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ABSTRACT: Cloud cover can affect aridity by affecting precipitation and surface radiation. However, a 
comprehensive study the effects of cloud cover, energy and water cycle parameters on aridity are lacking 
over the Mongolian Plateau (MP). In this study, the spatiotemporal variation characteristics of cloud cover 
and aridity index are analyzed, and the causes of aridity are found out from the influence of cloud cover on 
energy and water cycle parameters by European Centre for Medium Range Weather Forecasting (ECMWF) 
ERA5 reanalysis dataset from 1979~2019. The research parameters include low cloud cover, medium 
cloud cover, high cloud cover and total cloud cover. Potential evaporation and total precipitation are used 
to calculate the aridity index. Correlation coefficients is used to analyze the relationship between the 
aridity index and research parameters. Spatiotemporal variation characteristics is used to analyze the 
cause of aridity. Cloud cover was used to analyze the interaction between energy and water cycle 
parameters. The results indicate that cloud cover is only 40 % and keep fall especially since 1999. 
Aridity index has been above an average of 40 % for 13 of the 21 years from 1999~2019. Less 
cloud cover leads the total precipitation less than 400 mm. The low cloud cover causes the increase 
of surface radiation from 1979~2019, especially the surface net longwave radiation. It leads to an 
increase in potential evaporation (>800 mm), which is twice as much as total precipitation in arid 
regions. A comprehensive study shows that low cloud cover is the main cause of aridity over MP. The 
analysis and prediction of the cloud cover parameters are helpful for aridity disaster prevention and 
early warning. 
 

1. Introduction 

The Mongolian plateau (MP) is an arid and semi-arid plateau, and its aridity conditions are increasingly serious 

and have an impact on the surrounding areas. Cloud cover affects aridity through the following parameters 

such as surface radiation, precipitation, evapotranspiration, all these parameters together affect the aridity over 

the MP and its surrounding areas. However, the current studies on aridity over the MP and its surrounding 

areas are lack of research on the effects of cloud cover on aridity. A comprehensive study on the distribution 

of cloud cover, energy and water cycle parameters is helpful to find out the cause of  aridity. 

The current aridity research usually take a few key parameters, such as the circulation index, vegetation, 

temperature, desertification, precipitation and evapotranspiration over the MP and its surrounding areas (Jin 

et al., 2019; Li et al., 2018; Dyn et al., 2014; Hessl et al., 2018; Tong et al., 2018). Studies show that 

atmospheric circulation can affect drought over the MP because the weakening of the subtropical high in the 

western Pacific and the increase in the East Asian Arctic vortex negatively impact spring precipitation 

transport (Gao et al., 2019). There is a linear relationship between surface net shortwave radiation and surface 

temperature, and such a relationship is significantly correlated with soil moisture, which will help to predict 

drought (Song et al., 2012). Pedram proved that soil moisture on no rainfall days is related to soil temperature, 

while that on rainy days is related to atmospheric precipitation (Pedram et al., 2017; Cao et al., 2017). Other 

studies have examined the effects of latent heat and evapotranspiration on aridity. Some studies have shown 

that aridity leads to a decrease in vegetation cover, which further leads to a decrease in seasonal latent heat and 

surface temperature (Bremer et al., 2001). Some studies focus on temperature and precipitation. The study 

shows that with the increase in precipitation and temperature, the vegetation cover in the former MP continued 

to increase in the mid-1990s but decreased after 1990 when precipitation decreased. With increasing 

temperature, the negative correlation of precipitation with aridity will increase (Hu et al., 2018).  



The most important drought research method is the drought index, which includes the Palmer drought severity 

index (PDSI), standardized precipitation index (SPI), standardized precipitation evapotranspiration index 

(SPEI) and aridity index. The PDSI is calculated by evapotranspiration, precipitation, and soil moisture (Alley, 

1984). The SPI is calculated by precipitation (McKee et al., 1993). The SPEI is a normalized calculation of 

precipitation and potential evapotranspiration difference (Vicente-Serrano et al., 2010). The aridity index is 

used in this paper, which is calculated by potential evaporation and precipitation. The aridity index formula 

has the advantage that potential evaporation is based on energy balance, water vapor pressure and temperature 

parameters, and this formula has a solid theoretical basis and physical significance (Penman, 1948). The above 

drought indexes have been applied over the MP. For example, Studies show that PDSI began to drop from 4 

to -2 in 1960~2010 over the MP (Hessl et al., 2018). The drought was most severe in spring over the MP from 

1980~2015 (Jin et al., 2019). As a result of the surrounding climate forcing, droughts began to get worse 

(SPEI<−4.307) after 1999 over the MP (Dyn et al., 2014). 72.2 % of the MP is arid from 1980~2014, and the 

SPEI fell by -0.0113 per year (Tong et al., 2018). At present, drought research methods include correlation 

analysis, principal component analysis and the Mann-Kendall test, which are used to analyze the influence of 

parameters on the drought index and change trend.  

There is a lack of comprehensive cloud cover, energy and water cycle parameters to study aridity over the MP 

and surrounding areas. The innovation of this paper is to comprehensive study the influence of Cloud cover 

at different heights, total precipitation, potential evaporation, surface radiation on aridity over the MP and 

surrounding areas. The comparison of precipitation and evaporation determines the degree of aridity; The 

surface radiation is the power of evaporation, while evaporation also affects cloud formation; Cloud cover is 

the key parameter for precipitation and cloud affect surface radiation through cloud radiative forcing (Penman, 

1948; Katata et al., 2008; Bao et al., 2020). The effects of the above parameters on aridity are complex. 

Therefore, random forest method is adopted in this paper to find the most important parameters. European 

Centre for Medium Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset is used in this paper. There 

are several types of reanalysis dataset available, for example, the ECMWF/ERA15, ERA-INTERIM and the 

latest ERA5 (Bauer et al., 2007; Balsamo et al., 2015); the National Center for Environmental Prediction, 

National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset (Betts et al., 1996) and the 

NASA Goddard Earth Observing System (GEOS) reanalysis dataset (Young et al., 2012; Molod et al., 2017). 

The latest ERA5 reanalysis dataset has long time series and higher spatial and temporal resolution (0.25°, 1 h) 

(Urraca et al., 2018), which is more suitable for aridity research over the MP. 

We first studied the correlation of cloud cover to the aridity index over the MP and surrounding areas. Then 

the spatiotemporal variation characteristics of cloud cover and aridity index are analyzed. The influence of 

cloud cover on energy and water cycle key parameters are analyzed to find out the causes of aridity. The paper 

is organized as follows. Section 2 describe the study area, datasets and methods. Section 3 presents the 

relationship between the research parameters and the aridity index. The characteristics of the spatial and 

temporal distribution of the cloud cover and aridity index. The causes of aridity were analyzed from the spatial 

and temporal distribution of energy and water cycle key parameters. Finally, we present our conclusions in 

Section 4. 

 

2. Data and methods 

2.1 Research area 

The research area in this paper is rectangular, covering the whole MP and some surrounding areas, including 

the whole of Mongolia and part of China and Russia. As shown in Figure 1 (a), the latitude range is 37°N to 

53.5°N, and the longitude range is 87.5°E to 126°E. Composed mainly of mountains and high-altitude plains, 

the MP is a complex terrain with an average elevation of 1,580 meters.  



 
Fig. 1 DEM of the study area 

 

2.2 Data 

ERA5 is the global climate reanalysis dataset that were released on 17 July 2017 by the Copernican climate 

change service operated by the ECMWF, which mainly includes atmospheric parameters and surface 

parameter data (Bauer et al., 2007; Balsamo et al., 2015). ERA5 reanalysis dataset are produced by using the 

existing observation data assimilation method. These data have the characteristics of global coverage, long 

time series and high spatial and temporal resolution and can be used in the study of climate and weather 

forecasts (Bengtsson et al., 2004). The ERA5 reanalysis dataset used in this paper are ‘ERA5 monthly 

averaged data on single levels from 1979 to present’. The spatial and temporal resolutions of this dataset are 

0.25° and monthly.  

The cloud cover parameters include Low cloud cover (LCC), Medium cloud cover (MCC), High cloud cover 

(HCC) and Total cloud cover (TCC). The energy and water cycle key parameters we use include Surface net 

shortwave radiation (SNSR), Surface net longwave radiation (SNLR), Surface total radiation (Rn), Total 

precipitation (TP), Potential evaporation (PE). 

 

2.3 Methods 

The aridity index (AI) is normally defined as AI=PE/TP (Wu et al., 2006; Weerts et al., 2013). The AI not 

only involves key parameters of the water cycle but also potential evaporation related to energy cycle 

parameters, air temperature, soil heat flux density, slope vapor pressure curve, slope vapor pressure curve, 

radiation and wind speed (Penman, 1948). We calculated the annual mean AI and determined the aridity 

conditions of the region according to the value range: humid (AI< 1.00), subhumid (1.00 ≤ AI < 1.50), 

semiarid (1.50 ≤ AI < 4.00) and arid (AI ≥ 4.00) (Wu et al., 2006). 

To study the variation trend of aridity, energy and water cycle parameters, the Mann-Kendall method is used 

in this paper (Mann, 1945; Kendall, 1990). As shown in Formula 1, to calculate the standardized Mann-

Kendall statistic ZS , we first calculate the test statistic S defined as Formula 2, where xj  and xi  are the 

sequential data values, and n is the length of the data. As shown in Formula 4, Mann-Kendall proved that 

when n>8, the statistic S is approximately normally distributed with the mean and variance. V(S) is the 

variance, where ti is the number of ties of extent i. 

ZS =

{
 
 

 
 

S − 1

√V(S)
， S > 0

0, S = 0
S + 1

√V(S)
, S < 0

 (1) 

Where S is  

S = ∑ ∑ sgn(xj − xi)

n

j=i+1

n−1

i=1

 (2) 



sgn(xj − xi） = {

+1，(xj − xi) > 0

0, (xj − xi) = 0

−1, (xj − xi) < 0

 (3) 

V(S) =
n(n − 1)(2n + 5) − ∑ ti(ti − 1)(2ti + 5)

n
i=1

18
 (4) 

 

3. Results 

3.1 Relationship between cloud cover and aridity index 

The study reveals the annual cloud cover are significant correlated to the AI over the MP and surrounding 

areas from 1979~2019, which can be used for subsequent studies. Cloud clover parameters are characterized 

by a significant impact. The whole area of aridity conditions presents a significant negative correlation 

relationship, which means that The AI decrease will decrease as the cloud cover increases. The LCC for the 

aridity degree is most obvious, with 97.17 % of the area showing a significant negative correlation. In a general 

way, more cloud cover will increase the precipitation probability and reduce the surface evaporation, which 

will make the area moist. The surface cover/land use and human activity intensity are different, leading to 

spatial heterogeneity. 

 

3.2 Spatiotemporal variation characteristics of parameters 

1) Cloud cover 

Cloud cover has generally been below the mean since 1995. The LCC is more than 15 % below the mean of 

1979~2019. The annual mean TCC is 47.38 % and generally been below the average for 16 years after 1999. 

HCC was 31.64 %, while LCC and MCC were 13.19 % and 26.43 %, respectively. All three types of cloud 

cover reduced significantly after 1999. The overall cloud cover of the MP and surrounding areas showed a 

downward trend. Thus, the decrease in cloud cover is the direct cause of the decrease in TP. It also leads to an 

increase in surface radiation, which in turn leads to an increase in PE.  

The annual mean spatial distribution of different cloud cover over the MP and surrounding areas from 

1979~2019 is shown in Figure 2. Different cloud covers are higher in the northern region of 50°N and lower 

in the latitude region of 40°N~45°N. For example, the TCC is >55 % in the northern region of 50°N and <45 % 

in the latitude region of 40°N~45°N. In the seasonal variation in different cloud covers, the TCC and HCC 

increase from spring to summer and decrease from autumn to winter in the latitude region of 40°N~45°N. In 

winter, the HCC reached 70 % in the northwest of the study area. The overall changes in LCC and MCC are 

small. It is less cloud cover in the Midwest over the MP, more in the east and north, and HCC are more than 

LCC (Bao et al., 2018). The spatial distribution characteristics of LCC and TCC are similar to the aridity index. 

 
Fig. 2 Spatial distribution of annual cloud cover over the MP and surrounding areas from 1979~2019: (a) 

Total cloud cover, (b) Low cloud cover, (c) Medium cloud cover, and (d) High cloud cover 

 



2) Aridity index 

The spatial and temporal distribution characteristics of the AI were studied which shows the characteristics of 

age changes. The spatiotemporal variation characteristics and variation trend of annual AI were studied. The 

AI has been above an average of 40 % for 13 of the 21 years from 1999~2019. The annual mean AI is 5.54, 

and the perennial aridity condition presents a fluctuating trend from 1979~2019. The degree of aridity years 

of the change trend shows significant growth at a rate of approximately 0.47 per decade (through the 0.05 level 

of significance test). It presents a significant trend of aridity.  

The spatial distribution annual mean AI of the MP and surrounding areas from 1979~2019 are shown (Figure 

3). The variation trend ZS is calculated. According to the AI classification standard, the MP is in the arid and 

semiarid areas, with a total area of 85.03 %; the arid area is as high as 40.62 %, and the humid areas are mainly 

located in the northeast region of Inner Mongolia and are scattered across the MP. An analysis of the change 

trend shows that most areas of the MP show a trend of aridity, accounting for 94.29 % (69.47 % passed the 

significance test at the level of 0.05). Among them, the trend of aridity in Mongolia is relatively serious 

compared with Inner Mongolia in China.  

 
Fig. 3 Spatial distribution of the annual mean aridity index over the MP and surrounding areas from 

1979~2019. 

 

3.3 The effect of cloud cover on aridity 

Cloud cover can affect precipitation, and cloud cover affect surface radiation, which in turn affects evaporation. 

As Figure 4 shows we study the annual and monthly regional mean and variation trends of TP and PE over 

the MP and surrounding areas from 1979~2019 that TP is below the mean of 50 mm after 1999, and the PE 

is 50 mm above the mean after 1999. TP is the highest in July, with a median of 90 mm, while PE is the highest 

between May and August, with a median of 140 mm. The annual mean TP is 415.20 mm, and the PE is 891.33 

mm for the whole region of the MP and surrounding areas. TP presents a fluctuating downward trend from 

1979~2019, with an annual change trend at a rate of approximately 22 mm/decade and a significant decline 

(based on the 0.05 level of significance test). PE presents a wave rising trend, and the annual variation trend is 

significant at a rate of approximately 25 mm/decade (based on the 0.05 level of significance test). Therefore, 

PE is higher than TP, and the gap between the two parameters increases.  

The direct cause of the aridity in the central and western regions of the MP is TP less than 340 mm and PE 

higher than 1000 mm. The 85.20 % area of the TP is <630 mm, while the PE of the corresponding area is 

1020~1208 mm. Therefore, except for the southeastern ocean area and the northwest forest area of the study 

area, the PE is generally higher than the TP. The spatial and temporal variations in TP and PE are similar. 

There is a general decline in the TP, and PE is generally an upward trend, but there are spatial heterogeneity 

changes. Particularly at 105°E~126°E, 40~45°N, PE increases and TP declines. However, the TP in some 

regions of 87.5°E~95°E and 50~53.5°N shows an upward trend, while the PE shows a downward trend. In 

general, the TP in a large area is much lower than the PE, and the TP continues to decrease, while the PE 

increases (Yin-Tai et al., 2019; Li et al., 2018; Vetter et al., 2012). The spatial distribution of TP is similar to 

the AI. 



 
Fig. 4 The annual mean and variation trend of total precipitation and Potential evaporation over the MP and 

surrounding areas from 1979~2019 

 

We study the anomalous and variation trend of annual mean surface radiation over the MP and surrounding 

areas from 1979 ~2019 that surface radiation has generally been above average since 1995. The SNSR is 3 % 

higher, the SNLR is 4 % higher and the Rn is 3 % higher than the mean. For the entire region, the annual mean 

of Rn  is 1805.67  MJ/m2 , the SNSR is 4362.88  MJ/m2  and the SNLR is 2257.22  MJ/m2 . The two 

parameters increase at a rate of 2 %/decade (through the 0.05 level of significance test). Rn is 1 % and shows 

an increasing trend from 1979~2019. An increase in surface radiation will lead to an increase in PE. The 

increase in surface radiation is mainly related to the reduction in cloud cover, which leads to a reduction in the 

cloud radiative forcing. 

As Figure 5 shows the spatial distribution of annual and seasonal instantaneous values of the Rn, SNSR and 

SNLR in 1979~2019 over the MP and surrounding areas. In the annual distribution, the Rn in midwest of the 

MP is <2000 MJ/m2. The value of SNSR decreased with increasing latitude from 2261~5814 MJ/m2. The 

SNLR is higher in the latitude of 40°N~45°N in the range of 1326~3841 MJ/m2 and lower in other areas. 

Among the four seasons, summer is the highest radiation season, in which most of the mean SNSR is 1679 

MJ/m2, while the mean SNLR is 713 MJ/m2. It is close to the existing research results (Chenghai et al., 

2011). In particular, the spatial distribution characteristics of SNLR are similar to the AI. 

 
Fig. 5 Spatial distribution of annual values from 1979~2019 over the MP and surrounding areas: (a) Surface 

total radiation, (b) Surface net shortwave radiation, and (c) Surface net longwave radiation 

 

4. Conclusion and discussion 

This study reveals the cloud cover parameters are significantly negatively correlated with the AI. 

Spatiotemporal variation characteristics of the aridity are the central and western regions of the study area are 

arid and semi-arid, and worst in spring and keep increased from 1979~2019. In particular, aridity intensified 

after 1999. Spatiotemporal variation characteristics of the cloud cover are similar to the AI. Less cloud cover 

leads to less TP and more PE, and PE keep increases while TP decreases. The cloud cover is low and continues 



to decrease. In particular, the cloud cover is less in the central and western regions results in reduced TP and 

increased surface radiation. The higher surface radiation caused the PE to rise.  

This paper studies the influence of energy and water cycle parameters on aridity, and the conclusion is helpful 

for disaster prevention and mitigation over the MP and surrounding areas. However, we did not combine the 

energy and water cycle, atmospheric circulation, vegetation cover and other comprehensive factors to study 

the aridity over the MP and surrounding areas, so this combination will be addressed in our future research 

work. 
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