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This study aimed to analyze howmeteorological conditions such as temperature, humidity and rainfall can affect
the spread of COVID-19 in five Brazilian (São Paulo, Rio de Janeiro, Brasília, Manaus and Fortaleza) cities. The cit-
ies selectedwere thosewith the largest number of confirmed cases considering data of April 13. Variables such as
number of cumulative cases, new daily cases and contamination rate were employed for this study. Our results
showed that higher mean temperatures and average relative humidity favored the COVID-19 transmission, dif-
ferently from reports from coldest countries or periods of time under cool temperatures. Thus, considering the
results obtained, intersectoral policies and actions are necessary, mainly in cities where the contamination rate
is increasing rapidly. Thus, prevention and protection measures should be adopted in these cities aiming to re-
duce transmission and the possible collapse of the health system.
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1. Introduction

In the first quarter of 2020, the novel coronavirus disease 2019
(COVID-19) spread rapidly around the world. The severe acute respi-
ratory syndrome outbreak has hit severely several countries of
Europe and the United States of America. The number of people in-
fected by COVID-19, by April 26, 2020, was around 3 million cases
and 204 thousand deaths reported globally (WHO, 2020). The
COVID-19 transmission cases are posing a serious threat to the
health systems of many countries (especially for the developing
ones).

Some papers have described that the COVID-19 spread can be
affected by a large number of factors, among them, climate condi-
tions (Qi et al., 2020; Tosepu et al., 2020). It is known that the
virus's survival and transmission by droplets are facilitated in dry
and cold weather situations (Casanova et al., 2010). However, the
number of reports about the virus dissemination and the influence
of weather factors such as temperature and humidity in tropical
countries is still limited. This kind of information is important to
show whether tropical climates are less favorable to the spread
of the virus.

Brazil is the fifth largest country in the world with an area of ap-
proximately 8.5 million km2. The country has a wide range of mete-
orological conditions due to its large extension. According to
Köppen's climate classification, 81.4% of the Brazilian territory com-
prises a tropical climate, 4.9% a semi-arid climate (northeast of the
country) and 13.7% a subtropical climate, which is mainly located
in the southern region (Alvares et al., 2013). As Brazil has a large
area under tropical climate conditions, studying the COVID-19
spread in the country and its relationship to weather can bring im-
portant recommendations to support decisions related to this dis-
ease control.

A great number of studies modeling the effects of meteorological
conditions on COVID-19 transmission from January to April 2020,
were conducted in China (Liu et al., 2020; Xie and Zhu, 2020), Iran
(Ahmadi et al., 2020), Europe and the United States of America
(Bukhari and Jameel, 2020). The conclusions regarding the relationship
of meteorological conditions and COVID-19 transmissibility are still
controversial. Xie and Zhu (2020) investigated the relationship between
daily mean temperature and newly confirmed COVID-19 cases in 122
cities from China (includingWuhan), between January 23 and February
29, 2020. Those authors highlighted no evidence supporting that
COVID-19 case counts could decline when the weather becomes
warmer. On the other hand, Liu et al. (2020) based on data from 130
Chinese cities, except Wuhan, between January 20 and March 2, 2020,
emphasized that lower temperature and humidity are likely to favor
the transmission of COVID-19.

Apart from the controversial results, we highlight that those findings
might not be suitable to tropical regions due to themeteorological con-
ditions of the temperate countries in the period of time of the studies. In
Brazil up to now there is only one study about the influence of weather
variables on COVID-19 spread (Coelho et al., 2020). Thus, our study in-
tends to present new evidence of the influence of tropical weather con-
ditions and epidemic transmission of the coronavirus in different
Brazilian geographical regions.

This paper intends to analyze how meteorological conditions
such as temperature, humidity and rainfall can affect the spread
of COVID-19 in a tropical country. Five cities of Brazil (São Paulo,
Rio de Janeiro, Brasília, Manaus and Fortaleza), which had the larg-
est number of confirmed cases according to data of April 13, were
selected for this study.

The results of this study aim at to present alternatives for
predicting the COVID-19 pandemic trend and to support
policymakers regarding choices on population mobility and
human-to-human contact. A multivariate statistical method was
employed for the analysis of the data.
2. Materials and methods

2.1. Study area, epidemiological and climate data

Epidemiological data between March 13 and April 13, 2020, were
obtained from the following sources: Brazilian Federal District Health
Office (Brasília), Rio de Janeiro State Health Office (Rio de Janeiro),
“Prof. Alexandre Vranjac” Epidemiological Center (São Paulo) and
Brazilian Ministry of Health (Manaus and Fortaleza) (CIIS-FMRB,
2020). As mentioned before, the selected cities were those with the
largest number of confirmed cases by April 13, 2020 (São Paulo: 6418;
Rio de Janeiro: 2322; Fortaleza: 1686; Manaus: 1106; Brasília: 641)
(CIIS-FMRB, 2020). Number of cumulative cases, new daily cases and
contamination rate were considered in this study. The latter was calcu-
lated per 100 thousand habitants.

These cities are located in the North (Manaus), Northeast (Forta-
leza), Center-West (Brasília) and Southeast (São Paulo and Rio de
Janeiro) regions of Brazil (Fig. 1). In 2019, the municipality of São
Paulo had a population estimated in around 12.2 million people, Rio
de Janeiro around 6.7 million people, Brasília around 3 million people,
Fortaleza around2.7million people andManaus around2.2million peo-
ple (IBGE, 2019). All of these cities are capitals of their states and Brasília
is the federal capital of Brazil.

The Köppen climate classification for São Paulo is Cfa (Humid Sub-
tropical), Rio de Janeiro and Brasília is Aw (Tropical Savanna with dry
winter), Fortaleza is As (Tropical Savanna with dry summer) and Ma-
naus is Am (Tropical Monsoon) (Alvares et al., 2013). Table 1 presents
the average data for some weather variables for the cities studied.

Weather data were obtained based on hourly meteorological obser-
vations from the “Instituto Nacional deMeteorologia” (INMET), theme-
teorological institute of Brazil, which is part of the Ministry of
Agriculture, Livestock and Food Supply (INMET, 2020). For the cities
with more than one meteorological station, cases of São Paulo and Rio
de Janeiro, the one nearest to the city center was chosen. Mean, maxi-
mum andminimumdaily temperatures and relative humidity and rain-
fall were selected for this study.

2.2. Statistical analysis

Regarding the statistical analysis, firstly, an exploratory analysis of
the data was carried out for each city studied. The number of observa-
tions analyzed was 141 distributed among cities: 19 for Manaus (be-
tween March 25 and April 13), 29 for Fortaleza (between March 16
and April 13) and 31 for Brasília, Rio de Janeiro and São Paulo (between
March 13 and April 13). After the application of the exclusion criterion,
the meteorological variables (temperature, humidity and rainfall) were
paired to the COVID-19 evolution variables (new daily cases, total num-
ber of cases and contamination rate).

Following the exploratory data analysis, the residual normality as-
sumption was verified by the Shapiro-Wilk test (Shapiro and Wilk,
1965). After the assumption had been verified, the data of each variable
studied were standardized (mean = 0 and variance = 1). This proce-
dure was carried out for each city and considering the total number of
observations (n= 141). Principal component analyses (PC) and canon-
ical correlation were carried out based on the correlation matrix. In the
present study, principal components were selected based on the fact
that they explain at least 70% of the total variance of each data set. The
significance level values ≤ 0.05 (p-value) for the χ2 test were used to se-
lect the canonic pairs. The selection of the variables that comprise the
canonic pair was determined when the coefficients were larger than 1
(Manly, 2004).

To simplify the multivariate statistical analysis, the absolute air hu-
midity was calculated according to the Clausius-Clapeyron equation
(Iribarne andGodson, 2012). This climate variable is interesting because
it describes the actual amount of water vapor in the atmosphere, which
depends on the air temperature. The absolute humidity has been used



Fig. 1.Map showing the locations with the highest number of confirmed COVID-19 cases in Brazil.
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as a meteorological variable in studies of COVID-19 modeling (Liu et al.,
2020; Xie and Zhu, 2020). Subsequently, linear regression analyses be-
tween the absolute humidity and the contamination rate were per-
formed for each city and all cities together.

It is worth to mention that the multivariate as well as the linear re-
gression analyses carried out for each city and all cities together,
aimed to identify the micro climate condition specificities for each city
and how these conditions are affecting the Brazilian COVID-19 spread.
The R software (v. 3.6.1) primitive functions were used for the normal-
ity test and linear regression analysis and the package MVar.pt. for the
multivariate analyses (R Core Team, 2019).

3. Results and discussion

3.1. Meteorological conditions

Therewas awide variation of theweather conditions in the period of
March 13 to April 13 for the five selected Brazilian cities (Figs. 2 and 3).
These results were expected as they are located in different latitudes
and altitudes (Alvares et al., 2013). Manaus and Fortaleza presented
Table 1
Average temperature and rainfall in the Brazilian cities studied.

Cities Temperature (°C)

Annual Warmest Coolest

Manaus 27.2 September (28.3) February (2
Fortaleza 26.6 December (27.3) July (25.6)
Brasília 20.6 September (21.7) July (18.3)
Rio de Janeiro 24.2 February (27.5) July (21.0)
São Paulo 20.6 February (23.9) July (17.2)

Values between parentheses represent average values of temperature and rainfall. Data of tem
the highest temperature and amount of rainfall among the cities ana-
lyzed (Table 2). However, the highest relative humidity and the lowest
temperatures were found in São Paulo (Table 2).

Brasília, unlikeManaus and Fortaleza, was characterized by interme-
diate rainfall associatedwith low temperatures (Table 2). The daily rain-
fall amount was also analyzed as it influences the air relative humidity
(Vicente-Serrano et al., 2018) (Fig. 3). The number of rainfall events
was irregularly distributed mainly in São Paulo and Rio de Janeiro
(Table 2). The cumulative rainfall registered for each city was
412.8 mm (Manaus), 366.6 mm (Fortaleza), 225.2 mm (Brasília),
61.2 mm (Rio de Janeiro) and 35.4 mm (São Paulo), respectively.

Manaus presented higher rainfall than usual for March and April
(323.3 mm). March is considered the driest month for this city
(Table 1). Fortaleza had rainfall volumes close to the expected for this
period of the year (339.6 mm). April is normally the driest month for
this city (Table 1). Brasília had an accumulated rainfall volume higher
than the usual for March and April (152.2 mm), while Rio da Janeiro
and São Paulo had volumes lower than the usual for March and April
(115.4 mm for Rio de Janeiro and 116.6 mm for São Paulo) (Weather-
Atlas, 2020).
Rainfall (mm)

Annual Wettest Driest

6.7) 2307.3 March (335.4) August (47.3)
1608.4 April (356.1) November (11.8)
1540.5 January (247.4) June (8.7)
1069.2 January (137.1) July (41.9)
1441.1 January (237.4) August (39.6)

perature were obtained from weatherbase.com and rainfall from weather-atlas.com

Image of Fig. 1
http://weather-atlas.com
http://weather-atlas.com
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Fig. 3. Rainfall (mm) of the cities registered in the period betweenMarch 13 and April 13,
2020. The order of colors indicates the highest (red) to the lowest (blue) mean
temperatures between cities. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.2. COVID-19 spread

For the period selected for this study, São Paulowas the city that reg-
istered the highest number of new daily cases, mainly from March 31
onwards when the number of confirmed cases exhibited significant in-
creases (Fig. 4). The variation of new daily cases was also high for São
Paulo, which is probably related to the sub-notification cases of
COVID-19 in Brazil. We came to this conclusion because this was the
unique city that did not exhibit any statistical mode for the registration
of COVID-19 new cases (Table 3).

The other cities had the following order of occurrence of new cases
of COVID-19 fromMarch 13 to April 13: Rio de Janeiro NManaus N For-
taleza N Brasília (Table 3). The number of cumulative cases showed sim-
ilar behavior to the new daily registered COVID-19 cases, except for
Manaus and Fortaleza, which inverted their order in the trend of the
highest number of cumulative cases (Fig. 4). On April 25, an update of
the number of cumulative cases between the cities analyzed still exhib-
ited the same tendency as April 13 (São Paulo: 13,098; Rio de Janeiro:
4481; Fortaleza: 4063; Manaus: 2481; Brasília: 956) (Table 3) (CIIS-
FMRB, 2020).

The highest number of COVID-19 cases for the cities of São Paulo and
Rio de Janeiro are related to the importance of these cities. São Paulo is
the main economic destination for job seekers and investors and Rio de
Janeiro is themost important tourist destination in the country. An anal-
ysis of the evolution of the COVID-19 transmission cases in these cities
deserves special attention due to their economic relevance as well as
their population density. Tosepu et al. (2020) have recently described
the importance of the analysis of the meteorological conditions in the
COVID-19 spread in very densely populated areas.

The increase in the number of cases in Fortaleza is confirmed when
the contamination rate for this city is analyzed. It overcame the munic-
ipality of São Paulo on April 6. Regarding contamination rate, special at-
tention has to be drawn toManaus, which initially had almost 1/5 of the
number of confirmed cases for São Paulo. Manaus started to present
contamination rates similar to São Paulo between April 12 and April
13 (Fig. 4).

It is worthmentioning that the COVID-19 cases time series for Forta-
leza andManaus presented a delaywhen compared to the other cities. It
means that the contamination rates in these two cities are probably
more accentuated than in cities densely populated, such as São Paulo,
Rio de Janeiro and Brasília. Thus, our results suggest that these cities
might have a high risk of increasing the daily occurrence of new
COVID-19 cases.

3.3. Multivariate analysis of COVID-19 spread

The analysis of the new daily cases, total number of cases and con-
tamination rate and themeteorological data did not allow us to identify
any type of tendency for the COVID-19 dissemination in Brazil. For ex-
ample, São Paulo was the city with the highest number of confirmed
and new daily cases and presented the lowest mean temperature and
the highest relative air humidity. Nonetheless, Fortaleza and Manaus,
cities characterized by higher temperatures, rainfall and intermediate
relative humidity when compared to the other cities, had more signifi-
cant increases in the contamination rate (Fig. 4 and Table 3). Thus, we
decided to use the multivariate analysis to evaluate the effect of all the
meteorological variables in the COVID-19 transmission in the Brazilian
cities under distinct climate conditions.

Initially, principal component analysis was applied to identify the
possible existence of any meteorological variable which is best corre-
lated to the COVID-19 dissemination in Brazil between March 13 and
April 13. The analysis was carried out for each city and all cities merged
Fig. 2. Temperatures (°C) and Relative humidity (%) –maximum (red line), mean (green line) a
the period between March 13 and April 13, 2020. (For interpretation of the references to color
to build a predictive model for Brazil. Chen et al. (2020) have recently
presented a model to predict the COVID-19 spread rate based on differ-
ent types of meteorological data. They observed that changes in a single
meteorological factor (temperature or humidity) are notwell correlated
with the confirmed cases.

To verify the accuracy of any proposed model, correlations between
meteorological variables and the evolution of COVID-19 number of
cases were also carried out using the canonical correlation analysis.
We also emphasize that our objective was to develop a simple model,
such as a linear regression based on the multivariate analysis. As in
Cássaro and Pires (2020), we adopted this strategy to facilitate the dis-
semination and understanding of the results and to reach a broader au-
dience than just scientists.

Manaus, Fortaleza and Rio de Janeiro had the two first principal com-
ponents (PC1 and PC2) explaining N70% of the total variance (σ2) of the
data sets; whereas, Brasília and São Paulo explained 68.4% and 67.9% of
the total variance, respectively (Table 4). When all the cities were ana-
lyzed together three principal components were necessary to explain
76% of the total variance. In all cities, it was evident that meteorological
data correlate better among themselves than with the COVID-19 evolu-
tion variables (Table 4).

PC1 for Fortaleza and Brasíliawas associatedwith the correlation be-
tween themeteorological variables that are negatively correlated to the
air relative humidity as the temperature increases (mean, maximum
and minimum), but relative humidity was positively correlated to rain-
fall. PC2 was composed of the combination of COVID-19 dissemination
in which the contamination rate was highly relevant to explain the
number of cumulative cases (Table 4).

Manaus was the city that best correlated meteorological variables
and the evolution of the COVID-19 in PC1, although the meteorological
variables explained most of the total variance (Table 4). Temperature
was seen to affect negatively the contamination rate and the number
of cumulative cases, while relative humidity had a positive influence.

Correlations between the climate variables and the COVID-19 evolu-
tion were also reported for Rio de Janeiro and São Paulo (Table 4). In
both cities, in PC1we observed that higher temperatures affected nega-
tively the COVID-19 spread and PC2 was composed of a positive linear
correlation between rainfall and relative air humidity.

The canonical correlation analyses (Tables 5 and 6) showed great
correspondence with the principal component analysis. Manaus, Rio
de Janeiro and São Paulo exhibited strong and significant correlations
of the first canonical pair, while for Fortaleza and Brasília the correla-
tions, even being high, were not significant. However, the greatest
ndminimum (blue line) andmonthlymean (black dashed line) – of the cities registered in
in this figure legend, the reader is referred to the web version of this article.)

Image of Fig. 3


Table 2
Descriptive analysis of themeteorological variables of the Brazilian cities with more cases
of Covid-19.

Statistics Temperature (°C) Relative humidity (%) Rainfall (mm)

Mean Max Min Mean Max Min

Manaus
Mean 27.3 31.7 24.5 79.4 91.8 58.2 12.9
Median 27.7 32.5 24.6 78.8 93.0 55.0 0.7
Mode 28.2 33.3 25.5 74.4 94.0 61.0 0.0
Minimum 24.6 26.6 22.3 66.5 84.0 41.0 0.0
Maximum 30.0 34.7 27.2 90.8 95.0 83.0 162.6
SD 1.5 2.2 1.3 6.3 2.8 11.0 31.8
Kurtosis −0.9 −0.3 −1.0 −0.5 1.0 0.0 16.5
Asymmetry −0.1 −0.8 0.0 0.1 −1.3 0.8 3.8

Fortaleza
Mean 27.4 31.8 24.5 79.9 91.2 58.7 11.5
Median 27.6 32.5 24.6 79.0 92.0 57.0 3.9
Mode 28.3 32.7 24.6 78.9 92.0 53.0 0.0
Minimum 24.6 27.5 22.9 71.6 87.0 46.0 0.0
Maximum 28.8 33.7 25.6 91.3 93.0 81.0 110.0
SD 1.0 1.4 0.7 4.7 1.4 7.9 20.8
Kurtosis 1.1 1.5 0.1 −0.1 1.6 1.0 16.5
Asymmetry −1.1 −1.3 −0.3 0.5 −1.3 1.1 3.7

Brasília
Mean 22.1 27.8 18.3 77.7 93.5 50.1 7.0
Median 22.1 27.8 18.4 77.4 95.0 49.0 0.9
Mode 21.5 27.4 18.1 – 95.0 54.0 0.0
Minimum 19.5 23.6 15.4 64.5 84.0 33.0 0.0
Maximum 24.2 30.3 19.7 92.2 96.0 69.0 42.2
SD 1.2 1.7 1.0 8.3 3.3 10.5 11.0
Kurtosis −0.3 −0.2 1.5 −1.2 2.4 −1.1 2.7
Asymmetry −0.4 −0.5 −1.1 0.1 −1.8 0.3 1.8

Rio de Janeiro
Mean 24.2 27.4 22.1 79.7 88.0 67.7 1.9
Median 24.0 27.6 22.0 79.9 88.0 69.0 0.0
Mode 23.8 28.0 22.7 87.5 93.0 75.0 0.0
Minimum 21.6 23.2 19.8 66.2 80.0 41.0 0.0
Maximum 27.1 32.6 25.2 91.5 96.0 83.0 34.4
SD 1.5 2.4 1.2 5.8 4.5 9.3 6.9
Kurtosis −0.2 0.3 0.1 −0.1 −1.2 1.2 17.7
Asymmetry 0.3 0.3 0.4 0.0 0.0 −0.8 4.2

São Paulo
Mean 20.4 26.1 16.9 81.6 95.0 54.2 1.1
Median 20.3 25.7 17.1 81.7 96.0 54.0 0.0
Mode 22.1 27.8 17.0 81.5 97.0 51.0 0.0
Minimum 16.8 19.1 12.6 72.0 86.0 34.0 0.0
Maximum 24.4 32.8 21.2 91.3 97.0 79.0 11.6
SD 2.3 3.6 2.1 4.8 2.7 9.3 2.9
Kurtosis −0.9 −0.8 −0.7 −0.1 3.0 0.9 7.5
Asymmetry 0.2 0.3 −0.1 −0.3 −1.8 0.4 2.9

Max, Min and Cum stand for maximum, minimum and cumulative. SD is the standard
deviation. Fig. 4. Evolution of Covid-19 in Brazilian cities with higher records of new daily cases, cu-

mulative cases and contamination rate in the period betweenMarch 13 andApril 13, 2020.
The order of colors indicates the highest (red) to the lowest (blue) mean temperatures
(Tm) between cities. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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significance observed for both canonical pairs was reported when the
effects of the meteorological variables of all cities were considered
(Table 5).

Thus, considering the greater significance of the analysis for all cities,
it is noteworthy that the COVID-19 contamination rate in Brazil is ini-
tially favored by higher mean temperatures as well as intermediate av-
erage relative humidity (Table 6), differently from the reports from
colder countries or periods of time under cool temperatures (Araújo
and Naimi, 2020; Bu et al., 2020; Cai et al., 2020; Luo et al., 2020; Qi
et al., 2020). Yao et al. (2020) also reported that it is premature to con-
sider that warmer weather can reduce the COVID-19 transmission.

It is also important tomention that the canonical correlation analysis
of all cities together showed that extreme events, e.g. maximum and
minimum temperature and relative humidity affected negatively the
COVID-19 transmission rate (Table 6). This result can explain the lack
of a significant correlation for Brasília, which had the largest number
of days with the highest relative humidity associated with the lowest
minimum temperatures (Fig. 2).
3.4. Linear regression analysis of the COVID-19 spread

Based on the individual and joint interpretations of the principal
component analysis and canonical correlation, a new meteorological
variable, absolute humidity, was calculated (Lowen and Steel, 2014).

Linear regressions between absolute humidity and the COVID trans-
mission rate for the hottest cities (Manaus and Fortaleza) showed a pos-
itive correlation (Fig. 5). Thus, it can be inferred that the combination of
relative humidity close to 79.6% and temperature of 27.3 °C favored the
spread of COVID-19. It is alsoworth noting that the greatest significance
was reported for Manaus. Although Brasília presented higher average
relative humidity, close to 79.6%, it presented low average temperature
(22.1 °C) (Table 2), then the conditioning variable absolute humidity
did not justify the evolution of COVID-19 cases in the period (Fig. 5).

Image of Fig. 4


Table 3
Descriptive analysis of the evolution of Covid-19 in Brazilian cities.

Cities Statistics

Mean Median Mode Min Max SD Kurtosis Asymmetry

Manaus
New daily cases 61.4 55.0 11.0 9.0 152.0 39.5 0.1 0.6
Cumulative cases 439.1 283.0 – 52.0 1106.0 363.5 −1.1 0.6
Contamination rate 20.1 13.0 – 2.4 50.7 16.7 −1.1 0.6

Fortaleza
New daily cases 59.4 41.0 8.0 1.0 202.0 52.4 1.2 1.3
Cumulative cases 560.1 353.0 – 8.0 1686.0 529.0 −0.7 0.8
Contamination rate 21.2 13.4 – 0.3 63.8 20.0 −0.7 0.8

Brasília
New daily cases 22.4 18.0 18.0 3.0 58.0 15.1 0.1 0.9
Cumulative cases 286.4 260.0 – 3.0 641.0 209.7 −1.4 0.2
Contamination rate 9.6 8.7 – 0.1 21.6 7.0 −1.4 0.2

Rio de Janeiro
New daily cases 81.3 66.0 42.0 1.0 326.0 70.6 4.1 1.7
Cumulative cases 695.3 502.5 22.0 17.0 2322.0 674.7 −0.2 0.9
Contamination rate 10.3 7.5 0.3 0.3 34.6 10.0 −0.2 0.9

São Paulo
New daily cases 227.0 143.5 – 5.0 689.0 209.8 −0.5 0.9
Cumulative cases 2174.8 1113.5 62.0 0.0 6418.0 2200.9 −0.8 0.8
Contamination rate 18.3 9.7 0.5 0.5 52.4 18.0 −0.9 0.7

Max and Min stand for maximum and minimum values, respectively. SD is the standard deviation.

Table 4
Principal components (PC) and its explained variance (σ2) from individual and all cities considering meteorological variables and evolution of Covid-19 in the Brazilian cities.

Statistics Eigenvalue Eigenvectors

Temperature Relative Humidity Rain NDC Cum. cases Cont. rate

Mean Max Min Mean Max Min

Manaus
PC 1 2.43 0.39 0.35 0.32 −0.39 −0.33 −0.31 −0.25 −0.18 −0.29 −0.29
σ2 (%) 59.1 15.5 12.1 10.1 15.0 10.9 9.8 6.4 3.3 8.5 8.5
PC 2 1.42 0.09 0.27 0.07 −0.12 0.14 −0.35 −0.35 0.49 0.45 0.45
σ2 (%) 20.3 0.7 7.4 0.5 1.4 2.0 12.3 12.0 24.0 19.8 19.8

Fortaleza
PC 1 2.19 0.39 0.40 0.27 −0.43 −0.27 −0.41 −0.37 −0.04 −0.16 −0.16
σ2 (%) 48.1 15.2 16.1 7.2 18.9 7.2 16.4 13.8 0.1 2.6 2.6
PC 2 1.64 0.23 0.11 0.13 −0.07 −0.10 −0.02 0.10 0.52 0.56 0.56
σ2 (%) 26.8 5.4 1.3 1.6 0.5 1.0 0.0 1.0 27.5 30.9 30.8

Brasília
PC 1 2.13 0.45 0.43 0.03 −0.43 −0.29 −0.44 −0.34 0.11 0.11 0.11
σ2 (%) 45.2 20.2 18.5 0.1 18.8 8.3 19.3 11.3 1.1 1.2 1.2
PC 2 1.52 0.03 −0.05 0.10 −0.16 −0.34 −0.01 −0.03 −0.35 −0.60 −0.60
σ2 (%) 23.2 0.1 0.3 1.0 2.4 11.3 0.0 0.1 12.3 36.2 36.2

Rio de Janeiro
PC 1 2.22 0.42 0.40 0.39 −0.14 −0.06 −0.24 −0.12 −0.35 −0.38 −0.38
σ2 (%) 49.4 17.9 16.0 15.1 2.0 0.3 5.6 1.4 12.3 14.7 14.7
PC 2 1.71 0.00 −0.08 0.06 0.54 0.50 0.43 0.33 −0.22 −0.23 −0.23
σ2 (%) 29.1 0.0 0.6 0.4 28.9 24.7 18.9 11.1 4.7 5.3 5.3

São Paulo
PC 1 2.07 0.44 0.42 0.39 −0.10 0.02 −0.17 0.15 −0.29 −0.41 −0.41
σ2 (%) 42.8 19.4 17.3 15.3 1.0 0.0 2.9 2.3 8.2 16.7 16.7
PC 2 1.58 0.09 0.21 −0.13 −0.59 −0.40 −0.48 −0.34 0.01 0.19 0.19
σ2 (%) 25.1 0.9 4.6 1.8 34.7 16.1 23.1 11.4 0.0 3.7 3.7

All cities
PC 1 1.95 0.45 0.44 0.41 −0.26 −0.26 −0.12 −0.05 −0.32 −0.38 −0.20
σ2 (%) 38.2 20.6 19.4 16.7 6.7 6.5 1.3 0.3 10.4 14.1 4.0
PC 2 1.46 0.10 −0.06 0.23 0.54 0.19 0.52 0.48 −0.19 −0.24 −0.08
σ2 (%) 21.4 0.9 0.4 5.1 29.6 3.8 27.5 22.6 3.6 5.9 0.6
PC 3 1.28 0.31 0.17 0.36 0.04 −0.22 0.19 0.06 0.37 0.38 0.61
σ2 (%) 16.4 9.6 2.8 13.0 0.2 4.9 3.7 0.3 13.3 14.4 37.7

Max andMin stand for maximum andminimum. Rain stands for rainfall. NDC, Cum. cases and Cont. rate stand for new daily cases, cumulative cases and contamination rate, respectively.
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Table 5
Correlation, approximate chi-square (χ2) and significance (p) of the first two canonical
pairs (U1V1 and U2V2) from individual and all cities consideringmeteorological variables
and evolution of Covid-19 in Brazil.

Statistics Correlation χ2 p

Manaus
U1V1 0.92 34.83 0.029
U2V2 0.68 10.75 0.551

Fortaleza
U1V1 0.73 26.54 0.187
U2V2 0.54 9.37 0.671

Brasília
U1V1 0.69 22.60 0.366
U2V2 0.47 6.86 0.867

Rio de Janeiro
U1V1 0.84 38.89 0.010
U2V2 0.46 8.00 0.785

São Paulo
U1V1 0.76 32.45 0.053
U2V2 0.49 10.06 0.611

All cities
U1V1 0.72 123.09 b0.001
U2V2 0.36 24.73 0.016
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Brasilia was also the city with the lowest COVID-19 contamination rate
among the studied cities (Table 3). The statistical non-significance of the
linear regression for Brasília demonstrates that the combination of
higher temperatures and intermediate average relative humidity
might favor the evolution of COVID-19.

On the other hand, Rio de Janeiro and São Paulo, cities with greater
population densities (IBGE, 2019) and the highest number of total
cases (Table 3), showed that the increase in absolute humidity reduced
the contamination rate of COVID-19. Themost significant reductionwas
found for São Paulo,whichwas directly affected by low average temper-
ature, associated with high average relative humidity (Fig. 5 and
Table 2). This result confirms the importance of the combination of tem-
perature and average relative humidity to explain the dissemination of
COVID-19 in Brazil. Thus, when all cities were combined, it was
Table 6
Coefficients of canonical variables (CV) of the first two canonical pairs from individual and all

CV Covid-19 variables CV Meteorologic

NDC Cum. cases Cont. rate Temperature

Mean

Manaus
U1 0.17 −1377.43 1376.36 V1 −0.09
U2 −0.74 −4725.43 4726.05 V2 −1.60

Fortaleza
U1 −0.13 1220.83 −1219.76 V1 2.54
U2 −1.33 −1540.39 1541.34 V2 −2.03

Brasília
U1 −0.44 −648.27 647.53 V1 −3.38
U2 0.86 −988.73 988.20 V2 3.32

Rio de Janeiro
U1 −0.16 −1074.89 1075.97 V1 0.84
U2 −0.09 3148.91 −3148.52 V2 −1.56

São Paulo
U1 0.48 −1037.52 1036.37 V1 5.48
U2 1.08 118.95 −119.10 V2 7.62

All cities
U1 0.04 1.36 −1.01 V1 −1.65
U2 0.49 −0.30 0.92 V2 8.54

Max andMin stand for maximum andminimum. Rain stands for rainfall. NDC, Cum. cases and C
demonstrated that the increase in absolute humidity favors (high signif-
icance) the contamination rate of COVID-19 in Brazil (Fig. 5).

Our results contradict those presented byWang et al. (2020), which
analyzed data between January 21 and 23, 2020, of 100 Chinese cities
with N40 confirmed cases of COVID-19. In this case, the mean tempera-
tures reported for 3 and 5 days were 6 and 5.2 °C, respectively, with
minimum and maximum of −20.8 °C (3 and 5 days) and 21 °C
(3 days) and 18.5 °C (5 days), respectively. The average relative humid-
ity was 78.4 and 77.5% for 3 and 5 days, respectively, but it ranged be-
tween 46.7 and 100% (3 days) and 49 and 91.8% (5 days). Thus, for
the generalized linear model a range of temperature and relative hu-
midity between−21 to 21 °C and 47 to 100%, for 3 or 5 days, was ana-
lyzed by Wang et al. (2020). In this way, the conclusion that high
temperature and high humidity reduce the transmission of COVID-19
could not be applied to tropical regions with great transmission rates;
where the minimum temperatures were almost constant and over
21 °C and relative humidity constant in values near 79% for 30 days.

4. Conclusions

Our paper demonstrates that meteorological factors affect the
COVID-19 dissemination in different cities of Brazil. This is the first
study that attempts to model the effects of meteorological factors in
COVID-19 in tropical climate. Temperature and relative humidity de-
serve special attention. For the study period selected, the COVID-19
transmission rate in Brazil was initially observed to be favored by higher
mean temperatures (27.5 °C) as well as intermediate relative humidity
(near 80%).

However, it is important to mention that our study presents a pre-
liminary analysis and has some limitations. A longer study period
might better represent the relation between meteorological conditions
and the COVID-19 transmissibility. So we encourage other researchers,
but mainly epidemiologists and meteorologists, to repeat this study in
the near future, considering other Brazilian cities or regionswith a trop-
ical climate.

Nonetheless, it is worth considering that in addition to meteorolog-
ical conditions, several other factors are related to the COVID-19 spread.
In this sense, the population's living and health conditions have, in their
determination, a complex set of factors of individual and collective
cities considering meteorological variables and evolution of Covid-19 in Brazil.

al variables

Relative humidity Rain

Max Min Mean Max Min

2.18 −0.39 −1.18 −0.34 2.79 −0.11
−2.54 0.98 −2.33 0.27 −1.87 0.37

−0.58 −0.81 2.71 −1.04 −0.84 0.38
0.72 −0.09 −2.26 0.14 0.74 1.00

1.26 1.21 −3.81 0.30 1.68 0.08
−3.58 −0.79 0.66 0.28 −1.18 0.11

−1.16 −1.16 1.41 −0.54 −1.18 −0.51
−0.92 1.55 3.49 −1.14 −3.66 0.08

−2.95 −2.18 1.03 −0.11 −0.52 0.15
−4.54 −4.27 2.30 −1.06 −0.99 0.04

0.53 0.21 −0.22 −0.06 0.32 −0.36
−4.61 −4.51 3.23 −1.24 −2.63 −0.11

ont. rate stand for new daily cases, cumulative cases and contamination rate, respectively.



Fig. 5. Linear regressions between absolute humidity (gm−3) and theCovid-19 contamination rate in Brazilian citieswith thehighest cumulative case records in theperiodbetweenMarch
13 andApril 13, 2020. The order of colors indicates the order from the highest (red) to the lowest (blue)mean temperatures between cities. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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coverage, such as political, social, economic and cultural conditions.
Thus, considering the results obtained, intersectoral policies and actions
are necessary, mainly in cities where the contamination rate has been
increasing rapidly. Thus, prevention and protection measures should
be adopted in these cities aiming to reduce transmission and the possi-
ble collapse of the health system.

We emphasize that other variables were not considered in our study
due to the complexity of such analysis and the lack of updated informa-
tion on these data, but the results presented here aimed to understand
the role of tropical climate conditions in the transmission of COVID-
19. Some suggestions for future research should focus on the issue of
basic sanitation in these Brazilian cities, based on the evidence of virus
survival in untreated wastewater. Other conditions that should be con-
sidered are the speed of the winds, presence of pollutants in the atmo-
sphere and socioeconomic conditions of the population of the cities.
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