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Variations in China's terrestrial water storage from March 2003 to February 2013 were

determined using data from the Gravity Recovery and Climate Experiment (GRACE)

monthly gravity field model provided by the Center for Space Research. The results were

compared with the variations in surface water estimated using the Global Land Data

Assimilation System (GLDAS) hydrological model. The results indicated a decline in

terrestrial water storage in the Shanxi and Xinjiang Tianshan regions over the past decade

with a downward trend that reached �7.76 ± 0.71 mm/a and �5.8 ± 0.67 mm/a, respec-

tively. Anthropogenic activities were considered to be the major cause of this terrestrial

water loss (especially groundwater) in these regions. In contrast, the intersection of the

Xinjiang and Tibet Autonomous Regions and the Qinghai Province showed an upward

trend in the terrestrial water storage at a rate of 9.06 ± 0.37 mm/a, which is closely related

to the high-quality local ecological environment and lack of human activities. At the in-

tersections between the Chongqing, Guizhou, and Hunan Provinces and between the

Jiangxi, Zhejiang, and Fujian Provinces, the terrestrial water storage increased at rates of

7.86 ± 0.9 and 8.68 ± 0.8 mm/a, respectively. These two regions received abundant annual

precipitation; moreover, there was no considerable variation in the amount of groundwater

storage over the past decade. In addition, the empirical orthogonal function (EOF) method

used in this study could eliminate correlated errors in the GRACE monthly gravity field

model more effectively than the traditional polynomial fitting method, and it did not

generate false signals.
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1. Introduction

Since the 21st century, intensified climate changes and

increased anthropogenic modifications have led to significant

variations in the global water cycle, resulting in devastating

impacts on human lives [1,2]. The Gravity Recovery and

Climate Experiment (GRACE) was launched in 2002 to observe

the Earth's gravity field and energy cycle, and over the past 13

years, it has collected large amounts of spatial data that can

help in studying variations in global water storage.

Using GRACE data, Tapley et al. and Wahr et al. studied

annual variations in the mass distribution on the Earth and

found significant seasonal hydrological changes in major

drainage basins, including the Amazon and Congo [3,4]. Veli-

cogna et al. reported that time-variable gravitymeasurements

from GRACE could indicate variability of the water mass on

land to an accuracy of 1e1.5 cm equivalent of water height [5].

Chen et al. combined GRACE data, hydrological models, and

local in situ precipitation data to study annual variations in

terrestrial water storage in the Amazon basin and noted that

GRACE was capable of observing the extreme Amazon

drought event of 2005 [6]. In addition, Swenson et al.

observed a significant decline in the water level of Lake

Victoria, East Africa, in 2005 using GRACE data. This decline

is consistent with the severe drought experienced in that

region in the same year [7]. Furthermore, on the basis of the

monthly GRACE gravity field, Leblanc et al. observed changes

in surface water storage caused by severe droughts in South

Australia between 2003 and 2006, and Feng et al. used

GRACE data to monitor variations in terrestrial water storage

in the Amazon basin from 2002 to 2010 [8,9].

All the aforementioned research has demonstrated the

capability of GRACE to observe regional hydrological changes

and global climate abnormalities, which are useful in gaining

a better understanding of the hydrological cycles of many

large-river basins on a global scale. China is a country that

suffers from severe drought andwater deficit problems. It also

has considerable variability in the spatial and temporal dis-

tribution of water resources, with most cities in the country

suffering from a deficiency in water supply. In contrast, the

volume of wastewater discharge is annually increasing,

causing groundwater pollution of varying degrees. These

worsening water problems not only reduce the utility of water

bodies but also seriously threaten the quality of drinking

water for citizens. Water pollution and wastewater treatment

are, therefore, becoming important issues affecting social

development. Real-time monitoring of variations and trends

in terrestrial water storage in the country would be able to

provide important information for use as a reference in

improving the management of water resources.

There has recently been considerable progress in the use of

GRACE for monitoring variations in China's water storage. Hu

et al. analyzed changes in the terrestrial water storage in the

Yangtze River Basin using GRACE observations of the Earth's
gravity field over a period of 15 months [10]. Wang et al. also

studied the variations related to water storage in the water

supply system of the Three Gorges Reservoir on the basis of

the GRACE temporal gravity field [11]. Furthermore, Duan,

Xing, Ye, and Zou [12e15] separately analyzed the variations
in the water storage in China and its surrounding areas using

GRACE and compared the results with those derived using

different hydrological models. Zhong et al. studied the spatial

variations in the water storage in China over a period of five

years and reported trends in the variations for five typical

regions [16]. Su et al. reported changes in the terrestrial water

storage in northern China using eight years of GRACE satellite

data and posited that excessive exploitation of groundwater

was the main cause of groundwater loss [17]. In 2010, Li et al.

used the GRACE time-variable gravity field to monitor

changes in terrestrial water storage in dry areas in southwest

China and showed that the changes strongly correlated with

the amount of precipitation [18].

This study uses data from the RL05 GRACE monthly gravity

field model provided by the Center for Space Research (CSR) to

compute changes in China's terrestrial water storage from

March 2003 to February 2013. The results are compared

with those from the Global Land Data Assimilation System

(GLDAS), fromwhich trends in China's terrestrial water storage

during the past decade have been obtained. This study

provides basic information and theoretical support for the

sustainable use and development of water resources in China.
2. Data and processing strategy

2.1. Original data

The GRACE data used herein were obtained from the GSM

RL05 gravity field model provided by the CSR, University of

Texas, which were collected over a period of 115 months, i.e.,

fromMarch 2003 to February 2013. However, data weremissing

for five months between these dates: June 2003, January and

June 2011, and January and June 2012. Wahr et al. reported that

errors in the recovered mass were 30% less when using GRACE

monthly field data collected after March 2003, as compared to

previous studies [4]. This was consistent with the calculation

results obtained in this study. Hence, data collected from

March 2003 onwards are selected for inversion calculations.

Improved accuracy has been observed in the C20 gravity

field coefficient of RL05 as compared to that of RL04. However,

the level of accuracy has not yet reached that of satellite laser

ranging (SLR). Therefore, in this study, results from C20 were

replaced by those from SLR. All GRACE monthly gravity field

data were extended to the 60th degree/order. Tidal in-

terruptions (including ocean, earth, and pole tides) were

eliminated, together with other non-tidal atmospheric and

oceanic influences. The remaining signals represent the

terrestrial hydrography and errors of GRACE [19,20]. Data from

GLDAS, which were provided by NASA's Goddard Space Flight

Center, were then used for comparison with the GRACE re-

sults. Monthly products from March 2003 to February 2013 on

a 1� � 1� global grid were used in this study.

In situ monthly precipitation data for China were obtained

from 2472 stations. These were developed at the Climate Data

Center of the National Meteorological Center (NMC). The thin

plate spline method of the ANUSPLINE software was used to

spatially interpolate source data from 1961 to the present onto

a 0.5� � 0.5� grid monthly precipitation dataset. In this study,

data products from March 2003 to February 2013 were used.

http://dx.doi.org/10.1016/j.geog.2015.03.004
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2.2. Principles and methods

Equation (1) shows the inversion of GRACEmonthly gravity

field data to the mass variability of surface water:

DHðq; lÞ ¼ arE
3rw

X∞

l¼0

Xl

m¼0

Plmðcos qÞ 2lþ 1
1þ kl

ðDClm cos ml

þ DSlm sinmlÞ (1)

where DH (q,l) represents the equivalent water height; q and l

represent the co-latitude and longitude of the measuring

point, respectively; a represents the Earth's radius; rE and rw

represent the Earth's average density and the density of water,

respectively; Plmðcos qÞ is the fully normalized associated

Legendre function; DClm and DSlm are spherical harmonic co-

efficients; l and m are the degree and order of spherical har-

monic extension, respectively; and kl is the Love number of

the 1st order load.

Since the GRACE monthly gravity field data provided by

CSR were coefficients truncated at the 60th degree, there are

truncation errors in the time-variable gravity field. Further-

more, errors in the spherical harmonic coefficients increase

with increasing degree. Therefore, errors caused by the higher

degree during the computing process were not neglected.

Instead, smoothing was applied to achieve a more reasonable

time-variable gravity field and the Gaussian smoothing kernel

function W(a), which was constructed by Jekeli [21], was

substituted into equation (1) to derive the regional variations

in the average water storage:

DHðq; lÞ ¼ 2arE
3rw

X∞

l¼0

Xl

m¼0

2lþ 1
1þ kl

WlPlmðcos qÞðDClm cosml

þ DSlm sinmlÞ (2)

where Wl ¼
R p

0 WðaÞPlðcos qÞsin ada and a is the angular dis-

tance between points (q,l) and (q
0
,l

0
). The Gaussian smoothing

kernel function is defined as WðaÞ ¼ b
2p

exp½�bð1�cos aÞ�
1�e�2b ,

b ¼ In2
1�cosðr=aÞ, where r refers to the average smoothing radius.
2.3. Comparison between decorrelation methods

The strategy for data processing in this study required a

continuous data set, and the five months of missing time se-

ries data needed to be obtained through interpolation.

Therefore, 120 months of data were obtained from the gravity

field model. The spherical harmonic coefficients of all the

months were then averaged to obtain variations in China's
water storage, and the mean was subtracted from the spher-

ical harmonic coefficients of each month, providing the

spherical harmonic residual coefficients for the 120 months.

In this process, the static background in the Earth's gravity

field was removed, while the time-variable aspects were

accentuated. Gaussian smoothing and decorrelation were

applied to the residual coefficients.

Although traditional methods that fit a polynomial within

a moving window can greatly attenuate the correlated errors

in the GRACE gravity fields [22], these can also lead to

distortions of the Earth's actual geophysical signals. These

distortions are demonstrated not only in terms of magnitude

but also in terms of distortions in spatial distribution,
making it difficult to reinstate. In this study, we directly

applied the empirical orthogonal function (EOF), proposed by

Wouters et al., to the spherical harmonic coefficients of the

gravity fields [23]. There was a better separation of noise and

true signals using the correlation among the coefficients.

More details: we used a coefficient ordering while keeping

the orders, m, constant. Each series{Cm(t,l):l ¼ m,…,lmax;

t ¼ 1,…,120} and {Sm(t,l):l ¼ m,…,lmax; t ¼ 1,…,120} at

m ¼ 0,…,lmax was decomposed by EOF into the componentaj
and the relevant eigenvector ej(j ¼ 1,…,r). Then, we used the

KS2 test [24] to determine whether each principal component

aj(t) was reserved as a signal or removed as noise. The

reserved EOF components and their eigenvectors were used

to reconstruct the Cm(t,l) and Sm(t,l) series.

Fig. 1 shows the equivalent water height in July 2009 using

two different methods. Compared to the traditional

polynomial fitting method, it is evident that the EOF method

has little impact on the Earth's true geophysical signals, and

in addition, it does not generate false signals. It is, thus,

considered to be effective in removing the correlated errors

from the GRACE monthly gravity field model.

In relation to the above, Gaussian smoothing with a 300 km

radius and an EOF decorrelationwere adopted. This strategy for

data processing could retain more of the expected geophysical

signals. Spherical harmonic analyses were further conducted

on water storage data from the GLDAS monthly grids for

comparison with the GRACE inversion results. The mean was

subtracted from the spherical harmonic coefficients of each

month, the results of which underwent Gaussian filtering and

EOF decorrelation (similar to the processing for the GRACE

monthly gravity fields).
3. Results and analysis

Fig. 2 shows the variations in China's terrestrial water

storage from March 2003 to February 2013 using GRACE.

Throughout the decade, the following five main regions in

China experienced significant variations in terrestrial water

storage: region A, Shanxi Province and its surrounding

area; region B, Xinjiang Tianshan region; region C,

intersection between the Xinjiang and Tibet Autonomous

Regions, and Qinghai Province; region D, intersection

between the Chongqing, Guizhou, and Hunan Provinces;

region E: Intersection between the Jiangxi, Zhejiang, and

Fujian Provinces.

Of these five main regions, regions A and B exhibited a

significant decline in terrestrial water storage, whereas the

other three regions experienced a significant increase. Details

of the time series distribution of the terrestrial water storage

in these five regions over the last decade are shown in Fig. 3.

The results were then compared to those estimated for the

same period using the GLDAS hydrological model (only

variations in soil moisture and snow fields were included,

and variations in groundwater were excluded), in addition

to in situ data collected by the NMC.

It can be seen from Fig. 3 that although regions A, B, and C

had low annual precipitation, regions D and E had abundant

precipitation. It should be noted that the variations in

the terrestrial water storage in these five regions did not

http://dx.doi.org/10.1016/j.geog.2015.03.004
http://dx.doi.org/10.1016/j.geog.2015.03.004
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positively correlate with the amount of precipitation in each

region. However, results from GRACE (indicated in red) and

that estimated using the GLDAS model (indicated in green)

correlate very well with each other in terms of seasonal

changes. A detailed analysis for each region is elaborated

upon below.
Region A suffered from a water deficit and contributed to

two-thirds of the country's surface water loss (China's annual

surface water loss is 6.9 billion square meters). During the

period 2003e2013, the change in the terrestrial water storage

in this region was �7.76 ± 0.71 mm/a. Fig. 3a also shows a

trend of declining water storage (GRACE data are indicated

http://dx.doi.org/10.1016/j.geog.2015.03.004
http://dx.doi.org/10.1016/j.geog.2015.03.004


Fig. 2 e Variations in China's terrestrial water storage from

2003 to 2013.
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in red). Due to the severe water scarcity, there was excessive

extraction of groundwater in the province. Moreover, large-

scale mining operations over the years significantly

damaged the groundwater resources in the region, where 2.5

tons of water are discharged for every one ton of coal
Fig. 3 e Variations in terrestrial water storage for
excavated from the mines, thereby lowering groundwater

levels and damaging the dynamic balance of water

resources. Furthermore, the discharged water causes

pollution in rivers, while large-scale excavation results in

ground subsidence and deformation. The annual sinusoid of

variations in the region's surface water fitted by the least

squares method was �1.62 ± 0.60 mm/a, which highlights

the region's severe groundwater loss compared to the overall

variations in terrestrial water.

Region B has relatively abundant water resources because

of processes such as snowmelt. However, there is low annual

precipitation, and the water demand from the highly-devel-

oped piedmont agricultural industry is huge. As a result,

extraction of groundwater during these years was excessive,

leading to a gradual decrease in the overall water storage, with

annual variations reaching �5.8 ± 0.67 mm/a. The terrestrial

water storage in this regionwas particularly low in 2007e2010.

Although water storage has recovered in the most recent

years, an overall downward trend remains.

Throughout the past decade, region C exhibited an upward

trend in water storage. This region is located in the northern

QinghaieTibetan Plateau and includes large areas of unin-

habited land (such as the Tanggula and Hoh Xil areas), which
the five regions in China from 2003 to 2013.

http://dx.doi.org/10.1016/j.geog.2015.03.004
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receive glacier melt. It is also home to well-maintained local

ecological developments and is an area of soil and water

conservation. As shown in Fig. 3c, terrestrial water storage in

this region measured using GRACE had an upward trend of

9.06 ± 0.37 mm/a. Whether the change was caused by

ground water or lake water increases remains unclear.

Variations in water storage for region D reached

7.86 ± 0.9 mm/a in the past decade due to the intersection of

the area between Chongqing, Guizhou, and Hunan Provinces.

Region E experienced abundant annual precipitation, and

hence, its terrestrial water storage reached 8.68 ± 0.8 mm/a.

The aforementioned analyses confirm that anthropogenic

activities in China caused a severe loss of terrestrial water

throughout the study period, and in particular, loss of

groundwater. In the Shanxi and Xinjiang Tianshan regions,

intensive coal mining and piedmont agriculture resulted in

the extraction and pollution of groundwater, which in turn

significantly impacted the local water storage. The low annual

precipitation in these regions further contributed to the

annual decrease inwater storage, affecting the local economic

and social development, which is closely related to the avail-

able water resources.

Uninhabited regions with relatively low human activity

(such as region C) have high-quality and well-maintained

ecological environments, together with moisture and soil

conservationmeasures in place. Despite receiving equally low

annual precipitation, terrestrial water storage in these areas

annually increased. Although intensive human activities

occurred in regions D and E, the abundant precipitation was

sufficient to meet the demand for water in industrial pro-

duction and agriculture. Therefore, there was a slight upward

trend in its terrestrial water storage.
4. Conclusions

In this study, 300 km Gaussian smoothing and EOF decor-

relation were applied to process the GRACE monthly gravity

field data for March 2003 to February 2013. The results show

the variations in China's terrestrial water storage over the past

decade. These results were compared to variations in the

surface water estimated using the GLDAS hydrological model

as well as the in situ data collected by the NMC. The conclu-

sions are as follows:

(1) The five main regions (AeE) in China experienced sig-

nificant variations in terrestrial water storage over the

decade. Terrestrial water storage in regions A and B

exhibited a significant decline, reaching �7.76 ± 0.71

and �5.8 ± 0.67 mm/a, respectively. However, there

were significant increases in the terrestrial water stor-

age of regions C, D, and E, with variations of 9.06 ± 0.37,

7.86 ± 0.9, and 8.68 ± 0.8 mm/a, respectively.

(2) There was severe groundwater loss in the Shanxi

and Xinjiang Tianshan regions, and the major cause of

this is thought to be related to anthropogenic activities.

In region C, the annual terrestrial storage gradually

increased, which is largely attributed to the high-quality

local ecological environment and a relative lack of

anthropogenic activities. Due to abundant precipitation
in regionsD and E, variations in terrestrial water storage

derived using GRACE correlate well with the results

obtained from the GLDAS hydrological model, espe-

cially in terms of annual variations. This suggests that

terrestrial water storage in these two regions did not

change significantly over the past decade.

(3) Compared to the traditional polynomial fitting methods,

EOF decorrelation does not distort the Earth's actual

geophysical signals, nor does it generate false signals. As

such, it is a more effective method for removing corre-

lated errors in the GRACE monthly gravity model.
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