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A B S T R A C T   

The ongoing pandemic of 2019 novel coronavirus disease (COVID-19) is challenging global public health 
response system. We aim to identify the risk factors for the transmission of COVID-19 using data on mainland 
China. We estimated attack rate (AR) at county level. Logistic regression was used to explore the role of 
transportation in the nationwide spread. Generalized additive model and stratified linear mixed-effects model 
were developed to identify the effects of multiple meteorological factors on local transmission. The ARs in 
affected counties ranged from 0.6 to 9750.4 per million persons, with a median of 8.8. The counties being 
intersected by railways, freeways, national highways or having airports had significantly higher risk for COVID- 
19 with adjusted odds ratios (ORs) of 1.40 (p = 0.001), 2.07 (p < 0.001), 1.31 (p = 0.04), and 1.70 (p < 0.001), 
respectively. The higher AR of COVID-19 was significantly associated with lower average temperature, moderate 
cumulative precipitation and higher wind speed. Significant pairwise interactions were found among above three 
meteorological factors with higher risk of COVID-19 under low temperature and moderate precipitation. Warm 
areas can also be in higher risk of the disease with the increasing wind speed. In conclusion, transportation and 
meteorological factors may play important roles in the transmission of COVID-19 in mainland China, and could 
be integrated in consideration by public health alarm systems to better prevent the disease.   

1. Introduction 

The ongoing outbreak of coronavirus disease 2019 (COVID-19), 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2), was first reported in Wuhan, China in December 2019 (Huang et al., 
2020). Just in four months, COVID-19 has spread worldwide at an 
extremely fast speed. As of August 2, a total of 17.7 million people from 
over 180 countries have been affected, with a fatality rate around 3.9% 
(World Health Organization, 2020). Considering of the severe threat 

posed by the coronavirus, the World Health Organization (WHO) 
declared the outbreak as a pandemic on March 11, 2020. China has put 
into place very rigorous prevention and control measures since January, 
including the lockdown of the 11-million-people city of Wuhan and the 
restriction of social contact (Tu et al., 2020). The outbreak process of 
COVID-19 in mainland China mainly occurred in February, and has been 
well-controlled from March to now with very low incidence, most of 
which are imported abroad. 

Before the lockdown, more than five million people have already left 
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Wuhan by train, bus or plane for Spring Festival holidays, which might 
lead to rapid spread throughout the country (Collman, 2020). Although 
transportation has been suggested as a risk for spread of the disease (Du 
et al., 2020), how the travel-related risk factors influence the nationwide 
transmission remains to be investigated. Furthermore, multiple meteo
rological features are known to impact the infectivity of respiratory virus 
and immunity of the host, leading the different degree of local trans
mission (Moriyama et al., 2020). Nevertheless, the results about the 
effect of meteorological factors on SARS-CoV-2 transmission are 
controversial, making it difficult to refine prevention and control stra
tegies (Sun et al., 2020). A negative effect of temperature on COVID-19 
infection was found in Japan (Ujiie et al., 2020). However, other studies 
came to the opposite conclusion such as that of Jakarta (Tosepu et al., 
2020), or no association was found in Spain (Briz-Redón and 
Serrano-Aroca, 2020). In addition, other studies found an unclear as
sociation between temperature and COVID-19 (Kassem, 2020), or an 
association depending on the temperature range such as that of China 
(Xie and Zhu, 2020). 

In this report, we elaborated the spatiotemporal characteristics of 
COVID-19 in mainland China, identified the factors contributing to the 
fast spread and explored the potential interactions of meteorological 
elements, in order to provide evidence-based guidance for helping other 
countries fight against the pandemic. 

2. Materials and methods 

2.1. Data collection and management 

We collected data of confirmed COVID-19 cases from the National 
Notifiable Infectious Disease Information System (until February 27) 
and the official updates by the national and provincial health commis
sions from February 28 to March 21, 2020. According to the Guideline 
for Diagnosis and Treatment of Novel Coronavirus Pneumonia issued by 
National Health Commission (NHC) (National Health Commission of 
China, 2020), the confirmed cases were patients who had related 
epidemiological history and clinical manifestations with one of the 
following etiological evidences: SARS-CoV-2 nucleic acid detected by 
specific real-time PCR assay, or viral gene sequence homologous to 
SARS-CoV-2. The database included demographic information, date of 
diagnosis and identified location. Meanwhile, we collected the data on 
the daily reported number of COVID-19 confirmed cases of each county. 
As this study constituted data analysis rather than research in human 
beings, ethical approval from institutional review boards was not 
required. 

Travel-related data were gathered as well. Data on railways, free
ways, and national highways were collected from the Ministry of Nat
ural Resources of China (http://www.mnr.gov.cn/). Data on locations of 
airports were collected from Our Airports (https://ourairports.com/ 
countries/CN/). Meteorological data including daily temperature, pre
cipitation, relative humidity, sunshine duration, and wind speed were 
obtained from China Meteorological Data Sharing Service System 
(http://data.cma.cn). We measured the distance between Wuhan and 
the centroid of each affected county in ArcGIS 10.2 software (ESRI Inc., 
Redlands, CA, USA). The population size of county level was obtained 
from Chinese Statistic Yearbook (http://www.stats.gov.cn/tjsj/ndsj/), 
from which population densities were calculated according to the area 
of each county. 

2.2. Statistical analysis 

2.2.1. Travel-related factors for nationwide spread 
We hypothesized that communication and transportation may play a 

crucial role in the nationwide spread of COVID-19, especially before the 
shutdown of Wuhan. Therefore a case-control study design was used to 
clarify communication and transportation contributing to the nation
wide spread of COVID-19. All known affected counties (with cases) were 

taken as “cases”; all unaffected (without cases) counties were taken as 
“controls”. Univariate logistic regression was performed to examine the 
effect of each travel-related factors separately. Multivariate stepwise 
logistic regression was then conducted by including all significant fac
tors in univariate model, with the adjustment for distance to Wuhan and 
population density of each county. Odds ratios (ORs) and their 95% 
confidence intervals (CIs) were estimated. 

2.2.2. Meteorological factors for local transmission 
After the shutdown of Wuhan city, local transmission became main 

pattern of dissemination of SARS-CoV-2. We hypothesis that meteoro
logical factors may play important roles in local transmission. The 
outbreak of COVID-19 in Wuhan started much earlier than other places 
in mainland China. Considering of the different local transmission 
pattern of Wuhan, we used the affected counties except counties in 
Wuhan in mainland China to explore the factors on local transmission. 
We used Kriging interpolation and zonal statistic method to calculate the 
average temperature, temperature difference, relative humidity, sun
shine duration, wind speed and cumulative precipitation in each 
affected county in February. Considering the incubation period (Linton 
et al., 2020) and time from onset to report (Xu, X.W. et al., 2020), 
log-transformed attack rate (AR) as of March 21 was taken as the 
dependent variable. Spearman correlation and a bottom-up strategy 
with Akaike information criterion (AIC) were used for model selection. A 
generalized additive model (GAM) with a Gaussian distribution was 
developed to estimate the effects of meteorological factors on spread of 
COVID-19 (Wood, 2004). Penalized thin plate regression splines were 
used for smooth function and representation of the non-linear effects of 
climate factors. The interactions of meteorological factors were then 
evaluated using GAM (Text S1). Based on the results of GAM, we 
modelled log-transformed AR with stratified linear mixed-effects model 
(LMM) to quantify the impacts of meteorological factors, in which fixed 
effects were used for meteorological factors, distance to Wuhan and 
population density; differences between provinces were the random 
effects (Lindstrom and Bates, 1988). All above statistical analyses were 
performed in R software (3.6.1). A two-sided p value less than 0.05 was 
considered to be statistically significant. 

3. Results 

A total of 81,054 COVID-19 cases, which have affected 1668 counties 
in all 31 provinces of mainland China, were reported as of March 21, 
2020. The ARs in affected counties ranged from 0.6 to 9750.4 per 
million persons (Fig. 1), with a median of 8.8 (interquartile range 
4.0–20.3). The epicentre Wuhan city as a whole had an AR of 5058.8 per 
million persons. To investigate the role of transportation in extension of 
the outbreak, we displayed main transportation lines on the map of 
mainland China. By comparison with the thematic map of AR (Fig. 1), 
we observed the affected counties were more likely being crossed by a 
railway, freeway, national highway, or having airports (Fig. S1). 

To quantitatively evaluate the effects of transportation on the 
nationwide spread of COVID-19, we conducted a “case-control” study. 
The univariate logistic analyses found that the counties being inter
sected by a railway, freeway, national highway or having airports had 
significantly higher risk for the presence of COVID-19 than other 
counties. Then the multivariate logistic regression revealed that inter
section with a railway, freeway, national highway and having airports 
remained significant risk factors even after adjusting for population 
density and distance to Wuhan, with adjusted ORs of 1.40 (95% CI 
1.14–1.72; p = 0.001), 2.07 (95% CI 1.61–2.67; p < 0.001), 1.31 (95% 
CI 1.02–1.68; p = 0.04), and 1.70 (95% CI 1.31–2.22; p < 0.001), 
respectively (Table 1). 

To identify the effects of meteorological variables on the local 
transmission, we collected and visualized the meteorological factors in 
China (Fig. S2), and then developed univariate and multivariate GAMs 
(Text S1). The AIC of every GAM in the process of selection was listed in 
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Table S1 (Table S1). Final model included average temperature, cumu
lative precipitation and average wind speed, after adjustment for dis
tance to Wuhan and population density (Table S2). The results of GAM 
revealed that the relationships between meteorological factors and 
COVID-19 were nonlinear. The risk of COVID-19 decreased with the 
increasing average temperature when temperature was relatively low 
(Fig. 2a). When cumulative precipitation was less than around 50 mm, 
increasing cumulative precipitation was correlated with higher risk of 
COVID-19. When cumulative precipitation was over 50 mm, the risk of 
COVID-19 decreased with increasing cumulative precipitation but the 
confidence interval is much wider (Fig. 2b). The wind speed had a 
positive effect on the risk of COVID-19 when the speed was lower than 
1.5 m/s or higher than 2.5 m/s, but had a negative effect between 1.5 m/ 
s and 2.5 m/s (Fig. 2c). 

Based on the results above, we explored the potential pairwise in
teractions of meteorological factors, including average temperature, 
cumulative precipitation and average wind speed using GAM, and 
constructed three-dimensional diagrams according to the GAM analysis 
results (Fig. 2d–f). A higher risk of COVID-19 occurred in the scenario of 
low average temperature and modest cumulative precipitation between 
around 50–120 mm (Fig. 2, d + e). Warm areas (temperature over 10 ◦C) 
can also be in higher risk of the disease with the increasing wind speed 
(Fig. 2f). 

Given the nonlinear effects suggested by GAM, we classified average 
temperature, cumulative precipitation and average wind speed into two 
strata (for average temperature: <10 ◦C and ≥10 ◦C; for cumulative 
precipitation: <50 mm and ≥50 mm; for average wind speed: <2 m/s 
and ≥2 m/s), and conducted LMM respectively to quantify the effects of 
meteorological factors on transmission of COVID-19. Higher average 

temperature had a significant negative effect on risk of COVID-19 
overall and when temperature was below 10 ◦C (Table 2: model 0, 
model 1), but the effect was insignificant when temperature was over 
10 ◦C (Table 2: model 2). Increasing cumulative precipitation was 
associated to increasing risk of COVID-19 when precipitation was lower 
than <50 mm (Table 2: model 3), yet the correlation became insignifi
cant when precipitation was over 50 mm (Table 2: model 4). Increasing 
average wind speed was related to higher risk of COVID-19 overall and 
below 2 m/s (Table 2: model 0, model 5), no significant correlation 
observed when wind speed was over 2 m/s (Table 2: model 6). 

To control the extremely hard epidemic situation of COVID-19 which 
started at Wuhan city, a series of very strict measures have been taken in 
mainland China, including lockdown of Wuhan, extending the Spring 
Festival holidays, 14-day self-quarantines, and postponing school, 
etcetera. Meanwhile, medical assistance teams were organized and 
medical-related productions were resumed nationwide to support Hubei 
province including Wuhan city. The effect of measures was significant 
and the increasing trend of the disease got controlled in about two 
weeks. Due to the continuously declining impact of COVID-19, from 
February 17, Chinese authorities began to evaluate different areas based 
on the risks of the epidemic, and encouraged to resume production in 
“low-risk areas”. The schools in “low-risk areas” outside Hubei province 
started their spring terms since March 9 successively. In April 8, Wuhan 
ended the lockdown and reopened the city back to the normal life with 
caution, and these eases of restriction did not cause the epidemic 
rebound until now (Fig. 3). 

Fig. 1. Spatial overview of the epidemic magnitude of COVID-19 in each affected county in mainland China.  
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4. Discussion 

The shock of COVID-19 pandemic to world has extremely challenged 
the capacity of the global public health response system. The epidemi
ological characteristics have been summarized using the surveillance 
data of 72,314 COVID-19 cases in mainland China (The Novel Corona
virus Pneumonia Emergency Response Epidemiology Team, 2020). In 
this study, we did not generally describe the epidemic situation of China, 
but tried to quantify the epidemic magnitude and range. Furthermore, 
we tried to identify underlying factors for quick extension and trans
mission of COVID-19, thus to provide a scientific basis for prevention 
and control policies. 

We used attack rate instead of the absolute number of reported cases 
to estimate the magnitude of COVID-19 outbreak at a finer scale of 
county level. Through mapping and spatiotemporal analyses, we 
discovered that the counties surrounding Wuhan had much higher ARs. 
This finding implies that the convenience of transportation and the 
mobility of population should have facilitated the quick transmission as 
has happened during the SARS outbreak (Fang et al., 2009). Wuhan is 
the political, cultural, economic, and transportation centre of not only 
Hubei province but also central China, hundreds of thousands of people 
in nearby counties work in Wuhan city using trains, cars or buses for 
travelling. When the epidemic in Wuhan began, many of them decided 
to return home, thereby spreading COVID-19 to surrounding areas. 

Another geographical spread pattern is spreading to new epidemic 
areas through certain index cases, who have travelled to the epicentre, 
Wuhan, by air or inter-province trains. This pattern might play an 
important role in long-distance nationwide spread in the early period of 
the outbreak, especially before strict public health measures were taken 
(Riley, 2007). Furthermore, the outbreak of COVID-19 was coincided 
with the Spring Festival holidays, when people usually go back to their 
hometown to celebrate the most important Chinese festival. The 
large-scale population mobility especially from Wuhan have undoubt
edly accelerated cross-province as well as cross-county transmissions 

Table 1 
Travel-related factors contributing to the nationwide spread of COVID-19 in 
mainland China by logistic regression analyses.   

Univariate analysis Multivariate analysis 

Risk factors OR (95% CI) p value Adjusted OR (95% 
CI) 

p value 

Intersected by railway 
No Ref Ref Ref Ref 
Yes 2.18 

(1.84–2.59) 
<0.001* 1.40 (1.14–1.72) 0.001* 

Intersected by freeway 
No Ref Ref Ref Ref 
Yes 3.72 

(3.08–4.49) 
<0.001* 2.07 (1.61–2.67) <0.001* 

Intersected by national highway 
No Ref Ref Ref Ref 
Yes 2.43 

(2.01–2.94) 
<0.001* 1.31 (1.02–1.68) 0.04* 

Having any airport 
No Ref Ref Ref Ref 
Yes 1.44 

(1.15–1.82) 
0.001* 1.70 (1.31–2.22) <0.001* 

Population 
density 

1.24 
(1.17–1.32) 

<0.001* 1.16 (1.11–1.22) <0.001* 

Distance to 
Wuhan 

0.87 
(0.86–0.88) 

<0.001* 0.89 (0.88–0.90) <0.001* 

Railway, freeway, national highway, airport, population density and distance to 
Wuhan were included in the multivariate logistic regression, with backward 
stepwise method for variable selection. A total of 2858 counties were analysed in 
the model, among which 1668 were affected (“cases”). Population density and 
distance to Wuhan were continuous variables, with the units of per 1000/km2 

and per 100 km increase, respectively. OR = odds ratio, CI = confidence in
terval, Ref = reference. * statistically significant. 

Fig. 2. The relationships of the attack rate of COVID-19 with meteorological factors and pairwise interactions among meteorological factors in mainland China. The 
relationships between the attack rate of COVID-19 and average temperature (a), cumulative precipitation (b), and average wind speed (c). The solid lines are the 
logarithmic relative risks of COVID-19, and the dotted lines represent the 95% confidence levels. The three-dimensional diagrams represent the interaction of average 
temperature with cumulative precipitation (d), the interaction of cumulative precipitation and average wind speed (e), and the interaction of average temperature 
with average wind speed (f), respectively. 
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(Kraemer et al., 2020) (Zhang et al., 2020). The risk for rapid spread 
along transportation routes is further proved by the logistic regression, 
in which counties crossed by a railway, a freeway, a national highway or 
having an airport had significantly higher risk for presence of COVID-19, 
even after adjusting for population density and distance to Wuhan. 
Another study on estimated risk for transportation of COVID-19 from 
Wuhan to other cities during travel by plane is consistent with our 
findings (Du et al., 2020). Therefore, lockdown of Wuhan and travel 
restriction should be a sensible choice and an effective way to control 
the nationwide spread of COVID-19. 

Since the entrance of imported COVID-19 cases, local transmission 
might be one of main spread patterns in an area. We found that multiple 
meteorological factors were correlated with the AR of COVID-19, after 
controlling the distance to Wuhan and the population density. Average 
temperature was found to be negatively related to AR in our study. To 
date, most studies about meteorological effects on COVID-19 have 

explored the role of temperature. Several studies focusing mainland 
China have reported consistently with ours that the temperature was 
inversely associated with COVID-19, whereas none of them reported at 
county scale (Liu et al., 2020) (Qi et al., 2020) (Shi et al., 2020) (Wang 
et al., 2020). Some studies observed the positive or insignificant re
lationships between temperature and the disease, without adjusting for 
other meteorological factors (Bashir et al., 2020) (Yao et al., 2020). 
Considering the envelope structure of coronavirus (Schoeman and 
Fielding, 2019), low temperature may contribute to the stability of virus 
by promoting the ordering of lipids on the viral membrane (Polozov 
et al., 2008). A recent laboratory research on stability of SARS-CoV-2 
reported that stability of the virus decreased with increasing tempera
ture (Chin et al., 2020). Moreover, low temperature may also decrease 
the airway mucosal surface defence, making the host more vulnerable to 
coronavirus (Clary-Meinesz et al., 1992). Further experimental studies 
are needed to explore the infectivity of coronavirus under different 
conditions of temperature. 

Our results also show the positive relationship between cumulative 
precipitation and transmission of COVID-19. A study in Mexico has 
observed positive effect of precipitation on transmission of COVID-19 
(Méndez-Arriaga, 2020). Several studies have reported the relation
ship of relative humidity, rather than precipitation, with COVID-19, 
giving inconsistent evidences (Qi et al., 2020) (Wang et al., 2020) 
(Yao et al., 2020). The outbreak of COVID-19 in China is in winter, and 
the air of high relative humidity in most areas is too cold to contain 
enough water. Therefore, relative humidity may not appropriate to 
represent true content of water in the air (Moriyama et al., 2020). Our 
study also found that average wind speed had positive effect on the local 
transmission of COVID-19. Several studies have reported the precipita
tion and wind speed as one of climate drivers for the epidemic of flu 
(Gomez-Barroso et al., 2017) (Lopez et al., 2014) (Mahamat et al., 
2013). Considering similar ways of transmission between flu and 
COVID-19, modest increasing precipitation may increase opportunity to 
spread virus infection by decreasing the evaporation of droplets, making 
them readily settle on surfaces (Lowen and Palese, 2009) (Lu et al., 
2020). Increasing wind may facilitate the aerosol dissemination of 
SARS-CoV-2, thus rising the risk of COVID-19 (Lau et al., 2018). 

We also found the existence of interactions among average temper
ature, cumulative precipitation and average wind speed. Higher risk of 
COVID-19 was reported in areas with low temperature and 50–120 mm 
of cumulative precipitation, Warm areas (average temperature over 
10 ◦C) can also be in higher risk of the disease with the increasing wind 
speed. Some study have explored the interaction of meteorological 
factors on transmission of COVID-19 (Qi et al., 2020) (Xu, H. et al., 
2020). Nevertheless, we have firstly reported the pairwise interactions 
between temperature, precipitation and wind speed. The interactions of 
meteorological factors discovered in our study may be one of reasons 
causing the severe epidemic situations in Spain, Italy, Iran and New York 
where the average temperature is below 10 ◦C and the precipitation is in 
range of 30–100 mm in February (Weather Atlas, 2020). Regions with 
above conditions should take greater efforts for the prevention of 
COVID-19. Meanwhile, the role of wind speed playing in the trans
mission of COVID-19 in the warm areas suggested by our study may be 
one of the reasons for COVID-19 prevalence in warm places such as 
Brazil, India and Peru. Indoor environment and social behaviour of 
people should also contribute significantly in transmission of COVID-19, 
as the measures including travel restriction, isolation taken by Chinese 
government showed positive influences rapidly. More studies are 
needed to explore factors causing pandemic of the disease. 

Our study has some limitations. Firstly, we can only get data on main 
transportation routes and hubs such as railways, freeways, national 
highways and airports to estimate the risk for COVID-19 transmission 
while detailed travel data on county level, which are inaccessible, may 
be better. We conducted an ecological study on group-level, thus the 
exact risk for person-to-person transmission as well as transmissibility of 
the novel coronavirus could not be evaluated. Secondly, we adopted a 

Table 2 
Meteorological factors for the local transmission of COVID-19 in mainland China 
by linear mixed-effect modelling.   

β (SE) RR (95% CI) p value 

Model 0: Non-stratified model 
Average temperature − 0.01 (0.01) 0.99 (0.98–1.00) 0.011* 
Cumulative precipitation 0.001 (0.001) 1.00 (1.00–1.00) 0.052 
Average speed wind 0.01 (0.004) 1.01 (1.00–1.02) 0.022* 
Population density 0.02 (0.003) 1.02 (1.01–1.02) <0.001* 
Distance to Wuhan − 0.02 (0.01) 0.98 (0.97 0.99) 0.002* 
Model 1: Average temperature <10 ◦C 
Average temperature − 0.03 (0.01) 0.97 (0.95–0.98) <0.001* 
Cumulative precipitation 0.01 (0.001) 1.00 (1.00–1.01) <0.001* 
Average speed wind 0.01 (0.01) 1.01 (1.00–1.02) 0.06 
Population density 0.01 (0.003) 1.01 (1.01–1.02) <0.001* 
Distance to Wuhan − 0.04 (0.01) 0.97 (0.95–0.98) <0.001* 
Model 2: Average temperature ≥10 ◦C 
Average temperature − 0.01 (0.01) 0.99 (0.96–1.02) 0.51 
Cumulative precipitation − 0.001 (0.001) 1.00 (1.00–1.00) 0.38 
Average speed wind 0.02 (0.01) 1.02 (1.00–1.03) 0.02* 
Population density 0.02 (0.004) 1.02 (1.01–1.03) <0.001* 
Distance to Wuhan − 0.04 (0.02) 0.96 (0.94–0.99) 0.02* 
Model 3: Cumulative precipitation <50 mm 
Average temperature − 0.01 (0.01) 0.99 (0.98–1.00) 0.03* 
Cumulative precipitation 0.01 (0.002) 1.01 (1.00–1.01) <0.001* 
Average speed wind 0.002 (0.01) 1.00 (0.99–1.01) 0.71 
Population density 0.01 (0.003) 1.01 (1.01–1.02) <0.001* 
Distance to Wuhan − 0.002 (0.01) 1.00 (0.98–1.01) 0.83   

β (SE) RR (95% CI) p value 

Model 4: Cumulative precipitation ≥50 mm 
Average temperature 0.03 (0.02) 1.04 (1.00–1.07) 0.04* 
Cumulative precipitation − 0.001 (0.001) 1.00 (1.00–1.00) 0.42 
Average speed wind 0.02 (0.01) 1.02 (1.01–1.03) 0.01* 
Population density 0.03 (0.01) 1.03 (1.02–1.04) <0.001* 
Distance to Wuhan − 0.12 (0.02) 0.89 (0.86–0.92) <0.001* 
Model 5: Average speed wind <2 m/s 
Average temperature − 0.03 (0.01) 0.97 (0.96–0.99) <0.001* 
Cumulative precipitation 0.001 (0.001) 1.00 (1.00–1.00) 0.29 
Average speed wind 0.03 (0.01) 1.03 (1.01–1.04) 0.003* 
Population density 0.02 (0.004) 1.02 (1.01–1.03) <0.001* 
Distance to Wuhan − 0.04 (0.01) 0.96 (0.94–0.98) <0.001* 
Model 6: Average speed wind ≥2 m/s 
Average temperature − 0.002 (0.01) 1.00 (0.99–1.01) 0.82 
Cumulative precipitation 0.002 (0.001) 1.00 (1.00–1.00) 0.12 
Average speed wind 0.01 (0.01) 1.01 (0.99–1.02) 0.44 
Population density 0.01 (0.003) 1.01 (1.01–1.02) <0.001* 
Distance to Wuhan − 0.01 (0.01) 0.99 (0.97–1.01) 0.50 

Average temperature, cumulative precipitation, average speed wind, population 
density and distance to Wuhan were included in the linear mixed-effects model 
as fixed effect, with provincial difference as random effect. All variables were 
continuous variables, with the units of average temperature: per ◦C; cumulative 
precipitation: per mm; average speed wind: per 0.1 m/s, population density: per 
1000/km2; and distance to Wuhan: per 100 km increase, respectively. β = co
efficient; SE = standard error; RR = relative ratio, CI = confidence interval. * 
statistically significant. 
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cross-sectional design which is rational due to the short period of 
epidemic in China, while longitudinal studies for long-time observation 
are more powerful and needed for further exploration. Moreover, some 
risk factors that may affect the risk of SARS-CoV-2 infection were not 
included in our analysis, such as the proportion of imported cases to all 
cases, social and economic status, indoor environment, behaviour 
pattern and susceptibility. 

In conclusion, COVID-19 spread rapidly from Wuhan, where it first 
occurred, to a wide range of China. The accessibility of main trans
portation are the risk factors for nationwide spread. Multiple meteoro
logical factors can significantly affect the local transmission. Areas with 
highly developed transportation, low temperature and moderate pre
cipitation have high risk for COVID-19, warm places with increasing 
wind speed also have higher risk for COVID-19. Therefore, countries 
with above conditions should pay more attention and take effective 
strategies such as travel restriction, isolation, disinfection and contact 
tracing to contain COVID-19. 
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