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A B S T R A C T   

Much attention has been given to the large-scale anthropogenic influence on extreme temperature changes. 
However, the possible effects of atmospheric factors and the role of the locally anthropogenic driver on the 
observed regional change in extreme temperatures have not been well understood. Datasets of the China 
Meteorological Administration (CMA) were used to examine the possible influence. The data include the ho-
mogenized surface air maximum/minimum temperature, surface sunshine duration (SSD), water vapor pressure 
(VAP), and total cloud cover (CLO) during 1961–2020. We calculated the seasonal means of maximum tem-
perature (Tx(mean)), minimum temperature (Tn(mean)) and diurnal temperature range (DTR) to analyze the 
characteristics of extreme surface air temperature (ESAT) changes in winter and summer, and their relationship 
to SSD, VAP, and CLO, as well as the urbanization effect in the extreme temperature indices series. The changes in 
the trends for SSD and VAP were more closely correlated with ESAT in winter and summer, respectively. The 
decreasing of SSD led to a slowing of the ESAT warming, while an increase of the VAP led to the intensification of 
ESAT warming. In addition, CLO also had an important role in the change of ESAT. The seasonal mean corre-
lation coefficient over China mainland between Tn(mean) and VAP were statistically significant and higher than 
those with SSD and CLO. The seasonal mean correlation between Tx(mean)/DTR and SSD were also statistically 
significant. The SSD and VAP strongly influenced the Tx(mean) in winter. The urbanization contribution to the DTR 
trends reached >25% in both winter and summer. SSD strongly influenced the trend of ESAT in urban area 
whereas CLO/VAP had larger influence on the trend of ESAT in rural area, which were all related to the ur-
banization effect as observed in the data series.   

1. Introduction 

Global warming has accelerated since the late 1970s (Jones et al., 
2012; Hartmann et al., 2013; Sun et al., 2017; IPCC, 2021). This accel-
erated warming has also led to significant changes in the intensity, 
frequency, seasonality, and spatial distribution characteristics of climate 
variables including temperature, humidity, wind, and snow (IPCC, 
2021). Among these, global and regional extreme surface air tempera-
tures (ESAT) have received significant attention and have become 
important metrics in monitoring and studies of climate change (Nicholls 
and Alexander, 2007; Alexander et al., 2006; Donat et al., 2003; Kim 
et al., 2016; Yin and Sun, 2019; Zhai et al., 2021). 

The study of ESAT for the both land on a global scale and most re-
gions has indicated that the warming rate of the maximum temperatures 
was smaller than the warming of the minimum temperatures since the 

1950s (Zhang et al., 2000; Zhai and Pan, 2003; Hundecha and Bárdossy, 
2005; Makowski et al., 2009; Rio et al., 2012; Hartmann et al., 2013; 
Powell and Keim, 2014; Sun et al., 2017), with the warming rate of the 
minimum temperature being twice that of the maximum temperature, 
which had led to the significant decrease in the diurnal temperature 
range (DTR) (Alexander et al., 2006; Wang et al., 2014; Thorne et al., 
2016; Sun et al., 2018). The accelerated warming of ESAT virtually had 
caused the hot extremes to become more frequent and more intense, 
whereas cold extremes (including cold waves) are becoming less 
frequent and less intense (IPCC, 2021). Therefore, more attention should 
be given to the seasonal ESAT, especially to the extreme low tempera-
tures in winter and extreme high temperatures in summer. 

Many studies have pointed out that on a global and regional scale for 
land, ESAT trends were related to multi-decadal natural variability along 
with anthropogenic factors such as the increased concentration of 
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atmospheric CO2 and aerosols, and some atmospheric factors such as 
solar radiation, cloud cover, and water vapor (Dai et al., 1999; Wang 
et al., 2010). Solar radiation as a general heat source was considered the 
root cause of the temperature change. Researchers (Wild, 2012; Yang 
et al., 2013; Wang et al., 2014) have pointed out that the temporal and 
spatial patterns of global ESAT change were consistent with the trends in 
radiation characteristics. Cloud cover had a strong influence on the 
amount of solar radiation reaching the ground. Dai et al. (1997), Croke 
et al. (1999) and Liu et al. (2016) indicated that a significant negative 
correlation existed between cloud cover and the amount of radiation 
received by the ground in most regions of the world. Moreover, aerosols 
in the atmosphere also acted as cloud condensation nuclei to increase 
the albedo of clouds, and also absorbed and scattered solar radiation to 
reduce the amount of radiation received at the ground (Wild, 2012; Liu 
et al., 2016). The circulation of water in the atmosphere and soil also 
affected the ESAT. The previous studies have shown that water vapor 
could increase surface temperatures as an important greenhouse gas 
(Stone and Weaver, 2003). The DTR decreased with an increase in 
precipitation rate, soil moisture, and water vapor (Dai et al., 1999; Zhao, 
2014). Dai et al. (1999) believed that cloud cover was closely related to 
these factors and thus influenced the DTR. However, the robust associ-
ation of long-term ESAT change with regional atmospheric factors still 
needs to be investigated. 

Human activities have already affected global and regional changes 
in extreme weather and climate events, and the actuality of the human 
impacts was regarded almost certain in the recent International Panel on 
Climate Change report AR6 (IPCC, 2021). In contrast, urbanization, as a 
reflection of intense human activity at a local scale, was affirmed as an 
important factor influencing the observational changes in regional ESAT 
(Ren et al., 2007, 2008; Hua et al., 2008; Ren and Ren, 2011; Ren and 
Zhou, 2014). The urbanization not only directly affected the observed 
values of maximum/minimum temperatures and DTR by changing 
canopy radiation and energy balance (Ren and Zhou, 2014; Tysa et al., 
2019; Sun et al., 2021; Zhang et al., 2021), but also affected the trends in 
cloud cover, water vapor, and aerosols (Romanov, 1999; Pielke et al., 
2002; Hansen et al., 2005; Zhao et al., 2012; Sun et al., 2021; Yang et al., 
2021). It is also obvious that, although urbanization effects on annual 
mean and extreme temperature trends in China had been analyzed, but 
the possible contribution of urbanization to winter and summer ESAT 
changes and atmospheric factors is still not quantified. 

In this study, we first examined the characteristics of ESAT changes 
in winter and summer over China mainland, and the relationship of the 
trends between ESAT and three atmospheric factors (solar radiation, 
cloud cover, and water vapor). This will be able to compensate for the 
study on atmospheric factors affecting extreme temperature changes; we 
then evaluate the effects of urbanization on, and the contribution of 
urbanization to, the changes in ESAT, and solar radiation, cloud cover 
and water vapor in summer and winter over China mainland during 
1961–2020; finally, we analyze the relationship of the trends in ESAT 
and three atmospheric factors aturban and rural stations in order to 
understand the possible effect of urbanization on seasonal extreme 
temperatures and atmospheric factors. 

2. Data and method 

2.1. Data and index definition 

We used the China Meteorological Administration-Surface Temperature 
daily dataset (Cao et al., 2016), which has been quality-controlled and 
homogenized. The recorded length covers 70 years (1951–2020) and 
includes the daily maximum and minimum surface air temperatures 
(Tmax and Tmin, respectively). From the data, we calculated three ESAT 
values (Tx(mean), Tn(mean), and DTR). Tx(mean) and Tn(mean) were the 
seasonal means of Tmax and Tmin, while DTR was the difference between 
Tx(mean) and Tn(mean) (Klein Tank et al., 2009). In addition, we also used 
the China Meteorological Administration-Surface Meteorological Elements 

monthly dataset, which includes surface sunshine duration (SSD), water 
vapor pressure (VAP), and total cloud cover (CLO). This dataset has also 
been strictly quality controlled, and also has a recorded length of 70 
years (1951–2020). The procedure of the quality control included 
threshold value check, extreme-value check, time consistency check, 
space consistency check, manual verification and correction. The cor-
recting rates of VAP, SSD and CLO were about 0.99%, 1.98% and 0.03%, 
respectively. The discarding rate of VAP and CLO data was about 0.07‰. 
However, the cloud cover data had a larger missing rate and the sig-
nificant inhomogeneity after 2015, mainly due to the transformation of 
observation from manual to automatic stations, but the time length was 
relatively short, and they would not significantly affect the analysis 
results. 

2.2. Station classification 

The China Meteorological Administration-Surface Temperature daily 
dataset and the China Meteorological Administration-Surface Meteorolog-
ical Elements monthly dataset both include 2419 stations that are officially 
divided into three levels: The National Reference Climate Network 
(RCN), National Basic Meteorological Network (BMN), and National 
Ordinary Meteorological Network (OMN). In this study, we selected 825 
stations (RCN and BMN) that were spatially evenly distributed across the 
country and have been widely used in related climate change moni-
toring and research. Owing to the sparseness of early year records during 
1951–1961, in this study, we only used the data beginning in 1961. We 
also screened out the stations with a relatively high rate of missing re-
cords, according to the criteria of having at least 55 years of records in 
the whole period and at least 3 years of records for each of the analyzed 
decades. If the missing daily data reached 7 days in a month, the data of 
the entire month were regarded as missing. According to the above se-
lection standards (China Meteorological Administration, 2003), a total 
of 770 national stations across mainland China in the period 1961–2020 
were ultimately used in this study. 

We used the data of these 770 national stations to calculate the three 
ESAT values and three natural factors for evaluating the impact of ur-
banization on trends of ESAT. The station classification was made by 
Tysa et al. (2019), which considered the proportions of land use/land 
cover in different buffer areas around the stations. Thus, data from 576 
urban and 194 rural stations were obtained for data analysis. The se-
lection of rural station networks also referred the previous study by Ren 
et al. (2010, 2015), which considered the need to be meet conditions of 
good continuity and integrity in the observational data, with less 
emphasis on the relocation of stations and the immunity of stations to 
the urbanization effect. The distributions of the urban and rural stations 

Fig. 1. Distribution of the 770 national weather stations used in this study. 
Black and red dots indicate urban and rural stations; the background color 
indicates number of stations for each grid box of 5◦ × 5◦ latitude and longitude. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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are shown in Fig. 1. The stations in northwestern Qinghai-Tibet Plateau 
were small in number, but stations in other regions had recorded data 
with good coverage. 

2.3. Statistical methods 

In this study, we selected winter (December to February) and sum-
mer (June to August) as the representative seasons. The seasonal SSD 
was the arithmetic sum of the monthly SSD. The seasonal mean VAP and 
CLO were calculated based on monthly mean values. The anomaly time 
series of ESAT, SSD, VAP, and CLO were calculated; the climate refer-
ence period was the 30 years of 1981–2010 in this study. 

The temporal features, in particular the linear trend and the inter-
annual variability, of the three ESAT indices, SSD, VAP, and CLO were 
analyzed in this study. The linear trend (Tr) is the regression coefficient 
was obtained by the least–squares method. VA means the variables of 
ESAT and atmospheric factors. t means the years and n means the 
number of each variables. [Eq. (1)] 
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The significance of correlations coefficient (S) for the climate trend 
represents the quantitative degree of temperature rise and fall under 
climate change, VA, t and n has the same meaning as Eq. (1) [Eq. (2)]. In 
examining the interannual variability, however, the linear trends of the 
EAST and atmospheric factors were removed. 
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In addition, we used the area-weighted regional average method to 
calculate the regional average of all the indices and variables to evaluate 
the urbanization effect across mainland China. The calculation steps 
were as follow: 1) Each station across China was assigned to a 5◦ × 5◦

latitude–longitude grid box; then, the arithmetic average of all stations 
was calculated for each grid box. Fig. 1 shows the number of stations for 
each grid box. 2) The regional average over mainland China was 
calculated by applying the area-weighted method, which used the co-
sines of the mid-grid latitude as weights. The grid boxes with no stations 
(in northwestern Qinghai-Tibet Plateau) were not used for the calcula-
tion of a regional average. 

The mean difference (D) for regional and each grid box between 
national stations and rural stations represents the average difference in 
the three ESAT, SSD, VAP, and CLO during 1961–2020. VAall represents 
the variables of ESAT and atmospheric factors for national weather 
stations (urban and rural stations), VArural represented the variables of 
ESAT and atmospheric factors for rural stations [Eq. (3)]: 

D =
∑n

i=1

(
VAall(i) − VArural(i)

)
(3) 

The linear trend of D value was urbanization effect. If the urbani-
zation effect was significant, we calculated the urbanization contribu-
tion (Co) which was calculated by using Eq. (4) (Ren and Zhou, 2014): 

Co =
|(Trall − Trrural)|

Trall
*100% (4)  

where Trall represents the linear trends of national weather stations 
(urban and rural stations) for region and each grid box, and Trrural rep-
resented the linear trends of rural stations for each region and each grid 
box. If (Trall − Trrural) > 0 or (Trall − Trrural) < 0, this means urbanization 
had a positive or negative effect, respectively, on the trend of the climate 
variable or index. 

3. Results 

3.1. Temporal and the change of linear trends 

The anomaly time series of ESAT, SSD, VAP, and CLO are shown in 
Fig. 2. The variables Tx(mean) and Tn(mean), experienced remarkable 
warming in 1961–2020. Initially, Tx(mean) cooled before 1985 and then 
warmed rapidly later, while Tn(mean) cooled before 1970 but warmed 
rapidly later (Fig. 2a–b). Because the warming rate of Tx(mean) was 
smaller than that of Tn(mean), DTR significantly decreased in 1961–2020. 
The variation of Tx(mean), Tn(mean), and DTR in winter were larger than 
those in summer. The SSD decreased but VAP increased during 
1961–2020. The CLO increased in winter and decreased in summer. The 
variations of SSD and CLO in winter were larger than those in summer, 
whereas measurement of VAP in summer were larger than those in 
winter (Fig. 2d–f). 

The box plots of linear trends for ESAT, SSD, VAP, and CLO in 
1961–2020 shows that there were significant upward trends (p < 0.05) 
for Tx(mean), Tn(mean), VAP, and significant downward trends (p < 0.05) 
for DTR and SSD over most parts of mainland China. According to 
Fig. 3a&c, the average trends of Tx(mean) and Tn(mean) in winter were 
higher than those in summer, and those of DTR in winter were lower 
than those in summer. The trends of VAP in summer were more signif-
icant than those in winter. The average trends of SSD in summer were 
lower than those in winter (Fig. 3b&d). The spatial distributions for 
Tx(mean) and Tn(mean) showed that significantly upward trends existed in 
most parts of China, and weakly downward trends were observed in 
parts of southern, northeastern, and east-central China (Fig. 3a&c). The 
weak downward trends for Tx(mean) may be closely related to decreasing 
trends of VAP (in summer) and SSD in southern China. The warming 
trends for Tx(mean) and Tn(mean) in northern China were higher than those 
in southern China, which may be related to significantly upward trends 
and downward trends for CLO in most parts of northern and southern 
China, respectively (Fig. 3b&d). The warming trends of most of stations 
for Tn(mean) were higher than those for Tx(mean), resulting in the signif-
icantly downward trends for DTR over most parts of China. 

Fig. 4 shows the relationship of the linear trends between ESAT and 
atmospheric factors (VAP, SSD, and CLO) in 1961–2020. Fig. 4a showed 
the trends of SSD were increased with the trends of Tx(mean) increasing 
and the change of trend for SSD was closely correlated (r = 0.7) with 
Tx(mean). The trends of CLO were decreased with the trends of Tx(mean) 
increasing and the change of trend for CLO was negative correlated (r =
− 0.86) with Tx(mean). The change of trend between VAP and Tx(mean) 
was no significant correlation. In general, the change of trend for VAP 
was closely correlated (p < 0.05) with Tx(mean) and DTR in summer 
(Fig. 4d&f). The change of trend for SSD was closely correlated (p <
0.05) with Tx(mean), Tn(mean), and DTR in winter (Fig. 4a–c). The change 
of trend for CLO was closely correlated (p < 0.05) with Tx(mean) in winter 
(Fig. 4a). These findings indicate the weakly downward trends for 
Tx(mean) were closely related to decreasing trends of VAP and SSD in 
summer and in winter, and closely related to decreasing trends of CLO 
and SSD in southern China. Thus, the changes in the trends for SSD and 
VAP were more closely correlated with ESAT in winter and summer, 
respectively. The decreasing trend of SSD led to a slowdown of ESAT 
warming, while the increasing of VAP led to the intensification of ESAT 
warming. In addition, CLO also had an important role in changes in 
ESAT. 

3.2. Similarity of inter-annual to decadal variability 

Fig. 5 shows the relationship of the detrended anomaly between 
extreme surface air temperature and atmospheric factors. Fig. 5a 
showed the detrended anomaly of VAP/SSD were increased with the 
detrended anomaly of Tx(mean) increasing and the change of detrended 
anomaly for VAP/SSD was closely correlated (r = 0.80/ r = 0.56) with 
Tx(mean). The detrended anomaly of CLO were decreased with the 
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detrended anomaly of Tx(mean) increasing and the change of detrended 
anomaly for CLO was negative correlated (r = − 0.58) with Tx(mean). In 
general, the changes in VAP were more significant than those of SSD and 
CLO, as can be seen in the remarkable increase for VAP from cold to 
warm detrended anomaly in Tx(mean) and Tn(mean) and the decreasing 
trend from cold to warm in DTR. The change in SSD and CLO from cold 
to warm detrended anomalies in Tx(mean) and DTR was more significant 
than that in Tn(mean), which increased remarkably for the SSD and 
decreased remarkably for CLO. This phenomenon indicated that the 
change of VAP was closely related to Tx(mean) and Tn(mean). The changes 
in SSD were more sensitive to Tx(mean) and DTR. In addition, CLO was 
negatively related to ESAT. 

The correlation coefficients between the detrended anomaly series of 
ESAT and atmospheric factors (SSD, VAP, and CLO) acquired at the 770 
stations show the similarity of the indices and factors in inter-annual and 
inter-decadal variability in 1961–2020 (Fig. 6). The color lines represent 
the sorted 770 stations from lowest to highest correlation coefficient for 
the detrended anomaly between ESAT and atmospheric factors sepa-
rately. The box plots represent the correlation coefficient of 770 stations 
for the detrended anomaly between ESAT and atmospheric factors 
separately. The seasonal mean correlation coefficients over China be-
tween Tn(mean) and VAP were statistically significant (p < 0.05), which 
were higher than those of SSD and CLO with Tn(mean) (Fig. 6b&e). The 
seasonal mean correlation coefficients between Tx(mean)/DTR and SSD 
were statistically significant (p < 0.05) and those between Tx(mean)/DTR 
and CLO were negatively statistically significant (p < 0.05) (Fig. 6a,c,d, 
f). The correlation coefficient of 770 stations revealed similar charac-
teristics with the seasonal mean correlation coefficient over China, 
which indicated that the change of VAP as a greenhouse gas was closely 
related to Tx(mean), Tn(mean), and SSD as a general heat source was 
considered to be positively related to Tx(mean) and DTR. In addition, CLO 
was negatively related to the Tx(mean) and DTR. 

To analyze the regional characteristic of correction coefficients in 
1961–2020, Fig. 7 shows the most relevant factors of seasonal variability 

for the detrended anomaly between ESAT and atmospheric factors (SSD, 
VAP, and CLO). Firstly, we calculated correlation coefficient for the 
detrended anomaly of each station between ESAT and atmospheric 
factors, respectively. Then we selected the maximum correlation coef-
ficient for each station from the calculated correlation coefficient in first 
step and showed them in the Fig. 7. These shows which atmospheric 
factor was most associated with ESAT. The Fig. 7a&d showed the 
correction coefficients between SSD and Tx(mean) were higher than those 
of VAP and CLO in most of China except in north China, parts of the 
south China, and the coastal regions in winter, where the Tx(mean) was 
closely related to VAP. The Tn(mean) had the highest correlation coeffi-
cient with VAP except in part of southern and western China in summer, 
where the Tn(mean) had the highest correlation coefficient with SSD and 
CLO (Fig. 7b&e). The DTR was directly related to SSD, while CLO and 
VAP also played an important role in northern China and other parts of 
China. In addition, the correlation coefficient between ESAT and at-
mospheric factors (SSD, VAP, and CLO) were non-significant in some 
parts of northern, central, and western China. 

3.3. Urbanization effect 

Fig. 8 and Table 1 show the difference in the anomaly time series 
between national and rural stations over China and the effects of con-
struction and urbanization on environmental conditions. For example, 
Tn(mean) experienced remarkable warming in 1961–2020, while DTR 
significantly decreased in 1961–2020. The change in Tx(mean) was un-
remarkable. The contributions of urbanization to Tn(mean) were higher 
than those of Tx(mean). The contributions of urbanization to DTR were 
>25% in winter and summer. These results were consistent with the 
conclusions by Zhang et al. (2010), Tysa et al. (2019), and Sun et al. 
(2021). All of these studies showed the increase of all-rural Tx(mean) 
difference series was much less than that of all-rural Tn(mean) difference 
series. Therefore, the annual and seasonal mean all-rural DTR difference 
series had a highly significant decreasing trend. Besides, as the 

Fig. 2. Anomaly time series of extreme surface air temperature (ESAT) [(a) maximum temperature (Tx(mean)), (b) minimum temperature (Tn(mean)), (c) diurnal 
temperate range (DTR)] and atmospheric factors [(d) water vapor pressure (VAP), (e) surface sunshine duration (SSD), (f) total cloud cover (CLO)] in winter (DJF) 
and summer (JJA) over China during 1961–2020. The black lines represent a 5-year moving average, the shaded parts represent the standard deviation range of each 
time series and statistical significance (p < 0.05). The units of the trends are ◦C/10a for Tx(mean), Tn(mean) and DTR, 0.1 hPa/10a for VAP, 10 h/10a for SSD, and 
%/10a for CLO. * represent statistical significance (p < 0.05) for linear trends. 
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urbanization level increases, the urbanization effect on the DTR trends 
of the urban stations gradually increases. Urbanization also contributed 
to the increasing trend (positive urbanization effect) of cloud cover and 
water vapor (in winter) and the decreasing trend (negative urbanization 
effect) of water vapor (in summer) and radiation at the urban stations 
(Fig. 8d− f). Table 1 shows that the contribution of urbanization on VAP 
was 13.8% in winter and 24.2% in summer. The contribution of ur-
banization to SSD in winter (29.4%) was higher than that in summer 
(11.9%). The contribution of urbanization to CLO was 40.6% in winter 
and 38.1% in summer. 

Fig. 9 shows the spatial distribution of urbanization effect and 
contribution of urbanization for ESAT and atmospheric factors. The 
urbanization effect on Tx(mean) and Tn(mean) in most of central China 
were more significant than those in other areas. Urbanization had a 
significant negative effect on DTR in most regions of China (Fig. 9a− f), 
leading to a significant decrease in seasonal mean DTR and intra- 
seasonal differences in extreme temperatures. The urbanization effect 

on VAP in most of southern China was negative and was more significant 
in southern China than in other areas (Fig. 9g&j). The urbanization ef-
fect on SSD in most of China was negative and was more significant in 
winter than in summer. In addition, urbanization had a significant 
impact on the chance in the observed CLO at most urban stations in the 
entire span of mainland China in winter and in central and eastern China 
in summer (Fig. 9i&l). 

Table 2 shows the correlations coefficient of linear trend between 
regional average ESAT and atmospheric factors in winter and summer at 
urban and rural stations separately during 1961–2020 (Refer to Fig. 4 
for calculation method of correlation coefficient). The correlation co-
efficient between ESAT and SSD were more significant in urban stations 
than rural stations, especially in wintertime, whereas the correlation 
coefficient between ESAT and CLO/VAP were more significant in rural 
stations than urban stations. The trend of SSD may have strongly 
influenced on the trend of ESAT in urban area, but the trend of CLO/VAP 
may have more significantly influenced the trend of ESAT in rural area. 

Fig. 3. Box plots and spatial distributions of linear trends for extreme surface air temperatures (ESAT) [maximum temperature (Tx(mean)), minimum temperature 
(Tn(mean)), diurnal temperate range (DTR)] and atmospheric factors [water vapor pressure (VAP), surface sunshine duration (SSD), total cloud cover (CLO)] in winter 
(a–b) and summer (c–d) at 770 stations during 1961–2020. Green dots and red lines represent the average of linear trends over China and the median of linear trends 
for 770 stations, respectively; green and yellow squares in the box figures represent statistically significance (p < 0.05) and insignificance (p > 0.05), respectively; 
black dots in spatial distribution represent statistical significance (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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The difference indicates that urbanization may have exerted an influ-
ence on the linear trends of ESAT and atmospheric factor at the urban 
stations. 

4. Discussion 

This article examined change of ESAT and its link with climatic 
factors, and the locally anthropogenic urbanization effects on the 
observed trends of ESAT, in China mainland. VAP, SSD, and CLO, as the 
important atmospheric factors, were involved in the atmospheric 

interaction and they jointly affected the change in extreme temperature 
(Fig. 10). Solar radiation as a general heat source was considered to be 
the root cause of the temperature change (Wild, 2012; Yang et al., 2013). 
The influence of solar radiation on the maximum temperature (daytime) 
is greater than the minimum temperature (nighttime), which had led to 
the significant impact on DTR (Alexander et al., 2006; Wang et al., 2014; 
Thorne et al., 2016; Sun et al., 2018). Thus, the decreasing solar radi-
ation directly led to a slowdown of maximum temperature increase and 
downward trend of DTR. Cloud cover absorbs and scatters solar radia-
tion, which reduces the amount of radiation received at the ground level 

Fig. 4. Relationship of linear trends between extreme surface air temperatures (ESAT) [maximum temperature (Tx(mean), a, d), minimum temperature (Tn(mean), b, e), 
diurnal temperate range (DTR, c, f)] and atmospheric factors [water vapor pressure (VAP), surface sunshine duration (SSD), total cloud cover (CLO)] in winter (a–c) 
and summer (d–f) at 770 stations during 1961–2020. The color bar indicates the change of temperature trends from low to high temperature. The box diagrams show 
the trends characteristics of SSD, VAP, and CLO for national weather stations within each change of temperature trends; r shows the correlation between the average 
trends of ESAT and atmospheric factors, and * represents statistical significance (p < 0.05). 

Fig. 5. Relationship of the detrended anomaly between extreme surface air temperature (ESAT) [maximum temperature (Tx(mean), a, d), minimum temperature 
(Tn(mean), b, e), and diurnal temperate range (DTR, c, f)] and atmospheric factors [water vapor pressure (VAP), surface sunshine duration (SSD), total cloud cover 
(CLO)] in winter (a–c) and summer (d–f) at 770 stations during 1961–2020. The color bar means the change of the detrended ESAT anomaly from low to high values. 
The box diagrams show the detrended anomaly characteristics of atmospheric factors for national weather stations within each change of temperature detrended 
anomaly; r showed the correlation between the average detrended anomaly of ESAT and atmospheric factors, and * represents statistical significance (p < 0.05). 
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(Wild, 2012; Liu et al., 2016), indirectly affecting the change in mean 
and extreme temperature. The water vapor is an important greenhouse 
gas (Stone and Weaver, 2003) in the atmosphere, and it could also in-
fluence the formation of cloud cover and the solar radiation received at 
ground surface. Increase in water vapor is conductive to the increase in 
minimum temperature and decrease in maximum temperature, leading 
to a decline of DTR. Overall, this study thus shows that the change in 
solar radiation and water vapor had a stronger influence on the changes 

in ESAT. The cloud cover also influenced the trend of change in ESAT as 
another important factor. 

Urbanization can affect changes in temperature at urban weather 
stations through the enhanced urban heat island (UHI) effect (Ren and 
Zhou, 2014). Zhang et al. (2010) indicated that the contribution of ur-
banization to the observed temperature trend at national weather sta-
tions in China was at least 27%. In this study, it was found that the 
contributions of urbanization to DTR trend were higher than 25% in 

Fig. 6. Correlation coefficient of 770 stations for the detrended anomaly between extreme surface air temperature (ESAT) [[maximum temperature (Tx(mean), a, d), 
minimum temperature (Tn(mean), b, e), diurnal temperate range (DTR, c, f)] and atmospheric factors [water vapor pressure (VAP), surface sunshine duration (SSD), 
and total cloud cover (CLO)] in winter (a–c) and summer (d–f) over China during 1961–2020. Statistically significant (p < 0.05) trends are marked with an imaginary 
line; green dots and red lines in boxes represent the average of correlation coefficient over China and the median of correlation coefficient for 770 stations, 
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Composite map of spatial maximum correlation coefficient for the detrended anomaly between extreme surface air temperature (ESAT) [[maximum tem-
perature (Tx(mean), a, d), minimum temperature (Tn(mean), b, e), diurnal temperate range (DTR, c, f)] and atmospheric factors [water vapor pressure (VAP), surface 
sunshine duration (SSD), and total cloud cover (CLO)] in winter (a–c) and summer (d–f) over China during 1961–2020. The black dots represent statistical sig-
nificance (p < 0.05). 
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winter and summer. In addition, the UHI effect also directly affected the 
atmospheric factors in different seasons (Table 1), which led to changes 
of ESAT. The effects of evapotranspiration and precipitation frequency 
in urban areas was smaller than in rural areas (Varquez and Kanda, 
2018; Ren et al., 2021; Yang et al., 2021); meanwhile, lush vegetation, 
abundant irrigation, and frequent precipitation occurred in summer in 
rural areas, while the lack of lush vegetation and abundant irrigation in 
winter led to the contribution of urbanization to VAP being weaker in 
winter than in summer. Also, the city's complex three-dimensional 
structure also had increased the earth's albedo; also, the increase in 
winter air pollution and increased aerosol emissions caused by 
increasing of human activity resulted in a decrease in the solar radiation 
received at the earth's surface (IPCC, 2021; Arnfield, 2003). These fac-
tors led to the contribution of urbanization to SSD in winter being higher 
than that in summer. In addition, the contribution of urbanization to 
CLO was stronger than those of SSD and VAP; the reason for this may be 

that urbanization resulted in an increase in aerosol and water vapor 
emissions, which helped in cloud formation in winter; furthermore, the 
effects of evapotranspiration and precipitation frequency helped in 
cloud formation in rural areas in summer. 

However, the cloud cover data also has some quality problems, 
which includes the absence of cloud cover data and the inhomogeneity 
of the time series after 2015. These problems were due to the change in 
methods of observation from manual to automatic station observation. 
Cloud cover data needs to be further quality controlled and homoge-
nized in the future. Besides, there are also some limitations which would 
affect the analysis results. These include selection of the reference period 
and the varied numbers of stations in the same region. The difference of 
reference period might affect climate anomaly values of time series, but 
it will not affect the estimates of the trends. The different numbers of 
observation stations might have a slight impact on the results, although 
we used the area-weighted regional average method to construct the 
regional time series, which greatly reduced the error caused by the 
different number of stations. The spatial variation in number of stations 
might still have an effect on the robustness of the area-weighted aver-
aging values for the station-sparse areas of western China. 

5. Conclusions 

The primary conclusions of this study are as follows:  

1) The warming trends of Tn(mean) were higher than those of Tx(mean) in 
winter and summer across China, which had led directly to the 
decreasing trends for DTR. The change of trend for SSD and VAP were 
more closely correlated with the ESAT in winter and summer, 
respectively. The decreasing of SSD led to a slowdown of ESAT 
warming, while the increasing of VAP has led to an intensification of 
ESAT warming. In addition, CLO also had an important role in the 
changes in ESAT.  

2) The seasonal mean correlation over China between Tn(mean) and VAP 
was statistically significant and higher than those of SSD and CLO. 
The seasonal mean correlation coefficient between DTR and SSD was 

Fig. 8. Differences of anomaly time series between national stations and rural stations for extreme surface air temperature (ESAT) [(a) maximum temperature 
(Tx(mean)), (b) minimum temperature (Tn(mean)), (c) diurnal temperate range (DTR)] and atmospheric factors [(d) water vapor pressure (VAP), (e) surface sunshine 
duration (SSD), (f) total cloud cover (CLO)] in winter (DJF) and summer (JJA) over China during 1961–2020. The black lines represent the 5-year moving average; 
the shaded parts represent the standard deviation range of time series. 

Table 1 
Urbanization effect and contribution of urbanization in summer and winter over 
mainland China during 1961–2020 [N/A indicates that the urbanization effect 
was insignificant (p > 0.05)].   

Winter Summer 

Urbanization 
effect 

Contribution of 
urbanization 
(%) 

Urbanization 
effect 

Contribution of 
urbanization 
(%) 

Tx(mean) 0.01 N/A − 0.01 N/A 
Tn(mean) 0.07 14.3 0.04 10.8 
DTR − 0.06 26.9 − 0.05 31.1 
VAP 0.10 13.8 − 0.20 24.2 
SSD − 0.24 29.4 − 0.16 11.9 
CLO 0.11 40.6 0.06 38.1 

Abbreviations: Extreme surface air temperature (ESAT) [Tx(mean) (◦C/10a), 
Tn(mean) (◦C/10a), and diurnal temperate range (DTR) (◦C/10a)] and atmo-
spheric factors [water vapor pressure (VAP) (0.1 hPa/10a), surface sunshine 
duration (SSD) (10 h/10a), and total cloud cover (CLO) (%/10a)]. 
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Fig. 9. Spatial distribution of urbanization effect for extreme surface air temperature (ESAT) [maximum temperature (Tx(mean), a, d), minimum temperature 
(Tn(mean), b, e), diurnal temperate range (DTR, c, f)] and atmospheric factors [water vapor pressure (VAP, g, j), surface sunshine duration (SSD, h, k), and total cloud 
cover (CLO, i, l)] in winter (a–c, g–i) and summer (d–f, j–l) over China during 1961–2020. The numbers represent statistical significance of urbanization contribution 
(p < 0.05). 

Table 2 
The correlations coefficient of linear trend between regional average extreme surface air temperatures (ESAT) and atmospheric factors in winter and summer at urban 
and rural stations during 1961–2020. [* indicates that the correlation coefficient was significant (p < 0.05)].  

Region Value Winter Summer 

VAP SSD CLO VAP SSD CLO 

Urban Tx(mean) 0.02 0.80* − 0.22 − 0.51 0.86* 0.39 
Tn(mean) − 0.34 − 0.85* 0.55* − 0.03 0.16 0.54 
DTR − 0.56* 0.97* − 0.39 0.58* − 0.53 − 0.14 

Rural 

Tx(mean) 0.09 0.15 − 0.89* 0.54 0.58* 0.45 
Tn(mean) − 0.56* − 0.37 − 0.67* 0.03 0.29 0.08 
DTR 0.56* 0.38 0.27 0.71* − 0.29 0.67*  
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statistically significant and was also statistically significant for 
Tx(mean). The SSD and VAP had a strong influence on Tx(mean) in 
winter. The seasonal mean negative correlation coefficients over 
China between Tx(mean)/DTR and CLO were statistically significant.  

3) Urbanization had a positive effect on VAP (13.8% in winter), SSD 
(29.4% in winter and 11.9% in summer), and CLO (40.6% in winter) 
and a negative effect on VAP (24.2% in summer) and CLO (38.1% in 
summer), which was directly related to the change of ESAT. The 
change of SSD strongly influenced the trend of ESAT in urban area 
whereas that of CLO/VAP had larger influence on the trend of ESAT 
in rural area, which caused the larger influence of urbanization on 
the trends of the solar radiation and water vapor/cloud cover, and in 
turn on the trends of ESAT. The results revealed that the impacts of 
urbanization on Tn(mean) were higher than those of Tx(mean). The 
contributions of urbanization to DTR trend were higher than 25% in 
winter and summer. 
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