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Analysis of climate extremes using Max-Stable processes in the Haihe River basin
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Abstract: In order to understand the response of Haihe River basin (HRB) to extreme climate events in the context of global
warming, climate variables (temperature and precipitation) from 1961 to 2016 were used. The RClimDex model, M-K trend test
and Max-Stable model, and the climate extremes of HRB was modeled and analyzed. The spatial and temporal distribution and

variation characteristics of temperature and precipitation extremes in HRB were studied. The results showed that TXx displayed
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a decreasing trend from north to south with a range of 30-40 C,of which 36-40 C accounted for most areas in the HRB. TXx
exhibited a decreasing trend in the south and increasing trend in the north. The precipitation extreme value RX1day showed a
decreasing trend from southeast to northwest with a range of 50-100 mm of which 60-90 mm occupied most areas. The overall
RXlday showed a downward trend among which the Circum-Bohai Sea region had the largest downward trend. The GEV model
fitting results showed that the temperature extremes were mainly affected by latitude and elevation, and decreased with the in-
crease of latitude and elevation and the variation fluctuation was stronger in the north compared south in the HRB. The extreme
value of precipitation RX1day was greatly affected by the altitude and longitude, which was mainly represented by the spatial
distribution that decreased with the increase of altitude, followed by the spatial distribution that increased from west to east with
the change of longitude. Based on the Q-Q percentile graph, non-parametric extreme value coefficient 0, GEV and Max-Stable
parameters,and the determination coefficient R* of the intensity scatter plot for the recurrence period,it was determined that the
Max-Stable model could well simulate the climate extremes in the HRB and GEV had the same effect. Climate extremes TXx
and RX1day were mainly affected by latitude, longitude,and altitude, but the addition of distance from the coast could only opti-
mized the establishment of the TXx model. The spatial distribution of temperature extremes TXx once in 2,10, 50, and 100
years showed an increasing distribution pattern from northeast to southwest,and the high-value areas were distributed in most
of the southwest, with the highest temperature reaching 40-44 ‘C. The spatial distribution of extreme rainfall values TX1day
once in 2,10,50,and 100 years was mainly affected by latitude, followed by longitude and altitude. All of them showed a de-
crease from the southwest to the north,and the high value areas were distributed in the southwest. Centrally, the maximum pre-
cipitation was 80-200 mm.

Key words: Haihe River basin;spatial modeling; Max-Stable processes;climate extremes; generalized extreme distribution

et LB U R 2k R R KSR
o e B P SRR A 1] b & A T AR 4
Sl A i R AR R g F2E 7K 18 A R i B KA il
BN, K T 5T I A BRAE R X A o S e
SRR K, BRI A K 93/ % (The United
Nations Office for Disaster Risk Reduction) R if ,
2015 AFRA LR DR BB — N FE 0 TE X —4E 2
SANEPAYE S 1 NS IREWNERE-2| &S A i
1) R AR, B AT L B AR R R B
JEVE s HAR I E I TH 2. 2 T AFET i R A T
PR LG 660 {¢3TT,

TEA SRS 50 T o A S A o) ¥ T i Sl s i
F14) 5 T 30 A 2L s A R 2 2 0 X VT Sl
G I 25 43 AT REAE SR AT RIS < Y T S SR i e iR
AR B 23 R 8 B (1] 180 A A 3 e 3 (BT
R S AV A8 A b AN Sk 3 5 V] g B AR S R T
R FERE A R A IE O T » 20 D B ik K A
ASE P i A o A s B K Sk R 235 [ 4 A R 2 VY
AEER L DA 2D 5 AR TG L P D DXl 22 Dl e 7
FER TEH ARy s K AEPRASf SR 2 B3 T R,
XSV T 3l A=A M AL P i 9 22 366 1 sl o5 B
Xof B S AG BER F KAH (pe/IMED 5 BE R AR A3 SR
SRR EFHAE 30T S AT 5Tl R G g
GBS AGEAN AR T B0 R L5 B A ST 4 D . Max-
Stable model (B fA AR & A F 20 H2g 80 4FA K

+ 32« KXKFR

F 90 AFRWI . 1 Resnick!™" S 5g3- 1, Z J5 V7 2 0F
FEHE AW AN TR 858 5 5 . Youngsaeng
SELSIEHE Max-Stable J5 4k A] LLAR & b 21 i < A A%
{ELIY 25 1) 45 4 P FEAE . Davison %M i Ffj Brown
Max-Stable $# , Ff3E R H A DUSLAL 1 B - 4F e K
R/ AR 4k, Zhang 81 % B & 7K A (B 11 25 [A]
G352 B HIE 19 5 0 SIORE IR ARAE S — A P2 &
AR D) 238 Max-Stable #8Y f 1AL HERA

ARSI A 4 19612016 45 i 5 FEK
Hd . R RClimDex #55#1, MK j# # K5 % . Max-
Stable #R1 , %] it MG AR A T A 20 A7 F
FE MR I IR IR AL« R A AR AEL AN () 2 390 1A 19 B 2
I3 A EACARAE . WFFREE R B AR A T T
SARMAG I 25 4% Jay B A8 A 3, Dy rg K At T
il Rt S 2%

1 HAREXMRAEHARTE

1.1 AR RBEAAHIE R R

VR RN, TR 48 112°~120° b 4h 35°~43°,
ALFE T VR K HE 3% E 00 = KK R A ik it
[N A= SN el = w1 s | =10 O 5 S LI B
T B IR A . 400 ~ 800 mm 25K k2 [H, )8 T
PV AR A R X, AR A0 Sk N SR e R
R DX AR L R kY i e P A DX R i 1
T T T R MRS R X3 A X, R HE R EOh



Z ), % 2T Max-Stable % 2 i ¥ 7 J 3 A BAE K fLARAE

TR RS b PRI s AL R
SRR E AR AR S, R T A EE 107
YN 2 3 - R P K S il o SR e L /K B
PRI 2 I 5 Ay 9 HE R IR ] o A i el S
Al b X S A b B ok B ) Xz — A
WA KRN 541, 55 mm., K AERRAZ L
B2 e KA 1964 4F 1) 880. 93 mm, e /IME K 1997
114 359. 8 mm; I AT HURAE 10. 36 CL U
AEBRASEANER (i ROl 11,92 'C Ll 9..00 CHY

JIT YRGB TR s 29 ARGk i 1961—
2016 4 H il KK BB BIr A7 80 76 b B AR 2L
W3R4T Chttp: //data. cma. en/en) , I8 A5 1 I
K867 15 (standard normal homogeneity test) X}
AR TR R 5 ) — R . DEM S
ST b 2s [ 88 2 Chttp: / /www. gscloud. en/) .
HE VA B B arcgis10. 5 A TANRRIRE], Hirg
JE VAR ERCRNEE I R R B R A3 30 35° N~
43°N,112°E~120°E, —37~2 905 m,0~472. 21 km
(K D,

Bl SuRgkESKRE=a%H
Fig. 1 Location of meteorological stations in

Haihe River basin,China

1.2 HFR7 ik
1.2.1 RClimDex #& #

RClimDex J& F 3155 2 Rt simg Ao 48 £ 15
B RE I N RIS AR A g b L AT 3
B 11 R K R R ER 16 AW s T B AR (he-
tp://www. climdex. org/indices. html) , Ak $i§ X #%
WMO HEFR SR HLUINA . AT H] RClimDex
BRI RX1day F8%0(1 d fe KK &/ mm) Fil TXx
FEEICCH S5 o R AR R AED e 73 SR e A K il B2
WAECTFED
1.2.2 MK ##H %1%

Manner-Kendall #3615 J& — F g 28 A4

W5k AR IF W2 2% ik [20]. #2347 Man-
ner-Kendall #5601 R1IESE(ZYP) K H
RN B8] 3587 B AH ST R 2 5 U S0 25 7 AR R 22
SRIG Al R AR AE R 5. 7 108 &S,
i B 2R e ) 2%
1.2.3 Max-Stable # A

Max-Stable ## 7] DL 7 F 2 76 & 1 23 1 i 1
(B HE B 8 e M (L B8 () ZE AR, Max-Sta-
ble #AYRE 78 73 75 & A AE 1) 25 [R]AH G %, AR &
AL AR A 1) 25 TR) A AR 2, AL R
AT LUE He @ (" spatialextremes ") — ik
s Xof DI (B 1Y) o 0 B 9 S S e 5 3 1Y
et oA B BRI AT S . R A
A T AR AE /> 1 (generalized extreme value
distribution, GEV) . J~ XA Z+E 4> 4 (generalized
pareto distribution, GP) FIffll 5437 (gamma) , 5 P
HRIET GEV I3 An AR MR o 3% = oA fi 5l
7R o) ot S AN A RS R A R
i B A A FE B CHESR) o 3153 5 B9 6 12 114 %
(BB EES o (LT T IO ORI A5 17 A DX 35k B
L GIS SR AEHEATI RS0 B 2 RESEAR (R )y k42
. Max-Stable B8 B HAR G 4 BE L & FE 1K SF
PP 5 3l B AT A AR 5 N i e P
et BV AT A5 S UL o A B S SR
I, Max-Stable 152 7Y 4 176 43 FH ok X6 o 9] 9t 07 fige A
fH AT A

WAL SR ZC o )27 [W] o3 A B AL v i
KA B 72 BB AL 7 Z OS2 — 7] LATE S
ST R AT BERL (Y (), 0 € R 1 fi KA 1 1 B
W, WRBH a, () =>0.b, (1) € R IF1E T

70— lim max—,Y,;(x)—b,(x)

oo a,(x)

AR ZCO A — AR AE AR i 7 (R Max-

Stable process) ., 7 X 38 S %M v 0 . Z () $

NI S Al s AR AE A — A BEPLAS 5, n AR

FIN ] @y 356 A1 4E) . [N, ZCo) B %)

AT RV IZ RN T ARAE 43 A1 (B GEV, General-
ized Extreme Value) , %€ XN

x€RY (1)

1

Z(x)zexp{—(wg’%ﬂ) 5} <ER' (2

Hop 14— /o705 .0 Al E3 R FNLE S
HOMBBERIRSHL. 8= 1+ 2)
WA R0 5% 53 AT R AL A 546 Frechet 31255341

Pl Z(<z]=exp(— 1) V2ER' 20 )

KXKRFR 33



F18% F 2l wWACKREEAMBHLFEI) 2020 4F 4 A

Ry Y el (B B AE AR AR 38 B B G, 7R R . Whit-
tle-Matern #E % | Cauchy # % . Powered Exponen-
tial #5E7Y  Bessel A5 ) & Brown-Resnick f5% Ji5 , 5%
PR B 4 19 Brown-Resnick £, 53X 1 /2 iz
MR H SCEE i A —Fl Max-Stable #%4, Brown-
Resnick #RY 1) — 70 BI040 pRER A N

PriZ(a)<z, Z(2,)<z,)=
ow o G ool 2 ) )= o 5+ lee(2 )]

€3]
K a=VarlY(x, —a,) ) ;@ FRbrifEIES B4
A1 PR

23 [RVARARL PR AH DG M AT DA P AR (B R B,
SLOBRD Z AR H R ECH

O(h) =—=zlogPr{Z(x) )<z, Z(x,)<z} >0 (5)

Brown-Resnick 15 8 i 4% {8 3 £ AT LA i 17
NN

OCh) =0, —x) =24{/7(h) /2 } (6)

WAE R B BUEIEE (1,2, Horp 1 2R 584
;2 FoRTEEAK,

I TR G (AR 1 e SR L i Al s R B 4 i
BRI T BT AN BE B3 ] T Max-Stable #55 ,
{EJE , T M ] = 5T Max-Stable 43 i #5545 B fifi JH]
AT RISR 5 K 5 Max-Stable BT Bt )

L, (J32) :él ;jlogfz(zﬁ"> R z_f’” ) 7

Hop = 5T AT s £ ) & Max
Stable B{y; Frechet 43 A7 [ — 4 BE-4 i 2 58 )35 oK)
o [mmE, D WESR B AT 5 AL Frechet 1%
O3 AT AR COR HBE AT L) B HETE Max-Sta-
ble LAY i F, 51— WL (o y,) = f (2,
20 NN

Jzi <1+}/,- leM> '

+

N €))
121_ (1—1—% B )7,
Uj +
HAORALD 15
N
L,(ps2)= ; 2logfy (" sy s T sy |
9

K T oy EHERT FEA T2
2 BRE5SWR

2.1 HTABRAIERAAN T T
Wl AR (TXx . RX1day) Z 473

+ 34 KXKFR

B S A A8 R IDW B 8 B A4 T 25 [l 4
HE 2, 2@ .2(b) 7w, TXx {HiE N 30~40
C L 36~40 C i KEB/-HIIX, 25 7] b 8 A
Ju 1 e 3 U ke B, 2 B 27 B 2 B A M 5
RX1day {E# & 50 ~100 mm, EHH 60~90 mm
P 4 IR 43 X I8, 23 1] b 3% B M AS R 1) P b
T 328 Dl 11 7 9 L 37 300l 4K 25 S R I B T R IS 1Y
ZEAT ., 2(0) . 2(d) R » TXx 1 M i 1) 5
BEIPAEA, —EF T BR AL R
TR A LI E A AR BRI TXx B/ X
SR T B BRI b T # RX D day #8 {k 52 F B
FE B AT 1) 2R 2R B kg DA DAY i 1 T 96 356 K 1)
P, —2~0 mm/(10a) fr & X I8 % K5 i 1 3l X,
RX1day FRE#a% A, TXx il RX1day i 258
PR 0. 004, —0. 244 ({¥ RX1day H G 4%
TR S0 31X 55 ke 52 8800 g T 3t S5 19 A3 ity A 7K
R B PR ALy RN B N
V] It SR A R D T A DA B R K A P R R
HAF
2.2 BRI GEV AR B 3 AR 54

BT 5 IX 4% 3 o, TXx, RX1day B[] 5 51 43 5]
NS SURAE A3 AR A Y L 45 3] 4% 38 15, location, scale
ZHE 3) 5 XM F 2.10,50,100 a — i 1Y) F 3
HAMREE (& 8), & 3 v al & a3.bl & b3 KA
e H TXx $#814 location S 4§ . scale 2 % 15 i 4k .
AiRE .4 RS L, AT LB Y TXx [ location
SR Mg AR R0 I R O A OG R By
Bk —0.748,—0. 729 (¥yiE L B EF R K . B
Vg Y] S 3ok SR W M T 2 B U R . AR
ST AN R A =S N =R Lyl B R
scale ZHV R I 5 45 B 52 3058 1 15 AH ¢, A 56
FER 0. 706 Ga i i FHVER T R TXx 15
25 th i 1) A 1 L B b Oy AR AR A AR 1k 5 R
WX, K\BREMUEGERESE 2. 20
FHAF

K3 cl & c3.dl & d3 HFEKIR{E RX1day
U4 location ZH( scale LS5 4 L A E )
B LB 5 A H RX1day 19 location 2 %2 i 4K
R FE 5 ) 358K AH DG ZR 88043 791 o — 0. 865, 0. 532
CHAg3E 1ot J8 PG B0 ) o B0 VA 9T 0 3 o /K W A
IRk B VPRI M T R 11 28 ) 43 A o HLuk S 30k Bl
L AR Ak FR P ) 2R 3 1 1 2 1143 A1 X 5 ] 2(b) 45
RATF . scale ZEUILEE ) 5 14 2 5500 1) B AH
S MR RECN —0. 714 Gl 3 B E PR | BB i
RTF 5 s B ARAE 2R /N



2, %

#F Max-Stable # A &9 ¥ 7 L 3 SR A ME L AR AE

L =

KT

W

| @ ) TR -Meiii

S Dl

kA

-N.1

-4

L ) TR =Trewal

'mm
141

Hb

il

il

il

S

4T X Db Albeain

i et 10

'

Lk H:'i,l-'l:-:r—l'n-lu:|

B2 #ARBSEREFHESEREENZES S

Fig. 2 Spatial distribution of mean and magnitude of climate extremes in Haihe River basin
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Tab. 1 Max-Stable model fitting equation

Model Location parameter Scale parameter
M1 1) =ay +aplat(x) o(x) =R+ B lon(x)
M2 1(x)=ay+ailon(a) o(x)=pF+plat(x)
M3 n()=ayta lat, (2) o(x) =B+ lon? ()
M4 1(2)=ay taylon? (2) o(x) =Rt/ lat? ()
M5 1(2)=a;talat(a) +azlon(a) o(x)=p+p lat(x)+3lon(a)
M6 1() =ay+ay lat®5 () Fas lon(a) () =B A1 lat(x) +B,lon® 5 ()
M7 1) =ay +arlat(x) +azlon’° () o(x) =P+ lat*® (x)+plon(x)
M8 1(2)=ay +arlat®® (x) +azlon’° (x) o(x) =+ lat®5 (x)+Blon’ > (x)
M9 1(2)=ayt+alat(@) +aylat® (@) +azlon(x) o(x) =P+ lat(x) +Blat® () +pB;lon(a)
M10o 1(x) =ay +arlat(x) +azlon, (2) +a3lon(x) o(x) =P+ B lat(x)+p;lon, () +pslon(a)
M1l 1) =ay +ar1at®* (x) Faylat(x) +azlon(x) o(x)=pR+ B laty () + B lon(x)
Mi2 1(x)=aotalat (2)+azlon(x) +azlon®® () o(x) =R+ lat’® (x)+Blon"° ()
M13 1(2)=ay +a1lat®® (x) +azlon’° (2) +azlon(ax) o(x) =P+ lat(x) +Blon"° (2)
M14 1(@)=aytailat’ (2) +aylon, (2) +azlon®® (2) o(x) =R+ laty (2)+ B lon"° (2)
M15 1) =aytailat®® (2) +azlon’ (2) () =p+p lat* (x)+,lon% ® (&)
M16 () =aytailat? (2) +aylon®° (2) o(x) =+ lat®? (x) +;lon? (2)

TE R lon GO RN lat GO J& 3l s I Z A BE TR S HBOh W 4K

R 2 MNEHREEGRFEEHEER Max-Stable B S 4

Tab. 2 Parameters of the Max-Stable (GEV) distribution with covariates of altitude

Model

Location parameter

Scale parameter

1(2) =aptarlat®® (2) F+azlon* (2) +azlon(x) +aqalt(x) +

M17

asalt”5 ()

M18  pu(x)=agt+arlat(x) +tazlat? (x) +azlon(x) +ayalt’* (2)
M19  u(x)=aot+alat®® (x) Fazlon’° (2) +azlon(a) +a,alt(x)
M20  p(2)=qytalat(x) +azlat? (2) +azlon(a) +aalt (@)

1) =aytalat”® (2) +azlon’® () +azlon(x) +ayalt(x) +

o(2) =R+ lat(x) + B lon"* () + Byalt(x)

o(2)=Pf+ 1 lat(x) + B laty () +B;lon(ax) +palt” > (&)
() =0+ lat(x)+Blon"® () +p;alt®® (2)
() =8+ lat(x)+Blat? (x)+slon(x) +palt (2

M21 105 () e 5 () o(x)=f+ 1 lat(x) + B lon"° (&) +psalt(a) + 8, dls® (2)
asalt® 5 (1) Fagdfs® (2

V22 w()=ay +alat (2) Faylat (2) Faslon(x) Fagalt®® () +  5(2) =g, +p lat(x) +p1at? (2) +B5lon(x) + B alt’ ® () + g dfs?
asdfs? (x) (x)

e 36 ¢ KXKFR



Z ), % 2T Max-Stable % 2 i ¥ 7 J 3 A BAE K fLARAE

e
Ay "'.:':" 3, Wiy | e =
T AN - & 7 1y
; P 4 1% ®ii
§ "-H- i
L] —a- . -~ - _|E
= i \
e L X -
= " " # \ =
“_—.. S
= i = e - 15 1% =
L3 - o . g =~ |
= ¥ iy & =
g
L]
& L 150K
—a— Thy = X hLl}
MAORY WY WS WA e T N ME R WL BRI M W MR T RO WG NN BT OMIT

Wlisibis|

4 Max-Stable 2! TIC EH = E
Fig. 4 The scatter of TIC for different Max-Stable model

2.3.2 Max-Stable # A 15 5F

{4 Max-Stable 434fi X} 4 i s 251 7L, A
LR E GEV BRI L LIAE I Max-Stable 8
TRUFEVG ] I 3 i 3E R M. &1 5.6 i BT 5 1 R A~
Max-Stable BRI Q-Q &l HIR LAY Fir 0l 5 H3
PRI A e I T A B . AT AR 3L 8 5,
6 kL iy 4 ASBE AL AT AL F 95960 B A5 K i 2R

T
a4 e

[ - o 1
e < o
5 = ]
-8 _-Il:l L] 3 B d‘h 5 i
= = o B0
i 14 . B B 1.2
= a p'0 .
it u
From = ik B P T,
i3 % dn 4 Iy s 10y e -
Mt Prpisd lisii =
14
] =
=
=
i 3
=g
F L
= ..
x 11

I3 5 1M
Fiomum s

i

W o3 BCTE B 1 X () PN AR UG DG E AR A 4T X R W
Max-Stable fJEGE T G017 B ETER 5. Bl 5.6
g5t 05 h AESERI A R B B CRED A
B, MR (E R T H AR (R &
JE VR A WA SRR T L Hid L 0=1 {R W A
SEARMIE 0 REW BB R, KREH R EM
22 i i 718 28k (hyper-parameters) fG A G

==yl
Vol

Emnrn foewl

] 1% & % =1 k1 2.0 4 5 Pz 1 B | 1}
| T
Wle| el Mot Pegwul
hi -
=" = | e
£ 3 = - e
g £ i E§ n
= = i 2
i .
I O T B -t 4§ 3 o34 o I s e AT R S A L L
Wl ] Wsuled Mesldel Frbdiei Fy el

& 5

SIBRAE (TXx) Max-Stable 2545 B 1 IE ( B[R £k 3% ik i€ Max-Stable ZEIHIH) 95% BE X 1H])

Fig. 5 Temperature extreme value (TXx),Max-Stable modeling accuracy verification (the dashed line in the figure indicated
the 95% confidence interval of the optimal Max-Stable model simulation)

KX KK R o 37 -



F18% F 2l @AAEG ARABHCFEO

2020 4 4 F

PEREOH IR EIEAE R BT . A 5.6 K
A AR (B AR B W T R I AR B
CRE LD, HihZor i R Irie s aiE i 1<
AR 25 T AL, A LA TIC {5 5] W bIp A% B 1) 356 B
BVF 2t —SE P2 5 109 & M DR OO0t T SR AR Y 1Y)
BRI s FF— 25 HOBORE IR U I R B i AR 2 15 BB
e AT (] 7.8) . [ 7.8 HBEl 28K (simula-
ted parameter) J& M. Max-Stable F5A Hr 32 B H 5k 11
vl AR 2%k Cobserved parameter) NI 23T
i SOWIEC AR T GEV )™ SUBR B A B Al 3 540
i 2.2 W) . Bl 7(al—a2) . 7(b1—b2) ]
B R TE R 8 DFS BRI j5 1 2D i, B0 S 400
SIS 50 A e BE AR G, AR E i T et i 3 ek
50, HoA AL S W Tocation S HIE REL R® 73
A 0.949.0. 832, scale ZELAY K2 REL R* /7 3
9 0.465.0. 615, {ERETIANA DES J5 . Z % (a] i #
ERER AT ETE Horp TXx 1Y scale ZE07EMN
AR BB S  HF E REC R By mE) 0.572, 5%
] DFS W A REA &b i 3% Max-Stable f# f1y

33 L fl
T =
= n, o
E
= il = 4 s % e
- ] - % & 0
% = il - | I L kY
= -'ﬂg.'i-—'-'- N i 1] :
] F ° i .
=
| wh i
Y - B -
R R | R 7k TR T i
Hletiiam Pa=ind o
B
74 R = -
[= . i i E -
e | o i I =
L. ] EST I f_-'a-""ﬂf.
=5 . 1 T
i -
14 1 13 &5 [ . A | (=
Wanidel Rt #=rinl
W - H
= )
|- x -
L E g
]
N ——————
o | 1 4 5
Wiilel
EY
— =
i -
A5 W

P S M S T
i 15

2y ok
Mkl

Wialnl

dr, K8 B MR (GEV, Max-Stable) A [a] &
PRIA 5 B A T HL 3, Her ok pi A T %) = B
SR Ry & F -5 T 4 & — Uy i B2 Oof
F TXx 2/ C;RX1lday B mm), 7] LLFEF|, £ HK N
A DFS Z i TXx [ 4 A~ 5 3L 1) 0 i s 70 245
HBELA I R AL X R W] Max-Stable #5240
RORMAY . 2 TXx A MR 5,50 a — i
J 100 a —E A E R R A T AEH BT
AT RE AR b SCHR B Y BRI R R B 5 8 B T AR AR
A TESISEN ., T RX1day, 1f£ £ &
DF'S i Max-Stable #5551 /£ #5540 55 3 0 5] 79 250 R A
i TXx ARG X 5B 4 1581845 38 B Tk
T 2530 R B 5 S B K AR (i 225 it R
${ Max-Stable 43 1fi JC 15 K5 i B4 RX1day” #H £ .
Bk RX1day ) 50 a—i8 % 100 a — il i ) 3 R
R BN AR A E o T S i B KO, T
HAEI A BE g 5 BR B 5 HH 8 R R W g AR
s 5 i B B 96 e 2 R e VT 9 A
SIER

T
1
- e O g
- . W ¥
e e
L'a Fi ain L 87
g
|
Ly I’(
[
1.2
Lk}
1k | 4 fl
n
aaq ]
& r L ___,.d-'
1%} - ,.-_-" g4 e .
o TR

5 i =X RO (% I A
Reuprn Pl

%N F5 &

Mislal

B 6 B&EsKAR{E (RX1day) Max-Stable E2 45 #5 B U0 iE ( B F £k 3 AR 1& Max-Stable B EIRHIH) 95% B X 1H)

Fig. 6 Verification of the accuracy of the Max-Stable modeling for precipitation extremes (RX1day) (the dashed line in the figure

indicates the 95% confidence interval simulated by the optimal Max-Stable model)

+ 38« KXKRFR



Z ), % 2T Max-Stable % 2 i ¥ 7 J 3 A BAE K fLARAE

I e LR %

s T e fre-411 . IalkTd 1

|r|| fwedlidy

[T S R R T
|.---I.'- |®

LI Wl il 1M | =l 1A 1,1} 11 - ] = 3D | =l | S B
Ll ] dsabadiibg (PSR N 1 Ll UL asaiabipif werin DS U el | Sl il [V
B s wmf . . . ' T 3 O T T .

Sy —ralae | wrrmre—-
¥

il A=0RAT]
ke 2

i b3 . B
il i T

L b LTT

-

i 25 Tk N
il 5| L 10
My a
5 L
B e ST  NE—— B e 1 | S,
LS 53 L1 L (] | B 11 B . T 1| L] fida E Hl X 5 Lol
TR 1 ik s | i3 F5enle PR Lastaguagirasat s {21 5= 1 11 Faigle il IE=

[ [T | jrsEmm e b

7 FuhE TXx(al—ad) 5 RX1day(bl—b4) B~ X HR1ES S H 5 Max-Stable 1B S48 = [E
Fig. 7 Relationship of GEV parameters estimated by Max-Stable model and maximum-likelihood
estimation at individual station for TXx (al-a4) and RX1day (b1-b4)

‘ #
=ikl N= Ly =i Azl kit
|1 R T gl bl e e 1 N T T
& Al L
-
I I
o
W &
e W
£ 7 b
- A I‘J_ A e 4 ke . . & &
1} [ Wi o 14 17 i =i Lk i 40 4 = M) =1 41
Lul VT2 Ll T Ead LT ol | THEE
Ti%dh, s [Fan s =Ly T "
T6 [ precd S0 il peliecdn ¥ gt | =iSendy BF jeifeji* ®
w
pl L
. 11} At
.-
A = i
i 4 H o
= ’ L-. - _—
K L = i s L 1R ik Hi 2l L] A -1 a7 4 <1 47 42
_E [ T iy Tils [T R RS | ) TS sl = Jb 0 N ey TITS
z B - [ - r . T »
LR S T z M1 T8 S 1 1 R U
[T I T L e S - =1 =it == NN .
Wil L]
L]
- i
- ':- il
I a 3lni
L]
-
P 1§ 1K)
" i " i J i i L i i i i ig
50 G T MO [1]] oy 15 | b 5 TR T T TR R L] 180 BeO TR D00 XM
el | T2 L2 5 Tl IR b | i & T
[ i . L] [ L]
Ml i I Wit T =it g SN g, T
F"Il-u-'l"- 140 g — ”‘"- e - Rt e, L e T
L] w & 1 L]
1 =%} I
] . =
fix) YN
(1]
el 1681
A L I 18 i i i i
[y @A T om ot Lo} L {0 K 1] I (LC1] NEI Bl | Bl T
(R 1 e ST TR [ R o (A TR U A R T T TR G by TP e HHE=

Ulimiiial i beenl

B8 &ihim TXx(al—b4)5 RXlday(cl—dd) B~ XIR{ES T BT{S EPLHASE E 5 Max-Stable BTG EPHE EH = E

Fig. 8 Relationship between the observed return level derived from the GEV at individual station and
simulated data from the Max-Stable model (al-b4:TXx;cl-d4:RX1day)

KXKRFR 30 -



F18% F 2l @AAEG ARABHCFEO

2020 4 4 F

2.4 Max-Stable £ A 0§ A AE AL A=
] B 4

TXx 5 RX1day %J b A A FE B P58 RT %8
[ o A LR 90 FEAR T ISR e B BT I, TXx Y
AEIBREE RT 23 [[) 0 A AL, BRI A AL )
PURIEBIE A A, AR(EYE B T2 1 22~40 C
HEmE) T100 [y 26~44 C,2.10.50.100 a —i# TXx
) (L DX PG P R — 7 T oy I B A 1/3, 2Rt
K — BB X . (EAF I B AR Ak TXx i AE
I AZAVRI) 8 T b DX, AR A1 52 17 [) Y it DX — A
Fe A KA AR A58 « T I s PG S v
T b DX R K e B S 2 D s B KRG X S 8
BT R 5 R ARSI 3 HE i IR AR A
TXx 7E7% 8 HE 7 B 25 )5 (&) 9b1—b4)) , PO~
SRR RT BT [, J0 FOIE 200 Sl 5 0 19 v

40 e ]
L] &)
% i
il M
i+ i
M L1
L] %l
i =
i}
ful) 12 =+ 2o
= 4
45
)
&)
i5
35
M
Wi
a5
5
il
Bl T2 wich DFS LB T wicli DFS )
Bk
a5 (]H}
1] 2
iN] I
b Fd
53 i
il
Hil
a4
o L
1= R
120
i
(L]
W 190
il 10K
)
LAl FT2 wigh DFS A2 T winh DFS i
i

DX (EUAR LS BTG ) 97 Kl B AR B 22 C k&8 20
CL, 5 44 CHERF 45 C, RXIday A [m) 5 9 10 5%
JE 125 1) 4 A A AL 359 2 Bk DA PG g i o 1] A ik
Wk, ARAEFEREI T T2 (1 40~80 mm BmE| T 100/ 120~
200 mm,2.10,50,100 a —i8 RX1day [ & i X 7F
PO RE i - — 7 s AR D) 2 b T AR . X%
B RX1day (1) 55308 4 (8] 53 A 222 25 g, 3L
YR 3% 25 P R BR 11 5 W 5 DA 38 358 5 PG g ) PRI P IXC
PRI AR T R AR A R . [ 9 (d1— d4) W]
RX1day #E A B e BE B J5 T2 X6 11 56 3 5 Bl
PR 345 :20~140 mm; Ff FL 52 B0 H B 5 19 7R 75 b
Mk RS2 3 S MR o 33k % WA B 17 2 B s i
FHARREA RS RX day SRS R4S TIC Jt
5 2 8 11045 5 I 7 I I e B B 09 A RE B i
FALT F10Ccl —cd) JEI10(dl —dD A THEA

s a4
0 &
al Ht
& 8
i 0
o Ex
53 1
L H
'

Cak) TS0 ) Cad ) TI 2
i) i
=4 a5
“l Ak
13 “
X Wk
2 25

B3 TS0 with DS wh | THED witls [FFS
Al
1= K
160 1%
140 146
1m0 "
1 21

L ed 1 T30 fLE] Ced ) THOO
351 K}
o 350
i WK

2%
L[]
LI}
150 ki
(EL13 1Kl
A FTA R wicli TS Sih ol F T il THET 0

9 TXx 5 RXlday £ fE Max-Stable #£2! 2 a,10 a.50 2,100 a —BE IR 8537 (TXx £414°C ,RX1day E{72 mm)
Fig. 9 Spatial distribution of the best Max-Stable model with a return period of 2,10,50,and 100 years for TXx and RX1day

+ 40 ¢+ KXKFR



Z.% T Max-Stable # A & ¥ 7 i 8 2R AR E X foAFAE

I nl) T2 Lall TR

(1)

CLEERS

(L0

(LS

| ad 1 THD Casd | THEG

ELE)

Ukl 1 T2 wiih [ L b2} THD wih DTS

TS wiih TIFS

CREHS

0

(LIKIS

4 1 ) T sl D

Ll 1 T2 I i (1]

L

L]

13 T Coed | THMS

‘v

Ll VT2 wieh [HES

L2 b TEO el EFFS

O %y T with DFs

04

Gl ) TliEbwiih DFS

10 TXx(al—b4) 5 RXlday (c1—d4)]" XiRE S5 Max-Stable EER ESHEREZTHER
Fig. 10  Spatial difference between the observed data derived from the GEV at individual station and
simulated data from the Max-Stable model for TXx (al-b4) and RXlday (c1-d4)

JIRUE A A5 AU 5 0L DL #) =5 J) 22 S AH AL Y
MAE s 2 Bi] B i 5 B 8 A RE A 280 Bl 5 A R
(MAE, Mean Absolute Error, Bl [ ( simulation-ob-
servation) /observation | X 100, %} F TXx, MAE
TE2 IR IR 2 R B F5 WY S el /), 2 WY IR TAF 2 L 25 i
ARSI T

3.5 it

(1) VT gt IR AR (. TX x 7E25 (0] R B AL

b 1 T 2o U A, T2 2 B 4 R b PR A R I (i K
S 30~40 C,Hrh 36~40 C 5 REAAHX, TXx
S A ) R S B, — SR T AR S
ST BT S B TX x 3/ i B R
() L%, BRI E RX1day 25 ] FRIE AR
P ] P A 1o 3 D 1) #4523 T 4K 22 S R % B ¥
FEPRBI I ZE G R (E 8l 50~100 mm, HHr 60~
90 mm (FHEL AT K I, RX1day BERE T FEE
A A 1] 58 Ay DA P P 1) 9 A 3 U )

KXKRFR o 41 -



F18& F 2 ARG AR A (P HEIO

2020 4 4 F

—2~0 mm/(10a) fir &y X 38085 K5 30 15 3 XY
RXlday FREEHRK.

(Mg Ik GEV SEA 45 R, TXx (1)
location Z48 5K 45 B S 35 1) BAH G o BT
TR AR T 22 32 26 B IR AR R ), B 24 B TR
HOMREAR . scale ZEUNRI M 565 2R T
TEAHDG, R TXx 1Y )5 22 B R 1m L 1, ik 5 <
TR A I8 2 22 Ak T RS 5 b X, RX1day #Y loca-
tion S MG IR RN 28 FE 52 4K, =2 3R U Bl g
PRI I T B 114 2 8] o3 A, H Rl Bl 28 2 A2 4k
H PG [ 2R 3 38 (0 23 8] 43 A o scale ZEUAUML SR
TP S AR A SR A DG, BV RV T 15 B 7K AR A P D5
RN,

(3) i Ffl Max-Stable A&7 X6} 0] it 3 0E 1 7 g A
SR QQ A A L AESEURAA R4 0.GEV
5§ Max-Stable Z 4R 5 B 38 B 108 B 2 R 4L
R* A D13 Max-Stable #5251 AT AR S AR UL 0]
T SAENR AL 35 5] GEV AR [a] S 20 51 1] 37
R AR A TXx F2 232 B 246 B | 28 8 AR 1) 52
Wi, B VA S ) T A AT DA el S AR R ) g ST X F
R KA A RX1day , #5165 5 BE 25 09 i A FF AN B A 2L
MR Sy, 2,10,50,100 a — 38 IR AE
TXx ({723 [\ 43 A ¥ 2 B A ZR b 0] P4 e 28 15 19 20
AR v (L X 34 537 T 08 g BB — 7 s T o T AR
o 1/3, iR E s 40~44 C, 2.10.50.100 a —
B FEKARAE TX1day /975 [8] 53 A B2 45 B 5
LR 2 28 R AR 1 5% T, 129 32 300 DAV B A o 1]
AU 75 U v X 3 A 7 P T i e e K K
ik 80~200 mm,

S 3Lk (References) ;

[1] TITLEY D,HEGERL G,JACOBS K,et al. Attribution of
extreme weather events in the context of climate
change [ M ]. Washington, DC: National Academies
Press,2016,DOI:10. 17226/21852.

[2] STOTT P. How climate change affects extreme weath-
er events| J]. Science, 2016, 352 (6293): 1517-1518.
DOI: 10. 1126/science. aaf 7271.

[3] DIFFENBAUGH N S, SINGH D, MANKIN J S, et al.
Quantifying the influence of global warming on unprec-
edented extreme climate events| J |. Proceedings of the
National Academy of Sciences, 2017, 114 (19): 4881-
4886. DOI:10. 1073/pnas. 1618082114.

(4] M BRI, 2200 5. T B 1 TR K E R
R PP Ay L. T3k K 27 2 4 CE SR B 27 O » 2019, 32
(03):99-110. (WANG H J,PAN Y P,LI S, et al. Risk

c 42 ¢ KXKRFR

(5]

[6]

7]

(8]

(9]

[10]

[11]

[12]

assessment and zonation of meteorological disasters
based on rasterization in Jiangsu Province[ J . journal
of Liaocheng university,2019,32(03):99-110. )
X )5 TR SO, TV A 1 A AR {17 B 25 A
FRAELY . A SEREEIFSY 2010, 15(4) : 451-461. (LIU
X F,XIANG L, YU C W. Characteristics of temporal
and spatial variations of the precipitation extremes in
the Haihe River basin[ ] ]. Climatic and Environmental
Research, 2010, 15 (4): 451-461. (in Chinese)) DOI.
10. 3878/j. issn. 1006-9585. 2010. 04. 13.
XA AT L TG A 5. W AR 47 AR S R
Kk mfas A2t a0 ], T 5 X B 5 2R 85, 2010,
24(8):85-90. (LIU X F,REN G Y,FAN Z L, et al
Trends of precipitation extremes in the Haihe River
basin during 1961-2007[ ] ]. Journal of Arid Land Re-
sources and Environment,2010,24 (8) :85-90. (in Chi-
nese)) DOI. 10. 13448/j. cnki. jalre. 2010. 08. 009.
KRR IRIE R RS . %, B2 T EOF F1 REOF J5 %11
TR 61a B 7R /K I 2 Y AR A A3 A L. ¥ 3]
7K A,2017,36(6) :1-6. (ZHU J S,ZHANG Z Q,CHEN
H, et al. Analysis of temporal-spatial variations of
6lyears summer precipitation in Haihe River basin
based on EOF and REOF[ J ]. Hathe Water Resources,
2017 (6): 1-6. (in Chinese)) DOI: 10. 3969/j. issn.
1004-7328. 2017. 06. 001.
TN A TRACA SR IR 1961 4F-2010 4F4%
I il 5 K S A o A [ 1. B K L 3 5 7K R R
$,2014,12(1): 1-6. (WANG G, YAN D H,ZHANG
D D, et al. Trend analysis of variations in extreme pre-
cipitation and temperature in the Hai River basin from
1961 to 2010[J]. South-to-North Water Transfers and
Water Science &. Technology, 2014, 12 (1) 1-6. (in
Chinese)) DOI:10. 3724/SP. J. 1201. 2014. 01001.
T W, PN FS L o, SF. T 51 AR S M AR AL
FHIE ST L . REIBE R 224 4 CHARFHA RO - 2014,
34(4):58-63. (WANG Y C,SUN Y L,ZHANG J, et
al. Climate change characteristics of Haihe River basin
in recent 51 years[ J . Journal of Tianjin Normal Universi-
ty(Natural Science Edition), 2014, 34 (4);: 58-63. (in Chi-
nese)) DOI; 10. 3969/j. issn. 1671-1114. 2014. 04. 014.
RESNICK S. Extreme Values, Point Processes and Reg-
ular Variation [ M. New York; Springer Verlag,
1987.
SMITH R L. Max-stable processes and spatial extremes
[D]. University of Surrey; Department of Mathematics,
1990.
COLES S G. Regional modelling of extreme storms
via Max-Stable processes| ] . Journal of the Royal Statis-
tical Society, 1993, 55 (4). 797-816. DOI: 10. 2307/



F ), % T Max-Stable A% A oy it 37 JiL 38 SR AR AE K fLARAE

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

2345994.

LEE Y S.SANGHOO, YOON, et al. Spatial modeling
of the highest daily maximum temperature in Korea
via Max-Stable processes[ ]J]. Advances in Atmospheric
Sciences, 2013, 30 (6): 1608-1620. DOI. 10. 1007/
s00376-013-2216-y.

DAVISON A C,RIBATET S A P. Statistical model-
ing of spatial extremes[ ] |. Statistical Science, 2012,
27(2):161-186. DOI:; 10. 2307/41714789.

ZHANG Q,XIGO M, LI J, et al. Topography-based spa-
tial patterns of precipitation extremes in the Poyang
Lake basin, China: Changing properties and causes
[J7]. Journal of Hydrology, 2014, 512 229-239. DOI.
10. 1016/j. jhydrol. 2014. 03. 010.

T LR R, S TR 40 4R K
R A S B H 23 ) 23 A RRAELD . 7K PR Ep
5%,2009,16(3):24-26. (YUAN Z J,SHEN Y J.CHU
Y M, et al. Variations and distribution of temperature
and precipitation of Haihe River basin in recent 40
years[ J |. Research of Soil and Water Conservation,
2009,16(3) ;24-26. (in Chinese)) DOI: CNKI; SUN.
STBY. 0. 2009-03-005.

ALEXANDERSSON H. A homogeneity test applied
to precipitation data[ J]. Journal of Climatology,1986,
6(6):661-675. DOI; 10. 1002/joc. 3370060607.
MANN H B. Nonparametric tests against trend[]J].
Econometrica, 1945,13(1) ; 245-259.

KENDALL M G. Rank correlation methods[ M ]. Lon-
don; Griffin, 1970.

BRI, ARG TS W S S AR M. et <
4 Bkt . 1999:42-134. (WEL F Y. Modern climate sta-
tistical diagnosis and prediction techniques[ M]. Bei-
jing: China Meteorological Press, 1999: 42-134. (in
Chinese))

HAAN L D. A spectral representation for Max-stable
processes[ J |. The Annals of Probability, 1984, 12
(4):1194-1204. DOI:10. 2307/2243357.

BACRO ] N, GAETAN C, TOULEMONDE G. A flexi-
ble dependence model for spatial extremes[ ] ]. Journal
of Statistical Planning and Inference, 2015, 172 (1)
36-52. DOI: 10. 1016/j. jspi. 2015. 12. 002,

GOMES D P, NEVES M M, MOREIRA E. An ex-
ploratory study of spatial annual maximum of month-
ly precipitation in the northern region of Portugall J].
Physics & Chemistry of the Earth Parts A/b/c,

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

2016,94 (1) 77-84. DOI: 10. 1016/j. pce. 2015. 12.
001.

TAWN ], SHOOTER R, TOWE R, et al. Modelling
spatial extreme events with environmental applica-
tions[ ] ]. Spatial Statistics, 2018, 28(1);39-58. DOI;
10. 1016/j. spasta. 2018. 04. 007.

RIBATET M, SINGLETON R, 2018. SpatialExtremes:
Modelling Spatial Extremes. R package ver-sion 2. 0-
6. https://CRAN. R-project. org/package = Spatia-
|Extremes

RRDGIE. | SO B3 e 78 85 B 33 i i A LT
G SGIRIMETE - 2008, 31(4) : 52-54. (CHEN X W.
The application of generalized extreme value distribu-
tion theory in the calculation of return period[ J]. Me-
teorology and Disaster Reduction Research, 2008, 31
(4):52-54. (in Chinese))

PADOAN S A,RIBATET M, SISSON S A. Likeli-
hood-based  inference for max-stable processes|[ ] ].
Journal of the American Statistical Association,2010,
105 (489 ). 263-277. DOI: 10. 1198/jasa. 20009.
tm08577.

RIBATET M, SINGIETON R, 2018. SpatialExtremes:
Modelling Spatial Extremes. R package ver-sion 2. 0-
6. https://CRAN. R-project. org/package = Spatia-
IExtremes
RIS I A g A K S I
2L RRAE 43 BT LT 1. 7K B BE IR ) 2, 2014, 32(2)
(ZHANG B, HAN ] Y, WANG Z L,et al. Temporal
and spatial variation characteristics of extreme precip-
itation events in Haihe basin[ J ]. Water Resources and
Power,2014,32(2) :15-34. (in Chinese))

K TAKEUCHL Distribution of informational statis-
tics and a criterion of model fitting[ J ]. Mathematical
Sciences, 1976,153(3) :12-18 (in Japanese)

GAO X, SONG X K. Composite likelihood bayesian
information criteria for model selection in high-dimen-
sional data[ J]. Publications of the American Statisti-
cal Association,2010,105(492) ;1531-1540. DOI: 10.
1198/jasa. 2010. tm 09414,

LEE Y S.SANGHOO, YOON, et al. Spatial modeling
of the highest daily maximum temperature in Korea
via max-stable processes| J ]. Advances in Atmospher-
ic Sciences, 2013, 30 (6): 1608-1620. DOI: 10. 1007/
s00376-013-2216-y.

KX AKRFR 43 -





