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Abstract; In order to improve the simulation accuracy of the hydrological model under the influence of vegetation change in
arid and semi-arid areas, combing with the vertical distribution of plant roots and climate and soil conditions, a method for
estimating average root depth in a basin based on underlying surface characteristics such as basin meteorology and soil
properties was proposed. With the Wuding River Basin in Loess Plateau region used as an example, a variable infiltration
capacity (VIC) model for runoff simulation, considering dynamic changes of vegetation root depth, named VIC-DR model,
was constructed. The runoff simulation results of the VIC-DR model were compared with those of the original VIC model
with the confluence checking computation, named VIC-R model. The results show that, compared with the VIC-R model,
the simulation accuracy of the VIC-DR model was significantly improved. The Nash-sutcliffe efficiency coefficient of the
monthly and daily runoff simulation results of the VIC-DR model increased by 10.6% and 8.7% , respectively, the relative
error decreased by 15.4% and 5. 1% , respectively, and the correlation coefficients between the simulated runoff and
measured runoff at monthly scale and daily scale were greater than 0. 6. The simulation results of the VIC-DR model accord
with the actual situation of the basin, and the model has high applicability.
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Fig.1 Overview of the Wuding River Basin

1.2 HiEskRER A E
1.2.1 A R4

G/ =N IR W R ARUE S ® 3 €/
Bk A A E S 5 8 0E W (hitps ://www. data. cma.
en/ ) B PP FE B T A TR HEEAE AR (V3.0) I [E]
I 1980—2016 4F I [E] RS HRUEE . M i
BT J0 5 T it R i G ol L EE TR SR T I
PRBIACE PRI (A 10 km PR ECHE | %05 /0 8 Bk 2k 4
P dEATE A AN

VERTE 2 IO B0 1 ) T B 4 i 1 1
T b bl O RUEE 8 km A% 5 B Al 4R
(1980—2015 4F) ), 3 1o ALK 14 47 L 1k R HUATF 5 X
FRJE 10 km #7E 78 WU PR K08 , 2R MRS H F
Ky zs ok
1.2.2 TH@HHE

SR F YR S T HOHE G0 A s R e | e A
FRCR . Hor  DEM 07 i RE 5 R B B s 1]
BHE = (http://www. gscloud. en/) , %5 [8] 53 B R Ky
90 m, FI H ArcGIS W44 HRAE 2 10 km 15U 53 3¢

.29 .



B I 205 B AL W JCE T AR Rl 812 A,
DEM £ e FEAICHE HI T HR UL URRAE | 4t B0t 30
AR R, H AL A S

PR A P 5 B 22 2 R A B 423K 1 km 43
PEAR o B 55 2 R B 4 (UMD Tkm) V' R 4R
UMD 1 km 315 5 73 w1 - 30 82 55 SR A 53
14 25 0 A% P AR B S A Ay R e Tt TR A A
TR AL RS AT AR 5 L AR R A I O IR
FE AR B I R 25 R BEPT SR A B S BN =
22 5% 1] i T £ [R) 4 2R 45 (hitps ;//1das. gsfe. nasa.
gov/nldas/ vegetation-parameters ) HEA TR AE

e SR R T 2 R e SRR 2 B G
(http://data. tpde. ac. en/zh-hans/ ) tH 5t 4 3580 &
( harmonized world soil database, HWSD) B9 + 345
BE(v1.2)  ZBAR A S TR FE SR T 5|
g PR BT (A0 - g v bR KL | R AR X B
eSS ) . N HWSD 2 HRUIC A T 97 450+ b
ARG GG, B H 2 ) 3 B T RUEE ) 10 km, 55
— 1o T AL HE A A A K AR AT SR
A P E K AR T HWSD S At Y - 398 5 1 %5
315 R % [ A Ml 3 - SR AL Sy b ofe T, SN
R 1R,

i% 1 i%‘?‘;‘i i .em’/em?

Table 1 Soil parameters  unit: cm’/cm’

J- e WERkE EESKE ARELERR
[ 0.08 0.03 0.43
B+ 0.28 0.08 0.52
TP JTTHE 4 0.21 0.09 0.40
ML+ 0.32 0.12 0.46
B+t 0.29 0.14 0.43
b R+ 0.27 0.17 0.39
bR+ 0.36 0.21 0.48
i+ 0.34 0.21 0.46
Bmghi+ 0.15 0.06 0.42
WA+ 0.31 0.23 0.41
ME+ 0.37 0.25 0.49
it 0.36 0.27 0.47
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Fig.2 Average root depth distribution in the
Wuding River Basin
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soil parameters and their value ranges

TSR B D, Vgnay/ (mm/d) W, d,/m d;/m
ARG 0.001 ~ 1 0.010 ~ 1 0.1~30 0.20 ~1 0.10 ~5 2.00 ~30
AR Fe i 0.096 0.116 5.5 0.60 0.81 1.07
H R Al 0.083 0.102 7.0 0.53 2.60 2.34
%3 AEMBREREMLEREN
Table 3 Evaluation of runoff simulation results at different stages
W g NSE RE/% MAE/(m?/s) RMSE/(m®/s) r
HRE HRUE  HARJE HRE  HRE ARE  HRE HRE  HRJE H R
i VIC-R  0.68 0.53 6.76 16.26 6.46 13.26 7.26 14.62 0.75 0.71
VIC-DR  0.71 0.60 5.10 14.86 5.02 10. 69 6.69 13.23 0.77 0.73
. VIC-R  0.62 0.45 7.53 17.87 5.89 12.58 7.27 20.58 0.79 0.63
HEH VIC-DR  0.68 0.51 5.65 16.31 5.44 12. 14 6.64 19.51 0.84 0.68
e VIC-R  0.70 0.52 8.18 16.57 7.93 15.19 8.98 22.60 0.93 0.74
VIC-DR  0.78 0.56 6.68 15.76 6.82 14.92 7.63 22.23 0.96 0.75
_ VIC-R  0.66 0.48 7.12 17.22 6.41 13.24 7.61 19.80 0.82 0.68
1980—1989 4E
VIC-DR  0.73 0.52 6.04 16.35 5.63 12.41 6.75 18.79 0.86 0.71

- 32 .



g O 0.2 0.4 0.6 0.8 1.0
100 - 100
r=0.82 g r=0.86 .
__8of 2~ sof o
E 60f . 5‘”' 5
i = Sy
% 40t T SRR
R ® R 26y
- v oge
20} 20F o548
0 20 40 60 80 100 0 20 40 60 80 100
S/ (m¥s) S/ (m¥s)
(a) VIC-R ( HRE) (b) VIC-DR ( )
400 4007 .
r=0.68 r=0.71
~ 300t < 5300t
E - £ R
& 200F . oo . m200f . o el
= -:p':’.:-:.. '0.. ) }ji :.':‘,.Z’.'\." o
ﬁ 100 F °.3 » ...'o % = 100+ 'i~n’f & o
[} ° .

0 200 400 0 200 400
S/ (m¥s) S/ (m¥s)
(e¢) VIC-R ( HRE) (d) VIC-DR ( AJUE)
5 FTEMRB 1980—1989 F AR REFHRRELER
Fig.5 Simulation results of average runoff on different
scales in the Wuding River Basin from 1980 to 1989

4 % F

AR SCR 7K SC | 324 A b A Bl A EOEAG AR
FTH YA R A B0 S Y AR R 5%
(EREENP e o o WAER b e A S N Y €
T8 S YT 3 SRR RO S R B A . AE VIC B
| NS BAR ROF TR EE S8 M T 25 A
P R IE S A AE ALK VIC-DR B8 3 5 VIC-R
PEARIAR AN LE ST e, 25 SR, VIC-DR #
RIS IEE i it A R | H RS A2 3 AL 45 2 )
YRR R B R T 10, 6% A1 8. 7% , FHXR
Z MR T 15.4% F15. 1% . VIC-DR 51 gk 36
TURMEARAGT IS BRI BORS B 25 i, AR AR A
5 AR

SE Lk

[ 1] DEY P, MISHRA A. Separating the impacts of climate
change and human activities on streamflow: a review of
methodologies and critical assumptions [ J |. Journal of
Hydrology,2017,548 :278-290.

[ 2] S, ska), BT, 4. 5T 2 WK & 3K 3 i
WRF-Hydro £5% #84 7 v /]n ol i 9t 7K i 42 v (49 38 J 1
(I IR AE A4 (HAABEARR) ,2022,50(3) :55-64.
( CHAO Lijun, ZHANG Ke, CHEN Xinyu, et al.
Applicability of WRF-Hydro model based by multi-
sourceprecipitation merging in flood forecasting for small

and medium-sized watersheds [ J ]. Journal of Hohai

(3]

[4]

(5]

L6]

[7

[

[8]

[9

[

[10]

[11]

University ( Natural Sciences ) ,2022,50(3):55-64. (in
Chinese) )
BB R XA FR , 2. /NIt K B 42 5 Ry 2
EHOCHEOAR B B [T, W K224 (H AR
) ,2021,49 (1) :13-18. (LI Zhijia, ZHU Yuelong, LIU
Zhiyu, et al. Thoughts on key technologies of flood
prevention and emergency management in small and
medium-sized rivers [ J ]. Journal of Hohai University
(Natural Sciences) ,2021,49(1) :13-18. (in Chinese) )
FESCHE, @R, ZEBOAR, . WGH Y KNN SER AL GE J5 %
FELL D /N A R [ 0] R0 2 2 4 ( F AR
fR) ,2023,51(4) :27-32. (HUO Wenbo, GAO Yuan, LI
Zhijia, et al. Application of improved KNN real-time
correction method in small and medium-sized basins in
mountainous areas [ J ]. Journal of Hohai University
( Natural Sciences) ,2023,51(4) :27-32. (in Chinese) )
LIU Linxin, ZHANG Ke, CHAO Lijun, et al. Recent
seasonal variations in ecosystem water use efficiency in
China’ s key tropical-subtropical transitional zones in
response to climate change [ J]. Global Biogeochemical
Cycles,2022,36(11) :€2022GB007635.
LIANG Xu, LETTENMAIER D P, WOOD E F,et al. A
simple hydrologically based model of land surface water
and energy fluxes for general circulation models [ J ].
Journal of Geophysical Research: Atmospheres, 1994 ;99
(D7) :14415-14428.
FREEZE R A, HARLAN R L. Blueprint for a physically-
based, digitally-simulated hydrologic response model[ J].
Journal of Hydrology,1969,9(3) :237-258.
ZHOU Suoquan, LIANG Xu, CHEN Jing, et al. An
assessment of the VIC-3L hydrological model for the
Yangtze River Basin based on remote sensing:a case study
of the Baohe River Basin[ J]. Canadian Journal of Remote
Sensing,2004,30(5) :840-853.
RiAEAR okl 3509, 45, RISy b IX VIC RAI S 4K
PR AL 2 SR ROR G IE [ T]. /K L BEIRAL %, 2013, 31
(5):13-17. (LU Guihua, ZHANG Jian, WU Zhiyong, et
al. Parameter gridding formulas of VIC model in southern
region of China and effect verification [ J ]. Water
Resources and Power,2013,31(5) :13-17. (in Chinese) )
AR NI, EE R S LAL R FVC A RS 80 VIC
B S K LR T SE[ ] b EOKADK R
2EWF 5T B 22 4k, 2018, 16 (2) ; 141-148. ( WANG Hui,
SUN Yayong, HUANG Shifeng, et al. Study on the effects
of vegetation parameters LAl and FVC on soil water
content simulation using VIC model[ J]. Journal of China
Institute of Water Resources and Hydropower Research,
2018,16(2) :141-148. (in Chinese) )
FITTER A H. Spatial and temporal patterns of root activity
in a species-rich alluvial grassland[ J]. Oecologia, 1986,
69(4) :594-599.

.33 .



[12

[13

[14

[15

[16

[17

[18

[19

[20

[21

[22

[23

[24

[25

] WEAVER J E. Root development of field crops[ M ]. New
York ; McGraw-Hill , 1926.

] SIVANDRAN G,BRAS R L. Dynamic root distributions in
ecohydrological modeling: a case study at Walnut Gulch
Experimental Watershed [ J ]. Water Resources Research,
2013,49(6) :3292-3305.

1 EHE. TN BUK SR W S 2 R R AL Y B e
SRR « T T I dek K B 5 RT R 2 T R L)
SFI[D]. PE P TR, 2001

1 EMEEE PR ZRUESE S BRI L bl X B 8-
km PR SEUR4E (1980—2015) [ J]. RSk 5
AR (FPIE) ,2022,6(1) :25-36. (WANG Yagin, SUN
Lin, LI Hongyu, et al. Monthly/8-km grid meteorological
dataset at the middle and upper reaches of the Yellow
River Basin of China(1980-2015) [J]. Journal of Global
Change Data & Discovery, 2022, 6 (1) 25-36. (in
Chinese) )

] MAIDMENT D R. Handbook of hydrology [ M ]. New
York ; McGraw-Hill , 1993.

] 32K A R e K SO BT SY [ D). R A
TR ,2006.

] ZECE KA, AR, S AR K SRS TR R

[M].2 fit. L TR ik, 2021.

TODINI E. The ARNO rainfall-runoff model[ J . Journal of

Hydrology, 1996 ,175(1/2/3/4) :339-382.

FRANCHINI M, PACCIANI M. Comparative analysis of

several conceptual rainfall-runoff models [ J ]. Journal of

Hydrology,1991,122(12131) ;161-219.

] LOHMANN D, NOLTE-HOLUBE R, RASCHKE E. A

large-scale horizontal routing model to be coupled to land

[

—

surface parametrization schemes [ J]. Tellus A, 1996, 48
(5):708-721.

] LOHMANN D, RASCHKE E, NIJSSEN B, et al. Regional
scale hydrology: I. formulation of the VIC-2L model
coupled to a routing model [ J ]. Hydrological Sciences
Journal ,1998 ,43 (1) :131-141.

] BEIRTS, H A, Xt | A5 T K 43 A TR

X5 i s SRR [ ] K B AR 3, 2023, 39

(4):3241. (XUE Lianging, XIAO Ying, LIU Yuanhong,

et al. Spatiotemporal accumulation response of vegetation

water use efficiency to drought in the Yellow River Basin

[J]. Water Resources Protection,2023,39(4) :3241. (in

Chinese) )

FEAmmG SRR Rt A AR AR AR RE B A VL

WA A SRR AL [T]. KU AR 4, 2022, 38

(6):1-8. (ZUO Depeng, HAN Yu’ na, XU Zongxue, et

[

al. Impact mechanism of climate change on vegetation
dynamics in the Yarlung Zangbo River Basin[ ] ]. Water
Resources Protection,2022,38(6) :1-8. (in Chinese) )

] B, BT DA R VIC B fr R g i <
AHEAEFHSE[ D], M 22 K% 2011,

.34 .

[26]

[27]

[28]

[29]

[30]

[31]

(32]

(33]

(34]

[35]

[36]

PRETI F, DANI A, LAIO F. Root profile assessment by
means of hydrological, pedological and above-ground
vegetation information for bio-engineering purposes [ J].
Ecological Engineering,2010,36(3) :305-316.
GONZALEZ-OLLAURI A, HUDEK C, MICKOVSKI S B,
et al. Describing the vertical root distribution of alpine
plants with simple climate, soil, and plant attributes[ J].
CATENA,2021,203 :105305.
YANG Yuting, DONOHUE R J, MCVICAR T R. Global
estimation of effective plant rooting depth : implications for
hydrological modeling [ J ]. Water Resources Research,
2016,52(10) :8260-8276.
WEEDON G P, BALSAMO G, BELLOUIN N, et al. The
WFDEI meteorological forcing data set;: WATCH forcing
data methodology applied to ERA-Interim reanalysis data
[J]. Water Resources Research, 2014, 50 (9 ). 7505-
7514.
SAXTON K E, RAWLSW J. Soil water characteristic
estimates by texture and organic matter for hydrologic
solutions [ J]. Soil Science Society of America Journal,
2006,70(5) :1569-1578.
A WO SR 4 3 2578 A S R T 5
BIRFFEL D], E ; AE R 2021,
PSS 5K, SETNA 5. HE T 2R L S
TR [FAL B AR L [ ) ] K BRI AR 47,2023 ,39
(2) :145-151. (HE Yazhou,ZHANG Ke, CHAO Lijun, et
al. Watershed runoff simulation based on multi-source
remotely sensed soil moisture and data assimilation[ J ].
Water Resources Protection, 2023,39 (2) . 145-151. (in
Chinese) )
SRIT RN, 20, A K TR RRARALTE rp [ T
SRR X R e [T ] R BEIR AR 4, 2021, 37
(1).28-35. (ZHANG Ke, NIU Jiefan, LI Xi, et al.
Comparison of artificial intelligence flood forecasting
models in China’ s semi-arid and semi-humid regions[ J].
Water Resources Protection, 2021, 37 (1) :28-35. (in
Chinese) )
KLEIDON A. Global datasets of rooting zone depth
inferred from inverse methods [ J ]. Journal of Climate,
2004,17(13) :2714-2722.
XIGEAE X B Bk K &% 2T 3 R v oy R PR R
FE R AR AR AR T A M 3B [ J] . M P23 2014,
69 (11):1595-1603. ( LIU Xiaoyan, LIU Changming,
YANG Shengtian, et al. Influences of shrubs-herbs-arbor
vegetation coverage on the runoff based on the remote
sensing data in lLoess Plateau [ J ]. Acta Geographica
Sinica,2014,69(11) :1595-1603. (in Chinese) )
T PR AT R A A S IS KRR T R 5 A
AKALGRY M. AL st R R, 2010.

(T#% 51 )



Chinese) )
[21] FObul, FROL , RAEFE. B s A 1 b A1) A A 4
B[ 1] WA (AR BH SR L2004, 44
(9).1218-1222. ( WANG Guangqian, WANG Siyuan,
CHEN Zhixiang. Land-use land-cover changes in the
Yellow River Basin [ J]. Journal of Tsinghua University
( Natural Sciences ), 2004, 44 (9 ). 1218-1222. (in
Chinese) )
LR AW, 5 7 45 BT AREAR GEV A AY Y
BT DR 22 A48 UL T2 R 20 BT [ ] D9 R o i
( BERBI2AMR) ,2023,51(2) :1-7. (JIANG Shanhu, REN
Mingming, ZHANG Erzi, et al. Study on evolution

[22

[

characteristics of dry season runoff using a non-stationary
GEV model in source region of the Yellow River[J].
Journal of Hohai University ( Natural Sciences) ,2023,51
(2) :1-7. (in Chinese) )

[23] LOU Dan, WANG Guojie, SHAN Chan, et al. Changes of
soil moisture from multiple sources during 1988-2010 in
the Yellow River Basin, China [ J ].
Meteorology ,2018 ,2018 :1950529.

[(24] EJy, =0 ok 0, 45 MU & DX 3-REBE- RS
RGHK o AR PERIM AR ) ] 41,2010,
35(8):1347-1353. ( WANG Li, WEI Sanping, ZHANG

Qingfeng, et al. Isotopic characteristics of water within the

Advances in

soil-vegetation-atmosphere system in the Yushenfu mining
area[ J |. Journal of China Coal Society,2010,35(8):
1347-1353. (iin Chinese) )

[25] ZHENG Chaolei, JIA Li,ZHAO Tianjie. A 21-year dataset
(2000-2020) of gap-free global daily surface soil moisture at
1-km grid resolution[ J ]. Scientific Data,2023,10(1) ;139.

[26] SEN P K. Estimates of the regression coefficient based on
Kendall” s Tau[ J]. Journal of the American Statistical
Association, 1968 ,63 (324) :1379-1389.

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

[28] LIU F T, TING K M,ZHOU Zhihua. Isolation forest[ C]//
Proceedings of 2008 Eighth IEEE International Conference

on Data Mining. Pisa;IEEE 2008 :413-422.

[29] BHASKARAN K, DOS-SANTOS-SILVA I,LEON D A, et
al. Association of BMI with overall and cause-specific
mortality :a population-based cohort study of 3. 6 million
adults in the UK [ J]. The Lancet Diabetes &
Endocrinology ,2018 ,6 (12) :944-953.

[30] LI Delong, CAO Wenfang, DOU Yuehan, et al. Non-linear
effects of natural and anthropogenic drivers on ecosystem
services : integrating thresholds into conservation planning
[J]. Journal of Environmental Management, 2022, 321 .
116047.

[31] FENG Xiaoming, FU Bojie, PIAO Shilong, et al.
Revegetation in China’ s Loess Plateau is approaching
sustainable water resource limits [ J ]. Nature Climate
Change ,2016,6(11) :1019-1022.

[32] LI Congcong, ZHANG Yongqiang, SHEN Yanjun, et al.
LUCC-driven changes in gross primary production and
actual evapotranspiration in northern China[ J]. Journal of
Geophysical Research; Atmospheres, 2020, 125 (6 )
€2019JD031705.

[33] MUELLER K E,TILMAN D,FORNARA D A,et al. Root
depth  distribution  and  the  diversity-productivity
relationship in a long-term grassland experiment [ J ].
Ecology,2013,94(4) .787-793.

[34] MENG Tingting,SUN Pei. Variations of deep soil moisture
under different vegetation restoration types in a watershed
of the Loess Plateau, China[ J]. Scientific Reports,2023,
13(1) .4957.

[35] GRUBB P J. Trade-offs in interspecific comparisons in
plant ecology and how plants overcome proposed
constraints[ J |. Plant Ecology & Diversity,2016,9(1) :3-
33.

[36] MUNSON S M, BRADFORD J B, HULTINE K R. An
integrative ecological drought framework to span plant
stress to ecosystem transformation[ J |. Ecosystems,2021,
24(4) .739-754.

(BcH B 191:2023 -09 -20  Zid . fioll )

(L% 34 1)

[37] ZeoRd Wi 26 a2 45, 8 e JEUAN ] b JBORIRE B
KINT ClBBARE SR % [ )], R34k, 2021,
58(5):1190-1201. ( LI Ronglei, CHEN Liumei, SHAO
Ming’ an,et al. C1” transport and its influencing factors in
soil as affected by soil texture and vegetation cover in
Loess Plateau[ J]. Acta Pedologica Sinica,2021,58(5) :
1190-1201. (in Chinese) )

[38] BESrfE B E, T AR, 55, AW Bl L0 fEAE AR R
PR AR ARSI [ ] A A5, 2013, 37
(7):684-690. (JIA Lihua, ZHAO Changxing, WANG

Yuefu,et al. Effects of different soil textures on the growth
and distribution of root system and yield in peanut[J].
Chinese Journal of Plant Ecology,2013,37(7) :684-690.
(in Chinese) )

(397 Xk VIC I R i 17 7K SCRE S A v [5] [X388 ¢ 1oz A
[D]. K BIFK%,2004.

[40] Z=F5VE. £ T VIC ALY PHL I K SCREAEL K K Bt
EHXTR[D]. P2 PIIER 2021,

(417 BRE. VIC KRB R T 7K SCAE B TE JC 7 Il i dak 14 17 1
BEFE[ D] P EHL B (A5 ,2018.

(SR F99:2023 - 11 -22 St itk

- 51 -



