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Abstract

Abstract

Southwest China has complex terrain and frequent precipitation, and good prediction
skill of the time, location, and intensity of heavy precipitation can provide decision-
making for disaster prevention. Therefore, studying the characteristics and causes of
the bias of numerical weather prediction (NWP) model can help to revise precipitation
forecasts error, and improve operational precipitation forecasts. Firstly, this study
evaluates the precipitation prediction skill of ECMWF-HRES model of the European
Centre for Medium-Range Weather Forecasts (ECMWF) over China. The results show
that the model has poor precipitation prediction skills in Southwest China. Next, using
the global ensemble prediction system of ECMWEF, the National Centers for
Environmental Prediction (NCEP), and the Japan Meteorologic Agency (JMA), this
paper establishes an integrated precipitation prediction model for China and Southwest
China based on the Bayesian Model Average (BMA) to improve the prediction skill.
Then, this study identifies the heavy precipitation events (HPEs) in Southwest China
by the hourly observation data, and analyses the skill of ECMWF-HRES model for the
rainband bias after classifying the HPEs into different types by their atmospheric
circulation. Finally, this study reveals key synoptic factors for the precipitation
prediction skills by operational forecasts from the ensemble prediction system of
ECMWF. Main findings are as follows:

Precipitation is divided into light, medium, and heavy precipitation based on the
precipitation climatology at stations in China and evaluation of precipitation prediction
skill for different categories from the ECMWF-HRES model from March to September
during 2015-2018. The results of “rain or no rain” generally suggest that the best
performance appears in the middle and lower reaches of the Yangtze River basin, and
the skills in South China and southwestern China are poorer than those in other regions
in eastern China. The model overpredicts light and medium precipitation, but

underpredicts heavy precipitation. The prediction skills of all categories in Southwest
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China are poor. And for heavy precipitation, the number of false alarm and the false
alarm ratio are higher in Southwest China. These results show that the model has low
precipitation forecasting skills in Southwest China. Using BMA method to integrate
ECMWEF, NCEP and JMA precipitation prediction data and develop a 6 h integrated
precipitation prediction model with a lead time of 0—72 h, The probabilistic prediction
and deterministic prediction results of the model are better than those of the single
member model. The deterministic prediction results by the China model have a more
significant improvement in the ““rain or no rain” prediction and mean absolute error for
the southern station. The probabilistic prediction results of the model improve the heavy
precipitation warning ability of the station. The Southwest China model significantly
improves the ““rain or no rain”’ prediction of eastern stations, and significantly improves
the heavy precipitation warning ability of Sichuan Basin (SCB).

Based on the precipitation verification, the southwestern region with large deviations
in heavy precipitation forecasts is identified as the main area. An object-based method
is used to analyze the rainband quantitative deviation of 114 HPEs in the warm season
over Southwest China during 2016-2020. With a lead time of 0—72 h, the ECMWF-
HRES model overestimates the average rainfall intensity of almost HPEs, 75% of main
rainbands, and 50% of the key range. The structure occurs too big precipitation objects
or too peaked objects for 60% HPEs, 50% of the main rainbands, and 50% key range.
According to the upper troposphere geopotential height, lower wind and lower water
vapor, HPEs are divided into type A (87.8%, 5 subtypes) and type B (12.2%, 2 subtypes).
The structure and position prediction error of type A is greater than that of type B while
the intensity prediction error of type A is smaller than that of type B. Comparing the
rainbands and synoptic patterns of HPEs, the strength and location of the South Asian
High (SAH), Western North Pacific Subtropical High (WNPSH), low vortex, and low-
level jet (LLJ) both significantly affect the precipitation. The middle and upper
tropospheric synoptic systems between type B and type A are significantly different,
and the location of the SAH and WNPSH of type A is further south. Type A is mainly
determined by the location and intensity of low vortex and LLJ, while precipitation of

type B locates on the west side of the WNPSH, and the main rainfall range locates in

v



Abstract

the SCB.

To reveal the key synoptic factors of heavy precipitation with different circulation,
type B with high precipitation intensity and low forecast skill is selected as the study
object. The main rainbands of subtypes B1 and B2 locate in the west and east of the
SCB during the key period, respectively, and the key areas are determined based on the
areas with the main rainfall. Prediction skills of SAH, the low-level trough, the WNPSH,
and the LLJ and low vortex all have an appreciable effect on the precipitation prediction
skill. The prediction deviation reasons of subtype Blare as follows: The model
underestimates the strength of the low trough located in the north of the key area; The
model underestimates the northeasterly wind speed entering the SCB from the
northeastern part of the SCB; The model underestimates the range of LLJ. The
prediction deviation reasons of subtype B2 are as follows: The model underestimates
the strength of SAH, WNPSH and low vortex located in the key area; The model
overestimates the northeasterly wind speed entering the SCB from the northeastern part
of the SCB and the southwesterly wind speed entering the SCB from the south part of
the SCB; The prediction for the northern boundary of LLJ is further west and north,

which results in the prediction of the rainband being further west and north.

Key Words: Quantitative Precipitation Forecast (QPF), Southwest China, Prediction

verification, Bias characteristic, Circulation type classification
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1.1 MIREREREX

BN MG RIRAE R F oK, L RARSE, @FERA RTINS
ek lan, 2013 PG )11 “7.97 KRR B T 58 NFET: M 175 NRE: ChHite
A, 2020 48 A 10 H, PUNIIHEZR T KRM B2 K ABOL 14 TR ki
APV, 2021)0 2021 4F 7 H 18 H, FBIH Iy s 27 WA AR o % W9 R, 3k
FeE N BT RETR gDy &, 2021). HERWRSML, WIS
TiARAME ERTR, AR AR TG B Pk

Hr R 53R TRy, SRR B R R 2R T R X2 v [ M R
(X 3 —, HL P BEAHE DU 1 233 R BT 1L K 2= 5 D N 3 e S S 3
FH T~ 75 R DX T AR R P A R AR5 A, 500 TR P I L ) e 7 T e 22
g R T A E AR R X, R TR T AR (RERKSE, 2011 FFif=2 4,
2016; R[F %5, 2019; JEWEHE =, 2020).

I8 25 1 SR AR T BB AR e 4 % 2 U A X PR e, P AU T 2
A G S5 TR A o 2 & % /K Tl (Quantitative Precipitation Forecast, QPF)
IR ESHAAE, V2SR O QPF PEIE PG B E PR AR AU HE
— AN F BRI VAR BUE R TR 2R BRI e B T DA B =0 RN B ek
R, AT A P B SR 45 R (Kober %5., 2012; Bauer %., 2015; Kniffka
S5, 2019) 1 ] 176 g 1t DX K IR ME AR 38 AN o, S BT A2 AR 9 S T 1 5
B sRo DA, AR SOREH A5G I 176 gt XD 58 B2 K A DL R M R S TS
AAEZHL X QPF £175,  Jo KB it TR P H R 2k

1.2 tHXAEIH

o [ P R A X R R RS AU B R B R IHY, 2 RE RS RS ZE A
TERRISEMR, AN [F) DX R RS s 22 14 3 o R GBI 7 1 [ B 456 = Ay
T 6 5 IR Bt P i L IX P AR B T 7 [T R S BB A 2 CRAR Tl
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HAARE D MBI R R g Al A Tl g RS A0 3, f a4 I e
A% X P i X 5 ok /K A R 36 DAl B

1.2.1 P E R XK EHE
1.2.1.1  HE R X PEK AT 25 53 A HFAE

o ] R DX PR B K 23 A AR AR 51, BROK R 2 Rk, AR A S I)
3T b B K AR I DX el e i R 3B A R DU )1 23t DA ZR () - B o e T S a2 (o
S, 2021), “RIE”7 HELZMBEACS . FREER A GZBER 4§, 1994;
AERTE AR, 2011; Hu %5, 20200, #W CREW) 72V Z R AR
B, HKORSFIERE A SN (P 4, 20200, fEVU)IZEHAY, 21
R XA T A P R AN AR AL (AR 4§, 2005; Huang F1 Cui, 2015). =
FIHLX 2 R R ZR T, PRk, B G Raty kE (REE, 2017), #Fsk
PEORYE BB 2R AEAE 7 A 8 H (JEW AR, 2004). 53 HA BLMI4& 7h
FAHS, BYE EIAM RIS A RIGBEA RN EZ KX (REL, 2007). 1
P 1L X (TP K A SB35 0 HARAGREAE, B /KA I U AE T BT =, IR HY
PAE IR, BE/KBREAET G B RE5E (Yu %%., 2007; Chen %., 2012; FUIHE
Mz, 2016). FRFEEE (2011) IV R HX N BEK H AR A RHMIE B B A
FHXEER. HlltEREE.

12,12 FEFREBXEKNEEERS

ST R X PR IR ARG F A w2 Ml mk. @i, &R
B ERTIARL . AT EERI A A R SR RETIBL. PR, &
K. RRESHRASS (M 2, 2002; Z=EF 25, 2021; 2& FRITK N,
2005; 5, 2012; FURAMKHE, 2008; HEX %%, 2013; Hu %%, 2020; %71
&, 20205 BRFEE A, 2021). PHERIRE U HLIX A B E R ARG,
ZHh X A VF 22 2 W SRS P R IR S DA G (FRAE B %5, 2004 X A
A, 2007; PRoT)I &, 2013). 7EDU)I R vE 30 Z=P K m 2 48, P R IRIRER
R CBAAERE 55, 2014). PHRRIR S AR M E EACIRAR AR, SIRBEMIK
A S IRIALSCAS, 1987 258 25, 1999; T3¢ %5, 2017). A< iEn LUl
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i S R Z A A AN KPR IR T N 5 P R o A P R B X K (BRABEH 4§, 2004).
e R AR B T RE R RS (MCS) [AARBE), R M MCS 574 s kiR A
HAEMHSEVI R 51 kR fEK (Z27 48, 2020; 73K 4%, 20200, BHiF
Jk i S MCS AT RETEA FIMTE 3 Nl TURRIR, 76— E R R as Tt
X Rk (L SATuEER, 2002; {EP] 2%, 201D). XHRRSELMRTE 4
FCT e SR, 2 KU S R AR B, FERRISEN B i SR A X, 18
JEE R ENED ) i, S A RS SITE R AR L (Zhou 5., 2008;
F%IH 25, 201D, X T X, PORMGR. K20 VA2, fmbnE X
T R R SO e 2 Hh X T 1) 2 B R 40 K K2R3, 2004 5K 75 S RTBLE,
2005; T &E, 2008; BREE, 2017), & KOS 2 18 iz mE X AR K
FW, WEX PAmEE” (FRRF %, 2005), “HERE” & X (L4 %, 2008)
ME R “EHRFE” OUL 5, 201D,

T8 e JEL AN 2 S v s v R O R R v, R v R T e T i
4000 m, JEEFRIKFREERK . R EHIHE, XT3 XA R Ryt R <
HARZEMEM (Ding 5., 1992), =5t m R Pt 2000 m, T 74wt
X PR 22 Gt 1) R e BAT B R R 7 0 e S (K 3 A T R B A B 2R i KA
PR F s R B, 6 I FAEE B f g (25 1E, 19885 Luo 1 Yanai, 1984).
e JE M X PRI S E R R, i S SO R, 1 52 I XU R R 2 R
Ekman S22 RFE, 535 M3 AE FH A R T i R PR B K AR, AR 2= HE B3
s T E AR X CROINBE, 1990 IRFEAEFIFRERAE, 2006). 8w 5 (1)5)
JIVE AR DL R AL 0 R SR G A BRI, 52 4% 1 - 12 5 e (G 119 42
Fln TEBN, AT B N (A7 BRI R R AR (2R AR RIREE AL, 1992; AR
e A, 1998; DGR, 2006). IRFEAESE (2002) F8H EH 2R H R EBIEE KR
Ik 2 B g e SR B AE R, 7E S R AR MKV AR I AR 7 1), s v Jo
TR . PRHRZE (2007) T Hi 58 7 R IR 0 S8 75 e S N D0 )1 | 784, 557
RIS SR 2 Bt JE N DY | i 2R, 76 s R AR Ui & 1X, S8R
H BRI R AR JE . Wang 55 (2013) & R E BRI /KIRTE & R KHE 3038 T,
o S R I 25 ) SRR VR 3G 5, A AR 25 VG e AT, A T L AR S P /K
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EX

122 BEFRRAWESKTIRER . BRIITMH. ERE
1.2.2.1  BETRMRAR I T2 PEK TR AT i3 R

1960 43 [H [ ZX PR35 Fil 4 0> (National Centers for Environmental Prediction,
NCEP) NJ& IR TR AT 4R S QPF M35k, Bt Ja Bk b R 1 B E A )
BARTR A —BEEAWHE R (Baver Z., 2015). 1975 SERK P H AR S T4k 1
> (European Centre for Medium Range Weather Forecasts, ECMWF) /3., ECMWF
A ERBUE A A R TR 248 (Integrated Forecast System) MMV 55iZ4TLIK, 3
AR PR W R, ORISR RGEAWTIR R, IUTEFAE— AN P
WA T 51 AR A TR, e MR 23 18 oy g T A i (BAF
f&#x ECMWF-HRES), #2100 9km, HHREECA 10 K, Jbaknl iR K
L) 9K, EETHRDPEELN 18 km, FHRETHCH 15 K. ECMWF 24t H A
ANNEBOREHER TR R, BAGERTZNHTHEMSR L6 (R 4,
2016; Hifl %5, 2019; Yuan %5., 2020; #3252, 2021). FE A TR NEIE
RAWI ARG GRAPES CiltAT | WK TUEML AN ] CERFrEoNZEns
2020; XN ZE, 2021; PLEFER 25, 2021). 2007-2019 4 E[E KA G0 24
h TR 2N (=50 mm d') Threat Score (TS) HIIEKRLAIN 2.9%, 1RAFE
JEF 8 THE RS TIRM AR (B 55, 2020). {HAERTHRGREKSEMS (A7
B RS NG D 5582 R TR 25 H oK Bk % 2 — (Ebert 5., 2003;
Sharma %., 2017).

HUE R SIS 2 T iR 22 FEEORIE T AR iR 22 SR 2, BT
e 22 BRI FOAME BEROR , AR REHS B SO TR R AR, i LA —AME A3 53 ¥ B 2 [
Ao RT3 40 DL B A T 51 R B PR K 2 ST R R (0-3 ) RA TR M
SE R BUE R TR RO B A T X (R B K P 28 SE B /5 SRS — @ 220, 7%
TR BUE TTHRBART R 5 LB T4 &, 32 w2 R 1 2 4% (Robinson
A Businger, 2019; Piersante 5., 2021; Z=[EF 45, 2021). 7F 3[R ALt Tl
RI7 I DAY T ek e, (HAEVE 2 A I T I TR AE R R ATI AN REWE 2 LB oK

(Lackmann, 2013; Schumacher ., 2013; Gochis %¢., 2015; Nielsen f! Schumacher,
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2016, M55 2 5 ME AAERS TR 5 B0 FK = AR B R, BUE R
XTI B G ) FRUAR HE A R A 2, AN, ARG U R G AR ) B
(Schumacher #I Johnson, 2006; Herman 1 Schumacher, 2016); X R4iH &
fmZER K, HAmALARPY (Grams 25, 2006); $RATTIIRAG MK (Davis %%,

2003; Wilson 1 Roberts, 2006; Clark &., 2007) FH R TIR AT RS I3
(fFll1, Davis ., 2003; Pinto %%., 2014). Kacan fl Levo (2019) F Casaretto
S (2022) RIS T E AT X R RE K TR, IR TR AR Z XU AN 7K B K it
AT e I LN

1222 FEERKTRAEIEITM

KB TR A X B0 25 SR A A AE 4 BRVE B A 15 2 2 LAl R mT DAYEERG A
R T, ki v h B E D) T B kS R B (Jung 5., 2010,
Rodwell &., 2013; Bauer 5., 2015). XF Mk S5 Hukok B, PEAETEEE T Hidk
RIEMT . EDUH R AR AL A A QPF £, W AL s P
w2 (Mean Error) . “F3 4%} % 2 (Mean Absolute Error) . 3377 Hid 1% Z (Root Mean
Square Error). #5¢ R % (Correlation Coefficient). Z¥#x* (False Alarm Ratio) .
JRHR 2% (Miss Alarm Ratio). iy H3 (Probability of Detection). TS ¥4} (Threat
Score). ETS ¥F7 (Equitable Threat Score). TSS 1¥4; (True Skill Statistic) X
TSS &5 ¥ HSS 143 (Heidke Skill Score) 4§ (Mason, 1989; Schaefer, 1990;
Doswell 4., 2013; Stephenson, 2000; Brill fl Mesinger, 2009)., At —P % &
B 7K RSB TS S SEI, Rodwell 55 (20100 11 Haiden 45 (2012) 2 H T HER 2
[B] %5 52 #H 24 25 1F4> (Stable Equitable Error in Probability Space, SEEPS), % /7
V2 I B KA B S AR UE 20 AT 18 R B K S 2, A5 T BU AN [R] DX AR A [ 21 A
30 QPF TERE, T -5 Wi mvcs A R I BUE ik A5 20H QPF AL R AL . X L8757
VETT TR ROOEAS AL 3l 0l SR A 38 PEAl (Harris %%, 1997; Christopher %5.,
2014), HEZE LI PP At B X0 5 b TR B2 3R () EEACRFAE AN TR AE A 8 o 0T AR
B AR O M it % /K S PE45 ,  Stephenson &5 (2008) A AR Em K #i7F 7 ( Extreme
Dependency Score, EDS) Kiui/MEFFAF: Ferro %5 (2011) 3T EDS KJE T
ot PRI o (A5 F 2 (Symmetric Extreme Dependency Score, SEDS), PPl 20 %t
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Wiy S P AT e

SRITAE SR 36 )7 VE A SR BRE, 24 ol S L RS 36 v 0 e i R, 5
SNRERSTRGHM, T S o st [ 7K 2 (8] 2544 (I Tt e 7, ANREIX
SR ZEMI N  NYRAMEGRIIE 73 T3 VE AN 2 TR SR B I0 25 SRR ) B 3
— UGBS R R T HE T K A R AR A BT AL T i, B R R KA B . TR FITE
REE 2 (BRI R 22, AN R R AR S0 BEAR & A sk e, el (5 F 5 3 1) 1)
A % (Gilleland ., 2010) . %% (A1 58 77 1538 1 PR A8 2z A S 37 (1 B bR 4,
W ek 20t H AR B /K 23 18] 73 A A BE 7). (Ebert 1 McBride, 2000; Davis
Z£., 2006; Marzban fll Sandgathe, 2008). & F {25 [A]4&:56 /5% U1 SAL (Structure
Amplitude Location)( Wernli, 2008 ). CRA( Contiguous Rain Area)( Ebert £ McBride,
2000) 1 MODE(Method for Object-based Diagnostic Evaluation)(Davis %%., 2006 ),
FEABRFZML 5 RATHR O B2 2 R .

o ] 27 R 23 TR 56 D7 0T Fe 1 R B RS, BT 4 BRI AN X g e 7K Tt
ARG (AR, 20105 XEEMAEZ, 2013; fFHF= 55, 2014; 2] 4%,
2017; FAHE &5, 2020; FHHOFIZERS, 20200, fFF225 (2014) i CRA J7
RS 2012 ARV P R X AR 5 RO AR, AR T BT o, B
PR R A B TR AR AL RS, TR OCRY 1 B SRS, TR/ I ) B K R R
SR . ZEBISE (2017) ] MODE J5 %45 2016 4F 4-6 H iU T HIL I =
RIS FE TR, H 25 R B KT XA A (RT3 3 AT RO 5 B R B8 125, xl e e
KRR KA KBRS ERFERTURIRS 1 SEhR iR 2. TR g
&5 (20200 fHH CRA JPiEpHAlbf & KR IR TR, R IUR & KU R K T 2
ZEERF T B RE.

Chakraborty (20100 fif A HIRIAG 5641 . WM SHOT RiRZE, W HE
SRR I b 3R R R R AR B2 W, A BT E B T
iR ZE WK IH - Casati %5 (2022) K145 T 2020 4 11 [ The International Verification
Methods Workshop (IVMW) HF i 23 () 50 TR S PEAS B 78 (R s idE g, i 17
A UK BT (Ensemble Sensitivity Analysis, ESA). #ZRE: (Error Tracking)
EAZWIINE, TR ZE S R BEFR AR S R ZE G K, AR TR R %2
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ISR BURIR R . B0, FIF ESA J7iki2 Wi K ik i G B2 K 7 (Lynch 1
Schumacher, 2014; Zhang %., 2018; Du 1 Chen, 2019), [ P 24¥ t{fif] ESA
JFETT R BN TR AT, B, 2012 4F “7 « 217 JbaikE KRN (Meng Al
Yu, 2016), *EF§ZN (Zhang 5., 2018; Du Al Chen, 2019), 7= /5% A0 74 B ik
SUKINER (F3 5, 2017) MR IIVLHERII RN (58 2%, 2021D).

Reynolds %5 (2019). Brodeur 1 Steinschneider (2020) £l Lavers % (2020)
AT TR TR B LI R X KV R A S R )R 2 S LT R
IKTER IR, DTS o BEARA U e K R 22, 2 W7 B /K T fi 22 (1 JL 1Rl .- Cao AT
Zhang (2016) WFFUANEE K TR X B ZE 08 B K IR AN, R A AT 1y
ee Y T ] L UL BT 2 4 b, 7 g AR TR A e 1 B K O PR AL B RS B K
AU B R 22, vl e SRR KM T IR ZE A . MIESE (2018) 4047
T2 BUER IR R ECMWE-HRES X 9 G T PH AL 3 i 2 vE AL SR R e A2
W SEIARHE IR 2, R 2N BUE RO s S T AL S ra % mlG s bR i
L I PR 2N SR A AT AR S IR R . IR ISR A E R oy
WrAEINL, FEOF KA B R AL R TIR S . Zhou %5 (2018) VFAh
ECMWEF-HRES X 2016 4 H1 [E AT o R sk i 2P m B 7K (PEPED gl
REJ1, K3 PEPE IA] b THiz 3l 5 i RCR A B K Bk B 3B H .

1223 EEREKTHRIELE

AP 45 FIEAT 5 A B R T R K T b B R A, a2 LR
FUEW], K Geit 5 AL B L H TR H 28 2R, AR 2 A B A = P 25 2R
REVk /N RGu iR ZE, $EE IR IAERE (Danard %%., 1968; Thompson, 1977;
Krishnamurti 2., 1999; Matsueda F1 Nakazawa, 2015; Hamill 1 Scheuerer, 2018 ).
Grit e A B 5V £ SRS B M S EAUTTE, IESEU M 5 R S R
Wit Ak, 0 SRS 205 A0 NOULIN R G AR, M FH P 7 F ST oK 3R 75
FINT IERCR . B4, HEFF B 5 B (Rank Histogram Recalibration) (Eckel £1 Walters,
1998) . 443 4ii B J7 & ( Simple Binning Technique ) ( Stensrud A1 Yussouf, 2007+
AN[E) K BB AR ILEE. (Frequency Matching Method) (Zhu #1 Luo, 2015),
DALE & /K & i KB AR AR R ILAE (Qiao %5, 20200, Ebert (2001) $2HHE
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RICHL 7, AT AR, U NRERE B FRIER, Mot sEE
NI, TIARBE R B R TR . Cui 25 (2012) $RH /R 2RISR AR 22T IE )7
2, BERRZE, ERURZBIENES TR . Novak 55 (2014) 55D 2L
1E7% (Pseudo-bias Corrected Ensemble QPF) % FE Tl iOANH 2 P, AN g ek K
(I TIAR KBTI 8 B 3 5 1) /K s 2217 1

SR S5 b TV R B AR 5 8 TR e AR i SRR A, R R 4
AR EAT M, SHIZRER B ZESRAIC TS B 5 b B . B REAY 2 —
Iz S EA 7k, A8 RS 7R B B AT 4 A0 13 sigli v, I
il IS HOR AR A T PR TR IR0 A o /K BRI DO i 5 . 0 #OEas
B A 0 AT SR 491 132 48 1] V5 ( Logistic Regression, LR ) (Hamill 2., 2004) .
JE+4 47191 )H (Non-homogeneous Regression, NHR ) ( Bentzien F1 Friederichs, 2012).
AL RIH (Quantile Regression, QR) (Bremnes, 2004; Hamill #1 Scheuerer,
2018). Censored Shifted Gamma #J77% (Scheuerer I Hamill, 2015) 4. [§
KMEZEAF 5 PT B LAl M TR A SR 1) e SRR AL BE 22 0 9%, TR B /K T 114
ANHE e, Gt gt E R K S B U T, BT DR TR UK LS S
WA % % (4121, Pappenberger Al Buizza, 2009; Hapuarachchi %%., 2011; Strauch
2, 2012). UIMHri A1 (Bayesian Model Averaging, BMA) N T % 7
b, FTRHERI B K o BE R T U B TR, RER (3t EEA 2l S B ) T
459 (Raftery 25., 2005; Sloughter Z¢., 2007; Fraley %§., 2010; Erickson %%,
2012; Ji%%., 2019).

PLTE A — LS BF 50K ML A% 2 S0 RR BE 2% 2 J7 0 F - B K T 1) /5 Ak 3
(Gagne %%., 2014; Herman Al Schumacher, 2018; Hill 1 Schumacher, 2021;
Li ., 2021). {41, Herman F1 Schumacher (2018) {f FIFENLARI (Random
Forecasts, RF) %tT National Oceanic and Atmospheric Administration ] Second-
Generation Global Ensemble Forecast System Reforecast #& X5 /1 ECMWF 4:Ek
FE TR ARG G, IR m PR K AR . Li 5% (2022) {1 2013-2019 4
fRH A 25 /N AU AT ECMWE-HERS il %58k, 56 T8 2% 2] (1) Convolutional

Neural Network and Long Short Term Memory (CNN-LSTM) AR S 001 = 1 17 1)
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3 h fEK, S5 REH] e KMa M v Rt TR 2 8t Gy a8 5 SR
Li 5§ (2021) FIH 10 23k PR SN RFHAEENRE . 5 AR S5
RKAZEYE 7 ANAREH T @A SR, BT A0 X R s P K i, 4558
R, TR K RN R AR AL TR DT R R R AR

1.2.3 P E i XFEK TR A 16 1T

TESEBRAL 28 TR, E TP R L X R P K I R E A, AR RS S5HRk
TGRS G, B K TR A AR w2 . CAT I 7R B A L 55
B TR 0T 78 R 3 X P K B — e I TR Be 70, (BAEAE SRR, TR
i 553 R0 7 Bl A R PR T Ao 5 DR RUBE AR G /K T AR 1 R B PR R A A, % T
S8R BaE 7K P TR BE AR R D IR AR 2 v, B /K Y RIS SR AR R o B r O L8 S 00
N CEET 2, 2013; 2% %5, 2014; 2016; Bl %5, 2015; B &,
2018; TAMME %5, 20205 Yuan %5, 2020; o fLEESE, 2021; A5 %,
20210, BT AKRFE ST 9B RS URR, 3 BOR UL 7 R X 4
BEK (A28 25, 2014; JBURHE %5, 2015). J555 (2021) Xf t ECMWF-HRES.
PUR XA . GRAPES X3 RUE T4k 524t (GRAPES-MESO). GRAPES 4
R HARUE TR 240 (GRAPES-GFS) X} 2019 AU )1 it 6 YK DX 314 5 W 1o 72
Tl fe /1, KB ECMWEF-HRES H178 g X 38 % GRAPES-MESO. GRAPES-
GFS A A%, ECMWE-HRES 174 By X 3o =00t 7 70 74 Ba 7K Pl fi 22 55070
ECMWF-HRES 1 74 5 X 38t 200 725 25 20 PRk Pl fi 22 50K . X 446 (2021)
56 B e ROBERRE R, A 2R X B ol 545 UF1 GRAPES-MESO fE =
i 20172018 1B /K Tiah, 45 R R WA AR s K T B 7 Bk e v, 4R o
FRIZERBAH GRAPES-MESO ik F Mk %5, GRAPES-MESO X 2/ (=
50 mm d™) PRI s, =AMERAEFARAL . AP PEEL . P LR R AK. Yuan
%5 (20200 PP ECMWEF-HRES 7 PG ra b X (58 B2 . A H ARk, Fi7 H AR
IR, SREERUIG, Sl AT (R R A

BT RS R G I, A5 200t 76 e b X AN () RS 5 B /K T B A A
BER ()7, 2012; ML &, 2013; FFF=2AUCT], 2016 B HEHE 45, 2018).
Iy 77 (2012) FRHEF PRI, 00 )1 G B W 2 N vaRREZE AL IR -V
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AR PR AR B . WD) R T S AR AR Y SRR, FR
J5 =R B M TR FERR . FF I 22 AT (2016) 4% BER SR G B /K 20 AT 4
A A 20112014 4F 78 g b X AR B 5 B /K W7 AR IR DI AR A | YEE D) A8 R R
WA=, K3 ECMWEF-HRES T4k 5 1 S S A4 A oK B AT BETE TR, TiAR
LA R T AR P 98 P A ), H BN R R OK . s AE S (2017) HH 1981
2015 FEPY N ZE ) 23 A Ror R Ao, @ Sr DU )1« AR S PaAR” BUFn “ P
e )AL "R K i g W A A R, AR AR i 1 B R I AR (R TR 275 . B AR (2018)
MR B 2 2 AR A A 2 S0 25V g M IX Bk S, R BV R X e XA
ECMWF-HRES X & g Wiz [X. 724 3 WY i) 2 foR 8 e » F 3055 (2017) ] ECMWE
FRIBEA TR B R0 AT — UK e S 30 R 8 R e (R 4 T TR DY 1 2 3 e AR, R I
SHb IS R 7K P T vy s L 1P i i S K, o sy i ) TR A S i TR e 7K
FERNVE X IR 7o S8 P45 (2013) S 2012 4 U 1| 720 Hh 9 ¢ 78 i v 8 R
FEFEAT T %65 H A3 A R TRARAS 562, A IR B /K 61X = ZEEL T 850 hPa PR 2R .

Zx ERTR, o T A R AR PR A 2O 78 R DX R e PR K AR B A, 2 T
BIFFUAE LA 0 R 22 (R SRVE S 1 BT, AN RE I A T 5 SR At A e sk T 1) o H A
7 7 o b, [X 35 25 A 6 AR AR B 7K 158 22 1) s AR 36 T AR AR 52D 5 %o i
B /KT S5 BT IR 22 22 A0 A, SRAARER A R 2 W50 1 75 1000 SR 9 1
P 1B X )5 A R R SR B RHEIL G A, 772 — B AR X S, ANF
PRV IR P 7K U 5% 22 40 A0 R AIE S FLmT R R

1.3 HERNMZFEENEERRTAEREHF S
1.3.1  HURRR AR B0

ARV SCHUMiE e 1) T R 1) R T

(1) ECMWF-HRES #5300 i [EI R 2= AN R X 4, A [R5 2 Fe oK T RE 77
fa?

(2) W) @ 573 T 24> v R IR R R A4 SR B B A Y, 3
FEXFH L, KR A T e b X 5 K TR BE ) 2

(3) HAE R TR AN [F] PR TS 57 1 70 o 4 DX e P 7 A ) R o e B

10
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LB SR R T Al 22 R AL 2 52 M0 AU R R PR 27 o8 e 3 X 9 7K T
ZRRERIN T R4

132 FEMRAR

BEXTEL B SR H RORE R, AR S A LR T AR

(1) HE R A TR O B AN R S5 2 K (g Tidie g 7. A 20152018
 3-9 JJ ) ECMWF-HRES 5 2B 7K TR SR 2411 /> [ S0k 32 /)N 3 90
B 7K, 4 BT AR 2R r ] DXl oty A T 5% (AN 1) S5 20 B /K T R T I 2 4
ATRFAE -

(2) FRSTEE NIRRT SR T B /K Fidie e 7). 55T ECMWF. JMA il NCEP
HhC A B TR QR B /K Bt A DU S BORE~- 2 J7vk - S 4 v LR G T
DX PRAN SR TR AR, B I Sl 1) B /K TR A 22

(3) BB R AT RS A [7) 2825 1) 78 i 3 X 388 7R SR P oA s 22 RS AE -
FIF 2016-2020 4 74 5 b [X %5 1% [ 31138328 /N B B /K O Bk, AR [y 110 90 Bl A
SREE, Pk i PU R X SR K AR R ERAS B b 0k}, ARIEIR AT St
S AP F, TERCERA AT A RIS WPk 752, 12 W Ont o 2K B K S
FA BNy DA R O R L A B RS M T e

(4) B H {8 RS TR AR = 7 7 1 DX 58 A K AT i 22 0 o8 R < IR
EEXEBR PR AK AR B BT B, VRS ECMWE [ 4 BREE & TR 77 5 ) 7 R 3t [X 5
B /K IR TR A X5, AR S i B G BURNE 3 BT 7 iR LU ER B 0L, A& AN F) 2 IR
MRS KA RGO B K TR 52 .

133 BXETHRH
W —F 4R
W & FE X I ECMWEF-HRES £33 (1 B K T 0P Al A 22 4
WO =5 T DU 28 1 359 1) 22 5 QA B /K T
WOCEE DU 7 R X 5 B 7K A 1) 3 R TR PPALy 2 L PR JRARFAE 23 AT
WICH FLEE 70 R b X 58 A K B B PR TR AR 22 A LGB RS
WIXHAT g5t
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134 BlFEFS
AT R T P R AR T A TR A 6T T B X B A K TR 1 ) R, B S
F =R/ NN

(1) R EASFEI X 1 KA S AR AR ZZ =k, AT o B (R DA
LI EFR AR RG b, AW FORYE 2 5 ST SR RN R S K AR
VP A 4 [ Y Rl SO A PRk T, 4 1R S B R R TR AR
PAL T e s 25 AT ISR IV B E S

(2) PRI R AARGR:, BUER IR AT A R R S b K
FITRBEIAT R 22 5% o ANHIE TR A RF AL RE AR, R BORT IO TR W5 1%
A 224> 3 BLJZ IR B R SURFAE 73 28 74 B DX o P K A, 8o AN [F) R 2 i /K A
PR RN A i Z2 R AL AN T BEAURFALE 28 HY 1 AN[RISRZ i PR S 1 S Tl X 7
DR R i G T 1 DX i K RS AL R 3R L 2 S
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$F285 ERXIE ECMWF-HRES {#53X8E/KARIEEFREST

2.1 5|&F

IR 35 IR AT 0 A BRI A U TR 2R 0 1) v 23 R A2 (DL 7
X ECMWF-HRES) fEHE&H RGN 2, ZHX ECMWF-HRES #7E
o ] X 38 K FRAR VP A OB 72 (140, Zhou %%., 2018; E#L 25, 2019), #b
DRV IR kT H ] 76 350 1L X5 7 i v S RO VP At 7 L DX P i o 7K B 25 5 SR L
TR A I vk A 0 3, BT LA ECMWE-HRES S 8/t [ K TR 24 R 4R
WA BE. 538k, CARTTRA PR K BRORE IR 2 A v B SRR B R B A AR HE (Su
., 2014 FFIRE 2, 2014; 7KRZ5055F, 2014 BRI &, 2017:), {H2AE
DX 3 S T 5 2 7 5 B0 [ PG A6 -5 2R b X 1) B /K FE S B AR b A 72 55 ok
Bk (Qian A1 Lin, 2005; Li %%, 2016). K iPAh 4 EYE H AR TR K, K
JE 0 B2 7K 55 0 B0 1278 R B3t s B /K ISR 56 22 5% (Rodwell 55, 2010).

A3 N ZHG HT ECMWF-HRES 7E A BN [F) [X 48, A 5] R AT 2% A ] B K
SERIIPPAG A5 R

22 FERAFGIE
22.1 &R

AHE AL R R BRI AEHT 20132018 4 1 h WL B 7K RIEfE ECMWE-
HRES X o [ X35 2411 ALk m iR PR KRR o PRA ) 2411 AN TG 25
SURZ A A AE RS DX, 16 b DX R i 9 e S X 3 AR R B2 (B 2.1 @)
B 2.1 b A SO R 20 o B 4 XK R 7, SCHR BT iR 4R 3 105°E PR,
ALFB g 355N DAL, ] St /N B /K B R HE 2 T & R AR AU 9T
(Yu %., 2010; LiZ%., 2015; Zheng %5., 2016). SARH[ESZHIRMLHI /NG
ML K ST T RS, O T ARUEA DA T R M, 7R A A I AN Bk
LR, XN BRI BERLEEAT T — 2P R PR, B P B A A R
SRR, 1 h O K KT 30 mm MIREARREAT TR B fEX R
RAERTJE 3 PN Bt S B KR AR, MO AR B KA i, 3k
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TR 138 MR KA

AT IR EE  ECMWE-HRES B4R HE 2015-2018 4E 3-9 it
SRR IS 18] 79 00 UTC TR R0y 7 RBEK A &5, 0-72h A1 72-168 h ik
] R IR 1] 23 932 23 ) 3h A6 b, E[RIF HE3R 0N 0.125°X0.125° K G4
E777E% ECMWF-HRES TR 7K 52 A% xS 500 4 (8 20035 2 (North %5,
2013),

55°N

25°N

e
80°E 90°E 100" E 110" E 120°E 130" E

45°N

N | -
80°E 90°E 100°E 110°E 120°E 130°E

0 500 1000 2000 3000 4000 5000 6000
m

21 (a) FEXR 2411 MEERARS S50H (BEES) UERFEMES A (B
B, B K, (b)) XER4A: KX (NE), @ (BB), HERE (HH), 7k
X (NW), HIEHiIX (NC), KILH TR (LYR), [9)I|#&H# (SCB), X

(SC) Mz=mEE (YG)

Figure 2.1 (a) Distribution of 2411 observation stations (blue dots) and elevation (shading,
unit: m) in China. (b) Regional divisions and elevation of China (shading, unit: m):
Northeast China (NE), Bohai Bay (BB), Huang—Huai River Basin (HH), Northwest China
(NW), North China (NC), Middle and Lower reaches of Yangtze River Basin (LYR), Sichuan

Basin (SCB), South China (SC) and Yungui Plateau (YG).
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222 ik

N T fi# ECMWF-HRES #520tF o [ 4 ) 1l DX AN 7] 45 2 B K A TR i 77, Hh
T A (]t DX (3 A TR0 1) 1 g 7K R L 2R AR [R) PR b vk, S8 T 2 PR 7 rhoRT o
GRS T #SIE VAT 2 H AN [ DXCSEAS ) B R P Kk RO b v, 17 2 o I BTl o
I — it (GR 2.1, iRV EZbrdE GB/T 28592-2012), RARXANEE
PRIAS [ DX A2l 1) B K A TS S 22 0, 5 1) R — A AT s PR BB K UM 1 5% 22 e ) 55
Gt DL, AHEICE ekttt 2411 AN PPAl s s 3 h A6 h PRhI E] 2y
PRI A7) 5 4 e K R AR v

WA RS E A iR %2 (SEEPS) P43 J7VEBE S AT AU AL R B /K 52 UM 1 B
i ) 1) 78 (Rodwell 5%, 20100, A RAZE HY AN [R) UM 55 AN [R] 37K o O R0 AL
F T SR K SR B 53 0 DA RAS B AN [F) S5 T 5 A B K B #EAf 2. (Rodwell 4%,
2010; Haiden %5., 2012; North 5., 2013). 527 XG0 E F% K 35 2R A 1ERE
Z= (Tao Al Chen, 1987; Xie Al Arkin, 2001; Wang, 2002), [Klitt, AZHFFTHK
i 20132017 “FBEZE 4-9 Hulk ORI K B kL, R SEEPS J5ikdu B K S 7
NEFREIK . R R K RIS K (Rodwell %5., 2010; Haiden %., 2012),
SrA3 3] 3 h A6 h FSSFEAK H 55 B2 B K R ok B /K PR B /K BRI, e
§5F87K 0y 3h B 6 h RAREKE/N T 0.2 mm [IFEK, 55K R AEMEN P,
171y F 58 5 B K S R A AR P R K A Ps (M, =P B K
RN 1 (Pi+Po+Ps=1), K, AT AT 3E 55 BEK S0 i 15 3 v S5 58 B2 [ 7K
BoR KA bR HE. FIH SEEPS J7iA5 3 Hh E 2411 Mk 3 h 5 6 h HIg5FEK
el &R K SRR K IBIE (B 2.2).

R 21 HESZRBEIERS SR

Table 2.1 Rainfall classification standards of the China Meteorological Administration.

3 12 h mm! 24 h mm’!
/NFE 0.1-4.9 0.1-9.9
HR 5-14.9 10-24.9
K 15-29.9 25-49.9

N =30 =50

15
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2R 3 h 55 R K EL LSRR T 00 80, P QTIH RiE. AR e iR DAL
DUHBIX R 55 A LE BN T 25%, oAt 2R 505 3 [X 55 B /K EL I 7E 25%-30% /e 44
T P S 217 5 R X 55 K Ll Bl e v, 29 32-40%: 6 h S5 FEOK LB 43 (]
2.2b) I3 h§REAKEEI A (B 2.2 a) K00, HiE 6 h 33K EEIE/NT 3 h
(IELBl. 3 h A1 6 h Hh 4558 B2 B AK FIAC IR B /K IR 20 AT TR AS A AR AR, BV R
8 00T BB A R T P GRS X o BBy R g AL b X A B Bk, 3
h A1 6 h [X 73 H & i B2 B /K 5 3505 P K I BB 73 70 K 2908 7 mm AT 10 mm, LR
R AL A, X R A 73 308 5-7 mm Al 6-10 mm, PE#BILIX K%
il OO 2 ) A /N T 3 mm AT 4 mm, AR SR EE SR 5 X 38 (20-35°N, 97-110°E)
$t 583 AUl Al IR LN L 3 h AR K SRR KBME R P AECN 3mm (8] 2.2
c, d)o AHFFAFE] 3 h A1 6 h K EIE 73 A7 A0 b [ U B K 0 A RS AR, (Yu
&, 2007; He Al Zhang, 2010; Li%., 2016), 2B HIFRAE ML T 36 5 <
15T 525 52, A8 LA EARvEIEAS ECMWE-HRES F#7K b o [ T ol s 36 F — s
HESE A =

55°N

(a) SN % (b) %

45N+

35°N-

(©) (d)

30°E 90°E 100°E 110°F 120°E 130°E 80°E 90°E 100°E 110‘:.15' 120°E 130°E
B 22 FkK (RREEK<0.2 mm) SHTAREKES] (AL %): (a) 3h, (b) 6h,
ERAKEBEFEKMBRES A (BAL: mm): (¢) 3h, (d) 6h

Figure 2.2 The number of light precipitation events (accumulated precipitation < 0.2
mm) as a percentage of all precipitation events (unit: %): (a) 3 h and (b) 6 h. Threshold of

medium and heavy precipitation of stations (unit: mm): (¢) 3 h and (d) 6 h.
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HT DL b U = 2B K A, 5 ECMWE-HRES F& 7K iR 4T 52 R E B
PPAL, 58 T M VP AL AL HE RS Y TR 0 TS A1 ETS ¥4 Hpkieig . Bk Sk
R ZE VS, 5 AT TR L FE B 7K TR O 22 AR AL 3 T iR iR 2 . 3 2.2
JE A I HIAG 3645 b S H g o

F£22 KBHEHFEREENX

Table 2.2 Evaluation of scores and their definitions.

R € X RPN
TS 4 rs—__ la Schaefer, 1990
Ny + N + N¢
(Threat Score)
ETS ¥4 g5 = — Na = Nre Brill il Mesinger, 2009
Ny — Npes + Np + N¢
(Equitable Threat Score) N (N, + Np) (N, + Ng)
"l 7 (Ny + Ng + N¢ + Np)
SRR & SMR = _ Nse | 100% Rossa 5., 2008
Ns4 + Nsc
(Special Miss Ratio)
3 % N,
SN &S SFAR = ——SB 4 100% Huang #1 Luo, 2017
Ns4 + Nsp
(Special False Alarm
Ratio)
BS iF 4 s = Nat Np Haiden %5., 2012
N, + N,
(Bias Score)
TR wi < iz =00 Hong, 2003
N
(Mean Error) Chien %%., 2006
WAL T iR % [N (F; - 0,)?
_ N
(Normalized Root Mean NRMSE = R

Square Error)

(1> TS PFor5 ETS Wiy
TS ¥ XFRIE A 4850 (Critical Success Index, CSD), W3 2.3 s, Ny

AT TR B SR, Np R PR B IR, Ne oK

17
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IR (Schaefer, 1990). TS VE45 & FFE/K AL o WL PEAN B8R, TS 1PF
R R TR ME RER T o Nyor R FEALIE 0 T AT BEIE R TR AOAIIK, ETS 4>
B TR TR, RiI& T BREMEIVEAFMNE, F4 k4 Bk iE
AR 5 Fi kAR RSAIR I B

#£23 BEERRIER

Table 2.3 Two-category contingency table.

Forecast
Observation Yes No
Yes Ny N¢
No Np Np

(2) FRRISHR R AR R 4R

IR R SR TR P23 o 1 B B4y, Dy o A Ons 450 e /K 0 i 15 T
AL, ASCE ST RERIN TR IR R S i (3R 2.2) 0 BORME K FAF R T
RE SECE ™ HEKE, W ECMWF-HRES JRRk T 2016 4 5 H 7-8 Higm g v ILE8
HIsR KO AR, ORI R IR SRR E, 4 41 NRER (AUT) 4%,
20160, BRI R GREERRGER, TRARAMERE RN, R P K AR Tt (5
GOl 55, 2013; A%k 55, 2016). 2y 1 fif ECMWEF-HRES X r [E# o fa K 554
TR AE 77, VPAL T PR R] B 5 S0E 7™ 5 E AR RAE DL S — B2, S
B K F, T ECMWE-HRES TR Ff/K #46T Omm, RIS B0 /K
HAF TR, X BRI AT DR R RN . Nsa A2 BT TR LR 7K
FIAIIR, Nsc TRl Esm b K AR (% 2.2), SMR it ECMWF-HRES X} 4% 5%
BEK FEHRIR A LG . 55 —FhE /e, ECMWE-HRES F T F 7K Bk 31 i ot b
FKARHEBIE, T3S A K, XS IO R T R T AR
BREKEIREY, FRTIRWE G RATK . Nsp & T REEFE K B
R (R 2.2) Rk TMFE (SFAR) FIRiPAIN#HRZ (SMR) "] H LAPEfli ECMWE-
HRES 458 200} o [5 552 58 e /K SR TR A R R
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(3) fWZEVF

2 1Eor (BS) e J — B K Tk im 22, B4 1 ik E s
AL S Z EE (Haiden 5., 2012). BS HI{EM 0 BIES5 K, BS A 1 BFAUE
AT BT
(4) PHfwmzE

FR#E Hong (2003) Al Chien 2§ (2006) MW, FHwZE (ME) & X AH
B 7K I K TR S ek 2 W P~ 350 22, P SR AE TRARAE ARG 22 S5 72
fE. 2.2 % ME RIEX A1) Fi Fon ERAE, O RmMMIME, N FoRi%KpEKH
(EREFN 8
(5) PRI IR 7

BT ZE (RMSE) s Al s SN [R) TR A 2 M 22 1 — N b &, N T
Xof LEAS [F] B /K S TR R 22, 75 BT Bl mbm 22 5, DRI 38 7 A iR 22 18R4T
PR HEA o RIDRE St £ 10250 75 AR A% 22 ok DA X 43 m 58 58 B8 e K 5 0 e /K P R A - 3 2.2
HARAEAGYS 77 IR 2 2 NRMSE RIAH R Ay & B2 F /K 5 8GR K RME,
A HADSF 5 A ME FR38 U B R L— 8 A1 18 ECMWEF-HRES X}
NRMSE KAE il 5 25 [0 70 A )RR, SRR 2411 N3k i NRMSE {EBEAT HE
F, EEkHZEHEE 90 H LA 1 A

AWFFEH 3 h Al 6 h IARHE HIRT 0-72 h Al 72-168 h TR &5 R ATT
fitt, NTHEZHT MR 3 RUPMESE R, 0-72 h VR SERAE 24 h 5T 90T
an 0-24 h 85 5 9%F 3 h — VARG R IF1Y, 1T 72-168h & 6 h — IIFAE 45 R
W18, J5 XM 024 hy 24-48h. 48-72h Fl 72-168 h 73 HIFR NEE—.
T R VYV B B

2.3 FEPEEREKEARNZTE S

MM SEEPS J7Z3k1F 1 =KFE/KBIME (B 2.2), XJ 2015-2018 4 3-9
2411 AWMl f I BE K BEAT 9328, G5 SRR W T AT B KR AR = 28 [ /KR A 23 A
SN2 IR (B 2.3). BEAKS SR DXL T 2 B A 6 s S 2R B 0 Al
b AN AN RE = ) AN S 1 W S e o A e 2 T R i e
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KIRREAL (] 2.3a). RFEIFMEI KIS 1982-2012 F 5 K AIR 4
AREEAR—E (Li 55, 2015), {HLE DY) 7504 0 B KA mAEG, 31X 7] B A& 2015-2018
FERETRZILIX B /D 5. B 3b—d AR K. H S ORI o A 7K
FEAS B R0 AT, [ R 77 K 70 5 35 B K AT CR £ 150400 WK, Hh =
el 1 7 e SR P L5 B R 2 5 R 5 PR KA o 5 s R G 7 S5 K
BRI 12 R DX A, T R AL AR BB X K2 150-250 Wk, Uil it e A ekl
X, B R K55 B R A R B 1 (FE 2.3b) 0 F 25500 5 B /K RIS 3 B K TR AR
AR A AR FEAR 25 [ A3 A AR, (B 2.3 a, ¢, d),  F A B gi A8 433 A 1
S50 R e /K AR B B K ARG T 10 9, SRR L R K R A de /D [ X ek 2%
b ZREREACR AR (72 18] 43 AR AE D R 7 4 X AR e TG T, B i X

RAEIIR AR o

55°N

1600 400

45°N

1200 300

35°N7 g0 1 200

400 | 100

(d)

800 400

600 300

400 T 200

200 | 100
. :g,?v‘ 4 e P -.‘Wf -l ‘f:“"
& ‘A.;:;f' 0 v 4, —:> 0

80°E 90°E 100°E 110°E 120°E 130°E 80°E 90°E 100°E 110°E 120°E 130°E

B23 (a) BFEK, (b) K, (o) FEREKM (0) BERMEKE 3 /MEEEAD T
(BABL: O, =ATHERNET 10 RE9HE R

Figure 2.3 The number of (a) total precipitation, (b) light precipitation, (c) medium
precipitation, and (d) heavy precipitation (units: times) in 3 h for stations. The black

triangles represent less than 10.

24 FHRRREBESHRERE
TS W M ETS W £r s 7 AR AR B o0, Joik s R D 1 A 24 (1 5
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O, SRR B R TR R 2 4 n] BE AT OR (5 ™ S AR K, (A, ARHA L ZEE A ECMWE
B K B IR AN IR IR AR D0 DLRT BT FE R 2 22 B0 1 R 1 BRK AR 2 i ittt AT
TP, TR R BB K RGO, A€ T R R (SMR)
AFFIR AR AF (SFAR) (3R 2.2), RPRIR IR A ARG 7R 2 1 3R] DL st x5 o
B K PR TR O o

B 2.4 D9 DUAS DAt B B0 K SRR R IR AR SRS I 25 (8] 0 AT o R AT
=ANVRA I BURERE PR OGN, Rk RO A SRR v RN, e 2 AE
A2 Sl ZRAC AR B s R R A X, 4 et XA EE b XS R
AL IR RAR (B 2.4 a—c); ZR DY PPAL I BT B R IR IR IR AE AR b i 2
HUONHEIR, MEER . = F MU AR RN IR A > (B 2.4 dDo PHRGHA
DA DU st (R IR IR IR A e 2 ([ 2.4).

55°N

) SR ®

45° N

35° N4

25° N+

15°N
55°N

(c)

45" N A

35°N4

25°N

80°E 90°E 100°E 110°E 120°E 130°E 80°E 90°E 100°E 110"E 120°E 130°E

0 4 8 16 40 80 120 160

B 2.4 FEERIRIREDIRN AR, TN 0 BIFEAR24G (a) 024 h, (b) 2448 h, (c)

48-72h, (d) 72-168 h (Efr: &)

Figure 2.4 Number of special misses (units: times): (a) 0-24 h, (b) 2448 h, (c) 48-72 h, and
(d) 72-168 h.

ECMWF-HRES X H [E 5 9 P /K R R TR 4 % (SMR) A4 52 3L Ak ) e 93k

oA (B2.5), I HBEE TR 808 i SMR L 234 nr&ass . #rsEt e
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AV VEAL I B SMR B I (B 2.5a, b), 28 = PPl B ial R i Al
WS IEEBIX 3 SMR B30 (B 2.5 ¢, SEVUPPANET BOFr s P il NS
JB# AL X 4k SMR B9 % 0.7 BA_E (& 2.5 d). XFE SMR A1 SM ()73 A ,
RIUEEFIBX R R IR R X, 3L SMR AR, 1K IR %0 X 5 i 4K
ML, MR K FE RS (B 23c, .

55°N

45°N A

35°N

25°N A

45°N A

35°N

25°N

15°N . . e 1 —
90°E 100°E 110°E 120°E 130°E
00 01 02 03 04 05 06 07 08

B 2.5 SEBRIGIREM A, (a) 024 h, (b) 24-48h, (c¢) 48-72h, (d) 72-168 h

Figure 2.5 Spatial distribution of special miss ratio: (a) 0-24 h, (b) 24-48 h, (c) 48-72 h,
and (d) 72168 h.

B 2.6 9 DY PFAR IS B 035 IR 72 FR S A AR 25 1) 73 AT o e R 2 ik B0 23 T 73
AL RFE T 2 TA0T7, R T P00 . B0 b/ R R D R AR IR IR 4R A TR
25, Rk fURF IR R A B VAT W) S B T I A5 i 4 I ) 1 s S K
DX LAY AR E VG e L XANAR
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55°

45°

35°N

25°

55°

45°

35°

25°

(2)
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(d

90°E  100°E 110°E 120°E 130°E

80°

E

90°E 100°E 110°E 120°E 130°E

0 50 100 150 200 250 300 350 400 500 600 700 800 900

B 2.6 FFBREMEEASE, (a) 0-24h, (b) 24-48h, (¢) 48-72h, (d) 72-168 h (H

Figure 2.6 Number of special false alarms (unit: times): (a) 0—24 h, (b) 2448 h, (c) 48-72 h,

and (d) 72-168 h.

5 RF SRR AR AT (14 7315 S 255 AN (7] (0 A2 R R 2o R A P ] 1 o 3 [X 5y (A

2.5, B2.6), ERFFRSIRE (SFAR) 25 8] 43 Af AUk 25 AT R 40 A 47 ek
5 (B 2.6, B 2.7). EREHIX . =575 A E U7 S — VPG I BRI SR —
PRAl B B AN B ) SFAR AEXT R (] 2.7a, b), SFAR FfKMH X VG Bl & Tl
R R R I B K (B 2.7) 0 S =P BE SFAR KT 0.8 I X 34 K (]
2.7 ¢, ERVUTEALES Bt SFAR KRAEJGHI#E— 24 K, SR mMUIE, BRI
HN AL, BT S AU SFAR BT 0.8 (B 2.7 d).
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55°N

(a) (b)

45°N

35°N

25°N

55°N -
(d) SR
45°N

35°N

25°N

80°E 90°E 100°E I110°E I120°E I130°E 80°E 90°E 100°E 110°E 120°E 130°E

<4 "N .
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B 2.7 FEBREIMEBRDA, (a) 0-24h, (b) 24-48h, (c¢) 48-72h, (d) 72-168 h

Figure 2.7 Spatial distribution of special false alarm ratio: (a) 0—24 h, (b) 2448 h, (c) 48—

72 h, and (d) 72-168 h.

2.5 RABHRARITS

A5 2 AR R T ) LU S A AT PRk B I BE - 7E 0-72 h VR 3 NPl
if Bt ECMWEF-HRES X H [E 5 Y R 1) TS V4370 A AR, (& 2.8 a—c), fEH1HE
ARFB X ) 25°N-35°N 43 17 (A R TR TS P2 M e, JCHAEATT P R i
XK TS PForfem KT 0.3 o [ PUER G R PR TS MR- kN TR, 55KkET5
G (2014) BRFRAEIR B0 oo s o R X W R TR TS WA m Ak, KRATE
0.1-0.15 Z I8 o XJ ELHT = ANVTAR I BORIEE DUANTPAG IS B R Pl TS P43 5311
Y5 VU VYAl i) B i 0 7 o e DX G T A TS VP40 AT I3, A5 31 A 7 e
EIAG )T R DA AR A b X, A DX Y AR TS A
B TKRETTE (2014) WAF TR IR TR Y, B Y TR TS PR A K,
SEVU VPG B R TR TS PPRormg s T a0 =N B (& 2.8), AT RE S A TR i)
IR > ey o0, I e idlimr, TRER AT (SRETT 48, 2014).
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55°N

45°N

35°N
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35°N

25°N

“E 90°E 100°E 110°E 120°E 130°E

0.10 0.15 0.20 0.25 0.30 0.35 0.40

K 2.8 FEFWR TS ¥E42434 (a) 0-24h, (b) 24-48h, (¢) 48-72h, (d) 72-168 h

Figure 2.8 Distribution of the TS for “rain or no rain”: (a) 0—24 h, (b) 24—48 h, (c) 48-72 h,
and (d) 72-168 h.

X TS Wor et G328 ETS VP43 1T LAVH BRAS 5] Hhu X 1 08 B K A ond vF
IrHIFZI . ECMWE-HRES X o [ i i 7idl ETS PP Bs{E X 5 TS A AHA,
HOOL T AR BB DX A1) 25°N-35°N £ B 7 , 75 R 3 [X I #5101 446 B 17 50 9 W R 194 ETS
VPO IRARL DX s Bl TR ST R 38 (11 2.9), W R AR IK ETS VFE4r FEA, i fl
X ETS P70 AEE — VPG I B 0.3 980 N5 DU PRSI B 0.2 Zida. 45 b,
ECMWE 3 r ] 5 7 TR R 30 A TUAR o bR A TR R R e, 6 o 6] 2 50 v 2
DX IR, 4 e 0117 ot DX o9 TR RCRAEG T ) A A S X
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55°N

@ ®) SR

45°N A

(d)

45°N A

35N

25°N

K29 [FIE 2.8, {H8ETSES45H (a) 0-24h, (b) 24-48h, (c¢) 48-72h, (d) 72—

168 h

Figure 2.9 As in Figure 2.8, but for distribution of ETS for “rain or no rain”: (a) 0—24 h,

(b) 24-48 h, (c) 48-72 h, and (d) 72-168 h.

2.6 R PEKTIRMRESFE

BS 2 iR % 7 5 I P 2 L, BS<1 RoR B Al B AR, BS>1 R
fi T Al B K IR . ECMWE-HRES #E2AE 48 o [ % S B S il oK, BS i
TR B R 3 s/ (B 2,100 A/ 3 ANPPAGET B, BS>3 fful s P 7EAE RS |
= o e JE AT SR HL X (B 2.10 a—c)o KAL A FUFM BS {5 K. ECMWF 55K
TR R R K I TR SR B (B 2.10). Z BRI 745 - ECMWF-HRES #53{
EAti/NRY (Haiden 5., 2012; WEEAAN 55, 2017), SATHIFTER —3. X T
SERRIE K K LA EREK, BS MRS B 2.10 AHIF, {H BS H{E K &L
B (& 2.11). BS>3 iuli Al T 7E = Bt e SR AT AR R B IX
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& 2.10 [&KE BS ¥E4r4rA (a) 024 h, (b) 24-48h, (c) 48-72h, (d) 72-168 h

Figure 2.10 Distribution of BS for precipitation (=light precipitation threshold): (a) 0-24

h, (b) 24-48 h, (c) 48-72 h, and (d) 72-168 h.
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Figure 2.11  As in Figure 2.10, but for distribution of BS for precipitation (=medium

precipitation threshold).
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S g 1 X 558 28 7 ) B A e A 22 A AT B EL R AL 7T

TEATA VR T B, K22 Hiah s s B K ) BS {35/ T 2, ARG HI X It B
B (B 2.12). HEEHIX ) BS /N T 1 B R 00 0 w2 . 55—
B, BS fH KT 2 (sl U RIS 2 5t R (8] 2,12 @) 7EH .
PPl B, R X A BS BRI/ (B 2,12 by o). 2 4 PEAERTEL, R
w1 BS BIR/NT 1, B A R X A B A A P AR A . R K
ARAT A P55 i TR B 25 (R N T 3G 0 o 2 BT A — 2SAHF SR B, ECMWF-HRES 15
A T 5RFEAK, T X R A B 2 TR AT B0 N34 0 (Haiden %5, 2012;
Pt 25, 2014; WEEAA 5, 2017). BS R4 T 20 AS A28 B /K 1 il
BRI, ME JU B8 45 H i il B 7 R 540

55°N

® (b)

45°N

35°N

25°N

I15°N
55°N

(c) (d)

45°N

35°N

25°N

80°E  90°E 100°E 110"E 120°E 130°E 80°E  90°E 100°E 110°E 120°E 130°E

0.00 050 1.00 150 200 250 325 375 450

212 [FE2.10, EANEHEEK BS (E3210

Figure 2.12  As in Figure 2.10, but for distribution of BS for precipitation (=heavy

precipitation threshold.

LA I 25 30T 7 ECMWE-HRES S A [ 55 4 7K | H 558 B [ 7k DL R B i o
JKIT TS VP48 ETS VP4 A& BS P43, TP E =581 ECMWEF-HRES %+ 3
B K TR AR o P50 22 S WA R K T I AR iR 22 00, P32 (MED
ot 6T {1 Tk 2 B A Py o /K TR BB 2

Hh [ K X 58 47K ME 7E 0-3 mm 2 8] (& 2.13a), A5 A EILAR
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552 & [ XI5 ECMWF-HRES #1 BE 7K FURPFAS 0w 22 70 #r

Fifi 2= KT hdb. T EE T (55K ME K& 38 5 KT 1 mm, FH#52HX
F155 %7K ME 7E 2-3 mm 55 7K i 22 5 RAE DX o 677 1 X B v 1 X 55 K
] ME 7£ 1-2 mm &b, HARKHE S A 550K ME /N T 1 mm, HApEdE L&A
5y AL 55 P /K ME 7E 0-0.5 mm 2 [A], A55F%7K ME f/MEX (E 2.13a),
AR 55 7K ITE ME KB XI5 5K 250558 (2017) B4 B4 RAHE] o o 2R3
b DX KR 23 50 H A R P K P B TR R 22 9 IE R ZE (B 2.13 b), HihK
VLA R AP R 30 HLIX ) ME 76 12 mm 2 (8], N P8 IE (R 2 M e KB X
PRI L G T 0 A 2 3 7 2 ARG B R IR X3, HOR . ME 7£-0.5-0 mm 2 [A] (]
2.13b); M0 PG EE A7 3 AUH) ME 5, e g gt o 5 64k 22 4E-0.5mm  %-1 mm 2
], N2 i W X 3. [Rt, ECMWE-HRES i i [ 2558 i [ K K 22 o
TR A 22 43 A0 S A g R 77 KT A6 T HZRER T 6 IR AE

o [R5 i B K T A 22 15 35 B /K . SBR[ 7K ME 2 8] 40 A A UK 22

(F 213 o). HEEERMKN ME N fufmz H ME FIZ80HE B 2K T 55 /B

SRIZIIREK, V] ECMWE-HRES i o [E 45 5 B K T4l B 2w/ (Bl 2.12).
ECMWEF-HRES 5§ & 40K Bk B R AR (Haiden 5., 2012), v EHGRFEK
fK) ME 26505 (B 8% 52 300V 98 ) ZR 3G 00 100 23 AR T2 5 10 0 FR) 5 7K ~F 35 TR s 22 K
ZME-5-0mm Z [A], ZRFBIF5EFE K F- 200l 22 7E-5 mm %20 mm Z [A], 4% 22 &
BRI K TG, b A g b X P35 f 22 f e K TE-15 mm %2-20 mm, FHkAEALF
J5 DRI i b X P 3 e 22 B AE-10 mm 22-15 mm (B 2.13 ).

£ £, ECMWF-HRES 5} [ §5 B K i) Fik S 448w 2, ME 431 N AR HB K
TUHAGHES s xhep E K 20 p 0 A K TR 22, B B Ry L 7 e R
e T P P A S A TN TR K &, A R DR Al s TR B K R A o A
BT ECMWEF-HRES 50 r [ 55 [ 7K A e 45 58 2 2 7K P i 22 1T 5 37K T3
Wefm b, S5ENSMEAL ECMWE-HRES FE/K R Z R E—80 (FFF=2 %%, 2014;

Moore Z£., 2015).
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55°N
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25° N+

S0"E 90°E 100 E1I0°E 120 E 130"
]
213 RRRMEATSEARRENG GA: mm): (a) BHK, (b) HERAEMH

K, (o) BmmEA

Figure 2.13 Mean error for different categories of precipitation (units: mm): (a) light
precipitation, (b) medium precipitation, and (c) heavy precipitation.

PRHEAL I TR ZE (NRMSE) & X ON¥I7 iR % (RMSE) R ELA L X 79
HH 52 o 7RIS 5 A8 K PR B AL C TR 2.2, "8 T DAY Bty i A M 1 4 25 SR R A
AT AR K DL AR K BB EAT T NRMSE Pl .

r ] 2K 4 X ) 55 P2 7K NRMSE VAR T PR R, 4 [ OCHER 3k 50 ) NRMSE /)y
T 1o BT =ANPEAL I B NRMSE AHXS 8K 3 £ AT B0 B NRMSE KT 1.2
(3t 70 B A3 A FE A PRI ARG IX S, ARG W PRGN 1L 75 R 3 2R 3 5
B 7K NRMSE {IRAA X (1] 2.14 a—c)5 58 DY DAl Ny BT AT B 7 34 3 4> X 9 AR
XTEEHH I NRMSE KAEIX (B 2.14 D).
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55°N
® FEE (b)
45° N+

35°NA

25° N+

15°N
55°N

(c)

45°N

35°N-

25N+

80°E  90°E 100°E 110°E 120°E 130°E

-

05 06 07 08 09

& 2.14 ZEFHEKEHRIRERSIFTRRES A (BAL: f£): (a) 0-24h, (b) 24-48

h, (¢) 48-72h, (d) 72-168 h

Figure 2.14 Distribution of NRMSE for light precipitation: (a) 0—24 h, (b) 24—48 h, (c) 48—
72 h, and (d) 72-168 h.

5550%7K NRMSE 43 A AR, A 4558 B 7K NRMSE 7E 78 #ih [X & T P i 4t
X, AREHPEEGRE K NRMSE KA, 5 R AAERIL . TLERL K TG HhIX
S — VPGS B NRMSE K AE 3 i EZ AR AE DY 7 . Al P 5 DA RV X 3
R A 2 NRMSE KZ /T 1 (B 2.152) 7E55 P4l Bt NRMSE KT
1Pyl e BN, AL X W AL A ARG X R R, DA Y )1 2t
B (B 2.15b). EH =V B, WISt IX i 458 B2 £ K NRMSE
A BTSSP R HLIX AR NRMSE KT 1 B3k s A XA 1 22, oA sl fUAE X
THE AR BRILHBEN (B 2.150); HEYPHERTE, NRMSE KT 1.2 [k
FESEAL X IR /L, 171 258 5 B /K NRMSE KT 1 [R5 55 78 P R AT X 45k B 5
B (B 215d.
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55°N

@ S0 ®)

457N+

35°N-H
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45° N+

35°N+

25°N+
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R v

0.9 1.3

B 2.15 ZEEPEFEKEHIRELISTIRIRES M (BAL: £5): (a) 0-24h, (b) 24—

48 h, (c) 48-72h, (d) 72-168 h

Figure 2.15 Distribution of NRMSE for medium precipitation: (a) 0-24 h, (b) 2448 h, (¢)
48-72 h, and (d) 72—-168 h.

B PE K ) NRMSE B K155 K M o &% i B2 [ 7K B NRMSE, - HAE YA
PG B RS E . HEG T RTFERX, M MER, B
TR %K 5% (Tao A1 Chen, 1987), ECMWEF-HRES #5523} 45 5 B4 7K 1 T X
FERR o SR b 28 B A 55 B K ) NRMSE KT U T, 78 B3 [X K 22 3l p A 4%
5EFF7K NRMSE KT 2.5, JorhAedb el VU1 1 i IX 2R 350 0 ok B /K
NRMSE ¥ RA X LBl TR 2803 AN R - 0] 78 2 JER AR 7 8k i 0 P 50 i e 7K
NRMSE kTP i X ) He At X (P 2,160 0 )1 72 1 F) s TS R0 52 i 2R Gt ) 52 4%
P, T BB 5 B A O 0 1] 23 1 e e K TR A 22 1) B R R 2 — CREE 5§,
2013).
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Figure 2.16 Distribution of NRMSE for heavy precipitation: (a) 0-24 h, (b) 2448 h, (c) 48—
72 h, and (d) 72-168 h.

N T LA R = R KR KR ZE B U AT, AN E S 2411 AN b
NRMSE HMW/NERHER, B 2.17 g5t 7 =2 K ik 2% 8 20wl /0 55 90
507 NRMSE K3 f140 i, 45 R 2% 8 ECMWF-HRES XF 44 ZR 30 B Hh XA
Vg 1t DX 2R 408 10 TR 17 22 E 25 B 7K B T 0K, TR A T ARG 3 v [ H At [X
%, G 55 3K R DR ARl 25023 A A O R 43 B8
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35°NA
25°Nq heavy et 1 e heavy o
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15°N :
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(c) (d)
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- light 7 i - light .
15°N T T ‘ — ‘ " T T — .
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B 2.17 2 90 HAL KL ERIFR AL T IRRZEE B (AL £5): (a) 024 h, (b) 24-48
h, (¢) 48-72h, (d) 72-168 h, L FUNEGEMEK, TANPEREK, B ARIEMREK

Figure 2.17 The stations with the top 10% highest NRMSE in each precipitation category.
(a) 0-24 h, (b) 2448 h, (c) 4872 h, and (d) 72-168 h. Red spots represent heavy
precipitation, orange spots represent medium precipitation, and blue spots represent light

precipitation.

27 FREINE
A EAGH] 2015-2018 = 4-9 J =il 22 70 ##2% ECMWE-HRES B K Filfi,

M E 2411 A E S uE N KM FE R, X ECMWE-HRES B 7K 7k 7 i
BEAT T VPAN T b A [ M X R SR RRIEZE R BUR, E A SEEPS 77 il
SE T EFXS 3G AU 3 h R 6 h AN IR K S R A bRt SRS R AN [R) S 4 ) B
IKFAEPPA ECMWE TR AE 7)o A5 BB Uik a7 I 2 040, 45k
LI

(1) FIF] SEEPS Hi%A3 5] 7 A& 2411 ANub 58 3h 1 6 h BN EAH
TR KA BIA, P S ) A A2 R 2R R 1) PR A3 s, b ER VS R R G b
DX g R 1) B AR DX 3, G AT it bt X R R 1 X o b 7 ¥ 345 1) A 5
A5 L& T AR IX BRI, e 15 3 1R 22 20 A0 0 TR 4 S0 A =

(2) ECMWF-HRES 5 N TR P70 ek A 2 TR R0RR 0 TR s R e
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TERITH Uit X R 5, A 0 78 3 3 X PP o [ AR (i bt [X o (H
BB TR] 0 FE A (3G I, PP TR . S A b TR e 28 o T s R . 3o
52 58 A 7 R TR AT S AL DX PR AR, o v 5] 2 08 e X P 652 5 e A R AR A 2 o
B b K ISR b 7 KT 77, EAG A R oz o o6 o i e DX P80 it e 7K s gt
W%, BORMK S RPN o e X S e

(3) ECMWF-HRES 200 - 55 K Ao &5 5 B2 Bk Bl 22, Mo
B /K T B> o FRAEA I T MR ZE AT R W], B /K Tt 1R 22 Bl o TOUARe IR R ) 485
PTG, KRR, et B R Y R X K TR R ZE K

A EE TR AR 5 B AR SABARRAE , A I 7K 23 9 55, P&, B K =28,
Pt T ECMWE-HRES B 7K PR AR 2Ox o [ B 7K B TR BE 0, AN 18 1 B0t
B KA T TR AE R L, 03— 0 il T AR O AN [R] ik s T iR 22 K/ o PP
i IX | AR B R X TR TG AU, X e S 2, TR ZEK (Chen
&, 2012; Sun Al Zhang, 2012; Bao # Zhang, 2013). XK A A LLFEA
MR R, WS TR R AT S AT, FOWE BT IER
QPF Tk 45 &
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55 3 5 FET DU AR Y S 8 1 20 A8 AR PR K T

E3F  ETINHEMRBE R SR KK R

jilllg

3.1 g

55 2 %431 T ECMWF-HRES B0t 4 [ X S5 A ) 2 0 B K TR 317, 45
SRR BB KT 75 i X P K TR 5 T3 AR RT3 L XD P 7K B 25 5 e B L
TR AR AR AR 9, BT DAE— 20 ) 1 e i X (R B K AR EEAT W 7 . EEXEAS
[ PR 5%, R e B 23 43 2R 1D e /K TR AR B A AR A P S FH AR A o of {5
TR G5 TR GE v T 728 AT fa A B, g 7 — M A 5 W 2504 2 ) ) [ A
R, HEHE ) TR 45 I HERA B (Matsueda F Nakazawa, 2015; Hamil £ Scheuerer,
2018). DIM-HRERISEEY (Bayesian Model Averaging, BMA) F&—F G5 i1l A
TG AL PR TV, F TR RedR (L TC R K RO RE S AT 9 B O 22 20 AT, SRR T
AT R A BT (R 45 R o FESEBRok 2%, B KR FHIR LA 5 1 T g 52 B 14
TR B £ 1% £ (Hapuarachchi £5., 2011; Hamill 5., 2012; Strauch %, 2012).

O 1R A BMA JHiE M52 N T 24 h 73 BRI FRK TR, T 1 56 b4
IKBEAEF AR RS —brie RIEEE 5, 20135 Ji 5%, 2019). N AP
VU X A SR B K, R AN [T 5N K TR A SR K T R 7 K, A
AR BMA J5i, 43l g v [ X 3ORT PG B X301 6 h Bk i iy, 454
55 2 AT B0 U [ S5 B K bRt %o b 4 [ AR B0 7 g X 3RS 28 0] 17 i [X
i o5 B K TR TR GE 1, RN T BMA X 75 B 1 X 3 2 R I 4R T, 28
A SEBR TR T B R TRk 25 2R

32 &R

The International Grand Global Ensemble (TIGGE) #{#fE#E /& The Observing
System Research and Predictability Experiment (THORPEX) 43R%C HAEM RGN
FEHIESE, ZEPEEEFE: ECMWE. The Japan Meteorologic Agency (JMA)
F1 The National Centers for Environmental Prediction (NCEP) %5 12 M {H Tk
OIS TR e, BFEE TRk (Control forecast) ML) Fifk (Perturbed
forecast), M T & MARERKMBIRHI ST (Hamill 5., 2012; Swinbank 5.,
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2016). TR EHE AT LA TIGGE WuliRHC,  Hodhs i e K Tk 20N 360 h, 77 [A]
K4 HRE N 0.5°X0.5°, A3 #3506 h, & HAT 0000, 0600, 1200 F1 1800
(UTC) YA ] o A2 ECMWE. NCEP Fl IMA 710y 421 7 25 51

FESTRE, DR fRIFK ECMWE. NCEP 1 IMA #55. [[45 2 B fffs 7k, 60
LB AR A A% S BERHE (B R 2411 D3l AT, Sl sl A&l 2.1, 6 h REEAK
T 0.1 mm id TG FEK,

R4 ECMWE. NCEP 1 IMA #isUH ARt A], 22017 £ 4 H 1 HE9
H 30 IR 1200 UTC BTkt R sy, g il s A T 2=
PR IR . T . BRI [R] 23 HE2 08 6 h, TR 204 0-72 ho Su % (2014)
FRIPPAL 45 R B T AR SO 33 0 =M TR v i 2 B0, P DR TR B B3 K
JE A PR /K TR

AN Ak SR A ] 5K 3k 32 /N B B /K B R (R AR SR 2 35), 2017 4
4-9 H FILINEHE T BMA 7B TRARPERE 3l st B /K T B (B R FH 26 2
T 6 h BURMKBIME (B 2.2), Bk K BE A0 A b B SRR K AT
FAL CYu 5., 2007; Li 5., 2015), XANFEKEBEARAER BT 5k 5 S5
S, AR DA EARHE TS BR MK L BT il IR — MR HE A R, TR
FEVE R HRIX .

33 MRAE
3.3.1 DIMHEmREIF

Sloughter %% (2007) KA Khyy, (V| fn) IR APIER 7

Plfu far wes fur) =

Sm=1Wm [P = 01y = 01+ P(y > 0lf) gmIfin) Ly > 0]] ... (3.1

AR G, BE RN, 5 R A K,y
BRI AL &, fr R MBI TR, wyy, & EEmANSE ALy B I 1) PR AS Y
I B G IAER, wi, > 0, HYM_ wy, = 1, wy, R BEAMERLLE I 2R 1A BB 15 1
Wk, MAESEG A WRTERS B[] PS5 RIS PEROL, RaRREon 1,
B NFER R ECH 0.
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55 3 5 FET DU AR Y S 8 1 20 A8 AR PR K T

S HB NN 0, [ HZ AR R e O -

, p m
logitP(y = 0|f,) = lo % a0m+a1mf1/3+a2,m6m .. (3.2)

T WE KN B 48 R A R (32D, doms @y My m WS, Hy T
TR () PR SR B4, PR PR £ XS TT AR, BN T 55 — DR -8,y 5 O
NIERREL RN 0, A, 1, BTG 00 X248 B AR AT 1R 5
A DAFE—E R B AE IE HoAmas

A 32 P RAERERE MM, ] Gamma HERRERL

In(flfm) = Wy“m texp (—y/Bm) . (3.3)

A3 (3.3) FIRIAFEM 2SN, Gamma 700 /& B A7 A W & 157 7
M 534T . Gamma 4377 K SEOR R B AT BRI T £ Hetan WIBIRSEL, B,
NRIEZH . Fraley % (20100 WIHTFRAR T iZITERITA S8, ATRA Tk
TR TT IR 5 A KRS L
332 THERBE
AT R, 452 BMA TR ARt (1 3 K3 %5 eR $ (PDF)
PDF [ 50 B0 PR I € PEFR . AP 348% % % (Mean Absolute
Error, MAE) %t BMA THAREAL 1 i PE TROEEAT VEAl, 3 P82 00 MR R VP4
(Continuous Ranked Probability Score, CRPS) X 5 74 ity i Z& 1 T 4R HE AT PEAH
(Sloughter 5., 2007; Fraley Z%., 20100, Miif53|& I BMA iR,
MAE——Z L f = o .. (34
AR 34T RTURME, o & WMIHE SAE, NATHRIEIRE. MAE#/)N,
VU FTAR A UL I Py 22 )N - A R R AT
CRPS = =SIL, [*7[Pi(t) — H(t — f)]dt .. (3.5
CRPS FR M & AR MR TR M e . FE A P () R R Tk BAR i
PREL H(t— )N EEE, He<f, BEREERN 0, [N 1; NZEFERK
IS/ 1@

Hamill 55 (2004) IR 7T, TR R 79 %K 211 1/4 R, Sloughter 5 (2007)
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KIL 1/4 AR TE R A Gamma 7347, Sodk T TR F AL BE, S r A Y (1 5
e H TR R AR IR AL 7 AR o A T AT ST TR IR ARt L e R I, 78 TR N 20 0
24 h I, BMA THARAAUE FH FK RISZ T ARG RO T 1/4 i (GR 3.1, wl5a )
R E A Sloughter 55 (2007) [ HENIZRIKETY 30 K, INZRIREA BARFEK
RECERINE 10 K.

£ 3.1 XHER TR B R

Table 3.1 Compare the performance of predictors to the model

Predictor MAE CRPS
Cube root 0.9502 0.7550
1/4 root 0.9558 0.7598

ANFE R, BRI ZRIXET BEAN A (Sloughter %5., 2007), Raftery 55
(2005) FF 58 F B OR P P AL BE M TR, BB VIZRRECH 25 IR, Wilson

& (2007) FEHIXINE IR EE TR, mAEIZRIRECH 40 k. CA WRE ST
Forp, BEK TR (R (] 2 B8 2 5 24 h (40, Liu M Xie, 2014; Zhu 55, 2015),
— RO IR B E N 30 IR (Ji %, 2019; Zhao %%., 2019). AHE I H FE/K TR
I 6] 3 #4450 6 h, BEEN[E) 2 FF M5 &, BMA TR b I 2802 B %
LY 6 h 43 PR B KA A 1k 3] dg A TR AR B I 2R B 24 h I ZRiR B2
B

W% 3.2 P, A PR R0h 0-24 h 945 1) 28 B B A 78 I 2R v Bont 1idi
IR IGRIREOA R 40 WK, BEE UISREE N, MR TR /K i) CRPS ¥
DA IGRIKEY 40 X, MAE HfK. 45& MAE Al CRPS HIZR &R, #&
H BMA T2 I 2RIk EC 40 IX
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R 3.2 YIGRREBER X AR

Table 3.2 The scores of different training times in the prediction model

Training Time MAE CRPS
30 0.9502 0.7550
35 0.9498 0.7546
40 0.9495 0.7543
45 0.9496 0.7543
50 0.9497 0.7543

BIF FERIME 55 o 8 IR 40 3RS S AR PP B B IR I 15 o Il e SN

MAR = 22—, ZSHRFAR = —C—, NN, BIULIBIHaR 4K, TR il
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Figure 3.1 ETS for “rain and no rain” of the BMA model and three forecast models
(ECMWEF. NCEP and JMA) from April to September 2017.
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Figure 3.2 As in Figure 3.1, but for MAE (unit: mm).
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Figure 3.3 F1 score of forecast models (ECMWF, JMA, NCEP) and F1 score of different
percentiles from the BMA model.
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Figure 3.4 Distribution of F1 score for (a—c) ECMWEF, (d—f) JMA, and (g-i) NCEP and (j-1)
best F1 score of the BMA model.

B T T (B 23 43 A e I 9 A R M X A T A i B — BB, Day-3 I
RE AL BORT26 90 H /7. 76 p L X AR 3B I B AL e ik, /NFEE 80
L, AR FARHL X PR T 20 2 A RFAE o R T 2 o O A 2 B 5 T B 2K
HEhm Aok (& 3.5, BOBIR R OCEEE S Tk BaE g 2, BMA &1t
IR HOE R AR R 3, ORAIETRE A RE o« AN [R) 30 RCE AN 7] F0R I 25 e P8 v 70
PN, PR B A TV e B /K, 75 B 5 Sl e R TR B 280

47



S g 1 X 558 28 7 ) B A e A 22 A AT B EL R AL 7T

55°N = Day-1 — Day-2
o A
45°NT O P
T e i
Ll' L N2 R
R ;
Wi -
25°N+ &
B .
15°N : e
55°N Day-3
©
45°N{ S
. g: -J_i(,., V).—".\r \r)\i’f?\. :
PN ey
T P ,m{\%
o J - 7 - Rk 4,
25°N e ]
15°N

80°F 100°E 120°E

-
7 75 80 85 90 95
%

K 3.5 BMA HIBRIREALEE A, (a) 0-24h, (b) 2448h, (c¢) 48-72h

Figure 3.5 Distribution of the best percentile with lead times of (a) 0-24 h, (b) 2448 h, (¢)

48-72 h from the BMA model.
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Table 3.3 The scores of different training times in the prediction model for Southwest

China
Training Time MAE CRPS
30 1.2264 0.9817
35 1.2258 0.9809
40 1.2252 0.9800
45 1.2257 0.9800
50 1.2260 0.9800

R34 AR 7GR X 3 R PPy

Table 3.4 The scores of different models for the stations in Southwest China

MAE CRPS
4 [E A 1.2462 0.9917
[l Rt 1.2252 0.9800
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Figure 3.6 Difference of ETS between BMA and different forecast models (BMA minus
single forecast model), (a—c) Day-1, (d—f) Day-2, (g—i) Day-3, the upper left is the
result of the BMA minus forecast model.
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Figure 3.7 As in Figure 3.6, but for difference of MAE between BMA and forecast model
(BMA minus single forecast model), (a—c) Day-1, (d—f) Day-2, (g-i) Day-3.
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Figure 3.8 Difference of F1 score between BMA and forecast model (BMA minus forecast

model), (a—c) Day-1, (d-f) Day-2, (g-i) Day-3.
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Figure 3.9 Precipitation forecast at station Yilongduring June 27-31, 2017, and at station
Jinpingduring August 27-30, 2017. The lead times are (a,d) 0—24 h, (b,e) 24-48 h and (c,f)
48-72 h. The horizontal line is the heavy precipitation threshold of the station, and the

abscissa represents time (DDHH, UTC).
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E4E ARBXEMRKEH D XTI R EIFREFES
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7H R X M A B R, KR AR A E A (Ding %5, 1992;
SBEEAVEIE, 2007), PRETRHR AL A EEEPRAR, IR X SR B K R TR .
V8 R L DX AR A PP A AR TR A R B B XA, R AR A R 5T, Rt ph R
b 1X 588 % 7RSS 2 TR PR PP AT DA B AR e 2 e JHG TR e A 3 170 = 22 i DR LA R 11
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[ A 41 Ak 2 27 2 il VRS I AL 37 1) A=A, B A 2 O0g Bk 12
B 4> A PRAR BE 77, H I J73%40 SAL (Structure Amplitude Location), (Wernli,
2008; /A, 2010). CRA (Contiguous Rain Area), (Ebert 1 McBride, 2000;
PR %5, 2014) F1 MODE (Method for Object-based Diagnostic Evaluation),
(Davis 4., 2006). T M52 B0 55 B00E Tohoss U7E 76 e b X AR 7E S R
i, TR ARG B R K A (R 45, 20145 JBURIE %5, 2016; FRE B
MIFEER, 2016; H¥EdE 55, 2018; EAMME 55, 2020; Yuan 5., 20200. {H)E,
PUREHLIX TR ARG A, B AN [ R SRR 1 S i /K ) TR
HWEZER (), 2012; FFF=HMATH], 2016; HEEAE 5, 2017; Tang 5.,
2021).  H Hi7E 75 R X T2 (A ke g B AR 0 B 2 R /K T iR 22 1) s A A 36 1
TEAINT D, R BT 52550 RRSIE AR FOE AR, TERE— L
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2020 - 4-9 H ERAS P/ Hr 854, FLNFR] 3 #5304 1 h, 25 [8) 73 #9608 0.25°%0.25°,
MEEZCN 30 |2 (Hersbach %5., 2020, XI5 FE/K A IR AT 20 U AL . %
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Figure 4.1 Geographical distribution of 2513 surface automatic weather stations (dots)
over Southwest China, the color represents the height of the station (unit: m).
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AL, XA 3 h B KE SR BRIEKET B, N3 (128 75 H /A {E N 563, ratio 1)
5575 HAONEN 0.658, HEILPhik it 227 AR B, B 4.2 a A N3 5 ratio
AT, TR X IR 2 (1) N3 0N 200-400, raito v 0.5-0.6 [T
e N335 600, ratio & 0.6 HYRI AT &5 Fir A /7 A EEBIDON 5% 24 (B 4.2 b).
B 4.2 FRH 248 S BOR ratio BRMENES 75 T 0 0BT, NTEBhade w7 B0 sk
X. FWME (20200 PIHFFH DX 24 /N R 7K AR BIEE L) N 2-4 mm,
H IR 5 AR R KA.

59



S g 1 X 558 28 7 ) B A e A 22 A AT B EL R AL 7T

4000
135
52

-3200

0.7-0.75 0

0.6-0.65

= 0.65 JELE 1308 034 583 103
173

Lacc
£0.55.06 225

0.5-0.55 246 1600

800
02-04- 27 28 46 20 3 4 2 ENRE 4081 3630 2838 9 2 272

0-02- 0 1 0 0 0 (1] 0 Byt 4032 3631 649 513 272

: $ 7 » l b@ & & o 7 d S ¥ . ,,»}3“ & ‘
M S A ' "

N3

B 42 (a) WP BEIERMEKBRERESE (N3) 5EBFEKEH (ratio) HAGKIH
&, (b) N3 5 ratio ERAHEIHAE

Figure 4.2 (a) Heatmap of N3 (the grid number of rain belts exceeding the threshold of
heavy rainfall) and ratio (the ratio of heavy rainfall), (b) Heatmap of the cumulative
distribution of N3 and ratio.
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(5) PREFAFHAMEZEWT, T MODE J5ik (Davis %., 2006) &
ST IZ R K FAE 0 RV K, BRI S0 BEK RS X3 R E A S
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(6) = LN 5 o A B S Sy 3 S W AU DM /IS 31K HE P 1 365 90
ET A3 1 B = A

60



5 4 5 PG b DR P KA (70 TR PP A B EIAGAFAL 70 B

15°N all obs _ at}er smooth :
(b). =
Y .
oy 2

- ]
- { -80
key range 40
(). e 20

‘/ \ +, ;
. -5
-0
R sy
» e 7 e
e T ) SR s,
20°N 100°E 105°E 110°E 100° B 105°E 110°E

Bl 43 REKSEANFERTREBUREE: (a) R—NREKEA R RPN K
i, (b) ALTERFREREKRDIE, (o ARLREHEFREKIR, (D ARE
BRI ZBRFEKEAFOEERT (BAL: mm)

Figure 4.3 Schematic diagram of selecting the key rain belt of the heavy rainfall event: (a)
the observed cumulative precipitation of the heavy rainfall event, (b) the precipitation after
convolution and smoothing, (c) the precipitation after threshold determination, (d) the key

rain belt of the heavy rainfall event (unit: mm).
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1
D(R) = < X jep Rij .. (4D

— D(Rmod)—D(Robs)
4 0.5[D(Rmoa)+D(Rops)] .. (42)

A PRER N[-2,2], A>0 Fopid Xk D s il 7Pk E, A<<0
PR TR IR AR AR, TP BKE . A 2B B O R s TR (e 22 0K
A=0 RS I AP Y B K S A R, 58P o 22

L1 — |x(Rmod)d—x(Robs)| (44)
Ry = X(ij)er, Rij ... (45)
— Z%:an|x_xn|
r= > ... (4.6)
L2 =2 |7'(Rmod)d_r(Robs)| (47>

B KA B L R B TR w2l 5 I Ry i L B 25 5. B 4.3 W, L
PRI, S5 L R Tk SNA I E O W ZE B, 28 =5 L
FE BN B K X SR B 5 0 5 35N R S IR O AP 2 B B, d R IX SR D I IL 5
SRR RE B o 7 i WA 8 R ARAE Davis %5 (2006) [RIBF5T 45
WAFBRMER" = FR™, $&IRZ ATHIRF T, £=1/15 K153 H A RN A1 5 25 000082 1) R
BNHEE (Wernli 4., 2008). Rmax F/R AKX IH D (15 KfH, Rn K&
NS PR BT, e, s BN RS RO A8 AR, RS 4% WY 1A BT o or B 5 3 PR K
Yy O B EE RS AT L YEHN[0,2], L BROK 2o R iy o B TR d 22
LN

v = Z(t.j);f;ZRij _ ir;x ... (4.8)
Rn Rn
_ INeiRaVn
V(R) = no ... (4.9)
V(Rmod) =V (Robs) (4.10)

= 05V (Rmoa) +V (Rops)]
FEoK G518 S 73 N R 7K TG LR 3 7K IR P AN 358 3 DR, R MR, [R] L H ()€
o S HUETEEIN[—2,2], 24 S>0 B, R K Tk o M R s g KA 4
WA TR N o 2 S<O I, R 2UFR 7K A 0 B i /1> B33 7K A A2 DA T4 A
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433 BEKERHRREUNDE

) E L X K 1 8 R G R I e s 7 XU DL S I By = R 4, IR
HISZ I R G AR SR IR AIT) AR L4 (Xiao Ml Chen, 2010; s, 2012),
7 75 [ R GV BB E VA B K o © BOnT B K Fi4 7 28001 70 2 FH 3 — AN IR s
fEEE R B RE A EIRIIRE G 4, 2008; He %%., 2017; Tang %,
2021; Davenport %., 2021), 732CRA et — 03w . AW 7T FFAE 4 8 AR
BEAT AR E, Jedk THRE | AT 028, RHAE 1 %= oo 2 (19 200 hPa I 500 hPa
MIRT 8w B, JEEEA 17-40°N, 90-115°, FRAERFIE | 0 2Rpsh Fabat -, FHit
THFE 2 AT /028, RFAE 2 29 700 hPa (1) U F1 V X3 L K& 850 hPa HI/KVAiE &,
JE N 20-35°N, 95-110°E (). HARK 73 KI7RHIE R (Tang 5., 2021).
T AN FEFF A R 4 R IR AS ] 93 2R A 8 — {68 P B /K S TR A e 20 4 e
Y, FtHXTAEERATIREAEEE, RERENIIE.

5r2$H i Calinski-Harabaz index (CHI) (Calinski #1 Harabasz, 1974).
Davies-Bouldin Index (DBI) (Davies %., 1979) Ll AHIC R ELMI P 45 F KA
i o

CHI & X N:

__ tr(Bp)m—k
T tr(Wpk-1

Hrb m NUNGFEARL k I, B2 2 R U7 2R, W2
Sl N B B T ZERERE S tr RERE I . CHI 73 B8R, FoRf2E H SR,
RERZ A B CHI BEACR, 70 2R H 48 Rl .

CHI ..o 41D

DBI & XN

! s.+S.
DBI = lZmax L
8 i#j d,j

... (412)
Horpn BIGANEL s 25 1 ADSRAIRI L, BISEH] i T I R R e
IR, 2R i 52R j B A EEES . DBI 7> Buil, ERE RN
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Figure 4.4 Temporal distribution of the heavy rainfall events.
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Figure 4.5 Statistical characteristics of heavy rainfall events, (a) start and end time (UTC),
(b) duration, (c) maximum intensity of precipitation, and (d) area of the key rain belt. The
green triangle is the mean value and the short blue line is the median value, the upper and
lower extremes of the rectangle are75% (Q3), 25% (Q1), the upper and lower whiskers are

Q3+1.5%(Q3—Q1), Q1—1.5%(Q3—Q1), the circles are outliers.
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Figure 4.6 Distribution of SAL for heavy rainfall events by ECMWF-HRES model, (a) 0—
24 h, (b) 24-48 h, (c) 48-72 h. The upper histogram shows the distribution of the intensity A,
and the right histogram shows the distribution of the structure S. The box in the upper right

corner of the subgraph represents the number of events corresponding to each quadrant.
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Figure 4.7 As in Figure 4.6, but for the key rain belt of heavy rainfall events, (a) 0-24 h, (b)
24-48 h, (c) 48-72 h.
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Figure 4.8 As in Figure 4.6, but for the strong center of the key rain belts, (a) 0-24 h, (b)
24-48 h, (c) 48-72 h.
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Figure 4.9 The structure bias of the strong center of the key rain belts. Blue represents the
proportion of bias due to both range and maximum rainfall, while orange and green
represent the proportion due to range only and maximum rainfall only, respectively. (a—b) 0—

24 h, (c—d) 24-48 h, (e—f) 48-72 h.
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17-40°N, 90-115°E) X ifEKFHA#E4T 703, T 47E 7% & CHI H1 DBI 704,
X CHI A1 DBI JEATFREA AL T, P45 TP 808 — 2 IORLE, 3311780
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41 FRASEH 2-9) HEEAEMAIES

Table 4.1 Scores of heavy rainfall events with different classification numbers (2-9

categories) based on feature 1.

FKAEH CHI DBI NS
2 119.032 0.895 0.5
3 112.128 1.002 0.53
4 95.573 1.143 0.52
5 80.844 1.33 0.56
6 76.944 1.428 0.61
7 65.418 1.458 0.54
8 63.988 1.435 0.51
9 58.243 1.475 0.5

538 6 285 ISR B K S AR BEAT ARALLRE TH AR, ZE b v AR ALLRE BT FH 1147 = B
TGN 17-40°N, 90-115°E ] 200 hPa 1 500 hPa 734 =i . %22 [AIMIAHOC R
BB 4.10 FroR, SRR RBOE RIBOK, W3 1 A 2 AHOC RN 0.98,
FK 1536 MHXKARECH 0.31. BT LLANSEHZ B AL EE B m, BT 2R 55788
RIAH K REEAC . BN & Z IR RARLBE RO, 7E LA X R ECR T 0.9 (113851
VAR — R ZISRHE 1 RS, T SRk SR 2 28

(A Z5F1 B 28),
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Figure 4.10 Correlation coefficients between 6 types of classified heavy rainfall events
based on feature 1.
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gpm), BAESLRMENKHME 1 BERVEE, BREANTHREHKX

Figure 4.11 Mean geopotential height of heavy rainfall events, (a) at 200 hPa and (c) at 500
hPa for A, (b) at 200 hPa and (d) at 500 hPa for B (unit: gpm), the black solid rectangle is the
range of feature 1, and the dotted rectangle is Southwest China.

A Al B PSP K AR IEHFE 2 (700 hPa [KX3% U A1 V PLK 850 hPa [{7Ki%
WD K. HE 42 MR 43 W1, SHHE 2 K5, AR NSK, BE
Gy N 2 I, BRI BRI . TR T BBROK AR DS RS, S REIIA
[FIZR AR OC RECE /N T 0.9 (B 4.12). PHRIHLIX (3R f5K A5 00 A F1 B
PRI, AFH SN, BA2ANE, L7 KE. FErgHX A sRRE K1
N7, Hd ALAECN 19, SR 16.6%; A2 NECH 26, S ECA 22.8%;
A3 22 MM, HEEON 192%: A4 2KH 19 DEE, HHIN 16.6%: AS KA 14
MR, HEEON 122%. Bl KA 7 ANFEE, HEHOY 6%: B2 KL B1 M
M, WA 7450 GREEKEFAR RS B I,
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K42 FR 41, (BN ARBKETHRAE 2 MRER

Table 4.2 As in Table 4.1, but for the classification results of A based on feature 2.

FAEH CHI DBI NS
2 27.834 1.819 0.5
3 20.725 1.919 0.5
4 17.851 1.982 0.55
5 15.147 2.046 0.61
6 13.79 1.922 0.29
7 13.02 1.935 0.30
8 12.175 1.93 0.26
9 11.384 1.953 0.29

®43 FAR 41, BB REKETHRE 2 KORER

Table 4.3 As in Table 4.1, but for the classification results of B based on feature 2.

FKnHH CHI DBI NS
2 3.302 1.8 0.74
3 2.892 1.452 0.42
4 5.052 1.147 0.5
5 3.484 1.31 0.40
6 2.762 1.568 0.49
7 2.451 1.24 0.19
8 1.91 1.355 0.20

9 1.561 1.268 0.09
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Figure 4.12  As in Figure 4.10, but for the correlation coefficient between different types of

heavy rainfall events based on feature 2.
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B 4.13 7 RRFKEMHREERNT /D FHRKESG (BA: mm), EEANAZ, T
HAN B 2K

Figure 4.13 Averaged hourly precipitation in the key rain belts of 7 types of heavy rainfall
events (unit: mm), upper panel is for A, bottom panel is for B
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B 4.14 7 REBEKFMHOZERT SAL PPARE, (a) 8 S, (b) BEA, (o

frE L, RO=ABERSIEFHE RELKK P, BRI LETRERS AR

R 75% (Q3) M 25% (Q1), ETFMImELINRSHAN Q3+1.5X (Q3—Q1). Q1—1.5
X (Q3—QD), EEANEEME

Figure 4.14 Boxplots of SAL distributions for each type of key rain belt of heavy rainfall
events, (a) Structure S, (b) Intensity A, (c) Location L. The green triangle is the mean value
and the short yellow line is the median value, the upper and lower extremes of the rectangle

are75% (Q3), 25% (Q1), the upper and lower whiskers are Q3+1.5x(Q3—Q1), Q1—1.5x(Q3
—Q1), the circles are outliers.

N TR SRR KPR R T SRR, DR [F) TR AR PR IR R AE
TARAEGL . AL S B O T 78 DX 2R 50, 5 A 5 BN 53 M 1 L 4
X (E4.13 a). B 4.15 9 A1 EFEKFRFAFE LA IR TR, 200 hPa
A R R ] 259N DLRE 1 AR AN R A X, AR 3] 125°E (B 4.152). 7E 500
hPa b, VO RgHEX 32 RBAERE M, AL 10U )1 A3, B3 AT b, 588
dagpm ZRSENT R . VR AE 5 R I AL E X R 700 hPa b RS TG R 2R
RS 2RI P AR 0 ) PB B 2 B RS B S5 R o B, SRR K IR P AR S T
KRS RER, BK X TR E RS B LA O T RS LR il K25 2o A2, Ja
W SRS 2R EAE L, SONSRBE K IP= AR 4R 4 T 30 0 2% o RS 20 TR
(RO ANTS S 1 ] RS2 0 B o TR () AERf 28 (Squitieri A1 Gallus, 2016). ECMWE-
HRES M A& R (B 4.15b, ¢, d), B b wg I & He AR 10 5
AT, JEER/N, TRZ R KR 2R TR SR B e B R TR
I A, TR L R /s s A2 R0 TR AR 7K T S T )t R P Ak
FOORPEERAE, DRI X W] R TR 3 = il AL R KR I S A
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B 4.15 Al XA RERE, LEKFFN 200 hPa RFE=40 ms!, ZBELN 12500
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2225 500 hPa AL (BAAL: gpm), HHIELLER 5880 &fHLE, FHELN 850 hPa K
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Figure 4.15 Circulation of A1, the red bar is the wind > 40 m s’ at 200 hPa, the red solid
line is the 12500 gpm at 200 hPa, the black arrow is the wind, the brown arrow is speed > 8
m s! at 700 hPa, the solid blue line is the geopotential height at 500 hPa (unit: gpm), thick
blue solid line is the 5880 gpm, water vapor flux at 850 hPa (shaded, unit: 102 kg s”' m*?), (a)
ERAS, (b) 024 h, (c) 2448 h, (d) 48-72 h.
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Figure 4.16 As in Figure 4.15, but for A2.
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Figure 4.17 As in Figure 4.15, but for A3.
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Figure 4.18 As in Figure 4.15, but for A4.
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Figure 4.19 As in Figure 4.15, but for AS.

B HM A RMm S REAARGER B . Bl KR KM, w0 A% 6
Ja I — 2K, 40°N DL g Hoaz i), (H 0B B s 20 (K1 4.20a). 500 hPa
b, PR X AL TR, Aedbih X O HE RS, TERT AR m PR MR e
R IEH . 700 hPa ARFHRIBAIER, [AILHIEBR =<, ERRTIZ R T 7KK
MR X o A O IX — SRR K TR P 58 P AR AE A R MK (181 4.14 b)), 1E 0
48 h TIARES 20N, PHRIHLIX b R TR f i, A7 B R R, 48 h i fEAE 1 10 R
S TRAR AW ZEF I 0 (18] 4.20). 7 4874 h HITRRIF RGPy, MEA TR A9 B4R
ML HATRIRZE R, 700 hPa b XU 1 TRARAR A, 3% A TIAR S 250 1 B K TR
FIsRE (A FfE (L) WERK (B 4.12). RAEFRS SR iikx 2 0] 68
Fe P BUX S A 10 Bk /K PR A R AR AR ) £ ZE A

81



S g 1 X 558 28 7 ) B A e A 22 A AT B EL R AL 7T

50°N S50°N -
(a) sveu—-/—sm (b) -
45°N - ] 45°N ;_ 57&0——_-—./5730
5820 20
40°N 40 ~ P 40°N - = — *
- ~ 50 - =0~
35°N ; 35°N - - :
30°N ' = 30°N - o e 2
i ) D q 7 * S,
25°N N T ) X 25°N o R
oN - . 8 m/s °oN - > 8 m/s
20°N ) /s | 20°N :? i
700 hP 700 hP
15°N 00 hPal y5on : Sl
80°E 90°E 100°E 110°E 120°E 80°E 9%0°E 100°E 110°E 120°E
SO°N 50°N .
(C) o (d) e
5780
45°N - 5?80—/ 45°N Woa 9
820 520 _— 9
40°N ~ ~— = 40°N - 200 Y N h g
— \\‘( —
35°N - < 35°N - ;
30°N _ TN y 30°N Sy
- ! ki ) N all ' Ay - - -
25°N G?\ . " \ 25°N ,-6 ~ - .
A - iy N AL
) ] 2 ) /s o 8 mfs
20°N 2 ﬁg 20°N - —
15°N 700 hPa] | sopy : 700 hPa
80°E °E 100°E 110°E 120°E 80°E %°E 100°E 110°E 120°E
4 6 8 10 12 14 16 18 20

58 A K

82

ARERZ

& 420 [FE4.15, HAB13&

Figure 4.20 As in Figure 4.15, but for B1.
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Figure 4.21 As in Figure 4.15, but for B2.
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RIRL e FRFHE 2 (700 hPa (19 X375 PA & 850 hPa (/KRB E ). KA RAE
PRI, FETRURME S SRIEAR, KRR A R B RS, Horfr A A
B 3l E0dE 5 /NEAN 2 /NS AL SRIN A R IR O A T E RHLX, A3 (1)
KA DI TS5 MAN T FERIRC A AL, A2y A4 FIAS BIRAE X 38043 A R 40 B
B R R A X ARV )1 2, B2 SIS EEANVE FE #0E B1 280 A RI45H ()
MALE (L) MTRIAZERT B2, ARWHEE (A HRiEENT B K.
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51 5|8

AW TS 4 TARYE KA o0 74 5 X SR FF K SEpEEAT 7 9028, SRR
A P B RBE KT BRI R EIX AL E R R, AL 2R A3 K15
FEROR, FEEMA AL T ERMX . SN 5T itab, A2, A4 F1 AS KW
SRR/, KA XS AT #RE N . B1 A B2 RFH A B K R H R, HRHE
DCARAL, F=ZES DY 1 233, T 5% 8 A RO R AT R 2Ot DU )1 233 38 e 7 C R
B Ko KA TR Z AR (R &5, 2013 BBege 55, 20205 MAJ5
8, 2021), FTUAAREIGEN XS B1 R B2 28, HF TR 30E RS TR X Hh 52 B 7K T
R B R R T

ARG NI TE 3T T HUE RS TR A 78 Rl X TR ARG 2 1 BT ( Yuan
., 20205 W= M EERAE, 2021), FO7E R IO X FEK TR AN E 1 (RF =2 55,
2016; T3 55, 2017), (HEFXFHUE PR 5 G s B K TR 6 RS R G
BRI 10 TR ZE REAE I Fe A0 e DR, AR T B1 F B2 8545
TR Ry PR I B, A8 FH A 4 Tl B R o M BB A O 3 1 S Bk K T B0 114
[, PR FCHE PR O X P 28 R B /K T o B SR B R AU 7, RT3
SR A 72 1) J5 A

52 FRIAIAE

AR T 4 BEAARIFERZ E GBS KRN ERAS #7)
Hr iRk, ik 5 B K LI B F T P4l B /K TR I35 . ERAS B b SR T4
o B K A PR S 5

Az KH ECMWF 23RES Tk 248 (Ensemble Prediction System, EPS)
7=t 127 b I ER AT A TIGGE M3fi3REL . ECMWE EPS 4 R AT AN R 4R
7K (0000 UTC F1 1200 UTC), FEANEIRET KA 50 MBI, S TR 20
360 /BT, TRARSE R A AR F82 8 0.5°X0.5°, B HE%N 6 /IR, 9 A4
FEHSEZ (50hPa, 200hPa, 250 hPa, 300hPa, 500hPa, 700 hPa, 850hPa,
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FlF o AR B K A S MR S PR TS SR SR B K A AR A (5 /)
FO M B (2 /88, 55 4 HHNTR, A ZBR/K 3B A AN SO 00 fr B A5
FEYRE, T B EFEK R Ay o B A2 ) v [ AR 0, AL B e T B K IR R B X e
VO Gk e DR A 25 BT FH IRIBE 4 TR PR /K 0 RHIS TR) 43 95360 6 b, T LA BR /K i
B R 6 h AT, Bl 28M1 B2 B0 KFLE 01 H 8 ANF1 13 4> 6 h 5
IR B, AmrhaE—A> 6 h s[RI By — M. 8] 5.1 72 B1 A1 B2 [T 7 5k
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AERR AKX, FTUEAZE AT, KA TIGGE M5 B1 24Nl 160814-
06 UTC #1 B2 KM 170806-12 UTC [#dE, BATHEX AN Sl ik
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Figure 5.1 The total precipitation of two types (unit: mm), (a) B1, and (b) B2, the black

rectangle represents the precipitation key region.

#£ 51 HEEKAHIFIFR (YYMMDD-HH, UTC)

Table 5.1 List of 6 h heavy precipitation (YYMMDD-HH, UTC)

Bl

160713-24 (1) 160714-06 (2) 160726-24 (3) 180802-24 (4)

200823-24 (5) 200830-18 (6) 200830-24 (7>

B2

190722-06 (8) 190728-24 (9) 190914-24 (10> 200715-24 (11D

200716-06 (12) 200725-06 (13) 200725-24 (14

522 HEEBRMSINGE

G HURIE M (Ensemble Sensitivity Analysis, ESA) Jj ik —fh 5 T4
GG TAR A RGOk, ReRYE — e B H ARG R, S8 B H TN I TR
B 5 KRS E KM < (Ancell 1 Hakim 2007; Hakim £ Torn, 2008; Torn,
20100, VAT E) Z N T K. S 2Hi 8T (Lynch 1 Schumacher,
2014; Du 1 Chen, 2019; Tu %., 2022), %7 VLRI 2 REFR B = W40 BT oA
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G RO R K o ARTENH ESA 12 Wi 248 7 5 /K I B il s B
NT I RABIRIES TR R R, G 4 AR 1] B4 & TR A, 4R
IR TR G, BTEEEA 200 N5t (Zhang %5., 2018; Shen 5., 2020). 5
i/ SAL J7vEB VPG T L I RN AL B L S5 MR TR TS, ik B4R
E IR SR . IR A @ AR AR — S ARIL 774, =
AN BONINAS 20 73 BB A CRITSER B IG5 0 ) (1) 4 AN B BF LR, J e e (BT
TR IR 2) 1) 4 DNRUTCHIRER L. B 5 B1 A B2 BB K I RSB S A
4x7 (28) MFEA, XESEAFEAR N T BT Fe 0 B K TR S 1E I I KB K
AU ET BB X NI 6 h BB K 51 A SR & &N KR T 2]
IAH OGP, BIF 50X /K TR S 26 2 T R SR GERI A5 2% AR 8. Pearson A
KRBT W AR T 2 RS EAR DM N — AN R bR, JEAT-1 A1 200,
Y KRR AH MR . Pearson AHC RETHE AKX N AKX 4.13. A, P
REIHEXIF 6 h SFIIBEK, X A S RS E (. MBS K
W), n REEHAL (n=28), FRILFRESFIE. IENREREERE T,
BB 28 /MO R AR ARSE, A REAAHE K T 0.361 AL 95% 8 (E
J55 DX 8] 1) 4. 35 AH 5%

5.3 SRPE/KATER ARSI TR

Kl 5.2 FIE 5.3 4 Bl Fl B2 BAMGIFEK OGBEIX 1) SAL ¥4, & ARz
ol 485 R Z) S (YYMMDD-HH) . Xf T B 2R [#%/K ik, ECMWF 44 Tk
FEARMAG KGR, S>0 BTG ELBUR, S>0 322 Ky Tidh /K Y v 14
fi/I . B1 F1 B2 EAMIIRH 3 866 011 A<0, BIMIRAL FEKREE, Hr &R G 5
AECAS B1 2B 5 AT 6 R (B 5.2), Bl 2R 3 I ERZER K. B2
KR E TR Z KT B1 S, AN 8. 11 0 12 A B im0k (5.3),
B2 HISRE TR L B1 2R 5 w35 .
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Figure 5.2 Distribution of SAL scores for B1. The abscissa and ordinate represent intensity
and structure, respectively. The color of the point represents position L, triangles represent

bad members and pentagons represent good members.
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Figure 5.3 As in Figure 5.2, but for SAL scores of B2.
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TR L AN DX WM 0 4230, DA ol 8 9 B R TR R Al 22 S, 7 £ L 22
BN (B 5.4 a—c). B2 RAMANRMES L, —MLTFPUIRE, —MrTEK,
B2 RGeS IR DY N ZRER R XI5, Jdhe B PRI DX R APl Bk
DUARAG B K SR, 41T (00 B 22 5K, TR (8 A DXL L0 X 3 1 v k3
R RSG5 VA T 5 B K ol R S EE MY R (1) 5.4 d—D)
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R | et
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Figure 5.4 Distribution of average rainfall of B1 and B2 (unit: mm), (a) observation of B1,
(b) good members of Bl (c) bad members of B1, (d) observation of B2, (e) good members of
B2, (f) bad members of B2.

5.5 24 B1 I B2 28HTA Ao 10 I SR ARBE 7K 43 A1 5 0 2 B A R0 LG
BE— 45 T B TR AN ) TR AR 100, o e RS 5% A7 B R 5 ) P T U T 5
W EERRARL, R AR ARAN W AT 0 SR, R AR BT A ERAE A TR 2 HE 2 M

(Gopalakrishnan Z5., 2011; Kumar 5., 2016), X X ARS8/ B A R X
KRG PERAELE R, ERRT ORI . B2 RIFRG AR E AW YE, K
J G A B W2 5K, B RGP . ECMWE-HRES 14 g [X 355 2 #0478 o 3
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DX AR BRI A B 2 AL v, B VSRR /N (FFIF=2 4§, 2014; M
75 A, 2021),

NG ESA J7iEFUF R B A E 1%, 4875 5 B /K AN TR AN [ K
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[ 6 h ERFFKIIAESS RS, FRELIX ELIF. SR 5 ERAS 208, o iriemis
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Figure 5.5 6 h cumulative precipitation of B1 and B2 (unit: mm), the first column is the
observation of B1, the second column is the good members of B1, the third column is the bad
members of B1, the fourth column is the observation of B2, the fifth column is the good

members of B2, and the sixth column is the bad members of B2.
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54 200 Bl KR KBRS EF M

B1 JE[E/K 557 B A AR S A 35 5 FE 5 AR G R B A & 5.6 Fizs, 200 hPa
e S K OB XA IEAR SR R Bk (& 5.6 a), 500 hPa b 7K R [X
JCILAFAE—ARHE, SCBR X /K Tl 55 AU Ok SR B K, 3R W SR X AL B i A 3
i EE N B1 R K T AR B UK . FEXHRZ B R X N RiR, KR XK
700 hPa A1 850 hPa b I X FIAL 3 5 47 S IRV BBl GAH R 0 A, AU SR B K
HHIE R IX I AREB o 25 G E AL F = FE I o M, AT Tt i B R i F ol
FeIGRE, Bl ZEOCHE X HR B /K I Fiidle 4 R (B 5.6¢, d)s

08 —06 —04 —02 00 02 04 06 08

& 5.6 Bl RFEARBXEESTRPFHRAR (a) 200 hPa, (b) 500 hPa, (¢) 700
hPa, (d) 850 hPa NHARBFRMKXRE, BELLNESRANTFEMNEEES (AL
gpm). EERET 95%EEERBIMHKRE.

Figure 5.6 The correlation coefficient between the average precipitation over the key area
of B1 and the geopotential height of good members at (a) 200 hPa, (b) 500 hPa, (c) 700 hPa,
(d) 850 hPa, the black solid line is the average geopotential height of good members (unit:

gpm). The shading is the correlation coefficient that passed the 95% confidence test.
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Bt MR E A 5 ERAS I H s B s bLah R (& 5.7), KR AL A
TEMRRZBKRAEX PR ZER TIPS ERAS R 2% . 200 hPa S8 X (1R HN
R RBORAE X, I P 0% TR o I v A A SR BFR 22, DAR s o T P AR 24 v
REHIFR R (B 5.7a, e, kM &L M5, 500 hPa FEEE KR
X R DX AL A TRt B A R 2, AT R O 55, AR Fs 8 TR 11 67 i 22
BR (B 57b, e), fE5 4 ECMWF-HRES X 1) iR i% 2 5 U 1 03 0t il
iR Z AL (B 4.20), PORGHLX ES R i hsg, 2B WEg. 7E 700 hPa
#1850 hPa, 4ff 5t ERAS HUMKIRAL B 5 a0 B AL, IR A 5% TR (R
FERES, B BRI X A L AL @ B RS 2 ok (B 5.7¢, d)o BAE
LA T Bl 2BBEACK YL, mERIF R, o2 X AL R DL AR 2
G P 3 B2 R, B FTARORT B SRR /K I TR 200 s 22, L0t T R B IX kil
PR LR AP P LA
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Figure 5.7 The geopotential height difference between ERAS and ensemble members of B1
(shading, unit: gpm), ERAS minus good members at (a) 200 hPa, (b) 500 hPa, (c) 700 hPa,
(d) 850 hPa, and ERAS minus bad members at (e) 200 hPa, (f) 500 hPa, (g) 700 hPa, (h) 850
hPa, the black solid line is the composite geopotential height of ERAS, the red solid (dotted)

line is the mean geopotential height of the good (bad) members.
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SEAEVERE XIS, AFT Bl KKK AE.
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Figure 5.8 The Pearson correlation coefficient between the key area of B1 precipitation and
the wind speed, (a) at 700 hPa, (d) at 850 hPa, and the shading is the correlation coefficient
that passed the 95% confidence test.
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Figure 5.9 Wind speed difference between ERA5 and good members of B1 at 700 hPa (a),
850 hPa (c), black (purple) wind barbs: wind bar of ERA5 (good members). Shading:
ERAS minus good members (unit: m s). The wind speed difference between ERAS5 and bad

members of B1 at 700 hPa(b), 850 hPa (d), black (purple) wind barbs: wind bars of ERAS

(bad members). Shading: ERAS minus bad members (unit: m s™).
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Figure 5.10 Distribution of low level-jet for B1. The orange line is low-level jet of ERAS,
green solid line is low-level jet of good members, blue dashed line is low-level jet of bad
members.
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5.11b), HipgEKA A —5 (B 5.2), MRS E PW A&/ (B 5.11
o BFELIAS ERAS FESCHE X 70 AT BOHAL, {H /2 S8 X 7 R SR B1 2K M7 Y
UL ) PW ZRB0K, 183 6 mmo LF RGOSR A7 22 3t K R 7 AR G B X
PEREHE, ZE R8N 3-6 mm. Bl A MHAKIEERERXEX, — ML T )7E
MO PE R, 53— AL T DY) Z i ZR AL, D) 1] bt v R 3 K 08 U
HULTE R T PW KA, A0 R DG HRE X R s /K ot o X EE R I ERAS 7E 850
hPa FRI7K VAR B ol BT 88 G TIR IR 1 i DA (R 4 S B R T IR i B (1) 5.12)
I 1 O3 FRUAR PRI A T B /K KA X 17K PR B 5 ERAS AL, SRR SRR /K0 2

FEFIZK B R TR A, BT R Z RO . AKVRAE B X P F 3R (K5 &
557 ERAS By, FESHUEB IS 2R TR mISHEE (B 5100,

good mean

N NN = ¥

B 5.11 B13EK (a) ERAS, (b) IFRRE, (o) WRRKBERFKEDMH (LI
mm), F (d) ERASJRIFRRA, (e) ERASRIFERA, () IFAR BRI AR R KB R T Rk

BER (BAf: mm)

Figure 5.11 Distribution of precipitable water of B1 (unit: mm), (a) ERAS, (b) good
members, (¢c) bad members, difference of precipitable water between ERAS and ensemble
members, (d) ERAS minus good members, (¢) ERAS minus bad members, (f) good members

minus bad members.
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B 5.12 B1 K%K 850 hPa KIKBEESKRBEBER S, (a) ERAS, (b) A,
(e) BRR, BEHAEANKKEERE (BAL: 108 kgs' m?), KERAKKEE (B

fr: 102 kg s m2)

Figure 5.12 Distribution of water vapor flux and water vapor flux divergence for B1 at 850
hPa, (a) ERAS, (b) good members, (c) bad members, the shading is the water vapor flux

divergence (unit: 108 kg s' m3), the purple line is the water vapor flux (unit: 10 kg s m?2).

5.5 0 B2 EEEKTIRAXBRSEF 747

Kl 5.13 Oy B2 KK B X 517 A SR S AL LS R E, 200 hPa i
RIEAH S RBOH BUAE G W 5 i X3, 7 0 o 5 0 B /K S Al i FE AR O, 500
hPa b, SCBEDCALE MRS, SOBE DX N I R I 5 Bl i va b p A 35 e 2
Y RIEARDR, Pearson A6 REX 0.6, K2 AH I R E0R KA HILE SR X K AR 0
FALEE, 5 B1AE, B2 FFE/KTE 500 hPa Fofl e (2 S8 XL i 47 35 i
Yy, I BARJE OB IX AT AN 2 AH K RBORAE X, T 3 SR R R ZR b
AR P E R ALK, RS B2 KRR K TRABURR, AT RE S B TRIRTE B2
K RBENRG, HBMWN,
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Figure 5.13  As in Figure 5.6, but for the Pearson correlation coefficient between the
average precipitation over key area of B2 and the geopotential height of good members.

MRAEE 5.14 w50, XT B2 2KBE/K, 5 ERAS A #frimxf b, £RE& X 200
hPa 7 V. i 5 7E SR DX AR 12007 4% v P P o B8 TR AR 55 1T AR s O ) F R 5% 22 B K
500 hPa I, ff f 5% Tl ¥ @ #45 v R VS B b ERAS FE 23 ATz (R3E 1L/, SR 5
TR OG5 IX Aty e R SE IR /MR S5, P8 AR (R 55, ECMWE-HRES
A7 TR B A v T VS R (/R 22 (TR 4210 B B TR B 67 - S B X A i
5 ERAS AL, IR TR K B AR TS . FORZEIR R, X1 B2 JHIFRK
T, BB R0 1 MV e e R 3y e T I TR A g e 55, @1 ety e 1 1) e
BE 21 A NG i (A= A e | o LA R = DR € N L DT e R (A R G SR (T E S
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Figure 5.14 As in Figure 5.7, but for the geopotential height difference between ERAS

and ensemble members of B2.

M B2 FRE/K SARJE KU KN FIHR A ¢ R 4L (B 5.15) SKF, B2 FCHIX
£ 700 hPa 1 HY I IE AR OC X3, R B SR PR /K TR A 700 hPa HY P4 B RUFI 2R
ALK U, TEAH G R B A T O X PG AL L X, 5 DGR X AR g KUy
TG, BUBRPE /BT T AR T 45 510 R KRR G AL B BUR A Ok

(Bednarczyk 1 Ancell, 2015). 7£ 850 hPa Y )I| 73 A< e X, MoKk S5
SR IX PN LA B S DX AT 110 o 5] 78 T DX 1) XU A 0 1 TE AR G (B 5.16)
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B 515 [FE S8, A B2 RKEKKEXEXIZGHRIMHERXRE.

Figure 5.15 As in Figure 5.8, but for Pearson correlation coefficient between the key area
of B2 precipitation and wind.

P B2 KEE/K, fE 700 hPa HICBEX PERGHE, -G Aot Tk i) RGd K T
ERAS, S5XEEMAHKX XN (B 5.16), ECMWF-HRES I Tiixt B2 J57F i rg
b [X P B A7 RGE TR AR R IO 0 (I 4.21), 46 03 T 1) g IR e T R
BUPR R AL O PG B A o AERE K SCBE DX, BF B G5 ERAS XU (i 2240/
MR 5 ERAS AR i 22 50K, 457 ) A 1 B8 PO XX 1) 22 5 B K I = A
E#HE (2021) KL GRAPES-MESO f i{fE = 5w A Fg . 2R F M ik O A1 2 P e
w5, 7E 2 R B2 0 1 T2 i e R T i 22, A2 =Ue 1 v g
RIEMIKIILER . X T B2 BBEK TR, 7 TR0 TR 0 XU 22 5 e KR X 45
FERBEX AL ST, IEGF AR N B AL BT, ik, X Fax—28p K,
B SR M 10 G R TRAR

XFHE BT 281 B2 SRR S A /K Tidie, B 2 A4S i e oo i
/NT B2 K. FEE S8 R, BEA AT TR A 2t ALl SR K e AL L A
75, AIREAR S EON A AL B mAL . PSR, B, AME 9. 11, 124 13
14, X5 B2 8k, wn R ATk K2 2uni i 7 B gy dbia it i
AT 0 KA B 2 5 b R
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Figure 5.16 As in Figure 5.9, but for the wind speed difference between ERAS and

ensemble members of B2.
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Figure 5.17 As in Figure 5.10, but for the low-level jet of B2.
B2 21 PW HISRBEFIVEREIR T Bl 28, & AEEE 70 mm (B 5.18). &
JR A 00 )1 o AR R A TR 25 S K, ERAS 7EDU )1 A3 PW K FAEA K,
B2 ERAS 760U )1 ZR AL B0 AI S R X 1) PW B/ T4 B B2 AT BE 2 DR A T3 A 7
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A R AL, 5 ECE 2 KR b g IE, TS BN R R AR, R
IR R 5 AE S X AL B PW T ERAS, IR R 57 TR 14 W9 5 5 ff I O 7
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EHIX (B 51b),
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Figure 5.18 As in Figure 5.11, but for precipitable water of B2.

MIEI5.19 a AT WL, B2 SE7E [ 7K 5 B IX 7E S B DX PN 7KV I AR RAELIX
AT DY N RACEBFIR S » AKVE E A B T 5 M HX, 1k 20X 107 kg s m™,
BE 5 P DI DY 1T AR 8 11 7K P B R RABL X, 3R] R 3 S 2 R 8 W 1)
FETAREN B IR, A o5 08 11 7K P e 8 A K VE B A0 S5 0 s AR AL, E 5t
M X KPR IE B BRI 15X 107 kg s m?, H RAHE X FI/K Y &K X #i T
ERAS PR3 Wi AU e 51 o AE B PR DU AE SR T, 0 1 53 R K V08 B RS v
T ERAS.
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Figure 5.19 As in Figure 5.12, but for distribution of water vapor flux and water vapor flux

divergence of B2 at 850 hPa.
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