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Abstract

Numerical modeling of precipitation processes, including nucleation of cloud drops and ice crystals,

diffusion growth and evaporation/sublimation of drops and ice particles, freezing of drops, melting of ice

particles, collision and coalescence among drops and ice particles, ice splinter production in riming, breakup

of raindrops, and sedimentation of precipitating particles are described. In this model cloud particles are

classified into four categories; drops, ice crystals, snowflakes and graupels. Each category is divided into 34

size classes. Results of the numerical simulation of a convective cloud using this model are also shown.
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Fig.1 A diagram of the formation of precipitating particles.
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_ .t 4y, M, L oq,, . M,
—[16( )]( )[1 (AT)]( )
=-R,AS, —PAS, (57)

KITKE T 2 AT D2 R R

OAS, _ L (94, M, L 0q,. . M,
at_[1+Cp(8T)]( )—[1+ ‘(T)](a )
=—PAS,—RAS, (58)

TERDLES. kL

_n+de (Yo = 3
R, =[1+ Cp( —NC (P13, (x)d (59)
L, 0Oq 13
P,=[1+C’ (ZC (D) [x"n, (x)d (60)
a R 1/3
—[1+ ~ TNC, (.5, () (61)
e (04 = b3
R,—[1+CP(6T)]C,<p,T>fOx n, (x)dx (62)

THhs. (57) & (58) 1 FHENMH HEXTHD, M
IR ZEMTES, (57) & (58) MBS, EHEETDH L,
~2
oA, (’)+(&+R)5AS O (RR-PP)=0 (63
(63) Dfz
AS (1)=Cie™ +Ce™ )
EPVWTIRAT B &,
C(R,4R)EJ(R,+R)’~4(RR~PP)
1,2 — 2
NEoNns. X
R,R ~P,P (65)
ZHRuniut
m,=0, R +R, (66)
L85, (66) & (57) ITRATBHIEITLD
AS, (1) =, ;ZRW e +C, —mz;g& e ©7)
NESHN, (64) , (67) TBWTHIHMEZ AS, (1),
AS, (1) EBLE, EEC, GHRUTOXEIITKES.
, _RAS, (4,) —PAS,(4,)
C = R +R (68)
. _RAS, (1)) + BAS, (1)
G, = R +R (69)

I 51T (68) & (69) 7 (64) ITRALEMHT L E

AS, (1) DBISBAE 51 5.
ASw(t) = ASw(to ) - RWAS“ (t()) +R1ASI (IO) [1 _e*(R“ArR,)t]
R, +R,
(70)

FIFEIZL T, (68) & (69) % (67) ITfRAL, M
R (65) ZRATSE AS, (1) DBEEIENLULTDEX D1
RES.
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PWASVW (tO ) + RIA‘SVI (tO )
R, +R

AS (1) = AS, (1) - [1—e R

(71)

5.4 BHOFET

Hx (50), (51) 2O L TN, M, ZEEIIRODF
IEZHT 5, Bn(x) BELUz, 2z, B R3DE 574
BfRicd 2 &=, X (50), (51) 13 (6) Z2FIHLT
KROEDICEIETE .

A\ 4

Xk-1 Zk Xk Xk+1 Zk+1 Xk+2
B3 n(x) 0T 2x, zOEBFROH
Fig.3 An example of the relationship between n (x ), x, and

Z.
N, (t+A0) = [""n(z1)dz

= [“n(z0dz+[n(z0)dz [ n(z ) dz

[P -z Y ey (v 2f )],
2X

) l//k 1 fk
2x

fe+1

+[(Zk712 X F (2 = %e) (2 o — W)

(72)
M, (140 = [ (22 +§¢w Y on(z,t)dz

(22/3 +2Tw )2/3
3 zn(z,t)dz

2 /
(22/3 +Z1, )2 3

+j;;. +zn(z,t)dz
R
+ka4 . zn(z,t)dz
(z 3+21 )
=5 (S [

Wy S [ (e

2
(22/3 +c, )2/3

wx (v [
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AT R G N

2
(2312 )8

R (J‘}Hl “Via )_/;k-i”+dz
% a3 2 2/3
= )[4 5r) 73)

ZZTHK (73) KBIFHMEBPIIENENLUTFTOLIIC
R ZEMTES,

2
2/3 2/3
(z7"+=1,)

[

X z

dz = (VM3 fv,f) +3b(v,,,—V,)

3532 v \/— nY +\/7
—b 1 k+1 k+1 b > O
e
— (zzersz)m
fum—3dz =V —v>) +3b(v,, —V,)
z z
t -1 k+1 _ — (b < 0)
( ) (75)

Zkel 2
f (22/3 +§rw ) dz

k

— 3p'[n
32

U, +1
u, +1

_31_2{(uk+1+1)71 = (u, +1)71}

#ec ) = ) Y= { ) = (1)

32

1

Y {(uk+l_1)7

U 1

e = (1)

_%{(”ku_l)Q_ (2, _1)72}

_L{(uk 1 1)

" S (-1 )] (76)
=72l
b= %r 77
=(z"+b)"? (78)
u, =(1+bz,°7)'"? (79)

EEHLTWDS.,

6. KT DOPFE B
6.1 HEAR

LEEERT DKFECKBLFRNSNWART A X EHD
LE, HWOE FHEEIZENE U TR T O/ ZEptE A
%, HEx Wk 7R Okiv&, Eiy (MrmiE
7R DRI EDEZEDEE LIS D 22 ORFEIT

K(x,y)=r(R>+R>)|V(x)-V(y)|E, (80)
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THEES., ZZTVIRTFOET®EE, ERHFEINERT
HD. ZOEE HEXDEOK TN At REICERE)y
ORI T EHAET DMERZ, ki1 yDBERE 0, () 21
WTCREiRd % &

P=K(x,y)n (y)dvAt 31)

LB, PRMERTHD, 0<P<lZRHZICLTW
5. K(xy) ©n(y) CRERMENADEE, P
1 Z2BADZEIRIVEDD, 2 OB 13 H AL
W1 DK TM2 DU EDRTEHETDH I EIT
D, ZZTREZEOLDIBREZH-ELZW, [>T
K(x,y) ®n(y) NRERMEZESDEXIZ, Ar2RD
INELTHRENDH D, 3T, BExORTOBERK
Zn(x)eTBE, BEx~dcDIByEfETHHD
DEEN

ﬁnl(x)dx=n1(x)de(x,y)n2(y)dyAt (82)

E1rB,. /o T, n (x)DELHEIL, 005 o0 ETHDT
5Z&I2XD

é%$2=nAfoK(LymxyﬁszOS9 (83)
TRIIEMTED. (83) X, HEx DR DKL

FEOFETHIEIZKD, ZOEMNHMLE SR E2ERTS
DTHO, INELOSSHEHEFEFRT D, —F, HE (xy)
DR TFEEEy DRTBIFEL T, BEx DR T OEK
MM 5813, xy>yEdnEE

d x/2
-%%Q=ﬁ m(x=y)K(x=p,y)n,(y)dy=GAIN  (84)
TERIND. (84) ZGAINHEELTS. K (xy) ©

n,(x), n,(x)WRFEDREEBIEE b DOYAE, (83) % (84)
DRNTEICHRT 2 Z 5 H DD, BT EEANT TR
2RO D, HRREDRKRD FIENA WA R EN IR R L
TW3M, ZZTld Tzivion ef al. (1987) DMHERL =~
WFE—AD REEHWD., £3 (84) %N, DK
TERIT L,

dN1,
dt

() = [ (=) K (= 3.0y (1) dy

:j;:k+1dx/(;xk/2’11(X—y)K(x—y’y)nz(y)dy
+fjH¢VSSM(x_y)K(X-yJOm(yﬁh
=i+ (85)
z=x-y LESHADE, (85) OHB1IHE (1) &

Xhel X/
]lzf;wjbwﬁ m(2)K (z,y)m (y)dy

Xp xk/
" e[ n (2K (2,0)m (v)dy

Xesl X/
[V [ (2K (2,0)m ()

[ (K (2 )m () dy (36)

z—x Ll HEEZ
fabdxfch(x,y)dy=lddyfabF(x,y)dx
IRBEMEITY, I HIT Xy =2x, ORRZFIHT S &

/2 X
1= (dy[" K (x.y)n(x)ds
72 X1
+ﬁnxw@L<mnmmm@
/2 Xpa1
—AHAW@LﬂKquumx
k=2 Xisl d X K d
_EL’MW)ﬁkaWJMQ)x
k=2 exy Xyl
5 [mOd MK, Gyn(o)d

2 pa i1
_glfx "z(y)dykalHKk,,(X,y)n(x)dx &7)

NEond. (85) OFE2IE (1) 13, z=2y BXWL
b X b b

[ax [ F(xy)dy=[[dy[F (x.y)dx
BRREBEFTS ZEITLD,

N+l X/2
N T

1 poa x z z z z
— dx| n(x—=)K(x——,=)n,(=)d
L[ m =K (=2 Sy (D) dy

2
1

Xpo1 z el z zZ Zz
SLm e [T (v =K (x=2 ) dx

(88)

E=x-z12& L, Flz=2yOBBRAEHNTEET S &

L=["mdy [ n()K(&y)de (89)
51T
ft:kl dy_/;xkF(x,y)dx =%./;:k‘ dy_/;ikl F(x,y)dx
BEU
T
DOREfRZHANWT
L3 [ m ) [ mK, o (p)ds
[ m )y [ (DK () d
~[Fmdy [ m(x)K, e (xy)dx (90)

LELOMMNS, GAINEHZU TOX O BBICEEET
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ZLEMWTES.
le 1 R Xy
(o =5 [ @ [ m (0K, (x,p)d

k=2 Xiv1 X
5 [y [” Ko (rym(xds
k1 ey .

i1 d k+1K i
+3 [Tm K (o))

_ f K, (x,y)n(x)dx] 1)
WAL, (91) OABE 1 HI I FBOEIZE
FNDRTFELTOE, FH2EIH-FHOE VICEE
NBRTNE DN WKL T ZHIET 220E, 3 HIZ
FEHOE IZEENDRFICX 2 HIROET, IE
BICEED X, EBADRTERNTVWS, KX (91) %
FIZH N T LT 20, FEH—FIVK(x,y) &L
TOXDITEMT 2.

K(x.p)= A, (x+) 2
==L

B ; S, s K (X,0) 93
AkJ_[(xk»l_'xk)(xul_x‘)]L dy/; Ty - .

B DORE75AKMEE ORI —IVIE, (92) DEEEL
T TED ZENASNTHBY (Long, 1974), (92)
OIEIEBREN 2 H O TIHRW, (93) ZEEAKXE
FANWTURDEL DTS ZEMNTES.

4 :1{
4
(94)

(92) ZRAL, 512 (6) OBBEEFIHT S &,
O1) IBRDOES I TERIATH I ENTE S,

K(xk+l’x1+l)+K(xk7x1+1)+K(xk+l’x1)+K(xk>x1)
X T X0 X X0 Xea X, X+ X,

dN1 1
( £ )GAIN = 7Ak—1,k—1 {Nzk—lMlk—l +M2k71 lefl}
dt 2
k=2 1 2 1 3
XA Ve M2+ f M2 - Wi = fe M2,
i=1 2 2xk71

k-1
+> A4, (N2M1, +M2 N1,)
i=1 )

_EA,,J {ka//kle Jr%koz2 _ZLX,C (v, -1, )leg} ©5)
7=rEl
NI, = [*'n (x)dx 00
N2, = [ n2 (x)dx -
M1, =fx:kﬂxnl(x)dx %)
M2, = j:k"xnz(x)dx ©9)

$655 200443 H

Thb. /=M, DI Tzivionet al. (1987) 12X D,

M, =10625%'M,’ (100)

1 (101)

M1 D GAINTEIZDWTHREBEDERIZELD

dM 1
( Tk )GAIN

=%./:: nZ(y)dyfx: (x+y)rﬁ(x)Kk—l,k—l(x’y)dx
k=2 px, X

+21f nz(J/)dJ’_/;Fy(x+y)K,H)I(x,y)n(x)dx
k1 ex Xen

w3 [ ()KL (xy)n(x)ds

7 (49K (xy)n(x)dx]

1
= EAHH {N2, MV +2M2, M1, +M2’ N1, }

k-2 1
+ z; Ay, {xk2Wk—lM2x +M 27 (220, = 2% W+ ExkAfJH )

M2}

_M13 (W= fi)—
2x,

(‘//1#1 - fk71) }
k-1

+Y A, (M1,> +2M1,M2,+M2N1,)
i=1

k1 1
_zlAk,l {xkfl W M2, +M212(2xk+1l//k -2x.p, +Exkﬁc)

M2}

2x,

My~ 1) - (v, — 1) } (102)

EELLIEMTES.
RiF DL ZKT LOSSTEH (83) % N, M, DE(LHET
KT &,

dN1

(= hoss = [ m () [TK (), () dy

=3 [T m)dy[ " n (x) 4, (x+y)dx
i=1%% X

= 3 A, (N2 M1, +M2,N1,) (103)
Wl Xe+1 0o
(T o = [ om () e [7K (x ) (v)
max. s e+l
=X [y (x) A (7 +xp)dx
=S 4, (N2,M1 +M2,M1,) (104)
i=1

Eis, K (95) & (103), (102) & (104) Z=F &
Wb E, EEICK D NI, M1, ORZ{IE

dN1,
di

dN1 dN1
( dtk )GAIN _( dtk )LOSS

(105)
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dM 1 dM 1

dM 1
k= (Tk)GAIN - (#)Lass

dt

THtREINS. ZOEFINTIRH4DORF AT I =
HBHDT, n, (x),n, (x) OHAGTHLEIZETTI6ED
ThHD, ZNZFNIOWTHE TR Z2HL.
6.2 HhHRE. i & R OBIR

ADORT AT — UK, Ké, Fh, d54)
DHEZHETIHE0ERMZRLICELD S, A
M7= ELT, S AT T — DR FNEZRL 28
BiZiE, BEOKEWKTFONEZ D DH L WRIF24
KENBHbDET B, 7272 LimHUKIEAVUKKL T & #5E
L7861, BREMICHREL T2olhEE%S. £2K
IO KR FEHETHIEICIDEREEKRT S D
DET D, BEBHENTIIEEORE N ORI T, #HH
TERFISTERED/ NS WL DK FZEIET.

(106)

#1 FHPERL T, AR BERL T & A R D B R
Table1 Relationships among collecting particles, collected
particles and products.

TR T- WAL T AR
K 7K 7K
K K Hoh
7K E Ho
PiST] bbb b
K i K K s
Kl K £
K E5 EN)
K Hoh S
Ef K EN)
E K EN)
E Eh E)
E boh Eh

b piST] bbb
Hoi K H i
Hoh Eh Hoh
bbh bHbh b

6.3 Jkigk LS
KR EDOPEEITDWT, Long (1974) I TFD &
SIEPEE N — I OIEMUXZIRL TS,

5.78x10° (x+y), D, >100um

K(x,y)=
(x.7) {944x109(x2+)ﬂ),IZ‘SIOOynl (107)

2 Tx, yABOER TR ¢, DIEAEVNH DK

TOBEZXRTHS. —J, Lowand List (1982a) 13,
2100 £ m K O & K E 7o /KR L D22 R 5k 2 171,
GIRE. LLTUTOMZERL TS,

[i=8
s

D _, bokE,’
1+= - L, E.<5.0u]
L Al el =22, <50

c L c

0,

(108)
otherwise

7272 L a=0.778, b=2.61 X 10°7?m?, D,13/NE W5 DKIH
DERE, o l3/KOEmMENT0o=728X10°Nm", E i
KT DRI RIF—T
E,=CKE+S,-S, (109)
CKEVZ 22 DEB T %)L F—T, KiDE FHEEZV,,
VoL EE

p DDy

CKE = : S
12 D, + Dy

v, =) (110)

SAZAKTFEDOEE T IV F—DFIT

Sy =O'77(Ds2+DLZ) (111)

SAIPEE L7 /KMOEE T )L F—T

S = o7r(DS3 +DL3 )23 (112)

THD. EEI00umI EOKFEOMHEIZDNWTIZ
(108) % (80) IZMALTK (x,y) ZHEL, Th
Pz DWW Tid Long DIERIEL (107) ZAWS.

6.4 KokigE ke, FHhOflze

0 CEDWBIZNEGHIIBWT, BHAVKFEAES &
DEEDO/NSBKEERZISHEERTIEGEE X
%, KEOERITH LU TOKRENFTITNIWEE, K
IO 2R L THRELEZNZ ENH S, Lew et
al. (1985) 122 DR ZHMAVICFIRL, HREYEE
AUz, ZZTldLew et al. (1985) W/RUL7=ZT T 70
SEZEHAID, FEHRZUTOXLIITEAS.

1.0,

08+02[l_50

D, >100um

, 100pum =D, > 50um

()‘5+0A3D1_20

, S0um =D, >20um

0H04Q_m

, 20um > D, >10um

01,  10um=D,

(113)

DK DERETHEMIT um TH D, Kl EKHDHE
B OCUTTEZISAHDEL, KFENKEZMIEL
R HR L ChonNERT S EIRET 5.
6.5 KKiEdDENDMER

WRHKEED, BAaX0VEREO/NSVWH SN &R
DEOMEENRIZDONTIE, INETHROICHNSNT
B5T, ZITHEMBE=08ZRETD. ZDiEE
BOCKOMAENWELGFTREZIZBDEL, Kilind o5
NZEMIELZBREICEBEL T, donNoEENnHEnd 2
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ERET B.
6.6 JKf, B, d 5T K BKIHDOHR
Kidh, SR oNNHTXOEREDO/NS WK (F

I2ERD) ZHIETAEEICTDOWTIE, Hall (1980) 12

HOSHENRZUTOLDIITHZ 2.
Ec = [1_020 {IOgIO KFI‘ - (10g10 Kcrxt +\/§)}2 ]1/2 (1 14)

K W3R E 7 I)V— KT

(v,=v,)v
K = 1 S S
"= g (115)
TEHZRSIND. T Ty, v [TZFNTIUKE E KD
Uik P, DIKFHOBER, g 3EIMEE, K, 1
JK i D Reynolds 2L DBk T,
552 (Ng, )%, Ny, <5.0
ot = ( R°),0_m e (116)
1.53 (Np ) ™, Ny, >5.0
TEHRINTNS.
6.7 K- ERHOHE
KL, K@EFH, SHhFRLOHERICIL0EER)
#1L, Cotton et al. (1986) IZHEVY, SURICIKFL TZ
k50 &L,

E =min[lOO‘OSS(Tfm’m*m 02] 117)

THEZ%.
6.8km—dHoh, FHh-dHoh, dohFELOMHE
HSNHMOIKKLT EHRL THET 2 2 LIFHEITE

0D EEZEZ NN, ZONHERIRIIFENEIEALE
s<, FERIIAHATHS. ZITIk—dbon, Fh—

HoN, HONFELOMFENEE E =01 EKET 5.
7. HTEDHEZE 52
7.1 B DA%
MR LTNEHZR L 25E, 6T 20, £REOHT
LMONTNMETRD. ﬂﬁ{fﬁ@@}%‘ééf’"i R DFK
BEHET 28R E2HDEEDHIT, MIMAEN N DOZH)
ICEBEREREZRZL TR, %@HS(D?&NI#F% ICH
FTH5., Lowand List (1982ab) 172 =N EE %
TV, MMHOERSHOERETT> TS (I2BLow
and List (1982b) DD —ERIZIZEIRI S ZA3H D, List
et al. (1987) PMEIELTW3). B D, DK & EE
D, D/KENE R L7z, R UTEL DA OOAAE
¥%&P(D;D,D,) TEYT. ZITHZREMND~D+dDD
HPHIZH B OfE%» P (D, D,,D,) dD TEHIN
5. EDRHDOHLHE, ZOREENDS T 15 A MY,
FARIE =R O 3IDIIHTFENTHBD, Bk
P(D;D,, D) ZFTNFNDORSDMELTUTFDED
I

P(D;D,,D,)=R.P,+RP,+R,P, (118)

R DD W/IHIZ &I DEF 58T

R, +R +R; =10 (119)

$655 200443 H

TH5.
T4 T A NUKBNZ X DHH OO EUL T O L
IZHZ56Nn%.
—Hp o
P.(D;D,,D;)= Hflexp[——( )]
11
+Hf2exp[——( ’ufz) ]
o
Hyy o 1 ImD-ppy
— exp| 2( -, )1 (120)
ZZTHIEITRESKMEELICTE DM 0L E

XY, H,ZZOMAETH O,

Hf1 =50.8DL’O'718 (12D

T, D, QWML em TH S, Fi o, LR OB
FETHO,

(23085

ﬂﬂ:DL (122)
EBL. TOEE, Hy & 0, DBEMRIZEZEEECE AL
TUTDOLSITHEABNS.
4 D —-D
= =11 coal L
\E[ +erf ( V2o, )] (123)
Thd. RPEAEET
2 )0 2
erf(yo)=ﬁf0} e’ dy (124)

LELEINSD.
o,=H,' &L,

1
o 1+en Dega =
f1,1+1 Hfl \/7[ f( \/Eo_fl

XD, BOBLEICEST 0, DIEZERD D ZENTE
5. F7z (120) OFE2HEII/NEZ WKFEEDIZTE 50
FofzExL,

(123) IZBWT g, OFMHEE HE %

Do =Dy

L1

(125)

H,,=418Dg"" (126)
My =Dy (127)
BLU

o,n=(2zH )" (128)
Thsd. BBD;OHEMIID, FAEemTHS. (120) @

FEIEZ 2 DOKFEOMIC DL SNDHFr DT, ZD
BER D RAEMA

D, =0.241D +0.0129 (129)
THABND. Dy 1, EORIC
fy=InD, +0,)7 (130)
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OHBNH D ET D E, 3 HOMAMIX

P

13 (131)

Hf3 2
=——exp(-0.50,")
Dy :

&72%. Lowand List (1982a) DEERKERICED, P, D
{[ELES

P, =1.68x10° D>, for Ds <Dy, (132)
P,y =[43.4(D, +1.81)’=159.0] D,

—3870(D, —0.285)* =58.1, for Dy>12D, (133)
ThHzsNTWS, 72/ZL

Dyy =[(Fj=2)/a'T" (134)
TH%. (134) DF, 3R RITE> THEL DR FOREKT
F, =[-225%10*(D, -0.403)* =37.9]D;**

+9.67(D, +0.170)* +4.95, for Dg> D, (135)
F,=a'D" +2, for Dg< Dy, (136)
LERMEEINTWS, 2B a'=1.02x10" , »'=2.83

THY, Dy <D< 1.2Dg,®&EE1E (132) & (133)

ENIL TP, 25k0 5, (131) £
Hf3 =Pf3Dﬂ3 exp(0,50f32) (137)

Jp D —HEE fifi & O r31 ZIODﬁf3 LT,

[2 F-
O o
f_7,1+1 P ( H

IZ&0,

:‘/_

—Hps

)[1 er f( [ ) (138)

f3z
DIRUIETH, & o, N HEETE 5.
fF”O)ﬁE” BT 2 oI
1 D-D
PS(D;DL’DS)=HSleXp[_E(—L)2]
Os1
lnD—,Usz)z

Hy, 1
—=eX _—
D pl 2 (

+ ] (139)

Os2

TET. HB1IHIREWKFEELOWH OKZEEL,

H, =100exp(—-3.25D;) (140)
EBE, (125) TH, &2 Hy ICANEAD Z &ITLD,
O, &RHDHIENTES., (139) OFE2IHZE, /~EW
MR Oo MR ERL, EREORMEMEIT

Dy, =0.254D " exp[(3.53D; —2.51)(D, = Ds)]  (141)
THALN, E—7 DX

Py, =023Ds7" D" (142)
THZABNS. =72l

b"=14.2exp(—17.2Dy) (143)

THD, ZokE, (130) , (131) LRI

Hg, =R§2Dsszexp(o~5‘7s22) (144)
BIU
Ug, =InDygg, + O-SZZ (145)

DREARN DS, O, DE—HEFEME 05,,=10Ds, LT,

o= 2 e () (140
IR0, #BORLETKRD S, 72720
Fy=serf (231000 1 (147)
TH5.
F 1 AU RHEN
PAD:D,,D,) = Hyexpl— (Z25) )
On

+ﬁexp[—%<lni—;“”)2] (149)
TEY. BLENKTWA MBI S, EEOREFEIL
Dy =D, {1—exp[-3.70(3.10-W)1} (149)
Thos. 7=z7-L
W, =CKExS, (150)
T, CKE &S iFehnzh (110) & (111) ITERI N
TW5, FEE—JEH, X
H, =158x10°CKE "> (151

o3 (125) ERIRRIC, OBRLEICXORES. £
7B 2 EMER T OEED REEMEIT

D, =exp[(=17.4D3 —0.671) (D, — Dy ) 1D, (152)
THO, E—7 Dl
P, =884D; (D, - Dg)” (153)
ThH%. KL
b"=0.007D** (154)
Tdhs. LU, (144) C[FEBRIC
H = PpDy,exp(0.50,,%) (155)
BEU

=Dy, +0,,’ (156)
DORERMNS, 0, DB HEME 0,,=10D, EL T,
O =\/%<2d2 e (% gty (157
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I, =2975+23.7InCKE (158)
Thb.
‘YA T DHHDETERIZ
_JL11x10*CKE ", for CKE > CKE, (159)
"o, for CKE <CKE,

0.685 {1—exp[—1.63(W,-W,)]1}, for W =W,
R=1, ' (160)
, SJor W <W,

X 1= (R, +Ry), for R, +R;<I

‘o, for R, +Ry<1 (161)
TEEND. 721FL CKE,=893u) , W=CKExS,™
W,=0.86 TH 5.

2L TRDEKMOELR DITBT 20 R %,

UTFOXTEEmM! Eﬁﬁ‘éﬁﬁﬁg’iﬁ( AT S,

P(m;x,y)dm = P(D;D,,Dg)dD (162)
7.2 BEEOELR
AIET CE W= R E W T, 7K D220 pE

OREEOEH 2R T 52X E2EH . Feingold et al.
(1988) ITXB &, HEERME A (m) OEEL, HH
B P (m;x,y) ZHOWTLFOLIICRHABTES,

Gn(m) /- n(x)ds

xf n(y)(1=E,)K (x,y)P(m;x,y)dy

=n(y)(1-E,)K(m,y)
—n(m)[ s dy[[”
ZZTEAZ (108) IZ525N2KEOHEHNETH
5., FHUB1HEIEE, y DRI T ORI HEE
m ORLIFDOIEINFEZ, 305 2 HIZEE m ORIFHAN
HELTHAT  HREZRLTWS, K (4) 2FALT,
(163) &N, OENRERTRIIERT DL,

de imax i1
— n(x)dx
dt ;{] 1“[ ( )

<[ (K (ey)(A=E)dy[ ™ P (mix,y)dm

xP(x;m,y)dy (163)

+112fA ln(x)dx

i=1 %%
X[ (K () (=B )dy[ P (mix,y)dm

7max k

i=1 j=1""%

an(y)(A-E)K(m,y)
-/; m+y df.

f n(m)dm

XP (x;m,y)dx

imax 7max

> fxﬂn(m)dm

i=1 j=l+1% %%

2O LIK ()

fx, P (164)

xP(x;y,m)dx
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EEFD, AUEIHEHIZIE S 7 T A i DRTMi-1 LA RO
KT EHEREPHELTES 7 SR k DR THEKRSND
R, BW2IELIE 27 TR iITBT BRI R L DE Ry
HOR, FEIWHZIE VI A KOK TN k £7/213 k
FOHNINT T ZADRIT EWEHRL TR D5E,
FABEIIE IV TA kK DRIFNEKIDBRENT T
DRI FEHESHL TWE DR EERL TWD, ZZT
PRIT—=FINV O (m;x,y) &

O(m;x,y)=P(mx,y)(1-E,)

TERL, BENITHNLT<TLH0IT

(165)

1

(xul_xx)(xj\l_x/)(kal_xk)

Qk,l,] =

of e[y O (i yydm (166)

EBL. BEEETIE (166) FEEARXZHNWT

ka] {Q('xk X, X )+Q(xk Xis 'x]+1)+Q('xk i

+Q(xk;x1-19x]+l) +Q(xk+1;xz"x/ ) +Q(xk+1;xz"x/+l)

+O(X5%0%,,0) ) (167)

TEtEEND. (166) ZRALT (164) &I 2L,
dN 1max1
7= ‘/Z—%A‘/Qkuxk(NM +MN)

+”§: székuxkzva

3 imax k

Z ZAk]Qlkj XZNN

=1 j=1

2

3 imax ImﬁlX

211/k>

Y 4,0, x NN, (168)

IZDOWTHFEEDEIE

M@
dt

IZ&D

1max11
2 ] 2 Aquv xk(NM +M,N,)

+ZAQk XN M,

31max k A Q
= 2 24,0,

2 5 gk ]

3 imax unax

211]k+1

A, 0, x!N. M, (169)

ERTIENTES. 73B4,0% (93) 1

8. KD A
BAALREREIC SS9 B KM O MBI Z D%k, E&,
RIZIKFEL, TPt TET I ENTE 3.

dN;
dt

EFBmINTNS.

)%‘

=N, —Af exp[B (T, = 1))

w

(170)

Z 2T NSRRI OMEE, N, 3 & m DK OMEEL,
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A, BIREBRMSRDSNEZINT A= —T
A4,=10%cm?s”, B,=0.66K", T,i% 0°C, TIIRIRTH%.
ZZ7T (dN,/dt) =(dN,/dt) DEAtRZFWT (170)
&N TDWTRSL &,

NW(I+A1)=Nw(l)€Xp[—pﬂA/-eXp{Bf(78—T)}Al] 171)
MESND, ZNEHWDE KHEHOE Y1 ZITH
3 At BB OKEB X OOKKTOER & EEIX

N (1+A1) =N, (1) exp[ - A exp{B, (T,~T)} ]
(172)

M., (t+At)=M_ (t)-mN,, (1)

[l—exp{—%Afexpwf(TO—T))Ar}] (173)
N, (t+At)=N,(t)+N, (1)

[1—exp{-"% 4, exp(B, (1, ~T))Ar}] (174)
M, (t+At)y=M, (t)+m,N,, (1)

[1—exp{—Z’: A, exp(B, (1,~T)Ar}] (175)
TRITIENTES., 272U
, =% (176)

TH5. BRBEZEN100m XD RKEWHEKELID S
N, FNXO/PINHDITKFHEE L THEET 5.
9. 2 XK DA K

HONMEBRZMHIET DL E, HIEELRMITBNT
HH5NDORAMIEAN T 2 RKENER SN S,
DENF%E, Mossop (1978) IILLTOLSITERLL T
W5,

-
—

aN, =10°N,N;"*

a (177)

N HZITERINDKEORR, N IZHSHICHEKT
LKMDIBE24um KD HKERDODOMEE, N ITHE
KTDKFEDOODE Bum XD BN NHDODEETH
5, ERINDKEOERN, THHETDHE, 21K
mOERIZLI O LS IcERILEI NS,

dN, JI0°N,Ng*f(T), for k=1

dt 0, otherwise (178)
dM, [10°N,N¢®f(T)x, for k=1

dt 0, otherwise (179)

FOT) 2 RKEFEROLQIRBKEFEEZ2 X TR T,
Cotton et al. (1986) ICX>TUTFDEIITEAZENT
N5,

0,
270.16-T

7>270.16

. 270.16>7 >268.16
f(1)= (180)

#, 268.16 > 72 265.16

265.16>T

10. KK ¥ DR

Mason (1971) Ic&k 5 &, KEFO@lfEEEL, Al
R K BB EA DRI & BYLHE K VKRR DFEFE & DN
FUAMS

dm

——=2zDf {x(T=T)) + Ly (p, = po)}/ L,

a (181)

TERES. LELSIZERRET

£, =1.6+03N. "’ (182)

LHEIND. FEDRKKTOERE =~ 3MEZ, «
»1dk

ALKD7FIERE, 0, 3KERDEE, 0, 13Kk

TEHTOKEZBET, 0,0 7T 0CITBUT SR
KARREEEZHWS., 4,
6 3 s
D=(—)"m' (183)
P
ZRALT (181) %=
dm
i 1/3
7 (1)ym (184)
DETERIT &
2f 6z,
10 ==2 ) (1) Ly (o)) 189
f i

Elxs. (184) DMz t~t+ At X THENT D&

m(t+At) 13 _ t+At
fmm m dm—/; [(1)dt

L0

23 2 2/3
m(1+At)={m (t)+§1(t)At} (186)

MESND. 65T, ARICED, BR+ATBIT DK
RTFrOEEPBIOEER, kKkFBHOE 7 5 RIZDNWT

M, (t+At)=N, (1) {i*"(t) +§1(I)At}2’3

(187)
N, (t4A0) =Ny (1) +{M (t+At) =M, (1)}/ i, (188)
EETD. =EL
_ M(1)
mk——Nl(t) (189)
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TH5. BRBERT DBITBIT DIKEITF0 5 D7k D FH g
R, AMRIZHES KO RZINE, ZFOEENFITHIAS
NTWRWED Z ZTIRBEET, @R L 2Kk 23R
CHA XDOKBICEMRIND D ERET 5.

11. ki1 O% FdE

K, OKEE, FhH, HoUITNETNLELUTHAIC
BETFT2HDERET D, BEEED, DK KumTE T
X, Beard (1976) IZHEDELTOLDITEZ S

CCy.D,?, 05um<D, <19um

V. =9nNpo/(pD,), 19um< D, <1.07mm
NNg.,/(pD,), 1.07Tmm < D, <Tmm (190)

ZITC, CldEFnth

C,=Apg/(187) (191)
BLO

C,. =1+251(I/D,) (192)
THZ2BN5. 12720 Ap 13K EZRRDFEEET
Ap=p,-p (193)

THZ26N5., £/211F
1=1,(7/1m,) (po/p)(T/T,)"? (194)

THD, 1,=6.62X10%m, p,=1013.25hPa, 7,=0.0001818
gem''s' | T,=273.15K TH 5. 2B n 13K OEREIR
BTH5D. ££72 Npo, Nie I& Reynolds 2T, Beard
(1976) XL FDEDITHEA TN S,

N =Cseexp(Y1) (195)
N =N, “exp(Y2) (196)
R ENnEN

Y, =a,+aX; +....+a,X/’ (197)
X, =In(N,,) (198)
Ny, =C,D,’ (199)
C, =4pApg/ (311°) (200)
N, =c'p’/(n'Apg) (201)
Y,=b,+bX, +...+b.X,’ (202)
X, =In(B,N,"*) (203)
B,=C,D’ (204)
C, =4Apg/3c (205)
0 =76.1-0.155(T-T,) (206)

THO, ERZ
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a,=-0.318657 X 10,a,=0.992696,
a,=-0.153193 X 10?,a,=-0.987059 X 107,
a,=-0.578878 X 10°,a,=0.855176 X 10*,
a,=-0.327815 X 107,
b,=-0.500015 X 10,b,=0.523778 X 10,
b,=-0.204914 X 10,b,=0.475294,
b,=-0.542819 X 10", b;=0.238449 X 10>
ThHAGBNS.
KR T- D% Fi#EEIL, Locatelli and Hobbs (1974) @
BB EHWD, KT DWTIZIBEBERA S BIEIRGS
DKV TR

V= 0.62D"% (%)o‘s (207)

#H5ZX %, ZZTDRATORKETHEMIm, ol
EDBE, 0,3l BICB T B EE, V, QAT
ms' THD. FERICDOVTIIEBRIOIR WA, M 5,
i, RS & O PSRBT Sk ER

V. =0.69D"" (%)“ (208)

ZRVWS. HoNITDONTIE, M#EEOHSNIZET S
& T HE ORERR

v, =1.2D°‘65(%)°‘5 (209)
W5,

12. BNEETIVAOHBAS
121 AR

AT E TR EAOZRBRRICEATIHREETY >V
ZDOWTHRZ, INsO O A EEEETIVICH
AR EITRD, RADNFEEYMOHENH ZH
NDLHZEMNTESD., T Tl Soong and Ogura (1973)
DIBAFE U 72 2 ROCH PR D E S| TIVIT, BRI i
BafaAOFHRZ RS,

M R R B B =GO HRERD L EED R
13 Soong and Ogura (1973) IZHEWY,

ou ou ou — oIl

=—u—-w—-C 0 —+F
a o Ve e (210)
ﬂ:—u@—w%—(f §ﬂ+Fz
ot or Oz "oz

o' '
+g(5+0-61Qv—Qc) 211)
orpu Orpw
Tp+L=0 (212)
or 0z

EETD. 7L, 23 ENTIKTD K OB E FERE,
w, wid/KFEREGER X O EEE, & 1386, ITI3ER
TEEINZRIE, FBEU FAIEET], 0,137KEZD
REH, 03BN FORGHLOKBMN, o 3EJOEE
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THo. N—DODWEHIFIKEFEEYL-EE, Fvia
DONIEZKEEEM 0T NEZEL TWS, /2R
LB X VKELR DT HAGRERIT

0° 00 20 1

a e e e R R o)
Q8 9 _p_pip, (14)
ot or oz i

Thb. P, P, P,ITTNTIKELK K, K=K, K
RE—-KOBWRERL, L, L, LJIHABICITHES #
BTHD. Dy, Do l TR OIREZERL TS,

EIFETIVICRKERER ZE AT 2I121E, (210)
~ (214) ITMATEZORK, KEZDE, KiEOEEE,
KIEDIRE, KEOBHEE, KaDREEGH, Fh o
BE, ERORES, doNOEBEE, HOSNOEALL
29 %, @8 TI0EOTHARANLETHS. h
S5O THARROBIE, THMEARZEZALTDEENEN

Haight {km)

0A

ot

A o4 10

0A
oV A +(—), +D
o - pe (pV,A) +( o )etoud 1 (215)

EiBd., EELV, 3N THRTO%E N HEE
(FA1 1) 40d \TBEKTEEGEERIT LS 2 M0E, D, T
WO REEET.

12.2 FHEpHI

RIS N EHEETIN 2 AN TEHEL iR o
Y. HEXOMIEZ Soong and Ogura (1973) 1R
INTWBENMEZH W, BT Ar=Az=400m,
ezl S Ar=4, , FHEMEZ K 25.6 km, $HE 20
km& U7z, RESME LT, Hem o im g 258 <
% 200046 H 24 H KD EEIRBSICHBT 2 E-EENT
—yEHWE, FEILEZREITLLD, UIHETLEL
T, & FEITEE2,000m, JEE 1,000m, JEPHEOHRE
ZIK Ofafl Lz 2okl Bz,

FHEBALAMN S 60 0 ETOEDOKRHZ L 2K 4 1T/R 7.

Haight {km)

Height {km)

4
Distance {km}

¢ 6

I 4

BUEET )V TEEE L 2 RELE DR TR, RENZRANY B, FEHIIKEDRES L, #HRidd 5hOREH,

4 5 8§
Distance (km)

Kxé‘\

K+ FRHORELERT. FEHI—F/MIN0.1g/kg 2R, TONANL 1g/kg TEITHNNTND.

Fig.4

Evolution of the simulated convective cloud. Arrows indicate wind vectors, and the contours of the mixing ratio of drops

(solid lines) , graupels (broken lines) and ice crystals plus snowflakes (shading) are shown. Outermost contours
are 0.1 g/kg and other contours are drawn every 1 g/kg.
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Fig.5 Mixing ratio of cloud particles at each bin in the air
parcel rinsing in the center of the convective cloud.

ZZTx=0MZEOHFLIZERL T, IHEILEL T
AT WZEGSIN ERR AR L, KEKDES L
TKMMHEET S (1049). KT SRS ZHEL,
EFNOHLEITIZ g/ kg ICET D (204)). /=&
6 kmfHEICIE, HOoNBERINGHED D, 30 7121
K@M E L THE EICHE R L TEORS N E, —F
FZETIEH S NLKE, SHOWBEHENEML TV,
40 FTII B SNDEGEN Sg/ kg, Kt - FHORES
e 2 g/ kg IZ3ET B —H, KiEDIRA LA 2 g/ kg 1298
UT, ZOMRERIIKRFNRFLERSD. 507705
60 FITMIT T EEOKK FORMMBL NS T L
AR EHINE L T,

X 51 3FEELZEO L E ERT 2R MIcB 5, ¥
A XZEDRTDRALZRL TS, 1031I2BNWT
FE 2.6 kmiCd DEGHIT, GENDRTDIFEAER
EEN100um LD H/NIWVWKETHD, EERICELST
WREINTWE I ENbMhE., ZOESHIL 16 7I1CHE
FEA46kmIZiEL, T I TIIKMORENEL THEAE 1 m
IZELTWS, ZOZ &, KHEEEZ NI R0 NDD
5 BV 7Ot Rk TRENERSND Z &
ERLTVWS, ERBNEE 6.6km IZET S &, 7K
MHEFEL T, RTFORMErIHoNERD. £emidd
RNDY, 100 £m ZHE A DKES, DEOBHHIKEH
HELTNSD,
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HERIHI DO KRGS BNT, FEELEDONEE TN WE T
Ot X CTHRMEAAER SN, TNNHEEL ThoNzZERT
2 ENI FEREFIIIERITHKENDDTH S, ZORER
X, L= —glicsnTeflmna—-»n"uiEtidoC L
NILEDH TORBICHIT S S5 FHED (FH, 1967),
MERRI DFEELE D LB ICHAERHNZEIFIEL T &
SELHIEESE (Takahashi ef al., 2001) IZEELTVWDSHOD
EEZEZSNDN, FHLVLREIISEOMETH 5.

13. £&®

EEMRT 2R T ORISR ERERT, hREZEEK
DY A ZRPIZHTTERET 2 H1E (D5 E k)
R, KA Z & TREKIE R R 2 B i IC KRBT 505
FEHRALZ, T THELZEEET IV, IVFIN
TA=H L —F =& N E - BRI O YN R RETE
R, BHERHOREREOMY, KEETIVITHNSN
TWBEYH/NT AY YT — 3 > OMIFEICIEREICH
iz —IV &%, BBIZOEFIVL, BRICBWTE
HEALEMHETILD 1 DTHBH, KK TOHIED
R, HEOHGEIE, IR ORBE TR/
DIMELFENTVWD, 5%, SHOEHT—%2H0n
FETINORALE EHIT, FIOKKRFOREE L DEY)
IR 5 FIEOBANBETH .
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