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Abstract

Frequent drought disasters in the North Henan Plain, combined with long-term over-exploitation,
have led to a continuous decline in groundwater levels and the formation of multiple large-scale
depression cones. Under the intensifying context of climate change and drought scenarios, tradi-
tional single-index control methods for groundwater extraction are no longer sufficient to support
scientific water supply security and sustainable groundwater utilization. To address this issue, this
study focuses on the North Henan Plain in Henan Province, China. The critical depth of the ground-
water level was determined, and a three-dimensional numerical groundwater flow model was de-
veloped and calibrated. Under extreme drought scenarios, 100 combinations of groundwater ex-
traction and recharge were generated using Latin Hypercube Sampling. The response characteris-
tics of groundwater level drawdown and precipitation to extraction intensity under various drought
conditions were systematically analyzed. Based on this, a Random Forest model was constructed to
establish the nonlinear mapping relationship among water level drawdown, precipitation, and ex-
traction volume. The coefficient of determination (RZ?) for the test set exceeded 0.9, indicating ex-
cellent predictive accuracy and generalization capability. The study proposes thresholds for allow-
able groundwater extraction in different subregions under various drought scenarios, providing a
quantitative basis and technical support for scientific groundwater management and over-extrac-
tion control during drought periods in the North Henan Plain.
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Figure 1. Location of the study area
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Figure 2. Critical depth of the groundwater level. (a) Outcrop period, (b) Peak period, (c) Duration period, (d) Remission period
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E 3. RBKAORFGRNETRIA

BN BN 2006~2020 4, 3k 180 MR, IFTEGAC 30 Ko #8773 M SR I P OR Fp 1
€, L2006 F 1 Sl N K e A6 .
5.3. WEFEE

REHT SO F K SO SRS AR A AT, RTRIETE DX ) = 4R AR R E T B R I T

Ssﬁzi(l(xahj 6 K% i(Kzahjﬂs‘xy,zth>0
ot Ox ox 8y Yoy ) ox 0z

h(x,y, z,t)L:O = hy,x,,2€Q

oh ony onY on\  oh
Dok |2 vk [ L vk | L) LK +p)+ pox,yzel,t20
P X(Ox) y(ayj Z(azj o (Kt p)rpxyzel

DOI: 10.12677/aep.2026.164061 624 IR AT


https://doi.org/10.12677/aep.2026.164061

FrRg &%

h(x,y,z,t)|rl =h,x,y,zel,t>0

Kna—f =q,x,y,z€l’,,t=20 4.1
onlr,

s Q—— BRI h——H KRG AKMARE(m); Ko K—— 8 7KA KK TEE 2 (m/d);
K——5 KN R [2E R (m/d); e——E/KIZHEICTI(1/d);s ho—— R IHIUEIKAL /3 A (m); S——
H H T LA R &K E KR (1/m); To——3 KR Ea A, B RKK A BRI, o——FKEKEER
KA E M E K p——IBKIRMZE R IR N B M E S (m/d); Th——CAUKAIAS: h—— a5l
FOKAME(m); T——BRXKIBWRREIL S K—— S LT M2 % 2 8(m/d), n——I0 5 1%
KI5 q—— T2 A M AR E I B (m/d), WANIE, W, BEKLRAN 0.

5.4. BBHRBESIR]

BT WK SCH JURE S AR, JRER G 25 BRI 5 Bl DR 0, XTI S X dh AT = 4 I 55
B[] [12]0 P R AIMAE, RI5r 0 340 41 x 165 475 i FARIE S /KELE N 3 )2, K
1 EBKEKE)A RO HE TG 19, 850 4.

FKIE K IS HURHE XK SCH TR 2 R IR 45 A /KR IR R Z IR LA H e . K EKZBIE REUK)
NG 7K BE (po) Je P S22 300 L T b A AR 1) T S T 5 ) 7 SR T /N ) 23 A A, LR iBid RO
T 5~40 m/d, ZH7KFEST0.03~0.29; AL G KIZEE RN T 1~50 m/d, K RE(S)H 107°~10° &K
(LI 4)o BERLEIC I NS SHEEP RIS . AMA T BALFR FRR NIB AN AOLEBE R b . g
FETANE BB B IR AN HEME I A FE K ZE ORI TR N TURIC T Ge vt #2 3 J A iR
B BAIE, A PR IX 42T B AT BUA AR5 9 31 SRR IX, BT VI TR 25 DA N B A B G AT G
i, I GMS FATF 53 [X (Zone) UK Ja& P B B S 22560 I 0% B s (L ] 5).

BRI LA 2020 4E 1 A SEH R KA IENYIIGR, P 2020 SEA A IR AISAERA . S0 IE45 R,
2020 AL T KA S5 FFALI K AL 7 BL G4 (5 245 SR 2 (R A A SR A — 3, MBS & R 4T
(WL 6)o 101 ANMIAMLIH B AR AL THEAE S5 WIME T35 228 0.51 m, FRAES TR IR ZZ(RMS) A 2.1 m;
P50 A P ASEAOUE 5 U0AE FRAR 58 RELRY) KT 0.95 (LA 7). AKEME TR, XA AR SR
EHIXHRZ /N T£15%, 2200 AT SO A7 B 0% 7T 52 S WU 78 X 3 R 7K R GE 0 SEBR SIS HRFAE, 96 2 J5 4
TR 55 LA 75 R

113"("0"/4-‘ 1 14°q‘0",’1i 115°q0" E3 116°q0" ES

36°2§0" Ik
=
g—.
see2dort

35°440"Jk
sseadort

35°3j0"dk
359300

)

55 AHK
= 5m/d

= 10m/d

0 50 100 T —20m/d
=30m/d
= 40m/d

1 13"(!'0"% 1 IA"(!'O"F\ 1 IS"(!‘O"%E 1 16°d'0"5€

(@)

34°230"Jk
sae2dort

DOI: 10.12677/aep.2026.164061 625 N RI R Y


https://doi.org/10.12677/aep.2026.164061

FrRg &%

113°q0"% H4q0 115°Q0" 160"
e e
= -
=l ]
i =
I o
2 3
= =
E °
7] B
a a
e e
= T
2| | S
& 3
g <
a a
FEifs]
“okji mmo. 063
0. 0357790, 066
0,04 590,073
I 0 50 100 T2k £0.045mm0. 075 | 5
T N 0.04650.08 [ I
= 0. 053mm0. 11 |5
o mm0.06 mm0.29 | &
& &
30004 naedor 4 s 4 o4
113°q'0"?§ |14°q'0"?r2 115°q‘0"£€ 115°q'0"?r2
= N =
> >
& w EOIR
° ‘ o
8 S &
= o
7 i
a a
e e
= -
2 =g
I o
a a
[E17)
K
- 0m/d
e 0 50 100 Tk = 15m/d -
T I I25m/d =
= =35m/d S
g - 5m/d S
- n3don 4 nacdors nsdons nedor % -
()
113°q'0"?ﬁ 114°q'0"1ﬁ 115°q’0"?ﬁ 116"(1'0"}’)‘:
s N =
> 3
& w LR
o > o
3 S 2
e e
= =
= >
! =
Sy s
3 a
7 =
& =
n n
3 a
(5]
fitk F
-0.00001
-~ 0 50 100 T2 000045 -
N £70.00054 o
= 0.00067 LS
g . 0.00081 g
“ 13edo s nasdors g0 nedos -

(d)
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Figure 6. Fitting of groundwater flow field in the North Henan Plain
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Table 1. Mean groundwater level drawdown by county under different extraction scenarios
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X H 44 S (m) e U ) (m) FrEE ) (m) G fiR ) (m)
Bremix 1.10 2.70 2.50 1.60
E R 1.00 1.72 2.70 0.87
P 1.45 1.96 1.40 1.34
R 1.32 2.07 3.37 1.70
R 1.69 2.05 373 0.96
JRBH 0.96 1.28 2.62 1.05
S 1.47 1.50 2.40 0.96
H 1.25 1.28 2.73 1.21
KiH 1.50 2.48 2.50 0.85
FAEHRX 1.20 1.40 1.50 0.80
B 1.60 1.50 1.60 0.90
%z 1.50 1.48 1.57 1.00
27 3.38 1.56 2.54 1.16
e 2.97 2.90 2.90 1.98
EXL 2.78 4.55 5.47 3.22
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BHERX 2.55 2.55 2.58 0.35
R 1.41 1.66 2.35 1.40

6.2. PN FHIERE
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HH 100 HBUERBAN 5, M 1 LR R . oy NAFAE T2 LS %70 XML R KT R E MK &
[13][14]. BHEFACEAFE ™ HAAT, SIS FE AR S5 $IEARE S0 0], DA fR
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Figure 8. Random Forest model for groundwater extraction in Xinxiang urban area. (a) Outcrop period, (b) Peak period, (c)
Duration period, (d) Remission period

8. L MM TAKFFREMINRMHIER. () FTLH, (b) SEH, (o) FEH, (d) EFRH

Table 2. Threshold values of available groundwater for different stages in each county of the study area

=2 REXEXEMTKTEIMER AT HKEHESR

Hh T X5 Fe k0T md) (T m?) R m?) R mP)

Bremix 3440.14 3797.44 4309.18 1632.90
ez B 2913.85 3280.26 5944.45 2316.38
BT 1212.24 1303.55 2755.01 701.14
ML 1965.66 3229.83 5191.08 1446.76

Bz B 1671.76 2318.64 4624.74 825.73
JyERA 1745.90 3751.45 725836 178931
JORE S5 2722.42 2835.28 5138.18 951.95
HEE 2045.71 3433.30 6171.33 1140.32
ST 1631.43 2857.31 4774.11 676.90
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BRE 1046.86 1046.86 1616.07 454.11
HzsE 934.86 1079.60 1452.47 431.04
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NI E 6088.31 7889.76 13753.84 3496.57
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HIRETH X 654.12 363.53 1168.64 629.39
g T AR T X 2444.95 4309.18 4864.83 1297.43
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8. &t
DL ALF BRI S0 5, A RGBT XK SCHUR 260, 55T GMS F & K% = 4t F /K Fid

DOI: 10.12677/aep.2026.164061 631 N RI R Y


https://doi.org/10.12677/aep.2026.164061

Erg &%

ﬁ@;ﬁﬁﬁraﬁMﬁm,%%%Mﬁ%ﬁ%iw%m%—m&—%%%%&%ﬁ,ﬁﬁﬁﬁ?%%
Bt FAK AR ERE. FELRWT:

1) HROKA R S PR 2 £ R E . BN E TR KARRRE R, TFRERLE BTHEH, &
BRI R N AR R E. W R RIFUA KRR

2) WARKFRT 25, SRR HKES B : B2 1038 12 m?. FEE 7.59 12 m?, %
FHT 9.62 12 m3. WEBHTH 6.13 12 m?. #98ET 3.47 /2 m3. FFYETH 1.29 14 m3. AS[FEIZKSCHLHE 5 X FF K2 1
EA T RE, NSRRI R K RS 50 T R 22k i .

SE 3k
(1] WHHTE, SEidE, U0, S5 My /KESHIMESCHKGIBE SOMHRLIL. B 7K, 2007(6): 47-50+64.

2] w%,ﬁ%%.ﬂFmEﬁﬁmuE@%Eﬁnm.%mﬂm%%ﬁgm&%mAMJw

[3] Li, F., Feng, P., Zhang, W. and Zhang, T. (2013) An Integrated Groundwater Management Mode Based on Control
Indexes of Groundwater Quantity and Level. Water Resources Management, 27, 3273-3292.
https://doi.org/10.1007/s11269-013-0346-8

[4] Henriksen, H.J., Troldborg, L., Hejberg, A.L. and Refsgaard, J.C. (2008) Assessment of Exploitable Groundwater Re-
sources of Denmark by Use of Ensemble Resource Indicators and a Numerical Groundwater-Surface Water Model.
Journal of Hydrology, 348, 224-240. https://doi.org/10.1016/j.jhydrol.2007.09.056

[5] Senent-Aparicio, J., Pérez-Sanchez, J., Garcia-Arostegui, J., Bielsa-Artero, A. and Domingo-Pinillos, J. (2015) Evaluat-
ing Groundwater Management Sustainability under Limited Data Availability in Semiarid Zones. Water, 7, 4305-4322.
https://doi.org/10.3390/w7084305

[6] Majidipour, F., Najafi, S.M.B., Taheri, K., Fathollahi, J. and Missimer, T.M. (2021) Index-Based Groundwater Sustain-
ability Assessment in the Socio-Economic Context: A Case Study in the Western Iran. Environmental Management, 67,
648-666. https://doi.org/10.1007/s00267-021-01424-7

[7] Emelg, skhE, e, & LTS Copula B 5K T 2L 0 HT BN [T, Aolk TFEZ£4R, 2017, 33(10):
206-214.
[8] kom, WiFi—=, MREFHE, . 1961-2019 FFRITH T X 3T F i 2 L HARL[I]. A% 244Kk, 2021, 79(4): 570-581.

[9] Li, L., Peng, Q., Xu, J., Gu, X. and Cai, H. (2024) Widespread Enhancement and Slower Occurrence of Agricultural
Drought Events in Drylands of the Yellow River Basin. Journal of Hydrology: Regional Studies, 52, Article 101692.
https://doi.org/10.1016/].ejrh.2024.101692

[10]  XUBE. KIX M T A BB AR 2 i 4 2 5 8 —— DA AP JEOABI[D]: [k 2518 3], b gt A B i K2
dAtx0), 2012.

[11]  XIERAE, skME. 25T GMS MEZZART =4 T K KRG TTMALR BRI EE[T]. B R} B K2 244), 2015, 32(4):
506-511.

[12] Hoéglund, N.B., Sparrenbom, C., Barthel, R. and Haraldsson, E. (2024) Groundwater Modelling for Decision-Support in
Practice: Insights from Sweden. Ambio, 54, 105-121. https://doi.org/10.1007/s13280-024-02068-7

[13] Asfaw, D., Smith, R.G., Majumdar, S., Grote, K., Fang, B., Wilson, B.B., et al. (2025) Predicting Groundwater With-
drawals Using Machine Learning with Limited Metering Data: Assessment of Training Data Requirements. Agricultural
Water Management, 318, Article 109691. https://doi.org/10.1016/j.agwat.2025.109691

[14] Raza, A., Ryo, M., Ghazaryan, G., Baatz, R., Main-Knormn, M., Inforsato, L., et al. (2025) Predicting Regional-Scale

Groundwater Levels at High Spatial Resolution Using Spatial Random Forest Models. International Journal of Applied
Earth Observation and Geoinformation, 144, Article 104918. https://doi.org/10.1016/j.jag.2025.104918

[15] Kim,J., Ma, Y. and Maxwell, R.M. (2024) Integrating Groundwater Pumping Data with Regression-Enhanced Random
Forest Models to Improve Groundwater Monitoring and Management in a Coastal Region. Frontiers in Water, 6, Article
1509945. https://doi.org/10.3389/frwa.2024.1509945

DOI: 10.12677/aep.2026.164061 632 N RI R Y


https://doi.org/10.12677/aep.2026.164061
https://doi.org/10.1007/s11269-013-0346-8
https://doi.org/10.1016/j.jhydrol.2007.09.056
https://doi.org/10.3390/w7084305
https://doi.org/10.1007/s00267-021-01424-7
https://doi.org/10.1016/j.ejrh.2024.101692
https://doi.org/10.1007/s13280-024-02068-7
https://doi.org/10.1016/j.agwat.2025.109691
https://doi.org/10.1016/j.jag.2025.104918
https://doi.org/10.3389/frwa.2024.1509945

	豫北平原区干旱情境下地下水开采量多因素响应关系研究
	摘  要
	关键词
	Research on the Multi-Factor Response Relationship of Groundwater Extraction under Drought Conditions in the Northern Henan Plain Area
	Abstract
	Keywords
	1. 引言
	2. 研究区概况
	3. 数据来源与研究方法
	4. 不同干旱阶段划分
	4.1. 干旱阶段划分
	4.2. 不同干旱阶段地下水位

	5. 三维地下水流数值模拟
	5.1. 水文地质概念模型
	5.2. 边界条件概化
	5.3. 数学模型
	5.4. 模型的求解与识别

	6. 地下水水位降深–降雨量–开采量响应关系
	6.1. 不同干旱阶段水位降深预测
	6.2. 随机森林模型构建
	6.3. 豫北平原区干旱阶段地下水可开采量预测

	7. 讨论
	8. 结论
	参考文献

