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Abstract

The Coronavirus Disease 2019 (COVID-19) lockdown in early 2020 reduced
human activities in Wuhan, China, thereby altering the urban heat island (UHI)
effect. The epidemic period (EP) during January 1, 2020-May 31, 2020 is divided
into four stages, including pre-lockdown, first (EP_LS1) and second (EP_LS2)
lockdown, and after-lockdown (EP_ALS) stages, which are identified according
to different antivirus measures in early 2020 and confirmed by comparing the
daily electricity consumption over the Wuhan metropolitan area during 2020
and 2019. Then, the Wuhan UHI intensity (UHII) during each stage is compared
to that during the baseline period of 2016-2019 and 2021. Daytime, night-time,
and daily UHIIs are reduced; the larger decrease is during EP_LS1 and EP_LS2,
of which EP_LS1 with the strictest antivirus measures shows a significant
decrease (<—0.12°C or <—36%), especially during night-time with
—0.23 + 0.05°C (or —47 + 9%). The declined UHII persists in all stages (exclud-
ing EP_ALS), even after removing the natural variability of the air temperature;
EP_LS1 still exhibits the largest and significant decrease (<—0.18°C or <—52%).
To remove possible impacts of the local weather conditions, the UHII changes
are recalculated by randomly sampling the 90, 80, 70, and 60% data points in
each stage of EP with 1,000 repetitions. Results suggest limited influence of the
local weather conditions, and then validate our findings. This study provides an
important observational evidence of human-induced control on urban climate,
and further confirms the necessity to include human dynamics in climate/earth
system models for better simulating and predicting urban climate.
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1 | INTRODUCTION

In early December 2019, the abrupt outbreak of the Corona-
virus Disease 2019 (COVID-19) occurred in Wuhan, China,
and spread rapidly across the globe (Wang and Zhang,
2020; Yang et al., 2020a). As of February 2021, there had
been more than 27 million confirmed cases globally, with
more than 2.1 million deaths (Word Health Organization
(WHO), 2021). For preventing the rapid COVID-19 spread
across China, drastic measures were implemented, includ-
ing a nationwide lockdown in late January 2020 (Tian
et al., 2020). Specifically, the government closed the out-
bound corridors of Wuhan on January 23, 2020, limited
vehicle use, and closed schools, government offices, and fac-
tories (Chen et al., 2020; China Internet Information
Center, 2020; Hubei Government, 2020).

China's antivirus measures have inconvenienced per-
sonal daily life and society operation and have led to siz-
able socio-economic losses (Wang and Zhang, 2020);
nevertheless, the nationwide lockdown constitutes an ideal
and unprecedented opportunity for researching human
activities and related impacts. The nationwide lockdown
likely resulted in decreased air pollutant emissions across
China. Analysing the altered emissions of these pollutants
and elucidating the underlying mechanisms has become a
cutting-edge research topic in 2020 (e.g., Chen et al., 2020;
Hubei Government, 2020; Miyazaki et al., 2020; Shi and
Brasseur, 2020; Yang et al., 2020a). Wang and Zhang (2020)
showed that relative to the reference years 2012-2018,
China's average PM, s (particulate matter <2.5 pm diame-
ter) and PM;, (particulate matter <10 pm diameter), and
SO,, CO, and NO, concentrations were remarkably reduced
during the 2020 lockdown while the O; concentration
increased. Aerosols have a cooling effect on the atmosphere,
which is induced directly by scattering and absorbing solar
radiation, and indirectly by altering cloud properties
(Chistoforou et al., 2000; Wu et al., 2017; Yang et al.,
2020a; 2020b); hence, declined aerosol emissions during
the COVID-19 lockdown would lead to an increase in air
temperature. Yang et al. (2020a) showed that in January—
March 2020, an anomalous warming of 0.05-0.15 K was
apparent in eastern China under different scenarios of
reduced aerosol emissions.

Besides the aerosol response to the strict antivirus mea-
sures (e.g., quarantine, closed social services, and limited
vehicle use), the anthropogenic heat (AH) released due to
human activities also decreased. AH is associated with the
urban energy balance; hence, it likely impacts the urban
heat island (UHI) effect (Tong et al, 2004; Fan and
Sailor, 2005; Narumi et al., 2009; Oleson et al., 2011; Feng
et al., 2012; Varentsov et al., 2018; Raj et al., 2020), according
to which land surface and/or air temperatures are higher in
urban areas than in rural surroundings (e.g., Oke, 1982;

Arnfield, 2003; Ren et al.,, 2007; Narumi et al.,, 2009; Raj
et al., 2020; Oleson et al., 2011; Gedzelman et al., 2013; Chen
et al., 2014; Zhou et al., 2014; Zhang et al., 2015a; 2015b;
Varentsov et al., 2018). Based on a boundary-layer model
with an AH emission inventory for Beijing, Tong et al.
(2004) showed that daytime and night-time UHI intensity
(UHID) in winter increased by ~0.5 and 1-2°C due to AH,
respectively. Fan and Sailor (2005) used a mesoscale atmo-
spheric model to simulate the AH impact on the urban cli-
mate of Philadelphia, PA, and pointed out that AH could
contribute 2-3°C to the night-time UHII. Varentsov et al.
(2018) analysed the AH impact on UHII during heavy win-
ter conditions in Apatity City, Russian Federation, and
stated that AH warmed the city by ~1 K on average in win-
ter; during extremely cold days, AH warmth contributed up
to 6 K in the city centre.

Numerous studies have addressed the impact of
reduced human activities during the COVID-19 lock-
down on air quality across the world (e.g., Goldberg
et al., 2020; Miyazaki et al., 2020; Turner et al., 2020;
Wang and Zhang, 2020). To date, it is still unclear how
the UHI effect responds to the COVID-19 prevention and
control measures, and the magnitude of its changes.
Here, we examine the daytime, night-time, and daily
UHII changes in Wuhan of China between January 1,
2020 and May 31, 2020 (relative to the baseline 2016—
2019 period) with a focus on impacts of the antivirus
measures, allowing us to separate human influence on
urban climate, particularly due to the AH reductions.
Therefore, the evaluations of the UHII changes in the
COVID-19 lockdown provide an important reference for
quantitatively understanding human-induced control on
urban climate, which is helpful for optimally managing
and utilizing the UHI effect and enhancing residential
quality in urban areas. Moreover, the findings will further
confirm the necessity to include human dynamics in
climate/earth system models for better simulating and pre-
dicting urban and even local climate (Oleson et al., 2011;
Donges et al., 2020; Beckage et al., 2018; Turner et al., 2020).

2 | STUDY AREA, DATA, AND
METHODOLOGY

2.1 | Study area

Wuhan, the commercial and administrative capital city of
Hubei Province, China, has direct jurisdiction over 13 dis-
tricts between 29°58'-31°22'N and 113°41-115°05'E
(enclosed by red line in Figure 1). A humid, subtropical
climate prevails in this region, with distinct seasons, abun-

dant rainfall, intense sunshine, and extremely muggy sum-
mer weather, which is why Wuhan is referred to as one of
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FIGURE 1
abbreviated names of the urban sites (see Tables S1 and S2)

China’s “Three Furnaces.” Wuhan has a vast plain with
the Yangtze and Han Rivers crossing the city and is sur-
rounded by hills in the south and north. Lakes and ponds
in Wuhan constitute more than a quarter of the urban
area. Here, we focus on the main urban area (enclosed by
black bold line in Figure 1) rather than the wider
metropolitan area.

2.2 | Data

Due to different construction times of the high-density
autonomous weather sites in Wuhan, the time spans of the
observed hourly 2-m air temperature differed among sites,
and the spatial coverages of the sites varied with years.
Therefore, to maximize the utilization of the observed air
temperature dataset, we first selected 119 meteorological
sites from the Wuhan Regional Climate Center of Hubei
Meteorological Bureau (HMB), which corresponded to a
time span of observations between January 1 and May
31, 2016-2021. The HMB has conducted quality control and

i .
114°30'E

30°00'N

115°00'E

Major land-surface classifications and the selected 11 meteorological sites around Wuhan, China. Bold indexes are the

eliminated possible erroneous measurements using a
regional climatological extreme value method (Yang
et al., 2011; Oleson, 2012; Yang and Liu, 2013). The sites
with missing values exceeding 5% of the total records during
the study period were removed, and eventually, 47 sites
remained. Missing hourly values in these sites were supple-
mented with data from neighbouring sites using a linear
regression technique.

The urban and rural areas were identified using a spa-
tial buffer analysis (Zhou et al., 2014) based on the
30 x 30 m GlobeLand30 dataset of 2020 (http://www.
globallandcover.com/; Chen et al., 2014) (details in
Data S1, Supporting Information). We first categorized
the 47 sites into 17 urban and 30 rural candidate sites.
Then, the procedure for identifying the urban and rural
sites is as follows (Jia et al., 2021): (a) We defined differ-
ent buffer zones at radii of 1, 2, 3, 4, 5, 7, ..., and L km
(L = 78 here; representing the long side of a rectangle
covering the Wuhan urban area) from each site. The cor-
responding area percentages of built-up land in each
buffer zone were calculated based on the 2020
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GlobeLand30 dataset. (b) When the percentage of built-
up land areas within the 1-5 and 7-78-km buffer zones
of a rural candidate site was less than 3 and 15%, respec-
tively, this candidate site was identified as a rural site. In
contrast, if the percentage of built-up land areas within
the 1-5-km buffer zones of an urban candidate site was
more than 70%, this site was identified as an urban site.
(c) Sites less than 1 km from 2020 GlobeLand30 water
bodies were removed, and the absolute differences in the
average elevations between rural and urban sites should
be smaller than 30 m. (d) Google Earth was used for
visual comparisons between 2016 and 2020 (Figures S1
and S2) to minimize the impact of land cover changes on
the UHI. Sites showing obvious changes in land cover
within a 100-m radius were also removed. Eventually,
four rural and seven urban sites were selected (Figure 1),
and their information, including latitude, longitude, ele-
vation, instrument, temperature sensor, and sampling
frequency, can be found in Tables S1 and S2.

The daytime and night-time air temperatures were
estimated by averaging the hourly values between 0600
and 1700 Local Solar Time (LST, UTC + 8) and between
1800 and 0500 LST, respectively. The average of the day-
time and night-time temperatures was defined as the
daily temperature. Additionally, the daily electricity con-
sumption data for the Wuhan metropolitan area
(enclosed by the red line in Figure 1) during 2019 and
2020 were collected from Wuhan Power Supply Com-
pany, which will indirectly show the curtailment of
residential activities during the COVID-19 lockdown
in 2020. The air temperature averaged over the urban
(rural) sites represents the urban (rural) basic condition;
this distinction minimizes local influences on air tem-
perature that may be particular to one site.

2.3 | Methodology

To quantify the COVID-19 impact on the Wuhan
UHI effect, we have firstly divided the period January
1, 2020-May 31, 2020 (i.e., EP) into four stages accord-
ing to antivirus measures (China Internet Information
Center, 2020; Hubei Government, 2020): pre-lockdown
stage (i.e., EP_PLS; January 1-22) with no or loose
antivirus measures; first lockdown stage (i.e., EP_LS1;
January 23-March 19) with the strictest antivirus mea-
sures (e.g., closed outbound corridors of Wuhan,
schools, government offices, and factories); second
lockdown stage (i.e., EP_LS2; March 20-April 28) with
strict antivirus measures (e.g., Wuhan lockdown) still
in effect and some social sectors (i.e., factories) reo-
pened; and after-lockdown stage (i.e., EP_ALS; April
29-May 31) with lift of the Wuhan lockdown and

return of most human activities to normal levels. Corre-
spondingly, the baseline period (i.e., BP) between
January 1-May 31, 2016-2019 and 2021 was also
divided into the respective four stages, that is, BP_PLS,
BP_LS1, BP_LS2, and BP_ALS. Daytime, night-time,
and daily air temperatures for each BP stage were aver-
aged over 2016-2019 and 2021. Despite of limited data
of daily electricity consumption over the Wuhan metro-
politan area, the large negative anomaly during January
22, 2020-April 28, 2020 (relative to the corresponding
period of 2019) strongly suggests that the antivirus mea-
sures did play a role in reducing human activities, espe-
cially for EP_LS1 (Figure S3), in which the strictest
antivirus measures were implemented.

In this study, the UHII is defined as urban (Ty) minus
rural (Tg) temperatures (e.g., Oke, 1982; Ren et al., 2007).
Thus, relative to BP, the change in UHII on the ith day of
EP (i.e., AUHII®F) is

AUHIIPP- = UHIPP- — UHITEY, (1)

where the superscripts of BP_i and EP_i represent the ith
day of BP and EP, respectively.

The crux of estimating the effects of the lockdown on
AUHII was to obtain Ty during EP with assumption of
no anti-virus measures (i.e., hlirhg})an activities remaining
at the ls\é}gl of BP; denoted by T, ). To this end, we esti-
mated T; anomalies relative to the Ty averaged during
BP, similar to Fujibe (2020). The basic considerations of
this method are as follows: (a) Urban and rural areas
share the same climate background (e.g., the same
natural variability of the atmosphere). (b) During BP, Ty
anomalies can be expressed as a certain function (i.e., a
linear function) of Ty anomalies (relative to the Ty aver-
aged during BP). (c) The BP relationship between Ty and
Tr anomalies can be applied to EP. Considering the rela-
tionship mentioned above between daytime and night-
time and in the BP stages, we developed the daytime and
night-time equations for each stage based on multiple
regression techniques and took the Tz anomalies of all
rural sites as independent variables. The regression coef-
ficients and verification results are presented in Table S3
and Figure S4, respectively. Overall, both daytime and
night-time fluctuations of Ty anomalies during the BP
stages closely agree with the estimated anomalies, with
correlation coefficients of approximately 0.99 and mean
biases of nearly zero. Therefore, the multiple regression
equations are sound for estimating the Ty anomalies.
Using these multiple regressi(ln equations, we cachuElated
the daytime and night-time T;; anomalies, and T;; by
i%(Piing the multi-year average of Ty, . Moreover, the daily
Ty during EP was calculated with the mean of daytime
and night-time values.
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During EP, the corresponding UHII changes on the
ith day of EP (i.e., AUHIIy ') can be expressed as

AUHITE- = (Tff*i —TEP- 1) _UHIIP?, 2)
———

adUHITER

where adUHIIE?- represents UHII at the ith day of EP,
regardless of the lockdown impacts (i.e., human activities
remaining at the level of BP). Thus, AUHIIEP i depends on
the changes in natural atmospheric variability during EP
relative to BP UHIIL. Correspondingly, the lockdown-
induced UHII change on the ith day of EP (ie,
AUHIIEP) is obtained by

AUHITE- = AUHIT®P- — AUHIIY. (3)

With Equations (1)-(3), we obtained the time series of
daytime, night-time, and daily UHIIE*-, UHIP-,
adUHHEP—i, and AUHHiH, which were subsequently used
to check the significance (p <.05) of AUHII (i.e., mean of
AUHIT®*- during each EP stage), AUHIIy (i.e., mean of
AUHIIEPJ during each EP stage), and AUHIIy (i.e.,
mean of UHIIEIP*i during each EP stage) using a two-
tailed Student's ¢ test. Additionally, we calculated the rel-
ative AUHII, AUHIIy, and AUHIIg in each EP stage,
which could be calculated by dividing by UHII in the cor-
responding stage of 2016-2021.

Although the method above can detach the impacts of
natural variability of the atmosphere on AUHII, the local
weather conditions (i.e., wind speed, precipitation, cloud
cover, etc.) are not reasonably addressed. Previous studies
(Kistler et al., 2001; Arnfield, 2003; Yang et al., 2019) docu-
mented that local weather conditions were closely associ-
ated with energy fluxes and affected UHII. Therefore, the
local weather conditions are expected to influence the esti-
mated AUHII, AUHIIy, and AUHII;. However, the lack
of data on wind speed, precipitation, and cloud cover
makes it difficult to exclude data points that correspond to
changes in local weather conditions during BP and
EP. Therefore, the robustness of the detected AUHII,
AUHIIy, and AUHIIy in EP in Wuhan would likely
weaken. To clarify whether local weather conditions could
influence our results, we randomly took the 90, 80,
70, and 60% data points from the UHII, UHIIy and UHIIy
time series of each stage during BP and EP with 1,000 rep-
etitions to recalculate AUHII, AUHIIy, and AUHIIy. If
the recalculated AUHII, AUHIIy, and AUHII; do not
noticeably change at a given stage and the occurrences of
significant (p < .05) values among the 1,000 repetitions
exceed 500, we conclude that local weather conditions
have limited impact on the robustness of our analysis.
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UHII (c) during BP and EP, accompanied with the 7-day moving
average

3 | RESULTS

3.1 | Characteristics of the Wuhan UHI
effect during BP and EP

Figure 2 shows that values of daytime, night-time, and daily
UHII during BP and EP are generally positive, and the
values averaged in each stage of BP and EP are also positive
(Figure 3al-a3). These suggest that the UHI effect exactly
exists in Wuhan, although there are large fluctuations from
day to day and from stage to stage, mainly resulting from
the seasonal variations in weather patterns and anthropo-
genic heating (Magee et al., 1999; Yow, 2007; Gedzelman
et al., 2013). The daytime (daily) UHII gradually decreases
from 048 + 0.04°C (mean +1 SE; 0.61 +0.03°C) in
BP_PLS to 0.15 + 0.03°C (0.25 + 0.03°C) in BP_ALS, while
the night-time UHII exhibits non-monotonic changes; that
is, it first decreases from a maximum of 0.74 + 0.04°C in
BP_PLS to a minimum of 0.33 + 0.03°C in BP_LS2, and
subsequently increases. The night-time UHII is stronger
than daytime UHII for all BP stages; the largest differences
are above 0.26°C in BP_PLS. The major UHII characteristics
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(p < .05) AUHIL, and error bars are +1 standard error (SE). The samples for BP_PLS, BP_LS, BP_LS2, and BP_ALS (EP_PLS, EP_LS,

EP_LS2, and EP_ALS) are 22, 56, 40, and 33, respectively

during EP are different from those during BP (Figure 3al-a3).
For example, daytime, night-time, and daily UHII in EP
exhibit consistent fluctuations from EP_PLS to EP_ALS; that
is, they decrease to their minimum values (0.17 + 0.05,
0.16 + 0.07, and 0.16 + 0.05°C in daytime, night-time, and
daily, respectively) in EP_LS1 and subsequently increase.
Compared to the daytime UHII, the night-time UHII is stron-
ger for all EP stages, followed by the largest difference of
0.23°Cin EP_PLS.

3.2 |
to BP

Changes in EP UHII compared

To quantify the EP UHI effect variations relative to BP,
the AUHII and the relative values at each EP stage are
calculated. Subsequently, significance is tested with a two
tailed Student's ¢ test (p < .05; Figure 3b1-b3, c1-c3). The

UHII at each EP stage (excluding daytime EP_PLS and
EP_ALS, and daily EP_PLS) declines in different ways.
Seen from daytime, night-time, and daily AUHII, the
largest and most significant (p <.05) reductions are
below —0.12°C at EP_LSI, especially during night-time
with —0.23 + 0.05°C, while the values of the other three
stages are above —0.17°C (Figure 3b1-b3). Despite differ-
ences in magnitudes of the daytime, night-time, and daily
UHII among the four BP stages, the fluctuations of rela-
tive AUHII are generally consistent with those of AUHII
during EP, and EP_LS1 corresponds to the largest and
most significant (p < .05) declines by below —36%, partic-
ularly for night-time with —47 + 9% (Figure 3c1-c3).
Regardless of the lockdown impacts during EP
(i.e., human activities remaining at the level of BP), the
EP UHII (i.e., adUHII) are shown in Figure 3al-a3. Rela-
tive to the UHII during BP, the EP UHII still shows dif-
ferences, mainly due to the differences in Ty between EP
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and BP. Therefore, for measuring the impacts of Ty
changes on AUHII, we divided AUHII during each EP
stage into AUHIIy and AUHIIy based on Equations (2)
and (3) (Figure 4). AUHIIy indicates that its daytime
values are positive at all EP stages and above 0.01°C,
while the night-time values are generally negative and
below —0.01°C during EP. By contrast, daily AUHIIy
values are above 0.02°C during EP_PLS, EP_LS1, and
EP_ALS, but equal to —0.05°C during EP_LS2. These
results suggest that, due to the natural variability of air
temperature, AUHII changed during EP, and therefore it
is necessary to remove AUHIIy from AUHII for quantify-
ing the impacts of the reduced human activities on the
EP UHII changes. Despite somewhat differences in mag-
nitudes of AUHIIy and AUHII during EP_LS1 and
EP_LS2, the consistent signs of daytime, night-time, and
daily values, suggest that the EP UHII dose change in
response to human activities (Figure 4). Moreover, the
smaller rates of EP_PLS and EP_ALS change, which cor-
respond to inadequate prevention and control measures,

indicate limited impacts of human activities on UHII;
however, the larger decreasing rates (<—0.05°C or <—21%)
of EP_LS1 and EP_LS2 indicate that the UHII could
indeed be reduced by strict antivirus measures. Especially,
the daytime, night-time and daily EP_LS1 AUHIIy
(the relative values) are significant (p < .05), respectively cor-
responding to —0.18 + 0.03°C (—54 + 9%), —0.26 + 0.04°C
(=52 + 7%), and —0.22 + 0.04°C (—53 + 6%). Comparing
AUHIIy and AUHIIy, we found that except for EP_PLS and
EP_ALS, decreases in the daytime, night-time, and daily
UHII during EP_LS1 and EP_LS2 could be attributed to
reduced human activities.

3.3 | Possible impacts of local weather
conditions

To remove possible impacts of the local weather condi-
tions (i.e., wind speed, precipitation, cloud cover, etc.),
AUHII, AUHIIy, and AUHIIy were recalculated by
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influence on the statistical significance of the EP AUHIIL
Hence, we confirm that the EP UHII changes are robust,
particularly in EP_LS1 and EP_LS2, and thus could be
attributed to the reduced human activities due to the
COVID-19. Additionally, considering limited or no land-
cover changes around the utilized weather sites (Figures S1
and S2), the strict antivirus measures are responsible for the
EP_LS1 and EP_LS2 UHII decreases.

randomly sampling the 90, 80, 70, and 60% data points
from the AUHII, AUHIIy, and AUHIIy; time series of
each stage during EP with 1,000 repetitions. The results
are shown in Figure 5, accompanied by occurrences
among the 1,000 repetitions with significant (p < .05)
values (Table S4). For the recalculated daytime, night-
time, and daily AUHII (AUHIIy, and AUHIIy) with dif-
ferent samples, it is evident that the values averaged over
1,000 repetitions are close (differences below 0.02°C) to
each other in each EP stage, which implies that the local
weather conditions have limited impact on the identified 4 |
EP UHII changes. Based on occurrences with significant
(p <.05) AUHII and AUHIIy among the 1,000 repeti-
tions, we found that these occurrences are much less
than 1,000 in EP_PLS, EP_LS2, and EP_ALS; however,
they are almost equal to 1,000 in EP_LS1. Moreover, the
occurrence with statistically significant (p < .05) AUHIIy
during all EP stages is much less than 1,000. These find-
ings indicate that local weather conditions have limited

DISCUSSION

This study demonstrates an evident UHII decrease during
the COVID-19 lockdown in Wuhan. The results are gener-
ally consistent with the findings of the COVID-19 lockdown
impacts on UHII in other regions, which were examined
using in situ observations, remote sensing datasets, and
numerical simulations (Fujibe, 2020; Ali et al., 2021; Alqa-
semi et al., 2021; Kenawy et al., 2021; Nakajima et al., 2021;
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Shikwambana et al., 2021; Jallu et al., 2022; Liu et al., 2022).
For example, Fujibe (2020) compared the temperatures at
the Tokyo station during the self-constrained period
(i.e., the first half of 2020) with those of the unconstrained
scenario. The latter was estimated based on a regression
equation developed with data from 2015 to 2019 and
temperatures at surrounding nonurban stations during the
self-constrained period. He found that negative tempera-
ture anomalies were widely distributed in the Tokyo Metro-
politan area during the self-constrained period, with a
significant anomaly of —0.49 + 0.19°C averaged during
April-May in the central part of Tokyo. Using a regional
climate model coupled with urban canopy and building
energy models, Nakajima et al. (2021) found that the
COVID-19 restrictions could reduce 0.13°C in the urban
areas of Osaka, Japan. Additionally, our findings also con-
cur with the response of UHII and urban temperatures on
weekends and holidays (Forster and Solomon, 2003;
Fujibe, 2010; Wu et al., 2015; Zhang et al., 2015a; 2015b;
Ohashi et al., 2016; Dou and Miao, 2017; Earl et al., 2016;
Bdumer and Voge, 2007). For instance, the reduction was
between 0.20-0.25°C on weekends and holidays in Tokyo
and between 0.10-0.20°C in Osaka (Fujibe, 2010). It ranged
from 0.10 to 0.20°C in seven major cities of Australia (Earl
et al., 2016) and from 0.13 to 0.37°C in 12 cities in Germany
(Bdumer and Voge, 2007). Therefore, the magnitude of
UHII and urban temperature decreases varied across
regions, which may be related to differences in methodol-
ogy, anti-antivirus measures, and urban characteristics
(e.g., dominant land cover types, urban form, population,
economic development level, industrial activity, and cli-
mate background among regions; Ali et al., 2021; Jia
etal.,2021; Kenawy et al., 2021; Jallu et al., 2022).

Some limitations in this study should also be noted.
Wang and Zhang (2020) reported reductions of various
aerosol emissions that did not exceed 50%, such as PM, s,
PM;,, SO,, and NO,, over Wuhan during the COVID-19
lockdown, implying that more solar radiation would
likely be absorbed by the land surface and then air tem-
perature would likely increase over both urban and rural
areas (e.g., Yang et al., 2020a). However, due to differ-
ences in the thermal properties between the urban
(mainly coved by various materials with increased heat
storage capacity) and rural areas (mainly covered by nat-
ural land surfaces, for example, various vegetation), more
heat would be stored by the urban areas and thus warm-
ing rates may be larger over urban areas, that is,
increased UHII (Liu et al., 2022). For example, Liu et al.
(2022) pointed out that aerosol reductions caused by the
suppressed residential activity only showed a 0.85%
increase in UHII in six representative megacities in
China during the lockdown period. Therefore, the identi-
fied UHII that decreases during the Wuhan lockdown are

potentially underestimated due to the warming induced
by the declined aerosols, and may be due to the reduced
AH associated with human activities. Further investiga-
tions should quantify the contributions of the reduced
AH and the effect of aerosol emissions on the UHII
changes. We conducted visual comparisons of land cover
between 2016 and 2020 at each weather site for reducing
the impact of land cover changes; nevertheless, shifts in
vegetation types, differences in soil moisture (especially in
rural areas), and socio-economic development (e.g., lifestyle
changes and adjustment of industry structure) were not
considered in our study, and can potentially influence our
findings (e.g., Husain et al, 2014; Chapman et al., 2018;
Hoan et al., 2018; Manoli et al., 2020; Liu et al., 2022).

Moreover, owing to the evident UHII differences
among cites and diverse climate zones (Ren et al., 2007;
Yow, 2007; Zhou et al., 2014; Li et al., 2019; Jia
et al., 2021), how the UHII responds to the COVID-19
over the other cities and whether such responses differ
among cities and/or among diverse climate zones needs
to be studied further; however, we focused on only one
city, deeming further investigations necessary.

5 | CONCLUSIONS

Based on observed air temperatures, we examined the
impacts of the COVID-19 during January 1, 2020-May
31, 2020 on the Wuhan UHI effects relative to the base-
line period of 2016-2019 and 2021. By dividing the
selected period into four stages (i.e., EP_PLS, EP_LS1
with the strictest antivirus measures, EP_LS2 with the
strict measures, and EP_ALS), we constructed four sce-
narios representing different intensities of human activi-
ties in Wuhan, and compared them to the corresponding
stages of 2016-2019 and 2021, thereby estimating the
UHII changes in each stage. Daytime, night-time, and
daily UHII were consistently decreased in EP_LS1 and
EP_LS2 stages, albeit with different rates; the largest
(<=0.12°C or <—36%) and significant (p < .05) decreases
appeared in EP_LS1. After removing the impact of the air
temperature's natural variability, results showed that
EP_LS1 and EP_LS2 still exhibited negative daytime,
night-time, and daily UHII changes, with the largest
(<—0.18°C or <—52%) and significant (p < .05) reductions
in EP_LS1. Comparisons of AUHIIy and AUHIIy suggest
that the reduced human activities should be responsible
for the EP_LS1 and EP_LS2 UHII decreases. By ran-
domly sampling data points, the impact of the weather
conditions on the robustness of our findings were
assessed in terms of magnitude and significance. We con-
firmed that weather conditions had limited impact and
that the declined UHII values in EP_LS1 and EP_LS2
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were mainly because of the strict antivirus measures,
especially the significant reductions in EP_LS1. We
showed that strict COVID-19 prevention and control
measures not only had a positive effect on human health,
but also evidently decreased the UHI effect.

This study elucidates the impact of the COVID-19 lock-
down on the UHIIL, and constitutes an important reference
for quantitatively understanding the role of human activi-
ties in the UHI effect and thus optimally managing and uti-
lizing this effect. More importantly, the significant UHII
reductions during the lockdown confirm that the human
dynamics play a considerable role in urban climate, and
more efforts should be devoted to explicitly including the
human dynamics in climate/earth system models for better
simulating and predicting urban and even local climate.
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