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Abstract: The diurnal temperature range (DTR) is considered a signature of observed climate change,
which is defined as the difference between the maximum (Tmax) and minimum temperatures (Tmin).
It is well known that the warming rate of mean temperature is larger at high elevations than at
low elevations in northeast China. However, it is still uncertain whether DTR trend is greater at
high elevations. This study examined the spatiotemporal variation in DTR and its relationship with
elevation in northeast China based on data from 68 meteorological stations from 1961 to 2015. The
results show that there was a significant declining trend (0.252 ◦C/decade) in DTR from 1961 to 2015
due to the fact that Tmin increased at a faster rate than Tmax. Seasonally, DTR in northeast China
showed a decreasing trend with the largest decrease rate in spring (−0.3167 ◦C/decade) and the
smallest decrease rate in summer (−0.1725 ◦C/decade). The results of correlation analysis show that
there was a significant positive correlation between the annual DTR trend and elevation in northeast
China. This is due to the fact that increasing elevation has a significant warming effect on Tmax.
Seasonally, there were significant positive correlations between the DTR trend and elevation in all
seasons. The elevation gradient of DTR trend was the greatest in winter (0.392 ◦C/decade/km) and
the lowest in autumn (0.209 ◦C/decade/km). In spring, summer, and autumn, increasing elevation
has a significant warming effect on Tmax, leading to a significant increase of the DTR trend with
increasing elevation. However, in winter, increasing elevation has a significant cooling effect on Tmin,
resulting in a significant increase of the DTR trend with increasing elevation.

Keywords: diurnal temperature range; maximum temperature; minimum temperature; northeast
China; temperature trends; elevation dependency

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assess-
ment Report (AR5), the global climate has warmed by about 0.74 ◦C in the last century [1].
The intensified warming contributes to a series of extreme climate events, such as droughts,
floods, and heat and cold waves [2]. Diurnal temperature range (DTR), defined as the dif-
ference between the maximum temperature (Tmax) and the minimum temperature (Tmin), is
a meteorological indicator related with global and regional climate change. Furthermore, it
provides more information on climate change than mean temperature due to its relationship
with Tmax and Tmin and its sensitivity to radiation energy balance change [3–6]. Therefore,
DTR is considered as an important indicator and is receiving much more attention in
regional and global scale in recent times [7–10]. Previous studies have reported that DTR
changes were not uniform globally, which was attributed to complicated interactions of
local climatic and anthropogenic factors [11,12]. In most parts of world, it is reported that
DTR decreased with individual rate, such as in Bangladesh [13], Australia [14], and United
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States [15]. However, an increase of DTR was reported in India [16]. Because DTR change
is different indifferent regions, investigating the DTR change at regional scale is necessary
for understanding the global climate change.

Northeast China is located at the highest latitude and in the coldest region in China,
and it is one of the most significant warming regions in China [17,18]. Furthermore,
northeast China is one of the biggest grain production bases in China, accounting for
approximate 20% of China’s total grain production. Grain production strongly depends on
temperature during the growing season [19,20]. Therefore, it is necessary to investigate the
spatial and temporal long-term temperature change in northeast China. Many scholars
have studied the variation of temperature in northeast China. Mwagona et al. [21] found
that Tmin increased at a faster rate than Tmax, leading to the decrease of DTR in northeast
China. Shen et al. [22] obtained similar results using data from meteorological stations.
Based on Earth System Model’s low-warming simulations released by the National Center
for Atmosphere research, Hu et al. [23] found DTR will decease at a rate of −0.4 ◦C/decade
(−1.5 ◦C/decade) under the 1.5 ◦C (2.0 ◦C) warming scenario. According to data from
meteorological stations, Sun et al. [24] found the mean, maximum, and minimum tempera-
tures exhibited increasing trends from 1951 to 2014. Recently, most studies have focused
on the horizontal distribution of temperature change. Northeast China includes Changbai
Mountain, Da and Xiao Xing’anling Mountains, Songnen Plain, and Sanjiang Plain, which
leads to significant differences in elevation. The complexity of topography further causes
temperature change to be far from uniform [25–27]. It is reported that high-elevation
regions have warmed at a faster rate than low-elevation ones in East Asia [28]. For ex-
ample, Liu et al. [29] found that the Tmin trend magnitude is more prominent at high
elevation than that at low elevation in the Tibetan Plateau, especially in winter and spring.
Thakuri et al. [30] found that the observed positive elevation-dependent warming for Tmax
until 2566 m could be related to the reduced number of rainy days in Nepal from 1976 to
2015. Dong et al. [31] investigated the relationship between temperature trend and eleva-
tion by dividing China into three subregions and found the temperature trend changed
with elevation. Xu et al. [32] confirmed that the elevation dependency of warming was
most significant in winter, followed by spring, summer, and winter in Hengduan Moun-
tain. Dimri et al. [33] used three different regional climate models to assess the probable
future changes in Tmax and Tmin and confirmed that the insignificant increase of the Tmax
trend and the significant decrease of the Tmin trend with elevation resulted in a significant
increase of the DTR trend magnitude with elevation in winter. However, few studies have
studied the relationship between the temperature trend and elevation in northeast China.
Thus, it is necessary to understand the impact of elevation on DTR change, which is used
for understanding climate change in mountain regions.

In this study, we collected data from 68 meteorological stations in northeast China
from 1961 to 2015. By analyzing the monthly observation data, we examined the spatial
and temporal changes of DTR and its relationship with elevation. Finally, we analyzed the
plausible mechanisms that can explain the relationships between temperature trends and
elevation.

2. Method and Data

Data used in this study included monthly Tmax, Tmin, and sunshine duration (SD) and
station elevation, provided by the National Meteorological Information Center, China Me-
teorological Administration (NMIC/CMA). During the study period, the same standards
and instrumentation were used for all meteorological stations. According to the standard
of no more than 2% missing data, 68 meteorological stations were selected to investigate
the climate change in northeast China from 1961 to 2015. Figure 1 shows the distribution of
the 68 meteorological stations in northeast China. The elevation of these meteorological
stations varies from 3 to 1017 m (Figure 2). In the aspects of climate condition, northeast
China is characterized by a cool-temperate continental monsoon climate with long winter
and short warm summer [34–36]. The annual average temperature gradually increases
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from approximately −1 ◦C in the northeast to 6 ◦C in the south. The annual precipitation
in northeastChinagradually increasesfrom about 400 mm in the west to 1000 mm in the
east. The precipitation in northeast China is mainly concentrated in summer [37].
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The data processing was described in our previous study [22]. We used the method
proposed by Wang and Gaffen [38] to assure the quality and consistency of data. To supply
the missing data, linear interpolation and stepwise were used. The method used to fill
the data gaps cannot affect the results in analyzing climate change. The missing data
accounted for less than 0.35% of the total records. According to filled data and raw data,
we calculated the means and trends, respectively. It was found that the difference between
the two datasets was insignificant. In this study, gap-filled data were used because the
missing data mainly concentrated in the early years.
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The trend in annual and seasonal Tmax, Tmin, DTR, and SD were analyzed quantita-
tively by linear regression. The magnitude of change for Tmax, Tmin, DTR, and SD were
determined by the tenfold slope. The altitude gradient of temperature tendency rate was
also estimated by linear regression, shown by Equation (1).

y = k0 + k1ele (1)

where y is warming rate; ele is elevation at each station; and k0 and k1 are regression
coefficients. The coefficient k1 represents the altitude gradient. The correlation coefficient
was applied to determinate the relationship between elevation and the trends of climate
factors (DTR, Tmax, Tmin, and SD). The correlation coefficient was also used to determine the
relationship between the trend of SD and the trend of temperature (DTR, Tmax, and Tmin).
Finally, t-test was used for significance test. The trend was considered to be statistically
significant when p < 0.05.

The seasons include spring, summer, autumn, and winter in this study. Spring is from
March to May, summer is from June to August. autumn is from September to November,
and winter is from December to February.

3. Results
3.1. Temperature Characteristics

The analysis results of the annual temperature trend in northeast China are shown in
Figure 3. Annual Tmax and Tmin in northeast China increased significantly from 1961 to 2015.
Annual Tmax showed a warming trend (0.209 ◦C/decade), and 94% of stations reached
the 95% level of significance (Table 1). Annual Tmin trend increased by 0.454 ◦C/decade,
and all stations reached 95% level of significance (Table 1). Although annual Tmax and
Tmin increased significantly from 1961 to 2015, the trend of Tmin was larger than that of
Tmax, which led to a significant decreasing trend of DTR in northeast China. Annual DTR
decreased significantly at a rate of −0.252 ◦C/decade, and 91% of stations reached the 95%
level of significant (Table 1).
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Table 1. Number of stations that reach the significant level (p < 0.05).

DTR Tmax Tmin

Spring 55 19 68
Summer 40 41 67
Autumn 40 51 67
Winter 57 21 58
Annual 61 64 68
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Considering the seasonal characteristics, DTR in northeast China decreased signifi-
cantly in all seasons, exceeding 95% level of significance (Table 2). The decrease of DTR was
higher in spring and winter than that in summer and autumn. Tmin deceased significantly,
but Tmax showed an insignificant change during spring and winter. As a result, DTR
decreased significantly at greater rates during spring and winter. Tmax and Tmin increased
significantly during summer and autumn, exceeding the 95% level of significance. Warm-
ing rates of Tmin were greater than those of Tmax. Therefore, DTR decreased significantly
at slower rates during summer and autumn. On the other hand, we also found that the
increases of Tmax and Tmin were the greatest in winter (0.5261 and 0.2298 ◦C/decade).

Table 2. Seasonal trends (◦C/Decade) of Tmax, Tmin, and DTR in northeast China from 1961 to 2015.

Tmax Tmin DTR

Spring 0.189 0.506 ** −0.317 **
Summer 0.195 ** 0.368 ** −0.173 **
Autumn 0.224 * 0.417 ** −0.193 **
Winter 0.230 0.526 ** −0.297 **

* Significant at p < 0.05, ** Significant at p < 0.01.

3.2. Relationship between Temperature and Elevation

Elevation is one of the factors influencing the distribution of temperature trend.
Therefore, for the distribution of DTR trend, we mainly analyzed the influence of elevation
on temperature trend. The correlation coefficient was used to estimate the relationship
between temperature and elevation.

The results of correlation analysis are shown in Figure 4. There was a significant
positive correlation between annual Tmax trend and elevation in northeast China (Figure 4a).
This indicated that increasing elevation had a warming effect on Tmax. By contrast, a
negative correlation between the annual Tmin trend and elevation was found (Figure 4b),
although it was not significant. These results lead to a significant positive correlation
between the DTR trend and elevation. This result confirms those of previous studies that
increasing elevation is positively correlated with DTR [30,39]. When the elevation increased
1000 m, the DTR tendency rate increased by 0.293 ◦C/decade in northeast China.
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To further prove the influence of elevation on temperature, we calculated the cor-
relation coefficient between temperature trends and elevations during different seasons.
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The analysis results of the relationship between seasonal trend and elevation is shown in
Table 3. Similar to the results of annual analysis, there were significant positive relation-
ships between the DTR trend and elevation in all seasons in northeast China. Significant
positive correlations between the Tmax trend and elevation were found in spring, summer,
and autumn. This indicated that increasing elevation had a warming effect on Tmax during
spring, summer, and autumn. However, the relationship between the Tmin trend and
elevation was not significant in spring, summer, and autumn. It resulted in a significant
positive correlation between the DTR trend and elevation in spring, summer, and autumn.
Therefore, increasing elevation had a warming effect on DTR. In winter, the results of
correlation analysis show that there was a significant negative correlation between the
Tmin trend and elevation in northeast China. This indicated that increasing elevation had
a cooling effect on Tmin. However, we found no significant correlation between the Tmax
trend and elevation. This also led to a significant positive correlation between the DTR
trend and elevation. Therefore, increasing elevation also had a warming effect on DTR
in winter. The greatest altitude gradient of the DTR trend occurred in winter. With the
elevation increasing 1000 m, DTR tendency rate increased by 0.392 ◦C/decade. The lowest
altitude gradient of DTR trend occurred in autumn. When the elevation increased 1000 m,
the DTR tendency rate increased by 0.209 ◦C/decade.

Table 3. Relationships between elevation and the Tmax, Tmin, and DTR trends in northeast China. “R”
represents the correlation coefficient, while“slope” represents the altitude gradient of temperature.

Tmax Tmin DTR

R Slope
(◦C/decade/km) R Slope

(◦C/decade/km) R Slope
(◦C/decade/km)

Spring 0.551 ** 0.205 −0.209 −0.142 0.438 ** 0.348
Summer 0.572 ** 0.254 0.042 0.028 0.389 ** 0.226
Autumn 0.384 ** 0.100 −0.16 −0.109 0.303 * 0.209
Winter 0.194 0.095 −0.322 ** −0.299 0.425 ** 0.392

* Significant at p < 0.05, ** Significant at p < 0.01.

4. Discussion
4.1. Comparison with Previous Studies

DTR in northeast China decreased significantly at a rate of −0.209 ◦C/decade from
1961 to 2015. This result is lower than the result of Shen et al. [22] (−0.273 ◦C/decade from
1962 to 2011). This is probably caused by the different study period. In this study, Tmin
increased at a faster rate than Tmax from 1961 to 2015. The change of DTR is mainly caused
by the asymmetry of the Tmax and Tmin trends. Some research has found that Tmin is rising
more quickly than Tmax in China [22], which is consistent with our result. A similar pattern
was also observed in Bangladesh [13]. However, different from what was observed in
Nepal, the Tmax trend was greater (0.45 ◦C/decade) than the Tmin trend (0.09 ◦C/decade),
leading to significant increasing trend of DTR from 1976 to 2015 (0.34 ◦C/decade) [30].
Kattel et al. [40] also found that the increasing trend of Tmax was greater than that of Tmin
on the southern of slope of the Himalayas. This is possibly due to the fact that, different
from northeast China, other factors may influence the trends of temperature change.

Previous studies found that only the warming rate of Tmin was the greatest in win-
ter (from 1950 to 1993) [5]. However, Vose et al. [10] found that Tmax and Tmin in the
Northern Hemisphere showed the greatest changes in winter (from 1950 to 2004). This
indicated that Tmax increased at a faster rate after 1990 in the Northern Hemisphere, and the
Northern Hemisphere was experiencingthe great warming in winter. At the regional scale,
Ding et al. [41] also pointed out that northern China experienced the greatest warming in
winter. Shen et al. [22] examined the spatiotemporal variation in temperature in China
based on meteorological stations and found that the magnitudes of change for Tmax and
Tmin were the greatest in winter. The results from this study (i.e., the greatest increase
of Tmax and Tmin in winter) are consistent with those in previous studies. On the other
hand, although the magnitudes of change for Tmax and Tmin were the greatest in winter,
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the decreasing trend of DTR was the greatest in spring. This is due to the fact that the
greatest difference between the trend of Tmax and the trend of Tmin occurred in spring.

4.2. Possible Causes for Elevation-Dependent DTR Trend

In this study, we found that the annual and seasonal DTR trends were significantly
positively correlated with elevation in northeast China. This is possibly due to the fact
that solar radiation and greenhouse gases are elevation-dependent. Solar radiation af-
fects the energy between daytime and nighttime, which has a larger effect on Tmax than
Tmin [42,43]. Solar radiation increases with increasing elevation, resulting in a warming
temperature at high elevations compared to at low elevations. Therefore, solar radiation
has a warming effect on temperature at high elevation. On the other hand, greenhouse
gases influence temperature by absorbing longwave radiation [44]. Different from solar
radiation, greenhouse gas concentrations decrease with increasing elevation, resulting
in a warming temperature at low elevations compared to at high elevation. Therefore,
greenhouse gases have a cooling effect on temperature at high elevation.

As shown in Figure 4, elevation was significantly positively correlated with the annual
Tmax trend and insignificantly correlated with the annual Tmin trend in northeast China.
As mentioned above, the warming effect caused by solar radiation could be the dominant
factor. Sunshine duration worked as a proxy for analyzing the relationship between solar
radiation and elevation [45,46]. The results of correlation analysis indicate that the annual
trend of sunshine duration was significantly correlated with elevation and the annual
trend of Tmax (Figure 5 and Table 4). Furthermore, there was a significant correlation
between the annual Tmax trend and elevation. These indicated that increasing elevation
had a warming effect on Tmax due to the warming effect of solar radiation. Due to the
insignificant correlation between the annual Tmin trend and elevation, increasing elevation
had a warming effect on DTR.

Table 4. Correlation coefficient between the trend of SD and the trends of Tmax, Tmin, and DTR at
annual and seasonal scales in northeast China during 1961–2015.

Tmax Tmin DTR

Spring 0.305 * 0.234 0.148
Summer 0.497 ** 0.014 0.364 **
Autumn 0.24 * −0.096 0.185
Winter 0.081 −0.311 ** 0.355 **
Annual 0.398 ** −0.214 0.345 **

* Significant at p < 0.05, ** Significant at p < 0.01.

During spring, summer, and autumn, similar to the results of the annual analysis,
the warming effect caused by solar radiation is the dominant factor to cause the elevation-
dependent DTR trend. In summer, we found that the correlation between the Tmax trend
and elevation was the most significant. This is due to the fact that solar radiation is the
strongest in summer, which has the strongest warming effect (Table 4). The greenhouse
gas concentration is the lowest in summer, which has the weakest cooling effect. The
correlation between trend of solar radiation and elevation was the most significant in
summer, leading to the most significant correlation between the Tmax trend and elevation
in summer. On the other hand, we also found a weak correlation between the Tmin trend
and elevation in summer (Table 4). This could be due to the fact that the increase of
temperature during daytime can be extended to nighttime [22]. There was significant
negative correlation between the Tmin trend and elevation in winter. Different from other
seasons, the cooling effect caused by greenhouse gases could be a dominant factor. As
anthropogenic activities are gradually intensifying, greenhouse gas emissions are highest
in winter [47]. The greenhouse gas concentration at low elevation is much greater than
that at high elevation in winter [48], indicating that the warming trend at low elevation
is relatively greater as compared with at high elevation. The cooling effect caused by
greenhouse gases was greater than the warming effect caused by solar radiation. Therefore,
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there was significant negative correlation between the Tmin trend and elevation in winter.
On the other hand, the warming effect caused by solar radiation may be relatively weaker
during daytime than the cooling effect caused by greenhouse gases, leading to insignificant
correlation between the Tmax trend and elevation in winter. As a consequence, similar to in
other seasons, we also found increasing elevation had a warming effect in DTR.
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5. Conclusions

In this study, we examined the DTR trend and its relationship with elevation in
northeast China from 1961 to 2015 by using available data recorded from 68 meteorological
stations. The results show that Tmax and Tmin in northeast China increased significantly
at rates of 0.209 and 0.454 ◦C/decade, respectively. As a result, DTR in northeast China
decreased significantly at a rate of 0.252 ◦C/decade from 1961 to 2015. This is due to the
fact that the increase of Tmin is faster than the increase of Tmax. At the seasonal scales,
the increase rates of Tmin were greater than those of Tmax in all seasons, leading to a
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significant decrease of DTR in all seasons. The decrease rates of DTR were the greatest in
spring (−0.317 ◦C/decade) and the lowest in summer (−0.173 ◦C/decade). Tmax increased
insignificantly in spring and summer, but significantly in summer and autumn. By contrast,
Tmin increased significantly in all seasons.

Tmax tendency rate increased significantly with increasing elevation, leading to signifi-
cant increase of the DTR trend with increasing elevation at the annual scale. Seasonally, it
was also found that the DTR trend increased significantly with increasing elevation. The
greatest elevation gradient of the DTR trend occurred in winter (0.392 ◦C/decade/km).
The lowest elevation gradient of the DTR trend occurred in spring (0.209 ◦C/decade/km).
In spring, summer, and autumn, the elevation-dependent DTR trend increased significantly
with increasing elevation. However, in winter, the elevation-dependent DTR trend de-
creased significantly with an increase of elevation. Solar radiation increased with increasing
elevation, which had a warming effect on temperature. The greenhouse gas concentra-
tion deceased with increasing elevation, which had a cooling effect on temperature. The
warming and cooling effects may cancel each other out, resulting in significant correlation
between the DTR trend and elevation at the annual and seasonal scales.
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