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Extreme hot events have increased evidently under global warming, particularly in the
urban areas. This study aims to explore the detailed features of future changes in summer
heat waves (HWs) over three major urban agglomerations (Beijing Tianjin Hebei, BTH;
Yangtze River Delta, YRD; Pearl River Delta, PRD) in eastern China under 1.5 and 2.0°C
warming scenario by using the Weather Research and Forecasting model (WRF) with the
updated land cover data for China (ChinaLC), which is also coupled with urban canopy
model. Based on the future projection results from Community Earth System Model
(CESM) under the Representative Concentration Pathway (RCP) 4.5, dynamic
downscaling with high-resolution WRF has been performed to project the future
changes in frequency, duration and intensity of summer HWs in urban agglomerations
under 1.5 and 2.0°C warming scenarios respectively. Compared with the historical period,
it is found that both the summer HWs indices and the HWs affected areas all increase
significantly under 1.5 and 2.0°C warming scenarios. The increasing rates of the three HWs
indices are above 50% under 1.5°C warming situation, and 70% for 2.0°C warming
scenario, with the increasing rate of HWs intensity even exceeding 200%. It is noted that an
additional 0.5°C warming from 1.5 to 2.0°C can produce much larger impact on the future
HWs changes in YRD, with the HWs intensity increased by 75.5% from 1.5 to 2.0°C
warming scenarios. It is further found that the changes of HWs indices in urban area is
much higher than that of non-urban areas under 1.5 and 2.0°C warming, indicating that the
urban areas will face higher risk of heat-related illness or environments than suburban or
rural areas in the future. Our results can provide further scientific support for the mitigation
and adaption strategy for the future HWs risk in mega-cities.

Keywords: heat waves, dynamic downscaling, urban agglomerations, 1.5°C and 2.0°C global warming, future
projection

Edited by:
Zhaowu Yu,

Fudan University, China

Reviewed by:
Huopo Chen,

Institute of Atmospheric Physics
(CAS), China
Zhichao He,

Snow and Landscape Research
(WSL), Switzerland

*Correspondence:
Hongyun Ma

hyma@nuist.edu.cn

Specialty section:
This article was submitted to

Interdisciplinary Climate Studies,
a section of the journal

Frontiers in Earth Science

Received: 27 November 2021
Accepted: 18 January 2022

Published: 18 February 2022

Citation:
Ma H, Wang Y and Lin Z (2022) Future
Changes of Summer Heat Waves Over

Urban Agglomerations in Eastern
China Under 1.5°C and 2.0°C

Global Warming.
Front. Earth Sci. 10:823286.

doi: 10.3389/feart.2022.823286

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 10 | Article 8232861

ORIGINAL RESEARCH
published: 18 February 2022

doi: 10.3389/feart.2022.823286

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.823286&domain=pdf&date_stamp=2022-02-18
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.823286/full
http://creativecommons.org/licenses/by/4.0/
mailto:hyma@nuist.edu.cn
https://doi.org/10.3389/feart.2022.823286
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.823286


INTRODUCTION

Heat waves are extreme events associated with particularly
sustained high temperatures (Frich et al., 2002; Perkins 2015;
Hua et al., 2021; Yu et al., 2021; Yang et al., 2021a), which can
produce adverse impacts on human mortality, regional
economies, and natural ecosystems (Kovats and Hajat 2008;
McMichael and Lindgren 2011; Lesk et al., 2016). For
instance, the long-lasting and widespread HWs in 2013 over
eastern China brought 59 billion RMB direct economic losses
(Sun et al., 2014). Observational data over the past few decades
indicate that the frequency of HWs has increased all over the
world (Seneviratne et al., 2014; Perkins 2015; Yang et al., 2021b).
Under global warming, HWs are projected to become more
intense, frequent and longer lasting over most land areas in
the late 21st century (Meehl and Tebaldi 2004; Coumou and
Robinson 2013; Su and Dong 2019a).

In urban areas, surface air temperatures are generally higher
than those in rural areas due to the urban heat island (UHI) effect
(Oke 1982). This indicates that the urban areas are more exposed
to the risk from HWs (Stone et al., 2010; Ren and Zhou 2014).
More than 55% of the world’s total population is currently living
in urban areas, which is expected to increase in the future with the
expansion of urbanization and the growth of population (http://
world-statistics.org). These urban residents are directly affected
by the combined influence of global warming caused by
greenhouse gases and the UHI effect caused by urbanization,
which makes them more vulnerable to the effect of heat extremes
(IPCC, 2014; Sun et al., 2014; Yu et al., 2018).

Since the 1980s, urbanization has rapidly accelerated in China,
especially in eastern China, where the economy develops apace
with high population density (Wang et al., 2012; Gong et al.,
2019). An evident increased trend in summer HWs over eastern
China is found during the last decade (Chen and Li 2017; Su and
Dong 2019b). Recent studies suggest that the increasing frequency
of extreme summer heat wave in eastern China is attributable to the
anthropogenic emission of greenhouse gases and the expansion of
UHI due to rapid urbanization (e.g., Dian-Xiu et al., 2014; Sun
et al., 2016). It is also found that most of the densely populated
regions, such as eastern China, will expect to witness larger
increases of extreme heat events than the other regions of East
Asia under 1.5 and 2.0°C warming scenarios (Li et al., 2018). Yu
et al. (2018) further suggested that the additional 0.5°C temperature
rise from 1.5 to 2.0°C warming will lead to significantly increased
extreme HWs in China’s urban agglomerations.

It is noted that most of the previous studies used datasets from
Coupled Model Intercomparison Project Phase 5 (CMIP5)
models under different RCP scenarios to investigate the
changes of weather and climate extremes in response to global
warming. However, due to the coarse resolution and imperfect
parameterization scheme of urban land surface physical
processes, most of the existing climate system models can not
reasonably depict the differences between cities and their
surrounding areas, which might lead to larger uncertainties in
the simulation and projection of extreme weather and climate
events in urban areas (Pachauri et al., 2014). To reduce regional-
scale biases, dynamical downscaling with regional model driven

by global climate system models’ output is widely adopted
because of the higher spatial resolution and better
representation of physical processes for regional climate
models (Grossman-Clarke et al., 2017; Chen et al., 2018; Wu
et al., 2020; Ge et al., 2021).

Therefore, this study aims to reasonably project the future
changes of HWs in typical urban agglomerations in eastern China
by dynamical downscaling using the high-resolutionWRFmodel.
To improve the representation of physical processes in urban
areas, the WRF model coupled with urban canopy model (UCM)
was employed. The global future climate projections were derived
from the National Center for Atmospheric Research (NCAR)
Community Earth System Model under the RCP4.5 scenario.
Three major urban agglomerations in eastern China (Beijing-
Tianjin-Hebei, BTH; Yangtze River Delta, YRD; Pearl River
Delta, PRD) were selected as the research regions in this
study. The structure of this paper is organized as follows, the
details of the data and methodology are described in Section Data
and Methods. the performance of the downscaled simulation of
HWs over three urban agglomerations is systematically evaluated
and the future changes in temperature and HWs are presented in
Section Results. The discussion and conclusion are in Section
Conclusion and Discussion.

DATA AND METHODS

Study Areas
In this study, the three urban agglomerations located in coastal
Eastern China, i.e., Beijing-Tianjin-Hebei region (BTH), the
Yangtze River Delta (YRD), and the Pearl River Delta (PRD),
are selected as research areas. These three regions are the most
mature and competitive urban agglomerations in China, with the
largest population density and the highest level of national
economic development, which is the inevitable outcome of
China’s new industrialization processes (Fang 2015). More
specifically, the three urban agglomerations have an area of
370 × 103 km2, with a population of 102.19 million and a
GDP of CNY 30.82 trillion (Chou et al., 2021), and these
suggest that the degree of exposure and vulnerability to
climate disasters and potential economic losses in three urban
agglomerations are much larger than that in other regions.

Model, Experiments Design, and
Meteorological Data
The regional model used for dynamic downscaling in this study is
the WRF model version 3.9.1 (Skamarock and Klemp 2008),
which is coupled with the Urban Canopy Model (UCM) (WRF/
UCM; Kusaka et al., 2001; Kusaka and Kimura 2004). Two one-
way nesting strategy has been configured for WRF, with 15 km
spatial resolution for outer domain and 5 km resolution for inner
domain. As shown in Figure 1, three urban agglomerations are all
located in the innermost domain, with 78 × 90 grid cells for BTH
region, 90 × 110 for YRD and 45 × 57 grid points for PRD
respectively. The Lambert conformal map projection was adopted
for the model’s horizontal coordinates. The vertical grid
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contained 37 terrain-following eta levels from the surface up to
50 hPa. The main physical schemes adopted in this study include
the WRF Single-Moment 6-class microphysics scheme (Hong
and Lim, 2006), the Kain-Fritsch cumulus scheme (Kain, 2004),
the Rapid Radiative Transfer Model for GCM (RRTMG)
longwave and shortwave radiation scheme (Iacono et al.,
2008), the Yonsei University boundary layer scheme (Hong
et al., 2006), and the Noah land surface model (Chen and
Dudhia, 2001) which is coupled with the single-layer UCM.

Atmospheric initial and lateral boundary conditions for
driving the WRF model were taken from the bias-corrected
CESM CMIP5 datasets (with a horizontal resolution of 0.9° ×
1.25° in latitudinal and longitudinal directions) at 6-h intervals
(https://rda.ucar.edu/datasets/ds316.1/). Compared with other
CMIP5 models, CESM can reasonably reproduce the global
temperature and precipitation distribution (Knutti and
Sedlacek 2013), especially in China (Chen and Frauenfeld,
2014). For the future projection, a low-medium scenario
(i.e., RCP45) was selected, which is corresponding to moderate
emissions with a range of technologies and strategies for reducing
GHG emissions (Thomson et al., 2011).

Moreover, the daily mean surface air temperature (SAT)
retrieved from the Earth System Grid data portal was used to
estimate the timing of 1.5 and 2°C global warming in the CESM
projection under RCP4.5 scenario. Relative to the preindustrial
period, the timing for 1.5 and 2°C warming is expected in year 2030
and 2047 respectively, based on the CESM CMIP5 projection
under RCP4.5 scenario. To investigate future changes in
summer HWs over urban agglomerations of eastern China
under 1.5 and 2.0°C global warming, we take 1996–2005 as
reference time period, 2025–2034 as 1.5°C warming time period,
and 2042–2051 as 2°C warming time period in this study. Then
three sets of 10-year dynamical downscaling experiments have
been conducted, with WRF driven by the CESM simulation and
projection results, i.e., 1) a historical downscaling run during
1996–2005 (Hereafter “Exp HIS-run”), with WRF driven by
CESM historical simulation during the same period, 2) a
scenario run under 1.5°C warming (Hereafter “Exp 1.5-run”),
with WRF driven by CESM future projection results during
2025–2034, and 3) a scenario run under 2°C warming
(Hereafter “Exp 2.0-run”), with WRF driven by CESM future
projection results during 2042–2051. For each experiment, the

FIGURE 1 | Double-nested model domains used in the study, with D01 as the outer domain and d02 being the innermost domain for (A) Beijing-Tianjin-Hebei
region (BTH) (B) Yangtze River Delta (YRD) and (C) Peral River Delta (PRD) respectively. Land-use and land cover categories over BTH, YRD and PRD are shown in
(D–F). The black spots in (D–F) denote the meteorological observation stations over the three urban agglomerations.
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model was initiated from 12:00 UTC 31 May and run until 00:00
UTC 1 September each year, with the first 12 h of each run being
considered as the spin-up time.

The daily mean temperature (Tmean) and maximum
temperature (Tmax) during 1996–2005, which is from the
meteorological stations of the China Meteorological
Administration (https://data.cma.cn), have been adopted for
the evaluation and bias correction of WRF-based dynamical
downscaling results. There are 21, 27, and 7 meteorological
stations selected in BTH, YRD, and PRD, respectively. These
stations include both urban stations and suburban stations in
model domain d02 (Figures 1D–F).

Land Cover Data
The default land cover data (USGS 24-category) used in the WRF
model are based on 1-km Advanced Very High Resolution
Radiometer data obtained from 1992 to 1993, which cannot
provide up-to-date information. In the present study, a 5-km
resolution ChinaLC dataset from 1981 to 2010 was used to
represent land cover in the model. Detailed information
regarding the data sources and the classification approach can
be found in Li et al. (2017) and Yang et al. (2017). When compared
with other large-scale land cover datasets, the ChinaLC dataset
shows an average overall accuracy of approximately 75%, which is
much higher than its counterparts (Xiao et al., 2015; Li et al., 2017).
As the resolution of the inner WRF domain was set to 5 km, which
is the same as the spatial resolution of ChinaLC data, the land use
data in the model can be replaced by the ChinaLC data in theWRF
Preprocessing System.

The classification scheme of the ChinaLC dataset is developed
based on the International Geosphere-Biosphere Programme
(IGBP) land cover classification scheme, which is different
from that of the USGS dataset in the WRF model. Before
utilizing the ChinaLC dataset, the classification transformation

was carried out based on the method used by Liang et al. (2019). A
land cover case of the 2010s from the ChinaLC dataset was
introduced into the WRF/UCM to represent the land cover over
the urban agglomerations. The land cover classifications of the
2010s for the innermost model domains are shown in Figures
1D–F. We can see that the main types of land cover in the urban
agglomerations present wide divergence in different latitudes,
especially for the urban/built-up land (shaded areas in red).
However, the urban/built-up land is not the dominant land
cover type in urban agglomerations. In the historical scenario,
the percentages of urbanized areas in BTH, YRD, and PRD are
4.89, 8.49, and 17.86%, respectively. Despite the varying
percentages caused by the different area sizes of selected
research regions, the climate characteristics of urban parts are
usually very different from those of the suburbs in the regions.
Therefore, the response of extreme cases in urban areas to global
warming may have been underestimated in previous studies by
using the regional average changes.

Definition of Heat Waves
Generally, there are several HW definitions which are based on
relative or absolute thresholds, but it is also noted that there is no
single HW definition which could be universally accepted (You
et al., 2017). Following the heatwave warning criteria used by the
China Meteorological Administration (www.cma.gov.cn/en/
WeatherWarnings/), we define extreme high temperature with
a threshold of 35°C in this study, and the day with Tmax ≥ 35°C is
defined as a high-temperature day. An HW event is then
identified when there are three and more consecutive high-
temperature days. Furthermore, three widely used HW indices
are adopted for analysis in this study, i.e., the frequency index,
which is the number of HWs in the study period; the duration
index, which is the sum of the number of high temperature days
during the HWs; the intensity index, which refers to the

FIGURE 2 | Flow chart for the examination of future changes of summer heat waves over the three urban agglomerations.
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cumulative sum of the difference between the daily maximum
temperature and the 35°C threshold for all HWs in study period.
In this study, we focus on changes of HWs in summer season, so
all above three HW indices are calculated for summer season,
i.e., June, July and August.

Bias Correction Method
To reduce the model uncertainty of WRF/UCM in simulating the
daily mean and maximum temperature, bias correction (BC) for
the WRF/UCM-based downscaled Tmax is needed. Based on the
average difference between the observed and simulated Tmean and
Tmax during the period 1996–2005, a climatology based bias
correction method is applied in this study, just as mentioned
in Li et al. (2018).

The bias-corrected temperature for the model (TMC) was
calculated as follows:

TMC � Tmodel + (TTOBS − TTmodel) (1)
Where Tmodel represents the simulated daily mean/maximum
temperature at each grid cell of the model, and (TTOBS −
TTmodel) stands for the mean systematic error of the
temperature. TTOBS and TTmodel are the mean values from the

observation of all stations and the simulation of model
corresponding to the stations during 1996–2005, respectively.

Using the bias corrected temperature results, the future
changes of summer HWs in three urban agglomerations have
been estimated, and the flow chart of analysis in this study is
shown in Figure 2 as following.

RESULTS

Model Validation
To examine the performance of the WRF/UCM modeling system,
the frequency histograms of simulated results versus observed data
for Tmean and Tmax are shown in Figure 3. All daily values during
the entire analysis period (JJA of 1996–2005) from the
meteorological stations were used. For BTH, YRD and PRD, the
records are 18,900 (92 days × 10 years × 21 stations = 18,900),
24,300 (92 days × 10 years × 27stations = 18,900) and 6,300 (92 days
× 10 years × 7 stations = 6,300), respectively. From the frequency of
occurrence in different temperature sections, there are good
temporal correlations between the bias-corrected model outputs
and observations for Tmean and Tmax. The correlation coefficients

FIGURE 3 | Frequency comparison histogram of Tmean and Tmax between observation data and WRF simulation results during the entire analysis period (JJA of
1996–2005) over (A,D) BTH, (B,E) YRD, and (C,F) PRD (solid color represents observation data, and grids represent WRF simulation results; R represents the
correlation coefficients, and ME represents the mean bias).
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are mostly greater than 0.6 for all three urban agglomerations. The
mean bias ranges from 1.04 to 1.38 for Tmean and from 1.22 to 1.7
for Tmax. Furthermore, the spatial distributions of summer Tmean

and Tmax in observations and bias-corrected model simulations are
demonstrated in Figure 4. The HIS-run well replicates the
observations in JJA with a spatial correlation coefficient of more
than 0.6, which indicates that the bias-corrected model outputs
capture the climatological features acceptably. The urban heat

island effect can be seen, as Tmean and Tmax tend to be higher in
the urban areas and lower in the surrounding areas.

In summary, the bias-corrected model outputs can, to a great
extent, generate the regional-scale characteristics of the summer
temperatures realistically at each selected urban agglomeration
faithfully, which suggests the reliability of using WRF downscaling
for projecting the HW indices’ future changes. We note that a few
efforts recently attempted to apply the WRF dynamic downscaling

FIGURE 4 | Spatial distributions of averaged Tmean and Tmax of observation data and WRF simulation results during the entire analysis period (JJA of 1996–2005)
over (A–D) BTH, (E–H) YRD, and (I–L) PRD.

FIGURE 5 | Box diagram of the differences in Tmean and Tmax of the three urban agglomerations over eastern China between (A) Exp 1.5-run and Exp HIS-run,
between (B) Exp 2.0-run and Exp HIS-run, and between (C) Exp 2.0-run and Exp 1.5-run (“×” represents the average value, the top horizontal line refers to the maximum
value, the bottom horizontal line represents the minimum value, the upper and lower quartile indicate the ranges from 25th to 75th percentile in the packing drawing, and
the middle horizontal line represents the median).
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method to revisit the regional impacts of global warming
(Yamamoto et al., 2018; Ge et al., 2021).

Future Summer Temperature Changes
Figure 5 presents the WRF-projected changes in summer Tmean

and Tmax over the three urban agglomerations under 1.5 and
2.0°C warming conditions relative to the historical run. Projected
Tmean and Tmax both increase under 1.5 and 2.0°C warming
throughout the urban agglomerations. When the warming
reaches 1.5°C under RCP4.5, the averaged increasing
magnitude of Tmax are 0.97°C with the inhomogeneous
changes range between 0.92 and 1.01°C over BTH region. As
for YRD region, the 10-year mean increasing magnitude is 0.88°C,
with the range between 0.82 and 0.94°C. The increasing
magnitude is smallest over PRD region, with mean magnitude
of 0.85°C, maximum Tmax increase is 0.90°C, and minimum Tmax

increase is 0.82°C. The increasing magnitudes of Tmax are stronger
than those of Tmean. It suggests that the number of extreme high
temperature events will soar in urban agglomerations. Under the
scenario of 2.0°C warming, the changes of summer temperatures
will be greater (Figure 5B), and the largest increases of Tmean and
Tmax occur in YRD.

How the increase from 1.5 to 2.0°C warming impacts on
summer temperatures is shown in Figure 5C. With this
additional 0.5°C temperature rise, Tmean will increase by 0.29°C
(0.19–0.38°C), 0.68°C (0.6–0.75°C) and 0.34°C (0.33–0.36°C) over
BTH, YRD and PRD, respectively, whereas Tmax can rise by 0.2°C
(0.1–0.26°C), 0.59°C (0.5–0.69°C) and 0.36°C (0.33–0.4°C) for
BTH, YRD and PRD, respectively. Obviously, the increases of
Tmean and Tmax in response to the additional 0.5°C warming are
largest in YRD, which implies that by enforcing the agreement on
limiting the temperature increase to 1.5°C, the YRD region will
benefit more than the other urban agglomerations in terms of
reducing extreme hot events. This result is consistent with the
results of multi-mode projection on extreme maximum
temperature by Yu et al. (2018). Note that the increases of
Tmean and Tmax in response to the additional 0.5°C warming
in the other urban agglomerations except YRD region is slightly
weaker than the additional rise. This may be because our study
focuses on summertime when the warming trend will be less
significant than winter in China under future global warming
(Yang et al., 2021c). In addition, Ge et al. (2021) pointed out that
the smaller benefits achieved from the additional 0.5°C warming
limit for the WRF projection than CESM.

FIGURE 6 | Spatial distributions of the difference in HW frequency over the three urban agglomerations between Exp 1.5-run and Exp HIS-run (A,D,G), between
Exp 2.0-run and Exp HIS-run (B,E,H), and between Exp 2.0-run and Exp 1.5-run (C,F,I). The colored area indicates that the change is statistically significant at the 95%
confidence level.
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Future Heat Wave Changes
Figures 6–8 show the spatial distributions of projected future
changes in the HWs’ frequency, duration, and intensity over the
three urban agglomerations. The three indices of summer HWs
are enhanced in most areas of the urban agglomerations against
the backgrounds of 1.5 and 2.0°C warming. According to the
variation diagrams of HW frequency in Figures 6A,D,G, the HW
frequency is enhanced in almost entire BTH and YRD under the
1.5°C warming scenario. In BTH, the enhancement mainly occurs
over the urban underlying surface and the underlying surface of
dry cropland to the south of the urban areas, while the urban and
cropland/woodland mosaic areas witness most of the HW
frequency increases in YRD. As for PRD, the HW frequency
decreases in the urban areas of Guangzhou, but increases
significantly in the surrounding cities. Under the 2.0°C
warming scenario, there is a similar distribution of HW
frequency changes, but the range is more extensive, and the
intensity is stronger (Figures 6B,E,H). With the additional
temperature increase of 0.5°C from 1.5 to 2.0°C, the frequency
of HWs in metropolitan areas (such as Beijing, Shanghai,
Guangzhou) will decrease (Figures 6C,F,I). It should be
pointed out that the frequency of HWs in our study is defined

based on the HW events, so the reduction of frequency may not
mean the decrease of high-temperature days, because the increase
of HWs’ duration may reduce HWs’ frequency in the fixed
summertime.

The variations of HW duration under different scenarios are
illustrated in Figure 7. Compared with the historical period,
when reaching the warming scenarios of 1.5 and 2.0°C, the urban
agglomerations show a ubiquitous characteristic of prolonged
HW duration at different latitudes from north to south, and the
more southwards the urban agglomerations are located, the larger
increases their HW duration will have. In those urban
agglomerations, the regions with relatively larger HW duration
growth can generally match the regions with higher HW
frequency increase shown in Figure 6. As can be seen from
Figures 7C,F,I, with the additional 0.5°C warming, the duration
of HWs increases both in the urban areas and in the suburbs.
Why does the frequency of HWs in urban areas decrease, while in
the suburbs on the contrary (Figures 6C,F,I), and the duration of
HWs in the suburbs increases more than that in urban areas? It
may be because the current urban areas have higher frequency
and longer duration of HWs than the suburbs due to the heat
island effect. Therefore, under global warming, HWs’ frequency

FIGURE 7 | Spatial distributions of the difference in HW duration over the three urban agglomerations between Exp 1.5-run and Exp HIS-run (A,D,G), between Exp
2.0-run and Exp HIS-run (B,E,H), and between Exp 2.0-run and Exp 1.5-run (C,F,I). The colored area indicates that the change is statistically significant at the 95%
confidence level.
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and duration increase within a limited extent in cities, while the
suburbs have a greater growth space.

Different from the changes in the frequency and duration of
HWs, whether from the historical period to the 1.5 and 2.0°C
warming periods or from 1.5 to 2.0°C warming, large increases of
HW intensity are mainly concentrated over the urban underlying
surface (Figure 8). This implies that the urban population will
face stronger HWs in the future.

Furthermore, the future changes in the area-average
frequency, duration, and intensity of HWs in each urban

agglomeration are summarized in Table 1. It can be seen from
the table that, under any scenario, the more southward the urban
agglomerations are, the higher frequency, longer duration, and
greater intensity their HWs will have, since the HW indices are
related to the geographical latitudes of the urban agglomerations.
Under the 1.5°C warming scenario, the frequency, duration and
intensity of HWs are increased respectively by 50.4, 63.6, and
116.7% in BTH, 84.7, 84.6, and 123.2% in YRD, and 76.3, 109.8,
and 130.4% in PRD compared with the historical period. Among
the three HWs indices, the intensity grows the most. The

FIGURE 8 | Spatial distributions of the difference in HW intensity over the three urban agglomerations between Exp 1.5-run and Exp HIS-run (A,D,G), between Exp
2.0-run and Exp HIS-run (B,E,H), and between Exp 2.0-run and Exp 1.5-run (C,F,I). The colored area indicates that the change is statistically significant at the 95%
confidence level.

TABLE 1 | The values and growth rates of the three HW indices in the three urban agglomerations over eastern China under historical and different warming scenarios.

Heat
waves
indices

BTH urban agglomeration YRD urban agglomeration PRD urban agglomeration

Frequency Duration Intensity Frequency Duration Intensity Frequency Duration Intensity

History 1.15 5.63 6.81 0.98 6.03 7.28 1.18 6.87 8.15
1.5°C 1.73 9.21 14.76 1.81 11.13 16.25 2.08 14.41 18.78
2.0°C 1.99 10.65 20.56 2.09 16.10 28.52 2.21 18.33 26.96
1.5°C-History growth rate (%) 50.4 63.6 116.7 84.7 84.6 123.2 76.3 109.8 130.4
2.0°C-History growth rate (%) 73.0 89.2 201.9 113.2 167.0 291.8 95.8 166.8 230.8
2.0–1.5°C growth rate (%) 15.0 15.6 39.3 15.5 44.7 75.5 6.3 27.2 43.6
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additional warming of 0.5°C from 1.5 to 2.0°C will result in 15.5,
44.7, and 75.5% increases in the frequency, duration, and
intensity of HWs in YRD, which are the largest among those
of the three urban agglomerations.

Difference in Heat Wave Risks Between
Urban and Non-Urban Areas
From the spatial distribution figures concerning the future
changes in HWs’ frequency, duration, and intensity, we can
see large spatial differences in each urban agglomeration, which
mainly lie between the urban and non-urban underlying
surfaces. Four major land cover types were selected to
analyze their HW index values in each urban agglomeration
in detail. Figure 9 shows the area-average HW frequency,
duration, and intensity values of different land cover types in
each urban agglomeration. Compared with other major land
cover types, the urban areas have much higher frequency,
duration, and intensity of HWs. The response of HW indices
to the warming is more robust in the urban areas, especially
under 1.5°C warming climate. In the scenario of 1.5°C warming,
the HWs’ frequency, duration and intensity in urban areas of
BTH are 3.73, 19.36, and 51.98 respectively. Compared to the
respective values of HW indices over the dryland cropland and

pasture, which are the biggest among those of non-urban land
cover types in BTH, the above values in urban areas are 60, 68,
and 144% higher. In YRD, the HW frequency, duration, and
intensity in urban areas are 3.44, 22.96, and 41.49 respectively,
and those values are 65, 83 and 140% higher than the respective
greatest values for non-urban land cover, which all belong to the
irrigated cropland and pasture in this case. The HW frequency,
duration, and intensity in the urban areas of PRD are 4.71,
38.74, and 59.54 respectively, which are 74, 126, and 200%
higher than those of the cropland and woodland mosaic, the
largest among the respective values for non-urban land cover. In
PRD, the differences in the values of HW indices between urban
and non-urban areas are particularly significant. The foregoing
results thus suggest a much graver future risk of HWs in urban
areas than in non-urban areas.

CONCLUSION AND DISCUSSIONS

Urban areas are more vulnerable to HWs due to the combined
impacts of global climate change and their own local climate
effects. In this study, the high-resolution downscaling results of
WRF/UCM have been used to investigate the future changes of
summer HWs under 1.5 and 2.0°C global warming over three

FIGURE 9 | Area averages of HW frequency (A), (B), (C), duration (D), (E), (F) and intensity (G), (H), (I) over four major underlying surfaces in each urban
agglomeration (black represents the historical period, blue represents the 1.5°C warming period and red represents the 2.0°C warming period).
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urban agglomerations of eastern China. The results indicate that
the WRF/UCM model can capture the basic features of summer
temperature across urban agglomerations.

The results of downscaling projection based on the WRF/
UCM show that the influence ranges of HWs in summer are
significantly expanded, and the values of HWs indices are
significantly increased compared with the data of the historical
period. The growth rates of the three HWs indices can reachmore
than 50% in the 1.5°C warming period, and can even be higher
than 70% in the 2.0°C warming period, during which the growth
rate of HW intensity is more than 200%. An additional 0.5°C
temperature increase from 1.5 to 2.0°C has the most significant
impact on the future HWs of the YRD urban agglomeration;
particularly, the HW intensity therein can increase by 75.5%,
which is far higher than the other urban agglomerations.

The downscaled changes of HWs in the three urban
agglomerations under the future warming of 1.5–2.0°C are
qualitatively consistent with previous conclusions derived from
statistically downscaled results of 19 CMIP5 models under
RCP4.5 (Yu et al., 2017), although the magnitude of changes
differs due to difference in extreme events definition and climate
models used for projection (Li et al., 2018; Sun et al., 2019). But all
results suggest that urban agglomerations would go through very
extreme heat waves events if there is no climate change mitigation
strategy being taken in the remainder of the 21st century.

It is noted that the possible changes of the HWs across three
urban agglomerations in this study are under transient warming
condition using CESM projection results. There has recent
interest in understanding the differences of future changes of
climate extremes between stabilized and transient warming
situation (Sun et al., 2019; King et al., 2020; Ge et al., 2021).
King et al. (2020) pointed out that there are substantial
differences of temperature changes between transient and
quasi-equilibrium states, relative to differences between the 1.5
and 2 °C global warming limits. Therefore, it is worthy of in-depth
study of the differences in HWs between transient and
equilibrium climates, which is of great significance for
managing the risks of climate change.

On the other hand, the projections or statistically downscaled
data based on coarse-resolution global climate system models used
the regional averaged results to represent the future climate change
in urban agglomerations, which is insufficient in urban areas

(Bounoua et al., 2015; Zhao et al., 2021). This results derived
from WRF/UCM model downscaled data demonstrate the
warming response in urban areas is more prominent, compared
with other major land cover types in each urban agglomeration. In
the scenario of 1.5°C warming, the difference of HWs between
urban and non-urban areas is particularly significant in PRD.
Based on the CMIP6 data sets under all future scenarios, the
greatest heat risk considering population or economy is projected
in the PRD region (Chou et al., 2021; Zhang et al., 2021), which is
consistent with our projections. The results should provide further
scientific support for the mitigation and adaption of the future
HWs risk in mega-cities.

However, only RCP4.5 was used in our analysis and various
RCPs may cause uncertainties of the result. Uncertainties from
the projections of various global models can also be another
source of the uncertainties of the results. In addition, accurate
land cover information is also important. It is necessary to
perform further investigation to reduce the uncertainty in our
results for better supporting the mitigation and adoption of the
future HWs risk in the urban areas.
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