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Abstract
The new coronavirus SARS-CoV-2 has infected more than 14 million people worldwide so far. Brazil is currently the second
leading country in number of cases of COVID-19, while São Paulo state accounts for 20% of total confirmed cases in Brazil. The
aim of this study was to assess environmental and social factors influencing the spread of SARS-CoV-2 in the expanded
metropolitan area of São Paulo, Brazil. Firstly, a spatial analysis was conducted to provide insights into the spread of COVID-
19 within the expanded metropolitan area. Moreover, Spearman correlation test and sensitivity analysis were performed to assess
social indicators and environmental conditions which possibly influence the incidence of COVID-19. Our results reveal that the
spread of COVID-19 from the capital city São Paulo—its epicenter in Brazil—is directly associated with the availability of
highways within the expanded metropolitan area of São Paulo. As for social aspects, COVID-19 infection rate was found to be
both positively correlated with population density, and negatively correlated with social isolation rate, hence indicating that social
distancing has been effective in reducing the COVID-19 transmission. Finally, COVID-19 infection rate was found to be
inversely correlated with both temperature and UV radiation. Together with recent literature our study suggests that the UV
radiation provided by sunlight might contribute to depletion of SARS-CoV-2 infectivity.
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Introduction

The new coronavirus SARS-CoV-2 has infected more than 14
million people worldwide so far (Worldometers 2020), the
reason why the World Health Organization (WHO) has de-
scribed the situation as a pandemic (WHO 2020).

Up to date (July 17, 2020), there are 2,046,328 confirmed
cases in all regions of Brazil (Brazil 2020), which is currently
the second leading country in number of cases (Worldometers
2020). São Paulo state accounts for 20% of cumulative con-
firmed cases in Brazil, with 407,415 confirmed cases, being
currently the most affected state worldwide (John Hopkins
2020), while São Paulo-SP is the city with most confirmed
cases (163,624) in Brazil (SEADE 2020a). São Paulo is the
largest city in Latin America, with a population of 12,252,023
people, and an expanded metropolitan area with 33,652,991
people (SEADE 2020b). On March 24, 2020, partial lock-
down was ordered by São Paulo state government (São
Paulo 2020a), being social isolation monitored since then
(São Paulo 2020b).

One recent review has addressed the role of climate change
in the emergence and re-emergence of infectious diseases
worldwide, indicating that temperature is an important envi-
ronmental condition determining the success of infectious
agents (El-Sayed and Kamel 2020). Furthermore, several
studies have investigated the impact of weather on the
COVID-19 transmission, with special attention to temperature
and humidity (Harmooshi et al. 2020; Liu et al. 2020; Qi et al.
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2020; Şahin 2020), indicating that temperature is inversely
related to COVID-19 incidence. Moreover, each 1 °C increase
in temperature has been associated with decreases in daily
new cases at different extents (Prata et al. 2020; Wu et al.
2020).

A few investigations have also considered social aspects
potentially associated with the spread of COVID-19, such as
population density, metropolitan population, intra-provincial
traffic, and national lockdown, indicating that the social dis-
tancing measures have been successful in reducing new cases
(Ahmadi et al. 2020; Hamidi et al. 2020; Tobías 2020).

The aim of this study was to assess environmental and
social factors influencing the spread of SARS-CoV-2 in the
expanded metropolitan area of São Paulo, Brazil.

Materials and methods

Seeking to understand the mechanisms of SARS-CoV-2
spread in the most affected area of Brazil, COVID-19 infec-
tion rate from March 24, 2020, to July 06, 2020, were ana-
lyzed. The infection rate (Eq. 1) defined by Ahmadi et al.
(2020) was used to assess the COVID-19 spread speed.

Infection Rate ¼ Number of Infected People

Days of Infection
ð1Þ

Firstly, a spatial analysis was conducted using the cumula-
tive confirmed cases of COVID-19 to provide insights into the
spread of COVID-19 within the expanded metropolitan area
over time. Moreover, cities in the expanded metropolitan area
of São Paulo with more than 500 confirmed cases of COVID-
19 were selected for statistical analyses (Spearman correlation
test and sensitivity analysis) of the following social indicators
which possibly influence the incidence of COVID-19 (infec-
tion rates): population (people), population density
(people∙km−2), Municipal Human Development Index
(MHDI), gross domestic product (R$ per capita), and average

income (R$ per capita). Therefore, 59 cities were included in
this analysis, accounting for a total of 29,389,922 people.

Secondly, the following criteria were used for selecting
cities for statistical analyses (Spearman correlation test and
sensitivity analysis) of both meteorological conditions and
social isolation rate: (i) cities with more than 2000 confirmed
cases of COVID-19; (ii) within the expanded metropolitan
area of São Paulo; and (iii) with available meteorological data.
Thus, a total of 10 cities were analyzed considering the infec-
tion rates, corresponding to a population of 18,033,600 people
(Table 1).

Daily data made available by the São Paulo State
Environmental Agency (CETESB 2020) were used to assess
the meteorological conditions of temperature (T, °C), relative
humidity (RH, %), wind speed (WS, m s−1), and ultraviolet
radiation (UV, W m−2) from March 18, 2020, to July 06,
2020. Social isolation rates (SIR, %) published on a daily
basis by the São Paulo State Social Isolation Intelligent
Monitoring System (São Paulo 2020b) were used to analyze
the effectiveness of a social distancing measure for reducing
the transmission of COVID-19. For each city, the Spearman
correlation test at 95% significance level (α = 0.05) was used
to assess correlation between infection rate and meteorologi-
cal parameters or social isolation rate.

The partial correlation coefficient (PCC) method was ap-
plied to perform a sensitivity analysis using the infection rate
as the dependent variable and meteorological conditions or
social indicators as the independent variables. Data were nor-
malized using the mean value and the standard deviation (Eq.
2), according to Zhu et al. (2020). The forward, stepwise, and
backward procedures (Mollalo et al. 2020) were conducted to
select the best linear regression model and to determine the
regression coefficients and significant variables (p value <
0.15).

X ¼ x−μ
σ

ð2Þ

Table 1 Cities selected for
statistical analyses of both
meteorological conditions and
social isolation rate, population,
and cumulative confirmed cases
of COVID-19 as of July 06, 2020

City Population Cumulative confirmed cases Cases per 1000 people

São Paulo 12,252,023 140,231 11.81

Campinas 1,204,073 9624 8.19

São Bernardo do Campo 838,936 9174 11.30

Guarulhos 1,379,182 7747 5.73

Sorocaba 679,378 5318 8.07

Jundiaí 418,492 4236 10.41

São José dos Campos 721,944 3547 4.99

Carapicuíba 400,927 2745 6.96

Piracicaba 404,142 2643 6.78

Barueri 274,182 2324 8.79

Total 18,033,600 187,589 10,40
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Fig. 1 Evolution of the COVID-19 spread in the Expanded Metropolitan Area of São Paulo, Brazil, from March 26, 2020, to July 06, 2020
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where X is the normalized value; x is the raw value; μ is the
mean value; and σ is the standard deviation.

Results and discussion

The analysis of cumulative confirmed cases in a spatial-
dependent manner shows that initially (March 26, 2020), the
COVID-19 transmission was mainly in the capital city São
Paulo. Over the weeks, increasing transmission has been oc-
curring in cities surrounded by highways, and by July 06,
2020, COVID-19 has spread all over the expanded metropol-
itan area of São Paulo (Fig. 1). Therefore, using spatial anal-
ysis, we have observed that the spread of COVID-19 from the
capital city São Paulo—its epicenter in Brazil—is directly
associated with the availability of highways within the ex-
panded metropolitan area of São Paulo. Our findings are con-
sistent with recent literature, as Hamidi et al. (2020) have
reported metropolitan population as one of the most signifi-
cant predictors of infection rates in the USA, due to shared
transportation and interaction of people in metropolitan areas.

Using the Spearman correlation test, significantly positive
correlations were found between infection rate and population
(people), cumulative COVID-19 confirmed cases, and popu-
lation density (people∙km−2) (Table 2). Similarly, Şahin
(2020) reported high correlation between population and

Table 2 Spearman correlation coefficients (ρ): infection rate vs social
indicators considering 59 cities with a total of 29,389,922 people

Social indicator Infection rate p value

Population (people) 0.83* 0.0000

Cumulative confirmed cases 0.99* 0.0000

Population density (people∙km−2) 0.46* 0.0003

Municipal Human Development Index (MHDI) 0.11 0.4014

Gross domestic product (R$ per capita) 0.13 0.3162

Average income (R$ per capita) 0.15 0.2675

R$, reais, Brazilian currency

*In italics: significant correlation at α = 0.05

Table 3 Results of sensitivity analysis using the PCCmethod (p value <
0.15): infection rate as the dependent variable and social indicators as the
independent variables

Social indicator Coefficient t value p value

Average income (R$ per capita) − 0.00090 − 2.5867 0.0126

Population density (people∙km−2) − 0.00063 − 1.8897 0.0644

Population (people) 0.00625 1.4543 0.1520

Gross domestic product (R$ per capita) − 0.00052 − 1.5856 0.1190

Table 4 Spearman correlation coefficients (ρ): infection rate vs meteorological conditions and social isolation rate in each analyzed city

Infection rate

SP CPS SBC GUA SOR JND SJC PIR CAR BAR

SIR3 − 0.58* − 0.44* − 0.79* − 0.83* − 0.76* − 0.76* − 0.59* − 0.73* − 0.86* − 0.65*

SIR7 − 0.56* − 0.47* − 0.77* − 0.80* − 0.75* − 0.74* − 0.54* − 0.73* − 0.84* − 0.63*

SIR14 − 0.42* − 0.39* − 0.61* − 0.62* − 0.61* − 0.62* − 0.45* − 0.63* − 0.67* − 0.49*

UV3 − 0.55* - − 0.59* − 0.51* - - − 0.28* - - − 0.58*

UV7 − 0.65* - − 0.67* − 0.59* - - − 0.40* - - − 0.66*

UV14 − 0.65* - − 0.68* − 0.50* - - − 0.38* - - − 0.62*

T3 − 0.30* − 0.59* - − 0.29* − 0.42* − 0.37* − 0.39* − 0.49* − 0.32* − 0.28*

T7 − 0.29* − 0.63* - − 0.29* − 0.45* − 0.38* − 0.42* − 0.55* − 0.33* − 0.28*

T14 − 0.33* − 0.67* - − 0.33* − 0.50* − 0.42* − 0.48* − 0.62* − 0.36* − 0.33*

RH3 0.14 - - - − 0.03 0.01 − 0.08 0.26* − 0.11 − 0.11

RH7 0.07 - - - − 0.01 0.10 − 0.03 0.34* − 0.04 − 0.04

RH14 − 0.13 - - - − 0.12 0.00 − 0.04 0.27* − 0.12 − 0.12

WS3 − 0.16 − 0.35* − 0.19 0.07 - − 0.24* − 0.44* 0.04 − 0.21* − 0.14

WS7 − 0.26* − 0.41* − 0.30* 0.03 - − 0.32* − 0.52* 0.06 − 0.30* − 0.24*

WS14 − 0.32* 0.50* − 0.41* − 0.04 - − 0.41* − 0.55* − 0.13 − 0.36* − 0.31*

SP, São Paulo; CPS, Campinas; SBC, São Bernardo do Campo; GUA, Guarulhos; SOR, Sorocaba; JND, Jundiaí; SJC, São José dos Campos; PIR,
Piracicaba;CAR, Carapicuíba; BAR, Barueri; SIR, social isolation rate;UV, ultraviolet radiation; T, temperature; RH, relative humidity;WS, wind speed;
3, 3 days previous to case reports; 7, 7 days previous to case reports; 14, 14 days previous to case reports

- indicates data not available

*In italics: significant correlation at α = 0.05
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total cases in Turkey, and Ahmadi et al. (2020) found signif-
icant correlation between population density and total cases in
Iran. Interestingly, Hamidi et al. (2020) have reported that at
county level in the USA, population density is not significant-
ly related to infection rate possibly because of adherence to
social distancing. In low- and middle-income countries
though, high population density is commonly associated with
informal urban settlements, being social distancing impracti-
cable (Wilkinson 2020).

The sensitivity analysis indicated the importance of the
average income and the gross domestic product within the
expanded metropolitan area of São Paulo, Brazil (Table 3)
possibly due to higher frequency of international traveling of
population living in wealthier neighborhoods.

As for a different social aspect, significantly negative cor-
relations were found between COVID-19 infection rate and
social isolation rate in all analyzed cities (Table 4), thus indi-
cating that social distancing has been effective in reducing the
COVID-19 transmission within the expanded metropolitan
area of São Paulo. Furthermore, using graphical analysis, we
have observed a consistent trend in all analyzed cities, with

increases of confirmed new cases of COVID-19 associated
with decreases in social isolation rates (Fig. 2). Our results
corroborate data from recent literature, as Ahmadi et al.
(2020) found a significant correlation between COVID-19
cases and intra-provincial traffic in Iran.
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Fig. 2 Confirmed new cases of
COVID-19 associated with de-
creases in social isolation rates
over time in the capital city São
Paulo and in nine cities within the
expanded metropolitan area of
São Paulo

Table 5 Results of sensitivity analysis using the PCCmethod (p value <
0.15): infection rate as the dependent variable and meteorological
conditions and social isolation rate as the independent variables

Coefficient t value p value

SIR3 − 0.3478 − 10.81 6.45 × 10−24

SIR7 − 0.0746 − 1.45 0.14795

SIR14 − 0.0849 − 2.22 0.02697

UV3 − 0.1468 − 4.73 3.20 × 10−6

UV7 − 0.1984 − 6.26 1.02 × 10−9

UV14 − 0.1847 − 5.92 7.33 × 10−9

WS14 − 0.0757 − 2.59 0.00988

SIR, social isolation rate; UV, ultraviolet radiation; WS, wind speed; 3, 3
days previous to case reports; 7, 7 days previous to case reports; 14, 14
days previous to case reports
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Using the Spearman correlation test, significantly negative
correlations were found between COVID-19 infection rate
and UV radiation in all cities with available UV data (5 out
of 9 analyzed cities) (Table 4); furthermore, the sensitivity
analysis pointed out UV radiation as a significant variable
(Table 5). These findings are consistent with recent literature;
for example, Ahmadi et al. (2020) have found the lowest
COVID-19 infection rates in provinces with high solar radia-
tion. Furthermore, Schuit et al. (2020) have demonstrated that
the influenza virus in aerosols decays more rapidly under sim-
ulated sunlight than under dark conditions, and concluded that
their results are in accordance with epidemiological data
reporting sunlight levels to be inversely correlated to
influenza transmission. More importantly, Sagripanti and
Lytle (2020) have recently predicted the inactivation of
SARS-CoV-2 by solar UVB in densely populated cities in
the world. The authors have estimated that during the winter
season in the city of São Paulo, a 41-min exposure to sunlight
around solar noon would be required to achieve 90% inacti-
vation of SARS-CoV-2 virus, while a 13-min exposure to
sunlight around solar noon could achieve 99% inactivation
during the summer season. Therefore, recent literature corrob-
orates our finding that the UV radiation provided by sunlight
potentially reduces the infectivity of SARS-CoV-2.

Significantly negative correlations were also found be-
tween COVID-19 infection rate and temperature of three, 7
or 14 days previous to case reports in all cities with available
temperature data (9 out of 10 analyzed cities) (Table 4), thus
suggesting that increases in temperature contribute to de-
creases in COVID-19 transmission in the expanded metropol-
itan area of São Paulo. Several studies in recent literature have
also indicated that temperature is inversely related to COVID-
19 incidence (Liu et al. 2020; Prata et al. 2020; Qi et al. 2020;
Şahin 2020; Wu et al. 2020). More importantly, some authors
have reported that the infection ability of SARS-CoV-2 de-
creases with temperature increases, and thus, COVID-19 pre-
vention and control are expected to bemore effective at warm-
er weather, being the molecular mechanism thoroughly de-
scribed elsewhere (He et al. 2020).

Significant negative correlations were also found between
COVID-19 infection rate and wind speed 14 days before case
reports in 7 out of 9 analyzed cities (Table 4), and the sensi-
tivity analysis pointed out wind speed 14 days before case
reports as a significant variable (Table 5). Likewise, Ahmadi
et al. (2020) have reported significant inverse correlation be-
tween infection rate and wind speed in Iran.

Conclusions

Our results reveal that the spread of COVID-19 within the
expandedmetropolitan area of São Paulo, Brazil, is influenced
by the availability of highways. As for social aspects, COVID-

19 infection rate was found to be both positively correlated
with population density (ρ = 0.46), and negatively correlated
with social isolation rate (ρ varying from − 0.39 to − 0.86),
hence, indicating that social distancing has been effective in
reducing the COVID-19 transmission. Overall, our results
show that the COVID-19 transmission within the expanded
metropolitan area of São Paulo is inversely correlated with
both temperature (ρ varying from − 0.28 to − 0.67) and UV
radiation (ρ varying from − 0.28 to − 0.68). Together with
recent literature, our study suggests that the UV radiation pro-
vided by sunlight potentially contributes to depletion of
SARS-CoV-2 infectivity.
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