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Ganjiang River Basin
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IeE I A P 7 L IX K R R B R IR R, H]
MM FERARIR A (Re) S MR Fd R X /K i R 52, K
F Yu S5O T B R A B R T B

N;
S i It
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b Re, NEE ¢ SERIMENIR M7, (MI-mm)/(hm>h); R,
NE i A d BB 2 il FUE (ARSCH12.7 mm/d) (1)
FERY &, mm; N, ONES i ] A BERT IR SHE R d;
o s fooov BEIRERIZE, FEL1/12, o BUSn6 (b
k), pELLS, afily ARWITF:
exp(2.11-1.575) P.=1050
::{0395{1+00983%“”m} 500<P. <1050

n=0.58+0.25P/1 000 (3)
RF S HEFFE (5—10 A) FEilE, mm; P, AFEHIF
WE, mm.
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RPN D KR BUK R RREZ, 105m®; RN
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1.3.1 B 4e4EA

BB AL BIAAE, GAMLSS #8 P a] i i
BENLAS 8 7 5 1 Ge it S 805 i A /2 I ) e M B AR 42
PR RERF IR AR5 . e E y RAIBERE SN
S0 =f(y|puo,v) BRI A, Hr w0, v 5 5liER
MBS RESHAIRSE, HTRRSEy FEF
R EMECME T, @ AERMNESH  FIRESH o 1
e—H P, 455 WHE AT & Re. Fe Ml Re, Al 4
bR AR, HAE— s HuEn R

g(u,) =Xp, = B, + B Re, + p,Fe, + f;Re,
g(o,)=XB, = By, + By Re, + B, Fc, + B;Re, (5

g(v)=Xp, =Py
b g(u) glo) gV NIEFREL, FoRFGH S SRR
=2 AR SRR X=[Re, Fc, Re NP EE [ &E; £+
PBor By ERLRIASH A &, SRR AR SR A o
FER R I AR FE AL, I 2851 (Gamma.

Lognormal fil Weibull) Ff1=Z%(537i (Pearson-II1) }t 4 Ff
IR S AT FH PR 28 20 A1 bR B D SF B b I O3 AT R
24, WK 1. RH KS (Kolmogorov-Smirnov) ¥, 4%
7= worm [ DAL 3 B8 2 BEIPPNA ARL ARA S DL, DAk
KA 5 IR A BRI AT R . BbAh, B DL
Hif5 SUEN] (Bayesian Information Criterion, BIC) {EAiF
W& AL A bRE, BIC Bk NUA 30L& R R Bk

R AMEITHERRBR S5

Table 1 Probability distribution of four statistical models
. o e 58K R
e kst R _ ESBEERE
L o . . Relationship between moments and distribution
Distribution type Probability density function
parameters
(1/0-1) _ 2
[zl o) = 27 epCEugT) E(Z)=pu
Gamma : (uo)''” ra/o7) Var(Z) = 4
z>0, u>0, c0>0 H
Gl o) = (z-w" pr( zfﬂj EZ)=p+o
Pearson-I11 o T/ v*)(ov)" 2 Var(Z) = g’

z>p, u>0, >0, v>0

oz z)
Weibll .Uﬂ%ﬂ—ﬂaﬁ{{;)}

z>0, u>0, >0

B(Z)= ur@ + i]
o

vty {212

(In(z) - py*

11 [
z ,O0)= €X]
[z p,0) Toro p
z>0, u>0, c>0

Lognormal

207

E(Z)=exp(u+0c°/2)
Var(Z) =exp(2u + o* )(exp(c?) - 1)

e Z Mz 2HONEENIAS R BN AR AR R SEG B Var@2) 2 RIK SO SIRIBSIERT 2 un o Ay 2R EIEME DGRBS 8. RESHUK

ERZH. T,

Note: Z and z are a random variable and corresponding any real number, respectively; E(Z) and Var(Z) are mean and variance of hydrological series, respectively; i, o

and v are location, scale and shape parameters of candidate distribution. Same as below.

1.3.2 A -Frta 4649 BMA 7 ik

T RBP4 75 (BMA)D & — s id i
P AN [RI S 1) &5 SRAS 21 B 0T SE ) R A 45 S DL SN E
PERIEE TR Ry MRS R, MRS
Bl [ oo foo SO ETRTUA (7 4 AN AR HE 4 B AR 7Y 2% ]
FF AR BMA IR AL p(r|M) ] R IR N

Py IM)=2 p(fi IM)-p(y| f,-M) (6)

k=1

i p(hIM)RAEB I EHE M AT REE kAo f )5
WA, BN RS 8 B 26 AR T T A R Dy i A Y
e, B BMA BIBUE wy, FIRORS R R A A5 2

BILER, HLY w, = 1. pu M) REAERE I

i M SR PR y BR300 .

AR fe K487 (Expectation-Maximization, EM)
BRI R ASRAL THIEAREEY, 2 EM Al
H BMA B EME S S 0= {w,,0;} (k=1,2,3,4),
HRW o A ME Ey|MIATT 2 Var[yIM] "] &5 H

EUAﬂ=ZMﬂAﬂEDANhMﬂ=;mﬁ(ﬂ

4
k=1
4 4 2y
Var(y\M):Zwk (fk —Zwkfkj +Zwk0',f (8
k=1 k=1 k=1

o o RBAL f AL B (17 7%

DL T-B AR5 1 BMA 515 DL K 4 /NP AR AR AL vh
PAEVEABAME, RABTTRIRZE (RMSE) 933
RE (NSE) FIAHXTRZE (RE) 3 BHRFRIEAY, 1M X [AIE
UK 7 % % (Containing Ratio, CR) . “F¥J%E (B)
AP B FE R (D) 55 3 Difebr i . L, RMSE.
RE. B 1 D i#k/MERL SRR GT, 1 NSE HRAR A R0 R bk
U, CR $Zz10 BT X 1) ) R R
1.3.3 A-FEFTE4E BMA FiE69 )2 HE 547

EZ W R R IHH i, NADEREE—-RNERE2
AR R A FPRES W5, Wi B 2 B ol 581 7 fi
Uik e, BCHCPIMEFE NIRRT E .. EEA 3
ABIRROL 1) AT TN TR KR i



57

IR T INARRE BMA 777 s LU A fr b B A 4 3 R 7 143

TEVEENE O, A e 91 I B 73 Dy FE A A AR AL 3
2) EHUGRAE SR AR AN N S35 5l () 500 R 3R I 4 Rt 5
M, s AR DI A & T A IR K SO R
3) %&F Fixing-Changing 7715, M1 A R4 A R ZE (.
BIVAH 2 R 2R B oxof 2 2 A ok R, G BB D R e TR
B BULIMEOEE A XA G FERR M AR 5 A K
R 3 R R AR (BIBALE NS 18 PR,
ARetE S, L8 A, Wk 2 fs.
*2 FREMAZFERHES
Table 2 Scenario combinations of different influene factors

2[Rl 2% Influence factors

wREs __
Scenario combinations W 52 ARG KPR
Rainfall erosivity Forest coverage Reservoir regulation
15 5% 1 Scenario 1 + + +
1% %% 2 Scenario 2 - + +
155 3 Scenario 3 + _ +
1% %% 4 Scenario 4 + +
155 5 Scenario 5 - . +
155 6 Scenario 6 +
1#5 5% 7 Scenario 7 - +

% 5t 8 Scenario 8 -

A RN B FIEBGEEIAE <+ RN R BRI IS R E .
Note: “-” represents the mean value of the factor during the baseline period; “+”
represents the measured value of the factor during the change period.

iz H EM 55153 BMA BUE wy DL 4 Fhisf AR R AR,
KH Monte Carlo J7i%r= EAFIE S T FHyb s,
8, MmENAFSEIER R T E. BAAPRIR .

D TR AR, BEL 1 000 ML p
AR AR RS SALE N ERD B RLE 7, FEA AR
BEAX A], A F

y[/,]/ =qF(p| /&t,l’o’\-l,/";)’\ R R 9)

=qF(plu (X, 1B)s0,,(X,, [ 5,).v(B))
b gFO BRI R B 4, 6, v R
DB E: X Xoy N HINAE AT SR 1S A
SRR, B B B ABEIE HS R .
2) i BMA BLE A[wy, wa, ws, wa], U 4 Tt A2 5

O BB A wf =S w(k=1,2,3,4), 3 T2 R 0

1000 NEEAE u (uE[0,1]) , RIEBEHLETE NI B FAL
Y PR AR

3) MPTIERRIEE ¢ 58 | MBS & ) &
TR (R A, = Azl G 5t F AR 1000 N5
EME .

4) H R A S B W NBICHER, AR T
I AE5E BMA J7 i (ISR R BT R, 5 ¢ 4R 55
I RS ALE AR RN p R RARIME A §7, .
PAERERL p BL 50%IBHUE, 95% B A5 XA p MIEL 2.5%
2 97.5% MR8 1A O Bq

5) AL ¢ ARGV RS EEIE Y 2 Ay, B
AT B (AR A o TR ARAE 1 BMA J5VE AN 7 6 2%
A B AR 14 U9 R B R R TR A R R

(30 - 35, )+ (30, =32, )+ (51, = 74, ) + (9, - 74,

Avie, = J (10)
Ay O3 ) 0 -9 )+ 01 -390 )+ 01 -3) ()
Fe,t 4
M&:@&&M%%ﬁﬂgj%r%J%m—%)(u)
Aygth,r = Ayt - Aylge,t - Ayl"ic,t - Ayﬁc,r (13)
Ay,
n;t=-7§_;x1009a (14)

t

Kb AvE, « Avh,~ Avh RLAYS, 53 SIARER B R 2k
RRARTE 55 R 7K R R4 DA S H A R 3R 56 ¢ AR A SR p 1
BRI BRI TR, ta: n”, NES ¢ FEAS S
N p WO m P E R (R, FRMEE RS,
AKEEERE . HARE R Motk

2 HZRES

2.1 EETRImEmDEEN

YREZENESH 1 MRES o WA RRER,
RTINS AR 400 5y 4 R G T 1D p Fl o i % CRP
— 3, TUCARAEBIERREED 5 2) u AR o
NEHG 3D p NEEN o NWAE; 4) u il o YINIAR .
YW R AR AR R, R EA G TP
REMBEERSEMEG . AR DA RERD & R
AR IR 3, B A AR B A BRE T E N AL,
BEKFER 0.05, 24 P-KS>0.05 I, FALETHLK,
BMERAE IS AG . R 3 AT 0L, BV &
R S L S B3 R IR AR AR, HAF v i AR PR vy
B 3 M B AR B RAE . iR KS WA, ETRILS
B 4 AR B BRI I B2 KT 0.05 LA
REERSSS:, HARM BIC EE/N, HIIAN 4 MR
BT

x3 ETYEHTSHEMDSMNTERE

Table 3 Time-varying moment models of annual sediment load based on physical covariates

P S mIRSH DLt £5 SV ) KS k3 KS test
Distribution type Optimal value of the parameter Bayesian information criterion (BIC) Dks P-KS
p=exp(1.222+0.770Re—1.494Fc—0.698Rc) _
Gamma o—exp(0.244-2.061R¢) 46.33 0.05 1.00
n=exp(1.258+0.774Re—1.517Fc—0.719Rc)
Pearson-II1 o=exp(0.177-1.945Re) —44.75 0.05 1.00
v=0.500
- n=exp(1.282+0.799Re—1.619Fc—0.593Rc) _
Weibull o—exp(0.383+1 447R¢) 37.20 0.11 0.91
Lognormal 11=0.881+1.071Re—1.539Fc—0.644Rc 3753 0.09 098

0=0.061+0.127Rc

7E: Re. Fe #ll Re 70 I AERFEMIR )y, AR o MK a2 240 3 2858

WA E; Dks Al P-KS 4354 B K TR B 22 ALE T M .

Note: Re, Fc and Rc represent three influence factors of the rainfall erosivity, forest coverage rate and reservoir control coefficient, respectively; Dks and P-KS represent

maximum vertical deviation and passing probability, respectively.
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BT 4 PR RN AR (R 3) , 12/ BMA

JTFERERL LI E b 2480, AR s E i slod 257
FRWE 3 Frc. B4 REH, Gamma. Pearson-II1. ol

Weibull I Lognormal I ZZHA AL (IR E 537514 0.225.

0.245. 0.255. 0.275. & 4 5|H T BMA FA BB R 4
I AR FEAR Y R AR b BRSPS . 3R 4 WTHT, BMA 45
Hrr 7 {E 1 RMSE.NSE 1 RE $8ARE IR T BB A8 %
F7, RMSE. NSE Ml RE 4350 125.96x10* t/a. 0.93 Al

BAER bR B fE
Likelihood function value
S

11.41%, BRI IBIIER; 55T 95% & 15 X /3], BMA o P
F{fﬁ@%i@%ﬁ B 4E?F§$/I\HQL’}E%E$§@E/J" Eﬂ;ﬁbﬁ% JER I K teration times
PEIX A /N, 9 481.38%10* t/a, H7E % CRE N 94.47%, B3 Rt AAEA AP 7k (BMA) a9 ARulsid sz

B~ WFEREE D HERA R A B . kL,
IARFE ) BMA T 804 R I B A B A AU AR b
RS FE AN X TR] R ILAS S bk
%4 BMA 14 MR TEERBERD SRIIHR
Table 4 Simulation evaluation of annual sediment load of BMA and four time-varying moment models
FALE Median 95%E {5 X [i] 95% confidence interval

Fig.3 Iteration process of Bayesian Model Averaging method

(BMA)

AR R T T T
Distribution type RMSE/10% NSE RE/% Containing ratio Average Average deviation
CR/% band-width B/10*t amplitude D/10%
Gamma 128.57 0.93 11.60 96.49 511.81 103.25
Pearson-1] 128.55 0.93 11.50 94.74 528.93 122.53
Weibull 128.74 0.93 11.77 9825 571.10 103.25
Lognormal 128.82 0.93 11.76 92.98 494.32 103.27
BMA 125.96 0.93 11.41 94.74 481.38 105.22

BT BMA kR & 7 51 5 53 £
T 28 e ok 2 worm U] 4 Fram. M 4wl %N, SFm
Vo BB A BUR G AL A T AR R B SRR AR R
i, 95% B A5 X MR U L o5 1 ST RE A s vk
worm Pl ZE A T S VRE Bl N HER 0, 1 AR AY 7 Ar
B ZEEAL IR IEZS 7340, R BHEE T AR 56 1) BMA 5754
BRI IS b B AR ARG

« SeHIff{Observed value

— Az Median value
95%E {5 X [1)

o i ZE{{iDeviation value
— UL i ZFitting curve
= 7t il ZkBoundary curves

—RIKERRIGE THE, I 30 FEHLREUKERA R
WD RAALET, S BRI SR, 2N 1989 4F
JE BT b B B> BB B A B . D
BIC MMREHEN, Gamma A BIC EHi/N, Afl
FiAY, BT Gamma J0 A7 IS A8 HE R AL A 4 R v b B A
SRR 5 Frc. IWE S ATAT, 1958 —2014 FEERTLILIE
RV RN R A, B 1958 —1989 4 N FaE I,
M 1990—2014 N Rl Fitk, AR 1958—
1989 - RFEAERA, & B4 #T 1990 —2014 LI
S AR

o SZill{E Observed value
2000 T

75% confidence interval

95%E 15 X 1)
95% confidence interval

—_
[
=
(=}

1200

£2 400 95% confidence interval 12 y
3 = 06 S T
iz 5 | e
25 B0} e e
EE R
3 E-06
E]
2 ol . . . CYW -1.2 .
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A FLR oy LR
Year Theoretical quantile of residual

a. SEfYD AL,

b. %% Z%Eworm &

800

a. Annual sediment load simulation b. Residual worm diagram

B4 AT EAE BMA 7 ik 09 04 E - n gl AR £ AT
Fig.4 Quantile curve and residual test of annual sediment load
using BMA based on time-varying moment model

2.2 BIIRGEHIEFE D

KH Pettit A8 S HTIRIZET 1958 —2014 FEHEVLITIE
RO RFHI A SON 1989 4E, HE—B LI IE] fa)
AR EAIE AR SR S SN AR, SR 4 FhgEitp
(R D WS ILREERY &I — 3 ERE. 20
80 FARE 21 AWV VG St T RIS AR, B RS

400 -

AT
Annual sediment load/10%
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Fig.5 Nonstationarity of annual sediment load in Ganjiang River
Basin from 1958 to 2014
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518 FIN A2 H BMA J7 VA5 40U 35 VLIt 1A A 138 4 47
fvbE, WK 6 Fras. MR (100 ~30 (14) , FIH
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ANTFIE AL I ZE A 2 B A7 P R b AR AR SRR R ACIRT 7wl 4 B W AR k7 22 B 0 1 S8 4
A2 DL HA RO S LRI EE D B R otk 22 VD, T AR 2 AN K P T A RO YR T A
W SR ) BB E B AR R WK 7 s, DR

« 52l {1 Observed value — {7 ¥ Median value 95% B {5 X 1) 95% confidence interval
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Fig.6 Simulation of annual sediment load under different scenarios from 1990 to 2014
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Table 5 Contribution interval and median value of three influence factors on annual sediment load in different periods

%12l Rainfall erosivity FRMFET Forest coverage JKPE ¥ Reservoir regulation
Hﬂt& 453 X A LREIA3 P9 43z [X [ LKA} P9 437 [X [ LKA}
Period Interquartile Median Interquartile Median Interquartile Median
range/(lOAt-a'l) value/(10%t-a’") range/(1 0*ta™) value/(1 0*ta™) range/(1 0*ta™) value/(1 0*ta™)
1990—1994 [64.41,97.93] 81.66 [-316.30, —256.86] —284.85 [-254.20,-213.54] —225.28
2000—2014 [4.15,31.36] 17.28 [-567.97, —445.93] —501.37 [—325.87,—-270.49] —285.56
1990—2014 [28.25,57.99] 43.03 [-467.30,—370.30] —414.77 [-297.20,-247.71] —261.44
xo6 TRMNBRFMPETNARLER
Table 6 Attribution results of annual sediment load in different periods
[%FR {21 Rainfall erosivity FRMBEH Forest coverage JKFE$E Reservoir regulation HAMPZE Other factor
poiod JUKL Gl IR AL Tk FUR L TR T B TR
Contribution Contribution Contribution Contribution Contribution Contribution Contribution Contribution
value/(10*t-a™) percentage/%  value/(10*t-a)  percentage/%  value/(10*t-a’)  percentage/% value/(10*t-a™) percentage/%
1990—1994 30.89 =753 —137.83 33.59 —245.52 59.84 —57.84 14.10
1995—1999 132.35 —22.08 —432.00 72.06 —205.05 3421 —94.76 15.81
2000—2004 19.33 —2.50 —465.28 60.13 —271.58 35.10 —56.23 7.27
2005—2009 7.76 -0.95 —490.86 60.18 —292.18 35.82 —40.35 4.95
2010—2014 24.64 -2.82 —548.39 62.71 —292.93 33.50 —57.85 6.61

1990—2014 42.99 —6.19 —414.87 59.72 —261.45 37.63 —61.40 8.84
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Table 7 Attribution comparison of annual sediment load using different methods

%
ST AHE ) BMA J5% R i 287 UL (¢S
i B BMA based on time-varying moment models Double cumulative curve method Sediment yield function method
Period P i 224k NKIEB) P A2 fL NEIEZ) P i 224k NS
Rainfall change Human activities Rainfall change Human activities Rainfall change Human activities
1990—1999 —16.17 116.17 —29.38 129.38 —34.18 134.18
2000—2014 -2.10 102.10 1.16 98.84 —0.28 100.28
1990—2014 —6.19 106.19 -7.72 107.72 -10.13 110.13
3 W B SR E AR B E UK LR R E A B TR B
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Attribution analysis of annual sediment load of Ganjiang River Basin
using BMA based on time-varying moment models

Wen Tianfu?, Xiong Lihua?, Jiang Cong?, Xu Xinfa!, Liu Zhangjun'
(1. Jiangxi Academy of Water Science and Engineering, Nanchang 330029, China; 2. State Key Laboratory of Water Resources and
Hydropower Engineering Science, Wuhan University, Wuhan 430072, China; 3. School of Environmental Studies, China University of
Geosciences (Wuhan), Wuhan 430074, China)

Abstract: Suspended sediment is a key driving factor in river evolution and ecosystem stability. However, there is a
significant change in the annual suspended sediment loads in many basins under a current rapidly changing environment.
Therefore, it is highly demanding to clarify the influencing factors and their attributions for the suspended sediment, thereby
improving control measures of soil and water loss in basins. Taking the Ganjiang River in the Poyang Lake Basin of China as
an example, the forest coverage rate increased by nearly 40% in the last 30 years, where there were 139 large and
medium-sized reservoirs in 2014. In this study, the annual suspended sediment of the Ganjiang River Basin was firstly
determined during the period of 1958-2014. Then, time-varying moment models were constructed for different types of
probability distributions, where the factors of rainfall erosivity, forest coverage, and reservoir regulation were taken as
explanatory variables. Finally, the Bayesian Model Averaging (BMA) was selected to combine four time-varying moment
models for the simulation of annual suspended sediment load, and thereby to separate the attributions of different factors. The
results were as follows: 1) Rainfall erosivity, forest coverage, and reservoir regulation were all key factors affecting the
suspended sediment load. The time-varying moment model was constructed using four probability distributions (Gamma,
Pearson-III, Weibull, Lognormal) considering the time-varying of location and scale parameters, where the rainfall erosivity
(Re), forest coverage rate (Fc), and reservoir regulation coefficient (Rc) were utilized as physical covariables. The distribution
characteristics and process changes of annual sediment load were reasonably described in the study areas, with a
Nash-Sutcliffe Efficiency coefficient (NSE) of 0.93; 2) BMA improved the simulation effect, while reduced model uncertainty,
compared with the single time-varying moment model. The Root Mean Square Error (RMSE) and Relative Error (RE) of
simulated value were 125.96x10* t/a, and 11.41%, respectively. The Containing Ratio (CR) and average band-width (B) of
uncertainty interval were 94.47%, and 481.38x10* t/a, respectively. A fixing-changing method was selected to perform the
attribution analysis of suspended sediment load using BMA under various scenario combinations. 3) The annual suspended
sediment load showed a local trend in the study area from 1958 to 2014, with the change point year of 1989. There was a
significant decreasing trend of annual suspended sediment load at the 5% significance level during the period from 1990 to
2014, due possibly to the increase of forest coverage during the regulation of large and medium-sized reservoirs. Specifically,
the decreased sediment loads were 414.87x10* and 261.45x10* t/a, for the increase of forest coverage and reservoirs in
1958-1989, indicating a great contribution of 59.72% and 37.63%, respectively. The factor of rainfall erosivity increased the
suspended sediment load by about 42.99x10* t/a, whereas, the forest coverage and reservoir regulation caused the decrease of
61.40x10"/a. Furthermore, the decrease of suspended sediment load was actually caused by human activities, indicating better
agreement with the conclusions obtained by the double cumulative curve and sediment yield function. The dynamic
characteristics of the first and second moment were well elucidated in the observed samples using the BMA based on
time-varying moment models, with an exact description for the mean value and variance. Therefore, the attribution analysis on
the suspended sediment load was more objective and reliable in practice. Some recommendations were made here to
strengthen the protection of forest resources, and the scientific regulation of large and medium-sized reservoirs, further to
improve the control ability of water and soil loss in the Ganjiang River Basin.

Keywords: models; reservoirs; sediment load; BMA method; attribution analysis; nonstationarity; multi-factors; Ganjing
River Basin



