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Unprecedented large-scale aquifer recovery
through human intervention

Di Long 1,2,15 , Yuancheng Xu 1,2,15, Yingjie Cui 1,2,15, Yanhong Cui1,2,
James J. Butler Jr.3, Liang Dong1,2, Longfeng Wang4, Dongyong Liu4,
Yoshihide Wada 5, Litang Hu 6, Guoying Bai7, Binghua Li8, Shufang Wang9,
Xizhi Nong 1,10, Yang Cai11, Chunsheng Cheng11, Yuhan Mu11, Yu Qiao12,
Jianhua Wang 13, Hao Wang13 & Bridget R. Scanlon 14

Groundwater depletion is a critical global challenge, particularly in intensively
cultivated drylands, with few documented cases of successful recovery. Here,
we report a striking reversal of long-term groundwater decline in the North
China Plain, one of the world’s most severely depleted aquifers. Based on a
comprehensive analysis of groundwater levels from over 2000 monitoring
wells spanning the past two decades, we show that groundwater levels have
risen at an average rate of ~0.7m year−1 since 2020, surpassing 2005 levels by
2024. This recovery is driven by a combination of large-scale surface water
diversion from the humid south and stringent groundwater pumping regula-
tions, further amplified by wet years (e.g., 2021). From 2005 to 2023, these
policies reduced annual groundwater abstraction by ~12 km3 and increased
environmental water allocations to over 7 km3 since 2021, promoting aquifer
recharge and restoring environmental flows. Our findings demonstrate that
rapid, large-scale groundwater recovery is achievable through integrated
watermanagement and targeted policy interventions across extensive regions
(~130,000 km2).

Groundwater depletion is a critical global challenge1–4, particularly in
intensively cultivated drylands5. Continued declines in groundwater
levels will have wide-ranging impacts, including land subsidence6,7,
the desiccation of rivers andwetlands8,9, seawater intrusion10, intense
economic pressure on rural communities11, and threats to the viabi-
lity of global food supplies1. To mitigate groundwater depletion,
various strategies have been implemented worldwide, such as
reduced groundwater abstraction12,13, substitution of groundwater

pumping with surface water from reservoirs14, managed aquifer
recharge (MAR)12,15,16, and inter-basin water diversions17–19. Despite
these efforts, a recent study found that rapid groundwater level
declines (>0.5m year−1) remain widespread, with only a small fraction
of globally productive aquifers showing signs of recovery (aquifers
with rising trends >0.2m year−1 constituting ~6% over the past two
decades)5. Cases of groundwater recovery, when reported, are often
spatially limited and exhibit only modest rates of recovery (e.g.,
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Mancha Occidental aquifer (Spain)20, Abbas-e Sharghi basin (Iran)14,
Eastern Malwa Plateau alluvial aquifer (India)21, Bangkok basin
(Thailand)13, Taiyuan basin (China)19, and parts of California and
Arizona (US)18; Fig. 1). Cultivated drylands are particularly vulnerable
to rapid and accelerating groundwater level declines due to inade-
quate management strategies5. In this context, the North China Plain
(NCP), an intensively cultivated region spanning ~130,000 km2, pre-
sents a compelling case study. Here, we use the NCP as an example to
demonstrate the feasibility of achieving rapid groundwater recovery
(~0.7m year−1) at an unprecedented spatial scale through ongoing
human intervention.

The NCP, which forms the plain portion of the Hai River basin
(HRB), has been identified as a global hotspot for groundwater
depletion1. This region, which is responsible for ~10% of China’s grain
production, supports a population of ~130 million people and is
characterized by severely limited water resources, with <500m3 of
renewable water resources available per capita annually22,23. To meet
the escalating demands of socioeconomic development, groundwater
in the NCP has been heavily exploited. By the early 2000s, ground-
water constituted >65% of the total water supply, with irrigation
accounting for ~70% of the total water usage. As a result, groundwater
levels in the NCP declined at a rate of 1–2m year−1 by the end of the
20th century3,24, leading to an estimated cumulative depletion of
~60 km3 from the 1960s to 200825. In response to the acute water
shortage in North China, the South-to-North Water Diversion (SNWD)
project was initiated in 2002, diverting water from the humid Yangtze
River basin. The high-quality divertedwater has primarily been used to
replace groundwater pumping for municipal and industrial
purposes17,26. Additionally, excess diverted water has been used to
replenish rivers and lakes and increase aquifer storage through MAR.
Alongside strict groundwater pumping policies (e.g., shutting off wells
and restricting groundwater pumping for irrigation when surface
water is available), these measures have contributed to the stabiliza-
tion and local recovery of groundwater levels in the NCP17,27. While
conceptual and numerical models have indicated the potential for
groundwater recovery across the NCP28,29, the actual extent of this

recovery has remained uncertain due to a lack of in-situ observations,
which are often further hampered by spatiotemporal inconsistencies
among monitoring well records.

In this study, we compiled and analyzed the most comprehensive
dataset of in-situ groundwater level measurements to date across the
NCP, from 2005 to 2024, with ~190,000 measurements from over
2000 wells. Our analysis reveals a significant recovery trend, with
groundwater levels rising by ~0.7m year−1 on average across the NCP
during 2020–2024. This recovery is primarily attributed to water
diversions and active aquifer restoration policies. These findings
challenge a previous study5, which may have underestimated the
extent of groundwater recovery (Fig. 1f). Overall, our results provide
critical insights into the potential for addressing groundwater deple-
tion in cultivated drylands globally.

Results
Reversing groundwater depletion across the North China Plain
To investigate groundwater recovery in the NCP, we compiled an
extensive dataset of in-situ groundwater level measurements from
both unconfined and confined aquifers in urban and rural areas within
the NCP. The establishment of China’s national groundwater mon-
itoring project in 2018 markedly improved the spatiotemporal cover-
age and quality of in situ measurements. Prior to 2018, there were
many temporal discontinuities in the monitoring data, but the advent
of an automatic monitoring system thereafter provided continuous
data. Post-2018, there was a notable increase in monitoring well den-
sity in the NCP, particularly in the southeastern portions and in con-
fined aquifers (Supplementary Fig. 1). For unconfined aquifers,
groundwater levels were deepest (≥40m) in the piedmont plain in the
western portion of the NCP and shallowest (≤10m) in the eastern
portion of the NCP (Supplementary Fig. 1a–d). For confined aquifers,
groundwater heads were deepest (≥70m) in the cities of Tianjin,
Cangzhou, and Hengshui (Supplementary Fig. 1e–h). Rapid shallowing
trends have been observed across the NCP in both unconfined and
confined aquifers (Fig. 2). We calculated Theil-Sen slopes for depth to
groundwater at monitoring wells during 2020–2024 (Fig. 2m) because
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2020marked thepoint of reversal in the average groundwater depth in
the NCP. In unconfined aquifers, the most pronounced reversal in
groundwater levels was found in the piedmont plain in the western
portion of the NCP, with trends exceeding 1.5m year−1 during
2020–2024. In confined aquifers, rapid shallowing trends in ground-
water heads (≥1.5m year−1) were evident in the piedmont areas, as well
as in the cities of Tianjin, Cangzhou, and Hengshui. Additionally, wells
with continuous measurements indicated recovery in both urban and
rural areas (Fig. 2b–l).

The groundwater level data indicate that the reversal of dee-
pening trends in the average groundwater depth anomalies in both
unconfined and confined aquifers occurred around 2020 (Fig. 3a). By
the end of 2024, the average groundwater depth was ~11m and ~27m
in unconfined and confined aquifers, respectively. In general, depths
to groundwater in unconfined and confined aquifers are greatest in
summer and smallest in winter, driven primarily by the combined
effects of groundwater pumping for irrigation (peaking in spring)
and recharge from precipitation (summer monsoonal rainfall
accounting for ~60% of annual precipitation). Seasonal variability in
groundwater depth within a year is ~1.5m in unconfined aquifers and
~4m in confined aquifers. To mitigate the impact of seasonal varia-
bility, we isolated the long-term trends in the groundwater depth
anomaly time series after removing the seasonal variability using STL
decomposition. Our analysis shows that the rate of deepening in
groundwater depth in unconfined aquifers slowed before the rever-
sal in 2020 compared to the deepening trend in the late 20th cen-
tury. Historically, groundwater levels in unconfined aquifers in the
Piedmont Plain declined at a rate of 1–2m year−1 during 1984–200524.
The deepening trend decreased to 0.2m year−1 during 2005–2019,
with relatively humid conditions in 2012 and 2016 contributing to
mild recoveries. After the reversal in 2020, a rapid recovery rate of

0.7m year−1 occurred during 2020–2024, with the average ground-
water depth anomaly in unconfined aquifers in 2024 nearing levels
last seen in 2005. For confined aquifers, we found a deepening trend
of ~0.5m year−1 during 2005–2019, followed by a recovery of ~4m
during 2020–2024. By 2024, the average groundwater head had
returned to levels comparable to those in 2013. Notably, the recovery
rates for both unconfined and confined aquifers decreased after
2021. Additionally, numerous sources have indicated a recovery in
groundwater levels, as shown by the mitigation of land subsidence
and re-emergence of springs in regions such as Beijing and Xingtai
(see Methods).

Beijing experienced the first reversal of deepening groundwater
levels in unconfined aquifers, followed by other cities in the NCP
(Fig. 3b).Monitoring data fromBeijing, the citywith the highest quality
data in the NCP, indicated the earliest reversal in 2016, followed by a
recovery rate of 1m year−1 during 2016–2024. Since 2021, Beijing’s
groundwater level has been shallower than it was in 2005. In Baoding,
the reversal occurred in 2020, with a recovery rate of 1.5m year−1

during 2020–2024. By 2024, the groundwater level in Baoding was
shallower than in 2005. The recovery of groundwater levels in Heng-
shui and Tangshan has been ongoing since 2021, albeit at a slower rate
of 0.4m year−1 and 0.3m year−1, respectively. The lower uncertainty in
average groundwater depth anomalies for Beijing and the NCP, com-
pared to Baoding, Hengshui, and Tangshan, underscores the impor-
tance of dense in-situ monitoring networks and comprehensive
regional analysis in improving the reliability of groundwater
assessments.

We identified and analyzed trends in groundwater depth at
continuously monitored wells during 2005–2017 and 2018–2024
(Fig. 3c). A well displaying a monotonic deepening trend followed by
a monotonic rebound was labelled as having a reversal of the
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Fig. 2 | Trends in groundwater depths across monitoring wells in the North
China Plain and comparisons with previously reported cases of recovery.
aOverviewof theHai River basin (HRB). The purple line represents the boundaryof
theHRB.The green line represents the northern andwesternboundary of theNorth
China Plain (NCP), which is the plain portion of the HRB.Orange lines represent the
central route of the South-to-North Water Diversion (SNWD-C). Blue polygons
represent reservoirs. Brown lines represent the boundaries of Hebei Province and
the provincial-level municipalities of Beijing and Tianjin (Province). Red diamonds
represent major cities. Purple circles represent the locations of monitoring wells
(b–l). b–j Instances of continuous depth to groundwater measurements in

unconfined aquifers during 2005–2024. Green lines represent the depth to
groundwater. Thick blue lines illustrate the long-term trends derived from STL
decomposition. k, l Instances of continuous depth to groundwater measurements
in confined aquifers during 2005–2024. Purple lines represent the depth to
groundwater. Thick red lines illustrate the long-term trends derived from STL
decomposition. m Trends in groundwater levels and heads at individual wells
during 2020–2024. Circles indicate unconfined aquifers, while Deltas represent
confined aquifers. Positive trends (blue) indicate shallowing groundwater, while
negative trends (red) indicate deepening groundwater.
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deepening trend. For other wells, we assessed whether there was a
significant deepening or shallowing trend (p < 0.05, MK test). Our
findings show that significant deepening trends were predominant
during 2005–2017, whereas significant shallowing trends became
prevalent during 2018–2024. Approximately 62% and 83% of the
monitoring wells in unconfined and confined aquifers show sig-
nificant deepening trends during 2005–2017, respectively. Approxi-
mately 6% of the monitoring wells in unconfined aquifers, mainly in
Beijing, experienced a reversal of the deepening trend during this
period. In contrast, during 2018–2024, over half of the monitoring
wells exhibited a significant shallowing trend, and about a quarter
showed signs of a deepening trend reversal. These results align with
the first reversal observed in Beijing in 2016 and the overall reversal
at the NCP scale in 2020.

Water supply and usage in the Hai River basin
The total water supply in the HRB has remained relatively stable from
2005 to 2023, averaging ~37 km3 annually, but the contribution of
different water sources has shifted significantly (Fig. 4a, b). In 2005,
groundwater accounted for about two-thirds of the total water supply,
with unconfined aquifers providing 18.7 km3, nearly three times the
6.6 km3 supplied by confined aquifers. Around 2009, groundwater
extraction from confined aquifers began to decline, providing 5% less
in 2014 relative to the volume provided in 2005, with reclaimed water
compensating for most of this reduction. Meanwhile, surface water
supply from reservoirs increased (+1.8 km3) during 2005–2023 and
now constitutes over a quarter of the total water supply. Water
diverted from the Yellow River remained stable at ~4.4 km3 annually,
representing 10% of the total water supply, except for a spike in 2019
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and 2020. Reclaimed water use grew steadily, reaching 4.4 km3 by
2023 and accounting for 12% of the total water supply in 2023.
Reclaimed water is primarily used for river and lake replenishment, as
well as for sanitation, landscape irrigation, and industry. Despite
initiatives promoting desalination, the use of desalinated seawater in
the HRB has remainedminimal, with an annual capacity of ~0.25 km3 in
2023, contributing <1% to the total water supply.

The central route of the South-to-North Water Diversion (SNWD-
C), which began operations in December 2014, introduced significant
diversification into thewater supply structureof theHRB. The SNWD-C
was designed to divert 9.5 km3 of high-quality water annually from the
Danjiangkou Reservoir on the Han River, the largest tributary of the
Yangtze River, to northern China. The eastern route of the SNWD
(SNWD-E), which diverts water from Jiangdu near the Yangtze River,
supplies a small amount of water (~0.2 km3 year−1) to the southeastern
parts of the NCP, with the majority benefiting areas in Shandong Pro-
vince outside the NCP. In 2023, the SNWD provided 5.3 km3 of water,
accounting for 14% of the total supply, making it the third largest
source after unconfined aquifers (11.9 km3, 32%) and surface water
from reservoirs (10.4 km3, 28%).

Groundwater usage in2023 (~13 km3)wasnearlyhalf ofwhat it was
in 2005 (~25 km3), with a steeper decline in confined aquifers (~85%
reduction) than in unconfined aquifers (~36% reduction) from 2005 to
2023. By 2023, pumping from confined aquifers decreased to <1 km3,
accounting for only 3%of the totalwater supply. This greater reduction
in confined aquifer use is largely attributed to its greater substitution

by water from the SNWD project. Historically, confined aquifers,
valued for their high water quality, have been a primary source for
municipal use, particularly because unconfined aquifers are more
vulnerable to contamination. With the introduction of water from the
SNWD project, groundwater from confined aquifers that had been
used for municipal supplies has increasingly been replaced, thereby
reducing groundwater pumping. However, the SNWD supply is affec-
ted by drought conditions in its source areas. For example, drought
conditions upstream of the Danjiangkou Reservoir led to the SNWD
supply being decreased by 16% from 2022 to 2023 (from 6.3 km3

to 5.3 km3).
Despite generally stable total water use, a shift towards increased

allocation to environmental flows has led to a reduction in total
municipal, agricultural, and industrial use, from 37.6 km3 in 2005 to
29.5 km3 in 2023 (Fig. 4c, d). Agricultural water use, which accounted
for 70% of the total in 2005, has steadily declined to 50% by 2023. In
addition to a ~ 10% decrease in cropland area (Supplementary Fig. 2),
this reduction is attributed to policies aimed at mitigating water
shortages and curbing groundwater extraction, including adjustments
to cultivation practices, dryland farming, seasonal fallow, and use of
plastic mulch to conserve soil moisture30. Municipal water use
increased by ~30% during 2005–2023, driven by population growth,
while industrial water use decreased by a similar percentage due to
conservation efforts31. Environmental water use, which includes
watering trees and grasslands as well as replenishing lakes and rivers17,
has beenover 7 km3 since2021, becoming the second-largestwater use
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sector (>20% of the total) after agriculture. Reclaimed water, along
with water diverted from the Yellow and Yangtze rivers and surface
water from reservoirs32, plays a crucial role in supporting these envir-
onmental flows17.

Water diversion and aquifer restoration policies drive ground-
water recovery
The observed groundwater recovery in the NCP is primarily attribu-
table to sustained human intervention, with wet years (e.g., 2021)
providing additional but temporary reinforcement (Fig. 5). A pivotal
measure was the substitution of groundwater pumping with water
from SNWD-C. Initially, in 2015, Beijing received the bulk of diverted
water (0.8 km3 out of 1.4 km3 delivered to the NCP), which led to an
early recovery of groundwater levels beginning in 2016. This recovery
remained resilient even during droughts in 2019 and 2022 (Fig. 5c).
After 2020, SNWD-C deliveries expanded to other parts of the NCP,
reaching over 4 km3 per year and supporting a broader reversal of
regional groundwater declines (Fig. 5a).

The coupling between precipitation and groundwater depth
anomalies further highlights the impact of these interventions
(Fig. 5b, d). A systematic leftward shift in precipitation-groundwater
scatter plots indicates increasingly shallow groundwater conditions,
even under similar rainfall conditions. These shifts are particularly
pronounced during drought years (the red arrow in Fig. 5b), sug-
gesting that the interventions have altered the groundwater balance
and strengthened the system’s resilience. A similar pattern is
observed in Beijing (Fig. 5d), where 2024 groundwater depths sig-
nificantly improved compared to 2005. Although the extreme rainfall
in 2021 temporarily accelerated groundwater recovery, its effect was
short-lived, as soil moisture returned to baseline levels by early 2022
(Supplementary Fig. 3). In contrast, the continued groundwater rises

in Beijing (2016–2020) and the ongoing NCP-wide recovery since
2022 underscore the effectiveness and durability of policy-led
groundwater restoration efforts.

MAR and reduced irrigation-related pumping are critical strate-
gies for restoring depleted aquifers (Fig. 6a–c). For years, rivers in the
NCP had dried up due to upstream reservoir interception and declin-
ing groundwater levels. Experimental river replenishment began in
2018 in the Fuyang, Hutuo, and Juma rivers. Since then, over 10 km3 of
water from the SNWD project has been allocated to restore rivers
across the NCP by 2024. Additional contributions came from Yellow
River diversions and local reservoirs, benefiting rivers (e.g., the
Yongding River) and lakes (e.g., the Baiyangdian Lake). These efforts
have rejuvenated drying rivers, restored riparian ecosystems, and
enhanced aquifer recharge. Wells near replenished rivers exhibited
more rapid groundwater recovery rates (Fig. 6b), confirming the
effectiveness of river-based MAR. Other MAR methods, including
flood-restoring recharge ponds and injection wells targeting confined
aquifers, were employed but at smaller scales. In parallel, changes in
irrigation practices also contributed to partial recovery. The NCP’s
dominant double cropping system (winter wheat and summer maize
rotation) requires intensive spring irrigation, historically sustained by
groundwater pumping. Between 2013 and 2018, the area under double
cropping declined by ~10,000 km2 30. In rural areas between Beijing
and Langfang, where the reduction was the greatest30, groundwater
recovery began as early as 2013–2014 (Fig. 6c). Since 2018, further
decline in double-cropped area has slowed, as diverted water has
allowed local surfacewater to be redirected for irrigation30. In contrast,
the southeastern NCP retained stable cropping patterns due to reli-
ance on Yellow River diversions. Despite the cropping adjustments,
regional food production in Beijing, Tianjin, and Hebei rose from ~28
million tons in 2005 to ~42 million tons in 2023 (Supplementary

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

G
ro

un
dw

at
er

 d
ep

th
 a

no
m

al
y 

(m
)

2005 2010 2015 2020 2025

450

500

550

600

650

700

750

800

850
Pr

ec
ip

ita
tio

n 
(m

m
)

-6

-4

-2

0

2

4

500

600

700

800

900

Pr
ec

ip
ita

tio
n 

(m
m

)

-0.2 -0.1 -0.05 0 0.05 0.08
33

40

50

60

72

Av
er

ag
e 

Pr
 in

 th
e 

pa
st

 1
2 

m
on

th
s 

(m
m

)

2005

2010

2015

2020

2024

2014Q2–2015Q1
2019Q3–2020Q2

2021

2016Q3–2017Q2

-0.3 -0.1 0 0.1 0.15
34

40

50

60

78

2005Q1–2006Q2

2014Q3–2015Q2

2019Q3–2020Q2

2021

2024

Precipitation Dry years Normal years Wet years STL trend (unconfined)

G
ro

un
dw

at
er

 d
ep

th
 a

no
m

al
y 

(m
)

2005

2010

2015

2020

2024

Av
er

ag
e 

Pr
 in

 th
e 

pa
st

 1
2 

m
on

th
s 

(m
m

)

ΔDepth of the STL trend component (m)

YearNorth China Plain

YearBeijing

2005 2010 2015 2020 2025

North China Plain

Beijing

a b

c d

Shallowing

Deepening

Shallowing

Deepening

Fig. 5 | Groundwater depth response in unconfined aquifers to precipitation
variability. a Annual precipitation in the Hai River basin (HRB, white bars) and
average groundwater depth anomalies in unconfined aquifers across the North
China Plain (NCP). Background shading denotes dry (orange), normal (gray), and
wet (blue) years. The red line shows the long-term trend in average groundwater
depth anomalies, derived via STL decomposition. b Scatter plot relating 12-month
average precipitation (Pr) in the HRB to the corresponding change in the STL trend

component of groundwater depth anomalies in the NCP. Both axes use logarithmic
scales. Point colors indicate months, and labels such as “2014Q2” denote the year
and calendar quarter. The red arrow indicates the leftward shifts observed during
droughts. The dashed gray line indicates a stable trend. c Same as (a), but for
Beijing: annual precipitation and groundwater depth anomalies in unconfined
aquifers. d Same as (b), but for Beijing: precipitation-groundwater trend relation-
ships based on STL decomposition.

Article https://doi.org/10.1038/s41467-025-62719-5

Nature Communications |         (2025) 16:7296 6

www.nature.com/naturecommunications


Fig. 4)33, aided by increased yield per unit area, helping to ensure local
food security.

Groundwater depth recovery observed in monitoring wells is
consistent with both satellite-based and water balance estimates
(Fig. 6d, e). Interannual changes in groundwater depth in unconfined
aquifers show a strong linear relationship (R2 = 0.87) with net water
balance deficits, calculated as annual groundwater abstraction minus
recharge from the Hai River Water Resources Bulletins (Fig. 6e). The
fitted specific yield (Sy_fit) of 0.07 generally matches reported values of
~0.12 in the piedmont plains and ~0.04 in other regions of the NCP25,
supporting the reliability of the water balance approach34 (see Meth-
ods). Satellite observations from GRACE and GRACE-FO show a
recovery in total water storage anomalies (TWSA) beginning around
2020 (Fig. 6d), yet this rebound compensates for only about half of the
~49 km3 of total water storage depletion between 2005 and 2019.
Based on a 3m decline in groundwater level and the estimated Sy_fit,
unconfined aquifer storage alone decreased by ~27 km3 during this
period. Confined aquifers, characterized by much smaller storage
coefficients (0.0004–0.004), contributed relatively little to the total
depletion, indicating that themajority of groundwater loss occurred in
unconfined systems25. Discrepancies between GRACE TWSA data and
in-situ groundwater trends likely stem from variations in soil and sur-
face water storage, uncertainties in specific yield and storage coeffi-
cients, or inherent limitations inGRACE resolution. A full attribution of
these differences is beyond the scope of this study.

Discussion
Human intervention has successfully reversed groundwater depletion
in the NCP through a combination of new water sources, reduced
water demand, and enhanced water use efficiency with strict ground-
water pumping regulations (Fig. 7). Key strategies included water
diversion andwastewater recycling, which diversified the water supply
and reduced reliance on overexploited aquifers. Excesswater has been
utilized for replenishing water bodies and MAR, contributing to aqui-
fer restoration and enhancing system resilience against future
droughts. To reduce agricultural water demand, several approaches
were implemented, including shifting fromwater-intensive crops (e.g.,
transitioning from wheat-maize rotations to single maize crops that
coincide with the summer rainy season30), expanding dryland farming,
and introducing seasonal fallow periods. Additionally, water-intensive
industries (e.g., steel and papermaking plants) were phased out.
Engineering solutions, such as water-saving irrigation systems and
pipeline leakage control, further improved water use efficiency.
Effective management tools, such as water resources taxes, water use
quotas (e.g., annual water use quotas for Beijing (4.25 km3), Tianjin
(3.5 km3), and Hebei (20.6 km3)), and water trading systems, were also
introduced to optimize scarce water resources, stimulating more
efficient usage35. As a result, water productivity in the NCP has
increased three to four times between 2005 and 2023. In 2023, eco-
nomic output per unit of water use reached ~$50m−3 based on gross
domestic product (GDP) and ~$120m−3 based on industrial added
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value, compared to just ~$17m−3 and ~$27m−3, respectively, in 2005 (all
values adjusted to 2023 constant prices)36. Annual irrigation intensity
decreased by more than 30% from 2005 (0.37m3m−2) to 2023
(0.24m3m−2). Together with stringent pumping regulations (e.g., clo-
sure of >27,000 wells by 2023 according to the Ministry of Water
Resources), these activities effectively curbed the potential for the
Jevons Paradox, where increased efficiency could have led to higher
overall water consumption37. This successful recovery offers valuable
insights for restoring depleted aquifers in other global hotspots facing
similar challenges, including regions in Iran38, Iraq39, Turkey40,
Lebanon41, Jordan42, central South Africa43, California’s Central
Valley44,45 and the Southern and Central High Plains45,46 of the United
States, and the Indo-Gangetic Plain47.

Water diversion has played a pivotal, though not exclusive, role in
alleviating water scarcity and restoring overexploited aquifers, parti-
cularly in densely populated semi-humid to semiarid regions with
extensive irrigation. Projects such as the SNWD, Central Arizona
Project12, California’s water-delivery system (Central Valley Project and
State Water Project)48, and the water diversion from the Sea of Galilee
in Israel49 have substituted for local aquifer pumping, contributing to
groundwater storage recovery. Additionally, water diversions in east-
ern South Africa and the Toshka District of Egypt50, though not pri-
marily intended for aquifer restoration, have also helped reduce
pumping in these rapidly developing areas vulnerable to groundwater
depletion43. However, even with these water diversion projects,

challenges remain. For instance, despite efforts in California’s Central
Valley to mitigate water deficits15, wells have run dry during recent
droughts44. Although vast irrigation canals increased groundwater
storage through increased recharge in the early 20th century51,
increased irrigation from India’s river interlinking project could reduce
rainfall in September in already water-stressed regions due to land-
atmosphere feedback52 and lead to increased groundwater pumping.
These cases underscore the need to control water demand even when
additional diverted water is available.

Policy and engineering solutions must work in tandem to tackle
groundwater depletion. Measures similar to those implemented in the
NCP, such as diverting water from the Colorado River, enforcing
pumping regulations, limiting irrigation water use, and increasing the
use of reclaimed water, have been applied in Arizona’s active man-
agement areas (AMAs), leading to successful groundwater storage
recovery12,53,54. The reversal of groundwater level declines in Israel’s
coastal plain aquifer during the late 1960s also benefited from water
diversion, wastewater reclamation, and reduction of pumping49. MAR,
the process of artificially recharging water into the subsurface, sup-
ports the conjunctive use of surface water and groundwater, increas-
ing system resilience to climate extremes1. MAR has contributed to
reversing groundwater depletion trends in the NCP, California’s Cen-
tral Valley, and Arizona’s AMAs18, with further potential applications in
India55, Africa56, and Europe57. Desalination faces challenges, such as
managing brine waste58 and higher costs compared to wastewater
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recycling59, limiting its application1. However, wastewater recycling, as
demonstrated in the NCP and Arizona’s AMAs12, could significantly
alleviate water scarcity with the added co-benefit of improved water
quality. Our results demonstrate that rapid groundwater recovery
across a vast area (NCP: ~130,000 km2) is feasible through water
diversions and policy interventions, offering a valuable example for
water resource managers globally.

Methods
Groundwater level data collection
The reform of China’s groundwater monitoring system around 2018
led to a discontinuity in the availability of depth to groundwater data
for the NCP, with most studies only including data before 20195,26–28 or
after 201760. Since 2005, the China Institute for Geo-Environment
Monitoring published the Yearbooks of Groundwater Levels, provid-
ing the first publicly available and most comprehensive dataset of
groundwater depth across China. However, before the establishment
of the national groundwater monitoring project in 2018, monitoring
wells were sparse, data quality was inconsistent, and only a limited
number of wells provided continuous data, with observation intervals
varying from daily to monthly. Since 2018, newly installed monitoring
wells have automatically recorded groundwater depth at 1‒4 hour
intervals, resulting in continuous time series data and improving the
reliability of monthly averages used in this study. Monthly average
groundwater depth data for 2005–2017 were digitized from the prin-
ted Yearbooks of Groundwater Levels, while data from 2018 to 2024
were obtained from the China Institute for Geo-Environment Mon-
itoring’s online platform (https://geocloud.cgs.gov.cn).

Data preprocessing
Quality control and interpolation procedures were applied before
aggregating groundwater depth data at regional scales. Three para-
meterswere defined forpreprocessing: (1)maximumallowable gap for
linear interpolation (intrplGap = 3 months), (2) minimum length of
time series required (minLen = 48 months), and (3) moving window
size for outlier detection (windowOL = 24 months). First, linear inter-
polation was applied to internal data gaps not exceeding intrplGap.
Second, wells with fewer than minLen months of valid observations
were excluded from the analysis. Third, a moving average filter with a
window length of windowOL months was used to identify and mask
outliers, defined as values deviating by more than three standard
deviations from the moving average. These thresholds were selected
based on data characteristics and preliminary sensitivity analyses to
ensure robust spatiotemporal coveragewhileminimizing the influence
of outliers.

Analyses of depth to groundwater in the NCP
The Quaternary aquifers in the NCP are typically divided into four
aquifers, with the shallowest being unconfined and the remaining
three confined25. In the piedmont plain, water is primarily pumped
from the unconfined aquifer,whereas in other regions, itmainly comes
from the confined aquifers because of the presence of saline and
brackish water in the unconfined aquifer24,61.

We aimed to develop a consistent understanding of groundwater
depth dynamics across various regional scales over the past two dec-
ades, particularly under the reformed groundwatermonitoring system
around 2018. First, we calculated the change in groundwater depth
between consecutive months and applied a weighted average to the
groundwater depth changes at each available monitoring well, using
the corresponding areas of Thiessen polygons as the basis for
weighting:

ΔDphj =

P
iSi × Dphi, j � Dphi, j�1

� �

Stot
ð1Þ

where Dphi,j and Dphi,j-1 represent the groundwater depth in months j
and j−1 at each monitoring well, Si is the area of the Thiessen polygon
associated with the well, and Stot is the area of the target region (each
well was associated with a unique polygon). This equation means that
only wells with valid groundwater depth measurements in both
months j and j–1 were included in the spatial averaging. Second, we
summed the changes to obtain the cumulative change:

ΔDph cumi =
Xi

j = 1

ΔDphj ð2Þ

Groundwater depth anomalies were then calculated as anomalies
of the cumulative change (ΔDph_cumi). Finally, we employed the Sea-
sonal and Trend decomposition using Loess (STL) to decompose the
average depth series into trend, seasonal, and remainder components.
The Theil-Sen slope62,63 was used to assess the trends in the STL
components because it is robust against outliers and effective for
analyzing trends in groundwater depth5.

Our results show that the selection of preprocessing parameters
minimally impacted the main findings (Supplementary Fig. 5a, b). To
assess the uncertainty introduced, we tested a range of values: intrplGap
from 1 to 5, and minLen and windowOL of 12, 24, 36, 48, and 60,
ensuring that windowOL did not exceed minLen. Although aggregating
monthly changes in groundwater depth introduced some uncertainty,
the influence of preprocessing selections remained limited, as indicated
by the shaded areas in Supplementary Fig. 5a, b. The number of mon-
itoring wells available increased significantly after 2018 (Supplementary
Fig. 5c). For unconfined aquifers, well coverage rose from ~400 to ~500
in 2010 to ~500 to ~700 in 2018. For confined aquifers, the number
increased from ~120 wells before 2018 to ~700 after 2018. We analyzed
changes in groundwater depth rather than absolute levels, which
reduced the sensitivity of regional trends to data gaps or inconsistencies
in well continuity. Groundwater heads in different confined aquifer
layers followed two general patterns (Supplementary Fig. 5d). First,
deeper layers typically had greater depths to groundwater. Second, due
to intensive pumping and vertical leakage through aquitards, ground-
water heads across layers were often similar. We did not analyze the
dynamics of groundwater heads across different confined layers at the
regional scale, primarily due to the limited number of monitoring wells
in the second and third confined layers, particularly before 2018.

We assessed the uncertainty associated with the spatial distribu-
tion of the monitoring network and the application of the Thiessen
polygon method using Monte Carlo simulations. In each of the
10,000 simulations, 95% of available monitoring wells were randomly
selected to calculate the monthly average groundwater depth. This
approach accounts for the ~5% month-to-month fluctuation in well
availability.

From the simulation results D, we computed the 90% confidence
interval (CI) and standard deviation (σ) as follows:

CI = D5%,D95%

� � ð3Þ

σ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Dð Þ

p
ð4Þ

where D5% and D95% represent the 5th and 95th percentiles of the
simulation ensemble.

Trend significancewas evaluated using theMann–Kendall test at a
significance level of p < 0.05 (two-tailed)64. For individual wells
(Fig. 2b–l), trends were estimated using the Theil-Sen slope applied to
raw time series data to accommodate data discontinuities. At the city
scale (Fig. 3b), we selected four cities, Beijing, Baoding, Hengshui, and
Tangshan based on data availability sufficient to generate continuous
time series before and after 2018. For trend classification at the well
level (Fig. 3c), we considered only wells with complete data for both
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the 2005–2017 and 2018–2024 periods. A “reversal” of the ground-
water deepening trend was identified only when a monotonic decline
was followed by a monotonic rebound. Wells with non-monotonic
recovery patterns were categorized as “shallowing”.

Statistic data of water resources
We compiled data on precipitation, renewable groundwater resources,
water productivity, and water supply and use from the Hai River Water
Resources Bulletins (http://www.hwcc.gov.cn/wwgj/xxgb/szygb/) and
the China Water Resources Bulletins (http://mwr.gov.cn/sj/tjgb/szygb/).
The data include detailed breakdowns of water sources, except for
certain years where some information was missing. For example, the
breakdown of diverted water in 2016 and 2017 was interpolated based
on data from adjacent years, considering the relatively stable water
diversion from the Yellow River. Regional data were collected from the
Water Resources Bulletins of Beijing (https://swj.beijing.gov.cn/zwgk/
szygb/index.html), Tianjin (https://swj.tj.gov.cn/zwgk_17147/xzfxxgk/
fdzdgknr1/tjxx/), Hebei (http://slt.hebei.gov.cn/a/zfxxgk/), and Shan-
dong (http://wr.shandong.gov.cn/zwgk_319/fdzdgknr/tjsj/szygb/). Eco-
nomic output values of water use were adjusted to 2023 constant prices
using GDP deflator data from the World Bank (https://data.worldbank.
org/indicator) and Producer Price Index (PPI) data from the National
Bureau of Statistics of China (https://www.stats.gov.cn/sj/). Additionally,
desalination capacity data were obtained from the National Seawater
Use Bulletin (https://www.mnr.gov.cn/sj/sjfw/).

Relationship between precipitation and changes in
groundwater depth
We analyzed the relationship between precipitation and changes in
groundwater depth to assess the impact of human intervention on
groundwater recovery. To present precipitation (vertical axes of
Fig. 5b, d), we used the 12-month moving average, as its influence on
aquifer recharge can be long-lasting:

PrAvg12 tð Þ=
Pt

i = t�11 Pr ið Þ
12

ð5Þ

where PrAvg12(t) is the 12-month moving average precipitation for
month t, and Pr(i) is the precipitation in month i.

To represent changes in groundwater depth (horizontal axes in
Fig. 5b, d), we used the month-to-month difference in the trend com-
ponent of aggregated groundwater depth anomalies:

ΔDphtrend tð Þ=Dphtrend tð Þ � Dphtrend t � 1ð Þ ð6Þ

where ΔDphtrend(t) is the change in the STL trend component of
groundwater depth anomalies for month t, and Dphtrend(t) is the STL
trend component itself for month t.

Estimation of average specific yield
The average specific yield in the NCP was estimated with a water bal-
ance method34 that uses the relationship between changes in
groundwater depth within unconfined aquifers and groundwater
abstraction minus recharge. The following equation was applied:

ΔDph=
Pumping � Recharge

Sy f it ×AreaNCP
+C ð7Þ

where ΔDph is the annual groundwater depth change in unconfined
aquifers, Sy_fit is the fitted specific yield, AreaNCP is the area of the NCP,
and C is a constant.

Other evidence of groundwater recovery
In addition to the recovery in groundwater depth, land subsidence in
theNCPhas also stabilized or begun to recover. Land subsidence in the

NCP has worsened since the 1950s65, but there have been instances of
stabilization and recovery in Beijing6, Tianjin66, and Cangzhou67.
Springs have re-emerged in Mentougou in Beijing (https://www.
beijing.gov.cn/renwen/jrbj/202304/t20230419_3059190.html), and in
Bai Springs in Xingtai (http://slt.hebei.gov.cn/a/2022/07/22/
7BACE2B982F842A387544296E12E9A0F.html). The thickening of the
unsaturated zone due to depletion has likely significantly reduced
recharge68, so a recovery in groundwater levels could potentially lead
to increased recharge.

Limitations
Despite using the best available in situ groundwater depth data for
the NCP, several limitations remain. First, continuous observations
were available for only a limited number of wells, particularly prior to
2018. Data before 2017 were often irregular, with varying measure-
ment frequencies and sparse spatial coverage, particularly in the
southeastern NCP. These limitations in groundwater monitoring
introduce uncertainty when applying spatial interpolation using the
Thiessen polygon method. In areas with sparse data, wells receive
disproportionately high weights, which may affect the representa-
tiveness and reliability of regional estimates. Second, more rapid
recovery observed in urban areas compared to rural regions, largely
driven by the replacement of municipal groundwater pumping with
water from the SNWD project, could introduce bias when well dis-
tribution is uneven. To minimize uncertainty from spatial aggrega-
tion, we adopted the non-parametric Thiessen polygon method.
While this approach incorporates spatial weighting, it remains sen-
sitive to uneven well distribution. Third, due to the absence of
detailed hydrogeological parameters, we were unable to estimate
changes in groundwater storage at fine spatial resolutions. This is
particularly relevant for confined aquifers, where recovery may be
delayed due to long-term compaction effects and limited vertical
recharge. Finally, this study focused solely on the NCP due to the
intensive effort required to collect and digitize data from printed
hydrogeological yearbooks. Expanding this analysis to other regions
would require a similar investment in data acquisition and quality
control. Nonetheless, our uncertainty analysis (Fig. 3a, b) suggests
that these limitations do not compromise the core finding of rapid
and regionally significant groundwater recovery in the NCP.

Data availability
GRACE TWSA products were accessible from the Jet Propulsion
Laboratory (JPL, https://grace.jpl.nasa.gov) and Center for Space
Research (CSR, https://www.csr.utexas.edu). Soil moisture products
were accessible from the Global Land Data Assimilation System
(GLDAS, https://ldas.gsfc.nasa.gov/gldas/). All other data used in this
study and source data for generating figures are accessible from
Zenodo (https://doi.org/10.5281/zenodo.15797080)69.

Code availability
Data processing and analysis were conducted using MATLAB. The
related code canbe foundonZenodo (https://doi.org/10.5281/zenodo.
15797080)69.
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