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Abstract

Abstract

Short-duration  heavy rainfall (SHR), thunderstorms, hailstorms, and
thunderstorm gales are frequently occurred in China. The SHR is the highest
frequency among the severe convective weather, which often induce to also the wide
spread, the most influential disasters. The accurate forecasting is very difficult till now.
In this research, the climatic statistics, environmental characteristics, and multiscale
interactions are studied. The structures of storms producing SHR are revealed with
weather research and forecasting (WRF) model. And a new potential forecasting
approach developed. The conclusions are as follows:

(1) Detailed the regional distribution characteristics. Eastern China with a lower
altitude has the relatively high probability of SHR. The accumulative probability for
high intensity hourly precipitation increases from north-western China to southeastern
China gradually and has two centers. One center locates at south China, and the other
one is north China.

(2) Confirmed the relative importance of environmental moisture, instability and
dynamic processes for SHR under multi-synoptic patterns. Parameters indicating the
environmental moisture, instability and dynamic conditions are remarkable indicators
on distinguishing SHR from common hourly precipitation. The total precipitable
water (PWAT) is the best indicator for distinguishing none precipitation, ordinary
precipitation, and SHR among all moisture parameters. It is revealed that PWAT not
less than 28 mm is necessary moisture condition. The best lifted index (BLI) and K
index are the Dbest instability parameters for distinguishing different hourly
precipitation intensities. About 75% SHR occurred with the BLI less than -1.0 or K
index greater than 36.0, while the BLI less than 2.6 or K index greater than 28.1 are
the necessary instability conditions for SHR. Additionally, about 75% SHR happened
under negative 925 hPa divergence indicating the importance of low-level
convergence.

(3) Revealed the diversity and complexity of multi-scale systems and synoptic
patterns for SHR. Both the interactions of high and low level systems and multi-scale
systems have great influences on SHR formation. Both cases of “7.21” in 2012 and
“7.20” in 2016 in North China are happened with extreme low-level divergence and
high moisture conditions. It is the difference of instability that caused extreme SHR in

“7.21” event while long lasting SHR without extreme SHR in “7.20” event. For the
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two cases of “3.31” in 2014 and “4.17” in 2016 over South China, with almost the
moisture condition, but different setting of them, result in much different intensity of
SHR.

(4) Revealed the flow structural of squall line and vortex, and their relation to
the formation of severe rainfall. The moist flow originate ahead of the front is the
main water vapor transport channel. The rapid condensation of moisture below 5000
m is the main reason of severe rainfall. The researches about the vortex show that the
formation of the deep vortex system is the vertically coupling of the upward
developing vortices and the upper vortex. The continuously transport of moisture air
at the right hand side of vortex can explain the long term maintenance of precipitation.
Numerical simulations show that the structure of matured squall line in “4.17 2016 is
in good consistent with the classical model. There are 4 main flows during the mature
stage. The warm and moist updraft from the surface that originates from China South
Sea is the main source of moisture. The cooling and sinking of dry air comes from
Indochina peninsula is the main cause of thunderstorm gales. For the “7.20” 2016
vortex precipitation, the upper, middle, and low-level vortices develops independently
at early stage. Dry downdraft and wet updraft at opposite sides of vortices made the
convection mainly develops at the lower east of the vortex.

(5) Proposed a new SHR potential forecasting approach. Under the
understanding of key environmental conditions and three-dimensional structures of
convective systems for SHR, an objective potential forecasting method was developed.
Through piecewise linearization of the physical parameters, the environmental
conditions, satisfying the condition and degree of SHR, are represented in the form of
probability. The results show that this method can accurately give the possible
occurrence area of SHR, and its test index is even better than the operational
subjective forecast in National Meteorological Center (NMC/CMA).

Key Words: Short-duration Heavy Rainfall (SHR), Environmental Conditions,
Formation Mechanism, Mesoscale Convection System (MCS), Prediction Method
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Figure 1.1 Frequency of hourly precipitation excess 20 mm h™ and 50 mm h™ (from Chen et al
2013)
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Figure 1.2 Convectional model of the kinematic, microphysical, and radar echo structure of a

mature convective (From Houze (2018))
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Figure 1.3 Schematic diagram showing how a buoyant updraft influenced by wind shear and/or a
cold pool. (a) With no shear and no cold pool, the axis of the updraft produced by the thermally
created, symmetric vorticity distribution is vertical. (b) With a cold pool, the distribution is biased
by the negative vorticity of the underlying cold pool and causes the updraft to lean upshear, (c)
With shear, the distribution is biased toward positive vorticity and this causes the updraft to lean
back over the cold pool. (d) With both a cold pool and shear, the two effects negate each other, and

allow an erect updraft (from Rotunno et al 1988)
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ez EHET Xz 0

< ZRm[
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Figure 1.4 Comoparison of the structure diagram of (left) tropical cumulonimbus and (right)
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continental thunderstorms (adapted from Houze (2011))
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Figure 1.5 Schematic cross section and vertifile of radar reflectivity in convection precipitation

with an anvil cloud (adapted from Houze and Betts (1981))

SR, B[R — AR R AN, B TR ARG S BRI AR, HEEK
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P BLAEAR CAPE f 53 3 rh &5 5 2 XD T L T, BRI 7K 38R B X D05 1 K
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BN, R AR R Y R R B R IG SRAT OC s T — ML B K R R
CAPE MR PIAZF G KT HG K, REGH T 50 RNEN R RA R, HAAY R
P A . Lau and Wu (2003) 2&T TRMM EE KT R TR, 420N
RIS EF PRI 2 1) i 7K 35k I 2 T T 18 0 38 3G 5t (L5 RO JAD R % 1) st e K
[RIRE 2= B /K SR MM T IR % - Market and Allen (2003) i & [ H 24 A~
FUBERHR 2R Gt MK R M Ge v o, BE7K R A i 5 46 THRE4S & 2 (LCL: lifted
condensation level) Jz= 2 [B] I AH TR FE 52 B R B IR ARG, Al ge & (CIN:
convection inhibition) S PRI D)AS B FAH O R . Kirkpatrick 55 (2011)
TR PR BB RN RN, SRR FKE (PWAT, total
Precipitable WATer) 24 30 mm B}, XJiiiz= R EKEE S CAPE TR 45
PWAT >4 60 mm i, CAPE 4 2000 J kg™ IFEs 5 51 5 K B#/K 3%, 24 CAPE K
EI8; N G 0] ) eSS N U =R

] P 2738 0 B /K R0 o) B T JE 13823 8F 9t Zhou (2013) 4F%f 2007 4L
PRI e i B K B v e XD | A SRR UK AR A B o R o B K R R ST T
WH5t. Zhou & (2014) EtxfFE/KAZRS Z MWK T AR b de B2
K R B 7K SR A 2 0 1 s R0 TIE B XY AR RIS T 3 5, i CAPE (198055 A 2 il
R RTINS . Ye 55 (2014) 15 BRIV KREALE KR S & FKBERAPEK
BONTRR, MBI SR, R KR B K B B
DURR, RS PR R TUF A R, TAEE 2R, e BE RS A N AR 1Y
PRl /N T2 PR B T /K R /N R LR 3, B2 R K & R e L ] DL 22
Mao %5 (2018) %F%F bt 2012 4F 7 H 21 it B 7K 3k 72 iz X R T Pk Kk R et
EEI A48 H 5 15 DXUEE AT PR /K IS B RRUBE B AR SN 2 T B P K R B . 2 v
T R AL U B, B IR R KR 5K A 0%, s i = i 2
B 7K R 5 KR AR R B v W B VAR BT G o ) S Apa R B G (2018) %5t
2006 4 & AR 8 i S5 51 1 S 2 o 3 A% e AR 7K FRE R e 7K 2K 1) 4 T
AN T PR AR AR R B B KR, (A H IR R R R BT E, ENE
ST THRIE TR0 | P ROR B 20 R it o

1.2.5 BRIV ERIR 5 A

X 5 52k 7K R RSB AR 2 D TR A e T R A A B R I 5 o K U YR Ak R 110
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P o (RSSO T, ARHE I FOR [R5 AT FE A i SR e B
o F L BT ARV A B 2850 FRD SO I TR G AL 6 /N, F AT RARE
B TIASE TR o RN B I B TR 32 B2 AL 6 /N LA B TR, 4
1T =E 2 K2 TR AT

FE BRI ORI LI I A TR 32 AR T T R S R 25 A A 4, B
FRBRGPHE RN RRNL S, SiTBCN AR TR R5H £ EH 1) ANC
(Auto-Nowcast) & 4t (Mueller 45, 2003), % [H S 47 ] FRONTIERS (Browning,
1979), LEK) BJ-RUC (FEMZE, 2011; #HLHLE, 2018). SWAN (AR,
2014; HFEFIRMGE, 2018) KLILEFER/NRIERS (Yeung, 2012) 5.
12 ER AR 2 B TS AN [ 28 A B 3 R I B85 2% AR A TR A, K FE
THUE B FIF R, XA [ A G R SSAERE . FRER AR ARAE . T AL
L 10 0 L AR 2 8 o R BT 8 O3 7 T U B AR I 0 2 ) T AR 2%

= o R ROBERE R SR VR R R T i) £ B R, SRTHI 32 2 U THI (7]
[FIFR | (Doswell, 1986), anfsE =0t 4 Ut (Etherton %%, 2008; Torn 4%,
2009). =S %k (Molinari 55, 1992) il 52wz (Davies, 1983) %55t
PRI VR PE R REN, A1 00 BB A 2 B M AS B8 58 AT L BT SR R I il
K. IERN T ARFI I8, Doswell 25 (1996) K J& 7 —&H TR
R TR 7% . HRATSGE R R 8K A F, Doswell B4R (12364 75 2%
JEIE 2 6 /NI R K AE L, RIS FE T RV E T, SR A B e g K
T8 ELH IR B8 B I VRS Bk, Hsgma eSO PETE 58, (AT AR A,
5y T3 BUR U U 2 BRI R B AR R JEZ RN U X R St
3 R I SR B K AU 1 £ B R . Marth 45 (1997)%: T3X — W 5t it
TR, HAaH, ZI7iE R TS TR A R85 Bh IR 538 e vT R e
X4k 258 AR 55 (2004) FIH LR G fabn @ BINEITRE T SRR Uik X T 546 .
RS (2015) TRE T HET XA T 10 B TURAT 78 . 5K/NFR 4SS (2010 FIEFE
F, “BORE 7R TT DS B TR 536 E W RE R R I AR X, e R T X — AR,
HT T T RE o R IOl & P B AR B L (ERA R0, 2013). A
1M, A4 & FE P SERRAE oL, SEL /R SEORATR R, AnAEIN 5 FEK 1) B 3% WL
T, SR ARG AR R 1) ol
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1.3 EEHRE KRBT RH

JELI o AR R e, SNV, BROERE R, e AR AR R 45
RAB I ™ E, R I R R AR R AN BE T R R R4, I s B KL R
H, IRBEAKIR IS i R ARG B AR e 7 R g A K A AT LR AT
ZFEI T BT XR LR A, AR SO E T HE R

B E NIRRT R A B S R B A e W TN
5 NN ol LT R S 1S /= R s RV RN L N7 e S R

=R RN R KR AR A BB RRF AR 0T A R 5 (1 /N B
K, X EE BT AN [ 5 B /N B K RO PR B M) PR 22 S5, 4 M AN [ 9 58 ke i g /K )
PSR B R R AR B OB R M

FITE fedute g SR R I 9 KA BT 2 AR RN R 20 1k . BT IL AR B R L
AN R A IR SR R ARG A, 0T 7 B AN TRI PR 358 26 A1 ) L I 55 B2 K RS2

B bt rg SRR N 5 B IS R A B E AL BB AL R
245 B KR AR 10U o P K I RE AT E FE » 4573 MR 5t B K (B 30 JAt 37 405 # AUl
T F R AR L PR B Xt B3 7K R R o

SONE RN R K B AR VAR T, TR RN SR KRR BT E)
TIRBE S5 A S SRR R AL 2 D5 T BAAR - PR3- R S0 I 05 B 7K TS )8 7 i o

HUE EVESMER: XWX EEERET L, A ENA R
BE— 2B DR )L

1.4 ARABFENFT =

B SEIEIEINE BER S ATRFAE I GE T o B, 48 B EAE N SR K (220 mm
D I TR R DX 3 A R R S 5 B K R AR I BRI F R T3 2R AE
BB E I TT, 48 XKV T INBh il S kA B R AR X
I R H oG R BA  FEUEIEA |, S5 S UT R R 9B BRI 98 K
AR, RO TE 1 AR AR s AR 8 AR ELAE R ANAS A RUBE 28 e O EL AR P
FELIS SR P AR RIS, R0 6 i 2 R A S AL, X 77 2 R R i ok 7K ) IR 4 i ] 307
FRUR A0 45 R R AN eI PR AE S L EREAT 1 VEGR 70T o T X RIS 5 Fae /K PR 358
ALK R SRR AL A R AR, AR T — RIS 5 B /K R T 34 TR T

ARSI R A
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(1) BN T AS[R]H DX ANAS [F] S8 ) B 5 32 /KO AR PR B /K ) )
JIRERE AR B, SR BB T DAR 25 X o3 K R I o g K B 3 e
Ko

(2) 7R 1 PIZRIE BRI 5 37K R 28 G2 2 A R AE A 7K VR U

(3) ZRa NHIFRIE Ty ARG THil A LRI Y B &, R 7R T
SIS AE VU BRI 5 P 7K 2 LT 55 T g 32
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F2E HE/NDFIEKOBEEST
21 5|5

JREL B 5 o 7K E A R B T SR K PR A, K PR B /K ZE R B 8] P BR R R R, B )
I BT AR BT SO, RAE LM Fr s S b 5 A X 5] R BT 9
W VAL S, IRE AR A AT,

B A G Ok 55 P SCUNS R R T 20 mm b 2K A SRR K
WRFISE (20090 X AN [F] 58 BE AN B K ST (RT3 A3 ARRFAE EAT T 404, $RHE 7
(R SRR, AR 2R 1Y) 2 B SRV P AL 0 A5 b 2 5 -t LA /N B B K ) DX
BRI TR (/NI BEK . FRAAE (2013) AFACRM, EFg. TLRS I
5 55 T H B 20 mm b K A DXk, R M I i X0y A A3 4 B 5y B K 11
R 58 B2 7K o TSt P b X 55 e 0 2% R AR 2% L R R BB L ZE MK, 20 mm)
h* &2 10 mm b (K RIAT 5R A SR H . Hik, &2 T R EAE X
SR 3 P2 7K ) A 7 0 AT AR AL

ee 7K R PR TR A5 B AR B AR 7 R o, B B SR I D S 23 A1 R AT (lson 45,
1971; Wilks, 1990, 2011). JSE MK A5 92t AT LA 5 B KR XU ) 73 A
(LR T 400K 3 At 7068 3 sk b AR S B B B /K o B S e = HEAR BB 7, T AN
MR A T B e, AR 5 TIE B RN R R G k. BRI, —
b 2 8 B S P D 3 A R 0N B K S5 B P A A RFE EAT B 7 o B 2 A 0 A R
O] AR B AT RS A AL I &, BT RROK T 5, AR R A T
I3 AT R BORIE 5 H A AE (Wilks, 2011). —YERFFERAH, T BT DUMR I Hb
TR EVN K AR R R CTH8E, 1994; Li %, 1998). [, AL
R T 5347 bR ORI ST /N 7K R RE 28 23 AT ARFALE , AR 1) £ BE 7R AN ] IX
S, 7S [ 3 B /N R B B TT R, AT A AR T3] DX s/ N B 7K 1 43 AT R AE
PRALARHE .

2.2 BRIAFTE
221 BRIERHEHALE

A B it /NS B AU B R [ 58 S5 AE I8 R A R 20 ™ o 4 1
AN F R 0 B N Z (O o EE AN Rl A R LU I ) 5 AN R Pl 5
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sk, dbJTHBIX AR 2 AE 5~9 H, A T &5 R —FUEAA Lo, Y5 ITih
HZE SR T8] PR BB BEORFEAT AR B, 5 3t ST SR AR I TR e 3~ 5 H 1 H BEs
[T 9 A 30 Hity, WiZak sk, F508k T B K WIS 46 4 i T~ 1991 4R 1)
uh A, Gt bL EACEE, AT VERNA 1991~2009 45 A 1 H~9 A 30 H 518 4 i 4
/N K BERE (B 2.0) 0 BRTI S, 320040 AR 13 PE IR T/, 2 B4R e
R (1 o AR b X, B T S R A R L S P R

75E BOE 85 90E 95E 10OE 10SE 11DE 115E 120E 1256 13DE 135E

100 300 500 700 1000 1500 1800 ZO0D 5000

K21 uhei CREOEED KHMIEEE (m) 54h
Figure 2.1 Distribution of stations (black circles) and topography (m)

/NIRRT 0.1 mm (AR B, 2250k £ H BRI B 7K R /N B
3900~12400 2 [A); 4nsRFH 0.1 mm Fy & I A (K 5 0l fOREAS el B 1) B A o B
K Z 58, WLAEEX N T, /o X R HoR ALy it s (&
2.2). M AN REN K E R AL, Ho )1 FH T e A i s 5 LR K
X, T 0.1 mm [T H0L BIREA R Y 24%, AR g h AR = FE TN
AN BEKETRIX,  18%IFIIN Y A i s BRI 0.0 mm /NI REK, TP
TN AR A — N KR A . XA S AR BREREE, 1985) iR
7 IR FE AR R K H B0 43 AT R — 35
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756 BOE 85E 9UE G5 1QOE 1056 110E [15€ 1Z0E 125E 130E 135€

K 2.2 HFEKHEREG] (%)

Figure 2.2 Sample percentage of hourly rainfall greater than 0.1mm (%)

2221 BEEENHEHRASHE
I 434 0 2 5 B R

KA ORXIA o s 0p s 2.1
ST ()

Xf o AIERSHL B ARESHL T FonT R, HRIEAY

f(x) =

[a) = Tt“‘le‘tdt (2.2)
M2, Fir (2.2) XoJal, —H#fE T o fB BME, T WEER% R 5 bR 2
HFEME—BE , PRI AT DATHEE 45 5 P /K BUE X TA) ) AR (PD, P AT LSRR Y-
p@gxsm:qumx (2.3)

IS — A b B R AR R
p(x=b)=["f kdx= 1§ f x d (2.4

Horf [T (k=10 T (24) K, WHEHIE T EBWEE p A FRa, i3k

WA L@ (2.4) ZORRE LR b HIMHE.

Xt TS o F1 B 51T, Thom (1958) Al Wilks (1990) MIRFFRFEW, &K
AR THE B TR P TR ARG R, BRI AR TR THE. A
BEK AT o — B, R Thom (1958) $2 M ) — i ARl 17
2%, BIE e S BIRE AT IE M B A B S FEAR BAR RO 22 T, IREIREA R
BOP BRI R B R 2 (R 2.5), RS o 7T H Thom it &5
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(26 0, RESHH 2.7 XAl B (2.6) X/ 2.7 K751, B2k
NI, o AN mm. (2.5) 3 n ANk SN R RIS 0.1 mm [
S

Tamm—%imag (25)
i=1
(x=4£{1+ 1+EIJ (2.6)
|
== 2.1
o

2.3 SR

2.1 IR, RESE B AEN, ARSE o/, MR REXWEL,
BT 0.0 HMER B, LIRS E o AR, RESH P K, SNEH
1 =y A il SO R (IDANI S O 0 N N 1 =407 G o . =

50N

45N

40N

30N

25N

20N

756 80E 856 90E 95E 100E 10SE 110E 1156 120E 1256 130E 135€

75 BOE  BSE  GOE  95E 10GE 10SE [1OF 1156 1206 1256 130€ 135€

K23 () RSH o (mm) A1 (b) RESHEP A BERBAE o F1 3 AIALE

Figure 2.3 Spatial distribution of (a) shape parameter o. (mm) and (b) scale parameter B. Solid

black dots indicating the stations with extreme a and 8
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OO
8.0 o}
o)
0 %
o
oo
6.0 g
& y=0.63 x62
B s G0 !
0 R?=0.95
Ko,

04 0.5 0.6 0.7 0.8 0.9 1.0
a

K 2.4 TEIRZSH o (mm) FRESH P KRR

Figure 2.4 The relationship between shape parameter o (mm) and scale parameter 3

BEoxf 518 Ml TR S EL o FIRES L B Al (B 2.3), TRIRS %
a 7E 0.5 Fl 1.0 Z A48 4k, ¥/ 1.0, F /NI Y& A i i HILZE I R/ K
BEHTGEIN . T 5 R AT 5 PG AL X 1) o B — MK AE 0.75~0.90 Z [A], T
HZR R 2 M X ) o {E7E 0.50~0.70 2 [A], o = 0.7 FISE(ELE B B RVT AL ) 7
PR E AL, KRR E R REK X R Mo NS, o O 0.7 S EZE AR
(X 32k HH B e () /DN B B K R PT e S 35 K T DAL X . B4R S, RIEZ5 B H
A 1) PR I 3, B KB HBAE ) U R I o 455 TR S E o AR AR-AE FT 40,
RRAE AR H X, 5 K P /N B o 7K B PR T

o A1 B 7E4 A b E P Ak A R I 0 35 SR R AR ARRAE, P RN TR L 4R 4K
R (B 2.4), BEETIRSE o KGR, RIESH B 2Bk, &g
G R 208 0.975, KU T-HIATRIE N KA T RS, o F B K
oA R EA M, R —ANEWEOT, TR S — A ER A, X
XA B S XD A 2K A A A R 5 RDPEAS 3 — A 1 DX /N s Y S A 1
T, AT DARIE A (2.7) MK 2.4 TR A XFE o 81 B IME, MITHESE AT HEY
ZINER B 7K PR 26 3 A AR VB o

2.4 INESREIKHRER 53 H
2.4.1 R NEREKEER S
RS E o MRBESH P g 7 BARR T A, Wi oe 17 B R
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MU L R B AT 2.3 WA REoR, N BEKE RSB R E S HI9E
M AR Ao B TR o AT B OL N RS SRR K A, T AR BEEATT T
PR IR T 3t /NI B K PR B AR AR DL o

R ek o A1 B ul R (BRI 2.1, ALE WE 2.3) B/ K AR
fiE, JFIEE SR B RN BEK D ATEAT XS B, PP .

2.1 Wi o R0 B E RS RAE R

Table 2.1 Information of stations with maximum and minimum a and f3

B4 Ui 25 2} 3 WP (m) ofl p 1
Ak 52652 100.43 38.93 1483 0.984 0.733
iRl 53 59644 109.13 21.45 13 0.502 8.248
iR/ 52203 93.52 42.82 737 0.919 0.656
JUPEIAR % 59626 107.97 21.53 22 0.511 8.492

2.5 AW o A BB HL T JLAN S R T T eREOFISEE 23 b7 (14 /N B 7K 23 A
RO, IREFARE /N K B4, BRSEL N T oAk, EAp/hE
PARTIE Sy g il W (TN DR s - i o e WL N 1 NS TR
0.1 mm, [FULSZiBEK ) 2R M 0.0 mm JF4h, HARRS i aE kgt 0.1
mm, 1 T & 7] PLgs AT R R B Rk R, 5 R&THEUR L RS2, [ 0.01
mm JT4R 20, H K FEEC)Y 0.001 mm.

Lo 1.0

(a) - (b)
0.9 | 0.9
084 /

0.8 s | 0.8
0.7 it Y 0.7
0.6 2o 0.6

| — Obsen
0.5 . 0.5
0.4 4 04 0.4 -

0 7 H s 1 2
03 Rainfall (mm) 0.3 - Rainfall (mm)

a=0984 Pp=0.733 mm a=0502 p=8248 mm

0.2 4

Fitted Gamma Distribution Fitted Gamma Distribution

0.1 0.1-
HH [ Relative Frequency | h [ Relative Frequency
|_||_|
0.0 T T 0.0 T T T

5 10 15 0 10 20 30 40 50
Rainfall (mm) Rainfall (mm)
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(c) (d)

0.9 0.9

0.8+ 0.8+
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0.6 0.6 44

0.5 0.5+

0.4 4 0.4 o0l
0

2 4 0 20 0
Rainfall (mm) 1 Rainfall (mm)
0.3+ 0.3~

a=0919 B=0.656 mm
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Fitted Gamma Distribution Fitted Gamma Distribution

0.1 0.1+
H [ Relative Frequency ] M:] Relative Frequency
0.0 [n . . 0.0

5 10 15 0 40 50
Rainfall (mm) Ramfal“mm)

W] 2.5 M35 B bR Koy A B 5 S UL LT . (a) HR/AkH: &K o 9 0.984 mm, B

4 0.733, (b) /AR f&/ o N 0.502 mm, B A 8.248, (¢) HrEE/ME%E: /N B A 0.656,0

J50.919 mm Al (d) JUUH/ZR D, f K P N 8.492, oy 0.511 mm. A5 bl BAMEAR R 4y
A

Figure 2.5 Comparison of fitted I" distribution and the distribution of relative frequency of

observed hourly rainfall. (a) Gansu/Zhangye: Maximum a is 0.984 mm with  equals 0.733, (b)
Guangxi/Beihai: Minimum a is 0.502 mm with B equals 8.248, (c) Xinjiang/Hami: Minimum J is
0.656 with an a of 0.919 mm, (d) Guangxi/Dongxing: Maximum J3 is 8.492 with an o of 0.511 mm.
The Cumulative Density distributions are shown on the top right corner

GREIR, K o Ml BT FSE o A B 3R, H/NS FEK A ¥
RO RIS o 98 3 1) /)N B Pk 32 B2 AR i #E 5.0mm LU I IX ], B3 0.1 mm
HILA AT REMERR R (18] 2.5a F1 2.50). RFUMEZRE AR, LT T 2 AmFs
o BT AS B /N B K ) oA AR G i) — Bk, BT 5.0 mm fR/NF K
i, WREEBMEL L@ T 099, BIIFH] 99% LA b (/N K 4 e
5.0 mm AR HIX I8, Bk, ST X piANh TARER M X I, 5.0 mm [/~ BEK B
o RBONMR TG DL T, /N /KR BRI L 20.0 mm AR R AEHARH,
TER UG, 243 He bt X H B JUEEK R B AT, By A o 5 i P 58 P2 7K
Ty T 95 L e A A 5 K

€ 2.5b A1 2.5d Ffrm g — Rkt ol , SR /NS K EREEIT 0.1 mm H LMY
FIREMERER, {H5 P 2.5a A1 2.5¢ PRSbARLL, S B K H BRI AT B P LE AN T
A, BN /N K B T 50.0 mm. 20.0 mm xR B AR Ny
96%, Mh/E RAER NG K B E AR L, 50.0 mm /NN KOS B ) B AR
295 99%, EATHIAE KL 1% M2 50.0 mm, 3R IR Bk ot I K B4
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Rk AT R K -] 2.5a F1 2.5¢ FTRFRuh fle BT T 20 A1 AR S5 17 i) /)
I B K A A SR TS B K TR B BR 5 72 0.1mm, T 43 Ai 45 211 R R 2 2%
JEOY AT EG AP ROTE S, BT XIS, B LAk T 2 i S R
I3 P e K SR AR 236 AT T SH K T AN ] i P2 o L ) /N e K 7 T R g
7076

2.4.2 INEREIKEYZ [BIEZER S %

/NS B K AR 2650 A eR O 8 I, 7T LU 23 A1 bR e B 1 465 7 I 1Y
KRR, AT RrARLE R, X/ REKEE 5.0 mm. 10.0 mm. 20.0 mm
A1.30.0 mm i RAMERBEATHIE T

Huli /N R RS 5.0 mm () RBER A B8, 9.0 %4 RN R LR 3R
[E ARl (X 2 2 APy (B 2.6a). JRT S, AR EBAGHEIR M X /N 7K
Bk 5.0 mm )RR B2 m T U X, HBEAER, BRRMRES, S
SR T 21.0%, HILEEEE VAN, RUTA R 0.1 mm ¥R
IKH, P 21% R B K AL T 5.0 mm. SRR R RRRM T,
AL A —m R X, Rk R T 18%, HIRZ LR AL AR
YA . AN 9.0%Z(E Lk M E A L, MR Bk, /N R R 5.0mm [rREER
FAG, e ST 95.0%1F) SR AR 2 (1 B /K il o e 7K, D) sy o [X /) B oy 6
EF) 5.0 mm C&RMRRIEK T o XM AR e S R KR FEE ARG
PHXH 5% (Zhai and Eskridge, 1997).
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4 30N

75€ 8D BSE 90 @5E 100F 10S€ 110E 11S€ 120F 1256 130 1356 756 BDE BSE SUE  95E 10DE 10SE 110E 1156 120F 125 130F 135F

K 2.6 /MR EAERE (@) 5.0 mm, (b) 10.0mm, (¢) 20.0mm, F1 (d) 30.0 mm ) RF i
Figure 2.6 Spatial distribution of CDF with hourly rainfall thresholds of (a) 5.0 mm, (b)10.0 mm,
(c) 20.0 mm, and (d)30.0 mm

IS 10.0 mm BRI /NS K g H B DX AT SR A ) T 2R e R U e T R
(& 2.60), BAZBMET T 8.0%, HI/NHET 0.1mm KIkEKd, F
B4 8.0% LA 1 I R/ B K L 10.0 mm, (HEPfEGIE, X —EpIA
EEET 5.0 mm RER Y —F . /NRFRY EEE 20.0 mm A1 30.0 mm (1) SRARAE AR 53
A1 575 5.0 mm A1 10.0 mm () AR 43 A ARAL,  AEOT L1 SR AR AR — /s
—ANE, B)TVE AR B ER AN R U AL AR R X, X XN Rk I
20.0 mm 1 30.0 mm (1) BEER S5 2.0%F1 0.7%, HAbhX v 57— MEFE K
EIX, RESLEREHRME (2013) [EMSERA —EMESR, HBRY], REE
AL X LR K /N B L, EL5 5t B e s R /NI B K . RIS 5
2.2 FIA, JAE VYN VY B A2 A G I R R XA, (B R BB R e /N B /K
AT REPEA N o

2.4.3 tRumPEIKBYZS 8] 3 FR43HE

BRAT T /NI B BORE 2R 0 A 2 S, AT DA S AN () anly ) A0 o o 7K R B
Garrett % (2008a, b) 1 Gemmer % (2011) Z51R 2225 MR A M R,
5E SR I 5 — ERNE R A (— B 90%k 95%) 1 A4 J bl S 4k o Ak Hs 95%
SO (1 R 2B S gl r PR AR B /DN R 7K

95% SR ML 0] LK B /K BRI A3 A 45 SR o (8 2.7), Hoor A 50 E Y H
P AT — 3, 95% RAME A0 S ) AR i /)N T B A BRI 1 4 B I 1 6 22T
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/N, PEAEHEIX 95% ZR AR A X L AR o /N IS B K BB AN IS 5.0 mm, T PU R
WAL T 20.0 mm. T HEALHIIX 959 2R ARME R 0f 82 1) /)N B B 7K I s TR K
8, XM EARER T .

75 B0E 85 90E  93E 100 105 110E 115E 120E 125€ 130E 135C

] 2.7 95% AL XS L (1) /NS PR BRFE (mm) 43 AT
Figure 2.7 Distribution of hourly rainfall intensities (mm) for the 95% CDF
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Figure 2.8 The relationships between altitude (m) and shape parameter o (mm)

2.6 KB/

ARFCRM Thom (1958) s KABNIAG T3, A T oAk, xf 518 4>
M 1991~2009 £ 5 H 1 HZE 9 H 30 H BN BRI A dbAT 1 4004
X Ik 4 7 /N B K R DA B AR S 8 LA T T AT . 4 R
(1) FhE S pg v M X o JE2 /DN B 7K TP R AR S v, IS R VR V11
PEAEZB D . LL 9% R IRy A, HER UL 25 mm /N FEK
AT DARRTS EAR s, (HPEIEHIX 5 mm /Ny (5 7K B AT DLBE I Bl i 0N 5 4
KT
(2) T MEREE AR, TERSE o RUZSHL B 1050 i 53 E i H %
Hu BB AR KA R, FLBREFREL o AT B 140 A B AT DARA 52 T i
— RN BE K A T KA, TS5 HE LR B o A il 26 509054 #t
FAFBIN A FAE, T s ARG HOREIR /NI 37K ) 20 AR IR

(3) R4 T 73 A5 1F BN B K ME 26 25 FE oy A SR A T 5 R — 8 R IR
AN B P AL B A B NN PR K R X, A7 KAl s T /N R &
Hiik 10.0 mm. 20.0 mm 1 30.0 mm (1) RAMEHR AL E] T 8.0%. 2.0%
A 0.7%,  F3 A IR o P K R X ey S A X, DY )1 78 e 30 2 e
T IR A H T, H/N RREK FEEAE P AE 5.0 mm LR

HFEERIZ, ARPPFh REH T 518 MG Bk, 4% 34 A
BYATEIX A, NFBANE RATEIX R KL 15 AN, St F A8 f—
fthIX, 25 SRR MRS, EX T B AR AR HLIX, 3EF T s
Z /NI K BB EAT SO VR AT
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% 3 E mEEKRS R ENIREYIEEYFIE
3.1 31§

J I 5 PR KR 2 R R ASAR AR R4S 3 CT—IC, 2005; 5E#F%, 2008;
Luo &, 2014; Fu %, 2016, 2018), A &fEARMKREMTEZMT, HE
INRERS[RGEEE . it B4 AT, AR KRN RS
BAETIRAER, Hr AFIHLIX KR #40 DL AT RE R il R 46 FERLE S5 2614, I
ZEE TR A M ER-G R, 25 H AT 5 B 7K R TR 8 X, A 5 T o 3 o 7K et o 6
HATIR A 3 7 TNz — o SR P V2 IR R F A6 200 e 0 P SR R AR ) B R o
B, XL AR — VAR, AR B A SR B K R R R PR T 2R

A B L A5 58 R I 5 B K IR S R S L RME I AT, B S R A R
B IERIEAT VP, AR5 28 T a0t R AR A SR B R B 26, RIZKIR AN
SN TH i & 57 T REAT VEAN A M o P S AR o R A AR ARE 5 5, (U SE
THEARGE AT 0T, A EEAYIERNS L. R E R, 4
B /NI IR BB BE 73 2, 5675 FR ) BE B I R AE [ AR B R S, 0 ) B
BEAT VAR T
3.2 &R E

ST EZR L0 S HER 20 mm b (A SRR, AR 7R R B
WX, R, AR EE 6 R E AR SR AR T 1000 m {3k 85 /)N R K R
BEAT T R, BT TR A s A SE i SRR R B AR A
T PR BN [ Bl RO AT sl B), (O] A B i B /K HEAT A0 AT s G
P ER B B T R B T KT SR A BN R OK B R, 8 O TaRE K i
G SR I N P o e I P 2 i | A 2

3.2.1 BRI P AR

PYER B ARV, XA I SR PE K (320 mm h), R R e B K R
fHot. M1 SR I E g B Sk ) AW N, 2R T L AT R A
WouliohFEE (B 3.1a). LA S A EInE A zhuh (B 3.1b) MEINAE B AL
J7i%, 35454 NCEP (National Centers for Environmental Prediction) /43 %} 4 #
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B E AT

PPASRSIR S B0y 1887, Sl 55 AR - R e 1 FH ARG B 3l AR E AR T 9 5
FERLI SRR I SRR 0 A1, BIBR T BRI 1000 m AR5 . N [ 2l
WREEAAANL, K 3.1b 4T 2009~2010 E£5 33000 AN 3l W & UL 5 )
G, BT I GRS a3 T AU 2 SR ARG 25 R X SRR ARG A (T2 155, 2010).
AT 5 NCEP 25 Hr i it 18] 73 3R UL IS, A% BT % kLA 2011~2012 4 6~8

H 6 /NI Ta] g iR E shak B Bk
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Figure 3.1 The distribution of (a) the evaluation stations, (b) the automatic meteorological

observation stations (AMOSs) and the topography (shaded, m)

3.2.2 XBYEERMA PN AR ZER

BRI EN RS, FEGHHERHIAEK (<0.1 mm b, HiE
BE/K (0.1-19.9 mm h™). JHBF 3R (>20.0 mm h) DL Kz B K5 5 fy e o
TR EEAN ) B /NI B K R0 B o R 455 — RAAE I (LB 2 & YORMb 3
50, HREERMAERNE, FIE RN E T R B, &R T RIEH
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R 2002~2009 FEREZE 411 b /N RE KR (B 3.2).

BZMERTTHTHAEYHEERN M, R %R, NCEP FNL (Final
Analysis) 7% Bl &z ECMWF (The European Centre for Medium-Range Weather
Forecasts) & Afi ] ERA-40 FE 0BT ¥kl . B TR W S i, H—RHAE
PRI, AN BETHE 2 TORE AT (R 75 3R, DRI AR 90 Hh =5 A8 140 A BT SR A
Ft LAE. &% NCEP FNL #1 ERA-40 %5k}, BN (2006) W70 BRP BRI &H
PR, BRFESE (2009, 2009b) 7 FH#RZ AW & KPPl s, PIER
AT H I XAk ) 3 P A B X R 2 TR AR A T AR Ak, HL55 BT AR B R e ] R
FEAHK . E1& NCEP FNL BRI B3R, RN IEZREL, WEHNY
HEWHE L, FHRA&GEF NCEPFNL ¥R T A ST IR .

NCEP FNL 73 #T %8l —K P4k (02: 00, 08: 00, 14: 00 Al20: 00 BST,
ANTEHRE AU, A T AT R S RIS AL B D, SERUIIIEE R 24 kid sk, TESE
BRAbFEF, B 24 IR SEHLREK I sk DAY 20 2 B BRI 1) g v dl 4 S 9 A
1) B, AN 5 A AN TR B rp 6 /NI (B K, SRt h B 6 AN BRE I (1 B /DN
Ky A RAEAE R S AR AT SR LR B K o BRI, 38 I — 0 PR AL B 5 45 3
P R 5 828 K PRI AR B/ T S B F J B s B K B i R R MRS, AR
NCEP FNL ZEEHS 25k fl A N B AR, JHEFXTRTA 6 /NI i K P KA AN 1
JE IR AT ST AT, BT 2R IR K BURE A SR 1573370 A, 3 IEPEK
PEA 355346 >, JEISEFEKFEA 11401 4 (£>50 mm h #4788 V).

4

75€ SOE 85 90E 95E TDOE 1056 110E 115€ 120E 1256 130E 135€

I I I
160 300 500 700 1000 1500 1EQR 2000 5000

K 3.2 KRB TR R BORRE AT (S20 D, IS Y
Figure 3.2 Distribution of stations used for ingredients-based method (solid dots), shaded is the

topography (m)
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3.2.3 YIEE SR

AW T A ) 5K PR SR I B B AR AR 2 AT KR (PWAT). EEIR AT
XRIE, RAERHR ST %A E O RERE . EERYIAE. WA
SPRELEE, RAEAERE S IA SAE XA 24z Be (BCAPE, Best Convective
Available Potential Energy). K 5%, &7 %u(BLI, Best Lifted Index). 157+
fa%. 850 1 500h Pa i 2. VD IRFE%L. & 484k (TT, Total Totals). WfE. fAH
AR A, P R AR T IR 3.1, X e B Y H ek H T NCEP FNL
s H R

3 BRIEHIEFRF A

TS V¥4 (T, Threat Score). Fiiikfiz (B, Bias). Mm% (F, False Alarm
Rate) Mt (H, HitRate) SF(EAMEEHHRIITE bR, ST
RV A R o AL X LEFEARINT,  SEXS SEOUAI TR B oA T H Ik, FRAR Y8 AH ¢
HH AT SRR E .

T=al/(a+b+c) (3.2)
B=(a+b)/(a+c) (3.2)
F=b/(a+b) (3.3)
H=a/(a+c) (3.4)

A a R IEFIREL b NIEIIIE, o FRoRTIRMREL d TG
FIERCEL, THEFRAR IR T2 I Wilks (2011,

— LA RN RBER SR G A R SRR K . OKEL S, M DUd i
FRIR I VA AT HER S, 2526 R U TR R S5 A 50 7 v, SR A — Pl s TRl G 56
J7i, RSO TR 56 07 VR0 W B R R s AT

331 RYHEILE

pXTIERIG T, THE T B F AT H FKIER a. by ¢ fl d EF@EELZEE
2 FeE I R R uEAUINSE 3 shuh f i RS, B R IR R — e i
O B B Bk s I .
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K 3.3 fgnuite R Bl PRIy, BEOgh soR g, RO =mAAn
ki, BRI R G
Figure 3.3 Schematic diagram of the searching process. The lattice field indicates the numerical
analysis or prediction field. The verification stations are represented by solid black dots, the gray
triangles are the AMOSs, and the black circle denotes the searching area around a single

verification station

X7 vE, RS AR IR, AE R S — 5 B SV P [ Bl 2 T A
ZE| (E3.3), BT E RIS I T AR SE i, FERRFHTHHE: (D
HZRAPARI RN AR, RERSRT 2 N SBk 22, RS T far 28 B AH R S50«
(2) EZhECRE, R R B E I, KRB Z DA LB, AT EA
VEASTARS B0t H I T AL St . SR G0 SO R IR AE L, X — A AR S T
KT SEHU S [AE L, (HEAN R TR 45 R . Hilliker (2004) S J8A0L vl 51 (I AFF 5%
hFg L, axt T RIS 4, BT av by o Al d IR AR AL R 6 46 b 5
Wiy R0 R T A8 D R BOYE W, T SCH Y B S R I A B AT 0 A

3.3.2 HRFFRMICRBREX IR AT

AN TR B Bt R I i K R R AN, PARALSR TR (BLD Jufil,
XoF AN R A B Xt LIS 5 B /K R SR K/ NEEAT 70 o S AR TR RO, RAEAE
SETERGR, PR g E R THEEUE N RIME, 2RISR aw by ¢ Fld
{8, FXTRHR bt AT TR A 2 A

PR bRBE R AR THEBU AR R, X T4 I TH e, S RE
/b T 140 km I, T BEAZ SRR R RTIIEOR, (R22 B BEAR R A2 1R KT
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Figure 3.4 Variation of evaluation scores with the searching radius and best lifted index. The basic
datum station was considered a short-duration heavy rainfall record while at least one AMOS has a
record of short-duration heavy rainfall reported. R = 0 km represents the results obtained with the
traditional point-point verification method. (a) Threat Scores (T), (b) Bias (B), (c) False alarm
ratio (F), and (d) Hit rate (H)
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Figure 3.5 Same as Fig.3.4, but for scores variation with the BLI and the AMOS number of

short-duration heavy rainfall with the searching radius of 140 km

FHEC TARGEI O R B0 7%, AT B AL B 732 R R B — W) B 48 s L I i
Rk AT A B R S PR bRt 3, o0 Tl id 7 R0 SRS i ek T i
B4 SR 22 18] K 22 il ) J5L DR T e 536 Rt I i P K Y R R G IR 7K RUBE A K,
R FF 58 2k 7K — i Bl N RUBE R G077 A, (HAB AT 8 -5 78 BCRT IR i P /K R R RUBE 3R
BAEA R, BIRA 140 km WEIATRE . AKIREE KA RETRAE 3 h P HH I B
SR P AR AR, R IR B ) B R HE DALE 3 h XTI R AR . PR
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140 K [¥)=F42 AT HE R T R AR 3™ AR A8 N 388 A /K RSO PR PR R U B ) R
SR AT Pt S VNE 3 (NG AN Ei R Qv S E R BUIG EVNE DU i
RGO A GE ARSI SR — DI .

EREAE LU, W BT A ST () B 2ok 1 R B 28, BUd s8R (HEOy
1IN AR I 4 R AR AN, R, R (8 TSR AR M 2, B 24 7E 140 km
FA s Bl PO RS2 S A 11 Bl th BRI SR K T DADA ARG 363t B e 5
Ky ABRS TR T RERER, A — MR R ID R AR R SN B R
W3, T e e s K ) O TR B, #93EAR0) 140 km, ATSRARIEDN 2,
e R EELT .

3.3.3 IR E ROBR

BT p U T AP ORI 2 AR 140 km, TDSREBIE 2, R4 T K
MR R E T SRR (R 3D, HFRAMUEIET T IR,
A& B 1A 1.0 F 2.0 Z 0], Wisf T HUs KM B AN 2, NI B {Hf
L 1.0 A 2.0 IXAIRT IR T KA. BRI, 3% 3.1 At IR A4 T HUm KA
HEOL, (IR 3.1 Fh AR 72 B HHUE T, Bk 700 hPa /KU & S A 850
hPa B S5, FE R T HUR AR B {HAE 1.0 A1 2.0 Z [AHEK.

HEA AT R ER s p A& T KA S8 AR AE K SRR IR (R 3D,
PWAT . 850 hPa #1925 hPa LU, 75 7K IUAH 5% 50 Jil I o /K ) 415708 i SCaR T
K 880 R I SR E T KA Y, OGRS A0R, HEFER T HERII%
PR R, B 5KV IR AR bRt AT DR AT R THa s s i s fEK . VIR
TRHER B, AFRE I 2 45 45 MR A I s PR K B B B4 A . (HR IR K EE
A2 P KRB S U R SR, AT & TP A PR AR AR Y, SRIHANIRZ IR
P K 5 RN P T X IS i B K P R s B AR b i, (BN % . fE
PRI, RAFMR 2 HIEE S, 925 hPa HIUEE [1F6 7~ 7 LT 850 hPa
HICRE, W M JZ 4R & i AOnS T s B /K e s B U 3 . TR B R
INEER =S &N ATE P
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R 3R T WKEVNRB A R R R 1E 20 AR A

Table 3.1 The parameters listed in descending order of T

285 YEE (FW5) A B AL T B F H
HETFEKE (PWAT) 52 mm 0.275 1.645 0.653 0.570
K 850 hPa Lti 13 gkg? 0.263 1542 0.657 0.629
. 850 hPa fBHH 24 fir iz 342 K 0.261 1.860 0.682 0.591
700 hPa AR 24 s i > 342 K 0.256 1.938 0.691 0.599
* 925 hPa L 15 gkg? 0.248 1705 0.685 0.537
as 925 hPa B HH 24 fr > 348 K 0.235 1564 0.688 0.488
%* 700 hPa AH X BE 80 % 0.215 1.882 0.729 0.510
i 850 hPa AH X 5 85 % 0.192 1.363 0.721 0.380
. 925 hPa /K< i & #iUE 1407 gstcm?hPat 0180 1308 0.731 0.352
= 700 hPa 7K ¥ it = B 0107 gstcm?hPa®l 0.151 2938 0.824 0.516
850 hPa 7K V5 i & &% -1x107 gstcm?hPa®l  0.149 1.006 0.741 0.260
K fe%~ 35 °C 0275 1596 0.649 0.560
# UASE =R 0 °C 0.235 1.714 0.699 0.516
¥ wAEX A 2 Fe (BCAPE) 500 Jkg? 0.226 1972 0.722 0548
BIHEE (LD -3 °C 0.213 1523 0.709 0.443
* R THEE (BLD -3 °C 0.205 1.403 0709 0.409
lis 925 hPa & 5x10° Ks?! 0.144 1.621 0797 0.329
% 850 hPa IR 37 10%10° Ks? 0.143 1.607 0.797 0.326
i 500 hPa i FE i 10%10° Ks? 0.136 1.724 0811 0.326
3 500 hPa Ji ¥ 20 °C 0.129 1.401 0.805 0.273
= MR D 44 °Cc 0.117 1.444 0.823 0.255
850 5 500hPa iR % (T85) 24 °C 0.072 1.838 0.896 0.191
5l 925 hPa U -1x10° st 0.147 1.048 0750 0.262
5 0-3 T REH AL 7 ms? 0.129 1.705 0.818 0.310
% 500 hPa 4 /& i 2x101° 52 0.120 1.734 0.831 0.293
- 925 hPa Ji -3 0x10™"° 52 0.119 1.746 0.833 0.291
i 0-1 T KIEEXY] 7 ms? 0.117 1.260 0.812 0.236
® 850 hPa ¥ -1 107 st 0.116 0.842 0.773 0.191
e 850 hPa i & F-ifi 1=10™" s? 0114 1558 0.832 0.261
0-6 T KIEH R Y% 11 ms? 0.089 1.609 0.867 0.214

*K %a?&ij#hﬁﬁmkﬁé%ni, B AR NI T30, B AL R . RSN i, thabA
KT KEHET.

—RERIAKIR S IIIATEE « B IR RN R R A R R 1) B =5 TH %
fFo R 31K, WRIUREYHERERS T, 20 %R EHAEINIE,
DR b4 & [ N AN OGO S0 57, 3R 3.1 [SEat b, ol — B aaT. 83T
ST, SR B R R R S AR B a2k, EDGS TR A B T SR A
PR, RS & 1 Y3 i SCRIE A 0] i i V) B s A T, G [
A% BCAPE. BLI AT T8N 73 B 4 P At v 100 IR9E 8055 . Al A5 AL BE,
JE BT AT B R A KR A RAE & : PWAT . LWIBRIANHERE s A JikiE%
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fER: K ¥5%. BLI. TT. T85 fl BCAPE; Zij Jj4%/FF/iF & : 850 hPa i1 925 hPa
B, DLREEE R
3.4 T EREIGEENXBYIEENH: KR

BEAEKE (PWAT) 2 A 2w 2 KR (Bl #r . ELi2 e 8
SEBERKR S & FHEE R RAKIR M MARNRSL, AR & . X B R E R
FRIEZE /N K 2 N TE K (<0.1 mm b, MK (0.1-19.9 mm h™). 4
I 3R fA K (>20.0 mm b =BT, PWAT 4040 (1 3.6) &R, LK.
e 308 [ 7K ML IS i Fe 7K IS (1) PWAT A2 A6 S L 43301y 6~65, 14~70 Al 28~74 mm,
B /N [ 7K S E PR 38 K, 6F IS 17 99% KD - R ) (2 0 A 8 0, {HL T PR B i 50 3 K
B SRR N IR RMEZA 28 mm, FIH Y PWAT (KT 28 mm i, Bif#
HELBEMIFATHRIA R RE, M LU BT 20.0 mm b BB K . A A 5 B /K DG
B 7K I PWAT 25— F1 37 6 T BR BRME 2240 22 mm, iX 5 48 1 38 5% 7K 20.0 mm h
I E AR — 3, 5 Humphreys (1919) f8 H AR E R [EK S5 KKK S &
PRMEA Y, (HEE A . K 3.6 I8ER, TEREKE PWAT & B 0001154
Pcas 5], M K 32 B FR TR PWAT K11 50%3GH Py, Bl PWAT 38K,
LI i [ 7K H UL RS AT R BT K

75% 1) R I 5 B K RS ILAE PWAT 8 51 mm i, I8P K 208 50%, TG
FEIK KL 25%, o KA /KIS 7a i, B R TN s Bk B o g T4 It
SR KIT 59 mm (1) PWAT HE, IS @ FE K 1 Le /T 25%, 1 LG R K
KA /N T 25%. PWAT 8 70 mm i T J i 3 B K B RO R AR v,
BRI g 3 IS HH BTG e 7 AN A5 3 P 7K B L D FE AR T o
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HIFIREE 99 FEE L B, FTRNH 50%MIZEF M4 HBIEX RN, HFrN=2%
REZE 53 RN ER 75 5 50 FI5S 25 H b/ AR
Figure 3.6 Box-and-whisker plots for PWAT of the three rainfall categories. The upper and lower

horizontal bars represent the 99th and 1st percentile of PWAT. The three horizontal lines of the
boxes indicating the 75th, 50th, and 25th percentiles, respectively

ERXFEGIR (q) BI53HTizn, 925 hPa JoBfK . i b 7K R0 R N i 4 7K B B
Y AI0 114, 14.0 71 16.8 g kg™, ot TR 98 F/K 55 25 114 15.4 g kg™
LR, A 3 P 7 R 12 PR 1 EL A5 A2 50%, TERE/KER 401U (5 25%, *F T 16.8
g kg I PE, AR 259% 013 S8 B KRR I R, TR K B EB AR T 25%.
850 hPa #1 700 hPa 1. {2/~ T 5 925 hPa 7 A A4 i, HURHLBIEBE AL 2
F T s T DR BRARS, AS T) 7 83 (L ) ) 568 22 AN T/ o LU 23 A A A B 2 S
f£F, 4925 hPa. 850 hPa 1 700 hPa Hi—E1 q /M T 88 gkg™. 7.7 g kg™
45 gkg i, ATLAHERRAEHT SRR HI L. Bt 8.8gkg™. 7.7gkg T M 45g
kgt A% 7K IR S B L IR S P /K I 925 hPa, 850 hPa AT 700 hPa 1A 4T /2
3 A IR IR A, AT 12 BRI S 300 P B /K P ] B PEARAIG - [RTRE, 24 925 hPa,
850 hPa #11 700 hPa ] ELiE 4 i 16.8. 14.3 #19.8 g kg * If, AT LLIA K i o
B K HR BRI AT BE PR R K

FHORFRE S 7R RKIR LRI R B2 o B1%F 850 hPa Al 700 hPa AH X i B
fIr M Eor (18 3.8), FRsKIE 850 hPa A1 700 hPa X & 1A Ak V8 Fil A K,
B 43 31 68%F1 62%. Hi#E Miller (1972), AHXHEEEMLT 50% 9 K< T4,
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KT 65% AR IR, KL, K2 50%H) MK S R AR .
8 B ORI REL IR 5 B 7K 2 ) ) 22 ) /0 RS 759/ 145 368 2 K AT AL I 5 g 7K 44
WAE KT 80%I1 ML, (HER/NT55 25 H 70 Ar (3854, AE X I X U
A Fof K AR X3 RIS S A K, 2R AR R B mT AR B A A2 15 5 T BB OK, (HLAE
Wi 7K P52 P 4 WL e AR A 25 B

22

—~ 16 1

Specific humidity (g kg™

T T
NoRain 0.1-19.9 mm/h>=20.0 mm/h  NoRain 0.1-19.9 mm/h>=20.0 mm/h  NoRain  0.1-19.9 mm/t>= 20.0 mm/h
925 hPa 850 hPa 700 hPa

3.7 [ 3.6, & 925hPa. 850 hPa Fl 700 hPa LLiE /i
Figure 3.7 Same as Fig.3.6, but for specific humidity at 925 hPa, 850 hPa, and 700 hPa

100 100 | 100 100
| 97 ' 7
100 194 Toa O To4 To4
]81 sl [ 371! ]78 8 9
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= 68 '
E 60 : 52
2 53 54
S 48 1
2 40 42
5 38 41
[]
14
20 4
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T T T T T T
No Rain  0.1-19.9 mm/h >=20.0 mm/h No Rain 0.1-19.9 mm/h >=20.0 mm/h

RH850 RH700

3.8 [A[&l 3.6, >y 850 hPa Fil 700 hPa Xt it & 43 #ii
Figure 3.8 Same as Fig.3.6, but for relative humidity at 850 and 700 hPa

PWAT FEGRE R, =i B2 B /K R X 70 FE BN 2.2, (R DU 2 RS ) B Y
TR EOCE Y, Btia w52, BlEd A PWAT R 925 hPa ELHE AT ATt
R BRI R % ok % (CDF, Cumulative Distribution Function) 437, 5 2 [
MATBEAT M (B13.9).
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K 3.9 PWAT (a) A1 925 hPa LLi (b) HIAHXS SR A CDF 7204, 7t L-fi174 CDF 704
Figure 3.9 Relative frequency (%) and cumulative distribution function (CDF, upper left corner) of
(a) PWAT and (b) 925 hPa specific humidity

3.9a KW, BEE PWAT [k, JoRE K FAF LI AR XA BT X, i
KA HILAE PWAT 25 mm Ab. 83 fE /K A S ZE4E PWAT /NT- 60 mm I,
B8 PWAT [ KK, 78 PWAT 60 mm ik )2 6.0%1) i K8, Bl 5 PLisg
/N G TR IR R PR K, X — DGR TN HY I AE PWAT 2y 64 mm I, AR A 0 10.5%,
5 3.6 41—, PWAT il 59 mm i H B 3 oK AR R . & 3.9a
i CDF BIRf o T =Rl R /K 1 40 A IX 8], T /K 340 T DA B AE AT 2 11
PWAT [X [a], {H*4 PWAT i — & BIMER, ToRfKSE {4 H L Lol P b,
LIS 53R A K A BILAE PWAT B3 28 mm (XN, FFBE PWAT FH kK S8
POg I RS, KA @ B K SR . =P FE K AR AR 43 A ity
2 b i AR 2 IR ) 22 R, 32 B AS [ 5 JBE e /K 2 T FR X 4 P B 8, XA [
B B K R PR /R T SO 2 . BRI LUVt BB AR A b [X 43 = 2 /N B K i
FE, URAMYZEH T 925 hPa 1 LIt 7311 (] 3.9b). H4R CDF REFHLIX 73 | =Fhos
FERIBE K (P 3.90), (HAHXHIRER A0 Eok, =l B B K B LU I RO G A3
KA BRI AL E , H X FEAI L T PWAT 22 1R £ . 1 A fE -5 R 5 b7
IKH IR B R, Bl PWAT FRoR (K125 2 KK BB, T FL e
2 BN R KV B, SR A KRR R TEARZE RS, (E I B K
() IAME TR EZARZ KR AL, BRI S BRI EE,
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3.5 NEREAGREMKXEYIRE ST AN

PSRRI R R (B 3.10), BLI. K #85. TT 454 R %K

S8R P TR 7 ) A AN R R AR, B SX I R B A A3 1 R B S T AN R e
SRR ) — A% . TT F1 DT85 FEAN A MK LI R4, R TT #
T85 X} =i FE /KX 3 BEEE BLI A K #5308 2. ik, =4t BLI AT K
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Figure 3.10 Same as Fig.3.6, but for instability parameters. (a) BLI, (b) KI, (¢) TT, and (d) DT85

KREAFEHERSEU i (@) BLI, (b) KHa%L, (¢ TT A (d) T85 (1

HEFEKIE, BLI K H{E DY 0.0°C, R W] H BLAE AR 8 PEAT AR E PP

KR E 1 50%, TS TR aRfEsK, A8 75 |o-Ari) BLIE4-0.9 C,
RIS 75% R I 5 K H BAE AN RS E B R ASAEE TS, ABATS AT 70 R I 5 3 7K
HIERE R AR N K SR 5 BLI AILEL, HIE KA 50%
HEE KB 34.5°CI, Tt Rk G X — BE R EL BN T 25%,  MAdi
S 7K B L U S 75%, H I SR FE K B M) K FE B A X TR 2 28.1~
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42.2°C, AHELT i@ MAKA) 12.6~41.2°C, ZERRZEBEN.
ST BLI AT K 454, [FRE A5 CDF 43 A Sk A5 H Al 4 A 15 100

(B 3.10). =28/ FEAK IRIAE X S 43 A S, TG BAR KR 38 2 7K B PR Xt A3
g KAEXT R BLI B IILE 0.0°C Iz, Tk 5 b K -2.0C. X T K #8244,
To R K A e K R IS i 8 7 I PR R ) A9 3 e KB 70 Al D 36.04 36.0 A
38.0°C, —FHHY. {HEAIN CDF 2040 7, BLI AT LUK R A 58 fa 7K 15 358 4 7K
TR B X FEoR, T K RO E TR X 5 E5E K, #58 BLI LAUE
HIE SR IX s KA g 515, DRI BLI S A o K AR 78 3 SCE N B 258
3.9 1 3.10, PHRATLAINA, 24 BLI KT 2.6°CEk K #6%0/NT 28.1°CH, #J
PAAE BRI 9 P AKOR S I . BRI, ASCR RS E S 4 SRR, KAE
FELIN i 7K AR 6 22 BLI AT K 8k 0 il 2 /N T 2.6°CHT (B KT 28.1C.
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Figure 3.11 Same as Fig.3.9 but for (a) BLI and (b) K index

T R AR )2 AR IR SGTE, X CAPE BUMUGBEAT /34T . = 2K PRK R
[¥] BCAPE Ziit4h i ior (B 3.12), £ 50%[) JC & /K 4 H 3L4E BCAPE 4 0.0 J
kg™ BT, R K S R 2 o B 75%F) AR 58 B K HH BILEE — 52 ) BCAPE
Mg, B 2 25% 1046 I 5 K B BCAPE 25 0.0 J kg™, H.25 50 [ 4>
fEX R BCAPE iy 629.0 J kg™, SHAFZE RHEIAEF HI4ERTE (Thompson
25, 2012) MILLE %, [N, S5z T 25%10 %6 58 %K HELAE BLI KT 0.0 C
TS BLAH LG, 32 8] BCAPE X F /K 38 B2 1 X 43 BEEELE BLI 2.
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Figure 3.12 Same as Fig.3.6, but for BCAPE

3.6 NEREAGRERMXBYBEENIT: shh

STl R SRR R A B B AR 2 —, R X P il Ak 2 R,
HUAZ REMEAEH R REM CT—IC, 2005, FedFI4%%, 2008; Luo 5%, 2014;
Fu %%, 2016, 2018). 5GP/ @ FEAKAHLL, AN 9 B /KA AT H BAE A )
MIRZ B (8] 3.13). 850 hPa it o, £ 75% I I 5 /K H BLE A
R R ARS4TR8 3.13). 925 hPa #iU/% 5 850 hPa B 24101, It
T5% R I 5 2 K HY IAE 925 hPa B TfE X, {H 925 hPa HUEEFE I 70 AL ki
[ 1X 43 FE E2 47T 850 hPa 3, FRHAX A KRS )7 TI4RFHE 925 hPa )%
BB R 2, Rk, JEidE 850 A1 925 hPa B I/ ME, thIFR1E 3
B F AR ) 485

e AT A8 0]k 2% B A4 S 0O X AR R 245 3517 (Rotunno 4%, 1988;
Bunkers, 2002; k/NF24E, 2012), (HEE B EL: RI0HE B XY AF] T 5
WRAIIRA CT 105, 20050 JoRE7K . 353 B K R0 B 5 F 7K AN [R] s ]
e EHNATIER M ER (K 3.14), ik 0~1 km, 0~3 km i&/2 0~6 km, Ailifl]
F) P B SS RN, 3 A K B ) 2 LX) R DK T TG B K B ) 2 X D) AR
i, A [ A0, O 6 B P /K B ) 2 L RUD) AR i, 3R A B XU DA AS A BAIX 4
=R R R K, X 5 R B R ) AR ) g KR R AU AE FHAN[E] (Weisman and
Klemp, 1982; Rotunno %%, 1988), {H 0~1 km & EL XA W FH], — & 8L AL
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Figure 3.13 Same as Fig.3.6, but for 925 hPa and 850 hPa divergence, DIV is smaller of 925 hPa
and 850 hPa divergence
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Figure 3.14 Same as Fig.3.6, but for 0-1 km, 0-3 km, and 0-6 km vertical wind shear
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Figure 3.15 Box-and-whisker plots for (a) PWAT, (b) BLI, (c) K index, (d) divergence of 925 hPa

of two short-duration heavy rainfall categories (20~50 mm h™ and =50 mm h'l). The upper and

lower horizontal bars represent the 99th and 1st percentile of PWAT. The three horizontal lines of

the boxes indicating the 75th, 50th, and 25th percentiles, respectively

B 73 M B, — LA 3g Ay LR 8 X0 TRk L Hr 30 e /R A et P i o 7K )
B, EONHT SO B R RN PRk (] 3.15), R HEIT 75%MIFE A HELLE
PWAT “K-F- 50mm. BLI /M T--1.0. K 488K T 36, 925 hPa U A Ffd I i,
FLAE— S A & AT 25, HERIEREE, 925 hPa MU 50 mm h™ 1%
Fof 58 8 K ) — 7 407 s R HORE A %5 B T 20~50 mm et AR 5ii B K, 2% B A [
FE )77 O DA X 73 B O 58 B () JE B 5 P8 7K o 3K 2 B v 5 PR 7K () Js R ke s ), LD
e R B ) K B B R N R RGBS A4, A B IRRE R, RREEE
RARHEA T TR AR R P S, T e /K HE O ) LA S 78 0 5 22 (R B e T e
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INRE RGN E G354 (Barnes 1 Houze, 2014), 3T 477177 X LA
YRR 1K SR P R 5 50 mim ht ) I B [ 7K MBS 20~50 mm ht ft 4 s 5 K
WU K

PWAT(mm)
PWAT (mm)

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
BCAPE (Jkg") BCAPE (Jkg")

3.16 TE AR IPIFGESE (a, 20~50 mm h™, b, #8350 mm h™) Ji b 58 % /K ) PWAT (mm)
FIBCAPE (Jkg™) HWUREIRMEREE (B, A mmIkg™ /70
Figure 3.13 Scatter plots and frequency densities of PWAT (mm) and BCAPE (J kg™) for the two
short-duration heavy rainfall intensity grades of 20~50 mm h™* and that excess 50 mm h™. The

units of the lines are mm J kg™

S, FERR FUA [F) 58 P J ) 5 S /K (R B B B A A T, AT SR % S o
558 JEE AL I 5 B2 7K ) PWIAT A BCAPE FR SR I S M 5 32 0 AT A7 B S FY) 22 93]

(}53.16), R 20~50 mm h™ 45 i 57K ) PWAT F1 BCAPE M3 2% KA X 2
=AW, EHEEREE G X X B PWAT KEEE 40~70 mm 2 JA], HigKME
£ PWAT 24 60 mm i, -8 BCAPE 3 Kifig ik )y, X5 PWAT i#id 59 mm
ot 6 B K R ZE R AR R A — 8. 50 mm h* ZE T S8 F%K I PWAT A
BCAPE i M5 5 B KAl 40 835 Hh oy AN, — AN 20~50 mm h Ji it i e K
) MR 35 8 X A P, {EL67 T PWAT = 60 mm. BCAPE =500 J kg &b, H—4A
K 53 1 v R % 25 X AE PWAT = 60 mm. BCAPE = 1500 J kg™ b, 8124 PWAT
£ %) 60 mm I, BCAPE #£ 500 J kg™ 5 1500 J kg™ i, =HIHIMEKE K S, A
R 8 i 58 2R 7K HH IR o X T B 5 v /0 RUBE Ot 2 e S ) ek /K 803 1 R P L )
£ (Weisman and Klemp, 1982). Kirkpatrick 2% (2011) T @0 #RME =~
AR, 43R55 PWAT 4 30 mm I, X = BB K %% 5 CAPE &
5, T 4FREE PWAT B8 K %) 60 mm i, HX CAPE Jy 2000 J kg™ i #4175 31
KBEKAE, B Joi CAPE KB/, AT B 1Rk ke b g bt s . i
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B 50 mm h 53R B K 7E PWAT = 60 mm. BCAPE = 1500 J kg™ BHiT 19 &5
MR % B R0 5 Kirkpatrick &5 (2011 2T 5 0 P R BAE A B A5 i 45 Rl .

3.8 KE /NG

X2 W) B Y AE R DN TR AT DA B4 v R I o P K O TR AE I 32 . R & )
R SRR I RIS SO AR, X2 TR SR RT3 46
TH R WU B PR AT T VRN A #T

(L ETRE RS BN, SKSHEKYEE KR8 SR, kg RAE
AR, RAES) ) KAV B E R B XA R

(2)  FET YRR TR, PWAT 75X 43 To K < 8 [ K RN I o %
TR 7~ 3 SUER A BH S, PWAT K H SR IR 588 4 7K P ] e K - PWAT
IEF] 28 mm S H LR I K B, PWAT 84t 59 mm i H B
ISf o P K B PT RE PR AR B B B AR 78 55 SCAN T PWAT,  FHHE B2 AT DS B
SR EFTFEK, B R KGR TE R R R .

(3) FAERAEG A MFE BRIP40, BLI A K FE00 JoREoK . 7 K Al
R o 5 o 7K P X3 7 S HF o 759 1 RN it B K HE BRLZE BLI /N F-1.0°C K&
K #8%0Kk T 36.0°CHY. BLI/NT 2.6°CEk K $550K T 28.1°C A2 H BHL A A %
R I b AT JHaFR . BCAPE £E P& 7K 5 ) ) v B R5CR I F AN 2.3

(4> B35 a2 SRR KIS 5 2, (B AN TR 568 3 (P /K
WA — & BB B O 75% 1 &I 5 [ 7K H LA 925 hPa B i IX
%1T- 850 hPa [IHIEE ), U H BRAEHURE G MR IX 4 L AR T 75%, B
JZ 925 hPa 13l J1fil & A FHEEAL T 850 hPa. T E XU ARTE B /K 3 4 )
AR

T EER M, 3B I — 5 e LUK L 50 mm hv i) S e 9 AR S R 20~50
mm h™ BRSSP K RS X A FF ok . ah, AT M P AU T R AR 411
i (1) /NS FEEKOUI, - B NCEP FNL BRI 0 30 194 X — R AR
A FL S e B R M A (R SRR AR, T /N B b R B VR AR L U IR SR
(4R FHE F S A AR 250 B0 T 8 R I 3R 5s, HISA 25 iR Sl Fy B &) B
AR, DRLMAR G 1 5 SR IR R ] Hh AR5 S e i e /K PO R B P AR 1 i, AR
SCHAIE TR 45 F N T Ryl DX, 38 75 A — 22 1 20 B AP A
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RRBEEREE A E T Re S IR K LT RESRAE, I e AR BEAN T AR M1
Bee 7K BB A S o AR B 25 R AR AL U A R U 5 R R PR R, ER IR 3
B S A 22 e A5 T T, 0 R AL 53X LR I 5 A RO AR (R R G 2% A 3R AT X LE 43
e

QU PO R R R b 5P A E RS ) 2012 4 7 F 21 B (faiFRe7. 217 48D
2016 47 H 20 H (fajfx7.20d#2) /8. BUGERER R K &I R T
P SERAE, AHIE BRI S8 AR . KR DA B S UGS BT e T K&
WHoL GRABEESE, 2018; THFESF, 2017; FhEMESE, 2013; J7HP%E, 2012; A/
dh, 2012; WEZESE, 2012). 2012 <721 FEM 7 A 21 H 08 B4, Freths
22 HiRo #3222 H 08 i, dbuidkiX 24 NP3y REK &L 215 mm, fili—
IK LGRS 460 mm (KRR BE K, T /N B K K B R ik 100.3 mm bt R
AT BERMGHRK, JES8 79 AR RAET:, dbathigit 160.2 JJAZK,
0.7 INEEHR, -+ m R4, 2016 47 H 19~20 H, dbmifidk 7
— K E RN (72070, MREWSEMN 18 HIF4, (ExFIbnih
XK T 7 H 19 H 01 I /247, %21 H 08 AT/ 45, #7450 /M
HEEL KA R AT L TP 212.6 mm [ EREEOKE, X P BRI
274.0 mm, [1SkiGF IR K& 453.7 mm, {E AR FE A /N K B KU
56.8 mm h™t, H 2016 4F<7.20"45 K5 W ek Ftef b st H 35 28 7 AR T 45 45 5 T T i
Rz e A J 2012 47217 R B I A2

R IRIE AN 2014 4 3 H 30~31 H (Fj#R“3.317#2) 12016 4F 4 H
17~18 H (fai#R<4.177idf2) /2, i — YO R I Bk o i B A B R L, d K/
it a7k A 96.4 mm h™t,  HLZ2 /N s W 208 i 50 mm b SRR K, SRR K E
PR ZRERIL M IX o J5 — YRR ) 4 7K i B A /N o/ Ao R
b, FERmERE AL, BRANIIE AL, /N R KSR EEIZE 50 mm h? LR

T B R A PR G AR R N SR P K S . BRI AN IR B 2% AR IR
bl 7R 7 AR N B B K A BRI 1Y) 2 RV R 5T 2R
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FEE XA R IF A #r. 2012 4F “7.217 #2016 4F “7.20” PRI KRN
AR, <7217 R ACEUBIX RO 21 B 02 IHTJEITIR, #FEEs 22 HiE
f o FELIN SR AR BB N (] At s (B 4.1), FE i s Pk AR B K B R 29
10 /NI JE T 12 IS PG B, stk BbE Jm AT g N, T 15 A F 40 IEfE, 2
JEA /MBI EVE, SRJGT 20 IR E] 75 sh ik R s KR, S A WD,
FEEHTH . 50.0 mm ht DL A B K sl B TR R AR A B R B, 21 H
20 I 2 BT AL EA7AE, 19~22 ISR B, 20 IR, 3K 36 ¥hiiX, £
RIS 538 B 7K L8 YR 5006

4.1 b5t 2012 £F7.217 5 2016 £F7.207RF KB R L T A3 St Ll

Table 4.1 Comparison of observations during heavy rainstorms of 21 July 2012, and 20 July 2016

in Beijing
JUR E TR BEKEREE HBEKBE —/BEHREK >20 >50 >80
FEoK & BFE Ch) BB S P K mmh?si  mmhlis mmhtig
(mm) (mm) R R "
2012 £<7.21” 460.0 20 11 100.3 485 127 14
2016 4+7.20” 453.7 55 3 56.8 811 2 0
140 140
(a) ---->20mmh (b) & --=->20mmh
120 - > 50 mm/h 120 4 N > 50 mm/h
100 100 H l'.
2 80 2 80 .: :‘
§ ’ ‘\\ § :l “|
Eﬁof l': g 60 4 ] |“
“ R
0 _.-'_':-‘-\ =t Ry

T T 1 T ery, T T T T T TTT
" 13 15 17 19 2 23 1 3 (BT 7 911131517192123 1 3 5 7 9 1131517192123 1 3 (BST)

July 21, 2012 July 19, 2016 July 20, 2016

4.1 4b3T (a) 2012 H+7.217f1 (b) 2016 4+7.20" K F W 2 A I 3 P K (REZR, >20 mm
h*, =50 mm h™ #0) Flw g i S A K (S24k, >50 mm b i R B AR 1] A8 1k
Figure 4.1 The variation of station numbers reported an hourly precipitation greater than or equal
to 20.0 mm h™* (dashed line) and greater than or equal to 50.0 mm h™* (solid line) during the heavy
rainstorms of (a) 21 July 2012, and (b) 20 July 2016 in Beijing

2016 “E<“7.207 1 FE P A I s g /K 5 2012 FE<7. 217 B FHAE, RAE“7.207
FE HP ) K5 I R B /K A B SR 0 A AN B, EL R R s B /K R SRS [a] 0 14 /)8
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BLT Wisk vk 50.0 mm ht ARG AREEK, 43 HBLAE 19 H 09 iR 20 H 13 i,

RTFREE AR PR L R (GR 4.0, RS O R 55K R
B /K EeAE 2, (H7. 21 A2 b H B KA A s HCh 11, Ti<7.207 i FRAA 3 ks
“7. 213 A H /NI K KA 100.3 mm b, B H K BRIR M, 11+7.20”
LR hIN 5 KA KAN 56.8 mm b, O H BEK IR, SRE 255 N
A, <721 FE R LT 11 357K 80.0 mm ht B R JE R SRFF K, 147207
TR PR HH I AZ 5 E (R /NS 7K s R R i B 7 R A8 T V) 5 % e R R B ] Fr 0t
FEEE R, 7. 217 K 2% 1 Y B /K o 3 22 R I o K A R, i <<7.207 3 75 32 DA
FEERIE RO, B sREK R B —E8 5. B ESERBIREY, <7.217
AR PR RR ST TR, (HREKBRAE R, Ti«7.20" I FRRF R TR, H R /K it
BN
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42 2012 4:7.21” (a) 12016 47.20” (b) K& i A o oJb ot B Jo o bt DX i f it B K
(K150, Szl s /N K e 50.0 mm ™, 450 Rl 7R /N R B 20.0 ~50.0mm h {H
E# 50 mmh?, AR AME (m)

Figure 4.2 Distribution of short-duration heavy rainfall in Beijing and its surrounding regions
during heavy rainstorms of (a) 21 July 2012, and (b) 20 July 2016. The solid points represent the
stations observed the hourly precipitation > 50.0 mm h™ while the circles represent the stations
had the hourly precipitation between 20.0 and 50.0 50.0 mm h%, the shaded is the topography (m)

“7 2173 FE B A IS SR PR K A TR AE 21 H AR ERA], «7.2071 £ 40 I 5 pE
KEBELEPLE 20 HEAKR, 2012 47 A 21 H 08 if~22 H 08 ) 24 /Nt F& K A
2016 4= 7 A 20 H 08~20 ) e sk 5 f /K sk s A s (B 4.2), 7.2 7211
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i N 88 e 7K 3 BEAE R 7E VR 300 m LA R Ak RU R R ER, {2 50.0 mm ht LA A
SR KA PR R X3, — M T B s PEER L AT, — M TR AR B ER (L AT . 2016
7207 BRI KA T 19 H, {H 19 H EBEM . kPR R, 1L P S,
ot LR it X sa ok EELERAE 20 H, Fik, ROGIFEYEHIFR v<7.20”
AR o «7.207 5 R b I X AN i PR K S AR TR AR AL B R S, B PEES LLAT,
AEATY A AR 24 ELAB F) 0 e 588 4 7K BAE 4K 300 m LA 1 B X 3, 1Ak s 2R AL 1 L iy
o HH IR R 588 B2 7K 5 2 B St TR FRD 3 A R A X b 788 U K 2 W o v i e e /K
()5 An A BB, AR ELARSZI TR AR, X5 P R K 2% T A BRI P S8 AR
YRR

4.3 PR F TR EME KIS LE 2T

2012 47 217K R W 2 T UAE (R AR B 15 50 T 7 AR R . el Bk iy
ARG A R T A IX KRR E RE R A R, A i ek B
I, AR KRR BERREL AT T, 650 S A WA RUBERTI R G filUR FR e

(PNEEAESE, 2013), [FIR T oAb SRR O B0, — St 5 H B T <51 22 Ak 7
(J7%s, 2012; i/, 2012), MTTIE AR T AR Bl A K 2 I 72 . 2016
7. 207 R KR W I R i AR S BRI & R, RJZ R R R T BRI JE 1
U, RGNS AR BRI (B LE, FEAT I R BE PR S AR AN A AL Re ik 1 5
T, b S X R A P A7 o PP 2R R 2 W T A ) e 7 R 5 i) 22 118K (%
4.1, E¥H RN GRS R B B, 2012 47,2171 8 R I g A K
HILAIEAELE 21 H 20 I ATfS, 2016 457.207 i 74 K B i B 7K I H BILAE 20
H 14 BHT )5
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K1 4.3 Jb5t 2012 527.217H1 2016 £F47.207 M CRF K 2 Y IR b R IS o /R B s AR I B

ISR E . (2) 2012 4E 7 F 21 H 20 Bf 850hPa BXE (A%, 10°s™). XUzl

500 hPa /% (%5{E2k), (b) 2012 4F 7 H 21 H 20 By KTk E (B8, mm) R4

FHEH (SR, C), (¢) 2016 4F 7 H 20 H 14 i 850 hPa #U% (B5, 10°s). RUzHl

500 hPa i (Z5fEHZR), (d) 2016 4F 7 20 H 14 By RS FKE (B, mm) R
THEE GEEZ, C)

Figure 4.3 Comparison of the synoptic pattern and environmental parameters for the peak period
of short-duration heavy rainfall during the “7.21” 2012 and “7.20” 2016 heavy rainstorms in
Beijing. (a) the 850 hPa divergence (shaded, 10° s™), the 850 hPa wind field, and the 500 hPa
geopotential height (contour) at 20 BST 21 July 2012, (b) the PWAT (shaded, mm) and BLI
(contour,’C) at 20 BST 21 July 2012, (c) the 850 hPa divergence (shaded, 10™ s™), the 850 hPa
wind field, and the 500 hPa geopotential height (contour) at 14 BST 20 July 2016, and (d) the
PWAT (shaded, mm) and BLI (contour,’C) at 14 BST 20 July 2016

R B 5 2 7K R e L SR 221 PO B VAL T 4 N PR 5 B L B il AT L N i e K B
FOPRBRARFAE o 10T 9 I i B 5 A /K A R AE IR 21 R B 4% A 0 T o (I
4.3), 2012 472171372 850 hPa [{IfRFE AL E T 24.0 ms™, T K AL KU Ay
8.0 m s, 850 hPa [FIHE i smis®] 1-12.5x10° s, Jbat KBS HuX 1) 850 hPa
B 1E-10.0~-12.5%10° s 2 ] (& 4.32), SICFEINE, AbmtkEr X kT
PR =R T 60 mm (& 4.3b), JKIRAFAE T & iR, 1w H TR
515 R E A IATHES (BLD 7 1.0~-2.0C2Z 0, BT m5. M
&, 2016 -7.207 3 2 H i i B 7K 4 rh A A i B b i Hh B 8 1) 850 hPa i 4R
FERGEIA ] T 28.0 m s, JLR{FEALERIK 850 hPa 4 ABIA S| T 26.0 ms™, M
T AE AL 50 b M X A T 58 2% 850 hPa $A7H5h /1338, 850 hPa ik % ik
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IEFT-20.010° s (& 4.30), J& T Momfmag, SubF, b X ik
SRR KELE 50 mm LA b, REdifidid 60 mm, i BLI7E 1.0°CHtiz (B 4.3d),
JET WSS . X LB UG AR IR B A RT A, 2012 AE7. 21 AR R E R A i
FHEN 156 F 2SS T 2016 57.207 2, {H 2012 7. 2175 B2 1 K IR AT A
Fa e LT 2016 “Ef9°7.207 72

4.4 LRI IRIME F AR IR T

T VR R 5 W o R i 6 B S B4 /K R A B 1Y 850 hPa 48 7+ 25 KI5 46 138
B, MRS FAE T AR R ZE R, IR XM SR A () 22 e A AR Y OO R
HH PR LI R R K R AN A3 A 22 S R . 2012 4F7.217F0 2016 4F7.207FF K B
Y It AR R R I SRR K 2 B 2 IR S AR (B 4.3) 5 =R RTH4S
SHEATRELE, AT LIRS P Y A R e A A K R 2 AR IR A

ARG R (Bl 4.4), K% 75%H KL 5 K HI I AE A 1Y) 850 hPa 37
AFFIREE R, (HFTG R 850 hPa #IUE — R 7E 0.0 ~ -12.010° s 2 [A], A5l
s VP 0 ) 530 B 7K R R A £-12.0007° 57 (1) 850 hPa U« #41K 4.3a AT 4.3¢ H
T VR R T W e R B 20 R P AR AR PR B A TS S AR 26 B, 37 U R
850 hPa /& it/ MBI/ T D WA (P 4.4a), AT 28 WH 1 Vi FE rh G2 K
REERE&HRT R L, JUHZ 2016 4E19°7.2071 72, (K 45-20.010° s™ 1) 850
hPa i B 2 7 WL o B £ A 161 4.3a AL 4.3¢ Bz b st #i X 1) 850 hPa i 34 4H
Pt vh, 2012 4F<7.217F0 2016 4F-<7.20" 5 i 5 F 7K wa A B 2] 30 5 B I i b [X
850 hPa #i§ /% 73 I #E-10.0<10° s M1-15.0<10° s /i A7, 5 %I BB K 22 42/ M5 5
THAH LGt Tt s 2
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K 4.4 JbEipIRs K#2EFES (a) 850 hPa BUEAE, (b) PWAT, (c) BLI Al (d) BCAPE
L5 RIS iR B /KA S B B R R XS B, B3 R S (1> 23 il o Dy S AR, B AR
Ui PRI R 2 70 ) 2R 26 5 MEE 95 B AL, M1 B N B =R LA R3S 25, 36 50
FEE 75 A RE, < F1<0” /7y BIFRAEX BATHLEAE 2016 4-+7.20”F1 2012 4E7.21 1 FEHp (1)
BCKIZIME, PWAT Al 850 hPa B 73 A H 1] 3.6 AT 3.13, el BEARIEIR 2215 21
Figure 4.4 The comparison of (a) 850 hPa divergence, (b) PWAT, (c) BLI, and (d) BCAPE during
the two heavy rainstorms in Beijing to the climatology of short-duration heavy rainfall. The upper
and lower crosses represent the maximum and minimum values, respectively. The upper and lower
short bars represent the 5th and the 95th percentiles, respectively, while the three horizontal line of
the box from the bottom up represent the first quarter, the median, and the third quarter,
respectively. The stars and “o0” are the corresponding maximum/minimum values for 21 July 2012,
and 20 July 2016 heavy rainstorms. The PWAT and are 850 hPa divergence obtained from Fig.3.6
and Fig.3.13, respectively, the values for BLI and BCAPE are got from on soundings

PR R R, AE P RS R R AR R R B KR BN
i, HEEWEONER, 55, AR ST K S35 T 75% A
e/ (B 4.4b), (HETEGEHREA SR E R RS, B8 7RIS
e DX, PRI T, P R KR R T R R N iR AR K 22 R 21 R R R KR
R EE BB ), AHRAEF T AIRE & () BLI A1 BCAPE 7 (&l 4.4c. 4.4d),
PR K 5 TR (R BR8240 RO AL e o 2 A1 T3 Ah T W P bl o, 2012 477,217
AR AT R R SR — 3, T 2016 4FE<7.207 Rk RE PR TR R EE 1 — i, R
BV EA S5 4 ) AN B8 5 7 T 1 22 S 36 B 17 R OO R A L ISF i P2 7K i P ) 22 )
“T2U° I RE P I TR e R RIS SR K, 7. 2071 B v R — ARk Y
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FERS BRI K . X IEIRIEIRAT, BIfERafa e its, HED) 400 2
fgam, KRR, [T DA AR S 5m K, RS X P e B 5 f K A —
ek BRI A0, H/INIE T SRAT SR AT LLEE I 50.0 mm hLs

4.5 LERGMGRMEK I FEAEE AT 5E PR ST XS EE

X TR 2014 AE<3.31 i R 2016 417 i AR, BT R EEIK 3 R AR
AN PG, PIEE S OE XA 21~27N,  105~118F. £ BVt fe, EB KT
F RGN, X T F RGBS Z AT BE R s LR s8Rk, Gort Hoshk, =
HAMEE LT
4.2 1EFG 2014 F¢3.317 5 2016 4. 17 HF K5 MY I FE 4 SR L

Table 4.2 Comparison of observations during heavy rainstorms of 31 March, 2014, and 17 April,
2016 in Huanan

BEKFRS:  —/BERERK >20mm ! >50 mm h™ >80 mm Hh™

hiE Chy  BEKE (mm) /N /N N/
2014 4+3.31” 13 96.4 1260 49 3
2016 F<4.17” 21 68.0 1207 3 0

JE A 5 fR K SEWLT LB OR (BB 4.2), 2014 3.3 FRANFF4E 13 /Ni, 58
B /K B AL RTE 2014 47 3 H 31 HAUHA- 12 b2 mt (Bl 4.5a), HH 33 5K b
(B BEAE 31 H 08 i o bR A (1 B K/ NI B K ik 96.4 mm, BT BT
VR (R P SR P 7K, G rP /N B KB 50 mm bt b kA 49, /N K i 80 mm
W B A 3. VENXTEL, 2016 4F<4. 1775 P ) o g K R 482 ) i) 42230 43,31 i A
HImif%, A 21 /B, /NS RE KA 68 mm 'ty H IR R S A A B S
2014 4331 FEAR Y, (HAXAT 3 BRI/ Bk B 7 50 mm h, (HEATAT
A 3 VRTINS KR 80 mm vt WG AN [R] 56 1L A4 /I B8 7K s U B5eov
I &, 2014 4F<3.31 1k 1 v (0 Vi ol R i 2 42 35 i 1 2016 “E“4.17 1 1

JUE B UGS FE IR SRR AR 25K (3R 4.2), (B JEIN 5B /K B RESEIN A1 AH 2,
2014 433171 A2 B 5 PR /K RFSEIN ) R Z94E 13 /N, 10 2016 4F<4.17 1 A& Y 5k
BEKMN 14 IITAR, fE 03 WA RS5O, 11 /AN . JRAE Tk, (R 5RkEK
SEIR SR AL RN ZE K, 2014 423,317 AR 6 I R A/ ot VBN 01 I T
IR RGBS, T 08 1A 200 7oA FUEAE, BE 5 PRad/b, T 2016 42<4.17”
T 14 R fE, 17 B RGA 30K I i P Kl O BRI ARL, 2 JE AR . X —A4k
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Figure 4.5 The variation of station numbers reported an hourly precipitation greater than or equal
to 20.0 mm h™* (dashed line) and greater than or equal to 50.0 mm h™ (solid line) during the heavy
rainstorms of (a) 31 March 2014, and (b) 17 April 2016 over Huanan Region
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Figure 4.6 Distribution of short-duration heavy rainfall during heavy rainstorms of (a) 31 March
2014, and (b) 17 April 2016. The solid points represent the stations observed the hourly
precipitation not less than 50.0 mm h™ while the circles represent the stations had the hourly
precipitation between 20.0 and 50.0 50.0 mm h™, the shaded is the topography

4.6 HERgRIRSRFEIK IS IER MR R XS EL S 4R

HmE SN RAMHILEA e ErERH . Figs ol e b 4w s
oK Z AT RS, 2014 4£ 3 H 31 H 02 RS EHR B~ (B 4.7), “3.317

54



O 4 T AR RN SR PR KIA ) 2 FE R A R S

AR IR E L 77 500 hPa —SUE M PEAL SR, FA IMRA 2 Sk B A A A%
BN, TETTH S 2R R . 700 hPa 675 32 —A k], A T4
REmZ T, HAEMRYILAAAE. AL 850 1 925 hPa I, I A &3 MK
WYL 240, ARimH AL T 5 PE R HS. 850 hPa YIAR 2k A7 -1 /e 656 A2 B M
RS —, 1M 925 hPa WAL T VLPGJb- 4 pa -1 Padbi—a5, HALM iR
b <, FEILE 850 hPa JyPY R 2, 925 hPa U AfREE &, JHH M PEFgH
W TH ARV PG e R SR A . AT AT, BB RGN, A 1 X 32 250 1Y)
X kol il 485 H LR R <o

I Ty " iy

..... oy -
. B ™ y ‘;{
4 ol SN { ; r
~ )
S _:“{& e
RN \j X & f
Ny L -
O SR & .
T PT ~
i X e &
~ R A
Sy oy
m = ot Y b) l\."".
S I i
A
r O 4
R‘" ““““““ 7 % oo
~ diskdi o idfupdate/1500/1403020, 000
& R\ ol L) | -

472014 4£ 3 H 30 H 20 5} (a) 500 hPa. (b) 700 hPa fil (¢) 850 hPa FE# K, HELk A
LRk, EONEIRLE, KPRk s U K E
Figure 4.7 The synoptic pattern of (a) 500 hPa, (b) 700 hPa, and (c) 850 hPa at 20 BST 30 March

2014, the blue lines are geo-potential height, the red lines are isothermals
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Figure 4.8 Same as Fig.4.7 but for synoptic pattern at 08 BST 17 April 2016
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Figure 4.9 Same as Fig.4.3, but for “3.31” in 2014 and “4.17” in 2016 rainstorms over Huanan
region. The 925 hPa divergence (shaded, 10° s™), the 850 hPa wind field, and the 500 hPa
geo-potential height (contour) at 08 BST 31 March 2014, (b) the PWAT (shaded, mm) and BLI
(contour, C) at 08 BST 31 March 2014, (c) the 925 hPa divergence (shaded, 10° s™), the 850 hPa
wind field, and the 500 hPa geo-potential height (contour) at 20 BST 17 April 2016, and (d) the
PWAT (shaded, mm) and BLI (contour, “C) at 20 BST 17 April 2016
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Figure5.1 Schematic diagram of three simulated domains

62



555 & AN R MR B G R A BB

5.2.2 1R RIGIE

“4.177 iR, R SRR EEESIE 4 H 17 H 14 1~18 H 03 I . M
FERIEWHhE R T SR E (B 5.2), 17 H 08 B 500 hPa fik i FH O T
HERIHDX, HEEMaHAMEX, — TR B RE, —MIERE RN
PR I o m, R AR, 6 R E A S Y R X — KA . M) 850 hPa
b (& 5.2b), RIFERILHIX SZi e, w7 X \)AR L b o 3
PO PG AL 5 5N AS A4k, 17 H 20 B 850 hPa YIS L7 T AR AR il il (& 5.2d).

SRR R 20, KR TIARLL, 850 hPa iR L 24°C, &R T4 i —FiEC
B

105 E 120°E 135°E 75°E 90°E 105°E 120'E 135 E
1 1 1
X \\\r(l\/ & [ AN N 7 A
A:Q \e‘ Y 0/ (}}3\/;;/ 25z ?\I“b‘i: ‘\’ S 8 /‘;;f kff/ P J\Y‘T‘\‘—“
NI T ¢ [y F .~ 4
\ AN IR ES S(( yxs e %t TN NN ‘.T,lf,f/f oy w
il AN \\ \t “ St R 174 Rl WREEA VLY »‘»1‘-\\”“ ’\?%\;;\‘?‘ i 4o
SN 5 s N 1 4 RO SN L R L
Ko "\\é\ AN : ni? A A ) R S N S N N
Ex\ LR N \\X, e </ S AN Sy 4 A
B D o S AT R O A et LA 300N L% s~ KA (200 IR PP
A= R S feey e e - PSS
\\\ 3 (\,ng A R eSS —\f‘u_ NP [y
& N - //'//Ar-( = | -~ g “ e
LU Ut~ S /«-_—’Lfn_gb\., r (_)_.—"\/{J ~ riP) u/\—v/,/l )
LS ke i e e T N &A™ AP ) ) o<y
20°N 4 (¢ % = s Sl o e e e O Y 200N A NS Sl Ve ([ N = 20°N
D B N\ et SN G ~‘~\—-— %\k~.z/j( ,//./u./.z[ ) EPnani]
h=4 ¢ § esed LS e ST \ LSBT [\ foer Armma]
A I s AT LR 7 \u J/ ) \\ \flmnmn ad
N v fs =N | )*/—- ns 1) j wn»f,-»
10°N M A\ BINN YU r 277 TR AAA o ION-\\\ w,\ - 10°N
»\\\.\—'*@\ AN A LRGN~~~ 4 \\ﬁ—«\\ \\\\
\\\\’:\ﬁ T “%AI\A/’. AR \\,\.\,Z’
T i i o S e e T N AN A \\a\\w\
NSNS SNANSARR A /n/-»r/-AA» \ \ \ i \\ \3\\ i—\-s\\.
Y T T ! T
90°E 100°E 110°E 120°E 13o°|=. 90°E 100°E 110°E lw’E
75'5 105 E 120°E 135'12 75°E 90°E 105°E 120°E
x\\\\\ ‘\ \vv\fr \.\)
“!z ,-__
(./ \\\ /n\, 55 f
\ \ ‘ U‘JV y B 74
40'N—-(§ AR \‘(——- «\ e F# s 40N = 40°N
Sy \\ \ ke 4 f =
.—\\\ LAY > % 7
Z RN AN \ (& 2
SSAARY ¥ i g :
30N LR L Lo N =5 g//ff;'m— N
LU s & e [ d ]
N et Tl o S S s
k\\\\\\\\\\\i P2 AP
LS = 4 = 7 - 20°
20°N L X A ,'f,:,,,':// ’\\/',' 20°N TF M- 4 2N
AL QLN e b d I\ s [/
-\ IANNNN~7 7
\/_-\/ fk h—‘-\&\—s—s/{—\.\\\—\/ﬁfc N e
- I S R - i e |
10N o S~ AT 7 e o S A s s L B | SO e
VN NS~ \gﬁxn—\anr%,v..»»,- TR \ Hat /f" ”,,,f
AR i R ] Ry B
AR T YT s s >
\\\\“;\'\?*“ﬂ__‘__”,;,hr”,fﬂ \\\\\ By(\,«a—ﬁ\, x ﬁ/ Nl
; ! ! ; ! OO"E 1I E 120"}3 130°E
%°E 10E 110°E 120°E 130°E m . T0F

1 5.22016 4F 4 H 17 H 08 I (a) 500 hPa Fil (b) 850 hPa /&% (HELk). E (L4, ).
R37 % 20 iF (c) 500 hPa Al (d) 850 hPa i CHEZk). R (L1048, C). Mz, Kl
SRE RN AEIV) AR LA E
Figure 5.2 The (a) 500 hPa and (b) 850 hPa geopotential height (blue lines), temperature (red
lines, °C), and wind at 08 BST and (c) 500 hPa and (d) 850 hPa geopotential height (blue lines),
temperature (red lines, °C), and wind at 20 BST 17 April 2016. The solid lines indicates the
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Figure 5.3 Observations of (a) short-duration heavy rainfall (numbers are the rainfall, mm h™) and
(b) severe thunderstorm wind (>17.2 m s™) during 08 and 20 BST 17 July 2016
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Figure 5.4 The comparison of simulated maximum radar reflectivity (left column, dBZ) and radar
reflecitvity mosaic (right column, dBZ) on 17 April. (a) simulation at 18 BST, (b) radar mosaic at
18 BST, (c) simulation at 20 BST, (d) radar mosaic at 20 BST, (e) simulation at 22 BST, (f) radar
mosaic at 22 BST. The black circle indicates the location of air parcels for trajectories
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Figure 5.5 The comparison of simulated hourly precipitation (shaded, mm) and short-duration
heavy rainfall observations on 17 April at (a) 16 BST, (b) 18 BST, (c) 20 BST, (d) 22 BST
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Figure 5.6 Simulated 10 m wind field (m s™) at (a) 16:40, (b) 16:50, (c) 18:20, and (d) 18:30 BST
17 April
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Figure 5.7 Cross section of radar reflectivity (shaded, dBZ) and wind vector along AB with
location shown in Fig.5.2c at (a) 17 BST, and (b) 18 BST
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Figure 5.8 Cross sections of potential equivalent temperature (K), relative humidity (%) and wind
vector (m s™). (a) Potential equivalent temperature and wind at 17 BST, (b) Relative humidity and
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Figure 5.9 Comparison of simulated 925 hPa specific humidity (g kg™), 700 hPa vertical velocity
(ms™), and hourly rainfall (mm). (a) The specific humidity of 925 hPa (contour) and 700 hPa
vertical velocity(positive for ascending while negative for descending) at 18 BST 17 April 2016,
(b) the hourly rainfall at 18 BST 17 April 2016, (c) same as (a) but for time of 20 BST, (d) same as
(b) but for time of 20 BST

5.2. 4 BURBNITRRH = 4E4FE

AR, AN H IR B R R R B AR B K G A 7E 30 mos™ B b, AR
FE 4 km DL b, KRGS AEE IS 20 298P, J& T2 K i KK (Fujita and Wakimoto,
1983). VEAHMIXS LR, A — I BRI S K s S s 15 &, DA 200
B e KRG B 220 ) 25 S A, B 16: 50 AR XX Ik i 23 S 5 L BE T IE B, BT S
)38 R TT AR %145 % E N 16: 50.

BN IE B R T 3R HYSPLIT4 (Hybrid Single Particle Lagrangian
Integrated Trajectory Model Version 4) (Draxler, 1999, 1997), %¥SJi sifi & W
K 5.4a TR RIS, TE 81 AN RUAEKR, [HIFGZ) 20 km>0 km, AT s e
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79500 m, 1000 m, 2000 m, 3000 m, 4000 m, 5000 m, 6000 m, 7000 m, 14000
m, IFIEJTEIRGE 6 708f, 5 FEER A S N B Y 20 /NI, HiTA Y 10 /M, 7
T4 R I E B

30N

20N

110E 120E
K5.104 H 17 H 16: 50 I 81 M siiJE A GRS AT (L) Pk, WO
NI R A EEPIR R, AEAEEON AR E BN E
Figure 5.10 The backward (blue lines) and forward (red lines) trajectories of the 81 air parcels for

all calculated levels. The blue arrows indicate the main clusters of back trajectories while the red

ones indicating the clusters of forward trajectories
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Fg Lo

ANF R EEAL G R o, RRER A EZAA P B AR (]
5110 KBy B BRI %) (3F 16: 500 BT B, JfEa 7B
Ry EEARAL, AT R AR I Z B SRR 2, R WML AT 7 X Jm A A7 AE T B EAN 5
U ETHRTR TR B e LR O, ok ER)R 3 B 1R 2 U5 KA R
BT, (HRIEE 14000 m w5 (18] 5.11a), D5 #8705t s AT DUIE iR 13T 3
JZ, S TORAHE R . T EL R ORIE LSRR 20030, IKm A TR
A, 14000 m e 5 i [ U320 A 1) 38 L 1) AL AE AR 2 A F AT R I SN, 20U B
HuTHT P 5000 m s B ) U2 ) 2 L ) “RUAEAR 2 B B AN PE RS2 4, 2L
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{0t A W 32, TG 3000 m 5 S5 BRI T B SRR W A . TG
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B 5.11 ANFR AL SR BRI AS [P R L (m) #9384k, (a) 14000 m i [l 43,
(b) 14000 m A %L, (c) 5000 m 5 [%LE, (d) 5000 m T FFLZE, (e) 3000 m J& %L
7, (f) 3000 m RBj[AHLIZE, (g) 1000 m 5 [AELZE, (h) 1000 m B [ #LZE
Figure 5.11 The variation of height (m) of backward and forward trajectories. (a) backward

trajectories at 14000 m, (b) forward trajectories at 14000 m, (c) backward trajectories at 5000 m,
and (d) forward trajectories at 5000 m, (e) backward trajectories at 3000 m, (f) forward trajectories

at 3000 m, (g) backward trajectories at 1000 m, (h) forward trajectories at 1000 m
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Figure 5.12 Same as Fig.5.11, but for specific humidity (g kg™) along trajectories

AT RIATIA (16: 50 25 ) BUZERE i FEAR AU ZE IR 14000 m I
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THIHE 98 . SR1M, 1000 m = B ) JE A s M s 1 ke, SR E 1000 m B E
Py e TR ML T« oK 5 v e JE P AU TERE N SR RT3 T 22 ORI B R b R ik
), R TR IR PRI E E S, BRI IUA . SR A L
YR U S 2 T AR B TF. 1000 m w5 3 b (1 iy e At s A O v e 1 A R

B Rt BAL, BEE — e LB B I B ) R ELA M, XA R
fUR o AR/, AR AT RE S R K 4 A AT K

5255 A T ) T P AR AR I B LR AR R (P 5.12), % A
BT b1 GR AR A  SR I T 1A A AR KOG &R, Hrp e R 1) S VR
14000 m 7525 PH R A 0 EL IR 240 /N T 4 g kg™ 28 B R0/ 10 10 T P i 1 <O )
ELid o 10 g kgt 4, RS A/ ELIg et 7 18 g kg™, HIREHE L, 1
3000 m {348 ZoR T B 10 g kg™ MIELYE, FHRH T EBESR IR RARA
KRS TR . 5 B E R EGEAE 5000 m LU R B AR,
L L0 T B 0 P38 8 D8 R /N, #E 5000 m LA — BN o Rl IR BZE A L
WA — B0 RS LV B e B PR, TR 0 I ) LG I 1 i
{ERIAE7E Bk T I, BB 13 g kg™t A4, MIEETF NIRRT
Ao MBS, 1000 mo s ) i AT T 320 A Ll I 22 S U BE R I, 3R
1000 m 751 FRY i T ey 20 RIS T N AL 70 il 2 S 1 B8 o v 88 ) 22 0 L T 36
A, MR UTRIREE R T

TEXHRUZ N, A I — B v B 3 b 384 e 1) 5.13 BT/ AN [ v JBE 28 AU A
TR R, KPR B A AR AR AN, ABAETE B R 3zE i [ B
H AL IELZE 5000 m BAR Bl i FE T+ I ORFE AR, 40 A R A T e R v
SEAHI IR (K5.12) MEE (8510 Bk %, EE M 5000 m BL A
T AELE KB I R R, S 1A 5 o o P52 P o RS DR AN AR o 25 RE BTG T
R T PELR (A7 B, IR — DXl 7 R (R T VR i, B0 5 e T e K ) 7 A
1K,
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Figure 5.13 Same as Fig.5.11, but for potential temperature (K) along trajectories

PUBER G TR, SRR 2 BRI, (EA R & ERAFAERK
ZH], R EILHR PRI G A] NIL R BIE m % 14000 m, JEHAE 5000 m LA
TR, BA SRR TR IE A AR R, TR IR B 5000 m s
JEME, DVBURMH AT ROy E, BE BT B2 ARG R (s, (Ebmm A i
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m DL e B bR ik 45 7 A o Pk 7K 1) 3 2 iR A
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5.2.5 PELRFAM ER LA AR IR A DR AR Y

ERERTR MR A, ML rh o A K 5 L RT3 DX o R 5 R B ) B
P o 3K DX A RS 2 B K B P R T 1R TR AL, (HE 2L EAE 2000 m
PAE (& 5.14), HEARELHTFIXHT, RO A HE R XIRAT, ZIRISH T
X 88 ETHA R UURIR AR, 2 REIRES, ERXR s B R A T R
59

5.14 W@ IR IR X ) S 7K R e s = B, TR I (2 SR s B I A B
BRI TT 1), REZR N DRSS X
Figure 5.14 Shematic diagram of streams in area of squall line producing heavy precipitation.

The surface dark blue line indicating the cold front, and the arrows indicating the flow directions

W@ i X r R B I AT A ) b€ 22 14000 m, 14000 m BLR B 75 g 17
N IRAEHEN T XOMLR e R RS XI5, RO P46 71 28 14000 m s 2, H.
e JERRAS BT AR, RUIPACR BRI O R . BRVE R M AL, FEAG
JEE USSR NI, e r b THT A1 00 ) BRSO R 3 T (R RV /K PR s
PR o X BRI b TS P R ) A SR AE 3000~5000 m e B AR BLAEH, {3175 0%
AR R B KPR Bk At AT B 17 i TR R 5 P 7K, /i m) iR H 3000
m DL Bk [ ) IR AR R B KT B (4 BAE A O A, A
) 97 32 22 4E 14000 m %%, HWA — I8 BXHRE B E 5000 m B R YT, I
W e 52 ) PR AT T 1 5, P LA 08 7 AR e T WG 28 iy 38 DR XU T Bl o
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5.3 44k 2016 F«7.20" S HEd FEHEHL
5.3.1 IFELR

S R B A R R FR <7207 B R AR, (H SERR IR Bk T 46T 7 H 18 H,
T 21 H BB KIEALE R ARG RN S, R FE KOS R IR R ¥
FIEFEVIN . e b DA ZRAEPE I HLIX (& 5.15), K &5 W,
HIL T Ve E R 100 mm BREK X, iy b3 e Bk 1 SRR K sk
689.4 mm, V] F Ak A 676.1 mm, AL ST TSV I 1 454.4 mm AR 3 K o
b KA K EERLE T H 20 H, A8 IERE0N 2012 4E<7.217 2 J5
N R R BRI R I R A BN S

@ WA i 2 58 P
7H 18 H 08 -21 F 08k}

0~ 105K

,E )

10 ~ 253K
o= y JI 25 - sk
g ’E- 50 ~ 1003EK

. ‘e s 100 ~ 25044
K1 5.15 2016 4 7 H 18 H 08 if~21 H 08 Wi ff/K = (51 H NMC Sg54k5)
Figure 5.15 Total precipitation during 08 BST 18 July and 08 BST 21 July 2016(from NMC

report)
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Figure 5.16 Schematic diagram of two simulated domains

#* 5.1 BE 24 %
Table 5.1 List of crucial physics schemes used for simulation

YR (Physics Process) ZHk 7% (Parameteration Schemes)

Py /mp_physics WSM 6-class graupel scheme
KA R ST 7 S ira_lw_physics  RRTM scheme
AL R S 77 % ra_sw_physics  Dudhia scheme

PRI 277 % /sf_surface_physics — Unified Noah land_surface model

mﬁ}%ﬁ%/m_pbl_physics YSU scheme
= S Ffeu_physics Kain-Fritsch scheme

5.3.3 RILER

BEXSAGERE, —emtstEn CHES, 2017; BEHESE, 2018), s@fgK
FETE KR RSB SEFE R T P2 A 0, H iR SO0 R B o B K AR 1
FEJFH, BB T RS ARt S B T S R K .
Jik@ 5 W) b 3¢ B e J) 320 DX ) 2k [l g A B ARKOBEAUL B B S e BE AR BT (]
5.17), [mk LURBURE =B E, REEIT 40 dBZ 1 [l R AE RS I 5
[ 20~30 dBZ Hlmligertr, BR/ANER > XA, IRl S AN 55 dBZ. FEALl
I B I TEAS o3 A1 5 ST, AFUASSAU 3 R J0A [ X P [ e s v i, S48/
I B 7K 1 AT B 5 RIS S AR LU e, (B E TSR 1 5 sl Bt

08 I ) 35 A [ I T (A7 B LA 5.17b1) t R TR I E R A = MK
fE (& 5.18a) , B 58 20~30 dBZ ) |l A48 ik 5 8 73 5 & 40 dBZ LA -
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fIlEIg, W7oy —BUE R MR A<, 1X 5 2016 SFAERT“4.17° ML R b i i

[E2)

K15.177 J3 20 H 08 isf. 09 . 10 by 11 I FRORLIN AL DL TR ok [mlipe S /N R /kOnf b, e
a AT NTRIE B, b A7 AL E LB, ¢ AT AN 7K, d 47 DL/ N T 2K
Figure 5.17 The comparison of simulated and observed radar reflectivity and hourly precipitation
at 08 BST, 09 BST, 10 BST, and 11 BST 20 July with number from 1 to 4. The 4 rows labeled
with a, b, ¢, and d represent the observed radar reflectivity, simulated radar reflectivity, simulated

hourly precipitation, and observed hourly precipitation, respectively
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Figure 5.18 Cross section of (a) simulated radar reflectivity (dBZ) and (b) potential equivalent

temperature (K) and wind vector (m s™) along CD as shown in Fig.5.15b at 08 BST 20 July 2016
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g T IRETE B AR 1 SR E . AT S, ARSI, RRINTE
HREFERET S SRA DX AN, e Er R M, XA R
SEEEAE, B FT XA AR R GER . SR E R, e BT UG R A
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FE (5, 10°sD. MmN (B, gpm). MRJE (LR, C) KAXEX (>25ms™),
Al Ce-h) XFRIIF %1 500 hPa L EEFif (BI5, 10°Ks™. Az (R, gpm). i
FE (ZLRELE, °C) RMIRIA A, WMt = M4T5 7 53R 700 hPa Al 500 hPa fJ e
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Figure 5.19 The 200 hPa divergence (shading, 10°s™), geopotential height (dark solid line, gpm),
temperature (red dashed line, “C), and wind speed above 25 m s™ at 08 BST (a)18 July, (b) 19
July, (c) 20 July, (d) 21 July, and the 500 hPa temperature advection (shading, 10° K s™),
geopotential height (dark solid line, gpm), temperature (red dashed line, ‘C), and wind field at 08

BST (e)18 July, (f) 19 July, (g) 20 July, (h) 21 July. The orange and purple triangles mark the
locations of the vortices’ centers at 700 hPa and 500 hPa, respectively
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Figure 5.20 Synoptic pattern of (a) 200 hPa,(b) 500 hPa, (c) 700 hPa, (d) 850 hPa at 02 BST and
(e) 200 hPa, (f) 500 hPa, (g) 700 hPa, (h) 850 hPa at 02 and 05 BST, respectively, on 19 July 2016

82



555 & AN R MR B G R A BB

102E 106E 110F
-=::|5 I I I I | | | I

10 15 20 28 20 38 40 48 &0 I3 a0 13 70

Kl 5.21 [FE 5.20, {57 H 19 H 08 fI 11 i
Figure 5.21 Same as Fig.5.20, but for synoptic pattern at 08 and 11 BST 19 July 2016
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Figure 5.22 Same as Fig.5.20, but for synoptic pattern at 14 and 17 BST 19 July 2016
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Figure 5.23 Same as Fig.5.20, but for synoptic pattern at 20 and 23 BST 19 July 2016
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Figure 5.24 Same as Fig.5.20, but for synoptic pattern at 08 and 11 BST 20 July 2016
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i, 500 hPa. 700 hPa #1850 hPa {IKik H LG AR FF— 5, KHIMIERAIERN
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YXHREE, 0NN, p AEREE. BT “7.207 WSREHIIREH O X 32 B4
T 41~44 °N BITEEN, A 41~44 N T E42 A 30 3 T A8 4k Sk 7t AR
7 751 JEE = R T 2R 4 AR T A

H &l 5.25a AJ%0, 7 H 19 H 02 i, R 700 hPa i ie JZ ECHT 3 /Misf, 400~500
hPa £ 114~117 °E Z [a4F4E— 1.0 PVU X, HiRE KT 2x10° s, 7KiK
AR V2 P R I 85%, IX X8 1 LS 500 hPa i B 2R 458 5 1T 0T 3 1 435 1 e il ( P
5.200), IEREELEVERMIBEBUE L T AR IR IR RAB X o BEHE, X2 R 2 4
SRR I X 5 IR XD, 1A N 1441 512 850 hPa,  HLIH X 38 A AH X I 2
BE, JUHAE 750 hPa 3 500 hPa (2 RN, HLARXSIRIEAE 95% LA b o iX L84 R
[R130) 73 R T3 5% A D TE AL i P a3k — 20 38 i N b T P T8 G it T A R 264 . itk
i}, SHRERZ, 108 °E LAFE AT 1.5 PVU (1.OPVU # FITEXHRZETD X 15
S N HRAPIRE, HFFANX 350 hPa A4, XAXIBAKASERS, 5
kBT FRE, ERTRAIRZTURE T &, SRS Hr &, Xz
T3 B (X 45 5 200 hPa 7 4% i R AR X R

19 H 17 i (1 5.250), X2 HE 114~117 °E 2 [AlF 5 AL i X AR Js ),
OO R R B KA X 5 VU BT I, 36 B 1 IGIs) 500 hPa i fig i ¥ T A%
ST RE (B 5.21b). S AR, 108~111 °E a4 J2 A 2 i 15 368 5 A
IEAL RS2 N, LI 700 hPa bR C4 B R, 1M 500 hPa bk fieth 3= 9 /)
WS XZE R, ARETT S E Frnsg, JERansam AR 8 3, AL
PRI, X AR AR A R TR S RS R BT e A B0 R
R, 3K P SO0 XL 2 AR 2 PR I8 e T Js A e dE A
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A + . i A
108E 111E 114E 120F 123E
| | |

0.5 1 7.5 z 2.5 3 ‘4 s
[l 5.25 W42 (34~41 °ND HISFH PV (BIRS, PVUD. RE (HZk, 10°s™) AN
(S22, %) BERFIA RIS 1k, FSELEh 1.5 PVU SE 2R, KEMIR MR M PR . 4t
SRR €4 = F % 43 Bl 7R 200 hPa. 500 hPa Al 700 hPa & & mifi B . (a) 19 H 02 i,
(b) 19 H 08 i, (¢) 19 H 14 &}, (d> 19 H 20 &}, (e) 20 H 08 i, (f) 20 H 20 K}, (g)
21 H 08 i, (h) 21 H 20 i
Figure 5.25 Meridional averaged (34~41 °N) PV (shading, PVU), vorticity (blue solid line,
10°s™), and relative humidity (black solid line, %) , where the thick solid line is the 1.5 PVU
contour line, and the grey shading is the meridional averaged terrain. The green, purple, and
orange triangles mark the central longitudes of the vortices at 200 hPa, 500 hPa, and 700 hPa,

respectively. (2) 02 BST 19 July, (b) 08 BST 19 July, (c) 14 BST 19 July, (d) 20 BST 19 July, (e)
08 BST 20 July, (f) 20 BST 20 July, (g) 08 BST 21 July, (h) 20 BST 21 July
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#b 19 H 17 i, 500 hPa Liaie/E R, LIS 500 hPa L HY 3 1 1EA 353 A 1E 3
JERIRMEIX (&l 5.25¢), RMIEAATH], 500 hPa i ied/s#A T 700 hPa i fie LA
7 (B 5.250), HIEREXAH T8, REMZRIEERLI TS, JEER
BN — AN R, Bk 19 H 23 B, 850 hPa th A IRIEILE, & 700 hPa iR g
MHERER, E&XEZ], 500 hPa FHiRiES 700 hPa ik i HAR S
T2 7, JER K BB R, BRI BB RE 2 s, X (X2
A8 2 F4) T 368 P52 R AR 90 B B ) DO B 4, i e DR L R 3 i (%1 5.25e) . BB B
AN, XHE TR B BE I 1 9 (8] 5.25d-e), [AZRFEEN, JEINGR . MR,
200 hPa [k R s & B INVE, 5T 20 H 08 I ERGRiE. ATLLE i, 200 hPa
IR BT S A HR 2 IR O AR R A — B, R ERFRERE X
TR, RTRR, AT R Z IR T BT =, A0 32 22 e R K
AR o ivilids, R FE. #uk 20 H 11 1, 200 hPa _E [#138fie 55t 2
)2 79 e 2 ELRE & 76 —ik2, T T M 950 hPa [7)_E 51 % £ 200 hPa [T E £ 4t
FIHTE b, KR 2 2 B2 A2 0E — SCE0E I 1E AL R IE SR A (& 5.25F-g).
XM H @ IR RS H R, e ek 2 T I, e BEE B KRS
ZIRTS, EALAFIIER E IR TS (B 5.250), JRHEFFAAI T, AR e
BRI A R, HREMNAERE, &ERMAETE.

L LR, S AAFE R RAE DAL E AT AL, AR UCRE RS R
BB, WTE R T AR AR A MO R R, R IR RS R R e g
T R, I IR E TR E RGN K R R IR I R o B 25 )2 R G IR AH BLAE
FHEN5E, EIRIE RS iR E bR B, JER T — A IR IR E R 5
It 5 P AR Rk 58 R SRR M BB, X AN e R G R IR TE 120 BT PR
RELEm=5s, HBEBERUN LARZ S, BT LA 2 o 2 R e 2K 1) B e

FES IR KA AR B, 700 hPa A1 500 hPa F) 85 12k [l 4 4k H 78 it
RN ARIEAAR B R, B KR HRE 40~45 dBZ, 200 hPa JL-F-#A [, X
5 5.17 FronSUiE K R R T TR Ok [E R R — 8, R R [ R AR R A
HRAR T TR P 00 DX 3 D 2 B P08 3 S P 7 e AR MU P it R I
285G AN TR v B2 U R R WY B I 23 U R Bl UM IS B AT IB BR, BB
T 38 SHHFAE .
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5.3.5 SRR BRI FINE S
2016 & “7.20” ZMH, MRER. P KEEE =D EASEHMLKRE.
25 SRR A AN 2 E BUE IR E . X e T R R E R, AN S S
BB BAAE— BT .
48N £
46N-‘
44N
42N A
40N -
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36N
34N
32N
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28N 1=
48N

46N 4
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42N F
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38N 4
36N
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g 7 3080 + N
3 4 P / _/ h J\// "
/s e e et

s bd7 2
washyE e P TP
A bl /Y

éé\

S
Sy

102E 106E 110E 114E 118E 122F

570 15 20 25 30 35 40 45 50 55 60 65 70
K1 5.26 AR JEPT B 700 hPa (735 (RSELR, gpm). R (ZL582k, C). K
AR R (5, dBZ), KGN 3000 m LA EXEK. (&) "L, R
TREA IR L X, (b) AR BB, (o) SRR B, (d) AU T 1 55 i 41
Figure5.26 Geopotential height (black solid line, gpm), temperature (red solid line, “C), wind field,
and reflectivity (shading, dBZ) at 700 hPa, where the grey shading is the terrain above 3000 m.
Panel (a) shows the first time when the vortex appears, (b) shows the developing stage of the
vortex, (c) shows the maturity time of the vortex, and (d) shows the last time before the vortex

dissipates
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¥ 5.27 [F[8 5.26, {H4 500 hPa “JiE
Figure5.27 Same as Fig.5.26, but for 500 hPa vortices
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5.28 [A]&]5.26, {H’4 200 hPa “{JiE
Figure 5.28 Same as Fig.5.26, but for 200 hPa vortices

5.26~5.28 A T BRI LIRTEIRHERT B, BIWIA. K. A
BIKET T o ARAE A A B 8 AN TR (RIRFAE , IR T L Hh 0 X3 23 SO SOHAT IS
)RR )R, FH TR 030 e T ) B BEARAE AN ] B 32 B AR AR . BT A
AR T BRI HYSPLITA, S (15 & WRF BE00Z /N (K
B R 5T R AR BB AN 18] 5.26-5.28 HER B R 2T HE TR, M RTE]EE DY 0.5%0.5°
XFF 700 hPa 1 5 L EL45 144 AN s5, 500 hPa 2y 225 AN £, 200 hPa iy 21 4
JF R

AR E, ARV & 2 02 SR s U R T S AN TE R RAE (A
5.29~5.31), 700 hPa i JiE (1) 75 ot sl = EEE T RHALE S, SR T i 7 3508 R R
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R A ST AR I R AN IR HARRAE, R V0 25 S0 R R R T L 700 hPa
SE R, T T 2R 30 1) 25 AU R B T EE 700 hPa BRI /Z IR, 282 3
T, SR T XA FE o WA BEFE I 2 AU AE T DU AR AR A KR AR A 2
%, FEORTHRRE, TIREEAR T2 S STE LA R p AT, iR T
B, XL T BN AR o W R AE R IS A BUIPTE (1 25 BT A 3 A A IR T
TR IE AR AR I 2= ST A ) BRI AR AL, R BRI 45 R (R A
FEHIAESERIMIRRED, A T i mg R, E 28 TR erh s, &
e R, B AR AR AN K, R AT . A, IEH 2 20%01) 7
AT AR TR IR FF o [X S AR U H - 500 hPa it e 23 AU A5 BRI E 2
HFZFMCE, HEZRHES 700 hPa b ¥R eI AR ML, BP0 A A e 2 3
by NP SY (B 5.29a, ¢, ASNEF L FE Ik B S I GRAMIE T4
WIZEE), MRS PEEEE I, HEER R A m b AR
AKPIITAIRG o BR T 385 i BE PR R4 0 1 BRI AR B R A, 25
FERIE EZ RS2 5 700 hPa E Rk TARL. _EiR/3Hr& M, 700 hPa
1500 hPa |- i Jie ) B NI 2 i HOT AR oA — 8 AR ALLE .

FHEE T 500 hPa 1 700 hPa i i JE B, 200 hPa i ig i JE A AR 4 B 1 78
AR HE 5.29~5.31 A&, FR 1 iR R A U5 SU4h, 200 hPa
TR E S A ISR BT e 1 IR CE AR 5 SRt B AT A SR 2k B T2
ARG T B T 4R 2 i TR R RS R AR B, AT S 62 v R A 2
BB IR RUKIR S AR, 7% i T 1 i 72 b (57 TR AT P AR A A
AN, FEONARGERE, FILERIA R AE 200 hPa 1R 55 . JERGRIESS, [FIdbA A 2R
REBEHRT R, SRRTERE LR EN, SRR IR, B
INEE R
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K 5.29 ANR)UJE AR e S A B2 U s KR R s A I 20, 2 [BRR S0 T HE 73
MRRPOLFF UG ZEAIE . (@ M t=9h Z 0h 1 700 hPa J5 M %%, (b)) Mt=9h %
t=84h [ 700 hPa FTAIFLIZE, (¢) M t=21h % t=0h ) 500 hPa 5 M2k, (d) M t=21h
% t=84h [¥) 500 hPa FTA%LZE, (e) M t=36h % t=01f 200 hPa J5 M4z, () Mt=36h
% t=84h [ 200 hPa Hif i) 412k
Figure 5.29 Variation of backward and forward trajectories of the air particles around/within the
central region of the vortex at different pressure levels. The open circles and the shading
rectangles show the initial and ending locations of the particles. (a) 700 hPa backward trajectories
fromt=9htot=0h, (b) 700 hPa forward trajectories fromt=9 hto t =84 h, (c) 500 hPa

backward trajectories fromt=21hto t=0h, (d) 500 hPa forward trajectories fromt=21htot=

84 h, (e) 200 hPa backward trajectories fromt =36 hto t = 0 h, (f) 200 hPa forward trajectories

fromt=36htot=84h
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Figure 5.30 Same as Fig.5.29, but for specific humidity (g kg™)
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Figure 5.31 Same as Fig.5.29, but for potential temperature (K)

5.3. 6 JRHERLFAM B IAFIFEIK 5 i SR A

BT e A R I R LA B = AR A R B, 45 T IR A B R
gittyn Bl (K 5.32). RJE B e MIGZ B % 2% 200 hPa, fH _ETHATTRITS
T FEEEAE 10000 m PAF o i e A (U 32 R IR H 2 T R U, ASRITRREK
(T H 3, A 00 e T PR b T IR e S P R R e B R AR 1 VR A R 7K
%, WM GERE T BRK BRI I AEAE . BT s A T A IR, A A A
XA RE KA X A AE 450 hPa LAR, TN S5 EER I 64F (B8 4 &), M
TS AFAR D RIXHA 25 RE A% 1 i 23 200 hPa XL Z B B2
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Figure 5.32 Flow structures of matured vortex and its effect on precipitation
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FE BMELR I J LS NIRRT 5 B B A S0 0 ISR v g o 5 R o [ g v
Ferbroh B2 B AR FESRIE T 2000 m DA B, TR 1 o E R v A
PRI Z T, e FER KPR . S AMEA ISR SS NI A, — R A
MELE LAILHA DX, 55— R kit PG R SR, (HTE HE NP X X 2 A HE B 1 PG e
JRTE) 6 b R ), 32 L X3 T2k [ v e 2 5 PR 8 R ) R BRI . R TR
[ e 2 5 PR S R SRR HE N EZR R G0 2 B B AR AR A K, BRI 4
A FERRRIE, H5 R A T E R BRI AR RS E, SHE T T E A
HAER, AFAFKIRPOEEELE, AT B T 1 3R K o IX — e ah i R v Bk AR
£ 3000~5000 m =, RRECE I E A T AR 2R R K RAT IR KR
Fo MELT AU, MEZH H <R LURAG A i s s F 4 I, (HEEXR R S
U3 2 A7 7E — P 55 1 i i T2 SRR, VR R E R SRR A T
FIRHITHT, 55 MR TR KU TR A K
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JH o H AR AR Z TR SEIE R, ZJa Xtz R Rim i i, 4ad—
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FELIN 8] N 5 AR E IR QMG iR ol &, 2 BT BHE R i 950 hPa
fifi £ 1 200 hPa IR ERIE R Gt. PRI, IXANIRJE AT e 2 GE IR R GE i K
JEFFARIE, —BRBEHRENRE TR, X5 “4.17” SREFEAR. AR5
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2 6 E GREMFE/KABE MRS E
6.1 53|15

HELINS 5 AR FRORHR AR GRIE R, PRI L Tt AR DR X o R I AT ) B 28T LA
BT RB IR M (Wilson 4%, 1998), PR [F] 44 i) i 7 R B0l T R Gt AT
LA 0 g o e i 48 7y ) i L, L B 0 A Ot R 3 ) T AR v
AEAE th s DL H A2 0% 1 A (10 R IS 55 B /K TR, 3K A8 H 7 2R LIS i PR K (R A S5 2% A'F
M2 FEPEAM R e 58 4 &) BARHEATYIR MRS AR H KA #kh (Sun
5, 2014), {HSZ, FETH0E TR b AR AR A0 IS FH R At ) 9 94 T 2 A g A
o

ST AR BT AR, BRI 5 KA SR A B R N GE TR Ak b A
LA I 5 A K DA rP I BRI, AN B8 A 2R 7 i 00 R P 5 o /K 2 W T 7
%o BT R —JNER T X R KR A IMBh AT B E Rk, 218
A6 A R R N i B K PR S5 KR AT B, R ] ARR A 3RS 5k, (H
IRAS EARYR B ECRN % (Doswell 55, 1996), BRIt i FRCAECEMIR 7% . % &
HT LI 5 BBEK PR B S5 A 2 REPE RN E M, R RUER TG

6.2 BRI ENR
6.2.1 TN E-F

A2 KRS B AU ETHE S AP T 7 AR e P R AR ) A A
(Doswell %%, 1986) . RIFVEEFIRMEE L, BYHEHEHRATKIEGE. M
SESAE flRBLH . EADIERE LR, FEHNATT SN 3 &, TR LE
IR R, AR UL TR RAKIFFER B 2 R AT Rk &2 (PWAT),
850 hPa (RH850) #1500 hPa (RH500) AHXTHEAEE, FRALJES: A& A FIH6
FRE(BLD K $8%01 850 hPa ILJE , SRAES) 1467+ 54 1¥) 850 hPa #/Z (DIV850)
KA T R G, VBRI 6.1,

PWAT B b yre 1 W a) v] fe 7= A 1 i B 7K [P B KA . Trenberth (1999)
W RN, XF T3 AANIHBIX, Bk 31-F-1) 70%H) 7KK ©AAFAE T R IE RS
(RS o RE AT TH8h J1E R SR fil R R JE (R 561 . BLI R K R 4K
PFAE RN 2 RN 9 B K A B ANE € 25 A o ANBIERLLSS , SE s AR E
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At AR ETHEE, MR TS B a2 e A I B K ) 0 o
PF o AR BERAE R M AR T, I DY 2 2 = 9 /K HH IR AR N K T
80%IMIH (5 3 F). MHTH B 2= A 1) 2= <A R FampEm o B, It
FLR TN g B K SRT, R R RIS 1 3 B X)L Rz e (CAPE)
XXX ER (Weisman and Klemp, 1982) L #i S i FI6HL % 3 (Corbosiero
£,2002) AR EEL, EAAT N R ER TR S SOFARE CGE 3 &), b,
TEIH AR 3R 6.2 Hp A7) B 5 1) (L P R0 {02 1 SO0 ) 8 e 7K BT 0 2006 A2 Y AT 2 2% 1F
® 6.1 MEFEKEHTRIE YR

Table 6.1 List of chosen parameters for potential of shoet-duration heavy rainfall

[k Eitipa SR
PWAT R RS AT K
BLI AT E E R RS Galway(1956)
DIVgso 850-hPa HiL/%¥
K K 440 %= G~ T+ T =G = L), b T A1 T, George(1960)
S NFNREM T SRECC), H BT NEREE
RH AR

2R 6.2 FEIN 5 B K0k PP B R Y R

Table 6.2 Thresholds of parameters for short-duration heavy rainfall

fotse it

415 PWAT RHagso BLI K DIVeso Taso
X2 mm % T C 105 T
i >25 >70 <1.0 >30.0 <0.0 >13

6.2.2 BHEMIRSE

BT 6.2.1 HHIIRIEATIKIRK. Al MR-, kit
AT AR

D Kpr sy H. RIEYEERRIERZ X, K PWAT, BLI, K, DIV850,
RH850 A1 RH500 4 BiANAIfI4L, B RH850 A1 RH500 43 f—41sh, HAhAEA4
Py B Ay R — 2 (8] 6.1).

2) EPRHEEAYIEERERE S B N T E R E, BN HRE R
FRBME T NES . SRR AR, AR, SRR, SRR, R4 AR B RHEE
TAEAH L 552

i DL EPpE S, B R E B E A TR A, R AR 6.2 g
VIR BE, WU RGN s P K T RETE N 0, B, dRSEPAT T —2 . X
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A RS 7 BER MR (B BT A B2 Jm s BRI B A I 9 P K A E R
X TR R BN 2 3 1 PR SR AE R A P KR, BRIV Befr 2 358 2 115 A2t 3
HELI SRR I 2R, DU R IR L o

PWAT | | s@ | |
(mm) 30 40 50 60
BLI A | | | | @
(°C) -4 -3 -2 -1
K I | A | e |
(°C) 35 38 40 43
DIVis, | @ | | | A
(103s1) 20 -15 -10 -5
RH I I | A@ |
(%0) 80 <RHgsp<90 60 < RHgsg< 70 70 < RHgsp < 80 80 < RHgsp< 90 90 < RHgs,
& & & & &
60 < RH;qq< 70 60 < RHsgo< 70 70 < RHsqp< 80 80 < RHsq9< 90 90 < RHsgq
Predictand | | | A@® | | |
(%) 0 20 40 60 80 100

6.1 RN 5 /K 2 WML AR S8 22 T RN AR 7 BIME, e 3 E TS
FOXT R AL, @ FT A 73 s PURR [ A 26 A T ) B R
Figure 6.1 Schematic diagram on the construction of probability SHR forecasts. The values for the
parameters are the thresholds for the grades division. The symbols in the brackets are the
corresponding units. The ® and A denote two sample distributions of parameters under different

environmental conditions

R IR AT TS 0 25 RE 7 AL I 9B B K IR B 25 R RO 2 A, BILRAT AR K
HEBEMIg AT AR (K 6.1 HsOIED, BOom A6 T AL 5 B K
ARt 2, AR RA T KRS BRI ERARERZMET (B 61dh=
1), SR TR AR RN AT BE 7 AR N 0P K o W v BT L A R N o PR K AN Ve
T T R XY LIS 5 A /K B 8 PR A 85 2 AR IIC L PR BIAIE o T2 HE RO BESR oot A
e 5 2 P 5 R0

6.3 FRRFNAELE AV BRI E

6.3.1 FfR&ER}

A 4% | NCEP GFS (Environmental Modeling Center, 2003) 19<1 <[] 43 # %
B TR, DRI T2 TR AN 0 P 7K R ML TR = it B 1 9 25 8] 73
i . NCEP GFS TRz L AR I 18] 73 #2809 3 /NI, BT IR 58 B 7K FR L 25 93
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e () 78 55 K P2 12 /NI, R T RIS TR 4 AT b, K 12 /NP 5 7K 3
ZINEF 18] B8 (R TR = AT 0T B, B — s s R KRR (AR 12 /N Bk (] [ gl
L I iR 2 AR T ™ i R o 5 M 55 TR XS EG IR e A5 FH F18) R o i o8 7K s 45 A %
klh 2016~2017 4£ 5 A 1 H~8 A 31 H 20 K2 ) 96 /NI 8 ¥k 12 /Nt [i]
IR R I o K 2 MR R T, XL A A 30l s ) LIS 5 P K A M 3R 4

6.3.2 JMER
ARG 6 T A AR F AR 1000 K DL R R E Sl (18] 6.2a), 1 H Bk
(&1 6.2b) W45 S5 32 FEAEAMG 43 A7 A0 T 0 Tl A B 4G 56 TR A B, AH S RS

B2 0, 3.2 75,

20N
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Bl 6.2 B () FIEZINE (b) 1046, AL (m)
Figure 6.2 Distribution of (a) the national observatory stations used for the verification and (b) the

automatic rain gauge stations, shaded is the topography (m)

6.3.3 KRIL X

S 12 /NS ) e 4 B 58 B A SR TR k), S SR sl % m S 1
S%of TR A %o 79 At SH 58 P W S Ak AT AL B o 0 T A B ) BRI, W T
AN K Gt A ZR I 40 km N E Bhat, BRIEE S 5 & LU 40km 4
P L I3 UL 0 49 A SO0 3] Rt 5 e 7, 75 0 5 o] gy £ 300, 1 R B R K o B
TR R R T — W E N AIE S, R4E Gilleland 45 (2009), X
SRR T Ab B R4t — AR Ab R, AHS T S, R iX P Aab B, 15 340 N
S B TK 1A B CRK 2 S R I, AT X FOUhAR: B &5 L 7 A RS
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6.3 X ERIERFIEIIZE (ROC) RiE K, MELIUXT ML, i B I SE 2k B Oy B VR 4R 1L
2k, KGN ROC M

Figure 6.3 The schematic diagram for the value of Relative Operating Characteristic (ROC).

The gray area indicates the ROC area

X RN AR S B SESUA TR TR, SR ARXS BRAE4FE (ROC, Relative
Operating Characteristic) HiZk (Mason, 1982), Brier Skill Score (BSS) Al n] %4
K% (Hsu and Murphy, 1986) X451 T4 . ROC &M= AKX 7 KAES
THIBE T o F 0% 100%4% 5%IaI FEHEAT R 70, 73 ) TH EEAH B 8 iy 7 0K Chits)
TRV (misses) R2 k% (false alarms) TR A L BLIE A (correct negatives)
RO, ST ESRIMER, BarP = (HR, hitrate) FIEEEZ3R (FAR, false alarm
rate) HEI{E K& L, RIS 2AHX BRAEAFAE T 2 (& 6.3 thfizk), Ho HR = hits
/ (hits + misses), FAR = false alarms / (false alarms + correct negatives). #{EHFE
2k 5 x il 25 B Rl DX T AR BE 2 ROC AR (& 6.3), T MEHE M il g
P a3 B . ROC THAIEIE S 70 A A5 2] (Wandishin 4%, 2001, HUHEE
[El7E 0.0 A1 1.0 2 [8], 1.0 F/RTk g4 1Em, 0.7 IR AT SR R, KT
0.8 FI A2 I ML TR 7 i ( Buizza 25, 1999) . [FIFEA HE 2 T4 = i LA 5% 1] b,
Xl 73 9<5%, 5%~10%, 10%~15%5555, 73l v 5545 X 1 B Rl PAY PO Tl g 4 A i
DUAIAR G, ¥ —Ffiende—ok B b, BInMR 3 nT gtk L. [FIRE, T AN
X T AL B i R W00 e xR i i B /K B WL A B2 b AT Rr 6, I 5 b 557 i 3k AT
Sttte SRAIZEE SPC /G561 TS Fa% (T) (Wilks, 2011), T 7 0.0 Al
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1.0 Z [AIEUE, 1.0 FrTiRss4 B, ST 0 a sk Z R~ 5, 5 ROC
HZR TSR, X T 255 1) S%lE PR AMER, 155 T, MImfE2] T MR A
th, FHE5N SRR

6.4 BB

A T TR IT AR AR = RN R G FE R P R T, = R I R
AR AR, B— DA 2012 4 “7.217 W, KAEERE
4t (Sun Z%, 2013, Zhang %%, 2015, Yu il Meng, 2016), &5 —/NMilf& 2015
8 A 8 HERG NIriig, HILESIE. s THMg ATEREL KA T, XM
PO FE S B T OV (I SR K . B =AM AR AE 2015 4F 4 H 28 H,
FER KT NI , AR T I T 96.0 mm (1 /)N R R B K BA S UK B AT
KR

B
bl

6.4.1 feJbBEEMFI-2012 7 B 21 H

RUGTFEFIR 2 B s #C R 3] 7#E 50.0 mm /MR FEK CGEPUED, ot
2 P R AR i /N B R 7K % 100.3 mm

ZRF%1) 500 hPa i 2 Al J FLAE BB s T G b 2 E B2 R 58, XFh R Gk
WAATHEILEE RN . HEsR 2012 457 A 19 H 20 w@#HdR+, 21 H
19-23 FHNLEAL R TR TR0 (B 6.3a), R KBE/KEER T 50.0 mm {H/)h
F 80.0 mm. i =435, 18-19 B ) — /N /K BIIZ 90.0 mm b, LW 6 /)5
I e K B ARG T EEARA o RS TIAR 0 5 AR AN B /K i O T P g 3, {H SR AR K
YIFE 25.0 mm LA,
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Kl 6.4 551 2012 45 7 H 21 H 20 ) NCEP GFS THdR3% i (1) 48 /N A I 5 f K T4 X
RATEHMIRE TR . () FasRBE KM (PI52), R aRf/K SNl (ZL0 M NCEP-GFS
At 7 H 21 H 17-23 BEEKEX (B4, (b) 850 hPa Bt (10°s?, BIF), Kz (R
FIFF, AP ams™, Efy2ms ™ NEFRR 20ms ™, RE (L, [ 2°C0)
#1500 hPa 252k (SBsE2k, 2dam [EFE), (¢) PWAT (B I BLI (°C, BfafEL), (d)
KF6%0 (B152) LLK 850 hPa (HAsIZk) i1 500 hPa (ZLEARELR) AHXHIE T 60%[H) X Ik
Figure 6.4 The 48-h SHR probability forecast, synoptic pattern and index valid at 20 BST 21 July
2012 using NCEP GFS forecasting. (a) The SHR probability forecast (color shaded) overlaid with
the 6-h SHR observation (red dots) and the forecasted 6-h precipitation between 17 and 23 BST 21
July 2012 (dashed lines). (b) The 850-hPa divergence (10° s™, shaded for negative as in legend at

right), wind field (full bar represent 4 m s ™, half bar represent 2 m's *, while a flag represents 20

ms ™), temperature (red dashed, contour interval 2 °C), and the 500 hPa isobars (solid black,
contour interval 2 dam), (c) The PWAT (shaded as in legend at right) and the BLI (dashed, contour
interval 1 °C), (d) K (shaded above 30 as in legend at right) with relative humidity of 850-hPa
(black solid, contour interval 10%) and 500-hPa (red dashed, contour interval 10%) not less than
60%
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2012 £ 7 A 21 H 20 i ) NCEP GFS 48 /N JEA TR Eon, K2 850 hPa
MR T 20°C, WRER R, KA AT R /K. 850 hPa D) AR £ i
A mEE 20, ok 850 hPa KUEZ14 14.0 ms™, 850 hPa JAS £ i #6442 Tk A
H AT IIX 3. 850 hPa iU i /IME M-10.0>10° s, (B AN HBILZE Ik st I (1 —
AN b (B 6.4b). K5 JE X ) 850 hPa #LEE 7 0.0 ~-10.0<10° s 2 ], i
TG 1 R, bR R R A X, 850 hPa AL & T 55 B th AR R,
EHEMXE T W5, 7 H 21 H 20 B 48 /N PWAT H P RS [ b AR b 2
BER (B 6.40), FHHERILGIHLIX, BORVEHF) PWAT 7£ 50 mm DL E, Tk
I8 K PWAT #id 70 mm, REKIRESEIFE R Z. JERHIXE PWAT 297 60
mm, KIKEIERE. BLI A4 5 PWAT Bov3Mel, B s PWAT X
A B AR BLI. #8110, K e84 5 BLI 212 E AR (& 6.3c, 6.4d), &
B K IBHE AT T 43°C, (EARMIX I K S8 5B i k. JhRtX i) K $4
HAE 35~40 2 [a), Hagjd T i AR E . Abat L E L) 850 hPa A1 500
hPa AH X 41 7E 70%LA .

FEXXFHASEAC E N, TR SR K & X 2R oA, SEETR 6 /N
SHBEAKM AL (K 6.32). FERAMANEMEX, —MiTdest, 55—
P F PR, (H A TR TR 6 /N BRI O A — 5. JLUTRTA
R 5 o 7K SE e 3 HH ILTE FRARVE X P

6.4.2 tERaHEFMH--2011 F 4 A 17 H

2011 4F 4 H 17 H 4w - X I — U I R A2 R () 2 o IR A
LI B P K P A BV i KR, & A 18 AJETCF 100 £ N %245 (Zhang 4%,
2012). Kl 6a iR, JUTHTA (RIS S5 K 35 T AE TR DX 38

& 6b ToR, SkBEALIT IS R B TR 5 I B BRR SR AR SR
fillR R4, SHTHUGLIFEFLL, 850 hPa #UZ/IME X #5# 850 hPa YJAEZk /i,
SR, 850 hPa HUE /MBI L1 N-2.5X10° s, & TmE9%4:, MRMEKIREM
i) TPW 7£ 40~60 mm, J& T35 LA L& & ks (14 6¢), TPW KA X ) MuLl
INTF-4°C, RWRRE KR, 10 K B8R (B 6d), KHEZHX ) K
HEE 35~40 C, RUIATEFMR T893 P, T K fafpiid 35 CHIX
1%, 850 hPa fi KAMIXHE LR 70%, 500 hPa X E KAE X B/ . e & Tl
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25 R oR (& 6a), i 5 /K 35 HE LTE TR IX 1, o g A% T 80%. NCEP
GFS 08~14 I 1) 6 /NI FEK TR AL 2R PR A — 10 mm BIFEK Gy, TR I
S B K TR 2R X (1 AR S 10 mm (B K AL A, RIS S LE T LR BT
Hi TR AME R E B R TR (QPF) AU FIE, #2475 20 FWaifEE.
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R O
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Kl 6.5 [MK 6.4, Jy20114F 4 7 11 I 27 /NS T
Figure 6.5 Same as Fig.6.4 but for the 27-h forecasts at 11 BST 17 April 2011

6.4.3 FHEEZSMH-2015F 4 H 28 H
725 10 R I o B K B B E TR ) RSB S 2 — . 2015 4= 4 H 28 H A6
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Figure 6.6 Same as Fig.6.4, but for 45-h forecasts at 17 BST 28 April 2015

RLE R (K 6.6a) Won, REF—LLfn oK ELE TR XA, HAE K
2 [ LI 5 P K VR AE TR X I Ah o X G RE R, R R A PRI A E R
SRERERS (F 6.60). SHTPHIGEREAALL, 45 /NS 850 hPa iff: B il &
s B R A ER AT S AL R IR AR T 13°C, AN 2 iR Z BB . 850 hPa HI
JFE/MEIX JE# 850 hPa V)AL A, VIARLRSR XA R R EMA RGt. SR,
850 hPa i it/ MEAL L) N-7.5x107 s, & T I3 8P &5 fE, MR AR M
PWAT 1£ 25~40 mm, J& T 55 LA L35 4552 52 (K 6.6¢), (HYJARZEHTHEE BLI
/INT-4°C, H K FRECRAE R NIRES 73 X () K fa 8ol 7 43°C, RUAIANTEE %
o, T K $830HE 30°CHIIX 3k, 850 hPa i KAHXHE B /T 80%, 500 hPa
FEIEBE KT 70%IH) X35 /N, 3 A2 S 7 1) ) T DK XU 2 5 4 ) o SRV
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ik PR 6.2 7 PR ARG P8 B0 DX AT 2], KT 2 X3l 34 S DR AN e e ot
Ko HE LRI 5 K I IX SR TS 5 BUHRARSEABL,  (EAFAE S 1A B (w22

A 2 OOT UL 10 FA I T A P M A, AR R A e R I i A K Y A )
A, EE I N SR KA BB AT, AR TR R A R
FES U LA B L ZE X ) 2 2= A eI 08 B /K iR o

6.5 KHIFIREE RIS
6.5.1 2013 FRE TR TNIRIR QLS

6.4 T4 R JE T A TR VAT o TLRAN BT IE T AR, (H AN
RS RARE TR UL IR T St Rk, ARNTERT 2013 SEREE S A 1 HE
9 H 30 HITEsLss, JFeT RAEMERL .

X, M ROC MR Fk 4 AT TR, FFidit TR AR
b o R IR 45 R e (B 6.7a). KT R PRSI R, 3.3.1 %
AN B TR 2 00~12 B 2EK %2 84~96 /N, ROC THIAR HL A/,
A, BEE RIS 22 40 km 3K % 240 km, T F—ANHHRE 2%, ROC
AR IZHTR N o XFT 00~12 /NI RCE) T, %R 420y 220 km i ROC
AR B R AR AR B T, 3 R PAR 3G O ROC THIAR (5 M /N T TR B 2 1 4
K.

AR, ROC THIAR il TR 45 PR S A AN BT /N KSR AR M s e o 36 45
MR R, BRVAE/N ROC HIAER, 3 Z 2 iRk 0 S B H R 1Y
Wi, T — TR FEAR AR K =35 o KT RO AR PRT &, A A R R K
B R 2 B, BRI A 2 R, G5 R G807 A BRI AR L R
1] B2 S AN TR TC IE IR A, IR & S 80T %R FAR FI3 K a2 HR
fk b o HEIE R ROC & B i) 22 R M 284, ANIMTA#13 ROC MHIFABE & 42
BERIMIR/N . TE ], KA ROC THIAN R WML i T LAFE B AN 5 HE B
R 58 2R 7K1 DX 3 X430 B i e K ) DXk
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(ﬂ)u 240- | 0.791¢ 0.786¢ 0.780¢| 0.776+ 0.767-| 0.759 0.750¢ 0.7424)
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120- | 0.096-| 0.089-] 0.082-] 0.077-| 0.067-] 0.050-| 0.050-] 0.042¢
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80- 0.095-| 0.084=| 0.075-| 0.064:| 0.052+] 0.043<
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Figure 6.7 ROC AUC (a) and the BSS (b) for SHR probabilities formed using different search
radius and forecasting periods. The x-coordinate is the forecasting period while the y- coordinate

is the searching radius. The numbers in the shaded boxes are the ROC areas and BSS

KRR LRI, AT T BSS W4 (Wilks 2011) i iR 45 5 ik
ITPPAt . X4 AR R AR, B TR RN 00~12 /NI IE < & 84~96 /N,
5 ROC AR IRL, BSS 2L/, BSS £ %R 1% 80 km I 00~12 /M
TS K1E, 5 ROC HIAAANAE . 7EH# 4% 40 km I BSS T4 BLIE(E,
AR K, £E 80 km 2R FA2I, 00~12 /NI TR B S AL RR, R4 100 km
[ 00-12 /NI [ TR SR 5 AT oSS, B 1 R LA MG K, BSS HRIg/ .
ST 200 km [HE R4, BT TR 200 BSS ¥ Fuf . AUt AL PR AR B
B4 22 AR R A T LA R BSS AL JRR, EIARTRATT R S b i b /K %
WUTTR 2RI, pURE T A F XA 360 5 SR A B iR I T A SC I HRYE L, eAb AR

it
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Figure 6.8 Attributes diagrams (top) and frequency histograms (bottom) during 1 May and 30 Sep.

.8 .0

Forecast Probability

2013 for different forecasting period with searching radius (a) 40, (b) 80, (c) 100, (d) 140, (e) 180,

and (f) 200 km. The diagonals indicate the perfect reliability. Histograms in the lower show the

sample size in each probability bin
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Figure 6.9 Comparison of SHR forecasts with operational products in (a) 2016 and (b) 2017with
searching radius of 40 km. Shown for reference are the average T of operational 00-12 h (solid red
line) SHR forecast issued at 20 BST
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BiKIR #RIF) AR RSB E Y BB W] DU 3 X - iR PRk 5%
WK, REISCEI Y B B A N SR B K TR BT A B L o X KA
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Ho2 MG I SR K K L BRI 5 F . B TRFIE R, 925 hPa BB 7R & X
BF, AR 75% M KA 5 K L EAE 925 hPa B Gl X, i 850 hPa B3,
JUIBE AR T 75%, 3 B R AR 7E B /K 5 52 ) ) R AR FAS S22

(3) @R T BRERG G EFKEIMEE R FNREKRERK
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BB RN 22 5 v LM/ B KB B E R 200, (IR 24, AN [ 22
FC B AN [t 2t 48 SR A B LR o 3R WA I SR PR K I S IR S A L 2
FEVERI S bt 3 TR AR A R A AR BRI

(4) R T BEMERRGN SREWNFE, HERETRARGPIEMEK
AOREE : xR RIBT FUR IR, TR B BERTHL T BRI FIZKYRAE 5000 m K
AT R B R RGP SRR EERE, NEILEIRRW R RE s
TRERRERZGWEEREH ERXBHEBERRESBRERREEERGHER, <
T 3R S AN W h BRSBTS R B PR /K K TRV 447 U SR B« 479 2016 44,177
PELE F A B PRI 485 WA R IE 15 22 i 28 ) 435 W R T 6 AR — 350 ) FME 2 PR N
A 23, R A ] R v R R L AR B KVOR IR . YR
B T 1 B A 5 R 2 7 e ) A SR S, KIRAERTALZ R R PR
s 2 AR K I E B R, RO E NS T E . 2016 4247.207 i AR
TR B IE R G TR R T AR ANZ RS AR AT R i e 16 B
ME TR . MREICZE HRIER LI, Z R E T R, &
B AR S, XHANRIEL IR ERE, HG, RS R R e
HAE R B[] N 502 RS AR A PRI R &, TERL T B Rl AR &
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PASERFAE VR 0 A LI 8 B K 2 LT g 12 o G 70 BUAR AL RAE Y B R, DA
R 2 e n] 5 L IR P o Bk K P DX T o B AN RIPR R 1S 55 A9 B0 19T
s REJWERR AR A A BEAH, BX—IriEBaeisi
HiT 45 HH RN 5 B 7K A AT RE H B DX 3o X6 — BRI B MR Z U 45 R A 6 s, 7 i
M AR 25

7.2 THEFRE

ARTCIRIE 2 A I /NI B K S G T i R T iR AR 7K R IR A v ) IX 3
FREZRES, 6 AR 0 Hh DX B 3 B K IR 1 7KV R T RS F1 4 A AT X6 L o0 BT
fiiit th 1B RAE R R L EE, 255 EAb e it s KR, o
BT 7 IRBEARAT ) AR S 2, JER FARADL S5 SR AR 1 3 o I i K i v R
FEXHR R GG S M RFAE, (EXSEh 78 () B5EmE b, DR R 1 — M i i
IR TT 5. SR, 1A — L8 ] 75 B AE A Ja W 7T TP R AR R B 7T, A
(SIS

(1) /NI K IS AR 40 A A A5 BRAT T SE VA I B JnsiE, 20 mm b R BRME A
FORPRAE, BPAGE FH T 28 SRR R X, T 5 — DX, 3 5 oy L 55 Tt o
SEVERE A X B T RAEHX, 5 mm bt /N REOK B B Mo, BT
VUG X MR 461 22, RERAE 155, HHR AR E KR A %] 5 mm bt
B/, U] g e e DX A DRSBTS 5 R LR SR PR T, 424 5 7R
BIELEH IR . peAh, BT i BORk s AR A F) 1a) A, xfE A e IR Jeg 30 3 [X
) /INEF 7K SBRRFAE s 7E 4 FRIRTE 9T P Id 75 ZEWCEE B8 2 (R B0k, 0T 58 R 140
(143 4T R 58 1A

(2) HARMERE IHEKIR . RIRB) )& R B E R, N
LI TR BRI SRR KR AL T B S H AR, FFCAS TS R
B, RUIMHRHEERATEE, BV Wk AT A . R, EE0 Jm M ) R i 5k
BEAKIHEAT S MTINE R B, SR b [X (¥ 6 o 5 A P PR B8 A 58 A R 4 AR 72 1D 5
IX AT BB R M SARRRAE A G, A S0 /NI B K S BRI AR 411 3
2002~2009 FREZE /NI FRK GORE, MIBREHET 10 X1° B Hrdg, W
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50 mm h™), [Eitk,  ASSCHHE TE S BN A TR N XS, 3 7 0EE— 2B i 4 A
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(3D FE 7™ HEHG N 9 B K P 88 2% A 22 R M A S 1 R0 B 23 by, AXGE
M =R AR AT 170, RANERGHR =454, WaiBue 250, &
GRS LI PRGSE, Py /N B/ SR B P AR S o TS K SE M ANER B SR 4
SERIERMA T E RER I R, A5 K B AR IR, AT A2 B8 o (R
KA. HETZAGB IR, POl s i) RSt F 1S A F € BE B e AE 5 R
IS 1) AR TR, ATAE R A 0 SE 9 R 2, I 1 i U0 IR S MR R R4
ARAE . R AUBE VIR A B TR AR R PR AR A5y, SO AR HH 3 DX AR R
OFAEAR, T E I MR KGR R BUNBONIRE I RS, N RGA S
PRI FREHRE L 22 RAF 22, 6 B L 51K B BRAHR R S T B2 R AR 2 . ith4h, Ji
I 5 B AR A B KIR . AT RIS ISR S E RIS R, A b B B Gt i
S FE B AL, ARERBUR RGBSR Ah, KR, )
D=5 A AAFAEM BAE ], AR — D5 I A 2 v] BLOER 5 — A7 iR
U sk AN 78, (IR Al /N ROBEE RSB, A 122 B A2 i g
FHELSZME | BRI Lo AORIE A S LR A, 7R EAH S QU & 5 3 R LRI ko

(4) Fe TR BLADL 45 R MEZ A e 5 M RPAE A AT #e 7R 1 2R B K R S8
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5 1) R AR A 5 B AR k2 o0

(5) IR T :URAE I ik 45 - O A R = T HidRk 5 AR KB 18] (Murphy and
Winkler, 1971), 513X 77 T 4+ — E 2L 2| ILAE (Wilks, 2000; EI® and Laprise,
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