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  Shallow soil refers to the soil layer within 50 cm underground. Shallow soil 29 

temperature (ST) directly or indirectly affects many processes in the soil, such as seed 30 

germination, plant growth, water evaporation. Shallow ST is also affected by solar 31 

radiation, atmospheric circulation, air temperature and precipitation changes. Therefore, 32 

the study of shallow ST is of great significance in understanding surface energy, water 33 

cycle, ecology and climate change. This work collected the observational data from 141 34 

meteorological stations on the Qinghai-Tibet Plateau from 1981 to 2020, analyzed the 35 

ST as well as its temporal and spatial change characteristics at different levels. The 36 

results show that: 1) The shallow ST has a gradually increasing trend from north to 37 

south, from west to east. From the perspective of time characteristics, the increasing 38 

trend is obvious. The temperature increase of 0-20cm (the surface layer of the shallow 39 

soil) is roughly the same. The average annual ST is 9.15-9.57 ℃, the interdecadal 40 

variabilities are 0.49-0.53 K/10a. The average annual ST of 40cm (the bottom layer) is 41 

8.69 ℃, the interdecadal variability reaches by 0.98 K/10a; 2) Considering the 7 regions, 42 

the warming trend is obvious, and there are certain regional differences. The average 43 

annual ST in different regions ranges from 5.2°C (Northeast of the Plateau) to 17.1°C 44 

(Western Sichuan Plateau), with a difference of nearly 12K; the standard deviation 45 

ranges from 0.40K (Western Sichuan Plateau) to 0.61K (Qiangtang Plateau), with a 46 

difference of 0.21K. This work is significant for understanding the characteristics of the 47 

ST evolution and the land-atmosphere interaction on the Qinghai-Tibet Plateau. 48 

Keywords: Qinghai-Tibet Plateau · Shallow soil · Soil temperature · Climate 49 

change · Land surface process · land-atmosphere interaction 50 

1. Introduction 51 

The Qinghai-Tibet Plateau (QTP) is located in western China, including Tibet, 52 

Qinghai, southern Xinjiang, western Sichuan, southern Gansu, and northwestern 53 

Yunnan. The QTP spans more than 2500 𝑘𝑚 from east to west, and is about 1,000 54 

kilometers from north to south. The total area is nearly 2.5 × 106 𝑘𝑚2, accounting for 55 

about one-fourth of China's total area. It has an average elevation of 4000 𝑚, which 56 

accounts for almost one-third of the thickness of the troposphere. The QTP, often 57 



referred to as the Roof of the World or Third Pole, is known for its complex terrain and 58 

high altitude (Yang et al. 2014). QTP plays an important role in climate change and 59 

land-atmosphere interaction (Tang et al. 1979; Liu et al. 2000; Ma et al. 2011), its 60 

climate and ecological environment are jointly affected by westerly winds and Asian 61 

monsoons. In turn, the Qinghai-Tibet Plateau has also affected the regional and global 62 

climate change (Zhou et al. 2009). For example, the snow cover in winter and spring 63 

on the Qinghai-Tibet Plateau has a profound impact on temperature and precipitation 64 

in China and even in Asia (Wang et al. 2017; Wu et al. 2003). Changes in summer heat 65 

sources on the Qinghai-Tibet Plateau have a key impact on the evolution of the Asian 66 

monsoon (Duan et al. 2013; Park et al. 2012; Jiang et al. 2016). Many studies have 67 

shown that QTP is one of the most sensitive regions to global climate change (Su et al. 68 

2011; Zhao et al. 2010). 69 

Global temperature has increased rapidly in recent decades. Climate change, as a 70 

hot issue discussed in today's society, has attracted much attention. The IPCC Fifth 71 

Assessment Report (AR5) pointed out that the global surface temperature increased by 72 

0.85℃ from 1880 to 2021 (IPCC5, 2013; Qin and Stocker 2014). Global warming 73 

affects changes in a range of ecological processes and has the potential to alter the 74 

stability of ecosystems. Many scholars have also investigated the response of various 75 

ecosystem processes to temperature rise from the aspects of global warming's impact 76 

on atmospheric circulation (Collins et al. 2010; Hu et al. 2000; Chen et al. 2016; Power 77 

and Kociuba 2011), hydrology (Miller and Russell 1992; Rosenberg et al. 1999), 78 

agriculture (Rose et al. 2016; Lobell and Field 2007; Wurr et al. 1995), energy 79 

(Hernandez and von Storch 2012), and forests (Torn and Fried, 1992). However, there 80 

are relatively few studies on soil changes and their effects on subsurface processes 81 

(Zhang et al. 2016). 82 

As an important part of the underlying surface of the land, soil is the lower 83 

boundary of material and energy exchange in the earth-atmosphere system (Dickinson 84 

1995). Soil temperature (ST) is one of the important parameters to characterize the 85 

thermal properties of soil, and it plays an important role in the research of many related 86 

fields (Huang et al. 2014). In terms of energy cycle, ST affects climate change by 87 



affecting changes in surface energy. Therefore, the diagnosis and prediction of ST are 88 

important scientific and technical issues in land surface process models, numerical 89 

weather prediction and short-term climate prediction (Holmes et al. 1998). In terms of 90 

water cycle, ST greatly affects the process of sensible heat, latent heat and surface 91 

evapotranspiration. Changes in ST can further affect the temperature and precipitation 92 

of the Qinghai-Tibet Plateau and East Asia through the exchange of water between the 93 

atmosphere and the surface (Wang et al. 2013; Yang et al. 2007). In agricultural research, 94 

ST is a driving environmental factor that affects crop growth, fertilizer decomposition 95 

and organic matter accumulation (Mackay et al. 1984; Kirschbaum 1995). Considering 96 

meteorological research, the change of ST is a reliable indicator reflecting climate 97 

change. For example, the increase of ST in permafrost regions is an important indicator 98 

of permafrost degradation (Cheng et al. 2007; Luo et al. 2018b; Peng et al. 2016). The 99 

shallow ST is also one of the key factors of precipitation. Because the heat in the 100 

shallow soil can be easily released into the atmosphere, the abnormality of the shallow 101 

ST will affect the short-term weather process (Hu et al. 2005). 102 

Because of the importance of ST, many scholars have done a lot of work. Tang et 103 

al. (1987) conducted a series of research on the relationship between ST and 104 

precipitation, whose studies have shown that there is a good corresponding relationship 105 

between ST and later precipitation, and the ST at different levels has different continuity. 106 

The work of Qin et al. (2020) showed that the increasing trend of shallow ST in the 107 

Qinghai-Tibet Plateau in spring and summer is greater than that of deep soil; the 108 

temperature increase rate of shallow soil in autumn and winter is significantly lower 109 

than that of deep soil; the significant positive growth trend of the annual average ST 110 

indicates that the Qinghai-Tibet Plateau has responded to climate warming in the past 111 

few decades, and it is also regarded as one of the important indicators of permafrost 112 

degradation on the Qinghai-Tibet Plateau. Studies have shown that ST is one of the key 113 

factors affecting soil respiration in ecosystems such as forests, grasslands, and farmland 114 

(Bouma et al. 1997; Phillips et al. 2011; Tang et al. 2006). The sensitivity of soil 115 

respiration rate to the changes of ST is also an important link in the carbon cycle of 116 

terrestrial ecosystems (Liu et al. 2008). Considering the different effects of ST on 117 



climate and ecology, scholars have also conducted regional analysis of ST. 118 

Due to the synergy of many factors such as solar radiation, atmospheric circulation, 119 

and precipitation, there is a complex energy exchange between soil and atmosphere. 120 

This formed the periodic diurnal and seasonal changes of ST, and also formed different 121 

regional characteristics of ST (Bond-Lamberly et al. 2005). Studying the regional 122 

differentiation characteristics of ST is helpful to reveal the influence of ST on 123 

agricultural production and ecological environment (Zhang et al. 2009). Research on 124 

regional differences in ST and its influencing factors began at the end of the 20th 125 

century. Zhang et al. (2005) studied the change of ST in Canada in the 20th century and 126 

found that it has a complex response relationship with air temperature and precipitation, 127 

this response has an impact on climate change. Lu et al. (2006) used the ST at a depth 128 

of 0.8m in China from 1954 to 2001, found that the variation trends of ST in different 129 

regions were different. Bai et al. (2020) pointed out that the previous division of ST 130 

was mostly based on administrative and mechanical grid, but changes in ST have 131 

potential effects on vegetation growth, so ST division based on vegetation area is very 132 

meaningful. Research shows that the spatial distribution of shallow ST in China varies 133 

greatly during plant growth seasons. The spatial distribution of shallow ST in eastern 134 

China is mainly distribution from northeast to southwest, while it is complex in the west, 135 

which is mainly affected by altitude. Meanwhile, Wang et al. (2020) analyzed the 136 

memory of ST at different levels based on 8 vegetation growth regions in China, and 137 

found that each level showed a similar spatial pattern. Generally, the spatial distribution 138 

of the memory of ST has a northwest to southeast gradient. In some seasons, the arid 139 

and semi-arid regions of northwestern China have longer memory periods than the 140 

humid and sub-humid regions of southeastern China. Besides, Gao et al. (2016) used 141 

fuzzy C-means clustering to classify ST at 1.6 m in China into four categories, the cold 142 

region (�̅�1.6 ≤ 9℃), including Northeast China and the Qinghai-Tibet Plateau; sub-cold 143 

region (9℃ ≤ �̅�1.6 ≤ 15℃ ), mainly including Northwest China; sub-warm region 144 

( 15℃ ≤ �̅�1.6 ≤ 18℃ ), including Huaihe Basin area; warm region ( �̅�1.6 ≥ 18℃ ), 145 

including the middle and lower reaches of the Yangtze River and southern China. Zhou 146 



et al. (2020) used the fuzzy C-means clustering method to classify ST at 3.2 m depth 147 

from 113 sites in China, and divided them into 10 regions. The research shows that 148 

there are obvious regional differences in the increasing rate of the 3.2m ST. The 149 

northeast and northwest China had the largest temperature increase, about 0.57K∕10a, 150 

and the other regions were all below 0.36K∕10a. However, there are few studies on the 151 

zoning of soil temperature on the Qinghai-Tibet Plateau. 152 

As one of the most sensitive areas of global climate change, the Qinghai-Tibet 153 

Plateau is an indispensable part of understanding the degradation of frozen soil, 154 

ecological environment and climate change. So far, most studies on ST in the Qinghai-155 

Tibet Plateau are based on model results or reanalysis data from different sources. 156 

However, due to the harsh environmental conditions and the complex topography of 157 

the Qinghai-Tibet Plateau, the model parameters of the Qinghai-Tibet Plateau are not 158 

accurate enough. The ST data obtained from the model has limitations and uncertainties 159 

(Guo et al. 2016; Wu et al. 2018b). The reanalysis data from different sources, because 160 

of the use of different assimilation systems, also differs from each other. So, the model 161 

results and reanalysis data need to be verified by the site observation data. In this study, 162 

the shallow ST observation data from 141 meteorological stations on the Qinghai-Tibet 163 

Plateau from 1981 to 2020 are used to analyze the ST and its temporal and spatial 164 

change characteristics at different levels of the Qinghai-Tibet Plateau, using fuzzy C-165 

means clustering, linear fitting and linear regression. This work is of great significance 166 

for understanding the evolution characteristics of ST and its climatic effects. 167 

2. Data and methods 168 

2.1. Data selection 169 

The observational data in this work are the daily ST of 141 stations on the Qinghai-170 

Tibet Plateau during the period of January 1, 1981, to December 31, 2020 by the 171 

National Climate Centre. The dataset has eight soil layers with depths of ground surface, 172 

5, 10, 20, 40, 80, 160, and 320cm. In the northwestern part of the Qinghai-Tibet Plateau, 173 

there are fewer ST observation sites. 174 

Considering the unique geographical conditions and underlying surface types of the 175 



Qinghai-Tibet Plateau, the altitude, underlying surface types and observation sites of 176 

the Qinghai-Tibet Plateau in Fig. 1 are given. 177 

 178 

Fig. 1 The altitude, underlying surface types and observation sites of the Qinghai-179 

Tibet Plateau 180 

(a) is the altitude, (b) is the underlying surface type and observation sites 181 

2.2. Method 182 



2.2.1 Fuzzy C-means algorithm (FCM) 183 

In this paper, the fuzzy C-means algorithm (FCM) is used to classify the annual 184 

average soil temperature of 141 ST observation sites in 20cm on the Qinghai-Tibet 185 

Plateau from 1981 to 2020. Clustering is a method which divides a collection of abstract 186 

objects into different classes or clusters according to a certain standard (such as distance 187 

criterion, that is, the distance between different data), so that the similarity of data 188 

objects in the same cluster and the difference between different clusters is as great as 189 

possible (Saxena et al. 2017). The main idea of FCM is to divide a number of L-190 

dimensional vectors into C fuzzy groups, determine the degree of membership of each 191 

category by distance, and continuously update the membership degree as well as 192 

clustering center of image pixels to minimize the objective-function and complete pixel 193 

classification and image segmentation (Bezdek et al. 1984). The pixel membership 194 

degree is used to describe the degree to which the pixel belongs to a certain category, 195 

and the value range is [0,1]. The objective-function and restriction of the FCM 196 

algorithm are: 197 

𝐽𝐹𝐶𝑀 = ∑ ∑ 𝑢𝑖𝑗𝑚𝑁
𝑗=1 𝑑𝑖𝑗2 (𝑥𝑗 , 𝑣𝑖)𝐶

𝑖=1 ,      ∑ 𝑢𝑖𝑗𝐶
𝑖=1 = 1        (1) 198 

𝑢𝑖𝑗 = 𝑢𝑗(𝑥𝑗) represents the degree to which the pixel gray 𝑥𝑗 belongs to category 𝑖, 199 𝑚  is the fuzzy weighting coefficient, often taken as 2, 𝑣𝑖 = {𝑣1, … , 𝑣𝑐}  represent 200 

the 𝑖 − 𝑡ℎ cluster centers, 𝑑𝑖𝑗(𝑥𝑗 , 𝑣𝑖) = ||𝑥𝑗 − 𝑣𝑖||2 represents the shortest distance 201 

from the gray level of the 𝑗 − 𝑡ℎ pixel to the 𝑖 − 𝑡ℎ cluster center.  202 

Using the Lagrangian multiplier method to find the minimum value of the 203 

objective function,  204 

𝐽𝜆 = ∑ ∑ 𝑢𝑖𝑗𝑚𝑁
𝑗=1 𝑑𝑖𝑗2 (𝑥𝑗 , 𝑣𝑖)𝐶

𝑖=1 + 𝜆 (∑ 𝑢𝑖𝑗 − 1𝐶
𝑗=1 )       (2) 205 

𝑣𝑖 = ∑ 𝑢𝑖𝑗𝑚𝑥𝑗𝑁𝑗=1∑ 𝑢𝑖𝑗𝑚𝑁𝑗=1  (𝑖 = 1, … , 𝐶)         (3) 206 

𝑢𝑖𝑗 = 1∑ (𝑑(𝑥𝑗 , 𝑣𝑖)𝑑(𝑥𝑗 , 𝑣𝑘))2(𝑚−1)𝑁𝑘=1          (4) 207 



The standard FCM algorithm is superior in simple image segmentation. In recent 208 

years, FCM has been widely used in research fields such as climate region division, 209 

pattern recognition, data analysis and image processing, showing that the FCM can 210 

clearly represent the continuous spatial distribution of natural phenomena (Lee 2009). 211 

2.2.2 Mann-Kendall mutation analysis 212 

The change of ST is synergistically affected by many factors, so it can show the 213 

characteristics of trend change. Mann-Kendall (M-K) (Mann 1945; Kendall 1975) test 214 

is not affected by the sample value, distribution type, etc., and further analyzes the 215 

changing of variables by deeply mining the hidden information within the time series. 216 

Therefore, it is widely used in the research of time analysis of natural variables. MK 217 

mutation analysis is a non-parametric statistical test method, which is not only easy to 218 

calculate, but also can identify the time when the mutation starts and point out the 219 

region of the mutation time period. 220 

Given the time series variables (𝑋1, 𝑋2, … , 𝑋𝑛) , where 𝑛  is the length of 𝑋 , 221 

define the rank of the series as follows: 222 𝑠𝑘 = ∑ 𝑟𝑖𝑘𝑖=1         (5) 223 

where 𝑟𝑖 can be expressed as: 224 𝑟𝑖 = {+1, 𝑖𝑓 𝑥𝑖 > 𝑥𝑗0, 𝑒𝑙𝑠𝑒         (6) 225 

It can be seen that 𝑠𝑘 is the accumulation of the number of values at the 𝑖 − 𝑡ℎ 226 

time greater than the 𝑗 − 𝑡ℎ time. 227 

Under the assumption of random independence of the time series, define the 228 

statistics: 229 

𝑈𝐹𝑘 = [𝑠𝑘 − 𝐸(𝑠𝑘)]√𝑉𝑎𝑟(𝑠𝑘)       (𝑘 = 1,2, ⋯ , 𝑛)       (7) 230 

Among them, 𝑈𝐹1 = 0 , 𝐸(𝑠𝑘)  and 𝑉𝑎𝑟(𝑠𝑘)  are the mean and variance of the 231 

accumulated number 𝑠𝑘. When 𝑋1, 𝑋2, … , 𝑋𝑛 are independent of each other and have 232 

the same continuous distribution, then there is 233 𝐸(𝑠𝑘) = 𝑛(𝑛−1)4 , 𝑉𝑎𝑟(𝑠𝑘) = 𝑛(𝑛−1)(2𝑛+5)72  234 𝑈𝐹𝑘 is a standard normal distribution, which is a series of statistics calculated in the 235 



order of time series 𝑋1, 𝑋2, … , 𝑋𝑛 . Given a significance level α , if |𝑈𝐹𝑘| > 𝑈𝛼 , it 236 

means that the series has obvious trend changes.  237 

The time series is generated into its corresponding inverse sequence 238 𝑋𝑛, 𝑋𝑛−1, … , 𝑋1 , and the above calculation process is repeated. Meanwhile, 𝑈𝐵𝑘 =239 −𝑈𝐹𝑘, k = n, n − 1, … ,1, 𝑈𝐵1 = 0.  240 

To summarize the brief computational steps for Mann-Kendall (M-K) mutation 241 

analysis: 242 

1) Calculate the rank column of the sequential time series, and calculate 𝑈𝐹𝑘 243 

according to the rank; 244 

2) Calculate the rank column of the reverse time series, and calculate 𝑈𝐵𝑘 245 

according to the rank; 246 

3) Given a significance level, such as α = 0.05 , for the critical value 𝑈0.05 =247 ±1.96, if 𝑈𝐹 or 𝑈𝐵 is greater than 0, it indicates that the sequence is in an upward 248 

trend; else, it is in a downward trend; if it exceeds the critical value, the upward or 249 

downward trend is significant; if there is an intersection between 𝑈𝐹 and 𝑈𝐵, and the 250 

intersection is between the critical lines, the intersection is the moment when the 251 

mutation begins. 252 

2.2.3 Moving Surface Spline Interpolation Algorithm Based on Green’s Function 253 

The data of 141 ST observation stations on the Qinghai-Tibet Plateau are 254 

interpolated by Moving Surface Spline Interpolation Algorithm Based on Green’s 255 

Function. Compared with Shepard (IDW interpolation), Bivariate Cubic Polynomial 256 

Fitting, Local Neighborhood Kriging, Ordinary Kriging, Moving Surface Spline 257 

Interpolation, etc., this method has higher accuracy and better continuity when dealing 258 

with complex terrain and different underlying surface conditions (Deng and Tang 2011).  259 

The solution of Green’s functions implies that the surface s(x) can be expressed as 260 

𝑠(𝑥) = 𝑇(𝑥) + ∑ 𝑤𝑗𝑔(𝑥, 𝑥𝑗)𝑛
𝑗=1         (8) 261 

where 𝑥  is the output position vector of the unknown data point, 𝑔(𝑥, 𝑥𝑗)  is the 262 

Green's function, 𝑥𝑗 is the j-th data constraint, and 𝑤𝑗 are the associated unknown 263 



weight relative to 𝑥. 𝑇(𝑥) is the trend function (Wessel 2009). The weight 𝑤𝑗 are 264 

determined by requiring (1) to be accurately satisfied in n data positions, 265 

𝑠(𝑥𝑖) = ∑ 𝑤𝑗𝑔(𝑥𝑖, 𝑥𝑗)𝑛
𝑗=1 , 𝑖 = 1,2, … , 𝑛.         (9) 266 

𝑔(𝑥𝑖, 𝑥𝑗) = |𝑥𝑖, 𝑥𝑗|2 ln(|𝑥𝑖, 𝑥𝑗|)           (10) 267 

The steps of the Moving Surface Spline Interpolation Algorithm Based on Green's 268 

Function are as follows: 269 

Part 1. Assuming a surface has total n known points, the desired output node is 𝑝0. 270 

The number of points nearest to 𝑝0 used for interpolation is k. The distance from point 271 𝑝0 to other known points should be calculated first by 272 𝑟0𝑖 = |𝑥𝑖, 𝑥0|, 𝑖 = 1,2, … , 𝑛        (11) 273 

Where 𝑟0𝑖 is the distance between the point 𝑝0 and the 𝑖 − 𝑡ℎ known data point, 𝑥0 274 

is the position vector of 𝑝0, and 𝑥𝑖 is the position vector of the 𝑖 − 𝑡ℎ known data 275 

point. 276 

  Part 2. Setting the coordinate matrix 𝑋 = [𝑥1𝑥2 … 𝑥𝑘]𝑇, 𝑌 = [𝑦1𝑦2 … 𝑦𝑘]𝑇, attribute 277 

matrix 𝑍 = [𝑧1𝑧2 … 𝑧𝑘]𝑇, 𝑘 × 𝑘 Green’s function matrix 𝐺 is: 278 

𝐺 = [𝑑11 𝑑12𝑑21 𝑑22 ⋯ 𝑑1𝑘⋯ 𝑑2𝑘⋮ ⋮𝑑𝑘1 𝑑𝑘2 ⋱ ⋮⋯ 𝑑𝑘𝑘]              (12) 279 

𝑑𝑖𝑗 = { 0[ln(𝑟𝑖𝑗) − 1.0]𝑟𝑖𝑗2 𝑟𝑖𝑗 = 0𝑟𝑖𝑗 ≠ 0        𝑖 = 1, ⋯ , 𝑘, 𝑗280 = 1, ⋯ , 𝑘               (13) 281 

where 𝑟𝑖𝑗 = √(𝑥𝑖 − 𝑥𝑗)2 + (𝑦𝑖 − 𝑦𝑗)2. the weight matrix W can be calculated as 282 𝑊 = 𝐺−1𝑍         (14) 283 

Part 3. Computing 1 × k Green’s function matrix 𝐺𝑝 of point 𝑝0 284 𝐺𝑝 = [𝑑01𝑑02 ⋯ 𝑑0𝑘]         (15) 285 

where 𝑑01, 𝑑02, ⋯ , 𝑑0𝑘 are calculated by (13). The attribute value of point 𝑝0 is  286 𝑧𝑝 = 𝐺𝑝𝑊         (16) 287 

Part 4. Repeat Parts (1)-(3) to calculate the interpolation 𝑧𝑝𝑖 of other points 𝑝𝑖. 288 

3. Results 289 



3.1. Temporal and spatial distribution of shallow layers ST on the Qinghai-Tibet Plateau 290 

3.1.1 The spatial distribution  291 

Fig. 2 shows the spatial distribution of the annual average ST in the shallow layers 292 

of the Qinghai-Tibet Plateau (surface, 5cm, 10cm, 15cm, 20cm, 40cm). It can be seen 293 

from the figure that the shallow ST of the Qinghai-Tibet Plateau has a gradually 294 

increasing trend from north to south, but there is a relatively high ST area in Golmud, 295 

Qinghai, with an average of 5-10 °C. In the vast areas of the Northern Qiangtang Plateau 296 

and the Southern Qiangtang Plateau, the shallow ST is basically below 5 °C. The 297 

temperature in the southeastern Tibet and the western Sichuan plateau is high, reaching 298 

above 20 °C. 299 

 300 

Fig. 2. Spatial distribution of shallow ST on the Qinghai-Tibet Plateau (unit: ℃) 301 

3.1.2 Temporal characteristics 302 

Fig. 3 and 4 show the interannual variation of ST anomalies in shallow layer (surface, 303 

5cm, 10cm, 15cm, 20cm, 40cm) of the Qinghai-Tibet Plateau and their MK tests. It can 304 

be seen that from 1981 to 2020, ST at the six levels has shown a significant upward 305 

trend, but the rising amplitudes of each level are quite different. From the MK tests in 306 



Fig. 4, it can be seen that 5cm, 10cm, 15cm, and 20cm have insignificant mutation 307 

points near 2008. Besides, 40cm and the surface have mutations near 2002. Table 1 is 308 

the statistical information of the annual and seasonal temperature of the shallow soil on 309 

the Qinghai-Tibet Plateau, including the average, standard deviation, and interdecadal 310 

variability. On an annual scale, the average annual ST of 0-20cm is 9.15-9.57 ℃, and 311 

that of 40cm is 8.69 ℃. The interdecadal variability of 0-20cm is 0.49-0.53 K/10a, and 312 

the interdecadal variability of 40cm reaches 0.98 K/10a, which is much higher than 313 

other levels. From the seasonal perspective, the interdecadal variability of ST in winter 314 

and spring is relatively high, with 40cm even reaching more than 1 K/10a. In addition, 315 

the 40cm interannual and seasonal ST standard deviation (1.13-1.44 K) is much larger 316 

than other layers (σ<1 K), indicating that ST in 40cm varies more greatly. This result is 317 

reflected in the mutation point in 2002-2006 of Fig. 3(e1) and 2002 of Fig. 4(e). The 318 

analysis shows that the temperature of the shallow soil on the Qinghai-Tibet Plateau 319 

has a clear increasing trend. The temperature increase of 0-20cm (the surface layer of 320 

shallow soil) is roughly the same, which is quite different from that of 40cm (the bottom 321 

layer of shallow soil). 322 



 323 

Fig. 3. Interannual variation of shallow ST anomaly in the Qinghai-Tibet Plateau 324 

(unit: K) 325 



 326 

Fig. 4. MK analysis of shallow ST on the Qinghai-Tibet Plateau 327 𝑈𝐹 and 𝑈𝐵 are the statistics of the MK analysis 328 

Table 1. Statistical information of annual average and interannual variations in various 329 

seasons on the Qinghai-Tibet Plateau from 1981 to 2020 330 

 5cm  10cm 

 
μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

 μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

Spring 10.19 0.78 0.55**  9.74 0.85 0.61** 

Summer 18.42 0.65 0.39**  18.15 0.70 0.45** 

Autumn 9.42 0.77 0.51**  9.81 0.75 0.50** 

Winter -1.43 0.93 0.63**  -0.96 0.83 0.55** 

Annual 9.15 0.71 0.52**  9.19 0.72 0.53** 

 15cm  20cm 

 
μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

 μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

Spring 9.27 0.74 0.48**  9.05 0.83 0.60** 

Summer 17.87 0.63 0.37**  17.62 0.67 0.45** 



Autumn 10.28 0.71 0.49**  10.41 0.68 0.46** 

Winter -0.30 0.70 0.62**  -0.17 0.71 0.48** 

Annual 9.28 0.66 0.49**  9.22 0.67 0.50** 

 40cm  surface 

 
μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

 μ 

(°C) 

σ 

(K) 

Trend 

(K/10a) 

Spring 7.65 1.51 1.14**  11.17 0.75 0.51** 

Summer 16.46 1.13 0.84**  19.51 0.61 0.30** 

Autumn 10.58 1.17 0.87**  9.38 0.75 0.51** 

Winter 0.06 1.44 1.06**  -1.79 0.96 0.66** 

Annual 8.69 1.29 0.98**  9.57 0.66 0.49** 

μ mean, σ standard deviation 331 

**Denotes trends statistically significant at α= 0.001 332 

3.1.3 Characteristics of spatial changes in shallow soils on the Qinghai-Tibet Plateau 333 

Fig. 5 shows the interdecadal distribution of ST in shallow layer (surface, 5cm, 10cm, 334 

15cm, 20cm, 40cm) of the 141 observation sites on the Qinghai-Tibet Plateau from 335 

1981 to 2020, results are significant at 99% (α = 0.01) confidence level. As shown in 336 

the figure, the interdecadal variabilities of 5-20cm (the surface layer of the shallow soil) 337 

is basically the same. In the central Tibet, the southern and southwestern parts of the 338 

Qinghai-Tibet Plateau, ST has a significant cooling trend, and the interdecadal 339 

variabilities are as low as -1 K/10a. In the northwestern part of the Qinghai-Tibet 340 

Plateau, ST is warming obviously. Compared with other layers, 40cm (the bottom layer 341 

of shallow soil) is quite different. On the whole, the temperature increase trend of 40cm 342 

is more obvious than that of other layers. The cooling trend still exists in central Tibet, 343 

the warming trend in the northwestern Qinghai-Tibet Plateau has slightly weakened, 344 

while the cooling trend of ST in southwestern Tibet has turned into a warming trend, 345 

and the Qaidam Plateau has a significant warming trend. The surface of the Qinghai-346 

Tibet Plateau has a warming trend, but the temperature change does not have the 347 

obvious regional differentiation like other levels. 348 



 349 

Fig. 5. Distribution of interdecadal variability of ST in shallow soil on the Qinghai-350 

Tibet Plateau from 1981 to 2020 (unit: K/10 a, α = 0.01) 351 

3.2. Analysis of 20cm ST characteristics of the Qinghai-Tibet Plateau 352 

3.2.1 Regionalization of 20cm ST 353 

The ST at 20cm depth was chosen as the research object, because: 1) 20cm is 354 

basically the same as 5cm, 10cm, and 15cm, and 20cm is the boundary layer between 355 

the shallow soil surface and the shallow soil bottom layer (Yan et al. 2017); 2) the ST 356 

at a depth of 20cm is greatly affected by climate factors such as air temperature and 357 

precipitation, but is less affected by geothermal, so the response to climate change is 358 

more obvious; 3) the 20cm ST directly affects the growth and distribution of soil 359 

organisms (Zhang et al. 2009). 360 

Fig. 6 shows the 20cm ST division of the Qinghai-Tibet Plateau, using fuzzy C-361 

means algorithm (FCM). In the process of FCM clustering, choosing the appropriate 362 

fuzzy index 𝑚 and the number of categories 𝐶 is the most critical. According to the 363 

research of Liu et al. (2014), the expected clustering effect can be achieved when 𝑚 =364 



2. The choice of category number 𝐶 is related to the change of entropy (𝛿𝐻, 𝐻𝑐 −365 𝐻𝑐+1) and the change of distribution coefficient (𝛿𝐹, 𝐹𝑐 − 𝐹𝑐+1). When the change of 366 

distribution coefficient is the smallest and the change of entropy is the largest, 𝐶 is 367 

determined. Using FCM, based on 20cm ST at 141 sites on the Qinghai-Tibet Plateau, 368 

7 regions were clustered. The classification results are shown in Fig. 7, and the 369 

environmental parameters of the cluster centers are shown in Table 2. 370 

The Qinghai-Tibet Plateau is divided into 7 regions according to the characteristics 371 

of 20cm ST, namely the Northeastern of Plateau, Southern Tibet, Xining Plateau, 372 

Qiangtang Plateau, Western Sichuan Plateau, Eastern Tibet Plateau and the vast Central 373 

Plateau. Lin et al. (1981) pointed out that the Northeastern of Plateau is a sub-arctic 374 

semi-humid climate zone, with an average altitude of about 4000-4600m, less than 50 375 

days with a temperature ≥10°C, and an average temperature of 8-10°C in the warmest 376 

month. In Table 2, the average temperature of 20cm soil is the lowest, which is 5.2℃; 377 

Southern Tibet is a temperate and semi-arid climate zone, and a large area is a wide 378 

river valley. The middle and upper reaches of the Yarlung Zangbo River are located in 379 

it, with an average altitude of 3500-4500m. The number of days when the temperature 380 

is ≥10°C ranges from 50 to 150 days. The average temperature of the warmest month 381 

is 10-15°C, while the average temperature of the 20cm soil is relatively slightly higher, 382 

at 10.9°C; Xining Plateau is a temperate and semi-arid climate zone, located in the 383 

eastern part of Qinghai Province, with complex terrain. The altitude of the valley area 384 

is below 2200m, the average altitude is 2700-3300m, the number of days with 385 

temperature ≥10°C ranges from 50 to 150 days, and the average temperature of the 386 

warmest month is 11 -13℃, the average ST of 20cm is 8.9℃; Qiangtang Plateau is a 387 

frigid semi-arid climate zone with gentle terrain fluctuations, the average altitude is 388 

4300-5100m, less than 50 days with a temperature ≥10°C, and an average temperature 389 

of 8-10°C in the warmest month. The average ST of 20cm is 7.6℃; Western Sichuan 390 

Plateau is a temperate humid climate zone, located on the eastern edge of the Qinghai-391 

Tibet Plateau. The terrain fluctuates greatly, while the average altitude is 1500-3400m. 392 

The number of days when the temperature is ≥10°C ranges from 120 to 180 days. The 393 

average ST of 20cm is the highest, which reaches to 17.1℃; Eastern Tibetan Plateau is 394 



a temperate semi-humid climate zone, with an altitude of about 2700-4000m, about 50 395 

days when the temperature is ≥10°C, the average temperature of the warmest month is 396 

13-16°C, and the average of 20cm ST is 11.6°C; The Central of Plateau is a vast area, 397 

including most of Tibet and Xinjiang, with an average altitude of 4500-4800m, less than 398 

50 days with a temperature ≥10°C, the average temperature of the warmest month is 6-399 

10°C, and the average of 20cm ST is also low, which is 6°C. It can be seen from the 400 

above analysis that the 20cm ST is greatly affected by air temperature, and the response 401 

to climate change is obvious. 402 

 403 

Fig. 6. When m = 2.0, the entropy and distribution coefficient change with the number 404 

of categories (C) 405 



 406 

Fig. 7. 20cm ST division of the Qinghai-Tibet Plateau (7 regions) 407 

The points are divided into four categories, from small to large: <6°C (cold region), 6-408 

11°C (sub-cold region), 11-16°C (sub-warm region), >16°C (warm region) 409 

 410 

Table 2. Environmental parameters of the region center 411 

Region 

Numb-
er 

Region 

name 

Longit-
ude
（°E） 

Latitude 

（°N） 

μ 

(°C) 
σ 

(K) 
Trend 

(K/10a) 

number of 
observation 

sites 

Region 
1 

Northeastern 
of Plateau 

99.9 35.4 5.2 0.60 0.46 25 

Region 
2 

Southern 
Tibet 

90.6 29.3 10.9 0.56 0.38 19 

Region 
3 

Xining 
Plateau 

101.9 34.9 8.9 0.48 0.33 22 

Region 
4 

Qiangtang 
Plateau 

81.1 32.6 7.6 0.61 0.61 4 

Region 
5 

Western 
Sichuan 
Plateau 

102.4 29.7 17.1 0.40 0.25 25 

Region 
6 

Eastern Tibet 
Plateau 

100.0 30.5 11.6 0.42 0.24 26 

Region 
7 

Central 
of Plateau 

93.8 32.4 6.0 0.49 0.35 20 

3.2.2 The characteristics of interannual variation of 20cm ST on the different regions 412 

of Qinghai-Tibet Plateau 413 

Fig. 8 shows the interannual variation of the 20cm ST anomaly in 7 regions of the 414 



Qinghai-Tibet Plateau. According to Fig. 8 and Table 2, from 1981 to 2020, ST of 20cm 415 

in 7 regions showed an obvious rising trend, but the rise of each region was quite 416 

different. Linear fitting of ST for each region shows that the interdecadal variability of 417 

region 1 is 0.46K/10a, region 2 is 0.38 K/10a, region 3 is 0.33 K/10a, region 4 is 0.61 418 

K/10a, region 5 is 0.25 K/10a, region 6 is 0.24 K/10a, region 7 is 0.35 K/10a. And the 419 

correlation coefficients with the month are 0.61, 0.51, 0.48, 0.64, 0.38, 0.38, 0.59, all 420 

of which passed the confidence level 𝑡 test with 𝛼 =  0.001. The average values of 421 

different regions range from 5.2 ℃ (region 1, Northeastern of Plateau) to 18.1 ℃ 422 

(region 5, Western Sichuan Plateau), and the average difference is nearly 12 K. The 423 

standard deviation of different regions ranges from 0.40 K (region 5, Western Sichuan 424 

Plateau) to 0.61 K (region 4, Qiangtang Plateau). Because the Western Sichuan Plateau 425 

is located in a humid climate area, the shallow ST changes little, while the Qiangtang 426 

Plateau is located in an arid climate area, and the seasonal temperature difference is 427 

larger, so the shallow ST changes greatly, which is consistent with the obtained results. 428 

The results above indicate that the 20cm ST increase trend of the Qinghai-Tibet Plateau 429 

is obvious, and there are significant regional differences. 430 



 431 

Fig. 8. Interannual variation of 20cm ST anomalies in 7 regions of the Qinghai-Tibet 432 

Plateau (unit: K) 433 

3.3 Spatial variation characteristics of 20cm ST on the Qinghai-Tibet Plateau 434 

Fig. 9 shows the spatial distribution of 20cm ST anomalies in the Qinghai-Tibet 435 

Plateau from 1981 to 2020. It can be seen from the figure that since 1981-2000, most 436 



areas of the Qinghai-Tibet Plateau have been in the cold stage, and the northwestern 437 

part of the Qinghai-Tibet Plateau is a strong and obvious center of 20cm negative ST, 438 

especially from 1981 to 1986. This negative anomaly center lasted for almost 20 years. 439 

In addition, from 1981 to 2000, there were also four positive anomaly centers in the 440 

Qinghai-Tibet Plateau, namely the eastern part of the Qinghai-Tibet Plateau, the central-441 

eastern part of the Qinghai-Tibet Plateau, the southern part of the Qinghai-Tibet Plateau, 442 

and the southwestern part of the Qinghai-Tibet Plateau. Among them, the positive 443 

anomaly of southwestern part of the Qinghai-Tibet Plateau was strong in some years 444 

(such as 1984, 1999), reaching above 2 K, and in some years (such as 1991, 1997), it 445 

was weak, below 0.5 K, or even disappear. In most years from 1981 to 2000, the positive 446 

anomaly of 20cm ST in the southern part of the Qinghai-Tibet Plateau was strong, 447 

reaching above 2.5 K, while in some years (such as 1990 and 1991), it was relatively 448 

weak, near 0.5-1 K. 449 

In 1986 and 1993, there was an obvious positive anomaly center in the north-central 450 

Qinghai-Tibet Plateau. From 1981 to 1986, the ST of 20cm in central and northern Tibet 451 

had an obvious trend of rapid temperature decrease and then rapidly increase. The 452 

annual temperature reached -1.5-2.5 K. The ST of 20cm changed significantly from 453 

1990 to 1995, and its annual temperature change rate reached -1.5-1.5 K. 454 

From 2001 to 2005, there was a negative anomaly center of about -1 K in central 455 

Tibet. The positive anomaly center in southwestern Tibet disappeared, while the 456 

positive anomaly center in southern Tibet remained strong. In 2002, the 20cm ST in 457 

southern Tibet reached a positive anomaly, up to 2 K or more. In addition, the strong 458 

positive anomaly center in the eastern part of the Qinghai-Tibet Plateau disappeared in 459 

2005 after having remained for 24 years (1981-2004). The strong positive anomaly 460 

center of ST in central and eastern part of the Qinghai-Tibet Plateau, having existed for 461 

22 years (1981-2003, except 2002), disappeared in 2004. 462 

Based on the interannual variation of the 20cm ST anomaly in Figure 3(d1), the 20cm 463 

ST anomaly across the Qinghai-Tibet Plateau has changed from a negative value to a 464 

positive value since 2006. It can also be seen from Figure 9 that since 2006, the negative 465 

ST anomaly of 20cm in most parts of the Qinghai-Tibet Plateau has begun to rise. 466 



Except for the scattered negative anomaly centers, ST anomalies in most parts of the 467 

Qinghai-Tibet Plateau have changed between -0.5 K and 0.5 K. 468 

It is worth noting that since 1981, the vast northwestern part of the Qinghai-Tibet 469 

Plateau has disappeared from the strong negative anomaly center that lasted for nearly 470 

20 years. In the southern part of the Qinghai-Tibet Plateau, the positive and negative 471 

anomaly centers appear at intervals. For example, a strong positive anomaly center 472 

appeared in 2006, followed by a negative anomaly center that lasted for 7 years (2007-473 

2013). Afterwards, the positive anomaly center that has been in existence for 7 years 474 

(2014-2020) appeared. A relatively weak positive anomaly center appeared in the 475 

northeastern part of the Qinghai-Tibet Plateau for 17 years (2004-2020). The intensity 476 

was 0.5-1 K during 2004-2012, and it slightly strengthened after 2012. The 20cm ST 477 

anomaly varies between 1-1.5 K. 478 

The above analysis shows that the ST of 20cm in the Qinghai-Tibet Plateau has 479 

significant temporal and spatial changes. From 1981 to 2000, most areas of the Qinghai-480 

Tibet Plateau were in the cold stage; especially the northwestern region was a strong 481 

negative ST anomaly. Since 2006, the 20cm ST anomaly has changed from a negative 482 

value to a positive value. From the perspective of spatial distribution, there was a strong 483 

negative ST anomaly center in the northwestern region from 1981 to 2000. Four 484 

positive anomalous centers generally exist in the Qinghai-Tibet Plateau, namely the 485 

eastern part of the Qinghai-Tibet Plateau (24 years, 1981-2004), the central-eastern part 486 

of the Qinghai-Tibet Plateau (22 years, 1981-2003, except 2002), and the southern part 487 

of the Qinghai-Tibet Plateau (continued 26 years, 1981-2006), the southwestern 488 

Qinghai-Tibet Plateau (19 years, 1981-1999). In addition, since 2004, there has been a 489 

weaker positive anomaly center in the northeastern part of the Qinghai-Tibet Plateau 490 

that lasted for 17 years (2004-2020). 491 



 492 



 493 



 494 

Fig. 9. Spatial distribution of 20cm ST anomalies in the Qinghai-Tibet Plateau from 495 

1981 to 2020 (unit: K) 496 

4. Discussion and conclusion 497 



4.1 Discussion 498 

Soil is an important component of the Earth's ecosystem (Oelke and Zhang 2004). 499 

Shallow soil refers to the soil layer within 50cm underground. Shallow soil is also the 500 

main layer of life activities of animals, plants and microorganisms. The thermal 501 

properties of soil are key variables for the growth and decomposition of above-ground 502 

and below-ground biomass (Abramoff and Finzi 2015; Munir et al. 2015; Wang et al. 503 

2013; Xu et al. 2013). Changes in soil thermal properties can alter soil enzyme activity, 504 

plant productivity, nitrogen uptake, and the living conditions of soil microorganisms 505 

(Luo et al. 2009; Rustad et al. 2001). As one of the most important thermal properties 506 

of soil, soil temperature (ST) not only affects the chemical and biological processes of 507 

carbon and nitrogen in soil, but also determines the quality of soil resources (Shi and 508 

Deng 1993; Kang et al. 2000). Shallow ST and its temporal and spatial changes directly 509 

or indirectly affect many processes occurring in soil, such as seed germination, root 510 

elongation, evaporation, storage and movement activities of microorganisms, nutrient 511 

cycling, and many other dynamic processes of soil (Beltrami, 2001; Citakoglu, 2017; 512 

Qian et al. 2011). Therefore, the analysis of shallow ST is very meaningful in the study 513 

of local ecological conditions and environmental characteristics. Nowadays, most 514 

studies on shallow ST on the Qinghai-Tibet Plateau are based on model results or 515 

reanalysis data from different sources. However, the Qinghai-Tibet Plateau has many 516 

deficiencies in the simulation and reanalysis results due to its complex geographical 517 

features and underlying surface conditions (Guo et al. 2016; Wu et al. 2018b). There 518 

are also many difficulties in the collection of observational data due to the harsh 519 

geographical environment. This work collected shallow ST observation data from 1980 520 

to 2020 from most counties and districts on the Qinghai-Tibet Plateau. The data are 521 

relatively complete and abundant, the time span is also long. Using the fuzzy C-means 522 

clustering method, 20cm ST was divided into 7 regions, namely the Northeastern of 523 

Plateau, Southern Tibet, Xining Plateau, Qiangtang Plateau, Western Sichuan Plateau, 524 

Eastern Tibet Plateau and the vast Central of Plateau. The meteorological elements of 525 

these seven regions are quite different, and the geographical conditions are also 526 

different. The seven regions are typical and representative on the plateau, and play an 527 



important role in grasping the changing trend of shallow ST as a whole and 528 

understanding the impact of current climate warming on soil. However, this work also 529 

has certain shortcomings. For example, due to the geographical factors of the Qinghai-530 

Tibet Plateau, there are fewer stations in the western part of the plateau, which brings 531 

certain errors to our understanding and characterization of the western part of the 532 

plateau. On the other hand, the shallow ST also has a certain influence and indicative 533 

significance on air temperature and precipitation, which also need to be considered in 534 

future work. 535 

4.2 conclusion 536 

Based on observational data and reanalysis data, this work studies the abnormal 537 

conditions of the shallow ST of the Qinghai-Tibet Plateau from 1981 to 2020, and 538 

further analyzes the temporal as well as spatial characteristics of the 20cm ST, draw the 539 

following conclusions: 540 

The 20cm ST on the Qinghai-Tibet Plateau gradually decreases from south to north, 541 

and from east to west. The average ST in the Western Sichuan Plateau, located in the 542 

southeast of the Qinghai-Tibet Plateau is the highest, with 𝑇20𝑐𝑚 = 18.1℃ . The 543 

temperature in the central and northern part of the Qinghai-Tibet Plateau is the lowest, 544 

with 𝑇20𝑐𝑚 = 4.9℃. The temperature increase of 0-20cm (the surface layer of shallow 545 

soil) is roughly the same, which is quite different from that of 40cm (the bottom layer 546 

of shallow soil). The average annual ST of 0-20cm is 9.15-9.57 ℃, and the interdecadal 547 

variability of 0-20cm is 0.49-0.53 K/10a. The average annual ST of 40cm is 8.69 ℃, 548 

and the interdecadal variability of 40cm reaches 0.98 K/10a. 549 

In terms of spatial distribution, there was a strong negative ST anomaly center in 550 

the northwestern part of the Qinghai-Tibet Plateau from 1981 to 2000. Four positive 551 

anomalous centers generally exist in the Qinghai-Tibet Plateau, namely the eastern part 552 

of the Qinghai-Tibet Plateau (24 years, 1981-2004), the central-eastern part of the 553 

Qinghai-Tibet Plateau (22 years, 1981-2003, except 2002), and the southern part of the 554 

Qinghai-Tibet Plateau (26 years, 1981-2004). Years, 1981-2006), Southwestern 555 

Qinghai-Tibet Plateau (19 years, 1981-1999). In addition, since 2004, there has been a 556 



weaker positive anomaly center in the northeastern part of the Qinghai-Tibet Plateau 557 

that lasted for 17 years (2004-2020). 558 

Considering the 7 regions of 20cm ST, the warming trend is obvious, and there are 559 

certain regional differences. The average annual ST in different regions ranges from 560 

5.2°C (Northeast of the Plateau) to 17.1°C (Western Sichuan Plateau), with a difference 561 

of nearly 12K; the standard deviation ranges from 0.40K (Western Sichuan Plateau) to 562 

0.61K (Qiangtang Plateau), with a difference of 0.21K. 563 

 564 
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