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Tab. 1 The statistics of the runoff signatures, annual precipitation and potential evapotranspiration in the pre- and post-period
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Tab.3 The quantitative separation result of AQp. g, and AQ(AQ,,AQ,) using three methods
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Fig.3 The contribution of climate change and catchment change on runoff signature variations

XA T R E AR, O 22 B K SCa AR OK
X A% Ui 18 48 Ar A2 4k 1Y 5Tk %R S-28.88% ~
~65.42%, X AT 7K SC s 4 7K X AR Ik 1 #d8 br AR £k
FI BTk R N —T73.71% ~ —64.90%. M _L1iF8) Fiig, T
TR AE P X5 22 B RIT P 9T 35 58 1 A A BT R ) S
YA 3 HE 5 51K 52.80% F1 67.93%. LA 47K
SCk, T AR AR A AR S AT O, Over 1 Oy
TR B 530 N 64.64% | 69.57% F146.89% .
3.4 HARIEAZERILE

K ABCD H K &2 V- i i AL 55 HiE Y | Budyko
HE XA 0 155 SR AR sT ik 1 o B 45 2R (B 4), D&
JRE K S AR K X AR, 2 K SO 428 I 728 S A Ay
H 1984 4F, LI E 1961—1978 4F AR A S 1y,
1979—1984 4F- Sy B 7R B85 31, 3591 LA A BERsH DT A <
LBBNE BRI A . Gt Bk SRR,
g W B IE Y Kling-Gupta 08 28 Exg 73 5

* 766+ KX KK R

9 0.86 F1 0.94, 9 A+ X3 R AL Exs 5390 R 0.85 Fl
0.91, W BERT Y Eg X Exs Y8 0.85, U5 B 145
RURE AT HbASAUL ) R AR I e A

DL B9 A9 <4 5 38 3K B i 26 72 19 ABCD £
RUREABLFRAG T I K ARAR IR, LA LI - B4l %f
LU 3 B 5 YR X AR T AR AL AT IH 404 o R 2 A
RUA B AT e AR 1Y R GU 1R 25, AR G B 0 AR AR
TAE AFR bR 2 25 AR AT R B, SRS 8
AR A a2 A AR Ak 5% e i B ol NS0 s e
LA (16) HATTIMR AT, W™ - “BEH” X Lt
ST T AR B B AR AR AT Qu v Qe T Qury I TR
59 h—42.36% . —38.53% F1—77.40%, N5 1% 5%
Ou~ Ovel F Qury 1 BT Bk 22 43 51] 2 —57.64% . —61.47%
H1-22.60%, 7] W, 3T Budyko 4" JEHEZL 1Y )5 v 5
FE T AR SCRERLA WM™ - B0 XoF b 43 A1 7 i %t
SRR AN ST B 1 DTk o B A5 R I, T
PR AR R TR,



IR, #

PO b % R G R E B A

600 p y 70 350
i
450 b ' 1300 - 2801
1
g A L IR g Zoof
5= 300 ¢ W ! 1600 = {;
& — SR ! ¥ F140r
--- BRI 1 B
150 . 900 ol B
1 o BHIF]
W A A A ) A 1200 0 70 140 210 280 350
AT AT AT AT A e\ 7 1 5
1961 " 1965 y 1969 i 1913 T 1977 A 198} & SEMAR R /mm
VEED
(a) 5 SR AR AL I 45 SR o AR (b) 5 B S A AT DL 28 SR ]
4 ABCD #REHRE RIIEMR
Fig. 4 Performance of ABCD model in calibration and validation period.
4 FHig T

ALY T Budyko HEZE IS AG 4 &, 4
B AR AL RN T # T AR AR 2 Fh AR SIS B AR AR 1
SO o IZAESR B T i B 1961—2020 4ELYL
AR AR AR AT S AR AR AR T A Q, L TR
Tt Qe FIAETRIHAR UL i Quy 3 THAR VL F A PR 1Y DT
Fik, I FH LK SCRER Ry B R () W™ - “HE48l” X 1
AT R ARG R A B, R A
.

K SO AR G AR IR T G R AR I A 5
RN, ARG B AR AEAE TS I N, &
SRR AT 3l R - 35 428 3 T R R 40 31k 23.39% A
23.18%; WU -3 42 I T B i B 08 K, hi AR VR 42
T BRI RN

JUT A E Y MLLR 527 G892 5 4y b 40 5 #2815
PFEAR, B2 BRI 0T st A A LA 10 7 B A 6 R B
h0.96, AR 22 5 I FE£1% DL, BEAS 384 Hb
PR WG B M R SR R AE L, I AE
AT A0 S br 7 T AT — 2 A A f

AR T R ) WA B ) S A R s AR
— LR 2%, AR Budyko J7 43 B9 1 45 5 2%
SA L2 AT, T Budyko 5% (0 Kb 56 R Bk
R A5 22 DA 725 0 190 552 T DL 9 0 e Rl 2 kg A A
AN #TH AR Ak, ToAHE E S AR LA ARk
X A8 A8 Ak EL A A R 9 TR RRAE, BORAEAE T
W2,

ABCD H 7K i - i 455 71 2 22 W) RS0 GIE 1 1Y) Eg
539028 0.86 F1 0.94, Exs 539114 0.85 F1 0.91, HA
UFRREISOCR . BT ABCD A UL~ - “R5i4p)”
X ECAT BT s, R AR AL AT B A BTk o)
B et 53T Budyko ¥ EAHESL 5 vE A 45 AR

SAGAR AN T HR AR fb X 45 B 7K XA AR I 17 A
BRI DTIRR A — . £55  IRA 7K S0, A
(P T H D) 2R X ZE BV O« Ouved FIT Qury BT Y 4
STAE 23 91K 35.89 %(64.11%)., 34.58% (65.42%) F
71.12%(28.88%), X FAIAT 55 O, Qued 1 Qury BT BIR 1Y 28
ST AE 23 3N 34.829%(65.18%). 26.29% (73.71%) il
35.119%(64.89%).,

S 3Tk

[1] CHENG C, LIU W, MU Z, et al. Lumped variable
representing the integrative effects of climate and un-
derlying surface system: Interpreting Budyko model
parameter from earth system science perspective[J].
Journal of Hydrology, 2023, 620: 129379. DOI: 10.
1016/j.jhydrol.2023.129379.

(2] ZeHos KRR SAUT: NKKRS T, Bk
JEE SR AR (330), 2022, 20(1): 1-8. DO 10.
13476/j.cnki.nsbdgk.2022.0001.

(3] 5K35%, hAEE, 595 5. s ik V2 (A A 2y
B D90, R KL SRMBH (h3E30), 2022, 20(5):
976-987. DOLI: 10.13476/j.cnki.nsbdqk.2022.0097.

(4] BRI, SRIVERE, skif, 45, 2T BudykofRi% FI5H L FEIE
7RISR A BRI DLAG IS A 7] (0] el 2
274, 2022, 77(1): 79-92. DOI: 10.11821/d1xb20220
1006.

(5] B0fh, R4, MO, SWATHEIRI S K00 + ]
75 Ak B I 7 R S AN [ s ) R AR AR AL 7 5
M L], A= 25474R, 2021, 41(16): 6373-6383. DOL: 10.
5846/s5txb202007141834.

(6] RALEE, TKIE, 2=0h, 55, SRS % th
T A i AR A s e ], H AR B IR 4, 2020,
35(7): 1744-1756. DOL: 10.31497/zrzyxb.20200717.

KX KRR 767


https://doi.org/10.1016/j.jhydrol.2023.129379
https://doi.org/10.1016/j.jhydrol.2023.129379
https://doi.org/10.1016/j.jhydrol.2023.129379
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0001
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0097
https://doi.org/10.11821/dlxb202201006
https://doi.org/10.11821/dlxb202201006
https://doi.org/10.11821/dlxb202201006
https://doi.org/10.11821/dlxb202201006
https://doi.org/10.5846/stxb202007141834
https://doi.org/10.5846/stxb202007141834
https://doi.org/10.5846/stxb202007141834
https://doi.org/10.31497/zrzyxb.20200717
https://doi.org/10.31497/zrzyxb.20200717

F21% B4l @A ARA R CEESO

2023 4 8 H

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

- 768 -

WENGER S J, LUCE C H, HAMLET A F, et al.
Macroscale hydrologic modeling of ecologically rele-
vant flow metrics[J]. Water Resources Research, 2010,
46(9): W09513. DOI: 10.1029/2009WR008839.
FERRIR, RS, 240, 45, 5 TS AL ABCDITY)
B R AR AE AL S I A L] R K AL I8 5 7K A R
e (FhHE0), 2022, 20(5): 953-965. DOLI: 10.13476/j.
cnki.nsbdgk.2022.0095.
LI D, PAN M, CONG Z, et al. Vegetation control on
water and energy balance within the Budyko frame-
work[J]. Water Resources Research, 2013, 49(2):
969-976. DOI: 10.1002/wrcr.20107.

TR, B, B, 45 LT BudykofR B2 fTH
TR AR IH BRI [T, A28 2740, 2018, 38(21):
7607-7617. DOI: 10.5846/stxb201710121828.
FIESH, E55, X4, JO i b A i e K dk sl A
F T LI m KA S5OK R BHE (tht o),
2021, 19(1): 103-110,167. DOI: 10.13476/j.cnki.ns-
bdqk.2021.0010.

HEZE, W fite, FE, 5. RS NG
M) IS DRV ¥ e e P T AR DA e A5 LD R K
3k 9 5 7K FRFEE, 2019, 17(4): 54-62. DOL: 10,
13476/j.cnki.nsbdqk.2019.0084.

LI Z Y, QUIRING S M. Projection of streamflow
change using a time-varying Budyko framework in
the contiguous United States[J]. Water Resources
Research, 2022, 58(10): e2022WR033016. DOI: 10.
1029/2022WR033016.

KV, B, WP, 55 PO ISR SCE R
A5 R K UA R 43 BT LI/OL ). K VT Rk 2% B B 4t .
https://kns.cnki.net/kems/detail//42.1171.TV.202301
17.1738.007.html.

AL, BAAK, B, AF. TR SR DR B
IKPAEE S B VAN 73 H7 L] A2 255740, 2021, 41
(24):9805-9814. DOI: 10.5846/stxb202010222690.
2R, AR, A, 5. BudykofEZE T (T il Az
itV A KA R A3 A (0] R VD R U A
2023,32(4):774-782. DOI: 10.11870/cjlyzyyhj20230
4009.

ZHANG Y Y, PANG X, XIA J, et al. Regional pat-
terns of extreme precipitation and urban signatures in
metropolitan areas[J]. Journal of Geophysical Re-
search:Atmospheres, 2019, 124(2): 641-663. DOI:
10.1029/2018JD029718.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

KENDALL M G. Rank correlation methods[M].
Oxford, England: Griffin, 1948.

MANN H B. Nonparametric tests against trend[J].
Econometrica, 1945, 13(3): 245-259. DOI: 10.2307/
1907187.

ZHANGJJ, GAO G Y, FU B J, et al. Explanation of
climate and human impacts on sediment discharge
change in Darwinian hydrology: Derivation of a dif-
ferential equation[J]. Journal of Hydrology, 2018,
559: 827-834. DOI: 10.1016/j.jhydrol.2018.02.084.
fEHELE, YRR A A AT (1], AR, 1981, 5(1):
23-31. DOI: 10.3878/j.issn.1006-9895.1981.01.03.
YANG Y-C E, CAI X M, HERRICKS E E. Identifi-
cation of hydrologic indicators related to fish diversi-
ty and abundance: A data mining approach for fish
community analysis[J]. Water Resources Research,
2008, 44(4): W04412. DOI: 10.1029/2006WR00

5764.

ZHOU S, YU B F, HUANG Y F, et al. The comple-
mentary relationship and generation of the Budyko
functions[J]. Geophysical Research Letters, 2015, 42
(6):1781-1790. DOI: 10.1002/2015GL063511.
ZHOU S, YU B F, ZHANG L, et al. A new method
to partition climate and catchment effect on the mean
annual runoff based on the Budyko complementary
relationship[J]. Water Resources Research, 2016, 52
(9):7163-7177. DOI: 10.1002/2016WR019046.

THOMAS JR. H A. Improved methods for national
water
WR15249270[R]. Harvard Water Resources Group,
1981.

HE Y E, YANG H B, LIU Z W, et al. A framework

assessment, water resources contract:

for attributing runoff changes based on a monthly

water balance model: An assessment
China[J]. Journal of Hydrology, 2022, 615: 128606.
DOI: 10.1016/j.jhydrol.2022.128606.

YRS, BOGHE, XIHEES, A5 UL b 22 T 50
HE BB RAE S0 AT (D). VIVE ROl “7 412, 2011, 23(5):
144-148. DOI: 10.19386/j.cnki.jxnyxb.2011.05.047.
WANG W, ZHANG Y Y, TANG Q H. Impact as-

sessment of climate change and human activities on

across

streamflow signatures in the Yellow River basin us-
ing the Budyko hypothesis and derived differential
equation[J]. Journal of Hydrology, 2020, 591:
125460. DOI: 10.1016/j.jhydrol.2020.125460.


https://doi.org/10.1029/2009WR008839
https://doi.org/10.1029/2009WR008839
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.13476/j.cnki.nsbdqk.2022.0095
https://doi.org/10.1002/wrcr.20107
https://doi.org/10.1002/wrcr.20107
https://doi.org/10.5846/stxb201710121828
https://doi.org/10.5846/stxb201710121828
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2021.0010
https://doi.org/10.13476/j.cnki.nsbdqk.2019.0084
https://doi.org/10.13476/j.cnki.nsbdqk.2019.0084
https://doi.org/10.13476/j.cnki.nsbdqk.2019.0084
https://doi.org/10.13476/j.cnki.nsbdqk.2019.0084
https://doi.org/10.1029/2022WR033016
https://doi.org/10.1029/2022WR033016
https://doi.org/10.1029/2022WR033016
https://doi.org/10.1029/2022WR033016
https://kns.cnki.net/kcms/detail//42.1171.TV.20230117.1738.007.html
https://kns.cnki.net/kcms/detail//42.1171.TV.20230117.1738.007.html
https://doi.org/10.5846/stxb202010222690
https://doi.org/10.5846/stxb202010222690
https://doi.org/10.11870/cjlyzyyhj202304009
https://doi.org/10.11870/cjlyzyyhj202304009
https://doi.org/10.11870/cjlyzyyhj202304009
https://doi.org/10.1029/2018JD029718
https://doi.org/10.1029/2018JD029718
https://doi.org/10.1029/2018JD029718
https://doi.org/10.1029/2018JD029718
https://doi.org/10.2307/1907187
https://doi.org/10.2307/1907187
https://doi.org/10.2307/1907187
https://doi.org/10.1016/j.jhydrol.2018.02.084
https://doi.org/10.1016/j.jhydrol.2018.02.084
https://doi.org/10.3878/j.issn.1006-9895.1981.01.03
https://doi.org/10.3878/j.issn.1006-9895.1981.01.03
https://doi.org/10.1029/2006WR005764
https://doi.org/10.1029/2006WR005764
https://doi.org/10.1029/2006WR005764
https://doi.org/10.1002/2015GL063511
https://doi.org/10.1002/2015GL063511
https://doi.org/10.1002/2016WR019046
https://doi.org/10.1002/2016WR019046
https://doi.org/10.1016/j.jhydrol.2022.128606
https://doi.org/10.1016/j.jhydrol.2022.128606
https://doi.org/10.19386/j.cnki.jxnyxb.2011.05.047
https://doi.org/10.19386/j.cnki.jxnyxb.2011.05.047
https://doi.org/10.1016/j.jhydrol.2020.125460
https://doi.org/10.1016/j.jhydrol.2020.125460

AR, % T R IERRE SR MR B AT

Runoff variation and attribution analysis in the upper Han River basin

DENG Lele, GUO Shenglian, TIAN Jing, WANG Heyu, WANG Jun
( State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan 430072, China )

Abstract: Under the combined effect of global warming and human activities, the terrestrial energy budget and the
hydrological cycle have undergone great changes. These changes have aggravated the uneven spatiotemporal
distribution of water resources, resulting in significant alteration in flow regimes. The analysis of runoff evolution
and their attribution under changing environment has become a hot topic. The upper Han River basin is the water
source of the Middle Route of South-North Water Transfers Project and the pilot basin of the strictest water
resources management system in China. The attribution study of runoff evolution in the upper Han River basin can
help strengthen water resources protection and integrated management.

The Mann-Kendall test was used to detect the abrupt change points of three runoff signatures, i.e., annual mean
runoff, mean stream flows in the wet and dry seasons, at the Ankang and Baihe hydrological stations based on the
hydrometeorological data including temperature, precipitation and runoff from 1961 to 2020. The multiple log-
transformed linear regression models (MLLR) were built for investigating the relationships between runoff
signatures, annual runoff and climate metrics and the differential equation was derived. Then an integrated
framework involving extended Budyko equation was developed and differential equation was derived to distinguish
the individual impact of climate change and catchment change on multiple runoff signatures for interpreting their
evolution. Meanwhile, the proposed methodology is validated with the observed and simulated values based on
hydrological models.

The abrupt year of the mean runoff in dry seasons at Ankang station was 1972, and the breakpoints of both mean
annual runoff, mean runoff in wet seasons occurred in 1990. The results of Baihe station detected by change-point
detection technique was consistent with that of Ankang station. To maintain the consistency of the pre- and post-
periods of each station, the abrupt years are obtained by averaging the abrupt years of the individual signature series.
Therefore, the average abrupt year of both stations was 1984. After the variation, the mean annual runoff at each
station decreased significantly by 23.39% and 23.18% respectively. The precipitation decreased by 7.07% and
6.17% respectively. There was a slight decrease in potential evapotranspiration. The mean runoff in wet and dry
seasons decreased 26.43% and 26.04% respectively.

The multi-correlation coefficients of runoff signatures in wet and dry seasons were 0.99 and 0.93 at Ankang
station and 0.99 and 0.92 at Baihe station respectively, and the average multi-correlation coefficients were 0.96 for
both stations. The relative bias of all runoff signatures was within 1%, indicating that the nonlinear relationships
between runoff signatures and climate parameters were well captured by the MLLR model and it demonstrated
robust performance in estimating the runoff signatures. Both forward and backward approximations, the generally
used total differential methods within Budyko's theory, usually lead to some unaccounted difference in the
estimation of the change in the mean runoff, while the complementary relationship method can accurately partition
the effects of climate change and catchment changes on runoff signatures. The contribution to runoff signatures from
climate change at Ankang station ranged from —71.12% to —34.58%, and that of Baihe station ranged from —35.11%
to —26.29%. The average absolute values of the contribution to runoff signatures from climate change were 35.36%,
30.43% and 53.11% for each station respectively. The Kling-Gupta efficiency equals 0.86 and 0.94 in the ABCD
model calibration and validation periods respectively, which shows that it can simulate monthly runoff in the upper
Han River basin well. The observed and simulated values based on ABCD model for partitioning the contributions

of climate change and catchment change are close to that derived by the extended Budyko method.

Key words: runoff signature; climate change; catchment change; Budyko equation; Han River basin
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