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Abstract: Studying the long-term variations in warm and cold events and their causes under global
warming is important for understanding urban climate change, planning, and green development,
as well as for disaster prevention and mitigation. In this study, taking the megacity of Nanjing in
China as an example, we analyzed the trends and characteristics of the daily average temperature,
daily maximum temperature, daily minimum temperature, and warm and cold events from 1960 to
2021, and their association with synoptic weather patterns (SWPs) and urbanization. The results
showed that, over the past 62 years, the maximum/average/minimum temperatures in Nanjing have
trended upward significantly (at the urban station they increased at rates of 0.17, 0.34, and 0.67
C/decade), with the minimum temperatures being the most significant. In spring, the warming rate
of the average temperature was the greatest, reaching 0.45 °C/decade. All other seasons had their
highest warming rate in their minimum temperatures, reaching 0.38 °C/decade, 0.73 <C/decade, and
0.67 °C/decade in the summer, autumn, and winter, respectively. The extreme high temperatures
showed a decreasing trend until the mid-1980s, closely related to the decrease in the two SWPs with
prevailing southwesterly winds (Types 1 and 2), while a significant increasing trend was apparent
thereafter, mainly related to the increase in the SWPs with prevailing southeasterly winds (Types 3
and 4). The number of warm days was strongly positively correlated with extreme high tempera-
tures during the study period, and about 91% of the warm day interannual variation can be ex-
plained by extreme high temperature variation. The extreme low temperatures showed a significant
decreasing trend. The number of cold nights was strongly and positively correlated with extreme
low temperatures, and about 85% of the cold night interannual variation can be explained by ex-
treme low temperature variation. The effect of urbanization was basically positive, contributing the
most to the average temperatures and second-most to the minimum temperatures, with warming
contributions of 26.5% and 20.9%, respectively, and an insignificant contribution to the maximum
temperatures. The effect of urbanization on extreme high temperatures was not significant, but the
contribution of warming to extreme low temperatures reached 27.9%. Our results have important
implications for future urban climate prediction, as well as for impact assessment and decision mak-
ing in urban planning.

Keywords: Nanjing; climate change trends; extreme temperature; urbanization; synoptic weather
pattern

1. Introduction

The IPCC’s Sixth Assessment Report states that the global mean surface temperature
has increased by about 1 °C since 1850-1900 and this trend is expected to continue in the
near future [1]. Global warming has significant impacts on climate and ecosystems, such

Land 2023, 12, 162. https://doi.org/10.3390/land12010162

www.mdpi.com/journal/land



Land 2023, 12, 162

2 of 18

as sea level rise, melting of permafrost glaciers, reduced biodiversity, and frequent ex-
treme weather [2,3]; moreover, it has far-reaching impacts on human socioeconomic sys-
tems, such as crop yields, energy waste, and human health [4-6]. Many urban areas
around the world are experiencing a changing climate and increasing incidence of ex-
treme weather [7-10]. Therefore, studying the long-term changes in hot and cold events
and their causes in the context of global warming is important for understanding urban
climate change, planning human development, and for disaster prevention and mitigation.

In addition to global climate change, human activities (e.g., urbanization) can also
have an impact on urban climate change trends as well as extreme cold and warm events
[11-14]. One of the most important features of urbanization is land use and land cover
change (replacement of the original natural surface, forests, lakes, grasslands, etc., with
roads, bridges, buildings, factories, concrete parking lots, etc.) [15-17]. Urban expansion
accompanied by urban population growth alters the original physical properties of the
surface (e.g., albedo, roughness, specific heat/moisture coefficient), and coupled with an-
thropogenic heat emissions, the ability of cities to absorb, store, and emit energy is altered
[18,19], leading to the well-known urban heat island effect [20]. It has been noted that the
direct effect of urban sprawl on temperature warming can even reach 4 °C [21]; urbaniza-
tion leads to an additional 0.05 °C/decade of average surface temperature warming in
southeastern China [22]. The increase in surface temperature increases the risk of extreme
heat. Under the synergistic effects of global warming and local urbanization, rapidly
growing urban populations are more vulnerable to the threat of extreme heat [23-25].
Over the past few decades, China, as a populous country with hundreds of millions of
urban residents and one of the most vulnerable regions to extreme weather events, has
experienced rapid urbanization, which may further exacerbate the long-term trend of ex-
treme temperatures under global warming [26-28]. These trends are particularly evident
in highly urbanized and densely populated areas, such as the Yangtze River Delta region
[29,30].

As another important driver, different synoptic weather patterns (SWPs) can cause
significant temperature changes through modulation of local meteorological factors [1,31-
34]. For example, high-pressure systems in summer can suppress the development of the
planetary boundary layer and induce calm and cloud-free conditions favorable for radia-
tion enhancement, thus raising temperatures [35-37]. The summer in east-central China is
mainly influenced by the East Asian summer wind, which moves from south to north,
and the number of high temperature days in southern China increases significantly after
the end of the rainy season [38,39]. The western Pacific subtropical high (WPSH) is an
important factor in the monsoon system in terms of generating high temperatures in
southeastern China [40]. There is significant interannual variability in the extent, intensity,
and location of the WPSH, and its positional configuration with the westerly jet and South
Asian high (SAH) affects the region where high temperatures occur. For example, the high
frequency of high temperature days in the Yangtze River basin in 2013 was closely related
to the northwestward position of the WPSH and the strong and northeastward position
of the SAH [40].

Nanjing is regarded as one of China’s “Four Furnaces”, which refers to its especially
hot and oppressively humid summer weather within China. The long plum-rain season,
a subtropical Asian wet season in the late spring and early summer which causes extreme
and consistently high humidity levels, contributes significantly to its hottest temperatures
in summer. Nanjing has a resident population of 9.42 million. It is not only one of the
fastest growing metropolises in China in recent decades, but also a typical subtropical,
inland city [41,42]. However, to date, there have been few previous studies on climate
trend changes in Nanjing [43-45], leaving a knowledge gap regarding synoptic-scale
changes and their potential drivers. Overall, there are two questions about climate change
trends in Nanjing that have not yet been fully answered: (a) What is the contribution of
urbanization to long-term climate change trends of cold and warm events? (b) What is the
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synoptic circulation situation for extreme cold and warm events? Therefore, taking Nan-
jing as an example, this study focuses on the long-term daily maximum/mean/minimum
temperature trends and extreme cold and warm event trends during 1960-2021, and in-
vestigates the role of SWPs and urbanization in the changes of these trends based on sur-
face observations and reanalysis data in an integrated manner. The results of this study
are expected to provide a scientific reference for climate prediction and urban planning
from the perspective of synoptic weather patterns and urbanization in high-density meg-
acities.

2. Data and Methods
2.1. Study Area and Observational Data

Nanjing, located in the middle and lower reaches of the Yangtze River Delta plain, is
a metropolis that combines technological modernity with natural beauty. It is located in
the East Asian monsoon region, which belongs to the subtropical monsoon climate and is
an area sensitive to climate change and prone to meteorological disasters [42],. With global
warming in recent years, climate extremes have occurred, but studies on long-term cli-
mate change characteristics in Nanjing are incomplete [43,45].

The daily maximum, daily average, and minimum temperatures of the Nanjing Na-
tional Climate Observatory from 1960 to 2021 were selected for analysis. The observed
data were obtained from the China Meteorological Data Service Center (CMDC:
http://data.cma.cn/en). In general, the quality of the raw data is strictly controlled by the
CMDC, and additionally the raw data were homogenized using the method proposed by
Xu et al. [46]. Furthermore, the hourly geopotential height (GH) and zonal/meridional
wind vector were obtained from the Fifth Major Global Reanalysis of the European Centre
for Medium-Range Weather Forecasts for further analysis of synoptic weather types (spa-
tial and temporal resolution of 0.25°) [47,48].

2.2. Research Methods
2.2.1. Division of Station Types

Firstly, following previous studies [24,27], a circular buffer zone with a radius of 2
km was constructed around each station. Most of the stations were 2-3 km away from
areas of city or county town when they were initially built, and 2 km was chosen because
this scale can represent well the local effects of urban expansion, as suggested by many
climate studies [13,49,50]. The proportion of the built-up area was calculated based on the
corresponding land cover within the buffer zone [24,41]. A station was classified as urban
type if it had a built-up area fraction > 25% [27]. The Nanjing station met the criteria for
an urban station (although there was a station relocation in 2007), and the Pukou station
was identified as a rural reference station; the specific locations are shown in Figure 1.
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Figure 1. The study area and the locations of the two national meteorological stations in Nanjing,
China (map based on the publicly available land use map provided on the website of the Nanjing
Municipal Bureau of Land and Resources).

2.2.2. Definition of Extreme Events and Urbanization Correlation

Based on previous studies [51,52], a weather process in which the daily maximum
temperature exceeded 35 °C for three or more consecutive days was defined as a heat
wave (HW) day; and a daily minimum temperature below -5 °C was defined as a low
temperature (LT) day in this study. The more traditional percentile threshold method was
used for warm days (nights) and cold days (nights) [26,53]. Specifically, the maximum
(minimum) temperature information of the station during the study period was arranged
in ascending order, and the 95th (5th) percentile value was taken as the threshold value.
When the maximum temperature of a day was above (below) the threshold, it was con-
sidered a warm (cold) day event; when the minimum temperature of a day was above
(below) the threshold, it was considered a warm (cold) night event.

The urbanization effect (Ue) was defined as the difference in observational tempera-
ture trends (°C/decade) between urban and rural stations [24,27], i.e., Ue = Tdu — Tdr, in
which Tdu and Tdr are the linear trends (°C/decade) for the observed temperatures of the
urban and rural stations, respectively.

Following previous studies [24,27], the contribution of urbanization (Uc), the recog-
nized relative impact of urbanization on temperature change, was calculated from Ue and
Tdu (i.e., Uc = (Ue / Tdu) x 100%). In this study, simple linear regression was used to cal-
culate the linear trend and the Student’s t-test was used to assess the statistical significance
of the trend [54]. Correlation coefficients were used to assess the relationship between
relative extreme indices and extreme heat waves (low temperatures).

2.2.3. Classification of SWPs

T-mode principal component analysis (T-PCA) is an improved mathematical method
for the classification of SWPs [47,55], which can reproduce the preset dominant SWPs
without relying on the preset parameters and has the temporal and spatial stability of
advanced classification [48,56]. It decomposes the original data matrix into the product of
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the principal component matrix and the load matrix (two low-dimensional matrices), then
rotates the first r (r < n) principal components with larger variance contributions obliquely,
and finally obtains each time the size of the weather pattern and classification according
to the loading [51]. In this study, the T-PCA analysis module of the COST733 software
(http://cost733.met.no/ (accessed on 5 July 2022)), developed by the European Cooperation
for Scientific and Technological Research, was used to classify the number of days of HW
or LT occurrence during the study period based on the 850-hPa GH field. To assess the
performance of synoptic classification and determine the number of classes, the explained
cluster variance method was selected in this study [33,57,58].

3. Results
3.1. Long-Term Trends of Maximum/Average/Minimum Temperatures

Figure 2 shows the evolution of the maximum/average/minimum temperatures at
the urban station and the rural reference station in Nanjing from 1960 to 2021. It can be
seen that the maximum/average/minimum temperatures show an increasing trend during
the study period, and most of these indicators are statistically significant. The maximum
temperature is the most direct indicator of the heat condition. The annual maximum tem-
peratures at the urban and rural stations show an increasing trend over the last 62 years.
The rate of change was greater at the rural station than at the urban station, at 0.31 °C/dec-
ade and 0.17 °C/decade, respectively. Although the increase at the urban station does not
pass the 0.05 significance test, the greatest increase in warming was in the spring in both
cases (Figure S1). The warming trend of the average temperatures at the urban station was
significantly greater than that at the rural station (0.25 <C/decade), at approximately 0.34
C/decade. The warming rate at both station types was greatest in the spring, followed by
winter, and the average temperature warming in summer was slower, or even does not
increase, compared to other seasons. It is noteworthy that the warming of minimum tem-
peratures at both the urban and rural stations was highly significant, with rates of change
of 0.67 C/decade and 0.53 T/decade, respectively. The warming of minimum tempera-
tures was greatest in autumn and winter, and the rate of change at the urban station was
significantly greater than that at the rural station. In summary, the increase in minimum
temperatures at the urban and rural sites was much greater than for the maximum and
average temperatures, indicating that the warming in Nanjing was mainly reflected in the
increase in minimum temperatures, in addition to the gradual warming of Nanjing in au-
tumn and winter.
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Figure 2. Time series for maximum/mean/minimum temperatures in urban areas and rural areas
during 1960-2021. The red and blue dashed lines in the left-hand panel and the columns in the right-
hand panel indicate their corresponding linear trends. Error bars in the right-hand panels indicate
the 95% confidence interval.

3.2. Urbanization Effects

From the above analysis, it can be seen that the trends of maximum/average/mini-
mum temperatures at the urban and rural stations were basically the same, with an in-
creasing trend. In addition, the urban station had a more significant upward trend than
the rural station in terms of mean and minimum temperatures. In order to better under-
stand the influence of urbanization on the temperature trends in Nanjing, the impact of
urbanization on maximum/mean/minimum temperatures and its contribution were ana-
lyzed (Table 1). On the annual scale, the effect of urbanization on maximum temperatures
was not significant. On the seasonal scale, urbanization passed the 0.05 significance test
only in spring, contributing 25% to the warming of the maximum temperatures. On the
annual scale, the impact of urbanization on the average temperatures was more signifi-
cant, with a contribution of 26.5%. On the seasonal scale, except for summer, when the
contribution of urbanization to the average temperatures did not pass the significance test,
for all other seasons it was positive, with autumn being the highest, followed by winter
and spring, at 39.2%, 19%, and 17.8%, respectively. On the annual scale, the effect of ur-
banization on the minimum temperatures was significant, with a contribution rate of
20.9%. On the seasonal scale, the highest value for the urbanization contribution to mini-
mum temperatures was in autumn, followed by summer and winter, and the lowest value
was in spring, with contributions of 30.1%, 28.9%, 20.9%, and 18.8%, respectively, all of
which passed the 0.05 significance test. Overall, the effect of urbanization was basically
positive, contributing the most to the average temperatures, and second-most to the min-
imum temperatures, with an insignificant contribution to the maximum temperatures.
Urbanization contributed the most to the maximum temperatures in spring, the most to
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average temperatures in autumn, and the most to minimum temperatures in summer and
winter.

Table 1. Interannual and intraseasonal trends in urban and rural maximum/mean/minimum tem-
peratures, along with the contribution of urbanization (statistical significance level at the 0.05 is
denoted by *, and a tilde (~) indicates that the effect of urbanization failed the 0.05 significance test
and no calculation of the urbanization contribution was performed).

Urban Max/Mean/Min Rural Max/Mean/Min L.
Urbanization Con-

Time Temperature Trends Temperature Trends .
(l‘)’C/Decade) (l‘)’C/Decade) tribution Rate (%)
Interannual = 10 34 410,67 + 0.31 %/0.25 */0.53 * ~/26.5/20.9
variation
Spring 0.32 */0.45 */0.32 * 0.24 */0.37 */0.26 * 25/17.8/18.8
Summer 0.17/0.11/0.38 * 0.3 ¥/0.02/0.27 * ~[~/28.9
Autumn -0.03/0.33 */0.73 * 0.14/0.2 */0.51 * ~/39.4/30.1
Winter 0.12/0.42 */0.67 * 0.11/0.34 */0.53 * ~/19/20.9

3.3. SWPs Corresponding to Extreme Warm and Cold Events
3.3.1. Changes in HW Events and SWPs

Figure 3 shows the 62-year time series for HW days at the urban and rural stations in
Nanjing. It can be seen that, before the mid-1980s, the number of HW days shows a sig-
nificant decreasing trend and the rate of change is slightly higher in urban than rural areas,
at 2.4 d/decade and —2.2 d/decade, respectively. However, after the mid-1980s, a signifi-
cant increasing trend can be seen and the rate of change is slightly higher at the rural than
at the urban station, at 0.19 d/decade and 0.16 d/decade, respectively. This is similar to
previous reports of extreme maximum temperatures showing a significant warming trend
after the 1990s [53,59].
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Figure 3. Changes and trends of urban heat wave (HW) days (orange) and rural HW days (blue)
from 1960 to 2021.

To further elucidate the synoptic weather background during the occurrence of HW
days in Nanjing, four favorable weather patterns were identified (Figure 4): (1) Type 1, in
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which the center of the WPSH is located to the southeast of Nanjing, and Nanjing is under
its control, with strong cyclone appearing to the north of Nanjing and prevailing south-
westerly winds (Figure 4a); (2) Type 2, which is controlled by the WPSH, with the center
of anticyclone located to the east of Nanjing, resulting in prevailing southwesterly winds
over Nanjing (Figure 4b); (3) Type 3, which comprises two types of weaker anticyclones
appearing in the southeast and northwest of Nanjing, with Nanjing mainly under the con-
trol of the southeast anticyclone and a strong cyclone system in the northeast of Nanjing,
resulting in very weak southeasterly winds prevailing in Nanjing with almost zero wind
speed (Figure 4c); and (4) Type 4, which features a strong WPSH located northeast of Nan-
jing, controlling the entire area of Nanjing, and weak cyclone located south of Nanjing,
leading to prevailing southeasterly winds (Figures 4d). The variability of the prevailing
atmospheric circulation system may be directly responsible for significant increases in
temperature [43]. Overall, the occurrence of HW days in Nanjing is mainly related to the
WPSH (with southerly winds prevailing), and the synoptic weather types favoring the
occurrence of HW events follow the order Type 1 (35.15%) > Type 2 (21.87%) > Type 4
(4.84%) > Type 3 (4.21 %).

35.15% Type 2 21.87%

50°N

40°N
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v
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4.21% Type 4 4.84%
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I I I
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Figure 4. The 850-hHPa geopotential height (contours) and zonal/meridional wind (vector) patterns
associated with the occurrence of HW events over 62 years at 1400 LST (local standard time) based
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on objective classification (the red outline indicates Nanjing and the number in the upper-right cor-
ner of each panel indicates the frequency of occurrence for each pattern).

In order to explore the regulation of HW days by different SWPs, we investigated the
variation in the frequency of HW days under the four different synoptic weather types
mentioned above (Figure 5). The patterns of variation in HW days under the four weather
types were basically similar. However, the decreasing trend of Type 1 and Type 2 was
closer to the trend of change in HW days before the mid-1980s (Figure 3); while the in-
creasing trend of Type 3 and Type 4 was more significant after the mid-1980s, which is
closely consistent with the trend of change in HW days in that period.

In conclusion, the frequency of extreme HW days declined up until the mid-1980s,
which was closely related to the decline in the Type 1 and Type 2 SWPs, and urbanization
had no significant effect. However, there was a significant upward trend in HW days after
the mid-1980s and this was related to an increase in the Type 3 and Type 4 SWPs, and
urbanization again had no significant effect.
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Figure 5. Changes in heat wave (HW) day frequency corresponding to each of the four synoptic
weather types.

3.3.2. Changes in LT Events and SWPs

Figure 6 shows the 62-year time series for LT days at the urban and rural stations in
Nanjing. The trend in extreme LT days was a continuously decreasing one, and the de-
creasing trend at the urban station was faster than that at the rural station, at 1.8 d/decade
and 1.3 d/decade, respectively. This confirms the above conclusion that the warming of
the Nanjing area was precisely reflected by the decrease in LT days.
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Figure 6. Changes and trends in urban low temperature (LT) days (orange) and rural LT days (blue)
from 1960 to 2021.

To further elucidate the synoptic weather background for the occurrence of LT days
in Nanjing, four favorable weather patterns were identified (Figure 7): (1) Type 1, in which
the Mongolian anticyclone center is located in the northwestern part of Nanjing and the
northeastern part of Nanjing is controlled by a strong northeastern cold cyclone system
with a northwesterly jet over Nanjing under the convergence of anticyclone and cyclone
systems, and prevailing northwesterly winds (Figure 7a); (2) Type 2, in which a anticy-
clone center is located in the southwest of Nanjing with mainly northwesterly winds (Fig-
ure 7b); (3) Type 3, with a weaker anticyclone center located in the south of Nanjing lead-
ing to prevailing westerly winds over Nanjing (Figure 7c); (4) Type 4, with an anticyclone
center located in the west of Nanjing and a weak cyclone system in the northeast near
Nanjing, also with a northwesterly jet leading to strong northwesterly winds over Nanjing
(Figures 7d). Overall, the occurrence of LT days in Nanjing is mainly due to the control of
cold anticyclone (prevailing northerly winds), and the weather types favoring the occur-
rence of LT days follow the order Type 2 (21.25%) > Type 1 (19.84%) > Type 3 (11.25%) >
Type 4 (10.00%).
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Figure 7. The 850-hHPa geopotential height (contours) and zonal/meridional wind (vector) patterns
associated with the occurrence of LT events over 62 years at 0200 LST (local standard time) based
on objective classification (the red outline indicates Nanjing and the number in the upper-right cor-
ner of each panel indicates the frequency of occurrence for each pattern).

To explore the regulation of LT days by different SWPs, we investigated the variation
in the frequency of LT days under the four different synoptic weather types mentioned
above (Figure 8). The patterns of variation in LT days under the four SWPs were basically
similar. Notably, the decreasing trend in Type 2 was closer to the trend in LT days.

In conclusion, the frequency of extreme LT days decreased during the study period,
a trend that was closest to that of the Type 2 SWP. Also, it is noteworthy that urbanization
had a significant impact on it, with a contribution of 27.85%.
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Figure 8. Changes in the frequency of low temperature (LT) days corresponding to each of the four
synoptic weather types.

3.4. Changes in Relative Extreme Temperature Indices

The relative extremes of the maximum temperatures include the number of warm
days and the number of cold days. Figure 9a shows the trend of warm days in urban and
rural areas with an increase of 0.45 d/decade and 1.45 d/decade, respectively (Table S1).
The rate of increase in warm days in urban areas was significantly lower than that in rural
areas, but did not pass the 0.05 significance test, while the increasing trend in rural areas
passed. This increasing trend occurred mainly after the mid-1980s, which is closely con-
sistent with the trend in extreme HW days (Figure 3). Figure 9b shows the trend in the
frequency of cold days in urban and rural areas. The decreasing rate of cold days in urban
areas was 1.32 d/decade. The reduction rate of 1.15d/decade in rural areas was lower than
the reduction rate in urban areas and did not pass the 0.05 significance test (Table S1). The
relative extremes of the minimum temperatures include changes in the number of warm
nights and cold nights. Figure 9c shows the trend in the number of warm nights in urban
and rural areas, from which it can be seen that the number of warm nights was increasing,
with increases of 1.74 d/decade and 1.82 d/decade, respectively (Table S1), both passing
the 0.05 significance test. Similarly, there was no significant trend in warm nights before
the mid-1980s, while a trend of increasing warm nights was clear after that. The significant
increase in the frequency of warm nights in Nanjing after the mid-1980s may be related to
its rapid economic development and industrialization after China’s “reform and opening
up” period. Figure 9d shows that the number of cold nights in urban and rural areas had
a clear decreasing trend, with a decrease rate of 3.18 d/decade and 2.48 d/decade, respec-
tively, both passing the 0.05 significance test (Table S1). This is closely consistent with the
variation in extreme LT days (Figure 6).



Land 2023, 12, 162

13 of 18

50 50
40 40
30 » 30t
a "
[ [
R 2 aET1S
10} 10
0 . . . 0 . . .
1960 1980 2000 2020 1960 1980 2000 2020
50 Year . 50 Year .
(c)WN (d) CN
40 40 f
w 30 30
o >
] [
220 ) R 20
sl 10}
0 . . . 0 . .
1960 1980 2000 2020 1960 1980 2000 2020

Year Year

Figure 9. Changes in relative extreme temperature indices in urban/rural areas in Nanjing during
1960-2021: (a) warm days; (b) cold days; (c) warm nights; (d) cold nights.

4. Discussion

Previous studies have shown that extreme events have a tendency to spread more
intensely, frequently, and destructively in urban areas [7,8,10]. In recent years, studies on
extreme events and their associated drivers in China have received increasing attention
[11,12,22]. Especially in the context of global warming and still accelerating human activ-
ities, the impact of urbanization on regional trends of mean, maximum, and minimum
temperatures has been widely analyzed [14,26]. Although the trends vary in different re-
gions, the vast majority of studies show that there is a clear asymmetry in the changes of
maximum and minimum temperatures, with the rising trend of minimum temperatures
being more pronounced than that of maximum temperatures [24,53,54]. This is generally
consistent with the results of our study. However, the difference is that in our study ur-
banization contributed the most to the average temperature, and the second most to the
minimum temperature, with warming contributions of 26.5% and 20.9%, respectively,
while the contribution to the maximum temperature did not pass the significance test.
Similarly, the contribution of urbanization to extreme high temperature did not pass the
significance test, but the contribution to extreme low temperature reached 27.9%.

From a seasonal perspective, urbanization made the greatest contribution to the max-
imum temperature in spring, to the average temperature in autumn, and to the minimum
temperature in summer and winter. This differs from previous studies [24,54], which may
be due to climate differences caused by regional differences in urbanization or differences
in station selection and classification. In addition, compared to previous studies [40,46,53],
we further explored the contribution of large-scale circulation in urban climate extremes.
The occurrence of extreme heat waves in Nanjing is mainly related to WPSH (prevailing
southerly winds), and the occurrence of extreme low temperatures is mainly due to the
control of cold anticyclones (prevailing northerly winds), and different types of weather
types contribute differently (specific results are presented above and will not be repeated
here).
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Relative extreme temperature indices have changed significantly in many regions of
the world over the past half-century [24,26,60,61]. These changes are closely related to the
changes in extreme HW and LT events, as both relative extreme temperature indices de-
pend on daily maximum and minimum temperature records. In the case of the urban sta-
tion, the two indices of warm days and HW days were strongly positively correlated (cor-
relation coefficient r = 0.91) (Table 2). After removing the linear trend, the correlation was
still strong (r=0.90, >99% confidence level), indicating that the annual variability of warm
days was closely related to the variability of HW days. Cold days and LT days showed a
strong positive correlation (r = 0.89). After removing the linear trend, the correlation was
still strong (r = 0.84, > 99% confidence level), indicating that the annual variability of cold
days was closely related to that of LT days. Similarly, warm nights and cold nights were
closely correlated with HW and LT days, respectively.

Table 2. Correlation and significance testing between relative extreme indexes and HW (LT).

Urban Rural
warm day-HW r=0.91,p<0.01 r=0.86, p<0.01
cold night-LT r=0.89,p<0.01 r=0.88, p<0.01
warm night-HW r=0.75,p <0.01 r=0.79, p <0.01
cold day-LT r=0.61, p<0.01 r=0.60, p <0.01

Global warming means not only an increase in global temperature but also a change
in the climate system, the most direct impact of which leads to extreme events such as
HWs, LTs, floods, and droughts. The health risks associated with extreme weather
threaten the fate and health of all mankind [2,3,13,51]. For instance, in summer of 2022,
the average temperature in mid-eastern China was the highest since 1961 and the average
precipitation was the second lowest controlled by an anomalous high pressure system,
with 15.1% of national weather stations recording daily maximum temperatures that were
equal to or exceeded recorded historical extremes, together causing problems for electric-
ity supply, drought conditions, cases of heat stroke, and even deaths [62,63]. The impact
of ambient temperature on residential mortality was systematically assessed at the na-
tional level in a study covering 272 major cities in China and collecting data on 1,826,000
non-accidental deaths [64]. From the perspective of interannual variation in synoptic pat-
terns, therefore, understanding long-term changes in extreme cold and warm events is
important for the detection and attribution of climate change and human health adapta-
tion in cities, especially for a densely populated city.

5. Conclusions

This study investigated the long-term maximum/mean/minimum temperature
trends and extreme cold and warm event trends from 1960-2021 in Nanjing, China, as
well as the role of SWPs and urbanization in the changes in these trends, based on surface
observations and reanalysis data. The following conclusions were obtained.

Over the past 62 years, the maximum/mean/minimum temperatures in Nanjing
showed a significant upward trend (0.17, 0.34, and 0.67 <C/decade for the urban station;
0.31, 0.25, and 0.53 C/decade for the rural station), with the minimum temperature warm-
ing rates being the most significant. In spring, the greatest warming rate of 0.45 C/decade
was observed for the mean temperature. In summer, autumn, and winter, the warming
rate of the minimum temperatures was the largest, reaching 0.38 <C/decade, 0.73 <C/dec-
ade, and 0.67 T/decade, respectively. This indicates that the warming in Nanjing was
more obvious in the minimum temperatures, and the Nanjing area was gradually warm-
ing in autumn and winter.

The extreme high temperatures showed a decreasing trend until the mid-1980s,
closely related to the decrease in the two SWPs with prevailing southwesterly winds
(Types 1 and 2). Then, a significant increasing trend was observed, mainly related to the
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increase in SWPs with prevailing southeasterly winds (Types 3 and 4). The number of
warm days was strongly positively correlated with extreme high temperatures during the
study period, and about 91% of the warm day interannual variation can be explained by
extreme high temperature variation. The frequency of extreme LT days showed a signifi-
cant decreasing trend. The number of cold nights was strongly and positively correlated
with extreme LTs, and about 85% of the cold night interannual variation can be explained
by extreme LT variation. The relative extreme indexes of warm days and warm nights
generally showed an upward trend, while cold days and cold nights showed a downward
trend. Note that the trends in warm days and warm nights remained closely consistent
with that of HW days, and, likewise, the trends in cold days and cold nights were also
highly consistent with that of LT days.

In general, our findings provide a useful scientific reference for climate prediction,
urban planning, and human development from the perspective of synoptic weather pat-
terns and urbanization in large, high-density cities.
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