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Abstract: [ Objective ] The sources and quantitative characteristics of soil moisture in the root zone of crops in the
Huaibei Plain from 1990 to 2022 were explored to provide scientific guidance for crop irrigation management and
water resource utilization. [ Methods] The contribution of precipitation and groundwater to soil water in the root

zone was calculated by Pearson correlation analysis and multiple regression, and soil water quantitative simulation

s B #8:2024-09-24 &= B #5:2024-11-01 FFABEH:2024-11-08 [ 4 & % HH# (www.cnki.net) : 2025-01-24
RETE : B K [ ARSI 4 H (42071033,41830752)

E—1EF KRB (2000—) , 2 W0 EAFSE AR, BN G K K IRALR 545 TS . E-mail: 17844612018@163.com
BAEEE RAREL970—) , &, 082 14, 2G4 Bk S KRB AR RUK AE BB P58 . E-mail: zhuyonghua@hhu.edu.cn

http. // stbexb.alljournal.com.cn



112 KRR 5539 %

was performed using multiple linear regression and long short-term memory network (LSTM) model. [ Results] 1) For
summer corn, in the 0—10 cm soil layer, except for the 55% contribution of precipitation during the seedling-
jointing period, the contribution of groundwater in other stages could reach 61%—68% ; in the soil layer below
10 cm, the soil water in the root zone mainly came from soil water in the adjacent upper layer, accounting for more
than 74%. In the later stage, the root system gradually growed to 100 cm, especially in the 40—80 cm soil layer,
the contribution of groundwater to soil water increased significantly, accounting for 9%—22%. 2) For winter
wheat, in the 0—10 cm soil layer, except for the sowing-seedling period and the greening-jointing period, the
contribution of groundwater in other stages could reach 54%—73% ; in the soil layer below 10 cm, the soil water
in the root zone mainly came from soil water in the adjacent upper layer, accounting for more than 63%.
However, in the 40—80 cm soil layer, the contribution of groundwater and precipitation increased. 3) The LSTM
model was more stable and accurate than multiple linear regression in quantitatively simulating soil water. The
model evaluation index could reach R*>>0.6 and MSE<C10, which could better reflect the dynamic changes of soil
moisture. The application of the above simulation results at other stations in the Huaibei Plain further verified the
feasibility of the model. [ Conclusion] The main source of soil water in the 0—10 c¢m layer for summer corn is
groundwater, and the main source of soil water in the 0—10 cm layer for winter wheat is precipitation; the main
source of soil water below 10 c¢m is soil water in the adjacent upper layer (including precipitation, irrigation water,
etc.). Performing quantitative simulation based on the sources of soil water in the root zone at different growth

stages, and dynamically adjusting the irrigation plan through the changing trend of soil moisture in the root zone of

the crop is helpful to optimize irrigation management and improve water resource utilization efficiency.

Keywords: Huaibei Plain; crops; soil water; correlation; multiple regression; deep learning

Received: 2024-09-24 Revised: 2024-11-01

WE AL 2 3 B 2 Al Ay S H , SRR
M4 /N R EORGEREEDY . R % XA
B 1 A Ml % R A (EUB B 1 T L 0 W S U™
AR U Y X R R R R R+
HEAK G AE Ry Al A 7 B S R 2 HL Bl A AR Al XA
P e 7 N P AR GG R e 2 R K Ay
R A K B VR AR X B 3 22 A TR AR b i AR 2 3
T, 5w 5 KA K A3 38 I 5 BV s
PE o T EIL P R R KR A T, K R R
KA A B K AE A 1 AR R A%, K o A B I I R
T 0 R PR DRI TR AR T LS JRLA /N
R OR AR X 4 58K 4 o U8 S H B Ak SR 1 Ak
G VR AR BRI 5 Al AR R ROCR AR R S AR i L
Xt i X TR E R R A EEE X

- HE K A A K 53 i R G R AR,
S AR AR K A A PR R . WU AR 5T X
R i s s V1 £ AN o 1 O N < o /¥
A B HRE & B, [ R B AE 6K 46k A7 bl 25 G
VEF 6 25 105 - HE K 43 3 25 A8 A A7 A 00 31
R 2 3K A0 ) R BRI, XK s A B A
B R W 5 SR AR S S A BT T R e SR [ IR B £ AR
b 3K o T LA A A B2 ] SC I L & B, AR AR

Accepted: 2024-11-08

Online(www .cnki.net): 2025-01-24

J22 1) 3 7K G 3 B0 50 v 1A R D 5 e I T AR AR
IR, 2R AR 9% 0 B ik, % = 7K R st 7 45 9% ik
AT HH S 3 BT 5 5 B 500 A5 R R i 2 Bk AR
KO MTIE 78 o3 A T U 2 OK A ) A
PO N N N DA S N T = Y TN R
ZAE T B — R X LR AW, B X e I i
X Bl 22 B 5 ] A4 K W T AR X LD [ A T
A2 W BOK SCEE R X K S AR A i L5 B R
PIARAG 2 7873 R

140 Ak, e I B AN R T R R EUR 0 O 3
R DB TG Tk WO DM 4 T 2R TRl
(LR) BB A s 45 . Hor A O 0 A B4 1z
BRATZ o RIS R 2 ARSI K 3K
K GERE B R S I TS Y R R X 3 AR K o
Z [ B 0 O 5 5 XA B2 ORS8O T ik g S
Bt ¥ 2 TR IE 73 3 I BEAT 0 A, 48 78 K 5
KRR A B S A AR O3 g ST [l A R AT
LI A 5 5 7K S0 A5 SR T AL JRL R K L 3K A
MR K LR OC ZR I A X SE B Z (A OC R TF A
FE T g B 1 2P 5C ZORF I8 o 2) B K Bl U7 ik, W iR
JiE 2 2R (R A . RHEE 809 R K &
I JEE N — 1k 22 S A i S o R L P TR

http. // stbexb.alljournal.com.cn



o5 2 1

R 0 A L S JURD 32 B b DX R AR X R 3K B R TR B H a4k 113

= SRR HUN AR 6 4~ A B AL T R G LEE &
T 3 VR A 2 IO 4% A T A B N R R B R A
R A58 22 7 T e BULARE S7 5 ok a2 o 6 T B B AT AL
o S BB TR R T W AR
B, R VA B %) 4 SRR I T A A A AR R 6
ZH PR, DIETYBLAY I ¥k, 045 25 T kK
SC R BEOK SO (SWAT \VIC £58) 38 Bk 5 7]
Ak ik, Ml 2 A5 TR 146 KO I (ExpF)PV & T b g 45
ot FH 4y B K SCRE TR 438 3] A=A 722 Ak A % 1K 522 6T T 3L
B K it AR Ak A B ) B f - HEOK it AR TR Y
S ;DIIMADOUMNGAR /%5 & 12 JBE 0 F1 b T
LI BB | 3 37 I T AL > 1 K AR A S B
+HEK ORE AR . B BSR4 Bk
(%) 0 Ak B AL Y AT I 4 1 114 43 AT o B A 1 R R R | b T
WS 35 28 FVECHE 43 BT B R 1 AN W ik A5, - 50K 43 B
285 W R I A O o A5 B PRk % R, e R St
7 ¥ TR JE 2 2] S5 B4 SR B A L A A 5K 4y 350 v
f I FH RS k3 0 R 5 ) A, AT R 9 R 22 )R BR T
L i = kK 0] K A R A R G
B, A BF 55 ) 1990—2022 4F ¥ b 3 J5 b 32 M
DX 18 K 008 5 B, X B R K RN A /N2 R HEOK ik
FIREE . W56, Mt MO R B BT K M K5 +
BeoK 4y Z 019 56 &, JF M FH 22 o0 4k 1k Il I3 B 7 iy
25 RV X 58K 43 19 DR R X AN [ AR B B
K B FE R PR AT 3 R 38 ] 22 oo v ml A R
S 1012 R 4% (LS T MO AR B 43 5145 $81 1 48 7K 43 Y
AR LA, A5 B X 4 b 3R B AR X R 4 K A

AL 28 R, I 75 W b 1 5t H: At 3 63 55 TF = 6 A5 40
a5 e

XEEEERN DK R LR R, R
TR U S 2 ) T T SR e R T 7K W D T e it
HESH AN T PR pUE R e g . &
WF 5 BB BT A EE . D R R WEW AR A F B
Berb oK A R K BRI 5 HEOK B AR OC AR BE , JF
TNV 53 87 5 2D 45 A K i 18] 3 510 18 52300 8l
VGGt ik SR E %2 LSTM BB AH 25 &, 4
TH] LY 388 2 7 A B 5K A AR o i DR B A, O
B9 U L AT A7 P 5 3D 38 A X X s Bl AR X )E £
HeACR IR 5 &AL TR RS R R P B K o
PR ARG A4 1 1y 3h 548 = .

1 MRIERE
1.1 MRERHER

#E b SF B (32° 257 ~34°35'N, 114° 55" ~118°
10" EX A F 38 [ o 2 50 b X, Ji 19 308 2 3 i) 2 AL
A, o 54 % 1 IR AR R A LB A A
SR R A TR A R ORI A R, o &
INE R FOKIE FEMRE Y.

L 3E VA 7K S B W 5 i M (L Y SE B O T
TR SR B BB SR IR A g 5 o b i AR
145 m®, AR SCHF 5% 0 4 b T FR Canly 9 8% ) 30 K T T
BOR 3T m? MR 1WER AT H, 2=
ZEHABER U HELERMS FEREEDS
VG v FE AR AL o PRI, 3 0 DX A Sl T IX
HEAT K 43 AR A B 5 B AR PR A A

x1 HEAXRHSHELFRAMSESHEERI LS

Table 1 Comparative analysis of typical meteorological and environmental factors between the Wudaogou experimental

station and the Huaibei Plain
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Table 2 Coefficients of the correlations between soil water in the root zone of summer corn at different growth stages and

precipitation and groundwater
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Table 3 Coefficients of the correlations between soil water in the root zone of winter wheat at different growth stages and

precipitation and groundwater
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Table 4 Contribution of precipitation, groundwater, and upper soil water to soil water in the root zone of summer corn at

each growth stage

B BB EiL 7 SR/
0~10 cm 10~20 cm 20~40 cm 40~60cm  60~80cm 80~100 cm
[T\ 32.43 4.16 - - - -
A -t v Hb R K 67.57 7.49 - - - -
2+ HoK - 88.35 - - - -
[{FIN 54.56 1.50 4.81 - - .
BT R K 45.44 2.27 13.91 - - -
2K - 96.23 81.29 - - -
Wk 31.68 10.47 9.09 - - -
T - e ) Hb R K 68.32 3.30 11.01 - - -
LZE+HoK - 86.23 79.91 - - -
[ 7k 35.84 0.62 2.26 4.16 0.27 9.53
il f - 2% 00 Hb R K 64.16 1.05 2.69 15.70 9.47 7.39
2t Hok - 98.33 95.05 80.14 90.26 83.08
£ 38.96 2.80 7.69 2.91 3.38 2.38
THE 3 - Hb R K 61.04 0.70 8.45 22.58 12.64 4.85
2+ HK - 96.50 83.86 74.51 83.98 92.77
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Table 5 Contribution of precipitation, groundwater, and upper soil water to soil water in the root zone of winter wheat at

each growth stage

HE BB Eisgan PR/
0~10 cm 10~20 cm 20~40 cm 40~60 cm 60~80 cm 80~100 cm
& 7k 47.79 0.41 5.61 - - -
A -1 v Hb R K 52.21 2.80 2.40 - - -
12K - 96.79 91.99 - - -
£33 54.47 2.44 8.49 4.95 1.23 9.60
o 1 -3 1R K 45.53 6.55 7.40 30.78 1.53 27.37
LR A K - 91.01 84.11 64.27 97.25 63.03
£ 36.86 0.48 4.47 7.72 4.33 5.65
IR - bR K 63.14 4.13 7.50 16.70 19.99 3.01
2+ HeK - 95.39 88.03 75.58 75.68 91.34
[SFIN 61.10 8.52 5.73 3.65 9.10 2.91
P -H R HiR K 38.90 5.52 4.10 25.58 19.33 0.55
ISt 3 - 85.96 90.17 70.77 71.57 96.53
[ 7k 64.07 10.59 15.08 6.77 3.83 3.09
il - 2R A Rk 35.93 1.85 8.57 21.16 12.25 1.15
Rt HK - 87.56 76.35 72.06 83.92 95.76
[T\ 72.98 2.62 10.55 11.55 5.19 2.68
TS - U R K 27.02 1.23 0.57 8.47 13.65 4.88
2+ Hek - 96.15 88.89 79.97 81.16 92.44
22 HiEkELEM ) Y 5 22 I K 1R B (VIFD 28 1(<<10), i 9
221 3awmBAEFAEMS>N FETEZoLrtm H AR & 2 (8] AN A7 7E 2 Lk s, vl DLk £

VA J7 5 M R ER AN E T AR IX
b HE K AT AR B AEL A5 F (8] 09 4 5 R R A 4
RETEMFEAR R 6 MK 7, (el HE R, A2

TCERAE [ A8 .

B 45 3 s, R OR AR BT A A9 I 2R 00 L 5
TE A9 I AL 25 R ) (LA IR R7>0.6,
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MSE<C10) ( £ 6) , #5245 5 %) fit 25 72 5 HE Pk ITE S AN

80~100 cm>10~20 cm>60~80 cm>>40~60 cm>> A NS AL BT A5 VI 25 L L ik ) A
20~40 ecm>0~10 cm, H H 0~10 cm - 3 /K L i@ L4585 R, bR R 2 R KA LA R B
if B K CHL R K AT B, B B AR B ZE A R*>0.6, MSE<C10, 1% 5 25 B /¥y I 45 72 B2 4 Ty Ry
B FRBI G R Al TR E KR 80~100 ¢cm>>60~80 cm>10~20 cm=20~40 cm=

Gy TR, I 3% — 0 22 A X BAR AT 5 45 R 40~60 em™>0~10 em (£ 7).
k6 EEXREEBFTHNEYRRLTBEAIPSTEERALKXRETFNIER
Table 6 Multiple linear regression formula and evaluation indices of soil moisture in the root zone of summer corn during the

whole growth period

FEEE/em R R e B e L 2 T A 0] 5 24 50
R’ 0.38 0.30 0.29
0~10 y=28.999+0.045P—2.052G
MSE 18.60 4.99 7.52
R’ 0.93 0.89 0.85
10~20 y=4.203+0.002P—0.076 G+ 0.896S
MSE 1.81 0.76 1.38
R’ 0.72 0.74 0.61
20~40 y=14.264-+0.006P—0.445G+0.705S
MSE 6.33 1.77 3.65
R’ 0.87 0.79 0.76
40~60 y=28.245+0.005P—0.724G+0.817S
MSE 3.15 1.46 2.03
R’ 0.89 0.24 0.82
60~80 y=2.897-0.003P—0.55G+0.944S
MSE 2.98 5.61 1.77
R’ 0.97 0.88 0.98
80~100 y=—1.368-0.004P—0.025G+1.054S
MSE 0.98 1.22 0.19

ey WA BT R S K S BED s P R B K s G oMb R KRR ;SO LR RHE R Bk, TR,
xRT ZENZLEBTHNEYRR TBEASHSTLEERALARXRETMIER
Table 7 Multiple linear regression formula and evaluation indices of soil moisture in the root zone of winter wheat during the

whole growth period

TR /em A 1 bR ez i 1 e EStJ A TEFAS:N
R’ 0.28 0.17 0.13
0~10 y=29.158+0.104P—1.715G
MSE 41.02 8.55 17.84
R 0.84 0.74 0.60
10~20 y=3.013—0.11P+0.78G+0.944S
MSE 7.64 2.77 8.52
R’ 0.75 0.58 0.64
20~40 y=12.298—0.042P+0.001G+0.802S
MSE 10.01 4.81 6.92
R’ 0.79 0.72 0.63
40~60 y=10.616—0.011P—0.636G+0.764S
MSE 6.87 2.57 5.05
R’ 0.87 0.71 0.80
60~80 y=5.912—0.006P—0.676 G+ 0.861S
MSE 4.49 2.47 2.39
R’ 0.95 0.96 0.98
80~100 y=1.924—0.002P—0.222G+0.961S
MSE 1.62 0.37 0.20

222 REFILSTMEZEEMLER EHid£x XF K 43 dE AT ARl . LSTM #5281 B F |- 5
MR R AR 2 A F IR X LK, BRI AR IR ST A E R, B AR B
g hy ARSI B b A X (0% ik X I 8 Sl RS A A R b

Ak R X AR R XN B AR et e &R i LSTM A5 AU A5 45175 3] 19 B oK 48 /N 22 B
L, Bl AJERMER R LA LK, b, dE—2  TEMIEFR RS ML 9, BIIZG R R R, B TR &
SR FH TR B 2 2] rp ) K B A2 R 48 (LS TMD AR A /N FE AR BT AR I ZR 5 E T S 4L 4
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%039 %

PRy, AR LA T E R7>0.6, MSE<C10; H
0~10 cm £ )2 L 8Kl T+ RSP T2 15
IO BRI 5 22 (R b LSTM A A (14 452 181 3%
223 HBMLERGF M X LZooL MR K

4 1012 W 4% (LSTMO #5518 4 A4 & WIAR X+
HEK rh g RO E S AT I GR K 2 AR O 4R
PRIC R E R S MK 9, I 2 LR B RS L 45 R 45
S A 3K 2 P TR P 2, R R BRI R L E
T3t 0 1 A5 00 45 SR R sl = S K 1 e T 8 AR Ak

x8 EFARELABFHAFALSTM M % 5T L& 1% B IR BUR X £ 5Kk BITMi5R R

Table 8 Comparison of evaluation indicators for simulating root zone soil water using LSTM and multivariate linear regression

during the whole growth period of summer corn

T ZWE/cm ALk K — MSE —
VER" 55 3iF ) URE L] pIER: 55 3iF 3 31
LSTM 0.64 0.32 0.43 15.81 21.41 26.90
o1 Z LR PE A 0.38 0.30 0.29 18.60 4.99 7.52
LSTM 0.94 0.88 0.78 2.49 3.61 8.78
o= Z TP IH 0.93 0.89 0.85 1.81 0.76 1.38
LSTM 0.81 0.73 0.63 6.34 8.15 15.18
0 Ee 4l = 0.72 0.74 0.61 6.33 1.77 3.65
LSTM 0.93 0.80 0.75 2.53 6.20 9.33
000 Z TR A 0.87 0.79 0.76 3.15 1.46 2.03
LSTM 0.95 0.15 0.80 2.26 27.44 8.82
R Z JCLR P Il )5 0.89 0.24 0.82 2.98 5.61 1.77
0100 LSTM 0.98 0.88 0.97 1.00 5.61 1.44
Z ekl e 0.97 0.88 0.98 0.98 1.22 0.19

R ZMELEFHHALSTM 1 £ 5T 2 14 [ AR BUR X £ 8k B9 I N853R

Table 9 Comparison of evaluation indicators for simulating root zone soil water using LSTM and multiple linear regression

during the whole growth period of winter wheat

I . . R? MSE
AT em e 4 5o i 19 03 49 129 5o i 19 03 19
LSTM 0.50 0.04 0.31 16.74 19.79 28.08
010 ESE-AAnIE! 0.28 0.17 0.13 41.02 8.55 17.84
LSTM 0.92 0.83 0.78 2.38 3.54 8.47
1020 Ein 2| 0.84 0.74 0.60 7.64 2.77 8.52
LSTM 0.78 0.59 0.62 5.84 9.49 12.95
0 ESw- et E| 0.75 0.58 0.64 10.01 4.81 6.92
LSTM 0.81 0.68 0.64 4.32 5.83 9.81
000 Z LA HIA 0.79 0.72 0.63 6.87 2.57 5.05
LSTM 0.88 0.70 0.82 2.67 5.19 4.38
0080 Z LR AERIA 0.87 0.71 0.80 4.49 2.47 2.39
LSTM 0.97 0.96 0.96 0.81 0.78 0.86
S0 Ein- 2| 0.95 0.96 0.98 1.62 0.37 0.20

e R OK A E IR X A HE K Y Rl R
R (£ 8), ZIn Ltk M5 5 LSTM £ A 78 ¥F 4 45
s B A X3 R K, B 22 0 46 [l U B 400 45 SR 1 24 0
2% (MSE) £ B4, LSTM B A (1 30 4 1 B (RY
FeI T A AN A A IR X A K A
it FE i (£ 9, LSTM B Y (4 3T #r 45 b B 1A £ T
£ LR [l T AR, (H 22 0 28 P [l 9 45 81 45 2R A4 34

J5 iR 2 (MSEDTE DRG0 T A A B AF R M. B
PSR Uk, LSTM AR Y Xof 4 /N 22 M3 X+ 48 7K 9 5 401 2L
A — R

Y 1AL 2 AT, LSTM A% 280 7 b 06 a4
TR (B A R 0L 1 36 B B A T 22 o0 4R Il A RE A AR
T B2 b A, 0 e (B AR A PRI R 2% T L
P — @ i AT B 2 Ak
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Fig.1 LSTM and multiple regression simulation results of soil water in the root zone of summer corn during the whole growth period
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