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Abstract: Extreme climate events undoubtedly have essential impacts on terrestrial ecosystems, but
the spatiotemporal patterns of extreme climate events at regional scales are unclear. In this study,
based on observations and 14 CMIP6 global climate models, we analyzed the spatiotemporal changes
in extreme temperature events at the mainland China scale and different basin scales in historical
and future periods, and their relative importance for the changes in mean temperature (Tmean). The
results show that at the mainland China scale in the historical period, extreme cold days and extreme
cold nights significantly decreased, while Tean, extreme warm days, and extreme warm nights
significantly increased. However, the rates of increase in Tmean and extreme temperature events in
the Continental Basin, Southwest Basin and Yellow River Basin are higher than that at the mainland
China scale. The multi-model ensemble is the best model for simulating extreme temperature events
in mainland China. At the mainland China scale in the future, the trends of Tean and extreme
temperature events are slow, rapid, and extremely rapid under SSP1-2.6, SSP2-4.5 and SSP5-8.5,
respectively. In addition, the changes in the Continental Basin and Songhua and Liaohe River Basin
are larger than those at the mainland China scale. In the historical and future periods, the extreme
temperature events that have a great influence on the Tmean at the Chinese mainland scale and
different basin scales are all related to the minimum temperature. The findings from this study can
provide references for formulating scientific and reasonable regional-scale climate change policies.

Keywords: extreme temperature events; mean temperature; mainland China; spatiotemporal
patterns; CMIP6

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) Assessment Report 6 (AR6)
report points out that the impact of human activities has doubtless caused warming of the
atmosphere, oceans, and land [1]. The global mean temperatures (Tmean) from 2001-2020
and 2011-2020 were 0.99 °C and 1.09 °C higher, respectively, than the Tmean between
1850-1900 [1]; among them, 1980-2012 in the Northern Hemisphere may have been the
hottest 30 years in the past 1400 years [2]. With the continuous increase in temperature, the
frequency, intensity, and duration of extreme temperature events are also increasing [3—6],
and the destructive impact of extreme temperature events on human society and the natural
environment is greater than the gradual change in temperature [7,8]. According to the
statistics from the United Nations, 1991-2000, the number of people affected by climate
anomalies was seven times the number of people affected by wars worldwide each year,
the average number could reach 211 million, and the economic loss increased by nearly
10 times over the previous 40 years [9]. Therefore, extreme temperature events on different

Atmosphere 2022, 13, 1127. https:/ /doi.org/10.3390/atmos13071127

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13071127
https://doi.org/10.3390/atmos13071127
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos13071127
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13071127?type=check_update&version=2

Atmosphere 2022, 13,1127

20f19

temporal and spatial scales have attracted widespread attention from scholars around
the world.

The Expert Team on Climate Change Detection and Indicators (ETCCDI) can detect
extreme climate events well by applying the extreme climate indices defined by the thresh-
old method [10], which is widely used in the study of extreme climate events at different
spatiotemporal scales [11,12]. More than 70% of the world’s land areas have shown a
decreasing trend of extreme climate events related to the minimum temperature (Tpin),
while extreme climate events related to the maximum temperature (Tmax) have shown
a significant increasing trend in the past 50 years [13]. For example, Canada [14], east-
ern Europe [15], northwestern Africa [16], Serbia [15], Indonesia [17], and Australia [18]
have increasing trends of extreme warm events and decreasing trends of extreme cold
events. However, warm nights in the northwestern and southwestern United States have
decreasing trends at both annual and seasonal scales, while cold nights have an increas-
ing trend on an annual scale and in the spring and autumn [19]. From 1948 to 2012, the
warm days of most of the southern states of the U.S. showed decreasing trends in different
seasons. Among them, the states of Arkansas and Mississippi showed larger decreasing
trends [20]. This indicates that due to the influence of the natural geographical environment
and atmospheric general circulation model, there are great differences in the response of
different regions to increasing radiative forcing [21], and that the frequency of extreme
temperature events has large spatial heterogeneity at the regional scale. To better realize
data sharing and model comparison, the World Climate Research Program (WCRP) started
the Coupled Model Intercomparison Project (CMIP), which has developed to the sixth stage
(CMIP6) and has provided the most extensive model database for the study of climate mod-
els [22]. CMIPS5 provides future climate scenario data with a representative concentration
path (RCP) [23], while CMIP6 employs a combination of shared socioeconomic pathway
(SSP) scenarios and RCPs [24], and improves multiple parameters [25]. Kim et al. found
that compared with CMIP5, CMIP6 can better reflect the pattern of change in global and
regional extreme temperature events [26,27]. There are differences in the simulation of
total precipitation between China [28] and the U.S. [29], and the simulation of drought in
China [30] and local areas [31] is better. The climate trends simulated by different CMIP6
models are quite different, so it is necessary to sort the simulation capabilities of each model
and select the best model to simulate climate change at the regional scale.

Consistent with global climate trends, the annual Tean in China has increased by
1.1 °C at a rate of 0.22 °C/10a in the last 50 years [32], which is higher than the global scale
(0.20 °C/10a). The increase in temperature directly affects the changes in extreme temper-
ature and then leads to increases in the frequency and intensity of extreme temperature
events, such as high temperatures and heat waves. For example, during 1951-1990, the
daily Tpin in China showed a warming trend, which was most obvious at high latitudes,
and the daily Ty, generally showed a warming trend west of 95°E and north of the Yellow
River, but it showed a cooling trend south of the Yellow River [33]. In addition, the degrees
of change in extreme temperature events in Inner Mongolia [34], the Three River headwater
regions [35], the Tibetan Plateau [36], the Loess Plateau [37], and northeastern China [38] are
quite different. The responses of extreme temperature events in different regions of China
to global warming are heterogeneous. This is not only related to the regional vegetation
type, but also has a strong relationship with the climatic zones and watershed to which
it belongs.

However, there is a lack of research on the temporal and spatial changes in future
extreme climate events at the mainland China scale and at different basin scales based on
CMIP6 and their relative importance for changes in the Tmean. The purposes of this study
are as follows: (1) based on historical observations, the effectiveness of CMIP6 models for
simulating extreme climate events in mainland China is evaluated, and the optimal climate
model for simulating extreme temperature events in mainland China is obtained; (2) based
on the historical data and the optimal climate model, the temporal and spatial variation
characteristics of extreme temperature events in different basins of mainland China in the



Atmosphere 2022, 13,1127

30f19

historical and future periods are analyzed, and (3) the extreme temperature events that have
the greatest influence on the Trean at mainland China scale and basin scales are determined.
This study is helpful to develop a clear understanding of the variation characteristics of
mean temperature and extreme temperature events at both the mainland China scale and
basin scales within the context of climate change. It also provides a reference for decision
makers in managing and preventing disaster risks caused by climate change.

2. Materials and Methods
2.1. Material Sources
2.1.1. Historical Observation Data

The observation grid data of the daily Tmean, Tmin, and Tmax in mainland China from
1961 to 2013 used in this paper were obtained from the China Meteorological Data Network
(http://data.cma.cn, accessed on 1 June 2022). The dataset was interpolated based on the
temperature observation results of more than 2000 national climate stations in mainland
China. On the basis of the thin plate spline (IPS), digital elevation data were introduced
into the dataset to reduce the influence of unique and complex terrain in China on the
accuracy of the spatial interpolation results. After interpolation, the grid data, with a
spatial resolution of 0.5° x 0.5°, underwent strict quality inspection and control, such as
deleting and correcting outliers far from the actual climate state or surrounding stations.
This dataset has been widely used in the study of extreme climate indices, and its reliability
has been proven [39,40].

2.1.2. Future Climate Scenario Data

In this study, CMIP6 model scenario MIP data are used as the climate projections data
for future climate scenarios. Data from three scenarios of CMIP6 models, namely SSP1-2.6,
SSP2-4.5 and SSP5-8.5, were selected to explore the trends of future Tryean and extreme
temperature events in mainland China. They represent sustainable development, moderate
development, and social development paths driven by traditional fossil fuels [23] and
correspond to the RCP2.6 (low), RCP4.5 (medium), and RCP8.5 (high) emission scenarios
of CMIP5, respectively. Fourteen models were selected (Table 1) on the condition that four
kinds of daily temperature data, historical, SPS1-2.6, SSP2-4.5, and SPSP 5-8.5, could be
output at the same time. In this study, we resampled the spatial resolution of all models to
0.5° x 0.5°.

Table 1. Basic information of the 14 selected models in the CMIP6.

Model Modeling Center (or Group), Country Resolution (Lon x Lan)
Aé%%gss_ségl\l\fi 5 Commonwealth Scientific and Industrial Research Organisation, Australia 192 x 144
CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada 128 x 64
EC-Earth3

Agencia Estatal de Meteorologia, Spain; The Swedish Meteorological and

Eggiﬁ?ﬁg}}%/_e\/;%R Hydrological Institute, Sweden and 30 other institutes 512 > 256
FGOALS-G2 Institute of Atmospheric Physics, Chinese Academy of Sciences, China 180 x 80
%EM:EM?:% Institute for Numerical Mathematics, Russian 180 x 120

IPSL-CM6A-LR Institut Pierre Simon Laplace, France 144 x 143
Japan Agency for Marine-Earth Science and Technology, Atmosphere and
MIROC6 Ocean Research Institute, and 256 x 128
National Institute for Environmental Studies, Japan
11\\/[/[1;,11'_%881\1\//[[11:22:1]:1%{{ Max Planck Institute for Meteorology, Germany 384 x 192

MRI-ESM2-0

Meteorological Research Institute, Japan 320 x 160



http://data.cma.cn

Atmosphere 2022, 13,1127

40f19

2.2. Methods
2.2.1. Extreme Temperature Indices

In this study, we selected four extreme temperature indices provided by ETCCDI to
characterize extreme temperature events (Table 2).

Table 2. Extreme temperature indices selected for this study, with the indicator names, definitions,

and units.
Indices Name Description Unit
Number of days
TX10p Cool days when Tmax < 10th d (Days)
percentile
Number of days
TN10p Cool nights when T, < 10th d (Days)
percentile
Number of days
TX90p Warm days when Tpax > 90th d (Days)
percentile
Number of days
TN90p Warm nights when Tpin > 90th d (Days)
percentile

2.2.2. Multi-Model Evaluation Method

In this study, a Taylor diagram is used to quantitatively evaluate the simulation ability
of CMIP6 multi-model extreme temperature indices in the historical period. The Taylor
diagram is a method that was proposed by Karl E. Taylor to compare and evaluate multi-
models, which can intuitively evaluate the simulation ability of a multi-model [41]. Taylor’s
diagram evaluates the difference between simulated values and observed values of multi-
models through three specific statistics (correlation coefficient—R, standard deviation—
STD, and root mean squared error—RMSE).

2.2.3. Trend Analysis

In this study, the temporal trends of Timean and extreme temperature events at the main-
land China scale were analyzed by using linear regression, and Sen’s + Mann-Kendall’s
tests were used to analyze the spatial trends of Trean and extreme temperature events.
Sen’s slope can effectively avoid the interference of outliers, so it is widely used in the
analysis of long time-series to detect the order of trends. The Mann-Kendall nonparametric
test method does not need time series data to obey a normal distribution, and the results
are not affected by a few outliers, so it is widely used in time series trend analysis of
meteorological and hydrological factors [42].

2.2.4. Multiple Linear Regression Analysis

In this study, the standard regression coefficient from multiple linear regression anal-
ysis was used to determine the relative importance of extreme temperature events on
Tmean at the mainland China and basin scales. Because the units of the dependent variable
and independent variable are different (for example, the unit of Trean is °C, while the
unit of extreme temperature events is days), the coefficient of the independent variable
in multivariate linear regression cannot explain the relative importance of this factor, so
it is necessary to transform each independent variable into a unified expression. In this
study, the Trmean and extreme temperature indices are standardized. We used the standard
deviation normalization method, and the formula is as follows:

Xi—X
o

yi = 1)
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where y; represents the standardized variable, x; represents the original variable, and X
represents the mean of the original variable, and o represents the standard deviation of the
original variable. The standardized variables range from —1 to 1, the mean value is 0, and
the standard deviation is 1.

The regression coefficient obtained at this time can reflect the relative importance of
the corresponding independent variable. This regression equation is called the standard re-
gression equation, and the regression coefficient is called the standard regression coefficient,
which is expressed as follows:

Y =Dbixy +byxy +baxg+ - -+ bpxy )

where y is the dependent variable (Tmean), X is the independent variable (extreme tempera-
ture events), n is the number of variables, and bj (j=1,2,...,n)is the regression coefficient;
the larger the absolute value of the standard regression coefficient, the more important the
variable is.

3. Results

3.1. Temporal and Spatial Variations in Tyeq and Extreme Temperature Events in Mainland China
during Historical Periods

3.1.1. Temporal and Spatial Variations in Tmean during Historical Periods

Figure 1a illustrates the trend of the Trean in mainland China from 1961 to 2013 based
on the observed data ranged from —0.4 °C to 0.77 °C/10a, and there is significant warming
in all regions, except for a small part of the central region where the change is not significant.
The larger increase trend appeared in the Continental Basin, Songhua and Liaohe River
Basin, Yellow River Basin, and the northern Southwest Basin. Among them, the Continental
Basin has the largest change range (0.33 °C/10a), while smaller increasing trends appear
mainly in the Yangtze River Basin, Pearl River Basin, and Southeast Basin, and the Pearl
River Basin has the smallest range of change (0.15 °C/10a). Figure 1b shows that the Trmean
in mainland China was 6.2 °C from 1961 to 2013, with a trend of 0.27 °C/10a, with the
lowest Tmean in 1967 and the highest Trean in 2007. Before 1990, the Tean in mainland
China was lower than 6.21 °C (mean value), and after 1990, the temperature in most years
was higher than the mean value. This indicates that the Tyean in mainland China has
risen sharply since the 1990s, and in the last 50 years, the Tmean in the Continental Basin,
Songhua and Liaohe River Basin, Yellow River Basin, and Southwest Basin has increased
faster than that at the mainland China scale.

3.1.2. Temporal Variations in Extreme Temperature Events during Historical Periods

Figure 2 shows that extreme cold events (TX10p and TN10p) show significant de-
creasing trends at rates of —1.94 days/10a (Figure 2a) and —4.11 days/10a (Figure 2b),
respectively. The mean value of TN10p was 36.2 days; the TN10p in mainland China was
lower than the mean value after 1987; the maximum values appeared in 1984 (50.8 days)
and 1967 (56.9 days); and the minimum values appeared in 2007 (19.7 days and 18.2 days).
The mean value of TX10p was 35.9 days, and its change fluctuated widely after 2000, which
indicates that the decrease in cool nights has been more direct and severe. Contrary to
extreme cold events, extreme warm events (TX90p and TN90p) showed a significant in-
creasing trend during 1961-2013, and the increasing trends were 2.61 days/10a (Figure 2c)
and 4.97 days/10a (Figure 2d), respectively, which indicates that the number of warm
nights has increased much more than that of warm days. The maximum values of TX90p
and TN90p appeared in 2013 and 2010, respectively, while the minimum values appeared
in 1976. In addition, both TX90P and TN90p were lower than the mean value (35.8 days
and 34.9 days) before 1993 and then higher than the mean value, which indicated that the
temperature increased significantly after the 1990s. These results show that the rate of
increase in extreme warm events is much higher than that of extreme cold events, and the
rate of change at night is higher than that during the day; that is, the rate of increase in
Tmin is higher than that of Tmax.
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Figure 1. Spatial distribution of the Tmean trend in mainland China (a) and interannual trend of
Tmean in mainland China (b) from 1961 to 2013. (The letters in figure (a): A—Songhua and Liaohe
River basin, B—Haihe River basin, C—Huaihe River basin, D—Yellow River basin, E—Yangtze River
basin, F—Pearl River basin, G—Southeast basin, H—Southwest basin, [—Continental basin. The
numbers in map (a) are the average values of all pixels in the corresponding basin and represent
the mean trend of Tinean in the corresponding basin, while black dots mean that the trends are not
significant, i.e., p > 0.05. The black line in (b) represents the Tmean Series, and it is the average values
of all pixels in mainland China; the red line represents the trend; the transparent red band indicates
the 95% confidence interval; the blue line represents the mean value.
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Figure 2. Interannual trends of (a) TX10p, (b) TN10p, (c) TX90p, (d) TN90p in mainland China from
1961 to 2013. The black line represents the extreme temperature indices series, the red line represents
the trend, the transparent red band indicates a 95% confidence interval, and the blue line represents

the mean value.
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3.1.3. Spatial Variations in Extreme Temperature Events during Historical Periods

Figure 3 shows the spatial distribution of extreme temperature event trends based on
observed data from 1961 to 2013. Figure 3a illustrates that extreme cold events show
a decreasing trend throughout mainland China, but the changes between basins are
quite different. The decreasing trend of TX10p is the largest in the Southwest Basin
(—3.4 days/10a), followed by the Yellow River Basin (—3.03 days/10a) and Continen-
tal Basin (—2.27 days/10a). Moreover, the rate of decrease in TX10p in these three basins is
greater than that at the mainland China scale. TN10p has a significant decreasing trend in
many basins (Figure 3b), among which the rates of decrease in the Haihe River Basin and
Southwest Basin are —5.08 days/10a and —5.06 days/10a, respectively, and the decreasing
trend of the Haihe River Basin, Continental Basin and Yellow River Basin is —4.92 days/10a,
—4.35 days/10a and —4.33 days/10a, respectively; these numbers also indicate that the
decreasing trends of TN10p in most regions of China are greater than the change at the
mainland China scale. In addition, the rate of decrease in TN10p in each basin is greater
than that of TX10p, and the difference between TN10p and TX10p is the largest in the Haihe
River Basin (3.31 days/10a).
90° E

110Q°F 120°F

13E  70°FE . . 10Q°F

(a) TX10p

30°N . 40°N  50°N

200N
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Figure 3. Spatial distribution of linear trend of (a) TX10p, (b) TN10p, (c) TX90p, (d) TN90p in main-
land China during 1961-2013. The numbers in the map represent the trends of extreme temperature
events in the corresponding basins, while black dots indicate that the trends are not significant,
ie., p>0.05.
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Extreme events are increasing in all watersheds; among them, the rate of increase
in TX90p in the Southwest Basin is the largest (4.28 days/10a), followed by the Pearl
River Basin (3.76 days/10a) and Continental Basin (3.25 days/10a) (Figure 3c). TN90p
increased the most in the Southwest Basin (8.51 days/10a), followed by the Continental
Basin (6.24 days/10a) and the Pearl River Basin (5.89 days/10a). In addition, the rate of
increase in TN90p in each watershed is higher than that of TX90p, and the difference
between TN90p and TX90p is the largest in the Southwest Basin (4.23 days/10a). In general,
the decrease in extreme cold events in West China is relatively large, while the increases in
extreme warm events in the western and southern regions are greater than those in eastern
and central regions, and the rate of change in extreme temperature events in the western
basins is greater than that at the mainland China scale.

3.2. Effectiveness Evaluation of Historical Climate Models of CMIP6

Figure 4 shows the evaluation results of historical multiple CMIP6 climate models,
based on historical observed data, and reveals that different models have great differences
when it comes to simulating extreme climate indices. In general, the extreme temperature
indices of mainland China simulated by the multi-model ensemble (MME) of 14 CMIP6
models are the closest to the extreme temperature indices calculated from the observed data
during historical periods. In this study, MME was selected as the best model for extreme
weather events at the mainland China scale. Therefore, in the following study, we analyzed
the temporal and spatial trends of the mean temperature and extreme temperature events
in mainland China from 2021 to 2100 based on MME.

0 n
01 02 o4 (b)TN10p

Standard Deviation
Standard Deviation

+ ACCESS-CM2

@ ACCESS-ESMI-5
X CanESM35

W EC-Earth3-Veg-LR
@ EC-Earth3-Veg
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® CMCC-ESM2

4 NorESM2-MM
A MME

Standard Deviation
Standard Deviation

Figure 4. Taylor diagrams of TX10p (a), TN10p (b), TX90p (c), and TN9Op (d) (ref is the extreme
climate index calculated from historical observed values; MME represents the mean of 14 CMIP6
climate models).
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3.3. Temporal and Spatial Variations in Tyean and Extreme Temperature Events Based on MME in
Mainland China during Future Periods

3.3.1. Temporal and Spatial Variations in Tmean during Future Periods

The Tiean for the SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios is still obtained from the
above 14 CMIP6 climate models, i.e., the average of the 14 models. Figure 5 shows the
temporal trends of Tmean at the mainland China scale in different SSP scenarios, from 2021
to 2100. The Tean in mainland China increases under the SSP1-2.6, SSP2-4.5, and SSP5-8.5
scenarios, with trends of 0.11 °C/10a, 0.31 °C/10a, and 0.75 °C/10a, respectively. The
rate of increase is relatively slow under the SSP1-2.6 scenario and relatively fast under
the SSP5-8.5 scenario. The mean values of the Tean at the mainland China scale in the
next 80 years are 7.58 °C, 8.1 °C, and 9.36 °C under the three SSP scenarios, which further
indicates that the temperature will continue to rise. In addition, the Trean Will increase
continuously beyond the mean value after approximately 2060 in all three SSP scenarios,
indicating that 2060 is very likely to be a turning point of climate change.

14 r r T

| ssp2-4s: Slope =0.31°C/10a (p <0.01)
SSP5-8.5: Slope =0.75°C / 10a ( p < 0.01

—
[§S]
1

[
=
1

Tmean(°C)

[*.2]
1

(=)}
1
L

2020 2040 2060 2080 2100
Year

Figure 5. The interannual trends of Tmean at the mainland China scale under different SSP scenarios
from 2021 to 2100 based on MME. The curves represent time series values, straight lines represent
trends, dotted lines represent mean values, and green, blue, and purple represent SSP1-2.6, SSP2-4.5,
and SSP5-8.5, respectively.

Figure 6 shows that the Tiean in each basin has a significant increasing trend under
the three emission scenarios. Under the SSP1-2.6 scenario, the range of increase in the
Tmean in most basins is 0.1-0.2 °C/10a, among which the increase rate in the Huahe River
basin is the largest (0.16 °C/10a), followed by the Haihe River Basin and the Songhua and
Liaohe River Basin (0.14 °C/10a). However, the rate of warming in the Southwest Basin,
Southeast Basin, and Pearl River Basin is relatively small (0.11 °C/10a) (Figure 6a). Under
the SSP2-4.5 scenario (Figure 6b), the warming range of each basin in mainland China is
0.2-0.4 °C/10a, among which the increase range in the southern region is 0.2-0.3 °C/10a,
the smallest change is in the Southeast Basin, and the Continental Basin and Songhua and
Liaohe River Basin have relatively large warming, with change rates of 0.33 °C/10a and
0.35 °C/10a, respectively. Under the SSP5-8.5 scenario (Figure 6c), the warming range
of each basin in mainland China is 0.5-0.9 °C/10a. In the southern basins, the change
range is small (0.5-0.7 °C/10a), and the change rate of the Pearl River Basin is the smallest
(0.56 °C/10a). In the northern region, the warming range is 0.7-0.9 °C/10a, which is still
the most significant in the Continental Basin (0.79 °C/10a) and Songhua and Liaohe River
Basin (0.80 °C/10a). In addition, under the three emission scenarios, the warming range of
the northern basin is greater than that at the mainland China scale, and the Continental
Basin has the greatest difference under the three SSP scenarios.
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Figure 6. Spatial distribution of the trend of Tmean in mainland China under (a) SSP1-2.6, (b) SSP2-4.5,
(c) SSP3-8.5 scenarios from 2021 to 2100 based on MME.

3.3.2. Temporal Variations in Extreme Temperature Events during Future Periods

Figure 7a,b shows that extreme cold events (TX10P and TN10P) have a small change
range under the SSP1-2.6 scenario, and generally show downward trends of —1.12 days/10a
and —1.03 days/10a, respectively. Under the SSP2-4.5 scenario, the trends are —2.89 days/10a
and —3.08 days/10a, respectively, while under the SSP5-8.5 scenario, the trends are
—6.42 days/10a and —7.01 days/10a, respectively. The lowest values appear after 2098,
and they are 6.9 days and 3.8 days, respectively.

(a)TX10p (b)TN10p
804 SSP1-2.6:Slope = ~1.12 days / 10a (p < 0.05)] 80 SSP1-2.6: Slope = ~1.03 days / 10a (p < 0.05) |

s SSP2-4.5: Slope = —2.89 days / 10a (p < 0.01) e SSP2-4.5: Slope = —3.08 days / 10a (p <0.01)
ol SSP5-8.5: Slope = —6.42 days / 10a (p <0.01) g‘ SSP5-8.5: Slope = —7.01 days / 10a ( p <0.01)
< 60 45« - < 60 -
= Z
o o
= =
>
s =

0 T T T 0 T T T

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100

Year Year
100 T T T 100 T
(c)TX90p (d)TN90p
80_\\\' -2.6: Slope 78 days / 10a (p <0.01) 80_\\\v -2.6: Slope 88 days/ 10a (p <0.01)
- SSP2-4.5: Slope = 4.40 days / 10a (p <0.01 - SSP2-4.5: Slope = 5.30 days / 10a (p < 0.
2 SSP5-8.5: Slope = 9.30 days / 10a (p <0 B SSP5-8.5: Slope = 11.1 days / 10a ( p 87
) < 60 -
=2 =
o o
& S 40
& =R -
204.
0 T T T 0 T T T
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

Figure 7. The interannual trends of (a) TX10p, (b) TN10p, (c) TX90p, (d) TN90p in mainland China
in different SSP scenarios from 2021 to 2100 based on MME. (The curves represent time series
values, which are the average values of all pixels in mainland China, straight lines represent trends,
dotted lines represent mean values, and green, blue, and purple represent SSP1-2.6, SSP2-4.5 and

SSP5-8.5, respectively).
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The extreme warm events (TX90p and TN90p) show increasing trends under the three
SSP scenarios, and the trends of TX90P in the SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios
are 1.7 days/10a, 4.4 days/10a and 9.3 days/10a, respectively (Figure 7c). The trends of
TN9OP under the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios are 1.88 days/10a, 5.3 days/10a,
and 11.1 days/10a, respectively (Figure 7d). In addition, under the SSP1-2.6 scenario, the
extreme warm events show a slowly increasing trend before 2060. However, they display
extremely fast increasing trends under the SSP2-4.5 and SSP5-8.5 scenarios, with the highest
values appearing after 2090. Under the three SSP scenarios, the range of change in TN90P
is larger than that of TX90p, which indicates that the temperature increase at night will be
greater than that during the day in the future, but the difference in mean values is small.
In general, extreme temperature events associated with Tpi, increase faster than those
associated with Tpax.

3.3.3. Spatial Variations in Extreme Temperature Events during Future Periods

Figure 8 shows the spatial distribution of the change trends of extreme temperature
events in mainland China in multiple future scenarios. TX10p and TN10p decrease signifi-
cantly in SSP1-2.6, and the rate of decrease in TX10p in the northern region is higher than
that of TN10p, while the decrease rate in the southern and eastern regions is the opposite
(Figure 8a-1,b-1). However, the decreasing trend gradually becomes larger under SSP2-4.5
and SSP5-8.5. Among them, the largest decrease in TX10p occurs in the Songhua and Liaohe
River Basin, and the trends are —3.49 days/10a and —7.19 days/10a, respectively, followed
by the Continental Basin, and the smallest decreasing trends occur in the Southeast Basin
and Pearl River Basin (Figure 8a-2,a-3). TN10p still exhibits the most obvious decrease
in the Songhua and Liaohe River Basin, with decreasing trends of —3.7 days/10a and
—7.53 days/10a, respectively, followed by the Continental Basin, with decreasing trends of
—3.37 days/10a and —7.25 days/10a, respectively (Figure 8b-2,b-3). In addition, under the
three SSP scenarios, the reduction in extreme cold events in the central and northern basins
of China is much higher than that in the southern basins, among which the Continental
Basin and the Songhua and Liaohe River Basin have the largest reductions.

The trends of extreme warm events (TX90p and TN90p) under the three SSP scenarios
are the same, but the variation ranges are quite different. TX90p and TN90p still change
the most in the Continental Basin and Songhua and Liaohe River Basin, but unlike extreme
cold events, extreme warm events change the most in the Songhua and Liaohe River Basin
(3.77 days/10a and 3.86 days/10a), followed by the Continental Basin (2.09 days/10a and
2.22 days/10a) under SSP1-2.6 (Figure 8c-1,d-1). Under SSP2-4.5 and SSP5-8.5, TX90p
and TN90p still increase most obviously in the Songhua and Liache River Basin, with
trends of 8.26 days/10a and 8.46 days/10a, 13.5 days/10a and 13.9 days/10a, respectively
(Figure 8c-2,d-2,c-3,d-3), followed by the Continental Basin, with trends of 4.28 days/10a
and 5.41 days/10a, 8.7 days/10a, and 10.7 days/10a, respectively. Generally, for extreme
warm events, the increases in the northern and western basins are much higher than those
in the southern basins.

3.4. The Relative Importance of Extreme Temperature Events to the Change in Tyean

Table 3 shows that TN10p values in basins such as the Yangtze River, Haihe River,
Huahe River, Yellow River, Continental, Songhua and Liaohe River, and Southwest River
are the most important to the change in the Trean in these areas. The absolute values of the
standard regression coefficients are 0.33, 0.54, 0.56, 0.53, 0.34, 0.7, and 0.4, respectively, all
of which were significant at the level of p < 0.05. In addition, according to this ranking of
importance, the increase in the Tinean in these regions is related mainly to the decrease in the
number of cold nights in this region. For the Pearl River Basin, TX10p is the most important
(0.5) for the change in the Tean. The extreme temperature event with the greatest influence
on the Southeast Basin Tmean is TN90p (0.4), which indicates that the increase in Trean in
this area has a strong relationship with the increase in warm nights. Although the changes
in the Tmean in most basins are affected by extreme cold events, TN90p has the greatest
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influence on the change in the Tmean at the mainland China scale (0.48), which indicates

that the size of the spatial scale is particularly important for regional research.
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Figure 8. Spatial distribution of the trend of (a_1) SSP1-2.6_TX10p, (a_2) SSP2-4.5_TX10p,

(a_3) SSP5-8.5_TX10p, (b_1) SSP1-2.6_TN10p, (b_2) SSP2-4.5_TN10p, (b_3) SSP5-8.5_TN10p,
(c_1) SSP1-2.6_TX90p, (c_2) SSP2-4.5_TX90p, (c_3) SSP5-8.5_TX90p, (d_1) SSP1-2.6_TN90p,
(d_2) SSP2-4.5_TN90p, (d_3) SSP5-8.5_TN90p in mainland China under three SSP scenarios from
2021 to 2100 based on MME. The numbers in maps represent the extreme temperature events in the

corresponding basin, while black dots indicate that the trends are not significant, i.e., p > 0.05).
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Table 3. Standard regression coefficient between extreme temperature events and Tmean in different
basins in mainland China from 1961 to 2013 based on observation data.

Area TX10P TN10P TX90P TN9OP
Yangtze River Basin —-0.3** —0.33 ** 0.29 ** 0.29 **
Southeast Basin —0.33 ** —0.35** 0.16 0.42 **
Haihe River Basin —-0.13 —0.54 ** 0.28 ** 0.22*
Huaihe River Basin -0.17* —0.56 ** 0.22* 0.30 **
Yellow River Basin —0.08 —0.53 ** 0.33 ** 0.22 **
Continental Basin —0.19* —0.34 ** 0.30 ** 0.33 **
Songhua and Liache —0.03 —0.7 % 0.11 0.29 *
River Basin

Southwest Basin —0.24 ** —0.40 ** 0.17 * 0.32 **
Pearl River Basin —0.5** —0.27 ** 0.23 * 0.33 **
China —0.01 —0.35 0.06 0.48 **

Note: Bold means the absolute value of the standard regression coefficient is the largest, ** indicates that the
coefficient is significant at p < 0.01, and * indicates that the coefficient is significant at p < 0.05.

Table 4 shows that the standard regression coefficients of the Tpean and TN90p in
Yangtze River, Southeast Basin, Yellow River Basin and Pearl River Basin are the largest
under the three SSP scenarios, and the values are significant at the level of p < 0.05. This
means that the Trean in these basins will be most affected by TN90p in the future, indi-
cating that the Tean in these areas will be most affected by the minimum temperature
continuously in the future; unlike the historical period, the continuous increase in warm
nights in the future will have an important impact on these areas. The future Tmean Of
the Haihe River Basin is continuously affected by extreme cold events under the SSP1-2.6
scenario, but unlike in the historical period, TX10p is the most influential factor. However,
when the climate scenarios change to SSP2-4.5 and SSP5-8.5, the Trean of this basin is most
affected by TN90p. The Tmean of the Huaihe River Basin is influenced by TN90p under
SSP1-2.6, while TX90p is the most affected under SSP2-4.5 and SSP5-8.5. Under the SSP1-2.6
scenario, the Tean Of the Continental Basin and Songhua and Liaohe River Basin is most
affected by TN90p, and all are most affected by TX90p under SSP5-8.5. However, there
is a large difference in SSP2-4.5. The Trean of the Continental Basin is mainly influenced
by TX10, while those of the Songhua and Liaohe River Basin are mainly influenced by
TN10p, which further proves the importance of TN10p to the change in the Trean in these
two basins. The Southwest Basin is most affected by TX90p and TN90p under SSP1-2.6
and SSP2-4.5, respectively. However, when the climate scenario changes to SSP5-8.5, the
change in the Tiean is still most affected by the decrease in TN10p, which indicates that the
change in the Tean is always most affected by TN10p, whether in the past or in the future.
The Tean at the mainland China scale is mainly affected by TN10p under the SSP1-2.6
scenario, while it is affected by TX90p under the SSP2-4.5 and SSP5-8.5 scenarios. This also
shows that, with the increase in emission scenarios, the scale means of different river basins
and mainland China are mainly affected by the increase in warm nights. These results also
show that, with the increase in emission scenarios, Tmean values at the mainland China
scale and different basin scales are mainly affected by the increase in warm nights.
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Table 4. Standard regression coefficient between extreme temperature events and Tmean in different

basins in mainland China from 2021 to 2100 based on MME.

SSP1-2.6

SSP2-4.5

SSP5-8.5

Area

TX10P

TN10P

TX90P

TN9OP

TX10P

TN10P

TX90P

TN9OP

TX10P

TN10P

TX90P

TN9OP

Yangtze
River

—-0.39*

0.1

0.07

0.65 **

—0.04

—-0.31*

0.13

0.53 **

0.12

—0.39 **

0.23

0.5 **

Basin

Southeast
Basin

Haihe
River
Basin
Huaihe
River
Basin

-0.19 -0.17 —0.06 0.69 ** —0.01 —0.35 —0.08 0.71 ** 0.11 —0.40 ** —0.01 0.71 **

0.50 ** —0.06 0.23* 0.22* —0.22** —0.17 0.07 0.68 ** —0.27 ** —0.26 ** 0.22** 0.27 **

-0.19 0.18 0.08 0.57 ** —0.24* —0.15 0.6 ** 0.02 -0.19 -0.13 0.38 ** 0.31*

Yellow
River
Basin

—0.33 ** -0.1 0.38 ** —0.17 ** —0.24 ** 0.17 ** 0.73 ** —0.20 ** —0.21 ** 0.28 ** 0.31 **

Continental 0.06

Basin —0.34* 0.26

0.44 ** —0.54 ** 0.12 0.26 0.34* —0.22 —0.16 0.4 ** 0.23

Songhua
and
Liaohe 0.42
River
Basin

-0.71 -0.17 0.76 0.66 —0.93 * -0.07 0.78 0.09 —0.61 0.78 0.29

Soggye“ —0.31 0.32 0.43 0.06 0.14 —0.32* —0.13 0.94 ** 0.32 —0.57 ** 0.42* 0.33

Pearl
River
Basin

China 0.09

—0.6 ** 0.38 0.04 0.68 ** 0.05 -0.32 —0.12 0.79 ** 0.12 -0.37 —-0.24 0.95 **

—0.45 ** 0.2 0.44 ** —0.27* —0.15 0.31 ** 0.27 —0.28 * —0.18 0.54 ** 0.00

Note: Bold means the absolute value of the standard regression coefficient is the largest, ** indicates that the
coefficient is significant at p < 0.01, and * indicates that the coefficient is significant at p < 0.05.

Generally, during the historical period (1961-2013), the increase in Tmean at the main-
land China scale and at different basin scales was mainly affected by the decrease in cold
nights. However, with the gradual increase in emission scenarios in the future, the extreme
temperature events that have the greatest influence on the increase in the Trean in many
basins will change from cold nights to warm nights, which indicates that the extreme
temperature events that have the greatest influence on Tpean at the mainland China scale
and different basin scales under different emission scenarios are quite different and further
emphasized, and the importance of the spatial scale is further emphasized.

4. Discussion

During the past few decades, global warming has exerted great influence on the
ecological environment at different regional scales, especially in the middle and high
latitudes of the Northern Hemisphere [43,44]. In this study, we analyzed the temporal and
spatial changes in Tmean and extreme temperature events at the mainland China scale and
at different basin scales in the past (1961-2013) and future (2021-2100). In the past 53 years,
the Trean at the mainland China scale and different basin scales showed increasing trends,
but the ranges of increase were quite different. The Tmean increases in basins located in the
northeastern and northwestern regions are larger than that at the mainland China scale. The
extreme cold events at the mainland China scale and different basin scales are decreasing,
while the extreme warm events are increasing, and the changes are more significant in
the northwestern and northeastern regions, which confirms that climate warming is more
serious in arid, semiarid, grassland, and desert regions than in other regions [45—47]. The
trends of extreme temperature events at the mainland China scale during the historical
period are broadly similar to those observed globally, and the magnitude of change is
significantly greater than that at the global scale [48]. In addition, the rate of increase in
extreme warm events in mainland China is greater than the rate of decrease in extreme cold
events, and the rates of change for warm nights and cold nights are much greater than those
for in cold days and warm days. This indicates that the temperature increase in mainland
China at nighttime is greater than that in daytime; that is, the rate of increase in Tpiy, is
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much higher than that of Tmax, which is consistent with the changes in the world [48] and
many Asian countries [11,49], but larger than the global average change [48].

The outputs of CMIP6 are always biased and unable to project future climate changes
and trends with great accuracy [50]. However, the multi-model mean is considered to
avoid the disadvantages of single model simulation and, ultimately, to achieve the best
climate and extreme climate projection at the regional scale [51,52]. A comparison of the
Taylor diagrams reveals that there are significant differences in the simulation of extreme
temperature events in mainland China among the 14 CMIP6 global climate models we
selected, and that the best model for simulating extreme temperature events in mainland
China is MME, which is consistent with previous research results [53]. The temporal
and spatial variations in extreme temperature events in mainland China based on MME
show that extreme cold events will continue to decrease, while extreme warm events
will continue to increase in the future, and the ranges of change under SSP1-2.6, SSP2-4.5
and SSP5-8.5 are slow, fast, and extremely fast, respectively, which is different from the
low (RCP2.6), medium (RCP4.5), and high (RCP8.5) scenarios of CMIP5 result [54]. The
Tmean Will continue to increase, and the frequency of extreme temperature events will
also continue to increase, regardless of the emission scenario in the future. The change in
Tmin-related extreme temperature events is still greater than that in Tax-related extreme
temperature events, indicating that the future will still be dominated by nighttime values,
and that the warming rate will be much higher than that during the daytime. However,
the differences between TN10p (TN90p) and TX10p (TX90p) under the three scenarios
are smaller than in the past, which also shows that T, increases faster than Tpayx in the
historical period compared with the future. The same trend is seen for future extreme
temperature events in Pakistan [55] and India [56], which are China’s neighbors. The
extreme temperature events at the basin scale and at the mainland China scale are quite
different. The variation range of the northern basins is larger than that at the mainland
China scale, while the variation range of the southern basins is smaller than that at the
mainland China scale. This difference may occur because most basins in the north are
located in arid and semiarid areas, which are more vulnerable to climate change than
humid areas in the south. The frequency of extreme temperature events in mainland China
has been decreasing from north to south in the past and future, which also indicates that
drought will continue in the future and that dry areas will continue to be dry in the future.
The areas with the highest frequency of extreme temperature events in the future will be the
Songhua and Liaohe River Basin in the northeast. This area should do a good job coping
with climate change and reduce the losses caused by extreme temperature events, because
this region is the main grain-producing area in China.

The extreme temperature event that played a major role in the Tiean in most basins
was TN10p in the historical stage, while at the mainland China scale, TN90p had the
greatest influence on the Tean, which also emphasized the importance of spatial scale
to regional research. However, the extreme temperature events that have an important
impact on the Tyean in most basins will change from extreme cold events to extreme warm
events under different emission scenarios in the future. At the mainland China scale, with
the increasingly severe climate scenario, the extreme temperature events that have an
important impact on the Tmean Will change from TN10p to TN90p. This shows that the
changes in Tiean at the mainland China scale and most basins in the past and future are
mainly influenced by extreme temperature events related to Trin.

Although the MME is considered to be the best in the study of regional climate change,
we believe that there is still some uncertainty in this study. Various climate models are
provided for many countries in CMIP6, and we apply only 14 models with historical data
for the same years under SSP1-2.6, SSP2-4.5, and SSP5-8.5, which may also reduce the
accuracy of the MME results. The spatial resolution of historical observation data used by
us is 0.5° x 0.5°, which has limitations on the spatiotemporal trends of Tnean and extreme
temperature event in small areas. Moreover, the production organization and resolution of
each model are different. To match the model with the observation data, the resolution of
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all models is resampled to 0.5° x 0.5°, which may underestimate or overestimate the mean
value at the mainland China scale.

5. Conclusions

In this study, we used mainland China observations of Tmax and Tpin, and 14 CMIP6
global climate models to analyze the temporal and spatial changes in extreme temperature
events at the mainland China scale and different basin scales in the historical (1961-2013)
and future periods (2021-2100). The extreme temperature events that played a leading
role in the changes in Trean at the mainland China scale and different basin scales in the
historical and future periods were determined. The main conclusions are as follows:

(1) Spatial scale is particularly important for regional research. From 1961 to 2013, Trean
showed an increasing trend at a rate of 0.27 °C/10a at the mainland China scale.
TX10p and TN10p showed significant decreases at rates of —1.94 days/10a and
—4.11 days/10a at the mainland China scale, while TX90p and TN90p showed signifi-
cant increases at rates of 2.61 days/10a and 4.97 days/10a, respectively. The rate of
increase in Tmean and extreme temperature events in the Continental Basin, Southwest
Basin and Yellow River Basin were higher than those at the mainland China scale.

(2) The MME is the best model for simulating extreme temperature events in mainland
China. For the CMIP6 simulation of extreme temperature events in mainland China,
among the single CMIP6 global climate models, the simulation with MME is the
closest to the observed value.

(3) Climate change in mainland China will continue to intensify in the future. Under the
SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, Tmean at the mainland China scale will
continue to increase at rates of 0.11 °C/10a, 0.31 °C/10a and 0.75 °C/10a, and the
changes in the Continental Basin and Songhua and Liaohe River Basin will be larger
than those at the mainland China scale. Extreme cold events will continue to decrease,
while extreme warm events will continue to increase, with the largest changes in the
Songhua and Liaohe River Basin, followed by the Continental Basin.

(4) The extreme temperature events related to Tpyin have an important influence on the
changes in the mainland China Tmean. The extreme temperature event that had an
important influence on the Tean at the mainland China scale and at different basin
scales was TN10p in the historical period. Under different SSP scenarios in the future,
the TN90p will have an important influence on the Trean at the mainland China scale
and at different basin scales.
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