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ABSTRACT 

A graupe1 parameterizat10n scheme, essentially that suggested b,y 

Stephens (1979), is added to the thxee-dimensiona.l cumulus convection model 

developed 'by Steiner (1973) and updated by Yau (1979b, 1980a). The bulk 

water pa.ra.meterizàtion assumes graupel follows an 1nverse exponential 

distrl bution w1 th a constant number concentra. tion. Graupel microphysical 

processes incl ude conversion of 1ce crystaJ.s to graupel, ra.indrop freezlng 

by the Blgg (1953) process and contact with lce cryetaJ.s, accretlon of 
, ' , 

ra.1ndrops, rlming of cloud droplets, vapor deposl tion, sublimatlon, and 

mel ting • Ra.1n and graupel are allowed to preoipl ta te. 

Two- anc1 three-dimens1onal. simulations of a ha,llstorm are perfermed 
",,- ' {. 

and the resul ts of the latter are oompared wl th an observed storm reported 

. by Chisholm (1970) ~d the two-dimenslonal run. Resul ts' of the three

,dimenslona.l exper1ment ~ good general agreement wi th the o~erved 
, , 

storm and with features commo'nly present in observation and othEÙ-' 

simulated stormst. Some modifications ~e suggested to the model- to better 

simula te eertaln specifie fea tures, thus maldng i:t a more useful tool 
.~~ 

in the study of,hallstorms. ~ 
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Une forme de :pa.ra.métrisation d7la neige ro1.Ùée, telle que suggérée 

essentiellement par Stephens (1~79)(, a été ajoutée au modèle en trois 

dimensions de convection des cumuli développé par Stein~ (1973) et mis à 

jour pu' y~u (1979b, 1980a). La. paramét:tisation du volume en eau assume 

que la neige roulée suit une distrl bution ,exponentielle inversée avec un 

nombre de concentration constant. Le procédé micr6physique de la neige 

roulée comprend la conversion de cristaux de glace en neige roulée, le gel 

des gouttes de pluie selon le procédé de Bigg (1953) ou encore dtl au contact 

avec des cristaux de gla.ce, l'accrétion de gouttes de pluie, la transforma-

tian des gouttelettes de nuage en givre. le dép$t de la vapeur, la sublima--

tian et la fonte. A l'intérieur du modèle, 11 est possible pour la. pluie 

et la neige roulée de précipiter. 

Des simulations en deux et trois dimensions d' un orag"e accomp1.gllé de 

grêle ont été fait; les dsul ta ts de ce dernier ont ensui ~e été comparés à 

ceux du pr~c6dent de même qu'aux observations recueillles par Chisholllf' 

(1970) lors d'un orage. Les résultats obten.us par le modèle en trois 

dimensions présentent une bonne corréla. tion avec les données provenant de 

'. 

l'orage observé, de mt1me qu'avec les particularités généralement rencontrées 

t d ~ au cours es brages réels ou simules. Toutefois, 51 l'on tient compte des 

quelques modifications suggérées, le modèle pourrait mieux simuler certains 

trai ts particuliers et alnsi devenir un outil, important dans l'étude des 

orages accompagnés de grêle. 
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mm hr-1 

mm hr-1 

-1 -1 g g s 

g g-l s-l 

-1 -1 gg s 

K 
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• CHAPl'ER 1 

INTROnuarION 

• 1.1 Backgzpund 

Hailstorms are awesome displays of atmospheric violence which can 

caUSè~ trem~ng~:)Us destruction through nooding, hail damage and· high w1nds. 

TOrDadpes and intense electrical activ1ty are often associated w1th these 

stoms, which not o~y destroy property but endanger life. It is not sur-

prising, then, that ha.llstox:ms have been the object of a grea.t deal of 

research. An important tool 1n this resea.rch 1s the use- of models, which 

combine the results of detailed observations with theoretical research to 
, 0 

yie1d a better understanding of hallstorms. With impraved understanding, 
l " 

\ 
an effort can be made to predict and control storms in arder to protect 

property and lives. In the latter aspect, numer1cal cloud models are 

particularly useful in testing new theories of hail suppression before t~ey 

~. are applied to actual stoms. / 
1 

j , 

Due to the limitations of present-genera tion computers, numerical 

models of cumulus convection have had to emphasize either the dynamics or 

the microphys1cs, al though both are 1nterdependent and eq ua.lly 1mportan-t:. 

1 
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A survey of the llterature, p:tesented in Chapter 2, reveals that detailed 

microphysics is used in models wl th slmpl1fied dynam10s wh1le simpler 

"bulk water" techniques are used in more dynamically complex models. 

In general, models are usually classified according to the number of 

spatial dimensions, the simpleat modela (few-est dimenSions) being used f~r 

detailed investigation ioto microphysical processes, and the more complex, 

.. models used in connect{on with 'simplified "bulk water" microphysical pa.ram-
. ) 

eterizations to capture more realistically the large-scale storm fea.tures 

a.nd dynamical-microphysical interactions. The simplest model, sometimes 

• labeled. "zero-di-mensiQnal" (OD), essentially represents a single point 

in the atmosphere where temperature, pressure, updraft, etc. are held 

constant. The next step irt'complexity ls the o~menSiOnal (lD) modal, 

in whioh environmental conditions are slmply functions Ôf ~he vertical 

distance (z). Only the up-and-down motio~.of particles in an updraft/ 

downdraft vertical profile can be followed. If a parcel of air is followed, 

the model is called Lagrangian (1Et) , while a one-dimensional time-dependent 

modal (1IrI') allows vertical profiles to vary with time. Two dimensions 

(ZO) give added realiam but increased complexity and computational load. 

These models often assume symmetry conditions and a.:r=a ai ther sla b-"syÙunetric 

or axisymmetric. Tw~mensional fiow and other fields can vary w1th Ume 

~2DT) or can be constant (streamline). 

The most complex model is a three-dimensional tlme-dependent model 

(JID'), used rarely in the past in numerical cloud simulations due ma.inly 

te ,excessive. taxing of economic and computer resources. Steiner (1973) 

was one of the first to develop a )DT numerical model of convection and, 

aince that time, relatively few other 3D models have been used in storm 

j 
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simulations even though the li~tations of one- and two-dimeneional models 

are well-known. lii th fewer tha.n three dimensions, important features suah 
, ' 

as three-dimensional wind shear, turbulence and storm rotation axe imposs~e 

to s1m?late while the effects of unnat~ly restricting updrafts and do~-
" 

draf'ta to a vertical line (iD) or plane (20) can greatly affect" storm 
: 1 

development. As the dynamics cannot b~ realistica1ly simulated in one or ., 
1 • 

two dimensions, the important microphyslcal-dynamica1 interactions cannot 

be faithfully reproduced elther. ,/ .. 
A three-dimens1onal model is therefore necessary to slmulate a ha.ilstorm 

which ia genera.lly embedded in a wind :(leld tha t varies both in d1:e~ction 

and ma.gni tude w1 th height. However, Just as realistic sim~a tions 0\ OOil-
\ 

storms cannot be expected from iD or 2D models, neither can they be etpected 

in 3D modela without the inclusion of a comprehensive microphyslcal soheme 

that inoludes the ice pha.s.e. The ice phase consists of severaI types of ice 

particles for which the term1nology is not exaetly standardized. Pruppaeher 
\ 9 

and Klett (1978), 1n their textbook on 'cloud microphysies, suggest the 

following defini tions of iee 'partic1es. The pr1mary iee partiele is the 

lce or snow crystal which is nucleated from the vapor or from the freezlng . ( 

of supercooled cloud droplets at sub-zero tempera.tures. 't,hey cao ~ve 

variOUB crystall1ne,shapes (needles, dendrites, hexagonal ~es, etc.) 

and grow by vapor deposi tion only. Ice crystals are usually no more t!'lan 

5 lIim in diameter and have smaJ.l terminal fallspeeds. Snowf'lakes are 

aggregëttes of iee crystals ,and are genera.1Iy Iess tha.n 2 cm in diameter. 

Ice crystals can gr.~w to a. size that ~nables them to rime (apprdx1ma.tEtly 

300p,m in dialmeter). Wh~m the features of the rimed ice crystal still 

resemble the original ice crystal, i t is simply, called a rimed 1~e crystal, 

but when the features of the primary lée partlcle are fa1~t1y or no 

~ ,. --
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longer visible, the rimed iee crystal 1s referred to as graupel. 

Graupel, ~ometimes called soft hail or snow pellet, i8 wh! te, OpaqUé, 

and has a "fluffy" appea.rta.riee due to the aggregation of the eolleeted drop-

lets whieh have frozen onto the iee crystal ln such a way as to create 

an air-filled capillary system. Giaupel particles .are c~nicaJ., rounded 

or irregular in shape and have bulk densi ties less than 0.8 g cm -J. Hard, 

transparent, gJ.obular or irregular iee particles that originate as frozen 

drops or iee crystals whieh have melted and refrozen are referred to as 

"type ail lee pellets or sleet and have bulk densitles between the density 

of iee and 0.99 g cù\.-J.\ Small hall partieles or "type bit iee pellets, 
\ . 

origina.te as 'frozen drops or lce crystals which have grown -by timing lnto 

irregular or roundish semi-transparent partiel es • They' often have wa ter 

in,a capillary system and typically have bulk densities between 0.8 and 0.99 

g em-J • Hailstones are rimed lee crystals, rUPe1 or iee pellets which 

have grown by the collection of liquid watef into roundish, ellipsoidal 
. 

or eonical iee particles of relatively high bulk denslty. Maximum hallstcne 
1 ~ 

diameters are generally greater than'5 mm, which ls the maximum diameter 

of the other rimed crystal partieles' mentioned above. Hallstones are 

partially to.eomplete1y opaque and often have lobes or other protuberances 

on the surface. Growth centers often found at the center of onion-type 

layered hallstones, sometimes calVI embryos", have be~n ident1fied 

. as bath frozen raln!irops a.nd grp.upel. Depending on environmental ~ondi tions , 

graupel and hall can eontain significant "l1quid water fractions" which can 

be shed as drops; or ejeeted as lee apllnters, ,providing another source of 
1 

lee ~rrstals. 
... , 

The 1:6e phase can play an ~Iljportant role in convective dynamics and 

precipitation development in storms. It can be a s~gnificant source, (and. 
.. ~.' 
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slnk) of latent heat through meltlng, freezlng and vapor transfers while 

"load.1ng" by the heavier iee partleles can significant.l.y affect the air 
~ 

flo!f. Often the ice phase is the main source of precipita tien in super-

oooled mid-la ti tude cumuli and shol.Ùcl not be negleoted i~ numerical 'models 

of suoh clouds. Obviously, it ls essentlal for slmulating hallstoms 

with cloud models. 

1.2 Purpose of this researoh 

A t the ti~ of wri t-1ng, no resul ta from a )ur model w1 th oomprehens1 ve 

10e phase microphyslcs have been publ1shed. Therefore, in response ta the 

need for a useful numerica1 modal capable of slmulating haUstoms rea1ist-

1oally, a bulk water graupal para.meter1za.tlon suggested by Stephens (1979) 

is modified sllghtly and added to the Steiner (197))-Yau (19?,9b, 19BOa) 

)ur cumulus cloud model (which previously modeled cloud, rain and 1ee/ snow 

arystals) • The resul:ts are compared wi th an observed haUstorm, presented 
. 

by Chisholm (1970) 1 and a 2D rune It 1a. hoped t~t this model will be 

useful in further researoh into hallstorms and storm modification • 

1.) Chapter outline 

A review of previous research aasoc1ated with ha.llstorms ls presented 

in Chapter 2. The model ia desoribed in Chapter ) and the observed storm 

i6 presented in Cha.pt~ 4. Chapter 5 presents the resul ts from the )D 
t 

simulatiQn which are diseussed and compu'ed to the observed storm and a. 

zn run in Chapter 6. The main points are summa.rized in Chapter 7 J which 

conoludes with suggestions for further'work. 

i ~ 
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" LITERATURE REVIEW OF liAILSTORM RESEARCH 

For the purpose of thia review, ;esearch into ha.llstollillS w11.1 be 

di vided into three rela ted areaa 1 observa tional, theoretical and modeling~. 

Much work, has been done in each area, but as thia thesis deals wi th 
,\ 

numerica1" cloud. modeling, the emphasis will be placed Qn the last category • 
. , 

, 
?1 Observational reaearch \ 

Observational researoh cao both leod to and verity theoret1~ ~esàarch. 
Here, the obaervational researoh ia subdiv1ded into the detailed atudy o~ 

hailstones (smaJ.l-acaJ..e) and hailatorma (large-scale). . 

The first category ia concerned with the detalled exa.m1nation of 

hailstones oolleoted during ha.llstorms. 'Obaervations are made on stone 

properties such as density, sha~e, size and structure. Theories of stone 

origin, gro'rlh modes and processes in the storm, and stone trajectories , 

are advanced. For example, the 0 bserved layered struoture and large size 

of many ha.llstones led to t~eorles of hall growth which involved complex 

t:ra.jectoriea and/or high l1quid water contents in the growth area. The 

6 
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, 
existence of "growth centers" or "hall embryos" at the center of some 

stones suggested that hall orlgina.tes as frozen drops or rimed ice crystaJ.s. 
f 

) 

Some examples of relative1y recent work in this area. of research are the 

studies by Knight and Knight (19708:, b, c) and English (Chisholm and 

English, 1973). 

The second branch of observational research dea.ls with the in-depth 

probes into the large-scale storm,features such as storm structure and 

evolution, types of hydrometeors and precipitation, and storm motion. 

Airplanes, "radiosondes, 'balloon track1ng, direct visual observation, and 

radar are the approaches often used. This type of observational data serves 

as a basis for conceptual models and theories on storm convection, precip-

itation effects on storm development and structure, and the interaction of 

storms wi th the environment. Thua, while the sma.ll-scale study of hail-' 

stones contribùtes to a better understanding of storm microphysics, the 

study of large-scale hailstorm features provides insight into the storm 

d.yna.mi cs • 

Browning and Lud1am (1960) presented a,detailed radar study of a storm 

which occurred near Wokingham, England. Several echo features ware 

Observedl "echo walls", "overhangs", and "echo-free vault.s". Also observed 

was "disèrete propagation", which occurrad when new cells developed in the 

vic~n1ty of exist1ng cells. Sim1lar features ware observed in many 

Alberta ha.llstorms, exa.m1ned by Chisholm (1970). A common element was 
! ' . 

found in all the stormS -- a "weà.k echo ragion" (WER), equivalent to 

Browning and Ludlam's "echo-free vault", found in association with cloud 

base updr.afts. Chisholm hypothesized that the WER' consists of freshly-

tormed micron-slzed cloud dl;oplets in the core of a. strong updraft. 
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Marvitz (1972) used data·'from 8;1 army of observa.tionaJ. systems to propose 

,a classifi~tion schema for Alberta hailstorms. The four storm types in 

this scheme were supercel.l.a, mul tioells t severely sheared storms and 

squall 11nes. Al1 of the observational studies mention~ above eventually 

led to descriptive models of hailstorms. 

2.2 Theoretlcal research 

Often stemming from observations, this kind of research deals with 

the highly theoretica1, usually mathematical, study of the fprmation, 

growth, and structure of hailstones and hailstorms. It provides the mathe-
- ~' 

mat1cal framework for numerical hailstorm models while observa"ttl-onal 

resea.rch provides the conceptual nature of models. Typical of auch 

research are the microphys1cal studies by List (1963) and Macklin (1962, 

1963) in which numerous expressions were derived ta d.es~be h&llstone 

growth using heat and mass balance equatirns. 

2.3 Models 

Hailst~rm models represent a vehicle for the inoorporation of past 

observational and theoretioal research into a representative picture of a 

hailstorm in an effort to better understand its com];Ù.ex nature. As such, 

a model ca.n never hope to totally represent all ha.1lstorms, but i t œn 

capture or 'slmulate important features found in ma.ny storms. Model results 

cao either prave the valid1ty of the theories and concepts which mak~ up 

the model, or they oan indicate in what areas the theories and concepts 

are deficlent. 
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Just as theoretica1 and observationaJ. research can focus on different 

aspects of hailstorms, from the sma.ll-sca.le microphysics to the large-

scale storm features and dynamics, numerical modela also can emphasize 

, different aspects but generally fall intofi~ô main branches. One branch 

makes simplifying assumptions àbout e~onmental and dynamical aspects in 

order to examine in detail the microphys1cs of hydrometeor formation and 

growth. The other seeks to simulate larger-scale aspects of the storm 

9 

fPvol ving the important interaction between cloud. dynamics and microphysics. 

Models of this type usuaJ.ly employ "bulk water" microphysical pa.ra.meteriza-, ' 

tions to simplify the modeling of hydrometeors so as not to add too much 
'4. 

complexity ta the already complex dynamical framework. Both types of 

models wUl be discussed as wall as a few others which do not fit neatly 

into either category. 

2.;.1 Detailed microphysics 

A num~r of models examine the growth of art1ficially injected haU 

embryO$, assumed to be frozen drops, into hailstones by the accretion of 
/ ' . 
r~quid water. The reeults of Most of these modela led ta differing con-

clusions about the neces'sary conditions for the growth of hail ~)I1bryos 

into large hailstones. J 
Ludlam {19,58) developed a simple iD steady-~tate model in which the . r. 

Up-dOWll. motion of a few: relatively large frozen ra.1ndXops (hail embryos), 

1njected in the lower levels of the cloud, was followed in the updra.ft. \ 
• _f 

These particles could grow into hailstones by accret10n and coul~ rise 
) 

and fall ba.ck through the updmft accreting the same wa ter (as ~~ wa ter 
1 . 

was nÇ>t, q,epleted by the haUstones in this model) ,. Heat tala.nce consider-
e 
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ations lad to the shedding of that portion of the accreted supercooled 

water which could not be frozen, Und ting the sizes obtained by the hail

stones to no more than 3 cm in diameter. These results led to the idea 

tha t complex trajectories wi th recycling or high liquid wa ter contents 

must he necessary for the production of large hail observed in many severe 

baUstorms. Browning and Ludlam (1962) developed an intricate three-
) 

dimensional flow pattern for the Wokingham storm. This conceptual airflow 

model allowed for the' recycling of hallston~s as sugg~sted by Lu:llam to 

produce large hail. However, the tlme involved in producing large hail 

by tbis complex process does not agree with observation. For example, in 

Alberta, Hitschfeld and Douglas (1963) found that the first report of hail . -
at the surface could follow the firat radar appearance of a storm in as 

short a time as 20 minutes, not enough tlme for the recycling theory to 

explain the size of the reported hail.' Thus they assumad tha t there must 

he regions of very high l1quid water content in the cloud where hall can 

quickly grow t~ observed.' sizes through accretion of the liquid water, Using 

tbis, assumption, they developed a modal in which large hailstones (up to 

.5:8 cm \n diameter) could be produced in 20 minutes or less in a simple 

up-down \ra j e,c'1;.ory, Howeyer, as English (Chisholm and English, 1973) 

pointed out, the stones were not allowed to shed the collected water and 

unrealistioally high liquid fractions resulted. 

Other simple 1D steady-state models 'showed that large hail greater 

than 1 cm in diameter could be grown in simple up-down trajectories and 

in relatively short tlmes (10 to 20 minutes) without exceptiona1ly high 

liquid water contents. \ Gokhale and Rao (1969) released bail embryos 

near the top of a ~oud (assumed to be the region of rain accumulation) 

r-
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and followed their descent through an adiabatic upd.ra.ft to the OOC level. 
- ,~' 

List et al (1968) injected d3..fferent concentrations of embryos at the 

freezing level and followed their ascent in an updraft. A similar study 

qy Charlton ~nd List (1972), which allowed the stones to deplete the liquid 

water content, also showed that large bail corud be produced Wi thout complex 

trajectories or high liquid water contents. 

Based on extensive field data of haUstorm updrafts, liquid water 

contents and structure as observed by airplane and radar, a 2D streamline 

cloud model was used qy English (Chisholm and English, 1973) to follow the 

trajectories and growth of millimeter-sized embryos, injected at various 

points in a tU ted u:pd:ra.ft. Wet and dry growth modes for the hallstones 
4, 

were simulated as they grew 'by the collection of liquid water,' Depending 

on the storm modeled, the stones were assumed to be either oblate or 

spherlcal. II). the updraft, the embryos grow to radar-detectable size and. 

then fall along the edge of the uP<iraft to the surface, forming a "precipi- ... 

tation cascade". In this way such observed radar features as the weak echo 
\\ 

region, corresponding to the region of maximum updrafts, bounded by regions 

of hi~r refl ecti vi ty (the "overhang" and the "wall") were simula ted. 

Othe:t tures which comIJ8.I'ed well w1 th observations were coinputed hall ----4!' 

sizes, liquid fractions and growth times. It was concluded that embryo 

fo:rma.tion which allowed one ascent in a strong updraft and one descent 

adjacent ta the updra.ft was suf'ficient for the growth of ev-en the largest 

~ r~ported for the observed storms. 

Dennis and Musil (1973) used a l1JI' model to examine the wet and dry 

~wth of haUstones. 'The hea t and. mass budget of the stoneS were assumed 

to be a function of their size and environmental conditions. Hall embryos, 
1 

1 

1 ., 
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hypothesized to be drops oÏ 100 ~m diameter, were injected at the cloud 

œ.se every Ïive minutes ana were assumed to totally freeze at the -.soC 

1evel. The subsequent ascent and descent of the Ïrozen drops were Ïollowed 

as they g'rew by aecretion O~~ud wâ.ter and the collection of cloud iee 

into hallstones. Liquid water was incorporated inte the stones to simula:te 

spongy grewth, apd sueh stones were allowed to l?reak up when their -diameters 

reached a critical value determ1.ned by the liquid fraction. They eoncluded 

that the important factors whieh dictate the hailstone diameter at the 

ground were the maximum updraft strength and the temperature level at 

which i t oceurs. Higher updraft strengths res1.Ù ted in larger stones whUe 

the -)0°0 level seemed to be the optimum level for the upd.ra.ft maximum 

te produce the largest hail at the ground. 

OD models were used to investigate' the growth of single, ice crystals 

which, in addition to frozen drops, can also act as hall embryos through 

rlming. Resul ts from these models inelude the Umë nee'Efésary fon- iee 

crystals to grow large enough to rime significantly, thereby beèoming hall 

embryos (or graupel). 

Jayaweera (1971) examined the difÏusional growth of iee crysta:j.s of 

/ difÏerent shapes in a constant environment, the crystal shape being a 
/ 

function oÏ temperature. Crystals grew to riming size (approximately )00 ~m 

in "diameter") in three to eight minutes. A similar model wa.s deVeloped 

by Koenig (1971) and produced riming-size crystals in a similar tiÎn'è. 

scale -- two to six minutes. The computations were' used to derive a useÏul 
~ , 

pLXameterlzed equation relating the depos1tionaJ. growth :rate ~o the iee 

crystal mss and the environmental temperature. A more sophisticated model 

ms used by Hindma.n and Johnson (1972) to 1nvestigate both the growth of 

6 . 
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cry'staJ.s to r1m1~ size and the growth of rimed crystals into spherical ice 

particles ("graupel"), For this purpose, a distribution of supereooled 

cloud ~oplets was assumed and the crystal fallspeeds and riming efficiencies 

were caloulated. Assuming a cloud water content of 1 g cm - 3 , orystals 

could grow to riming size in one to three mnutes and 'Igraupel" was formed 

in three to ten minutes. 

More complex, models were also used to study ice and hail growth processes' 

and interactions. A large number of size categories were employed and the 

stochastic collection equation was used to calculate growth by the collection 

processes. In contrast to the papers cited above, the process of hail (or . \ . 
graupel) initiation from both rimed ice crystals and frozen drops' (occurring 

naturally rather than being artificially injected) ls expl1citly modeled in 

aJ.l but the first of these models, 

Ilanielson et al (1972) mode1ed cloud, rain, and hail using a model in 

which p1.rcels were released from the surfaoe every JO see,onds. As 'ioe 

crystals were not included in this modél, bail was ini tlal1zed by drop 
• 1 

fr~ezlng only. The initial cloud aX~lù.al distribution wa!? ·va.r1ed to invest-

igate the subsequent effects on hail growth. Preoipitation-sized partioles 

. were allowed to faU out of eaoh parc el , affectlng' the parcaIs below i t, 

1 t 

l , 

, 
L ______________ __ 

and hydromateors could al ter the uPdraf't substantially through "loading"", 

It was found that, haU growth depended on the updraft speed, surfacE!l mixing 

ratio (vapor), and height of the freezing level, all combining to determine 

when and where collection of liquid drops became the dominant growth process. 

It was also found tbat the presence of large liquid drops in the ln! tia.I 

cloud droplet distribution inCr~Sed\ the number and mass of the hailstones. 

Their results showed that large liquld water contents were not necessary 

to produoe large haU, confirming ~viou~ findings described above. 
\ 
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Young (1975) followed a closed parcel, contain1ng 550 different size 

categories of cloud, ra in , snow, and graupel 'particles, in a specified 

vertical veloci ty profile. Two- hail suppression conêepts were exa.m1ned --

14 

hail embryo competition and updraft glaciation. Seeding clouds to increase 

the number of hail embryos il'l'such a way as to narrow their size spectrum 

proved to be an effective me~ns of increasing embryo competition (and 

therefore suppressing hail) only in storms where hail grows in simple up-

down trajectories. ffowever, for more complex trajectories, the complete 

glaciation of embryo-forming cells adjacent to the main updraft proved 

more eff ecti ve • 

The important process of ice multiplication was included in a 1DT model, 

developed ~ Scott -and Hobbs (1977), whieh divided liquid water, iee erystals, 

snow and graupel into numerous size categories. The Ha.~lett and Mossop 

(1974) ice multiplication process was incl uded to. simulate the ejeetion of 

ice splinters from iee partialeS which grow by eollecting liquid water, 

therebr increasing the concentration of lce crystals. The process of ice

crystal aggregation )to produce snow was also modeled. ",Mar:it1me and contin

ental clouds were simulat,ed by using the approprlate cloud condensation 

nualei (CeN) speetrum. ( 

The resul ts showed g:fa.uPel to be the predominant lce partiele in the 

mari t.1me cloud, comprising more than half the total lce mass (10% of the 

total condensate). For the continental cloud, the total ice mass was only 

0.01% of the total condensa te , wi th gtaupel greater in mp.S6 (but not in 

number) than. the ice crystals and snow. The difference can be explained 

by the greater percentage of large liquid drops in the maritime cloud as a 

reaul t of the maritime CON spectrum. The freezing of these larger drops 

waa the main source of graupel in the maritime cloud while the more Ume-

i 
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consuming praeess af iee crystal conversion ta graupel through riming was 
~ 

the main graupel-formation wocess in the continental cloud. Thus, the . . 
J 

more quickly-formed gra~~el in thce mari Ume cloud. could 'bêgin to ~eplete 
. ' 

sign1fioant amounts of l1quid water sooner, thereby collecting greater "ss 

than the equivalent graupel particles in the continental cloud. The dif-

ference in drop size dist~butions between the maritime and continental 

clouds (fram the different CCN speetra) also resulted in different lee 

crystal concentrations, due to the drop size-dependent iee multiplication 
/ 

proeess. As the iee mul tiplica tion process' was dependent on drops gl:8a ter 

than 23 Ilm (of whieh there wére more in the mari Ume cloud), the ice crystal 

concentra. tion inereased substantlally wl th time in the mari Ume simulation 

but was rela ti vely constant for the continental case. The splinters pro-

dueed by iee mul tlplieatian provided more ice crystals for the large dropa 

to accrete. Thus the formation of graupel by drop (contact) freezing 

increased aubstantially in the major iee multiplicatl~n reglon (-3 ta -8°C). 

Takal'lashi (1976) used 135 size categories for liquid drops, graupel 

and hall and 105 for disk-shaped lce erystals in an axisymmetrlc 2Dl' mode! 

with similar microphyslcs to that of Scott and Hobbs. The domain was'rel-

atlvely small: 2 km in radius and 6 km in height. The results indicated 

.... \ that ice crystal concentrations at certain levels could be lncreased sub

stantially by the lee multiplication process combined wi th recycling. In 

fact, recycling of all hydrometeors oecurred and was eonsidered to be a 

major factor in the creation and growth of hail in hailstorms. However, lt 

la qt4 te likely that hydrometeor reclrculation was unnaturally "forced" by 

both the small domaln and the assumption ofaxlsymmetry , which restrlcted 

" the circulation. 
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2.3.2 Bulk water microphysics 

As mentioned previously, the purpose of using bulk water techniClues ' 

is to simlllify the modeling of the microphysics in models which emphasize 
/l, • 
~ J, _c 

the c1:inamics. Despite the sometimes "grossit simplifications made in bulk 

water parameterizations, they should stUI yield results comparable with 

the findings of the more detailed micro;physical studies and be consistent 

with observations. 

16 

Most of the bulk water techniClues used to re:present ice partieles stem 

from 'j:.he work of Kessler (1969). Based on the results of observations by 

Marshap. and Palmer (1948), a simple inverse exponential size distribution 

was assumed for rain particles, in contrast to the many discrete size 

oategories.used by Scott and Hobbe, Takahashi, and others. Glven the rain-

mixing ratio at a point, all that was needed ta define the distribution 

was the external specification of one of the distribution parameters, such 

. as a constant slope, intercept or ·total number conce~tratlont from which 

the others could be deri ved. (The Marshall-Palmer distrl bution ls defined 

-4 ) by a constant intercept of 0.08 cm • Then the "mean diameter" J "mean 

fallspeed" and growth rates can be derived for the distribution by integrat-

, ing the express'ions derived. for a single partiele over the ent1re diameter 
t 

range (zero to infini ty) • The inverse exponential functlon ls ana.lytically 
~ 

integrable and sa the resulting expressions are simply functions of the 

distribution paxameters, easily calculated given the precipitation content, 

Simpson and Wiggert (1969) used this type of parameteriza.tion for . . 
ra.ln and ice particles in a lDL model ta study latent hea t effects fram 

cloud seeding on cloud dynamcs and precipita tien. The preclpl ta tien was 

ln1tiated by auteconversion from cloud water. Their results showed that 

the re1ease of latent heat from simulated seeding increased model cloud 

-J •. _____ • _____ ."" •• 
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top he1ght and precipitation for clouds ~ th naturally small vertical 

growth (6 .to 7 km) whereas seeding na turally taller clouds (8 to 10 km) 

did not increase precipitation. Weinstein (1970) also examined seeding 
j 

.effects 'in a similar fashion to Simpson 'and Wlggert using a lD!' model. 

lUs resul ts did not show 'an exact correspondence between increased cloud 
" 

top neightl (due.to seeding) and precipitation but rather emphasized the 

\ importance \of seeding Ume and temperature • 

17 

. ( Cotton \ (1972) assumed inverse exponential distributions for ~in and 

. i 

\ 
graupel but used 21 classes for ice crystals of different shapes ~ch are 

temperature-dependent in a parcel (lIlL) model. Some ot the processes in

,/.J"" cluded were vapor deposi tion, riming ~d raindrop free,zing ("Qoth immersion ,~ 
,/ 

and contact freezing). At sub-ze;ro temperatures" ice saturatlc:>n tec{miques , 

were ~mployed when there was no' cloud wa ter present. Seeding was simula ted 
" .., ;. ~ 

by simply increasing the h'ùmber of.ice e:r::ystals in a given class. "S'eeding" 

mari time-type clouds resulted in a significant release of latent heat' 

through increased contact freezing. This was found, to be one of the prin-

cipal causes for the inerease in cloud top height in the seeded clo~ds. 

A numerical simulation of a haUeitom. was attempteD, by Orviile and. 

Kopp (1977), using a 2DI' slab-symmetric modal with a large domain of ~~O km 
-~~ . 

l 

-; 
1 

br 20 km and a grid resolution of 200 m. Five classifications of water 

,'substance were eonsideredl water vapor, cloud water, cloud ice (crystals), 

Imin and. precipi tating ice (hail). Inverse exponential distributions were 

,assumed for min 'and precipitating ioe, eaoh distribution being defined Qy 
1 

:a constant intercept and the hydrometeor oontent. Autoconversion of cloud 

i and liquid water collection are rain sources while precipi tating iee i8 

, initiated from ~indrop freezing (based on the work of Bigg, 1953 and re-

ferred to as "Bigg' s freezinglt) and oonv;ersion from cloud. (througn an 

1 

l 
1 
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approximation to the Bergeron-Findeisen proeess). Hall grows by the ae-

eretion of liquid water and the collection of cloud iee while sublimation 

and melting deplete the hail content. 

Both wet and dry growth modes are simulated for the hail. One dif-

ference between the wet and dry growth modes ia the collection efficiency 
" 

of hail for cloud ice, assumed to be only Q.1 for dry growth but increased 

to 1.0 for wet growth to reflect the increased capturing capa ci ty for ice 

crystals by the hailstone's liquid coat. Shedding of liquid water also 

occurs in the wet growth mode, the shed water being added to the rain eon-

tent. The equatioD for wet growth is ,taken from Musil (1970). Glaciation 

was simulated by the isobaric freezing of aU cloud water advected a~ve 

the -35°C isotherm. Additional fsatures of the model included evaporation, 

heating and cloud ahadow effects. 

The model managed to reproduce suah observed severe storm features as 

a sloping updraft, gust front, shelf clouds and pedestal clouds. Other 

featur~s produced in the model which agreed. w1 th observations were a pre

cipi ta tion cascade ("wall") and radar overhang. An important-' find1ng ms 

the appea.ra.nce of "warm buoyant bubbles" which led to a cellular storm 

pattern in sorne of the simulations. 

The unexpectedly high ice partiele concentJja tions, which varied w1 th 
, . 

time, found in many maritime cloude prompted Koenig and Murray (1976) to 

investigate ice generation in mari ~ime and continental clouds. Another 

goal of their research was to examine the effects of seeding on cloud 

dynam1os. For these purposes, a 2D mixed Eulerian-La.gra.ngian axisymme 

model was used which employed b1Ùk water microphysics. Liquid drops we 

modeled according' to Kessler (1969) while the ice parameterization was 

based on the work of Koenig (1966, 1972). Ice parti cl es were divided into 

" 

1 
1 

1 
1 
! 
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two categories -- Type A ice l'Lnd Type B ice. Type A ice arises from nuc1ea

tion (!rom the vaper), a funotion of tempera ture, a:nd consists of ini tially 

small ice crystals which begin ,to grow by vaper diffusion only. Type B 

ice arises from drop contact freezing and (initially) consists of generally 

larger, more spherical ice particles formed from the collision of a water 

drop wi th a Type A Ige crystal. Both types of ice particles can grow by 

vapor diffusion and riIlÙng. 

For the purpose of caleulating the iee ];article growth rates, the 

entire spectrum of ice particles in each category was represented by the 

mass of a "growth Mean partiele", defined by the ice mixing ratio and number 

density (bath of which must be dete:rmined at each time step). Four different 

growth regimes are defined, depending on the "growth Mean MaSS", ea.ch char-

acterized by an appropriate method for computing growth due ta diffusion . 
and./ or riming. Mel ting is simulated by assuming an "average partiele radius" 

for the ice particles and sublimation is modeled in an arialogous way to the 

evaporation of raindrops (Kessler). The "volume median radius" is used 

to calculate the representative terminal fall velocity for fallout. 

Results indicated general agreement between model caleulations and 

observations with respect to the size and quantity of liq~d and ice hydre-

meteors. However, the increase in iee crystal concentration wi th Ume, 

which led to the exceptionally high crystal concentrations observed in 

mari time clouds, was not well captured, indicatlng the need for the inelu-

sion of a time-qependent iee generation proeess. The inclusion of the , , 

Hallett and Mo~sop ice multiplication process, which generated large, time
~ 

dependent iee crystal ooncentrations in the maritime simulation of Scott 

and Hobbs mentioned above, May have improved the results in thls respect. 

It was also conc1uded tha t "seeding" did Il ttle to affect the gross dynamie 

~ ~ -~--- -"----~-------=-""""'--'-----' 
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structure of small cumulonimbus ~loud.s, i.e. the periodicity of <iraft 

development, but could, in ~some cases, increa.se cloud height (but not 

necessarily precipitation) in agreement with Weinstein's results. 

20 . 

Tc investigate the effects of seeding, Yau (1979b) added lee crystals 
1 

to the previously-modeled cloud and rain in the Stei!ler-Yau Jill' cumulus , 

cloud model. Major ice phase processes in the bulk water :pa.ra.meterization 

were nucleation from the vapor, deposi tion, riming, mel ting, fallout, and 

crystal aggregation into snowflakes. As this schefl is used for deseribing 

iee crystals (and s~ow) in the model used for thls thesls, lt will be 

deseribed in more detail in Chapter J. Seeded and non-seeded runs were 

exeeuted (uslng only two dimensions) and the results were compared with 

observations of a seeded cloud at Yellowknife, N. W. T, The resul ts of the 
J 

numerica.l. simulation indicated a slightly higher cloud top for the "saeded" 

run but a lower liquid water content than in the "natural" run, However, 

after 30 minutes in the "seedad" run, the mel ting of snowflakes ensured. a 

steady supp1y of rainwater although lt aU evaporated before it could 

reach the ground. The simula ted cloud compared reasona bly well wi th the. / P . 
observed cloud, consider1ng the restrictions of using only two dimension~ 
to simulate a three-dimensional cloud. Good agreement\was indicatad be-

tween observed. and calculated maximum vertical velocity and cloud water 

content while the simulated cloud top was lower than the observed top, 

Stephens (1979) developed a comprehensive, yet reasonably simple, 

ice phase ~eterizat1on for use in a JI71' cumulus cloud model, Uslng 
. 1 

bulIt) water techniques similar to those employed by Orville and Kopp, the 

!ni tiat10n and growth of ice. crystals and graupel was pa.rameterized. lee 

crystals were assumed to be monod.1spersely distr.Hruteà-hexagonal pla tes 

whereas ttgraupel" fol1owed an inverse exponential distribution (nth a 

--""\-_._---- . 
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spec1fied number concentration rather than in;,rcept as in Orville and 

Kopp' s scheme). The g:ra. upel class was di vided into three s,.bclasses --

light graupeJ,,' heavy graupel and hail. Th~upel parameterlzation was 

adopted for t.he model used in the research for this thesis and so win be 

described fully in Chap:ter J (the model description). 

A lD!' model sim1lar to one developed by Cotton (1975) was used to 

21 

test the parameterization. SOWldings from South Park, Colorado (continental) 

and Miami, Florida (maritime) were used to initiate~the test runs. The 

modal resul ts indicated that the iee phase pa.ra.meterization would be 

suitable for uàe in a two- or three-dimansional modal but could be improved 

by the modification of several of the modeled processes and the addition 

of other ice phase processes which were considered important but were not 

included. 

To conclude this review of past literature dealing with models: a 

unique, relatively simple model of warm and cold rain microphysics for 

use in cumulus cloud simulations, developed by Yau and Austin (1979), will 

be discussed. The model was a hybrid betwaen a full stochastic scheme 

and a bulk water parameterization, retaining ma.ny of the advantages of each 

wh1le removing some of the restriciGons. Stochastic methods may be more 

reaJ.istic but make' large computational (and storage) loads on computera. 

On the other band, the assumption of inverse exponefltia1 distributions for 

hydrometeors used in most bulk water schemes may not be valid for many 

alouds. To overcome these restrictions, cloud water was treated very 

simplyas in Kessler's bulk water parameterization wh~le rain and graupel 

were parti tioned into 25 size categories, allowing the development of pa..rt-

1ele size spectra, The processes included evaporation, condensation, 
; 

freezlng, rimlng, deposi tion (sublimation), mel ting and tl)e "stochastic" 



(: 

, () . . 

1 
!,; 

1 
r 

l, ! 
1 
t~ 

processes of collection and breakup. Wet and dry growth of graupel l'lere 

modeled as wall. 

A iD kinematic updraft Was used to compare this scheme with both 

stochastlc and bulk water methods. Sensitivi ty tests were also performed 

t~ investigate auto conversion of cloud to rain, raindrop self-interaction 

(collection) 1 and the inclusion of the ice phase (cloud lce and graupel). . . 

22 

Resul ts showed tha. t for WarD! min simulations, resul ting drop-size spectra 

were almost identical wi th those obtained by the more complex and time

consuming full stochastlc methods. The resul ts were relatively insensitive 

to assumptions a bout the auto conversion process due to a counterbalancing 

effect between autoconversion and collection. Raindrop self-interaction 

, proved to be a major mechanism in the development of preclpi taUon and 

drop slze evolution. Impaction ~op breakup narrowed the drop size dis

tribution, dalaying the onset of precipitation and reducing the maximum 

rainfall rate. The inclusion of the ice phase gave insight into the rela-

tionship between the rate of cloud glaciation artd hydrometeor growth. 
- -

Rapid freezing with depletion of supercooled water can inhibit the growth 

of rain and graupel whlle a,modexate freezing rate combineCi with a supply 

of supercooled wa ter enhances i;he development of graUPel; 

The microphysical scheme descrlbed above l'las later incorporated by 

Yau (1980b) in a. .. dynamic framework, a two-cylinder model of cumulus cells, 

which was appl1ed to computing cumulus heat a.nd mass transports. 
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THE MODEL .. 

1 

).1 Introduction 

Steiner (1973), in a p10neering effort, deve1oped. a 3D!' model. of_ 

cumulUS convt!ction. The emphas1s in this model was on_ the dynamics, and 

no precipitation m1c:rophysics were included. Al though Steiner preeented 
, '1 

the theory of deep convection in bis thesis, the simPler,shallow convec-

tion equations l.'e,re used in his research. ln the past fel.' yea.rs t this 
\ 

model has been modified by Yau (1979b, 1980a) tQ include 

- modeling of deep convection (z = approx1Dlately 10 km) ; -

- ~culat1ont of the basic state from a Bounding 

- the addition of ~ rain and ice crystal!snQW microphys1cs 

,1;' • _ calculS. tion of condensation and evaporation using Asai' s (1965) 
l ' 

ana H.Qb technique 

Qtber more recent modifications include the inclusion of buoyant instab1l1ty 
o ..- ~ ... • 

in the calculation of sub-grid-scale processes and the inclusion of vapor 

èffects on the œsic su te. 

Thé research presented in this thesis baSically involved the addition 
• 

of bulk wate~ grau~ m1crophysic~ to this model for the purpose of'simu-

lat1ng a, ha.1lstorm--~~hree dimensions. "f 
7 23 
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This chapter presents the model in two sections 1 the first outlin1ng 

the complete microphysical parameterization and the second describing the 

model' s dynam1c and numerical aspects. All equations are in c.g,s. units 

unless otherwise specified. 

3.2 Microphysics 

Bulk water microphysical techniques are used to represent cloud water, 

rain, ice/snow, and graupel. The sections on cloud, (warm) ~in and ice 

crystals are largely taken from Yau (1979b, 1980a) except for the section 

on ice saturation thermodynamics, which is based on Stephens (1979) • 
. 

The important processes included in the parameterization and their 

symbols arel 

1. Autoconversion of cloud to rain (AC) 

~.' Collection of cloud by rain (CC) 

3. Nucleation of indiV1dual ice crystals from the vapor (NUCLEA) 

4. Riming of cloud water onto ice partlcles (RIM, RIMH) 

5. Aggregation of lce crystals to form snowflakes 

6. Vapor deposltion and sublimation (DEP(H), SUB(H)) 

7. C~nverslon of ice crys~s (or snow) to graupel (CCNV) 

8. Evaporation of liquid water (EVPC, EVPR) 

9. Melting of lce particles into cloud or rain (MELT(H)) 

10. Rain accretion by graupe1 (HCOL) 

11./ In! tiation of graupel through raindr'op freezing Cby both contact 

witli ice crystals and Bigg's freezing) (CONTH, PIFR) 

12. Fa.l~out of snow, rain and graupel (FALLOUT) 
, < 

13. Glaciation of cloud water at temperatures <-3SOC CGLAC) 
;; 

~- ------- -----, 
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In the bulk water mierophysical parameterization used here, a 6lightly 

unconventional classification system i6 used for the ice phase. Ice part

ieles fall into two general classes 1 iee erystals/snow and graupel. 

Ice crystals/snow (or simply iC$/snow) refers to those iee particles nucleated 
1 

from the vapor or from cloud droplet freezing (glaciation) which can ag-

grega te to form snowfl.akes. Graupel, following the schème suggested by 

Stephens (1979)'25 e term used to represent the other class of ice part

icles which are sumed to be spherical and originate as frozen drops or 
1 

lcel snow tha t has grown to "graupel size" by deposi tion and riming. Graupel ~ 

isfurther,divided inte three sub-classesl light graupel, heavy graupel, 

and bail, 'for which the particle bulk densities are assumed te be 0.1, 0.6, 

and 0.9 g cm-3 respectively. Only the graupel content determines into which 

sub-class the graupel content falls and th~ particle dens~y ls set accord

ingly. Light graupel is further distinguished by a differe~t fallspeed 

equation. In thls manner, the "graupel" class incorporates both graupel 

and bail. 

3.2.1,"",,- Cloud a.nd rain WB. ter 
(~ .... 

Cloud Water ls condensed from the vapor state (COND) and evaporated 

(EVPC) using Asal ' s (1965) saturation technique whieh takes latent heat 

considerations into account. Cloud and rain are modeled following Kessler 

Raindrops followl" a Marshall-Palmer (1948) distribution and cano 
) . 

fall relative to the air while cloud droplets are suspended and move with 

the air flow. 

Autoconvèrsion of cloud to rain (AC) ls used to ~eterize the 

coalescence process for rain initlation while raln processes include 
,. , 



accret10n (CC) a.nd evaporation (EVPR). TheBe proceBses, along w1 th the 

terminal fall6p~ed (Vr ) and rainfall rate (Rr ), are formulated by Kesaler 

(1969) as ~ 

a' 

{
K(qc-~) , 

AC = 'Pa 

o 

a' q >-
c Pa ( 1) 

a' q. <-
c - Pa 

CC = 928 q (p a )7/8 exp(kz/2) 
c a-x (2) 

(3) 

otherwlse 

Vr = 2864(Pa~)1/8 exp(kz/2) 

Rr = 18.)5(Pa~)9/8 .(mm-1 hr-1) 
(4) 

26 

J 
where K, the autoconvers1on rate constant, 16-10-3s-1 , ~, the autoconvers1on~ 

threahold, lB 10-6 g cm-3' and k 1s 10-4 m-1• The saturation mixing ratio 

" le denot'ed by ~ while ~, qc and ~ denote water vapor, cloud water and 

rain water contents. reepectively, all in', unite of g g-1. Pa la the air 

denB1ty in g am-3• 

, l" 
• 
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3.2.2 Ice Crystals 

3.2.2.1 Single crystals 

Nucleation (NUCLEA) 

Ice crystals are inltlated by nucleation from the vapor folloWing 

27 

Koenig and Murray (19?6). Nuelea.tlon occurs when the air is saturated with 

respect to water and the temperature ls <OoC or when the alr ls saturated 
, " 

with respect to lee and the temperature is <-12°0. Fletcher (1969) gives 

the maximum number of ice nuclei per gram of air aêtlvated at a temperature 

~N ' 
T s 

n = 10-5 exp (0.66T) 

(where 6T = TO-T) givlng an order of magnitude increase for every 4°0 

decrease in tempera ture. 

If there are some crystal~,present at a point (Ni)' only the excess of 

Nn over that number will be nucleated. The nucleated crystals are assumed 

to be monodiaperse partieles with a MaSS of 10-11 g (equivalent to an lce 

sph~e of 3 tlm radius). Thus,', the change to the \ce/snow mixing ratio is 

NUCLEA = 10-11 (Nn -N1)/6t \ (50) 

Dewsi tion and riming 

These iee particles grow as individual crystals by depoaition and 

~m1ng. until their MaSS reaches the "aggregation ~hreSh~ld" of 1.4 x 10-5 g, 

at which point they are assumed to aggregate to form snowflakes whieh are 

distributed. exponentially. 

The Maas of a single cry~Yù. (mi) la calculated using the ratio of 

the 
1 J 

iee partiele m1xlng ratio (q~) to the maximum total number of part1Cl~es .i 1 

.. 

. , 
1 
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( ) -11 per gram of air Rn with a lower limit of 10 g, i.e.1 

{6) 

Growth by diffusion of a single crystal of mass ~i ,1s given br Koenig 

(1971) as 

where al a.nd a 2 are functions of tempe ture (tab\Ù.ated. by Koenig, 1971) 

and qai ls the saturation m1xing rat1 over 1ce. To get the ra'te of change 

in m1x1ng ratio, equation (7) 18 multlpl1ed br the number of lee crystals, , 
as followsl 

(8) 

111e riming rate for a slngle érystal ls 

and 

where Dm ls the melted diameter (oaJ.eulated from the ma.ss of an lee crYstal 

and assuming a bulk denslty of 0.5 g cm-J) , Vi 18 the crystal terminal 

fallspeed taken from Langleben (1954), and Ei ls the assumed col~ection 

efficlency of 1.~. __ /1 

~-----------------
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3.2.2.2 Crystal aggresates (snow) 

If the calculated crys"ta:l mass mi 1s larger than the aggregation 

threshold (1.* x 10-5 g), the crYstal content ls assumed to be exponentlally 

distributed according to 

(10) 

where the intercept N 1 and the slope À1 can be related to the snow con-
o . 

tent (Pa~) by uslng a re1ationship between snowfall rate R1 and content 

given by Sakhon and Srivastava (1970) as 

(11) 

It turns out that, in c.g.s. units, 

(12) 

Deposition and riming 

The deposltion/subllmatlonJand r~ng rates for th, (exponent1al) 

speetrum are derlved by simply lntegrating equattons (8) and (9) over,the 

entlre diameter range (0 to QI ) • This gi ves 
.' 
" 

(13) 

whare IP
w 

la the denslty of water, a and b are constants ln the expression 

for the terminal fallspeed of the lce particles, Pl ls the density of iee 

... 

! 
l 

1 
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and i 1 the mean collection efficiency of the ice particle speetrum for 

cloud wa ter. 

Fa.llspeed 

The terminal fallsp~ed for both 10e crystals and snow 16 glven b,y 

= a D b 
01 

= 207 D 0.)1" 
01 

(15) .. 

. )0 

where DOl' th'e Median volume diameter, le related. to the lee content by 

(16) 

. 
Meltlng 

When the temperature lB higher than DoC, the entire lcé crystal! . 

snownake content 1a mel ted lnstantaneously into el ther cloud droplets or 

rain~, depending on the Median vol ume diameter D oi' If DOl < 200 j.l.m 

(the conventlonal borderl~e-d1ametèr between Cloud drops and ralndrops), 

then the 10e ls melted into cloud. Otherw1se, the min category receives 

the mel ted lce. 

(17) 

and the, changes of cloud. (6Qo) or rain (ô€lr) ln a Ume step are 

DOl < 200 /.Lm (18) 

Ice saturation thermogynamics 

If the temperature la below -35°C at a certain point, then all the . 
cloud water advected lnto th16 point 16 isobarioally frozen and the 10e/ ! ~ 

" 
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,. ~~JSnow, water vapor, a.nd tempera.ture are isobarica.lly adjusted ta ice sat

",~t1on using a process similar to the one employed by stephens (1979) • 

~ All operations on the graupal and rain content are suspended except for 

advection and diffusion. 

3.2.3 Graupel 

The graupel paroameterization described here is essentially the one 

suggested by Stephens (1979). It has been modified sllghtly by lncluding 

"heterogeneous (Bigg) raindrop freezing, as descri bed by Orville and Kopp 
," 

(1977), as 'anothe~ source of graupel. 

Some other minor modifications will be mentlonea in the appropriate 

sections. , 
. 

This partieular parameterization was chosen for its simplicity, com-
l ~, 

prehënsiveness and appropriateness for a JO model. This scheme, com:pa.tible 

with the mierophysies ln the existing model, is by no means parfeet --

several. important lee phase proeesses were not incl uded to keep the para-
I i 

meterization rela.tively simple -- but represents a starting point or 
,- \ 

foundation for future work on 3D simulations of stôItDs. ' 
.... \ 

Detailed der1vations of the followi squations will not, be presented 
\ 
\ 

as, for the most part, they oan be found n Stephens (~979) or in other 

references (cited). 

3.2.3.1 Distribution of 

\ 

\ 

\ 
G:ra.upel pa;rticles are assumed ta fo low an inverse exponential dis-

tribution, whieh represents wall the ave ed graupel size distribution 
\ 

!rom observations as given in Jones '(19 ), Musil et al (1978), Fed~er and , 

Waldvogel (1975), Douglas (1964) and c resul ts of the 
/"\ 

l 

i 

l 
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Alberta. Hail Studiea (ALliAS) 'prpject. Thua, the graupel size distribution 

1s given by 

(19) 

", 
where N(D) la the number concentration of graupel parti cl es per diameter 

(D) increment, N ls the intercept, and À the slope. og 

By integration over the entire size (D) spectrum (0 to~) we have the 

,"" ' ,'following relations for the slope pa.ra.meters 
" 

(20) 

N = N À 
og tg 

(21) 

where Pg is the graupêl denalty, Ntg the total number concentration of 

. graupel particles, P the air density and q the graupel mixing ratio. a g: 

Ntg 16 an externa11y specified constant. Thus, given the graupel content 

(p a qg)' a.ll the slope ~eters are defined. 

Other investigations have set other para.meters constant, such as 

Manton and Cotton (1977), who used a constant slope, À (for rain) , and 

Orville and Kopp (1977), who defined Nog te be constant (for rain and 

gra~). Stephens axplain~ whya constant Ntg was chosen to deflne the 

graupeJ. distributlon in the scheme used here. A constant slope implies a 

b&l~ce between coalescence/accretion and breakup, appropriate for raln-

droPs'~ not graupel. A constant intercept, N , gave rise to exceedingly ou~ og 

high melting"tates for gmupel in the simulations done by Orville and Kopp. 

By fixing Ntg , this problem la alleviated sllghtly but not el~m1na.ted. 
1 

Another alternative would be to carry the total number concentration, 1.e. 

recaJ.culate it at each Ume step (as done by Koenig and Murray, 1976), but 

1 

~ 

1 

r. 
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tbis would increase the complex1 ty of the scheme as well as execution 

time. 

The problem of chooslng an appropriate value for the total number 
4 

concentration Ntg is a.1so discussed. by Stephens. The value of Ntg should 

correspond ta observations. Da.ta taken' from the field (uslng impact 

-8 platforms) indicate total concentrations of graupel of between 10 and 

10-4 cm-3 (Douglas, 1964; Federer and Waldvogel, 1975; Musil et al, 1978). 
, --

Low values of Ntg imply a graupal co~tent composed of large hailstones 

ln low total concentration while higher values iinply the existence of Many 

more, smaller graupel partlcles. Stephens modeled the latter category of 

pa.rtlc1es by chooslng a "high" value of 10-4 cm-3 for Ntg and that ls, the 

value used haré. 

Glven the graupe1 content and the value of Ntg' the mean d1a.meter D 
. 

and the Mean maas iii can be computed a.s 

- 1 
co 

D=i rD N(D) ciD (22). 
tg 0 

1 1 'b 

= - = 
(1T p Nti p q )1/3 A " 
gag 

"" , . 
.fI. 

- 1 
CD 

m=i 1 m (D) N(D) dD (23) 
tg o g 

= Paqg 

Ntg 

Note that both the mean diameter D and mea.n ma.ss iii are directly prQ.

portlonaJ. to the graupel content (Pa q,.) and Inverse1y Proportional to the 

tota.l number concentration Ntg' The mean mass la only used. to determ1ne 

1nto which subclass (l1ght g:rau~. hea.vy graupel t or bail) the graupel 
, 

content falls. 
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3.2.3.2 Types of graUpell density a.nd terminal velocity 

As mentioned previously, graupel can fall into one of three sub-
{ 

34 

cla.sses depending on the mea.n mass 1 light graupel, hea. vy graupel, or hall. 

Ea.ch type of particle 16 eharacterized by a different densl ty and terminal 

veloel ty as outl1ned in the following table. 

For graupel Asslgned Terminal 1 
mean mass Type denslty 3 veloeity (cm s- ) 

Di (g) of graupel p (g cm- ) V (D) 
g . g 

<10-3 l1ght graupel 0.1 594. (poolp) 1/Zol/2 

10-3<"'m<2xl0-2 heavy graupel 0.6 } (4p g/3p C ) 1/2Dl/2 
>2xl0-2 hail 0.9 g aD 

The terminal velocities used te advect the graupel distribution are . 
mass weighted a.nd have the form 

where 

_ 1594. (poo/p) 1/2n1/2 
(light graupel) 

V (D) = 1 1 2 
g (4Pg g/J Pa. On) /2:yj / (heavy graupel or haU) 

/ . 
(24) 

The mea.n diameter TI is calcula.ted. using (22). The drag coefficient ~ 

is given a value of 0.6. , . 

3.2.3.3 The graUpel processes 
, 

To calculate the various growth and transformation processes which ~e 

d~pendent on the size of the lndi vidual partiales concerned using a con

ttnuous exponential distribution (N(D», the following technique la . . . 

1 

~ 

.. 



! , . 
, 
! 
! 

, 1 

( 

( ) 

35 

employed. First, the Ume rate of ehange to the mass of an lndi vi dual 

partiele ls formula ted (:). This expression ls then integra. ted over the 

whole size range (0 to co) to glve the rate of change of the particle ttbulk" 

content (p q) as follows, 
a 

= 
.. 

f : N(D) dD 
o 

where q represents the raln, snow, or graupe1 mixing ratio and m is the 

mass of' a single drop or lce :particle. 

When describing the rates below, formulated af'ter equation (25), 

ooly the expression for the Ume rate of èbange to the mass of an individual 

dm 
partiele dt and the final derived expression for the time rate of change 

~ to the graupel mixing ratl0 dt will be given. The detailed intervening 

steps in the derivation cao be found in Stephens (1979) unless otherwise 

indicated. 

Ra.indrop contact freezing (CONTH) 

This ls the freezing of supercooled ra.indrops upon collision with an 

ice crystal or snowf1ake which acts as a freezing nuc1eant. If the min 

distribution is given by an exponentia1 distribution with constant lnter-

cept N , 
or 

where, 1n an anaJ.ogous fashion to graupel, 

(26) 

+-'-rl------~--- --. --------",. 

j 
1 

, 

1 
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o 1/4 lTl> N 
À = ( w or) 

r Pa~ 

-4 
N = Nt À = 0.1 cm or r r 

~r ') Dr = l/Ar • 

~~hen it-can be shown that the rate of contact freezlng ls 

(27) 

(28) 

-'r 
whêl'e Ni is the total number of ice crystals present at that point, Dr :1.s 

the mean raindrop radius defined above (27), Vi(Doi ) i8 the iee crystal/ 

snow "median volume diameter" fallspeed defined in (15) and the rain mass 

\ -
we1ghted terminal 'velocity V 1a given b,y 

r 

Heterogeneous raindrop freez1ng CB1M' s freez1ng) (PIFR) 

36 - <1 

1 The expression for the rate of raindrop freezlng 18 based on the work 

of ~igg (1953) and is -explained in Wlsnar et al (1972), This procesa is 

included in the model of Orville and Kopp (1977) but omitted 1n Stephens' 

(1979) schema. 

o 

PIFR = 20lT2s'N (p /p )(exp [A'(TO-T)] -l)À -7 or 'II a r (30) 

where A' and B' are pa.ra.metsrs 1n the B1gg freez1ng proeess detsrmined fram 

lab expsr1ments and T
O 

ia the freezlI'1g tempera.ture (273K). 

\ 

.. i" 
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• 
Conversion frOID iee crzstalsl snow (CONY) 

Conversion of snow crystals whieh have grown to "graupel size" 
, ,~ 

through vapor deposition and rim1~ i8 handled in a simpler, yet perhaps 

less real1stic, fashion than Stephens used, for the sake of simplicity, 

and should prolably be modified in the future. 

Stephens calculated the conversion rate using bath consideration of 

the riming rate and. a crystal mass upper limit. The rim1ng rate is used 

~ 
to reflect the fact that graupel ls usually ini tiated from lee crystals 

which have grown mainly by riming' clotld water ra ther than vapor deposi tion 

(thus creating non-cryatalline lee particles). At the same Ume it la 

possible for crystals and crystal aggregates to grow by both deposition and 

timing to sizes beyond which mass and terminal veloei ty versus diameter 

relations are no lO~ valide In the latter case, a crystal "mass upper 

l1mit" was set Dy Stephens and used to determine when the appropriate por

tion of the ice cryAstal content should he traneferrad into graupel, re

ga.rdless of the mea.ns of C~tal growth. 

{ To simplify the formulation of this process, the entire iee ~tall 
snow content at a point 1e transferred to graupel when the~~ce/s~ow v~ume ' 
diameter DOi (equation (16» e:x:cee(fs an externally specified conversion 

threehol"d diameter. The 'threshold diameter ch?sen .".,. 800 !lm (0.8 mm). 

Thus 

D ~>O.08 cm. 
0 ... - .. 

D
oi

<O.08 cm 

.. 

I~ 

t 

1 
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DeP2sition/sublimat1on (DEPH/SUBH) 

The time :rate of change..,of a graupel partiele mass mg due t6 vapor 

depesl tion ia 

dm '(ftS = 21T D SS ?(T ,p) f(Re) (32) 

• 

where SS ia the supersaturat10n with respect to 1ee 

G(T,p) ls a function of tempe:rature and pressure 

. ~CT ,p) = [~~ :22 + < o(T :;~e s1 (T)] -1 

_ 1:..E.... ..1.. 3/2 
r/l{T ,p) - 828 (p )(T+120) (273) , (34) 

esi ~T) = wai (T)jE ' 

38 

, . 

, . and f(Re) 1s the ventila t10n fa.ctor, a funet10n of the Reynolds number Re 

f(Re) = 1 + 0.229 (Re)1/2 

Re =_~~ V/~(T) 

. 
where ~(T) ls the dynam1c visoos1. ty of air at tempe:rattIre T. Equation (32) 

18 ~sed on the electrostatic anaJ.ogue of ca.pa.cita.nce to desoribe the vapor 

field &round the graupel partiale Jdth° hea.t and masa balance considerat1ona~ 

The deposition/sublimation rate of change t0cthe graupel miDng ratio. 

" 
1, thon given. by '\' '1 '_ 

DEPH/SUBH = h as _tg 11 aCT,p) f(Re)i.' (36) 

whe;-e f(Re) g ia a special ve~tUa.tlon functtl)t!Jor. ~upel. given by 
.... - " 
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(J7) 

Deposition oC,curs for 88 > 1. wh11e sublimation oceurs if SS < 1. 

Riming (RIMH) 

The Ume rate of change qf mass due to 'rim1ng of cloud wa.ter is 

d
dmt8 = ~D2 V (D) E (p q ) 

LJo g {!;rac (38) 

where E is the efficiency of rim1ng, here a.ssumed to be 1,0. The f1na.l gr 

form., aving the time rate of change to the graupel mixing ratio, becomes 

1 --2 
RIMH = 7 11' Nt' V D q g g c 

Collection of rain water (HCOL) 

The Ume rate of change of mass mg of a. graupel particle falling , 

throt:igh exponentia11y distri buted rain 18 
t. 

39 

.... 
~dt = r !.t:D+D)2 1 V (D ) - V (D) 1 ~D J"w lil(D~D) N (n ) dDr (40) 

D =0 4" r r r g 0 r r :r r 
r 

\ 
where the collection! coalescence efficlertoy E(n \.D) 15 assumed to be 1. O. 

" > r 

The der1ved transfer rate for the collection of a zain d1str1but~on b,y a 
• 1 

g:r:a.upel di8trl bution is then 

(41) 

0, 

, 

1 

~ 

l 
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Mel ting (MELTH) 

Consideration of sensible h~t flux to a graupel partiole from :the 

environment and the hea t released from vapor condensation onto the partiele 

leads to th~ expression for the time ra te of change of ma6S due to mel tlng 
1 

(Mason, 1956) men T > OOC. 

~ = - _1_ [2 TT DK' (T-T ) + 27T DLrt$(T,p)(p -j) f)J dt Ll1 sfc v vs c [(1+0.226 He1/ 2)] 
(42) 

where Tsfc and Ptvsfe are the tempera.ture and wpor dens~-ty, ~espectively, 

at the surfaee of the graupel partiele. The final bracketed tel1IIl Is a. 

ventilation factor, a fl.Ul9t1on of the Reynolds number. 

Integra ting (42) over the entire graupel distrl bution gi ves the deerease 

to the graupel content due to mel ting, as 

.where it has been assumed that the temperature of the particle' s surfa. ce, ls 

0°0 (TO) and the surfaoe water vapor denslty i5 l1quid',water saturated (~)'I "t 1 

An additional ter:~r_~~h~~Sfer-of sensible heà.t to the jUPel ~ 

!rom aecreted wa.-ter,~lncluded in Stephens' expression, i6 eonsider to 

malte a relatively small contribution to the tota.l rate and 50 is 0 tted. 

It should a.lso be noted that when the air 18 subsa.turated with respect to 

water, the eondensa.t1on term conta.in1ng (~-~s) 1s set to zero, 

). 1 
~ 

L 
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3.2.4 Radar reflectlrtty . 

The equivalent radar reflectlvi tiee are eomputed according to 

Kessler (1969). 

For ra.1n we slmply have 

For dry graupel particles we assume Ra~leigh scatteri~th et ~, 

197.5) • 

IKI2ice 
/~ CD 

-AD é dD zg = r N e IKI 2water 0 
oge 

( 4.5) 

= 0.19(720 NO! >.-7) x 1012 (mm 6 m-3) ~-~~----

or = 0.19«(20 Ntg >.-6) x 1012 (mm6 m-3) 

where IK 11 and. IK 1 t are the dialeetric constants for ice ,and water ce wa er ' 

respect1 valy. 

Oonverslon to dBz units 1s as followsl 

(46} 

1 

As a resul t of the assumptions 1nherent in us1ng an exponent1al distribution 

to deser1be the rain and gra.upel contents, the calculated refleetlv1tles 

tend to overestimate actual observed values (see Smith !1 &, 197.5). 

3.2 • .5 Ice.processes not included 

Several lee proeesses included 1n other ice phase para.metez:izatione· 
• 

were not lneluded in the scheme used 1n this modal, ma.inly beèause they 1 
1 

t 
t 
1 
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/ 

added further complications, did not readily fit into the existing micro-

" physical framew;ork, or because they were deemed the least important of the 

,. many iee phase proeesses that were eonsidered. Some of the processes can 

, be added quite easily whlle others would demand more work to incorporate 

them in the model. 

3.2.5.1 Ica multiplication 

An important process, studied by Hallett and Mossop (1974), is ice 

multiplication. the ejection of small ice splinters from riming iee particles. 

These 'splinters can be an important addltional source of graupel through 

riming and by acting as nucleants for contact freezlng of raindrops. This 

process can lncrease the number concentration of ice particles substantlally, 
1 

as shown by Takahashl (1976), Scott anq Hobbs (1977) and Koenlg (1977). !t 

la for this reason tha. t ice mul tiplica tlon cannot be modeled ln the present 

scheme, a:s';... the total number concentration of lee partieles is not carr1ed 

as a. variable but is ei ther an externally specified constant (for sra,UPel) 

or 1s tempe~ture-dependent (lce crystals)'. If}. the future, this proeess 

f 
should ~neorpo:ra ted into the model in s~me way. 

"" 
).2.5.2 Wet growth of graupel, aceretlon of lee Crystals 

and sheddipg 

Wet growth of graupel, ~eseribed by Musil (1970) and included in auch 
.', 

models as Orville and Kopp's (1977), ls not included in the scheme but can 

be a.dded wlth l1ttle diff1culty at a later Ume. In the wet growth mode, 

the colleeted water coat on a graupel particle ":Ys not eomplete1y frozen and 

some ls shed, usually assumed to be shed as raindrops and so is added to 

the rain distribution. For dry growth, the graupel parti el es are ineffic1ent 

collectors of lee crystals (Orville and Kopp use an equatlon sblilar to \38) 

, li 

" 1 , 

t 
r 
I-
i , 
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,,-__ ~ ,t1o describe 

f\~ienCY of 

crystal collection but with a low collection/coalescence ef-

0.1) but the 11quid water coat accreted in the wet growth mode 

" 

imPfOves the collection efflciency considerably so that i t can be assumed 
\ 

to ~11.0. However, wet growth typically occurs between the OOC and -l~C 
r 

isotherms, where the rela ti vèly small ice crystal content would not add 

significant mass to the graupel content. Thus, as wet growth is not modeled,' 

shedd.1ng and accretion of ice crystals are not lncluded as well. 

3.2.6 Summary of microphyslcal ~eterizatlon 

Water is divided into flve major categoriesl vapor, cloud. water, iee 

crystals/ snow, ,rain, and graupel. Snow, rain and graupel are assumed to 

follow inverse exponential distri butions' and are allowed to preclpi ta te. 

The vanous interactions between the five categories of water are Ulustrated 

in Figure 1, wh11e Table 1 summarizes the vanous transfer rates and other 

expressions used in th1s parameterization. 

Figure 2 shows a flow chart representlng the way ~upel is classified 
" 

(i.e. light graupe1, heavy graupel or hail,) according to the graupel content. 
, ? . 

The graupel content at a grid point can be in! tiated by several processesl 

raindrop freezing, conversion from iee/snow crystals, advection, or diffusion. 

Once graupel exists at a grid point, the mean mass ('m:) of the distribution 

1s calculated. The Mean mass then determines which type of graupel 1s ap

propriate for the given content. If the Mean mass 1s below 10-3 gra.ms, 

the graupel di~trl bution ls assumed to be made up of small, l1ght graupel 

:r.arlicles of low density (0.1 g cm-3) with a specially calculated appropr1ate 

terminal velocity. If the mean mass falls between 10-3 grams and 2,x 10-2 

grams, th en the classification '~heavy graupel" ls used, wh1ch assumes a 

particle density of 0.6 g cm-3. If the me~ mass is greater than 2 x 10-2 ' t 

----.---___ l 
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Figure 1. The microphys1cal processes. An asterisk (*) indicates 
an 1n1t1a,t1ng process. The two l1nes (one dashed) labeled MELT* 
indica.te that 1ce/snow can melt 1nto either cloud or ra1n. The 
process names are expla,ined in the List of Symbols. 
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MicrophysicaJ. Process 
or Para.meter 

Condensation 

Autoconvez:sion of cloud 
to ra1n 

\ 

\ 
\ 
\ 

\ 

Table 1\ 
\ 
\ Formulation 

L 2 -1 
) [1 + vl 'lvs 1 

S C R ('If e)2 
p v p 

\ 

1 
K (q l iL) 

C Pa 

o 

a, 
, qc> P 

, a 
otnerw1se 

CC Accret10n of cloud br min 928 q CP Q ) 7/Bekz/ 2 
\ c a~ 

EVPC" Evapora. tl'èm of cloud 

v r Fallspeed of rain 

Rr Rainfall rate (~ hr-1) 

NUCLEA Nucleation 

DIi:P Depos1 tion (10e cryStal) 
\ 

RIM . R1m1ng (1ce crystal) 

œ:P Deposi tion (snow) 

RIH R1m1ng (snow) 

MBlLT Melt1ng of 1ce/snow 

Mass weighted fallspeed 
of graupel 

same s COND w1 th qv < ~ 

4.J( _~5)(Pa~)lJ/20 

2864 )1/8 kz/2 
Pa,~ e 

18. f( Pa g,,) 9/8 

1O-l1 (Nn-Ni )/ôt 

a,2 (q" -qa1 ) 
a 1mi ~-qsi Ni 

2 
'Ir Dm 
~ V1(Dm) Ni Ei Pa,qc 

'If Bo2 Noi r(Ja.2+1) Cqv-qsi ) 

&1 (b'Pw) Pa À1Ja.2+1 Qvs-qs1 

p 2/3 N 1 r(J+b) 
(~)(pw) 0 À 3+b ËiQc 

i i 

a D b = 207 DO. J1 
01 01 
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Table 1 (continued) 

\ 

Microphystcal. Process 
,. 

5mbo1 or Pa.rameter Formulation 

CONTH Contact freezing 
-2 

6. 187.5IVr-.5Vi (Doi)1 ifNi Dr ~ 

Vr Maas weighted fallspeed ~ (4 1'3 c )1/2 jj 1/2 
of ra.1n 

Pw g Pa D r 

PIFR Bigg' s freezlng 20 1fZ 'B'N (pjp r'(l' (TO-T)_l». -7 
or a r 

CONV Conversion of snow to { qtfôt , Di> 0.08 cm 
graupel o -

1 

o , DOi < 0.08 cm 

DEPH/ Deposition/sublimation 21f SS Ntg 'fi G(T,p} f(Re)Ip a 
\ \ 

StmH for graupel 

l RDlH Rlm1ng for graupel .2. - -2 

J 

7 1fNtg Vg D qc 

HOOL Collection of rain by • l'é'gl '1., NtjJ(O.5ff2 + ifi/i + t 2) 
, 
î 
j gra.upel 
! 

t-[21rKI(T-TO)/p + 211 Lvi l/I(T, (q -Ily)] x MBlLTH Mel tlng of graupel 
li a \ v s 

li Ntg f(Re) g \ 
\ 

\ 
Zr 720 Nor Àr - 7 x 10

12 
. )-

, 
Blqui valent radar r~ect- i 

e J ivity for rain (mm. ~-'3) .. i 
zg . -6 12 

f lD:luivalent radar reflgct- 0.19(720 Rte A ) x 10 e Iv1ty for graupel (mm m-J) ~ 
• , 

o 
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grame, the density ie' increased. to 0.9 g cm-3 to model "hea.vier" hail-
, 

stones. Once the type of graupel bas been determin~, the slope paxameters 

are then defined using the appropriate partiele density slong wlth the . 
graupel content. The various rates and parameters used to determine the 

growth of the graupel distribution are then calculated for a given tlme 

step and the whole procedure ls repea. ted for each grid polnt and time step 

wheri graupel 15 present. ;' 

J.3 Dyna.mics, thermodynamics and numerlcal a:§pects of the model 

This section deals w1 th dynamica.l and numerlcal a:spects of the 

Steiner (1973)-Yau (1979b, 1980a) 3D model of cumulus convection used for 

this study taken. for t,pe most pa.~ !rom Yau (1980a). The equations are 

developed for variables averaged over an elemental grld volume. Details 

can be found in Steiner (1973) and the symbols, which are generally , , 

standard, can be found in the List of Symbols at 'the beginning of thls thesls.' 

3.3.1 Major assumptions 

1) Coriolis force and surface fXicti~ are neg1eeted 

2) The domain is assumed to be surrounded by ldentlcal. domains 

, 3) The deep anelastlc system o-r equa tiops ls used 

3.3.2 Equations of motion 

Dimenslonless pressure If p and the J;lOtentlaJ, temperature e are expressed ' 

uslng perturlB tion methods (i. e. sums of tneir œsic sta t~ Vij.]. ues (n (z), 9 (z) ) ) 

and deviations from that state (1fp', e'). The equation of motion expreased 

in tensor form ia 

'. 
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1 é) a TI" , 
-6

13 
< - - -a- (p ui u.) - C 0':;":-p + Fi> ... 6i3 (B- < B » 

Pa x j a J p a~i 

where F 1 represents the sub-grid-scale processes and B, the buoyancy, ia 

glven 'cry 

(48) 
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where <Iv' 18 the deviation of water vapcr mix1ng ratio from basic state (~). 

The ang1e braces « » denote the horizontal mean of the expression 

inside the bra:ces. 

J.).3 Gont1nuity equattons for a1r and water substances 
" l' 

For deep convection, the contln~ty equa.tion for air la 

.;-L (0 Ui) = 0 o:ox
i 

a (49) 

while the prognoatic conti nuit y equat10ns for vapor (Cl.), clOud, (qc)' 

raln (Ilz.)' ice/snow (<lt), and grauPel"(q ) are. 
, g 

-
a~ 1 a • 
at = - - -a - (p u. ~) + DIFFU - 'eOND + EVPC + EVPR - DEP - DmPH + 

Pa x j a J " 

SUB + SUBH - NUCLE! 

aqc 1 a ... 
-t = - - - (p u q) + DIFFU + OOND - AC - CC - me - RIM -a p ax. a j c 

a J 

" RIMH (+ MELT) - GLAC 

a~ " 
3t = ... ;a a!j Çpa(Uj-VrôlJ)Y + DIFFU + AC + CC + MlitTH - EVPR -

HCOL - CONTH (+ MELT) - PIFR - FALLOUT (,5O) 

____ ~--Lt--------
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(50) continued. 

a~ . 1 3 
3t = - p ôx. [Pa.(Uj-Vi6i3)~J + DIFFU + NUCLEA + DEP + RIM + GLAC -

'8, J 
, 

MELT - Stm - CONY - FALLOUT 

aqg 1 a - . 
3t '" - P 31C [Pa.(Uj-VgÔi3)q~ + DIFFU + CONY _+ HeOL + CONTH + DmPH + 

a. J . 

RIMH + PInt - MELTH - SUBH - FALLOUT 

where the first term is advection (ADVEa) and the second is diffusion (DIFFU) 

of a quantity 'l, g1ven by 

1 a an DIFFU = - -- (p v ~) 
p 3x. a h a x:>" 

a. J J 
(51) 

) 
The parentheses around MELT ref1ect the fact that the ice/anow 1a 

melted eUher into cloud or into min, but not both. 

wher$) 

Il'' = 'Ir • - < lf' > p p 

3.3.5 Sub-6l'1d-scale processes 

The turbu.l.ence parameter1zation follows that of Dea.rdorff (1970, 1972'), 
, 

mod.1fied te inclûde thermal instab111 ty effects as in Hill (1974). The 
~ 

term for Fl' sub-grid-scale forces, le 
,\ 

>- .... 'l-
I, 



:, 
1 . 

J .-

1 

1 
.. 

1 .' 
1 
" 
1 ~ 

'.0 

~~ 

1 a 3ui a u j 
F = - - [p v .(- + )] 
1 P 3x. -a m ~x ilx. 

a J j J 

where v m' the eddy coefficient for ve1ocpé.y components, has the fom 

• 

, , 
(54) 

i 
-1 

and 1s rela ted to the eddy coefficient for sca.J.ar q~nti ties v h by the 

Prandtl number' vJvm, set to 1. In equatlon (,54) \1 and ~ represent the 

deformatlon and buoyant tlme scales respèctlvely, whlle k' ls a cons~nt and 

fl = (llX fl,y llZ)1/3 18 the grid sIBclng scale. ''", 

The deformation tlme scale 15 proportlonal to the velocity defo~tlan 
1 .. : , ï - : 

and 1s formulated' by Deardorff (1972) as 

"- t = 
s 

)(.5;) 
1 

1 

.... 1 
",-, .. '" Il 

~ , 

• 

whUe' the buoyancy Ume scale, reprasenting the local thermal. insta:tid.l.lty, 
1 

1~ '~ven by Hill as 

= 0 

. . ae l ' 
where the mol st a~œ. t a z 

o mols't 
se't ta 0 in subsaturated ragions. 

1 
" Q 

\ 

• 

. . 

, 
" 

1 9_ 
(ae 3GI )' ..... ii-ai <0 

mo1st 

(3.e _ lil ) > 0 
ai 3z 1 t -ma s 

1 (.56) 

18 cal.C?ulated in ea.'tura.'ted re61ans bu't 
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3.3.6 Thermo~o equation , 

The change in the potential temperature perturbation nth time 1s. 

~e' 1 a LVl .' \ at = - p ai': (Pa uj e') + DIFFU + c; [COND -lIPEVPC - EVPRJ j 

a J .P P 

\ 

L 
+ cV; [NUCLEA + DEPC + DEPH - SUB - SUBH] (57) 

p p 

+ ~1;.J [~a + RIM + RIMH + PIFR + HOOL + CONTH - MELT - MELTH] 
P P \ 

., 
" 

where DIFF'U 1a g1 ven by (51) with q ~ed br, 6 • • 

3.3.7 Numerical procedure 

3.3,. 7. 1 Gnd system 

The three-dimens1onal doma1n 1s di vided 1nto 32 x 32 x 24 grid boxes 

with a resolution of 6x:= 6y=1 km and 6z=O.5 km, giving a domain size of 

)2 x )2 x 12 km in the Je, y, and z directions. 

~ 
The wind veloc1 ty components are computed a t the faces of a grid cube 

and the other varia b1. es a t i ts center, ma.k1ng i ta" s1:aggered grid". Each 

doma1n is surrounded by identical domains for bounda.ry condition considerations. 

\ 1 

f 
J. J. 7.2 Fini te d1fference methods r 

A second-order, non-diffusive, l~pfrog method in time and a centered

difference method 1n spaoe are used to solve the prognostic equations. A 

fast Fourier transform technique is empl.oyed to solve the diagnostic pressure 

equat10n (.52). The Ume step 6t ca.n ei ther he set oonstant or 1 t can vary 

internally aDDa_ng ~.l1nee.r sta.bl.l1ty crlteria and varie. botwe ... 8 and< ' 1 
15 seconds for the simulation presented here. ~ 

A time fil tering technique by Assel~in (19'22) 1s used to prevent the 

spl.itting of solut1ons at even and odd time' steps. Negative water contents, 

f 

~ ~-------------------
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ar1sing from advective truncat10n errors, are set to zero and the excess 

water substance added by this process 1s then subtracted !rom each grid , 

celi in proportion to the amaunt present. 

3.3.7.3 Initial and boundary conditions 
r'-
1 

Vertical boundaries aré rigid and !ree-slip. Vertical gradients of 

any quantity Q must vanish wh1le the vertical velocity component (loi') must 

be zero at the top and bottom boundaries. 

loi' = 0 } 
!S-O z=O"H 
3z -

(,58) 

The lateral boundary conditions are assumed. per1odfc. 

The basic F.a.te temperature, water vapor, and. wind prof~s are given 

by a real sounding (Chisholm, 1970) taken close to the time Ad pJ.ace of· 

the observed hall storm (near Penhold, Alberta.) that is to be simulated. 

This data 16 presented in the next chapter, which deals with the~erved 

storm of June 27, 1967. ~ 
1 

Convection is in! tia ted by a satura ted humidi ty impulse a t the center 
~ 

of the domain. The impulse is pa.ra.bol'ic, 9 km in width, and ends from 

approximately 1.2.5 km to 3.7.5 km in the z direction. 
~j 
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. The model is written in PL1 and consists of 24 eubroutines. It ha.s 

been used (in various versions) at McGlll University, Montreal' to study 

evaporation, water lOad and wind shear (Yau, 1980a), cloud seeding (Yau, 

1979b), and random surface heating 'as a means of lnitialization (Mi chaud , 

1980). Turpeinen and Yau (1981} have oompared the results !rom 3D warm 

cloud simula tians wi th GATE radar da. ta, find.1ng a fair degree of rfJé.lism 

in the simulations. 
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CHAPI'ER 4 

DESCRIPl'ION OF O:BSERVED HAILSTORM 

4.1 Introduction 

The hailstorm which will be used for comparison with the modeled 

storm ocourred southwest of Penhold, Al. berta. on June 27, 19'67 and was 

detailed by Chisholm (1970) in his radar study of Al.berta hailstorms. It 

• • was chosen ba.sically for numer1cal reasons because 1 t was the weakest, 

smallest storm, ex1stipg in a weakly sheared environment w1 th little wind 

relat1ve to the storm motion. Yet, this storm produced pea- and gr.ape-

sized hail at the surface. Hs low energy and relatively small vertical 

extent implied comparatively small vertical velocities. Thus, the model 

vertical velocities were expected to be of comparable magnitude ensuring 

numerical stability for larger t1me steps (the internally varied time step 

1s a function of the maximum velocity magnitude and can become quite small 

for large velocities, consuming vast ~ounts of computer time). The small 

size of the storm and the weak relative flow permitted the model domain to 

be relati vely small w1 th a reasona ble resol ution. The reports of large 

hailstones at the surface 1ndicated the strong act~v1ty of the 1ee phase 

L-~::.::::::-=~:-::..-:::: -~. ::;-y', ". "-._.- -. .... ........ ------~-""~..&it:I' .... ~ 
.... ~~-.,., .. ~':"'"'I'r'~ ,~, • .' ........ ~,. 
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prooe'sses in this partioular storm. Thus, this storm seemed a good 

exampie for comparison with the simulation. 

An ALHAS narrow-bea.m 10 cm radar located in Penhold, Alberta, and 

specially-equipped airplanes, were used to obs~rve the storm ~n this day. 

The storm was cellulax in nature and occur::tfd in mid-' to late afternoon, 

from 1538 to 1813~.S.T. ,The track of the storm, which formed and decayed 

, wi tbin radar range, is shown in Figure 3. The third cell produced the 

largest haU at the surface and is the only one detaUed by Chlsholm. Thus, 

this cell (Cell J) wili be used for comparison purposes. The storm moved 

-1 generally southeast at approximately 7 ms, ea.ch cell lasting roughly 

30 to 4;. minutes. Each new cell formed on the right-band (south) flank 

of the preceding, dying cell. 

4.2 Atmospheric conditions 
, 

The atmospheric conditions at;.the Ume, of the storm, given by a radio-

sonde sounding and wind hod6gra.ph, a.;e used to iM tialize the model. The 

soundings were taken at Penhold, approximately 70 km from the storm, at 

1617 M.S.T. (during the time of formation of the storm) and may be said-to 

he representative for the storm area. 

The radiosonde sounding is shown in Figure 4 and is typical of a con

tinental, early summer air mass. The surface air is quite dry (35% 

relative humidity) and WarIn (21°C) and above is almost dry adiabatic up 

to 600 mb. There is a small inversion at about 720 mb and a stable layer 

from 600 mb ta 550 mb. The relative humidity (rh) peaks at a value of 

98% at the bottom of this stable layer. The lifting condensation level '(LCL) 

and a "loaded moist adiabatic" (LMA) parcel trajectory are indicated 'showing 

a sma.ll "positive area" and a relatively low cloud top (at about 7 km), 
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Figure~. Map of Alberta Hall Studies (ALHAS) Project Area taken from Chisholm 
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Figure 4. Sounding at 1617 M.S,T, -- 27 June, 1967 for Penhold. Indicated are 
a dry adiaœt (for referenoe) and a pseudo-adiaœt indicating a moist 
adiaœtic parcel trajectory using oloud base conditions. Note the rela
tivelr small positive area and low (predicted) cloud top at about -J2°C 
(7 km), Also shown ia the vertical extent of the humidity impulse used to 
initiate convection in the model. (Based on Fig. 5.11 in Chisholm, 1970.) 
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lndica t1 ve of a weak storm w1 th weaIt updrafts. Observed maxim1.JD1 updrafts 

at cloud. base were 5-6 m s -1 and no mea.surements were taken inside the 

cloud. However, Chisholm used an LMA model to pred1ct maximum updrafts of 

16.4 m s -1, quite weak in compa.rison to the "medium" and "high" energy 
1 

storms presented in his the~_lS. Due te uncertain and m1ssing 'upper air data 

above 350 mb in the sounding presènted by Chisholm (Figure 5.1.1 in his 

1970 thesis), a sounding from Edmonton, 206 km away from the storm, was ." 
used to give the temperature profile above this leve!. The wind profile 

in the vertical is given in Figure 5 and shows a weakly sheared, ill

defined structure with a maximum horizontal velocity of 16 m s-l at 3 km 

helght. The wind flow relative to the storm, assuming a southea.st storm 

motion of 7.4 ms-l, is glven in Figure 6 and is resolved. into a component 

in the ,plane of storm motion and a component normal to the plane of motion 

shown in Figure 8. These components were used to io1 tialize the u and v 

wind components, respectively, for the simulation. 

4.3' Main features of storm (Cell 31 1658 to 1731 M.S,T.) 

Figure 7 shows the growing stage of cell 3 (1659 ~~S.T.) in both 

vertical and horizontal (PPI) radar cross-sections. The vertical sections 

are taken along the lines indicated (on the PPI sections), one in the 

direction of storm motion, the other normal to the storm motion. A small 

notch-shaped UWER (unbounded weak echo region) is evident at 1 and 2 degree 

elevation. The cloud 'œ.se is at 2 km above ground level (AGL) and at 3°C 

and sorne light precipitation has started to fall at 'the surface. Note 
. 

the remaining precipitation from the dissipating stage of cell 2 on the left-

ha.nd flank of cell :3 1 most evident in Figures 7a and 70. Maximum radar 

reflectivities in excess of 65 dBz are located at approximately 4.5 km and 
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Fi~e 5. Wind hodograph at 1617 M,S,T, -- 27 June, 1967. W1nd spaads 
are plotted in m 8-1 and heights,are indicated in ~ AGL (abova 
ground level) , From Chisholm (1970). 
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Figure 6. Same as Figure 5, but with wind speeds plotted relative tQ 

the storm (storm velocity 311 deg/7.4 m s-l). 
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Figure '7a. PFI sections at 1659 M.S.T. -- 27 June, 1967. (Growing stage.}. 
Contours of Ze (equivalent radar reflectiv1ty) are labeled in d13z. Note 
the remna,nts of the previous celi as indicated. Lines AB and CD lndicate 
cross-section axes for Figures 7b and c. (From Chlsholm, 1970.) 

Figure?h. Vertical cross-section in the direction of motion at 1659 M.S.T.--
27 June, 1967. Contours of Ze are labeled in d.Bz. Note the UWER and 
overhang. (From Chisholm, 1970.) 

Figure 70. Vertical croee-section normal to the direction of motion at 
1'!i59 M.S.T. -- 27 June, 1967. Contours of Ze are labeled in dBz. Note 
the rema.ining precipitation from the prevlous cell on the LH side. 
(From Chisholm, 1970.) 
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Figure Sa. ·Schema. tic a1r.flow (deduced by Chisholm) in the 
plane of storm. mot1onat 16.59 M.S.T. Also shown are 
the wind components rela t1 ve to the storm in th1s plane' 
(derived !rom Figure 6) used. to give the initial u 
veloc1ty component for the model. Note the mid-level 
"jet" between 2 and. 5 km height. The schematic a1rnow, 
over which the vertical radar cross-section of Figure ?b 

. ia super1mposed., i8 deduced trom the wind. components in 
this plane, aircraft-mea.sured updraf'ts at cloud. base, 
and Chisholm's WER hypothes1s. (From Chisholm, 19(0.) 

Figure 8b. Schema.tic a1rflow (deduced by Chisholm) normal to 
the plane of storm motion at 16.59,M.S.T. Also shown are 
the w1nd. com:ponents relativMo the etorm in this plane 
(der1ved tro!ll Figure 6) used to give the lnitl!:1 v velo
ci ty component for the I1lOdel. The sohema tic a1J;fllow,' over 

. which the vertical cross-section of Figure 7c is super
imposed., 1s deduced. from the wind componentl!! in this pla.ne, 
a1rcraft-mea.sured updrat"ts a t cloud. base, and Chisholm' s 
WER hy:pothesis. (From Ch1sholm, 1970.) 
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the "storm. top", defined as the maximum height of the 35 d:Bz contour 1 is 
;) t " 

6.5 km and rising. A deri ved initial a1rfl.ow, using sub-cloud. winds., ... 
cloud œse updrafts (measured by a.ireraft),' the weak echo ragion (WEB.) 

hypothesis, radar reflectivity, and mid- to high-level winds, 15 super

imposed on the vertlcal Cross-sections in Figure 8. (Recalling from 

Chapter 2, the WER hypothesis assumes tha.t a weak echo region is eomposed 

of freshly' formed minute cloud droplets in the reg10n of the maximum sub-
o 

cloud updra1t.) This flgure shows a low-level lnflow !rom the south and 

a relati valy vertical updIaft wi th li ttle or no outflow. 

Nine minutes later (1708 M.S.T.), ceI+ J (now separate) ls in its 

mature ,stage and i8 shown in Figure 9. The storm top has reached its max

imum helght- (7.5 km AGL) and ma.x1l1lum ~da.r reflectivities in axcess of 
i 

65 dl3z have extended to the surface with corresponding r~ports of grape

sized hall (Z.O em in diameter). Maximum. refleetivities ?BJl he found at 

about 2.5 km height and are estima.ted to be betwèen 65 and 79 d:Bz. Note 

,the large, ellipti~ precipitatlon area at the surface and the vertical.ity 

of the storm. Also note the strong reflectivity gradient on the r~ (up

wind) side and right-band flank (RH) of the storm, due to the inflow of 

air at these sides, and th~ relatlvely weak .gràd1ent on the opposite sides. 

The vertical section in the direction 6f motion (F1Sure 9b) shows the 

strongest gradient on the left (rea.r) side of the storm a.t 3 to 4 km heignt 

corresponding to the maximum lnflow at' this level (see Figure Sa) and the 

hydrometeor motion in respons~ to tbis flow. This sa.m.e flow crea.tes the 

radar "overhang" at 1.5 km he~-on the opposite or front side of :the 
(l - <-

'storm by advecting hydrometeors over, the sub-clo~ inflow/updxa.ft rn;m the 

right (front) where the heavier partiales can fall '-nto this .1n:t'loW' reg10n 
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Contours of Ze are labeled in dJ3z. 
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Figure 9b. Vertical cross-section in the d1rect~on of motion at 1708 M.S.T. 
27 June, 1967. Contours of Ze are labeled ln dBz. Note the ovepmng on 

. the right-hand. side. (From Chisholm,1970.) 

Figure 90. Vertical cross-section normal to the direction· of motion ~t 1708 
M.S.T. -- 27 June, 1967,' Contours of Ze are labeled in 4' N~~e that 
the storm in this plane is narroWtr and lacks a subetanti ov~. 
(From Ch1aholm. 1970.) , . , "1· 
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and either faU to the ground or be recycled back into the updraft core, 

depending on their size. 

The cross-section normal to the storm motion (Figure 9c) shows areas 

of high reflecti vi ty gradient a t the RH flank near the surface and on the 

left-band (LH) flank above 2.5 km corresponding to regions of inflow at 

these levels in this plane. The maximum dimensions of the storm are at>:=

proximately 10 km in, the. direction of motion and 7 km in the normal direction. 

By 1722 M.S.T., 23,ln1nutes after'the birth of cell 3, dissipation has 

beg1.Ùt. The storm top has subsided to 5 km AGL as lllust~ted. by Figure 10 

and the top of the 65 cŒz contour has descended. ta only 1 km above the 

surface indicating the end of precipitation formation and growth in the 

cloud above. The high surface reflectiv1ties axe indicative of the last 

heavy downpour or precipitation gush associated with the decay of the storm. 

, Note the still essentia.lly elliptical shape of the surface precipita. tion 

area with -a bulge in the northeast ,direction. The major axis lies in 'the 

direction of motion of the storm. 

In summary, the storm chosen for comparison purposes ~as a relatlvely 

,small, vertical cell which produced grape-sized hall, embedded in a con

tinental air mass in central Alberta. The cell existed in a weakly sheared 

environment, its resultant verticality allowing precipitation to fall 

through the updraft, which ul tima tely brought about i ts decay after 23 

minutes. By using the atmospheric conditions at the time of the storm to 

In1tialize the 3D Steiner-Yau cumulus cloud model, modified to inç,lude 

graupel, l.t ns hoped that a sim11ar storm could be generated 'numerically. 

In the next chapter, the results of a full 3D simulation will be presented 
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axes for Figures lOb and c. (From Chisholm, 1970.) 1 -. 

Figure lOb. Vertical cross-section in the direction of motion at 1722 M.S.T. --
27 June, 1967. Contours of Ze ,are labeled in dE"z. Note the callapse of 
the reglon of high reflectivity (Ze> 65 dBz) towards the surface. (Fran 
Chisholm, 1970.) 

Figura 10c.. Vertical cross-section normal ta the direction of motion at 1722 
M.S.T. -- 27 June, 1967. Contours of Ze are labeled in dBz. Note the 
narrower, "pinched" structure in this plane. (From Ghishql,m, 1970.) 
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~ 
and in Chapter 6 the resul ta will he discussed and compared w1 th those 

f'rom the observed storm outllned in thls chapter and from a 2D test rune 

Partlcl.Ùar emphasis will be placed on the oomparable fea~nlres such as 

radar structure, pre91pltatlon size and type, and airflow. 
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5.1 Introduct1~n 

., 

CHAP'l'Œ 5 

RiSULTS 

• 

In thi~ chapter, the resul. ts of a fully three-dimensionaJ. numeriœl. 

ha.llstorm simulation w1 th' complete ice-phase m1~ophysics are presented. 

Given an initial basic state from the sounding of June 27, 1967 at Penhold, 

Alberta (Figures 4 and 8), convection is lnitiated by using a parabolic 

humidity impulse and the following fields are obta1ned at fixed time in

tervals for the 'duration of the run (53 minutes simulated time) 1 

potent1al temperature perturbation e', pressure perturbation TT p ', vapor ~, 

cloud qc' rain ~, 1ce/snow qi' graupel qg' combined rain and graupel (total) 

radar reflectivity Z , turbulent diffusion (eddy) coefficient \} , and e m 

buoyancy B. Horizontal and vertical veloci ty ~omponents are comblned to 

g1ve vector flow fields. Bath horizontal x-y slices and vertical x-z (W-E) , 

y-z (N-S) sections are presented, as illustrated in Figure 11. The vertical 

sections are taken ln the plane contalning the updraft maximum while several 

horizontal sections at different levels are displayed. NotE! that vertical 

radar seotions used by Chisholm in presenting the observed storm (Chapter 4) 

run pa.rallel (11n8 AB) and pei-pendicula.r (Une CD) to the storm motion 

." 

--..... ---_ ....... __ ............ _ ... _''"'''. ,,,_.,-', , !" -"-" '-" 

, ' 

, 
• • 
1 

i 
f 

1 
i , 



o 

: 1 

1 

1 
1 

(~ ) 

/1' 

, . 

, 

x-z vertical 
IICtlon 

68 

) 
----------, ' 

'J-z vertlcci section 

_r-'"'7"'+- x-y horjzontal 
sectIon 

/ 
/ 

IM4XW 

N w-r:-E 

s 

Figure 11. Three-dimensionaJ. modal domain. The vertical (x-z, Y-2I) 
sections are taken 'in the plane contain1ng Wma.x (which is located 
at the point (IMAXW, JMAXW,-KMAXW». _ ~ 
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(i.e. mr-8E and SW-NE) , whereas the oorresponding mode! v~ical sections 

run W-E and N-S, Also note that, in Chisholm' s CD sections, the left-band 

side (C) corresponds to south with distanoe lncrea.sing to the north, whlle 

ln the corresponding model (y-z) section, north is to the 1eft and south 

is to the right, with distance increasing in the south direction. The 

sections are of equi valent orientation if one of them Is reversed. Three , 

representative times are presented in detai11 21, J1, and 46 minutes, 

corresponding to the three stages of the 0 bserved storm descri bed by 

Chisholm (growing (or "cumulus" stage), mature, and dissipa.tlng, reapect-

ively). Occasionally another Ume will be used to Ulust~te an important 

feature most evident at that time. For each of the three times, the 

following are displayedl 

(i) cloud, rain, icejsnow, and graupel mixing ratio fields (x-z 

vertical section only). AlI fields (except the rain) are contoured as 

followsl the outerrnost contour represents a mixing ratio of 0,01 g kg-l, 

the other inner contours start at 0.5 g kg -1 and increase in intervals of 

0.5 g kg-l in an inward direction. Where possible, maximum values are in-

dicated by a plus sign, (+). For graupel, it ls Indicated if the maximum 

content corresponds to light graupel, heavy graupel or hail. For rain 

content, only the outermost and Innermost contour (surrounding ,the rain 

- -( - 'maximum) are shown. Ice/ snow arising from nuclea tion is indica ted simply 

by an asterisk placed on the point where ice or snow cont~nt Is present. , 
"'-1"_ . These -1 asterisks represent small iee contents of not more than 0.2 g kg • 

,J'-

Ice contents larger than this à.re generally converted into graupel, Rain, 

graupe1, and ice/anow content arlsilig from frozen cloud water (abOve -J,500 
1 

isotherm), are contowed and shaded as indicated in the d1agram key. Note 
~ , 

that horizontal and vertical axes are of d1f'ferent scalas COrr8spond1ng ~ 
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the h1gher resolution in the verticaJ.. Also, the closest grid polnts to 

the surfaoe (0 km) are 0.25 km ~ the surfaoe. Thus, 1n the following 

discussion, the 0.25 km level is refetted to as "the surface" as this 15 

the lowest level where information ls avallable. . 

(11) radar reflectivi ty and vector flow (horizontal and both vertical 

sections) • The total equi val ent radar reflecti vi ty (in dBz) ls contoured 

in 10 dl3z lntervals and superimposed on the vector flow. The vector scale 

18 determined by the magnitude of the longest vector which ls gi ven for 

each diagram. 

(111) potential temperature and pressure perturbations (x-z vertical 

section only). Potential temperature perturbation (e') in K or oC 15 con-

toured uslng solid llnes and a contour interval of 0.5. Dashed contours 

-4 of 0.2 x 10 interval represent the dimensionless perturbation pressure 

('lfp') wi th the letters H and L representlng the maximum and minimum pres

sure perturte. tions respecti vely • Whan the contour spacing becomes too 

small the contour interval is changed or the contours are simply omitted, 

as indicated. 

In addition, 6' and TT ' horlzontaJ. fields at 26 minutes and an updraft p 

(w) horizontal section at 31 minutes are incllJded. 

Several graphs will also be used to illustrate the evolution of the 

storm. Figure 12 18 a graph of various terme in the water budget versus 

t1me. The curves labeled SCLD*, SRAIN*, SSNOW*, SHAIL* represent the 1n

stantaneous total clo,ud water, rain water, ice/snow and graupel contents 
... 

respective1y" surnmed over the entire domain. The rema.lning curves represent 
\ 

the cumulative sums of the various source/sink processes wi th a.n "S" 

(s1gnifying sum) placed befora the procesB names as given in aha.pter J - , 

a.rul in the Liat of Symbola. .ceptions are RCUM &nd RCUMH, which repreemt. 

\ 

,1 
1 



l, 
" 
'i l't 

t 
\' , 
1 

.. 
~ 

.. 

~ , 

t ,~. 

~ 

~, 
~~ 

o' 

T , 

~ 

~ 

-III 
..... _ .. ___ ~ ........ ~~~'" -1'_~ ~ 

T 

• 

:9 ·1 

---------~~ -~"--~ ", ------ --' -- - '.---/. ....... . .. ~. --=- _.-.- -- -- -/.. ~ ~_. - - --",--C.. --- --- / ... ... . .--#~ •• ---=~'-.-~... . ..--. / . : ~,_,,a.:,;~ , --<lIiI:t 

/

.. // -- - ...---~~,. .. . •...• ' 
Î'" y. / ---. --' -;/ ,~ .. . ~ ~ - -tt:.~ /. ~ / - ,. i ! _----.c-----~-~ 'r f/ ,1 ,.-- --
, r.'..' //1 -----------' 

t 

1 / ' -------- " 

'" J 1'- / __ 1' .... -----1------
l' . . ,/'--'v 1 

fi f7 ;// " 
/. .11/ 1

. 1 

, 'ICUI*-

-1 

-:II 

~ 
Il) 

.f4 
1 

y. 

,-1 ffr-~':~ j Il 
'/ 1-' 1 ,-

1 
1 fi ' 1 . l'! r 1 

. , ., 1" r .. 1 [' i ~!i l, i 1 ~ - ... - ... - ... - .. - ... -' .. . . 
• ., 1 l ' . ..-. - . 

1 J fI' ,,1 
. ., l i fit ,~~'-/ ,-~' : 

.. 

1 J- ,q- -: 1 
_ 1 il i . 
1 Ji / ; 

.. 1;7 .ç 

• 1 10 15 20 25 JO • 411 46 10 

TlME (minutes) 

Figure \2a. ~Water budget tenns for cloud, rain and ice/snow. Sums of condensate indicated with an 
asiJer1.Sk (~) are instantaneous, while the process surns are cumulative, The log of the SUIIlS (in 
~m-J) i8 plotted versus time. Ta get the total mass summed over the whole domain in kg, the 
~ must be multipl1ed by the grid volume, Axllyllz (m), which i6 5 x loB m3, 

'---" 

;-j~t:;: ,~ . ...t..;:~~f.-:-~ - ~ .~ ... ~;"'~~~j-:'",~ ~ ~ 
~+ ~ .. -"--

--- -

• 

• 

---

1 
1 

i 
1 
l 
i 
1 
1 
! 

, ! 

1 
r 
! 
l' 

• î 

~, 



( 

1· 

1 

l' 

( 

1 ! 

L ' . . 
"'-''''-'''""' • .J' "~",,,,,,~,,,,,,,y... ... __ ._\,~ __ ........ ,,, ______ ..... ~_" ... ______ .~ ...... _ ... _~, ___ .. ___ .... _ ..... ~~*,,!_"......,..~_~'Iiu_---... .. ,." 

~ Il ! 1 

• 

" 

.. • 

) 

ft . , ~ns ct. 

1 

j 

, ~ . , 

1 

-"" ! ... ;, 
... c:: 

.. 

o 

'71 

. 
,..0 

N 
~ 

J 

f 
l 



(j 

!., 

.1 

72 

the cumulative fallout of min and graupel, respeëtively, The log of the 

eums ie plotted, Note that a constant value of a cum\Ùative sum in a 

given time interval indicates that that particular pro cess has terminated 

and is no longer active, 

Figure 13 shows the variation of the maximum. updraft loi' ,associated max 

maximum downdraft Iwm1nl, precipitation-induced maximum downdraft IWlIlinpl, 

graupel and rain maximum "surface" (2.50 m) mixing ratios (QGSFC and , max 

QRSFC respecti valy) wi th time, The numbers associa ted wi th the w 
max / max 

curve indi~te the level (in km) of wmax and, in general, Iwminl· IWminpl 

generally occurs around the 1 km level in connection wi th the precipi taUon 

there, The variation with h~ight of the vertical velocityat several times 
, . 

is shown in Figure 14. The vertical profile is taken along the axis con-

ta.in1ng w , _ max 

5.2 Simulated ha1lstorm (3D) 

5,2.1 0 - 10 minutes 

Convection arises after the introduction of the saturated humidity 

impulse. A cloud guickly develops at the center of the domain. This cloud 

is then advected towards the southeast by the mid-Ievel environmental winds, 

The cloud œse is at approximately 2.0 km height and the cloud top rises 

wi th the maximum updraft which increaaes in height and magnitude, as shawn 

in Figure 13, Figure 12a shows that, for this period, the main procesa ia 

condensation whlle evaporation is the only sink of cloud water. During this 

time a small amount of nucleation occurs at ea.ch time step to create a 

lII1nute amount of iee/ snow content (too small to be lndicated on the grltph). 
~ 
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r 

5.2.2 10 - 20 minutes 

At about 10 minutes, the cloud. breaks through the relatively moist 

stable layer (see Figure 4) resul ting in a large 1ncrea.se 1n nuclea.t1~n at 

this level (3 to 4 km) and thereby substant1ally 1ncreas1ng the 1ce/snow 

content as ind1œted 1n Figure 12a. This snow content grows mairùy by 

deposl t:ton and r1m1ng w1 th mel ting and subl1mation contrl buting aJ..mos;t 

" equa.lly to ice/anow depletion. "'The breakthrough eventua.1ly allows the up

draft maximum to accelerate up (along with the cloud top) and grow in 

magnitude, produoing a taU, vigorous hallstorm. ~so, the resulting 

nuoleated 1ce/ sno!'l is eventuaJ..ly converted 1nto graupel which ini t1ates the • 

~upel field. Thus the breakthrough at 10 minutes is, a crucial factor 1.n 

the subsequent development of the storm. Bath min and graupel are 1nitiated 

at 13 minutes near the cloud water maximum a.t the center of the clou~ (3, Itm 
, 0 "-

height). Autoconvers1on of cloud (nb~ shown in Figure 12) init1ates the 
~- ' 

rain field "-hile conversion !rom snow crysta:l8-"~ializes the graupel 

field (see Figure 12b). Th, supercooled ln1. tial rain field (a~vé the OOC 

isotherm) is quickly depleted by freezing upon contact w1 th ice crystals 

(which adds to the graupel) and, to a lesser extent, through evaporation 

and collection by graupel. The graupel content grows ma1nly through the 

riming of cloud water and the continued conversion of snow crystals. The 

timing of cloud water, combined with evaporation, now becomes a major sink 

of cloud water. At first, sublimation 18 the maIn sink for ,graupel until 

the graupel begins to fall below the DoC isotherm and mel t lnto rain (at 

16 minutes). Thus, by 20 minutes, melt1ng has become the dominant graupel,. 

sink wh1le becoming the major source 'of rain"(wh1ch 1s now belON the 0°0 

1sotherm) • The updraft ax1mulIl reaches 5 km and 9.5 m s -1 by 20 minutes and 1 
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continues tp accelerate upward ~th the continua! release of latent,heat 

:t'rom con~t1on and freezing (Figure 13). 

5~ 2.3 Sections a t 21 minutes -- growing stag~ 

Figure 1.5& shows a vertiCal slice (x-z plane) through the storm at 

21 minutes :i,n i ta Çowi.ng or t'Cumulus stage. The small cloud on the left . \ 

(west) side of the main development formed~tween 10 and 16 minutes in 
f 

75 

response to a slight horizontal oscillation in the buoyancy!updraft field. 
~ 1 

This smaJ.ler cloud, which acquirés small quantities of 1cejsnow, rain 
/ 

.., 

a.nd çaupel, eventually marges with tne maih. cloud between 35 and 40 minutes. 

FraI\!. this point on, all referenees W'Ûl be ta the main storm ceU a.s the 

'<1ll1fluence of the small ceU 1s neglig1bJ.e. 

As shown 1n Figure 15&, cl.oud, 1ee/ snow, rain and graupe1 are aJ.l 

present at this Ume. The cloud. has tçe general appea.ranee of a eUDl1ù1fonn 

cloud and has a base &round 2 km and a top &round 6.5 Ion height. Note the 

area of rain from mel ted graupel below the OOC isotherm whieh i, fall1ng 
j 'f 

towards the surface and the sma11er region. of rul\1,,)bove exter:-ding towards 

..--. 

the center of the cloud. This latter ragion arose mainly. from autoconversion 

and 1s baing rapidly depleted by contact free~1ng and o(~ection by graupel 

(as mentioned above). The graupel f~eld, with a. ina.X1mum of 1.87 g kg-l 

(heavy grauplfi) jus1f beJ..ow the cloud water maximum, f1.75 g kg-l), extends 

over the entire cloud :field. The ragions without ice/snow (asterisk:s) \in t 
the cloud Lie~-1'rom the complete conversion of. the iee/snow content a.t 

- ~---,._- ,;' 

these points into graupel. 

Figure 15b shows the ~dar refiectivity assoc1a.ted With the p;oec1pita.

tion (rain and. gràupel) regions of Figure 1.5a. superimpos~d on the vectol' 

flow field in thé x-z (W-E) pla.ne, In:f'low into the storm l.n this 'plane 
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y = JKAXW = 19/Ion. Contour intervals are 0.2 and 0.5 for frl},' and 8' respectivèly. "H" and 
"L Il represent .Jpoints of' maximum and minimum fr p' respecti valy. 
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oome~ from two regio,nsl from the mid-Ievel westerly "jet" bet'W'een 2 and .5 km 

height and from the relatively weaker 1nf'low of 'warme~1 surface air :t'rom the 
, Il 

east wh10h slopes up 1nto the storm. The two regions of Innow oombine ln 
" 

a slightly tllted updraft. Note the precipitation ove~ng on the ~~t 
side of the storm ca.used by the advection by the westerly flow of condensate 

over the region of surface inflow and updra.ft on this side (east). Note 

, aIso the "compression" of contours on the west inflow side. The point of 

maximum reflect1vity ~59 dBz) Is located in the updraft core near the center 
1 • 

of the storm in connection wi th the gra.upel 'maximum there. The sl1ght 

oscillation in the flow around the OOC (sol1d line) level is also evident 

in connection with the small ~loud on the w~st'slde of the main cell (as 
1 

mentioned above). The refiectlvity and flow in the r-~ (N-S) plane is 

shown in Figure l.5c. An oscillation in the flow ln th1s plane on the norlh' 
) 

side of the storm, slm1lar to that ln Figure 1.5b, ls evident in this figure 

as well, al though there is no assoolated cloud. A weak low-Ievel 1n:f1ow 

from the' south 18 ev:1dent while a mid-Ievel innow from the north, much 
<. 

weaker than th~ westei.-1Y "jet" in the x-z plane, oreates a less obvious 

radar overhang. 

Figures 15e and f are horizontal (x-y) slioes through the storm at 

the 2.75 and 4.75 km levaIs respactively. They give the horizontal flow 

and reflectivity structures at these Ievels. Evident in these figures "are 

the overhang and the Inflow side contour oompression as well as the position 

of the core of maximum reflectivity. By oombln1ng the informa.tion of 

Figures l.5b, c, e and f, a picture of the storm,and flqw in three dimensions 

œn be obtained. It can be seen that a relative~y stroi'lg west-northwest 
, 

mid-level inflow combines w1 th a weaker low-l"aval inflow from the sou'theast 

in a slightly tl1tad updraft. The result i$ an almost vertical. s'torm with 
v 
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an overhang extending towards the southeast over the 10w-level inflow. 

The pertur~tion pressure (lI'p') and potent1aJ. tempera.ture perturœt10n 

(6') fields in the same plane as Figures 1.5a a.nd b (the x-z vertical plane) 

are given in Figure 1.5d. Note the reglon of high-pressure 'perturbLtion (H) 

, centered above the storm and the 10w (L) near the cloud œse resulting 1n 

à pressure gradient force 1n a direction opposed to the updraft. This 

feature ls typicaJ. of numerica.l oloud simulations (e,g. Schlesinger, 1975, 

1978). Also typ1caJ. ls the area of positive potential temperature perturœ.

tion 1n the cloud (and in the sma.ll cloud) corresponding to the latent 

hea.t relea.sed from condensatiôn and freezing and the areas of negative 

potentia.l temperature perturbation above and below the cloud. The ares. 

above the cloud is ~ooled by evaporation and sublimation while the sub-cloud 

, re'gion is cooled mainly by the me1 ting and evaporation processes. The 
~, 

proximi ty ot thè i~t~loud 6' max a.nd the sub-cloud e' min cent ers gi ~es rise 

to a high potentiaJ. temperature perturbation gradient. These temperature 

perturba.t1on effects are enhaneed by the presence of the ice phase, which œ-n 

be a significant source and sink of latent heat through the associated 
r 

phase transitions such as melting, freezing, and sublimation (see thermo-

cljna.mj.c equat10n (57) in Chapter J). Thus larger perturœtions from the 

basic state temperature are to be expected in cloud 1 simulations that incluie 

active iee phase processes when com:pa.red with models which simulate only 

warm rain processes. 

5.2.~ 20 - 30 minutes 
. 

Ra.1n (from mel ted graupel) reaohes the surface first at approximatel.y 

22 minutes wh11e graupel follows soon after a.t 24 minutes (Figure 13); The 

affect of the precipitation on the pressure and potentiaJ. t~peràture per-

, 1 
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turba.tlon fields Is shawn n Flgure,s l6a and b. These figures show n ' p 

(dashed lines) and e' (so id lines) fields in the ho~zontal at 25 minutes 

at the surface (16a.) and at 2.25 km (16b), shortly after the surface pre-

cipitation bas sta.rled. At the surfa.ce, an ares. of high pressure is 

sprea.d1ng out t in respo[se to precipitation load1ng t which ls rep1aclng 

the fo:rm~ surface low. The evaporation of ra.1n a.nd meltihg gra.upel resul ts 

1 ln a region of coollng,near the center of this high. T'lfo km above this 
\ 
\ 

level (Figure l6b), j~t below the 'cloud œse, a low is round above thé 
i -

surface high with a precipitatlon-induced area of, coollng evident here as 

weil. The surface high a.nd cool region evident - in these and la ter figures 

are often-observed features of storms with moderate precipitation. (The 

dome of cooled surface air often crea.tes a "mini co1d front" which ea.n 

trigger new convective cell~.) \. 

The maximum ra.in content (QRSFCmax) and graupel· content (QGSFCmax) at St' 

. '4.C: -1 the surface both rise rapidly to maximum values of 1. 7 and 1. ~ g kg 

(D = 0.195 cm) respectively at 30 minutes, the Ume of maximum storm 
max 

intensi ty • During this time t maximum graupel contents in the cloud reach 

2.9 g kg -1 ("haU' W'ith Dmax = 0.2 cm) around the 4 km level ln the updraft 

core. :Uso shown in Figure 13 la the rapld accele~tlon of the updraft 

maximum (wma.x) !rom 5 km helght ta over 8 km in this time perlod, giv1ng an 

-1 average rate of rise of 2.5 m s for the Wma.x center. By 30 minutes, ~he 

updraft maximum has rea.ched i ta maximWll ma.gni tude (14.4 m s -1) but is IStill 

rising. Note a.lso the creation of a precipita.tion-induced. downd:ra.ft, 1 wminp 1 

which increa.ses rapidly 'Id. th the increasing precipl ta tion content ta a bout 

5.5 m s-l b.Y 30 minutes to surpass the magnitudè of the upper-1evel, 

updraft-associated downd:raft IWm1n ,. 
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]3y 25 minutes, the storm has pe.netrated the -35°0 level, above which 

a.ll the cloud. wa.ter advected into this region is frozen, or glaclated, 

creatlng an "iee cap" on the storm. Glaciation thus ~comes an important . , ' 

sink of cloud. wa. ter" and source' of ice/ snow. 'The lncrea.se in lee/ anow < con-

tant due ta glaciation can be seen in the SSNOW eurve of Figure 12a. from 

25 to 30 minutes. Continuing to refer to Figures 12a. imd b, i t ca.n be aeen 
. , 

that by JO minutes all processes are active. The f'allout of min "(ROUM) 

and graupel (RCUMH) become sigmficia.nt sink.s for bo~h types of precipl'tation. 

Cloud water continues to be condensed but the total cloud. water begins to 
01 

decrea8e due to evaporation, glaciation (above the -35°0 level) and r1~ 
- -

by ice/anow and graupel. Melting graupel, the main gmupel sink, 18 the 

major source of rain below the OOC lsotherm wi th very li ttle min above this 

level (which accounts for the relatively' lew rates of contact .:freezing, 

coÙeetion of ra,in by graupel and especialJ.y Bigg' s freezlng ::- _ ail d.~endent 
- . 

on supercooled. rain). FaJ.l.out and evaporation are the main 'processes tell;!i-

ing ta deplete the raina Depoai tion a.nd rlming bath continue te be major 

contributors to the ice/snew content whtch la beiz:!g depleted by <S0~versien 

to graupel and. sublimation. By 30 minutes, the rate of increase to the 

graupel content by conversion and riming ia near~y balanced by the loss of 

graupel !rom mel ting a.nd fallout. 

5.2.5 Sections a.t.Jl minutes - mature stage 

. The storm, ai this tilll,e, ls near its peak of development. Figure 1780 

shows the storm in the vertical x-z plane. It has moved. farther east and 

has grown lnto a large storm of 10 km width micho'has penetrated ta the'; . 

he1ght of the tropopause (a'Qout 10 km). Note the la.t'ge "ioe cap" a.bove t~ 

" 
-3,500 1sotherJll ref'erred. ta aboYe. MaximUll 10e/snow contents i.n the cap, 
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Figure- 17e. S&Ile as Figure }5e, except at 31, minutes and at z = 0.25 
km. The magnitUde of the longest veotoris 7.1.11 a-1 • 
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Figure 17f. Same as Figure 151, except àt 31 'minutes and a.t z 
The magnitude of the longest vector 1s 7.9 m 8~1. ' 
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1 

\ 

\ 
indica.ted. by a plus slgn (+), are 2:3.5 g kg -1. The updraft ma.xikum has 

risen to the level of the ice/snow ma.xima. Just below the ioe cap is the 

oenter ~f maximum cloud. water (1.85 g kg-l). Ice crysta1s nucJ.,eated nea.r _ 

tbis area rime substa.ntial amounts of available cloud water and are ad-

veoted along with cloud water by the strong updraft above the - 35°0 

level. The cloud water is immediately frozen (isobà.rica1ly) and added to 

the iee/snow content to create the lce cap. Small amounts of graupel and 

rain are aJ.so advected into the lee cap. Precipi ta. tion has reached the 
~ , 

surface in the form of both rain (from mel ted graupel) and graupe1 ("heavy 

graupel"). The rain maximum, 1.6 g kg-l, at the surface corresponds to a 
, , -1 

rainf'all rate of approximatelY'33 mm br • The in-cloud. and surface maxima 

for graupel at tbis time have reached their maximum values of 2.9 and 1.45 

g kg-l respectively, as quoted aJ:>ove. Note the major ares. of graupe1 form

ation, growth, and fallout, a11 near the central (u~t) axis of the 

essent1ally vertical storm. Note aiso the depletion of cloud water below . ~~ 
1" 

the aJiea. of ma.ximum cloud water (the -3,5'?C leve1) by the riming of ice 
l 

pa.rti~es. 
The radar structure/flow in the x-z Plane i6 shown in Figure 17b. The 

region of maximum reflectiVi ty near the center of the storm is associatel 
" 

with th~ ma~or area of Fupe1 growth. The reflectivity contours now 

extend to the surface i~connection wi th the rain and graupel faJ.lout. The 

,point of maximum reflectivity is 62 dBz in the central region inside the 

cloud. wi th t'Wo local maxima. ~oca.ted below it in the cehter of the precipita

tion "shaft". Referring te both Figure 'l7b and the y-z vertical section 

17c, the ra~ overhang on the southeast side.of the storm is still evident. 

A small cell has now formed on the north side (F1~ 17c) of the main 

, , 
" ' 

\' r- -~""""""--""""'--:----""':i ___ ~~-..J--r 2flf'~ 
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J 



, . 
~:';<~~~t'1\.~~>t'~"'Y~Ii~t~J,.,. ... t""'''_~J1,,<Tt.-... ~l'.-r ~~~..."..~ ... ,~ .. " ........ '~~4_ ........ ' .........,." ..... _~"'I>' l~~-""_"I\V"I"""'''''''''''It' .... ~~'t'''''''L-1II' '>y. "....~ ... ,.-.~ ... "' • ., 

'1 ':t 

'. 

development in response to a weak osclllatio~ in the updraft 

ifbis plane. 

The vector flow field shows the updraft region in the 

boc isotherm with the region of maximum updraft in the top section of the 

storm. A slight divergent flow results (Figure 17b) at the storm top aS 

the updraft hits the tropopause. However, the divergence ls too wea.k and 

the mixing of dry air too strong (which encourages sublimation of~the 

ic!e/snow) ta create an "anvil", a COMon feature of most storms which 

reach the tropopause. Below the ooe llne is'the precipitatlon-induced 

downdraft which di verges a t the surface, crea ting small circulation cells 

which can he seen on the west and north sides of the storm. The main up-

draft core is essent1a.1ly cut off from the surfaoe by this downdraft and . 

is thus ma.inly :fed by the westerly "jet". This" jet", along wi th the con-

tlnued weak surface flow fram the southeast, continues"to maintain the 

radar overhang. The high rafl scti vi ty gra.d1ent an the· west (inflow) slde 

ls still evident. 

. The effect of evapora tian and mixing a t the cloud edges produces a 

slight sinking motion (f~om evaporat1ve caoling) particularly evident on 

the in:f'low side where the strongest mixing occurs. The outflow on the 

western edge of the ice cap, which results fram the upper-leve1 div~gence , 
referred to above, combines with coolingfsubsidence from sublimation on 

thi's edge to praduce a circulation ceU, evident in Figure 1 ?b. 

The horizontal sections in Figures 17e and f show radar reflectlvity 

and fl:ow at the surface and 2.3 km level respectively. At the surface, 

the maximum reflectlvity, corresponding to the point of maximum surfaoe 

graupel content, la 57 dBz and is located directIy'below the upper center 

of maximum updraft (i.e. on the same axis). The surface outflow (from the 

1· 

! ' 
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Cl " 
precipitation-induced downdraft) deflects the low-level environmental. 

.flow aro~d the 6lightly elliptically-shaped precipitation zone, wh11e 

higher up (Figure 17f), flow from the northwest continues ta flow into 
l 

the storm (note the convergence), compressing r~flectiv1ty contours on 

the inflow side and mainta.ining the overhang on the opposite side.' 

89 

Figure 17d shows the a' and TT p' fields in the x-z plane. The pa ttem 

has become quite complex at this intense stage of the storm's development. 
, 

The surfaoe lQw, still evident in Figure 100., bas now been comPletely 

replaced by the precipi tation-induced dome of high pressure. Cool1ng a t the 

surface", from evaporation and mèlting of precipitation, is also evident. .. , . 
Maximum oooling (6' min) reaohes -4.0°0. Areas of warming can still be 

found in the clouds with cooling near the cloud edges due principally to 

evapo~tion. The large reglon of cool1ng in the upper ioe cap (9 ta 11 km. 

height) is proœbly due ta osoUlations alOft., . 
.1 

The vertical veloci ty field in a horizontal. plane a t 2.3 km, the same 
, 

level as Figure 17f, is shawn in Figure 1-'{g. The regian of sinking motion 

wtthin the center of the circular zone of rising air represents the precip-

itation-induced dawndraft, Ta the left of tbis main cor~ of sinking air, 

successive regio~s of riaing and sink1Dg reflect the oscUlation of the 
.. I·~ 

?pdr.aft and the sma.ll cloud on the west side of the storm. 

5.2.6 30 - 45 minutes 

The intert~i ty of the storm beg1ns to diminish shortl~ after the 31-minute 

mark. The updraft maximum, which beSins to decrease 1n magnitUde, reaches 

1 ts maximum he1ght (9 Ion) a t 33 minutes and then falls rapid1y to the 7 km 

levai (Figure 13). The maximum graupel content at the surfaee, QGSFa , . .. max 

plotted 1n Figure 13, begins to decrease as welle However, a substantia.l 
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amount of graupel a bove the OoC 1sotherm cont1nues to mel t, ma1nta1n1.ng the 

ra1nfall at the surface (1ndicated by QRSFC ). The max1mum rain content max 
. '-1 

at the surface reaches a peak value of 1.74 g kg at 33 minutes and begins 

to decrease after 40 minutes. The precipi tation-induced downdraft 1 W'minp 1 

-1 folloW's a s1m1lar pattern, reach1ng a maximum value of 5.8 ms. at 34 

minutes and then sloW'ly dim1n1shes at a much slower rate than w • By max 

40 minutes, 1 wmi 1 becomes larger than w • np max 

Referring to Figure 12, it can be seen that by 40 minutes, all forma 

of condensate are be1ng depleted faster tha.n they are be1ng produced. The 

cloud W'a:er 1s depleted at the fastest rate,~due to continued evaporation, 

r1m.1ng and glaciation and the term1nation of the condensation process. Fia1n 

continues to be produced by mel ting graupel, but increa.sing evaporation an:l 

fallout deplete the rain content at a fast rate. Nucleation of ice/snow 

has termina.ted and deposition onto the ex1sting.~;~e/snow crystals 1s out

weighed by the sink processes of conversion, sublimation and mel ting • All 

proeesses 1nvo1ving supereooled rainwater, which is complete1y depleted, 
c 

are totaJ.ly inactive. The only sign1ficant source of graupel 1eft is con

version !rom ice/anoW' W1th melt1ng the main sink, resulting 1n a decrea~e 

of the entire graupel content. By 45 minutes, ~ mel ting of gra.upel becanes 
r-

the'most active process. 

5.2.7 Sect10ns at 46 minutes -- diss1pating stage 

Figure 1~ ~hfwS the x-z vertical. sect10n through the storm near the 

end of the simulation as the storm is diss1pa.ting. Notice the few remain-

ing areaa of cloud, which contain only small quanti ties of cloud water. 

Graupel, rain, and iee now comprise the bulk of the storm. Conversion of 

ice/ snow to graupel has d1m1n1sh~d but continues ta maintain the center of 
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maximum graupel ~ontent (1.17 g kg -1), noll' representing "heavy graupel" , 

above the ooe lsotherm. M~ted graupel continues to faJ.l as 'raïn and the 

maximum ra.in content ls still locat~d at thè surfa.ce (1.13 g kg-l). The 

sma+l cell which ~olrowed the storm on its west flank has merged with the 

main storm, which has penet:ra.ted the eastern edge of the domain (and moved 

into the adjacent domain corresponding to the lateral bo~ conditions). 

The top of the storm r,ema.ins qui te high (10.5 km) a.nd the iee cap is slowly 

dissipa,ting. 

The corresponding reil ecti!"i ty and flow are shçnm in Figure 18b~ Some 

subsidence is noticooble in the upper regions of the storm while the \precip

i tation continues to maintain a substantial downdraft and outf'low near the 

sur:face. There is no region of substantiaJ. updra.ft evident a t this time 

(w = :3 m s -1) • The westerly flow moves through the raglon of maximum max 

refl'ectivi ty (graupel content) and maintains the overhang on the east- side 

"of the storm. The outflow below the freezing level has obli t:era.ted the 

sur:fa.oe inflow fram the southea.st. The wind shoorin tbis plane has tUted 

the sto~ to the west, although ~he core of the storm, represented Qy the 

region of reflectivi ty reater than ,50 d:Bz: rema.ins verÙca.J.. 

Some dif!erences between the x-z (W-E) section, Figure 18b, and 

the y-z (N-S) section" are 1ndioated in Figure 18c. As a result of weaker 
. ' 

fiow and shear, the storm in the y-z plane (18c) appears more vertical and 

lacks a substantial overhang. AJ.so" no smaller ceil has merged with the 

storm in tbis plane as in the x-z plane (which widened the'storm in that 

plane) • 

. The horizontal sections at the surface, 2.25 Ion, 3.75 km and 6.75 km 

(rigures 18e,! ,g and h respeotively) further Uiustrate the fsatures men-

tioned a bove the large ares. o~ outflow a t the surfa.ce, the radar over-
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hàng on the east side, the extension of the storm on the west!Side !rom 

the merging cell, and the vertica1ity of the, storm core. 

Figure 18d shows the flattening surface high pressure and cooUng 

area spreading out wi th a ma.xfmum diIl\ension1ess pressure perturbation of 
4 . 

2.8 x 10- and a maximum cool1ng (e' min) of -,5.04°0 at about 27 km in 

the x-direction. As t~ere are few latent heat~reieasing processes stlll 

in operation, few areas of strong warming can be found. On the upper-

right-hand side of the diagram, the oscillation w1 th height of the 1T p' and 

6' fields, which are approximately 90° out of phase, extends to the top'of 

the domaine This pheno~enon i6 often found in or near a stable layer suah 

as exists at this height. 

5.2.8 45 - 52 minutes 
,; , 

In the last seven minutes of the simula.tion, the storm continuef;! to 
4 

decay. F1~e 12 shows that the total cloud water ,content has greatly 

dimin1shed by 50 minutes. Graupel, al though dim1nis!Ung as well, comprises 

,the majority of the total condensate (46%) with ice/snow, raJ.n, and cl:oud 

comprising 32%, 21% and 0.1.8% respectively. The o~y processes stUl 

active are mostly depletion terms -- evaporation, sublimation, and melting. 

The processes most important in the water budget and distribution for the 

run were melting of graupel and cçndensation, while the lea.st important 

were nucleation (imPortant initiator (jf ice/sIlow, however) arid Bigg's 

freezing. Table 2 aummarizes the :main lnltlating processea" sources and 

sinka for each type of oondensate:' 

, ' 
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contact freezing (ea.rly) 
evaporat1on } (la ter) 
fa110ut 

conversion to grau~ 
sublimation 

me1t1ng 
fallout 

. 
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, 'l'o conclude tbis ichapter, the vertical veloei ty profile wi th height, 
,. ' 

w(z) , a't dif'feren=t. t1m~s in the stom' s development, will be e'xamined. 
, " 

Figure 14 shows w(z), taken along the axis containing W' ,at five dif'max 
, ferent times. At 10 and 21 mi~utes',) in the developing stage of the storm, 

{:e Updra~t maximum. :zr.se~ and increases in ma.gni tude. Along the entire 

vertical axis, ther~ s mainly updraft. By Jf minutes, the maximum up-

um magnitude and height wi th updraf't extending high 

to 10.'7 km and down 'to the 0°0 level (about 2.7 km). Below the 0°0 level 

a strong downdraft has,formed due to the fallout of precipitation 1so1ating 

~he updraf't from the surface. Near thLs time, the precipitation at the 

surface reaelies i ts maximum intensity. The pronles at 43 and .52 minutes 
, . 

show the.slow deseent of w and the decrease in the maximum downdr.aft at 
1 max 

the i km level a's the storm decays. 
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CHAPI'ER 6 

DISCUSSION 

In th.1s chapter, the resul ta of the 3D siml.Ù..a tion presented in the 
. 

previous chapter will be compar~d to the observed storm outlined in 

Chapter 4. Also, the 3D run will be compared' te a 2D run to 111ustrate 
~ , 

~ 
tl1e important effects of including the third dimension in a numerical 
• 

simulation of a storm. The performance of the microphysical p:l.rameteriza-

tion of ~pel in the model will be examined and improvements will be 

\1' suggested which mignt lead to better agreement with observations. 

6.1 Comparison with,observed storm 
r ci 

The ref'lectivity structures at the three stages of the observed storm . 
presented in Ch&pter 4 ~ be ,compared en th :those of the three oorreapondi 

t1Dl.es in the simulation. 

6.1.1 ,Growing stage (Figures 7 and 8 and'Figures 15b, c, e a.nd f) 

It is "difficl.Ù.. t to compare ~he radar refiecti vi ty structure of t e 

observed storm (Figure 7) with the model. resulta (Figures ~5b, c, e and r) , 

'dur1?Jg this earl;r, stage. As indJ.cated in Figure 7, the remains a the 
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• preVious cell are still evident on the eastern (right) side of the new cell, 

pa.rtic.ularly evident in Figures 7a and 70. The region of rema.ining pre-

cip1tation from the decaying call, located near the surface, is oonnected 

to the region of new precipitation formation and growth higher up in the 

new cell. Only those portions of the echoes connected w1 th the newly develop-

ing cell will be considered in the following discussion while the small 

adjacent cloud in the model results (Figure 15b) will be disregarded, as 

there is no counterpart in the observation. Recall that the model y-z 
1 

(north-south) vertiéâl cross-section (Figure 150) corresponds to the ob-

servat10n vertical cross-section normal to the direction of storm motion 

along line CD (Figure 7c) except that each ia reversed with respect to the 

other (because north is to the left in Figure 15c and to the right in 

Figure 70). In other words, the right-hand flank (RH) on the left side of 

Figure 7c actually corresponds to the right side of Figure 15c. 

One of the similarities between the observed and model reflectivity 

'" structures ls the evidence of an overhang on the southeast si de of the 

storm. A notch-shaped unbounded weak echo reglon (UWER) i8 located under 

the overhang in the observed storm, but la not evident ln the model storm. 

From Figure 7a, it appears possible that the overhang and UWER (evident at 

the 2° elevatlon) ar~ simPlY due to the remnant of the dying ce11. However, 

assuming tha t the overhang and uwm are gen~ne, they are caused by a 

strong surface updraftjinf'low "(see Figure 8) acco~ng ta Chisholm' s WER 

hypothesls (see Ohapter 2). In the simulation, though, the overhang is 

sim ply caused by the blonng out of precipl tation partiel es by the ·w8sterly 

mid-level lnf10w over the area of'~ surface updraft infiow. Note that 

Ch1sholm, in Figure 8, doea not indicate a mid-level inflow. In any ca.se,-

" 



i, 
r , 

~ 
J 
1 

1 
1 
\ , 
, 

• 

101 

the UWER is the smallest and shortest-lived enoountered Qy Chisholm in his 

case studies of severaJ. ha1lstorms and soon disa.ppears (al though an over

hang remains). The overhang, which is most obvious in the model storm at 

later times, ia an often::'reported feature of stoms (for example, the 

Wokingham storm reported by Browning and Ludl.am, 1960) and appears as well 

in the 2D simulation of Orville and Kopp (1977) for reasons similar to 
) 

those given above for the model overhang. 

The observed ~mum reflectivity (over 6,5 dBz) is found near the' top 

of the storm a t 5 km in Figure 7b and lower down, near 4 km height, in 

Figure 70, while 1n the model storm, the maximum reflectivity (59 dBz) 1s 

located near the center of the storm 1n the updxaft core at the 4 km leve1 

in each section, and i6 smaller in magnitude. Precipitation has not yat 

reached the surface in the model simulation but doea so two minutes later. 

]oth observed and model storms have storm tops, defined as the maximum 

height of the J5 dBz contour, near 6 km. 

Comparison of the horizontal radar structurés is 

the interference from the deoaying celi (Figure .7a). 

rery difficul t due ta 1 P 
However, there a,ppes.J 

, . 
to be some similarity in the echo outlines ofJigure·7a (Jo or ).,5 km e1eva-

tian) and Figure 15f (4.75 km level) • 
\ 

'6~1.2 Mature stage (Figure 9 and Figures 17b, c, e and,f) 

The model. and obse:r:ved storms at the mature stage are slmila.r in 

severaJ., respects. ,It should be rem~jber~d that the scale of the h?rlzOhtal 

ax, (x 'and y), is not the sa.me as that of thè vertical' (z) ,axis in Figures 

l?b and c due to the difference in resolution, w~le the scales are equal 

+n Figures 9b and. c. Equal.izing the vertical ta the horizontal scale in 

Figures 17b and c wauld give the model storm a vertlcally cO,mpressed, 

! 
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1 

f , 
; 

,1 
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l 
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squat appearance, more l1ke. the observed storm 1n Figures 9b and c. 

,'" The radar overhang, or bulge on the southea.st side of' each storm, is 
. ! 

stUl ev:ldent. The a bserved storm has grown ta a height of' 7 km, is w{der 

in the direction of storm motion (Figure 9b), and has a large area of pre-

c1p1tation at the surf'ace -- 9 km wlde ln the direction of' motion. Some 

remaining precipitation from the prev:lous cell may still be contributing to 

low-level. reflectivity. The model storm top has reached 9 • .5 km while th~ 

precipitation area ai: the surf'ace ia smaller and more circular than that of' 

the observed storm, roughly {> km w1de in the x direction. The maximum ra-

flectivity in the obaerved storm is higher (>6.5 dBz) than that of the model 

storm (62 dBz) and the region encompassed by the 6.5 dEz contour in' the ob-

served storm covers a l.arge area, equi valent to the area enclosed by the 

.50 dBz contour in the model results. 

Other simil.ar features include the verticali ty of the storms and high 

reflectivity gradients on the mid-level. inflow side with weaker gradients 

on the opposite (ov~rha.ng) side (most evident in Figures 9b and 17b). The 

maximum model storm width (10 km) agrees wel.l. with observation. Ref'l.ectivi ty 

values at the surface are greater than 6.5 dBz for the observed storm, but 

oIlly greater than .50 d.Ez for the model. storm with severa! zones of higher 

reflectivity'.<>60 dBz) l.ocated between the surface and the 6 km height. 
~ 

The level. of the point of maximum reflectivi ty 1s alightly lower in the 

lower 'modal storm, indicating that perhaps Figure 9 represents a more ad

vanced, dissipating stage (i. e. later than the time of maximum upd1:a:ft). 

6.1.3 Dissipating stage (Figure 10 and Figures 18b, c, e, ft gt h) 

Both observed and model storms are now decaying, aJ.though their' re-

flecti vi ty structures have become, qui te disslmilar. The appearance of the 

: 
l 
i 
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obeerved storm at this Ume (Figures lOb and c) indicates a more "cJ.aseicaJ." 

dissipation. The storm top has fallen ta 5 km and has flattened out. The 

region of maximum refiectivity (>6.5 d.Bz) has descended to the surface as 

the last of the heavy precipita tian fal~s out (the remaining updra:ft, if 

any, Is too W'eak to support the remalning precipitation, whlle precipi ~tion 

formation and growoth have ceased). There Is a ~arge area of low reflectlvity 

gradient and the overhang an the rlght side in Figure lOb is ~ess eVl.'àent. 

Note the small bulge in the storm top (on the right in Figure lOb) enc~ôsing 

a reflecti vi ty maximum, and twa :re maxima are pres~nt at lower levels. 

'L'he storm in the vertical plane perpendicular ta the s1;orm motion (Figure 10c) 

appears "pinchedn around the 2 km level and is much narrower and more verticaJ. 

in this plane. 

In contrast, the model storm iepicted in Figures 18b a.nd c still bas 

a taU. rounded top at about 9 km (Which eventua.lly descends to 7.8 km at 

53 minutes). Al though the maximum vertical velocity for the storm has de

creased ta only 3 m s -1, updrafts still extend quite high Inta the storm, 

w1 th Wma.x between 6 and 7 km in height. This, combined w1 th the cont:tnued 

conversion (at a reduced rate) of ice/snaw to graupel at higher leve~s, 

ma.intaina the main regio~ of ref1ect:1.~ ty (Ze > 50 dl3z) above the surfaoe 
. . 

and covering an extended depth in the a tmosphere. There ia, however, a 

sma1ler area of Z >.50 dBz at the surface evident in Figures l8b and c. e , 

. The model storm in the x-z plane (Figure 18b) still hae an overhang 
o \ 

on the east side, which containe a.' reflectivity max1mum.. The "overl:lang" 

on the west side is caused by the incorporation of the precipi tation.'f":;rom 
\, 

the smaller ceu and thus bas no counterpa.rt in the observed storm (Figt.U:e 
~ 

lOb). The y-z vertical section of the môdél storm (Figure 18c) shows no 
" 

1 
\ 

l 
1 
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" mid"7l.evel "pipching" of the contours as in Figure 10c, but the storm ls 

~ower and more vertical in this plane tha~};tth~; x-z plane (Fi~e 18b). 

~iIll1flar differ~nces between the model. and observed storms are also 
t.-: . 

'-..,. .... 
evident in the horizontal sections (Figure 10a and Figures 18e, .. , g, h). 

The precipitation area at the surface in the model ia sma.ller and more 

circular than the elongated, elliptical zone 1f surface precipitation as-

sociated with the observed storm. At higher levels, though, bath observa-.. 
tian and. nrdel resuJ. ta lndicate rather ell.iptlcal. patterns of radar 

renectlvity with the major axis oriented closer to the direction of storm 

motion. 

It appear~ then, -Ebat at tl'ûs time, as at 31 minutes, the observeS. 

storm i8 at a later stage of dissipation than the model storm. If this ls 

the case, the simulation could be extended past 53 minutes to pro vide sec-

tions ai later times which might compare better with o~tions of de
i 

caying storms. Another posslbility ls that the dissipation process ln ea.ch 
- . 

storm was different. ~ This could be due to the microllhysical :pa.ra.meteriza.-

tion or other factors discussed later which might lead to slgniflcant 
J 

, d \ 
di~ferences between the model an observed _storms. 

, 
, The observed storm produced hall at the surface between 0.5 cm (pea 

, 

size) and '2.0 cm (grape size) in diameter. whlle the mean graupeJ. diameter, 

produced by the model at the "surface was only 0.,195 cm, ,Possib1.e reasons 

for this d1f~èrence are discussed l.a~er. 

6.2 General commenta and additional compax1aons 

In general, the' modal managed to s1mulat~ a '~ealistlc hallstorm W1 th 

fea.tures found in botl\0bserved storms and other numerica.1. cloud modeis. 

The" ~ea.tUr~ which agr~ w1.th the "obs~rved' storm have been, mentloned above --
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the overhang, certain aspects of the reflectivi ty aontours and the vertical 

structure a,f the storm. There are other featurE;ts as weIl, which cannat be / 

compared with ~he observèd stOI1Jl (as the data. was not avallable), that 

were we!l-simulated. Among these are thé important microphysics-dYnamios 

interactions sllch as the influence of the condensate and the associated 

phase-change processes on the flow, pressure and t.emperature fields. For . 
e:x.a.mple, the e~porative cooling, downdraft, and surface high pressure in 

connection with the falling precipitation were realistically slmulated. The 
, j 

vertical velocity profiles generated in the simulation, with the updraft 

eventua.lly overlying the downdraft, were similar to those found in actual 

storms and '!Sed in simple 1D (kinematic) cloud models. 

Many of tnê~e model fea tures were also found in the two-dimensional , 

simula'tion of a hailstorm by Orville and Kopp (1977), referred te in' 

'" Chapter 2. Among these were a substantial overhang, evaporative cooling 

and the orientation ot: the updraft and downdraft. The breakthrough of a . 
mid-level inversion in their so.unding, as in the present study, proved to: 

be an important turn:fng point ip the devalopment of the. storm. Their simu-

" 
lation as weIl failed te produce a weak echo region (WER). 

One of the goals of this research was to glve added',reallsm to a nu

me:d.cal simulation of a hailstorm by us1ng threé' cH.mens1pns. To see the' 

'" effect of the third dimension, the 3D run will now be compared ta a 2D run 

which used the same data (i.e. the onlY,difference wb Hs two-dimensionallty). 

; 
. 

, 6.;3, ,Comwison W1 th a 2D run 

q~ Figures 17b a.nd 19 show equiva.lent verticaJ. 

1 
~ 
-j 

cross-sections of radar 

1 reflectivit;y and flow (in 'the x-z plane) for the 3D and 2D simulations 

respecti valy a t 31 minutes. Both stoms developed in a similar manner, l 
r • ~ 

, ,~ 1 
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both being essentiaJ.ly vertical., moving in a southeasterly direction, and 

exhibiting the radar overhang on the east (outflow) side and a high -reflect
t? 

'ivity gradient on the opposite (inflow) side. However, the 2D storm ia 

sma.ller than bath the 3D and obeerved. stom and less vigorous, rea~hing OlÙ.y, 

7.5 km 

storm. 

(closer te the observed storm top) 90mpared to 9.5 km for the 3D 

-1 Maximum vertical veloc1 ties in the 2D storm reached only 7.1 m s 
"1' 

at 28 minutes and at 5.8 km height while the maximum for the 3D simulation 

occurred at a similar time, but ws higher (7.8 km) and more than tldce the 

magnitude (14.4 m s -1), a more realistic value. (Chisholm, using a loaded 
" ~. 

moiet ad.1.aœtic (LMA) parcel theory, calculated w to be 16.4 m s-l for max 

the sounding used.) 
- -,~ 

This difference had a large influence on several impo~-

tant storm features and parameters in the 2D simulation. For example, there 

is only a slight oscillation in the flow and no correspondingly ~mall cell 

is evident in Figure 19. The 3D storm was -able to penetrate the -35°C 

(glaciation) level, creat1ng a substantiaJ. ice cap and thereby releasing 

latent hea.t high in the storm, aJ.lowing the storm top to reach a high level.. 

The 2D storm, however, was not able to significantly :genetrate the level 
\..-> 

(3'f glaciation. 

The connection between the maximum updraft (W'IIlaX) and the graupel/hall 

size (or content) at the surface has been mentioned in Chapter 2 wi th 
.; 

- \ 

reference to the work of Ianielson ~.!1. (1972) and Dennis and Musil (1973). 

A strong updraf't creates more liquid con~ensate whioh, along with the lee 

content, ie suspended for a longer t~me aJ.o~t, aJ.lowing' ice/snow and gra~pel 

to grow to larger sizes through liquid water accretion before they become 

hea.vy enough to fall through the updra.f't., There appears to be a def'ini te' 

connection between w and the maximum graupel (and rain) content at the max ' 

surface in bath the ZD and 3D runs. In bath runs, the lnaximum graupel and 
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! 
! 
J 
t 
! 
\, 

1 ' 



l', ' 

108 

nln contents at the aur.face (and hence the max1mUlll graupeJ. mean diameter 

t0 occurred neir or at the time of Wmax (see Figure 13 for ,the 3D run). 

Also, the point a t the surface where the graupel maximum occurred wa.s 10-

cated directly below the point of w The 3D storm, wlth w = 14.4 ma-l, max max 
. 1 -

produced a maximum graupe1 content at the surface of 1.4.5 g kg- (D = 0.19.5 cm) 

whUe the 2D st~rm, with w = 7.1 m a-l, oruy produced gra.upel of 0.25 g kg-l max ~ 

(li = 0.01 cm) maximum content at the surfa.ce. The maximUlll rainfall rate at 

the St.urf:9 was 36 mm hr-1 for the 3D run and oruy 21 mm hr-
1 for the 2D 

run. Th the third. dimen~,lon ie Seen to give a higher. more realistlc w max 

which rects the maximum precipitation content and size. 

, In conclusion, although the 2D storm was closer to the maximum helght 

of the obaerved storm, the 3D simulation produced a larger, more Vigorous 

storm which came closer to simulatlng such important (observed) storm 

fea. tures as sto~ width. rna.itmum radar reflecti vi ties, and maximum graupel. 

size at the su;face. 

Table 3 sUmmarizes the comparison of the features of the observed staDn, , 

the zn storm, a.nd the 3D storm. 

,,\ 

.. 
o \ 

,,' 

. , 
1 
l', 

, " 

.; 

...... ~~--~-, 
_: _ ~ ~ '~,~4. .• ""'4' ':--: ~:~. < 

1 , : 

t 
! 



, , 
~,1 ~~~1!'~"""",Jt'I' ~~"1"'l"~m_""'--"''J,I'''''''_'''' ... 'T""""",,;ooo_'''"-"'_r .... -f'O~_'''~ ____ ~'''' .l'''~'. ~""''''''~~~'~l''<l'~,,,,,,,,,;t~_'ri''''''-~'''''!J'.'..L' 

. 

(~ ) 

~ 
1 ' 

;-

, . 

• 
109 

Table; 

-observèd 
Feature Storm 2D Run 3D Run 

Motion southeast southeast southea.st 

Max. horiz. dimensions 10 km x 6km ,8. km ' 10 km x 8 km 
(length x width) 

Max. storm \op 7.8 km 7.5 km 9.5 km 
(.35 dBz) and tempo .(-.3700) (-.3S00) ( -.50°0) 

Orientation vertiœl vertical. vertical 

Cloud œ.se height 2.1 km 2.) km 2.3 'km 
and tempe (.3~l°C) (3.5°C) (J.SOC) 

4 -
1.5 g' kg-~ ...:1 Max. cloud water 1.8 g kg 

Max. graupal content 6 -1 -1 -- 1. g kg -1 . 2.9 g kg-l 
... - at surface 0~25 g kg 1.4 g kg 

Max. graUrel' diameter 
0.19 ·Ctl1 ~r,g~ 0.2 cm Ch) (and type 

-- at surface grape (2.0 cm) , 0.01 cm 19 0.195'cm (hg) 

• Max. rainfall ra te 21 mm hr-1 36 mm hr~l 

Max. radar reflectiv1ty p5-79 dBz 58 ctBz 62 dBz 
'-, 

Prec1pitat~on area 63 km
2 )0 ~2 

an~ shape '. 
ell1ptical eO.1ghtJ.y 

ell1ptlcal 

Max. updraft 16.4 m s-l -1 ' 
'14.4ms-1 7.1111s. 

(cale. from 
IJMA modal) 

Radar overhang yes yeE! yes 

W'eak Echo Region (WEB.) poee1ble* no no 

~ , 

* very smaJ.l and oruy evident in devel.opi'ng stage w~en,(1Œ'e:;ous 
cell interferes . '. 
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6.4 Differences batw~en modal xesults ~ observation. 
possible reasons and suggested improvements 
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So far the emphasis has been on the similari ties between the resul ts 
. ('" 

of the 3D numerlcal simulation and the observed storm. In this section, 

the differences mentioned in Section 6. 1 will be examined and improvements 

suggested. In the first part of this section, the m1crophysical parameter-

'" 
ization of graupel will be cri tically examined while the second part will 

focua on reasons apart from the parameterization which could be responsible 

for discrepancies between model results and observation. 

6.4 .. 1 MicrophYsical parameterization of graupel 

The m,ethod of modeling graupel in a cloud model ul timately influences 
, 

the transfer rates (processes), the other forms of condensate (cloud, ,rain, 

and ice/snow), 'and the model storm features.' It ia natural, then, to 

examine the.assumptions inher~nt in the graupel parameterization when in

vestigating the failure of the model ta aimulate certain features of a.n 

actuaJ. ha.ilstorm, and to suggest possible improvements. 

Assumptions, sometimès gross, must be made when employlng bulk water 

~crophysics. As described in Ohapter,) (Section 3.2.).1), graupel is as

sum~d to follow an inverse' exponential size (diameter) distri butten, 

characterized by sevexal distribution parameters (À, N ,Nt) from which og g . 

such "characteristic" parameters as Mean mass (m), mean diameter (n), and 

fallspeed can be calculated. These pa.ra.m.eters are then ueed to calculate 

the differênt graupel processes. Thus, for each grid volUMe, a distribution 

of many particles in that volume ls represented by "mean" quantities and a 

set of slope pa.ra.meters derived from the graupel mixing ratio. To specify . 
( 

the distribution at a point, one of the parameters (N , Nt or À) must be , og g 

:specified externally (set constant) and in the scheme used here, the total 
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. ',j 
nvmber concentration of graupel paxticles (Nt ) ,iB sp'ècified. • g 

\ 
Of course, 

in a real storm, graupel partlales do :q.ot follow an exact exponentlal dis-' 

c trlbution, but if they did it would be unreallstic to assume that one of 

the slope parameters would not vary wi th time. Thus, difflcul tles are 
• 

encountered when a particula:r parameter Is assumed constant. First of all, 

there iB the problem of choosing a value for this parameter based, hopéfully, 

on observation. Often, as ls the case for graupel, there are few m~sure-

ments of these parameters and the few available give different values for 

different storms. Faced with this dilemma, the best that can be done ls ta 

use an average value or a: value appropriat~ for the storm to be modeled. 

In choosing the latter, the results can be made to be in better agreement 

with observation simply because an assumption was made based on the ,obser-

vation. .. 
For example, in the scheme used here, Ntg was set to 

highest value ln the ~~ of~ues glv~n by ~bservation. 

il 
l 

10-4 c~-3, the 
1\ 

From equatlons 

(22) and (23) lt can be seen that for a glven graupel content, the mean 

diameter D and rnean mass m will be much smaller than 'those obtain~d if we 

had chos~n a lower Ntg such as 10-6 cm-J (still wlthin the range of ob-

served values). By choosing a high Ntg , the size and mass of the pu-ticl.es 

-4 -3 are baing l1mited to low values. Quantitatively, using Ntg == 10 cm 

(high) and a graupe1 content of 3 g kg -1 a t the 2 Ion level will gi ve a mea.n 

. diameter of 0.2 cm, while using N
tg 

= 10-6 cm-J (low) the same graupel co~ 
"-

tent yields a mean diallleter of approximately 1.0 cm. Of course, depending 

on the ,value of Ntg chosen, the representative fall velocity, radar reflect

lv1ty and graupel transfer rates would vary considerably as well, Thus it 

,would seern that a high N
ts 

would be appropriate for modeling highly conce~ 

trated light graupel particles and a lOW~tg would be more appropriate for 

1 , 
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repres,enting more disperse, larger, heavier hallstones, as Jlentioned in 
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Chapter J. Both types of particles are present, however, in Most hail

storms. Stephens (1979) attempted to model bath graupel and haU in hie 

"graupel" classification scheme (see F-igure 2) by simply using different 

particle ~enei tiee, but" by specifying a.,constant Ntg' he wAs aesentially 

lim1ting himself to one or the other. 

In additton to the assumptions inherent in choosing a value for Ntg is 

, the assumption that N'tg remains constant. There are processes in nature 

that would tend 'to sign1ficant~y al ter Ntg as weIl a~ the graupel mixing 

ratio at a point. Such processes as melting and horizontal advec~ion 

should reduce the number concentration of graupel partiales by el1m1nating 

the smaller partioles first while fallout of the heaviest partiales should 

leave fewer (smaller) partieles behind and perhaps increase Ntg at él; point 

b9J.ow. 

One way to improve this aspect of the schema would be ta allow Ntg to 

, ., vàry. An obvious choiee would be to change Ntg to a vaJ.ue appropria te for 

hat+ (10-6 cm-3) whan the Mean mss (m) puts the graupel content in the 

"ha:ll,j sub-class while using the higher value (10-4 cm-J) for tha "light" 

and "hea.vy" graupel sub-classes. This would give much higher fallspeeds, 

Mean diameters, and reflectivities for the "hail" points, which should 

better simulate the observed storm reports of large haU. This was at-

tempt~d but the resul ts were not successful. This is because two different 

types of particles with very _differen~ characteristics were being modelad 

in the one "graupel" class. This meant that a "hall" point," with the as

soclated high terminal fallspeed (~30 m s-l), could be IQcated directly 

above a point wi th a sim11ar graupel mixing ratio but falling into the 
. ' 1 

"heavy graupel" sub-class wi th a much lower fa1lspeed ('" 10 m s - ). When 
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1 ) 
the program attempted to vertically advect he graupel cdntent, the discon; 

tinuity 1n the graupel fallspeeds with h ght led to local1zed canters of . , ' 

l ' , 
i very high graupel' content and the result was time-decoupling of the solution. . 

) '(The graupel content at a level WOuld osclllate ~stically with each time r. 
step as the solution at the even time steps had separated fram the solution 

at odd time steps.) Thus lt was decided that Ntg,should remain c~nstant 

for each sub-class. DU!3 ta the high fallspeeds (which made sma.ll time steps 

necessary to avoi~ numerica1 instability).and the excessive reflectlvlties 

(",ao dl3z) associated with the "hall" value of Ntg (10-6 cm-J) it was de- • 

cided to use the higher "graupel" value (10-4 cm-J), keeping in mind that 

this would give much lower maximum (mean) graupel diameters and reflectiv1tles. 

This expla1ns why the model maJd.mum Mean diameter ls orùy 0.2 cm ("ha.1l" 

sub-class) compared ta observed stone' diameters' of 0.5 to 2.0 cm. It 1s 

s1mply the choice of Ntg as diecussed a~ve which limits this pa.ra.meter. 

(A choice of 10-6 ~m-3 for,Ntg' giyen the same maximum graupel content, 
• '1.. 

would have gi ven a maximum Mean diameter cloaer to 1 cm.) 

Another alternative would be ,to allo~ N tg to vary internally, 1. e /' let 

Ntg be a continuous function of the graupel processes (such as mel ting and 

advection) tha.t would al ter the partiele concentration. HO'l'1ever, this would 

involve ca:rrYing Ntg ,and recalculating i t at each point and time step (as 

done by Koenig and Murray, 1976), a~ng to the comPlexity of the scheme and 

to the ~ecution t1me. Qa.rrying Ntg would, though, allow such Ntg -al t~rig 

processes as lce multiplication (sp1intering) to be incorporated into the 

model. The three graupel sub-classes could then be el lm1 na. ted or kept. If 

the~were kept, the number concentration as well as the graupel content 

would- determ1ne the Mean mass or the appropria te sub-class. 
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Another improvement would be to use a bulk water scheme similar te 

that emptoyed for snow, i.e. assume an inverse exponential distribution 
# 

where aU the Blope pa.:ra.meters (N ,Nt' À) are functions of the grau pel - og g 

content. To do this, however, more information i5 required such as a re-

lationship between the g;ra.upel fall rate and the gra}lpel content (like 

equation (11) for snow) but no, such relationship for graupel wa~ available. ' 

Probably the best choiee would be to make two or three separate and 

distinct classes from the three subclasses to modal bath graupel and bail. 

Each class would contain a unique iee partiele distribution whieh could be 

distingulshed by a different particle density and/o~ number concentration 

( ei ther constant or va.rying). The means of in! tia tion could determ1ne into 

which elass the graupel content at a point would fall. For example, iee 

parti cl es initiated from ice crystals might be classified as iow-densi~y 

graupel while partieles arlsing from drop freezing would fall into the 

higher-dens1ty heavy ,graupel or hail class. Thus , 'light graupel, hea.vy 

graupel and hail could aU be present at a given point, an imposslbili ty in 

the present scheme. 

The altérnat1ves suggested above would all add complexity to the scheme 

and increa.se execution time (already very long). H~wever, the added realism 

of the resulta achieved by one of these modifications might justify the 
D 

extra. work and Ume involved. It ls ,elear, though, that the bulk wa.ter as

pect m~t be reta.1ned for ~he graupel parameterization in this cloud modal 

'if execution time i6 to be kept within reasonable limits. 

In general, the graupel-related processes were well simulated. Of all 

the pro.cesses, the conversion of snow erystals te graupel ls pro1:ably the, 

Most important, as It ls the main source of graupel whlch, in addition to 

depleting large amounts of cloud water, Is the main source ,of min water. 

.~l--------........"",.," ____ __ 
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It is this process, however, that could use so~e modification (as suggeated 

in Ohapter J).' In the present formulatlon of this process, the entire 

lce/ snow content at a point is transferred ta graupel when the median 

volume diameter, D i (calculated !rom the ice/snow content), reaches a 
,0 

specified threshold value. Thus initial graupel contents at converslon 

points tend to be quite large. This ls perhaps too gross an approximation . ~ 

of the actua.l conversion of ice/snow crysta1s into graupe1 parti cl es in 

clouds. C(;msideration should be given to the mode of crystal growt~. For 

example, a crystal can grow ta conversion size through vapor deposition 

whil e retaining Hs crystal nature (i. e. 1 t cannot be call ed gra upel), whil e 

"\ ice crystals that have malnly grown by the riming of cloud water cou1.d be 

ca1led "graupe1" even before they reach conversion size. Thus, a distinction 

sim1lar ta that made' by Stephens (see Chapter 3) should be made when trans

ferr1ng 10e/snow mass to grs.upel masse He made this distirnction by using 

a ~ of conversion œ.s~ on the rate of crystal rim1ng. If the Mount of 

arysta1-rim~d mass exceeded a pre-specified fraction of the·snow mix1ng ratio,' 

the entire snow crystal content at a point was, converted ioto ~upel. In 

addi tion, a "mass conversion threshold" for the ice/snow content was set 

and any loe/ snow content in excess of this threshold was converted into 

graupe1 (rega.:rd1ess of phe method of 10e/ snow growth). 

Another alternative would be, given a snow distribution, to convert 

only the MSS contained in those crystaJ.s whose diameters are' greater than 

the éonversion diameter' (as suggested by Stephens). However, w1 th the 

present ioe/ snow scheme, this would al ter the distri bution ~n auch a way as 

to unreallstically increase the number of smaller snow crys~s (see 

équation (12». Other possiblli ties inolude experimenting wi th the valUé 

of the conversion diameter or uaing separate classifications for rtmed 

i , , 
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crystals and large, insign1f1cantly ll'imed crystals or crystal aggregates 

(snow) • ili th improvements to the conversion process, which was pa.rtly 

responsi ble for the differences between the model and observed storms in 

the dissipa.ting stage referred to in Section 6.1.3, it is expected that 

the modal resul. ts will be in better agreement with observation. 

Ta conclude, the microphysical pa.ra.meter1zation used in this cloud 

mode1 gave acceptable resul. ts but wi th some modif1ca tions and Il fi ne-tuning " , 

especial1y those mentioned above, it could be improved. 

6.4-.2 Additional s ested reasons for model-observation difference 

The most likely cause, apart from the microphysics, for the differences 

between the model and observed storm is the model storm environment. To 

bagin with, the limited domain combined with the somewhat unnaturaJ. (lateraJ.) 

\ per10dic boundary conditions already places unrealistic restrictions on 

storm growth. A Way to improve this is suggested in Chapter 7 as a possi-

bili ty for ·further work. In addi tlon, there are uncertainties in the initial 

conditions as gi ven by the sounding (Figures 4- and 5). The sounding, 

taken 70 km away from the storm site, ma~ not be entirely rep~esentatlve 
, 

of the actual conditions at the storm site. Also, due te uncertaintles in 

:he' sounding above the 350 mb level in the closeat radiosonde sounding 

available (given 'by, Chisholm, 1970), a sounding from Edmonton" 206 km away 

from the storm, had ta be used to gi ve ,the temperature and humidi ty profiles 

above that level. The atmospheric sounding ls used to give the initial 

(baSic) state for the model and is thus very important in determining sub-
. . \ 

sequent convective deveÎJ.opment (as la, to a 1esser extent, the humidi ty 

impulse used to ini Ua te convection). Therefore, any tmcer~nty in the 
[t 

sounding should be considered. 
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J ~ .... 
Ii. ls possible as well that the environmentaJ. conditions' at the 

, 1 

dissipa. t'ing stage of the storm. 1 s development wera signiflcantly al tered. 

:t'rom the in! tlal sts. tEt by bath the storm proceeses and the moti'on of the 

~ lnto a new environment. The œsic sts. te env1ronment, for the modal 

Yorm, however, does not change for ~e duration of the simulation. 

Fina.lly, ~t should be remembered that Chisholm (1970) gave only three 

radar "snapshots" of the observêd storm and these were only from, one cell 

of a mul ticell storm. Thus, an attempt was made to pick three correspbnding 

times from the modal. results. It 1e conce1vable, though, that other times 

!rom the observed storm. may have compared better with the mode! sections. 

It should also ~-recalled that the ~rlentat1on of the vet'tical. ~ross- , 

sections presented for the model resulta was not exactly equivalent to 

tha. t uaed by Chisholm (as expJ.a1ned in Chapter 5). This could gi ve rise 

to apParent differences between the modal and observed storms~ 
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SUMMARY AND CONCLUSION 

7.1 Summary 

For the realistic simulation of' a bailstorm, a 3D numerical cloud 

model Wi1. th full ice-phase (ice, snow. graupel and haU) is ne,cessary. By 

necessity. the microphysics should be as simple. yet comprehensive. as 
,. 

?<,ssible to keep comp~ty and execution Ume to a mimmum. The purpose 

of this research wa.s to simulate a hailstorm by adding a graupel parallletEl!'-

ization to complete the microphysics of the Steiner-Yau cumulus cloud 
1 . "-

model. The bulk WB. ter pai"a.meteriza tion of g::œupel' suggest'âd by StePh~s 

tf979) ~~s considered adequate. a~d sa, wi~~ sorne minor mQli1f1cations, ,t 

lias a.dded to the cloud 'pl(~del. 
~ 

This parameterization scheme a~sU1lled that graupel orlginated as frozen 

rai'ndrops and rlmed ice :crystals and followed an inverse exponential size 

distribution character1zed ~ a constant number concèntration. The graupel 

con~ent at a poïnt determ1ned wbat sub-class partiele represented the 

graupel distributionl light graupe1, heavy graupel" or bail. The assumed 

partiele dens1 ty and fal1speed va.ried accordingly. The. graupel content 
,. . , 

coulc;l grow by vapor deposition and collection of cloud and rainwater, and 

was dépJ.éted ~ mel. t1ng~ sublimation and fallout. 
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A hailstorm' was simulated in a 32 x JF x 12 km domain w1 th grid 

lengths of 1 km in the horizontal and 0 • .5 km in the vertical. 'l'he vertical "', 
boundaJ;ies Were rigid and free-slip, whlle lateral boundaries were assumed 

periodic. Initial conditions (œ,s1c state) were given by a real sounding 

taken near the observed storm used for comparison purposes and given by 

Chisholm (1970). A satutated parabolic humid1ty impulse at the center of 

the domain 1ni tiated convection and .53 minutes of storm. life were simulated. 

A large, essentia.J.ly vertiCal. storm wi th lce/ snow, rain and graupel 

was produced which reached its max1mutll: intensity at the 31-minute mark. 

Graupel arose mainly from 1ce/ snow conversion and grew by rtming and depo-

sition. Tlie ~in regj.on of graupel growth and formation was orlented ver

tically along the main updraft (ri' ) axis. Mel,ting of graupel produced a max 
~ 

large amount of rain below the OOC l.evel"r The fallout of rain and graupel. 

produced a downdraft which cut off thé updraft higher up and this, along 
l 

with the depletion of cloud by iee partiele riming and evaporation, caused 

the storm ta disslpate. The interaction of the flow with the storm created 

f 

a marked overhang on the outflow side of the storm', a feature whioh persisted 
< , 

for the dura.ti~;:Y>f the run. The effects of condensate on the temperature 

and ~essure fields and on the flow (i.e. the microphysics-dynamics ïnter--actions) were particularly weIl slmulated, such as the region of 0001 

sinking air and high pressure balow the cloud base associa ~ed wi th the evapo

ration (and melting) of precipitation as it falls ta the ,surface. Maximum 
, 

-1 ' -1 graupel contents rea.ched 2.9 g kg in the storm anf 1. 45 g kg a t . the 

sur:f'ape at the time of' maximum stofiil-ln Hy (Wma.x}J. A maximum ra.inf'aJ.l 

nte of 36 mm hr-1 was produced by' the melt1 graupel at the sa.me Ume. 

The maximum reflect1 vi ty of 62 dBz Wa.s conn ted w1 th the grau pel maximum. 

The storm grew to ma.:rlmum dimensions of ~O ~ 8. km ,by' 9.5 km~ Res tri ct-
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ing the simulation to two dimension(resulted,,/a smal.~er, less' vigorous 

storm wi th ~orreapond1ngly small er maxima. (w t gra.upel train, etc.). 

The resul te were compared to a storm reported by Ch:Lsholm which pro' ... 

duced hail of up to 2.0 cm in diameter and maximum reflectivi ties between 

65 and, 79 dBz. Bath model and observed storms were essentially vertical 

and exhl bi ted radar overhangs. They were b:>th oÏ simllar (horizontal) 
, ~ 

dimensions, had cloud, œ.ses at simi1ar levels, and traveled in the same 

direction. Elliptical radar echoes in the horizontal were evident in the 

observedW'd model stoms. Differences in reflectivity maxima, maximum 

~upel ~eter at the surface, maximum storm top height, and dissipation" , 

between the modal and observed stoms could, for the most part, be explained 

by inadequacies of the microphysical'pa.ra.meterization and differ,ences in 

,real. and model atmospheric conditions. 

Suggestions were made on how to improve the existing' parameteriza. tions. 

Partic~~ criticism wa6 focused on the method of representing graupel and 

the conversion of icejsnow te gmupel. It was determined that to properly 

modal bath graupel a.nd haU, à single partiele cat~ory '("graupel n
) with one 

constant representat1ve total partiele concentration' (Ntg) i6 not su;'ficient. 

Ei ther N tg sho~d be allowed to vary 1nte~ly or two or more separa te 

œtegories should be used, each with an appropriate N'tg' I~ was also de

termined t~ t the growth m~de of ice/snow, sh~uld be oons1dered when oonvert

ing ice/snow ta gra.upel. In ~ddition, a graduaJ. or partial. conversion of 

'the ice/snow content at a point Has oons1ùer~d preferable to the conversion 

of the entire content. 
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7.2 Conclusion 

The Steiner-Yau" 3D CUl'lluJ.us cloud mOdel, wi th graupel· microphysics 

added by the author, represents an invaluable tool in the attempt to better 

understand, simulate, predict, and control storms. At the' least. the 
'1 -----) \ 

present model' provides an excellent starting point 02' œ.se for further work 

in numerical storm model1ng. In its present state, the model faithfully 

and realistically simulated the general dynamical and microphysical ~C:' ... ,,, 

teristics common to large stOrDiS using relatively few (microphysical) 

equations embraoing, :1.n a simple manner, most of the important preoipi tation 

processes. ThE1 use of three dimensions elim1nates the restrictions imposed 

by one- and two-dimensional models, and gives added realism to the results. 

Wi th the i~rovements suggested in Chapter 6 and the next section (7.:1), 

the' model should be entirely adequa te "for the variety of uses suggested 

in Section 7.3. It ia the hope bf the author that i twill bE) impxoved and 

eventuaJ.ly ll;sed to aid in the study of that fasolnating display o"f 

atmospherl0 violence, the hailstorm. 

~. 

7.3 Suggestions for further work ~~~ 

1. ~s mentloned above, the gra~niêt;~lon should beidif19d 

so as to better model bo~h gfâ~~d hall. This would involve a pr :ns10n 

for N~ ta vaxy lnternally and/or the addition of another class of onden~~,e 

02' any othér method tha t would more realistically' Ctl.stingu:1.sh between the 
'. 0[ , 

Clifferent categories of 10e partiales as defined in the introduction 

(Chapter ' 1) • The 10e/ snow-to-graupel converslon should be modified as well, 

to better simulate th1s important process. 
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-- ,2. To make the ice-phase paramete:r1za.tion more complete, the iee 

mul tipl1cation pr6cess and the wet grawth mo9.e for graupel/ha.ll could be 

inc1uded (as diseussed, in Chapter 3). 

3. The present model has only been used w1 th one sound1.ng and com-

pà.red to one storm, as reported by Chisholm (1970). . Many other sound1.ngs, 

with corresponding observations of the resulting storms, are ava,llable, 

not only in Chisholm' s 1970 thes1s but in other publications as well. It 
. 

would be particularly interest1n~ to run the model with ~oundî~t sho~ed 

strong wind shear and which were associated wit~ high-energy stoms exhibit-
~ 

ing such features as a pranounced bounded ~eak acha region (BWER) , an anvil 
'" 

and a tllted orientation. (The time' step, however, would have to be re-

ducèd to avoid numer1cal instabUity due ta the high ve10cities irivo~~-
In the process of s1mula ting different types of storms, the model eOuld be, 

"fine-tuned" 1 1. e. parameters and threshold val uea could be adjusted ,to 

gi ve the best resul ts for aU types of stonns. 

4. Apa.rt fram the microphysics, the area which 1s in the greatest 

need of improv:ement 1s the boundary candi tians. The surface boundary could 

be modified ta include the effects of pr~cipi::ation evaporation, surface 
, . 

-' -,:""'-)- h~ ting, and cloud shadow effects. The la tera!' boundary conditions should 

be changed from per10dic to all.ow for the 1nflow of addi tiona.1. heat and 

moi sture from outside the 'domaine This addi tional energy from outside 

the dôma1n might encourage the formation of mul ti-cel~ storms and would cer-

t.a1nly add ta, the real1sm of the madeled enviranmental candi tians", To 

a.void the -poss1bility of the storm moving out of the domain~ a. larger or 

\' moviIlé'i do.ma.in, might' be considered. 
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5. The present m.odal uses a large amount of computer Ume ta simulate 

-t' 
, 

only 53 minutes of storm time. This limi ts somewhat the addi tions/tha.t 

can be made to the model and i ts applications. Thus, i t would be worth-

whlle_ ta somehow "streamJ.ine" the program, mak1ng 1t more efficient and 

reducing the execut10n t1me. 

6. PracticaJ. uses 

" There are many practical uses for the model., The model could be used 

to predict severe storms and large' hall by s1mpl.y "feeding in" a g1ven (or 

forecast) radiosonde and observing the generated storm. By observing the \ 

actuaJ. storm and comparlng it w1 th the pred1cted model storm, addit10nal 

improvements could be made over a period of Ume 'ta, make the model foreeast 

more accurate. 

There 1s a large amount of research currently be1ng done in the area' 

of cloud seeding and hail ~uppression. Different control methode could 

f 
1 
,1 
J 
'" , ,t 
9 

~s:Uy be tested using t?e cloud model before they are applied to real l' 
alouds, ~ sav1~ Ume and mon~ and hopefully 'prov~ding information ' .. 

on what 6thods are best and hOll they should be employed. ~ 
, 

In addition to the above uses, the model could also be uèed to examine 'î 

cloud ensembles, squall lines, muJ.ticellUlar storms, storm rotation, :Crontal 
~- , - ------ CI 

convection, and many other phenome~ co~ected w1 th claude and. storms. 

, " 

, -' 
'1 ' 



c, 

" 

) 

J. _ 

'1 

, ' , 

124 

Asai, T., 1965_1 A numerical study ~ the a.1:r:ma.ss transformation over the 
Japan Sea in winter. J. Meteor. Soc. Japan, ~, 1-15. 
• a, 

Assel~n, R., 19721 Jqequency fUt~r for time integrations. Mon. Wea. Rev" 
100, 487-490. 

Bigg,- E.K., 19531 The supercooling of' water. Froc. Ph:ys. Soc. London, 
B66, 668-694. 

Browning, K.A. and F .H. Ludlam, 1960, Rad.a.r analysis of a hailstorm. 
Tech. Note No. 5, Cont~ct AF61(052)-254, Dept. of Meteor., Imperial 
College, London, 109 pp. 

__ -=-_-: and " 1962, Airf'low in.-,ponvective storms._ guan. J. 
Roy. Meteor. Soc., 88, 117-135. ) 

Charlton, R.B. and R.J. List, 19721 Hail size distributions and accumula
tion zones. J. Atmos. Sei., 21, 2148-2152. ' 

Chisholm, A.J., 19701 Alberta Hanstormsl A Radar Study and Model. 
, Ph.D. thes1s, Dept. of Meteor., McGnl University, Montreal, 237 pp. 

_---"!~- and M. English, 19731 Alberta hallstorms.' A.M.S. Me~r, 
Monogr. No. 14, 98 pp. 

Cotton, W.R., 1972: Numerical simulation of' precipitation development in 
supercooled cumuli, l and II. Mon. \foo. Rev., lQQ, 757-784. 

~_~_..".' 19751 On paramatexization of turbulent transport in cumulus 
clouds. J. Atmos. Sc1. J .,E, 548-564. 

Daniel son , E.F., R. Bleck, and D.A. Morris, 1972. Ha.il growth by 
_stochastic collection in a cumulus model. .r;;J. Atmos. Sei., ~, 135-155 • 

..f 

1 ; 

\ 

f , 

, 

t 
·i 



----, --

, l 

, t 
i 

J 
t 

( 

, ) 

, . 

125 

Deardorlf', J. W., 1970. A numerical study of three-dimeneionaJ. turbulènt 
channel flow at large Reynolds numbers. J. F'luid Mech., 41, 453-480. 

__ -:-0_"":" 1972. 'Numer1cal.. :1.nvestigation of neutral and unstable planetary' 
boundary layer. :r. Atmos. Sei., ~~ 91-115. 

Dennis, A.S. and D.J. Musil, 197:31 Calculations of hallstone 'growth and 
trajectories in a simple could model. J. Atmos. Sei., 2Q, 278-288. 

Douglas, R.H., 19631 S'ize dist.ribution of Alberta hail samples. Sei. Report 
MW-36 , Stormy Weather G~oup, McGill University, Montreal, .55-70. 

__ ~_~', 1964. Size spectra of Alberta hail. National Conference on 
Physics and Dynamcs of Clouds, A.MlS., Chicago, Illinois. 

__ ~~~, 19651 Size distribution of Alberta bail samples. Sci. Report 
MW-42 , Stormy Weather Group, McGill University, Montreal, 43-48. 

Federer, B. and A. Waldvogel, 19751 
from a Swiss multicell storm. 

Hail and raindxop size distributions· 
J. Appl. Meteor., 14, 91-97. 

Fletcher, N.H., 19691 The Physics of Rainclouds. The Cambridge Uni ver si ty 
Press, New York, N.Y., 390 pp. 

Gokhale, N .R. and K.M. Rao, 19691 Theory of hail growth. J. Rech. Atmoe., 
l±, 1.53-178 .. 

Hallett, J. and S.C. Mossop, 19741 Production of secondary ice partic1es 
during the riming process. Nature, 249, 26-28. 

Hill, G.E., 19741 Factors controll1ng the size and spacing of cumulus 
. clouds as 'revealed by nuÎnerical experiments. J. Atmos. Sei., 21, 

646-673. 

Hindman, ID.ID. and D.B. Johnson, 19721 Numerlca.:). simulation of iee pa.x-ticle 
growth in a cloud of supercooled water droplets. J. Atmas. Sei., 
~, 1313-1321. 

Hi,tsehfeld, W. and R.H. Douglas, 1963: A theory of hail growth based on 
;studies of Alberta storms. Z. Agnew. Math. l?hys., 14, .554-.562. 

Jayaweera., K., 19711 Caleulations of' ies érystal growth. J. Atmos. Sei., 
__ ,_ 28,728-736. 

Jolies, R.F., 19591 Size di.si:.ribution aï iee crystals in cumulonimbus 
clouds. Quart. J. Roy.":Meteor. Soc., 86, 187-194. 

KessleI:, E., 19691 On the Distribution and Continui ty of Water Substance 
in Atmospheric Circulation. A.M.S. Meteor. Monogr. No. 32, 84 pp. 

, 

Knight, C.A. and N.C. Knight, 1970al Hailstone embryos. J. Atmos. Sci., 
,gz, 659-666. 

and 
--S:::""c""':i-.-, ,gz, ""66~7==--"'6'='71':"'".-

1970bl, Lobe structure of hailstones. J." Atmos. 

" " 

i 

i , 
• 

r ; 
, 
1 

t 
î 
l-
" 

, 1 

" 
" 
" 

~ 
i 

1 , 
~{ 

,j 



It 
i 1); 

i " 
'fç: 

C \ ~'" 
l 
" 
,~, 

'\ 
i 
\ 

" 
; 

r 
l. 
f 

, 
l, 

126 

Knight.;,C.A. and N.C. Knight, 1970cI The falling behavior of hailstortes. 
J. A troos. Sei., gz, 672-681. ' 

" 
Koenig, L.R., 19661 Numerical t.est of the, validity of the drop freezi:ngf 

splintering hypothesis of cloud glaciation. J. Atroos. Soi., ~, 
726-740. 

,19711 Numerical modeling of lce deposition. J. Abos. Sel., 
---:.?ê.~, ~226-237. 

, 
__ --,,.--_, 19721 Pa.ra.meter1za.tion of ice growth for nUmerical oa.1culatiorts 

of cloud dYnamios. Mon.' Wea~ Rev., 1.QQ, 417-423. 

__ -::-__ and F.W. Murray, 1976. Ice-bearing cumulus cloud evolutionl 
Numerical simulation and general'oomparison against observation. 
J. Appl. Meteor., 1.2, 747-762. ' 

____ ~, 19771 The rime-splintering hypothesis of cumulus glaciation 
examined using a field-of-flow cloud model. quart!. J. Roy. Meteor. 
Soe.., .1.Q2, 585-606. 

Lang! e ben, M. P ., 19541 The terminal vel~ci ty of snowflakes.. Q.ua.rt. J. 
Roy. Meteor. Soc., 80, 174-181. 1 

/ 
List, R., 19631 General heat a.nd MaSS ,exchange' of spherical ha.llstones. 

J. Atroos. Sei .. 20, 189-197. 

'" ___ --,..,.., R.B. Charlton, and_P.I. Buttals, 19681 A numericaJ. experiment 
on the growth and feedback mechanisms of hallstones in a one-dimensionaJ. 
stea.dy state model cloud. J. Atroos. Sei., ~, 1061-1074. 

LucU8:IIl' F.H., 19.581 The~ll problem. rNubila, l, 12-95. 

Macklin, W. C ,', 1962: The densi ty and structure of ice formed by accretion. 
Quart. J. Roy. Meteor. Soc., 88, 30-50.' ' 

__ ~_~, 1963t Heat transfer from hailstones., Q.ua.rt. J,. Roy. Meteor. Soc., 
2Q, 84-90. 

Manton, M. and W. Cotton, 19771 Formulation of approximate equations for 
modeling moist deep convection on the mesoscale. Dept. of Atmos. Sei., 
Paper No., 266, Colorado State University, Ft. Collins, Colorado, 62 pp. 

Marshall, J.S. and W. McK. Palmer, 19481 The distribution of raindrops 
with size. J. Apple Meteor. ,"2, 165-166. 

Ma.rwitz, J .D., 1972a: The structure and motion of severe hallstorms. 
Part Il Supereell storms. J. App!. Meteor., 11, 166-179. 

__ -:':"'~~, 1972bl The structure and motion of severe hailstorms. Part III 
Multicell storms. J. Appl. Meteor., .!l, 180-188. 

__ ~ __ , 1972cI The structure and .motion' of severe hailstorms. Part In, 
Severely shea.red storms. J. Appl. Meteor., li, 189-201. 



1 • 

, . 
~~~~"':"~~-. ........ .,..~ __ . ..,.~_""" ~~"~""~~/'ll'""",""'- ,·',""(~r~""""""'J'"~t9'.,.mo- F .... f'l'~ ~ ... ,~ ""","~~~.--.r~wr.--t'''~",-""""X '\,. 'W);" ......... ,." ... j,o:t<I-~_-'''''t'h, ' .. 'i ~~~ 

l', 

te , 
~ , 
i 
\, 
\ , 
l, 

1 
; 

1 

1 ,. 

~\, 
, "1 

1 

1 1 

! 

( ' ') 

J 

127 

Mason, B.J., 1956. On the melting of hailstones. Quart. j. Roy. Meteor •. ' 
~, 82, 209-216. 

. Michaud, R., 19801 Initialization of a cumulus cloud'{model ÈY using 
random surface conditions. M.Sc. thesis., McGUl University, 
Montreal, 85 pp. 

Mtller, M.J., 1978& The Hampstead storm. 
quasi-stationary cumulonimbus system. 
104, 413-427. 

A numer1ca.l simulation of a 
Quart. J. Roy. Meteor. Soc. -, 

r 

Musil, D.J., 19701 Computer modell1ng of hailstone growth in feeder 
. clouds. J. A tlncs. Sei., ,gz, 474-482. 

, l' /' 

____ ~, P.L. Smith, Jr., and A.J. Heymsfield; 19781 Total hydrometeor 
spectra in a hailstOl:'Ill and implications for precipitation growth 
prouesses. Conference on Cloud Physies and Atmospherio Eleotrici ty, 
A.M,.S., Issaquah, Washington, 173-177. 

_. 
Orville; H.D. and F.J. Kopp, 19771 Numerical simulation of the life history 

of a hailstorm. J. Atmos. Sei., ~, 1596-1618. , 

Prupp:l.oher, H.R. and J .D. Klett, 19781 Microphysiès of Clouds and Precipi
tation. D. Reidel Publishing Co~pany, Dordrecht,' Holland, 714 pp. 

Schlesinger, R.E~, 19751 A three~dimensiona.l numerical model oÎ an isolated 
deep convective clouda Preliminary resul ts • J. A tmos. Sei., :g, 93lJ-957. 

__ -=----:-~,' 19781 A three~dimensional model of an isolated thunderstorm. 
Parti Il Comparative experiments for ..,à,r1able ambient wind shear. 
J. Atmos. Sei."..2.2, 690-713. 

Scott, B.C. and P.V. Hobbs, 1977: 
mixed-phase cumulus clouds. 

A thebretical study of the evoluiion of 
J. Atmos. Sei., 1±, 812-826., 

Sekhon, R. S. and R. C. Sri vasta va, 1970: Snow si ze speetra and radar refl ect
iv1ty. J. Atmos. Soi.,,gz, 299-307. 

Simpson, J. and V. Wiggert, 1969: 1968 F1.orida seeding experimentl Numerical 
model results. Mon. Wea. Rev., 21, 471-489. 

Smith, P.L., Jr., a.G. Myers, and H.D. Orville, 19751 Radar reflectivity 
. factor caleulations in nwneI:i.cal cloud lIlodels using bulk parameteriza.-
tion of' precipitation. J. Appl. Meteor., 14, 1156-1165. -

Ste:tnex, J .• T., 1973: A three-dimensional model of cumulus cloud development. 
J. Atmos. Sei., 30, 414-435. 

Stephens, M.A., 1979: A Simple Ice Phase Parameteriza.tion. M.Se. thesis, 
Atmos. Sei. Paper No. 319, Dept. of Atmos. Soi., Colorado State 
Uni vers1 ty, Fort Collins, Colorado, 122 pp-. 



, ' 
.. _~""""" "' ... "'01_...,,: ..... ______ , ... _ ...... -.-._..--.. .. ___ ._ ... ~.~--- . " _ ~ ..... ~ .. _. ,p" ........ __ ...... _ 0 ... _'--....' ...... ~lo~~ .. 

1 

i 

~ 

! \ , 
i 'i_ 
1. ~, ,. 

~, 

i 

J 
1 
1 _ 

\ 

1 

I~ 

t
, ' 

. :i' __ ... 
~ '" ~ , 
;:....,,~.~--'---. 

128 

Takaha.sh1, T., 1976.' HaU in an axisymmet;r1e cloud modal. /J. Atmos. Sei., 
..ll, 1579-160~. ~ 

Turpeinep, O. and M.K. Yau, 19811 Compariso~s of results-from a three
dimensionaJ. cl.oud. modal with statistics of radar echoes on Clay 261 
of GATE. Mon. Waa. Rev., 109. 

We1nstein, A.I., 19701 A numerical model of cumulus dynamies and micro
physics. J. Atmos. Sei., ?:'l, 246-255. 

Wiener, a.w., et al, 1972' A numerical model of a hail bearing cloud. 
J. Atmos.Sc1., ~, 1160-1181. 

Ya.u, M.K. and P .M. Austin, 1979' A modal for hydrometeor growth and 
evolution of raindrop size speotra in cumulus cells. J. Atmos. Sei., 
22, 655-668. ' 

__ -=",-!"-_, 1979&1 Perturœ.tion pressure and cumulus convection. 
Sei., J.§., 690-694. 

J. Atmos.' 

'v'JI 
1 1979bl Modeling of cloud dynamics. Report for Atmospheric 

--=En-vi'":"ro-nment Service, AES Contract Ser1al ,No. OSU78-00258, Dept. of 
Meteorology, McGill Uni versi ty, Montreal, 21 pp. 

____ .".., 1980a.1 The effects of evaporation. llater load a.nd wind sh~ 
on cloud development in a three-dimensional numerical modal. J. Atmos. 
~, 12.. 488-494. 

__ -=-__ , 1980b. A tlfo-cyl1nder model of cumulus cells and its application 
in computing cumulus transports. J. Atmos~ Sei., .21, 2470-2485. ' 

YOI.mg, K.C., 197.51 Growth of the içe phase in strong cumulonimbus updrafts. 

'" 

Pure and Appl. Geopgys., special issue, Cloud l)yna.m:1;cs, ed. Hans R. 
Pruppi.cher, 1005-1017. 

, , 

o 

, / ~, 

," 

y 

1 , 


