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Abstract 
Soil moisture (SM) is one of the important parameters in the process of 
land-atmosphere interactions. The spatial-temporal distribution of SM plays 
a significant role in weather and climate research. In this study, based on the 
monthly SM datasets from GLDAS (Global Land Surface Data Assimilation 
System), the temporal and spatial changes of shallow SM are discussed, and 
the applicability of five domestic models from Coupled Model Intercompari-
son Project 6 (CMIP6) is also evaluated in the Northwest China. The results 
show that: 1) The shallow SM (0 - 10 cm) in spring in Northwest China was 
generally low during 1948-2015, and the low value areas were mainly located 
in the Tarim Basin in Xinjiang and the Gobi and desert areas in western Inner 
Mongolia. In most parts of Northwest China, SM had an increasing trend in 
spring, this implies it became wetter in recent 60 years; 2) There are larger 
difference between the five models for simulating SM. Except for BCC-ESM1, 
all the four models (including BCC-CSM2-MR, FGOALS-f3-L, FGOALS-g3, 
TaiESM1) can basically simulate the spatial distribution and trend of SM in 
spring, all the spatial correlation coefficients between the four models and 
GLDAS data pass the 99% significant level; 3) After multi-ensemble mean, 
the simulation performance can be obviously improved, the spatial correla-
tion can reach about 0.55 in spring, the spatial trend is much closer to the 
GLDAS. 
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1. Introduction 

Soil moisture (SM) is closely related to many disciplines such as climatology and 
ecology, especially in the climatology, it is an important land surface parameter, 
its effect on temperature on land is higher than that of sea temperature. It not 
only controls the land surface energy and water budget, but also leads to the 
changes of local temperature and wind field, which can cause the changes of at-
mospheric circulation and have effect on climate (He et al., 2017). SM is also the 
direct source of water in natural ecosystems, which affects the growth and de-
velopment of crops and plants (Liu et al., 2018). So SM has always been a re-
search hotspot of scientists at home and abroad. 

Many scholars have made relevant studies on SM in northwest of China. Su et 
al. (2016) studied the temporal and spatial characteristic of SM at the depth of 10 
cm in the Tarim basin, they found that SM displayed an increasing trend, Chen 
et al. (2021) indicated that SM also increased in Gansu, Ningxia and other re-
gions, Wang et al. (2020) suggested SM had an increasing trend at the depth of 
10 cm during the period of 1961-2016. However, the observation method of SM 
is fixed-point observation, which requires a lot of manpower and therefore has a 
high cost (Ruosteenoja, et al., 2018), so the observation stations are fewer. At 
present, SM is mainly through satellite and remote sensing monitoring. Satellite 
monitoring has good spatial coverage, but the quality of satellite data is poor in 
the regions where vegetation, frost and snow are abundant, whereas remote 
sensing monitoring can only monitor SM at the surface level. Due to geographi-
cal environment and other factors, the SM observation data is scare, with the 
development of numerical models, the observation data can be replaced by other 
relevant data in the study. However, due to the differences in the use of models, 
data assimilation methods and SM calculation methods, the accuracy of the 
data still needs to be verified. Global Land Surface Data Assimilation System 
(GLDAS) includes four land surface process models which are Noah, Catch-
ment, VIC and Mosaic, Deng et al. (2018) evaluated the SM products of the four 
models, they found the Noah product had good performance in the Tibetan Pla-
teau. Li et al. (2019) indicated the SM from Noah025 had different accuracy in 
different soil depths in the arid region of Northwest China, it displayed the well 
performance at the depth of 0 - 10 cm.  

The northwest arid region is one of the three major natural geographical re-
gions in China (Qin, 2011), there is less precipitation in these regions, the annual 
precipitation mount is about 200 mm, but the radiation is strong and evapo-
transpiration is large. Hence, water shortages is one of reasons that affect the 
economic development of the northwest region, the government and the scien-
tific community have pay great attention to and studied the northwest arid re-
gion. The terrain conditions in the regions are very complex and diverse, it 
causes a certain difficulty for monitoring the soil moisture. Therefore, in this 
paper surface SM from GLDAS_Noah025 is used to study the temporal-spatial 
characteristic of SM, and then the five model performance will be verified, com-
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pared with the GLDAS data. 

2. Data and Methods 
2.1. Data 

To understand the spatial-temporal change of SM in the arid region of north-
west China, the monthly SM data from GLDAS (Global Land Data Assimila-
tion System) is employed, The time series cover the period 1948-2015 at a res-
olution of 0.25 0.25×  . Hereafter, we refer to the GLDAS data set as the ob-
servation. 

To evaluate the performance of models from CMIP6, we examined five do-
mestic models participating in CMIP6 with monthly SM output from the histor-
ical stimulation (Eyring et al., 2016), output from run1 of each model are used 
(e.g., r1i1p1). Basic information of the models is given in Table 1. 

Because the spatial resolution of observation and simulation is different, then 
they are regridded (bilinear interpolation) to a 1˚ × 1˚ latitude-longitude grid for 
the analysis. 

2.2. Methods 

In this paper, two statistical methods are used to discuss the variation of SM.  
1) Correlation Coefficient: 
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where r represents the correlation coefficient between X and Y, X and Y are ob-
servation and simulation, respectively.  

2) Regression analysis:  

Y b at= + ,  

where a represents the linear trend of factor Y with time t. 

3. Results 
3.1. The Spatial Distribution of SM  

Figure 1 displayed the observed spatial distribution of SM at the shallow depth 
in the arid region of northwestern China in spring (Figure 1(a)) and autumn 
(Figure 1(b)). It can be seen that SM was generally lower at shallow layer, it 
was related to the climate factors. There was lower precipitation mount and 
bigger radiation in the arid region of northwestern China, the change of preci-
pitation had main effect on the change of SM, furthermore, the bigger radia-
tion would cause the temperature to increase, this increased water loss by eva-
poration (Yao et al., 2018). There was strong similarity between the distribu-
tion of SM at shallow layer in spring and autumn, the low value area was 
mainly distributed in the Tarim Basin in Xinjiang and the Gobi region  
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Table 1. Models information used in this study. 

Number Model Institution-Country Resolution 

1 BCC-CSM2-MR Beijing Climate Center-China 320 × 160 

2 BCC-ESM1 Beijing Climate Center-China 128 × 64 

3 FGOALS-f3-L Chinese Academy of Sciences-China 288 × 192 

4 FGOALS-g3 Chinese Academy of Sciences-China 180 × 80 

5 TaiESM1 Taiwan-China 288 × 192 

 

 
Figure 1. The spatial distribution of observed SM in spring (a) and autumn (b) in the 
Northwest arid areas of China (unit: kg/m2). 
 
of western Inner Mongolia, this is consistent with the previous study (Li et al., 
2011).  

3.2. The Temporal Variation of SM 

Figure 2 suggested the interannual variation of SM at shallow layer in the 
Northwest arid areas of China during the period of 1950-2010. The SM changed 
greatly, which was related to the precipitation, temperature and wind speed 
(Ding et al., 2018), furthermore, strong solar radiation also could cause SM a 
greater change range. In general, both the SM in spring and autumn indicated an 
increasing trend from 1950 to 2010, especially in spring , the increased trend 
was about 0.28 kg/m2/10a, which was higher than that in autumn. Figure 3 il-
lustrated the spatial distribution of trend of SM, it can be seen that SM at shal-
low layer displayed an increasing trend in spring and autumn in most part of 
Northwest arid areas of China, especially in the north. While there was a de-
clined trend in southern part of the north and a few regions in the east. It is con-
sistent with the result from Wang et al. (2020), they found that both the  
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Figure 2. The interannual variation of SM in spring and autumn in the Northwest arid 
areas of China (unit: kg/m2). 
 

 
Figure 3. The distribution of spatial trend of SM in spring and autumn in the Northwest 
arid areas of China (unit: kg/m2/a). 
 
precipitation and the SM at 0 - 10 cm depth shown an increasing trend during 
1961 to 2016 in the Northwest China. On the one hand, this may be due to the 
increased precipitation in the Northwest China, on the other hand, it is related to 
the improvement of vegetation condition, Li et al. (2009) demonstrated that the 
vegetation coverage had an increasing trend in Xinjiang, this will contribute to the 
increase of SM.  
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3.3. The Performance of Models from CMIP6 

Figure 4 given the spatial distribution of SM in spring in the arid region of 
northwest China from five domestic models of CMIP6. Compared with the ob-
servation (GLDAS), the simulated SM had lower value in spring, except for 
BCC-ESM1, both the observation and simulation displayed a similar spatial 
distribution, with a zonal distribution from southwest to northeast, the low 
value areas were mainly located in the Tarim Basin. However, BCC-ESM1 had 
a lower value region located in the north. In general, most of domestic models 
all can simulate the spatial distribution of SM in spring and autumn (figure not 
shown).  

In order to further understand the spatial simulation performance of CMIP6 
models, Table 2 indicated the spatial correlation coefficient between the observed 
and simulated SM in spring and autumn. Except for BCC-ESM1, other models’ 
simulation had better correlation with observation in spring, the correlation 
passed 99% significant level, especially FGOALS-f3-L, the correlation can reach 
about 0.65. There was consistent result in autumn. However, there are some dif-
ferences between different models, in order to improve the simulation perfor-
mance, the correlation between the multi-model ensemble mean and observa-
tion are also calculated, the correlation can reach about 0.55 and 0.66 in spring 
and autumn, respectively. To sum up, multi-model ensemble mean can improve 
the simulation performance.  

Figure 5 indicated the spatial trend distribution of SM from observation and 
simulation. BCC-CSM2-MR displayed that SM had an increasing trend in most 
parts of the arid region of Northwest China, especially in the northern parts  
 

 
Figure 4. The distribution of SM in spring in the Northwest arid areas of China (unit: 
kg/m2). 
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Table 2. The spatial correlation between the observation and simulation in the spring and 
autumn. 

model spring autumn 

BCC-CSM2-MR 0.44* 0.58* 

BCC-ESM1 0.13* 0.40* 

FGOALS-f3-L 0.65* 0.60* 

FGOALS-g3 0.53* 0.58* 

TaiESM1 0.51* 0.63* 

Ensemble-mean 0.55* 0.66* 

Note: * indicated the correlation passes 99% significant level. 
 

 
Figure 5. The distribution of trend of SM in spring in the Northwest arid areas of China 
(unit: kg/m2/a). 
 
of Xinjiang, the increasing trend was more significant, however, SM had a de-
clined trend in a small part of western Xinjiang, Western Inner Mongolia, Gansu 
and Ningxia, the trend passed the 95% significant level in north Xinjiang. 
BCC-ESM1 indicated that SM had an increasing trend in the northern part of 
the arid region of Northwest China, where the SM value was lower. FGOALS-f3-L 
illustrated that SM increased in the west, and decreased in the east, this implies 
that it was wetter in the west and dried in the east. FGOALS-g3 model illustrated 
that SM had an increasing trend (P > 95%) in most parts, while in few part in 
the east SM had a decreasing trend. TaiESM1 model suggested that SM had an 
increasing trend in most parts of Xinjiang, and a decreasing trend in Gansu and 
western Inner Mongolia. In general, except for BCC-ESM1, other models can 
basically depict the spatial change of SM, especially BCC-CSM2-MR, which was 
closer to the observation, but the intensity of increasing was weaker than that of 
the observation. 
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The interannual variation of SM from the observation and five models were 
shown in Figure 6. Compared with the observation, FGOALS-f3-L, B CC-ESM1 
and BCC-CSM2-MR obviously underestimated the SM, while for FGOALS-g3 
and TaiESM1 it might be just the opposite. It can be seen that there are big dif-
ferences among the models. However, overall the performance of TaiESM1 was 
the best, it can well simulate the variation tendency. 

Although individual model can well simulate the spatial distribution or inte-
rannual variation, different models still have big difference, in order to improve 
the simulation performance, Figure 7 given the spatial distribution of trend after 
multi-model ensemble mean, it can be seen that it is closer to the observation 
(Figure 7). So the multi-model ensemble mean can improve the stimulation 
performance. 

 

 
Figure 6. The interannual variation of SM in spring in the Northwest arid areas of China 
(unit: kg/m2).  

 

 
Figure 7. The spatial distribution of SM’s trend from multi-model ensemble mean in 
spring in the Northwest arid areas of China (unit: kg/m2/a). 

4. Conclusion 

1) From 1948 to 2015 SM was basically low, and the regions with low SM 
mainly located in the Tarim Basin in Xinjiang, the gobi and desert in western 
Inner Mongolia, it displayed an increasing trend in most regions in the arid re-
gion of northwest China. SM had a larger fluctuation during 1985-1995, it in-

https://doi.org/10.4236/gep.2022.1012015


Y. X. Zhao, H. X. Shi 
 

 

DOI: 10.4236/gep.2022.1012015 281 Journal of Geoscience and Environment Protection 
 

creased obviously during 1985-1990, and decreased rapidly during 1990-1995, 
overall SM had an increasing trend in the arid region of northwest China in 
spring and autumn, especially in spring, the increasing trend is more significant 
than that in autumn. This implies that it became wetter at the shallow layer in 
the arid region of northwest China. 

2) Except for BCC-ESM1, all the four models (including BCC-CSM2-MR, 
FGOALS-f3-L, FGOALS-g3, TaiESM1) can basically simulate the spatial distri-
bution of SM in spring, all the spatial correlation coefficients between the four 
models and observation pass the 99% significant level, although the correlation 
between the FGOALS-f3-L’s simulation and observation was the highest, it was 
about 0.65, the SM value was obviously underestimated, compared with the ob-
servation. Based on the spatial distribution and the correlation coefficient, the 
simulation from TaiESM1 is closer to the observation.  

3) In most parts of the arid region of northwest China, SM had an increasing 
trend, except for BCC-ESM1, all the four models (including BCC-CSM2-MR, 
FGOALS-f3-L, FGOALS-g3, TaiESM1) can well simulate the spatial change. Based 
on the distribution and intensity of SM, the performance of BCC-CSM2-MR 
model is relatively better.  

4) In terms of the temporal variation, SM had an increasing trend, the rate was 
about 0.28 kg∙m−2∙(10a)−1 in spring. Two models (including FGOALS-g3 and 
TaiESM1) not only can well simulate the change trend of SM, but also are rela-
tively closer to the observation. The performance of BC-CSM2-MR, BCC-ESM1 
and FGOALS-f3-L models is weak, they obviously underestimate the SM. In 
general, TaiESM1 can well reflect the interannual variation of SM.  

5) From the spatial distribution and interannual variation, there are big dif-
ferences among the five domestic models, after multi-model ensemble mean, the 
simulation performance can be improved.  

Although the performance can be improved after ensemble mean, but the bi-
ases still exist. Therefore, it is necessary to consider the systematic biases when 
assessing the SM change in the arid region of northwest China.  
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