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Abstract Both observations and numerical simulations with bin microphysics indicated that aerosol concentrations and
size distributions play an important role in cloud droplet spectrum evolution and precipitation formation. With limited
prognostic variables, current bulk microphysics parameterization cannot simulate the cloud droplet spectrum evolution
properly because of the abnormal broadening problem during condensation. No studies of the effect of the size
distribution of aerosols on cloud droplet spectra with bulk scheme simulations have been conducted. The newly
developed triple-moment bulk scheme includes an additional spectrum shape parameter and overcomes the abnormal
broadening problem, which can be better applied to simulate the main characteristics of cloud droplet spectrum evolution
than double-moment schemes. To analyze the effect of the size distribution of aerosols on the cloud droplet spectrum
evolution using triple-moment microphysical bulk scheme IAP-LACS which has been developed by Key Laboratory of
Cloud-Precipitation Physics and Severe Storms (LACS) of Insitute of Atmospheric Physics (IAP). This work focuses on
the effects of three parameters of the size distribution of aerosols (i.e., number concentration, geometric radius, and
standard deviation) on the cloud droplet spectrum evolution using WRF-LES ideal simulations. The results of the
numerical sensitivity tests for the three parameters show that the newly developed triple-moment water vapor growth
scheme coupled with the explicit aerosol activation process is a powerful tool to simulate the effect of the size
distribution of aerosols on the cloud droplet spectrum evolution. Aerosol number concentration significantly affects the
shape of the cloud droplet spectrum. A high aerosol number concentration results in a narrow droplet spectrum with
activated droplets and small average size. By contrast, a low aerosol number concentration produces less droplets but
with large radius. Enlarging the geometric radius, which means moving the aerosol spectrum toward a large particle size,
leads to cloud droplets with a large size. Notably, the standard deviation plays a less important role in the cloud droplet

spectrum than the aerosol number concentration and geometric radius.

24 %
Vol. 24

Keywords

1 5|8

SRR AR =5 R G e RS
RKIEAE EEMEH . =t FE oA AR R s )
TERGRITRAS . [ 25 F/KORL T P BB A B IRV K
BT 3 AT o 2 K A S 2 e P R SR S80S 7 A BR A o
S AT, 5 KRR KSR SR IR B K
BE. mis i Bl o RBRER R
1 Q7 S REC S NP NVAR Sl |1, B2 =X (0 1 G B BUR 8

ZRTFRIETRBER T =k % (CCND
Kt (N &3 5 0% A T B = T A OK
(Pruppacher and Klett, 1997), JH 2 il (117 5k
AR 7 R B IR . 25t h 1 R Hh B 7
POIHRR RIRERE R, & MR, Ko
TR I ERAE AT B — 5T, =R
S LA BERER FRG Y RKR T 25 0K i
2, FIRBBERTINERTIRE. skt
SIBBRIR M EE, KEWNRE: SEREKRE
HRMHE BN, SRERNERXE, =i
R/ (Rosenfeld, 1999; Liuetal., 2003; #
BE4%E, 2008; Yuan et al., 2008; 1%, 2015),
KRS, ANRLAR 1 2 ¥ 2 8 55 A 2

Triple-moment bulk scheme, Size distribution of aerosols, Droplet spectrum

R, NGB AKIITERG, S 2 Rk a BA 4k m 3E n =
MR IRER, AR RS e . 5 = A
HAER, AT B AR S ~F 1887 1R 52 i B B <
IR IAE LN, (Twomey, 1977; Albrecht, 1989;
Hansen et al., 1998).

P T [AIFE 38 B ) B, AR A R AN A0
2T T RS — B R A SR A B ., K
AR R BR T % I R A AT B, # IR 1% 1)
R T, A S AT R N R T AR
SHNTT R RITT R RER = FRIRLT R 5 9 L
R4 5 A BEAT = Y P FE AL (Tzivion et al.,
1987, 1994; Hain et al., 2000), Xk A4
KERE T, FREMESR. Yinetal. (20000 43 BI7E
Kt P 2 A H B 0 R AR S I B mT DA ik = ¥
b Ik A2, 0o KR T R R OK s PR A A
(2013) WFFLR B AN [R] i FE A R HOk FE 1 A%
b, AT LEE A 2 i S R M FIBE 5 PR K, 1843 5]
REHREAE SRR, FEMUKA K. 20
J5 ST FCIE B AR (0% 0 AT 3B %o 2 T e 1 L
BAEH, WiE BB KRG R, &%
EASEADL R AN T 208 f B B R . (ER R T R
FEHCEE EEATRE, THEEE R E A ST



6 1 MHE: = SH R EE 7 2 A SRV 58 FIO6 2 1 1% 5 e P B AL 5
No. 6 DENG Wei et al. Numerical Simulation Research on the Effects of the Size Distribution of Aerosols on the ... 695

A4 BRA AR T

AR TR AN AT, h A F B A S5
T FRE =B AR . RS EE R RS 2 1
BRI M R g, HfESE LA
TR E B, BATHEBER, (ST R
B R UER, XS T RERE S E
VERBT FCHIAHERGTE . Lohmann (2008) F& H &%
75 FE0F 2 T REAR IO (1) R 22 5 BV IR BN AE 4 Bk
AR B = £

2T R AN HE B 0 R DR SR S U T R
RAE VS PR A, 2= T A3 A0 5 iR 2GR
e n(r)=Nge e, HPNAEESE, okl
Rz E, AR ESE., MBXBF3I N 3=
(N a, B THHEFTE 3 AN E (Clark, 1974),
HET# ) 2 RAM RS S 5% (Lin et al.,
1983) F1 W 2 J57 Z& (Morrison and Pinto, 2005;
Phillips et al., 2007) 43 7 f# FH ot & 18 & L AT HOk
FE. BERG TR E. ERG =507 &
AR TBOR . R R VR A LA R Ik R A
FIANTIRERMN . T T EERFEFH
Ny a f1B 34~Z & (Milbrandt and Yau, 2005a,
2005b, 2006; Loftusetal., 2014), {Hz ik As
PR TT %, =540 AR 7 o IR EFA
A, KPR B R AN IR I I
% (K%, 2015,

RS HATT 5 = s e IR 2, <
TR Bl 43 A 0] 2 ¥ 1 () RE A TE S 400 T SR IR
ARGV R PRZERE KB T AP
=B 55 KR E A5G %E (LACS) #ifk
(I TAP-LACS (X¥E, 2018) =S¥ =i 5 &
FINT B EARRLAANE = A TR E, Wil T
SR R N, ARG T RBERS
A EAE AR R, IR RAE S
TSI RE S = R R AL T R T EE TR

RSV I s R 23 A R UM
I3 BT P 3 A AR AE SR X 2 7 i v
BRI . SIS S ES AT FH R IERS
B A7 % 7~ (Saleeby et al., 2004, 2013): n(r)=
Nexp| = (r=r,)'/ (20" |/ V2 o), i B 8 n(r) 2
HEREE N U r FIARHEE 0 X 3 NS Rk
o AXHIRET SHABRYE S0, FH
WRF (Weather Research and Forcasting mode)

KimEAEVE RS (LES) 70 AL 1 — /X it
Mk R . 8 LA [F AN = i AR =
5t AL HT TR IS R 3 A SR AT
HITER, o 18 5 S8 S I A1 2 i i v
ARHIREI, N T B B K BB E B, ok
AUTTR AR S 0 e e TR RS R R A ASE LA
RMES%,

2 HEEMTTERE T

2.1 FMOEZREE

AHIE TS (3 JIHESE S WRE3.4 K i #1 AR
PEES (LES), B — AN XTI #4436 20 min 1)K &
R, PEMEARED, FOBIRENIK,
M2 9300 mo SCH BB AL B SR 2 B 40 7%
K100 m K2 353 50 m RIS BE, AL X 45
KK EEFAS12km, /5K s,

22 =B FRENT

AT AL FH 2504 7 22 9 TAP-LACS =244
=TT % (RRFR, 2018), %7 RESL TN
IR = s T R TEHT T P AR
AT BOES AR R BER R, W A s A
SIEIRBURE (CCND - Fh BR800 4 FH i
Pz 2 TSRS R I S R S AR, e
TR0 /N T A B e A ) R IR TR AR R s
o WFFT 2R B A B A b A2 0 S el v A i e
Y EMAER (Frank et al., 2006), FrLLEriEfL
5 S e IR R MR R v ahiE k. T %
FE s B R I RIS I R, 3 R RIS
W RiES, BIHL CONM AN =#, Sx
WA RE TSI ERAER, £ Nz K R
.

AR TR AL S 2 G R B — 2 AT T R
R, 1 M= E 14 CCN (Mitra et al,
1992) o PRI G A0 I % 23 A 1] K1) 43 9 A IR AN
LG HEN = I CON, a0 G VI E =
T 21248 ] Kogan et al. (2012) 752 4R 2= JE AW I
1] CCN R4 B X6f B 2 i R A2 (R B s 2 . 7E =1l
VIR RE R, BT IR A R 2 i 2 S B T
DT R KE. aWEORE. PR 3A
Ak &, JFFE B U5 = 0 00 5 R Foh i 3 A
ZH.

SERIEE LR =i, Clark (1974) 1R



S EE K B WA 24 %

696 Climatic and Environmental Research

Vol. 24

& = I N S T R IE K n(r)= N 'e”, 5l
AN =GR (R, =alf) R 3A T &
Cr AN TR B 20 50l O 2= 7K s B A = T R D
AR5 1 25 2 12 W LUHE 3 H 0 ) of Boh i A 2 5
(a, B) HINSIAIARALZ Ny

da _ 4kSP> 6kaf®

dt a-1 (a-1)(a-2) .
B 3kSp Skap’ :
dt a(a-1) a(a-1)(a-2)

Horb, SHREMEAME, kFa NHE, £=0.98
pm?s’, a=0.115 um. z i B0 75 B4 72 AR
FEAAE, o F1 B RHEIN [A] () A2 AAE LR | = 1S T AE
BRI . BRIEHTFEER (R, = a/p)
TEEEE ISR IR o FIB 2 IWTHET . A
IMHAR A R B AL (D #HTIRIF s
B, SRS LT TR A RE, =i
PR R 22, BT ZEr A (D kA
Runge-Kutta-Fehlberg 173 771%  (BlRHESE, 2007),
25 1408 2197

Y. =Y +dtx|—K, + —K, + —K, -
(A (216 '2565 7 4104 Tt

1
sKsj
Kl :f('xrmyn)

dt dt
KZ :f(xn +Zﬁyn +4><K1)

dt det dr
K, = +3x—y +3Xx—%XK, +9x—xK
3 f(xn 8’yn 32 1 32 2)

dr dr
K4=f(xn+12x85yﬂ+1932><2197><K1 _

L K, + 7296 x

72005 197 < Ko 2W7XKJ

K :f(xn +dt,y, +439X2th6XK‘ -8 xdrxK, +

dr
3680 x
513

dt
K,-854 x ——x K
xK;~854 4104 4)

2

Hrp, Y, A F—AEEEK o WG4 R,

YN HETN 2 SR g R, Ax,, v,) N B bR,

K.+ K,» K,» K,» K,NRunge-Kutta-Fehlberg 5 >}

Gy PR R WEUE . S HZ TR a AT AR A IR AR
ENEHYE () A

L ke (20 -3)  4kSp

! SENG))
doo (g2 =3a+2) (a-1)

Ak, <O B ERE, AIHES B BROE TR
HE A
(2SR, - 6a)a® ~ a(8SR, ~ 9a) + 8SR, > 0. (4

LEPEHRER (R) TRIRETF () WA 9
WREARK (@), WIREFRIEERSFRE. R
AR @) mTH, BatE s 2 reEY e
(R) FUEHIAIEE (S HIK, PAMEME R = 5L
TR E . FTDATERSL RE A, M A ()
MERS, 5 SRR A TRE . WRBUS A RE
W S AT HE LS TR, T d i 30 A 4 A v i it
ORI, i tEAnE BAEE A D B, A
HHATEEEE T 5. DO TE S Sh I R 2 Vi 1 11 3 9 2
HERE T (@ e, “aflofaEnt, Rz
B Mt T R .

ST 50 A T D v A 0L 2 3 O R Y AR
N T BAEET T R, RO TR
W RIIBAECR . KA (2015) 7ES A A %
EG T XS BRI A 0 AN [ 23 RS AN B0 7 R 7 SR BANL )
B REES IS FE ST (Rogers and Yau, 1989)
M4 R G ERE N 0.1%) . HRIEMET iR
FRSILEE SR, = i i L e Bkt 1 AR P itk e AR A8
WA RS LR KR E R, DK
BRI TF BRI, EESSRE h =E BOR A
A, WA IS AT, W EEOREER N . AR
B e A A AR L T S EU R R 5 S
SERERE. WSHHE QM) R4 R B
SIS, RS SIS, G EE
WEARMR (B2, SN EERD 608D 15y
7% (fd160) FEEES A T 2 min AT H I — &
FEEMY 8, EEa—emn (E1b), 245
1A 2000 £4 (1) 43 A4 50 (Fd20000 A 38 G T 9B
i (B le). EMRIZGT, =28HI7%E GM)
BN 2 1% S5 AT R R AR i A — 8, wl e e e
SGERFRH AR A, BN T A AR TE 2 min B
AT S wm, WEEREEE (E1dD.

BEEAN SR = EORE,  BTA 26 (AR (AT
FHE, W TS AT AR I 25 T A — R e ) i
2, ZHb 7 P AN oR B0 20 S IR R P A it
25, BT CASERNT AR A H0% S B T =205 R
SRR, I HHT RIBILGE R 160 RS A4 5 &
HILH BS54 R4 7 AH HLs
TR RENE T AR A



6 1 XSERSE: =S IR Ty 5 T R B R O 2 R 5 5 (14 BB AT
No. 6 DENG Wei et al. Numerical Simulation Research on the Effects of the Size Distribution of Aerosols on the ... 697
400 L ! | L ! 1 L 1 L L | L . 400 L L | L L 1 ! | L L 1 | I
e analy(2min)| | —-—--analy(2min)|[
———-analy(1min)| ———-analy(1min) |
. 2M(2min fd160(2min)|
1 b 2M(1min ] T fd160(1min)|
300 il == initial - 300 o initial -
£ N £ [
S b S i
<'.>E . H an 1 L
5 200 ||I‘ 5 200 -
o I )
2 " 2
4 ] i
100 \ - 100 -
] l"‘\ \ \I ]
1 ‘\ \ \
/‘ ‘\\ : \\ \\ - |
1 [ oy M (@ | (b) |
0 ' S —— T : 0 T '
0 3 6 9 12 15 0 3 6 9 12 15
r(um) r(um)
400 L ! | L L 1 L L 1 L L 1 L L 400 L L | L L 1 L ! | L L 1 ! L
1 —-—-analy(2min : —-—-analy(2min)
——-analy(1min) | ——-analy(1min) |
i —{d2000(2min)} i —3M(2min
. A fd2000(1min)} ] i e 3M(1min
300 - i ': —-—-dnitial - 300 i 5" —-—-dnitial -
T | — 7 |
i : i
H SR i
| ': - § 200 LE ! -
I ] I
=z itk
© i : :"l
- 100 4 i i
1 7N |3}
FE i
3 i ‘\ : \\l'-\\
© | J RSN (d)
| S 0 | r I ¥ L 0 4
12 15 0 3 6 9 12 15
r(m) r(um)
K1

e
Fig. 1

AP (@) WSHEEE TR M) (b) RN EUY 160 B R T5 58 (£d160) () 7RS40 2000 K41 73R4 75 56 (£d2000)
(D =ZH07RE GM Sl Canaly) #E4T 2 min Z 5 RESS SR A SERXTEL, B Tmin A1 2min 70 HACGR R — 0 BFAIEE — 04

Evolution of droplets spectra during condensation in parcel model for two minutes where 1min and 2min represent the results at 1 min and 2

min using the analytical solution (analy): (a) Double-moment scheme (2M); (b) bin scheme with 160 bins (fd160); (¢) bin scheme with 2000 bins

(fd2000); (d) triple-moment bulk scheme (3M)

3 REARE
3.1 BEERSEREEMERRE

W7 SR R A TR PR B SR I £
RSO A R A R K

N, r=r,)
n(r)y=—— exp{(f)}. (5
V2no 20
RIS RTEAR 3 NS RERE, 72N

BHGRBE (ND~ LA G AdRiEE (o),
AT EAAT 3 A BB R 5 BT N o

X 2 T T AU S5 R A FENE . A5 S 7 Ming et al.
(20060  HH 45 5 R AUL Hh i 7R A JR B 0 A1
ik, SRS 5 BRAS R (05 57 S RS 23 A 20 T EAT A
WL, 5 A ASE A BR8N (T T2,
T3. T4. TS HIN. r,flo B BWRLIFxR. [
I, VA IR KR P i e P P 3 L 20T N(z2)i /2 3
Jitg:
N(z)=N, z2<700m
z =700
8000

(6)
N(z)=Nlexp(— ), z>700m



S EE K B WA 24 %

698 Climatic and Environmental Research

Vol. 24

7E700 m PA R S B, S BRBUKR B N IRFFAAE,
HENN, 700 m LA EEORIE N(z) 238 HOH
32 RAFEE

ASCH WRF K EAR 058 (WRF-LES) %
RS FH 1R SRR 2 45 BN Yau (1980) 11
EREHE, AT K. %2455 EA AR
FEXTRMRRIE, BZRRE R, Sias KBRS
INRER B Z T 10 km, KN ASZE FE RS 3 AT UK A i
Ty 2o 7E SR L 2 H e 78 20 4
33 e sd

IR L P RIERE SR E, A5
F B AT = A RURERIE ST . W6 AR T
T2 FITS 3 AN RS0, &5 T 46 36 <A i B0k
FEXF = g AR s, 56 2 A T1 AT T4 2 A
ik EYRAE e N A AR GIE S SO paeli R A i} AL 18
TR 3 A T2 A1 T3 MIBEALEE SR, A T K 56 bs o 2= 5t
IR EF

®1 SERESHHSHIZE

Table 1 Parameters for the aerosols particle distributions
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