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Abstract

Analysis of the dependence between the main stream and its upper tributaries is important for hydraulic
design, flood prevention and risk control. In order to solve the disadvantages of the current hydrologic
correlation analysis method, the method of copula entropy was introduced to estimate the dependence
between Hydrological variables. The relationship between copula entropy and mutual information was
discussed and the calculation procedures of copula entropy were deduced, and multiple integration and
Monte Carlo methods were used to calculate the copula entropy. The upper Yangtze River was selected
for case study. Results show that there is a significant difference in total correlation values, when differ-
ent copula functions were used. The total correlation among the rivers is not high, and the one between
Min and Tuo Rivers is the largest. There are some dependence among Jinsha, Min and Tuo Rivers, which
constitutes a threat to flood control by the Three Gorges Dam (TGD). The flows of Jinsha, Jialing, Min and
Tuo Rivers significantly influence the flood occurrence in the Yangtze River.
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1. 518

BOKFAE—BRA 2071 R R R, TR W H A, W72 2 (8] AR SR 1E
BARK ST SR I 2 DR, & B 0T /K BRSO AR A1 5 A R B R e fi i, A 0 B A L
HRT, FIB/K AR &2 AR SCHE K 7 i — R Pearson SRMEAHSG T i . 5 LR LA A @ HUEH T
LMK R, @ ZEUBIRM L T IES M NE Y © Kk H 2 uA B 2 WA . (AAESEERN T+,
FEATZ P 7K SR B 2 A e A S L 2 A M I 28 234 (B

AR RIE TR AR SCME I M 7 i 4 2 52, VP2 U 22 BRI T 145 S (Mutual Information) % 4k
BENLAR MR AT Z B AR S, 2RI S 2. © ER—MASET % @ ARG A i) st HoE U1
i, R LURMEM s @ EF U T 228 2 WM. %05k — sl 2 A8 &8 2 [ AIAH
RUETH A RRAE, JRAEKSCAIIR AR E] 7T Z R o BRISSE[11F] AT Copula f# 77 20 128 W 48 HO AR L T
AR R R TR R AT T I RE: ARWLAE[2]FIH Copula 7 gxt = AR B KRBT T 0T SRR3R T
Copula 75 BAF AT T Akt ASCUARIT Bl T 32RO T R, SRANME BARAT Copula bR #0454 (9 4F
LR, RV Copula BRELHINE, RHAIT LT 300 [8 AR HEAT 1200, AT Rl itk o8 a8 DL, = ik
BT AR 7 Mg it 1 4K 3 -

2. Copula %5
2.1. Copula HRIE X

A xeRy AN d BN R, HAGHMEEAF (X)), u=F(X), i=12,-,d. HF, u AR
HIREALA &, 4 Copula BT E XA Copula 4, W LLFRIRA:

1 1
He (Up Uy, Uy ) ==+ e (U, Uy, -+, ug ) 1og (€ (g, Uy, -+, Uy ) ) duydu, - du @)
0 0
R C(UyUyyeee1ty ) 9 Copula BACRER BB R, 27 acaﬁ“é;“”“a';“d)o TR AR Copula 4
2u,---ou,
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AR R, A& X HHCA RS % B2 s 0] LLoE SOR[4]:
f(lexzx""xd):C(ul’uzn""ud)ﬁf(Xi) (2)
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f(Xl,XZ,---,Xd)-Iog[f (Xl)}dxldxz---dxd

o'—.' 8 o'—.‘ 8 o‘—.. 8

__T]' f (lexz""’xd)'l()g[f (Xd)]dxldxz'“dxd 4)
=—Ilog[f (xl)]DJE f(xl,xz,m,xd)dxz---dxd}dxl

I
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Bz—T--‘]gc(ul,u2 ud)]i[f(x,)-log[c(ulu2 uu,)}duldu2 du,
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FITEL, BRG] Rom A

H(Xl,xz,---,xd):ZH(Xi)+Hc(u1,u2,-~~,ud) (6)
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2.2. Copula 503+ &

221 ZERDE

RIEEEN(1), Copula ] LAMEH 2 EEMERAG. Bk, HEfLTH Copula RREUIZH, Mi#HE Copula
ML 2 T R K. %2 AN 202 i Berntsen 2548 H1(1991), Al TiH 52 A4y, K Copula 3 % 15 R B AT 4
3 EAH ¥ Copula KH1E[5] .
222 ZHFFE

T ARRZ G, 2 ERNEEAMERS, "RAZRERPEIHE Copula . XT7E[0,1]H £ st
&, Copula fr] LKA AN:

He (U, Uy, oo, Ug =—j )Inc(U)dU =-E[Inc(U)] )

foa®

Copula /555 F Inc(U)RIHEE(E, mTLLEN SR RPHSRA, S2ERMEELL, 1 E Copula BRET
I ZREONSH, MIMHHE Copula BE%, ARJETHH-Inc(U) I EME .
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N2 4 &AL GBS KT 28 mBcam, A S SOV IEE; 24 HA ST ik 51048 Al B
BOLEE, | ST, AR, WERFHAEER MO, R AR RN, | KT E. RIEZER(©),
Bl AL AR & ) S A R ME ST e 1R F1 Copula 4. FE T 2A30(9)>K A Copula 457775 0] BAETHFL S AHSE, B4 T
ARO) T EEA B AL R iR 2 RN, HIET Copula @5 1S A AR # T 1 Copula 25T
i 1) Copula BEL. PRIL, 6T B A G B Al TH 75 £ € Copula 244,

4. AR
4.1. R

KAT BRI AL SO0, TERAFNMERIT., RIT. YeVLMERIL, ARSI, BERITICAESIIT,
R, ABFREE TSI, MALEBREZT., Ui, RIT. YeIL. FHEIT. SVT A EJER T i i AN G
SRR Eg. R bR, iU, SR & 1951 4E % 2007 4R HFAm BRI, SRAER
KEURET T, NP i R TR B 7 903K 4530 2% 73 A . Kendall A1 Pearson #15% REHE 45 BAnE 1 fis.

LG AR LS 0 AR, I IER A POME J7 Al THAT L I S22 5% B sk 4, Wil 1 foos, T LA
EH, X TURLASYT, POME 1EEL+E’J’\7FEF)TU/\‘%%‘ AT HIRCRAR T IR 70 A, PRV A 2 0 HE A8 s () e i

AR, PrUSEXFEOLT, IR AT R BOR A GG, JR1, 2 RT7 ik SR T 105 A = IR 7y
AR, BRI, 164 POME J7 i3RI S 70 At 2 S n-& 31 .
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Table 1. Dependence measures for the upper Yangtze River, China, based on annual maximum data

* 1 BRI AENERXM

R & FERT URYT TEIT =N
ST 1.00 -0.08 0.11 0.13 0.12
ST -0.12 1.00 0.03 0.18 -0.15

URIT 0.16 0.13 1.00 0.36 0.01

eI 0.19 0.37 0.50 1.00 -0.05

=N 0.16 -0.26 -0.02 -0.10 1.00

W A EAITE R Kendall FEREG /2T At R A Pearson A6 R4

U 5T
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Figure 1. Results of fitting by POME method and normal distribution
[ 1. j@id POME FFEMIEZS A A HIE

42. MEMERE

ASCHIF AIC HEJIS BT A2 BRIBE & 3 A AT LA AR A G, 25 SR W] LA Copula REAS T LUREF AR BIL Y
A [ A M, s/ AIC 24 Copula bR 305 B B ZAKHE . AIC BT DU I TH R R AL SRE B ek £ 1135 77
WERMBIT], FE—HIET, AIC I LRI A:

AIC =2k - 2In(L) (10)
X K AGTHRR RS EIECE, L i B8 A AL AR E
43 NEERR

TG, AT RIRATATPARITIR C G A, AR Z X 5 2, AL T 10 MAUEEBE 6.
Gumbel. Clayton. Frank. Normal 1 Student t Copula 43 7 F F RN FLAN 5t 2 (B FRIAH 5 R o R DAl R ALSR %
fliT1iX % Copula 124k, AIC HH TiEF &A1& K Copula L.

Frid(#) Copula FIEATMSHNE 2. — MR UL, BTHOKEE Copula EUHR Copula B85 4 (130 & BEE 0 A R
#r. 1 Genest 25 A2 Sf#) Cramer-von Mises 5%k S, (2009) Fl T4 & 00 BER LG, L AR P AR, W02 2 FioR,

gE JLR IR R AR JE Copula AT F FBLAUL A2 (B A K R
73 A 2 EARGMIFEM SRR 2ETHE Copula 6, X F-58 —RhT7i%, SRHA] Berntsen %5 AfE 1991 SE2HH 2 &
BUMBEHATI L XT38 A%, 74 10000 % u, FHHHE In[c(u) | FPFME, SXPROTETHE AR 3
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Table 2. Selections of copulas and determination of the parameters
5z 2. Copula FIEHE MBS HAHE

2% Copula SWir FEBEIL T R 31
2N — Frank Clayton Clayton Clayton
FRIT -0.74(0.71) — Gumbel Gumbel Normal

IRT 0.41(0.60) 1.09(0.10) — Clayton t
T 0.43(0.49) 1.23(0.94) 1.21(0.38) — Frank
BT 0.30(0.39) ~0.25(0.91) 0.04, 2.0(0.81) ~0.45(0.94) —

e A EMAITRAESER Copulas 2 T ATHAMMMSEG &5 PHMEN P 1.

Table 3. Total correlation values of two tributaries in upstream Yangtze River

F+ 3. KL EHAEIR B EXE

RAHICHE ST BEIT YT e LT
LI 1 0.008 0.053 0.057 0.032
FRRIT 0.009 1 0.013 0.056 0.032

UYL 0.049 0.014 1 0.245 0.083
e 0.055 0.054 0.235 1 0.003
LERIN 0.033 0.033 0.085 0.004 1

E: A EMITRRZERINEMNME; 2 FATRESR R PENE.

i, SRBIAPIR LS FAPL. WL 3B EE, BEMHRMEIA K. 5 Pearson F1 Kendall AH3<: & EAH
Lt , Copula J@& 15 H R AR S M AR N KT 0 (AR, H— /TR0 WA 5 b A h 004E, R4 B AR M 2 X, Copula
T SE N 5. %3 T Normal Copula, &S A9EH] LI 7R A[8]:

1 2
" :—Elog(l—p ) (11)

e p & Pearson A% R %L,

TP AT VA A R, SR A A aR(L1) IR HE R AR 43 Al Normal Copula HLEAR G . X T
RAZ B, AT LR Pearson AH¢ 2%k A1t Normal Copula FIZ%, X =R 7kt 48 B ans 4 fir,
SERFR B X = RO A RS R B . I, XPRERE S ORI AT, AT AIE B AT B v A
(19, JF B A UH A SRR b ik B

4.4. BT EER
B J K A# 2K 1) = 4E Gumbel. Clayton A1 Frank Copula PL & i@ 251 Normal Copula £ t Copula ] F T4l =

AN 2[R R S VEARAE o T AR AR BB JE K42 Copula R BEREILLIEAR DS, WA FUAHCHITE M, R A% M Normal
Copula Fil t Copula @G 0. FIH 2 A MET HA RIS S R0k 5 For, Kb REAREED
HEREN, EREWH, LEBEAFK Copula REWT, BAHREAEESR, Ft, &HFSIER Copula REST T
fliH AR 2 (B A R 2+ .

ALY B G 0 A0, BT BRI S Z5 4, KGR Copula, B Normal Copula # t Copula. FH
PR KANRIZAG TS H ASTFS W 6 fim. MK 6 iTLUEH, &¥bin. WRIT. yeylRISE BV i iR Al
KM 0360 HTEIWIL, RV, FEFRIL. VeTLIRAFERONAR G, B, X LRI A /K E 8 1wl e,
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Table 4. Comparisons of total correlation of Gaussian correlated variables in different methods

® 4. FRIGZETHEXTE Z AR BEX MR

P —Eln (17/32) : .
2 ZEMNE FRERPE
-0.9 0.8304 0.8305 0.8395
-0.7 0.3367 0.3276 0.3373
-0.5 0.1438 0.1438 0.1306
-0.3 0.0472 0.0472 0.0474
-0.1 0.0050 0.0050 0.0055
0 0.0000 0.0000 0.0000
0.1 0.0050 0.0050 0.0053
0.3 0.0472 0.0472 0.0448
0.5 0.1438 0.1438 0.1473
0.7 0.3367 0.3276 0.3276
0.9 0.8304 0.8305 0.8305
Table 5. Total correlation analysis of trivariate joint distribution
5. ZHBKADHINREXM S
T bE M/ Copula 01 pl 02 pl p3 v AIC JEVIEPS
1 SV FPRIL URT Normal -0.12 0.23 0.12 1.58 0.05
t -0.13 0.23 0.1 16.97 1.53 0.05
2 ST URYT. RN Gumbel 1.17 1.17 0.01 0.1
1.06 1.53 -2.14 0.19
Frank 1.41 1.41 -0.57 0.076
0.68 3.75 -2.34 0.17
Clay 0.52 0.52 -2.36 0.19
0.32 1.19 -3.16 0.28
Normal 0.24 0.28 0.59 -1.94 0.26
t 0.22 0.23 0.57 7.7 -1.99 0.25
3 ST bk 5T Normal 0.28 0.22 -0.009 0.87 0.07
t 0.26 0.22 -0.02 65.51 0.90 0.06
4 FEIL UYL YeiL Gumbel 1.24 1.24 -1.65 0.16
1.15 1.53 -2.49 0.22
Frank 1.73 1.73 -1.37 0.11
0.99 3.73 —2.44 0.18
Clay 0.48 0.48 -1.86 0.17
0.24 1.21 -3.01 0.27
Normal 0.14 0.34 0.58 -2.10 0.27
t 0.07 0.32 0.56 5.42 -2.22 0.29
5 FERRIL eI BT Normal 0.35 -0.25 -0.03 0.10 0.1
t 0.33 -0.24 -0.03 26.73 0.09 0.1
FE: v NIRRT
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Table 6. Total correlation analysis of four-dimensional joint distribution

6. MUK S HHDEXES T

s T Copula p1 p2 p3 Pa ps s v AIC S
Normal -0.11 0.24 0.27 0.13 034 0.58 0.48 0.33

1 ST BT UL VeI
t -0.13 024 025 009 033 057 7.94 1.39 0.36
Normal -0.13 0.23 0.22 0.12 -025 0.04 3.09 0.10

2 W FERIT IR LERIN
t -0.13 022 0.17 0.08 -0.24 0.05 1124 3.91 0.10
Normal -0.12 0.27 0.22 034 -0.25 -0.02 1.87 0.18

3 W BT WL BT
t -0.12 026 021 033 -025 -0.03 57.63 2.88 0.19
Normal 0.13 034 -025 058 0.03 -0.03 0.68 0.31

4 R IR YEIL L=
t 0.06 029 -022 056 0.04 -0.03 549 1.47 0.29
Normal 024 028 022 059 0.04 -0.01 0.87 0.29

5 ST WRIT YEIL LN
t 021 021 017 058 0.08 -0.04 581 1.68 0.31

Table 7. Total correlation analysis of five-dimensional joint distribution

® 7. ABEFKESHHNDEXEST

SV

Copula p1 p2 p3 pa ps Ps p1 Ps pe P10 v AIC bk
Normal -011 024 0.27 0.22 0.13 033 025 059 0.03  —0.02 421 0.39
t -013 023 0.25 0.17 0.09 031 —024 057 0.06 —003 886 5.11 0.39

HX =W (B R B T B -
FENL T AR & oA, IR Copula, fhiTHIIZEn 7 fros. 1H5EH Normal Copula 71 t copula
fREAHIRAE Y 0.39, KT PUAR & SAH R AH .

5. &hig

AR FE AT T AT B LA A St . 1 e e /K S8R 5] N1 Copula FIAEEL R F%E Copula 5.
TSR Z [AAFE S 28 AR OCPESE 1, FrLASR A Copula @SSR ICHE, B E SRttt Copula B&%H 2 E N T
5E Copula BR%, et B E. FELRWT:

1) S BTHOK BRI Copula #5372 U BB MBS AT . —MRBTHKEE Copula BE3&E & T 4E 50/ 5L,
SFFAER 2 oL, HLARME R 2, HAREE AR Copula, ST BT Sz A IR 20 A I R 16 i 28 #0 AE AR I 0l &

2) B:T{5 S Copula B4, 51 Copula 771k, X&—FEAESHTEL, W LLRIRE AL A G
Y, HAXTAG AR, TS 4E. thah, 120700 % @ 715 Copula 5k BB 1T S AH
KN, WA EFDGAEAEC SR OE, Mg 1 2 (1 BAR AL .

3) M Z HERVNEFGE R R DRI RS A, BRI TR AT . X TRERIG O, AT DR AN R 2R2Y
f1) Copula K%, 4 A Copula BEUIN, SAHEAEREZSR, KL, 1E#HFE1E1 Copula B T4H
FAEME T R IR E .

4) THEEERRY, W A SARCHEARIR R, XSRS SRR ¢, T IRTTAETLIX B 2%
W s e, BB TR—RBWX, Bl mras e /2w KN 0.33. &L, IRVTAETT 2 4]
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AP E IR, 7K, KT AE R R — R e IR R A MR 97 ARV 19 VT R e AR
XL, TSI, UL, BRI, TR, 7 LIS LA A K T A, L = e
KIIGTHEATR T B

e HE

E XK AR S _EIH (51679094); [E 5K H AR #3545 R Bh I H (91547208); =R FE AR RHIFF L

5L TR 4% B (2017KFY X194, 2016 XZD048); A1 [E 7K Fl 7K BB} - F 78 B I 38 K AE PR AR AL 5 1 42 [ 5% B
SEY6 = TP 7T 3 4 (IWHR-SKL-201408) % 1.
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