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Abstract: [ Objective] This study examines the impact of climate change and human activities on baseflow
variability across four representative watersheds within the Loess Plateau: the Wuding River, Kuye River,
Yan River, and Tutai River. [ Methods] Utilizing daily flow data from 1965 to 2017 for the Wuding. Kuye,
and Yan rivers, and from 1983 to 2017 for the Tutai River, alongside multi-site meteorological data, we
evaluated the applicability of nine baseflow separation methods and characterized baseflow variations.
Contributions of climate change and human activities to baseflow changes were quantified using the elasticity
coefficient method within the Budyko framework. [ Results] The F4 digital filtering method exhibited superior

performance in terms of stability, dispersion, and error metrics, making it the most suitable method for the

5 B H#:2024-04-03 &= B #:2024-05-13 F A HH:2024-06-21 ™ 2% & % B # (www.cnki.net) ; 2024-08-20

FENIE  PRVE A FH S &R H (2023-ZDLSF-60) ; B & [ AR # HE 4300 H (52079104) s BR PG48 F 4F FHEOBT 230 H (2024ZC-KJXX-058)
F—1EH R LI (1999—) B A WF T R, N F K SOK B IEAFSY . E-mail: 919457885@qq.com

BEES: THE Q989 ), 2, W4, Al , RN F A IS T K Y o B i1 5 H0F 5 . E-mail: yukunxia@126.com

http: // stbexb.alljournal.com.cn



%5 H T 20 T 4 B g il A 7 S O A 1 WL e TR AR 0 83

typical watersheds of the Loess Plateau. Trends in annual baseflow depth, annual runoff depth, and annual
baseflow index were consistent across the four watersheds, with multi-year average baseflow indices (BFD) of
0.64, 0.42, 0.28, and 0.49, respectively. Significant decreasing trends (p <C0.01) were observed in both
annual baseflow depth and runoff depth, while the annual baseflow index showed increasing trends. The
contributions of precipitation, potential evapotranspiration, and human activities to the changes in baseflow
ranged from —56.72% to 33.92%, —0.81% to 55.16%, and 10.92% to 104.37% , respectively. [ Conclusion | The

findings underscore that human activities are the principal drivers influencing baseflow evolution in the Loess

Plateau area, offering theoretical support for integrated water resource management in the region.
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Fig.4 The simulated and measured values of multi-year average

runoff in the basin were studied
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Fig.5 The fitting of the base flow depth and runoff depth in the basin was studied

R4 B EBEEBEMAXITINEERY
Table 4 Elasticity coefficients of precipitation, potential

evapotranspiration, and human activities

it 3 4 B &) € &,
JG e 0.41 —2.66 —3.61
= Lagt) 1.02 —7.24 —4.28
SE ] 1.12 —6.89 —5.18
75 B 0.18 —1.74 —2.86

x5 SBETUMAXBFEHINARTHBEERREUNTHE
Table 5 The contribution rate of climate change and human

activities to the annual basal depth change of the study

basin %
ﬁfhﬂi%% y E, n
TG 52 8.89 —0.81 91.92
i I 3.31 2.15 94.54
& JA] 33.92 55.16 10.92
75 i —56.72 52.35 104.37
4 it g

AR SCR PR B U i ) AP Kk L Bl e /ME
ERIE S U RF Y U vy R LI/ e A= R SR R A LR TR
S R T T A el A A 0 L Al S R
i CRK 38 B0 XF 1 2 J5 153 807 I8 Bk F4 fedd &
T DX dsl 547 175 g 45020 0 2 S50 BIF 9 T 5 T L
SRRV 94 SRR P il T i L X W E A 2 R O
T5 ik — B0 R IECF IR Bk Fa M HE BT AR R R
RIS BT RO IR A FA X0 E T

LRI IR0 NG SR TR N N ORI R B S = &7 )
0.64,0.42,0.28,0.49 , 5547 ff i 55 7 JC 5 Tl Uik 3ok ik
T Eckhard 2 H /) %005 08 % 75 1 B 09 B K 1K 3
SO S AL 0.67 AL, 5 T Uk B AR A e
Tk T Eckhard 48 1 9 807 08 BB IF R IR K
JK SC ol P R 46 5L 0.38 T, 5 R B 17 18 I
T T Eckhard 48 1 A9 807 g 0 20 B H &
PR SO TR LS % 0.26 M. 5D R R
3 T Eckhard $2 AL FIE T BB X
JI K SC 3k - 2 JE 3 46 50 0.49 —RF, T B B2 g ok
FA4 763X 4 D0k B — @ T g, BT DL, 76 5%
T et X B0 U Ok L Y 3 P, HLA
Xif A 1 B AT

AR SCAE A3 A S5 A8 A T 31 38 TR AR A Y 3 ik SR
SUAR BT B 7K ORI W HE 28 B & 2 R A0 A8 Ak, B A
G LR IE B A v R XA AR A v B K N T A 2%
B (0728 Al 36 O TR B Ak B9 STk o 2 B . SR
SEALFUA, TC e T | S T RN 5T R R 9 N 2 0 s X
HE B4 ok 2 e 32 AR P T R T 3 A A R X 3 3
FR 0 AR

UE AR L ¥ g B b XA 1 O A RS DL 1R
T4 L S D R T B i D b X3
DTN IR N 2 N1 a M PS  SAE  R o =1
5 b DX A 2 2 0 7 A — s B T TR e L 5 R T O
O MR K K LA™ R R K JF & s AE 2010
SEZ TN, i T U e b b R T XM L K

http: // stbexb.alljournal.com.cn



90 KO FEE R

% 38 &

FIUAS ) S5 T R T B0 R KK A7 19 T R i — 2 3 3k
FEFAIE > Fd A 2 P R K R B AR K IR
G VR IK PR %o R T ) Wl /A — R B SE R, S SR I
PR R0 3 1 SR e A5 R BT I L SRR D . H
T U DA O W ROR AL T A R R K o
Hegn, T 2o R K Y ISR B B, X 5 A ek A —
FE SR 5 30 4 9 S W TE AR 146 km® KBRS
K5 500 07 m®, JGREV] T A7 B S K PR Y B R R
TR T AT S DA K e 1) I R 412 58 0k A i /D
T THEREAE B 2 T ORI Y e D i — 2D R
BEEKAE T 09N B s KA A /K 4 O 37 T AR ) JF e
ik B AR T PR L B A 5 32 185 hm {81 435 T 4l 5 PR 7%
HOR I BT, AR R, S R 0 R b R R AR Ak
AN Sh L W AR 25 51 . A58 b N80 3 Xt
LU A 5 ) LU B — Ak IR A Ay M K
ik B FF SRRV 7 IF SR o T BT A% A 0AR XoF o | b SR O
B VR0 BT 7 A B TR R A R — PO
5 & it

(D LARK 38 8 R 250 3 B 9 b BE 3k 43 31 O ik
FERIF 5T DX I 1) 3 FH P 3R BT BCF 0B vk F2 i F3 i
25 FERE R LU A K s B[] 25K 3 R 2l e /ME 15 43 )
25 i = L BT UE U A F1OXT L FA Sk U 4 E 4
WARGRE LA AU, P BEE A 4 s,

(Y AEBRA BT 4 A I AT 8 0 R L AF 42 Ui TR RAE
FEU AR By ARk o B 0y — BovE, JoE T L e B
TR HIE T RN S 2 VA B 2 AR 7 4 R Ui 4 8L BFT 43
4 0.64,0.42,0.28 i1 0.49,

(3) 3 2ok M M 2R B0k 1 b AR A AR
Bl BRI R AR b Y BT R R I TR A B A XV TE 25 T
R NAAR Ak R 7K 18 728 AT Sy SRR B8 7K R S A 7%
RAFHEIN 100, H it TR AL B2 Ry 0.68 %6 Fll —4.63 %65
TCAE T BT 0 5 R T 2 N 28T Bl % R AR Ak R
Wi g A T 2 T 97 3 =008 A8 e X 5 0 728 A 5 il g K 5
IR T AEZE TR AN N 283 Bl X B 5 il DXL 70 5
FEF AL TR R 43 51 —56.72% ~33.92% , —0.81 % ~
55.16 % F110.92 % ~104.37%,
B3 3Tk
[1] TANX]J, LIUBJ, TAN X Z. Global changes in base-

flow under the impacts of changing climate and vegeta-

tion [ ] ]. Water Resources Research, 2020, 56 (9):

e2020WR027349.
(2] fRaesf, i, TAMIE AR S FE VMR IE . HE R S5 Pk R [T 0.k

J1 R HL 4R ,2016,35(4) : 1-11.

[3]

[4]

[6]

[7]

(8]

[9]

[10]

XU Z X, WU W, YU S Y. Ecological baseflow: Pro-
gress and challenge[ ] ]. Journal of Hydroelectric Engi-
neering,2016,35(4) : 1-11.

WU J] W, MIAO C Y, DUAN Q Y, et al. Dynamics
and attributions of baseflow in the semiarid Loess Plat-
eau[ J].Journal of Geophysical Research: Atmospheres,
2019,124(7) :3684-3701.

BRIT 5, Bont at, WRier, S5 L S 7k Ay R 5 N
(7K Sl 5 TP 5T 2011, 38(4) : 20-25.

QIAN K Z, LV ]JJ, CHEN T, et al. A review on base-
flow calculation and its application[ J ]. Hydrogeology and
Engineering Geology,2011,38(4) :20-25.

ZHANG J L, ZHANG Y Q, SONG J X, et al. Evalua-
ting relative merits of four baseflow separation methods
in Eastern Australia[]]. Journal of Hydrology, 2017,
549.252-263.

NAEA TR B BT O B TR IR vk Y RV b T R R
FE U 25 A R AE LT AR VT 22 B Be 41 . 2023, 40 (11)
23-28.

SUN Z W, LIANG Y, NIU X Q. Spatiotemporal varia-
tion characteristics of baseflow in the Upper Yangtze
River based on digital filter method [ J]. Journal of
Changjiang River Scientific Research Institute, 2023, 40
(11):23-28.

T2 B WG, S B Sl B A s A L
T O 8 R X b [Tk R R R AT 5, 2016, 23
(2):302-307.

YU Y P. YANG Y H. LIN P F, et al. Comparison of
suitability among automatic baseflow separation meth-
ods for separating baseflow in Beiluo River Basin[]].
Research of Soil and Water Conservation,2016,23(2):
302-307.

T, R, LML AT TVDI W E L& i T 2
fif 2 2 Al 5 L e PR FR LT AR ALK S 41, 2023, 54(7)
184-195.

WANG Y, SHI H J, JIANG Y M, et al. Spatio-tempo-
ral variation of drought characteristics and its influen-
cing factors in Loess Plateau based on TVDI[]J]. Trans-
actions of the Chinese Society for Agricultural Machin-
ery,2023,54(7) :184-195.

TANG Y, LUAN X, SUN J, et al. Impact assessment
of climate change and human activities on GHG emis-
water use [ J]. Agricultural and
Forest Meteorology,2021,296:e108218.

WEI X, CAI S Q, NI P T, et al. Impacts of climate

sions and agricultural

change and human activities on the water discharge and

sediment load of the Pearl River, Southern Chinal J .

http: // stbexb.alljournal.com.cn



553

T 20 T 4 B g il A 7 S O A 1 WL e TR AR 0 91

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Scientific Reports,2020,10(1):el16743.

LIS, LTIANG W, FU B ], et al. Vegetation changes in
recent large-scale ecological restoration projects and sub-
sequent impact on water resources in China’s Loess
Plateau[ ] |.Science of the Total Environment,2016,569
1032-1039.

S BB B L A M, 5. J0 a8 VO A S AN )l 50 IX 428
AEARIE R G BT L] AR 252 41, 2019,39(12) :4309-4318.
RENZP, MAY Y, WANG Y S, et al. Runoff changes
and attribution analysis in tributaries of different geo-
morphic regions in Wuding River Basin[ J]. Acta Ecolog-
ica Sinica,2019,39(12) :4309-4318.

MREILRE R I58 2, VLW 5 55 505 B I 16 AT ik WAt 43 31 1189 i
FRTFE[T . 7K J1 % L . 2008.34(6) : 28-30.

LIN K R, CHEN X H, JIANG T, et al. Application
and study on base flow separation using digital filters
[J].Water Power,2008,34(6) :28-30.

TR RV, 42 B2, S5 K SC s B2 0 3 0 4 1 O ik
WE5E 3k e L) 0 A 25 2 4 2011, 22(11) : 3073-3080.
XULL, LIUJ L, JIN C]J, et al. Baseflow separation
methods in hydrological process research: A review [ ] .
Chinese Journal of Applied Ecology,2011,22(11) :3073-3080.
T T P PH VT S TR A T 0 IR A B SR LT LK
3,2021,41(1) :35-41.

LEI Y K. Research on base flow separation at Youyang
River Basin in flood season of typical flow years[]J].
Journal of China Hydrology.2021,41(1) :35-41.

YANG H B, YANG D W, HU Q F. An error analysis
of the Budyko hypothesis for assessing the contribution
of climate change to runoff [ J]. Water
Research,2014,50(12):9620-9629.
CHOUDHURY B. Evaluation of an empirical equation

Resources

for annual evaporation using field observations and
results from a biophysical model[J].Journal of Hydrolo-
2y+1999.216(1/2) :99-110.

NING T T, L1 Z, LIU W Z. Separating the impacts of
climate change and land surface alteration on runoff
reduction in the Jing River Catchment of Chinal J].Catena,
2016,147:80-86.

B L e, 45 AR 7 R I Ul Sa T 1| A A 2 4y A Ak B I
B HT [T ] oK 2R FFIFSE . 2024.31(4) :86-94.

WEN Y X, YAN X, LI Z. Detecting and attributing the
changes in components of streamflow in tuweihe river
watershed[ ] |.Research of Soil and Water Conservation,
2024,31(4) :86-94.

B FH R, S XE S b e e e s X ]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

FETA A R AR A W ()] M BR B2 5 B 22 ], 2004, 26
(2):88-91.
QIAN Y P, JIANG X H, JIN S'Y, et al. Analysis on
the characteristic and variation of base flow in loessial
plateau of the middle reaches of Huanghe River[]].Journal
of Earth Science and Enivronmental ,2004,26(2) :88-91.
SHAO R. ZHANG B Q. HE X G, et al. Historical wa-
ter storage changes over China’s Loess Plateaul J ]. Wa-
ter Resources Research,2021,57(3) :ee2020WR028661.
MO C X, RUAN Y L. XIAO X G, et al. Impact of cli-
mate change and human activities on the baseflow in a
typical Karst Basin, Southwest China [ J]. Ecological
Indicators,2021,126:e107628.
B« R AR L 0 B, A TG S YT R 7 A R AE S R
X K g ma RE L ] K R Fp 241, 2023, 37 (5) : 235-242.
YANG Q N, GAO H D, HAN Y, et al. Variation
characteristics of baseflow and its responses to precipita-
tion in Wuding River Basin[ J].Journal of Soil and Water
Conservation,2023,37(5) :235-242.
FUEECRE VYR R L AE A PG E R PN R AT L 0 LD XRR R
S5 IS S R AR 0 M (T )0k R £, 202345
(5):1602-1615.
LU R, ZHU R, YIN Z L, et al. Applicability of base
flow separation method and analysis of base flow charac-
teristics in upstream mountains of inland rivers in Hexi
Corridor [ J . Journal of Glaciology and Geocryology.,
2023,45(5) :1602-1615.
HUKE L IR, ok AL AL A B R A B R R
Je A b XUk 2 At DX e 28 3 s P 1 43 A LT . v K A
FiRhaE,2011.9(6) :57-64.
LEI Y N, ZHANG X P, ZHANG J J, et al. Suitability
analysis of automatic baseflow separation methods in
typical watersheds of water-wind erosion crisscross
region on the Loess Plateau, China[]].Science of Soil
and Water Conservation,2011,9(6) :57-64.
B v A DXCHE U 4 38 R O W K AR R E 43 AT
[DI.BEVY #7  PUdb R phBHE K4, 2019.
WU Z N. Baseflow separation and characteristic analysis
of the loess region[ D]. Yangling, Shaanxi: Northwest
A&.F University,2019.
AR B g T L R A 3 R AL 4 ) B L A IR Bl R R 4y
BTLDIEBI < HH K%, 2021,
ZHAO D. Baseflow separation and driving factors of
baseflow evolution in typical watershed of Loess Plateau
[D].Zhengzhou: Zhengzhou University,2021.

(F#% 101 7

http: // stbexb.alljournal.com.cn



553

Wit 745 AL A L XRS5 K ) 525 R R 0 ARl ) 52 )

101

[31]

[32]

[33]

[34]

[35]

[36]

[37]

XU S ST T S5 R TG P X P 2 T L B
Wi ARG AT TE L) ] K PR35 41,2009, 23(6) - 186-189.

LIU J, FAN H M, ZHOU L L, et al. Study on effects
of freeze-thaw cycle on bulk density and porosity of
black soil[ J].Journal of Soil and Water Conservation,
2009,23(6) :186-189.

WFHE 5. LSRN TR AR RER
Wi 4K B AF 7 [T ) Al T A% 24 . 2000, 16 (6) - 52-55.
ZHENG X Q, FAN G S. Influence of moisture content
on infiltration characteristics in seasonal frozen and
thawed soils[ J]. Transactions of the Chinese Society of
Agricultural Engineering,2000,16(6) :52-55.

WANG W. LIZ B, YANG R. et al. Experimental study of
freeze-thaw/water compound erosion and hydraulic condi-
tions as affected by thawed depth on loessal slope[ J ]. Fron-
tiers in Environmental Science,2020,8:e609594.

WEI X. HUANG C, WEI N, et al. The impact of
freeze-thaw cycles and soil moisture content at freezing
on runoff and soil loss[ J/OLJ. Land Degradation and
Development,2018.DOI1:10.1002/1dr.3243.

R S KA T o L UK A5 R Rl P P NS P T
DR i T AR o g 2 R T 98 0 K R AR 4 . 2024, 38
(4):63-71.

ZHAO Y J, ZHENG F L, WU B L, et al. Effects of
Freeze-thaw Action on Snowmelt, Wind and Rainfall
Erosion in Chinese Typical Mollisol Region[ ] ].Journal of
Soil and Water Conservation,2024,38(4) :63-71.

BUEE .20 %, HUANG C HLAS 8 V5 o 3 1 ™ 3 7= 10
B2 L) ] AR TR 244, 2015, 31(13) : 157-163.

WEI X, LI X G, HUANG C H. Impacts of freeze-thaw
cycles on runoff and sediment yield of slope land[]].
Transactions of the Chinese Society of Agricultural
Engineering,2015,31(13) :157-163.

INEFE RS 2 b, SR S B AR ) K2
TR g R L) ] Al TR 4441, 2020, 36 (11) :57-65.
SUNBY, WU Z G, LI Z B, et al. Effects of freeze-

(E#E% 91 7

[28]

B A X 2L BB AL, AN R B U 4 W 7 Ik AE B e Il
DX — 3 vy it Aok Y A A X L D B G A A AU 5
CJ] AR oK R K L R 2% 22 4 CH AR BE 22 )0 . 2022, 43
(3):1-10.

FAN JJ, LIU C, MU Z, et al. Comparative applica-
tion of different base flow segmentation methods in
the transition zone between Qinling Mountains and
Loess Plateau and its evolution law [ J]. Journal of

North China University of Water Resources and Elec-

[38]

[39]

[40]

[41]

[42]

[43]

[29]

[30]

thaw on soil detachment capacity and erosion resistance
[J].Transactions of the Chinese Society of Agricultural
Engineering,2020,36(11) :57-65.

ZHAO Y S, WANG E H, CRUSE R M, et al. Charac-
terization of seasonal freeze-thaw and potential impacts
on soil erosion in Northeast China[ J].Canadian Journal
of Soil Science,2012,92(3):567-571.

BURYLO M, HUDEK C, REY F. Soil reinforcement
by the roots of six dominant species on eroded mountainous
marly slopes (Southern Alps. France)[]].Catena,2011,84
(1/2):70-78.

AT B SURR S B 7R . S5 PRORL R AR ST H 28 T R L -
Stk B A PR pRE oy my 2w [T 0K R AR A
2020,34(2):108-114.

LAN H Y. DUAN W B, CHEN L X. et al. Effects of
forest type, microsite type and soil properties on soil
erosion resistance[ J |.Journal of Soil and Water Conser-
vation,2020,34(2) :108-114.

B IR AR R AL B AR X A S BT el 52 o B
FELDL. TR I« Tk B ARl K2 . 2019,

JIANG Y Z. Study on the effect of pore characteristics
of black soil on soil scour resistance under freezing-
thawing conditions[ D].Shenyang: Shenyang Agricultur-
al University,2019.

A e AN TN N o3 R ] DO I w4 1]
R w5 [Tk L AR FF2 4. 2009, 23(4) :64-67.
LIU J, FAN H M, ZHOU L L, et al. Study on effects
of rainfall in the spring thaw period on black soil slope
erosion [ J ]. Journal of Soil and Water Conservation,
2009,23(4) :64-67.

SR B R RV R WL AR 58 & i VR 2 X PR R BT
o T AR el 9 52 R [ . K AR 3527 4. 2009, 23(6) < 1-4.
ZHOU L L, WANG T L, FAN H M, et al. Effects of
incompletely thawed layer on black soil slope rainfall
erosion [ ] ]. Journal of Soil and Water Conservation,

2009,23(6) :1-4.

tric Power (Natural Science Edition) ,2022,43(3):
1-10.

L1Z, LIN X Q, XIANG W, et al. Stable isotope trac-
ing of headwater sources in a river on China’s Loess
Plateau [ J ]. Hydrological Sciences Journal, 2017, 62
(13):2150-2159.

ZHANG S L, YANG D W, YANG Y T, et al. Exces-
sive afforestation and soil drying on China’ s Loess
Plateau[ J ]. Journal of Geophysical Research: Biogeo-
sciences,2018,123(3) :923-935.

http: // stbexb.alljournal.com.cn



