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On the basis of station observations, an atmospheric field (ObsFC) was constructed for the Community Land Model version 3.5 
(CLM3.5). The model (CLM3.5 driven with ObsFC, hereafter referred as to CLM3.5/ObsFC) was used to simulate soil moisture 
(SM) from 1951 to 2008 in China. The resulting SM was compared with in situ observations, remote-sensing data and estimations 
made by various land models, indicating that CLM3.5/ObsFC is capable of reproducing the temporospatial characteristics and 
long-term variation trends of SM over China. Using an in situ observation-based forcing field improves the simulation of SM. 
Analysis of SM simulated using CLM3.5/ObsFC shows that the overall spatial pattern of SM was characterized by a gradually 
decreasing and alternating distribution of arid-humid zones from the southeast to northwest. Regionally averaged SM was the 
driest over southern Xinjiang Province and western Inner Mongolia, while the most humid regions were located over the North-
east Plain, Jianghuai region and the Yangtze River basin. The long-term variation trends of SM were generally characterized by 
increases in arid and humid regions and decreases in semiarid regions. Moreover, the variation was relatively intense from the 
mid-1970s to the mid-1990s in the arid region. The time series was more stable in the humid region except for a period near 1970 
and after the year 2003. A downward trend was most prominent in the semiarid region from the 1990s to the end of the time series. 
For 1951–2008, in the arid, semiarid and humid regions, the SM volume percentage changed by 2.35, –1.26 and 0.08, respectively. 
The variation trends and intensity remarkably differed among the different regions, with the most notable changes being over the 
arid and semiarid regions north of 35°N. 

soil moisture variation, spatial and temporal characteristics, CLM3.5, China 

 

Citation:  Li M X, Ma Z G, Niu G Y. Modeling spatial and temporal variations in soil moisture in China. Chinese Sci Bull, 2011, 56: 18091820,  
doi: 10.1007/s11434-011-4493-0 

 

 

 
Soil moisture (SM) is one of the most important physical 
variables for characterizing the status of the land surface. 
SM modulates the water and energy budget balances of the 
land surface and the transfer of water and thermal energy 
between the lower atmosphere, and the land surface. 
Changes in SM can alter the soil’s thermal capacity and 
surface albedo, leading to changes in the water and thermal 
balances between the lower atmosphere and the land surface. 
These changes are critical to synoptic meteorology and cli-
matology. Namias in 1958 [1], noted the effect of SM 
anomalies on seasonal changes in general circulation. A test 

of the importance of the water cycle to general circulation 
employing a global climate model that incorporated land 
surface water cycling showed that SM variations apprecia-
bly affect space-time variations in atmospheric circulations 
[2]. Research in 2003 by Koster et al. [3] supported the 
mechanism of feedback between SM and precipitation on 
regional and continental scales. SM alters the processes of 
the water cycle between the land surface and the atmos-
phere, influencing precipitation, energy-cycle processes, 
and temperature [4]. Dai et al. in 1999 [5], demonstrated 
that SM reduces the diurnal temperature range in the lower 
atmosphere via evaporative cooling. In addition, SM is a 
relatively slowly varying component, having several months 
of “memory” of climatic information [6]. The Global Land- 
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Atmosphere Coupling Experiment revealed the correlation 
between variations in regional SM and precipitation on var-
ious spatial and temporal scales. SM is the dominant aspect 
that controls precipitation over the dry-wet climatic transi-
tion zones in the Northern Hemisphere, and it has the same 
functionality as that of sea surface temperature in the equa-
torial eastern Pacific El Niño-La Niña cycle. SM monitoring 
in these “hot” spots will improve the forecasting of summer 
precipitation [7]. Despite greater focus being directed to the 
effects of SM on weather forecasts and climate predictions, 
the lack of observations with long temporal continuity and 
high spatial resolution hinders the advancement of research 
on SM space-time characteristics and climatic effects [8].  

Despite the critical importance of in situ observations to 
climate modeling and validation, observational research has 
focused only on small or regional scale space-time varia-
tions in SM scales and not continental or global scales. 
Therefore, the limitations of a sparse spatial distribution and 
short temporal coverage of SM data continue to be prob-
lematic [6,9,10]. In recent years, satellite observations have 
greatly improved; however, the retrieved data reflect only 
the moisture status of the surface soil layer (upper ~5 cm). 
In addition, the accuracy of these measurements has a 
strong dependence on the retrieval model that is used be-
cause only indirect observations can be made [11]. Numer-
ical simulation is another approach to investigating SM 
variations. For instance, the Community Land Model (CLM) 
has been applied extensively in studies of land surface pro-
cesses in China. A number of studies have evaluated and 
validated the capability of the CLM to represent variations 
in land surface processes [12]. Du et al. analyzed the space- 
time characteristics and variation trends against the back-
ground of global change with a CLM3.0 simulation [13]. 
Wang and Zeng discussed the effects of the quality of me-
teorological forcing data (such as precipitation and temper-
ature) on the simulations of variables in the land surface 
water cycle [14]. Numerical simulations of SM contain un-
certainty because, as many studies have implied, the accu-
racy of SM simulations depends critically on the quality of 
atmospheric forcing data and the description of land surface 
processes [15–17]. While data assimilation methods com-
bine the advantages of numerical simulations and in situ 
observations, these methods are unable to reproduce the 
long-term history of SM variations because of the short time 
span of such observations [18,19]. In an attempt to apply the 
observational record, we constructed an atmospheric forcing 
field using observations (known as ObsFC) for the CLM 
version 3.5 (CLM3.5), with high spatial resolution. Next, 
SM was simulated for China during the period 1951–2008 
using CLM3.5, which was forced with ObsFC (hereafter 
referred to as CLM3.5/ObsFC). We evaluated the quality of 
ObsFC via a comparison with in situ observational data and 
examined the capability of CLM3.5 to represent the varia-
tions in SM in China. The space-time characteristics of SM 
and its long-term variation trends in China were then ana-

lyzed. Finally, we addressed the effects of atmospheric 
forcings on the SM simulation and the deficiency of 
CLM3.5 in the application of SM simulations for China. 
Some potential directions for improvement to the descrip-
tion of CLM3.5 are also proposed.   

1  Model and data 

1.1  CLM3.5 description  

The CLM was developed from the Common Land Model 
and the Land Surface Model (LSM) of the National Center 
for Atmospheric Research, and it serves as the land surface 
component of the Community Climate System Model. The 
CLM merged both the advanced methodology and compar-
atively sophisticated representations of physical processes 
found within land models such as the LSM [20], IAP94 [21] 
and BATS [22]. The CLM has also improved some descrip-
tions of SM, frozen soil and other physical processes over 
previous models and introduced a river transport model. In 
the vegetated land unit, the concept of plant functional type 
was adopted to represent the heterogeneity of a grid cell. 
These substantial improvements describe the development 
of CLM version 3.0. In terms of water and energy cycles, a 
number of studies have shown that the simulations of 
CLM3.0 were greatly enhanced, compared with the previ-
ous version [23–26]. However, the simulations of the water 
cycle had large biases for variables such as SM. Therefore, 
researchers have continued to strive for further improve-
ment and development of the land surface dataset and rep-
resentations of hydrological processes. Lawrence et al. re-
fined land surface data with products from MODIS [26] and 
improved the representation of canopy interception [27,28]. 
Niu et al. [29–31] improved the resolution of evaporation 
and available soil water. Furthermore, the processes of run-
off, groundwater, carbon and nitrogen cycles, and frozen 
soil were introduced or improved in the update of CLM3.0. 
The improved CLM3.0 (known as CLM3.5) greatly en-
hanced water cycle modeling [32,33]. The latest version, 
CLM4.0, adopted a modified resolution of the Richards 
equation, used a soil evaporative resistance function instead 
of a resistance coefficient and improved the definition of the 
lower boundary condition to directly couple the soil water 
and ground water [34,35]. Moreover, CLM4.0 accounted 
for the effects of canopy litter and soil organic matter on 
soil water transfer [36]. The model also enhanced the rep-
resentation of the snow model [37] and the dynamic vegeta-
tion and the urban models. In this study, the exploration of 
SM variation in China is based upon the CLM3.5 simulation 
because CLM4.0 had not yet been released. Future work 
will use CLM4.0.  

1.2  Atmospheric forcing field and land surface data 

Aside from the representation of physical processes, the qual-
ity of the atmospheric forcing field is a critical component 
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that controls the accuracy of land surface simulations under 
an off-line model [23]. Because the application of in situ 
observations is critical to the enhancement of the atmos-
pheric forcing field, we constructed ObsFC, which consists 
of four status variables (air temperature, atmosphere pres-
sure, wind speed and specific humidity) and two flux varia-
bles (precipitation and radiation). The horizontal resolution 
of ObsFC is approximately 0.5°×0.5° and the temporal res-
olution is every 3 hours. The data span is 58 years from 
1951 to 2008. The radiation flux was taken from Princeton’s 
dataset [38] because it has a short time span of observations 
and sparse spatial distribution [39,40]. We also incorporated 
the ready land surface data released with CLM3.5, which 
includes topography, soil properties, plant functional types, 
a vegetation physiological parameter and land use. 

1.3  In situ SM, remote-sensing retrieval and other 
model-simulated SM data 

Comparisons of CLM3.5-simulated SM with in situ obser-
vations, remote-sensing retrieval data and the SM simulated 
by different land models using various atmospheric forcings 
can contribute to evaluations of CLM3.5/ObsFC simula-
tions. Therefore, we used in situ data from 143 sites to 
evaluate the spatial pattern of SM in China for the period 
1990–1999 and the variation correlation over northeastern 
China from 1990 to 2000. Because remote-sensing retrieval 
data can capture the spatial patterns of SM variations, we 
compared the CLM3.5/ObsFC simulations with two retriev-
al datasets that are used extensively: AMSR-E (Advanced 
Microwave Scanning Radiometer for the EOS (Earth Ob-
serving System)) and ERS-2 SCAT (European Remote 
Sensing Satellite). In addition, comparisons among multiple 
sources from various models (driven by various forcings) 
can reduce the effects of atmospheric forcing and represen-
tations of physical processes on SM simulations, thus help-
ing users to understand the uncertainties of the simulations 

and the limitations of CLM3.5 in various applications. We 
compared the spatial patterns of SM obtained from CLM3.5/ 
ObsFC, GLDAS and CPC over China. 

2  Validation and comparison 

To eliminate initialization effects and to examine the mod-
el’s long-term integration ability, considering the different 
time scales of soil water transfer at various depths, CLM3.5 
was first run for 400 years via cycling the 1951–2000 forc-
ing data and then run from 1951 to 2008. Consequently, the 
simulations of water cycle variables were output to validate 
and analyze the space-time characteristics of SM variations 
in China. 

2.1  Comparison of SM simulated by CLM3.5/ObsFC 
with in situ observations 

The in situ measurements of SM were collect from agro- 
meteorological stations of the Chinese meteorological sta-
tion network. The majority of these observations began in 
the 1980s, and measurements were made every 10 days 
(generally on the 8th, 18th and 28th day of each month) 
until the sampled soil froze during the winter. While the 
observational depth at most sites spanned 0–1 m, it reached 
a depth of 2 m at a few sites. The sites were distributed 
mainly over eastern China. Despite the coarse spatial and 
temporal coverage, this in situ dataset has a crucial role in 
model and simulation validations because it has the longest 
time span of any observations and the most extensive spatial 
coverage. The measurements for 40 sites derived from these 
in situ observations were validated and incorporated into the 
global SM dataset [9]. In this study, we processed the data 
for 143 sites in the period 1990–1999 (Figure 1; aberrant 
data values were revised using statistical methods to account 
for the effects of irrigation on the measurements, and we  

 

 

Figure 1  Spatial pattern of the averaged CLM3.5/ObsFC simulations (0–49.3 cm) and in situ observations (0–50 cm) for the summer (JJA) of 1990–1999 
(unit: % v/v). (a) CLM3.5/ObsFC simulations; (b) in situ observations. 
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kept data from as many sites as possible). The in situ data 
were compared with the CLM3.5/ObsFC-simulated SM at 
approximately the same depth and time to compare the spa-
tial patterns between simulations and observations. 

We compared the spatial patterns of the simulated and 
observed SM only over the summer months (June, July and 
August) because the observations were suspended when the 
sampled soil froze (Figure 1). The results illustrate that 
among differing regions, changes in wet-dry SM for both 
simulated and observed values are basically consistent with 
each other. The simulated SM reproduced the alternate dry- 
wet spatial distribution pattern of SM from east to west in 
the northeast and also matched observations for the four 
sites in western Xinjiang Province in terms of relative varia-
tions. Similarly, the simulations correctly represented the 
region of higher SM across the Yangtze River basin. How-
ever, the spatial pattern of simulated SM drifted northwest-
wards in contrast with the observations, revealing systemat-
ic bias in the CLM3.5/ObsFC simulations. 

In the northeast, the in situ observed SM has longer, rela-
tively more complete and high spatial density records, al-
lowing for the analysis of the variation correlation between 
the annual means of the simulated and observed SM in this 
region. Figure 2 shows the variations in two SM time series 
from 1990 to 2000. Here, the SM averaged regionally was 
obtained from the observations of 47 sites and the corre-
sponding CLM3.5/ObsFC grid cells, with depths of 0–50 
cm (mean of five layers) and 0–49.3 cm (weighted mean of 
six layers), respectively. The two SM time series showed 
strong linear correlation, with a correlation coefficient of 
0.837 (at the α = 0.001 level, which is statistically signifi-
cant). Both of the regression coefficients were negative, 
indicating the decreasing trends of simulated and observed 
SM. In addition, the simulated variations are in phase with 
the observations over the study period with the exception of  

 
 

 

Figure 2  Comparison of the annual mean of CLM3.5/ObsFC-simulated 
and observed SM in the northeast for the period 1990–2000. 

the year 1991. The amplitudes and the amplitude variations 
in the two time series are also very similar.  

2.2  Comparison of CLM3.5/ObsFC-simulated SM with 
remotely sensed SM 

The satellite remote-sensing observations have high spatial 
coverage and resolution. With the development of remote- 
sensing technology, space-time and spectral resolutions of 
observations have greatly improved. These observations are 
highly useful for regional and global SM monitoring, and 
they compensate for the lack of in situ observations. Cur-
rently, two of the most commonly used satellite products of 
SM are provided by ERS-2 SCAT [41,42] and AMSR-E 
[43]. We compared the spatial patterns of SM simulated by 
CLM3.5/ObsFC to those observed by ERS-2 SCAT and 
AMSR-E.   

Figure 3 shows the averaged patterns of SM observed by 
ERS-2 SCAT and simulated by CLM3.5/ObsFC for summer 
and winter during the period 1992–2000. The comparisons 
demonstrate reasonable consistencies between the two da-
tasets. The data reveal that the soil was relatively wet in the 
plain of the mid-northeast but dry in the mountains. The soil 
dried gradually from east to west in Inner Mongolia, and the 
drier soil was distributed mainly over deserts in western 
Inner Mongolia and southern Xinjiang. The wetter regions 
of SM were located mostly in the Yangtze and Huaihe River 
basins. There was regional disparity in the two SM datasets 
mainly in the domains south of 35°N, particularly on the 
southeastern Qinghai-Tibetan Plateau. There were extensive 
humid soil conditions in the case of ERS-2 SCAT SM, but 
the CLM3.5/ObsFC-simulated SM had a relatively small 
gradient in the areas north of 35°N. In addition, wet-dry 
discrepancies were prominent in the lower Yangzi River 
basin and the Huaihe River basin, with ERS-2 SCAT 
showing drier soil but CLM3.5/ObsFC showing wetter soil. 
The differing definitions for surface features, such as lakes 
and metropolitan areas, in the two datasets possibly contrib-
uted to the disparities. In terms of seasonal discrepancies, 
the spatial patterns of the two SM datasets were similar in 
summer, but a larger dry area extending southward was in-
dicated by the retrieved SM compared with the CLM3.5/ 
ObsFC-simulated SM in winter. Moreover, the CLM3.5/ 
ObsFC-simulated SM is significantly wetter than the ERS-2 
SCAT SM in winter (relatively dry area fraction). 

Figure 4 compares surface SM distributions between 
AMSR-E and CLM3.5/ObsFC in the dry and wet seasons 
during the period 2003–2008. In general, the results indicate 
that the dry-wet patterns were similar, particularly in the 
domain north of 35°N. However, in the areas south of 35°N, 
despite similar wetter areas in the two SM fields over the 
Huaihe River basin, the soil is drier in the case of AMSR-E 
and wetter in the case of CLM3.5/ObsFC over the lower 
Yangtze River basin (Figure 3). The soil is generally wetter 
in the case of CLM3.5/ObsFC, and this is particularly  
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Figure 3  Spatial patterns of summer and winter SM (% v/v) of ERS-2 SCAT (0–5 cm) and CLM3.5/ObsFC (0–4.5 cm) for the period 1992–2000.       
(a) summer ERS-2 SCAT SM; (b) summer CLM3.5/ObsFC SM; (c) winter ERS-2 SCAT SM; (d) winter CLM3.5/ObsFC SM. 

pronounced in the eastern humid regions in terms of the 
absolute values. With respect to the seasonal discrepancies, 
the patterns were more consistent between CLM3.5/ObsFC 
and AMSR-E in summer than in winter. For instance, the 
driest region in the AMSR-E SM was located in the north-
east, while the driest region in the CLM3.5/ObsFC SM re-
mained in the northwest during the winter. On the other 
hand, the liquid soil water decreased more in AMSR-E than 
in CLM3.5/ObsFC when the soil was frozen. Similarly, the 
disparities of relatively wet and dry extents were salient 
between AMSR-E and CLM3.5/ObsFC in the lower Yang-
tze River basin. 

2.3  Comparison of CLM3.5/ObsFC with different 
models 

Land surface models are incapable of perfectly tracing SM 
variations, and simulations using various models are there-
fore discrete owing to the differences in the representation 
of physical processes and numerical solutions. As most land 
models characterize the space-time distributions and long- 

term variation trends, comparisons among SM simulations 
obtained using various models could be helpful in evaluat-
ing the basic accuracy of SM simulations [8]. We therefore 
evaluated the CLM3.5/ObsFC-simulated SM via compari-
sons with SM obtained with multiple models, such as 
GLDAS (Global Land Data Assimilation System [44]) and 
CPC (leaky bucket model [45]). 

Figure 5 shows the space-time patterns of averaged SM 
obtained from various land models for the period 1979– 
2008. Because of different soil depths and layers among the 
models, we standardized the total column soil moisture us-
ing eq. (1). The standardized values were then mapped be-
tween 0 and 40%.  

 min cn
norm

max cn min cn

SM SM
SM 40.0,

SM SM


 


 (1) 

where SMnorm is SM standardized between 0 and 40%, SM 
is from the original simulations (mm3/mm3), and SMmin cn and 
SMmax cn are the minimal and maximal SM values in China 
(mm3/mm3), respectively.  

The standardized multi-model-simulated SM demonstrated 
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Figure 4  Spatial patterns of summer and winter SM (% v/v) of AMSR-E (0–1 cm) and CLM3.5/ObsFC (0–1.75 cm) for the period 2003–2008. (a) Sum-
mer AMSR-E SM; (b) summer CLM3.5/ObsFC SM; (c) winter AMSR-E SM; (d) CLM3.5/ObsFC SM. 

the spatial characteristics of the observed SM in China. The 
values of SM decreased gradually from the southeast to 
northwest. The lower values of SM were found in the areas 
of western Inner Mongolia and the Tarim Basin in southern 
Xinjiang, while the higher SM values were found mainly for 
the Northeast Plain and the Huaihe and Yangtze River ba-
sins. The major disparity among the multi- model simula-
tions was the amplitudes of SM. For instance, the SM varied 
between 30% and 40% in the simulations using the CLM2 
and VIC models, with small regional variations. The simu-
lations using the other four models illustrated the spatial 
transitions of SM in detail. The spatial characteristics of 
CPC SM resembled those of precipitation (with a large dry 
fraction) because its forcing field was composed of precipi-
tation and temperature. The MOSIAC- simulated SM has a 
dry area that is too large in northern China and weak varia-
tions in the northwest. Despite having too large an absolute 
SM, the NOAH-simulated SM indicated reasonably dry SM 
areas. The SM obtained from CLM3.5/ObsFC represented 
the arid and semiarid regions and the transition zone well, 

with accurate locations of dry and wet regions. It revealed 
the general characteristic of SM decreasing gradually from 
the southeast to northwest. The improvement of SM simula-
tions using CLM3.5/ObsFC is associated with not only the 
representation of physical processes but also the application 
of observation-based data to atmospheric forcing. In addi-
tion to these improvements, the results of multi-forcing 
simulations [40] indicate that the quality of the atmospheric 
forcing is of critical importance to the improvement of SM 
simulations. 

3  Spatial patterns and space-time variation 
characteristics  

The spatial pattern of SM in China (Figure 6) was charac-
terized by wetter regions in the southeast and drier regions 
in the northwest. In the semiarid regions, the SM increased 
with depth more significantly than in other regions. For 
example, where the surface SM (0–28.9 cm) was low,  
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Figure 5  Spatial patterns of multi-model-simulated SM (% v/v) for the period 1979–2008. (a) CLM2; (b) MOSIAC; (c) NOAH; (d) VIC; (e) CPC;      
(f) CLM3.5. 

deeper SM (28.9–82.9 cm) increased with increasing depth. 
In contrast, the variations in SM with increasing depth were 
much weaker in the arid and humid regions. The areas with 
low SM were mainly in the southern portion of Xinjiang 
and western Inner Mongolia, with SM (in the 0–82.9 cm 
soil) less than 10% (v/v) due to the low precipitation and 
strong radiation present in the region. The regions with hu-

mid soil were mainly located on the Northeast Plain and in 
the Huaihe and Yangtze River basins. In some parts of the 
Yangtze River Basin, the annual SM exceeded 35% in the 
deeper soil layer (28.9–82.9 cm). In the dry and wet transi-
tion regions located in semiarid areas, the SM variations 
were characterized by swift increases with depth, especially 
in the areas south of 35°N. The aforementioned space- 
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Figure 6  Spatial patterns of averaged annual SM (% v/v) for the period 1951–2008. (a) 0–28.9 cm; (b) 28.9–82.9 cm. 

time features of SM simulated by CLM3.5/ObsFC were 
generally consistent with the results of previous studies in 
China [46–49].  

Figure 7 shows the spatial distributions of the linear 
trends of annual SM for two soil layers (0–28.9 cm and 
28.9–82.9 cm) in China during the period 1951–2008. The 
patterns were characterized identically by a drying and wet-
ting alternate trend pattern from the northwest to southeast 
at two soil depths. The significant trends were located prin-
cipally in regions north of 35°N (data not shown). The trend 
distributions indicated that the SM increased over arid re-
gions but decreased across semiarid regions during the pe-
riod 1951–2008. In the southern humid regions, the SM 
similarly showed relatively flat wetting trends (the regres-
sion coefficient was smaller by an order of magnitude, Fig-
ure 8). The trend features noted above are in agreement with 
the results of previous studies [50–52]. The statistical anal-
ysis of climatic variables [39] for the period (1961–2000) 
suggested four major findings: annual precipitation in-
creased in northwestern arid regions but decreased in semi- 

arid regions, radiation weakened in most regions except in 
the eastern portion of the northwest China and most parts of 
central China, temperatures warmed throughout China ex-
cept for the Sichuan Basin, and wind speed variations had 
decreasing trends over northern and eastern China. The 
above findings imply that SM variations were the result of a 
synergism of multiple climate variables that varied widely 
in intensity across the different climate zones [53]. However, 
on short time scales, precipitation appears to control the SM 
fluctuations [54].  

The above results reveal that the variation trends and 
sensitivities of SM variations to climate variables varied in 
different regions. We therefore analyzed the regional vari-
ances of SM variations in typical arid, semiarid, and humid 
regions. Figure 8 shows the variations in SM (0–28.9 cm) 
and the corresponding precipitation time series for the three 
typical regions during the period 1951–2008. There was a 
wetting trend for the SM in the arid region, with an increase 
of 2.35 volumetric percentage points over the 58 years. The 
SM decreased 1.26 percentage points in the semiarid  

 
 

 

Figure 7  Spatial patterns of SM variation linear trends for the period 1951–2008. (a) 0–28.9 cm; (b) 28.9–82.9 cm. 
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Figure 8  Comparison of SM variation trends in typical regions for the period 1951–2008. In the time series plots, b is the linear regression coefficient and r 
is the coefficient of correlation between monthly SM and precipitation. 

region during the 58 years. In the humid region, the SM had 
a considerably weaker wetting trend; the SM increased by 
only 0.08 volumetric percentage points, which is less than 
the increase in the arid and semiarid regions by an order of 
magnitude. In addition, the correlations between SM and 
precipitation were characterized by regional discrepancies. 
The correlation coefficients were 0.58, 0.35 and 0.92 (with 
long-term linear trends not removed) in the typical arid, 
semiarid and humid regions, respectively. All correlation 
coefficients were statistically significant at the α = 0.01 lev-
el. The correlation coefficients implied that the effects of 
precipitation on the SM variations (0–28.9 cm) differed 
among various climate zones. Precipitation was the princi-
pal variable that controlled the variation trend of SM in the 
humid regions. The influences of evapotranspiration on SM 
were small because of the high SM in the region. Similarly, 
precipitation dominated the SM variations in the arid re-
gions. In the arid regions, SM was close to the wilting point, 
a condition where water quickly becomes unavailable to 
evaporation after a precipitation event. Consequently, the 
SM variations were characterized by positive anomalies 
induced by precipitation. However, the dominance of pre-
cipitation weakened in the semiarid region. The combined 
actions of temperature, radiation, vegetation, soil properties 
and additional factors controlled and complicated the varia-
tions in SM [39]. 

Figure 9 shows the first two spatial patterns and time se-
ries of the empirical orthogonal function (EOF) analysis of 
SM in China for the period 1951–2008. The first eigenvec-
tor reveals the characteristics of SM variations controlled by 
precipitation and illustrates that the SM variation trends 

were in the same direction in the arid and humid regions but 
in the opposite direction in the semiarid regions. In addition, 
it shows that stronger oscillations were mainly located in 
the regions north of 35°N. The expansion coefficient of the 
first mode implies that the spatial pattern of SM variation 
trends was characterized by a 20–30-year shift, and the spa-
tial features became more intense after the year 2000. The 
second eigenvector reflects the combined effects of temper-
ature, radiation, wind and soil properties on SM variability. 
The sensitivity tests reveal that the SM variations that were 
dominated by the resultant action of temperature, radiation, 
wind, and other relative variables were stronger north of 
35°N, leading to an increase in SM in central and western 
China but a decrease in SM in the east [39]. The time series 
suggests that the spatial pattern of SM variation trends de-
lineated by the second mode was relatively strong in the 
1950s and 1990s. The time series also suggests that there 
was a dry and wet shift around 1970.   

The results of wavelet analysis for the three typical re-
gions (Figure 10) indicate that there was a 2–4-year period 
in the SM variations in arid regions in the 1980s. Over a 
period of 8–16 years, low-frequency oscillations were 
stronger in the early stage of the study period, while high- 
frequency oscillations were more obvious in the later stage. 
For the semiarid region, oscillations with a period of 2–4 
years were prominent, with larger amplitudes during the 
period of the 1960s through the 1980s and after the year 
2000. In addition, the 16-year oscillations became more 
intense with time. Similarly, the fluctuations were charac-
terized by a 2-year period for the humid-region SM, partic-
ularly in the 1960s and 1990s. On the other hand, 4-year  
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Figure 9  Spatial (left) and temporal (right) patterns of the two leading EOFs for upper SM (0–28.9 cm) from 1951 to 2008. (a) First leading EOF; (b) se-
cond leading EOF. 

 

Figure 10  Wavelet analysis results for the SM in three typical regions. (a) Arid region; (b) semiarid region; (c) humid region. 
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and decadal oscillations were present most prominently in 
the humid region. These various oscillation periods in the 
SM time series for multiple climate zones imply that the 
discrepancies among climate zones dominated the SM vari-
ations. In addition, the effects of different variables on the 
SM variations changed with time and climate zones.    

4  Summary and discussion 

We constructed an observation-based atmospheric forcing 
field for the CLM, with which CLM3.5 was used to simu-
late SM in China from 1951 to 2008. The resulting SM data 
were compared with in situ observations, remote-sensing 
retrieval data and simulations from other land models. The 
results indicate that CLM3.5/ObsFC captured the spatial 
pattern of in situ observations in China and the variation 
trends in the northeast. In addition, the spatial patterns of 
SM obtained from CLM3.5/ObsFC matched reasonably 
with in situ observations, particularly across the north in 
summer. On the other hand, while most of the land models 
were able to represent the overall features of the regional 
SM geographical distributions, the absolute values, ampli-
tudes and some local characteristics of space-time variations 
differed among them. These discrepancies were due to dis-
parities in the representation of physical processes, land 
data and atmospheric forcing. For these reasons, CLM3.5/ 
ObsFC was able to reproduce regional characteristics and 
long-term trends of SM variations in China, with higher 
consistency in space-time features between CLM3.5/ObsFC 
simulations and in situ observations in the east due to the 
better quality of atmospheric forcing. In turn, the limitations 
of spatial density and data completeness of the in situ mete-
orological observations increased the uncertainty of the 
CLM3.5/ObsFC simulations (especially in western China). 
Because of the uncertainty in atmospheric simulations using 
general circulation models, numerical simulations that use 
observation-based atmospheric forcing and sophisticated 
land models are one of the most feasible approaches for 
investigating SM variations. 

The results of the CLM3.5/ObsFC-simulated SM analy-
sis reveal that the spatial pattern of SM is characterized by a 
decreasing gradient from the southeast to northwest and by 
alternate dry and wet zones. The major areas of low SM 
were located in the southern portion of Xinjiang Province 
and western Inner Mongolia, while the high values of SM 
were distributed over the Northeast Plain, the Huaihe River 
basin, the Yangzi River basin and the southeastern Qinghai- 
Tibetan plateau. The long-term SM variations were charac-
terized by wetting trends over arid and humid regions and 
drying trends over semiarid regions. The volumetric per-
centage points of regionally averaged SM changed by 
2.35%, –1.26% and 0.08% in the arid, semiarid and humid 
regions, respectively. The EOF and wavelet analyses also 
suggest that the trends and intensities of SM variations var-

ied in the different regions, as did the effects of climate 
variables. The significant SM variations north of 35°N were 
likely to be a local response to global changes, and the di-
rect causes need further study. Nevertheless, the SM varia-
tions indicate changes in the regional climate, water re-
sources and environment. 

This study showed that CLM3.5/ObsFC can represent the 
space-time characteristics and variation trends of SM in 
China. However, with respect to the absolute value, the 
CLM3.5/ObsFC-simulated SM had large systematic bias, 
which was enhanced in the west by the complex topography 
and increasing land heterogeneity. Therefore, we plan to 
improve the quality of the atmospheric forcing data and the 
representations of physical processes applied by CLM3.5, 
thereby enhancing the SM simulation in terms of absolute 
magnitude and spatial and temporal variations.  
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