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Abstract: Examining large-scale characteristics of the difference between ground surface temperature
(GST) and surface air temperature (SAT) and its long-term trend will help understand land surface
energy exchange and the effect of land-atmosphere interaction on climate change and variability.
Based on a homogenized monthly dataset of GST and SAT from 1961 to 2018, this study analyzes the
spatial distribution and long-term trend of the difference between ground surface temperature and
surface air temperature (GST-SAT) in the warm season (April to October) over China mainland. The
results show that the warm-season mean GST-SAT in the Qinghai-Tibet Plateau and the northwestern
deserts have the largest GST-SAT. On average, the GST-SAT in China is the greatest in summer,
with the maximum monthly value occurring in July. During 1961-2018, the warm-season mean
GST-SAT undergoes a significant increasing trend (0.04 °C/10yr, p < 0.01), with the largest increase
seen in mid-late spring (April and May), and the smallest increase in August. Spatially, the GST-SAT
increases significantly in the northern region, decreases slightly in the southern region, and remains
unchanged in the Qinghai-Tibet Plateau. The warm-season mean GST-SAT is significantly positively
correlated with altitude and sunshine duration (R = 0.50, 0.40; p < 0.05), and significantly negatively
correlated with relative humidity and precipitation (R = 0.48, —0.42; p < 0.05), in the country on a
whole in the analysis period.

Keywords: ground surface temperature; surface air temperature; difference; spatio-temporal patterns;
variation trend; impact factors; China

1. Introduction

Land-atmosphere interaction plays a vital role in the formation, variability, and
change of regional climate [1-3]. Strengthening research on scientific issues related to
land-atmosphere interaction will help to develop theories and technologies of climate
predictability [4,5]. Since the 1980s, a series of large-scale comprehensive observation
experiments and research projects have been organized in the world including China, to
improve the scientific understanding of land-atmosphere processes such as water and heat
exchange and their impact on climate [6-9]. Due to its intrinsic thermal properties, soil can
record climate anomalies [10-13], affecting terrestrial surface climate and climate variability
by interacting with the atmosphere, and can be used as a predictor of seasonal climate
anomalies and extreme events [14,15]. Here soil “records” mainly refer to soil moisture and
temperature persistence. As an example, precipitation anomalies may lead to soil moisture
anomalies, which may take weeks to months to eliminate through evaporation and other
surface processes [10].

In the process of land-atmosphere interaction, the surface sensible heat flux is an es-
sential energy source for the lower atmosphere, and its non-uniform horizontal distribution
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will lead to spatial differences in surface air heating, which in turn affects regional climate
variability and change [16-18]. Surface sensible heat flux can be estimated from surface air
density, near-surface wind speed, ground surface temperature, near-surface air temperature,
and turbulence exchange coefficient [19,20]. This estimation method is straightforward
and also probably an important application of the Monin-Obukhov Similarity Theory
(MOST) [21,22]. MOST describes the influence of shear stress and buoyancy on near-surface
turbulent transport with the method of similarity and dimensional analysis and establishes
a general expression of near-surface meteorological elements profiles. However, there are
some limitations to the application of MOST. The use of MOST is generally limited to
the surface layer with low surface roughness or homogeneous surfaces, and the stable air
conditions of boundary layer [23]. The difference between ground surface temperature and
surface air temperature (GST-SAT) can be characterized by the difference between the 0
m soil temperature and 1.5 m air temperature. The GST is the ground skin temperature
or 0-cm soil temperature measured at the stations, and the SAT is the 150-cm shelter air
temperature. The GST-SAT is one of the main contributors to surface sensible heat flux,
and it can be used as a good indicator for variation of surface sensible heat flux [18,24].
Therefore, studying the temporal and spatial distribution and long-term change of GST-
SAT over China is meaningful for characterizing the distribution and change characteristics
of surface sensible heat flux, which in turn is important for understanding the mechanisms
of climate change and variability and improving regional climate prediction skills.

Some researchers have investigated the distribution and variation of GST-SAT in a
few regions of China mainland. For example, Zhang et al. [25] found that the GST-SAT
in the Qinghai-Tibet Plateau (QTP) had an obvious zonal distribution from northwest to
southeast, and had a quasi-two-year periodic oscillation. Based on the EOF decomposition,
Fan et al. [24] discussed the distribution types of GST-SAT in the arid region of Northwest
China. Previous studies also discovered that the GST-SAT in the arid and semi-arid regions
of Northwest China had a quasi-periodic oscillation and interdecadal variability [26,27].
A dramatic increase in the GST-SAT in northern China (north of 40° N) in winter since
2005 was observed by Wang et al. [28]. They believed that this trend of GST-SAT was
related to the increase in winter snow depth in northern China in recent decades. However,
Liao et al. [29] pointed out that automatic weather station (AWS) observation has been gen-
erally adopted in place of manual observation in China’s national meteorological stations
since 2005. Due to the different technical specifications of observation, the ground surface
temperature observed by AWS is higher than that observed by the traditional manual
observation. Therefore, the abnormal increase of GST-SAT in northern China in winter may
have been caused by the inhomogeneity of observation data. Based on the homogenized
GST and SAT data from less than 700 national stations, Shi and Chen [30] found that except
for a significant upward trend in spring, the GST-SAT showed a downward trend in the
other three seasons in China during the last decades, which was different from the previous
research results [28,29].

Some researchers have used reanalysis data, such as ERA-5, to discuss the spatiotem-
poral patterns of land surface-air temperature differences around the global scale. There is
some variation in the results obtained from different datasets. During 2001-2016, the global
land surface-air temperature difference exhibited decreased trend, especially in northern
South America [31]. The highest mean land surface-air temperature difference values from
1981-2019 are mainly distributed in West Asia, Northern Africa, and Australia, and the
lowest values are mainly located in Greenland. The areas with significantly increasing land
surface-air temperature difference areas are mainly distributed in the Western United States,
Northern Argentina, Southwest China, and Central Africa. The significantly decreased
areas are mainly located in Northwestern North America, East Asia, and South Africa [32].

Different properties of the surface and near-surface atmosphere including soil moisture,
vegetation, snowpack, and atmospheric vapor content will affect GST-SAT. For example,
the effect of soil moisture on GST-SAT shows a non-linear relationship due to the different
background values of soil moisture and temperature [32]. The variation of net radiation
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with latitude mainly determines the global spatial heterogeneity of GST-SAT. As the
snowpack increases, the high albedo of the snowpack leads to a decrease in GST, and thus
to a decrease in GST-SAT [33].

In some of the previous studies on the spatiotemporal variations of GST-SAT in
China mainland, the results may be biased due to the inhomogeneity of observation data.
Although Shi and Chen [30] used the homogenized data to analyze the variation charac-
teristics of GST-SAT, the meteorological station data they used only include 686 stations,
and their conclusions obtained were somewhat different from other previous studies. At
present, therefore, there is still a lack of sufficient understanding of the climatological
characteristics and long-term variation of GST-SAT in China. In this study, the multi-scale
spatial and temporal characteristics of GST-SAT in China mainland and some of its possible
influencing factors are studied by using the updated homogenized GST and SAT data at
the national stations of more than 2000. The high-density observational network and the
improved homogenized GST and SAT data will help deepen the understanding of GST-SAT
climatology and trends in the country. This study focuses on long-term trend characteristics
since 1961, which we hope to provide new reference information for researchers in the
fields related to hydrological climate, land-atmosphere interaction, and climate models.

2. Data and Methods
2.1. Data

This study uses the homogenized monthly GST [34] and SAT [35] data from
2400 meteorological stations in China provided by the National Meteorological Information
Center (NMIC), China Meteorological Administration (CMA). Significant inhomogeneities
exist in the GST data series due to the transition from manual meteorological stations
to AWS around 2003 in China mainland, and homogenization of the data is necessary.
Homogenization has been conducted by the NMIC [34]. At Miyun station of Beijing and
Waubhan station, for example, data breakpoints occurred around 2004 and 2009 respectively
due to the instrumentation, and the time series of annual mean GST have significant dif-
ferences before and after homogenization (Figure 1). The data homogenization takes into
account the influence of non-climatic factors such as observation instrument replacement,
station relocation, and abrupt changes in the surrounding environment of the stations. The
homogenized SAT and GST historical data from the high-density observational stations
can better represent the long-term variation of GST-SAT.
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Figure 1. Temporal variations of warm-season mean GST before (blue dotted line) and after (red solid
line) homogenization for (a) Miyun station (ID: 54416) of Beijing and (b) Wuhan station (ID: 57494)
from 1961 to 2018.

2.2. Methods

Considering the continuity and integrity of the data, this study selects the warm
season (April to October) from 1961 to 2018 as the research period and selects the records
of 2171 stations having both GST and SAT with no missing record for more than 30 consec-
utive years as the research data. The reason to analyze the warm season GST-SAT change
is that, although the homogenization has been completed for the instrumentation change
from manual to AWS around 2005, there are still some problems with the homogeneity of
GST data during winter due to the tremendous change in the observational specification,
and also the warm season is the period when the most active interaction between the land
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surface and low-layer atmosphere occurs in a year. There is snow cover in the three major
snow areas of China (northern Xinjiang province, northeast China and the Qinghai-Tibet
Plateau) in April and October, but the number of snow days and snow depth are small, and
it may affect the homogenization of the data at the end months of the warm-season [36-38].
We selected 15, 11, and 15 stations in the northern Xinjiang province (>45° N), the northern-
most part of northeast China (>50° N), and the eastern Qinghai-Tibet Plateau (32-36° N;
96-102° E), respectively, to evaluate the possibly remaining breakpoints in the data series at
both ends of the warm-season. We found no inhomogeneity in the homogenized GST data
series of April and October for the selected stations in the three major snow cover regions
of China (Figures S1-53 in Supporting Information S1). This indicates that homogenization
eliminates the impact of the transition from manual meteorological stations to AWS in the
colder end months of the warm season due to accidental snowfall [34].

When analyzing the factors including altitude (ALT), sunshine duration (SSD), precip-
itation (PRE), and relative humidity (RH) affecting the GST-SAT, the same-length monthly
data of sunshine duration, precipitation, and relative humidity provided by the NMIC are
also used in this paper. These observational data are obtained from the same stations with
the GST and SAT, among which the monthly precipitation and relative humidity data have
been homogenized in the NMIC. All of these station data we used are quality controlled by
the NMIC before homogenization.

The warm season is further divided into three stages: mid-late spring (April-May,
AM), summer (June-July-August, JJA), and early-mid autumn (September-October, SO).
We analyze the spatial and temporal distribution characteristics of GST-SAT in the whole
warm season and the three different stages. To better understand the various characteristics
of GST-SAT in different regions, China’s mainland is divided into six sub-regions (Figure 2)
referring to the zoning methods of Wang and Zuo [39] and You et al. [40]. The methods
originally referred to the climate and natural zones of China divided by the Chinese
Academy of Sciences in the 1980s. Region-averaged values of basic climate elements and
urbanization levels for each sub-region are given in Table 1. Climatological means in the
table are the averages of the monthly means for SAT and relative humidity, and of the warm
season accumulated values for precipitation, in the period of 1961-2018. The urbanization
level is calculated by using the method proposed by Tysa et al. [41]. They classified all
national stations (2400) into six levels and assigned values from 1 to 6, with larger values
indicating higher levels of urbanization. The largest values of SAT, precipitation, and
relative humidity all appear in South China; the smallest regional averages of SAT occur in
the Qinghai-Tibet Plateau and Northeast China and of precipitation and relative humidity in
Northwest China. Northeast China and Central China see the highest urbanization levels.

There is a great difference in the coverage of meteorological stations in eastern and
western China. To reduce the influence of the spatial heterogeneity of station distribution
and the altitude differences of stations on the analysis results, the method of grid area-
weighted average [42] is used. We divide China’s mainland into 2° x 2° grids to ensure at
least one station in each grid and use anomaly time series to calculate the mean trend, which
can reduce the influence of spatial heterogeneity of stations on the estimates of the trends.
The climate reference period for calculating the anomaly is the entire period analyzed
(1961-2018). The arithmetic average of the observed data anomaly of all stations in each
grid is taken as the grid anomaly value, and Formula (1) is used for the area-weighted
average to obtain the regional average warm-season mean anomaly value.

n
Y iqcosq;xT;

T = ==L
i1 cos @;

@
where T is the regional average temperature, n is the number of grids, ¢; is the center
latitude of the grid-box, and T; is the arithmetic mean of each grid box. If the grid value is
missing, the grid does not participate in the calculation of the weighted average. For the
2171 stations we used for the analysis, the data after the 1980s is basically complete, but
there are some missing ground surface temperature data before the 1980s in Sichuan and
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Fujian Provinces (Figure S4 in Supporting Information S1). Due to the large samples of the
observations, and the standard calculation methods for regional mean, the missed records
will not significantly affect the analysis results.
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Figure 2. (a) Spatial distribution of observation stations and (b) the six sub-regions in China mainland
(Northwest China—NWC, 73.25° E-103.25° E/37.25° N-49.75° N; Qinghai-Tibet Plateau—QTP,
73.25° E-103.25° E/26.75° N-37.25° N; Northeast China—NEC, 109.75° E-135.75° E/42.75° N-54.75°
N; North China—NC, 103.25° E-129.75° E/33.75° N-42.75° N; Central China—CC, 103.25° E-122.75°
E/26.75° N-33.75° N; South China—SC, 97.25° E-122.75° E/17.25° N-26.75° N). The scale bar in
(b) is the same as that in (a).

Table 1. Region-averaged values of basic climatic elements in warm-season and urbanization level in
six sub-regions.

SAT °C) Precipitation RH (%) Urbanization

(mm) Level

NWC 16.03 119.88 43.05 271
QTP 10.74 436.42 56.44 1.86
NEC 13.90 422.00 61.55 3.18
NC 17.66 486.31 63.60 3.03
CcC 22.13 960.19 76.15 3.14
SC 23.72 1255.02 77.84 3.07

The data series of monthly mean GST-SAT basically follows the Gaussian distribu-
tion. The changing trend of GST-SAT is calculated by the least square method, and the
significance of the linear trend is tested by using the student t-test. When the linear trend
of GST-SAT passes the statistical test at p < 0.05 and p < 0.01 levels, it is considered to be
significant at the 95% and 99% levels, respectively.

3. Results
3.1. Spatial Distribution

Figure 3a displays the spatial distribution of GST-SAT in the warm season in China
mainland over the period 1961-2018. It can be seen that the GST-SAT varies with geo-
graphic location, and the spatial pattern is generally high in the west and low in the east.
This result is consistent with those obtained by Liao et al. [29] who applied a subset of the
temperature data used in this study. In most areas of western China, especially west of 100°
E, the GST-SAT is above 4.0 °C (the average value in China mainland is 3.9 °C (Table 2)),
while it is below 4 °C in most areas of the Eastern Monsoon Region. The high-value centers
of GST-SAT are mainly in the QTP and southwest Xinjiang Province, and the low-value
areas are in the three Northeastern China provinces, the Sichuan Basin and its southwest
side, northern Xinjiang Province, and parts of the coastal zone. The spatial characteristic
in mid-late spring and summer (Figure 3b,c) is similar to that in the whole warm season.
The high-value centers of GST-SAT in mid-late spring are located in the QTP and southern
Xinjiang Province. The areas with GST-SAT below 2.0 °C are mainly in southern and
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southwestern Central China. In summer, the GST-SAT is mostly greater than 3.0 °C, and
the high-value centers of GST-SAT are mainly in the QTP, southern and western Xinjiang
Province. Compared with GST-SAT in mid-late spring and summer, the temperature
difference in early-mid autumn (Figure 3d) is lower, and the areas with values above 4.0 °C
mainly appear in the QTP and South China, in particular along the Himalayan Mountains.
The zonal distribution of GST-SAT in early-mid autumn is more obvious, characterized
by a decrease with increasing latitude, with most of the low-value areas located north of
40° N. In addition, the GST-SAT in the Sichuan Basin and the Bohai Bay area is also lower
than 2.0 °C. The average GST-SAT in China mainland is the highest in summer, followed
by mid-late spring and early-mid autumn (Table 2).
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Figure 3. Spatial distribution of mean GST-SAT in (a) the warm season, (b) mid-late spring (AM),
(c) summer (JJA), and (d) early-mid autumn (SO) in China mainland from 1961 to 2018 (unit: °C).

Table 2. Mean GST, SAT, and GST-SAT, and their trends in the warm season (WS), spring (AM),
summer (JJA), and autumn (SO) in China mainland from 1961 to 2018.

Trend (°C/10yr) Mean (°C)
GST SAT GST-SAT GST SAT GST-SAT
szigr‘l 0.27 ** 0.23 ** 0.04 ** 21.44 17.43 3.88
AM 0.35 ** 0.25 ** 0.10 ** 18.25 14.29 3.81
IJA 0.22 0.20 ** 0.02* 26.48 21.68 467
SO 0.26 ** 0.24 ** 0.03 ** 17.07 14.20 2.75

*: Denotes the trend that passes the p < 0.05 confidence test. **: Denotes the trend that passes the p < 0.01
confidence test.

3.2. Temporal Variations

Figure 4a shows temporal variations of the warm season mean GST and SAT, and
their difference (GST-SAT) in China mainland during 1961-2018. Overall, the GST and
SAT both exhibit wavelike rising trends, and the rises are obviously more significant after
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the early 1990s. They have a highly synchronous interannual variability [43-45]. Since the
rising trend of GST is greater than that of SAT, the GST-SAT anomaly shows an increasing
trend throughout the study period. The increasing trend is 0.04 °C/10yr. The temporal
variations of GST-SAT in mid-late spring, summer, and early-mid autumn are displayed in
Figure 4b—d. It can be seen that the trends of seasonal GST-SAT in China are similar to that
in the whole warm season, with each of them showing an increasing trend. However, the
magnitude of the increase in each season is different. The rising trend in mid-late spring is
most significant, reaching 0.10 °C/10yr, followed by early-mid autumn and summer. All
linear trends in Figure 3 pass the 99% confidence test, except that the trend of GST-SAT in
summer only passes the 95% confidence test (Table 2). It can be seen from the figure that the
ground surface temperature and surface air temperature fluctuated greatly in the mid-late
spring of 2010 and the summer of 1976. In the spring of 2010 and the summer of 1976,
the abnormal low temperature in Northeast and North China caused low-temperature
disasters, so the mean temperature was low and fluctuated greatly [46,47].
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Figure 4. Temporal variations of mean GST, SAT, and GST-SAT anomaly in (a) the warm season,
(b) mid-late spring (AM), (c) summer (JJA), and (d) early-mid autumn (SO) in China mainland from
1961 to 2018. The black solid line represents the difference between GST and SAT or GST-SAT, the
red solid line and blue line represent the ground surface temperature and surface air temperature,
respectively, and the dashed line represents the linear trend.

According to the year-month profile of the monthly mean GST-SAT anomaly in the
warm season (Figure 5), the whole study period can be roughly divided into three sub-
periods: 1961-1980, 1980-2000, and after 2000. In general, the GST-SAT is mainly negative
in the first and third stages. The negative anomaly in the first stage is mainly in mid-
late spring and early summer (between April and June). There is an obvious positive
anomaly center in this stage, which occurs in August and September in the middle and
late 1960s. The negative anomaly in the third stage, however, is mainly in summer and
early-mid autumn (from June to October), and the negative anomaly in mid-late spring
of the first stage is replaced by a positive anomaly. In the second stage, the GST-SAT is
usually positive, and the center of the positive anomaly is mostly in late summer (late
July to August). During the whole period of 1961-2018, the GST-SAT in mid-late spring
(April-May) is relatively low in the early period and begins to increase after the late 1970s
to early 1980s. It can be also seen that the GST-SAT from June to October increases first and
then decreases, with the greatest changes in late July and August, and the mid-late spring
GST-SAT does not show a decrease after it increases since the early 1980s.
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Figure 5. Year-month profile of the monthly mean GST-SAT anomaly in China mainland (Unit: °C).

Figure 6a presents the spatial distribution of the linear trends of GST-SAT in the warm
season. For the warm season, the areas where the GST-SAT increases significantly are
mainly in the northern region of China, western QTP, and southern Sichuan Province.
The most obvious area of GST-SAT increase is in southeastern Xinjiang Province, with
an increasing trend of more than 0.4 °C/10yr. The regions where the GST-SAT decreases
significantly in the warm season are mainly in southeastern QTP, parts of the southeastern
coastal zone, and parts of Central China. In general, the GST-SAT decreases in southern
China and increases in northern China. The GST-SAT increases in the northernmost regions
of China mainland, because of the more rapid warming rate of GST than that of SAT. In the
southern regions, the warming trend of GST is generally less than that of SAT, resulting
in a downward trend in GST-SAT. In mid-late spring (Figure 6b), the GST-SAT shows an
increasing trend in most areas of China, but the regions that pass the significance test are
dominantly in the north. The center of the positive trend is located in southeastern Xinjiang
Province. The regions where the GST-SAT decrease is mainly in northern Xinjiang Province,
eastern QTP, parts of the North China Plain, and the southern coastal areas. In summer and
early-mid autumn (Figure 6¢,d), the region where the GST-SAT increase is also mainly in
the north, and the positive center of linear trend is the same as that in mid-late spring; the
GST-SAT decreases in the southern region, especially in the southeastern coast of China.
The mean GST-SAT in China mainland increases the most in mid-late spring because of
the stronger warming in GST than SAT in most areas of China in the season compared with
in summer and early-mid autumn.

The intra-seasonal variation of the monthly mean GST-SAT in China mainland dis-
plays a single-peak curve (Figure 7a), with the maximum value occurring in July at 4.17 °C.
The time when the GST-SAT reaches its maximum differs in different sub-regions. The
maximum GST-SAT is in May in the QTP, June in the northern sub-regions (Northwest
China, Northeast China, and North China), August in Central China, and July in South
China. Among the six sub-regions, Northwest China has the largest intra-seasonal variation,
and its maximum value is the largest, reaching 6.5 °C. The GST-SAT reaches its maximum
in the northern regions earlier than that in the southern regions.

Figure 7b shows the intra-seasonal (April-October) variation of linear trends of the
GST-SAT in China mainland and its sub-regions. For China mainland, the linear trend
variation is characterized by an asymmetrical “v” type, showing a maximum linear trend
in April, decreasing first, and then increasing after reaching the minimum in August. The
variation in the southern sub-regions (QTP, Central China, and South China) is similar to
China mainland, with minimum values in July or August. The variation in trend in the
three northern sub-regions, however, is different, with the linear trend in Northeast China
and North China having the maximum in April and minimum in October, and that in
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Northwest China the maximum in May and the minimum in August. The GST-SAT trends
in the southern regions and the QTP are negative in most months of the warm season.
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Figure 6. Spatial distribution of linear trend of mean GST-SAT in (a) the warm season, (b) mid-late
spring (AM), (c) summer (JJA), and (d) early-mid autumn (SO) in China mainland from 1961 to 2018
(unit: °C/10yr). The red color represents an increase, the blue color represents a decrease, and the
dotted area (grid) indicates that the trend passes the 95% confidence test.
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Figure 7. Intra-seasonal (April to October) variations of (a) GST-SAT and (b) its trends in China
mainland and its six sub-regions during 1961-2018. The gray dashed line in (a) indicates the warm-
season mean GST-SAT. Bars in (b) indicate one standard deviation.

From the perspective of the trends of GST-SAT in the six sub-regions (Figure 8), the
warm-season GST-SAT in the north of China, including Northwest China, Northeast China,
and North China shows a remarkable increase. Among the three regions, Northeast China
has the largest increasing trend in the warm-season GST-SAT. While in Central China and
South China, the warm-season GST-SAT decreases, and the decreasing trend in South



Land 2023, 12, 1057

10 0of 18

China is more obvious than that in Central China. The warm-season GST-SAT in the
QTP on the whole has no apparent change during the entire study period. In general, the
warm-season GST-SAT increases in northern regions and decreases in southern regions.
The decrease of GST-SAT in the south is much smaller than its increase in the north, so
on average, the mean GST-SAT in the warm season in China mainland shows an overall
increasing trend (Figure 4a).
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Figure 8. Trends of warm season and seasonal (AM, JJA, SO) mean GST-SAT in the six sub-regions
in China mainland from 1961 to 2018 (*: denotes the trend that passes the 95% confidence test;
**: denotes the trend that passes the 99% confidence test).

There are obvious differences in the trends of seasonal GST-SAT in the six sub-regions.
In mid-late spring, except for South China, the GST-SAT increases significantly in the
other five sub-regions, with the increasing trend in Northwest China and Northeast China
being more significant. In summer, the GST-SAT increases significantly in the northern
sub-regions, with the largest increase in Northeast China; significant decreases are seen in
the southern sub-regions, with the largest reduction in Central China. Early-mid autumn
sees a significant increase in Northwest China and a significant decrease in South China and
Central China. For the northern sub-regions where GST-SAT increases in each season, the
increasing rate is the largest in mid-late spring and the smallest in early-mid autumn; for the
southern sub-regions, however, the GST-SAT increases in mid-late spring but decreases in
summer and early-mid autumn. Since the GST-SAT in mid-late spring generally increases
in every sub-region, the increasing trend of average GST-SAT in China mainland in the
season is the largest. In summer and early-mid autumn, however, the GST-SAT slightly
decreases in the southern sub-regions but greatly increases in the north, so the average
GST-SAT in China mainland in the two seasons shows a weaker increasing trend (Figure 4).

3.3. Possible Factors Affecting GST-SAT

In Sections 3.1 and 3.2, we have analyzed the main climatological characteristics and
the long-term trends of the warm-season GST-SAT difference in China mainland. The main
causes or drives of the tempo-spatial pattern and trends of GST-SAT are beyond the scope
of this paper, and they need further investigation. However, here we make a brief analysis
of the altitude and some climatic factors that may affect the GST-SAT. The climatic factors
include warm-season sunshine duration, relative humidity, and precipitation. The reason
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why we choose climatic factors is that they are obtained from observation and the long
time series data at the same time period are available. All four factors are physically related
to the GST-SAT through surface radiation and energy balance. Although relative humidity
and precipitation are not independent, they are somewhat different in that relative humidity
describes mainly the humid condition of the air, while precipitation can affect not only the
near-surface air moisture but control the soil moisture and energy balance. Therefore, they
are treated as two independent variables in the analysis.

Figure 9 shows that the GST-SAT in the warm season is significantly positively cor-
related with the altitude and sunshine duration and is significantly negatively correlated
with relative humidity and precipitation. That is to say, the higher the altitude, the longer
the sunshine duration, the larger the GST-SAT, and the larger the relative humidity and
precipitation, the smaller the GST-SAT.
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Figure 9. Correlation between warm-season mean GST-SAT and (a) altitude, (b) relative humidity,
(c) sunshine duration, and (d) precipitation of observational stations in China mainland from 1961 to
2018. All correlation coefficients in the figure pass the significance test of p < 0.01.

The explanation for the correlations is easily understandable. The higher the altitude,
the shorter the distance that the solar radiation passes through the atmosphere, the smaller
the solar radiation attenuation by the atmosphere, mainly due to the less scattering and
absorption by the air molecules and aerosols, and the larger the solar radiation received
on the surface [48-50], which is conducive to the increase of ground surface temperature,
leading to a higher GST-SAT. In addition, the air temperature decreases with the increase of
altitude, and the surface air temperature in high altitude areas is low due to the sustained
replenishment by cold air advection, which is also beneficial to the larger GST-SAT in the
altitude areas.

Water vapor, as an important greenhouse gas in the atmosphere, can make the at-
mosphere absorb heat and increase the surface air temperature [51]. When the moisture
content of the atmosphere is higher (higher relative humidity), more heat is absorbed by the
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low-layer atmosphere, thus reducing the difference between the GST and SAT. In addition,
water in the air is the only component that can undergo phase change within the range of
atmospheric temperature variations. The process of phase change in water is accompanied
by the absorption and release of latent heat, which can cause the transfer of heat, thus
affecting the air temperature change. When precipitation occurs, the water content of the
soil and the near-surface atmosphere will increase. The rising soil moisture will increase the
surface evapotranspiration, which will raise the latent heat flux and lower the sensible heat
flux [52], as a result of the decreased ground surface temperature and the increased surface
air temperature, leading to a drop of GST-SAT. In addition to the influence of precipitation
on soil moisture, changes in precipitation affect cloud cover, and clouds are very important
for the earth’s surface radiation and energy balance [53]. Low cloud covers resulting from
the low regional precipitation may have a net cooling or warming effect on the surface
climate [54], differentially affecting the GST and SAT. These need to be further investigated
in the future.

Regardless of whether it is in China mainland as a whole or each sub-region (Figure 2),
the GST-SAT is positively correlated with altitude and sunshine duration, and negatively
correlated with relative humidity and precipitation (Figure 10). However, there are certain
differences in the correlations between the GST-SAT and the four factors among the
sub-regions, which may be related to the properties of the varied underlying surface
in different regions. The strongest correlations appear in the Qinghai-Tibet Plateau and
Northeast China, and the weakest ones occur in Northwest China, Central China, and South
China, with a few (mostly with altitude) not statistically significant due to the relatively
flat landforms.
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Figure 10. Correlation coefficients between warm-season mean GST-SAT and the possible influencing
factors (ALT, SSD, RH, and PRE) in China mainland and its six sub-regions from 1961 to 2018
(*: denotes the correlation that passes the p < 0.05 confidence test; **: denotes the correlation that
passes the p < 0.01 confidence test).

4. Discussion
4.1. GST-SAT

In this paper, we used a homogenized GST dataset with the stations selected from all
of the national station networks to analyze the climatological characteristic and long-term
trends of GST-SAT in China mainland. The new high-quality data used should significantly
improve the reliability of the analysis results, especially of the calculated linear trends,
which is the major focus of this work.
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To illustrate the improvement, we conduct a comparative analysis of the linear trend
of GST-SAT using the data before and after homogenization, and from 2171 stations and
775 stations. By calculation, the GST-SAT both before and after homogenization showed
a significant increasing trend in the warm season, but the trend obtained with the data
before homogenization [28] showed a greater trend than that obtained with the data after
homogenization. Overall, the trend of GST-SAT calculated with the homogenized data
is 0.02~0.03 °C/10yr lower than the trend calculated with the non-homogenized data
(Table 3). The cause for the difference needs to be investigated, but it may be related to
the transformation from a manual to an autonomous weather station system in China
around 2003, which has led to a large positive bias in GST after the instrumentation
change. Therefore, using the homogenized data can better describe the spatial and temporal
characteristics of GST-SAT, and is also more confident in the detection of regional GST and
SAT change.

Table 3. Mean GST-SAT trends in the warm season, mid-late spring (AM), summer (JJA), and
early-mid autumn (SO) in China mainland from 1961 to 2018.

Warm

GST-SAT’s Trend (°C/10yr) AM JJA SO
Season
HOMO (2171 stations) 0.04 ** 0.10 ** 0.02* 0.02 **
Non-HOMO (2171 stations) 0.07 ** 0.12 ** 0.05 ** 0.05 **
HOMO (775 stations) 0.03 ** 0.09 ** 0.01 0.02 *

*: Denotes the trend that passes the p < 0.05 confidence test. **: Denotes the trend that passes the p < 0.01
confidence test.

Previous studies on the GST-SAT mostly focused on the Qinghai-Tibet Plateau and the
arid and semi-arid northwestern China [25,26], and the time of these studies focused on the
middle and late 20th century. Our research used homogenized data to focus on the change
of GST-SAT in the warm season in China mainland in the last 60 years. A remarkable
change or regional warming slowdown occurred in the period since 1998 (2000) [55].
The updated analysis of the whole China mainland using homogenized data would be
also relevant to understand the new features of regional climate change. Wen et al. [27]
compared and analyzed the GST-SAT differences between southeastern and northwestern
China, but did not cover the whole of China. In this paper, we divided the country into six
sub-regions and compared the GST-SAT differences among sub-regions. The comparison
reveals some obvious differences in GST-SAT among these regions.

Liao et al. [29] used quality-controlled but non-homogenized data from more than
800 meteorological stations, and they showed a rising trend of 0.06 °C/10yr for the GST-
SAT from April to October. In our analysis, we obtained a 0.04 °C/10yr arising rate using
the homogenized data from 2400 stations in the country. The results of this study suggest
that the increasing trend of the GST-SAT is substantially lower, mainly due to the correction
of the positive bias in the GST data.

The trend of GST-SAT obtained by Shi and Chen [30] using the homogenized data of
800 stations is different from the previous study. They indicated that the GST-SAT only
increases in spring, but decreases in all other seasons, and also decreases on average for the
whole of China mainland. This is also different from our analysis and the previous studies.
Our results show that the GST-SAT in the warm season shows an increasing trend, and the
average GST-SAT of China mainland also increases slightly in summer.

We also found that, in the previous studies on GST-SAT changes in China mainland,
the absolute value of the GST-SAT is used directly to calculate the change trend. However,
due to the great difference in the numbers and density of eastern and western stations
and the great difference in altitude and other geographical characteristics, the GST-SAT
trend calculated in this way has a large uncertainty. It is more reasonable to use the
method of anomaly and grid area-weighted average in a large region with complicated
topographical features [42]. We used a calculated method of temperature anomalies and
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longitude*latitude grid area-weighted average to obtain regional averaged GST and SAT
time series, and then to derive the linear trends of warm-season mean GST-SAT. This
method guarantees as high as possible accuracy of the estimates.

Observation of ground surface temperature is available in only a few countries, and
observation data are temporarily unavailable. Therefore, studies on GST-SAT have mainly
focused on the Chinese region. Jiang et al. [32,33] used ERA-5 reanalysis data to discuss
global land surface-air temperature differences. They found that the mean land surface-air
temperature difference showed an increasing trend on the eastern QTP and in northern
China and eastern Inner Mongolia. This increasing trend was greater in the eastern Tibetan
Plateau in spring and in northern China and eastern Inner Mongolia in summer, which is
significantly different from our results. This may be due to the different time periods of
different studies. Moreover, the surface temperature from the reanalysis data is somewhat
different from the observed surface temperature. The observed surface temperature is the
0 cm soil temperature (Ground surface temperature), while the surface temperature in
ERA-5 is the skin temperature (The skin temperature is the theoretical temperature that
is required to satisfy the surface energy balance). The difference between the observed
surface temperature and satellite remote sensing surface temperature is a question worthy
of further study.

4.2. Influencing Factors of GST-SAT

The change of GST-SAT is determined by changes in ground surface temperature
and surface air temperature. Since the exchange of energy and moisture between the
land surface and the atmosphere is affected by surface conditions [56-59] and climate
change [60,61]. Precipitation replenishes soil moisture and causes strong evaporative
cooling, which hinders the rise in surface temperature [52,62]. Changes in land use type
and vegetation cover will cause changes in surface albedo and atmospheric water vapor,
which in turn will affect changes in ground surface temperature and air temperature [31,63].
There are complex interactions and connections between the land surface and atmosphere,
so there are many factors that affect the GST-SAT and its change with time.

The changes in GST-SAT may be also related to near-surface wind speed, surface
evaporation, changes in the surface environment, or changes in greenhouse gases and
aerosols in the atmosphere [64-67]. Changes in aerosol and cloud cover will directly affect
solar irradiance. When aerosols decrease (increase), solar irradiance increases (decreases),
and surface temperature increases (decreases). On the other hand, snow or seasonally
frozen soil [14,68] in winter may also affect the variation of GST-SAT.

Other possible influential factors, including the variation of soil moisture content,
atmospheric circulation (such as sea level pressure field or wind speed), and varied-scale
land use and land cover change, should also be further investigated. Among these, the local
anthropogenic activity such as urbanization and training of wetlands near the observational
sites may have played a role. The warm season GST-SAT trends are the largest in Northeast
China and Northwest China, and the smallest in South China and the Qinghai-Tibet Plateau
(Figure 8). A preliminary analysis shows significant increases in annual mean GST-SAT at
urban stations relative to rural stations in a few areas of eastern China and northeastern
China. The average urbanization level in Northeast China is also among the largest ones
in the country, and that of the Qinghai-Tibet Plateau is the lowest (Table 1), indicating
a possible association of the GST-SAT trends with the urbanization levels around the
observational stations. Urbanization may have differentially affected the heating of surface
and near-surface air through the changed surface energy flux, and thus lead to an increased
trend in GST-SAT at urban stations. In the future, we will conduct further and more
comprehensive research on the possible influence of the urbanization effect.

In addition to the possible influence of urbanization on the observed GST-SAT trends,
the larger increase in the warm season GST-SAT over the north than the south also implies
a role played by changes in climate and geographical conditions. For example, it was well
known that the north including Northeast China and Northwest China widely experienced
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a more rapid climate warming during the last 50-60 years [35,55,69]. Our analysis result in
this study indicates an asymmetric warming of GST and SAT in the north, with the GST
seeing a more rapid increase than the SAT. What has caused the differentiated increase in
GST and SAT at the observational stations of northern China compared to those of southern
China deserves further investigation.

Although the causes of the observed pattern and change of GST-SAT are not studied
in more depth, the analysis results reported in this paper would be of reference to a further
understanding of the large-scale land-atmosphere interaction. In particular, the extremely
high climatological means of GST-SAT in the Qinghai-Tibet plateau and the northwestern
deserts in mid-late spring and summer, and the significant increase in the warm-season
GST-SAT and the resulting upward trend of the sensible heat flux in most regions of the
country, as shown in the analysis, would be relevant for addressing the scientific issues
such as the formation and change of regional surface climate pattern in China mainland.

5. Conclusions

In this study, the spatial-temporal distribution characteristics and long-term trend of
GST-SAT in the warm season in China mainland are analyzed by using homogenized GST
and SAT from high-density meteorological stations during 1961-2018. The main results of
this study are as follows.

(1) During 1961-2018, the GST-SAT in the warm season presents a high value in the
west and a low value in the east, with the Qinghai-Tibet Plateau and the northwestern
deserts having the largest warm-season mean GST-SAT. On average, the GST-SAT in
China is the greatest in summer, with the maximum monthly value occurring in July. The
GST-SAT reaches its maximum in the northern regions earlier than that in the southern
regions.

(2) The warm-season GST-SAT in China mainland shows a significant rising trend
of 0.04 °C/10yr (p < 0.01) during the whole period of 1961-2018. The regions where the
GST-SAT increases in the warm season are mainly in the northern regions, especially in
southeastern Xinjiang Province. The rising trend in spring is most significant, reaching
0.10 °C/10yr (p < 0.01), followed by autumn and summer. The GST-SAT in the southern
regions shows a weak decreasing trend, with significant decreases occurring in southeastern
QTP and parts of the southeastern coastal zone.

(3) The smallest increase in GST-SAT over China mainland is in August. The intra-
seasonal variation of GST-SAT trends between the northern and southern regions is signifi-
cantly different. The linear trends for all months in the northern are greater than zero, while
most of the trends in the southern regions and the QTP are negative. The intra-seasonal
variation in the northern and southern regions has one thing in common: the increasing
trend of GST-SAT is greatest in April (May).

(4) The warm-season mean GST-SAT increases in Northwest China, Northeast China,
and North China, and decreases in South China and Central China. The change of GST-SAT
in the QTP is not large and significant. No matter which region it is, the increasing trend of
GST-SAT in mid-late spring is the largest. The increasing trend of GST-SAT is generally
the smallest in early-mid autumn.

(5) The warm-season mean GST-SAT is significantly positively correlated with alti-
tude and sunshine duration with correlation coefficients of 0.50 and 0.40 (p < 0.05), and
significantly negatively correlated with relative humidity and precipitation with correlation
coefficients of —0.48 and —0.42 (p < 0.05), in the country on a whole in the analysis period.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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nization at 15 stations in the eastern Qinghai-Tibet Plateau (32-36° N; 96-102° E) in April and October;
Figure S2: The GST time-series after homogenization at 15 stations in the northern Xinjiang province
(>45° N) in April October; Figure S3: The GST time-series after homogenization at 11 stations in the
most northern of northeast China (>50° N) in April and October; Figure S4: Spatial distribution of
observation stations (Red dots indicate both GST and SAT data, blue dots indicate only SAT data
without GST data).
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