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Abstract: Water conservation is imperative for alleviating water shortages and fostering the estab-
lishment of a water-saving society. However, the implementation of water-saving measures caused
an increase in the depth to groundwater, resulting in ecological issues. Therefore, reasonable water
saving should consider the appropriate depth to groundwater and its evolution trend. This study
focuses on the Helan irrigation area in Ningxia as the research subject, aiming to establish thresholds
for agricultural water-saving measures while considering constraints by depth to groundwater. The
evolution trend of depth to groundwater from 1995 to 2018 was analyzed using the k-Shape cluster
and complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN) methods.
Then, the thresholds of agricultural water-saving measures involved comparing groundwater numeri-
cal simulation results for water-saving scenarios, with the control area of ecological groundwater table
depth and water shortage rate serving as the evaluation indices. The thresholds for implementing
agricultural water-saving measures are as follows: the canal water utilization coefficient is set at 0.62;
the proportion of water-efficient irrigation areas to effective irrigation areas should be 40% in the
Yellow River irrigation area and 90% in the pumps-up Yellow River irrigation area; additionally, a
reduction of 75% in the rice planting area is targeted.

Keywords: depth to groundwater; trend analysis; scenario analysis; water-saving threshold

1. Introduction

Water scarcity poses a significant challenge to sustainable economic and social devel-
opment worldwide, particularly in arid and semi-arid regions [1–3]. Due to the scarcity of
water resources, conflicts in water usage have intensified between production and ecology,
agriculture and other industries, as well as upstream and downstream regions within river
basins, even extending to various administrative boundaries [4]. Agricultural irrigation,
being the largest consumer of water resources, accounts for approximately 70% of global
freshwater usage and even surpasses 90% in certain arid regions [5]. In the semi-arid
region of northwest China, the irrigation sector constitutes over 80% of the overall water
usage [6,7]. Therefore, the implementation of the agricultural water conservation project
in irrigated areas is an important way to improve water use efficiency and effectively
reduce the conflict between supply and demand for regional water resources. It also plays
a very important strategic role in ensuring water security, food security, ecological security,
and sustainable agricultural development. In 2000, China put forward the proposal of
establishing a water-saving society.

In addition to the aforementioned benefits, it is imperative to acknowledge that the im-
plementation of water-saving measures can also yield adverse effects. The primary sources
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of groundwater recharge are surface water seepage and precipitation infiltration, while
most water-saving measures tend to diminish the recharge of groundwater. The irrigation
area in northwest China, characterized by limited precipitation, relies heavily on canal
system seepage and field irrigation water infiltration for groundwater recharge [8,9]. Agri-
cultural water-saving measures primarily encompass the implementation of canal lining,
adoption of water-efficient irrigation technology, land leveling practices, and adjustment of
planting structure. The application of canal lining and water-efficient irrigation technology
directly reduces groundwater recharge, thereby altering the regional hydrological cycle
and increasing the depth to groundwater (DTG) [10,11]. In irrigated areas, an increase in
DTG will lead to a reduction in soil water storage [12] and the degradation of groundwater
quality [13], thereby impacting the normal growth of crops and compromising the quantity
and quality of agricultural drainage [5]. Consequently, numerous scholars have extensively
investigated the impact of water-saving measures on spatiotemporal variations in ground-
water levels and associated influencing factors [3,14–16]. However, the current research
landscape lacks sufficient attention to investigate the appropriate level of water-saving
intensity comprehensively. The appropriate water-saving intensity in this study primarily
refers to the upper threshold of implementing routine agricultural water-saving measures
in irrigated areas.

Scenario analysis is a prevalent approach in the investigation of water-saving strate-
gies [7,14,15,17,18]. However, most existing water-saving scenario schemes primarily focus
on surface and underground water supply planning within the study area, overlooking
the dynamic changes in DTG trends following years of implementing water-saving mea-
sures. In regions where the DTG exhibits an increasing trend, it is unsuitable to adopt
identical water-saving measures or implement equivalent water-saving intensity as in areas
where the DTG remains stable or decreases. In this study, the DTG trend in the study area
since the initiation of water-saving transformation in 1995 was comprehensively incorpo-
rated into the setting of water-saving scenario schemes. The DTG change is a complex
and dynamic process that exhibits nonlinearity and non-stationarity. Therefore, to gain
a more comprehensive understanding of the implications of water conservation project
implementation on the DTG dynamics, it is crucial to employ sophisticated statistical tech-
niques to meticulously delineate its dynamic patterns. Currently, sophisticated statistical
approaches employed in the analysis of DTG dynamics include wavelet transform (WT),
empirical mode decomposition (EMD), ensemble empirical mode decomposition (EEMD),
and complementary ensemble empirical mode decomposition (CEEMD) [19–28]. Complete
ensemble empirical mode decomposition with adaptive noise (CEEMDAN) proposed by
Torres et al. [29], which adds specific white noise to each scale residual component of the
decomposition and obtains the intrinsic mode function (IMF) by calculating the unique
residual, can efficiently separate the periodic factors influencing signal trends from the
inherent trend of the signal. Due to the integrated influence of natural conditions and
anthropogenic activities, as well as the cyclical variations exhibited by the majority of natu-
rally occurring influencing factors, the CEEMDAN method is more suitable for analyzing
the evolution trend of DTG influenced by human factors such as water saving. Furthermore,
the regional specificity of DTG evolutionary traits exhibits unique characteristics. Therefore,
clustering analysis is frequently employed as a data preprocessing technique to enhance the
comprehension of aquifer dynamics [30–37]. The majority of clustering methods employed
in previous hydrology or hydrogeology studies fail to incorporate temporal variations or
data dynamics. In this study, we utilized the k-Shape algorithm to cluster DTG data based
on the temporal evolution trend (i.e., the shape of time series data) [38]. The temporal
and spatial variation trend of DTG was demonstrated by employing a combined approach
utilizing the k-Shape algorithm and the CEEMDAN method for analyzing time series data.
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The objective of this study is to facilitate the implementation of water conservation
measures while ensuring that the regional groundwater depth remains within the ecological
threshold range as far as possible, thereby preventing the salinization and desertification of
the irrigated area. Therefore, the Helan Irrigation District in the Ningxia Hui Autonomous
Region of China was chosen as the research subject, and subsequently, the threshold
values for implementing agricultural water-saving measures were determined. The present
study developed a method that integrates trend analysis and scenario analysis based on
groundwater numerical simulation to ascertain the threshold for agricultural water-saving
measures. The k-Shape method is utilized for clustering the DTG time series data, while
the CEEMDAN method is employed to analyze the trend of each cluster. The temporal and
spatial characteristics of DTG variations in the study area are investigated to ascertain that
agricultural water-saving measures should be strengthened and the water-saving scenario
scheme should encompass both engineering and non-engineering water-saving measures.
The routine agricultural engineering and non-engineering water-saving measures were
integrated into 12 water-saving scenario schemes. By utilizing the control area of ecological
groundwater table depth (CAEGTD) and water shortage rate (WSR) as evaluation indices,
the optimal scheme was selected through a comparative analysis of numerical simulation
results for different schemes, ultimately establishing thresholds for agricultural water-
saving measures. The study examines the dual perspectives of maintaining suitable DTG
and mitigating WSR. The findings hold significant implications for promoting water-
efficient development and ensuring ecological security in irrigated regions.

2. Materials and Methods
2.1. Study Area and Datasets

The Helan irrigation district is located in the arid region of the north-central part of
Qingtongxia Yellow River Irrigation District, Ningxia Hui Autonomous Region, China,
which lies at a longitude of 105◦53′ to 106◦36′ N and latitude of 38◦27′ to 38◦52′ E (Figure 1).
The precipitation in this region is characterized by a modest annual average of 212 mm,
while the evaporation exhibits a substantial annual average of 1313 mm. The study area is
characterized by a lack of natural surface runoff, with the surface water system primarily
composed of artificial channels and drainage ditches. The availability of surface water
resources is limited. The irrigation of regional agriculture is predominantly dependent
on artificial channels to draw water from the Yellow River on the western border. The
topography of the Helan irrigation district exhibits a southwest-to-northeast gradient,
characterized by higher elevations in the southwest and lower elevations in the northeast.
The elevation varies within the range of 1102–1122 m. The western part is characterized by
higher terrain and serves as a “pumps-up Yellow River irrigation area”. The construction
of a water-lifting project in this region is necessary to utilize the water from the Yellow
River for irrigation purposes. The eastern part corresponds to the “Yellow River irrigation
area”, which is an artesian irrigation area (Figure 1). The primary crops cultivated include
rice, vegetables, wheat, and corn. Notably, vegetables and rice, which have high water
requirements, constituted a significant proportion of the crop cultivation area in 2017 at
26.16% and 14.42%, respectively [39]. The demand for agricultural water is substantial;
however, the annual decrease in water supply from the Yellow River exacerbates the evident
disparity between the availability and demand of regional water resources. The spatial and
temporal distribution of water resources exhibits non-uniformity, with the coexistence of
water scarcity and secondary salinization in this region.
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sources survey and evaluation in Ningxia Hui Autonomous Region. Data related to water-
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Figure 1. Study area and the distribution of the groundwater observation wells.

The monthly DTG data of 11 observation wells were acquired from the Ningxia
Hydrology and Water Resources Survey Bureau. The DTG data from January 1995 to
December 2018 were used for analyzing the evolution trend of DTG via the k-Shape
cluster and CEEMDAN method. The DTG data from January 2016 to December 2018 were
employed for identifying and validating groundwater numerical simulation. The borehole
data on the geological structure of the MODFLOW model were obtained from a geological
cloud database (https://zk.cgsi.cn/ (25 June 2022)), while the hydrogeological parameter
data encompass the permeability coefficient and specific yield of the aquifer, precipitation
infiltration recharge coefficient, canal system leakage recharge coefficient, and irrigation
infiltration recharge coefficient, which were sourced from the results of the third water
resources survey and evaluation in Ningxia Hui Autonomous Region. Data related to
water-saving measures include the acreage of the crop, water-efficient irrigation area, and
canal water utilization coefficient from the Ningxia Statistical Yearbook (http://nxdata.

https://zk.cgsi.cn/
http://nxdata.com.cn/files_nx_pub/html/tjnj/2018/indexfiles/indexch.htm?1=1
http://nxdata.com.cn/files_nx_pub/html/tjnj/2018/indexfiles/indexch.htm?1=1
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com.cn/files_nx_pub/html/tjnj/2018/indexfiles/indexch.htm?1=1 (10 August 2022)) and
“Ningxia Hui Autonomous Region Water Conservancy Statistical Bulletin” (http://slt.
nx.gov.cn/xxgk_281/fdzdgknr/gbxx/sltjgb/202105/t20210507_2824670.html (10 August
2022)). The climate data, the amount of water diverted from the Yellow River from 2016 to
2018, were obtained from Ningxia Water Resources Bulletin (http://slt.nx.gov.cn/xxgk_
281/fdzdgknr/gbxx/szygb/ (10 August 2022)) and a monthly precipitation data set with
a 1 km resolution in China from 1960 to 2020 [40]. The land use data for 2017 were
obtained from the land cover dataset [41]. The water level data of the Yellow River at each
hydrological station were obtained from the China Hydrological Yearbook for the years
2016–2018.

2.2. Methodology

As shown in Figure 2, this research was carried out in three phases. In the first phase,
the evolution trends of DTG in the study area were clustered and the specific variation
forms within each cluster were analyzed using statistical methods. The implementation of
agricultural water-saving measures increases the regional DTG, enabling the trend of DTG
to serve as a criterion for assessing the suitability of further reinforcing existing agricultural
water-saving measures in the area. If there is a significant increase in the regional DTG, it is
not recommended to further enhance existing engineering water-saving measures and set
up water-saving scenario schemes that exclusively incorporate non-engineering measures.
Instead, it is recommended to intensify both existing engineering and non-engineering
water-saving measures.
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Figure 2. Flowchart of the present study.

In the second phase, we established the groundwater numerical model using MOD-
FLOW, which can reflect the actual groundwater level dynamics within the study area and
set up various water-saving scenario schemes.

The following technique is employed to facilitate the conversion of various water-
saving schemes into groundwater recharge terms within the MODFLOW model. The
water demand and supply for each water-saving scenario scheme were calculated based
on the established agricultural irrigation water allocation model [42]. The water supply
represents the amount of water diverted from the Yellow River in the canal system. The
groundwater recharge amount from canal system leakage was obtained by multiplying
the water diversion of the canal system with the canal leakage recharge coefficient, and
it was incorporated into the MODFLOW model as “Specified Flow”. The water supply
multiplied by the canal water utilization coefficient is the amount of farmland irrigation.
This quantity was then multiplied by the coefficient for irrigation infiltration recharge,

http://nxdata.com.cn/files_nx_pub/html/tjnj/2018/indexfiles/indexch.htm?1=1
http://nxdata.com.cn/files_nx_pub/html/tjnj/2018/indexfiles/indexch.htm?1=1
http://slt.nx.gov.cn/xxgk_281/fdzdgknr/gbxx/sltjgb/202105/t20210507_2824670.html
http://slt.nx.gov.cn/xxgk_281/fdzdgknr/gbxx/sltjgb/202105/t20210507_2824670.html
http://slt.nx.gov.cn/xxgk_281/fdzdgknr/gbxx/szygb/
http://slt.nx.gov.cn/xxgk_281/fdzdgknr/gbxx/szygb/
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representing the amount of groundwater recharge through irrigation. It was transformed
into a recharge rate format and incorporated into the MODFLOW model using the RCH
package. The meteorological conditions of precipitation, evaporation, and groundwater
exploitation in the model remained unchanged. Therefore, the dynamics of groundwater
level are primarily influenced by the recharge of groundwater from canal system leakage
and irrigation infiltration. Subsequently, the groundwater numerical simulation of each
water-saving scenario scheme was carried out to obtain the groundwater level after the
implementation of each scheme.

In the third phase, two evaluation indices, namely the CAEGTD, and WSR, were em-
ployed to identify the optimal water-saving scenario scheme and determine the threshold
values for agricultural water-saving measures.

2.3. Statistical Methods for DTG Evolution Trend Analysis
2.3.1. K-Shape Clustering

K-Shape clustering adopts a normalized version of the cross-correlation measure to
compute cluster centroids, which are used in every iteration to update the assignment
of time series to clusters. With replies to a scalable iterative refinement procedure, k-
Shape creates homogeneous and well-separated clusters. Given a set of n observations,
X =

{→
x1, . . . ,

→
xn

}
, where

→
xi ∈ Rm and the number of clusters k < n, the objective is to

partition X into k pairwise-disjoint clusters, P = {p1, . . . , pk} [38]. The k-Shape clustering
algorithm performs two important steps:

(1)
→
x = (x1, . . . , xm) and

→
y = (y1, . . . , ym), which are two sequences in the dataset,

which can be properly aligned or not. Shape-based distance (SBD) is calculated to measure
time series similarity, where the SBD is as follows:

SBD
(→

x ,
→
y
)
= 1−max

ω

 CCω

(→
x ,
→
y
)

√
R0

(→
x ,
→
x
)
·R0

(→
y ,
→
y
)
 (1)

where CCω

(→
x ,
→
y
)

is the cross-correlation sequence with length 2m − 1, defined as follows:

CCω

(→
x ,
→
y
)
= Rω−m

(→
x ,
→
y
)

, ω ∈ {1, 2, . . . , 2m− 1} (2)

Rω−m

(→
x ,
→
y
)
=

{
∑m−k

l=1 xl+k·yl , k ≥ 0
R−k

(→
y ,
→
x
)

, k < 0
(3)

where ω is the position at which CCω

(→
x ,
→
y
)

is maximized; m is the time series length.
SBD takes values between 0 and 2, with 0 indicating perfect similarity for time

series sequences.
(2) Based on the principle of minimizing the sum of squares of the SBD from each

sequence in the cluster to the centroid, the centroid
→
µk
∗

is found. The centroid is an average
sequence in the context of clustering that is defined as follows:

→
µk
∗
= argmax

→
µk

∑→
xi∈Pk

 maxωCCω

(→
xi,
→
µk

)
√

R0

(→
xi,
→
xi

)
·R0

(→
µk,
→
µk

)


2

(4)

Clustering is achieved by loop iteration. In every iteration, k-Shape performs two
steps: (i) the algorithm updates the cluster memberships by comparing each time series
to all computed centroids and by assigning each time series to the cluster of the closest
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centroid; (ii) the cluster centroids are updated to reflect the changes in cluster memberships
in the previous step. k-Shape clustering repeats these two steps until either no change in
cluster membership occurs or the maximum number of iterations allowed is reached. In
this paper, the tslearn package in Python is utilized to implement the k-Shape clustering of
DTG data [43].

2.3.2. The Complete Ensemble Empirical Mode Decomposition with Adaptive Noise
(CEEMDAN) Method

The CEEMDAN method adds specific white noise to the remaining components of
each scale of the decomposition and obtains the intrinsic mode function (IMF) by calculating
the unique residual. The trend of the ultimate residual after the separation of each IMF
from the original signal is the trend of the original signal [29]. Specific steps include
the following:

(1) Gaussian white noise is added to the original signal, s(t), N rounds of EMD
decomposition are performed, and then the average value is taken to obtain their first
modes, as follows:

IMF1(t) =
1
N ∑N

i=1 E1

(
s(t) + ε0ωi(t)

)
(5)

where Ei(·) is the i-th mode generated via the EMD decomposition of the original signal s(t);
ωi is Gaussian white noise; ε is the proportion of noise added in each decomposition step.

(2) At the first stage (k = 1) the first residue is calculated, as in Equation (6):

r1(t) = x(t)− IMF1(t) (6)

(3) Realizations r1(t) + ε1E1
(
ωi(t)

)
, i = 1, . . . , N, are decomposed until their first

EMD mode, and the second mode is defined as follows:

IMF2(t) =
1
N ∑N

i=1 E1

(
r1(t) + ε1E1

(
ωi(t)

))
(7)

(4) For k = 2, . . ., K, the k-th residue is calculated as follows:

rk(t) = rk−1(t)− IMFk(t) (8)

(5) Realizations rk(t) + εkEk
(
ωi(t)

)
, i = 1, . . . , N, are decomposed until their first EMD

mode, and the (k + 1)-th mode is defined as follows:

IMF(k+1)(t) =
1
N

E1

(
rk(t) + εkEk

(
ωi(t)

))
(9)

(6) Step 4 is revisited for the next k.
Steps 4 to 6 are repeated until the residue cannot be decomposed to obtain the

final residue:
R(t) = s(t)−∑K

k=1 IMFK(t) (10)

with K as the total number of modes. The original signal, s(t), can be expressed as follows:

s(t) = ∑K
k=1 IMFk(t) + R(t) (11)

The trend of R(t) corresponds to the trend of the original signal.
In this paper, the pyEMD package is utilized in Python to implement the CEEMDAN

method [44,45].

2.4. Scenario Analysis Based on Groundwater Numerical Simulation
2.4.1. Groundwater Numerical Simulation Model Setup

The regional hydrogeological conceptual model was developed by analyzing the
hydrogeological conditions and three-dimensional groundwater flow characteristics in the
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study area. The groundwater mathematical model was solved, identified, and verified by
using MODFLOW-USG [46].

Helan County is situated in the central region of the Yinchuan Plain, with its western
boundary adjoining the fault zone at the eastern foot of Helan Mountain. On the eastern
side, it is connected to the Ordos block through the Yellow River fault. The model domain
includes part of the Piedmont Plain and the whole plain irrigation area in Helan County,
and the area is 991.4 km2. The main aquifer is quaternary pore water. In the western
region of the model domain, the Piedmont section of the aquifer consists primarily of
phreatic water, whereas the plain section comprises both phreatic and confined aquifers
within the aquifer system. The implementation of water-saving measures in agriculture
has a more immediate influence on the upper aquifer. Therefore, this study focuses on
the shallow groundwater in which the aquifer floor is buried 60 m underground [47] and
it is generalized into a 1-layer structure vertically in the model. According to the flow
field characteristics and stratigraphic structure in the region, the western Helan Mountain
frontage is defined as the Neumann boundary, the eastern Yellow River is simplified as the
Dirichlet boundary, and the north–south boundary is treated as the general head boundary
(Figure 3).
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The groundwater flow system is generalized to a heterogeneous, isotropic three-
dimensional, unsteady flow system. The mathematical model of groundwater flow can be
described by the following formula:

∂
∂x

(
Kx

∂H
∂x

)
+ ∂

∂y

(
Ky

∂H
∂y

)
+ ∂

∂z

(
Kz

∂H
∂z

)
+ W = µ ∂H

∂t
H|Γ1

= H(x, y, t)

K(H − B) ∂H
∂n

∣∣∣
Γ2

= q(x, y, t)

H|t=0 = H0(x, y)

(12)

where K is the permeability coefficient, m/d; Kx, Ky, and Kz represent the components of
the permeability coefficient along the x axis, y axis, and z axis, respectively; Kx = Ky in this
model; W is the source and sink term per unit volume, m3/(d·m2); µ is specific yield; H is
groundwater level, m; H0 is the initial groundwater level, m; B is the elevation of aquifer



Water 2024, 16, 220 9 of 25

floor, m; q is flow rate per unit area of the Neumann boundary, m3/d; n is the inner normal
on the boundary; Γ1 is the Dirichlet boundary; Γ2 is the Neumann boundary.

The model adopts the 0.4 km × 0.4 km dividing unit, and 6753 computational units in
total are obtained. The simulation period was from January 2016 to December 2018, and
was divided into 36 stress periods in months. The observed groundwater level on 1 January
2016 was taken as the initial condition for the running of the groundwater numerical model.

The parameters involved in the model primarily encompass the permeability coeffi-
cient and specific yield of the aquifer, precipitation infiltration recharge coefficient, canal
system leakage recharge coefficient, and irrigation infiltration recharge coefficient. The
values of these coefficients were established based on the results of the third water re-
sources survey and evaluation in Ningxia Hui Autonomous Region. The zoning of the
permeability coefficient and specific yield is illustrated in Figure 4a. The determination of
the precipitation infiltration recharge coefficient value considers the lithology of the soil
aeration zone, the spatial distribution of annual precipitation, and the annual depth to
groundwater (Figure 4b). The determination of the irrigation infiltration recharge coeffi-
cient value considers the lithology of the soil aeration zone, the spatial distribution of the
depth to groundwater during the irrigation period (April to September; November), and
the irrigation system (Figure 4c). The determination of the canal system leakage recharge
coefficient requires a consideration of various factors, such as the lining rate, canal length,
main branch canal, lithology beneath the canal bed, and groundwater depth. It has been
determined as 0.197 within this model. In addition, the limiting evaporation depth of
groundwater is determined to be 3 m, as the dominant lithology of soil in the majority of
the study area is clay sand.
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The specific input format for each source and sink item in MODFLOW is as follows:
The RCH package was used to implement precipitation infiltration and irrigation infil-
tration, while the EVT package simulated phreatic evaporation. “Specified Flow” inputs
were used to incorporate recharge from the canal system leakage and Piedmont recharge,
whereas the Yellow River was represented as a “Specified Head” input. The DRN pack-
age was applied to treat drain ditches. In the study area, the exploitation of shallow
groundwater is limited to scattered instances rather than being widespread. In this model,
groundwater extraction is simulated using the RCH package.

2.4.2. Water-Saving Scenario Scheme Setting

Agricultural water-saving measures include both engineering and non-engineering
measures, namely canal lining, water-efficient irrigation transformation, and plant struc-
tural adjustment. It should be noted that the planting structure of crops in the region is
mainly rice and vegetables with high water consumption. The planting area of rice is
the largest. Therefore, the primary focus of plant structural adjustment lies in reducing
the rice cultivation area and increasing the cultivation area of maize, which exhibits low
water consumption.

In this study, 2017 was chosen as the baseline year, and the water-saving scenarios
were set via the combination of engineering and non-engineering water-saving measures.

The baseline year situation of the Helan Irrigation District is as follows: the total
planting area was 731,900 acres, including 191,430 acres of rice, 105,520 acres of vegetables,
71,220 acres of wheat, 60,300 acres of maize, 28,010 acres of intercropped maize and
275,420 acres of other crops; in terms of the water use index, the proportion of water-
efficient irrigation areas to effective irrigation areas was 20.8% in the Yellow River irrigation
area and 58% in the pumps-up Yellow River irrigation area; the canal water utilization
coefficient is 0.605; the rice irrigation quota is 1000 m3 of irrigation water per acre of rice [48];
the WSR is 21%.

Based on the situation of the baseline year, with a focus on promoting water-saving
development, the engineering water-saving measures were set as follows: (1) the canal
water utilization coefficient was increased from the current 0.605 to 0.62 and 0.64; (2) the
proportion of water-efficient irrigation areas to effective irrigation areas was increased to
30%, 35%, and 40% in the Yellow River irrigation area and 70%, 80%, and 90% in the pumps-
up Yellow River irrigation area concerning the “Helan County Water saving Plan” [49].
The non-engineering water-saving measures were set as follows: (1) the rice planting area
was reduced by 50% and 75% and changed to maize; (2) according to the “Agricultural
Irrigation Water Quota of Ningxia” and the actual irrigation experience, the irrigation quota
for the remaining rice area was reduced from 1000 m3 to 790 m3 of irrigation water per acre
of rice. The aforementioned measures were complemented by 12 water-saving scenarios,
as illustrated in Table 1. The water-saving scenario scheme indicates the comprehensive
implementation of three water-saving measures. Taking Z1 as an example, the canal water
utilization coefficient of Z1 is set at 0.62. In the Yellow River irrigation area, water-efficient
irrigation areas account for 30% of effective irrigation areas, while in the pumps-up Yellow
River irrigation area, this proportion is 70%. Additionally, there is a conversion of 50%
of the rice planting area into one of maize cultivation, and the irrigation quota of rice is
790 m3 of irrigation water per acre.
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Table 1. Water-saving scenario schemes in the Helan Irrigation District.

Water-Saving Measures
Water-Saving Scenario Schemes

Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11 Z12

Canal lining 0.62
√ √ √ √ √ √

0.64
√ √ √ √ √ √

Water-efficient irrigation
transformation

30%; 70%
√ √ √ √

35%; 80%
√ √ √ √

40%; 90%
√ √ √ √

Plant structural
adjustment

50%
√ √ √ √ √ √

75%
√ √ √ √ √ √

Notes: In the column “Canal lining”, the numbers denote the canal water utilization coefficient; in the column
“Water-efficient irrigation transformation”, the front number denotes the proportion of water-efficient irrigation
areas to effective irrigation areas in the Yellow River irrigation area and the back number denotes the proportion
in the pumps-up Yellow River irrigation area; in the column “Plant structural adjustment”, the numbers denote
the proportion of the rice planting area converted into one of maize planting.

2.5. Optimization Scenario Scheme Evaluation Indices

The determination of the agricultural water-saving threshold necessitates the selec-
tion of an optimal scenario scheme that exemplifies superior water-saving practices. The
groundwater resources in the study area primarily depend on recharge from canal leak-
age and infiltration through irrigation. The implementation of agricultural water-saving
measures is expected to result in a reduction in groundwater recharge and an increase
in the DTG. An excessive DTG in irrigated areas will give rise to significant ecological
and environmental issues. It is crucial to maintain the DTG within a rational range. The
ecological groundwater table depth (EGTD) serves as a pivotal indicator for the assessment
of ecosystem health in arid and semi-arid regions. In addition, the implementation of
agricultural water-saving measures has effectively curtailed agricultural water demand,
with the WSR serving as an instrumental index to reflect the efficacy of agricultural water
conservation. Therefore, the CAEGTD and the WSR were chosen as the evaluation indices
in this study. The optimal scheme is characterized by a larger CAEGTD and a smaller WSR.

The DTG of each water-saving scenario is determined by subtracting the simulated
groundwater level from the surface elevation, followed by spatial interpolation to calculate
the area within EGTD as CAEGTD.

The concept of EGTD refers to the dynamic range of DTG that can adequately satisfy
the water requirements for plant growth and development. Its upper limit is the DTG
to prevent soil salinization, and its lower limit is the DTG to avoid situations that jeop-
ardize crop growth or lead to desertification in irrigated areas. When the DTG is less
than the upper limit of EGTD, the soil is susceptible to salinization. Conversely, when it
exceeds the lower limit of EGTD, it may impact the normal growth of crops or lead to soil
desertification [9,50–52]. The determination of the EGTD is based on field investigations
and a comprehensive consideration of previously obtained relevant results. According to
the local crop growth period, four periods were identified for determining the EGTD in
the region. As shown in Table 2, during the period from thawing to summer irrigation
(March to April), the EGTD is maintained at 2.0–3.0 m, resulting in a reduction in the
topsoil salt content to 0.1–0.2% and controlling topsoil water content in the 0–20 cm layer
at 16–18%, ensuring high crop yield without desertification [53]. During the crop growth
period (May–August), the EGTD ranged from 1.2 to 1.8 m, meeting the normal water
requirements of crops while maintaining a favorable ecological environment in the root soil
layer; from the end of irrigation until winter irrigation (September to October), a EGTD of
1.5–2.5 m was maintained primarily to minimize the soil salt return rate. Similarly, during
winter irrigation until thawing next year (November to the following February), a EGTD
of 1.5–2.2 m was maintained by controlling the DTG at the freezing onset to reduce salt
accumulation within cultivated layers [53–57].
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Table 2. Thresholds of the EGTD during the crop growth period in the Helan Irrigation District.

Periods
Range of the EGTD/m

H*
u−H*

l

Thawing to summer irrigation
(March–April) 2.0–3.0

Crop growth period
(May–August) 1.2–1.8

Cessation of irrigation to winter irrigation
(September–October) 1.5–2.5

Winter irrigation until the following year’s thawing season
(November–the following February) 1.5–2.2

Notes: H∗u denotes the upper limit of EGTD; when the DTG is less than H∗u , the soil is susceptible to salinization.
H∗l denotes the lower limit of EGTD; when the DTG is more than H∗l , the soil is under soil desertification.

The WSR is defined in the following manner:

WSR =
WD−WS

WD
× 100% (13)

where WD is the total water demand of each scheme, 108 m3; WS is the total water supply
of each scheme, 108 m3.

3. Results
3.1. Classification of Wells Based on Cluster Analysis

The elbow method refers to the point at which the ‘Distortion’ abruptly decreases
and then stabilizes, indicating the optimal number of clusters. According to the elbow
method of clustering analysis, the 11 groundwater observation wells in the Helan Irrigation
District can be classified into four clusters by using the k-Shape method (Figure 5). The
DTG variation in the observation wells within each cluster exhibits a consistent trend from
January 1995 to December 2018 (Figure 6).
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The groundwater observation wells within each cluster exhibit distinct spatial zoning
characteristics. Cluster 1 comprises well SHE-5, situated in the eastern part of the irrigated
area and adjacent to the Yellow River. Cluster 2 consists of wells AHE3-2 and SHE-10,
located in the southwest near the urban area of Yinchuan. Cluster 3 encompasses wells
AHE1-4, AHE2-4, AHE3-4, and SHE-6, positioned in the central region of the irrigated area.
Lastly, cluster 4 includes wells AHE1-3, SHE-1, SHE-3, and SHE-4, which are found in the
northwest (Figure 7).
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3.2. Trend Analysis of Depth to Groundwater

The trends in monthly average DTG data for four cluster observation wells from 1995
to 2018 were analyzed using the CEEMDAN method. The proposed method utilizes the
DTG data as a time series signal and decomposes it into multiple intrinsic mode functions
(IMFs) along with a residual signal. Notably, the residual signal exhibits trends consistent
with the original signal. The results indicate that the DTG variation in cluster 1 remains
essentially stable, while in cluster 2 it is stable before 2003 and exhibits a rapid increase
thereafter. In cluster 3, the DTG variation remains stable before 2003 and shows a gradually
increasing trend afterward. As for cluster 4, it experienced a slow decrease from 1995
to 2003 followed by an increase after that period (Figure 8). Furthermore, the evidence
provided by the DTG interval proportions of these four clusters from 1995 to 2018 supports
the aforementioned findings (Figure 9).

Water 2024, 16, x FOR PEER REVIEW 15 of 25 
 

 

3.2. Trend Analysis of Depth to Groundwater 
The trends in monthly average DTG data for four cluster observation wells from 1995 

to 2018 were analyzed using the CEEMDAN method. The proposed method utilizes the 
DTG data as a time series signal and decomposes it into multiple intrinsic mode functions 
(IMFs) along with a residual signal. Notably, the residual signal exhibits trends consistent 
with the original signal. The results indicate that the DTG variation in cluster 1 remains 
essentially stable, while in cluster 2 it is stable before 2003 and exhibits a rapid increase 
thereafter. In cluster 3, the DTG variation remains stable before 2003 and shows a gradu-
ally increasing trend afterward. As for cluster 4, it experienced a slow decrease from 1995 
to 2003 followed by an increase after that period (Figure 8). Furthermore, the evidence 
provided by the DTG interval proportions of these four clusters from 1995 to 2018 sup-
ports the aforementioned findings (Figure 9). 

  
(a) (b) 

  
(c) (d) 

Figure 8. The CEEMDAN decompositions of 4 clusters: (a) cluster 1, (b) cluster 2, (c) cluster 3, and 
(d) cluster 4. 
Figure 8. The CEEMDAN decompositions of 4 clusters: (a) cluster 1, (b) cluster 2, (c) cluster 3, and
(d) cluster 4.
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3.3. Identification and Validation of Groundwater Numerical Model

The MODFLOW model employs January 2016 to December 2017 as the identification
period and January to December 2018 as the verification period. The hydrogeological
parameters of the model were adjusted to minimize the discrepancy between the observed
and computed groundwater levels of 11 groundwater observation wells from January 2016
to December 2017, ensuring an error tolerance of 0.5 m. The hydrogeological parameter
zoning and adjusted parameter values are illustrated in Figure 4a and Table 3.

Table 3. The parameter values after identification.

Parameters Zone Kx = Ky
m/d

Kz
m/d Sy

1 35 0.0023 0.3
2 25 0.0018 0.25
3 3 0.00003 0.1
4 12 0.00012 0.2
5 7.2 0.00072 0.18
6 7 0.0007 0.16
7 10 0.001 0.15

Notes: Kx and Ky denote the horizontal permeability coefficients, Kz denotes the vertical permeability coefficient,
and Sy represents the specific yield.

All source and sink items from January to December 2018 are inputted into the model
to assess the suitability of the selected parameters. The comparison between the observed
and simulated groundwater levels of some observation wells is shown in Figure 10. An
error analysis was performed by employing the observed data and simulated results from
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11 groundwater observation wells (Figure 11). The observed and computed values of the
groundwater table level demonstrate an R2 of 0.993 and an RMSE of 0.43.
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February as the month with the lowest groundwater level and August as the month
with the highest groundwater level in 2018 were selected as typical months, facilitating a
comparative analysis of the actual and simulated flow fields of groundwater. The simulated
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flow field demonstrates a consistent alignment with the overall flow direction of the
actual flow field, as illustrated in Figure 12. Based on the aforementioned comprehensive
analysis, it can be deduced that the model provides an adequate representation of the
actual groundwater dynamics within the study area. Consequently, it can be employed to
simulate the groundwater dynamics under various water-saving scenario schemes.
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3.4. Determination of the Agricultural Water-Saving Measure Thresholds Based on Groundwater
Numerical Simulation

The groundwater numerical simulation of each water-saving scenario scheme was
carried out to obtain the groundwater level after the implementation of each scheme, which
was calculated and spatially interpolated to obtain the CAEGTD and its average value in
four periods during the crop growth period. As Table 4 shows, compared with the baseline
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year, the implementation of comprehensive agricultural water-saving measures increased
the CAEGTD and its average value in four periods during the crop growth period and
decreased the WSR. However, compared with different schemes, the WSR and the CAEGTD
did not show a single changing trend with the strengthening of water-saving measures.
The WSR always showed a decreasing trend, while the CAEGTD increased first and then
decreased. The findings suggest that the advancement in implementing agricultural water-
saving measures may result in an abnormal groundwater level, underscoring the crucial
need to establish thresholds for such measures.

Table 4. The CAEGTD within the context of water-saving scenario schemes (km2).

Water-Saving
Scenario
Schemes

Thawing to
Summer

Irrigation

Crop Growth
Period

Cessation of
Irrigation to

Winter
Irrigation

Winter Irrigation
Until the Following

Year’s Thawing
Season

Average of
Four Periods

The Growth Rate of
the CAEGTD

Compared to the
Baseline Year (%)

WSR (%)

March–April May–August
September–

October
November–The

Following February

Baseline year 250.95 93.24 251.65 160.97 189.20 — 21.00

Z1 269.26 93.81 254.29 165.01 195.59 3.38 7.34
Z2 276.05 96.59 261.18 172.06 201.47 6.48 4.49
Z3 273.54 93.37 253.95 165.01 196.47 3.84 6.51
Z4 273.23 96.66 260.53 170.17 200.15 5.79 3.64
Z5 270.07 94.82 257.45 167.70 197.51 4.39 5.66
Z6 275.46 96.40 260.17 171.12 200.79 6.12 2.77
Z7 279.50 96.74 260.59 174.80 202.91 7.24 5.41
Z8 276.93 95.81 259.03 174.26 201.51 6.50 2.51
Z9 279.50 96.87 261.70 174.62 203.17 7.38 4.54

Z10 277.66 96.17 258.82 173.27 201.48 6.49 1.62
Z11 279.55 97.13 260.92 175.09 203.17 7.38 3.66
Z12 276.78 95.71 258.59 173.79 201.22 6.35 0.71

According to the average value of the CAEGTD throughout the entire crop growth
period, it was noteworthy that both the Z9 and Z11 schemes exhibit the highest values,
reaching 203.17 km2. The comparison between the Z11 and Z9 schemes revealed that the
CAEGTD values of the Z11 scheme, during three distinct periods—thawing to summer
irrigation (March–April), crop growth period (May–August), and winter irrigation until the
next year before thawing (November–February)—were found to be 279.55 km2, 97.13 km2,
and 175.09 km2, respectively. Notably, all these values were observed to be larger than
those obtained from the Z9 scheme. The WSR of the Z11 scheme was 3.66%, which was
lower than that of the Z9 scheme at 4.54. Additionally, in comparison to the baseline
year’s WSR of 21%, significant mitigation has been achieved in the agricultural water
shortage. Therefore, the Z11 scheme is deemed as the optimal approach. The thresholds for
implementing agricultural water-saving measures are as follows: a canal water utilization
coefficient of 0.62; the proportion of water-efficient irrigation areas to effective irrigation
areas accounting for 40% in the Yellow River irrigation area and 90% in the pumps-up
Yellow River irrigation area; and a reduction of 75% in the rice planting area.

4. Discussion

The monthly average values of observed DTG from 1995 to 2018 for the four cluster
observation wells were further analyzed to examine the annual dynamics of DTG. As shown
in Figure 13, the annual dynamics of DTG in the Helan Irrigation District are primarily
influenced by agricultural irrigation. The hydrological characteristics of the region are
distinguished by the influence of spring and winter irrigation, with a shallow DTG from
May to August and November. Furthermore, in the analysis of water-saving scenario
schemes, the CAEGTD values for each scheme indicated a higher magnitude during the
thawing to summer irrigation period (March–April) compared to the stopping irrigation to
winter irrigation period (September–October), followed by winter irrigation until the next
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year before thawing (November–February), and finally, during the crop growth period
(May–August). This phenomenon also signifies the impact of irrigation on groundwater
levels, wherein substantial recharge from irrigation occurs during May to August and
November, subsequently leading to a shallower DTG. The investigations conducted by
ZHAI et al. [9], CHENG et al. [50], Ruan et al. [58–60], and LUO et al. [60] in the Qingtongxia
Yellow River Irrigation District and on the Yinchuan Plain also demonstrate that irrigation
significantly influences the annual groundwater dynamics in the region, resulting in a
decrease in DTG during the irrigation period and an increase during the non-irrigation
period. The annual dynamics of DTG also support that the implementation of agricultural
water-saving measures has a significant impact on groundwater dynamics in the Helan
Irrigation District.
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JIANG et al. [61] posited that the quantity of yellow water diversion constituted
the primary influencing factor on DTG fluctuations in the Qingtongxia Irrigation area.
Meanwhile, FAN et al. [62] contended that variations in DTG within Pingluo County’s
high- and middle-DTG distribution areas were predominantly influenced by yellow water
diversion quantities, thereby substantiating that dynamic changes in DTG within the study
region were primarily driven by canal leakage and irrigation infiltration recharge. The
analysis conducted by ZHAI et al. [9] and Li et al. [59] further corroborates these findings
regarding the contribution rates of driving factors on DTG. Therefore, the implementation
of agricultural water-saving measures has resulted in a reduction in canal leakage and
recharge through irrigation, leading to a gradual increase in DTG. However, the increased
amplitude and pattern of DTG exhibit variations in regions where the four clusters are
situated. LUO et al. [60] classified the dynamic types of groundwater in Yinchuan Plain
into runoff type, rainfall–evaporation type, irrigation type, and exploitation type and
investigated their spatial distribution. The findings indicate that the DTG remains stable for
the runoff, rainfall–evaporation, and irrigation types; however, it progressively increases
over time for the exploitation type. In this study, cluster 1 and cluster 3 are situated within
the area of the irrigation type, while cluster 4 is located in the zone characterized by the
rainfall–evaporation type, and cluster2 is positioned within the exploitation type zone.
The variation trend of the DTG in each cluster aligns with the findings reported by LUO
et al. [60]. Furthermore, the phenomenon suggests that the DTG evolution trend in the
irrigated area is generally influenced by agricultural water-saving measures; however,
the dominant factors vary across different regions, which may be attributed to regional
characteristics. The region in which cluster 1 is situated lies in close proximity to the Yellow



Water 2024, 16, 220 21 of 25

River. According to the data from 2008 to 2018 at two hydrological stations in Gaoren
Town and Shiba, regarding the Yellow River level, it can be observed that the variation
range remains within a margin of 1 m. The influence of the Yellow River weakens the
evolutionary trend of DTG in cluster 1. Cluster 2 is located near the Yinchuan urban
area. The escalating extraction of groundwater for urban and industrial purposes has
accelerated the declining trend of DTG in this region. The DTG in the area where the 3
and 4 clusters are located generally exhibits a consistent increasing trend, although the
specific variation pattern is likely influenced by factors such as water conservation practices
and irrigation techniques employed during each year. Further investigation is warranted
to comprehensively understand these dynamics. The water-saving planning of irrigated
areas should take into account the regional DTG characteristics to determine appropriate
water-saving measures.

The impact of canal lining on DTG variation is generally greater than that of planting
structure adjustment and water-efficient irrigation transformation, as indicated by the
simulation results of water-saving scenario schemes (Figure 14). The amount of groundwa-
ter recharged by canal leakage is approximately twice that of groundwater recharged by
irrigation infiltration [8,9], thus emphasizing the significant impact of canal system lining
on DTG. The aforementioned findings should be taken into consideration when discussing
the appropriate water-saving measures in regions where various clusters are located. The
distribution areas of clusters 1 and 3 are the primary regions for rice cultivation in the Helan
Irrigation District, warranting prioritized attention towards plant structural adjustment
within these two areas. Priority should be given to the implementation of canal lining
in the distribution area of cluster 4. The implementation of water-saving irrigation trans-
formation has a limited impact on the change of CAEGTD while effectively reducing the
WSR. Considering the regional variations in DTG changes during implementation becomes
less crucial, thus prioritizing its overall application across regions. The WSR of Z11 is
lower than that of Z9 in the two relatively better schemes, while the CAEGTD remains
unchanged, which also supports the previous analysis. The distribution area of cluster 2
should also prioritize water conservation in both domestic and industrial sectors, aiming
to reduce groundwater exploitation and effectively counteract the excessive deepening of
the DTG. The thresholds of agricultural water-saving measures in each cluster distribution
area warrant further investigation.
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5. Conclusions

This study determined the agricultural water-saving measure threshold by employing
a methodology that integrated trend analysis and scenario analysis based on groundwater
numerical simulation. The following conclusions can be drawn:

(1) The 11 groundwater observation wells can be categorized into four clusters using
k-Shape clustering: cluster 1 is situated near the Yellow River; cluster 2 is located adjacent to
the urban area of Yinchuan; cluster 3 is positioned within the central region of the irrigation
district; and cluster 4 is situated in the northwestern part of the irrigation district.

(2) Via the CEEMDAN method, the DTG variation of cluster 1 remains relatively stable
over 24 years; cluster 2 exhibits stability before 2003, followed by a rapid increase thereafter;
cluster 3 demonstrated stability before 2003 and subsequently displayed a gradual upward
trend; cluster 4 experienced a slow decline from 1995 to 2003, but underwent an increase
post-2003.

(3) The average DTG in most areas of the Helan Irrigation District remains below 2 m,
with minimal inter-annual fluctuations. Therefore, agricultural water-saving measures
should be strengthened and water-saving schemes should encompass both engineering
and non-engineering measures.

(4) The Z11 scheme exhibits the highest average value of the CAEGTD, measuring
203.17 km2, throughout the entire crop growth period, accompanied by a lower WSR
of 3.66%.

(5) The thresholds for implementing agricultural water-saving measures are as follows:
the canal water utilization coefficient is set at 0.62; the proportion of water-efficient irrigation
areas to effective irrigation areas should be 40% in the Yellow River irrigation area and 90%
in the pumps-up Yellow River irrigation area; additionally, a reduction of 75% in the rice
planting area is targeted.

The consideration of temporal and spatial trends in groundwater depth is crucial for
developing appropriate water-saving strategies. It is noteworthy that the establishment
of water-saving scenarios in this study is based on the overall DTG trend, allowing for
a comprehensive determination of regional agricultural water-saving thresholds. Since
the DTG trend varies among different clusters, further research is needed to determine
agricultural water-saving thresholds in each region and develop more targeted strategies
based on local conditions.
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