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A B S T R A C T

The sustainable development of groundwater resources in arid and semi-arid regions is a challenging task hin-
dered by climate change and human activities. The rational utilization and management of groundwater re-
sources is, therefore, dependent on an understanding of the influences of human and climatic factors on the 
spatial distribution of groundwater resources and their change over time. The thick Quaternary aquifers in the 
Yinchuan Basin, China were used herein as an example of how to quantitatively assess spatial and temporal 
trends in groundwater resources in response to human activities and climate change. A 3D transient groundwater 
flow model was constructed and used to simulate the evolution and spatial variability of hydrogeological pro-
cesses from 1990 to 2020. By subsequently applying regime shift detection and correlation analysis to the 
simulation results, we found that: 1) groundwater storage was continuously depleted over the 30-year period, 
reaching a cumulative depletion of 1.89×109 m3; 2) human activities were mainly responsible for variations in 
regional hydrogeological processes for a period of up to 30 years. Climate only affected short-term interannual 
fluctuations in groundwater storage; 3) human activities (e.g., river water diversion and groundwater abstrac-
tions) were the decisive factors causing a continuous reduction of groundwater resources. A policy-driven 
reduction in water diversion from the Yellow River directly led to a significant drop in groundwater storage, 
which had a consequent effect on surface water and groundwater interactions and altered agricultural irrigation 
patterns (crop patterns and irrigation methods); 4) the amount of groundwater recharge from the Yellow River 
and local lakes increased from 1990 to 2020, whereas the discharge of groundwater to the Yellow River and lakes 
decreased.   

1. Introduction

Groundwater is a crucial component of regional water cycles and
plays a vital role in regional socio-economic development and ecosystem 
conservation, especially in arid and semi-arid regions characterized by 
scarce precipitation and surface water resources, strong evapotranspi-
ration, and fragile ecosystems. Groundwater is not only an important 
source of domestic, industrial, and agricultural water, but is also critical 
for maintaining ecosystems in arid areas (Wang et al., 2021a). For 
example, the growth of natural vegetation often depends on phreatic 
evapotranspiration, and the maintenance of the water levels, volumes 

and areas of rivers and lakes depends on the balance between ground-
water recharge and discharge (Li et al., 2020a; Ma et al., 2022; Zhou 
et al., 2020). In recent decades, the impact of global climate change and 
human activities associated with rapid socio-economic development on 
hydrogeological processes has become increasingly prominent. Changes 
in climatic factors (e.g., precipitation and evapotranspiration) and 
human activities (e.g., agricultural irrigation and groundwater ab-
stractions) have the potential to substantially affect hydrogeological 
processes and mechanisms (Fu et al., 2019; Liu et al., 2022; Meixner 
et al., 2016; Nofal et al., 2019; Ramos et al., 2020; Shamir et al., 2015; 
Taylor et al., 2013; Vrzel et al., 2019; Xu and Su, 2019). 
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Climate factors, including precipitation and evaporation, affect 
groundwater systems by altering the interactions between groundwater 
and surface water bodies (e.g., lakes and rivers) as well as by affecting 
recharge processes (Carlson et al., 2011; Jyrkama and Sykes, 2007). 
Human activities, in contrast, directly impact groundwater through the 
exploitation of groundwater resources and/or their influence on 
groundwater recharge. In addition, human activities may indirectly 
affect groundwater recharge/discharge as land use/cover is altered 
during the implementation of agricultural development projects, and/or 
by urbanization, among other activities (Zhang et al., 2014). Such 
human induced disturbances may lead to a sharp drop in groundwater 
levels, a change in the water cycle, and/or a deterioration of ground-
water quality (Sekhar et al., 2013). 

In semi-arid farmlands, irrigation return flow and canal leakage may 
greatly contribute to groundwater recharge (Jimenez-Martinez et al., 
2010), especially when a large amount of water from a perennial river 
supplies the irrigation systems (Vallet-Coulomb et al., 2017). Therefore, 
groundwater flow and storage can change in response to alterations in 
agricultural irrigation, land use, and water demand. In this context, 
maintaining the long-term balance of groundwater systems is critical to 
supporting a sustainable economic and ecological environment (Fu 
et al., 2019). Given the complexity of the system, and the wide range of 
factors that may impact groundwater systems, the sustainable man-
agement of groundwater resources is an arduous issue that requires an 
evaluation of hydrogeological processes, an analysis of natural and 
anthropogenic drivers, and an understanding of the mechanisms con-
trolling the regional water cycle. 

Understanding the impacts of environmental change on groundwater 
systems requires, on the one hand, an assessment of the evolution of the 
numerous interacting hydrogeological variables that control the 
groundwater system (e.g., river stages, lake water levels, and lateral 
boundary flow). On the other hand, it is necessary to evaluate alterations 
in climate and human activities that represent the primary controls on 
groundwater (e.g., precipitation, evapotranspiration, crop patterns, the 
intensity of extraction and water allocation policy). However, the proper 
evaluation of different types of variables is often complex and indistin-
guishable as they are related to multiple physical factors with high 
temporal and spatial variability (Pulido-Velazquez et al., 2015). To 
address such research needs, a wide range of approaches have been 
applied, including water balance methods (Li et al., 2020a), statistical 
analyses (Hou et al., 2022; Wang et al., 2018), integrated hydrological 
modelling (MIKESHE, GSFLOW) (Feng et al., 2018), and numerical 
groundwater models (Liu et al., 2021; Ramos et al., 2020; Wang et al., 
2021b; Zhou et al., 2020). Integrated hydrological modelling is often 
difficult to apply to large areas because of its extensive requirements for 
surface information and surface water parameters; it is also difficult to 
achieve a high level of accuracy with such hydrologic models. Numerical 
groundwater simulations are commonly used to evaluate the response of 
groundwater flow processes to climate change and anthropogenic dis-
turbances. A transient groundwater flow model that describes the het-
erogeneous structure of the aquifer can provide important insights for 
the accurate evaluation, regulation, and management of groundwater 
resources. However, it is a challenge to characterize the heterogeneity of 
complex multi-layer hydrogeological structures in finite-difference grids 
with reasonable partitioning and stratification (Burns et al., 2010). The 
Hydrogeologic Unit Flow package (HUF) (Anderman and Hill, 2000) of 
MODFLOW-2005 (Harbaugh, 2005; Hill et al., 2000) can address this 
challenge. HUF allows hydrogeological units to be defined indepen-
dently of model layers, eliminating the need to determine how to 
delineate model layers to match highly heterogeneous structures. 

The Yinchuan Basin is an important food production area located in 
the arid and semi-arid region of northwest China. Due to the lack of local 
surface water resources and precipitation, socio-economic water de-
mand mainly depends on the diversion of water from the Yellow River. 
More frequent droughts accompanied by a reduction in river flows have 
resulted in a lower water supply. As a result, groundwater abstractions 

from local and regional aquifers now serve as a secondary and stable 
source of water in the Yinchuan Basin. Moreover, during the past 30 
years, the Yinchuan Basin has experienced accelerated urbanization and 
sustained population growth (NSB, 1991-2020). In 1990, 9.4 million 
people lived in the Yinchuan Basin. The population had grown to 11.1 
million, 15.7 million and 17.5 million by 2000, 2010 and 2019, 
respectively (NSB, 1991-2020). As a result, the demand for groundwater 
for domestic, industrial, and agricultural purposes have (and continue) 
to increase. Moreover, changes in the mechanisms of water diversion, 
irrigation, and land use may have substantially modified hydro-
geological processes. Therefore, the groundwater system of the Yin-
chuan Basin appears to be very sensitive to human activities. 

Recent reductions in Yellow River discharges as a result of climate 
change and intensive human activities have also raised concerns about 
water availability in the Yinchuan Basin. Of particular concern is the 
amount of water that can be allocated from the Yellow River and the 
exploitable amount of groundwater in the coming years. To ensure the 
sustainable utilization of water resources in the Yinchuan Basin, it is 
necessary to investigate the simultaneous response of hydrogeological 
processes to long-term human activities and climate factors and to assess 
trends in the changes in groundwater recharge processes over time and 
space (Nofal et al., 2019). Previous water balance calculations and nu-
merical groundwater simulations in the Yinchuan Basin have mainly 
focused on one or several temporal hydrological years, in which the 
exploitable amount and pollution potential of groundwater were the 
main concern (Li et al., 2020b; Qian et al., 2012; Xu et al., 2015). The 
groundwater response to long-term changes in climate and human ac-
tivities and the complex interactions between the groundwater and 
surface systems have not been systematically studied. 

This study adopts a transient groundwater flow simulation, based on 
the MODFLOW model, to assess the long-term hydrogeological pro-
cesses, and the factors controlling these processes, within the thick un-
consolidated Quaternary aquifers of the Yinchuan Basin from 1990 to 
2020. The main objectives of the study are to: 1) detect the temporal and 
spatial trends in hydrogeological processes; 2) identify the trends and 
abrupt change points in climate change, human activities, and hydro-
geological processes; 3) evaluate groundwater dynamics under the in-
fluence of natural forces (climate) and human-related forces (human 
activities); and 4) explore the response of groundwater-surface water 
interactions to long-term human activities and climate factors. The re-
sults of this study provide science-based information for the rational 
development of groundwater resources, help to design effective mea-
sures to cope with the impact of climate change and human activities, 
and formulate appropriate sustainable groundwater management plans 
in arid and semi-arid basins. 

2. Materials and methods 

2.1. Study area 

The Yinchuan Basin is located in the northern Ningxia Hui Autono-
mous Region of China (Fig. 1). It is bounded by Qingtongxia Canyon to 
the south, the Ordos Platform to the east, and the Helan Mountains to the 
north and west. The basin varies in width from 10 to 60 km, and pos-
sesses a long axis, oriented nearly in a south-north direction, that is 181 
km in length. The basin covers an area of approximately 7088 km2, and 
has an elevation that ranges between 1100 m and 1300 m above sea 
level. Topography dips gently from southwest to northeast. Structurally, 
the Yinchuan Basin is a fault-controlled basin developed during the 
Cenozoic Era. High subsidence rates within the basin have allowed for 
the enhanced deposition of unconsolidated Quaternary sediments (Han 
et al., 2013), which reach about 1700 m in thickness within the center of 
the basin. These sediments become thinner towards the basin’s margins 
(Yang et al., 2018). 

Geomorphologically, the Yinchuan Basin can be subdivided into 
three topographic units, each of which is associated with a distinct 
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sedimentary sequence: 1) A piedmont pluvial plain underlain predom-
inantly by coarse (gravel-sized) sediments; 2) A pluvial-alluvial plain 
underlain by sandy gravel-sized sediments; and 3) An alluvial-lacustrine 
plain underlain by relative fine sediments, consisting primarily of sand, 
silt, and clay. Fine-grained sediments dominated by sandy clays are 
generally found along the piedmont pluvial front. 

The Yinchuan Basin is characterized by arid and semi-arid conditions 
that are associated with a continental climate with sufficient sunshine, 
little rainfall, and strong evapotranspiration. Climatic data within the 
Yinchuan Basin have been collected from 1990 to 2019 at the Yinchuan 
station (Fig. 2). The mean annual precipitation is about 186 mm/a, with 
most rains occurring from May to September. The mean annual evapo-
transpiration is about 1748 mm (measured with a 20 cm evaporating 
dish, E601). Most evapotranspiration occurs between April and 
September. The annual evapotranspiration is about 10 times the annual 
precipitation. The monthly mean temperatures range from − 7 to 24◦C. 
The Yellow River is an important perennial river that flows through the 
Yinchuan Basin from southwest to northeast. It is the most important 
source of irrigation water; irrigation return flow serves as a major source 
of groundwater recharge (Mi et al., 2020). 

Due to the unique geological structure, climate, and hydrogeological 
characteristics of the Yinchuan Basin, an “underground reservoir” of 
pore water exists within the thick unconsolidated Quaternary sediments 
in the basin. Groundwater is mainly recharged by irrigation return flow, 
canal leakage, precipitation infiltration, and lateral groundwater runoff 
from the foothills of the Helan Mountains. Groundwater is also 
recharged directly from the Yellow River, where the river stage is above 
the groundwater level. Groundwater is discharged into surface water 
bodies (including the drains, the Yellow River and lakes), or is lost via 
other outflow components including evapotranspiration and abstrac-
tions. Among these flow routes, irrigation return flow and drainage are 
the most important components effecting recharge and discharge of the 
groundwater system. The dominant groundwater flow direction in the 
study area is generally from the southwest to the northeast and is 
characterized by hydraulic gradients that exceed 0.04%. Beneath the 
northern alluvial-lacustrine plain, groundwater flows to the northeast 
under a hydraulic gradient lower than 0.04% due to the area’s flat-lying 
topography before flowing into the Yellow River (Han et al., 2013). 

Except within the piedmont pluvial plain, the groundwater table in most 
parts of the basin is less than 3 m below the ground surface (Qian et al., 
2014). Most of the lakes in the study area are distributed along linear 
depressions that represent the old route of the Yellow River. These lakes 
possess an obvious oxbow morphology. Other lakes are distributed in 
depressions in front of or between alluvial fans and are irregularly 
shaped (Zhang, 2007). 

Most of the land in the Yinchuan Basin is cultivated for irrigated 
crops consisting mainly of rice, wheat, and corn. To compensate for the 
lack of rainfall, the crops are irrigated during the growing season with 
waters diverted mostly from the Yellow River. Additional irrigation 
water is obtained from groundwater withdrawals. Water from the Yel-
low River is transported from south to north to farmland through a canal 
system. Irrigation return water from the farmland is ultimately dis-
charged back into the Yellow River through a network of drains. 

Numerous water conservancy projects have been implemented in the 
area, most of which were constructed in the 1960s and 1970s. The 
constructed projects were restricted by economic conditions at the time; 
thus, the loss of diversion water by leakage is large. The region’s 
convenient water diversion conditions favoured the use of traditional 
flood irrigation in the study area, an approach that is characterized by 
large water diversions and drainage. Large-scale water diversions for 
irrigation have also resulted in increased groundwater recharge and 
groundwater resources that have maintained local lakes and wetlands. 
Therefore, surface water and groundwater are closely related, leading 
local residents to say that “the water of the Yellow River enriches 
Ningxia”, which comes in the form of local economic development. 
However, as a result of the diversions, runoff in the Yellow River de-
clines significantly after it flows through the Yinchuan Basin. 

2.2. Construction of a conceptual hydrogeological model 

Development of the conceptual model consisted of three steps: 1) 
Construction of a 3D lithological model, 2) Creation of conceptual model 
coverages, and 3) Mapping of the conceptual model to MODFLOW nu-
merical model packages. 

Fig. 1. Location of the Yinchuan Basin in A) China; B) the Ningxia Hui Autonomous Region; and C) the Yinchuan Basin.  
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2.2.1. A three-dimensional lithological model 
A 3D lithological model of the study area was built using an inte-

grated approach that had previously been used to construct a hydro-
geological structure model of the basin’s thick unconsolidated sediments 
(Li et al., 2021). The 3D lithological model is based on multiple sources 
of data (including borehole surface elevation data, borehole lithology 
data, audio-frequency magnetotelluric data (AMT), and lower boundary 
elevation data) for the Quaternary sediments that were integrated using 
several methods including Sequential Gaussian Simulation and Natural 
Neighbor Interpolation. The integrated geological model reproduces the 
spatial heterogeneity of the basin’s geometric features and repeated 
geometric patterns. 

2.2.2. Conceptual model coverages 
The Groundwater Modeling System 10.4 (GMS10.4) was used to 

create conceptual model coverages, including: 
1) Boundary coverages (arcs and properties). 
The boundaries of the first layer in the Yinchuan Basin were defined 

as general head boundaries. The western boundary adjacent to the Helan 
Mountains was set as a highly permeable boundary that receives a 
supply of bedrock fissure water and terrestrial flood flows from the 
mountains. The boundaries to southwest and south were defined as 
weakly permeable boundaries associated with alluvial fans and a delta, 
respectively. The boundaries for layers 2–11 were generalized as no- 
flow boundaries. A no-flow boundary was also adopted for the bottom 
of the Quaternary sediments (Fig. 3). 

2) Sources/sinks coverages. 
A. Recharge from precipitation (Areal recharge coverage). 
Monthly precipitation data between 1990 and 2020 from 10 mete-

orological stations (Fig. 1) were obtained from the Ningxia Meteoro-
logical Bureau. Thiessen polygons were used to calculate the control 
area of the 10 meteorological stations. The corresponding infiltration 
coefficients (Table 1) were then assigned to different soil types and land- 
use types on the basis of the soil zonation map of the vadose zone (ob-
tained from the Institute of Hydrogeology and Environmental Geology 
of Ningxia). The recharge rate from precipitation was then calculated 
based on different zones using the following equation: 

Pr = I*P (1)  

where Pr (m/d) is the recharge rate from precipitation, P (m/d) is the 
monthly precipitation rate, and I (dimensionless) is the infiltration co-
efficient of the different soil types. 

B. Irrigation return flow (Areal recharge coverage). 
The zonation of irrigation return flow was based on an interpretation 

of administrative divisions, soil types, and land-use types as determined 
from a U.S. Landsat 30 m resolution image of the Yinchuan Basin ac-
quired in 2018 (Xu et al., 2018). The recharge rate for irrigation return 

flow was calculated as: 

Ir = U*I*W/A (2)  

where Ir (m/d) is the recharge rate of irrigation return flow, U (dimen-
sionless) is the effective utilization coefficient of field water, I (dimen-
sionless) is the infiltration coefficient of the different soil types, W (m3/ 
d) is the monthly agricultural water utilization from both the Yellow 
River and groundwater, and A (m2) is the area of each zone. The agri-
cultural water intake for each administrative division was obtained from 
the Ningxia Water Resources Bulletin (NWRD 2000-2020). 

C. Canal leakage (Specified flow coverage). 
The leakage rates of the canals (Fig. 3) were calculated by: 

Cl = Di*(1 − Cu)*Ci (3)  

where Cl (m3/d) is the recharge rate from canal leakage, Di (m3/d) is the 
monthly water diversion from the Yellow River, Cu (dimensionless) is 
the effective utilization coefficient of canal water, and Ci (dimension-
less) is the infiltration coefficient for the canals. Water diversions of each 
canal were obtained from the Ningxia Water Resources Bulletin (NWRD 
2000-2020). 

D. Groundwater abstractions (Well coverage). 
Two types of groundwater abstractions were included in the cover-

ages. The first is the centralized abstractions from the deep aquifer 
(layers 2–3), which was mainly used for industrial and urban water 
supplies. The second includes abstractions from the shallow aquifer 
(layer 1–2); these abstractions were primarily conducted through scat-
tered wells (including hand- and motor-operated wells). The water from 
these wells is mainly used for agriculture and as a rural water supply. 
Where the pumping rate of a well field was not available, the pumping 
rate was defined as the allowable pumping rate of the well field. The 
allowable pumping rate specifies the maximum daily pumping rate for 
each well field. The pumping rates of scattered wells were assigned to 
the model according to the administrative division. The pumping rate of 
each administrative division was obtained from the Ningxia Water Re-
sources Bulletin (NWRD 2000-2020). 

E. Evapotranspiration (ET coverage). 
The evapotranspiration rate of groundwater was estimated on the 

basis of calculated surface evapotranspiration as determined from a 
MOD16 data set. Zonation was then conducted on these estimates of 
evapotranspiration rate. The extinction depth of phreatic evapotrans-
piration was set as 3.1 m. The elevation of the ET surface was set as the 
land surface elevation. 

F. Discharge from drainages (Drain coverage). 
Excess irrigation water was drained and discharged to the Yellow 

River (Fig. 3). Drains were assigned a bottom elevation of 3 m below the 
surface. The conductivities of all drains were set to 12 m/d. 

G. The Yellow River (General head coverage). 

Fig. 2. Average monthly temperature, precipitation, and evapotranspiration over the 30-year study period (1990–2019).  
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The monthly stages of the Yellow River as recorded at the Qing-
tongxia and Shizuishan Stations were obtained for the period of 1990 to 
2020. The monthly Yellow River stages in 2000 were also collected from 
5 additional gauging stations (Yesheng, Wuduizi, Shiba, Hongyazi and 
Gaorenzhen). The conductance of the riverbed material was set to 0.06 
m2/d/m. 

H. Lakes (River coverage). 
The location and geometry of 7 lakes with an area greater than 2.96 

km2 (Fig. 1) in the study area were extracted from remotely sensed 
images (Xu et al., 2018). The conductance of the lakebed material was 
set to 0.01 m2/d/m2. To maintain the stability of the ecological envi-
ronment, the government replenishes the lakes through water diversions 
from the Yellow River. Therefore, the lake areas, water depths, and 
water surface elevation of the 7 lakes are relatively stable and were set as 

fixed values in our model. The head-stages and bottom elevations were 
based on survey data of average lake depth collected by the Institute of 
Hydrogeology and Environmental Geology of Ningxia. The general 
characteristics of the 7 lakes are shown in Table S1 in Supplementary. 

3) Hydrogeological unit properties. 
The initial hydraulic conductivities (horizontal and vertical) were 

assigned to each hydrogeological unit according to the results of 
pumping tests (GSIN, 2016). The initial specific storages and initial 
specific yields of each material were based on the Handbook of Hydro-
geology (CGS, 2012). Those parameters were then calibrated in the 
model (Table 2). 

4) Observation coverage. 
Data from 201 long-term observation wells near Yinchuan City and 

Shizuishan City from 1990 to 2019 were obtained from the Ningxia 
Water Resources Department. Groundwater levels were measured 
monthly in most of these wells. In addition, surveillance measurements 
of groundwater levels were obtained for a large number of production 
and observation wells. In total, data were available for 1180 wells 
distributed in layers 1–3. 

2.3. Construction of the numerical model 

The transient groundwater flow model was established using 
Modflow-2005 (Harbaugh et al., 2017; Harbaugh, 2005). In 1990, the 
observed groundwater levels were relatively stable and precipitation 
was abundant. Therefore, a steady-state simulation for the year 1990 

Fig. 3. Conceptual three-dimensional hydrogeological model showing hydrogeological units, boundary conditions, groundwater sources and sinks, and dis-
cretization across the study area. 

Table 1 
Infiltration coefficients for each soil and land-use type.  

Soil type and land use Infiltration coefficient 

Clay  0.08 
Sand  0.18 
Pebble  0.30 
Cities  0.00 
Lakes and river  0.00 

*The infiltration coefficients were obtained from the Handbook of 
Hydrogeology (CGS, 2012). 
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was first performed to conduct a preliminary calibration of hydro-
geological parameters and determine the initial heads for the transient 
simulation covering the period from 1990 to 2020. 

2.3.1. Model grid and stress period 
A total of 372 monthly stress periods were defined for the simulated 

interval of January 1990 to December 2020. The y (north–south) and x 
(west-east) directions were evenly discretized with a fixed grid size of 
1000 m by 1000 m. This created a model grid of 181 rows and 87 col-
umns. Eleven layers were chosen for the model in the z (vertical) di-
rection. The surface elevation and bottom elevation of the model were 
determined by the 3D geological structure model developed by Li 
(2021). The areal extension of the model layers was truncated by the 
bottom elevation of the basin (Aquaveo, 2017). Since the bottom of the 
model is “bowl-shaped”, the number of grids within each model layer 
decreases sequentially from the top to the bottom. The first layer con-
tains 7185 grid cells; the second layer contains 6891 grid cells. The 11 
layers in total, contain 34,236 active grid cells. The first layer was set as 
unconfined, whereas the remaining layers were set as confined. 

2.3.2. Model packages 
1) Flow package: Hydrogeological unit flow package (HUF). 
The study area is characterized by fluvial-lacustrine sedimentary 

facies (including river channel and flood deposits) that exhibit complex 
and highly heterogeneous geometries which appear in repeated patterns 
(Friend, 1983; Gibling, 2006; Miall, 2006). The Hydrogeological Unit 
Flow (HUF) package was used in MODFLOW-2005 (Anderman and Hill, 
2000) to represent detailed stratigraphic profiles in the finite-difference 
grids. HUF can represent hydrogeological units with variable thickness 
and distribution, while supporting the attribute modeling of numerical 
layers of uniform thickness (Langevin et al., 2008). In general, HUF can 
more effectively describe vertical changes in the hydrogeological 
properties of the sediments than more traditional approaches. 

By using HUF to establish the geometric structure of the hydro-
geological units independently of the model layers, the hydraulic 
properties (Table 2) are directly assigned to hydrogeological units that 
are geometrically distinct from the model layers, rather than to grid 
cells. HUF calculates the effective hydraulic properties of each grid ac-
cording to the top elevation and thickness of the hydrogeological units 
contained in the grids (Anderman and Hill, 2000). 

2) Sources and sinks package. 
The source and sink data used in the conceptual model coverages 

were mapped to MODFLOW packages of the numerical model (Table S2, 
Supplementary). Recharge from both precipitation and irrigation were 
assigned with the Recharge package. Canal leakage and abstractions 
were assigned using the Well package. ET was set by the Evapotrans-
piration package. Drains were defined in the Drain package. The Yellow 
River is in hydraulic contact with the aquifer and was simulated using 
the General Head Boundary (GHB) package. Lakes were simulated using 
the River package. Boundaries were set using the GHB package. 

2.3.3. Model calibration 
The hydrogeological parameters were calibrated manually based on 

data from the 201 long-sequence observation wells and the 979 wells 

where surveillance measurements of groundwater levels were obtained 
for different years and months. Calibration was conducted by adjusting 
several hydrogeological parameters within hydrogeologically reason-
able limits until the simulated groundwater levels matched the observed 
groundwater levels. The mean absolute error (MAE), root mean squared 
error (RMSE), and coefficient of determination (R2) were selected as 
indicators of goodness of fit. 

2.4. Statistical analysis methods 

Detection of shifts in means is the most common method used to 
identify abrupt change points. A Regime Shift Detection analysis 
(Rodionov and Overland, 2005), based on a sequential t-test analysis of 
regime shifts (STARS), was used to statistically detect the regime 
changes in major sources and sinks, such as total inflow, water di-
versions, groundwater abstractions and recharge from precipitation 
during the period from 1990 to 2020. With a target significance level of 
0.05, the cut-off length and the Huber’s Tuning constant was set to 3 
years and 2, respectively (Table 4 in Section 4.1). In addition, a Pearson 
correlation coefficients matrix was used to conduct the bivariate cor-
relation analysis of the four above sources and sinks influencing 
groundwater storage at the significance levels of 0.01 and 0.05. 

3. Results 

3.1. Calibration of the groundwater flow model 

Fig. 4 shows the relationship between simulated and observed hy-
draulic heads of all observation wells located in layers 1–3 in August 
1996 and August 2014. A sharp drop in groundwater storage occurred in 
2003 (Fig. 10-c in Section 3.3.1); therefore, before and after 2003 were 
selected to represent higher and lower steps in groundwater levels, 
respectively. The scattered data points for the two stress periods lie close 
to the diagonal line. MAE, RMSE, and R2 were 1.967 m, 2.656 m, and 
0.942 in August 1996, and 1.866 m, 2.499 m, and 0.972 in August 2014. 
The error, then, is acceptable given that the difference between the 
highest groundwater level and the lowest groundwater level in the 
entire basin was about 90 m. That is, after manual calibration, the 
calculated heads were generally consistent with the observed heads 
during the two typical stress periods of before and after 2003. In other 
words, the model effectively simulated the groundwater dynamics of the 
modeled aquifers and could reproduce the long-term spatial distribution 
of groundwater levels and the regional characteristics of the hydro-
geological processes. The calibrated hydrogeological parameters are 
shown in Table 2. 

Typical long-term observation wells in both layer 1 and layer 2 of 
Yinchuan City and Shizuishan City are shown in Fig. 5 and Fig. 6. 
Although the long-term trends in observed and computed heads are 
similar, seasonal fluctuations in the computed heads were smaller than 
the observed heads. A further decrease in storage parameters led to dry 
cells in the top model layer, which may be related to seasonal variations 
in irrigation return flow and groundwater abstractions. Furthermore, 
there is a large discrepancy between the observed and simulated 
groundwater levels. This discrepancy in the shallow aquifer can mainly 

Table 2 
Initial and calibrated hydraulic conductivities, specific storages and specific yields.  

Materials Initial parameters Calibrated parameters 

Kh 

(m/d) 
Kv 

(m/d) 
Ss Sy Kh 

(m/d) 
Kv 

(m/d) 
Ss Sy 

Clay  0.5  0.00100  0.00010  0.10  0.1  0.00050  0.00008  0.09 
Fine sand  4.0  0.02000  0.00020  0.15  5.0  0.02564  0.00031  0.10 
Coarse sand  10.0  0.20000  0.00030  0.25  10.0  0.18182  0.00033  0.11 
Clay mixed with gravel  3.0  0.30000  0.00035  0.28  3.0  0.05660  0.00034  0.12 
Pebble  24.0  0.60000  0.00050  0.30  30.0  0.60000  0.00036  0.20  
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be attributed to inaccurate estimations of irrigation return flow and 
canal leakage. In the confined aquifer, groundwater abstractions were 
obtained from annual water resources bulletins which contain large 
uncertainty. 

3.2. Evolution of regional groundwater levels 

3.2.1. Inter-annual groundwater level dynamics 
The highest groundwater levels in the shallow aquifer occur in the 

piedmont pluvial plain in the west and the area of pluvial-alluvial fans in 
the south. The main groundwater flow direction is from southwest to 
northeast and is consistent with the change in topography. The 
groundwater flow direction beneath the piedmont pluvial plain and the 
pluvial-alluvial plain in the west is from west to east. Interannual vari-
ations in groundwater levels were not significant (Fig. 7). 

The spatial distribution of groundwater levels in the deep aquifers 
(layers 2–3) is, overall, consistent with that in the shallow aquifer. Local 
differences in groundwater levels are primarily associated with 
concentrated areas of groundwater abstractions in Yinchuan City and 
Shizuishan City, which have created cones of depression (Fig. 8). In the 
early 1990s, such cones of depression did not exist in Shizuishan City. 
However, a long-term cone began to form in 1995, and with an increase 
in the pumping rate, the area of the cone gradually increased from 9 km2 

in the mid-1990s to 80 km2 in 2010. After 2010, the area of the cone in 
Shizuishan City began to gradually decrease, and by 2020, it had 
returned to its size in the 1990s. Around 2006, two small cones of 
depression related to groundwater pumping appeared on the east side of 
Shizuishan City and remained stable. As for Yinchuan City, its cone of 
depression has gradually expanded from an area of 50 km2 in the 1990s 
to five groups of smaller cones, each with an area of about 30–40 km2 in 
2020. 

Where irrigation activities occur over the shallow aquifers, the sea-
sonal variations in groundwater level were more pronounced than in the 
deep aquifer. Over the 30-year period, groundwater levels remained 
relatively stable compared to the deep aquifers. The changes in 
groundwater levels that did occur in layer 1 varied spatially over the 
area. Beneath the western piedmont pluvial plain of Yinchuan City, the 
groundwater levels continued to decline over the 30-year study period in 
the shallow aquifer (Fig. 5-a). In the eastern part of Yinchuan City, 
changes in groundwater levels slowed over the 30 years (Fig. 5-b, c). In 
the western section of Shizuishan City, groundwater levels in the 
shallow aquifer initially remained stable, but have declined between 
2000 and 2010. After 2010, groundwater levels gradually recovered to 

that which existed before 2000 (Fig. 5-d, e). In the southern part of 
Shizuishan City, groundwater in the shallow aquifer declined slowly 
(Fig. 5-f). 

In deep aquifers (layers 2–3) where groundwater exploitation is 
concentrated, the groundwater levels declined continuously, with less 
seasonal variation compared to the shallow aquifers. In the vicinity of 
the well fields west of Yinchuan City, the groundwater levels gradually 
recovered from 1090 m in the 1990s to 1100 m in 2020 (Fig. 6-a). North 
of Yinchuan City, the groundwater level declined slowly before 2005, 
but from 2005 to 2020, the groundwater level dropped sharply, and 
were superimposed on by relatively small seasonal fluctuations (Fig. 6- 
b). In the northeastern part of Yinchuan, groundwater levels remained 
stable (Fig. 6-c). The groundwater levels in the deep aquifer south of 
Shizuishan City declined continuously (Fig. 6-d). Within the cone of 
depression in the western part of Shizuishan City, the groundwater level 
in the deep aquifer decreased from 1990 to 2010. Since 2010, it has 
begun to recover to the level before 2000 (Fig. 6-e, f). 

3.2.2. Seasonal groundwater level variations 
The seasonal variations in groundwater levels in the shallow layer 

were generally higher than that in the deep aquifers. The average am-
plitudes of groundwater level fluctuations in the central and northern 
parts of the study area were about 2 m and 1.5 m, respectively. Larger 
amplitudes of variation (~4 m) occur in the south, most likely in 
response to a larger amount of irrigation, which allows significant excess 
irrigation return flow to infiltrate and replenish the shallow 
groundwater. 

The annual variations in groundwater levels, water diversions (Zhao 
et al., 2015), the irrigation period, precipitation, and evapotranspiration 
are compared for Well 1–7 in Fig. 9 as an example of the changes in the 
shallow aquifer. The annual dynamics of the groundwater levels in the 
irrigated area are significantly affected by the irrigation activities and 
water diversion processes. For example, seasonal fluctuations in 
groundwater levels in the shallow aquifer are temporally consistent with 
the cycle of irrigation and water diversions from the Yellow River, and 
can be subdivided into four stages: 1) a period of no irrigation that oc-
curs before the beginning of spring irrigation (December to March); the 
groundwater is at the lowest levels; 2) a period of irrigation, which 
begins with the onset of water diversions in late April, at which time 
groundwater levels begin to rise. The amount of water diverted from the 
Yellow River increases in May and August, resulting in the highest 
groundwater levels which correspond to a period of maximum irriga-
tion; 3) an intermittent period of irrigation in late September and late 

Fig. 4. Scatter plots of observed versus computed hydraulic heads: a) in Aug. 1996; b) in Aug. 2014.  
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October, during which the amount of water diversions from the Yellow 
River decreases, and groundwater levels begin to drop; and 4) a period 
of winter irrigation extending from late October to late November. 
Winter irrigation is carried out for soil salt leaching and moisture stor-
age. The groundwater level rises again to a level similar to that during 
the irrigation period. 

Of the four factors discussed above, the correlation between the 
groundwater levels and water diversions is strongest with a correlation 
coefficient of 0.928, which is significant at the 0.01 level (Table 3). 

Climate factors show moderate correlation with groundwater levels and 
water diversions, and are significant at the 0.05 and 0.01 level, 
respectively. Recharge from precipitation may contribute to higher 
groundwater levels during the rainy season. However, relatively high 
evapotranspiration should result in lower groundwater levels. There-
fore, climate factors have less effect on groundwater levels. 

The seasonal fluctuations in groundwater levels exhibited the same 
pattern throughout the study area; however, the amplitude of the 
groundwater level fluctuations varied spatially. This spatial variation 

Fig. 5. Fitting curves of computed heads (black) to observed heads (red) at typical observation wells in layer 1; a) Well 1–1 in Yinchuan; b) Well 1–2 in Yinchuan; c) 
Well 1–3 in Yinchuan; d) Well 1–4 in Shizuishan; e) Well 1–5 in Shizuishan; f) Well 1–6 in Shizuishan. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)  

Fig. 6. Fitting curves of computed heads (black) to observed heads (red) at typical observation wells in layer 2; a) Well 2–1 in Yinchuan; b) Well 2–2 in Yinchuan; c) 
Well 2–3 in Yinchuan; d) Well 2–4 in Shizuishan; e) Well 2–5 in Shizuishan; f) Well 2–6 in Shizuishan. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)  
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was mainly attributable to recharge and hydrogeological conditions and 
could be subdivide into specific areas including: 1) the alluvial- 
lacustrine plain, where irrigation is widespread. The intra-annual dy-
namics of the shallow groundwater levels are mainly affected by irri-
gation and water diversions in the central and southern part of the basin, 
and levels are dependent on irrigation. The amplitude of the 

groundwater fluctuations is relatively large. 2) An area in the northern 
part of the catchment where downstream irrigation occurs and the 
amplitude of the changes in groundwater levels are relatively low. Due 
to the shallow depth of groundwater in the northern region, the amount 
of evapotranspiration is large. 3) In areas of non-agricultural irrigation, 
such as in the piedmont pluvial plain and urban areas, the magnitude of 

Fig. 7. Shaded groundwater level contour map of layer 1 in March and August 1990, 1995, 2000, 2003, 2005, 2010, 2015 and 2020.  

Fig. 8. Shaded groundwater level contour map of layer 2 in March and August 1990, 1995, 2000, 2003, 2005, 2010, 2015 and 2020.  
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the groundwater level fluctuations in the shallow aquifer is small. In the 
piedmont area, the groundwater level is deep and evapotranspiration is 
small. In addition, a large transmissivity and hydraulic gradient pri-
marily generate horizonal flow, so seasonal variations in groundwater 
levels are small. In urban areas, land cover is often impermeable, 
limiting precipitation infiltration. Thus, the fluctuations in groundwater 
levels are also small. 4) The groundwater level dynamics in most areas 
with deep aquifers exhibit relatively small interannual and seasonal 
fluctuations. However, in areas of concentrated pumping (Yinchuan City 
and Shizuishan City), the groundwater levels vary with pumping rates. 

3.3. Groundwater budget 

3.3.1. Water budget components and change in groundwater storage 
The simulated groundwater budget for the period between 1990 and 

2020 (Table S3, Fig. 10-a) shows that recharge from irrigation return 
flow and canal leakage is the main inflow component to the ground-
water system, accounting for about 70% of the total recharge. The other 
inflow components include lateral flow from the western border and 
recharge from precipitation. Major groundwater outflows include 
groundwater withdrawals from shallow and deep aquifers, evapotrans-
piration, and drain discharges, which collectively account for approxi-
mately 90% of the total outflows. 

From 1990 to 1999, the annual amount of water diverted from the 
Yellow River increased steadily in riparian provinces. As a result, 
discharge in the Yellow River was significantly reduced. To alleviate 
severe shortages in water resources, the Yellow River Water Conser-
vancy Commission officially launched a unified scheduling program of 
water diversions from the Yellow River in March 1999. Since 2000, the 
amount of water diversion from the Yellow River has strictly followed 
water allocation regulations, and the diversion of water from the river 
has started to decline (Fig. 10-b). The inflow of water from the upper 
reaches of the Yellow River reached its lowest value in 2003, a dry year, 
which led to a sharp decline in water diversions. Since 2004, the rate of 
decline has slowed. 

Recharge of the groundwater system and water diversions are highly 

correlated (see Section 4.1). The trend, visible in the time series of total 
inflow, is mainly associated with the variability in irrigation return flow 
recharge and canal leakage. Lateral inflow from the western boundary 
along the Helan Mountains has been relatively stable. Groundwater 
abstractions increased in the periods of lower water diversions (Fig. 10- 
a, b). Water diversions dropped dramatically in 2003 and reached 
another low after 2016. Conversely, groundwater abstractions increased 
during these two periods. 

Groundwater outflows were largely dependent on inflows, and 
overall trends and fluctuations between the two were similar. The 
relation between the two is probably related to the dense distribution of 
drains in the Yinchuan Basin and the use of traditional modes of irri-
gation that involves large-scale water spreading and large drainages. 
The discharge from these drains accounts for a large proportion of the 
total outflow and is consistent with trends in water diversions (Fig. 10- 
b). Within a given year, the discharge from drains was proportional to 
the irrigation water use. 

Since 2000, groundwater storage has declined significantly; that is, 
the total outflow is greater than the total inflow (Fig. 10-c). The cu-
mulative depletion in storage has continuously increased during the 30- 
year study period. Since 2014, the depletion in groundwater storage has 
become even more rapid. By 2020, the depletion in groundwater storage 
had reached 1.89×109 m3. 

3.3.2. Water exchange between groundwater and surface water 
Over the entire basin, discharge of groundwater to the Yellow River 

is greater than the recharge of groundwater from the Yellow River 
(Fig. 11). The continuous increase in irrigation between 1990 and 2000 
increased groundwater levels in most parts of the study area, and 
gradually increased the discharge of groundwater to the Yellow River. 
After 2000, with the gradual reduction in irrigation water, the discharge 
of groundwater to the Yellow River gradually decreased. The amount of 
groundwater recharge from the Yellow River was relatively stable before 
2017. After 2017, the increase in groundwater abstractions and the 
lowering of the groundwater levels led to an increase in groundwater 
recharge from the Yellow River. 

Fig. 9. Variations in intra-annual groundwater levels observed in Well 1–7 in the Yinchuan area, along with the 30-year monthly average precipitation, evapo-
transpiration, and water diversions from 1990 to 2019. 

Table 3 
Pearson correlation coefficients between total inflow and the three main budget items at Well 1–7.  

Budget items Groundwater levels Water diversions Evapotranspiration Recharge from precipitation 

Groundwater levels  1.000    
Water diversions  0.928**  1.000   
Evapotranspiration  0.591*  0.779**  1.000  
Recharge from precipitation  0.692*  0.728**  0.750**  1.000  

** Significance level = 0.01. 
* Significance level = 0.05. 
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Fig. 10. Temporal change in budget items in the Yinchuan Basin from 1990 to 2020; a) annual inflow and outflow components; annual water diversion from the 
Yellow River (data from NWRD 2000-2020 and Zhao 2015); b) total inflow and outflow; c) storage change. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)  

Fig. 11. Water exchange between groundwater and surface water.  
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The discharge of groundwater to lakes is lower than the recharge of 
groundwater from lakes. Lakes in the Yinchuan Basin simultaneously 
receive groundwater inflow from one portion of the shoreline and 
recharge the groundwater system along the other; therefore, all lakes are 
flow-through lakes (Fig. 12). The largest amount of groundwater 
recharge is from Mingcui Lake located in the eastern part of Yinchuan 
City. Since 2012, outflow to groundwater from all of these lakes except 
Sha Lake and Gaomiao Lake have substantially increased (Fig. 13-a). 
The increased outflow to groundwater near these lakes is related to the 

increase in groundwater abstractions near these lakes and the estab-
lishment of several new well fields in the eastern part of Yinchuan City. 
The water levels of the lakes are maintained through water diversions 
from the canals. As the difference between lake level and the ground-
water level increases, groundwater recharge by these lakes increases. 
Due to the relatively low groundwater abstractions near Xinghai Lake, 
Gaomiao Lake and Sha Lake, the groundwater recharge from these three 
lakes remained relatively stable. The amount of discharge from 
groundwater to Mingcui Lake,Yuehai Lake and Sha Lake decreased over 

Fig. 12. Lakes identified as flow-through lakes in the unconfined aquifer.  

Fig. 13. Water exchange between lakes and groundwater; a) inflow; b) outflow.  
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the study period. The discharge from groundwater to the rest of the four 
lakes remained relatively stable (Fig. 13-b). 

Compared with the overall groundwater budget of the Yinchuan 
Basin, the amount of groundwater-surface water exchange is small. 
However, these groundwater and surface water interactions have sig-
nificant environmental consequences. For example, the gradual reduc-
tion of groundwater recharge and the increase in groundwater 
abstractions may result in lake leakage, which in turn can lead to a 
shrinkage in lake area or even dry lakes. To maintain the area and the 
ecological conditions of the lakes, water diversions are required to 

maintain lake water levels, in particular in Mingcui Lake, Xinghai Lake 
and Yuehai Lake. 

4. Discussion 

4.1. The causes of stepped trend in the groundwater budget 

Water diversions, groundwater abstractions, and recharge from 
precipitation were analyzed by regime shift analysis and correlation 
analysis as potential factors controlling the temporal changes in 

Fig. 14. Regime shift detection results with a cut-off value of 3 years for: a) total inflow, b) water diversions, c) abstractions (data from NWRD 2000-2020) and d) 
recharge from precipitation. 

Table 4 
Statistics of the regime shift detection analysis.  

Budget items significance level Cut-off length Huber’s Tuning constant Year of shifts Mean (108 m3/a) 

1st Shift 2nd Shift Step1 Step 2 Step 3 

Total inflow  0.05 3 2 2003 / 14.24 11.92 / 
Water diversions  0.05 3 2 2003 2016 62.80 47.57 38.89 
Abstractions  0.05 3 2 / 2017 / 5.02 5.91 
Recharge from precipitation  0.05 3 2 / / 1.58 / /  
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groundwater resources. The temporal trends in irrigation return flow 
and canal leakage were similar to the water diversions from the Yellow 
River. Therefore, this study analyzed the effect of agricultural irrigation 
activities on groundwater recharge on the basis of the water diversions 
from the Yellow River (rather than irrigation return flow and canal 
leakage). The trend in the mean total annual inflow abruptly dropped in 
2003 (Fig. 14-a). The average values of the steps before 2003 and after 
2003 were 14.24×108 m3/a and 11.92×108 m3/a, respectively 
(Table 4). Before 2003, water diversions exhibited a similarly high value 
which abruptly changed in 2003 (Fig. 14-b). That is, the reduction in 
total inflow and groundwater storage from 1990 to 2016 was dominated 
by a decline in available water diversions from the Yellow River (Fig. 14- 
a, b). In contrast to the trend in total inflow, the step trend of water 
diversions showed another sharp drop in 2016. In other words, a three- 
step trend was identified, where the average values of each step are 
62.29×108 m3/a, 46.92×108 m3/a, and 38.89×108 m3/a. The ground-
water abstractions for agriculture exhibit a two-step trend; the shift 

point occurs in 2017. The average abstraction volumes during the two 
periods were 5.02×108/a m3 (before 2017) and 5.91×108 m3/a (after 
2017). We hypothesize that groundwater abstractions were increased 
from 2017 (Fig. 14-c) to compensate for a shortage in water demand that 
resulted from the reduction in water diversions from the Yellow River 
since 2016 (Fig. 14-b). As a result, the drop of total inflow from 2016 
(Fig. 14-a) was not significant. In combination, the trends show that 
water diversions from the Yellow River have had a decisive impact on 
the total inflow. The impact of total inflow since 2016 is collectively 
determined by water diversions and groundwater abstractions. Most of 
the precipitation in the Yinchuan Basin is concentrated from May to 
September. Regime shift detection was unable to identify step trends in 
precipitation infiltration during the study period (Fig. 14-d), suggesting 
that the long-term trend in total inflow was not significantly affected by 
recharge from precipitation. 

A bivariate correlation analysis was used to calculate the correlation 
coefficients among total inflow, water diversions, abstractions, and 
recharge from precipitation (Table 5). The Pearson correlation coeffi-
cient between total inflow and water diversion is 0.965 (a strong cor-
relation), which is significant at the 0.01 level. The correlation suggests 
that water diversion is a decisive factor controlling groundwater 
recharge. The Pearson correlation coefficient between abstractions and 
water diversions is − 0.428, which is significant at the 0.05 level. When 
water diversions decrease, groundwater abstractions increase to meet 
water demands. However, recharge from precipitation does not exhibit a 
significant correlation with total inflow, water diversions or abstractions 
at a significance level of 0.05. This is presumably because recharge from 
precipitation only affects the short-term interannual fluctuations of total 
inflow, which mainly reflects the difference between precipitation 
recharge in wet and dry years. Water diversions are mainly policy- 

Table 5 
Pearson correlation coefficients between total inflow and the three main budget 
items.  

Budget items Total 
inflow 

Water 
diversions 

Abstractions Recharge from 
precipitation 

Total inflow  1.000    
Water diversions  0.965**  1.000   
Abstractions  − 0.463**  − 0.428*  1.000  
Recharge from 

precipitation  
− 0.079  − 0.314  0.019  1.000  

** Significance level = 0.01. 
* Significance level = 0.05. 

Fig. 15. Temporal change in annual groundwater abstractions by different users in the Yinchuan Basin from 1990 to 2020.  

Fig. 16. Changes in the cultivation area of major crops in the Yinchuan Basin from 1990 to 2019.  
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controlled; thus, diversions are only weakly correlated with recharge 
from precipitation. 

4.2. Adaptation for a reduction in river water diversions 

With increased urbanization between 1990 and 1999, the con-
sumption of water for domestic needs and industrial activities have 
increased significantly, along with the use of water for irrigation. The 
amount of total groundwater abstractions and the amount of water 
diverted from the Yellow River increased simultaneously. The imple-
mentation of the National Western Development Strategy in 2000 led to 
an increase in both population and water demand. Since then, the 
gradual reductions in water diversions have not been sufficient to meet 
the growing water demand (Fig. 15). Total groundwater abstractions has 
been slowly growing to deal with the shortage of water resources caused 
by the reduction of water diversions from the Yellow River. In 2003 and 
during 2016-2020, the amount of water taken from the Yellow River 
reached its lowest value. As a result, there were sharp increases in 
groundwater abstractions in these particular years. 

Groundwater abstractions by different users showed different trends. 
The relatively low groundwater abstractions for rural water supplies 
remained stable for 30 consecutive years. Groundwater abstracted from 
centralized well fields for industrial and urban water supplies accounted 
for the largest proportion of total abstractions, which is in line with the 
growth in total abstractions. With the exception of 2003, urban and 
industrial water use was restricted by the sharp drop in water diversions. 
The abstractions of groundwater for agriculture remained stable before 
2003, but to compensate for the shortage in agricultural water caused by 
the sharp drops in river water diversions in 2003 and during 2016–2020, 
groundwater abstractions for agriculture increased sharply (Fig. 15). 
Therefore, an indirect (inverse) relationship exists between the agri-
cultural abstractions of groundwater and the water diversions from the 
river (Fig. 10-b, c; Fig. 15). It is worth noting that after 2004, the amount 
of water diverted from the Yellow River decreased, but agricultural 
abstractions did not increase significantly. We speculate that after the 
unified regulation of water diversion from the Yellow River in 2000 and 
the extreme drought year in 2003, the Yinchuan Basin began to imple-
ment large-scale crop pattern adjustments and agricultural water-saving 
measures to reduce the agricultural water demand. 

Water-saving irrigation projects have been carried out since 2000. 
For example, the crop pattern for the entire Ningxia region was adjusted 
(NSB, 1991-2020), resulting in a reduction in summer grain crops (e.g., 
wheat) and an increase in autumn grain crops (e.g., corn). These changes 
in crop patterns reduce irrigation water requirements (Fig. 16). Farmers 
have also 1) reduced the planting area of crops with high water con-
sumption and low efficiency (e.g., wheat), 2) maintained the planting 
area of rice, and 3) developed water-saving irrigation for rice cultiva-
tion. Moreover, farmers have expanded the area of crops with lower 
water consumption, including drought-tolerant crops (e.g., autumn 
corn, forage grass, and herbs) and crops using water-saving irrigation 
techniques (e.g., vegetables, melons, and fruits). The total cultivation 
area increased before 2010 and remained stable after 2010. In addition, 
water-saving irrigation techniques have been improved. For example, 
the irrigation of wheat and corn was changed from flood irrigation to 
furrow irrigation. Micro-irrigation has also been developed for vegeta-
bles, melons, and fruits, and sprinkler irrigation has been developed for 
forage grass. At present, the leakage of water from the canal system 
accounts for a large proportion of water loss. In the future, the water 
diversions of the Yellow River will continue to decrease. We therefore 
suggest that the anti-leakage treatment of the canal system should be 
further strengthened, and the main canals combined to reduce the 
leakage losses of water during its delivery to agricultural fields. 

4.3. Limitations 

There are a number of limitations to the model developed in this 

study. First, hydrogeological parameters (e.g., K and Ss) vary with depth. 
However, the values of each hydrogeological parameter in each lithol-
ogy (geological unit) were assigned uniformly by the HUF package for 
the differing depths considered in this model. In addition, there is a lack 
of hydrogeological parameter data for the deep aquifer materials 
(depths greater than 300 m). Thus, we assumed that the values of the 
hydrogeological parameters of the lithologic units at different depths are 
the same. Second, the depths of long-term groundwater level observa-
tions available for model calibration are limited, and most observations 
were at depths of less than 300 m. Third, the model was constructed for 
monthly stress periods, while the actual data were collected on an 
annual scale. The seasonal variations of each item (e.g., recharge from 
irrigation return flow, canal leakage) were based on the proportion of 
water diversions in different months (Zhao et al., 2015), which may 
result in uncertainties in the seasonal fluctuations of the computed 
heads. Fourth, because maps of crop patterns for different years are not 
available, the zonation of irrigation return flow was conducted accord-
ing to the administrative division, land-use, and soil type. In addition, 
the infiltration coefficient of irrigation water in different years was 
assumed to be a fixed value within the same zone, as was the effective 
utilization coefficient. Fifth, since data describing the degree to which 
the canals were lined in different years were not available, the leakage 
coefficient of the canals in different years was assumed to be a fixed 
value within the same zone, as was the effective utilization coefficient. 
Sixth, due to the lack of hydrogeological boreholes in the piedmont of 
the Helan Mountains, the lateral recharge along the piedmont boundary 
was assumed on the basis of the hydraulic gradient between the bore-
holes in the front of the alluvial fans. The above limitations have pre-
sumably led to uncertainty in parameter calibration and bias in the 
model results. To address all the limitations mentioned, investigations 
will be conducted in the future to improve the model, thereby increasing 
its ability to assess the mechanisms of deep groundwater flow dynamics 
and the prediction of future changes in the groundwater system. Despite 
these limitations, our present results provided general patterns of 
groundwater flow dynamics under the effects of human activities and 
climate change. 

5. Conclusions 

Changes in the environment have profound effects on the evolution 
of hydrogeological processes, especially in arid and semi-arid regions. 
Documenting the response of a regional groundwater system to human 
activities and climate change is a challenge. A long-term transient 
groundwater flow model can be used to reconstruct historical changes in 
hydrogeological processes and quantify the interaction between 
groundwater and surface water systems. The main conclusions from this 
study are as follows: 1) groundwater storage was continuously depleted 
over the 30-year (1990–2020) study period, reaching a cumulative 
depletion of 1.89×109 m3. Irrigation return flow and canal leakage were 
the main sources of recharge to the groundwater system. The main 
groundwater outflows included groundwater abstractions, drain 
discharge, and evapotranspiration. 2) Hydrogeological processes were 
mainly affected by human activities in the Yinchuan Basin. Human ac-
tivities (particularly water diversions from the Yellow River) dominated 
the long-term trend in groundwater storage. Climate only affected short- 
term interannual fluctuations in groundwater storage. 3) In most years, 
the computed groundwater budget shows that recharge from surface 
water to groundwater was lower than that from groundwater to surface 
water. The continuous decline in groundwater levels during the 30-year 
study period led to an increase in the amount of groundwater recharge 
from the Yellow River and lakes. Conversely, the amount of ground-
water discharged to the Yellow River and lakes has continued to 
decrease. There is an increasing requirement for artificially supplied 
water to lakes to maintain their water levels. 4) Water diversions from 
the Yellow River has dropped since 2000, resulting in a continuous 
reduction in groundwater recharge and storage. The amount of 
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groundwater abstractions increased when water diversions from the 
Yellow River were insufficient to meet the water demand. Water-saving 
irrigation and adjustments to the crop pattern were implemented to 
reduce the requirements for irrigation. 

In the Yinchuan Basin, a representative arid and semi-arid area of 
northern China, groundwater is being depleted and the ongoing devel-
opment is not sustainable. Groundwater resources are more vulnerable 
to policy changes pertaining to water diversions and land use change 
than climate factors. The risk of future groundwater depletion may 
likely come from human impacts, such as policies governing surface 
water diversions and groundwater abstraction intensity. This study not 
only documented the temporal and spatial variations in groundwater 
levels in a typical arid and semi-arid area of northwest China, but also 
evaluated the impact of human activities on the groundwater system. 
The dynamic response in groundwater levels, irrigation patterns, and 
groundwater abstractions to the change in water diversions from the 
Yellow River was evident. The results will enable water managers to 
predict future changes in groundwater levels and storage caused by 
changes in land use and water diversions through scenario analysis. It 
can also provide insights for creating sustainable management plans in 
other arid and semi-arid regions. 
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Ramos, N.F., Folch, A., Fernàndez-Garcia, D., et al., 2020. Evidence of groundwater 
vulnerability to climate variability and economic growth in coastal Kenya. J. Hydrol. 
586, 124920 https://doi.org/10.1016/j.jhydrol.2020.124920. 

Rodionov, S., Overland, J.E., 2005. Application of a sequential regime shift detection 
method to the Bering Sea ecosystem. ICES J. Mar. Sci. 62 (3), 328–332. https://doi. 
org/10.1016/j.icesjms.2005.01.013. 

Sekhar, M., Shindekar, M., Tomer, S.K., et al., 2013. Modeling the vulnerability of an 
urban groundwater system due to the combined impacts of climate change and 
management scenarios. Earth Interact. 17 (10), 1–25. https://doi.org/10.1175/ 
2012ei000499.1. 

Shamir, E., Megdal, S.B., Carrillo, C., Castro, C.L., Chang, H.-I., Chief, K., Corkhill, F.E., 
Eden, S., Georgakakos, K.P., Nelson, K.M., Prietto, J., 2015. Climate change and 
water resources management in the Upper Santa Cruz River, Arizona. J. Hydrol. 521, 
18–33. 
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