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Abstract This paper provides new evidence of regional warming trends from local Chinese
observations covering the period 1951–2010. We used satellite-derived land data and
weighted urban and rural temperature records (a weighted method) and estimate the regional
warming trend, which involves natural climate change and human impact. The annual
warming rate over the whole of China is 0.21±0.02 °C/decade. The seasonal warming is
0.30±0.05 °C/decade (Winter), 0.24 °C±0.03 °C/decade (Spring); 0.16±0.02 °C/decade
(Summer) and 0.21±0.03 °C/decade (Autumn). The mean warming trend is lower than
previous estimates (e.g. NMIC, CRU-China) using un-weighted methods (arithmetic aver-
age of all records). The warming difference between the weighted and un-weighted accounts
for 27 % (12 %) of the NMIC (CRU-China) un-weighted estimate on the total warming. This
indicates that previous estimations overestimated a regional warming trend. The differences
can be partly attributed to the weighting of the urban effect which is taken into consideration
in this study, resulting in a much slower temperature increase. Spatially, the northern part of
China shows a larger difference than the south especially for winter and spring. We argue
that it is of importance to take into consideration the influence of urban land-use change to
improve the physical understanding of surface warming in China over past decades.
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Abbreviations

CAM Climate Anomaly Method
CAS Chinese Academy of Sciences
CE Coefficient of Efficiency
CMA China Meteorological Administration
CRU Climatic Research Unit
FDM First Differences Method
GCPs Ground Control Points
GISS Goddard Institute for Space Studies
NASA National Aeronautics and Space Administration
NMIC National Meteorological Information Centre
P-E Peterson and Easterling
RE Reduction of Error
RSM Reference Station Method
SAT Surface Air Temperature
SD Standard Deviations
SE Sampling error
UHI Urban Heat Island

1 Introduction

Global warming is an important issue for climate change research. In examining the
warming trend over recent decades, how to use local point observations to estimate large-
scale mean trends is of particular importance. Meteorological observations are local, no
matter at urban or rural stations. The purpose of this study is to provide a reliable regional
warming trend over the past 60 years over China using more than 700 meteorological
stations and satellite observed land-use data.

In various studies, the local station data are converted to regular grids and then averaged
to produce a regional mean temperature series (Smith et al. 2008; Hausfather et al. 2013;
Quayle et al. 1999; Zhang and Li 1982; Tang and Ding 2007; Li et al. 2009; Zhang et al.
2010). At grid cell, station records can be combined and converted into anomalies through
the Climate Anomaly Method (CAM) (Jones 1994; 2012; Brohan et al. 2006), the Reference
Station Method (RSM) (Hansen et al. 2001), and First Differences Method (FDM) (Peterson
et al. 1998). However, if all stations including the large cities are used, the warming trend is
usually exaggerated. For example, let us assume there are five stations in one grid box, two
urban and three rural stations. Then the two urban stations will represent 40 % of this grid if
all stations data are arithmetically averaged, but the scale of the city is often limited in a
small portion because the urban area only accounts for a small part of continent. In China,
urban land area accounts for only 0.67 % of the total land areas (see Section 3.2, estimated
according to the satellite data (Vogelmann et al. 2001)). Therefore, average temperatures for
all stations without weighting will overestimate the urban impact on temperature trends.
Tang and Ding (2007) reported of a regional warming trend of 0.23 °C/decade for China
from 1951–2007 using 5°×5° spatially resolved data from 616 stations. Li and Li (2007)
showed 0.23–0.25 °C/decade warming trend for China from 1951–2004 with 2.5°×2.5°
spatial resolution using 728 stations and FDM method.

In some studies on Urban Heat Island effect, the data of some urban stations are usually
neglected (Hansen et al. 2010; Peterson and Owen 2005; Zhou et al. 2001; Wang et al. 1990;
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Zhang et al. 2010; Ren and Ren 2011; Li et al. 2004; Hua et al. 2008; Ren et al. 2008; Yang
et al. 2011 and Wang and Ge 2012). It provides a rural series without urban impact on
average temperature trend. Zhang et al. (2010) estimated a rural warming trend of
0.20 °C/decade for China over 1961–2004 using 138 reference stations. Jones et al.
(2008) showed a 0.15 °C/decade rural warming over 1951–2004 for eastern China by
comparing land surface air temperature (SAT) with sea surface temperature from adjacent
sea areas. Yang et al. (2011) showed a rural warming of 0.50 °C/decade from 1981–2007 for
eastern China using satellite night-light index. The rural regional trend shows regional
response to global warming, which removes the urbanization effect induced by human
activity. In our study, the impact of human activity is not removed and the urbani-
zation effect is included in the regional temperature trend to estimate an actual SAT
change.

This paper provides new estimates of average annual and seasonal warming trends
of China by using meteorological observations covering the period of 1951–2010. We
apply weighted averaging of urban and rural records to provide a regional mean
temperature series. New estimate will be provided on the warming over the past 60 years,
which includes natural climate change and human impacts (including greenhouse effect and
urbanization effect).

2 Temperature data

2.1 Station data

Temperature data are obtained from the “Monthly Surface Climate Dataset in China” of the
China Meteorological Administration (CMA) (available at http://www.cma.gov.cn/2011qxfw/
2011qsjgx/). Overall, 728 meteorological stations including the national reference climate
stations and basic meteorological stations are selected. Due to instrument changes, station
relocations, and alternations, some stations were removed, and some were added. 670 stations
are currently in operation. Of these stations, 63 were eliminated due to the lack of data for more
than 10 years. Finally, 607 stations are selected (Supplementary Fig. 7). The data cover the
period 1951–2010. The pre 1951 data include strong inhomogeneities due to the lack of uniform
measurement standard. From 1950 on, when the People’s Republic of China just established,
most stations began to put to use regularly.

2.2 Quality control and homogenization

A quality control of the temperature data is performed by the National Meteorological
Information Centre (NMIC), CMA. These quality control methods include synoptic
cross-validations and validations of climatological characteristics (e.g., annual spatial
distribution, seasonal spatial distribution, annual trend distribution, seasonal trend
distribution, inter-annual mean temperature contrast, and correlations). Some of the
possible erroneous records such as the extreme singular value are also ruled out and
the data are of good quality.

The homogenization method is that of Peterson and Easterling (1994) and Easterling and
Peterson (1995), which is also performed by the NMIC team (Li et al. 2009). In the
homogenization exercise, obvious discontinuous time-series, caused by instrument changes,
station moves or different observing practices, were adjusted after they were combined with
the station metadata. The details can be found in the Supplementary 1.
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2.3 Treatment of missing data

Missing monthly station values account for 6 % of the total records. They are generally in
the earlier years. The missing values are estimated using linear interpolation of data from the
neighboring stations. The cross-validation tests are used to evaluate the statistical fidelity of
the regression models. The details can be found in the Supplementary 2.

3 Land use data

3.1 Source

The land use database is developed by the Chinese Academy of Sciences (CAS). The original
data were derived from satellite remote sensing data provided by the US Landsat TM/ETM
images which have a spatial resolution of 30 by 30m (Vogelmann et al. 2001). These have been
aggregated by CAS into 100 by 100 m picture elements (‘pixels’) (Liu et al. 2002; 2005). We
use the period selected from 1980 onwards. The details are provided in Supplementary 3.

For the pre 1980 period, there is no satellite land data and therefore the paper maps of
China including land information from aerial survey in 1950s and 1970s are used. The paper
maps were made by the Surveying and Mapping Bureau of Chinese People’s Liberation
Army General Staff and are obtained from National Administration of Surveying, Mapping
and Geoinformation. The scales of the maps are 1:50,000. Each map represents a small part
of China with 10′x15′ latitude-longitude range and ten thousands more of maps compose the
national information. From these paper maps, we can identify the urban land areas.

3.2 The urban land-use criteria

The urban land-use expansion is the significant feature of urbanization. Urban land-use types
include urban built-up land and other industrial land uses in large, medium and small cities
and towns (see Supplementary 3). Supplementary Fig. 5a presents the recent urban land-use
coverage, which is 0.67 % of the total area of China. Supplementary Fig. 5b shows the
increase in urban land use since 1980. Overall, urban land use has increased significantly,
especially in eastern China.

4 Methods

4.1 Gridding methods

The station data is converted to a grid product because of the uneven distribution of stations.
When gridding, all stations in the grid box were usually averaged arithmetically (un-
weighted), and urban scale in each grid was not considered. They usually exaggerate the
average regional warming trend (Brohan et al. 2006; Jones et al. 2012; Tang and Ding 2007).

The current study estimates the scale of urban land and gives the grid temperature trend
using the following method:

First, we calculate the temperature anomalies monthly, seasonally and annually for each station
over the 1951–2010 period. The reference period is 1951–1980.We also refer to Hansen et al. work
fromNASA/GISS, they always use the 1951–1980 reference period instead of 1971–2000 or 1961–
1990. Second, before all station data are converted to a regular grid, the distribution and range of
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urban and rural land use are identified. Third, based in the ratios of different land types within each
grid, weights for the different stations (urban and rural, see Section 4.2 and Supplementary 4 for the
selection criteria) are calculated within each grid. The urban land percentage is as weight of urban
temperature and the rural land percentage is the weight of rural temperature in the same grid. Fourth,
in the grid with two or more urban (or rural) stations in the same grid, the grid value for urban (or
rural) area is the mean of all available urban (or rural) station values. In grids without a station, the
nearest station data are used to interpolate. Fifth, the grid temperatures are obtained using the
weighted-average method. Finally, the national mean temperature is calculated using the area-
weighted average method based on the cosine of the latitude.

Classification of meteorological stations into urban or rural types always relies on an
urban development (social environment) index such as population, night lighting, vegetation
index and remote sensing thermal field, etc. (e.g. Hansen et al. 2010; Peterson and Owen
2005; Zhou et al. 2001; Ren and Ren 2011; Hausfather et al. 2013). However, these indexes
usually represent environmental change only indirectly. We use urban land use as the index
of urbanization, because it directly represents urban environmental change and the land
dataset has high spatial resolution (100 m × 100 m) and wide coverage. The detailed division
method of urban and rural stations is discussed in Section 4.2.

A small-sized grid (e.g. 1°×1°, 0.5°×0.5°) for China will result in too many missing data
due to unequal distribution of stations; therefore, we choose a 2.5°×2.5° latitude-longitude
grid. The number of grid points is 203 (lat:2.5°~55°N, lon:72.5°~135°E).

Due to the lack of satellite land data prior to 1980 we refer to the paper land maps of China from
aerial survey in 1950s and 1970s. These maps are mainly used to provide the land information
surrounding all stations, which can be helpful to identify urban stations or rural stations. Yet the
weights of urban and rural areas in grid-box for the pre 1980 period are replaced by the values of
1980s. That is because the exact number of urban and rural areas in each grid for the 1950s–1970s is
difficult to obtain from the ten thousands of papermaps considering that toomuch papermapswith a
size of 10′x15′ latitude-longitudes are difficult to be digitalized and be aggregated into one national
map. That is also because the total urban land use area is only a very small portion of the whole of
China (less than 1%), negligible especially for the pre 1980 period. The period of 1951–1980 is just
before the rapid increase in urbanization of China, at that time urban development and the
urbanization effect were minimal and there was little change in urban land use.

4.2 The urban and reference stations criteria

To divide the stations into urban or rural types, we extract land data from the area immediately
surrounding a givenmeteorological station, rather than from an entire city. The details can be seen in
the Supplementary 4. The result indicates that 95%of all stations have experienced significant urban
land-use expansion in their surroundings. Therefore, it is difficult to select adequate numbers of
reference stations that are free from urbanization effects overall of China. Stations with the least
urban land use are regarded as such reference stations. Supplementary Fig. 7 shows the distribution
of urban and reference stations. There are 196 reference stations and 411 urban stations.

5 Results and discussions

5.1 New land-weighted average series analyses

Figure 1a shows the annual mean temperature time-series of China, which is calculated
based on the land-weighted method using all urban and rural station data (henceforth
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referred to as the ‘this study’). The black line represents the optimal estimate (the mean
value). The color curves give the 95 % uncertainty range due to various error components
(the detailed methods are described in Supplementary 5). The uncertainty related to the
temperature time-series is larger at the beginning of the 1950s due to the limited number of
stations and their quality. As the number of stations has increased, this uncertainty gradually
decreases, and the uncertainty is stable after the 1960s. The sampling error (green in Fig. 1a)
has the largest uncertainty and the imputation error (part of red in Fig. 1a) is the least
important error. The color straight lines represent the linear fitted trends in different periods
adopting the least square method.

In general, the annual mean temperature of China increased 1.28±0.12 °C over the last
60 years with a stronger increase over the past 3 decades (1.18±0.18 °C).

The peak temperature was reached in 2007, and the second highest temperature occurred
in 1998. Over the last 14 years, the mean temperature of China remained on a high level.
Figure 1b–e show the seasonal temperature variations. The fluctuation of temperature is
strong and the average warming trend is largest in winter, followed by spring, autumn and
summer. The linear trends for the four seasons over the period 1951–2010 are as follows:
0.30±0.05 °C/decade (t=5.725, P=0.000, winter), 0.24±0.03 °C/decade (t=7.228, P=0.000,
spring), 0.16±0.02 °C/decade (t=6.502, P=0.000, summer), 0.21±0.03 °C/decade (t=6.233,
P=0.000, autumn).

5.2 Comparisons with other unweighted-average series

The average-unweighted series refer to the series using simply average of urban and rural
stations data in each grid box. In Section 5.2.1, we compare the difference between this
study, NMIC series, CRU-China series, and Tang series (Tang and Ding 2007). Table 1
provides detailed information of these series.

The NMIC grid series was produced and published in 2007 by national meteorological
services from the National Meteorological Information Centre, CMA. The series data (http://
www.cma.gov.cn/2011qxfw/2011qsjgx/, in Chinese) are representative of the temperature in
China because it is made by national meteorological services. The homogenized station data
of NMIC series are the same as that of this study. The gridding method of NMIC series is
different compared to this study. The NMIC grid data are obtained by using the arithmetic
average temperature from all stations in each grid and the interpolation using the modified
Kriging method in grid without station. In the Tang et al. series, 616 stations are included
and the temperature data are quality controlled but not homogenized (Tang and Ding 2007).
The grid data are calculated through the arithmetic average temperature from all stations
using the mean temperature from the highest and lowest mean temperatures. The CRU series
are from CRU TS3.1 data (which can be found on the website http://badc.nerc.ac.uk/data,
Harris et al. 2013). 109 stations are included in the CRU-China series and the temperature
data were adjusted through a homogenization method (Jones et al. 1985). The grid data are
obtained by the arithmetic average temperature from all stations in grids with station and the
interpolation using the CAM method in grid without station. In this section, we compare and
analyze the difference of results between these series.

5.2.1 Annual trend

Figure 2a shows the comparison of annual temperature change between our new series with
those from CRU, NMIC and Tang series for 1951–2007. Before the mid-1970s, the variation
of these series is consistent. From around 1980, the temperature increase reported by the
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CRU, NMIC and Tang series gradually becomes higher than that reported by our series. The
systematically lower values in this study from approximately 1980 onwards are related to the
Reform and Opening Up policy in China, rapid economic development and a lot of urban
constructions. Table 1 shows the annual temperature trends of the different series. We select
two time ranges (1951–2007; 1955–2007) to compare the temperature trends. Compared
with the NMIC series, the temperature increase of our series is lower 0.38 °C/53a between
1955–2007, and 0.45 °C/57a between 1951–2007. The comparison with the Tang series
(2007) indicates that the increase of our series is lower 0.23 °C/53a between 1955–2007, and
0.097 °C/57a between 1951–2007. Compared with the CRU-China series, the temperature
increase of our new series is lower by 0.35 °C/52a between 1955–2006, and 0.26 °C/56a
between 1951–2006. For 1951–1954, divergence between the curves is evident and the
reason is most likely related to the different dataset and methods used to calculate mean
temperature. Figure 2b shows the differences between the new series and the other three
series. This indicates that prior to the mid-1970s, the difference is small and after 1970s the
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Fig. 1 Annual and seasonal mean temperature anomalies (wrt 1951–1980) for the whole Chinese mainland.
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difference gradually increases. However, the difference value grows up in fluctuation
(shown in Fig. 2b), not smoothly, like temperature fluctuation as shown in Fig. 2a.

Figure 3 shows the distribution of the annual temperature trends with each grid for the
new series, NMIC series and CRU series. Figure 3a-c, d-f, g-i display the temperature trend
distributions of our new series (NMIC, CRU) across the different time ranges between
1951–2007. In general, the characteristics of the regional differences in our temperature
series are similar to that of the NMIC and CRU series (e.g., the temperature change in China
was higher in the north than in the south). However, the trends in our new series are
smoother in the regional data compared to the other two series. This might be due to the
method of gridding the temperature from the stations, the weighting of the urbanization
effect results in a much slower temperature increase rate. To better analyze regional
differences, we divide the country into five zones based on the China climate division
scheme (Zheng et al. 2010): the Northeast Zone, the Huabei Zone, the Southeast Zone,
Northwest Zone, and the Qinghai-Tibet Zone. For the grid at the border of two zones, it is
defined into the zone which covers the majority of grid. Figure 4(left) shows the regional
scales of three annual series curves with regard to the different zones. Before the 1980s, the
linear trends for our new series are similar to those of the NMIC and CRU series for all the

Fig. 2 Comparisons of the mean temperature series (land-weighted average and unweighted average). a
annual temperature anomaly series, red-land-weighted, other colors-unweighted. b annual difference between
these time series. c–f as a) but for seasonal series
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Fig. 3 National maps of annual and seasonal temperature trends of China over the last 57 years. Unit: °C/
decade. (left) our new results, the grid points with 1 show as stat sig. trend at the 95 % level (0- insignificant);
(middle) as a–c and j–m but for NMIC, (right) as a–c and j–m but for CRU
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zones. Over time, the annual temperature increase trends in the NMIC and CRU series are
greater compared to our results, especially after the 1980s. Note that the annual temperature
anomaly of the Qinghai-Tibet Zone from NMIC series between 1951–1954 is very small;
this finding results from fewer available observational data. The Kriging method used by
NMIC series was applied to the data from the other regions to interpolate missing data.
Therefore, the estimated value might be lower than the real temperature.
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Fig. 4 The regional annual and seasonal temperature series in China over 1951–2007. The anomalies are
presented with respect to the 1951–1980 reference period
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Figure 5 presents boxplots displaying temperature difference in each region for the period
of 1981–2007. This period is from 1980s because the increasing of the differences occurs
after 1980, which is related to a lot of urban constructed and the policy of Reform and
Opening Up in China. The spacing between the different parts of the box helps indicate the
degree of dispersion and skewness in the data. The bottom and top of the box are always the
25th and 75th percentile (the lower and upper quartiles, respectively), and the band near the
middle of the box is always the 50th percentile (the median). Figure 5b is the boxplot of
annual series difference from 1981–2007 for each zone and it shows that the difference for
every zone appears to be that of the north (I, II, IV) greater than of the south (III). This is
consistent with the UHI effect, which is more pronounced in the north than in the south
(Wang et al. 1990; Hua et al. 2008; Zhang et al. 2010). The zone I in the northeast is the old
industrial district developed rapidly after approximately mid-1970s, where the large cities
began to be constructed meanwhile. The zone II in the mid-east is the political and cultural
center of China, and here distribute some metropolises such as Beijing, Tianjin, and
Shijiazhuang.

5.2.2 Seasonal trend

Seasonally, the common feature of temperature trend is that the temperature increases of our
new series are lower than the NMIC and CRU series, which appear mainly after 1980 (see
Fig. 2c–f). The NMIC summer series indicate a strong increasing trend, which is most
related to the unusual high increasing trend of Qinghai-Tibet in summer (see Fig. 3p).
Related references (Liu and Chen 2000; Yao et al. 2006) indicate lower warming rates
compared to the NMIC data.

Figure 3 shows the gridding maps of three series based on four seasonal anomaly trends
for the period 1951–2007. For four seasons, the increasing trends of our new series at most
grids are lower than that of other series. The north part shows a larger difference than the
South. The winter and spring differences are greater than that of summer and autumn. This
agrees with the urbanization effect, which appears to be greater in the northern part and in
winter compared to the southern part and other seasons (Wang et al. 1990; Ren et al. 2008;
Hua et al. 2008; Zhang et al. 2010; Wang and Ge 2012). So the weighting of the urban
impact in the New series results in a bigger difference between the New series and other
series in winter and the northern part.

Figure 4 shows the seasonal temperature curves with each region for the three series. It can
be seen that the linear trends of the three series in all figures are similar except for Qinghai-Tibet
summer. Gradually after 1980, the temperature increasing trends of the new series (red) for all
zones are almost lower compared to NMIC series (black) and CRU series (yellow). Figure 5a
and c–g are the box plots to display seasonal series difference for the whole China and each
region during 1981–2007. It shows that the temperature differences between CRU series and
the new series for all zones are more significant in winter and spring than in summer and
autumn. The seasonal differences between NMIC series and the new series are more significant
in winter and spring for most zones except for the V zone (Qinghai-Tibet).

Concerning the temperature trend of Qinghai-Tibet zone during 1951–2007, there is still
a divergence between different studies due to limited observation evidence and different
average method of regional data. Especially for the early 1950s, the increasing trend given
by NMIC is nearly 3 °C, which is much higher than the results from other studies (Liu and
Chen 2000; Yao et al. 2006). We believe that the grid interpolation of station data in NMIC
series may have magnified the influence of individual station data and accelerated the trend.
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6 Conclusions and outlook

Using local station records to estimate large-scale climate warming is an important topic.
The previous estimation using all stations without weighting usually exaggerated the
regional warming trend. In this paper we re-estimated the mean warming trend of China
during the last 60 years by considering the spatial scale of urban and using satellite observed
land data. The homogenized meteorological observations are applied. The new estimate
shows an increase over China by 1.28±0.12 °C. This new estimate of warming using land-
weighted average is lower than that using un-weighted average (e.g. NMIC and CRU series).
Spatially, the north part of China shows a larger difference than the south. Seasonally, the
difference between the weighted trend and un-weighted trend is largest in winter. Tempo-
rally, the period after around 1980 shows a stronger difference, which is corresponding to the
urbanization expansion and economic development speed in China. This difference in the
warming trend (NMIC-New, CRU-New) between the un-weighted and weighted methods is
large and accounts for 27 % (12 %) of the NMIC (CRU-China) un-weighted estimate on the
total warming for the period of 1951–2007. Compared with rural warming trend from other
studies, our estimate of 0.21 °C/decade for regional total warming is a litter higher than rural
warming values (e.g. Zhang et al. (2010): 0.20 °C/decade of rural warming for China over
1961–2004; Jones et al. (2008): 0.15 °C/decade for eastern China over 1951–2004). The
possible reasons for the differences include: (1) different methods (e.g. rural station series for
Zhang et al. and Jones et al. versus all stations (urban and rural) in this study), and (2) different
periods of analysis (1961–2004 for Zhang et al. (2010), 1951–2004 for Jones et al. (2008), and
the longer period from 1951–2010 in this study). The differences in methods are potentially the
more important.

The estimated regional warming trend shows the actual SAT change, which includes not
only the natural climate change but also human activity impact, so both the greenhouse
effect and the urbanization effect are kept in the regional temperature trend. This study
implies that the weighting method of urban and rural records can reduce large-scale warming
trend, so it is of importance to take into consideration the spatial scale of urban to better
understand surface warming trend. The urban area is only a small part of earth land. The
distance between the stations is usually greater than 50~100 km, but the influence of the city
is often limited in a small circle with a radius of about 10 km or so (Wang and Ge 2012).
Therefore, average temperatures for all stations without weighting will overestimate the
urban impact. To study large-scale temperature change based on local ground station data,
the spatial representation of urban needs to be considered.

Here, this study still includes uncorrected problems that could be addressed in future
studies. For example, most stations in China are influenced by surrounding urbanization, and
the remained rural stations are relatively rare. Therefore, the temperature data from the
remained rural stations are difficult to represent rural temperature adequately at widely
national scale. The rural area in China is relatively to all. In the future, this will be further
addressed.
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