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• We found that 60.0% of confirmed
COVID-19 cases occurred in places
where the air temperature ranged from
5°C to 15°C.

• Our results indicate that SARS-CoV-2
appears to be spreading toward higher
latitudes.

• The COVID-19pandemicmay spread cy-
clically and outbreaksmay recur in large
cities in the mid-latitudes in autumn
2020.
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It is essential to know the environmental parameters within which the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) can survive to understand its global dispersal pattern. We found that 60.0% of the con-
firmed cases of coronavirus disease 2019 (COVID-19) occurred in places where the air temperature ranged
from 5 °C to 15 °C, with a peak in cases at 11.54 °C. Moreover, approximately 73.8% of the confirmed cases
were concentrated in regions with absolute humidity of 3 g/m3 to 10 g/m3. SARS-CoV-2 appears to be spreading
toward higher latitudes. Our findings suggest that there is an optimal climatic zone inwhich the concentration of
SARS-CoV-2 markedly increases in the ambient environment (including the surfaces of objects). These results
strongly imply that the COVID-19 pandemic may spread cyclically and outbreaks may recur in large cities in
the mid-latitudes in autumn 2020.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the coronavirus disease 2019 (COVID-19) outbreak has
quickly spread globally and has shown significant impact on public
health and economy (Chinazzi et al., 2020; Li et al., 2020; Rothe et al.,
2020; Yan et al., 2020). Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the causative factor for the COVID-19 pandemic, can
infect humans via several routes, such as inhalation of respiratory drop-
lets or aerosols and contact with contaminated surfaces. Previous stud-
ies have indicated that SARS-CoV-2 can be detected in indoor as well as
outdoor air. Preliminary evidence clearly proved that the virus could
cluster with outdoor particulate matter (PM) under certain circum-
stances (Jiang et al., 2020; Setti et al., 2020). Particularly, it is suggested
that SARS-CoV-2 may have the potential to spread through aerosols,
which can be produced by speaking at a normal volume (Anfinrud
et al., 2020). In addition, it is found that SARS-CoV-2 can stay for a con-
siderably long time in the air. The aerodynamic characteristics and
propagation of SARS-CoV-2 in aerosols have been reported (Liu et al.,
2020). It was reported that SARS-CoV-2 was still found in the Diamond
Princess cruise ship 17 days after people disembarked.

Therefore, it is essential to understand the survival of SARS-CoV-2 in
the ambient environment to prevent COVID-19. This information is very
useful not only for the policymakers but also for the general population.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.139487&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.139487
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Many previous investigations have shown that the viability of viruses is
strongly dependent on temperature (Tang, 2009; Huang et al., 2018).
Transmission of influenza can be reduced under high temperature con-
ditions (Lowen et al., 2008). It has been proven that high temperatures
can effectively deactivate viruses, resulting in a large reduction in the
amount of active viruses (Park et al., 2020). Recent studies have
shown that the rate of confirmed COVID-19 cases is closely related to
temperature (Triplett, 2020; Luo et al., 2020; Xie and Zhu, 2020). It is
of great importance to determine the preferred temperature range of
SARS-CoV-2 in order to help us prevent the COVID-19 outbreak. Partic-
ularly, hospitals and densely populated areas can be informed about op-
timal temperature ranges to reduce the probability of cross-infection.
However, such knowledge is not currently available for SARS-CoV-2,
which is a novel virus. Therefore, it cannot be utilized yet to prevent
the spread of the COVID-19 pandemic.

To address these knowledge gaps,we investigated the impact of am-
bient temperature on global dispersal of COVID-19. The relationship be-
tween daily confirmed cases of COVID-19 and meteorological
conditions (temperature and humidity) was studied using the data of
approximately 3,750,000 global confirmed COVID-19 cases. Section 2
briefly introduces the data and the methods used in this paper. The re-
sults and the discussion are presented in Section 3 and the conclusion is
presented in Section 4.

2. Data and methods

In this study, global COVID-19 case datasets were downloaded from
the Center for Systems Science and Engineering at Johns Hopkins Uni-
versity. Data of more than 3,750,000 confirmed COVID-19 cases from
185 countries/regions from January 21, 2020 to May 6, 2020 were in-
cluded in this paper. The daily numbers of COVID-19 cases are being re-
ported for each province or state in several large countries such as China
and the United States. Zonal mean COVID-19 cases on each day were
Fig. 1. Relationship of daily confirmed cases of coronavirus disease 2019 with (a) correspo
(d) minimum temperature globally from January 22, 2020 to May 6, 2020. The blue line repre
in this figure legend, the reader is referred to the web version of this article.)
calculated and fitted using normal distribution. The center and the stan-
dard deviation of the fitted curve were used to show the most serious
dispersal regions.

Corresponding observational data of daily air temperature and dew-
point temperature were obtained from the Weather Underground
website (https://www.wunderground.com/). The relative humidity
and the absolute humidity were calculated using daily air temperature
and dew-point temperature. Maximum/minimum temperatures and
temperature difference on each day were also calculated for each
state/country. Furthermore, time-series of zonal mean temperature at
1000mb in 2019was calculated fromNational Centers for Environmen-
tal Prediction reanalysis data to study the trend of approximate global
COVID-19 dispersal.

In addition, the Gridded Population of the World from 1980 to 2010
was developed by the Center for Global Environmental Research at the
National Institute for Environmental Studies, Japan (Murakami and
Yamagata, 2019). We calculated zonal means of gridded populations
to show the locations with high population density.

3. Results and discussion

The global probability distribution of COVID-19 caseswith respect to
the ambient temperature is shown in Fig. 1. The temperature interval at
each panel is 1 °C. The results clearly illustrate that 60.0% of the con-
firmed COVID-19 cases were found in places where the air temperature
ranged from5 °C to 15 °C, with a peak at 11 °C. However, therewere few
confirmed cases located at cold (lower that 0 °C) and hot (greater than
30 °C) regions. Fitting the results using normal distribution, we found
that the mean and the standard deviation of the fitted normal distribu-
tion curve were 11.54 °C and 5.47 °C, respectively. A previous study an-
alyzed the relationship between daily confirmed COVID-19 cases and air
temperature from 122 cities in China (Xie and Zhu, 2020) and pointed
out that confirmed COVID-19 cases increased by 4.861%/°C for ambient
nding temperatures, (b) daily temperature difference, (c) maximum temperature, and
sents the fitted normal distribution curve. (For interpretation of the references to colour

https://www.wunderground.com/
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temperature lower than 3 °C. Based on the analysis of global COVID-19
cases, our results demonstrated that confirmed COVID-19 cases in-
creased by 27,536 cases/°C for ambient temperature lower than 10 °C.
Thus, the rate of increase in COVID-19 cases induced by temperature
may have been underestimated by the previous study.

To understand the impact of ambient temperature on dispersal of
global COVID-19 pandemic in a better way, we investigated the rela-
tionship between daily confirmed cases and maximum/minimum tem-
peratures. It was observed that most of the daily COVID-19 cases were
located in regions with maximum temperature range of 5 °C to 30 °C.
A similar study by Triplett (2020) indicated that the rate of confirmed
COVID-19 cases will be significantly reducedwhenmaximum tempera-
ture reaches above 22.5 °C. Moreover, the cases were mainly concen-
trated in regions with minimum temperature range of 0 °C to 15 °C. It
is well known that large daily temperature differencemay easily trigger
influenza. Therefore, we investigated the relationship between daily
confirmed cases and temperature difference. The results showed that
rapid increase in the number of COVID-19 cases was associated with a
daily temperature difference threshold of 8 °C and the number of
Fig. 2. Relationship of daily confirmed cases of coronavirus disease 2019 with (left) daily rela
distribution curve. (For interpretation of the references to colour in this figure legend, the read

Fig. 3. (a) Relationship between cumulative cases of coronavirus disease 2019 (COVID-19) a
latitudinal zone with a mean surface temperature between 5 °C and 15 °C in 2019 according
points) represent the standard derivation (center) of the fitted normal distribution curve of
normal distribution fitted onMarch 13, 2020. Notably, daily COVID-19 cases in several countrie
(b) Zonal mean of the gridded populations from 1980 to 2010 developed by the Center for Glob
interpretation of the references to colour in this figure legend, the reader is referred to the we
cases decreased when daily temperature difference was greater than
8 °C. These results indicated that there was a nonlinear association be-
tween confirmed cases of COVID-19 and daily temperature difference.

There was an obvious relationship between the number of con-
firmed cases and relative humidity, with a peak at 65% (Fig. 2). The dis-
tribution was much broader (30% to 100%) when compared with
distribution of COVID-19 cases according to temperature. Additionally,
we analyzed the variation in the number of confirmed COVID-19 cases
according to absolute humidity. Approximately 73.8% of the cases
were concentrated in regions with absolute humidity ranging from
3 g/m3 to 10 g/m3, with a peak at 5 g/m3. This result suggests that
humid conditions were conducive for the spread of the COVID-19
pandemic.

Fig. 3 presents the time-series zonal distribution of daily COVID-19
cases and their dispersal trend. As shown in Fig. 3(a), the temperature
zone (5 °C–15 °C) and the center of the fitted normal distribution
curve of the zonal mean daily cumulative COVID-19 cases were coinci-
dent. The center of the zone denoting COVID-19 cases moved toward
higher latitude along with the temperature zone. Notably, there was a
tive humidity and (right) absolute humidity. The blue line represents the fitted normal
er is referred to the web version of this article.)

nd temperatures from January 22, 2020 to May 6, 2020. The orange zone represents the
to a reanalysis of the National Centers for Environmental Prediction data. Blue lines (red
zonal mean cumulative COVID-19 cases each day. The illustration is an example of the
s such as China, the United States, and Canada were counted separately for each province.
al Environmental Research at the National Institute for Environmental Studies, Japan. (For
b version of this article.)
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breakpoint on March 14, 2020 due to the outbreak of COVID-19 in
Europe. As a result, the center of the zone denoting COVID-19 cases
switched to 42.39°N and its standard deviation became much smaller.
Clearly, most of the cases (68.2%) of COVID-19 occurred at higher lati-
tudes, spreading along a path where the temperature ranged from
5 °C to 15 °C. This finding confirms that air temperature truly affects
the distribution of COVID-19. It is noteworthy that the COVID-19 pan-
demic has not spread to areas with high population densities. Hence,
we predict that the center of the fitted normal distribution curve of
zonal mean COVID-19 cases will continually move to higher latitudes
along the temperature zone between 5 °C to 15 °C over time. Therefore,
the scale of the COVID-19 pandemic will be substantially reduced in
early May and might recur in large mid-latitude cities in autumn
2020. It is very important to pay more attention to places at higher lat-
itudes. In addition,mid-latitude locationswith higher population densi-
ties will also face the possibility of another COVID-19 outbreak in the
autumn.

Our findings suggest that there is an optimal climatic zone in which
the concentration of SARS-CoV-2markedly increases in the ambient en-
vironment (including the surfaces of objects). Even though the dispersal
of the COVID-19 outbreak is affected by many countermeasures and
medical conditions, our results confirm that there is an optimal temper-
ature zone for the survival of SARS-CoV-2. The concentration of SARS-
CoV-2 can markedly increase in the ambient environment including
the surfaces of objects in this temperature range. It is worth recognizing
that the spread of the COVID-19 outbreak is affected by several factors.
In the present study, we investigated the natural factors affecting the
COVID-19 pandemic. The analysis of large datasets (samples) yielded
significant results with a high degree of confidence in the findings.
These findings are important for the prediction of COVID-19 transmis-
sion in the near future. We cannot rely on the conjecture that COVID-
19 outbreak will stop with increase in the temperature in summer. Un-
doubtedly, control strategies including school closure and social dis-
tancing have reduced the number of total cases considerably (Prem
et al., 2020; Luo et al., 2020; Kissler et al., 2020).
4. Conclusion

We investigated the global dispersal of COVID-19 according to ambi-
ent temperature using data of approximately 3,750,000 global con-
firmed COVID-19 cases from January 21, 2020 to May 6, 2020. The
results revealed that SARS-CoV-2 has a greater chance of survival in
the ambient environment within the optimal temperature zone, sug-
gesting that more attention should be paid to preventive measures
when the air temperatures are between 5 °C and 15 °C. Moreover,
about 73.8% of the confirmed cases were concentrated in the absolute
humidity range of 3 g/m3 to 10 g/m3, with a peak at 5 g/m3. The present
study provides information about the survival of SARS-CoV-2, the trans-
portation of the virus in the atmosphere on a global scale, and the
modeling of the dispersal of viral diseases. Our findings are important
for public health and suggest that air temperatures in hospitals and at
home should be set outside the range of 5 °C to 15 °C. Furthermore,
measures to prevent the disease should be implemented in areaswithin
the optimal climatic zone, where the survival of SARS-CoV-2may be en-
hanced. Policy makers need to establish an early warning system for
pandemics by considering bioaerosol transport on a transcontinental
or even a global scale. Such system should include weather forecasting
and climatological analysis.
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