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Optimization and attribution analysis of annual runoff simulation models in the
upper reaches of the Heihe River, northwestern China
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2. Jixian National Forest Ecosystem Observation and Research Station, Chinese National Ecosystem Research Network
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Abstract: [Objective] The primary objective of this study is to conduct an in-depth investigation into the
impact of human activities and climate change on the annual runoff in the upper reaches of the Heihe River
of northwestern China, with the aim of providing scientific support for regional water resource conservation

and planning. [Method] This study employed a comprehensive approach involving the Mann-Kendall non-
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parametric statistical test, Pettitt test, and sliding #-test methods to assess the trends in the annual runoff
series in the upper reaches of the Heihe River from 1954 to 2020. The objective was to identify abrupt
change points in the annual runoff series and delineate the reference period and analysis period. Building
upon this foundation, we employed the BP neural network model, the grey time series model, and the
multivariate linear regression model to simulate the annual runoff variations during the reference period. We
then selected the model with the best simulation performance. Subsequently, utilizing the selected model and
runoff attribution methods, we quantitatively analyzed the driving mechanisms of human activities and
climate change factors on the annual runoff variations. [Result] Trend analysis revealed that the annual
runoff series experienced abrupt changes around 1982 and 2006. Consequently, the annual runoff series in
the upper reaches of the Heihe River can be divided into three phases: 1954-1982 (reference period),
19822006 (analysis period 1), and 2006-2020 (analysis period 2). In the simulation of the annual runoff
series during the reference period, the BP neural network model exhibited a clear advantage over the other
two models in three parameters during the validation period: relative error (0.79%), Nash-Sutcliffe efficiency
coefficient (0.84), and goodness of fit (0.84). Utilizing the neural network model for annual runoff
attribution analysis, it was determined that human activities led to an average decrease of 7.56 x 10° m® in
annual runoff between 1982 and 2020. However, during the period of 2006 to 2020, the adverse contribution
of human activities in the upper reaches of the Heihe River to runoff decreased by approximately 18.00%
compared with the period from 1982 to 2006. A detailed analysis of the impact of climate change on annual
runoff revealed that between 2006 and 2020, precipitation and evapotranspiration contributed approximately
11.00% and 8.00% more, respectively, to annual runoff compared with the period from 1954 to 1982.
[Conclusion] The BP neural network model demonstrates a strong performance in simulating the annual
runoff series of the upper reaches of the Heihe River, achieving a simulation accuracy of 94.23% with a
maximum error of only 1.36%. The annual runoff series in the upper Heihe River Basin exhibited trend
transitions in 1982 and 2006. Increased human activities after 1982 lead to a reduction in annual runoff,
while the comprehensive river basin management measures implemented after 2006 result in a mitigation of
the negative impacts of human activities on annual runoff. Regarding the influence of climate change during
the period from 1982 to 2020, evapotranspiration and precipitation contribute 46.57% and 53.43%,
respectively to runoff.

Key words: annual runoff simulation; attribution analysis; human activity; climate change; upper reaches of
Heihe River
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Tab. 1 Annual runoff trend division and trend equation in
the upper reaches of the Heihe River
X [H] LB
Year range Linear trend equation
1954—1982 y=-0.035 4x + 84.668
1982—2006 y=-0.039 9x +96.283
2006—2020 y=0.156 9x + 295.68
1954—2020 y=0.083 6x — 149.29

xR F A, yIRERFER R E . Notes: x represents the year and y
represents the annual runoff.

—e— S Measured runoff

—a— JREHA]F 51 Grey time series

—— LItk [F1JH Multiple linear regression
BP #1122 2% BP neural network

_.
)

i
Annual runoff/10® m?
=

fe AR 5 N SRIE SRR R AR R A A, A
A DR A 5 0 i AR SRR I Bl i gk — 2B B .
32 FRREISMIELS RS
A SR AE R T S0 A O 228 R DU AU Y o AT A B
1954—1970 4 A % 5E #1, 1971—1982 4= N K E 1,
I3 S 3 A R o S A A AT 05 AR A R
KB FNZE RO BEAT A, 1 5% B AR B0 U AU
I R Ngg A R, 8 LW IR ZE 4847, 1% €
RSP .
5T 3 MR AR AR RN AR LG
A IR F31 Grey time series
* ZuZk Pk [R1J9 Multiple linear regression
BP #14 [M%% BP neural network
20

BRI

Simulation value in verification
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Fig. 5 Simulation effect of three models
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28 A5 () A0l 2 5 S AR YA 2 1) B KR 22
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T RIER BB EG IR 2. £ u
VA T BB R A A R ik 2R — i, (695 [l
A5 AT RG22 21— e BRI . BP #1480 45 3 ok K i
FEA I 52 2], AT DASE A% 300 A 401 A 3 A5 350 4 A 40 3%
R ZEHEIE, EFE BP 4 W ZAE Ay Ik B
ALY
33 FERERTHEES

I 1982 4 A1 2006 4F AN KA 55, K BRI IR
AR AR LIS TR F BRI 40 2 1954—1982 4F 1982—
2006 - F1 2006—2020 4F 3 B, ¥ 1954—1982 4F
N EEHEH], 1982—2006 4 F1 2006—2020 4y 43 #r
Wi, 1 BP #2158 80 1 B SRR FAE NS
HRER 2R, AL T o3 A AR I AR Ak, I 5 SR it
AT XL, 3 22 (A R 9 20 A A 52 N SR 3 5 il 1)
B,

BP £ AR SE RN ] 6a B, 1954—
1982 47 S A% ¥ 5 A5 F00 AR U 1) B /N 1R 22 0.01
108 m®, fx KR ZE N 2.70 x 10° m*. 1982 42 J5H 4
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Tab. 2 Performance comparison of three models in runoff simulation

IR [ FE 5] EZPEAEaEE| BPHI 22 [ 2%
AR 391 Different periods Grey time series Multiple linear regression BP neural network
Rp/% Nsg R Re/% Nge R Rg/% Ngg R
2 5E H Calibration period 7.93 0.46 0.66 8.27 0.59 0.71 3.81 0.62 0.89
ISUEHA Validation period 5.68 0.54 0.70 6.33 0.63 0.66 0.79 0.84 0.84

T RpRR T2 Bt 22, UFRAIRTIR 225 Nop A ROR 4G RPEA UL, RS IUE 5 el 4 P AR S5 T2 2 - Notes: Ry represents

percentage deviation, also known as relative error; Ngg is the Nash efficiency coefficient; R? is the goodness of fit, reflecting the degree of linear

correlation between the simulated and the measured values.
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Fig. 6 Simulated and measured runoff trends during the analysis period and the effect of human activities
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Nk — SR A AFEAR AT B IR AR
IR, AT T 3 ASE I AP BE  E (P) F
B BUR (EDFAEF IR MR B (R)(GR 4). 4
FH: 2006—2020 AR I K EAHEL T 1954—
1982 SFEHE N T 27.37 mm, F-FIJZEFUR &8N T
300.62 mm, PR ER N T 65.58 mm. &
W AR TEAL, BT T R X, 1982—2006 4F H L
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9, SEREBR A R AR, BRI A BUR & KR
T T B g b 3 A 15 0% DX K R B 08
AP R AR R 2 98D . 2006 4F S, AEK
Wit R ASATUR PaACHLIX S IRRIR AL AR i 3, By
T IBAR I 2 BRI T 08 3% 1L ik 1) % WV 55 0K )1 ke
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7 IR T 1982—2006 45 2006—2020 4}
JU T L 3 Ui A U R BORT AR ZE UK B[R] 1) %
Ro B ABZ— KA N AFRE(mm 5

F 3 1982—2006 1 2006—2020 ESETHL 5 AKENRIME
Tab. 3 Contribution rates of climate change and human activities during 1982—2006 and 2006—2020

I} 39 AR SRR NRIEF TR
Period O 0 QO AQ. AGh AQ Contribution rate of climate change/%  Contribution rate of human activity/%
1982—2006 1690 1671 1509 1.81 -0.19 1.62 111.54 —11.54
2006—2020 20.24 20.08 15.09 5.15 -0.16 4.99 103.24 -3.24

T AQ ST RN HE AEI 2 18] (K 5~ 342 T AR 1K, AQANAQy 73 AR ZRIX AN U El T A3 AR A AT 2R 3 SR IR AR~ R A2 s O
TR HT AR A AAR I O N Q70 IR R 43 B HAFN S UE JA I WM 42 3% « Notes: AQ represents the annual average runoff changes between the analysis
period and the reference period, while AQ, and AQ;, represent the changes in annual average runoff caused by climate change and human activities during
these two periods, respectively. O, represents the simulated runoff during the analysis period. Q; and Q, represent the observed runoff during the analysis

period and the reference period, respectively.

R4 19542020 F RS LERFEK, EBAMERRELL
Tab. 4 Precipitation, evapotranspiration, and runoff trends in the upper reaches of the Heihe River Basin during 1954—2020

. /Nﬂﬁ‘f,ﬁﬂ Plnm AP/(mm-a"?] ET/mm AET/(mm%{]i)1 Rioam AR/(mm-a"i)I
Different periods AP/(mm-year ') AET/(mm-year ') AR/(mm-year ")
1954—1982 103.34 0.55 1 098.80 1.10 198.39 —18.30
1982—2006 115.32 -1.07 1 093.09 1.96 219.70 33.01
2006—2020 130.71 0.45 1399.42 4.55 263.97 60.45

1 PREEFIEK R, APRERKEIERRE N E, ETRERAERNK, AETRERBULF LR, RREFFIRIIERE, ARREFEIRFH7
VIARBEAR L . Notes: P represents annual average precipitation, AP represents interannual variation of precipitation, ET represents evapotranspiration,
AET represents interannual variation of evapotranspiration, R represents annual runoff depth, and AR represents interannual average runoff depth

variation.
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Fig. 7 Relationship between runoff coefficient and annual evapotranspiration during the analysis period
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