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assimilation) method, the impact of assimilation of different radar data on the simulation of a heavy rainfall is discussed.
A suite of experiments to simulate a heavy rainfall process that occurred in Guangdong Province on 9 December 2015
have been conducted using NCEP reanalysis data and next-generation weather radar data collected at Meizhou. The
results show that assimilation of the Doppler radar data is helpful to reduce the overestimation of precipitation simulated
by the control experiment and improve the simulation of the precipitation structure. The simulation results obtained by
assimilating different types of radar data are different, and the assimilation of both radial velocity and reflectivity yields
the best result for precipitation simulation. The improvement in the simulation by the assimilation experiment is mainly
achieved by adjusting winds and water vapor condition at the initial time. On the one hand, radar data assimilation
weakens the convergence of the southerly and easterly flow in the heavy rain zone, which indirectly hinders water vapor
transport associated with the warm moist flow to the storm area; on the other hand, radar data assimilation directly affects
the water vapor condition related to the heavy rainfall by reducing the water vapor mixing ratio. The assimilation
increments are much larger than the differences between data used in different assimilation experiments, which shows
that assimilating different types of radar data has similar adjustment of the initial wind field and water vapor condition.
Although there exist slight differences in the initial fields among the assimilation experiments, significant differences in
precipitation simulation appear after about 16 hours of integration. The evolution of the initial deviations in different
assimilation experiments is analyzed. It is found that average deviations of the 850-700 hPa vertical velocity and
rainwater mixing ratio begin to increase rapidly when the model integration time reaches the 16th hour, and the rapid
increases in these deviations are consistent with the rapid increase of precipitation deviation, indicating they are directly
responsible for the increase in precipitation deviation. At the same time, with the increase in the deviations of the two
variables, the difference total energy also develops. The deviations of the two variables grow the fastest when the
difference total energy develops most rapidly, and the rapid growth of the difference total energy is preceded by that of
the deviations of the variables and precipitation. Also, the region where the two variable deviations grow the most
evidently is the area where the gradient of difference total energy is large.

Keywords Four-dimensional ensemble variational assimilation, Radar data, Heavy winter rainfall, Initial deviation

growth evolution

531=E

VAR (Xiao et al., 2005; BF2%2 A1 Zhang,

BUE RS THRAE AT )8, R AR A
T, WIUEIZ I T 2 BB i BB TR A,
IXAE /N RUBE RS 2R e IR S B T A IR G A B
FT o CER U NE I RIS e A TN IS SRl
T St B bxt b/ R ARG 4
IR, T BRAG /N RUBE RS I TR A 26

22 B TR A OB AT T I S R AL,
eH IR AT ) XURH 238 00k S A1 St b i) = 4
I FKP) A — MG FR,  DRHRE I iy A
i AR R 8 = 1 S 3 b i RO
0o [ P AR DA T R 33K T SN 2 1 [ A A B
(Gao et al., 1999; Xiao et al., 2007), 4T T K&
MWt . CAMBFFERE, A IA A ) KU R
J&i > M2 I R rp /N ROBERRAE 2,
2006; Zhang et al., 2009), XA F] T34 In414637% 1)
B JE (Li et al, 2012), /b0 spin-up
] (Xue et al., 2003), 8035 F7K 0 A7 B FH 5 R Tl

2016 S EIA S 2 PRI [RIL 3 27 PRl T 2
— R EAEE L, g5 8T Dol oy aa i
il WS WK SR, $Rm KR AL
BRI, 2009); J—Roy U R IS X
SRR RO KT BE 7K R, 4t SR BB AV AT M ASE L H 0
MAGIIRIE WHT R GRS, 2012; &l
AREE, 20150, BRI, ®IKBR R SE
RARGEBAEBR P ERG TR AR (Xiao
and Sun, 2007; Jung et al., 2008; Zhang et al., 2014),
FHEE T B R A% 1) XU S S 36 R, BB A4 X
PRI D) Ry LSS & P 0, AT R XU A
FHiAy T S2d (Hu and Xue, 2007; =Zf5H{
&%, 2010; X, 2011; Dong and Xue, 2013),
EAR T IS BORL R Be % 71— B2 2 B SudE#)
MYy, ARG R KRR SSIRE, Hifi K
B TRIEI,  H AT BEHLE A EE E 1 (Lorenz,
1963), Rl 46 5 HO G0 D 22 A5 A5 R 73 1 A o
AT DA AN [ R AR R F i A o [l 8 el ) A AN



X A B % 42 3%

1098 Chinese Journal of Atmospheric Sciences

(i) ) 7 A8 O 2 3R s i PR A0 4 3 22 e ] DOk 2
IR I 25, IX S8 22 2 75 6] AR R AR &5
FEAEAT AR 2 AR 1K L g 2= A A R o i R
AR, i LA R S e ZE AR S A
K, WEBEESHEWAER, 5 REAARGKEFT
YIS FRAT OC. TR, WX S 1 v A
B4 RGe T KR Z W R JEHL B RE T (Spyksma
and Bartello, 2008), SFEUNMEE. NIREWIGHREZE
EY B FEVE ] R s K (Zhang et al., 2002,
2003). FORHAMLE H PRI IHIER] “ Ak,
HRZER/NAYIERY, T/ s, AR
UEAEFEA TR I R v 0 22 UR AR FRAE B /N IR IR
Ao U TRE— 24 N RER I RS EUE
TR HER 2, ARSCAHIUG AT PR A R, K R4k
ANTe) H A8 DL 2R = A TR i 3w 25 AR BTG
31, AT T mZE E A AR A I R (P AR R R, H
W R 30 R R R AL B AR P AL B AR
2 RMLAZEFEL R
21 MHEEETHENFZE

A SCAS () DY 4 45 5 A 43 [ 46 7 i (POD-
4DEnVar) (Tian et al., 2008, 2011, 2015) & 7¢ P4k
AR4y (4DVar) HFEAL b, I 5] N BA R
PEMAEGTIRAE B, FFR AL IEAL 4@ (POD)
FEAXT WIS AT 73, K ADVar FIEES RI/REZ
JEWE (EnKF) PR R TS S, ol R e
Wi,

e LA 4DVar [F46 H#xriZ & (Courtier et
al., 1994) ALK N

I =3 B0+ [y - (v ]

T

Ry )= (y™], (D

X, IX) LR E X' = x—x, AR B85,
X' € R™" FRIONELRE Bt , n AR R
HeH, x Xy 3R AT AR AT g ) &
Bl eR™ KI8T 5tk 2= P 7 &= 5 BRI,
R e R R M5 22 B J7 22 BRI . Y (XT) Al
() R P sh AT S, HRIEAh
yi(X)
Y5 (x")

y'(x") = (2)

Yo (X)

Vol. 42
yt'(X,):yt(Xb—’—X,)_yt(Xb)’ t:1>2:'”:s5 (3)
_(yObS)!_
obs \/
(yobS)!: (y2: ) , (4)
_(y;)bS)l_
(Y)Y =y =y, (%), t=1,2,--,8, (5
yt(x): Ht[MHt(X)]’ (6)

X, HE &R LI ZI I 1, M RS TR A
iy o t I ZIIIAEL, s RO LI ) & A
SIDILIE C, t 2R [ A s T 2 PR (08 00 s 221«
FT I AR R
oG, HIEES TR, EAHTIZIRH N
B (X Xy, Xy ) RS T35 5034 %, 16 N A
EAPEN (XX, Xy ) » WA xP, Hrp
X =% -X%,({=12,---,N),
ok, Pk s Mg A3 4T POD 73 fif .
TERIAR IS TR 1P 1 s ANSIS 21, ) R A4 ) )
N AMEG R, AL (2) 74N Xs AN
THE (Vs Yoo s Yu) U =128, Al W $kah
y", X y"{E POD Jpfi#:
(Y'Y =vAVT, (7
Forp, V ROROMEIGIRHE I, A FORAHN IR
18 AP RIS b etk oG & s 1,
TIPSl y? AP sl xP A N . Py =
yV o, Po=xPV o, ST ER X RO RS
y' AR R P, F1 Py g R AR N, BRI R IEA
x'=Pp, (8)
y'=Pp, (9
Ht, B=(B, By By) WENEA S RHL
a, WWHAFTEE. A (8). (9 A
A (D, AT R B AFRE A
x'=P[(N-DI+P/R'P,] PR (y™), (10)

Hrp, WRRZE T2 B BRIE .
P.P!
B——xx
N-1
EAFEARIMIE £ POD-4DEnVar J7 14 S (1)
A, O TR 2 RS O, ARSCIE P SR
FEE (Wang et al., 2010; Shen et al., 2015) i, 15
) 142 HAEGHL .
22 BIEERNNET
EEAT F IR BORHFAL IS, i T[R4 ) ik At

(1D



5 1 BT 2 WK IA VBRI A7 2 L1 52 I T
No. 5 YANG Yuxuan et al. Impact of Doppler Radar Data Assimilation on the Simulation of a Heavy Winter Rainfall 1099

] UFH S B AN A AR 1, DAL 2 [ A 3K
LI AR B T R UL 1, R AR B A A 2L
A BTSRRI E Z I (Sun
and Crook, 1997, 1998) 1R

Vr =u X— Xradar +v y_ yradar +(W_VTm) Z— Zradar ,
d d d
(12)
z=43.1+17.51og(pq), (13)

Arb, UVW) FoR KA =GENY, d RoRARFRAL
N (Y, 2) BRSO R 5 AR AL B K> Yoadar
Zgor) TR TH VIS, P R UHE, QNI
Bt Vi, AR A R, VR

V,,, =5.40aq""", (14)
aﬂ%ﬂﬂ (15

X, ARRBIERE, p RpnERTUL, p &R
L S e
23 [EHENFIENIRE

R FE— IRA WA, %KW R AL
20154 12 H 8 H 20 i (BpAtH A, FHED 29
H 20 i, BRKREE SRR, EEZME0. 7
JUARAR IR AR A R L ST LA AR B L T
AR, Al e X, BreER 24 h KR
100 mm, ARG R, BRI 1)
K (WA, 2016).

RKHEE T WRFV3.6 #5520, Al sk 1 fr
TNo RAAPHEI M HE, W SRR P

do1 kA
35°N 4 [ oy o
a0 : ),‘«;7.‘ ‘ /

30°N

25°N

20°N

15°N

T T T T T
105°E 110°E 115°E 120°E 125°E

BT IR IR E . d01 A2 X, d02 2 )2 X I8
Fig. 1 Double nested simulation domains. The outer and inner regions are

denoted by “d01” and “d02”, respectively

S350 5 km Rl 15 km,  ZKF#% s ECh 433 X394 Fl
200X200, HHIjI45r AR 30 )=, BEAETAE
4 50 hPa. HEA T BT FERH WSM6 T7 %, =
X 2 #04k K H Betts-Miller-Janjic /7%, U5 )2 K
A YSU H%, Bt fER A Noah /7%, IrHimmx
H Monin-Obukhov /7%, K4S KM RRTM J7
%, BIERESIRH Dudhia J5%. WX
ZHA J7 AR
% B R SRR AE N E X AT, R
GEFZ%9 2015 4F 12 H 8 H 19 I, AL 114 1h,
8 [ 20 &5 5L, [RIALIN A & M &F 6 238 Rl ik — IR Fr
RERE FAGE S, B RS R 8 H 19 K4y
T AW a3 Ak L i AR 4> &2 10 H 00 B .
P T Uy 37 TN 0 57 4% R FH 56 [ T R A B
TR HL (NCEP) $&AE (1) %F H PUIR I o0 1 8 Kl
KPRy 10X 10, Bk BERER P ) Ml i Ak
FkLE CMORPH F7K 7™ Sl Rl A5 PR 28 /N I 7K 5 1Y
FERAE (1.0 JRAD, K #EE K 0.1°X0.1°
TIATRME S BB R E LI 72
1) AR SR 6 DR 7, R IS TN (37 = 24.26°N,
115.99°E; REifFkmi%: 416 m).
2.4 SAL PEKITEE
h T SV BRI 0] K R, R
H SAL (Structure, Amplitude, Location) 145 /5%
(Wernli et al., 2008) XfBF/K K45 (S 5RE (A)
PARATE (L) FHATRIE
241 #H#MS 0Kk
_ VR "V(R)
0.5[V(Ry) =V (Ry,))]’

Zm: RnVn

V(R)="5—0o, a7n

2R,

n=1

2 R R

v i Ry (18)
R R™

o, R R AUAL D) ARMIBEK, R RORBEKA
PR R R AKAE,  RIM™ RN Bk AN NPy () 5 %
K, Ry RIRFEAKAEN A B EREKE, Vo hiin
ANBE IR AR N B K B i KK 2 EE, VR) A
m AN FEARAMA DLz A Py S B K AL 1) Vi 1)
IBCE, F bR mod FRRBEA TR, obs FRIRsKE
37 .

S>0 7 Fr H DX sk iy 1) TR 91 LA ) 52 2 4

(16>




X A B % 42 3%

1100 Chinese Journal of Atmospheric Sciences

Vol. 42

R ERFIR B K L KRN TS0, R AR L ]
I AFAE, S<O KAl S AT -
242 EEA KR

D(Ryos) =~ D(Ry)

= 5 19
05[D(R,..)+ D(R,.)] (19
1
D(R):W Z (Ri)) (20
(i,j)eD

Ferp, DR) g B R DX ask g AR il 4 1 B B K R~
P o A0 270 T HR DX I P R85 Bk K LR 5 P v
5, A<<O R PR K SRR R O 55 o

243 f5E L&

L=L +L,, Q21
X(R -X(R
L1:| ( mod)d ( obs), (22)
r(R -r(R
g:ﬂ(mwd(“g, (23)
2Ry [x=x,]
F=ﬂi—7;—————, (24)
2R,
n=1

b, X(R) B K BRI O E, d A FTEUX 35
P AR (A AR R R & . L Y R A 0~2
Z 6], L AR BRI TR 45 AL
25 Rt

h T #%% POD-4DEnVar J7 % [A A0 AS 7] 1 5 ik
NS 200 B N RCRLR g, 5evh T Wik 1 Ry
4 415 . W5 1 AREIATOR, il A ERRL
(CNTL 5 1% 2 K[ E R K, e 1%
) KRR (Ve k56 W58 3 IR T I8 i
K, A0 AR AR (RAREE); 5K 4 [ A
TR IR AR ) RIS %6, A AR 1) XURI S S %6 ) 4
BRI (VR R .

*1 REAHFRRI
Table 1 Experiment design

5 I TR [k 1) R [F 4k S 5 3%
1 CNTL i3 5 7w
2 Vr iK% & 5
3 R A% H 2
4 Vr+R R 2 7

3 ARIAERIUE RS

3.1 24h EFffEK
K244 T 12 A8 H 20 BF 4 9 H 20 B[4k

SEL PRI DL 3 4 AR IR UL 24 h B
KA. Sl (B 2a) XFEEAT L, 4 4R K
BCHRREAU T BV DX IR 23, AEDRT 37K i 52 R A
FAENAFAER R ZE 5. Hidr, CNTL 3REG AL B /K
SR A S DL SR O, 7R ) AR R R P AR T AT 5
Qb KRR T KB ER, (e @AM
BATFHAABAAU S T R IBEK, R T 1%
Huf st BE K (B 2b)e Ve B0 4 AR 2 T 4
AT AL T X (RS R AT — e ik, KREER X
Fil L CNTL 3056 B SR 40 /), i g RTHTVL  45 A8 S Ak
(1) K BN BT Tk s, (HAE) e ) P A
P =8 AT SRR B — AN KT 50 mm 1) RE AR R
l (B 200, ROAREIEAR ERABPIH ) R A4
EPE AT TR ZEN, %X AR K IR B T
KW, 5] R | AT T —4%
ARAC—VU g 1) R R ABCRR 7, AR B /K ik 1) 1 2
WS (B 2d). VR 350 7E 52505 B X T4 1)
Br/K SR EANT Ve WA R AR5 8], (HiZ 5K )
FEAE 32 2% M9 X B P AL BB — 2k AR db—PE R
I (1) AR R T (18] 2e)

N T E RV B KEAUSE R, X 12 8 H 20
4 9 H 20 11 24 h REEKIEAT T SAL K5,
I 45 AKIN S. AL L =ANEbr, 20 87t
IKEERE S AR BEFNAL B U o 75 L AEAH I 1)1
U, S FA BIL IR/, T2 B KB ) 3L
S, B34 T ERE SAL PFAr . MR
IR B AR 1) LA, CNTL 5 1 L {55/
RIS L EER, BRI B o Pk
DX PR SR, H 4 250 T 4 /KA i R A 2 S
HATBIR K M WL /K &5 BRI S B F
CNTL 5 1|SHE iR, Z ek R REF Vr
R, Vr+R K | S| A 0, XL [k,
B /K S5 R B AR AT 21 T s, o VR et
iy AR T EP N e S ERWINSAN  CEE E VE S
AR, FRMAEIRE A {3)/N T CNTL 5,
of R RGN CNTL 056 P 5 7K R 1 5541 FH e W 4

M SAL BEACGE BIEALE R T LUE H, [ 2
W R A H IS BORHRE 8 5 PR K BHUACR,, (HANA]
T IR WL S 2R 11 () A 2 R s ) BN TRD, X6 S
A, L X =AMERAT LA VL, FTEUACH Ve+R ik
56 1) B /K BLAUL &5 R A 4T
32 RHMaESERIFNKRE

ARG 5 2 R S8 B AN [F)AE T [ AL R 6 1Y)



5 1] WA 2 )RR IL BORE RIS 26 2= B T ASEUL R S i i 5
No. 5 YANG Yuxuan et al. Impact of Doppler Radar Data Assimilation on the Simulation of a Heavy Winter Rainfall 1101

34°N

34°N

30°N

26°N -

22°N -

100 mm

0.1 10 25 50

-
r/ 18°N_|v|

18°N-—— s
M7°E 123°E 105°E

i
105°E 1M11°E

N
1M1°E

—— 1
M7°E 123°E

B2 2015412 H 8 H 20 % 9 H 20 I 24 h BARKE CRR: mm): (a) 30 (b) CNTL k% (o) Vrik#h: (d) RikE: (o) Vr+R A4
Fig. 2  24-hour accumulative precipitation (units: mm) from 2000 UTC 8 to 2000 UTC 9 December 2015: (a) Observations; (b) CNTL (the experiment without

assimilating radar data); (c) Vr (the experiment assimilating the radial velocity); (d) R (the experiment assimilating the reflectivity); (¢) Vr+R (the experiment

assimilating the radial velocity and reflectivity)

1.0 |
C—ICNTL
. vy
08 - R |
I \/r+R
06 |
o 04 -
<
? 02k _
0.0 er ’_.
—02 | -
S A L
—0.4

K3 2015 4F 12 7 8 H 20 K% 9 H 20 i SUBIR/K I SAL 15
Fig. 3 SAL test (S, A, and L represent structure, amplitude, and location
of rain belt, respectively) of 24-hour accumulative precipitation from 2000

UTC 8 to 2000 UTC 9 December 2015

dadm AR I a s Ea i T R R,
PRI BT a7 2 AR B i) S5t P BAT
LI 0y 146 0 1) 75 S 2 3 B /K RREAUL 45 SRAN [l 1
JELERL, AT s AN [ E TS LI R 1 Rt 5 4
HRRE WA 2254, Il 4 4511 T 8 H 19 11 850 hPa
PERIRIG R0 )7 KVGR A EE, DUk 3 lFfE

WIS AH N ARG 5. AL, 8 5
by TURA . AR RN A W DUR BRI
H T, AR IR FIAR 44 AT S A A i r KURTZR B XL
PERA, I rd AR & AMCE R Tk Ttz
By, [RS8 Sk 2 W AR AL T 703l (KPR, A RR/K X
BN KR HLIEE] 9 gkg ' LU (] 4a). AL
BRG] 4by oy &), T RE LRI EN X S
TR I v P8 XL B, A e T 2 DX U T A
R P P i NI, X Al P X R — T TS T
S5 0 Qi T AR D 2 JXUAE ) R R A P 44 A8 S Ak
(WA, 7 AR T HI99 K B B
PRV IS o AKYRIR A LU 2 U R I A DA TR W
WA RO, X R A 2 IX PRI 4
1 B SR 5 -

i 3 AR IRE s (K 4by o d) 1]
DL, RS ) 4 S O 0 2 35 38 e 48 1 1 5 XL
YRR, 0 SO WIAG 73 B R0 B KU A A
33 RkathinzEmE

() e i 36 A T 4 i i 6 ) ] A G B S i T
AT S5 S =S, A E SIS 23R
(W A WIEE S A AR RS IE, NI FECT AN



N A - 42 3
1102 Chinese Journal of Atmospheric Sciences Vol. 42
0 0
34N_ 34°N To)S L
[ - 3
30°N 30°N —
26°N — 26°N
22°N — 17 22°N —|
; ’/ ! ST
20NN S e
pad S et G A NS
18°N T LI L ‘\| T \I T lRef]eren?e Vﬁdor 18°N
105°E  108°E  111°E  114°E  117°E  120°E 123°E 105°E  108°E 111°E  114°E  117°E  120°E  123°E
i 2 3 4 5 6 7 8 9 gkg'
34°N — e 34°N — —
©° oo AT J@s o
-~ - . '. - L e vy .." N - - 3
30°N — 30°N —
26°N - 26°N
22°N - - -k s 22°N —
18N~ T R IEE 18°N
105°E  108°E 111°E  114°E  117°E  120°E 123°E 105°E  108°E  111°E  114°E  117°E  120°E 123°E
-6 -5 -4 -3 -2 -1 gkg™ -6 -5 -4 -3 -2 -1 gkg™

B4 20154F 12 A 8 H 19 i) 850 hPa /Ki<IA L (W52, Hifir: gkg D W% (Hidk, %: ms™D: (a) CNTLRE; (b) Vr ik 5 CNTL it

Bz (o) RS CNTL KR Z(E: () Ve+R W5 CNTL 5 = (1

Fig. 4 Water vapor mixing ratio (shaded, units: g kg ') and wind (arrows, units: m s™') at 850 hPa at 1900 UTC 8 December 2015: (a) CNTL; (b) Vr—CNTL
(the differences between experiment Vr and experiment CNTL); (¢) R—CNTL (the differences between experiment R and experiment CNTL); (d) Vr+R—

CNTL (the differences between experiment Vr+R and experiment CNTL)

(RIS R P AU ZS AN O T 87 AN ) 28
INEEZL A RO KB R, DL LR T 3 41
AR T W 2=, B S 45 T ViR
W55 Ve G AT R 1562 A1) 850 hPa /KT
B KA 2 . AR B2 A B, AR T
Ve+R AR5, Vr iR56 VR & L R Bk LR TA
A SUE, 1 RIS IEAS, XU HIAERNX
Ve IR G HROR, RRE A/, VR 54
T Ve XK R RS2 0], X PR S (K 4a),
AL E IR TR E R ST S5 1R
75 3 ARMRE, Vr B S s KR S T
Mg/, R AIHIS R, VirR 156 1 5K

FRAAFIEISSFE AT Ve Wl E A R ARE2 18], 4047
W fwZE ] W, 7E2ERMX ViR REG S Vr {5 2=
FERIM e XI5, B VetR GRS 13 EIEER R
551 Vr il VerR 1565 R ARG 12257 I i
ARG R, B VeHR A5G (13 BB i o+ R 1K
XRWIAE 3 AR, Ve 5 77 5 X7
e, ROAKT SRR, ViR Bl
X SR R AR T Ve B A R 2 (8]

L LA 3 AL RIS 15 s (K [ AL 1
B AL 3 AR 2 18] 1) [FA6 70 M 37 i 22 w] A
Al 3 ARRE I I KR AT R
NRIZESE, 3 ARBTG5 a6 ) TR A



. P4

No. 5

2 W) R IS OB R A7 % YRR IR S M AT
YANG Yuxuan et al. Impact of Doppler Radar Data Assimilation on the Simulation of a Heavy Winter Rainfall

1103

HEOE KT 3 AR 2 1) i 2 5, IXRYIFIE
Z<Eﬂ$¢f&ﬁﬁéﬁt§ﬂﬂﬁlEE%%X#%U&SEQt%%D%%%§tEE@
R B RAALE

4 AERIREVIARENREST

H AN [ B TR LI 3R g TRl A 0 B ) 4R 37
MBIEAR, Kt 3 AR M eIans 2= 72
ARG RANR (0 ELA R A o 3 AR A X
HWEBIEIE, 503 A FRRE: 2 8 R A6 7 1 i
ZE X TR 57 7 R AR RT LA e B INAE 1 55t

0

34°N T@®

30°N —

26°N —

22°N —

18°N ’I ‘ ; ‘I‘ T T | T T [ T T | T

105°E  108°E 111°E  114°E  117°E  120°E
-0.2 gkg”’

5 2015 4F 12 1 8 H 19 W) 850 hPa /KSR &
(b) VrRIRK 5 R AR 2 {H

te (B,

123°E

Yy LI PREh,  FLAE TR R Y IR 52 i ke T8k
CRPSE i 22D R8s, i Hs AR LA Bk 5 i 22

M2t (A AR, NS5EsHRAR, H5E
IR Ko b T HRFCAN ) E 2 W I 2 25 11 ) A
B S HIARY,  BE T R KBS AL B A,
PL Ve+R RIGVE R “ 30527 iR 50, s v ikgh
1R ARG [ PRI U g 22 37 TR AR
41 FNEPEKIRERELT

K625t T ViR 5840 5 Ve il 46 F R 56
HEHUL P 326 /N B 88 7 Al 22 % At 222 3 K 26 i B 1) 7 95

34°N

Jo)?

180N /|‘|“]A| T [ T T ] T T [ T
105°E  108°E 111°E  114°E 117°E  120°E 123°E

- |

A gkg DOV A ik, B msT) RS (@) VRS Ve ig 2 i

Fig. 5 Water vapor mixing ratio (shaded, units: g kg™') and wind (arrows, units: m s ') at 850 hPa at 1900 UTC 8 December 2015: (a) Vr+R—Vr (the

differences between experiment Vr+R and experiment Vr); (b) Vr+R—R (the differences between experiment Vr+R and experiment R)

28 L 1 L | L | . 1 . 1
1@

2.4 -

2.0

1.6

1.2 -

Precipitation deviation/mm

0.8

T

0.4 . 1 L 1 L 1 . 1 . 1
I®

L
T

L

o
w
L

e
(¥
L

[=]
o
1

e
o
l 4

L
T

0.4

——R

——Vr

T

0.0 -

T
12
Time/h

T
16

|
20

24

Growth rate of precipitation deviation/mm h™!

——R |

——Vrr

|
o
Y

T
12
Time/h

K6 VrikEM RRKM () Bokiz A mm) I (b) #iKER (A7 mmh™) Bl a4

Fig. 6 Temporal changes for (a) precipitation deviation (units: mm) and (b) its growth rate (units: mm h™") in experiments Vr and R

T
16

T
20 24



X A B % 42 3%

1104 Chinese Journal of Atmospheric Sciences

Vol. 42

2, K6 nTLLE Y, fERR R, Vil
FTR ARIEARNS T VR G50 1 B /K M 2 B ] (1) 326 47
B, H Ve iR B B K i 22 M K T R
I EHAATF R, RS2 16h 207, Vr
TR A R BRI I B K Ml 22 A R AN B K A 223
K- Fra; B4 2 16~20 h Z i), Bk
ZEWAR AR, B K = s BEURr 2
20~24 h, FEKMZEBGKFRIRARLE, FEK 2= 34K
BN T LA, 3 A [RAE R 24 h 2R
Baf AR P 22 S U T 0 4 222 e A0 AN [ B B PR AN [
AR .
42 EHREMMAKESLL

h T 325 AR AR AR B 7K 22 ¥ A
P, B 7450 T VeikEem R IAE T ViR
TR (1) 0 T 3L R R /K R A B O 2 o 7 L7 ) L
(504 o AT R 7a FIE 7o 0 LAE H, Sk B
4h f5y, HEEBE T BN spin-up %,
7E 4~16 h IMrBL, £E 500 hPa LLR, 2= BaiE s
Ny BRI 2 16 h g, A B (25 T iR
MK, HAE 850~700 hPa PHiT K 5 A Bl o i
KIS Ee w2 HBLAE 600 hPa LLF, Al B Br ek is
A B A RURFEE (B 7ey Do

P T 1 S i 2 R R 7K VR A e 22 1) KA
S ILAEARE T S0 L 1 1) 0 A7 AR s 22
(B KAFE, B 8 451 T 850~700 hPa - 44 1 1
T A 22 RN 7K B LU O 22 (R N AR, 0BT B 8
L, FESEANFS R, Ve R (0748 B 22 UR K
T R . Bboh, ik Vrikiid & R AL, &
LT 2 R 7K TR A L 25 AE U R 43 42 16 h
JE B RME A o 3K R0 7K i 22 PR 288 I Y8 AR R AT
Lo IX Uk P Kl 22 1135 4% 55 850~700 hPa T 1
THCRE O 2 DA K N 7K TR A B 22 PR B NP YE AR 0%, A
UL, AR R, T AR O 25 R RN /K
TR Lol ZE A7 A0 2URII K, IXRP SR K E R B )
B 7 O 2 X3 I 1) 2 B2 R PR, b e 4 83 41
AR (1) 24 h BRI AL, 45 FAFAEROR I 2 7 6
43 RERKEED

N T EEE T Ve kB A R ARG AR T VR
500 g 22 KRR AE, S ISCHR (Zhang et al.,
2003), & X TimZfReE (Difference Total Energy,
faiFk DTE):

1 ! ! C !
YR (R Ee L BED
i

o, i s KO xs ys 2 IS S Uiy Vi s
T 20002 Ve AREAN R ARIAN T Ve+R 3565 1) X
BFE R W2, ¢,=1004 T (kg K)', R=287 ]
(kgK) '

K19 25t T 850~700 hPa 1) - 11 22 i & Sz
BAK R I T AR, BT U, AERTAR I,
Vr R AT R ARG i 22 B /DN » {EL B I ] F) 35
AR, i ZE BEELRESEE N,  ARPEILECRRAE, ATk
4 MRB BB, 0~4 h, TR AT
spin-up {8, DRI 22 i B LA O 35 5
BBt 4~12h, W2 AeRBERMZZME K, AN
WP BT BB, 12~19 h, ik
SORTHHE A, 22 fE R DR EOR SR K S0
BYBt, 19~24 h, Wz SR, 2 A
B IRE, KRR ZE e E B HE B AR . 455
BN B K AR 22 A (1 6) T P R AR &
L 2238 (1] 8) B, A i 2= U (R B B
(16~20 h) A1 b 22 g FE G s RN B, T HL
i 2 Fit o R B AR /K Al 22 PR TV K . 4

Bl 10 R ASTRN S %1 Ve 356 (1) 850~700 hPa 1)
T ZE e, T L AN KR & L 2520 A . 7T LA
B TR AR A AT AR I 2 N X i 25 i
KA, FWZERSEAE 15~16 h BElEI 5, KfH
LM 800X 10° m? s 2 S K- 5] 1600 X 10° m” s,
5 RIS, 5 N DX (1 T T 3 O 2 R 7K YR A5 L
ZEA W A IIEE W AR AR . U 2 19 h
I, i 2 B B G MUR B (18 9b), BRI A
TE B 4% 2R Ab—78 B 2 ) ) O 22 B B KA Al , 2
LS A 25 R KR A b 22 38— 2D 1 i, R
B HP OV T 25 RE LB B R (EIX o 6 RS 1) A2
Bl 22 ¥R AR HEAT 40 th AT LA 30 0L ) v AR R A
(B,

CRA W EL Rl 2= I AR 0T LUR H, fE e 2
HGHE K BE (16~20 h), i 22 AE B RIS B s 25 71
ISP 2% 3 A L AT B RO N, T T 3 T A 2 A R 7K R
£ bl 222 I 5 Al 2 i e PO 006 D T 18 K, 728 o i 2 448
et W 52 OIS BE Ay i 22 e St e KO B, AR i
it 2 338 K B B S 7R DX 35A) i 2 R R R R R ) X
tko XU BB WA+ U, RIS Z)
(RIB IS O 2 4 B AR 4 B T (R S KA IR IO, v L
i 2= AEABE R 3 e B P mT e A7 A SRR K R,
IX T BB AL WU I B 22 R R BRI 2
S E RSN



5 1
No. 5

BT 2 WK IA VBRI A7 2 L1 52 I T
YANG Yuxuan et al. Impact of Doppler Radar Data Assimilation on the Simulation of a Heavy Winter Rainfall

1105

100
200 -
300
& 400
e
@
5 500
g
£ 600
700
800 3“
16 h
900 1 H
%h
1000 v
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Vertical velocity deviation/m s
c) Vr
100 -1 ©
©
o
=
®
@
8
a
. o 24h
——20h
. —s—6h
, —=—12h
——08h
. o 04h
——00h
—— b —— !
0.00 0.04 0.08 0.12 0.16 0.20

Rainwater mixing ratio deviation/g kg™'

Pressure/hPa

Pressure/hPa

100
200
300
400
500
600
700
800 -
900

1000 T

0.00‘ IO.L)SI 0.
100 @R
200
300
400
500
600 —
700 — ) 9 y
800 —

900

°
°
°

%

°

1000 —+——4—

LI SR BRI IR B
06 0.09 0.12 0.15 0.18 0.21

Vertical velocity deviation/m s™'

o

¢

Hit

[SENCLVOTI-EN
—s>ooo>>

&

i

r\

0.00 0.04

— ‘
0.08

LI T
0.12 0.16

o
i
S

Rainwater mixing ratio deviation/g kg™’

7 VeiREA R A (a. b) WEDHEAEMZE (. ms ) fl (e d) FIAKRGHME AR gke™) IMTEEG

Fig. 7 Vertical profiles of deviations for (a, b) vertical velocity (units: m s ') and (¢, d) rainwater mixing ratio (units: g kg™') in experiments Vr and R

Vertical velocity deviation/m s!

0.18

1(a)

0.15

0.12

0.09

0.06

0.03

0.00

——R

——Vr

0

T
4 8

T T T
12 16 20
Time/h

24

Rainwater mixing ratio deviation/g kg™'

0.15 | | L L | | L
|(b) i
0.12 4 -
0.09 -
0.06 L
0.03 + L
| ——R
——Vr
0.00 L B — T U
0 4 8 12 16 20 24
Time/h

K8 Vr kKA R XL 850~700 hPa (a) TEELEFEFHIMZE AR ms D). (b) FKRGHFHMmZE AR gke™) K] AT

Fig. 8 Temporal changes of average deviations for (a) vertical velocity (units: m s™') and (b) rainwater mixing ratio (units: g kg ') for 850-700 hPa in

experiments Vr and R



1106

PN S

Chinese Journal of Atmospheric Sciences

42 %4

Vol. 42

9 Vr BEAI R KK 850~700 hPa FHM¥ (a) fZEft (Hfr:. 10°m?

DTE/105 m? s2

60

T 1
12 16
Time/h

5.0

4.0

DTE growth rate/10% m? s

-1.0

s LUK (b) fZEfgElkasR Gk 10°

3.0
2.0
1.0

0.0

1(b)

T T
12 16
Time/h

m? s B )3

Fig. 9 Temporal changes in (a) DTE (Difference Total Energy, units: 10°m* s %) and (b) its growth rate (units: 10° m? s°) averaged for 850-700 hPa in

experiments Vr and R

34°N
30°N -
26°N -

22°N

(a)

34°N

S 30°N -
26°N
22°N |

34°N
- 30°N -
26°N -

22°N -

1eNISh et yeN e 9 Wt
105 111°E 17°E 128°E 105°E  111°E 117°E 12°E 105°E  11°E 117°E
0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 ms

18°N -

123°E

34°N

34°N

34°N M

30°N 30°N - " 30°N-
26°N — 26°N 26°N
22°N — 22°N 22°N

115h ' 1 ' 1
18N 711 18N 18N e

105°E 111°E 117°E 123°E  105°E 111°E 117°E 123°E  105°E 111°E 117°E
| I I
2 4 6 8 10 12 14 16 10“kg kg™

P10 Ve iRE(1 850~700 hPa P (a—f) fiizERERE (ZF{fZk, N4t DTE=200, [k 200, ffr: 10°m’s ™). (a—c) T|HBLEME (W5,
f: ms DL (A WAKREMZE (W5, A 10 kgkg D: (av d) BEUIAE 15h; (by e BIBISE 16h; (co £ BEBISE 190
Fig. 10 (a—f) DTE (contours, units: 10° m* s 2, only given DTE =200, interval: 200) and the deviations of (a—c) vertical velocity (shaded, units: m s ), (d—f)

rainwater mixture ratio (shaded, units: 10 kg kg ') averaged for 850-700 hPa in experiment Vr: (a, d) Model integration to 15 h; (b, ¢) model integration to 16

h; (c, f) model integration to 19 h



5 1] WA 2 )RR IL BORE RIS 26 2= B T ASEUL R S i i 5
No. 5 YANG Yuxuan et al. Impact of Doppler Radar Data Assimilation on the Simulation of a Heavy Winter Rainfall 1107

5 #Zit51tie

AT WRF Bist, &H POD-4DEnVar [iifk,
Tk, K IRA R W R T BT, 2R T
[ A AN [ 1) 7 5 ) 222 356 2 R B Y i, 45 1)
DL 24518

(1) [0 2 5 ) R U IR B Rk R 11 55 4
HIAR 36 0T % I D e R B AU 45 SR, o5 B UK O AT 45
s RN [R) 1) 7R I W0 22 3% T 4 31 1 B AR AL 2
FAIA], SAL &5 5122 B[R] I [ Ak 42 1) AR S5 2 1)
B AR AT 5 R d U

(2) [ 28R A TH B PR AT R 4
RIS RKERSAT s — T TS 15 563 (1 D 7 AU g
JRREE B TR X PR 4, PRS- B X S F X
MK YR IE, 53— )5 T H I 59 2 0 X 1KV 4
PE, KRR KIS AT B IERIIRE) S Rk
TRIIE B B KBS S H 1

(3) Fb& 3 21 [RIAAREGAH X 45 HR 50 1 [l 4k
R LA A 3 LRI 2 (a1 (R Rk 43 BT 3 22 5
B, RS R B KT AR 2 T ) 22 5, 31X
2 W TR A [ 1) B 0 0000 22 35 %) 4] e A3 R 55
Ty B BRI RRAE, 5 3 AL RALR S (P8
R RUKIIR A LU BN 2 5

(4 i ling 22 38/ i) 3 LRGSR K
AU 48 TR 2 S W S () SR DR R IO, 90 %l 2 1 R
KIS Ho e 2 s KA BLER S, ERB R &
16 h, 850~700 hPa [~ 14 3 T35 5 {2 F1 R 7Kk
A Eo i 22 T U ORI K, X AR 1 i 22 ) S0 16 K
R I 8 7Kl 22 PR TR i — 350, 3 A2 B Kl 2
KA BRI

(5) fEfm 2= g K B (16~20 h), HEEIH
JEE A 25 1 R 7K TR B B i 22 Bt 5 i 22 i = 110 184 K v
B, AR 2 3 S W) b P B BB Al 2 i R 1A
TR B, 0 i 22 398 K o W9 S 1 DX I A 2 i
TR OR X I8, i 22 i S U K A
2RI K i 2 [ TG 18 K

55T POD-4DEnVar [ ¥ 22 3 8 5 1k %Rk ]
W E N T E M N2 (Zhang et al., 2015)
HIAT TRAFIIR, A TS 0 A= 2 W
B3E I, ASCRAEH TR A R R (HE M
S FVE, SR X R B 6 22 35 8 I8 BORNEAT Al 4k
AT DN F 5 22 (RO 8 ORI & . H AT
AT SCHR XS 22 350 5 TA ORHFAGREAT TS, HEUS

TRTF AR TR R . AR AT L% ek
F POD-4DEnVar JjiLI 2 i E ik %okRkA 1k, LI
B R .

Sk (References)

Courtier P, Thépaut J N, Hollingsworth A. 1994. A strategy for operational
implementation of 4D-Var, using an incremental approach [J]. Quart. J.
Roy. Meteor. Soc., 120 (519): 1367-1387, doi:10.1002/qj.49712051912.

Dong J L, Xue M. 2013. Assimilation of radial velocity and reflectivity data
from coastal WSR-88D radars using an ensemble Kalman filter for the
analysis and forecast of landfalling hurricane Tke (2008) [J]. Quart. J. Roy.
Meteor. Soc., 139 (671): 467-487, doi:10.1002/qj.1970.

Gao J D, Xue M, Shapiro A, et al. 1999. A variational method for the
analysis of three-dimensional wind fields from two Doppler radars [J].
Mon. Wea. Rev., 127 (9): 2128-2142, doi:10.1175/1520-0493(1999)127<
2128:AVMFTA>2.0.CO;2.

AR, JIFERR, BEALEE, 2 2015, (R TIA AN SRR K S0 S T THAR )
(7] MR % AR, 26 (1): 45-56.  Gao Yudong, Wan Qilin, Xue
Jishan, et al. 2015. Effects of assimilating radar rainfall rate estimation on
torrential rain forecast [J]. Journal of Applied Meteorological Science (in
Chinese), 26 (1): 45-56, doi:10.11898/1001-7313.20150105.

Hu M, Xue M. 2007. Impact of configurations of rapid intermittent
assimilation of WSR-88D radar data for the 8 May 2003 Oklahoma City
tornadic thunderstorm case [J]. Mon. Wea. Rev., 135 (2): 507-525,
doi:10.1175/MWR3313.1.

Jung Y, Zhang G F, Xue M. 2008. Assimilation of simulated polarimetric
radar data for a convective storm using the ensemble Kalman filter. Part I:
Observation operators for reflectivity and polarimetric variables [J]. Mon.
Wea. Rev., 136 (6): 2228-2245, doi:10.1175/2007TMWR2083.1.

AH{Z, RIL, Xue Ming, 2. 2010, KU U R T RIS R R 208
BRI Z W LR R 1L A% B RZEREE 0] KA
2, 34 (3): 640-652. Lan Weiren, Zhu Jiang, Xue Ming, et al. 2010.
Storm-scale ensemble Kalman filter data assimilation experiments using
simulated Doppler radar data. Part I: Perfect model tests [J]. Chinese
Journal of Atmospheric Sciences (in Chinese), 34 (3): 640-652,
doi:10.3878/j.issn.1006-9895.2010.03.15.

LiY Z, Wang X G, Xue M. 2012. Assimilation of radar radial velocity data
with the WRF hybrid ensemble-3DVAR system for the prediction of
hurricane Ike (2008) [J]. Mon. Wea. Rev., 140 (11): 3507-3524,
doi:10.1175/MWR-D-12-00043.1.

XH. 2011 2 WA R EERMGRIHTST (D] M atE B LK
2% . Liu Yin. 2011. Study of Doppler radar observation direct
assimilation [D]. M. S. thesis (in Chinese), Nanjing University of
Information Science & Technology.

Lorenz E N. 1963. Deterministic nonperiodic flow [J]. J. Atmos. Sci., 20 (2):
130-141, doi:10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2.

[l 243, Zhang Fuging. 2016. EnKF 74k 5 35 % REat— Job J= o K
FPFIUER I S SRR (9] PR HERRLE, 46 (1)
27-42. Qiu Xuexing, Zhang Fuqing. 2016. Prediction and predictability
of a catastrophic local extreme precipitation event through cloud-

resolving ensemble analysis and forecasting with Doppler radar



X A B % 42 3%

1108 Chinese Journal of Atmospheric Sciences

Vol. 42

observations [J]. Science China: Earth Sciences, 59 (3): 518-532,
doi:10.1007/s11430-015-5224-1.

Shen S, Liu J J, Wang B. 2015. Evaluation of the historical sampling error
for global models [J]. Atmospheric and Oceanic Science Letters, 8 (5):
250-256, doi:10.3878/A0SL20150001.

ARG, 2R, w2006, 28R T IS BORb T RBERE R
AR R (3], KSR, 30 (1): 93-107.  Sheng Chunyan, Pu
Yifen, Gao Shouting. 2006. Effect of Chinese Doppler radar data on
nowcasting output of mesoscale model [J]. Chinese Journal of
Atmospheric Sciences (in Chinese), 2006, 30 (1): 93-107, doi:10.3878/j.
issn.1006-9895.2006.01.08.

Spyksma K, Bartello P. 2008. Predictability in wet and dry convective
turbulence [J]. J. Atmos. Sci, 65 (1): 220-234, doi:10.1175/
2007JAS2307.1.

Sun J Z, Crook N A. 1997. Dynamical and microphysical retrieval from
Doppler radar observations using a cloud model and its adjoint. Part I: Model
development and simulated data experiments [J]. J. Atmos. Sci., 54 (12):
1642-1661, doi:10.1175/1520-0469(1997)054<1642: DAMRFD>2.0.CO:;2.

Sun J Z, Crook N A. 1998. Dynamical and microphysical retrieval from
Doppler radar observations using a cloud model and its adjoint. Part II:
Retrieval experiments of an observed Florida convective storm [J]. J.
Atmos. Sci., 55 (5): 835-852, doi:10.1175/1520-0469(1998)055<0835:
DAMRFD>2.0.CO;2.

Tian X J, Feng X B. 2015. A non-linear least squares enhanced POD-4DVar
algorithm for data assimilation [J]. Tellus A, 67 (1): 25340, doi:10.3402/
tellusa.v67.25340.

Tian X J, Xie Z H, Dai A G. 2008. An ensemble-based explicit four-
dimensional variational assimilation method [J]. J. Geophys. Res., 113
(D21): D21124, doi:10.1029/2008JD010358.

Tian X J, Xie Z H, Sun Q. 2011. A POD-based ensemble four-dimensional
variational assimilation method [J]. Tellus A, 63 (4): 805-816, doi:10.
1111/j.1600-0870.2011.00529.x.

Wang B, Liu J J, Wang S D, et al. 2010. An economical approach to
four-dimensional variational data assimilation [J]. Adv. Atmos. Sci., 27
(4): 715-727, doi:10.1007/s00376-009-9122-3.

Wernli H, Paulat M, Hagen M, et al. 2008. SAL—A novel quality measure
for the verification of quantitative precipitation forecasts [J]. Mon. Wea.
Rev., 136 (11): 44704487, doi:10.1175/2008MWR2415.1.

Xiao Q N, Sun J Z. 2007. Multiple-radar data assimilation and short-range
quantitative precipitation forecasting of a squall line observed during
THOP_2002 [J]. Mon. Wea. Rev., 135 (10): 3381-3404, doi:10.1175/
MWR3471.1.

Xiao Q N, Kuo Y H, Sun J Z, et al. 2005. Assimilation of Doppler radar

observations with a regional 3DVAR system: Impact of Doppler velocities

on forecasts of a heavy rainfall case [J]. J. Appl. Meteor., 44 (6): 768788,
doi:10.1175/JAM2248.1.

Xiao Q N, Kuo Y H, Sun J Z, et al. 2007. An approach of radar reflectivity
data assimilation and its assessment with the inland QPF of typhoon Rusa
(2002) at landfall [J]. J. Appl. Meteor. Climatol., 46 (1): 14-22, doi:10.
1175/JAM2439.1.

IR, IR, HTEE, A 2009. 2R T A VORI GO 2 Y AL
IS [T]. N A% 244K], 20 (1): 36-46.  Xu Guangkuo, Sun Jianhua,
Lei Ting, et al. 2009. Impacts of Chinese Doppler radar on the severe
heavy rainfall forecast during Meiyu season [J]. Journal of Applied
Meteorological Science (in Chinese), 20 (1): 3646, doi:10.3969/j.issn.
1001-7313.2009.01.005.

Xue M, Wang D H, Gao J D, et al. 2003. The Advanced Regional Prediction
System (ARPS), storm-scale numerical weather prediction and data
assimilation [J]. Meteor. Atmos. Phys., 82 (1-4): 139-170, doi:10.1007/
$00703-001-0595-6.

WTET, KSR, LR, 2016. 2015 4 12 F ) 45 WLAEW (8 R 4 #r
[J]. # WK, 35 (4): 326-333. Yang Yuxuan, Zhang Lifeng, Xie
Shenglang. 2016. Causal analysis of an unusual torrential rain in
Guangdong in December 2015 [J]. Torrential Rain and Disasters (in
Chinese), 35 (4): 326-333, doi:10.3969/j.issn.1004-9045.2016.04.004.

Zhang B, Tian X J, Sun J H, et al. 2015. POD En4DVar-based radar data
assimilation scheme: Formulation and preliminary results from real-data
experiments with advanced research WRF (ARW) [J]. Tellus A, 67 (1):
26045, doi:10.3402/tellusa.v67.26045.

TR, BEALSE, TRAK, 4. 2012, FEF TR UK SR 3 R KR I — Y+
= A5y AT R [J]. SR, 70 (5): 1128-1136.  Zhang
Chengzhong, Xue Jishan, Zhang Lin, et al. 2012. Study of the “ID+
3DVar” assimilation of the rain rate retrieved from radar reflectivity and
its experiments [J]. Acta Meteorological Sinica (in Chinese), 70 (5):
11281136, doi:10.11676/qxxb2012.095.

Zhang F, Snyder C, Rotunno R. 2002. Mesoscale predictability of the
“surprise” snowstorm of 24-25 January 2000 [J]. Mon. Wea. Rev., 130 (6):
1617-1632, doi:10.1175/1520-0493(2002)130<1617:MPOTSS>2.0.CO;2.

Zhang F, Snyder C, Rotunno R. 2003. Effects of moist convection on
mesoscale predictability [J]. J. Atmos. Sci, 60 (9): 1173-1185,
doi:10.1175/1520-0469(2003)060<1173:EOMCOM>2.0.CO;2.

Zhang F Q, Weng Y H, Sippel J A, et al. 2009. Cloud-resolving hurricane
initialization and prediction through assimilation of Doppler radar
observations with an ensemble Kalman filter [J]. Mon. Wea. Rev., 137 (7):
2105-2125, doi:10.1175/2009MWR2645.1.

Zhang Y X, Chen Z T, Meng W G, et al. 2014. The influence of cloud
parameterization adjustment using reflectivity of Doppler on nowcasting

with grapes model [J]. Journal of Tropical Meteorology, 20 (2): 181-191.



