ﬁiﬁﬁ %ﬁ%i
wp, WEEEEES U2 7 - 21

FARABRAEAELZRRXRMR

" & JE R

F 5 1301215051

B2 o W ¥ KA SEENF R
£ b AEF

MRAE: FAAREAZFEHRERATR
FInER: HEF HE

—O—/)\FE1LH



hR AR 7= BR

FEATWAT FIERE AR SO PR BRI N, REAR R AEF [, A
WIHARN, SRR RS 3. MMECMEMr . B, SHEAREE

HEAEBZ A, AT R ARHIE DU .




e

HE

2012 7 J 20 H-22 H, FURHEMDOZA T —URFRZEW (BURNRIAR “7 « 21 %5
REER 7)o B M AR AN B K I8 A ER 2 BF P 5 R M BT, it
R S M B i 2 B R, RO AR 110l 55 T ) B 7K AR I 1) e S0 ™ EL i i K o
JErE A m s, smEEAKEX MAMRKIE . ASCET MBI, a5 7 - 21
R R FE Y IR R A R SR I RE AT OGS B LA, PR SR 2O L il SR M iy T e S ]

ARCUE S EE TR E A M . FEWMLL K GFS iy, ATmAansutER T
BB KRR b W AN TR [ 1 22 RUZ R IRHFAE, 87 1 ARIA RS B A Al AR
LI e 8 S 2 7K AR RS PR 2 M AL 1) LR 55 7] 2 A0 i AR e ) et o U P 80 3 I A 2B R e 4
LR PSRBT

FERLI 73 Br B fifi b, ASCHER 7 EAR S BORMY EnKE R4 2 R AR I 45 7)
A1 1 % 9 figh 3t TR AR RIS o S5 SRR, AR T B0 R B X T, BARIAE
ST E NI U0 S AR AU B 7K TE 18 2 I 18] 35 AR 3 A2 SRR N B0 A 7 TA [ 98 B 7T 20 A
I o R AR, T RS & T 2 A B 5 S AR AR AR RADL A AR AR X 0o i
U (132820 50 o I 76 {1 e S 3 T {1 P A< () (A ARARL 1R 38 0 B, itk — DS 1A
S NI G A 5 Hh AR X 2 14 e 1 EK e 2 {00 {80 R ) 5% W ) B ok 145 R s
> B AR O I IR 3 R AT R DU 2 A H R ARG AR X 7 Py G s 24 ) £
8 Ry 8 P AT B AT TR I PR R 22

B3 RIS R s B AT 40 7 J5 Bt % AU ) S BV IR | — 2D B 1637 . W)
BSHATT FAKT 0 e B BURIE R3S H A BNESE . 2T A RT3 R K =
SRR, DL T639 BRI AU 17 (AR 0L R 7K P 4 A4 I oy A5 37K 23 A7 R A T BL GFS
PRI AU AR, P GFS BRI R a6 37 AR 8 ) LF- 5 FRE 401 H b 5 3 DX 5
BE7K, (HEL T639 BURLAWI4a 7 A B8 I AR A0 1 A3t X4 R - AR B 10 R 9
o IR 22 57 T BE 2 3 BUM AT 4637 I B KA AUROR B 25 22 e i 2R R o %
Al —FRIa6 =, ASFIYIEERE S H0 T G0 R kAR 1 R 32 AR B 5 /K
O TE DX I3 b R EEAR R AT [ 2 ATRFAESZ AN Ko AT 20 HER R s T DL T
B ZKAS AT 7K1 7 1 R R R W 2 /N X BT an 3 (R Uk e, Tt ELdE— 2B R kP 73
HERAN— 3 ARSI 2 DGR FRK IRIACR

FREEIAE]: 7 221, RPREW, HEER, HMEFE, EnkF

O AXHFAEINERAEEFFEREESTE (WE%S: 41425018) ERBARBIEEEST FHHEH (WEMS:
41375048) K% ).
|



AEHUR S 22 A8




ABSTRACT

On the Relationship of the Surface Inverted Trough and the
Onset and Evolution of the Extremely Heavy Rainfall in

Beijing-Tianjin-Hebei on 21July 2012

Xiaojing Tang ( Meteorology )
Supervised by Prof. Zhiyong Meng

ABSTRACT

During July 20 to 22, 2012, an extremely heavy rainfall event (hereinafter referred to as
“Beijing-Tianjin-Hebei 7 = 21 heavy rainfall”’) occurred in Beijing-Tianjin-Hebei region. The
tornado and flood associated with the heavy rainfall caused significant economic losses and
casualties. The operational forecast had a large time lag in the onset of the precipitation with
much weaker precipitation intensity and larger position deviation of the strong precipitation
center compared to observations. This work is aimed to understand the initiation and
development and also the key physical mechanisms of July 21 heavy rainfall from the
perspective of observations and numerical simulations, and to find the possible reasons for
the large forecast error of the operational numerical models.

This paper displays the multi-scale complex features of the rainband and radar echoes
during the entire precipitation process based on the dense surface and radar observations and
GFS global analyses. The analyses revealed detailed features of initiation and evolution of
this rainstorm and the formation of local extreme precipitation, as well as the key effect of
the surface inverted trough that was associated with the Hetao cyclonic vortex during the
entire process of the heavy rainfall.

This paper then examines the impact of assimilating surface and rawinsonde
observations using EnKF data assimilation system on the simulation of rainfall distribution
and the surface features in the initiation period of the heavy rainfall. Results showed that
both the simulated time evolution and the accumulated precipitation and distribution of the
radar reflectivity of the experiment initiated by the ensemble mean after data assimilation
were closer to observations compared with the control experiment with no data assimilation.
Especially, the gradual improvement of the simulated precipitation of the experiments
initiated with the ensemble mean and the best member after data assimilation corresponds to
the gradual improvement of the simulation of the cyclonic vortex and the surface inverted
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trough eastward of the surface low. The results confirmed the direct contribution of the
surface low and its associated inverted trough as revealed by our observational analyses.
Results of this paper indicate that operational numerical models may have failed to
accurately predict this extremely heavy rainfall because of large forecasting errors in the
strength and location of the cyclonic vortex and the associated inverted trough eastward of
the surface low.

Finally, the importance of the high-quality initial field to the WRF model simulation of
this extremely heavy rainfall was further confirmed by series of sensitivity experiments to
initial field, physical parameterization schemes and horizontal resolution. The general
distribution of the simulated rainband and the location of strong precipitation center in the
experiments initiated with T639 analyses were obviously better than the experiments
initiated with GFS data. For a given initial type, the influence of different physical
parameterization schemes and were mainly in the distribution of strong precipitation center,
but had little effect on the distribution feature of the overall rainband. In addition, for a high
horizontal resolution, precipitation simulation was less sensitive to the horizontal resolution
than to the initial field. Further increasing the horizontal resolution may not produce better
simulation.

KEY WORDS: 7 - 21, Extremely heavy rainfall, Beijing-Tianjin-Hebei, Surface inverted
trough, EnKF
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B—F 35l

R EEFL W HPR™ERN MR EERT, eFFEx TR0 ER. K
PEESILL b R BRI A A Sl T R o 3 R R 0 A 3 DX DR 5 9 B 32 EE K
NROITAE G P Bk . BEE IR AL BERE A AN WOINER , 5% W9 B IR iR JEE AR 22 5
KB NIVE AR A X B4 N R . AN, 2012 4F R FEMHLX 7 20 KRR
2016 FEAHEJLHIIX 7 20 R KRR B4 HHiE E RN AT T G P 4 2k o 3R s B w
JEH A SN b 2 WL AR M R AT O R 2 2 BE R R, 4E o~ A
PR A REY) R

e i 2 P T — LR R ML 25 TR B M e IR, BB 4 R I B AR AN
T BURAWT T AL AUE R R s e, JEXARE . RgtkBoKd e (ks
BEKD BIR AR SEALEEIT 7T L4 BB, 0 I 2P /KRl R B ol 55 TR 1 )tk 3185
RO e SR, R R R R AR o B KR (4520 2012 4 A R
3721 FrREEMD, HANSRMEMEMERTER . €A, Rk, HEEFEELE
JR LSRN S 98 B K R R TR G R AEAE R/, H AL S5 BUE IR AR A 52 114637 5 &
THRACR. SR T RETTHRR, TCEERET IR PN RER T RS, L5
[ VAEAT R RSN S o P K R AT AN e o PRI, RN VIR A S 98 Bk 7K o A ) P BEAT LA
A R s HBUE B A e JE .

1.1 ARESME

2012 47 A 20-22 H CRSCIRENFIFTA IR E D, s R4 T —Ik
R R BRWEE. SRR R, JER), R, R T 8 R AR i
PE. 7 H 21 HAb 4 mi~F H oK EiA 190.3 mm - (24 h) 1, 4 1951 FE LISk & K; 4
T 8 MNEZIEAG I H B B ORI 7 s A, ok 5 ANl (il &
=W T13kvE Rl I E D H K S I P S, b st R CR T 100 mm (24
h) -0 FEE ST B TERARE 86%LA L, #EBEAKH.OEBEA TILRPIREE (B 1.1a;
WA, 2012) , il XERAbEE AW SRR, & 541 mm CHUE K B A 5 1B
IVAZE) o BRIRFEAKGSFEAERE K S B LRI B AR, BRKBREEIRR, Jbi
i [X /N R R IA #) 40 ~ 80 mm - ht, Hr, SPAEEFFISHIMNRR A, 21 H 21 i
B E] 100.3 mm < hto BXPEFESE (2012) JEIS E M TR T 7 21 FER RN AR ER
TR BRI, KB T7 « 21 R KR H BT B I AL AN 10.9 %, X IRE
MR AL 5T 79 ABET: (Hh 2 ARG ERD) , KUF#HiRE 116.4 /27T, [

1
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i, WAbERE . RS2 N E X Wl 7 E gty E, &R 37 ASELD, 266.92 71
N2, RAEYZ RIS 170.71 TAW, LBk 122.87 1270 (3KiMHTEsE, 2015),
(b) /NE TR 80 mm ) §Y 7 i 22

______

B11 (a) 24 hIWWESAMLLL (b) /AT EHE 50 mm W (brfA HIHMEER ) 1)
BFE)EAR . (b) WP A2 21 H 08 I 2] 22 H 08 B[ 24 h AN E (FEAZ: mm).,

MV 25 F 11508 sk 2 I A R AR i P SRR A o BRARAE ST R R R AT 24 /NS Fidi
7 A 21 XA —RENERE, IF B T R#EEOTE, (HI010 & RK I IT a8,
Ko fE CGEFEME. AR ED 872 R EK G B XA S IR K w2 . b
S IX B KO 2% P 4 G s TR B SE LR 6 /N, WY & P sl B 2 A /s CF 4%, 2012) .
BT T639 il (RN H WAL 4.1.1 #70), i g ma R HkEs it 2 M 21
HTF4% 22 5 ERAT 100 2K ERFEK. mskhr b, BAKM 21 H B4 EETHA
bt (Zhang et al.,2013).

ERITT, PRANAIR B SE 7 21 RFR B R AR Kk R AR AN 5 B LA, HRH 2K
B 00T b 0 % I A T R MC R T i SR IR, 3 s b bW i 23 RS LA 1) T B DT %
A E B R A ORI S Bm B A A -

12 ERSMARERMBER

IHERT 2V KRB R MBI RN RIE R T, @S, TR4E,. 2R
ERGAHEAERMSG R, (KR, VIBL, K8, A%, SRS EERRIRNE
SRS (PVEESE, 2013) o 21HO8KT, JbtHuIX A7 T-200 hPam; 2 S HIX 45
il (El1.2a, Yuetal. 2016) , 500 hParim oA T DUMIZRBIIE (EI1.2b) , {4
R R S 1L PE RS, 500 hPafik i <. 700 hPaf1850 hPa I A 1K i 1148 £k & i 3 1 vh
MRS (El2c, d) 5 @RS RE MR UIARZE Ko i 53 (54 sefE &
BT, ZR R A R X500 hPays; 25 4 i FH 24 4 Ho AR e /b3, AIMCS (Mesoscale



(c) 21/08, 850hPa & 12m's
/\/\} ‘\\\K <

B 1.2 ECMWF )7 A 21 H 08 i) (a) 200 hPa XK EFKiE (FAF ms?t) Al (b) 500
hPa [P 35 B CREASEEZE, IR 40 f73#K) , (c,d) 435128 7 H 21 H 08 KAl 20 B 1)
850 hPa [ A E (BESEL, MG 20 Ak |, HEFTLREXEKT 10ms1 X
K. BEVMEMARILE. (A Yuetal 2016)

P K WISE (2014) T8 BRI A 7 21 FFRFE N I B2 R 4 . 9KiI5HT 45 (2015)
FIFH A EE R MU N | shul . RS2 RN R AT NCEP/NCAR F4: T #
Kl LR EIEA S AT RS (VDRAS) KIS HER Mg vk — e sL, &
721 FE KB I BE R G2 T RN . Yu et al. (2016) J@ITHET TIGGE &S
T AT CNOP BURME /3 Hr, 45 H TR Z 52N 7 21 R KR M 2 R ARER T
BRORBERF ISR, MATEE X 2 K AEREA THRE TS X EL R I, X IR B 7K Tidik
I = B NCEP 2 BREEA Tk v] R At =2 HH T HOWHRIA A B B Pldie o Ji il E5(2014)
BT HERGE R R, DI 2R FARIR N A0 2 e Xt B B A B B, X
JEARE P B AR B RS AL R B R T — S KRG V1AL, V)R LRl g
FEIE L B WA BRI, RGN E VIR R E. #3), dfRE55)
RN ABh . ERAR AT AN I FURf T IGIR A 7 21 BN I OGS IR 1, SRR 2 2 4t

3
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SRR K AR S 20 Mt BB AR TR A R i B /K R AR IR R SR A AT, AR 2 i 3 o 22
R P ik A R0 R PR TN (P 20 1 AREAIE G R PRI XS I 14 4 T 200 5 SRR PRI 72 H R -
SRR AR ST S E AR 2 — 5t A J T 8 8 %) T R s W B RH AT GRS 423k 43
W3, AT AR IE s WY i i AN AR () VR A REAE

S TR i 2 R ) R A AR 2 TR 3R O 70 2 HLARR B /KR BE B R R R B A
YR IR FF = RO K — N EE R A m@ﬁﬁbﬂ“%mﬁ”MLﬁ ) 7= A1 Bl
1) 7R B 7KV T8 5 7 R 7 ] AR 2 S AT B 7B e B T 3 (R D R X s T K&
KIR (PMVRRAZE, 2012, BEBEASE, 2013) . WRLE R, 7TH2IH %K, Jbal Ex KA
Fo SR AR 24 °C, KA AIBE/KE (Precipitable water, PW) | XHiZEH FEL
1B 850 hPa/KiRIE BB R A« I B 3518, H 1850 hPazK i id & I i 9 742 FE
HEEiA6c GEZESE, 2012) , X2 FE EIR EE A 5 P S8 )2 B F 24 v
40% (BERREE, 2013) . #HuthEs (2014) FETF 51 G XK BUEME R KB, THr
Z5 XaE I & KRR 1) 2 W XANE KR, IR RIRR- G R -F W R G = F Z AR
“EAE RN . EFUT4E (2015) @it GRAPES Mesofi = /K S BUE RIS KL, 7 21
5K R R KRS A T U, KV SRRV e S B W X SR AR PRk =0 8
Az

AT 7 21 FEOR W E A B B MG MR AVE F o b 2R B R S48 R AT L kAT 4 4+
I 5 7 KR R AE RAZIE,  — T T Ll Bk BELAS VR P46 FH 10 X3 AR r <0, 0 — 7 TR
RVRIE LT R, AT FEORAT LLAT iR s fE K (FhaRFa s, 2013). HUJE )
LR RN = Ty 2 X B K A R AR ] (E97404%, 2015; BRPIFFSE, 2013; Xu et
al.,2015) o b 5T A X A 1) 2 b i 176 i 0 e b T ) 52 23 e B i e JE A2 D XL
AP35 225 A6 TG 5 A RS S T AL ) 0 AT R B, 3 T 5 e i R 7K H O P B8R B R
FFHE (ET75, 2014).

FEWRATHILE BT8R AN KRS — e oTEk. B RFE%
(2017) @I NCEP/NCARF 73 #r B BHZ W 0 A R I 7 2 M BB 1R AR, FR
RANFBEON B W & XA ASGIE R GfRE L. TRANER BT FRIXRARREZ
g5, WA JSHARMAEESE, SRR OE RE RIS TN AR R g o, R LK
WAV ERE CUlI%EE, 2015).

7 21 R EE R I AR A R B K B X A A R R AL b X PR B KRR AR
MR EZ . OA MR 2 X IR FE 5N T AN B . AR Pk A S5
(2012) IRI4Y, H—HrBy 21 H 10 1F-20 iF, SI0HIZ B I R SR 6T I B
IKFFAE, TEZF B MCS R I N[7) P8 J7 [n) 1 5 145 3% (back-building) ¢k AH B i (1)
“ﬂ$ﬂf”,L&T%R%E%W%MK<W¢%,NH) F B 21 H 20
22 22 H 04 B, XANH BB AS FRBON 4%, R I BT K RRIE (Ihakia %,

4



2013) o WX BRoK T B Bk (Rl B oL fIG, SR i BEAR T 4 km, T B 1 /K B B
PR [ 30 B i, SR B v P A B 6-8 kme SRFE/KITBE, 9 Rl B Kl 1) 5K
7 W% CA R IR R 30 77 ) SPAT 3 00 [B1 8 B AR AN B 7 TH SR I 7 AR A, R
B S (B 228087 R0 G A 3B AFAE . %F 21 H 05 B 28 21 H 20 B i v RUBE RN [ 16 ¢ 8
BARRHE TR, XN REARET B P RERS, SERaEKWTH GRIIHEE,
2015) o BUEMINSE BRI (RBHEFZE 2013), MCS Fi 38 AN G A 55 1) A IR 25 5 4 MCS
(1) 5 FE A R A RN B /K B e R B T EEAEH, T MCS R &55F0 78 rE 5 A FA A FR e X
BN MCS 5358 A5 I AR 7= LE RIS MCS R AR sh AL B34 T A Rk
FAE. BRI, CHNZERSL” G a6 R S 38 B AR AR ) 4875 [m] R AR A A0 H e RS
B HHT BATIE T AR . A SCHIRE 7t B bR 2 o 25 SRR AR B 7K IR 40 2507 18 TEl s
TIE DA R 3 AR AEL B K B R RBE B Fa 50 o eAbh, ok 1 AR i B 7K ok 2 P ) A K B 2
G ATAVE I [B] R VAR AIE B © A B 9T 2 AR FR AR SR R K X (IR0 A B (7 21 FD,
T B K A FE - (B[R] BR8] D) RRAEIRIT TR A 2 0L, AR SO 4 7 A I I 5
Y 24 R 1D T R R OA [T 2 IR B R ALE

KB AR XTI K iy 2 o 2 (A 400 ki £ 7 KRB L AT DA S I TR AR B
NI 22 55 R B I A P38 EL AR J5 4 /NI 24D . i KieE (2014) FIF WRF 45
A 7 20 FER B T S PR BUE R OKP #5558 4 km =< 1.33 km), I HAEH
Hh ]S G R TR R R TR I AR 23 B ) DA K A i TS R R B — AR 24 8 55 18 B kb6 )
GEIE TATIE, ABATX 21 H SR GEBE KT BUE 6 /NS SR AR BRI 70 b 45 SR B, Bd,
{0 R 5 B A S 1) R0 20 A R AR B WL 240 75 I S O 22, B R P /K B P A Sl B SRl /S, 38
NI KIS S BT R B, AU 7 R R AR R RN 3-4 /NPT S, X R REOK R
A R O AT T[] S35 PR3 A HH IRLE AR e, i1, Xuetal. (2015) HLALLAY
K (K53 #8% 7 30 kmX 10 km X 3.3 km) B IA 4-6 h FIIEIR .

b 55 H AR T IHe VR T ) TR B AR A1 2 2R MUY - BJ-RUC (Rapid Update Cycle,
JbmCHOE I IEIA IR RS, R 9 km) $2HT 48 /NI FAR B AL S X A — U
KEEIEFE, SR PR R B 7K FF U A0 45 SR () e sl vl BH SR 3 i, TOURIR ) s e /K el BB
HirE 21 HARIR] . SEFEZK A O B E Sl (i P e (2R84 2014). B 3 /NI —IR )
T PR TR A AFAE [FIRE IR ) 3, 28— BCBE X 5m X Y PR K R A Rl (PtHERSE,
2013). IXLLLERTURE, AU it % T Ik FE 500 TR 2R I = 22 5 TR AT e e A2 =X
Xof 9% TN 55— B B I 1 B K S B B R I IR AR AE i 22, AR TR 1 B /K Sz B
KRS QA8 FaFHER, 1R f IR XX K id 2 (Zhang
etal., 2013) o [AITT 5 S AR O] 28 W 55 — B B R0 AL 1 [ /K O B B ok A 1Y) o vf
I RE I FL AT RE M G AR A o SR L

R R AT, B TR Bl R ST B P AR s e o 2R REE (2015) fif
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F WRF A HME . 235 RAREHL BT SEAIME TR & 2 R tah 7 &5t 7 « 21
R BRI 1 PRI & TG, 35 s 1 B M aR EANE X TR .

seAt,  GERHREL AT LUE I B 014017 i S MCS BUERIIR % . &4 Kalman
TERGEEHAIE R S8 (EnKF) R BTRHFME M S TR A HLE & . EHGHSE (2015) 4
XF 7 21 R RBEMAE, T HIEAER AWM EnKF ZURHAML TR SR &, @ xt
PRI X [ K AL S0 DR AR 1) 22 St 3 AV AR 20 B AR e RO B 7 3 30 07 0 R IX e 7k A
W ZER . AR, ZSCR T TR G FEARN =N, B R R E R A
LRt i 2 ROBEGERIANEEAS A 0 M 2 W i B B )t o o ROBEZR R I, 3 [l 4L
Ja AR SR DL K BT BT B 5T BT IR B S MRS SR B AT 4 Je s DRI M DA T i
R R BRSNS A ST T H br 2 = %5 St i A48 22 00 B2k
EnKF [FE4EXS 7 21 K5 KR A AR e RS AR AN A S A5 A AU 1 T BE ik, PR T B A
S AN o 2 R I R TR R IR OB S DR, IR ASE B T TR PR ) A B, 25 %8 WRF A
7« 21 R R BB WI4RY . 28075 AR 2070 F 28 B U

1.3 AR EFRFAE

BEXF 1.2 ST 7 20 F R MW IR AE AT BUE AU 7 SRR, AR
MU EH A7, e 380 [ ) e o A E S L B AN GRS 4Bk, VR T ik
T RN A TR ) R A R B A [ 90 2 RUBE SRR ARFALE 5 SR G ) 3 W A A T8 AR
UL A Bt AT RS PR AL, 385 38/ I RIS TR R AR 70 BT R 98- 55 A0 b X A i 2%
KL R 07 o

FERLIN 73 A1 B Sl _E, AR SCRs a3k — 20 25 St i AN 2 0L 55 6L EnKEF [F4b X 7 21
R R 3% W A0 A R PR AR R B8 A RS TR PT RE DTk o BT R AL ) ORS00 4
VRIS Wr oo AT LR AL, 36 RS UL I 2047 45 Hh P0G R 4G s £ 8 08 % W9 e 52
Wi (45 1, e BOE AR O G T R TR R I T RE R N, i e 22 Uk
B, 5 WRF 07 « 21 e KRB IR VTG . S8R AR =407
T BB, DD S5 TR A IME I 255

1.4 XEZEH

AR 5 R A FE A e i RS RIS 5 7 » 21 R REMTHI AR AR R R R
=R I AR S TR EnKE [RIAERT 7 « 21 Fp R MRSLADL RS2 JF A E{EASE 0L
PR3 7 FEE B VIl 3t T U H PR X e W PR A P o 26 DU 25 5% WRF AR RS 7« 21 Rp K 2 R A A2
WG SR TR B PR = A5 U . R s A A i



FoE IR BN S 7 « 20 $FORE TR AR R AR LI AE 0 A

$oE WEREGES 7 - 21 SABMELERERNINE
EHH

2.1 HEREN
% B PR UL VR 4 3 LM 3 A2 11 200 %K), NCEPIGFS 1
TR, AL E IR 2 8 A VR

2.2 PEIKHYERTHHE

ELART « 2LRF KRN 1 32 BB K SR AP 8 R B X, (HEAN R KG FE 30 B 22 R
RRE, FEAKDIRF3R (TH20HRI7TH23H) , B TRIE AR B RITELA AT
(El21a-c) o BKERKAENS BB pEALEs, Wi S ARAuErn
2.1a) , ZJa MR, R 2 ILAE21 H 08I 1122 H 08 il Ak rh . AL 5t
MREETT (E2.1b) , 23 H KRGS R IF g T (Bl2.10) .

ZO/NIN KA R (E2.1d-1) , XRFEAEFE R EHMFM AT AR, BT
A 55 B R S A A IV R A A R Al (A 2.26-0) PRI S i K MY 47 21 H 140 2 )5
WP S Rk 55, 2 000 52 I O 2 5 i, S5 e R L e X ) 9 B KR A2 R 1 AR P R R 7

/NIRRT AR R B (1812.2) 5 20 H 130 A 5278 b rg A AN Bk 78 P AL BB T 46 H B RAOK
20 H 1O B3] J LI Pa AL A AN DY AR TG0 B 110 mmBA b (/N NE R &, Ll v A DL
WAL A3 B 15 mmbl BRI K . 1210 HOLI B /K EL A8 M rg 16 P 4% 76 7 43k 1l
(IR AT A 2 b R sl (E2.290 28D o AL RS A0 ve] Jb PU a0 S A A — 25 55
iy CZLRED , WAEPU A I T R T10 mmg N R E . #21H 078, b BRI 2R
# 2IBRPG AL VG ILER, PR A O BB TU R F L . 20 H 08I, AL rh ER T
10 mm#) /NI RY & 90 B B 4K, 9N Y B A 1120 mm, I 25 78 [m] F4 46 1 77 7] < b
JrE A3, 100 FEIL R EE S, bR ALt X B TG o 3 S 1) 78 00 £ m A P B
ST R RN — SR LRI K T

R AN N T AN WA 22 48 (R s A i AR AL 7 i #e 2)), B16I SR —
S AR AL ) A SR K SR AN L T (12.2) o PRI K R Y A L3 FF4h B K
OB WSS, TISM T AaWIE, 170 2 G Re e 4ERF VR AL B g Bk o R I F R

7



AEHUR A 22 A8

R 7 AE AU B E R s T AN NI, 3R T B S AT AL I BR R K, 2 )5 1% N T 1)
KRz, T22H02# ki .

(a) 2208 24h - %/ - |/(b) 2208 24h [~ "% "~ (c) 2308 24h
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F=  EnKF R 7.210 Rp k5 TSRS DL A K it o M 308 1 Y 3 26 iE

BT EnkKFRMLX7. 21K RMBERMRR N X E K E
EIHE{ER Y IR TE

FE B — BN 73 A B A |, A FEE WRF-EnKF [F4L RS, 3R FHL AR
GOREI R A X RSP 7K RIS 23 3 AR AIE G0 e LT NE F S ] 0 H 408 10 mh RUBE 4544
A ASRFAE I SZ I, ATt — 2B 96 UE b — T e SO0 7 A 45 Ayt i 0 I (90 3o %
MR AR R BAEH

3.1 WRF-EnKF EMLERGN 2B

A FAd A 1 WRF-EnKF [A)4k &2 4024 T ROZEFER S WRF, &5 st WRF =
A F RGN B, SRIMEIES, RIEFIH EnKF R4 k4T ZRHA AL «
N A AR A R R R AR R, WRF RI4E SRR S8, [F4L 77 EnKF.

3.1.1 WRF B NA

WRF (Weather Research and Forecasting Model) #5382 135 [ H 5 KA W 58 0
(NCAR). SEFREZFMI AL (NCEP), HIK RAH AL = (ESRL) SFRMFHLIAIL
5] R B — Rl A §% 77H ROBEE (A TR A =0 (Skamarock %5, 2008). 43°A) ARW (the
Advanced Research WRF) F1 NMM (the Non-hydrostatic Mesoscale Model) i F#, B 5T
RS R AR, 25 H NCEP 1 NCAR 4 ER4Ed, A5 #F 78 T K F /2
ARW-WRFV3.4.1 i A, 5500 & 48 ] H AR AS & WRFV3.5.1.

WRF & — M5 2 ] IR 48 AERF i, KM Fortran 90 i 54w, HoK-FJrm E
K Arakawa C @k sk, BT )k F UGB Bl BT AR AR R, T it = 20 kS 2
H AN S A A BORE, IR 2 O TR H B B =R Runge-Kutta I [E] #5377 %
WRF #20 H /i) 72 R T b ROEERIE S AU SE B AN BRAE RS o, SRIEZ E . Bm) 7
WAL, 5 88 T AN [ Ml R A B SCRF ] e AR S ORI X 42k, AT e £ =2 20 4.
ZRIEFEZ R T % WRF EEEZMSE TR, Plins s B8y
. MRS EANTT = KRR N S8 77 55 DL R RS 807 &

CRFE I kS ATERIAFESHN T 525 Dk EAF/KFHEER. &
FE. Ak FHANREESE.

WRF 3= 2L Fr b B . BORHRIAE e . AR 5 b B K nT MR T2 58 T 136 o

R, FIACFEACE AT E B X A, R e (SRR SR ) IR R
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S BIRLDL X sk b o B AT DU A BRAN [ 0 3R BE K GRIBL/2 % U e 1 22 203t
ARG W MAS EBEYEZ M B0E T 0. BURHA AR 3 T 32 73 BUR AL BOR,
ARG RIS o B B WPS B 2B KA 7 A Bl B A s 47 7 AR A Ll 4
B, SRR . BRI B ) SRS B S B T SRS R X A 1)
RAIBBEHATBUERR SR )5 AR TR R] AL T B8 0 XA A AU 45 R AT R LA
A UUE T g2 Wt e DU E MBI E D TUSE, Bl R
LR (022 R Uk P 7 B AR U E R Y

WRF Software Infrastructure

Prepr\tl)\i:lzls:sing Digtal
System Filter

Post Processo
Verification

Analyses /
Forecasts

WREF-Var Data
Assimilation

Observations Physics Interface

WRF-
Chem

B 3.1 WRF A SE5 (51 H Skamarock %4, 2008)

Physics Packages

3.1.2 EnKF E{LAENE

EEFITER B 90 FATFURIE M7 K R L ok I B FH 3| Hb 2k ) 22 451 45
(Evensen, 1994), BRI KABE W ARSMTH IR G, FIHEG KRAKE
R 2 IR 20 A1 bR K Ko HL Bt IS TR) 4533 . EnKF (Ensemble Kalman Filter) J2£E& 1k
TR —F, e R R IAEE A Pl R A Tkt (flow-dependent) 17 SR ZE 1 7 22,
FHoRs WL A5 B AE 23 8] L AN AR & 2 [ 44 #%  (Snyder and Zhang,2003;Meng and Zhang,
2007,2008;{Ffi#, 2016).

EnKF f)EZ5FEU T
X% =X"+K(y-HX") 3D
K =P°HT(HP°HT +R)™ (3.2)
1 N
PP === I ~%"I[x -X°T (3.3)
N-1%3
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F=  EnKF R 7.210 Rp k5 TSRS DL A K it o M 308 1 Y 3 26 iE

Hr, 30 @D P XRREFERERIE, XAREE R, y AR, HRE
A A B MR 3 T B 2O = TR KDL 57, 3K (3.2) v KARER R /R 2 2 4B R
PO RS B ZE W T 22K, RACRMII R Z 7 2568, 30 (3.3) h NAURESHE
A, X REEE I ARANTERY, ° RELEST.

Fhk, AT HERAMNES, BT KX P ARk 2 5] i & P iR %
(RIARA (ORI A L e, P BB EL, Ik, ASCAEH T Zhang etal. (2004)
PEH P 5 Z R AR SR IR & 07 22, i TVETEA AL TEHT I a1 45 8 15 50
ZWITZEERIRE, ARCRERBEN 0.8,

3.2 #® ERNEEMEUAR
KA BUE R R, B B A EL T &
321 BRNE

A FNCEP/FNL (National Centers for Environmental Prediction, Final
Operational Global Analysis data) 43Kk % J& 73 #7 55 B S WRFE S L) 46 S5 A1 Ak
FRokA, TORMPIES (] 0 #E 5 R6/NE, KPR N1 X1, EET A E26MN R
Jz=, VG 1000 hPa ~ 10 hPa. FH T [FAY IR B2 ARk A0 47 4 SR M th i AR A b Bk, ol A
SIATUNEIZ.2 7R o 8 IR R /K B RE LA 32,1358 47

50°N

45°N

40°N
35°N [
-

B0°N |- "

25°N e

DAL b ; .
e 0 . :
So ot et R ¥ ) 2 o
ELT OB RS O T - .
Sooah o g

100°E  105°E 110°E 115°E 120°E 125°E 130°E

B 3.2 ML FL i S R s i Ao MR AR A, 2L e AR v
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322 #wBNRE

A KA =ZEAARE, K02 N 405 km x13.5 km x4.5 km, TEEH /PR N
35 2, M =sHik )7 ik Grell-Devenyi (Grell etal., 2002) (i, 5 =EKE X
AMERFR =S HA), FE 7 1% ] WSM6 (Hong et al., 2004), 1% E %A YSU J7
% (Nohetal., 2003), X 18 1% & 1P 3.2 Ao

323 [RMHAZ

AR 7 A 20 H 14 B ¥ NCEP/FNL & J5 73 S RME N¥I 463, 2T 3DVar 1
CV3 I SRk Z T Z %10 (Barker et al., 2004) P4 FENLIILENE R 30 AN R 52 I HA4E
4 (Zhang et al., 2006), XK R Cu, v) IARAERZE > B8 2.14 mst Al 2.11
m s, ALRMFRHERZE A 1.02 K, SR RIARHER 2 101.45 Pa, KRR & b B ARAE
Z£ 8 0.51 g kg Lo A S S T WG A 6 /NSRS TR, SR )5 20 IE 20 H 20 B .
21 H 02 Ify BLJ 21 [ 08 BFH#E = Ak 2 X 3w I 5] 4 b i AR 2 B kE . B 7 22 it
skt R ECR A 0.8.

ASCAEH 21 H 08 B [FEfL T =AM ZI ) S 55k 5 1) &5 BCR B3 8T DL
DINTEEA T (dr4 8 Ensemble_Mean) {FEAWIUAIERL 24 /N EIBHL. A5 REIR
IEXTEE, ML 20 H 14 BFRT 21 H 08 B NCEP/FNL SA4T146 3% A [Rl 4k S 75 k)
(R s PEARROUE X R ARG, 433l a4 4 CNTL_2014 A1 CNTL_2108, HHT58 =&k
BB LA BRI, T X AidE T 58 — HE ik E 13.5 km FIRALL4E

3.3 [EMEXT bR ith X Bk B 25 0 o FHE AR PR #2010

MAEF X 24 /N (21 H 08 if-22 H 08 i) SRR E, B XH IR
SARBE KB LEILI R /)N, B K o B A IR K22 . CNTL_2014 3R Ry 717 B 2
F AT ER 23, UL AR R 0 g — N EE A R AR K O AL T AR SURAGES, R I Y
KRR O FAL R PE RS . CNTL_2108 (i ZE L CNTL_2014 1K, SARIE R
P A SRR, HEREESS . YGRS, 4k, dbatih X RERR KR ™ EARA, (& 3.3).
MR 7K 5 P 5 R A P R S (T TRl O 1) 3.3 A (R 5 HE ) P /N R B R AR R (]
3.4), CNTL_2014 MPE/KIE(E LESEime 7 /N, H I AE R &8 I — 2.
CNTL_2108 HE40L R /K (O TR 1% 25 b CNTL_2014 FI5E K (K 3.4), db a0 A B & 1)
NI
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(4) OBS h) CNTL 2014

i) 24 /NS (21 H 08 i E 22 H 08 ) R E (Ffir: ZXK), (a) hREOITHENE T
TR IR R A I X

X1t AR 2 TR RIS 25 A 1 RN RSB, A 21 H 08 I I T SR 511
NG i 1 ASTAES Ensemble_Mean [ 24 /N SR RN & L SR BE AN 40 AT AR T
IEGERI (& 3.3c). Bl VALBATEE UG AR I 1 B/ ey, Rl mIe iR
oy, AU RO, AL SR AT AL 2 A Y B KR AR B R R (&
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3.3c). Ensemble_Mean [/NiF=F 35 By & 75 48 tH B gz il (B 3.4), ZEEARE 5
W5y Heil, i TE)_EAE S 4 AN

45—

— 1]
Member26
401 — Members
= \lember16
35H = Ensemble_Mean
CNTL_2014
CNTL_2108
.30 =
ﬁ.ﬁ
.25
=
& 20—
i3
E

2 ‘ I ! ! t
0 921 10 11 12 13 14 15 16 17 18 19 20 21 22 23 022 1 2 3 4 5 6 7 8
i fe] (L EERT)

& 3.4 EnKF A1k i 30 AR AR A BRI (OKER. WRIEL . AR FIRIEZ) BTG T
4 52 PEAR L1056 Ensemble_Mean (5528) 11)/NES R B 7E A6 52 74 g b X TR P X4 A3 A8 . TR
BT HRJaE WK 6a R REATTHE. RS ELARRIM, LSR5 AR 5
CNTL_2014 A1 CNTL_2108, IR, £ILe MR LR 5 H18K Memberl6. 6 Al 26,

LA 21 H 08 I 7 B 85 & 0146 AR S AU LE A A 1 3 /KR40, 5 S22
i, il Member26, Member6, Memberl6 (/& 3.4). Memberl6 #EH0LfKI 15 /N 7R
B AR AEARAR B R /NI T b e A A, o /K AR AEL 5 SN 1 /N g 22, BT
HIX 24 /NiF RFR P KA R B e sl (] 3.3d), R AL AR b5 Ao U] (4 7K 5S4
PO SE A Dok, 8] 22 B P /K A AL HE K

B AT S MR AL 5B BL, CNTL_2014 FORSEHIER & (a1 5 AR Z 0K, 1hivadk
A A R D5 0 Ee e, BB A I (Bl 3.5). [Ab 156 5 iA [ A
TN RGN, Ensemble_Mean 7E 16 3¢ V8 B &5 A MR A fE, Memberl6 [ & ik (=]
W INFEEMLN, 21 H 12 I, AL SR A H P AL < B R BORALZR 1L v b {3 R B K
DA AL P A 54k 1 55 P4 7K B S D A H Sk T
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F=  EnKF R 7.210 Rp k5 TSRS DL A K it o M 308 1 Y 3 26 iE

CNTL_2014

c
©
]
=3
o |
e}
£
a
c
w

Memberl6

10 20 30 50 60 70 dBZ

B35 21 HO9RK (5—%]), 21 H 10 i (5%, 21 H 11 i (=% f121 H 12 i 5
D) B CH—47D> 1) 0.5 I FE A St 32, 55 8 LIS 20 B2k [R] Ak 1) B 56
CNTL_2014 (% —47). EnKF [A{LiR3: Ensemble_Mean (5=47) LLK Memberl6 (Z5PU4T)
RIS A R

34 FMEIHEREEFG EEEFHHERI RN
T 2 52 AR IR0 RSO AR 26 25 1 R 5 SR B A SO b T LA

BRI K MR HFAIE 25 R 38HT, 21 H 08 I, A AL s B IGAREL) 700 hPa
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AR AR T i 77 SO A0 s BE AR EE ORI B B 58 (B 3.6a, b). Bl 13 A AR AU AS Bk
JEE A LU (i 1, 5 AR08 e O B EOW I PG 3T AL 8 73 BT B 15T 4 37 A A
U B8 TR AT SRR s, (R tAB I 7RI L AL BT S AR (] 3.6a,
C)s Memberl6 DL A it AN S ) 56 58 U B i, IR0 m o PO 22 th BE IR WL (&
3.6a, d). XG5 FAESE TR 7 21 Fr KBS R 4

O 5 S
\50 ‘&‘,.
{ 3 \ 5
- “‘

o 3
T X ,

NI S

I(‘c)\En\sewrgbvle Mean f o L(;S) Member16 %/
" 3 b &,

\ % ,.! W

ke
%

o L
/7 S D) !
A e84 i ');";0
&5

B 3.6 21 HO08H (a) GFS 4413 500 hPa Az 34 & fZ . 700 hPa (i3 m . K3g XA, 4
AR 4ms !, FAFARE 2ms™ D A (BF, ms™b. L 500 hPa LA,
AR EAL ST, L AR 700 hPa KR HCy, £RZ610FK 700 hPa (KimbIARZk . K IcA T
21 H 08 K £ 22 H 08 K5 700 hPa i o7 B T AS . (b)-(d) Al (a)fH 5& A CNTL_2014.
EnKF [F{kiR%: Ensemble_Mean £l Member16 HRAL4E 5 .
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MifEIRE B BOA B RO T WM, JREIL R B A R &, ERBWEIRE. X
fEASe (CNTL_2014) B TEME B, (A2 EMmAR, A b5 i
FREER AR G . HET R R & T2 B8 (Ensemble_Mean) HL{3/1E B ELXy
RIS P, SR, SECLRHLIX H I LR 4R & - Member6 (1511 B
Lt Ensemble_Mean )5 pn4zi b ot U 30, 5t s 5, 3 30 ot vt e X AR S B O,
345 AKX SE N S 0 o EH A AT DL, [ A O ARG o 2 Y e T U I 2R T 1A ) 53 2 7 21
5 K 2 AU S B LA R A

A B HAIG A SRR, 0 AR A TR EnKE [R]85 0 A S i
IR AR ECEIRE B 9B AAL B N G R 4R S 7 21 R R M B R

3.6 ARE/NG

A E LT M AR S BRI EnKF R 6 8 37 2155 K 58 I S AR IR 25 99 A7 Al 2
R fih 8 M T RFAE AL ) i 25 SR, AEN T30 TR B RS, BLIRIME J5 143
WTER G135 146 1 BB % 7K TG 1 A2 I TR]J8 AR5 2 B2 AR W B P B 3K (B0 R 7K1 43 A
HR SN A . Member165 23 AR B 7K 158 BE AN 341 /1N T 5278 A8 7 I [A] R AR B b
AT LI, AR ST~ 35 B4 /I R B A AL P A= EF ) i 22 FH 3 A7 R A0 PR T BB R 7/ Bsf
/N2 Ensemble_Meanf14/Nisf ATMemberd 6 f4 17N, B A AR AR R /N R A5 22 0 38 25 /)N o

BT R BB~ F- 2 PN AR B 5 A PR ASE 0L 38 7AORE Ot T ek R 6o P A AL 1) 38 2
ACEE N I A S B TR TR 2R (R R AR AL A8 20 03 o %45 R — 2P UESE THTA
T U0 AR 23 B 5 AT A B R T 21K R R RN I OSSR R SR Gt 1) HI T, T
H A8 73 H AR RO 2 PR T ARG s 2 0 (30 A X6 7 210K 3 P 7K 1) EL 32 DR

ARG RN, A SEE R 7 210 Hr K5 T I IR 26 AT B 32 B2 T XM
TR R LSt 7 14t TR ARG s 4 0 30 8 1 540 A 67 B R I TR R 22« B R LR R 5
ARV R BB . R AL 9 MR R BRI P K, B0 55 FEAK TR A 55 i 16 o X6 H
T R 22 R AT [ A T A ) T X e e G PR PR 8 ) A ) i JH 0o 7 M T 2R
M EIRE ) R A A R, WA TR T Bl o e A ASCADL ) 60 o
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IR WRF XS 7 « 21 R KB MBI WIU637 . PIBEZHU T A0 3 i) U

SEME  WRF XJ 7 - 21 5 KRR 6. YIIESH
W R HPRBUR T

A5 58 WRF AR U 124 i 2 Y I R ARS8 SR W1 U637« S 8l 7 SRR 273
R U, BBk B BRRIAIIRI R EXT 7 « 21 R R LT S BT
Al

41 HERINE

IR TG X WRFAE B K BB R 52 ma A8 3253 3] 4f FINCEP/GFSF1T639
(11 43 B 3 R0 Bl 2 i B AT 4 At AN 7 5% A

GFS#t Bl kJE T'NCEP-GFS (Global Forecast System) 4 ERTii#lk 24:, GFSH& T
DA BT AR (AR, — AN, — iy 1 B ARE U AN — Mg Ok D,
AT PR AL 55 A BRI B /K20 HE R 928 20 LI P= i, I 5 22 ol K A0ORA B B - - 300
R SR K3, Bk, BB, RARRARES . A H GRS/ Hiin Al
TR IZ IS (8] 43 HE N3N, K% N0.5° X0.5° , |ETH EEE3IANTER.

T639% R R IH T T6391 50, T639/E T 639L604 BRIENAIMIAR, JB TRk,
TARFAGE AT 733 1) B KK, IR g 0 B R XK S 23 bk =y, T639] 73 7%
639N, FhRLER AL (Linear), T639FGIL 77 MR FH £ =i &, F£451280X 640
ARG ST A0 B #ig. E TArLARRE A E B 25, T639K H M iE k-
LEIRHRAALRR, TE T A0 MNEE, W4 HEE N3N,

FAb, ARSCH T PR RCR OW I kLS AR R I CGE/NED) A
2 E Sl U B I SR AL B X A P

4.2 ERFMREHFRNA

A CAf FHWRFEL R i A AWRFV3.5.1, B A28 WA SC3.3.184)

BRI P B IR, KO0 3R 845 kmX 1.5 km;  A0EE X I 5 % /440 X
440, PJE XA SHCH661X661; I HASEE NA0E . B N7 H 20 H 08H £7 A
221108H, A8/ Py AN EE X IFAE A B HB R 4 HE R 43 082 mAIs m, BB K
43 ION5 sHN15 so ARALL X 4515 B i 4. L s

A4y 58 FINCEP/GFS BRI T639 B Ak Ayt A H2 L w4 il 4% A4, % B —
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Bl N e VAT

WIUESS s 43 AT H B0 A BB X A EE I A2 S B AT K B 58 S S 30 7 R Uk
AAAEHEWSM6 (Hong et al., 2004). WDM6 (Lim et al., 2010) #1Thompson ( Thompson
et al., 2008) = Fh i H IS FE S Btk 77 RAIRRTM(Mlawer et al., 1997) FTIRRTMG( lacono
etal., 2008) PAFICIEERN TR . ARFRTT ZMAFRYIGIL M A S, HF3124
WaiiR (R4.0), 1245 A XS HOk E e ME, Hdr, =77 £ YSU
J7% (Noh et al., 2003), HTH 3 #3208 =1 e AT AR = R A, DRI AN
MR AR SN TT % 4@2&ﬁk%ﬁﬂﬁé§ %D%DXTT”EﬁééiitziiﬁD§%4lﬁﬁiﬁo

T i

50 125 275 425 625 900 1250 1750 2500 m

B 41 FHUIXIBE. BB REE G m).
RAL ARG AIRAS L2 B

REAL R MYESESSI KEERSH LiLEE)
GFS_WSM6_RRTM WSM6 RRTM GFS
GFS_WSM6_RRTMG WSM6 RRTMG GFS
GFS_WDM6_RRTM WDM6 RRTM GFS
GFS_WDM6_RRTMG WDM6 RRTMG GFS
GFS_THOMP_RRTM Thompson RRTM GFS
GFS_THOMP_RRTMG Thompson RRTMG GFS
T639_WSM6_RRTM WSM6 RRTM T639
T639 WSM6_RRTMG WSM6 RRTMG T639
T639 WDM6_RRTM WDM6 RRTM T639
T639_WDM6_RRTMG WDM6 RRTMG T639
T639_THOMP_RRTM Thompson RRTM T639
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IR WRF XS 7 « 21 R KB MBI WIU637 . PIBEZHU T A0 3 i) U

T639 THOMP_RRTMG Thompson RRTMG T639
TN, ARSCEIX AN EIRE (FEFRAS km) AN EIKRE (PR LEkm) K
PLGE F ok g AU 7K 7 2R (R U E

43 BURMIRIGER S

8T 21 H 08 B % 22 H 08 K1 24 /INeF B AR K A KL, LA GFS R VI
W) 6 A5 R AR SR B R ot w2z (E 4.2). W s EFE X
RN BRIP40 A5, 5T GFS M6 6 25 i R R 5 S Ul ra -1t
) 3 AT s ABEHOL ) S B K R O B RN B B A P e R, I LA B /K ™ B PR AL it B IX
JUF A R E IR 17, Bk GFS_WDM6_RRTM (& 4.2¢) HUREHLLE Rk,
e XA I — T AR 24 /N AR K B /N T 60 mm, 3% AN S5 SE0IL 45 Tk R i 248
SR .

DL T639 TR NHILEA I 6 2H 050 1 SR AR B KU R B AL T BL GFS ZE R AW
1HIr) 6 HikEe (K 4.2, 4.3), AR 2P -ARIbEMR, HH T639_ WSM6_RRTM,
T639_ WDM6_RRTM, T639 Thomp RRTM 4L H T AL 5T X 250 mm DL_E &K,
R K RO R o7 BB O DA Sl e AR

ST MGG & B 6 4150 1 SEIRHR Yy, 188] “GFS_SF¥y” M
T639_*F3%7, W LU BIP# 1 B2 KA 2 AEE B %5 (K 4.3g, h), X
ZRAETRIE R E IR R R (K 4.4), BRI, “T639 35 " E I B T“GFS_
S, R AR R A 143 A0 R 5 PR K A O B X S IR Lz iR (B 4.29, 4.3,
h).

I3 B 4.29 v =N EE 07 HE FTACERE B DX SUROE /N K TRIAR 3, 45 28 200
AN CRPE” BRI T (R AR RRAE (] 4.5a, ¢, e). Z5HFKH], GFS 1 T639 ¥]
AR IARIE T = FPAN[E] O ROBE” 1 DX 35k PR 328 /N B T AR ST 35 Bk 380 B S/ T,
B8 — B B K AR A AL R, K FRT N [ LRSS a5 )5 5 /NI 245 o
BT EAR I, DL T639 AWIHIAN 6 4iREE 1 FERF /K B L LA GFS ¥kl )
G311 6 AL IS S NI M .

TRl —FW1a63, BRLG FX A FIVIEE S B 5 S R B B /N T A R
G637 BB o AN IR T S8 IR B AR R A A0 A VO B 22 S AN, S8 7 B0 R AR FREK I
B R ERWAEBE KT O REMBEX oMM L (K 42, 43). #Fla,
GFS_WSM6_RRTM 4L A K HOv A Tl b8, 1 GFS_WDM6_RRTM #41)
() EFR B K B A, Tl AL R L 5 (B 4.2a, 4.2¢), {H KT B3 AA R 5 () 20 A 22 5
A K. T639_Thomp_RRTM 4Ll RARFE/KE =ik 310 mm LA L, Ff HAE SRR,
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1Ml T639_Thomp_RRTMG Bl RFFE/KE R A 240 mm £ 47, H H 5@ /K Ay B 32
/N (K 4.3e, 4.3).

(a) GFS_ WSM6 RRTM’\

2 j\»

345
330

; . 315
(d) GFS_WDM6_RRT 200
f}*ﬂ% 285
\ 270
255
240
225
210
195
180
185
150
135
1120
1105
90
75
&0

B 4.2 3T GFS HIUEIA A [FHRIG A 24 /N A& K (21 H 08 1F-22 H 08 i) 43 A (A :
mm). Hrr, (@) - (@) FRI=AIE € FHES BREE TS A 432 /N FK i = AN X
m>ﬁ%<w-u>%¥ﬂhm%ﬁo
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FVUE WRF X} 7 « 21 R K2 W IS WI U637 D0EE S50k 77 SR o0 HE R i U

B 43 (a) - (F) o RINET T639 WIihz A FRRE T 24 /Nf EFFE/K (21 H 08 B-22 H
08 i) 234 (Hfi: mm), (@) fF (a) - () KPR, (h) REKE 42 F (@) -
F) M PIREK AR
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 dBZ
K44 21 H 14 B-FERRKEERFFE ($h: dB2)

4.5 km 1.5 km

N L e e e
— T539_NSMG_RRTM
T635_WSME_RRTMG

(b)

T639_Thomp_RRTM

1 )| 1639 Thomp RRTMG
. GFS_WOMB_RRTM
| E 25/ GFS_WDMB_RRTMG
£ GFS_WSM6_RRTM
GFS_WSM6_RRTMG E GFS_WSM&_RRTMG
GFS_Thomp_RRTM 4 = 20f GFS_Thomp_RRTM
GFS_Thomp_RRTMG 1 GFS_Thomp_RRTMG
., .|| m—bsveration % 15| m=—Obsveration
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H 13 -
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CIORE{p] I CARTEE
12, —— —— — T — 12 — T —T—T — T
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B s B s

BE4.5 21HO08HF|22H 08K}, MHAFHIRIE/NEBEKEAD (AL mm). Hr, F—5 N5
T4.5 kmarFeRgdn, 56 8T 1.5 kmar HE5d; (). (b) AR E4.2gH f /N7 i tAE
B KSR AR, (o). (d) ARFRA RN ITHERT R KRB THAEY, (o). (F) REmK
J7 REFT 7R X 35 T AR F 3
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IR WRF XS 7 « 21 R KB MBI WIU637 . PIBEZHU T A0 3 i) U

L2 0T 73 R 2 I UB M A BH S /N T AN [0 46 3 R o AR SO IR EE 12
HRIAPERE (4.5 km 73#85) FINEIKE (1.5 km 2853 [TART 358 /N
KA (B 4.5) KL, XLL GFS BEREAWIMGIAM 6 k50K, 1.5 km 4 E
(1 THAR T35 /NN K & EE 4.5 km 23 2R (A s SRS R, S, X AN RAE 22
H 00 B2 55 /% (B 45), JHAEARRTM “RE” EHERURNM. mixtLl
T639 Z R ARG ) 6 4LRIGKUE, 1.5 km 23 PRI AR 25138/ K AR 5 4.5
km 23 FEE R 45 R 22 A B R, RO “REE” X (&l 4.5¢-).

R RFRE, A UGS FEWRF I B AL 4] 46 37 HO R P B 2 504 J7 2 A e 3 %
RHEINGUR, WUREVIGESHRERREER . A 7 BRI 5 K BZ 51 5
R, ASCxFEL T GFS_WSM6_RRTMAIT639 WSM6_RRTM A4S 5K (E4.6). 21H

850 hPa 500 hPa 200 hPa

Kl4.6 21H208GFS_WSM6_RRTM (Z5—17) FIT639_WSM6_RRTM (£ —47) 1850 hPa.
500 hPafl1200 hPaf; # & (Hifiz: gpm) F1200 hPaiE (FASE, FA7: mis).

200}, T639_WSM6_RRTMEEHL 1500 hPam = FE 1R & (LLE4.6b, eH15760 gpm%&(H
LRI E NS D). 200 hPaf & A (KEl4.6c, 4.6F) %4 850hPafikitd (KIHFE 5
GFS_WSM6_RRTMAFAEE 3 2 5, KM% RAARILET639_WSM6_RRTMAEL 1] 11850
hPa i i 3 B A1 G [ B 5 L GFS_WSM6_RRTMOK,  H BN, iX 3k — B iE s T

39




AEHUR S 22 A8

TAREALL I 22 53 W] BE A 3 UL T P AR 4697 A 96 P KRS AU RO I 3 22 e 1 2 A

B2 ZK AU SRR 1) 6 70 PR ven SRR AP TS 6 B8 v ) 4 0 FD i ) B v I SR M i P 7K
HRETHRACT I E . W E—FBEUR R, H AT AR S BRI EnKF IR 4L
A REAE — R BT AT T B

44 KREING

ARFEHE ] WRF 7 « 21 F KRB WIG . SEN TR (SRS
MR BPERI S HA) S AT R FBBURE . S5 REH, FRKBIRCR 291463 1)
SRR, FERIERREKR A L, BLGFS BEREAHIIRIAI 6 HA RS H Ty
SR A G0 AL AUL PR B AR R A1 58 180 5 0 A S IS A AR K 72, e LR s K ot O A5
BRI v R, LB R A SO X R R FE K, BRI RCR B . T
L T639 BERIAHIAG 1) 6 LRI S AR 1 05t Hi X A5 R 47 ER R 5 7 R O Y
Vi DXBOIATI SRAT — 5 (i 22 » (ELIS AR IR ECR WY R A T BL GFS N#lais 1 6 4likds .
X RIRTAG s, AR S B 7 S0 R AR RO R 52 i 42 E BEARBILAE 5 Faf /K R (19 X I
% R 7 PR A AR S5 A M3 A R AE SE M AN K o AEAKCP 7 HE 3 2 s B LN, PR/ B
XH KT 73 95 U B S /N T X e O RO, iy Bk — D3R mKer o R A —

SRS O K IIIRCR . RSO S A RIERY], Rl KRR E ST H AR
T3 FR GBI ) 22 5 1] BE A UM R 4 7 PR P ORRADL A R S 2 72 S ) R LA

40



HHE 4R

BHE 4R

2012 £ 7 1 20-22 H, HUARMIORKAE T — Km0 Wil (BN
FRET-21 R KRR, BTG 0 0 YRR S ) e R, A S S M N 4
R MAE, AR 7 21 FER BN R A K RIS A S BANLE], PRI AR
2O PR R M o] R R ], Ay B i i AN B T R AR SRl 2530 11408 i %o b SR AR i
B R O PR B T HR I 2%

KRS FE T . TR R DL K GFS BRI, ARSI IR 1 AN %
PN I AR A R AR IA R ) 22 OB S AR, 552 1K A o] 1 i R N A AR
DA Je AR g 148 7K T B BR) TE ARARRAE , 38 sk 328 /N B [ i T 23 BT 48 7 T S5 ] AR A £ 1Y
b PG (B RS 7E B W AR R R i R ) S E A

FET R BT eh F, A5 %2 7 I AR 2 FERH I EnKF R4 X 58 37 21
TR R R T SR B 25 0 A 0 25 T fik A b T AR AE AL R sz e o 25 SRR B, AN T A4k
xRS, BLEIG T 50 1 865~ F- 20 W1 a6 5 AU 3 /K T 18 2 I [R] I AR 58 2 AR
Y 53 A2 T IS [ U R K- 0 A S DA W, e, Memberd 6 82 FR B 7K 1 5 A
I3AR /NI RS AR AR AU AR AR b S S B I, TR - S5 ) /N B R A A ) R AR
1) i 22 EH 9 A TR) A4 R0 RS 1) 770N B U /s 21| Ensemble_Mean )4/ isF AT Member 1611
LNEF, BB RN R 22 A B35 k. RN, T RAES PR EE S AR
FRJASEUN 38 7R 0T T Xof B A PR 328 25 50 38 o 17 25 A1 ey A T EC s 2R A0 3 R A0 ) 3 A2
. S RADOIESE T AT T 0D RI GO 73 B 1 tH AT = st 37 2185 R W
() IS S 22 48 1) I BT, B S i A s R AR ket N7 ) TR 2 00 {3 R 7 206K v
oK BT . ASCHIAT A R TR, BUERLART 2145 K 2 /Y 1) Tl 2Kk AT e
2 o H T ORHEG de FH JHL X N7 ) TR s 2 000 15409 ) 5 B2 RN B A ORI il iR 22 . 3
B A VO R AOR . 9 BERLSS AR S A TR Rk, B0l 55 Bk Tk
Dl 55 O R o %o b T NP 2 SR A (] A0 DU A 7R A B e b A SRR A0 o 8 P RUBE &85 K g il
7 G S T 2R (0 (3R 0 A2 R e s DT ) T A i e 7K ASEAD ) 538

JE, AHELE T WRF B 7 « 21 KRR ZE M BN W6 . S8 T Mg
Oy RO . G5 R R, WRF AR 7 21 45 2 W AU 40T 46 3 O SRR B
FTARWIEE S BRI AU R AR K o A A AE i 2 22 7, DA T639 BEkL N HIih Y,
(R B AU %) B A W iy P SR PR 7K 9 [X 40 A 2 B AR T BL GFS R A WIIE Y i, R
WY LL GRS BERF Y4146 3 a5 J UF- A A0, b Sl X g s fa /K, (HEL T639 Bkt
AIGE 7 () 58 YU 387 3 ASEADL T A s X P R - AR AL Il SR N o AR IR ASEADL ) 22 SR ]

41



AEHUR S 22 A8

Bl AL BT A VIH 5A 00EAK BELR 8 2 S B RN . RFB M RRR Ae
ARSI SR A IV DA L, TIREREART A 005 A R RO K
BT MR R TN T KBERE KT 55 B0 OB I 51 T X055
UBE, T FLIE S BRRRT A B R S R BT K ) B

42



27 3k

S22 3R

FAE, MERE. WRF-ENKF 2R Z0 0] A [ B 7 — 5 W A2 e M TR 156 [3]. 4, 2015,
41(5):566-576.

WL, INE, RIS bR 7200 KR R MR M A b B RS () A b BB D). AR, 2012,
38(10):1255-1266.

PREAFT, F0&F, B, 5. dbul«7217 % W R B0 & & f L #PLEE ] R4 %4k, 2013,
71(4):569-592.

Jilh, BAHE, Tk/NTR, S 2012457 H 21 H Ak kb X R R 5 W H R XA 2 AE RIREAE R AT []. <
%, 2012, 38(10):1278-1287.

L, REL, B % L7208 KB & FER B 0 g KR 0]. R R FR,
2014(2):207-219.

BERAR, 1 B, T, 2. FEC7. 21K B W AR KR S AR I R SR B S R e A A
[J]. A %244k, 2013, 71(6):997-1011.

XTI, A H, R RS, JE 7217 8 W AN FR o PR R Ak R LR 43 AT [3]. R AR, 2015,
39(3):583-595.

IV, WSS, BHETRE, S, db T2 K R W AR P o A B S () W P B K BRI TR B BB ] S
%, 2012, 38(10):1267-1277.

VKRN, da g, S FEAE KRR — KA R KR M R EH ] SEA%R, 2014,
33(6):1665-1673.

VAR FR, TR, TSR, <7217 A0 5 KB W R G0 1 25 AR R AE BRI IR 9], B K 5, 2012,
31(3):218-225.

IhEE AR, X ERE, MIER, SR 20124E7 H 21 HAb iR KB W I 2 R ERHER]. KSR, 2013,
37(3):705-718.

PR AELER, ARG, «7-21°db HURE 5 R I F0iR In) @R [J]. % W 9% 5, 2013, 32(3):193-201.

T, skor R, E S RS AL B7. 218 KB W R K BUE B S 0). BRI R E, 2014,
33(1):10-18.

TR, RS, B, 5. Jba7 208 MR X R XA R S BUE L[], KK, 2015,
41(5):544-553.

T, fREE, BT, SE. RAT I Ab 7. 2 1R E K % R (1 5 MR S KPR U 7 b B BB 7 [9).
K%, 2015, 41(4):389-400.

TRULEE, FRAEEE, TRIEZE 5. & AT AREERT 2R KUK TR 18 RN B FH Ab 5721 B MY [ 52 [9].
KAFRFE, 2014, 38(3):537-550.

fir /N 2012457 H 21 H AL TR R Z B 0 AT 0], A, 2012, 38(11):1313-1329.

BFEVE, SRR, Fh55, 55, JERTe7. 2170 K B R IR R B il o PR 2 W4 AT [0]. AR 54k, 2013,
71(5):817-824.

43



AEHUR S 22 A8

AR, BT FE. AR e7-217 /5 KB MR P RN R B ERT A [0]. & WK F, 2017,
36(6):527-534.

SR, 2RV, Bt RUEERCT 21 B AR R RIZ ). m R R4, 2015, 34(1):202-209.

JAEI, KB, ARBFEE AR, ALRTe7. 2178 KB M AR T R R 48 IR SR AR R AE 70 BT 9], R AUR)
%, 2014, 38(5):885-896.

A — O B KRN 5 A AL ) B RHBUE T 7T [D]. AERUREE, 2016.

REVE. AT 2V KRB Hm 1 5 AKCRIE 2 W4 i [D]. b5tk 2%, 2013.

Barker, Dale M., et al. A three-dimensional variational data assimilation system for MM5: Implementation
and initial results. Monthly Weather Review, 132.4 (2004): 897-914.

Evensen, Geir. Sequential data assimilation with a nonlinear quasi - geostrophic model using Monte Carlo
methods to forecast error statistics. Journal of Geophysical Research: Oceans, 99.C5 (1994):
10143-10162.

Evensen, Geir. The ensemble Kalman filter: Theoretical formulation and practical implementation. Ocean
dynamics, 53.4 (2003): 343-367.

Hong, Song-You, et al. A revised approach to ice microphysical processes for the bulk parameterization of
clouds and precipitation. Monthly Weather Review, 132.1 (2004): 103-120.

Thompson, Gregory, et al. Explicit forecasts of winter precipitation using an improved bulk microphysics
scheme. Part 11: Implementation of a new snow parameterization. Monthly Weather Review, 136.12
(2008): 5095-5115.

Grell, G, and D. Devenyi. A generalized approach to parameterizing convection combining ensemble and
data assimilation techniques. Geophysical Research Letter, 29.14(2002): 38-1-38-4.

Lim, Kyo-Sun Sunny, et al. Development of an effective double-moment cloud microphysics scheme with
prognostic cloud condensation nuclei (CCN) for weather and climate models. Monthly weather
review, 138.5 (2010): 1587-1612.

Mlawer, Eli J., et al. Radiative transfer for inhomogeneous atmospheres: RRTM, a validated correlated - k
model for the longwave. Journal of Geophysical Research: Atmospheres,102.D14 (1997):
16663-16682.

Meng, Zhiyong, and Fuging Zhang. Tests of an ensemble Kalman filter for mesoscale and regional-scale
data assimilation. Part 1l: Imperfect model experiments. Monthly weather review, 135.4 (2007):
1403-1423.

Meng, Zhiyong, and Fuging Zhang. Tests of an ensemble Kalman filter for mesoscale and regional-scale
data assimilation. Part 1ll: Comparison with 3DVAR in a real-data case study. Monthly Weather
Review, 136.2 (2008): 522-540.

Meng, Zhiyong, and Fuging Zhang. Tests of an ensemble Kalman filter for mesoscale and regional-scale
data assimilation. Part 1\V: Comparison with 3DVAR in a month-long experiment. Monthly Weather
Review, 136.10 (2008): 3671-3682.

Meng, Zhiyong, and Dan Yao. Damage survey, radar, and environment analyses on the first-ever
documented tornado in Beijing during the heavy rainfall event of 21 July 2012. Weather and
Forecasting, 29.3 (2014): 702-724.

lacono, Michael J., et al. Radiative forcing by long - lived greenhouse gases: Calculations with the AER

radiative transfer models. Journal of Geophysical Research: Atmospheres, 113.D13 (2008):13103
44



27 3k

Noh, Ying, et al. Improvement of the K-profile model for the planetary boundary layer based on large
eddy simulation data. Boundary-layer meteorology, 107.2 (2003): 401-427.

Skamarock, William C. A description of the advanced research WRF version 3. Tech. Note, (2008): 1-96.

Xu, Hongxiong, and Wenging Yao. A numerical study of the Beijing extreme rainfall of 21 July 2012 and
the impact of topography. Advances in Meteorology, 2015 (2015):1-12.

Yu, Huizhen, and Zhiyong Meng. Key synoptic-scale features influencing the high-impact heavy rainfall
in Beijing, China, on 21 July 2012. Tellus A: Dynamic Meteorology and Oceanography, 68.1 (2016):
31045.

Zhang, Da - Lin, et al. The Beijing extreme rainfall of 21 July 2012:“Right results” but for wrong reasons.
Geophysical Research Letters, 40.7 (2013): 1426-1431.

Zhang, Fuging, et al. Cloud-resolving hurricane initialization and prediction through assimilation of
Doppler radar observations with an ensemble Kalman filter. Monthly Weather Review, 137.7 (2009):
2105-2125.

Zhang, Fuging, Zhiyong Meng, et al. Tests of an ensemble Kalman filter for mesoscale and regional-scale
data assimilation. Part I: Perfect model experiments. Monthly weather review, 134.2 (2006):
722-736.

Zhang, Fuqging, Chris Snyder, et al. Impacts of initial estimate and observation availability on
convective-scale data assimilation with an ensemble Kalman filter. Monthly Weather Review, 132.5
(2004): 1238-1253.

45



AEHUR S 22 A8

46



¢

Bi

FER TR bR, [BIE AR B LA, U e gt . sz, Ry AR
W FIMEE BER, NRK=FRELERVIRMHBR SR, AECa5HEBIME T
TIENEERISG Sy, R A X SR R J b A A 3 B &0 dR S AOCHR . REFAE
T MRAN TS — WU, — R ORRE BT TSI A IS A, 2 DTG 2 B AR R 38 98 A A
MOy, RIS N AE, BEUAET, JFIOANBhs TR MR . XIS IE
ARBIRT TE N R B R A RO, B TARE S F s M 2 A . AR TARZ
Ry AL ENHLIRSZRE . FTER, TR, FEERA, fEXNHEKE Y, W, K%
AT AR, WAEFANTZ SRR A TS BB 1R 58 2 IX SR REVE (£ 15 1) B P
NEH R, EE R H RS, FERREFREC.

Rl I B A AR BRI SCIR I E DT W, O IR IRZL 2R . B SCHIR . &=
A B IR BT BARE R AR S AL ITLEFR I TV RIS, & AT 0 1l 2
AFCALZE R LE A2 2 HE

BRI SRR ER, — B DORARNTARAE T Ja SRR SCRr IR 2 AR DX N s 78
SRR ARATT, WA D B ERR . ZARAT

WO SE BT 2 1 PRAAL V0 R AHORAT TR B, 4 ) R A T AHAE EnKF [F)46 4
o TAER G TR B BBKT G, ORI, T2 S ics A
SRRy RS R KA B, IR SR IIRAT, ARTF ORI RS
PRI B ATEE A

A, BN Z NRBEAR, (SRS am R JE, UTR— i DA 3 5E 1Y
SCREANEG AR, EREIHE. Tl MRk, 2R — BRI, Sk, SRR
U, ALIBEWE AN RRAE, IS, BEUART. ERBSED IR, RS
ANRIETFO IR, IRSEIZREN SR it BRI 5 K. ARG AR b, FAT4k
BAEFRIAT

47



AEHUR S 22 A8

48



AEHUR 22 A0 SR A 1 75 WA P S A B

ERKRFFAIC IR Q1% 7R FE A 2 B

JE B 7 B

ANBEFEY: PreEsKiafiig s, fANERIMRTE ST, LTI AR
FTBAR IR . BRSO S 2 M 51 I N4k, AR SO SR Al N sl iA g
KRB BB AR BUSR  XEASTHIWE U ZE TR AR AR, 3 O SO
LR 5 2Chm o A7 B (R 2 R A AR

it 6 Tyl ;ﬁ A Q08 [H SR

AV STAE FH IR A A

CIAIIRAT AE SR AL SR R TR R BRI A

RNGEA TR RZER T R AE AR S E, B

® LN R GE AT AL Ve SCAY ER AT L A

® ERCABUIRAF AN ST EIRIAS AT H i, FFFR A H SRR S R 55, AR
el P b SR 55 5

® T LURAIZEN. 4iED. B BO e B BRI

® DRI i DA 5 BERE IR R AT A SCHL TR, SRAEER O — O /O =
FUUE, ERE M 43Ok A .

CORE VR SCAE Ml 8 Jm 18 <7 LR E )

AR E = Yg;,g%ﬂ% %4 %7@

A: 2084 7 H 5 H

49



AEHUR S 22 A8

50



