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Impact of Radar Data Assimilation on A Squall Line

Zou Weit  Shen Han!  Yuan Huiling!
1 School of Atmospheric Sciences and Key Laboratory of Mesoscale Severe
Weather/Ministry of Education, Nanjing University, Nanjing 210023, China

Abstracts Radar data assimilation can improve the forecasts of severe convective
weather, but different model configurations will generate different results. This paper
studies a squall line process occurred in southern China on March 4, 2018. The
Advanced Regional Prediction System (ARPS) Three-Dimensional Variational data
assimilation system (3DVAR) is applied to assimilate Doppler radar radial velocity,
and cloud analysis is used to process radar reflectivity data. Considering the
assimilation interval, frequency and different parameter adjustments in cloud
analysis, , different assimilation schemes are designed by adopting the 1h assimilation
window. Using the Global Forecast System (GFS) analysis field as the background
field, the weather research and forecasting (WRF) model is used to investigate the
influence of radar data assimilation on the triggering and development mechanism of
the squall line system. The results show that when the assimilation interval is too
short, false echoes are generated due to the imbalance of the model thermodynamic
variables. When the assimilation interval is too long, the characteristics of the system
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triggering and development are generally weak. The best initial field is achieved by
the 12min interval assimilation, and the higher the assimilation frequency, the better
the precipitation forecast results. In addition, ARPS cloud analysis can greatly
improve the initial field and reduce the model spin-up time. Among them, humidity
adjustment, temperature adjustment, rainwater adjustment, and water vapor
adjustment have greater impact on the dynamic process of the system and the initial
field distribution of the hydrometeors, while the adjustment of parameters related to
vertical velocity has less impact.

Key words: Squall line, Radar observation, Data assimilation, Cloud analysis,

Hydrometeor
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WAERS RS, Aarses, FEREN, (BHER MM, RERREBE K, 3
P, FEAEIE ARG B K E . DRI 7T i M2k 2R 45 1) Tl Xt [ o ik ok A 2 3
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[ N Ahif 22 2 T AR R 2 R G AT IR . NGETHA
Bluestein and Jain (1985)  J& 75 1A 5 S 2 B0 40 0 56 [ 44K s b4y S M A 2= ME 2L
I3 N LR (Broken line) « J5 A& 7 (Back building) + WrZ4 X 187! (Broken
areal) MR A IX38H (Embedded areal) . Mengetal. (2013) 4iif 1 &AL [EH
IRFRHBIX R 96 SPEZANG, it E A REZR T FL X DIAR S, MR K. e
A5 KIFAEE, Zhang etal. (2012) $ H 2 B sm i R R iy A, v
Je IR 5] S04 23S B fidk MEZE 2E . Ahasan and Debsarma (2015) &3 /2
R SR BRI o HE B XU AR, AT fis % 50 AL 2R S i AE B Thorpe et al. (1982)
fi H i B XU AR 2 0 B A I ] 4E FR 1 5L A . Yang and Houze (1995) A 2D
e Sy A T — IR R, 48 tH VKM T B R X 2 ) N Ui ) 5 A 1R B
B, BBUKSIIEEL . UKARA TS 58 LIRS B0 K2 5 147 B SR 5
Dawson and Xue (2004) i#id &% = A Ab P PR K B iAHE 4= v 1% 5 [l
(17 B TR . Adams-Selin et al. (2013) R RAHF 785 TR0 (Weather

Research and Forecast Model, f&i#% WRF) H1[#] 8 Ry )7 25— R M2k /151
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BEATBUBE RS, S5 RRI S BT RK BTN T 55T %, HEr#E4E
TR KK . Bryan and Morrison (2012) it T AS[E] 7K P43 # Z00F ME £ R 4
UROM, AR HACE R, W RGR RS, HUAEEZ K. KREES
(2016) K H] ARPS HEF U3 — MR R HEAT 1 —4EMUERL, 15 HRZE /KR
(P RE R R T B T TR VR I3 a5, AT O3 M2 iR AL . ] ] 4%
(2018) FJFH WRF #5240 1 He 2l [X B — IR REZR IR, 4 H A 35 BSURE o e e it 7
B KA B B a7 15

AN AN [ £ BT REZRFEAT T IRANIRS AR ] ) 3 Ee R AR o] AT 4G
THE TR AT 2 21— RO R, A TR0 53k A BB AR B T B o U TR i 7 72 24
AT bR A R Ss GR/NEZE, 2018) o i 25 43 HE R (1 5 IA (5 2 mT DABA0L 5 06t
ARG VULERG T I 2540, (HR 7 IA A% 1m) o AN S5 AR AN R B AU A &, ALk
W2 RBOI TR RIS TR B AR BRI 463 . H T ka5 R~R
2% (Ensemble Kalman Filter, f#% EnKF) (Tong and Xue, 2005; Aksoy et
al., 2009; Wangetal., 2013a) . PU4E7E4> (Four-Dimensional Variational, i
4DVAR) (Xu, 1996; Sunand Crook, 1997, 1998; Sun, 2005; Sun and Zhang,
2008; Wangetal., 2013b) . T4k, Bkl 2 IR A RN, FHSH] T
I 1 TR 45 5 (Houtekamer and Mitchell, 1998; Hamill and Snyder, 2000; Gao and
Stensrud, 2014; Taietal., 2017; Kongetal., 2018; Panetal., 2018) . #Rifj
PA R ER (T R IR AR . =4E254) (Three-Dimensional Variational,
fa7#% 3DVAR) & H it b DXl 55 BB s b E Z R AR R4t (IME
B, 2016) , MK HABTE, 3DVAR HEPUE, /rbrdd R, @i EenrHE
AT RUIIA R SR SR BE N (A1 2240 45 B, BRItk an T et A0 R FH 3DVAR [F)4L 7R 5
FORL LA m B TRk W) i6 2 AT 22 00 B 3 . F BRI 7 R Gt RE EERAR T
BR A P IR IR, I R INMAARATY R TS B BN HERR B e M, 26 R sE e
Tir 5y RS R R 20 B B TR Ry (Center for Analysis and Prediction of Storms,
CAPS) Mtk T v R X /S 4 Fii A<=, (Advanced Regional Prediction System,
fa#%x ARPS) 3DVAR #%t, A — IR B AHIdATHRY, S REZ RS
KIEeE TREATHRESR (Xue etal., 2003) .
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Bbah, WItEE =K S BT R A EUE R E L EE . ARPS =0T
FRG LT 36 [ [ SRR AN OV B R TR S 56 5 WA I SR L o3 B AR TR R 4t
(Local Analysis and Prediction System, LAPS) i =/ #rfitk (Albers et al.,
1996) HHAT VB, ZAEIES T 2 MRS H, BRI RIS R AR, &
ARSI . A DR TN SE0AT T8, 40 Huand Xue
(2007) A FE3R B 2= 20 A Fp o A P52 A 2 U7 238 e KK Rl AT B . Zhao
and Xue (2009) KILAAHATAIRIARE, T ke & KU TR 58 BE 224 K KHIES -

A4 78 A BB RE DO SR IR R B TR, AER AN IR Rk SE 56 5 B RS0 48
AT A A 50 . Huetal. (2006) iz ARPS 3DVAR R4 15 2% = 4 it
TR, KILERS 10min [F46 55 BRI B 5% A AT 3h 1 3 224
fiE. Dong and Xue (2013) it 7 ANFE AT Xt & RAMIEAT sk, 45 53R
30min [A]RE AT 10min ]G3 4E 5L, Pan and Wang (2019) #Rid 7 A [H [FIfk
[ R T, 45 SRR 1 20min (¥ 18] i 5 2 e A 50k 31~ 17

B A SO0 R R U R R AR SR EE N, S LR A R B O, (H2
R SIRIE 72 22 A vp T PRI LR i A R R ML, T S T T 1o B i i v W o 7Kk Tt
2, PLAGR N IR B 1k SRR AN 2% 22 40 M JR 40 vh A 5] S 00 A2 ik R S K Je
PUHIRISENR o AR SO Y 2018 4 3 H 4 H R AEAE Hf [ B fB 1 — IR M R e 4 it
F, #£T ARPS 3DVAR [Afb R G000 ik BORHM AL 70T, 455 WRF BB 50
B R M2 A, DASIAR 2250 %2 [ N Bk B BRI AL SR T REZ Tl I 22596 . AT
TUMENE FR A VA E R IAEE, AR SCRA T A Fg 5 13L 13 R B
I, X R T IR R KA K JETE o« AN, 25 8 B R T7E
ARPS E IR R4 T RGUHE 0GE = MBS B 40 A1, AR HS W46 37 K Ik 1) B AR
B BRCRIT R, JUH R 7K RS B0 T B AR S S B R0, Bl A
ST A BEREAT TIRARITAT .
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M 2018 43 H 3 H (UTC) Jiif, ESA =B FREEEF . R X
WA, e Ja—BO@LZEM 3 H 4 H 1500UTC M ZEHUBII P46 & €, 1700UTC
INF 350 e R A S P i O e B S TR A K (B D, Z R BTN AR .
RYAE 1900UTC K2k, o RBEIEE] 71dBZ, MR REEHIR . L. 44
Ly WA, S/ PR K SRS T 40mm. BE S MEZ ) AR 7 R 2 3 5 AL
BT ES, AL T 3 H 5 H 0400UTC BRI RILER)E, LM 54l
B XIS ARG R 58.5 T ANZ K, 14 NFUT:, HELTFHKIL 9.3 147,
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TED HE SRR T GHE, B4 dBZ, ZSidRkondE T L s)
73 7] ) 2 ELHI D
Fig.1 Composite mosaic radar reflectivity of 13 new generation weather radars in
Southern China (shaded area, unit: dBZ). The solid red line indicates a cross section
perpendicular to the moving direction of the squall line at its mature stage (at 1700

UTC 4 March 2018).

AT E R TR 0> (National Centers for Environmental Prediction,
&R NCEP) 43kl A%= (Global Forecast System, f&#k GFS) & H & 4[4y
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BRI VG FE R 1S 55,2018 4F 3 H 4 H 1200UTCMEZL & 4 3h),
IR 258 AT 8 7S 300hPa St fill WA I ZE AT B (EEJBg ) , 500hPa (& 2a) A
— A TR R A (27N, 110E) , m A BAT I MW PSS . 850hPa
(B 20> #1F AL L — AR IR, JEa KRR R, M 7k EE
(B 20> , KIRIEMIFG . LSS KRG, S 2R DX IEREX 51K
BRMARZ AT ENES. HRLIOI RN AR E R LR (B 2d
Takemi (2007) #2 i 148 € LA & 1R 8 AL v FE R S8, R A EI & /)
FasE 5] — 3, XHRAA RUALAE (Convective Available Potential Energy, fiFKk
CAPE) A BEMRIFHIRIESHR REM A AR IE . IR 20 2 (AR B &
= SR ) AR R T IR SRR UL AR, RN b A BRI, TR
TRV R B TS ARYE T 0% (1982) X EMELE 1433, HRELL )R

500hPa Height{gpm} 20180304 GFSANL1200UTC 250hPa Height{gpm) 20180304 GFSANL1200UTC
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I51HU
%EE 100E 108E 110E 115E 1 20E 1 258 130E

T T T u T T T T T T —a T T T u T T T T
14E10SE10EE T1OE 1 12E114E116E112E 1208 122B 14E10SE10EE T1OE 1 12E114E 1 16E112E 1 20E 122E

j—

2

122018 453 H 4 H 1200UTC A3 (RURHTk, AL ms™ A5 B

(PRS2, BAf7. gpm) . (a) 500hPa; (b) 850hPa; (c) 850hPa /K%

WEHBUE GHE, gs'lem?hPa®) AUKRIERE (REFEL) 5 (D) HiEXRA K
Kk CAPE (3, Jkg™)
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Fig.2 Distribution of geopotential height (black contours, unit: gpm) and wind
barbs (unit: m s) at (a) 500hPa and (b) 850hPa; (c) moisture flux divergence (shaded
area, unit: gs*cm?hPa!) and its corresponding moisture flux (vectors), where negative
values represent horizontal mass convergence; and (d) convective available potential

energy (CAPE) (shaded area, unit: J kg™)

2.2 LG

AE ] WRFV3.7 HUEA AT 7tk , AEH] Skm ACHAS i HER, X
KPS R E N 620460, i | RGK R SARIRIREA X (K 4) , FEH
JEH0 60 )=, #ETUZ UKy 50hPa, FRAUAK k. AIH 3 H 4 H 1200UTC
) GFS 7 HripfE N R4S 54, 12H1SEs (CNTL) ATk ;7 18h 2 3
F1'5 H 0600UTC, & A 7 IUAF L (K3) , /] ARPS3DVAR (Gao
etal., 2002) 7 &Itz K (V) Hoffs, IR ARPS B8 R A% 2= 7 Hribi bk
(Brewster, 1996, 2002; Zhangetal., 1998) AbFEEIARSTE (Z) ¥R .
A A A T 3 4 4 H 1200UTC —/MFIKR, fESLAERE E3EAT 18h (TR, %
o =R AR, B EIL Ve (ExplVr) , BARAYS T Z (ExplZ) , #a
[FI 46 Vr A1 Z (ExplAID , BEEERDS Vr H1 Z X RELL R GiH1 403 A Tk 5 1)
. N T EHEAERERNS BB (spin-up) 5B EMLE X, #it T
ExpSPstart {5, Jtifiid WRF #x0F14r 3h & 1500UTC, FF|H ARPS [Flfb
1500UTC kI ZIR Bk Bkt Dy 1 IR QLR I R () s LA A AL T %6,
S =4I e WRF B30 1200UTC #1140 2h & 1400UTC J5, 7£
1400-1500UTC [Ffb & 1 A HEATIEIRRIAL (3R 1 A1k 2) 5 Horb, 28 Z A ulla it
WA FEMLI A TR BE 5 %€ 1h (Exp2All1h2t) . 30min (Exp2AlI30m3t) . 12min
(Exp2All12m6t) . 6min (Exp2All6m11t) . =45 L 12 min H[E 1T e
ANE R SR, 2Bl EAE 2 Yk (Exp3All12m2t) . 4 7k (Exp3All12m4t)
PLI% 6 7% (Exp2All12m6t) , H:o Exp3All12m2t [F4L T 1448, 1500UTC )%k,
Exp3All12m4t [Fl1k T 1424, 1436. 1448. 1500UTC ()% #l.

ARPS =i L& 2 I B B SR, AR A PR O S R R
I, Bl i = WIS B 28 K b 5 A2 B & /KN A Sk 2 A, A T Bt
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HJTREEAT RO, AT HI T K BRI AY I A T U 53 R A R R
T MRS TARE, 45640 8 = Wi EE 7 AT KIRASE, S a Mg £ i
FE R T7 S AT IR FE 37 B . RZK VB 2 mT B 230K Kessler (Kessler et al.,
1995) F Ferrier (Ferrier etal., 1994) 5%, JG&HHE T KM . Qrlimit 2%
AN N T ARENRREHIRAL, Frac_gr_2_qc ZH0AEVIMG W
IKIVKTA) AR L] o IR R B 0 R N B T VR IBOT %6 (LHD R4
WL TTE (MA) , LH FBHET 2 KUK 78 SR SO o 37 4 L
MA 25 & T 182 S TR R Y, BRI i 5 5 e R A I A R P AR
o EEHEZHESHOT LR S KERENEERE, KRS NRRER
HE RS Wmhr_Cu ZHHE, B, 3 Wmhr_Cu 2% (8] £ 5
TR RREE . 25 AR =i, = IriRESHIT 34T
IE, AT A RIS EOS S T K SR s, T3 AR (S PR s RTT
TEHIARE (R 2) . B, 20 AKEARE (Qeopt=0, Exp4AlIQCO) .

MEEJAEE (Quopt=0, Exp4AllQV0) . &% (Ptopt=0, Exp4AlIPT0) . [
/K% (Qropt=0, Exp4AIlIQRO) . FE#HEF A% (Wopt=0, ExpdAllwW0) . H
W, IRVHEEE G LH 7% (Ptopt=3, Exp4AlIPT3) 1 MA J7% (Ptopt=5,

Exp2All12m6t) , LAKFR/K %+ Kessler (Qropt=1, Exp4AIllQR1) F1 Ferrier
(Qropt=2, Exp2All12mét) T+5 7 ZIIFM . &5, K KA =K #F 2
£ Frac_qgr_2_gc (Exp4Allgr2qc) M 0 3EK2% 0.4, ¥ Wmhr_Cu Z#3°K 10 £%
(Exp4AllwmhrCu) , ¥ Qrlimit 2% (Exp4Allgrimt) 45/ 10 £%; X LA L&
NSRS E TR, 5T AR R A TR A 1 RN A AR Y
Exp2All12m6t {58 AH R . FEH R4 E ik kS FIH WRF B0\ 1500UTC H 46
F43 15h. BB R H 37 AR FF— 30 =77 2k WDM6  (Lim
and Hong, 2010) , K4S 7% KM RRTM 7% (Mlawer etal., 1997) , %4
WeHE S5 %% /) Dudhia J5 % (Dudhia, 1989) , 1 72 77 2% F MYJ J7 % (Janjic,
2002) , [T )7 %K H Noah /7% (Chenetal., 1996) ; HTa#R 2% 5,
WEH ARSI R RAWRE. TR, 7P 12 3 S B — 2
B IR S 1 HB C B R IA I S R AR ) L, SR A ARPS H 1) 88d2arps i
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216 BT EIAWIMEHE AT B AR, A ARPS J5 A BRI A A TR IAFE EIVE W
217 WG

218 ®LE A BN =HFE A R 513
219 Table 1. List of different data assimilation experiments.
ERoE Y AR 2] vr z 18] B (min) R
CNTL - - - -
Exp1All 1200UTC vr z - 1
ExplVr 1200UTC vr - - 1
ExplZ 1200UTC - z - 1
ExpSPstart 1500UTC Vr Z - 1
Exp2Alllh2t 1500UTC vr z 60 2
Exp2Al30m3t  1500UTC vr z 30 3
Exp2All12m6t 1500UTC Vr Z 12 6
Exp2All6m11t  1500UTC vr z 6 11
Exp3All12m2t 1500UTC Vr Z 12 2
Exp3Alll2m4t  1500UTC vr z 12 4
220
221
| I
CNTL | I
VIIZ |
ExplAll | |
Vr
I
ExplVr J{ |
{ |
ExplZ | — |
ExpSPstart I + %
Vr.Z
Exp2Alllb2t | le ¢| |
Vr.Z
Exp2All30m3t I + v ‘| I
Vr.Z
Exp2AllL2mét | f““ﬁ |
| Vr.Z |
Exp2All6m1lt | f = ﬁ |
Exp3Alllzm2t  b— “|' |
Vvr.Z
ExpdAllzmde  |— “""l" |
229 1200 1400 1500 4 Mar 0600UTC 5 Mar
223 IICTEE AT vl
224 Fig 3. Flowchart of different data assimilation experiments
225
226
227 # 2 ZOPH SRR R B R



228 Table 2. List of different cloud analysis experiments.

LIS AFR Ptopt  Qcopt Qvopt  Qropt Wopt  Qrlimit  Wmhr_Cu  Frac_gr_2_qc
Exp2Alll2m6t 5 1 1 2 1 0.005  0.0005 0
Exp4AIIPTO 0 1 1 2 1 0005  0.0005 0
EXp4AIIPT3 3 1 1 2 1 0005  0.0005 0
Exp4AIIQCO 5 0 1 2 1 0.005  0.0005 0
Exp4AIIQV0 5 1 0 2 1 0005  0.0005 0
Exp4AIIQRO 5 1 1 0 1 0005  0.0005 0
Exp4AIIQR1 5 1 1 1 1 0005  0.0005 0
Exp4AIIWO0 5 1 1 2 0 0005  0.0005 0
Exp4Aliqrimt 5 1 1 2 1 0.0005  0.0005 0
Exp4AllwmhrCu 5 1 1 2 1 0005  0.005 0
Exp4Allgr2qgc 5 1 1 2 1 0.005 0.0005 0.4
229
104°E 106°E 108°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E
30°N 30°N
28°N 28°N
26°N 26°N
24°N 24°N
22°N 22°N
20°N 20°N
106°E 108°E 110°E 112°E 114°E 116°E 118°E 120°E
230 0 25 75 200 500 1000 1500 2000 3000
231 Kl 4 AR E CGHEONHIESE, $A: K
232 Fig.4 The model domain with the 3-km horizontal resolution. The elevation is
233 shaded (unit: m).

234 3 RRERSWH®H

235 3.1Vr il Z WML RGHIF

236 HEHEER Z J Ve IR TG SR FR I, WIURIN Z B A AR A T
237 U SWIFA RIS AL, IR R A Akl (8] 5a) , CNTL (& 5b)
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ExplVr (K 5¢) AR BRI XA, Explz (& 5d) A1 ExplAll (& 5e)
R A RSO, M T 6L [ 3 PR s A S o I ELRS T TR T S e [B] 38 i 1 e
&, ExplAll £l Explz 545 REHR/AN, RFFHAZ =0 RAFN Z f5 5

BHCE TR TR IR .
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52018 £ 3 H 4 H 1200UTC A& % GEE, Hii: dBZ) : (a) HE
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ExplVr i3, (d) ExplZ ik, (e) ExplAll X5
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Fig.5 Distribution of composite reflectivity (shaded area, unit: dBZ) at 1200 UTC
4 March 2018: (a) composite mosaic radar reflectivity of 13 new generation weather

radars in Southern China, (b) CNTL, (c) ExplVr, (d) ExplZ, and (e) ExplAll

1h JE R AR MR sl () , ExplAll fl ExplZ Fidk (1 Bl 454 500 &
AW —35, e R{E )y 55dBZ, #Esepriill (59.9dBZ) , HHTURH T R4
REFFFE). CNTL IEREER B, BA TR RS0, ExplVr Tk 7 E4&
[l S5, AR Rl A B w22 1R K, A7 VPR, I HomfE gy T il . 25
EATIR, TERLRGEERT, BT Z SGE TVISEHRKEE R, R
T R R, AERIARIA TR 5 SE BRI s, X R R R S
T R G RE R A B D X PO LR RSB . 7F 4h J5, ExplVr HPELEEE 7S 3] T
TR R, AR R G E K RS 5 AL R (ExplAll A
Explz) iTF—3, JFEGL TN, wMEN Vr fFild s iR s, ek
T RGBT . CNTL 356 b [l AR X 85 [F A5 ke 55, HLATY AR TR A T
IR P E PR, H CNTL 356 TR Y RELZR 44 = TR [l 4514 5 T LA IR 4k,
w78 (EIED , RS IE R R L IS #2 o g4 +F 3-4h. #H
1M 5 5 ExpSPstart 15015 21 ¥ 2H & S5 A2 B B K 45 165 W0 5 g C T D
Pt LALEARE RS B AT R A O B R U6, (R ILJERE b AT [ Ak 22159 3
TFRTRIRES SR, DRI AR SO 2 JE G PR REAR 36 35 e LA 20 B T % 2h J5 FRdkAT )
1.

FRIRIRAE (20160 $i HY TR BRI IRGS T #xHia &g h EA RS IR
A BT, AHFT R HNaa4EEr, Rotunno etal. (1988) £ il H{EM#LIRL:
WIESL T RKW (Rotunno-Klemp-Weisman) REZE4EREHLH], B 24 ¥4t 5 3 B X
DA SR FE A I R T RGN AL TR . WO R 4S5 01 RS, (2 IA
W bR B REIA AR, B EBIAS S RELA 3 7] AR P U5 1) R RS E
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Fig.7 ETS scores of predicted hourly accumulated rainfall at the thresholds of (a)

0.1, (b) 2.5, (c) 8, and (d) 16 mm h* for Exp1 (See Table 1) from 1200 UTC 4 March

to 0600 UTC 5 March 2018.

3.2 ARIFRT SR8

15



327
328
329
330
331
332
333
334
335
336
337
338
339
340

341

342

3.2.1 A[AE[E4LE FE

[l Vr 1 Z B0t RGUA IERUSI 2, H B ExpSPstart #5211k 2056
R — i W IR S5 13 BRI a3 B8 5 S bR AR A 2, IRIETE 28 — ARG, [RI [l 4k
PR, B FRIERR T 5, IR R G R Y Bt T R

BENUEY (1500UTC) B F RN I, IR A R dbEs A 2 8
DA, R RIAIEAF] 54dBZ (I 8a) o JUANSZIGHERIBLILE T Rl 45,
Exp2All1h2t ([ 8b) 1 Exp2Al30m3t (& 8¢) LI [HI 3 fx KAE v 55dBZ, 5
ML, fH 2 A KA AT TP g el s b, HoAHh 7358 50dBZ, JEH A4k
7 R BAUAE X 255 . Exp2All12m6t #4001 [l i KB N 60dBZ, EIRA T
i, AER AR X H B B 5 It 7, HL7E 76 R s A AR b s oK {E 35 55dBZ,
HEAPHEAERT & . Exp2All6m1Lt S5 RS 12min [EIRGITAL, (HAT# R4
L HE I e PR AL R 1 A0 AT o AR, IRIRIRAL TR B KRG T Rl
(IR AR 24, A [ 18] B B TRDE T [R5 BE « KARL DX 43 A1 2 Fovh /N sl ) 3 A A

GRID LEVEL=1
12:00Z Sun 4 Mar 2018 T=0.0 s (0:00:00)
- S " S - e

960.0 44,
(km)
refmos(dBZ, Shaded) Min=-.100E-19 Max=54.0

1h 30min

28N 28N

27N 271

2BN

26N+

253 25N

24N (b) . ¥i (C) 4

24N
110E 111E 112E 113E 114E 115E 116E 117E 118E 110E 111E 11?E 113E 114E 115E 116E 117E 118E

16



343
344
345
346

347
348
349
350
351
352
353
354
355

356
357
358
359
360

28N
27N WS
263

25N

le o ,

24N T T T T T T T 24N T T T T T T T
110E 111E 112E 113E 114E 115E 116E 117E 118E 110E 111E 112E 113E 114E 115E 116E 117E 118E

K8 [FE 5, (H& N HikI i 1500UTC
Fig.8 Same as Fig.5, but for the second set of experiments.

1h iR CEIED |, [BIE S =B ATl e G AL i ML J5 3 el . AT
AR P LRI R BRI L R R R B AR LG T R AR IR, R R A
9 59.2dBZ, [l FRH L NKMEIX, RERFEESNT FBHE AW E K. A
[71] 5] B [m] A S 56 S5 A v A i LA Y T Bl 4544, Exp2All1h2t F1 Exp2AlI30m3t A
TR T —A> 60dBZ R AL, He AWM, H R R AR [ kA B A L
Exp2All12m6t Filfi fif) i K SR Z ik, 4 65dBZ; H 2B AER b Rl 1 M4k
BT 58 AR LA FE T I IRl B, O R G sl B 5 W 5 — 5
Exp2 AN6mLLt TR 758 8 DA K 45 W6 #4855 N0, L AR T 365 22 (R R AR e

100.0 50min 500 100.0 30min 546
2000 (a) 400 200.0 400
300.0 200 200.0 206
400.0 = 204 400.0 200
500.0 U 100 500.0 100
A00.0 Q G000 o
700.0 -100 700.0 -100
E00.0 Q} @ % =200 B00.0 =240
o0 ! g -300 200.0 -300
14G0.0 —400 100d0.0 —4{J0

S N L& e LB L L LE L%

PR o o7 et e
o~ .&h-;\’ m«}'"\f’\'\*%x\%x\’ m\;"ﬂ\?’ W
’ T AT AR AT T ’1/'

L3
o

<
N
,,

1Z2min

100.0 500 100.0 500
0.0 {€) 400 200.0 400
260.0 300 300.0 300
460.0 Q; 200 400.0 1 200
S00.0 ] piili) 300.0 100
a00.0 o] 6000 ¥ 1]

FoiLc D —1H F00.0 —100
800.0 = i —200 800.0 —200
we0.01 G —200 3000 —300
16000+ ——— AR Pl 1000.0 rearalime

SRS oo
L e e L O ’

K4 92018 £ 3 H 4 H 1600UTC AS[a] [F) 4k, [7] & T 26560 i FE (3E€f, Ffvy: 107
s KIFEHPHE (BOS(EL, . Past) W 114FE-116F, 25N-27N K
HH 4. (a) 1h, (b) 30min, (¢) 12min, (d) 6min

17



361
362
363
364

365
366
367
368
369
370
371
372
373
374

375
376

377
378
379
380
381
382

383

Fig.9 The cross sections (along 114 E-116E, 25N-27 N) of absolute vorticity
(shaded area, unit: 10° s) and vertical velocity on p coordinate (black contours, unit:
Pa s1) with different assimilation intervals: (a) 1h, (b) 30min, (c) 12min, and (d) 6min

at 1600 UTC 4 March 2018.
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Fig.13 FSS scores of predicted hourly accumulated rainfall at the thresholds of (a)
0.1, (b) 2.5, (c) 8, and (d) 16 mm h'* for the third set of experiments (See Table 1)
from 1200 UTC 4 March to 0600 UTC 5 March 2018.
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Fig.14 The cross sections (along 114E-116E, 25N-27N) of cloud water
mixing ratio (shaded, g kg*) with different assimilation intervals: (a) Exp2All12m6t,
(b) Ptopt=0, (c) Ptopt=3, (d) Qcopt=0, (e) Qvopt=0, (f) Qropt=0, (g) Qropt=1, (h)
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