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Abstract
We performed a global analysis with data from 149 countries to test whether temperature 
can explain the spatial variability of the spread rate and mortality of COVID-19 at the 
global scale. We performed partial correlation analysis and linear mixed effect modelling 
to evaluate the association of the spread rate and motility of COVID-19 with maximum, 
minimum, average temperatures and diurnal temperature variation (difference between day-
time maximum and night-time minimum temperature) and other environmental and socio-
economic parameters. After controlling the effect of the duration since the first positive 
case, partial correlation analysis revealed that temperature was not related with the spatial 
variability of the spread rate of COVID-19 at the global scale. Mortality was negatively 
related with temperature in the countries with high-income economies. In contrast, diurnal 
temperature variation was significantly and positively correlated with mortality in the low- 
and middle-income countries. Taking the country heterogeneity into account, mixed effect 
modelling revealed that inclusion of temperature as a fixed factor in the model significantly 
improved model skill predicting mortality in the low- and middle-income countries. Our 
analysis suggests that warm climate may reduce the mortality rate in high-income econo-
mies, but in low- and middle-income countries, high diurnal temperature variation may 
increase the mortality risk.
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1 Introduction

COVID-19 has become a global concern since the pandemic situation caused by COVID-
19 posed an unprecedented threat to the world. The pandemic has already brought changes 
in social, economic, political, cultural and environmental aspects around the world. 
COVID-19 is a respiratory illness caused by the new coronavirus “Severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2)” (Gorbalenya et  al. 2020; Shereen et  al. 2020). 
According to the World Health Organization (WHO), the first case of COVID-19 has been 
reported in December 2019. As shown by the COVID-19 dashboard by the Center for Sys-
tems Science and Engineering (CSSE) at Johns Hopkins University, COVID-19 caused 
346,700 death with a total of 5,519,878 confirmed cases (as of 26th May 2020, 19.00 
GMT+6.00) (Dong et al. 2020).

With a start from China, COVID-19 outbreak has been observed in the high latitude 
(Temperate) region, leading scientists to assume that COVID-19 outbreak and death are 
linked with low temperature. The first study which tested the effect of temperature and 
humidity on the COVID-19 associated with mortality reported that temperature had a posi-
tive link with the mortality in Wuhan, China (Ma et al. 2020). The relationship between 
ambient temperature and COVID-19 infection has been investigated in China with the 
hypothesis that warmer weather may reduce the case count of COVID-19 (Xie and Zhu 
2020). Analysing data from 122 cities the study found no evidence of decline in confirmed 
cases with increasing temperature, rather found a positive association between temperature 
and COVID-19 confirmed cases (Xie and Zhu 2020). The assumption of suppression of 
COVID-19 due to warmer temperature is probably based on the optimal temperature range 
of SARS-CoV-2 transmission (13–24 °C) as confirmed by Anis (2020). It is important to 
note that this preprint has not been peer reviewed and thus requires caution during inter-
pretation of the results therein. Nevertheless, it is obvious that the temperature effect on 
COVID-19 transmission and mortality is not consistent across the world.

Temperature was negatively associated with the confirmed cases of COVID-19 in Tur-
key, Brazil and China (Liu et al. 2020; Prata et al. 2020; Şahin 2020). In contrast to these 
findings, many studies reported a positive relationship between temperature and COVID-
19 transmission in several countries (Bashir et al. 2020; Tosepu et al. 2020; Xie and Zhu 
2020). Some of the recent studies, however, reported no significant role of temperature 
on COVID-19 transmission (Ahmadi et al. 2020; Iqbal et al. 2020; Yao et al. 2020). The 
available scientific evidence thus provides non-consistent results that call for further stud-
ies at the global scale. A country’s socio-economic and environmental factors may also be 
associated with the confirmed cases. For example, COVID-19 transmission was found to 
have low sensitivity to temperature and high sensitivity to population size (Jahangiri et al. 
2020). These findings highlight the importance of socio-economic and environmental fac-
tors to be considered while testing climatic influence on COVID-19 outbreak and mortal-
ity. The present study aims at investigating the link between temperature and the spatial 
variability of COVID-19 spread and mortality at the global scale. We answered the follow-
ing research questions:

1 Can temperatures explain the spatial variability of the rate of spread and mortality of 
COVID-19 at the global scale?

2 Does warm climate suppress the rate of spread and mortality of COVID-19?
3 Which socio-economic and environmental factors are linked with the spread and mortal-

ity rate of COVID-19?
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2  Materials and methods

2.1  Main characteristics of COVID‑19

COVID-19 caused by SARS-CoV-2 has been declared as a pandemic during the second 
quarter of March this year. SARS-CoV-2 belongs to the Coronaviridae family under the 
order Nidovirales. Coronavirinae (one of the two subfamilies of Coronaviridae) consists 
of four genera including Alphacoronavirus, Betacoronavirus, Gammacoronavirus and 
Deltacoronavirus. SARS-CoV-2 is a single-strand RNA virus which belongs to the genus 
Betacoronavirus and is able to infect human (Lu et al. 2020). Based on the phylogenetic 
classification of SARS-CoV-2 genome, the researchers indicate bat as the original host of 
SARS-CoV-2 (Lu et al. 2020; Zhou et al. 2020). Although it was reported that COVID-19 
transmitted from animal to human (Li et  al. 2020), human to human and person to per-
son transmission mainly through respiratory droplets have been reported around the world 
(Chan et al. 2020; Yu et al. 2020). The mean incubation period widely varied between 5 
and 24 days (Chu et al. 2020; Huang et al. 2020; Li et al. 2020). Males are found to be 
more susceptible to COVID-19 than females (Jin et  al. 2020). Peoples of 60+ age were 
reported to be affected more by COVID-19, whereas the rate of infection in children was 
low (Davies et al. 2020). The usual symptoms of COVID-19 include high fever, sore throat, 
cough, shortness of breath, dyspnoea, chest pain, fatigue and myalgia, while the less fre-
quent includes dizziness, headache, diarrhoea, abdominal pain, vomiting and nausea (Hara-
pan et al. 2020). Unlike SARS-CoV and MERS-CoV, SARS-CoV-2 prefers infecting lower 
respiratory than the upper respiratory tract (Huang et al. 2020).

2.2  Data acquisition

The data on total confirmed cases, total death counts and total test performed in 149 
countries (Fig.  1) were collected from three complementary sources viz: World Health 

Fig. 1  World temperature zone map developed based on the six temperature domains given by Sayre et al. 
(2020) showing the location of 149 countries for which the spread and mortality rate of COVID-19 were 
analysed
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Organization (WHO), COVID-19 dashboard by the Center for Systems Science and Engi-
neering (CSSE) at Johns Hopkins University (JHU) and Worldometers.info website. WHO 
is the leading global organization providing guidelines and reliable information related 
to COVID-19. Johns Hopkins University has been playing key roles in providing real-
time data on COVID-19 and has become a reliable data source for the researchers by this 
time. Worldometer is a US-based independent digital media run by an international team 
of researchers, developers and volunteers. The main goal of this organization is to make 
world statistics available in a time relevant format to the global audience. It was selected as 
one of the best free reference websites by the world’s oldest and largest library association 
“American Library Association (ALA)”. Data were retrieved on 11th May 2020.

The data on the socio-economic parameters including population density, GDP growth 
rate, GDP per capita, population growth rate, life expectancy, percentage of population 
over 60  years, health expenditure, physicians per thousand people and environmental 
variables including number of threatened species, forested area,  CO2 emission, protected 
area percentage of the forested area were collected from United nation country database 
(data retrieved on 13th May 2020). We included the socio-economic variables in our study 
because a country’s socio-economic condition directly reflects the country’s health care 
system. A good health care system allows taking appropriate management of any pandemic 
like COVID-19. Peoples’ migration may promote the spread rate of COVID-19 (Song et al. 
2020). Nevertheless, the migration data during the COVID-19 pandemic were not available 
for all the countries. Therefore, we did not include this in our analysis.

Air quality of a city or region may be related with the health condition of the people of 
that region particularly the condition of respiratory system. Since the air quality index data 
were not available for all the countries we studied, we took forested area,  CO2 emission, 
protected area percentage, number of threatened species as the proxies for air quality indi-
cators. The specific management strategies such as lockdown, increased facilities for PCR 
testing may help tackle COVID-19 pandemic. Particularly, lockdown was found to sup-
press COVID-19 both in developed and developing countries (Atalan 2020; Shammi et al. 
2020). However, we did not include management intervention into our analysis since the 
intervention starting time, duration and nature were not uniform across the 149 countries 
we analysed.

Daily maximum, minimum and average temperature data for the period from 1st Jan 
2020 to 10th May 2020 were collected from The Weather Channels (https ://www.weath 
er.com/) and from the Weather Underground (https ://www.wunde rgrou nd.com/). Diurnal 
temperature variation was calculated from the difference between the daytime maximum 
temperature and night-time minimum temperature of the same day. We did not include 
humidity and wind speed into our analysis since the three variables (wind speed, humidity 
and temperature) are interconnected and are subjected to collinearity problem.

2.3  Data preparation and statistical analyses

We collected data on selected variables (Table 1) from a total of 149 countries. Because a 
country’s health system is linked with the economic condition, we classified the infected 
countries into two groups: 1. countries with high-income economies 2. countries with 
low- and middle-income economies. We followed the World Bank’s country classification 
2020 for this grouping. We collected data on number of cumulative tests performed by 
individual country and the total confirmed cases in each country until 10th May 2020. To 

https://www.weather.com/
https://www.weather.com/
https://www.wunderground.com/
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parameterize the rate of spread, we calculated number of positive cases per 100 tests per-
formed as follows:

Calculating the rate of spread in this way instead of using only the total confirmed cases 
allows to consider the influence of varying number of tests performed by each country 
on the total confirmed cases. Generally, the cumulative number of confirmed cases has an 
increasing trend until the positive case becomes zero. This increasing trend does not neces-
sarily mean the rising intensity of the COVID-19 outbreak. Thus, the way we calculated 
the rate of COVID-19 spread provides an estimate which is independent of the variation of 
the number of tests performed among the countries. Likewise, mortality was calculated for 
each country as follows:

We calculated the mean value of the daily minimum, maximum and average temperature 
averaged over the period from 1st January 2020 to 10th May 2020, the common period for 
which the rate of spread and mortality was calculated. In this way, we made sure that the 
climatic data are representative of the contemporary pandemic condition. Climatic parame-
ters may cause lag effect of three days on the case count (Liu et al. 2020). We excluded the 
daily temperature values for the last 3 days before 10th May 2020 and tested if this affects 
our results. We found no changes in our overall results due to this lag test.

It is likely that the duration since the first positive case may affect the rate of spread and 
mortality. The case counts and mortality both follow an initial increasing trend until they 
reach the peak and then decline (Jia et al. 2020). It is thus necessary to control the effect of 

Rate of spread(%) = (Total confirmed cases ÷ Total test performed) × 100%

Mortality(%) = (Number of total death count ÷ Total infected people) × 100%

Table 1  List of climatic, environmental, socio-economic and COVID-19 parameters used in the study and 
their description

Factors Parameters used Description

COVID-19 Infected/tested Rate of spread (%)
Mortality Mortality rate (%)

Temperatures TempMax Maximum temperature (°C)
TempMin Minimum temperature (°C)
TempAvg Average temperature (°C)
TempMax–Min Maximum–minimum temperature (°C)

Environmental ForestArea Forested area (% of land area)
ProtArea Protected area (%)
ThretSp Threatened species (number)
CO2Emis CO2 emission estimates (million tons)

Socio-economic PopDen Population density (per  km2, 2019)
GDP Growth Gross domestic product (GDP) growth rate (annual %)
PopGrow Population growth rate (average annual %)
HealthExpen Health expenditure (% of GDP)
Age60+ Population age distribution (60+ years old, %)
PhysPerTho Health physicians (per 1000 pop.)
LifeExped Life expectancy at birth (years)
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the duration after the first positive case on the rate of spread and mortality. We performed 
a partial correlation analysis to test the relation of the rate of spread and mortality with a 
set of explanatory variables listed in Table 1. The advantage of the partial correlation over 
the traditional bivariate Pearson correlation is that we can rule out the undesired effect of 
some factors by taking them as controlling factors. In our analyses, we took the duration 
after the first positive case as a controlling factor which allowed to control the effect of 
temporal trend on the response variable. Besides, we performed the correlation analysis 
using 1000 bootstrapped correlations by random extraction with replacement of values. 
This bootstrapping approach allows to measure the accuracy of the confidence interval to 
the sample estimates.

Then, we performed linear mixed effect modelling with significantly related variables 
resulted from the partial correlation analysis. It is worth mentioning that health expenditure 
and physicians per thousand people were highly correlated with 60+ aged people result-
ing in collinearity problem. As such, these two variables were excluded from the mixed 
effect models. We ran two sets of mixed effect models for each of the groups of coun-
tries (low-income countries, and low- and middle-income countries) and all the infected 
countries together (global). The first sets were run without temperature and the second sets 
with temperature. Comparing two sets of model’s outputs will allow to test if temperature 
has improved the model performance. Model performance was evaluated by comparing the 
Akaike information criteria (AIC), model with lower AIC value has better skill for predic-
tion. This mixed effect modelling approach estimates both fixed and random effects and 
allows to take country’s heterogeneity into account while testing the effects of explanatory 
variable on the response variables. We considered temperature and other response vari-
ables as the fixed factors and country Id as the random factors in our mixed effect models.

Before the analyses were performed, the normality of data distribution of all the 
response and explanatory variables was tested using Kolmogorov–Smirnov test. In case 
of not-normal distribution, data were log-transformed to get a normal distribution. After 
checking the distribution, the outliers were excluded from the analysis. For example, Alge-
ria and Gavon were left out of the analyses since these countries fell outside the normal 
range of values. Partial correlation analysis and the normality tests were performed using 
SPSS version 25.0 (IBM Corp. 2017). Mixed effect modelling was performed using the 
“lme” function of the “nlme” package in R statistical environment. To evaluate the varia-
tion explained by the fixed factors, we calculated marginal R2 using the MuMln package in 
R (R Development Core Team 2019).

3  Results

Both mortality and the rate of spread were low in Asian, Australia and some African 
countries (Fig. 2). The highest spread rate was observed in Equatorial Guinea (51%) fol-
lowed by Guinea-Bissau and Brazil (48%) until 10th May 2020. The highest mortality was 
observed in Sint Maarten Dutch (20%) followed by Belgium and Yemen (16%). The lowest 
spread rate was found in Venezuela, while the mortality was close to zero in Qatar. It is 
important to note that the countries where either the mortality or the spread rate was zero 
were excluded from further analyses.

Globally, mortality was negatively related with population growth rate (r = − 0.27, 
p < 0.01) and positively related with the percentage of people over 60 years old (r = 0.34, 
p < 0.001) (Fig.  3). However, the rate of COVID-19 spread was not associated with any 



A global analysis on the effect of temperature, socio‑economic…

1 3

of the climatic, environmental and socio-economic parameters. When analysed with the 
countries having high-income economies, the spread rate was negatively linked with GDP 
growth rate (r = 0.30, p < 0.05). The mortality in high-income countries was associated 
with multiple climatic, environmental and socio-economic parameters (Fig. 3). Tempera-
tures (Max, Min and Avg) were negatively connected with the mortality in high-income 
countries (p < 0.05), whereas health expenditure, number of health physician and percent-
age of people over 60 years were strongly positively linked with mortality (p < 0.001). A 
strong negative relation between population growth rate and mortality was found in the 
high-income countries (r = − 0.53, p < 0.001). Forested area had a positive link with mor-
tality in the high-income countries (r = 0.29, p < 0.05).

In the low- and middle-income countries, the spread rate was not related with any 
parameters studied but mortality was negatively related with population density (r = − 
0.25, p < 0.05) and GDP growth rate (r = 0.27, p < 0.01). The difference between day-
time maximum and night-time minimum temperature was positively related with mor-
tality (r = 0.30, p < 0.01) which highlights the influence of diurnal temperature variation 

Fig. 2  Spatial variability of the rate of spread (a) and mortality (b) of COVID-19 at the global scale
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on mortality of COVID-19. When considered world temperature zones (Sayre et  al. 
2020), mortality rate was relatively higher in the cool and warm temperate zones than 
the tropical and subtropical zones (Fig.  4). Within the tropical and subtropical zones, 
mortality was high in the Caribbean region, whereas within the temperate zones, high 
mortality was observed in Europe.

Fig. 3  Results of partial correlation analysis of COVID-19 spread rate and mortality with climatic, environ-
mental and socio-economic parameters. For each explanatory variable, the duration after the first positive 
case was taken as controlling factor. * indicates correlation significant at p < 0.5, ** indicates correlation 
significant at p < 0.01, *** indicates correlation significant at p < 0.001
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The mixed effect modelling results revealed that inclusion of temperature in the model 
significantly improved the model skill predicting mortality in the low- and middle-income 
countries as observed lower AIC in the model with temperature (AIC = 226) than the 
model without temperature (AIC = 228) (Table  2, Fig.  5). Globally, temperature did not 
significantly improve model output of mixed effect models predicting mortality since AIC 
was not significantly lower in with-temperature model. Likewise, temperature caused no 
AIC variation between the models with and without temperature in the mortality prediction 
of high-income countries (Table 2).

Fig. 4  Variation in mortality rate of COVID-19 among the countries of different temperature zones across 
the world. World temperature zone map was developed based on the six temperature domains given by 
Sayre et al. (2020)

Fig. 5  Comparison of linear 
mixed effect models without 
and with temperature predicting 
mortality rate in the low- and 
middle-income countries. Shaded 
areas represent 95% confidence 
interval
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4  Discussion

The rate of spread and mortality of COVID-19 widely varied across the globe. We analysed 
a total of 15 factors (climatic, socio-economic and environmental) if they can explain the 
spatial variability of the spread rate and mortality of COVID-19. Spread rate of COVID-
19 was not related with any parameters at the global and regional scale. GDP growth rate 
was the only parameter which significantly and inversely related with the spread rate of 
COVID-19 in the countries with high-income economies (Fig. 3). The negative association 
between GDP growth rate and COVID-19 spread rate may lie in the fact that countries hav-
ing higher growth rate were able to increase the test facilities rapidly so that infected peo-
ple were possible to be identified and isolated leading a lower rate of spread. For example, 
Germany took the rapid initiative of doing more and more test resulting in lower infection 
as well as low mortality rate.

It was assumed earlier that warmer temperature may suppress the transmission rate 
of COVID-19. Many studies tested this hypothesis at the local and regional scale and 
found variable results. With increasing temperature, the confirmed cases were found to be 
decreased in Brazil, Turkey and China (Liu et  al. 2020; Prata et  al. 2020; Şahin 2020). 
On the other hand, some studies reported a direct relationship between temperature and 
COVID-19 transmission (Bashir et al. 2020; Menebo 2020; Tosepu et al. 2020; Xie and 
Zhu 2020). By analysing daily maximum, minimum and average temperature for the period 
from 1st January to 10th May 2020 and the spread rate averaged over the same period for 
149 countries, we found no significant relationship between temperature and COVID-19 
transmission at the global scale. Our results are however consistent with the findings of 
some other studies suggesting no influence of temperature on COVID-19 spread (Ahmadi 
et al. 2020; Iqbal et al. 2020; Yao et al. 2020).

Mortality was negatively related with population growth rate likely because of having 
high immune system in the countries with high population growth rate. Peoples in a coun-
try with high population growth rate are likely to have frequent infection by microorganism 
which may help develop hard immunity resulting in low mortality rate (Rook et al. 2006). 
Health expenditure, health physicians per thousand people and population over 60 years 
were strongly positively related with mortality in high-income countries. The relationship 
has been slightly dampened but still significant when analysed globally with a non-signif-
icant relationship in low- and middle-income countries. People aged over 60  years usu-
ally possess weak immune system and become high susceptible to virus infection (Bialek 
et al. 2020; Montecino-Rodriguez et al. 2013). The improved health system in developed 
countries increases life expectancy and hence the percentage of 60+ aged people becomes 
higher which may increase mortality risk in high-income countries. This is evident from 
a very strong positive relationship between health expenditure and % of 60+ aged people 
globally and in high-income countries in our study (Fig. 6).

The mortality rate in the high-income countries was significantly negatively related 
with temperature. This finding indicates that SARS-CoV-2 is more active in low tem-
perature than in high temperature. Similar findings were also found in some earlier 
studies (Anis 2020; Sajadi et  al. 2020) which support that high temperature may sup-
press SARS-CoV-2. An earlier study also supported this assumption but the case was 
tested on influenza virus (Lowen et al. 2007). However, in the low- and middle-income 
countries, we observed a positive relationship of temperature with mortality (Fig.  3). 
This finding is consistent with one of the pioneer studies testing temperature effect on 
COVID-19 mortality in China (Ma et al. 2020). The variation of this response is likely 
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to be linked with the genetic characteristics of SARS-CoV-2 in different regions. In our 
study, the difference between maximum and minimum temperature had a positive link 
with mortality in the low- and middle-income countries. This may imply that very high 
temperature at daytime and a very low temperature at night (diurnal temperature varia-
tion) increase the mortality risk. To confirm this result, we did additional analysis using 
linear mixed effect modelling. Inclusion of diurnal temperature variation into the mixed 
effect models improved model performance as we observed significantly lower AIC in 
the later model. (Table 2, Fig. 5).

Among the environmental variables protected area percentage, number of threatened 
species and  CO2 emission showed no significant relation with the spread and mortal-
ity rate of COVID-19 at any regional and global scale. Forested area percentage, how-
ever, showed positive relation with mortality in the high-income countries. In the high-
income countries, the percentage of forested area is quite high, e.g. 73% in Finland and 
68% in Japan (https ://data.un.org/). At the same time, due to the improved health care 
system, these countries have the highest percentage of 60+ years old people (Japan 34%, 
Finland 28%). Since 60+ years old people are more susceptible to COVID-19 (Davies 
et al. 2020), the mortality rate is high in the high-income countries leading a positive 
relationship between forested area and mortality rate in our study.

Overall, we provide evidence that temperature is not an important factor to explain 
the spatial variability of COVID-19 transmission at a global scale. However, tempera-
ture did explain the spatial variability of mortality particularly in the low- and middle-
income countries. A strong positive relation of diurnal temperature variation with mor-
tality in the low- and middle-income countries indicates that a very high temperature at 
daytime and a very low temperature at night may aggravate the mortality rate in these 
regions. In the countries with high-income economies, mortality rate is mainly depend-
ent on the percentage of aged people (60+ years) which is higher in developed countries 
due to their improved health system.
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