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Abstract Heat waves and urban heat islands (UHIs) may interact together, but the dependence of their
interaction on background climate is unclear. Hourly meteorological observations in June to August from
2013 to 2015 collected in the megacities of Beijing (temperate semihumid monsoon climate), Shanghai
(subtropical humid monsoon climate), and Guangzhou (marine subtropical monsoon climate) in China
were used to study the interaction. At each megacity, eight rural stations and eight urban stations,
respectively, were selected to study the UHI. Although under different background climates, UHIs in Beijing
and Guangzhou shared a similar diurnal variability, that is, higher in the nighttime. However, the diurnal
cycle is opposite for Shanghai if rural coastal stations were selected as rural reference stations. During heat
wave periods, daytime (10:00–16:00) UHIs were intensified by 0.9 ± 0.13 (mean ± 1 standard deviation) °C in
Shanghai, nighttime (22:00–4:00) UHIs were intensified by 0.9 ± 0.36 and 0.8 ± 0.20 °C in Beijing and
Guangzhou, respectively. The surface solar radiation during the heat wave period was approximately 1.5
times to that under normal conditions in each city. The enhanced solar radiation during heat waves, which
was absorbed by the urban canopy in the daytime and released at night, was closely related to nighttime
UHIs in Beijing and Guangzhou and daytime UHIs in Shanghai. Additionally, changes in wind direction
were observed in Shanghai under heat waves, that is, with more than 63% (wind direction) of the wind
originating from neighboring hot cities in the southwest instead of the cool sea breeze from the southeast,
which led to a significant increase in daytime UHIs during heat wave periods.

Plain Language Summary Heat waves are one of the most damaging natural disasters in the
world. Generally, urban areas tend to experience more severe heat stress under heat waves due to the
urban heat island (UHI) effect (i.e., urban areas being warmer than rural areas). The impacts of heat waves
on UHIs under different local background climates remain unclear, especially for the diurnal cycles of UHIs.
In this study, hourly UHIs were analyzed under heat waves in three megacities: Beijing, Shanghai, and
Guangzhou. The results show that nighttime UHIs were obviously intensified in Beijing and Guangzhou
under heat waves, whereas in Shanghai, the intensified UHIs were much stronger during daytime than
during nighttime. Increased solar radiation under heat waves was an important factor for the amplified
UHIs. In addition, changes in wind direction also played an essential role in the intensified daytime UHIs
in Shanghai.

1. Introduction

The urban heat island (UHI) is a phenomenon that urban areas have higher temperatures than have the
surrounding rural areas (Voogt & Oke, 2003). It has been pointed out that the primary factors that control
UHIs are land cover change, urban expansion, and anthropogenic heat (Stewart & Oke, 2012), which reduce
the evaporative cooling efficiency and increase the storage and release of heat in urban areas (Arnfield, 2003;
Zhou et al., 2016). Urban expansion has been predicted to increase throughout the world in the future,
especially in developing countries, whose urban land cover is expected to reach 1.2 ×106 km2 in 2050
(Angel et al., 2011). Moreover, cities tend to experience increased heat stress due to their large footprints
and strong UHI effects, which result from increasing urban expansion (Luo & Lau, 2018; Wang, Huang,
et al., 2016; Zhao, 2018; Zhou et al., 2015).

A heat wave is a period of consecutive hot days (Kuglitsch et al., 2010) and is recognized as one of the
deadliest natural disasters (Poumadère et al., 2005; Semenza et al., 1996). More frequent and severe heat
waves are expected to occur in the future due to the background of continued global warming (Lewis
et al., 2017; Meehl & Tebaldi, 2004) and urbanization (Yang, Ruby Leung, et al., 2017). Approximately
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54% of the world's population already live in cities, and this number is predicted to reach 70% by 2050
(United Nations, 2014). Therefore, increasing risks of heat‐related deaths and illnesses as well as
increasing demands for power (Huang et al., 2010; Ke et al., 2016; Kovats & Kristie, 2006) exist in urban
areas (Wouters et al., 2017).

The synergistic interaction between UHIs and heat waves has been studied in several regions, and most of
these studies were based on observations or numerical simulations. Founda and Santamouris (2017) studied
the heat waves during summer 2012 in Athens and reported a positive interaction between UHIs and heat
waves; the UHI magnitude was intensified by up to 3.5 °C during heat waves. Li and Bou‐Zeid (2013) ana-
lyzed the heat waves in Baltimore, Maryland, and Washington DC and concluded that the heat stress in
urban areas was stronger than the sum of UHI effect and the heat wave effect. Zhou et al. (2018) studied
the heat wave in 2017 in the Yangtze River Delta and concluded that the UHI could explain 58% of the
record‐breaking heat stress. Perkins (2015) reviewed previous studies on heat waves and noted that UHIs
not only intensified heat stress on the first day but also weakened the ability of humans in urban areas to
handle heat stress on the following day.

Although a positive interaction between UHIs and heat waves has been demonstrated in several regions, dif-
ferent results were also observed in cities under different local background climates. Basara et al. (2010) stu-
died the heat wave that occurred in 2008 in Oklahoma City and observed that the increase in UHI was
stronger during the nighttime than during the daytime. However, McGregor et al. (2007) reported that only
nighttime UHIs were intensified during the 2013 heat wave in London. Liao et al. (2018) studied the heat
waves in China from 1961 to 2014 and concluded that the contribution of urbanization to heat waves was
stronger under a wet background climate. Furthermore, Zhao, Oppenheimer, et al. (2018) studied UHIs dur-
ing heat waves in the United States and identified that the interaction between UHIs and heat waves was
significant in temperate climate areas but nonsignificant in dry regions.

The inconsistent interaction between UHIs and heat waves led researchers to investigate how UHIs perform
differently during heat wave periods under different local background climates because local background
climates have been demonstrated to strongly contribute to UHIs (Zhao et al., 2014) and heat waves (Yoon
et al., 2018). As three megacities in China, Beijing, Shanghai, and Guangzhou are selected to represent typi-
cal cities under different local background climates, that is, temperate semihumid monsoon climate, subtro-
pical humid monsoon climate, and marine subtropical monsoon climate, respectively (see Table 1). These
three highly populated cities were all severely affected by heat waves and have experienced a series of pro-
blems related to heat‐related illness, mortality, and power supply (Gao et al., 2015; Huang et al., 2010; Yang
et al., 2013). This research aims to study the interaction between UHIs and heat waves in three megacities in
China under different local background climates. In addition, the apparent temperature (AT, also called the
human‐perceived temperature), which represents the combined effects of temperature and humidity
(Steadman, 1979), is also analyzed in this study to determine the impacts of different humidity conditions

Table 1
The Local Background Climate, Urbanization Statistics, and Heat Wave Conditions in Beijing, Shanghai, and
Guangzhou From 2013 to 2015

Geographic information

City

Beijing Shanghai Guangzhou

Downtown location 116.4°E, 39.9°N 121.1°E, 31.1°N 113.3°E, 23.1°N
Climatic zone Temperate semihumid

monsoon
Subtropical humid

monsoon
Marine subtropical

monsoon
Total areas (km2) 16,410 6,340 7,434
Main urban area (km2) 1401 1364 785
Population in 2015 (million) 21.71 24.15 13.50
Urban mean elevation (m) 43.5 5.5 37.5
Heat waves (days) 30 50 91
Normal conditions (days) 129 137 55
Urban temperature stations 8 8 8
Rural temperature stations 8 8 8
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on humans (see section 3), because high relative humidity (RH) will put more heat stress on the human body
under heat waves (Fischer & Schär, 2010).

2. Data and Methods
2.1. Data and Study Area

Beijing, Shanghai, and Guangzhou are the three largest megacities in China, and all three have sizable urban
planning areas with high population pressure; however, these cities have different local background cli-
mates (Table 1). According to the Chinese National Bureau of Statistics, Beijing had a permanent resident
population of 21.71 million in 2015, and the populations in Shanghai and Guangzhou had reached 24.15 mil-
lion and 13.50 million, respectively (Table 1). Beijing experiences a typical north temperate semihumid con-
tinental monsoon climate, Shanghai experiences a subtropical humid monsoon climate, and Guangzhou
experiences a marine subtropical monsoon climate. The western and northern parts of Beijing are sur-
rounded by mountains, while the southeastern part of Shanghai is adjacent to the East China Sea, and the
southern part of Guangzhou is close to the South China Sea (Figure 1). The sea‐land breeze strongly impacts
Shanghai due to its geographical location.

Ground‐based hourly meteorological observations (including air temperature, wind speed, and wind direc-
tion) from 1 June to 31 August from 2013 to 2015 were collected from automatic weather stations (AWSs;

Figure 1. (a) Locations of Beijing, Shanghai, and Guangzhou and (b–d) the land cover types of Beijing, Shanghai, and
Guangzhou in 2013. The urban automatic weather stations (AWSs), rural AWSs, and radiation stations are represented
by different symbols. The two triangles d1 and d2 are two inland rural stations in Shanghai (Figure 1d), the remaining six
rural stations are all coastal rural stations.
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Figure 1) and obtained from the ChinaMeteorological Administration to study UHIs during heat waves. The
daily maximum temperatures in Shanghai and its neighboring cities during the study period were also col-
lected. Surface solar radiation observations were collected at one radiation station in each city. Land cover
type data in 2013 at 30‐m resolution were used to calculate the percentages of different land cover types
within a 1‐km2 circle around each station (Wang et al., 2017).

2.2. Methods Used to Evaluate UHIs Under Heat Waves/Normal Conditions

There are different definitions of heat waves, most of which are based on daily maximum or minimum tem-
perature; the applied definition of a heat wave is generally depending on the study areas (Meehl & Tebaldi,
2004; Perkins, 2015; Robinson, 2001; Wang et al., 2015). According to the Chinese Meteorology
Administration, a heat wave is defined as a period of at least three consecutive days with the daily maximum
temperature (Tmax) reaching 35 °C. The three studied cities are all located in China; therefore, we selected
this definition in this study. In each city, all days when the daily Tmax reached 35 °C in at least one urban
station and lasted for more than 3 days were defined as heat waves; other days from 1 June to 31 August were
defined as normal conditions. Therefore, considering the impact of weather conditions on the comparison of
UHIs between heat waves and normal conditions, precipitation days (daily precipitation > 0.1 mm) and
typhoon days were excluded according to the weather reports from the Chinese Meteorology
Administration (Du et al., 2017; Walsh & Chapman, 1998).

To reduce the impact of the ambient environment background on the observations at the AWSs, the urban
stations were selected according to the following considerations (Wang et al., 2017): (1) Stations had to be in
central urban areas with more than 70% impervious surfaces. (2) The percentage of vegetation had to be less
than 20% (i.e., stations in large urban parks were not selected). In order to better compare UHIs between the
three cities, cropland was selected as the rural reference in all three cities because cropland was the main
rural type that the studied three cities shared. The rural stations were selected based on the following con-
siderations (Wang et al., 2017): (1) The percentage of impervious surfaces around the stations had to be less
than 30%, and the percentage of croplands had to be greater than 65%. (2) The differences in the surface ele-
vations between rural stations and urban stations had to be less than 30 m. (3) The rural sites had to be out-
side major urban areas. The locations and the numbers of selected AWSs are shown in Figure 1 and Table 1,
respectively. The percentage of impervious surfaces around the urban station (1 km2) had a significant posi-
tive impact on UHIs, which had already been demonstrated in our previous study (Wang et al., 2017).
Therefore, urban stations with a high percentage of impervious surfaces and rural stations with a low per-
centage of impervious surfaces were selected to reduce the impact of the station's surroundings. At last, in
each city, we selected eight rural stations and eight urban stations, respectively.

The data from all rural AWSs were averaged to represent a typical rural station. The data collected at the
urban AWSs were processed in the same way when investigating the diurnal variations in air temperatures
(Ta) and AT (Figures 2a1–2a3 and 6a1–6a3). UHIs at each urban station were calculated; afterward, UHIs at
all urban stations were averaged to represent the averaged UHI (Figures 2b1–2b3 and 7b1–7b3). Similarly,
the data under heat waves/normal conditions were averaged to compare the results under different condi-
tions. When analyzing the correlation between UHIs and solar radiation (Figure 4), the independent data
series from each day was used. Other elements, that is, RH and wind speed, were processed in the same
way. Also, the averages from 10:00 to 16:00 and from 22:00 to 4:00 were used to represent daytime and night-
time averages, respectively (Wang et al., 2017). The Tmax anomalies collected at ~220 stations during a heat
wave period (8 to 12 July 2013) in Shanghai, and its neighboring cities were used in Figure 6. Each pixel
represents a 0.2° × 0.2° grid cell; 98% of the pixels have values that contain only one station, and the remain-
ing pixels (2%) have values that represent the average of the Tmax observed at two contained stations.

The method used to calculate the average wind speed/wind direction was the same as that used by NOAA
(https://www.ndbc.noaa.gov/wndav.shtml). The simple average of the wind speed observations was
regarded as the average wind speed. The average wind direction was a “unit‐vector” average. To obtain
themain wind direction, the outliers in the wind direction data were excluded. For each set of wind direction
data during daytime/nighttime at each station, when the difference between one wind direction and the
averaged daytime/nighttime wind direction was larger than two times of the standard deviation of the set
of wind directions (Miller, 1991), these wind direction data and their related wind speed data were
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removed. The wind data collected at all urban and rural stations were used in Figure 5 since the wind
directions in urban areas and rural areas were relatively consistent according to the ground observations.

To better compare the impact of heat waves on the human body, AT (https://www.wpc.ncep.noaa.gov/html/
heatindex_equation.shtml?tdsourcetag=s_pcqq_aiomsg) and its related apparent UHIs (UHIs derived from
AT) were also analyzed in these three cities. The AT is calculated by using the full Rothfusz regression and
including adjustments (Rothfusz, 1990). The same data processing method used in Figure 2 was applied to
Figure 7 to analyze the diurnal cycles of AT and apparent UHIs.

3. Results
3.1. Amplified UHIs Under Heat Waves

Figures 2a1–2a3 displays the diurnal variations in the averaged Ta under heat waves and normal conditions
in Beijing, Shanghai, and Guangzhou. The Ta values were higher in urban areas than in rural areas in all
three cities, regardless of heat waves or normal conditions (Figures 2a1–2a3). During heat waves, diurnal

Figure 2. Time series of (a1–a3) hourly air temperatures (Ta) and (b1–b3) hourly urban heat islands (UHIs) in Beijing,
Shanghai, and Guangzhou under heat waves/normal conditions. Red lines denote the results under heat waves, and
gray lines denote the results under normal conditions.
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temperature range decreases from 10.6 ± 0.64 °C (mean ± 1 standard
deviation) in Beijing to 8.3 ± 0.42 °C in Shanghai and 6.4 ± 0.56 °C in
Guangzhou with the background climate varying from temperate semihu-
mid monsoon to subtropical humid monsoon and marine subtropical
monsoon. However, the three cities have similar Tmax during heat waves
and normal conditions.

The diurnal cycles of UHIs under heat waves and normal conditions are
shown in Figures 2b1–2b3. In spite of the fact that Beijing and
Guangzhou have the largest contrast in background climate, they shared
similar diurnal cycles of UHIs, that is, weak UHIs during daytime and
strong UHIs during nighttime (Figures 2b1 and 2b3). However, UHIs in
Shanghai showed a contrary diurnal cycle, that is, strong UHIs during
daytime and weak UHIs during nighttime (Figure 2b2). This phenom-
enon was observed because the mean and diurnal cycle of UHI was signif-
icantly depending on the selection of rural reference stations. When using
two inland rural stations as the reference, UHIs in Shanghai were much
less but showed similar diurnal cycles to those in Beijing and
Guangzhou. A more interesting finding is that UHIs were negative during
the afternoon in Shanghai (Figure 3a) when referenced to inland rural sta-
tions; the negative daytime UHIs had also been reported in Beijing (Wang
et al., 2007; Wang et al., 2017). However, if the six coastal cropland sta-
tions were selected as rural reference stations, strong daytime UHIs were
observed in Shanghai under both heat waves and normal conditions
(Figure 3b). This difference was observed because rural coastal stations
were extensively impacted by the land‐sea breeze. Similar results had
been reported elsewhere (Tan et al., 2008). These diurnal cycles of UHIs
in Beijing, Shanghai, and Guangzhou were consistent with the cycles
found in previous studies (Huang et al., 2010; Meng et al., 2011; Wang
et al., 2017).

The comparison of UHIs under heat waves and normal conditions also
shows a different result. Although UHIs were stronger for most hours
under heat waves than under normal conditions in all three cities,
Beijing and Guangzhou tended to exhibit higher nighttime UHImax (3.3
± 0.80 and 3.1 ± 0.23 °C, respectively) and greater diurnal UHI ranges
(2.8 ± 0.70 and 2.6 ± 0.44 °C, respectively) under heat waves than under
normal conditions, whereas Shanghai exhibited a stronger daytime

UHImax (1.7 ± 0.44 °C) under heat waves than under normal conditions (see Table 2). Nighttime UHIs (aver-
aged from 22:00 to 04:00) under heat waves in Beijing and Guangzhou were amplified by 0.9 ± 0.36 and 0.8 ±
0.20 °C, respectively. The daytime UHI (averaged from 10:00 to 16:00) in Shanghai was amplified by 0.9 ±
0.13 °C under heat weaves.

3.2. Strong Contributions of Solar Radiation to UHIs Under Heat Waves

Solar radiation was analyzed to better understand the heat stress resulting from solar energy (Figure 4). The
surface solar radiation (daily total solar radiation) was approximately 1.5 times stronger under heat waves
than under normal conditions (Figures 4a3, 4b3, and 4c3) in all three cities. This result indicates that days
under heat waves tend to have less cloud and permits more solar radiation reaching the surface (De
Boeck et al., 2010; Ding et al., 2010), which in turn amplifies the heat stress under heat waves (Hathway
& Sharples, 2012). In this study, we go further to show that the enhanced surface solar radiation during heat
wave period also increases the UHI.

The correlations between daily total solar radiation and UHIs during daytime and nighttime were both ana-
lyzed (Figures 4a1, 4a2, 4b1, 4b2, 4c1, and 4c2). A significant correlation was observed between UHIs and
solar radiation in Beijing during the nighttime, which was stronger under heat waves (r = 0.76, p < 0.01)
than that under normal conditions (r = 0.31, p < 0.01). For Shanghai, daytime UHIs were significantly

Figure 3. Time series of hourly urban heat islands (UHIs) in Shanghai using
different rural reference. (a) The two inland rural stations (d1 and d2, in
Figure 1d) were selected as the rural reference, whereas (b) the remaining
six coastal rural stations (in Figure 1d) were selected as the rural reference.
Red lines denote the results under heat waves, and gray lines denote the
results under normal conditions.
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correlated with solar radiation under both heat waves (r = 0.62, p < 0.01) and normal conditions (r = 0.67, p
< 0.01). Nighttime UHIs were significantly correlated with solar radiation under heat waves in Guangzhou
(r = 0.30, p < 0.01). However, no significant correlation was found between solar radiation and nighttime
UHIs in Shanghai, and the correlations between daytime UHIs and solar radiation in Beijing and
Guangzhou were insignificant either. Compared to nighttime UHIs (2.9 ± 0.26 and 2.9 ± 0.10 °C,
respectively), daytime UHIs (0.7 ± 0.15 and 0.6 ± 0.10 °C, respectively) in Beijing and Guangzhou were
very weak throughout the study period. The low signal‐to‐noise ratio of the UHIs may be the reason for
the low correlations.

3.3. Changes in Wind Direction Under Heat Waves in Shanghai

The wind roses in Beijing, Shanghai, and Guangzhou under heat waves and normal conditions are shown in
Figure 5. The wind directions during daytime and nighttime were consistent under heat waves and normal
conditions in Beijing and Guangzhou (Figures 5a1–5a4 and 5c1–5c4; the principal wind direction:
south‐southeast). However, the daytime wind direction in Shanghai differed between heat waves and nor-
mal conditions. The principal daytime wind direction was southwest (more than 63% of the wind direction;
Figure 5b1) under heat waves but was southeast (more than 70% of the wind direction; Figure 5b2) under
normal conditions.

Due to the impact of wind direction changes, air temperature in neighboring cities may have an impact on
the daytime heat stress in Shanghai. Figure 6 shows the Tmax anomaly in Shanghai and its neighbor cities
during a heat wave period (from 8 to 12 July 2013). The Tmax anomaly in eastern neighboring cities (e.g.,
Shanghai and northern Zhejiang) began to increase before the occurrence of the heat wave in Shanghai
(Figures 6a1–6a3); these high temperature anomalies then moved westward (Figures 6a4–6a6). After the
heat wave ending (Figures 6a7–6a9), high Tmax anomalies moved continually westward and disappeared
from this area. Previous studies also showed that heat waves in the Yangtze River Delta, especially
Shanghai, and many parts of southern China are triggered by the western Pacific subtropical high, and their

Table 2
The Tmax, DTR, and UHIs (Mean ± 1 Standard Deviation) Derived From Ta and AT Under Heat Waves and Normal
Conditions in Beijing, Shanghai, and Guangzhou (°C)

Temperature Conditions Beijing Shanghai Guangzhou

Ta Daily urban Tmax Heat waves 35.4 ± 0.51 36.6 ± 0.38 35.2 ± 0.55
Normal conditions 29.8 ± 0.45 28.2 ± 0.33 31.0 ± 0.35

Daily DTR Heat waves 10.6 ± 0.64 8.3 ± 0.42 6.4 ± 0.56
Normal conditions 7.1 ± 0.48 5.0 ± 0.46 3.3 ± 0.34

Daily UHImax Heat waves 3.3 ± 0.80 1.7 ± 0.44 3.1 ± 0.23
Normal conditions 2.1 ± 0.45 0.7 ± 0.33 2.2 ± 0.18

Diurnal UHI range Heat waves 2.8 ± 0.70 1.7 ± 0.41 2.6 ± 0.44
Normal conditions 1.7 ± 0.39 0.7 ± 0.36 1.8 ± 0.14

Daytime UHI Heat waves 0.7 ± 0.15 1.5 ± 0.18 0.6 ± 0.10
Normal conditions 0.5 ± 0.09 0.6 ± 0.07 0.8 ± 0.26

Nighttime UHI Heat waves 2.9 ± 0.26 0.4 ± 0.10 2.9 ± 0.10
Normal conditions 2.0 ± 0.11 0.1 ± 0.04 2.1 ± 0.10

AT Daily urban ATmax Heat waves 36.0 ± 0.94 49.2 ± 1.28 33.7 ± 1.05
Normal conditions 30.9 ± 0.65 32.1 ± 0.70 30.6 ± 0.70

Daily DTR Heat waves 10.6 ± 1.06 15.6 ± 1.53 5.3 ± 1.04
Normal conditions 7.7 ± 0.70 7.5 ± 0.90 3.1 ± 0.82

Daily UHImax Heat waves 3.4 ± 0.72 5.3 ± 0.76 3.6 ± 0.53
Normal conditions 2.2 ± 0.40 1.4 ± 0.25 2.9 ± 0.44

Diurnal UHI range Heat waves 3.5 ± 0.62 5.1 ± 0.82 2.5 ± 0.57
Normal conditions 2.0 ± 0.57 1.4 ± 0.42 2.0 ± 0.47

Daytime UHI Heat waves 0.2 ± 0.23 4.7 ± 0.42 1.4 ± 0.18
Normal conditions 0.3 ± 0.08 1.3 ± 0.11 1.6 ± 0.41

Nighttime UHI Heat waves 3.2 ± 0.23 1.5 ± 0.52 3.3 ± 0.19
Normal conditions 2.0 ± 0.08 0.2 ± 0.08 2.8 ± 0.18

Note. The calculated standard deviation represents the interstation difference. The averages from 10:00 to 16:00 and
from 22:00 to 4:00 were used to represent daytime and nighttime averages, respectively. AT = apparent temperature;
DTR = diurnal temperature range; UHI = urban heat island.
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air temperatures also begin to increase in the east and then move westward (Ding et al., 2010; Luo & Lau,
2017; Wang et al., 2014), which makes more wind come from neighboring hot cities in the southwest rather
than from the cool sea areas in the southeast.

3.4. Amplified Apparent UHIs Under Heat Waves

Figures 7a1–7a3 show the diurnal cycles of AT under heat waves and normal conditions. Nighttime AT was
higher under heat waves than under normal conditions in Beijing and Guangzhou, and daytime AT was
higher under heat waves than under normal conditions in Shanghai. Compared to Beijing and
Guangzhou, Shanghai had a very high daytime ATmax (49.2 ± 1.28 °C) and a large diurnal AT range (15.6
± 1.53 °C) under heat waves. Guangzhou had a lower daily ATmax (33.9 ± 1.05 °C) and a lower diurnal
AT range (5.4 ± 1.04 °C) under heat waves than had Beijing (ATmax: 36 ± 0.94 °C, diurnal AT range: 10.6
± 1.06 °C).

Figure 4. Scatterplots of daily total solar radiation as a function of daytime/nighttime urban heat islands (UHIs) in (a1, a2) Beijing, (b1, b2) Shanghai, and (c1, c2)
Guangzhou. (a3, b3, c3) The average values (bars) and the standard deviations (whiskers) of solar radiation under heat waves/normal conditions. Red symbols
denote the result under heat waves, gray symbols denote the results under normal conditions.
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Figures 7b1–7b3 show the diurnal cycles of apparent UHIs (UHIs derived from AT). Nighttime apparent
UHIs were stronger under heat waves than under normal conditions in all three cities, and daytime apparent
UHIs were stronger under heat waves than under normal conditions in Shanghai. Beijing and Guangzhou
exhibited stronger nighttime apparent UHIs (3.2 ± 0.23 and 3.6 ± 0.19 °C, respectively; see Table 2) under
heat waves than under normal conditions (2.0 ± 0.08 and 2.9 ± 0.18 °C, respectively). Shanghai had a stron-
ger daytime apparent UHI under heat waves (4.6 ± 0.42 °C) than under normal conditions (1.5 ± 0.11 °C).
The diurnal apparent UHI range was larger in Shanghai (4.9 ± 0.82 °C) under heat waves than in Beijing and
Guangzhou (3.5 ± 0.62 and 2.6 ± 0.57 °C, respectively).

Figure 5. Wind roses in Beijing, Shanghai, and Guangzhou during daytime/nighttime: (a2, b2, c2, a4, b4, and c4) under normal conditions and (a1, b1, c1, a3, b3,
and c3) under heat waves.
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Apparent UHIs were calculated based on air temperature and RH. Figure 8 shows the diurnal cycles of RH
and the urban‐rural difference in RH (RHurban‐rural). The RH under heat waves were lower than that under
normal conditions for most hours in all three cities. This phenomenon is also called the urban dry island,
which can be intensified by urban expansion as well (Hao et al., 2018; Luo & Lau, 2019; Yang, Ren, et al.,
2017). The RH in Shanghai was higher than that in Beijing and Guangzhou, which could explain the highest
AT in Shanghai. The strong urban‐rural RH contrasts in Beijing led to a significant correlation between
RHurban‐rural and UHIs (Figure 9) during both daytime (r = −0.62, p < 0.01) and nighttime (r = −0.73, p
< 0.01) under heat waves, the significant correlations were also observed under normal conditions in
Beijing. However, the RHurban‐rural in Shanghai was not significantly related to UHIs, and the correlation
between RHurban‐rural and UHIs was also low in Guangzhou (Figure 9).

Figure 6. The Tmax anomalies during (a3–a7) a heat wave period (8 to 12 July 2013) and (a1, a2, a8, a9) normal conditions in Shanghai and its neighboring cities.
The area with pink border lines is Shanghai. The averaged Tmax during the period July 1986–2015 was used as a reference to calculate the Tmax anomaly.
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4. Discussion

This study shows that the surface solar radiation during heat wave period is generally higher under heat
waves than that under normal conditions. This is because heat waves generally come with a high‐pressure
system (e.g., western Pacific subtropical high) and less cloud compared with normal conditions (De Boeck
et al., 2010; Ding et al., 2010; Luo & Lau, 2017). The enhanced surface solar radiation in turn increases
the air temperature under heat waves. Moreover, the Ta in rural areas tended to increase faster; this phenom-
enon was most likely due to urban geometry, which was often understood to be the cause (Oke, 1981).
Observations and model simulations have demonstrated that the surface solar radiation was intercepted
and deposited in the urban canopy during daytime and released during nighttime, which is an important fac-
tor determining UHIs (Liu et al., 2014; Oke, 1981; Wang et al., 2017). This impact does not change with the
local climate. Therefore, Beijing and Guangzhou showed similar characteristics in the interaction between
heat waves and UHIs. Similar results were observed in other inland cities. For example, nighttime UHIs
were demonstrated to be strongly intensified in Oklahoma (an inland city) under heat waves (Basara
et al., 2010).

Figure 7. Time series of (a1–a3) hourly apparent temperature and (b1–b3) hourly apparent urban heat islands (UHIs) in Beijing, Shanghai, and Guangzhou under
heat waves/normal conditions. Red lines denote the results under heat waves, and gray lines denote the results under normal conditions.
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However, Shanghai is a coastal city, whose UHIs tend to be impacted by the land‐sea breeze. UHIs in
Shanghai were more obvious at daytime under heat waves if the coastal rural stations were selected as the
rural reference (Figure 3b). Different principle wind directions were observed in Shanghai during the day-
time, and the main daytime direction was southwest under heat waves but changed to southeast under nor-
mal conditions. On the one hand, with less wind originating from the cooler sea areas, the air temperatures
in urban and rural areas were hotter at daytime under heat waves. On the other hand, more dry air from land
came with less cloud, which permitted more solar radiation reaching the surface at daytime under heat
waves (De Boeck et al., 2010; Ding et al., 2010). The enhanced surface solar radiation during heat wave per-
iod in turn increased the mean air temperature and the urban‐rural contrast in air temperature (i.e., UHI).
Similar results were observed in other coastal cities. For example, the intensified UHIs were stronger during
daytime than during nighttime in Athen (a coastal city) under heat waves when referenced to three coastal
rural stations (Founda & Santamouris, 2017).

Changes in wind speed had been demonstrated to have an important impact on UHIs in Beijing (Li et al.,
2016). Li et al. (2016) studied the UHIs under heat waves in Beijing and observed enhanced urban wind
speed during daytime and reduced urban wind speed during nighttime, which led to an enhanced UHI at

Figure 8. Time series of (a1–a3) hourly relative humidity (RH) and (b1–b3) hourly urban‐rural difference in relative humidity (RHurban‐rural) in Beijing, Shanghai,
and Guangzhou under heat waves/normal conditions. Red lines denote the results under heat waves, and gray lines denote the results under normal conditions.
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both daytime and nighttime. The positive correlation between Vurban‐rural (urban‐rural wind speed
difference) and UHIs were also observed at both daytime and nighttime in Beijing (Figures S2a1 and S2b1
in the supporting information). However, although there was strong urban‐rural wind speed difference
(Vurban‐rural) in Shanghai (Figures S1a2 and S1b2), no significant correlations were observed between
UHIs and Vurban‐rural in Shanghai (Figures S2a2 and S2b2). The correlations between UHIs and Vurban‐

rural were also weak during heat waves in Guangzhou (Figures S2a3 and S2b3). In addition to these
elements, increased anthropogenic heat use due to air conditioning (Smoyer‐Tomic et al., 2003; Tan et al.,
2007) may also contribute to intensification of UHIs under heat waves.

Nighttime AT was higher under heat waves than under normal conditions in Beijing and Guangzhou,
whereas in Shanghai AT was higher for most hours of the day under heat waves than normal conditions.
With a high daytime Ta and a high RH, Shanghai tended to have higher AT and stronger apparent UHIs dur-
ing the daytime under heat waves than did Beijing and Guangzhou, which led to severe heat stress in urban

Figure 9. Scatterplots of urban‐rural differences in relative humidity (RHurban‐rural) as a function of UHIs in (a1, a2)
Beijing, (b1, b2) Shanghai, and (c1, c2) Guangzhou during daytime/nighttime. Red symbols denote the results under
heat waves, gray symbols denote the results under normal conditions.
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areas. Beijing tended to have strong apparent UHIs during nighttime and weak apparent UHIs during day-
time. Guangzhou tended to have stronger apparent UHIs during nighttime than during daytime.

5. Conclusion

Atmospheric UHIs under heat waves/normal conditions were compared in different local background cli-
mates. Although located under different local background climates, Beijing and Guangzhou tended to have
similar diurnal cycles of UHIs, which were strong during nighttime and weak during the daytime. Shanghai
is impacted by the sea‐land thermal difference and tends to exhibit strong daytime UHIs and weak nighttime
UHIs. Solar radiation plays an important role in UHIs under heat waves. Solar radiation is significantly cor-
related with daytime UHIs in Shanghai and nighttime UHIs in Beijing and Guangzhou. The increased solar
radiation under heat waves leads to a strong intensification of nighttime UHIs in Beijing and Guangzhou.
Compared to UHIs under normal conditions, nighttime UHIs in Beijing and Guangzhou were intensified
by 0.9 ± 0.36 and 0.8 ± 0.20 °C under heat waves, respectively, and daytime UHIs in Shanghai were intensi-
fied by 0.9 ± 0.13 °C under heat waves.

The heat stress brought by the intensified UHIs would pose a severe threat to life and health of human dur-
ing heat waves. According to Anderson and Bell (2011), the heat‐related mortality risk would increase by
2.49% for every 0.55 °C increase during heat wave periods. Besides, changes in wind direction also contrib-
uted to the strong daytime UHIs in Shanghai under heat waves. In addition to solar radiation and wind,
other synoptic conditions, such as increased surface pressure, reduced cloud cover, decreased precipitation,
advective moisture, and drier air column over the area, may also contribute to heat waves (Lau &Nath, 2014;
Luo & Lau, 2017;Wang, Zhou, et al., 2016), whichmay have an impact on UHIs in the three cities under heat
waves and need further studies.
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