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Abstract. In this study, we analyze 32 yr of terrestrial wa-
ter storage (TWS) data obtained from the Interim Reanal-
ysis Data (ERA-Interim) and Noah model from the Global
Land Data Assimilation System (GLDAS-Noah) for the pe-
riod 1979 to 2010. The accuracy of these datasets is validated
using 26 yr (1979–2004) of runoff data from the Yichang
gauging station and comparing them with 32 yr of indepen-
dent precipitation data obtained from the Global Precipi-
tation Climatology Centre Full Data Reanalysis Version 6
(GPCC) and NOAA’s PRECipitation REConstruction over
Land (PREC/L). Spatial and temporal analysis of the TWS
data shows that TWS in the Yangtze River basin has de-
creased significantly since the year 1998. The driest period
in the basin occurred between 2005 and 2010, and particu-
larly in the middle and lower Yangtze reaches. The TWS fig-
ures changed abruptly to persistently high negative anoma-
lies in the middle and lower Yangtze reaches in 2004. The
year 2006 is identified as major inflection point, at which
the system starts exhibiting a persistent decrease in TWS.
Comparing these TWS trends with independent precipita-
tion datasets shows that the recent decrease in TWS can
be attributed mainly to a decrease in the amount of precip-
itation. Our findings are based on observations and model-
ing datasets and confirm previous results based on gauging
station datasets.

1 Introduction

Terrestrial water storage (TWS) is determined by all phys-
ical phases of water stored above and below the surface of
the Earth, including soil moisture, snow and ice, canopy wa-
ter storage, groundwater, etc. As a key component of terres-
trial and global hydrological cycles, TWS strongly influences
water, energy, and biogeochemical fluxes, thereby playing a
major role in the Earth’s climate system (Famiglietti, 2004).
TWS is not only an indicator of the Earth’s climate variabil-
ity, but also affects various components of the Earth’s hydro-
logical cycle (Niu et al., 2006). Soil moisture plays a key role
in both the water and energy cycles through its impact on the
energy partitioning at the surface, and soil moisture also has
links with the biogeochemical cycle via plant transpiration
and photosynthesis (Seneviratne et al., 2010). Snow cover
has a strong influence on the onset of the summer monsoon
and runoff production in spring (Ding et al., 2009). There-
fore, the spatial and temporal variability in TWS due to cli-
mate change and human-induced impacts both form impor-
tant components in the water and energy cycles, and should
be taken into account in river basin management.

From a historical perspective, there is limited information
about the TWS distribution in time and space, as TWS is not
routinely assessed like other hydrometeorological measure-
ments. Isolated datasets are available for only a few regions
and rarely for periods of more than several years. More-
over, the in situ observations are point measurements, and
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not always representative for larger spatial domains (Famigli-
etti et al., 2008; van der Velde et al., 2008). Fortunately,
progress in satellite remote sensing and corresponding re-
trieval techniques enables large scale monitoring of land sur-
face bio-geophysical properties (e.g. soil moisture and tem-
perature). This may potentially improve our understanding of
the spatially heterogeneous hydrometeorological processes.
Advances in microwave remote sensing have demonstrated
their use in providing large-scale soil moisture information,
resulting in satellite missions specifically dedicated to soil
moisture (Entekhabi et al., 2010). Microwave observations
can, however, only provide information on the top few cen-
timeters of the soil. In addition,Tapley et al.(2004a,b) and
others have shown that, using measurements of the Earth’s
gravity field, terrestrial water storage change (TWSC) may
be inferred on a monthly scale. The first space mission that
employs this technology is the Gravity Recovery and Climate
Experiment (GRACE) launched on 17 March 2002.

Data assimilation products such as Interim Reanalysis
Data (ERA-Interim) and Global Land Data Assimilation Sys-
tem (GLDAS) combine the virtues of in situ data, remotely
sensed observations, and modeling. The models in these sys-
tems simulate the main components of TWS and, by fusing
these components with other data sources, reduce uncertain-
ties in the hydrological interpretations. These systems have
been extensively applied in TWS and related studies, and
have, for example, been utilized in regional, continental, and
global TWS variation analysis (Chen et al., 2005; Senevi-
ratne et al., 2004; Syed et al., 2008). As well, these systems
offer long-term records of data, making them suitable for
long-term analysis, while remotely sensed data and in situ
observations are most likely time limited.

In this study, we focus on the analysis of the long-term
variation in TWS of the Yangtze River basin. The Yangtze
River, the longest river in China, forms one of the world’s
top ten rivers basins as far as water shortage is concerned.
This shortage is caused by intensive human water use, and
is despite the large volume of runoff the river basin re-
ceives (Wong et al., 2007). During the past three decades, the
Yangtze River basin has experienced fundamental changes,
e.g. a marked increase in temperature, population growth,
economic development, water consumption, as well as the
dam construction. The Three Gorges Dam (TGD) is the
largest hydroelectric dam, and has created the largest man-
made lake (more than 600 km2 of former land) in the world.
Such sizeable land use changes alter many factors, such as
albedo, regional climate, and the hydrological cycle. In re-
cent years, the basin has experienced an increasing trend in
the frequency of extreme events, i.e. low runoff in drought
years, and floods during intense rainfall (Dai et al., 2008;
IPCC, 2001). A better understanding of the changes occur-
ring in the Yangtze River basin and its hydrological state vari-
ables is thus important. However, previous work has mostly
focused on the interaction between runoff, precipitation, and
evapotranspiration in the basin, while little attention has been

paid to space–time variability in TWS and its response to
climate change and human activity.

In this paper, we examine the spatial and temporal varia-
tion in TWS in the Yangtze River basin, with the aim to im-
prove our understanding of the water cycle and aid manage-
ment of the water resources. The specific objectives of this
paper are (1) to use an ERA-Interim dataset to estimate the
TWS and TWSC for the period 1979 to 2010, (2) to assess
the accuracy of the TWS estimation from ERA-Interim and
GLDAS datasets in the basin, (3) to examine the climatology
of the spatial pattern of TWS in the basin, and (4) to detect
trends and abrupt changes, as well as their possible causes.

2 Study area

The Yangtze River basin is located in the subtropical zone
in China. The river originates in the Qinghai-Tibetan Plateau
and flows 6300 km eastwards to the sea. The upper Yangtze
reaches, the headwaters, extend from the westernmost point,
at Tuotuohe, to Yichang. The middle reaches extend from
Yichang to Hukou, and the lower reaches extend from
Hukou to the river mouth near Shanghai (Fig.1). Cun-
tan forms the entrance to the Three Gorges Dam (TGD),
which extends more than 600 km along the mainstream of
the Yangtze River. The Three Gorges Dam was constructed
37 km upstream from Yichang for multiple purposes: energy
generation, flood control, and water supply.

3 Datasets

3.1 ERA-Interim

The ERA-Interim reanalysis dataset contains physical data
of atmosphere and surface analyses covering the period from
1979 to the present based on the ECMWF Integrated Fore-
cast System (IFS) release Cy31r2 (Berrisford et al., 2011;
Simmons et al., 2006). The reanalysis incorporates a fore-
cast model with three fully coupled components for atmo-
sphere, land surface and ocean waves, and assimilates var-
ious types of observations, including satellite and ground
based measurements. It uses the Tiled ECMWF Scheme for
Surface Exchanges over Land (Viterbo et al., 1995) to simu-
late heat and water exchanges between land and atmosphere.
The TESSEL model structure includes four soil layers (0–
7, 7–28, 28–100, and 100–289 cm) for each type of vege-
tation scheme and each type of snow scheme. As the latest
global atmospheric reanalysis produced by ECMWF, it has
been confirmed that the performance of this system is sub-
stantially improved in certain key aspects (the representation
of the hydrological cycle, the quality of the stratospheric cir-
culation, and the consistency in time of the reanalyzed fields)
compared to EAR-40 (Dee et al., 2011).

The monthly means, based on daily means of volumet-
ric soil water in the four layers, as well as snow depth and
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Fig. 1. Elevation map of the study area, the Yangtze River Basin. The green stars denote the locations of the main gauging stations. The
position of the Three Gorges Dam is depicted by a red diamond.

sis data for 1994 to 1999, NOAA/GDAS atmospheric anal-170

ysis fields for 2000, and a combination of NOAA/GDAS
atmospheric analysis fields, spatially and temporally disag-
gregated NOAA Climate Prediction Center Merged Analy-
sis of Precipitation (CMAP) fields, and observation-based
downward shortwave and long wave radiation fields, using175

the method of the Air Force Weather Agency’s AGRicultural
METeorological modeling system(AGRMET), for the period
2001 to the present(Rui, 2011).

In this study, we use the model output produced by the
Noah land surface scheme. These data are available from180

1979 to the present at 3-hourly intervals. The Noah soil mois-
ture profile includes four layers, namely 10, 30, 60, and 100
cm, from the soil surface down. The monthly products gen-
erated through temporal averaging of the 3-hourly products
of soil moisture content(SMC) and snow water equivalent185

(SWE) during the period January, 1979 to December, 2010,
are used in this study. Data generated by the GLDAS-Noah
is publicly available on http://ldas.gsfc.nasa.gov/gldas/.

3.3 Field data

The monthly river discharge at the Yichang Gauging Station190

(Fig. 1) has been recorded over the period January 1979 to
December 2004. This data set is used to validate the ERA-
Interim land GLDAS-Noah outputs for the Yangtze River
Basin.

3.4 GPCC195

The Global Precipitation Climatology Centre (GPCC) offers
gauge-based, gridded, monthly precipitation data sets for the
global land surface from 1901 to 2010. The GPCC Full Data
Reanalysis Version 6 with a spatial resolution of 1.0◦, which

is fully independent of the precipitation data from ERA-200

Interim and GLDAS-Noah, is used in this study. It uses the
complete GPCC station database (ca. 67.200 stations with at
least 10 years of data) available at the time of analysis and is
therefore recommended for use in global and regional water
balance studies, the calibration/validation of remote sensing205

based rainfall estimations, and the verification of numerical
models (Schneider et al., 2011).

3.5 PREC/L

NOAA’s PRECipitation REConstruction over Land
(PREC/L), a further gauge-based dataset regarding monthly210

precipitation over land (Chen., 2002), is included in this
study (spatial resolution of 2.5◦). PREC/L is based on
different collections of gauge data than are used for the
GPCC, and draws on a large number of stations until 1990s.
It has been documented by Wang et al. (2008) to have a215

very high anomaly correlation coefficient (root mean square
error) with the observation.

3.6 GRACE

GRACE RL05 level-3 land (L3-land) products
from January 2004 to December 2010 are prof-220

fered by the Center for Space Research (CSR) at
the University of Texas (available at ftp://podaac-
ftp.jpl.nasa.gov/allData/tellus/L3/landmass/RL05/). Several
tests (Bettadpur et al., 2012a,b) have proved that RL05 is
more accurate than previously released GRACE products.225

The RL05 L3-land data are based on the RL05 spherical har-
monics from the CSR, the Jet Propulsion Laboratory (JPL)
and the German Research Centre for Geosciences (GFZ),

Fig. 1. Elevation map of the study area, the Yangtze River basin. The green stars denote the locations of the main gauging stations. The
position of the Three Gorges Dam is depicted by a red diamond.

snow density, with a spatial resolution of 1.5◦, and collected
in the period January 1979 to December 2010, are used in
this study (available onhttp://data-portal.ecmwf.int/data/d/
interim moda/).

3.2 GLDAS-Noah

The Global Land Data Assimilation System (GLDAS) sup-
plies users with a model output of state-of-the-art land sur-
face schemes created with atmospheric variables that origi-
nate from various data sources. The model has been forced
by multiple datasets: bias-corrected ECMWF Reanalysis
data for the time period 1979 to 1993, bias-corrected Na-
tional Center for Atmospheric Research (NCAR) Reanaly-
sis data for 1994 to 1999, NOAA/GDAS atmospheric analy-
sis fields for 2000 and a combination of NOAA/GDAS at-
mospheric analysis fields, spatially and temporally disag-
gregated NOAA Climate Prediction Center Merged Analy-
sis of Precipitation (CMAP) fields, and observation-based
downward shortwave and longwave radiation fields, using
the method of the Air Force Weather Agency’s AGRicultural
METeorological modeling system (AGRMET), for the pe-
riod 2001 to the present (Rui, 2011).

In this study, we use the model output produced by the
Noah land surface scheme. These data are available from
1979 to the present at 3 h intervals. The Noah soil moisture
profile includes four layers, namely 10, 30, 60, and 100 cm,
from the soil surface down. The monthly products gener-
ated through temporal averaging of the 3 h interval products
of soil moisture content (SMC) and snow water equivalent
(SWE) during the period January 1979 to December 2010
are used in this study. Data generated by the GLDAS-Noah
is publicly available onhttp://ldas.gsfc.nasa.gov/gldas/.

3.3 Field data

The monthly river discharge at the Yichang Gauging Station
(Fig. 1) has been recorded over the period January 1979 to
December 2004. This dataset is used to validate the ERA-
Interim land GLDAS-Noah outputs for the Yangtze River
basin.

3.4 GPCC

The Global Precipitation Climatology Centre (GPCC) offers
gauge-based, gridded, monthly precipitation datasets for the
global land surface from 1901 to 2010. The GPCC Full Data
Reanalysis Version 6 with a spatial resolution of 1.0◦, which
is fully independent of the precipitation data from ERA-
Interim and GLDAS-Noah, is used in this study. It uses the
complete GPCC station database (ca. 67 200 stations with at
least 10 yr of data) available at the time of analysis and is
therefore recommended for use in global and regional water
balance studies, the calibration/validation of remote sensing
based rainfall estimations, and the verification of numerical
models (Schneider et al., 2011).

3.5 PREC/L

NOAA’s PRECipitation REConstruction over Land
(PREC/L), a further gauge-based dataset regarding monthly
precipitation over land (Chen et al., 2002), is included in
this study (spatial resolution of 2.5◦). PREC/L is based on
different collections of gauge data than are used for the
GPCC, and draws on a large number of stations until the
1990s. It has been documented byWang et al.(2008) to
have a very high anomaly correlation coefficient (root mean
square error) with the observation.
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3.6 GRACE

GRACE RL05 level-3 land (L3-land) products from Jan-
uary 2004 to December 2010 are proffered by the Cen-
ter for Space Research (CSR) at the University of Texas
(available atftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/
land mass/RL05/). Several tests (Bettadpur et al., 2012a,b)
have proved that RL05 is more accurate than previously re-
leased GRACE products. The RL05 L3-land data are based
on the RL05 spherical harmonics from the CSR, the Jet
Propulsion Laboratory (JPL) and the German Research Cen-
tre for Geosciences (GFZ), and have additional, post pro-
cessing steps, summarized onhttp://grace.jpl.nasa.gov/data/
gracemonthlymassgridsland/.

4 Methods

4.1 Water storage estimation

TWS is generally defined as all phases of water stored above
and below the surface of the Earth: soil moisture, canopy wa-
ter storage, snow water equivalent and ground water, surface
water storage, etc. Our analysis of storage is, however, lim-
ited to the total soil moisture column (TSM) and snow water
equivalent (SWE) and does not give a complete description
of the lateral and vertical distribution of water storage un-
less surface and groundwater components are added to the
land model used here. We also neglect canopy water storage
(CWS), although this is included in the GLDAS-Noah sim-
ulation. The reason is that CWS in the Yangtze River basin
is negligible in comparison with soil moisture (Zhong et al.,
2010). Therefore, TWS is expressed as Eq. (1), whereN is
an index representing the month of the year.

TWSN = TSMN + SWEN (1)

The monthly change in terrestrial water storage (TWSCN )
can be calculated at each pixel as follows:

TWSCN = {TSMN + SWEN }− {TSMN−1 + SWEN−1} (2)

This method elicits promising results and also compares
well with the Gravity Recovery and Climate Experiment
(GRACE) estimation and the monthly basin-scale terrestrial
water balance approach from flux variables (Chen et al.,
2009; Rodell et al., 2004; Syed et al., 2008). The ERA-
Interim soil profile includes four layers of 7, 21, 72, and
189 cm depth (forming a total of 289 cm), while the Noah
soil profile includes four layers of 10, 30, 60, and 100 cm
(200 cm in total). In order to be able to compare the TWS
information obtained from both these datasets, we only con-
sidered the first 200 cm of soil in both cases.

4.2 Statistical analysis

Trend analyses involve linear regression and the non-
parametric Mann–Kendall (MK) test (Mann, 1945; Kendall,

1975). A linear regression model is used to compute the an-
nual trend in the TWS for each pixel. The MK test is a rank-
based procedure and is applied to detect the significance of
the trends. The MK test statistics are given by

Z =

 (s − 1)/σ S > 0
0 if S = 0

(s + 1)/σ S < 0

 , (3)

where

s =

n−1∑
i=1

n∑
j=i−1

Sgn
(
Xj − Xi

)
and

Sgn(Xj − Xi) =

+1 Xj − Xi > 0
0 if Xj − Xi = 0

−1 Xj − Xi < 0

 . (4)

Theσ term is given by√
1/18

(
n(n − 1)(n − 5) −

∑
t t (t − 1)(2t + 5)

)
andXj andXi are the sequential data values,n is the dataset
record length,t is the extent of any given tie (the number of
annual maxima in a given tie), and

∑
is the summation of

all ties. Positive and negative values ofZ indicate increasing
and decreasing trends, respectively. The statisticZ follows
a normal distributionN (0,1) (Burn and Hag Elnur, 2002;
Yang et al., 2010). To analyze whether the trend is stationary
in the TWS anomalies, the Mann–Kendall–Sneyers (MKS)
test (Sneyers, 1975) is also applied. This test, a sequential
version of the MK test, enables not only detection of signifi-
cant trends, but also approximation of the transition point in
the temporal behavior of a series. Letx1, . . .,xn be the data
points. For each elementxi , the numberni of elementxj

preceeds it (j < i) such thatxj < xi is computed. Under the
null hypothesis (no trend), the test statistictk =

∑k
i=1ni is

normally distributed, with the mean and variance given by

tk = E(tk) =
k2

− k

4
(5)

σ t2
k = var(tk) =

k(k − 1)(2k + 5)

72
. (6)

Let UFk = (tk − tk)/(σ t2
k )(1/2) be the normalized variable,

which is the forward sequence. This principle can be usefully
extended to the backward sequence UBk, which is calculated
using the same equation but with a reversed series of data.
When points in the forward series are outside the confidence
interval, this indicates the detection of a significantly increas-
ing (UF> 0) or a significantly decreasing (UF< 0) trend. If
an intersection occurs between UF and UB within the con-
fidence interval, this indicates an inflection (Li et al., 2004,
2007; Moraes et al., 1998).
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Fig. 2. Spatial averaged time series of ERA-Interim estimated (red curve), GLDAS-Noah estimated (blue curve) and observed (black curve)
runoff of the upper Yangtze reaches between January 1979 and December 2004.

Fig. 3. Spatially averaged time series of standardized anomalies of the annual precipitation in the middle and lower Yangtze reaches, based
on PREC/L(blue curve), GPCC(red curve), ERA-Interim(black circle curve) and GLDAS-Noah (gray diamond curve) data from 1979 to
2010.

Firstly, we computed the accumulated monthly runoff
from ERA-Interim/GLDAS-Noah data at each pixel during
the period 1979 to 2004. Secondly, we calculated the spatial-315

mean of the accumulated monthly runoff (mm) of all pixels
located in the upper reaches of the Yangtze Basin.

b) Discharge at the Yichang gauging station
Firstly, we computed the accumulated monthly discharge

(m3) from the daily discharge data (m3/s) of the Yichang320

station. Secondly, we divided this figure by the area of the
upper Yangtze reaches. The second step is supported by the
fact that the Yichang station forms the exit point of the upper
reaches of the Yangtze River Basin.

Figure 2 shows that the ERA-Interim modeled runoff325

fits the observed values better than the GLDAS-Noah mod-
eled runoff does, for the period between 1979 and 2004.
The coefficient of determination (R-squared) and the root
mean square error (RMSE) between the modeled and ob-
served values for ERA-Interim (R2

E−O, RMSEE−O) are330

0.87 and 4.19mm, respectively, while for GLDAS-Noah
(R2

G−O, RMSEG−O), they are 0.68 and 14.58mm, respec-
tively. Note that the runoff is consistently underestimated
by GLDAS-Noah, which is also confirmed by Zaitchik et al.
(2010). GLDAS-Noah outputs show errors in 1996 and 1997.335

Apparently, ERA-Interim datasets show higher accuracy and
reliability in the Yangtze River Basin.

To explore the quality of these datasets further and as
precipitation arguably forms the most critical input into an
accurate TWS, precipitation estimates of ERA-Interim and340

GLDAS-Noah are compared with products from the GPCC
and PREC/L, which are derived more directly from observa-
tions. The spatially averaged time series of standardized an-
nual anomalies have been computed and compared for these
four data sets. The result (see Fig.3) shows a notable error345

in 1996 concerning GLDAS-Noah. GPCC and PREC/L fit
very well (their R-squared value is 0.86). Generally speak-
ing, ERA-Interim precipitation fits PREC/L and GPCC bet-

Fig. 2. Spatial averaged time series of ERA-Interim estimated (red curve), GLDAS-Noah estimated (blue curve) and observed (black curve)
runoff of the upper Yangtze reaches between January 1979 and December 2004.
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precipitation arguably forms the most critical input into an
accurate TWS, precipitation estimates of ERA-Interim and340

GLDAS-Noah are compared with products from the GPCC
and PREC/L, which are derived more directly from observa-
tions. The spatially averaged time series of standardized an-
nual anomalies have been computed and compared for these
four data sets. The result (see Fig.3) shows a notable error345

in 1996 concerning GLDAS-Noah. GPCC and PREC/L fit
very well (their R-squared value is 0.86). Generally speak-
ing, ERA-Interim precipitation fits PREC/L and GPCC bet-

Fig. 3. Spatially averaged time series of standardized anomalies of the annual precipitation in the middle and lower Yangtze reaches, based
on PREC/L (blue curve), GPCC (red curve), ERA-Interim (black circle curve) and GLDAS-Noah (gray diamond curve) data from 1979 to
2010.

5 Results and discussion

5.1 Evaluation and validation

The regional accuracies and reliabilities of the ERA-Interim
and GLDAS-Noah datasets are assessed by comparing their
spatially averaged time series of runoff for the upper Yangtze
River, generated by the observed discharge at the Yichang
gauging station for the period 1979 to 2004. This procedure
is based on the method ofBalsamo et al.(2009) and is im-
plemented in our study as follows:

a. ERA-Interim/GLDAS-Noah. Firstly, we computed
the accumulated monthly runoff from ERA-
Interim/GLDAS-Noah data at each pixel during
the period 1979 to 2004. Secondly, we calculated the
spatial-mean of the accumulated monthly runoff (mm)
of all pixels located in the upper reaches of the Yangtze
basin.

b. Discharge at the Yichang gauging station. Firstly, we
computed the accumulated monthly discharge (m3)
from the daily discharge data (m3 s−1) of the Yichang
station. Secondly, we divided this figure by the area of
the upper Yangtze reaches. The second step is supported
by the fact that the Yichang station forms the exit point
of the upper reaches of the Yangtze River basin.

Figure 2 shows that the ERA-Interim modeled runoff fits
the observed values better than the GLDAS-Noah mod-
eled runoff does, for the period between 1979 and 2004.
The coefficient of determination (R-squared) and the root
mean square error (RMSE) between the modeled and ob-
served values for ERA-Interim (R2

E-O, RMSEE-O) are 0.87
and 4.19 mm, respectively, while for GLDAS-Noah (R2

G-O,
RMSEG-O), they are 0.68 and 14.58 mm, respectively. Note
that the runoff is consistently underestimated by GLDAS-
Noah, which is also confirmed byZaitchik et al. (2010).
GLDAS-Noah outputs show errors in 1996 and 1997. Ap-
parently, ERA-Interim datasets show higher accuracy and
reliability for the Yangtze River basin.
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To explore the quality of these datasets further and as
precipitation arguably forms the most critical input into an
accurate TWS, precipitation estimates of ERA-Interim and
GLDAS-Noah are compared with products from the GPCC
and PREC/L, which are derived more directly from observa-
tions. The spatially averaged time series of standardized an-
nual anomalies have been computed and compared for these
four datasets. The result (see Fig. 3) shows a notable error
in 1996 concerning GLDAS-Noah. GPCC and PREC/L fit
very well (their R-squared value is 0.86). Generally speak-
ing, ERA-Interim precipitation fits PREC/L and GPCC bet-
ter than GLDAS-Noah does. The R-squared between ERA-
Interim and PREC/L (R2

E-P) and between ERA-Interim and
GPCC (R2

E-G) are 0.49 and 0.66, respectively, while the R-
squared between GLDAS-Noah and PREC/L (R2

G-P) and be-
tween GLDAS-Noah and GPCC (R2

G-G) are 0.18 and 0.13,
respectively. ERA-Interim generally shows good agreement
with GPCC and PREC/L; however, a small shift has become
apparent in the past decade, which we will discuss later.

In situ measurements of soil moisture are invaluable for
the calibration and validation of a land surface model and
satellite-based soil moisture retrieval. Unfortunately, there is
a very low sampling rate with only 1 sample being avail-
able in the Yangtze River basin from the International Soil
Moisture Network (ISMN) (Dorigo et al., 2011). However,
the error structures of the ERA-Interim and GLDAS-Noah
soil moisture products have been estimated using the triple
collocation technique byDorigo et al.(2010) andScipal et
al. (2008). ERA-Interim reanalyzed soil moisture is charac-
terized by a relatively low mean global error of 0.018 m3 m−3

(Dorigo et al., 2010), which is fairly consistent with the
average error (a mean global error of 0.020 m3 m−3) ob-
tained byScipal et al.(2008) by applying the triple collo-
cation model to three satellite-based and model-based soil
moisture products. It is found that the errors of soil mois-
ture estimates in the Yangtze River basin are at an interme-
diate level. This can also be confirmed by the high corre-
lation with ASCAT retrievals for the years 2007 and 2008
(Dorigo et al., 2010) and ERS-2 retrievals for the years 1998,
1999, and 2000 (Scipal et al., 2008). In addition,Liu et al.
(2011) has shown that there is a high correlation coefficient
(R) between GLDAS-Noah and ASCAT retrievals for the
Yangtze River basin in 2007. It has been firmly proven that
active microwave satellite-based (e.g. ASCAT) retrievals re-
sult in smaller errors in moderately to densely vegetated areas
(e.g. the Yangtze River basin) than passive microwave prod-
ucts do (Liu et al., 2011). Therefore, the high correlation be-
tween ERA-Interim, or GLDAS-Noah, and active microwave
satellite-based soil moisture retrievals provides some confi-
dence in the EAR-Interim and GLDAS-Noah soil moisture
qualities in the Yangtze River basin.

Other components such as surface water and groundwa-
ter form a large proportion of the TWS. To assess their im-
pact on the matchup, we compared TWS products derived

from ERA-Interim to those derived from GRACE observa-
tions (reprocessed Release-05, GRACE RL05) for a seven-
year period (2004–2010). Figure 4 shows that the magni-
tude of the spatially averaged TWS anomalies from these
two datasets (ERA-Interim and GRACE RL05) is similar and
exhibits the same variation, with a coefficient of determina-
tion as high as 0.79. This means that the ERA-Interim prod-
uct on TWS over a soil depth of 2 m is representative for
the GRACE observations that are affected by water storage
fluctuations in the entire air–land column, including surface
water and groundwater.

5.2 Climatology

Annual standardized anomalies are calculated by using the
monthly values subtracted with the annual mean and divided
by the annual standard deviation of the annual mean, which
can be expressed as follows:

Aij =

(
TWSij − TWSj

)
σj

(7)

with

TWSj = 1/12
12∑
i=1

TWSij

σj =

(
1/12

12∑
i=1

(
TWSij − TWSj

)2)1/2

, (8)

whereAij is the annual TWS standardized anomaly in theith
month of thej th year, TWSij is the TWS in theith month of
thej th year,TWSj is the mean TWS of the all months in the
j th year, andσj is the standardized deviation of all months
in thej th year.

The spatial distribution of TWS and TWSC climatological
annual standardized anomalies derived from ERA-Interim
and GLDAS-Noah are shown in Figs. 5 and 6, respectively.
The performance of ERA-Interim and GLDAS-Noah elicits
large variability, to a large extent due to insufficient physical
descriptions of land-surface processes (Niu et al., 2006; Zeng
et al., 2008). Nevertheless, the spatial patterns reveal strong
consistencies.

After suffering the dry season (December–February), the
southeast corner of the Yangtze basin starts to become wet
during March to May, due mainly to the south China rain-
fall belt extension and the mean precipitation increase in
the lower basin (Ding and Chan, 2005; Qian et al., 2002).
High, positive TWS standardized anomalies emerge in most
of the Yangtze basin during June to October (Fig. 5), and
show a large increase in July compared to June (Fig. 6), cor-
responding with the intensive precipitation observed along
the whole Yangtze River from mid-June to mid-July (Ding,
1992), called the Meiyu in China. It is noted that negative
TWS standardized anomalies still exist in the central area
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Fig. 4. TWS anomalies [cm] averaged for a seven years period (2004-2010) and obtained from ERA-Interim (red line) and GRACE RL05
(blue line) datasets for the Yangtze River Basin.

sharply, while they stay quite high and positive in the upper455

Yangtze reaches till October, mainly due to the continuous
rainy season from mid-June to mid-September.

This striking consistency between TWS and the rainfall
pattern is not unexpected. That higher precipitation leads to
higher soil moisture can generally be considered predictable,460

though there are a few exceptions. For instance, in the case
of intense precipitation with rates beyond the infiltration rate,
or precipitation over very wet or saturated areas, the rain-
fall anomalies will result in runoff anomalies rather than soil
moisture (Dunne et al., 1978; Horton et al., 1933). Never-465

theless, except in the extreme cases, there is an obvious and
direct response of soil moisture to precipitation. On the other
hand, the feedback, via the return path from soil moisture
through evapotranspiration to precipitation, can also play
an important role in the TWS variability, though a weaker470

one (Seneviratne et al., 2010). Abundant previous research
(Dirmeyer, 2011; Jung et al., 2010; Wei et al., 2012) shows
that the Yangtze River Basin is dominated by wet soil mois-
ture regimes, where soil moisture does not mainly control
the variability in evapotranspiration and has only a minor475

impact on the change in rainfall. Dirmeyer (2011) also con-
firms that soil moisture neither typically provides feedback
to the atmosphere nor has a damping effect on climate vari-
ability. Thus, it is reasonable to speculate that the TWS vari-
ability in the Yangtze River Basin is mainly controlled by480

large-scale atmospheric circulations, as is also established
by Wei et al. (2012). Moreover, as displayed in Fig.5, the
Yangtze River Basin suffered the highest TWS anomalies
during June-July, which implies a high flood risk during this
period, since runoff is sensitive to soil moisture content under485

wet soil regimes. When soil moisture is very high and soil
becomes saturated, high precipitation variability may lead
to high runoff variability, which cannot be damped by soil
moisture storage (Seneviratne et al., 2010).

It should be recognized that the TWS pattern in the upper490

Yangtze reaches is completely different from that in the mid-

dle and lower Yangtze reaches, which may be explained by
large-scale circulation and heterogeneous land-surface con-
ditions. The upper Yangtze reaches are mainly influenced
by the South Asian (or Indian) summer monsoon, and the495

middle and lower Yangtze reaches are controlled by the East
Asian summer monsoon (Ding et al., 2005). The seasonal
process of the Asian summer monsoon plays a crucial role
in heat and moisture transport and the hydrological cycle.
Related rainfall systems perform differently in the upper500

reaches than in the middle and lower reaches (Qian et al.,
2002). Since the topography in the upper Yangtze reaches
is totally different from that in the middle and lower reaches
(Fig.1), land-surface heterogeneities in temperature are ex-
pected (Giorgi et al., 1997; Salama et al., 2012). The land505

cover and hydrological conditions differ in the two areas
(Piao et al., 2010). The inhomogeneous surface results in
heterogeneity in surface energy partitioning, which in turn
has an impact on land-atmosphere interactions (Brunsell et
al., 2011; Ma et al., 2008). Therefore, different responses510

are expected by land-surface systems in the upper Yangtze
reaches to in the middle-lower reaches. For example, soil
moisture exerts a significant positive control on the maxi-
mum and mean temperature in the middle-lower reaches dur-
ing summer, while no significant control is elicited in the up-515

per reaches. Furthermore, while soil moisture and precipi-
tation are positively coupled in the upper Yangtze reaches,
this coupling is negative for the middle and lower Yangtze
reaches (Zhang et al., 2011).

5.3 TWS trend analysis520

Jung et al. (2010) pointed out that the major El Nino
event in 1998 was followed by changes in the behaviour
of some land water cycle components, such as the SMC.
Additionally, GLDAS-Noah outputs show errors in 1996
and 1997. Therefore, we only show the results of the525

ERA-Interim dataset and separated the whole study period

Fig. 4. TWS anomalies [cm] averaged for a seven-year period (2004–2010) and obtained from ERA-Interim (red line) and GRACE RL05
(blue line) datasets for the Yangtze River basin.

(around 107◦ E) for ERA-Interim, which is different from the
negative GLDAS-Noah value in the upper area. According
to the climatological rainfall differences between May and
June and between June and July (Qian et al., 2002, Fig. 4),
the increased rainfall in June compared to May appears in the
Plateau and in southwest China, with the center lying in the
upper Yangtze reaches.

Another area of increased rainfall is located along the east-
ern coastland with its center in the lower Yangtze reaches.
There is no obvious increase in rainfall in the central part of
China. In July, the increased rainfall has migrated to the north
of the lower Yangtze River basin, while rainfall is steadily in-
creasing in the upper parts. This pattern of change in precip-
itation from May to July resembles the TWS pattern derived
from ERA-Interim (Fig. 5). After July, the TWS anomalies
in the middle and lower Yangtze reaches decrease sharply,
while they stay quite high and positive in the upper Yangtze
reaches till October, mainly due to the continuous rainy sea-
son from mid-June to mid-September.

This striking consistency between TWS and the rainfall
pattern is not unexpected. That higher precipitation leads to
higher soil moisture can generally be considered predictable,
though there are a few exceptions. For instance, in the case
of intense precipitation with rates beyond the infiltration rate,
or precipitation over very wet or saturated areas, the rain-
fall anomalies will result in runoff anomalies rather than
soil moisture (Dunne, 1978; Horton et al., 1933). Neverthe-
less, except in the extreme cases, there is an obvious and di-
rect response of soil moisture to precipitation. On the other
hand, the feedback, via the return path from soil moisture
through evapotranspiration to precipitation, can also play
an important role in the TWS variability, though a weaker
one (Seneviratne et al., 2010). Abundant previous research
(Dirmeyer, 2011; Jung et al., 2010; Wei et al., 2012) shows
that the Yangtze River basin is dominated by wet soil mois-
ture regimes, where soil moisture does not mainly control
the variability in evapotranspiration and has only a minor
impact on the change in rainfall.Dirmeyer(2011) also con-

firms that soil moisture neither typically provides feedback
to the atmosphere nor has a damping effect on climate vari-
ability. Thus, it is reasonable to speculate that the TWS vari-
ability in the Yangtze River basin is mainly controlled by
large-scale atmospheric circulations, as is also established
by Wei et al. (2012). Moreover, as displayed in Fig. 5, the
Yangtze River basin suffered the highest TWS anomalies
during June–July, which implies a high flood risk during this
period, since runoff is sensitive to soil moisture content un-
der wet soil regimes. When soil moisture is very high and soil
becomes saturated, high precipitation variability may lead to
high runoff variability, which cannot be damped by soil mois-
ture storage (Seneviratne et al., 2010).

It should be recognized that the TWS pattern in the upper
Yangtze reaches is completely different from that in the mid-
dle and lower Yangtze reaches, which may be explained by
large-scale circulation and heterogeneous land-surface con-
ditions. The upper Yangtze reaches are mainly influenced
by the South Asian (or Indian) summer monsoon, and the
middle and lower Yangtze reaches are controlled by the East
Asian summer monsoon (Ding and Chan, 2005). The sea-
sonal process of the Asian summer monsoon plays a crucial
role in heat and moisture transport and the hydrological cy-
cle. Related rainfall systems perform differently in the upper
reaches than in the middle and lower reaches (Qian et al.,
2002). Since the topography in the upper Yangtze reaches is
totally different from that in the middle and lower reaches
(Fig. 1), land-surface heterogeneities in temperature are ex-
pected (Giorgi et al., 1997; Salama et al., 2012). The land
cover and hydrological conditions differ in the two areas
(Piao et al., 2010). The inhomogeneous surface results in het-
erogeneity in surface energy partitioning, which in turn has
an impact on land–atmosphere interactions (Brunsell et al.,
2011; Ma et al., 2008). Therefore, different responses are ex-
pected by land-surface systems in the upper Yangtze reaches
than in the middle/lower reaches. For example, soil mois-
ture exerts a significant positive control on the maximum
and mean temperature in the middle/lower reaches during
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summer, while no significant control is elicited in the upper
reaches. Furthermore, while soil moisture and precipitation
are positively coupled in the upper Yangtze reaches, this cou-
pling is negative for the middle and lower Yangtze reaches
(Zhang et al., 2011).

5.3 TWS trend analysis

Jung et al.(2010) pointed out that the major El Nino event
in 1998 was followed by changes in the behavior of some
land water cycle components, such as the SMC. Additionally,
GLDAS-Noah outputs show errors in 1996 and 1997. There-
fore, we only show the results of the ERA-Interim dataset
and separate the whole study period into two parts, from Jan-
uary 1979 to December 1997, and from January 1998 to De-
cember 2010. In Fig. 7, the ERA-Interim dataset shows de-
creasing TWS trends over large parts of the Yangtze River
basin between 1998 and 2010, which match the descending
trend in the SMC from microwave satellite observations be-
tween 1998 to 2008 (Jung et al., 2010). It shows significantly
decreasing trends (most of which surpass the 95 %, while
some even surpass the 99 % confidence level) in the middle
and lower reaches, with a maximum of−3.93 mm yr−1. The
upper reaches suffer milder decreases and even insignificant
trends in some parts during the period 1998 to 2010. Between
1979 and 1997, it provides insignificant trends for most re-
gions of the basin. This result indicates that the Yangtze
River basin is drying up, the conclusion also reached by
a new WWF study (http://www.asianscientist.com/topnews/
yangtze-river-basin-is-drying-up-wwf-china-2012/).

Monthly standardized anomalies of the TWS are calcu-
lated by the monthly TWS minus the corresponding monthly
value of the annual cycle, and then divided by the standard
deviation of the values of the same months within the period
1979 to 2010, in order to eliminate the influence of inter-
annual variability for intra-annual analysis. Monthly stan-
dardized anomalies of the TWS can be expressed as follows:

Mij =

(
TWSij − TWSi

)
σi

(9)

with

TWSi = 1/32
2010∑

j=1979

TWSij

σi =

(
1/32

2010∑
j=1979

(
TWSij − TWSi

)2)1/2

whereMij is the monthly TWS standardized anomaly in the
ith month of thej th year. The subscripts i and j represent the
ith month andj th year, respectively;TWSi is the TWS of the
ith month averaged over all the years;σi is the standardized
deviation ofith month TWS over all the years.

As discussed before, the ERA-Interim dataset has better
accuracy, at least in the upper reaches of the Yangtze River,
while GLDAS-Noah outputs show notable errors in 1996 and
1998. Therefore, only the ERA-Interim dataset is used in this
section.

The MKS test is applied to detect the transition points in
the temporal behavior of TWS standardized anomalies based
on the annual mean, the wet season mean and the dry season
mean, respectively. The definition of wet season and dry sea-
son is based on the precipitation climatology of the Yangtze
River basin. The Yangtze River basin experiences a distinct
wet season from about May to late September or early Octo-
ber. The corresponding dry season spans from late Septem-
ber or early October to spring. The summer monsoons con-
tribute most of the wet season precipitation (Harvey et al.,
2007). As seen in Fig. 8, generally speaking, the spatially
averaged TWS standardized anomaly trends are not signifi-
cant (< 95 % confidence level) and not monotonic (i.e. with
a transition point) during the period 1979 to 2010. The only
transition point during the 32 yr period of 1979 to 2010, at
which point the TWS standardized anomalies began to de-
crease sharply, occurred in 2006. This trend reaches the 95 %
confidence level in 2010. The transition point occurs one
year earlier in the wet season, and two years later in the dry
season. In the middle and lower Yangtze reaches, the tran-
sition point occurs around 2005 both in the wet and in the
dry season. It is noted that there is a significant downward
trend in 2009 and 2010 after four years of insignificant de-
crease. It was the first time this happened since the start of
the study in 1979. In the upper Yangtze reaches, the TWS
standardized anomalies experience mainly downward trends
during the wet seasons of the past 3 decades and increasing
trends during the dry seasons. In addition, transition points
occur several times (1982, 1989, 1995, 2001, 2005,. . . ) and
in the period of 1986–1988, the decrease is significant in the
wet season in the upper Yangtze reaches. We also examined
the transition points through MKS of the TWS standardized
anomalies in the middle and lower Yangtze reaches during
June–July, and the result is exactly the same as in the wet sea-
son, though the TWS standardized anomalies do differ from
each other.

As seen in Figs. 8 and 9, the past 6 yr period (2005–2010)
was the driest period in the Yangtze River basin (especially
in the middle and lower reaches) since 1979. This result is
quite consistent with the severe drought events documented
for the basin by other research.Wei et al.(2012) documented
that the Yangtze River basin suffered one of the driest rainy
seasons during the 32 yr period of 1979 to 2010 in 2005, and
Yan et al.(2007) noted that a widespread drought occurred
over the southwestern part of the basin that same spring, and
that it was the most serious drought since 1979 till 2007.
Then the worst drought in more than a century struck south-
west China and Sichuan in the summer of 2006, andDai et
al. (2008) showed that the middle and lower Yangtze River
reaches suffered the lowest level of the past 50 yr during that
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Fig. 5. Spatial patterns of monthly averaged TWS annual standardized anomalies computed from ERA-Interim for the period January 1979
till December 2010 and from GLDAS-Noah for the periods January 1979 till December 1995 and January 1998 till December 2010.

into two parts, from January 1979 to December 1997,
and from January 1998 to December 2010. In Fig.7, the

ERA-Interim dataset shows decreasing TWS trends over
large parts of the Yangtze River Basin between 1998 and530

Fig. 5. Spatial patterns of monthly averaged TWS annual standardized anomalies computed from ERA-Interim for the period January 1979
till December 2010 and from GLDAS-Noah for the periods January 1979 till December 1995 and January 1998 till December 2010.
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Fig. 6. Spatial patterns of monthly averaged TWSC annual standardized anomalies computed from ERA-Interim for the period January 1979
till December 2010 and from GLDAS-Noah for the periods January 1979 till December 1995 and January 1998 till December 2010.

2010, which match the descending trend in the SMC from
microwave satellite observations between 1998 to 2008

(Jung et al., 2010). It shows significantly decreasing trends
(most of which surpass the 95%, while some even surpass

Fig. 6.Spatial patterns of monthly averaged TWSC annual standardized anomalies computed from ERA-Interim for the period January 1979
till December 2010 and from GLDAS-Noah for the periods January 1979 till December 1995 and January 1998 till December 2010.
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Fig. 7. ERA-Interim estimated TWS annual trends between 1979
and 1997, and between 1998 and 2010, in millimeters per year (gray
grids cells represent insignificant trends; cells with an empty dia-
mond indicate the trend surpasses the 95% confidence level; cells
with a filled diamond indicate the trend surpasses the 99% confi-
dence level; others indicate the trend surpasses the 90% confidence
level).

the 99% confidence level) in the middle and lower reaches,535

with a maximum of -3.93 mm year−1. The upper reaches
suffer milder decreases and even insignificant trends in
some parts during the period 1998 to 2010. Between 1979
and 1997, it provides insignificant trends for most regions
of the basin. This result indicates that the Yangtze River540

Basin is drying up, conclusion also reached by a new WWF
study (http://www.asianscientist.com/topnews/yangtze-
river-basin-is-drying-up-wwf-china-2012/).

Monthly standardized anomalies of the TWS are calcu-
lated by the monthly TWS minus the corresponding monthly545

value of the annual cycle, and then divided by the standard
deviation of the values of the same months within the pe-
riod 1979 to 2010, in order to eliminate the influence of inter
annual variability for intra annual analysis. Monthly stan-
dardized anomalies of the TWS can be expressed as follows:550

Mij =

(
TWSij−TWSi

)
σi

(8)

with:
TWSi = 1/32

∑2010
j=1979TWSij

σi =
(
1/32

∑2010
j=1979

(
TWSij−TWSi

)2)1/2

555

where Mij is the monthly TWS standardized anomaly in
the ith month of the jth year. The subscripts i and j repre-
sent the ith month and jth year, respectively; TWSi is the
TWS of the ith month averaged over all the years; σi is the560

standardized deviation of ith month TWS over all the years.
As discussed before, the ERA-Interim dataset has better

accuracy, at least in the upper reaches of the Yangtze River,
while GLDAS-Noah outputs show notable errors in 1996 and
1998. Therefore, only the ERA-Interim dataset is used in this565

section.
The MKS test is applied to detect the transition points

in the temporal behaviour of TWS standardized anomalies
based on the annual mean, the wet season mean and the dry
season mean, respectively. The definition of wet season and570

dry season is based on the precipitation climatology of the
Yangtze River Basin. The Yangtze River Basin experiences
a distinct wet season from about May to late September or
early October. The corresponding dry season spans from late
September or early October to spring. The summer mon-575

soons contribute most of the wet season precipitation (Har-
vey et al., 2007). As seen in Fig.8, generally speaking, the
spatially averaged TWS standardized anomaly trends are not
significant (< 95% confidence level) and not monotonic (i.e.,
with a transition point) during the period 1979 to 2010. The580

only transition point during the 32-year period of 1979 to
2010, at which point the TWS standardized anomalies began
to decrease sharply, occurred in 2006. This trend reaches the
95% confidence level in 2010. The transition point occurs
one year earlier in the wet season, and two years later in the585

dry season. In the middle and lower Yangtze reaches, the
transition point occurs around 2005 both in the wet and in
the dry season. It is noted that there is a significant down-
ward trend in 2009 and 2010 after four years of insignificant
decrease. It was the first time this happened since the start590

of the study in 1979. In the upper Yangtze reaches, the TWS
standardized anomalies experience mainly downward trends
during the wet seasons of the past 3 decades and increasing
trends during the dry seasons. In addition, transition points
occur several times (1982, 1989, 1995, 2001, 2005) and in595

the period of 1986-1988, the decrease is significant in the
wet season in the upper Yangtze reaches. We also examined
the transition points through MKS of the TWS standardized
anomalies in the middle and lower Yangtze reaches during
June-July, and the result is exactly the same as in the wet sea-600

son, though the TWS standardized anomalies do differ from
each other.

As seen in Fig.8 and Fig.9, the past 6-year period (2005-
2010) was the driest period in the Yangtze River Basin (es-
pecially in the middle and lower reaches) since 1979. This605

result is quite consistent with the severe drought events doc-
umented for the basin by other research. Wei et al. (2012)
documented that the Yangtze River Basin suffered one of

Fig. 7. ERA-Interim estimated TWS annual trends between 1979
and 1997, and between 1998 and 2010, in millimeters per year. Gray
grids cells represent insignificant trends; cells with an empty dia-
mond indicate the trend surpasses the 95 % confidence level; cells
with a filled diamond indicate the trend surpasses the 99 % confi-
dence level; others indicate the trend surpasses the 90 % confidence
level.

flood season. In 2007, the area around the Yangtze River suf-
fered a severe drought again. In some places the water lev-
els of the river dropped to their lowest levels since records
began 142 yr ago. The drought was also severe in large ar-
eas of the normally wet south. Reservoirs and rivers shrunk
and supplies of drinking water fell to alarmingly low lev-
els. However, he extreme drought of 2009/2010 over south-
western Yangtze (including Yunnan, Sichuan and Guizhou)
is the driest meteorological event with the lowest percent-
age rainfall anomaly and the longest rain-free period occur-
ring during a winter season (October–February) in the past
50 years, and also the severest one with the lowest percent-
age rainfall anomaly since 1880, as documented byYang
et al. (2012) (http://factsanddetails.com/china.php?itemid=
1879&catid=10&subcatid=64).

Monthly standardized anomalies of precipitation from
ERA-Interim, the GPCC, and PREC/L have been computed
and compared to monthly standardized anomalies of TWS
(not shown here) to examine possible correlation. The cor-
relation between TWS anomalies from ERA-Interim and
precipitation anomalies from ERA-Interim, the GPCC, and
PREC/L concerning the Yangtze basin is reasonably high in

the wet season (0.69, 0.53, and 0.49, respectively), but much
lower, especially for GPCC and PREC/L, in the dry season
(0.48, 0.21, and 0.25, respectively). From a regional perspec-
tive, the middle and lower Yangtze reaches exhibited greater
agreement between TWS from ERA-Interim and precipita-
tion from the three datasets, than the upper Yangtze reaches
did. The notable negative TWS anomalies in the middle and
lower Yangtze reaches are in clear agreement with the signif-
icant decrease in precipitation seen in the ERA-Interim data
in the past 6 yr; the GPCC and PREC/L data exhibit more
gentle negative precipitation anomalies during this period
and do not show any special difference to the prior period
(not shown here). The differences can also be seen clearly in
Fig. 3, where there is a clear downward shift for ERA-Interim
relative to both the GPCC and PREC/L data in the past 6 yr.
This shift matches the general decline in values relative to
the GPCC data for the past decade, which may be caused by
a too low sea surface temperature (SST) in the ERA-Interim
dataset, or fewer stations in the GPCC archive in recent years
(Simmons et al., 2010). PREC/L uses fewer gauging stations
since the 1990s as well, thus it is difficult to assess the recent
huge and sudden drop in the ERA-Interim figures only by
comparing them to the GPCC and PREC/L data. However,
the dramatic precipitation decrease in the middle and lower
Yangtze reaches had been examined byZhu et al. (2011,
Fig. 2) over the past decade (2000–2008), and the rainfall
anomalies based on a 160-station precipitation dataset of the
last 58 yr (1951–2008) dropped sharply from positive to neg-
ative values around 2004. This pattern of precipitation is con-
sistent with the dramatic decrease of precipitation seen in
ERA-Interim data, changing from positive to negative values
since 2004 in the middle and lower Yangtze reaches (Fig. 3),
suggesting that the recent drop in precipitation is most likely
the biggest contributor to the massive decline in TWS in
the middle and lower Yangtze reaches.Ding et al. (2008)
pointed out that the recent change in the summer rainfall
pattern in the Yangtze River is strongly related to the vari-
ability of the East Asian summer monsoon (EASM) through
its moisture transport and supply.Zhu et al.(2011) stated
that the eastward recession of the western Pacific subtropi-
cal high (WPSH) and the significant changes in the global
SST are the main causes of the rainfall deficit in the Yangtze
River basin since the year 2000.Yan et al.(2007) andLiu
et al. (2007) documented that the intensification and west-
ward shift of the WPSH and the easterly anomaly over the
northern Indian Ocean are two key causes of the 2005-spring
drought over southwestern China. The northward shift of the
WPSH and the negative snow cover anomaly over the Ti-
betan Plateau are important contributors to the 2006-summer
drought (Zhu and Gao, 2007; Li et al., 2009). The extreme
drought event of 2009/2010 over southwestern China is as-
sociated with the westward extension of the WPSH brought
about by the Arabian Sea cyclonic anomaly and the El Nino
Modoki event during 2009/2010.
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Fig. 8. The forward (UF, red) and backward (UB,blue) Mann-Kendall statistic rank series for TWS standardized anomalies, per year (a, d, g),
per wet season (b, e, h), and per dry season (c, f, i) during the period 1979 to 2010 for the upper reaches(a, b, c), the middle-lower reaches(d,
e, f) and the whole (g, h, i) of the Yangtze River Basin(the horizontally dotted lines represent the critical values corresponding to the 95%
confidence level)

Fig. 9. The time series of the annual, wet season (May-October) and dry season averaged (November-April) TWS standardized anomalies
for the upper Yangtze Reaches, the middle-lower Yangtze reaches and the whole Yangtze River Basin, respectively.

TGD and the consistent drought in recent years, even though
there has been no irrefutable evidence to prove that the TGR720

is responsible for the extremely driest period that has oc-
curred in the past several years, as the TGD has only been
in operation for a short period. Apart from the TGR, numer-
ous other reservoirs within the Yangtze catchment together
reached 200 km3 (Yang et al., 2005), more than five times725

the storage capacity of the TGR. The impact of these reser-
voirs on the TWS should not be neglected. The Yangtze basin
has witnessed remarkable changes in land use and cover in-
duced by high population density and rapid but uneven eco-
nomic growth (Long et al., 2007; Yin et al., 2010). These730

changes might alter the soil properties and soil-climate in-

teractions, probably having great influence on the TWS and
runoff distribution. It should be pointed out that the ERA-
Interim TWS could contain significant uncertainties, as it re-
lies heavily on satellite observations and modeling. Further735

investigation and analysis is needed to assess the significant
impact of human activity on the TWS of the Yangtze River
Basin.

6 Conclusions

This study analyzes the spatial and temporal variations of the740

TWS in the Yangtze River Basin during the period 1979 to
2010 based on ERA-Interim and GLDAS-Noah datasets. Af-

Fig. 8. The forward (UF, red) and backward (UB,blue) Mann–Kendall statistic rank series for TWS standardized anomalies, per year (a, d,
g), per wet season (b, e, h), and per dry season (c, f, i) during the period 1979 to 2010 for the upper reaches (a, b, c), the middle/lower
reaches (d, e, f) and the whole (g, h, i) of the Yangtze River basin (the horizontally dotted lines represent the critical values corresponding to
the 95 % confidence level).
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Since ERA-Interim TWS products do not include the im-
pact of anthropogenic activity, such as the TGD and land
cover change, in the model structure but rather in the as-
similated observations, their effect on the regional climate
in the Yangtze River basin is not obvious. However, some
studies have tried to demonstrate the extent of human impact
on the Yangtze River basin. For example,Dai et al.(2008)
andYang et al.(2010) show that the TGD reservoirs could
have a direct impact on the intra-annual changes in the down-
stream Yangtze discharges, leading to a dumping of the sea-
sonal variations in the Yangtze River discharge in the middle
and lower reaches.Miller et al. (2005) andWu et al.(2006)
also documented that the land use change associated with
the TGD would alter the regional pattern of precipitation,
wind, and temperature. It could also impact the hydrologi-

cal cycle of the river basin, and may lead to changes in the
soil–climate interaction, which would probably alter the cur-
rent dumping effect of soil wetness on the climate variability.
As shown in Figs. 8 and 9, the consistent droughts in recent
years and the operation of the TGD have occurred simulta-
neously. In 2003, the water level of the TGR reached 135 m.
Coincidently, in 2004, the driest period of the past 32 yr be-
gan for the middle and lower Yangtze. Also, the whole basin
suffered an abrupt change in 2006, when the TGR raised
its water level from 135 to 156 m. This coincidence is very
striking and may imply the possible connection between the
TGD and the consistent droughts in recent years, even though
there has been no irrefutable evidence to prove that the TGR
is responsible for the extremely driest period that has oc-
curred in the past several years, as the TGD has only been
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in operation for a short period. Apart from the TGR, numer-
ous other reservoirs within the Yangtze catchment together
reached 200 km3 (Yang et al., 2005), more than five times
the storage capacity of the TGR. The impact of these reser-
voirs on the TWS should not be ignored. The Yangtze basin
has witnessed remarkable changes in land use and cover in-
duced by high population density and rapid but uneven eco-
nomic growth (Long et al., 2007; Yin et al., 2010). These
changes might alter the soil properties and soil–climate in-
teractions, probably having great influence on the TWS and
runoff distribution. It should be pointed out that the ERA-
Interim TWS could contain significant uncertainties, as it re-
lies heavily on satellite observations and modeling. Further
investigation and analysis is needed to assess the significant
impact of human activity on the TWS of the Yangtze River
basin.

6 Conclusions

This study analyzes the spatial and temporal variations of the
TWS in the Yangtze River basin during the period 1979 to
2010 based on ERA-Interim and GLDAS-Noah datasets. Af-
ter comparison with field measurement data, ERA-Interim
is found to perform better in the Yangtze River basin than
GLDAS-Noah. Linear regression and the MK test have been
used to detect trends and the significance of trends in TWS
for each pixel in the whole basin. In addition, the MKS test
has been used to detect transition points in the temporal series
of the spatially averaged TWS annual standardized anoma-
lies in the upper, middle/lower, and whole basin, respectively.
We conclude that the TWS variations over the Yangtze River
basin during the period 1979 to 2010 have the following char-
acteristics:

– Most of the Yangtze basin exhibits the highest positive
TWS anomalies during June–July, mainly due to the
Meiyu rain event. This intensified rainfall not only re-
sults in very high positive TWS anomalies, but proba-
bly also leads to high runoff anomalies, causing floods
across the basin.

– The Yangtze River basin is drying up, especially since
the year 1998. The TWS variation is strongly correlated
to the precipitation variation derived from ERA-Interim,
the GPCC and PREC/L data, especially during the wet
season and in the middle and lower reaches, suggesting
the TWS variation is mainly controlled by precipitation.

– In the middle and lower Yangtze reaches, the TWS be-
havior changed abruptly and started to decrease in 2004.
Coincidently, the TGR started impoundment in 2003.
The year 2006 is detected as only transition point, initi-
ating the TWS to suffer high negative anomalies, while
the TGR raised its water level from 135 to 156 m that
same year. Due to the short period of the TGD being in

operation, it is hard to prove a link between the TGR
and the consistent drought in recent years, but the coin-
cidence suggests a possible connection.

– The past 6 yr period (2005–2010) was the driest pe-
riod in terms of TWS in the Yangtze River basin
(especially in the middle and lower Yangtze reaches)
since 1979. This is mainly the result of a dramatic de-
crease in precipitation, which may also be influenced by
human activity.
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Isaksen, L., K̊allberg, P., K̈ohler, M., Matricardi, M., McNally,
A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey,
C., de Rosnay, P., Tavolato, C., Thépaut, J. N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553–
597,doi:10.1002/qj.828, 2011.

Ding, Y. H.: Summer monsoon rainfalls in China, J. Meteor. Soc.
Jpn., 70, 373–396, 1992.

Ding, Y. H. and Chan, J. C. L.: The East Asian summer mon-
soon: an overview, Meteorol. Atmos. Phys., 89, 117–142,
doi:10.1007/s00703-005-0125-z, 2005.

Ding, Y. H., Wang, Z., and Sun, Y.: Inter-decadal variation of the
summer precipitation in East China and its association with de-
creasing Asian summer monsoon. Part I: Observed evidences,
Int. J. Climatol., 28, 1139–1161,doi:10.1002/joc.1615, 2008.

Ding, Y. H., Sun, Y., Wang, Z., Zhu, Y., and Song, Y.: Inter-decadal
variation of the summer precipitation in China and its association
with decreasing Asian summer monsoon Part II: Possible causes,
Int. J. Climatol., 29, 1926–1944,doi:10.1002/joc.1759, 2009.

Dirmeyer, P. A.: The terrestrial segment of soil moisture-
climate coupling, Geophys. Res. Lett., 38, L16702,
doi:10.1029/2011gl048268, 2011.

Dorigo, W. A., Scipal, K., Parinussa, R. M., Liu, Y. Y., Wagner,
W., de Jeu, R. A. M., and Naeimi, V.: Error characterisation of
global active and passive microwave soil moisture datasets, Hy-
drol. Earth Syst. Sci., 14, 2605–2616,doi:10.5194/hess-14-2605-
2010, 2010.

Dorigo, W. A., Wagner, W., Hohensinn, R., Hahn, S., Paulik, C.,
Xaver, A., Gruber, A., Drusch, M., Mecklenburg, S., van Oeve-
len, P., Robock, A., and Jackson, T.: The International Soil Mois-
ture Network: a data hosting facility for global in situ soil mois-
ture measurements, Hydrol. Earth Syst. Sci., 15, 1675–1698,
doi:10.5194/hess-15-1675-2011, 2011.

Dunne, T. : Field studies of hillslope flow processes, in: Hillslope
Hydrology, edited by: Kirkby, M. J., Wiley-Interscience, New
York, 227–293, 1978.

Entekhabi, D., Njoku, E. G., O’Neill, P. E., Kellogg, K. H., Crow,
W. T., Edelstein, W. N., Entin, J. K., Goodman, S. D., Jackson,
T. J., Johnson, J., Kimball, J., Piepmeier, J. R., Koster, R. D.,
Martin, N., McDonald, K. C., Moghaddam, M., Moran, S., Re-
ichle, R., Shi, J. C., Spencer, M. W., Thurman, S. W., Leung, T.,
and Van Zyl, J.: The Soil Moisture Active Passive (SMAP) Mis-
sion, Proc. IEEE, 98, 704–716,doi:10.1109/jproc.2010.2043918,
2010.

Famiglietti, J. S.: Remote Sensing of Terrestrial Water Storage, Soil
Moisture and Surface Waters, in: The State of the Planet: Fron-
tiers and Challenges in Geophysics, Geophysical Monograph Se-
ries, 150, edited by: Sparks, R. S. J. and Hawkesworth, C. J.,
AGU, Washington, D. C., USA, 197–207, 2004.

Famiglietti, J. S., Ryu, D., Berg, A. A., Rodell, M., and Jackson, T.
J.: Field observations of soil moisture variability across scales,
Water Resour. Res., 44, W01423,doi:10.1029/2006wr005804,
2008.

Giorgi, F., Hurrell, J. W., Marinucci, M. R., and Beniston, M.:
Elevation Dependency of the Surface Climate Change Signal:
A Model Study, J. Climate, 10, 288–296,doi:10.1175/1520-
0442(1997)010<0288:edotsc>2.0.co;2, 1997.

Harvey, J. and Tang, L.: Analysis of the Global Precipitation Clima-
tology Project Data for Four Global River Basins, GPCPReport,
GPCP, University of Maryland, 2007.

Horton, R. E.: The role of infiltration in the hydrologic cycle, Trans.
Am. Geophys. Union, 14, 446–460, 1933.

IPCC: Climate Change 2001: The Scientific Basis. Contribution of
Working Group I to the Third Assessment Report of the Inter-
governmental Panel on Climate Change, edited by: Houghton,
J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J.,
Dai, X., Maskell, K., and Johnson, C. A., Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA,
881 pp., 2001.

Jung, M., Reichstein, M., Ciais, P., Seneviratne, S. I., Sheffield,
J., Goulden, M. L., Bonan, G., Cescatti, A., Chen, J., de Jeu,
R., Dolman, A. J., Eugster, W., Gerten, D., Gianelle, D., Go-
bron, N., Heinke, J., Kimball, J., Law, B. E., Montagnani, L.,
Mu, Q., Mueller, B., Oleson, K., Papale, D., Richardson, A. D.,
Roupsard, O., Running, S., Tomelleri, E., Viovy, N., Weber, U.,
Williams, C., Wood, E., Zaehle, S., and Zhang, K.: Recent de-
cline in the global land evapotranspiration trend due to limited
moisture supply, Nature, 467, 951–954, 2010.

Kendall, M. G.: Rank Correlation Measures, Charles Griffin, Lon-
don, 1975.

Li, C., Yang, Z., and Wang, X.: Trends of Annual Natural
Runoff in the Yellow River Basin, Water Int., 29, 447–454,
doi:10.1080/02508060408691807, 2004.

Li, L. J., Zhang, L., Wang, H., Wang, J., Yang, J. W., Jiang, D.
J., Li, J. Y., and Qin, D. Y.: Assessing the impact of climate
variability and human activities on streamflow from the Wud-
ing River basin in China, Hydrol. Process., 21, 3485–3491,
doi:10.1002/hyp.6485, 2007.

Li, Y. H., Xu, H. M., and Liu, D.: Features of the extremely se-
vere drought in the east of South-west China and anomalies of
atmospheric circulation in summer 2006, Acta Meterol. Sin., 67,
122–132, 2009 (in Chinese).

Liu, Y., Zhao, E. X., Peng, G. F., and Yang, S. Q.: Severe drought in
the early summer of 2005 in Yunnan and middle-high latitudes
circulation, Arid. Meteor., 25, 32–37, 2007 (in Chinese).

Liu, Y. Y., Parinussa, R. M., Dorigo, W. A., De Jeu, R. A. M., Wag-
ner, W., van Dijk, A. I. J. M., McCabe, M. F., and Evans, J. P.: De-
veloping an improved soil moisture dataset by blending passive
and active microwave satellite-based retrievals, Hydrol. Earth
Syst. Sci., 15, 425–436,doi:10.5194/hess-15-425-2011, 2011.

Long, H., Heilig, G. K., Li, X., and Zhang, M.: Socio-economic
development and land-use change: Analysis of rural housing
land transition in the Transect of the Yangtse River, China, Land
Use Policy, 24, 141–153,doi:10.1016/j.landusepol.2005.11.003,
2007.

Ma, Y., Menenti, M., Feddes, R., and Wang, J.: Analysis of the land
surface heterogeneity and its impact on atmospheric variables
and the aerodynamic and thermodynamic roughness lengths, J.

Hydrol. Earth Syst. Sci., 17, 1985–2000, 2013 www.hydrol-earth-syst-sci.net/17/1985/2013/

http://dx.doi.org/10.1029/2008gl033456
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1007/s00703-005-0125-z
http://dx.doi.org/10.1002/joc.1615
http://dx.doi.org/10.1002/joc.1759
http://dx.doi.org/10.1029/2011gl048268
http://dx.doi.org/10.5194/hess-14-2605-2010
http://dx.doi.org/10.5194/hess-14-2605-2010
http://dx.doi.org/10.5194/hess-15-1675-2011
http://dx.doi.org/10.1109/jproc.2010.2043918
http://dx.doi.org/10.1029/2006wr005804
http://dx.doi.org/10.1175/1520-0442(1997)010<0288:edotsc>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(1997)010<0288:edotsc>2.0.co;2
http://dx.doi.org/10.1080/02508060408691807
http://dx.doi.org/10.1002/hyp.6485
http://dx.doi.org/10.5194/hess-15-425-2011
http://dx.doi.org/10.1016/j.landusepol.2005.11.003


Y. Huang et al.: Analysis of long-term terrestrial water storage variations in Yangtze River basin 1999

Geophys. Res., 113, D08113,doi:10.1029/2007jd009124, 2008.
Mann, H. B.: Nonparametric Tests Against Trend, Econometrica,

13, 245–259, 1945.
Miller, N. L., Jin, J., and Tsang, C.-F.: Local climate sensitivity

of the Three Gorges Dam, Geophys. Res. Lett., 32, L16704,
doi:10.1029/2005gl022821, 2005.

Moraes, J. M., Pellegrino, G. Q., Ballester, M. V., Martinelli, L.
A., Victoria, R. L., and Krusche, A. V.: Trends in Hydrological
Parameters of a Southern Brazilian Watershed and its Relation to
Human Induced Changes, Water Resour. Manage., 12, 295–311,
doi:10.1023/a:1008048212420, 1998.

Niu, G. Y. and Yang, Z. L.: Assessing a land surface model’s im-
provements with GRACE estimates, Geophys. Res. Lett., 33,
L07401,doi:10.1029/2005gl025555, 2006.

Piao, S., Ciais, P., Huang, Y., Shen, Z., Peng, S., Li, J., Zhou, L., Liu,
H., Ma, Y., Ding, Y., Friedlingstein, P., Liu, C., Tan, K., Yu, Y.,
Zhang, T., and Fang, J.: The impacts of climate change on water
resources and agriculture in China, Nature, 467, 43–51, 2010.

Qian, W., Kang, H. S., and Lee, D. K.: Distribution of seasonal rain-
fall in the East Asian monsoon region, Theor. Appl. Climatol.,
73, 151–168,doi:10.1007/s00704-002-0679-3, 2002.

Rodell, M., Famiglietti, J. S., Chen, J., Seneviratne, S. I., Viterbo, P.,
Holl, S., and Wilson, C. R.: Basin scale estimates of evapotran-
spiration using GRACE and other observations, Geophys. Res.
Lett., 31, L20504,doi:10.1029/2004gl020873, 2004.

Rui, H.: README Document for Global Land Data Assimilation
System Version 1 (GLDAS-1) Products,Goddard Earth Sciences
Data and Information Services Center, NASA, USA, 2011.

Salama, M., Van der Velde, R., Zhong, L., Ma, Y., Ofwono, M., and
Su, Z.: Decadal variations of land surface temperature anoma-
lies observed over the Tibetan Plateau by the Special Sensor Mi-
crowave Imager (SSM/I) from 1987 to 2008, Climatic Change,
114, 769–781,doi:10.1007/s10584-012-0427-3, 2012.

Schneider, U., Becker, A., Meyer-Christoffer, A., Ziese, M., and
Rudolf, B.: Global Precipitation Analysis Products of the GPCC,
Global Precipitation Climatology Centre (GPCC), Deutscher
Wetterdienst, Offenbach a. M., Germany, December, 2011.

Scipal, K., Holmes, T., de Jeu, R., Naeimi, V., and Wagner, W.: A
possible solution for the problem of estimating the error struc-
ture of global soil moisture data sets, Geophys. Res. Lett., 35,
L24403,doi:10.1029/2008gl035599, 2008.

Seneviratne, S. I., Viterbo, P., Lüthi, D., and Scḧar, C.: Inferring
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