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1.  INTRODUCTION 

Global warming over the past century has been 
confirmed in the global surface temperature record 
(Jones 2016, Osborn et al. 2021). The Intergovern-

mental Panel on Climate Change (IPCC) Sixth 
Assessment Report reported that the global surface 
temperature was 1.09°C higher in the period of 
2011−2020 than in the period of 1850−1900 (IPCC 
2021). China is also experiencing rapid warming. 
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ABSTRACT: The magnitude of long-term surface climate warming over some regions, such as the 
Chinese mainland, is still uncertain due to the lack of observational data early in the 20th century. 
In this study, the monthly data series of the average, maximum, and minimum temperatures in 
the Chinese mainland during 1901−2020 were constructed based on the daily surface air temper-
ature observations from 60 stations across the country, and the characteristics of the average, 
maximum, and minimum temperature, and diurnal temperature range (DTR) changes were ana-
lyzed. Results show that (1) regional average annual mean temperature in the Chinese mainland 
rose by 0.14°C per decade, maximum temperature rose by 0.07°C per decade, minimum temper-
ature rose by 0.19°C per decade, and DTR decreased by 0.13°C per decade. All these trends are 
statistically significant (p < 0.01); (2) the largest annual mean maximum temperature increase 
occurred in spring, followed by winter and autumn/summer, and the largest annual mean mini-
mum temperature increase was in winter and spring, followed by autumn and summer; (3) annual 
mean DTR decreased significantly at a rate of −0.08, −0.12, −0.12, and −0.13°C per decade (p < 
0.01) in spring, summer, autumn, and winter, respectively; (4) the stations with drops in maximum 
temperature were mainly in Central China, southern North China, the southeastern coastal areas, 
and the middle and lower reaches of the Yangtze River, and the stations with significant increases 
in minimum temperature were located in North China, Northeast China, and Northwest China; 
(5) the areas with the fastest dropping DTR were mainly located in Northeast China and North 
China. The maximum and minimum temperature series for China based on climate anomalies are 
comparable to those based on other currently available datasets.  
 
KEY WORDS:  Climate change · Surface air temperature · Diurnal temperature range · Trend · 
Chinese mainland 

OPENPEN
 ACCESSCCESS

Contribution to CR Special 36 'Observed changes in climate over Asia’

https://crossmark.crossref.org/dialog/?doi=10.3354/cr01719&amp;domain=pdf&amp;date_stamp=2023-08-17


Clim Res 90: 95–115, 2023

Over the past century, the annual mean surface tem-
perature in China has increased by approximately 
0.5 to 0.8°C (Qin et al. 2007). These long-term 
changes in the surface temperature have raised 
widespread concern, and domestic scholars have 
conducted many studies on climate change during 
the instrumental period in China (Zhai & Ren 1997, 
Wang et al. 1998, 2004, Liu et al. 2004, Tang & Ren 
2005, Tang et al. 2009, Li et al. 2010, Xu et al. 2011, 
Cao et al. 2013, 2017, Ding et al. 2014, Zhang 2014, 
Zhao et al. 2014, Ren et al. 2017, Yang et al. 2017, 
Wen et al. 2019). These studies have en hanced the 
understanding of climate change laws in China dur-
ing the instrumental period and have laid a founda-
tion for understanding the causes and effects of cli-
mate change. 

Wang et al. (1998) constructed average surface air 
temperature (SAT) time series for China from 1880 to 
2008 based on historical records, ice core records, 
and tree ring records in western China, referred to 
here as the WYG series. Tang & Ren (2005) used the 
mean value of the daily maximum and minimum 
temperatures from more than 600 stations in China 
from 1905 to 2001 to calculate a national average 
temperature series. Tang et al. (2009) made some 
corrections to the erroneous records existing prior to 
1950, performed further quality control, and used 
291 stations to develop an average SAT series for 
China from 1873 to 2008, referred to as the TD series. 
However, the inhomogeneity of the time series was 
not considered, and only a limited number of se -
quences were extended to years prior to 1940. Li et 
al. (2010) used a 2-stage regression inhomogeneity 
assessment method to develop a surface temperature 
series from 1873 to 2004, referred to as the LQX 
series, in which missing data prior to 1951 were not 
interpolated. Cao et al. (2013) constructed a set of 
homogenized monthly mean SAT series for 18 sta-
tions in eastern and central China during 1909−2010, 
referred to as the CLJ series, in which the missing 
data before 1951 were interpolated. Zhao et al. 
(2014) found that the regional mean SAT over east-
ern China exhibited a warming trend of 0.15°C per 
decade during the period of 1909−2010, using a re -
constructed continuous and homogenized SAT series 
for 16 cities across eastern China. Ren et al. (2017) 
determined that the change rates in mean tempera-
ture, mean maximum temperature, and mean mini-
mum temperature were 0.10, 0.08, and 0.18°C per 
decade during the period of 1901−2014 in the Hindu 
Kush Himalayan region, based on LSAT-V1.1 data -
sets developed by the China Meteorological Admin-
istration (CMA). These reconstructed datasets going 

back to the 19th century cover the whole country or 
eastern China, but all have a sparse station distribu-
tion, and the observational data are scarce during the 
time before 1950. 

Before 1950, especially during the 1940s, the distri-
bution of observational stations in China was very 
sparse. After that time, observations were rapidly 
restored and developed. By the end of the 1950s, 
most of China was covered by high-quality meteoro-
logical observations. Although Cao et al. (2017) con-
structed a new long-term monthly average tempera-
ture dataset for the period of 1901 to 2015 in China, 
based on the homogenized temperature records of 32 
stations, there were still fewer early observations 
than after 1950, and the obtained long-term trends 
of temperature are likely to be less representative 
for the whole country. In addition, the long-term 
changes in maximum and minimum temperature, 
and diurnal temperature range (DTR) over the last 
100 yr or more were not analyzed by Cao et al. 
(2017). 

In this study, we extended the dataset developed 
by Cao et al. (2017) by adding more early observa-
tional stations, and updated the data to 2020. A new 
homogenized monthly average temperature dataset 
for the period of 1901 to 2020 with 57 stations cover-
ing the whole country was constructed. In addition, 
we also developed a homogenized monthly maxi-
mum and minimum temperature dataset for the same 
period with 50 stations covering the whole country. 
Based on the homogenized monthly maximum and 
minimum temperature dataset, we analyzed the 
trend characteristics of the maximum and minimum 
temperatures and DTR in different time periods in 
China during 1901−2020. This work will improve 
understanding of the long-term changes in tempera-
ture in China, and will also lay a foundation for 
research into the monitoring, detection, and simula-
tion of regional climate change. 

2.  MATERIALS AND METHODS 

2.1.  Data sources 

The ‘Homogenized monthly temperature dataset of 
national surface meteorological stations in China 
(V1.0)’ (National Meteorological Information Center 
[NMIC] 2013a), the ‘Homogenized daily temperature 
dataset of national surface meteorological stations in 
China (V1.0)’ (NMIC 2013b), a 60 station long-
sequence temperature dataset for China, and a data-
set of the homogenized monthly average tempera-
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ture at 32 long-sequence stations in China were all 
provided by the NMIC of the CMA. The ‘Homoge-
nized monthly (daily) temperature dataset of national 
surface meteorological stations in China (V1.0)’ con-
tains the monthly (daily) average temperature and 
the monthly (daily) average maximum and minimum 
temperatures at 2419 national stations in China from 
1951 to 2020. The monthly dataset was used as a 
base for the post-1950 data series, and the daily data-
set was used to supplement the missed monthly 
records. 

The 60 station long-sequence temperature dataset 
includes the daily average temperature and the daily 
average maximum and minimum temperatures, and 
the sequence lengths are from the beginning of 
observation to 1950. The time period of the homoge-
nized monthly average temperature dataset from 32 
long-sequence stations in China is from 1873 to 2016, 
and it includes the homogenized monthly average 
temperature and the average maximum and mini-
mum temperatures (Cao et al. 2017). The ‘Homoge-
nized daily temperature dataset of national surface 
meteorological stations in China (V1.0)’ and the 60 
station long-sequence temperature dataset were 
used to construct the preliminary daily and monthly 
average sequences. 

Because the monthly temperature dataset of Cao 
et al. (2017) contains 32 stations over the whole 
country, with only 9 stations located to the west of 
110° E and a coarser temporal resolution, long-
series datasets with additional stations and daily 
resolution will be urgently needed for studies of 
extreme temperature change in the country as a 
whole. On the other hand, the newly digitized daily 
temperature records from ACRE (Atmospheric Cir-
culation Reconstructions over the Earth) China con-
tains new early data pre-1951, which will contribute 
to the construction of more accurate long time 
series for China. In our previous work, the original 
data and the new data from ACRE China were 
synthesized to produce a new dataset (Wen 2020). 
As an example, the newly digitized daily tempera-
ture records from ACRE China were used to  sup-
plement the missing data for 5 stations (Kunming, 
Jinan, Lanzhou, Dalian, and Nanning). The data 
records from ACRE China included January 1929 
to April 1938 for Kunming, January 1916 to June 
1929 for Jinan, September 1932 to December 1940 
for Lanzhou, November 1904 to December 1915 and 
January 1929 to December 1934 for Dalian, and 
January 1932 to November 1939 for Nanning. The 
monthly mean temperatures at these stations were 
calculated by averaging those of all the days within 

the months. Compared to the earlier version of 
the  dataset developed by Cao et al. (2017), the 
new  dataset has a much improved coverage of 
western China, with 15 stations located to the west 
of 110° E, and a total of 57 stations . Among these 
57 stations, 50 have monthly maximum and mini-
mum temperature records. Therefore, the new 
dataset can provide a better estimate of the early 
period climatology and long-term trends in SAT 
in China. 

2.2.  Merging with earlier data 

For the 60 station early temperature data, each sta-
tion has multiple data sources; therefore, data fusion 
needed to be carried out. First, the relatively com-
plete data sequence of each station was selected as 
the basic sequence to be fused. Then, other data from 
different sources were selected to supplement the 
missing data according to distance from the observa-
tion point of the data. Finally, the early-stage temper-
ature series from each station was sorted as com-
pletely as possible, including the file-recorded daily 
maximum and minimum temperature series. The 
daily mean temperature series used in this study 
was calculated according to the arithmetic mean 
of  the file-recorded daily maximum and minimum 
temperatures. 

2.3.  Concatenation of data before and after 1950 

Since the file numbers of the fully integrated file-
recorded daily maximum and minimum temperatures 
before 1950 were same as those of the ‘Homogenized 
daily temperature dataset of national surface meteor-
ological stations in China (V1.0)’ after 1950, we con-
catenated them by file number. The daily average 
temperatures calculated via the arithmetic average 
according to the daily maximum and minimum tem-
peratures were also spliced with the ‘Homogenized 
daily temperature dataset of national surface meteor-
ological stations in China (V1.0)’ according to the file 
number. The period of 1951−1955 corresponds to the 
time period when the 2 sets of spliced datasets over-
lap. If both sets of data contained re cords, the records 
in the ‘Homogenized daily temperature dataset of 
national surface meteorological stations in China 
(V1.0)’ were selected for 1951−1955 , as these were 
relatively comprehensive. A monthly average se -
quence was obtained by calculating the arithmetic 
average of the daily average sequence. 
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2.4.  Interpolation of missing values 

Apart from Hongkong, Macao, Tainan, and Heng -
chun in Taiwan, a total of 28 stations in mainland 
China from the monthly average temperature dataset 
from the 32 long-sequence stations developed by Cao 
et al. (2017) were used as the underlying dataset, and 
29 stations with relatively complete monthly aver-
age temperatures were reselected from the 60 long-
sequence stations, forming a dataset of up to 57 stations 
in mainland China. In order to en sure the accuracy 
and completeness of the data series, the missing data 
were interpolated by using the records from neigh-
boring stations in the same climate region (Zhang 
2014). If there was no record from neighboring sta-
tions, the original series re mained unchanged. After 
interpolation, the monthly average temperature data-
set was composed of 57 stations (Fig. 1a). For the 
monthly mean maximum and minimum temperature 
data, 50 station se quences from the Chinese mainland 
were selected from the 60 long-sequence stations after 
being spliced to interpolate missing data; the spatial 
distribution of these stations is shown in Fig. 1b. 

The difference correction method was used to 
interpolate the missing monthly average tempera-
ture, and the average maximum and minimum tem-
peratures (Wen 2020). The interpolation calculation 
is shown in Eq. (1): 

                                                                              (1) 

where p represents the missing value in a certain 
year and month of the station to be interpolated, X 
represents the average temperature of the monthly 
reference period, Qr represents the average temper-
ature of the reference station in the same year and 
month, Yr represents the average temperature of the 
monthly reference period at the reference station, 

CORRr represents the correlation coefficient of the 
temperature between the station to be interpolated 
and its corresponding reference station, and n repre-
sents the number of reference stations. As a reloca-
tion will change all the temperature data in the orig-
inal temperature series after the relocation year, only 
the value of the relocation year was changed in the 
temperature difference sequence; therefore, the 
missing temperature and the temperature of the relo-
cation year were not considered. The temperature 
difference sequence of the interpolated station and 
the temperature difference sequence of its reference 
stations were used when calculating the correspon-
ding correlation coefficient. The calculation of the 
difference sequence is shown in Eq. (2): 

                                  Fi = Ti+1 – Ti                              (2) 

where Ti+1 represents the temperature value of the 
(i + 1)th year, Ti represents the temperature value of 
the i th year, and Fi represents the difference value of 
the i th year. All the temperatures of the overlapping 
years were included in the calculation, which en -
sured complete utilization of the data. 

The following formula was used to calculate the 
distance (d) between 2 stations: 

d(A1,A2) = R cos–1[sinϕ1 sinϕ2 + cosϕ1 cosϕ2 cos(θ1 – θ2)] 
(3) 

where the latitude and longitude of the city station A1 
are represented by θ1 and ϕ1, respectively, the lati-
tude and longitude of the rural station A2 are repre-
sented by θ2 and ϕ2, respectively, and R is the radius 
of the Earth, which is 6371 km. 

The Yichang station is used as an example to ex -
plain the interpolation method for missing tempera-
ture values at a station (Zhang 2014). The correlation 
coefficients are calculated based on the temperature 
series after 1951 at Yichang station and the 20 sta-

p = 
n
r =1[(X – Y

r
 + Q

r
) × CORR

r
2]

n
r =1 CORR

r
2

98

75°E 80°E 85°E 90°E   95°E 100°E 105°E 110°E 115°E 120°E  125°E 130°E  135°E

(b)(a)

75°E 80°E 85°E 90°E   95°E 100°E 105°E 110°E 115°E 120°E  125°E 130°E  135°E

20°N

25°N

30°N

35°N

40°N

45°N

50°N
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stations in the Chinese mainland
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tions in the same climate region (the middle and 
lower reaches of the Yangtze River). The starting year 
of the records at each station and their distance from 
the Yichang station are given in Table 1. 

According to the correlation coefficient of the tem-
perature series between the Yichang station and the 
other stations in the same climate zone, their distance 
from the Yichang station, and the parallel observation 
situation, Yueyang (29.38° N, 113.08° E), Mapoling 
(28.20° N, 113.08° E), and Wuhan (30.6° N, 114.05° E) 
were selected as reference stations for the interpola-
tion of the missing values at Yichang. The Yichang 
station, the reference stations used when interpolat-
ing the missing values, the distribution of the other 
long-sequence stations, and the demarcation of the 
6 climatic regions in China are shown in Fig. 2. 

Each candidate station and their reference stations 
contain complete temperature observation records 
from 1961 to 1990; therefore, these 30 years were 
taken as the reference period. The missing values at 
each candidate stations were then interpolated using 
Eq. (2). The time series of monthly mean temperature 
before and after interpolation at the Yichang station 
are shown in Fig. 3. This figure shows that the miss-
ing months in the time series of the monthly mean 
temperature at Yichang occurred in the early 1930s, 
throughout the 1940s, and in the early 1950s. There 
were a total of 156 missing months. 

2.5.  Quality control, inhomogeneity test,  
and correction 

After the interpolation of the early missing 
data, quality control was performed on the 57 
station monthly average temperature dataset 
and the 50 station monthly average maximum 
and minimum temperature datasets. The qual-
ity control process included the following 3 
aspects: 

(1) Internal consistency check. The monthly 
mean minimum temperature should not be 
greater than the monthly mean maximum tem-
perature. If it is greater, both temperatures in 
the month are marked as missing values. 

(2) Examination of climate extreme values. 
The monthly average, monthly average maxi-
mum, and monthly average minimum tempera-
tures should not exceed 4 SD of the average 
value of the historical period. If it does, the 
value is designated as a missing value. 

(3) Examination of the climatology limits. The 
glo bal highest and lowest temperatures reported 
in the literature (Cerveny et al. 2007) are 57.8 
and −89.4°C, respectively. Temperatures should 

be maintained within the limits of global climatol-
ogy; therefore, the monthly average, monthly aver-
age maximum, and monthly average minimum tem-
peratures should be all within the limit of −89.4 to 
57.8°C. If this limit is exceeded, the temperature is 
regarded as a missing value. 

The RHtest V3.0 software (Wang & Feng 2010) was 
used to check the breakpoints in the monthly se -
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No    Station        Station    Starting   Correlation       Distance  
        name              no.          year       coefficient    from Yichang  
                                                           with Yichang          (km) 
 
1       Yueyang      57584       1910            0.85                 232.6 
2       Mapoling     57679       1911            0.79                 327.8 
3       Wuhan         57494       1887            0.78                 287.1 
4       Jiujiang        58502       1887            0.77                 464.0 
5       Anqing         58424       1951            0.76                 559.0 
6       Hefei            58321       1946            0.74                 583.3 
7       Wuhu           58334       1934            0.72                 689.7 
8       Zhenjiang    58248       1947            0.70                 795.2 
9       Xujiahui       58367       1937            0.70                 972.6 
10     Nanjing       58238       1907            0.69                 730.4 
11     Hengyang   57872       1934            0.69                 443.1 
12     Nanchang    58606       1951            0.67                 496.7 
13     Hanzhong    57127       1936            0.67                 478.3 
14     Beilun          58563       1887            0.64                1020.9 
15     Hangzhou    58457       1907            0.62                 856.2 
16     Wenzhou     58659       1887            0.59                 958.1 
17     Guilin           57957       1936            0.58                 612.1 
18     Shapingba   57516       1892            0.56                 478.4 
19     Guiyang      57816       1936            0.48                 635.3 
20     Fuzhou         58847       1929            0.26                 940.0

Table 1. Starting year, distance from the Yichang station, and corre-
lation coefficient between the annual mean temperatures at 20 sta-
tions in the mid-lower Yangtze River valley and the Yichang station

75°E 80° 85° 90°   95° 100° 105° 110° 115° 120°  125° 130°  135°

20°

25°

30°

35°

40°

45°

50°
N

NEC

NC

YR

SC

NWC

SWC

Fig. 2. Selection of reference stations for the interpolation of 
the missing values at the Yichang station. (J) Yichang station; 
(M) 3 reference stations; (d) other long-sequence stations; 
(black lines) boundaries of the 6 climate zones in China. 
NWC: Northwest China; NC: North China; NEC: Northeast 
China; SWC: Southwest China; YR: the mid-lower Yangtze  

River valley; SC: South China



Clim Res 90: 95–115, 2023

quences. This software package includes the PMT 
and PMF algorithms (Wang 2008a), based on the 
penalty maximum t (PMT) test (Wang 2008a) and the 
penalty maximum F (PMF) test (Wang 2007, 2008b). 
Both algorithms use recursive testing algorithms to 
process multiple change points and consider first-
order autocorrelation (Wang 2008a). Multiple linear 
regression algorithms are also embedded in the soft-
ware; these were used to detect inhomogeneous 
breakpoints in the monthly and daily sequences. The 
PMT test is a relatively homogeneous test; therefore, 
the reference series were used. The PMF test was 
used without a reference series. Cao & Yan (2012) 
and Z. Li et al. (2014) found that the PMT algorithm is 
suitable for the detection of multiple inhomogeneous 
breakpoints in a dense observation network and that 
the reference series represents a region. In addition, 
they found that the PMF algorithm is usually suitable 
for inhomogeneous breakpoint detection when the 
observation network is sparse and the reference 
series is difficult to develop. 

In this study, the PMF algorithm was used to detect 
and correct the inhomogeneous breakpoints in the 
monthly average temperatures at the 29 added sta-
tions and the monthly average maximum and mini-
mum temperatures at all 50 stations. Due to the lack 
of metadata for the data before 1950, the running 
Student’s t-test and the 2-phase regression method 
(Easterling & Peterson 1995) were also used to 
improve the accuracy of detecting breakpoints. Only 
breakpoints found by 2 or 3 algorithms or confirmed 
by metadata were treated as real change points. 
When breakpoints found by different methods were 
adjacent (within 2 years), they were treated as the 
same one and the occurrence time was confirmed by 

metadata or set to the first appearing year (Wen 
2020). As an example, Fig. 4 shows the time series of 
the raw and homogenized annual average tempera-
tures at the Yichang station during the period of 
1887−2020. Only 1 abrupt change point was found in 
the monthly mean temperature at Yichang, occurring 
in January 1922. After correcting this abrupt change 
point, the annual time series prior to 1922 shifted 
upward. The homogeneity-adjusted time series ob -
tained in this study for maximum temperature, mini-
mum temperature, and DTR are referred to as TmaxA, 
TminA and DTRA, respectively. 

The annual and seasonal average maximum and 
minimum temperatures and DTR were analyzed for 
long-term trends in this study. The DTR was calcu-
lated using the maximum and minimum temperatures. 
The annual and seasonal average temperatures series 
are presented by Ren et al. (2023, this Special). 

2.6.  Analysis methods 

When establishing the regional average tempera-
ture sequence, the Chinese mainland region was di -
vided into 5° × 5° latitude and longitude grids, and 
the grid area weighting method (Jones & Hulme 
1996) was used to obtain the annual temperature 
series. Winter is defined as December of the previous 
year to February of the current year, spring is defined 
as March to May, summer is defined as June to 
August, autumn is defined as September to Novem-
ber, and the annual temperature is calculated as the 
arithmetic mean of the 12 months. 

China is divided into 6 sub-regions, referring to Xu 
et al. (2011). These are North China (NC), Northeast 
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China (NEC), Northwest China (NWC), the Yangtze 
River basin (YR), South China (SC), and Southwest 
China (SWC). NWC is a sub-region of arid and semi-
arid climates, and the main part of the Qinghai-Tibet 
Plateau is included in SWC. These 2 sub-regions 
have relatively few stations in terms of their vast 
areas. The boundaries of the sub-regions are shown 
in Fig. 2. 

The long-term trends of the annual and seasonal 
mean temperatures were estimated using the Sen-
Theil method (Sen 1968, Theil 1992), and the signifi-
cance of the trends was tested using the Mann-
Kendall method (Mann 1945, Kendall 1975). In order 
to eliminate the autocorrelation effect, we used the 
nonparametric test. A linear trend was considered 
statistically significant if it was significant at the 99% 
(p < 0.01) confidence level. The possible influence of 
serial correlation on the trend estimates was not con-
sidered because the data series are long enough 
(Bayazit & Onoz 2007). 

3.  RESULTS 

3.1.  Time series of SAT anomalies 

The raw and homogenized annual mean SAT 
series increased significantly at rates of 1.32 and 
1.43°C per decade, respectively, during 1901−2020 
(p < 0.01). Both data series showed similar features 
and had a high correlation of 0.99 during 1901−2020, 
with a weak trend before the late 1960s and a rapid 
warming after that. Trends of the 2 series for various 
periods are shown in Table 2. The periods of 1909−
2004, 1909−2008, and 1909−1950 were used for the 
calculations for comparison with previous analyses. 
For the time period of 1951−2020, the linear trend of 
the adjusted data (TA57) was 0.21°C per decade, 
slightly smaller than that of the unadjusted data 
(TUA57; 0.22°C per decade). These results indicate the 
complexity of the homogenization effect on the esti-
mated linear trends of SAT. Data homogenization 
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Fig. 4. Time series of the raw and homogenized annual mean temperatures at the Yichang station during the period of 1887−2020.  
Grey lines: overlap of the two series

SAT over China          1909−1950       1909−2004       1909−2008       1901−2015       1951−2015       1901−2020       1951−2020 
 
TA57                                    0.05                  0.14                  0.15                  0.14                  0.20                  0.14                  0.21 
TUA57                                  0.05                  0.12                  0.13                  0.13                  0.22                  0.13                  0.22 
TCRU                                   0.19                  0.07                  0.08                  0.08                  0.16                  0.09                  0.18 
TEast                                      –                       –                       –                       –                     0.25                     –                     0.26 
TChina                                    –                       –                       –                       –                     0.24                     –                     0.25 
LQX                                   0.34                  0.15                     –                       –                       –                       –                       – 
TD                                     0.34                     –                     0.10                    –                       –                       –                       – 
WYG                                 0.25                     –                     0.06                    –                       –                       –                       – 
CLJ(2013)                         0.17                  0.14                  0.15                    –                       –                       –                       – 
CLJ(2017)                            –                       –                       –                    0.16                  0.18                     –                       –

Table 2. Linear trends of different reconstructed annual mean surface air temperature (SAT) series (°C per decade). –: no value



Clim Res 90: 95–115, 2023

decreased the upward trend in recent decades, but it 
increased the positive trends in the earlier period 
(1909−1950) and the whole period (1901−2020). 

To analyze the representativeness of the adjusted 
data, we also compared the annual mean SAT time 
series for regions and the whole of China (from all 
the stations) during 1951−2020 (Fig. 5b). The time 
series for the whole of China (TChina) was calculated 
by the method of SAT anomaly grid area weighting 
(Jones & Hulme 1996). The variability of the temper-
ature anomaly approached that of the adjusted data 
(Fig. 5b), with a correlation coefficient of 0.97 for 
1951−2020. Such a high correlation coefficient indi-
cates that the adjusted data provides a good repre-
sentation of climate change over the whole of China. 

However, it is also worth noting that the trend of the 
adjusted data is slightly smaller than that for the 
whole of China (0.25°C per decade) (Table 2). More-
over, the variation in the adjusted annual mean time 
series is also in agreement with that of eastern China 
(to the east of 110° E; termed TEast) (Fig. 5b), with a 
correlation coefficient of 0.98 during 1951−2020. 

For the time period 1909−2008, the increasing 
trend of the adjusted data series was 0.15°C per 
decade, which is greater than that (0.06−0.10°C) of 
the 1909−2008 national average series of Wang et al. 
(1998) and Tang & Ren (2005), but in full accord with 
that (0.15°C) of the 1909−2008 regional mean series 
for central and eastern China of Cao et al. (2013). 
However, the linear trend of the adjusted data 
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(0.14°C per decade) during 1909−2004 is slightly 
smaller than the 0.15°C per decade of LQX (Table 2). 

Additionally, we also made a comparison of the ad-
justed series to the CRU TS v4.06 dataset (Harris et al. 
2020). In general, the CRU time series of annual mean 
temperature anomalies varied consistently with the 
adjusted temperature data, with a high correlation of 
up to 0.86 during 1901−2020, though large discrepan-
cies occurred in 1946, 1941, 1937, and 1928, when ob-
servations were more sparsely distributed. The linear 
trend of CRU data was 0.09°C per decade during 1901−
2020, smaller than that of the adjusted data, though 
all these trends are statistically significant (p < 0.01). 

In following analysis, we focus on the spatial and 
temporal patterns of long-term change in SAT in 
China based on the adjusted data. 

Fig. 6 shows that the regional maximum tempera-
ture increased by 0.07°C per decade (p < 0.01). Prior to 
the end of the 1940s, the maximum temperature in-
creased slowly. From the end of the 1940s to the mid-
1980s, it showed a slight downward trend. From the 
mid-1980s to the end of the 1990s, it increased rapidly. 
From the end of the 1990s to the present, there was no 
obvious increase, and the period after 1998 has been 
termed a warming hiatus (Trenberth & Fasullo  2013, 
Sun et al. 2017, 2018). The warmest year was 2007, 
and the coldest year was 1984. The regional minimum 

temperature increased by 0.19°C per de cade, passing 
the 0.01 significance level. Prior to the mid-1930s, an 
increase in the minimum temperature was not 
obvious. From the mid-1930s to the end of the first 
decade of the 21st century, it increased relatively 
quickly. Since then, there has not been an obvious in-
crease. The warmest year was 2007, and the coldest 
year was 1936. The regional DTR de creased by 0.13°C 
per decade, passing the 0.01 significance level. Prior 
to the 1950s, a decrease was not obvious; however, 
since the 1950s, the DTR has decreased rapidly. The 
largest DTR occurred in 1929, and the smallest oc-
curred in 2012. 

3.2.  Spatial characteristics of temperature change 

As can be seen from Fig. 7a, stations with an aver-
age temperature increasing at a rate of 0.20 to 0.44°C 
per decade were primarily distributed in Northwest, 
Northeast, South, and North China (Fig. 7d). This may 
have been partly due to the urbanization effect 
formed by urban development and global warming 
(Wen et al. 2019). Among these, the station with the 
highest rate of temperature increase was in Haikou, 
with a rate of 0.44°C per decade; the rates at other sta-
tions were relatively small, between 0 and 0.20°C per 
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decade. Stations where the average temperature de-
creased at a rate from −0.19 to 0°C per decade during 
1901−2020 were primarily distributed along the 
southeastern coast and the middle and lower reaches 
of the Yangtze River. This may have been partly 
caused by the urban oasis effect (Wen et al. 2019). 
Among these, the Fuzhou station had the highest rate 
of decrease, at −0.19°C per decade. Stations with a 
maximum temperature increasing at a rate of 0.15 to 
0.31°C per decade were primarily distributed in 
Southwest, Northwest, and North China and in the 
eastern coastal areas (Fig. 7b). This may have been 
caused by the urbanization effect formed by urban 
development and global warming (Wen et al. 2019). 
Among these, the station with the highest rate of tem-
perature increase was in Kunming, at 0.3°C per 
decade; the rates of increase at other stations were 
relatively small, between 0 and 0.15°C per decade. 
Stations where the maximum temperature decreased 
at a rate from −0.09 to 0°C per decade during 
1901−2020 were primarily distributed in Central and 
North China, along the southeastern coast, and along 
the middle and lower reaches of the Yangtze River. 
This may have been caused by urbanization slow-
down, ecological environmental improvement, and 
partly, by the urban oasis effect formed by urban 

greening (Wen et al. 2019). Among these, the Zhen-
jiang station had the highest rate of decrease, at 
−0.09°C per decade. The rate of increase in minimum 
temperature was relatively high, with rates of 0.45 to 
0.6°C per decade being primarily distributed in 
North, Northeast, and Northwest China (Fig. 7c). This 
may have been caused by the urbanization effect 
formed by urban development and global warming 
(Wen et al. 2019). Among these, the Dezhou station 
had the highest rate of increase at 0.6°C per decade. 
Stations where the minimum temperature decreased 
at rates from −0.03 to 0°C per decade were primarily 
distributed in Southwest and South China, and along 
the middle and lower reaches of the Yangtze River. 
This may have been caused by the associated atmos-
pheric circulation changes in the context of global 
warming. Of these, the Kunming station had the high-
est cooling rate at −0.02°C per decade. 

Stations with DTR decreasing at rates from −0.5 to 
−0.37°C per decade were primarily distributed in 
Northeast and North China (Fig. 7d). Stations with 
DTR de creasing at rates from −0.37 to −0.24°C per 
decade were primarily distributed in Northeast and 
North China, along the middle and lower reaches of 
the Yangtze River, and in Central and Northwest 
China. Stations with an increasing trend in DTR were 
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primarily distributed along the southeastern coast, 
along the middle and lower reaches of the Yangtze 
River, and in North and Central China. Among these, 
the Mapoling station in Changsha had the largest in -
creasing trend at 0.14°C per decade. The spatiotem-
poral distribution of DTR has been suggested to be 
related to cloud cover, solar radiation, elevation, 
rainfall, and the associated atmospheric circulation 
changes (Dong & Huang 2015, Xue et al. 2019). 

3.3.  Time series and spatial characteristics of 
seasonal temperature 

Fig. 8 shows the 4 season mean temperature se -
quence in China from 1901 to 2020. The regional 
average temperature in spring increased by 0.18°C 
per decade, passing the 0.01 significance level. The 
warmest year was 2018, and the coldest year was 
1936. The regional average temperature in summer 
in creased by 0.08°C per decade, passing the 0.01 sig-
nificance level. The warmest year was 2016, and the 
coldest year was 1976. The regional average temper-
ature in autumn rose by 0.12°C per decade, passing 
the 0.01 significance level. The warmest year was 
2006, and the coldest year was 1912. The regional 
average temperature in winter increased by 0.19°C 
per decade, passing the 0.01 significance level. The 
warmest year was 1999, and the coldest year was 
1936. 

Fig. 9 shows the 4 season mean maximum temper-
ature sequence in China from 1901 to 2020. The 
regional maximum temperature in spring increased 
by 0.14°C per decade, passing the 0.01 significance 
level. The warmest year was 2018, and the coldest 
year was 1936. The regional maximum temperature 
in summer increased by 0.06°C per decade, passing 
the 0.01 significance level. The warmest year was 
2016, and the coldest year was 1901. The regional 
maximum temperature in autumn rose by 0.06°C per 
decade, passing the 0.01 significance level. The 
warmest year was 1998, and the coldest year was 
1981. The regional maximum temperature in winter 
increased by 0.09°C per decade, passing the 0.01 sig-
nificance level. The warmest year was 1999, and the 
coldest year was 1936. 

Fig. 10 shows that the regional minimum tempera-
ture in spring increased by 0.22°C per decade, pass-
ing the 0.01 significance level. Prior to the early 
1950s, the minimum temperature increased slowly; 
from the early 1950s to the mid-1960s, the increase 
was rapid; and it continued to increase rapidly from 
the mid-1960s to the present. The warmest year was 
2018, and the coldest year was 1936. The regional 
minimum temperature in summer increased by 0.17°C 
per decade, passing the 0.01 significance level. From 
the early 1900s to the early 1910s, it in creased rap-
idly; then was relatively stable until the early 1950s; 
and increased rapidly from the early 1950s to the 
early 1960s. From the early 1960s to the mid-1970s, 
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the minimum temperature showed a slight down-
ward trend; and from the mid-1970s to the present, it 
increased rapidly. The warmest year was 2018, and 
the coldest year was 1901. The re gional minimum 
temperature in autumn increased by 0.18°C per 
decade, passing the 0.01 significance level. Prior to 

the 1950s, there was no obvious increase in minimum 
temperature. From the 1950s to the early 1960s, the 
increase became rapid, and it continued to increase 
rapidly from the early 1960s to the present. The 
warmest year was 2006, and the coldest year was 
1912. The regional minimum temperature in winter 
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increased by 0.22°C per decade, passing the 0.01 sig-
nificance level. Prior to the end of the 1950s, the min-
imum temperature increased slowly. In the 1960s, it 
showed a decreasing trend. From the end of the 1960s 
to the present, it increased rapidly. The warmest year 
was 2017, and the coldest year was 1936. 

The DTR during the 4 seasons in China from 1901 
to 2020 showed a weakly increasing stage prior to 
the 1930s, a weakly decreasing stage from the early 
1930s to the early 1950s, and a rapidly decreasing 
stage from the early 1950s to the present (Fig. 11). 
The regional spring DTR decreased by approxi-
mately 0.08°C per decade, passing the 0.01 signifi-
cance level. Prior to the 1930s, it showed a slight up -
ward trend, while from the 1930s to the early 1950s, 
it showed a slow downward trend. From the early 
1950s to the present, the DTR decreased rapidly. The 
largest anomaly occurred in 1929, and the smallest 
anomaly occurred in 2010. The regional summer 
DTR decreased by 0.12°C per decade, passing the 
0.01 significance level. Prior to the 1930s, the DTR 
showed a slight upward trend, and from the 1930s to 
the end of the 1940s, it showed a slight downward 
trend. Since then, it has shown a rapid downward 
trend. The largest anomaly year was 1933, and the 
smallest anomaly year was 1998. The regional 
autumn DTR decreased by 0.12°C per decade, pass-
ing the 0.01 significance level. Prior to the end of the 
1930s, the DTR showed an upward trend; then, until 
the early 1950s, it showed a slight downward trend. 

From the early 1950s to the present, it decreased rap-
idly. The largest anomaly occurred in 1936, and the 
smallest anomaly occurred in 2020. The regional 
winter DTR decreased by 0.13°C per decade, passing 
the 0.01 significance level. Prior to the mid-1930s, the 
DTR was relatively stable; from the early 1940s to the 
early 1950s, it showed a slow downward trend; and 
after the early 1950s, the downward trend was rela-
tively rapid. The largest anomaly occurred in 1963, 
and the smallest anomaly occurred in 2012. 

For the average temperature in spring, only Yi -
chang and Fuzhou stations, which are located in 
Central and Southeast China, showed cooling trends. 
Stations with higher rates of increase were primarily 
located along the middle and lower reaches of the 
Yangtze River, in North, South, Northwest, and 
Northeast China, and the Tibet Plateau. In summer, 
most stations showed warming trends, but the num-
ber of stations with cooling trends increased com-
pared to spring. Stations with higher rates of increase 
were primarily located in Northwest, South, and 
North China. Stations with decreasing trends were 
primarily distributed in Southwest China and along 
the middle and lower reaches of the Yangtze River. 
In autumn, most stations also showed warming 
trends. Stations with higher rates of increase were 
primarily distributed in North, Northwest, Northeast, 
and South China, and the Tibet Plateau, and the sta-
tions with decreasing trends were primarily distrib-
uted in Southeast China, along the middle and lower 
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reaches of the Yangtze River. In winter, the stations 
with higher rates of increase were primarily distrib-
uted in North, Northeast, South, and Northwest 
China, and the Tibet Plateau, and stations with de -
creasing trends were generally located in Southwest, 
Southeast, and Central China (data not shown). 

For the maximum average temperature in spring, 
most stations showed warming trends. Stations with 
higher rates of increase rate were primarily located 
along the southeastern coast and in North and 
Central China, while stations with decreasing trends 
were mostly located in Southwest, Northwest, and 
North China. In summer, most stations showed warm-
ing trends, but the number of stations with cooling 
trends increased compared to spring. Stations with 
higher rates of increase were primarily located in 
Southwest China, along the southeastern coast, and 
in North China. Stations with decreasing trends were 
primarily distributed in North and Northwest China, 
along the middle and lower reaches of the Yangtze 
River, and in Southwest China. This may relate to ur-
banization slowdown, ecological environmental im-
provement, and partly, by the urban oasis effect formed 
by urban greening (Wen et al. 2019). In autumn, most 
stations also showed warming trends. Stations with 
higher rates of increase were primarily distributed in 
North, Northwest, and Southwest China, and along 
the southeastern coastal areas, and the stations with 
decreasing trends were primarily distributed in North, 
Northwest, and Southwest China, along the middle 
and lower reaches of the Yangtze River, and in South 
China. In winter, the stations with higher rates of in -
crease were primarily distributed in North and North-
west China, along the middle and lower reaches of the 
Yangtze River, and in the southeastern coastal areas, 
and stations with decreasing trends were generally 
located along the middle and lower reaches of the 
Yangtze River (data not shown). 

For the minimum average temperature in spring, a 
decreasing trend only occurred in Kunming, while 
other stations all showed warming trends. Those with 
higher rates of increase were primarily located in 
Northeast and North China, and in Hainan. In sum-
mer, stations with higher rates of increase were pri-
marily located in Northeast and North China, and in 
Hainan, and stations with decreasing trends were 
only distributed in Northwest China and along the 
middle and lower reaches of the Yangtze River. In au-
tumn, warming was also a dominant feature in most 
areas. Stations with higher rates of increase were pri-
marily located in Northeast, North, and Northwest 
China, along the lower reaches of the Yangtze River, 
and in Hainan, and stations with downward trends 

appeared in Southwest and Central China, and along 
the southeastern coastal areas. In winter, warming 
was the dominant feature in most areas, and the 
warming trend was more obvious than in other sea-
sons. Stations with higher rates of in crease were pri-
marily located in Northeast, North, and Northwest 
China, along the middle and lower reaches of the 
Yangtze River, and in Hainan, and the stations with 
decreasing trends occurred in the southwestern and 
southeastern coastal areas (data not shown). 

The seasonal mean DTR exhibited a general down-
ward trend across the country. In spring, stations 
with higher rates of decrease were primarily located 
in North and Northeast China, and stations with 
slight increasing trends occurred in North and Cen-
tral China, along the middle and lower reaches of the 
Yangtze River, and in southwestern and southeast-
ern coastal areas. In summer, the number of stations 
with a decreasing trend increased compared to 
spring. Stations with larger decreasing trends were 
primarily located in North and Northeast China, and 
along the middle and lower reaches of the Yangtze 
River, and the stations with slight increasing trends 
were located along the lower reaches of the Yangtze 
River and in Central, North, and Southwest China. In 
autumn, the number of stations with decreasing 
trends was highest. Stations with larger decreasing 
trends were mostly located in North and Northeast 
China, and stations with slight increasing trends 
were only distributed along the middle and lower 
reaches of the Yangtze River, and in the southwest-
ern and eastern coastal areas. In winter, stations with 
larger decreasing trends were also primarily located 
in North and Northeast China, and stations with 
weak increasing trends occurred in Central China, 
eastern coastal areas, Southwest China, and some 
coastal areas of South China (data not shown). 

3.4.  Time series of regional average temperature 

The average, maximum, and minimum tempera-
ture, and DTR trends for 6 climate zones and the Chi-
nese mainland as a whole during 1901−2020 are 
shown in Table 3. The annual average temperatures 
of the zones all presented warming trends. The 
smallest increasing trend appeared in the Yangtze 
River region, with a rate of 0.02°C per decade, and 
the highest warming trends appeared in Northeast, 
Northwest, and North China, with rates of 0.27, 0.25, 
and 0.21°C per decade, respectively. The annual 
mean maximum temperatures of the zones all pre-
sented warming trends. The smallest increasing 
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trend appeared in the Yangtze River region, with a 
rate of 0.04°C per decade, and the largest warming 
trends appeared in Southwest, Northwest, and North 
China, with rates of 0.29, 0.21, and 0.15°C per 
decade, respectively. The annual mean minimum 
temperatures of the regions all exhibited warming 
trends except for Southwest China, which showed a 
weak cooling trend, with a rate of −0.02°C per 
decade. The smallest increasing trend appeared in 
the Yangtze River region and South China, with a 
rate of 0.12°C per decade, and the largest warming 
trends appeared in Northeast, Northwest, and North 
China, with rates of 0.38, 0.37, and 0.35°C per 
decade, respectively. The an nual mean DTR of the 
regions all exhibited downward trends ex cept for 
Southwest China, which showed a weak increase, 
with a rate of 0.05°C per decade. The smallest nega-
tive trends appeared in South China and the Yangtze 
River region (−0.05 and −0.08°C per decade), and the 
largest negative trends appeared in Northeast, 
North, and Northwest China, with rates reaching 
−0.29, −0.26, and −0.18°C per decade, respectively. 

Seasonal average temperature also exhibited warm-
ing trends in all zones except the Yangtze River region 
in summer. The least warming in spring occurred in 
the Yangtze River. The Yangtze River showed a 
slight chilling at a rate of −0.01°C per decade in sum-
mer, but Northeast, Northwest, and North China all 
experienced evident warming. The smallest autumn 
mean SAT warming appeared in the Yangtze River, 
and the largest appeared in Northwest China. The 
smallest winter warming occurred in the Yangtze 
River, and the largest value was re corded in North-
east China. For Northeast and Northwest China, the 
winter witnessed the highest in creases in average 
temperature among the 4 seasons. Seasonal mean 
maximum temperature also exhibited warming trends 
in all zones except Northeast China in summer. The 
smallest warming in spring was recorded in the 
Yangtze River. Northeast China showed a slight chill-
ing at a rate of −0.05°C per decade in summer, but 
Southwest and Northwest China experienced obvi-
ous warming. The smallest warming in autumn ap -
peared in the Yangtze River, and the largest trend 
ap peared in Southwest China. The least warming in 
winter oc curred in South China and the Yangtze River, 
and the largest value occurred in Southwest China. 
For Northeast, North, and Northwest China, the win-
ter witnessed the highest increases in maximum tem-
perature among the 4 seasons. Seasonal mean mini-
mum temperature exhibited warming trends in all 
zones except in spring, autumn, and winter in South-
west China. For spring, Southwest China showed a 

slight cooling at a rate of −0.02°C per decade, the 
smallest spring warming was seen in the Yangtze 
River. For summer, the least warming was seen in 
Southwest China. Autumn in Southwest China showed 
a trend of 0, and the least warming occurred in the 
Yangtze River and South China. In winter, Southwest 
China showed a slight cooling at a rate of −0.11°C per 
decade, and the least winter warming was recorded in 
South China. For Northeast, North, and Northwest 
China, the winter showed the largest in creases in 
minimum temperature among the 4 seasons. 

Seasonal mean DTR showed decreasing trends in 
all regions except in Southwest China during all sea-
sons. The largest spring decrease was recorded in 
Northeast China. In summer, the largest decrease was 
also seen in Northeast China. The largest autumn 
downward trends were seen in Northeast and North 
China, with rates reaching −0.29°C per decade. For 
winter, the greatest decrease was seen in Northwest 
China. In Northwest China and the Chinese mainland 
as a whole, the winter showed the largest decreases 
in DTR among the 4 seasons. 

In conclusion, the regions of North, Northeast, and 
Northwest China exhibited more obvious warming in 
average temperatures and minimum temperatures, 
and more obvious declines in DTR than other regions. 
The DTR declines in these regions may mostly be due 
to the increased minimum temperatures. The regions 
of North and Northwest China exhibited more obvious 
warming in maximum and minimum temperatures 
than other regions. Southwest China experienced 
more obvious warming in maximum temperature 
than other regions, but not in minimum temperature. 
The region of Northeast China exhibited more obvi-
ous warming in minimum temperature than other re-
gions, but not in maximum temperature. North and 
Northeast China presented the largest and most obvi-
ous decreases in DTR in all seasons. The Yangtze 
River and South China showed the smallest decreases 
in DTR in all 4 seasons. The trends of annual and sea-
sonal average, mean maximum and minimum tem-
peratures, and DTR were significant in all regions 
except for the summer maximum temperature for 
the Yangtze River, summer minimum temperature in 
Southwest China and the Yangtze River, autumn min-
imum temperature in Southwest China, and spring 
DTR in Southwest China. 

4.  DISCUSSION 

In order to compare with previous studies, we con-
structed a nationally averaged SAT anomaly series, 
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including raw and homogenized average 
SAT anomaly series (anomalies are rela-
tive to the 1901−2000 an nual means). The 
raw and homogenized data series have an 
increase rate of 0.20 and 0.22°C per de cade 
during 1901−2020, respectively (Table 4), 
with the homogenized data series seeing a 
slight larger trend. 

A previous analysis (Li & Yang 2019) 
assumed that the lack of data early in the 
20th century, especially for western China 
may have been the reason for the abnor-
mally warm anomalies in 1940s reported 
by Tang & Ren (2005) and Soon et al. (2015, 
2018). In this study, we added new digital-
ized data for the pre-1950 period from 
western stations, which should make the 
nationally averaged SAT series more reli-
able, especially for the early 20th century 
(1920s to 1940s) warm periods in China. 

We compared the anomalies and trends 
of different periods in the raw and homog-
enized data series, and our homogenized 
series with the analysis by Soon et al. 
(2018). The recent warm peak year (2007) 
during 1951−2020 was 1.45°C warmer than 
the early 20th century (1901−1950) warm 
peak year (1946) in the homogenized data 
series. According to the difference (ΔT) 
between these 2 peak years (1.45°C), the 
early warm peak year in our homogenized 
series ranks last in the table published by 
Soon et al. (2018; their Table 1). The linear 
trends for the early (1901−1950) and late 
(1951−2000) 20th century in our homoge-
nized series were 0.32 and 0.19°C per de -
cade, respectively, and the temperatures of 
the warmest years (1946 and 2007) during 
the same periods were 1.19 and 2.64°C 
above average, respectively. The trend 
during 1901−2000 was 0.22°C per decade, 
and the difference between the trends for 
1901−1950 and 1951−2000 was −0.13°C 
per decade. Our data series identified the 
same year (1946) as the warmest year in 
the 1901−1950 period, which is consistent 
with the results of Soon et al. (2015, 2018). 
Our 2 series also identified the same year 
(2007) as the warmest year in the 1951−
2020 period, and this is consistent with the 
results of most previous analyses, though 
there are studies that indicate 1998 as the 
warmest for the 1951−present  period. 
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Our homogenized data series suggests that the 
recent warm peak year (2007) was warmer than the 
earlier peak year (1946). This is approximately con-
sistent with Wang et al. (2004), Tang & Ren (2005), 
Ding et al. (2014), the raw series, and the series of Li 
et al. (2017). However, our series suggests a higher 
warming rate for the 1901−1950 period (0.32°C per 
decade) than for the 1951−2000 period (0.19°C per 
decade). This is consistent with the results of Soon et 
al. (2015, 2018). 

The peak year temperature anomaly of the raw 
series was 1.24°C during 1901−1950, but it decreased 
to 1.19°C after data homogenization. The specific 
reasons for this remain to be studied in the future. In 
addition, both the homogenized and raw series were 
homogenized after 1951, because the data for years 
after 1951 were acquired directly from the NMIC and 
had already been homogenized. Therefore, the peak 
year temperature anomalies of the raw series and the 
homogenized series during 1951−2020 were almost 
the same. Because the 57 stations used to construct 
the present series are mostly located in cities, the rel-
ative warmth of the recent period in our 2 series is 
very consistent with that of the GHCN v4 (raw) data 
(Soon et al. 2018), which was constructed based on a 
dataset obtained mostly from urban stations. 

Sun et al. (2019) studied the global DTR change 
from 1901 to 2014 and found that the global and 
hemispheric DTR decreased by 0.35 and 0.42°C, 
respectively, from 1951 to 2014. From 1901 to 2014, 
they decreased by 0.41 and 0.42°C. They also found 
the DTR over China de creased by 1.15°C during 
1951−2014 and by 1.37°C during 1901−2014 (Sun et 

al. 2019); both decreases were larger than those of 
the global and hemispheric ranges (Table 5). This 
difference is primarily due to the different study 
ranges: China is a developing country with rapid 
urbanization and a significant rise in minimum tem-
perature, which has led to a significant decline in 
DTR. Sun et al. (2021) studied the DTR in East Asia 
during 1901−2018 and showed that the DTR de -
creased by 0.53°C during 1951−2018 and by 0.6°C 
during 1901−2018. The DTR in China de creased by 
1.16°C during 1951−2018 and by 1.42°C during 
1901−2018 in the present study (Table 5). These 
decreases in the DTR were both larger than those in 
East Asia as a result of the different areas studied. 
Easterling et al. (1997) analyzed the change trend of 
the maximum and minimum temperatures in the 
Northern Hemisphere from 1950 to 1993 and found 
that they increased by 0.09 and 0.18°C per decade, 
respectively. Over the same period, the maximum 
temperature decreased by 0.03°C per decade over 
China in our study, which is slightly lower than the 
overall decrease in the Northern Hemisphere. The 
minimum temperature increased by 0.21°C per 
decade, close to the trend calculated for the Northern 
Hemisphere (Table 5). In addition, when analyzing 
global climate change, some scholars (Wang & Ye 
1995, Wang 2001, Wang et al. 2014) have identified a 
warming acceleration period from 1979 to 1999; this 
is in agreement with the warming acceleration 
period found in the time series of the maximum and 
minimum temperatures in our study. 

Karl et al. (1991, 1993) concluded that the DTR in 
China during 1951−1988 and 1951−1989 both de -
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Period          Reference                                                          DTR                                                      Tmax                                         Tmin 
                                                         Global    Northern   East Asia  China  China      Northern   China   China    Northern   China  China  
                                                                      Hemisphere                               DTRA  Hemisphere               TmaxA   Hemisphere              TminA 
 
1951−2014   Sun et al. (2019)           −0.05        −0.07                                     −0.18                                                                                          
1901−2014   Sun et al. (2019)           −0.04        −0.04                                     −0.12                                                                                          
1951−2018   Sun et al. (2021)                                               −0.08                  −0.09                                                                                          
1901−2018   Sun et al. (2021)                                               −0.05                  −0.12                                                                                          
1950−1993   Easterling et al. (1997)                                                                                  0.09                      −0.03         0.18                      0.21 
1951−1988   Karl et al. (1991)                                                              −0.2    −0.25                                                                                          
1951−1989   Karl et al. (1993)                                                              −0.2    −0.26                                                                                          
1950−1999   Shen & Varis (2001)                                                       −0.24   −0.23                                                                                          
1955−2000   Liu et al. (2004)                                                                −0.2    −0.22                          0.13      0.07                          0.32     0.26 
1955−1989   Liu et al. (2004)                                                               −0.25   −0.26                        −0.02     −0.07                          0.24     0.19 
1990−2000   Liu et al. (2004)                                                                0.05    −0.11                          0.56      0.42                          0.51     0.33 
1951−1990   Zhai & Ren (1997)                                                           −0.13   −0.26                          0.03     −0.04                          0.18     0.21 
1951−2002   Tang et al. (2005)                                                           −0.17   −0.21                          0.12      0.08                          0.28     0.27

Table 5. Linear trends of different reconstructed diurnal temperature range (DTR), maximum temperature (Tmax), and minimum tempera-
ture (Tmin) series (°C per decade). The homogeneity adjusted time series obtained in this paper are referred to as TmaxA, TminA and DTRA,  

respectively
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creased by 0.2°C per decade. During the same peri-
ods, the DTR over China decreased by 0.25 and 
0.26°C per decade, respectively; this is slightly larger 
than the previously obtained decreasing trend 
(Table 5). This may be due to inconsistency of the 
study data. Shen & Varis (2001) analyzed the DTR 
changes from 1950 to 1999 in China with data from 
400 stations and found that it decreased at a rate of 
−0.24°C per decade. The DTR in China decreased at 
a rate of −0.23°C per decade from 1950 to 1999 in our 
study. This is in good agreement with the previous 
results and helps verify the accuracy of the results of 
this study. Liu et al. (2004) analyzed the average, 
maximum, and minimum temperatures, and DTR in 
China from 1955 to 2000 and found that the maxi-
mum and minimum temperatures increased by 0.13 
and 0.32°C per decade, respectively, while the DTR 
decreased by 0.2°C per decade. During 1955−1989, 
they found that the maximum temperature de -
creased by 0.02°C per decade, the minimum temper-
ature increased by 0.24°C per decade, and the DTR 
decreased by 0.25°C per decade. During 1990−2000, 
they found that the maximum and minimum temper-
atures increased by 0.56 and 0.51°C per decade, and 
the DTR increased by 0.05°C per decade. During 
1955−2000, the maximum and minimum tempera-
tures in China increased by 0.07 and 0.26°C per de -
cade, respectively, both of which are slightly smaller 
than the previous results, and the DTR decreased by 
0.22°C per decade, which is very close to the previ-
ous result. During the period of 1955−1989, the max-
imum temperature decreased by 0.07°C per decade 
and the minimum temperature increased by 0.19°C 
per decade, both of which are slightly smaller than 
the previous results, and the DTR decreased by 
0.26°C per decade, which is very close to the previ-
ous result. During the period of 1990−2000, the max-
imum and minimum temperatures increased by 0.42 
and 0.33°C per decade, and the DTR decreased by 
0.11°C per decade; these values are slightly smaller 
than the previous results (Table 5). This is primarily 
due to the use of different stations. 

Zhai & Ren (1997) used data from 369 observation 
stations compiled by the NMIC to study the maxi-
mum and minimum temperatures, and DTR in China 
from 1951 to 1990. They found that the maximum 
and minimum temperatures increased by 0.03 and 
0.18°C per decade, and the DTR decreased by 0.13°C 
per decade. We recalculated the maximum and min-
imum temperatures, and DTR trends in China during 
the period from 1951 to 1990 and found that the max-
imum temperature decreased by 0.04°C per decade, 
which is slightly lower than the previous result, and 

that the minimum temperature increased by 0.21°C 
per decade, which is only slightly higher than the 
previous result. The DTR decreased by 0.26°C per 
decade, which is higher than the previous result 
(Table 5). The slight differences in the maximum and 
minimum temperatures are primarily caused by the 
different station data used. The differences in DTR 
are largely a consequence of the fact that the 50 sta-
tions used in our study are almost all located in cities. 
The larger increase in minimum temperature is due 
to urbanization development after 1951, which caused 
a more obvious decline in the DTR. In addition, urban-
ization and relocation factors played a role in creating 
differences. Tang et al. (2005) analyzed the changes in 
the average maximum and minimum temperatures 
and the DTR in China from 1951 to 2002 and found 
that the maximum and minimum temperatures in -
creased by 0.12 and 0.28°C per de cade, respectively, 
and the DTR decreased by 0.17°C per decade. We re -
calculated the trend during the same period and 
found that the maximum and minimum temperatures 
increased by 0.08 and 0.27°C per decade, and the DTR 
decreased by 0.21°C per de cade, all of which are rel-
atively close to the results of the previous analysis, 
showing the accuracy of our results (Table 5). 

The direct cause for the change in the DTR is the 
different changes in the daily maximum surface air 
temperature (SATmax) and minimum surface air tem-
perature (SATmin) (Easterling et al. 2000, IPCC  2013, 
Sun et al. 2019, Yang et al. 2022). In addition to the 
direct influences of solar radiation on the intra sea-
sonal changes in SATmax and SATmin, the changes in 
land use/land cover (LULC) and the intra seasonal 
change in land surface thermal conditions signifi-
cantly affect the atmospheric thermal conditions at 
the observation stations. Yang et al. (2020) showed a 
significant composite effect of agricultural activities 
and urbanization on the daytime−nighttime differ-
ence in land surface temperature (LST) and DTR, 
and their regional differences. For example, they dis-
covered that the change in the DTR in the NYRD 
(North of Yangtze River Delta) area is largely attrib-
utable to nighttime temperature (nighttime LST) and 
SATmin. The land cover changes caused by crop rota-
tion influence the nighttime LST and SATmin. How-
ever, the national weather stations are usually 
located in or near cities or towns in China, and the 
SAT records are heavily influenced by local human 
activities, especially the urbanization process (Ren & 
Ren 2011, J. Yang et al. 2013, Y. Yang et al. 2013, 
Yang et al. 2017, Wang et al. 2019). Previous research 
has shown that the long-term downward trend of 
DTR has been significantly affected by urbanization 
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in China, in particular in North China (Zhou & Ren 
2011, Ren et al. 2015). The changes in annual mean 
DTR in different regions of China are also related to 
altitude, cloudiness, precipitation, soil moisture, and 
other factors (Hua et al. 2006, Chen & Chen 2007, 
Dong & Huang 2015, Sun et al. 2021). The specific 
reasons for the regional differences in DTR and its 
trends should be further explored in the future. 

It should be noted that using homogenized data 
corrected for inhomogeneity breakpoints caused by 
relocations from urban areas to suburban areas may 
have caused a new system bias due to urbanization 
(J. Li et al. 2014, Zhang et al. 2014, Ren et al. 2015, 
Bian et al. 2017), resulting in a greater urbanization 
effect in the data series after the adjustment. This 
may have been a major reason for the larger upward 
trends in annual mean temperature being estimated 
from the homogenized data than from unadjusted 
data since the beginning of the 20th century in 
China. Therefore, in the future, the impact of urban-
ization on the trends in temperature series needs to 
be evaluated and eliminated from existing homoge-
nized data. Urbanization bias-adjusted data series 
will be better able to represent the real changes in 
background temperature. This is an important and 
urgent issue to be solved in the future. 

5.  CONCLUSIONS 

We established an extended set of monthly mean 
SAT data series in China going back to the late 19th 
century through consistent quality control, interpola-
tion, and homogenization. The dataset includes 57 
stations for monthly mean temperature and 50 sta-
tions for monthly mean maximum and minimum tem-
peratures. Early-year data recovered and digitized 
by ACRE China were used to supplement the station 
observations in the new dataset. 

RHtest homogenization methods were applied to 
adjust the major inhomogeneous biases in the original 
data. In comparison with the raw data, the ad justed 
data series of annual mean SATs indicates more sig-
nificant warming. The warming trends of the original 
and adjusted series of annual mean SAT are 0.13 and 
0.14°C per decade, respectively, during 1901−2020. 

The regional series of annual mean SATs for China 
during 1951−2020 constructed from the 57 stations is 
quite consistent with that calculated from a denser 
network of stations. The linear trend of the regional 
series of annual mean SATs for 1901−2020 is large 
and significant, with a more obvious warming of 
0.07°C per decade for the period of 1951−2020. 

The trends of the annual mean maximum and 
minimum temperature series for China based on the 
new dataset are comparable to those based on other 
currently available datasets. The large and signifi-
cant de cline in the DTR in North, Northeast, and 
Northwest China is mostly due to the more rapid 
increase in minimum temperature than in maximum 
temperature. 

Uncertainty in the trend estimates of annual mean 
temperature, maximum temperature, minimum tem-
perature, and DTR is mainly caused by the relatively 
sparse distribution of stations before 1950. There is a 
need to strengthen the recovery and digitization of 
the early 20th century data in the coming years. 
Another big issue related to the uncertainty of the 
trend estimates is the effect of urbanization on the 
regional long-term temperature series. This should 
be further investigated in the future. 
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