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Abstract

Land skin temperature (LST) is one of the most important factors in the land-atmosphere interaction process. Raw measured

LSTs may contain biases due to instrument replacement, changes in recording procedures, and other nonclimatic factors. This

study attempts to reduce the above biases in raw daily measurements and achieves a homogenized daily LST dataset over

China using 2360 stations from 1960 to 2017. The high-quality land surface air temperature (LSAT) dataset is used to correct

the LST warming biases in cold months in regions north of 40ºN due to the replacement of observation instruments around

2004. Subsequently, the Multiple Analysis of Series for Homogenization (MASH) method is adopted to detect and then adjust

the daily observed LST records. In total, 3.68×103 significant breakpoints in 1.65×106 monthly records are detected. A large

number of these significant breakpoints are located over large parts of the Sichuan Basin and southern China. After MASH

procedure, LSTs at more than 80% of the breakpoints are adjusted within +/- 0.5 ºC, and 10% of the breakpoints are adjusted

over 1.5 ºC. Compared to the raw LST dataset over the whole domain, the homogenization significantly reduces the mean

LST magnitude and its interannual variability as well as its linear trend at most stations. Finally, we preliminarily analyze

the homogenized LST and find that the annual mean LST averaged across China shows a significant warming trend (0.22 ºC

decadal-1). The homogenized LST dataset can be further adopted for a variety of applications (e.g., model evaluation and

extreme event characterization).
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Abstract 16 

Land skin temperature (LST) is one of the most important factors in the land-17 

atmosphere interaction process. Raw measured LSTs may contain biases due to 18 

instrument replacement, changes in recording procedures, and other nonclimatic 19 

factors. This study attempts to reduce the above biases in raw daily measurements and 20 

achieves a homogenized daily LST dataset over China using 2360 stations from 1960 21 

to 2017. The high-quality land surface air temperature (LSAT) dataset is used to correct 22 

the LST warming biases in cold months in regions north of 40ºN due to the replacement 23 

of observation instruments around 2004. Subsequently, the Multiple Analysis of Series 24 

for Homogenization (MASH) method is adopted to detect and then adjust the daily 25 

observed LST records. In total, 3.68×103 significant breakpoints in 1.65×106 monthly 26 

records are detected. A large number of these significant breakpoints are located over 27 

large parts of the Sichuan Basin and southern China. After MASH procedure, LSTs at 28 

more than 80% of the breakpoints are adjusted within +/- 0.5 ºC, and 10% of the 29 

breakpoints are adjusted over 1.5 ºC. Compared to the raw LST dataset over the whole 30 

domain, the homogenization significantly reduces the mean LST magnitude and its 31 

interannual variability as well as its linear trend at most stations. Finally, we 32 

preliminarily analyze the homogenized LST and find that the annual mean LST 33 

averaged across China shows a significant warming trend (0.22 ºC decadal-1). The 34 

homogenized LST dataset can be further adopted for a variety of applications (e.g., 35 

model evaluation and extreme event characterization). 36 

Key words: Land Skin Temperature (LST), daily observation, homogenization, the 37 

MASH method, variability 38 

1 Introduction 39 

Land skin temperature (LST) is a pivotal factor in the land-atmosphere 40 

interaction process. LST directly influences the sensible and latent heat fluxes from the 41 

land surface to the planetary boundary layer (Zeng et al., 2012; Zhou & Wen, 2016). 42 

Changes in LST and soil temperature can also be used as indicators of climate change 43 
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(McMichael & Burke, 1998; Qian et al., 2011). Xue et al. (2018) found that soil 44 

temperature has a relationship with subsequent downstream climate variables and can 45 

be used as a predictor of extreme hydrological events. Furthermore, several researchers 46 

have considered the difference between LST and land surface air temperature (LSAT) 47 

as a teleconnection factor to predict changes in precipitation in downstream regions 48 

(Xue et al., 2012; zhou & Huang, 2006). Therefore, through its local and teleconnection 49 

effects, LST plays a significant role in modulating climate and climatic variability.  50 

Long-term instrumental LST data have been collected and stored for many 51 

decades in China. As one of the conventional observations, LST is liable to be 52 

influenced by changes in nonclimatic factors (e.g., station migration, equipment 53 

replacement, and changes in the environment around the station location) (Li, 2016). 54 

Of these factors, equipment replacement is always conducted at multiple stations 55 

simultaneously (e.g., see Figure 1 of Xu et al., 2019). Ren et al. (2013) compared the 56 

soil temperature observed from both manual and automatic techniques at the same 57 

stations during the same period in China and found that significant differences existed. 58 

Furthermore, the sites of approximately 80% of observation stations have been 59 

relocated at least once since 1950 due to the growth and expansion of cities (Cao et al., 60 

2013). If we keep such inhomogeneities and directly analyze the raw data, which may 61 

inaccurately describe actual climate variations, then we will potentially reach incorrect 62 

conclusions, particularly in the representation of long-term trends and extremes 63 

(Peterson et al., 2002; Xue et al., 2012). Therefore, it is necessary to homogenize the 64 

raw observed LST before it can be used as the “ground truth” in various applications.  65 

To homogenize the LST dataset, several methods have been developed and 66 

applied in different countries (e.g., Hu & Feng, 2003; Xu et al., 2019; Zhou et al., 2017). 67 

Hu and Feng (2003) applied a quality-control method to the in situ soil temperature in 68 

the United States and then reproduced a high-quality soil temperature dataset at 69 

multiple soil layers. Zhou et al. (2017) applied the RHtest software package to 70 

homogenize a monthly observed LST dataset from approximately 2200 stations from 71 

1979 to 2003 in China and then used the homogenized LST to assess eight reanalysis 72 
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products. Xu et al. (2019) incorporated additional ancillary and metadata into a raw 73 

LST dataset and then constructed a homogenized monthly LST dataset from 686 74 

meteorological stations in China. Previous studies have mainly focused on 75 

homogenizing LST datasets on a monthly time scale. The daily LST can describe 76 

temporal variations at synoptic scales and is much needed in weather forecasts as well 77 

as in modeling applications (Wu & Zhang, 2014; Xue et al., 2012). For instance, the 78 

daily LST from atmospheric reanalysis products has been widely used in climate 79 

research, but most of these projects underestimate the LST in China (e.g., Xu et al., 80 

2019; Zhou & Wang, 2016; Zhou et al., 2017). Therefore, a publicly accessible 81 

homogenized and high-quality in situ daily LST dataset in China is urgently needed. 82 

Since the 1980s, various methods and techniques have been developed and used 83 

to eliminate data inhomogeneities (Aguilar et al., 2003; Cao & Yan, 2012; Peterson et 84 

al., 1998). However, there is no universal homogenization method for all climatic 85 

elements across different spatial and temporal scales. Each homogenizing method has 86 

its advantages and limitations, and the choice and applicability of one method versus 87 

another is often dictated by a few influencing factors, such as the station density, 88 

availability of metadata, and type of variable (Peterson et al., 1998). Globally, two 89 

methods are popularly used to homogenize in situ observations. One is the RHtest 90 

method (Wang & Feng, 2013; Wang et al., 2010) and the other is the Multiple Analysis 91 

of Series for Homogenization (MASH, Szentimrey, 1999, 2013, 2014). The RHtest 92 

method applies a two-phase regression model to calculate linear trends of a target time 93 

series, detect their statistically significant breakpoints, and finally, adjust them using 94 

the quantile-matching adjustment method. The MASH method uses a point-to-point 95 

comparison to detect breakpoints through an intercomparison of station observations 96 

within the same climatic area. Then, the method homogenizes the breakpoints relied on 97 

its neighbors (a detailed description is provided in section 2.2). Because the MASH 98 

method is not very restricted by metadata, it is widely used to homogenize 99 

meteorological variables. Li and Yan (2010) applied the MASH method to the daily air 100 

temperature of Beijing with additional reference information (with or without metadata) 101 



Manuscript submitted to Earth and Space Science 

 

and found that the MASH method could successfully detect the majority of 102 

inhomogeneities in the raw dataset. For a long-term historical station observation 103 

dataset, it is usually difficult to preserve and obtain metadata (Tao et al., 2004), and this 104 

is the case for the in situ measured LST dataset in China. Nevertheless, the MASH 105 

method allows users to perform data homogenization in the case of no metadata. As a 106 

result, we select the MASH method in the present work. 107 

In this study, we aim to develop a high-quality LST dataset that can be used in 108 

future applications for long-term climatic and soil-related research. Using the MASH 109 

method, we examine and identify the inhomogeneities in the daily in situ collected LST 110 

from 2360 stations in the Chinese mainland. The manuscript is organized as follows. 111 

Section 2 describes the dataset and methods used in this study. Section 3 presents the 112 

detailed homogenization procedure. Section 4 demonstrates and discusses the changes 113 

in LST due to homogenization. The conclusions are presented in section 5. 114 

2 Data and Methods 115 

2.1 In situ observed LST 116 

The raw daily LST dataset from meteorological stations in China was obtained 117 

from the National Meteorological Information Center of the China Meteorological 118 

Administration (NMIC/CMA) from 1960 to 2017. Fundamental quality control (e.g., 119 

screening for unreasonable extreme values) was performed on this dataset before it was 120 

released to the public (http://data.cma.cn/data). In China, a large number of 121 

meteorological stations were established in the early 1950s, and the station density and 122 

records were maintained with relatively high continuity and stability after 1960 (Cao et 123 

al., 2016; Shi et al., 2014). Currently, there exist more than 2400 national 124 

meteorological stations in mainland China. LST is one of the factors regularly measured 125 

and collected every day at the meteorological stations. Before 2000, LST was recorded 126 

and stored manually four times a day (at 02:00, 08:00, 14:00, and 20:00 Beijing time) 127 

with a surface and bent stem earth mercurial thermometer. After 2000, the observation 128 

system was updated gradually to employ a platinum resistance temperature sensor, 129 
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which is an automatic instrument and is more effective than mercurial thermometers. 130 

After the update, the observation frequency became hourly (twenty-four times a day, 131 

Ren et al., 2013). The renewal period is concentrated during 2000-2007 across mainland 132 

China, and the observation system north of 40ºN was updated in 2004 (see Figure 1 of 133 

Xu et al., 2019). The arithmetic average of the observations collected at multiple times 134 

within a day is regarded as the daily LST in the data collection.  135 

In the present work, daily LST measurements from up to 2360 meteorological 136 

stations are used. The majority of stations are located in relatively low altitudinal 137 

regions, which are usually densely populated (Figure 1a). For example, there is an 138 

obviously higher density of stations in the Yellow and Yangtze River Basins, Southeast 139 

China and the Central China Plain than in other regions. The station distribution is 140 

relatively sparse in high altitudinal and sparsely populated areas, such as the Northwest 141 

China and Qinghai-Tibet Plateau regions. In addition, the number of effective stations 142 

(i.e., stations with measurements) was 1476 in 1960, after which it increased generally 143 

over time (stable during 1980-2010). In 2017 the number of effective stations increased 144 

to 2628 (Figure 1b). 145 

 146 

Figure 1. (a) Location of the meteorological stations (dots) and the division of the nine 147 

subregions (black curves). The black dots (a total of 197 dots) denote the specific 148 

stations described in Section 3.1; (b) the number of the daily nonmissing stations in 149 
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each year. The top (bottom) of the whisker plot represents the 90th (10th) percentile of 150 

the station number, the top (bottom) of the box represents the 75th (25th) percentile, 151 

and the middle line represents the 50th percentile. The straight line indicates the final 152 

2360 stations used in the current study. (Additional information for the stations is 153 

shown in Table 1.) 154 

2.2 Multiple Analysis of Series for Homogenization (MASH) 155 

The MASH method was developed by Szentimrey (1999, 2014) and is based on 156 

the hypothesis test method to detect possible breakpoints at a given significance level. 157 

Through comparisons of measurements at different stations within the same climate 158 

region, the MASH method does not require prior assumptions of a homogeneous time 159 

series. This method has been widely applied to detect and adjust the inhomogeneity of 160 

raw meteorological observations at ground stations (e.g., Li et al., 2018, 2020). Guijarro 161 

et al. (2017) tested nine commonly used homogenization methods (including the RHtest 162 

and MASH methods) and compared their homogenized performances in terms of the 163 

root mean square errors and trends of air temperature time series. They found that the 164 

MASH method produced more reliable results than other methods (Guijarro et al., 165 

2017). 166 

To homogenize daily records, the MASH method must first homogenize the 167 

corresponding monthly data. Therefore, the daily LST at each station is first aggregated 168 

to monthly values, and then, the breakpoints of the monthly LST are detected and 169 

adjusted. Finally, the MASH method is again applied to homogenize the daily LST with 170 

the incorporation of the homogenized monthly values. Detailed information of the 171 

MASH method, including the mathematics it uses and its technique, is provided in its 172 

online manual 173 

(https://www.met.hu/en/omsz/rendezvenyek/homogenization_and_interpolation/softw174 

are/). The latest version of MASH, v3.03, is used in this study. According to the 175 

description in the MASH manual, two different models can be selected and used. One 176 

is the additive model, which requires that the targeted dataset has a normal distribution 177 

https://www.met.hu/en/omsz/rendezvenyek/homogenization_and_interpolation/software/
https://www.met.hu/en/omsz/rendezvenyek/homogenization_and_interpolation/software/
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(e.g., temperature). The other is the multiplicative model and can be used for quasi 178 

lognormally distributed data series (e.g., precipitation). In this study, we choose the 179 

additive model and define a Monte Carlo threshold of 0.05 as the significance level.  180 

In the default MASH procedure, the monthly/annual value is set as missing if 181 

any missing day/month exists within that month/year. Following this criterion, many 182 

LST stations would be discarded, which would lead to the loss of a great deal of useful 183 

data because most stations only have a few days missing in a specific month. 184 

Furthermore, the loss of useful data is not the intention of data homogenization. Here, 185 

we use a lenient threshold condition for the missing value judgment to retain as many 186 

useful observation stations as possible. At each station, the monthly LST is set as a 187 

missing value when the daily LST is available for less than 9 days of the current month. 188 

Meanwhile, the annual LST is set as a missing value when more than 3 continuous 189 

monthly values are missing. Finally, we remove stations with available annual values 190 

totaling less than 30 years of the full 58 years. Eventually, 2360 stations remained and 191 

were homogenized by the MASH method (shown as the straight solid line in Figure 192 

1b). According to the principle of MASH as well as the spatial variability of LST, we 193 

perform MASH in each individual climate region. Based on the natural conditions for 194 

agricultural production and also in consideration of climate characteristics, we divide 195 

the mainland China areas into nine subregions (Figure 1a): Huang-Huai-Hai Plain 196 

(HHH), Loess Plateau (LP), Middle-lower Yangtze Plain (YZ), Northeast China Plain 197 

(NE), Northern arid and semiarid region (NA), Qinghai Tibet Plateau (TP), Sichuan 198 

Basin and surrounding regions (SC), South China (SE), and Yunnan-Guizhou Plateau 199 

(YG). The shapefile of each subregion is available from the Institute of Geographical 200 

Sciences and Resources, Chinese Academy of Sciences 201 

(http://www.resdc.cn/data.aspx?DATAID=275), and the number of effective stations 202 

in each subregion is shown in Table 1. 203 

Table 1. Number of stations in each subregion  204 

Full name Abbreviation Number of stations 

http://www.resdc.cn/data.aspx?DATAID=275
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Huang-Huai-Hai Plain HHH 414 

Loess Plateau LP 202 

Middle-lower Yangtze 

Plain 

YZ 488 

Northeast China Plain NE 183 

Northern arid and 

semiarid region 

NA 328 

Qinghai Tibet Plateau TP 90 

Sichuan Basin and 

surrounding regions 

SC 200 

South China SE 164 

Yunnan-Guizhou 

Plateau 

YG 291 

Mainland China  China 2360 

In addition, other statistical methods, including linear regression and standard 205 

deviation, are used to comparatively analyze the raw and homogenized LST dataset. 206 

Two-tailed Student’s test is used to test the significance of these statistics. 207 

3 Inhomogeneity in the raw climate time series 208 

3.1 Preliminary adjustment of LSTs in northern China 209 

As mentioned in the introduction section, automatic instruments for LST 210 

measurements began to replace manual ones in 2004 in northern China (mainly north 211 

of 40ºN, including Xinjiang Province and NE and NA subregions, shown as blue dots 212 

in Figure 1a), which resulted in LSTs increasing abruptly in cold months since 2005. 213 

To understand this result, we select one cold month (December) to analyze the time 214 

series of LST over northern China. Figure 2 shows the daily LST time series averaged 215 

across 197 stations in northern China in December from 1960 to 2017. There is a 216 

distinct jump in 2005, after which the magnitude of LST increases remarkably. The 217 
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mean value is -8.1 ºC for 2005-2017, which is 8 ºC higher than that for 1960-2005 (-218 

16.1 ºC). This phenomenon is prevalent at all 197 stations. Xu et al. (2019) found a 219 

similar problem in the same regions (the NE and NA subregions) when they compared 220 

the differences of LST measurements from manual and automatic instruments during 221 

parallel observation periods. The warm shift phenomenon is principally caused by the 222 

change of the observation system from a manual to an automatic one around 2004. In 223 

winter, when the ground surface is covered by snow, the automatic instrument sensor 224 

measures the temperature at the soil surface under snow, whereas the manual instrument 225 

measures the snow surface. Because snow provides strong insulation of heat, it can 226 

absorb both longwave radiation from the ground surface transmitted upward and 227 

shortwave radiation from the atmosphere transmitted downward. Therefore, the 228 

measured LST from the automatic instrument would change much more slowly under 229 

snow and cannot represent real LST change features (Liu et al., 2008; Ren et al., 2013). 230 

When the manual sensor was buried in snow, it was removed to measure the snow 231 

surface temperature instead of the soil surface temperature (Administration, 2003). 232 

 233 

Figure 2. Time series of the raw daily LST averaged across 197 stations (the black dots 234 

in Figure 1a) in December for the period of 1960-2017. The red solid line is a reference 235 

line to separate the years before and after 2005; the two blue dotted lines are the mean 236 

LSTs derived from the raw daily dataset during 1960-2005 and 2005-2017. The green 237 

solid curve represents the daily LST time series after LSAT adjustments (Section 3.1), 238 

and the red dotted line is the mean LST during 2005-2017. The corresponding mean 239 

LST values averaged for different periods are also indicated.  240 
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More specifically, we take a station (ID 50862, 46.98ºE, 128.05ºN) at the NE 241 

subregion as an illustrative example. Figure 3 shows the abrupt warming shift in cold 242 

months (from October to the following April) since 2005. A similar phenomenon 243 

appears at all 197 stations (black dots in Figure 1a) in the NE and NA subregions. In 244 

the MASH procedure, possible breakpoints are determined by comparing the values at 245 

the candidate station with those at the nine nearest reference stations. If those 246 

surrounding reference stations show similarly abrupt changes or shifts as the candidate 247 

station, then the MASH method cannot detect them (Li, 2016). Due to how MASH 248 

works, it will fail to deal with the above problematic phenomenon (compared to the 249 

blue and orange lines in Figure 3b). Thus, before applying the MASH method, we 250 

perform a preprocessing procedure for the LSTs from these 197 stations.  251 

 252 

Figure 3. Case station (ID 50862, 46.98ºE, 128.05ºN) for the raw and calculated LST, 253 

and the homogenized results (unit: ºC). (a) Raw daily LST plotted against the calculated 254 

daily LST in each month during 1960-2004, where the black solid line is the reference 255 

(x=y) line; (b) raw (blue) and MASH homogenized (orange) daily LST, and (c) raw 256 

and calculated (green line) LST during 2003-2007. The calculated daily LST is the LST 257 

adjusted by the LSAT (described in section 3.1). 258 

There is a very close relationship between the LSAT and LST, and their 259 

differences determine surface heat fluxes (Zeng et al., 2012). The observed LSATs have 260 

undergone a strict quality control process and do not show such remarkable warming 261 

shifts. Therefore, the LSAT is used as a reference to correct the LST warming bias at 262 



Manuscript submitted to Earth and Space Science 

 

each station. Simplistically and practically, it is assumed that the characteristics of the 263 

changes in LSATs are consistent with those in LSTs at the same station. This 264 

assumption is reasonable because both LSAT and LST show similar variabilities. The 265 

following procedure is used to adjust the LST via the LSAT. First, we construct a 266 

regression equation between the LST (dependent variable) and LSAT (independent 267 

variable) for each cold month (from October to the following April) at each of the 197 268 

stations from 1960 to 2004. Second, the regression coefficient and the raw daily LSAT 269 

in the current month are used to compute the corresponding daily LST from 2005 to 270 

2017. The computed LSTs are regarded as the “calculated LSTs” at the 197 stations. 271 

To verify the reasonableness and applicability of the above hypothetical relationship, 272 

we compare the raw and calculated LSTs in Figure 3a. All the dots spread around the 273 

reference y-x line, and the monthly absolute mean differences between the calculated 274 

and raw LSTs are generally less than 1 ºC. In cold months, the absolute differences are 275 

less than 0.5 ºC, except in April (October), when there is a relatively large error in the 276 

mean differences of approximately -2 ºC (2 ºC). However, the standard deviation of the 277 

raw LST during 1960-2005 in April (October) is 3 ºC (6 ºC) and is higher than the mean 278 

difference. Therefore, it still can be concluded that the calculated LSTs are consistent 279 

with the raw LSTs during the whole period. Similar results are also shown at other 280 

stations. After the above process, the distinct warm shift of the LST in cold months is 281 

removed (Figure 3c). The calculated daily LST across all 197 stations averaged in 282 

December from 2005 to 2017 (green line in Figure 2) also shows consistency with the 283 

raw daily LST from 1960 to 2005, and the mean value for 2005-2017 (-15.9 ºC) is close 284 

to that for 1961-2005 (-16.1 ºC). The above calculated LSTs at 197 stations for 2005-285 

2017 are added to the raw dataset and replace the values at the same time and station. 286 

3.2 Breakpoint detection by MASH 287 

After the above preliminary adjustments, we apply the MASH method at all 288 

2360 stations in China. The first step of MASH is to detect the temporal breakpoints of 289 

the LST time series at each station. The breakpoint (also called the change-point) is 290 

where the time series displays significant differences before and after that point. The 291 
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time series show a distinct leap at the breakpoint. To help understand this process, we 292 

take one station (ID 57710 in the YG subregion) as an illustrative example (Figure 4). 293 

The LST at the candidate station (the red dot in Figure 4a) is first compared with the 294 

values from the nine closest stations (the blue dots in Figure 4a). Compared with the 295 

other nine reference time series (Figure 4b), a breakpoint appears in 1970 in the 296 

candidate time series, of which the mean LST during 1960-1970 is 21.1 ºC, 3 ºC higher 297 

than that during 1970-2017 (18.1 ºC). The variability of the homogenized time series 298 

(the blue line in Figure 4c) is akin to the nine neighbor reference time series. The time 299 

series has a warming trend (0.09 ºC decadal-1), showing the opposite tendency 300 

compared to the raw time series (-0.26 ºC decadal-1).  301 

 302 

Figure 4. Annual LST series at station ID 57710 (27.85ºE, 106.37ºN, a candidate 303 

station) in the YG subregion (unit: ºC). (a) Distribution of stations, including the 304 

candidate station (red dot), the nine nearest reference stations (green dots), and other 305 

stations (black dots) in the YG subregion; (b) the raw annual LST anomalies of the 306 

candidate station (red curve) and the nine reference stations (black curves); (c) annual 307 

LST from the raw (red curve) and homogenized time series at the candidate station. 308 
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 309 

Figure 5. Number of breakpoints for the monthly LST records at the effective stations 310 

during 1960-2017. (a) Spatial distributions at all stations and (b) accumulation in each 311 

month and in each year across all stations. 312 

Repeating the above procedure for all the stations in each of the nine subregions, 313 

we identify the breakpoints at all 2360 stations from the monthly LST time series for 314 

the period of 1960-2017. Note that only breakpoints with an absolute value higher than 315 

0.5 ºC are treated as significant breakpoints, and there are a total of 3.68×103 significant 316 

breakpoints counted in Figure 5. The figure clearly shows that the monthly LSTs at the 317 

majority of stations contain 5-25 significant breakpoints (Figure 5). Of all 2360 stations, 318 

35 stations contain over 40 significant breakpoints, of which most are located in the SC 319 

and SE subregions (the red dots in Figure 5a), while 21 stations scattered across China 320 

contain no significant breakpoints (the dark blue dots in Figure 5a). The breakpoints 321 

are relatively concentrated in the SE, HHH, and SC subregions, where there are at least 322 

20 significant breakpoints identified in most stations. Having aggregated the numbers 323 

of significant breakpoints at all stations (Figure 5b), nearly 500 significant breakpoints 324 

occur each year on average. However, the number of significant breakpoints shows 325 

distinct interannual variations and evidently increases over time, in particular, since 326 

2000. In 2003, when the replacement of the LST measurement instruments occurred at 327 
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many stations throughout China, more than 1200 breakpoints are identified, and this 328 

number reaches the maximum value. For the monthly LST time series, the number of 329 

breakpoints in cold months (January to April, and November to December) is higher 330 

than in warm months (May to September) in every year. Previous documents and 331 

reports have also mentioned that the LST measurement instruments in in situ 332 

observation systems have been gradually changed from manual to automatic ones since 333 

2000 (Liu et al., 2008; Xu et al., 2019). Furthermore, it is well known that urbanization 334 

has developed rapidly during recent decades in China. The fact that some stations 335 

suffered from changes in the surrounding environment may also induce abrupt changes 336 

in the LST records, which is another reasons for the increase of the number of 337 

breakpoints.  338 

3.3 Frequency distribution of biases in MASH 339 

To explore the LST biases identified in the MASH procedure, we count the 340 

number of breakpoints with an absolute bias over 0.5 ºC (hereafter called a significant 341 

adjustment) at all stations in each subregion and throughout China (Figure 6). There are 342 

approximate 1.6×106 monthly records, of which 3.28×105 records (approximately 20% 343 

of total records) show significant adjustments in MASH. In each subregion, the 344 

majority of significant adjustments vary between 0.5 and 1.5 ºC and between -0.5 and 345 

-1.5 ºC (2.95×105 or 90% of all significant adjustments), within which two peaks are 346 

found around 0.5 ºC to 1.0 ºC and -0.5 ºC to -1.0 ºC. Except for the TP subregion, 347 

stations in other subregions show that the number of breakpoints with positive 348 

adjustments is greater than the number with negative ones. Moreover, absolute biases 349 

less than 0.5 ºC (hereafter called a minor adjustment) are also counted in Figure 7. We 350 

find that the minor adjustments account for 80% of the total adjustments in most 351 

subregions and in all of China, which is in accordance with the above results (records 352 

with significant adjustments account for approximately 20% of the total records). The 353 

YZ (NE) subregion in the cold season shows the highest (lowest) percentage of minor 354 

adjustments, above 90% (below 80%). The percentage of minor adjustments in the SE 355 

subregion from June to December is less than 60%. Approximately 80% of the total 356 
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records in the HHH subregion have experienced minor adjustments. We also display 357 

the frequency distribution of daily adjusted records (figures not shown), and it exhibits 358 

similar characteristics compared to the monthly results (Figure 6). 359 

 360 

Figure 6. Frequency distribution of the significant breakpoints of LST in the nine 361 

subregions and mainland China. Biases at these breakpoints are adjusted with MASH.  362 

 363 
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Figure 7. Percentage of records with adjusted LST biases between -0.5 ºC and 0.5 ºC 364 

in different months over the nine subregions and the Chinese mainland. 365 

4 Characteristics of raw and homogenized LSTs during 1960-2017 366 

To comprehensively understand the effects of inhomogeneities on the LST, we 367 

first compute three statistical metrics (mean, standard deviation, and linear trend) from 368 

both homogenized and raw LST at all stations, and we then compare their differences. 369 

To illustrate the results in different seasons, we use the statistical metrics in January 370 

and July of multiple years to represent the results in summer and winter, respectively 371 

(Figure 8).  372 

 373 

Figure 8. Spatial distribution of the differences of the monthly means ((a), (b)) and 374 

standard deviations ((c), (d)) between the homogenized and raw LSTs in January ((a), 375 

(c)) and July ((b), (d)). The filled dot and the ‘+’ symbol indicate the mean LST 376 

differences passing or not passing the significance test (P=0.05), respectively. The 377 

histogram plot in the lower left corner shows the frequency distribution of significant 378 

differences (unit: ºC). 379 

In winter, there are 81 (279) stations with significant positive (negative) 380 

differences between the homogenized and raw monthly mean LSTs (Figure 8a). Among 381 
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these stations, 163 (58% of 279) stations with significant negative differences are 382 

located north of 40ºN, while some are in the SE subregion. In summer, significant 383 

differences between stations are intense in the YG, SC, SE, and NA subregions. Three 384 

hundred twenty-five stations have significant LST differences, of which 117 (208) 385 

stations have significant positive (negative) differences (Figure 8b). In both winter and 386 

summer, the significant negative differences mainly vary between -2 ºC and -1 ºC, while 387 

the significant positive differences are within 1 ºC (histogram plots in Figures. 8a and 388 

8b).  389 

We use the standard deviation to represent the interannual variability, and its 390 

difference between homogenized and raw data can be regarded as the changes of the 391 

interannual variability of LST. In winter, the interannual variability of the homogenized 392 

monthly LST is much smaller than that of the raw values (Figure 8c). All 197 stations 393 

north of 40ºN (Figure 1a) show negative differences. Stations with negative differences 394 

are also prevalent in the TP subregion. In summer (Figure 8d), the interannual 395 

variability of the homogenized mean exhibits a remarkable difference from that of the 396 

raw mean at 102 stations, of which 100 stations display negative differences, which 397 

indicates that our homogenization process reduces the interannual variability 398 

remarkably at most stations whether in winter or in summer. 399 

To explore the changes in the long-term tendency of LST due to the MASH 400 

process, we also computed the linear trend for the homogenized and raw LSTs at all 401 

2360 stations in winter and summer during 1960-2017. In winter (Figures 9a and 9b), 402 

144 stations (6% of all 2360 stations) have negative linear trends in the raw dataset, of 403 

which only the trends at three stations are significant (p=0.05). Most stations show 404 

positive trends (94% of all 2360 stations), of which the LST trend at 57% of stations is 405 

significant (p=0.05). Stations with significant positive LST trends are concentrated in 406 

the NA, NE, LP, HHH, and TP subregions, and stations with negative trends are mainly 407 

located in the YG and YZ subregions. After homogenization, the number of stations 408 

with negative trends decreases from 144 to 45, and the LST trends at all these stations 409 

are not significant. The percentage of stations with significant positive LST trends 410 
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(57%) does not change, but the distribution differs greatly. Compared to the linear trend 411 

of raw LSTs, stations with significant positive trends are reduced north of 40ºN (the 412 

NE subregion and Xinjiang Province) but increase in the SE and TP subregions. In 413 

summer (Figures 9c and 9d), stations with negative trends increase and occupy almost 414 

the entire southern part of the Yellow River Basin. There are in total 648 stations with 415 

negative trends, and 12% of these are significant for the raw LSTs. This number 416 

increases to 659, while only 2% of them are significant for the homogenized LSTs, 417 

indicating that the homogenization process reduces the LST trends overall in mainland 418 

China.  419 

 420 

Figure 9. Distribution of linear trends of the monthly homogenized ((b) and (d)) and 421 

raw ((a) and (c)) LST in January ((a) and (b)) and July ((c) and (d)). The filled dot (‘+’) 422 

indicates stations with trends passing (not passing) the significance test (P=0.05). 423 

Finally, we perform a preliminary analysis of the homogenized LST dataset in 424 

terms of its temporal and spatial variations. Figure 10 displays the distribution of the 425 

annual mean homogenized LST and its time series averaged in China. Notably, the 426 

annual mean LST has negative values at very few stations in the NE subregion, while 427 

most stations have positive values. Moreover, for the entire period of 1960-2017, the 428 



Manuscript submitted to Earth and Space Science 

 

annual mean LST shows a significantly warming trend of approximately 0.22 ºC 429 

decadal-1, which is consistent with previous studies (Xu et al., 2019; Zhou et al., 2017). 430 

The trend of the annual mean LSAT shows a similar magnitude (0.21 ºC decadal-1), and 431 

the annual mean LST is generally 2 ºC higher than the annual mean LSAT. 432 

 433 

Figure 10. (a) Distribution of the multiyear mean homogenized LST and (b) its time 434 

series and the linear trend averaged over all stations in China (LST/LSAT with the solid 435 

line/dotted line) for the period of 1960-2017 (unit: ºC). 436 

5 Summary and discussion 437 

Long-term station observed datasets are the fundamental basis of climate 438 

research. A homogenized long-term LST record will greatly help us to thoroughly 439 

understand land-atmosphere interaction processes. This study is devoted to developing 440 

a homogenized long-term LST dataset from 2360 stations in the Chinese mainland for 441 

the period of 1960-2017 based on the NMIC/CMA in situ measured LST at 442 

meteorological stations. The main results are summarized as follows:  443 

Due to the replacement of instruments from manual to automatic ones around 444 

2004 north of 40ºN, the time series of the LSTs at 197 stations display remarkable warming 445 
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shifts during cold months. This warming bias fails to be homogenized by the MASH 446 

method. Therefore, the raw LST records at the above stations are first adjusted using 447 

the high-quality LSAT under the assumption of the same monthly variability of both 448 

the LST and LSAT at the same station. 449 

Then, the MASH method is applied to homogenize the LST dataset in China. 450 

During the period of 1960-2017, 5-25 significant breakpoints are detected in the LST 451 

monthly time series at most stations. Stations in southern China and most parts of the 452 

Sichuan Basin exhibited more intensive breakpoints than those in other subregions. The 453 

number of breakpoints has increased since 2000. Notably, in 2004, breakpoints are 454 

detected at more than 1200 stations. For most breakpoints, the absolute adjusted biases 455 

due to MASH are between 0.5 ºC and 1.5 ºC, with peaks around 0.5 ºC and -0.5 ºC. 456 

Moreover, comparing the difference between the homogenized and raw LSTs, the 457 

MASH process generally reduces the magnitude, interannual variability, and linear 458 

trends of LST. The interannual variabilities and linear trends of the homogenized LSTs 459 

are also reduced at the majority of stations, especially in the regions north of 40ºN in 460 

winter.  461 

It should be noted that there are some limitations of the new homogenized LST 462 

dataset north of 40ºN. We preliminarily adjusted warm shifts of LSTs in cold seasons 463 

from 2005 onwards by briefly using a linear relationship between LST and LSAT, but 464 

many other factors can also directly affect changes in LST, including precipitation 465 

frequency, solar radiation, vegetation, and so on (Zhou et al., 2017). In a recently 466 

published article, Du et al. (2020) corrected LSTs through LSATs while considering 467 

the influences of snow depth and solar radiation. They found that the stable linear 468 

relationship between LST and LSAT is sensitive to the snow depth and solar radiation 469 

to some extent. Therefore, the above data uncertainty should be considered when this 470 

dataset is applied in research.  471 

In summary, we provide a 58-year (1960-2017) homogenized daily LST dataset 472 

with abundant stations (2360) in China. The current paper only presents the 473 
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homogenization process of the LST dataset and its preliminary analysis, but our work 474 

extends beyond this. We apply the MASH method on soil temperature at nine soil 475 

depths (0 cm, 5 cm, 10 cm, 15 cm, 20 cm, 40 cm, 80 cm, 160 cm and 320 cm). The 476 

results for other soil depths are similar to those for LST, so we do not present them in 477 

this paper. The long-term homogenized LST and soil temperature in different soil 478 

depths contain a relatively dense number of stations and can have a variety of 479 

applications, such as for model evaluation and climate and soil related research. 480 
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