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Runoff evolution pattern under the changing environment
in the upper reaches of Heihe River

Song Aiying, Gao Bingjun, He Yan
(Zhangye Hydrology and Water Resources Survey Center of Gansu Province, Zhangye, Gansu 734000, China)

Abstract: [Objective ]JRunoff is an important water resource in the arid area of northwest China. The aims of
this study are to analyze changing characteristics of runoff and influencing factors, and to understand the
pattern of river hydrological change under the background of climate change. [ Methods ] The upper reaches of
the Heihe River was taken as the research area. The upper reaches of the Heihe River was mainly zoned
primarily based on the watershed controlled by hydrological stations. Based on the runoff and precipitation of
each hydrological station in the upper reaches of the Heihe River, and a variety of methods of the cumulative
anomaly, Mann-Kendall test, and double cumulative curve, the evolution pattern of runoff under the
background of climate change was discussed. [ Results] From 1968 to 2022, the changes in annual runoff
showed a significant increasing trend in the upper reaches of the Heihe River, with the annual runoff in the
Babaohe, the Yeniugou, the interval mainstream, and the whole area increasing at the rate of 0.29, 0.69, 0.39,
and 1.36 X 10* m*®/decade, respectively. The contribution rates of the Babaohe, the Yeniugou, and the
interval mainstream to watershed runoff were 28.11%, 46.31%, and 25.58%, respectively. The Yeniugou
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contributed the most to watershed runoff and the interval mainstream the least. The annual runoff in the
Babaohe, the Yeniugou, the interval mainstream, and the whole region experienced a sudden change from
less rate to more rate in 2002, 2006, 1979, and 2002 during the study period. Compared to the annual runoff
before the mutation change, the mean annual runoff after the mutation change increased by 41.76% , 29.78%,
67.49% , and 29.53%, respectively. The interannual variation of runoff in the Yeniugou was larger than that
in the year before the mutation, and the interannual difference of annual runoff in other areas was smaller.
The contribution rates of precipitation to runoff change in the Babaohe, the Yeniugou, and the whole area
were 63.89%, 55.22%, and 53.89%, respectively, and the contribution of human factors to runoff variation
in the Babaohe, the Yeniugou, and the whole area were 36.11%, 44.78%, and 46.51%, respectively.

[Conclusion ] The annual runoff showed a significant increasing trend under the background of climate change

and precipitation was the main reason for runoff change in the upper reaches of the Heihe River.

Keywords: runoff mutation; attribution analysis; the upper reaches of Heihe River
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Fig. 2 The cumulative departure curve of annual runoff in the upper reaches of Heihe River

22 REEETHED

FRT A5 o AR AR T AR PR AR AR AN 1] 3 PR .
254G 3 FIER 2 AT, BT B AR AR T AR D 1,36
2. m’ /10 a IR 5 5 F 1 N, Z 4R V-2 16.90
f¢ m’ AR RN 23.31 42 m® (2017 ) e/ MA
4 10.10 12 m® (1978 4F) A A 2.31, £4r KAFARIR
ALY R R B T X T DX AR A28 0 4
L 0.29 4 m*/10 a,0.69 44 m*/10 a,0.39 44 m*/10 a
BRI, 19682022 4ELIX X [T X 22 4F - #4448 i
AT 4.75 42 m*,7.83 /¢ m*,4.32 2 m® , ¥ T 3
R R TR 24 Bk 28.11%,46.31%,25.58% .
AL T D% 4 DX A2 9 BT ik e g R, I XA/

4R 325 B o A5 4
2.3 BFRERTSH

ST LA oy IARAR T B R AR TR

i
Kt

LT

e

X AEAZR i B 588 K 36 19 UF F1 UB £ 452 T 2002
4E 2009 4E AT 2010 4F, LA 2002 476 B 15 K F 0.05
AH R A A X)) AT AR O i 8 A8 R AR AE 2002 4F
(K AA); I KAER S i i 2 UF 1 UB M2 T
2006 4, H.32 55 76 B {5 X 0], 4R 42 I B AE 2006 4F &
AT RA(E 4B I KAER i/ iy UF Al UB il £
FHEETF 1976 -1 1979 4F , 443 it 12 28 48 i) 8] 7 B >

1976 4EF1 1979 4F (] 4C) s & X AR i f2 Y UF 1
UB M £E A58 T 2002 4F , H.38 76 B 15 X 0], & W4
U AE 2002 4F B A=A (K 4Dy, 456K 5 i#F —
A B AR AR 2002 AR R A T RAE, |
XX, IXAF 48 3 4 B 7 2002 4F 2006 4
1979 AE KA T 5742,



%2 KT B AR IR T BT L U AR U U A R A A T 65
8 r 12 -
AIRX 1 BIK
o L &
g g 10
§ 6 § 9 r
i L] sk o o L M-
g5 B8 S =
g o T/ AUV N I
By S g ° ¥ 6 $=0.069x-129.835
y=0.02893x-52.9594 R*=0.46389
3 C 1 I 1 1 1 R2=(I).3045‘I7 1 J 5 C 1 1 1 1 1 1 1 1 J
o] < [ o [\l =] < (=] o ™~ 0 < (= O o oK < < & ™
o e~ 0 [~ (=2} (=) < — — o~ O o~ 2] =] N N (=] — — (o]
(=2} [=2} N (= (=% (=2} < < [=] [=2 (=} (=} (=)} N [=2} [=)} [=2 (=3 (=3 <
— — — — — — o o o o — — — — — — o o~ o~ o
F 4 F
8 r 26 D &K
7
5 - c 22
N =
L i 18
Bs5.-g 8
o Y S
4 [o] y=0.03856x-72.61009 y=0.13649x-255.404
R*=0.18809 R'=0.44414
3 1 1 1 1 1 1 1 1 J 10 C I 1 1 1 1 1 1 1 J
0 <t [ = \o o~ oo < (=] o [\l =2 < (= o o 00 < (=] o ~
o e~ 0 oo N (=) (=1 — — [\l =) o~ e (= =) =) (=2 — — N
(=) (=] (=] =)} (=)} (=)} (=4 (= (=2 (=] =)} =)} (=)} (=) (=] (=] (=] (=4 (=2 <
— — — — — — I N N ~ — — — — — — ~ ~N ~ P
& &
—o— FRRE — - EEFHR/E - 5alEFFEE 0 - LBERRE)
B3 ETLBFEREREERTLE
Fig. 3 Trend diagram of annual runoff in the upper reaches of Heihe River
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Fig. 4 Mann-Kendall mutation test of annual runoff in the upper reaches of Heihe River
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Table 3 Statistics of annual runoff before and after abrupt change in the upper reaches of Heihe River
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Fig. 6 The changing trend of precipitation in the upper reaches of Heihe River
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Fig. 7 Bicumulative runoff-precipitation curves in the upper reaches of Heihe River
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Table 4 The quantification of the causes of runoff changes
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Fig. 8 Trends in runoff from previous studies
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3.3 PEAREUNFRAFNT EBEERN— S 8 T I KOA2 XA 5
A LA EWRSE AT A, PR B AR AR T A E B S E PR R R K S AL L 3 PO F 28 T3 A K U
e, HLK s B i EZ R . & 11w, BRI N B R L AR TR AR AR TR
PR AR G SRR RO R BB I X R K A SRR R | 3R B R K R AR I AR A Y 5
AR —E, ARBCT AR A 0], e v s ) A A SRR My i J3E 1 7 3 T 0/



%2 KT B AR IR T BT L U AR U U A R A A T 69
FESE 3R B Ami N 7] Wi WIRENER
M & £, 2022 Kk 1945—2020
Qiu%, 2016 Bk 1964—2006
Cong%, 2017 Bk 1960—2010
Shang#, 2019 Bk 1958—2017
XiongZs, 2020 IR 1961—2014
0 20 40 60 80 100
TRE/%
10 UEARPEETUMALBNNERAOTEHE
Fig. 10 Responses of runoff changes to climatic and human factors in previous studies
7 - AITRX g 12.0 BIKX 25 Cc &K
i A y=0£03x:169-979 y=0.019x+12.438 4o
»=0.006x+2.773 105 | AL A = R*=0.179 a
o 617 R=0301a2 An & i o 20 poB AR
g ’ g Ky A o g BAx
o o Q90 g | e
<5 L < =
] 2] A 1t
= | o L = 75| =15 |
B S y=0.008x+1.424 u o =
e an 6.0 - =0.013%+0.975 »=0.046x-1.235
, ° 9, JRo301 5 ® yoaLl 10 | 5 o e
1 1 1 J 4.5 1 1 1 1 1 1 J
300 400 500 600 300 400 500 600 300 400 500
Pk B/mm Pk &/mm 7K B/mm
—o— EAEM A R
11 B EFEERSEKEXE
Fig. 11 Runoff and precipitation correlations in the upper reaches of Heihe River
. and regional characteristics of runoff for major rivers in
4 45 i . o -
= Chinal[J]. Advances in Science and Technology of Water
(1) T P B2 L4 2 3 B % Resources, 2024 44(1)1°5

TR T X R 4 XA A% 3 4t 430l DA 0.29 42 m* /10 a,
0.694Z. m®/10 a,0.39 4Z. m®/10 a,1.36 4. m®/10 a Ky
sORR N, XX XX 3 A 0 1 Y B ik R
I35k 28.11%,46.31%,25.58 %, Il X %4 X 12
TR R R, T X /b,

(2) TR I 4 X8 4R A% 3 o 43 531 4E 2002
42006 4F 1979 4EF1 2002 4E & T /DB 2 RAE,
GRAR Ji5 AR AR U T Y 5 5% A T 4 i 4 41,76 %%,
29.78 % ,67.49 % Fl 29.53 % , X 5 MK B INA 5,

(3) AW A 4381, ZBLRE KT T XL I IX R
4 XA I R AR Y BT iR 43 R 63.8906,55.22 %,
53.89% . BEAARFE , KK & BT bR AR TR AR A 19 =
TR R,
£ 2 37 i (References) :

(1] Z= &, XUBd 4R, ok 1o, 25 b B b 1 Xl 25 44 9 5 4B
F 5% 15 e B2 ] ] vk ) R £ ,2022,44(3) :1029-1040.

LiJ, Liu S Y, Zhang S Q, et al. Review on snowmelt
runoff simulation in mountain regions, Northwest China
[J]. Journal of Glaciology and Geocryology, 2022, 44
(3):1029-1040.

TR PR K H. 3 [ 22 030 1) 4% 37 28 M A 5 A N
S IXIARFAE LT T AR K B 3R ), 2024, 44(1) 1 1-8.

Xu Z X, Ban C G, Zhang R. Evolution law, attribution

[2]

[3]

(6]

7]

(8]

AT L X A R XA 4 L R i A U AR Ak A3
Bl R BT 117K 3C,2018,38(6) : 84-88.

Yang I Y. Zhao X M, Liu W. Analysis and revision of
design runoff of seven major river basins in Chinal J].
Journal of China Hydrology. 2018.,38(6) :84-88.

s K A T T AL A AR VAL B SRR AR R HL 5 i R 3R B
FELT R BEIG K TR 24, 2021, 32(1)  7-13.

Han Y, Zhang S F. Characteristics of runoff variations
and their influencing factor in Haihe River Basin[ ] ].
Journal of Water Resources and Water Engineering,
2021,32(1):7-13.

A, E R4k 60 AF > 1 0] Ui A% Il & 78 Ak B 2 4%
P # [k AR SE . 2018, 25(1) £ 153-159.

Tian L., Wang S J. Analysis of the runoff change and main
influencing factors in the Liaohe River Basin[J]. Research
of Soil and Water Conservation, 2018,25(1):153-159.
4 L Bl AR 28 I T Budyko B35 A 43 O A8 Y T
] b AR S AR ARV IR o3 A L) T R o 2 e 9 e A
SRR, 2022,50(5) 1 25-32.

Ye T. Shi P. Zhong H. et al. Attribution analysis of
runoff change in the upper and middle Huaihe River
based on Budyko hypothesis and differential equation
[J]. Journal of Hohai University: Philosophy and Social
Sciences, 2022,50(5) :25-32.

WL AR, E KL 4530 08 . 55 .1960—2017 4E BRVL I Bk T



70

e o V3 S U/ T

% 32 &

[9]

[10]

[11]

[12]

[13]

[14]

[15]

AR L AF B 5 4 AR AR RRAE LT )oK LR R 4, 2019, 39
(5):23-31.
Yang Y D, Wang Y H, Cai SL. et al. Interannual and intra-
annual variation characteristics of runoff in downstream areas
of Pearl River Basin during 1960—2017[]]. Bulletin of Soil
and Water Conservation, 2019,39(5):23-31.
JAAH S XA 5 7™ A5 S BT O R SR T AR I i
WAR VAR 73 B [T ] K B2 3 € . 2022, 33 (1) - 27-37.
Zhou Z H, LiuJ J, Yan Z Q. et al. Attribution analysis
of the natural runoff evolution in the Yellow River basin
[J]. Advances in Water Science, 2022,33(1):27-37.
SO SRR B S SR R 48 1 T L
A2 It R S A A A RN N Sl i e R LT ] vk R £
2018,40(1) :136-144.
Wen G C, Wang W K, Duan L, et al. Response of
runoff to climate change and human activity in the
upper reaches of the Bayin River, Qaidam Basin,
Qinghai Province [ J]. Journal of Glaciology and
Geocryology, 2018,40(1) :136-144.
PR, fili A AR M 5 L A5 R T U b b U AR AR b
Be F A 2 L) ] vk 2 4. 2017,39(1) :123-129.
Cheng ] Z, Lu Z X, Zou S B, et al. Variation of the
runoff in the upper and middle reaches of the main
Heihe River and its causes[]J]. Journal of Glaciology
and Geocryology, 2017,39(1):123-129.
A VA 77 BE B, 0 B8, 45 AR I A8 S 0 R A L i
WG THRRAE 5 450 50 17 09 52 o [ ]9 8 HE K 2 e
2023,42(7) :75-85.
Xi HC, Xie Y'Y, LiuS 'Y, et al. Runoff variation and
its effect on statistical characteristics and frequency of
runoff in the upper reaches of Heihe River Basin[]].
Journal of Irrigation and Drainage, 2023,42(7) :75-85.
TRS T 3 B L 2200 A L S AR T L R A IR AR AR AR R
SR RS T R X, 2022,45(5) :1460-1471.
Liang P F, Xin H J, Li Z X, et al. Runoff variation
characteristics and influencing factors in the Heihe Riv-
er Basin in the Qilian Mountains[J]. Arid Land Geog-
raphy. 2022,45(5) :1460-1471.
TR IR R YRR AR S A A N BT AR
9 5w AF 7 L1 1K R -LER 2014, 45(8) £ 23-26.
Ding X. Niu Z R, Huang W D, et al. Study on influence of
climatic variation on runoff of Upper Heihe River[]J].
Water Resources and Hydropower Engineering, 2014,
45(8) :23-26.
W A die ok s L P L A BRI QAR I A A A R
HARARJE PR 4387 L. H o ol K2 24, 2022, 57(6)
148-154,163.
Chen J P, Niu Z R, Wang Q Y, et al. Analysis of the
runoff development law and its causes in the upper
reaches of the Heihe River[J]. Journal of Gansu Agri-
cultural University, 2022,57(6) :148-154,163.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

LI SARCEE L R SO B 3 L e ST B
KRR AR FRE R . 2018,38(3) : 222-227.

Guo Y, Zhang T J, Cao L. et al. Relationship between
surface freezing/thawing index and runoff in upper
reaches of Heihe River[]J]. Bulletin of Soil and Water
Conservation, 2018,38(3) :222-227.

B IS T A R R R R K U AR AR
LR 2y L] K b AR HEE 4R . 2018,38(2) < 1-7.

Wang Y, Lian Y T, Fan Y W, et al. Variations of run-
off and sediment load and its causes in upper reaches of
Heihe River Basin[ J]. Bulletin of Soil and Water Conser-
vation, 2018,38(2) :1-7.

WRIT 2 A9 12 TR e T ABE 3040 A1 12 1Y) L 2R A ol ¥ 3
AR AR AR L) ] kR L, 2020,42(4) :1299-1307.
Chen H J, Yang J P, Tan C P. Estimating runoff vari-
ation in the future in a typical inland river based on the
probability distribution method[ J]. Journal of Glaciology
and Geocryology, 2020,42(4) :1299-1307.

MR MR BES TSR S B AR M JE 5. R4
H AL 1999,

Wei F Y. Modern Climate Statistical Diagnosis and
Prediction Technology [ M]. Beijing: China Meteoro-
logical Press, 1999.

Mann H B. Nonparametric tests against trend[ ] ].
Econometrica, 1945,13(3) :245.

Pettitt A N. A non-parametric approach to the change-
point problem[]J]. Applied Statistics, 1979,28(2) :126.
LI, K 55 8, MG, 400 SR B £k O ik B B K
SCAR G H A R T Y IR LT LK 3, 2010, 30
(4) :47-51.

Mu X M, Zhang X Q, Gao P, et al. Theory of double
mass curves and its applications in hydrology and
meteorology[ J]. Journal of China Hydrology, 2010,30
(4):47-51.

B AT, F BB e\ S AR AR K
O A AR A L) 17K 3C,2019,39(2) :39-43.

LiY W, Cui L C, Wang G X. Runoff variations in re-
sponding to climate change in babaohe river basin of upper
Heihe River[]]. Journal of China Hydrology, 2019,39
(2):39-43.

Cai Y, Huang W R, Teng F. et al. Effects of changing
climate on glacier shrinkage and river flow in the upper
Heihe China [ ] ]. Journal of Coastal
Research, 2014,68:121-128.

Cong Z T, Shahid M, Zhang D W, et al. Attribution

River Basin,

of runoff change in the alpine basin: A case study of
the Heihe Upstream Basin, China[J]. Hydrological
Sciences Journal, 2017,62(6):1013-1028.

MG FAAT b G K SCHRR R 3 T E SR (DL 220 L 22 MR
%,2014.

Zhang P. Hydrological characteristics analysis in the



5% 2

R T YA AR AT T BT L YR AR YA 38 A ML T 71

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

upstream of Heihe river [D]. Lanzhou: Lanzhou Universi-
ty, 2014,

AR AR 7 LA 3 L DXAR I AR Al B X BR 85 m R 5T
(DI 22 95 LI E K2 . 2023,

Peng L. B. Research on runoff changes and responses to
environmental factors in mountainous areas in northern
Qilian Mountains [ D]. Lanzhou: Northwest Normal
University, 2023.

Sk it % B2 LR AR BRI T IR AR TR 2 4R R A R PR AE 5T
(A KR K B AR, 2019,55(5) :10-12,24.

Nie J, Wu Y Z. Study on the characteristics of multi-
year changes in runoff from the Black River dry stream
in Gansu Province []J]. Gansu Water Resources and
Hydropower Technology, 2019.,55(5):10-12,24.
Shang X X. Jiang X H, Jia R N, et al. Land use and
climate change effects on surface runoff variations in the
upper Heihe River Basin[ J]. Water, 2019,11(2) :344.
RHT A EMW A28, 55 T /N 22 AL 5k 1 SR
P AR St BLAR e M LD LK A K LR, 2021, 52 (10)
46-58.

Zhu X L, Li Y B, Li H X, et al. Analysis of Hei River
runoff variation law based on A’tuous algorithm[]].
Water Resources and Hydropower Engineering, 2021,
52(10) :46-58.

HAGET. 3T Budyko HE7 (1 SR i 2450 IR A Xt 42
TR E AT LD ] LR b E B A (b 5D, 2020,
Huang C Q. Quantitative research on the influence of
permafrost degradation on runoff in upper reaches of
Heihe based on Budyko model [ D]. Beijing: China
University of Geosciences(Bei Jing), 2020.

T T L 3R AR L ) [ (R AR T L X A A A
L #a B w73 M [ 717K 3C.2011,31(5) - 88-91.

Xie J] L, Zhang D D, Liu Y Y. Forecasting runoff
change trend of main rivers in Qilian Mountain Area
[J]. Journal of China Hydrology, 2011,31(5):88-91.
TRAEAR , A AR M T S AR U B B i LT .
H K AR LA 2010,46(10) 13-4, 21.

Zhang D D, Wang Y S. Trend analysis of the evolution
of the runoff of the dry tributaries of the Heihe River
[J]. Gansu Water Resources and Hydropower Tech-
nology, 2010,46(10) :3-4.21.

AR/ S ARk FBTE S 45 6 I H il X SR L AR
Stk i By 2w [T ) AVTIRE = Be Be 4l » 2022,39(10)
31-37.

Ren X H, Zhu Y, Zheng Y. et al. Impacts of cascade
hydropower stations on runoff and flood process at
mountain exit of Heihe River[ ]J]. Journal of Yangtze
River Scientific Research Institute, 2022,39(10):31-37.
XUZE VL KK AR S, 1960—2018 4F B3 b 74 i B AF
AR M LT ] HOR B 222 402, 2021, 33 (4) 1 26-33.

Liu Q. Shen T C, Cheng P. Analysis on the character-

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

istics of runoff variation in the upper Heihe from 1960
to 2018[J . Journal of Gansu Sciences, 2021,33(4):
26-33.

ZERKAE 2N B, BN R I R b AR R AR A B A
DA e L . A A3 5 KRR 4252019, 17(3) :31-39.
LiQJ, Li Z L, Wang J. Variation and attribution of
runoff over the upper reaches of Heihe River Basin[]].
South-to-North Water Transfers and Water Science &
Technology. 2019,17(3) :31-39.

BTG A AR 2 I BRI PR 19572008 4E AR IR
AR BT LT ] K PR 5K TR %4, 2011, 22(3)
77-81.

Guo Q L, Yang Y S. Lu X G. Analysis of variation
character of annual runoff in Heihe River Basin from
1957 to 2008 [ ]J]. Journal of Water Resources and
Water Engineering, 2011,22(3) :77-81.

WG ke £ H S R I 1950 4R~ 2004 4
P LA L A8 A B 23 AT LD ] B U R 54, 2009, 31 (3)
413-419.

Yang M J. Zhang B, Wang H Q. et al. The study on
the change of mountainous runoff in Heihe River Basin
from 1950 to 2004 [J]. Resources Science, 2009, 31
(3):413-419.

R L T SWAT A58 iy B ] 2 il IX A Y A 400 55 78 Ak
SPHTIDL PG % . P B R R 4 2022.

Shen Z. Simulation analysis of runoff change in Heihe
oasis area based on SWAT model[ D]. Xian: Xi’an
University of Science and Technology.2022.

T8 535 B L 60 4F ok 48 I & AR Ak K5 i
FARL ] HF A ,2008,28(1):83-88.

Wang J, Meng ] J. Characteristics and Tendencies of
Annual Runoff Variations in the Heihe River Basin
During the Past 60 years[ J]. Scientia Geographica Sinica,
2008,28(1) . 83-88.

Ap s L sk 2l , I S L S AR AR A RN 2K T Bl X R
AR AR A DT R [T ] A B e 4R AL 2012, 31
(11):2884-2890.

He X Q, Zhang B, Sun L W, et al. Contribution rates
of climate change and human activity on the runoff in
upper and middle reaches of Heihe River Basin[]].
Chinese Journal of Ecology. 2012,31(11) :2884-2890.
Qiu L, Peng D Z, Xu Z X, et al. Identification of the
impacts of climate changes and human activities on
runoff in the upper and middle reaches of the Heihe
River Basin, ChinalJ]. Journal of Water and Climate
Change, 2016,7:251-262.

Xiong M L, Huang C S, Yang T. Assessing the impacts
of climate change and land use/cover change on runoff
based on improved budyko framework models consid-
ering arbitrary partition of the impacts[]J]. Water,

2020,12(6):1612.



