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CLOUDS 

Down the blue night the unend.ingcolumns press 
In noiseless tumult. break and wave and flow. 
Now tread the far South, or lift rounds of snow 

Up to the white moon's 沮dden loveliness . 
Some pa啤e in their grave wandering comradeless , 
And turn with profound gesture vague and slow, 
As who would pray good for the world, but know 

Their benediction empty as they bless . 

They s ay that the Dead die not. but remain 
Near to the rich heirs of their grief and mirth. 
I tl1ink they ride the calm m這heaven, as these, 

In wise magestic melancholy train, 
And watch the moon, and the still - raging seas, 

And men, coming and going on the earth. 

Rupe元 Brooke

T碑 PACIFIC, Oct . 1913 

Clouds , the eerie m誌ts , the gentle rains, the dynamic bubbles, the lightning glow, 
the violence and devastation, the abating wind, the fading thunderoll and the sun 1s 
glowing rays pouring through the broken canopy -- we see and know them all . Some 
we knqw well; others we know little. 

We welcome you to this Cloud Physics Conference , a forum for discussions on 
the most recent co.ntributions to t血 important part of the science of our enviroDD1ent. 

The response to the call for papers for t出s conference has been almost overwhelming. 
Many new and exciting fields of interest are developing. We see a tightening of the 
scientific relationships between Cloud Physics and ·the physics and mathematics of 
other dimensions of the environment, Both the Cloud Physics Committee and the 
瓦ogram Committee for the conference trust that yo u find the program a stimulating 
one. 

Colorado State University was chosen by the Cloud Physics Committee of the 
American Meteorological Society for this conference, for two very important reasons - -
firstly in support of C. S. U. •s Centenary Year celebrations, a.nd secondly "in re cog­
nition of the many e:xcellent scientific contributions which this University's Department 
of Atmospheric Sciences has made to the field of Cloud Physics. 

On behalf of the Committees, I wish to express sincere appreciation of the untiring 
efforts of Dr. Be-rnice Ackerman under whose chairmanship t血 conference originated. 
To Professor Lewis Grant and the Fort Collins Local Arrangements Committee, we 
give our heartiest thanks as we do also to Dr. Kenneth Spengler and Miss Evelyn 
Mazur of the An1erican. Meteorological Society , 
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AN EVALUATION OF THE "RAPID EXPANSION TECHl'ilQUE 
FO"R Ml:ASURlNG ICE NUCLEUS CONCENTRATIONS 

Ro1;ei- I.". Rein迢ne
Colorado State Univ11r出y

Fort Collins, Colorado 

ANALYSIS 

All cuTrent tee血ques 「or rOU血e field me.這u,ements of nucleus coocenn-atlons have many Umit.ations as well as ad-
vantages. No existing instrument meets the requirements necessary to be a□ absolute reference unit. Precision (cons缸ency)
and 邸curacy (representation of 呻ture) of ihe 西ious devices muat be Imo四 to lnlerprel 叩 me.a.eurements correctly. In thl 
study previous and new observations have been combined lo establish the advan這ges and limitations of the rapid expansion in-
缸rumllnt (I ) (2) in relation lo the collection and a.cUvat.ion or the Ice nucle!., arid the growth, <ietectlon aod counting of the nucle­
ated lee crystals . Some of the prtncipal results of this study ai;-c ou山nod here in lerms o「 eighl cdleda for ice nucleus counter 
evel山tion:

1., Mechani叫 re迤bility 主2 C0!lVenlence o[ operaUonare s t rong 內血ts of the lnslrument. S扉pllcity 墮 empha.slzed in 
in construction and o匹rating pro~du「臨矗

2 . '.!:!巴e eontmuity旦~ Theexp疝S區叫l 図 the 叩ly c;levlce w囯ch can be used to 0b叫in successive c叩nts
at different nucleating temperature!Iat I 0-1 2 minute Intervals. The expansi.on-proctuced temperat心臨 do not require changing 
and stabilizing the (con尹nt) wall temperature. Measurements a.re immediately avail.able tor 邱terpretalion in the field . 
3. Pre_nuoleaUon efI尽：ts 呾~- Pump heating c» Hampled ab- will destroy the activity o! prcactivated or precondi~ 
tioned ice nuclei . Stokes ll\W comp<1tations lndica.te 邯at parlldes Larger titan about Z-311 WLU settle out during a 5-minulepre-
11xpansion period allowed to stabilize temperature and humidity of the air sample. Computations wilh standard d珥usive de-
p回Uon equadons show tha1 「oughly 1 O'lo ¢! p缸Ue1亞 ,v!lh <1~ o. Olp. " 'ill be lost by dlifuslon to tile walls. Theories oi size 
effect on nuclc.ition indicate lhat lhe sediaientation loss of nuclei is mosl s严cant, On the other hand, in an aged aerosol 
population, few particles larger fhan 2-31,l will rem.8in . 
4. ~即~ ~ - Pressure transducer meas\1remenl.s,;how that any particular overpressure ls repeatable lo at 
teast 土 2 mb 缸． o5C) ． TlIe dr 乜 overpressured from ai呻{ent pressure. Varia.Llons of the 缸le:r can cause a maximum 
deviation of i: O. 5C and a normal deviation of 士 0 . lC 「rorn the iheore.Uc:al nucleation temperature. 缸pansion r.ile 這 the same 
for all overpressurea (~g. l) . Oba,erver effects on decompression time fron1 a giveh overpressure are negllgible (Flg. I ) 
and 訌e note,cpected to atiecl nuclea.tion temperatures . 
5. Tempmture and moisturecharactorbUCs and the nuCleation process. ^ 5 血nute precondltionlog pe.rlod is_ necessary to 
brin~rnp1e to a steady s tale temperature. The moisture level al 1:he 血 of cnls period regulates the cloud formed on 
西正ion . Cambridge hygromete,. meas虹ements oI dew polnt up to thIs Ume ustng ln1t囯Uy dry au- (Ti= -6.8C, e/e = O. U ) 
and 血tially e辻remely moist air ( ＇「d : +25. 8C, e/e = l. o) 非ow lha` mo困me diItUBion b thew亜 anevapor'tion?rom 吣w 
泗gar,;olut1011 greatly reduce tmtial mois如re differences {F'fR'. 2). [11 almost /\U si血tlons the 「如Ll pre-expansion saturation 
ratio will be Letween O. 1 and 0. 8. 

Temperature uniformity ll\ the c洹mber 邙er e中anSion is shOwn Ul 成· .3 io'ra. theoretlcal'I" = -20C , Wlthout compen­
sation, a c叩nt underestimate or 1. Q, 8 and 18% for T ~ -14, -zo. and -26C , res悴ctively, would resull from portions of 如e

cnamb虹 being w訂mer than'r. Supe蕊a.t\Irations (S51 s ), droplet nuclention and gro｀心．訌d cloud duratlon during and after 
國pa:nslons also 血uence lce nucleat~on and the nucleu& count. C loud du.t·ati.oll6 1n Lhe ch血1ber are not extremely different for 
mo扭t and 心y air (Fig. 4) . This is due to the equallzntion o! molstur-e coriteot during preconditioning or the air sample. The 
clond pers這図「or a time 睏bsta.t,tially lo咽er than ~he maintenance of the minimum nucleation temperature ( 5s) . SS's 
greater than in 血ural clouds do occur in the ch缸nl)er, but the following evid虹｀cc !ihows the[ their eflect.s on nucleus count are 
less infl.ui!ntl.al ~han often ae sum碰．面e e,cpan&ion proce€函 al a finite rale; il is not lnstan區neou,; (Fig. 1). Natural conden­
sation nuclei i,re pl."esent in the ;u「 8紅nple. Droplets form 11t v-ery tow SS'$ and conttn1.1e to grow throughout the expansion, 
thus reducing th.e SS and kee両g it well below d可 adiabatic values. A realistic estimate of ma,'<imum peak SS is roughl y 50%. 
Mossop 皿d Jayarweer11. (3) f'ound t迤t SS ha!I little effect on free.zing (Agl•Nall nucl比 whereas a sJgnilicant effect on sublim.a-
tion(Agl) nuclei 丶vas observed !or T之一 I SC bul not for colder temperatures. A lkez.weeny (4l observed that at -18C an increase 
or ss 「rom I% to 22% increases the count by l. 5-3x, but SS1t1 above 22% in 吣 22-60% range produce little increase in (subllma• 
!ton) nucleus count. These obeervtitlony ppply ro the e函11sion count . A further factor lhal will cause the SS lo play a sub-
ordinate role 蝨 the short persistence time of SS1s in the cha呻e1·. The nucleus cairrt is inn呤need by the du呻on of SS (4) 
(51. The post-e,cpansion duration ot SS is< L/ 10 the 函le t區t the cloua remai呻 within IC o! lhe minitr\llm nucleation temper­
ature Tt• (Determined by me.asuring time to completion or cl<:md development in the chamber ;;,s revealed by lasar beam 
extinction. ) The measured post-expansion aupersaturation 如uraUo邙 of 0.1 \o o. :i sec agree with cstlm.ates by Mason (6 ). 
A. further experiment l1as eho`｀｀恤l Lhe lime lag 1.11 nuc:leation leads lo activation of a s屯uificant number of "post-expansion 
nuclei.''These activate ln the absence of supersarurati.ons. 

The net effect of SS, temperature a_nd the resulting- dond may be exam:lned by com百,ring mean expansion and miring 
chamber spectra . 1n both type,i of chambers, SS's exist and increase towanl colder temperotures . Thilf increase ls some­
｀垣t gteate1· in 西ansion units al least at Che colder temperatures, The expe<:ted rel;i.Uve positlon nnd slope of the nucleus­
temp<"ralure spectra I! SS's were the dom{no.ni factor , a.nd the sup紅satur祖c011 1n the expansion c迢mher were greater for 
1心ger expansions and gr迎區匾n in lhc,nixing chamber is Lllust1·at國 in Fi卽「e Sa. Th~ expected relalive spectre. if per-
sii;ten¢e of both m.ln~mum temperature und cl叩d 扛e the dominant factors (both are less in exp血sion tha11 l.n rnbdng c.hambers) 
is shown in F七. 5b . A.n extensive series of comparisons by Kline and Brier (2) 1·esulted in mean 町,ecrra as in Fig. 4b. The 
mngcllTve·虹pansiort curve sep紅祖on varies with mixing technique, but m严g chambe邙 generally 1·eRd abou.t 2-5x higher, 
The evidence is that SS In lhe expansion unit partially compensates ror the temperature nonuni!ormity effect bul is not the 
dominant factor in determining the nucleus count. 
6 . DeteeUon 正 nueleated早~- ComputaU叩｀ of crystal groWlh,ind e\fllpor邛on t[mes -related to settling velocity a·nd 
doud dur.al沁ns show that c可stals nucleated when T 竺一2.0C will definitely survive !or -a time su!fic1ent to settle into the sugar 
soluUon for detecUon. ForTf'5.. - 17C. detecUon wi」 be ma「`nal for crysta..lg other than tI\ose formed and settIing from re圧
tivaly ne訌 the chamber base.'thus, at -14C,1s 「ew 蕊 1/3 ot Lbe.:1•yetals may be detected. Partial compensation i.s provided 
by tbe fads U呾 (l) due to the temperature distribution.inthe chamber-, ;, g1·eater Jraetion of orysisls will be produced in the 
lower part, (2) the average notura l nucle四 conconh-ahon et -14C ni belo\\ the counter's m.injmi.im det氐tnble level (0 . I /1 ), so 
when average-or-below conditions apply no crystnls will he tletectetl with or without the undercount , and (3) the calculations 
were made assuming t'l`｀囯 evaporation rate was equal lo growth r.ite ; actually lhc evaporation ls 4lower . 
1 . Contamination of thealrptunpwUbom nucleating mme兩 I will ocea1>ionaUy <:>c:cur . It is e尹moted that observed cont.amt-

10 nation has occ-urred at lhe level of ab叫 IO p訌tlcl囧 of which only a minute 「raction _!s released with any one measurement. 
6 Ma)(imum possible contamination due Lo an upwind seeding operation ls estimated at 10° n',!c:lei , ossum_lng !!! nuclei passing 

6 thro嗶h lbe pump are collei,ted..Evil.Ii with this 际possible eoltectio11 "efficiency", the lOi; level ls 10~ lower than observed . 
In a great number o1 field seeding cases, lhc me蝨ured nucleus count has been observed to quickly retr頤t 1:0 levels compar­
oble to the pre-seeding background c oncenlrAtlons after 3ecdlng bas been stopped . [i ls very unUkely tba t t.he observed 
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contamination is due to pump collection of seeding material dispersed up叭11d. All evidence indicates that the pump contami­
nates o西 when a quite active nucleant ls h吣dled ln large quantities in the immediate vicinity of the inetrument. Thia means 
that contamination may be controlled with precautions. The cont血山1Btion factor must be watched very carefully. 
8. Comparisons. lntercompa['tsons or several rapid expansion co血ters resulted In count correlation coefficients~ O. 95 for 
paired series (2). The natural cloud is the one absolute r!'ference available for calibrating ice nucleus counters. Observed 
ratios of natural c loud-produced ice crystal concentntione to ice nucleus concentrations measured by the 宓．pansion m ethod 
at corresponding temperatures tor individual unseeded c.ases were l, 3, !l, 3, l . 7, 0. 5 and 0. 33. For cases seeded with AgI, 
ratios were 1. o, O. 8, 1. 0 and o. 2. Cloud top temperatures for the vart叩B cases ranged from -15 lo -26C (7) (8) (8) . The 
agreement Is good. Counts obtained wlth the expansion uni.l are certainly within a range of magnitudes that have direct physi­
cal m eanitlg in terms of cloud processes . 

CONCLUDING REMA.RKS 

A more comprehensi.ve version of this evaluation ts complete and rorthcom.lng. The study reveals that the expansion 
technique is reliable. The results allow one to distingu伍h between instrument effecls and nat\Iral effects on nueleU8 eounl. 
As with all current ice nucleus measuring device11, improvements ere in c;>rder, A number of improvements have been incor­
porated in a new CSU Expansion Counter. Professor Lewis 0. Grant is thanked for his helpful suggestions throughout this 
study. The Reaea.rch was supported by NSF Grant No. GA-1553. 
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ADIL叩ION-CHAMBER FOR COUNTING HIGH CONCENTRATIONS OF ICE CRYSTALS 

by M. ANDRO a·nd R. SERPOLAY 

Faculte des Sciences - 29 N Brest - France 

I - Introduction 

The ice-nuclei counters are generally designed for counting ice- crystals i l'l l 
concentrations not so hig)l ae 1,000 per liter. The use of such counters for etu­
dying the capability of various ice-nucleating age.nts implies a previous dilutior, 
of the active aerosol. 

When the ice-nuclei or ice-crystals a.re directly injec 、 ed from the source 
into the supercooled cloud, it is necessary to per.form the dil.ution at the stage 
of the ice-cloud. 

For such studies, the following devl.ce is proposed . 

II - Descri,2吐on of the device 

.The device].ncludea a cloud-chamber aga訌st which is soldered a dilution­
chamber. This set is adjusted in a home freezer. The counting of the ice-crystals 
is performed by the sugar solution method (1) at the bottom of the dilution:.. 
chamber. 
1°) The cloud-chamber is a paral.1elepipedic braes vat of about 100 liters. 却
opening throu劭 which the nucleating a.gent is injected and the visual observati;in 
of the cloud i s made has been contrived on the lid of the vat. The upper part of 
the cHam.ber is covered with a n insulating material. 

2°) The dilution-chamber in a.n air-tight box of about 18.5 l.itera , By the mean of 
an ade(luate system of tap and syringe it 扛 poeeible to operate a slight de pres­
eion inside the box or to realize the co.mmuni cation 吣th the ou-tside . A eensitiv 
pressure 孕uge recorder (2) is also connected to the dilution-chamber . By the 
mean of a window on the upper wall and a light inside it is poeaible to observe 
or to photograph the plate containing the eugar solution at the bottom . The tem­
perature of the sugar solution is controled independantly by a cooling plate . 

3°) In the middle of the common wall of the chambers a small hole which can be 
closed by an air-tight s.hut t er ha s been drilled. . By this hole a small volume o.f 
the air of the cloud-chamber can be 叩cked into the dilution-ch珥ber,

III - Woxk訌｀早。f the device 

Before coo1l.n6 , the chanbers are careful1y dried and prepared 1n order to 
prevent rime formation against the walls. 四hen t.I:).e sugar solution is introduced 
at the bottom of the dilution-chamber, the_eupercooled cloud i e produc ed by 
introducing a stream of aatured warm air (25 。 c) ． Beforo turniug o'f t h o aupP1y 
of moist air, a part of the stream is directed towards the dilution一chamber just 
for providi.ng to the latter as叫ficient moisture. Then the supercooled cloud is 
seeded with the ice-nucleating agent and a light depression is performed in the 
dilution-chamber. Immediately after, the shutter is opened . Becaua囑 of the 
depression and the possi ble change of temperature in "the dilution一ohamber, a 
small volume of air is passi ng from the seeded cloud-chrunber into the other , Thie 
volume "v" is easily oaiculated from the pressure change fl p read on the recorder 
SUpposing adiabati c the compression of the volume V,... of the dilution- chamber , we 
obtain : 。

V 
V =－二辶· ApoP 

。

where: P。 is the atmospheric 1Jressure 
~ equals 1,4 

On the last stage of the d訌ution, a supplementary and brief supply of mois~ 
air is provided t o the chamber in order t o produce a light turbulence which makes 
the ice-crystals spatial d1stri bu1;ion more homogeneous. After falling in sugar 
solution, the ice-crystals are 苓owing and can be photographed and counted , 

IV - Conclusion 

The dev i ce has been used for compari ng the capability of ice-crystal forma­
tion with the various nucleating agents, na mely uifferent cold- producing liquids 



directly sprayed in the supercooled olouda. 

With this m~thod 訌區a been possible to oount ice-crystals concentrations 
6 as hi劭 as 2 X 10u per liter. 
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The most part o~ this 惰ork was eupported by the Airport of Paris under the 
eonvention 詔 2§6.308 .
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圄誣 SIZE DlSTRIBUTIONS FROM LIGHT SCAT'.[団血0 班溈囝四邸TS

Fr缸iklin s. Harris, Jr., Physical Electronioe Laboratory 

Aerospace Corporation, 瓦o. Box 95o85, Loe 加geles, Calif 9`栢

IN'l'RODUCTIOO 

The Mrosol content in the a沄ospllere is an important f&etor 1n r血ation tr ans!er, visibility, 
air pollution 血d ma叨'meteorological processes. Aerol!loll!I can 訌rve ae a valuable tool in understanding 
and following 如amica1 processes, i1'correlated w1 th meteorologica1.,`iablo, ,ueh 8l!I 元nd, temperatur6, 
hll!llid.1ty, pollution 11ources, inversion 平r,, SOlar rad1at1on，西ing, Aitken nuclei, and precipitation. 
The determination of the nature of the 硒rosols as specified by l'lize di.stribution, compoeition, shape, 
and changes in these characteristics in tilne and space, is an important me~urement t珥k.

瑯OOOL SIZE 鼴｀－TS

A缸osol sizes can be me硒ured by collecting individual particles such o.s by using 臨rodynamical
or electrical characteristics wr..ich are size dependent, or by measuring them one at a tiJDe 迫 they
p1Sa through a light,-scattering photometer. Attractive, but not yet 成ailable, is the method of 
sizing individual particles,with also obtaining the index of retraction, by measuring the scattering 
,s區ultaneousl,y at sFNeral angles for each individual particle, 缸 processing the measuremen乜 With
the help of a computer, U碌ful though these techniques are they pennit sampling only at the equipnent 
location, thou叻 the equipment may be mobile . Yore.fle沮ble and versatile tschnique1:1 need to be 
e:nployed to obtain the needed me頲ur磾呻tll to study th.a aerosols throu畊out e. Yolume e¥tended in 
geo&raphy. 

Another approach ls to characteri ze tile general nature of a polydisperRe aerosol at the instrumGnt, 
or re`otoly, by me這uring the scatteri鴴 intensi対，imultaneousl,y at 邳veral angle!Ifor various polar­
乜ation parameters at suitable, and preferably, ，面eral wtNelengt迢．

The inversion from scatt面1ng 叩瑱'urements to obtain t區 size distribution does not, in general, 
give a rigorous solution. (1) But by experience, trial and 忒ror, and u氬ing ccmputere to simplify the 
calculations the general type of size clletribution oan be obtained. Some reasonable asswuptions hf!!le 
to be made about the shape and material of the particles , or they must be measured independently. 
It should be observed first 吐 all that model aerosol size distrib\1_tions such as those of Junge and 
De乓endji紅 are helpful, but in nature there are wide va:riatio血 in the shape of the size distribution, 
for example,in the recent work of Blifi'ord(2), and Harr拉． （3 ）

＂苹 MI0UUETHOD

Tho`~ some use血血ormation on the size di吐己．bution can ge gained by using o西 the variation 
in transparency ll'ith the aeroaol11, or by using several mnall scattering angles, a 可.der range of 缸gles
gives more 血orm.ation to deal w1汕 a greate:r dive五1ty 4 心tribution types. Barten面a,et al (Ii) 
have me硒ured the 疝gul.ar scattering intensity as a 和notion of the visibility, showing the character­
i8tic change 西ected 緬 the distribution changes J:rom small R芍leigh to oloud- t][p8 particles. Ths 
!lcattered radiation angular intensity varies 迢 a 酬ction of the shape of the size 呾trib吐ion and 
tho 0OPlex 1nd缸 of retraction 頲 noted, tor 坏ample, by 配zen國rg (S) and Harris. (6) By choosing 
three angular regions care.fully the aim吐t心eous measur細ent of intensity and polarization gives a 
good characterization of the a.lirosol size distribution and the index of refraction. The most useful 
three sngles for discrimination and characterization of the aerosol depend on the particu.lar aeros ol , 
-ind how Wide 11. range of -possible distribution types are to be considered.. For ex8111ple, aerosols 元th
呻叩 large particles scatter most of the energy 1n the near-fonrard direction, and angles in the 
near-forwardd1rect1on (eorma) 可Ould be uooful. Fora. 已de rango o£ 远08Ol typega dder range o£ 
,mgleS 呎ould be ctosen. A suitable choice of a嗎les muld be one 1nthe 3¢ toL0 scatt紜ing angle 
region, one at 90°, and one 1n the range 丘國止0° to 巧o0, with the m紅surement of both polarizations. 
l"l'om the 沅o measured polarizations(perpend1c吐．ar and p紜allel to the plane of observation), the Stoke 
parameters of pollU"-ization can be obta.ined, and hence the polarization ratio, the polarization, the 
ellipticity and t迤血gle of inclination of the polarization ellipse. This gives t.hen six parameters 
「or exp「eseing the angular variation of the scattered radiation. 
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APPLICA'l'ICIJ OF 靄亨－ANGLE 鼯；THOD

To 細sees the usefulness of measuring the scattering at three anglessilllult~"leously to determine 
the nature of 叨缸1rosol size 出.stribu.tion a group of ideal and actual size distributio坦 have
been studied. The method involves calculating, by means of Mie theo可 and a computer,the expected 
angular distribution of intensity for the various polydispersed groups 0£ particles. Three angles 
were used and the ratios of the parame远 values at the three angles determined. Actua1 me彧ured`11.ues of Los Angeles aerosols were used, but smoothed for purposes of calculation. Eleven quite 
varied types'ffere chosen and calculations 甲I.de for el昞·en different combinations of wavelength and 
indices of refraction, for each of the six 函ameters. De乓endjian's haze and cloud model data (7) 
were also used for varied indices of refraction and both polarizations and polarization ratio t.::i 
illustrate the three-~gle method. 

With p在pendicular polarization, for example, the small particle R芍leigh scattering (or large 
sizes 丑th still longer wavel卹gths to give the same ratio) g;j,ves the intensity at all three angles 

。about 护he same. As tho part1c1o sizes Become large the 30-4O intensity becomes much greater 11'ith 
the 90u intensity les11 t~n the lJ0-14。血gle intensity. F2r still larger particl囧 there is a 
fog一b面 regianat lJ0-止0。面ich is 血ch gr;ater than the 90° intensity,taking into consideration the 
marked polarization effects the fog-bow (or rainbow £or large water droplets) region is very useful . 
Fromthes9 Va1u緬 of the 血gu1ar inte函ity and pol.a?'ization parameters the usefulness, and limitations, 
of measuring three angle intensities to obtain size distribution ;md :index of :refraction can be seen . 
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FIELD AND LABORATORY MEASUR1'MENTS WITH AN IMPROVED AUTOMATIC CLOUD CONDENSATION NUCLEUS COUNTER 
by 

La守ence F. Radke 
Cloud Physics Group, Atmospheric Sciences Department 

University 0£ Washington, Seattle, Washington 

INTRODUCTION 
The 氙atingcharacteristicsoftbe origma1 automatic c1oud condensation nucleus eounter {Radke 

and Hobbsl.J. J)somewhat restricted its application in aircraft measurements. These limitations have been 
largely overcome in the second generation instrument. The sample processing rate has been increased 
500\ to 5 samples per minute; moreover we have made aubst:antial reductions in the total size, ~ight. 
aod the height+width aspet; }ratio. 

(3) R.ecently, Fitzgerald\"'and Saxe珥， et al\V/ predicted theoretically that under certain conditions 
of sample and cha呻er temperature and sam声relat:i.ve humidity. it was possible to have transient super­
saturations in a thermal diffusion chamber 面吐ch are larger than tl1e steady state value. For our instru­
mental configm:、ation, their res沮ts predicted possible large errors at, or near, a sample relative humi­
dity of 100% . This would then preclude making accurate measurements in or near clouds 吐thout extensive 
sample conditioning . However, contrary to these predictions, experiments using a control led humidity 
aerosol of either natur'al. CCN or nebulized NaCl nuclei show that only a negligible counting error occurs 
as 100% relative humidity is approached . 

With these co函traints on aircraft rneasw、ements 「唧oved, 却 experiment was designed to examine 
further the observation that evaporating clouds appe訌 to release mot:)CCN (act這 a:,a(~ten super-
satUI'ation) than weI'e present `hen the cloud fo「甲 (Radke and Hobbs ; Saxena, et a1 ．心．

EXP邱IMENTAL DESCRIPTION 
Because previous observations of cumulus and stratus clouds apparently creating CCN were complicated 

by the possible presence of precipitation accumulation zones as well as vertical tran-spo示 of air from 
lower levels, it was decided to make the observations on a t:ime-stable mountain wave cloud. Such clouds 
fo沅 frequently over the 呻jor peaks in western Washington State and often remain stationary long enough 
to repeat a given sequence of measurements several times. The measuring sequence generally consisted 
of: (l) a vertical profile in the region of the cloud, (2) a measw:,ement in the clear air near the conden­
sing leading edge of the cloud; and (3) a traverse over or under the cloud to the evaporating trailing 
edge. 

The tfCAR Queen Air aircraft 油ich was used in this st\ldy was instrumented 吐th standard sensors 
(total tempeva七re, dew point, altitude, and airs-peed). 面e experimental payload consisted of the auto­
matic CCN counter, a sodium-containing particle detector, an ice crystal counter (under development in 
霑旵} ; . and an integrating nephelometer for measuring the light scattering coefficient (Charlson, 

PRELIMINARY RESULTS 
A partial analysis of results provides dramatic confirmation o.fthe ear lier ob豉~vat ions . Fig . 1 

shows two traverses of a long lee 四ve cloud (23 這）， one traverse under (A) and the other above the 
cloud (B). The concentration of CCN (measured at O. 5% supersaturation) in the air following out of'the 
wave cloud was about a factor of 3 larger than the air 丑owing into the cJ.oud. Fig. 2 shows an effect 
of the same magnitude from a cap cloud which fonn.ed later the same day. Fig. 3 depicts similar results 
with a lower wind speed, northerly air flow, and somewhat cleaner air. Measurements were made in 
several other wave clouds in t he Olympic Range with results s鉫ilar to those shown in 瓦g . 3 . 

CONCLUS.TONS 
These measurements show in-cloud production of active CCN to be a potentially major source of CCN . 

The produc"tion mechanism is still unclear. A major effort involving a detailed analysis of the aerosol 
size distribution and composition as well. as trace gas constituents will probably be necessary to under­
stand this mechanism. 
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DECAY AND SUPERSATURATION DISTRIBUTION 

OF NATO紅 AE吣SOL

V. K. Saxena, A, H. Biermann and J ,. L . Kassner• Jr . 
Graduate Center for Cloud Physics Research 

University of Missouri- Rolla 

INTRODUCTJ:ON 

ti 4 剪 ( 1 ̀  2) T s1 oratory 區s been struggling hard lat:ely to 硒rove the performance of cloud'• •·✓ and 
Aitken\"' , ..,.,, nuclei counters . In suamer 1968 a Joint effQ!;t 扭 collaboration with ESSA and NAP CA 
was under taken to intercompare four Aitken nuclei - counters< 6) in order to assess - thei.r - performance . 
These counters 翦re a Pollak and a Gard net counter supplied by Mr . l'aul Alle.e of ESSA and a Pollak 
and a G. E. counter supplied by Mr . Norman ~htte of 血CA, . Tbe results of these comparisons we re 
.rather surprising for 這1vidua1 counte「BS西1ing thed尸 a1rdUfered ofcen by 50% . since t he 
time of this effort, sn absolute Aitken nuclei counter\:1J has been put into ope ration in this labo ra­
tory, Measurements taken 面 the absolute counte-r are described here wh ich help provide a plaus ible 
explanation for these unexpected differences . 

面e concentration of -room aer osol, stored in a doubly aluminized Mylar bag of 851 liter capacity, 
was measured as a function of time, In one of the attempts, this was done at five different operating 
supersaturations . From these data are derived the supersaturation distribution and size dist r ibu tion 
for the test aerosol which furnish some ri印曰「~able f eatures. 

EXPERIMENTAi』

(5) 
The details of our absolute nuclei counter are described elsewhe re'-'which essentially is an 

expansion cloud chamber , This chambel'is capable o.fbeing operated at eight d乜ferent supersa turations, 
thus covering the whole range of interest for Aitken nuclei , The sample dilution 拉 a special feature 
in this chamber which helps in reducing thee可'erimental error that 1118inly sr.iee s due t o uncertainty 
in drop counts, One centimet.er thick light beam obtained from two well collimated and ma t che d flash 
tubes, one on each side of the chamber, ia used for di·rect photogl'aphy of the ~~!ls i t ive r egion a t right 
angle~ to the beam. 'f:he natural room ~eroso l 四s stored in. a nuclei ~eserv01r( 6) . 

The chamber is capable of measuring aeroso l concentrat i on after every 5 叫n interval. Wh ile 
taking data at five different supersaturations , the highest was operated first , and then t he othel"s 
were operated 坏 successive decreas.ing order, Thus at a given supersaturation, the concentr a tion 
could be recorded after each 25 min interval. 

. 
The overall rate of change in the number of nuclei , N, may be e可'ressed by a diffet'entia 1 

eq四 tion involving the sum of~ two ce元9(7,8) SS 

'2 
N.. 4、N-,N-, (1) 

where 、 takes account of the dil和aion to the container- walls and by sedimentation and 7 is re lated 
to the loss of nuclei by coagulation, Obviously , the second tenn is dominant in Eq. (1) when N is 
large . On analysing our data we found that they could be well correlated by con吐de.ring only the 
first term of Eg . (1) . Ihls amounts to representing the decay of the test nuclei as 

N.. Ne```c) . 
。

(2) 

Eq . (2) was fitted to our data by the method of least squares and the values of N~ and t are d isplayed 
。in Table l. In the last column of this table are recorded the percent absolute average deviation 

(7.AAD) `hich indicate that Eq . (2) represents our data within e沖eTimental enor(5), i:;hich is abou t 
l邙 ． In this table, S stands for the operating supersaturation. It see血： reasonable to infer that in 

TABLE l : Values of N。 and ],. ,Eq . (2) . TABIB 2 : Values o f k and a, Eq . (3). 

Date s N 5 - 1 t , min k a % AAD 
10 )-. , sec 7, AAD 

。
2 Jan 1969 3 . 20 16,681 5 . 24 10 

30 2,036 0 . 46 1 . 7 

5 Feb 1969 3.24 31,271 6.49 4.9 90 1,870 0.45 2 . 1 

9 Jun 1969 3.78 8,393 2 . 58 4 ,4 l50 1,716 0 . 44 2 . 9 

9 Jun 1969 3 . 05 8,000 2.00 5 . 6 
330 1 , 326 0 . 42 5 . 9 

9 Jun 1969 2 . 56 6 ,936 1.74 3.6 
9 Jun 1969 1 . 9 2 6,227 1.91 8 . 0 
9 Jun 1969 1.43 5,446 2 . 29 8 . 2 

the concentration range of our experiments , the decay process is dominated by diffusion phenomenon as 
sedimentation for these sizes of Aitken nuclei is relatively s四11 .

· DISCUSSION 
~ The data of 9 Jun 1969 are u咋d to derive the critical supersatur­

ation spectrum of the test aerosol. Th.a folio吐ng equation is fotjnd to represent the data satisfac­
torily : * * o 心／d(lnS) 一 k(S)，（3)

9 



* 
where S is the critical supersacurscion for dN nuclei of the total population. The values of k 
and o: at four different t却es at:e recorded in Table 2 . The total change in l' over a period of 5 . 5 hr 
is only about 9%. The exponen~~~l decay of aerosol exhibited by Eq . (2) h.as been theoretically pre ­
dicte~ ~y Shapiro and Erickson(9). Eq . - (3) seems analogous to l og ·rad ius-number distribution ~f 
Junge(1O} . 

~ In Fig. l, th~ differential supei:sarura 已on spec trum is 
$hown 呻ich is de rived from Eq . (J) and Table 2 . As an example, consi.der a counter 1l calibrated 
against an absolute counter A at S = 3.4 using _Fhe ~est aerosol at t=30 min . Let 冷 be supersaturation 
d;crement in B due to its non-ideal condition;0,4,6) . This corresponds to dN1 nu.clei at t=30 min 

3 while at _ t:330 min, it_ corresponds to dN4 nuclei such that dN4=~ dN1 (Fig. 1) . Thus , if the counter 
5 1 

B is used to measure the concentration of the same aerosol at · ,J t=330 min , it is likely co produce 
counts off by 40% of the value of dN1. If t he supersaturation spectra of the test aerosol a-nd the 1 
aerosol used for calibr ation are widely different , obviously this error would become still large 
depending on the value of t,S and the nuclei concentration . 

(10) Assuming the test nuclei as hygroscopic , the log radius-number distribution due co Ju nge '•~, is 
calcula ted for the test ae rosol on the basis of data iTi Table 2 and is sho而 plo tted in Fig . 2 . 面e
bi-irodal f~'..1!=ure of the distribu t ion is readily apparent which supports the findings of l\.oiuey and 
Se verynse(ll). It seems that the qualitative feat~res of the siz~- distr;i.bution ar; preserved·. This 
is wh~t Shapiro and.Erickson found as a result of their theoretical analysis(9) . 

ACI<N0呾~ Th i s wo rk 1vas supported through grants.under contract No . N00014-68A-0497 from the 
Office of Nava l Resea rch and GA -1501 fr1琿 National Science Foundatio11. 
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S磾 COMPAB.ISON 血SDREMENTS OP CLOUD DROPLET AND PARTICLE 
DISTRIBUTIONS IN CLOUDS USING A尹ORNE S瑯SORS

by 

`eodore `. cannon 

and 

J . Doyne S缸：tor

National Center for At:moapheric Research 
Boulder, Colorado 80302 

Several cloud study flights were 四de by NC战 aircraft dur拉g the period 8 Januar)' , 1970 to 5 March 澶
1970 on the eastern side of the Rock.y Mountains in Colorado 皿d Wyoming, The stud.ies w虹·e performed 
using instrumentation mounted on a Beech Queen Air twi.n propeller a:l.rcr::stt and on a Schwei:i:er 2-32 
sailplane. 

Cloud droplet and particle size distribution measureme.nts were made using two types of probes. One 
of these, a MIT一AFCRL electrostatic probe, was used to gatller data 呻ich were recorded on either tape or 
strip charts. Histogn國s of droplet and particle si:i:e distributions could be obcaine.d'W'ithin a few- hours 
after conclusion of a £light 丘om. ana.lysie of the tapes or ch.arts. This probe 四ae located on top of the 
nose and forward of the canopy on the Queen Air and on the end of a boom projecting from the nose of the 
sailplane. 

The eecond type of probe was a slide gun 呻icb was an !'{CAR modi..fication of one used by the Univer­
eity of Chicago Atmospheric Physics Group, 「迫s unit exposes 10 mm x 45 區｀ glass slides to the air-
stream 丑thi.n the cloud with an exposure time of about 15 milliseconds . The slides were coated..,ith 
either magnesium oxide on Dri-Fil.m or 3-4% Formvar in ethylene dichloride sol.ution. A slide ia mounted 
near the end of a spring-loaded rod. 邯en released by a ttigger, the rod travels in a tube 1.1hich ex-
tends through the top or the 吐de of the aircraft. The 西osure 1s made through an ope血g in the tube 
about 39 cm from the outer BU1:face of tb.e aircraft. Data taken with the slide gun were used to make com一
parisons with the distribution measurements taken with the electrostatic ·probe, to identify the presence 
of ice or vater in the cloud, and to cloud droplet 訌1d part.icle distributions for tloud physics studies . 

Nine histograms displaying distri butions taken from 血｀gnesium oxide slides are sho叩． Two histo­
grams sho丑ng distributions taken from the elec丘ostatic probe data taken on 19 January are also shown 
in Figs. 1 and 2. They indicate a favorabl.e correlation ~1th the magnesium o沮de met:hod . 

The 19 Jan四「y 缸矼ograms, which were obtained for l訌ge\iiave clouds (about 25 mi.les wide by SO 
llliles long) show the broadest spectra, lowest number. of drops per unit volume (average 35. 9 drops c.m -) 一3

and highest liquid water content (average 1. 67 gm m-3) of any of the distributions sho叩． The bimodal 
distribution is evident in both of these distributions . This cloud was wanner (T 一－7°C) than the ocher 
cloud s studied 呻ich ranged from -25.2°C to -14.5°C. The 耶1all cumulus cloud distribut.ions sho面 in
Figs. 3-5 show 1110re narrow spectra, but a larger number_of partic..les per unit volume (range 82-117 cm- 3) 

3 and lower liquid water content (range 0.191-0.619 gm m--') thao the large wave cloud . The narrowest 
spectra were obtained from the small wav己 clouds, Figs. 6-9! These clouds exhibited a somewhat higher 
particle count per unit volwne (range 107-1.75 psr'ticles cm一3) than the other clouds studied, but a-wider 
range of liquid- water contents (0.108-1. 10 gm in-3). 

By using a 3-4% Formvar solutio~ it was possible to make some i ce replicas 吐th the slide gun at 
airplane speed (about 60 meters sec-..1.). Some good c可stal rel)llcas 10-80 microns in size were obtained 
in the cumulus tloud sampled on 2 March. Better 芷e.solution of ice crystal structure. is· obtained by 
皿k.ing Formvar replicas instead of impressions in magnesium o吐de. The ch.ief disadvantage is that the 
solution and slides 111Ust be kept at appro-ximately -lO"C until all water has evaporated from the ice 
replicas. Using the E'o面sr slide technique, it is possible to 皿ke positive identtiication of the, 
presence of ice crystals in the cloud. This information supplements data from t!;ie electrostatic probe 
which cannot distinguish between water and ice particles. 
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(X)NTR I BUT I ON TO THE PROBL睏 OF THE (X)LLECTION EFFIC I ENCY OF THE FALLING JCE CRYSTAL 

」 . Podz i mek 
Atmospheric Sciences Research Center 

State Un i ve r s i-ty of NeW York at Albany 
Al bany , New York 12203 

The paper dea l s wi th the calcu l at i on of the eol lection efficiency of the fa l I ing Ice cryst a l s i n 
a supercooled water c l oud using the evaluat-lon of the number and of the posit-ion of the dropl ets 
frozen on the su r face of individual Ice crystals . 

In order to express t he col fectlon efficiency A2 1 of Ice crystals fa l I i ng In a popu l at i on of cloud 
dropl ets having t he sl'Ze spectrum dlstribut-lon functi on f(r1l , we assume that , for a g iven size of 
co I I ector (ice cr ys ta I l , I t can be expressed I n the to而

A = J g(r , ) drI 
2I 

g(r1) slgnlfle.s t he "disturbed" size spec-trum dist ribution function corresponding to t he droplets 
caught on the fronta I and rear s l des of a ta 11 i ng crysta I of a known geo嗨rtry . The case of 
g(r1l = f( 「 I J corresponds to the remo\fal ot al I cloud droplets In the volume defined by t he cross 
section of an ice crysta l and its path In a unl-t of ti國

The evaluatlo_n of the drop let position patterns on the surface of p l ate- like , sector plate一 I I ke , 
star- Ilka and star (with a central plate)-like crystals (In the figure denoted as D, SD, H, OH) showed 
t hat we can a I ways find for a certa i n range of the s i zes of the i ce cry st-a Is some char acter I stl c f unc­
tion gC r 1> enabling us to calculat e A2i · A characterist i c ex卻、p I e i s present ed i n -the attached f I gu re . 
~e lat i ng t he "dlsturb~d''~~~~ spectrum curve g(r1l to .!he ho而ial site spectrum distributi on curve 
~ass~m~ng fCr1 l " .Ar/ e-Br1n - - n _ I~ ~sual ly near to I] on a semi_ l ogarithmic paper, we get l mmedlately 
the In f ormation of tlie catching efficiency of the ice crysta l s of a certain type . 

Other, very useful Information aDout the general collection efficiency of different parts of an 
ice crystal g i ves us the. detal l ed- ana l ysis of the location of the droplets on different parts (arms, 
centra I p I at e) of an Ice cr ysta I. S匈e characterisrlc "catching" efficienc i es were found In rela­
t ion to the typlcal forms of simple ice crys...als . The features of these character i st i cs can be ex­
pla lned on The bas i s of the corresponding Stokes'number. The sophistications mentioned ar e val la 
most l y for the case of a l ayer mixed cloud with low Intensity of turbulent flo,1 and low degr ee of 
riming on ice crystals . 

There ar e some other (of course I lrnlted) possibl I ities of the use of the procedur e mentioned In 
the case of the growth of an lee crystal "through col I ls Ion with sma l ler Ice crystals . Some other 
Inter esting conclusions can be made comparing the number and size of the drop lets caught on the fronta l 
and re ar sides o1 fa l ling ice crystals . The number of drop l ets frozen on the rear side of a crystal 
is not ~eg l !gib le and ~urpasses. . 11'1 the .domain of the. smallest droplets (r1 < 10 ul th~ number caught 
on the frontal sids. However, the contribution to the total change of liquid water of such a cloud 
by the catch Ing of the drop I ets on the rear s I de of ta I 11 ng crys百 Is Is sma 11. 
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薴 R啤 OF 薴 ADS嚀D LA苹 IN ICE NUC'幽l'ION

L , F, Evans 
Division of Applied Chemistry 
c . s ． 工 ．R. O . , 袒、ourne, Austr alia 

The current theory of iee nuc1eat1on is at present 血dergoing profound mod1立Ctt on 垃 0rdeT to 
br1ng tho theory 1nto line `ith the better experimental date vhicb 1s n叩 available . 1! One of the 
factors which is receivi.ng incr easing attention is. the role ]?].ayed by the layer of water adsorbed on 
the ice nucl eating substrate . For example, 今om experiments conducted at high pressure 氐 has been 
shown that the adsor bed .l&¥er exists .i n at least two s'tates --en ordered stat•' 」 called 2D- ice , stable 
be1ov 翡勺｀°－dimensional (2D) me1ti.ng point，已 a 呾orderedsta囧， stable above the 2D-me1ting 
point. \c,~J The ice nucleation pr operties of the substrate are completely dependent on the stat e of 
the 尹orbed layer , the 2D-ice at-ate imparting the better i ce nucleation ability . By taking into 
accoWlt t he hysteresis which accom严mies the transformation from one 2D- state to the other , it has 
been possib1-e to account for the pre -activation 面1ch 1s observed "'hen a pa.rU¢-e is a11o`:d to 
nucleate ice after being exposed to co1d, moist conditions.(4) 

It is the 已ose of this paper to draw attention to the fact that the properti es of the adsorbed 
1叨e\5!n a1so e叩1%}he mech血c屯哨leat.ionofice, t·e. , nuc1eation by 亞eet mechaniCal move ­
ment , l5J shock wa;es, (6) cavitation, (7,8) or ultrasonics . (9) .All these phenomena have in common the 
rapid movement of water over a previou.sl y dry hydrophobic surface, and the essence c~ the p泣sent
proposal is that it i s the rapid formation of an interface be乜een water and a hydrophobic substrate 
wh.ich induces ice nucleation. 

The basisof thispr叩0S吐 is the fact that around non-polar mo}eefes, `ater i s kn硒 to adopt a 
strongly bonded str ucture w.hich often results in clathrate formation. (10) Similarly, at the inter fe..c e 
between water and a non-polar (hydrophobic) surface, the st面cture of the adsorbed layer is a lat erally 
bonded str ucture which we may term 2D-clathrate . At s-upercooled temperatures the stable state of the 
adsorbed 1芍er is 2.D-ice, but the transformati on from. 2D-cle.thrate to 2D- i.ce requires considerable 
supercooling as evidenced by the poor ice -nucleating pr叩erties of materials such as polyethylene . 

When water~ wets a non-polar surface the initial state of the adsorbed .i.ayer is disordered1 
a situation which prevail s for a time 坪obably comparable to the rotational period of e. water molecule , 
Duri叩； this time , if the adsorbed layer i s supercooled, 2D-Lce has the opport\lllity to nucl eate f ran the 
higb-ener囟· transient disordered phase. It is proposed that the higher f ree ene可~ change associated 
面th this process accounts for t洹 ease with which ice nucleates under the influence of mechanical 
movement . 

The same mech血sm may account for the nucleation observed by Pruppacber,(ll) when a supercooled 
drop resti ng on a hydrophobic surface is ca山1ed to wet the adjacent surface by applying an electric 
field . 
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TIME DEPENDENCE OF SOME NUCLEA1'ION PHENOMENA 

Thomas E tioffer 

Desert Research I.nstitute 
Lab. of Atmospheric!?hysics 

Universi·ty of Nevada 
Reno, Nevada 89506 

The effect of cloud processes on the nucleation of water droplets i s of primary 
importance to cloud physics. The recution or enhancement. of the nucleating ability of 
a par七icle as it undergoes modification due to i 七s changing environment shou l d be 
further eluc::ida ted . 

Roberts and Hallett (1968} have shown that preactivation is dependent upon the 
time history o.f the particle. 且offe.r (1967) and Hoffer and Ogne (196 5 ) have sh如n
that this is also true when the particle goes through a stage when there is liquid on 
the nucleati.ng particle . 

This paper is concerned with changes in the nucleating ability o f Agl a nd phloro­
glucinol particles as a function of the time they are subjected to a fixed vapor pres­
_sure greater than that necessa巧'for saturation. 

The equipment used in the research is a plate cover1這吐th Teflon whose tempera­
tm:::e is controlled. The plate was on the bottom of a ch硒ex: in which the dew point 
was controlled . 

The dew point was controlled 江 a constant temperature system where moisture was 
always taken from the air by.means of a radiator. All the peripheral equipment was 
automated to insure duplication of experimental conditions. 

The experimental procedure was as follows : 1. Par立cles of the nucleating agent 
under study were placed on an inert Teflon surface by means of a fall column . 2 . The 
plate temp·erature was held constant at lOC as was the dew point. 3 . After a predeter­
mined lertgth of time the temperature of the plate `as decreased at the at the rate of 
. 25C/minute. 4. The drop freezing temperature was determined by examining photographs 
t呔en each 面．nute {black and white with polarized light) . 5. Adjustment was made if 
two drops were in contact. 

The results of the study show (as.indicated on Figures 2 and 3) that 七here is a 
time dependency in the nuclea七ion. lfote that for the phloroglucinol that the high 
solubility accounts for the abrupt fall off as the particle goes into solution . For 
1\gI the changes in the curve may l;>e attributable to reforming of sites after an 
equi librium is approached in the di ffusi<;m . Simple calculation of diffusion in water 
shCMs this to ·be not unrealistic . 

It is apparent that for these size particles in contact with wa.ter that the 
diss olution process takes a relatively long time. The:ratio of droplet size to 
particle size is roughly that encountered in the atmosphere. Thus, i t appears that 
for even the soluble particles that they will be e訌ecti.ve, if released at cloud base 
be fore dissolving . 

In othe r experiments a mixture of NaI:, Agl was used . In this case also the time 
to nucleat.ion was long and the particles acted . In order to a ctivate the nuclei 
apparently require sufficient:. water to reduce the concentration of the solution sur­
r ounding the AgI to less than 1/1000 molal. 
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SOME SIZE DISTRIBUTION MEASUREMENTS OF Agl NUCLEI WlTH AN AEROSOL SPECTROMETER 

* ** ** + H. Gerber I P. Allee·,· H. Weickm訌111 · ; U. Katz', C. Davis' , and L. Grant 

* Atmospheric Sciences Labo r atory, U.S. Army, Ft. Monmouth, New Jersey 
**Atmos-pheric Physics and Che.mistry Laborato.ry．卫 S.S. A., Boulder, Colorado 
+ Atmospheric Science Department, Colorado State University, Ft. Collins, Colorado 

INTRODUCTION 
Recently a metb.od was developed whicb promises to meet the need for a practical ice nuclei sizing 

technique (1),(2). Essentially,the GoetzAerosolSpectrometer(AS; (3)) . ahighspeedcentrifuge, isused 
to deposit the nuclei along a polished chrome foil according to their Stokes diameters. Upon removal from 
the AS, the foil is exposed to a saturated env辻onment at the des 辻ed sub -u-eezing temperature, and the 
active nuclei grow into visible ice crystal.s. To find the diameters of the nuclei only the locations of the cor­
res·ponding ice crystals need be determined since the coordinates of the foil are related to particle size 
by Stokes law after calibration o{ the /\S . 

Before describing some AgI ice nuc:lei measurements, itis first necessary to place the utilization 
o! the AS on a firmer basis since the acient五ic community currently questions the ability of the instrument 
to size atmospheric particulates accurately (e.g., {4)). 

PERFORMANCE OF THE GOETZ AEROSOL SPECTROMETER 
The reputation o! the AS is largely a result o{ a theoretical study of the aerosol dynamics inside 

the centrifuge ch.annele (5) and of subsequent attempts to verify the theoretical pred這iou1:1 (5), (6), (7). 
Theory and experiment did not agree except in demonstrating that the AS did not operate in the required 
manner of a horizontal elutriator. In contrast, a recentcomprebensivecalibrationoitheAS showed proper 
opei:-ation tor a limited number oi the instrument 's operating modes (different combinations of flow rate 
and centrifuge rotor rpm) and for particle sizes ranging from 0.1 }lm to 2. 0 pm (8). Also, the inconsisten­
cies of the earlier work were explained, 

Since a laTge portion of the particles from AgI generators usually is smaller than. 0.1 pm, it was 
also necessary to test the AS for these sizes. The AS was calibr.ated with Ag! particles ge口erated by 
evaporating Agl-isopropyl amine (0 .2% Ag! by weigJ:it)at about lOOOC in a st?"eam of nitrogen. The operating 
mode used -to collect th~ particles was o. 25 L min 一 l and lS-,000 rpm. The projected diameters ~f abo~t 
3500 particles were measured with an electron microscope at eight different distances along thefoil(A-J, 
Fig.1). At the longer distance.s, size cutoffs in the projected diametel" size distributions existed for smal­
ler p缸·tides. 1'血 is consistent with the proper operation of the AS and provided the callbration curve 
fo r the coordinatee of the foil (ln) vs particle projected diameter . Fig. l shows that under the specified 
operating mode, the size of the smallest _particles which can be 100% captured is 2.00A. The size analysis 
also gave the shape of the entire Agl fl乜e distribution as being approxiTnately log-normal with a geometric 
mean of 145A and geometric standard deviation of 1.59 (curve A in Fig. 2). 

slZE DlST碑UTl0NOFACTIVE ARI PA紅lCLES

"Pu r6'Labora.tory Agl Partic1es 
The AgI generatot and the AS were operated in exactly the same manner aa before. One deposit 

was exposed to water saturation at -20C and two others were e.xposed at -lSC. The size distribution.a of 
the active particles is given 沄 Fig. 2. The results of the -15C tests agreed closely and aTe combined. 
The values of all the distributions are relative hence, the shapes of the curves are abeolutealthough their 
proper positions with:respect to the ord辻ate a.re unknown. 

The outstanding difference between the curves in Fig. 2 is the lack 
of activity ior small particles'in the measured distributions of active par -
tides. Below 400A fo1· the -lSC cu.rve and below 320A for the -20 curve, 
the activities initiate a sharp decrease. Within a 30% reduction in each of 
these particle sizes, a 95% decrease takes place'in the activity of the AgI 
particles . 

It is customary to compare the activity of ice nuclei to the classical 
theory of Fletcher (9). At teTnperatures o! -lSC and -20C ．庫 computations
show a particle size threshold of 8SA and 20A respectively for freezing 
and SOOA and 300A for sublimation. Comparison of these values with Fig. 
2 shows reasonable agreement ii the active Agl particles are assumed to 
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旦－ The maximum deposit lengtb loo! Agl particles as a function of their 
projected diameters (). The latex particle calibration points () are used 
to find the Stokes diameter!IoI spherical Ag! particles () ae well as the ef-

- 3 !ective dens-ity 2.06 gm cm -CJ and shape factor 2.17 of the generated Agl 
particles. 
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nucl eate ice by sublimation. The slight shift in the activity threshold in Fig. Z from Fletcher's values 
might indicate that the Ag! particles be匾ved more nearly like ideal sublimation nucle.i. Or perha:ps, this 
d eviation and the lack of a sharp cutoff in the activity, as specified by tbe theory , are related to the 血cer ­

tain relaticmship between the projected diameters used in Fig. 2 and the spherical particles in the theory. 
Howe ver, the basic agreement between experiment and Fletcber's theory suggests the appropriateness of 
th e a s sumptions in his derivation. Therefore, contrary to some o:{the other currently popular nucleation 
th eor ies (e.g., water cluster theory (10) and the two dimensional crystal乜ation theory (11)), it 這 neces -
s a ry to conclude that ice embryos in the shape of l!lpherical caps form on the active eitesofAgiwhennuc­
l eat ion occurs by sublimation. 
Ael P a rticl es Generated With An Acetone Generator In The Field 

Ov e r a two week period (S ept. 1969), ten size distributions of atmospheric ice nuclei were measured 
on Chalk Mt, which is the seeding ta.rget area for the Colorado State University cloud seed江gproject (12). 
On two days at least two modified Skyfire AgI-NaI ground generators were operated for 12 hours in valleys 
a t least six miles upwind . The foils were evaluated at -ZOC. On each seeding day the size distr ibution 
was t泝'ically narrow, was centered at 0.1_..ll= (at 0 ,07 µm if the effecti ve density of tbe nudei is assume~d 

一 3 -3 to be 2. 0 gm cm 洹tead of l.O gm cm..,) , and integrated to an average concentratio n of 105 nuclei L -
fo r a total •Sampling time of eight hrs. The background distribution!J were much broader, were centered 
a t a bou t 0 ,Spm, and gave an average concentratio卫 0 .f 1.1 nuclei L-• for· 18 hrs . (Fig. 3 ).. These findings 
are in good agreement with a large volutne of Ice nuclei counts at the sa:me site (13) and clearly demon­
s trate that the Agl particles actually adve_cted to the summit of Chalk Mt., that little if any co a gulation 
occur ed i n the aeros ol during its trajectory, and that th e measurement 0£ particles ize i s a good ii、dicator
oi the pres ence of the seeding agent. 
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NAnlRAL ICE-FORMING NUCLEI IN S函RESTO``

J. Rosinski, G. Langer, C. T, Nagamoco, Y. Prodi aod T. C. Kerrigan 
National Center for Atmospheric Research* 

Boulder, Coloi:-ado 

there are two populations of aerosol par己cles in severe storms: norm吐 background aerosol and 
aerosolized soil particles . Concentration of the latter, which dep~nds on the wind velocity and soil 
conditions, may be orders of magnitude h igher than those of the former sou-rce. Condensation nuclei are 
derived principally fr咖 the first source. Ice forming and freezl.ng nuclei.,which derive from the soil 
particles, increase in CClllcentration dorin.g star呻 up to 100 times the pre - storm value . This concencra­
tion Lncrease is less than that of the aerosol population, indicating that only a fraction of s o il parti• 
cles e:xhibi t ice nucleating properties. 

The fraction of soil particl~s act ive as ice forming nuclei i.n a given particle. size range i.n­
creases with part lcle size; however. the concentratioo of ice forming nuclei Ln air is counteracted 
by a decrease 伍 the concentt:atlon of aerosol parc.icles wLch size. A conc虹1tration peak of ice-formi ng 
nuclei derived 丘om soil particles and active at warmer temperatures occurred io the 7 . 5-11. 5µ diameter 
slze range. In addltion to nucleation of supercooled water drops by hydrosol partlcles, the water 
soluble soil compounds, upon rec.rystalization during supei:c叩ling, 11ucleate tce at te呻eratures as 
high as - 5.JC. 

The quantity of water vapor released d虹ing the freezing of supercooled water drops wa.s deter ­
mined exl>eri苹ntally and was also calculated. This value depends primarily on the size of wa ter drops 
and, to a lesser degree, on the tempera亞re of supercooling. Th'ereleased'W&te.r vapor equal to 0.03 
to 3 . 5 mg/1-5 nm diametei: drop produces more than a 21 ~upe;-saturati.oo with respect to water at the 
temperat;i::e of the environment i n a volume of 300 to lrf ~Ql汽 respectively . The water vapor r.econde.nses 
on cloud droplets and aerosol particles acting as condensation 11uclei at high~r supersaturation . Some 
of the aerosol parti.cles acting as freezf.ng nuclei will form ice crystals in the water vapor recondens a­
tion zone, and these particles will propagate the ice phase within an updraft. Thia mechanism of ice 
phase propagation is especially applicable to severe stor;ms where large water drops are formed around 
giant aerosol particles. These gi血c particles, after becoming hydrosol particles., are the most ef­
fective freezing nuclei derived from the soil and should be responsible for the appearance of ice at 
the loYest altl.tude (warmest t emperature). 

A water drop freezing technique was used to determin.e the warmest freezing temperature of 
different hydros ols made of various lees separated from natural hailstones . It was found tbat this 
temperature value was not necessarily associated with hailstone embryos . This ind'icate s that many 
hailstone emb可os fonn at higher altitudes (lower temperature zones) rather than forming at freezing 
level corresponding to the temperature at which the warmest ice forming nuclei are active. 

* 
The Nai;ional Center for Atmospheric Reaearoh ls S]>Onsored by the National Science Foundation. 
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ICE FOG AND ITS NUCLEATION PROCESS*,** 

Tak.eshi Ohtake*** 
Colorado State University 

Fort Collins, Colorado 

INTRODUCTION 

Ice fogs, which seriously restrict 吐sibility and thus hamper aircraft operation, have become an 
increasing problem during mid-winter il1 the interior of Alaska. The ice fog is believed to be composed 
of many minute ice crystals without water phase particles except very near the sources of fogs (1) . The 
shapes of ice fog crystals are mostly spherical, some hexagonal columns, and irregular crystals , with 
the.sizes 2 to 20p.. ?.:he shapes and sizes of crystals vary with temperature as does the concentration of 
crystals (200 p . ~m-3 in ave-rage)(l), Under hi:;:midity conditions of· slightly higher than ice saturation, 
hese ice c巧'stals are considered to be aerosols which are produced by discharge of large amounts of 

|water vapor into cold stable air. 
Although ea:rlier studies (2, 3, 4) have suggested that the mechanism of ice fog formation i.s the 

|freezingof water droplets resulting from moisture of car exhaust o:r open water, they showed neither 
verifications nor considerations based upon observations for the pu:rpose. Furthermore, in spite of the 
suggestion, there was no explanation or observation on the relationship between the concentrations of 
ice fog crystals and ice or freez担g nuclei. In the present paper, we studied the problem by considering 
ice nuclei, condensation nuclei量 temperature profiles over open water, which results from power plants 
cooling water and observations of humidity and evaporation rate under low temperature conditions. 

ELECTRON MICROSCOPE STUDY OF ICE FOG NUCLEI 

To find out what kind of materials acted as nuclei of ice fog crystals , an electron microscope 
with a diffraction device was used. To prepare the ice crystal specimens, formvar replications of crys­
tals using the vapor method were made, Many specimens of ice fog crystals were collected at different 
places and conditions for the study. The sizes of ice fog nuclei are in range of 0,. 01 to lµ, which are 
almost in agreement with Kumai1s (3) result. Even though we tried to make the films on blank sheet 
mesh as clean as possible, sometimes minute particles could be found outside and inside the replicasof 
crystals . Since identification was difficult in some cases, we measured. the most probable and the lar­
gest particle inside the replica. If any small particle was found in the crystal we. assumed it was a 
nucleus . However any particles outside of the replicas of ice fog crystals were disregarded as contam­
ination or as dusts which co-e沮sted with ice fog in the air. Nevertheless, we found many ice fog crys­
tals containing no particles inside the crystal replica. It shows that the crystals were frozen spontan­
eously from supercooled water droplets which had homogeneously condensed from water vapor. 

Seventy-one (71) out of 713 crystals inspected by the electron microscope did not have any nu­
cleus in the crystal replicas. Most of these were found in ice fog at Chena and Manley Hot Springs away 
from the city, at temperatures below -40C. At the IAP site which is located near the open water in 
Fairbanks, we found no nuclei in about 12% of 110 ice fog crystals we collected when the temperature 
was -39C . At the center of the city only 辱 of 236 ice fog crystals had no nuclei, and a few ice fog 
crystals had many particles 洹ide of the replicas and few or none outside. These c::rystals were 
probably frozen from dirty droplets formed directly from some kind of e油aust such as car exhaust. 
On the other hand many ice fog crystals even in the cen區 of the city did not.have large dust particles. 
These ice fog crystals must have.formed initially from the process of water vapor condensation under 
conditions of high supersaturation which are available from car, power and heating plant exhausts and 
from steam coming from open water. 

Although we tried to identify the composition of the nuclei by use of the electr on microscope and 
electron diffraction, we could not determine the composition very well, especially for the smallest size 
nuclei. Some nuclei were presumed to be only carbon black resulting from comJ:iustion. Using a m or­
phological determination which was essentially the same as Yamamoto and Ohtake's (5 ), we found that 
most (more than 90%) of the ice fog nuclei were clas sified as combustion by-products. 

CONCENTRA叮ON OF ICE NUCLEI AT LOW TEMPERATURE'S 

Since ice fog crystals normally appea.r in higher temperatures than those of spontaneous freez­
ing corresponding to the pa.這cle sizes, it is necessary to measure ice nuclei concentratio啤 in the 
area. We have had little 血ormation about ice nuclei concentrations at temperatures lower than -30C. 

Temperature spectrums of ice nuclei concentration were obtained at the Ester Dome (10 miles 
west from Fairbanks) and at the HAO station, Climax, Colorado, using an NCAR acoustical counter and 
an expansion counter, respectively. lce nuclei concentrations obtained by both counters were 100 and 
300 nuclei per liter for -35C, re_apectively. These numbers are very small compared to the 

*Full paper is given in "Studies on Ice Fog 11, Univ. of Alaska Rpt . UAG R-211 (June 1970). 
**Supported by the National Center £or Air Pollution Administration, P . H. S. under Grant No. 

AP00449 and partially by NSF Grant GA-1553. 
***On leave from the Geophysical Institute, University of Alaska. 
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concentration of the ice fog crystals . Also 300 n . per liter is the m邸imum detectable number by the 
expansion type counter. The concentrations of ice nuclei for various effective temperatures varied by 
a fac~or of 10 per 4C in the temperature r a nge between -20C and -35C in the case of the expansion 
chamber. Assuming that this relation is valid to -39C, we may expect 3, 000 n , per liter for a tern -
peratu re of -39C 暑 which is still almost negligible in comparison to observed ice crystal concentrations 
in ice fog at a temperature of -39C. 

However, these observations were made a~ places where the air is relatively clean (where con• 
densation nuclei numbers are 200 to 2,000 n. cm-3) and it is expected that the air which conta:l:ns a lot 
of condensation nuclei might produce many more ice crystals in the· expansion chamber, because the 
condensation nuclei which made water droplets in the chamber may act as freezing nuclei in the water 
droplets under such low temperature conditions . In fact , adding so.me combustion by-products to the 
air to be tested before the expansion obviously resulted in the formation of many more ice crystals in 
the chamber under the same tempe.rature conditions, In the chamber of the expansion counter, the 
de酐｀ ee of supersatut>ation appears to be very high, even though only momentarily. Thus it is sugges­
ted such condensati.on nuclei are very important for the formation of many ice crystals in a high super­
saturation environment in the temperature range between -20C and -37C . 「n otre r words, many con­
densation nuclei in tbe air must act as freezing nuclei under ice fog conditions, 

In the air at temperatures lower than= -37C 磷ameter of water droplets i s assumed about 10µ.) 
some droplets would freeze spontaneously. In clean air wlth a very high moisture content , a combina ­
tion of homogeneous condensation and spontaneous freezing mu.st result in a threshold temperature be­
tween - 37 and - 40C . In polluted air in the same temperature range, such a threshold would not be 
recognized because the crystals can be formed by both homogeneous and heterogeneous nucleation on 
pure and polluted water droplets . 

MECl!ANISM OF ICE FOO FOR MA TIO 

In the present research we have shown that: 1) Large amounts of steam (small droplets) , 
formed in the layer very close to the water surface and disperse into the atmosphere . The evaporation 
rate of water vapor from the surface and production rate of water droplets were also estimated, based 
upon the observations . 2) Aerial photographs showed steam or water clouds, which are important 
sources of ice fog moisture, coming from the open water of the river and cooling ponds , power plants 
and private heating systems . 3) Such water droplets will freeze in several seconds within a distance of 
3 to 5 m from open water under low temperature conditions (1) . T迢s was confirmed by the observa­
tions of the time required for droplets to freeze, and temperature profiles above water surfaces . Al so 
it was supported by calculation of conductive cooling and radiative cooling, which were also directly 
measured by means of a radiometer for various objects in ice fog (6). Auto exhausts supplement water 
droplets and they will be changed to lee fog crystals in the same way. So ruMing cars are sprinkling 
ice crystals rather than add.ing moisture as vapo.「 into the atmosphere. 4) The humidity in ice fog lies 
slightly higher than ice saturation, allowing minor ice crystal growth. This results in ice fog crystals 
having the smallest size of ice crystals and being suspended 沄 the air for a long time. 5) The most 
important factor in the formation of steam or water droplets is not the concentration of condensation 
nuclei in the case of steam from open water, heating plants and car exhausts under ice fog conditions 
but rather the temperature differences between water (not ice) and ambient air temperature. However, 
condensation nuclei or other particles contained in the water droplets accelerate tbe freezing of water 
droplets at a higher temperature than the spontaneous free:z.ing . The onset temperature of ice fog 
formation. is higher in inbabited areas than in unpolluted areas due to the greater numbers of condensa~ 
tion nuclei and effective freezing nuclei in the city, as well as the difference of moisture supply between 
in-city and out-of-city sites . However, at temperatures lower than about -37C , the homogeneous nu­
cleation of condensation and successive spontaneous freezing of water droplets are quite possible even 
in contaminated areas . 6) The !owe.ring of air temperature increases the rate of evaporation from 
consistent moisture sources, i. e, rate of water-droplet formation, speed of the droplet freezing, 
suppression of the ice - crystal growth, and formation of more numbers of smaller crystals . Thus, 
de11ser ice fog c.an be seen at lower temperatures . So the low temperatures are essential for dense 
ice fog , providin.g constant moisture sources are available. 

REFERENCES 

(1) Ohtake, T. , 1970: Studies on Ice Fog, Univ. of Alaska Rpt. UAG R-211, 179 pp. 
(2) Robinson, E ., and collaborators, 1954: An Investigation of the 1ce Fog Phenomena in the Alaskan 

Area . Final Rpt. , Contract No. AF19(122)-634, Stanford Research Institute, 65 pp. 
(3) Kumai, M. , 1964: A Study of Ice Fog and Ice Fog Nuclei at Fairbanks, Alaska , Part I, CRREL 

Rpt . 150, 27 pp. 
(4) Benson, C . S., 1965: Ice Fog: Low Temperature Air Pollution, U. of Alaska Rpt. UAG R-173 , 78 pp. 
(5) Yamamoto, G. and T . Ohtake, 1953 : Electron Microscope Study of Cloud and Fog Nuclei. Sci. Rpt. 

Tohoku Univ. , Ser . 5, Geophy. 5, 141-159. 
(6) Ohtake, T ., J 968 : Freezing of Water Droplets and Ice Fog Phenomena, Proc . Intn. Co血 Cloud
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ICE NUCLEI ACTlVE AT LOW TE咿ERATURES AND HUMIDITIES 

E.K. Bigg and R.T. Meade 

Division of Radiophysics, C.S.I.R.O., Sydney, Australia 

Jee crystals are usually plentiful in clouds at temperatures below -25°C so that 
initiation of the ice phase in the atmosphere has generally been studied at: warmer 
temperatures where the presence or absence of ice nuclei may be crucial to the efficien­
cy of the precipitation process. 

However, high level clouds may also be important to the development of weather 
systems , for they alter very consideTably the radiation budget of the ground beneath 
them and they may also seed lower clouds with ice crystals. They commonly arise from 
air undergoing gradual and widespread lifting, and to understand their mode of formation 
we must examine at low temperatures the way in which the nurnbeT of ice crystals formed 
varies with humidity. 

Membrane filters, which are so useful at warmer temperatures for capturing and 
detecting ice nuclei, contain many nucleation sites active at low humidities at tempera-
tures below -30°C. They are useful only for studyi ng the onset of nucleation by 
aerosols as the humidity is lowered, for the large numbe r of "background" crystals 
depresses the actual humidity in a thermal diffusion chamber. Significant differences 
between crystal totals on exposed and unexposed filters are first found at humidities 
!Pl'ro~imately hal!:i:ay b~~~~en i~e _ ~d ~ater saturation at temperatures below -30°C . 
Thls is at about 85\ humidity relative to water. 

In order to find the full curve of number of ice crystals as a function of humidity 
it 泣 necessary to find a supporting surface which is relatively inactive. So far our 
most successful method has been to coat a metal disc with a thin layer of "Teflon'' 
(polytetrafluorethylene) sprayed on from solution in a clean room. The metal disc is 
then used as the cold plate of a thermal precipitator. The aerosols l)Tesent in samples 
of a few liters of air are precipitated and the ice crystals "developed" in a thermal 
diffusion chamber. Figure 1 shows theappearance of the ice crysta1s formed at -30°C 
and a humidity nominally at water saturation. The patch of higher concentration is 
located immediately below the air inlet. 

We find that the first ice crysta1s (one per 10 £) aPpear at hunidities between· l 
80 鬼 and 9！鬼（re1ative to water) and that their concentrat1on mcreases to about 10 i 
to 100.e..-i at water saturation. However, the large number of crystals formed at 
higher humidities obviously reduces the true humidity at the surface in the diffusion 
chamber which we use . We have not yet discovered a surface which is sufficiently 
clean to allow smaller air samples to be used . Concentrations of crystals vary rapidly 
with humidity at a given temperature but not very rapidly with temperature at a given 
(1o刃 humidity.

The implication of these results is that where the atmosphere is undergoing steady 
uplift there should first occur ice-supersaturated layers almost totally devoid of ice 
crystals. As uf1ift continues, some ice crysta1s wi11 form and continue to grow as 
they fall through the ice-supersaturated layer below but may not become large enough or 
be numerous enough to f~-rm a visible cloud. The maximum depth of thjs layer if the 
temperature is near ·40°C is likely to be about 200 m, for the temperature difference 
between ice and water saturation is then about 3.6°C. The final stage will be reached 
when the humidity becomes high enough to activate sufficient nuclei to form a visible 
cloud. 

A direct test of the existence of such supersaturated layers is to release a small 
meteorological balloon carrying a few hundred grams of dry ice . Wherever an ice-
supersaturated layer is encountered tbe ice crystals left in its wake grow rapidly and 
are readily visible from the ground. Figure 2 sh.ows such a cloud, which had- a vertical 
extent of about 200 m at a height of 8000 m and a temperature of -3S°C . Thin alto-
cumulus and cirrus formed in the vicinity about an hour later when this cloud was still 
visible, 

Aircraft condensation trails are a familiar sight• but because the aircraft engines 
introduce additional water vapour are not proof of natural supersaturation. Tnadvert-
en~ weather modification caus ed by these trails may become a major problem , and to 
understand it we must know the frequency of occurrence and the depth and degree of super-
s~~U!ation of ~Ce-supersaturated layers . We suggest that the simple balloon experiment 
which we _have_ described could be widely applied with relatively little effort in· order 
to provide this information. 

23 



疊

• . • . • . 
` . , . . . . • 

` . 
• ` P . . 

i • • 
• , 直 • • 

』 . . . ., . · ̀  c, '̀ 亂
． 啊 • . . ... . 

.# 

、
雪 . 

. 
. 

.7. ` ·直• . 
./ 

毫

'· . 
•• 

□ , ` .`. ̀. 

匕 • ' . . . .., . 
` • 嶋 ｀` .. . 

` • ' . , . ,, , . .. 
` ; ．戶

, 

• 

` 
L 

Fig . 1 Ice crystals gr01m from nuclei thermally deposited on a Teflon - coated metal p l ate. 
Temp e r ature -30°C , water saturation. 

Fig . 2 Cloud formed at 8000 min a cle<1r sky by a small baJloon carrying dry i ce. 
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INTERACTION BETWEEN SILVER IODIDE AND WATER VAPOR 
AT HIGH RELATIVE PRESSURES 

M. L. Corrin and W. R. Barchet 
Atmospheric Science Departm ertt 

olorado State University 
Fort Collins, Colorado 80521 

INTRO DU CTIO 

Measurements of the adsorption of water vapor on silver iodide at high relative pressures are 
noticeably lacking. Volumetric adsorption techniques 1如ited the studies of previous investigators to 
relative pressures less than 0. 9. These low relative pressure measurements on both pure and hygro­
scopica11y contaminated silver iodide powde:·s demonstrate the hydrophobic character of the silver 
ic.,dide surface with adsorption occuring primarily on 切drophilic sites Gravimetric adsorption 
techniques circumvent the high relative pressure corrections required in volumetric approaches. The 
region near ice and U叩id water saturation 這 of prirn.e inle.x·est in this work. 

MATER [ALS Al\'D METHOD 

Silver iodide prepared by the method of Corrin. Nelson, Cooley and Rosenthal (1) is used for 
all adsorption measurements. Distilled. degassed water transferred by distillation into an adsorbate 
reservoir provides the water vapor. 

A Cahn Electroba1ance is used to detect the increase in weight of a tared sample of silver 
iodide as water vapor is adsorbed. Separate constant temperature baths around the sainple and adsor ­
bate reservoir specify the saturation vapor pressure (sample temperature) and vapor pressure respec ­
tively . 

The sample weight in equilibrium with a given adsorbate reservoir temperature gives a point on 
an adsorption isotherm. Stepwise increases in the adsorbate reservoi.r temperature produces tbe iso­
therm. All temperatures are determined to±. 01°C. Isotherms at -3. -6 . 5, and -10. OC were 
measured , 

THEOR 

Adsorption thermodynamics makes direct use of adsorption isotherms in computing the heal of 
adsorption and the change in surface free ene-rgy or -the adsorbent. The Gibbs equation allows the com ­
putation of the latter: :x· 

畋 ='Y0 -'Yx = RT i : 「 dl邙'=RT 启心＇ (1 ) 

where lT x = spreading pressure or change in surface free energy, --y, due to the presence of the adsor­
bate in equilibrium with a relative pressure x; T " absolute temperatuz·e; r = surface excess or amount 
of vapor adsorbed, R = gas constant; 缸d x = 1·elative pressure p/p0. 

The isosteric heat of adsorption is found from isotherms at different temperatures using a 
Clausi.us-Clapeyron equation: 

泮凸＝丘·坐＝
d1. 「 RT RT 主RT 

- 

(2) 

where ~Svl = molar entropy change in vapor to liquid transition; s。 =partial molar entropy of absor-
bate : 6hv1 10 heat of vaporization:~ = partial molar heat of adsorption : and Qst.,. isosteric (constant r) 
heat of adsorption. 

RESULTS 

Low pressure adsorption isotherms of Corrin and Nelson (2) were interpolated to the sample 
emperatures used here using equation (2). integration of the Gibbs equation was extrapolated to zero 

with the Dubinin-.Radushkevicb model. At higher relative pressures a numerical integration was used. 
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The isosteric heats of adsorption showed a maximum at low relative pressures and a tendency 
to approach the heat of condensation as the relative pressure increased. This indicates a transition of 
the adsorbed film to a liquid-like state. For the film to become ice-like, an increase in the heat of 
adsorption at higher relative pressures must occur. 

The spreading pressure gives the minimum surface free energy of the "bare" adsorbent at 
which wetting will not occur. This minimum increases rapidly as saturation is approached requiring, 
in effect, the contact angle to increase also. 

The decrease of the surface free energy of the adsorbent and the trend of the heat of adsorption 
toward the neat of condensation with increasing relative pressure substantiates the clustering model of 
adsorption and provides some insight into the mechanism of heterogeneous nucleation on silver iodide. 

1. M. L. Corrin, J , A. Nelson, B. Cooley, and B , Rosenthal; The Preparation of "Pure" Silver 
Iodide for Nucleation Studies . J . Atmos. Sc., 24, 1967, (594) . 

2. M. L. Corrin and J. A. Nelson; Energetics of the Adsorption of Water Vapor on "Pure" Silver 
Iodide. J. Phys. Chem. , 72, 1968, (643) . 
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DETERMINATION OF CRYSTALLI四 SIZE AND ANELASTIC STRAIN IN VARIOUS 
TYPES OF GENERATOR EFFLUENT 

Ronald L . Petersen and Briant L. Davis 
Institute of Atmosphe'l·ic Sc:i,ences, South Dakota School of'Mines and Technology 

Rapid City, South Dakota 57701 

INTRODUCTION 

This pa,>er is concerned with certain physical characteristics of Ag! aerosols, namely , the "appar­
ent particle size''a.nd anelastic strain. With these qu血titles i;he physical state of 哆gregation of 
AgI- NaI aerosols e.nd the a.mount of strain energy stored in the crystallites can be sw洫ised .

THEORY 磾 "E_gUATlONS

The de'termi邙t.ion or the s1<r紅n and "apparent, 严ticle si'l.e" of the AgI 皿d Nal aerosol p缸ticles
generate~ by the combustion of va.riou_s solutio臨 of the two components was accomplished by determining 
the integral breadth of the p心e x-ray diffr缸tion profile` f(x) ， t區t profilE「亞 broadening 血e to 
strain and/or particle size e.looe . This involves the Stokes Pourier ru珥lysis1.l.1 of the unbr oadened pr o­
file, g(x) , or that profile due to instrumental effects alone, 血d a profile, h(x), wh.icb has broadening 
due to strain and/or particle size and instrumental effects. The convolution equation relating these 
profiles is given l:zy 

。車） = r_ f(y ) glx- y) dy . 
The equation for calculating f(x) derived from irr wa;f;;und- to be 

f(x) = l Fr(t) cos(211xt/e.)b.t + }: F1(t) sin(211xt/a)6.t 

F「=［ H「% +H．心／［G2+3勺l. :~ 
Fi= [H凸－駢1J/[G「 +Gr]

and U「 , ni, c「 ' anc1Ci 紅ethereal and imaginary Fourier coefficients of h位） and g(x:) respectively. 

The integral breadth , B, of f(x) is then calculated for use in the follo吐ng equation(2) 
B* ::: ~d* + 1/D, ( 3 ) 

vhere B* = B cos {8)/i., and d* = 1/d where dis the interplan扛 Sp缸ing, ~ the root-mean- square str ain , 
D the "app紅ent particle size" and e the Br哆名 angle. From Eg . (3) it can be seen the.t 江 plots of 紆
versus d擡 are made , the slope of the line will giver; and the 訐 intercept the reciprocal of D. 

'l'be stress , PI was calc吐ated by making use of a relation due'to St.okes and Wilson(3) 

P = ~/[2(A +EH)], 

where A = S12 , B = -2(511 - S12 一 ¼81t1i) , and H = (k2.t2 +.t2.h2 + h21t2)/[(h2 + k2 + .2,2)2] . The Sij are 
the 吐astic compliances of the crystal; the （证1) represent the 阻11缸 indices of the parallel planes 
which are perpendicular to the direction of the normal stress. 

(1) 

(2) 
,,,here 

The strain energy vas calc吐ated from 

H = PhktC/2 
and the mean value for the sample was defined by 

?j = (Wm紐十加n)血1/2

EXPERL'1ENTAL ~1ETHOD 
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11'he test s血ples (samples 吐th stored s七ain and am.allparticle size) were prepared by the combus ­
ti.on of various solutions of AgT and/or NaI . The controi samples (samples 団th large par ticle size 
邸d ne.g.ligi這e strain) w-ere prepared by grinding 繕I under liquid nitrogen and by precipitating a ne虹ly
satl.\rated soluti.on of NaI onto filter paper . The samples were then analyzed using x- ray diffract ion 
echniques . 

.l'hee芍'eriment consisted of four different series of runs . The tests血】ples for Series I wer e ob-
ained by burning a 3% by weight solution of NaI io acetone, Series II PY burning a 6% by \(eight solu­

tion of 赳I in isopropylamine (IPA), Series III a 3% Agl by weight, 2:1 molar AgI to NaI , acet one solu­
tion, and Series IV the same solution as for Series III only the NaI was washed from the 「il.ter paper 
before the x- ray analysis. 

RESULTS 

A SUD邯虹-y of the results of the analysis c&1 be. seen in'l'able I and Fig. l . Due to space lilnita一
tions only the results involving the AgI'\Iill be discussed. 

For Series II, runs la, 2a , and 3, and lb and 2b designate the re即J.ts before and after annea.11哆
respectively . No annealing 琿s invol.ved in the Series IV experiment. 

The decrease in strain 呾h annealing can be noticed along with the decrease in strain energy , 
霨 ¢eater residualstrain energy of AgIti{A as co苧red vith the Agl-NaI-aeetone (`ashed) generated 
aerosols can also be seen. Previou.s 11or'k I"/ vould tend to 汕`l.icate that the former are more effec t ive 
as ice nuclei than the latter . It can als9, \)e noticed that the strain ene「幻 values all fall belo11 
the theoretieaJ. m紐垃um of h x LO'4 ergslgm閆
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Te.ble I 

A sununary of the resu.lts for each series of runs, 
where f; is the root-mean-squar!. strain, D the 
"apparent ])article size," and W the average s"train 
energy . 

Run No . £ 

Series I 
(NaI-acetone) 

ab 1123 

Series II 
(Ag1 - IPA) 

ab`b ll223 

1 
Series II工 2a

(Agl-NaI-acetone} 2b 
3 

Series IV 
(AgI-NaI- acetont": 

.iashed) 

l23 

.OOJJ.6 

.00112 

.00031 

.00059 

.00188 

. 00097 

.00159 

. 00066 

. 00129 

.00015 
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. 00051 
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. 00040 

. 00021 

. 00053 
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The aver哆e particle si:tes i'or Series I thru IV re­
spectively vere O.lOll , 0.0790 , 0.0898, and 0.0692 microns. 
The composite a.v.erage vas O. 0847 microns. The extr唧e
values of 0 .1272 and 0 . 053 microns can be explained by 
variables in the sample preparation technique . 
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1 . The composite "a.坪arent particle size" for all 
series of runs was 0 . 0847 microns, a result that compared .003 
favorably 吐th the results of another vorker in the field. ( 5) a 

2 . 疝e physical state of 噸；regatio11 of the AgI-NaI J _002 
aerosols vas deduced to be that of distinct particles 丶
instead of shell-co五 composite particles. 

3 . The stored st.Te.in energy of the vashed AgI-Na.I 
aerosols vas significantly lower than the stored strain 
energy of the Ag! aerosols generated from an IPA solution. 

4 . The effect of annealing was noticed 扛 the AgI 
aerosols gen紅·ated .from the Il'A solution but the effect 
vould be insignificant. for cl叩d seeding operations . The 
effect of annealing 。n the AgI-Ne.I aerosols vould not. be 
notked due to the already low strain ener切 values for 
the unannee.led samples . 
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"Fig. l. 鈕一ary of the 8曇－d" plots for 
each series of runs. 

ACKNOWL!叩GMENTS

皿is re.search vas car己．ed out under the sponsorship of the 0仃ice of Atmospheric Water Resources, 
Bureau of Reclamation , U.S. Dep缸tm.ent of tbe Interior, Contract No. 14...06- 0- 6796 . 

REFERENCES 

(1) Stokes, A. R. , 1948: A numerical Fouri紅－血alysis method for the correction of vidths and shapes 
of lines on x-ray povder photographs. ~. Q, 382-391. 

(2) Williamson, G. K., and W. H. Hall , 1953: X-ray line broadening from filed aluminum and -.,olfram. 
Acta. Met. , L, 22- 3L 

(3 ) Stokes, A. R ., and A. J.C. Wilson, 1941.: The diffract.ion a f x-ray by distorted crystal aggrega'tes . 
Proc. Phys. Soc. ，廷.174-181.

(4) Davis , B. L., and D. N. Blair, 1969: Role of substrate strain in ice nucleation. ~ . 
吐， b571-h580.

(5) Mossop, S. C., and C. Tuck-Lee, 1968: The composition and size distribution of aerosols produced 
by burning solutions of Ag! and Ne.I in acetone . 」． APP1 . Me訌eoT ., l, 23k-2Lo . 

28 



FREEZING NUCLEATION BY SUVER [Ol)TIJE COMPLEXES 
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A great deal of effort ha!Igone Into comparing the Jee nuc.leat1ng act.ivf ty of pure silver iodide 
with aerosols produced by methods 吡ich use sod扭ll\ iodide or potass1 um 1 odide as solubi lizers . These 
comparisons have been extremely b紅廷icial not only from the ptcactic.a.1 point of v」 ev but also in helping 
to elucidate the modes of ice nucleation for silver lodi.de, St. Amand立. , (1968) pointed out the 
possible importance of the co11rplexes that form from the ailver and alkali iodides and postulated that 
due to their hygroscopi.c nature, the comple.x.es condense water from 叩ich silver iodide precipitates upon 
fur char,ji lution and acts as a freezing nucleus..Bu北ardt 凸．，（1970) has :.ho叩 that the activitie s 
of 吐de. varieties of complex臨 1n a cloud chambe.r were higher than that of pure. silve.r iodide. Mossop 
and Jayaweera (1969) have also argued that Agl-NaI aeros()ls act as free:zin~ nuclei. 

Vario四 silver iodide co可） lexe.s were tested by the d roi> freez.ing technique.; this method detects the 
freezing nucleating ability of the suspended material in ltulk water. For each s紐rple apprc吐macely 200 
drops of 2. 7 mm dia嚀 te1: were frozen and the freezing temperature re~orded w.1th O. 25C nsolut.ion . The 
result of at坪ical experiment is sh叩 in Figure l: Va,ious 心lutions of a 3KT · AgJ suspension 1.1ere 
us ed to detel:l!line the nucleus concentrations over a •-11de range, and original nucleus concentratio画 a1eh
respect to volume of wacer have been converted to nuclei ~er gi:am of silver iodide on the bases of the 
d.itut ion factors, There is a characte.ris tic br:eak. in the curve such that the rapi.d incr1珥se ln concen .. 
crarions between -SC and -lOC is followed by ve可 litc1e Inem這ge umil 丑~()C is reache.d , beyond which 
the. nucleus concentrations again increase rapidlv. The t'elaci vely low n1JJJ1e't:Ical efficiency for silvei: 
:Iodide in this s細ple as co呵'ared to aerosols is due to the larger particle sizes used. The results o f 
a seri~s -0f experiments, Jn 呻 1ch the l)r01)0Tt1ons of the silver iodide to alkali iodides were altered , 
銍 sh硒 .in Tab.le.l. Here the nucleation act:ivitv _is charact紅ized by the average freezing temperature 
of che drops 吡ich corresponds to appro)dmately 1()6 nuclei per gram of 战I. For each ser1es sho中 in
「able 1 finely 臣ound solid, whos.ecomposition is give.n. by the 訌rst 1:Ine tor eacb sec1e.s, ms 1nctO­
duced into the vater and subsequently further amou.nts of potass:lum iodide or sodium iodide were added to 
alter the composition, The large change in freezing temperatures due to the addition of potassium io-
dJde (Series A) se緬 significant. The changes in freezintz te可'erature for sodium iodide. (Series B 缸這 C

are ｀吐atively small and it 1.s uncles「 `hy the shifts occur in opposite direc己ons in the two tests. 
Regarding the applicability of these results to aerosols produced by the burning of solutions of dif­
ferent COlll?Osirtons it remains to be established'Whether the addition of further amounts of alkali io­
dide.s t.o a suspension ls equivalent or not to changing the composition of the solid material before it 
is introduced into the water. The dependence of solubili 句 on particle size may also need to be con-
sidered. lt is io. these direct.ions t區c an eJ>.-planat.ion will have to be sought for t.b.e lDck of ac.tivi ty 
found by Vali (1968) for an °AgI-NaJ ae 

For 知other series of expe尹ents. 0. 4 mole Ag! was dissolved in a l, molal sQlution of KI 呻1ch uas 
then diluted 吐th va巧'ing ainoun 邙 of water, The concentrate was found to 涵 a true solution by the l ack 
of Tyndall-scattering of a laser beam, in agreement with the soluhility found bv Mills ~ - , (1970) . 
The experimental results are shown in Fig心e. 2 . The vertical bars for each sample ·l.ndica te the range 
of freez.ing ~empe:cacure9 of the drops and correspond to the range in which the nucleus content increases 
from l co 103 per g「研 of solution . . Precipj tati cm from the sol.ution was visually observed 呻en the KI 
molali tv was reduced co b吐m 1.? . Some nuc1紐已on ac: ti vity was. ho,.,ever. observed for even more con-
cencraced solu吐ons; the nucleation activity increased gradually with increasing dilution and leveled 
off in the neighborhood of 0.07 1110le Agi and 0. 7 ll!Qle KI. The 毗!!ting points of the concentrated so-
lutions were noted in two c唧es as indicated by circles in Figure 2 and calculated from standard fonnula, 
for dilute solutions 呻 shown by crosses in Figure 2 . The parallel trend between the melting point 
curve and the temperatures of activity ia quite striking. The gradual increase in nucleation temperat ur1 
with gre_acer dilutions is due to reductions in the me1.ting point de.pre蕊ions and co increased precipi­
tation of Agl from the solution, The latter effect, lf isolated, mav perhaps be related to the sizes of 
che pa.rticle.s . 

如e of the interesting featur畔 of the freezing nucleation ex-pe1:iments 引．th Agt co可,lexes is the 
alteration of activ1.ty 吐th successive cycles of 伝eezin又訌ld 1lle1U.̀ ` F1g四·e 3 shows an example of a 
gradual rise i n nucle~t:土on temperature for a drop containing 10一3 parts by ~Ye1.ght of 3K1 ·A.gl.. The 
average freezing tempera.cure for 80 drops 1:ose from -8C co -3 . 9C after 18 可cles of freezing and melting 
The warmest freezing temperature at the end of the sequence for an 1ndividual drop was -2 , 8C. Increasin1 
nucleation temperatures is rlth recycling were found for- the majority of the sampl蟀． The 1-ncreases 
cannot be accounted for on the basis of a ti:呻 effect since. additional periods of 10 co 20 minutes a t 
-4C to -6C have not resulted in warmer nucleation c師tperatu.-res. This behavior for the Agt complelles is 
quite d1 f fer en r from the patterns ob t.ained for other substances which showed essentially unchanged nu-
cleation temperatures 呻en repeatedly frozen and melted. lt is thought that ~he increasing e.ffectivenes 1 
(ripening) of the complexes indicat頲 a lack of stability of the particles or of the nucleation sites 
on their surface. Rec可scallization is probably occurrlng due to changes In solubilities with te111per-
ature (Hills 旦., 1970) and a change in particle sizes may also he involved with the larger particles 
growing at the expense of the smaller ones. Apparenclv the new surfaces created in the process have 
improved abilities to nucleate lce. 
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'fh.e sizes of the particles involved in these teats are of obvious importance. It was found that 
filtering any of the sa:囯plea vith 0.02 -micron pore diameteT filte rs removed essentially all nucleation ' 
activity . Filtration ~th 1.2 micron pore filters on the other hand result虱 in only a relatively 
S皿11 reduction in nucleation activity . An example of ripeni.ng mentioned in the previous paragraph 
is sh硒 .i.n Figure 4. Unfil.tered and filtered samples were processed simultaneously with approximately 
1 degree colder freezing temperature$ for the filtered sample 血tially. This dil'fereoce gradually 
disappeared as the samples were refrozen several ti.mes until the average freezing cemperacu:re.s for the 
filtered sample became qual to and eve.n exceeded the t卹、peratures for the unfiltered somple. 

It is evident from the resulcs presented above that the silver iodide complexes are indeed effective 
sources of freezing ·nuclei under the circumstances of these tests. "'E'Xtens:l.oos of the vork to smaller 
particle sizes vill assure greater transfe'Cabil1ty o-fthe results to problems of cloud nucleation . Ex­
planation of many of the facts observed will require a better understanding of the physical state of the 
silver iodide complex/water system . 
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TABLE 1 

SERIES. COMPOSITION . AVG. FREEZING TEMP 
3KI •Agl 一7.2

一4A 6KI · Ag1 -8.S 1.5 x 10 m AgI 
12KI ' Ag1 -11.0 
48KI·Ad 一 11 . 0
0. 7 NaI·AgI 一6.5

2 . 2 x 10 一3-m Ag! B 4 Nal · AgI 一 S . 8
8 NaI·Ad 一5.4

0 . 5 NaI · AgI 一 7.5
1. 6 x 10-3 "'m AgI C 2 NaI•Agl 一 7.9

24 NaI·A!tI 一8.` 
D Aa「 一6.4 4.1 X 10一3m
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瑯L.4TION BETWEEN ICE FOR!扛NG ABILITY AND CONDITIONS 
OF FORMATION OF SILVER IODIPE NUCLEI 

by 

. I saka , R. P.ejoux and G. Soula p:e 
(Faoul U de~ Sciences de Clerrnont -Fd - France) 

Sln3'Cke diseover1 。 r the effec?ts of'Ag二 nuc lei on superc ooled clouds 
•,i ·-l"1~S clevlce!; to produce these nuclei have been lnvestlgaced but very o 「ten
亞；i迅cally or Lnc'):npletely. [n the past , some authors (Dessens (1) , · Steele (2) , 
(1, , ... ) have nartl:r stud led :;he problem.mder its thermodynamlca.l aspec c . 

i::n this 翌 per , we ree lCamlne it 叩der 忒 :1e same aspect 「or a "Skyfire1 
E:e?- ra :.,r bur,lng an aeetone so Lut lon o「 Ag i: and Na T. We study Sl.lCCessively 

- the spraying anrl the combust Lon or acetone droplets ; 
- th~ vaporlzatlon o 「 i:.. gi ln the flame o 「 tne b:.1rner ; 
- ';111'? l'l ize ~pee t t ·:.lm or the proci uc ed nuclei ln varl ,">US con11t1ons, 
- th2 lee fl'lrmlng propertles of the same nu ;;; lel as a ronction o 「 che size 

spectrum . 

1'hen we try to eAplain tbe results tneoretically , 

F'or tills work, we have built an experimental "Skyfira" burner and a 
1evl.ce (fig . 1 ) enabl ing us to control.each par9.meter (stoichiomet:rLe ratlo of 
: ＾吡bust ion ; temperature , dilution,. . .) governing the production of nuclei . 

A f1.rst result that we have obtained Cflncerns the positive effect of 
:1 a 邛iliary combustlble (propane} on the output of a generator burn.ing an 

aoecone so1ut1on o 「 AgI. Auxiliary combustlble raises the tem!)erature a 「 flame
anr. f av0rs the complete evaporation and combustion of solution droplets as w9ll 
as t;he complete vaporl zatlon of Ag 「 .

3to1ehiometr1e Distrlbution parameters Medlan 
ratio Median Standard rad L'.lS 

(log1 n R) d eviatlon 

c . 5 2 . 71 () . '21 510 
l ? . 5Ji ¢ .3l 350 
1. 5 -:> . 75 0 . ~l! 560 

·l'a b . 1 

A second.result is relative to t he varlac.lon of the size spectrum of 
ae :）I、du•~ ed nuole i { tab . l) ann , consequant ly, th巴 var.iat1on of Ehe 1ee 「ormlng
blU t~· o" the same nuclei( 「 Lg . 2) as a fonction o f the stoichiometric ratio or 

:;,1.1austlon . The rad [us o 「 nuc le i decreases as the st.olchiometric ratio varies 
"「 `11 ri . 5 to l , then in-0reases as the stolchlometrlc ratio varies from 1 to r.5 . 
At';he same time , the number or nuclei ef 「ective below -8°,; lncreases when the 
s-:;.-, L:::.h~11metric ratio changes from O, 5 to 1 , then increases ~ihen 1.t changes f rom 

m l · 5 · , I)r a tem立「1;1ture above - 8 °C, the number of effective nuclei increases , 
nL'l□ly when the sto lchiometrlc r>atto 1..nc-reases 「rom 0 . 5 to 1 , but a lso when it 
Ln-:-reases from l to 1.5 . Th1.s result sho1•1s one must 1.,1se a stoichi-)metrlc ratlo o!' 
L5 如 gel. a greater output at nuclei effective at high temueratJ.re . 

At la,st we have experimentall y 「ound that the acetone vapo r deact1.vates 
the AI;T ice nuclei at high temperatures . .['his 「act mi[llt explain tne dec rease of 
e:、「ect 區 Lee ，心 lei observerl ab()Ve -「 °C for a stoichiometrl,~ ratio () f 0 . 5 . . 

The above . results are discusi:;ed from the point or view o「 1ce nuc1eatLon 
t'.'.eorl. es : kinet i c theory or tce nucleatll'l11 a"\'l theor.v :->f "ice nuclea tion slte1' 
t,ro r,serl by :;at z (!.t ) . The 「 lrst o 「 these the->r les ex.plains our experlmental results 
1,e 记；er t.han the seco-id . 
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EVALUATION OF THE FILTER TECHNIQUE FOR ICE NUCLEI MEASUREMENT 

A . J. Alkezweeny 
Meteorology Research, Inc . , Altadena. California 

INTRODUCTION 

One, of the difficult problems in cloud physics today is the design of an instrlll'.Ilent by whicb the 
ice nuclei concentration in the air can be measur ed precisely. All the available nuclei c ounters lack 
precise conrrol of temperature and s upersaturation, effect of frost forming on the inner walls of the 
cou.nter, and the liooitation. of detection technique. Therefore, they do not reproduce atmospheric 
condi ti on s (I, 2) . 

The millipore filteT technique which was introduced by.Bigg et al . 13), and later improved 
conside rably (4 , 5 , 6) has shown promising r esults . This paper discusses some aspects of the 
technique and compares the'I"esults with othe1· nuclei counters . 

THE EFFECT OF SUPERSATURATIO 

Two filters were exposed at the top of the M紅 building. Sampling volume of air was 100 a nd 2 00 
liters for filters (a) and (b) , respectively. The two filters were processed in the same diffusion 
chamber at a t emperature of -18C, and different supersaturation values . The results are shown in 
Tabl e I. The number of active nuclei increased with increasing super saturation. However, the r ate 
of increase o! the nuclei was not the same for botl1 filters . Furthermore, no increase was det ected 
between 22 and 60 percent supersaturation . 

Table I 
THE EFFECT OF SUPERSATURATION 

ON ntE ICE NUCLEI CONCENTRATIO N 

No . of Ice Crys tals Grown 
on the Filter Surface 
Filter 因 Filter {b) 

35O

1l]l 

I2

33333 

27 
35 
36 
39 
4 1 
4J 
41 

Supersaturation 
(%) 

I6n22334660 

Table II 
ICE NUCLEI COUNTS 

USING DIFFERENT PORE SIZE 

Pore Diamet er 
罕

0 . 025 
0.05 
o. 10 
0 , 30 
0. 45 

Total Count at Temperature of 
-15C -18C - ZOC -2 3C 
8O522 8

3
287 

11 l
878O 
3II

l 

82O9

5 

3
l211 

EFFECT OF PORE SIZE 

Five m illipore filters of different pore sizes were exposed to 100 liters of air at the top of the 
MRl building and processed at four different temperatures, and the r esults are shown in Table II. 
The highest counts at each temperature were obtained with th e small pore size filters . With one 

xception, the 0 , OS ~ size, the trend at each temperature is for higher count s with smaller po r e 
size, Befo r e atta ching much significance to the pore size effect, it must be emphasized that the 
maximum range at any t empe ratur e was only approximatel y a factor of three. For almos t any pra c ­
tical application, a factoT()I three changes in ice nuclei co血 h訌 no impo rta nce . Considering 
potential experimental error and practical importance, variation in ice nuclei concentrations -should 
be greater than an order of magnitude before it is considered s1g-nificant. On the basis of Table II, 
one n1.us t conclude that tlte filter's pore size is not of vital importance when measuring ice nuclei in 
air . 

COMPARISON OF THE MRIICE NUCLEI COU NTER AND THE MILLIPORE FILTER 

A primary r esult in the comparison between the fast-response MRI ice nuclei counter a nd the 
m illipore filter technique is presented i.n Table ill. 'The procedure here was to sample the a辻 with

the !ilter at the same location and time where the MRI counter was a1so counting the ice nuclei con­
centration, Later the £ilters were processed at a. temperature of -ZOC (which was the same temp era ­
ture as the MRI counter ) and at both I and 70 perc ent supersaturation. It is seen from the ta ble 
that there is good agreement between the 坪o techniques when the supersaturation was at 70 pe r cent . 
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Table 工

COMPARISON OF THE MRI COUNTER 
AND THE MILLIPORE FILTE只

Table IV 
ICE NUCLEI COUNTS IN 1. 5 cc OF RAINWA TER 

COLLECTED ON THE ROOF OF MRI 

Relative 
Humidity 

Run 
No. 

No . Ice Supersaturation 
Nuclei~ 

Temp . During 16 January l 970 
Cooling Moderate Rain 

Filter l.8 I 
「 C) ¢ o) 1330 MS~ 1415 MST 

5 70 - 5 30 。 。
MRI Counter 5 , -IO 30 。 。

-15 30 I 。2 Filter 4 -18 30 l 3 
>JOO 70 -2O 30 JO 11 

MRI Counter ]30- 30 ? 
- 5 100 。 。
-10 JOO 。 。
-15 100 6 6 
-18 J OO 18 8 
- 20 1 OO 67 26 

ICE NUCLEI COU 

Rainwate r, 1. S cc per sample, was collected at 13'0 and 1415 PST on 16 January from moderate 
rain . Each sample wa s filtered through a millipore {ilter of 0 . 45 um pore size . Aftel" drying, the 
filte r s were processed at one-percent supersaturation ;.nd di!fe rent t<'mpP ratures . Two runs wer 
made . In the first run, the relative h咖idity was maint.iined at 30 percent before the filters reached 
the required temperature. In the second run, the relative humidity maintained at I 00 percent. The 
results of this nuclei count are shown 沄 Table!'/.

The concentration derived from the co叩ts in Table lVare lower by an o rde r of magnitude or 
more than Vali found in Canadian rain (7l. A possible c>-.l'crimental expla泣tioo for the discrepancy 
be tween TableIYand Vali's results can be found in the observ泗 technique. Vali coll ected his rain. 
made it into drops, subjected the drops to progressively colde r te.mperanires. and cou.nte<.l th e number 
of drops that froze per degree of cooling . lithe nuclei that he observed were smalle r than 0. 45 µ:m 
diameter, they would pass 缸ough the filters . 

Another important r esult of Table IV is that the count would be higher if the filter.s were subject 
to 100 per cent relative humidity during the cooling period. A possible 心planation is that, in the first 
run, only sublimation nuclei were detected, while in the second run, condensation was ta届ng pla ce 
forming water droplets and then freezing them. 

COi'.'.CL OSIONS 

From the previous sections we can conclude that: ( ! I supe r satura t io n influences the nucl ei count, 
(2) filte 「 pore size is not vitally important when measuring ice nuclei in ai r, (3) filter t-E'chnique 
compares well with the M即 fast- response counte r if the filter is processed at high s upersaturation, and 
(4) the relative humidity du r汨g cooling influences the fina I nuclei count. 
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SOME ORIGINS AND SINKS OF ICE NUCLEI IN THE ATMOSPHERE 
by 

Peter v. Hobbs and J. D. Loca'te.lli 
Cloud Physics Group , Atmospheric Sciences Department 

tJ吐versity of Washington• Seattle• Washington 

CONTlNENTAL . MARITIME AND CITY S函CES or ICE NUCLEI 
「or a period offour months simultaneous measurements were made , using an acoustical ice nucleus 

coW1ter, of the concentrations of ice nuclei 江 the ail;'at t证ee sites i.n Washington State . The sites 
were Quil.layute (on the Pacific Coast), the University of Wasbington (in northeast Seattle), and Stam­
pede Pass (in the Cascade Mountains). The mean concentrations of ice nuclei at the three sites for 
vario哂 uind 血ection.s are shown in 「ig. 1. 

The following conclusions can be drawn from 「ig. l: 
(a) The concentr.atioos of ice nuclei in the city of S綫ttle wez,e much greater than those at the two 

non-city sites. 
(bl When the 吐nd at the University of Washington was from a southwesterly direction (i.e . from the 

downtown and main industrial areas of Seattle), the concent:rations of ice nuclei were much higher 
than for other wind direc~ions . 

(c) At Quilla四_te the concentrations of ice nucl.ei were greate「 when the winds were from the continent 
(north through east to south ) than when 1:hey were from the Pacific Ocean (no云h through west to 
south) . 

(d) At the inland station (Stampede Pass), which was remote 丘'om any centers of population ol" industry, 
the concentrations of ice nuclei were relatively independent of the directions of the wind . 

The high concen面ations of ice nuclei at the University of Washington is attributed to a source 
of ice nuclei in the city of Seattle . The source, however. apPears to bE3idesPread and we have not, 
as yet, been able to identify 1 t 吐th any particUJ.ar industry. Schaefer'...'pointed out that lead 
particles in the exhaust of automobiles are a potential source of ice nuclei if they react with iodine 
to fo面＼ lead iodide. However, free iodine in the atmosphere is quite rare; the main natural. source is 
probably the ocean, Since Seattle is adjacent to the Puget Sound and close to the Pacific Ocean , it is 
possib.1e that the high ice nucleus counts m臨sured in the ci,:y 缸'e due to the reac'tion of'lead particles 
from automobiles with iodine from the ocean to form lead iodide. Further studies are being carried out 
to check c记.s possibility. 

SOME EFFECTS OF RAIN AND FOG ON ICE NUCLEI 
(2) Hobbs et al. lLJ obse~ in t he air sometimes increase £or 

a sho"I"t period or time following the onset of rain . Further evidence f叩 this effect was found in 
he present study. For example, Fig. 2 shows the variation in ice nucleus count at Quillayute eve"?'a 

period of two days (October 29 and 30, 1968) . At 2130 ho心s on October 29 a rain shower started and 
he i.ce nucleus count increased by about a factor of 50 for a short period of time . It should be em一

phasized that the ice nucleus count does not always increase in rain showers. On those occasions when 
we have observed an increase, fa.irly strong mixing was taking place be的een cloud base and ground. It 
is postulated that under these conditions some of the ice nuclei released into the air due to the eva­
po泣tion of 衣吐ndrops below cloud base 缸-e transf紅•red down to the ground . 

We have observed also, on a number of occasions, increases in the concentrat:ions of ice nuclei in 
the air during the dissipation of £ogs . 囧o such cases 尹e illustrated by the results shown in Fig . 3 . 
In ord面 fot'a fog to increase the concem:rai:ion of ice nuclei in the a辻 when it dissipates, it is 
necessary for the fog to either concen心ate the existing ice nuclei in the air (i.e. to act as a sink 
for ice nuc1ei) or for it to 江orease the efft5'iveness of those ice nuc1ei Hhich it eaptures . An ana­
logous effect was observed by Radke and Hobbs 袖o observed that• in addition to sto`項t cJ.oud con -
densation nuclei, so瞬 clouds also "generate" these particles so that when the cloud dissipates the 
concentration of cloud condensation nuclei in the air increases. 

For a detailed account of the work summarized here the reader is referred to Hobbs and Locatelli,.. ! (4) 
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ICE NUCLEUS CONCENTRATIONS DURING PRECIPITATION WEA TH面

Roger F. Reinking 
Colorado S乜le University 
Fort Collins, Colorado 

INTRODUCTION 

Cloud seeding to increase precipitation from winter oreigenic clo\ld!o has been demonstrated as effective under 哼rticular

temperatu.re, moisture and wind conditions (1}. However, a potent乜l for positive modUication does not always exist . Cloud 
treatment with artillc{sjnu.c.le.ants has to be tailored for existing conditions . Seeding is rounded on the presumption that the 
backgrou.nd nucleus level is so low 囧 to be Ineffective ln initiating precipitation excep~ at relatively cold tempe:ratures, but 
background nucleus concentrations nuctuate by orders of magnitude. 'fh這 1nvestiga.tion establishes the frequency distributions 
or ice nuclei active in the -14 to -28C temperature range for the nucleu!! populations which occur during precipitation weather 
(PW) in the mountain atmosphere, sugge!<\s p函slble explanaUo邙「or the ·features o(lhe dlstribu.tlons , and physically relates 
the characteristics of these distributions to the nucleus concentrations which would ca:山;e mountain clouds to precipilaie at opti­
mum et!lciency. The PW nucleus distributions are taken from control cases of randomized c loud seeding in the Colorado Rocky 
Mountains . The nucleus concentrations (total sample, approximately 21,000 measurements) were measured with a USWB­
modified Bigg-Warner expansion chamber (2) (3) (4) at the High Altitude Observatory (llAO, elev. 3. 7 km mall on the continen­
tal divide n綫r Climax, Colorado. 

PRECIPITATION WEATHER [CE NUCLEUS DISTRIBUTIONS 

面e 「requency distr.ibutions !or background ice nucleus concentrations measured during PW at HAO are presented in 
Fig. l . Corresp叩勻 m鈺n.modi吣 and extreme spectra 心e represented by Lhc curves in Fig. 2. A _measure of precision 
of eample means at spe叫ic nueleation tempm·atures as estimales of populatIon means Is gtven by O'7全個 and o are stan­
dard deviations or the mean and the whole sample; n ls sample size . ）面e a1 is illustrated by lhe bars ·on curve a, Fig. 2. In 
general I.he PW spectrum follows the typ迢l In N-T pattern. 面e irregulaM.tles provide c lues to the nucleus sources; these 
and the extremes are suspected to be signi!icant In regulating the precipitation process. In Fig. 3, for comparison, the PW 
spectrum is presented along with the background nucle四 specti·um representing 血 weather conditions at RAO and lhe appro辻
mate world－泅de aver哮e background spectrum (5). The volumelr包 mainly sea-level world-wide measurem".nts, were adjus­
ted to the 珥0 pressure level (663 mb) . 

INTERPRETATIONS 

The loweat ice nucleus concentr詛on measurable with the expansion counter l.s 0. l /t, so the PW me劻S 扛e slightly 
biased toward lower than actual concentrations ror temperatures where populations below the o. 1/t level occur frequently. 
The rapid dropo!! in concentration from -14 to -12C is partially attributable to expansions in1Jufilclent to produce saturation or 
clouds or sufficient density and duration. Even with this effecl the mean measured concentration at -12C is twice lhe world-
wide mean. ln.strument 血ects are not responsible for the other major features of the PW spectrum. A critical analysis on 
the basiS or the inst.rument eva.lua.tlon by Reinking (4 a.ncl unpuhllshed) revealed that the -14 to -l6C plateau and the 叩fering
slope relative to the world-wide spectrum slope represent the real nucleus population. 

A combination of tbe effect.a ot station remoteness, elevation and combustion productir may explain the lowet'than world­
wide avera.ge concentrations ln the PW 町>ecirum at the colder temperatut'es, especially 一26 and -28C, Al tbese temperatures 
only, an occaslonal buildup of nucleus concentratio呻 overn填ht and a decrease through the collt'se of the moro.l.rJsg occurs at HAO. 
These possibly indicate a hoctu.rnal accumulation of cold-temperature-active local eombu.stion-product nuclei under inversions 
form.Ing near the cold mountain surface, and a morning release with solar heating. On lhe average, the high elevation, 「emote

'HAO site 拉 freer ot such pollutants than the ma」ot'ity of other nucleus mea頲ring stations around the world . 
Residuals of artificial nuclei from cloud seeding may at least partiall.y account for the 囯gh PW concentrations relative 

to world-wide con.centrationa at temperatures warm.er than about -21C. Nucleus distributions on each of the 1st through the 8th 
days after seeding, compared by a nonparametric statistical test (5) to a control sample, re11ealed that a residual does occur on 
the lat and 2nd poa-i-set!!ding days , with a signillcance at the 0. 00% and 0. Goo;. con!idence level糾 respectively. 'rime叫se . ` 
number o.C the lndJ.vidual randomized control cases occurred immediately after seeding cases. An erlect o! residual nuclei on 
the spectrum is therefore probable. Ag[ Generator efficiencies dictate that residual nucle\Is populatio呻 will be masked by 
naturol nuclei for temperatures colder than 吐,ou.t -20C, but could be significant for warm.er temperatut'es, as indicated by the 
mean PW spectrum. The mean all-weather spectrum, which includes the PW data but ls diluted by much m.0re no-seed data 
without possible residu.al effects, lies below the PW spectrum for T>-22C as expected 1! residuals exist . 

The residuals cannot entirely e:cpla.in the -14 to - 16C plateau. An Influence of warm-temperature-active org疝ics (e.g 
turpenes) is poss叫e. The t'eality o{ the plateau ls possibly r這ected l.n the mean daily anowfaU recorded at CUma.,c (Fig. 4) 
which also shows a plateau over the -14 to -l 6C range. Ice crys1.a l multiplicati｀丶 by fracture of dendritic crystals could also 
exp岫 this snowfall ch.a.racteristic. 

PRECtpITATION WEATHER CONCENTRATIONS RELATIVE TO OPTIMUM 

Ma汕mum utilization of cloud water through the cold cloud process is expect1;id to occur when the integrated growth rate 
~ ice ~-:ysta:ls per unit volume (Nc) proceeds at the. same rate t11al cloud waler is supplied to each untt volume by condensation. 
The optlm.um orysta.1 concentratloii ca.n ihen be expressed (6) 蟑

一 1 1 Nc = 4 . 7(lO) (o/r) (q -q)/F(T) 
700 500 

where o is the upward ak motion 止 mb/hr. T is the crystal radlus in 叩cro邙． q8 is the saturation mixing ratlo in g/kg at SOO 
or 700 mb, and F('r) is a ct'ystal gro汛h parameter (7). 

Uone i~~. nucleus leads t-0 formation of one ice crystal, then the excess or <teficlt in available nuclei/unit volume is 
giveri_ l;)y N ~ N(T) -Ncwhere N(T) is the actual nuoleus corteenLNltfon a ~ T (1). Excesses and deficits tor the ·mean , 95th per-
centile and 5th percentile spectra from the PW rrucleus distributions are shown in F埡ire 5, a, b, and c . Optimum con.ditlons 
are tabulated with each figure (cloud top leve.lscorrespond approximately to the 500 mb le.vel) . The 1;, cm/ sec upward motion 
is n:,o~t. applicable in the Climax 紅ea. For the mean, the opl加um conditions are 1-2C colder 如Ill those ·calculated by Grant, 
et ":1. (1). who assumed the wot'ld-wide mean was applicable at Climax. On the average a 「ew more st.orms than previou~ly 
realized may be seeded to produce pt'ecipitation increases. For high e而eme nucleus levels. optimum lemper;,.tures.ar~ 
about 3C warmer than !or mean conditfo画 wa元\er clouds pi:ecipitate efficiently without seeding. 頤en low extreme nucleu;i 
populati.ons occ1.1r , there are deficits and clouds are seedable for all T2-2BC. 

The mean nucleus spectrum for seeded c011ditions (curve ~. Fig, 3) is well above backgro吣d for all temperatures. 
Assuming the released Agl reaches 吣 cloud in these concentrations, seeding is s\I!ficient to increase optimum temperattrres 
by 5 to 8C on the average, th\IB optir中ing precipitation for storms with cloud top temperatures in the -15 to -22C r;,咽e . U 
11 is assumed t區tia, cryst吐 multiplication occurs in this cloud a:t such a rate t洹 t 10 crystals are produced for each 乓
nueleus, so N = 10 N(T) -Ne • the_n opt.imum conditions occur for T> -1 3C. This means lhal on 山e av紅age ~-seeding would 
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result at least 「or clouds co.1der than ab呻－15C. However, 11igr山k血 posillve seeding results have been found at Climax for 
clouds in the· 15 to ·20C range, The combined evidence ts strongly ag吐邙虹邲urrence o.! a signifi.cant multiplication 
血ect tor thos e t血peratures . The one nucleus-one crystal assumption made above ls c ertainly valid in the first a pproximation. 

CONCLUDING REMARKS 

The PW ice nucleus spectrum presented b面e is based on a very large and long-term data sample. It is considered to 
be representative of real nucleus populations. Consideration of the -r珥duai nucleus ef!ed and the extremes of the precipitation 
weather 皿cleus distribution make it clear that field monitoring of nuclei before and during s eeding operations can be very ad• 
画tageOUB i.ndeterm1n1ngw垧t generator outputs should be used, which individu.al cloud s ystems should be seeded, and which 
systems `4llP「eclpltate most efficiently with01Jt modlI!cation. Professor L. 0. Grant Is a.cknowledged for hi.shelpful discus• 
sions of thi.e work. The research was supported by NSF Grant No. CA· 1553. 
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THE CLOUD SEEDING POTENTIAL OF SALT LAKE VALLEY 
Am POLLUTION - COLD SEASON* 

George W. Reynolds, Utah State University, Logan , Utah 

There are a number of reports in the literature which indicate that cloud seeding, and even over 
seeding , by air pollution is a very real possibility. (The two-page limitation on this document pre­
vents proper acknowledgement of the various authors.) Possible ice nuclei sources in the Salt Lake 
Valley include coppe.r smelters, steel mi1ls, refineries, the Great Salt Lake, a population concentra­
ti.on, an unusually large number o! wood burning 丘replaces, and moderately dense freeway traffic 
all within 20 miles of the WasatchFront. The prevailing westerly component o{ the winds during 
seedable conditions may very well force the pollution to rise into the clouds when it meets the nearly 
continuous, NNW-SSE oriented Wasatch Front, which rises to 4, 000 ' -5, 000'above the east side of the 
Va \ley floor . 

Provisions were made !or airborne nuclei counting by Atrnospherics, Incorporated, duri ng 
whatever time was not u.tilized under a contract for airborne seeding. Both ice nuclei and condensa­
tion nuclei were counted, but only ice nuclei are discussed in this paper. The numbers of ice nuclei 
were estimated by visual counti,ng, using a modified M:RI cold box. The airborne sampling was 
supplemented by ice nuclei counting at the ground. ** This is a tentative summary of the results of 
the ice nuclei phase of the ai"?"borne experimeot. There were 21 air sampling flights on 11 days. 
Ftigbt durations ranged from 1/2 to 3 1/2 hours. All 21 flights included sampling along a horizontal 
path, and for each of l3 Oights, 11amples were also collected, at intervals o! 1,000', from 5,000'to 
10,000 ' (MSL) or higher above a selected location. AU cou nts were at 20 Centigrade. 

The following statistical summary should give a general idea of ice nuclei concentrations , over 
the inspected portion of the Salt Lake Valley, during the experimental period . 

Highest co血t- -6, 000 / liter. Lowes.t count-- zero / liter. Number of flights 面th at lea st one 
c ount : :Ii' 100 / liter- -17; > 250 / liter- - 16 ; > 500 / liter- -16; ,:. 1, 000 / liter--15 ; > 2 , 000 /liter- - l2; 5 
3, 000 / liter- -9; ;;; 4, 000 /liter--6 ; > 5, 000 /liter- -2 ; > 6 , 000 /liter- -1. Number of flights with no count 
as high as: 100/liter--4; 10/liter- -3. Altitude of the highest count- - 5, 000'; altitude with the highest 
average couot-- 7, 000 1. 

In general, the air sampling flights were made during periods when conditions were unsuitable 
for seeding operations. With these sampling conditions, a diurnal effect on contamination dispers吐
would not be surprising, Comparisons were made between morning and afternoon counts which were 
taken at the same altitude and location on the same day. Compared pairs were limited to those of 
which at least one member had counts of at least 100 /liter. 

There were 14 comparisons of data collected on 3 days during horizontal profile flights, and 14 
comparisons o! data collected on 4 days d訌ing vertical profile flights over the Garfield smelter. 
There was no clear indication that the time of day was a consistent control factor on the number of 
ice nuclei over the Garfield smelter dQring the daytime, i.n February or March. However, the data 
suggest that future ex-periments should provide data for further consideration of the diurnal influence 
problem. .Even with more conclusive statistics, one could hardly have drawn generalizations from 
samples collected during 14 flights on 7 days . 

MSL 
Alt. (Ft) March 31 1970 March 10 1 1970 March 191 1970 March 201 1970 

Flight No . 11 12 15 16 17 18 19 20 
a.m. 2· m . a . m. E· m. a. m. e . m. a.m. p. m . 

14,000 1 
13, 000 7 
12, 000 。 4 5 zoo 4 
11,000 3 3 1 l 25 7 2 
10,000 1, 500 200 1 2 l 10 5 9 
引 000 750 300 2 3 3 500 8 1,000 
8,000 l, 000 250 2 2 5 200 26 2 , 000 
7 ,000 5 ,000 500 500 200 1,000 1,000 4,000 l, 500 
6,000 3 14 3 5 。 l, 000 3,000 1, 000 
5, 000 5 15 2 l 500 5 1 

T ABLE l: Observed Ice Nuclei Concentrations During 8 Flights Over the Garfield Smelter 

*Funded by the Office of Atmospheric Water Resources of the Office of Chief Engineer, U. S . 
Bureau of Reclamation, under contract No. 14-06-D-6820 with Utah State University. 

**The ground counting was done by William Slusser usin~ an NCAR counter. 
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The evidence leaves no doubt that the Garfield Copper smelters Wel'e a primary source of ice.­
forming nuclei. Oae might reasonably ask whether the proximity of the Great Salt Lake and the salt 
flats had any in.fluence on the effectiveneaa of this source . The highest reading of all, 6,000 nuclei/~ I 
liter was obser ved here. The highest reading of each fl:l.ght was most frequently observed over this 
smelter . For 13 of the 19 flights duri~ng which observations were made. over the smelter, the highest 
reading per flight r anged from l, 000 to 6,000 nuclei/liter. Mr . Slusser1s observations at the ground, 
using the NCAR counter , supported the declaration that the Garfield smelter was a pri.mary ice nuclei 
source . 

The steel mill also appears to be a source of ice nuclei. For 3 of the 7 flights during which 
counts were m.ade over this plant, the readings were 2,000, 1,000, and 500 nuclei/liter respectively. 

Counts o! 1,000 or more nuclei/lite ·r were observed over the Salt Lake City-Bountiful path for 4 
of the 20 flighto over this route.. Thie is the region of heavi.est automobile traffic and includes the 
refineries . Accompanying counts suggest the possibility that these concentrations may have come 
fron1 the smelter and /or steel mills, but this is by no cneans certain . The decision. as to whether 
or not there was an ice nuclei source within this locale is deferred, pending !urther study of the wind 
patterns in the area aod the checking of re丘aery operations. Again, possible coru:ributions oJ the 
Great Salt Lake and the salt flats to the effectiveness o! this· source mak~s this aspecl interesting. 

As indicated in Table l, vertical profile data were recorded at interval.s o f l, 000 ' , at MSL 
heights from 5 , 000'to 16 , 0001 on 7 days, The elevation of the Great Salt Lake surface is about 4,200 
feet. The bighest counts reported were at least 100/liter for 11 of the 15 vertical profiles (6 days); 
l, 000 / liter for 8 of these flights (5 days); 3, 000/liter (or 5 o! the flights (4 days). 

These high counts occurred in layers which we,:e t, 000'to 4,000 ' L扣 ck. The highest counts 
were at the lowest reporting level (51 000 ' ) !or only two of the 11 flights for which counts in excess of 
100 nuclei/1iter were reported . For 4 of the flights the high count layers (;; 100 / liter) sta.rted at 
5, 000 ' . (The.y may have started below this level.) For 5 of the flights the base of the high count 
layer was at 7,000 ' , which was also the level of the highest average count . 

.An attempt to relate the observed thicknesses and altitudes of the high count layers to lapse rate 
conditions produced no consistent relationship. Part of the reason could, oi course, lie in the 
selection of the path for the vertical profile. Another factor could be the differences between the 
ti.mes of the sou.ndi.ngs and the respe·ctive times of the vertical profiling. This phase is to receive 
further attention,.since verti ca1 nuclei distributions might provide valuable eviclence cone erning 
atmospheric behavior-stability relationships, 

In summary, this was a pilot study, so all conclusions must be regarded as tentative. Hori­
zontal and/or vertical samplings of the !lumber of ice nuclei were conducted during 21 flights on ll 
days during February and March, 1970. The bighest comt was 6,000 per liter, and counts of at 
least 1,000 per liter were noted at one O'I'more levels on 70% (15) of the flights. There was no c:lear 
indication that the ti.me oi day exerts a consistent control on the number of ice nuclei -in the Salt Lake 
Valley, during daylight hours, in February and March. 

There is no doubt tbat the operation of the Garfield coppel" smelter was a primary source of ice 
nuclei in the immediate area. There was a strong indication that the steel.mills were an ice nuclei 
source u.nder at least some circumstances. There was some indication that the contributions of 
the large refineries and/or heavy traffic near Salt Lake City may be significant under some conditions 
but this needs ·more consideration before drawing even tentative coDclusions. 

The high concentrations definitely tended to occur [n layers which were 1, 000 ' to 4,000'thick. 
The bases o{ these Layers were generally, but not always 吐 more than 1, 000 1 above the valley floo 「·

Comparisons between ice nuclei layer characteristics and lapse rate conditions failed to produce 
c onsistent relationships . 

The data are to be submitted to further analysis and reported in a project technica1 report . 

Acknowledgments-: This investigation is indebted to Gary Langer (NCAR) and Tom Henderson 
(Atmospherics, Inc . ) for counsel on nuclei counting and analysis . The loan of the NCAR counter by 
NCAR, which is sponsored by the National Science Foundation, is also appreciated. 
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CONTRIBUTION OF NATI皿尹EZING NUCLEI 'l'O PRECIPITATION DEVELOPMENT 
by 

Gabor Vali and Russell Schn~ll 
Univet:sity of Wyoming, Lara.m拉， Uyom1ng

With pr頲ent knowledge 1t is still difficult to 硨8eos 呻at the rnajoT mechanisms of precipitation 
formation may have been undet: in乩vidual circumstances. I t is d.ifficult to detet'llline what contribution 
at:e made by warm t:ain processes or by mechanisms involving the ice phase.; it is even more 呾且C吐t to 
estimate the relative. contributions made by different ice nucleating mechanisms. 面e in-cloud obser-
vations of droplet and ice particle concentrations ands乜：es. h̀1ch am: n叩 being 叩ide `1th :1.ncreasing 
frequency, can provide some basis for determining the dominant processes. One. major finding of such 
investigatio血 `as the discrepancy between the concentrations of ice crystals in the cloud and the con­
centrations of ice fornu.ng nuclei aa detected by cloud chamber devices. Another approach to the pro-
blem is to examine the ind!丑dual precip」 tati.on elements and reproduce its method of foTination . Sou-
lage (1957) and Hoffer 11.rtd Braham (1962) have ex血ine.d snow crystals and graupel pard.cl珥 from summer 
cumuli respectively and f oUDd chat ice could be t:e-formed only at temperatures much colder than those 
that occurred 1n the c.l.oud.s. In this papet:, some further observationa.ldata ｀卫 be reported, on the 
relation of indi吐dual precipitation ele.ments to their freezing nucleus contents. 

Freezing nucle四 content was determined by drop freezing expe尹ents, the nuclei detected are therfo 
fore chose tbat are capable of ice fonnation 呻ile suspended i n b吐k water. The drops examined were 
formed by subdividing the rain samples which were collected i n pol yethylene bags, or by allo吐ng i正
<lividual graupel particles co melt. For the rain samples, the data are presented in the form of cumu-
lative nucleus spectra, giving the concentrations of nuclei per gra111 of wate「 `hich are active above th, 
indicated temperatures. Details of the technique were given by Vali (1968). The technique used for the 
freezing of the graupel particles was described by Vall,~吐. (1970). Coincident 面tb the collection, 
o£ mai08訌rples, dyed filter pal)ers were exposed to obtain drop-size distributions 皿d to determine the 
numbers of dTops of different siz頤 that'lo/ere collected with each gram of rain sample. 

The data displayed in Figure 1 relate to a thunderetonQ which occuTred ou August 3, 1969 扭 Cent:ra
Alberta . Two co臨ecut1ve rain samples lilere colleci:ed 皿d drop-size distributions recorded at three in­
stants dispersed throughout the period of rain collection. The freezing nucleus contents of the two 
samples were essentially identical and only moderat:ely high fo「 SUllllller st:onns. The drop sizes were 
fairly large, such that there were approximately ten drops over 4 mm in diameter for each gram of rain 
water. Although the actual drop-size distributions and the ri中fall rates varied quite widely for the 
three records the contrlbut1o呻 of dilferent drop-si..ze ranges to the water mass appear to be con.aer­
vative. The results of another sec of observations (July 20, 1969, Alberta) are shown in Figure 2 . 
Rain samples w-ere collected at three dilfer.enc locations (B, C, D) along a twelve mile line. Three, cw, 
and three records of drop size distributions were obtait1ed at the three sites; the averages of these 
distributions are sh西 in Figure 2. From a comparison of the three ee囧 of data it appears that higheT 
nucleus content in the r吐n is coupled with relatively smaller proportions of large raindrops . On the 
。 ther hand, the larger the number of raindrops is (per gral!I o f rain water) the larger is the concen-
trat.ione of nut:.lei active 裊t the wanner temperatures. 

From the proportions of different sized drops in the rain a叫丘om the nucleus content it is 
possible to deduce the average numbers of nuclei for each drop of given size at several temperatut'es . 
「his, in othe「 `ords, means the probability of finding a nucleus active above a cert吐.n temperature 1or 
each of the drops that are greater than the chosen size. Figure 3 shovs the results of such a compu-
cation for a thunderstonn in ｀皿ch several samples and several size 呾tr!butions were obtaine d, all 
.,ery closely the same. As can be seen from Figure 3, there 乜 a freezing nucleus active above -15C for 
缸ach of the raindrops greater than 1 1lllll diameter, and similarly on the average there is a freezing nu-

leus active at -lOC for each of the dr吶s that are greater tnan'.l. 3 11)11) diameter. &xcending th拉 line

J f thought a little further and asserti ng t.bat the temperature at which the numbe-rs of nuclei match the 
numbers of drops above a certain size 旦 the te呻era.tu.re at wnich those drops froze in th.e at:lllosphere 
缸d thus began preferentially accelerated growth the relation shown ln F.1gure 4 can be derived . The two 
curves in th扭 figure are for cw~ different s砷,pling occasions; on August 3, 1969 cloud dr oplets nu-
cleated at t.he same tempera.cure grew on the average 1.5 叫llimeter greater than on July 17 . 

In thundersto百`the cloud elements are likely to traverse all temperatures between cloud base and 
cl.oud top and incipient precipitation elements form in continually increasing numbers as the tempera­
ture falls in the rising air. I ce particles that form at a warmer temperature 11111 have a longer 
growth time and consequently are likely to be larger at the end of their growth than ice particles that 
were nucleated at. colder temperatures. This 扭 the picture underlying the analysis given above and the 
reasonableness of the temperatw:e regimes that are obtained for the nucleation of the large raindrops 
lends at lease some credence to this pict心e. Detailed calculations of the rates of gro元h (from the 
vapor and by riming) and trajecrories of the graupel part i cles will be required to ascertain whether 
this idea can be upheld or not. 
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It is interesting to compare the findings for thunderstorms with similar observations for wint e r-­
t乓 orographic cap clouds . lt 洹 found (Vali, 主~., 1970) that only about 15 percent of the snow 
particles which developed in the c.ap cloud re-froze at temperatures warmer than the temperature at the 
top of the cloud. Initiation of ice growth by dropl.et nucleation can thus not account for the total 
number of precipitation elements in these 丑nter time clouds. lt is possible that it .̀11 be found that 
in the thundersco-n譴 alao, Che numbers of ice particles wil l be greater than what can be accounted for 
on the basis of the freezing nucleus content (as was in fact found by Hoffer and Braham (1962) for 
cumuli ) 1.n which case the one-to一one relation between n\lcle1 and drops which was postulated above will 
have co be abandoned. In the meantime, the results can be considered to represent an estimate of how 
precipitation deveiopment can be accounted 「 or on the basJs of ice format! on by freezi ng nucleation . 

Hoffer, T . ll. . and R. R. Braham, Jr., 1962: 
綽., 19, 232-235 . 

Soulage, G., 1957: Les noyaux de congelation de l'atmosphere. ~ - , 13(2) , 103-134 . 
Vali , G., 1968: I ce nucleati.on relevant to formation of hail, McGill University Stormy Weather . 

Scl. Rep 叩一 2.§_, 51 pp. 
Vali G. , D. L. Veal , A. H. Auer, 」r . and n . J. Knowlton , 1970 : Reactivation of nuclei in crystals from 

cap cloud. Pre rincs of Pa ers Presented ac che Second Nationa1 Conference on Weacher Mod1f1一
caUon ， 却erican Meteorological Society, Santa Barbara, Callforn la, 366-J6Q, 
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OBSERVATIONS OF ICE CRYSTAL NUCLEATION BY DROPLET FREEZING IN NATURAL CLOUDS 
by 

August H. Auer, 」r. and Donald L. Veal 
Uo1mrs1ty of `yoming. Laramie ．的0正ng

n両DUCTlON

Early studies of i .ce crystal shapes (1, 2) described observations of deodritic c可seals of double 
Eorms, oftentimes exhibitins a.n asyir覇ettic structure, Weickmann (3, 4) noted that in each case. these. 
"double crystals" possessed a c.1rcle in thei,: center resembling a cloud droplet; he, therefore , pre­
mised that: small droplets, upon freezing, could become tiny monocrystalline prisms whose two base 
planes th血 grow into a hexagonal or dendritic crystal form . 

Expanding on these implications (4), the deposi.t.ion and droplet freezing modes of nucleation were 
observed~ orographic cap c.1ouds during natural and seeded conditions. This paper wi.11 discuss 
the results o-f these observations and sugges t possible implications concerning va,;ious modes (deposition 
or droplet freezing) of nucleation. 

'PROCEDURES 
The ice c.rystal replicas'l.'ere in.specce.d under a 1nic.roscope (100-400X) to deterlllin.e the crystal typ .. 

(S); measure the dimensions of the double crystals asymmetries, 1 f any ; and check fo r the presence of 
the circular (droplet) center, 

The c:rystal types studied were limited to hexagonal plates, thick plates , stellars, and dendrites 
since t.he structUTal patterns of interest. are most easily ascertained from such crystal types . 

'RESULTS 
巴－gures 1-3 illustrate some representative crystal replicas with circular (droplet} centers and cor 

「藝ponding double ol'. 邸y血1etric structures found 江 the untr絳ted orographic cap cloud . I n particular , 
Figures 2-3 sh.ow how clearly the crystal wi c.h circular (droplet) centers can be delineated from their 
neighbors vithout such a structure.. The circular (droplet) center is always accompanied by the double 
O'["asymmetric structure of plate family c巧'stals. The relationship sho叩 in Figure 4 is generated from 
observations of the circle (droplet) dia呻ter _£ with扭 the. obs虹ved ice c可·sta.1 and sep扛a tio·n l!_ (in­
cluding crystal thicknesses) between the double or asymmetrtcal crystal faces . 'Figure.5 ls a comparison 
between the average observed cloud droplet spectrum for Elk Mountajn cap clouds and the observed circle 
(droplet) center specti:-um from double or asymmetric ice c可s tals found within the same clouds. 

An inspection, then, of F'igu.res 1-5 indicates that the circular centers of the double or aay!IDl\etric 
ice. crystals possess ·.nearly spherical shape and 虹ise from t.he population of cloud d.roplets commonly 
observed within the cap cloud . These observations , when combined 丑th the evidence from (4) for si n.gle 
crystalline structure of frozen cloud droplets, cleai:ly imply that: ice c:rystals havin,g a center circle 
and possessing double or asymmetric structures have their genesis from frozen cloud droplets. 

figure 6 shows the relations.hip between the observed cap cloud limit temperatures and the corres-
ponding total ice crystal concentration, "frozen droplet" c可seal percentage and "frozen droplet" cry­
stal concentration . For a given tempe rature regime in untreated cap clouds, it appears that tbere is a 
predictable percent.age of ice. crystals having their ortgin from cloud droplet freezing . 

苴gure 7 illustrates a representative sample of tee crystal replicas acquired during ice supersatu­
ration but water subsaturatioo. conditions atop Elk How、 tain. Frozen cloud droplet centers wer e never 
found in ice c可stals nucl缸1ted during water subsatu:ration conditions. Hence, ice crystals found in 
ice supersaturated but ~ater subsat\lrated conditions are presumably the result of gt叩th by deposition . 
Similar results were also co be expected during periods of seeding wich dry ice , since dry ice- does not 
act by hete.rogeneous but rather homogeneous nucleation. Indeed, ice crystals form.ed in such a lllanner 
did not possess frozen droplet centers and/or asymmetric structures as shown in Figure 8 . 

Tt may be suggested that the respective concentrations of tne frozen droplet crystals and of the 
bala.nce of the ice crystal population lllay be considered as representative estimates of the freezing and 
depos北：ion nucleus concentrat.ions, disregarding ice multipl.icat.ion processes . 

IMPLICATION 
Ice crystal. replicas were also obtained during cao cloud see.dinv. with an acetone generator for the 

purpose of detecting any possible chang囧 in the percentage of frozen droplet crysta1s dur土ng seeding 
intetvals as implied from cloud chamber nucleation studies (4). Throughout the single seeding e沖erilllenl
discussed herein, the height of the cloud base (2900m msl), cloud base temperature (-17C), and Observa­
cory (3300m msl) temperature (-20C) remained steady. The seeding agent was injected into the cloud ft-om 
below cloud base; at all times during the exp.eriment water sa turated conditions were maintained through 
the. treated cloud depth. 

Durio& background condit.ions, the pe.rcentage of frozen droplet crystals lay near 27%, a value to be 
e沖ected from other independent data shown in Figure 6. Following the arrival of the s Uver iodide de­
tected by the NCAR acoustical counter, there was a corresponding increase in the total ice crystal con­
cencrations, and e.spectally in the percentage and concentration of the frozen droplet crystals , similar 
to those shown in Figures 1-'.3 . Throughout the seeding interval , the droplet freezing and deposit土on
nucleation modes appeared responsib.1e for nearly equal numbers (168 liter-1 and 179 liter一1 , i:espectively 
of crystals but the increases in the concentration of the respective nuclei (droplet freezing vs deposi­
己on) over background concentrations (27 literl and 73 liter一l, respectively) seemed to slightly favor 
the freezing nucleus. It 呻y thus be concluded that the droplet freezing and deposition nucleation 
activities of silver iodide pre沁uced from a generator burning an acetone solu已on of silver iodide (2.5%) 
and sodium iodide yield equal numbers of observed ice c.可stals in orographic cap clouds for the case of 
cloud activating temperatures between 一17 and 一20C .

Furr.her research concerning the r elevance of the findings in this paper and those, f or example from 
(6) concerning the role of silver iodide in the drop freeezing process in natural clouds are forthcoming . 
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DEPOLARIZATION OF MICROWAVES B'i H'iDROMETEORS IN A THUNDERSTORM 
Louis J, Batta.n and John B. Theiss 

The Univer sity o.f Arizona 
Tucson, Ar izona 85721 

During the past decade, relatively little has been done to extend the theory of the 
scattering of microwaves by non-s-pherical hyd.rorneteors . Harper (6) and Atla s and 
Wexler (1) made laboratory measurements of the backscattering from large ice and 
plastic spheroids . Scientists at the Central Aerolo9ical Observatory in Moscow have 
been actively investigating various aspects of the depolarization of microwaves . 
Minervin, Morgunov and ShupiatskLi {9) discussed depolarization of 3-crn radiation by 
the hydrometeors in c1.m1ulonimbus clouds . They showed that the depolarization ratio 
varies from more than 一 10 db to less than -20 db. Large variations occur over 
distances of about 1 這．

Observations of depolarization have been made in convective clouds in southeastern 
Arizona by mea.ns of vertically pointing 3 會 2-cm radar equipment. A pulsed-·.Doppler 
radar, already described by Battan and Theiss (3), was used for transmitting and re­
ceiving the backscattered signals in one plane. A second antenna (0.8 min diameter ) 
and receiver were used for detecting the power backscattered in a plane perpendicul扛
t o the plane of transrrission [see Lofgren and,Battan (7)1 . The output of both 
r ece ivers was displayed on a dual beam A-scope and photographed . 

Fig:1~e_l s~o"'.: the_v~rtic~l_profile_ of_ depolarizat~on t:.P1 ii:'decibe~s,、 where
6P 1 . = 10 _ lo'.=1 P cl~o and_ I? 0 an? Pc are th~ b~ck.~ca~tered powers. in_ the p_lane of polari ­
zation ot the radL and fnthe 8.ross-po1arized p1ane, respective1y . The Pattern of 
!:J.P1, in a thunders torn on Aug . 7, 1967 , is based on a grid of points 152 m apar t in 
altitude and about 54 sec apart in time. It is evident that the depolarization vari ed 
greatly over distances of about 0.5 to 1 km. Minervin and Shupiatskii (8) also found 
large variability in depolarization in cumulonimbus clouds, but the s:mall. scale 
"eddi.es" shown in 瓦g. 1 do not appear in their illustrations. Perhaps the grid 
scale used to construct their 沮agrams was such as to mask perturbations severa l 
hundred meters in diameter. 

The depolarization shown in Fig. 1 ranges from 
about -12 七o - 24 db, the latter being essentially 
the smallest quantity which can be measured w!th this 
radar system . Minervi:n and Shupiatskii (8) observed 
about the same range of depolarizations. On 坏e
basis of ground-based radar observati.ons and flight 
obs.ervations of the hydrometeors they advanced the 
following conclusions. When AP1Cl 7. 5 the hydro-
meteor~ can only be raindrops; when tie1>一 9 only ice 
particles exist. Most of the time, at-intermediate 
values ~f 硏1, mixtures of water and ice would be 
expected . 

It is seen in Fig. 1, that depolarizations exceed­
ing -l4 db were observed at a.ltitudes below about 
3 . 5 km (MSL) between 1426 and 1432 MST. Doppll:lr 
radar data [Battan and Theiss (4)] show that. this 
was a region of downdrafts exceeding 4 m/sec where 
the rada5 「:P;=3ivity factor was as h.igh as 
3 . 2 x 10-'mm0 m-" . 

If ,it is assumed that turbulence sp:reading of the 
Doppler spectrum is negligibly small, the spread of 
Doppler velocity can be taken as the terminal ve­
locities of the largest detectible particles, Wmax" 
In the region of ti Pi >一 14 db, Wmax was 8 to 10 m"'sec 一 1.
At the indicated altitudes, these terminal velocities 
correspond ·to raindrops having diameters between 
about 2 . 3 and.3.7 面 [Foote and du Toi 七（ 5) 」．

一1The fact that the Doppler spectra were some .8 to 10 m sec-.. broad, indicates a 
spectrum of raindrop sizes ranging from 七he barely detectable, perhaps a few hundred 
microns to the sizes just cited . If all the scattering particles were raindrops 
which were small 吣th respect to the wave.length and were randomly oriented 吣 th re­
spect to the plane of polarization of the radar set, a depolarization of -14 db could 
be produced by oblate spheroids having an axis to diameter ratio of about 0.4 {Atlas, 
Kerkez and Hitschfe1d (2) ]., It is di£Eicult to bolieve that even large rain#ops, 
i.e., tnose approaching 4 mm in diameter could be so distorted except.for brief 
instants of time. 
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The measurements were made with the antenna pointing vertically. If the particles 
were falling oblate spheroids, it would _be expected that the axial ratios would be 
close to unity. It seems impossible if one accepts the measurements, to accept the 
notion of oblate scatterers. 

It appears that the measured depolarizations can be explained if the scatterers 
were ass呻ed to be prolate sp.heroids composed of water. If they were randomly 
o riented, they would need an axis to dialjlete:x; ratio of about 1 .8 according to Atlas, 
Ke rker and Hitschfeld (2). This distortion does not appear to be as extreme as in 
the case of oblate spheroids. Nevertheless, it is difficult to imagine all-water, 
ra ndomly oriented prolate spheroids. In order to satisfy the requirements, it is 
necessary to assume that the particles were composed of 土ce surrounded by water. If 
th is were the case, the result is in agreement 吐th the re!lults published by Minervin 
and Shupiatslcii (8). 

Figure l shows regions of depolarization larger than -18 db abeve the 0°C level 
between about 1427 and 1433 MST. Ooppl.er radar data show that they were mostly 
associated with updrafts and low radar reflectivities . .I.n these regions, the maximum 
terminal velocities were relatively high, between 10 and 15 m/sec. According to 
roote and du Toit (5), at a pre!Isure of 500 mb ~d temperature of 一10°C , the maximum 
terminal velocitie~ of water.drops is 12 m sec-1. It seems reasonable th~refore, to 
assume that the particles producing the velocities greater than 12 m sec一 1 in the 
upper part of the cloud `ere comgosed of ice at lea¢ in pazt. If they consisted Of 
ice havin.g a density 9£ 0 . 9 g/cm.J, a sphere 5 mrn in diameter would have a termina l 
velocity of 12 m sec一1.

Depolarizations of 一 18 db and -16 db correspond to depolarization ratios of 1 . 6 and 
2.5 percent, respectively. According to Atlas, Kerker and Hitschfeld (2) the smalle r 
of these quantities can be produced by particles having the axial r-atios listed in 
Table 1 . 

Table l . Axis to diameter ratios of small particles which can 
produce a depolarization of 一 18 db on a 3-cm radar. 

Sha严

Oblate 
Prolate 

Ice 

0.30 
3.3 

Water 

0 .62 
l.5 

It seems unreasonable that a vertically pointing radar set would measure such large 
cross polarizations from oblate spheroids. On the other hand, it is possible to 
imagine prol.ate spheroids having an axial ratio of 1.5. An axial ratio exceeding 
about 3 . 3 appears to be ext re誆 and unlikely . Thus, it seems t hat the observations 
may be explained by assuming the presence of- wet ice particles resembling prolate 
spheroi ds . This result agrees with the conclusion of Minervin and Shupiatski i (8) 
which would indicate that a depolarization of -16 to -18 db 叩uld be associated 
largely with a mixture of water and ice. 
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THE TERMINAL VELOCITIES OF ICE CRYSTA L 

St-anley R . Brown 
Colorado State University 

Fort Collins , Colorado 

INTRODUCTION 

The terminal velocities of several individual crystal types have been s tudied by Nakaya (1). 
His work is generally regarded as the standard for ice crystal terminal velocities . Several other 
studies , (2) and (3), have b een reported on individual crystals , but the s e have not substantially alte red 
Nakaya' s results . Unfortunately, however, Nakaya did not have a large data sample. In addition, 
more t•efioed techniques than Nakaya used are now available for measurem ent. For those c可stal

types not studied by Nakaya. the terminal velocities are not well known. 
A study has been ca rried out to measure the terminal velocities <Jf Lhe c r ys ta l typ es studied by 

Nakaya using a more refined t echnique and to es tablis h values (or the 1 1: ,·m研 I \ e loci ties a s a fu nction 
of s ize for some of the c r ystal types not previously reported . 

PBOCEDURE 

The procedure used consisted of photographing a falling c r ystal us ing a str ob e light 「or illumi­
nation, To shield the camera from the strobe a 9 cm x 27 cm x 15 cm box was c ons tructed . The hox 
contained at one end a vertical slit with a l cm2 grid on the back. At the other end, a 35 mm camera 
was mounted . A glass window in the slit side allowed illumination. To pre ,.·ent drafts a plastic tube 
was placed on top of the slit and the pottom could be closed. The crystals were photographed as they 
ell through the slit and since they were illuminated by the strobe at 6000 c . p. m . a seri es of images 

for each crystal was produced. Image clarity was quite good and in most cases natural crystals could 
be readily identified from the film . The distance between images was determined from the grid on th e 
slit and thus only a s imple calculation was necessary to find the fall velocity of the crystal. One dis ­
tinct advantage of this method was that any accelerations of the crystals were apparent by a variation 
in separation of the crystal images . If the distance was co啤tanl it was assumed that the crystal ha d 
reached terminal velocity . 

Two sources of crystals were used. Natural ?lane dendrites wer e collected anti presen·e d in 
the cold chamber for later use . Other crystal types discus s ed in lhe study were photog raphed a s they 
Iell in natural snowfall. 

RESUL'fs A ND msc ussro 

When a crystal reaches terminal veloc邱 its weight is balanced by an aerodynamical drag 
force . Thus 1, 

芝％ApaU-=g(pc-p 』

where Co is the drag coefficient, A is the cross sectional area of the crystal normal to the direction 
of fa~, .~a i~ the ~ensi~y of ~r_..u i ~ th: _velocity of the crystal of den s ity Pc a nd volume V, and g is 
g1·avitational acceleration. Solving for U: 

u" 

wh ere buoyancy effects have been neglected, 
rt has been found by Magano and in the author's work that plane crystals fall with their basal 

plane horizonta l. This includes both plates a.nd dendrites . Thus the cross s ectional area is s imply 
the area of the basal plane and V / A reduces to h, tl1e crystal thickness. This leads to the fact that 

is a function of the crystal thic际ess h. 
Ono (4) has reported that plane c r ystals show an increase tn thicknes s to about 50 to 60µ a 

the diameter increases and remain constant thereafter . The thic知ess reaches 50 to 60µ at a diameter 
of about 1600µ . From these results and the above discussion one would expect the terminal velocity of 
plane crystals of greate r than 1600µ diameter to be constant. This , of cou r s e, is what Nakaya found 
and it shoul d be pointed out that the smallest dendt;ite that he included in his fall velocity measur e ­
ments was about 1600µ diameter . Likewise , the terminal velocity of den,.h-iles whos e diameter is less 
than 1600f,L- should show a functional dependence on their diameter . Although the data is meager in 
this s ize range the present study tends ·to confirm 如s, as sh own in Fig. 1. 

l1 lso evident in Fig . l is the fact that the values for t he termina1 velocity of c rys tals larger I 
than 1600µ differ by abot1t 20 cm/sec between N呔aya1s results and the p resent study . Na kaya per­
ormed his work at an elevation of 1030 m whereas this investigation was performed at an elevation of 
1525 m . Thus the difference in density wou1d account for approxima te1y 2-J cm/sec . Of more sigmfl- | 
cance is the experimental design that Nakaya used. If it can be as s um ed that the diagram depicting 
the appax-at\lS used by Nakaya is drawn to scale, then it appears that th e c ry stals only fell approxi-
mately 20 cm before timing began. It ls doubtful that crystals would reach t h eir 尹minal veloc;:ity in 
this distance, and this would result in a value less than terminal v elocity being com pute d. 
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When spacial dendrites are considered, the problem becomes more complex. Because of the 
random orientation and number of arms occurring it is not possible to define cross sectional area 尹
volume a.s s imply as for plane crystals . To overcom e t his difficulty in reach乜g a theoretical expres -
sion for terminal velocity the followin g approach was taken : The spacial dendrites were considered in 
terms of a sphere wh血 would just enclose them and it was assumed that the volume of the sphere 
would contain x percent ice and the remaini1,1,; vnlum;:,, air . Likewise, for a cross section, a certain 
percent of the area would be ice. T!1is would 1·ary , d.:µending on the cross section , so a mean percen ­
tage y was asstuned for each crysta t. x and, wri11ld be c-nnstants for a given crys tal . We can now 
write the express ion for tnminal velocitie~ 0f 司｀｀ c-~a l rj_c•n_r1ri_tes a s : 

L -［三］; 
wher e r is the rad ius of ihe spher e ju st enc_los柘g tht,_spacial dendrite. This reduces to: 

u = 

蓋經繼寳這笠裊雪量＼［嘉［這闆籌e：量＼｀｀／＼［臺／籌：］s；[0Ue\［[＼＼\\F]te\[]n[＼t;
This study on the terminal \"elocities of ice crystals was performed us ing a more refined 

method than Nakaya used. Results. shO\\ some disagreement but these can be satisfactorily accounted 
for from a theoretical standpoint . Prof. Lewis 0. Grant and Dr. Takeshi Ohtake are acknowledged 
for their helpful discussions . The research was supported by NSF Grant No. GA-1553 . 
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SNOW CRYSTAL RIMING RELATED TO CLOUD SYSTEM CHARACTERISTICS 

C . F . Chappell 
Colorado State University 

Fort Collins, Colorado 

The growth of snow c巧'stals by a-ccretion of supercooled drops is generally considered to be a 
time dependent process. The usual procedure for incorporating accretional growth of snow crystals 
into microphysical models of cold orographic clouds consists of assuming a cloud liquid water content, 
a collection efficiency for the falling crystal, and initiating accretional growth after a specific size is 
attained by a given crystal habit. Th.is approach usually shows that accretional growth of sno w crystals 
rapidly becomes the dominant mode of growth. However, observations taken at Climax:, Colorado indi­
cate diffusional growth of crystals predominates in most cases . These observations also show that 
crystal dimensions associated with riming onset are variable from case to case. Tbis suggests other 
[actor5 may play an important role in controlling accretional growth within the cold orographic cloud 
system. It is possible through an expression for the supersaturation of a mixed phase cloud to draw 
theoretical inferences concerning possible contributions of accretion to overall crystal growth . 

where 

The time rate of change of cloud supersaturation may be written 
N d N 

C 
N 

~ " QI* - Q2(41rG)2 
a b ~ " QI* - Q2但 G)4 「d(Sw 一弓弓）－Q3(4丐茫')〉CF1 -Q§1iQ, )>2EVc (1) 

Q1 , Q2, Q3, G, G'are thermodynamic functions 
S,~ th-e supersaturation relative to a plane ice surface 
S~, the supersaturation relative to a plane water surface 
z, the distance measured in the vertical 
「d• the cloud droplet radius 
r , the snow crystal radius 
Q1, the liquid water content 
E, the collection e扛iciency of the falling crystal 
F1 , the ventilation factor of the crystal in the airflow 
F2 , the vapor factor that corrects the vapor field to that of a supercooled cloud. 
C , the electrostatic capacity factor oi the crystal 
Ve , the crystal fall speed relative to the environment 
a , a function of temperature 
b , a function of the solute contained in the droplet 

d矗 the cloud droplet concentration 
~. the snow crystal concentration 

Equation (1) shows the time rate of change 担 cloud supersaturation is due to imbalances between 
the cooling rate associated with the updraft speed, rate of droplet 鉭·owtn, and the rates of crystal 
growth by vapor diffusion and accretion. The droplet growth rate term acts as a s tabilizing influence on 
cloud supersaturation since it takes on both negative (evaporation) and positive (growth) values. Uthe 
magnitude of the diffusional growth rate term is greater than the cooling rate term, then the droplet 
growth rate term becomes negative and droplet evaporation tends to maintain the cloud supersaturation 
at the level of water saturation. Eventually, the reservoir of liquid droplets is depleted and cloud super­
saturation begins to falL However, as cloud supersaturation decreases the diffusional growth rate also 
falls and the cloud supersaturation attains steady state at some value in excess of ice saturation but be­
low water saturation. 

In contrast, if the magnitude of the diffusional growth rate term is smaller than the cooling rate 
term, then the droplet growth rate term is positive and droplet growth tends to relieve the cloud super -
saturation. Under this condition droplets grow within the cloud system矗 and this production of liquid 
water (Q, >O) aow br_ings about the possibility that the accretional growth rate term may also assume 
血portance in controlling cloud supersaturation. Depending upon the many compl紐 factors which de­
termine accretional growth rates (crystal habit, collection efficiency, etc . ), cloud supersaturation 
under these conditions attains steady state at some value in excess of water saturation. Juisto and 
Schmitt (1 ) have demonstrated some of the above relations by numerical integration of an equation simi­
lar to (1). From the above theoretical discussion the following inferences appear valid for cold oro­
graphic clouds: Significant accretional growth of snow crystals is to be expected under condition·s of 
steady state cloud supersaturation only when the diffusional growth rate term is less than the cooling 
rate term. In other words, the occurrence of significant numbers of rimed crystals reflects an ineffi­
ciency in the diffusional ice growth process within the cloud system. Normally, the accretional growth 
rate will fail to make up the total deficit between the supply rate of condensate and the growth rate of 
ice. Therefore, one may assume that a weather modification potential e>..i.sts when significant numbers 
of rimed crystals are observed. Thus, it is possible to crudely recognize cold orographic cloud seed­
ing potential by defining those meteorological conditions for which significant accretion i s observed. 
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This possibility 泣 now investigated using observed crystal data from the Climax experiment. 
Figure 1 shows the precipitation measured at the High Altitude Observatory (HAO) near Climax. 

Colorado on non-seeded days during the 1960-65 years of the Clim邸 experiment plotted as a function of 
cloud system temperature, The abrupt decrease in precipitation at a 500 mb temperature of - 20C 
probably re.f1ects the temperature at which t he diffusional ice growth process is rapi dly becoming in­
efficient . Assuming this to be true, a Ume averaged vertical motion of 12 cm/sec and a time averaged 
cloud top height of 460 mb give an average condensation rate and an average diffusional growth rate of 
ice which rea,9onably approximate the observed precipitation rate as a function of cloud system temper­
ature . It can be inferred from iigure l therefore, that no significant accretional growth should be pre­
sent in the Climax cloud system at 500 mb temperatures colder than about -20C since the rate of crystal 
growth by vapor diffusion equals or exceeds the rate of vapor supplied. On the other hand , at 500 mb 
ter.nperatu r es warmer than 蛐 20C where the diffusional ice growth process becomes ine(ficient, the 
growth of larger cloud droplets (Q, be.comes relatively large) should inc.rease the probability of ob­
serving a signilicant percentageol rimedcrystals . 

F igure 2 shows the percentage of total crystals rimed as a function of cloud system temperature. 
The crystal replication was accomplished on a total of 16 seed and non-seeded days at HAO and nearby 
Chalk Mountain. It is seen that the percentage of crystals rimed on both seeded and non-seeded days 
is negligibly small in the colder cloud systems but increases rapidly as temperatures become warmer 
than about -22C to -21C for unseeded events and about -18C for seeded events . Thus, seeding appears 
to have the effect of reducing the amount of riming at all temperatures and translates the onset of sig­
nificant riming toward warmer cloud systems. The onset of significant riming on non-seeded days at 
500 mb temperatures around -22C to -21C is in good agreement with observed cloud seeding results at 
Climax, which show precipitation increases of over 100% for temperatures of -20C and warmer (2) (3). 
This is consistent with the inference that weather modification potential might be crudely delineated by 
those meteorological conditions associated with significant numbers of rimed crystals . The translation 
toward warmer temperatures of the appearance of s ignificant numbers of rimed crystals on seeded days, 
is consistent 叭tb the Climax model (3), and apparently is due to a more efficient diffusional ice growth 
process in this temperature range. The theory and observed data therefore suggests that the specifi­
cation of riming onset by crystal type and size in cold orographic c louds is rather meaningless without 
concurrent knowledge of c loud supersaturation. Ice crystal growth by accretion is a time dependent 
process only after it is determined that there are any collectable droplets at all. The real control on 
the onset of riming under conditions of steady state cloud supersaturation is in the interplay between 
the cooling rate term and the diffusional growth rate term. It is therefore mainly dependent upon up­
draft speeds and cloud system temperatures . 
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ON THE NUMBER DISTRIBUTIONS OF HAlL GROWING IN UPDRAFTS 

R. B. Charlton and Roland List 

Dept. of Phy吐cs, University of Toronto 
Toronto , Canada 

The formation of hail in a convective updraft causes liq吐d water deple已on and imposes a body -force 
on the updraft's air parcels, Conversely, the g「0寸h o1 hailston藝 is dependent on the扛 ability co 
compete for the available liquid water and on the updraft field 's reaction to their presence. 

When Iribarne and dePena (2) and List et al. (3) modelled hail growth with h;dl embryos oi. a single 
size inject.ed into an updraft, they were able to increase the embryo number to a c.ritical value which 
caused nearly all of the cloud's liquid water to be de.pleced. This situation results in hail accumu-
lation zones which are highly populated and which repl:esent an un泣calistic force on the updraft. If 
these critical numbers are spread over seve-ral closely-spaced emb巧'o sizes the 叩realistic situations in 
rerms of water depletion a.nd energy bal皿ce are no longer encountered . 

Ihe new mode.l is based on hail embryos'injected continuously in kno面 numbeTs and si:i:es at the QC 
level of a non-divergent (cloud air density times updraft velocity equals constant ac. all levels) and 
pre-detennined updraft. The only cloud parameter directly influenced by t.he growing hailstones is the 
liquid water content (LWC). The hailstones move at terminal velocity (drag coefficient 0.5) and secrete 
(with 100~ efficiency) the LWC which moves at updraft speed, 

Two types of growth from an embryo size spectrum are considered , both of w訌ch are steady- state. 
The first grows hail as it ascends from the input level. The LWC depletion by stones of each size group 
is no longer conside.red ~hen their balance levels has been at: tained. This solution represents hail 
gr owth cooditions at a certain time after the first embryos entered the updraft and just before the 
descent begins . The second type considers hailstones ascending to their balance levels and also growing 
while descending back co the input level. 

Tak..Lng num.erical values for the updraft air parcels and the cloud environment. from an average Denver 
「 hail day'sounding allo1.s comparison of the upward thermal buoyant force to the downward drag force oi 
the hailstones plus the LWC. Since the updraft velocity increases with height as the air density de-
creases, the kinetic energy for this acceleration 丘om the cloud ' s QC level can be compared to the energy 
available from the integrated thermal buoyant force and the hydrometeo「 `eigh t.

Figures l一 5 show the results of injecting O. 3, 0 , 4, Q.S, 0.6, a~d Q. 7 cm spherical embryos simulta­
neously and continuously in numbers of 0.2, 0.6, 1.4, 0.6, and 0 . 2/m'J respectively into an 18 mis updraft 
ac the QC level. (The updraft increases to 27 m/s at 4 km). The values of forces, energies , total 
hailstone number and hailstone size distributions(「igs. 3-7) are calc-ulaced by standard smoothing 
techniques . 

The example from Charlton, J.970 (1), shows that during growth on ascent the LWC depletion (Fig. 2) is 
signlficanr: (20¾) and occurs.ln the region 呻ere the most numerous embryos reach their balance levels . 
The hydrometeor fore.es of the ascent case are not la:rge enough to greatly influence the updra.ft's energy 
balance (Fig . 4). When ascent. and descent growth occurs there is much more depletion("'70¾) and the 
cloud's force and energy balance is upset . 

All ex;unples calcuiac.ed to date have shown that hail mass accumulation zones can only be equivalent. 
co 2 to 4 times the natutal LWC, and chat moderate LWC dapletion (20-40%) is usually sufficient to con­
siderably influence che c.loud'i; energy balance. The growth curves ('Fig . l) show how the r ejection of 
smaller scones towards the cloud's top, as liquid water is depleted by hail gro"Wing at lower levels, rends 
EO 扛,pede the formation of accumulation zones. The model has also shown how 5 to 10 hail size classes at 
a given level are sufficient to describe a smooched number disc己bution ('Fig. 6 and 7). In connection 
with these studies, Charlton (1) also found that when no individual hailstone size is capable of deplet­
ing more rhan about 40% of t.he LWC then only realiscic conditions are encountered. 

~ - This study was sponsored by the Environmental Science Se面ices Administration, U. S. 
Deparcment of Commerce tl:rough the National Severe Storms Laboratories, Norman, Oklahoma . One of the 
authors (R . 8.C.) &racefully acknowledges recei-pt of a Burton Scholarship from the University of Toronto. 

REFE邸NCES

(1) C11arlton , R.B., 1970: Hail formation and its effect on a model updraft. Ph.D. thesis, University 
of Toronto, pp. 136. 

(2) Iribarne, J, V,, and R.G. de Pena, 1960 : The influence of parcicle concentrations on the evolution 
of hailstones . Nubila, 5, 7一30 .

(3) List , R., R.B . Charlton, and P. Buttuls, 1968: A numerical e:xperi皿nt in che growth and feedback 
mechanisms in a one-dimensional steady-state model cloud. 」 ． Atmos. Sci., 25, 1061-1074. 

51 



4 
4 

3 
`) 

,J 
E

l1
)ll

-E
>1

3H
 

,J 
' I
I
 

I I I ' ,' I l 

JO
 

。

5
2
 

I 

DI
磾

E
T
E
R

(c
m

) 

F
ig

u
re

 
1 

I 
2 

3 

L
W

C 
(g

m
tm

3)
 

F
ig

u
re

. 
2 

4 3 2 

JO
 

。

I ` 
丶 ＇

' \ ' ' ' ' ' ' I _ 2 I 

vz
'o
'1

8 
rn

/s
 

D
.~

3,
A

, 5
. ·

6
,.

7 
cm

 
N

··
2,

·6
.L4

,·
6

..
2

m
· 3

 

:·
· · ··
:·

· . .. . . ..
 

.. ..
 

\ ...
 

一 . . ; f'
 

·· _
-
 

.. . OF
 

..
 .. E
 

C
y

. 

O
R

A
L
c
;
 

·· N
 

.. F
M

 ̂
R

Y
 

••
 

V E由 U O ••
 

8 

+ T B 、 'm
 

g I 
6 户

d ( 
E

 

4R
C

 

FO
 F

ig
u

re
 

3 

10
 

12
 

a~
 

BE
 A

SC
EN

T 
-
-
-

BE
 A

SC
EN

T 
^N
OD
ESC

ENT
]一

B
E

 F
O

R
 N

°0
 
-
-

K
E

 
•·

··
··

•·
 

0 
I 

2 
3 

6 
EN

ER
G

Y
 (1

0 
~ 

er
g

/g
m

 l 

F
ig

u
re

 
4 

- , ' I 

F
1

g
u

re
 
5 

' 
_

_
J
 

"l 

I 

6
3
 

m
 

_
, 

5 

\ 、\ l ]『 B E R

心

` ` ` I ̀
 ` 

。3 。

2 

,` 

~
 -

H
a
il

 
g

ro
w

th
 

c
u

rv
e
s 

an
d

 
li

q
u

id
 w

a
te

r 
c
o

n
te

n
t 

a
s 

fu
n

c
ti

o
n

s 
o

f 
h

e
ig

h
t 

ab
o

v
e 

em
b

ry
o

 
in

je
c
ti

o
n

 
le

v
e
l.

 
A

'G
a
u

s
s
ia

n
't

y
p

e
 e

m
b
可

o
s
iz

e
 d

is
tr

ib
u

ti
o

n
 

c
e
n

te
re

d
 

a
b

o
u

t 
0

.5
 

cm
 

d
ia

m
e
te

r 
is

 
i
n
j
e
c
t
e
d
扭

to
an

 
1

8
 m
/
s
叩

d
r
a
f
t
.
瓦
~

a
ls

o
 

sh
o

w
s 

g
ro

w
th

 
ti

m
e
s 

fo
r 

ct
ie

 
a
sc

e
n

t 
an

d
 

d
e
sc

e
n

t 
c
a
se

. 
~
 

co
m

p
ar

es
 

th
e
 
d
o
叩
－

w
ar

d
 

fo
rc

e
 
o

f 
h

a
il

 
an

d
 

li
q

u
id

 w
a
te

r 
(o

r 
li

q
u

id
 
w

a
te

r 
o

n
ly

 
in

 
th

e
 

c
a
se

 o
f 

n
o

 
h

a
il

­
st

o
n

e
s)

 
to

 
th

e
 u

p-
w

ar
d 

th
e
rm

a
l 

b
u

o
y

an
t 

fo
rc

e
 

w
h

ic
.h

 
w

as
 

c
a
lc

u
la

te
d

 f
ro

m
 

an
 
a
c
tu

a
l 

'h
a
il

 d
a
y

's
o

u
n

d
in

g
. 

ln
 
~
 

th
e
 

b
u

o
y

an
t 

e
n

e
rg

y
 

B
E

, 
w

h
ic

h
 
is

 
th

e
 

b
u

o
y

a
n

t 
fo

-r
ce

 
p

lu
s 

h
y

d
ro

m
e
te

o
r 

fo
rc

e
 
in

te
g

ra
te

d
 

fr
o

m
 

th
e 

iu
p

u
t 

le
v

e
l,

 
is

 
co

m
p

ar
ed

 
to

 
th

e
 

c
lo

u
d

 
p

a
rc

e
l'

s
 
k

in
e
ti

c
 

e
n

e
rg

y
 1

T
ic

re
as

e 
K

E
 

fr
om

 
th

e
 

in
p

u
t 

le
v

e
l

. 
~
 

sh
o

w
s 

to
ta

l 
h

a
il

s
to

n
e
 

n
u

m
b

er
 
d

e
n

si
ty

. 
~
 

sh
o

w
 

sm
o

o
th

ed
 

h
a
il

s
to

n
e
 

n
u

m
b

er
 

d
eT

is
lt

y
 
d

is
tr

it
>

u
ti

o
n

s 
fo

r 
v

a
ri

o
u

s 
h

e
ig

h
ts

, 
m

o
st

ly
 
a
t 

b
a
la

n
c
e
 

le
v

e
ls

. 

1
2
I
O

8
6
4
2
 

- k b亞 E 一 A 卜 I S N 3 0!:j
38

V
·J

nN
 

3
N

0
1
.3

-S
4
 [ DIAMETER (c

m
) 

F
ig

u
re

 
6 

14
 

12
 

0
0

U
n

{4
4

) 

IW
W

,£
T

E
R

 t
£

lG
H

T
 

, 
fl

W
A

E
S

 
T
O
卫
L
汛
以
面

P
E
R

m
3

 

,6
\u

'll
(S

JJ
 

' 
。
I
A
M
E
l
面

(c
m
)

F
ig

u
re

 
7 

。
囧
（
鳥

｀｀



0一卫星， r，，巴9, ， ． 「｀，戸，一 AI丐m叩0漬','琿OP

Ro量m J. o` '̀ 
｀洫0In這r1o 約1.``1 缸I0`ch Cmtor 
Bt`，eUnim,「11"'°' ＇m'`｀ m Alb函

A1b巴· `mYor上

I1l'l'RO]lJCTIO . 
'l'heeJeet1o` `｀．em曰｀opl.Ot. ，0111 t园·``鮎` `a supercooled water drop has been observed 

血d pbotogr嶋phed. Tbe 丘蟑讜．m矗Uoa o' ` `eo:r.i` drap in tbe `m卫 0f 8pl1nter1ng.`hatter1ng or 
bursting h凸 been 比西，。r 1m罈 ti:m.e. 血g am，户｀｀己 0''ieeUo2 0f miero-drop1成8. ~̀th 
｀囑roU8 drop1etII 0Jeeted. tbe durat1on of t比1r ejeet1on 虹d the electrical properties of tbese 
droplete ．屯璋eIIt 亀 po6B1Ue 正eh訌i·m ofcU` ò ga`` Uon in thunderatorma. 

瓦汨唧 ' 

A water drop of l mm in di皿eter. placed on..microalide • vu supercooled inside a temperature 
controlled chamber located und' 鷉 hi畊 pOY` mieroseope.ob氬｀｀tion.e ot the freezing of the drop 
were 血de 迅四1ago1Depbotam1eroC"ph1c Urchn1que. The chamber and drop.,,ere cooled. At the moment 
the freez扛屯 8tarted．氬 thin ice 吐ell formed immedi矗tely 。n the surface ot the water drop and its 
t已perature.moa1tomd by & ·mall tbe.rmooOUple. 」unxped to 0。 C. Then, a large number of 這all water 
droplet!I ，「血¢`` · ~ ̀~uto20µ. `'ro eJeetedfmtbe mrfaeeoftbe Ceezing m:ter drop . These 
droplets 丘l1 oa to tbemm·o島lide· The ·mall drop1et` ``e eJeeted continuoU8ly Cr 缸1 ave.r哆e of 
50 secondll • .4-pen.ding on env扛0mm`taleomUU.0血. During this pe.riod, the small droplets on the 
a11de ueC tb· mee·1ng drop grev 1110re r亀'i西 th血 the ooe`'arther aw~. The concentration o:r 皿珥卫| droplete oath曇 mioroBl1凸 al80inere...edrap1西 md tbe 1nter1or temperature ot the 丘eez1邙 drop
「emaioed about o0 c . After canpletion ot treez丘g, the 巴·oll'th of the amal.l 心opleta terminated and 
he temperature of the frozen drop dee五med rap1西 to th.e environmental temperature . Then all of 

~he ema.ll droplets began to diminish in 吐ze. Those,arthe8t fr0III tbe trozen dr叩 gradually dis一

ppeared. Some or the 曰m&ll droplets troze by contact vith spicules from the tro~en drop, ae ebown 
1D F1gure L8imllar e.xperiments ve"Te also pertormed with a water drop suspended on a 丑ne fiber. 
Atter 丘eez1``atarted｀晶 ·tre口 0f m珥卫. vater droplets were ejected continuously from the aurrace 
of the ``！d屯 drop during the entire freezing period, Thill phenomenon terminated after completion 
of treezi.D量·

Electric meaaurem.eJ1t1 寳0五 made in three ~a; (1) by placing t區 probe o~ a sensitive el.ectro­
a1eter into the stream ot eJected amall droplets, (2)by plac屯 the probe into the freezing vater 
drop, 血d (3) by observina the deflection ot the stream ot ejected. a.mall. droplets in an electric 
`e1d. Th0 rm,ulto 上Ddie`冷d that the eJected 11mal1 droplets c紅`.ed n~t positive charge 血d net 
negative ch心se vu.left on the residual rro-zen drop. 

DISCUSSION 

Exper這ente.l evidence ha.a show that positive charged droplete were 氐nerated by the freezing of 
a eupercooled water drop. The posaible mechanisms for their generation are: 

l. Due toi.Derem` ` ```·1or pre8IIure. `````` `ater 1n tbe,。rm of small droplets vas excreted 
｀．邙 Dumerous po元8 `1dl ．平ared to be`｀上 Bpot日 fomd 1Il C`cIt8 on the 1ce 5urface . SmaJ.l 
spicules form.ed l氬ter 吐 these 111111汜 ve凸 8pot` as 8bom in Figure 1. 

2. Condense.tion of v亀ter vapor, eublims.ted frOJD the ice surface of the 丘·eezing drop, also co正·
tributed a large number ot 昌mall droplets. The temperature of the 丘eezing dTop v紐 higher th.an that 
of tb.e 11urrounding enviro血1ent.

3. Formation of small droplets by bursting of air bubble叭吐ich were observed under the ice surface 
on the drop and in the interior of spic吐es. The air bubbles were formed due to the decre缸琫 of

solubility of air 1n water when the te這perature of the drop increased upon freezing . 

Based on the observation息 O, ．e`｀neeB 0f phot唧Aerogra'血 of the drop 丘eezing and or the 
temper`turecurve 吐own in Figure 2 , 1"t is noted that the vapor pressure gradient revereed direction 
twice during the 丘eezi`5 per1od．面eee reversaJ.s occurred vben the freezing started 缸ld vbea tbe 
` ·em,1ng vas eompleted. andU` ```· vapormo1ecul紅 moved outward f'rom the surface of the freezing 
drop 血屯 the enU上0 五em`U F,｀必．＾ def1n1terad1al tempe.rature gradient m曰血inte.ined
丑th1ntbe drop dur1ng the f～虹屯 period, vi tb the colder regio.n at the eurtace 缸ld the warmez 
region at the 扛terior. A coucentr鼻tion of positive charge vae fo山1d in the outer l紉e.r o~ the 
freezing drop (1, 2) when the am正J 心oplctBmre eJeeted 六 the ourfaee. they earr1ed llet po吐tive
cba.:rge with them, 幫m．leaegat1veeb訌·ge Y88 left on the reaiduaJ. frozen drop . 
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CONCLUSION 

It is suggested that this ne元:y observed phenomenon of the ejection of droplets is an important 
process 呻Leh occurs under natural 。OD吐tions in thunderclouds near the freezing level and 咋ere the 
water drops, carried 丘om the ba.se of 1-he thunder cloud by u.Pdra:fts, are freezing. 

It is also poss ible that t.hese ejected sine..耳 drople涵面.ll also freeze after being c虹｀ried upward 
to the higher and colder region of the thundercloud . Also it is widely accepted that the charge 
generation and separation processes in a thundercloud 缸·e close1.y associated vitb the d.evelopment of 
precipitation and the main charge centers that appear above the 五eezing leveJ. . It is n.atu.ral to 
associate their ge.neration 吐th the ice phase, 

Previous attention 誣s been gjven to the fragme.ntatio.nof a freezing water drop (1,. 2, 3 , 4, 5) in 
the forms of shattering, splintering or bursting , which h邸 occurred occasioru西 during the freezing 
period. Th註 present observation a屯；gests that the ejection of small droplets by 1'reezing a su:per-
cooled water drop m戎 :play 紀 important l'Ole 這 the studies of'thundercloud 如a.mies and in the 
generation of thunderstorm electricity. 
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洹琿UENCE OF 洫 LATENT HEAT RELF.AS血 DtlllNG

ICE CRYSTAL RIMING ON VAPOR DEPOSITION GROWTH 

by W且li.lllll R. Cotton 
l 

Penneylvai心 State University 
O"n.fveristy Plllk, Pennsylv缸`1a

缸euming that 血 ice crystal is in thermodynamic equilibrium, the rate of mass growth of an ice 
crystal by vapor deposition can be eh.o"'1l to be 

圏．一严辶一－户上絀
o m L 2 
立十RTKT(¾_ + BK) 

學
2'm De (T) ` s L~4 

~ BK 

where C represen-r.a the crystal capacitance, 
S 扭 the supersaturation with respect to ice, 
m__ is the molecular 団eight of water, 

'̀ K 拉 che molecular thennal conductivity, 
R is the gas constant of air, 
T is the cloud temperature, 
e_ (T) is the saturation vapor pre.ssure with respect to ice, 

s D" is the diffusivity of water vapor in air 
Ls is the. latent beat of subl.iJnation, 

(1) 

Lf, is che latent heat of f呾on. and 
dM/dt)R is the rate of mass growth. of an ice cryetal by r!Jn四。f supercooled cloud droplets. The 

de.rivation of Equat區 1 扭 similar to the development by llyers (1965) with th.eaddition of the heat re­
leased by riming gl'o心. The effect of the second term of the right hand side of Equation 1 on tbe 
predicted rate of mass growth of a dendrite is considered in this study. The dendrite is assumed to 
nucleate 011 a sublimation n~cleus, grow by vapor deposition as a hexagonal:.plate until it becomes 30 µm 
叩c;:k and chen grow two-dimensionally by vapor deposi已on in the ge.omet.ric configur:ation determined by 
Nakaya (1954). · C可sts1 ventilation is treated si平arly to the 111.ethod of Sh這1n {1965). Follow~ng a 
60-s~cond analytic initial.it.ation, crystal- riming gr叩th 扭吐so o1m中ted. The r·ate of gTowt:h of a 
dendrite by 尹ng is 

2 
釓－于 (Vc - VD}E W. (2) 

where a is the lengt.b cf tbe crystal basal plane axis, 
Ve is the crystal te-rminal velocity 
Vo is the term:inal velocity of the droplet contributing the most to the liquid water content, 
E is the average collection eff1.ciency, and 
w is the cloud liqu.id water con cent. RiJned 団acer mass t.s deposi.ted only 1n the direction of 

the crystal c－心is (prism-plane SJCis). Following initialization, all gro"'th eq四tions are integrated 
numerically by centered differences. 

Figures 1 and 2 illustrate the predicted rate of va.por deposition gro冑th of a dendrite with the 
rilne-beati.ng term neglected and included, respectively. Fi.gure 3 shows the percentage difference in 
the pred1cted total 四SS 0f a de1'Idr1te `th and `1thout 5be r1me-hea,ting t:erm. The great:est pereencage 
differeTice occurs 吐ti:\ a liquid water content of 0.8 g/m" because there is a considerable time delay in 
the onset of gr,aupe1 formation when the term 扭 neglected. Fig11re 4 illustrates tbe predicted total 
mass of a dendrite g-rown by vapor deposition and rilning with the rime-heating term included in Equation 
1. For further details, see Cotton (1970)_. 
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。BS珥VATI0NS AND 泣ORY OF A MONTREAL HAILS TO邸

Marianne English and Charles Warner 
McGill Univeuity • Montreal, Canada 

+e1oped 氐盡嚐；：；；「；：訌這亡溫記］
the ·warm sector of an occluding low centred over 
J皿les Bay, This relatively short-lived cell 
tenetrated thetropopauge at U·2 區 be函en
1500 and 1615 劻T and produced hail ove.r a swath 
ore than 20 這 long and 6 區 `1de. m~tb a 

lslowly veering direction of motion, the storm 
moved at about 29 kt from 209°, to the left of 

11 wind directions above cloud base, The wind 
as about 回 kt from Z34° at 12,2 區 altitude.
面e hail swath, rainfall isohyets and the 
)Passage of the precipitation core are shown in 
Wig, 1, The storm produced its heaviest bail 
(with largest dimensions up to 7.5 cm and 呻sses
up to 70,g ) over about a 4 km distance and a 
period of 15 IJl.ins. 
' The McGill FPS-18 radar, operating at 
10 cm and having a 1° conical be血1 and a pulse 
'1"1.dth of 1 µ. sec, showed the presence of a marked 
overhang with strong 「eflectivity g.radients, 
which was detected between about 1505 and 1540 
EDT, The storm at the peak of its development is 
shown in a HABPl (Height-Azimuth and Range dis­
play, reconstructed fr01D PPt information), Fig, 2 
and in t'ne 2.So PPI of Fig..'.3. 

14 ra ingauges, 8 instrumented stations 
and many citizens'reports provided surface data 
on the storm, These confirmed the impl1cat1on of 
the radar data that the storm fed on its left 
front side, Four anemograms fr0111 stations in the 
path of the storm showed a pattern of confluence 
occurring ahead of the region of marked difluence 
(｀1tb 即ats up to 50 knots) 曲icb accompanied the 
precipitation, These data, and reports of cloud 
cover frc洫 citizens and frc洫 the Observer at 
Dorval Airport, on the north-west side of the 
precipitation area, indicated tbac the updraft 
:area was about 9 km across. 

A simple two-dimensional model of the up­
draft region of this storm has been 虹tracted from 
the above data; using as a guide the successful 
model for the Alberta Hail Storm of 29 June l967 
(1). The present model has been improved by 
developing a method for calculating the slope of 
the updraft and by adopting a more realistic 
updraft profile, 
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Fig, l: The hail 
swath,, ra~nfall iso- I 
hyets (--), and con- I 
tours of reflectivi 
60 dBz at 痘° e1eva? 
tion and at three 
times, The storm 
reached a maximum 
height close to 12,.3 
1cm at about 1523 EDT, 
dropped the largest 
hail at 1535, and 
began to dissipate 
at L547 • 

The ad-iabatia profile for this stonn 
yielded a maximum updraft speed of 34 m sec·1 at 
9 Ian and 鼠 cloud top at l2.3 Ian．面is imp1ied l 
unrgUst1cal1y large hor1zonta1 d1vergence Ln I 
the upper cloud. Following Fujita and Grandoso 
(2) the updTa~t maximum was towered to 7 ,8 Ian, 

l and J2 m sec- •, the adiabatic value at that 
level, was taken as the maxi=• 

To calculate the geometry of the storm 
circulation, an equation baaed on work by 
P,C. Bates (3) was used. The change in horizon-I 
tal velocity V with height z of an ~lement of 
updraft rising with vertical velocity wand 
embedded in a horizontal flow of velocity V was J 

determined as w dv C 
=．一dz TT 

Iv -寸 (V _,). 
C 四s held constant at 7 km•l after calibration 
using two well documented Alberta storms . v as 
a function of height was obtained, and thus the 
updraft geometry (assumed approximately a teady). 
The calculation was not sensitive to the assump­
tions made, and showed that at 3 km, ~here the 
adiabatic L.W . C first reached 4- g ks-1 . the draft 
was slop1ng away 丘om direction 340。 (:t 100): 
Fig, 3 shows the precipitation core and down­
draft displaced fr函 the updraft in this 
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i, Fig. 2: 咽ARPI11, 1526 EDT 23 ,.3 km slant range, along 
line AB in Fig. 3. Reflectivities on the cor_itours in dB~. 
Note the overhang to the north-west {at left), at about 6 . 5 區
above ground. Up- and down-draft regions are separate~ by 
strong-reflectivity gr氬dient:s. The adjacent. mass to the south 
(to the right) is dissipating. 

Fig. J : 2 .「PP!, 1526 EDT, and 
major storm features . AB is the 
HA.RPI section at <.3 . .3 km range sho面
in Fig. 2 . Downdrafts occ心red wid 
heavy precipitation. Updraft area 
indicated by dashed outline. 
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direction. The 叫卫｀血m slope fr叩 the vertic,:al 
~f the updraft axis was calculated to be So !°坪 ．
, The non-sphericity of the hailstones was 
striking . Maxi皿血 and min伍um di.ame t e.rs of 115 
hailstones were measured. and the diameter ratios 
of these stones are shown as a function of n這SS
in Fig. 4 . The median diameter ratio is 0 . 61 . 
Note that all large stones have dillllleter ratios 
in the range 0 . 54 to 0 . 8, i,e . relatively close 
to t.be median value, 

In the hail growth cal.culations, the 
effects of hail shape and su元ace 1megular1ties 
have been considered. The hall shape has been 
approximated by that of an oblate spheroid . 
Following List (4) and others, the crucial assump­
t ion that th.e hailstones fall vi.th their 叫nor axis 
verticsl has been mad_e . A am8tant ax伍l t"atio of 
0 . 8 has been used. This value ia somewhat higher 
than the .m.edian value to allow for the effect of 
melting on shape (5) . The principal effect of 
surface irregula r ities is to inc-rease the heat 
transfer between air and stone ; the results of 
Bailey a-nd Macklin (6) have been used here. 

Result!! of th.e hail growth calculations 
are sho面 in Fig . 5' and in Table 1 . ( The results 

Curve 
Uas氬

｀氏ozen
Time (min) 

a
3
3
7
8
為

HAn. pAR琿TEBB AT G`0UM) 

c c'd 
1 .4 2 . 5 0 . 7 
100 99 100 
17 17 15 

al93693 

。

b159320 ,
66o 

b382 

415 
1 
,. d29 

• 

「ig . ,5 , Hail trajec-
cor1紅 {left) and growth 
curves (right) . Pairs of 
curves (a and a'etc,) are 
sho`、 for each of four 
initial horlz:ontal pos i­
tions . The solid- line 
curves (a, b , etc . ) are for 
rough spherical stones and 
the dashed~ (a ', b ', et.c . ) 
are for rough ob late 
stones with axial -ratio of 
0 .8 . The initial diameter 
of the bail embryo is 1 mm 
at a height of 5 ,3 km ( - 5C) 
(The change in s lope in the 
grovth curves at the F . L, 
is due to melting . ) 
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Fig . 4 : Diameter ratio vs mass for 115 
hailstones selected from a s血ple of about JOO . 

seem to be insensitive to initial height and dia­
!Deter; initial le:vels of - lOC and -15C and an 
initial diameter of 2 血 we.re tri ed .) Comparing 
curves a and at, band b t, etc, we note that 
there is tittle difference in the trajectories of 
spherical and oblate stones but the oblate stones 
grow to 皿1ch bigger sizes . The largest spherical 
stone, at has a mass of only 33 g a t ground, 
while our measurements i ndicate that about one­
fifth of the stones exceeded tbi.s . Thus to 
account for the largest stones,'We must invoke 
the oblate stone.JJlOdel ; the largest calculated 
oblate stone being 93 g at ground. This is in 
good agreement with our measurements, since none 
of the spherical stones (diameter Tatio 0 , 9 or 
gre矗 ter) ｀e邙bed more 屯n 30 g . The time 
required to grow the calculated hailstones , 15 to 
泌 min, is consistent with radar evidence and 
citizens'reports . The heights of the traj ectory 
peaks and the fall of the largest hail closest t o 
the updraft core are also consistent with the 
radar obse.rvatiOllli. Thus this model of hail 
growth yields results in satisfactory agreement 
`ith observations. 
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ESTIMATION OF THE OCCURRENCE OF HAIL AND HAILSTONE SIZES 

Narayan R. Gokhale and K. M. Rao 
State University of New York at Albany 

A 1 ba ny, New York 12203 

INTRODUCTION 

Many earlier investigators with some success correlated the occurrence of hail and their sizes 
to different meteorological parameters such as (a) instability, (b) height of the wet bulb freezing, 
(c) wind shear at high altitudes, (d) maximum height of the radar echo, (e) intensity of radar echo. 
All these parameters may indicate the occurrence of a severe thunderstorni but cannot be used in all 
cases to di stinguf sh thunderstorn1s from ha i1 storms. Instabi 1 i ty is a factor in causing ha1 l but the 
presently published data show that one cannot identify the stability which will produce hail. Fawbush 
and Hiller {1} with some success correlated the occurrence of hail with height of the wet bulb freezing 
and to large positive are.ason the tephigram be的een the envf ronmenta l dry bulb curve and the parce 1 
adiabat. But other workers like Douglas and Hitschfeld (2), Longley and Thompson (3) could not get 
the same conel at ion for their Alberta ~ata. Though the maximum height of the radar echo was .reported 
to correlate well with hail occurrence [Douglas and Hitschfeld (2)], Geotis (4) concludes from his 
radar data in New England ha1lstonns that there is no clear dependence of either hail size or hail echo 
duration upon the height of the stonn. Whereas the intensity of radar echo fs a good indicator of 
heavy prec1p1tat1on, it cannot distinguish between heavy rain and hail. The Gokhale and Rao (5) theory 
of hail growth indicated that not all of the above mentioned parameters are important. On the other 
hand, few other parameters which we.re not considered earl 1 er are important for the fonna t ion and occur­
rence ()f hail. _These parameters are (~) .c loud base height and temperature , (b) height 固 to Z2) of 
the -4°C to -30°C temperature region, (c) duration for which the intensity of the radar echo exceeded 
55 db (10 cm radar) in the region, z1 to Z2. The curves (a) and (c) in Fig. 1 border the temperature 
range within which the freezing of different size supercooled drops occurs for the. model cloud. The 
1~annest is -4°C and the coldest temperature is -30°C for the diameter range of 5.75 mm and 0.1 mm. 
In Fig. 2, the region A indicates where the hydrometeors of diameter up to 6.0 11111 originate, and the 
lower re9ion, 8, the region of hail growth. 

NOMOGRAM TO ESTH1ATE HAILSTONE SIZES 

Prediction of the maximum size of hailstone that can occur 1n a hailstorm is as important as 
predicting the occurrence of hail itself. A nomogram is developed relating the size of hailstone with 
cloud base temperature, radar refl ecti vi ty and duration. The nomogram in Fig. 3 corresponds to a cloud 
base height of 1.5 km. For different cloud base heights appropriate nomograms can be develol)ed. 

The nomogram is essentially a graph which consists of hail growth curves for different va 1 ues 
of effective LWC and duration. For these calculations, the growth of the hailstone during its fall, 
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FIG. 1. Characteristics of the model cloud. 
The cloud base temperature is +10°C and height 
is 1.5 km. The slant lfoes indicate the fall 
velocities of the indicated drop sizes at 
different heights. Curves (a), (b) and (c) 
indicate the freezi nq temperatures of few 
drops, 50% of drops and all drops respectively. 
(after Gokhale and Rao, 1969) , 
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its reduction in size due to melting and evaporation in subcloud layer are not considered. The use of 
the nomogram ls described with an example. To calculate the maximum size of the hailstones for a 
cloud base temperature +10°C and for 15 minutes duration, proceed as indicated by dashed line, in Fig. 
3, 

OCCURRENCE OF HAIL 

Atlas (6) reviewed the earlier work on radar reflectivity factor and hail. The duration and 
the region of occurrence of this high reflectivity was not considered. Gokhale and Rao (5) have shown 
that the region of hail growth mainly 1 ies between temperature range -4°C and -30°C, the region between 
the lines Z1 and Z2 in Ffg. 3. If the radar reflectivity higher than 55 db (10 cm radar) persists for 
a duration greater than say 10 minutes in this region, it seems the probability of occurrence of ha i1 
1s rathe r high. If this high reflectivity value occurs bel ow the height Z1 or above the height 22, it 
does not indicate the formation of hail. Thus not only the intensity of the radar echo, but its 
duration in the region bounded by the 1 ines Z1 and Z2 needs to be considered. This particular technique 
of forecasting hail limits the forecast time to 10 to 15 mi nutes and may not be of much importance for 
forecasting well in advance, but still it may be adequate for hail suppression work. 
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SNOW CRYSTAL STUDY OF A LAKE ERIE SNOW SQUALL 
Andr的」． Reymsfield

The University of Chicago Cloud Physics Laboratory 
and 

IL G. Layton 
Northern Arizona University, Flagstaff, Arizona 

Lake effect snow squalls are localized are as of intense snowfall w迫ch occur over 
and to the lee of the Great Lakes. During the winter of 1968, a project was initiated 
by ESSA to seed the squa11s ozifinatingover Lake Er1e in an attempt to red1stribute 
the snowfall away from the populous areas. 

One of the goals of this project was to decrease riming of the c'l'.ystals so that the 
resulting lighter crystals would advect further inland from Lake E.rie. 
直ve conti.nuously operating snow crystal replicators were designed for_ the project 

by Andrew and GeraldH.eyms且eld, They were placed in a network near the shore line and 
further inland. This network is shown in Figure I. 

Though replicas were obtained from many seeded squalls , a particularly interesting 
day to analyze the effectiveness of seeding was December 14, 1968 (1). Four snow crys­
tal replicators were operating in the seeded regions. Some of these -results are shown 
in the spa8e-time conversion in Figure II. The bandof snow was assI.Illled moving at 25 
mph at 310"'. The results indicate that an intense squall was successfully seeded, re­
sulting in plane dendrites, plates and aggregates of plates and dendrites near the 
shore line,instead of :ieavily rimed crystals. The lighter crystals advected further 
inland to Charlotte Center and Randolph, where no snow occurred before and after the 
passage of this seeded area. Followingpassage of t:he seeded area, crystals near c:be 
lake shore returned t-o heavily rimed stellars and 鉭：aupel, whereas further inland tbere 
was a decn珥se in snowfall. The second seeding area resulted in a pulse of snowfall at 
Charlotte Center and 19.ter on at Randolph, with no change in snow crystal types at the 
lake shore. A silver 3nalysis of the snow was made by Warburton (4) in the regions 
shown in Figure II. Silver content above background level is indicated. The snow crys 
tal analysis agrees quite well with the results obtained by Warburton. 

A snow crystal analysis of the reduced data was performed in an attempt to verify 
whether the growth equ!ltion was valid in the temperature range -7 to 一12C. No ventila­
tion of crystals is assumed. Also, when a crystal was only lightly rimed, no change in 
terminal velocity from the unrimed form was assumed. The factor K is a constant deter­
mined at the 1000 mb 1:!vel. The equations to be used are: 
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A plot of h vs.Dis s:iown in Fi gure III. The mean snow crystal size.fin each ten-minuc.e 
interval obtained from replica data was used to dete1:mine the altitude at whicb the 
mean size was nucleatej, This altitude is plotted in Figure IV. The time required to 
grow this size crysta l was also computed and the mean crystal size was traced back in 
time. This is also in-Ucated in Figure rrr. The 95% confidence limits on the mean si21 
for each ten-minute interval are indicated, The crystal nucleation altitude and time 
agree quite well with the seeding time and altitude. 
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NUME立C1u. SIMULATION OF ICE HYDRO.ME咩OR DEVELOPM睏T

by 

Edw尹：d E . 吣ndman, II and Ensign David B. JOHNSON 
U. S . Navy Weather Research Facility 

Nor.folk, V辻ginia

INTRODUCTION 

Nurne.rica l methods have been developed to simulate the growth of ice hydrometeors b} 
diffusion and acc.reti:>n. The classical diffusion growth equation relating the rate of 
change of mass to ice supersatu.ration, diffusivity, and geometrical shape factors is 
団dely used . This approach requires the use of empirical mass-dimension relations to 
transform the crystal mass into tangible crystaline shapes. Simulations of accretion 
growth of falling c可stals by continuous collection of supercooled droplets 迂e in gen­
eral use . This paper summarizes an empirical approach to the simulation of crystal dif­
fusion growth which appears more flexible than the classical equation . An expanded forn 
:>f the continuous collection method for accretion is included . Both growth mechanisms 
are combined to describe the growth of ice hydrometeors from ice crystals to 己med crys­
tals , to graupel, and finally to hailstones . 

DIFFUSION GROWTH 

The following basic relation is used to express the increase in crystal mass by 
di"ffusion : 

cbn/dt = p dv/dt = p d(0.649 a'c)/dt (1) 

The density of deposited ice (o) is assumed solely a function of temperature ♦ Densi-
ty data from Fukuta (1) are used. The tenn vis the volume of a hexagona.lprism or 
plate (depending on 年 temperature); a is the a-ax.is dimension , and c is the c-axis 
『mension . Theaxis grow凸 was parameterized from meas心ements of c?sta1 gro`th in 
ever al water satu·rated, constant temperature environments. The measurements were from 
ata compiled by Todd [6J and from recent laboratory data taken by Fukuta [1]. The axis 

fiimensions are expressed as a function of time; 

B a = J<a (t/t。}and c = Kc(t/t。) ( 2) 

where t~ equals one rrinute and K,., K~, a:, and S are functions of temperature. 
Th8 parameterization has su,ficf;nt fl.exibilitY to a1low for varying conditions of 

temperature and humidity. The basic equations (2) are differentiated with res'Pect to 
ime to give the incremental growth of the crystaline axes: 

一 1/a:t.a = a:a (a/~al -, flt 一1/8and Ile= Bc(c/R,.) -, -a t 
C 

(3) 

The increments t:,,a and llc are summed over a series of time steps while the terms in egua­
ion (3) are continua.lly updated to reflect both the changing crystal dimensions and 

temperature conditions . The growing crystal wi1-l thus change its shape as the environ­
ent temperature is varied. Deviations of the growth envirornnent from water saturation 
『eapproximated byn:u1tip1ying the growth rate fzom equation {1) by a scale factor. 

his factorise叩al to the quotient of the actual supersaturation with.respect to ice, 
nd the ice supersati.:ration corresponding to water saturated conditions. 

ACCRETION GROWTH 

The growth of ice hydrometeors by accretion is approximated by the following ex­
~ression: 

dm/dt = p dv/dt = B • S • tiV • Q (4) 

The density (pl of tl:e accreted mass is expanded to be a function of the cloud liquid 
water and hydrometeor surface t細它erature. The density is derived from Macklin's [3] 
empirical density relation which is coupled with List's [21 formula for determining the 
SU江ace temperature, The volume (v) is initially the same as in equation (1) . This 
term i s replaced witr. the vol.ume of a sphere when the rimed crystal becomes spherical . 
The remaining terms in equation (4) describe the accretion process : E is the collection 
efficiency of the type of ice hydrometeor, S is its collecting cross-section, 6V is the 
fall velocity differe:nt ial between the i ce hydrometeor and the supercooled droplets , and 
Q is the liquid water content. 
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SUMMARY OF NUMERIC江 SIMULA'l'IONS

A preliminary numerical model simulated ice hydrometeors growing in a steady-state 
:supercooled cloud with constant temperature and liquid water content. Initially crystals 
lgrow by diffusion until large enough to begin growth by accretion. The smaller axis 
grows by both mechanisms while the larger grows only by diffusion. If the smaller axis 
¢rows rap這1y and overtakes the larger , tbe partic1eis assUJlled to become spherica1 gr.au­
el. The onset of hail is assumed to occur when the hydrometeor d泣i.meter reaches one 
図entimeter . When the surface temperatureof the hai1 reaches 0°C, the unfrozen port1on 

f the accreted mass is assumed to be shed . 
! The times required for the development of crystal growth by accretion , the onset of 
Jgraupel, and the onset of hail were computed for a range of temperatures and liquid water 
contents . Specific results are listed in the aecompanying table . The uniformity of the 

onset t乓e for accretion sug-

言琵芷言言；［吾:;;；）|; ］；苔I1[］:; | ;\\ 1; | l}一］:i |苴岂言莓言茫滘釒［言言言言言：
一3

the modeled results [4] . At 
low liqu.id water contents (O . l gm-.,), graupel onset apparently is dependent upon temper­
ature . Graupel did not form at -5 and -lSC but it did form at -10 aod 一2cc . These grau­
pel particles, however, d這 not reach hail size within one hour. The onset of hail 

was observed to depend more on liquid water content 
than on temperature . As the water content increased , 
the ha.il onset time decreased. Warner [7] has esti ­
mated that one centimeter hail could develop in rough­
ly twenty 面．nutes. This is within the range of hail 
onset times presented in the accompanying table . 

A separate model simulated the growth of capped 
columns and spatial dendrites by applying simple lim­
itations to the diffusion growth parameterization. 
The evolution of a capped column is illustrated in the 
accompanying figure . The column grew for 20 minutes 
at approximately -20C. By this time; it had accumu­
lated enough mass to settle into a plate growth region 
where the rapid growth of the a-axis was limited to the 
ends of the column, 

The diffusion growtb par睏reterization was used in 
a supercooled-fog clearing model. In this model ice 
crystals grow at the expense of the fog liquid water 

,oo in conditions of varying_ supersaturation . The model 
results were found to agree favorably with seve.ral doc­

EVOLUTION OF A CAPPED COLUMN umented fog-clearing operations (5] . 
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GR3mHR^TES 0「 ICI: CRYSTALS GRO邯 FROM 1'皿 VAPOR

by 
Dennis Lamb 

Cloud Physics Group, Atmospheric Sci細ces Department 
Jniversity of Washington, Seattle, Washington 

INTRODUCT IM 
The gro吡h of ice in the free atmosph~面 to be important to the initiation of precipitation 

by the Wegener-Bergeron mechanism . The rates at which vapor molecules are incorporated into the lattice 
of a given ice crystal governs the rate of ace\Jillulation of mass and also the growth habit . The inter-
dependence of the habi,: and the 四SS 臣'Owth rate the-n deteTI1Jines the intensity of,:he instability implied 
by the Wegene,r-llergeron mechanism and the fall speed of the individual crystals. These factors ultimate­
ly depend u_pon1:he rates 汪 advance of individual c巧'stall.ine faces which are limited 沁th by the pro-
ceases occurring in the environment and those taking place on the 臣'owing sur.face i tsel.f. In order to 
bette-r understand the mic:rophysics of cold cloud precipitation, an attempt is made to separate the rela­
tive i叩ortanc:e of the various tran迂er processes. 

EXPERIMENTAL APPARATUS AND PROC&DlJR£S 
A laboratory study o:fth~ 。~nd basal faces of ice has been c缸ried

out . Ice was gro面 on th"9 stage of an op五．cal miCI>oscope in the vacuum chamber shown in 「ig . 1 . The 
ch苧ber was_ m~chf ned _ as a ~it of_ stainle.ss stee1 and immersed in a eirculating 図thof methanol．心0
o-rings sealed the glass plate and a connection plate to the chamber. A small semiconductor the可o-
electric element was sandwiched between two coppe「 plates. 「he bo'ttom plate made theTillal contact 吐th
he bath and the upper cylinder distributed the heat evenly over th.e area of the gI'O面h substrate . The 

electrical current t區01.1gb the thermoelec訌•ic element was con五olled electronically to maintain the 
emperature b.f the substr3te constant to 吐thin :t0,001呃 'C'el.ative to a t'eference chambe-r mounted in the 

primary bath. 疝 independent control of -rhe chamber pressure was effec"ted by measuring 1:he pressure 
relative 1:0 the same reference chamber 必ntaining i.ce and controlling the current t:h:rough a stainless 
steel heater tape imbeddec:i in the tnoat ice. Such a "double differential II con亡ol could provide a net 
control of the excess pressure 1:0 about 10%. 

Initial1y the chamber uas evacuated to an estimated pressure of 迂H8 (about1'b) uith a mechani­
cal oil pump applied to the vacuum system. After outgassing at about 1oovc overnig沅， the ba1:h te呵'era-
ure was lowered to 吐K>Ut 0吒 and water distilled into the chamber under vacuum from a source of pz,e-

viously distilled water. When 紅］ough wai:er had been collected in,:he 111oat,,;he temperature was lowered 
氐ther and the liquid frozen . Crystals could then be 臣own on the canter stage by sui1:a.bly con,:rolling 
the diffe泣ntial 1:emperature and pressure . 

The.line訌 rates of advance of individual crystal. faces we西 measured by following the edge of the 
face where it intersected the substrate, The orientation of the face was det面mined by noting the angle 
at wh ich the incident light beam was refl酗＃ed spucularly int:o the mie1、oscope . This allowed ·the calcu­
lation of 塩ear growth rates normal to the c.ryst.al surface. 

Fi.J 卹b.....hi C"-'-r 

RESULTS 
By intI'oducing 西 into the chamber at var.l.ous partial p六ssures be1ow J. atmosphere, it was found 

(fig . 2) that the gro示hr-ates tend to follow a l/P relationship (solid line) on the average , although 
t.he individual curves a1:'e consistem::ly con函a upward at pressures higher than about 10 mm-Hg . The 
essential features of the data 啤y be explained qualitatively as follows . At 嶧ry low press心es, where 
the in.active constituent (air) makes up only a small fraction of the vapor phase, the growth rate is 
largely controlled by surface 料ne1:ics and heat transfer and is not greatly dependent on pressure. As 
hep忒·tiaJ. pressure of the inactive gas is increased, diffusive resistance increases and progres-sively 

diminishes the net flux cf molecules to t-he growing s上｀face causing a l ·/'P dependence of the growth rate 
on pressure. 面is beha吐or is consistent with the pressure dependence of the vapor diffusivity. At 
still higher pressures ccnvection currents with辻 the chamber tend to offset furth逛 decreases of mass 
flID<es due to mo1eclllar diffusion, leading to a more gradual fall off of the 臣owth rate with pressure. 
氐 least to a first approximation then the environmental air seems to modify the growth rates by merely 
reducing the net flux of vapor molecules which impinge on the surface. Interactions wi-rh surface 
kinetics can probably be ignored . 

Measurements of the linear gro扛h rates in pu泣 vapor as a function of t:emperature between 一心C
and -1护Care shown in f'ig. 3 . The meas心ements were made on individual crystal faces at constant 
excess vapor pressure as the temperature was cbanged line訌•ly with time . This technique preserves the 

`,:n.ie term :•1~near ~~wth r_at~s" _refer_s, as in many works on crystallization, simply to the time rate of 
change of the position of tbe interface. Line宓 rates are to be distinguished 氐om mass growth rates. 
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identity of the crystal face and tends to minimize the scatter in the data. The thin solid lines re­
present smoothed averages of the v罕'ious data runs and indicate the Hkely temp虹忒ure 乜'ends of the 
"inherent" growth rates of prism and basal faces. (The "inherent''rates r,efer to growth gov紅｀ned by 
surface kinetics and 孚 by_vapcr o~ thermal 呾~~n . )

Direct extrapolation of these data to atmospheric conditions may not be justi且ed on several 
count:s, but it: is int:e:r>est:ing to apply t:he results -co growth of .an ideal hexagonal prism. A simple 
integration of the growth rates of prism and basal faces at a partic心r temperat屯｀e over the area of 
the prism y註lds a value for the tot吐 rate of 區ss accumulation . Re;,eating this spacial integration 
at different temperatures, one obtains the "inherent" temperature dependence of tile mass gro吡h rate 
袖ich is shown by the heavy solid line in Fig. 3 , 

芷 this hypothetical crys1:al w面e to grow in stationary air by 吐ffusive fluxes of vapor, the 
戸远h _Y-ate~ of all f~ces lofoul~ _be re~uce1. in. accoz.:d with a re~uced ma$S tran:r~e~ coefficient. A: the 
same time, howeve:r , the non-uniform distribution of moleculal'fluxes that would be set up ove:r the 
心fferent faces would lead to enhancements in the crystal habit. That: is, if at a particular tempera­
ture the "inherent" habit we-re "plate-like," then, the growth habit in a diffusion field would beco函
even mo西 "plate-1.lke"; like.wise, inherently columnar crystals would become relatively longer in the 
diffusion fie1d. Considering a range of temperatUl'e the effect `°uld be to intensify the t;mperat心e
dePend笠ce of thehabit. similarly, tho overall 國SS gromh rat0 WOU這 be g'eat1y roduced y 戸0示h
in a diffusion field. but, because of the intimate link that exists between the crystal habit and the 
di尹ibution of vapor fl血es, it is ve'!'y.l比ely that the~ of the 呻ss growth ra1:es 
would be enhanced as well . 

The concopt of such enhancements of habi1: and mass rate peaks seems nocessary to bridge the ga? 
between surface kinetic processes and envi元onrnental interactions . A significant point, of course, ia 
that the kinetics need only account for a fraction of the total effects observed 吐th crystals gro叩
in a dif和slon field. It may be enough• for instance, that the "inherent" gro五h rates of a prism 
face exceed that of a basal face at a given temperature by only a factor of 面o in order that the pri­
"'ary habit of an ice crys,a.l gro面 in air have a leogtb to width ratio of 10 to l. 

The 逞ease沖ressed here have been purposely simplified by considering the most basic geometl:'y 
applicable to vapor gr、own ice crystals . The enhancement factors wo吐d beco畸 very complicated with 
other crystal geometries, but very likely lax,ger and of greater significance. It is not claimed that 
the 严owth rate data used here are strictly applicable to the real atmosphere, but the analysis does 
show that inherent mass growth peaks do v紅y likely exist at some temperatures and that these_peaks, 
as well as the ct、ystal habite, should be enhanced, Relatively small differences in kinetic parameters 
on different faces can thus lead to the profound variations in the c:r-ysta.ls wlth temperature and super­
saturation that 訌e observed in the real atmosphere. 
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ON THE TUMBLING OF SPHEROIDAL HAILSTONES 

Roland List, P. R. Kry and U. W. Rent sch 

Dep紅tme.nt of 距戸吐cs, University of Toronto 

Toronto• Can函a

l· Ih0Dn:TION 

The most comnonly observed hailstones c缸1 be described 紐 oblate spheroids al.though the辻 two major 
宓蛭皿呾fer somewhat . Silllple free fall exper:IJnents in -wat缸碌Ilks (List, 1959) have shown that 
these 沁drometeors fall in the d:ir缸non of the minor 邸is . The question now arises: 西 do they have 
a syrnme女y plane pe埡end1.culai• to thei.l• fall direction? What makes the 洹辻lstone turn over and over 
龜ain to achieve this sym:netry'l 

This led to exper這ents by Lozo囧ki (19命）血d 祏細 (l.9f$) OD the dr哆血d ·llft forces and 
stabilizing torqu締 of spheroid吐 part1e1es in a 呾d tunnel. But notbing was inferred about tumbling, 
mainly beca呻e the 毗1del.& 咋re not glven rotational. freedom. Therdore, spheroidal hails七,ne models with 

his freedom about a vertical major 缸es were tested 1.n a horizontal 呾d tunnel . 

The folio ìng parameters might determine the resul頂mt:rotational mot辺n: magnitude of Reynolds 
number, Re; turbulence caused by shadowing due to other similar bodies; turb沮ence as sueh; -spheroid 
axis ratio; parti.c.l.e roUShneu; asymmetric protrusions and collisions with other 區上＄切ne.s . The last 
factor 叫ght be the only mecll訌lism for turning over hailstones at lo>(er Reynolds numbers . 

匝e e洱eriments described in 位11s paper dea.l only 沮．tb e.ngul.虹 motions in free 訌ow and w1 th the 
effects of the 逵e of a disk (shadowing) on this motion . 

2 . EX苹孚AL SETUP 

The model was a smooth 17.8 cm di磾eter wooden spheroid with 严 ratio 1:0.67 which was mounted 扛
a 吐nd tunnel with. a veloci切 range 0-50 m/ sec 血d aoro己s section of the measw·i1這 section of 60 x 6o 
c!'IL. The disk u.sed for shado西 wa.s 17.8 cm in diameter 血式aced 3 di.a.meters in 「ront of the s~here in 
three positions: full shado吐呣 (center o.f disk 血d model on axis of tunnel), half sh函o丑.ng (center of 
叩k 烜placed one radiu.s to the 斗de), and edge sb适o吐 (centel" of disk displaced one di血eter to the 
side) . .Fig. 1 sbovs the velocity and turbulence profiles three di8llleters behind the disk for full shad­
owing . The profil呻缸e noro珥liz.ed to the free stre瑯 vel.ocity from which tbe corresponding Reynol亟
n\llllber was calculat-ed . 

.l· TYPES OF OOTION 

If left undisturbed, the model 111a.!ntai.ned its stable equilibrium except in the c蟑臨 0-fshadowing

where small amplitude oscillations (20° peak to peak) occasionally occurred spent也eoU.S1y for Re > h x l0· ::-5 
Therefore, to initiate lllOtion, the model ｀心 deflected by a. 虹own a:i屯le and rele邸ed . Three 函es of 
1llO訌on co沮d be observed; 田tl.-directional rotation, interrupted rotations, 。r damped or contin\lOus oscil 一
lat ions. In uni -directional. rota:訌on1 the model. either rotated (a rotation is a turn江屯 t缸'Ougb 吐 l.east
180°), or oBcillated 吐tb incre益ing 8lllplitude 口1til it 五tated..Inthe final phase it either stopped 
rotating and oscill.ated -:.o equilibrillm or continued to rotate, 唧parenUy inde.f'ini 厐ely . In interrupted 
rotations , the model rotated at lea.st once and then oscillat成 before rotating 邙aiD，江 the same or op­
posite sense . It then either sto唧ed rotating and oscillated to equilibrium or continued to carry on its 
interrupted rotating. The third 吐缸s of motion 頃ls only oscillation, either d缸叩ed to equilibrium or to 
the small amplitude oscillations 呾ch occun-ed spontaneously. 

面e physical. d.ii'ference between these three motions is the m蟑元四e of the 呾ference between the 
amplifying forces and '.:he d皿ping forces 叫ch control the motion . In uni-directional rotation this dif­
fe.rence is at 1 ts greawest. 

The frequencies mea3u.red for the oscillations and rotations varied from o. 5 to 4 hz, but it is dif­
ficult to 邸sess the:friction 缸d bending of the suspension 如tem 己 to extr迅｀late the frequency 
「ange to natural. 區且sto::ies . Rrom movies 囧ken by par缸:hutists when following freely:failing model hail­
stones, it is known that tumbli鳴 frequencies in a similw· Re range are of the order of 1.5一20 hz (pri -
vate comm呾cations by Dr. Ch缸1es Knight, NCAR) . 

扭＿ _M)'.!'IONS IN FREE STREAM 

Fig. 2 gives the results of the measurements of the relative occurrence of t ... "O classes of motion 邸
a function of Reynolds number for vario囧 deflection angles, in the free i;tre師 . Initi吐 def'lections_of
苾0 al.ways led to damped oscilla訌ons . In 血re th血 751,,~oi the cases in1t1a1 deflection angles 2 45° 
initiatedun1-directionalrotation 垃 the range 1 · 5 x l& < Re< h x l05 . At the 1owesgRe坪0這 numbers
the rotations ce絳ed a.1'ter one turn, -wl:心e at the high Reynolds rrumbers (Re > 3 . 5 x 107) effects due to 
he suppo元 m吣, have stabilized the spheroid. 
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2. EFFECT OF SHADOWING ON l.s兀'ION

Fig, 3 demonstrates the et-feet of shadowing . 
Although the motion for edge shade中g 血d ha.lf 
shado沮ng 1os啤tained , the motion tor full shad.­
owing ended in small 邸甲卫tude oscillations, 
which also occurred 叨ontaneously . The rotation 
in the c絳e of half s區<lowing and edge shadowing 
｀缸 caused by the di江erence in velocities on 
each side of the model . The shift to higher 
Reynolds numbers of the curve for fl.Ill shadowing 
is due to the fact that the Reynol.ds number was 
b蟀ed on the free stream velocity 缸1d not on the 
actual reduced velocity the model was exposed to 
because of the shadcwing. The chief c血clusion
to be drawn from Fig . 3 is that shadowing and 
associated turbulence 硒s out any rotational 
motion . 

6. CONCLU-sIONS 

Static torques on fixed 叩heroid,Sdo suggest 
that the spheroid has one _position of stable 
equilibrium . However , when the spheroid has a. 
rotational degree of freedom, there a1·e process畔
which can cBW1e spontaneous oscillations or 
a.mpilfication of oscillation.sleading to ro• 
tations. Rotations tend to be damped by shad-
。吐屯 and the asaociated turbulence . In the free 
stre血， rotations are qu1te likg1y for s這1c ent 
initial de五ection and 1 . 5 x 10;,< Re< 4 x 107, 

g 
Collisions 吐th other 匾且stones are a likely 
cause of the initial def'l.eotions, but there are 
considerable problems in tcyi.ng to calcUlate 
realistic collision rates. 

In swrme:ry, it can be said tbat very large 
spheroidal hailstones can tumble in a continuous 
fashion. To what e辻ent this is caused by a 
'spring'effect of the "'8k.e is oot known at 
present. But there is no way yet to expJ.a.in why 
small ellipsoidal hailstones also do exhibit a 
叨llllletry requiring tumbl 1ng. It m吣, be that 
surface roughness,eccentric prot尹ions or dif­
£erent posit1ons of rotat1on axes could 函虹护
tumbling at Reynolds nl.mlbers 紐 l.ow 邳 2 x l0 ` 
Conce尹ng the validity of wind tunnel exper­
imenta for the expl紅1ation of the f'ree fall 
behaviour , it ie our feeling that 缸1 improved 
郅spension 芍stem wo吐d provide data not too 
di.f'f'erent f這「ree fall. 
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Figure l . a) Velocity profile rel a.ti ve to a free 
streaJll velocity of 25 ,3 m/sec three di細eters be ­
迢.Dd disk for 和卫 shadowing. b) 证b吐ence.Proflle
for S81lle conditions. 
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Figure 2 . Percent occurrence of the two types of 
rotational motion under free stre唧 conditions as a 
function of Reynol益 number, for various initial de­
nection angles of tbe 111od.el.; solid lines for uni ­
directional rotation, broken lines for interrupted 
rotations . 
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for various degrees 、of shadowing of a disk ; initial 
deflection angl.e 90°. 
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THE ELECTRIFICATION OF SEEDE.D AND UN.SEEDED CLOUDS 

Paul B. MacC-ready, Jr., and Donald M. Takeuchi 
Meteorology Research, Inc ., Alta.de泣， California

INTRODUCTION 

A sum.mary of domi平t electrification mechanisms, with special application to Flagstaff clouds, 
is given by Latham and Stow (1969). They concluded that of the 西 1謩 ioua exiatent theories, 出e:re are 
only two which are not inconsistent with the data obtained in field investi眨`ons at Flagstaff, Both 
these mechanisms are related to the development of precipitation. One mechanhm is the Reynolds­
Brook process.. In this, the development of charged hydrometeo:r:s and hence potential gradient s is 
found greatest when three types of particles co-exist: supercooled droplets , ice crystals, a函 larger

ice hydl:ometeors. The othe1· mechanism, proposed by Muller-Hill ebrand , provides enhancement of a 
f.ield as small ice crystals bounce off the bottom of falling larger ice hydrometeors . Seeding, by 
directly altering the cloud particles:ituation, would be ei<pected to alter the buildup of electrification. 

In the sununer of 1969 data on particle types, charges, and potential gradients were obtained 
during sequential traver.,:;es at about the -IOC level for various unseeded and seeded convective clouds 
at Flagstaff, Arizona, 「nterpretation of these data sheds further light on the mechanisms of electrifi­
cation of these clouds. The results are consistent with the conclusions of Latham a:nd Stow and add 
more information to sup?ort inferences about the possible effects 0£ seeding, More details about 
instruments, observatio.:is, and Interpretation ate given in the report to the sponsor {MacCready, P . B, 
Jr., and D. M. Takeuchi, Clou.d Electriiication at Flags 乜ff, 1969, MRJ 70 FR-901 , MRI Final Report 
to U. S. Forest Service on Cont. No, 26-2298, January 29, 1970). 

A SUMMARY 啤W

1: 1000 

] ' igure l provides an overall look at observations in all the eight clouds for which the data are 
reasonably complete. The electrification plotted is the maximum vertical gradient over any 300-m 
section of the traverse. W區n lightning is observed, the trace is erratic; then the data points on 
「ig . J are arbitrarily put at 1000 volts/ cm. The precipitation factor (CR) is the integrated ice 
phase precipitati,on as ascertained from the alUininwn foil 亞pactor on the Aztec aircraft, totalized 
from the start of precipitation. The precipitation was pr血arily graupel. The techniques 0£ handling 

thls hydrometeo壬 sampler data are given by 
D 一 Takeuchi (1969l. CR is derived from {mass) 
\ mill air falling speedl of the ice partic1es, wi,th 
t'diameters exceeding 2.00 µm, at the traverse 
/ altitude, for a ci rcular cloud of the observed 
! cross section dimension. These ice particles l have grown by riming and most are £a1ling, and 
i so CR can be deemed an~'Pproximate measure 
! o! the total r尹ng above the night altitude. All-
: water precipi乜non was so'ITI.etimes present but 

' ~ was relatively rare in the cloud studied . 

。̀
 

。。

u 

` ．
一

(
5
5
l
s
1
t
0
>
)

沮

a
1
p
d
k
O
[
d
t
芯
＄

o
d
F
m
F
:
X
t
y

j 
昌． c¥ \ /'/'j 
I/ c, 

/ / 

/ / 
, 

· ' ' ' ' ' ' ' 
' ' , ' 

;l,o 

c / 

l ' 

,. 

丶I 
' 

I 

Of the four clouds giving lightning, two 
experienced negative fields . Once lightning was 
observed, each showed a sign reversal. In all 
these clouds, the locations and strengths of 
hydrometeor charging were closely r elated to 
preclpi區tion regions and precipitation intensity. 
The liq心d water content of these four clouds was 
appreciable, averaging O. 4 gm/m3. 

,. 
2, 

o.' 

Fig . 1. 
`° C田nulative· 11Rain'1 (CR, mm) 

ELECTRIFlCA TION VS, PREClPITA TION 
FACTOR 
Cloud G CR < O. 7 mm, PG < l volt/ cm 
Cloud H CR < 0 , 07 mm, PG < l volt/cm 

1'he main message conveyed by Fig , J is 
that the elect?'ification correlates rather well with 
the integrated precipitation, CR, 、vith the sugges­
tion of a tl'end along a slope of 3 £or the curves 
for the'f/aTious cases ..8ased on the limited data 
in Fig . 1, ti CR exceeds 2. 5 m.m, there is light­
ning. U CR is tiny, say below 0 , 2 mm, the 
gradients are only of the orde r of the fair 
weather field. 
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ELEGTRIFICA TION ME CHA濫M

Fig心e 1 ohows that certain c1ouds requir ed l a r zer CR values tbanothers in orde r to deve1op the I 
same strong electrification. Many cloud physics a nd cloud ev olution variables were examined in an 
effort to see U there was some obvious Iactor to e沖lain thie: liquid water content , size of ice hyd.ro - I 

l meteors , number of small ice particle s , initial cloud diameter, t沄·1ing between. first ice and lightning, 
, etc . Of all the iactors studied, only R' , the ratio of the nwnber of small ice crystals (180 to 250 µm 
• dia. ) to large ice hydrometeors (>250 IJ[Il d.ia , ), seemed to be capable of explaining the horizontal 

spread. on Fig . 1 of the four lightning clouds A, 瓦 C, and D. By the Reynol ds-B r ook or Muller -
Hillebr訌1d theory, the possibility of good electr ification would require a big CR value (lots of r iming to 
per m.it hydrometeor growth, and a good £all of bydr ometeors to separate charge areas); then,if this 
possibility for electrification exis t s, the presence of many em.all crystals would serve to produce 
stTong electrification. Of the four clouds with large CR value-s , Cloud A had the largest R'ratio (54) , 
while D had the lowest R'ratio (2 . 1), and Band C were intermediate (18 and 19). Although R'was 
la.rge fo r clouds E, F, G, a诞 H, CR £or these was low. 

The observations do not permit deciding whether the Reynolds - Brook or the Mi'il.ler-Hillebrand 
mechanism is the more likely . Each req1.1i r es the coexistence of large ice particles and small ice par­
tides, plus the presence of supercooled droplets at some stage in the precipitation development. 

Order of magnitude calculations suggest that an ice hydrometeor-related mechanism of potential 
gradient development may be adequate to e可'lain the electrification required for causing lightning . The 
charges on the hydrometeors on the aver age are 5 or 10 percent of the maxim血 such bydrometeors 
can carry (see Latham and Stow, 1969, for measurements, and MacCready, 1959 , for calculations), and 
although both signs a r e usually found in the same region, there is ordinarily a preponderance of one 
s ign ur the other , A net charge of about O. 35 coulombs will be transported per kma by 1 mm of pre-
cipitation. For a 20- lan:a clo函 and 5 mm of cUinulative precipitation, with a 3-1an spacing assumed 
between dipole centers, an elect云cal dipole o! over l 00 C Ian will be established, which is average. for 
light ning discharges . In the real cloud system, some charge centers which are initially separated by 
bydrometeor gravity- fall can be expected then to be more rapidly separated by the faster relative con-
vective motions, and influence ch訌ges collected at boundaries will be stirred 洫o the cloud systen1, 
Thus a simple precipitation-based hypothesis cannot be expected to give the whole picture with a ccuracy, 
but our evidence argues that a do_minant role in the initial strong elec trification is played by· a me尹－
nism related to the growth and fall of ice hydrometeors in regions with small ice crystals . 

SEEDIN'G CONSEQUENCES 

Even asswning a Reynolds-.Brook or a M也ler-Hillebrand mechanism to be the only sig.nificant 
electrification mechanism, the effects of seeding on the electriiication should not be simple to surnrna -

I rize . There are many factors which are involved in determining CR and R 1 －一 envirorunental stability, 
cloud size, stage of cloud development, characteristics and efficiency of seeding technique, natural 
nuclei, etc . Six of the eight clouds studied were s eeded {A , B, C, D, G, H ), and they demonstrated the 
expected complexity of effect, Some of the seeding was too limited and/or too late to cause appreciable 
artificial effects (C, D, G ), while some of the seeding caused overseeding and ahnost complete glaciation 
{B , H ). In the overseeding cases, the electrification was weak in the overseeded region, but was strong 
in cells at the edge of this region (BJ , or strong in subs equent peripheral cells (H) . 

We con-Clud e that in almost any circumstances, th~ initial 迫ect of seeding is likely to be an 
in crease of electrification, as ice crystals and hydrometeor s are developed earlier th.an without s eed ­
ing , If the seeding is continued in such a way as to overseed the cloud and decrease the amount o! 
supercooled water to well below the natural quantity, then 吣 development o{ str ong electr ification (as 
we'll as precipitation) should be inhibited 沄 that area. 
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THE ANALYSIS OF A HAILSTONE 

l 2 3 
W.C. >lacklin-, L. 1-ferlivat- and C,M. Stevenson 

loepartment of Physics , University of Western Australia, Nedlands, We.stern Australia . 
2迤 teorological o·ffice, Bracknell, Ber亙， England.
3centre d'Etudes Nuclea扛es de Saclay, Saclay~ France . 

INTRODUCTION 

0!1 l July 1968 a severe thunderstorm developed near Cardiff , Wales and produced hailstones whose 
maximum dimension excee:led 7cm . One of tht!S"e hailst,;,nes was cut into thin sections and two adjacent 
sec tions on e:!.the.r side of the growth centre were ana-1ysed, One sec tion was used to obt吐n records of 
Che a扛 bubble and c rys:allographlc s 已uccure , and the isotopic c.imposicion o(the o ther was determined 
as a fun cc ion of radi｀珥． From t he availabl e me. ceoroiogical data a sounding was cons tructed and from this 
che pressure and temper!lcure of the cloud base were estimated co be 870 mb and 1 5 . 5。 c .

RESU1.TS and DISCUSSION 

A schematlc dia~ram of the air bubble structur.: oi the h!Iils tone sec tion is shown in the top 
right of Fig . 1, Oucsi:le the cen tral core lht: stone is di.vided £nto five main layers of alte rnate 
clear and opaque (bubb.l t) ice. The first opaq112 Laver ls quite thin while the secon d is much t這cker

and denseY . The c r ys tal layers, as indl--c1.ted b; crystal size, colncided exactly with the bubble layers 
and there was a change in s1;:e from a fe,",mm to a fow tenths of a millimet re as the ice changed from 
clear to opaque . 

'J;'he deuterium a:i d Ql8 compositiql)_ of the adjacent t,ailstone section was meas ured us i ng the 
techniques described by Merli vat ~t.tl, (1). The re~ults o f the deuced國1 analysis are sho'"'1l in Fig. 1. 
The deuteTium values relative to Standard ~lean Oct!an',fater, ;U. are given in pa1:cs per thousand and the 

。stan dard error is z.O. 7 v/oo . 
Because of the relatively large number <>f variables involved (droplet t emperature, size, con­

centration and impact s:ieed) it is possible to give only rather broad interpretat ions of the bubble and 
crystalline sti:uctures. However, the Lsotopic data does permit a unique interpi:ecation if it is assumed 
that the ascent is a出扣atic . There ls then conservation of each molecular species and it is possible 
t o show that 

5D + cm lTm 
60. • 

V O 

- : ` 'om 
(1) 

V 0 

`here 叩 is the deuterium value i~ the droplets ac a giv':n heigh t, r.D; that in the initial wac:r 
vapour bek。 re condensation, o is the isocopic separation faccor, c • a - I, mV is che mass of 
vapour condensed an<I mn t he total mass of water ,rnbs cance in the ascen ding air . Cl is known as a 

。function of tempeEature and 勺 andm。 can be l htained from che sounding . 
To consc rucc a curve of ;D1 versus heighc ir was assumed chat the lowest 6D value measured 

was produced at an air temperature of -35。 C . fTom the data in Fig . l a trajectory for the hailstone 
\.las then determined. This ls sho面 Io Fig . 2 and it is evident that the stone underwent at least two 
ascents in c.loud . From the trajectory the rate ,:,f rise,-,f the stone was ascer tained and updraught 
profiles calcula t ed assuming chat the cloud water c.lnc.entration was adiabatic (Fig. 3) . For comparison 
theoretical upd raught profile_s deduced from the sounding 啤ing the extended parcel method are also shown. 

The bubble and cryscalli-ne s true Lures of L區 hailstone can be broadly fitted into the g,owth 
history ou t lined above and are consistent W~tb Brownscombe and Hallett ' s(2) scheme Eor the opacity of 
accreted ice and with Levi and Aufdermau,'sO) experimental d.iLa on crystal size . Brownscombe and 
Hallett- SU邙est that the transition f,om clea r to opaque.ice occurs slightly in the wee growth regime at 
a tempei::ature of about - 2於C . This 1s close to the cemperatures at which the ice became opaque in the 
firsc. and second ascents. Near c-he wet growth limit l.evi and Aufdennaur find t hat the transition from 
large ( > 2mm) co medium (between 0 . 5 and 2mm) or "11\all (,, 0 . 5mm) c可st糾s oc:c:urs at an ambient 
temperature of abouc- -.!SOC. This temperature is not appreciably 出 fferent f rom that infert"ed fol" the 
g ro,.ich of the fi r sc opaq ue large, (-21° C). The change from medilrm to small c可s eals in the second 
ascent also occu r s at 函out this temperature . 

The present analysis has shown chat frol'I ch" isocop馭： composition of a hailstone it is possible 
to infer the air temperature, updraught speeds and approximate cloud water concencrations e沖erienced
by the stone during its growth and hence oblain a craje.ccocy compatible with its internal bubble and 
C可stalline s truc tu,es. 面e advantage of the iso t opic method of an alysis is that the ambient temperature 
is vircually the only variable involved ln the interp,et.1tion of the data . The analysis _,;:pnfirrns a re-
cycling process o f the nature envisaged in the severe storm riodel of 缸owning and Ludl皿1(4) and the 
calculated updra ught profiles are in reasonable agreement 凶_ th chose i nfe rred from the extended parcel 
t heory . 
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LEGENDS TO FIGURES 

ng. L 叮e me邳ured values of oD as a function of hailstone radius. A spherical model of the stone 
is shOWD in tne top 己ghc corner and the symbols used for s邸iples from t he various layers are 
as indicated. The opaque layers are hatched. 

Fig. 2. The height of the pails cone as a function of radius sho`.ng the two ascents. 

Fig . 3. Updraught profiles deduced for the two hailstone ascents . Included are updraughts deduced 
from r::he parcel 111ethod . In the lower of the two latter curves no account h頤 been take·n 
of the kinetic energy of the inflow ｀足le in the upper curve the average speed of -che inflow 
has been taken to the 15 m sec-1. The fal,lspeed of the stone at various heights is sho面
for che two ascents . 
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ONT璵 E珥CTRIC CHARGE OF LOW SNOW CLOUDS 

By Cho j 1 Magone, Tatsuo Endo 血d Ts.dashi Shigeno 
Dept . Geophyaic s, Hokkaido University, Sapporo, J叨an

Although snow clouds in the winter seas-on 1n Hokkaido a.re fairly low and steady , 
they sometimes bring out local. thunderstorms. It was, therefore considered that the 
obse西ation of charge distribution of the low snow clouds would give u s some infer­
mation about t he charge gene~atloh mechBnism 1n thunderclouds. 

Because 1 t was expected that not only charge distribution but othe r accompanying 
prooerttes of the olou~ were 1mpor-tant to discuss the result of t區 observation, low 
snow clouds were observed by the use of'many methods , e.g. by r eleasing electric 
charge sondes, electr1c field sondes, snow c可stal sondes and usual radio sondes, 
stmultaneously with taking photographs of the clouds and with various kinds of surface 
observations at a seashore of Japan Se a , Ishika.ri Town . A weather radar in t he Sapporo 
Meteorological Observe.to均7 was also available. 

St0ady snow clouds as sho叩 in Fig . l were landing at the Ishik心1 Pl ain through 
30 J血 . 19約 ． According to the radar observation, the clouds were of single b皿d typo 
end 啟ire steadily over the observation point . Sometimes s howerly snowfall occurred . 

The four kinds of the sondes were released :from Ishikari Town in the afternoon 
around l400 (JST) w-1 t血 one hour . The results obtained are shown in Fig. 2. As seen 
in the left end of the figure , a temperature inversion was existed near 2000 m alti -
ude 吡ich coincided with the top of the lower humid layer. There.fore the 迤ight of 

the cloud top was estintated as 2000 m. The vertical distribution of snow crystal 
type is shown in jhe center of the figure. It is seen that snow crystals of bul.let 
t泝）O `oroprodominant 1n tho uppor 1ayor, and p1缸e dendri tic snow cry stals were 
predominant in the lower half of the cloud. Although gra.upels were not recorded in 
the snow crystal sonde, a showerly graupel !'all w1這 observed at the surl'ace a.bout 矽
minutes before the releasing t區 snow crystal sonde. 

咩e ve rtic al distribution of charge on 1n<ilvidual snow c可stals are shown to t區
right side 01'the c可stal distribution. White 紅id black dots mean positive and nega 
t ive charges resp~ctively. It is seen that positive charge was dlstribut~d in the 
layer lower than 800 m altitude, and negative 叻arge r.mged.from 750 to 1600 m alt1-
tude. A vort1fa1 d1str1bution of e1octr1c f1o1d obta1nedby e.n A1七1o 1oetrograph of 
Simpson t:vpa {lJ is shown in the right hand or the figure, whe沅 Uh1to and b1ack aroas 
on the curves mean positive and negative field respectively. A. vertical distribution 
of :mace charge was sst!Mated from the.field distribution which 紅e sbo叩 by + and -
mar如 s in the figure. It ma,v be accepted that the distribution o!' 弈'ace charge es ti­
mated 「rom the f'伍 ld dist:ri阮tioo a.gre e ded ve可 we卫吐th that obt ained directly by 

he ele ctric charge sonde . 
~t the surface, positive graupels _ (o) were observed 丘 the perJ.od 13~6m ~d 

1佔0的， tben nege,tive· snow crystals (e) were predominant between 迫琍 and 1西om,
es shown at tho bottom of Fig·3 · As!um1ngthat thO fallveloc1ty oftho graupo1s and 
snow crystals was L 3 and 0, 6 m. sec-.L re spectively , the correspondence or electric 
structure of the cloud to the time change in the precipitation charges and the elec­
tric field at the ;,url'ace a.re shown 1n Fig .3. It Js s&en that a. local positive was 
enera.ted on graupe ls in the layer wa:rm.er ~ than -10°C by coll1ding with snow crys tals 

which were negative, and the po sitive graupels fell down to the ground at l'irst, then 
he negative snow crystal s reached t he ground surface. 

It is al so seen that the mirror. 1-!!!age re lation held between the electric charge 
and the surface field. At.first 13沌0111 when positive graupels were appr oaching the 
surface, a positive.field was observe d . The n nega ti ve field was established because 
positive space charge was removed rrom the air. 如s.foms the m1rror 1mage r e1 at1on, 
then as negative snow crystals fell to the ground, in o ther words negative space 
charge w頲 removed, 11 positive field was established at t區 surface.

Reference 

(J) Simpson, G.C. and F.J . Scrase, 1937 1 The dist!'ibution of electricity in 
thunderclouds. Proc. Roy. Me t . Soc ., A, ft5, pp . 309-3 52 . 
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Fig.l Side view of a typical low snow cloud which measured. 
JI. mark : observation point, Ishl.kari Town. 
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°`'1'BI 磾｀｀L ·鱈量叩·囯鼴D m｀呻ALS
IB TIii``，一 ·iOI讜，，｀守 I

-'°,1 鼉曰
Dopt . · `0西"`` Bo正｀心吣mmi切， mPPOro. '̀m 

「 t 1' 「r`｀2.nt1y ob 囂&J'Tttd ' th~t.-:n四 m` ｀· 0可夏talI donot,` `to I丘gle
e「``｀曰 but lnto po"~e,¢d` `` °呻｀｀｀·°` °f oo1`m· 心 bull.t` ``m1r 

, comb1ilat!on of columns and pl扆｀｀ m｀.｀`｀,1m圄 1n t區 temperatm,.rIIg1on oo1a島「
l th血 ·2研c．缸ong them. the anoM 0可．t和°'ddo p1心6tm0 U 心匝 1n F1B·l 1 · 心
l!lost intero1ting. 扁o6nt1，阮． K1kuob1fo`` IIno` C元'tal6 of atmmg° "'" Mh1eh 
`oro eon.81dered to be a kind of side pl,mo t`$~ ea ahown 1n t這 upper ha正 or mg.2. 

As a first 吐叨 0£ IIt`1y on moU 0可¢心遺 or t這 com.p11elltopo1``'atall1ne1n
tho colder tempe:ratur0 口8ion,1t m囂土ldo元akan to determine t這 oPt1oa1 正1s(c - ax1a
of 1ndiv1dua.l pla.t&s or snow crystal 量 O「 `1de pl血e type, utilizing various methods as 
follow日·

1. Po1ar1Zat1on m1ero1!1OOpo. 
2. Shal)e of thermal 曇temng p1t. on t洹 p1ata ．t· Apparont 氬·hapooftho p`` 

. Crystal type or branohe 日 ah1ob oxtamd t ` lI!1 the pl ate. 

I Aa a 國 SU1t, 1t m昌「ound that t區r° `oro tM0 tm)O5 1n tho ano` ° ry,tal. ofmo 
called side plane. One is co.mpo,od o£ ero,'md p1atoII `ho 氬o e-^as m`e a1w吣「日 perpen-

| d1ou1ar to tho p1anoof 缸 pUtos, a.` h̀own 1n mg. ,. In th1s ea.,o tho snow crystal ,1 扛 po1ye可6ta111項·芷尹｀面"Ill o, th111typo dl1 bo n己0d 訌 Cro, sod p1atoa', I 
1n thh paper. The other le cO!llposed of a column心 0`'l!Ital and a ll1de p1ane `h1eh 
extends f.rom tho prism p1ano of tbo oo1urnn紅 0可stal. In this case, the snow C1'1「 Btal
is a sing1o em「`Ul, bo0au.e thoe4`｀,。1 the extended aide plane is the same u that 
of tho eo1umnr e可8tA·· 氬hom 1n F1g.L . 平 mo` C可霆tal 。 fth1s 可pe will be · - I 
n8l71od 紅 "extended aid" pl血0" ·

About tho £orm.atioa 四Chm1m otmow oryatal, 。1: those two types, following con- I 
.IIldorat1on `B.o mad` `.i. sno` °ry口tal 1` °°mposod of tW0 已 1n户°力8talg of d1fforon 
e· 正mg 1n1t日 0arly ot面• pl 氬tea develope along a-axes pl血e Tbasal plane), then 
"crossod p1at"" i5fomod, a· IIbom 1,n F1g.5· TheplatmG 0rO80 oaoh otho「 `1th about 
• right angle. It e. pr1911J plane ot a columnar c可11tsl!I 0xtmn凸丘om the column, a 
'extended l!lide plane" 1s formed. 扣n the· 11now crystal le co可oaed or two scrolls 1n 
1ts oar1y,tago 皇 t這 d"o1opod 日hapo 冒 11l bo 訌 ahown1n,1g.4. In th1l'I Caso, tho 
sno` cr,etal of 0OUl',:) 1島巳 po1,em·m.

Wben Dr. Nak叨· fom這 snow crystals of so called side plane type, he con-
sldered that t區 ·1.心 pl訌瑱 `ma cxtons1on of a pr1皿 plane of a column, t洫roforo bo 
named thia t刃O ·II ·xt` òd d~do p1ano. Bowovor皇邕｀ t五 0X卹lple of this type , he 

" " 1 'ho` ed mo` e'atd矗 Ot q`S已odp1at" 切rpen in the present p aper, as shown 1n Fig.L 
According to th& result or d會torm1m e-mc", m立汨 0`'atal.a of 51do p1ano uh1eh oxt6ndo ` òm pr1m p1ma. b¢ t這 IIbapo ` IIbOWJl1n t這 upporb尹 or mg.2or 1n F1g. h· 

N·tu,d .now o`"t4· of oroIImod p1aU tm0 or oxton山d II1d.o p1缸這 type 心6
observed toget這r with col一· or bull"` 1no..ae of the 1心orato可 experiment also, 
sno` erys訌l日 0, thomtm'" m` ``modon a rabb1t ha1r oommon to eo1wnn島 or bullets. 
It 1s, the`｀｀ eonII1d0五d th•t the tol'lllatio.noondi tion for t區 croaaad plates 。「
oxtondod s1do p1ano 12 llOC t這 II皿II ·6 th0,o or oo1umn8 and bUllom, m.otoorolog1oally .| 
Very looa.1 but unknown factors ma-y 缸五lated to t迢 for,nat1on or crosaed plate11 o「
extended side plane. 

R0foroneaIll 

(1) K:I．囧chi, K., 19約： Unlmown and peculiar eh氬po of sno` C可sta1oobsorvod at 
Syo`` St亀t1on1 扣taret1o.. Jour., Fao. Se1.,Rokka1do Un1v. , Sor.VII. 2, 
pp.99-116. 

位） N吐":e:·,.U~, 1954: Snow Crysta.la, natural and a.rt訌1e1 正． 臨元心d Univ. Press, 
p:6,. 
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Fig.l Snow crystal with 
crossed plates . 

c 

Fig. 2 Snow crystal with extended 
s1do p1anos wh1ch is 
combined with bullets . 

c 

Fig.3 C-axes of a snow 
crystal of crossed 
plate t ·ype. 

c 

c 

Fig . 4 C-axes of a snow crystal 
,£ oxtondod s1do 

plane type . 
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即啤ICAL MOD瓦卫l00'HAILSTO血 CROWTJ!

五

】」 . Mu蠶11 and A. S. Dei卫A日
丘·t1t吐e of Atmoapbm·ieSc1enee. 

SouU> Dakot` Seboolo, M1nea 巴d T``no1ogy 
Rapid Cit:y , Boutb 磁ot已

1 . 「NTROOOCTION

This pa.per considers hailstone grwtb Vith the aid or three numerical models describing microphy吐－
cal pr ocessee . Tbe 迅e1s do not acco血t 「or'p0BB-1ble feedbacks of microphysic&l processes 吶n eumulue 
如amics; neverthele且8, tbey s區d l``t 叩n 紅ver¢ 正peetsorhaUstone gro` ,` They a.lso perm1t an 
臼oe邳ment of a simple cone中ua1 氬ppro^eb to ha1lsuppre5Sion．邙m心， tbe glaciation of supercooled 
cl oud va.te.r at hi.ghe.r temperatures than normal tor hAil-producitl.g clou心．

The three 1110dela in order ot increasi邙 complexity are: l) the gr。vth e吶ations 111odel , 2) the 
teed虹 cloud model, and 3) the ha:Ilstone screen model. These models are discussed briefly 扭 the
folloving three sections . 

2 . ~箜:tJATIONS MODEL 

Mu61l. bas d?rved 吋Uation臼 govern逗 hamtone gromh in tbe presenee of 8Upereool ed c1oud `ater 
and icec可6ta.1s A` ＾ll1o邙血且 bailstolle U II.b.letodispe1 mthe latent beat of 垣1on assoeiated 
吐tb accreting cloud droplet曰 or rain硒ps and maintain a temperature 區lo" OC, growth occurs i n t he 
面 state a這心 accreted va.ter is 1nco可泗巳ted into the hailstone. If the bailatone 扛 colliding

vith 甲lny :liquid droplets and the 血】b1ent tempe`ture 1s 吣t tar belov OC, the tempera ture of t he 
stone 皿~y rise to OC 邳d 巳 f1五 ot `ater appear on1tB Surt'aee. This 1s tbe m t gr。心 condition. It 
is assUllled in tbe present model that excess vater is shed 缸id t區\. no spongy lat:t.ice is ronaed. In 
t证t ca se the vet growth rate is d中end.ent solely upon the 五teat vhich heat c皿 be t ransferred. from 
the hailstone to the enviro血血t and is independent ar the liquid vater c.oncentra tlon in the environ­
ment , Hailstone grovtb 扭 a m1xture of icee',sta1s mds吶「cooled cloud d.roplet11 is 「aoter than in a 
cloud consisting entiri心。'11upercooled water, other things 比4四； eqm,because 8函e of t he latent 
heat o「＾叫on released by the accreting cloud lol'ater L8 used to varm the ice en「8t吐e from t he ambient 
tempers.ture up to OC. 

I The g囑。心 equations 元eld the grovth rate ror a hailstone of 函 si:z.e in environmental conditions. 
Both vet and dry grovth rates a.re c邙叩uted and the amal.ler ot tbe t vo is 巴8S`a to uppk · 'l'he maximum 
gro元h nte occUl'B 吐 tbe trm` L̀tion point frO 面 to wet growth. 

The model bas been applied to 皿 "unseeded" cloud irt vhich the va;七r content follows the adiabatic 
心ues tor a day 。U Yh1eb 區4l vas ob8erved 氬t Rapid C1ty 矼din which the cloud wa,ter freezes betveen 
-20 皿d -~OC in 氬 no呾near tu迢on suggested by Vs.li (3r. The maxil!lllll1 gro沅h rate occurs at tempera-
tur.es 心oun.d -25 to - 28c , the ex.act value depending slightly upon 匾.ilstone diameter . The temperature `; vh1eh tbe 甲｀1.nlum. growth occur曰 falls 氬s the concentr矗tion of 8亟rcooled vater incre氬aes , so t hat 
in some hail-producing clou心 1t 函。ccur at temperatures btlov 一30C.

Hovell has suggested one simple conceptual model (among others) for 區il suppression 1n vhich 
suppres sion i s achi;ved by glaciating the 血pereoo1edcloud VAtem thereby 吐叩扭g hails tone growth(! ) . 
Weicla!talm• 區S 紅·mmd eomcr`e1y that tbeoon`'Bion of d.rop1ets to ice eryst辺．s.might 町eed the 
grovth or hailstones, ror ｀｀囂ons noted above, Some ind劻t into the rel.ative merits or the tvo points 
of 吐ev can be obtained by comparing results of the grovth equations model for a "seeded " c loud gl aci-
ated 區tveen -5 and -25C to those for the unseeded eloud. The seeded cloud shove tbTee important ch缸屯es

vi th respect to the unseeded cloud: 

.l)The region or ma.xiJD.Ulll bail吐one grow-th rate is moved tone缸－15C, i.e. , dovnvard 1.n the cloud. 

2) Maximum hailstone 肛0亞 r`te iS 琿'll社 in the seeded cloud thllll in t.he unseeded cl.oud . 

3) Apprec扛:ble hailstone growth r島teo are limited to a. re81on o，細a.lier vertical extent. 

The8e r esu1t` 0uggest tbmt tbo eolleept of h正1 s丐千reBSion Uro屯；h eloud glaeiation hBB S0m' èr1t . 

3. 「唧ER CLOUD MOD瓦

It is impossible to calculate n-010 the growth eq\18.tione model llov 皿lcll a hailstone Yill grov in 
passing upward or dovnvard through a. cloud without taking 1.nto account updraft speeds and hailstone 
t erminal velocities to deteJ:'11中`e the time spent at t.he ve.riou.s levels. This has been done with a one­
dimensional time-d叩endent model 。! a feed.er cJ.oud . A feeder cloud begins as a sm吐1 cumulus cloud 

•Private communication. 
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尸＼霏::L:；;＝＝亞＝。霏霹: :==Zinto 
the feeder cloud ■odel 皐t dif`` t elmtiom 11Dd ~t d"```t t`0B 2. 

面e feed¢ c1oud mo4e1 em bo oom1d¢.d m d`` .̀q the enviro血1ent experienced by a hailstone 
Ialong1伍 trajecto'薑五tber tm u • cle·eript1ouof. e1oud . It 1日 oq呾卫.y applicable to embryos 
cm1ed1nmcd tomcd the eore of 嶋｀｀¢一·1omi UUleloud and, tberefore, IUbJ``edto 1ner國81ng
lUpdra1't` ｀汕 tille. Iny`d 1110U0D 0eeur. be這 thelevel of - Updr¢ ina1l eonveetive eloud日
and 尹gbt a1moeeur 面 tbeup·be「 I1de 鷉吣" t訌 l疊ml ot m&x1mmD.u户亀m. I 

M四11. eoDJII1知元d gl巳e1裊t1.如 O'e1o泅 mt正 to occur between -20 1111d -4oc (an unseeded cloud). We i 
|haVe iave8t1g氬ted 亞tbetic亀1 `｀et嶋 O,.ee`吣面 UIum1ng gJ.止血0` to oeeur beWeen 一5 ｀叫－25C.
｀咖ILr1ng the bdlmone1 produemi in tU.. eme `tb. th01e p·` èod L, tbe un.8eeded cloud co``7l8 
,expeet`t1oa6 bamdontbe grotb 邑quaUo`.IIOdel．正b'·oII 0f IIIOIt II1ZO氬 introduced 巳t a me.Jori ty or 
的int.1n the Ieeded "m1ooof "`'¢缸rcloud model raul.tb 正dler 區止moneB 丘lling t'rom the 
e1oud ba冒e tban the, YOul.dprod吣e 1f1ntrodueed .. t t氐 eorreIIJ)0nd1nc po1ot in the un8eeded c1oud model. I 
Some exceptions occur in the cue of e:1心,'011 reaching the upper limit ot tbeir trajectories near the 

． 一lOC level. 1n tu seeded cloud . 

4. HAI正!TOIIE SCR尹 HODEL

To this point ve haTe taken no 鼻ceo`t ot compeU·t1OD 巴mng 區1 lst.one embryoa or h鳳1lgtoneB. Th1a 
lack ill leaa aerio四 th`` Iiicht ¢ timt 嶋ppear.， Tbe grom;b r矗te 邙巳區il11t0t1e ie not affected by 
thoee abo•e it nor by tho11e located. too四 aide , but only by those located below it. The hailstones 
區1叩皿氐 t.h-e1rpm,.ence te1t ` m這0d``｀ .`eotthe IIuperoOled. eloud v氬ter bloving upva.丑 p畔t them 
110 that their effect. upon 亀 particular b.aileto.ne W1der conai,deration 111 completely expressed 扭 tbe ice 

m` ```. budga;` 

Conaider 矗 5ereen of b`1.tonml b｀.anc巴d near the top ot..cloud vitb the largest ones at the 
bottom or the 日ereeu . The deereme ot tbo updr```th heU坦 implie1 horizontal diverg血ce of the air, 
vhieb mt beIIh`ed 访 the proe1``Uou mdt证 cloud part1clea preaent. However, as tbe hail比ones
are 洹Llanced by the updr氬m th' 如吣t •bar曇 in t這 ve.rtic&l.eonver8¢心 of the air motion. In a 
8te吐由 It`C ·it``io`· tbe onl' `^tor o",.etti`: tbe hor```` Uvergenee 1B 訌ereUonal mo心 ．

Oneean detemb` ``er v迢t condi tion1 accret.ional grovth ottaete the horizontal divergence . 
Neglect!吣 t.he p1'e.eace of c1oui 1ee and mIU1111ng 乓 grovtb • tbie 「equ.1re8

.oD3 `D2 
(DIV)XY • II •一一一 •!'I• 7. •Vt• X 

6 b 
(1) 

吐ere (DIV)XY 1言 the bor止0Dt&1 di7ere皿eo. ` " tbe h&1l.tone eoncentr氬t1on, p i8 區iletone density, 
D i8 區4l.吐one d81Da心， vt 1II hUl·tone,all 11Peed. `deb.inthis cue equals t區 local updra丑 speed,
血dX1a the c1oud ``m· eooteut. `皿dn.t1on ot (1).h0VII tb凰t the bal``e 沅tveen accretion and 
horizontal divergence d可'ends on hailatone diameter and cloud vater content,'but ia independent of 
hail吐o[Ie concentr氬tion . Fo「 't`,1cal eonditiom. iner壼邕·e· in 皿II8 eoneentnUon 吐th 'time are possible 
。nly tor 吐one. under 1 cm di血｀｀｀ m1deoncmtr亀t1onII Ot lC'gerha1l比0ne5 deere`ee `·tb t1me . Th1s 
redueee the pom1Ml1ty ore0lllpeUUon m``; the largm,t h .̀lstonee gr叩ing in the updraft, although 
訌one` mov1ng upvard `011 區1叩 tbeupdr`` m`b心 could ottaet this tendency t o some extent . 

compet1t1on ¢Un vbeu eoo4tioml `; m.ore tb皿 one level a.re considered, because t be concentration 
of b`i1,tonm＇吐 om1曇vel control鼴 the cloud water content at higher levels. The situation h珥 been
modeled in a computer vith 這dl1tonea mak.ing th.eir va.y clovnvard through the updraft as they gr叩切
氬eeret1o` but IIUbjeetci.ll th曇血le to b.orizo.ntaJ. d1ve`Pnce. Am;er acb t1.me Btep．巳丘action of 
tbe ha1lIItone. at a`b le`:.1 aremo`:d &,```d to the no元 le`A 氬．亀「eault o~ grovth and the concen­
trat1on8 0f 出n.BtoneB `` adJuted for 區rizont&l diverge.nee. Cloud v曇ter concentrations are adjusted 
tor condena氬t1on. hor1zont心． d1`，`5e.nee. ＂rt1e`· eom` 5̀enee and loo`eo 面 accret1on. Theresults shov 
t.b邕tin 鷉 el.oud `~th 霾d1心2t1e v.tereoateot mod 。r the 匾訌.stones would exit from the updraft vith 
diametera 心OWld l cm. Thi• &f「`` `th the median di11111eter obeerved in 皿UlY hailstorms. Ot course, 
氬 few- stonea would make their V1lY dovnvard near tbe storm core eo that them正Lm這 updraft still provides 
an 1nd1e嶋tion ot marlmum hailstone d111111eter to be obaened ill 氬 11torm .

Mork 18 訌 progre扛 0n the ``et8 0f 正t1me1正 gl氬ciation ot the clou.d v&ter upon the ultim.e.te 
hUl,tone e1zeII.oh1eved1n th1. model. 
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EXPERIMENTAL STUDIES OF FREEZING, WAKE EFFECT, AND BREAKUP 
OF FREELY SUSPENDED SUPERCOOLED WATER DROPS 

John D. Spengler and Narayan R. Gokhale 
State University of New York at Albany 

Albany, New York 12203 

INTRODUCTION 

A large vertical wind tunnel {l) was used to suspend 2Jrm to 50Jl1 size water drops. The inter­
action of these suspended drops and their freezing were studied at ambient a1r temperatures from +3°C 
to -27°C. Thousands of drops have been observed freezing and interacting with drops of the same size 
or impacted by smaller droplets. Some of the resulting ice pellets were collected, photographed and 
measured. Approximately 10,000 feet of high speed movies 霞re taken at framing rates from 500 frames 
per second to 2,000 frames per second . 

FREEZING OF SUPERCOOLED DROPS 

Type of freez1n9 
There are essentially three distinct types of temperature dependent freezing (2). 

1. Upon slow freezing in the temperature range O to -5°C, an ice shell forms around a drop. 
Start1 ng with a frozen disc on the bottom of a drop an 1 ce 1 ayer slowly envelopes the ent1 re drop. How­
ever, there 1s a f1n1te time 訕en the dl"op has a frozen bottom and a liquid t-op. During this period a 
difference in the manner of oscillations can be observed. The liquid has the appearance of sloshing 
back and forth across the ice disc. The maximum amplitudes of oscillations do not occur along the hori­
zontal and vertical axes as in the case of liquid drops; but, rather, they occur at about 45 degrees 
from the vertical axis. These fee-liquid drops may encounter heavy turbulence such as the wake of an­
other drop and shed the liqutd portion of the partially frozen drop. Thfs results in an ice disc which 
accelerates upward fn a zig-zagging manner. 

2. At temperatures between -5 and -10°C drops can obtain a frozen shell of clear fee which 
completely encloses a 11qu1d center. While the fnter1or of the pellet fs still liquid, the outer ice 
shell may be easily cracked upon contact with a hard surface. 

3. Rapid freezing occurring at temperatures colder than -10°C results fn opaque ice pel­
lets. Deliberate nucleation by sand, clay, dust or ice crystals produces opaque ice pellets at temper­
atures as warm as -5°C. 

Shapes and 霈1na1 vfl°C.}賈
Similar to liql.ifd arops, the tenninal velocities of ice pellets are detennined by their shape. 

(Fig. 1 and 2) Upon freez國 the resulting ice pellet would either 面in suspended at the same tenni­
nal velocity (ev-en lOl!ln di 矗meter ice pellets), or fncrease its terminal velocity and fall to the Hexcel 
on top of the tunnel or decrease the terminal velocity and accelerate vertically and be thrown out of 
the updraft. Whether the frozen pellet would change its velocity or not depended on the type of freez­
fng and its resulting shape. During opaque freezing, drops often froze in a state of large amplitude 
of oscillation. A frozen oblate ellipsoid would have a larger surface area and hence a lower tenninal 
velocity than a drop in its mean shape. All the frozen ice pellets whfch rapidly accelerated upwards 
in the wind tunnel were opaque and had an oblate ellipsoidal shape. 

The ice pellets which either renained at the same tenninal velocity or increased their tenni­
nal velocity can be characterized by having a shape similar to the mean shape of a liquid drop . The 
pellets were observed to be either very stable. or to rock back and forth. 。r to fa 11 1 nverted to the 
drop shape with the flat side up and the rounded side down. (Fig. 2) This inverted position of fall was 
anticipated by McDonald (3) and Blanchard (2). The center of drag forces for a liquid drop fs below the 
center of gravity. Upon freezing the shape of the drop is fixed and it may no longer adjust to this 
coupled force and it is possible to invert the drop to a more stable fall position. 

Coa,u1ation of two frozen drops 
Two ice pellets frozen together were observed many times at various degrees of supercooling. 

(Fig. 3) The actual mechanism of fusing t叩 ice pellets has not been detennined. However, visual ob­
servation and high speed film give some insight. Frozen pellets have been photographed coalescing with 
supercooled drops forming a liquid layer on the surface of the fee pellet. Such an fee pellet contacting 
another "dryer" ice pellet at a colder temperature could cause freezing at the point of contact and fuse 
the pellets together. Close inspection of figure 3 gfves this appearance. 

On two occasions supercooled drops of millimeter sizes made contact with a larger ice object 
fixed in the updraft and froze iftlllediately. The result was a protuberance in the shape of the frozen 
drop. (Fig. 4) With this mechanism it should be possible for two freely suspended hydrometeors to fuse 
together. 

A third possible 謎chanism involves the cracking of the thin ice shell shortly after the 
commencement of freezing. This could provide the 國ter necessary to freeze the pellets together. 

Nucleation w1th ice crysta1s 
The wind tunnel was operated several times during or shortly after a snowstorm. Consequently, 

a great number of Ice crystals were introduced into the updraft. At other times, ice crystals were 
de 1 i berately introduced to test their effect on the ability to supercool. At -2°C ice bulb temperatures, 
1ce crystals were 100% effective in freezing the drops . At -0.5°C ice crystals had a 50% efficiency. 
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lee crystals were introduced to initiate freezing for high speed movies and produced an inter­
esting effect. The resulting ice pe11ets had ice crystals prot ruding from the bottom indicating col­
lection of crystals by the frozen pellets. Under the proper conditions, probably with the surface tern­
perature of the ice pellet near 0°C, ice pellets may increase in mass by accretion of ice crystals. 

BREAKUP 

It is wel 1 known that drop breakup is important for drop diameters greater than 5. 5nwn. These 
studies with the vertical wind tunnel show that wake effect interactions and small drop impactions on 
larger drops are two important additional mechanisms in detennining drop size distributions. 
~lake effects 

Ov~r 200 w~ke i ~teract i~ns betwe~n 4. 5rrm sized drops were ana lyz~d from high speed fftms. 
During wake interactions drops which were brought into contact exhibited three distinct types of behav­
for. They were said to coalesce when the oscillations produced during contact appeared to be damped out. 
Coalescence occurred in 33% of the wake co 11 is ions, For 20% of the co 11 is ions the drops bounced off 
each other. 441 resulted in breakup. Because of the positions of the drops in the field of view. the 
remaining 3% could not be accurately labeled as either bounce off or breakup or as no contact. The 
drops that broke up can be subdivided into 20% bag breakup and 30% fragmentation into several millimeter 
size droplets. For 50% Of the- wake breakups, the drops pulled out a filament producing severa 1 sma 11 
droplets while maintaining most of their original m;iss. 

Small dro~ 
Initial reviewing of our films indicates that small droplet impaction on suspended larger 

drops is an important process in drop breakup. Smaller drops in the size range 500 ~ to 1.5mm striking 
a 5mm drop near the edge pul 1 out a filament of very sma 11 droplets while decreasing only s1 i ghtly 1 n 
their velocity. Impactions near the stagnation point of a 5111l1 drop produce a crown-like splash pattern 
with the points of the crown breaking into sma 11 er droplets. 
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RIMING PROPERTIES OF 出汊AGONAL ICE CRYSTALS 
by 

Robert D. Wilkins and August H. Auer, Jr. 
Universi.ty of Wyoming, Laramie, Wyoming 

INTRODUCTlON 
lnformation concerning the collection e.fficiencies of ice crystals between 100 and 1000µ, riming 

thresholds, and droplet: deposition characteristics is lmportant in studies of cloud water transport 
mechanisms; e.g., graupel and/or hail formation. Since 1967 replication, classification and analysis 
of ice crystals has been carried out at the Elk Mountain Observatory (3300m ul); this location afforded 
an excellent opportunity for studying the full speccr\JJIIof ice c.rystals produced by both large general 
storm situa 已ons 缸3 well as those ice crystals resulting 丘om the 1.aolated cap cloud. 

Observ紅io11s of the 叫．niJDum dimensions of hexagonal plate crystals necessa可 for riming to be pos­
s1ble have been reported (1) . In a further atte叩 t to isolate some features of the riming process with­
in natural clouds , chis paper 丑11 compare the theoretical and observed minimum threshold dimensions 
of hexagonal plate crystal size nee臨sary for riming to be possible; in addition , compa'C拉oos will also 
be made between the observed and theoretical sizes of the collected cloud droplets . The deposition 
characteristics of the accreted cloud droplets 吐11 also be di scussed. 

THEORY 
Es t imations of collection efficiencies for hexagonal places have been obtained utilizing the in-

ert.ial collect垃n theories developed for thln discs (2, 3). Since 1ne-rtial coll.ection efficiencies are 
a function of Stokes nU111bers (2), these Stokes numbers have 匾en c吐culated for various comb垣tions of 
crystal sizes and cloud droplet diameters. The resulting theoretical collection efficiencies 虹·e

plotted in'Figure l. It may be predicted from 只gure 1 that a 200µ diamete-c crystal might selecti.vely 
r扭e cl、oud droplets 拉 the 2011 range. For this crystal size, cloud droplets Sll)JlJ.let: than 15,i 1n d.iameter 
cannot be collected due to inertial cons:lderations; for cloud droplets approaching 25µ in diameter, the 
negligible differences becwee.n the cerminal fall velocities of the ice c巧rstal and the droplet account's 
for the declining coll.ection efficiency. Furthermot'e, crystals of JO年400\J in diameter show an in­
creasing tendency to collect 15µ and larger cloud drople cs. Also from F:1.gure 1 it should be noted that 
a 10\J cloud droplet is cl函e to the theoretical mininu皿 size which can be collected by ice crystals bet­
ween 100 and 1000v in diameter. This prediction is further supported by Ranz and Wong (2), who suggest 
no collection of such cloud droplets by hexagonal places is poss心le since the respective Stokes numbers 
are less than or equal to the cr1tical value, 0.196 (3) . 

OBSERVATIONS 
Ice crystals observed wi.thin the cap cloud were captured and repli.cated on Formvar coated slides . 

Ice crystals within the cap cloud may be replicated al:: very slow impact speed; and, cherefore, the break­
age of even the most fragi.le of crystals is not found. The replicas wet:e then inspected under a 己cro-
scope to determine the ri己ng characteriscics. Hagnifications of 100-400X were required to insure suf­
ficient resolutions. 

四gures 2-8 illustrate representative hexagonal plate repllcas possessillg various degrees of 
riming. These data suggest a riming threshold size for hexagonal plates to lie between 200-299u . Ono 
(1) reported the onset of 丑．ming was on plane ice crystali; sreater than 400u in diamete,; but not on cry­
stale less than 300u . The implication co be made is that 200-)00u crystals must be carefully inspected 
for accreted droplets while the r1m1.ng on 300-400\J crystals is more obvious d啤 to the M,gher collection 
efficiencies. 

Figure 9 presents the meal! accreted droplet: spectra for various size r氬:nges of hexagonal plate cry­
stals. For the -i;ange of crystal diameters between 200 and 100011 , the ~verage number of droplets per cry­
stal reaches a maximum for accreted droplet diameters near 20u, regard.less of the degree of riming. 
Since all ice crystal replications were made in a water cloud, the potential for riming due to the a­
vailab"llity of water droplets existed; neva-ctheless, hexagonal place crystals less than 200\J in diameter 
1o1ere noc foWld to exhibit any accreted droplets (as de口onstr,ated in 訌gure 10). Furthe元ore, no accreted 
drop.lets less than 1011 in diam.ete_r were found on any size hexagonal plate: hovever, as the collector. cry­
s cal size in cresses, there is a tendency for the. accreted drop lee spectrum to broaden to1o1ards larger 
droplet sizes. These observations appear to be in reasonable agreement with the pred1c.tions from the 
theoretical collection efficiencies outlined in Figure l; in particular, the selectivity of 20µ droplets 
by 200µ crystals and the predicted absence of r.ccreted droplets less than 10\Ji.n diameter. The apparent 
absence of rimed droplets with diameters great紅 than 30µ appears inconsistent 吐th the predictions from 
the collection efficiencies of Figure l. This inconsistency can be explained by the lack -0f available 
drop1ets IJichin this size range in orograph北 cloud systel!l.S. 1t should be noted chac for these droplet 
spectra, no adjustment was made for the measured droplet diameter for the possible deformation due to 
impaction. figure 11 indicates an obvious gphericity and lack of deforination of accreted dToplets· 
this is in agreament v1th Bro面scombe and Hallett (4). 

A further inspection of Figures 2-8 1-ndicates that droplet deposition is most 户onounced at che 
perimecer of the c可stal in the initial stages of the riming process. As the degre_e of riming incre紐e_s • 
che droplets may be distributed across the entire face of the crystal; however, the principle accretional 
growth still continues at the peri meter of the crystal, as illustrated in Fi~res 6-8. 
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Introduction 

SHAPE, SIZE ANI> SURFACE CHARACTERISTICS 
OF HAI LS TONES COLLECTED JN AlBERTA 

Brian L. Barge and George A. Isaac 
McG111 Univers1 ty 
Montreal, Canada 

Shape measurements of 1915 hailstones have been obtained from 99 ha11 samples col• 
lected on 8 days during the summer of 1969. Th e measurements were made to determine 
hailst~ne distributions with shape for use 1n weather radar depolarization studies. 
Knowledge of the physfcal properties of hailstones ls also useful for the development 
and verification of hail growth models. 

Most of the hai 1 was~ gathered by volunteer observers who provide data as part of 
the hail surveillance progr11m of the Alberta Ha11 Studies. Prec1p1tAt1on sampling ve­
hicles also collecte~ ha11 when directed 1nto suspected hail regions detected by the Al­
berta Ha11 Studies radar. To rn1nfm1ze the effects of melting. hafl which remained on 
the ground longer than 10 minutes was not 1ncluded 1n the analysis 。

Method of Anal.t,s1s 

Each hailstone was visually classified according to f ts shape and surface structure 
into one of the seven followfog categories: oblate and prolate ellipsoids, spheres, 
cones, acorns. raspberries, and irregulars. Ha il stones resembling acorns were bell­
shaped with a small t1p or protrusion at the end opposite the apex, Those similar to 
raspberries possessed small surface roughness fea~ure~ or bumps with an. indentation at 
the . base. "Apples" observed by Carte and Kidder ( l) (~ee the1r F1g, 5h) are ~~1m11ar to 
those fn _the raspberry class1f1cation. Art1f1chl _ hailstones produ.ced by Bailey and 
Macklin (2) and shown 1n their Figs. 3 and 4 resemble raspberries and acorns respective­
ly. Whenever classification of hailstones on the basis of shape, and surface structure 
beca me difficult. 。 l>servat1ons of opac1ty influenced the class1f1cat1on decision. For 
exal!lple1 man,y cone ~baped _ha11st~nes \lilere opaque at the apex and .clear at the base, 
Ha1 1 s tones m th s 1 m 1 1 ar shape and surface roughnes s charac ter1 s t1 cs as ras lbeI"r1 es we re 
often opaque at the base (1n wh1ch a small fndentat1on was always observed) and clear at 
the apex. 

The hailstone dimensions were measured w1th a vernier caliper according to the 
shape class1f1cat1on. Ideally all the shapes ln the class1ffcat1on scheme should have 
axial symmetry. In rea11ty, ha11stones are rarely axially symmetric, necessitating two 
base measurements and a height measurement for the cones. acorns• and raspberries, wh1 le 
triaxial measurements were required for the el11psoids and spheres, Only the mf.nimum 
and mallimum d1mens1ons of irregularly shaped hailstones were measul"ed, 

Res u 1 ts 

The ratfo of t he mfr,fmum dimension to the maximum d1mens1on, hereafter designated 
by MlN/MAX1 has been chosen to descr1be hailstone shape, A d1strfbut1on of all hail­
stones wfth MIN/MAX fs shown 1n Fig. 1. The m1n1mum value of MIN/MAX was found to be 
0,30; the modal valve 0,80. 

All the hailstones with maximum dimensions between 0,75 and 3.75 cm were grouped 
fnto three intervals: 0,75-1.75 cm, 1.75-2 , 75 cm. and 2.75-3.75 cm. Distributions 
with MIN/MAX for eac.h of these 1ntero1s are shown fn Fig. 2. It 1s noteworthy that 
the modal value of MIN/MAX decreases slightly with increasing maximum dimension. 

F 1 g . 3 sh ow s t 「 e d1str1but1on for cones, acorns. and raspberries to be remarkably 
s1mi lar. However. ratios of the average base dimension ~o the ~eight (B/H) show that 
82 % of cones 1n contrast to 142: of acorns and 4!1: of raspberries have a B/H less than 
1.0. Consequently, the he1ght of cones 1s generally the maximum d1mens1on while for 
raspberries and acorns, the base tends to be the maximum 帚

A di_str1but1on of hailstones w1th the retfo of the f1gure axfs to the diameter 1s 
presented 1n Fig. 4. It was assumed that this ratio, figure axis/diameter, was equf-
valent to MIN/MAX for oblate ell i psoids, while for prelates 1t was MAX/MIN . Notice 
that the modal value of the distribution 1s at a MIN/MAX (or figure axis/diameter) of 
0.69. which 1nd1cates that oblates are more deformed than any other category (see 
Fig. 3). 

Table 1 shows the percentage of hailstones wfthfn each 0,50 cm size interval for 
every category of the classification. The most common value of the maximum dimension 
of all hailstones analyzed occurs between 1.50 and 1,75 cm, Also presented 1s the 
distr1but1on of all hailstones w1th respect to the classfffcation category and the 
ma.ll.1mum dimension. Of a.11 the hailstones analyzed, 71% were ellipsoids or cones, From 
F1g, i one would expect oblate ellipsoids to be the most deformed type of hailstone 
since Table . l indicates the fractional percentage of oblates generally increases with 
hailstone size. This is corroborated by Ffg. 4. The increase 1n the fractional per­
centage of ellfpso1ds and raspberries with sfze, and the decrease fn the percentage of 
cones 1s 1n broad agreement wfth the results of Carte and Kidder (1), 
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5ummary 

Of the 1915 hailstones analyzed, the most common value of the ratfo of minimum 
dimension to maximum dimension was 0.80; the minimum ratio 0,30, Hailstones classified 
as cones, acorns, or Taspberrfes had similar dfstrfbutfon with shape. Those classified 
as oblate ellipsoids were usually the mo st deformed. D1str1but1ons of hailstones with 
shape fnd1cate that larger hailstone s tend to be more deformed than smaller hailstones. 
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GROWTH 叩 ELECTRIFICATION

'l' ． G. 的e Berg 

T. G. Owe Berg, Inc.. 14;61 區皿皿 Place, Garden Grove. California 9.:640 

It was generally thought at one time t匾 t electrostatic charges lack sigi:尹ic血t abundance 缸
function in clouds other than thunderclouds . But data have continued to come forth, although sporadi­
cally, and 訌 is now knOlflD. t洹t ice particles in partially glac.iated clouda ma.y be very atrong1y char-
ge d, that the collection of 頲all p年icles by falling h.ydrorne teors is affe.cted by elec比ostatic charges, 
血d t區t ext ensi ve collect.ion of amsll particles by hydrometeors t竑es place in clouds. There is also 
evidence t hat electr1訌cation is p缸｀t of the 臣叩th pro~s11 缸比 more generally, of the exchange between 
a solid or liqui d particle and its environmental Btm.oaphere . Charged. water droplets have been found to 
have peculiar propertie.s , 呻inly due to reduced surface tension. A sy氬te皿且c s tudy of t訌s ef.fect 
still remains to be conducted, bul a iew observatio呻 nave been made . A review of our work is presen t.ed 
here. 

We have develope d tee洹正ques for the suspension of e. charged particle in still a扛 or an air 
current under controlled conditions, e. g . temperature and hwnidi ty , and the aoc,urate measurement of cbar• 
ge , size ` and 「all velocity . (l - 3) Th拉 tee血que h頤 b2on 嘔吐扭江vestigatio血 of charged droplets 
with respect to exchange of!1lass 邸d charge (l) 皿d hea.t (I•) vith the air, and of i:;olid and liquid par-
t icle.s, e . g . Ag! 血d ice (5), with respect to exchange of water and charge with th.e air . I t h苹 also
been used in scavenging experilllents (;), and in sampling 。 r clouds (6) , 

When a charged water droplet evaporates, it loses relatively mare m珥s th血 charge. Eventual­
ly its $pherical shape becomes u正table, namely when its effective surface tension is zero. More gene­
「ally. instabilitie s occur when 

乙

S = -：： 五斗 (q ch8rge, d diameter , K surface tension ) 
at 8 d3 - c. 

n being the number Qf the harmonic of vibration . The drop becomes metastable for 

1 m - m 
2;, 

s = ? #3 
m-, - - 1 

缸1d may then split 訌1to m equal :fragments. Such met缸~ta.bill ty ill shown o.Dly by drops larger than l鉕 ·

Smaller me垣table droplets oehave as unstable droplets ; they e j ect invisibly small droplete, 油ta-
stable droplets recovel' 吐:most, all the charge e j ected , but 呾table 心oplets recove r only part of the 
ch紅g~ . The recovery of charge 呻s be a apace-ch紅ge effect . Typical:Plots of q, 邑 and B a.gainst 
time 虹·e shown i n Figure 1. 

Evaporating charged droplets are not cooled by evaporation and do not exchange heat with the 
ai「;they retain the l.nitiAJ. tempera tu.re . 

Charged droplets of salt solutions 1-ose solute 邸 甲：ll 缸1 solvent in their evaporation, Such 
a caoe is sho`l'I in 直gure l , 

The evidence thus indicates that charged droplets shrink by ejecting small droplets that t hen 
evaporate . The activation energy i.s comp氬tible with evaporation , wtµ.ch indicates tbat the rate 這 de­

termined by th疊 remove:. of the ejected droplets, notably by 疊vaporation and dif fUBion . 
When charged solid or liquid p紅ticles 訌e e沖osed to exchange of water with the air (sorp tion 

or desorption), they become charged and the air bec-omes ionized . This apparently applies generally 疝d
to gro｀江g ice in part:.cular, Under circt呻t疝ces the charge increases exponentially with time, and 
ver y 1ar ge ch訌ge8 紅e then aequired. It appears 扣t the rapid eleotrificatioutakeo g1aee in thunder­
s.torm clouds, and that the electrification in other clol.ldlS is slo)le:r , Plots of q a:nd d~ against t ime 
are 缸1own in Figures 2. and 3 for a droplet and a solid part icle. 

The collision efficieocy E 「or a falling uncharged 心op of diame ter D and velocity v,, with re­
spect to a particle of tennin.81 v虹ocity v is (7) D 

po 

-k 主
E = E e v v 

。
D po , 

where E- and k 8re constants . For a ch訌ged drop the image force of the drop charge i n t he particl e 
。predominates over the aerodynamic force of rep已sion when the 心op ch8rge 註 above a certain limit 

% ＝ 伶 n D'\ 'D ) l /2 (̀  ·II'拉cosi ty of air) 

For drops charged above this limit the collision efficiency with respect to very SJ11all particles is uni ­
ty or larger. 

The mechanism of electrification. of a single particle by exchange wi th the sir has not yet been 
studied . A co町'arison with other c蟒es of electrification, e . g. in friction (8). sugges ts 皿 electro-
chemical process.. The mecl呻ism of charge sep紅ation, i.e . t he transport of ions away from the particle 
has not been studied . 

The grc氾th of ice particles in a partial.ly glaciated cloud 拉 accompanied by e l ectrification 
and electrification pr琿otes growth by collisio血. Electrification is part of the growth process . The 
study of th.ese phenomena, growth 皿d electrification, appears 碑 one of th.e most urgent tasks in clou啤
physics . 
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A dropl et w缸; made from 即 NO,,-urea after 
4 3 dilution'3 timea by water and... suspended in 

a dry current of air. J..fter reduction in 
volume by a factor of 30 it....as exposed to 
a current of 西， at water vapor saturation, c The plots show cl 矼d q (arbitray units) 碑
functions of ti.me . 

Figure 1 . 
乙

Plats of q, d-, 血d s for a water drop-
let sho吐ng three "met碑tabiliti es" and 
tbree "in.stabilities" . 
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Fili:IJre ＾函 CaCl . particle 凶這 suspended in an air current 
of 芍°C an~ 40~ rel ati ve hwrldity. The plo蕊 show
and q (arb i tra,7 uni ts) 藝 functions of time. The char­
ge leveled off when the particle became liquid at time 
5 minutes. 
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ICE mwmAU CR邙汨一｀薑 NCA.i re｀即CL薴 com両
by 

John R. Middleton and Augu1t H. Auer, 」r.

un1vemity of Uy叫ng. `｀缸e,'Wyoming

INTRODtJCmI0N 
The ability to detect the ice forming 西正~he ataoaphere ill euential to_ many studies in I 

cloud physics, In this reg11.rd, the NCAR ice nucleu• counter h皐｀＂sumed a prominent 1:ole. T缸s counter 
developed at NCAR and made c面1111erd.ally by B. Bol.l" and Associates, Inc., is based on an acoustic.al 
particle counter aa a detector. The principle• a诞 operation of the 呎洫 count虹· are described in (1, 2) . 
The clo逼 chaxnbel'tel))perature profile has been investigated by (3), while a euumary of cloud physic日
parameters describing the cloud at various chamber temperatures withiD the NC.AR counter was given by (4). 
To date, however, there is no known published data concerning the characteristics of ice crystals grown 

I 
within the NCAR counter. 

The purpoee of thi11 paper is to examine the c可stal types, sizes, and structures and compare these 
observed values 丑 th predictions fr函 the appropriate temperature and humidity habitats, resident growth 
times and theoretical growth equations. In addition, concentrations of replicated crystals will be 
｀!mpar辺吐th concentrations of erys~a1s detected by the acoustical counter. 

PROCEDURES 
A small insulated box containing a .elide exposure`玘!chaniBm was inset'ted through the observation 

port of the NCAR counter. This insulated box served to condition the formvar coated (l-21, solution in 
methylene chloride) slides to the chamber temperature prior to and after 西osu-re within the center of 
the NCAR cloud chamber. Ice cry a tal replicas ｀缸e collected during exposure times of 60-90 seconds. 
Thi.a method of replication did not. app~ar to disturb the normal operation of the counter. 

Except at very cold tempex:atu.1:es(＜一 25C), infinitesimal am.0\l`ts of silver todide 細ioke (prepared 
`1th oodiumiodUe) frarnan acetone burn,` `ere 1nt.roduced into the c1oud chamber co 1ncreaoe 1ce erysta1 
concentrations above back ground levels since the observed ice c可stal concentratio·n detection threshold 
for the Formvar slides wa s below the bac,kground concentration. 

The reported defici.eo:cy (2) in the counting of ice c.rystals by the NCAR co血ter was rectified by 
improving the q四Uty of the audible signal produced by the ice crystal passing through the acoustical 
sensor (5). Thus, the resulting ice crystals were replicated and the indicated concentrations as 
determined by the acoust.t.cal counter-rate computer system we.re noted. 

RESULTS 
Representative phot:ographs of ch.amber crystals are presented 1.nFigures 1-6. For 1.ndicated chlilll.ber 

temperatures between -10 to 20C, the principal type of c可'S旦ls observed were he汪gonal plates. This 
agrees with accepted habitats,'With the posdble exception of -15C, whel."e de.ndr-itic crystals should be 
promi.ne.nt. Sane hexagotllll plates found at - lSC did exhibit dendritic extensions (Figure 4). This form 
may indicate that the crystal grew as a hexagonal plate in a warmer region in the upper part of the 
cha.mbe.r (3) before falling into th.e dendritic grCJ',ith region.. Added support for the possibility of 
d.iffering grO\il'th regimes due to va可1ng temperature habic.ats within the chamber is also suggested by 
observations of col琿mar crystals and hexagonal plates 丑th sector like extensions between indicated 
chamber temperatures of -10 to -20C. 

Since, as a first approximation, the threshold detection size usiDg the acoustical sensor is 
directly proportioned to a七 density (6), the threshold crystal diameter for the elevation at which the 
counte「 `as operated (2200 m msl) is 1811. The percentage of t-o氐 1 replicaced crystals with dia111eter11 
greater than 1811 伍 pre麩mted in Table l. Table l suggests that sl:i.ghtly over one-third of the crystals 
withiD the counter grow to a minimum detectable size at 一 lOC while the percentage of crystals reaching 
the threshold size is a maxiuwm (88t ) at ~lSC. Ice crystals with double crystalline structures and 
frozen droplet centers (Fi gures 4-6), si.udlar to those observed by (7, 8), were found within the NC缽
chamber following small injections of silver iodide smoke. The percentage of detects·ble crystals 
(d 江部） w:1 th frozen droplet cente:c.s 1.s also sh西 in Table l. These percentages are somewhat lowet: 
than those found by other cloud ch.amber nucleation studies (7). Thus it would apJ)t這-r that when AgI 
smoke is introduced into the NCAR c l oud chamber, i.ce crystals gr叩1ing to detectable size are nucleated 
by both deposition and droplet freezing modes, 

Table 2 shows the average and maximum crystal sizes and respective calculated growth times for 
detectable ice crystals.'Ihese growth times are inferred 丘om simple deposition grc,wth theo可 at water 
saturation (9). These p1:edicted residence times, as shown i.n Table 2, are slightly greater than the 
20 s econds suggested by (1, 4) during measurements of first response to AgI seeding by the NCAR chamber, 
The data for 血｀皿皿 C巧'stat sizes sh西 iD Table 2 are in general agreement with the suggestion of (1) 
indicating a more reasonable residence time of 的 seconds. Thus, the observed ice crystal diameters 
appear in accordance 吐th expectations of resident growth times bet.veen 2'心 60 seconds. 

Tlte observed concentrations of crystals of detectable size (d~ lS!J) were co呻ared to concentrations 
indicated by the RCAR counter rate COlllputer. The results pr1瑋ented 1D Figure 7, suggest agreement within 
a. factor of two for th~ range of chamber temperatures and concentrations considered. Note that con.cen­
trations 1000 liter -l ver; observed during-periods,.,lien the rate computer in?icated "overload". 

TABLE l 
PERC昞 OF TOTAL CRYSTALS ~18µ AND PERCENT OP THOSE)l81J WITH FROZ囧 DROPLET CENTERS 

Percent Of 
Detectable Crnt~ (d~ Temp. c l No. of ObservedC百8tals l No. of Cmstals `ith (d>18u) |Percent 

一10 179 68 38 
一 12. 5 128 82 64 
一15 111 98 88 
一 17.5 248 " 174 70 
-zo -— JUU'b5 _b8 
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tA.1!LE2 

A\TERAGE CRYSTAL SIZE >18u, MAXIMUM CRYST矼 SIZE 跺即ICTED GRO函
TIME FROM THEORY 

'"jll 

Figure 7 

$ 

Temp. C Average Crowth time Maximum Growth Tilne 

一10 28 25 35 30 
一 12. 5 36 30 75 68 
一15 36 27 80 60 
一17.5 36 30 75 69 
-20 38 3l 85 79 
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CHARACTERISTICS OF A LARGE NUMSER OF HAILSTONES FROM A SINGLE ALBERTA HAILSTORM 

l.N. 灰］m
Ro辺0 「ch Council of Alberta 

Edmontan 

l NTRODUCTI ON 

On August 4th 1969 a tnunder如rm In Alberto produced hail of up to 7.5 cm diameter over a,ix mile wide swath 
extending more than forty mlles from Pigeon Lake to northemt of the City of Edmonton. Some 300 口mPIos of hoilstonos 
wer會 collected by member$ of 加 public with a sample collection density of up 「O 心 per square mile. Analysis of these 
samples was divided into th曇｀國y of the global properties of the wl,ol e 寸ones and the study of their internal structure. 

GLOBAL MEASUREMENTS 

Global meosurem曇nts were performed on 心7 區Ildon缸 'rom 17 samples. Fifteen samp區 were from Edmonton, one 
from 加匕ginning of the 坪!lth qnd one from east of Edmonton. Ten of the sample~ were r叩orted to be bia~sed towards 
th嶋 larger si:z:o of stono, 1 吣s soid to be o rep函entotlve sample and no information was ovoiloble on the other samples. 

Mo｀严e measured masses of the stones ranged from 0.521 g to 112.406 g ond the densities, obtain函 from bouyoncy 
measuremenh in vor.rol, ranged 「rom 0.853 g/ cc to 0.920 g/ cc with o mean volue of 0.8糾 g/cc. The samples from 
Edmonton showed no slgni fl cant voriotlon of density acro.ss the width of the swath ond no variation was appo「ent olong its 
length. The bias towards larger hallstones precluded the formulation of o slz:e distribution of the stones, 

ShoPe 面mrl'l!Im「tst
~ the thne perpendiculoT oxes of the stones wos meostTred and the shapes of the stones characterised by 

the s區Pe focfo，趴 ＝ 2c/（西） and S 11 = e/o where a, b,c ore respectl vely the lengths of the rnojor, intermediate and 
minor oxes. The factor SI is a measure of the sphericlty of the stones and finds application in foll speed and growth 
studies, and Sa Is a mea皿｀ of oblateness which Is of importance in radar polori.sation work. The valu硐 of S 1 ranged 
from 0.372 to 0.983 with c mean va.lue of 0.744 a.nd a modal value of 0.73. The values of S2had an extreme value of 
0 . 26 and a modal vc;rlue of 0.67 as taken from the smoothed histogram . The detailed hist叩rom 5四gested o second peak 
at 0.8 . 
Cro曰－correlatio「 °f the pommete, 

The global data were punched onto IBM cards and a computer cross-correloti on wos performed, The results are 
shown in Tobie 1. 

Ma` 
Moss 1 
Dens 」ty -0.093 
Major axis 0 .807 
lntmm``liote oxIs O.904 
Ml nor a,xh 0.904 
Sha~ 0. 165 

Toblo l. Cror-corro lotion of 9loboI dato 
Densi ~oxls 
-0.093 0.807 0 . 904 

1 -0.109 -0.116 
-0.109 l 0.972 
-0. 116 0. 972 I 
-0 ,199 -0.844 0.893 
-0 .231 -0.106 -0.010 

Minor axis 
在

-0 . 199 
0.844 
0.893 
1 
o．心2

Shape~ 
0.165 

-0.231 
-0.106 
-0.010 
0.402 
1 

As, expected the moss correlates highly with the axial lengths. The density hos a small negative correlation with 
tho mo` ond o negotlvo conolotion w」th the other porometers. lne shape factor correlates positively with the mass. 
Discussion of results 

`em~sur嶋d mr:isses were unexceptional but it is of interest to note tho「 only one stone hod an equivalent spherical 
radius of more than 3 CIT! despite the large number of reports of stones of this siz.e. The measured densities were similar to 
those found b-t other worken, the lock of any low valueJ being due to the obsence of soft hoil In the samples. The 
negative correla.tion with the mos, is not thought to be significant because of the spread of values. 

The values of the shape factors may be compared with those found by Barge and Isaacs 1 ohd by English 2, Barge and 
區acs mode measurements of S 2on stones From 15 Alberto storms and found ol'l extreme value of 0. 3 and o modal value of 
0, 8. This modal value is significantly different from thot of 0.67 found for the Edmonton storm, although it is the some 
as the secondary peak in the Edmonton storm. The radar depolarisation ratios appropriate to these modal values are O.OJ 
and 0 .02 respectively. English mode measurement.s of S1 on stone$ from a singl e sto而 over Montreal ond found the 
values to lie between 0.24 ond 0,95 with a modal value of 0.63. English odiusted her mathematical model of a 
thunderstorm (Engli幻 to toke account of the shape of the stones and foul'ld t加ta stone with a shape Factor of 0. 8 could 
grow to twice the weight of a spherical 曇tone starting its growth ot the 5Qme point. The higher 叩dal value for the 
Edmonton storm suggests that this effect 吣＄ not so important as far the Montreal sto!Trl . Further, the positive correlation 
between shape factor and moss for the Edmonton storm s區YfS that the larger stones tend to be more nearly spherical than 
the smaller stones and thus the growth enhancem的t due to shape does not apply to these stones. 

INTERNAL STUDIES 

One hundred hall stones were selected for stl!_<fy of thei~ internal charocteristlcs. Density measurements were not 
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performed on these stones so as to ovoid vorsol contamination. The 砌phosis lri these studies wos based on the nature of 
the growth embryos and the crystal structure of the stones. 
Initial arowth embrvos 
＆庫 I00 扣~tones which were sectioned 40 were found to hove growth centres of c I ear ice, 33 had conical 

graupel centres and the remainder hod centre$ of opaque spheres or ell jpsoids. The majority of the stones were sectioned 
perpendicular to the minor axis and generally the groupel centres were found to hove the direction of growth lying in, or 
close to, this plane. The clear centres were spherical and ellipsoidal ond betwe的 1 mm ond 8 mm diameter. On two 
occasions the stone was composed of clear ice up to 4 cm diameter with rodiol air bubbles of 1 mm or 2 mm diameter 
radiating from a spherical shell of about 1 cm diameter. The clear centres often showed ring-s of air bubbles similar to 
those observed by Kidder and Carte 4 in water drops frozen in the laboratory (their Fig 12a), and they often also showed 
cel'Jtral accretions af air bubble$, On three occasions diomeMcol c:hords ~「 :,jr bu氐 es were observed similar to those 
ob函rved in the laboratory by Johnson and Hal le研 (rheir Fig Ja,b) . Kidder and Corte~ srate th,,at their 沅'ter drops were 
always supercaoled below -S°C before freezing basing this statement on the criterion of Ha ll ett w that large single crystals 
form al lesser degrees of supercooling . 

These results may be compared with those of other workers. List 7 found that 80% of large haili.tones in Switzerland 
originate as conical groupef; Carte and Kidder 8 found that in the T ransvaol between l 碟 and 20% originated as clear 
卹bryos while Macklin, Strauch and Ludlam 9 observed over 氕蹣 cleor centres ir o sto而 over England. 
Fractu~ 

~ldder8preserited photographs of a stone whi ch hod broken in.,..;d -o irand then continued to grow. 
10 

Browning w presented data from Oklahoma which showed 版t more than 1 臨 of the stones from one storm had frac tured 
and then conti nued to grow. In the present study 7 out of 100 stones hod frocrured ond then continued to grow. As found 
by Browning breakage could occur at any stage in the growth, rhe Ii min for the Eomor,tori storm being a 4 mm diameter 
embryo al'Jd a 2 cm diameter stone. Frocture could occur olong either a iiomere,,:i r o chord of the stone. 

Multi~ 
ll'J addition to the 100 srones mentioned above 5 other stones were sectioned. Of 1hese 4 showed rhe presence of 

secondary growth embryos $ituoted in one of the middle rings of the stones and I hod a centre campased af two connected 
clear embryos. The multiple embryo stones came from two samples picked up within a mile of each other. The good 
sample density for the Edmonton storm has allowed this phenomenon to be isolated in this area . 
C,stol structure 

The crystal structures af the sectioned hailstones were observed under polarised light. Measurements of crystal area 
were made for 23 stories. In generol changes in crysta I structure correlated with changes in opacity I small crystals 
corresponding to opaque layers and large crystals to tronsparent layers . This was not always the case and, in particular, 
。 sample from the beginning of the swath was found to be entirely composed of small crystals although the normal layer 
structure was apparent. A study of the clear-centred stones showed that in 21 out of 40 coses the centre wos a large 
single crysta l . According to Hallett this infers that these water drops were nucleated above -5°C. 

M~surements af the averoge areas of crystals iri the various layers showed the areas to range from 2.1 x 10-4 cm 2 
to 2.7.x J0-1 cm 2. As pointed out by Schaefer 11 th ese sizes are generally 丨 orger than those of cloud drops. Kidder and 
Carte 4 have ,suggested ~n exp lanofio~ of this in te而s of the infi It-ration of llq~id water into a low density region. 
Ca~tin 12 hos observed a correlotion between crystal area and layer density such that crystals of area less than 17 x 10 一｀
cm 2 ore o,ssociated with opaque layers -,,hi le la~ger crystols a re associated with clear l~yers. This correlation has not been 
observed in the present 沅rk, probably beca use of the use of more then one sample. 
Discussion of results 

The most important result presented here is that 4CP/o of the hailstone growth embryos were frozen raindrops of which 
half were nucleated above -5°C. If this is generally true for Alberto storms then it must be borne in mind in considering 
seeding of the sto而s.
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A CAM刃 FOR PUOTOORAPBING AI1lB0禪 ATMOSPHERIC'PARTICLES

by 

Theodore W. Cannon 

National Center for Atmospheric Research 
Boulder , Colorado 80302 

One approach t:o obtaining information.for scudies of in-cloud water drops and ice crysta ls is to 
make g羋 photographs of them. Photography is a desirable approach since it can give t he particle 
s ize distribution as well as the special distribut ion and identity of the particle!! . If the camprment 
of the c amera are suf .:.icien cly far 「em.oved from che 扭－focus volwne, tbe sample should be relatlve ly 
undisturbed and give a representative pic,cure of the ac tua l cloud . 

The· problem for ,;he cloud particle. case is made difficult b)-' the fac t that the in- focue volume ts 
very small at the necessary magnifications. Fu.rthennore at airplane speeds above st.all speed some 
motion compensat.ion as wel.las microsecond 且ash durat土on. :Lights must he used to oh t a in <;harp lmag(!,s. 
As low magnification as possible must be used in order to have enough in- focus particles t o get meAn1m:­
ful information, 

By using very fine grain film along with some recently develooed h lgh speed l lcihts , a CRmera has 
been euccessh1lly demonstrated for photographing part icles LS mi 、 rons in d iamuter ;i ncl I , 「？er,t reas^n­
ably low magnification. The came-ca uses very fine grain microfilm need at 3.50 lines oe r., i l ; 1netPr at 
t est-object concrasr of 1000:l. A 135 millimeter foca l length lens is used,H l: I na~ntiic:a tlon, an<l 
in-focus par ticles about 360 millimeters in front of the lens.ira photogr aph.,d. :.1 転·hcs `i t h f 1ash dure­
tion of ~. 5 microsecond a c 1/ 3 intensity level are used. Dark 訌eld i lluminat i , n : ~ e-,'['I 氏 ·Ied. r`° 
lights are normally used with their beams aimed from off the op t ical aids cowar:i tr,.. ir. 一 f'cus ··nL1 1mu `rd 
in the direction of the film plane. A light crap is placed beyond the t n- fo c us •:ol:1me "" Lh.1t 1 L~h t 
onl)I enters the lens when a particle or particles are present. Images of transparent pa rti cles appea r 
as the two refracted i呻ges of the lights, while translucent part icJ es a1)pear J n l h(!iT 1cL ua I -.h,r,e. 

Photographs of particles in clouds at ground level nesr the hot ·pools in Yellowstone Park ·11nd in 
i.rinter ground clouds near Boulder, Colorado, show particle distribu t ions 1n space 耐 The shallo,;.; depth 
of field has the advantage of showing only those ·particles which lie in a very thin sli ce of c 1 O\.ld . 
Photographs o[ clouds neai: the hot pools sho1,1 very interesting swirls and clus ters c f droplets. Sue-. 
special dist ributions would have a different effect on precipitatio n formation th!l r; the usually ass ,, m~c 
random distributions ii they exist in clouds in the free atmosphere. 

The camera 1s calibrated for water droplet size d.eterminau.on by photographin11; transparent sph1.:rc-s 
f known size at known distances from some reference point in the camera . the retrllcted i m11 ges o.「 cne

two l t ghcs appear as t wo resolved dots on the film if che sphere is considered to be in focus . , 、'h en t he 
t1o.,o dots merge or disappear they are considered to be out of foc us . The calibrated camera has heen us ed 
co photograph clouds i n the l abor atory and their drop size distributions measu r ed from the neii;acives . 
Depth of field is dependent on drop size, being typically 500 microns fo r 25 mi c·ron diamet er sphe r i:s . 

Extreme care in i nstallation of the camer a and in processing the i ilm a·nd da ca must be used. Th" 
lights.:ind.;,rtical system components should be precisely and rigidly f扭ed . The f 且m should nor mall 
be hand Led ln clean room conditions to avoid contamination by dust pa r ticles . 

An lnteresttng ground a nd laboratory application o.fthe camera ls determination of par~ i~ le traj e c­
t:.or ies. Rllcen tly a series of lights has been developed which will gene r a t e microsec ond dura t ion ru l,;es 
.lL races up to 1000 Hz . These unit·s have been used to make multiple exposure phoco2.raph!'! of mov.inl\ 
p.1r r ! les . Trajeccor:.es of the particles may be measured from these pho tographs a nd rh l·se ire of Ln-
t erest to c loud physicists doing drop collecti.on effi ci.encv studies as well as dete r:n1n1nR 丶·h 3O:es on 
Jrops by <leccrostat ic deflection . 

缸 aii:-craft speeds, it is necessary to pr ovide mechani ca.1mot:I.on compense[!on since th e h ll\h s;ic>-,..: 
llghl,; ~ur rencly aval:.able do not have short enough l ight pulse durati o ns t c p r.even t bl urr Ing of the 
ill?ages. . ~ version of the camera incorporating a rotating mtr r or v:l.th ·elect r nnic speed control h11 s n,•c~ 
mounc ed in the N:CAR sailplane and 吐11 be tested in flight in the near fu ture . 
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A CONTINUOUS CLOUD SAf!PL.ER 

」 .1'ena, R. de Pen.a 
R. L. Lavoie and J . Lease 

The Pennsylvania State University 
University Park, Pennsylvania 

The most reliable and accurate technique. for gathering cloud drop population d;i.ta is still direct 
sampl.ing by coll.ection and replication. While there is increasing pro1111se for fibre optics and l.aser 
scatte•r1.ng techniques, it appears that the conventional sampling methods will continue to fill an im­
portanc need. Io spite of the rel.at.ively tedious data reduction problems, the replicating devices have 
the potential of being simple, reliable and inexpensive. 

We have recently e可'anded upon a device 1n use ac Penn State. for several years to sample clouds 
from aircraft. The pre•1ious system (1) used a modified 35 mm slide changer that exposed gelatin-covered 
gl紅1s slides briefly to an airstream. Water droplets impinging upon the slide dissolve the gelatin, 
leaving a crater about::`ice the size of the drop. Pro吐ded the slides are kept warm, ice crystals 
leave thei「 o\o!II. characteristic impressions upon the gelatin . However, the mechanical action of tbe 
changer and slide storage,..,ere limiting factors in collecting nearly continuous data over extended 
intervals. The new device uses a conventional 16 mm movie projector to transport gelatin-coated film 
over a cylindrical collector. 

The drive motor and the supply and take-up r罕ls (with 1.50 m capacity) are housed in a pod of 
volume of approximately 5S li t ers which is suspended from the ai-rcraft wing as shown in Fig . 1. The 
film passes out through a 125 cm long aluminum. tube to the cylindrical probe located well in advance 
of the wing. Exposure to che airst r e-am takes place only as the film passes over the 0 . 8 cm diameter 
cylindrical rolle.r at a speed of about 四 cm sec-1. A cut-away view of the probe assembly can be seen 
in Fig. 2. A film transport distance of 340 cm is provided between the sampling point and the take-up 
reel to allow the collected droplets to evaporate before the film is stoi;ed. Collection eff.iciencies 
exceed O. 3 for cloud drop, larger than 2 µm radius and reach O. 9 for 7 µm drops. 

The instrument has been used with considerable success 扭 maritime cwnulus over the Caribbean . 面e
most notable de.ficiency appears to be overexposure of the gelatin fil111 in clouds of high liquid water 
content (LWC). Overexpos1ire is achieved even before impacting droplets beg扭 to overlap each other, and 
appears to result from a general softening of the gelatin coating by the absorbed wate「 `hich makes 
crater walls less distinct:.. Wi.th the . above-mentioned cylinder size and film speed , the cutoff LWC in 
maritime cl.ouds is about 0 . 35 gm kgm-1. 

Figure 3 demonstrates t:he genera.1 agreement that was observed between Lt汜 values computed 丘om

dr:-oplet populations measured on the gelatin film and values recorded from a Johnson and Williams hot­
wire ins丘ument. The response times of the two instruments are of course qui.te different. The film 
samples represent an average over 3 . 25 m of penecration distance through the cloud 咔ile the J & W 
instrument generates a value representa己ve of a 100 m interval . The agreement between the two sets of 
data encourages the vie-.J that the cloud structure 1s reasonably homogeneous on a scale of tens of meters. 

lt can also be seen frrun F.ig. 3 that no film s{lmples could be studied in regions 呻ere the J & W 
device indicated LWC greater than about. 35 gm k趼1- .1.. In c.hese regions the film gave the appearance of 
being "washed out". 

Figure 4 provides a more extensive co呻arisen between the continuous sampler and the J & W measure­
meats. The si111ulcaneous data poincs were selected from three separate cloud penetrations in such a way 
as to provide a full range of LWC. The points have been plotted in order of incr ea.sing J & W values 
for convenience . The trend of the c:wo sets of data agree reasonably well although calculations based on 
droplet populations produce som~what lower LWC on the average. The discrepancy becomes quite marked at 
values greater than.35 gm kgm-1, 

'I`he limitations imposed on the sampler at high LWC can be amerliorated in several. ways. It could 
of course be flown on a slower aircraft , but given the airborne platform it is possible to baffle the 
air intake to the instrument, to speed up the film transport. motor, or to decrease the cylinder size of 
the collecting probe. The lat::ter modification is especially simple and is currently being tested . 

In summary, the gelatin continuous sampler has proved to be a reliable instrument fo'C the study of 
fogs and clouds . :tt is mechanically simple, remotely controlled , and has sufficient capacity for 
continuous sampling over path l.engths exc.eed:1.og 30 km. Droplets as small as l. 25 µm can be detected; 
the sampler could also be used as an aerosol sampler co collect particles larger than 1 µm radius. Dyes 
and specif氐 chemica.l reagents can be easily added to the gelatin 且五． f.or clearer replication of water 
drops or to facilitate special aerosol analysis. 
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FOG DROP-SIZED國IBUl'IONS 班湛iURED

"rru ALAS甌 BOLOGRAM.CMA

~ruce A. Kunkel 
Air Force Cambridge Research Laboratories 

Bedford, Mass. 

Ilfl'.RODUCTION 

A la島er hologrB.11'1 camera was developed by Silverman, Thompson & Ward {1964). Thia device in its 
f1n·a1 test !esign was 臼pable of measur1ngdrop1ets 4 µm 吐a四tec and1arge`'he aamplo vo1ume varied 

3 from 0 , 8 cm."'for 4 µm drople.t to approximately 4.5 cm., for droplets greater 血n 40 µm . Initially, 
because of the imaging lenses and the film resolution, only droplets greater than 30 屮o diameter were 
recorded. Thia paper p「esents some of the fog drop-size measurements obtained during a two-year test 
per iod at Otis 庫． Falmouth, 即88.

MEASURED DROP-SIZE DISTRIBUTIONS 

Examples of the measured drop-size dist+ibutions are presented :l.n the follo\llng manner: a)sample-to­
sample variation.e; b)variations within an extended fog occurrence 血d c)varlatlons between fog cases. 

Samp1o- to-samp1e Variat1on 

Because of ti汜 s·mall sample volume of the hologram camera, one wuet be concerned with the 
representative臨as of the individual samples. It is, therefore, of interest to ex邸iine the sample-to­
sa中le variation in t區 drop-size distribution , Table l shows the droplet concentrations for a series 
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3 Table l: Time variation. in the number conoe-ntration (#/cm.:,) 
of fog droplets per size range as measured by the hologram 
ca呻ra. Total concentrat.i.on, mean diameter and re即lting
liquid water content for each sample are also shown. 

of 珥瑱eurements made with the hologra111 ca區ra duri.ng a fog on 15 July 1965 . 益 one might 郅pect,
because of t.be small samp-le volume, considerable variation- is noted between samplea . The peak number 
C函c·enc.retion occ心S 垃 ei.th.er the 卫;, 20, 25 or 30 ~m size ranges, and rnany bimodal and trimodal 
dietributio! ' are obaerved. Mean d1a呻t:era vary from l7 to 26 µm and number concentratLons vary from 
4 to 11 c.m• J . The resulting liquid water conte;ts vary from o. ·02 to 0.15 g m·3 . 

The mea.n droplet size generally ah.ows the sm.allest sample-to-sample variation in all of the fog 
caaes wh.ile the number concentration and liquid water content ahow the greatest var.tat.ion . Undoubtedly, 
some of th扛 variation is due to an insufficient sampling, Ho1.ever, continuous measurements from a 
J·`UquU 四ter content meter, located about 50 feet f工0111 t-he h.ologr疝 camera, also sho'W cons.iderable 
variation int區 LWC, i ndicating that some of the variationa in the hologram data 虹e rea1. corre· 
lations between liquid water contents measured with the hologTam ca呻ra and the J-W were as high aa . 70. 

Variation Dur1哂 theLifeCyc1e o.f a,og 

On the night: of 29-30 August 1964, fog, which was preceded by drizzle, persisted for several hours . 
The rawinaonde data indicated the fog depth to be a.bout 3000 feet 吐 2300 EDT with a gr adual decrease 
in depth to around 800 feet at 0500 EDT. A SW wind blew 吐 2-5 knots th.roughout the nigb.t , 

Dm硏81ze 呾瑱eum珈ente 吐th the laser hologram camera were taken at various time periods through­
out the life of the fog, The drop-size data from the hologram camera are shown ln Fig . l for fou.r 
different time periods, The data represents an average of many samples taken over a finite time 
period, Since this case occurred during the first half of our test program, droplets below 30 µ.m 
diameter were not detected by the hologram camera. To help fi.11 the, gap below 30 ~m, mean drop 吐ze

data from a light acattering cascade impact.or (Schultz!!_ 丑 1966) are sho叩 in Fig , 1 for the size 
ra邙e from 0,5 to 16 四m. Because of the sampling difficulties with the cascade impactor this data 
should be. regarded as :mly an indication of the actual coucen trations. Because the impactor measures 
droplet11 in varyi琿 size r anges tne concent:rations in Fig. 1 are shown in terms of the number of drop­
lets per cubic centimeter (6N) in diem.eter range (6D) . The drop sizes, as meas心ed by the bologram 
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Fig, 1 : H11tograms of the mean drop•eize 
distribution, measured by the hologram 
came乜 and ca1cade impactor, for various 

.̀me period■ during a fog on 29-30 Aug . 64 . 
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"Fig. 2: Hi訌ograms of the mean drop- size 
distribution, measur ed by the hologram 
camera , for specific t ime periods during 
4 fog cases . 

camer a, a re generally quite large. with the highest concentration occurring around 40 団m. The large 
ver tical e:ictent of the fog and the occurrence of drinle before the o血紅 o-f the fog both lend support 
to these measurements. The average droplet size during tile first two time periods is approx imately the 
same, although a greater number concentration is observed during the second time period. 疝e data from 
both the hologr am. camera and ca.scade imi:沮ctor 吐ow a shift toward smaller droplet sizes in the latter 2 
ti.me periods, Conti.nuous measure呻n.ts with the cascade impactor showed that an increase in the number 
concentration of the,malle「 Bizea occu`｀這 between 0400 and 0430 . At this t北ne the wind shilted about 
30° toward the weet. No change in the visibility or transmissivity was observed at this time , The 
r adiational effects were no t observed until one hour after sunrise (~ 0700) when again the nuII1ber 
concentration of small虹 droplets increaeed, Thi.s sacond increase 1n number concentration was 
accompanied by a gradual increase in visibility and transmissivity. 

Var iat1on Bet`een Fo5 0ceumences 

During the s econd half of the test program, samples of hologram camera data were obtained dur ing 
4 different fog cases, On 13 June 1965, a shallow r adiation fog , 100-200 feet deep , developed dur ing 
calm winds. On July 4th another s區llow fog occurred but this time it was preceded by atratus and the 
`inds ve工e 3-6 knota from th.a weet. A fog on the 15th of July was preceded by stratus and wae roughly 
800 f eet deep, The winds were. 5- 8 knots from the southwest, A fog on the 19th of July was about 1500 
f ee t deep occurring on southwest winds blowing f1:0111 5 - 10 knots and was also preceded by stratus . 

Fig . 2 shows examples of the drop-size distributions 鼻 measured by the hologramcamer a f or these 4 
fog case s . Each histogram represents several minutes of data taken when the visibility was at a 
minimum, except in the 13 June case when the fog was 扭 a dissipating stage and visibility was im­
proving . 

The shallower fogs, Fig , 2(a) and 2(b), contain a higher concentration of smaller partic les t.han 
the deeper fog represented in Fig. 2(c). Very f的 droplets greater than 40 四｀ `ere observed in either 
of the shallow fogs while in the deeper fog, many droplets, representing 46o/. of the liquid water 
content , were observed in the 40 严m and higher 矼ze ranges. The fog sh硒 in Fig . 2(d) hae a rather 
n.arrD"1 size distribu tion which is contrary to what we might expect for such a deep f og. 

Conclus ions 

The two swimers of testing the laser hologr am camera pr oved the feasibility of using such an 
insrrumeut in a foggy environinent. Drop-size data from sever al fog cases were obtained , Some improve­
ments were made ln the instrument d心ing the t est p虹iod . However, there 虹·em缸＼y add1 tional changes 
that could be made to improve the quality and reliability of the instrument , 
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AN EJ..ECTR0S1ATIC CLOUD DROPLET PROBE 

by 

」． Doyne Sartor 

and 

C, E. Abbott 

National Center for Atmospheric Research 
Boulder, Colorad o 80302 

INTRODUCTI0N 

An airboTne probe has been desc口.b迎 by D. P .. Kei h- and S . G. ~lillen (1) which electrostatically 
measures cloud droplet sizes. The instrument , when coupled 吐th the appropria te electronic circuitry, 
I can be used to obcain drop1et dL,#ibut這S 函er Ume periods as shoTC as O.5 sec. Ho`eveL 西1ana-
tions of the physical process,..` involved remain unproven and indeed have been subject函 to some c r1t1e1sm 
and comment by J. E. }lcDonald ( i.) and W. P. Wi血 (3). Because of the potential of this insrrum血t. ve 
have atcempted co verify Keil y and Millen's early re；；吐 ts and advance Q心 understanding of the eJ.ectro­
static probe. 

OBSERVATHL` 

I Theprobe operat ton as described b）凶1y and 田 1 Ien proeeeds as fo1這s : The dtop1et t o be sized 
is dravn quickly through an aspirated orifice s ubsequently strik辻g a 1De t aJ.lic elec erode aligned on the 
axis of the inlet hole. The electrod.e is ra拉逛 Lo a 缸．gh potential and a short dura己on voltage pulse 
is observed when the droplet arrives at the electrode . The ampJ:ltude of the pulse plotted against the 
i:-adius of droplets of kno1,1n s:l ze produces a reprod ucible calibrat.1on curve . 

To visu祖v c.onfiTl'I this hypo thesis IJe constn1r:-ted a pro碌 having viewing ports in the probe. body 
' normal co the electrode 己p. Using titrobos,:opic light and dark field 且luminacion p,hotogrnphs such as 
Fig.. l were obtai:11ed. Air flow is 丘om 1eft to right towards the elect.tode 呻ich is visible as a dark 
objec t'that fo rms the right hand bounda可 of the br ight vertical band. In fig . l, a single 25 µ radius 
droplet entered a l mm diameter i nlet hole and was shattered by the a ir stream to produce the fragments 
shown •.-'t.ich then ccnLlnued on to s trike the ele.c crode. Triggering the strobe flash at various times on 

I 

che leadJng edge of the electrode vo ltage pulse detenntned that the pulse begins 呻en the first fragments 
r:each the electrode an.d that the peak of the pulse is reac hed as the last f ragments ac.rive appr:o迢mate.ly

50 µ sec later. The fragments appear as horizonta l streaks in the pho co due co the strobe flash duration 
a·nd l叫土cate droplet velocities on the order of 100 m sec一1 ` 

The pro碌ss has also been observed lo a l =臥_ass cap illary . Under sonic flow conditions, drops in 
the size range from 10 - 400 :. radius shac te!"p r oducing a large number of smaller fragments. Shattering 
of 25 µ radius drop produces 30 - 40 fragmen ts , an .audible click and wetting of the capillary walls do面－
stream from the e11ent. Upon st;:iking_ the elec trode the droplet tragtnents are b?'oken into still smaller 
particles, with an estimat ed to3 - 104 particles in the res~lting a~omized mist, visible as the bright 
ver tic.a l band. When lar;ge electrodes a r e used co lnsur:e· that all incoming fragments s trike. the tip, the 

l 正1l Par·丘云s are no: adequace1y s`epc a四y 切 o1r £Lo` a洄 have be血 Observed co fa11 back on the 
eleccrode resulting in an accumulation of water t.hat causes erratic opera tion f or s ubsequent ly approach­
ing drops 、

Based on these observations a probe was constructed having a 1.5 mm diameter hemispherical elec:­
c:rode. 面e e lectrode '!.'as placed 0. 75 lllll1 f 「四 the surface of a grounded hemispherical cavity and imme-
diately ~ehind a cylindr:!.cal inlet of 250 u radius and l mm depth. These dimensions`虹e chosen to pre­
vent droplet breakup.1n the inlei: channel, su_bs eq uent wetting of the wails and to restrict breakup to the 
volume .lnsid@ the.:a ,l::,. 

2 ;,. c alibration cur-ie of the completed, 「::,pe. , •.hll1.> approxiTUating Keily ' s observation of an RL depend-
ence for large droplt:n,.!.ppt:oa c hes R) bt:10,-• 15 .. radius·.· Still pr~enc are variations in pulse height 
when the probe i s supplied v ith a source of uniform size droplets 霍 Va['iations of approximate.Ly 2s: wer 
attr i buted by l(eily to instabilities in droplet production. However, by highly charging the droplets and 
observing th e uniform ;, ul se!I produced as ch.ey approach an e l ectrode grounded through a.large resistance, 
and by carefully con tr~ll i ng ch~ prod\)c tion of un iform dr oplets , we have concluded chat random variations 
ind`叩let breakup alo::ie is responsible foT the obseTv-ed varia tions. 

COt-!PARlSON CHECKS \..'ITH IMPACTOR SLlDES 

Flight tests of the comp l eted probe have been made. The outpu t pulses we-re analyzed in a 10 channel 
pulse height analyzer and recorded 吐th the ARIS system onboard the NCAR Queen Air. A MgO slide gun was 
used co obtain comparison data. Figuce 2 is an example of the correlati on between ins truments. Unfor-
cunacely, agreem.ent. such as this was noc ob t吐n.ed 迢hen the droplet population was large. This was due to 
inadequate storage c apability, e .g. many ana ly zer channels were saturated , d ifficulty in maintaining fu:1 
c-harge on the electrode du己n已 periods of high concentration, l a ck of accurate time correspondence 
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between the slides and probe data, and diffe:cences in sampling locations on the aircraft. Modification 
of the electronic components h_as been made to correct problem.sinherent in the probe and associated data 
recording systems. A double- headed probe is being constructed to minimize differences due to sampling 
locations during comparison checks bet'fi/een instruments. 
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FIGURES 

Fig. l. Breakup of a 2.5 IJ radius droplet in­
side the electrostat.i c probe. 
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AIRFLOW PATTERN AND DROPLET TRAJECTORIES ABOUT A CLOUD DROPL沉 PROBE

by 

Ronald L. Drake 

T11eodol'.e W, Cannon 

William Briggs 

National Center for Atlllospheric Research 
Boulder, Colorado 80302 

In this study, NCAR's CDC-6600 compute-c t.1as used to determine sc-ceamlines, droplet t-caj eccories and 
collection e.ff.i.ciences tor a cloud droplet probe. Thie electroetatic probe was originally developed at: 
M,1 .T, and recently has bee.n improved and put. into operati on by the Cloud l'hysics Group at NCAR. In 
order to properly analyze the data collected by this probe, i,t is important to know its collection 
efficiency. That ls, we must know the original location of those cloud droplets ｀缸.ch. actually encer tb.e 
sampling ho le at the forward "stagnation poi nt' 'of the prob-e, 

Since the forward parl of the _probe is an e.llip8oid, the assumed shape of the p-robe for the above­
lllentioned COl!lputation is a pro.1ate spheroid with dimensions consistent with the actual device . At the 
for..,ard "stagnat.ion point" there is a sma11 s血1pling hole 呻ic:h l.s assumed to be along the entii::e 四jor
axis, 

The external flow field is assumed to be steady, axisymmetric, irrota t ional and inco叩ressible.
This is a val.id 頤S唧1pti.on 迁 external boundary layer effects are ignored and if the speeds at which the 
probe is flo叩 a r e. well below compressibility effects. However, air is pumped th-rough the sampling hole 
at an average speed equal to one-half sonic s·peed and thus the.Te exists a compressible flov region oea.r 
the hole. inlet. Su.t th扭 region la sufficient.ly 師l l and can be neglec te.d as far as the s treaml t.nes and 
trajectories are concerned . This flow field is dependent upon several parameters, namely the sampliDg 
hole radius, the axial speed in the hole, the fre.e stre血 vel.oclty and the fineness -ratio of the ellip­
soid of revolution. 

The 心oplet trajectory ca.lcul.ations are based on a three dimensional gravity field and the droplets 
are subjected to a fluid Tesistance based on the,.,o,:k of McDonald [1960). From these tTajectories Ye 
can compute collectioo efficiencies for the probe. 

For the proposed flov field, the velocity components and the streamlines are obtained by two dif­
ferent techniques. One method is to transform the polar system into an elliptic coordinate system. 
Since ellipses are coordinate lines, this tran.sformerl flow field can be subd.ivided into a rectangular 
grid, thus simpli£y扭g che nume己cal computations. The inherent singul虹扛y in the elliptic diffei::ential 
equation for the stream function is handled by an iterative proc:e.ss. The first iterate is a solution of 
Laplace's equat.ion and e.ech ne.w iterat.e, t here.aft.er, 1, a solut:Lon of a Po:Lsson equation. The. right 
side of the ?oisson equation contains tbe singular terms and is evaluated at the previous iterate. Thus, 
a very efficie•nt 心I 9ubroutine ca(Ibe used for the solution of the f.1ow field. In o因er to obtain maxi­
mum ce.s.0lution.1n the nume(c.ial computatiO!lS, the boundary farthest from che probe is only about 10 to 
20 hole radii away,'The flow on this bounda可 is assU111ed co be unaffected by the sa叩ling hole and the 
stream function along the boundary is taken to be equivalent to that for flow around an ell1pao1.d with.out 
a sampling hole. 

The oche'C method of dete中ing che flo｀且eld Is based on a. different transformat.1on from polar 
COO｀辻nates into eLlipcic. coordinates. 面 rough the applicacion of a generalized Fourier series approach , 
an e~act solution of the boundary-value problem is obtained. Tn this case, the orthogonal functions are 
Geganbauer polynomials . 

:By applying thesE two methods of solution, flow fields a.bout several different probes were obtained 
foe ,free stream speeds vaTying from 1 to 100 miles per hou.r. 1̀th the resolution which we used, the 
effect oi the sampling bole on the flow field and the presence of a stagnation ring on the probe we.re 
very vividly portrayed. 

Usi,ig these flow f拉lds, droplet trajectories were cal culated from the pacticle equations of motion 
foe d,:oplet radii varying between 0.5 and 100 已crons. As one would expect:, the s1I10l.l.er drol'lets tend 
to follow the sere己ines, whi.1e the inertia of the larger drops prevents them from "seeing''radical 
changes in the fl心 field. Thus, the collection efficiencies computed from these trajectory calculatio:1s 
have the following properties. If the col leccion e.fficiency is de.fined as the cross-sectional area of 
che cloud being sampled divided by the area of the sampling hole, the maximum collection efficiency is 
the speed of sound di\·ided by two times the free stream velocity.and the minimum value is one. There­
fore, as cne particle radius decreases, the collecc ion efficiency approaches the maximum value; and as 
the particle radius increases, the efficiency approaches one. 
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!inal;Y, :_he calculated trajectories were compared with 
wind tunnel. The co111parison bei;;,een theo trajectories photographed in a ve·rtical 

ry and eirperiment appears to be good. 
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心 A邛0磾 UOMENT叫－s趴SING.RAINDROP SPECTRO血TER

Joe L . Sutherland and D. Ray Booker 

Weather Science, Inc. 
Norman. Oklahoma 

l . INTRODUCTIOt4 

To document possible seeding-induced changea in the rainfall characteristics of convective clouds, 
an airborne raindrop spectrometer has bee.o developed . The instr\血ent operates on piezoelectric prin­
ciples. When a raindrop strikes the sensor he.ad, a pressure is exerted on a quartz pressure transducer. 
Reacting to the pressure, the quartz pressure transducer emits a voltage pulse, the magnitude of which is 
proportional to the pressure. 却 electronic calibration relates the voltage pulse to drop mass or size. 

The raindrop spectro竿ter probe is genetaUy mounted on the side of the nose of a twin-engine air­
craft, The probe consists :>f a circular sensor head connected to a shaft, with the base of the shaft 
resting agai呻 t the face of a quartz pressure tr血sducer. The voltage output from the quartz pressure 
transducer is fed i.nto the spectrom.eter's electronics module. Tbe processed voltage from the wodule is 
then recorded. 

2. THE RR20 RAINDROP SPEC'IROMETER 

The origin.al raindrop spectrometer w1珥 designed chiefly to measure rainfall rates. This was accom一
plished by integrating the individual raindrop voltage pulses. The integrated voltage was converted to 
rainwater mass which, when multiplied by the terminal velocity of an assumed volume median raindrop and 
divided by the volume swept out by the probe, gave rainfall rate. . The individual raindrop voltage pulses 
were also recorded; but the recorder. a light-beam oscillograph, was unable to respond at a speed and 
range sufficient to accurately record all of the pulses. Also. sizing the recorded individual drop 
pulses proved to be extremely slow and difficult. Sizing the integrated pulses was not required because 
the electronics was designed to reset the integTator to zero after a certain mass of water had been en­
countered. Simply counting the number of these folds in a unit of time and multiplying that number by 
the calibration factors ga-.;e rai..nfall rate. 

The ability to measure. the raindrop spectrum was achieved by using a 20-channel digital magnetic 
tape recorder . Sixteen of the 20 channels 咋-re used to reco·rd individual. raindrop voltage pulses, one 
recorded the integrated voltage, one recorded the airspeed, and the remaining two channels recorded time. 
One channel was recorded each O. 02 seconds, so that the ind1 vi.dual drop pulses had to be held O. 0 3 
seconds to insure that they were recorded. RI辻ndrops striking the probe during the 0.03 second hold were 
lost co the. individual drop spectra measurement but were recorded by the integrator. Thus , only a sample 
of the total number of raindrops ｀蟀 recorded for drop spectra measurements . This sample w,這 assumed to 
be rep.resentative of the total droplet popul.at:ion. It has been estimated that slightly more than 50.% of 
the total droplet mass was not recorded in the i ndividual drop channels. A flow diagram of this particu­
lar raindrop spectrometer ( the RR20) is shown in Fig. l. 

3. TH.E RR40 RAINDROP SPECTROMETER 

In order to measure the entire droplet population encountered by the probe, the electronics module 
of the raindrop spectrometer was redesigned to incorporate a quantizer . The quantizer sizes each in­
dividual drop pulse and, depending on the magnitude of the pulse, activates one of nine counters . Each 
counter is assigned to a particular voltage range, representing a particular raindrop diameter. Since 
small drops are more prevalent, the first three counters can count as many as 99 drops each, while the 
remaining six counters are limited to no more than 9 drops each. The number of counts in eacb of the 9 
classes is recorded every 0.4 seconds by the digital magnetic recorder ment.ioned above, Since r吐nfall
rate can be computed from the recorded ra.indrop spectra, the integrator used on the earlier -raindrop 
spectrometer is no longer t'equired. 

The voltage pulse caused by a raindrop actually has the shape of a damped sine wave , having a du-
ration of about L 5 to 2 milliseconds. The qu.antizer sizes only the 血plitude of the first peak of this 
damped sine wave, A fixed 2-milllsecond delay prevents counting while the wave is damped . Calculations 
involving the Marshall一Pa乓r (1) -raind·rop concentrations have sh西 that, except in ve可 he.avy rain, 
there 1.e a low probability of encountering a raindrop during the 2-millisecond delay. 
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| A f1owdiagram for thi8 Bpectrometer．母1gnated the 臨4O, 1Bohown inF1g. 2. The RR4O :raindroP 
spectrometer also incorporates al訌ger sensor bead, in order to sweep out more drops for each rain-

;measuring p皿s, and a more sen量itive quartz pressure transducer, An example of the computer printout 
for a rain-measuri.ng pas11 山辻ng the RR40 扭 given in Fig. 3. 

4, CALIBRATION 

· I The raindrop spectrometer is calibrated electronically by simulating the pressure transducer output , 
The force (presaure times area of transducer) exerted on the q,uartz pressure transducei:· by a drop of a 
ce:rtain diameter 扭 related (by the se呻itivity of the transducer) to the voltage emitted by the trans­
ducer. These voltages are then simulated and fed through the electronics module and recorded, giving a 
calibration relating recorded voltage and drop size. 

5. CONCLUSIONS 

Both of the raindrop spectrometers described above have been successfully used in field projec ts. 
The analysis of data collected by the original spectrometer, the RR20, h頲 been given in Sutherland­
Booker (2) and Sutherland-Booker (3). The RR如 raindrop spectrometer has been used in 比o projects 
since January 1970, but results of analys頲 of data collected by the RR40 have not yet been published. 
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ICE NUCLEATION EFFICIENCIES OBTAINED BY X-RAY DIFFRACTION 
Bri-mnt 仁Davis

Institute of Atmospheric Sciences, South Dakota School of Mines and Technology 
Rapid City, South Dakota, 57701 

0【~s磾 PRoc矼）URE

Jhe cloud chamber used in these experiments haa been described previously by 
Dav1sl and the aeroso1 generatar by BlaLr and DavL4. In these experiments the c1oud 
was introduced into the front port of the chamber by means of a simple atomizer fog 
6enerator. Ihis arrange`ent is shown 1n Fig. 1. InitLal liquLd `ater content i -n tbe 
interval betw~en -15 and -25oC was determined from a commercial dew-point device to be 
8. 5 ± 1 gm m- :1. 

The aerosol was produced by atomizing an 超1-Nal-acetone solution containing 3 per 

尸牛品｀：霏譚;a;:： r=＝猛氐；「記5？忥：：「氙臨霈盅ng 丨
hereas those for GXX 46-66 were diluted 1/40 immediately after sampling. 

In a typical run the chamber was cooled to the desired temperature with x-ray 
system in operation. The fog device was. then started · and fog level established 1-5 

iminutes prior to sample injection. After injection the system was kept in a steady 
state in temperature and fog densi.ty until x-ray and photocell data indicated that all 
crystals had settled out. For the x-r邑y analysis Mol<4 radiation was used and the 
scanni叨 oscillated within the interval containing the 002 and 100 ice diffraction. 
ata output consi.sted of integrat ed intensities printed on paper tape. 

心s~「I10N MCR蹼T－吐L心R_APHICPARAMET邛S

The re1ationship bet`eeo vo1wneof ice crysta1s deposited on the pedesta1, vp· and 
integrate<1 x-ray intensities `as found to be linear 吐thin 8 per cenc up to a 1ayer 
thickness of SO microns, as determined from theoretical absorption relations, Experi• 
mental determlnation of the calibration curve for V,.. verified this condition. P 

From structure-factor . and absorption data and crystallography of the two dominant 
~rpes <?~ crysta!-s present (plates gi.vi.ng 002 diffraction and- prismatic forms giving 
l 00 diffract.ion) the following equations have been derived co· permit determination - of 
the average crystal volume Vi for the precipitated crystals• 

u 

- 
0.392Ioo2II 100 

e 
U 一a 

-D 
a(l 

and, 

-D 
• 

洹／2~

i{l 

+ 0.866f) +./五曰 + e胃／4 （ 1 - f) 

+ 4 +o,1初5／汜）
十卫

+ 1準

(1) 

(2) 

(3) 

(4) 

wJ:iere_l is a sllape and ~olume factor determined from measureable integrated intensi­
ties I9°2and Il OO, 5 -, a, and care mean linear dimension through the center of the 
crys~al, _me~n crysta; half-width, and _mean length parallel to the crystallographic 
c-axis of the crystal, respectively, for all crystals precipitated I f is the fraction 
of all crystals having the 002 orientation on the x-ray pedestal. ~ was obtained in 
these experiments by opt:ical examination of relUcas of the crysta1s caken during t:he 
seedi咽. _ From th~ crystal.dime函ions vi• (3✓3/2)a3已 and the- number of crystals N 
deposl.ted is simply N • Vp/v1, 

The two mo~t tmportant _assumptions of the theory include (a) no air cavati.es with­
in_ the_ crys;~1 (lese t~n 100 per cent ~rror), and (b) equal volumes for both plates 
and ,pri.sms_(less than 36 per cent error). X-ray and optical data actu~lly-dem~nstr;te 
a prism volume twice the plate volume• in agreement with data of Mason3. -These un-
certainties have been neglected i._n 吐ew of the order of magnitude of the final effic­
i.ency numbers, 
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Ftg. 1. X•ray diffraction cloud chamber with 
attached fog generator、 .

RESULTS 
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Fig口~e 2 presents the final efficiency data for 
the 28 experiments _ll.nd Fig. 3 presents the temperat上e
variation of'1 and Ii. Experiments GXX 17, 37-44 were i' 
used only for these parameters a迢 are not part of the 
data of Fi8· 2. 

The two experimental plots of Fig, 2 demonstrate 
the effect of sample dilution upon efficiency of such 
aerosols, ND being the particle number density of the 
aerosol as injected into the chamber. 

We observe a major anomaly at -12吣 in the activ­
tty curve, the rise at warm temperatures being due to 嶋O

larger counts from fro~en droplets, This mechanism o. .. 
(coodensation-freezi吶')requ七es more time for develop-.:~_ I•• • 
ment than does the sublLmation mechanism operative on~ 20 

the lo庄temperature aide of the anomaly. We regard 
this anomaly as being related to this transition al­
thougti the exact inhibitive process 1s uncertain. St. 
Amand4 observed sim1.lar anomalies for certain pyro­
technics I one example is included in Fig. 2. 

Data of both.Figs. 2 and 3 imply another anom­
aly at -18 to -22叱， this apparently being related to 
the_change in_crystal habit-from large hollow columns at_>ove -18吒, to plates between 
-18吒 and -220C:, to stubby prisms and columns below -22吒．
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COUNTER FOR NUMBER OF SN™YLAICES P乩LING PER UNIT 逗A

G. Langer * 
National Center.for Atmospheric Research 

Boulder, Colorado 80302 

In stud!缸 of ice nucb,ati.on i t has become important to correlate ice nuclei counts with the num• 
ber of ice crystals found in a cloud or falling from the cloud co the ground. The interesting ice nuclei 
counts are thoae found in tba a七 111.as1 that enters the cloud or storm system 呻ich produces the ice 
phase, Thie report concerns the development and evaluation of an.lns trument for counting individual I sno`f1akes 珥 they fa11 on a given area. The 洹t-ent i8 to be used in conjunctio` `ith present1y 
available ice uucle四 CO``｀` ` ich cend co give figuC8 1ower than the 邕ctual number of i.ce crystals 
foung. Data on tb.e n壘er of ano吐lakes vs ice nuclei are. 厚 carce, and one rea11on for thi.11 111 tbe lack 
of convenient and suitably 4e1111.gned 1.nstnt皿mtation to count individual snowflakes on a continuous 
basis. The instrument described below provides such data continuously over long periods of unattended 

I operation with high resolution. 
The device bas a counting ayste111 b邕sed on the acoustic particle counter (Langer, 1966), whlch 

tallies all particles over 20 m.icrOll.8 1:ty aQ aCQustic effect (Fig. l). A 3 mm capilla;ry is used to give 
a flow of about 20 1pm at 150 1m1 Hg J1u.c1:ion; at the intake of t.he sensor, the Uow is 65 cm/sec. The 
sensor intake is preceded by an entrance tube 12 cm diametet: and 25 Clll long. This tube eliminates 
wind noise that 1'10uld develop if the 吐「｀ere al101<1ed to blow at r tghc angles over the sensor entrance , 
Also, it allows for quiescent settling of the snowflakes into the sensor. For data reduction it is 
assumed that only flakes falling over the projected area of the intake are counted, since the aspirat­
ing effect of th! sensor may pull in addit ion氬1 B血ll flakes from the sides. The associated electronics 
呻kes it possible to have a time t'esolutioo of 2 seconds for count rates over 1000/min. 

This Lnstrum.ent 咽8U8ed i`the ` inEe.r mont區 in Yellowstone (Schaefer 1969) a.nd ne'ar Fraser, 
Color-ado. In Yellowstone it was operated unactended foT several hours, and at Fraser it ran continuous­
ly for two weeks in ·a period of heavy storms ( 1 m total sno'Wfall), During the heaviest snowfall, the 
intake tube had to be cleared of snow every 6 hou,rs, but. the unit has since been modified to alleviate 
chis problem. 

Visual counts of large snowflakes falling i n the sensor vs the actual count showed a one - to -
o·oe correspondence. It w廬8 e沖ected that large flakes in tbe centlmeter range, as they broke up and 
passed through the 3 lllU capillary of the sensor, would give multiple counts. However, only one rather 
louc;I a Lgnal was produced for even the largest flakes. The warm pump exhaust air prevented freezing of 
drops, etc.; in the capillary; and no plugging of the senso「 `as encountered even during wet: snow, 

Figs. 2 and 3 eh:>w the result& of the field tests. Fig. 2 gives results from ·seedi.ng experiments 
at Yellowstone with Agl flares. 面e refem}nee E0 8.m.all ice crysts ls oo the graph alludes to visual 
observation of hexagonal crystals falling on a piece of black velvet. These crystals are obviously the 
result of the seeding l/4 mile a四.y aince there was no natuTal sno..i during t-he fir .st test; however, an 
hour later, light snow did fall. A day later at the !18Jlll! hour bu·t: dur1-ng a period of light snow, a 
second test showed 11i1Dilar behavior, except tb!lt a change in wind shifted the AgI plume away from the 
sampling site givl.ng leas pronounced count墨 juat after seeding, The second peak in sno·wfall rate was 
observed as before about an bou-r later, and the rate was app「0注mate ly the same a.s in the firs c test. 
Pre叭國ably th.is second snow eh.crwer coa平osed of 皿ch larger crystals \aas due to the seeding and was 
related to a return flow circul邕tioa ln the Old'Faithful B.asin. 

la Fig. 3 the data from 「raser cover~ period of heavy snow stonqs. The snowfall rate shows a 
periodic nature 1,,1ith a fairly constant periodicity of 75 min, grad四lly decaying ln amplitude over a 
period from 5 to 15 hours. Anothe「 ` torm eye tem then moved in and decayed in a similar manner. As 
pointed out by Dyer (1970), a power spectrum 缸llllysis should show a persistence effect and thus could 
be a'Qleans of pre.d ieting storm duration and severity, 

This -work ind katee the importance of carefully an.alyi: ing resul te of seeding operations duripg 
cb.ese r::ypes of s corms. The pe己odicity of the snowfall may obscure or clarify seeding effects. It 
should be interesting to use this instrument to l̀llke sno\IIfall rate counts in an unaffected oo ntrol area 
vs the target area, In such an experiment seeding effects may be detected in considerable detail. 
With additional electronic ins ·t.ru磾nt·acion, a rough correlation between signal strength and flake s 乜e

should be pogsible. Thia kind of m,:這surement should help to resolve further any seeding effects. 
The Fraser cescs included s函汜 additiol)Jll experiments co provide a quantitative callbration of 

the counter. Snow deposit on a small plate was recorded photographically, and in 15 comparisons between 
the visual count of ~ 5000 sn.owflakes and the ac.oustic count, the latter gave 5 times as 血ury flakes on 
the average. Although th is ratio ranged from 3 to 9, the agreement was as good as could be expected 
because the photographic system covered flakes down ·to only LOO microns while the acoustic sensor de­
tected down to 20 microns. Koreovar, a forthe:r discrepancy resulted from wind blowing flakes off the 
collection plates. 
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AN OPTICAL CHAiae洹 RECOGNI'I:ION TECHNIQUE FOR DET寧INING CLOUD DROPLET SIZES 

w. M. l(etch&lll and H. w. Wold 
Department of Meteorology, University of Utah 

Salt 屯e City, Utah 84112 

C出CTERRECOGNlTIOl TEC血I9UE

An optical character.r鷉cognition technique (l) • (2) is an O'ptical method of determining 吡ether:: or 
not a specific character is cQntained in a group of characters. The purpose of this present work is to 
examine the feasibility of -:.his technique in determining cloud droplet si-zes. 

To briefly and rather~ explain how this techni中e works, let us consider setting· up a 
schema to recogn江o a speci#cdr？庄「？t2f江e of 2O µ diameter. Thefirst thl.ng that must be done is to 
m呔ea Fourier transform hologram'"'''\.o, of a 20 ll droplet. This hologram is a special type of photo­
graph which is ma.de by exposing a photographic plate to two beams of monochromatic light, one of which 
contains light diffracted by a 20 µ droplet. The othe:cbeam consist5 of plane p訌·allel light and is 
cal.led the reference be却1 (Fig. 11. Thia holograin possesses the useful proper::ty that if it is illumi­
nated by a ;Light beam which is identical to either of the bear四 that were used in making the hologram, 
beams nearly identical to t'函 originals 吐11 be reconstructed. 

Laser 
beam 

「ig. l. 

卜－ f· I· f -

Photographic 
plate 

Arrangem劻t for making a 20 \l Fourier 
transfoX111 hologram. f is the focal 
.length of the lens. 

Let us now· consider illuminating the hologram, 
which has just been made, with a beam that con-
tains light diffracted by a 20)l diamet虹 droplet.

Because this beam is identical to one of the beams 
that originally exposed the hologram, a recon-
structed r.ef虹ence beam is generated 吡ieh, as 
shown in E'ig. 2, may be focused to a bright spot 
by lens 2. 卫： the hoJ.`血` `ere illuminated by 
light diffracted by a droplet of size different 
than 20)l ， no 壬eference beam would be reconstructed, 
and consequently, no bright spot wou.ld be record~d 
in the back focal plane of len-s 2. Thus, it is 
seen t洹t the presence of a bright spot indicates a 
20 1J di缸nete.r droplet, while the absence of this 
spot indicates no 20 1J di琿eter droplet in the 
input. 

PROCEDURE 

(3) 
A computer program•-'was deve.loped to sirou-

late the character recognition technigue. The 
procedure followed was first to compute the light 

distribution that =uld be recorded by a Fourier txansform hologram of a ~ of specif.ic size. 
Squa.res were selected as tl:e objects to be recogn乜:ed because they could be accurately rep resented on 
the rectangular d.ata. 吐.ray of 七區 compute:c: . 'I'his computed hologr血 `as then "illuminated" by th.e com­
puted light intensity that 邙uld be diffracted by sev虹al squares in the size range 3 to 51 µ . Lastly, 
the intensity of.light was computed in the back focal plane of lens 2, Fig. 2. 

Las-er 
beam 

lens 2 

Reconstruct函 ＼

卜_ f 中 f 一刁 Diffracted 
light 

Fig. 2. Reconstructing ref虹·ence 坪am by illuminating a 20 µ hologram 
w_;_th Hght diffracted.by a 20 µ droplet. 
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RSUUIS 

The computar result• for 11quues 3 to 5111 a「e shown in Fig. J. 耳ch histogram repn這ente ·a com-
puter run i.n which the l.ight diffracttld by severa.l s'1are澶 of diff虹ent size are "matched" to a hologram 
國de fr叩 a squa.roof.pooif1e aim.mr ¢amp1暈， the upper left histogram 扭吣g. 3 represents a run 
in 呻ich a 沁log「血 mde from a 3 µ o`mn , 輩贏言 matched to squares 3, 5, 7, 9, 11, and 13 µ in size. 
Note that in each case, the intel!Jlity of light produced by a 血tched square is significantly greater 
than th吐 produced by any of the mi唧鼴tched squares. 
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Square Size (11) 

Fig. 3. llistogr｀禱 of the relative intensity of squares of various sizes 
when matched to different hol.ograms. 

CONCLUSIONS 

These results i ndicate that this method 垣.s promise of recording clo必 droplet sizes in a range of 
3 to 40 1.J diametw: to an accuracy of.t2 microns. Experimental work is progressing on an apparatus 
which util乜es the ch訌acter recognition techniqu·e and which may be used i.n the field to record r,珥l

time size distributions of cloud droplets. 
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.ANINSTRUMENTED''HAILSTO翦"FOR CLOUD P茁SICS RESEARCH 
`illi這 D . Scott 

Cloud Physicist , National Hurricane Re see.rcb Laboratory, ESSA 
Adjunct Professor, Univer sity of Mis.mi, Florida 

Probes of the atmosphere for meteorological. data have take n many forms including tbe ordina可「adio­
sonde 缸這 the dropsonde. (1.,3) These devices 缸e satisfactory only for measuring variable.a such as tem­
perature, wind speed, and particle concentration , quantities that vary slo.rly 血d are·, i o a sense, '-pas­
sive' . With these instruments it is not possible to measure the rapidl.y varying quantities or'active' 
quantities of importance in the formation of precipitation or in the electrification of clouds . 囧ese

quantities illclude the n'Ulllber of particle collisions per unit time , the trajectory of a precipitation 
particle, and the electrical charge trWJsferred when particles coll1de; they are eJ.tered beyond recogni­
tion by present measuring techniques . These particul缸· variables require a simulation of actual happen-
[ings in tbe cloud and measurements during p缸訌cle inte.raction.s. This paper describes per haps the first 
I at tempt at such a measurement. The instrument used is a dropsonde the size. of a hailstone, called herein 
a'dropstone,' 

INSTRUMENT DESIGN 

Th.e general instrument design is (lhown in Figs . 1 and 2 . 

l団吣 RECEIVER 

Fig. l. Dropstone Transmitting "Active" Data 
to a Remote Receiver. 

POWER 
TRANS鼱ITTER

DETECTOR 

The dropstone transmits a vertically polar­
ized FM signal. to a remote receiver. The 
upper surface of the dropstone acts as the 
ground pl.紅1e. A single wire trailing the 
dropstone in fall acts as the antenna. 

This design 111,akes possible the inclu­
sion o:fancillary data in the. telemetered 
signal. These data might include the in­
stantaneous acceleration of the dropstone 
or even its mass . The use of microcir­
cuits and micropower signal conditioners 
(MOSFET) leaves sufficient room for a be.t ­
tery pack the.t sho吐d a.llow transmissions 
during.most of the fall to ground. 

Fig . 2 . Block Di哆洹 of the Electronics Inside the Dro11stone. 
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A picture of a prototype working dropstone is shown in.Fig. 3 沮.th a pictorial. descr iption. 'l'he 
prototype,1as built to detect the el1?ctrice.l c區rge exchange th.at occurs when a hailstone collides 吐th

ice crystals in a real cloud.'I'he detector was a protected , insulated gate transistor; its gate vas di­
rectly connected to the lo咋r hemispherice.l portion of the 心opstone. The 沄ansm,itter was built from a 
single t,re.nsis-co「邸d the upper, helllisph訌ical portion of the dropstone served as the ground p18l'le. The 
voltage difference between the two hemi霑heres was output e.t a trans叫tting frequency of.100 MHZ . A sin­
gle , vertically inclined, elevated 卣.re served as the receiving antenna for an ordinary FM receiver. 

L 
` ANTENNA 

a . b . 

GROUND 
PLANE 

SENSITIVE 
SU胃FACE

Fig . 3. The Internal Construction of the 芘ototype Dro,istone , a, V1t.h Description, b . 

TESTING THE DROPSTONE 

The t ransmi tting efficiency of the instrume元 we.s low and the signal could onl.y be detected up to 
500 m. and a u.sabl.e ou匝邙 co沮d only be obtained to about 50m . 面is was a consequence o:f the necessity 
to tran頲tit at lov.frequencies for long time pe:riods to produce an operational instrument ．心ter final 
development, of course, data. would only oe obtained for a. minute or so at higher , more usefu.l poYer 
levels. A major problem to the testing was tne outs這e noise 血d local radio stations which made it es ­
senti迫 to do the testing in r細ate locations, The Arctic proved to be the best testing g r ound ; an 
actual trace during a short 心op from a balloon is sho叩 in `g. h. 

_,. 
··· ^ · L '-· · · " '' ,II ,-'· 

` 
~ 

` ·~ .. 
` 一

^ ^ -·· l 

Fig . 4. Output during a Fall in Arctic Dia.mood Dust . 

In this case di邱ond dust was present in the air and it appears that two coll.isiona of the hailstone 
with t區 small ice particles were observed . 叩is result agrees 面.th the e勾>ected n1.llllber of collisions ; 
th.esizes of the pulses indlcate tha.;; the charges produced 缸·e 01'the same order as 區ve beeD Obsemred 
during simulated experiments on the ground in similar conditions. 

Fmu囧 APPLICATIONS

The device is oper吐ional 血d, with a pove't.f'!.l),eilicient transmitter and a high gain , 呾ectional

皿tenna-receiver 吖stem, it should be able to transmit useful information several miles. (2) It is p誣－
sen已y one inch i.n diameter and, with p.rese.z比 state-of-the-a.rt e.lectronics, 1t probably could be 呻de one 
cent乓eter or smaller. 吶吐s sho吐d m砵e it possible to make measurements of hydromet.eo::- interactions in 
a realistic simulation. Also, the transmission itself 面11 locate the trajectory of the ha.ilstone in the 
real cloud. 哂lis ultimately should give an insight into active cloud processes , and hence become an in­
valuable tool in a.ssessin11; cloud models . 
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A RE-EXAMINATION OF'l'HE CLASSICAL THEORY OF THE GROWTH OF A POPULATION 
OF CLOUD DROPLETS BY CONDENSATION 

James W. Fitzgerald 
The University of Chicago Cloud Physics Laboratory 

INTRODUCTION 
According to the simple classical condensation growth model droplets form on pure 

spherical hygroscopic nuclei contained in a parcel ascending at a prescribed rate 吐th DO 
(2,4,5) entrainment through its boundaries'~ •...,., 1. This classical model has been criticized on 

the grounds that it predicts droplet distributions which are 1t11.1ch narrower and which have 
smaller mean radii than those occurring naturally. It is argued that more realistic 
droplet distributions can be obtained only if the effects of entrainment and of a fluctu­
atiog updraft are considered. 

The purpose of the present study is to recompute droplet growth by the classical 
model using data on c:loud nuclei spectra which were unavailable at the time of the pre-

(2,4,5) vious calculations'-, -, '-, and to compai::e the resulting droplet distributions with pub-
lished observations of the microstructure near cloud base as a test of the applicability 
of the model to natural cloud condensation processes. 

CLOUD MODEL 
Air containing a specified distribution of cloud nuclei is assumed to ascend at a 

uniform rate from cloud base where the temperature and pressure are taken to be 283K and 
800 mb respectively. Accelerations arising from the buoyancy force are not considered. 
The parcel is closed with respect to the exchange of energy and IDatter with its environ­
ment. However, the 11walls11 of the parcel are not rigid and the parcel establishes a dy­
namic equilibrium 丑th the environ啤nt .

EQUAm0NS 

Within the context of this cloud model the following set of equations governs the 
growth of a population of cloud droplets by condensation. 

(a) ~- The growth equation for an individual droplet ts expressed as 

dr - es0'1',T2K' 「石一｀悚'+D':p` ［諺－（1+ ： －訌］ (1) 

where e,, is the saturatioo vapor pressure over pure water, P.., the density of water, s - .. - -. - - - - - '-w 
x the water vapor mixing ratio,I\, the gas constant of water vapor, c the ratio R計 Ry,

and Ca correction factor fox the departure of the mixture of air and water vapor from 
ideal gas laws. The modified diffusion and bear conduction coefficients, DI and K', are 

D'• D［玉璹］－1
K'~ K[王```

一 1

where a. is tre condensation coefficient, f the accommodacion coefficient, p8 the density 

of air, Ra the gas constant of dry air and t,T the temperature jump distance. 

(b) ;emper{cure Eqtat;on. The'1'ateof change of temperature of the parce1 may be formu­
late~contribution due to adiabatic cooling of the ascending parcel 
plus a contribution due to warming by the r elease of latent heat of condensation. 

薔·一正十 L 生 ( 2 ) 
cpd cpd+%謹+％w dt 

where V is tl-e vertical velocity, w the liquid water mixing ratio, c_., the specific heat 
pd 

of dry air, c.,.., the specific: heat of water vapor and c,. the specific heat of water. 
pv ` 

(c) Mass Coni百酣°n士Eqtationh Theequation f or x as a functionof t is obtained from 
a d1rect app e n o t e 啤thematical scatement of the conservation· of mass. We have 

。

薔= -翌"'-钅 1T Pw 誥［亡 fo-r3 n(r)dr] 
(3) 

`「here n(r) is the droplet size distribution function. 
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The pressure-height relationship was obtained by assuming that the NACA Standard 
Atmosphere applies to the environment of the parcel. (7) The cloud nuclei supersaturation spectra used in this study were Twomey's\'I average 

. 40, (3) 46 continental spectrum (Nc:945 s·-v) and Jiusto's'.J'average Hawaiian spectrum (N=53S'-v). 
Under the assumption that cloud nuclei are pure spherical NaCl particles these N vs S 
spectra can be transformed into cumulative size dist-ributions. Accordingly; we have 

N(r~)=66 r -o. 6 -o. 7 
n n and N(r_)=2.5 r_ - ...,.,. Here N(r_) is the number of cloud nuclei having n'· n 

a·d~~ (cry~talline) ~~d~~s > r~~ The s~ectra·w:~e modified for supersaturations less 
than'o.'05 ' per cent ' to provide Q more realistic distribution of large and giant nuclei. 

NUMERICAL PROCEDURE 
The droplet growth equation wa~cally by the standard fourth-order 

Runge-Kutta method. Eq . (2) was integrated by the simpler Euler method . A small time in­
crement in the range.006-.024 sec ensured that the s画llest haze droplets grew stably. 

The continuous distribution of cloud nuclei was approximated by a discrete distri­
bution of 25 sizes. The integral in Eq. (3) was replaced by a summation over these 25 
size classes. 

The d「op size distribution at cloud base was _ obtained by computing the radii atta:ined 
by the nuclei at cloud base in rising from the 78 per cent R.H. level at the assumed V. 

A simplified flow diagram of the computation is given in Fig . 1. 

RESULTS AND DISCUSSION 
C1oud drop1et growth was computed up to a height of 2OO m above c1oud basf for the 

continental and maritime eloud nuclei spectra, for updrafts of 1 and 2 m sec-.L and for 
va1ues of o of O. 036 and O. 5O. Four of the resu1ting drop1e! distributions ate shown as 
the continuous curves in Fi8. 2. For an updraft of 1 m seC and an o of O. 03g the con­
tinental gist_r~bution at 100 m (curve b) is character;zed by 500 droplets cm-..>, a mean 
diameter d of 8.4 1-4m_ and a dispersion coefficient ~o-/d of 0~35. In contrast, the mari­
time cloud (cur,:,e ·a) contains only 56 droplets cm-3 ~ith a d 。f l9. 1 µ m and a disPrsion 
of 0. 06 at 100 m (for the same V and a) . The maximum S attained in these two clouds 
was 0. 24 and 1.10 percent respectively. The theory clearly shows that the cloud nucle­
us spectrum of an air mass h~s a pronounced effect on cloud microstructure. 

in the continental case a increases from 6.4 f-Lm at 50 m to 10.8 f-Lm at a heightof 200 
m (curye c). The dispersion is essentially invariant 面． th height. An increas~ in V to 2 

1 g 
m sec-l. increases the drop concentration in the continental c!-oud to 670 cm-.J (curve a) . 
The effect of increasing ci to 0. 50 is to cause an increase in cl, a 15 percent decrease 
in droplet coocenttation and an increase in the value of the dispersion coefficient. 

It can be seen from Fig. 2 that the shape, breadth, and mean diameter of the com~d 
distributions compare favorably with these same properties of the measured distributions. 
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DROP GROWTH BY CONDEN函ION IN THE ENTRAI.NING UPDRAFT 

c. s. Chen 

Department of Meteorology, University of Califo-rnia, Los Angeles 

Previous computations of drop growth by condensation have ignored the mixing with the environment 
which is characterietic of actual cumulus convection . With entra扭ment the t缸1perature of the rising 
parcel decrease!! fa.eter than the peecudosdiabatic rate and the supersaturation OD wh.ich the rate of drop 
growth depends is influenced by this difference in cool扭grate as well as by the watel: vapor m伍ing
ratio of the environJllentel air, 

The physical pr<'cessee, including drop growth and entrainment, are represented by seventeen differ 
ential equations in this model, seven for the pbysical pa邙meters and ten for the growth of drops 
on different. size nuc.lei. These eqcuatione were integrated numerically for a number of ioitial nuclei 
.spectra, vertical velocities, and 血．tra1!llllent rates, The results are presented here for one particular 
variation of preeaure, temperature, etc. for three different initial nucleus distributions, Csse I, 
that used by Neib吣ger and Chie.n (1), Caae II, chat given by Warner (2), and Case Ill , a combi11atioo of 
I for rad.ius r ~ 0 . l µ111 and II for r > O. l µm. The integration was carried out using Hamming's predic­
tor-corrector method for 420 seconds of real tune, beginning with the nuc l ei in equilibrimn at 99% 
relative humidity. 

[nfigures 1, 2, and 3 are aho面 the distribution of sizes of the dry nuclei; the nuclei at the 
sta-rting point of the computation st 99% relative humidity, and at the end of 60 seconds and 420 sec-
onds of grc濯th, Because of the separation between the activated nuclei and those which &Te inactivated 
the dist-ribution becomes billlodal, with a gap between the cut"Ve for tbe inactivated nuclei and the curve 
for the cloud drops. The inode of the cloud distribution occu-re a t larger t:adii in Case II than in Case 
I and Csse Ill beca四e the pe吐 supetsaturation atta位ed is higher (0.39% compared 丑th 0.24% and 
0.27%), To attain one drop per liter larger th皿 20 µm requires less than 60 seconds in Cases 11 and 
III, compai::ed with 420 seconds ln Caae l, because of the larger number of giant nuclei present in the 
initial distribution. 

The t研］perature and dewpoint of the cloud and the environment computed in Case I are sho面 in

Figure 4. The cloud 扭 about. 1°C warmer than the, environment, resulting in continued upwar d bouyancy. 
For comparison, the average thunderstorm data in Ohio (3) on which the computed ambient conditions were 
based, a-re shown. It is seen that the computations reproduce theee observed values closely. The cor­
responding data for Cases I1 and III are very close to those of Case l. 

一1 -1 
面e computed vertical velocittes increased continuously from 3 ms ~ to 10 ms £ up to the 0°C level. 

Above this a deceleration is indicated. The entrainment did not decrease the vertical velocity mate­
dally , and since the rate of cool伍g produced by the vertical velocity dominates the drop growth, the 
condonoat:l.on 伊0ee88 `aa not a1o`ed do面 by allowing for entrainment. However, the in:l.t:l.al nucle四
disti::ibution ｀碩 sho面 to be of pri111a可 1mportance 1n decem吐ning the number of large drops which 
develop. 
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COLLISION EFFICIENCIES OF CLOUD DROPLETS AT SMALL RE"囧OLDS NUMBERS 

By 

M. H. Davis 

National Center for Atmospheric Research 
Boulder, Colorado 

J. D. Klett 

New Mexico Institute of Mining and Technology 
Socorro, New Mexico 

M. Neiburger 

University of California, Los Angeles 
Los Angeles, California 

Accretion is a prima可 growth mechanism for cloud droplets after the initial condensation ph碑e;
its understanding requires knowledge of droplet collisional probabilities. The collisional probability 
depends upon the cross sectional areas of the droplets, their relative fall velocity, snd the~ 
~. here defined as the.ratio of the square of the initial lateral offset distance for a grazing 
trajectory to the square of the sum of the droplet radii. If the collision efficiency vanishes, no col-
1i81ons `i11 occur, wh11e if.1t exceeds unity, the probability of collision e.xceeds that of purely geo­
metrical sweep-out. 

In the present study collision efficiencies for spherical water droplets sedimenting in still air 
with no electrification were calculated according to a new hydrodynamic model due to one of us (JDK) (1). 
1n this model at small but nonzero Reynolds numbers the drag forces are obtained by an appro`.mate 
boundary value treatment 6f an assumed time-independent Oseen-type fl.cw. These forces are then employed 
in a trajectory integration program to obtain collision efficiencies in the usual way using five itera­
cions. A possible deficiency of the JDK forces is that at close separations they fail to reproduce cer­
cain of the force coefficients predicted.from the Stokes theory, although under other conditions the two 
formulations check very well. In ordei: to investigate the effect on the computed collision efficiencies, 
calculations were also carded out using a program that combines the forces derived by JDK 吐th the 
Stokes coefficients (2) which are rigorous for time-independent fl叩 at vanishing Reynolds number. Col­
lision efficiencies computed using pure Stokes flov were also included for comparison (3). 

None of the calculations exhibit a "cu·t-off" or zero collision efficiency for any droplet size or 
any size ratio. Those that involve the Oseen-type forces shov a tendency to increase at size ratios very 
near unity一in contrast with the calculations using pure Stokes hydrodynamics. This tendency is pre-
sumably due to the fore-aft asy,i皿etry 扭troduced by the Oseen terms. Generally, the pure JDK forces pro­
duce collision efficiencies larger than those of JDK + Stokes, which are, in turn, larger than the pure 
Stokes values, Again, this is presumably t he result of the Oseen asymmetry. 

The present results are believed by the authors to be qualitatively sound . Since quantitative dif­
ferences can be produced by small 111odifications in the forces used it appears likely that further refine­
ment ·ml』 st await the results of suitable laboratory experiments. 
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THE INITI1'.TION OF C01'.LESCENCEc A THEORETIC-'L STUDY 

G. Brllnt Fo:te 
Institute of Atlnosphttric Ph':I邑ics

The University of Arizona 
Tuoaon,,11..rizona 85721. 

INTRODUCTION 

會

Study of the coalescence problem seeks to ex血ine the important question of whether 
two drops will actually combine and form a. single drop upon collision. In discussing 
the coalescence problem it is helpfu.lto break up the physical process into two 
distinct phases. The initial action of bringing the drops into close proximity is 
properly relegated to the co.llision problem, and not considered here . Once the .drops 
are brought together the preseoae of the air serves as a cushion to keep them apart. 
The prohleltl of getting rid of this air film and allowing the drops to make actual con­
tact we wi1l refer to as the coa1aacence problem of 辛· After contact has been 
made, coalescence (by which we here understand the formation of new molecular bonds be­
tween the 的o water surfaces) should proceed immediately. The problem once coalescence 
has started is that of stabilizing the subsequent motion of the now single drop to keep 
it from separating into t`° °r more fragmonts. We wil1 ca11 this the 芊茫 coa1es­
cence problem. It would be appropriate to call Type I the bounce-off problem, and 
Type 訌 the disruption problem, for these are the genera l effects produced. While both 
bounce-off and disruption have been observed in laborato吖 experiments , the coaLescence 
literature ha.snot generi!Llly made a point of the distinction, It clearly seems of 
value to do so, for the physics involved in the two processes is quite different, 

The Type I problem, which is the subject of this pape:,:-1 depends on the d坪amics of 
the colliding drops and the dynamics of t .he draining a扛 film. Both have been theoreti­
cally estimated here. We limit consideration for the present, to a pair of nearly-egual 
size drops of diameter 1. 2 mm, colliding along their line of centers. This geometry 
吐lows the governing equations to be formulated ia two dimensions (axisymmetry) . 

DYNAMICS OF DROP COLLISIONS 
The drop collision dynamics has been numeric~lly simulated in the present work using 

a variation on the Los Alamos Marker-and-Cell Method (1), a computing techn.igue designed 
to integrate the Navier-Stokes equations for a viscous incompressible fluid possessing a 
free surface. Capillary effects are included here with the aid of a spline interpola­
tion curve to evaluate the surface curvature, a scheme first used by Daly and Pracht ( 2). 

The accuracy of the computing technique has been eva l uated by a variety of checks 
against an a.nalytic solution, due to Lord Rayleigh, for the motion of a spheroid 
oscillating with sm矗ll axial ratio 吐out a spherical equilibrium shape. For example, 
at small axial ratio the computed period of oscillation approaches asymptotically the 
Rayleigh value, being within 0.2% at an axial r.atio of 1.05. For oscillations of large 
amplitude the period increaaea to 心OU七 a l邙 ex:cess for axial ratio 1 .9. 

The collision of equal-sized drops is simulated by allowing a single drop to collide 
with the rigid boundacy of the.finite-dif£erenoe computing mesh. It i .s expected that 
the results should be valid when applied to drops which differ slightly in size, say by 
101 in diameter. Such a size difference would lead to a difference in terminal velocity 
of about 50 om/sec. We have here considered relative impact speeds, vr, from ,20 to 
60 cm/sec. 

Figure l shows a drop collision . at speed v「 = 40 cm/se c (relative velocity between 
drop and wall o·f 20 cm/sec). The time i.s l. 5 呻ec.a.fte.rimpact. The drop has not yet 
reached its .maximum distortion, and the UPPE江 portion of the drop is still moving down­
ward. The right hand side of Figure l show.fl the positions of marker particles which 
indicate where fluid is located (the interior region is treated as full). The left 
ha.nd section through the drop shows velocity vectors drawn from the center of each 
occupied oomputing cell in the appropriate direction. A capillary wave induced by the 
impact has travelled around the drop and been reinforced at the top. The normalized 
pressure disttibution within the drop is shown i[lFigure 2. 

The time,tb!for oomp1ete rebound of the co1l1ding dropB foz the three re1ative 
velocities considered here are tb..4.4, 3.8 and 3.4 msec, for Vr.,. 20, 40 and 60 
cm/sec, respectively. 

FILM DRAINAGE PROBLEM 
We seek to determine the time necessary for the trapped layer of air to escape. It 

has become well established that such a trapped film will drain relatively slowl.y until 
a critical film thickness is reached, whereupon the film will be suddenly bridged and 
coalescence will proceed rapidly (3, 41 5). Most experimental work places the critical 
separation at 心out 0.1µ. Theories of this process generally follow a treatment due to 
Reynolds, in equating the work done pushing the two drop surfaces together to the 

會
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viscous dissipation occurring in the intervening film. Plumlee (6) applied the treat­
ment of Charles and Mason (3) to the meteorological coalescence problem, but did not 
provide numerical evaluation of any of hie expreesione for film drainage ti.mes. Ex-
planation of the bounce-off (here termed 吶pe I) coalescence problem is clearly con­
cerned with the relation of drop rebound time to air film dralnage time, so that it is 
desirable to .refine the theory of the latter as much as possible. The Reynolds draining 
theory has been extended in the present work in the following ways: (1) the solution 
of the drop dynamics problem has provided important time-dependent para:meters--the 
radius of the drop deformation and the dynamic force pushing the 乜,10 near surfaces 
together during the collision; (2) the effect of drop internal circulation on the rate 
of film drainage· has been evaluated; (3) the effects of net drop charge and external 
electric field have been con11idered; and (4) hitherto neglected consideration has been 
given to the effect on the air drainage of the finite mean free path of air molecules 
in this transition range of Knudsen numbers. 

RESULTS AND CONCLUSIONS 
study for the case of 1.2 mm diameter drops impacting The general results of this 

at the indicated speeds are: 
(1) Film d.rainage times in the absence of charges and e xternal f ields are 

several hundred milliseconds, at least two orders of magnitude larger 
than the time for drop rebound. This ag.rees with laboratory results 
that no coalescence occurs under such conditions. 

Approximate theory indicates that charges of magnitude 5 x 10-ll coul , 
or external electric fields of 300-400 v/cm would be sufficient to 
effect coalescence. 

Consideration of drop internal circulation and finite Knudsen number 
of air drainage flow modifies the value of charge and field necessary 
for coalescence, but does not of itself provide a mechanism for 
significantly reducing predicted air drainage times. 

(2) 

(3) 

...... 123456 
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SIMD'LATION OF CLOUD DROP..LETCOLLECTI011 PROCESS 

n.c. Ch1D 

Department of Meteorology, University of California, Loe Angeles 

Pre吐ous 拉veecigations of the cloud droplet growtlt process were usually baaed on th.a a.seumption 
of a homogeneous and isotropic cloud. In this study this restriction is temporarily removed by intro­

I ducing random positioning of cloud droplets within a liquid content distribution that 扭 smooth in a 
scale of the order of 10 cm. The gravita已onal growth of large d't'ope in such a heterogeneous cloud is 
considered . 

In the interior of a warm cloud at 100% relative humidity composed of cloud drops represented by a ! 
steady-state sp缸:crum:indiscrete llize claeeea, the gravitational growth of s. large drop with 1n1rial 
mass greater than that of any droplet in the spectrum, assuming a coalescence efficiency of unity, de­
pends only on the present state of the drop and not its pa.st behavior. 「urther111ore the one-etep tran­
sitional probabilities are also independent of the t.1:me variable. The growth of the large drop then 
can be described by a Markov chain process with stationary transition probabilities. 

We discretized the droplet apactrum by equal radius intervals with 缸－ 2U, thus greatly reducing 
the`｀心er of required data points below those 呻ich would be needed 山'ing the 81!lallest drop as the el一
em.entary ma.as, and con吐．dered one row vector of the transition 皿trix at a time. With the initial large 
drop radius given and the cloud spectrum assumed to be varying ~o slowly that it can be approximated as 
steady-state, we generated a realization of the Markov chain process which was equivalent to stimulating 
the life bisto可 of a large drop g`｀訌g by collect.ion_in a heterogeneous cloud. The empirical Khrgian 
and Mazin spectt'Ulll with liquid water content L • l g/m'; average radius Rav 一 7,5 lJ and droplet size 
range 3 to 29 U was 四ed (hereafte` `` III) . The 1nitia1 large drop rad1U8 四8 30 u. The s1mulac1on 
procedure is described els的hue (1). Thirty..two independent trial simulations of the growth for 
1000 seconds of drops falling through the cloud were carried out. These constitute a random sample of 
growth histor1e.s for drops with initial radius of 30 1,1 扭 such an envirorunent. Tne resulting sample 
means together with 95% confidence intervals ai:e shown in Figures 1 and 2 as c. 

For comparison the growth of a large drop 1n a polydisperse cloud due to gravitational coagulation 
ae described by the continuous growth equation: 

dR Tr 
R 3.. 2 

－一dt 3 
f n(r) r Y. (U 一 U) dr 

。
c R r 

(1] 

was computed 丑th the same initiaL large drop radius of 30 µ and the same cloud spectrum to yield growth 
curves B in Figures 1 and 2. The g「0寸h curves A were arriv蝨 at from equation [l] for a monodisperse 
cloud with tbe e8.llle liquid water content of 1 g／記 and the smne mean volume radius of 10 µ as the K屯
spectrum III used in the other ca鈺I It ie apparent from Figures 1 and 2 that the drop growt:h rates 1n a polydispe'tse cloud are greater 
ch血 that in a correapond扭g 111onodiaperse one. 面e expl血紅ion 扭 that although for the K-M Ill cloud 
the med:ian drop1et size is only 7 U and about 75% of the droplets are actua1ly less than 10 U, the re­
maining droplet• with size greater than 10 µ made such a major contribution to gro五h that an approxi­
mation with a monodiaperse clo吡丑ch all droplets of 10 µ size would 酐oasly under,瑋timate the growth 
rate of a 1arge dror· BecauIIe the 8T叩th s1mulat1on8 were eonducted a8 indep卹denc cr1al8 the resultant 
radii (maee紅） ` {x,} i • 1,2,...... 32 co呻 titute a sequence of 扭dependent id血tic&lly distributed ran­
dom variables 呻ich can be demonstrated to have the central limit property, so that Ga四sian con­
fidence intervals can be cons"tructed. For drop 血＆sat 1000 seconds, the standard value 3 .85 obt:a.ined 
from [11 falls within the 95% con£id矼CB interval for the mean mass. For the case of drop radi11s, how­
龜"ir, the 95% confidence interval with limits of 85.0 and 97.5 lJ doe氬 not cont氬in the standard value. 
Tb16ind1cateB tbat tbe B這pla me皿 radi.us iB significantly smalleY than that would result f"r01D uni-
form growth because of the spread in size distribution due to gro虹h in a non-uniform cloud . 

面e average time requ~red for the most fortunate one eighth of the large drops in the sample to 
reach 100 µ is 877 seconds compared with about 1020 seconds required by continuous growth. Unde'C the 
same conditions. if there are initially 80 drops of 30 u size 1>er liter, then afte'C 15 minutes about 10 
of these would reach 100 lJ size. Thia is a result not predicted by the continuous growth equation. 

To study the evolution of a whole cloud 町1ectrum, the kinetic equation for particle coagulation has 
been used by many investigators, for example, see (2), to treat the cloud droplet collection "process . 
While the Monte Carlo method does not enable such a computation, it is desirable to com1>are the two sp­
preaches, The kinBtic equation for changes 1n drop size distribution has the f這111ar form: 

血 lv
ac 2 o 

n(u) n(v-u) K(u,v-u) du - n(v) r: n(u) K(u,v) du [2] 

here n(v), n(u) are number derusitiea of droplets of 1111188 v and u respectively, I<(u,v) is the collection 
rate kernel describing rate of binary combinations between u and v sized droplets . The evolution of an 
1n1t1al K-U I卫 ·peetm國 c0111puted from [ 2] u氬ing assumptions and methods described in reference (1) are 
ahown in Figure 3. 

To compare the results of the kinetic equation with the Monte Carlo sampling procedure we divide 
the s1>ectrum into two. non-oveTlapping parts and consider only the collection of the droplets in the 
small group by those in c:he large. For this situation equation [2) reduces to: 
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荸.. _n(v) 」：1 n9(o) K(v,u )d u + /=~ n(v') n9(v-v')K(v1,v-vf)dv' 
v2 

(3 ] 

Here v., (v,) i s the lawer (upper) size limit of the large （霾心1) droplet end o.f the spectrum with v, ~ 
2 1 1 -

2` 
v?; - - n and n., denote large and smal.l droplet number den.sities respectively. 

s 
Computation wae carried out 丑t.h [ 3 」 under initial conditions similar to those of the sampling 

proce.aa.'ro make'1Deaningful comparison of these two approaches, we converted the reaul ts into a non-
d扛ensionalized representation. Define N_k as the total number of droplets larger than a given size i, 

ri 
fl_ as the total droplet 11四ber at time c and p - v N/V `here v is the vo1lllDe of 蠶n i-sized drop-

let , and V is the initial total volume of i 1 t large i dr01)1ets under consider~tion. A 
graph o'f N_, /N. versus p,, then represents a 吐mensionl.ess cumulative distribution of the spectrum at rt· - t 
c.ime c. 1n F1gum: A. the 茹oot.h cumul ative d扭trlbution curve obtained by computation 
`iEh 「 3], i s compared wich tbe rand叩 S這pl.e co.mputatione r epresented by 32 discrete data points. The , 
overall grolol'th rate of random sampled drops is highe「 `hile the growth predicted by the kinetic eq四tiot1
is more "diffuse", 吐th much of the mass remaining 伍 relatively small dro西. On the 咋ole , the latter 
approach predicted a considerably lower r at e of wate「叫8S t邙.nsfer to the large drops. 
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泣 ROLE 0『 COLL珥元I磾 IN D-"̀'C `` '̀l0PSIZE DIST``mI0NS 
Jo區量．缸

u.l1noU``c. u`:.r S` 
Urbafta. Ill. 

Ra1ndzop 61ze di·tr1but1o呻丶m. …D. 口：巴3T:r1叩• locatiOIIIII ．這ad the 疇odd •nd att-pt• 
have been madeto cotI户" Ch… .h鷉p巳．矗叫 m缸這1氐t1v1.t1m ath.'opt1e …Cber t'pe量 and othe
ph'`ealp且rS!llet島n. ｀｀璸｀｀ ｀｀tU 訌汨四 theo" h嶋氬 bm°'ou.ndeo 面｀｀ ｀瓚｀｀｀bility in drop 
d1.tr1but1onII 霾ee.eured at tha ground,「OIII 亀ven th嶋皿'.C 霉丘pleraU pmducb II.OhanUm. coll1·1m,.nd 
`｀1虹Cmnee 扭四rm cloud•. ?he ehape of the raindrop sue di■ tribution for,,．`｀丘 d"`｀5 ODth疊
concentration and size of the cloud dropl曇ts` alo`` ` th th疊 phys1odm·opmt1紅 of the cloud •uch a■ 
1t2 Cbickne`` 矼nd the rm屯矼 of taper晶ture mdhIIID1心ty. Theae di靄trib.utioo.11 are aleo •od1f1ed by 
collection 缸1d evaporation bet咋en cloud base and the ground. 

The raindrop aiite di11tributions from 四rm ra.1n 吐 Majuro Atoll, Marshall Island (Lat. 7 051 N, 
Long. 17l 23'E) ， mea8Ured 丑t2)a drop camera over a period from mrch 1959 to April 196O ha五 been
tl!ported by Mueller and Sima. \LI An exa吐naUon of theae dUCibuc1ons oho四 that for rate冒 le訌 than

10 mm per hour the shape of the distribution ia conetant, while the nlllllber of drops in the distrlbuti.o 
increases linearly with rate, This indi邙te11 that the race of rainfall depends most strongly on the ：：；；；：「：這乓?;,z:·th「J卫｛「零七岂霹；；；｀｀r：Le'r諡。；=rII=1!1 1 
rapi.dly with 1:ate. It can then be postulated th鼻t fo「寳an rain, the shape of the size distribution at 
cloud base 扭 independent of rate and that the n1J111ber of drops :in the distribution i吣｀｀ees lin.early 
with rate. Variati.ons in the ground dtstributfona a-re account迢 fot'by the collision and coalescence 
of raindrops 紅 they fall to the ground. 

RAI肝ALL MOUEL 
To test this hypothesis, a rainfall model hu been proposed vhich predicte the size di霾tribution

of raindrops as a function of rainfall rate and fall distance below cloud bue. The 1110del aas國1e11

that rain is being produced at a 叩fot111 rate and with a constant cloud base drop size d.ietribution, 
independent of u.te. There are no winds or updraughts below the cloud. The relative h叫dity 扛 al,。
assumed high enough below cloud base so the evaporation is negligible 矗'is the ca曇eat Ma」 uro. The 
drops are aseWlled to 區ve unity collection efficiencies and are falling at theit terminal velocities. 
D`'p囂 which collide grow into an的 larger drop 田.th no brE瑱kup or 如unc.e . A numerical model, using 
these assumptions 嶋nd the stand.a.rd collection and fall equations was devised. A log-normal distribu­
Uon `a`f1tted to the l0'°`C average ra1nfall r氬t~ (R • 0.3 mm/hr) at Majuro 氬nd 屯s u`ed a且 the
1nit1al dUtr1but1on. \olben th1a d拉tribution was used in the model, it did not change significantly 
in 1000 meters of fall, showing that collectJ.on is unimportant at this tcainfall rate,. Since the rel.a­
tive humidity was always gi:eate.1: th.an 80% below cloud base, evaporation is not appTeciably, Thie 
should cben be a good approximation to the actual cloud base. drop distribution. To generate a greater 
rainfall rate,.,tie total nllllher of drops in th-e initial distribution was increased . Detail• can be 
found in Adam. (5\ 

RESULTS 
A coll!pariaon of the theoret:ically predicted drop distributions 血y now be made 丑th IIpec1f1c 

8torm` The model 1a wA這 only if th邑「ainfall has reached steady state with a conatant rainfall rate 
at each level below the cloud. In the majority of inatances of rainfall at the MajuYo Atoll this was 
not tTue. 吐inf氬11 r氬tea at the ground varied as much a.a 50% over s.uccesilive one minute sample periods. 
ThL, var1aUon m曰呻ac pronounced at vei:y high rainfall ra`這 .nowever, several 11tol'ffls did exist for 
which the r氬 infall rate did not va可吣re than 20X over a six minute period end four examples ere 
listed below. Th.e 111.easured drop dist己butiona tort.he last two minutes of these stoI'llle were averaged 
and the rainfall rate calculated. 
竿 Ti』2巴（硒） 1t·lce(cnn/hr) c1oudII(m) Prec`Lp(m) E車 1:i.`UB(cm, Rte(unn/```~) C1ouds(m) Prec1p(m) 

25 July 59 13l8-l9 1. 01 450 一 8 June 59 1145--46 29. J 390 890 
8 June 59 1139-40 54.4 360 730 7 A.oi:il 59 ll00-01 100 . 0 390 630 
Pig. 1 s·hows the pred,icted and measured drop distributiollB for these 1toaaa. For the lo｀邙t Ta.1nfall 
rate considered, the distribution does not change 矗 great d紅l over the LOOO mete.rs fa卫． distance. The 
density of drops is not great e.nough for a significant amount of collection to occur. As the rainfall 
rate increas紅 however, collection becomes more important as can be seen, The model is in reasonable I 
agrell!lllent with these mea`` ed distributions for steady rai血. Also, for each rainfall rate. the pre-
dicted liquid 四ter contents and radar reflectivities agree 丑th the measured value lilithin 101:. The 
average distance below cloud base for best correlation between predicted and me.a氬ured total number of 
drope. l1quid ``ter eontenta. a血 ra1nfa11 mt曇｀ `re 8h的n in the table. In all cases, the lowest ob-
servable clo叫 cover was well be1叩 the level. at 吡ich the model predicted the origin of precipitation , 
This indicates th.at the majority of precipitation produced by collection of cloud dToplets originates 
well within the cloud, 

Unfortwui:tely,. for more tr矗ns1enC 五ins the agreement is not nearly a.s good 皿d the distributio呻
conta.in signif.icantly more large drops tnan predict函． The 虹ten島ion of this model to predict rain 
produced by· mechaniSllls other than the 四T1ll rain process 1:, difficult. If ice is present in the clouds, 
the 扭1t1al d1.sm1bu.c1on 幫ill be broad晝ned by the melting of large ice particles. 
~: A portion of thi.e 寳ork 四11 pet:fol'lll.ed as part of a Ph.D. thesis requirement in Electri 
ea1 Engineering. 。nivenity of Illinoi.s under the direction of Prof. c. D, Hendricks. The 叩rk was sup 
l)Otted by the NSF 血der grants GA一1614 and GA-4576. · I 
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Tm: MIJTUALlNFLUENCE O'EQUArSIZ血
DROPS DUE TO THE WAKE E「'配T

Robert C且taneo
John R, Adam 

R:lchard G. Sem.onin 

1111.no:la State Water Survey 
Urba血• Ill. 

M'RODUCTlON 

(1, 2) In ear1y studies of the colli吐on-coal紅cence proc紅S , • 1t mu ao`umed that `ater droplets 
of aear1y equa1 s1ze 1a a c1oud are 1n equ1l1br1u` 1̀th eaeh other, am1f:'refore coa1eseence 幫Ould
not take place unless larger droplets were present. Later experiments~",.., indicated that collision 
efficiencies for equal-sized droplets were non-zero and in fact we.re unexpectedly quite large. These 
results brought out the importance of the asymmet'X'ic flow arol.!9~ a droplet in the c.Ollision-coalescence. 
proce9S for drop1ets of equa1 s1ze. A recent 己p1r1ca1 study?5) ind1caced that fot Reynolds numbers 
as low as R • 0.06, which is the "-R of a 30-四 diamecer d.roplet falling at termina.l velocity, asym­
metric flow exists around the droplet. Conceivably then, two 30-um droplets tailing one above the other 
could a!'proach each other if their vertical separation were sufficiently small, all函ng the decreased 
drag force in the wake of the leading droplet to act upon the upper droplet. It becomes important 
then to determine the maximum vertical separation possible, as a function of droplet size, for 
equal-sized droplets to approach. In thi·s paper 四 will deacribe the experimental proced四e uaed 
to determine th扭 dist血ce, and the Tesults. 

EXPERIMENTAL Al'PARATUS AND PROCWUR.E 

The exper.imental apparatus is shOWll in Fig. 1. A stream of wa ter droplets is produced by forcing 
water through a s1D4ll ope.ning of the desired size.. A viltrating piezoelectric strip• in the 富ater supply 
upstream of the water exit point forces the exiting water jet to bre矗k up into uniform-sized, equally 
spaced droplets. Single, charged or uncharged droplets can be, removed from the stream by applying a 
vo1tage pulse at controUed intorva1a to a chtt,ingr1ng p1aced around the Jet breakup po1nt, and then 
passing the stream through an electric field. \OJ A pair of droplets may be produced in a similar way 
by applying a second, independent pulee to the ring aftet the first. The vet:tical separation between 
droplets in the pair can be controlled by varying the time between the first and second pulses, The 
horizontal poai.tion of the two droplets 拉 determined by the pulse amplitude which controls the dif-
fe_rence between dt:oplet and stre&111 charge, Ao automatic sawtooth amplitud_e s幫eep was incorporated in 
the circuit cy to all叩 the upper droplet in the pair to 口ove from one side of the lower droplet, over 
it, then to the other side in a sweeping fashion at a rate of 5 cycles per minute. The spacing between 
pairs 驢'.a always set much greater than the distance between droplets in one psir. 

When vi紅ed under stroboscopic ug·ht, the droplets appear to!1tend in space ·with the upper one 
1weeping back and forth across the lower one as 1靄 ahown 扭 Fig. 1. lf a wake effect is present, it 
is observed as a dip in the sweeping trajectory of the 叩per drop as it pa99ea ov虹 and accelerates 

· towards the l.ower drop. The droplets invest1gated were.allowed to reach terminal velocity before the. 
pre`ence of a `ake effect 四s determ1ned. Tt, ) d15tance at vh1ch term1na1 ve1oc1ty 垃 reached uaB cal­
culated and v1這 a.lao mea口ured for each pair.\''The experimental apparatus permitted the droplets to 
be observed for wake effect a max這O 心stance of 1.5 m below the poi.nt at which they reached terminal 
velocity. If a 四迢 effect was o國erved, the veTt;ical separation vas increased until the effect 四8
no longer visible. The vertical separation at vhich the ph.enom.e.non visually diaappeared was then 
measured at the terminal velocity point. The minimum detec table dip indi;i;ed by tb~ wake was appro`．一·
mate1y one drop1et d1ameter.c迢rge on the drop1eta `a9 var1ed from 1049 to 10-!g coulomb9 and had 
no effect on the maximum separation 1Deasured. The experilnent was ca五ied out for four droplet sizes. 
The ma .̀mum separation as a function of droplet size ia plotted 1.n Fig. 2. 

DISCUSSION 

The re氬ults were indeed surpris:i.og. The wake effect was noted as far away as 11,5 cm for the 
700-um diameter droplets, the distances decreasiog directly 吐th droplet size. However, even for the 
115-11m drople.t, the distance was still quite sizable (l.15 cm, 100 心．ameters), The implications of 
these results w1 th respect to precipita'cion physics are f a r reaching in regard to the'iiam ra1n pro­
duction mec垧niSJII ．

We obaerved the wake effect at the maximum vertical di11tance to be p｀繹ent at radial di-stances 
of 2一 3 droplet diameters 「rom the bottom dt"oplet. 面ere appears then to be a right circular cone of 
influence downstream of the leading droplet, which is the cone apex, whose radius at the maximum 
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vert1ca1 d1stanee 1！包 dmp1et d1ameteTs. 1f we(8'ns1der chat the nlllllbet dens1cy of 100-國 d::Uetar
drops may be 3-4/Clll.J in a cwn11l11.s congestus cloud, \Q/ and if we consider the "wake cone" to be a.a 
described above, then the probability of any one of four 100-µm droplets in a cubic: centimeter volume 
being influenced by the wake of one of the o·ther three is "'1%; if we extrapolate this, to a cubic meter, 

4 the probability of the number of drops being influenced by t區 `ake effect becomes 10", Of course, the 
n唧ber density of lai::ger she droplets in a cloud drops off sharply so the influence of the walr.e effect 
becomes incteas1nB1y 卹頃11. Rovever, the wake 迂feet for slllAller sizes where R < l becomes i叨Ort氬nt
since thei-r ntnbet:· den11ity in cloudu is greater. We are presently investigating these droplet size曰．

CONCLUSIONS 

An experimental p,:oc:edure has been devised to investigate the magnitude of the 四,ke effect for 
equal-size.ti water droplets. Fr面 the data obtained to date, we conclude that this phenomenon ha日矗
la.rge influence on the collision-coale蠶cence process, and may beam昌jor facto-r in the rapid growth of 
raindrops from cloud d-roplets . 
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MODIFICATION OF DROP•SIZE DISTRIBUTION IN AN UNSATURATED DOWNDfu立T

E血abeth L, Kintigh & Pbanincuamohan Dae 
,\ir Force Cambridge Reeea「ch Laboratories 

Bediord, Maeeachueetts 

1. INTRODUCTION 

All the theoretical studies of the unsaturated downdraft known to date'have assumed the precipitation 
water to be divided into drops of a uniform size (1, Z-會 3), although precipitation carried in a down­
draft invariably consists of a population of drop, 。{ var西g 血es. Ln many problenui, especially 
those concerr心g radar measurements of rainfall, it is importa出 to know how the drop-size dietribu­
tion is modified a.a the precip也tion descends from the cloud base. Rigby, Ma.rs區ll and Hitschfeld 
(4). Ma80n a頑臨ma.nadham (5) and Hardy (6) have e汪mined this question in a framework which is 
particularly meaningful for preci pitation from layer-type clouds or for that falling into a stagnant sub­
cloud layer. None of. thes.e studies, howeve:r , has incorporated tbe effect of an unsatu-rated downdraft, , 
all their specifications of subcloud subsaturations being of an arbitrary nature, On the other hand, 
downdraft subsa.turation is attained through a definite physical p rocess so th.at any study made in its 
background is likely to be more definitive than those made under arbitrary 乜pee珥cations of the ther01ll 
and physical parameters. 

The work of Das and Subba. Rao (Zl has set up a theo元tical frame.work for studying the evaporation 
from drops carried in a subcloud downdraft. This study extends their method to the case of a steady 
(and constant) downdraft carrying a population o! dropa of varying sizes. 

Z. THE EOUA TIONS 

Asi口 the study of Dae and Subba Rao,(2) a one-dLmensional, steady subcloud dO\vndraft ie assumed 
to have strength w0. Then we 迢ve

the thermodynamic equation: 

the moisture equation: 

the equation or drop concentration : 

dT/dz : -「d + (L/~) d~/d.z; 

Imax 
d\ l亞＝（l／wD)E Ni\ ; 

i=l 

(1) 

{Z) 

Imax 

" ( l 

2 
dN/也 ＝- (1/wnfa) d(-4姸＼l 庫I r·+r ·) （V」 -v1) NiNj / (w0 + V」)+Bi; (3) 

J=i.+」
」

and the equation of drop growth: 

`4 2 
dm1/迤 ＝ － f｀§'IrJt(ri+ 「」) (Vi • V」 )N严j /(wD + Vi). (4) 

In the above equatione 2. is the vertic_al coordinate, T the temperature, 5 the_ humidity mixing 
ratio, Ni' 西, r1 and Vi'respectively, _ are the concentTation (p_el" unit mass of ai.:_), maes, radius, 
and the terminafvelocity-oI the drope belonging to the i-th a乜e class . ln addition.rd is the d.r y­
adiabatic la.pee rate, L the la.tent heat of vapori.7.ation of water, en the specific heat of air at 
conBtant preB8Ure and B ie the air den巴ity. The functioIl8 § and 褶i are of numerica1 natu:re, the 
fir et being obtained by•a manipulation of the experimental observations of Kinzer and Gunn (7) on the 
evaporation of drops. Bi ie a (numerical) t.ransfe.r function whicb adjusts the drop concentr,辻ion of 
the 1-th class due to change1:1 in th.esizes of drops in the adjacent classes and break-up of the drops 
in the large11t class . At the p·re11ent moment, Bt changes the class of all the drops in a class when 
they meet certain criteria. Thia results in some empty classes at some levels . In addition, when 
the size of the dt"opa 位lls below a certaio predetermined minimum, they are made to evaporate 
completely adding the vapor to the a.ir. 

3. RESULTS 
The rosults of some of the compu區Uon1:1 aze summa「lzed in Table I and a t咒ical case of the mod這－
cation of the drop-siz.e distribution as the precipi乜tion is carried h-om the cloud base to the ground 
is shown in Figure l . From a study of the figure and the tabli; the following conclusions can be 
reached: (1.) the evaporation in the downdraft removes the smallest drops although the nature of the 
d.il:ltribut.ion i8 not drastically changed by this cause alone; collision-coalescence effects more impor­
tant cbanges to drop心e diotribuUon and, by converting 山e populatioa to one comparatively richer | 
in larger dropo, tend, to augm血t downdzaft oubaa氐ration. By comparing the reaults of this mudy | 
with tho8e earlier 8tudie' ` ith monodiape 「 8e precipitaUon and 區king note of (b)~bove o:ne c_an C(?n-
c_h~de that the presence of smaller drops in the po匹lation tends to keep the humidity in the downdraft 
hi`her. 
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ms囝｀田｀TSOFSO"lD AT'TEHUA7lo: 
BY A WARM AIR FOG 

by 

Jobn E. Cole lII. ｀`tJIDn1mersity. ，mdf母．＂正9印husetts

and 

Richlll'd A. Dobbiu, 缸ow University, Providence, Rhode Island 

玭屯口心血t日函 th. 己t`nuation of a叩nd by 矗｀蠹m air fog have been aade at low dim.!血吐onleas
丘eque1lcles (T = UT /c. ` = `m· thcm,` ～lax氬tlotimo forthe droplot. u ,= dreul心記ouatic
frequency,and e :丑;ui5 血`sfraction) where the 中f丘ets of 四5S mansferare dom:inant. Previ四
measurements of t厝e att疊nuatioo of sound in fog氬 have bee.n · perfo面這 at higher frequencies 袖e:NI the 
loss:mechanism is pr這arily the viacous int"eraction`,tween the particle imd the surrounding g益·

Expe己.ments were performed in a Wils叩 cloud chamber of 15 . 2 Oll inside diB111eter 訌＼d initial 
j length of 1. 28 u,aters. T比 test volume of the chamber can be expanded to ratioe 蝨 high as l. B in 
periods of about 200 口. by the acceleration of'the pist叩 by a p'N!saure differential.. A fund這ental
longi.tudi.nal acoustic :mode i氬 exe1t亀d during th雹 cessation of t洹 piston. A standing wave results 
when the piston motion ce訌畔 and the wave is attenuated by the various loss mechanisms. If the gas 
in the cloud ch.u吡r 严｀i叩 to thee``｀霾ion is 矗 water-s.-urated vapor, then the increased attenua.tion 

i of the st血ding 1favepat`m, i` a ·血ure ofthe 氬coustic da111ping owing to the cloud of d面lets
1 produced by the e>tp訌這km. H紅:surement巳 of attenuation are completed within 心out 150 ms. after 
ces紅tion o_f piston motion. The effects of' vall heat transfer are 尹ined to a thin boundary layer 
region during this tilne and do not lnflu曇nce: c1Oa 叩 gas 叫.xture properties. 

Tim`` 5O1ved IIeas`t鸝mt. of 平Ct'ral 五•ansmission at two appropriately 訌lleeted``'elmngths
of light 訌oe made 如ringth· mpdII董止 The spectral t"ransmissio.n curves display an oscillatory 
區havior that results fran th曇｀wiatiCll of scattering coefficient K, with particle diameter D. 
The osclll.lticms of the 雹carte.ring coefficb.nt curve indicate the cloud is a monodi可｀｀土on.
Particle s拉,e i氬 mo訌UNdby ide`` ,̀in` aninflectionpoint on the ome of traI10黷i`｀ionversus
time as III particular feature of the CUl'9e of I< 國. D. The calculation. of drople.t numb心 density
and size at any time during 逛呻11eque.nt growth of the droplets is made using the transmi_ssion 
law. Unique國S8 is 訌s1JX'ed by t這 requir-eaant for io'ternal consistency of the measurements at the'hlo 
diffe~nt uave1engths of ligbt. Th晝氬etime一元sol.,ed lJ1五「邪蟬扈nCof P正Ue1e size 唧d concentr昌tl0t1
訌 described in detail by Cole, Dobbl.n氬，皿d Se111er抃血· 冗e final p缸•ticle size is controlled 
by varying the n四lher of nucleation cit曇s added by passing the air admitted to the test chamber over 
a spark. 

^coustiep`smm iII 蛔aaured by 量 111.odlfied udcrophone connected to the fixed end of 函
chamber by flexi.bl邑 tubi-ng which does not trillllnli't mschanical 心ations. Wall losses are me益ured
by exciting the fund霾lftl'.ltal modo, 寳hen the pistOll is fully extended. This test ls performed after 
each run 血d wall attenua.Han waa found to be 20\ to 100\ ~ater than theoretical. wal.l losses 
probably 远cause of several small ext曇rnal owides. To othm qu皿tlties 霜曇aau:re-d oa a time-
resolved b矗sis are c區mber p`smm澶 and volume. 

洹 themodyn口ie ```o of t區，og 伍 determined by subtracting t .he pressure of the known 
mass of dry air 乓 the 國m```d finalp~ssm to obtai` the mlpor p～紅ure. This calcul.ation is 
performed by trial 血d 缸｀｀｀ ` 1til oon巴iste`t vUu嶋｀ of 丘.nal temper>ature i!lld v叨or pressu元硒
obt吐ned as would result when thermod'這mic equilibrium is achieved, All the云lodyn霸ic guanti ties 
can then be determined. 

一2For momfo臣一五ted in th,2'loud clt蛐¢ ;:． 1 平 e = 10 . Thes西llfied results 
of the. theo可 d唄 to Cole lllld Dobbina\"J for c_ « l are there裙re applicable. In. this limit 

m 
t這 viscous effects are unimpo元ant and th雹吐tt矼nuation of aeoust.ie 曇ne`~ results 乓 heat and 
mass transfer procus紅· `` ｀三訌 0暑 /11(寳here o = spatial attenuation coefficient for acou.stic 
en心gy. a= spe'd of sound in th. `aae8四區ter vapor miicture, and w = 211 times the aco四tic
frequency)°vs. UT /e 噌 'he experi;ental data sh叩昰 a scatter .amounting to.!_15\ and , on the average, 
the data is about 5s荘远l叩 the tho'et1eal cume. The cause of this deviat這 is not apparent. 
Both theory and experiment ah叩 t這t the maximum valu.e of aa_/111 occurs· when wT./c_ = l. We 
dis叩頲 the implication巴 of these re皿ults on aco四tic signall碌 t ` 
Refe`OS 

., "Time-Resolved Measurement of 阮opJ.e:t Size and (l) Cole, J. E., Dobbins, R, A., Se國可 1血， H.. I 

Cone曇ntration in Cloud Ch磾bers, 11 J. Appl. Meteor., ＾嗎~st 1970. 

(2) ~ol曇｀ J ． E. ， Dobbi向． R ．＾·,＂Prop邙ation of Sound Thr叩gh Atmospheric Fog," J 
H町'1970.
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THE RATE O F N APORATION OF面因：L WATER DROPS­
FALLI N G AT TERMINAL VELOCITY IN AIR 

by 

K. V . Beard ond H. R. Pruppacher 
Cloud 伟'i cs Laboratory, De户面ent of Meteorol oqy 

University of Colifomlo, Los Angeles, Califomlo 

INTRODUCTION 

, The effect of forced convection on the 面｀ and heat transport f面 a spherical body ha, been the sub ject of numerous 
invest!的tions In the flelds of 面如rology , phys!~ and en9ln國ring. The theoretl col a pproaches to this problem have 

• met with anl y I lmi ted success because a complete de.scrl p出ion of the 袖ysicol process which necessitates a simultaneous 
solutIon of,he Novior-s toL` equotion f fluld fl磾 0the dIff°`ntioI oquoti om for hea t ond massdi ffu don hos so for 
prove n intracmblo . Acri面 0nd Toylor 1)ond R1mmer閻)UsedProudmon ond Peorson's singulor perNrbotion technique 
to find the effect of ventllatlon on 加 heat transport from an j50thermal 今re val id for t:!.Re < 1, where NRe is 加
Reynold.S num區比md on tho drop d iomoter．斥Iiminory n.umerIcol colculotions byW迫R,Ivi ng sImuItaneously the 
Novier -Stoke~ equation of fluid flow and the equoflOIJ ,pf heat conductL<?n have given re邲 ts f9r, heat transfer by force~ 
convection forNRe = O.O1, o. I ond l . 0.FroesslIng(4), ZikmundoVO(5), Bairdond Homi elect6)and Gomer ond Kee,7) ' 
hove used boundary layer theory that ignores ventilation ~~-the 國ke and J/t\ems most adequate only for NRe > 500. In 
the intermediote region l s NRo S 5OO,K泗or 0.nd Gunn(8) ond Abrah咖t9) have de veloped o theory invofvIng the 
transient transFer of packets of fresh environmental air to the drop surface. This theory remains tenuous l:,e如se It is 
bosed on approximations of the 如mlnal relaxation time between succe函ve pocke ts end ignores important characteristics 
of the flow field around the drop. A large number of e)(perlmental stud油 on h磾 and mass tronsporJ_ fr.om o sphere em­
bedded in a still ar moving visc~us medi~m have been reported in literature (for reference see ~rd(IO)). Un.fortunately, 
most of _these studies only apply to N.Re > 100 ~nd yielded results which scatter strongly! _e_,pe~lal ly In the ra~ge ~es:200 , 
where the moss transport ra面 di ffer by oa much as 5臨． In'evious studies for NRe~ 200 only Kinzer and Gunn have 1 

0voided the 9uesfionoble procedure of studying evaporation by supporting drops on.wires, fib res or capi llaries. However, 
their results detived from evaparalion rates of water drops falling freely in still air remain , in particular for small drops, 
somewhat suspect doe to inaccuracies Inherent in t區」「成perimentol 這!up and due to questionable\/0lues used for the 
drop surface temperature . Our own e)(perlmental investlgotlon was carried out by studying the effect of ventilatron on 
the rate of evaporation of water drops using the UCLA Cloud Tunnel in which the drops were free ly suspended in aver-
ti cal, low turbulence airstream. It was our objective ta measure the ven ti la tion coefficient for mass tronsfer from a 
water drop as a function of NRe and to derive from that rotes of evapora tion of cloud and rai n drops for a wide range 
of atmospheric conditions. In meteorological literature there ore two fonnu lo tions used for the· non-dimensionol ventilo­
tlon coefflcie-nt associated with moss transfer . Firstly, the ventilation coefficients may be give11 as the ratio of the ven­
tilo画函`transfer 兩 to the stationary rate dm/dt = fl (dm/dt)。 .This ratio is referred to a s the wind factor by 
Froessling and is related to the standard c區mi col engineering quantity, the Sherwood number by the equation 
f J = (1/2)Nsh. Kinzer q'}~ Gunn defined another ventila tion coefflclent F 1 which is rela ted to fl by the equation 
'1 = I + F1 (NScNRe／七國 ， where NSc=\1/D i$ theSchmidt number given os the rotio of the kinemotic viscosity 
ta "the 2_lffuslvity of woter vopor in air. Numerous co1Tela tions between experimenter! va lues of f1 and the qUCJntity 

n.. m 
N5~N1fe reported in I iteroture for the cose of forced convection a round drops evaporating in a gas or sol id spheres 
dissolving In o liquid suggest strongly that n = 1/3 and m = I/2 . 

EXPERIMENTAL SETUP AND PROCEDURE 

The oVOpon\5on experimenh were carrIet1gyt 1n fhe UCLA Cloud Tunnol descd bed in deta1l by Pmppacher ond 
Neiburgerl''I and 紜rd and Pruppacher\ IL/ . Water drops consisting of d硨ly disti ll ed , deionized and filtered 
water and of sizes ranging between 375 to 100 microns were introduced into the tunnel oirstream and there kept sto­
tionar-y on the tunnel axis at a call bran:d position so that the known tvnnel velocity U was equivalent to the terminal 
velocity V of the evaporating drop. The drops were allowed ta evaporate to radii as .small as 27 microns. By using 
the cloud 袖ysics laboratory as a plenum, the air draw,ninto the tunne l remained at a consfo·nt temperature a'nd rela­
tive humldl ty over several experimental runs, but varied over longer periods w「th local meteorological conditions. 
The temperciture T of the NnneI oir wos meaSUred by a thermocouple whil o t七 dew point temperotumTf woscont1nu-
ously manitored by a Cambridge-Systems Dewpolnt Hydrometer . The position of 曲e tunnel ve locity vafve was recorded 
as a function of time to provide a measure for determining the drop size. The evaporation rotes of ventilated water 
drops were measu成 for 22 5 T s 24C and for a relative humidity of 聶 air stream between 27 and 65% . From the 
quantities T, Td, the a i r pressure and the chart record aft區 ve區ity valve setting the ventilation coefficient f 

片could be calculated from the expresslon f1 = 2C1'AdA/dt, where C 1 is a complica ted functi on dependi ng on T, 
l d' 

the air pressure and the drop temperature t_.. T國 drop temperature'was determined by a 誣mi-empirical method 
· ° described in detail by 8eard. The drop SIZO COITesponding to o partt抖°r oir ve1ocity wos computedon the bosis of 

the drag relations given by Beard and Pruppacher a nd Le Clair et a I \I-> I. The ra te of change of the drop size was 
determined from 佃 records of the tunnel valve 國ti ng, In this way AdA/dt coul d be calcula ted .. For the relative 
humidity range tested we were abl 曇 lo demonstrate theoretically that the terminal velocity of a·n evaporating drop is 
foroll.~re辻t to 畑 clatq
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－沅 I/J.I/h四 1/3 1/ 2 
妒ve the linear relotloo f, = 0.78 + 0.3邙 N N for th· ron尸 l 鬢心 s N s 12.o. For N N ` L43 on 

Se Re 5t Re Sc fe 
equation was found that satisfied t區 theo國tIcol re叩1 o f = 1ondf' =O whero f'is the slope of f) or N = O that 
ogreed with our IInmr formulo ot 心 common PointN翌湟？ = I ．心 in both fondf ' dws onsistent with §名 ex peri­
mentol dato in thot mnge．惋麿'lonship con beoxpressed by f = 1.00 + ． 1OO(N2濯 f.The estimoted error for the己 formulae 戶5% 「or N s ·5decrmsing to:1::露 for 加 mngo 1.5sN1 』/2s l2 . AIthou9h the 
experimenf,ovUed de,to on？旵｀e mnge27 `^ ̀ 375 microm it i` probobly iust-inob五 to§:tend therongeofop祉
cabllity to A = 500 micron, or larger when considering ，區 lineor rewlts of previous engineering investigotiom. The 
ronge of our results 而】y 0150 be extend口d t哼~rd 血aller drop sizes, ot least to A : 10 microns, below which the effect 
of drop curvotvre on the vapor pr壹ssur邑 over the drop hos to be taken into account. 

RESULTS 

some,Iected ro鉭 lts of ourm血」"menk ond com严tatIont罪．summariz:ed in Flgs. I and 2 . In flg. I our ventilation 
coefficients are compared with tho訌 of Ranz and Mcr$hal I\,.., and w」 th tho.se of K洫er o-nd Gunn. We suspect that the 
higher values of Ronz and Marshall hove rewlted from dis扣rbanc:es in the flow field of the drop by the support coplllory 
ond from ~he,9';9~~e of turbul ence. The,,wult1,Rf Kinzer ond Gunn, widely reported in litero扣 re, ore higher in the 
ronge1s N1眾霏kC. Re ~ < 7 ond lowor for N1兀靠 7 . Wefoel thot th0這 dIscrepancies ore cau`d by dimculties 
inherent in I 疝 0Xperimonto.I techni中｀発inz`' 孟d Gunn measu面 th暑 1imo it tooko droP to follthrough successive 
distances and determined the velocity by a Finlte difference method, Svch o method constitvtes o considerable source 
of error which we el imlnoted by measuring the velocity mOf'e di rec ti y. It Is further seen from Fig. l that as N op-
prooches zero our results 如oothly approach f, = 1 and f~ = 0, ,lhiJ,lt in q..iolitative ogr砈ment with Ac:rivos cii,-d Taylor l =0 ,」某仇． Re 

ond Rimme r. Our investigations also ,show thclt in the ronge N;,-'_"N;.'_~ s 1.43 our value11 for f 1 compare favorobl y with 
户C.Rethe numerlcaI colculotio` of Woo. As on oxomple of the op'p,cohon of our ro.su1ts to cloud Pkysics we have computed 

the height Z of a hypothetica l cloud base from which drops of 四「ious Initial radii foll inc NACA standard atmosphere 
reoching sea level with A = 1001.1,. TheMt colc:ulofions wer曇 carried out on the ba出 of our cornputed ventilation coef­
ficients and I for comparison, on 心 basis of fhow given by Ki心er ond Gunn, The comparison shows thot the distances 
using Kinzer ond Gunn Is re糾ham on t這，和 of5臨 shorter.The`discreponciesindicote 霏國viotions be­
tween the ventil ation coeffic:ien b determined by Kinzer and Gunn and by us for the range l,s N::,'_"NlfdL .:5 7 ore of 

Sc fe ~ 
c區d-physiccl significance . Bec:ou己 oft比 ~sence of soluble and Insoluble matter in ctmospheifc cloud ond rein 
dropi it should be kept in mind t如 our results given In Fig. 2 represent 加 minimum fall distance based on o moximum 
evaporution ro te of pure drops. Signlfic叩 changes from our va_l ues 面， however, only ex,pecfed for f叩 and clouds 
formed over heavily pol lu ted oreos • 
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RETARDATION OF WATER DROP EVAPORATION WITH MONOMOLECULAR SURFACE FILMS 

Will18111 D. Garrett 
Raval. Research Laboratory 
Washington, D. C. 20390 

TJ,ere exists a large body of scienti:fi<: 11 terature concerned with the ability of monomolecular 
.fi lms to retard evaporation trom p-lane water surfaces. Certain compounds, the n－吐kanols, for example, 
have linear molecular con.figurations and form closely packed surface films which retard the passage of 
water molecules. An organic monolayer which h.a.s adsorbed at the surface of a water drop will assU.llle a 
more closely packed orientation as the drop evaporates and the surface area contracts . In the case of 
hexadeeano1一1, the surface f11m(trentual1y becomes suffic1ent1y eompaeted to retard the evaporation of 
the remaining water in the drop'-'. Other studies of water drop evaporation retardation by monolayers 
have been limited to the n-alkanols, !atty alcohols with linear mol~i;,ul!}r structures which can assume 
tightly packed, ad.lineated configurations under surface compression,~--.,. (2-4) 

This property of surface films has been cited as justification for the hypothesis that airborne 
su.rfa?g;aet1ve organiC SUbstances maystab1l1ze sea fogs 噴护｀ze throughthe £ormat1on of compressed 
films'"'' . Film-forming material exists at the sea surface'v; and is transported into the ma以ne atmos­
phere via burs1:ing bubbles and spray<7>. A similarity in t he ratios o·f specific f!ltty acid.scollected 
from the sea surface to those 1s·o1ated from the Q~~an atmosphere strongly suggested that the sea is 

(8) indeed a source of organic film-forming material'0'. However, a substantial portion of the recovered 
compounds had nonlinear molecular con訌gurations or were weakly surface active. It was concluded that 
surface films formed from such 叫xtures might not exert a great influence in retarding the transport of 
water molecules across a water drop/ air interface. Consequently, the goal of the present invesi:igation 
·was a controlled laboratory study of the effects of che皿cal structure on the ability of surface films 
to re1:ard water drop evaporation. Bo 比 -pUl'e and mixed monolayers were applied to drops in controlled 
atmospheres to examine the influence 邙 molecular configuration and nonlinear impurities on evaporation. 

MATERIALS AND TE0mIqUES 

Water drops (200-500 microns) were collected on 5 to 10-rnicron diameter spider webs and/or 15-
micron diameter Tef lon fibe rs mounted on a glass f rame.'I'he captured drops were produced as jet dt·ops 
f rom air bu.bbl es bursting at· the surface of water contained in a glass-fri t bubbler which produced 
1一 2 lllll!-diameter air bubbles. Pure monolayer-form.ing compounds spread at the air/water interface in the 
bubbler were effectively t ransferred onto the surface of t he effected jet drops. For most compounds 
sufficient material was carried on the jet drop surface to immediately affect its evaporation rate 
without further concentration as the drop sur.face area decreased. The suspended drops were allowed to 

25 C evaporate 1.nto open, quiet l吣oratory air at 25-c.±. o. 2-c and so 土 2% relative humidity. Some experi 一

ments were performed at 30 土邛 R.H. and the same temperature. Drop di細eters were measured micro-
scopically using a calibrated eye-piece. The pure compound.s (Table I) were selected to provide a wide 
variety of molecular shapes, since molecular geometry as wall as carbon cha.in length ifij'.luences the 
ability of a close-packed monolayer to inhibit the evaporation and recondensati on of water 加lecules .

Essen ti ally straight l ines resu1ted when the square 函 the droplet radius (_r) `as plotted against time 
(t). 面扛 relationship was valid 土or both clean water and film- covered drops這

MONOLA面 EVAPO吣TlON RETARDATION ON WATER DROPS 

Avera5o evaporation rates of at least 5 drops were determ1ned for each mono1ayer system fmm the 
7 2 slope of rM vs. t plots (Table I) expressed as -r dr/dt(J.O'cm~/sec) . The initial drop size did not 

influence the evaporation rate once the surface film bad been compacted by the decreasing drop surface 
t o a point where i t:s molecules were packed tightly and evaporation was slowed . MolecuJ.es containing 
straight hydrocarbon chains were most effect! ve in reduci_ng the rate of evaporation (Table I) . These 
included the n-alkanols, methyl heptadecyl ketone and glycerol trtstearate. Structural deviations 
f rom linear! ty in the molecule which prevented adlineation gave expanded surface films which produced 
little decrease in the ev aporation r ate . Monomolecular films which did not effectively retard evapora­
tion contai·ned the ·following substituent groups: chemical unsaturation (cis or trans doubl e bonds, e . g . , 
oleic acid, oleyl alcoltol, elaidic acid and glycerol trioleate), hydroxyl groups and any group which 
increased the cross- sec~ional area occupied per molecule over that for a vert_ically oriented (CH庄

2 chain, i.e., about 20 A"'/molecule . 

The most impermeable su.rface film, 1-docosanol, produced a 17-fold decrease in evaporation rate 
over that of distilled water, Cetyl alcohol (1-hexadecanol), the most widely used evaporation-reducing 
chem1ca1, "e1ded a 9. l-fot`reduct1on 1n rate at 25 C and 5邙 R.n. Th1s vaJ.ue agrees we11 with the 
results of Deryaguin et al,~,who reported a 10-fold increase in drop lifetime in the presence of cetyJ. 
alcohol at about the same conditions of temperature and relative humidity. 

The 1nc1us1o?9,f nonl1near impur1t1es 1nto a mono1ayer wh1ch retards evaporat1on has been con­
sidered by La Mer'~'. Molecules such as benzene constituted molecular holes in the film and as little 
as one percent of t迫 s compound could reduce the retardation e.fficiency of a monolaye'r by 90 to 99 per­
cent . for a mixed monol ayer composed of two components, both of which retarded evaporation, the 
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specific evaporation resistance for the mixed film was best expresaed by 

ln r = X 1n r + X ln r l2 l l 2 2 
where 

Xl 邱d X2 are the mole fractions of the constituents of t.he bin.a可 film and r is the specifi.c evapora­
Uonresfstance 呻1oh was defined as proport1ona1 to (t/丐- t/` ) with t/m being the rec1proca1 evapo:r­
ation r ·ate; the subscripts f ai這 w referring to filD!-covered and clean water surface, respectively. 

TABLE I 

MONOMOLECULAR FILM 

9-0c"t adecep-1-o l (cis) 
9 , 10一Dihydroxyoctadecanoic Acid 
9-0ctadecenoic Acid (cis) 
Tri (cis-9-0ctadece.Doate) Glycerol 
9-0ctadecenoic Acid (trans) 
12-Hydroxyoctadecanoic Acid 
Tetradecanoic Acid 
1一Tetradecanol

2-0ctadecanone 
1-Hexadee anol 
l-Heptadecanol 
Trioctadecanoate Glycerol 
1-Docos皿ol

AVERAGE VALUE Or 
7 2 

一r dr/dt (10 cm_/ sec) 

19 . 4 
19.5 
19,3 
19.3 
19.l 
18.6 
16.6 
14.4 
5. o 
4-. 8 
2.2 
2, 。
1.8 
1.1 

1'he in.fluence of impurities which do not retard evaporation when present in a monolayer composed 
of linear alk皿ols was determined by measuring the evaporation of drops coated with monolayers compo跟d

of varying proportions 01'oc tadecanol一 l and 9-octadecen-1一ol. The former compound has a linear mole­
cular structure, and its monolayer retards evapor ation significantly (Table I) while the latter mole­
cule is pennanently bent, occupteg a greater surface area, does not pack closely at high film pressure 
and does not affect the evaporation rate. Toe logari t區 of the average evaporation characteristic 
( - r dr/ dt) of the mixed monol.ayers are plotted agai囧t the mole fraction,¾, 。f the 9-octadecen十ol..

The resulting linear relationship is in accord with the La Mer equation even thougll the resistance of 
one of the two compounds is zero. 面us, the presence of a few percent of a branched-chain compound of 
the same carbon-chain 1ength does no t reduee the e£feet1veness of an a1kano1 mono1ayer t§,mf1cant1y. 
面is result contrasts with the dr皿：atic effects of the benzene impurity cited by La Mer'"' · ._ It can l>e 

(8) estimated that the 4邙 unsaturated compounds (fatty ac:lds) ident-iJ'ied by Barger and Garrett\01 in 
marine aerosol samples would cause a 65% decrease in the specific evaporation rate over th at for a 
monolayer composed of linear surface-active com_pounds. 

CONCLUSIONS 
(10,ll) Recently several authors,--'--, have considered tbe effects of surf ace fi l ms on small drop 

evaporation, These authors correctly assumed that adsorbed monomolecular films could alter evaporat1011 
rates but tac1 tly treated 紅1 such films as being equal.ly effective . No consideration was given to 
the effects of chemical structure of the molecular constituents of the film, an effect made evident 
from the re?Ults of Tab1e I. From. tbe discuss1on 扛 th1s paper on m1xed f1lms and the work of Barger 

8) and Oarrett'0J, we concluded that there are sufficient nonlinear impu1·1t1es in natural surface films 
of marine origin to drastically inte江ere with their ability to retard evaporation, although some water 
might remain physically trapped in the thick-film portion of the remaining organic matrix. 

ln conclusion, the evalX)rat:1.on of water drops can be slowed by certain monomo1ecular films con­
tain1.ng a preponderance of linear molecules. Natural:films probably do not inhibit evaporation to a 
s1gn1:ficant extent, but organic residues of low volatility possibly containing occluded water remain 
after evnporation of the major po元ion of the drop . However, the data in this paper indicate that fogs 
can be stabilized 丑th artificial Lnjections of s pecific film-fol"llling agents wlrl.ch retard evaporation. 
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EVIDENCE FOR lNC.R臥S即 EV战ORATION

叩 WATER DROPLETS D田； `) SURFACE CON1血NATION

」 .F. Stampfer, Jr . , R.B . Hughes , H.A . Duguid 
University of Missouri - Rolla 

Rolla, Missouri 

IN'l'RODUC可0N

The evaporation of d-ropleta coated with insoluble films has been studied both e xper逗ntally(l, 2,J) 
and t:heoreti~ lly(4,S,6,7), All the direct experimental evidenee has shown, as would be expected by 
comp1;1rison 沮ch plane surfaces (e.g. 8), a dei:-cease in the r-ate of evaporation . However, both Rooth(5) 
and Derjaguin et·. a1(6, 7) have noted that the rate 叫ght be greater if the condensation coefficient 
we re greater for the coated drop than . the pure drop. lndirect evidence for this effect may be found 
in h~ilova _, Prokhorov and Derjaguin(9), T~vbin and Savinove.(10), and Pue sch.el, Charlson a.nd Ahlquist(11). 
Leonov and Prokhorov(l2) have demonstrated an increased evaporation rate for suspended drop lets which 
had been treated 吐th various soluble eurface active materials (SAM). 

Wi th thts brief background, we w01Jld like to present evidence for an increased rate of evaporation 
at 30吒 for freely-falling,, mic ron-sized wster droplets 呻 ich have been trea ced 吐 ch an insoluble SAM, 
eithe-r dodecanol or hexadecanol. This increased rate appears to pTevail for che life-time. of the 
droplet (at least to the limit of our experimental capability which is approximately 6fl ) and to be 
brought about by an amount of SAM which allows less than full surface coverage . 

EXPER誣NTAL

Drops were allowed to form in a thermal diffus•ion cloud chamber on the nuclei present in room air 
which h.ad been introduced into the chamber . The.y then fel 1 i.nco a. drift tube, previously humidified 
to a known value, which "Was irrrnersed in a constant tempera tut'e ba ch at 30°C . The d raps were photo ­
graphed at 0.5 second intervals and from t.he position in a.djacent frames the average size was cal.culated 
from Stokes lai:.i. The room a. ii: was inttoduced either di.rectly through an 8µ Millipore filter: or through 
a train consisting of a trough, which could be heated, containing che SAM., a glass "equilibra tio n" 
chamber a nd an "absolute" filter (MSA Ultra Filter Type "R") . 

Fo~ diffusion controlled evaporation, Maxwell's rate equation can be 示it c-en in the approximate 
fonn da2/dt =弘:I+ I., wherl! a is· the radius of the drop, l'>i the dew point: depression, and. k and 1 
const.1n t s for a given ambient temperature. Figure 1 sho四 t.he data for 300 "unc reated" d rop s , ,.hi ch 
a r e considered to be those drops formed in ah which passed through the Millipore filter only or 
through the cra1n `hen Lc uas at t0OIll Eemperatu5e. The l1ne marked'｀Ia心e11" `as draun using che 

。above equa tioo and v.alues fork and I of 17,8 µ L/secvC and ~ero respectively . The line marke·d "Thes,e 
Data" was computed by the method of least squares . 

「igure 2 shows the.data obtained for 182 drops formed in a i 「 `h.ich had been passed th.rough the 
trough containing dodecanol when it was heated to temperatures greater than so0c . The line 呻 rked
"these data" was again computed by the 呻 thod of least squares. The other line is the da ta curve 
from figure 1. l'he data points indicated by triangles are those obtained when he正1decanol rather­
than dodecanol was used and the trough was at a tempera tu:re higher than 100°c . 

DlSCUSSION 

Despite che scact:er in these data, we believe ic is evident that creatment of the air in which 
che drops formed increased the average rate of evaporation of the droplets . Under the conditions of 
these experiments, high relative humiditie s , the increase i& relatively large and, within experimental 
error, independent of the dew palnt depression. Although a large number of questions, bot.h experi­
men t a 1 a nd theoretical re1!13in unanswered, we would like to make the following observations. 

The shes of t.he pat'ticlell which e`記`:ged from the absolute filter were measured with an optica l 
particle analyzer. These results indicated that in the cloud chamber there would be fewer than two 
particles greater than 0.5µ. If lt 19 assumed tl:re nuclei on which the drops formed w~re 0.5µ and 
pure dodecanol, both appar;nt upper limits, and each dodecanol molecule pr~吐ded 20 J,,2 cover~ge of the 
drop surface, then the 印rface of a 10µ drop would be about 10% covered. Although it is possible that 
some SAM could be adsorbed fro·m the vapor, considering the data from (2), l.t is beli.eved that this 
would be a. small amount at be&t . Con吐deriag the s皿11 quantities of SAM 呻ich appea r to be involved, 
the scatter in the data for contaminated drops is not unreasonable, Furthermore, if the a tmospheri c 
aerosol contains SAM, a reasonable assumption, the scatter in, the "pure" data is also explainable. 

Anytime the race of evaporation of aTI object moving with respect to the rnedium is considered, 
tbere is the possibility of ventilation . It is usually considered that in the case of saiall water 
droplets moving 囚.th their terminal velocities, ventilation is not a significant factor . That the 
small amount of SAM p;-e~ent_ could change the surface characteristics enough to cause increased venti­
lat.ion i s impro bable ~(B,14) , 

(15,16,17) The more modern theories of evaporation'--,--,-·'predict that the evaporation ra te i s a function 
of both the droplet size and the condensation coefficient. The rate should decrease as the drop size 
and condensation coefficient decrease and should always be less than the rate calculated using the 
Maxwell equation. Our data f or pure drops do not show this size dependence and, if anything , our 
rates exceed the Maxwellian rate. This again might be ex-plained b'j contaminants introduced b\• the 
condensation nuclei. For the doped drops, the rates are hi2her still. 
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Assuming th.e evaporation is contTolled by Fickian diffusion, the increased evaporation rates could 
be explained by a O. 06吒凪`her drop temperature . However, as i_ncreased evaporation should cool- ch.e 
drop even lll)'Ce, this appears to be an improbable explanation . A change in the thermal accoUlllOdation 
coefficient due to the. presence of SAM might explain a higher temperature but this would require the 
coefficient for pure water to be less than one , 

One factor 呻ich cannot be ig叩red, but the possible effect of'W凪ch is unknown, is the manner 
in which the drops are fonned, Assuming that the condensation nuclei are dodecanol, the drops nust 
start out with the watet covering the alcohol. Although it is further assumed that the alcoho l quickly 
diffuses to the outside of the drop, leaving an interior co呻osed of alcohol saturated water, t his is 
not proven . 
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On the anomalous deliqueecence of sea-spray 
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OBSERVATIONS OF STRATUS DROPLET SPECTRA 
By. F. L. Ludwig 

Stanford Research 1nr;ti tute 
Menlo Park, Calj fornia 94025 

Part.icl e and droplet size dis crJ butions were obtaine(l in stratus in the hills south of San Francisco 
usiog a lignt-a七enua 這on type condensation nuclei counter for estimates of the numbers of s呻11 parti­
cl es: a l1ght-scatt.er1.ng particle counter (Royco J-nstru:ments, Yenlo Park. Cal if. Model PC 200A) for par-ti­
cle and droplet concentl'at1o函扛 14 size ranges between O. 34)Jo and 6. 9 µ.: and a ho1· i zontal gravim.etric 
dro plet elutriator.for si.:e dist辺．butions of droplets 心 th 1· > 8-µ . The_ instrumentation and sampling 
procedures 四ed on this pl·ogram have been described in detaiJ. el.sewhere. • Measurements were mad e at two 
ground level locations. One location, "skyline," ts on a ridge at an elevation of about J OO m about 8 km 
eas ~ of the coast. The "Bea r Gulch" site is at al.most 6.00 m elevation wes-t o:f the crest of tbe bills and 
about 10 km inland. Salllpl1ng was generally limited to periods with westerly winds. Very little hab.lta-
tion is upwind. Skyline sampling 滔這 accomplished during the sullllllers of 1968 and 1969, 紅1d Bear Gulch 
samp.ling, the summer of l.968. Because most data col.lect.ion .was done in the mo面ing, we have more lnforma­
ti on from periods of c loud dissipation than durin·g cloud formation . 

s ize distri but:ions from. Bear Gulch are shown 1.n Figure 1, Small paJ"ticle counts are included by 
assu.mi ng that they rep.resent the particles with 2 0.01 S:: T 云 0 . 1 µ. . (cf ., Junge et al.~) . The .. cloud 
cu rve shows the average o :C almost 8 l1ours of sampling; the.. dissi-pa ting.. and' 'forming " curves, about 
J hours and l / 2 hour, res pee ti vely. The forming data are for periods whe.,.e strstus reappeared, rather 
than an In i tia l onse t . iUl the distributions shov.• primary modes at condensa1;ion nuclei sizes. A second­
:iry mode is faun~ in the cloud and during its dissi pation at about 6 ~ radius, With a frequency o:f about 

3.. -1 1. 3 drop le ts c m-31J.-l in the cloud and about 1. 8 x 10-1 during diss ipat1on. Below 1 µ, there is little 
difference between the aloud and dissipating size distributions.'fhe cloud formation curve does not show 
a distinct secondary mode , but does cnange slope subs tant.ially at:r"" 1 u . 

Skyhne site size distributions are shown in Fig\Jre 2 . About 2-1 / 2 bou\'S of evening observations are 
avera~ed fo r the for皿tion curve; about 7 mo1·ntng hours for t.he dissipation; e.nd about 36 hours f or_ the 

-3.. -1 cloud c-urve. The developed cloud size d istribution has a secondary mode of about 3 droplets cm- .,µ.-.. at 
r ~ 5,J.. The Sky11ne c1oud d1ss1pat1on average has a mode of about 0.8 drop1ets cm一3µ._r at a rad1us of 
about 8,.. As expected, there al'e more s呻ll parti.cles during cloud formation and more large droplets 
during dissipation. 

l'igure J shows Neiburger and Chien 's3 calculated distribution, using a rf C/hr cooling rate. This is 
one 01" t\\O S 「ratus cases they simulated nlllJlerically; both give similar spectra . The initial pal'ticle size 
djstribut.ion 1s given for O seconds; it has f ewer particles than found in this program . The observed and 
ca l cula tel.I distributions rJ if fer most at the secondary mode. The observed spectra show 9nly a few percent 
a!> many 心oplei:s as the calculated distribu tions. At 20 µ, there is better agreement. I ndividual obser-

5 1 vations ofLen had trequenc1es greator than 10 drog1ets cm- µ.- , and several O' 
1. 1-hour averages have shown values of: about 50 cm-"µ-..... Neiburger snd Chien's,-.--－一

c ooli.ng rate is greater than thoJ;e observed, which could account fo r the 
high calc ulated numbers of dTople'ts. ,o• 

Time sections of the particle spectra 
were prepared to sho\I,tempol'al variability . 
tn Figures 4 and 5, the isopleths of corunant 
:freguency are logarithmically spaced and the ,0' 
inter')lolatLon between nuclet counter data and 
Royco 吐ta ls sho111n by dashed 1 ines for 
r < 0 .3,-. The analysis 「or sizes larger 
than 7.J.is f rom elutriator data. Small 
pa1· tic le cou nts and data !rom the Royco 

hannels were collected aL abou~ 15 minute 
intervals; elutristor data at U't:ervals of 
abou'! 20 minutes to 2 ho1.1.rs. ' .. 

Figure 4 shows the size distribution'e lo' 

changes accompanying the onset of strati.ls on l 
September 5, 1969 . The numbers of small 
particles (0 .1 s; rs; 1 µ) changed little, `, but,he numbers t:or r > 1 µ increased with 、

he 01,set of saturation, 呻rking the ap,>esr- : 
ance. o.f stratus at the. site.. A secondary 
mode (ma rked by +++) did not occur u1,til 
abou r 1845: then it was shol't-lived, Another 
mode occurred from about 1905 until 2200, 
weakerring at later times . \\'\thin 5 minutes 1,r' 

after Lhis obsei-vat"j.on period, t he stratu 
suddenly w! tbdrew toward the west and dropped 
belo" the level of the Skyline site. 

O,n September ll , 1969, a par-rial solar 
eel.lpse occurred, obscuring about 2/3 of the 
UI 「~ d l-sc. r1 gure 5 sho"s the ail'was 

slightly unsaturated lnitially, and had a 
weak secondary mode at 5 LI. \Vi th sat_ura_tion, 

3.. -1 a mln 」 mum o:fless than l drople t cm-.,L4-
developed at 2 ~, making· the 6 ~ mode more 
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pronounced. At 0915 the numbers of droplets la.rger than 5 µ began to de­
crease: thi s continued until the air temperature reached a maxlm\Jm at 0945. 
11•1 th the ecli pse-caused cooling, the numbers of droplets increased and weak 
secondary modes developed. Then the modal size decreased from about 4 to 
about: 2.5 µ, the numbers of droplets with r > l i.. declined, and the cloud 
disappeared as heating resumed toward the end of che eclipse. 

In general, the analyzed cases have not shown the re的lar growth pat­
terns during onset of stratus that Neiburge1· and Chien calculated . This may 

be because of the advective nature of the c louds , and the mixing that accompanies the advection.\I'ith 

` mixing, all droplets in st:ratus do not 區 ve the same history:• droplets a.re removed an.cl fresh nuclei 
introduced. This gives a broader seconda;ry mode and stabilizes it so that it doesn't continue to gro" 

` to larger sizes,'This is consistant with the observations. 
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DROPLET WAKE EFFECT 

Lar巧 R. Eaton 

Desert Research Institute 
Lab. of Atmospheric Physics 

Univeristy of Nevada 
Reno, Nevada 89507 

INTRODUCTION 

As the Reynolds number (Re) increases from zero, the flow around droplets becomes 
asymmetric . The effect due to the droplet extends further back from the droplet than 
forward. Thus, two droplets, one following the other, no longer experience equal and 
OiJposite ef.fects for nonzero Re. The final result is that the back droplet moves 
fas te.r than the for,1ard droplet depending on the Re, drag coefficient, and intelidrop­
let spacing. 

Nonlinearity of t he hyd rodynamic equation has prevented complete analytical 
solutions of this two body problem while numerical techniques are unwieldy in space 
and time even for present computers. 

This presentation is concerned with the experimental measurement of this wake 
effect on equal-mass fluid droplets in free fall for separations of 50 to 600 diamete rs. 

The Reynolds numbers ranged from 20 to 80 (300<d<500 microns) for the ethylene 
glycol droplets in free fall at ambient room conditions . 

EXPERIMENT江 ARRANGEMENT

Figure 1 is a f low diagram of the droplet generation, control, detection and data 
processing . Further description can be found in the paper by Eaton and Hoffer (1). 

Ethylene glycol was used for the liquid droplets to minimize evaporation and 
thus permit accurate measurement of the effects due to the droplet wake. 

At 20C, the fluid characteristics were; density 1. lllg/ml, viscosity 21 centipoise s , 
and specific heat O. 561 cal/g/c. 

Evaporation and water absorption of ethylene glycol was measured to be less than 
0.01% during the two seconds that the droplets were in free fall. 

Temperature was continuously recorded at 60 cro intervaJ.s along the 3 . 5 meter 
i nsulated column. 

PROCEDU臨

Data was collected.in the following way. 

For a given droplet size, 36 single droplets were permitted to fall through the 
column at f'ive second intervals (>6M separation) to obtain termi nal velocities of 
single droplets which, from previous experiments, gave droplet size. 

Droplet pairs were then released with known initial separation with more than 
five seconds elapsed time between the release of consecutive pairs. The data from 
eighteen such pairs were combined and fitted with polynomials to give position versus 
time for the front and rear droplet. These polynomials then gave the desired relative 
velocity as a function of droplet separation. 

RESULTS 

Figure 2 gives the results obtained for large separations of droplet. 

Droplets with initial separations of less than 20 diamters were detected to 
coalesce giving a terminal velocity related to a single droplet but of double mass as 
compared with the original droplets. 
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For sepa:catione of 20 to SO di岫嶋ter臺， drople口 either coaJ.esced, moved hor乜ontal·
ly out of the "'ake. o.r actually pa.ssed ea.ch other than,roved out of the wake influence. 

The solid c urve i.n Fi.gure 2 (Reference 2 」 indicated that the theoretical results 
d i ffer by a fact:or greate:cthan two f:c.Om th邑 meuured effect of the wake. 

REFER吣iCE

l. 

2 . 

Eaton , L.R. and'l' . £. Hoffer, 1970: Experiments on Droplets i n free fall 1: 
mina1 velocicy 尹d `all ofE¢to. 」．＾PPl．迤teor. ， 2, pp. 269一 275.

Kappel, J . and B 囑 Brenner, 1965 : La,1 Reynolds Number Hydrodvnam.ics. 
Cli ffs, N. 」 ．， PrenLice尹止， PP· 553. Y ¥ Y 

Te,::-

5ng 1o,OOd 

ACKN0呾DGMENT

This resoarch m`` made,'8Bib.l疊 by the Offic壘 of Nava.l .Research uncle.r Contract Nonr 
4945( 00 ) N'RO 82 226. 

z
c-lE

\JOJ 

l
:
.
1
1
d
O

e
r。

函L

ORO~耗蝨潜
z
o
Z
~U
3
E
u

E
」
d
O
t
J
O:JZ

t 
SS1JC

\!
d 

1::111:10 

」
足
1
z
5
3
E

1
d
O
u
O

EICURE I. Flow D1 贏gr血

(1 。 --- －之 ' 
A
、

·

>
q

- 

·2 

. /: 一
/ 

100 200 llOO 
4 X I 0 

400 50O 茘。 6 50 

l'Iom L mld:iv.``c,＂y 四mu· drom．吐·＂`｀Uon. Th曇 eontinIIOIIS CIIrve "'`· Ul· ·``Uon 6u. to u.Pml m0 Brmm·r ( 2l (Atter Dahl) . 
司 迢



A tEClNIQUgFOll TUE 因ER誣NTAL MEASURE瑾泗 OF COLLECTION 四FICIF.NCY

J. R. A.d8lll and R. G, Semon.in 
Illinois State \;,ater Survey 

Urbana , Ill . 

INTRODUCTION 

Aerosols are removed from the air by precipitation in three different. ways : the impaction and 
ca pcur e , or collection, of parti culate.a by Ta這raps; the consUD1ption of particulat甌 as conde函ation
nue1e1 ; and Ehe attachme?b°f Part1euUte, to c1oud and raindrops by Bro面1an rnotion. Ic h.as been 
ca1culated cheoret1cally and detem1ned 虹per1menca1ly (2) that impact1on and capture 1s an eff1-
cienc procesa for the removal of parcitlu larg虹 than a few micro呻 diameter. However, extrapolation 
of these results to submicron size particl紅 shows effecti.vely zero removal by this method . In an 
attempt to extend the range of experimentally detel'lllined collection efficiency of a raindrop for 
part1cles be1°` ?3'DI垣on, a neuteehn1que 1ncorporat1ng n b1o1oRica1 aeroso1 of chetype u$ed by 
Sood and Jackson'"/ to study scavenging by snow has been devised. 

EXPERIMENTAL APPARATUS 

The experi.111ental appar矗tus, a目靄hown in Fig. 1, consists of an aluminum raindrop acceleration 
tower 12. 2 l!I tall and oue meter Ln diam.et:er. The lower two met era of the tower is sealed to form an 
aerosol chamber. The relative positions of che c.hambe「 `"p doors, the 11.erosol atom乜er, and the 
sampling tube are also shown. 

A drop generator is ·mounted withLn the touer at a heighc. chosen to insure. that the drops achieve 
terminal velocicy before entering the aerosol chamber. Drops larger than 2 mm diameter are dripped 
from a hypodermic needle. ,Smaller drop11 are blown from the t坏 of a capillary tube using the genera­
tor shown in detail in Fig. 1. The drop size is determined by both volumetric collections and direcc 
optical measurement. The drops can 洹 charged electrically by indu.ction and the charge Ill.agn.itude 
meaaured with a coulombmeter . 

The amount of au區icron particulate -tter scavenged by a single simulated raindrop passin11, 
throu吐 the aerosol chamber is very small. Detection difficulties have been overc磾e by the use of 
bact e r 1a spore$ as t he a e rosol con.st ituent. After passing through the aerosol , the scavenging drop 
1-s co llected on a petri dish, incubated, and the colonies ori~inacin~ from the individual spores are 
counted. Bacillus su.bt.Uis spores 扛e pre量ently being 四ed. These spores are rod shaped, bei.nr, 
O. 7 .,w in diameter by 1.2 µm J,ong. An aerosol of the spores is formed by atomizing a dilute aqueous 
solution of the spores with pressurized air. 氐t`琿e care is taken to insure that the spores are 
monod isperse. The aerosol concentration 扭 de.tel'lllined at various times during a.n exper伍ental run by 
passing a known volume of air through a 111idget impinger whose collection efficiency fot the spores has 
been determined. 

A typical experimental run proce.ede ae follo四 · 面e droo generator is positioned and adjusted 
o produce a speciik si:,;e drop falling at temi臨l velocity within the aerosol ch疝bet". !he aerosol 

is then generated. The initial concent?:ation ie appt:ax:imately BOO spa`項 per cc and decays exponen-
i.11ly wit h a half-life of about 40 minut耳. The next approximately 15-30 minutes of the highest 

aerosol conce.ntrattop are divide.cl. into v矗rLouo ser1紅 of drop collections-. An aerosol concentration 
measuremeTit is maQe at the 匾`inni1lg a`i end of ea,ch series. Within each series, a large number of 
drops with Ot'vithout elec.trical charge are p訌sed through the ae1:osol. Each drop is collected on a 
petri dish placed 1. 2 m below the aei=osol chamber. The dishes are then incubated long e.nough for each 
spore to develop tnto a colony of cells approximately 30 µ111 diamet1元 ． At this size the colonies are 
large enough to be easily counted optically 望1th a microscope but do not overlap and lose their to.di­
vidual 1dent1tiee. The collection efficiency defined as the ratio of the number of particulates 
seavenged from the aerosol to the rotal number in the volume through wMch the drop falls 1& th却

calculated for each drop. 

To obtain accurate 函erimental result呂， several precaucio呻血st be taken. To insure a clean 
environment before the experimental run begi邙， the area around the tower is cleaned and disi,nfected. 
The tower and aerosol chamber i11 ventilat函. with clean air to -ce'QIove'Cesidual spores and dust. All 
glassware and agar, and the drop generator and its water are autoclaved. Control air samples are 
take.n around the tower and chamber to obtain a background spo'Ce i::on"Centration. The concentrated spore 
solution is prepared a叫 atomized by someone other than the experimenter to further reduce the possil) i ­
lit y of contamina已on.

EXPERD1ENTAL 邸SULTS

The collection efficiency for uncharged drops is shown in Fig. 2. The results shown are the 
average collection efficiency for over 50 drops of each 靄ize, produced, collected, and examined 
individually. The inc re訌e in collect,1on of the uncharged aerosol by charged dro11s 1s shown in Fig . 3 . 

The scave呣in8eff1c1ency incm頃ses linearly with inc-reasing charge fro111 it s value 1.n the uncharged 
case (correlation coefficient greater than 0.95). 
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In all cases, the aero~ol charge was monitored and no charge greater than 10-16 coulombs per 
spore was observed . Only for the 3 . 7 4-mm drops was there any t疝dency for increased collection 吐th

one sign of charge . 'l'hie`。吐d indicate t.hat pos$1bly the aerosol 區d a S111Ail net charge for this run . 

CONCLUSIONS 

The experimental technique described is both accurate and sensitive for measuring colle.ction 
efficiencies. The ease of generation, detection, and decontamination, the unifomity of size , and 
the ease of concentration determination makes bacteria spores wel). suited as the aerosol particulate . 
The only difficulty encountered 拉 finding other suitable spores, smaller than 1 µm, which a r e vi.able 
after atomization and which have a relatively low natural occurrence . 

Using the measured scavenging efficiencies, an estimate of the amount of ìaterial in the l-11m 
size range removed by natural rain can be made . It is as11umed that rainfall has a Marshall Palmer 
drop distribution for drops greateJ; than 0 . 5 mm; they are uncharged, and they are falling at terminal 
velocity. A aingle calculation then shows that less than 1% of the particulates are removed per hour 
in a 5 mm per hour rain , and only 如 5% at:e removed ln a 100 mm per hour rain . 
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A WIND lUNNEL INVEST!百ATION OF COLLECTION KERNELS 

by 

K. V. !Jeard and H. R. Pruppocher 
Cloud Physics laboratory, Deportment of Meteorology 
Un」 versify of California, Los Angeles, California 

INTRODUCTION 

The growth 呻 0「 cloud drops to rain drops by means of the collision-coalescence process has been studied theoretically 
on the basis of a continuous growth model, and more recently based on o stochastic model For discrete accretion by many 
investigot?s.Models ofthe type discussed by these investigotors require o knowled守 0f the collection kemel 
K =n(o+A)"E,E.,fv-v), where a is the radius of the small drop falling with the velocity v, A the radius of the large 
drop £aIIing wl品 veIocity V , E the colli5ion efficiencEthe cool cence efncien. Usuolly it is ossumed that y召 2 t,he ~~l.~cen~e ef~~ien2~ 
E2 = 1. The collision kemel con then bewritten K =TTycA N-v) = Wn A, where W = y N") is the colIidon coeffi-
ctent. An exact evaluation ofW hinges on on exact knowledge o「 y_ which Is difficult to determine in on exact manner 
either theoreti呼Ily or empiricol1y.（2Fperimen博）determinotions of tli6'面th rafes ofcloud dropswere mode by Gunn 
and HitchfeJi1), Kinzer ~nd Cobb(2J,'Picknett(J), Woods and Moson(4f. With the exception or'Kinzer and Cohb, 
these experiments were restricted to either very large or very small collector drops ond to narrow size ranges of collector 
drops. For the size range 80 s A :s: 260 the results of Kinzer ond Cobb agree wit~.,'1ollection coefficients based on the 
collision efficiencies glven by 庫son but remoin to be checked corefuIly Woods萵 becouse of serious shartcomings 
in 版 experiments of Kinzer and Cobb resulting from the smoll size of their drop supporting apparah.Js which lead to 
erroneous 「esults for A> 260 microns. 

EX吒RIMENT

The present experlme·ntal determination of collection coefficients wos carried out in the UCLA Cloud Tunnel. This 
tunnel is fabricated out of aluminum and stainless steel and consists of a horizontal air conditioning system and a vertical 
flow control system which both were electrically grounded to prevent the presence ofony stray electric fields in the tunnel 
The air is drown through the tunnel by o vacuum pump while the oir speed is controlled by o sonic velocity valve. Be­
cause. of the use of a honeycomb, a screen end o contraction section the result ing air flow in the test section is laminar 
with a very low turbulence level and a Rat velocity profile. Drops 10 s A ~ 425 microns are freely suspended in the 
test section by matching the free itreom air speed U to the drop velocity V so that U = V. Under these conditions a 
calibration of the tunnel air speed as a function of the sonic valve 函ting enahled us to find the tennino l velocity of 
the collector dr~戶. Details on the construs!i_on 叩d calibration of the UCLA C如d Tunnel are given by Pruppocher 
ond Neibu屯er(6J and Beard ond Pryppacher(7). In the present stydy the air conditioning system-allowed the 't~mperoture 

。in the test s~ction to be kept at 22°c· and to be controli'ed to 土 1°c ·. A water cloud was pr·oduced by steom inje~tion 
ot the tunnel entrance of the oircondi tioning unit and wos well-mixed when it arrived in the observation section. Drop 
size spect 
GiIIespie禍

were meoS"Ured in the test $ection by using o sampling gun similor to thot described by Squires and 
. The cyIindricol sampling rods we釋）coated with o soIution of gelotin ond Nophtol Green dye occording 

to a method developed by Liddell and Woo區n \YJ. The droplets, after Impinging on the rod, left stains that were J.9 
times their diometer. T\\sof;ze cohbrotion wos obtoined by comparin9 OOrmethod with a method based on Mognesium 
Oxide coated rods (May''v1). Using this colibrotion, droplet si-ze spectre were obtained from examining the coated 
glass rods under the microscope. The drop size distributions of liquid water content were fairly unifom, throughout the 
experiment with a mode size near 4 or 5 microns ra.dius and a dispersion of 8 micron with 95% of the liquid woter within 
士 2 micron of the mode. In Fig. 1, as an exom_ple,a typical size distri如tion hos been P,l~t,ted. The liquid woter content 
~f the cloud was determined fr~ ~ollision .effici~ncte's found experimentally by Storr'(l l) after counn'ng and sizing the 
drops on o movable stage microscope in at least 12 areas of the rod for a statisticol evaluation. By this method the 
value of the total liquid water· content L wos determined to ± 2CP/o ot the 95% confidence level. Altemotively, the 
liquid water content wos continuously meosured with a Cambridge Systems dewpoint hygrometer using on aspirating 
probe with a carefully regulated intake velocity for isokinetic condition. The cloud droplets completely evaporated 
in a heated tube before reoching the hygrometer so that it become possible to calculate the liquid water content from 
the el evoted vapor pre這Jre , The re刻 ts of the dewpoint hygrometer gove 叫ue of L to ± 1 CP/o. The charge on the 
cloud droplets wos meo即red by o method developed by PhiIl 亟 0nd Kinzert12) 。nd wos fovnd to be on the order of o 

-6 few eIectron chorges. An eIect「简ter WO5U毋 tofindthe overoge chorge for the collector dro s s obout 10 esu . 
ByoPplying the criterio of Dovis, Semonin ond Plumlee(14), Woods, ond List ond Whelpdole「l55 we concluded 
that there was not enough charge present to olter the collision efficiency, but probably enough to cause the coalescence 
efficiency to be unity. It wa1, therefore a缸urned that our experimentally determlned collection coefficients had the 
meonin9 of colli5ion coefftcients. For o typicol expe3iment the 邸nnel wos ollowed tos呻iIize for seveml hours ot 
constant velocity with a cloud of 0.8 云 L 云 1.2 gr m-"'. A droplet sample was taken and, immediately ofterwords, the 
tunnel velocity slightly reduced for the introduction of o collector drop with o hypodermic needle. The rote of 
change of tunnel velocity was recorded over on intervdl A'=!'. 10 microns of the collector drop size. Over this short 
run the clo11d drnolet s,:,ectri,m tP.mained constant. Several runs were mode for collector drop sizes A = 73, 113, 155, 
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1203, 250, and 299 microns, The overage-growth rote was obtained from our recorded veloci 「y of the tunnel oirstreom 
which kept the suspended drop at a fixed position at the tunnel axis. The quantity aV/dt was then found from dU/ dt. 
Values for dA/aV were calculated from the drag relations given by Beard and Pruppocher. The growth rote of a drop 
wos determin'd from dA/dt = （dA/W)（吖／dt) ． Our IheoreticoI considemtions showed thaI for our cose, where 
dm/dt < 10-7 gr sec-1; a 9ro~i~g d;~p ~ould be ossvmed to fol I at terminal velocity with no accelerat.ion. 

RESULTS 

In order to eompare ovr result1 with collection coefficients of other authors w~sed an approach outlined by Kinzer ~d 
Cobb for gene~I izin9 the continuous growth rate equation 0$ dA/dt "" ( 1/4 p JWL, where p. is the drop de~si ty and 面
鉭he meon olue of the collection coef?f妒 °6toined fromsumming over tk indivi如oI 転let size coIegories ond 
WL ＝ 抨侶· Therecentresults of Chin svbstontioIe such o generohzotion. Chin found thot the overege voIue of 
the final inoss of 32 collector drops in a numerical e)(periment for o randomly distributed, polydispersed cloud was not 
significontl y different from that obtained using the gene-ral ized ccntil"llJ_ous growth rote e叩otion. The re5ul ts of our 
measvremenf;s are presented in Fig. 2 where the col I ision coefficient 可 ＝ W{o) is plotted as o function of the collector 
drop rodius A for various cloud types which we characterized by o. The quantity o is the liquid water content weightec 
mean value of the droplet size of an individual c區d. This charoclerizotion assumes that dA/dl'=(1/4p.)l;W, L, ""' 
(1/4p5)W(o)L i5 a goad 「 Ii
．囹j5 a goad approximation. II is seen from Fig. 2 lhat our measurements, with variance ini:lica 晨 by the 

verticol bors, ond the resultsof Kinzer ond Cobb, within the limited range chosen, ore consistent wi｛朽I)he coIlection 
coefficienIs deriv恨）Om the collision efficiencies theoreticolIy computed by Shofrir ond Neiburger os ono lyti co Il y 
described h§ Berry, and with the colIision coefficients derived from the co1lIsion efficiencies theoreticolIy computed 
by Mason( ). l1 has to be stressed thaI thisa9reement only oPPlies fo「 P = 2 < 0. 1, i.e. for the cose of Iorge cIoud 

A ~ 
drops growing in o cloud of very small claud drops. However, it is preciselyfor this range of p-rotias that, up to the 
present, experimental resul Is quoted in Ii tercture scattered too much to test o面 loble col I ision efficiency theories 
~oods ond Mason). Our new results suggest that, for the range of p-rotlos indicated, it is justified to compute values 
for the calllsion coefficient from th_e collision efficiencies of Shr.ifrir and Neiburger os analytically given by Berry up to 
A= 136 rnicrons and from the collision efficiencies given by Mason up lo and possibly beyond A = 300 micrans. 
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｀邙CTRIFICATION ASSOCIATlW WITH.BRE血 OF 磾磾S AT TERMINAL VELOCITY Ill AIR 

J. V. lribarn.e and M. Kleme.s 

University of Toronto 
Tor on co, ca.nada 

The electrification associated with the "bag bursting" of large drops has beens氐di,ed by several 
authors. Both the 虹平江這e.ota.l condit.io呻 and the res吐ts 吐ffered `1de1y. ln Chi8 Eesea`:.h we 區ve
g tudied the charge separation between the fragments larger than about 0.1 111111 and the finer spray pro­
duced in the procesa • in the absence of an electrtc field and varying the che叫cal composition of the 
liquid. 

·臨ERIMENTAL TECHNIQ暉

Fig. 1 sh.owe the experimelltal arrangement. Drops of about 7 111111 ecp如alent spherical diamete「 `ere
in五oduced in an updraught of 10 m/s. The updraught was produced 乜 a closed circuit tunnel 呻ere the 
CO~ content was maintained at a low level. The drops burst at the beginning of a dec.elerating e`>anding 
section, and the larger fragments fell onto metallic. plates covering 1 ts lateral walls. The plates were 
coooecced to a vibt"ating reed electrometer provided with a recorder, and the charges were measured by 
the sudden changes in potential across che input capacitance, Pure water was obtained from ion-exchange 
resin, 皿d 四ed direc<:ly or co prepare eolutione. Contamination 丘om the air was avoided. The initial 
chaEge of the dropB `ag ` - 540-" e.`` 

邸SULTS

The m.easurements showed considerable scattering. Fig. 2 gives the charge distribution obtained for 
a series of experiments 吐th pure water. A normal ert:or curve could be reasonable fitted, except for an 
abnormal number of "1teros", sensitive to the location of the drop releasing needle. An investigation 
with a hign-epeed c.amera at 300 frames per second showed that most of these were not due to ba g bursting 
Charges were associated with b磗 bursting, except for a small percentage associated with division of the 
drops 1nto severa1 fra8ment8 皿d satellite droplets. Therefore the following criterion was adopted. 
Averages of 150-200 breakup 邱asureme.nts were taken for each liquid composition, but only that number of 
zeros waa considered aa would correspond to a fitted normal error curve. 
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DISCUSSION 

Di~regarding the action of surface active substances, the average results are ve可 sensitive to the 
eLec五oly_te conce11tt~tion, but not to the particular cmnpound, 五e ~on-specificity be~omes apparent in 
Pig. 4, which strongly suggests that t.he. average separated charge is only· a function of the co~ductivi可 ·

Th~ electr~fication may be attributed to shearing 吐fecta on the electrical double layer at the 
~ater-~r ~terface, and therefore linked with it.s value of the electrokinetic or zeta pot~ntial t; . The 
f~ct tha t._ the a1gn reverses 吐th concentration can neither be due to changes of the dyn~mics nor ~o 
~hanges of i; . On the other h疝d, the surface active cations tested are ~own to change the sign of, 
in agreement'With the results of bre吐ups of dilute solution drops . 

Two competing processes have to be assumed in order to e?tplain the behaviour shown in Fig. 4. \Je 
postulate that positive charges in t .he large fragments are due to the shearing effect on the internal 
s urface of the bag blown up by the air . 面is would -result in an accumu.latioo in the upper pa-rt of the 
negative charges prodominant at the surface of the water, 吐ilea coi::responding positive charge would 
remain in the toroid containing most of the liquid in the l叩er part . After the breakup the former 丑11
r emain in the spray and the latter in the large ft"a釣ents. An estimate of the shear stt"ess at the sur­
face and a calculation of t.he electrokinecic effect baaed iD the theory of the double layer gives the 
correct o rder of 血gnitude. This process 1.s counteracted by a neutralization oY back current in the bag 
film . A theoretical computation, with adjusted paral!leters, would indicace a decay toward the larger 
concentrations such as shown by the curve of Fig. 4. The re叩'ining negative value (11, -0.01 e . s .u.) 
would then be due to tile second process. present throughout the 吡ole range of concentrations, which we 
assume fast enough to be unaffected by a back current ; this might perhaps occur during the separation of 
small droplets from filaments 11.nked to the larger fragments , when the bag film collapses . 

The ranteof e1eetr這1 conduct1vicy of ra1nd:rops at cloud 1eve1s may be rough1y est這ted bet`een 
3 10一6 and 10-r+ mhos/cm. Thus practically- any value between 士10-2 e.s.u . /drop or±6xlo-2 e.s . u . /cm3 cou ld 

be expected, with positive values (on the large fragments)for purer air . These values are unlikely co 
make any significant contribution to thunderstorm elec tric.ity. 

~ - This research has be細 S叩ported by a Meteorological Grant of the Department of 
Transport. 
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CliARGE: 郃PARATION IJU£'「0 THE SPLASHING OF WATER DROPS 
by 

Zev Levin'~ and Peter V. Hobbs 
Cloud Physics Group, Aonospheric Sciences Department 

University of Wa.shington, Seattle, Washington 

邛TRODUCTION

It is well kno叩 that when water drops break up electrical charges 尹 separated (Lenard (1)) . Our 
interest in this phenomenon is related to the possible role of the splashing of water drops on sol.id 
and partially melted hydrometeors in separating electrical charges inc.louds and thund紐sto沅1s , and the 
generation of space charge near the 鉭｀ound due,o,he splashing of ra均drops . To gain insight into the 
mechanisms responsible for splashing 吐ecttification, and to deterl!line the 啤gnitudes of the charges 
separated under various conditions, a detailed laboratory invest堵ation has been carried out . A Slllllllary 
of 1:he res吐xs of t:his study 缸'e presented in this paper . 

HYDROOYNAMICS or DROP SPLASHING 
The electrical charges separated during splashing are intimately connected 吐th the hy心odynamics

of the splash . The latter was investigated by means of high speed 的otography at 5,000 frames per sec . 
Fo卫owing the initial 這pact of a drop on a dry 面 a partially wetted.solid surface a liquid "crJ:J中＂
is thro面 up. As t:his "cro叩" gro`S 1 紅s emerge from its upper p,eriphery . These je1'.s become unstable 
and break up into a number of liquid 丘agments. 「ore洹mp1e, uhen a uat紅 drop 1.25 mm in radius 
collides 吐th a solid surface with an impact 孓辺ty of 3.5-m sec-1 , over one.hundred small fragments 
are ejec1:ed. The sizes 函 -chese fragments are log-normally distributed. As the impact velocity, 。「
the size of the water drops, is increased both the number of liquid fragments and their velocity of 
吋ection from the crown jets increase, 

Direct superposition onto the photographs of the signal representing the charge transfe五ed to the 
迎江ace by a splash revealed that: 1:he charge is car .̀ed away on the liquid fragments which break away 
丘om the "ol'Own11 jets. 

CHARGE SEPARATION IN T睏 ABS睏CE Of AN ELECTRIC 「IELD

Measurements of the charges separated by the sple.s记ng of individual dt'ops onto vario\ls surfaces 
were carried out in the laborato可 under com:rolled condit:ions.'rhe water was distilled, deionized, 
and distilled again in a nitrogen atmosphere to prevent adsorption of carbon dio迢de and other impuri­
ies. The drop splashing measurements were also carried out in an annosphere of p`、e nitrogen . The 

net cha邛ge communicated to the surface by the splashing of a drop 店璆 measured with a solid-sta,:e 
electrom;ter which could detect charges d硒 t:o l0-6 esu . 

曲en drops consisting of pure water> or dilu'te sol.utions of NaCl were splashed ont:o a copper- sur.face 
at temperatures between_O 却d 20吒 a net positive charge. was communicated to the surface . These charges 
were in the !"ange sxio-5 to 10-4 esu per splash. In the case of'dt,ops ooncaining NaCl, the charge 
that was separated by splashing on a copper ~rice surface at 0吒 s!eweased with in守easing concentra-

3 tion of the solution. for solution drops containing more than 10-.., moles of NaCl per litei;,, virtually 
no ch缸'ge was separated (fig. l). The chat'ges communicated to the copper and ice surfaces by splashing 
were approximately,he same, however, the charge received by the ice su:rfa.ce was usually some中at
g洹eat紅 than t:ha't received by the copper surface . This was accouoted for by the larger number of 
fragments ejected 丘om the melted ice s心face . The i:-esult s shown in 「ig . 1 can be p宓tially expl吐ned
by i:he disruption of the electric double layer during the break-up of the crown jets . 

CHARGC SEPARATION IN THE PRESENCE Of APPLIRD 平CTRIC FIELDS 
祈en 噱:r1:ical eleci:ric fields were applied in the region 呻et'e splashing occurred the charges 

separated by the splashing increased markedly (rig. 3). this is a res吐t of the polarization of the 
年p and the sol.id surface. However , the measi.;.red charges communicated to the surface under these 
conditions were 穿eater t區a those predicted theore.tically for the collision of 元．gid conducting 
spheres . This difference 面 be accounted f面 by the enh血ce{llent of the local electric fields arowid 
the jet's and the wall of the "croW!J" which tends to increase the pola.riza1:ion of the jets . for impact 

-1 velocities in excess of 4.5 m sec-,. the ch訌ges sepal、ated by splas迢ng dilute Nac.l solu豆on drops in 
the presence of electric fields decre.. sed with increasing impact velocity (curves c and din Fig . 2) . 
[t is bel:l.eved,:hat this is t:he result of a r~duction in -cbe con1:act 1:ime beureen t:he small 丘agments
that are ejected initially and the crollll je,s to a value comparable to,:he rela泣tion time of the 
c.harge carriers in the liquid. 

It should be noted that the charges separated under identical experi.ciental conditions were by no 
means unique . This is a result of t:he. stat,i.stical nature of the break-up of t:he crown and the cro\4?1 
jets. Most: of 1:he distributions of charge were found to be log-normal. 

APPLICATION TO CHARGING Ill THC ATMOSPHERE 
ln the atmosphere splashing can occur d呤 to the collision of cloud droplets or rain心ops 吣．th

so卫d hydrometeors (hailstones, g:raupel 叩 01:her ice particles) ox• by the collisions of raindrops 吐th
the ground . The res吐ts desc己bed above show that for temperat~es above o0c, and in the absence of 

l electric fields (or in 1:he presence of fields less than O. SV cm-.c), splas迢．ng 面．11 result in the solid 
surface receiving positive charge with the coM'espondlng negative charge being ejected int:o,he air on 

,',After Augus,: 1970 p研manent ad心e.ss: Meteorology Dep益皿en,:, University of California a-c Los Angeles 

145 



the small fragments. Subsequent gravitational separation of these charges will re6Ult in a build-up of 
the atmospheric electric field and this, in turn, will lead to increased charge separation during splash 
ing . In clouds such a mecbanism can explain the region of positive charge which is often observed just 
l:,elow the 丘eezing level. The splashing of 面ops on solid hydt'ometeol's will also change the 心op size 
distribution in a cloud by generating 1.a!'ge numbers of small 心oplets .

:rnthe presence of moderate wind shears (e .g. a logarithmic wind profile) the charges sepaI"ated by 
the sP1.ashingof raindrops on the ground can(5,adi1y produce the negative space eharge which is observed 
near the gl'ound during heavy showers (Adkins ~;t J) . 
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FIELD-ENHANCED PROPAGATION OF POSITIVE STREAMERS ANO 
I WU CAT IONS TO ELECTRICALLY INFLUENCED DROPLET COALESCENCE 

C. T. Phelps 
State Un l vars I ty of 迤w York at Albany 

Albany, New Yor~ 12203 

I NTRODUCT I ON 

In order to understand t~e electrlcally Influenced process.es that take place In a thundercloud, 
it ls 11ecessa可 to know the effect of the 11 ghtn i ng d I scharge on the drop let charge spectrum . In 

I genera I, gross neut n, I I z.at 「 on of a charge ce I I Is . accomp 11 shed by the d I scharge . The dete i Is of the 
change In the droplet charge spectrum, lncJudlng Its temporal development and spatial 驱tent, however, 
are poor !y understood . 

I mpu I se corona processes and the 1 r Interact Ions w I th c I oud drop I ets are of part I cu I ar Interest, 
si nee these processes es tab 11 sh the extent and some aspects of the character of the d I scharge pattern 
I n space . Recent exp er i memts show that drop Jets can acqu 「 re substarrt J a I charges through I nteractl ons 
with Impulse corona of either polarity < I). It is the purpose of this paper to report the results of 
experiments designed to determine the propagatlon characteristics of impulse coronas In uniform elec­
trlc f!elds slml far to those expected In highly electrlfled clouos. Th婭ret I ca I arguments a re ad-
vanced that re I ate to sq哂 of these resu Its. 

EXPERIMENT DESCRf PTION AND RESULTS 

In the f I rst set of exper I ments corona strearoors were introduced Into a para 11 e I p I ate gap of 
75 面 by applylng a short rise time 200 kv pulse toe point electrode mo叩ted perpend l cu I ar to, but 
Insulated from , one of the plane electrodes. Photographs of the resulting lum l nosity In the gap 
Indicate the range of these streamers.,_ The. range s of positive streamers were dramatically Increased 
for unl fonn fIel d va l uos abovo 5 x IO5 v m一 l (f lel d l n the dl roctlon of streamer progagatlon) . WIth 
a fleld of about 6 x 105 v m一 l, the streamers crossed the gap, and at about 6 . 5 x· ) o5 v tn一 I, the 
streamers triggered a spark discharge between the plane electrodes. These values are nearly lnde­
pendent of gap I ength. WI th the f I e Id d l rect I on reversed, streamer ranges decreased. The I UI!) I nos l tY 
from negatl~e· streamers remained lo叫 !zed near the poll'lt.wlth fleld values as high as 9 x 105 v,n一 l
(either direction). 

In the second set of experl ments the lmpu I se corona was derl ved from fie Id一 induced hydrodynaml c 
l nstabl I tty of fal I Ing water drops (2,3 」 . 'n It I a 11 y uncharged I.5 11111 rad I us drops were a I lowed to 
fa I I one at a t I me w I th In the gap toward a hem I sphere p I aced on the bottom p I ane e I ectrode . The 
hemisphere had a smal I hole In Its top, and the~drops,were aimed so as to pass through this hole and 

一 1not splash. At a uniform fleld of ~bout 7 x 105 v m-1, directed away fr叩 the hemisphere, the drops 
each disrupted yielding upward advancing positive streamers, which crossed the gap and always triggered 
spark -gver. ,With the 和 aid direction reversed , no luminosity was observed at values as high as 
9. x 105 v m-1. · It should be noted thet 1n +he~e 五o se-ts of· exper廩n+s the behav r or of ! ;pu I se 
corona, particularly positive strea而~rs, In relatlvely strong uniform fields is remarkably similar 
considering ttie completely different sources of +tie corona . 

DISCUSSION 

The observed behav I or of posit Ive streamers l n a un l, 。 rm ambteni" fleld can be partially explained 
and p red I cted from the follow Ing ana I ys Is based In part on the streamer mode I adva11oed by Dawson arid 
Winn (4) . A positive st-reamer should be considered as a'traveling wave of pulse nature characterized 
by a very high unipolar charge denslty and having certain elements In ccrnmon with ordinary electro­
magnetic i,.oave propagation Including the Intimate Interplay of electric and magnetic flelds . In the 
absence of a secondary s廿earner or o廿er additional lonlza+Jon tn the channe l, this wave Is consldered 
to be essential Iv Isolated from Its ano.de source. Calculatlons based on estimates of streamer electrl­
ca I parameters Ind I ca+e that -the channe I has i nsutf i c i en+ conduct I vi ty to mainta i n the streamer head 
at anyw洄re near the anode potentfal during Its propagation . 

Energy is expended In ionization and excitation as the positive streamer progresses. This energy 
must be supplied either from the Internal potent ia l energy or the charge collectfon at the head of the 
strea廂1r or from the Interaction of thi s charge collection with tile ambient field. It the energy is 
derived from the potential energy of the head , its radius and charge decrease, and the excess positive 
charge Is deposited along the channel. With no external source of energy, a streamer dies out after 
advancing only a few mllllmeters (5). If an ex「ernal electric fleld (having the same direction as 
the streamer propagation) ls present, energy Is suppl led to the streamer as the charge co l lectlon 
fal Is down the "potentlal hi 11" created by that field. If the ambient field strength Is sufficiently 
high, energy Is suppl led at the same rate as It Is used and no attrition of the charge col lectlon 
would be expected. This Implies that tor a critical ambient field, the range of a positive streamer 
Is limited only by the spatial extent- of the fleld. Calculations based on this energy balance give a 
crltlca/ fie Id value In reasonable agreement to the value observed expe;Jmental ly . 

If the ambient tfeld is greater than the critical value discosse.d above, the charge col lectlon 
wl 11 grow. A direct oonsequen~ of this should be the deposltJon of negative charge along the channel. 
This concept was tested utilizing the Lichtenberg figure technique fn which the streamers propagate 
in t-wo dimensions over a dielectric surface. The surface Is subsequently dusted 面 th two 
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I dl stInguI shabIe po`dors that aro attracted to the posItIve and nogatIve regIons respectIvo Iy . ^ 
negatively charged electrode was placed under the dielectr i c surface wel I away from the point to pro­
vlde a varl able ambient field . Under sultable condl"tlons It was of t en observed that as a strea哼「
approached the negative electrode , the deposited charge on the channel smoothly changed frOfTI positive 
to negative . In the region of negative charge deposition, the radii of the channels Increased 
sl lghtly. 

CONCLUSIONS 

Electric fie l d measurements made fran aircraft flying near electrlcally active cumulonlmbus cells 
yielded maximum values of about 1/3 of the experimentally observed critlca l field (6). T~e critlcal 
fie Id In the cl cud , however, Is somewhat I ower due to the reduced pressure. A I so, the a I rcraft was 
unab I e to reach tl'le I oc計 Ions where the highest flelds exist . It is reasonable and probable , there­
fore , that the elec+rlc f i eld , at least in a I iml-ted volume ot the cloud , reaches the cdtlcal value. 
The resu l ts presented here, ther efore , lead to the conclusion that of the possible corona processes 
that could be associated with a I ightnlng discharge, only positive st-reamers are capab le of charging 
great numt:lers of cloud droplets throughout a large volume. 

The maximum positive charge a cloud drop let might acquire by Interact ion with a positive streamer 
is about an order of magnitude higher than the estimated charge held by a typlcal cloud droplet oi the 
same size In a charge ce I I of an actf ve cumu I on i mbus (I) . SI nee the streamers must advance toward and 
i nto a nega-t i ve J y charged r哼！ on , these drop I ets wi I I a I ways have -the oppos i te pol arlty ot -the surround­
Ing drop l ets . These positively charged droplets should be rapldly neu-tralized by coalescence with 
nearby negatlvely charged droplets. In this way the droplet size spectrum Is suddenly altered in a 
fashion that should favor a more rapid groi.th of precipitation. 
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ELECTRIFICATION ASSOCIATED WI四 THE SPLASHING OF LARGE DROPS ON ICE 

S. R. Shewchuk and J. V. Icibarne 

Un,iversicy of Toronto 
Toronto, Canada 

In a previous investigation (1) we have studied the electrifies己on associated 吐 th the splashing 
of large. drops on dtiferent solid surfaces st room temperature. The preaent reaearch extends the study 
to the case of drops at 0°C splashing on ice. 

EXPERIMENTAL TECHNl.g_UES 

The splaahings we.re produced by htting the drops Eall onto rotating metal spheres covered with a 
.hin coating of pure ice. The initial negative charges of the drops 吡re s111Sller than 外10-" e .s .u . 
p。 spheres at the end of a sha£t were ll!B.de co rot.ace. in a plane slightly til ced frOlll. the vertical, by 
means of a variable speed motor. The spber邳 and sh吐 t were i.naulsted from the motor a:nd connected 
through a needle spine`可;in a pool of mereury, to an electrometer provided with a recorder. 

Flash photographs (3 11 sec flash duration) were obtained for high collision speeds by synchronizi.ng 
photoelectrically the flash with the position of the sphere or of che drop. 

The charge separations we.re measured by the audden increases i n voltage across the total input 
capacit血ce on the elec五0呻ter.

RESULTS 

The photog:raphs sh叩 a splashing process similar co that occurring at ro叩 temperature. Initially 
as rhe drop splashes, the liquid flaws Tadial.ly from the point of impact over the ice; its depth is of 
the order of 100 µ and speed is about 50 m/s (£or impact sp蛭d of 20 111/s) 矗 The liquid separates f rom 
the surface as a film..., 10 µ thick . The periphe可 of the film resolves into filaments, which emit drop­
lets. Soon after all of the drop ha-Spassed to the film, hole.s appear in the surface which begins a 
rapid process whereby the film di迢ntegraces into a fine spray (50-250 JJ droplets). 

Char~arat1on measurements. 

~-The e.xact point of 扛甲act could not be controlled in 
our arrangement. Collisions varied from "head-on" to grazing, producing a considerable scattering in 
the individual results. Roughness of the surface bad also some ef.fect , giving smaller values for 
smoother ice. The reported values are averages of 15-20 c.onsec.utive readings taken after the first 10 
splashes bad given the surface an ap户oxi呻 t:ely constant roughness. The scatter can be estimated from 
the standard de吐紅1o.nsre.preseDted by error bars in Fig. 1. 
~- Fig. 1 shows the average ch.arge transferred to the spheres for drops o.f 

1 to 3 OJlll radi.UB colliding at 25 m/s. Averages of the four largest charges for each set of measurements 
we.re about 50% higher than the 011erall averages. 
~- This 1111 represented in Fig. 2 for several cemperatu.res o.fthe ice 

surface. using pure `a.cer and colli吐on speeds of 25 ro./s. 
Inf1ue.nce of l.1~- The pure water used was either from an ion-exchange resin col.umn 

or distilled, with conductivities as it fell i.n dt'ops of about 0.13 to 0.60 µmho/cm. The 1.nfluence of 
a number of elect.rolytes "W,瑋 tested. Fig. 3 shows the results for varying concentratL。臨 of NaCl and 
(NH,.)1co3. The results for pure water are also plotted for reference, at the conductivity equivalent 
NaCl cone血tracion. Other electrolytes tested were (Nll,.)zS01t, NaF, NaOOCCF!3, Na2C03, Pb(OOCCH3)z. On.ly 
tlle ammonium co叨ounds reversed the sign of the char氐ng . At high concentrations the charge separation 
is appro迢．mately constant for differeat temperatures and eleccrolytes: Q ~ -十 0.015 e.s,u. For dilute 
solutions there a印ears to be a maxim\JJllat about l「"
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Inf1uence ofpU. This uas 1nvesti-
g亀ted by adding HCl in varying proportions 
to 10-4N Naoe: AB shown in Fig . 4 研
區s a strong inhibiting effect. Small 
changes occur above neutrality (pH :: 7.5 
at 0°C}. Occasionally we have observed a 
max. at pH 8.5-9 and small positive values 
at pH< 3.6. 

Inf1uence of 1ce temperature . 
· T ("Cl 且though implicit in several of the pre­

vious graphs, Fig. 5 shOI禕 more clearly 
the influence of the surface te叩erature.

Above -3 to -4°C all observed charges 
become positive, while lowering the tem­
perature has a 呾irked effect, increasing 
the magnitude of charge trans±er for both 

u.CI· 81伊s.

DlSCUSSIOU 

le wa.s previously shown (1) that in the splashes at room temperature the. main electrification 
mechanism 1s the shearing of the. electrical double lsyer at the interface solid-liquid. The similarity 
of the dynamics allows ua to assume th.at this also holds for the present case. Here, however, the 
process is further complicated by the growth of the ice and the preferential capture of ions of one sign 
into the ice. We interp·ret the etrong variation 吐 th t血】pe·rature as due to its influence on gr叩th rate . 
Thus at te叩eratures close to 0°C, the surface potential ice-water is positive on the ice (2), and so 
presumably mu.st .be the electrokinetic or zeta potential. At lower te呻eraturea the ion capture mecbsnis~ 
becomes predominant and determines the s:1,gn and magnitude of this potential. Apparent sign 心SC.repanciea

between our measurements at low temperatures (< - 4°C) and freezing potential data (pure water and 
Pb(CB3COO}i solutio血 (3)) disappear if the freezing potential is observed at freezing rates colll})arable 
with those of the exp紅iments. This was sh硒 by recording the transient potentials occurring 呻en an 
ice coated metal bar at 101,1 temperature was brought into contact with water or solution at 0°C . 

As in eplashes at room te可'e.rature, tbe coo.stancy of valuee at high conductivities suggest thac a 
second process becomes dominant in tbis concentration range, perhaps linked 1Jith c.be final disruption of 
the liquid film attached to the sphere. 

The values obtained for the splssh.ing electrification indicate that significant charge sepa.rations 
might occur when bail falls through a cloud region containing raindrops. 

Ack.no吐ed~. This research has been suppo:r::ted by the National 臨search Council of Canada . 
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ESTIMATES OF THE PRECIPITATION GROWTH ENVIRONMENT 
IN THE UPDRAFT CORE. OF ALBERTA HAILSTORMS 

A. 」． Chisholm
McGill Un1vers 1 ty, Montreal, Canada 

.Model 

Recen t a1 rcraft observ 霞 t1 ons of c1 oud base updr昌 fts 1 n A1 berta (1) have shomn 
conc1 us 1 ve1y th 矗 t smooth, un1 form upd 「量 fts of 4-6 m sec· 1 and 5-15 km d1 囚meter pers 1st 
1n conjunction with h 矗 11storms for p 曇r1ocls up to sever量 l hours. Uns 矗 tu rated 暑 1 r • en-
trained 1nto such b 「Old upd 「 aft regions by turbulent m1x1ng processes at the cloud 
boundary, penetrates inward being successively diluted by satur 昌 ted 矗 1r. In order for 
this entrained a1r to reach the updraft ax1s, ev 曇 n 1 n the upp層「 「曼矗ches of the h 量 1 1-
,storm, the effective hor1zont量 1 velocity of the entrained air must be of the same order 
as the vertical velocity along the updraft axh. Even 1n th1s extreme case. the effect 

f the entr且 1ned 11 「 at the updraft axis 1n the upper reaches of the hailstorm must be 
extremely small due to dilution 層 1 th s.turat`d 己 1 r. Cons`qu曇ntly, ft appears reason­
able to assume that there uh ts w1 thf n such h 矗 1_1stgrms a central updraft core, either 
completely unaffected by entrainment or affected only slightly by entr 量 1nment 1n the 
upper reaches of the h 矗 tlstorm . Thfs updraft core region must have essentially mofst 
ad1 矗 bat1c properties and can, therefo re , be modelled to a reasonable degree of accur 矗cy
by mo1st adiabatic p量 reel theory. Trnerse times for 囯 1r parcels 1n the resulting high 
speed updmft cor躉 are ttp1 ca1 1y 1 ess than 6OO sec. As a consequence. the resu1 ts of 
rec 重nt coalescence growth · experiments (2) indicate that the major growth processes . w1 th-
1 n thC Updr·'t coro mU5t b.d1 ffus1 on. Nh1 ch y1.1 ds c1 oud drop1`ts `` th d1 矗moters 1ess 
than ~o ~- Dropl 曇 ts ofth1 s s 1 ze and Sm國 1 1.F ·ffmt1V.1ymm昌 1n `1 ththo or1g1na1 a1 r 
parcel, ·necess1tat1ng th 氬 1nc1 us1.on of an adiabatic water loading effect. By 1ntegr矗 t-

ing th• bu::矗:c:.;•:•:::nr:T::r:1::: :•::::::矗 :.:::,:•1ght can be obta1ned ustng, 
1/2 w1 • (W~ - 2Rd f (Tvp - Tve - m1Ty8) dlnp) 

p 
。Where 

。
w... • vertical velocity at cloud base 
w: • vertical velocity 這 t height z 

• gas constant for dry air 

P,, • pressure at cloud base 
。z P: • pressure a.t height z n; ̀· v1rtu 口 1tempemtureof u mo1 st ad1abat1c c1 oud parce1 

r.;,;;• v1_rtual_temperat~re of the env1ronmen~ 
m, . ad 1 aUt1 cmter (per un1 t ma ss of. 1 r) 
m1T • aUcbat1c `ater 1o.d1ng term ve 

This loaded moist 矗d1ab&t1c (LMA) model requires temperatures and relative 
hum1d1t1es 1n the cloud environment as well as cloud parcel temperatures. Env1ronmen­
tal cond1t1ons for use with thfs model were obtained by rad1osonde1 and cloud base 
temperatures _ and. pressures were estimated us1ng surface temperatures and dewpo1nts to 
compute the 11ft1ng condensatton level. Moist ad1abatfc parcel temperatures 矗bove
cloud base were c矗 lcuhted using a tec hn1 que outlined by Stackpole (3). The add1t1onal 
energy source av 昌 11ab1e ~ue to freezing was neglected . S1nce the computed vertical 
veloc1 ty (see -above eqn.) 1s a square root function of the energy, the maximum error 
1 ncurred 1 n the vert1 ca 1 ve 1 oc 1 ty by negl ect1 ng freez1 ng 1s less than a. 
LMA Model Results vs. R己 d 口 r Observa t1 ons 

Results of rad矗 r observations and LHA model c 且 lculat1ons for the highest 
hailstorms ~n_;he Al~erta Ha11 Studies (ALHAS) project area on 29 days during the 
summers of 1967 邕 nd 1968 have been compared. Radar-observed storm tops were obtained 
for each storm at 3 m1n intervals using the ALHAS 10 cm radar (1.15 deg beamwfdth). At 
the time of maximum r 矗 dar storm top, radiosonde data and surface data were used to ob­
tain the maximum computed storm top 邕 s well 且 s the vertical velocity, lfqutd water con­
tent and cloud temper矗 ture throughout the depth of the storm. The radiosonde data used 
for this purpose were generally available w1th1n 2 hr and 50 klll of the t1me and loca-
1on of the maximum rad 量 r storm top. Stm1larly1 surface data were av口 11able w1th1n 30 
min and 50 km of the maximum radar storm top. Figure 1 illustrates the maximum radar­
observed storm tops plotted against the maximum computed storm tops for the 29 cases. 
The hefght ufed for the mx1mumcomruted stom top Has the he1 ght at wh1 ch U decreased 
to 1 O m sec- , approx` mte1 y the fa 1 speed of md 量 r detectab 1 e part1 c1 es II t the he1 gh t 
of the maximum r這 dar storm top. Error bars 1n F1g. 1 1nd1c這 te the vert1 ca 1 half-power 
radar be 矗mw1dth. In 751 of the cases, the computed storm tops agree within -t.0.8 km 直 nd
on1y 2邛 of the computed storm to「 'u1 1 to agreedth th· mdar storm tops w1 th1 n the 
ltm1ts of the 「矗 dar beamw1dth. The degree of agreem氬nt exh1b1ted between observations 
and comput矗 t1ons suggests that the LMA model results yield reasonable estimates of the 
cloud environment w1th1n the updraft core of Alberta hailstorms. 
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Ve~uJ_~ t_er Con_te_n t Est 1 mates 

S1 nce the 29wrtlcu moc1tr ·nd1 1qu1d `"m content pro,1 1es d1 sp1ayed 
va.,.1 at1 ons re1 矗 ted to th• mu1mum available 1nergy. th 畫y have been cl 國 ss1f1ed into Low. 
Medium and Hfgh Energy catagor1 晝s using cloud physic矗 1 矗 nd dynamtcal cons1derat1ons to 
specify boundaries as follows: 

Low Energy 

Medium Energy 

High En•rgy 

1 (O.O - 0,2 J gm·1) - do not penetrate 
> -40C, 

(O. 2 - o.45 J gm一 1) - do not s1gnfffc1ntly penetrate the tropopausei 
一 6OC < storm fop temp晝 mture < ·4OC. 
(>0.45 J gm·•) · - penetrat曹 the tropopause sfgn1 fie量 ntlYi storm top 
temperature < -60C. 

tropop11use, storm top temperature 

F1gur 皂 2, which displ 量ys envelopes of the vert1c昌 1 velocity and 11qu1d water 
content prof11 es, 111 us tra t霞＄ c1e 這 r1y th.t ·s th矗量VI 1 l.b1.onergy 1 ncreuses. so does 
the max1mum vort1ca1 v.1 oc t ty. ffl 矗 x1mum 1 fquf d water content and m矗 x1mum storm top. Of 
particular relevance to the growth of h11l •re the cloud conditions between the QC and 
一 4OC 1 eve 1 s. In this ha 1 1 gro`th reg1 on 1 nLo`Energy s torms. tha1 1 qu 1 d `"er content 
averages ~1.a gm m-~ w1 th average vert1 cal velocf t1 量 s of :::12 m sec:· 1. Part1 cularly fm­
portant ts the fact that Low Energy storms do not p隻 n曇 trate 量bove the -40C level. This, 
fn conjunction w1th updr 量 ft va1 U會s not d1ss1m11ar to hailstone fallspeeds, permits hail­
s tones to 1row dur1 ng both ascent and desce nt through the u「"ft core. The res u1 t 1 s 
a highly efficient h 矗 11 produc1ng mechanism. surface hail observations taken 1n con-
junction with low Energy storms 1nd1cAte that maxf"'um ha11 shes averaged from gr 矗 pe to 
wa 1 nut s1 ze. Hed1 um lnd Htgh Energy st"·· d. '̀""d substant1 a1 1y 1 n thlt they pene-
trate the -40C level with updraft v 昌 lues averaging ==20-40 m sec· 1. Due to these high 
vert1 ca1 ve1 oc1t'es. hat 1 stonos gro`1 ng dur1 ng 矗scent would not attain a fallspeed suf­
f1c1ently large- beneath the -40C level to permit them to descend back through the up-
dra ft core `h1 1 e cont1 nu1 ng the1 r growth. I n, te`d. sm.1 1 ha1 1 p矗 rtt cles would be swept 
upward through the -40C level 矗 nd forced to descend extern 矗 1 to tht updraft core region. 
Surface observations of maxtmum she hail taken durtng M 氬 41um Energy stor111s revealed 
H 口 lout to golfball s1ze ha111 High Energy storms were found to yteld maximum size hail 
of golfbal 1 and larger than golfbal1 s1ze. 
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ON THE ROLE OF MICROPHYSICS IN CUMULUS DYNAMICS 

Pha.nin.dramohan Das 
Air Force C!Lmbridge Research Laboratories 

Bedford, Massachusetts 

1. INTRODUCTION 

Condensation of water vapor - a microphyaical process - being its main driving mechanism, the 
C呻ulus should obviously experience an intimate interaction of cloud mic:rophysice with its dynamical 
life, That this may indeed be the case has become increasingly obvious since the discovery, by the 
Thunderstorm Project, of the role of precipitation formation in the initiation of downdraft in and the 
subeequent dis sipatio卫 oi the c田nulus. An important step in our understanding 0£ how exactly this 
「 ole is played was taken by Das (1) who constructed a eimple one-dimensional precipitating model of 
the cwnulus and showed how downdraft developed from an initially steady all -updraft cloud. This 
study wae followed up by Srivastava (Z) with a more realistic parameterization of the precipitation 
process. Precipitation effects have since been introduced, physically in a way similar to that of Das 
and Srivastava, by Axr、aeon et al ( 3) and Liu and Orville (4) . 

It is noteworthy that all the studies mentioned used the classioal thermodynamic equation which, in 
view of the unsaturated downdraft discovered by the Thunder 已 torm Project, is obviously inadequate. 
Studies of ~amburova and Ludlam (5) and Das and Subba Rao (6) have d emonstrated that the downdraft, 
carrying most of ite liquid water in the form of precipitation, does not get enough evaporated moisture 
to saturate it and thus becomes progressively more unsaturated as it descends . Thus, obviously, the 
claesical sa.turation~adiabatic process is not sustained in the thunderstorm downdraft. Circumstance s 
in w届ch the saturation-adiabatic assumption may be in.adequate even for an updraft have been revealed 
by the studies of McDonald (7) and Golovin (8). Taking the lead from these studies Das (9) has sug­
gested a thermodynamic system in which the classical saturation assumption is obviated and has 
argued that the thermodynamics of the cloud is likely to depart appreciably from the classical picture 
when precipitation formation has advanced to such a sta,ge as to consume most of the droplets which , 
in 乓ge numbers, are necessary for au.staining condensation at the near-classical rate. The study 
outlined below has been designed to examine the implications of this suggestion. 

2. THE PHYSICAL MODEL OF A PRECIPITATING CUMULUS 

The initial model is one of a steady-state, one-dimensional and non-precipitating cloud which is 
generated by the saturation-adiabatic process. This cloud is then treated as consisting of water nuclei 
and droplets, and subjected to a time -dependent treatment incorporating a microphysical condensatiou 
formula. A second steady state is then obtained with a vertical profile oI droplet sizes and an attend­
ant supersaturation of comparatively small magnitude, At this s~ge t.he concentration of ·nuclei anji 
drople-ts per unit mass of the cloud ~ir remain; constant at l. 5xl09kg-1 (which is close to 1500 cm - 3 

at the cloud base). 

Initial precipitation formation is handled by an autoconversion formula due to Berry (10), which gives 
a rate of conversion of a cloud into one with droplets having a sixth-moment radius of 40 µ. Assuming 
that the autoconverted fraction of the cloud water conforms to Golovin distribution, it is partitioned 
into the three classes of smallest precipitation drops, while returning a. part to the droplet population . 
The hydrometeor spectrum is described by 13 classes of drops with their mean radii falling on an 
approximately logarith:rr1ic scale, The drop classes generated by autoconveraion are then allowed to 
grow by accretion as well as condensation. Tbe relative rates of growth of the classes are used to 
generate drops of larger sizes by way of a quasi-Lagrangian parameterization. Break-up of drops is 
incorpoxated by a scheme devised in accordance with the experimental results of d'Albe and 
Hidayetulla (11), 

3. THE EQUATIONS 

In numerical modelling the equations and procedures of computation are as important as the mathemat­
ical s乜tements of the physical laws they simulate, Therefore we directly state the numerical forms 
of the physical equations. 

The equations used in this study are 
n +l o a momentl.llll equation: wi.. ' ~= wt + l ei w (wj n 

i-i'-w凸 + c3b; 

· n+l n n n 
a thermodynamic equation: 8i ·· · - = 81 ·· + lc两 (8 i-i. 8i) + At 芍 5 . 

n 
.1 

lH 

(l) 

(2) 
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a moi西e equation: 「in+l::;tin + £茫（月心－駟 － 杞

an equation for droplet concentration: 

n+l 
N,11T~ ~ N,n +le, w (N,_,n - N,n) - A,n - c,n 

L 
l w (Ni-).- Ni -) - Ai- -ci-- ; 

an equation for the droplet mass: 

n+l n . n -. n __ n _ n 
m =m.+ 1 c 芍 (m. － m. 

i 1 淳 i) t- µi ; 

An equation for the concentrations of drops (written for the k-th class): 

(3) 

(4) 

(5) 

%, intl =))k, in+ j_'c1 (W - Vk) ()}k, 呔＇n - ））kA鬥 十 Pk 寸min 十 的，評的． 1n/（x严正）
- )) k, i 

n D,,n 
k, CI (xk+l - xk) ; (6) 

n 
where qi 註 the value of a quantity q at the end of the n -th time step and at the i-th point of the 
(vertical) grid. In the above eq啤.tions w is the vertical velocity, 8, the temperature part of 
buoyance (9 = OT/Te in customary sy=bols), (the wa.te:i- vapor mixing ratio, m the droplet mass, 
N the droplet concentration (per unit mass of ·air) and 埰 is the concentration of the precipitation 
d r ops of the k-th si.ze, In addition 勺4西． At being ~he time step and 缸 the space - grid interval; 
c3 =gAt,wher钅 gi;!＼e acceleration due to gravity; £ =sgn (win) , being +1 when win >0 and 4 when 
wi灰o; = = (w1 + wi /2；石 ＝ (Yi -泮％i + (\ －沏l2T.ei -J., 

, where Y~ a叫 Tare the ei 
environmental lapse rate and temperatu:re at the i-th grid pofo-t and Y,1 is the dry -adiabatic lapse rate; 

n d n 
H=(L/2cR) (l/ Tei llTei-i.kµi = droplet growth by condensation = At \ (Si - l) 「 i\ where i stands 
for an expression involving tempe-ratu元， pm瑱5四e, diffusivity, conductivity and saturation vapor 
pressure in Mason's formula for droplet growth, S js ~he aaturatio_!l ratio, r is the _!:adius of the 
droplet; X' = condens止on --evaporation function = Ninµln +At fi (Sin 一 1)2 F述％V k, i n, where Fk 

n 
is the ventflation factor for and Rk is the radius of the drop of the k-th class; At" and Ci'" aTe the 
numbers of droplets lost by autoconversion and accreti<?!l· Vk is the terminal velocity of the drops 

- ~ v in the k-th class;.(_' _; sgn (w - Vk), being +l when w- vk >O and -1 wbenw-Vk < 0;I\ is a 
p~rtitio~~g factor a.nd Dk, i is the total growth (by condensation as well as collection) -of the k-th 
class of drops , 

~ - RESULTS &t REFERENCES 

The results of lhe computation confirm that in a nonprecipitating c loud supersaturations are small 
and that the adiabatic appro迢mation is quite adequate. As precipitation progresses supersaturation 
tends to increase and becomsvery large especially in the later stages of the life of the c loud , This 
might be due to modelling conditions but one can confidently state that fairly high supe「 8aturations -
of the order of 10 to 20% - a.re a distinct possibility in a ta.11 precipitating cumulus. - - - Being time­
dependent, the present model shows all tne characteristics o! the earlier models of similar natur e 
and, in addition, gives sh.arp accumulation zones of liquid water which changes its size and position 
with time. The subcloud downdraft, although accompanied with large amounts of liquid water, never 
gets saturated. 
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ON 四 8叩RCE C1F CLOUD 訊LEI

J, E, D填er 正 R.,· 鼬血
Naval Research laborat叩'Haoh土0ll, D. o. 203矢

卫ODUO'l'ION

Prev10U8measur磾血ts 可面omey a.nd',lo」O1ee區skil ma.de 。｀紅re.raft flights over the oce血 1n
var1OU0parto 邙 t區六irl.d 8嵒砒 t區t the cloud co泣ensation 皿clei (CCN) 江 tbe 血＃time atmosphere 
are produced by· a 吐deepre祉吣d relatively uniform source :rather tban resulting from 户 aerosol of 
eont远ntal origtn which is depl.eted during 垣 circulation over 洫 OO0血·They commeot 证tb.er that 
there 1e noth1ng iII the1rmeaguremeat8 vhiebrequ1reB tba.t the 立iJle eloud nue1e1 or1研卫乜 at the sea 
surface rather t囯 Wit.bin tbe atmosphere. Fur如r ev1demee 3 皿 atmosp國1c source are found in the 
measureme成e 1n eu"beident marine atmosp區res e.t 氐be.dos and over t區 N. ^tlant1o aB mll aB 訌 a com­
par拉on 丑Ui 函a.suren:ents over Florida 乜】 a eoIIV'8Ot1霞 e1t嗶~t1o.D·-咋e Flor泣a measurements 面re 罩de by the metbcxi described by Twomey2, 面e 蟑平 basic roothod, 
迏tended as 函scr1bed by m四er3，呾 U8ed 丘r the meae7ure四nte on 誣rbe.d0Band 0Vert區 .North Atlantic . 
In t .hie method the aix sample 1e div1函dam passed through 吐x parallel tubes, 。ne at room temperature 
血 the other five heated to various temperatures, the 屯est bel.ng approx扛11.tely 6oo C. Discrimi-
區t100 五乜teeo sea sa1t 血 other t-ypee of C{邛拉涵Bed upont區 laboratory fUldi.Ilg that sea sa.lt nuclei 
are apparent.]¥ unaffected by :PX"eheat屯 to 6oo C; ｀面eae most other types of CCN are volatilized or by 
s邙 meehan止mbeeomeiDact1ve after they 區ve been preheated. Diff紜e邱 t邛汜B beeome inaet1ve 吐
di.ffe.rent temperatures . Data on volatility were obta.扛這面 b.ubbl.ing filtered e.ir through e. water 
solution of the pm-tic`－虹珥1t 1n g:臨stion. Af'ter t區 B111心 dro,l.etB 缸·e fOI111ed and the1r water 
evaporated, the res囯.ting aerosol con乜迢 pm-ticles of the former solute 1n sues a坪iropriate for use 
as C邙． By mixing a co沅rolled pr叩ort1on of'iltered a七吐th the aerosol'from the bubble cbamber a 
co血en沄at1onof 唧praximate.ly 國 ¢N e`-3 1e #`odmod 這0 tbe 血uaion chamber 丑汕訌ow rates 
a己 other co函J.tio血 o1m1面 to tboee used 訌 making t1e1d observatio皿· ^bo吡 bal.f of the H::804 CCN 
were inactive after heating to a temperature of 150 C a,nd all were appare沅羽 volatil乜ed at 250 c . 
H1th （區）2 S吣 heat#gto 150C 區d no effect; but 迢 were destroyed at 250 C _e.Ild. essentially all at 
330 C. NaCl. 血 oe蟑邛這ter CCN were littlB a.f'fected by temperatures as 迢gh ao 6oo c . 四這 latter
measurement was 今已．｀~ified by measurements at 氐五如B 山1ng oea we.termth止 ini.m.ites after obtain­
ing it from tbe em-f. 

A叩lying the resul乜 of these la't)orat叩 measurements to 丑eld ob頲rvat1one 畸keB 1t poss1bl.e to 
determiJ:ie that the 唧l 1n an 由四年0 a:renoteomposed ｀迢 sa1t ifell nue1eibeeome 五ctive at 
the l硒er 區邱導 temperstu:res . 區D 缸啤 tbe ccn # the 硒呱e survive heating to 6oo C 辻 ea血ot
be def1n1tely 吐ated t區:t they 缸·e composed o! sea 瞬lt, butt硒 e.re 函f1n1tel.y 叩t any of a doz.en or 
BO other CO叩叩rdo `h10b. 匾ve been found to volatiliZe at the lower te平raturea.

A辻craft 庠aeUl'eme沅0

The firat. of the e.1.rcratt measure血mts presented 區re were.111這e'llSing e single che.nnel to preheat 
the sample, 面吐cb was tben brought to approximate room t這叩虹ature in a condition丐 cb.amber . After 
the CCN 區d been pb.otogre.ph1cally recorded 拉 the 心五油1oa c區區 at a supersaturation of. 751,, a new 
sample was introduced into the conditioni鳴 0區m.ber ｀:thout passing tbro畊 t區 preheating cha.血el, and 
the measuring procedure repeated. This 嚀thod. 呾呾1ed for the po元1ondt區 de.ta 1n F1g . ].labeled 
mor1da . The Bequent1al. oamp].# 8 zequ1red in th18 me汕od1ntrod血edeoIIS1derable s#e砥 1n B坪ce e.nd 
t1.l!le between samples and 远`:e reduced repeat｀坦1ty. The N. Atlantic measurements were made with tbe 
multic區nnel 。ampling 區aters, whlch permit eilDuJ..ta.neou.s collection 云 the one unheated 血 fi.ve samples 
preheated to 血ere此 temperatures to be accumulated 1.n s立瞬pa.rate co血tioning C.be.mbers . 哂

diffUB1on c迤mber meaeuremen沅 were tben m這e eequent乜四. Occe.sio血 cbeo區 determined that the 
storage t七嚀 iII t迤 co逞1t1oning C比l.lllbers d這 not a珥ll'eC這bb 辻feet the measurements. 

Um#aftReBul坪

The right-band curve of Fig. l presents measure年尹國e over Florida on 切o days of 1縐 on
`hieh the 迢呾 from 洫＝th, 尹ulting from c1rc呾tion around a high pressure area in the Gulf' 
of Mexico . Tbe traject邙 of tbe air bad probably 血luded crossing t區 Gulf states a這訌m1ng dom 
the penins屯 · 'l'h~ air at the cloud 區ee 區.d a typic迫 eo元1璋'nte.l type of cloud nucleus concentration 
aver`ging 12鈣 cm-3 吐th a decrease with 吐t1t心e to ab0吡 200 at 17,000 丘 At t區 times of the 
F1or1da pr£files t區亞呾 gu1teco元ct1沅函erthepe中心叫bcumulUS e1oud6 gr叩1ng to 印 to

50,000R· • After tV0 函s the 口卫i5h1.fted 五om north to gener亞｀eet or south· Dur1`; th1s 
period t區re was a tropicaJ. diet心區立汜 1n the m·ea . 四 CCNeount at eloud 區斡a appeared to have a 
mixture of continente.1.- and maritime concentrations (500 cm-3). Cloud. grOW'tih was gene.r吐ly raster and 
higher t迤n on the two days rep邛sented by t區 r1畊t 區五:l. curve of Fig. 1 . More 叫:xing by- convection 
produced considerably lees drop 1n CCN concentration vith aJ.titude t區o bad been the case during the 
period 北ldicated in the figure 邳 ''contiMntal". In both of 汕ese curves the concentrations of CCN at 
the higher altitudes were co~able to tb.o臨 in the llext curve labeled N. Atlallt ic. 
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l 面e CCN re國1n丐 after heati屯 (sea salt) are sh叩n in the three left 區nd cur~s . The con­
ceotration over Florida was almost constant with altitude, genarally 25 to 50 CCN cm-3 . At the l<N 
altitude this concentr ation was COll!PBX8.ble to that over the open ocean as shown in the l eft hand curve 
孕beled N. Atlantic Subsident , The results here 缸e ID!「比西 different fi: om those shown in the sea 
ea1t eurveB 1n the eonveet1ve F1ar這 s1洹t1on . u凸 the subsidenteondit1ons, m:1.x四＃om the 1如~ I
altitude a.ppe.reotly did n吡 extero. much above the t細窮n-atu:re inversion. On the other 迤`i the total 
CCN count deer臨sed 吐th altitude up to the 湞唧存正ature inversion and then increased 臨ked.ly above 
t匾.t altitude, but Vi.th assent拉卫y no e臨 salt nuclei present. 

氐bad.OB 迤asuremeote

Tbesamemult1c區．nnel 1.nstrunentation whicb 區,a. oeen used on the a.1.rcra氏 measurements'W'B.S set up 
near t區 beach on the upv血 (east) side of 蕊區dos. Here some 暉唧les were drawn from an inlet 20 m 
above the ground a這 others we沅 dra面 from a point ne缸 the water 「 s edge. The average from 52 sets of 
mea睏rements of tote.! CCN'W'B.e o西 about 5'1, greater at the waters 函ge than f'rom the 20 m t叩虹
(3的 vs . 3祁 CCN cm今 ． 'llle traction of sea -salt CCN surviving aft.er the heating was approximately 47'1, 
for the sample from the water 「 sedge and 如 at t區 t叩er .

DISCUSSION 

Tb.e data presented indicate that 1n tbe maritime air arrivi鳴 at 痴bados less t區n 殤 of the CCN 
迤ve a sea salt origin. 

In a gene.rally subsident situation the sea 臨.lt contributi.on to the total CCN decreased with 
altitude to essentially zero at the temperature inver紅on level, Above this altitude t區 total CCN 
increased with altitude for several thousand feet, reaching a concentration 记gher t迤n 區d been 
present at cloud base . 

The origin 函 these nonsalt nuclei at the 沮劭er altitude remains an open question . The like.11-
hood that the higher altitude CCN foU!ld in subsident air 啟：re residue frOlll a continental source is 
reduced by the further determ這tioo that the seasalt content above the inversion 1.e far less than tba.t 
found in convective air at the same altitu:ie over Flori益 ．

Under convective conditions tbe sea salt contribution to CCN extends to much higher altitudes, 
constituting 2 to 5,,, of the total at cloud 區se and increasing to possibly 20'/o at 17,000 氏 ．
(the salt nuclei count rema1ning constant 丑th al訌tude).

A likely source for the volatile compo竿nt comprising most of the 恋N at higher alti加des in the 
subsident marit這 air masses is suggested by Di屯er3 to be by forim訌on of sulfates or su.1.furic ac這
by the o氾dation of S叱。「區 over an extended area of the atmosphere, 
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NUMERICAL SIMULATION OF THRE.E-DlMENSIONAL CONVECTIVE ELEMENTS 
Dougla.8G. !ox 

Nation.al Center for A.tmospheric Research 
Bou.lder, Colorado 

INTRODUCTION 

The simulat.1西 of. thermals or c:onvect.ive elements by solving the appropriate equations of motion 
numerica.lly has been acc:omplished by Lilly (1) aod Ogura (2) among others . Ogura (2) solved a set of 
i.nviscid equat.ions for an axbya國etric thermal. The. 心luC-i<m was effected by artificial damping due to I 
the particular finite difference scheme he chose. Nevertheless Ogura's results indicated 皿 approach to 
the shape-prese.ving solution developed by Scorer (3), No confirmation of this solution could be made 
since the effects of bounda:ri紅咋re p.rese.nt in the numer:f.cal calculations, Lilly (1) avoided th.is d..U­
ficulty by introducil:ig a coordinate system which expanded in tim.e at a race governed by the similarity 
SO.1ution.'Lilly's s远ulati。ns were of a line (tvo-dimen吐onal) thermal. They included a co呻tant eddy 
viscosity, These two basic studies have. received a gr紅t d紅1 of attention largely because they showed 
that some of the essential dynamics of a convective 言ystelll could be simulated n1llllerically , It is not 
necessary to re.vi的 the 1mportm比 numer.1c.al cloud models 呻ich are based upon mi:` 屯 these dynamics with 
numerical sol.ution.s of cl叩d physics eq~atioos. There is, however, one strong limitation of all of 
these modela which is linked to th.eir cwo dimensionalic.y (or ax垃ymmetry). Since nat.ural clouds are 
turbulent phenomena one must question the ability to model them with nonturbulent dynamics and, in par­
ticular, vith a two-dimensional system which must suppress three.-dime11sional mot.ions. In fact, recent 
work by Lilly (4) bas shown chat the hypothee邙 Of Kraieh血n and· Leith concerning turbulence in two di­
mension a are correct, and that two-dimensional turbule11ce, while possible, is basically different from 
the three-dimensional variety on 呻ich clouds are based. One then must ask. how essential is the simula­
tion of turbulence to cloud modeling. Certainly it is clear that a turbulent model would be an improve­
inent in principle over a noncuxbulent one, and is therefore d.esi:rable, 

Our purpose here is to present some prel1m1n:訌y results of a simulation of three....d訌ensiQnal ther­
mats. We use a system which.is an 虹tension of Lilly's earlier shape-preserving, two-dimensional so1-u­
tion. The results illustrate some of the difficulties:l.nachieving turbulence in a numerical model 
`hile. at kbe sametiJne. they 止血cste a steady er亞.Bi己on toward this goal. !he limitatLons of a con­
scant eddy viscosity are clearly illustrated. 

m四l0NS

The lloussinesq system for an incompressible fluid is 

玉 V! +VI·vv 
V·VI:::.O ) 

~ T 
沉 + V· (V/T\ = ` V` T 

訂｀ '3J -古 'P + U V `VI ,-
(1) 

(2) 

(3) 

Ali the notation 1s conventional. 

Dimensional a呻lysis o1 a thermal (3) s呣gests t垣t u Fo 韭 the initia.lbuoyancy, a constant de­
fined as ~。 J< .. ~, 6 is the dens1ty deficien勺 '.L(「,z is the height of the thermal above its source , 
w 巴山+\theve1oc1tyof r1se of the the這1, and R the width of the_ thermal, then the foll<Ning 
p'[oporticin-alities should be true : 

＇｀一 1 一 3R ~ 1 ; U ~ F。 z . A ～斥 Z
Introduct:t.on of this type of solution into equations (1)-(3) yields the followi嗨句stem, in terms of 
dimensionless varia'bles: 
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',`4=7:n- `'v') 
(8) 

The oWII邑r1ca1mthod. UI·d m· t區I巳 vh1ch 缸v· 缸1coa. u•arly •tandard for three-d扭enaional eolu­
tione of the Navier-StokH equation.a(D..rdorff (5)), They n• bHed upon using an Arakawa second-order 
aceurate ach已e for the "``1 d``````n oo..t"氏「ed,pace grid and a centered time step. The 
.Arakawa schem曇 can 缸 ·bmm tocm'··m,. mmW·叫 ocbm ·qu.m quanddma. 

A ceot of the numer1ca1 ·eh巳me. 1` f·ce of the ent1c. proeedure, 18 to con81der the ba1矗nces re-
aultiog from integrat四 th.e Uoetic eneray equation, the potential e.nergy equation, and the temperature 
and temperature variance eq四tion• over th曇 entire volume. Performing these integrations suggests the 
following relationahip量 1

E` @ =.E, ® - e... ® =｛E``漢)－ c玉） > 

T`I` ®=ieT0 (9) 

Figure l illustrates the time hilto' 邙 theae variou1terma, Ai is obvious a steady state is achieved, 
a.nd the various relationships of (9) are held . 

訌SULT'

Because of the nondiman•ionalization there are only two parB'lnet.ers of the equations, namely 1'"and 
)'{', It 扭 1mportmt toma11z疊 that \)1 really represent 冒 the· inverse of a Reynoids number sine~ 

U'·u/U· • `＾尹
where the relationship between the length velocity product and the buoyancy comes from the second of the 
s1Ill11ar1ty re1aUomh1PB, Cl.m1y then tbo p氬「ametet mpre島ents a measure of the strength of the ther­
mah in the solution. It i8 of further interest to note that the product of length and velocity is con­
stan~ and therefo五 the local Reynold蠶 number 1a con.U正· nds i1),d1catee th_at th.e flow 垃 a thermal 
will remain stable (laminar) if the Reynolds number is aubcritical and 吐11 be unstable (turbulent) if 
tha_t parameter 1s made 蠶upercritical. The aecond par皿eter of the solution 18 a Prandtl number 
(V'/~') and 丑11 be un1ty for all the `°t1c. de`cr1bed bere1n. 

Figures 2, 3 and 4 show th• ·re1ulta of calcula己one with Reynolds numbers of 10 , 50 and 75, re­
spectively. The change :in the 101.ution 111 obvious; •• the Reynolds. number increases the.thermal rises 
to a higher position and become■ narrower. At the s皿re tim.e gradients tighten up and the front becomes 
more defined . Figure 5 shows the r矗tio of` '~ for a number of axperiments as a function of Reynolds 
number. Shown alao are Scorer', experimental results. Reynolds number 100 is the largest which can be 
calculated without excessive numerical errors on the present gr這 (approximately 10,000 grid points). 
Clearly our solution is not turbulent, however, :is approaching turbulence. Were one able to increase 
the grid sufficiently to achieve a supercritical Reynolds number, then the solution presumably would be 
turbulent. Indications are that the critical Reynolds number for a thermal is of order 100, however, 
the precise number is not lien.own, It ie obviou目 that considerably more gr這 points are needed to achieve 
turbulence. S:ince the numb疊r of grid points requ扛曇d increaaea at lea.st as the third power of the 
Reynolds number, these Te1ulta are not encouraging. 

Figure 5 shows further that wi、th a Reynolds number of 40一50 we, reproduce at least one of the sea­
tiet:ics of laboratory thermals quite 幫ell. In fact figure 3, the Re • 50 case, co可）ares very well with 
the laboratory realizations. Thus if one desired mean motions one could consider this value of 50 an 
eddy Reynolds number. A preciae co町'arisoo of this case with the laboratory results is quite good since 
the only laboratory results svaila'ble for· comparison ar疊 easent1ally averaged data. Thus with the eddy 
吐scosity concept one 111 able to Teproduce the mean motio血 of a thermal quite well except for aome 
sharpness of the thermal bo`、deries which is rather diffuse in the numerical case compared to laboratory 
result日． However, it must be realized that there ie no explicit turbulent mixing going on in this they­
mal, but rather all is occurring on a aubgrid scale. If the nature of the turbu1ent interaction :is of 
interest and need be 靄imulated, the coruitant eddy 丑&CO畫ity concept is of limited use . An improvement 
of this procedure may be t:o uae a nonconatant eddy vtacosity. Thia is under investigation. 

面e author wiahes to acknowledge th氬 t this work has been strongly aided and improved from advice 
and insights given him by D. K. Lilly, J. W. Deardorff and S. A. Orazag, 
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SOME RESULTS OP MEAS琿NTS OF THE LATENT HEAT RELEASED FROM SEEDED STRATUS 
Robert G. Knollenberg 

The University of Chicago Cloud Physics Laboratory 

INTRODUCTION 
Experiments were conducted during February 1968 in northern Wisconsin to study the 

latent heat released du.ring glaciation of seeded stratus. Experiments were designed to 
measure the temperature increase during f1aciat1on. From such therma.1 mapp1ng it was 
hoped to gain insight into the mechanism{s) responsible for the spread of glaciation. 

A comprehensive theory desc丑bing the sp"1"ead of a glaciated region bas been devel­
oped by Kolesnikov and Belyaev (1 ) assuming the mechanism for spread is turbulent diffi­
sion. It has not been tested with field data and may not be satisfactory. In particu­
lar the model is quite sensitive to initial ice cx:ystal concent:ration.s 面ile field re-
sults often indicate indistinguishabl e l'.E璞ults with seeding 四terials 吡ich give vastly 
different ice crystal concentrations. See Knollenberg (2) Kidney (3). 

The only reference to convective ac己vity induced by seeding in stratus is an ob­
servation by aufm Kampe (4). However, in light of the present findings prior work was 
reexamined and the author finds considerably greater support for cellular development. 

EXPERiliENTAL DESIGN 
these ex~ Queen Air instrumented to make 

state parame t er,logistics, radiative and cloud parameter 
measurements . As a minimum the experiement requ扛ed 如O
ledge of aircraft position with respect to the cloud, tem­
pem比ure , liquid water content, and extent of glaciation. 
These 臨asurements were obtained with acq>pler 函迤!Jt:ional
system , liquid water content meter, three independent 
temperature sensors, and an optical array particle measur~ 
ing s ys te.m Knollenberg (5). 

In order to` !̀asure anticipated heating effects of 
onl{ °·5 t o L0C extreme 1atera1 temPerature homogeniety 
wit.h less than O. lC variation is desirable. Fig. 1 shows 
that over a few miles these clouds meet this criterion. 
Seeding wa s accomplished with dry ice at a release rate 
of 10 pounds per mile over a straight line track (over-
seeding `as intended) . The dr[ ice `as in 1arge aggre­
gates to insure seeding throughout the vertical depth. 
The targe ting procedure required standard rate turns at 
constant a lt i t ude 1ntersecting the seed line at 1east 
once per revo lution (see Fig 2). 

RESULTS OF MEASUREMENTS 
The result~ are given in Table 

I. The meas urements were all made at seeding altitude. 
The measured temperature increases of 0, 6 to 1.1 C are 
consistent with vapor reduction to near ice saturation. 
The overwhelming latent beat contribution results from 
ice crystal growth from the vapor density excess. The 
latent heat of fusion released during freezing of cloud 
water alone would hardly be measurable. 

It is important to emphasize that these measurements 
represent the maximum heating observed. In the course of 
these experiments the observed t:.T nearest the seed line 
usually reaches a maxi.mum within 10 minutes after seeding 
and then decreases steadily and may become negative. It 
was found .in Experiment 4 that the temperature increased 
0. 6C in about 10 minutes and then decreased over a degree 
after 40 minutes (Figure 3). It appears from the meas­
ured temperatu-re profiles that glaciation produced ver-
tical motions resulting in a steeper, less stable lapse 
rate. These results suggest that while the immediate 

The aircraft used in 
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SUMMARY OF MEASUREMENTS 
Experi- Cl oud Top/ LWC 
ment 非 Cloud Base (gm m -3 Seeding 

) Altitude 
(1000 ft) (1000 ft) 

TABLE I 
OF TEMPERATURE INCRF.ASE 

Pre-seed Maximum 
Tempet:ature Post-seed 
(C) Temperat ure 

(C) 
12345 0O555 ..... 83164 l

llll 
38O52 ..... 94586 86252 ..... 0OO0O 12521 .

.

... 

94486 0l131 ..... 47156 111 
－
－
－
一
·

95275 ..... 26O45 1l1 ----- 

FOLLOWING SEEDING 
Tempera t ure Temperature 
Increase Increase 
（江） (C) Attributable to 

Lf (C) Ls 

g : ; g : ; 
g : ; g : : 
0.1 0,5 

16866 .
.... 

1OOOO 
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effects of seeding are simply an increase in local tem­
perature of O. 5 to 1. OC, the temperature structure 
nearer "equilibrium" is determined by the heating and 
ascent history of parcels at much lower levels or even 
below cloud base. Heating in this experiment was ob­
served below cloud base and is attributed to ice crystal 
growth in an envrionment subsaturated with respect to 
`ate:rbut above ice saturation. It has been observed 
that the entire region from cloud base to ground is of­
ten above ice saturation and may p下ovide.more water for 
ice crystal growth than the c1-ouditself! Observations 
of sno` virga imme』1ate1..,d fo1lo`in'seedingare attri· 
butable to nuc~ growth of ice in the sub­
cloud region. 

DISCUSSION 
The usua1 temperature trof11e 1n these c1ouds is 

slightly less steep than moist adiabatic with a subsi­
dence or radiative inversion at cloud top. The strength 
of the inversion is important in capping ve:rtical mo­
tions and inducing horizontal divergence. The diver-
gence near cloud top provides an att:ractive mech昷nism

l SI1 I I l 卜 ll l I 丶」
for spreading glaciation at more rapid rates than dif-

·".o · I ... ·lM., • • ,.,U.,`1·IU 4U 4闆 ．＇ ＂
fusion processes alone. For instance, a lateral spread 

TEMl"EIIATU.11E ICI 
of 17 miles in 2-\ hours was observed in one of our ex-
periments. 

Without such an inversion cloud puffs become visi­
ble above the seed line. Observation_s by aufm Kampe (4) 
of growth to 300 feet above cloud tops were not uncommon 
(see Figures 36,43,50). It is interesting to point out 
that within mi.notes aufm Kampe observed these puffs to 
subside into a smooth glaciated hole. Still later he 

observed water clouds appearing in the glaciated hole. This writer suggests that the 
latter observations are of the upwelling of moist air below cloud base. Convergence of 
moist ai.r below and near cloud base is thus implied. Kidney (3) suggested the trans­
fer of water into the glaciated region was necessary to explain the computed snowfall. 
The convergence of moist air below cloud base upwelling into the glaciated region pi:o­
vides such a mechanism. 

The writer a1so suggests that the"e1osint 1n''of glaciated regions, frequent1y ci­
ted in the literature, is not incompatable with convergence near cloud base. Examina­
tiona of available photo臣aphs from seeding experiments definitely do not support a clos­
ing in near cloud top. In fact, glaciation is invariably more extensive at cloud top 
than near base. Furthermore, there is some evidence in the horizontal temperature pro­
files (30 to 40 minutes after seeding) of subsidence near the bounda;ries of t he glacia-I ted reg1on . The temperatuTe drops by a few tenths of a de ree. Also the boundar1es of 
glaciated reg1ons aTe noticaab1y more c1ear than the intezf。t. See aufm Kampe (4) ,Fig­
ures 33, 39, 40, 41. 

CONCLUSIONS 
These experimental observations and analyses suggest that a small convective cell 

is often initiated from the re1ease of 1atent heat durinf stratus g1aciation. K1nemat­
ically this c;ell appears to be of a B~na辺 type. The Cellular development observed 
du:ring stratus glaciation is attractive in explaining a more rapid spread of glaciation 
than by turbulent diffusion alone . It is also helpful in explaining the persistence of 
snow showers by establishing an important sou,:ce of moisture below cloud base. Pre­
viously unrecognized ice crystal growth and heating below cloud base have been estab­
lished. 
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Fig. 3, Vertical profiles be­
fore and after seeding io Ex­
periment #4. Note heating be­
low cloud base and steeper 
lapse 1:ate following seeding. 
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STUDY OF WIND FIELD IN A CC»tVECTlVE STORM BY DUAL DOPPLER RADAR 

Roger M. lhenn1 tte 
Environmental Science Services Administration 

Research Laboratories 
Boulder. Colorado 

he paper presents and discusses observations of convective stonn ci rcul ati on derived from the probing 
\fparUc1e mot1on 1nside a stombyuse of a dua1·Dopp1er radar system. A s1ng1e Ooppler radar | 

rovides information on the spectrum of radial velocity of prec1p1tat1on particles, which is the 
art1~1e vel~c~ty_ projected ~to -~he axi s of a radar be矼 lf tworadars are1nsta1led at d1fferent I 
ocations and both are scanning the same storm, the two radial velocity fields obtained from the radars 

can be co曲ined to provide two-dimensional vel oci ty information. 

The measurements reported in this paper were deri ved from such a method and concern observations of the 
mean air flow estimated from the me an Doppler spe!!d 面 thin the assumption that precipitation particles 
move horizontally at wind speed. The observations were made at the low levels of a convective stonn 
with a low radar beam elevation angle, thereby mi nimizing the contribution to the Doppler velocity due 
to the vertical speed of the particle. The observational data are presented in the form of two­
dimensional horizontal motion fields at different al titudes, as well as the echo intensity pattern, 
showing the distribution of precipitation intensity i n the same region. An example of such results is 
shown in Figure l which illustrates the well-organized structure of the motion field observed at a mean 
altitude of 300 meters. One sees that there i s a strong dependence between the echo intensity and 
certain features of the wind field, such as vorti city and convergence. There is a strong vorticity 
region in the southwest part of the radar cell and there 1s noticeable convergence between the two cells 
which can.be identified fn the figure. Note t hat the stonn was moving steadily at a speed of about 
1O m sec-1 to the north-northeast d1rect1on . 

The data obtained at other altitudes shaw syste四ti c variations of the horizontal motion field, 
explained by a significant tilt of the vort icity and convergence zones 1n the direction of the 
stonn's movement. Al so, by applying the equati on of continuity, the vertical air motion was esti­
mated and showed a significant updraft located sl i ghtly ahead of the stronger cell. 

The paper also discusses the use of computer processing and data 邳semb 11 ng which should enhance the 
capability of the method and its applicability to the observation and study of three-dimensional 
convective stonn circulation, which should res ult in drastic advances in the understanding of stonn 
dynami ca 1 processes. 

16 3 



／｀丶
/、、
／丶、

l ＼「丶卟:丶
、＼

丶丶丶 丶 \ 

丶
／

7
B 

甯

"2 /° 
. m ·· `

」

Figure 1. The figure shows the particle horizontal motion field inside 
a convective stonn observed at a mean altitude of 300 meters by a dual­
Doppler radar sys 區． Although there is a more extensive region 訕1ch
1s covered by one of the radars, the dual·Dopt1er observat1ons are 
limited to regions covered by both radars. The echo intensity is also 
shown by contour lines i n the figure. The contour labeled 30 refers 
to prec护 tat1on 1ntensity of 15 mm hrJ. Note the strong vort1c1ty in 
the southwest part of the stonn and the convergence between the two 
radar ce 11 s. 
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A HORE REFINED GR磾 EQUATION FOR STUDYING CONDENSATION NUCLEI 

Richard D. H. Low 

Atmospheric Sciences Laborato可， U . S. Anny 旦ectronics Command, 
White Sand11 Missile Range , New Me元．co

In cloud physics as well as in we祉her modifi邙tion, 。'ne equation of fUndamental importance is 
that for the growth rate of an isolated 這mobile liquid i,olution droplet in a :,tationa可 medium of moi忒
air. Several versions thereof may be found in the lit.e.rat-ure, but they are ph;"｀填卫 def曇ctive in one 
way or another, all ignoring th"e lawering of the vapor gradient as a consequence of the release of the 
latent heat of cDndensation and mo忒 neglect洹 the hYR;roecopicity of a conden蕊tion nucleus. Neglect­
ing the latter would be tantamount to tr虹ting all condena&tion nuclei alike, and ignoring the former 
would result in an overestimate of the gro吐h or eYaporation rate. This paper chooses to deal 吐one
with these two important processes without regard to such other factors as vapor diffu吐v1ty, thermal 
conducti吐ty, local circulation」 and mov切g boundaries in the hope of placing this basic equation of 
cloud physics on a more firm physical basi.s. 

The hygroscopic tenu can be easily incorporated, as will be sho面 later. To include the effect 
of 靼aporgradient lo`0尹g, W0 函中8ual這 that eovering tho drop1et there e沮sts a thin l叮er, some 
10-.1 cm in thickness, of moist air, which .is assumed to be in thennal equilibrium 吣th the droplet 
temperature. Thus, the droplet experiences a humidity somewhat. lower than the ambient, 疝d its _grawth 

I rate is retarded. So will be its evaporation rate in a l叩 humidity- en吐ronment. This should be more 
pronounced during the early stage of growth where the rate is most. rapid. In evaporation, l-he reverse 
is true . Then, the vapor diffusion equations inside and outside the laye「叫cy be written do面， res­
pectively, as 

圭i-(r.. -fr). a面 湟＇－奇勺－ 「~）， (1) 

where rd is the combinedlayer and dro囯et density; r＇一 r + ^,~ being the thicknoss o£ the layer; 
,,「「'and r. are vapor densities in the ambient air, in equilibrium with the droplet, and in the layer ,; 
a.nd DI is the vapor dif``ivity outside the layer. Notations whi ch are obvious will: not be defined. 
These two equations can now be combin~d to . el血nate r.a. Di vidi嚏 and multiplying the result扭g equa­
tion by the saturation vapor donsity r。(Tr) at the droplet or layer tempera.tu.re T「 ,we arrive at the 
followi嘔 expression:

湟·考［（茲－乩転 r，鈀－西］ (2) 

w.e , then, make use of the Clap如on-Clausius equation and that for thennal conduct的ity in a 
el坳tl,d1fbrent,。nn ao fo11'e: 

T「一 T 十韭 4芒－ T(l + r), wher。 5'· 笞澶：． (3) 

r。 (Trl ..(1 + ~' )元(T)exp(~, by Using (3). (4) 

Substitution of (3) and (4) int~(?) enables the growth equation to be expressed as a function 
of the ambient temperature, except for F/r。(Tr) ，面1ch i'still at the droplot temperature. Noting 
that these density rat1os aro e中1valon to 15aturat1on ratios, 1et us put S • r/r。(T} ，面1ch expresse' 
the ambient satur.a.訌on ratio, and 5「(Tr) 一 rrIr。(Tr), the equilibrium 頲turation"ratio over the. droplet . 
An expression for the growth rate is n叩 obtained~

r 器－褂 {(s-t' ）一 (1 + ｀,）一ls「 (T「)exp~]l ，（5)

where ~' －奇涅 ·
T~~ !q~l~bri':'1'satura~icm ratio at the droplet 訌nperature, Sr(Tr) ，邙n be best dealt with by 

separating it into tH0 factors, hygroscopic and eu玉ture, the 「onnor betng the `ator act的ity, a, of a 
condensation nucleus and rather insensitive to moderate temperature cha嚏os．疝us, we have 

Sr(Tr) • a exp [ - 2 , ' 
「「抃出1 + ; q] (6) 

`hich can bo subot1tuted Pto (5) . To so1vo this equat1on, `e have to resort to some appro正平ons;
「＇~ r, jd s:::氐 (l +｀店 (l 一()》 and D'~ D. For 1arge and giant nuc1ei. these approximations aro 
quite roasonab1e, exeept, perhaps, the 1ast one, on Hh ieh there has been considorab1o diS叩ssion . Here, 
it. s~ould be noted that the exponential factor in S「 (T「)now splits into tvo· e:xponential terms one of 
which, when combined 吐th the water activity, will give the equilibrium saturation ratio, Sr, at the 
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1 8.ID國ent t磾perature. Finall7, Eq. (5) becomes 

dr _ D f'o , _ ,., _ ,. ~ ,, 2L e--1 +「 L2r「叩－朶 (S - `) －坪－｀） ｀巫一云 dr rt) . (7) 

Thia is the equation to be used for atuctving the various conden邙tion nuclei. In the be元．n­

ni嗎。f growth, neithe「｀ nor ! 1e negligible. However, l!-S the droplet grow~ 11!-r~er, ~ becomes 
smaller, and it may be drop內d, - Now we have Neiburger and Chi國 s expression (19的）． As-the droplet 
grows still larger, (1 - ~) may be"dhcarded, and the exponential term expanded in series . Noting 

2 that 2L ..'is much smallor thatgL r 疝d thatSmay bo 亀pp_~ted? 幫e_ can ••11.T obtain Pletcher'a 
0平ession (1962) and then Haeonii (1957) .upon dropping the higher order term!I. 

A col!lputer program was written to 15olve this equation for the g元訂th rate and time. Th可 `ere
compared 吐th published theoretical and experimental values, and 伍0 fi叩res are presented in this iium­
ma可， one for each case. 

＾，血y be expected, the new expression generally gives a lower rate of growth and hence a 
longer gr邙h ti.me, when compar國吐th other theoretical values . In the case shown in Fig, 1 , Neibur­
ger and Chien'e rate, given th圜 same size, varies from 52'higher in the beginn.ing to less than 1%, 
·when the solution droplet has reached a nearly pure water state . A c0111parison in gro吡h time is not 
quite realistic in that the accumulative eUect of time increments, since the larger droplets take 
longer and longer time to grOlf Cran one size to the next, has completely 血sked the initial gro吐h time . 
N·everthele ss, 」iuato1s values (1967), not show.n here, average about 1~ faster. It m紉 be remembered 
that while Jiuato adequately took into account the hygroscopicity of NaCl, Neiburger and Chien , perhaps , 
did not. 

Ca11parison11 吐t.h Dennis'(1960) and Ye'a (1962) experimental data are not entirely convincing . 
In the case11 11tudied, the result11 are not consistent; that i11, the theoretical equation either over­
estimates or underestimates the growth times, if we accept their data as valid. In the example illus­
trated in the other figure, the COl!lpariaon, however, looks unbelievably excellent, the 泣rcentage d江－
ference, oven atrilibrium, boingloso than 碣 Desp1to that Dennis'equilibr這 sizes are genorally 
smaller by about 3% to 25%, the lengths of their gr邲h times match the calculated values rather well, 
The same appears to hold true for Ye's data, althougl:l by a greater percentage. In view of the great 
difficulty and formidability of these experiments, particularly in Ye's case, it would indeed be sur-
prisi嚏江 the e.xperimental and theoretical values fit rather nicely , as in 「ig. 2 , 

In caiclusion, the fact that the percentage differences between the experiment吐 and calculated 
| Values are both posit1vo and nogat1v°'nd 面y by a 滾SOnablo amount in most cases may `ell i nd1cate 
that the refined equation has adeq.uately taken into account the important physical l)rocesses in the 
gr邲h of an isolated 乓obile liquid solution dro)'.>let despite the uncertainty of the vapor diffusion 
I coefficient. 
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Figure 1. Compari son with Neiburger an9 
吣en's calculated gro吐h rate of 2.656 x 10 一12
gram NaCl nucleus at 1% supersaturation and 5吒．
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Figure 2. Comparison with Dennis'ex-
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A 磾ARISON OF RX.PERIMENTAL AND T珥邙函ICAL
CON[躥~SATlON 碸｀ITR RA'立S 價 HYGROSCOl'IC NUCLEI 

Loran D. N.e18on 
AirFo`` C這bd.dgo Re8eam:h Labom`coriO8 

`odfozd. W8I· 

INTRODUCTION 
＇一

Hy缸01copic particle 呤eding has be血·區面 by Jlla可「0氬oarehe「8 值oughtan & Radford (1), Juisto ~ 
al (2) ． S1lvom心＆ Kunkel (3)) to be effective in diasipating 田irm fog. The technique, however , is -currm:itly impractical for coamercial UIIEI aver heavily travel函 airfields since most con:monly used hygro-
acopic materials (e.g. NaCl) are v«ry corr叩1vo.It i8 thu. d081zable to find a hygE0ICOm.e cbemiea1 
记ch porfom這 `el1 a這 ill at the 8血e time non-corrosive and non-toxic. Kunkel and Sllverman(4) pre­

sented theeretical evaluations for inorganic chemicals based on published data. Cress(S) investigated 
the fog clearing potential of organic chemicals. llecause of a lack of published data on vapor pressure 
「eduction for the邳血teriala he was forced to determi呻 this quantity experimentally before he could 
deter.mine their fog clearing capability. St. Amand (6) ha.8d.iacuesed the use of bo:Lnary mixtures of 
81llll0nlum nitrate and urea as fog-eeeding agents. Re was also forced to an experimental method of ob­
talning the necessary vap<>r pressure reduction data. M血,y orgao ic compounds and binary mi.xtures are 
very hygroscopic, non-corrosive, and non-toxic. Vapor pressure reduction data is not available for 
many of these chemicala. A relatively 吶ick 缸perimental evaluation 呻thod is required if the fog 
clearing capal>ilitlea of 1uch 11111terialll are to be compared and teated. 

Thi` paper 吐ll present such a 呻thod: phot<Xllicrographic observation of single, thermally and 
l phyaically 乜 olated crystale growing by water uptake in a closed, controlled humidity envirorunent. 

&XPERIMBNTAL METHOD 

The droplet growth chamber is a glass box 2.S cm wide by l cm deep 社aced on a microscope stage , 
mCN1don 扭 mad.a for a horizontal air flow through the chamber at velocities variable over the range 

| of droplet free-air fa1l speeds. saturat這 e曰 beachieved oither by ovaPoracion.from a 1ayer o£ dis­
tilled water on the chamber floor or by a fl叩 of previously saturated air t缸ough the chamber. This 
air source is provided by bubbling aompreaeed air thro啤b a 30 inch path length of distilled 1oater in 
a constant temperature bath. Subaaturated conditions c3n be achieved either by maintaining this tem­
perature bath at a lower temperature than the chamber or by the use of a layer of known solution. on the 
chamber floor. Wet and dry bulb temperature are measured by precision th虹叫etors inside the chamber 
and the dew-point in the chamber is pro吐ded by a Cambridge Syeteme Dew Point Hygr0111eter. 

tho g``｀屯 d`叩let is suspended from a 10µ diameter glaea fiber stretched across the center of the 
chamber. Solutions of the chemical to be inveatigat祉 are fl「8C P｀如ced by weighing the mate己al to 
土. 1 mg and then adding distilled water in a SO ml volumetric £la吐． Small droplets of these solutions 
of accura5e1y 區own molality are di8Pen.aed through. a micrometer oyr1nge to a repeatable aceuracy of 
.00001 cm". The ayrir屯e needles are hand l)ulled fr呻 glass tubing to an O.D. slightly smaller than the 
l` d1這五er glass fiber. Thus when th巳 drop on, the end of the needle ill moved into contact with the 
fiber by a micromanipulator and th如 pulled away, surface tellllion pulls the drop off the needle onto the 
glass fiber. The drop is then evaporated to leave a single crystal of accurately known mass attache-l to 
the fiber. Thia procedure praved necessary 吐nee the volume of an irrE屯ular crystal cannot be deter­
mil1od aceurate1y by a ero88-geet1o`al v1ew in o`o p1ane. 

拉 the crystal ls regrown in a controlled humidity environment the size of its droplet as a func­
tion of tim& la given by frequent -phot:Olllicrographa tak細 through a long working distance objective at 
an optical 血gnification of 2S8X, Drop 吐ze 訌 then reduced 丘om the photomicrograplla. The long 
叩rking distance objective permits the drop under observation to be in thermal and physical isolation: 
suspended only fr0111 a 10µ diamete~ 訌ber of law thermal conductivity and with no other solid surface 
within 5000j.l of its location. 1'Free Air" conditions are thu靄 closely e:imulated in the chamber. 

｀｀P醞ISON WITH THEORY 

Figura 1 shows sample comparisons of droplet 訌owth dete血ned by the above method and the n\皿eri­
cal theory of Silverman and Kunkel (3). All the partic).es shown in l'ig."I were grown from si~le sodium 
chloride crystals initially dry at t..0 minutes. The po扭t8 ·h硒 at t..0 are thus equivalent spherical I diamete.ra. saturat硒 waamUntained ot 10Cl!. R．比 by a dUtil1ed `ater 1ayer on the chamber floor and 
the f1`'veloe1'`ao zero thmugh0\It the 西eriments. Chamber ten甲erature was maintained at 22 degrees 
Centigrade. 

AB shown by Fig.I the experimental and theoretical values agree very 四11, lending support to the 
accuracy of both. 

CONCLUSIONS 

The inherent accuracy of the photomicrographic method has been d細onatrated 血d it may thus be used 
to determine the relative efficiencies of various hygroscopic warm-fog seeding materials. Comparisons 
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lean be made among many c這叫cals for which relevant data on vapor pressure, etc. is not available. The ' 
method is relatively fast, permitting several compo叩ds to be evaluated in a day's experiments and is 
accurate enough to give meaningful comparisons on sn equal mass, equal rnolality or equal volume basis. 
邸pe丑ments are no"W being conducted to provide such comparisons for a 丑de variety of materials. 
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01'1 A PROBLEM OF 汜.NDOMIZED CLOUD-SEEDING EXPERIMENTS 

」 .Neumann

Department of Meteorology 
The He阮ew University 

Jerusal磾， IsTa，el

`, 

The main objection against the use of historical rainfall data for the evaluation of 
results of cloud-seeding expeTiments is in the great variability of rainfall: A. regression relation 
valid for the past ma}'be invalid with respect to present or future rain data. Consider now a rando-
mized seeding experiment involving~ alternating time units such as the 24-hour 迤y. One would 
expect that on such a design the averages of'natural'r吐n per time unit for the two rand.omly consti­
tuted groups would show little or no diffeTence provided that the experiment is conducted for a number 
of years. liowever, certain features of :ri血 data for the 1961-67 Israeli randomi.zed cloud-seeding expe­
riment and some features of PToject Whitetop have prompted this writer to scTUtinize the soundness of 
the foregoing anticipatioTI. In the Israeli experiment, for i nstance, on the days allocated to seeding 
in the Center experiment area bU.t not. actually seeded t.he Tainfall 四as heavier than on the days allo­
cated to the North area but not actually seeded. Additionally, in the Buffer area, lying in-between 
the North and Center experiment areas (the Buffer was not supposed to be seeded; in practice, it was 
contaminated though, appa.rently, only for a relatively small fraction of the seeding hours), also on 
days wheTI the CenteT was actually seeded the rainfall was heavier than on days actually seeded in'the 
North. 

In order to study the variations in •na``岂l', unseeded rain, we have analyzed the rain 
data for Acre, Israel, for a period of 36 years prior to t .he beginning of the 1961-67 experiment:. 
The days illvolved are those between l December and 30 March (29 March in leap years), i.e. 120· days 
in each.rain season. The dates were paired with random numbers, and, then, six-year nmning averages 
of rainfall were computed for the •odd'and for the •even'days (m紅ning days associated with odd and 
even random numbers, respectively) . 'l'he 11umber of years chosen for averaging is close to the number of 
ye.ars rep.resenting the duration of the Jsraeli experiment and that of Project Whitetop, 

tt 正11 be seen in Fig, 1 that for most of the time of the above desk experiment the even 
「ainfall was heavier th血 the odd one. Over two extended periods (11 a:nd 15 years) the even rainfall 
was lS tll 40 per cent greater than the odd. rainfall. If we would identify the even (odd) days as 
'seeded', we would conclude a high positive (negative)'effect'of seeding-unless we ma):e proper 
precautions for possible natural differences of substantial magnitude between two nearly simultane­
ously running sequences of relatively short time units. Simple statistical considerations indicate 
that long sequences of positive or negative excesses will occur for extended pel'iods of time wj.th 
hi袖 probability · 

Gabriel 「 s (1) 庫lonte Carlo experiments with the double ratio for the Israeli trial take note 
of the above type of great variability between the averages of two random sequences. Nevertheless, 
some problems remain to be unde.rstood. As to Project Whitetop, it 訳ould be worthwhile to study in 
Tandomized desk experiments possible fluctuations of rainfall in the past in what subsequently became 
plume and non-p扭 ume areas. 
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* Dr, Neumann vill also present cloud pbysics data obtained from this project , 

169 



50 

A5 

EE AO 

一0 35 
sl,nu.a1 

30 

11 YEARS 
< --. 

' , r ' , ' , 
冒

丶̀

 `` 
,' ` ̀
 丶

Ev~n 
--- - -- Odd 

<! l4 YEARS • 

「.,
,、''＼,`

、,

L 』
、，丶V'

6N-7Z6l 
5 2 

SC'0£6L 

Years 

65'~6L SS-0S6~ s.,'0.,6l 

Fig . 1. Running 車－year averages of mean dail 
units , at Acre , Israel : Period : 1 Y_ rainfall , for even and odd r andom 

December to 30 庫缸ch
years ) o£ the years 1924/25 to l959/6O . (~9 March in leap-
1924/25 to 1929/30 and so I~ the diagram 1924-29 stands f~r 
720 days . 

on. Each pair of odd and even points represents 

170 



A 逗四ARY INVESTIGATION I.NT0 THE ELECTRICAL STRUCT啤 OF A SEVERE STORM 

J . E. Paki血 anct J . 區ybank
Saskatcbe四n Research Council 

Saskatoon, Canada 

邱RODUCTION

The charge separation process in a thunderstorm is dependent. upon both the microphysical and 
macrophysical properties oft.be cloud and the environment; on the one hand , electrical effects are 
associa t ed with different physical states of the hydrometeors while, on ~he othel' , the hydrodynamic 
and thermodynamic aspects of a storm are responsible for different temperatures, updra氏 speed s and 
wind flow patterns , all of w這ch affect the atate and spatial position of t.he hydrometeors. Wh丑.e

e electrical struc1.ure of tbe classical thunderstorm model of Byers and Braham has received much 
attenUon and aprofusion of 1aboratory and 訌e1d measurements 血d theories exists , 1t is only r ecent1y ! 
面at at.tention has been callea to observll吐ons maoe on severe storms, Le . those pr od.ucing large hai 1. 
an:t/or tornadoes . The relationship between the occurrence of 區il 皿d lightning has proved to be 

() () especially curious . The results of Sansom(l 」 in Kenya, Blevins and 庫rwHz (2) in Colorado and Smith (3) 
in Nebraska showed that large ha.1,1 was associated with infreque武 or no lightning while f r equent 
lightning wa.s generally not accompanied by hail. 

FI氐D 血ASU薴NTS
During the summers of 1968 and~sn (electrostatic voltmeters) were set in 

operation at various localities in Alberta as part of a project designea to et屯y the rela tionship 
between hail production aru1 electric fielcts beneath thurulerstorms . In addition, the field mi]._1 records 
were supplemented by visual observations . The data obtained were analysed with t he aid of the Alber ta 
Hail Stl血es 10.4 cm raaar located at Penhold and hail repor1.s supplied by farme r s . 

呻 AL興TA STORM OF 28 JULY 1968 
A case st嗌y of this storm has provided so呻 useful results . 
The stol'ID evolvea a t the foothills of the Rocky Motmt ains near Nordegg , developed into a 

steady state storm and broke loose from the foothill region . At Rocky Mountain House (RMH) , the storm 
was trans「ormed into a vigor ous , multicellul訌 complex and finally weakened considers bly at localities 
east of L.acombe . 

Maximum hailstone size at the ground was 2t inches die.meter 「rom the foothills to RMH , with 
霖adually decreasing hailstone size past 磾 ． At Lacombe and to the east , n.o hail was r eported . 

Lightning 「lash ra蕊 was 1- 2 per minute at the foothills (visual r eports L gradually 
increased past 碑 (visual reports ) and attained a val迤 0_f40-60 per minute at Lacombe (field mill 
recorcts) . 

Figura 1 shows these result.s diagr皿l!llatically .

lnI/ 硒
。 1950 

1830 
N 

NOROEGG 
合

INTENSE LIGHTNING 
I (40 FLASHES/MIN.) 
, 

LIGHTNING 
"'2 FLASHES/MIN 

, 
' j LIGHTNING ACTIVITY, 
: PICKED UP EAST OF RM~ 1 

' 

` '·『'-..... I巴靠
PENHOI.O 

HAIL IJP TO 3 in. DIAMETER 

STEADY STATE STORM 
SMALL HAIL I NO HAIL 

, I VIGOROUS MIJLTICELL-
, ; UL.AR COMPLEX ; I VIGOROUS MULTICEl.屮UR COMPLEX WEAK 

l ` ULTlC EU.UL.AR 
'' , COMP邙X

F拉 ． l . Lightning-hail-ra邙r echo relationships of the storm of July 28, 1968. 
Times shown above radar echoes are in Local Staodara Time . 
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DISCUSSION OF RESUL'I:S 
T區 electrical behaviour of this etorm seem昌 to 這ar out 的ome of tho oarlier f1nd1ngao£ 

others. With very l訌ge hail, little lightning 矗ctivity 1 日 0b日｀｀d；．a t這洹ilstonas produced by 
the storm 血nish 1n s1zo, 1ightningactiv1ty 垃ore昌30 日． However, th.e ve可 hiih rate of lightning 
flashes at Lacombe does not appear to 洹ve been aue to 1訌遑1. Cdll 日 ·lono but b m·oupo o£ e.llg 
with a good likelihood of many cloud-to-clo凶 flas:區5 五t四m edll` 

CONCLUSIONS 
The preliminary results obtained from the storm of the 28th of July 1968 are not sufficient 

to provide any physical severe-storm model incorporating electr拉&l structure, At Lacombe 皿d tbe 
other st ations to the ea:,t, a positive bipolar electrical structure (corresponctlng to the Byers 血d
Bra區m thunderstorm} was evident but no actual q呾t1tative measurements were mads at the foothills on 

1the steady state storm. 
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OBSERVATIONS OF MICROSTRUCTiraE IN TWO CUMULI 

Paul A. Spyers-Duran 

Cloud Physics Labo1:atory 

The University of Chicago, Chicago, Illinois 

INTRODUCTION 

Observations of cloud microstructuxe variation with height are few in the litera­
ture because of the difficulty involved in making such measurements. The earliest 
detailed and systematic data on cumulus cloud microstructure variations with height 
were made by Zaitsev (5). Recently, the continuous replicating device allowed 
MacCready and Takeuchi (3) to follow the droplet evolution 吐th height in convec-
tive cloud cores. The study made in this paper gives additional evidence on micro­
structure changes with height. 

DATA COLLECTION 

An instrumented twin engine Beecbcraft D-18 was used to make the cloud penetra­
tions. Cloud droplet collections were made with a continuous replicator, Spyers-Duran 
and Braham (4) and precipitation size particles were obtained with a lead impactor, 
Brown (2) . A continuous record of liquid water content was obtained with a hot 
wire device*. 

In northern Minnesota on July 31, 1965, a series of measurements was made through 
two cumuliform clouds in a step-down manner at approximately 300 m inte"l'.vals starting 
in the upper portions of convective turrets which bad grown out of stratocu皿lus
clouds . 

DATA PRESENTATION 

,.. 
,.. 
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' 

Figure 1 shows the physical properties of Cloud A, Flt, 663, as a function of 
`OU0, 。｀ height. Cloud base was at 

1528mwitha top of 348O m. 
The liquid water content 
(maximum) increased 吐th
height, reaching a value of 

3 3.0 gm-.:, at the upper por-
tion of the cloud. The 
liquid water content (LWC) 
trace shows a highly cellu­
lar structure. Cloud drop­
lets increased in size up­
ward from the base; the 

~ 
volu啤 median diameter, D v' 
ranged from9.5 µm at 24O m 
to 23 µm diameter at 1500 m 
above the base. Cloud drop­
let concentrations (maximum) 
decreased with height from 

一 3 -3 970 cm_, to 280 cm-". That: 
the average droplet distri­

·bution with height shows a 
broadening and shifting 
toward larger diamete.rs is 
clearly shown. Precipita­
tion size particles were 
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Fig . 1 shows the physical properties of Cloud A, Flt.663 
as a function of height. The mean frequency represents 
the average droplet spectra along a segment of the flight 
pass. 

沼anufactured by Johnson­
Williams, Inc., 2300 Leghoru 
Ave., Mountain View, Calif. 
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Fig. 2 shows that the phys ical 
properties of Cloud B, Blt. 663, 
are very similar to Cloud A. The 
base is noted at 1520 m, with a top 
of 3870 m. Liquid water content 
increased with height with a mea-

sured maximum value of 3,4 gm 一 3
near the top, The calculated 
adiabatic LWC value is about 

一 33.5 gm J• indicating that in the 
core very little mixing was taking 
place 引. th its environment, again 
the LWC trace shows highly cellular 
s tructure. Just above the base we 
measured volume median diameter of 
8µm, incm瑱sing to 25µm at the 
upper portion 1620 m above the base 
Precipitation particles were mea-
•ured l 區 above the base and up­
ward, with the tendency to increase 
in size and frequency with height. 
The drop size distribution shows 
that the droplet diameter is dis­
placed toward larger sizes with 
increasing height, while a fre­

quency decrease with height is also noted, The bimodal droplet spectra appears to 
be a real phenomemn, not due to sampling difficul ties, and most likely explained i o 
terms of recent studies of stochast北 coalescence by Berry (1). 
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Fig. 2. Variation of droplet distribution 
and precipitation particle data from Cloud 
.B, Flight 663. 
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observed first at 600 m level above 
. the b昌se and the largest size drop­

lets were captured near the top of 
the cloud. Precipitation particles 
were found in shafts during the 
penetrations. 
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D, M. Takeuchi 
Meteorology Research, Inc., Altadena, Calliornia 

INTRODUCTION 

To in矼re maxim.wn seeding effectiveness in supercooled cUinulus clouds, it is required that the 
precipitation mechanisms in natural as well as in seeded clO'Uds be understood . Besides being able to 
evaluate the effects of seeding from the UI、derstanding of the natural precipitation processes and its 
relation to the clouds'time history, this knowledge can provide one with possible clues to seeding 
techniques which lead to beneficial results. Since the microsphysical processes of the liquid and solid 
phases are interrelated with the dynamics of the cloud, the understan血g of the precipitation mecha ­
nisms necessitates the discernment of the interactions of the dynamics, thermodyna.mics , and micro­
physics of the cloud and with the environment, 

This paper presents results of precipitation mechanisms occurring primarily in isolated con­
vective cwnulus clouds (seeded a叫 unseeded) from Flagstaff, Arizona. 面e observations were 
gathered during M.RI'e sum.mer field programs of I 967 to 1969. 

RESULTS AND DISCUSSION* 

Precipitation development in a total o! 24 test clouds at temperature levels ranging from about 
刁 to -lZC has been investigated (Table I). This sample includes 9 control (C) and 15 seeded cases . 
The seeded cases include experiments employing three seeding techniques (ST): (l) cloud base 
seeding by means 。f high- output AgI-acetone eolution (2 percent) generators (AgI- A), (2) cloud base 
seeding with aircraft-mounted pyrotechnic devices (fusees), and (3) vertical-fall pyrotechnic 
cartridges discharged from about the -8 to - IOC levels of the cloud (VFP) . Heavy aircraft icing 
prevented the instrumented research aircraft from obtaining the complete history (initiation .. 
dissipation) of hydrometeor development at a given (:UC) cloud level in 16 o! the 24 test clouds. 
Clouds A, G, and Q were parts of large complex cloud systems and thus are not classified as being 
isolated clouds, 

Findings (Takeuchi, 1970b) based upon information collected during the 1967 and 1968 Flagstaff 
summer programs have been substantiated by the addition of test clouds from the 1969 p.rogram, 

l. Of the 24 test clouds, 17 contained large (1-3 mm) liquid drops. All 9 control clouds con­
tained large liquid drops 巴羋 to the appearance of ice particles, This indicates that the coalescence 
or' 'warm rain" process initiates precipitation in summer convective clouds at Flagstaff . 

2, Initially- 迎.:mpled gi:aupel particles which were as large ilS the previously sampled raindrops 
were located in downdraft or inactive cloud regions in all the natural cloud cases. These observations 
imply that the ice phase results from the freezing of the large liquid dropa. 

3 . Observations of increases in both ice hydrometeor mass concentrations (IC) and munber 
concentrations of even larger sized particles during periods of incomplete glaciation, and decreases in 
both once glaciation was complete, denote that the pr血ary hydrometeor growth mechanism of the ice 
phase is by the riming process, lee phase growth by ri血ng occurred over durations (tr) averaging 
about +12 min in natural isolated clouds. During this growth period, time weighted averages of liquid 
water content （亡r) a叫 of ice hydrometeor mass concentrations （完丑 amounted to O. 24 and O. 12 
gm/m", respectively. 

4, Measurements and observations of cloud m碩on revealed that the majority of the natural 
isolated clouds were decaying or inactive during the ice phase hydrometeor growth periods , This 
infers that ice phase precipitation mechanism occurs during much o! the dissipating stages of natural 
cloud development, Updrafts were recorded in about one-tenth of the cloud penetrations during period1 
of bydrometeor growth. In general, the larger and more complex clouds remained active for longer 
time periods and therefore had longer periods of incomplete glaciation. 

5. Natural clouds which do form precipitation eventually do glaciate completely and do 
eventually contain ice number and 元ss concentrations as high as 500/ J, and O. 7 gm/ gm/m.-, respectively. 

The development (initiation ➔)o! the ice phase in the clouds'decaying stages discloses that the 
additional heating cau.sed by the rimi啤 process is not sufficient enough to rejuvenate the dynamics of 
the natural isolated clouds (top temperatures 多－20C) and that it is the interaction of the microphysics 
of the liq血 phase with the environment which determines how large these clouds grow. Support to 
later contention is given by numerical cloud models (e.g., Weinstein and Davis, 1968) which asswne 

*Due to space limitations, details of the experimental, data collection, and data handling procedures 
are not t>resented here but can be iound elsewhere (Takeuchi. 1970a), 
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no th.ermodynamic contributions from the ice phase to the dynamic procesebutwhic.hyet aucces sfully 
predict natural cloud top heights warmer than about -25C, The e.£fect of the interaction of the environ­
ment (stability and moisture conditions) with the cloud proces ses is apparent from the obs er咩tions of 
wide variations in t「 ' LWCr, and 元r between clouds with slightly varyi.ng diametere (CD) , 

These obs e rvations of the natural precipitation mechanisms in summer Flagstaff cumuli are 
similar to those repo:rted by Braham (1964) and. Koenig (1963) for summer convective clouds in Mia eouri. 

The observations of precipitation development in natural clouds suggest that successful (increase 
rainfall) seeding techniques should prolong the riming growth periods and occur during the active growth 
stages of cloud development. The additional heat release by the ice phase in the cloud's growth stage 
increases cloud buoyancy and thereby invigorates the dynamic structure of the cloud, The increased 
buoyancy leads to 出gher vertical veloc這es and, in some stable envirorunental conditions, lead to 
significant vertical cloud growth. In so doing, the onset of cloud decay is delayed thereby re.s.ulting in 
increasing the du.ration of the primary growth period o! hydrometeore , This seeding efiect is evident 
when one notes (Table I) that during ice phase development,,seeded clouds remained active for longer 
periods and experienced longer durations of incomplete glaciation than the natural clouds. 

The prolonged duration of cloud activity and of the primary hydrometeor growth period leads to 
additional be.neficial effects . The increase in both 元r and 七氠r for longer periods of tr results in 
more total water being processed by the seeded clouds . Since hydrometeors grow during riming condi­
tions , increases in IC and therefore rainfall intensity ensue, The extension of tr also enlarges the 
areal cover age of precipitation. Thus these increases in rainfall intensity and areal coverage fo r longer 
du rations lead to a desired effect of seeding , increase of total rainfall (TR). 

Cloud ST CD Cld . Temp. Level t「 LWCr 衣元 Cld. Activity TR 
(1anl (° Ci imial （釔m勺 i&/m叮 ('J.o! (acre-ft) 

*A C 3. 3 - 8. 5 +22 0. 79 o. 14 100 t 3,7 Table I. CLOUD SUMMARY 

B C 3 . 5 -IO. S 9 0 , 09 0.05 。 15. l 
C C 3. 0 - 7.5 7 0 . 18 0. 07 。 2.2 
D C 3. o - 8 . 0 18 0. 41 0. 03 。 0 . 6 
E C 2. 9 - 7.0 12 o. 15 0. 08 。 0.8 
F c 2. 9 - 7. 5 13 ND o . 11 ND 3. 6 

*G C 7 . 4 - 8.0 +23 0.28 0,02 60 + l. 2 
H C 5. 1 - 9. 0 +19 o. 36 0.27 17 +29. 2 
I c 2 . I -11. 0 + 6 ND o. 30 33 + 5. l 

Average 3 , I - 8. s +l4 0.32 o . 」 2 26 t 6. 8 
Av, !so. Gld, 2 . 8 - 8. 6 +l2 0.24 o. 12 8 + 7. 5 
」 Agl-A 2, 4 一 7.5 22 o.,49 o. 10 50 l.5 
K Agl-A 3. 。 - IO. 0 11 0.41 O. 20 33 4.7 
L Agl~A 3, 0 -10. 0 +21 0.30 0 . 24 67 ti 1. 0 
M Agl-A 2. 6 - 9. 0 +13 0.44 0. 04 33 + 0.3 ACKNOWLEDGMENTS 

N Agl-A 3, 2 - 9. 0 28 o. 68 0. 29 67 +23 . 9 The author would like 
0 Agl-A 3. 0 - 9. 5 56 0.58 0. 57 55 4O. 2 to express his app reciation 
p VFP 3. 9 - 8. 0 +10 0. 38 O. 49 100 +13 . 7 to Dr. Theodore B. Smith 

*0 VFP 7.8 - 8 . 0 t 17 O. l 9 o. 02 40 + 2 . 9 for his encouragement and 
R VFP 3.8 ~ 9. 5 19 0.22 o. 35 67 +39 . 7 helpful conversations 
s VFP 4 . 0 -10.0 33 ° · 33 0 , 82 43 tl 79. 0 throughout this study . The 
T VFP 4 , 8 -11. 0 +24 ND 1. 47 I 00 +264. 0 work r eported was done 
u VFP 5 . 2 • 9.o +15 o. 51 o. 11 25 + 1. I under Contract No . 14- 06-
V Fu.see 3 .. 7 -] o. 0 +19 0.40 0. 64 50 +72.7 D- 658J to MRI from the 
W Fu11ee 3, 5 -10 . 0 17 ND 0,08 ND 2.9 U. S. Bureau of 
X 瓦see 3 , 2 - 8 , 0 +34 0. 42 o. 13 67 +13. 0 Reclamation, 

Average 3.8 - 9. 2 +22 0. 4 > o. 37 57 +44. 7 
AvAso. Cld. 3., 5 - 9. 3 +23 0. 43 0. 39 58 +4T.7 
*Complex cloud, + Sampling incomplete . ND No data. 
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TEMPERATURE AND HUMIDITY CONDITIONS IN CUMULUS M珥DIOCRIS

Helmut K. Weickma.nn, ESSA Research LaboTato:ries, Boulder, Colorado 
Albert R. Tebo, U.S. Army Electronics Command, F ort Monmouth, New Jersey 

Frank R. Jones, Nation.al Bureau of St訌dards, Washington, D . C. 

BACKGROUND 

Using a Barnes infrared thermometer sensitive in the COz band懵 and a. barium fluoride humidity 
sensor mou.nted in a C-47 aircraft, a progr血 of mea.s叮ements w尹 carred out at Flagstaff, Arizona, 
泣」uly 1966. The prog國m was designed to determine the horizontal p-rofiles of temperature and 
humidity through fair weather clouds (cumulus humilis to cumulus mediocris), and to study the varia­
tion of these profiles at several vertical levels through the cloude . In the summers of 964 and 1965 
comparisons were made between the remote sensing Infrared Atmospheric Thermometer and a direct 
reading vortex thermometer . The conclu11ion reached f.rom these comparisons is that the radiation 
thermometer is superior. In warm clouds the vortex thermomete:rregisters somewhat colder (evapora­
tion effect). in supercooled cloud it can be several deg,ees warme r (hea,t of fusion!) . 

DISCUSSION 

It was most surprising to find that all clouds, almost without exception, were colder than ambient 
and yet apparently buoyant . Great care was taken in the determination of the ambient temperature from 
the original flight records. It is important to empbas乜e here that the criterion for selection of a cloud 
was that it be an actively growing cloud with well defined and bulging cumulus contours and no evapora­
ting tops . The cloud depth was usually between 1. 5 and 2. 0 km . 

Table I has been condensed from the dat.a a.nd shows a.n average cloud cross section from base to 
top. The cloud is coldest at middle levels by I 厐 below ambient. This mean cloud is a composite 
from numerous individu.al cloud penetration.a, y'et all clouds are consistent an,ong themselves by being 
colder t區n ambient. This result at first sight is most p\l,zzling, and it must be assumed that gross 
ove:rsimplification of the cloud process bas entered in the straight forward averaging. Certainly many 
clouds were traveTsed at different times in t區辻 life 血tory . It is therefore necessary to con.sider ·the 
indi吐dual temperature and humidity trace separately . 

The outstanding typical case in this series is represented in Fig. l a tog. This cloud was encounter­
ed on 20 July I 966 from'507 until 1542 local time. General conditions of base 迎d top levels and 
temperatures are well represented by the data i.n Table I. During the first penetration at 4 . 0 km a 
characteristic tempera.tu-re oscillation was observed. Here譽 t區 v這ible cloud had a virtual ave rage 
tempe rature difference of + 0 . 2矽C, with + 0 . 的C maximum difference. This waim cloud corre s-
ponds to a sharp rise in humidity from w迢ch the humidity sensor did not fully recover, probably due 
to flooding. Note the symmetric temperatU-re fluctuations on both aides of the centeT pea.k . These 
fluctuations extended about 3 區 from center peak to both sides while the cross section of the visible 
cloud was only one kilometer. Similar tempe,:atu.:re and humidity responses have been obser·ved :re­
peatedly, they a.re howeve.rfor space considerations not shown here . 

Tb.e tempe ratu元 variation recorded,, probably reflects the accidental encounter with the actlve 
buoyant cloud stage w凪ch has all the characteristics of a buoyant rising vortex element as it has been 
analyzed in llllmerical modeh. This element is short-lived. After it has passed through, the cloud 
readily breaks up into much smaller ed凸es. While the scale s'ize in the initial element is of the order 
of one kilomete.r,after three to four.minutes at the sa.:me leve l elements of the size of . 2 to. 3 km 
appeared on the original Tecorda. Simultaneously the cloud becomes c:-oldeT than the environment, not 
only sensible but virtually a.n.d yet it appears to remain buoyant 這 the wake of the initi.al pulse. Also 
beginning with the second pass the cloud expands laterally and assumes the width of the initial pulse 
which extended beyond tbe visible cloud. In the third pass this width is already nearly 5 kilometers 
whereby visibly the cloud had separated in two parts which are shown by the heavy hatching. The fourth 
pass was through the cloud edge which is especially c:old probably due to evaporation of the liquid 
water. He.re additional kinetic energy is generated which keeps the cloud aliv·e even in absence of an 
active warm updraft. The 5th, 6th and 7th passes were made at a 600 .m higheT level. Here the picture 
appears to change with the 6th pass in which the virtual temperature becomes again warmer than en­
vironment apparently through the occu_rrence of a new active pulse . The new pulse is also reflected 
in the humidity which reaches LOO peICent after which the meter again does not fully recover as was 
the case in the first pass . This pulse is barely apparent in the 7th pass. It so appears that the cloud 
" coasted" along for 1/2 hour feeding ontre potential energy created in the original pulse through the 
珥ting of cloud water. Thie energy is liberated unorganized through evaporation and a negative buoyancy 
term. Sometimes particularly 這 warm clouds wi.tb higher liquid water contents, the coasting stage 
of cloud life may become organized into a general downdraft I£ thi!Ihappens the cloud virtually 
collapses before one's eyes and it is difficult to follow the cloud top downward with aircraft. While 
the active lifetlme of the cloud lasts only a few minutes, the subsequent coasting stage lasts of the 
order of L/Z hours. lt is conc~ivable t洹t !he coas.ting 矼age still e汕ibits healthy cauliflower 
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appearance which makes it almost impossible to distinguish between the initial pulse and the coas'ting ; 
stage . Moat penetratioa8 take place in tbe latter episode which explain8 why the " average [I c1oud turaI 
out to be colder than environment. It is also conceivable that i.n this stage the cloud is very susceptibl 
to outside influences so that a slight additional impulse or momentum may initiate total collapse . Such 
impulse could be aircraft downwasb; particularly the more orga.ni.zed helicopter clownwaah or the dis -
charge of a few pounds of sand o-r cement as has been observed by Soviet scientists . 

CONCLUSION 
We believe to have shown that cumulus mediocris clouds exhibit two important stages in their life 

history: one active formative pulse which is shortlived and which generates potential energy in the form 
of cloud liquid water and through lifting it and one inactive coasting stage during whic.h this energy is 
dissipated by turbulence. This stage is much longer in duration, the cloud is virtu.ally colder, but the 
dissipaticg character is not necessarily vi si,ble from the exterior appearance of the cloud. 

TABLE I 

Flight level Ambient No . 
km msl Cloud Level temP咋＾ T Cases 
3. 2 S Under cloud b缸eUB 10, 4 -. 06 (2) 
3. 3 In cloud base 1B 9. 4 - . 17 (9) 
3.7 In.cl.oudtC 6, 0 - . 5 1 (12) 
4.0 In cloud IC 4. 8 -.29 (4) 
4. 6 In cloud IC - . I - . l (3) 
4.6 IncloudtopIT t , 1 0 .0 (3) 

Mean te mperature conditions during penetrations of cumulus mediocris clouds on 20 July 1966 

Fig. la-fl Fib. 1 g not shown) : History of 7 penetrations throu gh cloud B, July 20, 1966, 1 507 to 1 542 MST 
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CALCULATIONS OF THE GROWTH OF GRAUPEL PARTICLES 
WITHIN THE UPDRAFT CORE OF ALBERTA HAI LS TO RMS 

A.J. Chisholm 
McG1 1 1Un1vers 1 ty. Montrea1. Canada 

The Prec1o1tat1on Growth Environment 1n the Hailstorm Uodraft Core 

An accompally1ng paper (l) presented 1n th1s Proceedings outl1nes a loaded 
mo 1st adiabatic (LMAf updraft model wh1ch has been used to compute estimates of the 
cloud temperature, Hqutd water content,.. and vertical velocity w1th1n the ha11storm up• 
draft core. Spec1f1cally, LMA model estimates of the prec1p1tat1on growth environment 
will be ut111 zed. in this paper for two spec1f1c cases - a Low Energy- storm (27 June 
1967) and a H1gh Energy storm (28 July 1967). 

The 11qufd water content, as computed by the LMA tnodel, specifies neither 
phase nor d1 s tr1 but1 on H1 th s 1 ze. The rap1 d traverse (< 6OO seci of a n a 1 r parce1 
through the updraft core results 1 n the g 「owth of a n矗 rrow cloud droplet d1str1but1on 
mainly by d1ffusfon. Thus, a monod1sperse cloud droplet spectrum has been assumed for 
the purp(?ses of_the g~aupel growSh model described herein , The cloud droplet number 
density'(typically 200 - · 600-cm-3) 1s prescr1bed at cloud base and adjusted with 
he1ght accordhg to atr densfty cons1dera.tions, Cloud droplet diameters are determined 
from the number density and LMA model 11qu1d water contt!!nt. Us1ng this computation 
scheme the cloud droplet d1a111eter increases 面 th height t o a maximum between 25 and 35 
µ. Measurements by Val1 (2) of tne 1ce nucleus content of Alberta hailstorm prec1pit­
ation have been used to describe . the fraction of cloud droplets which remain supercool­
ed at temperatures warmer than ~40 C. In essence. the supercooled droplet fraction de­
creases rapidly from a va1ue ne 這「 1.0 at -35 C to o.o at -40 c. Thus. the estimates 
from the LMA model 1n conjunction w1th 11. monod1sperse cloud droplet spect-rum and the 
cloud droplet freezing characteristics c;onst1tute a descr1pt1on of the growth environ­
ment for grau.pel particles 1n the updraft core. 

The Grau,2el Growth Model 

Observations taken by MacCready and Takeuchi {3) 1n unmixed updraft cores at 
Flagstaff 1!ld1cate the existence of g1ant cloud droplets 100 µ diameter· and latge\" at 
-5 C. Since th~ breadt~ of 11 typical hailstorm updraft excludes the poss1b111ty of en­
training graupel part1cles inward to the updraft axis, 1t appea\'"s that giant cloud 
droplets ma_y indeed constitute the original graupel embryo. Toward th1s end, a model 
was designed to compute graupe1 growth beg1nn1ng 面 th pai-t1cles as small as 100 1.1 d1a­
me te r at - 5 C. 

The initial pa.rt1cles are considered frozen at -5 C (D..100 1300 a,nd 600 ll, 
p=0.917)._ At all times they are assumed to be smooth spheres and the drag coefficient 
(variable} and fallspeed ai-e ~omputed usfng the Goldstein emp1dcal equation. Graupel 
growth due to b.oth accretion {u sing Langmuir collection efficiencies) ·and sub11mat1on 
1s calculated, A heat ba1ance ts maintained (neglectfng the f1h1te heat capac1ty of 
the graupel) and the density of the accret1ng 1ce 1s calculate d from the graupel sur­
fa~e temperature, droplet size and fallspeed using e.xper1menta1 data. due to Macklin 
(4). Radar reflect1v1ty factor values are also computed account ing for particle dens ­
fty and wet a.nd dry surfaces, 

Grau~1ons 

The growth of graupel part1cles w111 first be cons1de red 1n a Low Energy 
storm (27 June l967), LMA model - results 1nd1ca.ted that this storm was based at 2-km 
(+3, 1 C) and topped at 7.8 km (-37,0 C) with a vert1cal yelocity maximum of 16.4 m sec· 
at 5 km.and a liquid water content maximum of 3.19 gm m-3. As 111~stra.te<I 1n Ffg·.,: 
the graupel particles ciSl.t!Od in the updraft region growing to S - 7 mm d1ameter uy th~ 
t1n,~ they ri::dCh tht! top of i.he 1.r«j ectory. Sfnce supercooled water still exists at 
this point they continue to grow while descending back through the one-d1mens1onal up ­
draft. After 12 - 14 m1n the ha11 has reached the O C level having attained a diameter 
of 1.8 - 2.0 cm. Accounting for melting, the final hailstone diameter at the surface 
1s in good agreement w1th the grape and walnut maximum sfze ha11 observed at the ground 
during this storm. 

This storm was observed continuously by the Alberta Ha11 Studies 10 cm radar 
from a ranfeof §8 km· th e m1 n1mum detectab1 e Z at th1 s r nge be1ng +35 dBz (Ze(dBz) 
• 1 O 1 og1 0 Z(mn m· 3)!.Ass um1 ng a number densfty of 1 m_,. the computed Z va1 ues 
reach radar,etectab 1 1 1 ty on1 y after 7 - 8 m1 n at a s 1 ze of 6 mm d 1 ameter. Pri or to 
this time a weak echo region (or echo-free vault)'flould be observed 1n the lower port-
1ons of the storm. However, th1s weak echo region would be short-lived (9 - 12 min) 
as the descending hailstones would bring about the demise of the weak echo reg1on. This 
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beh 矗 '11our pattt!rn was obs erve d by radar. Th e storm cons i sted of a series of small, al­
most vertical cells 1n a weak wind flow; each cell d1splay1ng a weak echo region during 
development but decaying to be replaced by another cell on the RH flank of the storm 
1n 25 - 35 min. 

The growth of graupel particles w111 now be considered 1n a High Energy storm 
(28 Ju 1y 1 967) . Th 1 s s torm Has based at 2. 2 km {+6. 3 C). topped at 1 1.8 km (-66.0 C) 
w1th a max1mu11 vert1~a1 velocity of 31,2 m sec-1 at 9.1 km and a maximum 11qu1d_water 
content of 3 . 7 gm'4. As aresu1 t of the h 1 gh vert1 ca 1 ve1 oc1 t1 es (1 5 m sec-1 at 
-5 C and 31 m sec·l at -40 c) the graupel particles are swept to the--40 C l evel reach-
1ng sizes of 1.5 - 8.0 mm diameter as show「 n fn Ffg. 2. These graupel particl es are 
unable to descend back through the updraft core while cont1nu1ng to grow. Consequently, 
1 t HOu1 d be ant1 c 1 !ated that the 1o` ca1 cu1 a ted Z va 1 ues (1 O0 u <·35 dBz. 3O0 µ <0 dBz. 
6O0 µ <+1 9 dBz at km) wou1 da!pear as a Weak ec ho reg1 on reach1 ng upmrd 1 nto the 
storm from Hs base, A weak echo region (bounded by radar echo) was observed to per­
s1st 1n association with this storm for approximately 2 hr to a height of 8,3 km . Our­
Ing this period, the storm was 1n 1ts most intense phase, reached 1ts maximum height 
and yielded ha1l at the surface larger than golfball s1ze. 

In summary. ft 1s apparent that weak echo regions observed w1th1n severe 
storms can be comprised of cloud droplets and graupel particles 1n an updraft region. 
The development and persistence of such weak echo regions is most likely 1n deep, h1gh­
ly energetic storms. 
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SEVERE STORM SFERICS: 

William L. Hughes 
School of Electrical Engineering 

Oklahoma Sta'te University 
Still四ter, Oklahoma 

STROKE RATE HISTORY 

£mmett J . Pybus 
School of Electrical Engineering 

Ok.lahoma State University 
Stil.lwater , Oklahoma 

E.lectromagnetic radiation 函 seveI'e storms has been J?eceive.d and recorded on magnetic tape from an 
Oklahoma Stat'e University airplane flying within 25 miles of the storms. Radiation is received, detect­
ed and recorded at six discrete freguE;lncles from 10 KHz to'250 邸z. Samples of R.F . radiation are also 
recOI'ded at five minute inte.rvals in the band 2 KHz to 300 J<H2.. Two identical receiving systems ar.1: 
used , one horizontally polarized, t~i:;.other vertically po.larized. This system is more fully described 
in a -Themis Project Annual Report. (1) 

from the recorded data, sferic rate llistol"ies are made by counting the number of received strokes 
on each of the six frequencies and. on each of _'!:he t wo receiving systems. The data processing system is 
:Ie~cr-ihed in a Themis Project Annual Report . <2) 

Results from two storms ar e presented here to illustrate the technique and to help substantiate a 
缸ow-ir,g belief that sto面 sferics al"e closely re工ated to either or both the vertic吐 velocity wit這n a 
:; :~rm and wind shear . 

「igure L shows da1:a reduce.dfrom ah.ail. and tornado storm 呻ich occurred near Rapid City, South 
Dakota on 17.July 1969. The continuous but jagged line represents a running weighted average of the 
numb紐 of detected energy impu.lses per minute at 100 l<J-!z rece ived from the storm . Supe迅叨osed upon the 
sferic rate history are dashed lines representing the Institute of Atmospheric Sciences r adar indicated 
cloud top heights . Also shown are times of occurrence of hail and funnel cloud as well as later hail 
and a ve.r迂ied tornado . It can b.e sho叩 from time-lapse radar data (not given here) that the overall 
sferic rate history reflects the areal extent of the storm, while it is seen here that -perturbations of 
the sferic rate history show 吐screte events (hail , tornado) which in turn a.r e relat ed to vertical cloud 
gro咋h (given by radar cloud heights) . 

Sferic 
count 
per 
minute 

5oo 4 

49O 
3 OO l 
2 OO 

iOOr '. 

21 :00 

Cloud 
Hail in Raid Height 

ToT'nado @ Black Hawk 1 (feel:) 

funnel Cloud P.. 十 40000
Repo「ted

R ^，严平芸，可 ~ t 3 C, C0O 

6 。 o--0-O 
r • l . ' . l , ' 2.2.:oo GMT 23:oo 

Figure l - Sferic Rate History - Rapid City , South Dako"'ta, 17 July 1969 

O.S . U flight i,10 I.A.S. Hail Cases/17 , 118 

.\ t . 2 qooo 

Similar results were noted from a tornadic storm near Fairview, Oklahoma on 11 June 1969 as shown 
in 「 igure 2 . In that case radar cloud top heights were provided by the National Severe Storms Labora­
tory (ESSA) at Norman, Oklahoma and show a growth of cloud heights 紅 the same time at which the sferic 
rate was increasing. The tormado event corresponded to an increased $i'eric rate but radar information 
was not available at that particular time. 

Although radar cloud heights 缸'e not avail吐吐e for the earlier portions of t:he storm, it is evident: 
that the tornado at Fairview occurred during the peak of sferic activity at 03:10 G.M .T. It is con­
jectured that the peaks of sferic rate prior to t hat time represent earlier periods of cloud building. 

It must be mentioned, however , that the tornado event does not appear to have occurred during the 
time of maximum clo函 height . A similar situation held du迅ng the early tornado of Figure lat Rap這
City , South Dakota. There also, the first reported funnel occurred while cloud heights were relatively 
low. ln both c頲es, nevertheless, t:he torna do was accompanied by increased sferics. rrom this, one 
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must conclude that wind shear or vertical velocity are more impo元ant to sferic generation than is 
absolute cloud height. 

St-ill to be correlated are relative fveezing levels and other meteorological parameters surrounding 
these storn events . 

I 

Sferic 

count 

per 

minute 

Tornado Reported '- --0 甩 rairview, Okla. 

」
l ' t 40000 ' 

\ I C1oud 400 
300 30000 Height 

200 (feet) 

/0 0 l ( t 2.0000 

'' ' 03:00 GMT 04:00 

「 igure 2 - Sferic Rate f-lls:::il'y - rail...v i ew, Oklahoma, 11 June 1969 

o .s. u . fli祜t 1/5 NSSL 泣dar

In view of these data and others presently being obtained it is strongly felt that s torm sferics 
are an indicator of vertical velocity 吐thin a storm c:1s well as an indicator of wind shear . The de-
t平ed nature of the sferics are now being studled 1:0 relate the changing type of discharge (cloud to 
gl"Ound compared to intercloud) with the age and progress of a sto?'Ill . 

The goal of these studies at 01<.laho國 State University is to be able to diagnose the state of a 
severe storm as well as to forecast the probable actions of the sto元 ·
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~~ UMERICAL SIMULA TTON OF THE'LIFE CYCLE OF A THUNDERSTORM C四LL

Yoshimitsu Ogura and Tsutomu Takahashi 
Laboratory for Atmospheric Research 

Univer sity of Ulino這
Orbana; lll~no這

1. PARAMETERIZATJ()N ilF :\!JCROPHYSICA._L PROCESSES 

Models of cum.ulus clouds are presented which comhine tl1e equations of m otion , the equation of 
mass continuity, the first law of thermodynamics 尹 the following cloud micr ophysical processes : 
condensation of water vapor to produce clo\ld droplets . . conversion of cloud dr oplets to 「血drops,

glaciation, sublimation of water vapor , melt訌g of ice crystals, evaporation of cloud drople包

evaporation of ice crystals and evaporation of melting ice crystals. 

It is assumed that all water vapor over the saturation level condenses instantaneously into s mall 
cloud droplets which share the velocity \\•ith U1e surrnundmg air. The conversion proces.s from cloud 
droplets to raindrops is incorporated into the model bv the p訌·amet.erization which does not depend 
upon tl1e details of how coalescence ai汨 collection are ach ieved. rt simply states that the conversion 
is achieved at a given rate and 出at I.he rate is proport1onal to the mixing ratio of cloud dropl ets. I t 這
wr itten as 

d. Q y 

d...t 
= Ce-QC 

where Qr and Q c. are the mixing ratio of raindrops and cloud droplets. 

imilarly the glaciation process is assumed to take place whenever the air temperature is be low 
the freezing point and is expressed as 

dQb = dt 
令QY

where Q ~ is the mixing ratio of ice crystals . 

The termil1al velocities for raindrops and ice crystals are expressed in terms of Qr and Qi. 
r espectively, with the assumption that the size distributions of raindrops and ice c r ystals follow 
always the Marshall-Palmer distribution. rn some cases. the Gunn-MarshalJ dis tributi on is applied 
for ice crystals . 

The cloud is modeled as a circular air column \\'1th a time-independent radius in an environme nt 
at rest..A.11 equations 尹 formulated along the line taken by As訌 and Kasahara(l) 囧 far as the 
dynamic t erm.s are concerned. The efiect of compensating downward motions in the environmen t i s 
not considered however . The equation .for the vertical velocity is written as 

2, Lv wLr.2d..4' _, _J 2, 
汪｀~ l LS" - \.oJ'...._) u.,_ ·+ ~ 

T, -T-e 
tt 
—= _—~ — ¢ | w-l + - u..._ ｀卜＾） µa + - j (Qe+ Q r+ O , ) 

T西

Here the s ubscript a denotes 出e quantities at the edge of the cloud whose r adius i s a. The 
second term in the right-hand side represents the lateral eddy exch疝ge and th e th ird term represents 
the dJ'11amic entrainment which is required to satisfy the mass continuity be囧een the cloud and 
environment. Other prognostic equations are not produced here . 

This set of equati,9-r;is,-.ere integrated numerically 盆 an initial value pr oblem .. As w囧
(2) discussed PY Weinstein1"'1 . the solution attains a Steady state when no cloud microphysical process es 

are inc1uded. Fig. 1 shows an example of the height-time cross _ _sections of vertical velocity (in ro / s ) 
by our model for Co = 0. 005 and G = 0. 005 . Byers and Braham<3l divi.ded the life cycle of ~ thunder ­
s tor m into th r ee stages: developing stage , mature stage and dissipating stage. The typical duration 
times for each stage 訌'e roughly 10-15 minutes , l5-30 minutes and 30 minu tes r es pectively . These 
features are well simulated in Fig. L. The strong downdraft obser ved in the dissipating s t age at 
approximately 3 km height is ca1.1sed by melting oi'ice crystals . 
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Fig. 1. Time-height cross section of vertical 
velocity (in m / s ). 

The computation.a were then repeated for various values of Co. The results indicate that the 
motion 扭 rather sensitive to the variation of Co: the motion undergoes th.e life cycle when Co is 
larger than O. 005 and the larger Co is the shorter the life time of the cloud becomes, The result also 
indicates that, although the inclusion of the drag force provided by the weight of liquid and solid water 
is essential for the dissipation of the cloud. it is not sufficient £or it. For example, in the case with 
Co = O. 001, the total amount of water was calculated 珥出gh as 8 gr kg-1 and yet the motion attained 
a steady state. 

The 菡ect of the large scale vertical motion upon the development of a thunderstorm cell was 
also investigated. Within the framework of the one-dimensional treatment. the large scale vertical 
motion was represented by imposing a non-vanishing vertical velocity (wo) at the ground surface. The 
result of computation for parameters applied in the case of Fig. 1 and for various values of wo show 
that there is no appreciable chllllge from Fig. 1 when wo is smaller than 20 cm/s . When wo is 30 cm/s 
the cloud does not reach the dissipation state until 80 minutes and when wo is 50 cm/a, the cloud 
attains a steady state. 

3. TWO DIMENSIONAL MODEL 

The study is being extended to two-dimensional modeling to study the effect of the mean flow on 
the development and maintenance of a thunderstorm cell and the intera.ction between clouds. The 
computation was made with = 2 km, -= 400 m and over the grid points of 64 (horizontal) x 
30 (vertical ). An example shows that, when initial cond這ons are such that two cumulus clouds are 
separated with a distance of 15 km, the cell in the upstream side develops faster than the other and 
eventually there is only one intense cell of the size of approximately 10 km . In another case where 
an initial cloud has a horizontal dimension of 40 km, the cloud breaks up into two cells and these two 
cells undergo the changes described above. 
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THE INTERACTION BETWEEN CUMULUS DYNAMICS AND MICROPHYSICS 

Alan I. Weinstein 
Meteorology Research, Inc., Altadena, Ca珥ornia

INTRODUCTIO 

Recent precipitation (Ham.an, l 968, a這 l.r ibarne, 1968) and hail (Gokhale and Rao, 1969) develop­
ment n1odels have hypothesized the existence of a steady- state, parabolic, updraft profile . This shape 
of updraft profile leads to the production 0£ a water accumulation zone above the level of maximum 
vertical velocity, It is i n this accumulation zone that the precipitation and/or hail particles grow, 

The -present -paper shows how and where thill'accumulation zone develops and ho可 non- steady ­

state con年ions lead to the 出ssipation and then redevelopment of the zone. 

THE MODEL 

The model equations are given elsewhere 「 Weinstein, 1968). Suffice it to say here that the model 
is a one-dimensional, time-dependent solution of the fi rst law of thermody洹mies, the third equation of 
motion, and the paramaterized equations of moisture balance e沖lained by Kessler (] 969). The solution 
is similar to that presented by Srivastava. (I 呤7 1 except that the development stag_e of the cloud is also 
modeled . 

RESULTS A ND DISCUSSIO 

Figure 1 shows the time-height cross sections of a: -sample calculation. The points to note in the 
figure are: (I) the updraft maximum is concentrated near 如 top of tne cloud and occurs durin.g the 
罕growth stage of the cloud's lifetime; (21 the downdra!t s tarts at cloud base and spreads vertically 
(Srivastava found the s缸`e development); (3) the liquid water content maximUDl occurs~ the level 
of maximwn vertical velocity; and (4 l the 叩draft and liquid water content maxima are out of phase . 

The last po洫 iS Bbown mo:re clearly in Fig. Z. It can be seen that at two s訌ple levels in the 
cloud, near the level of maximum vertical velocity and just below the level of maximum liquid water 
content, the parameters undergo periodic, damped oscillation s in time. The oscillations of the two 
parameters are almost ISO • out of phase. 

Sri.vaatava found similar oscillations in his model calculations of the decay of cumuli. His Fig. 7 
i s very similar to the present Fig.. 2. The physical:reason that he gave £or: the coupled oscillations is 
also valid ior the present case. The updraft increases in response to the buoyancy generated by· latent 
beat of condensation. This condensate (liquid water) becomes a drag on the updraft witil eventually it 
equals the buoyancy. 五 the liquid water weTe constrained to remain with its original parcel (i. , e . , the 
drops had no terminal velocity), the buoyancy and drag terins would remain equal and the cloud. would 
become steady state (see Weinstein, l 9081 for a s血ple c alculation of this case). If the liquid water 
is allowed to move with its terminal velocity 沁t there is no drag on the 叩draft, the water will 
ac c UJT1ulate in some 吣ne , and the updraft profile,vill still remain in a steady state . 

If there is both movement of the liquid water~ drag, the steady-s tate condition cannot be 
maintained, As the liquid water content increases. its terminal velocity as well as its drag increases . 
Eventually, the increasing terminal velocity exceeds the decreased updraft speed, and the wateT starts 
to fall relative to the ground . As soon as the water leaves any level, it frees the updraft and the 
condensation-iallout cycle starts again. The resulting peri.odic oscillations a:re damped because the 
levels neve-r completely unload their water. The updraft always starts with some drag which it did not 
have when the cloud started . 

A THREE-DIMENSIONAL CLOUD 

The sequence of events described above must occur in a one-dimensional time-dependent frame ­
w ork. In the three-dimensional fr缸nework of a real cloud, precipitation particles are not constrained 
to fall or rise; they may move horizontally. In this case, a storm may maintain a steady updraft with 
a rada:recho that 區s the appea rance of an accumulation zone. This radar echo cannot be thought of as 
an area of collection of liquid water, since any collection.at one level would have to result in a drag on 
the updraft and a subsequent unloading as has been described for the one -dimensio·nal case. A more 
physically realistic e,-cplanation for the steady radar echo is to consider the accwnulation zone as being 
similar to a lenticular cloud. The echo maximum is being constantly formed from the bottom and 
evacuated out the sides. 

Precipitation particles and /or hailstones growing in this zone must either be car ried out the 
sides or drag down the updraft. In either case, it is physically unrealistic to model a steady - state 
updraft in which liquid water remains 酗ed in the accl.1.0'lulation zone. 
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A NUMERICAL MODEL OF HAIL-B噩｀ING CONVECTIVE STO臨

Chester Wisner 
Institute of A比o:.pheric Sciences, Rap這 City , South Dakota 11 

A numerical model was developed which allows 均veetigation ot the interactions between the 
dynamical , thennodyne.mical, and hyd「0呻teor processes which are active in the core of a c1lll!U1-us 
cloud . A brief description of the model ~d some representative results are presented here. A 
more complete presenta.tion is available else\lhere . (l) 

The model is time-dependent and one-dim血S訌血1.l in space . The d.ependent variables are vert.ic.al 
velocity, temperature , radius , and the mixing ratios of water vapor , cloud water, rain water and 
區.il. The environment is aBB\llDed to be 忒.a.tic and is specified by the pres尹e, temperature , and 
屯ter vapor mixing rat-io at each grid point . 

Fig . 1 shows in schematic fashion the processes involved 
扭 the f ormation of the various catego元．es of 11ater subs這nee .
Water vapor in excess of the :iatura tion value is immedia1.ely 
converted 吣 cloud 嗶ter, and saturation is lllliintained when-
ever cloud \,/8.ter is present . Cloud 國ter is converted to ::ain 
water at a rate specified by the pararn.eterizaticn of the coa­
lescence process suggested by Berry . (2) Kessler's method of 
treatinf tbe aeereUon o「 c1oud 四teT by rajn uatei、 is uti-
lized . (J) Evaporation or the rain water in m:bsa面.!'ated air 
is included by integra乜ng t.he rate of evaporation f1·orn one 
raindrop over the raindrop size distribution . :he t吐血·or
size distribution is assumed to be a Marshall-Palmer distri­
bution . .Hailstone grmtth iD the model is by two processes , 
the freezing of raindrops and the accretion of supercool函
cloud water and rain 嗶ter . 拖indrops are frozen acco-rding 
tot.he Bigg equation , and the accret:ion of cloud wt.er and 
rain \,atei· is treated in a fashion siI!lilar to Ke:;sler1 $ 

treatment of the accretion or cloud wter by rain water . 
The size distribution or hailst1:1nes is ssSUJ!led similar to 
tho 幽rs區11-Palmer 心Stribu乜on but with a g_i.fferent constant, 

4 」 ． e . ' 庫rs洹11 and Palmer's N。 of O. 08- cn,-...is reple.,.ed by 
.>X1 0.:.4 cm- 4 . 

面e numerical method of solution was based on up忒r8aJll

Fig . .=chematic v. microphysica 
f;:-oc esses . 

differencing . NwnericaJ instal>ilitjes were encountered in the solution to such an extent that it 
would be adv:iseable to 扭ves吐gate other techniques prior to t'urt.he「啤e of the model . 

1n the cases presented here , the envirorunent has a temperature of 3COK at the sFface , decreas­
ing according to the 函 adiabatic lapse rate to 1 . 「 km , then decr臨sing by 6 . 5C km- ' to 9 洫， and
dec「緬sing by 2C km- 1 from 9 km to the top of the gr這 ． （ All references to altitude are given in 

erms of hejght above ground level.) The melting level.is at about J . 4 區， and - 20C is found at 
about 6 . ;; 這 ． 面e water vapor mixing ratio is 10 g kg- • at the surface and decreases at 2 g k.g­
km-1 to 5 .lon. The initial p虹tur涵tlon of the core consists of a constant water vapor mixing ratio 
of 11 .9 g kg- 1 (which is t.h~ saturation value at 1. 5 k記 for the region below 1 . , ~ an:i a sinuso造1
沅「iation i;:i the vert ical velocity 均 the s訌1e region 吐t:.h the vertical velocity reaching a maxil!IUIII 
0「 i rn sec- 1 at 0 . 75 這．

「 ig:,: . 2a and 2b show the results when 泣乜 waf'not allo'l.le<i to 「0元 Note that a steady state 
is attained . Figs . )a through 3d ahow the results for the same situation 祖th hail formation 
allowed . We may observe the J:ollc沮ng from the re正ts l 1 \庫且户紉·s a very important role 江 the
chain of events leading 七o precip訌J.1tion at the ground. It prcvides a mechanism for transporting 
｀吐er down through the updraft, and in the lower levels , its weight. 血d the cooling due to its 

melting are important factors in 函e ini己at.ion of a dol.lTldraft . 2)'1'hes為ady-sta te assump訌on is 
approP江ate until appreciable 血ou:nts of hai1 are f ormed in the cloud . J) The do逗尹t begins at 
the melting l evel and propagates do中ward, but not u-oward . 
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USE OF THE ATMOSPHERIC WATER BALANCE TECHNIQUE 

TO INFER THE RATES OF CONDENSATION IN 

A CYCLONE AND lN AN OROGRAPHIC CLOUD SYSTEM 

James L. Rasmussen 
Department of Atmospheric Science, Colorado State University 

Fort Collins, Colorado 805 21 

The purpose of this paper is to report some results of synoptic-scale atmospher­
fc water balance studies carried out at CSU that would be of particular interest to 
cloud physics problems. Because of the spa ce restrictions, the material, background 
and bibl iography are incomplete. I refer the reader to the articles Rasmussen, et.al. 
1969, Ras mussen 1970, and Parisi and Ras muss en for the details of the studies. 

Comtutati on of the atmospher1 c water ba 1 ance y1 e1 ds the e xchange of water and 
vapor a t t e ear th's surface ([ reci p i ta ti on ni nus evapora t1 on) th rough the observat i on 
of the spatial and time distributions and fluxes of water vapor in aii atmospheric 
volume. The volu me extend s over the a rea of interest fro m the earth's surface to a 
level where water vap or is ne g ligible. It i s c}ssumed that the neglect of the water 
fn the form of clouds does not sig nific an tly c1ffect the computation (Palmen 1967, 
Rasmussen, 1968) . The water bala nce may be written 

？一E =-亡＼扭｀A 8p + i 立＼凸．缸 (l)
.. TL 

where P-E is precipitation rate minus evaporation rate, g is acceleration of gravity, 
p is pressure, t is time , A 1s an increment of area on a press ure surface, Cn is the 
component of the ho ri zontal wind normal to the sides of the volume and 1 is a line 
incremeot defined by the intersection of the tsobaric surface and the sides of the 
volume. If the situation chosen is one where evaporation is neg l igible equation (1) 
i s eva 1 ua ted to y1 e 1 d prec1 pi tatl On rate a 1 one 』 aI1 。p`

The rate of condensation may be estimated by"the# mass flow in the atmospheric 
volume to be governed by the thermodyn amic constraint of const ant equivalent potential 
tenpera tu re ` O e . Masses then wou 1 d fo 1 1 ow a tnermodynam1 c path depend i ng upon the i r 
1nitialconditions of te mp erature, pressure and humidity Upon ente r ing tne volume and 
their successive motion within the volume. Accumulating the condensate over the sum 
of the masses then leads to the determi nation of the condensate production within the 
volume. The reader is encouraged to read the more detailed acco unt of the technique 
in Rasmussen et.al. (1969) . Complications to the analysis of course arise for atmo­
spheric systems in which there i s much turbulent mix ing or where the physical cloud 
process can not be either specified as an ice or water process . 

The experiments described herein a r e chosen because they are results of a rather 
comprehensive study of the atmospheric water balance . Th e following sketches will 
serve as a background for the results described in Tables I and 11 and Figures 1 

Cyc1 one Cas e 
T后tmospheri c water balanc e was determ1ned for a cyclone that crossed the 

central United States from the Texas Panhandle to the Great Lakes during the period 
February 17-19, 1961. The storm may be characterized as an''average" winter time 
cyclone that developed and began to occlude during this time span. The coordinate 
system over which the computations were done mo ved with the storm system. Table I 
gives the total pr!!cipitation computed from the water balance , the condensation de­
termined from the 缶 analysis and che precipitation deduced from the records of 
about 150 hourly rain gauges. The agreement between preci pi tati on determined by the 
two different techniques is e xceeding ly good. The condensation for the mi ddle time 
period appears low . Perhaps this is a reflection of a large change in storage of 
cloud water in the volume as the storm moved northward and occluded (Rasmussen et.al. 
1969) . 

Figure l shows the percent of total rate of condensate occurring at various 
temperatures in the c l oud mass. The result shows that as the cy clone mat ures the 
shift in condensate form a 启 on is toward colder temperatures. 

Oro~；＼盅悶闆。r not we could e va l uat e the water balan ce of a large orograph-
ic cloud system using an approach similar to that described above. We searched for 
d ayS Hhen such a c1 oud exi s ted over c1 i max . Co}orado , when the m nd d1 recti on `as 
quite invarient with height and from about 260 v. These r estrictions were necessary 
to do a two dimensio nal analysis using Gra nd Junction as the upwind station . Chalk 
Mountain as the crest station and De nver as the downwind station. 
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Table 1: The calculated precipitation P and condensate C for each time period and 
the corresponding gauge precipitation PG . (Cm/12 hrs) 

Time C P P G 
18/00l 1 .4 1,0 1 . 0 
18/12l 0.9 1.1 1.0 
19/00l 0.6 0.5 0.5 

0 O 2O30 40 O O 20 30 4O 
18/00002 18/12002 19/0000Z 

PERCENT TOTAL RATE OF Cat-DENSATE 

Figure 1. Percent of total rate of condensate within the cyclone system for each peri­
od classed according to temperature. 

Table II: Condensate values for parcels above Grand Junction lifted over Chalk ac-
cording to the e trajectories. 

Pressure Pressure Condensate Cloud 
above over (gm/kgm ) （名） Temperatgre 
Grand Chalk Range (C) 
Junction {mb) 

(mb) 

725 643 .00 。650 600 .24 34 -20 to -2 5 
590 530 .26 37 -25-to -30 
545 485 . 18 26 -30 ·to -35 
495 455 .02 3 -35 to -40 
485 450 .00 。

Table II shows the details of the cloud determined from the analysis . The pre­
cipitation der ived from the Grand Junction - Denver water balance yielded .01 " per two 
hours , the length of time the cloud precipitated is as evidenced from the precipita-
tion records. Currently more cases of this nature are being evaluated in order to de-
termi ne if such techniques could be used in the control and monitoring of cloud seeding 
experiments. 
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SYNOPTIC VS. MICROSCALE INFLUENCES ON GREAT LAKES SNOWSTORMS 

By 

Douglas A. Paine and James E. Jiusto 

State University of Nf!w York 
Alba.ny, N的I York 

A low level t!'ough, initially positioned beneath a 500 mb low,_ often propagates S(?Utheastward 
behind a strong cold front crossing the Great Lakes during the early winter season. Its position 
is ioost noticeable from the surface to 850 mb. usually becoming indistinct above the 700 mb level. 
This secondary trough often undergoes a slight intensification because of the favorable d1abatic 
effects induced by the lakes1 presence; namely, surface heating resulting from the passage of cold 
air over wann water and the release of latent heat dur1ng the ensuing cloud fonnation and outbreak 
of snowsh叩er activity. 

Re1 at1 ve vorticity maximums associated with the feature norma 1ly 1 ie within a +4 to +8 x 10- 5 
sec一 1 range. Unlike the ma1n frontal trough, colder air advection is slight and the resulting 
omega {w) field is primarily a consequence of this vorticity advection. 

Trajectories computed from isentropic analyses have given a valuable insight into the trough's 
imposed field of vertical motion. These computations were restricted to layers above the 850 nt> 
surface, and care was also exercised to avoid those regions of convective mixing of momentum, energy 
and moisture over the lakes which violate the assumptions employed by the trajectory technique. 

The trough's presence producestwo distinct fields of vertical motion. The weak ridging behind 
the main cold front is associated with negative relative vorticity advection where air parcels undergo 
a gentle descent of 1000 to 2000 ft/12 hrs below 500 millibars. This is often sufficient to fonn a 
capping inversion (near 700 mb) over the convective activity induced by a part1 cul ar 1 ake. Closer to 
the secondary trough, trajectories show its positive vorticity advection to be associated with 1000 
to 6000 ft ascents of air parcels in 12 hrs. 

The importance of such a feature to mesoscale and m1croscale development of Great Lakes snow­
squa 11 activity is as follows: 

(1) The passage of a secondary trough typically shifts the prevailing wind below 5000 ft from 
a southwest and west-southwest direction to that of west-northwest and northwest. Other 
studies have shown that the most intense snow bands covering a relatively small area occur 
when the prevailing wind parallels lakes Eri~ or Ontario, with less intense snowfalls of 
greater areal extent under a no.,..thwest flow. 

(2) One case stud1.ed showed convective cloud depths doub 11 ng (8,ogo to 17 ~900 ft) ".'1th . the 
passage of a fast-moving trough across Lake Erie. Its short-lived influence, lasting 
only three to six hours at a particular point, produced intense snow showers, 1 rregular 
and conical shaped graupel, and lightning discharges. 

(3) Three-hourly sound1 ngs reveal that thenna 1 heat1 ng and destab1 l 1zat1 on of the a1 r by the 
warm lake water remains effective in both the region of synoptically induced descent and 
ascent 1n the lowest 5,000 to 10,000 ft of the atmosphere. However, the moistening of the 
1apse rate becomes eff1 c1ent on1y when s1gn1f1cant 「os1t1ve vort1c1ty advect1on occurs. 
This near-saturation at low levels promotes vertical cloud develop而nt and presumably 
augments precipitation. 

(4) Finally, there 1 s some evidence to suggest that the strength of a secondary trough may not 
be as important in detenn1ning the intensity of Great Lakes mesoscale snowstonns as its 
length of stay over a particular body of water. Indeed, the most severe of these stonns 
1 n the past four years occurred when such a trough had become nearly stationary over Lake 
Erie. The total water equivalent of that stonn's snowfall over land exceeded l/20th the 
capacity of Lake Mead, one of man's largest reservoirs. 
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Point four has led to attempts to forecast the movement ana assoc i ated vorticity advection of 
secondary troughs . The 心／F synoptic-s C3le grid sp~cing of 381 km corm-only misses or loses this fea­
ture within 12 hrs of the initi al data . A mesoscale grid length of 127 km has given initial encour­
agement to predicting the feature's movement at its equivalent barotropic level--the 850 mb surface. 

Analyzing Great Lakes snowstorms from the micro and mesosca1e, it soon becomes evident that the 
lakes constitute a primary force in supporting the phenomenon. The strong vertical flux of thennal 
energy, momen tum and water vapor at low levels stem directly from these l arge source reservoirs. 
For example, as the winter season progresses and the la lces cool. the total precipitation generated 
by lake (Erie ana Ontario ) storms decreases by a fa ctor of 5. Th is largely reflects the direct 
impact of the lakes on storm intensity . 

Updrafts ste11111i ng from the local convective process vary from a few tens of centimeters per 
second to a few meters oer second in intense cell regions . Water budget calculations indicate that 
an overall average updraft of approx ima tely 50 cm/sec over a typical 3 km c·1oud depth is required to 
produce the intense snowfa1 1s of l ·3 1nches per hour. rio te that the synopt1c sca1e u[drafts 1nduced 
by the secondary trough are of the order of a few centimeters per second (6000 ft/12 hr) averaged 
over a 12 hour period, or approximately an order of magnitude less than the mesosca le convective, 
updrafts. 

Thus, it is believed that even in an unfavorable synoptic environment, i.e. absence of a 
secondary trough. some l:i Le-i'ld11c:ed snnw could be ge"le""ated . The less intense NW flow cases appear 
to substantiate t hi s hycot~es is , However , in order ta oroduce the intense lake stonn (SW-W flow), 
we fee 1 that tne presence of a s i owl y-ll'oVrng seconoary t rougn,iith its associated positive vorticity 
advection field is essential. - his ohased couoling of synopt ic and mesoscale events then can produce 
the "classic" Great Lakes snowstorm, of wh ich there are few rivals. 
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STRUCT1啤 0，呾I SNO甲血 lN RELAmo` ÌTH PROPAOATI0N HEOUNISM 
AS REVEALZ, ，「 RADAR

z. 「mmgimllIf· 心d H· :ruji``· 
庫teorological.R．15omrcbInBti`｀．

Tokyo. 」"'．`

L OBSERV1T101f 

A ·od1`~.d mCim r．心r 皿I(8k`, 1.5 "rUc̀dly X 1'.hor1 巴OoUllL ^mt·血a1 17 turn/min.1Ji 
"＂`｀． p1心., o.5 tur`III11l 1n bor1Z0llt` pl.Do) . .....ert1c.ll'po1nt1mg 3-OII Dopp1.「「．心＾
鼻nd 鼻 COn```.omU PPI md「 "re used (l) . 

s.veml ·n0`b.nd5. `Ueh 屯「． formd in a cont1DeuUL out br··上· w." °b·"｀｀i 氬 t .00Ut of 
t缸 」．，m S" by tb· thr" ` d`` m．心O｀bm｀心 brougbt moIIt1, IIDO` P·ll曇ta o「 ·ixture ``;b. 
n·`` b\IC `「`｀• C氬氬晝｀ ` aII ．正OC`Ud `~Ch n``` L̀ooe depm`d1ng on tbe d."'1op扛g et•g• · 
The cloud tops were about 3.300 m 扭 be1gbt (-2OC) mnd the 5UrEo t紅111p.'tur" wmr e l to X · 

2. RESUL,S 

It m` Co皿d fro. th. `"｀"4obmrv氬 t1on.ab, redueiag t缸 roeo1 Vor g.1o 心out 3 dB t缸 t th釁
latorary ·`"nt oftho 心o~band ie about 10 km and conrposed o! 2 or 3 small (bubbl e tn心
`：hoo島， tbe dimension of which 1氬 about l. ltlll 扛 d.im`＂er. ,h晝氬dvmac.mento, th· b吐d is a­
ch1`" d by m upd…ft 矗 t the i111.111edhte rear or t缸 l"d1IIg odgo of th 嶋 band .

In Fig. l, a a 嶋qu.ntia1 皿I P1cturo tak.o ill a v.rtica1 p1ane Iiim.cb iII p矗rallel to the 鼴O了iug

direction of the ba.nd, 100 deg., illUBtrates the be.hawi or or the bubble ec.ho`' A, B ami C. 
Eeho^ `b1chh丑 be`1 111ortng by 12 町＇巳氬 t about'2 km in height started to descend 氬s i t got 
tb.'d` 圄it` Th0 do.condi5g "＂d 丘c"..鷉ed from 1.5 m/ a for 8 to 11 Jain to 3.5 m/ e for 
11 to 14 鸕訌i in av.mg` Tbu8, a bubb1. echo once gemratod in tbe rear odg. of tb· ba.nd get15 
over the precede one near the 1.ading edge. 

It L, a1島o _foUlld by 氬imilar illuatr氬tiolla that tb疊｀｀t bubble echo used to 「裊ll 1mm`diato1y 
atter i.t p··Ill6o the r·dm o1 to. `here· th· pu「5Uo gaia6 en.rgy by updr氬 ft (2 - 3 m/ a !ro重
Doppler d"氬｀b1.ch `e 心om 1u F1g. ， £or 氐ho B,) trom the undf!"rDee th 心d the precipitation 
`` SU8pm】心d furw.r to ramb mo` ` tondmd distm1a fom日ard . Tbi s iastmnce 1o s.homa in 「ig2
by E and ` 

Comparing the hori.tcontal nloci ty or the bubble echo wi tb the wi吐 a-peed ( see a.lso Fig.2 ) it 
1鼴 indicated th鼻t th己｀：bo ope`d i嶋 Umoat equ1v氬lent to the wind apeed at the echo baee, •ug­
ge6 ting an effec t o t m.oment.um tranaport from lower le v4!!le. lt is i11tereeting to see 扛 Fig . 2
tha t when acti ve updraft was obse-rved u.ndernea th the bubble echo i ta horizontal a peed was 「C.
duc.d cOD8idorab1, by thO ·0重en t\.Ull exchange. 

「D opi t 嶋 O 「 the 11lo丑ng, thie activa.t~d pa「eel reached the dis tance further than 5.8 乓 OD
氐ho B 心d ? -1 km on 氐bo 「.Th拉 distance aeoma to increase with the energy aupply ne虹· the 
l曇ad江g edge . 

3, DISCUSSION 

The bubble echo B))recipitated tbe mixture of sno可）ell~ts a nd snowflakes on t he groun.d s tati,on 
氬 t 心out 5 比 leeward but 印owfJ.akee aJ.011e, on tbe eta t ione 心ou t 9 and 14 km leeward. From 
the analysis of t he Doppler spec tr四h 1..n tm,moor v m1n at tbe cut-off of S( v ) ll.nd mean veloci­
" 7, it w.IIfoundtbat ono`'1吐；as develop within the circ田mtance8 `hore updmft i a l.os tban 
70 C町＇嶋ec, while BDO"'J)elleta or the mixture, where the upd.ratt ie lllore t han · -70 心／已ec.

It `.C 氬lso found that very narrow eh鼉rp &l)ectr\.ll!I ehowing s·now!lakes or t1..ny- pell.e h prevail s 
in tho r.e1om i.mmediaUl, .'` r (o.5 to.l 正1..nut.e) tbe u p心氬 ft. 面erefore th曇 energy eupply 
by an updraft would serve the r氬 ther persistent boy亀ncy at first by latent heat of co11denaa­
tion and later by that o! gr｀鼠ciation.

When the upd:raft oore of the band is tar behind the lea心．11g edge the up心aft may not be effec­
ti" for sPoe心gtbe prop己gatio11 of the band. 面is co:1-no1de. `itb tb e £aeta tb氬ta traveling 
b邕nd ha& its active convective core is bia.,sed toward the extreme fro11t. 

4 . REFEI述「ICE

(1) Aoya gi J., N. Koda.ira, M . 瓦ji`｀｀心d z. ｀皿gisawa, 19661 Doppler radar obse-rvation 
of snow ebowere. 12th Weath. Radar Con!. No元1an , Oklahoma, pp 112-116. 
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THE INFLUENCE OF A COLD FRONT ON THE DROP SIZE DISTRmuno 

by A. Waldvo豁land 」. JOBS 

Osservatorlo Tlcillese 宓a.mo-Monti. Switzerland 

The inilueneoofanairm尹 0hango on tbe prooipitationmechanJsm ls lll啤trated with an example. The example 
lshows a, drastic change of the drop size distribution during an oro釕aµhic wide spread rain at the time when a cold 
front passed the area. 

氐tm皿ents

The rain drop s區 distrlbut1o珥 are measured with a dlstronieter for raindrops by Joss and Waldvogel (1) . Drops 
with diameters between 0. 3 IIlll'1 and 5. 3 mm c皿 be me邸ured co.nlliwouBly and autmn沚ically. The data of the dis­
trometer ue fed into an analog computer to produce real time regl油atto呻． In addition the data are recorded on 
magnetic tape to be evaluated later with a digital computer 

The radar reflectivity ls measured with a vertically pointing,adar (,\ = 4. 6 cm). The time vs. height profile of 
!he Tl记a:r reflectivity[actor Is recorded ln real time with a!a邙Lmile recorder, see Joss et al. (2) . 

Dataproee8B啤

-3 The analog computer_ calculates from 出e meas心ed distribution N(D)J the Uquid water content W [ gm-"1, the rain-
fallrateR-(rn~ hr-L] andtber函ar refiectivity 缸阮 Z (m語m一3 」 . The Qll血UUe8 W and Z o£the distribution 
are transformed into two new p訌ameters N。 and/\to give a better idea o! the distribution. The transformation ls 
also done by the 訌叫og computer in real lime , 

N。＝土卡｝4/3日4/3 W A ＝卜平3
7i z 

If the dlstrlbutlon. ls an exponeTitl.al one , the p訌血etere N。 and A get the same me皿四邸 those proposed by 
MarshaU and Palmer (3). 

ln addition to the quantities mentlo邸d above, the digital c-0mp沮er calculates the median drop diameters D,rn D 
R 

andDZ, wbere W. R 皿d Z T08P紀ttveIy reach 5O % of their tot.alvalue. To get 印 idea ofthe character of臨
distribution we also _calculate the ~otlent%心W' ． (Dw• = 3. 67 /A ls the meadi皿 drop d1血eter for W for an expon­
ent:ial distribution, for which Dw/Dw, == I) . 

A.II quantltles and pa.i:ameters which are calculated or,lgtnate from s幻nplee with an e平sing time of l miJlllte, thus 
the errors due to &am'Pling si為 are emaU enough, see Joes 血 Waldvogel (4\ . 

ExmnPIo 

The example given below, shows the t"egistrations of the,:函ar refl.ect1Vlty factor profile, the parameters N。,A,
Rand叭因, , of the drop size 硒ibu_tion and a table with the me皿 Va1u.斡皿d the standard deViatio.nso[the 
parameters for different time Intervals with a duration of ca. 30 mJnutes each. 

The meteorological situation was first 血 orogr印hlc wide spread rain st訌ting at ca. 09. 30 in a warm air mass 
with a p,seudopote.ntial wet-bulb temperature 8 = 14 3° (this e is the mean value between 950 mb and 500 mb). A 
c.older and less h.umld air mass 訌rived at ca. 15. 00, 泅fh a pseudopotentlal wet-bulb temperature 8 "" 12. 2° . The 
change of血 drm邸ses resulted at our station in a change of temper吐ure, humidity, pressure, wind, radar 
reOecttvity profile as well as the drop s乜e distribution. 

References 

(1) 」 ． Joss and A. Waldvogel, 1967 ; Eln Spektrograph filr Nlederschl哆stropfen mit automatischer Au霾ertung

pureand Applied 函E!!.I!!£!, Vol. 68, 240-246 

(2) J . Joss, K Schram, J . C Thams and A. Waldvogel, 1970 : On the quantitative determination of precipitation 
by radar (to be publfshed) 

(3) J , S. Marshall and W. McK . Palmer , 1948: The distribution of rain drops with size, J. Meteor, Vol. 5, 165-166 

(4) J . ．「oss and A. Waldvogel, 1969 : Raindrop Size Distribution and Sampling Size Errors 
J. Atmos . Sci., Vol. 26, 566-569 
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Registr血ons of a precipitation period on 18 September 1969 from 14. 30 till 36. 30 at Locarno-Monti. The radar 
reflectivity profile is at ~墮p. ~elow ~strations of the param_eters N。,A, RandDwmW'and atable 
showing the mean values N。,A, R and 瓦;?fiw, and the quotients -s of the standard deViation devtded by the corres­
pondl11g mean value . 
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A 班:SOSCALE NUMERICAL MODEL OF AIRFUJW OVER THE.BLACK HILLS 
Chia Bo Chang and B. D. Orville 

.Department of Meteorology, S認M&T, R氬pid City, S . D. 57701 
邛咽ODUCTION

The Lavoie mode1.. for Lake-effect Storm has beeniiio乩ne:cr-to simulate the disturbance of the air motion 
in the 珥ack Hille area. ID Fig. 1, layer I, 50 m deep in contact vi.th the surf嶋ce of the earth.• 18 

' characterized by a euperadiabatic J.apse rate to represent a condition of upward 區吐 and water v&por 
flux. Layer 立 vi.th bomogeneo四 distribution of potential and mxing rati o of total water content 

·vertically is Yell - mixed. Layer llI is assumed to be ste:、le.
心S函IONS

jl. The atmosphere is modeled as co呻i.sting or three layers in z-direction and two-dim血sional in the x, 
y plane. 2 . Determination of the distrj bution of the t訌e-dependent vari心lea is restricted to tbe 
vell-111ixed 1叨er . 3, The Coriolis p心血eter is assumed unifonn throughout the entire region. I+ . The 
effect of the curvature of earth 1s neglected. 5, There is no heat and water vapor exchange between 
the veil-mixed le.yer and the upper stable 1紉er .

睾IC 翠UATIONS
The first and second equations of motion are 

注＝ － u~-v~-rv-.!:. 竺－!_~ (1) and 竺＝ - U ~- V 竺－心－主竺－~~ (2) 
at ax ay Pax o az at ax ay pay p az 

In the above equations u, v 紅e the components of the wind veloci切 along the x,y 紅es respectively, 「
is the Coriolis parameter, pis the density of dry air, Pis atmospheric pressure, and tx, ty 扛et.be
components of eddy stress vector along the x,y axes, respectively. The 四ter.conservat1on equation is 

竺 ＝ - U 竺 － v 竺－旦丘 (3) 吡:re Fr 蠹一 0 乓 逵
at ax 3y o 3Z az 

represents ave元ical nwc of 11ater vapor. Q is the mixing ratio of total 琿ter content (vapor pl\18 
liquid) in g／迤. Also Kr is the eddy coefficient for water vapor. The thermodynamic ener囟吶uation is 

,e ao ao O 1 aq L 1T-I 1 aF - = - U 一－ V _ __ ＿＿一 C - - _.r. + Source (4) 
at ax ay Tp cP az cp p az 

;:::sents: :e~:{:』 and q = - CP °勺 ae/azrepresents a sensible heat flwc , 8 is tbe potential temperature of the dry air, Tis Kelvin t氙perature,

t c'P is the SJ)eci fic hee.t for 函 air at const血t pressure , q is the vertical sensible heat flux, . ,¾ is 
tfie eddy coefficient ror sensible heat and Lis the latent heat of condensation. In equation (4 ).the 
fourth term g:t ves the latent beat flux 紅Id the Source term is used t o e.ccount for phase cha.nge occurring 
due to the disturbance of an air col1J!Dll, c is the 「atio of cloud depth to the thickness of the well­
mixed layer. The continuity equation is 

au . av . 1 dp 
_ + - + - ~ -· 0 
ax ay 0 dt 

(5) 

whi ch is 西loyed to estimate the deformation of the inversion height . 
加UNDARY AND INITIAL CONDITIONS 

There 缸e 58 grid points 巴long they－心is and 35 grid points alo啤 the x-axis . 
nearly pare.llel to the ri迤e line of the Hill.s, 
with an azimuth of 340 deg . to 160 deg. The x­
axis is perpendicular to the y-axis. A 4-Jon grid 
distance between each point is set along both 
the X and'Idirection in the central part of 
this model . An exponential expll.I這ion of the grid .. 

= distance is used around the outer limits of the !e 
111odel. The total area covered by tbb modeJ. ia :i: vi✓ 

G ho 

about 8500 km2. The surrace potential temper氬ture
is taken to be a constB.Dt and va.ter vapor lllixing 
ratio is made afunct1on of the Burf広e temF江a­
ture. t,todel input values come from the adJuatment 
邙 a ree.1 sounding (shovn 扭 eolid line, Fig. 1). 
Dashed and dotted line in layer III incor porating 
the solid line in layer II represents a thermal 
str ucture of zero order temperature inversion. 

COI-IPUTATIONAL PROCEDURE 

｀
丶

· z 
The y-axis is selected 

: .5km 

, · 
J!.vDEL-/ i.:.--SOUNOING 

'" UI 

:`` 
J re 丶丶丶 。 ,I 

瓦－＼l：；;；;；一一一了－－－－－；一一一~::.
｀漳

,.OTENTIAL TEff. PERATU::E (•K) MIXING IIATIO or T\VC (g/kg) 

,'I·" ' 
A finite difference method has been used to solve the eq四,ti.one. Upstrt困n differencing is uti11 ze.d to 
approximate a邙 spatial derivative involved in the advection term . All other spat!心 der1vatl ves are 
repls.ced by central dif'ferences . A 9 point veighting operator is used fo「磾oothing the elevation. 

PRINCIPAL RESULTS 
The principal 元sults of four cases are sho叩 in Table 1, where 6h, 68, and 6Q are tbe deviations of 
inversion height, potential temperature and total vater content, respectively. LWC stands for the liquid 
;rater content lns ide the cloud. All DIDDerical values are taken 吡en the solutions are steady state. 
"The case or VAPOll EFFECT" in Table l means that we consider no phase change but only the change of air 
density because of the addition of vater vapor. 

PARTIAL RESULTS OF SOUTHEBLY FLOW (CASE I IN TABLE I) 
The real sounding and model inputs for this case are shovn in Fig . 1. Fig . 2 sbovs that the maximum 
deviation of h , 叭 Q after 560 minutes 。f integration. Fig. 3 gives the perturbation of the inversion 
surface at 560 minutes as the results of temperature, water vapor, and terrain influences. The largest ! 
deformation of the inversion surface is on the dovnvind side of the tn0untain . Also there is an upvind 
max1m呾 form主接 beca哂e 0f the 巳irf10:-lifted 可 m苹turui... 訌2止止邙 p止止＃S 吐 the £屯血止 F
boundary are sho面·
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Case 
Order of Inver sion 
Initial 吐nd speed 

()\nots) 
!.)irection (deg . ) 
Max . 6.h(m) 

"ax. t..e( 0r.) 

!iax. AO(, / kg) 
l1a. Y. . LWC (ll;/kg) 

TABLE 1 . PRINCIPAL RESULTS 
1 ． 妝ct 2 . Dry 3 , Wet 
first first zero 

15 15 15 

179 
1300 

dom`ind 28 远
fro!11ridge line 

l . 85 
d硒呾d 28 km 
f'rom ri~e line 

2 . 8 
l.l.3 

downvind 30 km 
from ridge line 

tlax. cloud depth (m) 1300 

盅
downwind 28 區
molJl 「id1t.e line 

1.02 
do、"llv1nd 24 km 
from ridge line 

。
。

悶
do面vind 28 區
f rom ridge line 

1. 叮
downvind 28 远
from ridge line 

3 . 0 
o.1l 

downwind 28 远
from ridge line 

820 
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Fig . h shows the radar echo envelopes at four dif­
ferent times from 2 to 5 Pl~ indicated by the solid 
lines 凸ound a vertical cross-hatching area, a 
horizontal cross-hatching area, a larger open area 
and the two close-dashed curves, respectively. 
There is little change in position 吐th time. The 
thinner solid lines in 「ig. 4 represent the contour 
of t o~~rre.tlhy. Since the precipitation comes from 
thic~.er clouds which are associated i;,ith greater 
inversion defonnacion, the maximl.llll inversion deform­
<ttion should be close to the radar echo in location, 
But the comparison of Fig . 3 and Fig . 4 reveals tha t 
he cor relation betveen them is not g()od . Some re­

「ine-1er-.~ s have been considered. For instance , a 
rec ipi tation scheme or the elevation effect on the 
surface 司吐ns ratio of water vapor will be added . 

。
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corrcwsrons . -
1. Fror., the results of Case 1, 2 , and 4 in Table 1 we can f ind that the thermal effect of water (via con-
densation or evaporation) is much more impo.rt邸t than the d_vnam.ic effect of water vapor through the den­
sity ch劻~es . 2 . A zero order temperature inversion gives e. stro1;1ger damping result 吐th a decrease of 
inversion deformation and temperature deviation (see Case 3 in Table 1). 3 . Wind direction and topog-
raphy are 七o ve可 important factor s in determini邙 the location of the maximum deformation of inversion. , 

ACIOI0~1LEDGD唧'l'S.. 面e computations Yere 如ne on t he CDC (,600 at the I-le.tional Cf;nter for Atmospheric Research. The l~CAR 
corr,putinR facility has been most cooperative. The research is sponsored by the Bureau o「 Reclamation,
l!, £ . reoartreent of the Interior, under Contract No . l~ - 06-D-6796 . 
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THE TIME VARIATION OF THE WATER BUDGET OF A SEVERE SUMMER STO汜

Meteorological 
Cliffo汶 D . Holtz 
「vice of Can必a1 Toronto, Canada 

The purpose of this paper is 函fold: 1) to ind.icate t he time 嶧可扛g 琿ter budget (pa.rti訌oning
amongst vapour, cloud and-precipitation) of an observed thunderstonn; and 2) to develop a theoretical 
model that simulates numeric亞 the budget during the st叩lll 1 8 逗e cycle by parameterizing the rates 
of the various sources and sinks. The budget is expressed in t erms of _the bullc or total. masses for the 
storm-as-a｀沁le . Figure 1 蝨 a schematic of the t华e rate of change (denoted by a dot over the 可mbol)
of the various components and their sourcee and sinks (subscripted by- g) . Time dependence is implicit . 

The main source of.air and ~ter into a storm is that due to in丑ow of moist air through the base 
(i:heir rate~ given by A主 and V1g6); a secondary source 誌 that due to entrainment t區ough the sides 
A2gsand V2 e) A storm 拉 vi.suallzed asconsisting of 严 rog.ioD.5 : 1) a core 洫re air is asconding 

or deoend逼i 逛thout mixing, and 2) a shellconsisting of mi.xed entrained air at rost . Moisture 
;ntering the base is continuousq both stored as saturated vapour in the core （的 and condensed (C2) 

(6) 
g 

in theupdrart . Then part of the cloud is stored in the eore d and evaporated later (tlgd)when 
domdrafts deve1op; a second part is stored in tho Bhell (6e) 平 converted to vapour by·e~:~ration 
蚜e) 中endrier 土 is horizonta11ymi.xed into the storm thr0U哄 the sides;and athird partis stor.ed 
<t;rand converted into precipitation (Pg) which is 邛 turn temporar函 stored (P) and the; falls out F g g 

I 
The observed water budRet 

Figure 2 gives the partitioning: the total masses of 
Vapour V(t), precipitable-cl.ourl Cp(t) and Precipitation P(t) 
existing at time t, and the accumulative masses of the various 
sources -and sinks for the 迁ge severe stonn 。f 1.8 July 19包
obserYe<i by the McGill radar. Its output consists of a time­
series of CAPPI maps at 6 heights 呾h grey scale to 1ndic-ate 
spatial distribution of precipitation intensity (density or -• 
丘ux). In Figure 2, 「g(t) the acc~ulativ~ mas~ o! fallout • V1gb 
to -cime t was obtained- by integrat訌ig, using the lo霞st 皿lps ，
the nux. in the_hori:z.ontal and in time, Using the remaining 囑V
upper 西5 , p(t) thetotal 啤;s of precipitation existing 知
正o允面．thin the storm. 泣 obtained by spatial 血egration or 
de函ity . Addition of P and Fg gives Pg(t) the accumulat這
mase o£ prec1Etat1on that has beon. generated . Intorestin函
it Wl!.S fo四 hat the fallout rate F\z is proportional to P g 
at all t . 

Although radar cannot detect cloud, it 虛s recogniz函
that precipitation is conve元函 or generated from cloud . The 
fo卫owing e中钅tion 四S dorivedempir土c吐ly_and describes the 
皿eract.ion: Pg(t) = K P(t) Cp(t)/A(t) Ui;ing this equation 

in revorsegivesCp; then addit1on toPggivesC, the 
accumuJ.ative mass of cloucl generatod by eondem3at on . 

Calculations of A(t) and V(t) the total masses of Air 
and saturated Vapour reqllires knowledge of the sto'I"11l's volUllle . 
Since the true cl.oud volume is not known, the radar-observed 
volume is 啤ed along 吐th the spatial distribu訌Qn of satura-

500 

訌on vapour density . Adding V to Cg gives V g (t) the 
acc1.llllulative mass of 嘀ter t逗n into the storm . Using this 
~d _ the mixing ratio 互b at th~ base gives A1gb (t) the acc~u-

40 

lative mass of in丑ow air. Calculations indicate this inflow 
was less than the observed mass of air within the storm. To 
account for this discrepancy, environment a.iris incorporated 
into the sbell by horizontal mixing. I.f the mixture does not. 
rise, then evaporation of c.loud. is requir函 to s吐urate this 
entrained a辻 ． ＠呼吡ations indicate that as the storm 
develops, less 血d 1es11 air enters by entra.illlnent (i.e . at 
1900 about half of the total air intake has come in through 
t he sides; by 2100, the fraction is one-quarter . 

?he theoretical 區terbud-Ret
In developing a model to simulate the "-ater budget, the 

viewpoint ia taken that 頤c.h of the 西sical processes 
associated 面.th the sources and sinks can be described by a 
par严teri在tion 曲ereby simple functio函 replace the c唧pli­
cated physical. relationships that act啤.1.ly exist . In this 
model, all the sources and sinks are given by tbe folio吐ng
equations 吐th ave可 brief explanation of their derivatio.n. 

d
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The 五咩 of air into the core thro呦 the base given by 
這b = K1 扛 Wt> is derived assuming the core base area is pro­
portional to A1 the mass of air in the core . Enpirical. studie s IOOO 

support this near e nontial 。wth_ chara(?te~Jstic. , . To_ compar 
the theorotica1 res嚻5with t藍seobserved , the ve元ical
velocity Wi, is prescribed to va:ry s.inusoidally in time with 
a period of six hours . 

() The nux of moisture in (or out) through the base is V1gb= 
「lb 虹gb where . r1b is the m:i平~. ratio at the base . To ensure 80 
that vapour intake during updrafts exceeds vapour output during 
downdrafts (and so allow for condensed products) a smaller 
value of r,,._ is used in the latter stage . The ratios used are lb 
.010 g/g 平 ．0047, applicable for 18 J沮 ' 64 .

Following the deve.loµnent suggested. by Kessler (1969), 
part o.f t he incom:i.ng moisture is used to saturate the expanding 600 
core (with mean mixing ratio r = .0033) and the remaining 
fract ion of input _(f = .97 ) t o provide for condensat.ion, its 
rate i s gi面 by Cg = f Vlgb 

This cloud generation is then partitioned into 3 classes 
~epending , on the pha~e the cl<?ud is next c~mverted fits sink) . 
6dg =f1 % %g = f2 %; 6eg = £3 cg 
f2 = . 6 is chosen so final ~cc\l111ulati ve fallout is equal to 
that of 18 July 鹵； f1 = .2 and f3 = .2 are arbitra可 ·

Next the sinks for cloud and their rates are described : 
When downdrafts develop in the latter half of the life cycle 
it is assumed that cloud evaporates to maintain the do面 dra氐
in saturation. This source of core vapour is given by Vlgd = 
£ V - ' 1gb where f_ depends on r - lb- （平 so equal to .28) . 

Following empirical findings (Holtz, 1968) and micro­
physical theo可 (Kessler, 1969) ; the generation rate of 
P._recipitation is given by 
店＝ Kt P C汐 where A ＝ 蓋十 A2 • Altho啤 the reasonable 
assumption 1s made that cloua density is spatia卫:y uniform, no 
re st吐ction is placed on precipitation dens土ty .

The third sink results when cloud is convert ed to vapour 
during the entrainment or detrainment process . When dry out-
side air is mixed 沮th saturated shell air (with mixi.ng ratios toOO 
「3 andr2) she11 air will increaso in mass if there is suf£i-
clent cloud not only to saturate the mix1;ure but 吐so to have 
some cloud left over . ShE:ll expansion (A2gs > 0) occurs when 
cloud ~g ratio m = C。/A2 exceeds the critical. value Af = 
(r2 一 「3) ． The rate of vapour entrained 1s then t 

and the rate at which additional sl}ell vapour~~ i s 
2gs-「3 極；

generated by evaporation is ~2ge = c\r A2gs • 
When m t. Ar, cloud is still evaporated but saturation is not 
attained· so ~hat air and mQisture are ejected~ their rates are 
'2ge = m. 極gs and ~2gs = (m +- r2) 伶gs .

The rate at which air is entrained into (or detrained 
out of) the storm is still rather speculative . The nux 
should be proportional to the surface area and the horizontal 
speed of the walls . The most reasonable results "-ere attained 
when speed was also assumed proportional to surface area with 
its s i gn determined by the sign of (m - 1:t. r) . If it is 
assumed the surface area is proportional to the square root 
of total mass A then the flux thro啤 the sides can be para­
meterized by 

A2gs = 土砭 A 士 if (m - ta r) i 。 .
The rates of change of V, C and P, given by the boxes 

(Figure 1) , were rewritten in terms of the above paramet erized 
equa訌ans for their sources and sinks and 霞re then integrated 
in time . The theoretical results are given in 瓩guros 3 and k . 
Strictly speaking, 。nly the precipitation curves can be com­
pared 吐th the observed results, since mass values of Cd and 
Ce could not be calculated and values of V were based on 
「adar volume and not cloud volume. Ho靄ver the differential 

equations formulated here, indicating the gross interactions, 
do appear to give e. reasonable simulation of the water budget 
for the whole storm and its varia訌on during the life cycle , 

Holtz, C.D. 1968: McGill University, MW一55, May 1968 , 
Kessler , E: 1969: Amer . Meteor. Soc ., Met . Monograph 逕 32.
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A NUMERICAL SIMULATION OF 平口"FE HISTORY OF A RAIN SRO啤
by 

Harold D. Orville 
Institute of Atmospberic Sciences 

South D吐ota Scbool of Minea and Technology-
| Rap1d City. South D吐ota
r. Introduction 

`nd 
Lansing J. Sloan 

University of California 
Livermore, California 

Thenumerie心． simulation of a localized region of the 巳tmosphere h四 res心．ted in the formation of a 
mulU-element c1oud th吐 develops1nto arain sh叩er. The lifthistory otthe sh硒r c1oudresemble6 

Imanyof theobserv`t1ons reported1n the 面understorm Project C 1). A ~ulus sta.ge 丑th updrat'ts predom­
inant, a m.ature stage 吐th both updrafts and downd.rarts, and a. dissipation st畦；e nth doW!ldra tts predom­
ina.nt are illustrated. The effects of r丑n dr哆 and surface heating on the shower 缸·e. seen by comparing 

1 results o.:f the .model vi th variou.s effects such as these eliminated in reruns of the model. f'rom the time 
of cloud initiatioJl. 
II. ~ 
| Tbe first andthird eq啤Uons of motion. the t.bermodynamic energ:, equation, and various 四ter ``8B 
and air mass conservation equations are il}tegr~ted_nJ:!l!lerically, The equations and background informa­
tion are preBented in mueh previous `ork. (2.5.t,5,6,8) 

The 皿m.er1cal. model is 2-dim.en吐onal (in the x-z plane) and illustrate.s the development of clouds 
above 巳 mountain r這8e· The region of integration is 10 远 on a side vith 100 m grid intervals used 
in both tbe 天－ and 1-direetion. 

1ncreasea of 1 . 8 c rl, 3.5 C km一1and 10 C 的 are 守ec1f1ediotbe layersO to 3 km, 3 to 8kmand 
I The stab1lity of the atmosphere 1s 1n1ti speei訌ed in three 1ayers. Potentm temperature 

8 to 10 km, respectively. This simulates instability in the 1叩er atmosphere and large stability 訌 the
l upper tvo 迢lometers of the atmosphere. The mixing, ratio is initi ally 10 gm 這一 at the plain surface 

decreasing by 2 gm 逞-I Jmi-1. 
面o stream functions are superilllposed for the initial airflow. The first stre皿 function models 

[ pot.ential 訌ow about a cylinder,- the radius of the cylinder eq_ual. to the height of the mountain . The 
second 這poses a linearly. increa.sing airflow from. 8 迢 to 10 這1. The potential 訌ow about_tbe cylinder 

1 1 at 盅i_n1ty is 1. 5 m see一苧e tbe 平ea.r shear flov a.loft increases from O to 10 m sec-•. This 
results in. speeds of 3 to 4 m. sec-1 around ~he mountain r這ge decreasing to 1 . 5 m sec一1 in the 111iddle 

| atmosphere and then 1ncreasing to l1 m sec-l near the top of the gr1d. 
面enever s. cloud forms, the beating and evaporation at the surface 邙rectly beneath the region 

吐th finite cloud liquid water contents are decreased exponentiall y 111th a t訌e constant of 2 minutes 
to one b;上 of their original. 這p卫tu.de. After a cloud moves past a grid point, the original Blll.plitudes 
for heating and evaporation are approached exponentially. 
III. ~ 

Fig. l shove three successive printouts of the vertical velocity field and the corresponding rain­
water content :field. The broad updraft at 153 mi.nutes in the upper p缸t of the cloud (cloud outline is 
not shovn but i s given roughly by the zero rainvater content J.ine ) is associated 吐th the 尋orage al.oft 

i of rainvater in-to a T-s证ped pattern. The updr訌t n缸ovs and intensifies increasins to 35 m sec-• at 
l 156 minutes. At 159 minutes the updraft 皿ximum has dec-reased to 25 m sec-1. The rainvater co.ntent is 

now in a tulip-shaped pattern, the append.88ee of the "T" having fallen into the lover atmosphere. The 
updraft continues to weaken after its penetration into the "stratosl)here." A rain shaft forms, evident 
at 168 minutes, vhich results in a. shover of a.pprox.i皿tely 7 mm depth. A do叩dra氏 of 10 m sec-1 is 

(1) associated .̀th the rain. More complete discussion of these 五sult6 ·are given in Orville and Sloan . 
面o reruns from tb.etime of cloud in.it.iation 1n this model b11.ve been c西leted to test the effects 

of rainwater drag and continuo四 surface heating on the rs.in s.bover development. The no drag case 1s 
not greatly different from the standard. The cloud penetrates l. 5 km further into the strato町here
and at an earlier time (by 3 minutes). The downdra:fte to the sides of the up心aft maxima are weaker, 
and the re.in she.t't 缸e much less than in tbe dr巳g case . The veaker dovndrat't results in less re.扭 at

the ground (,v4. 5 mm), leading to the speculation that there may be an optimJJm evaporation rate (excludic 
zero)'for the maximum rai.Jlfall. 

The continuous surface heating case, i.e., no cloud shadov is simulated, leads to completely 
different result.a from the standard case. The lover atmosphere becomes unstable. Flov over the ridge 
becomes strong, advecting all lover clouds and rain off the grid. 
IV.~上nts

Mr. Ray Bryant has aided greatly in several programming aspects of the problem. Personnel of the 
Computing Facility at the Nation.al Center for Atmospheric Research• vhich is sponsored by the National 
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SOME RESULTS OF MICROWAVE MESOSCALE 

STUDYING OF ATMOSPHERIC WATER 

A. E, Bashatinov , A. S . Gurvich , B. I. Kutusa , L .M. Mitnik 

Institute of Radiotechnics and Electronics Acadeey Science 
Moscow, U. S.S . R. 

The method of microwave satellite observations, connected with the studying of 
atmospheric humidity and clouds have been considered in the paper . 

The characteristics of humidity a nd clouds .from data of the microwave experi­
ment on ncosmos 243ff in September 1968 are given. 

The latitudinal variat i ons of humidity and clouds and correlation character­
istics of the humidity and water contents with the variations of meteorologic al 
parameters have been discussed. 
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COHPU'面頤 OBSERVATIONAL STUDY '̀DIFFJ:RENTlAL EFFECTS OF tJ以E HICH1GAN 
UPOM VARIOUS SI宓S <F SUMMER CO磾TIVE SYSTJ:：冷

Walte.r A. Lyons 
Department of Geography, and Center for Great Lakea Studies 

University of Wisconsin-Hi這u匾e

Im'RODOOTION | The Great LakeBOften mar國1y suppreea w·m 8國80n convect:ion, 09pecially in 8princ when air f1研ng
over the cold l.ake may be as .much as 3邲｀armer than the water. Yet 函re is no irmlediately a:ppa.rent 
explanation asto whycertain eonveet1ve sy8屯｀是 totally diB81pated or absent on one day and then 
严｀ total1y obliv1ous to the 1a逗 on anothe:r. It haa 比en foundt证t the answer muat cona1derboth 
(a) the type of convect這 systems (cumulus, 11air 叫ss" tbun.dersh西, squall line, frontal sho,,ers, 
etc.), and (b) the detailed mesosynoptic conditions: induced by the cold lake 四函·

KESOSCALE REGIMES AND OBSERVED CLOUD PATTERI,jS OVER I.AXE Kl血唧 n sm血

On about half of all s琿l!lleY days, gradient winds fl.ow relatively un研turbed from shore to share. Dur­
ing the day, air, 巳uperadiabatically stratified 吐thin 心out 100 m of the eu.rface, advects off the up-
wind shore and rapidly loses heat by conductive cooling. Wiresonde observations and c.alculatioae 區ve
shown that while intense inventons form after just several kilometers fetch, the cooling effect rarely 

lextends above the 10O m levelt5}. The a辻 in the sub-cloud 1量yer above the sh.all叩 COld dme, h̀i1e not 
cooled by the 血迢，， ceaseato heat afterpati0ing off巳hore . The :reeglt 18 a mke mesohigh of sme 2 ar 

」 3 mb . Pibal, observations indicate a small 墜血 divergence of 3xl0-" sec-.., producing a we咔 subsidence
~f 3 cm sec一1 · at 1500 m, - Thus cloud suppr蟑吐on 扭 m~re likely thermal t這n dy唧nic in nature. 

On the remaining summer days, • lake breeze circulati.o.n cell is found on the west and/or east shores. 
An inf1~ Uyer,typically 5OO ID deep, ba！吋rr～ （ 2 區） convergence zone ·t its le昌di.ng edge `ith ver· 
ti邙1 motions often exceeding 100 cm sec-"'- l"'· Complex moisture 昌nd thermal fields develop. Th虹e is 
a broad an瑱 of subsidence offshore where dry air fran aloft sioks down close to the surface. One finds 
muLtip1e 1gvexs1ons over 四ter due to h國t conduction and aubsidence. p1eal 辛皿心vergence values 
run 15xl0一哼C一1, associated Ath a subBidence of 8 cm oecl at l5OO m(B 

During periods of gradient flow, advecJ;:ing cumulus and',̀ r mass" thundershowers dissipate a short 
distance offshore and almost never fQrnl over the lake. Yet sometimes thunderstorms associated with 叩d­
dle level phenomena (short wave troughs, etc.) and organized squall lines appear to survive and/or form 
over the water. Cl.ouds respond to la區 breezes in a complicated manner dependent 如 the direction of 
the large scale fl叩. With zero gradient winds, time lapse pbotograp油 show cumulus above the surface 
convergence zone lllllilll and short lived. If the flow is normal to the shore, clouds fonn inland, advect 
over t區 surface convergence zone, grOIII momentarily, and then collap臨「ap這ly as they rnove toward the 
lake. In one case, a 頑ture squall Line intersected a i,i,p organized lake breeze on the western shore 
and tota11y di8sipated Hith1n a dUtance of S0 to 40 區沿

A THER!t'.)DYt伍団C DIAGNOSTIC PROGRAM 

Thermodynamic diagrams are used operationally to as邳8S ·nairmaea 「 e potential for convection. If 
adequate tl!m悖rature and dewpoint data ex1.忒， such techniques should be applic心le to mesoscale varia­
tion.s in convective potent拉1. A comput虹ized St趴e diagr細 U己 a developed 匾ving data 丘｀puts 吐 25
levels from the surface to 400 mb, aaa1yzing up to SB so叩dings in any geometric pattern. Th疊 progr訌
accounts.for the variations in atmosph曇ric moisture content when calculating the various parcel lapse 
rates. Initial. outputs incl.ude such environmental par邳國t曇rs as potential 矗nd virtual temperature, rel.a­
tive humid北y, mixing ratio, hydrostatic pressure, and density, The Showalter and lifted indices are 
then evalua1:.ed at each point. Aleo the 500 mb buoyancy of parcels originating at any s雹lected level of 
interest can be 和und as well as the level containing the potentially most unstable a扛 (the best: lifted 
level). Fo.r each sounding, the LCL, LFC, adiabatic liquid water content, cloud buoyancy (in virtual 
t磾pera如re) ，矗nd potential parcel. vertical motioIJ. 缸e a1so found. 

Data representative of a day when moist, eout加esterly gr國ient flow covered the lake wer雹「un.
Neither the Showal tar nor lifted index. were significantly 量ffected by the cold , shallow surface layer 
(Fig. la). However• the 500 mb buoyancy of a 笆reel. originating at the 23 m level wae draetically re­
duced. As Fig. 2 reveals, potential parcel vertical mot'ions corresponding to the lifted index (a good 
indicator for 1.arge convective storms dr的ing in air from a deep layer) were b矗rely 矗 ffected, whereas 
extreme forced lifting would be necessary to .rai頲 a parcel. from near the lake surface. On this day, 
cumulus and small "a辻 mass" thundershowers (pres唧心ly with their updraft roots at very low levels) 
neither formed over wat虹 nor survived advection offshore. By contrast, range normalized radar data in­
dicated little or no we.akening of a large squall line crossing th.e lake during the late afternoon of the 
same da_y, Lake breeze input data on a 元0 gr成1ent H1nd day w虹e obtained by an I«::紐 Queen Air (Figs. 3 
and 4a). Figure 4b shows calculated buoyancies for parcels- originating at the 45 m level. The obs;rved 
short lifetimes of these cumu_lus 訌e felt to be due to the fact tbey were col.der than their environment, 
being ma扭tained by a region of f~ced convection above the lake breeze front. The program (which as-
sumes all parcels ri紐 vertically) doea not appear to confinn this (Fig. 4b). However, t:etroon studies 
on this day showed the air in these clouds 匾gan ascending near the shoreline. Thus they would have in­
deed been colder t區n their environment. For the case of a large squall line hitting the lake breeze 
cell, the program indicated the thunderstorms were destroyed due to the injection of dry air present over 
the lake after 呻ny hours of continuous subsi~ence offshore. In tha~ c矗 ae (not shown) maximum parcel up• 
drafts over lend were calculated as 44 m eec-1, whereas a -25 m sec一l value was found· over the i.ak.e for 
a lifted index computation, 
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" I Fig. 1一（重） VarioUB 50O mbparee1 buoyaneies cornputed 
along a northea8t-southwest eross 臨ction through the 
southern basin of Lake 出chigan, 1400 CST, 26 July 1966. 
Data in the la.lest 100 m were calculated from a modified 
form of the heat conduction equation. Fran 100 to 2000 
m, after air left shore, it was assumed no further heat­
ing occurred, and 四／'.ot,. O (0 is the equivalent poten­
tial temperature). Corrections were assumed for adia­
batic`` ming due to slight subsidence. (b) T油 level of 
the most unstable layer of air rose from the surface 
over land to only 100 meters over water. 

Fig . 2一The ma心um vertical 
motions obtainable by release 
of instability. Input data 
are the same as in Fig. l. 
Updrafts in meters per sec-

J ond. Liquid water drag not 
accounted fo「 . (a) Updrafts 
resulting from parcels with 
a mean potential temperatur 
and mixing ratio of the lo,,­
est 1000 meters, appropriate 
to squall line thunderstorms 
with a mesocold front injec­
ting a deep layer of air into 
cells . (b) Integrated verti­
cal motions for parcels orig­
inating at 23 m, within the 
superadiabatic layer over 
land and the onduction in­
version over water. 

` ｀o巳
Fig. S (above) Dewpoints measured by !«:AR Queen 
＾辻 in east-west section through lake breeze in 
Chicago, 1心0 CST, 1S August 1967 . The boundary 
of the onshore ｀丘d flow 四irked by heavy line. 
Observed cumulus clouds indicated. 

「 tg . 4－一（a) Potential temperatures derived from 
Queen Air data (see Fig. 3). (b) Buoyancy for 
parcels leaving the 45 m level. Here positive 
numbers indicate thermals colder than environ­
ment. 

．石 . XM^ 

REFERE~ES 

(1) Stout, G. E. and K. E. Wilk, 1962: Influences of Lake 出chigan upon Squall Line Rainfall, ~ 
~. University of Michi gan, 111-115, 

(2) Lyons,-W.A-:-, -1.970&: Numerical Simulation of Great Lakes Summertime Conduction Inversions, 早
~.Intl.Assoc. Great Lakes Res., (in press). 

(3) Olsso~9: Air Pollution Dis四rsion in a Lake-Breeze Regime;'1'rajectory 
Study Using Tetroons, Smoke Photography, and Aircraft He量 surements of Aerosols, presented at 
Annual. Meeting, Air Pollution Control Association, New York, paper 69一29.

(4) Lyons, 比A., 1970b: Hesoscale Regimes over the Southern 缸sin of Lake Michigan and Their Effect 
upon Summertime Convective Clouds, Ph.D. dissertation, Department of the Geophysical Sciences, 
the University of Chicago, 255 pp. 

(5) Lyons, W.A,, 1966: S逗 Effects of Lake Michigan upon Squall Lines and Summertime Convection, 旱
9th Conf. Great La區s Res., lJniversity of 出chigan, 259-273 . 

206 



Abbott . C. E . 
Adam , J , R. 
Alkezweeny , A. J, 
Allee, P . 
Andro, M. 
Auer, A. H. 
Barchet, W. R. 
Barge, B. L, 
Bashatinov, A. E. 
Battan, L.,J. 
Beard, K. V. 
Berg, T. G , 
BieTmann, A. 丑 ．

Bigg, E . K. 
Booker, D. R . 
Briggs , W. 
Brown, S , R. 
Cannon, T. W. 
Cataneo, R . 
Chang, C. B. 
Chappell, C. F . 
Charlton, R. B. 
Chen, C. s . 
Cheng, R. J. 
Chin, H. C. 
Chisholm, A. J. 
Cole, J . E . 
Corrin, M. L . 
Cotton, W. R. 
Das, P . 
Davis, B . L . 
Davis, C. 
Davis, M . 兀

Denn瓦 A. S. 
dePena, R. 
Dinger , J , E , 
Dobbins, R. A. 
Drake, R. L . 
Duguid, 庄 A.

Eaton, L . R, 
Endo, T, 
English, M. 
Evans, L. F. 
Finnegan, W. G. 
Fitzgerald , J . W. 
Foote, G, B, 
Fox, D. G. 
Fujiwara, M. 
Garrett, W. D. 
Gerber, H. 
Gokhale, N. R . 
Grant, L . 
Gurvich, A. S, 

乓
97 
121, 123, 139 
33 
17 
3 
43, 81. 87 
25 
83 
203 
45 
129. 141 
85 
9 
23 
101 
99 
47 
91 , 99 
118 
197 
49 
51 
113 
53 
119 
151 , 179 
127 
25 
55 
125, 153 
27, 103 
17 
115 
77 
93 
155 
127 
99 
133 
137 
73 
57 
14 
29 
111 
1t 7 
157 
193 
131 
17 
69, 79 
17 
203 

012070 

AUTHOR INDEX 

Harr担 F. S. 
Reymsfield, A. J. 
Hindman, E. E . 
Hobbs , P. V. 
Hoffer, T. E . 
Holtz, C. D. 
Hughes , 瓦 B ,

Hughes , W. L . 
lribarne, J . V, 
Isaac, G. A, 
lsaka, H. 
」iuato , J.E. 
Johnson, D . B . 
Jones矗 F, E. 
Joas, J, 
Kassner, J. L . 
Katz. u. 
Kerrigan, T . C 
Ketcham, W. M. 
Kintigh矗 E. L. 
Klemes, M. 
Klett, J, D. 
Knollenberg, R. G. 
Kry, P. R. 
Kunkel, B. A, 
Kutusa, B. l. 
Lamb , D . 
Langer, G. 
Lavoie, R . L, 
Layton, R. G, 
Lease, J . 
Levin, z. 
Lhermitte, 凡 M.

Li比 R ,

Locatelli , J, D. 
Low, R. H. 
Ludwig, F . L . 
Lyons, w. A. 
MacCready, P . B. 
Macklin, W. C. 
Maybank, J, 
Magono. 
Meade, R . T. 
Merlivat, L. 
Middleton, J . R. 
Mitnik, L . M . 
Musil, D. 」匭

Nagamoto, C . T . 
Neiburger, M, 
Nelson, L . D. 
Neumann, J. 
。gura, Y. 
Ohtake. T. 

207 

孚
5 
61 
63 
35, 145 
15 
199 
133 
181 
143, 149 
83 
31 
191 
63 
177 
195 
9 
17 
19 
107 
125 
143 
115 
161 
67 
95 
103 
65 
19, 105 
93 
61 
93 
145 
163 
51. 67 
35 
165 
135 
205 
69 
71 
t 7 1 
73, 75 
23 
7 1 
87 
203 
77 
19 
115 
167 
169 
183 
21 

Orville, H. D . 
Paine, D. A. 
Paldam, J. E, 
Pejoux, R. 
Pena, J. 
Petersen. R. L. 
Phelps , C. T . 
Podzimek, J. 
Prodi., F . 
Pruppacher, 瓦 R.

Pybus, E . J . 
Radke, L . F . 
Rao, K. M. 
Rasmussen, J. L . 
Reinking, 瓦 F.

Rentscb, U, W. 
Reyz1olds , Ci. W. 
Rogers鼻 L, N. 
Rosinski,.J. 
Rusk朊 R. E . 
Sartor, J, D. 
Saxena, A. H. 
SehneU. R . 
Scott, W. D. 
Semonin, R. G. 
Serpolay, R. 
Shewchuk, S. R, 
sh1geno. T. 
Sloam L. J. 
Soulage. G. 
Spengler, J , D. 
Spyers -Duran, P , A . 
Strunpfer. J . F . 
Stevenson, C. M. 
Sutherland, J . L. 
Takahashi· T. 
Takeuchi, D, M. 
Tebo, A. R. 
Theiss, J. B . 
Va比 G .

Veal, D, L . 
Waldvogel, A. 
Warner, C. 
Weiekmann· 瓦 K.

Weinstein , A. I. 
Wilkins , R. D , 
Wisner, C. 
Wold , H. W. 
Yanagisawa. z. 

孚
197, 201 
191 
171 
31 
93 
27 
147 
13 
19 
129, 141 
181 
7 
59 
189 
1, 37 
67 
39 
89 
19 
155 
11, 97 
9 
41 
109 
123, 139 
3 
149 
73 
201 
31 
79 
I73 
133 
7 1 
101 
183 
69, 175 
177 
45 
29, 41 
43 
195 
57 
17, 177 
185 
81 
187 
107 
193 


	ATMOS_Cloud_Physics_00001
	ATMOS_Cloud_Physics_00002
	ATMOS_Cloud_Physics_00003
	ATMOS_Cloud_Physics_00004
	ATMOS_Cloud_Physics_00005
	ATMOS_Cloud_Physics_00006
	ATMOS_Cloud_Physics_00007
	ATMOS_Cloud_Physics_00008
	ATMOS_Cloud_Physics_00009
	ATMOS_Cloud_Physics_00010
	ATMOS_Cloud_Physics_00011
	ATMOS_Cloud_Physics_00012
	ATMOS_Cloud_Physics_00013
	ATMOS_Cloud_Physics_00014
	ATMOS_Cloud_Physics_00015
	ATMOS_Cloud_Physics_00016
	ATMOS_Cloud_Physics_00017
	ATMOS_Cloud_Physics_00018
	ATMOS_Cloud_Physics_00019
	ATMOS_Cloud_Physics_00020
	ATMOS_Cloud_Physics_00021
	ATMOS_Cloud_Physics_00022
	ATMOS_Cloud_Physics_00023
	ATMOS_Cloud_Physics_00024
	ATMOS_Cloud_Physics_00025
	ATMOS_Cloud_Physics_00026
	ATMOS_Cloud_Physics_00027
	ATMOS_Cloud_Physics_00028
	ATMOS_Cloud_Physics_00029
	ATMOS_Cloud_Physics_00030
	ATMOS_Cloud_Physics_00031
	ATMOS_Cloud_Physics_00032
	ATMOS_Cloud_Physics_00033
	ATMOS_Cloud_Physics_00034
	ATMOS_Cloud_Physics_00035
	ATMOS_Cloud_Physics_00036
	ATMOS_Cloud_Physics_00037
	ATMOS_Cloud_Physics_00038
	ATMOS_Cloud_Physics_00039
	ATMOS_Cloud_Physics_00040
	ATMOS_Cloud_Physics_00041
	ATMOS_Cloud_Physics_00042
	ATMOS_Cloud_Physics_00043
	ATMOS_Cloud_Physics_00044
	ATMOS_Cloud_Physics_00045
	ATMOS_Cloud_Physics_00046
	ATMOS_Cloud_Physics_00047
	ATMOS_Cloud_Physics_00048
	ATMOS_Cloud_Physics_00049
	ATMOS_Cloud_Physics_00050
	ATMOS_Cloud_Physics_00051
	ATMOS_Cloud_Physics_00052
	ATMOS_Cloud_Physics_00053
	ATMOS_Cloud_Physics_00054
	ATMOS_Cloud_Physics_00055
	ATMOS_Cloud_Physics_00056
	ATMOS_Cloud_Physics_00057
	ATMOS_Cloud_Physics_00058
	ATMOS_Cloud_Physics_00059
	ATMOS_Cloud_Physics_00060
	ATMOS_Cloud_Physics_00061
	ATMOS_Cloud_Physics_00062
	ATMOS_Cloud_Physics_00063
	ATMOS_Cloud_Physics_00064
	ATMOS_Cloud_Physics_00065
	ATMOS_Cloud_Physics_00066
	ATMOS_Cloud_Physics_00067
	ATMOS_Cloud_Physics_00068
	ATMOS_Cloud_Physics_00069
	ATMOS_Cloud_Physics_00070
	ATMOS_Cloud_Physics_00071
	ATMOS_Cloud_Physics_00072
	ATMOS_Cloud_Physics_00073
	ATMOS_Cloud_Physics_00074
	ATMOS_Cloud_Physics_00075
	ATMOS_Cloud_Physics_00076
	ATMOS_Cloud_Physics_00077
	ATMOS_Cloud_Physics_00078
	ATMOS_Cloud_Physics_00079
	ATMOS_Cloud_Physics_00080
	ATMOS_Cloud_Physics_00081
	ATMOS_Cloud_Physics_00082
	ATMOS_Cloud_Physics_00083
	ATMOS_Cloud_Physics_00084
	ATMOS_Cloud_Physics_00085
	ATMOS_Cloud_Physics_00086
	ATMOS_Cloud_Physics_00087
	ATMOS_Cloud_Physics_00088
	ATMOS_Cloud_Physics_00089
	ATMOS_Cloud_Physics_00090
	ATMOS_Cloud_Physics_00091
	ATMOS_Cloud_Physics_00092
	ATMOS_Cloud_Physics_00093
	ATMOS_Cloud_Physics_00094
	ATMOS_Cloud_Physics_00095
	ATMOS_Cloud_Physics_00096
	ATMOS_Cloud_Physics_00097
	ATMOS_Cloud_Physics_00098
	ATMOS_Cloud_Physics_00099
	ATMOS_Cloud_Physics_00100
	ATMOS_Cloud_Physics_00101
	ATMOS_Cloud_Physics_00102
	ATMOS_Cloud_Physics_00103
	ATMOS_Cloud_Physics_00104
	ATMOS_Cloud_Physics_00105
	ATMOS_Cloud_Physics_00106
	ATMOS_Cloud_Physics_00107
	ATMOS_Cloud_Physics_00108
	ATMOS_Cloud_Physics_00109
	ATMOS_Cloud_Physics_00110
	ATMOS_Cloud_Physics_00111
	ATMOS_Cloud_Physics_00112
	ATMOS_Cloud_Physics_00113
	ATMOS_Cloud_Physics_00114
	ATMOS_Cloud_Physics_00115
	ATMOS_Cloud_Physics_00116
	ATMOS_Cloud_Physics_00117
	ATMOS_Cloud_Physics_00118
	ATMOS_Cloud_Physics_00119
	ATMOS_Cloud_Physics_00120
	ATMOS_Cloud_Physics_00121
	ATMOS_Cloud_Physics_00122
	ATMOS_Cloud_Physics_00123
	ATMOS_Cloud_Physics_00124
	ATMOS_Cloud_Physics_00125
	ATMOS_Cloud_Physics_00126
	ATMOS_Cloud_Physics_00127
	ATMOS_Cloud_Physics_00128
	ATMOS_Cloud_Physics_00129
	ATMOS_Cloud_Physics_00130
	ATMOS_Cloud_Physics_00131
	ATMOS_Cloud_Physics_00132
	ATMOS_Cloud_Physics_00133
	ATMOS_Cloud_Physics_00134
	ATMOS_Cloud_Physics_00135
	ATMOS_Cloud_Physics_00136
	ATMOS_Cloud_Physics_00137
	ATMOS_Cloud_Physics_00138
	ATMOS_Cloud_Physics_00139
	ATMOS_Cloud_Physics_00140
	ATMOS_Cloud_Physics_00141
	ATMOS_Cloud_Physics_00142
	ATMOS_Cloud_Physics_00143
	ATMOS_Cloud_Physics_00144
	ATMOS_Cloud_Physics_00145
	ATMOS_Cloud_Physics_00146
	ATMOS_Cloud_Physics_00147
	ATMOS_Cloud_Physics_00148
	ATMOS_Cloud_Physics_00149
	ATMOS_Cloud_Physics_00150
	ATMOS_Cloud_Physics_00151
	ATMOS_Cloud_Physics_00152
	ATMOS_Cloud_Physics_00153
	ATMOS_Cloud_Physics_00154
	ATMOS_Cloud_Physics_00155
	ATMOS_Cloud_Physics_00156
	ATMOS_Cloud_Physics_00157
	ATMOS_Cloud_Physics_00158
	ATMOS_Cloud_Physics_00159
	ATMOS_Cloud_Physics_00160
	ATMOS_Cloud_Physics_00161
	ATMOS_Cloud_Physics_00162
	ATMOS_Cloud_Physics_00163
	ATMOS_Cloud_Physics_00164
	ATMOS_Cloud_Physics_00165
	ATMOS_Cloud_Physics_00166
	ATMOS_Cloud_Physics_00167
	ATMOS_Cloud_Physics_00168
	ATMOS_Cloud_Physics_00169
	ATMOS_Cloud_Physics_00170
	ATMOS_Cloud_Physics_00171
	ATMOS_Cloud_Physics_00172
	ATMOS_Cloud_Physics_00173
	ATMOS_Cloud_Physics_00174
	ATMOS_Cloud_Physics_00175
	ATMOS_Cloud_Physics_00176
	ATMOS_Cloud_Physics_00177
	ATMOS_Cloud_Physics_00178
	ATMOS_Cloud_Physics_00179
	ATMOS_Cloud_Physics_00180
	ATMOS_Cloud_Physics_00181
	ATMOS_Cloud_Physics_00182
	ATMOS_Cloud_Physics_00183
	ATMOS_Cloud_Physics_00184
	ATMOS_Cloud_Physics_00185
	ATMOS_Cloud_Physics_00186
	ATMOS_Cloud_Physics_00187
	ATMOS_Cloud_Physics_00188
	ATMOS_Cloud_Physics_00189
	ATMOS_Cloud_Physics_00190
	ATMOS_Cloud_Physics_00191
	ATMOS_Cloud_Physics_00192
	ATMOS_Cloud_Physics_00193
	ATMOS_Cloud_Physics_00194
	ATMOS_Cloud_Physics_00195
	ATMOS_Cloud_Physics_00196
	ATMOS_Cloud_Physics_00197
	ATMOS_Cloud_Physics_00198
	ATMOS_Cloud_Physics_00199
	ATMOS_Cloud_Physics_00200
	ATMOS_Cloud_Physics_00201
	ATMOS_Cloud_Physics_00202
	ATMOS_Cloud_Physics_00203
	ATMOS_Cloud_Physics_00204
	ATMOS_Cloud_Physics_00205
	ATMOS_Cloud_Physics_00206
	ATMOS_Cloud_Physics_00207
	ATMOS_Cloud_Physics_00208
	ATMOS_Cloud_Physics_00209
	ATMOS_Cloud_Physics_00210
	ATMOS_Cloud_Physics_00211
	ATMOS_Cloud_Physics_00212



