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ABSTRACT

Although many studies have analyzed the effects of urbanization on tempera-
ture changes, the urbanization’s effect on temperature change remains controversial.
Northeast China is the largest old industrial base in China, which experienced a rapid
urbanization in the past decades. Under the background of climate change, under-
standing the changes of surface air temperature and urbanization effects on tempera-
ture changes in the Northeast China is important to predict climate change in China.
By analyzing the historical climate data, our results suggested that minimum tem-
perature (Tmin) over the Northeast China increased significantly (0.40°C decade™)
from 1960 to 1989, but showed no significant change (-0.02°C decade™') during 1990
- 2016. Due to slight change of maximum temperature (Tmax), the diurnal tempera-
ture range (DTR) showed a significant decreasing trend before 1989 (-0.34°C de-
cade™), but reached a stable level after 1990 (-0.06°C decade™). In Northeast China,
urbanization had a significant warming effect on Tmin during the night-time, but had
different effects on Tmax during the daytime under the different changes of solar ra-
diation before and after 1990. There were moderate warming effects of urbanization
on Tmax during the solar dimming period of 1960 - 1989, but weak cooling effects
on Tmax during the solar stable period after 1990. Due to obvious warming effect of
urbanization on Tmin, urbanization in Northeast China tends to result in an increase
of mean temperature but a decrease of DTR.

1. INTRODUCTION

The global mean temperatures increased about 0.74°C
during the last century, and the increasing greenhouse gas
concentrations is widely considered as the primary reason
(e.g., Karl et al. 1993; Li et al. 2010; Wang and Dickinson
2013). Besides the greenhouse gas, there are some other fac-
tors, such as atmospheric circulations, solar radiation, pre-
cipitation, urbanization, and aerosols that can also change
the surface air temperatures by affecting the surface energy
and hydrological balance (Dai et al. 1997, 1999; Liu et al.
2004; Wild et al. 2007; Ren et al. 2008; Zhou et al. 2009;
Shen et al. 2014). Although many studies have analyzed the
possible effects of these factors on temperature changes, the
urbanization’s effect on temperature change remains con-
troversial. For example, many studies have found signifi-
cant effect of urbanization on global or regional temperature
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change (Portman 1993; Zhou et al. 2004; Ren et al. 2008;
Sun et al. 2016); but there are also many studies suggested
that the effects of urbanization on temperature changes were
not obvious (Jones et al. 1990; Easterling et al. 1997; Li et
al. 2004; Hansen et al. 2010). Due to the complexity of the
climatology, further investigations on the effects of urban-
ization on temperature changes are still needed.

China is one of the most rapidly urbanizing countries
during the past decades in the world. Many studies found
significant impacts of urbanization on temperatures in
China (Wang et al. 1990, 2013; Zhou et al. 2004; Hua et
al. 2008; Yang et al. 2011; Cao et al. 2016a, b; Chen and
Frauenfeld 2016; Sun et al. 2016). On the contrary, the weak
effects of urbanization on temperatures were also reported
in some regions of China and the country as a whole (Li
et al. 2004). Based on the solar radiation data, some stud-
ies pointed out that solar radiation in China changed from
dimming since the 1960s to brightening after 1990 (Ye et
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al. 2010; Wang et al. 2012). Wang et al. (2012) found that
the impacts of urbanization on temperatures in China were
different under the solar dimming and brightening. During
the solar dimming period, they found that Tmax in both ur-
ban and rural stations of China showed a weak decreasing
trend, and Tmin in all stations showed significant warming
trends. Due to urbanization effect, the increasing trend of
Tmin was much larger in urban stations than that in rural
stations (Wang et al. 2012). During the solar brightening
period, however, both Tmax and Tmin increased dramati-
cally in all stations of China. Different from the dimming
period, Tmax increased faster in rural stations, and the Tmin
showed a comparable increasing rate in urban and rural sta-
tions during the solar brightening period. They argued that
due to urban anthropogenic aerosols, the brightening could
be much stronger in rural places than in urban places, which
accounted for the faster increasing Tmax in rural areas dur-
ing the solar brightening period (Wang et al. 2012). Al-
though many studies have analyzed the changes of solar ra-
diation in China based on solar radiation data, the quality of
solar radiation data obtained in China is often doubted (Shi
et al. 2008). By using the data of sunshine duration (SD), a
good proxy for analyzing solar irradiance change, Shen et
al. (2014) found that solar radiation in China changed from
dimming to a stable level after 1990. This result was consis-
tent with Tang et al. (2011) who investigated the solar radia-
tion changes in China by combining quality-controlled solar
radiation data and radiation models. In order to further un-
derstand the urbanization effects on temperature in China,
the influences of urbanization on temperature change during
the different periods of solar radiation changes should be
further investigated.

Northeast China is the largest old industrial base of Chi-
na, which has experienced a rapid urbanization during the
past decades. In this study, using temperature records from
60 weather stations during 1960 - 2016, we analyzed the
changes of temperatures in Northeast China and explored
the effects of urbanization on temperature change by com-
paring the temperatures in the urban and surrounding rural
stations. Considering the possible effects of solar radiation
changes, the effects of urbanization on temperature changes
were compared during different periods of solar radiation
changes. Understanding the changes of temperature and the
effects of urbanization on temperature changes is important
to predict future climate change in China.

2. METHODOLOGY

Northeast China (38 - 53°N and 115 - 135°E) is an
old industrial base with high urbanization level in China,
and it includes three provinces of Heilongjiang, Jilin and
Liaoning, as well as northeastern part of Inner Mongolia
autonomous region (Zhang 2008; Ren et al. 2012; Shen
et al. 2017). During the past decades, however, economic

development in Northeast China lagged behind the eastern
coastal cities of China, and the rate of regional urbaniza-
tion slowed down. Since 1978, with the development of the
reforms and opening-up of China, Northeast China has ex-
perienced a tough reconstruction process (Su et al. 2014). In
terms of climatic conditions, most of the Northeast China
has a temperate monsoon climate, which is characterized
by cold and long winter, as well as warm and short sum-
mer (Shen et al. 2019a, b). The annual mean temperature in
Northeast China is about -1 to 6°C, which is usually lower
than that in the same latitudes of the world (Du et al. 2013).
The annual precipitation in Northeast China is about 400 -
1000 mm, and the precipitation is mainly concentrated in
summer (Sun et al. 2007).

Data used in this study included daily mean tempera-
ture (Tmean), maximum temperature (Tmax), minimum
temperature (Tmin) and sunshine duration (SD) data over
the Northeast China during 1960 - 2016. We used the meth-
od proposed by Wang and Gaffen (2001) to assure the quali-
ty and consistency of climatic data, following the procedure
described in our previous studies (Shen et al. 2014, 2018).
It is inevitable that there are missing data for the weather
stations that have a long-term monitoring of weather condi-
tions. The proportion of missing data across all the original
meteorological data is about 0.29%, and the most gaps are
less than 3 days. Consistent with previous studies (Liu et
al. 2004; Shen et al. 2014), this study adopted a simple lin-
ear interpolation algorithm to fill the missing temperature
data when these missing data were less than 7 consecutive
days. In addition, we used a stepwise regression to supply
the missing data if the missing data were more than 7 con-
secutive days. For these missing data, we performed the
stepwise regression per 5 years and set all the data that have
no missing data as the variable. Finally, we compared the
gap-filled dataset with the original dataset, and found that
there were no statistically significant (p < 0.05) differences
of means or trends between these two datasets. Therefore,
the gap-filled data in this study will not affect the results of
this study especially considering its very tiny percentage of
all the data.

In this study, the trends of temperatures were estimated
by Mann-Kendall test and simple linear regression (Mann
1945; Kendall 1975). In addition, the effects of urbaniza-
tion on the changes of temperatures in Northeast China were
explored by comparing the temperatures between urban and
rural weather stations (Ren et al. 2008; Wang et al. 2012).
According to the standard practice in many previous stud-
ies (Li et al. 2010, 2015; Wang et al. 2012), we used the
urban population of the area where the stations are located
to divide the stations into urban stations (the population is
more than 500000) and rural stations (the population is less
than 500000) in Northeast China. The population data used
in this study came from the Fifth National Population Cen-
sus provided by the National Bureau of Statistics of China
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(http://www .stats.gov.cn/english/). To reduce the effect of
topography and geography on the results, 30 pairs of urban

and rural stations were selected to investigate the urbaniza-
tion effect in this study (Fig. 1).

This study used the sunshine duration (SD) data as a
proxy for analyzing solar irradiance changes, and found that
solar radiation in China changed from dimming to a stable
level after 1990 (Fig. 2). As a result, the whole study period
of 1960 - 2016 can be divided into two sub-periods. One
is during 1960 - 1989 and the other is during 1990 - 2016,
which represents the dimming and no significant changes
times, respectively. Based on previous studies that found
different urbanization impacts on temperatures under the
solar dimming and brightening, we further compared the ur-
banization effects on temperatures during the solar dimming
period with that during the solar stable period in this study.

3.RESULTS

During 1960 - 2016, long-term average annual Tmean,
Tmax, Tmin, and DTR over the whole Northeast China
were 5.17, 11.29, -0.33, and 11.62°C, respectively. The
long-term average annual Tmean, Tmax, and Tmin were
larger for urban stations (5.46, 11.51, and 0.04°C, respec-
tively) than that for rural stations (4.88, 11.07, and -0.70°C,
respectively) (Fig. 3). Because the temperature difference
between urban and rural stations was lager for Tmin than
Tmax, long-term average DTR was smaller in urban sta-
tions (11.47°C) than that in rural stations (11.77°C). During
two different periods of 1960 - 1989 and 1990 - 2016, we
also found larger long-term average annual Tmean, Tmax,
and Tmin, but smaller DTR for urban stations (Table 1).

Consistent with the changes of SD, the temporal
changes of temperatures in Northeast China showed differ-
ent regimes before and after 1990 (Fig. 4). Over the North-
east China, Tmean and Tmin increased significantly from
1960 to 1989, but showed no significant changes during
1990 - 2016 (Fig. 4). Due to slight changes of Tmax during
these two different periods, the diurnal temperature range
(DTR) showed a significant decreasing trend before 1989,
but reached a stable level after 1990 (Fig. 4d). During the
whole study period of 1960 - 2016, annual Tmean, Tmax,
and Tmin increased significantly by 0.30, 0.19, and 0.41°C
decade! over the Northeast China, respectively. As a result,
the DTR showed a significant declining trend of -0.22°C
decade! during the same period.

For both urban and rural stations, the temporal changes
of temperatures also had a great difference before and after
1990 (Figs. 5 and 6). But the average trends of tempera-
tures in urban and rural stations were different during the
study period (Table 2). During 1960 - 1989, both urban and
rural stations showed a weak change of Tmax but a signifi-
cant warming trend in Tmin. The minimum temperature in-
creased much faster in urban areas (0.48°C decade) than

in rural areas (0.31°C decade™), resulting in a greater de-
crease of DTR in the urban areas. From 1990 to 2016, all
the temperatures showed no significant changes in urban
and rural areas. During the whole study period of 1960 -
2016, there were significant warming trends of temperatures
in both urban and rural stations. The increasing trends of
Tmean, Tmax, and Tmin were larger in urban stations (0.32,
0.20, and 0.45°C decade, respectively) than that in rural
stations (0.28, 0.19, and 0.38°C decade™!, respectively). For
the DTR, it significantly decreased by -0.25 and -0.19°C
decade™ for urban and rural stations, respectively.
Consistent with previous studies (Tayan¢ and Toros
1997; Ren et al. 2008; Li et al. 2010, 2015; Wang et al.
2012), this study calculated the trends of “urban minus rural
temperatures” to investigate the effects of urbanization on
temperature changes in Northeast China. The results showed
that there were significant increasing trends of urban mi-
nus rural Tmax (0.03°C decade™) and urban minus rural
Tmin (0.18°C decade) from 1960 to 1989 (Table 2). By
contrast, during 1990 - 2016, there were weak decreasing
trend of urban minus rural Tmax (-0.01°C decade™) and sig-
nificant increasing trend of urban minus rural Tmin 0.03 (in
units of °C decade™') (Table 2). During the study period of
1960 - 2016, due to larger warming trends of temperatures
in urban stations than that in rural temperatures, urban mi-
nus rural mean temperature showed a significant increasing
trend (0.04°C decade™) in Northeast China. To further com-
pare the temperature differences between urban and rural
stations, we calculated the correlation coefficients between
the populations and surface air temperatures (Tmean, Tmax,
Tmin, and DTR) of the 60 stations in Northeast China dur-
ing the study period (Table 3). The results showed that there
were similar relationships of populations with long-term
average annual temperatures and trends of annual tempera-
tures. We found significant positive relationships of popula-
tions with Tmax and Tmin during 1960 - 1989. By contrast,
there were weak negative correlations between populations
and Tmax, but significant positive correlations between pop-
ulations with Tmin during 1990 - 2016 (Table 3). During the
study period of 1960 - 2016, there were significant positive
relationships of populations with Tmean, Tmax, and Tmin,
but negative correlations between populations and DTR.

4. DISCUSSION

It is well known that the increasing greenhouse gas con-
centrations mainly account for the warming global air tem-
peratures during the last century (Wang and Dickinson 2013).
Due to the impact of the greenhouse effect, temperatures in
both the daytime and night-time showed significant warm-
ing trends in Northeast China during 1960 - 2016. Besides
the greenhouse gases, solar radiation is regarded as another
key factor affecting the temperatures in China (Shen et al.
2014). Different from the greenhouse gas that can influence
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Table 1. Long-term average annual Tmean, Tmax, Tmin, and DTR (°C) for urban and
rural stations during two different periods of 1960 - 2016.

Different study periods | Temperatures Urban Rural Urban minus rural
Tmean 495 441 0.54
Tmax 11.16 10.73 043
1960 - 1989
Tmin -0.64 -1.31 0.67
DTR 11.81 12.04 -0.23
Tmean 6.02 541 0.61
Tmax 11.90 1145 045
1990 - 2016
Tmin 0.81 -0.01 0.82
DTR 11.10 1147 -0.37
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Table 2. Decadal trends of Tmean, Tmax, Tmin, and DTR (°C decade™) for urban and
rural stations during 1960 - 2016.

Different study periods | Temperatures Urban Rural  Urban minus rural
Tmean 0.32%% 0.28%* 0.04%*
Tmax 0.20%* 0.19%* 0.01*
1960 - 2016
Tmin 0.45%* 0.38%* 0.07**
DTR -0.25%%  -0.19%* -0.06%*
Tmean 0.25% 0.16 0.09%*
Tmax 0.08 0.05 0.03*
1960 - 1989
Tmin 0.48%* 0.31%* 0.18%*
DTR -041%*  -0.26%* -0.15%*
Tmean -0.02 -0.06 0.03
Tmax -0.07 -0.07 -0.01
1990 - 2016
Tmin 001 -0.04 0.03*
DTR -0.08 -0.03 -0.04

Note: * Significant at the 0.05 level. ** Significant at the 0.01 level.

Table 3. Correlation coefficients between the populations and surface air temperatures (Tmean, Tmax, Tmin, and DTR) of the 60 sta-

tions in Northeast China during the study period.

. . Correlations between the populations and  Correlations between the populations and
Different study periods | Temperatures
long-term average annual temperatures trends of annual temperatures
Tmean 0.30%* 0.32%*
Tmax 0.25% 0.26*
1960 - 2016
Tmin 0.32%* 0.38%%*
DTR -0.35%%* -0.30%
Tmean 0.29% 0.27*
Tmax 0.25% 0.25%
1960 - 1989
Tmin 0.31* 0.38%%*
DTR -0.33%* -0.25%
Tmean 0.21 0.20
Tmax -0.13 -0.09
1990 - 2016
Tmin 0.33%%* 0.30%*
DTR -0.16 -0.08

Note: * Significant at the 0.05 level. ** Significant at the 0.01 level.
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both Tmax and Tmin, solar radiation only has direct effect
on Tmax during the daytime. Our results showed that the SD
in the Northeast China significantly decreased from 1960 to
1989, but reached a stable level since 1990 (Fig. 2). The dif-
ferent changes of SD in Northeast China account for the dif-
ferent regimes of temperature changes before and after 1990.
During 1960 - 1989, the significant declining of SD resulted
in a larger increasing rate of Tmin than Tmax (Shen et al.
2014). From 1990 to 2016, both Tmax and Tmin experienced
a warming hiatus under the effects of atmospheric circulation
changes (Li et al. 2015; Shen et al. 2018). Due to no signifi-
cant change of SD, there were comparable change trends of
Tmax and Tmin in Northeast China during 1990 - 2016.

To investigate the effects of urbanization on tempera-
ture changes in Northeast China, this study calculated the
trends of urban minus rural temperatures by comparing the
temperatures in urban stations with their surrounding rural
stations. The increasing (or decreasing) trend of urban mi-
nus rural temperature indicates the warming (or cooling) ef-
fect of urbanization on temperature in Northeast China (Ren
et al. 2008). During the whole study period of 1960 - 2016,
the increasing trends of urban minus rural temperatures in-
dicate that the urbanization possibly had a significant warm-
ing effect on both Tmax and Tmin. These warming effects
of urbanization on Tmax and Tmin were further confirmed
by the significant positive correlations between the popula-
tions and Tmax and Tmin of the 60 stations in Northeast
China during 1960 - 2016 (Table 3). The warming effect of
urbanization on Tmin (0.07°C decade') was much larger
than that on Tmax (0.01°C decade™), resulting in an obvious
decrease effect on DTR (-0.06°C decade™). It confirms that
urban heat island effect is more obvious during the night.

During two different periods, we found that the differ-
ent changes of SD before and after 1990 resulted in different
effects of urbanization on temperatures in Northeast China.
Compared with the rural stations, urban stations showed
much faster increase of Tmin from 1960 to 1989 (Table 2).
This phenomenon is closely related to the urbanization ef-
fect. On one hand, urban anthropogenic aerosols can cause
more atmospheric counter radiation during the nighttime,
which has obvious warming effect on the Tmin (Wang et al.
2012). On the other hand, thermal release from the imper-
meable land during the nighttime may also partly account
for the faster increase of Tmin in urban areas. In terms of
Tmax changes, the urban minus rural Tmax showed moder-
ate but significant increase (0.03°C decade™) during 1960 -
1989, suggesting that urbanization similarly had a warming
effect on the Tmax during the daytime. This may be related
to the reduced wind speed and more heat absorbed in urban
areas (Kalnay and Cai 2003; Jusuf et al. 2007; Rizwan et
al. 2008). Because of larger warming effect on Tmin, the
urbanization had a decrease effect on DTR in the Northeast
China (Table 2). Although many studies reported that urban-
ization tended to decrease Tmax during the daytime because

of urban-enhanced aerosols (Kalnay and Cai 2003), our re-
sults showed a warming effect of urbanization on Tmax. It
seems that the cooling effect of urban-enhanced aerosols on
Tmax was not obvious when the SD significantly decreased
in both urban and rural areas of Northeast China.

During 1990 - 2016, the significant warming effect of
urbanization on temperatures was only found in Tmin, and
the urban minus rural Tmax even showed a weak decreasing
trend (Table 2). As a result, the urban minus rural Tmean and
DTR showed no significant increasing (0.04°C decade™) and
decreasing (-0.04°C decade™) trend, respectively (Table 2).
Similar to the period of 1960 - 1989, the warming effect on
Tmin reflected the urban heat island effect during the night-
time. Contrary to the period of 1960 - 1989, the urbaniza-
tion has a cooling effect on Tmax (-0.01°C decade™) during
1990 - 2016. These different effects of urbanization on Tmax
and Tmin were also reflected in the different correlations be-
tween the populations and Tmax and Tmin of the 60 sta-
tions in Northeast China during 1990 - 2016 (Table 3). It
implies that the negative effects of urban-enhanced aerosols
on Tmax began to become obvious when the SD showed no
significant change in both urban and rural areas. By shading
the surface from solar flux, more aerosols induced by urban-
ization had a cooling effect on the Tmax during the solar
stable period. In addition, this weak cooling of temperature
during the daytime could continually affect the temperature
during the night-time, partly explaining the weak warming
Tmin in urban areas.

It should be noted that there are some limitations in
this study. First, current study did not use the specific data
of urbanization or aerosol to investigate the effect of ur-
banization on temperatures in Northeast China. In order to
accurately analyze the urbanization effect on temperatures
in Northeast China, it is necessary to quantify the level of
urbanization (e.g., the proportion of impervious land cover)
and to use the data of aerosol concentrations. Second, ur-
banization is a dynamic process and there is a distinct dif-
ference between urbanization trend effects in areas that have
been developed for a long time and those under rapid de-
velopment. Although most previous studies, as well as this
study, attributed the temperature differences between urban
and rural station to urbanization effect, the temperature dif-
ferences could be affected by some other factors such as
topography and geography. Therefore, further study is still
needed to investigate how much effect the urbanization has
had on the variations of temperatures in Northeast China.

5. CONCLUSION

This study analyzed the changes of temperatures and
the effects of urbanization on temperature change in North-
east China. Considering the complex effects of solar radia-
tion changes on temperatures, this work emphatically com-
pared the effects of urbanization on temperature changes
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during the different periods of solar radiation changes.
Based on the trends of urban minus rural temperatures, we
concluded that urbanization in Northeast China possibly
had a significant warming effect on Tmin during the night-
time, but had different effects on Tmax under the different
changes of solar radiation. There were moderate warming
effects of urbanization on Tmax during the solar dimming
period of 1960 - 1989, but weak cooling effects on Tmax
during the solar stable period after 1990. Due to obvious
warming effect of urbanization on Tmin, urbanization in
Northeast China tends to result in an increase of Tmean but
a decrease of DTR during 1960 - 2016, respectively.
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