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4 FEEBEFERF RS, L 100049
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Simulation and diagnosis of physical process of “7-:20” heavy rainfall

in Beijing
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Abstract Using WRF model and three-dimensional precipitation diagnostic equation, the high-
resolution simulation and diagnosis analysis of the physical process of heavy precipitation in the
main precipitation period of the heavy rain process in Beijing happened on July 20 has been carried
out. The results show that before the peak of precipitation, the strong water vapor convergence
supports the strong precipitation, while humidifying the atmosphere. In the later stage, the water
vapor convergence is significantly weakened, and the precipitation causes the obvious reduction of
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water vapor content in the local atmosphere. Before the peak time of precipitation, water vapor
convergence, condensation and liquid-phase condensate convergence jointly contribute to the rapid
development of heavy precipitation cloud system. In the later stage, the weakness of the dynamic
convergence effect and the continuous consumption and divergence of water condensate lead to the
significant decrease of water condensate content and the gradual disintegration of precipitation
system. During the main precipitation period, the intensity and range of vertical upward motion
gradually increased, and reached the maximum at the peak of precipitation, and then weakened and
contracted. The peak height of the ascending motion is located on the zero level at the initial stage,
and then decreases to the lower part of the zero level, accompanied by a "weak-strong-weak"
precipitation intensity change. Under the control of ascending motion, the change range of water
condensate is obvious, but the change range of different water condensate is different. Graupel
particles and raindrops increase most significantly, and the contents reach the maximum at the peak
of precipitation, and then decrease. The variation range of other water condensates is weaker than
the above two due to the process of microphysical transformation and dynamic divergence. This
paper also points out that the possible influence of different microphysical parameterization schemes
on the physical process of heavy rain happened on July 20 and the differences of physical processes
of precipitation with different intensities are worthy of further study.

Key words: "7 - 20" torrential rain, precipitation processes, three dimensional precipitation equation

1. 518

o E AL A BN RX, HITEE 2, ZERNRG W, BN, KEH, 2
R 7E SR 32 B 2 M P oevE (M, 1980; ARMAESE, 1998 REHESE, 1995; Miid
S 2001; UL 75 AN B, 2002; Cui et al., 2003; #XEEESE, 2004; FMEELE 2004; Cao
and Gao, 2007; P55, 2008; B F RIS S5, 2008; TS, 2009; MRS, 20115 ER4E%
8,2012; {SENISE 2013; Xuetal,2013; 4345, 2014; Huang and Cui, 2015a, 2005b, 2015¢;
Zhou and Cui, 2015; Gaoetal,,2015; £k4E77%%,2016; Z=ZE4F, 2016; Huangetal., 2016; Li et
al., 2017a; Huang et al., 2019; % TERNZE, 20200, £ B E I 4E R PRs i i (L fE, K
AT O R, NV B i Xk PR AR B Ak, N Rt S g s
M, JeyHhel X IR 2 &k, BREUR ™R (Songetal., 2014; Wuetal., 2019; Jiang et al.,
20200, [FF, SEAR A AT REIE IR AR PR 7K 5 % AR i 12 19 5. ( Geert and Erik, 2008; Song
et al., 2014; Pendergrass and Knutti, 2018; Supantha et al., 2018), #t— 2 I 1 38k 7 X 481 %2
Y 50R ARGE «

B EAEALH DR T AR N DRy, i DAk, PR R KRN 28t CT —IL4%, 1980;
ST ARG, 2012), U0, “63-87F M “96-8”F M 2%, M E KN R T- M FF5 2k
B AL R A AL P R AL, R IE R 2, BRERN LR, SRR, 72174 KR
W 9B AR, 2 A AL B AL T FREFRA 5L, B 7 B3
JE (RIS, 1992; FMEFS, 20053, 2005b; FFFE4E, 2006; Miao et al., 2009; 5K
55,2011 ZFEHFEHL, 2011; skSCORAEERNS, 2012; 5K3CEF, 2013; 4232456, 2013; K¢
55, 2014; I RIEE, 2014; FhARFASE, 2015; B 1%, 2016; Lietal.,2016,2017b,2017c;
RIS, 2018; Ningetal., 2020; F&EZE, 2020). Flhn, 3Kk (2013) 4 1 AR E
JE i AR AT G 5 SR 1 R T AR, R BV T A XU, A 1 1) J) M B PR R AGE B D 6 3 T R
JE A 2 XU B ) s o i X R R (PR 2 T XD AR T Al 5K SO %s (2014) fE Bk 41
AL EC R, BRUT T R 2 2 s P RN TR v vt R 2 X bt SR B N i R IR AT REAE R
H A4S HH IR 25 S AR T2 PRI A fi 5 R 580 6 AL, 0 T 52 M0 e X8 () T 25 AR T
MAhEERA (2014) fif WXy 2 BI85 AR SR SSRHEIBT AT, [RIEAR T R E R =
HS FEFE RIS, R, AFESEMERHE T = EREKRE R ORM ZE S, o hitds
5 KRN ESRERSAEAER SR, S5 (HUAEMIH T, Wb 2 W sl fE b 22
WO P K PSR RN NGRS 2, TR B8 0 BE 55 7 SRA AP K = R .

TSN, BEAGR T OB R R AAR AR R =0, BRI s e — e 7 =
AN KR |H EFAIZF LR 2K CRIZAREE, 2000, FTHE BFEK I 2% 0 %
1, T JE3E Sk K s RILECCL TR B K BHEOCEE, O 2% A AE FLIC 2R, e [R) s pl e T %
Ko Gaoetal (2005) FET 4k RN TFRA, B EEKER (BKEE) HRKAKA
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WS DA R /KB S ST B B, HE S e B K2 R, T B O R A 45 A
K F G FE 240 0 #r (Cui and Li, 2006; Cui and Li, 2009; Cui and Xu, 2009; Shen et al., 201 1a;
Shenetal.,2011b; Shenetal.,2011c), /A& LT (Taoetal., 1987; Tompkins, 2000) B,
YR =Y A TR R TR E S S AR T TARARL, (H i GRS A 4y s ]
BI— BRI sain, (RIS RRERE 240 T s e A, (R, ST =4t i
5635 1 = RO AT e B K P EE i A2 72173 L %2 . Huangetal (2016) 7E Gao etal (2005)
(PEAE 1, B S IR B 72T WREF B0 =4 i B2 W #2E, IF ST v
T S UE R I AN Y B B P K Y B A2 S T TH T 72 (Huang et al., 2016; X 2SR AT
BEMS, 2018; THEELE, 2019a; EHEESE, 2019b; Wangetal.,,2019; Huangetal., 2019; P
—IH A RS, 2020), #l40, Huang et al., Q016)WFFFM, /KVTHI SRl FE x5 iy HA %
DR, T HOTH] 28 K 50 A H AR 25 RFFAE . FR/KR B RN or Ao S B AR B Al
T FME A A (Huangetal., 2016; FHEELE, 2019a. b), HAEZ KM LT FE
BRI CERESE, 2019a), H 22 om R K MLt 72 52 2 g 2 005 55 B HRRAE 1 B 5t A
Hl CERRESE, 2019b; PRl AR, 20200, @hE T 2B L FE 1 = 4k F K12 Wy
T COZ A0 R I LA B K B R 2 A 2 W o W R AR 34, (B2 H Ak, R =4EpEKi2
W 75 FEET RS AN [F] B K FE T J8 B2 W AL 20 M TAEE A 2 .o T FiR b i X B i 72
(140 S 3 52 AL RH S AR Ak 25 A T RSN 2% 9 00 XU B A8, R = 4B /K2 W #20T edb
TR N RN LR S AN B

2016 £, 7E<7-21FF REM K FERAENELZ G, Jbat X HGE 2R KRN (“7-207FF
KEEW) 28y, bRt X IR WAL BT FE AR S RE . A SCHERT AW FT Ul A0 e, 2018;
FHREEE, 20192, b; Wang et al., 2019; #F Il AEBEMS, 2020) fifl b, GRECT7-20"4FF K5
It A2, FIH WRF LA = 4Ebf/K 2 5 FE (Huang et al, 2016), £FX“7-20"5F K& W
TSR KES BRI T, 75k B KB B Z O B R o AR SCES =34 1 S Xt +7-207
FER RIS AR EL E I, JEx) WRF $UE AR 7 R B R = 4ERE K2 W R BT A 4
B =00 MR R TR M 8t « T IAPHRIEE . s B st B Sk U LSS S kAT X L
BGAUE; 26 DU i B =4 B2 W AN 0 PR BB S5 R, X720 RE KRB W 3 2o
B K B BT ARSI W 0 #5208 020 N SCE IS5 IR I AR AT I J TR R B 5.

2. “7207FF RBNERE. BEEXTRREN=Z4RKZH RN
2.1 “7-2075 K % W i A2 fa

“7-20"FF REW T FERFKIF T 2016 457 A 19 H 01 B (Jbxin, TED, %21 H 08
WHEE, DI 55 /N, AT PRI R ROK EIA 214.67 mm. FERFEN I REEA Ao ik
DB BB BN 7 A 19 H o1 BFHF4E, 520 H 00 B0, FRKEMNE D> (H BRI
AHEIE 50 mm [XIHTRE G T AL PR L X ECRTE D, FEKIE XA H e L mt a1l X B i
CEmE); BB 20 H 01 BJF4E, £ 21 H 08 W45, RRMELR (K la), £ &
R K 100 mm, JH, 17 Aok A B K& 300 mm (& 1a R ER 2D,
Fe KA IAE T TSV X R 25 LAt 34 401.3 mm (&) 1a FBEE A, FBKERZEm K,
SEREAKEF HIE RO . WIE. FEEG. Al Fil. KM% TERIEAE SFEEHL, 200
mm PL_E ) SRR K X B 7 i b — 2 X

B 12016 4£ 7 20 H 00 BF 2 21 H 08 I (ALHT) (a) SEELAT (b) B (73308 1. 33 k)
1 B2 KR CEEIR, B0 mm) . SEESEEN 200 m IS &L, (a) HREE N R
FAREZKE T 300 mm FROLII G £, B [5 f0h RN K B R BN RIS s, B
BE/K &9 401. 3 mm); (b H Ty HE s X809 SC A /K B 7 20 i X 3

Fig.1 The distribution of the (a) observed, (b)simulated (with the resolution of 1.33km) cumulated
rainfall from 0000 LST 20 to 0800 LST 21 July 2016 (shaded, unit: mm). A thick purple line denotes
the 200-m terrain elevation. The gray and black dots in (a) represent the stations with the cumulated
rainfall more than 300mm and maximum cumulated rainfall (Dongshancun station, 401.3mm),
respectively. The gray box in (b) indicates the analysis area of precipitation physical process.
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MRKSRRGKE (B 2), BB BRSR GRS b5t X IR A 52 A X A 52
19 H 08 i (K 2a), ZRIFHLIX 500 hPa = 3 280 “PE—H” A, w6 &
X, dEEAL T E ST, HZ2BURIRSE RGN, LS PR SR R AR 2A L
HIX, B (B 2by o, mTHELEE. e, RENERERSGE DM L, #ay
BRI S AL 5t X HERE, U B, 76 R MU AR IR SR R G R EAE R R, 240
INREESTIR RSO it X A AR R 8, 51 R R sk (RIS s 285 B (B
2d-h), RAREiRiEdHE S REIL L, 515 KGR RERES NI IX I, fE6 Rk
SREIRRIESA N 51 R RTu K .

B2 2016 4 7 H 19 H 08 721 H 02 i (A5t 32 6 /N (a-h) [ 500 hPa Az &
(HEenSeL, #fr. fr3ick) F1850 hPa KT 12 m/s BRI OXAAT).

Fig.2 500 hPa geopotential height(height, unit:gpm),850 hPa wind field(wind bar,>12m/s) at

(a)0800 LST 19, (b)1400 LST 19, (c)2000 LST 19, (d)0200 LST 20, (¢)0800 LST 20, (£)1400 LST

20,(g)2000 LST 20,(h)0200 LST 21 July 2016.

2.2 WRF #2040 77 &

MR T B (2016 47 H 19 H 01 B ~20 F 00 K, “7-20"FKF KZEWLFEZE
Bt (2016 4£ 7 H 20 H 01 Bf~21 H 08 i) RAF/KEF K. WA, JWEE, K,
AR RS T B AT R AR WRFE (V3.5.1) SEAS YR KRR I FE 58— BUE T
BT PR AME AR, R = B iR E MR (K] 3), | 50 2, HZTHCH 50 hPa;
AN X KRR 4> B3 519 12 (DO, 4 (D02) #1133 (D03) km, K& A5 5
N 560%480, 640*640, 328%328, 43l 6720 km*5760 km, 2560 km*2560 km, 437.224
km*437.224 km [XIBJEH, HA, SAMNEEAUXIE (D01 AR S 14«7 207 R K2 Wit 12
RAETTREFS A S R R AL, DAOR B ASE 3OS B 3ok A KRB IR B S S A 400 P v A 2 5
D02 [X A 7 rp [ AR X S Y R A L X, FE AR RS T R ALt RN R R
M R4 CRAREIRIE) Mg sh X3, DOREE AN Z R GBI, 1 D03 [X 15
(R 1.33 km) 32 B ey Jb 5 FF/K X 45

K3 B fE AR IX 5

Fig.3 Model domain configuration.

RERUE T B S E UL T RS WSM6 TS Hb 7. RRTM K IKFE ST
77 % Dudhia S 7R YSU (Yonsei University) 54277 R KF (Kain-Fritsch) 7
XS T R, K, KF RSy € AT &INZ2 (Do X R, A
THATERE, A283RmEAR, B RA “ndown” 753, HANZ XA N)Z
XMW WAE, TRINZXIR (DO ], B2 N2 BRI 0 (ECMWF) ERA-
interim FE/M AT BORE CH RIS HERN 0.25°%0.25°, IR HERN 6 /M) H5EE5]; DO X
WAV BCN 2016 4E7 H 19 H 00 BF2E 21 H 00 B (J& 48 /i, 5D, N 715210 5 4
FIBALRE, D02, DO3 XIAEIR 12 /N3R5, RIA 19 H 12 432 21 H 00 B (3
36 /N, A, BARBHT RIREWE 1 iR,

Beak, AT IRAN T B K o B FE, Bk T 4 WRF SRR 4oh, IE7E R
JEXE (D03) it 75 =42 W 7 FRAH OGRS 00, H T 5 S2R K Y) BRI F212 Wi 7 A it

?f—‘_l:;
®1 BT RRE
Table 1 The model configurations
DO1 D02 D03
PR 12km 4km 1.33km
BUMI EH(UTC) 7 A 19 H 00 i ~21 7H19H 1284~21 7 H 19 H 12 Bf~21

H 00 i (48 h) H 00 i (36 h) H 00 i (36 h)
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MBS HA T & WSM6 WSM6 WSM6

Kt 77 % RRTM RRTM RRTM
RIS Dudhia Dudhia Dudhia
b T J2 7 %6 MMS5 Monin-Obukhov ~ MMS5 Monin-Obukhov ~ MM5 Monin-Obukhov
T 22 unified Noah land- unified Noah land- unified Noah land-
Rl LA 77 56 surface model surface model surface model
UREZZHNTT FR YSU YSU YSU
HaXms 87 .
e T{ﬁ; Bz Kain-Fritsch (new Eta)
2

2.3 =4EfRKiZW iR

M WRF #E A K P 7 #2 (Skamarock et al., 2008) %, Huang etal (2016) %
AL TR WRFE B = 4ERF KW R, R

Ps = Qwv + Qcu (1

Horp, PONHITHIRE K 2R /B KBRS, Quy NZKTEAR RIS FE SR, Qwy = Qe + Quwya +
Qwvp + Qwve: Qem N AR FEEMAAEZ, Qem = Qcr + Qcrr FHH's Qe Qor 73 79U
[ A KB R I RE 2L, Qe = Qe + Qcra + Qcupr Qcr = Qe + Qcia + Qcin-

R TRV R 25 T AR R E N (Huang et al,, 2016) 17R:

Ps= [, [~ Txetwisgm 2(pa0uVo,)/07]dz @)
Qwvi = J; [-9(paQy)/9t] dz 3)
Qwva = fZZ:[—Vs - (paQvV)]dz “4)

Qwve = st Esdz )

Qwvp = fZZ: DIFFq, dz (6)

Qcr. = J; [ Zxeer) 9(paQ) /t] dz (7)

Qcta = J xe(enl—Va - (PaQuV)]dz (8)

Qcwp = [} Txe(en DIFFo,dz ©

Qei = J;' T~ Zxetsgh 0(paQx)/0t]dz (10)

Qi = J; Exeqsgml=Vs - (paQ:)]dz (11)

Qi = [ xeqisg DIFFo,dz (12)

Hot, Zew ZOPMNBAJRTG JRIVERE, pa ARVERL, QAKIRIRALL, QIR
ZREIINRE . (Qen Qe Qiv Qsv Qg QA HMNERZIK. FIT . KL T THLT . ki
T BRLT), Vo NEEAKKL TR REEEE, V A=4EXH, DIFFy « DIFFq MEs7rAlfi#K
R KEIFERCR A R AR AR o S IR R 2 Fm

® 2 ZHRRKZWIT RS IS X
Table 2 Physical descriptions of the terms in the 3D WRF-based precipitation equation

J7 FE I SUBL S
P, Hb T 7K R / [ 7K o
Qwvi IKIR SR H AR A 6 3 AR 3 1 A
Qwva KR4l ER A/ R ECR 1 EH A
Qwve M G HZRERZE
Qwvp KR = LEFE R H A
QcLL WAHKEY) (=RANRD FiAR ik 18 B AR 1 Ul
Qca WAHKE) (AR =4e@ i &/ fEEcR R o
QcLp WAHKEED) (A —EFERCR T B
QciL VKHKE) (UK. Ty &) R AR 1R B 1 fE

Qcia UKFHZKEEY) (oK. . &5 4l &/ McE E Ny
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3. BEHRAE
3.1 AT

DRI e 3 RS TR 0 (ECMWEF ) ) ER A -interim FR230 #1808 (45 18] 355 0.25°%0.25°,
R 3ER 6 /M) Bon (K 4al-f1), 19 H 20 i) (B 4al), 500 hPa &=5tl (i) Al
A0 78 R O 7 A0 7 L P P X, AR R S ) s T T R, ELIX RO IR A AE 7207
BRI R — B A2 e 4ERE, WA, 500 hPa S Se as A/ NE 482, o WIEERE &)
S sR AN A P AL NEHERE, BREIRT () 4al-f1), XFEHX RS E MR AA R T REE
A L AR R K R E . 19 H 20 I (& 4al), 850 hPa KA EiRiEH AT 500 hPa
R G RO AR E MBI R A N, FAR B A B — 2% o 1 1Y R - AR b I S S
HHRTF IR A AW A AL, 205, FEEE 500 hPa 1 25 Fl 5 8 i ik b e n s A R <R B2 I
BEM) R 2T A K R INGE, SUiizdbdE (B 4bl-cl1), 20 H 08 i} (& 4¢1), &
T A BB, OBk AL B X, SUR AL A R AR R, 20 H 14 B (B 4d1),
R SRR kTS, 2URZ 2R, B — AR L X, EH (E 4el-fD),
R S — s, R AL X

DO1 X3k (12 km 43385 FBfl R ER (B 4a2-02), RN BT R A L
48 5 ERA-interim T BRI LL, A7AE— S8y L ES, B, @lmari g R iR
FREARAG IR LF BRI, 5 BRI s m) pa G/ N R R o, BRI (R SR 5E FE R B« 9L
ok, JEH SIS EABIAN R . BT X RS, X7 5 HH 580 7 Jbat X
PO A Bl O R w2 (B 5-6) FEKEEEE fmsE (B 9). sRBE/KE XA (& lay b)
AE IARE KGR B R ig (B 7-8) 5% EA e EE, BRI HIOE S 7 R BB AR
G EREAREIE (B 4D, SRR R 25 5 Se il BN — 8 (B 5-6), IR St
ANAER X 3 [B] 5 ERA-interim P70 M Ba 8201, o A3 AS40L 1) 5t B /K O G B[] 5 S 4 4 R —
(79,

K4 2016 427 19 H 20 I ~21 H 02 I (LRI (38 6 /N 500 hPa A7 #5 & ClE sk
2, AL I3k, WEEORISRE )y 5880 A FAoKAE L ). 850 hPa KUK (XUAAT) FIKT
T 12 m/s BXGE CEEIR, ¥4: m/s). A% (al-f1) N ERA-interim 008, 4
) (a2-£2) 9 DO1 X4k (433N 12km) B R,

Fig.4 500 hPa geopotential height (blue counter, unit: gpm, the thick lines indicate 5880 gpm),
850hPa wind field (vector) and 850hPa wind field (shaded, unit: m/s, 212m/s) from ERA-interim
reanalysis data (al, b1, c1, d1, el, fl)and numerical simulation data with 12 km horizontal resolution
(a2, b2, c2, d2, €2, f2) at (al)(a2)2000 LST 19, (b1)(b2)0200 LST 20, (c1)(c2)0800 LST 20,
(d1)(d2)1400 LST 20, (e1)(e2)2000 LST 20, (f1)(f2)0200 LST 21 July 2016.

3.2 HIERHF

HEAR XIS T IR A SO R A 5 A (] 5) BoR, “7-207FE KZ W FE Y5 T 500hPa
B TEEIEL KRS IR R (B 2. 4) F, KA IR IE R S0 & R s A b g X 3815
WHERE (B 20 4-5); ZRSNEIREN S SR F LRI — NI <= 0R”
(P TEIE 2548, 7207 FF K M2 38 W BOOm B K WG I B, 02 Rk 1 [ ik &5 R AR A
B, LR P R T AR Pk — 2 DA B R P [ (35 dBz BLE), B B
SR R RRAE, 2 AR S E AL A, HEMEFIL AR, W, widb. <.
L3S, FEERIEI AR XS 58, SR R G R RHE R, I8 55 (8l i 1 x4 fb A b 5t X 4 (3%
ATRE—E R R R T 28— B IIRE A (B 505 BHJG, 9 0 Rl Sk 500 i R R i,
YEFEYOR, Al v, R REE JE S RYE R X, R B R (B 5);
BE# 500 hPa /=y ZSHEHE— 0 R B AR R A IE D K-8 . R bk, kBRIt — PR E,
e (B 98 it A i DX 3k PR s [ 98 (1) TR AR RN 5 58 B Sl B, e il o b it X SR K B R e
HIRAE R R, ABE SR B3 1Sk A R B 7 29, L AR 35 P it (Bl IR G, 1T R AT
SRTEVIRE . L WL, VLS IX 4ERr s nlye (B 5); biE m S HARE s R I0HE—0
FH, AR R R TR IS A G XA R IR T A A, T Sk 5 [ e TR B
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59 AN RS AL R, “7-20745 K2 MR PRI BOZHT 4 R (B 5. il AU
e IR FRIAL R URRE I8 e 2 9 48 A R AN A e R RS vRE A AU PR L, AL ) 7 ik s S 2 (1]
6) FHEANHA S0 (B 5) RINRLF I —BiE, 35 dBz LA L FIRHA Y [F1 AR o 4 4
ANMEEAR AL (B 6); BT LRz, (ERUREF I EIL 1= R [E
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Fig.5 The combined radar reflectivity in North China (shaded, unit: dBZ) from 0000 LST 20 July
to 2300 LST 20 July 2016.

K6 [R1&] 5, (HOARLES
Fig.6 The same as Fig.5, but for the simulated radar reflectivity (dBZ).
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Fig.7 The distribution of hourly rainfall observations in Beijing (shaded, unit: mm) from 0000 LST
20 July to 2300 LST 20 July 2016. A thick gray line denotes the 200-m terrain elevation.

K8 [FIE 7, (HARBIEER .
Fig.8 The same as Fig.7, but for the simulated rainfall.
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Fig.9 Time series of area averaged (39.5°~40.9°N, 115.6°~117.3°E) observation (solid line) and
model (dashed line) precipitation rate (units: mm/h) from 0000 LST 20 July to 0800 LST 21 July
2016.
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K10 2016 4 7 F 20 H 00 if~21 H 08 i (Jbstif) X% (39.5° -40.9° N, 115.6° -
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Fig.10 Temporal evolutions of area averaged (39.5°—40.9°N, 115.6°-117.3°E) (a) Ps (black solid
line), moisture-related processes (Qwvy: blue solid line), change rates for hydrometeor-related
processes (Q¢wm, red solid line, units: mm/h); (b) Qwy (gray solid line), Qyya (red dotted line),
Qwvi (blue dotted line), Qwvyp (orange dotted line), Qwyg (purple dotted line, units: mm/h);
(¢) Q4 (gray solid line), Q; (red dotted line)s Q., (blue dotted line) Q4 (orange dotted line,
units: mm/h) ; (d) Qg (gray solid line), Qi (red dotted line)~ Q, (blue dotted line )+ Q. q (orange
dotted line, units: mm/h) from 0000 LST 20 July to 0800 LST 21 July 2016.
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Fig.11 Area-averaged (39.5°—40.9°N, 115.6°-117.3°E) vertical profiles of hydrometeor mixing
ratios (Qg for graupel, Qg forsnow, @Q; forcloudice, Q, forraindrops, Q. for cloud water, units:
1073 kg/kg, w for vertical speed, unit: m/s) from 0000 LST 20 July to 0300 LST 21 July 2016.
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Fig.1 The distribution of the (a) observed, (b)simulated (with the resolution of 1.33km) cumulated
rainfall from 0000 LST 20 to 0800 LST 21 July 2016 (shaded, unit: mm). A thick purple line
denotes the 200-m terrain elevation. The gray and black dots in (a) represent the stations with the
cumulated rainfall more than 300mm and maximum cumulated rainfall (Dongshancun station,
401.3mm), respectively. The gray box in (b) indicates the analysis area of precipitation physical
process.



45°N 45°N
40°N 40°N
35°N 35°N
30°N 30°N
25°N 25°N
20°N 20°N T T T T
100°E 105°E 110°E 115°E 120°E 125°E 100°E 105°E 110°E 115°E 120°E 125°E
45°N 45°N
40°N 40°N |
35°N 35N
30°N 30°N -
25°N 25°N |
20°N T 20°N T T T T
100°E 105°E 110°E 15°E 120°E 125°E 100°E 105°E 110°E 115 120°E 125°E
45°N 45°N
40°N 40°N
35°N 35°N
30°N o 30°N o
25°N 25°N o
20°N 20°N
100°E 105°E 110°E 115°E 120°E 125°E 100°
45°N 45°N
40°N 40°N
35°N 35°N
30°N 30°N
25°N | 250N |
20°N 20°N T r T T
900 100°E 105°E 110°E 115 120°E 125°E 100°E 105°E 110°E 115 120°E 125°E

901 K2 2016 4E 7 H 19 H 08 ™21 H 02 i (L) 18 6 /N (a—h) [ 500 hPa fir % &1
902 (HEenSeL, #fr. fr3ick) F1850 hPa KT 12 m/s BRI OXAAT).

903 Fig.2 500 hPa geopotential height(height, unit:gpm),850 hPa wind field(wind bar,>12m/s) at
904  (a)0800 LST 19, (b)1400 LST 19, (¢)2000 LST 19, (d)0200 LST 20, (¢)0800 LST 20, (f)1400 LST
905 20,(g)2000 LST 20,(h)0200 LST 21 July 2016.

906

907

908

909

910



911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954

90°E 100°E 110°E 120°E 130°E

B3 HEAEX

Fig.3 Model domain configuration.



955
956
957
958
959
960
961
962
963
964
965

T
Za D) 7 - - e DS -7
NS = Sy Dl 2= /2 )/, [ Ny XJJ )
~ 1 —7 . &N 7 S
b SSSSYSS SN Sy K S, 3 Y- S
40N TS SN~ £ o/ S SN~ 2 %
S K o TS - — AR
= 2 \(r ) \\\\ g s \
asn o 2~ PR A AR 2 LR
J & i ’ <
) < / ez X771 £ A& ) J‘x\
- N ;= J 7 -
N P =
son - VU VGAERS 7 70 B I SIS
- 7 7 & o 7
\ %3 AP 7 =4
! s 7 s Y 17« —~ 7 vz ¥
D EWNW GO e e o AY 7
2N~ 7/ / 7/ s 7 4 o
S T > V44 - S
LI T N 7 77N
X AT N o e £
L Il Jl/ﬂ/////s/l TG o T IS a1y
20n ; i i A ' ; it
45N +
BN 0 NN A WL TS )Y
11 \ 1T L oL
1 217
SO TV AZARE g™l ) SNNERY I TE ST
SR SN e 4 ~ e
N L K = =
N ~ y > ~ - 14
a3, U by Sy ) 3
N 1 y A
ssN - 1A/ \ N S ! - (= e SN
1 — N = I U P 3y
= 1\ 1) S
Sy Ay T J
NSNS ¢ 7 J
sooN -\ 1A/ & %o 24 B g
R % 7 e PN ///f
—— > = i >
NS 6N R e )7 7 L) iE
R 0 o A gy s T
s // > J// 7l J I . VAV JL
LA TNy = TSN
APy j/Jl\\\\VSJJ 3 X 2 TSI (s
20N ; 3 T ML e A
45N - 2 ——
TAANNIHNS SN v sy [€ TN SN o -
AR S SS~~ 1y S \ SIAN S <727,
S-S ~ NS 77 R AR = :
O s . s N <
40°N 4 S SN\ — al B SOS
P J SO

= »Y — N
> Py~ £, 7
iy g A \ Vo
35°N -~ I 4 | vy
A > ~ = el - < J
Z\ = 27401 a = I A
NN/ 7 1 =1 7
\\\\11 2 /// //\\ 7 _/j/
s o) N~ N . - 7
NRAR = P Ny = JTE
vy i 7, A oS A /i
I 2/, 2 ~ 7
) 7y o K Ny I SR
N /1 s 7 N & i
N, T YT v ///
7 AP
P 7 TN
s B IRRRAR
20N T T T T
45N
)/ SN RN )
& O e
L=/A NS~ =~ - A S
0N IS SN\ 24
775
ififi 51
DN NS = g7/ fl
7
asoN - N == v
WA A<
! ) = 7,
= 7
\ IR R == ”
ke VRO Foon V%2
7 4 o
2
& Z S
son o/ /- ot
’ 7 4 TTNIE AT
i 77 LT A i
Ry /I/’ A
7 TN 0
20N 1 T T
100°E 105°E 110 115 120

4 2016 4£ 7 19 H 20 B ~21 H 02 I CIE5EI) (932 6 /MR 500 hPa Az #5w fE (li sk
2, AL ALK, RSN 5880 ALK AE L) 850 hPa MRE (XAIFF) K
TET 12 /s FIXGE CEOBHE, ¥B4: n/s). A4 (al-f1)  ERA-interim 73 #T4L

5, F% (a2-£2) Ay D01 Xk (38N 12km) HEHILER .

Fig.4 500 hPa geopotential height (blue counter, unit: gpm, the thick lines indicate 5880 gpm),
850hPa wind field (vector) and 850hPa wind field (shaded, unit: m/s, 212m/s) from ERA-interim
reanalysis data (al, bl, c1, d1, el, f1)and numerical simulation data with 12 km horizontal
resolution (a2, b2, c2, d2, 2, f2) at (al)(a2)2000 LST 19, (b1)(b2)0200 LST 20, (c1)(c2)0800
LST 20, (d1)(d2)1400 LST 20, (e1)(€2)2000 LST 20, (f1)(f2)0200 LST 21 July 2016.



“{ ooBsT20 [ 01BST20 | 02BST20 | 03BST20
AN 9. * I -,.' . v?,‘ .
‘ ﬁf ‘ ‘ﬁ‘: i  ds-. ‘
1| S| S| RS
B YR tr% : ./»-' % "‘w’. g ir‘:-
“"lo4BST20 | 05BST20 | 06BST20 | 07BST20
ﬁ"i > __H:i. : Lok ‘
e | [k Led
“1 08BST20 | 09BST20 | 10BST20 _ | .
IIIII j"-"$ - o -"' -‘_’ _’”"_‘ .:'
o L ﬁ: i‘g‘. ﬁ‘. ' igz
“']1288T20 - 7Y | 13BST20 14BST20 1588720
‘ et ‘yéw a ‘ E A
AL 220 5y SR
“j1eBsT20 1785720 188ST20_ | 19BST20
2N 1 e ey 'rﬁ_. ﬂ._""':"- - I"iu.'»_- an
e Sl ; 4 3 4
Uk %] PZ] PR
I: b tr‘q i)—‘q tr‘q ‘)“1
“*1208ST20 | 21BST20 o [ 238ST20 .
4N o~ AT W, . 1] e TV 5 £ U 1
s 4 ._ o ‘ﬁ ‘g\»
WH L r 4 2 i ;o L ' [
e l_ L !_ L !_ e !_

966 15 20 25 30 35 40 45 &0 &5 80 85

967 5 2016 4 7 73 20 H 00 if~20 H 23 i (ERti) At IR L H & St 3 (R A,

968 L dBZ)

969 Fig.5 The combined radar reflectivity in North China (shaded, unit: dBZ) from 0000 LST 20 July

970 to 2300 LST 20 July 2016.
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Fig.6 The same as Fig.5, but for the simulated radar reflectivity (dBZ).
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Fig.7 The distribution of hourly rainfall observations in Beijing (shaded, unit: mm) from 0000
LST 20 July to 2300 LST 20 July 2016. A thick gray line denotes the 200-m terrain elevation.
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Fig.8 The same as Fig.7, but for the simulated rainfall.
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1052 Fig.9 Time series of area averaged (39.5°~40.9°N, 115.6°~117.3°E) observation (solid line) and
1053 model (dashed line) precipitation rate (units: mm/h) from 0000 LST 20 July to 0800 LST 21 July
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Fig.10 Temporal evolutions of area averaged (39.5°—40.9°N, 115.6°-117.3°E) (a) Ps (black solid
line), moisture-related processes (Qwy: blue solid line), change rates for hydrometeor-related
processes (Qcw, red solid line, units: mm/h); (b) Qwy (gray solid line), Qwya (red dotted line),
Qwvr, (blue dotted line), Qwvyp (orange dotted line), Qwvg (purple dotted line, units: mm/h);
(¢) Qq (gray solid line), Q. (red dotted line)+ Qg, (blue dotted line). Qgq (orange dotted
line, units: mm/h) ; (d) Q. (gray solid line), Q. (red dotted line) Q., (blue dotted line).
Q.iq Corange dotted line, units: mm/h) from 0000 LST 20 July to 0800 LST 21 July 2016.
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Fig.11 Area-averaged (39.5°-40.9°N, 115.6°-117.3°E) vertical profiles of hydrometeor mixing
ratios (Qg for graupel, Qs for snow, @Q; for cloud ice, @, for raindrops, Q. for cloud water,
units: 103 kg/kg, w for vertical speed, unit: m/s) from 0000 LST 20 July to 0300 LST 21 July
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