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Heatwaves pose potential risks to the environment, energy, society, and public health, and compound daytime
and nighttime air and surface temperature heatwaves have the most severe effects. In this study, Southwest China
was taken as a case to explore the characteristics of daytime, nighttime, and concurrent daytime and nighttime
heatwaves events using air and surface temperatures based on a dynamic method for classifying urban, suburban,
and rural stations with 30 m resolution land use and cover data based on absolute (i.e., same threshold for the
entire Southwest China) and relative thresholds (i.e., thresholds for Chongqing municipality, Sichuan, Yunnan,
and Guizhou Provinces calculated separately based on built-up areas for each period). We found that heatwaves
events became more frequent and more severe in urban, suburban, and rural areas based on absolute and relative
thresholds for both air and surface temperatures. Overall, the positive contributions towards warming by ur-
banization in urban and suburban areas to different heatwaves events obviously differed among different buffer
areas and the influence of urbanization was different for air and surface temperature heatwaves events based on
absolute and relative thresholds. Spatially persistent compound heatwaves mainly occurred in three urban ag-
glomerations for air temperature. This study provides an original research perspective by using air and surface
temperatures during daytime, nighttime, and concurrent daytime and nighttime heatwaves to calculate indices
based on absolute (fixed threshold) and relative thresholds (considering the social and economic development
level of different regions) in the complex topography of the Southwest China. In addition, this study observed for
the first time that the calculated heatwaves indices based on air and surface temperatures were obviously
different, illustrating that results obtained using different data sources (e.g., air temperature, surface tempera-
ture, and remote sensing data) to evaluate heatwaves will differ, indicating that data sources need to be carefully
considered in Southwest China and other regions.

1. Introduction

As one of the sustainable development goals of the United Nations,
sustainable cities and communities play a key role in the overall reali-
zation of the United Nations sustainable development goals. As signifi-
cant hubs of human activity and interaction, cities have undergone
major changes in their atmosphere and surface temperatures as a result
of population increases and increased spread of impervious surfaces (He
et al., 2021; Jamei et al., 2019), which alters the properties of the at-
mospheric boundary layer and impacts weather conditions in urban

areas (Chuan et al., 2022). Heatwaves, which pose potential threats to
public health, food security, energy production and distribution, and
ecosystem sustainability, are more obvious in cities and are becoming
increasingly common in various regions of the world as climates warm
(Christidis et al., 2015; Frolicher et al., 2018; Shi, et al., 2021; Wang
et al., 2021a, 2021b; Wu et al., 2020; Zhang et al., 2020). In recently
years, heatwaves patterns in the 21st century have been extensively
studied in various regions (cities) and on various scales, including the
Northern Hemisphere (Vogel et al., 2019; Wang et al., 2020), Europe
(Christidis et al., 2015; Larcom et al., 2019), America (Rastogi et al.,
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2020), India (Panda et al., 2017), France (Todd & Valleron, 2015),
Finland (Ruuhela et al., 2018), South Korea (Kim et al., 2019), and
globally (Chen et al., 2020; Ma et al., 2021; Yin et al., 2019). Moreover,
more intense, longer lasting, more frequent, and more impactful heat-
waves are anticipated in the 21st century as anthropogenic warming
substantially increases (Chen et al., 2015, 2020; Russo et al., 2014).
Furthermore, rapid urbanization in the developing world over recent
decades has exacerbated the warming of urban environments due to the
urban heat island effect, which are present no matter the size, latitude,
coastal, inland position, topography, or local environment of a city
(Arnfield, 2003). Heat island effects are rapidly increasing health risks
within cities due to the fast-paced growth of urban populations (Manoli
etal., 2019) and urban economies. In view of the serious impacts of high
temperature related events (heat island, heatwaves, hot pressure, etc.)
on the ecological environment and social economy, studying these
events has always been a hot topic globally (Varentsov et al., 2019;
Zhao, 2018). Therefore, as one of the most obvious high temperature
events, it is important to reveal the temporal and spatial variation
characteristics of heatwaves and the expected impact of urbanization to
provide a theoretical framework for urban planners and urban residents
to take relevant measures (such as green roofs and cool roofs) to adapt to
the increasing urban heatwaves.

As the world’s largest developing country, heatwaves in China have
become more frequent and severe since the mid-1990s. According to the
most recent Lancet Countdown report, the number of deaths in China
due to heatwaves increased by a factor of four between 1990 and 2019,
reaching 26,800 deaths (Cai et al., 2020). With significant decadal in-
creases in daytime (DYT), nighttime (NGT), and concurrent (CDNG;
both DYT and NGT) heatwaves which have featured rapid increases in
frequency, intensity, and spatial extent (Su & Dong, 2019a, b).
Furthermore, relative to present day, the DYT, NGT, and CDNG heat-
waves over China are projected to become more frequent with higher
intensities and elongated durations under the RCP4.5 scenario (Su &
Dong, 2019a). In recent decades, several record-breaking heatwaves
events have occurred in China (Kong et al., 2020), including in August of
2003, when extremely hot weather conditions lasting for 20-50 days
occurred over South China (Wang et al., 2006); in 2015, which regis-
tered the hottest temperature recorded in western China at 47.7 °C (Su &
Dong, 2019a, 2019b; Sun et al., 2016); in 2013 and 2017, when
record-breaking heatwaves events occurred in eastern China (Sun et al.,
2014a,b; Xia et al., 2016, 2018); and in 2022, which featured an un-
precedented summer of extremely high temperatures (induced massive
wildfires in Chongqing municipality) and severe drought in the Yangtze
River basin in China (Lu et al., 2022). Furthermore, urban heatwaves
have become increasingly concerning in individual cities and urban
agglomerations throughout China (Chen et al., 2015; Huang et al., 2010;
Jiang et al., 2019; Li et al., 2016, 2021; Liao et al., 2018). However,
CDNG heatwaves have rarely been addressed in China, with only the
publications by An and Zuo (2021), Chen and Zhai (2017), and Zhang
et al. (2020) studying the characteristics of DYT, NGT, and CDNG
heatwaves events in the Huai River Basin and China. Due to the serious
threat posed by heatwaves, it is of great importance to understand and
quantify the causes underlying their intensities (Kong et al., 2020),
specifically CDNG heatwaves events, which are especially dangerous to
human health (An & Zuo, 2021; Murage et al., 2017).

In recent years, Southwest China has encountered frequent heat-
waves events. This has led many scholars to devote their studies to
revealing the temporal and spatial changes (Chuan et al., 2022; Liao
et al.,, 2022; Wang et al., 2015) of the heatwaves and their impact
mechanisms (Deng et al., 2020; Huang et al., 2021; Liu et al., 2022) in
Southwest China. However, the above-mentioned research has mainly
focused on summer daytime or nighttime air temperature heatwaves,
and the station classification method mainly based on absolute thresh-
olds. Furthermore, urban heat island research describes the phenome-
non in which air temperature and land surface temperature are
obviously higher in urban areas than that in peripheral suburbs (Yin

Sustainable Cities and Society 91 (2023) 104433

et al., 2018). This means that the urban heat island effects typically
impact both air and land surface temperatures (Marzban, Sodoudi &
Preusker, 2018). Air temperature is usually measured as the canopy
layer heat island and the boundary layer heat island, while land surface
temperature is typically derived from satellite-based remote sensing
data (Yin et al., 2018). Air temperature urban heat islands generally
exhibit greater spatial variability at night, while land surface tempera-
ture urban heat islands usually occur during the daytime (Zhou et al.,
2011). As a high-temperature events, understanding the mechanisms
influencing air temperatures and land surface temperatures during
heatwaves is important in the development of urban adaptation strate-
gies and creating eco-friendly and environmentally sustainable urban
areas (He et al., 2020; Xiang et al., 2021). However, as we all
acknowledge, there are no relevant studies that combine air and surface
temperatures based on observation stations to reveal the characteristics
of heatwaves changes in the Southwest China.

In this study, we conducted a case study using Southwest China to
investigate the characteristics of DYT, NGT, and CDGN heatwaves. The
novelty and scientific contribution of this research are mainly found in
the following two aspects: from a methodology perspective, this study
used high quality monitoring station data (Section 2.2) to establish a
daily basis percentage threshold to dynamically calculate heatwaves
based on relative (consider the difference of social and economic
development) and absolute thresholds (fixed threshold) for urban, sub-
urban, and rural stations using both air and surface temperatures. Sec-
ondly, for the first time, based on the air and land temperatures, the
spatiotemporal variation of DYT, NGT, and CDNG heatwaves and the
corresponding differences in meteorological elements and urbanization
effects are revealed in Southwest China. This region provides an inter-
esting case study which can act as a theoretical basis for better relating
changes in heatwaves at urban stations with diverse terrain features and
degrees urban expansion to the temporal dynamics of regional thermal
environments. The objectives of this study include: (1) to investigate the
historical spatiotemporal patterns of air and surface temperatures dur-
ing heatwaves; (2) to explore DYT, NGT, and CDNG heatwaves and
compare differences in air and surface temperatures among urban,
suburban, and rural stations using different buffer zones based on rela-
tive and absolute dynamic threshold classifications; and (3) to evaluate
the impacts of urban expansion on air and surface temperatures and
DYT, NGT, and CDNG heatwaves. The resulting improved understand-
ing provides urban policy makers and planners with a basic knowledge
of the mechanisms by which urbanization affects heatwaves and pro-
vides a reference model to help basin, mountain, plateau, and karst cities
(megacities) achieve sustainable cities and communities (Sustainable
Development Goal 11) and improve urban climate risk management and
climate resilience (Sustainable Development Goal 13).

2. Data and methodology
2.1. Study region

Southwest China includes mountains, plateaus, basins, karst topog-
raphy, and other landforms, together they span three distinct regions
representing extreme height differences from over 4000 m in the Tibetan
Plateau to less than 500 m in the Sichuan Basin, and they are repre-
sentative of the variability across Southwest China (Qin et al., 2010).
The topography and geomorphology have led to the unique climate
characteristics of Southwest China, thus making Southwest China a
global biodiversity center, as well as an area that is most vulnerable to
the threat of extreme climate events. Examples of the sensitivity are the
continuous drought that occurred in Southwest China from autumn
2009 to spring 2010 (Li et al., 2019a), from spring to early summer 2019
in Yunnan province (Wang et al., 2021b), in the summer of 2014 (26
days with air temperature above 35 °C; maximum temperature of 39 °C
lasted four days from August 5 to August 8), the years of 2016, 2018,
2020, and 2021 in Chongqing municipality, each with extreme air
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temperatures reaching 39 °C or even 40.1 °C (Chongqing Meteorological
Bureau, 2021), and the summer of 2022, which also has had high tem-
peratures with the strongest comprehensive intensity since 1961 in
Chongqing municipality, Sichuan Province. In particular, the daily
maximum temperature in Chongqing municipality (Beibei, Jiangjin
station) reached 44 °C (Xia et al., 2022). Moreover, high temperature
and drought events often occur together, making Southwest China the
only region where the drought severity and heatwaves days have both
increased substantially, which could lead to increasing impacts on the
environment and human society, as well as economic repercussions
(Deng et al., 2020).

Southwest China (in this study, mainly the three provinces of
Sichuan (SC), Yunnan (YN), and Guizhou (GZ), as well as the munici-
pality of Chongqing (CQ)) is an important part of the Yangtze River
Economic Belt and has important strategic significance in the macro
pattern of China’s economic development. In 2021, the population of
the study area was 212 million, accounting for about 15% of the national
population. The regional GDP was 12.68 trillion yuan, accounting for
11.08% of the national GDP (National Bureau of Statistics of the Peo-
ple’s Republic of China, 2021). There are three major urban agglomer-
ations in Southwest China, the Chengdu-Chongqging, Central Guizhou,
and Central Yunnan urban agglomerations, which were approved by the
National Development and Reform Commission in 2016, 2017, and
2020, respectively. Furthermore, in the capital cities of three provinces
in Southwest China (Chengdu, Kunming, and Guiyang) and municipality
directly under the Central Government of Chongqing, the urban built-up
areas have grown rapidly in 2010-2020 (Chuan et al., 2022; Huang
et al., 2021; Liao et al., 2022; Liu et al., 2022) and their rapid expansion
has exacerbated the urban heat island effect and influenced heatwaves.

2.2. Data sources

Daily air (surface) maximum (Tpay), minimum (Tp,;,), and relative
humidity data were provided by the National Meteorological Informa-
tion Center of the China Meteorological Administration (http://data.
cma.cn). The vapor pressure deficit and atmospheric water vapor pres-
sure were calculated according to published methods (Luo & Lau, 2019).
The dataset was subjected to quality control and homogeneity testing
before being used. Because there were many missing measurements and
errors in the surface temperature data prior to 1980, we focused on air
and surface temperature data for the 1980-2019 period, which is also a
period of rapid urbanization. Station migration was the main factor
causing sudden changes in meteorological data, so the following con-
ditions were adopted during station selection to guarantee the reliability
of the data: (1) retain stations with migration distances less than 20 km
and vertical height displacements within 100 m from 1980 to 2019, and
the station should not have been relocated more than 2 times (station
relocation was frequent before 1980, but less after); and (2) stations
missing measurements more than three days per month are excluded.
For those missing fewer than three days of measurements, data were
filled in by applying the linear regression between elevation and data
from the surrounding stations during 1980-2019. The above strict
criteria resulted in the final inclusion of 332 air temperature stations and
297 surface temperature stations. Land use and cover data from eight
years (i.e., 1980,1990, 1995, 2000, 2005, 2010, 2015, and 2018) with
resolutions of 30 m were retrieved from the Resource and Environment
Science and Data Center of China (http://www.resdc.cn/).

2.3. Methodology

2.3.1. Dynamic classification of urban, suburban, and rural stations

The urban, suburban, and rural stations were classified dynamically
based on the time-varying land use and cover maps available for eight
different years (i.e., 1980, 1990, 1995, 2000, 2005, 2010, 2015, and
2018) following previous studies (Luo & Lau, 2021; Ren et al., 2015;
Sun et al., 2016; Wang et al., 2021a). First, circular buffers with radiuses
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of 2km, 5 km, 7 km, 10 km, and 15 km were constructed for each station
and the proportions of built-up areas within the buffer areas were
calculated. Note that each station can have different built-up areas for
different subperiods because the built-up areas for each station were
calculated based on the time-varying land use and cover maps data for
each of the eight subperiods: 1981-1990, 1991-1995, 1996-2000,
2001-2005, 2010-2015, and 2016-2020, depending on the availability
of land use and cover data. Previous studies (Liao et al., 2018; Luo &
Lau, 2021; Ma et al., 2021; Wang et al., 2021a; Wu et al., 2020) have
classified stations with 33.3%, 20%, 15%, or more built-up area in 2 km,
7 km, and 20 km buffers in a subperiod as urban stations; otherwise, they
were categorized as rural (Liao et al., 2018; Sun et al., 2016). Further-
more, Ren et al. (2015) and Li et al. (2019b) further distinguished
suburban stations as those that were less than 5 km from an urban
polygon or as areas where the proportion covered by human settlement
exceeded 33 or 22% in a buffer zone area of 12 km? or a radius of 11 km,
respectively. Herein we used two methods to dynamically classify urban,
suburban, and rural stations, i.e., the first method used absolute
thresholds according to previous research (Li et al., 2019b) to define
urban areas as those with built-up areas that exceeded 33%, 25%, 20%,
15%, and 10% in 2 km, 5 km, 7 km, 10 km, and 15 km buffer zones,
suburban stations were those located within 5 km of urban areas with
greater than 25% built-up areas, and other stations were rural stations.
The second method used relative thresholds that considered the differ-
ences in social and economic development among Chongqing, Sichuan,
Yunnan, and Guizhou provinces while calculating the built-up areas in
five buffer zones (2 km, 5 km, 7 km, 10 km, and 15 km) separately in
eight land use periods (1980, 1990, 1995, 2000, 2005, 2010, 2015, and
2018). In this method, if a station’s built-up area exceeds the average
value of the built-up areas of all stations within its province in that year,
it is defined as an urban station, and a 5 km buffer zone is established
around the urban areas, if a station occurs within the buffer around the
urban polygon (land for large, medium, and small cities and built-up
areas above counties and towns) and its built-up area exceeds the
average built-up area value of all remaining stations (non-urban) in that
year, it is regarded as a suburban station, the rest of the stations are
defined as rural stations. For more detail please see supplementary
material.

2.3.2. Definitions of heatwave extremes

A day/night is considered hot when the maximum (minimum) air
and surface temperature (i.e., Tpax and Tpp) is higher than the historical
90th percentile for that specific calendar day. The adoption of daily
percentiles avoids possible inhomogeneity in frequency and intensity
series of temperature extremes (Wang et al., 2021a; Zhang et al., 2005).
For each calendar day, the 90th percentile of maximum (minimum) air
and surface temperature is calculated from multiyear sample measure-
ments from 15 days samples surrounding this day (7 days on either side
of the specific day, i.e., total samples 15 x 40 = 600 days) by ranking
historical values from 1980 to 2019, three types hot events were defined
as follows:

1.An independent hot day - an extreme hot day not followed by an
extreme hot night (Tpa,x > 90th percentile and Ty, < 90th
percentile);

2.An independent hot night - an extreme hot night not preceded by a
hot day (Tpmin > 90th percentile and Tpax < 90th percentile);

3.A compound hot event - a day where both Ty, and Tp;, are
extremely high (Tpax > 90th percentile and Tp,i, > 90th percentile;
in the order of hot day preceding the hot night). Detailed information
for these heat extremes is provided in Table 1.

2.3.3. Identification of spatial expansion of heatwaves

Ren (2012) proposed an objective identification method for regional
extreme events that considers their spatiotemporal continuity. Wang
and Yan (2021) extended their concept to create an identification
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Table 1 Table 2
Details of heat extremes and variability. Values of the parameters of the DBSCAN clustering in Southwest China.
Heat extremes Threshold Units Parameter name Code  Meaning Value
Daytime hot day (DT) Tmax>90th percentile and Ty, < 1 day Daily air and surface T Threshold of daily airand  Daily maximum and
90thpercentile temperature surface temperature minimum AT and ST
Nighttime hot day (NT) Tmin>90percentile 1 day threshold of single anomaly stations.
Compound daytime and Tmin >90th percentile and Tpax< 1 day station
nighttime hot day (CDN) 90thpercentile Threshold for the Tt Abnormality occurs at The 90% percentile of
Compound daytime and Tmax >90th percentile and Ty, > >3 daily index individual stations only maximum and
nighttime heatwave 90thpercentile days when air temperatureand ~ minimum air and
(CDNH) surface temperature is surface temperature
YDTN Yearly number of daytime hot days days beyond Tt.
YNTN Yearly number of nighttime hot days days Threshold for the do Search the maximum 140 km (refer to
YCDNN Yearly number of compound daytime and  days neighbor station nearest distance between Zhou et al., 2021a)
nighttime hot days distance any two
YCDNHN Yearly number of compound daytime and  events stations within the scope
nighttime heatwaves of a specific surrounding
YCDNHP Yearly sum of participating compound days region (d0) and consider
daytime and nighttime heatwave days them as neighbors, using
YCDNHM The magnitude of compound daytime and ~ °C? the geographic position
nighttime heatwaves within a year of the current hot station
as the center of a circle.
Threshold for the RO The current hot stationis 0.4
approach for regional extreme events by combining it with an algorithm neighboring designated as a clustered
for density-based spatial clustering applications with noise (DBSCAN) abnormality ratio hot station belonging to
c e . . . . cluster RO if the ratio of
(Ester et al., 1996) to objectively identify any clusters of hot stations, i. . .
surrounding hot stations
e., heat patches. Without any prior knowledge of the number of clusters (n) to all neighboring
or requirements for cluster form, the DBSCAN approach can find arbi- stations (N; includes both
trarily shaped station clusters and solitary stations. As a result, the hot and normal stations)
. s . . for the current hot station
number of station clusters can be objectively calculated, and any solitary is areater than the
stations can be immediately removed (Wang & Yan, 2021). Meanwhile, prgvided threshold (RO).
the DBSCAN clustering algorithm can be improved by using the ratio, Threshold for MO a hot station in a cluster 10
rather than the absolute density, of surrounding hot stations. Therefore, number of with at least N x RO
we should focus more on regional concurrent heatwaves events. The abnormality nearby hot stations in its
. P . . stations in a heat immediate vicinity, and
procedure for identifying regional concurrent heatwaves events is as . -
patches an isolated hot station, i.
follows: e., a hot station that is not
part of any cluster. Assign
(1)The metrological stations with Tpax and Tpin based on air and numbers to groups of at
surface temperature for concurrent daytime and nighttime heat- least10 hot stations as
regional heat patches.
waves over the threshold are labelled 1, the others are labelled 0 as Heat patches on two VO If two heat patches on 0.2

isolated hot stations.

(2)BDSCAN is adopted to cluster the 0 and 1 stations and extract
regional signals of compound heatwave events from 1980 to 2019.
(3)Heat patches occurring on two consecutive days are identified as
propagating hot events if they overlap spatially by more than 20% (i.
e., the overlapping ratio threshold: V0); otherwise, we classify the
prior day’s heat patch as a temporary discontinuous heat patch and it
is ignored in further analyses. If a heat patch on the current day
overlaps with numerous heat patches from the previous day it is
considered a combined propagating hot event.

(4)A propagating heatwaves as classified as a single regional event if
it lasts at least three days, increasing the event count by 1; otherwise,
it is treated as a disrupted heatwave and is ignored in further ana-
lyses. We consider an event to have ended when the heat patch of a
single regional heatwave on the day in question does not overlap
with any heat patches on the following day by more than 20%. For
more detailed information please see Table 2 and Wang and Yan
(2021).

2.3.4. Other methods

Sen’s slope estimator and the Mann-Kendall trend test method were
used to determine slope magnitudes and trends (Mann, 1945; Pettitt,
1979; Sen, 1968; Theil, 1950). Heatwaves indices (Table 1) were
interpolated using a digital elevation model into a raster with 1-km
resolution using an ensemble of six algorithms (i.e., boosted regression
tree, neural network, generalized additive model, multivariate adaptive
regression spline, support vector machine, and random forest). During
model tuning, each algorithm is systematically weighted from 0 to 1 and
the fit of the ensembled model is evaluated. The best performing model

consecutive days
overlap ratio

two consecutive days
overlapping ratio than
20% (repeated
experiments found that
the overlap ratio of 20%
was the highest in
Southwest China),
consider them as a
propagating hot event;
otherwise, heat patch on
the previous day as a
temporally discontinuous
heat patch that is not
considered in subsequent
analysis

is determined through k-fold cross validation (k = 10) and the model
with the lowest residual sum of squares of the test data is selected.
However, if the R? value of final correction was greater than the R? value
of the ensemble, the final correction was discarded (the R? values>0.8
for YDTN, YNTN,YCDNN,YCDNHN,YCDNHP, and YCDNHM) (Fig. 1).

3. Results
3.1. Spatial-temporal characteristics of heatwaves events

Fig. 2 shows the temporal changes in heatwaves events according to
air temperature from 1980 to 2019. The highest average heatwaves

values occurred in 2010, 2013, and 2015 for YCDNN, in 2010, 2011, and
2015 for YCDNHN and YCDNHP, and in 2009-2011 for YCDNHM.



Q. Cheng et al. Sustainable Cities and Society 91 (2023) 104433
A
30°N Legend
=Study area
—Road
Railway DEM(m) CGA
River . pHigh : 8535
~Border 0 1,000 2,000 M
—Provincial boundary e Kilometers Low : -263
25°N
LULC
Cultivated land
Legend = Woodland
® Urban stations " = Grassland
® Suburban stations = Water area
o & o
20°N| o Rural stations 0 400 800 . = Built-up areas
. —
=Urban agglomerations Kilometers Unused land
90°E 95°E 100°E 105°E 110°E

Fig. 1. Study area location, including rivers, roads, and urban agglomerations, as well as urban, suburban, and rural stations based on 2018 land use and land cover
(LULC) within in 2 km buffer areas around stations (CCA: Chengdu-Chongging agglomerations, CGA: Central Guizhou agglomerations, Central Yunnan

agglomerations).
—— Heatwave indices Linear line
70 @YDTN 707 (b)YNTN
60- Senslope=0'71** 60 Xlﬂpg:l.Zl**
501 Abrupt years=2001+* 50{Abrupt years =2002%* g
& i 240
A 40+
30 309
20" 20+
10 T T T ] 10+ . T T .
1980 1990 2000 2010 2020 1 1990 2000 2010 2020
20/ (©)YCDNN » 0l (d)YCDNHN
o] Senam0217 s 1ope=0.02%
” 1 Abrupt years=2002+** 2 1Abrupt years=2002**
ES =
ch 12 E 1.01
81 0.5
4] 0.0
1980 1990 2000 2010 2020 19 1990 2000 2010 2020
61 (e)YCDNHP 331 (f)YCDNHM
51Sen,, .=0.05%* 301 =0.25%
slope 254 slope™ "
4 Abrupt years=2005** 201 Abrupt years=2005%*
231 19
Q 2 ] o 15 1
10
114 5
04 0]es
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Year Year

Fig. 2. Temporal characteristics of heatwaves indices based on air temperature during 1980-2020.
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Significant (p<0.05) change trends were observed for all HW indices,
the slopes of YDTN, YNTN, YCDNN, YCDNHN, YCDNHP, and YCDNM
were 0.71 days/year, 1.21 days/year, 0.21 days/year, 0.02 events/year,
0.05 days/year, and 0.25 °C2/year, respectively. Abrupt change years
included 2001, 2002, and 2005 in which heatwaves became notably
more severe in Southwest China. The annual YDTN from 34 (minimum)
to 35.6 (maximum) days and decreased from southwest to northwest
(Fig. 3a) for average 1980-2019, and 94.88% of stations had significant
increases with only one station exhibiting a significant decrease; annual
YNTN from 35.8 (minimum) in to 37.7 days for average 1980-2019
(Fig. 3b), high value areas were mainly concentrated in the south of
Southwest China, and 89.76% of stations exhibited significant increases,
with two stations showing significant decreases; annual YCDNN from
3.3 (minimum) in to 16.6 (maximum) days for average 1980-2019
(Fig. 3c), the high value areas were mainly distributed in the eastern part
of SC and GZ and western CQ, and 93.98% stations showed significant
increases, with one station decreasing significantly. Over the study
period, the YCDNHN, YCDNHP, and YCDNHM from 0.04 to 1.6 events,
0 (minimum) to 27.4 (maximum) days, and 0.2 (minimum) to 4.7
(maximum) °C?, respectively, with spatial patterns similar to that of
YCDNN; of the 332 stations, 31% (104) of stations for YCDNHN, 36.7%
(128) of stations for YCDNHP, and 38.6% (141) of stations for YCDNHM
showed significant increases, with all other stations showing no signif-
icant change trends.

As shown in Fig. 4, the slopes of YDTN, YNTN, YCDNN, YCDNHN,
YCDNHP, and YCDNM for ST all showed significant increases, at 1.06
days/year, 0.92 days/year, 0.35 days/year, 0.03 events/year, 0.09
days/year, and 0.29 °C2/year, respectively, and years showing abrupt
changes were 1998, 2002, and 2005. The average values of spatial
patterns of the 6 heatwaves indices were similar to AT, whereas the
slopes of the YDTN, YNTN, and YCDNN change trends of stations were
obviously different, and YCDNHN, YCDNHP, and YCDNM significantly
increased by 3.03%, 5.38%, and 6.16%, respectively, but showed no
significant change at any other station (Fig. 5).

3.2. Increasing daytime, nighttime, and compound heatwaves based on
absolute thresholds of air and surface temperatures in Southwest China

3.2.1. Correlations between air and ground temperatures with urban
expansion rate
For each station in the research region we created circular buffers
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with radiuses of 2, 5, 7, 10, and 15 km. Then, inside each circular buffer
area, centered on a specific station, Spearman’s correlation coefficients
were used to examine the relationships between the average air tem-
perature (332 stations) and surface temperature (297 stations) from
1980 to 2018 and the urban expansion rate. The correlations increased
in strength with increasing radius for average and minimum air tem-
perature, but decreased for maximum air temperature, whereas for
surface temperature the correlations were insignificant except for
average surface temperature with a 2 km radius and maximum ST with a
7 km radius. Therefore, in the following analysis, we dynamically
extracted five buffer areas for urban, suburban, and rural stations ac-
cording to the relative and absolute threshold station classification
method. Fig. 6

Fig. 7 displays the dynamic classifications of urban, suburban, and
rural stations in Southwest China based on time-varying land use and
cover maps. Fig. 7a shows urban land use at four typical stations
(Wenjiang, Shapingba, Guiyang, and Kunming) with 2, 5, 7, 10, and 15
km buffer areas where there were very obvious urban and other con-
struction land expansion trends. According to the station classifications
there were 13 (1, 317) urban (suburban, rural) stations using 2 km
buffer areas in 1980, whereas there were 103 (9, 219) urban (suburban,
rural) stations using 2 km buffer areas in 2018. A total of 98 rural sta-
tions were transformed into urban and suburban stations from 1980 to
2018.

3.2.2. Temporal changes in heatwave indices based on air and surface
temperatures

Fig. 8 demonstrates the long-term trends of all heatwaves indices
over the period of 1980-2019 in Southwest China. All averaged heat-
waves indices showed significant increasing trends in urban, suburban,
and rural areas when using 2, 5, 7, 10, and 15 km buffer areas for air
temperature, and the increases became steeper after 2005. Interestingly,
the average values for all heatwaves indices (Fig. 10) of suburban sta-
tions with 5 km buffer zones were much higher than with other buffer
zones when using air temperature (for YDTN and YNTN, the average
values were ordered urban>rural>suburban with 2, 7, 10, and 15 km
buffers). With regards to change trends, rural areas increased more than
urban and suburban areas with 2, 5, 7, 10, and 15 km buffers for YDTN
(except urban areas increased more than rural with 10 and 15 km buffers
and suburban areas increased more than rural with 2 km buffers), the
trends of urban and suburban areas were greater than rural for all buffer
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Fig. 3. Spatial characteristics of heatwaves indices based on air temperature for average 1980-2019.
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Fig. 5. Spatial characteristics of heatwaves indices based on surface temperature for average 1980-2019.

areas for YNTN (except in 7 km), YCDNN (except rural areas increased
more than urban with 5 and 7 km buffers and rural areas increased more
than suburban with 5, 7, 10, and 15 km buffers), and YCDNHP (except
rural areas increased more than urban with 7 km buffers), whereas there
was little difference in the change trends of YCDNHN for urban, sub-
urban (except that suburban areas increased more than rural with 5 km
buffers), and rural based on air temperature. Furthermore, similar to air

temperature, all heatwaves indices based on ST increased obviously
after 2005 (Fig. 9) and the average value (Fig. 10) of suburban heat-
waves indices with 5 km buffers was much higher than when using other
buffer zones for surface temperature (for YCDNN and YCDNHM, the
average values were ordered suburban>urban>rural). However, the
change trends of all heatwaves indices were obviously different when
using air temperature. The trends of urban and suburban areas were
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Fig. 6. Spearman’s correlation coefficients between the air (a) and surface (b) temperatures (average, maximum, and minimum) and the urban expansion rate in the
different buffered areas surrounding stations (red dots indicate a p < 0.05 significance level) from 1980 to 2018.

greater than rural for all buffer areas for YNTN (except in 7 km), YCDNN
(except rural areas increased more than urban with 5 and 7 km buffers
and rural areas increased more than suburban with 5, 7, 10, and 15 km
buffers), and YCDNHP (except rural areas increased more than urban
with 7 km buffers), whereas there was little difference in the change
trends of YCDNHN for urban, suburban (except that suburban areas
increased more than rural with 5 km buffers), and rural based on air
temperature. For YCDNHN, the change trend was similar to the air
temperature change trend, with small differences among urban, subur-
ban, and rural areas with different buffer areas.

3.3. Increasing daytime, nighttime, and compound heatwaves for air and
surface temperatures based on relative thresholds in Southwest China

3.3.1. Numbers of urban, suburban, and rural stations in each subperiod

In 1980, the average built-up areas in the CQ/SC/YN/GZ areas were
9.8%/8.3%/8.5%/10.8%, 4.3%/3.9%/4.3%/3.7%, 3.0%/3.0%/3.1%/
2.4%, 2.0%/2.3%/2.1%/1.7%, and 1.4%/1.8%/1.4%/0.9% within
buffer areas of 2, 5, 7, 10, and 15 km around stations, respectively.
Whereas in 2018, the average built-up areas in the CQ/SC/YN/GZ areas
were  35.4%/27.1%/27.5%/27.9%, 21.6%/13.0%/14.4%/11.7%,
15.6%/9.5%/9.7%/8.1%, 11.1%/6.9%/6.2%/5.8%, and 7.3%/5.0%/
3.9%/3.3% within buffer areas of 2, 5, 7, 10, and 15 km around stations,
respectively. Due to rapid urbanization, built-up areas around stations
increased sharply from 1980 to 2018. However, while the built-up areas
of different buffer zones increased dramatically from 1980 to 2018,
according to the relative threshold, the number of stations changing
from rural to suburban and from rural or suburban to urban changed
little within different buffer zones (Fig. 11b, c).

3.3.2. Temporal changes in heatwaves based on air and surface
temperatures

Figs. 12 and 13 show the temporal characteristics of heatwaves
indices based on air temperature for different buffer areas. As shown in
Figs. 12a—f and 13a-f, the annual means of heatwaves indices changed
obviously after 2005 for different buffer areas in the three provinces and

municipality. There was little difference between the annual averages of
YDTN and YNTN in the three provinces and municipality for urban,
suburban, and rural stations with different buffer areas (Fig. 14).
However, the YCDNN, YCDNHN, YCDNHP, and YCDNHM in urban and
suburban areas were greater than rural areas in all three provinces and
municipality (except in YN, where the rural and suburban areas were
greater than urban areas for YCDNN, YCDNHN, YCDNHP, and
YCDNHM, and in GZ, where rural areas were greater than suburban
areas for YCDNN) with different buffer areas. For change trends, all
heatwaves indices showed significant increasing trends in the three
provinces and municipality, with the amplitudes of the increases
generally ordered urban > suburban>rural for the six heatwaves indices
in different buffer areas in CQ, SC, and YN (except for YNTN in SC which
was ordered urban>rural>suburban, and for YCDNHN, YCDNHP, and
YCDNHM in YN which were ordered suburban>rural>urban) and
mainly ordered suburban>rural>urban for YDTN, YNTN, and YCDNN,
and suburban>urban>rural for YCDNN and YCDNHP in GZ for the
different buffer areas.

The annual average heatwaves index values and change trends
(significant increases in all six heatwaves indices in the three provinces
and municipality) based on surface temperature were similar to those
based on air temperature with different buffer areas for urban, subur-
ban, and rural areas. Furthermore, the amplitudes of significant
increasing trends for YDTN were generally ordered rural-
>suburban>urban in CQ, suburban>rural>urban in SC, urban-
>rural>suburban in YN, and rural>suburban>urban in GZ for different
buffer areas. For YNTN, they were mainly ordered urban-
>rural>suburban in CQ and YN, rural>urban>suburban in SC, and
rural>suburban>urban in GZ. For YCDNN, the orders were urban-
>suburban>rural in CQ, SC, and YN (except that rural>suburban for 2,
5, and 7 km buffers) and rural>suburban>urban in GZ. For YCDHNH,
the orders were urban>suburban > rural in CQ, urban > sub-
urban>rural in SC, rural>suburban>urban in YN, and sub-
urban>rural>urban in GZ (except for the 2 and 5 km buffers). For
YCDNHP, the orders were urban>suburban>rural in CQ and SC, rural-
>suburban>urban in YN, and suburban>rural > urban in GZ (except in
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Fig. 7. Dynamic classifications of urban, suburban, and rural stations in Southwest China. (a) Urban land use of four typical stations (Wenjiang, Shapingba, Guiyang,
and Kunming) using 2, 5, 7, 10, and 15 km buffer areas. (b) Urban, suburban, and rural stations using 2 km buffer areas in 1980 and 2018. (c) Dynamic changes in
urban, suburban, and rural station types using 2, 5, 7, 10, and 15 km buffer areas in 1980-2018.
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Fig. 8. Temporal characteristics of heatwave indices with different buffer areas based on air temperature.
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Fig. 9. Temporal characteristics of heatwaves indices with different buffer areas based on surface temperature.
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Fig. 10. Average value of heatwaves indices for urban, suburban, and rural areas with different buffer areas based on air and surface temperatures.

2 and 5 km). For YCDNHM, they were ordered urban>suburban > rural
in CQ, suburban>urban>rural in SC (except for 2 and 5 km buffers) and
YZ (except for the 2 km buffer), and suburban>rural>urban in GZ
(except for the 2 km buffer) (Figs. 15-17).

3.4. Spatially persistent compound heatwaves (YCDNHM) based on air
and surface temperature

Using the DBSCN method, we extracted 20 regional heatwaves
events based on the YCDNHM (YCDNHM takes into account both
amplitude (intensity per unit time) and length of concurrent heatwaves)
index based on air temperature, of which the three longest duration
heatwaves events (see Table 3) were September 5-15, 2009 (duration:
10 days, average: 3.5 °C2, maximum: 3.5 °C2), August 17-26, 2016
(duration: 9 days, average: 2.51 °C?, maximum: 5.87 °C?), and January
30-February 7, 2013 (duration: 10 days, average: 10.35 °G2, maximum:
17.18 °C?). In terms of intensity, the heatwaves event in 2013 was the
most prominent. Furthermore, Fig. 18 shows a typical day of the longest
regional heatwaves event of temporal and spatial evolution for magni-
tude of CDNG (units: °C2) at clustered hot stations for the most extreme
regional heatwaves event of 1980-2019 in Southwest China, which
lasted 5-15 September 2009 based on air temperature. The heatwaves
event initially occurred along the western edge of Sichuan Basin, grad-
ually propagating to the middle and eastern parts of SC, it remained in
the central and eastern parts of SC, western part of CQ, and the northeast
of YN until September 11, at which point it propagated to the central and
western part of YN and dissipated (Fig. 19).

Furthermore, Table 4 provides information on three regional heat-
waves events based on surface temperature that occurred in 2009, 2010,
and 2016. The spatial propagation patterns manifested in these three
years were mainly in the east of SC, the west of CQ, and the northeast of
YN, respectively, and then disappeared in the east of YN.
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3.5. Possible impact underlying meteorological factors and urban
expansion

It can be seen from Fig. 20a, b that the air and surface temperature
heatwaves indices were significantly positively correlated with vapor
pressure deficit and negatively correlated with relative humidity. We
also found that the heatwaves indices YCDNN, YCDNHN, YCDNHP, and
YCDNHM had significant positive correlations with the maximum air
and surface temperature, and the correlation coefficient was strongest
among the three temperature indices. Therefore, it can be inferred that
the heatwaves in Southwest China may be best monitored using
maximum temperatures. Meanwhile, it can be seen from Fig. 21 that,
according to the dynamic classify method of absolute and relative
thresholds, vapor pressure deficit had a significant increasing trend
while relative humidity had a significant decreasing trend during the
study period. However, there was a faster increase in vapor pressure
deficit in urban and suburban areas compared to rural areas and a faster
decrease in relative humidity in rural areas when using different buffer
areas in SWC (absolute thresholds), and CQ and SC (relative thresholds),
while rural areas had a faster increase in vapor pressure deficit than
urban areas and a faster decrease in relative humidity than urban and
suburban areas when using different buffer areas in YN and GZ (relative
thresholds), except in suburban area in GZ. Furthermore, Fig. 22 shows
that urbanization positively contributed to air and surface temperature
heatwaves when using different buffer zone areas in CQ and SC, whereas
urbanization had a negative effect on heatwaves in YN, GZ, and SWC
when buffer zones with 2, 5, 7, 10, and 15 km radiuses were used. This
showed that different classification methods (absolute and relative
thresholds) obviously affect the calculated contributions of urbanization
to heatwaves in Southwest China.
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Fig. 12. Dynamic temporal characteristics of heatwave indices (YDTN, YNTN, and YCDNN) with different buffer areas based on air temperature.
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Fig. 13. Dynamic temporal characteristics of heatwave indices (YCDNHN, YCDNHP, and YCDNHM) for different buffer areas based on air temperature.
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Fig. 16.

Dynamic temporal characteristics of heatwaves indices (YDTN, YNTN, and YCDNN) for different buffer areas based on surface temperature.
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Fig. 17. Dynamic temporal characteristics of heatwaves indices (YCDNHN, YCDNHP, and YCDNHM) for different buffer areas based on surface temperature.
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Table 3

Spatial evolution heatwaves (for YCDNHM index) persistent events using DBSCN based on air temperature.

Sustainable Cities and Society 91 (2023) 104433

Start date End date Duration Average YCDNHM Max YCDNHM Max YCDNHM occurrence date

1 1980-06-29 1980-07-03 4 1.42 2.21 1980-7-2
2 1985-10-10 1985-10-17 7 3.72 5.91 1985-10-13
3 1987-02-13 1987-02-16 3 4.29 8.20 1987-02-16
4 1988-05-02 1988-05-08 6 5.23 11.20 1988-05-06
5 2002-07-13 2002-07-18 5 1.99 2.96 2002-07-16
6 2002-10-16 2002-10-19 3 1.84 2.71 2002-10-19
7 2003-09-25 2003-09-28 3 0.96 1.51 2003-09-27
8 2005-11-03 2005-11-08 5 4.46 8.91 2005-11-05
9 2006-11-09 2006-11-13 4 2.05 2.99 2006-11-13
10 2009-03-18 2009-03-23 5 6.44 12.93 2009-03-21
11 2009-09-05 2009-09-15 10 3.05 6.33 2009-09-09
12 2011-09-16 2011-09-19 3 1.45 2.94 2011-09-17
13 2013-01-30 2013-02-07 8 10.35 17.18 2013-01-31
14 2014-01-30 2014-02-05 6 6.20 14.56 2014-01-31
15 2014-04-15 2014-04-19 4 3.22 6.07 2014-04-18
16 2015-01-23 2015-01-28 5 3.14 4.41 2015-01-24
17 2016-07-08 2016-07-12 4 1.22 2.46 2016-07-09
18 2016-08-17 2016-08-26 9 2.51 5.87 2016-08-25
19 2019-06-07 2019-06-13 6 1.84 3.06 2019-06-10
20 2019-08-18 2019-08-22 4 1.06 2.06 2019-08-20

N (a) 5 Sep, 2009 N (b) 6 Sep, 2009 N (c) 7 Sep, 2009

A

A

(d) 8 Sep, 2009

(e) 9 Sep, 2009

() 10 Sep, 2009

(g) 11 Sep, 2009

(h) 12 Sep, 2009

(i) 13 Sep, 2009

(j) 14 Sep, 2009

(k) 15 Sep, 2009

Fig. 18. Temporal and spatial evolution of heatwaves events of clustered hot stations for the most extreme regional heatwave event during 1980-2019 in South-

westChina that persisted from 5 to 15 September 2009 based on air temperature data.
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Fig. 19. Temporal and spatial evolution of heatwaves events of clustered hot stations for the most extreme regional heatwaves event during 1980-2019 in Southwest
China that persisted from 11 to 14 August 2010 based on surface temperature data.

Table 4

Spatial evolution heatwave (YCDNHM) persistent events using DBSCN based on surface temperature.

Start date End date Duration Average YCDNHM Max YCDNHM Max YCDNHM occurrence date
1 2009-02-12 2009-02-15 3 11.45 14.55 2009-2-12
2 2010-08-11 2010-08-14 3 5.26 6.92 2010-08-14
3 2016-03-05 2016-03-08 3 9.47 14.57 2016-03-07

4. Discussion

4.1. Methods of uncertainty in classifying urban, suburban, and rural
stations

The accurate classification of station types revealed that heatwave
differences among urban, suburban, and rural areas are critical for un-
derstanding different regions and taking targeted heatwaves measures.
Previous studies have generally used absolute or relative threshold
classification methods based on land use and land cover (nighttime
light) data and only classified urban and rural heatwaves using air
temperatures in a single specific buffer zone (Liao et al., 2018; Luo &
Lau, 2019; Tysa et al., 2019; Yang et al., 2017; Ma et al., 2021; Shi et al.,
2021; Wu et al., 2020). In this studies, our calculated intensities, dura-
tions, and magnitudes of heatwaves in urban, suburban, and rural areas
obtained using different buffer zones were obviously different. Accord-
ing to the absolute threshold classification method, the number of urban,
suburban, and rural stations changed greatly from 1980 to 2019, while
when using the relative threshold classification method, the numbers of
urban and suburban stations fluctuated less from 1980 to 2019, but the
urban coverage ratio changed significantly among different time periods
and buffer zones in Southwest China. Furthermore, the correlations of
maximum and minimum air and surface temperature with urban
expansion rate of each station with different buffer zones were different.
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The results showed that the urban expansion rate was significantly
correlated with both average and minimum air temperature, and the
correlation coefficient increased with increasing buffer zone radius, but
had no significant correlation with the average maximum and minimum
surface temperature. This showed that different station classification
methods and different data types of quantitative heatwaves may have a
significant impact on the results. Moreover, due to regional heteroge-
neity, we did not find strong correlations for some buffer sizes were used
in previous studies (Yang et al., 2017;Tysa et al., 2019), which may be
related to the complex terrain and different buffer areas. It can be seen
that in the field of heatwaves research, various quantitative identifica-
tion methods still need to be further developed to accurately quantify
the difference of heatwaves changes in urban, suburban, and rural areas.
At the same time, our methods also need to be validated in further
similar research.

4.2. Spatiotemporal change of heatwaves

Based on both air and surface temperature, the slopes of YDTN,
YNTN, YCDNN, YCDNHN, YCDNHP, and YCDNM  significantly
increased over the study period. According to the heatwaves indices
calculated using air temperature, 94.88%, 89.76%, and 93.98% of the
stations exhibited significant increases in DYT, NGT, and CDNG indices,
respectively, and when using surface temperature, 56.9%, 94.28%, and
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Fig. 22. Urbanization effects on (a) air and (b) surface temperatures based on heatwaves in Southwest China during 1980-2019 based on relative (CQ, SC, YN, and

GZ) and absolute (SWC) threshold classifications using different buffer area size;

82.15% increased significantly, showing the obvious increasing trends
in heatwaves across Southwest China. These findings were similar to the
observations by Deng et al. (2020) in Southwest China, Huang et al.
(2021) in Sichuan Basin, and Wu et al. (2020) and Yu et al. (2021) in
China in summer for air temperature. However, the findings were
inconsistent with An and Zuo (2021) who found the change in DYT
heatwaves was insignificant in China, which may have been because our
study considered the whole year in calculating the heatwaves indices
while An and Zuo (2021) focused on summer (June to August) for air
temperature. Meanwhile, it should also be noted here that the six
calculated heatwaves indices were significantly different overall due to
the significantly different numbers of urban, suburban, and rural sta-
tions when using different sizes of buffer zones and different classifica-
tion methods, the differences in suburban stations were especially large
and there were significantly more suburban stations when classified by
relative thresholds than by absolute thresholds. Furthermore, the
topography of Southwest China is complex, and although we used all
suitable stations (more than 400 stations), we still excluded more than
80 stations for air temperature and 100 stations for surface temperature
that did not meet the quality requirements. Therefore, our calculated
trends in heatwaves indices for urban, suburban, and rural stations
should be regarded as conservative estimates. In addition, differences
among the study areas may also lead to different results. The compre-
hensive air and surface temperature heatwaves indices showed that the
increasing trends in NGT heatwaves were obvious and probably domi-
nated the increases in CDNG heatwaves. These results were consistent
with China (An & Zuo, 2021; Chen et al., 2017) and the Northern
Hemisphere (Wang et al., 2020) for summer. This means that compound
heat extremes have become the most common type of heatwaves across
the northern continents (Vogel et al., 2019; Wang et al., 2020).
Furthermore, our study, considering all days of the year (365 or 366t
days) and using the 90% threshold, extracted DYT, NGT, and CDNG
heatwaves events for urban, suburban, and rural areas using different
buffer areas based on absolute and relative thresholds. The results
showed that, whether based on absolute or relative thresholds, urban,
suburban, and rural heatwaves exhibited significant increasing trends,
and the amplitudes of the increases at urban and suburban stations were
greater than at rural stations using either air and surface temperature
based on absolute threshold, which was also consistent with previous
research (Liao et al., 2018; Ma & Yuan, 2021; Shi et al., 2021). Mean-
while, according to relative threshold methods, we found that not all
heatwaves indices produced the urban>suburban>rural order for all
buffer area sizes, for example, the orders were rural>suburban>urban

S.

19

and suburban>rural>urban for some heatwaves indices in YN and GZ,
which agreed with Luo and Lau (2021) and Wang et al. (2021a) who
found that the impacts of urbanization were negative and cooling in the
central GZ and YN urban agglomerations based on a 33% absolute
threshold for heat stress. This clearly showed that the methods for
classifying different station types and the buffer area sizes strongly affect
the results based on relative and absolute thresholds. At present, there is
no consensus on which buffer area is most appropriate for identifying
stations as urban, suburban, or rural, which is especially important for
suburban areas. Our results also showed that the relative threshold
classification method based on different socioeconomic development
levels (i.e., built-up areas) of each region was obviously different when
using absolute threshold. Logically, considering regional climates and
socioeconomic development levels, it may be more reasonable to use the
relative threshold station classification method. However, its applica-
tion in other regions still needs to be verified through comparisons of the
relative and absolute threshold methods.

Further, based on the DBSCN method, we extracted the top three
ranking spatially persistent heatwaves events, which occurred in
September 2009, February 2013, and August 2016. As we know, from
2009 to 2012, the four provinces (i.e., YN, SC, CQ, GZ, and Guangxi
provinces) and municipality (i.e., Chongqing) in Southwest China suf-
fered extreme “Autumn-Winter-Spring” droughts (Sun et al., 2016) and,
generally speaking, high temperatures occurred together with drought.
Meanwhile, high summer temperatures in SC and CQ in 2016 (http://
www.weather.com.cn/) and a warm winter event was also reported in
YN at 2012/2013, the highest since 1961 (https://www.yunnan.cn/). In
addition, we also observed continuous heatwaves events in 2019, during
which the mean rainfall deficit during March-June 2019 was the worst
since 1961 and the hottest temperature on record for YN occurred
(Wang et al., 2021b). In short, the heatwaves events in Southwest China
increased in magnitude, frequency, intensity, and duration in both
urban and rural stations along with the rest of China (Chen et al., 2021;
An & Zuo, 2021; Liao et al., 2018;; Shi et al., 2021; Wu et al., 2020),
especially in SC and CQ.

4.3. Impact factor

Southwest China has suffered from an increasing frequency of sum-
mer heatwaves in recent years (Deng et al., 2020). However, due to the
differences of regional socioeconomic development and physical geog-
raphy, the changes and impacts of heatwaves in different regions are
different. However, it is clear that the relative humidity, vapor pressure
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deficit, and evapotranspiration between urban and rural areas were
obviously different (Shi et al., 2021). We found heatwaves indices based
on air and surface temperature were significantly positively/negative
correlated with vapor pressure deficit/relative humidity, which may
indicate that the differences in heatwaves between urban, suburban, and
rural areas result from differences in these meteorological factors.
Meanwhile, we found urbanization had a negative effect on heatwaves
based on relative (YN, GZ) and absolute (SWC) thresholds for different
buffer zones. This phenomenon was also observed by Luo and Lau
(2021) and Wang et al. (2021a) in Central YN and Central GZ using 2 km
buffer areas, whilst Luo and Lau (2021) saw that local urbanization in
Central YN increased the decline in relative humidity by 0.26%/decade,
accounting for 49.3% of the decreasing humidity trend in Central YN
urban regions. In this situation, the reduced heat stress resulting from
lower humidity likely outweighed the intensifying effect from higher
temperatures, resulting in lower overall midsummer heat stress in
Central YN. At the same time, for the differences in heatwaves between
DYT and NGT, as observed by Arshad et al. (2021), solar radiation is
absorbed by buildings, impermeable surfaces, and bare soils throughout
the day and thermal emissions are released heat at night, causing air
temperature in urban areas to remain high at night while air tempera-
ture in rural locations decreases. In an urban agglomeration, L.uo and
Lau (2021) observed a strong urban dry island effect characterized by
lower humidity and a higher vapor pressure deficit in the urban core.
Rapid urban land growth has considerably exacerbated the dry island
effect in recent decades. Around half of the decrease in atmospheric
humidity and increase in vapor pressure deficit in urban regions could
be attributed to urban expansion. Meanwhile, Shi et al. (2021) revealed
that urbanization was responsible for almost half of the increase in
duration and nearly 40% of the increases in severity and frequency of
NGT heatwaves in urban regions compared to rural. The nocturnal
urban heat island results from urban growth, which lowers evapo-
transpiration and diminishes wind speed, which would typically cool the
lower atmosphere through turbulent heat loss and cooled air advection
(Shi et al., 2021). In addition, various large-scale circulation processes
also had important effects on heatwaves in Southwest China, including
the Arctic sea ice, North Pacific subtropical high (Deng et al., 2020; Yu
et al., 2021), the mid-to-upper-level height anomalies over western
Europe, tropical convection anomalies, enhanced Philippine Sea con-
vection, and suppressed tropical eastern Indian Ocean convection
(Huang et al., 2021).

Furthermore, differences in regional topography and geomorphology
(such as the dry and hot valley in YN and basin in SC) cannot be ignored.
These aforementioned factors may result in differences in the how
heatwaves change in urban, suburban, and rural areas in Southwest
China.

4.4. Limitations and uncertainties

There are some limitations to our study, although we excluded data
prior to 1980 in order to retain as many stations as possible, more than
80 (100) stations were omitted due to strict quality requirements for air
(surface) temperature, which may have affected the numbers of stations
classified as urban, suburban, and rural. Also, we did not classify the
buffer zones at 1 km intervals, and when using Spearman correlations
between the proportion of built-up area expansion with the slopes of the
mean, maximum, and minimum air and surface temperature, we did not
find that any correlation was best for a particular buffer zone, but rather
the correlation coefficient increased as the buffer zone increased.
Further, despite our effort to ensure quality data in the station classifi-
cation approach, the station classification requirements may need to be
further improved. For example, Li et al. (2019b) developed relatively
strict urban/rural classification standards that eliminated the influences
of various factors (i.e., inland lakes, ponds, rivers, water bodies, high-
ways or railways, etc.). Further, the spatial persistence approach should
also consider comparing dynamically changing indicator
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semi-variograms (Zhou et al., 2021b). Tysa et al. (2019) also pointed out
that land use statistics for current observational stations are still being
collected, resulting in mismatches between urban warming rates and
percentages of urban land use around the observation stations. Urban
indicators should be expanded to include the precise locations of pre-
vious observational stations as well as the nonlinear aspects of urban
land use variability.

In summary, the urbanization impacts of heatwaves events, using air
and surface temperatures, assessed using absolute and relative thresh-
olds were obviously different when using different buffer zone sizes,
especially in suburban areas. Therefore, further exploration is needed in
terms of data time resolution (hourly heatwave analysis), station type
classification method, buffer zone size, spatial heatwaves events iden-
tification, and so forth to provide more powerful scientific reference
values for urban planners and decision makers. These limitations, rele-
vant to both data and methodology, need to be further considered in
future studies.

5. Conclusions

Using dynamic classifications of urban, suburban, and rural stations
based on high-resolution (30 m) land use and cover data, this study
investigated the changes in long-term trends of daytime, nighttime, and
concurrent daytime and nighttime heatwave characteristics based on
daily air and surface temperature Tp,ox and Tp,in data sets for six heat-
waves indices during 1980-2019 from over 300 (197) meteorological
stations in Southwest China. The main conclusions are as follows:

(1) The classification methods for urban, suburban, and rural stations
performed differently, which had an obvious influence on the
transfer of rural stations to urban (suburban) and suburban sta-
tions to urban stations. According to the absolute threshold, many
stations changed from rural to suburban and from rural or sub-
urban to urban. However, according to the relative threshold,
relatively few stations changed from rural to suburban or from
suburban to urban.

(2) The spatiotemporal changes of heatwave indices performance
based on air and surface temperature were obviously different,
therefore, the results based on different data sources should be
used carefully when evaluating heat wave changes. Specifically,
all six heatwave indices based on air and surface temperature
showed significant upward and abrupt changes during
1980-2019. Furthermore, the magnitudes of the trends using
surface temperature were larger than when using air temperature
for the six heatwaves indices, except surface temperature < air
temperature for YNTN. The general spatial patterns for air and
surface temperature heatwaves were same, whereas the number
of stations with increasing trend magnitudes were more when
using air and surface temperature for YCDNHN, YCDNHP, and
YCDNHM. Furthermore, the regional heatwaves events occurred
more frequently when identified using air temperature than when
identified by surface temperature. Finally, in the years when
heatwaves events were jointly identified using both data sets, the
dates of the events were also significantly different.

(3) Classification urban (suburban) and rural stations based on ab-
solute and relative thresholds reveals that the impact of urbani-
zation in different buffer zones is obviously different. Therefore,
another important consideration for methodology is determining
which size of buffer zone is more suitable for classifying urban
(suburban) and rural stations, for which further exploration is
needed. In our study, we found that the impacts of urbanization
(warming or cooling) quantified based on air and surface tem-
perature were obviously different when using different buffer
zone sizes, especially in suburban areas (for air temperature,
suburban areas had a greater cooling impact than for surface
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temperature). Overall, urbanization has accelerated heatwaves
intensification, especially CDNG heatwaves events.
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