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Abstract The variability of soil moisture over East Asia was analyzed using a long-term data set from the
Global Land Data Assimilation System. Overall, a clear decreasing trend occurred over a period of 63 years,
with pronounced drying over northeast China, north China, part of Mongolia, and Russia near lake Baikal.
Statistical analyses show that decreasing precipitation and global warming have different effects on the
decrease in soil moisture. The qualitative analysis and quantitative contributions illustrated that soil drying is
driven primarily by decreasing precipitation and is enhanced almost twofold by increasing temperatures.
As soil moisture decreases, the positive feedback between soil moisture and temperature may result in future
water shortages. Following the Representative Concentration Pathways 8.5 (RCP8.5) and 4.5 (RCP4.5)
simulation scenarios of Coupled Model Intercomparison Project phase 5, the model-predicted soil moisture
demonstrated a continuously decreasing trend during the 21st century.

1. Introduction

Soil moisture plays an important role in modifying the behavior of atmosphere by its influence on land
surface fluxes of moisture, energy, carbon, and trace gases [Seneviratne et al., 2010]. As a key factor in the
water cycle, soil moisture is closely associated with precipitation and evapotranspiration, which include
mainly plant transpiration and bare soil evaporation [Hohenegger et al., 2009; Wetzel and Chang, 1987]. It
also takes part in the energy cycle by changing soil thermal parameters and surface albedo [Nakshabandi
and Kohnke, 1965; Teuling and Seneviratne, 2008], via its impact on the partitioning of incoming energy
into latent and sensible heat fluxes [Bastiaanssen, 2000]. Furthermore, soil moisture strongly interacts with
the biosphere by affecting the terrestrial carbon exchange and nitrogen cycle [Fierer and Schimel, 2002;
Granier et al., 2007]. As the immediate water source, vegetation is sensitive to the variability of soil
moisture. Extreme drought or drying is often accompanied by changes in vegetation productivity and
species [Ciais et al., 2005; Reichstein et al., 2007]. Therefore, studying soil moisture and its variation,
especially its variability under global warming, is crucial to understanding climate change and land-
atmosphere interaction.

Traditionally, soil moisture change and its interaction with the Earth system have been studied with ground-
based measurements [Brocca et al., 2011; Guan et al., 2009; Huang et al., 2008; Wang et al., 2010]. However, as
in situ observations are commonly scarce and limited in space and time, most current studies focus on the
variability of soil moisture and its related hydrological variation in larger spatial domains or over long time
scales that are mainly based on the outputs of remote sensing, model simulations [Yang et al., 2011], and data
assimilations [Yang et al., 2009, 2007]. Despite the use of different types of data sets, some common features
of soil moisture change have been captured, especially the drying across East Asia [Dai, 2013; Dorigo et al.,
2012; Li et al., 2014]. East Asia, as one of the world’s most populous regions, is sensitive to climate change with
diverse land surface cover and fragile ecosystems [Huang et al., 2010, 2014]. Drying over East Asia is more
severe than over other regions and extremely urgent to mitigate. However, the explanation for this drying
remains unclear because of its complexity and dependence on a variety of mechanisms, such as the
interactions with climate change, biosphere evolution, and human activities. The sensibility of soil moisture
and feedback with environment variables among different land surfaces are different, even contrary, which
makes investigation of these mechanisms in the real world more difficult.

In this paper, we investigate the trend and variability of soil moisture in East Asia over the second half of the
20th century. The analysis is based on data sets derived from the Global Land Data Assimilation System
(GLDAS), which is a multimodel simulation system that provides fundamental long-term information about
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land surface processes and interactions between the land surface and the atmosphere from regional to
global scales [Rodell et al., 2004]. The forcing mechanisms behind precipitation and temperature to soil
moisture variability and soil drying also have been investigated by means of qualitative analysis and
quantitative contributions. This is important for deepening our understanding of regional drying and
taking reasonable measures to improve the ecological environment and actively address climate change.

We organize the paper as follows: The data sets and the methods for analysis are described in section 2. In
section 3, the analysis results are presented. A summary and discussion are provided in section 4.

2. Data Sets and Methods

We selected East Asia (20°N–55°N, 70°E–140°E) as the study region, which has experienced excessive
warming and drying in recent years. The water scarcity here has been already a concern detected by
precipitation, runoff, and other arid indices [Li et al., 2014; Xu et al., 2010], affected by natural reasons and
human activities [Ren et al., 2002].

The data used here are the monthly GLDAS version 2 product (GLDAS-2) for the period of January 1948 to
December 2010 with a spatial resolution of 1°×1° and the simulated monthly mean soil moisture of
Coupled Model Intercomparison Project phase 5 (CMIP5).

2.1. GLDAS-2 Data

The GLDAS-2 product is a simulation output from the National Centers for Environmental Prediction/Oregon
State University/Air Force/Hydrologic Research Laboratory (NOAH) [Chen and Dudhia, 2001; Chen et al., 1997,
1996; Ek et al., 2003; Koren et al., 1999] land-surface model, forced with the Princeton meteorological data set
[Sheffield et al., 2006], which includes surface air temperature, precipitation (sum of rainfall and snowfall), and
four layers of soil moisture content. The depths of the four soil layers range from 0 to 10, 10 to 40, 40 to 100,
and 100 to 200 cm, and the units of soil moisture has been changed to volumetric (m3/m3). In view of the
comparability in different layers, we use the mean soil moisture from 0 to 200 cm. GLDAS is a global,
high-resolution, off-line land-surface simulation system, which was developed jointly by the National
Aeronautics and Space Administration/Goddard Space Flight Center (NASA/GSFC) and the National
Oceanographic and Atmospheric Administration/National Centers for Environmental Prediction (NOAA/
NCEP). The goal was to generate optimal fields of land surface states and fluxes by integrating satellite-
and ground-based observational data products, using land surface modeling and data assimilation
techniques [Rodell et al., 2004]. The GLDAS data set was validated against available data from multiple
sources [Chen et al., 2013; Dorigo et al., 2012; Zhang et al., 2008]. It is widely used, in terms of data
assimilation, validation, weather and climate model initialization, and hydrology [Lin et al., 2008; Reichle
et al., 2007; Syed et al., 2008].

2.2. CMIP5 Data

Because the soil layers of total soil moisture for different general circulation models (GCMs) of CMIP5 are
different and the long-term variability of total soil moisture, we concerned in the paper, is similar to the
top 10 cm layer. Thus, the simulated monthly mean soil moisture of CMIP5 used in this study is the mass of
water in all phases in the top 10 cm layer (kg/m2) [Taylor et al., 2012], and the units of soil moisture has
been changed to volumetric (m3/m3). We used the outputs from 20 coupled general circulation models
(CGCMs or climate models) with specified historical anthropogenic and natural external forcing and with
21st century changes in greenhouse gases and anthropogenic aerosols following the Representative
Concentration Pathway (RCP) 8.5 and RCP4.5 simulation scenarios (Table 1). The first ensemble run was
used if a model had multiple ensemble simulations. We choose the period of 1948 to 2005 of the historical
experiment and 2006 to 2100 of the RCP experiment for our calculations and analyses.

2.3. Methods

The methods used in this paper include correlation analysis, regression analysis, moving t test, and the
maximum covariance analysis (MCA). MCA, also known as singular value decomposition analysis, is a useful
tool for detecting coupled patterns between two different geophysical fields, which is frequently used in
climate research. By performing an eigenanalysis on the temporal covariance matrix between two data
fields, MCA is able to isolate pairs of spatial patterns and their associated time series. To do so, MCA
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extracts the coherent patterns of two variables that are most strongly related to each other [Bretherton et al.,
1992]. Trends in this paper were calculated using the nonparametric Mann-Kendall test which has been
widely used in detecting monotonic trends in hydrometeorological time series [Dorigo et al., 2012; Sheffield
and Wood, 2008].

A method was adopted to study the contributions of temperature and precipitation to the soil moisture
trend. First, a multiple linear regression is applied to obtain the soil moisture predictand regressed by
annual mean precipitation and temperature fields at each grid point. The regression equation is shown as
equation (1):

S′ ¼ a� P þ b� T þ C (1)

in which P and T are the time series of annual mean precipitation and temperature, respectively; a and b are
the regression coefficients; and C is a constant. S′ is the soil moisture predictand, which can be roughly
determined as the soil moisture component caused jointly by precipitation and temperature. This concept
is widely used for separating the external and internal sea surface temperature trends [Li et al., 2011;
Polyakov et al., 2010; Ting et al., 2009]. Similarly, the soil moisture component solely forced by precipitation
(or temperature) can be obtained using a simple linear regression between soil moisture and precipitation
(or temperature). Based on the multiple regression (equation (1)), the contributions of precipitation to the
soil moisture trend (hereafter CP) can be calculated using equation (2):

CP ¼ a�ΔPð Þ=ΔS′�100% (2)

in which ΔS′ and ΔP are the changes in mean S′ and precipitation between the first and last 10 years.
Similarly, the contributions of temperature to soil moisture trend (hereafter CT) can be calculated using
equation (3):

CT ¼ b�ΔTð Þ=ΔS′�100% (3)

Notably, the contribution is relative, which means that the sum of CP and CT is equal to 100%.

Table 1. A List of CMIP5 General Circulation Models (GCMs) Used in This Study With a Brief Descriptiona

Model Names Origin

1 Beijing Climate Center–Climate System Model
(BCC-CSM)1-1

Beijing Climate Center, China

2 BCC-CSM1-1-m Beijing Climate Center, China
3 Beijing Normal University-Earth System Model (ESM) Beijing Normal University, China
4 Canadian Earth System Model version 2 Canadian Centre for Climate, Canada
5 Community Climate System Model version 4 National Center for Atmospheric Research, USA
6 Community Earth System Model, version

1–Biogeochemistry
National Center for Atmospheric Research, USA

7 Geophysical Fluid Dynamics Laboratory (GFDL)
Climate Model version 3

Geophysical Fluid Dynamics Laboratory, USA

8 GFDL-ESM2G Geophysical Fluid Dynamics Laboratory, USA
9 GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, USA
10 Goddard Institute for Space Studies (GISS)-E2-H-CC NASA Goddard Institute for Space Studies, USA
11 GISS-E2-R NASA Goddard Institute for Space Studies, USA
12 GISS-E2-R-CC NASA Goddard Institute for Space Studies, USA
13 Hadley Global Environment Model 2–Carbon Cycle Met Office Hadley Centre, UK
14 HadGEM2-ES Met Office Hadley Centre, UK
15 Institut Pierre-Simon Laplace (IPSL)-CM5A-LR Institut Pierre-Simon Laplace, France
16 IPSL-CM5B-LR Institut Pierre-Simon Laplace, France
17 Model for Interdisciplinary Research on Climate (MIROC) 5 Atmosphere and Ocean Research Institute, Japan
18 MIROC-ESM Japan Agency for Marine-Earth Science and

Technology, Japan
19 MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and

Technology, Japan
20 Meteorological Research Institute-CGCM3 Meteorological Research Institute, Japan

aThe historical run (1948–2005) and two future scenario (RCP4.5 and RCP8.5) runs (2006–2100) from each model are
used. The first ensemble run is used if a model has multiple ensemble runs.
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3. Results

Over the past few decades, global
warming and regional drying have
been hot issues due to their major glo-
bal implications. As one of the most
sensitive areas to global changes, East
Asia has been suffering significant
warming and drying since the early
20th century [Li and Ma, 2013]. The
annual mean temperature and precipi-
tation anomaly over East Asia from
1948 to 2010 are plotted in Figures 1a
and 1b. Rapid warming began in the
early 1960s, and a hiatus has occurred
since 2000, which coincides with the
Northern Hemisphere mean tempera-
ture variation [Wallace et al., 2012].
Comparing with temperature, the
long-term variability of precipitation is
not significant, despite a decreasing
trend over the whole time span, with
a rate of �2.75mm/10 yr. It is noted
that the precipitation decreased signif-
icantly before 1966 but has changed
little since then. For example, the dif-
ference in precipitation for 2001 to
2010 relative to 1966 to 1976 is only
2.1mm. Climate change associated
with changes in precipitation and
temperature would lead to changes in
soil moisture. The time series of the
annual mean soil moisture anomaly

over East Asia (Figure 1c) shows an observable downward trend during the last 63 years with a rate of
�0.000645m3/m3/10 yr, which significantly exceeds the 95% confidence level. Within the long-term linear
trends identified, considerable variability is observed at interannual to decadal time scales. The change in soil
moisture demonstrates rapid drying in the early 1960s, an abrupt decrease around the mid-1960s, wetting
from 1979 to 1993, and a resumption of drying in 1994. The abrupt change in soil moisture around the
mid-1960s is significant, as determined by the moving t test. Before the mid-1960s, the soil moisture was
~0.249m3/m3, whereas it decreased significantly to 0.239m3/m3 after the shift in the mid-1960s.

Despite that the above analyses show obvious climate change in East Asia, the variability of which is spatially
heterogeneous. Given this circumstance, further investigation of the spatial distribution of climate change
over East Asia is necessary. The spatial distributions of annual mean temperature, precipitation, and soil
moisture trends are shown in Figure 2. During the period of 1948 to 2010, most land areas have warmed
by 1 to 3°C, with the warmest regions located over northern East Asia, especially north of 40°N (Figure 2a).
Most of these warmest areas are arid and semiarid regions, which are characterized by low soil moisture,
which is consistent with the results of recent studies from a global perspective [Huang et al., 2012; Ji et al.,
2014]. During the same period, the decrease in precipitation seems distributed in a northeast-to-southwest
belt, coinciding with the 600mm precipitation line. As a result, 46% of East Asia revealed significant trend
of soil moisture (P= 0.05) and mostly was decreasing (70%). The greatest drying occurred in northeast
China, north China, part of Mongolia, and Russia near lake Baikal. In contrast, the most prominent wetting
was in western China, being particularly pronounced over southern Xinjiang with a rate greater than
0.01m3/m3/10 yr and significantly exceeding the 95% confidence level. The spatial distribution of the soil
moisture trend resembles that of precipitation but with some regional differences. For example, the

Figure 1. Annualmean (a) temperature, (b) precipitation, and (c) soil moisture
anomaly of East Asia from 1948 to 2010 relative to 1961–1990 (blue curves),
respectively. The red curves are the 7 year running mean and K is the trend
calculated using the Mann-Kendall test.
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decrease in precipitation over Yunnan Province and southeastern India is significant, whereas soil drying is
not significant and is even wetting. Inversely, severe soil drying near lake Baikal could not be revealed
by the precipitation. This result indicates that the soil moisture depends largely on precipitation, but
precipitation is not the only controlling factor. We note that the trend of soil moisture is broadly
comparable with the drying characteristics revealed by various arid indices, such as the Palmer Drought
Severity Index [Dai, 2011, 2013; Wang et al., 2014] and the Aridity Index [Feng and Fu, 2013], which suggest
that the broad patterns exhibited by soil moisture data (Figure 2c) are likely reliable. The greatest variation
occurs at intermediate moisture contents illustrated by Figure 2c and is consistent with observed soil
moisture variation in temperate areas at short temporal and local scales [Brocca et al., 2012; Lawrence and
Hornberger, 2007]. Lawrence et al. [Lawrence and Hornberger, 2007] provided a qualitative interpretation
of variation peaks at intermediate moisture contents using a modified soil moisture dynamic model. In
their interpretation, different behaviors in humid and arid catchments are related to different controlling

Figure 2. The spatial distribution of linear trend for annual mean (a) temperature, (b) precipitation, and (c) soil moisture
from 1948 to 2010. The areas marked with crosses denote significant trends at the 95% confidence level according to a
two-tailed Student’s t test. The blue contour denotes 200mm precipitation, and the black contour denotes 600mm.
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processes. Variance is controlled by the wilting point in arid areas, by soil conductivity in areas with
intermediate moisture contents, and by porosity in humid areas. However, the physical mechanism was
not provided in their paper.

Given the high changeability of soil moisture, analyzing the factors controlling soil moisture change is crucial
for understanding the variability characteristics of soil moisture and taking effective measures to slow the
rate of soil drying. Numerous environmental factors (such as soil texture, vegetation, and topography) and
slight weather disturbance can lead to spatial and temporal variability in soil moisture. Interaction with the
complex and nonlinear climate system complicates these processes. Intuitively, changes in precipitation
will be the primary driver of variability in soil moisture, but it can also be modified by temperature
changes. Here we carry out an MCA of precipitation and soil moisture for the period of 1948 to 2010.
Figure 3 shows that the first leading MCA mode (MCA1) explains 32% of the variability in precipitation and
soil moisture. This pattern represents the trends of precipitation and soil moisture that resemble those
shown in its trend map (Figures 2b and 2c). We note that the spatial patterns of precipitation and soil
moisture are similar, which suggest that the precipitation trend has a strong relationship with the long-
term variability of soil moisture.

MCAs between temperature and soil moisture were also performed to identify the most remarkable
temperature pattern on influencing soil moisture. Figure 4 shows that MCA1 patterns explain 75% of the
total variance, which are the principal components. The temperature MCA1 patterns represent global
warming, as the temporal coefficient is correlated strongly (r=0.96) with the annual mean temperature
(Figure 4a), and the spatial patterns (Figure 4b) resemble the warming patterns over East Asia (Figure 2a).
Associated with this temperature mode, the soil moisture also exhibits similar temporal evolution
(Figure 4a) but with particularly complex spatial patterns (Figure 4c) that resemble those shown on its
trend map (Figure 2c). The soil moisture MCA1 patterns are positive in Mongolia, northeast China, and
north China but negative in western East Asia. This result suggests that surface warming was also a crucial

Figure 3. (a) Temporal and (b) spatial patterns of the MCA1mode for precipitation and (c) soil moisture from 1948 to 2010 (normalized by its standard deviation prior
to MCA analysis). The red (blue) areas are drying (wetting) for a positive temporal coefficient on the principal component (PC) time series. In Figure 3a, pcVar is the
percentage variance explained by MCA1, and ccr is the correlation coefficient between PC1 precipitation and PC1 soil moisture, which is statistically significant at the
99% confidence level.
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factor in the changes in the terrestrial water budget as well as precipitation. However, MCA cannot reveal the
mechanisms between precipitation/temperature and soil moisture, so studies to determine the individual
effects of precipitation and temperature on the soil moisture trend are warranted.

Figure 5 clearly shows the relationship of soil moisture with precipitation and temperature, which implies that
changes in soil moisture can be partitioned into precipitation-induced and temperature-affected components.

The role of precipitation as a driver of soil
moisture trend is explicit. The precipitation
trend controls the direction of soil moisture
change, whether drying or wetting. As
shown in Figure 5, most of the drying trend
for soil moisture was located where preci-
pitation decreases and the wetting trend
where precipitation increases. This phe-
nomenon is also appropriate for several
other regions with diverse climates,
such as central North America, West
Africa, central Asia, and northern Europe
[Sheffield and Wood, 2008]. However, the
relationship between temperature trend
(primarily temperature warming) and soil
moisture wetting is somewhat unclear. In
Figure 5 (right), the magnitude of the
wetting trend is shown to be irregular com-
pared with the temperature trend. We can

Figure 4. (a) Temporal and (b) spatial patterns of the MCA1mode for temperature and (c) soil moisture from 1948 to 2010 (normalized by its standard deviation prior
to MCA analysis). The red (blue) areas are drying (wetting) for a positive temporal coefficient on the PC time series. In Figure 4a, pcVar is the percentage variance
explained by MCA1, and ccr is the correlation coefficient between PC1 temperature and PC1 soil moisture, which is statistically significant at the 99% confidence
level. Also shown in Figure 4a is the area-mean temperature obtained fromGLDAS (blue line). The correlation between area-mean temperature and PC1-temperature
(PC1-soil moisture) time series is 0.96 (0.67), which is statistically significant at the 99% confidence level.

Figure 5. Trends of soil moisture as a function of precipitation and
temperature trends. The colored boxes represent soil moisture
trend. The red (blue) boxes are drying (wetting), and blank indicates
no data. The unit of soil moisture trend is m3/m3/yr.
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only get the role of temperature warming as an amplifier on soil drying. Increasing temperature amplifies the
effect of decreasing precipitation on soil drying. In Figure 5 (left), themagnitude of the drying trend at the top is
shown to be larger than that at the bottom. This illustrates that soil drying is driven primarily by the lack of
precipitation but is accentuated by associated increasing temperature. However, the enhancement of
increasing temperature on soil drying is neither perfect nor unconditional. For example, the most obvious
drying trend of soil moisture, when precipitation trend ranges from 0 to 1mm/yr, occurs at intermediate
temperature increases. This problem may be due to the manner of the influence of increasing
temperatures on soil moisture change. Because temperature affects soil moisture through changing soil
evapotranspiration, and temperature is not the only factor controlling evapotranspiration, the relationship
between increasing temperature and soil moisture cannot be explicit. Generally speaking, evapotranspiration
will increase with temperature warming, but it is not unlimited. If soil moisture is below a critical value, the
soil suction will be so large that evapotranspiration will not increase. This is the soil moisture-limited or
energy-limited evapotranspiration regime [Seneviratne et al., 2010], which indicates the need for analysis of
the increasing temperature-soil moisture relationship according to climatic region.

Figure 6 demonstrates the regionally averaged linear temperature and soil moisture trend as a function of
climatological mean precipitation. The climatological mean precipitation is the annual mean precipitation
for the period of 1961 to 1990, which represents the climatological state. It is also an intuitional
representation of the spatial heterogeneity of temperature and soil moisture change shown in Figure 2.
Temperature increases in semiarid regions with a warming peak around the precipitation range of 200 to
300mm/yr. Corresponding to temperature warming, soil moisture also decreases markedly in semiarid
regions, with the driest values in the range of 400 to 500mm/yr. This result also reflects the discrepancy
between the warmest and driest regions shown in Figure 5. However, of particular interest is the
accordance after the precipitation range of 400mm/yr, which is an energy-limited evapotranspiration
regime. In this region, the magnitude of warming and drying decreases with the increase in precipitation.
An obvious warming-drying trend arises in the intermediate moisture regions (precipitation ranging from
400 to 900mm/yr), and the magnitude is quite small in the wet region (rainfall> 1000mm/yr). This result
suggests that increased temperature would accentuate the drying caused by decreasing precipitation, at
least in some regions.

Figure 7a shows the spatial distributions of the trends of the precipitation-forced soil moisture component.
Comparing Figures 7a and 2c, we can see that the pattern of the precipitation component is remarkably
similar to the total soil moisture trend. However, the magnitude is small in most areas of East Asia
compared to the soil moisture trend, because the precipitation trend is not significant. Only Mongolia,
north China, Bangladesh, and parts of northwest China show significant trends of precipitation-forced soil

Figure 6. The linear trends of annual mean temperature and soil moisture as a function of climatological mean precipitation.
The black line denotes the domain average for different climatic regions, and the shaded bands denote one standard
deviation of the soil moisture trends. The climatological mean precipitation on the x axis is the annual mean precipitation for
the period of 1961 to 1990.
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moisture component that are significant at the 95% confidence level. For the regions with negative soil
moisture trend, only 14% present significant trends. The marked soil moisture trends illustrated in Figure 2
can be explained to some extent by temperature. Upon addition of temperature to the precipitation
component, although the pattern of the soil moisture trend changes little, the magnitude becomes much
more significant, especially in the north of China, where an observable increase in temperature has
occurred. As shown in Figure 7b, more than 40% of the regions with soil moisture drying presented
significant trends at the 95% confidence level, which reemphasizes the enhancement by increasing
temperature of soil moisture drying, as mentioned earlier.

To express the quantitative effects of precipitation and temperature, their contributions are also calculated
and illustrated in Figure 8. We focused on the mechanism of soil moisture drying in this study; therefore,
regions with increasing soil moisture trends have been masked out. The results expressly represent
the relative contributions of precipitation and temperature to soil moisture drying, which is spatially
heterogeneous. In general, the contribution is dominated by precipitation over southern East Asia, by
temperature over north China and northwestern East Asia, and the contributions of precipitation and
temperature over East China are roughly equivalent. The averaged mean contribution of temperature for
soil moisture drying over East Asia is about 58.1%, which is slightly larger than that of the precipitation
(41.9%). That means increased temperature almost doubles the soil moisture drying caused by decreasing
precipitation.

The qualitative analysis and quantitative contributions illustrate that temperature warming is an essential
enhancement factor on soil drying caused by decreasing precipitation. The conclusion indicates that increased
temperature would cause a more serious soil drying in the future, if the global warming that started in the
1960s persists. Model-predicted soil moisture change for the period of 2006 to 2100 is presented in Figure 9.

Figure 7. The spatial distribution of linear trend for soil moisture predictand linearly regressed by (a) precipitation and
(b) precipitation and temperature. The areas marked with crosses denote significant trend at the 95% confidence level.
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The results are based on the output from 20 models of CMIP5 following the RCP4.5 and RCP8.5 simulation
scenarios. To compare the differences in soil moisture between GLDAS and CMIP5, the historical simulation of
CMIP5 (black) and annual mean soil moisture anomalies of GLDAS for 0–10 cm are also shown. Because the
internal variability in ensemble mean soil moisture has been removed, the GLDAS is the 20year running mean.

Figure 9 shows that the ensemble mean
of the 20 models is able to capture the
variability of the GLDAS soil moisture
from the early 1970s to the late 2000s.
However, the model simulation is quite
different from the GLDAS before the
early 1970s, which could be the result
of large natural variability, model
deficiencies, and/or uncertainties in
external forcing in the models. Despite
the differences between the CMIP5
model and GLDAS, the models are able
to simulate the robust downward trend
of soil moisture following the early
1970s. The models also suggest a
stronger trend in the 21st century from
both RCP8.5 and RCP4.5 simulations
than in the 20th century, followed by a

Figure 9. Annual mean soil moisture anomalies from the CMIP5 for RCP4.5
(blue), RCP8.5 (red), and for the historical simulation (black). The lines denote
the ensemble mean of the 20 models, and the shaded bands denote
one standard deviation of the multimodel response. The first ensemble
run is used if amodel hasmultiple ensemble runs. The soil moisture anomaly
for the period of 1948 to 2010 from GLDAS is given in green for
comparison. Because the internal variability of the ensemble-mean soil
moisture has been removed, the GLDAS is the 20 year running mean.

Figure 8. The relative contributions of (a) precipitation and (b) temperature to soil moisture trends. The relative contributions
are calculated using equations (2) and (3) (see text and methods for more details). Regions with positive soil moisture change
shown in Figure 7b have been masked out.
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continued drying in RCP8.5, but with little change in RCP4.5 after the 2050s. The area-mean soil moisture in
RCP8.5 (RCP4.5) is projected for 2071 to 2100 to decrease 0.00284m3/m3 (0.00146m3/m3), relative to 2006 to
2025, corresponding to relative decreases of 1.4% (0.7%). Climatemodels reflect a broad consensus that area-
mean soil moisture will decrease in the 21st century: of the 20 models for RCP8.5 (RCP4.5), decreases are
observed in 14 models, which comprise more than 70% of the models.

4. Summary and Discussion

Soil moisture is important to ecosystems, agriculture, and human activities. The change in soil moisture can
extensively influence socioeconomics. This study used the GLDAS data to investigate the temporal and
spatial characters of soil moisture variability over East Asia for the period of 1948 to 2010. It exhibited a
clear, long-term decreasing trend of soil moisture over East Asia during the last several decades. However,
the trend of soil moisture was spatially heterogeneous, with the most prominent wetting trend occurring
over western East Asia and drying over northeast China, north China, part of Mongolia, and Russia near
lake Baikal.

MCA analysis shows that the drying of soil moisture is notably related to global warming and decreasing
precipitation. Nevertheless, the role of each individually differs. The role of decreasing precipitation is
specific and is the primary factor driving the drying of soil moisture. However, the effect of increasing
temperature on soil moisture trends depends largely on the climatic region. Over the precipitation range
of 400mm/yr, which is an energy-limited evapotranspiration regime, increasing temperature considerably
amplifies the degree of soil drying caused by decreasing precipitation. The quantificational effect of
temperature and precipitation on the soil moisture trend afforded by defining a contribution illustrates
that increasing temperature almost doubles the soil moisture drying caused by decreasing precipitation,
which is remarkably similar to the results of the qualitative analysis.

An aspect of our findings that requires special attention is that although the contributions of temperature
and precipitation to the soil moisture trend were quantified using linear regression methods, the results,
however, are not faultless because the climate system is complex and nonlinear. The use of linear
regression methods on the complex and nonlinear climate system has several issues, especially when
human activity is involved in the water cycle, which complicates the results and enhances the uncertainty.
Even so, there is no doubt that increased temperature can lead to a decrease in soil moisture, as
mentioned earlier. Following the RCP’s simulation scenarios, the model-predicted soil moisture change for
the period of 2006 to 2100 demonstrates a coincident decreasing trend across 20 climate models. To the
end decade of the 21st century, the area-mean soil moisture is projected to decrease by 1.4% (0.7%)
following the RCP8.5 (RCP4.5) simulation scenario, compared to that at the end of the 20th century.

Another aspect of our findings that needs to be discussed is that the data used in the paper are in essence
from model products and the derived relationship may be affected by the modeling structure, despite that
the GLDAS data were validated against various assimilation and observational data sets. In addition,
temperature and precipitation are only two of the factors that control the variability of soil moisture, so
they cannot account for all of the change. Other factors, such as soil texture, vegetation, topography, and
human activities, are also important and even paramount in some cases [Pan and Wang, 2009]. The
interaction between soil moisture and the Earth system has been the subject of much recent research.
Besides, because soil drying is driven primarily by decreasing precipitation, thus the process which can
affect the precipitation will be able to mitigate or enhance the soil drying, such as the poleward expansion
of the Hadley circulation [Lau and Kim, 2015], which has become one of the hottest topics in climate change.

As mentioned above, increased temperature leads to an increase in evapotranspiration and a decrease in soil
moisture. With decreasing soil moisture, the soil suction increases, the remaining soil moisture becomes less
accessible for uptake by plant roots, and evapotranspiration may thus be reduced, possibly leading to an
increase in sensible heat flux and a further temperature increase. The increased temperature, decreased
evapotranspiration, and soil water loss form a positive feedback, and the strongest interaction appears in
transitional zones between dry and wet climates [Koster et al., 2004; Seneviratne et al., 2010]. This positive
feedback can continue until the soil is totally dry and desertification results, if the feedback loop is not
broken up. This would destroy the ecological environment, depress crop production, and cause dust
and drought.
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This effect is most serious in the transitional regions due to three threats: severe drying, enhanced warming,
and strongest interaction between increased temperature and decreased soil moisture. The strongest
positive feedback between the most severe warming and drying will lead to dry land becoming even
drier. Besides, the transitional regions are generally agricultural districts with large population. And the
ecosystems are fragile and sensitive to climate change there; a slight disturbance in climate may be
disastrous. The most serious warming and drying under recent and future would become a challenge to
the ecosystem and human survival. Strict management and rational utilization of water resources are
urgently needed to reduce the enormous influence of the recent and future drying.
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