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Evaluation of groundwater depletion in North China using the
Gravity Recovery and Climate Experiment (GRACE) data and
ground-based measurements
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Received 14 July 2012; revised 4 March 2013 ; accepted 8 March 2013 ; published 24 April 2013.

[1] Changes in regional groundwater storage in North China were estimated from the
Gravity Recovery and Climate Experiment (GRACE) satellites data and ground-based
measurements collected from 2003 to 2010. The study area (~370,000 km?) included the
Beijing and Tianjin municipality, the Hebei and Shanxi province, which is one of the largest
irrigation areas in the world and is subjected to intensive groundwater-based irrigation.
Groundwater depletion in North China was estimated by removing the simulated soil
moisture changes from the GRACE-derived terrestrial water storage changes. The rate of
groundwater depletion in North China based on GRACE was 2.2 = 0.3 cm/yr from 2003 to
2010, which is equivalent to a volume of 8.3 = 1.1 km>/yr. The groundwater depletion rate
estimated from monitoring well stations during the same time period was between 2.0 and
2.8 cm/yr, which is consistent with the GRACE-based result. However, the estimated
groundwater depletion rate in shallow plain aquifers according to the Groundwater Bulletin
of China Northern Plains (GBCNP) for the same time period was only approximately 2.5
km?*/yr. The difference in groundwater depletion rates estimated from GRACE and GBCNP
data indicates the important contribution of groundwater depletion from deep aquifers in the

plain and piedmont regions of North China.
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1. Introduction

[2] Groundwater is a vital source of fresh water for agri-
culture, industry, public supply, and ecosystems in many
parts of the world. In the North China Plain (NCP), more
than 60% of fresh water comes from groundwater [Ministry
of Water Resources of China (MWR), 2010a], and agricul-
tural irrigation in this area relies heavily on groundwater
[Kendy et al., 2003 ; Yang et al., 2010]. Globally, ground-
water provides more than 50% of drinking water, 40% of
industrial water, and 20% of irrigation water [Zektser and
Lorne, 2004]. Overexploitation of groundwater has resulted
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in groundwater depletion and pollution as well as soil sali-
nization and land subsidence, particularly in places where
groundwater-based irrigation is intensive, such as in the
NCP, northern India, and the central United States [Shah et
al., 2000; Scanlon et al., 2007; Wada et al., 2010]. How-
ever, information regarding the spatial and temporal vari-
ability of groundwater storage (GWS) is extremely limited
[Shah et al., 2000]. There are no extensive ground-based
networks for monitoring large-scale GWS variations.

[3] Since its launch in 2002, the Gravity Recovery and
Climate Experiment (GRACE) mission has been measuring
variations in the Earth’s gravity field that reveal mass redis-
tributions [Tapley et al., 2004]. The GRACE mission
presents a new opportunity to monitor large-scale GWS
changes. Over land, temporal variations in the gravity field
are mainly due to terrestrial water storage (TWS) change,
which is the vertically integrated measure of groundwater,
soil moisture (SM), snow, ice, and surface water. To isolate
one component from total TWS (e.g., GWS), other compo-
nents must be estimated from models or observations.

[4] In a prelaunch study, Rodell and Famiglietti [2002]
evaluated the potential for isolating changes in the ground-
water component of TWS in the High Plains aquifer of the
central United States. Later, Rodell et al. [2007] isolated
GWS anomalies from GRACE-derived total TWS and
simulated SM data for the Mississippi River basin derived
from the Global Land Data Assimilation System (GLDAS)
models of the National Aeronautics and Space Administra-
tion (NASA). They found good correspondence between
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GRACE-GLDAS estimates and those derived from moni-
toring well-based observations. Since then, numerous stud-
ies have shown that GRACE can be used to detect large-
scale GWS changes in many parts of the world, especially
where irrigation relies heavily on groundwater [Yeh et al.,
2006; Strassberg et al., 2007, 2009; Swenson et al.,
2008a; Rodell et al., 2009; Tiwari et al., 2009 ; Famiglietti
etal.,2011; Scanlon et al., 2012].

[s] Groundwater storage in the NCP, the largest wheat/
maize production zone in China, is of great importance for
water resources management, agricultural development, and
ecosystem health in the region. The NCP includes one shal-
low unconfined aquifer and three deep confined aquifers of
different depths (40-60 m, 120-170 m, 250-350 m, and
400-600 m) [Sakura et al., 2003]. The aquifers consist of
sand, gravel, clay, and silt. The region belongs to the littoral
and semiarid climatic zone with nearly 70% of the rainfall
occurring from June to September and 10% from March to
May. Annual rainfall in this area ranges from approximately
400-600 mm/yr, whereas the evaporation rate is approxi-
mately 1000 mm/yr [Liu et al., 2002]. Since the 1970s, rapid
agricultural and industrial development has resulted in great
demand for water resources, and nearly all of the major riv-
ers in North China, including the Hai River, are dammed for
hydroelectric power generation and urban water use. The
Yellow River flows through the western and southern parts
of the study region. However, only a small percentage of
surface water here is used for agricultural irrigation [ Yang et
al., 2010]. Instead, groundwater is pumped for use in agri-
cultural irrigation. In the piedmont region of the Taihang
Mountains where irrigation requirements are high, shallow
groundwater level differences between 1958 and 1998 are as
high as 50 m, whereas deep groundwater level differences
over the same time period are as high as 90 m [World Bank,
2001]. By 2004, there were more than 7.6 million tube wells
in North China, and 68% of irrigation here came from
groundwater [Wang et al., 2007]. In 2009, groundwater
accounted for 61% of the total water supply in Beijing, 26%
in Tianjin, 80% in the Hebei province, and 58% in the
Shanxi province [MWR, 2010a]. With continued ground-
water consumption, large depression cones have formed in
the NCP [Liu et al., 2001]. Based on the hydrogeological
data set for North China, Foster et al. [2004] concluded that
the excessive abstraction of groundwater has led to severe
groundwater depletion in the piedmont and flood plain
regions of the NCP. This groundwater depletion was further
validated by two GRACE studies. Zhong et al. [2009] stud-
ied TWS trends in China using early GRACE data (level 2,
Release 04) and found a TWS loss in Beijing, Hebei, and
Tianjin at a rate of 2.4 cm/yr from 2003 to 2007. Moiwo et
al. [2009] estimated TWS changes in the Hai River basin of
North China based on griddled GRACE data (level 3,
Release 04) collected more than 4 years and compared the
results with in situ hydrological measurements. They found
a TWS loss in the range of 1.3-2.4 cm/yr for the period from
2003 to 2006. However, the regional TWS time series based
on level 3 GRACE data are potentially contaminated by
leakage and amplitude-damping effects in GRACE data
processing. In this study, we applied the latest level 2
(Release 05) GRACE data provided by the Center for Space
Research (CSR) at the University of Texas at Austin and
considered the leakage and amplitude-damping effects to
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Figure 1. Map of North China showing locations of
monitored well stations and shaded relief topography and
boundaries of Beijing (BJ), Tianjin (TJ), the Hebei prov-
ince, and the Shanxi province.

make the estimate more reliable. We explored the potential
of GRACE to monitor groundwater variations in North
China, including the Beijing and Tianjin municipality, the
Hebei and Shanxi province from 2003 to 2010. The area of
our study region is large enough (~370,000 km?) to be
observed by GRACE satellites (Figure 1).

2. Data and Methods

2.1. GRACE Data and Processing

[6] We used the monthly Release 05 GRACE solutions
provided by the CSR. The solutions were expressed in the
form of spherical harmonic (SH) coefficients truncated to
degree and order (d/o) 60. The degree 2 order 0 (C20) coef-
ficients in the GRACE data were replaced by estimates
obtained from satellite laser ranging [Cheng and Tapley,
2004]. Monthly geocenter estimates calculated by Swenson
et al. [2008b] were used to account for the degree 1 coeffi-
cients of the gravity field, which GRACE does not observe.
The GRACE data were corrected for glacial isostatic
adjustment (GIA) based on the model of Paulson et al.
[2007]. The SH coefficients were filtered to remove north-
south stripes [Swenson and Wahr, 2006] and to reduce
high-frequency noise (200 km Gaussian smoothing). Fur-
thermore, we applied the following regional kernel function
to these SH coefficients to obtain the TWS in the study area
[Swenson and Wahr, 2002]:

3, Lmax ! 21+ 1

(96 ACp + 05, AS), (1
_1+k1(lm [+lm [) ()

where R is the area of the region, ¢ and p; are the mean ra-
dius and density of the Earth, %, is the /th load potential
Love number, AC;,, and AS), are the SH coefficients
anomalies with respect to the mean gravity field for the pe-
riod ranging from 2003 to 2010, and ¥}, and ¥}, are the SH
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coefficients of the kernel function 4. We constructed the
kernel function by decomposing the mask grid (1 at points
inside the region and 0 at those outside) into SH coeffi-
cients, which were truncated to degree L, = 60.

[7]1 All of the processes mentioned earlier (i.e., truncation
of SH coefficients to d/o 60, destriping, smoothing, and
applying the kernel function) could make the TWS estimate
biased within a given region. The signal in the target area
might leak out to the surrounding areas, which would cause
an amplitude damping in the area (bias). Meanwhile, the sig-
nal from the surrounding areas might leak into the target
area (leakage). In theory, the regional water storage value Sy
estimated by the above method can be presented in the
following integral forms [Klees et al., 2007]:

— 1 N 1 A 1 N

So =— | SohdQ) = — [ SinhdQ) + — Sout 2dS2, 2

0 Ro/ 0 Ro/ +Ro/ out 2)
Q R

Q-R

where S, is the true water storage variation field, S;, and
Sout are the true variations inside and outside the basin, and
Sy is the original regional estimate before bias and leakage
corrections are applied. The first item on the right side of
the equation is the biased estimate, and the second item is
the leakage effect from outside of the basin. The true value

in the basin is 1/Ry / Sin hdS), where & is the exact kernel

R
(1 inside the basin, 0 outside). To recover this true value in
the basin, we removed the leakage effect from the original
estimate and corrected the biased estimate.

[8] The time series for leakage around the basin can only
be estimated from mass change models, because there are no
reliable observations of global large-scale mass variations
except from GRACE. To estimate this “leakage in” signal,
we constructed the synthetic global mass change from four
hydrological models (see next section) and ocean bottom
pressure data from a Jet Propulsion Laboratory (JPL) version
of the Estimating Circulation and Climate of the Ocean
general circulation model [Lee et al., 2002]. We added a uni-
form layer to the global ocean to conserve the total land and
ocean mass at every time step [Velicogna and Wahr, 2006a,
2006b]. The average values and standard deviations of the
leakage time series from four models were calculated as our
final leakage corrections and uncertainties.

[o] Furthermore, we used the scaling factor method to
restore the amplitude-damped TWS time series. Many
researchers have applied this method to study ice sheet
mass loss in Greenland and Antarctica [Velicogna and
Wahr, 2006a, 2006b], mass-induced sea level variations in
the Mediterranean Sea and the Caspian Sea [Fenoglio-
Marc et al., 2006 ; Swenson and Wahr, 2007], and seasonal
water storage variations in major drainage basins of the
world [Chen et al., 2007]. We used a scaling factor of 2.72
(corresponding to 200 km Gaussian smoothing) to restore
the TWS time series (supporting information, section 1).

[10] In this study, we did not use the TWS and SM time
series to estimate GWS anomalies directly. Instead, we
used a new method proposed by Scanlon et al. [2012], in
which SM data are filtered in the same way as GRACE
data initially (i.e., projection of model grids to SH coeffi-
cients, truncation to d/o 60, application of a 200 km Gaus-

sian smoothing). Next, we removed this filtered SM value
from the GRACE-derived TWS value to obtain the filtered
GWS value. Because we assumed that GWS changes are
concentrated inside the area of interest, restoring the fil-
tered GWS only requires bias correction (i.e., applying
scaling factor), and no leakage correction (no external
groundwater masses leaking into the area of interest) is
needed. Therefore, errors of leakage corrections outside the
area should be minimized. The scaling factor could be esti-
mated using information on the spatial distribution of GWS
changes, which is generally estimated from groundwater
models or groundwater statistical data. Note that because
the scaling factor is a parameter describing the relative
change, the possible underestimates from groundwater
models or statistical data will not affect the scaling factor
estimate. We applied the groundwater statistical data issued
by the Ministry of Water Resources of China (MWR) and
the Department of Water Resources in the Hebei Province
(DWRHP) to estimate the scaling factor for GWS changes
(2.38) [MWR, 2010b; Department of Water Resources of
Hebei Province (DWRHP), 2010].

2.2. Hydrological Models

[11] We used four hydrological models: three versions
(NOAH, VIC, and MOSAIC) of the GLDAS model from
NASA [Koster and Suarez, 1992 ; Liang et al., 1994; Ek et
al., 2003; Rodell et al., 2004] and the Climate Prediction
Center (CPC) model from the National Oceanic and Atmos-
pheric Administration (NOAA) [Fan and van den Dool,
2004]. SM and snow water equivalents are simulated in the
GLDAS models, whereas only SM data are included in the
CPC model. The snow water component is typically small,
and its contribution to the long-term TWS trend of North
China is negligible (<0.01 km”/yr). None of these models
include the groundwater or surface water storage compo-
nents. The average values and standard deviations of the
four hydrological models were calculated as the best esti-
mates and uncertainties of SM. To isolate the GWS changes
from the TWS changes, we also needed to remove the con-
tribution from the surface water reservoir storage. Nearly all
of the major rivers in North China are dammed for municipal
and industrial use. In fact, it is unlikely that surface water
reservoir storage changes in North China contributed signifi-
cantly to long-term TWS changes during the study time pe-
riod [Han et al., 2008]. Based on the hydrologic statistics
[MWR, 2010a], the surface water reservoir storage change in
the study region was approximately 0.04 km>/yr from 2003
to 2010, which we considered in our final GWS estimate.

2.3. Ground-Based Measurements

[12] The ground-based measurements used in this study
included 40 daily water table depth measurements collected
from 2003 to 2010. The data were obtained from the
National Earthquake Precursory Network of China. The
locations of monitoring well stations are shown in Figure 1.
We calculated monthly averages from the data to compare
with GRACE results. To convert the water table depth
change to the GWS change, the specific yield of each moni-
toring well had to be estimated. In the NCP, the specific
yield of shallow aquifers increases westward from <0.05 in
the coastal plain around the margin of the Bohai Sea to
>0.2 in the piedmont region of the Taihang Mountains.

2112



FENG ET AL.: GROUNDWATER DEPLETION IN NORTH CHINA

cm/yr
4

Figure 2. Trend map of terrestrial water storage (TWS)
changes in China and surrounding regions derived from
GRACE data collected from 2003 to 2010. Destriping and
200 km Gaussian smoothing were applied. In addition to
the TWS loss in northern India and Pakistan, Figure 2
shows an obvious TWS loss in North China.

Based on the comparison between the isopleth map of spe-
cific yields in the NCP provided by Zhang and Fei [2009]
and the locations of wells, we concluded that a reasonable
range of average values for specific yields was 0.05-0.07,
which we used to estimate GWS changes [Geological
Memoirs, 1992 ; Moiwo et al., 2009 ; Zhang and Fei, 2009].
In addition, we used the 2003-2010 GWS statistics of shal-
low aquifers from the Groundwater Bulletin of China
Northern Plains (GBCNP), which is issued annually by the
MWR, and the Groundwater Bulletin of Hebei Plain
(GBHP), which is issued quarterly by the DWRHP [MWR,
2010b; DWRHP, 2010].

3. Results

[13] The spatial pattern of TWS trends estimated from
GRACE data for China and its surrounding regions from
2003 to 2010 is shown in Figure 2. The most obvious nega-
tive trend is located in northern India and Pakistan, which
is believed to be due to groundwater depletion [Rodell et
al., 2009; Tiwari et al., 2009]. GRACE-derived glacial
mass loss in the Himalayas and Tian Shan, shown in Figure
2, was discussed by Matsuo and Heki [2010]. Figure 2
shows the obvious TWS loss in North China, specifically in
Beijing, Tianjin, the Hebei province, and the Shanxi
province.

[14] Figure 3 shows the percentage of each 5 arc min
grid cell equipped for irrigation with groundwater globally
[Siebert et al., 2010]. Numerous studies have demonstrated
that GRACE can detect GWS changes in many heavily
groundwater-based irrigated areas, shown in Figure 3, such
as in northern India and Pakistan [Rodell et al., 2009;
Tiwari et al., 2009], the High Plains aquifer [Strassberg et
al., 2007, 2009], the Central Valley [Famiglietti et al.,
2011; Scanlon et al., 2012], and the alluvial aquifer along
the Mississippi River in the United States [Rodell et al.,
2007]. Groundwater-based irrigation is also used

extensively in the NCP (Figure 3). We further investigated
how much of the GRACE-derived TWS loss in North
China is the result of groundwater depletion.

3.1. GRACE Estimates of GWS Changes and
Comparison With Ground-Based Measurements

[15] Figure 4a illustrates the time series of GRACE-
derived changes in TWS in North China, which showed a
persistent decrease since 2004. The averaged SM changes
from the four hydrological models (NOAH, VIC,
MOSAIC, and CPC) showed a smaller amplitude than the
GRACE-derived TWS changes (Figure 4b). The phases of
the TWS and SM time series agree relatively well, both
peaking around October/November and reaching a mini-
mum near April/May. Changes in GWS were estimated as
the difference between GRACE-derived TWS and simu-
lated SM, which decreased continuously since 2005 (Figure
4c). The rate of groundwater depletion obtained by sub-
tracting simulated SM from GRACE-derived TWS was 2.2
cm/yr from 2003 to 2010. Average groundwater depth
changes from the monitoring well stations over the same
period also showed a continuously decreasing tendency, at
a rate of 1.4 m/yr (Figure 4d). Assuming that no ground-
water depletion occurred in the mountain areas and that the
average specific yield is in the range of 0.05-0.07, the
groundwater depletion rate estimated from well measure-
ments is within the range of 2.0-2.8 cm/yr.

[16] The GRACE-based GWS trend from the CSR
showed the largest groundwater depletion in the piedmont
region of the Taihang Mountains (Figure 5a), where irriga-
tion relies heavily on groundwater (Figure 3) [Kendy et al.,
2003; Yang et al., 2010; Siebert et al., 2010]. The spatial
pattern of the GWS trend was further estimated using a for-
ward-modeling method. In the forward-modeling scheme,
we used the spatial information of groundwater depletion
trends from the GBCNP and the GBHP [MWR, 2010b;
DWRHP, 2010] (see Figure 6) and rescaled the GWS esti-
mate to make it consistent with the GRACE-based GWS

110°

120° 130°

00 01 1.0 5.0 10.0 20.0 350 50.0 75.0 100.0

Figure 3. The area equipped for irrigation with ground-
water, given as a percentage of cell area, for 5’ x 5 cells
[Siebert et al., 2010]. The high percentage of area equipped
for irrigation with groundwater is mapped for the North
China Plain.
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Figure 4. (a) Total terrestrial water storage (TWS)
changes estimated from GRACE data. (b) Average soil
moisture (SM) changes estimated by four hydrological
models (GLDAS_NOAH, GLDAS_VIC, GLDAS_MO-
SAIC, and CPC). The gray shaded area depicts the range of
the simulated SM values. (¢) Groundwater storage (GWS)
changes estimated from GRACE-SM data. (d) Average
groundwater depth changes measured by monitoring well
stations.

estimate. We then transformed the rescaled gridded data to
the SH domain, truncated to d/o 60, destriped, and
smoothed with a 200 km Gaussian filter. The spatial pattern
of groundwater depletion derived from forward modeling
agrees rather well with the GRACE-SM results (Figure 5).
The groundwater depression cones in shallow aquifers
were mainly located in the piedmont region of the Taihang
Mountains, whereas most of the groundwater depression
cones in deep aquifers were located in the central plain
region of the Hebei province (Figure 5d) [Ministry of Land
and Resources of China (MLR), 2009]. Although the spatial
resolution of groundwater depletion from GRACE data is
limited to approximately 300 km, there is a good correla-
tion between the location of GRACE-observed ground-
water depletion and that of groundwater depression cones,
which confirms that GRACE does observe the groundwater
depletion occurring in North China.

[17] Figure 6 depicts the spatial pattern of GWS trends
in shallow aquifers in the plain and piedmont regions of
North China based on the GBCNP issued annually by
MWR and the GBHP issued quarterly by DWRHP [MWR,
2010b; DWRHP, 2010]. More details can be found in sec-
tion 4 of the supporting information. The most obvious
depletion of shallow groundwater occurred in the piedmont
region of the Taihang Mountains (Figure 6). The shallow
groundwater table here declined more than in the eastern
plain areas (supporting information, section 5, Figure S2).
The depletion of shallow groundwater in Beijing was also
extremely severe. Note that the possible GWS changes in

deep aquifers are not included in Figure 6. Nevertheless,
the spatial pattern of the GWS depletion rate in Figure 6 is
in good agreement with the GRACE-SM results (Figures
Sa—5c). As stated earlier, the results of forward modeling
based on the data in Figure 6 also show good agreement
with the spatial pattern from GRACE-SM results at
GRACE resolution (i.e., filtered) (Figure 5d), which
increases the confidence in GRACE results.

3.2. Error Estimation of GRACE-Based GWS
Changes

[18] We further considered the uncertainty of GWS
changes derived from GRACE data and hydrological mod-
els. As summarized by Longuevergne et al. [2010], the
errors induced by the GRACE data processing include the

scaled GRACE measurement error (kASy), the error due to
leakage correction (kASjcakage ), and the uncertainty of the

scaling factor (AkS, and AkSjeakage )- The error from hydro-
logical models, processing error from applying Gaussian
smoothing with different radii and different destriping meth-
ods, and the error from GIA were also considered here.

[19] To estimate GRACE measurement error, we used
the method proposed by Chen et al. [2009]. The measure-
ment error was determined from root-mean-square variabil-
ity over the Pacific Ocean at the same latitude as North
China, in which true mass variation should be small, as bar-
otropic ocean mass variations have been removed by the
dealiasing process. A potential limitation of the scaling
method is how mass change is distributed inside the basin.
We applied the mass distribution within the study area
determined from four hydrological models to estimate the
uncertainty of the scaling method (supporting information,
section 1). Based on our simulation, we conclude that the
uncertainty of the scaling factor estimation (Ak) is less
than 5%, which we included in our final error budget. The
uncertainty of applying Gaussian smoothing with different
radii and applying different destriping methods was esti-
mated to be 0.12 cm/yr, which is also included in our final
error budget as the GRACE data processing error (support-
ing information, section 2). The GIA effect in our study
area is approximately 0.13 cm/yr. We pessimistically
assumed that the uncertainty of the GIA correction was
*50% and thus 0.06 cm/yr.

[20] Table 1 lists the different error components in the
final error budget of monthly GWS estimates and the trend.
As shown in Table 1, the errors primarily result from the
hydrological model error, GRACE measurement error,
processing error, and leakage error. The hydrological mod-
els used in this study only simulate SM above 2 m. There
might be significant variations in unsaturated water storage
below 2 m, which would not be included in the hydrologi-
cal models. This is especially true for the western part of
the Hebei province, where the mean water table depth is
usually tens of meters [Foster et al., 2004]. Therefore, the
unmodeled SM could lead to errors in our final ground-
water estimate. The error from leakage corrections esti-
mated from hydrological models might be underestimated
as well. The final error estimate of the GWS trend based on
GRACE data and hydrological models was 0.3 cm/yr,
based on the assumption that no correlations exist between
the individual trend errors.
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Figure 5. Spatial patterns of groundwater storage (GWS) trends estimated from GRACE-SM data (a)
CSR, (b) GFZ, and (c¢) JPL and (d) forward modeling over the time period of 2003-2010. The location
and size of groundwater depression cones in shallow aquifers (black circles) and deep aquifers (red

circles) are also shown in Figure 5d [MLR, 2009].

4. Discussion

[21] Our final estimate of the groundwater depletion rate
in North China based on GRACE data and hydrological
models was 2.2 = 0.3 cm/yr for 2003—-2010, which is equiv-
alent to a volume rate of 8.3 = 1.1 km®/yr. For the same
time period, the estimated groundwater depletion rate in
shallow aquifers according to the GBCNP was approxi-
mately 2.5 km*/yr [MWR, 2010b], which is about one third
of our estimate. One of the main reasons for this difference
is that the GBCNP-based estimate includes only ground-
water information in shallow aquifers of China northern
plains, whereas the GRACE observes all GWS changes
from all aquifers. Some studies have shown that the deep
groundwater table is also decreased greatly in the piedmont
region of the Taihang Mountains and the central plain
region of the Hebei province [World Bank, 2001; Foster
et al., 2004; Tamanyu et al., 2009]. The high-groundwater
depletion rate estimated using GRACE data indicates the
important contribution of groundwater depletion in deep
aquifers of North China. In addition, the contribution of
possible groundwater depletion in the mountain areas of
North China is not included in the GBCNP. The mountain
areas of the Shanxi province are among the largest coal-
producing regions in China. Large-scale coal mining proc-
esses could destroy the aquifers and result in the observed
groundwater depletion. However, determining the effect of

coal mining processes on groundwater depletion is beyond
the scope of the current study. Recently, Konikow [2011]
estimated the contribution of global groundwater depletion
since 1900 to sea level rise. Based on groundwater level
measurements and groundwater flow models, cumulative
net groundwater depletion in the NCP was found to be
130.3 km® and 170.3 km® for the 1900-2000 and 1900-
2008 periods, respectively, which indicates that the ground-
water depletion rate was 5 km?/yr from 2001 to 2008. Our
estimate based on GRACE data was 3.9 + 1.6 km®/yr for
2003-2008. Although the two time periods are not the
same, our GRACE-based estimate is generally consistent
with that reported by Konikow [2011]. Note that GRACE-
based GWS time series are stable during 2003—-2004, which
leads to the difference in GRACE-based groundwater
depletion rates between 2003—-2008 and 2003-2010. Based
on the earlier analysis, we conclude that the current deple-
tion of groundwater resources in North China is more seri-
ous than previously reported in official groundwater
bulletins.

[22] The spatial pattern of groundwater depletion based
on GRACE data shows significant groundwater loss in the
piedmont and central plain regions of North China. In these
regions, numerous studies have reported the consequences
of groundwater depletion, such as groundwater depression,
land subsidence, soil salinization, groundwater pollution,
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and seawater intrusion [Wang et al., 2007 ; Liu et al., 2001 ;
Shah et al., 2000; Foster and Chilton, 2003 ; Foster et al.,
2004], and demonstrated that extensive groundwater-based
irrigation is the main cause of groundwater depletion in
North China [Foster et al., 2004 ; Kendy et al., 2004].

[23] GRACE satellite gravimetry offers an important
approach to estimating GWS changes in North China.
However, some limitations to this method exist. First, only
simulated SM data were used. The effect of extensive
groundwater-based irrigation on SM in North China is not
considered in the hydrological models. Although the four
hydrological models we used agreed well with each other,
a ground-based network of SM sensors would provide
more reliable SM data and improve the GRACE-derived
estimate of GWS changes. In addition, a uniform spatial
distribution of more monitoring well stations in North
China is needed. Expanding the monitoring well network
would provide more reliable groundwater information and
validate our GRACE-based estimate further. Specific yield,
i.e., the storage coefficient for converting the water table
depth to water storage, is also important. In the future, esti-
mating the specific yield of each well would enhance the
certainty of GWS estimates calculated from monitored well
data. Moreover, uncertainty still exists in the GRACE data.
We further calculated the groundwater depletion rate and
its spatial pattern in North China using the GeoForschungs-
Zentrum Potsdam (GFZ), JPL, and Groupe de Recherche
de Géodésie Spatiale (GRGS) GRACE products. A regula-
rization process was applied in the GRGS GRACE prod-
ucts [Bruinsma et al., 2010]. Groundwater depletion rates
in North China estimated from the GFZ, JPL, and GRGS
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Figure 6. Spatial pattern of shallow groundwater storage
(GWS) trends in the plain regions of North China from
2003 to 2010, based on the statistical data sets from the
GBCNP and the GBHP [MWR, 2010b; DWRHP, 2010]. In
the Shanxi province, statistical data for eight basins were
collected. The statistical data for the Hebei province were
collected based on the administrative divisions. More
details can be found in section 4 of the supporting
information.

Table 1. Different Error Components in the Final Error Budget of
Monthly GWS Estimates and the Trend”

Monthly (cm) Trend (cm/yr)

TWS (GRACE) N

Measurement error (kASy ) 3.54 0.16

Leakage (kASieakage ) 2.61 0.12

AkSy <0.58 0.03

AkSieakage <0.22 0.01

Processing error 0.12

GIA 0.06

Total 4.87 0.24
SM

Hydrological model 3.98 0.18
GWS

GRACE-SM 5.96 0.30

*Processing error represents the uncertainty of applying Gaussian
smoothing with different radii and applying different destriping methods.
Uncertainties in the trends were estimated by applying a least squares fit
through the error propagation from the monthly data using a covariance
matrix. The final error estimate of the GWS trend based on GRACE data
and hydrological models was 0.3 cm/yr, under the assumption that no cor-
relations exist between the individual trend errors.

data were 7.6 + 1.4 km*/yr, 7.9 = 1.3 km®/yr, and 9.2 = 0.8
km?/yr, respectively, for 2003—2010. The spatial patterns
of GWS trends obtained from CSR, GFZ, and JPL GRACE
data agree well with each other (Figures 5a—5c). However,
the largest groundwater depletion rate according to GRGS
data is located in the northern region of the Shanxi prov-
ince, approximately 250 km away from the location pre-
dicted by CSR, GFZ, and JPL data (supporting
information, section 3, Figure S1). This difference indicates
that uncertainty still remains within GRACE products
derived using different gravity field inversion strategies.

5. Summary

[24] In this study, regional groundwater depletion in
North China was estimated from GRACE-derived TWS
and simulated SM data from 2003 to 2010. The estimate
was compared with in situ water table observations and the
results from groundwater bulletins. Based on the GRACE-
derived TWS and simulated SM estimates, the groundwater
depletion rate in North China was 8.3 = 1.1 km?/yr from
2003 to 2010, which is about three times higher than the of-
ficial estimate of the groundwater depletion rate in shallow
plain aquifers from the GBCNP (2.5 km>/yr). The differ-
ence between our estimate and the GBCNP result indicates
the potential deep groundwater depletion in the plain and
piedmont regions of North China. Even if we apply the low
bound of our estimate conservatively, the study region lost
approximately 50 km® of groundwater between January
2003 and December 2010, which is greater than the
capacity of China’s Three Gorges Dam, the largest power
station in the world.

[25] Given the continuous groundwater depletion esti-
mated by GRACE in North China, more effective measures
should be taken to curb groundwater loss, such as artificial
recharge of water into aquifers [Han, 2003], crop structure
adjustment [Yang and Zehnder, 2001], and reintroducing
fallow periods [Kendy et al., 2004]. China’s South-North
Water Transfer Project, which takes water from the Yang-
tze River and the Han River in the south to the arid region
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of North China, could partially ease the water shortage
in North China and also reduce the dependence on
groundwater.
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