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Abstract For accurate understanding and analysis of drought characteristics associated with drought hazard, based on the
monthly precipitation data of 96 weather stations in southern China from 1961 to 2012, five candidate Copula models of Frank,
Clayton, Galambos, Gumbel and Plackett Copula, were used for constructing the joint distribution function of drought charac-
teristics, namely duration and severity. The drought duration follows the Weibull distribution and the drought severity follows
the Lognormal distribution. It is found that for the study region, the Frank Copula is the best fitted Copula model compared to
the others. Subsequently the conditional probability, conditional return period and spatial joint return period of droughts were
also investigated, based on the derived Copula-based joint distribution. The results indicated that, the conditional drought se-
verity distribution is decreased if the drought duration exceeds various thresholds, and so does the conditional drought duration
distributions if the drought severity exceeds various thresholds. Both imply that the conditional drought severity distribution
and the conditional drought duration distribution are decreased with the increasing drought duration and drought severity, re-
spectively. The conditional return period of drought severity is directly proportional to the duration thresholds, the conditional
return period of drought duration is directly proportional to the severity thresholds. Given that the drought duration is 6 months
with a drought severity of 6, the primary "and" (viz. , both drought duration and drought severity are larger than prescribed
thresholds) average joint return period is 4. 8 a, the primary "or" (viz. , either drought duration or drought severity exceed giv-

en thresholds) average joint return period is 2. 6 a, and the second "or" average joint return period is 3. 5 a. Given that the
drought duration is 9 months with a drought severity of 13. 5, the primary "and" average joint return period is 12. 6 a, the pri-
mary "or" average joint return period is 4.7 a, and the second "or" average joint return period is 7. 7 a. A high risk can be de-
tected in the Sichuan Basin, the northeastern Guizhou Province, northern Guangxi Province, western Guangdong Province and
a larger part of Yunnan Province, and a relative lower drought risk is observed in the northwest of Sichuan Province, the junc-

tion of Sichuan with Yunnan and Guizhou Provinces, and the middle parts of Guangdong Province.
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KR, H T Clayton,Frank, Galambos ., Gumbel DA } Plackett Copula pRE . 37 T IR M BT R 20 A B T 52 55 15 L IR M %ot 850 0E 75
I3 A BT 5 AR B TS AH DGR AE S B RIS 0 A R R ] Frank Copula sRECHH S TP E B 7 T 8 & MRS 50
W, WS TR KT R E45 1,55 2 Bea EI M2 M AR . BF9E 3R], T 5B A B CT 5 3 5 19 4 70 %
Sy RS T 50 e CF 2 AR D BE N R RN TR ERE (TR M &AERS TR (TR™HERED
BIESAE . TRt BE S 6 A~ H TR B R 6 B o B oy J7 B8 AR A7 A8 B R 0 T 5 XURS: L IF 5% X2 10 1L
T 5 3 B T B2 7™ 2 R B R ok 2 8 B (ED WA U T 8 2 4.8 a 28 1757 (T B I i Fn T 5™ B R B A — A 18 3 45 7 1
EOREEIW TN 2.6 a, 58 2" "G EI PR 3.5 a. M TRBTBMER 9 ANH TR FH R EBE R 13.5 6, B
FERKAEARSE 1 H7IE EIMT 12.6 o, 55 1" G ERB T H R 4.7 a8 2" KRG EIHNHTHAH 7.7 a. PEMIT
B 5 e AU 1 X3 32 67 T )1 A S N ARG ) PE AL ER ) AR G ER LA S s R R R 43 b X A R B X3 3 AT )i

PEALER U B R SN = A S R B AR s X
XgER HE®T. T5. Copula ¥k, THM
HEESES P467

15 5

T RAE N —FLP A RS A X AR K A
% ik 1 SR L 42 (Mishra, et al,2010) % 7K % L 4%
b A 7R R A I S AR 2 7 AR BRI s R L, B R
T AT B B AL (Lis et al, 2011; Ding, et al,
2011, IPCC 2% 5 WIFEAL it 4 45 4 . 1880—2012 4F
A ERH F IR E EJFT 0. 85C (0. 65—1. 06C)
(IPCC.2013), fEBEE 4Bk 0 FF 52T i
SERVE 2 M X T 5 AR 25 1 K (Dai 2012) , Rl
1 T AR R N T A AT R K Y T b
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HAAREN . HEE AN DA, Tk &k LK fE
TR FRAAS W 4 s FH K R oK 2R HE K i — 25 ) 1
TR . R T A RO TR AR S R
LA T RS BELC 51 T BUF 2R & &
M (Mishra, et al,2010; IPCC,2014), F 5 K& 4>
B J2 T 52 AU A B0 — A B 22 4 80 40, ME B IR
A3 AT 5 50 BOHR B FE B M AH 56 1) T R 19 &k AR A
R RN AL i (] 2 T R KU 0 A A —

b TAE .

FHE b, TR TR HEEE UL TR
B[] 45 29 J@ 1 52 35 10 9 R A AR o, SR T AE LA Y
TR L T 0] R Ak 3 R A X 2 bl
BLAE 2 A B 7 A9 . {2 Cordova 45 (1985) gl IE 5K
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F il 25, T Copula bR AL RE 45 45 MRk AT & 01 By 43 A
1) 22 A~ A% b T 45 e ok 459 3 Bk & 4 A Rk I T
DAAR i b 45 348 A5 18] 9 4 S MR 25 4, T e iR T
KL AR BB A9 A £ (Zhang, et al, 2006), % F
Copula p& ¥R 3% Fl 22 36 2 - H AT C &7 K SCad FE 50
ROM P33 T )12 % (Zhang, et al,2006; Fu, et
al,2014) ., Shiau(2006) 1 % ¥ Copula pkF N FH T
SLTR2FEMEFR S . B, Copula BRET T
BRI RAEELL N ILA I mess Tk R — 2T
5 R T By B B R (SDF) =35 1Y 6 &R
Hh £ 19 2 57 (Shiau, et al,2009; Reddy, et al,2014),
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BE-TRIN-TEHMELRME. RAAEHE T
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flitE A 45 (2010) Fil Mirabbasi 45 (2012) 7% & T B
FRAEAS & 1 RAH G RTHE T, 43 Bk U fH Copula
F1 1y Galambos 1 Gumbel pRE ST T T B4R 4F —
Y AR i I AH SC 25 AL PR PR B T R AH DG Y
Ak, = JEAEFI A Copula bR AT T 5 3 14 4 %



1082

5, C 2k T R R AR A8 & I 4E B0 —4E 9 e 3|
T =48 F PY 4k (Wong. et al, 20105 Chen, et al,
2011) AHAHRE B3 SEF Hr A % . BR DA B EFRE T
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Fig.1 Study area map and meteorological stations in southern China
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0 X —IF B E X TR R 2 iy dy dy) s i
Q‘#WA?%${¢FE’JI§JFHTI‘ETJFH L Z=m (2 Ry
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Tablel The drought classification by Is values
Isp TR
—1.0<<Isp<<0 7B
—1.56<Isep<<—1.00 iRt
-2 <Isp<<-—1.50 Cig!
Ip<<—2 iR

d=Drought duration
| s=Drought severity
l=Interarrival time of drought event
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Fig. 2 Definition of the drought event using the run theory
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2012; Abudu Rauf.et al,2014), iR 4 F4>4 &
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Table 2 The mathematical expression for the probability density function

and the corresponding parameters for the different probability distributions
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3.5 Copula BHE

Sklar 5 ¥ (Sklar,1959) & Copula iR %% #) 3 g
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HEHERORIEAG B B G 0 A . X T ZontE s E
i Copula BBUE XHYBEPLAZ 5 X Y B9S2 A
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Fxy(x,y) = C(Fx(x),Fy(y)) = Clu,v) (3)
P Fyy (s ) HPIBEALAZ 8 X MY BB G 5 A
BRI Fx (o) ML Fy () 3 Bl DG BEHLE & X F1 Y (938

PR A i, X B T Arhimedean Copula 5%
i) Clayton.Frank Copula pR%, #{H 7% F B Galam-
bos.Gumbel Copula Ll J Plackett Copula pR%L., F

34l T Bk 5 A Copula I % FE o6 £ & H 2 801
WE TS IF R A2 22 Al i HE A Copula %I 2
o oAl g i Joe 55 (1996) $2 ) 19, & (L 45
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Table 3 A description of the five selected Copula functions and their associated properties

Copula pR %% Copula 23 i %L Cuyv) B H H T o(t)
Clayton (u 0+ 0—-1) 10 0=0 @(I)Zt’ﬁfl
1 (e —1)(e"® —1) _ [e-1
Frank 01n[1+ =D } 0740 ¢(1)71n[6071}
Galambos wvel (o =0+ (—iny T03 710 =0 -
Gumbel-Hougaard e*((*lm)o‘r (- n?31/0 =1 o(t) = (—Inp)?
1

+ + ) —
e 1{1 @-D(utv) 4=0 _

[A+@-Dutv)2—4000- Duv]V?}

Plackett

WEE 1 X T 5 FF. 0 DAREKTFED
i B BRI A R ECR R N Fo (dshisdes=esA,) s
PR RN fo(dsA Aoy 2 o r DEIES
BOH A1 sAzsmsd, . FHELH SHRETREERE.
ERAPBR A RECR Fs(ssarsaz s sa,) » R B
PRELHK fsCssarsazsrsay)s p NEWHESHarras
a,. WA Copula 23 KB K Clu,v; 0),
Copula % i R

*Clusv;®)
oudv

IR A ABL SR Ak 353 301 5K s T A4~ 321 B 43 A1 o £
E‘Jﬁ}ﬁlﬁiﬁ /:\19/:\27" (;lp ﬁ'ﬁj\

0 = argmaxz Inc(Fp(d; 5A1 sAs s *2,) s
i=1

c(uyv;@) = )

'Ar Q1 s Q2 9 °""

Fs(s;sa1saz s a,) 30) (5)

i3t Copula BEEC RS H 0 6., CHR



X% 2 % 3T Copula b8 R H [ R 5 T 5 XU 43 AE T 52

# Akaike #2 1 59 AIC (Akaike information criteri-
on) ¥ . K 45 % il Copula 73 413 iy 8L 2 B2 HC A 8
JIN o T Y BRI B A A B
AIC =— 2InL + 2k (6)
Kok Rl v IR SR A Horp L Inl oy
INLCd 552000 s A, 51 say s 20+ 0) =

DInc(Fu(disa sz s A0 s Fs (s 51 san s +0a, ) 50) +
=1

2 lnfl)(d; ;/:\1 s/:\z ,"')Ir) +

i=1

Zlnfs(s,'§(;(1yt;lzy"'&/)) 7
i=1

3.6 FHME
I+ Copula PREH —JC T 540 fii R B — B
R E 515 8] T 2 0 S5 PR 40 A . 78 55 PR
FH DU 32 22 2 SR RIS 0 . — ok 25 0 T 5 D B R
R — B AT R R A A R A A
(Shiau,2006)
P(S<s|D=d)
_P(D=d.S<y
P(D>=d)
_ Fo(s) —Fos(d' )
1—Fy(d)
_ Fs(s) — C(Fp(d),Fs(s))
1—Fp(d)
i —Fh Sk gy s TR ™ R — B s R A
TH 5 5 ) B E 48 43 A (Shiau, 2006)
P(D<d|S=s)
_P(D=d,S<s) _
P(S>5s)
Fy(d) — Fis(d.s) _
1—Fs(s)
Fp(d) — C(Fp(d) ,Fs(s'))
1—Fs(s)

(8)

(9

3.7 RS
3.7.1 FR{FHEIM

AL )1z B P A Bk B R A B R
2 A R TR B AE B 1 44, X B 1 4 BT A
WK EREAEEZENN, BRYERRANT—HEF
1 B — K R R R . M S TR
DB AR /NF I — B d B Al T 2 R A 4R
4 55 B Y 2% 35 Xk (Shiau, 2006)

Ts\D;d - TD
P(D>=d.S>=s)

_ T > 1
I*Fl)(d) I*FD(CZ)7F5(S)+F[)S(dq.\')
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- [1——lﬂ)(d)][1-—an(Z; — Fs(s) + Fs(d,9)]

(10)

AL . 24 28 T ARSI T — B s B

f T 5 5 B 00 4 1 T 3009 1 % i 5% (Shiau,
2006)

Thigm, = Ts
V= P(D>=d.S =)
S SN 1
1 —Fs(s) " 1—Fy(d) — Fs(s) + Fps(d»s)

- [1——Fg(s)][1——Pb(§;——I%(s)4F1ﬂ5<d,s)]
(11D
3.7.2  ERAHIM
HR 4 E 57 47 1) Copula BR%L. 8 R4l & KA &
] (Salvadori, et al,2004) # FH 2 23 #7525 441 4
., HE LT LR THE & E B AN 8l Bk
A A HL A T B AT R R R Y TR el
W, “sCEBRAEIW, T 20 pEALAS
A — AN 5 0 B LA A, T
H AR BEHLAS e Y AT A 4 E I R . 7E
SEBR R A X PR A AR T R S RO
FIEfER . AT S5 FRME 2 BAHIM X 4,
Ty AR 15" BEA F I L 358 A XLk (Sal-
vadori,et al,2011)

TV = el =
S P(D>dV S>y

HUT

I THAEREE 1° BB & T, 115 A 0k (Sal-
vadori, et al, 2011)

Th . — pr —
ST P(D>d NS>y

(13)

1— Fp(d) *FS(S)#-F C(Fp(d),Fs(s))
s pr ROR LIS 555 18 19 °F- 49 18] B 1]
ﬂL‘M‘E?E Ispsﬁ%afo Fy, (d) Fil Fs(5>ﬁ%lj%:l:§'3ﬁ
Fisk 0 5 7 R B 1Y 2R AR O AT R
3.7.3 552 \EHY

XF T LAY Copula bR 5 - 1 By bR RIOHE %
ST ATAE AN [8) 41 G AT BE 7 A2 AH [6] 1) R AR AR 3 g, B
A Clu, sv,) = q . WHATREAALE Clu, sv) =q. R
R ¢ BAEN —Fhdsbr . B R ¢ B A]
A 32 JSCRH [7) 1 52 0, 76 T 52 XURS: DA v AT B8 X Bl BIL
FHFEWU VOB Clusv) =>q 3X Rl I FOR B0 T %
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B MR X AR OK L A5 2 T BT A E A A R R
T AL Salvadori 4§ (2010) ¥4 15 £ /K 43 17 bR %L
(KO TS 2 BRI, Ke iRk

Kc(g) = P(Clu,v) < @) (14)
HFERAERK Z oL ERES e .
Archimedean Copula By K. B @ r=h

D) :q—J,D(L_) (15)
o (g

Ao (¢ BAERTT ¢ WA o ER 3 PE A
.
XA 24 s E B (o) D R

v o_ 7
ou 1*Kc(q) (16)

4 GRS

4.1 FTEIRETEmERENHEXIXER

M E Ry 96 T Ry 5 BT E
FEEE R P 7R AR OC R E (=M LI, P E R T 96
ut 1 5P I R R AR A AR SR A A S5C AH OR
ZHCN 0. 71—0. 86, b il v ) A 5C B e » #H G
FBOGRE T 0. 86, Pl #YAH O B e AIK AH G R AL
9 0.71, 18 3 45 T E R T RS TR E R
JER B S AT T E TR SR E
R BE A X A AR 7T L] Copula s UH 36 1 5
AR B A SO A T Copula BEAY
[l B 7 96 il T FARRIE AR R IR o0 A AR

14¢
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T
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Fig.3 Scatter plots of drought duration against

drought severity for the Chongqing station
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NG R E 455 BRI, J] Frank
Copula bR UZE $ AT K 3 A F10 B 25 70 A A
MR 3 AT R E BB A% A R & = B T RS
TR E AR AR GBS A it — e B T R
SR ST R E 1.
4.3 TEEHFUGEERSN

OY BT 4 T R R R — B
fit T 5 o AR A O A e g e T R R
U St K= RO O ST WO TR
By, T 5™ E R B T 52 I i) 1 4% 10 Ak 26 40 A7 Bl o
TR B o CF 5™ 5 R B (E 5T i 1 K
W LUK da 093 PR N B, 2 45 € T B 1 A D
FeMH . TRPEREARNKT 9 WHER 51%;
SHETEREINALTINH, TR EREART
9 BYMER Ny 39% . LA 4b FPRu A H, Y45 E T 5
JRPEBEART 6 B TR AR T 6 A4S H AR
KR 20048 TRMEREA/NT 9B, TR
BERKTF 6 S HIHESR N 15% .,
4.4 TEEHMESH
4.4.1 T RFMFZAMERBIT

Gy RIS T 4y T R DT R R — B i
TR E R E 48 T 5 EH AR R
B — B fE s B TR E B L SRR T
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Table 4 The values of the Akaikes Information Criteria (AIC) of the proposed Copulas for each of the stations
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5 uh4 Clayton Plackett Frank  Gumbel Galambos %5  #%4 Clayton Plackett Frank  Gumbel Galambos
1 H7  553.96 508.43 506.01 % 522.41 524.11 49 PiFl  555.90 517.46 511.71  512.20 511.55%*
2 WF 600.45 553.86  553.39  540.37 540.01% 50 Eedy  562.71  515.63 507.17« 513.95 514,27
3 HyRBFE 540.13  508.19 501.56% 506.32 506.16 51 Y 532.81  494.66 488.65% 497.88  498.43
4 MAWG  555.32  504.12 500.74 % 508.93  509.61 52 BE 534.03  491.77 487.26% 504.80  506.31
5  #ULHE  591.29  554.83 551.25% 554.19 554.60 53 AP 583,46  535.74 529.71% 542.28 542,83
6 43P0 634.56  573.02 566.96 % 577.53 578.15 54 )R 513.41  480.96 473.91« 484.51  484.98
7 Bk 577.15  549.63  547.17 538.43 537.59% 55 Bl 534.69  498.27 492,60« 496.57  496. 40
8 2z 606.44 563.28 556.91  555.95 555.45% 56 YL 532,01 494.68 491.99 % 495,32  496. 29
9 RH  648.35 593.79 585.69 % 593.84 594.07 57 =f#  512.12 466.88 465.59  460.01 459.97 =
10 e 563.33  527.31 520.72 517.14 516.37x 58 M= 533.90  497.72  494.63 492.30 % 493.14
11 RJH I 522.44  488.37 486.02 483.88 483.72x 59 Wi 568.74 517.89 516.09 515.41 515.18 %
12 il 581.76  539.88 534.78 % 535.18 534.91 60 il 570.89  521.18 516.62* 519.59  520.81
13 flER 476,21  443.52 440.42% 449,31  450.30 61 FAYL 540.11  501.96 496.73 % 500.74  501.31
14 Ju  559.43  534.09 527.66+% 534.61 534.29 62 bk 485.38  472.21 471.44 % 474.51  474.76
15 BY§  566.58  522.07 516.93x 530.81 531.83 63 MM 474.46  448.85 443.18 % 456,27  456.52
16 W3 526.24  492.87 484.81x% 491.73 491.79 64 W 555.99  521.35 518.45% 522,50  522.28
17 dHi 537.84  498.78 494.17x 506.94 507.41 65 #84z 577.00 534.94 528.04x 532.09 532.67
18 BHE 520.22  479.36 472.24« 484.35 484.37 66 MIM  555.81  519.40 513.08% 520.96  521.01
19 il 480.80  441.65 433.88x 445.77  446.10 67 il 561.25 531.89 525.72x% 535.51  535.40
20 4k 537.74  498.57 492,24« 499.13  498.95 68 B 522,16 479.06 474.12% 485.22  485.40
21 PGE  528.18 491.71 488.98« 493.32 493.63 69 #H  522.74  482.58 473.60« 481.78  481.42
22 WYL 538.67 501.56 497.07« 503.98 504.89 70 ¥ 562.32  518.79 508.31% 523.59  524.03
23 ZsP8 529.11 482,57 475.60% 480.68  480.57 71 Xl 564.69 515.99 515.60 % 524,90  526.09
24 4x%  554.52  517.86 513.85 501.79 501.49% 72 - 559.12  513.80 509.62% 511.23  511.06
25 BT 537.70  497.17 497.05%  499.44  500.88 73 AP 536.34  499.96 494.57 %  500.59  500.36
26 e 504.73  477.15 475.32% 476.15 476.06 74 Hf  601.59 556.84 557.76 552.12% 552,60
27 f1l 547.98  513.44  508.98  499.93 499.45x 75 k# 544.18  504.30 497.56 % 507.27  507.32
28 KPE 482.36  450.24 445.65x% 451.99 452,23 76 P 569.78  527.68  521.73  520.87 520.46 *
29 A 549.50 514.08 512,90« 516.77 517.07 77 FEM 574.65  526.29 519.73x 530.97 531.75
30 B 519.96 475.19 469.69 x 480.17 480.31 78 B 467.21  438.07 429.64 « 444,14 444,29
31 Wits  545.35 508.83 503.80% 518.07 518.92 79 FOIN 511.20  463.99 459.98 x  462.80  462.91
32 #E 518.25 472,15 467.73« 477.54  478.42 80 W 530.35 495,40 % 495.91  499.63  500.23
33 BN 510.84  478.23 476.91% 477.20 477.57 81 WL 529.25  490.64  488.68  481.40 480.99 *
34 PP 528.38  497.87 494.36« 504.00 504.80 82 HF]  510.67 470.02 464.15% 481.30  481.89
35 i 500.67  467.03  462.54 462,57 461.94% 83 fife  516.96  486.69  479.97  485.78 485.04
36 Byt 560.30  527.57 521.28% 530.43 530.63 84 sk 593.43  539.45 536.53 % 549.19  550.42
37 Bk 565.57 516.29 515.37x 515.95 515.86 85 Bk 531.55 502.05 504.02  498.41 498,26
38 50 495.59  459.49 455,43« 460.58  460.29 86 JeMl 497.34  463.78 458.55%  462.76  462.68
39 A 594,31 547.52 545.80 % 552.81 553.95 87 BT 548.05 525.05 518.54% 521.50  520.96
40 kHE  558.53  515.32 510.07x 514.18 514.80 88 R 551.83  504.43 497.34% 517.05 517.94
41 #Y 582.13 537.85 534.39% 543.52 544,44 89 {58 511.05 480.66 476.05% 478.98  479.11
42 % 575.94 526.66 522.29 % 534.88 536.61 90 BE  514.68  480.71 476.61 % 484.27  484.51
43 B# 543.99  509.63 505.77x 513.41 514.30 91 WYl 540.04  494.71  495.62 491.04 % 491,31
44 I 606.63  559.71 551.32% 557.87 558.15 92 %Y. 556.57 524.83 522,21« 533.51 534,72
45 WYL 591.90 553.39 548.22  547.77 547.64% 93 WM 572.96  538.55 533.10% 538.52  538.77
46 PN 593.19 553.21 549.49 545.56 545.22x 94 dti 591.95 544.78  540.80 540.41 = 541.27
47 Hife  624.67 578.14 571.05% 573.19 573.50 95 WYL 581.20  533.30 529.17 % 534.60  536.02
48 Mk 553.93  525.73 524.32% 530.05 530.50 96 FHYT  525.02  484.62 475.81x 483.48  483.10

A o FRTR A I 0 A5 B/ AIC A
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