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Abstract We analyzed global trends of soil moisture for the period 1948-2010 using the Global Land Data
Assimilation System data set. Soil moisture was dominated by negative trends, with pronounced drying over
East Asia and the Sahel. Spatial analysis according to climatic region revealed that the most obvious drying
occurred over transitional regions between dry and wet climates. The noticeable drying first took place in
the humid transitional regions and extended to the dry transitional regions, beginning in the 1980s. The
variability of soil moisture was notably related to the changes in precipitation and temperature, but with
different roles. For the global average, precipitation had a dominant effect on the variability of soil moisture
at interannual to decadal time scales, but temperature was the main cause of the long-term trend of soil
moisture on the whole. The enhanced soil drying in the transitional regions was primarily caused by global
warming, which is illustrated by regression analysis and the land surface model.

1. Introduction

Soil moisture plays an important role in environmental processes through its influence in controlling mass
and energy exchanges between the land surface and atmosphere [Seneviratne et al., 2010]. It has a signifi-
cant impact on evapotranspiration rates, soil thermal parameters, surface albedo, and Bowen ratio and
thus has an effect on the planetary boundary layer regime, clouds, and precipitation [Cook et al., 2006;
Findell and Eltahir, 2003a, 2003b; Guan et al., 2009]. The variability of soil moisture, especially soil moisture
drying, has an important relationship with heat waves [Hirschi et al., 2011; Lorenz et al., 2012], dust out-
breaks [Kim and Choi, 2015], and plant productivity and survival [Ciais et al., 2005; Reichstein et al., 2007;
Huang et al., 2015b]. Therefore, studying soil moisture and its variability is crucial to understanding climate
change and land-atmosphere interactions.

Traditionally, changes in soil moisture and its relationship with the climate system have been studied via 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 time and space, most observational studies have been
performed over short temporal and small regional scales. Estimates of large-scale and long-term variability of soil
moisture are mainly based on the outputs of remote sensing [Dorigo et al,, 2012], model simulations [Yang et al.,
2011], data assimilations [Yang et al, 2007, 2009], or various substitute drought indices, such as the Palmer
Drought Severity Index (PDSI) [Dai et al., 2004], standardized precipitation index [Wang et al,, 2015], and so on.
Both remote sensing and model simulations have revealed an overall drying trend with apparent regional
variation in soil moisture trends [Dorigo et al., 2012; Sheffield and Wood, 2008]. 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 and the Sahel. These regions are mainly transitional climate regions between dry and wet climates, which
may be the areas most sensitive to global changes because of their fragile ecosystems [Huang et al., 2015a,
2015b]. In these regions, potential evaporation exceeds precipitation, and landscapes are characterized by dry
climates, low vegetation cover, low nutrition content, and low capacity for water conservation in the soil.

In this paper, we investigate soil moisture trends and report on the relationships between soil moisture trends
and climate regions. We also investigate the forcing mechanisms behind precipitation and temperature
affecting soil moisture variability and soil drying by means of regression analysis and model simulation.
The trend analysis of soil moisture is based on a simulation output from the National Centers for
Environmental Prediction/Oregon State University/Air Force/Hydrologic Research Lab (Noah) land surface
model [Chen and Dudhia, 2001; Chen et al., 1996, 1997] derived from the Global Land Data Assimilation
System (GLDAS). The model used for mechanism analysis is the community Noah land surface model with
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multiparameterization options (Noah-MP) augmented from the Noah land surface model [Niu et al., 2011;
Yang et al., 2011]. This is important for deepening our understanding of regional drying and taking reasonable
measures to improve the ecological environment and actively address climate change.

The paper is organized as follows: The data and methods are described in section 2. In section 3, we present
the results of our analysis. In section 4, we present a summary and discussion.

2. Data Sets and Methods
2.1. GLDAS Data

The surface air temperature, precipitation, and soil moisture data used here are the monthly GLDAS version 2
product (GLDAS-2) for the period from January 1948 to December 2010, with a horizontal resolution of 1°x 1°
[Rodell et al., 2004]. The precipitation is the sum of rainfall and snowfall, and the soil moisture data are con-
figured with four vertical layers from the surface to the bottom at 200 cm. The depths of the four soil layers
range from 0 to 10 cm, 10 to 40 cm, 40 to 100 cm, and 100 to 200 cm, and the unit of soil moisture has been
changed to volumetric (m*/m3). In view of the comparability of different layers, we use the mean soil moist-
ure from 0 to 200 cm. GLDAS is a global, high-resolution, offline land data assimilation system, 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 integrat-
ing satellite- and ground-based observational data products, using land surface modeling and data assimila-
tion techniques [Rodell et al, 2004]. The GLDAS data set is widely used in data assimilation, validation,
weather and climate model initialization, and hydrology [Lin et al., 2008; Reichle et al., 2007]. The GLDAS-2 pro-
duct is a simulation output from the Noah land surface model [Chen and Dudhia, 2001; Chen et al., 1996,
1997], forced with the Princeton meteorological data set [Sheffield et al., 2006].

2.2. Aridity Index

The aridity index (Al), representing the degree of climatic dryness, is defined as the ratio of annual precipita-
tion (P) to annual potential evapotranspiration. Under this quantitative indicator, drylands are defined as
regions with an Al of less than 0.65 and are further classified into hyperarid (Al < 0.05), arid (0.05 <Al <0.2),
semiarid (0.2<Al<0.5), and dry subhumid (0.5 <Al < 0.65) subtypes [Middleton and Thomas, 1997]. The
hyperarid regions are the driest, followed by arid, semiarid, and dry subhumid regions in all four types of dry-
lands. The Al was provided by Feng and Fu [2013] and has been validated. The Al data were calculated from
1948 to 2008, and the spatial resolution of the data is 0.5°x 0.5°. In this paper, the resolution of Al data has
been interpolated to 1°x 1° using bilinear interpolation to unify with the GLDAS data.

2.3. Methods

We used both regression analysis and multidimensional ensemble empirical mode decomposition (MEEMD)
[Wu et al., 2009]. MEEMD is a way to separate spatiotemporally varying trends and spatially nonuniform varia-
bility of different time scales based on ensemble empirical mode decomposition (EEMD) [Huang et al., 1998].
In MEEMD, a time series at a grid point is decomposed using EEMD to obtain a set of intrinsic mode functions
(IMFs), which are a series of amplitude frequency-modulated oscillatory components. The last IMF, a curve
either monotonic or containing only one extremum, can be recognized as the trend of the time series. This
trend has low sensitivity to the extension (addition) of new data. This property guarantees that the physical
interpretation within specified time intervals does not change with the addition of new data, consistent with
a physical constraint that the subsequent evolution of a physical system cannot alter the reality that has
already happened. Both EEMD and MEEMD have been widely applied in climate research [Ji et al., 2014;
Wu et al., 20111. In the MEEMD calculation for this paper, the noise added to data has an amplitude of 0.2
standard deviations of the corresponding data and the ensemble number is 400; the number of IMFs is 5.

To study the contributions of different climatic regions to global soil moisture drying, we calculated the
contribution rate using the following formula [Chandler and Scott, 2011]

Ny Ng
CRx = <Gk.z Wk,'> / <Ag.z Wi)
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Figure 1. Global annual mean soil moisture trends from 1948 to 2010. The areas marked with crosses denote significant
trends at the 95% confidence level according to a two-tailed Student's ¢ test.

where q, is the regional averaged drying trend for region k, A is the global averaged drying trend, Ny is the
number of drying grids in region k, Ny is the total number of all drying grids over global land, and W;= cos
(0;x 7/180.0), where 6; is the latitude of the grid i.

2.4. Model and Experimental Design

To study the mechanism of soil moisture variability, especially the contributions of temperature and precipi-
tation change to the soil moisture drying, the Noah-MP was used and three experiments were carried out.
The Noah-MP was evaluated by Niu and Yang at local and global scales, who showed the advantages of using
multiple optional schemes in modeling simulations [Niu et al., 2011; Yang et al., 2011]. The optional schemes
and static data sets are the same as the experiment one in Yang’s simulations, which accords with the Noah
land surface model [Yang et al., 2011]. We used a 1°x 1°, 3-hourly, near-surface meteorological data set
processed by GLDAS to drive the model during the period 1948-2010. Because the simulation was initialized
arbitrarily, the outputs of the first 2 years were removed to eliminate the influence of initialization. We carried
out three experiments: (1) the standard simulation, using the standard meteorological data processed by
GLDAS as forcing data; (2) the ConTemp simulation, conducted as departures from the standard simula-
tion but using the composite 3-hourly climatology of near-surface air temperatures over the first 5 years
(1948-1952) as the forcing data for all years; and (3) the ConPrep simulation, which is the same as the
ConTemp simulation but for a composite climatological precipitation.

3. Results
3.1. Characteristics of Soil Moisture Variability

Figure 1 shows the global distributions of annual mean soil moisture trends from 1948 to 2010. High-latitude
areas (above 60°S or 70°N) were ignored, because they were dominated by permafrost (similarly hereinafter).
Significant trends (p = 0.05) were observed for 40.6% of the global area. Of these, 60.2% were negative and
39.8% were positive. The most prominent drying trends occurred in northern Africa, East Asia, eastern
Australia, and southern Europe. Many of the strong drying trends occurred in regions that already had rela-
tively low average soil moisture values. We observed a subtle wetting trend for the central U.S., South
America, and western Australia. This might have been induced by precipitation, because precipitation
increased significantly over the past several decades in these regions. The soil moisture trend was broadly
comparable with various drought indices, such as the PDSI [Dai, 2011, 2013; Wang et al., 2014] and the Al
[Feng and Fu, 2013; Li et al., 2014], which suggests that the broad patterns exhibited by soil moisture data
are likely reliable.
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Figure 2. Map of regions used in the analysis. Acronyms are defined in Table 1.

Considering the spatial heterogeneity of soil moisture trends, the continents were divided into nine subre-
gions. The regions (see Figure 2 and Table 1 for details) are classified with reference to Huang’s definition
[Huang et al., 2012, 2015a]. The regional percent acreage and the regional contributions of soil moisture dry-
ing to global drying are presented in Table 1. The relative drying acreage can be obtained by comparing the
PTA (percentage of total acreage) and PDA (percentage of acreage with soil moisture drying); PDA > PTA
means that the region is dominated by soil moisture drying. Of the nine subregions, four exhibited
PDA > PTA: Europe (EU), East Asia (EAS), North Africa (NAF), and South Africa (SAF). They were dominated
by soil moisture drying at proportions of 63.7%, 78.1%, 84.9%, and 78.9%, respectively. These regions were
the most concentrated for soil moisture drying. The other feature of drying, intensity, can be obtained by
comparing contributions to global drying and PDA; contributions > PDA means that the drying in the region
is very severe. Of the EU, EAS, NAF, and SAF regions, only EAS and NAF exhibited contributions > PDA. The
PTA values for EAS and NAF were 12.3% and 16.6%, respectively, but the contributions of soil moisture drying
to global drying were 28.3% and 31.8%, respectively. Considering the PTA, PDA, and contributions together,
the intensity of drying was low despite drying in a large portion of the EU and SAF regions. The drying in the
EAS and NAF regions was the most remarkable.

Since the soil moisture variability depends largely on the climatic region, as shown in Figure 1, the regionally
averaged soil moisture trend as a function of the climatological mean Al is presented in Figure 3. The clima-
tological mean Al is the annual mean Al for the period from 1961 to 1990, which represents the climatological
state. Two minimal values appeared, one for the hyperarid regions with an Al of less than 0.1 and another
for the transitional regions between dry and wet climates with an Al range of 0.4 to 0.8. The marked drying
trend in the hyperarid regions with an Al of less than 0.1 was mainly caused by the appreciable drying over

Table 1. PTA (Percentage of Total Acreage, the Ratio Between Acreage of Subregions and Global Acreage, Unit: %), PDA
(Percentage of Acreage With Soil Moisture Drying, the Ratio Between Drying Acreage of Subregions and Global Drying
Acreage, Unit: %), and Contributions of Soil Moisture Drying to Global Drying for Different Subregions®

Regions Latitude/Longitude PTA PDA Contributions
North America (NAM) 15°N-70°N, 180°W-25°W 16.3 8.7 74
South America (SAM) 60°S-15°N, 180°W-25°W 13.9 7.0 34
Europe (EU) 30°N-70°N, 25°W-60°E 11.7 13.3 10.2
West Asia (WAS) 30°N-70°N, 60°E-90°E 7.2 6.0 44
East Asia (EAS) 30°N-70°N, 90°E-180°E 123 17.1 28.3
South Asia (SAS) 12°5-30°N, 60°E-180°E 8.2 74 2.7
North Africa (NAF) 0°N-30°N, 25°W-60°E 16.6 25.1 31.8
South Africa (SAF) 60°S-0°N, 25°W-60°E 76 10.6 7.2
Australia (AUS) 60°5-12°S, 60°E-180°E 6.1 48 46

¥Note that the ranges of subregions may differ from the geographic position, and the names may not be entirely
accurate.
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Figure 3. The linear trends of annual mean soil moisture (black line) and percent areas of drying (bars) as a function of the
climatological mean Al. The climatological mean Al on the x axis is the annual mean Al for the period from 1961 to 1990.

the Sahara, with an Al of less than 0.02. When this region was masked out, the trend changed to
0.00012m3/m3/10yr (shown as the red dashed line in Figure 3), which is negligible. Because the region
is relatively small and because it makes little sense to study drying over hyperarid regions, we ignored
the marked drying trend over this region. Of particular interest was the soil moisture decrease in transi-
tional regions between dry and wet climates, with a drying peak with an Al range of 0.4 to 0.8. In this paper,
we define the regions within the Al range of 0.4 to 0.8 as transitional regions. This greatest variation, which
occurred at intermediate moisture contents as illustrated by Figure 2, is consistent with observed soil
moisture variation in temperate areas over short temporal and local scales [Brocca et al., 2012; Lawrence
and Hornberger, 2007]. In addition, the percent areas of drying for different climate regions are also
presented and show remarkable contributions over the transitional regions. For the transitional regions,
more than 60% of areas showed negative soil moisture trends. This indicates that the transitional regions
play a dominant role in soil moisture drying, in both area and intensity.

Figure 3 is an intuitional representation of the spatial heterogeneity of soil moisture change; however, the
trend over a given time interval cannot accurately reflect how the trend has evolved. To overcome this
deficiency, we diagnosed the value increment of the EEMD trend at a given time from the reference time
of 1948, that is, Trendeemp(t) = R, (t) — R,(1948), representing accumulated drying from 1948 [Ji et al., 2014].
Trendgemp(2010) can be recognized as the trend of the soil moisture series from 1948 to 2010, and this trend
is markedly consistent with the linear trend shown in Figure 3 (figure omitted). We plotted the evolution of
the soil moisture trend as a function of the climatological mean Al (Figure 4) so that the main features of the
spatiotemporal evolution of the drying would be more evident. Soil moisture drying was significant only over
the transitional regions, but with a two-band structure. The noticeable drying emerged in regions within the
Al range of 0.65 to 0.9 (defined as humid transitional regions in this paper) around 1955. The amplitude of the
drying grew quickly and reached extremes around the 1990s, with a soil moisture decrease greater than
0.004 m*/m? relative to 1948. Along with the growing amplitude of the drying, the scope of drying expanded
toward the drylands, beginning in the 1980s. During the next three decades, the drying in the regions within
the Al range of 0.4 to 0.65 (defined as dry transitional regions in this paper), which were the subhumid regions
and part of the semiarid regions, became significant. Additionally, the amplitude of the drying was still grow-
ing as of 2010, indicating that the soil moisture may continuously decrease during the next few years.

3.2. Mechanism Analysis

Numerous environmental factors (such as soil texture, vegetation, and topography) as well as slight weather
disturbances can lead to spatial and temporal variability in soil moisture. Intuitively, changes in precipitation
are a key factor affecting the variability of soil moisture, but the latter can also be modified by temperature
changes [Cheng et al., 2015]. Increased temperatures lead to a higher vapor pressure deficit and evaporative

CHENG AND HUANG

ENHANCED SOIL MOISTURE DRYING 5



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015JD024559

2.0
1.8 —
1.6 —
1.4 —

1.2 —
1.0 —

Al

0.8 — R ——
0.6 — T S —

0.4 —

0.2 —

0-0|\|\\lw\\||\|\\|\\\||\\\\|\\\||
1950 1960 1970 1980 1990 2000 2010

BT ([ [ [T

-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 0.005

Soil moisture change (m*m?)

Figure 4. Evolution of the global soil moisture trend as a function of the climatological mean Al. The climatological mean Al
on the y axis is the annual mean Al for the period from 1961 to 1990.

demand, possibly leading to an increase in evapotranspiration and a decrease in soil moisture. We also cal-
culated the regionally averaged precipitation trend as a function of the climatological mean Al and present
it in Figure 5, which shows an enhanced precipitation decrease around the Al range of 0.4 to 0.8. This demon-
strates that the precipitation decrease may be a factor causing the enhanced drying over the transitional
regions. In addition, the increased temperature also has a great impact on soil drying, as it can lead to larger
evapotranspiration and amplify the soil moisture drying caused by decreased precipitation. In the same man-
ner as the precipitation trends, the surface air temperature does not increase everywhere uniformly, which is
clearly observable in the dry regions with an Al of less than 0.9. This is because the heat capacity of water is
markedly greater than that of soil; the soil heat capacity decreases with decreasing soil moisture. Under these
circumstances, the temperature increase of dry land is higher than that of wet land when the change in net
radiation is the same. Considering the variability of precipitation and temperature together, only in the tran-
sitional regions did both the precipitation decrease and the temperature increase significantly. Thus, the
enhanced soil moisture drying in transitional regions may be due to the combined effects of decreased pre-
cipitation and increased temperature.
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Figure 5. The linear trends of global annual mean temperature and precipitation as a function of the climatological mean
Al. The climatological mean Al on the x axis is the annual mean Al for the period from 1961 to 1990.
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Figure 6. (a) The time series of global annual mean soil moisture (SM), TSM, and PSM anomalies from 1948 to 2010. (b) Also
shown are the 7 year running mean time series.

To study the contributions of temperature and precipitation to the soil moisture variability, we applied a sim-
ple linear regression to obtain the soil moisture predictand regressed by annual mean precipitation or tem-
perature fields at each grid point. We defined the two predictands by precipitation and temperature as PSM
and TSM, respectively. The PSM (TSM) can be roughly determined as the soil moisture component caused by
precipitation (temperature). This concept is widely used for separating the external and internal sea surface
temperature trends [Polyakov et al., 2010; Ting et al., 2009]. Figure 6 shows the global annual mean soil moist-
ure, TSM, and PSM anomalies from 1948 to 2010. The time series of the annual mean soil moisture anomaly
shows an observable downward trend during the last 63 years with a rate of —0.000176 m*/m3/10yr, which
significantly exceeds the 90% confidence level. Within the long-term linear trends identified, considerable
variability occurred at interannual to decadal time scales. The change in soil moisture demonstrates a 20 year
cycle period with 10 years of wetting and 10 years of drying from 1948 to 2010, overall. Compared with soil
moisture, the long-term variability of the PSM is not significant, despite a decreasing trend over the entire
time span, with a rate of —0.0000284 m®/m>/10yr. However, the time series of PSM correlated strongly
(r=0.85) with the soil moisture at interannual to decadal time scales. Unlike the PSM, the time series of
TSM shows an inconspicuous decadal variability and observable long-term trend. The rate was
—0.0005 m*/m>3/10yr and significantly exceeds the 99% confidence level. Notably, the TSM changed little
before 1976 but decreased significantly since then with a rate of —0.000869 m*/m3/10yr, which significantly
exceeds the 99% confidence level. This significantly decreasing trend coincides with global warming starting
from the 1970s. This result suggests that for the global average, precipitation has an effect on the variability
of soil moisture at interannual to decadal time scales, but temperature mainly causes the long-term trend of
soil moisture on the whole.

On the basis of the soil moisture predictand, the difference between original soil moisture fields and PSM
(TSM) can be roughly determined as the soil moisture component without the signal of precipitation
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Figure 7. Global trend distributions for annual mean (a) RPSM and (b) RTSM 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.

(temperature). We defined the two rest components of soil moisture as RPSM and RTSM, respectively.
Figure 7 shows the spatial distributions of the trends of RPSM and RTSM. Comparing Figures 7 and 1, we
can see that the pattern of the RPSM and RTSM trends is remarkably similar to the soil moisture trend.
However, the magnitudes are small in most areas compared to the soil moisture trend, despite the fact that
the trends are also significant at the 95% confidence level over most regions with a significant soil moisture
trend. This indicates that both precipitation and temperature have an effect on the long-term soil moisture
trend. However, the role of precipitation and temperature in the soil moisture trend is different, as shown
in Figures 7a and 7b. Generally speaking, the drying trend of RPSM was more remarkable than that of
RTSM. For example, the drying trends over EAS for RPSM and RTSM were —0.00231 and —0.00210 m*/m?/
10yr, respectively. In contrast, the wetting trend of RTSM was larger than that of RPSM, especially over wes-
tern Australia and central North America, where a subtle wetting trend occurred. The wetting trends of RTSM
for AUS and NAM were 0.00382 and 0.00231 m®*/m3/10yr, respectively, which were larger than those of the
RPSM (0.00157 and 0.00163 m*/m>/10yr) and even approximate to the soil moisture trends (0.00280 and
0.00234 m*/m3/10yr). To illustrate the reliability of the results, we demonstrated the significance of differ-
ence for soil moisture trend and RPSM (RTSM) trend (figure omitted). Significant difference (p = 0.05) for soil
moisture trend and RPSM (RTSM) trend was observed for 85% (21%) of the global area. This illustrated that
the effect of temperature on the long-term soil moisture trend was significant but precipitation was not.
Overall, the precipitation change mainly affects the sign of soil moisture change: decreased precipitation
causes drying, and increased precipitation causes wetting. In contrast, global warming has a negative effect
on the soil moisture trend over most regions, including the wetting regions, and its effect on soil moisture
drying is more apparent than the effect of precipitation.

Similar to Figure 3, the regionally averaged RPSM and RTSM trends as a function of the climatological mean Al
are presented in Figure 8. The forms of curves are similar to the soil moisture trend shown in Figure 3, with the
driest values in the transitional regions. However, the RPSM trend in the transitional regions is slightly smaller
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Figure 8. The linear trends of annual mean soil moisture (SM), RTSM, and RPSM as a function of the climatological mean Al.
The black line is same as in Figure 3. The climatological mean Al on the x axis is the annual mean Al for the period from 1961
to 1990.

than the soil moisture trend. This indicates that precipitation was a factor that caused enhanced soil moisture
drying in the transitional regions but that precipitation was not the main controlling factor. When the signal
of temperature was removed from the soil moisture, the RTSM trend became positive over most regions. This
indicates that temperature was the key factor that caused enhanced soil moisture drying in the
transitional regions.

Although we investigated the roles of temperature and precipitation in the soil moisture trend using linear
regression methods, the results may have several issues because the climate system is complex and non-
linear. We used the Noah-MP land surface model to verify the results obtained using linear regression meth-
ods. To assess the uncertainty of the Noah-MP soil moisture data for each spatial grid, we calculated the
temporal correlation coefficient (TCC) and relative root-mean-square difference (RRMSD) between the
Noah-MP and GLDAS soil moisture data. The RRMSD was calculated using equation (1):

RRMSD = RMSD/SMmean < 100% M

where RMSD is the root-mean-square difference between the Noah-MP and GLDAS soil moisture data.
SMean is the mean soil moisture. We used the TCC to verify the temporal consistency of long-term and inter-
annual variability and the RRMSD to verify the deviations between the data sets. The TCC and RRMSD
between GLDAS and Noah-MP soil moisture as a function of the climatological mean Al are presented in
Figure 9. Overall, the difference between Noah-MP and GLDAS soil moisture is acceptable. The results show
that the correlation coefficient was greater than 0.5 in most regions. In particular, the correlation coefficient
for the top three soil layers was greater than 0.7 in most regions and even greater than 0.9 in some regions.
The deviation between the data sets was also acceptable, as illustrated by RRMSD, which indicated that the
deviations are mainly distributed in the arid regions. The RRMSDs over the humid regions were less than 20%
for the four soil layers. In particular, the RRMSDs for the 10-40 cm and 100-200 cm soil layers were less than
those of the other two layers. Combining the results of TCC and RRMSD, the difference between Noah-MP
and GLDAS soil moisture is acceptable, especially for the 10-40 cm soil layer. Therefore, we chose the 10-
40 cm soil moisture here.

We carried out three experiments in this paper (see section 2.3 for details). In the ConPrep (ConTemp) simula-
tion, the precipitation (temperature) was constant during the simulated period, which means the signal of
precipitation (temperature) change was removed from the soil moisture. In a certain sense, the ConPrep
(ConTemp) simulation is equal to the RPSM (RTSM) field obtained by regression analysis. Similarly, the differ-
ence between the standard and ConPrep (ConTemp) simulations (defined as PreSM (TemSM)) is equal to the
PSM (TSM) field. Figure 10 presents the global annual mean Noah-MP soil moisture anomaly, TemSM, and
PreSM. To be comparable with the Noah-MP soil moisture, the 10-40cm GLDAS soil moisture is also
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Figure 9. The (a) correlation coefficient and (b) RRMSD between GLDAS and Noah-MP soil moisture as a function of the
climatological mean Al. The climatological mean Al on the x axis is the annual mean Al for the period from 1961 to 1990.

presented and is coincident with the 0-200 cm GLDAS soil moisture results illustrated in Figure 6. The corre-
lation coefficients between the 0-200 cm and 10-40 cm GLDAS soil moisture are 0.95, 0.99, and 0.99 for soil
moisture, TSM, and PSM, respectively, which significantly exceed the 99% confidence level. However, the
downward trend of the 10-40 cm soil moisture was more significant than that of the 0-200 cm soil moisture,
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Figure 10. (a) The time series of global annual mean soil moisture (SM) anomaly, TemSM, and PreSM from 1950 to 2010 for Noah-MP soil moisture and (c) the global
annual mean soil moisture (SM), TSM, and PSM anomalies from 1948 to 2010 for the 10-40 cm GLDAS soil moisture. (b and d) The 7 year running means for

Figures 10a and 10c, respectively.
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Figure 11. The (a) linear trends of annual mean soil moisture for the three simulations and (b) GLDAS 10-40 cm soil moist-
ure (SM), RTSM, and RPSM as a function of the climatological mean Al. The climatological mean Al on the x axis is the annual
mean Al for the period from 1961 to 1990. The value for the regions within the Al range of 0 to 0.1 in Figure 11a was
unconventionally small, so it was removed.

with a rate of —0.000273 m*/m3/10yr, which significantly exceeds the 95% confidence level. In addition, the
time series of the Noah-MP soil moisture anomaly is remarkably similar to the GLDAS soil moisture at inter-
annual to decadal time scales, with a correlation coefficient of 0.88, which significantly exceeds the 99% con-
fidence level. The time series of the annual mean soil moisture anomaly shows an observable downward
trend during the last 63 years with a rate of —0.000642 m*/m>/10 yr, which significantly exceeds the 99% con-
fidence level. In contrast to the PSM, the PreSM shows an increasing trend over the entire time span, with a
rate of 0.00037 m3/m3/10 yr. However, the time series of PreSM is strongly correlated (r=0.89) with the Noah-
MP simulated soil moisture at interannual to decadal time scales. Similar to the TSM, the time series of TemSM
shows an inconspicuous decadal variability and observable long-term trend with three periods: a gentle per-
iod before 1980, rapid drying from 1981 to 2001, and a drying hiatus since 2002. This result suggests that pre-
cipitation has an effect on the variability of soil moisture at interannual to decadal time scales, but
temperature mainly caused the long-term trend of soil moisture, which is in accordance with the results illu-
strated by the soil moisture predictand.

Additionally, the linear trends of annual mean soil moisture for different experiments as a function of the cli-
matological mean Al are presented in Figure 11. The value for the regions within the Al range of 0 to 0.1 was
unconventionally small, so it was removed. To be coincident with the Noah-MP simulated soil moisture, the
linear trends of annual mean soil moisture, RTSM, and RPSM for 10-40 cm are also presented and are remark-
ably similar to the results for 0-200 cm. The trend of simulated soil moisture matches well with the result of
GLDAS soil moisture, which shows a marked drying trend in the transitional regions between dry and wet
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climates with a drying peak in the Al range of 0.4 to 0.8. In the same manner as the result of the soil moisture
predictand shown in Figure 8, the trend of ConPrep soil moisture in the transitional regions was slightly smal-
ler than the soil moisture trend. Also, the trend of ConTemp soil moisture was positive over most regions. This
indicates that temperature was the key factor that caused the enhanced soil moisture drying in the transi-
tional regions, which is in accordance with the results illustrated by the soil moisture predictand.

4, Summary and Discussion

Soil moisture is a key element in land surface processes, and it plays a vital role in water and energy cycles. This
study used the GLDAS data to investigate the soil moisture variability for the period from 1948 to 2010. Soil moist-
ure exhibited a long-term decreasing trend during the last several decades. However, the trend of soil moisture
was spatially heterogeneous, with the most prominent wetting trend occurring over the central U.S,, South
America, and western Australia and drying over northern Africa, East Asia, eastern Australia, and southern
Europe. The drying over the NAF and EAS regions was the most severe among the nine subregions detected
by the relative drying acreage and contributions to global drying. The regionally averaged soil moisture trend
as a function of the climatological mean Al showed that the most remarkable drying occurred over transitional
regions between dry and wet areas, within the Al range of 0.4 to 0.8. In addition, the percent areas of drying over
transitional regions were also the most obvious, with more than 60% of areas exhibiting negative soil moisture
trends. The evolution of soil moisture trends detected by MEEMD showed that soil moisture drying was only
significant over the transitional regions, but with a two-band structure. Noticeable drying first took place in
the humid transitional regions within the Al range of 0.65 to 0.9 around 1955 and reached extremes around
the 1990s. Along with the growing amplitude of the drying, the scope of drying expanded toward the dry
transitional region (within the Al range of 0.4 to 0.65), beginning in the 1980s.

Linear regression analysis showed that the long-term trend of soil moisture is notably related to changes in pre-
cipitation and temperature. Nevertheless, the role of each differs individually. The precipitation change mainly
affects the sign of soil moisture change: decreased precipitation causes drying, and increased precipitation
causes wetting. In contrast, global warming has a negative effect on the soil moisture trend over most regions,
even in wetting regions, and the effect on soil moisture drying is more apparent than that of precipitation. For
the global average, precipitation has a dominant effect on the variability of soil moisture at interannual to decadal
time scales, but temperature is the main cause of the long-term soil moisture trend on the whole. Thus, tempera-
ture is the key factor that caused the enhanced soil moisture drying in the transitional regions. We carried out
three experiments based on the Noah-MP land surface model to verify the results obtained using linear regres-
sion methods, which accorded with the results illustrated by the soil moisture predictand.

In fact, drying and drought and analysis of their underlying mechanisms have been the subject of much
recent research, especially over the African Sahel and East Asia, where the most severe drying occurred
[Rodriguez Fonseca et al., 2015; Zhang and Zhou, 2015]. Drought in the African Sahel has often been explained
as a combined effect of large-scale anomalies in sea surface temperature (SST) and positive vegetation-
atmosphere feedbacks in recent studies. Previous studies have shown that warming of the equatorial
Atlantic and Pacific/Indian Oceans at interannual time scales [Biasutti et al. 2008; Mohino et al,, 2011a,
2011b] and warming over the tropics at decadal time scales [Caminade and Terray, 2010; Hagos and Cook,
2008] can result in rainfall reduction and drought over the Sahel. The local vegetation-atmosphere interac-
tions were also important contributors to the Africa Sahel drought resulting from the remote effects of SST
anomalies [Kucharski et al., 2013; Wang et al., 2004], because Africa has the largest influence of vegetation-
atmosphere interactions in the world [Xue et al., 2010]. East Asia is also greatly impacted by drying and
drought. Most of East Asia is dominated by monsoonal circulation, and the summer monsoon rainfall
accounts for much of the annual precipitation [Wang et al., 2012]. Thus, the drying trend over East Asia is a
regional manifestation of a long-term or interdecadal change in precipitation associated with the interdeca-
dal weakening of the East Asian summer monsoon circulation, which is driven by the phase transition of the
Pacific Decadal Oscillation [Zhang and Zhou, 2015]. In addition, temperature warming is also a key factor to
the East Asia drying. Studies show that temperature warming enhances soil drying almost twofold, driven
by decreasing precipitation over East Asia [Cheng et al., 2015].

As mentioned above, temperature can affect soil moisture through changing soil evapotranspiration. With
decreasing soil moisture, the evapotranspiration may thus be reduced, possibly leading to an increase in
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the sensible heat flux and a further temperature increase [Huang et al., 2015b]. The increased temperature,
decreased evapotranspiration, and soil moisture form a positive feedback, and this positive feedback can
continue until the soil is totally dry and desertification results, if the feedback loop is not broken. This would
destroy the ecological environment, depress crop production, and cause dust [Huang et al., 2006, 2009; Kim
and Choi, 2015] and drought [Huang et al., 2015b]. This effect is most serious in the transitional regions
because the surface climate is the most sensitive to soil moisture in transitional climate regions that are
neither very dry nor very wet [Koster et al., 2004; Seneviratne et al., 2010]. In a transitional climate region, soil
moisture is the main factor controlling the partitioning of total surface energy in sensible and latent heat
fluxes and consequently also on the near-surface temperature and evapotranspiration. Also, increasing tem-
perature and drying are the most severe in transitional climate regions. The strongest positive feedback
between severe warming and drying could further enhance the drying trend and make the dry land even
drier. Additionally, transitional regions are normally agricultural districts with large populations. Their
ecosystems tend to be fragile and sensitive to the climate change; a slight disturbance in climate is likely
to cause devastating consequences. The most serious warming and drying would pose a great challenge
to the ecosystem as well as human survival. Strict management and rational schemes to use water resources,
therefore, are in urgent need so as to alleviate the enormous impact of the drying.
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