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Abstract
The COVID-19 is still a huge challenge that seriously threatens public health globally. Previous studies focused on the influence of air
pollutants and probable meteorological parameters on confirmed COVID-19 infections via epidemiological methods, whereas the
findings of relations between possible variables and COVID-19 incidences using geographical perspective were scarce. In the present
study, data concerning confirmed COVID-19 cases and possible affecting factors were collected for 325 cities across China up to
May 27, 2020. The geographically weighted regression (GWR) model was introduced to explore the impact of probable determinants
on confirmed COVID-19 incidences. Some results were obtained. AQI, PM2.5, and PM10 demonstrated significantly positive impacts
on COVID-19 during the most study period with the majority lag group (P< 0.05). Nevertheless, the relation of temperature with
COVID-19 was significantly negative (P< 0.05). Especially, CO exhibited a negative effect on COVID-19 in most study period with
the majority lag group. The impacts of each possible determinant on COVID-19 represented significantly spatial heterogeneity. The
obvious influence of the majority of possible factors on COVID-19 was mainly detected during the after lockdown period with the lag
21 group. Although the COVID-19 spreading has been effectively controlled by toughmeasures taken by the Chinese government, the
study findings remind us to address the air pollution issues persistently for protecting human health.
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Introduction

Twenty-seven illnesses with pneumonia infection of unknown
etiology were reported in December 2019 in Wuhan, Hubei

Province, China (Huang et al. 2020). Subsequently, a novel
coronavirus termed SARS-CoV-2 was confirmed as the caus-
ative pathogen of COVID-19 on 7 January (Lu et al. 2020; Li
et al. 2020a). Then, the World Health Organization (WHO)
declared the COVID-19 pandemic a public health emergency
of international concern on 30 January 2020 (WHO 2020a;
Sohrabi et al. 2020). Later, as of February 15, 2020, 68,500
cumulative identified cases and 1665 deaths have been docu-
mented domestically (NHC 2020), and 528 cases and 2 deaths
were reported out of China (WHO 2020b). What’s more,
many countries including the USA, Spain, Italy, Germany,
the UK, France, and China were affected by COVID-2019
spreading rapidly worldwide. More than 18.96 million cases
of COVID-2019 had been diagnosed and confirmed in about
200 countries and territories until August 6, 2020. Fortunately,
the COVID-19 pandemic has been effectively restrained in
China for a series of measures that have been implemented
including traffic restrictions, lockdown, asking residents to
stay at home, and to begin social distancing, closing many
industries. Unfortunately, the COVID-19 is still spreading
all over the world and there are no signals of disappearance.
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So, it is urgent to further research the possible influence fac-
tors of COVID-19 and take measures to control the spread of
the virus.

Previous studies proved that the SARS-CoV-2, SARS-
CoV, and middle east respiratory syndrome coronavirus
(MERS-CoV) belonged to the same virus family.
Furthermore, three of these coronaviruses have been con-
firmed to be able to transmit through the air (Zhou et al.
2020; Yu et al. 2004; Zumla and Hui 2014; Guo et al.
2020). Moreover, the relationship between SARS and
MERS with air quality and meteorological conditions has
been identified (Cui et al. 2003; Lin et al. 2006; Gardner
et al. 2019). Meanwhile, some specific relations of the virus
with air quality and environmental factors have been proved in
published researches (Zhu et al. 2020; Xu et al. 2020a). For
example, particulate matter (PM) with an aerodynamic diam-
eter smaller than 10 μm (PM10) has positive effects on SARS
mortality. Also, the spread of many viral diseases including
influenza and the respiratory syncytial virus has been con-
firmed to be affected by meteorological conditions, such as
temperature and humidity (Bloom-Feshbach et al. 2013;
Lowen et al. 2007). The epidemiological investigation dem-
onstrated that the risk of transmission of SARS and MERS
may be raised in the condition of lower temperature (Lin et al.
2006; Gardner et al. 2019), and infection with MERS-CoV is
more likely to appear under dry conditions (Gardner et al.
2019). So, it is reasonable to infer that air quality and meteo-
rological conditions may influence the spread of COVID-19.

Some related qualitative analyses of the relations be-
tween COVID-19 and air pollutants have been reported re-
cently. For example, Lombardy and Northern Italian re-
gions of the Po Valley (Padana Plain), an area identified as
one of the most polluted regions with high concentrations of
particulate matter (PM) in Europe, have undergone the rapid
spreading of COVID-19 (ISS 2020; Fattorini and
Regoli 2020). A hypothesis concerning a possible link be-
tween the high mortality of COVID-19 and the PM concen-
trations in Northern Italy has been released on March 16 by
the Italian Society of Environmental Medicine (SIMA)
(SIMA 2020; Setti et al. 2020). Besides, a significant rela-
tionship has been detected between the geographical distri-
bution of the 110 Italian Provinces with exceeding daily
PM10 concentrations and the spreading of the COVID-19
infection (ISS 2020). Furthermore, some quantitative re-
searches on the relationship between the COVID-19 infec-
tion and environmental factors have been conducted in the
U.S. and China after the COVID-19 pandemic outbreak. For
example, in China, Zhu et al. 2020 utilized the Generalized
Additive Model (GAM) to explore the relations between the
concentrations of air pollutants and daily COVID-19 con-
firmed incidences and found that particles with diameters ≤
2.5 μm (PM2.5), particles with diameters ≤ 10 μm (PM10),
carbon monoxide (CO), nitrogen dioxide (NO2), and ozone

(O3) have positive effects on the number of COVID-19 in-
cidences. However, SO2 posed an adverse effect on the
COVID-19 confirmed incidences. Meanwhile, a Poisson
regression model was performed to identify the association
between air quality index (AQI) and COVID-19 confirmed
incidences. The results showed that the effect of AQI on
confirmed incidences was statistically significant in several
cities of China (Xu et al. 2020a). Moreover, in the USA, the
zero-inflated negative binomial mixed models have been
conducted to conclude the effects of long-term PM2.5 expo-
sure on COVID-19 deaths by the faculties from Harvard
University. They confirmed that an increase of only 1
μg/m3 in PM2.5 concentration was associated with a
15% rise in the COVID-19 death rate and 95% confidence
interval (CI) (5%, 25%) (Wu et al. 2020a). So, it is rea-
sonable to speculate that the possible additional factor for
anomalous COVID-19 outbreaks is high PM concentra-
tion based on the available literature. Though the associ-
ation between COVID-19 confirmed incidences and air
pollutants has been explored at a global scale from an
epidemiology and biostatistics perspective, the COVID-
19 maybe not only affected by air pollutants but also by
meteorological conditions and other possible factors such
as dietary habit, customs, and etiquette. Furthermore, the
distribution of COVID-19 exhibited spatial heterogeneity
in Italy, China, and the USA, and air pollution and envi-
ronmental factors also demonstrate different distribution
characteristics. So, the traditional epidemiological models
were the global model that can hardly be used to detect
the relation between pandemic and affecting factors local-
ly. Alternatively, the Geographical Weighted Regression
Model (GWR) which is a local model supplies a new
perspective for exploring the relation between COVID-
19 and air pollution locally. So do the environmental
and meteorological factors affect the COVID-19 con-
firmed incidences locally? Do the number of COVID-19
confirmed incidences change in line with the environmen-
tal and meteorological factors? Understanding the causes
of COVID-19 from an interdisciplinary view is still a big
challenge. This study attempts to estimate the influence of
possible environmental and meteorological factors on
COVID-19 confirmed incidences under the geographical
perspective. The present study aims (1) to analyze the
relations between confirmed COVID-19 incidences and
the possible environmental and meteorological determi-
nants using the Geographically Weighted Regression
model (GWR) during three periods of COVID-19 out-
break at four lag group across China, (2) to evaluate the
impact of each potential variable on confirmed COVID-19
incidences, and (3) to map the coefficient of influence
factor obtained from the GWR model for demonstrating
the spatial heterogeneity of effects on confirmed COVID-
19 incidences for each potential factor.
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Method and material

Study area

The current study selected 325 cities containing at least one
COVID-19 confirmed case up to May 27, 2020, in China as a
study area (Fig. 1). May 27 was used as the deadline for the
study because this study was launched at the beginning of
June 2020 and the dataset for COVID-19 confirmed case
was updated up to May 27, 2020, at that moment. These cities
are mainly distributed in the east and southeast parts of the
mainland of China. Eighty-two thousand nine hundred ninety-
three COVID-19 confirmed cases have been identified in en-
tire China as of May 27, 2020, according to the National
Health Commission.

Data source and preprocessing

Daily COVID-19 confirmed cases from Dec 31, 2019, to
May 27, 2020, for each city were released from local health
commissions on the official websites. All COVID-19 con-
firmed cases data used in the current study were allowed by
patients for only academic studying, and all patients’ privacy
concerning name and ID identification card numbers were
excluded before the dataset release. This study covered three
periods including from the start point of the COVID-19

outbreak to lockdown (from Dec 23, 2019, to Jan 23, 2020),
from lockdown to reopening (from January 23, 2020, to April
8, 2020), and after reopening (from April 8, 2020, to May 27,
2020), respectively. We selected before lockdown (BL) as one
of the study periods because no protection measures have
been taken by a human and people can go outside without
wearing a mask during this period. We can exclude the effects
of measures on COVID-19 confirmed incidences and specu-
late one of the additional reasons for COVID-19 incidence
was potential environmental and meteorological factors.
Meanwhile, the duration of lockdown (L) was chosen as the
study period for we attempted to detect the influence degree of
measures taken by the government on the number of COVID-
19 confirmed incidences, and people hardly can go outside
except for basic living needs and was asked to wear a mask
during this period. Furthermore, after lockdown (AL) was
chosen as a study period for we can identify if the number
of COVID-19 confirmed incidences was affected by not only
measures but also possible factors, people can go outside
smoothly with the negative COVID-19 code and was encour-
aged to wear a mask during this period.

Air pollutants data including air quality index (AQI), par-
ticles with diameters ≤ 2.5 μm (PM2.5), particles with diame-
ters ≤ 10 μm (PM10), sulfur dioxide (SO2), carbon monoxide
(CO), nitrogen dioxide (NO2), and ozone (O3) were made
available from the China National Environmental

Fig. 1. The spatial distribution map of mean daily COVID-19 confirmed incidences and AQI in the mainland of China from Dec 31, 2019, to May 27,
2020
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Monitoring Centre (CNEMC) (http://www.cnemc.cn).
Meteorological data on daily mean temperature (TEM),
relative humidity (RH), precipitation (PRE), and wind speed
(WS) during the study period were made available from the
National Meteorological Information Center (http://data.cma.
cn).

Previous researches confirmed that the effect of air pollu-
tion can last for several days (Lin et al. 2018; Myung et al.
2019; Xie et al. 2019; Yang et al. 2020). Furthermore, an
incubation period of 1–14 days for COVID-19 was reported
by the National Health Commission in China. So, the current
study determined to use a moving-average method to capture
the cumulative lag effect of ambient air pollution (Duan et al.
2019; Li et al. 2018; Yang et al. 2020). Meanwhile, daily
COVID-19 confirmed incidence was chosen to exclude the
influence of the population density for COVID-19 confirmed
cases. Thus, in this study, the relation between moving aver-
age concentration of air pollutants (lag0-7, lag0-14, lag0-21)
and daily COVID-19 confirmed incidence (Hastie 2017; Liu
et al. 2020; Adhikari and Yin 2020) were estimated through
the GWR model.

GWR model

A GWR model (Fotheringham et al. 2002; Guo et al. 2021a;
Guo et al. 2021b) was developed based on Equation (1) in the
present study.

COVID 19 daily confirmed incidencesi

¼ β0 μi; υið Þ þ β1 μi; υið Þ*X i þ εi ð1Þ

where COVID _ 19 daily confirmed incidencesi is the
COVID-19 confirmed incidences of the city i at location (μi,
υi); β0 denotes the intercepts at a specific location (μi, υi); and
β1 is the location-specific slope for Xi , Xi denotes AQI, PM2.5,
PM10, SO2, CO, NO2, PRE, RH, TEM, andWS, respectively.
The location (μi, υi) represents the central coordinates of city i,
and εi is the error term for sample i.

Results and discussion

Descriptive statistical analysis

Table 1 demonstrated the statistical results for daily COVID-
19 confirmed incidence (per 100, 000, 0), meteorological de-
terminates, and air pollutants during the study period includ-
ing before lockdown, lockdown, and after lockdown. The
maximum mean daily confirmed rate (3.33) occurred during
the lockdown period, followed by after lockdown (1.18), and
before lockdown (0.73).

Before lockdown, the mean daily meteorological determi-
nates including PRE, RH, TEM, and WS were 1.53 mm,
8.00%, 7.82 °C, and 1.86 m/s, respectively. The daily average
concentrations of air pollutants concerning AQI, O3, CO,
NO2, PM2.5, PM10, and SO2 were 78.11, 46.67 μg/m3, 9.35
μg/m3, 34.91 μg/m3, 61.34 μg/m3, 69.27 μg/m3, and 14.69
μg/m3, respectively.

During the lockdown period, the average daily meteorolog-
ical determinates including PRE, RH, TEM, and WS were
2.26 mm, 7.36%, 5.33 °C, and 2.15 m/s, respectively. The
daily mean concentrations of air pollutants concerning AQI,
O3, CO, NO2, PM2.5, PM10, and SO2 were 58.02, 52.85 μg/
m3, 15.60 μg/m3, 26.89 μg/m3, 50.80 μg/m3, 53.55 μg/m3,
and 23.39 μg/m3, respectively.

After lockdown, the average daily meteorological determi-
nates including PRE, RH, TEM, and WS were 2.40 mm,
6.83%, 14.47 °C, and 2.39 m/s, respectively. The daily mean
concentrations of air pollutants concerning AQI, O3, CO,
NO2, PM2.5, PM10, and SO2 were 59.61, 76.55 μg/m3, 1.05
μg/m3, 33.89 μg/m3, 37.35 μg/m3, 59.98 μg/m3, and 9.20 μg/
m3, respectively.

The distribution of COVID-19 confirmed cases exhibited
significant spatial heterogeneity during the outbreak of the
pandemic (Fig.2). The majority of positive incidences were
accumulated in the east of China. Also, the most concentrated
of COVID-19 confirmed incidences were distributed in the
Hubei Province during the lockdown period. Meanwhile, the
distribution of PM2.5 concentration in China also exhibited
strong regional variation during the spread of the epidemic,
that is, the concentrations in the southeast of China were
higher than the northwest of China. Also, the PM2.5 concen-
trations in central, northeast, and northwest of China repre-
sented higher than the rest of the areas in China. Especially,
the distribution of COVID-19 confirmed incidences was al-
most consistent with the PM2.5 concentrations in China. The
possible reason for the similar distribution feature concerning
COVID-19 confirmed incidences and PM2.5 concentrations
was that a series of measures especially lockdown has been
taken by the local government. The spreading of the pandemic
to the rest of China was prevented due to the effective restric-
tions, whereas a published study confirmed that the COVID-
19 had been spreading in Italy for several weeks before the
measures were taken by government authorities (Cereda et al.
2020). So, we inferred that a similar geographical distribution
concerning COVID-19 incidence and air pollution did not
occur coincidently but may present statistically significant.

The relations between environmental as well as
meteorological factors and the COVID-19 confirmed
incidences on globally perspective

The GWR model was implemented to identify the global re-
lations between environmental and meteorological factors and
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the COVID-19 confirmed incidences during three different
study periods across China. The degree of correlation was
represented by a decision coefficient (R2) and the R2 values
for each independent variable varied significantly among the
different study periods and lag group (Fig. 3). The correlation
between environmental as well as meteorological factors and
the number of COVID-19 confirmed incidences was the
weakest (R2< 0.1) during the lockdown period for each lag

group, and the lag effects of the independent variable on the
number of COVID-19 confirmed incidences were not signif-
icant. On the contrary, the highest correlation was identified
during the lockdown period. Furthermore, for most indepen-
dent variables except CO, RH, and SO2, the lag effect on the
number of COVID-19 confirmed incidences exhibited a
heightening trend after the lockdown period, that is, the longer
lag days, the higher R2. Additionally, the relation concerning

Table 1 Descriptive statistics for
daily COVID-19 confirmed inci-
dence (per 100, 000, 0), meteoro-
logical determinates, and air pol-
lutants across China during the
study period

Study

period

Data Mean SD Min Max

Before lockdown Daily confirmed

rate (per 100,000,0)

0.73 1.52 0.04 8.71

PRE (mm) 1.53 4.33 0.00 20.70

RH (%) 8.00 1.33 3.80 10.00

TEM (°C) 7.82 7.97 −14.40 22.30

WS (m/s) 1.86 1.48 0.40 13.00

AQI 78.11 44.84 24.26 207.16

O3 (μg/m
3) 46.67 18.92 18.33 100.61

CO (μg/m3) 9.35 19.76 0.32 89.49

NO2 (μg/m
3) 34.91 15.83 5.89 76.46

PM2.5 (μg/m
3) 61.34 33.86 9.00 160.47

PM10 (μg/m
3) 69.27 39.95 22.28 213.63

SO2 (μg/m
3) 14.69 14.42 2.38 54.97

Lockdown Daily confirmed

rate (per 100,000,0)

3.33 26.67 0.03 1520.37

PRE (mm) 2.26 6.69 0.00 80.00

RH (%) 7.36 1.65 1.40 10.00

TEM (°C) 5.33 8.51 −24.5 22.7

WS (m/s) 2.15 1.31 0.20 13.60

AQI 58.02 39.51 10.92 390.17

O3 (μg/m
3) 52.85 18.98 4.79 123.34

CO (μg/m3) 15.60 19.84 0.19 113.02

NO2 (μg/m
3) 26.89 18.21 1.96 147.91

PM2.5 (μg/m
3) 50.80 36.80 0.00 480.63

PM10 (μg/m
3) 53.55 36.12 0.00 455.67

SO2 (μg/m
3) 23.39 19.80 1.96 170.47

After

lockdown

Daily confirmed rate (per 100,000,0) 1.18 2.36 0.04 7.46

PRE (mm) 2.40 6.92 0.00 41.40

RH (%) 6.83 1.78 1.70 10.00

TEM (°C) 14.47 5.02 5.7 27.8

WS (m/s) 2.39 1.02 0.40 6.70

AQI 59.61 36.92 16.96 280.21

O3 (μg/m
3) 76.55 21.91 25.12 154.67

CO (μg/m3) 1.05 4.33 0.38 53.67

NO2 (μg/m
3) 33.89 15.84 8.12 96.96

PM2.5 (μg/m
3) 37.35 33.40 4.17 275.88

PM10 (μg/m
3) 59.98 42.50 10.33 330.71

SO2 (μg/m
3) 9.20 5.58 2.71 52.11
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independent variables and the number of COVID-19 con-
firmed incidences were moderate before lockdown period
for each lag group, and the lag effect on the number of
COVID-19 confirmed cases increasing in line with the lag
days for parts independent variables including CO and SO2.

Besides, except for during the lockdown period, no matter
which period and lag group environmental andmeteorological
factors are, the temperature exhibited a significant impact on
COVID-19 confirmed incidences especially during after lock-
down period, followed by PM2.5, WS, AQI, O3, PRE, NO2,

PM10 (Fig. 3, Table S1-S4).
Fig. 4 showed that the coefficient obtained from the

GWR model for each air pollutant as well as meteorolog-
ical factor varies based on different study period including
before lockdown, lockdown period, after lockdown, and
lag group in terms of lag 0, lag 7, lag 14 and lag 21 (Fig.
4, Table S1-S4).

The effects of environmental and meteorological
factors on COVID-19 confirmed incidences from the
local perspective

The effects of environmental and meteorological factors on
COVID-19 confirmed incidences were detected by the
GWR model during two different study periods at the lag 21
group in China. The lockdown period was not taken into ac-
count for the relations between possible determinants and
COVID-19 confirmed incidences were relatively weak, and
the probable reason was the specific measures were carried
out such as keeping social distancing, wearing a mask, and
shutting down some industries during the lockdown period.
Also, the other lag group was excluded because we found that
the relationship between affecting factors and COVID-19 con-
firmed incidences were relatively significant at lag 21 days
group (Fig. 3).

Fig. 2. The distribution map of the mean daily confirmed rate of COVID-19 and the PM2.5 concentrations across China during the study period.
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The influences of each environmental and meteorological
factor on COVID-19 confirmed incidences present signifi-
cantly spatial heterogeneity. Figures 5 and 6 demonstrated that
a given factor influenced COVID-19 confirmed incidences
according to location. The variously estimated coefficients
demonstrated that there exist positive and negative variations
in the influences of each environmental and meteorological

determinant on COVID-19 confirmed incidences at P less
than 0.05 significant level.

Clearly, for before lockdown with lag21 day group, WS,
O3, and TEM represented a negative impact on COVID-19
confirmed incidences in most areas of China (blue and dark
blue dots), and the higher degree of the negative effect is
mainly distributed in central and east of China (Fig. 5(c) Fig.

Fig. 3. The R2 of meteorological
determinates and air pollutants for
COVID-19 confirmed incidences
based on the GWR model during
three study periods with four lag
groups. (Note: The R2 is signifi-
cant at p<0.05)

Fig. 4. The coefficient of
meteorological determinates and
air pollutants for COVID-19 con-
firmed incidences based on the
GWR model during three study
periods and four lag groups.
(Note: The coefficients are sig-
nificant at p<0.05)
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5 (e) Fig. 5(k)). Contrarily, relative humidity revealed a pos-
itive relationship with COVID-19 confirmed incidences
across China (yellow, orange, and red dots) (Fig. 5(b)).
Meanwhile, AQI, PM2.5, PM10, and NO2 showed a positive
effect on COVID-19 confirmed incidences in most areas of
China (yellow, orange, and red dots), and the higher degree of
positive impact is mainly concentrated in central and east of
China (Fig. 5(d) Fig. 5(h) Fig. 5(i) Fig. 5(f)).

After lockdown at the lag21 day group, CO presented a
negative effect on COVID-19 confirmed incidences in the
whole of China (blue and dark blue dots), and the higher
degree of negative effect was mainly distributed in
Guangdong province (Fig. 6(g)). However, precipitation, rel-
ative humidity, and temperature pose a positive impact on the
number of COVID-19 confirmed incidences in the east and
northeast of China (yellow, orange, and red dots) but exhibited
a negative effect on COVID-19 confirmed incidences in the
southeast of China (blue and dark blue dots) (Fig. 6(a) Fig.
6(b) Fig. 6(i)). Besides, AQI, SO2, PM10, and PM2.5 repre-
sented a negative relationship with COVID-19 confirmed in-
cidences in the northeast of China (blue and dark blue dots)
but showed a positive effect on COVID-19 confirmed

incidences in the southeast of China (yellow, orange, and
red dots) (Fig. 6(d) Fig. 6(j) Fig. 6(i) Fig. 6(h)). So, if the effect
of spatial and temporal heterogeneity on COVID-19 con-
firmed incidences was neglected and the impacts of all vari-
ables on COVID-19 confirmed incidences were only evaluat-
ed at the global perspective, there may be a large bias in the
results.

Discussion

The comparison between our findings and previous
studies

Given the published literature, air pollutants, as well as mete-
orological factors, exhibited an obvious impact on COVID-19
confirmed incidences. So, the comparison was conducted be-
tween the outcomes of the current study and published re-
searches to reveal differences and similarities.

The current study found that AQI, PM2.5, and PM10 exhib-
ited significantly positive effects on COVID-19 confirmed
incidences during the most study period and at the majority

Fig. 5 The map for local coefficients of meteorological determinates and air pollutants is based on GWR before lockdown with the lag 21 days group

35591Environ Sci Pollut Res  (2021) 28:35584–35596



lag group (Fig. 3). These outcomes had also been proved by
some scholars from different countries (Li et al. 2020b; Chen
et al. 2020; Wu et al. 2020a; Yao et al. 2020; Fattorini and
Regoli (2020); Zhu et al. 2020; Suhaimi et al. 2020; Fronza
et al. 2020). For example, one finding demonstrated that AQI
represented a significantly positive impact on the number of
daily confirmed COVID-19 incidences in Hubei province.
Wu et al. (2020a) evaluated the influence of PM2.5 on
COVID-19 mortality and revealed that only a 1 μg/m3 rise
in PM2.5 is linked with a 15% increase in COVID-19 mortal-
ity. Yao et al. (2020) qualitatively analyzed the mortality of
COVID-19 and spatial correlation of PM10 and PM2.5 in
China through multiple linear regression and pointed out that
the mortality of COVID-19 and the concentration of PM10, as
well as PM2.5, exhibited positive relations. Besides, Fattorini
and Regoli (2020) assessed the relation between haze pollu-
tion and COVID-19 spread in Italy and showed continuous
exposure to air pollutants in Northern Italy is the major cause
of COVID-19 incidences. Furthermore, similar results were
reported by related experts from China, the USA, Italy, and

India ( Wang et al. 2020b; Piazzalunga-Expert 2020; Sharma
et al. 2020). On the contrary, according to our findings, tem-
perature showed negative impacts on COVID-19 confirmed
incidences during all study period and at each lag group. CO
demonstrated negative influences on COVID-19 confirmed
incidences except for the before lockdown period with lag0
group, and O3 posed adverse efforts on COVID-19 confirmed
incidences except for the lockdown period with lag14 and lag
21 groups and the after lockdown period with lag7 group (Fig.
4, Tables S1–S4). We reviewed the previous studies and
found our results were consistent with some published re-
searches. For example, the correlation of O3 with the number
of COVID-19 infected incidences is negative (Fronza et al.
2020). Also, some previous researches found a negative rela-
tionship between average temperature and daily COVID-19
incidences (Suhaimi et al. 2020; Şahin 2020; Wang et al.
2020a; Wu et al. 2020b). Similarly, some studies inferred that
the COVID-19 virus spread more smoothly in winter than in
summer (Lipsitch 2020). Meanwhile, Fig. 5 and Fig. 6 obtain-
ed from the GWR model revealed that the effects of air

Fig. 6. The map for local coefficients of meteorological determinates and
air pollutants is based on GWR after lockdown with the lag 21 days
group. (Note: the other maps for local coefficients of meteorological

determinates and air pollutants based on GWR during the study period
at the different lag group were presented in the supplement materials (Fig.
S1-S6))
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pollutants, as well as meteorological factors on COVID-19,
confirmed incidences existed obvious spatial heterogeneity
feature, that is, the effects were not stable, but varied accord-
ing to location. For example, the wind speed presented a pos-
itive effect on COVID-19 confirmed incidences during lock-
down period with lag 14 group and after lockdown period
with lag 0, lag 7, lag 14, lag 21 group (Fig.4, Table S1-S4),
whereas the relations between COVID-19 confirmed inci-
dences and wind speed were negative during another period
which was consistent with a result from Iran (Ahmadi et al.
2020). Besides, the relative humidity posed an adverse impact
on COVID-19 confirmed incidences during lockdown period
with lag 14 group and after lockdown period with lag 0, lag 7,
lag 14, and lag 21 group that is in line with some previous
studies (Wu et al. 2020b; Li et al. 2020b). The probable reason
is that the effectiveness of the immune system to COVID-19
viruses is limited in the circumstance with the lower humidity
(Moriyama et al. 2020). However, the relations between
COVID-19 confirmed incidences and relative humidity were
positive during another period that is consistent with some
previous researches (Suhaimi et al. 2020). Especially, al-
though the positive relation of COwith COVID-19 confirmed
incidences was detected before the lockdown period with the
lag 0 group, CO showed a negative effect on COVID-19 con-
firmed incidences in most study period and majority lag
group. This result was different from the published studies
that CO generated a positive impact on COVID-19 confirmed
incidences (Zhu et al. 2020; Suhaimi et al. 2020; Li et al.
2020b). Additionally, NO2 revealed a positive effect on
COVID-19 confirmed incidences during some study period
and the lag group including BL (lag0), BL (lag7), BL
(lag14), BL (lag21), AL (lag7), and AL (lag14) that is consis-
tent with some previous researches (Zhu et al. 2020; Suhaimi
et al. 2020; Chakraborty et al. 2020; Li et al. 2020b). SO2

exhibited both positive and negative effects on COVID-19
confirmed incidences. The virucidal property of SO2 may be
a possible reason for the negative effect (Berendt et al. 1971).

Why the correlation between air pollutants as well as
meteorological factors and COVID-19 confirmed inci-
dences are relatively weak during the lockdown
period?

We inferred that the air pollutants, as well as meteorolog-
ical factors, did not represent higher effects on COVID-19
confirmed incidences during the lockdown period than an-
other study period because the air pollutant concentration
showed a decreasing trend during the lockdown period.
Some previous studies from India (Mahato et al. 2020;
Srivastava et al. 2020), China (Xu et al. 2020b; Bao and
Zhang 2020; Wang et al. 2020c), Malaysia (Abdullah et al.
2020), and Kazakhstan (Kerimray et al. 2020) revealed the
possible reason for air pollutants concentration decreasing

is that some industries were shut down and the gas con-
sumption was decreased during the lockdown period (Fig.
2, Table 1). Besides, the people were limited to move and
urged to keep social distancing during the lockdown time.
The possibility of exposure to air pollutants was lowered.
So, the risk of COVID-19 spreading through particulate
matter as well as meteorological factors was also reduced.
Furthermore, the number of confirmed COVID-19 inci-
dences was dramatically increased during the lockdown
period because the main transmission route for COVID-
19 is person to person. Some positive measures were im-
plemented by the Chinese government including only
keeping basic factories and businesses open (such as food
supplying, generating electricity, medical materials sup-
plying especially mask and respirator producing) and clos-
ing gyms, public entertainment devices, hair salons, swim-
ming pools, malls, and restaurant dining rooms. These
tough measures effectively slowed the COVID-19 spread-
ing across China (Fig. 2).

The effect of a possible affecting factor on confirmed
COVID-19 incidences vary based on the study period
and lag group

Figure 3 demonstrated that the effect of each air pollutant,
as well as meteorological factor on confirmed COVID-19
incidences, varies based on different study periods includ-
ing before lockdown, lockdown period, after lockdown,
and lag group in terms of lag 0, lag 7, lag 14, and lag
21. The most significant effect of temperature (0.531),
wind speed (0.686), air quality (0.642), O3 (0.646), CO
(0.482), and PM2.5 (0.799) on confirmed COVID-19 inci-
dences occurred during after lockdown period at lag 21
group (Fig.3, Table S1-S4). Besides, PM10 (0.558), SO2

(0.529), and NO2 (0.580) represented the largest impacts
on confirmed COVID-19 incidences before lockdown, af-
ter lockdown, and before lockdown period with lag 0
group, respectively. The most significant impact of rela-
tive humidity (0.591) and precipitation (0.531) on con-
firmed COVID-19 incidences was identified during the
after lockdown period at lag 7 group and lag 14 groups.
The significant effect of the majority of air pollutants, as
well as a meteorological factor on the confirmed COVID-
19 incidences, were mainly detected during the after lock-
down period at the lag 21 group. Meanwhile, an incuba-
tion period of 1–14 days for COVID-19 was released by
the Chinese National Health Commission. Some previous
studies also pointed out that long-term exposure to air
pollution increases the risk of mortality for COVID-19
(Wu et al. 2020a). So, we speculated that the longer peo-
ple exposed to the environment, the larger the risk of
people infected COVID-19 virus.
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The limitation of the current study

The COVID-19 was affected by many factors. In the present
study, some possible factors in terms of the number of doctors,
the condition of medical, the number of hospital beds, the
gender and age of infected patients, the habitat, and living
standard of patients were neglected due to the availability of
related dataset. Furthermore, though the relation between air
pollutants, as well as meteorological factors and confirmed
COVID-19 incidences, was evaluated across China during
the three periods at four lag group, this is a local, not a global
attempt. The comparison between different regions and coun-
tries needs to be further addressed. The mechanism for the
COVID-19 outbreak is complicated, and the interdisciplinary
research especially medical mechanism is necessary. So, we
plan to deep dive into the affecting factors for COVID-19 as
follows. Firstly, some factors for COVID-19 such as the num-
ber of doctors and the living standard of patients will be sup-
plemented to the GWR model. Secondly, the related methods
used in the current study will be implemented in other regions
for evaluating the feasibility and robustness if the related
datasets can be made available. Thirdly, the study for the
mechanism of the COVID-19 will be strengthened using in-
terdisciplinary methods.

Conclusion

In the present study, the GWR model was conducted to ex-
plore the relations of possible meteorological determinates
and air pollutants with daily COVID-19 confirmed incidences
during the three-period at four lag group. Some findings were
achieved. Firstly, AQI, PM2.5, and PM10 exhibited significant-
ly positive effects on COVID-19 confirmed incidences during
the most study period with the majority lag group(P< 0.05).
On the contrary, the temperature exhibited significantly neg-
ative impacts on COVID-19 confirmed incidences during the
study period at each lag group (P< 0.05). Especially, CO
showed a negative effect on COVID-19 confirmed incidences
in most study period and majority lag group. Secondly, the
effects of each possible environmental and meteorological
determinant on COVID-19 confirmed incidences demonstrat-
ed spatial heterogeneity, that is, each given factor affected
COVID-19 confirmed incidences in line with location.
Thirdly, the tough measures taken by the Chinese government
effectively prevented the COVID-19 virus transmission.
Fourthly, the significant effect of the majority of air pollutants,
as well as a meteorological factor on the confirmed COVID-
19 incidences, were mainly detected during the after lock-
down period at the lag 21 group.

The outcome of this study confirmed that the lockdown was
useful for controlling and preventing the spread of the pandem-
ic. So, the serious regions with extensive confirmed cases of

COVID-19 should be urged to continue to keep lockdown.
Moreover, the government should strengthen the measures for
controlling the COVID-19 spreading in winter. Furthermore,
the air pollution issue should be paid more attention to
protecting human health. Specifically, the measures taken by
the local governments should be differentiated because the im-
pacts of each possible determinant on COVID-19 represented
significantly spatial heterogeneity.
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