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Abstract Using multiple datasets, including three grid
datasets (ERA-Interim, WFDEI, and SURF) and one station
dataset, we analyzed the climatological distributions and
trends of daily maximum air temperature (DMAT) and num-
ber of heat days (NHD) over China from 1979 to 2012. In
general, all the three grid datasets show the highest climato-
logical DMAT and NHD values in Xinjiang and southeast
China, and increasing trends of DMAT and NHD in most of
China. Nevertheless, both the climatological condition and
trend exhibit differences in detail among the three grid
datasets. Using the observed grid dataset (SURF) as a refer-
ence, the results show that the WFDEI dataset is closer to
SURF than ERA-Interim in characterizing climatological fea-
tures of DMAT and NHD, and the values from ERA-Interim
dataset are lower than the SURF in most part of China. Since
the trends of NHD in WFDEI are smaller than those in the
other two grid datasets, especially in the middle and lower
beaches of the Yangtze River, ERA-Interim is better than
WFDEI in representing the trends of NHD. In four regions:
Chuanyu, Huanghuai, Xinjiang, and Southeast where the
NHD occurs frequently and increases rapidly, the WFDEI is
more reliable than ERA-Interim due to the fact that the chang-
es of regional NHD in WFDEI are more consistent with those

in observed datasets. Because there exist biases in the records
of DMAT between the ERA-interim andWFDEI, it is better to
adopt percentile index than absolute threshold to study the
changes of China extreme air temperature when using reanal-
ysis datasets.
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1 Introduction

The occurrence and change of extreme air temperature have
attracted much attention globally because of their high impacts
(Coumou and Rahmstorf 2012; Perkins et al. 2012; Zander
et al. 2015; Zhao et al. 2016). Extreme air temperature events
have significant influences on society and ecosystem, affecting
the consumption of electricity and water, and inducing forest
fires and crop losses (Peng et al. 2004; Coumou and Rahmstorf
2012). Besides, since prolonged exposure to extreme high air
temperature could lead to heat-related illnesses, such as heat-
stroke, heat exhaustion, heat cramps, and respiratory diseases
(Luber and McGeehin 2008; Lu and Chen 2016), heat waves
have disastrous consequences on occupational safety and hu-
man health (Robine et al. 2008; Kjellstrom et al. 2009; Dunne
et al. 2013; Gu et al. 2016) and result in an increase of morbid-
ity and mortality, especially in the elderly persons (Kilbourne
1997). The European heat wave in August 2003 caused more
than 70,000 excess deaths, with 14,800 heat-related deaths in
France alone (Bouchama 2004; Robine et al. 2008). In themore
recent 2013 heat wave in eastern China, over 5600 heat-related
illnesses were reported (Gu et al. 2016; Zhao et al. 2016).
Comparing to the decade before (1991–2000), the number of
deaths (136,000) due to heat waves increased rapidly (by
2300%) during the most recent decade (2001–2010), and the
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increase in deaths caused by heat events was much larger than
the overall increase of 20% due to various extreme weather
events including heat, cold, drought, storm, and floods
(WMO 2013; Lu and Chen 2016).

Extreme air temperature weathers have become more fre-
quent on the global scale under global warming (IPCC 2013).
Climate models have projected an increasing trend in the fre-
quency, intensity, and duration of air temperature extremes in
the future (Kharin et al. 2007; Perkins et al. 2013). The changes
of air temperature extremes over China exhibit significant spa-
tial and temporal features. Recent researches indicated that ex-
treme air temperature showed an increasing tendency through-
out the country, especially in southeast China and Xinjiang
province where the increasing values of heat days are more
than 5 days/10 year (Wei and Chen 2009; Ding et al. 2010;
Wang et al. 2012; Xu et al. 2013; Sun et al. 2014; Hu et al.
2016), while a weak decreasing trend which may partly due to
the increasing of atmospheric aerosols and stratospheric tem-
perature changes (Penner et al. 2004; Li et al. 2007; Yu and
Zhou 2007) was identified in east central China. In addition, the
details of trend show complex structures and regional charac-
teristics, with the trend being dependent on the time period and
the latitude of stations (Lu and Chen 2016). Some studies have
suggested that the frequency of air temperature extremes
showed a decadal variation with an obvious increase through-
out the country since 1990s (Shi et al. 2009; Sun et al. 2011; Hu
et al. 2016) and exhibited abrupt shifts in the 1990s (Qi and
Wang 2012; Hu et al. 2016). Circulation anomalies are consid-
ered as a major factor affecting extreme heat, and the diversity
and regional features of circulations should be emphasized (Lu
and Chen 2016). Besides, high temperature extremes in China
are affected by remote factors, including North Atlantic
Oscillation (Sun 2012), Indian Ocean SST anomalies (Hu
et al. 2012), and ENSO (Hu et al. 2013). Meanwhile, other
studies indicate the impacts of underlying land surface on ex-
treme temperature (Zhang et al. 2015).

Due to the complex structures and regional characteristics
of the spatial and temporal features in extreme heat, the results
are sensitive to the choice of datasets. Therefore, to improve
the objectivity of results, it is important to choose a credible
one among the various datasets before it could be used in
analyzing the extreme air temperature. Previous studies indi-
cated that each dataset has its own advantages and disadvan-
tages, with inconsistent performances depending on the re-
gion, target period, and physical quantity, and there exist dif-
ferences between various datasets to some extent (Huang
2006; Zhao and Fu 2006). However, there is lack of researches
on comparison of datasets focusing on extreme heat events.
For instance, Huang (2006) indicate that temperature at lower
troposphere derived from ERA-40 is more reliable than from
NCEP, and NCEP is more reliable than ERA-40 at upper
troposphere. The objectives of present paper are to examine
the performance of multiple datasets in characterizing the

changes of extreme air temperature over China with providing
the spatial and temporal features of extreme air temperature
among the various datasets and to examine the credibility of
the two reanalysis datasets (ERA-Interim and WFDEI) with
using the observed datasets as references in terms of the cli-
matological features and trends of daily maximum air temper-
ature (DMAT) and number of heat days (NHD).

2 Data and method

2.1 Meteorological data

The records of daily maximum air temperature are obtained
from four datasets (three grid datasets and one station dataset)
in present study, and the three grid datasets have a 0.5° ×
0.5° horizontal resolution (equal to 55 × 55 km approximately)
covering the China region. Due to the fact that two reanalysis
datasets (WFDEI and ERA-Interim) are available from 1979
forward, the present study mainly focuses on the period 1979–
2012. The details of these datasets are introduced as follows.

The ERA-Interim is the global atmospheric reanalysis pro-
duced by the European Centre for Medium-Range Weather
Forecasts (ECMWF) and has substantial improvements com-
pared to ERA-40 in many aspects, such as the representation
of the hydrological cycle, the quality of the stratospheric cir-
culation, and the consistency in time of the reanalysis fields
(Dee et al. 2011).

The WATCH-Forcing-Data-ERA-Interim (WFDEI) cli-
mate dataset (Weedon et al. 2014) is generated by applying
bias correction to the ERA-Interim reanalysis product (Dee
et al. 2011), following the same methodology implemented
for a widely used WATCH Forcing Data (WFD) (Weedon
et al. 2011). This dataset has the advantage of a high spatio-
temporal resolution and a wide use for land surface modeling
forcing (Zhao et al. 2015).

The China surface temperature grid dataset (SURF) is col-
lected and processed by National Meteorological Information
Center (NMIC) of the China Meteorological Administration
(CMA). This dataset is obtained by spatial interpolation based
on 2472 national stations over China, using the Thin Plate
Spline (TPS) and combining with 3D geographical informa-
tion. Therefore, it is reasonable to consider this dataset as a
reference when examining the credibility of the reanalysis
datasets (ERA-Interim and WFDEI).

In Sect. 3 and Sect. 4, we analyze the DMAT and NHD
only based on the three grid datasets, which are conductive to
quantitative comparison with serving the SURF dataset as a
reference. In Sect. 5, we use the station dataset as well, which
is derived from NMIC of CMA, for authentication, and the
temperature was recorded according to the standard observa-
tion rules for China. The observed values are quality con-
trolled using the NMIC conventional procedures, including
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the climatological limit check, the station or regional extremes
check, the internal consistency check, the temporal and spatial
consistency checks, etc. (Li et al. 2009; Xu et al. 2013). The
year with no missing values is judged as available, and a
station with 30 or more available years during 1979 to 2012
is adopted in this analysis.

2.2 Methods

Present investigation chose two widely used indicators to
characterize the extreme air temperature: absolute threshold
and percentile index. CMA considers 35 °C of DMAT as a
threshold to define extreme air temperature (absolute thresh-
old). DMAT from 1981 to 2010 in June, July, and August are
ranked in an ascending order, and then, the 90th percentile is
chosen from the order as the percentile threshold (percentile
index). The day when DMATexceeds the threshold is defined
as a heat day, and the number of heat days (NHD) is analyzed
emphatically in present study.

3 The climatological condition and trend of DMAT

The climatological condition of DMAT in summer from 1981
to 2010 derived from three grid datasets is shown in Fig. 1a–c.
Spatial patterns for the climatological conditions of DMAT
among the three grid datasets are generally similar to each
other, with high values (more than 30 °C) over Xinjiang prov-
ince, Chuanyu area, and southeast China, and low values (less
than 25 °C) in the Qinghai-Tibet Plateau and northeast China.
Pattern correlation coefficients among three grid datasets are
high, with 0.992 between ERA-Interim and SURF, 0.996 be-
tween WFDEI and SURF, and 0.995 between ERA-Interim
and WFDEI. Since the SURF dataset is interpolated from
high-resolution observed dataset directly, it features more re-
gional characters than the other two reanalysis datasets (ERA-
Interim and WFDEI).

Figure 1d–f shows the root mean square difference (RMSD)
between ERA-Interim and SURF, betweenWFDEI and SURF,
and between ERA-Interim andWFDEI, respectively. There is a
common feature to note. The distribution of RMSD shows
obvious east-west characteristics, with high values in western
China and low values in eastern China basically. It indicates
that the DMAT among datasets are diverse largely in the west-
ern China and consistent in the eastern China. If we consider
that the DMAT record in SURF dataset is true, the DMAT
record in WFDEI and EAR-Interim exists significant errors in
the western China. And we found that the RMSD between
WFDEI and SURF are smaller than those between ERA-
Interim and SURF, with values less than 2.0 in most of regions
throughout the country, suggesting that the DMAT records in
WFDEI is relatively better than EAR-Interim.

Figure 2a–c displays the trends of DMAT during 1979 to
2012 obtained from ERA-Interim, WFDEI, and SURF. The
DMAT increases almost in all the country, with higher values
in northern China than southern China, and in inland than
coastal regions. Increasing rate of DMAT is more than
0.6 °C/10 years in most parts of northern China and lower than
0.2 °C/10 years in southern China except for the Yangtze River
Basin where the trends are significantly larger than surrounding
regions. In detail, the trends of DMAT derived from ERA-
Interim are higher over most regions, especially in northern
China, while the tendency obtained from WFDEI is lower
compared to the other two datasets (ERA-Interim and SURF)
over middle and lower reaches of the Yangtze River and ex-
hibits a weak decreasing trend over Guangxi province. Pattern
correlation coefficients of the trends are 0.90 between ERA-
Interim and SURF, 0.91 between WFDEI and SURF, and 0.87
between ERA-Interim and WFDEI. The result shows that
WFDEI is slightly better than EAR-Interim in capturing the
trends of DMAT over China.

To assess the significance of trend differences between
datasets, we calculate the difference from two time series of
DMAT from two datasets: d(t) = x(t)–y(t), and then determine
whether the trend in d(t) is significantly different from zero
(Santer et al. 2000). The details of this approach applied to
present study are illustrated as follows:

dERA−SURF ¼ e tð Þ−s tð Þ ð1Þ
dWFDEI−SURF ¼ w tð Þ−s tð Þ ð2Þ
dERA−SURF ¼ e tð Þ−w tð Þ ð3Þ

The e(t), w(t), and s(t) are the time series of DMAT derived
from ERA-Interim, WFDEI, and SURF; and dERA − SURF ,
dWFDEI − SURF , dERA − SURF are the time series of difference be-
tween ERA-Interim and SURF,WFDEI and SURF, and ERA-
Interim and SURF, respectively.

Figure 2d–f shows the trends of difference between ERA-
Interim and SURF, WFDEI and SURF, and ERA-Interim and
SURF. The trends of dERA − SURF (Fig. 2d) display that regions
passing the test of statistical significance are mainly located in
Xinjiang province, eastern Tibet, and coastlands. This indi-
cates that the trends of DMAT obtained from ERA-Interim
and SURF have significant discrepancies over these regions
and are generally consistent over the other areas. As Fig. 2e
shows, the areas where the trend of dWFDEI − SURF exceeds the
95% significance level are scattered and the values of trend are
small basically, illustrating that the trends of DMAT derived
from WFDEI and SURF have similar values. Figure 2f man-
ifests that the trends of DMAT calculated from ERA-Interim
and WFDEI exhibit obvious deviation over mid-western
China and coastal regions.

The above comparisons show that the results derived from
WFDEI are more consistent with SURF than ERA-Interim.
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Thus, WFDEI is better than ERA-Interim to capture the cli-
matological condition and tendency of DMAT from compre-
hensive comparisons.

4 The climatological condition and trend of NHD

4.1 Climatological condition

The present study adopts absolute threshold (35 °C) and per-
centile threshold (90 percentile of DMAT from 1981 to 2010
in summer) to define the heat day. The climatological distri-
butions of NHD based on absolute threshold during 1981 to
2010 obtained from ERA-Interim, WFDEI, and SURF are

displayed in Fig. 3a–c. Spatial patterns derived from three
datasets are consistent with each other, with heat days that
occur frequently over Xinjiang province and southeast
China, but the values of NHD obtained from three datasets
exhibit obvious differences. In comparison, the climatological
values of NHD derived from ERA-Interim (Fig. 1a) are small-
er than those from the other two datasets (WFDEI and SURF),
especially in two regions—Xinjiang province and southeast
China. In addition, Fig. 3c shows more detailed regional char-
acteristics of NHD in SURF than in the other two reanalysis
datasets (ERA-Interim and WFDEI), especially in southeast
China. Pattern correlation coefficients are 0.71 between ERA-
Interim and SURF, 0.85 betweenWFDEI and SURF, and 0.90
between ERA-Interim and WFDEI, respectively. Once again,

Fig. 1 The climatological distribution (unit: °C) of DMAT during 1981 to 2010 obtained from a ERA-Interim, b WFDEI, and c SURF, and the root
mean square difference (RMSD) of DMAT between ERA-Interim and SURF (d), WFDEI and SURF (e), and ERA-Interim andWFDEI (f), respectively
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the WFDEI is better than ERA-Interim in recording the clima-
tological conditions of NHD.

Figure 3d–f shows the root mean square difference
(RMSD) between ERA-Interim and SURF, WFDEI and
SURF, and ERA-Interim and WFDEI of NHD based on ab-
solute threshold. A common feature is that the values of
RMSD are large in the regions where heat days occur fre-
quently, such as Xinjiang province and southeast China, indi-
cating that the NHD based on absolute threshold is diverse
largely over these regions among the three datasets. In com-
parison, RMSD calculated from two reanalysis datasets

(ERA-Interim and WFDEI) are the smallest (Fig. 3f), follow-
ed byWFDEI and SURF (Fig. 3e), while the values of RMSD
derived from ERA-Interim and SURF are the largest (Fig. 3d).

Spatial patterns of the 90th percentile from DMAT (TX90)
in summer from 1981 to 2010 calculated from ERA-Interim,
WFDEI, and SURF are generally comparable (Fig. 4a–c),
with high values in Xinjiang province and southeast China.
In comparison, there are two major different features of TX90
between the three grid datasets. First, the values of TX90
obtained from ERA-Interim are smaller than WFDEI and
SURF, especially over Xinjiang province and southeast

Fig. 2 The trend (unit: °C/10y) of DMAT during 1979 to 2012 derived
from a ERA-Interim, bWFDEI, and c SURF, and trend of difference time
series between d ERA-Interim and SURF, e WFDEI and SURF, f ERA-

Interim and WFDEI. The point signs indicate grids exceed the 95%
significance level
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China. Second, the spatial distribution of TX90 derived from
SURF displays distinct regional features, which are not appar-
ent in two reanalysis datasets: ERA-Interim and WFDEI.
Spatial pattern correlation coefficients of TX90 between the
three datasets are larger than those based on absolute thresh-
old, with 0.97 between ERA-Interim and SURF, 0.98 between
WFDEI and SURF, and 0.98 between ERA-Interim and
WFDEI.

The values of RMSD among the three gird datasets of
NHD based on percentile index (Fig. 4d–f) are smaller than
those based on absolute threshold generally. The RMSD is
generally higher over the south China (south of 35° N) than

north China (north of 35° N), implying that NHD based on
percentile index obtained from the three datasets is more con-
sistent in north China than in south China.

From the values of pattern correlation coefficient and
RMSD, the climatological conditions of NHD based on per-
centile index derived from the three grid datasets are more
consistent than those based on absolute threshold, partly due
to the existence of uniform bias in DMAT among the three
grid dataset. In addition, the results obtained fromWFDEI are
more consistent with SURF than ERA-Interim, revealing that
WFDEI is more credible than ERA-Interim in charactering the
climatological conditions of NHD.

Fig. 3 The climatological condition (unit: days/JJA) of number of heat
days (NHD) based on absolute threshold during 1981 to 2010 obtained
from a ERA-Interim, b WFDEI, and c SURF, and the root mean square

difference (RMSD) between ERA-Interim and SURF (d), WFDEI and
SURF (e), and between ERA-Interim and WFDEI (f)
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4.2 Trend

Figure 5a–c displays the trends of NHD based on absolute
threshold from 1979 to 2012 obtained from ERA-Interim,
WFDEI, and SURF. The NHD increased in most parts of
China, especially over Xinjiang province and southeast
China where the NHD increases by more than 3.0 days/
10 years generally. From Fig. 5b, it can be clearly seen that
the trends obtained fromWFDEI are significantly smaller than
those from the other two datasets (ERA-Interim and SURF),
especially in middle and lower reaches of the Yangtze River,
and have slight decreasing trends in Shandong and Guangxi
province. Pattern correlation coefficients from the trends of

NHD based on absolute threshold are 0.74 between ERA-
Interim and SURF, 0.71 between WFDEI and SURF, and
0.57 between ERA-Interim and WFDEI.

Using the method introduced in Sect. 3 to assess the signifi-
cance of trend differences between datasets, the time series of
difference (dERA − SURF , dWFDEI − SURF , dERA − SURF) for NHD
based on absolute threshold are derived from ERA-Interim and
SURF,WFDEI and SURF, and ERA-Interim and SURF, respec-
tively; then, the trends of difference are calculated, which are
shown in Fig. 5d–f. The regions where the trends of difference
among the three datasets exceed 95% significance level aremain-
ly observed in Xinjiang province. This reveals that a significant
discrepancy exists in the trends of NHD obtained from the three

Fig. 4 The 90 percentile of DMAT (unit: °C) in summer during 1981 to 2010 obtained from a ERA-Interim, bWFDEI, and c SURF, and the root mean
square difference (RMSD) between ERA-Interim and SURF (d), WFDEI and SURF (e), and between ERA-Interim and WFDEI (f)
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datasets in Xinjiang province and the trends tend to be generally
consistent in most parts of China.

The NHD based on percentile index increased throughout the
country from 1979 to 2012, with most parts exceeding the 95%
significance level (Fig. 6a–c). Compared with the trends of NHD
based on absolute threshold, the increasing tendency based on
percentile index is large. The regions where NHD increasedmost
rapidly are mainly in north China from the two reanalysis
datasets, and in central China from SURF. In comparison with
WFDEI and SURF, the trends of NHD based on percentile index
obtained from ERA-Interim are smaller in Tibet Plateau and are

larger in northwest China (Fig. 6a). From Fig. 6b, the values of
trend calculated from WFDEI are smaller than those from the
other two datasets (ERA-Interim and SURF) in most parts of
China, and a decreasing tendency is identified over Guangxi
province. Pattern correlation coefficients calculated from the
trends of NHD based on percentile index are larger than those
based on absolute threshold, with 0.81 between ERA-Interim
and SURF, 0.79 between WFDEI and SURF, and 0.73 between
ERA-Interim and WFDEI.

The trends of difference for NHD based on percentile index
derived from ERA-Interim and SURF, WFDEI and SURF, and

Fig. 5 The trend (unit: days/10 years) of NHD based on absolute
threshold during 1979 to 2012 derived from a ERA-Interim, b WFDEI,
and c SURF, and trend of difference time series between d ERA-Interim

and SURF, e WFDEI and SURF, f ERA-Interim and WFDEI. The point
signs indicate grids exceed the 95% significance level

626 L. Hu et al.



ERA-Interim and WFDEI are displayed in Fig. 6d–f. It can be
concluded from the figures that the trends of NHD based on
percentile index have significant differences in middle-west
China between the three datasets, while they are generally con-
sistent in eastern China.

Among the three grid datasets, the trends of NHD based on
percentile index are more consistent than those based on absolute
threshold, with the values of pattern correlation coefficients larger
and trends of difference from time series among datasets smaller
when based on percentile index. Since the trends of NHD based
on two indices derived from WFDEI are smaller than ERA-
Interim and SURF over middle and lower reaches of the
Yangtze River, the spatial distribution of trends from ERA-

Interim is more consistent with SURF relatively, indicating that
the ERA-Interim is better than WFDEI in discussing the trend
features of heat days.

5 Variations of extreme air temperature in typical
regions

According to the climatological distribution and trend of NHD
based on two indices, four typical regions are chosen:
Xinjiang region (75–92°E, 35–50°N), Huanghuai region
(110–120°E, 30–38°N), Southern region (110–122°E, 22–
30°N), and Chuanyu region (103–108°E, 28–33°N). The four

Fig. 6 The same as Fig. 5 but based on percentile index
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typical regions are the areas where the heat day occurs fre-
quently and displays significant increasing trends. In addition
to the three grid datasets, the analysis in this section includes
the station dataset as well.

The changes of regional-averaged NHD based on ab-
solute threshold from the four datasets over the
Chuanyu, Huanghuai, Xinjiang, and Southern regions
are shown in Fig. 7a–d. From Fig. 7a, the NHD over
Chuanyu had little change from 1979 to late 1990s and
increased rapidly since the late 1990s. Figure 7b, c in-
dicates that the NHD over Huanghuai and Xinjiang
maintained a steady increasing tendency during 1979
to 2012. The NHD over Southern region showed a
slight decreasing trend from 1979 to late 1990s and a
significant increasing trend after the late 1990s (Fig.
7d). Over the four typical regions, the NHD based on
absolute threshold showed an increasing trend basically,
but the details of change features exhibited regional
characteristics. In comparison, the changes of regional
averaged NHD display different features among the four
datasets. First, the values of regional-averaged NHD de-
rived from station dataset are obviously larger than
those in the three grid datasets, especially over
Chuanyu and Southern areas. Besides, over the four
typical regions, linear trends of regional NHD during
1979 to 2012 from station datasets and SURF are larger
than those from the two reanalysis datasets (ERA-
Interim and WFDEI). Second, the variation features of

regional-averaged NHD derived from four datasets are
consistent generally, with the correlation coefficients be-
tween four datasets all above 0.9. Third, from the two
reanalysis datasets, the values of regional-averaged
NHD calculated from WFDEI are closer to SURF and
station dataset than ERA-Interim, especially in Xinjiang
and Southern areas.

Figure 8a–d reveals the changes of the regional-
averaged NHD based on percentile index during 1979
to 2012 derived from the four datasets in typical re-
gions. The temporal features of NHD based on percen-
tile index are consistent with that based on absolute
threshold, with an increasing tendency generally. Basic
coincidences are found among the curves calculated
from the four datasets, indicating that the values and
change features agree with each other among the
datasets. However, the linear trends of regional-
averaged NHD derived from station dataset and SURF
are larger than those from ERA-Interim and WFDEI.

From the above comparisons, it can be concluded that the
percentile index is a better choice than the absolute threshold
in analyzing the regional changes of extreme air temperature
from the reanalysis datasets, such as ERA-Interim and
WFDEI. In addition, the values and temporal features calcu-
lated from WFDEI are more consistent with the observed
datasets than those from the ERA-Interim, suggesting that
WFDEI is better than ERA-Interim in charactering regional
features in typical regions.

a

c

b

d

Fig. 7 Changes of the regional NHD (unit: days/JJA) based on absolute threshold during 1979 to 2012 over aChuanyu, bHuanghuai, cXinjiang, and d
Southern regions. The black lines depict station dataset, blue lines depict ERA-Interim, red lines depict WFDEI, green lines depict SURF
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6 Discussions

Over mainland China on the whole, we have shown in the
present study that DMATandNHD have evidenced increasing
trends, and global warming plays a key role in the variations
of extreme temperature (Wei and Chen 2009). Else, both the
black carbon produced by incomplete combustion
(Ramanathan and Carmichael 2008) and increasing radiation
associated with reduced clouds (Wild et al. 2005) contribute to
warming and increasing of DMATand NHD. Comparing with
recent researches which focus on climatological condition and
tendency of hot days and heat waves (Ding et al. 2010; Zhou
and Ren 2011; Xu et al. 2013; Hu et al. 2016), the results in
this paper are generally consistent with the finding in previous
publications. The trends of DMAT and NHD here are gener-
ally a bit significant than those in the previous studies, and
these differences mainly ascribed to the difference data pro-
cessing methods used and time periods analyzed.

From the trend of NHD based on two indices, we found a
weak decreasing trend in central China. The previous studies
indicate that high temperature extremes in central China ex-
perienced a weak cooling trend during 1970s to early 1990s
and a significant increasing trend since the middle 1990s (Wei
and Chen 2009; Hu et al. 2016). There are two possible mech-
anisms contributing to this unexpectedly cooling trend. As
most aerosols reflect sunlight to space and have a global
cooling effect (Penner et al. 2004), the increasing of atmo-
spheric aerosols in central China lead to a decreasing tendency
of high temperature extremes to some extent. Yu and Zhou
(2007) showed that the cooling trend in central China

connected to stratospheric temperature changes and interac-
tion between the troposphere and stratosphere. As global
warming continued to develop, the competition between re-
gional cooling and global warming became biased toward the
latter one, which then leads to the abrupt change in climate
event extremes (Wei and Chen 2009).

According to the RMSD distributions and trends for differ-
ences between datasets, central-west parts of China are the
major domains where most significant difference of results
based on different datasets occurred. Since conventional ob-
servation is insufficient in central-west China, more uncon-
ventional observations are used in the reanalysis datasets.
Biases are produced from assimilating unconventional datum
including satellite and radar into reanalysis and other data
processing. Else, the differences of results between datasets
are more significant based on absolute index than percentile
index, and this may be due to the biases in the records of
DMAT between datasets.

A significant warming impact of urbanization on both
mean and extreme temperature has been evaluated from pre-
vious studies (Zhou et al. 2004; Ren and Zhou 2014). The
magnitudes of warming due to urbanization are different for
daily maximum and daily minimum temperature and for dif-
ferent seasons, with stronger warming in winter and spring as
opposed to summer, and larger increases in daily minimum
temperature than daily maximum temperature (Wen Han et al.
2013; Ren and Zhou 2014; Sun et al. 2014). After providing
some quantification of urbanization effect on summer temper-
atures, Sun et al. (2014) indicated that extreme summer heat is
increasing with little urbanization effects. As present study

a b

c d

Fig. 8 The same as Fig. 7 but based on percentile index
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focuses upon daily maximum air temperature and warm days
in summer over China, we did not eliminate the urbanization
effect.

Although it is well known that grid datasets have no similar
reliability as station datasets, there are no quality-controlled
station datasets in some regions, such as desert areas and high-
latitude localities. Thus, reanalysis datasets have to be chosen,
and the present study can provide basis for selection of reanal-
ysis datasets to some extent.

7 Summary

It is important to examine the performance of a dataset before
it could be used in analyzing the spatial and temporal character
of extreme air temperature in China. Using observed datasets
as references, this study examines the climatological features
and trends of daily maximum air temperature (DMAT) and
number of heat days (NHD) in two widely used reanalysis
datasets: ERA-Interim and WFDEI. The primary findings of
the present study are as follows:

(1) All the datasets show that the maximum climatological
conditions of DMAT mainly occurred in Xinjiang prov-
ince and Southeast China, and the DMAT increased al-
most in all of the China, with the largest trends in north
China and decreasing gradually from north to south. The
main discrepancy of climatological conditions of DMAT
between the reanalysis datasets and observed datasets is
found in the west China, and main biases for the trends of
DMAT among the datasets mainly exist in west China
and coastal regions. Moreover, we found that the results
derived from WFDEI are more consistent with SURF
than those from ERA-Interim, suggesting that the
WFDEI is better than ERA-Interim in analyzing the spa-
tial and temporal characters of DMAT in China.

(2) We use two indices: the absolute threshold and percentile
index to define the heat day. All the datasets show that
Xinjiang and southeast China are two regions where heat
days happened frequently. The NHD had an increasing
tendency over the whole country, with high values in
Xinjiang and southeast China based on absolute thresh-
old and in north China and central China based on per-
centile index. The climatological values of NHD obtain-
ed from ERA-Interim are smaller than those from
WFDEI and SURF, and there are significant differences
in the trends of NHD in middle-west China among the
three datasets, while the trends are generally consistent in
eastern China. WFDEI is better in capturing the climato-
logical features of NHD than ERA-Interim, and ERA-
Interim is slightly better to characterize the trends of
NHD. Besides, the climatological conditions and trend
of NHD derived from the three grid datasets are more

consistent based on percentile index than those based on
absolute threshold, with the values of pattern correlation
coefficient larger and trends of difference from time se-
ries smaller based on percentile index.

(3) According to the climatological distribution and trend of
NHD based on the two indices, four typical regions are
selected: Xinjiang (75–92°E, 35–50°N), Huanghuai
(110–120°E, 30–38°N), Southern (110–122°E, 22–
30°N), Chuanyu (103–108°E, 28–33°N). The NHD in
the four regions displays an increasing trend with their
respective regional features. Percentile index is a better
choice when analyzing extreme air temperature over
China based on reanalysis datasets as significant discrep-
ancies are found between the reanalysis datasets and ob-
served datasets based on absolute threshold. Besides, the
WFDEI is better than ERA-Interim to analyze the varia-
tion features of regional NHD in the selected regions.

Results are sensitive to the choice of datasets due to the
fact that discrepancies exist between the changes of DMAT
and NHD derived from multiple datasets in various de-
grees, and present study exhibits the difference quantita-
tively. It can be concluded that WFDEI is more reliable
than ERA-Interim in charactering the spatial and temporal
features of extreme air temperature from the comprehen-
sive qualitative and quantitative analyses for DMAT and
NHD over China. Besides, present study indicates that per-
centile index is a better choice when the features of ex-
treme air temperature variations over China are obtained
from reanalysis datasets.
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