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Attribution of runoff variation in the Wei River basin based on the Budyko

hypothesis

ZHANG Limei', ZHAO Guangju"* ", MU Xingmin'*, GAO Peng'* ,SUN Wenyi'”
1 State Key Laboratory of Soil Erosion and Dryland Framing on the Loess Plateaw, Northwest A&F University, Yangling 712100, China
2 Institute of Soil and Water Conservation, Chinese Academy of Science and Ministry of Water Resources, Yangling 712100, China

Abstract ; In recent years, numerous rivers around the world have shown significant changes in runoff due to climate change
and human activities. Investigating the causes of changes in runoff is greatly helpful in adapting to climate change and
intensive human activities. The present study applied the Mann-Kendall test and the double mass curve method to assess the
temporal trends of hydro-climatic variables in the Wei River basin during 1958—2015. The results showed that annual
runoff at all three hydrological stations ( Xianyang, Zhangjiashan, and Zhuangtou) exhibited a significant decreasing trend
(P<0.05). Annual rainfall and potential evapotranspiration showed decreasing and increasing trends, respectively, but
neither were significant. Double mass curve analysis between annual runoff and precipitation showed abrupt changes in
annual runoff in the Wei River basin. The periods before abrupt-change points, when runoff retained relatively pristine
status and was affected by limited human activities, were regarded as baseline periods. Using the abrupt-change points, we
obtained baseline periods of 1958—1970, 1958—1996, and 1958—1992 at Xianyang, Zhangjiashan, and Zhuangtou
stations, respectively. The runoff elastic coefficients at each station were estimated using the Budyko hydrothermal
equilibrium equation. The results showed that runoff depth was sensitive to the changes in land surface. Compared with

runoff in the mainstream Wei River and the Jing River, runoff in the Beiluo River was less sensitive to climate changes.
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Land surface changes played a dominant role in runoff reduction, followed by precipitation and potential evapotranspiration.
Particularly in the mainstream Wei River and Jing River, land surface changes resulting from various human activities

contributed more than 60% of runoff reduction.

Key Words: Wei River basin; runoff; climate variability; human activity; attribution analysis; Budyko equation
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2GR RT] L T AR RS B (0 TTER 3 R 49.0% F1 51.0% . Guo 2510 BFSE IR b A% i A8 Ak i 3K
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FHH Budyko fiAfT =X 7 R G Al e AUK M L4 F . 25T Budyko 7K EAVGHE & - BE S A K ot - 125 ) 5 it X
A3 H AR XA AR T S B T R A R RS R B R B R K OSCE Y e R Y B
WESE T Budyko 7K HAGKE A - R A8 20T it dak i 3 R
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PR RO CGERYR VD AR 25 . AN SCik £ T 22 Nt (F 1) 8RR b E AR S8R L= M
(http://data.cma.cn) 1958—2015 4F& H SR 00k 46 K& EA0R  feom A AR . B I8 1
R FHXHE RS . AR SR FAO 8 1E#Y Penman-Monteith 2820 S50 288Uk, TR A UTF

0.408A(R, - G) + vy n 273U2(es -e,)

ET, = 1
0 A +y(1 +0.34U,) (D

K ET OB FEZR 0 (mm/d) s A KIS E & RPR (kPa/C) s R, W KSR (M m™ d™") ;6 A+
POER (M) m?2d™") 5y M TFEHE(kPa/C) ;U N 2 m WALEIX (m/s) s T IR (C) je, - F K
PR (kPa) e, WIBRKIUE (KPa) , (e,—e,) HRUKIUR2E (KPa) o ARG H TR VORI BT £ AR A i
HGAARFZE RIEEEZE R i, IR RS L T/ 3—5 A hEZE,6—8 A NE %, 9—11 A bk
% 12—IRAE 2 HNA T,

R1 KL EKRFR

Table 1 Characteristics of the hydrological stations

5 NI KR ] e TR S F N TN-:N 7] Ay
ik S i s % K A YA AT R kj(q:-{}l
) . . Catchment Annual Annual runoff / Hydrological
Watershed Station Longitude Latitude ) L s 3 ’
area/km precipitation/mm x10°m’ years

T JBH 108°42'E 34°19'N 46827 632.5 38.03 1958—2015 4f:

e KL 108°36'E 34°38'N 43216 503.8 15.33 1958—2015 4F

e Rk 109°50'E 35°02'N 25154 479.7 8.00 1958—2015 4

B 1 BmEk s SR a2 E

Fig.1 Locations of hydro-climatic stations in the Wei River basin

2 Fik
2.1 Mann-Kendall #3461

Mann-Kendall #3507 , 76 S FZK SOF 5 A8 A #a 3553 B vh B FH 32, W] DA A <A K SCR i) )3 371
AL RAH Y
2.2 WEBHhL

FIFHAR T i 55 2 W 6 7 XL R B 2, WY L R i A8 A B, B2 AR % A B o O 35 %) 500 I A58 i
Frih & A B AR AR
2.3 RWAREIH )

T Budyko 7K HAGEA - RS 1Y 7K d A VA 2 X AT T S i AR R X AR i AR AL STk A U0 s . %
D7 SRS BERGE i A H, L PR SCE IR ., BT S B 2 3R B, R i g B, R AR )1

http ; //www.ecologica.cn



4 A E = 38 &

TR AR PSR | — A &4 EL AR A4 3 A 07 125, ZE I 58 A0 AR T 448 T 2 P o A8 i 552 Wil 2 B I 02
I0:= R
2.3.1 KT

TR REN -

R=P -ET-AS (2)

R WAZFLIR (mm) s P WK A (mm) 5 ET J952BR 28108 (mm) ;AS J9f#7K A2 (mm)

TERIORE L, A58 T T8 R I I ek ] 36 ek 52 o WL 0 AR A5, 592 s 26 W AE TR T Budyko R 382 153 38
Choudhury" ™ il Yang' ™ %36 F Budyko B8, 4 5t FRI/K SRR & - A, 2k aRan F .

BT - P x ET,
(P + ET)

P ET AR R 28 B (mm) 50 8 T EEFRAIES L

TREFRFES R () 5242 ] Budyko i ZR IR A28, HE 32 50 R B #4804 Ak Xof 37t 307K - 4 19 25 5
M 2200 FEAR IR rh R R IR A X AR BOR R, S TR RDK ST 5, Ak S 25 A (AS) —
fetE R RAE " BIERRE /K AN AR I 0T, X 241 - 1 RUBE B AR B JRUBE (9 b R T3, 256
(2) . (3) 2 KA 7 R AT LA N A R A5

(3)

P x ET,
R=P-— (4)
(P + ET?)
KX, EH R, P FIET,W>RE o .,
2.3.2  HUSEM T
K- A RE(4) AT RR N R=f(PET, ,0) , X E 7 AR B o (3 2500 R AR,
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dET, = ET,”> - ET, ' (12)

do =0’ - o' (13)

Hy—E PR 5 R A i A8 A ] LA i PR 728 1 B HU e B e Ok A 1 PR, B PR - X A T AR Ak Y
SRR AT LA LA oo T ok 48
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3 BRE5HH

3.1 ETIAR AR AR 2 R AR T

¢ 2 BT R P s SRS 1w RSk B 1958—2015 4EAR IR NG ERAE . e Al a3 22 4R
IR F AR kw5, B E 2 5 B3, &l R IR (2 I LE 1964 4E, RIHIES K
Mann-Kendall #4346 56063 45 356 42 bR A TR S4BT A5 o T T 300 3045 S 420 i TR 340 2 W 3 i a4, HL 3893 )
0.01 ) BEMKT, 8 2 JIE I A K S 1958—2015 4EAR IR . 8 2 il # b & B0, ol B 3t
TR IR Sl B AR TR 3 R 435 R - ~1.520 ,-0.501 ,-0.322 mm/a,

£ 2 KBk 1958—2015 F£RFIREWASE
Table 2 Runoff depth changes from 1958—2015

A, P fE HRAE /ME fE L s gt BEFAKF
Station Mean/mm Maximum/mm Minimum/mm Max/Min Test statistics Significance level
Jak B 80.92 238.54(1964) 11.27(1995) 21.16 -4.15 0.01
el 35.60 96.82(1964) 15.73(2009) 6.15 -4.84 0.01
Rk 31.98 80.11(1964) 13.91(1995) 5.76 -3.90 0.01

RFEMEKF-A 0.05 B, SRR IRIG FHE = 1.96; BE MR- 0.01 B, GEi AR G S £2.58 ; W& MIKF- 0.1 I, SErHe S S E £ 1.28

Bl 3 SAIB AT T  1958—2015 4 Fif RN B AIVES 7 78 it 1 41 PR A8 Ak B 4% IR MK K 536 20 Hr T8 T+
VX B VAT, b 2 TR I 4 R T RV TR ZE R 1958—2015 ARZR b kadi, 45 LB (36 3) « & M A T
IR RSN T, (BB P EACE AR IR E] 0.1, /b 3OR B 3 Ve 28 R AR I e 1T 2 E M, (H i 35
IR ARIRF] 0.1, 3mSR B3,

3.2 AR EAR LA E AT
3.2.1 ISR S AR R R

TERT R IR T — AR T R 2 an & 4 Frw . AT DUR B TB I T B K A2 i R4 F 1971 4F
LK 1993 4F % A= B B A A% , il AL T bk o BI7E 1997 1993 4E K AL IiA% . KK A3 i W A AR &
A= Qi % HIE A4 B B — BT AR i e A 52 A 2838 ol T3 sl T e/ N st 40, B e 309 Y DRk, mT DA o T
TR AT AV ] R A R 0 51 K 1958—1970 4F (1958—1996 4EH1 1958—1992 4F | [&] b By I (1)
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Fig.2 Variation of runoff depth at three stations during 1958—2015
SRR AR T —E R R EUE , iR/, SRR TR T oA 3 IF LUK B TR
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Table 3 MK test of annual precipitation and potential evaporation in the Wei River basin

Tk AERERTHL Annual precipitation AFIEAEZE K Annual potential evaporation
Watorshed K st KT KR KT
Test statistics Significance level Test statistics Significance level
BLEREIR R -1.00 — 0.58 —
pEst) -0.73 — 0.58 —
e -1.04 — 0.92 —
x4 BAREBSKKIESHEE
Table 4 Statistics in hydro-climatic variables of the Wei River basin
er:ffwd lfif?d ETy/mm R/mm P/mm ® R/P ET,/P gf])@/%ﬁ El:z::lly CUefﬁiim
TR 1958—1970 891.9 129.7 674.6 2.08 0.19 1.32 2.51 -1.51 -1.32
1971—1992 852.9 84.5 637.7 2.67 0.13 1.34 3.06 -2.06 -1.53
1993—2015 912.7 50.0 603.7 2.97 0.08 1.51 3.51 -2.51 -1.99
V) 1958—1996 964.8 42.2 508.1 2.33 0.08 1.90 3.02 -2.02 -2.25
1997—2015 1039.2 22.1 495.0 2.72 0.04 2.10 3.50 -2.50 -2.83
Rk 1958—1992 1085.7 36.6 488.0 2.14 0.08 2.23 2.89 -1.89 -2.47
1993—2015 1147.7 24.9 467.2 2.26 0.05 2.46 3.06 -2.06 -2.83

ETy: YW #E 78 U &, Annual average potential evapotranspiration ; R ; £2ifi %, Runoff depth; P; F 7K &, Precipitation; w; T #\TH $#fiF 5,
Underlying surface feature parameters;R/P; VY , Runoff coefficient; ET,,/P, TEF8% , Drought index;ep : [o2 T ) L 2R AR , Elasticity coefficent
of precipitation ; ity W TE 25 BUE 1 5 PE &R X, Elasticity coefficents of potential evapotranspiration; &, : I # 1 4% A 2 #5414 55 P & X, Elasticity

coefficents of underlying surface feature parameters
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Fig.3 Trends of annual precipitation and potential evaporation in the Wei River basin
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Fig.4 Double mass curve analysis between cumulative runoff and precipitation in the Wei River basin
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BMATH RIS ET, 0 2HHE B P EIEMX, 3 D RBWAXHER KA P, EMERN o,
/N ET,, ET,B5idE 2E0GE Bl N -2.51—=1.51,P J9 2.51—3.51 ,0 H-2.83—=1.32, XLEJEHEFW,
ET,,P 5 o ¥ 1%5 F501.51%—2.51% /) TR ,2.51%—3.51% 38 sk 1.32%—2.83% A& b, 18
T IR T 5 R AN R INE TR AR T AR AR R . SRR T R AR EOR T 2.20,
U FR BN AR TIRZY 32.0 mm , J& A RRVER G, HBGERE, R, R, ik 2800 4
X ETE R ] XA 8

5 0 1958—2015 47 & Y 1A% it X A AL 3R A8 Ak i) 4 e 22 8, O e 1 Ui 5 b R S B AR T
W AN T B ST S, b P AT 20 VTR TR AR s &, i e, AN 0 508 0 ( P<0.01 ), b T S 3ol 334
PN 2 33 SR BT AT Gt A ] Gt S It TR0 A A Y B P A v, B IR Tl i e e 22 3
NI &, B AR E RN (P<0.01) , 3X R BIAR JEERAS T E T 2% 22 A6 BE D BURR

-1.0 1

Elasticity coeffients of
potential evapotranspiration

N EFAES B TR e

Elasticity coeffients of underlying
surface feature parameters

TEAEARHUR B R EK e,
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Ay Year

—o— T
—o— &I
—a— JLig
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Fig.5 Relationship between runoff depth and PE, land surface parameters and precipitation

3.2.3 BTG AS LAY IH BRHA S

SAGEAEAL (BN AEAEZEBUR ) AR AL (B8 ) MR AL AR AN ZR 5 B, R, 3T
BRI IIRARL (dR') 5 IR TR INAEAL (dR) FHZEAR /N, 3% 36 B AR SCHE DAk AH O PR B R R A2 i A8 1
B BT IR i A A AR, K il (s in ) R AE 28 F0UR R I (8N ) DASCT 3IETRIE ST o (3
TSI A IE (1) BTk

H3 5 A T A A [ A B AS ] D 3 R T A 28 B 19 28 AL RN NI Bl R AR i AR fh s i R B AN
], AZE06 shil] 5 3L MEI AR LL | AF R K AR I e 2 28 ek /D | R 30 m S 808, BRIE T3 1971—1992 4F
PV AR 28 R e/ A A SR i AF AV AR 25 R i NS0 Sl S A 38 o A [ 3 A 2 Bl T
T B AR A4 AR AR A Y T2 S DR 2R VAT 00 T T I B i 1 78 Ak AR 3 B S A 24K T 609% , BV AT T
T FIA AT B AP AR A VRN T 8 T 140 28 P B A SR 5 A AT e v A 25k TR T ARk I R R e v TR R 2R
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AR R A AR AL At 2 1 AR
2 b AR AR T T A TR0 B R R A R R
TR A XA AL e 2 4 52 e R B A ] T AR T R 2L

EARZ AR ZR O RN T

®5 BARREAREAEIRZ

Table 5 Contribution of hydro-climatic variables to runoff changes

S
ik S MK , e ,
. Human activity dRp dR;T, dRr,, dR dR S Cp/% CpTy% C,/%
Watershed Base period .
period
- 1971—1992 -16.17 826 -3537 -4521 -43.28 1.93 37.36  -19.08 81.72
[ERT 1958—1970
1993—2015 -26.63 -3.61 -46.29 -79.74 -76.54 3.20 34.80 4.72 60.48
) 1958—1996 1997—2015 -291 -5.74 -13.84 -20.06 -22.48 -2.42 12.92 25.52 61.56
e 1958—1992 1993—2015 -4.09 -3.48 -4.61 -11.69 -12.18 -0.48 33.56 28.56 37.88

dR, : BT P 51942 i 28 4k, Runoff changes caused by precipitation; dR; Ty : W 7E 28 i ET, 51 #1972 i 25 1L, Runoff changes caused by
potential evapotranspiration;dR,, : T\ o 51 AIEH A1k, Runoff changes caused by underlying surface; dR ; 2 R Z 22, Runoff depth difference;
dR': TR AR IR AL 1L, Runoff depth change calculated ;8 : dR’5 dR i 221H, Difference between dR’ and dR ;C,, : FERUXS A2 AR TL 1Y BTHRR |, The
contribution of precipitation to runoff changes;CFTO;?éﬁ?ﬁﬁﬁiXif%?ﬁ@1{n@ Tk %, The contribution of potential evapotranspiration to changes in

runoff; C, ; T #E XT3 AE LAY TTHkE , The contribution of underlying surface to changes in runoff

4 Tig

SMEARAE 5 N Bl 5 ] ) A2 I s AR P I BN R, i il 22 MR AR
2, LRI TR AE 1958—2015 4F 18] 2 E W 2 PEs /b | M 28 Bk W3 0, X 2 W T 60 4F 5k 5L BLIE
TAuEaH BN T TEZE AR AT 2, 35 X TRl A% Ik o AR sk 20 i Bk o7 LR 2 ok 18.28%—62.12% , HAE
Bf Rl RIS (0] EAF A B 25

L4, 8 S R KRB K 3 A Bl , 38Rl O S 35 BRAIC, I o] I AR I 1 A v i
WA IR A2 K AR RS, R K | TR RO S AR I 4 e S AR K
YEF ., % 6 MBI BUK R M g5 87, R R AT, B & 2006 47, Fi sk R AUE B H 206 T7
hm® YR AL 1.41 J57 hm® , KFUBLAG /K 1 AR R K BAE T b 3 7= R AR AE 5 548, 1999 4F,
&N RBIEYS UL N RN TN ib % N T AN = ) O N OB R N i T = = 0 N o s o T
ARWrg > Ak N S KR 302 B, BLEZRIAE] 27.3 /2 w®, B 5] AR TR RO T AL 121 U7
hm? ) KR T AR AR T AP A /K B B AR W7 TSSO S0 068 0042 3L 114 52 ) ol e 21, S50 44 0
AW D IR T REEE R, L E KR AR I A N BCRE M 3K, SR AE AR E YR T, S80I
% RN, JET Budyko ZKFHAKE AP FRIE A HEAS (B S0 2 W4k 7 i — B ] I /K 28 fE B AS L {H

Fo6 BAMEKLIRIFBEEERR

Table 6 Statistics of soil and water conservation measures in the Wei River basin

PSR ANTEI A 7K 2 PR R Soil and water practices during different periods

Control measures 1950—1959 1960—1969 1970—1979 1980—1989 1989—1996 1997—2006
¥ FH Bench terrace/km? 198.6 1254 3317 5420.4 8104.9 20645.8
UL Afforestation/km? 453.2 1790.4 4739.7 9964.1 13526.9 24777.9
HiH Grass planting/km? 58.2 272.1 525.1 3060 3475.4 7709.5
i Check dams/km? 8 30.6 71.6 103.9 125.2 141.4
SN Area in total/km? 718 3347.1 8653.4 18548.4 25232.4 53274.6
T 43> Percentage/ % 0.5 2.5 6.4 13.7 18.7 39.5
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JE TR E R

5 #ig

AR SCE OB TR B 5T X, 2K H] Mann-Kendall £ 55 82 R 2 45 43 7 T8 10 a4k 1958—2015 4F 1<,
f5 IKSCEEZR AR, N LT Budyko 7K BRI A F- iy 75 2 a4k 0 28 A A 8306 3h X A2 i A8 Ak 1) DUk, 32 2245
WT.

(1) Mann-Kendall #3846 560 6B T s 8H ok R 1 RSk 3 A4 il 7K SOk 48 R f b ks 38 i
PR AR TR S 2 e B A el R 3 R . —1.520 .~ 0.501 . —0.322 mm/a, [ R R R VE AE 28 HicEE 40 0
U D RS B ks B AR BN 1

(2) 2R FHAR 7 — A T 0L S L ph 2 1 530) T YT 45 9 S A8 7 o B A 728 P SRR < Y YT~ 38 X3 3 i 97 S AN b %
AL BAR I AR A B R 20 1 1958—1970 4 1958—1996 4E Al 1958—1992 4F, #K#E Budyko 7K HF-46 7
FEVFRAR T 25 P 3 R 40, 5 30 S/ AR DAL TR T 48 T 4% 12 A4 Ak o R ARk, N 800 2 30V YT 3 R0 Tl 3
BT TSR AR AR A ) DTRR I AR 60% L, ALY I IAE 1993—2015 45 T #4411 4% {4 %428 i A2 1E 1 5T
HRFN 37.88% , AR b, T I A Ak R T AT I S AR R 1 R PR 2 R RN R R IR 2, VTR ZE UK W5 )
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