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Abstract: the COVID-19 is still a huge challenge that seriously threatens public 14 

health globally. Previous studies focused on the influence of air pollutants and proba-15 

ble meteorological parameters on confirmed COVID-19 infections via epidemiologi-16 

cal methods. Whereas, the findings of relations between possible variables and 17 

COVID-19 incidences using geographical perspective were scarce. In the present 18 

study, data concerning confirmed COVID-19 cases and possible affecting factors 19 

were collected for 325 cities across China up to May 27, 2020. The Geographical 20 

Weighted Regression (GWR) model was introduced to explore the impact of probable 21 



determinants on confirmed COVID-19 incidences. Some results were obtained. AQI, 22 

PM2.5, and PM10 demonstrated significantly positive impacts on COVID-19 during the 23 

most study period with the majority lag group (P＜0.05). Nevertheless, the relation of 24 

temperature with COVID-19 was significantly negative (P＜0.05). Especially, CO 25 

exhibited a negative effect on COVID-19 in most study period with the majority lag 26 

group. The impacts of each possible determinant on COVID-19 represented signifi-27 

cantly spatial heterogeneity. The obvious influence of the majority of possible factors 28 

on COVID-19 was mainly detected during the after lockdown period with the lag 21 29 

group. Although the COVID-19 spreading has been effectively controlled by tough 30 

measures taken by the Chinese government, the study findings remind us to address 31 

the air pollution issues persistently for protecting human health.   32 

Keyword: COVID-19, Air pollutants, Meteorological factors, GWR, GIS 33 

1. Introduction 34 

Twenty-seven illnesses with pneumonia infection of unknown etiology were re-35 

ported in December 2019 in Wuhan, Hubei Province, China (Huang et al., 2020). 36 

Subsequently, a novel coronavirus termed SARS-CoV-2 was confirmed as the causa-37 

tive pathogen of COVID-19 on 7 January (Lu et al., 2020; Li et al., 2020a). Then, the 38 

World Health Organization (WHO) declared the COVID-19 pandemic a public health 39 

emergency of international concern on 30 January 2020 (WHO, 2020a; Sohrabi et al., 40 

2020). Later, as of 15 February 2020, 68,500 cumulative identified cases and 1665 41 

deaths have been documented domestically (NHC, 2020), and 528 cases and 2 deaths 42 

were reported out of China (WHO, 2020b). What’s more, many countries including 43 

the United States, Spain, Italy, Germany, the United Kingdom, France, and China 44 

were affected by COVID-2019 spreading rapidly worldwide. More than 18.96 million 45 



cases of COVID-2019 had been diagnosed and confirmed in about 200 countries and 46 

territories until 6 August 2020. Fortunately, the COVID-19 pandemic has been effec-47 

tively restrained in China for a series of measures that have been implemented includ-48 

ing traffic restrictions, lockdown, asking residents to stay at home, and to begin social 49 

distancing, closing many industries. Unfortunately, the COVID-19 is still spreading 50 

all over the world and there are no signals of disappearance. So, it is urgent to further 51 

research the possible influence factors of COVID-19 and take measures to control the 52 

spread of the virus.  53 

Previous studies proved that the SARS-CoV-2, SARS-CoV, and middle east respir-54 

atory syndrome coronavirus (MERS-CoV) belonged to the same virus family. Fur-55 

thermore, three of these coronaviruses have been confirmed to be able to transmit 56 

through the air (Zhou et al., 2020; Yu et al., 2004; Zumla and Hui, 2014; Guo et al., 57 

2020a). Moreover, the relationship between SARS and MERS with air quality and 58 

meteorological conditions has been identified (Cui et al., 2003; Lin et al., 2006; Gard-59 

ner et al., 2019). Meanwhile, some specific relations of the virus with air quality and 60 

environmental factors have been proved in published researches (Zhu et al., 2020; Xu 61 

et al., 2020a). For example, particulate matter (PM) with an aerodynamic diameter 62 

smaller than 10 μm (PM10) has positive effects on SARS mortality. Also, the spread 63 

of many viral diseases including influenza and the respiratory syncytial virus has been 64 

confirmed to be affected by meteorological conditions, such as temperature and hu-65 

midity (Bloom-Feshbach et al., 2013; Lowen et al., 2007). The epidemiological inves-66 

tigation demonstrated that the risk of transmission of SARS and MERS may be raised 67 

in the condition of lower temperature (Lin et al., 2006; Gardner et al., 2019), and in-68 

fection with MERS-CoV is more likely to appear under dry conditions (Gardner et al., 69 



2019). So, it is reasonable to infer that air quality and meteorological conditions may 70 

influence the spread of COVID-19. 71 

Some related qualitative analyses of the relations between COVID-19 and air pollu-72 

tants have been reported recently. For example, Lombardy and Northern Italian re-73 

gions of the Po Valley (Padana Plain),  an area identified as one of the most polluted 74 

regions with high concentrations of particulate matter (PM) in Europe, has undergone 75 

the rapid spreading of COVID-19 (ISS, 2020; Fattorini et al., 2020). A hypothesis 76 

concerning a possible link between the high mortality of COVID-19 and the PM con-77 

centrations in Northern Italy has been released on 16 March by the Italian Society of 78 

Environmental Medicine (SIMA) (SIMA, 2020; Setti et al., 2020). Besides, a signifi-79 

cant relationship has been detected between the geographical distribution of the 110 80 

Italian Provinces with exceeding daily PM10 concentrations and the spreading of the 81 

COVID-19 infection (ISS, 2020). Furthermore, some quantitative researches on the 82 

relationship between the COVID-19 infection and environmental factors have been 83 

conducted in the U.S. and China after the COVID-19 pandemic outbreak. For exam-84 

ple, in China, Zhu et al., 2020 utilized the Generalized Additive Model (GAM) to ex-85 

plore the relations between the concentrations of air pollutants and daily COVID-19 86 

confirmed incidences and found that particles with diameters ≤2.5 μm (PM2.5), parti-87 

cles with diameters ≤10 μm (PM10), carbon monoxide (CO), nitrogen dioxide (NO2) 88 

and ozone (O3) have positive effects on the number of COVID-19 incidences. How-89 

ever, SO2 posed an adverse effect on the COVID-19 confirmed incidences. Mean-90 

while, a Poisson regression model was performed to identify the association between 91 

air quality index (AQI) and COVID-19 confirmed incidences. The results showed that 92 

the effect of AQI on confirmed incidences was statistically significant in several cities 93 

of China (Xu et al., 2020a). Moreover, in the U.S., the zero-inflated negative binomial 94 



mixed models have been conducted to conclude the effects of long-term PM2.5 expo-95 

sure on COVID-19 deaths by the faculties from Harvard University. They confirmed 96 

that an increase of only 1µg/m3 in PM2.5 concentration was associated with a 15% rise 97 

in the COVID-19 death rate, 95% confidence interval (CI) (5%, 25%) (Wu et al., 98 

2020). So, it is reasonable to speculate that the possible additional factor for anoma-99 

lous COVID-19 outbreaks is high PM concentrations based on the available literature. 100 

Though the association between COVID-19 confirmed incidences and air pollutants 101 

has been explored at a global scale from an epidemiology and biostatistics perspective, 102 

the COVID-19 maybe not only affected by air pollutants but also by meteorological 103 

conditions and other possible factors such as dietary habit, customs, and etiquette. 104 

Furthermore, the distribution of COVID-19 exhibited spatial heterogeneity in Italy, 105 

China, and the U.S., and air pollution and environmental factors also demonstrate dif-106 

ferent distribution characteristics. So, the traditional epidemiological models were the 107 

global model that can hardly be used to detect the relation between pandemic and af-108 

fecting factors locally. Alternatively, the Geographical Weighted Regression Model 109 

(GWR) which is a local model supplies a new perspective for exploring the relation 110 

between COVID-19 and air pollution locally. So do the environmental and meteoro-111 

logical factors affect the COVID-19 confirmed incidences locally? Do the number of 112 

COVID-19 confirmed incidences change in line with the environmental and meteoro-113 

logical factors? Understanding the causes of COVID-19 from an interdisciplinary 114 

view is still a big challenge. This study attempts to estimate the influence of possible 115 

environmental and meteorological factors on COVID-19 confirmed incidences under 116 

the geographical perspective. The present study aims 1) to analyze the relations be-117 

tween confirmed COVID-19 incidences and the possible environmental and meteoro-118 

logical determinants using the Geographically Weighted Regression model (GWR) 119 



during three periods of COVID-19 outbreak at four lag group across China, 2) to 120 

evaluate the impact of each potential variable on confirmed COVID-19 incidences, 3) 121 

to map the coefficient of influence factor obtained from the GWR model for demon-122 

strating the spatial heterogeneity of effects on confirmed COVID-19 incidences for 123 

each potential factor. 124 

2. Method and material 125 

2.1 Study area 126 

The current study selected 325 cities containing at least one COVID-19 confirmed 127 

case up to May 27, 2020, in China as a study area (Fig. 1). Up to May 27, 2020, was 128 

determined as the study deadline because this study was developed at the beginning of 129 

June 2020 and the dataset for COVID-19 confirmed case was updated up to May 27, 130 

2020, at that moment. These cities are mainly distributed in the east and southeast 131 

parts of the mainland of China. 82,993 COVID-19 confirmed cases have been identi-132 

fied in entire China as of  May 27, 2020, according to the National Health Commis-133 

sion.  134 

 135 

Fig. 1. The spatial distribution map of mean daily COVID-19 confirmed incidences and AQI in the mainland of 136 

China from Dec 31, 2019, to May 27, 2020. 137 



2.2 Data source and preprocessing 138 

Daily COVID-19 confirmed cases from Dec 31, 2019, to May 27, 2020, for each 139 

city were released from local health commissions on the official websites. All 140 

COVID-19 confirmed cases data used in the current study were allowed by patients 141 

for only academic studying and all patients’ privacy concerning name and ID identifi-142 

cation card numbers were excluded before the dataset release. This study covered 143 

three periods including from the start point of the COVID-19 outbreak to lockdown 144 

(from Dec 23, 2019, to Jan 23, 2020), from lockdown to reopening (from January 23, 145 

2020, to April 8, 2020), and after reopening (from April 8, 2020, to May 27, 2020), 146 

respectively. We selected before lockdown (BL) as one of the study periods because 147 

no protection measures have been taken by a human, and people can go outside with-148 

out wearing a mask during this period. We can exclude the effects of measures on 149 

COVID-19 confirmed incidences and speculate one of the additional reasons for 150 

COVID-19 incidence was potential environmental and meteorological factors. Mean-151 

while, the duration of lockdown (L) was chosen as the study period for we attempted 152 

to detect the influence degree of measures taken by the government on the number of 153 

COVID-19 confirmed incidences, and people hardly can go outside except for basic 154 

living needs and was asked to wear a mask during this period. Furthermore, after 155 

lockdown (AL) was chosen as a study period for we can identify if the number of 156 

COVID-19 confirmed incidences was affected by not only measures but also possible 157 

factors, people can go outside smoothly with the negative COVID-19 code and was 158 

encouraged to wear a mask during this period.   159 

Air pollutants data including air quality index (AQI), particles with diameters ≤ 2.5 160 

μm (PM2.5), particles with diameters ≤ 10 μm (PM10), sulfur dioxide (SO2), carbon 161 

monoxide (CO), nitrogen dioxide (NO2), and ozone (O3) were made available from 162 



the China National Environmental Monitoring Centre (CNEMC) 163 

(http://www.cnemc.cn). Meteorological data on daily mean temperature（TEM）, 164 

relative humidity (RH), precipitation (PRE),  and wind speed (WS) during the study 165 

period were made available from the National Meteorological Information Center 166 

(http://data.cma.cn). 167 

Previous researches confirmed that the effect of air pollution can last for several 168 

days (Lin et al., 2018; Myung et al., 2019; Xie et al., 2019; Yang et al., 2020). Fur-169 

thermore, an incubation period of 1 to 14 days for COVID-19 was reported by the Na-170 

tional Health Commission in China. So, the current study determined to use a mov-171 

ing-average method to capture the cumulative lag effect of ambient air pollution 172 

(Duan et al., 2019; Li et al., 2018; Yang et al., 2020). Meanwhile, daily COVID-19 173 

confirmed incidence was chosen to exclude the influence of the population density for 174 

COVID-19 confirmed cases. Thus, in this study, the relation between moving average 175 

concentration of air pollutants (lag0-7, lag0-14, lag0-21) and daily COVID-19 con-176 

firmed incidence (Hastie, 2017; Liu et al., 2020; Adhikari et al., 2020) were estimated 177 

through the GWR model. 178 

2.3 GWR model 179 

A GWR model (Fotheringham et al., 2002; Guo et al., 2021a; Guo et al.,2021b) 180 

was developed based on Equation (1) in the present study. 181 

𝐶𝑂𝑉𝐼𝐷_19 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑓𝑖𝑟𝑚𝑒𝑑 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒𝑠𝑖 = 𝛽0(𝜇𝑖, 𝜐𝑖) + 𝛽1(𝜇𝑖, 𝜐𝑖) ∗ 𝑋𝑖 + 𝜀𝑖     (1) 182 

Where∶ 𝐶𝑂𝑉𝐼𝐷_19 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑓𝑖𝑟𝑚𝑒𝑑 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒𝑠𝑖 is the COVID-19 confirmed inci-183 

dences of the city 𝑖 at location (μi, υi); 𝛽0 denotes the intercepts at a specific location 184 

(𝜇𝑖 , 𝜐𝑖); and 𝛽1 is the location-specific slope for 𝑋𝑖 , 𝑋𝑖 denotes AQI, PM2.5, PM10, SO2, 185 

http://www.cnemc.cn/
http://data.cma.cn/


CO, NO2, PRE, RH, TEM, and WS, respectively. The location (𝜇𝑖 , 𝜐𝑖) represents the 186 

central coordinates of city 𝑖, 𝜀𝑖 is the error term for sample 𝑖. 187 

3. Results and discussion 188 

3.1 Descriptive statistical analysis 189 

Table1 demonstrated the statistical results for daily COVID-19 confirmed incidence 190 

(per 100, 000, 0), meteorological determinates, and air pollutants during the study pe-191 

riod including before lockdown, lockdown, and after lockdown. The maximum mean 192 

daily confirmed rate (3.33) occurred during the lockdown period, followed by after 193 

lockdown (1.18), and before lockdown (0.73).    194 

Before lockdown, the mean daily meteorological determinates including PRE, RH, 195 

TEM, and WS were 1.53 mm, 8.00%, 7.82 ℃, and 1.86 m/s, respectively. The daily 196 

average concentrations of air pollutants concerning AQI, O3, CO, NO2, PM2.5, PM10, 197 

and SO2 were 78.11, 46.67μg/m3, 9.35μg/m3, 34.91μg/m3, 61.34μg/m3, 69.27μg/m3, 198 

and 14.69μg/m3, respectively. 199 

During the lockdown period, the average daily meteorological determinates includ-200 

ing PRE, RH, TEM, and WS were 2.26mm, 7.36%, 5.33 ℃, and 2.15 m/s, respective-201 

ly. The daily mean concentrations of air pollutants concerning AQI, O3, CO, NO2, 202 

PM2.5, PM10, and SO2 were 58.02, 52.85μg/m3, 15.60μg/m3, 26.89μg/m3, 50.80μg/m3, 203 

53.55μg/m3, and 23.39μg/m3, respectively. 204 

After lockdown, the average daily meteorological determinates including PRE, RH, 205 

TEM, and WS were 2.40mm, 6.83%, 14.47℃, and 2.39 m/s, respectively. The daily 206 

mean concentrations of air pollutants concerning AQI, O3, CO, NO2, PM2.5, PM10, and 207 

SO2 were 59.61, 76.55μg/m3, 1.05μg/m3, 33.89μg/m3, 37.35μg/m3, 59.98μg/m3, and 208 

9.20μg/m3, respectively. 209 



Table 1 Descriptive statistics for daily COVID-19 confirmed incidence (per 100, 000, 0), meteorological determi-210 
nates, and air pollutants across China during the study period. 211 

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 (℃) 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/m3) 46.67 18.92 18.33 100.61 

CO (μg/m3) 9.35 19.76 0.32 89.49 

NO2 (μg/m3) 34.91 15.83 5.89 76.46 

PM2.5 (μg/m3) 61.34 33.86 9.00 160.47 

PM10 (μg/m3) 69.27 39.95 22.28 213.63 

SO2 (μg/m3) 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 (℃) 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/m3) 52.85 18.98 4.79 123.34 

CO (μg/m3) 15.60 19.84 0.19 113.02 

NO2 (μg/m3) 26.89 18.21 1.96 147.91 

PM2.5 (μg/m3) 50.80 36.80 0.00 480.63 

PM10 (μg/m3) 53.55 36.12 0.00 455.67 

SO2 (μg/m3) 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 (℃) 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/m3) 76.55 21.91 25.12 154.67 

CO (μg/m3) 1.05 4.33 0.38 53.67 

NO2 (μg/m3) 33.89 15.84 8.12 96.96 

PM2.5 (μg/m3) 37.35 33.40 4.17 275.88 

PM10 (μg/m3) 59.98 42.50 10.33 330.71 

SO2 (μg/m3) 9.20 5.58 2.71 52.11 

The distribution of COVID-19 confirmed cases exhibited significant spatial hetero-212 

geneity during the outbreak of the pandemic (Fig.2). The majority of positive inci-213 

dences were accumulated in the east of China. Also, the most concentrated of 214 

COVID-19 confirmed incidences were distributed in the Hubei Province during the 215 

lockdown period. Meanwhile, the distribution of PM2.5 concentration in China also 216 

exhibited strong regional variation during the spread of the epidemic, that is, the con-217 

centrations in the southeast of China were higher than the northwest of China. Also, 218 

the PM2.5 concentrations in central, northeast, and northwest of China represented 219 

higher than the rest of the areas in China. Especially, the distribution of COVID-19 220 

confirmed incidences were almost consistent with the PM2.5 concentrations in China. 221 

The possible reason for the similar distribution feature concerning COVID-19 con-222 

firmed incidences and PM2.5 concentrations was that a series of measures especially 223 

lockdown has been taken by the local government. The spreading of the pandemic to 224 

the rest of China was prevented due to the effective restrictions. Whereas, a published 225 

study confirmed that the COVID-19 had been spreading in Italy for several weeks be-226 

fore the measures were taken by government authorities (Cereda et al., 2020).  So, we 227 

inferred that a similar geographical distribution concerning COVID-19 incidence and 228 



air pollution did not occur coincidently but may present statistically significant.          229 

 230 

Fig. 2.The distribution map of the mean daily confirmed rate of COVID-19 and the PM2.5 concentrations across 231 

China during the study period. 232 

3.2 The relations between environmental as well as meteorological factors and 233 

the COVID-19 confirmed incidences on globally perspective  234 

The GWR model was implemented to identify the global relations between envi-235 

ronmental as well as meteorological factors and the COVID-19 confirmed incidences 236 

during three different study periods across China. The degree of correlation was rep-237 

resented by a decision coefficient (R2), and the R2 values for each independent varia-238 

ble varied significantly among the different study periods and lag group (Fig.3).  The 239 

correlation between environmental as well as meteorological factors and the number 240 

of COVID-19 confirmed incidences was the weakest (R2＜0.1) during the lockdown 241 

period for each lag group, and the lag effects of the independent variable on the num-242 



ber of COVID-19 confirmed incidences were not significant. On the contrary, the 243 

highest correlation was identified during the lockdown period. Furthermore, for most 244 

independent variables except CO, RH, and SO2, the lag effect on the number of 245 

COVID-19 confirmed incidences exhibited a heightening trend after the lockdown pe-246 

riod, that is, the longer lag days, the higher R2. Additionally, the relation concerning 247 

independent variables and the number of COVID-19 confirmed incidences was mod-248 

erate during the before lockdown period for each lag group, and the lag effect on the 249 

number of COVID-19 confirmed cases increasing in line with the lag days for parts 250 

independent variables including CO and SO2.  251 

Besides, except for during the lockdown period, no matter which period and lag 252 

group environmental and meteorological factors are, the temperature exhibited a sig-253 

nificant impact on COVID-19 confirmed incidences especially during after lockdown 254 

period, followed by PM2.5, WS, AQI, O3, PRE, NO2, PM10 (Fig. 3, Table S1- S4). 255 

Fig. 4 showed that the coefficient obtained from the GWR model for each air pollu-256 

tant as well as meteorological factor varies based on different study period including 257 

before lockdown, lockdown period, after lockdown, and lag group in terms of lag 0, 258 

lag 7, lag 14 and lag 21 (Fig. 4, Table S1- S4).   259 



 260 

Fig. 3. The R2 of meteorological determinates and air pollutants for COVID-19 confirmed incidences based 261 

on the GWR model during three study periods with four lag groups. (Note: The R2 is significant at p＜0.05) 262 

 263 

Fig. 4. The coefficient of meteorological determinates and air pollutants for COVID-19 confirmed incidences 264 
based on the GWR model during three study periods and four lag groups. (Note: The coefficients are signifi-265 

cant at p＜0.05) 266 

3.3 The effects of environmental and meteorological factors on COVID-19 con-267 

firmed incidences from the local perspective 268 

The effects of environmental and meteorological factors on COVID-19 confirmed 269 

incidences were detected by the GWR model during two different study periods at the 270 



lag 21 group in China. The lockdown period was not taken into account for the rela-271 

tions between possible determinants and COVID-19 confirmed incidences were rela-272 

tively weak, and the probable reason was the specific measures were carried out such 273 

as keeping social distancing, wearing a mask, and shutting down some industries dur-274 

ing the lockdown period. Also, the other lag group was excluded because we found 275 

that the relationship between affecting factors and COVID-19 confirmed incidences 276 

were relatively significant at lag 21 days group (Fig.3).  277 

The influences of each environmental and meteorological factor on COVID-19 278 

confirmed incidences present significantly spatial heterogeneity. Fig.5 and Fig.6 279 

demonstrated that a given factor influenced COVID-19 confirmed incidences accord-280 

ing to location. The variously estimated coefficients demonstrated that there exist pos-281 

itive and negative variations in the influences of each environmental and meteorologi-282 

cal determinant on COVID-19 confirmed incidences at P less than 0.05 significant 283 

level.  284 

Clearly, for before lockdown with lag21 day group, WS, O3, and TEM represented 285 

a negative impact on COVID-19 confirmed incidences in most areas of China (blue 286 

and dark blue dots), and the higher degree of the negative effect is mainly distributed 287 

in central and east of China(Fig.5(c) Fig.5(e) Fig.5(k)). Contrarily, relative humidity 288 

revealed a positive relationship with COVID-19 confirmed incidences across China 289 

(yellow, orange, and red dots) (Fig.5(b)). Meanwhile, AQI, PM2.5, PM10, and NO2 290 

showed a positive effect on COVID-19 confirmed incidences in most areas of China 291 

(yellow, orange, and red dots), and the higher degree of positive impact are mainly 292 

concentrated in central and east of China(Fig.5(d) Fig.5(h) Fig.5(i) Fig.5(f)).   293 



After lockdown at the lag21 day group, CO presented a negative effect on COVID-294 

19 confirmed incidences in the whole of China (blue and dark blue dots), and the 295 

higher degree of negative effect was mainly distributed in Guangdong province (Fig. 296 

6(g)). However, precipitation, relative humidity, and temperature pose a positive im-297 

pact on the number of COVID-19 confirmed incidences in the east and northeast of 298 

China (yellow, orange, and red dots), but exhibited a negative effect on COVID-19 299 

confirmed incidences in the southeast of China (blue and dark blue dots) (Fig.6(a) 300 

Fig.6(b) Fig.6(i)). Besides, AQI, SO2, PM10, and PM2.5 represented a negative rela-301 

tionship with COVID-19 confirmed incidences in the northeast of China (blue and 302 

dark blue dots) but showed a positive effect on COVID-19 confirmed incidences in 303 

the southeast of China (yellow, orange, and red dots) (Fig.6(d) Fig.6(j) Fig. 6(i) 304 

Fig.6(h)). So, if the effect of spatial and temporal heterogeneity on COVID-19 con-305 

firmed incidences was neglected, and the impacts of all variables on COVID-19 con-306 

firmed incidences were only evaluated at the global perspective, there may be a large 307 

bias in the results.  308 



 309 

Fig. 5. The map for local coefficients of meteorological determinates and air pollutants is based on GWR be-310 
fore lockdown with the lag 21 days group.  311 

 312 

Fig. 6.  The map for local coefficients of meteorological determinates and air pollutants is based on GWR af-313 
ter lockdown with the lag 21 days group. (Note: the other maps for local coefficients of meteorological de-314 



terminates and air pollutants based on GWR during the study period at the different lag group were presented 315 
in the supplement materials (Fig.S1-S6)) 316 

4. Discussion 317 

4.1 The comparison between our findings and previous studies  318 

Given the published literature, air pollutants, as well as meteorological factors, ex-319 

hibited an obvious impact on COVID-19 confirmed incidences. So, the comparison 320 

was conducted between the outcomes of the current study and published researches to 321 

reveal differences and similarities.  322 

The current study found that AQI, PM2.5, and PM10 exhibited significantly positive 323 

effects on COVID-19 confirmed incidences during the most study period and at the 324 

majority lag group (Fig.3). These outcomes had also been proved by some scholars 325 

from different countries (Li et al., 2020b; Chen et al 2020; Wu et al 2020a; Yao et al 2020; 326 

Fattorini and Regoli (2020); Zhu et al, 2020; Suhaimi et al., 2020; Fronza et al ., 327 

2020; ). For example, one finding demonstrated that AQI represented a significantly 328 

positive impact on the number of daily confirmed COVID-19 incidences in Hubei 329 

province. Wu et al. (2020a) evaluated the influence of PM2.5 on COVID-19 mortality 330 

and revealed that only a 1 μg/m3 rise in PM2.5 is linked with a 15% increase in 331 

COVID-19 mortality.  Yao et al (2020) qualitatively analyzed the mortality of COVID-332 

19 and spatial correlation of PM10 and PM2.5 in China through multiple linear regres-333 

sion and pointed out that the mortality of COVID-19 and the concentration of PM10, 334 

as well as PM2.5, exhibited positive relations. Besides, Fattorini and Regoli (2020) 335 

assessed the relation between haze pollution and COVID-19 spread in Italy and 336 

showed continuous exposure to air pollutants in Northern Italy is the major cause of 337 

COVID-19 incidences. Furthermore, similar results were reported by related experts 338 

from China, the USA, Italy, and India ( Wang et al. 2020b; Piazzalunga Expert 2020; 339 

Sharma et al. 2020). On the contrary, according to our findings, temperature showed 340 



negative impacts on COVID-19 confirmed incidences during all study period and at 341 

each lag group. CO demonstrated negative influences on COVID-19 confirmed inci-342 

dences except for the before lockdown period with lag0 group, and O3 posed adverse 343 

efforts on COVID-19 confirmed incidences except for the lockdown period with 344 

lag14 and lag 21 groups, and the after lockdown period with lag7 group (Fig.4, Table 345 

S1-S4). We reviewed the previous studies and found our results were consistent with 346 

some published researches. For example, the correlation of O3 with the number of 347 

COVID-19 infected incidences is negative (Fronza et al., 2020). Also, some previous 348 

researches found a negative relationship between average temperature and daily 349 

COVID-19 incidences (Suhaimi et al., 2020; Şahin, 2020; Wang et al., 2020a; Wu et 350 

al., 2020b). Similarly, some studies inferred that the COVID-19 virus spread more 351 

smoothly in winter than in summer (Lipsitch, 2020). Meanwhile, Fig.5 and Fig.6 ob-352 

tained from the GWR model revealed that the effects of air pollutants, as well as me-353 

teorological factors on COVID-19, confirmed incidences existed obvious spatial het-354 

erogeneity feature, that is, the effects were not stable, but varied according to location. 355 

For example, the wind speed presented a positive effect on COVID-19 confirmed in-356 

cidences during lockdown period with lag 14 group and after lockdown period with 357 

lag 0, lag 7, lag 14, lag 21 group (Fig.4, Table S1-S4). Whereas, the relations between 358 

COVID-19 confirmed incidences, and wind speed was negative during another period 359 

which was consistent with a result from Iran (Ahmadi et al., 2020). Besides, the rela-360 

tive humidity posed an adverse impact on COVID-19 confirmed incidences during 361 

lockdown period with lag 14 group and after lockdown period with lag 0, lag 7, lag 14, 362 

lag 21 group that is in line with some previous studies (Wu, et al., 2020b; Li et al., 363 

2020b). The probable reason is that the effectiveness of the immune system to 364 

COVID-19 viruses is limited in the circumstance with the lower humidity (Moriyama 365 



et al., 2020). However, the relations between COVID-19 confirmed incidences and 366 

relative humidity were positive during another period that is consistent with some 367 

previous researches (Suhaimi et al., 2020). Especially, although the positive relation 368 

of CO with COVID-19 confirmed incidences was detected before the lockdown peri-369 

od with the lag 0 group, CO showed a negative effect on COVID-19 confirmed inci-370 

dences in most study period and majority lag group. This result was different from the 371 

published studies that CO generated a positive impact on COVID-19 confirmed inci-372 

dences (Zhu et al., 2020; Suhaimi et al., 2020; Li et al., 2020b). Additionally, NO2 re-373 

vealed a positive effect on COVID-19 confirmed incidences during some study period 374 

and the lag group including BL (lag0), BL (lag7), BL (lag14), BL (lag21), AL (lag7), 375 

and AL (lag14) that is consistent with some previous researches (Zhu et al., 2020; 376 

Suhaimi et al., 2020; Chakraborty et al., 2020; Li et al 2020b). SO2 exhibited both 377 

positive and negative effects on COVID-19 confirmed incidences. The virucidal 378 

property of SO2 may be a possible reason for the negative effect (Berendt et al., 2020).  379 

4.2 Why the correlation between air pollutants as well as meteorological factors 380 

and COVID-19 confirmed incidences are relatively weak during the lockdown 381 

period? 382 

We inferred that the air pollutants, as well as meteorological factors, didn’t repre-383 

sent higher effects on COVID-19 confirmed incidences during the lockdown period 384 

than another study period because the air pollutants concentration showed a decreas-385 

ing trend during the lockdown period. Some related studies from India (Mahato et al, 386 

2020; Srivastava et al., 2020), China (Xu et al., 2020b; Bao et al., 2020; Wang et al., 387 

2020c), Malaysia (Abdullah et al., 2020), and Kazakhstan (Kerimray et al., 2020) re-388 

vealed the possible reason for air pollutants concentration decreasing is that some in-389 

dustries were shut down and the gas consumption was decreased during the lockdown 390 



period (Fig.2, Table 1). Besides, the people were limited to move and urged to keep 391 

social distancing during the lockdown time. The possibility of exposure to air pollu-392 

tants was lowered. So, the risk of COVID-19 spreading through particulate matter as 393 

well as meteorological factors was also reduced. Furthermore, the number of con-394 

firmed COVID-19 incidences was dramatically increased during the lockdown period 395 

because the main transmission route for COVID-19 is person to person. Some posi-396 

tive measures were implemented by the Chinese government including only keeping 397 

basic factories and businesses open (such as food supplying, generating electricity, 398 

medical materials supplying especially mask and respirator producing) and closing 399 

gyms, public entertainment devices, hair salons, swimming pools, malls, and restau-400 

rant dining rooms. These tough measures effectively slowed the COVID-19 spreading 401 

across China (Fig.2). 402 

4.3 The effect of a possible affecting factor on confirmed COVID-19 incidences 403 

vary based on the study period and lag group 404 

Fig.3 demonstrated that the effect of each air pollutant, as well as meteorological 405 

factor on confirmed COVID-19 incidences, vary based on different study periods in-406 

cluding before lockdown, lockdown period, after lockdown, and lag group in terms of 407 

lag 0, lag 7, lag 14 and lag 21.  The most significant effect of temperature (0.531), 408 

wind speed (0.686), air quality (0.642), O3 (0.646), CO (0.482), and PM2.5 (0.799) on 409 

confirmed COVID-19 incidences occurred during after lockdown period at lag 21 410 

group (Fig.3, TableS1-S4). Besides, PM10 (0.558), SO2 (0.529), NO2 (0.580) repre-411 

sented the largest impacts on confirmed COVID-19 incidences before lockdown, after 412 

lockdown, and before lockdown period with lag 0 group, respectively. The most sig-413 

nificant impact of relative humidity (0.591) and precipitation (0.531) on confirmed 414 

COVID-19 incidences were identified during the after lockdown period at lag 7 group 415 



and lag 14 groups. The significant effect of the majority of air pollutants, as well as a 416 

meteorological factor on the confirmed COVID-19 incidences, were mainly detected 417 

during the after lockdown period at the lag 21 group. Meanwhile, an incubation peri-418 

od of 1 to 14 days for COVID-19 was released by the Chinese National Health Com-419 

mission. Some previous studies also pointed out that long-term exposure to air pollu-420 

tion increases the risk of mortality for COVID-19 (Wu et al., 2020a). So, we speculat-421 

ed that the longer people exposed to the environment, the larger the risk of people in-422 

fected COVID-19 virus.  423 

4.4 The limitation of the current study 424 

The COVID-19 was affected by many factors. In the present study, some possible 425 

factors in terms of the number of doctors, the condition of medical, the number of 426 

hospital beds, the gender and age of infected patients, the habitat, and living standard 427 

of patients were neglected due to the availability of related dataset. Furthermore, 428 

though the relation between air pollutants, as well as meteorological factors and con-429 

firmed COVID-19 incidences, were evaluated across China during the three periods at 430 

four lag group, this is a local, not a global attempt. The comparison between different 431 

regions and countries needs to be further addressed. The mechanism for the COVID-432 

19 outbreak is complicated, the interdisciplinary research especially medical mecha-433 

nism is necessary. So, we plan to deep dive into the affecting factors for COVID-19 434 

as follows. Firstly, some factors for COVID-19 such as the number of doctors and the 435 

living standard of patients will be supplemented to the GWR model. Secondly, the re-436 

lated methods used in the current study will be implemented in other regions for eval-437 

uating the feasibility and robustness if the related datasets can be made available. 438 

Thirdly, the study for the mechanism of the COVID-19 will be strengthened using in-439 

terdisciplinary methods.     440 



5. Conclusion 441 

In the present study, the GWR model was conducted to explore the relations of 442 

possible meteorological determinates and air pollutants with daily COVID-19 con-443 

firmed incidences during the three-period at four lag group. Some findings were 444 

achieved. Firstly, AQI, PM2.5, and PM10 exhibited significantly positive effects on 445 

COVID-19 con-firmed incidences during the most study period with the majority lag 446 

group(P＜0.05). On the contrary, the temperature exhibited significantly negative im-447 

pacts on COVID-19 confirmed incidences during the study period at each lag group(P448 

＜0.05). Especially, CO showed a negative effect on COVID-19 confirmed incidenc-449 

es in most study period and majority lag group. Secondly, the effects of each possible 450 

environmental and meteorological determinant on COVID-19 confirmed incidences 451 

demonstrated spatial heterogeneity, that is, each given factor affected COVID-19 con-452 

firmed incidences in line with location. Thirdly, the tough measures taken by the Chi-453 

nese government effectively prevented the COVID-19 virus transmission. Fourthly, 454 

the significant effect of the majority of air pollutants, as well as a meteorological fac-455 

tor on the confirmed COVID-19 incidences, were mainly detected during the after 456 

lockdown period at the lag 21 group. 457 

The outcome of this study confirmed that the lockdown was useful for controlling 458 

and preventing the spread of the pandemic. So, the serious regions with extensive 459 

confirmed cases of COVID-19 should be urged to continue to keep lockdown. More-460 

over, the government should strengthen the measures for controlling the COVID-19 461 

spreading in winter. Furthermore, the air pollution issue should be paid more attention 462 

to protecting human health. Specifically, the measures taken by the local governments 463 



should be differentiated because the impacts of each possible determinant on COVID-464 

19 represented significantly spatial heterogeneity.   465 
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Abbreviations 482 

The following abbreviations are used in this manuscript: 483 

 484 

COVID-19              Corona Virus Disease 2019  485 

SARS-CoV-2          severe acute respiratory syndrome coronavirus 2 486 

MERS-CoV             middle east respiratory syndrome coronavirus 487 

WHO                      World Health Organization 488 



GWR                       Geographically Weighted Regression  489 

SIMA                      Society of Environmental Medicine 490 

CNEMC                  China National Environmental Monitoring Centre 491 

GAM                       Generalized Additive Model 492 

BL                            before lockdown 493 

L                               lockdown 494 

AL                            after lockdown 495 

PM                            particulate matter 496 

PM2.5                       particles with diameters ≤2.5 μm 497 

PM10                        particles with diameters ≤10 μm 498 

CO                           carbon monoxide 499 

NO2                         nitrogen dioxide 500 

O3                            ozone 501 

SO2                          sulfur dioxide 502 

AQI                          air quality index 503 

TEM                         temperature 504 

RH                            relative humidity 505 

PRE                          precipitation 506 

WS                           wind speed 507 

 508 
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Figures

Figure 1

The spatial distribution map of mean daily COVID-19 con�rmed incidences and AQI in the mainland of
China from Dec 31, 2019, to May 27, 2020. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

The distribution map of the mean daily con�rmed rate of COVID-19 and the PM2.5 concentrations across
China during the study period. Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 3

The R2 of meteorological determinates and air pollutants for COVID-19 con�rmed incidences based on
the GWR model during three study periods with four lag groups. (Note: The R2 is signi�cant at p0.05)

Figure 4

The coe�cient of meteorological determinates and air pollutants for COVID-19 con�rmed incidences
based on the GWR model during three study periods and four lag groups. (Note: The coe�cients are
signi�cant at p0.05)



Figure 5

The map for local coe�cients of meteorological determinates and air pollutants is based on GWR before
lockdown with the lag 21 days group. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 6

The map for local coe�cients of meteorological determinates and air pollutants is based on GWR after
lockdown with the lag 21 days group. (Note: the other maps for local coe�cients 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)). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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