hailstone. Expressions for each of 
these terms have been presented before for the cases 
of spheres (Refs. 8,9) and oblate spheroia• (Ref.10). 

The first two terms in Eq. 2 can be written as: 

Q~c nYk D Nu (tD - tA) (3) 

and C y DwA D Sh 

Q;sc TA 
Ce sh - U w e sv) (4) 

where k is the thermal conductivity of air, DwA is 
the diffusivity of water vapour in air, Dis the 
diameter of the particle, Y is the surface area rat
io of spheroid to sphere, Nu is the Nusselt number, 
Sh is the Sherwood number, Uw is the relative humid
ity of the air, to is the surface temperature of the 
hailstone; esh and esv are the saturation vapour 
pressures over the hailstone and over water, respec
tively; tA and TA are the ambient air temperature in 
degrees C and K, respectively; and C = 17025 K kg2 . 

Environmental conditions below cloud-base represent 
the case of melting in which acccetion of water 
droplets does not occur and melting drops are assum
ed to have a temperature equal to that of the surface 

skin, which is set equal to o0 c. In this case Qcp=O. 
For the same reasons, QFM only accounts for the.heat 
per unit time used to melt part of the original hail
stone and can be expressed as: 

( 5). 

where Lf is the latent heat of fusion and (dm/dt) is 
the melting rate of the hailstone. 

Assuming that the physical processes involved in con
vecting heat away from the hailstone are similar to 
the ones convecting water vapour, it is possible to 
express Sh in te~ms of Nu using the empirical values 
given in Refs. 11 and 12, yielding the following 
relationship: 

Sh= 0.95 Nu . (6) 

Substituting Eqs. 3 to 6 into Eq. 2, the following 
expression for the Nusselt number is obtained: 

TA Lf (dm/dt) 

Nu= DY[nk TA (t0-tA) + 0.95 C DwA(esh-Uwesv)] • (7) 

Using Eq. 7, Nu:was calculated from the experimental 
data. The Nusselt number was found to be independent 
of the rotation and gyration frequencies. By intro
ducing a consolidated heat tr~nsfer fac~~r, x, the 
experimental values of Nu can be summarized in terms 
of the Prandtl number, Pr, and the Reynolds uumber, 
Re, using Ranz and Marshall's empirical formula (Refs. 
11 and 12) as follows: 

Nu= X(0.6) Prl/3 Re112 . ( 8) 

The consolidated heat transfer factor has been intro
duced to take into account the effects on the heat 
flux due to the shape and the roughness of the hail
stone, as well as any other effects such as those 
produced by the presence of the water skin on the 
surface of the particle. In the present investigation, 
X was found to be equal to 1 .12 ± 0 .14 for rotating 
spheres, and 1.41 ± 0.15 for gyrating spheroids. 

Melting rates can now be calculated for any set of 
environmental conditions by substituting Eq. 8 into 
Eq. 7. As an example, melting rates for 2 cm spheri
cal hailstones are presented in Figure 5 for a selec
tion of relative humidity values. The temperature
pressure profile model used is based on radiosonde 
observations taken on hail days in Colorado (Ref. 6) 
and can be expressed analytically (Ref. 9) in 'he 
form: 

TA= 53 ln (2.84 p) (9) 

where TA is in degrees Kand pis the environmental 
pressure in kPa. It should be noted that the results 
presented in Figure 5 represent instantaneous melting 
rates. This means that, once the diameter of the 
hailstone has changed, the particle will have a dif
ferent surface area and its melting rate will change. 

The ·calculated melting rates, combined with the para
meterized shed drop distributions (Eq. 1), can now be 
used to obtain the number production rate of shed 
drops. For example, a 2 cm spherical hailstone melt
ing at the cloud base (tA = soc, p = 67 kPa and Uw = 
100%) would produce 26 drops per second, with 4 of 
them having equivalent volume diameters between 1 and 
2 mm. This result suggests that melting hailstones 
are an important source of rain drops through shedding. 

6. SUMMARY AND CONCLUSIONS 

Experiments on the melting of artificial hailstones 
were performed in a wind tunnel with controllable air 
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Figure 5. Instantaneous melting rates for a 2 cm dta
meter spherical hailstone as a function of tempera
ture for different relative humidity values. Temper
ature and pressure are ·related according to Eq. 9. 

speed, pressure and temperature. Two types of hail
stone models were used: spheres (2 cm diameter) rot
ating about a horizontal axis at frequencies ·between 
0 and 20 Hz, an~ oblate spheroids (2 cm major axis 
diameter, ·0.67 aspect ratio) describing symmetric 
gyration at frequencies between 5 and 30 Hz. The 
varied environmental parameters were temperature (3 
to 12°c), pressure (50 to 100 kPa) and air speed (19 
to 28 ms-1). The conclusions of the investigation are: 

1. Melting hailstones are an important source 
of rain-sized drops through shedding. 

2. Shed drops originate predominantly from a 
water accumulation zone on the surface of the hail
stone and result from an-instability of the water 
skin. 

3. The observed shed drops from melting ice 
spheres had sizes between 0.3 and 2.0 mm, and an 
average volume diameter of 0.95 mm. Their spectra 
are basically independent of the temperature and the 
rotation rate, and can- be parameterized using a log
normal distribution. 

Shedding spectra of melting hailstones 
obtained in this study are .similar to those obtained 
for the case of icing cylinders (Ref. 13), which show 
unimodal distributions with. a mean volume diameter 
of about mm. 

4. The Nusselt number was found to be indep
endent of the rotation and gyration frequencies. Nu 
can be written in terms of Prandtl and Reynolds numb
ers by introducing the consolidated heat transfer 
factor, x, which takes into account the effects on 
the heat flux due to the shape and the roughness of 
the hailstone, as well as any other effects such as 
those produced. b.y the presence of the water skin.· 
The values of X obtained for rotating spherical and 
gyrating spheroidal hailstones while melting were 
1.12 ± 0.14 and 1.41 ± 0.15, respectively. 

The results obtained here can be used to 
more adequately model the life history of hailstones 
and the accompanying cold rain. 
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MELTING OF SNOWFLAKES IN THE ATMOSPHERE 
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ABSTRACT 

·The melting of snowflakes has been 
studied by analysis, laboratory experiment, 
theoretical calculation, and field observation 
(Refs. 1, 2, 3, 4, 5). The results indicated 
that the melting of snowflakes took place under 
the influence of air temperature, relat!ve 
humidity, and precipitation intensity and that 
the melting brought about atmospheric cooling 
around a melting layer. The melting process of 
snowflakes is explained in terms of (1) heat 
transfer from the ambient air to snowflakes, 
(2) water vapor transfer on the snowflake 
surface accompanied with latent heat, and (3) 
melting of snowflakes related to the heat 
absorbed and released. 

1. ANALYSIS OF SURFACE WEATHER OBSERVATION DATA 

The analysis was made of the relationship 
between forms of precipitation and surface 
meteorological elements. Fig.l shows an 
example of phase diagram for precipitation on 
the ground. A dashed line indicates a 
critical line for snow; precipitation is all 
snow below the line (solid phase). A solid 
curve shows a · critical curve for rain; 
precipitation is a.11 rain above the curve 
(liquid phase). Stippled area indicates the 
transition region from snow to rain: snow, 
sleet, and rain occur in the region (mixed 
phase). Precipitation varies depending on 
surface air temperature and relative humidity. 
Precipitation is likely to become rain with 
increasing air temperature and relative 
humidity. 

,·,,!~:w~ SLEET~ RAfN 

.... ,'Jt~ .... 

... , .. ... , . 
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SURFACE AIR TEl'i'ERATURE ( •cJ° 

Fig.I Phase diagram for precipitation on the ground 
at wind velocity above 5 m/sec at the Wajima Weather 
Station, Japan. The periods of analysis are the 
cold seasons (Jan.-Mar.) from. 1973 to 1978. Symbols 
of crosses and open circles indicate the critical 
humidities for snow and rain at a temperature 
interval of 0.2 °c, respectively. 

In the transition region. sJ.eet rather than 
rain took place frequently in association with 
high-intensity precipitation. An interpretation 
is that snowflakes are relatively large at that 
precipitatL•n and it takes long time for them 
to melt completely (Ref. 1). 

These results suggested that the melting 
of snowflakes in the atmosphere was influenced 
by not only air temperature but also relative 
humidity and precipitation intensity. Graupel 
is excluded in the Figure_ but a similar tendency 
is shown in Ref. 6. 

2. LABORATORY EXPERIMENT OF MELTING 

The melting experiment was carried out of 
fresh'v fallen snowflakes supported on a nylon 
net in a vertical wind tunnel at an airstream 
of 100 cm/sec in air velocity and of 5.5 °C in 
temperature. The morphological variations of 
snowflakes by melting were shown in a series of 
photographs taken every ten seconds. Fig.2 

· shows an example of a melting snowflake. The 
snowflake gradually melts to form a water drop 
at the end. 

T-JO 

Fig.2 Photographs taken every ten seconds showing 
the shrinkage of a snowflake by melting. White 
horizontal and vertical lines are threads of a nylon 
net. Mass of the snowflake is indicated in the 
upper left-hand corner. Experimental set-up of 
airstream is 5-5 °C in temperature and 100 cm/sec in 
air velocity. 

The examination revealed that the break-up 
of snowflake did not take place in melting and 
that the melt water did not accumulated on the 
snowflake surface but percolated into the 
inside. The percolation may be due to capillary 
action. From the above result, a micro-physica: 
model was proposed of the snowflake in melting. 
Using the model, an empirical formula for.the 
melting rate of snowflake, which is expressed 
as the rate of decrease in radius R by melting, 
was obtained to give the relation dR/dt = - ca 
(K4T + L D46)/Lff R. The coefficient e is an 
adjustabYe parame!er to bridge a gap between 
the experiment and theory, and evaluated as 
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1.75. a is the ventilation coefficient of a 
sphere, K the thermal conductivity of air, L 
the latent heat of evaporation of water, D tNe 
coefficient of molecular diffusion of water 
vapor in air, f. the density of snowflake, 66 
the difference Eetween water vapor density of 
airstream and equilibrium water vapor density on 
the snowflake surface, and ~T the temperature 
difference between the snowflake and the ambient 
airstream. 

3. SIMULATION OF MELTING OF SNOWFLAKES IN THE 
ATMOSPHERE 

Using the formula as a basic equation, the 
simulation of melting of snowflakes in the 
atmosphere was made to estimate the effects of 
air temperature, relative humidity, and 
snowflake size and density on the process of 
melting. The result is illustrated in Fig.3, 
which shows variation in diameter of snowflakes 
with fall distance below O °C level, at a lapse 
rate of 6 °C/Kiil. Arrows indicate the fall 
distance for the onset of melting. Snowflakes 
gradually become small by sublimation of water 
vapor from the surface at the first stage of 
falling and after that they quickly shr_ink by 
melting to form raindrops at rhe end. 

If the air below the O "~ level is 
saturated, they begin to melt from just below 
the O °Cleveland those of ordinary size, with 
equivalent diameter 1-5 mm in raindrop, complete 
melting within several hundred meters below the 
0 °C level. If the air is subsaturated, say 
80 %, snowflakes do not melt as far as about 
300 m distance below the O °C level. The 
distance for the onset increases with 
decreasing relative humidity. The distance for 
the completion increases with decreasing 
relative humidity and with increasing snowflake 
diameter. 
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Fig.3 Variation in calculated snowflake diameter 
with distance below O °C level at given relative 
humidities o~ air. Initial density of snowflakes 
is 0.02 g/cm. 

The result of calculation using various 
lapse rates i's shown in Fig.4. The distance 
for the completion increases by 25-100 m per 

II-5 

1 °C/Kiil decrease in lapse rate. This exhibits 
the importance of air temperature on the 
melting. 

The distance for the onset is explained in 
terms of wet-bulb temperature. The wet-bulb 
temperature decreases with decreasing relative 
humidity; snowflakes in the air having a 
wet-bulb temperature below O °C do not melt 
even if air temperature is above O °C. The 
distance for the completion is interpreted by 
heat transferred from the air to snowflakes, 
latent heat due to evaporation of water vapor 
from the snowflake surface, and heat capacity 
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Fig.4 Calculated fall distance for the completion 
of melting as a function of lapse rate, at a given 
relative humidities of 80 %, 90 %, an1 100 %. 
Initial snowflake diamet3rs are 5 mm and 13 mm a.1d 
the density is 0.04 g/cm. 

of snowflakes.. Snowflakes complete melting 
rapidly, 1) at high lapse rate, 2) at high 
relative humidity, and 3) with small mass. 

4. FIELD OBSERVATION OF SNOW AND SLEET 

The field observation was carried out of 
snowflake water content, fall velocity, mass, 
and cross-sectional area under various 
condition of surface air temperatures and 
relative humidities in January of 1978 and 
Feburuary of 1979 at Nagaoka City, Japan. The 
result showed that the fall velocity and the 
liquid water content of snowflakes were 
dependent on surface air temperature above O 
°C, relative humidity, and snowflake mass. The 
fall velocity increased with increasing air 
temperature and relative humidity. In snowfall 
at a high temperature above O °C, the fall 
velocity was almost constant with respect to 
snowlake mass or sometimes that of small mass 
was larger than that of large one. This 
finding shows a different tendency from the 
result mainly obtained from non-melting 
snowflakes so far (Refs. 7, 8). The water 
content increased with increasing surface air 
temperature and relative humidity. Percent 
water in snowflakes was highest at the highest 
air temperature of 1.8 °C during the snowfall 
period. Compared among the cases of the same 
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air ter,.,-·erature, the percent water increased 
with increasing relative humidity. In the case 
of the same air temperature and relative 
humidity, it increa~ed with decre~sing mass. 
These observations agree with the result of 
simulation (Ref. 4). 

5. ATMOSPHERIC COOLING BY MELTING SNOWFLAKES 

Precipitations associated with a warm 
front·of a low were observed by r~winsondes and 
a Doppler raaar from 1981 t 1982 at the Tukuba 
District in Japan. The Doppler radar 
observation was made at the roof of the 
Meteorological Research Institute. The 
ra~insondes were released routinely at gh and 
21 at the yard of the Aerological Observatory 
200 m north of the Doppler·radar. Nine case 
observations of melting layers over tbe warm 
fronts were analysed using the Doppler and sonde 
data. Six cases displayed cooling of air around· 
the bright band (B.B.) and three ones did not. 
The occurrence of cooling , · s related to 
precipitation in~ensity near the O •c level. 
No cooling ;,as observed at a precipi·tation. 
intensity below 0.3 mm/hr deduced from radar 
reflectivity, but above 0.3 mm/hr the cooling 
took place. The degree of cooling increased 
with increasing precipitation intensity. The 
typical feature of the atmospheric cooling by 
melting is shown in Fig. -5. The vertical 
profile of air temperature is shown by a solid 
line. The stippled area is bright band. inferred 
from the rawinsonde and Doppler analysis. The 
shaded area, surrounded by a dashed and a solid 
lines, shows the cooling effect of melting snow 
and the temperature decrease of a few degrees 
takes place. A nearly isothermal layer about 
800 m thick exists above and below the O °C 
level. The isothermal layer is lowered to the 
center of the bright band. The presence of 
isothermal layer above.the O °C level suggests 
that some vertical mixing of air occurs through 
the O °C level. 

7 Moy 1982-. 0830-0923 
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Fig.5 Sounding on 7 May 1982 on temperature-height 
diagram. B.B. is bright band. 

6. MECHANISM OF SNOWFLAKE MELTING 

It is concluded that the melting of 
snowflakes takes place under the control of 1) 
heat transferred from the ambient air to 
snowflakes, 2) latent heat accompanied with 
phase change of water vapor on the snowflake 
surface, ~nd 3) heat capacity of snowflakes. 
The factors important in the process are air 
temperature, relative humidity, and snowflake 
size and density. 

The heat transfer from the air to 
snowflakes causes the cooling of air. 

ACKOWLEDGEMENT 

The author relied heavily .upon the advise 
and discussions of many staff memb!c'rs of the · 
Meteorological Research Institute of. the Japan 
Meteorological Agency and these contr·ibutions 
are gratefully ackowledged. Special. 
recognition must be made of Dr. Y. Sasyo who 
provided useful comments and assistance in field 
observation of snow. Mr. Y. Sato provided 
valuable assistance with the analysis of 
surface weather data. Dr. J. Aoyagi, Mr. 
H. Sakakibara, and Mr. K. Matsumura contributed 
most helpfully with his analysis of Doppler 
Data. His appreciation is extended to Mr. 
J. Kubo and Dr. T. Okabayashi for their 
encouragementsc 

REFERENCES 

1. Matsuo, T. , Y. Sasyo, and Y. Sato, 1981, 
Relationship between types of precipitation 
on the ground and surface meteorological 
elements, J. Met. Soc. Japan 59, 462-416. 

2. Matsuo, T. and Y. Sasyo, 1981, Non-melting 
phenomena of snowflakes observed in 
subsaturated air below feezing level, 

3. 

4. 

J. Met. Soc. Japan 59, 26-32. 
and----, 1981, Empirical 

formula for the melting rate of snowflakes, 
J. Met. Soc. Japan 59, 1-9. . 

and----, 1981, Melting of 
snowflakes below freezing level in the 
atmosphere. J. Met. Soc. Japan 59, 10-25. 

5. Matsuo, T. , H. Sakakibara, J. Aoyagi, and 
K. Matsumura, 1983, Vertical temperature 
profile in precipitation associated with . 
a warm front of a low, Proc. Autumn Meeting 
in 1983, Japan Met. Soc. 232 (in Japanese). 

6. Matsuo, T. and Y. Sasyo, 1982, Melting of 
snow pellets in the atmosphere, Pap. Met. 
Geophys. 33, 55-64. 

7. Magano, C. , 1953, On the growth of 
· snowflake and graupel, Sci. Rep. Yokohama 

Nat. univ., Sec. 1 No. 2, 18-40. 
8. Langleben, M. P. , 1954, The terminal 

velocity of snowflakes, Quart. J. R. 
Met. Soc. 80, 174-181. 



282 II-5 



283 

PROPERTIES OF ICE ACCRETED IN A TWO STAGE GROWTH 
Francq Prodi, ·Anna Franzini and G.Santachiara 

Istituto·FISBAT-CNR, Rep.Nubi e Precipitazioni, 40126 B~logna, Italy 

1. INTRODUCTION 

The laboratory inv~stigation of accreted ice in 
controlled conditions remains ·the major way of 
broadening our knowledge of .th~ phenomenon (Ref.-
1) , and at the same time more spec.ific and 

attainable .goals are assigned to it. '.!'hough the 

extreme difficulty of effectively simulating 
natural conditions in the laboratory is now clear, 

a number of important albeit partial results may 
. be reached by investigating simplified. or extreme 
.situations which cannot be treated theor.etically: 
very low density accreted ice, water shedding, 

and, the subject of the present· paper, ice 

·accreted in a two stage growth, mostly by the 
superposition of a wet or spongy growth over a 
previously .formed porous structure. 

The first experimental evidence that hailstone 
growth might take place in two stages has been 
provided by Prodi · ( Ref.,2) from local density 
measurements performed by a contact microradiogra
phic technique·on slices of natural hailstones and 

artificially accreted cylinders. 

Previous suggestions regarding ½he possible role 
of low density ice in hailstone growth (Refs.3-4) 

were not followed due to the paper of Browning et 
al, (Ref.5) predicting ice density close to 0.9 g 
cm-

3 
for hailstones larger than ~.5. cm. The 

suggestion that two-stage growth may be more 
frequent than previqusly suspected has been taken 
up by Pflaum (Ref. 6) , who has produced numerous 

computations of the effect of porous ice densifi
cation on·the terminal velocity_of a solid sphere. 

These· computations were prompted by win· tunnel 
experiments on riming groupels (Ref.7). 

The present investigation involves the labora
tory study of i~~ accret~d in a two stage growth 

and examines the possibility of using the results 
in the interpretation of natur..:.l hailstones 

features. 

2. EXPERIMENTAL 

The experiment has been conducted in a vertical 

wind tunnel alongside a cold room, with superco
oled droplets impinging on a rotating cylinder, 

described· in previous works (Refs.8 to. 10) t; 

which the reader should refer .for anything here 
left unspecifieQ. 

The technique for local ice density measurements 

is the same as describ.ed in Refs 1 and 11. 

Three slices of each deposit were cut by a band 
saw and m~chined plane by a microtome. The 

thickness of one slice was accurately calibrated 
and it was used for contact microradiography. The 

polycrystalline bulk ice grown on the plastic 
embryo and visible in the reflected light.pictures 

of the cross sections as a clear inner rin~ of ice 
served as a reference for bulk ice density on 

~hex-ray micrographs, when the optical density·of 
the film was converted into the density of the 
accreted ice. The optical densi tomet_er has been 
used with a small circular beam ( 35 pm size) for 
more localized observations, and with the rectan
gular beam ( 35 X 636 fm, perpendicular to the 
inspeeted path) in order to obtain the average 
value on a wider strip. The second .slice was 

photographed in reflected light and, once thinned 
to about 300 pm, in cross polarized . light• The 
third was used to obtain formvar replicas follo
wing the technique described in Ref .12, and, 
analyzed with an optical micr~scope, for both 

crystal size parameters (average grain size, me~ 
maximum length and width) and crystal ·drien!a

tions. 
To study the first stage of the deposit, the 

cylinder was taken off the inner, 6 mm diameter, 
plastic rod, and the three perpendicular sections 

of the deposit were cut out of its central region 
in order to perform the first series of analyses. 
The two remaining pieces of the deposit were 

rejoined by the reinsertion of the plastic rod fil'f"< 

a 

b 

C 

Fig. l Scheme of operations. After growth of the 

first stage, three slices were cut · out (a), the 

remaining pieces were placed on the rotating rod 

(b), and the second stage was grown on it (c). 
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the next stage of growth (Fig.1). To obtain 

different densities of the accreted ice the 

verti_cal velocity was made to vary from 5 to 29 m 
sec-

1
, which was expected to produce,according to 

the Macklin's relationship (Ref.13), a wide range 

of ice densities. 

3.RESULTS AND DISCUSSION. 

The results are presented as a comparison 

between the findings relating to the first stage 

of growth and those of the same layer once the 

second stage has been grown over, indicating the 

modifications that have thereby been introduced 

into the fj_rst structure. Data are also added 
regarding the layer entirely grown during the 

second stage of growth, to be compared with 

th'former results .. The two growth conditions 

chosen for the first stage were such as to give in 

one case ice of rather high density ( TS2, from 
O. 88 to O. 84 g cm -

3 
decreasing wi -,;h increasing 

radius) and in the - other case rather _\ow density 

ice (TS3, from about 0.55 to 0.38 g cm ). 

3.lGrowth TS2 

Growth conditions 

~a,· oC: 

Td,oc -1 
Impact vel.,msec 

Mean vol. rad., a, pm 
Rot. rate, Hz, 

Results 
-3 

Local density, g cm 
Crystall. param.: 

2 
Av. grain size,<Y mm 

Mean max.length, l,mm 

Mean max.width, w,mm 

1st st. 

-26.7 

-15.8 
29 

8.5 

1.75 

\nd st. 

j -17.5 
oo 

29 

8.5 

1. 75 

Ext layer 

-17.5 
0 

29 

8.5 

1. 75 

0.88 to0.84 \o.88 to .90 

2.1 10-3 

0.062 

0.040 

-3 
5 10 

0. 89 

0.058 

.? 
6.4 10 -

0.28 

0.13 

There was a slight penetration of liquid water 

into the previous structure, but it was limited in 

quantity since the ice density was quickly·raised 

near the wet-spongy growth values. The second 

growth stage was very spongy and had a typical 

fan~like appearance (Ref .14), fronts of bubbles 

and well-defined wet growth lobes (Fig.2). It did 

not alter drastically the appearance of the first 
layer, exept by making the first opaque deposit 

more transparent~ Interestingly enough the crys

tallographic parameters revealed an observable 

annealing process which might be accounted for by 

the minutes spent at or near 0°C during the second 
stage. Average crystal sizes more than doubled. 

Both mean maximum length and mean maximum width 

increased. The outer layer presents values typical 

of spongy growth at that temperature (Ref.15) 

following a thin intermediate layer of smaller 

size crystals. In summary, as regards this growth 

we may say that the main effect introduced by the 

second stage is in the annealing of the fist stage 

crystals and in a slight increase of the local 

density values. This is of importance in the 

analysis of natural hailstones, implying that it 

will be almost impossible to find very small 

crystals due, apart frc,m any other reason, to the 
effect of anneaking d:.:ring the hailstone fall. For 

the same reason, during melting, the density of 

layers originally- grown at low density will 

increase due to penetration of melted water. 

Fig.2. Growth experiment TS2. External appearance 

of the first stage depo5'i t (a), part of its cross 

section (b), and part of the cross section of the 

completed deposit (c). Scale in this and in Fig. 3 

is given by the external 1 cm. diameter of the 

inner transparent bulk ice ring. 

3.2 Growth TS3 

1st st. 2nd st. Ext layer 

Growth conditions:Ta-22 

T d ' ~-C -1 
Impact vel.,m sec 

Mean vol. rad.,a,fm 
Rot.rate,Hz, 

Results: 
-3 

Local density,g cm 

to-20 

-15 
5 

8.5 

3 

-24 

0 
29 
8.5 

3 

see text 

-24 

0 

29 
8.5 

3 

Crystall. param.: 
2 

Av.grain size,IT,mm 5.5 10-4 

Mean max. length,l,mm 0 _027 
Mean max. width,w,mm 0.022 

4.6 10-2 

0.23 
0.18 

8.9 10-2 

0.30 
0.2 

This growth was a case of a rather 

stage. The low density was obtained 
-1 

the updraft velocity to 5 m sec 

porous first 

by reducing 

The deposit 

presents a fragile feathery structure. The 

reflected light picture and the x,-ray micrograph 

· cross-section demonstrate the appearance _of lobes 

and tiny channels right from the very 
0

beginning of 
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Fig.·3. Growth experiment TS3.' External appearance 

~f the full deposit of. the first stage of growth 

(a), reflected light picture (b) and x-ray 

micrograph (c) of a part of a cross section of the 

same stage. External appearance of the full 

deposit after the second stage has been grown on 

it ( d). Reflected light plcture ( e) · and x-ray 

micrograph (f) of part. of a cross section of the 

two stage deposit. In (g) a magnified detail of 

(e) is shown indicating the morphological changes 

of the /i#t' deposit due to the superposition of 

the second·stage; note the resemblance to feature 

frequently observed in natural hailstones. In (cl 

and (f) the graph of the local density of ice 

derived by the optical density of the x-ray f:tlm 
along a diameter of the slice is shown. As in 

Fig.2 scc~e is given by the external l cm. 

diameter of the inner transparent bulk ice ring. 

285 
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the accretion. In the case of this growth the 
change in cross-section morphology due to the 
superposition of the second stage of growth is 
striking· and is demonstrated by all the analyses, 

The reflected light picture reveals that the 
first three millimeters of accreted c'.'>posit are 
transformed from entirely milky to quasi-transpa
rent with a lot of medium size air bubbles. 
Continuing outwards there is a layer of curved 
opaque lobes which at least in the inner part 
still correspond to the area occupied by previous 
first stage growth. Over this there is a dry layer 
with clearly defined bubble rings formed by the 
new growth stage before the wet growth takes over, 
and finally there is wet-spongy growth. The local 
density path is, combined in the Figs 3c and 3f. 
Fig. 3c clearly indicates that the density of the 
ice fabric decreases with increasing raddius as 
the feathery--charu::~l structure develops, from a 
va~~: of 0.5 g cm near the embryo to 0.4-0.38 g 
cm at the branches; here one has to take into 
account the possible effect on the measurements of 
the rupture of the·branch tips and the resulting 
reduction in the tlt:kness of the slice. However, 
these local density values rise drastically due to 
.the second s~age of growth, approaching wet growth 
·values, except at the large radial bubbles which 
provide the main record of the previous porous 
structure. In the la::_;e . bubble layer an average 
density (0.75 g cm ) far greater than the 

· original. first stage density is obtained, and 
va:~es in areas near the large bubbles are 0.86 g 
cm -much closer to the wet growth values. 

Remarkably enough, the morphology of the full 

deposit r_esembles that of a typical natural 
hailstone, with the irregular array of lobes and 
the radial lines of elongated air bubbles· between 
the lobes. The crystallographic parameters reflect 
~he_dramatic change equally well. The crysta3/size 
is increased by approximately two orders of magnitu
de, much more than would be expected by a simple an
nealing effect during the few minutes at o•c. 

4.CONCLUDING REMARKS 
The main result ,f.the exp~riment consists 

in showing the evolution of morphological 
features, local density and crystallographic 
parameters in the ~-stage growth of accreted 
ice deposits. It has been shown that especially 
when the first stage is of low density, the change 
in all parameters is striking, and more important 
features typical of natural hailstones·are easily 
reproduced. The two stage growth seems to leave 
typical and unequivocal marks which more than in 
the case of single stage growth, can greatly help 
in the interpretation of natural hailstone featu
res. In particular, large radially elongated air 
bubbles are the clear indication of such a 
process. The x-ray micrography technique is a 
useful tool in resolving variations of accreted 
ice local density variations. Further combina
tions of experimental conditions are under inve
stigation, among which the melting of a porous 
structure. 

5. REFERENCES 

1. List R. 1977 .Response to· "The characteristics 
of natural hailstone!> and their interpreta
tion": Laboratory hail research - A critical 
assessment. Met. Monograph~! Vol.16, N.38, 
Am-. Met. Soc. Publ. , 89-9L 

2. Prodi F., 1970. Me_asurements of local density 
i_n artificial. and natl!;r:al hailstones. J. Ap-
pl. Met. 9, 903-910. --

3. List R. 1958. K.ennzeichen atmospharischer 
Eispartikeln. 2. Teil: · Hagelkorner. z. Angev. -
Math. Phys.,9A, 217-234 

4. Kidder R.E. and A.E.Carte 1964. Structures of 
artificial hailstones.J.Rech.Atmos.,1, 169-
181. 

5. Browning K. A. , Ludlam F. H. and Macklin W. C. 
1963 The density and structure of h~ilst;nes.
Quart.J.Roy.Met. Soc.,89, 75-84. 

6. Pflaum J.C. Hail formation via Microphysical 
.Recycling .. J .Atmos .Sc .37, 160-173. · 

7. PflaumJ. C. and Pruppacher H. R. 1978. A wind 
tunnel study of the growth of groupels 
initiated from frozen drops. J.Atmos.Sc.36, 
680-689. 

8. Prodi F. 1975 Chlorides in natural and 
artificial haflstones.J.Appl.Met. 14,120-124. 

9. Levi L. and Prodi F. 1978. Crystal size in ice 
grown by droplet accretion. J.Atmos.Sc.35, 
2181-2189. 

10. Levi L. _and Prodi F., 1983. Effects of growth 
temperatures and · surface roughness on crystal 
oriehtation of ice accreted in a dry regime.
J .Atmos.Sc.40, 1281-1299. 

11. Prodi F. and . Wirth E., 1973 Mesoscale and 
microphysical investigation of an isolated 
hailstorm. Riv.It.Geofisica,XXII,n.3/4, 165-
185 

12. 

13. 

Aufdermaur A.N., uist R. and De 
1963. Kristallachsenlagen in 
Z.Angev.Math.Phys.,14, 574-589. 

Quervain M.R. 
Hagelkornern. 

Macklin W.C. ,1962. The density and structure 
of ice formed by accretion. Quart.J.Roy.Met.
Soc.88, 30-50. 

14. Prodi F. and Levi L. 1980. Hyperfine bubble 
structures in ice grown by droplet accretion. 
~-~. 14, 373-384.· 

15. Prodi F., Levi L. Franzini A. and Scarani C. 
1982. Crystal size and orientation in ice 
grown by droplet accretion in wet and spongy 
regimes. J.Atmos.Sc. 39, 2301-231~. 

16. McCappin• C.J. and Macklin W.C. 1984 The 
crystalline structure of ice for.med by droplet 
accretion: I Fresh sasmples. J.Atmos .. Sc.,for
thcoming. 

17. Ashworth E, Ashworth T. and Knight C. A. 198a°. 
Cylindrical ice accretions as simulations c..~· 

hail growth: III Analysis techniques and 
application to trajectory determination. J .
Atmos. Sc. 37,846-854. 



287 

MICROPHYSICAL CONDITIONS OF HAIL FORMATION IN CLOUDS 

M.I. Tlisov and V.G. Khorguani 

High Mountain Geophysical Institute, Na~tchik, 360030, USSR 

1. HAILSTONE EMBRYO TYPES 

Study of the physical nature and con
ditions for hailstone embryo formation is 
of great importance for understanding hail 
formation processes and hail modification. 
There are two major concepts of the hail 
embryo origin. According to the first one, 
hail grows· from graupel which forms on ice 
crystals of various shapes and dimensions·. 
A primary crystal might be formed due to 
the crystallization of a droplet several 
microns in diameter. According to the sec
ond concept hail embryos are large frozen 
drops several millimeters in diameter. In 
other words the aim j_s to determine which 
of the known mechanisms of precipitation 
formation is cesponsible for embryo forma
tion (through the ice phase or coalescence 
of cloud droplets). 

Rather extensive, but not always rep
resentative and contradictory data on the 
investigation of hail embryo nature are 
available at present in literature. A si~ 
multaneous attempt was made to arrange 
these data into a system (Refs. 1, 2), but 
it would be reasonable to come back to this 
subject once again. Table 1 gives a summary 
of total percentage of hail embryo types 
obtained by various researchers in various 
regions of the globe. Statistical represen
tativeness of the given data is unequal. 
However, in qualitative terms Table 1 shows 
a common regul.arity, i.e. nail embryos may 
be graupel particles as ,well as frozen 
drops. Unfortunately, there is no informa
tion about the number of studied hailstones 
and hailstorms in works (Refs,4, 8), which 
makes the interpretation difficult. Analy
sis (Ref. 10) ~f 1.2-103 hailstones from 
five hailfalls showed that in four of them 
embryos were mostly graupel particles. How
ever, the total statistical sample shows 
the predominance of droplet embryos. Sta
tistical weight of samples is not equiva
lent and that makes the obtained conclu
sions·doubtful. Data from other authors 
show the predominance of graupel embryos. 

In order to get a regional and sea
sonal trend of the embryo type ratio one 
should have representative samples of in
dividual hailf~lls. The average statistis
tical sample should have maximum conformity 
with the general one. Relying on our exper
iments we found (Ref. 12 )_ that the shape of 
the curve of the hailstone size spectrum 
for an individual hailfall becomes stable 
when the total number of particles amounts 
to 2 x 10~. This value has been chosen as 
a criterion of statistical confidence of 
our studies. As seen from the Table, the 
study of 28 hailstorms in 1972-76 in the 
North Caucasus (Ref. 11) shows that hail 
forms mostly on graupel embryos. 

General ratio of embryo types - "grau
pel/frozen drop" (68:32)· - remained prac
tically unchanged ~fter the following stu
cz of another.8 hailstorms. ~t the same 
time, predominance of droplet embryos was 
observed in 9 individual hailstorms out of 
36. Embryo type ratio within the rang.es of 

the hailstone size spectrum for individual 
hailstorms seems to be of greater impor-
tance, as compared to the embryo size, the 
boundary of which is difficult to establish. 

Type 

Ref. 

/3/ 
/4/ 
/5/ 
/6/ 
/2/ 
/2/ 
/7/ 
/8/ 
/9/ 
/10/ 
/11/ 

.Table 
ratio for hail embryos from the data 

by different authors· 

Embryo Type Total.No. Total No. 
ratio % of of 
Frozen Graupel hailstone,; hailstorms 

drop 

20 80 6,7 X 103 3 
90 10 2 
25 75 6,4 X 102 
25 65 4 X 102 40 

9 87 3,6 X 103 58 
62 17 1 , 1 X 103 27 
32 68 2 X 1 o4 10 
99 1 
35 65 2,9 X 104 15 
63 37 1 , 2 X 103 5 
32 68 6, 1 X 104 28 

1:,,.~l:r-£:. 0:-0--0 

O O 0 
0 0 

0 0 . "'roo "A o 

c/i 
b.· 

I 
0,8 1,6 2,4 3,2 

H.ULSTOIIIE DIAMETER D ( cc 

0 - 1 
" ..: 2 
·,,, - 3 

4,0 4,8 

Fig. 1. Relative number of graupel embryos 
as a function of hail size. 1 - averaged 
curve for samples of 15 hailfalls; 2 - June 
29, ·1972; 3 - June 9, 1976. 

Fig. 1 shows that the fraction of 
graupe1 embryos increas·es with D, both in 
samples averaged over 15 hailstorms (curve 
1) and in samples corresponding to .individ
ual hailfalls (curves 2-3). Such ratio of 
embryo types within different size ranges 
was determined for 15 hailstorms classified 
as multicells. Graupel·embryos

0

dominated in 
all samples. Assuming that the size of 
hailstones is determined by their residence 
time within the cloud, with other parame
.ters being equal, it appears that graupel 
embryos form earlier than large drop em
bryos. Drop embryos seem to form later dur
ing the transition of cloud cells into the 

hail stage. 



288 M.I. TLISOV & V.G. KHORGUANI 

No definite regularity in the change 
of the embryo type ratio within hailstone 
size spectra for other single cells, super
cells, multicells and unclassified storms 
1;1as observed. In a single cell of June 19, 
1974, total embryo ratio - "drop/graupel" 
(67:33) - remained constant for all ranges 
of size spectrum with maximum hailstone 
diameter Dmax = 2.1 cm. It is interesting 
to note, that all embryonic graupels were 
conical in shape. In five single cell storms 
(Ref. 11) hail entirely formed on graupel 
particles and reached 1 .5 - 1 .8 cm in dia
meter. Height on the war.n part of the clouds 
in these cells was insignificant ( LI.H ~ 

1 . 5 kn1) . With the exception of the above 
five cells hail always used to form on em
bryos of both types. Hailstone samples from 
sur~rcells are characterized by close per
centage of drop and graupel embryos. Based 
on the calculation of informativeness of 
aerosynoptical and ra~ar parameters of 
hailclouds (Ref. 11), probability of hail 
formation on large frozen drops is shown 
to increase with the decrease of tempera
ture at the maximum velocity level. 

2. BUBBLE STRUCTURE OF HAILSTONE EMBRYOS 

Laboratory experiments on water drop 
crystallization (D = 0.1 - 0.6 cm) in a 
vertical wind tunnel (Ref. 13) showed that 
the relation between the environ.mental tem
perature T 00 (0 c) and ~ean arith.i71etic dia
meter of the J;ulbbles OQ might be expressed 
empirically: "o. = -493/ (Too -2). Instru
mental errors.i,,.,.estimates of T do not ex
ceed ±2 °c and cta :r1 O % • Size distribution 
of air bubbles in frozen drops is fairly 
well approximated by the lognormal law with 
the dispersion of the logarithm of the 
bubble o.iameter tit = O. 9 2 -,- O. 6 3 . Results 
of the laboratory investigations were used 
to study the structure of the drop embryos. 
Theoretical estimation (Ref. 14) shows that 
the freezing temperature of the drop (D = 
= 0.2 cm) growing inside the cloud environ
ment with water content 4 g.m-3, is appro
ximately 1-2 °c higher as com~ared to the 
conditions of isolated crystallization. 
Based on these considerations, hailstones 
were analyzed only when the large embryonic 
drop was clearly seen and the following 
layer was distinctly 0 dry• in its crystal 
structure. Each sample from 7 analyzed 
hailfalls included on the average 50 hail
stones and practically the whole size spec
trum for each hailfall was covered. Fig. 2 
(curves 1-3) shows integral curves of the 
number of embryonic drops in natural hail
stones, calculated by the bubble structure, 
as a function of their freezing tempera
ture. Embryonic drops in these three hail
falls froze in the temperature range from 
-2 to -16 °c, with 90 % of embryos nuc
leated at temperatures higher than -10 °c. 
Most probable temperature range (about 
75 %) was -6-:- -10 °c. Data on the embryo 
bubble structure can be qualitatively com
pared to the results of the experimental 
study of crystallization for large drops 
obtained from melted central regions of 
hailstones (Ref. 15). Opposite to raindrops 
the above drops underwent complete crystel
lization at relatively high temperatures 
-17 °c, 8nd about 40 % - at temperatures 
-7-,- -8 c. 

100 

~ 

50 

-4 -8 

I 
I 
I -
I 
I 
I 

. 
4 

-12 -16 

FREEZING TEMPERATURE T 00 , 0 c 

Fig. 2. Integral curves of the number of 
embryonic drops as a function of their 
freezing temperatures reproduced by the 
bubble structure. 1 - June 23, 1974; 2 -
May 19, 1975; 3 - May 15, 1975; 4 - direct 
crystallization of drops from data (Ref. 
1 5) • 

Thus the _above results suggest that 
formation of hail embryos from large drops 
mostly takes place at temperatures above 
-10 °c as a result of heterogeneous ice 
nucleation. It should be noted that preli
minary results of hail embryo analyses for 
deuterium are also in agreement with the 
above conclusion. 

3. AEROSOL STRUCTURE OF HAILSTONES 

Air bubble structure of graupel em
bryos is extremely complex and difficult 
both for reproduction under laboratory con
ditions and for analysis. Therefore it is 
assumed that rather useful information may 
be obtained from estimating _the temperature 
of primary crystal initiation on aerosol 
particles contained in hail embryos. All 
the more, roicrostructural characteristics 
and ice-forming properties of aerosol par
ticles contained in hail and other kinds of 
atmospheric precipitation differ essential
ly (Ref. 16). The investigation procedure 
for sampled hailstones (Table 2) was the· 
following. The embryo was ~ut.out of the 
haiistone and placed on a special substrate. 
The sample was then inserted into a thermal 
diffusion chamber and evaporated avoiding 
liquid phase. The aerosol deposit was then 
activated at water saturation, and ice
forming properties of aerosol particles 
were studied. Initiation of crystals was ob
served through a long-focus-length micro
scope. More complete description of the in
vestigation procedure and equipment is 
available (Refs.17, 18). 

Table 2 shows that primary crystals 
formed on aerosol particles within hail em
bryos at temperatures -6 °c ~ -13 °c and 
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more often laige nuclei with diameters over 
10pm were centres of ice formation. 

Table 2 
Primary crystal initiation temperature 

Date of No. of Temperature 
No. hailfall hai.lstones range for 

crystal 
initiation 

1 . 13.06.73. 6 .- '. 3 -:- -17 
2. 19.06.74. 12 -13 -:- -17 
3. 15.06.74. 12 -8 -:- -13 
4. 21.05.75. 14 -8 -:- -13 
5. 31.07 .75. 15 -8 -:- -13 
6. 14.04.76. 7 -8 -:- -17 
7. 17 .07. 78. 36 -6 -:- -14 
8. Storm rain 10 -17 -:- -20 

In other words, giant and supergiant 
particles are, as a rule, high temperature 
iceforming nuclei. Nuclei concentration in 
the drop embryos is usually several times 
higher than in the graupel embryos (Ref. 
17). In the storJ[l rain samples first crys
tals developed at lower temperatures and 
nuclei concentration was one order of mag
nitude less. Comparison of Table 2 and Fig. 
2 shows, that the range of temperatures for, 
the initiation of first crystals on aerosol 
particles within· hail embryos and freezing 
temperatures of embryonic drops practically 
coincide, but for more accurate comparison 
the knowledge of the nucleation mechanism 
is needed. 

Table 3 
Relation of ice-forming nuclei concentra
tion NIN to total concentratjon of aerosol 
particles (NT) .from hail embryos of two 
hailfalls 1 - July 17, 1978; 2 - July 22, 
1978, and the atmospheric surface layer 
(NIN/NT x 106). 

Type ·of 
-6 oc -10 0 c -14 oc -18 oc 

aerosol sample 

Drop embryo 6 51 186 349 
Graupel em-
bryo 1 5 16 32 55 
Drop embryo 2 90 245 469 735 
Graupel em-
bryo 2 18 .so 69 104 
Atmospheric 
aerosol 0,03 o, 14 o,8 4,5 

Table 3 shows that fraction of .ice
forming nuclei in aerosol deposits of hail 
embryos is 1-3 orders higher than that of 
ice-forming nuclei in atmospheric aerosols. 
It should be noted that the difference be
tween ice crystal concentration inside the 
cloud and ice-forming nuclei concentration 
in the vicinity of the cloud may depend not 
only od ice multiplication processes but on 
the growth activity after their transition 
through the cloud. Estimation indicates 
(Ref. 16) that hailstone concentration in 
the cloud is comparabl8 to ice-forming nuc
lei concentration only at temperatures 
above -10 °c - -12 °c and·to the concentra
tion of giant aerosol particles, if their 
diameter is above 60-70JJ,-m. Concentration 
of ice-forming nuclei and giant aerosol 
particles in the atmosphere is on the whole 
2-3 orders-higher than the hailstone con-

centration within clouds. Thus there is a 
surplus of ice-forming n~clei in the atmo
sphere, which are potential hail embryos 
and formation of hail on them is apparently 
of a selective nature. A number of studies 
were dedicated-to the investigation of the 
microstructural characteristics of aerosol 
deposits from hailstones, aimed at repro
ducing hailstone history of origin and 
growth (Refs 1, 16, 19-20 etc.) .·Analysis 
(Ref. 19) of hailstones from two hailfalls 

.. of different intensity {July 17, · 22, 1978, 
Dmax = 2 cm and 3, 4 cm respectively) showed 
conformity of embryo crystal structure and 
hailstone layers with aerosol particle dis
persion. The average statistical curves of 
size distribution of embryo aerosol par
ticles and hailstone layers are shown in. 
Fig. 3 in coordinates of the inverse-power 
distribution. 

• - 1 
X-2 
0 - 3 
D - 4 
A - 5 

,~ w2 
PARTICLE DIAKETER d Cjt m ) 

Fig. 3. Size distribution of aerosol par
ticles contained in hailstones. 1 ~ dry 
growth layers; 2 - wet growth layers; 3 -
mixed growth layers; 4 - graupel embryos; 
5 - frozen drop embryos. 

The largest root-mean-square diameter 
of particles d2 :::::, 11 }Un corr~sponds to 
those hailstone layers, which formed in wet 
growth and the smallest d 2 ~ 5 .}lm - to the 
dry growth layers and graupel embryos. The 
presence of supergiant aerosol particles 
(d > 30 pm) in aerosol deposits is of spe
cial interest, since they can function as . 
active centers of coagulation in the cloud 
and possess high ice-forming and condensa
tion characteristics (Refs. 1, 16, 17). 
These particles are found in hailstones in 
relatively small numbers. Particles exceed
ing 60 fam in diameter are practically not 
present in graupel and layers of dry growth, 
while their size reaches 250·,,um in drop em
bryos and layers of wet growth. Fig. 3 
gives a satisfactory approximation of 
curves by the inverse-power distribution 
6 N/ t. lg d = a d-oe. in the size range 
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4 < d < 30 pm, oe.. takes values from 2. 2 to 
3.7 which in fact a~rees with the values of 
Young and others for aerosols in free atmo
sphere (Ref. 22). Different aerosol struc
ture of drop and graupel embryos probably 
indicates different aerosol medium in which 
they form. Thus graupel embryos may form in 
a small drop medium in relatively weak up
drafts which might occur in a new developing 
cell (multicell process) or at the edge of 
a major updraft (supercell process). It is 
assumed (Refs. 20, 21) that air is entrained 
into the flows, where graupel particles 
form, from higher by-cloud levels contain
ing high-dispersion aerosols. This is con
firmed by a shorter size spectrum of par
ticles from the dry growth layers and 
graupel embryc..,, and by their relatively 
low ice-forming efficiency. The assumption 
that graupel formation is related to the 
initial stage o·f multicell processes and 
that graupel embryos are "older" than drop 
embryos (see Section 1) also agrees with 
the above said. One can assume that at 
later stages of hailstorm evolution with 
the development of strong updrafts, entrain
ment levels descend to the ground surface 
and supergiant aerosol particles are lifted 
from the surface layer and form large hail
stone drop embryos. Results obtained in 
this study suggest that only negligible 
fraction of embryos grow into hail. These 
embryos form at relatively high cloud tem
peratures, mainly above -10 oc. Study of 
the hail embryo nature indicates a dominat
_ing role of the ice phase and the absence 
of_a single mephanism in hail embryo -forma
tio.n .. Hail embryos of different types ap
parently form at different development 
stages or in different parts of a hail 
cloud·. With few exceptions both known me
chanisms of precipitation formation suc
ceed in operation in one and the sa,ue hail
storm. 
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Cover: 

The example of radar reflectivity pattern and vertical air velocity in Cb. 
These data were obtained by means of airborne doppler radar for vertical 
sounding, installed on board the IL-18 instrumented aircraft. Measurements 
were performed in the area of Alma-Ata (Kazakhstan), 30 September 1981, when 
flying above the top of Cb. The special processing methods permitted to eli
minate errors in air velocity measurements caused by aircraft linear and 
angular movements. The technique and device were developed in the Central 
Aerological Observatory (for further explanation see: Vostrenkov, V.M. and 
Melnichuk, Yu . V. Measurements of vertical air velocities in clouds and pre
cipitation by means of airborne doppler radar for vertical sounding. Pre~ 
prints of the 6th All-Union Meeting on Radar Meteorolos1, Tallinn, 1982). 

Ha 0611o>KKe: 

npHMep pacnpeAeJleHHA paAHOJ10Ka4HOHHOA OTpa-aeMOCTH H BepTHKaJlbHblX B03AYWHblX 
CKOpOcTeA B CB. AaHHble nony4eHbl C nOMOUlblO 6opTOBOro AOnnnepOBCKOro paAHOJlb
KaTopa BepTHKaJlbHOro 30HAHPOBaHHA, ycTaHOBJleHHoro Ha CaMOJleTe-MeTeona6opaTO~ 
PHH HJl-18. l-13MepeHHA BblnOJlHeHbl B paAoHe r. AnMa-ATa (Ka3aXCTaH) 30 ceHTA6pA 
1981 r. npH noneTe caMoneTa HaA BepxHeA rpaHH4eA CB. Hcnonb30BaHa cne4HaJ1bHO 
pa3pa6oTaHHaA MeTOAHKa HCKJll04eHHA OWH60K H3MepeHHA CKOPOCTeA B03AYWHblX noTo
KOB, 06ycJ10BJ1eHHblX C06CTBeHHblMH JlHHeAHblMH H yrJlOBblMH nepeMelJleHHAMW CaMOJleTa. 
MeTOAHKa H annapaTypa pajpa6oTaHbl B UeHTpaJlbHOA asponorH4eCKOA o6cepBaTOPHH 
(noApo6Hee CM.: Vostrenkov, V.M. and Melnichuk, Yu. V. Me-asurements of ver
tical air velocities in clouds and precipitation by means of airbornedoppler 
radar for vertical sounding. Preprints of the 6th All-Union Meeting on Radar 
M_eteorology, Tal 1 inn, 1982). 






