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In recent years, to alleviate the decline in groundwater levels, extensive

restrictions on groundwater pumping have been implemented in the North

China Plain (NCP). In September 2018, a large-scale ecological water

replenishment project was executed involving 22 rivers and lakes. How to

adjust the layout of reduction on groundwater pumping within the context of

ecological water replenishment is a key issue to be addressed in the study of

groundwater level recovery in the NCP. This study adopted the Juma River Plain

in Baoding city as a case study, established a numerical model of river

replenishment of groundwater, predicted groundwater level changes over

the next 15 years (2021–2035) and quantitatively calculated the impact of

river replenishment on groundwater levels. To achieve the goal of an overall

groundwater balance by 2035, a suitable groundwater pumping restriction

scenario was defined based on the impact of river replenishment on

groundwater levels. The results indicated that by 2035, the relative rise in

groundwater levels attributed to river replenishment and restrictions on

groundwater pumping could reach 3.51 and 2.28 m, respectively. River

replenishment significantly impacts groundwater levels, especially those near

the river. Under the current groundwater exploitation conditions, river

replenishment could ensure groundwater level recovery near the river,

which accounts for 15% of the total study area. The goal of an overall

groundwater balance by 2035 could be achieved if restrictions on

groundwater pumping were superimposed, with an average annual

reduction of 56 million m3. This study provides valuable insights into

groundwater management across the NCP. The proposed methods are

useful for the management of other depleted aquifers recharged via

ecological water replenishment.
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1 Introduction

Groundwater is an essential source of water for agricultural,

industrial, and environmental uses and the drinking water supply

due to its generally good quality and widespread occurrence (Cao

et al., 2013). However, groundwater depletion has extensively

occurred and become a global hotspot due to the unremitting and

unreasonable overexploitation in many regions (Aeschbach-

Hertig and Gleeson, 2012; Gleeson et al., 2012; Feng et al.,

2013; Huang et al., 2015; Alin et al., 2017), such as North

Africa (Shah et al., 2003), Northwest India (Rodell et al.,

2018), the Middle East (Voss et al., 2013), and the North

China Plain (NCP) (Xiao et al., 2022a; Xiao et al., 2022b).

The NCP occurs among the most severe regions, with

groundwater levels declining as fast as 1 m/a between

1974 and 2000 (Qiu, 2010). This region has begun to

experience adverse water shortages, and groundwater

overdraft has led to environmental problems such as

groundwater drawdown cones, seawater intrusion,

groundwater quality deterioration and subsidence, as the

water demand has exceeded the natural renewable supply

(Zheng et al., 2010; Nakayama, 2011; Zhu et al., 2013; Xiao

et al., 2021).

The implementation of the South-to-North Water Diversion

Project (SNWD), where water is diverted from the humid south

to the arid north, has provided an opportunity for groundwater

management in the NCP. To alleviate groundwater depletion, a

groundwater extraction restriction policy has been adopted in

SNWD water-receiving areas across the NCP since 2014, and

groundwater withdrawal has been reduced via the adoption of

water conservation in various fields, water source replacement,

and adjustment of crop cultivation structures (Chen et al., 2021).

By the end of 2018, the average annual groundwater

overexploitation level in the NCP decreased to 3.19 km3, a

33% reduction below 2011–2013 levels, and several issues

including groundwater drawdown cones and subsidence were

alleviated (Li et al., 2020). To restore river ecosystems and further

increase the intensity of restrictions on groundwater pumping,

the Hebei government initiated the adoption of ecological water

replenishment in August 2018, which constitutes the largest

ecological replenishment project in China. Three typical rivers

in the NCP, the Hutuo River, Fuyang River and Juma River, are

replenished by the SNWD and water diversion from the Yellow

River, Luan River and local reservoirs (Chen et al., 2020). Based

on groundwater level monitoring data, the average groundwater

level recovery within 10 km on both sides of these rivers in

February 2019 reached 1.62 m compared to pre-replenishment

period levels (Chen et al., 2021). Several rivers and lakes were

recharged in 2020, and river replenishment has become an

important method to restore groundwater levels in the NCP.

Many scholars have conducted studies on groundwater level

recovery in the NCP. Cao et al. (2013) applied a groundwater

model to evaluate the impact of several alternatives, including

restrictions on groundwater pumping, aquifer recharge

management, water use efficiency enhancement, and brackish

water use, on groundwater in the NCP and indicated that the

combination of these strategies could be employed to recover

groundwater storage by 50 km3 over a 15-year period. Li et al.

(2017) combined climate and water-diversion scenarios to

predict groundwater levels in the Beijing–Tianjin–Hebei Plain

and estimated that shallow groundwater levels could rise by a

maximum value of 17 m over the next 40 years (2011–2050)

when considering scenarios combining climate change and

restrictions on groundwater pumping. Shu et al. (2012)

integrated dynamic and distributed hydrological data to

evaluate the spatiotemporal implications of various water use

and management options in the NCP and concluded that deficit

irrigation of winter wheat could reverse groundwater decline.

Sun et al. (2021) adopted machine learning models to describe

dynamic changes in streamflow and groundwater levels in

response to ecological water replenishment of the Yongding

River in the Beijing Plain and estimated that the river could

recharge the aquifer by 170 million m3.

In 2019, the Ministry of Water Resources of China and Hebei

Province promulgated an action plan and implementation

opinions for comprehensive management of groundwater

overexploitation. It was clearly stated that the

Beijing–Tianjin–Hebei region in the NCP is the focus of

treatment, through river replenishment and restrictions on

groundwater pumping, to achieve a provincial

exploitation–replenishment balance by 2022, meaning that the

total exploitation equals the total replenishment in the region, and

to accomplish a complete exploitation–replenishment balance by

2035, that is, exploitation equals replenishment overall in the

region (The Ministry of Water Resources of the People’s

Republic of China, 2019; The People’s Government of Hebei

Province, 2019). Previous studies on groundwater recovery in

the NCP could help to achieve groundwater balance. However,

these studies mainly focused on the impact on groundwater levels

of water diversion (Liu et al., 2008; Zhang et al., 2019), climate

change (Kang and Eltahir, 2018; Long et al., 2020), restrictions on

extraction (Cao et al., 2013; Li and Ren, 2019) and crop water

consumption (Sun et al., 2006; Li and Ren, 2019) but did not

consider the impact of the implementation of the above river

ecological replenishment project, especially on groundwater levels

near the river. There are a few studies on the relationship between

ecological replenishment and the groundwater regime in the NCP.

However, these studies basically applied certain methods,

including the genetic algorithm (Hao et al., 2018), water

resource allocation (Yan et al., 2018) and machine learning

(Sun et al., 2021), to propose an optimal river replenishment

plan but did not elucidate in detail the impact of river

replenishment on groundwater levels. In addition, previous

studies based only on changes in the total groundwater storage

and average groundwater level across the region compared the

groundwater recovery between different simulated scenarios and
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thus selected the optimal scenario facilitating a groundwater

balance. Obviously, these studies could only help to achieve a

provincial exploitation–replenishment balance, that is, these

studies could contribute to the achievement of the groundwater

balance goal by 2022 but could not ensure that a complete

exploitation–replenishment balance will be achieved by 2035.

River replenishment and groundwater pumping restriction are

currently the main measures to restore groundwater storage in the

NCP. The implementation of river replenishment not only impacts

the overall groundwater balance but also impacts groundwater level

rise near the river. These impacts of river replenishment should be

considered in the development of restriction policies on

groundwater pumping to more effectively achieve groundwater

level recovery. The groundwater numerical simulation method is

clearly appropriate for the assessment of sustainable water use given

the complexity and heterogeneity of aquifer systems and can assist in

the formulation of groundwater regulation and storagemanagement

policies (Wolfgang et al., 2003; Hao et al., 2012). Several numerical

models have been constructed for sustainable groundwater

management in the NCP (Hu et al., 2010; Zhang and Li, 2014;

Zhang et al., 2018). General groundwater models often have

difficulty in precisely simulating local groundwater level changes

near rivers with large groundwater level changes. In this study, we

used local grid refinement to finely characterise groundwater level

changes near the river, and Cui and Hao (2020) have successfully

applied this method to numerical simulations with ecological water

replenishment of rivers. This study was conducted in the Juma River

Plain, which flows through the Juma River, one of three ecological

replenishment rivers. A numerical groundwater model was applied

to simulate and predict the impact of river replenishment on

groundwater levels, and a groundwater pumping restriction

scenario was subsequently established based on the impact of

river replenishment to achieve the goal of an overall groundwater

balance by 2035.

The novelty of this study is that a numerical model of river

replenishment of groundwater was developed to analyze the

impact of river replenishment on groundwater levels, and an

appropriate groundwater pumping restriction plan was

determined to achieve an overall groundwater balance by

2035. The objective of the study was to quantify the impact of

river replenishment on groundwater levels and to propose an

optimal groundwater pumping restriction scenario that could

minimize the extraction restriction volume while meeting the

goal of groundwater balance by 2035.

2 Study area and hydrogeological
setting

The Juma River is the only perennial river in Hebei Province

constantly flowing throughout the year, with a total length of

69 km and an average bed width ranging from 100 to 200 m (Yao

and Lu, 2017). Due to many dam constructions upstream, the

runoff volume decreased to an extremely low level. The Juma

River Plain occurs in the piedmont plain of the Taihang

Mountains, covering an area of approximately 3,300 km2 and

ranging in elevation from 15 to 85 m (Figure 1A). The climate in

the Juma River Plain is a continental semiarid climate, with a

mean annual temperature of 10.7°C and an annual average

precipitation of approximately 517–581 mm (Ding et al.,

2013). In addition, precipitation is unevenly distributed

throughout the year, and rainfall from June to September

accounts for 70%–80% of the total annual precipitation

amount (Yu et al., 2012).

The stratigraphy in the study area mainly comprises

unconsolidated Quaternary sediments where most of the

groundwater occurs. The aquifer structure varies from a single

aquifer comprising gravel particles and pebbles in the upper parts

of the piedmont fan in the northwest to multiple aquifers

composed of sand, silt and clay in the southeast. The

groundwater system can be divided into four aquifer groups

(I, II, III, and IV) based on the stratigraphy (Figure 1B). Aquifer

groups I and II represent shallow aquifers, whereas groups III and

IV represent deep aquifers.

Recharge primarily occurs through precipitation infiltration,

lateral flow in the mountains and return flow from irrigation.

Groundwater pumping is currently the main discharge mode

from the aquifer system. The water table is relatively deep, and

there essentially occurs no phreatic evaporation. Groundwater

flows from northwest to southeast under natural conditions.

3 Methods

3.1 Groundwater flow model

A three-dimensional heterogeneous anisotropic transient

flow model was developed comprising two aquifers: the top

aquifer is a phreatic aquifer, and another aquifer is a confined

aquifer. The phreatic aquifer comprised aquifer groups I and II,

and the confined aquifer comprised aquifer groups III and IV.

The model domain was discretized with the quadtree

refinement method in MODFLOW–USG, which achieves a

high simulation precision in modeling river recharge to

aquifers (Cui and Hao, 2020). The finest grid was 250 m ×

250 m, and the cell size gradually increased to 500 m × 500 m

away from both sides of the river. The simulation period was

20 years (2001–2020), and the prediction period was 15 years

(2021–2035), with a stress period of 15 days. During each stress

period, constant average hydrological conditions were assumed.

The mountain front in the northwest was defined as an

inflow boundary because the region experiences significant water

exchange with the outside region of the study area, and the flux

rate from the northwest boundary was determined based on the

profiling method of previous studies (Shao et al., 2013). The

northern and southwestern boundaries were defined as no-flow
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boundaries because the flow lines are generally parallel to these

boundaries under present conditions (Figure 1A). The eastern

and southern boundaries were treated as general head

boundaries, and groundwater heads were obtained from

measured data.

The main recharge source of groundwater in the study area

includes rainfall infiltration, irrigation infiltration, and river

replenishment, whereas the main discharge mode of

groundwater is exploitation. The amount of river

replenishment was provided by the Ministry of Water

Resources of the People’s Republic of China, and other

recharge and discharge volumes of aquifers were collected

from previous studies and investigations (Zhang and Che,

2017; Zhang et al., 2017). The amount of river replenishment

is the average amount over the replenishment period (September

2018–December 2020) during the prediction period, and the

annual replenishment volume reaches 101 million m3. Due to the

implementation of restriction policies on groundwater pumping,

the amount of groundwater extracted in Hebei province has been

reduced by 4.35 billion m3 by 2021. Therefore, the exploitation

amount during the projection period was set to the same amount

as that in 2020. The values of the other source–sink items, such as

rainfall and irrigation, are multiyear averages of the

corresponding items over the simulation period.

The model was calibrated against data retrieved from

26 observation wells in the vicinity of the river (Figure 1A).

FIGURE 1
(A) Location and model boundaries of the study area; (B) hydrogeological section of the study area.
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Among all the observation wells, a comparison of the simulated

and observed water levels in six observation wells is shown in

Figure 2. The results demonstrated that the model simulations

suitably reflected the actual features of the groundwater regime.

The initial aquifer parameter values, including hydraulic

conductivity and storage parameters pertaining to

groundwater flow, were zoned and assigned based on

sediment features and results obtained from a previous

investigation (Zhang et al., 2012). These parameters were then

manually adjusted in the calibration process. The hydraulic

conductivity values ranged from 2 to 130 m/d for the phreatic

aquifer and 2–50 m/d for the confined aquifer.

3.2 Relative and absolute groundwater
level changes

The relative groundwater level change (RGLC) refers to the

difference between groundwater levels altered as a result of a

change in certain conditions and groundwater levels under the

original conditions. This quantity can be employed to indicate

the extent to which changes in conditions affect groundwater

levels. In this study, the RGLC with river and non–river

replenishment, that is, the groundwater level with river

replenishment minus that without river replenishment over

the same period, was applied to represent the degree of the

impact of river replenishment on groundwater levels. The

parameters of two models describing river and non–river

replenishment remained constant, including recharge and

discharge items and hydrogeological parameters, except for

the differences with and without river replenishment.

The absolute groundwater level change (AGLC) refers to the

difference in groundwater levels at different times in the same

model. This quantity can be employed to indicate the magnitude

of groundwater level change over a given time interval. In this

study, the AGLC was represented as the current water level

minus the previous level, e.g., the AGLC between the end of

2034 and the end of 2035 is the groundwater level in December

2035 minus that in December 2034. The water level in

2035 increases overall if the AGLC values are greater than

zero at every location in the study area. The method of the

AGLC can therefore be applied to determine the overall state of

groundwater balance within a given time interval.

3.3 Zoning for restriction on groundwater
pumping

3.3.1 Restriction zone
Prior to the implementation of the ecological water

replenishment project, the overall groundwater levels in the

study area decreased at a rate of 0–1 m/a. After project

FIGURE 2
Comparison of the observed and simulated groundwater levels in observation wells. (A)Observation well in Yihe Village, (B)Observation well in
Qinghe Garden, (C) Observation well in Guo Village, (D) Observation well in North River.
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implementation, there was a considerable impact on

groundwater levels near the river, with some rebound in

groundwater levels in the vicinity of the river according to the

obtained monitoring data. Considering that water levels

recovered in certain areas near the river under the influence

of river replenishment, it is only necessary to manage those areas

where groundwater levels decreased to minimize the amount of

groundwater pumping restriction. In this study, we characterised

the achievement of overall groundwater balance by the fact that

groundwater levels in each small district (the smallest district is a

town in the study area) did not decline any further. In order to

achieve the goal of overall groundwater balance in 2035, the

AGLC values between 2034 and 2035 required to be greater than

0 in each town in the study area. Therefore, the areas where the

AGLC value between 2034 and 2035 is less than zero were set as

the groundwater pumping restriction zone, in which the

extraction amount should be reduced to achieve the goal of

overall groundwater balance in 2035.

The SNWD allows most of the urban areas in Hebei

Province to use diverted water as a replacement of

groundwater for industrial and domestic purposes, thereby

reducing groundwater withdrawal. Given this situation, the

urban areas in the study area were identified, and the

groundwater pumping restriction volume could be

concentrated more in these areas if necessary to ensure that

groundwater restrictions in adjacent rural areas (town areas)

remained within reasonable limits.

3.3.2 Restriction volume
The total groundwater pumping restriction volume can be

preliminarily calculated with the equation of the relationship

between the changes in groundwater level, area and specific yield.

Q � ∑
n

i�1
(HiSiμi) (1)

Subscript i denotes the zone where the groundwater level

declines, n is the number of zones where the groundwater level

drops, H is the average value of the groundwater level decline, S is

the area of the groundwater level decline, and μ is the specific

yield.

Agricultural water use in the NCP accounts for 74.5%–76.6%

of the groundwater extraction volume (Zhang et al., 2009), and

restrictions on groundwater pumping could lead to a decrease in

agricultural irrigation, which in turn could result in a reduction

in crop yields. Wheat is the major crop in the NCP and is also a

highly water-intensive crop, accounting for 70% of the total

agricultural water use among all irrigated crops (Zhang et al.,

2016). Given the impact of groundwater extraction restriction on

crops, the groundwater pumping restriction scenario developed

in this study was designed to ensure that the maximum reduction

in crop yield did not exceed 10%. Sun et al. (2006) demonstrated

that a 29.5% reduction in agricultural irrigation in the NCP was

associated with a 19.5% reduction in the wheat yield. Based on

this research, it was assumed that the reduction in wheat yield is

linearly related to the reduction in irrigation within this interval.

Notably, a 1% reduction in irrigation reduced the wheat yield by

0.66% when the reduction in the irrigation amount remained

below 29.5%. It was also assumed that in rural (town) areas, all

restrictions on groundwater pumping occurred in the

agricultural sector, while other water uses, such as domestic

water, experienced no restrictions, and all agricultural water

was employed for wheat irrigation. Therefore, the degree of

groundwater pumping restriction (the ratio of restriction to

exploitation) in rural areas should be lower than 15% to

ensure that the reduction in wheat yield remained below 10%.

In addition, the replacement of irrigation equipment with water-

saving equipment has been strongly promoted in town areas in

Hebei Province, and the degree of groundwater pumping

restriction could increase. In urban areas, diverted water can

serve as a replacement of groundwater for the water supply as a

result of SNWD development, therefore assuming that

groundwater within these areas could be considered subject to

unrestricted extraction reduction, that is, the maximum

restriction amount could match the amount of groundwater

pumping set in the model.

4 Results and discussion

4.1 Effect of river replenishment on
groundwater levels

4.1.1 Flow field change
Because shallow aquifers are more sensitive to river

replenishment than deep aquifers, only shallow water levels

were analyzed. A comparison of the shallow groundwater flow

fields with and without river replenishment in 2020 and 2035 is

shown in Figure 3. In terms of the groundwater contours of flow

field, river replenishment created water concentration areas along

the river, resulting in a significant increase in groundwater levels

near the river. In 2020, the impact of river replenishment was less

extensive, causing only a rise in groundwater levels very close to the

river, whereas the water levels (with and without river

replenishment) overlapped in other areas away from the river.

With the operation of the developed model, the morphological

differences in groundwater contours between the two flow fields

(with and without river replenishment) obviously increased. The

water concentration areas along the river expanded, and the

morphological differences gradually spread from the center of

the river to both sides. By 2035, themorphological differences were

manifested at the northern boundary, where groundwater levels

with river replenishment were higher than those without river

replenishment in most of the study area, and the impact of river

replenishment on the overall groundwater levels increased.
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4.1.2 RGLC and changes in the average
groundwater level

The RGLC was calculated at the end of 2020 and at the end of

2035, and areas were identified where the RGLC value exceeded

1 m, as shown in Figure 4. In 2020, the maximum RGLC value

was 8 m, and the area with a relative rise of more than 1 m

reached 563.36 km2. By 2035, the RGLC value could reach a

maximum value of 23 m, and this value could exceed 1 m in an

area of 1,722.68 km2, which accounts for more than half the total

study area (53%). In addition, Figure 4 shows that the lower

reaches of the river were more affected by river replenishment,

with a relatively greater increase in groundwater levels, whereas

the effect decreased toward the upper reaches. This occurs

because the lithology in the downstream area mostly includes

medium and fine sandy, which is finer grained than the lithology

in the upstream area and generates a relatively lower specific

yield, thus causing groundwater levels to be more sensitive to

river replenishment.

FIGURE 3
Comparison of the flow fields with and without river replenishment: (A) at the end of 2020 and (B) at the end of 2035.

FIGURE 4
Comparison of the RGLC with and without river replenishment: (A) at the end of 2020 and (B) at the end of 2035.
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The average groundwater level visually reflects the total

groundwater storage in the area. The impact of river replenishment

on groundwater recovery was investigated by comparing changes in the

average groundwater level with andwithout river replenishment during

different periods. Table 1 provides changes in average groundwater level

across the shallow aquifer with and without river replenishment in

2020 and 2035. Under the realistic simulation scenario, after more than

2 years of river replenishment (from September 2018 to December

2020), the average relative rise in groundwater level due to river

replenishment was 0.55m. Under the predicted scenario, all source

and sink terms, such as the amount of river replenishment, extraction,

and rainfall, remained constant every year, and the average relative rise

in the water level due to river replenishment could reach 3.51m over

15 years (from January 2021 to December 2035), with an average

relative rise of 0.23m per year.

At the prediction stage, the average groundwater levels decreased at

a rate of 0.44m/a assuming no further river replenishment after 2020,

whereas the levels could decrease at a rate of 0.21m/a within the

context of river replenishment. This indicates that river replenishment

decreased the rate of groundwater level decline, which is conducive to

groundwater level recovery. However, the total groundwater storage

could still decrease, even under consistent river replenishment,

indicating that the magnitude of river replenishment attained under

current projection conditions could not achieve complete groundwater

recovery over the next 15 years. It was estimated that if the amount of

river replenishment during the prediction period was doubled, the

regional exploitation–replenishment balance could basically be

achieved, that is, the total groundwater storage volume would no

longer decrease. As such, only a provincial extraction–replenishment

balance (the groundwater balance goal by 2022) could be achieved, not

a complete extraction–replenishment balance (the groundwater

balance goal by 2035). Therefore, reasonable groundwater pumping

restrictions will be required to meet the goal of an overall groundwater

balance by 2035.

4.2 Scenario and effect of groundwater
pumping restriction

4.2.1 Restriction scenario
The AGLC between the end of 2035 and the end of

2034 under river replenishment conditions is shown in

Figure 5, with districts where the value was less than zero

identified as the groundwater pumping restriction zone.

Groundwater levels declined in most districts of the study

area, whereas levels rose within a small area near the river. In

these districts with rising groundwater levels, the increase in

groundwater level due to river replenishment was greater than

the decrease due to other source–sink items (mainly groundwater

pumping). The area with the most significant area of water level

decrease was is located in the west of Xushui, with a maximum

decrease of 0.55 m. While the area with the greatest rise in

groundwater levels was located in Dingxing, with a maximum

rise of 0.05 m. The area with rising groundwater levels reached

484 km2, accounting for approximately 15% of the total study

area. Areas where groundwater levels rised as a result of river

replenishment have achieved an overall groundwater balance and

there is no need to reduce groundwater extraction in these areas.

However, in districts with decreasing groundwater levels, the

increase in groundwater levels due to river replenishment no

longer offset the decrease due to source–sink items such as

groundwater pumping. In these areas, that is, the restriction

zone, groundwater extraction reduction is necessary if the goal of

an overall groundwater balance by 2035 is to be reached.

The districts of the greatest groundwater level decline were

concentrated in or near the urban areas of Xiongxian and Xushui,

TABLE 1 Comparison of the average groundwater levels.

Time/year Average water levels
(no river replenishment) (m)

Average water levels
(river replenishment) (m)

Relative rise (m) Average annual relative
rise (m)

2020 3.49 4.04 0.55 0.24

2035 −2.56 0.95 3.51 0.23

FIGURE 5
AGLC between the end of 2035 and the end of 2034.
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with a maximum decrease of 0.55 m. The flow fields in Figure 3

also indicate that two groundwater depression cones were located

approximately near these two areas. Therefore, more intensive

groundwater pumping restrictions are required in the urban

areas of Xiongxian and Xushui to restore groundwater levels.

When setting the restriction volume, it is possible to allocate a

larger volume to these two urban areas, considering the

availability of water replacement within urban areas, to ensure

that the restriction degree remains lower than 15% in other rural

areas (town areas) by the time the groundwater balance goal of

2035 is reached. The groundwater pumping restriction volume

was calculated according to the equation in section 3.2.2, with the

restriction amount increasing by an equal proportion each year

over the prediction period (2021–2035), that is, the amount of

groundwater pumping was reduced by an equal proportion

each year.

If the restriction volume calculated with the equation in

section 3.2.2 was directly applied in the prediction model, the

restrictions in the rural areas adjacent to the urban areas of

Xushui and Xiongxian could exceed the maximum limit.

Therefore, a larger restriction amount was allocated to

these two urban areas, considering that urban areas could

be supplied by diverted water as a replacement of

groundwater to ensure that the restriction degree in the

town areas remained lower than 15%. It was finally

determined that when the minimum total volume of

groundwater pumping restriction reached 0.84 km3, that is,

the average annual reduction volume reached 56 million m3,

the goal of an overall groundwater balance could be achieved

by 2035.

However, if the effect of river replenishment was not

considered, that is, no river replenishment of groundwater

occurs in the prediction model (2021–2035), both the area

and amount of restriction could increase. It was calculated

that to achieve the goal of an overall groundwater balance by

2035 without river replenishment, groundwater extraction would

have to be reduced across almost the entire study area, with a

total volume of 1.22 km3 and an average annual volume of

81 million m3, which is 25 million m3 greater than the

volume under river replenishment conditions.

4.2.2 Restriction effect
The AGLC between December 2034 and December

2035 after the implementation of groundwater pumping

restrictions is shown in Figure 6. The groundwater levels in

the study area rose overall, but the rise was not significant. The

greatest rise in groundwater levels was near the lower reaches of

the river, with the largest rise reaching 0.15 m. While other areas

away from the river showed rises of less than 0.1 m, with the

smallest rise of 0.01 m, located within Xiongxian. This indicates

that the groundwater levels in 2035 could no longer decline

anywhere in the study area under this restriction scenario, which

suggests that the groundwater balance goal by 2035 could be

achieved. The overall average groundwater level in 2035 reached

3.23 m when groundwater pumping restrictions were

superimposed, which is 2.28 m greater than that without

restriction during the same period.

The maximum annual degree of groundwater pumping

restriction in the rural and urban areas of the study area is

shown in Figure 7. In the urban areas, Xushui and Xiongxian

exhibited the highest degree of restriction at 55% and 50%,

respectively, while Dingxing and Yixian did not require

restriction due to river replenishment, and the other three

urban areas remained consistent with the original calculated

values. In the rural (town) areas, the greatest restriction on

groundwater extraction occurred near the urban area of

Xushui, with a reduction of 13.4%, which is below the

maximum restriction limit (15%). In addition, only three

towns near the urban area of Xushui and one town near the

urban area of Xiongxian exhibited a restriction degree higher

than 10%, while that in the remaining areas occurred within 10%.

These results indicate that under this groundwater pumping

restriction scenario, extraction reduction slightly affected the

crop yield, with the resulting yield reduction not exceeding a

maximum value of 8.9%.

Overall, the two counties of Xushui and Rongcheng required

the highest degree of groundwater pumping restriction, which in

turn reflects the relatively serious groundwater overexploitation

issue in both counties and the need for strict groundwater

management. In addition to the influence of groundwater

extraction in these two counties, another reason is that these

counties are farther away from the river and thus less affected by

river replenishment, requiring greater groundwater pumping

reductions to achieve groundwater balance.

FIGURE 6
AGLC between the end of 2035 and the end of 2034 under
the condition of groundwater pumping restriction.
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Groundwater pumping restrictions not only facilitated the

recovery of the groundwater levels but also facilitated the

overall groundwater balance, meeting the government’s

groundwater management goal of 2035. The

implementation of the SNWD plays a key role in restoring

groundwater levels across the NCP by providing additional

water supply sources, which in turn reduces groundwater

exploitation. Many studies have predicted the impact of

groundwater extraction reduction in the NCP or parts of

the interior region. With a decrease of 6.0 km3/a in

groundwater pumping in the NCP, groundwater levels in

piedmont areas, especially in Beijing, could notably recover

by 2030, and the rate of groundwater level decrease could

decline in the central and coastal plains by 2030 (Cao et al.,

2013). In Beijing, the depletion of groundwater storage is

decreasing at a rate of 2.8 km3/a after reducing water use for

agricultural purposes (Long et al., 2020). The shallow

groundwater levels in the NCP could significantly increase

due to climate change and groundwater pumping restriction,

and the maximum increase in the absolute rise in groundwater

levels could reach 6.71 m after 40 years, in which the relative

rise in groundwater levels due to groundwater pumping

restrictions could reach approximately 7.94 m (Li et al.,

2017). In this study, the relative rise in shallow

groundwater levels due to 15 consecutive years of

restrictions was 2.28 m, which is generally consistent with

the above research results and can provide a certain guiding

significance for the development of groundwater pumping

restriction policies in the future.

5 Conclusion

The impact of river replenishment on groundwater levels over the

next 15 years was simulated and calculated with a numerical model

and calculation of the RGLC to achieve the goal of groundwater

balance by 2035, considering the policies of river replenishment and

restrictions on groundwater pumping currently implemented and to

be implemented in the long term.Then, based on the influence of river

replenishment, other factors were comprehensively considered,

including the impact of extraction reduction on crop yields in

rural (town) areas and replacement of groundwater withdrawal

with diverted water in urban areas, and a suitable groundwater

pumping restriction scenario was proposed, combined with

calculation of the AGLC. The objective was to achieve a complete

exploitation–replenishment balance by 2035 while minimizing the

volume of groundwater pumping reduction and thus minimize the

impact on human production and livelihood.

River replenishment facilitates groundwater level recovery,

particularly in the vicinity of the river, ensuring that groundwater

levels in 15% of the total study area could be recovered without

extraction reduction. However, under the current replenishment

and extraction conditions, the groundwater level only gradually

increased in specific areas near the river, while the overall average

groundwater water level still decreased at a rate of 0.21 m/a.

Therefore, extraction reduction is necessary to achieve the goal of

an overall groundwater balance by 2035. Considering that the

groundwater levels near the river already increased due to river

replenishment, only in those areas with falling water levels should

exploitation be reduced. It was determined that with an average

FIGURE 7
Distribution of the degree of groundwater pumping restriction.
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annual reduction in the groundwater pumping volume of 56million

m3, a complete exploitation–replenishment balance could be

achieved by 2035. The maximum annual degree of groundwater

pumping restriction in town areas under this restriction plan was

13.4%, with a maximum reduction in crop yields of 8.9%.

In the study of sustainable groundwater management with

ecological water replenishment and extraction restrictions, it is

necessary to fully consider the impact of river replenishment on

groundwater levels, and appropriate restrictions on groundwater

pumping should subsequently be implemented in specific areas

to accomplish more effective restriction. This study did not

consider the impact of climate change on groundwater levels.

The direct impact of climate change on rainfall and the indirect

impact on other sources and sinks require further research to be

integrated into the groundwater model.
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