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Abstract

It has been more than 10 months since the first COVID-19 case was reported in Wuhan, China, still menacing the world with
a possible second wave. This study aimed to analyze how meteorological variables can affect the spread of local COVID-19
transmission in Bangladesh. Nine spatial units were considered from a meteorological standpoint to characterize COVID-19
transmission in Bangladesh. The daily COVID-19 incidence and meteorological variable (e.g., mean temperature, relative
humidity, precipitation, and wind speed) data from April 5 to September 20, 2020, were collected. The Spearman rank cor-
relation, heat maps, and multivariate quasi-Poisson regression were employed to understand their association. The effect
of meteorological variables on COVID-19 transmission was modeled using a lag period of 10 days. Results showed that
mean temperature, relative humidity, and wind speed are substantially associated with an increased risk of COVID-19. On
the other hand, daily precipitation is significantly associated with a decreased risk of COVID-19 incidence. The relative
risks (RR) of mean temperature for daily COVID-19 incidences were 1.222 (95% confidence interval [CI], 1.214-1.232).
For wind speed, the RR was 1.087 (95% CI, 1.083-1.090). For relative humidity, the RR was 1.027 (95% CI, 1.025-1.029).
Overall, this study found the profound effect of meteorological parameters on COVID-19 incidence across selected nine areas
in Bangladesh. This study is probably the first study to explore the impact of region-specific meteorological conditions on
COVID-19 incidence in Bangladesh. Moreover, adjustments on the areal-aggregated and regional levels were made for three
confounding factors, including lockdown, population density, and potential seasonal effects. The study’s findings suggest
that SARS-CoV-2 can be transmitted in high temperatures and humidity conditions, which contradicts many other countries’
prior studies. The research outcomes will provide implications for future control and prevention measures in Bangladesh
and other countries with similar climate conditions and population density.

1 Introduction

The ripple effect of the SARS-CoV-2 pathogen has caused
unprecedented havoc to humans and economies. The current
corona virus (COVID-19) disease, caused by SARS-CoV-2
pathogen, first came to attention in a cluster of cases with
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atypical pneumonia cases in Hubei province, China. The
virus rapidly broke out within China and continued to spread
all over the world. Since then, enormous efforts have been
taken to contain virus transmission; nonetheless, the disease
continued to spread globally. On March 11, 2020, the World
Health Organization (WHO) declared COVID-19 as a global
pandemic (WHO 2020).

Multiple factors can influence the transmission of corona
viruses including climatic conditions, geographical factors,
population density, and other social factors (Dalziel et al.
2018; Liu et al. 2020). A plethora of studies have indicated

@ Springer


http://orcid.org/0000-0002-7198-4399
http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-021-03535-x&domain=pdf

274

A.-E.E. Hridoy et al.

that during cold and low humidity conditions, the respiratory
infection was enhanced unusually, indicating low tempera-
ture and low humidity might significantly contribute to the
transmission and survival of the corona viruses (Davis et al.
2016; Rendana 2020; Wang et al. 2020). Several studies (Cai
et al. 2007; Casanova et al. 2010; Shi et al. 2020) empha-
sized that environmental factors may affect corona virus
viability through its transmission routes. Several retrospect
studies have revealed that temperature and humidity might
have affected the SARS outbreak and gradually faded away
with warmer weather conditions (Cao et al. 2016; Liu et al.
2020; Tan et al. 2005). Similar to SARS, epidemiological
studies have revealed that droplet-mediated viral diseases
like influenza have also shown sensitivity to meteorological
factors. This finding indicates that cold-dry weather condi-
tion is aiding for its survival and propagation (Lowen et al.
2007; Shaman and Kohn 2009; Wang et al. 2020). It has
been speculated that climatic conditions might slow down
the transmission of COVID-19, as happened with influenza
(Briz-Redén and Serrano-Aroca 2020; Shaman and Kohn
2009) and preliminary evidence from other corona viruses
(Briz-Redén and Serrano-Aroca 2020).

The association between meteorological factors and
SARS-CoV-2 transmission has been investigated by many
studies throughout the world (O'Reilly et al. 2020; Oliveiros
et al. 2020; Sajadi et al. 2020; Shi et al. 2020; Wei et al.
2020). Among the meteorological factors, temperature,
humidity, wind speed, and precipitation are considered to
be crucial meteorological factors in predicting COVID-19
transmission (Zhang et al. 2020). Therefore, it is imperative
to explore the potential effects of weather variability on the
spread and viability of the SARS-CoV-2 (Xie and Zhu 2020;
Zhang et al. 2020).

Bangladesh is one of the world’s most populous countries
with a subtropical monsoon climate. Therefore, the complex
interrelation between meteorological variables, poverty, and
high population density exists, implying a higher level of
exposure to COVID-19. However, studies related to the asso-
ciation between local meteorological variables and local-
level COVID-19 transmission in Bangladesh are scarce. The
association between meteorological factors and the COVID-
19 outbreak has been investigated by several studies (Haque
and Rahman 2020; Hasan and Siddik 2020; Mofijur et al.
2020). However, these studies have been limited in several
ways; study areas are geographically limited, mainly con-
centrated in Dhaka city and its peripheries. Though Haque
and Rahman et al. (2020) used nationwide COVID-19 data,
the meteorological datasets were only of Dhaka city, with-
out accounting for the whole country’s daily weather varia-
tion. Moreover, the authors mostly used simpler approaches
such as descriptive statistics, basic correlation coefficient,
or simple regression analysis. However, simpler approaches
do not account for heterogeneity in the datasets, which can
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reduce the reliability of the findings (Briz-Redén and Ser-
rano-Aroca 2020). Additionally, most of these studies have
performed analyses without accounting for latent periods of
COVID-19 and potential confounding factors. For these rea-
sons, the findings of those studies might be biased. However,
in a recent study using a distributed log nonlinear model
(DLNM), Islam et al. (2020a, b) found that temperature,
relative humidity, and wind speed are positively associated
with the spread of SARS-CoV-2 in Bangladesh.

The impacts of environmental drivers on COVID-19 might
be heavily confounded by population density, immunity, non-
pharmaceutical interventions, human behavior, economy, and
other factors. Considering several potential confounding fac-
tors, Lin et al. (2013) have investigated the potential effects of
environmental factors on the SARS epidemic in Hong Kong.
If these factors are not considered when assessing the poten-
tial impact of meteorological variables on COVID-19 trans-
mission, the result can lead to spurious conclusions. Jahangiri
et al. (2020) have also mentioned that the transmission of
COVID-19 has a high sensitivity to population size.

The Government of Bangladesh imposed only 66 days
(from March 26, 2020, to May 30, 2020) nationwide lock-
down. Intervention measures are likely to impact the spread
of the virus significantly. Thus, public health intervention
could be a major potential confounding factor in assess-
ing the impacts of meteorological variables in Bangladesh,
which needs to be considered. All these factors are needed
to be considered while exploring the role of meteorology on
COVID-19 occurrence in Bangladesh, since the spatial and
temporal heterogeneities in COVID-19 incidence could be
attributed to meteorological variables as well as intervention
measures across regions (Wang and Du 2020).

This research aims to identify the potential role of meteor-
ological variables on COVID-19 transmission in Bangladesh
in two approaches: firstly, potential impacts of meteorologi-
cal variables on daily COVID-19 incidence and, secondly,
the association between effective reproduction number (Rt)
and meteorological variables followed by Guo et al. (2020),
Poirier et al. (2020), and Yu (2020). Though a good number
of studies have explored the relationship of COVID-19 and
air quality (Rahman et al. 2020), with meteorological param-
eters (Islam et al. 2020b), socio-economic factors (Shammi
et al. 2020a), and lockdown scenarios (Shammi et al. 2020b)
in Bangladesh, however, this research aimed to explore how
meteorological parameters can mediate SARS-CoV-2 trans-
mission at community level. Therefore, present research
focused on region-specific climate impacts on local COVID-
19 transmission expanding observation period, considering
population density, lockdown, and potential seasonal effects.
Thus, the result might provide better insights. The research
results might be of interest to policy makers, academics,
and citizens. Authors hope understanding the research out-
comes might assist policy makers to prepare a better response
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mechanism for Bangladesh perspective. Moreover, it will be
an essential reference for advanced research to quantify how
local-level meteorological factors can impact on viral disease
transmission.

2 Data and methods
2.1 Study area

Bangladesh has a humid subtropical climate with wide sea-
sonal rainfall variations, moderately warm temperatures, and
high humidity. The study areas are carefully chosen based on
their spatial position with varying population sizes and den-
sities. Besides, therapeutic measures, environmental factors,
and population sizes are also essential measures for epidemio-
logical study (Dalziel et al. 2018; Hemmes et al. 1960; Liu
et al. 2020). The study areas include both high and sparsely
populated districts (Fig. 1). Yuan et al. (2020) have mentioned
that numbers of infected people in concentrated and sporadic

outbreak areas are dissimilar. A recent symposium con-
vened by the World Meteorological Organization (WMO)
suggested that studies should attempt to model spatially and
temporally align epidemiological and meteorological data
(Zaitchik et al. 2020). Therefore, it will be appropriate to
include both concentrated and sporadic outbreak areas while
exploring meteorological impacts on COVID-19. Besides,
these selected regions are meteorologically representative of
the seven climate zones of Bangladesh (Rashid 2019). Addi-
tionally, these areas are the lifeline of Bangladesh, playing
essential roles in national life. Moreover, these include the
capital city, the largest port city, industrial parks, specialized
economic zones, and business hub. Additionally, few areas
(Dhaka city, Narayanganj, and Gazipur) were the initial epi-
center of COVID-19.

2.2 Data sources

Daily counts of laboratory-confirmed cases (if confirmed,
cumulative cases are > 2 in each area) and weather variable
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data were collected from April 5, 2020, to September 20,
2020 (169 days).

A longer time series data of meteorological variables
may reveal a more accurate impact of meteorological vari-
ables on the COVID-19 local transmission. Moreover, two
weather seasons, namely a hot humid summer (April to May)
and rainy monsoon (June to September), overlapped during
the study period. This overlapped study period will help to
account large band of meteorological parameters. The mete-
orological variables that have been considered for this study
are daily average temperature (°C), relative humidity (%), pre-
cipitation (mm), and wind speed (km/h). The daily confirmed
positive COVID-19 cases were collected from the Institute of
Epidemiology, Disease Control and Research (IEDCR), and
meteorological data were collected from National Oceanic
and Atmospheric Administration (NOAA) daily global data.
The population density data were obtained from the Bangla-
desh Bureau of Statistics (BBS) (BBS 2011).

2.3 Heat map

The association between local daily COVID incidence and
meteorological variables were examined using a heat map.
The daily new incidences were transformed into a logarith-
mic scale using log(N + 1) to improve the contrast. The heat
map could identify the range of optimal meteorological
threshold for local transmissions (Runkle et al. 2020). The
weather data is lagged by 10 days based on the assumed
incubation period of COVID-19.

2.4 Quasi-Poisson model

Since COVID-19 data is a discrete count variable, modeling the
association between weather variables and daily confirmed cases
with linear regression could result in inconsistent and biased esti-
mation (Briz-Redén and Serrano-Aroca 2020; Hoffmann 2004;
Long 1997). Moreover, a linear regression model with Gaussian
errors can estimate negative predicted values. The standard and
alternative to linear regression for the count variable is Poisson
regression. The Poisson regression is a form of the generalized
linear model. The Poisson regression assumes that the count fol-
lows Poisson distribution, assuming that variance is equal to the
mean. However, infectious disease counts often have a variance
above expected in a Poisson distribution (Imai et al. 2015), and
overdispersion occurs in the datasets. The quasi-Poisson regres-
sion is a generalized form of the Poisson regression and a stand-
ard model for modeling an overdispersed count variable.

A generalized linear model (GLM) with a quasi-Poisson
regression had given the best fit for overdispersed disease
case data and meteorological variables (Joshi et al. 2016; Lin
et al. 2013). Thus, accounting for the data dispersion, this
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study adopted a log-linear quasi-Poisson regression model to
estimate the association between climate variables and daily
counts of confirmed cases at the district level and to evalu-
ate the variance explained by meteorological parameters for
outcome variable daily COVID-19 counts (Imai et al. 2015).

In the quasi-Poisson model, the variance is scaled by a con-
stant dispersion parameter (¢%). Thus, the model can be written
as follows:

y | n~Po(uc?)
log () =n = py + B (lmean) + p,(humidity) + g;(precipitation)
+ p,(wind speed) + DOW + Lockdown + COV

where y represents the expected number of daily counts, 7 is the
fitted model, Po represents the Poisson distribution, f, is the
overall coefficient, and 3, $,, 5, and 3, are coefficients for mean
temperature (°C), relative humidity (%), precipitation (mm), and
wind speed (km/h) respectively. DOW is a categorical variable
indicating the day of the week to account for any potential sea-
sonal effects or time-varying trend. Lockdown is a dummy vari-
able set to 1 if a day is among the lockdown days; O otherwise.
COV is the log of population density of each region set as an off-
set to the model to account for the regional-level heterogeneity.
When we employed region-specific regression analysis, we did
not consider population density as a potential confounding fac-
tor. Within one community or population throughout our study
period, targeted population does not change over time (Imai and
Hashizume 2014; Rothman et al. 2008). One confounding fac-
tor could be the daily number of tests performed district-wise.
Unfortunately, district-wise COVID-19 testing data are scarce
(New Age 2020). Thus, we excluded district-wise testing data
as a potential confounder. A recent study reported that the mean
incubation period of COVID-19 varies from 8 to 14 days (Qin
et al. 2020). Thus, we considered the cumulative lag effects of
weather conditions on COVID-19 cases. The meteorological
variables were analyzed using 10-day moving average based
on the assumed incubation period of COVID-19. We carried
out all analyses in R statistical software version 3.6.3, graphical
presentation in ArcGIS 10.8 and Python 3.

3 Result
3.1 Descriptive statistics

Figure 2 presents the dynamics of COVID-19 in the selected
study areas. Dhaka city has registered the highest number of
new daily cases, mainly from mid-April onwards, when the
number of confirmed cases exhibited significant increases.
The other areas have the following order of occurrence of
new COVID-19 cases from April 5, 2020, to September 20,
2020: Chattogram > Narayanganj > Gazipur > Khulna >
Bogura > Sylhet > Rangpur > Rajshahi. The highest number
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Fig.2 The dynamics of COVID-19 in the selected areas of Bangladesh

of COVID-19 cases for Dhaka, Chattogram, Narayanganj, and
Gazipur is related to these cities’ importance. These cities are
the main economic hub for job seekers and the country’s most
densely populated cities. Jahangiri et al. (2020) have recently
mentioned that the population size significantly regulates
the spread rate of COVID-19. Considering their economic
relevance and high population density, these cities deserve
special attention to analyze the evolution of COVID-19 cases.

Table 1 depicts a statistical summary of meteorological
distribution in selected areas. The wide variation is observed
as they pertain to seven climatic zones of Bangladesh. The
temperature ranged from a minimum of 20.90 °C to a maxi-
mum of 33.30 °C. The highest relative humidity, 98.00%, is
recorded in Sylhet, Dhaka, and its two peripheral districts,
while the lowest relative humidity (50.00 +8.58%) is also
observed in Dhaka city. Precipitation comparatively exhibits
high variations among districts; Rangpur received maximum
precipitation of 249.68 mm. The highest magnitude of wind
speed (25.4 km/h) is recorded in Rangpur. Dhaka city has the
highest confirmed cases, followed by Chattogram. Minimum
cases have been registered in Rangpur.

Table 2 summarizes monthly variations of the weather vari-
ables and new cases in Bangladesh. Average new cases show a
continuous rapid increment trend from April to June. After that,

a slow downward trend is observed. Temperature showed a
consistently increasing trend from April (26.84+2.12 °C) to
September (29.59 +1.35 °C) except for a slight variation in
July. Relative humidity has also followed a continuous incre-
ment trend from April (76.27 +8.40%) to July (85.90+5.70%).
Precipitation has shown a rising trend from April (7.33 mm) to
July (16.64 mm) before taking a downturn. Wind speed exhib-
its comparatively less variation within the study period. The
highest wind speed was detected in May (4.95 km/h); after
that, a continuous decreasing trend except for August. The low-
est wind speed is observed in September (3.15 km/h).

The Spearman rank correlation (Table 3) suggests a sig-
nificant but weak correlation between COVID-19 new cases
and meteorological variables.

Mean temperature exhibited a weak and significant posi-
tive correlation with daily COVID-19 incidence for all dis-
tricts except Narayanganj.

Like temperature, relative humidity exhibited a weak and
significant positive correlation with daily COVID-19 incidence
for all districts except for Bogura and Gazipur. In contrast, a sig-
nificant weak negative association was detected for Narayanganj.

Precipitation exhibited a significantly weak positive cor-
relation with COVID-19 incidence for Dhaka, Chattogram,
Rangpur, and Rajshahi.
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Table 1 Descriptive analysis of the meteorological variables and daily new cases of selected areas (April 5-September 20, 2020)

Statistics New daily cases Temperature (°C) Relative humid- Precipitation (mm) Wind
ity (%) speed
(km/h)
Dhaka city
Mean 536.76 29.16 80.64 8.73 3.64
Minimum 10.00 23.70 50.00 0.00 0.00
Maximum 1508.00 32.30 98.00 89.15 16.10
Standard deviation 298.28 1.68 8.58 15.73 2.19
Chattogram District
Mean 109.76 29.30 79.20 12.08 5.46
Minimum 0.00 25.28 56.91 0.00 0.34
Maximum 1289.00 31.88 96.33 102.11 12.37
Standard deviation 131.26 1.33 7.60 18.96 2.15
Narayanganj District
Mean 40.92 29.13 81.78 9.26 3.69
Minimum 0.00 23.70 62.00 0.00 0.00
Maximum 379.00 32.30 98.00 89.15 16.10
Standard deviation 60.50 1.67 7.18 16.07 2.21
Gazipur District
Mean 32.13 29.13 81.09 8.88 3.66
Minimum 1.00 23.70 58.00 0.00 0.00
Maximum 315.00 32.30 98.00 89.15 16.10
Standard deviation 47.19 1.67 791 15.83 2.20
Sylhet District
Mean 41.59 27.70 84.59 21.81 4.27
Minimum 1 20.90 63.00 0.00 0.70
Maximum 122 32.30 98.00 171.20 13.10
Standard deviation 28.00 1.94 7.95 27.66 2.33
Rangpur District
Mean 17.11 28.31 83.23 14.59 2.58
Minimum 1.00 22.20 65.00 0.00 0.00
Maximum 128.00 32.30 95.00 249.68 25.40
Standard deviation 15.30 2.06 6.48 28.77 2.22
Rajshahi District
Mean 29.29 29.07 84.28 7.49 3.71
Minimum 0.00 23.60 65.00 0.00 0.70
Maximum 115.00 32.00 96.00 77.22 21.10
Standard deviation 32.41 1.79 6.33 13.86 221
Bogura District
Mean 46.04 28.80 82.42 11.28 3.37
Minimum 0.00 23.00 64.00 0.00 0.40
Maximum 139.00 32.60 96.00 101.85 9.60
Standard deviation 38.70 1.98 6.20 20.73 1.64
Khulna District
Mean 39.92 29.44 81.62 8.12 2.86
Minimum 0.00 24.40 66.00 0.00 0.00
Maximum 303.00 33.30 94.00 79.50 25.00
Standard deviation 46.61 1.64 6.88 13.90 2.85
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Table 2 Monthly changes in the COVID-19 and meteorological variables (mean + SD) in the selected areas

Variables April May June July August September
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
New daily cases 2947 7026 6924 162.02 159.20 275775 137.81 216.80 97.74 161.77 8570  170.92
Temperature (°C) 26.84 2.12 2838  2.14 29.28 1.32 29.17 1.30 29.55 1.33 29.59 135
Relative humidity (%)  76.27  8.40 78.85  7.68 82.89 6.34 85.90 5.70 84.12 5.84 8259 6.64
Precipitation (mm) 7.33 1523 1090  21.85 11.88 18.84 16.64 26.18 9.58 14.02 9.23 18.84
Wind speed (km/h) 4.23 2.93 4.95 4.42 4.52 3.47 4.48 391 4.85 4.30 3.15 2.79

Wind speed was very weak and significantly correlated
with COVID-19 incidence for Chattogram and Khulna.

3.2 Heat maps

The association between local daily COVID incidence and
meteorological variables was examined using a heat map.
The heat map (Fig. 3) reveals that the association between
meteorological variables and COVID-19 incidence varied
spatially. However, the COVID-19 incidence was common
in high temperatures (28-31 °C) and with daily rainfall
(044 mm) conditions for all areas. A higher number of
cases were reported in all areas with a high humidity range
(80-94%). Similarly, a higher number of cases were reported
in all areas with low wind speed (0-5 km/h). However, a
higher number of cases were also reported in Chattogram,
with high wind speed (14-25 km/h).

3.3 Effect of meteorological variables on daily COVID-19
incidence

Multivariate quasi-Poisson regression was used to evaluate
the daily COVID-19 incidence association with meteorologi-
cal variables in each area (Table 4).

In Dhaka, the initial epicenter of the outbreak, mean
temperature and wind speed were strongly associated with

increased risk of daily COVID-19 incidence. Mean temper-
ature significantly affected the increased risk of COVID-
19 incidence (RR 1.128; 95%, CI 1.127-1.150). Wind
speed also exhibited a significant positive association with
COVID-19 incidence (RR, 1.062; 95% CI, 1.056-1.068).

In Chattogram, temperature, relative humidity, and pre-
cipitation were significantly associated with increased daily
COVID-19 incidence. Mean temperature was a significant
effector on case increase (RR, 1.952; 95% CI, 1.885-2.023).
Relative humidity also exhibited a strong positive association
with COVID-19 incidence (RR, 1.188;95% CI 1.105-1.133).
Precipitation also exhibited a positive association with
COVID-19 incidence (RR, 1.033; 95% CI, 1.030-1.036).

In Narayanganj, increased relative humidity was signifi-
cantly associated with decreased risk of daily COVID-19
incidence (RR, 0.897; 95% CI, 0.888-0.905).

In Gazipur, no meteorological variables were significantly
associated with daily COVID-19 incidence.

In Sylhet, all meteorological variables were signifi-
cantly associated with daily COVID-19 incidence. Among
the variables, increased temperature (RR, 1.129; 95%
CI, 1.084-1.177), relative humidity (RR, 1.099; 95%
CI, 1.082-1.1185), and wind speed (RR, 1.224; 95% ClI,
1.181-1.269) had a positive association with increased risk
of daily COVID-19 incidence, while precipitation (RR,
0.985; 95% CI, 0.982-0.989) exhibited a negative associa-
tion with daily COVID-19 incidence.

Table 3 Spearman’s rank

. . Temperature Relative humidity Precipitation Wind speed

correlation coefficient between

daily cases and meteorological Dhaka city 0.19%* 0.23 %% 0.113%:* 0.07

variables of the study areas Chattogram 0,147 0,19 0.03%* 0,097+
Gazipur 0.10%%* 0.03 0.05 0.05
Narayanganj 0.10 —0.2%** —-0.08 -0.07
Rangpur 0.13%%* 0.17%%* 0.03%%* -0.09
Sylhet 0.28%%* 0.43%%* —0.00 -0.24
Bogura 0.40%%** 0.08 0.09 0.01
Rajshahi 0.37%#%* 0.31%%* 0.17%* 0.12
Khulna 0.23%%* 0.19%** —-0.10 0.05%*

*** and ** indicate significance level at 1% and 5% respectively
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Fig.3 The heat maps of COVID-19 cases in the selected areas in association with meteorological variables at 10-day time lag

In Rangpur, the temperature was significantly associ-
ated with increased risk of daily COVID-19 incidence (RR,
1.293;95% CI, 1.225-1.366).

In Khulna, all meteorological variables except precipi-
tation were significantly associated with increased risk
of daily COVID-19 incidence. Temperature exhibited a
stronger significant effect on daily incidence (RR, 2.072;
95% CI, 1.911-2.245). Relative humidity (RR, 1.203; 95%
CI, 1.182-1.225) and wind speed (RR, 1.206; 95% CI,
1.173-1.241) were significantly associated with increased
daily COVID-19 incidence, while precipitation was nega-
tively associated with increased risk of daily COVID-19
incidence (RR, 0.963; 95% CI, 0.955-0.971).

In Rajshahi, all meteorological variables except wind
speed were significantly associated with an increased risk
of daily COVID-19 incidence. Among them, temperature
exhibited the highest significant effect on incidence increase
(RR, 2.356; 95% CI, 2.153-2.580). Relative humidity (RR,
1.229; 95% CI, 1.200-1.258) and rainfall (RR, 1.044;
95% CI, 1.037-1.0512) were significantly associated with
increased risk of daily COVID-19 incidence.

In Bogura, all meteorological variables except relative
humidity were also significantly and positively associ-
ated with daily COVID-19 incidence. Temperature (RR,
1.525; 95% CI, 1.456-1.598), precipitation (RR, 1.047,;
95% CI, 1.042-1.052), and wind speed (RR, 1.202; 95% CI,
1.156-1.252) were associated with increased risk of daily
COVID-19 incidence.
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Areal-aggregated results suggest that all meteorologi-
cal variables were also significantly associated with daily
COVID-19 incidence. Among them, temperature exhibited
the highest significant effect on incidence increase (RR,
1.222;95% CI, 1.214-1.232). Relative humidity (RR, 1.027;
95% CI, 1.025-1.029) and wind speed (RR, 1.087; 95% CI,
1.083-1.090) were significantly associated with increased
risk of daily COVID-19 incidence. In contrast, precipitation
(RR, 0.989; 95% CI, 0.988-0.990) was negatively associated
with COVID-19 incidence.

4 Discussion

This study explores the association between local meteoro-
logical factors and local-level COVID-19 transmission in
Bangladesh accounting several potential confounding fac-
tors. Overall, the quasi-Poisson model’s findings and areal-
aggregated findings suggest that daily COVID-19 incidence
was positively associated with mean temperature, relative
humidity, and wind speed. A negative association is observed
between daily COVID-19 incidence and precipitation.

A significant and weak correlation between meteorological
variables and local-level COVID-19 incidence is observed.
The weak correlation could be attributed to epidemic pro-
gression, longer time series data, and the nonlinear nature
of COVID-19 counts. However, the quasi-Poisson model
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Table4 The association between daily COVID-19 incidence and
meteorological variables

Districts Coefficient RR 95% CI
Dhaka city
Temperature 0.129%** 1.128 1.127-1.150
Relative humidity 0.016 1.016 1.014-1.019
Precipitation 0.002 1.00 1.001-1.005
Wind speed 0.060%* 1.06 1.056-1.068
Chattogram
Temperature 0.669%** 1.952 1.885-2.023
Relative humidity 0.112%* 1.118 1.105-1.133
Precipitation 0.033%* 1.033 1.030-1.036
Wind speed 0.123 1.131 1.109-1.153
Narayanganj
Temperature -0.223 0.799 0.773-0.826
Relative humidity —0.108%** 0.897 0.888-0.905
Precipitation 0.029 1.029 1.022-1.036
Wind speed 0.108 1.114 1.09-1.138
Gazipur
Temperature 0.049 1.050 1.007-1.096
Relative humidity —-0.019 0.980 0.970-0.990
Precipitation 0.011 1.011 1.004-1.018
Wind speed 0.097 1.102 1.076-1.129
Sylhet
Temperature 0.122%* 1.129 1.084-1.177
Relative humidity 0.095°%#* 1.099 1.082-1.1185
Precipitation —0.014%** 0.985 0.982-0.989
Wind speed 0.202°%#* 1.224 1.181-1.269
Rangpur
Temperature 0.257%** 1.293 1.225-1.366
Relative humidity 0.001 1.00 0.983-1.019
Precipitation —-0.002 0.997 0.992-1.003
Wind speed 0.038 1.039 0.988-1.093
Rajshahi
Temperature 0.857+#%#* 2.356 2.153-2.580
Relative humidity 0.206%#* 1.229 1.200-1.258
Precipitation 0.043 %% 1.044 1.037-1.0512
Wind speed 0.029 1.030 0.988-1.074
Bogura
Temperature 0.422%%% 1.525 1.456-1.5983
Relative humidity 0.008 1.008 0.996-1.021
Precipitation 0.046%** 1.047 1.042-1.052
Wind speed 0.184%%* 1.202 1.156-1.252
Khulna
Temperature 0.728%*%#%* 2.072 1.911-2.245
Relative humidity 0.185%%*%* 1.203 1.182-1.225
Precipitation —0.037% 0.963 0.955-0.971
Wind speed 0.188%** 1.206 1.173-1.241
Areal-aggregated
Temperature 0.193%#* 1.2222 1.214-1.232
Relative humidity 0.020%* 1.020 1.0253-1.029
Precipitation —0.012%%* 0.987 0.989-0.990
Wind speed 0.095%#* 1.093 1.0832-1.090

#H% % and * indicate significance level at 1%, 5%, and 10% respec-
tively

exhibited a strong positive association between COVID-19
and temperature for all selected areas (Dhaka, Chattogram,
Sylhet, Rangpur, Bogura, Rajshahi, Khulna). A higher num-
ber of cases were reported in these areas, which experienced
relatively higher temperatures 28-31 °C (Fig. 3a) during
the period of observation. A positive association between
COVID-19 and humidity was found for the selected areas

(Chattogram, Khulna, Rajshahi). A higher number of cases
were reported in these areas with high humidity 80-92%
(Fig. 3b). Precipitation was positively associated with
COVID-19 transmission for the selected areas (Chattogram,
Rajshahi, Bogura). A higher number of cases were reported
in these areas with more than 30 mm of daily precipitation
(Fig. 3c). On the contrary, precipitation was negatively asso-
ciated with COVID-19 for the selected areas (Sylhet and
Khulna). A higher number of cases were reported in these
areas with less than 30 mm of daily precipitation (Fig. 3c).
Wind speed was positively associated with COVID-19 inci-
dence for the selected locations (Dhaka, Sylhet, Khulna, and
Bogura). A higher number of cases were reported in these
areas with 2—6 km/h of daily wind speed (Fig. 3d).

Several studies have reported that low temperatures likely
to favor the transmission of SARS-CoV-2 in China (Liu et al.
2020; Yongjian et al. 2020). On the contrary, Xie and Zhu
(2020) found a positive linear association between mean tem-
perature and daily COVID-19 incidence at 3 °C threshold.
Still, no evidence was found that COVID-19 incidence could
decline due to warm weather in China. In contrast to these
findings, however, there was no association between COVID-
19 and temperature in Wuhan, China (Igbal et al. 2020).

However, the current study has found a positive effect of
temperature on COVID-19 transmission in Bangladesh; the
finding is in line with previous literature and supports the find-
ings of Bashir et al. (2020), Pedrosa (2020), and Tosepu et al.
(2020) in India (Kafieh et al. 2020) and Bangladesh (Islam
et al. 2020a, b). The positive effect of humidity on COVID-19
transmission in Bangladesh is in line with previous literature
on a worldwide study (Sajadi et al. 2020), in China (Luo et al.
2020b), in India (Goswami et al. 2020), and in Bangladesh
(Islam et al. 2020a, b). The positive effect of wind speed on
COVID-19 transmission in this study is in line with previous
literature on India and worldwide (Sarkodie and Owusu 2020)
and in Bangladesh (Islam et al. 2020a, b).

The observations demonstrated that low relative humid-
ity increases the viability of influenza in the aerosol, which
favors the transmission of the influenza virus (Brankston
et al. 2007) and impairs the innate antiviral defense of
the host (Kudo et al. 2019). Moreover, the low tempera-
ture had the same effect on influenza as humidity (Lowen
et al. 2007). Similar to influenza, respiratory diseases
SARS-CoV and MERS-CoV were more likely to remain
viable in low temperature and humidity (Casanova et al.
2010; Chan et al. 2011; Gardner et al. 2019). Chan et al.
(2011) reported that higher temperatures (e.g., 38 °C) and
higher humidity (>95% RH) had been found to reduce
the SARS-CoV-1 virus viability significantly. Several
studies have found the wind speed and precipitation were
positively associated with influenza transmission (Gomez-
Barroso et al. 2017; Lopez et al. 2014; Mahamat et al.
2013). However, based on an experimental study on the
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influenza virus, Lowen et al. (2008) have demonstrated that
temperature more than 30 °C blocks aerosol transmission,
but not contact transmission. The finding implies that con-
tact or short-range transmission of the influenza virus was
dominant in tropical and subtropical regions.

Viruses can be transmitted through the air via droplets
or aerosols generated during coughing, sneezing, talking,
singing, or breathing (da Silva et al. 2020; Jones and Bros-
seau 2015). Various experimental studies have shown that
high temperatures and relative humidity could affect SARS-
CoV-2 viability. However, considering the increasingly high
number of cases in the south of the USA, Brazil, India, and
Bangladesh, where high temperatures and humidity have
been observed, does not support the effect of these condi-
tions (da Silva et al. 2020).

SARS-CoV-1 can transmit through respiratory droplets.
As it shares genetic similarities with SARS-CoV-2, it is
assumed that SARS-CoV-2 too can transmit through respira-
tory droplets. However, the SARS-CoV-2 can be transmitted
human to human over various routes, by droplets, aerosol,
and fomites (Wei et al. 2020). However, airborne transmis-
sion via aerosols is highly virulent and dominant (Zhang
et al. 2020). The viability and infectivity of viruses in the
aerosol are influenced by environmental stress such as tem-
perature and humidity (Jayaweera et al. 2020). The SARS-
CoV-2 can remain viable in an aerosol form (<5 pm) for 3 h,
while it showed more viability in droplets form (> 5 pm) on
plastic and stainless steel, copper, cardboard, and glass up
to 72 h (Van Doremalen et al. 2020).

Dbouk and Drikakis (2020a), creating a computational
fluid dynamics simulation, exemplified wind speed’s role
in the airborne transmission of SARS-CoV-2. The result
revealed that, the respiratory droplets can travel up to 6 m
at wind speeds ranging from 4 to 15 km/h, implying that
2 m social distancing may not be effective. In another recent
study, Dbouk and Drikakis (2020b) investigated the effects
of relative humidity, temperature, and wind speed on the
transport and viability of SARS-CoV-2 in a cloud of airborne
droplets. The result indicated that the viability of SARS-
CoV-2 is reduced substantially when both high temperatures
and low relative humidity occur due to the lower evaporation
rate of the saliva-contaminated droplets. Moreover, Dbouk
and Drikakis (2020b) have observed that the droplet cloud’s
travel distance and concentration remained significant at
any temperature if the relative humidity remains high. The
findings of Dbouk and Drikakis (2020b) offer a reasonable
explanation why Bangladesh has seen a peak of COVID-19
cases from June to July when Bangladesh has experienced
both high temperatures and high relative humidity (Table 2).

This finding is also supported by Luo et al.
(2020a), who reported that SARS-CoV-2 was trans-
mitted in high temperature and high humid envi-
ronment of the public bath center in China. This

@ Springer

observation implies that SARS-CoV-2 can remain
viable in such conditions and has shown no weakening
in high temperatures and humidity. Based on the climate-
dependent epidemic model, Baker et al. (2020) have sug-
gested that SARS-CoV-2 outbreak is likely to persist in a
warm, humid environment without adequate control meas-
ures. Furthermore, the warmer summer weather will not
limit the transmission of SARS-CoV-2 substantially, which
has been observed in Bangladesh.

Dhaka city is the most air polluted country in the world (The
Daily Star 2019). Coccia (2020) has reported that cities with
higher concentrations of air pollutants were associated with low
wind speeds (<9.8 km/h) in Italy. This may promote a longer
permanence of viral particles in polluted air, favoring an indi-
rect means of diffusion of SARS-CoV-2. The finding of Coccia
(2020) is similar to this study as the heat map suggests most of
the cases were reported with wind speed ranging 0-9 km/h in
Dhaka city (Fig. 3d). Thus, it can be hypothesized that high air
pollutants and low wind speed might significantly affect COVID-
19 transmission in Dhaka city. At community level, transmission
of COVID-19 can be modulated by local policies such as social
distancing and the number of susceptible individuals. Taking
human mobility as a proxy for social distancing, Kraemer et al.
(2020) found that intervention measures reduced SARS-CoV-2
transmission in Wuhan. In addition, strict local control measures
(social isolations and hygiene) shared a significant proportion
in controlling SARS-CoV-2 transmission. Rubin et al. (2020)
showed social distancing was substantially associated with
decreased SARS-CoV-2 transmission in the USA. A similar find-
ing was also pronounced in the UK (Hadjidemetriou et al. 2020).

Overall, based on areal-aggregated results, a nega-
tive effect of precipitation on daily COVID-19 incidence
is found. This finding can be attributed to the hypothesis
that people stayed at home when it is rainy (Menebo 2020).
However, local-level precipitation (Chattogram, Rajshahi,
Bogura) is positively associated with local-level COVID-19
transmission. This positive effect of precipitation on local-
level COVID-19 transmission is in line with previous lit-
erature and supports the findings (Méndez-Arriaga 2020;
Wei et al. 2020). Moreover, it has been found that increased
rainfall may favor SARS-CoV-2 viability by decreasing the
evaporation of droplets, making them readily settle on sur-
faces (Lowen et al. 2007; Lu et al. 2020; Wei et al. 2020).

Taken all together, the overwhelming studies (Baker et al.
2020; Dbouk and Drikakis 2020b; Feng et al. 2020; Luo
et al. 2020a; Zhao et al. 2020) suggest that SARS-CoV-2 can
remain viable in high temperatures and high humid conditions.
Bu et al. (2020) concluded that the optimal temperature and
humidity ranges for SARS-CoV-2 survival and transmission
are 13-19 °C and 50-70%, respectively. Therefore, Bang-
ladesh should be vigilant in the upcoming winter season,
when the most suitable condition for transmission of SARS-
CoV-2 may persist. Furthermore, as discussed above, the
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COVID-19 outbreak might continue until the next warmer
summer if the entire population does not get vaccinated or
immunized. Overall, we find no supporting evidence that
warmer temperatures and humidity curbed the COVID-19
epidemic in Bangladesh.

The current study has some limitations. The transmission
of COVID-19 can be confounded by daily performed tests,
air pollution, number of imported cases, population immu-
nity, population migration, human mobility, social behavior,
economic and cultural conditions, and these factors were
not considered in the study. Moreover, one of our study’s
fundamental limitations is that our observations are based
on outdoor weather environment data. However, the indoor
environments can influence SARS-CoV-2 transmission very
differently. Future studies should include these factors when
assessing the association of meteorological variables and
COVID-19 in Bangladesh.

5 Conclusion

The present study aimed to explore how meteorological
parameters impact COVID-19 transmission using a longer
time series data. The present study utilizes heat map, cor-
relation, and quasi-Poisson regression model to explore the
effects of meteorological parameters on COVID-19 inci-
dence across nine districts in Bangladesh. Findings illustrate
that meteorological variables are substantially associated
with local COVID-19 transmission in Bangladesh. For the
period selected in the study, areal-aggregated results sug-
gest that the COVID-19 transmission was favored by the
coupling influence of mean temperature, relative humidity,
and wind speed. Meanwhile, a negative association was also
observed between COVID-19 incidence and precipitation.
The findings also suggest that meteorological variables will
mediate future COVID-19 transmission in Bangladesh.
However, it does not mean that meteorological factors con-
trol the transmission solely as mentioned in the previous
section. The key strength of the study is its long durational
observation and has considered several confounding factors.
The present study has considered only four meteorological
variables. Future research should include more variables to
enhance accuracy. The findings may help to understand how
seasonality may impact the transmission of COVID-19 in
Bangladesh. Thus, it is imperative to focus on developing
urgent mechanisms and policies to tackle the COVID-19
outbreak in Bangladesh considering all influencing factors
including the meteorological issues. Moreover, the findings
of this study might be useful for future studies in other coun-
tries with similar climate conditions and population density.
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