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Abstract 

Entrainrnent, extrerne inhomogcneous mixing, in the presence of wind shear, 

and t}wir cffect on cloud droplct spcctra are invcstigated. A dynamical model 

in conjunctioll with a microphysical modcl dcsigncd to predict evolution of 

cloud dropl('t, spectra, is employcd to per[orm a two-dimensional simulation 

of a small llo11prccipitatillg cumulus cloud in the presence of wind shear. 

Results show that vortex circulations and penetrative doV\ ndrafts are re

sponsiblc for entrainmcnt of dear air into the cloud structure. Entrainment 

and mixing arc more severe' on the downs;tear side of the cloud leading to a 

more fragmcnU'd structure élnd oftclI to total dissipation of c10udy air rather 

than partial dilution a:-; is the case on the upshear side. Mixing {ollowed by 

uplift.ing Jeads 1.0 fresh activation of cloud dropiets and results in multirilOdal 

spcd.ra. ln arcas where mixing has occurred, the spectra exhibit smaller 

average radius and larger standard deviation. 



Résumé 

Dans ce mémoire nous étudions les processus d 'cnl.raÎIH'Illt'Il1. el. dl' nH~lallgt' 

inhomogène en présence de cisaillement dans le vellt ct IC1II'S d[t'ts SU;" I(,~ 

spectres de gouttelettes d'eau Iluageuse. Pour ce fain', W".IS (,lI\ployolls 1111 

modèle numéri'iue dynamique jUIll<'l{> à Ull Illodple Ilum{>riqll(' lIIi( rophYSI<Jllt' 

conçu pour prédire l'évolution des .-;peclres de goutteld."t·s d'l'au 1I\1<1gt·US(" 

pour effectuer une simulation {'n deux dinH'nsiolls du d{'vdoPP{·IIlt'IIt. d'un 

nuage cumulus en pr~sencc de cisaillement dans II' V<'llt.. 

Les résultats indiquent que l'entraÎnC'llIc'lt, d'air 1l0n-sat.lln~ à l'IIltt~ri('ur 

du nuage est dû à la présence de vortex dans la circulatioll d de cOllrant,:-; 

descendants qui se forment au sommet du nuage. Le côl.(~ du cUlllulu:-; 

situé en aval du cisaillement a une structure plus fragm('ntl't' {·t ('st 1(' site' 

d'évaporation complHe de petits volumes nuageux plut.ôt que d'lIIlt' dilution 

partielle comme cela se produit de l'autre côt.é du nuag{~. Ct·la ('sI. dil ail rait 

que les processus d'entraînement et. de mélallge sont plus in:,!'nst's du côt.(; 

du cumulus situé Cil aval du cisaillement. Des ~r)('ctr('s à pluhicurs lIIotl('H 

sont obtenus lorsqu'un volume d'air nuageux part.idkn)(,llt dilué est soulev(\ 

ce qui cause l'activation des Iloyaux de condensation présf'llts. Les spectres, 

dans les volumes d'air nuageux qui ont été dilués, ont un rayon moyen plus 

petit et un écart type plus grand. 
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1 Introduction 

1.1 Background 

'l'he simplcst Illodd of a Ilon-pn'cipilatlllg cloud IS /-',1\'('1\ by il cllJ~(·d, ho-

Illogcncous, rnobl-adiabatic parcl'\ of air risillg in a (()I\S~.lI\t IIpdl.lft.. 'l'Ill' 

droplcts in the parcd grow by vapor diffusion frolll iln <lS~llll\('d (Ulldt'II'\.l1 iUII 

nuclci spcctl'UIll. It IS wdl-knowll th.ü this simple p,odt'II('ads III llllllllJlIllJd.d 

and narrow cloud dropsizc sp<,ctra (Hogt'l's and Yall, 1 !JS!)). Th(· 1l1.lXillllllll 

size of the droplcls is orteil SlIlitH cxc('pt wllC'1l au ahlllldalll sllppl)' of /-',Î.tllt 

condensation nuclei bCCOlllCS availablc (Johnson, lUS:!). N Il Il H'I"Ol\S OhM'1 V.l-

tions have shown that this simple B1o(h·1 is inu(kqual,<,. For t'x.lIllpl(·: 

• !\lcasuI'ed in-cloud tClllp<'faturc r rofiles are 11lI1Ch c1()~('r 10 that. of tlw 

cllvironlllcnt t1.al1 to the 11l0ist adiahat (Stollllllt·l, 101ï); 

• Small droplcts cali be foull<l al ail levcls witllin c1ouds. TIlt' dlt>p-

size spcctrum is rrcquclltly broad and billlodai. ln-cloud liqll\() wat.t'!" 

content is orteil smaller than the adiahalic valll(' (Wartll'r, I%!)il,h). 

These discrcpancies undcrlinc two important prohl('llls iu cloud phy:-.ics, 

namcly: 

1. The observed cloud dropsi~e distributioIls ill lIon-prc( ipitalill~ clullds 

are significantly broader than those predicled hy adiabatic parn·l as( eut 

(Warncr, UJ69h). 

1 
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~. The ohserv<..'C! time for the production of raindrops can be shorter than 

that calculat('d from c1assical theory of condensation growth followed 

hy stochastic coalescence (Baker ct al., 1980). 

ft is obvions t.hat t.hcse two problcms arc not totally independent since any 

broadening of the dropsize spectra will increase the range of fall velocities and 

acre\{'rate the rate of formation of precipitation. In particular, a broadening 

toward larg('r sizes would have the most important impact. 

The inadc'quacy of the adiabat droplet growth model h cxplaining the 

observations has prompted various investigation into its basic assumptions 

in t.lw past two dc·cad('s. Specifically, examination of the assumptions of 

• Clo.w,lf pan'clleads to studies on entrainment (e.g. Stommel (1947) and 

Squires (1958) have shOWJ1 that lalerai and cloud top entrainment can 

significantly <tilute in-cloud properties) 

• lfo71logcncous parcclleads to studies on variations in relative humidity 

at cloud base (e.g. Paluch (1971) showed that the effeet of the typical 

variation of the updraft is not important during the early stages of 

droplet growth by condensation. Howevcr, local variations in relative 

hUlllidity can prod lIce significant variations in droplet sizes.) 

• Constant uptiraft Ieads to studies on the effect of turbulent air mo

tions (e.g. Manton (1979), Cooper (1989) showed that entrainment 

and mixing introducc variability in the cloud microphysical structure 

2 
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that breaks the close link betwœn supcrsaturation and wrtical "docity, 

and so can lead to broadening of the sizc spcctra.) 

• Assumed condensation nue/ei spcclrum lt'ads tl) study of t.h<' ('!f('d, or 

aerosol composition and solubility (c.g. Fitzgerald (W·l'I) cOlldud('d 

that the variability in kind and fraction of soluble llIaterial al1lollg at,

mospheric aerosol particles is not important. .Johnson (1 H8~) show('d 

that giant and ultragiant aerosol particles arc a regular COlllpOIlL'lIt of 

the atmospheric aerosol. When present in sufficicnt conn·lIt.rat.iolls, 

they can be a significant destabilizing factor in spceding IIp th(' (l<'wl

opment of precipitation.) 

• Classical diffusion growth cquation leads to cri ticisrn of the use (Jf lIlan 0-

scopie supersaturation (e.g. Srivastava (1989) argucd t.hat t.he macro

scopie supersaturation yields only the average value over a large VOlUHW 

but the supersaturation in the vicinity of a drop cali difrer siglliflC<tlltly 

from the average value.) 

Most of the above studies have, to different degrees, slIcce('dt·d ill (~xplaill

ing sorne aspects of the broadening of the size distributions. lIow('ver, t.he 

problem remains because there is no general agreement as to which modi

fications are the more realistic. The picture is fnrther cornplicatcd by tJJ(' 

fact that very high resolution is r:t' • .!ded to resolve these processcs. Presellt 

limitation in observation and computer resonrees orten require additional as-

3 
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sumptions or paramcLcrizations if these proccsscs were to he included in the 

problem of cOlldens.üional growth. 

At the present time, the most likely candidate in explaining ohserved 

cloud dropl,~t spedra is plltrainmcnt of environmental air into clouds fol

lowcd by the mixiug of the clcar and cloudy air. Rcsearch on the raIe of 

cnLrainment has been going on since Stommel in 1947 presenkd good evi-

dcnce that cumulus douds wcrc dilutcd from mixing of dry air. Many of the 

subsequent studil~s ha.ve COllccntrctLed OH the dynamica! and thcrmodynami-

ca.l cfrects of clltraillmclIt; particularly on the source of the entrained air (see 

Reuter (UJ8G) for a revipw of the subject). More recent studies have also 

addresscd the effcet of cnLl'ainmcnt on cloud dropsize spectra. 

How does mixing occur 

Prior Lo 1977 al! work on the mixing proccss assumcd that it was ulliform and 

homogcncous. In othcr words it was assumed that following an entraillment 

cveut aIl droplets at a given lcvel in the cloud are cxposcd, at the same time, 

to ident.ical condit.ions of subsaturation, and thercfore ail droplets are re-

duced in size, possibly sOllle being totally cvaporated. This parameterization 

of mixing led 1,0 spcctra <luite unlikc those obselveel (\VaIIler 1973a). Latham 

and lh'<.'d (1977), bascd on laboratory experiments, suggested an alternative 

description of the rnixing proccss, i.e. inhomogeneous mixing. They proposed 

that whcn ulldcrsaturatcd air cllters a cloud, only droplets in direct contact 

4 
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with infilrating blobs or filaments will he affected, being gre'atly reduced in 

size or totally evaporated, while othcr droplcts arc I\('gligibly alTt·d.t·(l. 

Studies made by Broadwel! and Breid('nthal (19K:!) alld Baker ('t al. 

(1984) concentrated on the actual physical proccss that. prodllc('s mixing. 

Observations of a turbulent shear layer lcd th('111 to 1)['('S('lIt tht' following 

scenario of turbulent mixing: 

As a result. of inst.ability at th(' interface het.w('(·J1 two fluids, large 
seale motions dcvelop that transport both f1uids, IIIl1llix('d, élnoss 
the entire dept.h of the shear layer. The (·nt.rairH'd VOIIlIll('S will 
break up into smdllcr and sllIalkr, eS!-'('lItidlly 1I1l!llixl'd, IIl1it.s, 
eausing an increasingly intimate int.('rminglinp; of OH' t.wo lIu
ids. This breakdûwn will continue uni il the KollllOp,OIOV S( ah, 
is reaehed, which in the case of mixing bdw(,(,ll c10udy alld c10lld 
free air will occur when filanwllts of mixing, <tir ltaVt' s( al('~ 1H'<lr 

~ Imm. Approaching this scalp, tilt' illt.crfacictl (Ln'a glOws very 
rapidly and remaining structures arc destroy('d hy lIlolpculdf dif
fusion. 

Adopting this description, mixing is roughly a two--stag(' process: During Hw 

first stage, the hreakdown of the ent.rainer! volumes, evaporation of droplets 

only oceurs at clear-cloudy interfaces resulting in a f{~w dropl('ts b('ing sub-

stantially affected. Note that during t.his stage, a rI\eé\,suring inst.rument 

(resolution large compared to Kolmogorov scale) would TlICa:-'lIre an average 

speetrum of the same shape as that in the original clolldy a.ir but. dihtt.\~d 

by unresolved filaments of cloudfree air. During t.he secol!d stage, wlH'1l the 

Kolmogorov scale is reaehcd, aU drop\ets ('xpcrienee the sarne cllvirOluuent.. 

If the air is subsaturated, uniform evaporation of aIl droplet.s follows. Mixillg 

can he described as homogcncous if the first stage is very rapid or extreme 
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inbomogcneous if it is very slow. The rcal case would lie between these two 

cxtremcs and the cxact state would dcpcnd on the levcl of turbulence, i.e on 

the rate of thiuuillg of the filameuts of cl('..a.r and cloudy air. 

What is predicted by models about how mixing affects spectra 

N umcrical models have been used to test different parametizations of mixing 

and how they affect dwpsize spectra. It was found by Baker ct al. (1980), 

Hill ami Choulartoll (U)8t1) aud Bowcr and Choularton (1988) that inhomo-

gcucous rnixing can lcaù to supcradiabatic growth. In their models, each 

mixing evcnt causes a decrease in concentration of droplets. Droplets that 

survive cxpcriencc a new peak in supcrsaturation as the air parcel is carried 

upwards aud would grow to sizcs largcr than tItose given by an adiabatic 

asccnt. Whdhcr superadiabatic growth actually occurs depends critically on 

whcthcr a Humber of evcllts can be rcalizcd: For peaks in the supersturation 

to occu r, the rnixed parecl must rise. The same pareel must experience se v-

cml of these peaks and must thercfore undergo several mixing events. Also 

the saille lar~e Jroplets must avoid cvaporation at each mixing event. More-

over, thcse SLudics Cl .. -lSUme that fine-seale mixing will rapidly and uniformly 

Illix the cnLralllcd nuclci throughout the parccl before they are activated. If 

this is the case tlle supcrsaturation ean illcrease before the entrained nuclei 

are activalcd and grow sufficiently to cornpete for the available water. How-

6 
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ever, if the entrained nuclci are aetivated bcfore they are uniformly mix<"d 

throughout the parccl, supcrsaturation will Ilot increase (Bn'Ilglli('r, UlDO). 

Telford and Chai (1980) suggcs!,('d a th('oretical sU'lIario, ralhl l'1It.ity 

type entrainment modcl(I~TEl\I), which leads to broadcl sp<'< tr.t .Llul 1.lrgel' 

maximum drop sizcs. Enhanccd gl'owth is aga.in a re:mlt of the lirtiug of a 

parcel containing a reduced IIumber of ùroplet.s. IIowl'v('r, in t.ll<'ir scelld,rio, 

the reduction in concentration of droplets is not a rcsllit of illholllogeueolis 

mixing with clear air but rather of entrainrncllt of dropl(·ts illLO satlll'aü·d 

?cnetrative downdrafts from adjacent asccnding pau'ds. SlII,dl vCl'tical vc

locities, which cnsure that not ail Iluclci arc reactival.ed wlH'1l the Illixed 

p<'l,rcel riscs, and multiple vertical eycling of the sallw p,u('('1 aw Iwcessal'y 

conditions for enhallccd growth. Nole lItal in titis scellario as weil as in su

peiadiabatic growth duc to inhomogeneous IIlixillg the largest drop Ids arc 

predictcd to be found in dillltcd pareds of cloudy air. 

Cooper (1989) developed a gcneraJ frault'work, which is ind('pendallt of 

the exact sequence of the motion or mixing of the par('cbi, tn predict the 

effect of the obscrved turbulent stucture of clouds 011 spectra. ile suggest.cd 

that " simple turbulellt motions in a stochastically varying cloud II1fty pro

vide significant broadenillg of the spect.ra if those motions are accOI.lpauicd 

by a variable microphysical structure produccd hy dr'y-air cntramment." 
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What do observations show 

Concurrent with the devclopment of theorctical and conceptual ideas is the 

analysis of llIixing from observational data. In mixed regions of douds, large 

:iucluatiolls of dropld concentration are rncasured (Palueh and Baumgard

ner 1989). Becau'ie tbe sampliIlg rate of the measuring instruments is not 

illfinite the quest.ioll rernains as to whether a mcasured low eonu,J!tration 

characlerizes an actual hornogcncous droplct population at the seale of the 

sélmple or if iL is a result of averaging highly variable concentrations in a 

heterogen('ous samplc. Paluch and Baumgardner (1989), in a study on conti

nental cUllluli, (,olllpared the droplet concentrations sarnpled at 1 Hz (1 DOm 

sarnple) and 50 IIz (2m sample). They showed that the former signifieantly 

undcrcstimates the local concentration of droplets bccause large changes in 

droplet COIll.ClltratÎOIl were observcd over distances of the order of meters. 

They also repOl ted LhaL: 

• No incrcasc in maximum droplet sizcs with increasing dilution of droplet 

concentration was observed. 

Simila.r rcsults wcrc also rcported in other studics( e.g. Palueh and Knight 

1984, Blyth and Latham 1985). These observations indicate that superadi

abat.ie drop let growth as predicted by certain conccptual models described 

ca.rlier is probably quite rare in continental clouds. However, sorne eon

tradictillg cesults exist. Hicks, Pontikis and Rigaud (1990) in a study on 

continental CUll111li and on tropical band clouds, did find that the highest 
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concentrations of large droplcts W('I'C present in sumph's with ail illtC.'rlllCdi-

ate degree of dilution on the downshcar sid{' of clouds . 

• The large drol'lct peak of the spectwm remaillsatalH.lll.lyconst.llllt 

diarncter despitc major variations in local ('onn'Iltra.tions. 

Brenguicr (1990) also rcport{'d similar rcsllits. Hsillg high r('S()llltio~l mea-

surements and statistical techniqucs hc showc'(l that this was due to tIlt' fad 

that regions with large variations in droplet concelltrat.iolls ar(' lIlostly illho-

mogeneous and t.hat local COl1cclltrations are in fad silllilar tn ('ollcentmtions 

measured in regions wherc fluctuatiuns are small. 

Most of the observations dcscribed above show that mixing do('s Ilot leaù 

to large uniformly II1ixed cloud volumes with low droplct cOllcclltratiow:l. 

This suggests that tbc rate of turbulent mixillg is slow and thercfore SUppOi ts 

the extrerne inhomogcneous description of mixillg. It is notcd t.hat Ilot ail 

studies support this conclusion. Sorne have reported the existell<e of litrge 

highly dilutcd regions with uniform churaclenstics ( Austin d ;d. 1 D8!), 

Jensen et al. 198.5). While a satisfadory resolutioll of the appan'l1t nmflirt. 

between differcllt sets of observations still awaits fllrllter iIlW:,lig,d,lOll, wc 

consider that the evidence prcscntc>d by Paluch and BallUlgrLfc.ln(·r (1 !)~!)) and 

Brenguier (1990), using new techniques pcrrnitting a more preci:,(' ('v,t!ualioll 

of the local concentration of droplcls, in SUppOl t of the scellaI io of extrelllC 

inhomogencous rnixing is sufficiclItly appealing to warrant a more detaileù 

numerical study. 
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1.2 Thesis objectives and outline of content 

The objccti vc of this thcsis is t.o study the proccsses of entrainment and 

mixing(a specifie <if-finition of thcse tcrms is givcn in Chapter 3) and to 

determine how tllcy affed the cloud dropsizc distributions in a small non

precipit.ating cOlltinent.al cumulus cloud in a shearcd environrncnt. Clouds 

generally dcvclop in an envirnnment with wind shear and observations have 

shown lhai. the lIf>shear portions of clouds arc typically warmer and wetter 

than thcir downsht'ar sid('s (Heymsfield et al., 1978) and arc preferred sites for 

subsiding mot.ion and decay. (Telford and Wagner, 1980 ). Thus differences 

in terms of mixing alld doud dropsize distribut.ions are to be cxpected in the 

ur and dowlIslH'ar portions of clouds. Specifkally, we shaH investigate the 

following questions: 

1. ) Iow and wherc docs entrainment and mixing occur? 

2. Is there any differences between the upshcar and downshear sides of 

cloud in t~rrns of cntrainment and mixing? 

3. How arc cloud dropsizc distributions modified by extreme inhomoge

ncous mixing'? 

Our approach would be to perform high resolution simulations using a 

nurncrical cloud model. 

This thcsis is organizcd into four chapters. In addition to the brief review 

of pa..,t rescarch pr<,scntcd hcre, the nurnerical model and the setup of exper-
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iments are discusscd in Chapter 2. The results forlll the subject of Chapt.t'r 

3. Summary and concluding remarks arc in Chaptcr 4. 
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2 The Numerical Model 

ln this the:iÎs, 1.tH' t wo-dimensional, slab-symmetric version of the cloud model 

develop('d by Clark (1977,1979) is IIs('d. Condensation is calculated by a bulk 

scherne. Cert.ain fields from the hulk mode! serve as input into a rnicrophys

ical mode! devploped hy Brenguier and Grabowski (1992)(hereafter referred 

to as BG), wlH're the droplet spt'clra will be predicted. 

2.1 Dynamical model 

Clark's mo<!(·l is nonhydrostatic. The anelastic assurnption supports gravit y 

waves hut filterl-i out acoustic waves. The momentum equations are solved 

using the st'cond-order accurate, centcred time and centered space finite dif

fcrence l-ic!H'II\(, of Lilly (19(i5) and Arakawa (1966). Advection is treated by 

the adv(·ctioll algorithm of Smolarkiewicz (1984) with one corrective itera

tion and with Illotlotonicity correction (Smolarkiewicz and Grabowski 1990) 

for aH therlIIodYllétmic va.riabl(·s. Moist thcrmodynamics is restricted to 

the nmdcIIsat IOll \'vaporation process. Sedimentation, coalescence, and ice 

phase PW('('l-iM'S are not. illcludcd. An interactive Ilesting technique (Clark 

and Farlt'y W84) is employed. 

The notation used to represent the thermodynarnic variables is : 

T = T(z) + T'(z) + T"(x, t) 

P = P(z) + P'(z) + P"(X,t) 

12 
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p = p(z) + p'(Z) + p"(~<,t) 

(J = O(Z) + (J/(Z) + O"(X,t) 

(:n 

(l) 

(5) 

where T, P, p, 0, q" denote the air's abso\ute t('mpt'rat.ur(', pn'SSIIn" dt'lIsit.y, 

potential temperature and watcr vapor mixing ratio. x = (.r, z) is tIlt' t,wo 

dimensional coordinate systeIll. Any vilflabl(, CcUI he writ.t.('11 a~ t.h(' SUIll of 

an overbarrcd tcrm (dcIloting rondit ions for an id<'aliJ',<'d at.lllospll<'l't, with 

cotlstant stability S), a single prinH'd t('rm (d('lloting c!('viat.ior!B of tilt' hy

drostatically balaored initial rondit ions from t.ht' fOl\stallt sl.ahilit.y profilt's), 

and a dou bIc prinH'd term (d('lloti ng the' li Tllt'-d('!>t'Il(!<'[l t p(·I't.mh,üiolls). li s-

ing the anelastic approximation wl\('re th(' local time' variation of dt·lIsi!.y is 

neglected, the rnomcntum and continuity cquatiolls call ht~ writ.t.(·1\ .\S 

- 1 
Du/ Dt = - \7( P"/fi) + kg(O" /0 + {(/~ - qc) + =\7. T 

P 
(6 ) 

V' . (pu) = 0, (7) 

where k denotes t.he vertical unit vcctor, ( = Rv/ Rd - l, alld T is tilt' st.n's!'\ 

tensor. The conservation equations for heat and watcr subslau('('s al'I': 

pDO/ Dt = pLO~/CpTc + \7. (P}(m \70) 

pDqv/ Dt = -pCd + \7. (pl\m V'qv) 

pDqc/ Dt = pCd + \7 . (pI<m V'qc) , 

(H) 

(9) 

(l0) 

where Te = T + T' and Oe = 0 + (J' are initial cnvironmcnta\ prolllcs, qc is 

the cloud water mixing ratio, Cd the condensation/evaporatioll rate and Km 
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is the eddy rnixing coefficient. These equations are solved with advcction 

and cddy mixing as a first step and adjustrnent["'associated with condensa

t.ion/cvaporation a..<; the second st<,p. The subgrid-scale turbulence is param-

cleri7,cd according to the first-ordcr thcory of Smagorinsky (1963) and Lilly 

(l962) where the stress tensor Îs approximated as: 

with DI, the dcformation tensor, is written as 

fly dcfining the net dcformation squarcd as 

2 1~" 2 
Def == '2 ~ L...J DI,' 

, J 

the cddy tnixing coefficient takes on the form 

where HI is a local Richardson number 

The buoyancy, 13, and the environmental stability, S, are given by: 

B = 0'/8 + f.qv - qc, 

8 -
S = -lnO. 

8z 
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2.2 Microphysical model 

The microphysical model exerts no feedback on the dynamics of the bulk 

mode\. It uscs as input the coudcnsatioll/cvaporalioll ralt' Cd and the cloud 

water mixing ratio qc to iufer the value of sup<'l'saturalioI1 (or subsatura.-

tion) in calculating the evolution of the dropsize spectra.. The vclocit.y allJ 

buoyancy fields are also required to calculate changes in the sp('('lm tille lo 

advection and eddy mixing of droplcts. 

2.2.1 Model assumptions: explanation and justification 

The approach devcloped in ne is bascd on four asslllIlptiollS. 

1) "The amount of water substance subject to pha.se change Îs 

taken as predicted by the bulk mode!."l 

The amount of condensation/evaporation at each time step is calculated 

from the bulk modcl by assuming that thc rdativc humidity is a'ways 100% 

at the end of each time step. This assurnptiotl is justifîed as ca.lcula.t.iolls 

have shown that the typical values for supersaturatioll illside a Ilonprecipi-

tating cloud are srnall, of thc orcier of .1 %. Near the cloud base whcrc the 

activation of cloud condcllsation nuc\ei is not yet complete or in regious of CIl-

trainment the supersaturation can he an ortler of magllitutle higher (~ 1%). 

However, Grabowski (1989) has compared the evolutioll of a silllulated cloud 

1 Brenguicr and Grabowski, "Cumulus entrainrncnt and cloud droplct spcctra: A IIU

merical modcl witilln a two-dunenslOual dynamical framework", accf'ptcd for publicatiun 
in JAS, pp.5,26 
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usillg a bulk coudensationjcvaporation scheme against one whcre condcnsa

tionjcvaporation process Îs trcatcd explicitly and concluded that a detailed 

treutmcnt of condcnsationjcvaporation imposes a relatively minor effcct on 

cloud dYllumics and therrnodYllarnics. 

2) 'IN lld(~,üioll of drop lets is assurncd to always produce the same 

initial droplet spcctruBl /0."2. 

The implications of titis assurnption are that the CCN size distribution and 

the maximum supersaturation in rcgions whcre nucleation takes place do not 

vary in time and spacc. 

The a.,<;sumption of a uniform CCN distribution is of course a gross sim

plificatioll as observatiolls generally show that the numbcr conccntration of 

CCN varies with height over continents and oceans (Pruppachcr and Klett 

H)78). lIowevcr, BG lias ShOWll in a nunwrical simulation that the circu

lations induccd Ly a cloud transports CCN upwards. Thcrefore even when 

Hccondary lIuckation occur8 at levcls otller than the cloud base, the local 

CCN spedl'ulll 18 strongly Ulodified by the CCN distribution in the bound

ary layer. 

Il is known that stl'Oug variation of supersaturation can be found in 

a doud whcre entrainlIlent occurs. Observations (Paluch and Baumgard

ner 1989) and high resolution cloud simulations with dctailed microphysics 

(Grabowski 1989) indicatc tbat entrainmcnt can pl'Oduce strong variation in 

2 ,bld, pp 6,~5-~û. 
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properties of the cloud on scales as small as metcrs. In pal'ticular, t.he fluctu

ations in supersaturation are larger in diluted cloud regions than in undiluted 

cores (Politovich and Cooper 1988, Grabowski 1989). A furt.her complication 

was pointed out by Srivast.ava (1989) who suggestcd that it is the supersat.

uration in the vicinity of a drop which is relevant. to its growth rate. The 

use of an average supersaturat.ion over a macroscopic volume {,o eakulale t.Il<' 

growth of droplets may be inappropriatc. He furthcr formulated a selleme fol' 

the evolution of supersaturation and droplet growth by coudensation which 

includes the random distribution of droplets and the variations in vertical ail' 

velocity. 

The above discussion has shown that the l"3xplicit modelillg of secondary 

activation would require extrcmcly high resolutions which is impractical giv('n 

the limitation in specd and rncrnory size of the present. generat.ioll comput

ers. Srivastava's microscopie approach for condensation al growlh was also 

Ilot attempted because of excessive demand ('r' computational resources and 

because of numerical difficultics. As a first attempt, it. is sirnply assuIlled 

that. the maximum supersaturation achieved at aU Ilucleation regions is the 

same and therefore the same prcscribed CCN spectrum is activaled. 

3) "Locally, only droplet concentration corrcsponding to that at 

nucleation may be prcsent.,,3 

3ibid, pp.3,6-7,23,25-26 
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This assurnption can be justified on two counts. First, observations have 

shown that at a giwln lcvd in a doud, the 3hape of the droplet size distribu-

tion is alrnost conr-.tant d('spite large fluctuations in droplet concentrations 

(Paluch and Knight 1984, Paluch and Baumgardner 1989, Brenguier 1990). 

'J'he explanation, as rcv(laled hy high resolution measurements, is that these 

rcgions with large fluctuations of droplet concentrations are actually com

posed of su b-rcgions with low or zero concentrations and sub-regions where 

the loc:al concentrations are sirnilar to those characterized by small fluctu-

ations in nurnlwr concentrations. ln otber words, the apparent variation in 

numhcr concpntration may he an artifad. of the inadequatc resolution in the 

sarnpling rate. S(lcondly, Paluch and Baumgarduer (1989) deduced that the 

linw scale to tOlllpl<'tt' 1, mixing cvent (i.e. the duratioll to completely ho-

mogenize ail initial I111xture of doud and clcar air with a typical dimension of 

100 Hl), is ("ompardble to the time scale of the cvolution of the cloud. Because 

it takes a IOilg tinl<' for filaments of cloudy and clear air to break down to 

the Kolmogorov microscalc where homogenization takes place, and because 

the droph't conc('Jltration would only be substantially modified on that scale 

(Jensen and Baker, 1989), the local droplet concentration would likely stay 

t.he same as that al. Ilucleation. 

4) "After Iluclcation further evolution of the cloud droplet spec

trum is reprcscnted using base functions (called elementary droplet 

populations) which are spectra generated from fo, the initial 
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droplet spectrum, through furthcr condensatiollûl growlh." 

This method will he explaincd in the next section. 

2.2.2 Formulation of the microphysical model 

As descrihed in Brenguicr (1991) a cloud droplct spectrulll cau be rcpre-

sented as a combinaLion of narrow base functiolls called clcllIcntary Jrop,(d 

populations (EDP). An EDP is dcfined as an ensemblc of droplet.s ha.villg 

followed the same trajectory in the cloud. The droplcts have therdol'C eu-

countered the same sequence of supersaturatiolls. Ali EDI> is rq>ws('lIted hy 

an elcmentary size àistribution f(r, t), which satisficl:i the killctic cquûtioll: 

af = _i. [fdr ]. at ar dt 
( 18) 

The term :; is the time rate of change of radius by condensation/ evaporation. 

If the solute and curvature effects are ncglcctcd, il can he written as: 

(19) 

where Se is the supersaturation, a = 2pm is the Icnglh associated with the 

accommodation coetficient, and Al is a slowly varying f\ludiun of prcllsure 

and temperature. lly integrating (19) along the trajectory fol\owc,d by t1w 

droplets, and by assuming that the variation in tcmpcrature is small so that 

Al ~ constant, we obtain 
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(20) 

where u = r(to} is the radius of the droplet at activation time to, and r is the 

radius at observation time t. Also 

(21) 

By using (20) and (21), the general solution to the kinetic equation (18) (see 

Brenguier 1991) can be expressed as: 

(r + a) 
f(r,b} = fo(u) ( ) 

u+a 
(22) 

[ 
b2(t) ]1/2 

f(r,b) = fo(u) 1 + (u + a)2 (23) 

An EDP is therefore a function of the elementary size spectrum at nucle

aHon /o(u) and its degrce of condensational growth b2(t). As explained in 

Brengllicr (1991) the EDP's cau be used as base functions to calculate the 

lIlixing ratio of t}l(' size distribution of cloud droplets (number per unit mass 

of air pcr unit radius intcrval): 

nc-1 

h(x, r, t) = L 1/Ji(X, t)/,(r), (24) 
1=0 

where ne is the total number of base functions. fi is numbered from 0 to 

ne -1. 'i/Ji(x,t) is the weight function associated with the i th base function at 
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the grid location x at time t. By definition 0 ~ '1,[\ (x, t) ~ land L: ~', (x, t) = 
f3(x, t) $ 1, f3(x, i) givcs a measUf(' of the d<'gn'c of illhoHlogellcity. In a unit 

cloud volume characterizcd by a certaill value of lI, ft frclct.ioll /"1 of t.1lt' volume 

will be assumed to consist of doudy air and the r(,llIa.ining fraction (1-f:1) of 

clear air. In principle, the mixing ratio of tht' size distribut.ion ('.ln hl' lIs('d 

to calculate the number density function dcfin('d as 9 = hp. If scdinl<'ntation 

is neglected, the conservation equation for g(x, r, t) is (Grabowski 1989): 

8g a (d>' ) ai == -\7. (ug) + \7. (K\7g) - â>' dig + Pg , (25) 

where u is air velocity and>' = b2
• The first term on the right hand sid(' 

represents advection, the second is eddy mixing, the thinl is the ,'omlcllsa

tion/evaporation process and the last term Pg is associa!'cd with !llld(·atioll. 

In practice, (25) is not explicitly used. Instead, in the fralIH'work (kwlop<,<! 

by BG, the evolution of the wcight functions associated witl! ('(teh hase' fllIlC

tion is calculated in two steps. First, the effccts of advc,<:tion and eddy mixillg 

in physical space are computed Crom 

(26) 

where u· is the velocity field which already includes diffusive fluxes. Then 

the effect of condensationaljevaporation is represented by the transport. of.,p 
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(27) 

For example if the drops are growing, the weight functions tP will be associ

ated with largcr and largcr values of b2 • Condensation and evaporation are 

pararncterizcd differently depending on whether the grid volume is hornoge

neous ((3 = 1) or inhomogeneous ((3 < 1). 

a) Ilomogcncous gnd volume 

In this case it is aSbumcd that all droplets experience the same supersat-

uration whose value is calculated in a manner consistent with the first as-

sumption dcseribed in section (2.2.1). We first assume a certain supersatura-

tion S·, and then calculate using equation (27) the resulting weight functions 

'1/,. and the change in cloud water mÏ:ldng ratio : ~q. = LI q,( tP: - tP,) where 

q. is the mixing ratio associatcd with the base function ft. Since the change 

in cloud wat.er mixing ratio is proportional to supersaturation , S == S~~q, 

whcrc ~q is th(' change in cloud water mixing ratio predicted by the bulk 

model. The valut' of supcrsaturation S r·.\.ll then be used in (27) to calculate 

the adual evolutioll of the droplct spectrum. 

b) lnhomogeneolls grid volume 

When condensation occurs (~q > 0), the growth of the drops in the undiluted 

(3 portion of the grid volume is the sarne as in a hornogeneous grid volume but 

using tPtl = 1/',/(3. ln the rernaining 1 - (3 cloud free portion, nucleation and 

possibly SOUlt.' growth will oceur. If ~q < qo, where qo is the mixing ratio 
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associated with the nucleation spectrum Jo, thcn partial act.ivation occurs 

and .,pb = 6.q/qo. If ô.q > qu, activation of all nucki in Jo will OCClII' follow('d 

by sorne condensational growth of the amollllt tiq - 1/0' TIlt' w('ight. funet iOlls 

are then given by .,p:I. To ensure that the ill( l'(',tM' in (Ioud wat.('" mixillg 

ratio is exactly tiq calculated from the bulk Illo<!t'I, 1.1)(' filial wcight. f\lndion 

is calculated as 1/;: = f31/J;H + (1 - j3).,p;l. 

When 6.q < 0, cvaporation can only occur in the Ji portioll of t.he grid 

volume where the cloud water mixing rat io has to dc'creasl' hy t.1\(' étlllOllllt. 

6.q/j3. In the modcl, evaporatioll can rl'sult cit.llI'r fwm d(,~Cl'lIdillg mot.iolls 

or mixing. In the former case, evaporatioll is hOlllog('J1I'OIlS and ill the latter 

case it will be extreme inhomog('neous, lIowew'r, tlwre is 110 silllpl(' wa.y 

to determine exactly the relative contrihution of tlwsc two evaporatiVl' pro

cesses, being dependent OB the cause of evaporatioll and the s\lhgrid-scalp 

structure of the thermodynamic and dynamic fields, For sllllplicity, it would 

be assumed that homogeneous evaporation occurs in f-Jh portion of tlH' grid 

volume and extrcme inhomog('neolls evaporation in th(~ reJllaining (1( l - Il) 

portion. Formally, for cxtreme inhomogcIIcous ('vaporation, the w('ight fUllc

tions before and after the cvaporative process are relat('d via. the forlllula 

.,p"[I = f1/;;, where 'tP:1 = .,pli f3. Physically, ( is the frartioll of cloud water re

maining in a grid volume aCter evaporation anJ is givcu by (. = (q~' + !:::.q)/ q~n, 

where q;:' is the cloud water mixing ratio prior to evaporation. '1'0 ensure that 

the change in cloud water mixing ratio equals tiq, the final wcight f\lndion is 
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ca1culated as t/J: = fj[8t/J: H + (1- 6)",,:/]. In this study, it will he assumed that 

li = {J. This assumption rnakes physical sense hecause when the grid volume 

is homogeneous ({J = 1), only homogen('ous evaporation occurs. vVhen the 

grid volume is considered inhomogcneous ((3 < 1), both hOInogeneous and 

extrerne inhomogC'n('ous evaporation occur. In particular, the smaller the 

value of (1, the mort' will c\ear air he mixed in with the cloudy air and the 

more will the cvaporation he extreme inhomogeneous . 

2.3 Setup of Experiments 

2.3.1 Dynamical model 

a)Computalwnlll domain and boundary conditions 

Four experimcnts were performed. Expt. 1 is the case with no environ

m(~ntal wind glu·ar. Expt. 2 Îs the control case where the environmental 

wind varies with IlCight and whcre the parameter [j = (3. Expt.3 and Expt. 

" are similar tü thC' control except that the values for 8 are set to 0 and 

1 respt'divdy. For rcasolls of econorny, we will only discuss the control in 

dctaiJ. Th<> oUter cases will he commented on very briefly in the _onclusion. 

Two intf'racting dornains arc uscd in these cxperiments. The outer domain 

has 98 x !)8 grid points with a resolut.ion of 45m. The area sirnulated is 

thcrefore 4410m x 441Om. The inner domain has 98 x 98 grid points with 

a resolution of 15m for a total area of 1470m x 1470m. The outer domain 

is large enough to properly resolve the convective circulation resulting from 
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the thermal forcing in the bounùary layer describeù in the ncxt s(·clion. The 

inner domain provides higher rcsolution where the cloud form::; and cvolvcs. 

A uniform time stcp of 2 seconds is uscd in the two dOlllaÎlls. 

For the outer domain , cyclic bOl1l1dary conditiolls arc spt'cifit'ù III the 

horizontal, at the upper and lowcr surfaces the bOl1ndary conditions arc'; 

a 
"";) (v, qu, qe, 0) = W = 0 al z = 0, II , 
uz 

(28) 

where II is the top of the outer domain, aud v is the horizonta.l vdocity iu 

the x direction in the x-z coordinate system. The interacti ve grid tt'chniquc 

of Clark and Farley (1984) is uscd. llasically, at each tillH' 81<'{), the outer 

grid supplies boundary information for the illller mode!. Inl('gr,ttioll of the 

inner modcl thcn takcs place. At the end of the time ste!" the illlH'r Illodcl 

variables ale averaged outo the outer moùcl grid. A two-way interaction Îs 

thereby effedcd. 

b )/nitial conditions and cloud forcing 

The initial environment is very similar to the one given in Klaa.sscn and 

Clark (1985) which was choscn to rcpresent one of the simplest atmospheric 

conditions that caIl support the growth of srnall cUlIlulus cloud:;. Figure la 

shows the initial profiles of 0 aIld qu. The lowcst 1.1 km is the bOUIlÙ

ary layer characterized by a slightly stable potcntial temperatl1re gradient 

(0.36]( km- 1 ) and a mixing ratio pronIe which dccrcascs from 8.59 kg-l aL 

the surface to 8.0g kg-l aL z = 1.4km. Bctwœn z = 1.4 and 1.8km wc 

specify a layer of strong stability (dO/dz = 41< km- 1 ) where the relative 
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hunuùity decreases from 91 % to 39%. Above z = 1.8km the potential tem

peraturc gradient is ·U)/{ km- 1 while the relative humidity dccrcascs to 23% 

at z = 3.0km. The hUlllidity ùccrcases at a slower rate thcreaftcr. 

For the spccificd initial condition, the lifting condcnsatîonal level for a 

pa.rcel rising from tlte surface is l.4km. For saturated adiabatic ascent the 

point of neutral huoyancy is at 2.5krn. 

In the cxpcrÎuH!uls whcre the wind varies with height, a vertical wind 

shcar of :l.Om 8- 1 km- 1 is spccified from z = 1.4km upwards. Figure lb 

shows the initial horizontal wind field as well as the position of the inner 

domain. The location of the inner domain is chosen so that most of the 

cloud would stay within the inner domain during its life cycle. 

To initiate the cloud circulation we apply a surface sensible heat flux 

F(x, z) following the manner of Klaassen and Clark (1985): 

( )
2 

X -xo z 
F(x, z) = Foexp[- 2 ]exp( --), 

0: (f 
(29) 

where Xo is the center of the outer domain, and Fo = 150Wm-2 is the 

maximum surface hcat flux at xo. The half height of the boundary layer 

is (f = 700m and ct = 300m is the horizontal attenuation length. The 

type of forcing specificd providcs a smooth initialization of the cloud, and 

is considcrcd more realistic thall "blloyant bubble" initializatioll sinee no 

huoyancy shock is introduccd. In our casc, the cloud retains its init.ial shape 

for a long time and the cloud base remains essentially at the initial lifting 

condcnsational levcl. 
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Figure 1: Initial environmental conditions: (a) vertical profile of potential 
temperature, () (solid Hne), and water vapor mixing ratio, qv( dashcd line). 
This figure is taken Crom Klassen and Clark (1985); (b) horizontal wind field. 
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2.3.2 Microphysical model 

In ail experiments the number of base functions is ne = 30. Each base 

function is associated wit.h a b'l value linearly distributed from b2 = 0 to 

b2 = (rmax +a)2 - (ri) +a)2 (sec cquation 20). Hcre ri) = lWn is the smallest 

activaLccl nllch~i, r max = 12/1Tn is the radius ofthe smallest droplct associated 

with the ;m th hase function and a = 2pm. The nucleation spectrum Jo is 

choseIl as in Bn Ilguier (lmH), with the form ; Jo(ro) = k/r'J+l for rO' ::; ro $; 

rt and Jo( ro) = 0, ot lterwise. 

The values of the paramcters are k = No,j[(rët"Y - (rtt"Y),No = 
103mg-t (103cm-3 for a density of lkgm-3 ), , = 3 and rt (the size of 

the largcst activated nuclei)= 151'm. 
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3 Results 

The results of the control expcrimcnt arc prcscnted in fOllr sectiolls. 'l'Ill' first 

section gives a general ovcrview of the cloud's structllfP and its ('\'Ollltioll in 

terms of various peak quantities. The s('wnd section is d('vot.('d t.o ('xplainillg 

the format of l)resentat.ion for the mirrophysicalmodpl. In t.h(' thin! s(·rt.ion 

we will idcntify cntrainmcnt sites and zones of important. 1l1ixillg. Finétlly, 

the effect of entrainmcnt and mixing on cloud dropsize dist.ributiolls will hl' 

investigated. 

3.1 General features of dynamical model rcsults 

As a result of surface heating, convective circulation dpvdops in th(' hOlllldal'Y 

layer. The thermal updraft Bear the c('nter of the dornain carri('s air frolll 

the surface to the lifting condensation kve) near the top of the bOllndary 

layer at 1440m. Figure 2 shows a highly sYlllmctrical v(,I'ti,al v('locity fidd 

at t = 30min .. The narrow thermal updraft, with a maxilllUlll V<'locity of 

2.9m/ s, is flanked by wider arcas of slIbsiding motion having a maximulII 

amplitude of -1.1m/s. 

After ~ 34min., the cloud starts to form. Table 1 lists the charadcristics 

of the development of the cloud from t = 38min. to l = 50rnin .. Throughout 

the life cycle of the cloud, the rate of rise of the cloud top, defined as t.ht' 

highest level where qc = O.1g / kg, varies between 0.5 and 1.0m/ Sj with an 

average value of 0.8m/ s. 
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Figure 2: Vertical wind field at t = 30min. 

The clouJ arcll., givcll by the Ilumber of grid points in the inllcr domain 

with a liquid walcr mixillg ratio excccding O.lg/ kg, increases to a max~~um 

of UUü at t = 4umin .. Thcrcaftcr, the cloud area dccreascs and the dissipation 

of the cloud is almost complete by t = Mmin .. The life cycle of the cloud is 

thcrcfore ~ 2Umw .. 

In tenus of the peak vcrtical vclocitics and liquid watcr contcnt, the 

SilllUli\.lcd cloud shows values typically found in obscrvcd small cumuli. The 
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_Table 1: Charaderistics of cl(lud evolutioll 
Time Cloud top Cloud Max. Ife Maximum Max;'.,,,... J 
(min.) (m) arca" (gl 1\ g) llpdraft dowlldl'llft 

(ml·~) (111/.\) ----- ------- =--= 
38 1 665 282 o -11 2 :\!) -117 ----

40 1 740 1\65 o !lU 22n -1 7-1 
42 

-- ------146-1 845 680 078 -2 :n 
43 1 905 791 088 29H -2.fla 
44 1 950 

- -:I~---875 099 :12:1 
45 1 980 906 III a :14 -:1 fl7 
46 2040 867 1 20 a flO -a.Ha 
47 2 100 823 1 20 fi 10 -:1 (H) --
48 2 130 782 1.29 fi 02 -:140 
49 2 190 694 1 4:1 :1 90 -:1 7H 
50 2235 551 1 34 :1 (il -:1 (H 

- --

respective maximum cloud water content, updraft. and downdmft sp('('ds al(' 

1.43g/kg (at 49min.), 5.lOm/s (at 17min.), and -3.9:Jm/.~ (at IHimin.). 

The general cloud structure is shown in figures 3,4 and 5 which depict. il, 

time sequence of qc contoura from t = 38 to 50mm .. From a rat!H'r SYlIlfllet.-

rical distribution of qc at 38mzn., a descending arrn lH'comes noticcahle <>11 

the upshear side al -12mzn. A bubblc-likc structure hegins lo devdop on th(~ 

dowIlshcar side at 44mzn. Complcx cvolution of this structure follows alld 

a highly asymmetric cloud rcsults after 'Wrmn .. It should he noted that the 

cloud structure is more complex or cOllvolut('(l on the dowIlshear side. 

In contrast to conditions al the cloud edges and the cloud top, the graclient. 

of qc in the cloud core is relativcly small. The value of qc incre..ascs vel'tically 

by ::::::: D.1g/kg per 50m. A much stronger gradient is found at the cloud-

4Area is given in number of grid boxes(15m by 15m) with qe > 0.1 
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environment interface, especially at the cloud top where qc passes from its 

maximum value to ncar zero in a distance of 30rn. In certain areas of the 

cloud, for examplc on its upshea" side at t = 46min., the gradient of qc 

varies strongly evell at sorne distance insidc the cloud. As will be shown 

in section 3.3.1, these arcas correspond to extended regions of rnixing or so 

called mixing zones. 
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Figure 3: Cloud water mixing ratio, qc, for t = 38,40,42, 4Jmin., contour 
intervaIO.lg/kg. 
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2.325 30b0 2.415 3.158 

Figure 4: As in figure 3 but for t = 44,45,46,4 7min .. 
ft 
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2.325-tnrTT1TnTnnTlTTlrTrlïTnTTTr"rrTIïTTTTrrTrrrrrrTT-f-

2.535 3.270 2.610 3.345 

2 . :1 5S-l-rl'TT"rrrTTTTTT'TTTTTT'TT'"I'TT'"I'TT'"I"TT'1rrrr-rnrTT'1n-r-r-rrTTT-f-

50 min. 

, .620-t-'-LJ..I..u..J...J..J...I...L..W.J..U..LL..1..1.U..1.U..1.U..L.L.Jl..I..J..u.lJL...L.lJUJ...LLL.LLL-f-

2.6'0 3.345 

Figure 5: As in figure 3 but for t = 48,49, 50rnin .. 
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3.2 Presentation of I\~icrophysical model results 

In the next sedions, the evolution of the cloud dropsize spectra and its rela

tion to th~ cloud circulation will be examined using plots of the distribution 

of the weight functions against b2 (so called the b2 distributions) and the 

corresponding vector velocity fields for a subsection of the simulation do

main. An example of the former is given in figure 6 and an example of the 

latter in figure 7. For clarity, each figure depicts the data at 20 x 20 grid 

points, whose exact location relative to the whole cloud can he ohtained by 

reCerring to figures 3 to 5. A magnified view of the b2 distribution at a grid 

point is shown in figure 8 and can be interpreted physically as follows. As 

explaincd in section 2.2.2, cach EDP is associated with a fixed b2 and rep

resents those droplets that have experienced the same amount of diffusional 

growth. Since each cloud dropsize spectrum is a weighed combination of 

EDP's, the wcight function 1/J gives the fractional contribution of each EDP 

to the total spectrum. Consequently, 1/J(b2 ) describes the distribution of the 

fraction of droplets in a spectrum that have experienced the same amount of 

diffusional growth. For example, 1/J(b2 = 0) denotes the fraction of droplets 

in the spectrum which is newly activated, and 1/J(b;) represents the fraction 

that has grown adiahatically from cloud ba.:>e. 

A vertical bar is also drawn in the figure. The location of the intersection 

of the vertical bars with the x-axes indicates the adiabatic b-values, ba. 

The position of the horizontal mark along this bar is equal to the value 
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qc/q~ (liquid water mixing ratio divided by the adiahatic Iiquid wat<'l mixillg 

ratio), 0 being at the bottom of the bar and 1 at tht' top. This ratio Sl'l'V('S 

to identify regions where mixing has occu!T('d and arts as a tl'(\C(,!, for dillll('d 

grid volumes. A gl'id volume will he shaded w1l('n this r,lI.io :s .98. 

The number at the upper right-hand camer of figllre H is t.ll<' parallH'I,('r t~, 

denoting the fraction of the grid ','olumc with cloudy air. Tl\(' ('t'st of t.ht' gl'icl 

volume being cloud-free. It also serves as an indlcator for mixillp; wll<'l1 li < 1. 

However, f3 = 1 rneans that ail the grid volume is clolldy, or t't!lIiv,ll('ntly, ail 

nuclei are activated, and do es not meall that mixing has ilOt. o('('u rn·(1. In 

this case, referencc has to be made to tlU' ratio qclq~ to ddcllllillc whdl\(~I' 

mixing has actually taken place at that grid VO!U[lJ('. Physintlly, t.he situation 

that f3 = 1 and qc/ q~ < 1 occurs when mixing is follow('cl by lifting and 

reactivation of all the Iluclei in the c1ear ,tir. 

Sorne errors can be introduccd in calculating the adiabat.ic cloud water 

mixing ratio as a fuudion of hcight. In our analysis, this value IS calculated hy 

lifting an air parcel with the tempcraturc, pressure, and water vapor lIIixing 

ratio of the initial conditions at the surface. 'l'Il{' cal< ulated LCL is tlwlI 

1440m. In the simulation, however, Sil rfate hcatlllg (}('( Il rs .111<1 t1lf' sur face 

conditions are not horizontally uniforrn, f{'suiting ill a horizolltal varia.tion 

of the LeL of about 30m (bctwcen 1425m and H55m). As a consequente, 

the calculated q~ is less than the actuai q~ whcrc the sirnulaled cloud base 

is locally lower thau 1440m, rcsulting in arc as where q~ > 1 on the right 
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portion of the cloud in figure 6. Similarly, the calcul; ted q~ exceeds the 

adual q~ where the simulated cloud base is locally higher than J 440m. Sorne 

of the shaded areas near the cloud base in figure 6 may result from this 

misinterprdation. In our simulation, regions where this error arc most likely 

to occur are ncar the cloud base where locally the cloud water content is 

sma)) and a srnall crror in q~ Cdn cause a large variation in the ratio qc/ q:. 

For this rcason, wc will not analyzc the spectra near thn cloud base. 

H should bc mcntioncd that the b2 distributions possess certain ad van

tagcs over the traditionally used dropsize distribution. Figure 9 shows the 

size distributions h(r), the number of droplets of size r per unit mass of air, 

covering the sarne region as in figure 6. lly comparing with the b2 distribu

tion in figure 6, it is evident that the behavior of the two distrlbutions are 

qualit.ativc'Iy silllilar. I1owcver, only t.he b2 distribution can lead to an easy 

intcrprctation of the fractions of droplets which have been newly adivated or 

which have undcrgone adiabatic growth from the cloud base. For this reaSOD, 

only the b2 dist.ributions will be presented hereafter. 
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Figure 8: Magnified b2-distribution from figure 6 (x= 2.505 km, z= 1.65 km). 
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3.3 Evolution of cloud structure and entrainment sites 

Before a cietailed discussion of entrainmcnt sites and the ('fft'ct of mixillg on 

the cloud dropsizc distributioll~, it is I1ccessary to clarif.r t.!\(' llH'éllling of 1 lit' 

terms entrainmcnt and mixing. Tht, (kfinitiolls of t I\('s(' krms h.tV<' ('h.lllg('d 

over the years. At the beginning t1H'r(' \Vas 110 d(',H distlll( tioll hl'!.\\'('('11 

cloud mixing and cloud entrainrncnt., bol h f('f('rring t.o I.h(' modificat.ion o[ 

the propertics of a certain cloud volulllc by the ('xchallgl' of air \Vit.h t.ht' ('11-

vironment. With the nccd to llnderst.and t.!1<' ('VOlllt.ioll of t.I\I' c1o\ld dlOpsiz(' 

distributions, rescarch has gradually shiftc'd to tll(' 111<'( ha Il i!>1II , t.I\1' l "t(, étnd 

the seale of cxehange of air bPlwcen pareds of diffning (olllj>osit.ioIlS. 

Following the scenario of turbulent mixillg ac!vitn('('d hy BIO.tclwdl .uHI 

Breidenthal (1982) and Baker ct al (198,1) (see s('ct.ioll 1.1), th/' I,('rlll <'11-

trainment, or "bulk cntrainmcnt" is often lIsed Lü descrih<' the' illit.ial larg(' 

scale breakup of the interface betw('en clolldy and clpar air. ElltraillllH'lIt. 

sites thereforc refer to areas where the cloud scale circulat.ioll is not. paralld 

. 
" 

i ~ 
to the cloud boundary and where the cloud struetul'<' is act.iV('ly heillg 1110<\-

ified. As a rcsult, the interfacial are a increaseH. ElltraillllH'lIt. is followed hy 

the breakup of the Clltrainco volulIles illLO smallC'r dlld srualll'r \lllit.s, ('(I(:1r 

of whieh essenlially conscrves it.s composition, hut. t.he clIlrained volume aH 

a whole is markcd by an incr(:asillgly intimate intcrrningling of dOlaly alld 

clear air filaments. The tcnn mixing is oftcll uscd to dcnote this process or 

sometimes applicd more spceifically to the homogcnization of the mixture 
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which oceurs whcn filament.s arc of the size of the Kolmogorov scale. 

In the analysis of observations and in numerical modeling, however, the 

<.:riteria set out abovc: cannot be used directly to diagnose rnixing. The reason 

is tltat nUlllcrical lHod(,b and IIlca~uring instruments are limitcd by a finite 

resolut.ion or sarnplillg ratc, which imposes a minimum scalc much greater 

thall the Kolmogof<Jv scalp. Consequcntly, it is impossible to dctermine di

rcctly if a diagnos(,d diluted cloudy volume has in fact a hornogencous or 

a patchy composition. For practical rcasons thercfore, mixing can only be 

diagllosed hy a change in cert.ain properties of thc doudy air avc1'aged over 

the slllallest grid VOIUIIl{'. The property us{~d in this thcsis is the ratio qc/q~. 

In til<' dynarnieal JTlodel, bulk entrainmcnt is dircctly rcsolvcd by the 

mode\. The rtllxing process is dependent on the subgrid-scale turbulence 

paramcteri~ation (sec section 2.1). The Ilecessary conditions for mixing can 

ht' inf('rred from the turbulence term in the cloud water equation ( 10): 

(30) 

It is evident that mixing will he strong in regions where the product of the 

eddy mixing coefficient, pJ{m, and the Laplaeian of qc is large and/or where 

both the gradient vectors for P]{m and qc arc large and not perpendicular. 

Thes{' couditiolls are gcncrally met at the interface betwœn the cloud and the 

cnvirol\tI\('ut and l'l'suit in a layer;::::: 30rn thick of partially diluted air which 

Hl'parat<,s the adiabat ie cloud core from the cIlvironment. If there is strong 

local wind sh('ars illlplying non-zero Km inside the cloud,the are a affected by 
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mixing may be greater than the small layer of diluted air al the interface. 

When the area affected by mixing occurs in a lay(~r more than ;JOm dcep, il 

is referred to as a mixing zone. 

Vie now procced to study the evolution of the cloud's stmcture and id(m-

tif Y sites where entrainment and mixing occur. W(, concentrat(' first on tht' 

upshear side, and then on the downshear si de of the cloud. For 'UI overall 

view of the development of the cloud, wc display in figurt's 10 to :W the t.in\(' 

evolution of the vector vclocity field for the clltire inner dOlllain as weil a.s 

the O.1g/kg contour for qc. The ar('é\. where mixing o("curs is shaded. Fig-

ure 21 depicts the condensation rate at 47min .. Figures 22 t.o 24 displny t.he 

eddy mixing coefficient fields at 45, 46, and 47 min. respectively. Tht'se plots 

are useful in a detailed discussion of the mixing zones and clltrail\rtlellt sit.(·s 

below. 

3.3.1 U pshear side 

EntraÎnment site 

Figures 25 to 36 show the b2-distributions and the vector vclocity for t.he 

upper upshear portion of the cloud from t = 42 to 17min. (reCer t.o figs. 12 

to 17 for the exact location). The main feature which modifies the sha.pe 

of this portion of the cloud is a persistent vortex circulation which dcvelops 

as a result of the interaction between the convective circulation, as it grows 

beyond the boundary layer, and the initial horizontal wind field ( figures 10, 
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Il and 12). The cent('r of the vortex circulation is marked by an X symbol in 

t.he b2-distribution plots. Note that its position is situated inside the cloud at 

a relatively C(Jnstant distance from the cloud boundary (figures 2,5, 27, 29,31, 

3:l and 35). The lowcr brànch of this circulation modifies the cloud struc-

turc hy cr{'at.ing the indentation which first bccame visible at t = 42min. 

(fig. 2;'). Close to the vortex center, cloudy air is being recirculated. At the 

entrainm(·nt. site Jl1<1rk('d hy the indentation, air of differe'1t origins is brought 

into contact with the c10udy air. For example, near (x= 2.22 km, z= 1.65 

km) the Plltrairwd air cornes both from near the cloud top altitude and frem 

the same levcl furtllcr upstrf'am (figures 12 and 26). It. must be pointed out 

that in a t\\O- dimcnsional simulation, cntrainment at the upshear side may 

he cxagg('rat('d as lIeymsfield ct al. (1978) have suggested that the cloud 

updraft act.s as an obstacle to the horizontal wind which is constrained to 

now aroulld t.1\(' upshear portion of the cloud, thercby protecting tha1, region 

from cnt.raÎlllllent. This air flowing around the cloud, however, cannot be 

simulal.cd in a twn-dimcnsional mode!. 

The indent.ation in the cloud dccpens from t = 42min. to t = 45min. and 

a narrow, ~ 60m wide, arm of c10udy air was created (figures 12 to 15). Since 

this arm is houndt'd by two cloud-environment ;nterfaccs and as mentioned 

l'l'cviO\ls!y, the lay('r of doudy air partially diluted by mixing along an inter

face is ~ ~JOm widc, the entirc arm is partially diluted. This phenornenon 

would apply to any cloud structure with a width less than 60m and is aptly 

46 



1 
- ------------------------------.., 

illustrated in the plots at t = 43,44, 45min. (figures 12 to 15, 27, :W, and :11 ) 

where the arm of cloudy air is entirely shaded, the rat.io q(JIJ~ is srualI wit.h 

an average value of ~ 004, and # in many grid volullws is sigllificant.ly !w\ow 

1 indicating a very patchy composition. The' étrlll st.rud.lll·t' is colllp\d(·ly dis

sipated at t = 46min. (fig. 33) as a r('sult of mixing élnd t.ht· subsiding mot.ion 

in the descending branch of the vortex circulation (figs. 28, :10, and 32). 

Extension of the mixing zone 

The shaded area increases substantialIy from t = 42min. to t = 47min. 

(figs. 12 to 17). On the upshèar side, the mixing zonc propap;at,es upwa.rd 

from the entrain ment site and at t = 47mm., thc regioTl dffC'dec\ hy Illix

ing accounts for close to 30% of the total cloud area. '1'1)(' <It't'P \H'lwl ration 

of the mixing zone is consistent with a non-zero Km fi('ld insi<le t.Ilt' cloud, 

particularly evident directly under the vortex celltcr( markC'd hy an X) i fi fig

ures 22,23 and 24 at t = 45,46,4 7rnin .. 

Erosion of the cloud base 

Mixing also affects the erosion of the cloud base. The cloud tilts downstH'ar 

as it grows and the strong downdrafts which develop on Hs upshear Hank 

transport subsaturated dcar air into the cxposed cloud baM~ (figures 14,10 

and 16). Strong mixing occurs with a rapid cros Ion of the exposed an'a. As 

the cloud propagates with the flow and as the cloud ha:-.e is IJt!ing erodecl, 
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the amount of moi st air originating in the boundary layer reaching the cloud 

hase decreases. At t = 47min. (fig. 17), the cloud is entirely encircled by air 

with low relative humidity from above the boundary layer. 

3.3.2 Downshear side 

Entrainment sites 

As mcntioncd carlicr, the structure on the downshear side of the cloud is 

more t'omplex than the upshear side. Here, the main circulation features 

which modify the cloud structure and lead to entrainment, arc the periodic 

formation of buhhle like structures near the cloud top, the accompanying 

pcnetrative downdrafts, as weIl as vortices which form near the middle and 

lowcr portion of the downshear edge. 

The vcloClty field at t = 40,42, 43min. (figures 11,12 and 13) indicates 

that jllst inside the downshear boundary of the cloud, the air rises before 

desccnding along tlu' exterior of the cloud edge. At t = 43min. this rising 

lIlotion in((>nsifi('s, leading to the formation of a bubble--like structure around 

x:-: 2.805 km, z> 1.785 km at t = 44min. (figs. 37 and 38). Klaassen and 

Clark (198.1) oht.airH'd similar structures ncar the top of their simulated cloud. 

They attrihutt'd tht>Îr formation to the baroclinic production of vorticity at 

the dO\l(1 -('lIvirOIlIlH'llt surface arising from horizontal buoyancy gradients. 

The formation of the bubble-like structures are accompanied by the de

vclopment. of slanted pelletrativc downdrafts lorated in an immediate upwind 
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position, Figs, 39 and 40 show that at t = 45mm., the d('sœnding air a""soci

ated with these downdrafts lIndergo('s acc<'lt'ratioll alld S('IMr,lt ('S th" 1>lIhl>l(' 

from the main portion of tht' cloud. Th(, bubbl(' tlwlI dissip,dl's ,.\pidly Ollet' 

it is encircled by ch'ar air. The ('xad llH'ch,lIIislll fOI tIlt, forlllat.loll of t.\w 

downdrafts is unknown. Evaporat,ive coolHlg callscd hy llIixillg and 1)('lIt'1 ra

tion of the cloud illto a stable ('n vi ronrn('lll can C!'('éÜt' ct laY('f of ll<'g.tt i v(·ly 

buoyant air at the cloud top whi< h may play a rolt' ill dowlldraJ .. fOI'llI,t 

tion. In the simulation of KlaasS('ll and Cldfk (1 98G) p('lIdr,ltiv(' dowlIdr"ft,s 

still formcd whcn the e<idy mixing coefficiellt. was sd to ;{,('IO illdic,t!.illg t.hat. 

mixing played a secondary rolt' in their formation. The ~(,('II<trios of buhblt· 

formation, subsequent separation from the main cloud and evclltual dissipa

tion repeats itself at a similar location along t.!\(' cloud':,; upper dOWIlSI1<',lr 

boundary until the cloud decays (S('C figs. ,11,,1'2, cUld !)(;). 

Another significdnt feature is the desccnding brandI of IJIt' Illois\' COII

vective cclI clearly visible along the downshear flallk at ·10, 12, and "':! mill. 

(figures 11,12 and 13). At t = 44min. (figs. 11 and 41), this dowlldraft illt.('r

acts with the main updraft to forTll a vortex circulation ill t.lH· low('r port.ioll 

of the cloud. The '/ortex cont.ributCi to the ('rosioll of t.!\(' (1011.1 IJtt:-.(· illld 

the formation of a mixing ZOJl(' on the low('r dowlls!war side (figuJ"(> ,1:q. Ol\(' 

minute later, in rcsponse to t.hc descending brandI of the vorÜ'x, a diluü'd 

arm of cloudy air becomes visible from x= 2.73 to 2.8;' km (figs. 1;' and 16). 

At t = 46min. (figs, 16 and 47- 50), the lowcr vortex circulation iH !c:>s 
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defined and another vortex has developed higher in the cloud at z = 1.65 

km, again crcating a mixing zone and an arm of cloudy air. At t = 47min. 

(figs. ,/j2 and .~a) a spiral has form('d as part of the diluted arm is being 

uplifted creating ail are a with srnall values of qclq~ and large values of {3. 

Note that by titis tilll(', only :::;: 30% of cloud area, associated mostly with 

the dowllshear cloud core, has Hot been affected by mixing (fig. 17). After 

t = 47rnin. (fig. 17), the main updraft which originates from the boundary 

layer no long('r separates the conv('ctive circulations of the upshear and the 

downshear sides. The reason is that the cloud circulation is no longer at

tachcd to the boundary layer convective circulation. As a result, clear air 

from the upshear side is obscrved to flow along the base of the cloud, and 

large an'as of diluted rloudy air on the upshear side propagate toward the 

downshf'ar 8ide (Ilote t!1(' regioll from x= 2.82 to 2.97 km and z= 1.86 to 2.04 

km in figs. !)4 ,!)!),!)(i,and 57). A fter t = 49min., almost the entire cloud is 

partially diluted (figul('s 58 1,0 63); most of the diluted cloudy air originates 

from the mixing ZOll(' situated on the upshear flank of the cloud. 

Extension of mixing zones 

The circulatiol1 011 the downshear side did not permit the creation of any 

deep mixing zones. Instead, the shape of the cloud is continuously being 

deformed and narrow structures like the bubbles at the cloud top and the 

arms in the lower part of the cloud are formed. These narrow structures are 
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subject to severe mixing and dissipat.t' ritpidly hecallsP of t.}1f' high illt.t'rfacial 

area. As a result, total t'vaporation of cloud droplpt.s oft'('JI occurs on t.h(' 

downshear side. Figure 21 shows H\(' ('OIlc!('Ilsat ion rdt (' ,t!. l = ·1 îmi 11 • Nott· 

that the area covcrage and the int('lIsit.y of ('voporcüioll (lI!'g,d.ivl' <\l't'as) aH' 

much larger on the downsheor slde than tI\(' upsht'ar sid('. II. IS ('vitlt'nt that 

the circulation here did Ilot p('rmit the dilutt'd cloud)' air tn h(· 1('('y('1<-<1 in

side the cloud structure, a l'lit llatioJl quit<, difr('\'('nt frolll that. of t.Ilt~ upshl'ar 

side with the pref>ence of a long-lasting vortex (,(·lIt.(·r('d iJlsidp t.h(' doud. 

3.4 Evolution of cloud dropsize distributions 

Sorne observations of the charaderist.ics of cloud drophiz(' dist.rihlltioIl (',Ul 

be made. In regions not prt'viously afr('ct,('d by IlIiXlIIg (' g tl\(' JI()JI-shadt'd 

area.~ in fig. 51), the b2 distributioJls an' narrow alld ('('lIt('ll'd illOIlJld th(' 

adiahatic b2-valu<,( ba ). These oroplcts have t.h(·lefore ('SM'lIti,dly un<lergOlIt' 

adiabatic growth from the clouo hast'. At the cloud ('lIvilOllllll'lIt illt('rfa,c(! 

and in mixing zon('s the b2 dist ri butions indicatc sign i f1('it1l t di ff(·J'(·Il ('(·S. III 

our discussion below, wc shall focus on lI\(' lime p('riod t < lHIlt/1t. Iw(',lIJ1'>(' 

the cloud is complclely diluteo at later times dlld a dirf'd comparison of 

the spectra in mixing and unmixcd zones canllot he made. i\bo Uw most. 

extensive long-lasting mixing zone is situatcd 011 UJ(' upslH'ar side of U\(· 

cloud. We shaH conccntrale our analysis in this r('gion. 

The first charactcristic notcd is the presence of hi modal spcdra in areas 

where mixing has occurred (see c.g. the f>haded areas in fig. :H). 'J'hcse spec:-
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tra can be found both within the cloud-environ ment interface (e.g. x= 2.43 

km, z= 1.93.1 km) and in mixing zones (e.g. x= 2.37 km, z= 1.80 km). Two 

modes <:all he ohsC'rvecl; the primary mode is ccntered around ba and the sec-

ondary mode' C('ntclcd around an int('rmcdidte value betw!'cn 0 and ba. In the 

literature, himodal 8p('ctrd an' oft!'11 aUributcd to activation of ncw droplets 

when the supersaturation in an air pan'el excceds the peak value experienced 

near cloud hast· (Palud) and Knight, 1984). In this study, however, they are 

a clin'ct <:01l8('ql1('n("(' of t.h!' aS8umption of extreme inhomogeneous mixing 

descrih('d in 8('ction 2.2.1. As an example, consider an initially unmixed 

c10udy gr id voltlll\(' with a droplct concentration of lOOOcm-3 undergoing 

rnixing wit.h d('ar air. Let us suppost' that enough mixing oecurs to reduce 

the average cOllcentration of droplets in the grid volume by half, to 500cm-3. 

Herause of {'xtrC'lI1c JIll!olllogCT!C'ous mixing, the microphysical model inter-

prds t.his t.o IIl<'an that 50% of the grid volume is composed of clear air and 

50% of doudy air having a d roplet conc!'ntration ('qual to that of the initially 

unmixt'd volullle. If lift ing follows so that 6.q > 0, activation of the nuclei 

in cl{'ar air ,wd diffu8ional growth will occur in the malllH'r described in sec-

lion :!.2.2. If ('lIough lifting tah'!-l pla( C' so that ail the Iluclei were activated, 

tltt' avera~(' droplt't cOI)('C'ntration in the grid volume will again reach the 

local conc('nt.rat.ion ill the c10udy air. 'l'he newly activated nuclci accounts 

for tht' s('condary mode of the distributions. 

'1'0 clarify the abovc description, we shaH consider the b2 distributions 
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along a loop A, B, C, and D within the ups}H'ar mixinp; 2011(' in rigll\'t' :H. 

This path approximates a cycle arouud the VOl t('X ct'ntt'r. StartiIl,!!; (t!. point 

A and travelling horizont.ally towards point JJ we (',\Il St't' t.hat li ,\1\<1 tl\(' ratio 

qc/q~ decrease. On passing point B, tlwHe valut'H ill<'wél,s(' and art' ('Iosl' l,) 1 al. 

the right boundary of the mixing zone. SlIlIlldr varlatioll can 1)(' fOlll1d atoll,!!; 

any horizontal pat.h through the mixing zone. TIlt' fad t.hat tl\(' millimum 

values for qc/q~ and fJ occurs at Home disLUl«' from tilt' lip,ht. cloud t'dg" 

signifies that mixing originales and propagat('s ftolll t.llt' t'II t. 1 ,lillllH'l1t. sit(, 

situated at a lowcr IcveI (ncar x= 2A:J km alld z= 1 7;j!) klll ), 

Severe mixing, marked by a low rat.io of q,-Iq~, i ... takillg pl,\('(' at IJ and 

reduces the magnitude of the prirnary mode of 1.11<' distribut.ion wh(,11 (lw'rap,pd 

over the grid volume. lIigh values for 1;.( b2 = U) ,wei /J Cdll 1)(' dC'l,('( I.('d from 

B to C. This part of the loop lies within a 2011(' of uplift.\IIg clUt! t.hl'r('forf· 

new nucleatioll. Close to point C, j:J increascs 1.0 1 a.H dll nUc!PI ,lf(' élct.ival.('d. 

The ratio qc/q~ aiso increa.<;es bccausc of conc\('nsatioll and tht' ill('f('ilsing 

distance from the entrainment site. Jt is I10ted that. tilt' :-'('( oIldary mod(! 

grows towards larger b values and the primary mode ÎII< r('clSPS III cUllplit.ud(·, 

Little change in the distributions is dctt·cted frolll pOIll1. C' tu pOlIIt /J. 

This segment of the Ioop is located far from the entraillllwnt ~it(' wit.h littl(' 

lifting and small horizontal variation in the aInOllut of lIIixing. '11lt' proce:mes 

taking place from D to A is just the rever!>c of thos(' from IJ to C, lIamdy 

evaporation and the approach toward the cntrainrllcnt site with an increa.<;c 
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10 the amount of mixing. Consequently, the primary mode decreases in 

amplitude while the sccondary mode grows towards sm aller b values. 

Bimodal sIH'ctra arc thus created whcn mixcd air is bcing lifted. The 

origin of the birnodal spectra is located to the right of the vortex center. 

The vortex circulation thcn rccirculates these spcctra throughol1t the rnixing 

zone. 

Dirnodal spectra arc also present elsewhere in the cloud where a similar 

scenario occurs. An examplc for this is the spectra in the downshear mixing 

zone in figures 47 (x= 2.91 to 3.0 km; z= 1.8 to 1.86 km)) and 52 (x= 2.76 

to 2.8.1 km, z= 1.8:1 to 1.89 km). 1I0wever, Bot many bimodal spectra can 

be round on the downshear side because the mixing zones are less extensive 

there. 

From t = 48min. onward (figs. 54 to 63), the b2 distributions are more 

varied and complcx in shape. Most of them are bimodal, but with a few 

monomoda.l distributions centered on ba (fig. 60 x= 3.075 to 3.12 km; z= 1.98 

to 2.07 km). SOllle monomodal distributions centered on a b2 value between 

o and ba can be :well OH the far right in figure M (x= 2.76 to 2.85 km; z= 

1.9:15 km). Th('s(' r('sult from the lifting of an area which had undergone very 

severe mixing. A f('w trirnodal distributions can also be found. Examples are 

the s(><,ctra Ilear th(' cloud top in figure 59 (x= 2.85 to 3.03 km; z= 2.16 km) 

or the sp<,ctra in the middle left of figure 61 (x= 2.76 to 2.85 km; z= 1.935 

km). These spectra result from the same pro cess of extreme inhomogeneous 
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mixing followed by lifting but oecur in cloudy air cont.aining illitially billlodai 

instead of monoIIlodal distributions. 

Another parameter IIscful in charaderizing the dist.ribut.ion is t.he élVt'ragt' 

radius R displayed in figs. 61 and 65, which {'cUl b(' r('adily c,llctd,t!t'd frolll 

the b2 distribution. In the unmixed cloud Œf(" the aVt'rap;l' r,ulills ill<Tpas('s 

with height and attains its maximum value Bectr t.!H' cloud top (figurt, 6·1 

at t = 44min.). Dclow the cloud top the grt'l.di<'lll of rculius d('( rt',lSt'S with 

height sinee sm aller droplets increasc in siz(' faster tltall higp,c-r Ollt'S. IIl>ri

zontally, R remains nearly unifol'Ill. 'l'tH' slllall variatiolls III UlllllÎXt'd ZOllt'S 

is attributable to the variation in t.he cloud ba:w altitu<l(·. 

The maximum R throughollt the silllllialioll is fi.71111lt and o('curs al 

t = 49min.. The correspollding grid VOIUlllf' is highlighled in figure 59. 

Unsurprisingly it is situated near the cloud top ill a slIlall ulllllixed ZOIl(' and 

is therefore rnonomodal. 

In mixing zones, the variations in :.hc average radius is IIlOl'C colllplex. Ii 

decreases as a rcsult of evaporation and activation where th(· dilut<,d parn'ls 

are being lifted. As is indicatcd in figure 61, at t = 4Gmm. 11 in tilt' UPSh('éH 

mixing zone is smaller thau that. of the ulllnix('d adiahat.ic ( IOIle! core at tll<' 

same level. 

The time evolution of the standard dcviation of the dist.l'iLutioIl f1 frolll 

t = 43min. to t = 50min. is depicted in figures 66 and 67. At l = 1:J alld 

44min. (J' is relativcly uniform and is ~ IJl7n in the adiabatic cloud core. 
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wtwrc mixing has occurrcd, either in mixing zones or at the cloud environ

ment interface, (1 > l/lm. The broaoest spectra oeeur near the cloud top. 

They af(~ hirnodal with high ~(b2 = 0) values implying a high concentration 

of small droplds. The maximum value for (1 throughout the simulation oc

curs at t = 50mm .. Hs value is 2.8'lm and the corresponding grid volume is 

highlight.ed in figure 6~J. 

Figure 68 shows cont.our lines of Rg , the equivalent radius of the me an 

mass of the mass dcnsity fllnction(see Rogers and Yau 1989, p. 140 for 

definition), at t = 46mm.. The mass dcnsity function givcs cmphasis to 

large droplets, and is uscd here in an attempt to evaluatc the evolution of 

the prirnary mod(' of the cloud droplet spectra in mixed rcgions. The values 

of Rg do Ilot vary lIluch in aIl of t.he cloud; with a low value of ~ 5.5Jlm 

and a high valu(' of 7.(l/llTL The maximum values are located at the cloud 

base. They t.ht'n d('creasc in the first ~ 120m and increase thereafter up to 

the cloud top. 'l'tH' Rg of tbe nuc!cation spectrum is 7.46flm, a value which 

is found at the cloud hase and in certain areas where severe mixing followed 

by lifting results in spectra similar to those found at the cloud base. 

The physical ('xplallation for the distribution of Rg is as follows. At 

Iludcatioll. the vast majority of droplcts have a radius of l/lm and they rnake 

a negligiblc contribution to the mean rnass of the mass distribution, which 

is mostl)' influenced by droplets > 12,t7n even though their concentrations 

are very low(~ 1O- l mg-1). As lifting and nucleation proceeds, the total 
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concentration of the droplets incn>ases and the:' IWn droplds a)'(> growillg to 

larger sizes. When these droplcts ft'ach the sizes of :1, ·t, 5JL1H, t.1\('y IH'gin to 

contrihute to the mean mass of t!1(' mass dist.ribut.ion. li q t.ht'I'l'fon' init ially 

decreases with altit.ude. HO\\-t>ver, at a IH'ight > 120711 abovp t II{' cloud h.lst'. 

the concentration of droplets > 6Jlm is high clIough to caUSt' an illen'ust' in 

Rg with alt.itude. 

It should he poillt.cd out that in certain art·a.H wit.hin Hu- lIIixillg ZOIl<'H, a 

process opposite to that just dcscribed OCClHS. Evapol'(üioll rt'sliitillg frolll 

mixing causes an increase in Hg{ fig. 68 x= 2.!l2 t,o 2.fi(ifi, ;/,=1.71 1.0 1.92). 

To determine if this incrcase is also dlt(' to iut incrcrl.!'>t' III tilt' (OIl('('IIt.ral.ioll of 

larger droplets, we plott.ed in figures (i!), 70, 71 and n t 1\1' horizolll.al vMiat.ioll 

of Rg, R, u, qc/ q~ and the total conn>nt.ratioll of dropkt.s 2: 121IHt( C (1II'VI') 

at different altitudes at t = 4(imin. It cali lw t'I('('n th<tt 1II<tlly f(',lI.lIl't'!'> 

descrihed above arc clcarly shown in t.hese figures. For t'xiunpl(·, 1.11(· r 

curve(R) is weil corrclatcd with the q--curve(qclq,~), and t.he S (,I1I'V('(I7) is 

negatively corrclated with i t. The Hl -curve( Rg) do('s Ilot vary l\I11cl! hut. is 

often slightly higher in regions of low qrl q~ (sce tilt' (,1lI'\,("S at 1800, 18~!)7It). 

Furthermorc, the c--curve is weil correlat('d with the CI curw', bllt. Ilol wilh tlJ(' 

m-curve. This eliminates the possibility that the illcr<'<L~e in U'I is caused hy 

an increase in the cOllcelllratioll of large uroplets. W(, should ell\phasj~(! that 

the concentration of the largest dropids in rnixing zones Wd.S Ilever bigher 

than that in the adiabatic cloud core at the same altitude. 
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4 Conclusion 

In this thesis wc pcrforrncd a numerical simulation of the development of a 

small non- precipilatillg continental cumulus cloud in a sheared ellvironment. 

A dynarnical cloud modcl is lls(·d in conjunction with a microphysical model 

to prcdict tI\(' cvolulion of cloud dropsize distributions and to yield answers 

to the following qucstions: 

1. lIow and whcre docs entrainment and mixing OCClU? 

2. [8 therc any differences between upshear and downshear sides of cloud 

in terma of elltrainmcnt and mixing? 

3. lIow arc cloud dropsize distributions modified by extreme inhomoge

n('OU8 mixing? 

A ddailcd analysis of the modeling results allow us to draw the following 

conclusions: 

1. The vortex circulations and penetrative downdrafts serve to deform the 

shape of the cloud and lead to entrainment of clear air into the cloud 

structure. The (~rltraine'"! air has its origin both from the cloud top level 

and from the sides. 

2. On the upshear side of the cloud, the convective circulation is domi

natcd hya long-lasting vortex with its center situated inside the cloud 
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boundary. This circulation initiates entrainment and rcsults ill th(> n(>

ation of a mixing zone which propagates from the' l'nt.rainnH'llt sitt' t.n 

cover more and mort' of the cloud volum('. 

On the downshear side, no de('p mixing zorl<'S app<'ar hefon~ t = ·18ml7l .. 

The circulation is dominated by subsiding Illotion, a. hi,!?;h turbult'IICt· 

level, multiple vortices wit.h œnters outside the cloud houlldary, pt'II('

trative downdraft.s, and pcriodically forlllill,!?; bubhl(' lik(' st.ructllres. III 

comparison with the picture on t1H' IIpsh('ar si(k, w(' ohs('rv(> a Illon' 

fragmentcd cloud strudure and of tell t.otcll dissipatioll of t.he c\oudy 

air rather than partial dilution. Non- dilut.(·d cJoudy air exist.s 011 t.he 

downshear side for a longer time. 

3. Extreme inhornogeneous mixing leads t.O Illultirnodal distributions. This 

results when the mixed air is lifted and condensation nuclei Im'sent in 

clear air filaments in the grid volumes are activaf,('(l, Birnodal sp<,cLm 

are commonly found al. the doud--envirollment. int(~rra('(' and in Illix

ing zones on the upshcar side of the cloud. 'l'hë eff('ds of Illixillg on 

the droplet size spectra are aSf,cssed by coruparing 1.\)(' dist.ributiolls ill 

undiluted cores with those in mixing zones. It was round t.hat mixing 

results in a sl11 aller average radius, the largest Il bein,!?; round near t.he 

cloud h.\p in non-diluted cloud regions, a larg('r ~talldard deviatiolls 

with the largest (j near doud top in diluted regions, and larg(!f values 

of the equivalent radius of the mean rnass of the mass distribut.ion fUfI<;-
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tion in certain arcas. Howcvcr, it was shown that these larger values 

in Rg do not imply an increase in the concentration of large droplets. 

This th('sis represellis a first effort to investigate the cffeds of mixing on 

the evo!utioll of the cloud dropsize spedra. It is recognized that sorne of 

the undcrlyillg asslIllIptions may Iimit the generality of the results presented 

11('[('. In particular, the assumption of ('xtrf'me inhomogeneous ll1ixing and its 

COIl8('<l 11('1I(,(' of cl. cOllstant local concentration, can f:xcrt important influences 

on spect.ral evolutioll. As WdS Illcntiollcd in BG, the assumption is especially 

quest.iollable for old cloud volUITlŒ where there might have been enough time 

to compl('te HH' mixing proc('ss. In addition, the imposition of a constant 

local concentration makes it impossible for Baker et al. 's (1980) or Telford 

and Chai'8 (1980) theoretical scenarios of production of large droplets to 

OCClU. 

Anothf'r assumption that requires further study is the partition between 

homogell(,olls and inhornogeneous evaporat.ion for diluted grid volumes in the 

microphysÏ<'al mode\. ln the experimcnt analyzcd in the thesis, the parameter 

b is set to {J. lIowever, additional experiments performcd, with 8 = 0 and 

6 = 1 hav(' shown tbat the way of partitioning docf' have a quantitative 

impact on spectral ('volution, so that a more rigorous formulation would he 

lU'cessary. 

Finally, the microphysical mode! represents a first attempt to descrihe 

the sub-grid Beale structure of the composition of the air in the grid volume 
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, 

by dividing it into doudy and cloud-free portions. For consistt'lIcy, similar 

treatments need to he extended to describe t.he effects of the sllh grid st'all' 

structures of thermodynamic variables like tcmperaturt' Of rt'lat.iw humidity 

on spectral evolution. 
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Figure 21: Condensation rate field at t = 47min., units are g/kg/s. 
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Figure 22: Eddy mixing coefficient field at t = 45min., units are m2s-1 , X 
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Figure 23: As in figure 22 but for t = 46rnin .. 
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Figure 24: As in figure 22 but for t = 47min .. 
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Figure 25: B2-distributions at t = 42min. for upper upshear portion of 
cloud. 
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Figure 26: Vclocity vcctors for domaill of figure 25. 
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TIME= 43 

Figure 27: B2-distributions at t = 43min. for upper upshcar portion of 
cloud. 
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TlME= 44 min. 
, _ 905 -+~--r---.---r---f--.---r---.---+--"--'--.--,--- --r-'---r---.--~--.., ---- - - - - -- -

'.785 

1.725 

2 .95 2. 55 X(Krn) 2 15 2 75 

Figure 29: B 2-distributions at t = 44min. for upper upshear portion of 
cloud. 
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Figure 30: Velocity vectors for domain of figure 29. 
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Figure 31: B2-distrihutions at t = 45min. for upper upshcar portion of 
cloud. 
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Figure 32: Velocity vectors for domain of figure 31. 
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Figure 33: E 2-distributions at t = 46min. for upper upshear portion of 
cloud. 
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Figure 35: B2-distributions at t = 47min. for upper upshear portion of 
cloud. 
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Figure 37: B2-distributions at t - 44min. for upper downshear portion of 
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Figure 39: B 2-distributions at t = 45min. for upper downshear portion of 
cloud. 
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Figure 40: Velocity vectors for domain of figure 39. 
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Figure 41: B2-distribu tions at t 
cloud. 

46min. for upper downshear portion of 
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Figure 54: B2-distributions at t = 48min. for upshcar portion of cloud. 
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Figure 55: Velocity vectors for domain of figure 54. 
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Figure 64: Average radius of sizc distribution, R, for t = 43,44,45,46min .. 
Contour inter val of O.4J.Lm. H indicates high values. 
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Figure 6.5: Average radius of size distribution, R, for t = 47,48,49, 50rnin .. 
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Figure 66: Standard deviation of size distribution, CT, for t 
43,44,45,46min .. Contour interval of O.2jlm. H indicatcs high values. 
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Figure 67: Standard deviation of size distribution, u, for t 
47,48,49,50min .. Contour interval of O.2pm. H indicates high values. 
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Figure 70: As in figure 69 but for altitudes 1665,1710, 1755m. 
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Figure 71: As in figure 69 but for altitudes 1800,1845, 1890m. 
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Figure 72: As in figure 69 but for altitudes 1935,1980, 2025m. 
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