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Large-scale modifications to urban underlying surfaces owing to rapid urbanization have
led to stronger urban heat island (UHI) effects and more frequent urban heat wave (HW)
events. Based on observations of automatic weather stations in Beijing during the
summers of 2014–2020, we studied the interaction between HW events and the UHI
effect. Results showed that the UHI intensity (UHII) was significantly aggravated (by 0.55°C)
during HW periods compared to non-heat wave (NHW) periods. Considering the strong
impact of unfavorable weather conditions and altered land use on the urban thermal
environment, we evaluated the modulation of HW events and the UHI effect by wind speed
and local climatic zones (LCZs). Wind speeds in urban areas were weakened due to the
obstruction of dense high-rise buildings, which favored the occurrence of HW events. In
detail, 35 HW events occurred over the LCZ1 of a dense high-rise building area under low
wind speed conditions, which was much higher than that in other LCZ types and under
high wind speed conditions (< 30 HW events). The latent heat flux in rural areas has
increased more due to the presence of sufficient water availability and more vegetation,
while the increase in heat flux in urban areas is mainly in the form of sensible heat flux,
resulting in stronger UHI effect during HW periods. Compared to NHW periods, lower
boundary layer and wind speed in the HW events weakened the convective mixing of air,
further expanding the temperature gap between urban and rural areas. Note that LCZP
type with its high-density vegetation and water bodies in the urban park area generally
exhibited, was found to have a mitigating effect on the UHI, whilst at the same time
increasing the frequency and duration of HW events during HW periods. Synergies
between HWs and the UHI amplify both the spatial and temporal coverage of high-
temperature events, which in turn exposes urban residents to additional heat stress and
seriously threatens their health. The findings have important implications for HWs and UHII
forecasts, as well as for scientific guidance on decision-making to improve the thermal
environment and to adjust the energy structure.
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INTRODUCTION

Economies around the world are developing rapidly with global
economic integration. Meanwhile, the processes of urbanization
and industrialization are also accelerating year by year. Due to
increases in population density, immense changes in land use,
increases in anthropogenic heat emissions, and reduced green
space have led to strong urban heat island (UHI) effects (Yang
et al., 2016; Li et al., 2020). This phenomenon, manifested by
enhanced air/surface temperature in urban areas compared to
their rural surrounding areas (Oke and Maxwell, 1975; Roth,
2007), is one of the key characteristics of urban climates. The UHI
effect has become one of the primary factors affecting the urban
ecological environment, with important impacts on extreme
climate events, human health, and economic losses (Ren, 2015;
Rizwan et al., 2008; Yang et al., 2019; Luo and Lau, 2018; Luo and
Lau, 2019).

As the capital of China, Beijing is one of the fastest developing
metropolizes in recent decades. A significant UHI phenomenon
has been induced in Beijing by its rapid urbanization in the past
few decades (Liu et al., 2007; Zheng et al., 2018; Yang et al.,
2020b). Liu et al. (2007) studied the interannual variation of the
near-surface UHI intensity (UHII) during 1977–2000 in Beijing
and found that the temperature rise in urban areas was greater
than in rural areas. Based on long-term temperature observations
from 1967 to 2016, Huang and Lu (2018) reported that the UHII
had increased significantly, with a growth rate of about 0.29°C/
10a, in those 50 years. Many studies have also pointed out that,
usually, the UHII in Beijing is stronger in winter and weaker in
summer (Xie et al., 2006; Yang et al., 2013); while in terms of daily
variation, it tends to be stronger at night than during the day (Ren
et al., 2007; Huang and Lu, 2018).

In the context of global warming, extreme high-temperature
events are increasing in both frequency and duration (Meehl and
Tebaldi, 2004; Yang et al., 2017; Lehner et al., 2018). The
superimposed effect of heat waves (HWs) and UHIs causes
more days and areas to experience high-temperature events,
which poses a serious threat to the health of urban dwellers
owing to intensified and prolonged heat exposure (Tan et al.,
2010; Chew et al., 2021). Li et al. (2015) revealed that the UHII is
enhanced during HW periods compared to non-HW (NHW)
periods in Beijing. Also, consistent synergies between UHIs and
HWs have been reported in western Sydney (Khan et al., 2020),
Seoul (Ngarambe et al., 2020), Singapore (Mughal et al., 2020),
and Rome (Zinzi et al., 2020). Regarding the factors modulating
UHIs and HWs, they are complex and vary both spatially and
temporally, but can broadly be categorized into natural-type
factors (local topography, synoptic weather, meteorological
factors such as wind speed, cloud cover, relative humidity,
etc.) and anthropogenic-type factors (i.e., anthropogenic
activities such as emissions of anthropogenic heat and
aerosols, as well as land use/land cover changes related to
rapid urbanization, etc.) (Li et al., 2015; Ngarambe et al., 2020;
Zinzi et al., 2020). To some extent, buildings, the surface
composition, and pavements also affect the exchanges of heat
in cities (Shahidan et al., 2012; Wong et al., 2017; He, 2019).
Therefore, the synergies between UHIs and HWs are highly

localized. In most previous studies, the air temperature at a
single urban site has been used to represent the air
temperature of an entire city. Clearly, this is flawed, as the
temperature at a meteorological station can only represent the
temperature of its immediate surroundings, and different
meteorological stations in large cities might differ completely
in terms of their underlying surface types. Therefore, it is difficult
to make generalizations on this basis.

Accordingly, in this study, we took local climate zones
[LCZs—a new and systematic classification of field sites for
heat island studies (Stewart and Oke, 2012)] around the
selected automatic weather stations into account. Besides, we
also considered the impact of wind speed, since it has a certain
heat dissipation effect on different building structures and urban
forms (Uehara et al., 2000; Wang Q. et al., 2020). Based on the
data from the selected automatic weather stations in Beijing
during the summer seasons of 2014–2020, we explored how
LCZs, together with wind speed, modulate the UHI and HWs
in Beijing.

DATA AND METHODS

Summertime hourly meteorological data (surface air temperature
and wind speed) during 2014–2020, for 10 urban sites and 7 rural
sites, were retrieved from automatic weather stations in Beijing
(http://data.cma.cn/en). As the capital of China, Beijing has
experienced large-scale and rapid changes to its urban
environment in the past few decades, with the urban space
having expanded mainly in suburban areas in the most recent
decade (Li et al., 2021). Therefore, an important selection
criterion was applied in that, during the study period
(2014–2020), urban stations had to be within the urban center
(considered here as within or near the Fifth Ring Road), and rural
stations had to be far away from major construction areas
(Figure 1; Table 1). The selection of urban and rural stations
refers to the method of previous studies (Yang et al., 2013; Shi
et al., 2015; Shi et al., 2021). The method described by Xu et al.
(2013) was used for quality control and homogenization of the
daily meteorological data.

In this study, we defined UHII as the difference between the
surface air temperature at each urban site and the surface air
temperature averaged over rural sites. Countries and regions
around the world adopt different methods to study high-
temperature HW events, and the standards for defining high-
temperature HWs also vary greatly. HW events are usually
identified as cases in which the daily maximum temperature
reaches or exceeds a certain threshold for several consecutive
days. The threshold for high temperature can be a relative value
or an absolute threshold (Ngarambe et al., 2020). In this paper, an
HW event is defined as when the daily maximum temperature
exceeds 35°C for three consecutive days or more, as described by
Yao et al. (2020).

To explore the potential impact of urban forms and land-cover
types on the interaction between the UHI and HWs, we obtained
the LCZ category of each reference station based on the LCZ
dataset produced by the Institute of Urban Meteorology, China
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Meteorological Administration, Beijing. The fine-scale
underlying surface data were derived in SAGA GIS by a
random forest classification of the Landsat eight satellite data
in 2018 according to the workflow provided by the World Urban
Database and Access Portal Tools. This LCZ dataset for Beijing

consists of 17 LCZ types with significant differences based on the
characteristics of the underlying surface of the urban climate
proposed in previous studies (Stewart and Oke, 2012; Stewart
et al., 2014). In particular, owing to the rapid urbanization of the
city, we defined a special category, LCZH, to classify regions

FIGURE 1 | (A)Geographical locations of reference stations within the boundaries of Beijing. (B)Google Earth images of urban stations. The built-up areas data can
be accessed at https://zenodo.org/record/4034161#.YFc56driuUl.

Frontiers in Earth Science | www.frontiersin.org June 2021 | Volume 9 | Article 6737863

Zong et al. UHI and HWs in Beijing

https://zenodo.org/record/4034161#.YFc56driuUl
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


composed of a large number of construction areas. Exploring the
thermal environment of urban green spaces as well can help to get
a better understanding of their contribution to urban
environment and a more comprehensive view on urban
thermal environment. Therefore, we also defined the
underlying surface of the green space and forest park in the
urban as a new type of LCZP to distinguish between the greenery
within and outside city. We chose the five most common
categories of LCZ (i.e., LCZ1, LCZ2, LCZ4, LCZ5, and LCZP)
in the Beijing urban area. Two urban stations for each chosen
LCZ were selected in this study (see Figure 1 and Table 1 for their
geographical locations). To ensure that the impact of
urbanization changes on the reference stations was minimized,
an important criterion was employed in that urban stations had to
be within or near the 5th Ring Road and remote from LCZH. It is
important to emphasize that green space was found in both urban
and rural areas, and they had similar underlying surface
structures, but a major difference between them was that
urban LCZP was mostly forest parkland in the urban center,
and there were still urban buildings around it, while the rural
green space was far away from urban built-up areas and the
thermal impact of human activities was smaller. It is worth noting
that this provides strong evidence that green space and vegetation
in the city help to effectively alleviate the UHI effect (Doick et al.,
2014; Zhou et al., 2019).

Besides, we also referred to observational heat flux data during
an HW event (2016.07.09–2016.07.11) and an NHW event
(2016.07.06–2016.07.08) at an urban site (Institute of
Atmospheric Physics Tower, IAP, at 47 m) and rural site
(Miyun Tower, MY, at 36 m) (specific locations are shown in
Figure 1A). Similarly, sounding profiles at 0800, 1400, and 2000
LST at Guanxiangtai (GXT) station (see Figure 1A) during this
period were used to calculate the boundary layer height (BLH).
Furthermore, to study the potential effect of wind speeds on the
UHI and HWs, wind speeds were classified into three categories
[low (0–0.74 m/s), medium (0.75–1.44 m/s) and high
(1.45–11.7 m/s)] using the k-means clustering algorithm.
Finally, we employed analysis of variance (ANOVA) tests to

assess the UHII differences under different wind speed and LCZ
categories, and the statistical significance was tested at a 0.001
confidence level.

RESULTS

UHII Differences Between HW and NHW
Periods
Figure 2 shows that the summer UHII in Beijing was strong at
night and in the early morning, and weak during the daytime in
2014–2020, which is similar to the results of previous studies (Xie
et al., 2006; Liu et al., 2007; Yang et al., 2013). In general, the
diurnal variation of summer UHII displays a U-shaped
fluctuation. The 7-years average UHII during HW and NHW
periods ranged from 0.55 to 2.53°C and from 0.28 to 1.72°C,
respectively. Overall, the average UHII during HW periods was
larger than that during NHW periods. Moreover, the impact of
urbanization on HW events cannot be ignored. With the
acceleration of urbanization, urban and suburban stations have
experienced varying degrees of warming, which has not only led
to a more extensive UHI effect, but also caused more HW events
with long durations in urban areas compared to rural areas (Tan
et al., 2010; see also Supplementary Figure S1).

In addition, the diurnal cycles of maximum UHII among all
urban stations are also shown, to detect the relationship between
hourly maximum UHII and HW events (Supplementary Figure
S2). Similarly, the average maximum UHII during HW periods
was stronger than during NHW periods. To further analyze the
difference in UHII between HWandNHWperiods, we calculated
ΔUHII as the UHII during HW periods minus the UHII during
NHW periods, and the diurnal variation of ΔUHII is shown in
Figure 3. The ΔUHII reached up to 1.77 and 1.67°C in 2015 and
2020, respectively. While ΔUHII usually reached a minimum at
0900 and 1800 LST, the peak often occurred at noon or at
midnight. The diurnal variation of ΔUHII roughly followed a
“W” shape. In general, the diurnal variation of ΔmaxUHII is
consistent with that of ΔUHII, and are mainly modulated by
anthropogenic heat emissions, aerosols, atmospheric circulation,
etc. (Zheng et al., 2018; Zheng et al., 2020; Yang et al., 2020a). The
HW–NHW differences in UHII suggest that UHII can be
amplified by HW events, and then the enhancement of UHII
can feed back positively to HWs (Luo and Lau, 2018; Ngarambe
et al., 2020).

Modulation of HWs and UHII by Wind Speed
To assess the influence of wind speed on HWs and UHII, we
applied k-means clustering to the wind speed data and divided the
results into three categories—namely, high, medium, and low.
The numbers of HW events under these different wind speed
categories for each urban station are shown in Figure 4 (see also
Supplementary Figure S3 for the durations of HW events under
different wind speed categories for each urban station). Under
high wind speeds, the highest number of HW events (6) was at
station SYQ, out of a total of 19 HW days. The number of
occurrences of HW events at GGXT, HD, and OP was 0. During
medium wind speed periods, 5 out of 10 urban stations

TABLE 1 | Geographical locations of the reference stations.

Station Lon (°E) Lat (°N) Site type Local climate zone

LWT 116.85 40.23 Rural LCZA
AD 116.51 39.61 Rural LCZB
DXC 116.45 40.22 Rural LCZC
YLD 116.78 39.67 Rural LCZC
PGZ 116.34 39.61 Rural LCZC
DSGZ 116.92 40.08 Rural LCZD
NZ 116.11 39.6 Rural LCZD
GGXT 116.43 39.91 Urban LCZ1
GY 116.35 39.93 Urban LCZ1
FSC 116.27 39.87 Urban LCZ2
SYQ 116.46 39.98 Urban LCZ2
FT 116.25 39.87 Urban LCZ4
JG 116.44 39.81 Urban LCZ4
XNT 116.39 39.87 Urban LCZ5
SHQ 116.48 39.91 Urban LCZ5
HD 116.28 39.98 Urban LCZP
OP 116.39 40.02 Urban LCZP

Frontiers in Earth Science | www.frontiersin.org June 2021 | Volume 9 | Article 6737864

Zong et al. UHI and HWs in Beijing

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


experienced more than 10 HW events, the average duration of
which was more than 35 days. SHQ had 20 HW events (72 days).
As for periods of low wind speed, the number of HW events at

GGXT (25) was much higher than at other stations, and much
longer (average of 109 days). At many stations, there were fewer
HW events under low wind speeds, which may have been due to

FIGURE 2 | Diurnal variation of UHII between HW and NHW periods during summertime (June–August) 2014–2020. HW and NHW periods are indicated by red and
blue, respectively. Lines denote average UHII values and shaded areas present the standard deviation of the average UHII values according to all urban reference stations.

FIGURE 3 | Diurnal differences in UHII between HW and NHW periods during summertime (June–August) 2014–2020. Red lines present average maximum UHII
values, and blue lines present average UHII values according to all urban reference stations.
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the smaller threshold difference between the low and medium
wind speed categories.

Figure 5 depicts the UHII values under for each urban station
and all urban stations under different wind speed categories. The

average UHII value under high, medium and low wind speed was
0.82, 0.85 and 0.99°C, respectively. Based on ANOVA, the average
UHII difference of the three wind speed groups was statistically
significant, with F (6418) � 18.46 and p < 0.001. Under high wind

FIGURE 4 |Number of HW events under different wind speed conditions at each urban station during 2014–2020: (A) high wind speeds; (B)mediumwind speeds;
(C) low wind speeds; (D) wind speeds per LCZ.

FIGURE 5 | Box-and-whisker plots of the UHII values under different wind speed conditions at each urban station during 2014–2020. In the plots, the central box
represents the values from the lower to upper quartile (25th to 75th percentile). The vertical line extends from the maximum to the minimum value. The middle black solid
line represents the median, the middle red solid line represents the average, and the red plus signs represent outliers.
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speeds, the UHIIs of SYQ, FT and SHQ were significantly higher
than at other stations. This may have been due to the low number
of wind speed samples at these stations; plus, even those samples
classified into the high wind speed category were closer to the
lower bound of the qualifying range.

Modulations of HWs and UHII by the LCZs
To explore how the LCZs modulate HW events and UHI effects,
we quantified the HW events and UHII values under each LCZ
category. Two urban stations for each category of LCZ were
included, and the specific LCZ types of each urban station can
be seen in Table 1. It is worth mentioning that LCZ1 stands for a
dense high-rise building area, and LCZ2 for a dense middle-rise
building area, LCZ4 for an open high-rise building area, LCZ5

for an open mid-rise building area, and LCZP for a sparse
tree area.

As shown in Figure 6, in the 7 years of the study period, there
were 46, 37, 26, 41 and 32 HW events in LCZ1, LCZ2, LCZ4,
LCZ5, and LCZP, with durations of 205, 148, 101, 171, and
135 days, respectively. It is clear that the number and duration of
HW events under LCZ1, LCZ2, and LCZ4 was significantly
decreasing. It strongly proves that the LCZs have a very
positive regulatory effect on HW events. In dense high-rise-
building areas, HW events occur more frequently and last
longer. Compared with LCZ1 and LCZ2, LCZ4, LCZ5, and
LCZP have a lower building density and a relatively small
building height to width ratio, which may reduce the duration
and frequency of HW events (Ngarambe et al., 2020).

FIGURE 6 | Number and duration of HW events under each LCZ.

FIGURE 7 | Box-and-whisker plots of the UHII values under each LCZ.
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Surprisingly, the number of HW events in LCZ5 was higher than
in LCZ2 and LCZ4. Why this was the case is further discussed in
the next section.

Furthermore, ANOVA was employed to test the differences in
the UHII levels under the five LCZs, giving a result of F (6423) �
498.64 and p < 0.001. The UHII levels under the five LCZs varied
significantly. The largest mean UHII value was found in LCZ1,
which was 1.38°C. The average UHII of LCZ2, LCZ4, LCZ5, and
LCZP was 1.14, 0.51, 1.28 and 0.29°C, respectively. The UHII
under LCZ1, LCZ2, LCZ4, and LCZP depended strongly on the
characteristics of the underlying surface. Similar to what was
found for HW events, the UHII under LCZ5 was also higher than
under LCZ2 and LCZ4 (Figure 7).

DISCUSSION

In UHII Differences Between HW and NHW Periods we analyzed
the daily variation of UHII during HW and NHW periods in the
summers of 2014–2020. The difference between them was also
calculated. We found that the UHII during HW periods was
significantly stronger than during NHW periods. This means
that, compared to NHW periods, the urban heat during HW
periods increased more than in rural areas, resulting in a stronger
UHI effect. In general, the surface receives more shortwave and
longwave radiation during HW periods than NHW periods
(Supplementary Figure S5; Hong et al., 2018). Additionally,
the latent heat flux in rural areas has increased more due to the

FIGURE 8 | The differences of heat flux at urban station (IAP) and rural station (MY) between HW days (2016.07.06–2016.07.08) and NHW days
(2016.07.09–2016.07.11). LE: latent heat flux, H: sensible heat flux, to calculate Q as LE + H, ΔLE � LEHWS-LENHWS, ΔH � HHWS-HNHWS, ΔQ � QHWS-QNHWS.

FIGURE 9 | The averaged BLH during a case for 2016.07.06–2016.07.11, included both HW days (2016.07.06–2016.07.08) and NHW days
(2016.07.09–2016.07.11).
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presence of sufficient water availability and more vegetation, while
the increase in heat flux in urban areas is mainly in the form of
sensible heat flux (Li et al., 2015; Zheng et al., 2018; see also
Figure 8, and Supplementary Figure S6). Coupled with the high-
pressure controlled during the HW period, the downdraft
restrained the boundary layer development (Tressol et al.,
2008). Similarly, relative to the NHW period, lower BLH
during the HW period was observed in the present work
(Figure 9), which was not conducive to convective mixing.
Moreover, due to the unique underlying city canopy-layer
structure with good thermal conductivity and large heat
capacity (Stewart and Oke, 2012; Ren, 2015; Wang L. et al.,
2020), the increase in net heat flux was more over urban areas
than rural areas (i.e., Δ QN, Rural<Δ QN, Urban in Figure 10),
resulting in stronger UHI effect during HW periods. In addition,
the demand for water and electricity for heatstroke prevention and
cooling during HW periods has soared, which may increase
anthropogenic heat emissions in the urban. As a result, the
temperature of dry air in urban areas will rise more than
humid air in rural areas, causing a wider temperature gap
between urban and rural areas under HW conditions. In
general, the schematics of mechanisms of HW events
enhancing UHI effect can be summarized in Figure 10. In the
present work, the daily variation ofΔUHII betweenHWandNHW
periods roughly followed a W-shaped curve, with the troughs
appearing at 0800 and 1800 LST. Interestingly, at around 1800
LST, the interaction between HWs and UHII was almost negligible
(ΔUHII between HW and NHW periods was zero or close to
zero). As shown in Figure 8, the difference in radiation flux
between HW and NHW periods, both in urban and rural areas,
was also approximately zero, resulting in little difference in the
temperature increase between urban and rural areas.

Moreover, in view of the impact of weather conditions and
land-use characteristics on the urban thermal environment, we
evaluated the influences of wind speed and LCZs on HW events
and UHII. It was found that, when the surface temperature
increases rapidly and the horizontal wind speed is low, this is
conducive to the formation of HW events with a high-pressure
anticyclone controlled by a prevailing downdraft and stable
atmosphere (Tressol et al., 2008). Wind speed plays an
important role in local heat exchange (Tong and Leung, 2012),
wherein reduced horizontal advection cooling could promote an
increased UHII (Figure 5 indicates that UHII under low wind
speeds was higher than under medium or high wind speeds). The
characteristics of surface land use and the spatial configuration of
urban buildings are also likely to be responsible for enhancing the
UHII during HW periods. Bare soil and vegetation in rural areas
might favor soil evapotranspirative cooling. On the contrary, less
water content due to pavements and buildings restrains
evapotranspiration in urban areas. As a result, there will be a
greater frequency of HW events and a stronger UHI effect in
dense high-rise-building areas such as LCZ1, LCZ2, LCZ4, LCZ5,
etc. However, in the present study, the results for LCZ5 conflicted
with this assertion. In this respect, it should be noted that XNT is
located close to the Beijing South Second Ring Road, and SHQ is
near the East Fourth Ring Road, close to the most complex
overpass in Beijing (Figure 1B). Vast heat emissions caused by
traffic may therefore have been partly responsible for high-
temperature events and strong UHI effects under LCZ5.

Note that LCZP experienced many more and longer HWs than
other LCZs. Usually, LCZP is composed of low-density plants, and
its vegetation and green spaces alleviate the overall UHII
considerably owing to higher rates of evaporation causing
surface cooling (Doick et al., 2014; Zhou et al., 2019). However,

FIGURE 10 | Schematics of mechanisms of HW events enhancing UHI effect.
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numerous studies have established that cooler surfaces caused by a
higher proportion of green space and associated additional
irrigation increased the risk from HW events over the North
China Plain (Kang and Eltahir, 2018; Krakauer et al., 2020). In
this study, the LCZP atOP station, with high-density vegetation and
water bodies, was similar to an irrigation area. In the early stage of
an HW event, due to the evapotranspiration of water bodies and
vegetation, a large amount of heat is stored, and then this enormous
quantity of heat might be emitted into the air in the form of sensible
heat (Figure 8), resulting in a sharp rise in temperature (Stap et al.,
2014; Teuling et al., 2010). The evaporation of vegetation and water
effectively suppresses the increase in the surrounding air
temperature during the initial period. However, this process will
eventually accelerate the consumption of soil moisture, and then
dissipate more heat to the air, leading to increased temperature,
especially in HW periods with strong solar radiation. In addition,
Zhao et al. (2014) observed that the cooling efficiency of UHIs was
reduced by 58% in humid areas with more vegetation, and Feinberg
(2021) believed that, in this case, water vapor, as a greenhouse gas,
can double the direct radiative forcing to heat the air. As a result, it is
more conducive to increasing the occurrence of HW events.
Although the effects of vegetation and water bodies on the
process of radiation transmission are highly complex, we
observed two opposite effects on the urban thermal
environment. On the one hand, in general, green space and
water bodies in the urban area had a mitigating effect on the

UHI phenomenon. On the other hand, during HW periods, they
also increased the frequency and duration of HW events.
Elucidating the physical mechanism involved here is worthy of
further study via numerical experiments.

There was a clear correlation between wind speed and the LCZ
categories, and this is because wind speed may be weakened due
to the obstruction of dense high-rise buildings (the distributions
of wind speed under different LCZ categories are shown in
Supplementary Figure S4). Therefore, HW events and UHI
effects are regulated by LCZs in combination with wind speed.
Table 2 shows the influence of wind speed and LCZs on UHII via
two-way ANOVA. It is clear that, under the interactive effect of
wind speed and LCZs, the average UHII difference was significant
[F (8) � 16.42, p < 0.001]. This is robust proof of a co-regulatory
effect of LCZ type and wind speed on UHII, and that the LCZ is
more sensitive to the regulation of UHII. In addition, Figures 4D,
11 present the number of HW events and the distribution of UHII
under different wind speed periods for each LCZ, which to some
extent can separate the effects from wind speed and LZCs. When
considering the impact of LCZs only on HW events, there were
clear gaps in the frequency and duration of HW events under
different LCZs. It shows that, under a specific wind speed
category, HW events in dense high-rise-building areas have a
higher frequency and longer duration. High-frequency and long-
duration HW events are more likely to happen under lower wind
speeds in a certain LCZ area.

TABLE 2 | Two-way analysis of variance between wind speed and LCZs to UHII.

Source Sum Sq d.f Mean Sq F Prob>F

WS 1.01 2 0.505 0.79 0.3755
LCZ 458.71 4 114.677 178.35 0
WS*LCZ 10.56 8 10.56 16.42 0
Error 4121.49 6410 0.643
Total 5514.08 6424

FIGURE 11 | Box-and-whisker plots of the UHII values under different wind speed categories in each LCZ.
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Our work still has a few limitations. For example, relative
humidity, cloud cover, precipitation, and other meteorological
factors also have an impact on the UHI effect, which may affect
the interaction between HWs and UHII. In addition, the
atmospheric circulation situation, anthropogenic heat
emissions, and the impact of aerosols on the balance of
surface radiation are other potential influencing factors of HW
events and UHI effects (Li et al., 2015; Yang et al., 2020b;
Ngarambe et al., 2020; Zinzi et al., 2020). Therefore, future
studies should also consider these factors to explore their
influences on HW events and the UHI effect.

CONCLUSION

Based on the observations of automatic weather stations in
Beijing during the summers of 2014–2020, the joint effects of
wind speed and LCZs on urban extreme high-temperature
events and the UHI effect were explored. Results showed that
UHII was significantly aggravated during HW periods
compared to NHW periods. Wind speeds in urban areas
were weakened due to the obstruction of dense high-rise
buildings, which favored the occurrence of HW events.
During HW periods, both rural and urban surfaces received
more shortwave and longwave radiation, resulting in increased
heat storage. The latent heat flux in rural areas has increased
more due to the presence of sufficient water availability and
more vegetation, while the increase in heat flux in urban areas is
mainly in the form of sensible heat flux. Moreover, due to city
canopy-layer structure with good thermal conductivity and
large heat capacity, the increase in net heat flux was more
over urban areas than rural areas, resulting in stronger UHI
effect during HW periods. Lower boundary layer and wind
speed in the HW events have weakened the convective
mixing of air, which would further expand the temperature
gap between urban and rural areas, compared to NHW periods.
Meanwhile, LCZP in the urban park area, with its water bodies
and vegetation, was found to play unique roles in HWs and
UHII as follows: On the one hand, in general, green space and
water bodies in urban areas can have a mitigating effect on the
UHI phenomenon. On the other hand, during HW periods, they
can also increase the frequency and duration of HW events.

In general, synergies between HWs and UHI amplify both the
spatial and temporal coverage of high-temperature events, which
in turn exposes urban residents to additional heat stress and

seriously threatens their health. The present work can lend
support to the prediction of extreme high-temperature events
and UHI effects in megacities like Beijing. Our findings have
important implications for HWs and UHII forecasts, as well as for
scientific guidance on decision-making to improve the thermal
environment and to adjust the energy structure.
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