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ABSTRACT

A comprehensive parameterized model of microphysical processes in cumulonimbus clouds is presented.
The transformation rates of the water contents and number concentrations of the cloud droplets, rain drops,
ice crystals, graupels and hails are deduced on theoretical and experimental results for 26 kinds of micro-
physical processes, which include condensation, deposition, evaporation, collection, ice nucleation, ice mul-
tiplication, melting, freezing, and autoconversions of cloud to rain, ice to graupel and graupel to hail.

I. INTRODUCTION

Cumulonimbus is one of the major precipitation clouds in China, which sometimes
even brings hails or torrential rains. The precipitation mechanism for cumulonimbus is very
complicated due to its wide range of temperature, strong updraft and different kinds of hydro-
meteors. It is necessary to establish a numerical model including all the main microphysical
processes for studying the precipitation physics and the possibility of weather modification.
The parameterized models proposed by Wisner (1972), Orville (1977) and Cotton (1982) arc
widely used. In their usual form, the number concentrations of various water particles are
diagnosed from their mass contents and the parameter N, for the size distributions is assumed
to be constant. This assumption does not agree with observations that N, varies widely
and may suddenly change during a particular rainfall (Pruppacher, 1978a). Cloud model
of this type (one-parameter model) causes serious errors in the simulation of some important
microporcesses. For example, the ice nucleation and multiplication have small effects on
ice mass content, but make the ice number increase significantly. The freezing of raindrops
through the collection of ice particles depends mainly on the ice number concentrations but
not the mass content. These processes can hardly be simulated by a model in which the ice
number concentration can not be predicted. 1t is widely accepted that the number concenira-
tion of ice, rain embryos and hail embryos have a considerable effect on the precipitation
efficiency based on Bergeron theory, and that the artificial increase i number concentrations
(not mass content) of ice and large cloud droplets is also the basis of weather modification.
Therefore the prediction of number concentrations of various kinds of water particles is
essential in cloud modelling. Parameterized models which predict both mass contents and
number concentrations of various water particles (two-parameter model) have been established
by Hu (1983, 1984, 1985 and 1986) for stratiform cluods and warm cumulus clouds. By use
of these models, microprocesses in the middle latitute cyclone cloud systems and precipita-
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tion enhancement experiments have been simulated fairly successfully. Recently, Xu (1983)
has established a two-parameter model of hail cloud, predicting the number concentrations
of rain and hail. He has shown that the two-parameter model simulates the melting, evapora-
tion and other procesges more properly due to the conservation of the mean diameter of
water particles during advection.

In this paper a comprehensive two-parameter model is presented to simulate 26 kinds
of microprocesses in cumulonimbus clonds. The equations of transformation rates of mass
contents and number concentrations of cloud droplets, raindrops, ice, graupels and hails are
deduced for these processes. Some typical examples of modelling results will be presented
in part II of this work.

II. PARAMETERIZATION OF MICROSTRUCTURES

Based on its phase and dimension, water substance can be divided into 6 categories in
this model, i. e.,, vapor (v), cloud droplets (¢), rain drops (r), ice crystals (i), graupels
(g) and hails (k). A cloud droplet is defined as a liquid water drop with a diameter less
than D,,=0.02 cm. A raindrop is a larger water drop. Graupel and hail are of icz ball,
they grow mainly by the collection of water drops. Hailstone has the diameter larger than
Dy»=0.5 cm as defined in meteorological observation. Ice crystal grows mainly by subli-
mation and maintains its crystal habit. All categories of water particles are described by
their number concentrations (/V) and mass contents (Q), which are the total number and
mass in the unit mass of air respectively. The number concentration of cloud droplets varies
relatively little in a cloud, thus a constant value can be assumed for a given cloud. The
model can predict 10 microphysical variables including mass contents of vapor and cloud
droplets Q, and (., mass contents and number concentrations of rain, ice, graupel and
hail Q,, N,» Qiy Nis Qqs Ngy Qi and Ny

Every category of water particle is assumed to have a size distribution in the form

N(D)=N,Dexp(—AD), (1)
where IV (D)dD is the number of particles in the diameter range d D centered at D, and g,
N, and ] are all parameters.

1. Size Distribution of Cloud Droplets

The Khrigian-Mazin distribution is assumed for clond droplets (g=2).

No=["N.D'exp(= AD)dD=F5) N o=, (2)

ijjNoDzexp(—w) %D’pwdD:F(s) %proz-ezlonprc/lZ” (3)
5o 6 (Q\"

D. npw<Nc> ’ )

where D, is the mass-mean diameter, p,, is the density of liquid water, /" (x) is the Gamma
function. The fall speed of cloud droplets is neglected.

2. Size Distribution of Raindrops and Graupels

The Marshall-Palmer distribution is taken for raindrops {5=1(), but with parameter
N, variable. The same distribution is also taken for graupels based on the observation
(Pruppacher, 1978b) as follows: ‘
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A/Vr(,ll):j:NOeXP(;AD)C[D:NDV(H);”Y(H)—I’ ( 5)

Quor=| Noexp(—=2D) 4nD*dD=6 Ao Noriorhuio™s (6)
. . \1/3

D'(g):(lAQ]'V ) (7)

where A4, =mp,/6=0.524gcm™, Any is taken to be 0.065g cm™ after Mason (1971).
The fall speed of raindrops ()7,) with diameter I, is taken after Orville (1977) to be
Ve=A,-D%, (8)
and }/, is limited to a value of 9.7 m/s under standard conditions( the pressure P= P = 10¢
Pa). The fall speed of graupel (J/,) is taken as the function of its diameter (I),) based on
the observation of Locatelli and Hobbs (see Pruppacher, 1978c):
Vy:Avy'D%'s- (9)
The fall speed of particles in air also depends on the air density and temperature. In the
real atmosphere it depends mainly on the air pressure (P) and V=V (P/P,)*® is assumed
based on the calculated results of Beard (Pruppacher, 1978d). Thus

Vr(g)=Avr(g)Dr(g>°'°(%)_>a‘ s (10)

where A, =2100cm® s~y A,y =500cm®’s~', and ¢,=0.286. The mass-averaged fall
speed (J) is deduced as

74 1 - . 0.8 3 Po o
Vrm—QLNoeXp( AD) A,D** 4, D (P) dD
b 0.8 ‘PO o
:'F%—is)‘Aw(y)/tr(g)— ' ( P) . (11)

3. Size Distribution of Ice Crystals

Based on observations g is taken to be 1, and mass and fall speed of single ice is taken
to be in proportion to D;* and D% respectively after Hu (1986). Therefore

{oo

Ni=| NoDesp (= AD)dD=Noidi™, "
Q;eroDexp(—AD)Am;Dde=6N0,.Am‘.,1i—4, 5)
._-: '_ Q,— 1/2 _ _
D; (A'"-N.-) 2.884,71, o
R é P\
V=D (5] (15)
i (18)
7o=1 r ND;exp (—A4D;) An; D} A 'D'%(&)azdp
i Q 0 0 [ i mi ' vi ; P | l
:E(ASS) ¥ —%(&)a: ‘
o o (17)

2
3

where A,;=0.001gcm™", A,;=70cm’s™" and g,=0.3.
4. Size Distribution of Hailstones

The truncated Gamma function is taken for the size distribution of hailstones due to the
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large value of their minimum diameter (D,,=0.5 cm)
N(D)y=N,exp(—AiAD) , D=Dy,
{N (D)=90 . D<Duy
The fall speed of single hailstone is taken to be in proportion to D¢ after Auer (1972),
and corrected by the air density (p,). (see Pruppacher, 1978e), then

(18)

Po \?
Vii=AunDy'* <;) ’ (19)
where  A4,=810 cm®*s™ (for ©,=1.27 kg m™*),
N,,:jD N s€XD (= D) dD= N 0sexXP (— AsDy) A1, (20)
Q,,=j°; N oexp (= 44D) Ay D°d D
— 6N 32 Ay [1+/1/.D*+ %»(AAD*)HL %(A,,D*)“ J (21)
= _D. :
[ e
3 1 Dy Dx_ D
~YqtpgoBeevgr Bt (23)
_2De Qi _Di
where 9=~ "97 T 54N’ 18°

V/Fr Aupexp (— A,D) D“dD/r exp (—A,D) DﬂdD\/Eo,
Dy, Dy P

V/‘%\/%)Av/,ﬁh—o'a [,3/,"’8 +3.808,>°+10.6408,"°

+19.5E exp (— D) D°*dD ./[,6’2+35;i+6,8,,+ 61, (24)

%\/%Q_Avhlh—o's[ﬂhﬁ'x"r 3. 86/22'8 +10 .64[’3/,1'8 +17. 84(0 . SB/:+ 1)]/

[B:+36;+66x+61, (24a)
_ 1/
Dh:( A,S/}V;, ) =[85+38,+68,+61" A", (25)

where B,=4,D,, Dy=0.5 cmy, An=0.471 g cm™, and A4,;,=810 cm*s~
The results of numerical integration of Eq. (24) show that the error from (24a) is less
than 2%.

HiI. EQUATIONS OF CLOUD MICROPHYSICS

The prognostic equation of each microphysical variable (M) in a one-dimensional cloud
model can be expressed as
oM oM MopV.,. oM

§=—(W—Vm) o +k——— EM—M.)+ = o 2z T oot (26)

The terms in the right hand of Eq. (26) describe the effects of advection, turbulent mixing,
entrainment, convergence due to falling and source. The source term includes the effects of
all related microphysical processes. 26 kinds of microprocesses are considered in this model,
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such as condensation (deposition or evaporation)of cloud droplet, rain, ice, graupel and
hail (SesSorsSoisSessSeus), collection of cloud droplets by rain, ice, graupel and hail
(Cors Coi 3Ceqs Cop), collection of rain by ice, graupel and hail (C,;,, C,,, C..),
collection of ice by rain, graupel and hail (C;,, C;;, C.;), collisions of ice with ice and
rain with rain (C;;, C,,), ice nucleation and multiplication (P,;, P,;), autoconversions
of cloud to rain, ice to graupel and graupel to hail (A4,,, A,,, Ag,), self-freezing of rain-
drop (M ,,), and melting of ice, graupel and hail (M,;,, M.,, M,). All microprocesses
are denoted by 3 English letters, the first capital letter expresses the name of transformation
process, the second and third small letters express the dissipation and production phases of
water substance, respectively. They are also used to express the transformation rate of
mass content. These 3 letters with additional letter NV in the front are used to express the
change rate of number concentration for the given process. For example, C,, expresses the
collection of ice by rain. If T >T,, then

6Ql__(_5_Q_f_ _ 6N, (SN,-_
Co=="5t =5t > NCr=""g» 5= 0>

If T<T,, then
0Q; 0Q 6Q SN ON ON
_—l’:_cr ’—-_Cn ——g‘:Cir Cl’l = = L= ir
3t i "5 St Teo s T e s ~ NG
because ice transforms into graupel after its collision with rain.
The source term of each microphysical variable can be expressed as

O o S Su=Sui=Sua— S NPuQuo» (28)
50. c
6t =S:,<-—Cc,-— c,—"‘ch_Cch_-Acr—NPCiQ[w’ (29)
QQ,
"Svr+CCr+Acr+M9r+M|r+Mkr M,—g
1f T=273K,  +Cu+Cip; (30)
If T<273K’ - Crh" er - Cri; (kk=0)

—‘th—hcc/l_'crg_crn (kk:l)
£iiv‘“"]V»S"n-'l".14471-/Qro_i'.[\]-_1\4-5” }—NMU NM'9+NC"

St
1f 7=273K, (M1, + Con)/ Qios (31)
lf T<273K9 —NC,-[,—NC,-g—NC,-;; (kk:o)
—‘/VCrh_NCrV—NCri— (Cch+ Crh_'cwh)/Qho9 (kk:l)
O S+ Covm Coom Moy = Cio= Coim Ay + N PiQuot N PesQns (32)
O NS NCiy=NM;;=NCip=NCis=Ndis+ NPt NPo + NCyiy (33)
6Qg
’_Svg+CC‘g+C1!] Cg/l_"Aig"’Mrg'—Mg,—-Agh (34)
If T<273K, +C,o+Ci,+C.i»
SN -
{ 5=V Sus+ NAg—NAgi+ NM,y— N My, =N Co, (35)

1f T<213K,  +N..,
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{ Lgh' =S+ Ciu+Cor—Mu+ Agss
zif T<273K, +Ceht+Criy (Re=0) (36)
j Cur 5 (Kk=1)
oN
T}LI‘:NAgh—NMhr' (37)

where C,_, is the threshold value, which determines the growth regime of hail. If the
collection rate of supercooled water by hail (C.,,+ C,;) is less than C,, then hail
grows in the dry growth regime (kk=0). All collected water will freeze on the hail. 1f
Cen+ Co=C,s, then hail grows in the wet growth regime (kk=1), only part of the
collected water (C,s-dt) will freeze on the hail, the remainder dt. (C,,+ Cos— Cuws)
will form a liquid water film on the hail and later the film will shed from hail and transform
intoy secondary raindrops. The average diameter of these secondary raindrops is about
1.4 mm according to the experiments of Joe and List (1980). The corresponding mass Q,,
is about 1.47 10—* g. The diameter of newly-formed raindrops by cloud-rain autoconversion
is taken to be 0.2 mm according to its defination, and the corresponding mass (Q,,) is about
4.19% 10~% g. Average mass of the newly- nucleated ice (Q,,)is taken to be 10—'°g. Average
mass of the newly-multiplicated ice (Q).,) is taken to be 10—° g,

1V. EQUATIONS OF CONDENSATION, EVAPORATION AND DEPOSITION

1. Condensation, Evaporation and Deposition of Cloud Droplets and Ice Crystals

In a parameterized cloud model the supersaturation of vapor in cloud is usually ignored
for the simplification of the condensation equation. But it causes significant errors in simula-
tion of the Bergeron process when 3 phases of water coexist. In this model humidity of the air
is predicted and the condensation is calculated based on the supersaturation of the vapor:

Sve= ij.,D*exp (—AD)2zkspD [1 —J—L%?ﬂ(%~ 1>T (Qr —Qsy)dD
:AVC(QV_QHW)’ (38)

where

LkipQsyw [ Lv > AT , 5
A,,C_—Grrkdp[l—l- BT (}?T —1 :‘ N.(10xN./Q.) *=.
The deposition rate of ice crystal (dm;/d#) in a water-saturated environment under
different temperatures is expressed by Koenig (1972)

5m.' as

Tf =a,m;
where g, and g, are parameters, whose values are given for different temperatures. The
deposition rate of ice population in environments with any humidity (Q,) and temperature
can then be deduced ‘

S;rizﬁNoDexp(—-/lD)a,(A,,,;DZ)”Z (—é,%;:%w:/l,,i(@y—@ﬁ), (39)

where

Av;=2aN; (6N ;/Q;) "2 (Qsp —Qs)™"
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=0 ’ Sri=0
NSy (394
r ‘—:SVi'Ni/Q;‘- SV.-<0 )
Condensation is a source term of the vapor, then
oQr

_3{ — —SVC= -—Ayc(QV—QSW) .

Considering the influences of the latent heat of condensation on the air temperature and satu-
rated humidity, we can get

3(Qr—Qsw L’
LQ’T{QS—)‘ =— Arc(Qv—Qsw) <1+€CP—R%152W‘>, (40)
The relax time of condensation ¢, can be deduced
- _ELsy T
f*'—[l:AVc <1 -+ CPRTz )J ’ (40(1)

which is only about 1 s due to the very large number concentration of cloud droplets (N, =
10® kg—'). Therefore the time step for calculation of Eq. (38) must be less than 1 s. The
relax time for other microprocesses is much longer and a larger time step can be  used.
Consequently, the processes of condensation of cloud droplets and ice crystals are calculated
with smaller time steps (D¢,) and all the other processes including advection, turbulent,
etc., are calculated with larger time steps (D¢) for saving computer time. In this way,
vapor and temperature are calculated with a smaller time step (D#,), which is taken to be
(1/N)Dt

P =Q) B —Ari (Qr — Q) — Arc (Qr — Qs ) 11Dt s,

ToM=T+ [BT+ %S;-AVi(QV—Qs-')"I‘ %LPAVC(QV-QSW)' :|Df:,
where At= Dt., and B, and B are the total change rate of the vapor and temperature
due to all macro- and micro-processes except the condensation of cloud and ice. B,,
Br, Ay, and A4, care calculated with larger time steps, and keep unchanged in the given large
time step. After calculating Eq. (41) with a smaller time-step for Ns times, a larger time-
step is complished, and the average vglue of S,.and S, are utilized in the computation of
the cloud droplets and ice

(41)

Ns
Sve= 151 4re(Qr=Qsy) ' Dts,
1 Ns (410)
SV.'= EZAVi(QV_Qsi)ths’

The calculation with this type of program is stable and economical.

2. Sublimation of Graupels

The sublimation rate of a single graupel dm/dt can be exprﬂe‘ssed as
|

1 4
%m—‘—‘-‘ZJTDde(QV"Qd) (1+0.23Re?), (42)
where D is the diameter of graupel, K, is the diffusivity of water vapor into air, Q4 and
T . are the mixing ratio (of vapor) and the temperature near the surface of the graupel. When
the graupel grows in the wet growth regime, Q,=Q,,7¢4=7, Where T, and Qg, are
the ice melting temperature (273 K) and the corresponding saturated vapor mixing ratio. Then
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d 1
g | =2aDkap(Qr=Qs0) (140.23Re ). (43)
When the graupel grows in the dry growth regime,
Qs Qd QSf(T‘)‘—QSi(Td) LI§ L
Ao R U S T e
The equation of heat balance can be expressed as
1
L Ci,’? —28Dk(T—T4)(1+0.23Re?) + Li(Cy+C,g) =0 . (45)
From Eqgs. (42), (44) and (45) we can get
dm 1 Lk s L
e d:[Zyerdp (Qr —Qs) (1-+0.23Re*) — 'ff%f‘}gg ('}TT‘”)“”*Qg)

{1_+ é:"TpQS (ﬁ—lﬂ )

The total sublimation rate of the graupel population can also be deduced for wet and dry
growth regimes as

S, gw = \MZJdeP(QV —Qso)NOEXp ("AD) D(l +0 .23\/%9 e )dD

ZZJdeP(Qu‘Qso—) Ny (6A4ngNo/Qqg)™?

(140,283 P2 T (2.9) (6400 V2/Q0) |, (47)

Sura={| 2xkap (@ —=Qs0) Noexp (= 2D) D(\1+o.23\/-&§z-gﬂo.g Yab

_ %%QL(]LQT )(cvﬁc,g) }[ JE*‘JQ“(“}‘??”)T

{2rkap Qv =Qu) Vo (6:s N /) =7 140,23 P47 1 (2.9)

X (64no N5/ Qs >°3]~ LikapQsi(Ls _1)(c.p+C.) |

kT BT
e L kd,OQ.St et N ):'
[1 e (48)
=MAXTSugwsSieals T<T,
S, 9
I { =S 0w, T=T, (49)

The sublimation (or condensation) has no effect on the number concentration but the evapo-
ration would decrease it. The evaporation rate (dm/dt) is approximately in proportion
to D%, thus the change rate of diameter (dD/dt) is approximately in proportion to
D%, It means that parameter 4 of the size distribution changes hitle in evaporation, so

that dNg/Ng~dQqe/Q, and

NSyg{ | ve

, (50
SVHNQ/QQ SV9<0 )
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3. Condensation (Evaporation) of Raindrops

s=r andp(Q,,—QSW)N,,exp(—w)D[1+o.23\/LthD°-9 Jap

[H = kdpQ” <RT _1)]—1

=2akap (Qv —Qsw) N, (GAmrNr/Qr)“”[l +0.2377(2.9) \/"9%7

X (sAm,N,/Q,)‘“][H Lykg”TQW (éT 1”_', (51)
=0 , Sy,=0 |
NS”’SlSV,N,/Q,, S0,<0 (52)

where L;,L, and L are the latent heat of melting, evaporation and sublimation respectively,
k, is the heat conductivity of air, . is the dynamic viscosity of air.

4. Sublimation of Hail
The sublimation growth equation of hailstone population can be deduced for different

growth regimes with 1+0.29/.7*~(0.29R%/* in mind.
In wet growth regime (kk=1)

Spn=2mksp (Qy—Qs0)0.29 \/*pf'yhgw NoD'"exp (— AsD)dD

LDy

~2kap (Qr—Qs0)0.29 \/ p%"l'rNM;,"'g[AhD*) 194 [(2.9)

X (0.94:Dx+1) 7. (54)
In dry growth regime (kk=0)

Sra= rj) ZJrkd,o(Qy~Qs,-)O.ZQJ%D"'”NOeXp(—AD)dD

b

- g (- cave o Lk ()T

= { 2akap(Qr—Qs5:)0.29 \/—%J‘f—V'LN/.lh_I'QE(/IhD*) e 7(2.9)

X (0.94:Dx+1)] — i’%ﬂ(ﬁgﬁ —1>(C w1+ Cri) }[H Ls kkd,';Qh

><( I%T 1)]". f (55)

V. EQUATIONS OF COLLECTION PROCESSES

1. Collection of Cloud Droplets by Ice

The theoretical and observational results, summarized by Pruppacher (1978f) show
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that ice crystals can collect only the cloud droplets greater than 15 pm in diameter and the
collection efficiency averaged for all larger cloud droplets (E,;) depends on the diameter
of ice (D;). The following values of £ are taken.

=0 D;<<0.03cm
| =15(D;—0.03) 0.03<D;<0.05cm
E.l =0.34+10(D;—0.05) 0.05<<D;<0.07cm (56)
=0.5+5(D;—0.07) 0.07<D;<0.11lcm
=0.7 D >0.11lcm .

Cc.'= SS anAV,-DV’No,-exp("/I;D.-)D;p—g—DéNWexp(~ZCDC) DéEc;chdD,'
» h*

:{%r( )AV,pQDEc,(GAm,N/Q)'”SN exp(— B)[HZﬁ ] (57)

1=

where B,=A,D%,4,= (10ppaN./Qc)'°, DY¥=15um, E,, is the collection coeffi-
cient averaged for all ice crystals, which can be obtained from Eq. (56) by assuming that

the corresponding ice diameter ([);) equals the mass-median diameter of ice population
D;o=3.67/;l..'.

2. Collection of Cloud Droplets by Rain and Graupels

cc,_j Noexp(—AD)xD* Ay, D°* pQ.E ( ?’)ldD

_ T ol —2.8/3 ﬁ_ 1
= Z (8.8 Ay, pQEN L6 N, /Q,] oL i (58)

ch=

Ay
° 8

N.exp (—AD)::DZA”D“chE( jZ" ) ‘4D

=T (3.8)L4s610QuE Qol64no NV 5/ Qu2"* (-5 )" Ao, (59)
3. Collection of Cloud Droplets by Hail

oo 17
cc,,=%,4”chEjD* N osexD (-AhD)D—'-BdD(-gt)
%{-AmecENM""“E (WD) +2.8(ADx) " +1(3.8)

X (0.84Dx+1)] (%)”2. (60)

4. Collection of Ice by Rain

Cir="7 PAm (¥, V)Eny § NorNoi(D,+D;)*Diexp (—4:D))

x exp (— A,D,) dD;dD,
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12Am,QQ' [ j ( j ?)jlﬁ—ﬁlﬁ.-, (61)

Ncir=%P(Vr"‘vi)Er;g:o‘:NurNoi(Dr"l'Di) *Diexp (—4;D))

xexp(—4,D,)dD;dD,

PN;Q,A,[I+2——§?-+3( A, HIV,—V‘.-IE,.-, (62)

— 11
12A4.., A

where F,; is the averaged collection coefficient of ice-rain, which has not been well studied
and E,,=(.8 is taken.

5. Collection of Rain by Ice

Coi= T pdn, IV, ~ 7 lE,,-jT NoNoi(D,+ D) D;Dexp (- 4;D;)
xexp (—A.D.)dD.dD,

=5rrN,-PQJ.r—:[1+0 : 8( e )+o .3( —f'n)l]E,.-lV,—V;l ) (63)

bi

i

NCV'I':ZVCEI': %P'Vr_vflErsj:{mjvorNo;D;(D,—l-D;):eXp (—‘A,D,)

xexp(—4i,.D,)dD.dD,

:C,;AT,/’Q,[1+/4(—jf 1-10 ' )Imﬂ( 3 +3<f1 )]_ (64)

6. Collection of Rain by Graupel

Cro=EBry40,Qup (640 N./Q) " NoK M.y, (65)
KM,q=356. 4‘_1 +0. ZGGG >+o 044(2 )]fl—ﬁ"%(%)ol, (66)
Nc,_q:—‘Z—A[,,E,_(,N,(GAM,N,/Q,) T pNGK Noos (67)
KN,g=2x2. 97[1+/1 ]’ flﬁ i ) s", (68)

where E,, is the averaged collection efﬁcwncy of rain-graupel and %, ,=0.8 is taken.

7. Collection of Rain by Hail "

Cr/v:

NE

oVi-V

QMR

SeXp ( —ﬂrD, "‘/1}th) NOrNOhE (Dr + Dh) 'LA,,,,D:: dD"dD"
% 0
=T |V = T BNk~ (AaDs) 204 Da+ 248 5 (2,Da 1) +20 (Lﬂ
i - * .
(69)
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SGXP (=4 Dy =2 D) Now NowE(D,+ Dp)*d D.d D,

0

NCu="pIVi=V,]

Ov—m3

*

T 1 A' d
P17~ 7| B Vot~ (aDe) + 2(uDs) +1 42 3 (uDa1) 2 (3) ],

(70)

i

~|a

where E,,=0.8 is taken.
8. Collection of Graupel by Hail

Cgh=%pr,,—Vg]Eg;,QgN;,ﬂ,,—{(ﬂ,,,D*) 3+2ﬂ~I,D=.'<+ 2+ 8 %(Ahﬂ*“‘ 1) -+ 20 (%)2],
(71)

NCoi=%p V4=V | BouN o N il | (1uDs)* +2/1;,D>,+1+2,1 (D) +2(5) ] I

(72)
where E,, is the averaged collection coefficient of graupel-hail, whose value depends on
the condition of hail surface, F,,=0.8 is taken for wet hail (kk=1) and E,,=0.1 for dry
hail (k&=0).

9. Coliection of Ice by Graupel
Coo=| | "N ws N Di(Dy+ DYV =T 0xp (=D, 1y D) E s pQud D D

Qo Qota] 14457 +10(52) || 70-7. | B, (73)

NCig=CiyN:i/Qs (74)
where E,,=0.1 is simply taken.
10. Collection of Ice by Hail

. T
o 12A,,,g

C.‘h‘—:%P \ S NoiNawexp(—A,D;,— D) E(D;+ Dy Ami DAdD.d Dy\V,—V |
D

Mt 1
~ T PIVi=V EuQiN k7 T(4Ds)? Tz(AhD*)JrszA" (ADs+1)
/1
+20 /T ] (75)
NCu=Tp 3 \ NoiNowexp (— 4, D;— D) E(D+ Dy)*D,dD.d Dy |V, —V .|
f24 — f Au
< Z PV BV Nk~ Do)+ 20aD) + 2+ 43 (Ds 1) 465

(76)
where E,,=0.1 is taken for dry hail (k2=0) and E;,=0.8 for wet hail (kk=1).

11. Collision and Breakup of Raindrops
This process includes the collision-coalescence, collision-breakup and self-breakup, which

changes the number concentration of raindrops but not their mass content. Based on the
results of Srivastave (1978), the following equation is deduced:
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NC,,=4XxX107°N? A} p[—exp(—0.154,) + S,exp (—0.23054,) ]
+3,66X107°N A, (34—24,)[exp (0.4(34—24,)) —17, (77)
where S,.is the average number of secondary drops formed after one collision-breakup
case, its value lies between 3 to 7 and here is taken to be 3.

12.  Aggregation of Ice Crystals

This process changes only the number concentration of ice, because the ice aggregation
(snow flakes) also belongs in ice category in this model. We have

1 ﬁm‘—w” . L 1 , Po a2

NCi=75 |\ | Z(D,+D3)~A.,,.|Dld—D_, 3|E,:N8;EXD(A;Dl“/liDz)DlDzP<?) ;
4 £ AV: PO

dD.dD= 5 X 5y S pEN;Qidi” (P ) KN, (78)

KN,-,-:\”S exp (— D+ D)) D,D, (D, +D.)*|D, %~ D, 3|dD,dD,~1.703,

where the aggregation efficiency Z;; is a gap in knowledge. Based on the experimental
results of Rogers (1974) and others (Pruppacher 1978g) E;; is assumed to be a function of
temperature: .

E,;=0.2expl0.35(T —273) {1 +4exp[ —0.4(T" —259) *]}. (79)

Vi. EQUATIONS OF NUCLEATION, MULTIPLICATION AND AUTOCONVERSION
1. Ice Nucleation

The number concentration of activated ice nuclei (}N,) is a function of temperature

according to Fletcher (1962):

NN:NiNeXp[BiN(273—T) ]/p. (80)
It is not reasonable for nucleation rate to take a constant value in the form of NP, ;=
N x/At under the given temperature, because Eq. (80) is deduced from results of experiments
in cloud chamber, where NV  is the total number of nucleated ice under the given temperature.
If the temperature keeps unchanged in a cloud chamber, the number of nucleated ice will not
increase significantly after some time. Besides, it is difficult to choice the value of At
appropriate to physical reality. According to the conditions of the experiments in cloud
chamber, the nucleation rate is taken to be a function of the change rate of temperature:

_ 8Ny dT
N-PUI aT dt ? (81)

Ny is also a function of vapor supersaturation (S) according to Huffman (1973), and has
the form

NN:C'SK’ (82)
where K lies in 3—8 and K =5 is taken in the model. § is the supersaturation with
respect to the ice, S=(Qr—0Q,;)/Q;;- Eq. (80) is summarized from experiments in
cloud chambers with vapor saturated to the water, Q, =Qgs,, andr“Sz (Qsiw— Q) /Qsi-
The ice phase is not stable and nucleation rate is zero, if Q, —Q,;<<0. Thus

=0 , lf%—m or Qy<Q.,
NPUI% Q
= —N,VB,NQXPEB,N (273 T) ]/p( '—Q“ > dt ® lf dt <0 ande>Q;.,

(83)
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where d7T/di=~w 8T /8dz is taken in the calculation, and
PVx:NPViQVo- (84)

2. Ice Multiplication

There are severa[‘ processes of ice multiplication. The riming multiplication is more
important and well-studied. According to Mossop (1976) secondary ice particles are pro-
duced when the graupel collects the cloud droplets with diameter greater than D=24 ym,
in the temperature range —3——8°C. This process is most effective in T'=268 K at which
secondary ice can be produced in average per 250 large cloud droplets impacting on the
riming ice surface.

N.Pci= A—@Smjw N.,gexp (_Zng) ‘%D;AVngO'HEpNDCDCZCXp

250 0 J)D¥z2
exXp X (—Ach) chdDg ~
- A(T) NC _ _1_ 2 )
yog Ces < exp(— ) (1+,32+2,32 : (85)
where
=0 ,  T>270K or T<265K
—1—1(r_288)" , 270>T>>268K
A(T) L 4 (86)
=1—é(T—268)2 , 268>T>>265K, ,
B:=A:D¥=(10pwaN ) /*Q¢'0.0024=1.68,,
NP.,=NP.Qco. (87)

3. Autoconversion of Cloud Droplets to Rain Drops

Based on the numerical simulation results of Berry (1968) the following equation of
autoconversion is deduced and reasonable results are gotten in the simulation of convective
and stratiform clouds by Hu (1979, 1983, 1985, and 1986).

y {=0 , when Fc¢<1

Tl=7,0'Q2[3600Q,+1.20N,/Ds1™",  when Fc>1

where N, and [), are the number concentration and dispersion of the initial size distribution

of cloud droplets respectively, J,=0.25 is taken, F'. is a parameter indicating the broad-
ness of the droplet size distribution. 1t is predicted by the following equation:

(88)

oF. oF. o'F. JOF, 1
——aT~= —W Fy +k 27 + 5 +~ﬁ, (89)
where T, is the time during which the size distribution of cloud droplets can grow into a
broad one with significant number of rain embryos. F.>=1 is identical with ;=7T, for
Berry’s box model. Under this condition raindrops are converted from the growing cloud
droplet population. According to Berry (1968) 7', is calculated by the following equation:
T,=[1200Q¢+1.6N4/Ds]/p*Q%, (90)
NAc,=Acr/Qro. (91)

4. Autoconversion of Graupel to Hail

Hailstone is defined as an ice ball with a diameter greater than Dy, =0.5 cm. It is impor-



No. 4 MICROPHYSICAL MODEL OF CUMULONIMBUS 488

tant to simulate the hail separately from the graupel, because it has larger fall speed and
causes severe damage. We assume.that graupels with mass larger than the smallest hailstone

will transform into hail. The corresponding threshold diameter of the graupel Dwy,= i/A mh
mg

X Dx;=0.97cm due to the difference of the densities of graupel and hail.
Ag;,=Aj‘: exp (— 25 D) D* Ay N ogd D
kg
=Aexp (—'/'LgD*g) !7 1 +219.D-r9 "";“ (AgD*g) 2+ —é“(AgD*g) s ]Qg ’ (92)

NAg,,=AjD exp(—AgD) Nogd D= Aexp (—igDss) Ng, (93)

X9
where A is the transformation rate and 4=0,01s"' is taken. In fact exp(—AgDxy)
[I-I-)»yD*g +% (AgD*g)z-I"%(/lgD*g)a :}and exp (—igD, ) are the ratios between the

mass and number of the graupel with diameter larger than [, , and the total mass and num-
ber respectively, denoted as r,, and r,. Their typical values are listed in Table 1.

Table 1. Typical Values for Ratios r,, and r,

AD, 20 15 10 5
rm for D>=D., 3.6x10"° 2,1x10°¢ 1.0X1072 2.6x10"!
rn for D=D, 2,3%107° 3,1%X1077 4.5%X107° 6,7X1073
Tu/Te 1553 691 228 39

It shows that the autoconversion rate increases by 5 orders of magnitude when AgD.4
changes from 20 to 5 and the corresp&nding average diameter of graupel (Dy=1.8213")
changes from 0.1 to 0.4 cm, and that the change rate of mass is greater than change rate
of number, especially when average diameter is small. So the average diameter of graupel
decreases after autoconversion, in turn, the autoconversion rate decreases. It means that
the autoconversion rate can be raised only if the other microprocesses make the diameter of
graupel increase. Therefore this equation is implicitly coupled with the others.

5. Autoconversion of Ice to Graupel

Supercooled water is usually abundant in convective clouds. Ice crystals with diameter
greater than [ ; can grow rapidly through the collection of water idrops. Their collection
growth rate is usually greater than sublimation growth rate. It is assumed in this model that
ice crystals begin to convert into graupels only when their diameter D=>D,;. D,;=0.03
cm is taken based on the theoretical and experimental results.

The equation of autoconversion of ice to graupel is similar to that of graupel to hail:

Aig=0.01 " No.Diexp(—4;D) AnidD

*i
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:0.0IBXP <_}uiD=}‘-i)Q, [l‘*’;\‘,D*g“’—%‘ (/q.,,-D*;) 2+ %(A,D*,‘)S J, (94)

NAg =0.01}Z No:Dexp(—4;D)dD=0.0lexp(—/iD«,) N, . (95)
: *i

The typical value of 4,1, lies in 20—5, so that the values in Table I are also typical for
A,s. The physical considerations of autoconversion of graupel to hail described above
are also valid for autoconversion of ice to graupel.

Vil. EQUATIONS OF FREEZING AND MELTING
1. Self-freezing of Raindrops

There are two theories on self-freczing of water drops, established by Bigg and Mason
respectively (Pruppacher 1978 h). Two types of equations can be deduced:
o

(1) NM,q (Bigg) =S No,exp(—2.D) %DBBb[eXD(AbT;) —11dD (96)

=ﬁQerEeXp(Ast) —17,

where B, and A4, are parameters, T,=273—7, and
2
Mrg(Bigg) = io%’ Belexp(A4,T) —17. (97)
Wisner (1972) has deduced an equation similar to Eq. (97), in his one-parameter model
Ay=0.66 K- and B,=10"* cm~%~' are taken.

(2) NM,.s (Mason) = — r Norexp (—4.D) g“DaBmAmexp (Ast)%,Z; dD
. Q, dT
- p"- BmAmeXp (Ast) dt b4 (98)
M.o(Mason) = 2297 g 4 exp (4,741 (99)
Pw r dt

Cotton (1972) has deduced an equation similar to Eq. (99) but in more complex form. He
takes A4,=0.8 k=' and B,,=1.67x 10~°cm~* based on the experimental results for double-
distilled water. The freezing rate is assumed to be independent of the temperature change rate
(dT"/dt) according to Bigg, but it is in proportion to (—d7 /dt) according to Mason.

Experiments have shown that when the temperature of water drops maintains unchanged
for a long time after its decrease, the freczing rate is neither unchanged( as predicted
by Bigg) nor decreased suddenly to zero (as predicted by Mason), but decreases obviously,
say, to 109 of initial value in 10 min. Based on these results a correction is added to

Eq.(98):

1—0.64m
= 3' BmAmexp[Am(Ts—S.Z)](—%TT> , for %{—<0 .
NM,.qy ‘ e (100)
=0 ’ for dr >0

M,y =20 %NM,Q, (101)
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where A4,=0.6&"" and B,=8Xx10"%cm™?® are taken in this model based on the ex-
perimental data of Vali (1971) for water of natural rain and hail. Values calculated by
Eq. (101) are usually between those by Eqs. (97) and (99).

2. Melting of Ice

If ice is approximately taken to have the shape of a disk, then

M.,_g No:Dexp (~ w)lrck (T—T2) + Lkap (Qu—Q.o) ]
| Avip_ 1y Co o (7—
(1+0.23\/ p D >dD+ Lfcc,(T Ty,
M|r=’[%—f[kf (T—To) +kadp(Qv*Qx0) ]Nl (BA"“N’/Q'.)_K/:

[1+0.23F<2»§)\/—A—;"—T~/3(GA,,,iN,-/QI)—'“ 1'—-CL‘"7C“(T—T¢.), (102)

NM,,=M;N./Q; . (103)
3. Melting of Graupel

Myr=S: Nogexp(—4gD) - 2 [k (T'=T0o) + Lokap (Qu—Qs0) ]
X (1+0.23Re"?) dD+ Co (ch+C,g) (T—Ty)

=“"[k (7 =T ) +L, de(Qu qu)jfvy(GAmglVg/Qg)_IN

r :1407 —Da3 Cw
XLHO‘Z?’\/:’.F(Z'Q) (6A4mg N ¢/Qy) J+—L7 (104)
X (Ceg+Crg)(T—T4),

NMg, =My Ng/Qq. (105)

4, Melting of Hail

“ oo

M}.r=jo N opexp (— AsD) ZJ‘TD Lhe(T—To) + Loksp(Q—Qs0) ]

®

Aup , Cu ¢ -
co.20) BB proap o s T
u a + Lf (C h+ Cr/l) (7 T ) h

~ 0. 58»77‘\/4/11;11\/ Cer(T—Ty) + Lokap(Qu— Qo) IN i~

XC(AsDx)"°+1.8274(0.94,Dx+1)] + %; (Cat+Ci)(T-T,), (106)

NMhrthrNh/Qh- (107)
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The number change rate due to melting can be deduced under several assumptions: (A)
In one-parameter model, N, is assumed to be constant and J, to increase due to melting.
Thus the number of large hailstones would decrease faster than the small ones, which is con-
trary to fact. (B) 1, is assumed to decrease and the number concentration of hailstones keeps
unchanged at certain diameter (J,,). [t means that the number concentrations of haiistones
with diameter greater than [D,, would increase due to melting. So it cannot be accepted
either. (C) j, is assumed to be constant, then N M, /N =M. /Q..

5. Threshold Value of Wet Growth Regime of Hail

Ciw= { —j: Norexp(—AxD) 2200'+%0 .29\/—‘4;:—"~/ p Lk (T—=T) +Lkap
#

X (Qu=Q:0) 14D~ CCi(T = T) }/LLs++CulT = To0) ]

~— 0.58n\/~A!:” Vo Thr (T=T0) + Lkap (Qu=Qu) ]

X Nid{°L(0iDs) " +1.8274(0.04Ds+1) 1+ CuCo(T =T} | /TLi% Cu

X (T—‘To)js (108)
where C, and C; are the specific heat of water and ice respectively. When hail grows in
the wet growth regime (C.,+ C,,>C,s), the source terms due to collection of water drops
by hail are expressed as follows: §Q:/8t=Cuws» ON4/3=0, 6Q./6t=Cer— Curs

5N,-/6f= (Crh+ Cch - th) /Qho— NCrh and ’ 5Qc/6t= - Cclx .
VIlI. TEST OF MODEL

The full set of equations in this model consists of all microphysical equations in the
form of Eq. (26) with source terms (28)—(37) and cquations of cloud dynamics and thermo-
dynamics, The model has been tested for many cases in the one-dimensional framework by
using the real radiosonde data as input. Three typical examples are given in part II of this
work for the simulation of small cumulonimbus cloud, hailstorm and terrential rain. Calcu-
lations agree with observations in many aspects. About 2 min. of CPU time on a DPS-7 .
computer is needed for simulating 1 hour of cloud life by this model in a one-dimensional
framework. A few cases have also been simulated by this model in a two-dimensional

framework, with Eq. (26) replaced by

2T = j -1 = MY ma

ot ox; dx;  Oxi p oz ot

where j can be taken as I and 2 and y; is air velocity in the x; direction. About 6 hours
of CPU time on a DPS-7 computer is needed for the simulation of 1 hour cloud life.
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