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Abstract: Background, aim, and scope Soil water plays a crucial role in sustaining agricultural development
in arid and semi-arid regions. Understanding the response of soil water to rainfall variability is essential for
managing water resources effectively, particularly in water-limited agricultural areas facing global climate
change. The Loess Plateau’s hilly and gully region is vital for rainfed agriculture in China. Recently, the
‘Gully Land Consolidation’ (GLC) project aimed to enhance watershed topography, creating high-quality
farmland suitable for modern agriculture. While it is suggested that the GLC project may impact the seasonal
dynamics of soil water, the relationship between soil water and rainfall variability in different rainfall
years remains unclear for the newly-created valley farmland. This study aims to analyze the seasonal and
interannual variations in soil water (at depths of 0—300 cm) during a drought year (2019) and a normal
year (2020), and quantify the response characteristics of soil water dynamics to rainfall variability in the
GLC-created farmland of the Gutun watershed, Yan’an City. Materials and methods Soil volume water
content (SWC) was continuously monitored at 10 depths (i.e., 5, 10, 20, 40, 60, 100, 150, 200, 250 and
300 cm) with a 30-min frequency during 2019—2020. Rainfall and evapotranspiration data were synchronously
collected using an automatic meteorological station equipped with an eddy-covariance system. Time series
analysis and classical statistical methods were employed to assess the influences of rainfall variability on soil
water dynamics, focusing on (1) SWC response at the 0—40 cm soil layer to independent rainfall events of
different intensities, and (2) SWC response of SWC at the 0—300 c¢m depth to continuous rainfall events.
Results SWC varied significantly between the drought year and the normal year, especially at depths of 0 —
100 cm. Depths of active, sub-active, and stable soil water layers were greater in the normal year. Soil water
responses to independent rainfall events in the shallow layers (0—40 cm) were more sensitive during the drought
year. The minimum effective rainfall for the 0—20 cm soil layers was also smaller in the drought year compared
to the normal year. The lag time of SWC to continuous rainfall events increased with the depths in both the
drought and normal years. The recharge rates, depths and amounts of soil water by continuous rainfall events were
higher in the normal year. Discussion Spatial and temporal variations in SWC result from environmental factors
such as climate, topography, soil properties, vegetation, and human activities. The GLC project significantly
increased soil water storage capacity of valley farmland due to gentler terrain. Rainfall’s impact on SWC is
influenced by factors including rainfall intensity, duration, soil properties, and land use types. The response of soil
water to rainfall varies in different rainfall years, closely related with rainfall pattern and initial soil water content.
Light rainfall effectively replenishes soil water in the shallow layer (0—40 cm) but has a more limited impact
on deeper soil water. The replenishment of deep soil water primarily depends on rainfall intensity and initial soil
water conditions. Specifically, the depth of soil replenished by rainfall infiltration increases with both rainfall
amount and pre-rainfall SWC. During the study period, the maximum infiltration depth was only about 60 cm in
the drought year, compared to up to 300 cm in the normal year. Conclusions Rainfall significantly affects soil
water dynamics in GLC-created valley farmland in the Gutun watershed with greater recharge rates and depths
in normal years compared to drought years. Recommendations and perspectives Understanding soil water
dynamic and its response to rainfall variability in GLC-created valley farmland could guide the GLC project
implementation and soil water utilization in the Loess Plateau’s hilly and gully region.

Key words: Loess Plateau; gully land consolidation; soil water; rainfall; time series analysis
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fEASZEL (Fay et al., 2011) o T4k, R 42ER
AR, BEWIAS R LT —RINMAE, FER
IR AW S 55 R i oA R 0 % A ( Westra
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Fig. 1

Location of Yan’an City in the Loess Plateau (a), Gutun watershed (b), meteorological data collection instruments (c) and

vertical distribution of soil water monitoring sensors (d)
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Tab. 1 Characteristics of continuous rainfall events in different rainfall years

ReE PR 4F Y [CTENE LS IEE T A 1 i ] REE R g ST
Rainfall year Number of rainfall Rainfall start and end time Lasting time/h Cumulative rainfall/mm
R4 8 A 19 H 17:30—8 4 20 H 17:00 T T
First 17:30, 19th, Aug.—17:00, 20th, Aug.
TR H2k 8 H 22 H 02:30—8 J 24 H 16:00 615 1
Drought year Second 02:30, 22nd, Aug.— 16: 00, 24th, Aug.
3 9J19H17:00—9 /] 13 H 12:30 T G
Third 17:00, 9th, Sep.—12:30, 13th, Sep.
%1 8 H 4 H08:00—8H 6 H 17:00 . Y
Sk AR First 08:00, 4th, Aug.—17:00, 6th, Aug.
Normal year 2 W 8 A 14 H 09:00—8 H 18 H 06:30 5 .
Second 09:00, 14th, Aug.—06:30, 18th, Aug.
1.4 AS W T BIRFER Rt AR s A T3 7K o3 o
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Tab. 2 Characteristics of independent rainfall events in different rainfall years

WeRTHEL A gy Wer it WER I e WERIRL 5 4 L
Class Year Rainfall/mm Lasting time/h Rainfall intensity/(mm-h™) Number Proportion/%
2019 11.6 63.5 0.18 14 35.0
2020 5.1 78.0 0.07 12 30.0
2019 16.3 49.0 0.33 5 12.5
2020 22.5 59.0 0.38 6 15.0
2019 68.7 191.5 0.36 10 25.0
2020 443 84.5 0.52 6 15.0
2019 66.2 83.0 0.80 5 12.5
2020 136.2 200.0 0.68 10 25.0
2019 230.4 321.5 0.72 6 15.0
2020 310.5 256.5 1.21 6 15.0

o R RN R I R (0, 2], (2, 5], (5, 101, (10, 20] A1 (20, +00) mm,
, , , and indicate single rainfall event in the range of (0, 21, (2, 51, (5, 10], (10, 20], and (20, +c0) mm, respectively.

MK 4 A 0—40 cm AR LJZ HHEEKE 5 em BJRZERERK.

P Al k5 0 7 AR R S T 2 ) 2 B AR G $£3 0—40 om AR E R L/ NG SRR i
(P<0.01) , HTEHEAFELT)ZE TS /KEDL Tab. 3 Minimum effective rainfall at depths of 0—40 cm
F g <7 R TR S AU R T KAE (LA 4 P 0 /A ZWERT S Minimum effective rainfall/mm
. . o - o Year Scm 10 cm 20 cm 40 cm
SYETT R RPRRR ), RIE—5 G F X 2019 22 4.0 7.0 145
TRAE LKA ORMATEI R TR, Hfg0o— 200 27 43 89 n
03 a Scm 0-5 b 10cm
0.44®—2019 y=0.0027x-0.0021, R*=0.802, P<0.01 0.44®—2019 y=0.0021x-0.0055, R*=0.809, P<<0.01
©---2020 y=0.0016x+0.0025, R*=0.682, P<<0.01 ©---2020 $=0.0019x-0.0050, R*=0.870, P<<0.01
0.3 0.3 K
T 0.2

=
K A

Soil water content change /(m3-m™3)

TS KEARNE
Soil water content change/(m3-m™3)
o
[\S)

0
-0.1 . . : . -0.1 ; . : .
0 30 60 90 120 150 0 30 60 90 120 150
[% W & Rainfall/mm [# ™ & Rainfall/mm
~ 05 —~ 0.5
) ¢ 20cm o d 40cm
g g
ME 0.44w—2019 y=0.0023x—0.0092,R2=0.781,P<0.01 ME 0.4qw—2019 y=0.0015x—0.009l,R2=0.692, P<<0.01
iE = ©---2020 »=0.0020x-0.0101, R*=0.852, P<0.01 = ©---2020 »=0.0011x-0.0095, R*=0.829, P<0.01
2% 0.3 : & 0.3
= - R
™ s =
=2 0.2 - ES o,
% g ¥s . N
K= - d1g
g 0.14 ® 3 -
H8 H8
< <
z 0 z
— - —
5 B}
2 -0.1 . . ; . 2 -0.1 . . : .
0 30 60 90 120 150 0 30 60 90 120 150
[% 7 Rainfall/mm [% 7 Rainfall/mm

K4 BFSEIX 0—40 em AN[A] )2 385 7K i A8 fh f 55 AN [] 98 2 37 ok <A A 1) DG 3%
Fig. 4 Relationships between soil water content change and rainfall of independent rainfall events at soil layers of 0—40 cm
in the study area
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M [0 5 SR A, L oA R 9 K R A A
o (HAZREM R, FEWI DI, R RN 3R EE DL S RN A
FIETNRIRA AR RS, T RAERPEKAR R —+
JZ YK B M AR AE 25 5 B, JLHAE
100—300 cm +)2, TRFIZLEN HESKEIL
SPICWESS, KA G A R I

&l 5c. 5d A 6. 6d R A R s I E) R R
WA 5 S K BRI Z R P R 5. T

0.673 20
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e 1y

%16 %

FLAE 100—300 em - )2 4 3855 K 7 81 RE K AR
150 ecm LA )2 R85 /K & 551 5 FE RN T 41 2 [H]
PP OC R B <2 fibrifizs, R SREN)TFH
TCAH IR o B IE IR AH O 28 55 H 30 A X6 17 1) i
JE ], FARAE N 5 4 i A 1] 4 5 K BT
X} B T A S Iy 2R S 1 o T o N P 1) A A
EF =G 21IY PGB RSN ELN VAR IS
10 1 D= e b= < G+ 4 2 0 =1 A 1 A )
MR AR K, 2R 4 S T54E5FIKAE 0—150 cm
)2 A 5 KXo R [ I A B AR 1Y
HoL, 5REW . it TREEREFEKRE, N
TRPE e /K R AR A e O Y L R A R, K
PRIy Wi+ SR BE R IR, WF I B TR R R o

0375

——5cm —e10cm --4-20cm -"-40cm -+-60cm
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BT ¥
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Grey color pieces in panels a—b denote specific time for continuous rainfall events.

K5 WEFEIX 2019 AR N RUBEFRREEVERE R RIS AR 12 LS K a8 (a—b) DI
N [v g I B ) A R 5 SRS K B B MG R L (c—d)
Fig. 5 Soil water dynamics before and after continuous rainfall events (a—b), and co-correlation coefficients between rainfall and
soil water content under different lag time scenarios (c—d) at different soil layers in 2019 at half-hour scale
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Fig. 6 Soil water dynamics before and after continuous rainfall events (a—Db), and co-correlation coefficients between rainfall and
soil water content under different lag time scenarios (c—d) at different soil layers in 2020 at half-hour scale

F4 0—150 cm AIF] 2 d KR RRSE I T S0 o P J A

Tab. 4 Lag characteristics of soil water content at depths of 0— 150 cm to continuous rainfall events

TE DA R B B X R W 5 e 1] B HIAR X 2K BT 38 A5 B
+ 2R Lag time corresponding to the appearance of the positive Lag time corresponding to the appearance of the maximum
Soil depth/cm co-correlation coefficient/h co-correlation coefficient/h
2019 2020 2019 2020
5 0 0 7.5 2.5
10 0 0 9.5 25
20 1.5 0 47.5 26.5
40 35.0 1.5 47.5 37.0
60 55.5 6.5 120.5 38.5
100 / 11.0 / 43.5
150 / 51.5 / 74.0

</ FoRIE M R ORI R MEIE R BOR U PE., /7 indicates no positive and maximum co-correlation coefficients.

R R R YR S o e R C o € S B I T S e e S = R E S e A R E D)
AN, B R SEEOKE R A, ik mNARIE (R 5) o ZERERN] TR 3RS
SRR 3 WAL AR PR eV ek R R e rh (g 91.5 b, BT
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90.9mm ), HIEEKENAELRZ (0—60cm) A 0.45%-h') L RSEKAES 2 Wk F5 22 vk 5w =R 1F
MR (9.5%—19.2% ) 5 Mi7EF/K4, 0—300 cm (0.02%-h'—0.08%h") .

% LR SRS IL T B S, LA 1 3

UE R R M R (IR 57.0 h, BitRE

ﬂj% 149 mm) , %%)%'ii%é\7kﬁijt7 17.8% — {ﬁ{@ﬁiﬂiiﬁi%%fxq‘ﬁiﬁ@i/@é&gi]}ﬁﬁg
25.4%, HE (60 —150 cm) FHES KGR RT  —IUEAERIIBHRER G A SRS A T
6.1% —17.8%; 5 2 A Se EFE M i FE b ( 5 it R H 3K 5 — B R PR 12 DX 3l 9 A K A
935 h, ZHFEMIE 608 mm) , 0—300 cm 4+ A ATFFEE AR OCHE,  HFERT 22X +
3 AR X A T W S R R AR RS (2 5) . BRI EZANA R, L, WFRIAIE S T
SEFRETN RIS EHE A K R SR 2L s PR AY T T Bt 3 K 3 B 25 A (] R R
AL, SPKAESS | RSV T S Xt 32 s AR BT AR R AR, AN AT S 2 Al 2 7
IR RN A (047% h ' —254%-h") B KSR A AL — 2 (R A K4, 38 ] AR VA i
FERT T R4 3 IR R A (0.07% h'— MU T RSt s B M EM R i 2 % |

5 0—300 cm AN[a] 2 I KX HFLE I A R S A O AR

Tab. 5 Response of soil water content at depths of 0—300 cm to continuous rainfall events

TRV AT RS M5 RS HHEE KR R VA e 2
Soil depth  SWC before rainfall/ (m’-m’) SWC after rainfall/(m’ m ) Increment of SWC/(m’* m ™) Peak time difference/h
/cm A B C A B C A B C A B C
5 0.144 0.191 0.317 0.335 0.396 0.355 0.191 0.205 0.038 42.0 1.0 52.0
10 0.126 0.164 0.311 0.294 0.404 0.353 0.168 0.240 0.042 42.5 1.5 52.0
20 0.167 0.199 0.373 0.359 0.453 0.405 0.192 0.254 0.032 42.5 1.0 52.5
40 0.176 0.226 0.383 0.355 0.408 0.392 0.179 0.182 0.009 48.0 1.0 52.0
60 0.144 0.184 0.341 0.239 0.362 0.358 0.095 0.178 0.017 134.0 38.0 72.5
100 0.300 0.319 0.417 0.300 0.440 0.433 0 0.121 0.016 / 42.0 80.0
150 0.275 0.279 0.371 0.274 0.340 0.386 —0.001 0.061 0.015 / 71.0 80.0
200 0.329 0.333 0.361 0.328 0.335 0.373 —0.001 0.002 0.012 / 109.0 80.0
250 0.393 0.395 0.404 0.392 0.395 0.409 —0.001 0 0.005 / / 72.0
300 0.406 0.410 0.416 0.406 0.410 0.424 0 0 0.008 / / 75.5

A FOR 2019 AR5 3 WKHRPEEMERE TS0, B 0K 2020 P50 1 UGRREEPERERTS0F, C 2R 2020 AR5 2 WHRREEMERE R St . (I 22 F0R 1%
e it AR o e O 5 R K R B R A RN 25, SWC SR Bk, /7 FoRREmd Rt L sk s L T-8ch 24, Bt
Sk R <0,

A indicates the third persistent rainfall event in 2019, B indicates the first persistent rainfall event in 2020, and C indicates the second persistent
rainfall event in 2020. Peak time difference indicates the difference between the time of peak rainfall and the time of peak soil water content during

rainfall. SWC denotes soil water content. “/”” indicates that there is almost no change in SWC during rainfall, namely increment of SWC<:0.

3.1 S (CTEEMFETE, 2015) , 10 60 cm
Wb R AR DA TGS gk BRI ERR RIEOR AU, AR
Wom F T, B ARG RN, Ak TR R EEAREYE (Gao and Shao, 2012)
B0 T T s b PR A B A R TR AR, ORIy i A8 5 Ve A 22 RUBE B AUk
KR BRI (Zhao etal., 2019) , H  MIE. HHE HBOMASTE 8% LR RS T2k
W KA SR TR KAy, ARy RIS (RN, 2018) o Wil MK 2
GBS TS, MWABIA LER  WBUKSIREX, £HOKS B R T HE, B
FE DL S b 4 B B R T B O I TR I, EL A4 T L R A AR AR R S, R AR I
65% —70% H & T 1 Bt T HOK AP HEA TR A AEFESBEIR, BRI %3 )28 R
W (F£2) . WA, TERAERMTAE0—60 cm  HFATH (EEALE, 2015) o VA6 1 My T2
)2 o S Kk A T R R R B O R — R AR R, i T A
P, LEER S L RO KA S MR SR R, T AR, A
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BRZERESR (LM%, 2022) , #Fimislk
TR B A A AR5 DX 0L el 37 ek 3 3 S i B
WHFLZE, 0—300 cm 12 3T E TR b
i, Ho—60cm 2 HIEREFE/ N (14—
1.63g-cm”) | BMZL, AFTHNAL, g
XP{R TE AN AR BE K o A rrb ey, S KE
Wit 5 A 3 R St 3 RS R, an &l 2 oK AR S
E S KR (0.104—0.443 m’ m”) HRTT
EAE (0.068—0.408 m’ m ) . A, BT
4, gL 200—300 ecm + 2 S K R 4
FER ok (| 3) , U BE v i T
FESEINTEE - HEfE K By A A T HEAER

3.2

ok T = 0 9 5 7K ) R e R B AN AN A2 [
it R/ (Heisler-White et al., 2008 ) , [A]
BFRZREm Rz (PRfESE, 2022) « TRIHKM
( Heisler-White et al., 2009 ) . +3%MHR ( Wang
et al., 2011) FI+H A FHIEA (Liu and Shao,
2016 ) FFEHRZE MM

AT, NBER SRR A Rk TR )R (0—
40 cm ) EHEKSY, (HXTRZE EHOK T RMAVE T
55 (El 4, B SHE6) o WK HI#ME T
LR T 8 R A4 /N A B W I TR
ok T o TR T 0 K R, R A B ANG Y
TERE R (FREL4E, 2016) o BFSEIIN
T RAE R K A BE A 60 cm LI _E, 1 F7K4F
BRABIREA L300 cm (% 5) o FERAERAR
], B9 X PN 4 8 5 K 1 3 B AR A7 e B e 2=
5t RN HHEOK O T BRE R T KAE R
TR, X 5HTAWFIE & B A R
T HEIK A3 BR )2 MR A 4 A — B (2t
2003; FhEERSE, 2021) .

AWFFEIA B, R T A B AT DL I 2 ) AN ]
2 A 3 KN [ i B ik S R S ARk
PERE F AR AAE . T 24 0—40 em L2+
ST 7K S N T B R A 4 e O A K AR T kg R
i, HA/NOREN EELREXT 5 om PR HHEK AT
BRRMNG (3) o FEREP ] B V- K AR % WY Hi
THEORE R T T2, FEEEKAUENT T2
M (EXES, 2013) o SR, SF/KAERRSL R
WX K A RN R R L RN IR R AN S
HHRKFTRE (FS Be6, £5), X5REM
R . B2 R g BT R R T 4 bR 0 55 2 A A
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BRI, UMM R, FEREN AN A 1 R
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FNEVEFH B 5. (Heisler-White et al., 2008 ) . [&
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+ 2SR EFE (P<0.01), 100—300 cm +
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il S ] X5 2 R B S R
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K53 %ok Wi KA SR A IR N (J). A2 7R, 40(T):
658—668. [Chen M L, Zhang B W, Ren T T, et al. 2016.
Responses of soil moisture to precipitation pattern change
in semiarid grasslands in Nei Mongol, China [J]. Chinese
Journal of Plant Ecology, 40(7): 658 —668.]
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