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Abstract
This work is intended to examine the effects of Bangladesh’s subtropical climate on coro-
navirus diseases 2019 (COVID-19) transmission. Secondary data for daily meteorologi-
cal variables and COVID-19 cases from March 8 to May 31, 2020, were collected from 
the Bangladesh Meteorological Department (BMD) and Institute of Epidemiology, Disease 
Control and Research (IEDCR). Distributed lag nonlinear models, Pearson’s correlation 
coefficient and wavelet transform coherence were employed to appraise the relationship 
between meteorological factors and COVID-19 cases. Significant coherence between mete-
orological variables and COVID-19 at various time–frequency bands has been identified 
in this work. The results showed that the minimum (MinT) and mean temperature, wind 
speed (WS), relative humidity (RH) and absolute humidity (AH) had a significant posi-
tive correlation while contact transmission had no direct association with the number of 
COVID-19 confirmed cases. When the MinT was 18  °C, the relative risk (RR) was the 
highest as 1.04 (95%CI 1.01–1.06) at lag day 11. For the WS, the highest RR was 1.03 
(95% CI 1.00–1.07) at lag day 0, when the WS was 21 km/h. When RH was 46%, the high-
est RR was 1.00 (95% CI 0.98–1.01) at lag day 14. When AH was 23 g/m3, the highest RR 
was 1.05 (95% CI 1.01–1.09) at lag day 14. We found a profound effect of meteorologi-
cal factors on SARS-CoV-2 transmission. These results will assist policymakers to know 
the behavioral pattern of the SARS-CoV-2 virus against meteorological indicators and thus 
assist to devise an effective policy to fight against COVID-19 in Bangladesh.
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1  Introduction

In the twenty-first-century era of knowledge and technology excellence, the planet was not 
at all ready for the unprecedented situation caused by a virus named ‘COVID-19’ and later 
in February 2020 named the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2). The novel coronavirus diseases 2019 (COVID-19) is wreaking havoc and bring-
ing the world into a standstill exceptionally. The COVID-19—infectious virus—was first 
identified in Wuhan City, Hubei Province of China in late December 2019 (Li et al. 2020). 
This disease was not previously identified in human bodies, and therefore, World Health 
Organization (WHO) took some time to declare COVID-19 as an international public 
health emergency on January 30, 2020, and later known it as a pandemic on 11 March, 
2020. There is no particular vaccination and medical treatment of COVID-19 as still (Cor-
tegiani et al. 2020; Wu et al. 2020). By May 31, 2020, there were 6.2 million and 0.37 mil-
lion numbers of confirmed cases and deaths, respectively, reported worldwide because of 
the COVID-19 outbreak (WHO 2020a).

There is a connection between the novel coronavirus and climate (Wacker and Holick 
2013). Several scholars have found effects of climate on some infectious diseases such as 
influenza (Dai et  al. 2018), hand–foot–mouth disease (Yu et  al. 2019) and dengue fever 
(Lowe et  al. 2018). SARS-CoV-1 transmission can be affected by many factors like the 
weather and climate (Casanova et al. 2010). Epidemiological research studies showed that 
the ambient temperature is a critical driver in the transmission and survival of coronavi-
ruses such as MERS-CoV and SARS-CoV-1 (e.g., Casanova et al. 2010; Chan et al. 2011). 
Meteorological variables are commonly considered crucial factors in the outbreak of infec-
tious diseases (e.g., Chan et al. 2011; Lu et al. 2020). Many scientists claim that meteoro-
logical variables, in addition to human-to-human transmission, are supposed to be key fac-
tors in terms of the spread out, the variability of viruses (Chan et al. 2011; Li et al. 2020).

There is still debate about whether the outbreak of SARS-CoV-2 is being impacted by 
meteorology compared to other seasonal viruses or not (Neher et al. 2020). Some recent 
cited works examined the influences of meteorological indicators on COVID-19 spread 
over the globe in different locations including China (Shi et al. 2020; Liu et al. 2020; Xie 
and Zhu 2020; Ma et al. 2020), Iran (Ahmadi et al. 2020), Spain (Briz-Redón and Serrano-
Aroca 2020), the USA (Bashir et al. 2020; Runkle et al. 2020), Mexico (Méndez-Arriaga 
2020), Turkey (Sahin 2020), Brazil (Auler et al. 2020; Prata et al. 2020), Indonesia (Tosepu 
et al. 2020), Singapore (Pani et al. 2020); Norway (Menebo 2020) and also global scale 
(Sobral et al. 2020; Wu et al. 2020). Moreover, the environmental factors drive the patterns 
of COVID-19 and found a relationship with meteorological indicators (Chen et al. 2020; 
Sajadi et al. 2020; Luo et al. 2013). Published cited studies on COVID-19 have agreed that 
meteorological conditions may influence the COVID-19 outbreak (e.g., Liu et  al. 2020; 
Xie and Zhu 2020; Tobías and Molina 2020). In addition to this, the WHO also reported 
that more robust research works are needed to develop predicting models and to imple-
ment local health policies. Thus, a comprehensive study of COVID-19’s meteorology 
dependency in various regions or cities is imperative to upsurge the current insights into 
its outbreak.

Bangladesh is a well-known climate-vulnerable country due to its high population den-
sity and complex meteorological settings (Rahman and Islam 2019). The first three cases of 
pandemic COVID-19 were confirmed on March 8, 2020, in the country (IEDCR 2020). As 
of May 31, the number of cases reported was 47,153 and recoveries were 9781 in 62 dis-
tricts out of 64 administrative districts and caused the death of 650 (IERDC 2020) (Fig. 1). 
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Bangladesh had exhibited lockdown measures to suppress COVID-19, but inadequate testing 
and lack of monitoring home quarantine and isolation measures for overseas travelers elevated 
confirmed positive cases, and those in contact transmission with them (Bodrud-Doza et al. 

Fig. 1   Map showing the number of confirmed positive cases due to COVID-19 outbreak in Bangladesh
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2020). Because of the high dense population in South Asia, the confirmed positive cases are 
growing rapidly in Bangladesh which is similar to India and Pakistan. However, the nexus 
among meteorological indicators is not yet evident for COVID-19 confirmed cases in Bang-
ladesh. This study intends to close this research gap. Studies on the seasonality and effect of 
meteorological indicators on COVID- 19, such as temperature, wind speed, humidity and air 
pressure, can be employed to know the timing of early interventions to alleviate SARS-CoV-2 
transmission at the regional and national levels to safeguard myriad lives and resources.

As coronavirus can travel a certain distance through the air and can sustain in the air form 
a long time, there will be a sure influence of the meteorological factors over the transmission 
intensity of COVID- 19. Contact transmission is the only process the virus affects one from 
another as the virus contagious only from droplets. Contact transmission refers to how many 
populations are likely affected by a single COVID-19 patient in a given environment. Many sci-
entists determine how contagious a disease by its eligibility of reproduction which is referred by 
Ro (R naught by pronunciation, reproduction factor) (Zhang et al. 2020; Sahafizadeh and Sartoli 
2020; Zhao et al. 2020; Wu et al. 2020). It indicates how many people a single infected person 
will infect. For example, influenza has Ro of 1.3, which means 1 infected person can infect 
1.3 other persons. On the other hand, measles has a higher Ro value of 12 to q8, which means 
it is highly infectious and rapidly speared out possibilities. Contact transmission and Ro give 
the idea of transmission intensity in a specific area. Although the result can vary due to some 
factors like test quantities, how strictly quarantine and isolation are maintained, government 
approaches like lockdown, curfew, etc. to control the transmission. For example, in a given 
month if in a certain under curfew and strictly lockdown for only seven days, then the contract 
transmission will be increased in the second week due to lack of procedures. As a result, the 
Ro will increase and different from the constant result. However, in our study, we consider the 
period under proper lockdown, which indicates the population of other factors. The outcome 
reflects the actual scenarios of contact transmission and reproduction in the proposed study. 
In this research, we have taken into account the contact transmission Ro in the spreading of 
the COVID-19 pandemic. Though many regulating factors exist, the aim of this work mainly 
examines the effects of meteorological factors on the spread of COVID-19 in Bangladesh.

Unlike other studies, this work is motivated to raise the following issues: Is there any rela-
tionship with meteorological variables and COVID-19? If so, which climatic indicator influ-
ences the COVID-19 outbreak? Is there any relationship between contact transmission and 
COVID-19 after implementing social distancing? How do the time–frequency resolutions of 
COVID-19 cases and climatic variables are associated temporally over Bangladesh? By solv-
ing these issues, we used a robust distributed log nonlinear model (DLNMs) and the wavelet 
transform coherence methods to understand the influence of meteorological indicators on the 
spread of SARS-CoV-2. The knowledge added the meteorological factors on COVID-19 that 
can be combined with other interventions associated with human contact transmission factors 
that boost immunity against meteorological factors to reduce outbreaks.

2 � Data and methods

2.1 � Study area

Bangladesh is situated in Southeast Asia. There are three main seasons shown in this coun-
try, which are post-monsoon, monsoon and the pre-monsoon. There are seven climatic 
sub-regions in Bangladesh that are: (1) southeastern region; (2) northeastern region; (3) 
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northern region; (4) northwestern region; (5) western region; (6) southwestern region; and 
(7) south central region (Islam et al. 2018). Here, monsoon is probably the controlling fea-
ture of climatic variability (Rahman and Islam 2019). Most of the rainfall (more than 50%) 
recorded in this season. Mean maximum temperature, minimum temperature and relative 
humidity across the country are 29.94 °C, 21.39 °C, and 80%, respectively.

2.2 � Data sources

The major meteorological variables including daily minimum temperature (°C), maximum 
temperature (°C), relative humidity (%) datasets of 43 stations are demarcated into seven 
climatic regions from March 08 to May 31, 2020, which were collected from the Bangla-
desh Meteorological Department (BMD). The quality control of the datasets was carried 
out by the staff of the BMD. The remaining data such as wind speed (km/s) and air pres-
sure (mbar) were obtained from the following Web site (https​://www.timea​nddat​e.com). 
Mean and diurnal temperature (°C) datasets were calculated from the minimum tempera-
ture and maximum temperature. There were no missing data in the climatic datasets of 
May 2020. Data of the COVID-19 confirmed cases per day in Bangladesh from March 08 
to May 31, 2020, were collected from the Institute of Epidemiology Disease Control and 
Research (IEDCR 2020).

Contact transmission data were computed based on previous scenario studies through 
Ro values (R naught/reproduction factor). In this study, we calculated the simple changes in 
the number of affected persons in a 14-days period for instance CT1 (the first period), CT2 
(Second period) and CT3 (third period), respectively. It is noted that coronavirus takes a 
maximum of 14-days to result in positive. Our observation period was 45 days, 3 phases of 
15 days (COVID-19 symptoms take 5 to 14 days to show up), respectively. We compare the 
estimated data to the acceptable range of Ro which we assumed as 2 to 2.5 and determine 
based on the scenario of contact transmission.

2.3 � Calculation procedure of absolute humidity

The absolute humidity (AH) is computed by Eq. 1 (Snyder 2005):

where AH is the absolute humidity (g/m3), e is vapor pressure (KPa) and Tmean is the 
average temperature (°C). The detailed procedure of calculating vapor pressure can be 
found in the paper of Snyder (2005).

2.4 � Distributed lag nonlinear Model (DLNM)

To analyze the exposure–lag-response curve between climatic factors and daily confirmed 
cases of COVID-19, we applied a distributed lag nonlinear model. This model was previously 
used in several studies (Lu et al. 2020; Runkle et al. 2020; Shi et al. 2020). Here, we used a 
quasi-Poisson lag-based DLNM model to explore the relationship of MaxT, MinT, DT, WS, 
RH and AH with COVID-19 confirmed cases. Here we excluded AP and MT due to their 
lower correlation value. We have considered the country average of the climatic factors by 
averaging the values of seven climatic regions. Equation 2 is expressed in the following way:

(1)AH =
2165e

Tmean + 273.16

https://www.timeanddate.com
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Yt represents the observed daily cases of COVID-19 in day t; α and δ both are the inter-
cepts; NS is the abbreviation of natural cubic spline; X is climatic variables, such as MaxT, 
MinT, DT, WS, RH and AH; df represents the degree of freedom; based on the AICs, we 
choose df = 3 for NS to the climatic factors. Here, as this study obtains a short-term trend 
period, so we did not consider the cubic spline on time, which is used to control long-term 
trends, seasonality and climatic variables. The main justification for using DLNM is that it 
allows a broader representation of the time course of the exposure–response relationship. This 
gives an estimate of the overall effect in the presence of delayed contributions or harvesting. It 
can simultaneously represent nonlinear exposure–response dependencies and delayed effects 
(Gasparrini et al. 2010).

It is found that the COVID-19 incubation period between exposure and symptom occur-
rence took time 2 to 14 days (Linton et al. 2020); thus, we used a maximum of 14-day lag in 
our study as Runkle et al. (2020).

2.5 � Wavelet transform coherence and partial wavelet coherence

Wavelet transform coherence (WTC) and partial wavelet coherence (PWC) were used in this 
study for obtaining the expressions of time and frequency resolutions of climatic variables 
and COVID-19 cases in Bangladesh. WTC quantifies the covariance magnitude between two 
time series which vary from 0 to 1 (0 ≤ R2 ≤ 1) . 0 refers to no coherence at all, whereas 1 
refers to perfect coherence. This range is defined as the cross-spectrum normalized square by 
the smoothed individual power spectrum. As the coherence becomes greater, the symphony 
between two time series increases and the coherence between the two time series can simply 
be defined by Eq. 3:

Wavelet can give the short-term, medium-term as well as long-term relationship between 
two variables (Iqbal et al. 2020).

Partial wavelet coherence (PWC) comprises three time series in which coherence was esti-
mated between two of the series while the common influences of the third series are mini-
mized. The statistical expression of partial wavelet coherence is given by Eqs. 4–9:
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In this study, we use the wavelet analysis because it can offer a simultaneous localization 
in time and frequency domains. Wavelet theory is capable of revealing aspects of data that 
other signal analysis techniques miss such as trends, breakdown points, and discontinuities 
in higher derivatives and self-similarity. Since datasets were not normally distributed, the 
Pearson correlation coefficient was employed to explore the association between climatic 
variables and COVID-19 confirmed cases. The relationship between daily confirmed cases 
and meteorological variables in the COVID-19 outbreak in seven climatic regions of Bang-
ladesh from March 8 to May 31, 2020, was explored using locally weighted regression and 
smoothing scatterplot (LOESS) followed by Shi et al. (2020). LOESS plot uses in our work 
due to its simplicity which does not require the specification of a function to fit a model to 
all the data in the sample.

3 � Results

3.1 � Descriptive statistics

From March 8 to May 31, 2020, the reported numbers of total confirmed cases, death and 
recovery cases of COVID-19 in seven climatic regions over Bangladesh were 47,153, 650 
and 9781. Figure 2 shows the daily counts of COVID-19 positive cases, from March 8 to 
May 31, 2020, in these climatic regions. The confirmed case of SARS-CoV-2 transmission 
in Bangladesh was first reported on March 8, 2020 (https​://www.iedcr​.gov.bd/). Although 
officially lockdown in the country was started on March 25 to reduce the further outbreak 
of COVID-19 (https​://www.iedcr​.gov.bd), data demonstrated a sharp rise simultaneously in 
new positive confirmed cases from April 10, 2020, onward to reach the peak on May 31, 
2020, in Bangladesh (Fig. 2). Most of the COVID-19 confirmed cases found in the south 
central region, followed by the southeastern region.

Table 1 reveals a statistical summary of the daily number of COVID-19 positive cases, 
geographic and weather variables in Bangladesh. On average, there were 554.7 ± 660.3 
numbers of positive confirmed cases of COVID-19 per day. The rate of infection and days 
of infection was 8.5 ± 8.4 and 38.9 ± 16.2 on average, respectively, due to the low rate of 
testing in Bangladesh.

The temperatures (T) ranged from 23.5 to 31.6 °C with an average of 27.6 ± 1.7 °C, and 
DTR was an average of 8 ± 9.2 °C. The wind speed (WS) ranged from 1.93 to 21.71 km/h 
with an average of 5.3 ± 3.7 km/h during the observation period. The relative humidity (RH) 
mostly relies on the temperature and air pressure of the atmosphere. The air pressure (AP) 
values ranged from 1000.2 to 1013.9 mbar with a mean of 1009.8 ± 2.9 mbar. The relative 
humidity (RH) and absolute humidity (AH) were 36.00–81.25% and 9.18–20.99 g/m3 with a 
mean of 65.5 ± 9%, and 16.6 ± 2.8 g/m3, respectively. The contact transmission (CT1) is high 
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as 3.4 and low as 9.7 with a mean of 5.3 ± 2.4 per confirmed COVID-19 positive case until 
May 1, 2020. The contact transmission (CT2) is high as 2.0 and low as 6.1, with a mean of 
3.1 ± 1.4 until May 15, 2020, which was comparatively low transmission than CT1. The con-
tact transmission (CT3) was varied between 1.8 and 6.1 with a mean of 3 ± 1.5 till May 29, 
2020, which is also relatively low CT than CT1 and CT2.

Table 2 shows the monthly variations in various climatic variables in Bangladesh. The 
comparatively high variations in RH, AH, AP and WS were observed compared to other 
meteorological variables. The highest RH was detected in May (71 ± 4%). WS was the 
highest in May (7.3 ± 5.4 km/h) and the lowest in March (3.8 ± 1.3 km/h). AP is highly var-
iable and exhibits a declining trend from March to May. Consequently, the MinT showed 

Fig. 2   Daily number of positive cases of the COVID-19 in seven climatic regions over Bangladesh between 
March 08 and May 31, 2020

Table 1   Descriptive statistics of meteorological variables and contact transmission (March 8–May 31, 
2020; N = 81) over Bangladesh

Parameters Mean ± STD Median Minimum Maximum P 25 P 50 P 75

Max temp. (°C) 31.6 ± 1.9 31.7 26.8 34.9 30.5 31.7 33.0
Min temp. (°C) 23.5 ± 3.1 23.1 17.3 29.3 21.0 23.1 26.1
Diurnal temp. (°C) 8 ± 9.2 9.2 1.1 14.8 3.8 9.2 11.6
Mean temp. (°C) 27.6 ± 1.7 27.5 23.6 31.1 26.3 27.5 28.7
Wind speed (Km/h) 5.3 ± 3.7 4.2 1.9 21.7 3.5 4.2 5.4
Air pressure (mbar) 1009.8 ± 2.9 1010.4 1000.2 1013.9 1008.6 1010.4 1011.8
Relative humidity (%) 65.5 ± 9 66.6 36.0 81.3 60.2 66.6 72.0
Absolute humidity (g/m3) 16.6 ± 2.8 17.0 9.2 21.0 15.1 17.0 18.8
Confirmed cases 554.7 ± 660.3 312.0 0.0 2545.0 4.0 312.0 908.5
Contact transmission 1 (CT1) 5.3 ± 2.4 4.8 3.4 9.7 3.5 4.8 7.3
Contact transmission 2 (CT2) 3.1 ± 1.4 2.8 2.0 6.1 2.1 2.8 3.5
Contact transmission 3 (CT3) 3 ± 1.5 2.6 1.8 6.1 2.0 2.6 3.5
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an increasing trend during the study period. These might be a reason for the elevated infec-
tions in May (Table 2).

The association between COVID-19 cases and climatic factors including all seven cli-
matic regions is shown as LOESS plots in Fig. 3. Due to the highest confirmed cases, south 
central region shows the most expressive result where all other regions show a flat curve 
except for the southeastern region. COVID-19 confirmed cases increase with the increase 
in MinT, WS, RH and AH in the south central region. The highest temperature, wind speed, 

Table 2   Monthly changes in the 
SARS-CoV-2 and meteorological 
variables (mean ± SD) in 
Bangladesh

Variables March April May

Mean STD Mean STD Mean STD

Max temp. 32.1 1.6 32.6 1.5 30.2 1.8
Min temp. 20.3 1.4 22.8 1.3 26.8 1.9
Diurnal temp. 11.8 1.2 9.8 2.0 3.4 1.1
Average temp. 26.2 1.4 27.7 1.0 28.5 1.7
Wind speed 3.8 1.3 4.5 1.3 7.3 5.4
Air pressure 1011.4 1.8 1009.4 2.8 1009.0 3.1
Relative humidity 55.9 8.7 67.7 6.9 71.0 4.0
Absolute humidity 13.7 2.0 18.2 2.4 19.9 2.1

Fig. 3   COVID-19 daily confirmed cases and the expected values based on the maximum temperature (MaxT), 
minimum temperature (MinT), diurnal temperature (DT), wind speed (WS), relative humidity (RH) and abso-
lute humidity (AH) in seven climatic regions of Bangladesh from March 08 to May 31, 2020, respectively. The 
green line represents the expected value of a daily confirmed case based upon a LOESS regression for all days 
of available estimates. LOESS, locally weighted regression and smoothing scatter plots
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relative and absolute humidity of this region were found 38 °C, 24 km/h, 89% and 26.1 g/
m3, respectively. On the other hand, the lowest values were found to be 12.3 °C, 0.3 km/h, 
28.5% and 8.1 g/m3. After 27.7 °C, the MaxT the confirmed cases sharply reduced where 
for MinT the trend goes sharply upward after 18.3  °C. As for DT, the number of cases 
decreased initially, but after 12.3 °C the number increased with a sharp trend. WS, RH and 
AH had an upward trend from the initial stage.

3.2 � Association between meteorological indicators and COVID‑19 infected cases

The first cases of COVID-19 outbreak were reported on March 8, 2020; thus, the daily data 
(both meteorological indicators and COVID-19 pandemic) from March 8 to May 31, 2020, 
were employed for the correlation analysis. Table 3 outlines the results of Pearson’s cor-
relation test. MT and MinT exhibited significant positive associations with the COVID-19 
confirmed cases over the study area (Table 3). However, there was no direct association 
between contact transmission (CT1, CT2 and CT3) and SARS-CoV-2 virus over Bang-
ladesh during the observation period. By contrast, MaxT and DT showed strong inverse 
associations in the case of May 31 dataset.

RH showed a strong positive significant association with COVID-19 cases over Sin-
gapore (Table  3). This implies that the maximum RH (71.4 ± 4%) in May favored the 
COVID-19 spread. WS showed a significant association with COVID-19 confirmed cases 
in Bangladesh (Table  3). However, AP showed comparatively strong inverse relation-
ships with COVID-19 infected positive cases in Bangladesh during the initial phase of the 
SARS-CoV-2 outbreak. On the whole, high values of MinT, RH and AH along with low 
WS during May (Table 2) intensified the SARS-CoV-2 spread.

3.3 � Effect of meteorological indicators on COVID‑19 transmission

Figure 4 of 3-dimensional plots displays the relationship between meteorological variables 
and COVID-19 confirmed cases in different lag days in Bangladesh. Various characteristics 
were found in various meteorological variables with a nonlinear curve. Figure 4 shows that 
the highest risk was found 0.99 (95% CI 0.70–1.40) at lag 14 when the MaxT was 27o C. 
As for MinT was 18 °C, the highest risk was found 2.2 (95% CI 0.0003–15,878.36) at lag 
0. When DT was 4 °C at lag day 14, the RR was highest 1.46 (95% CI 1.18–1.80). When 
WS was 21 km/h at lag day 0, the RR was highest at 0.65 (95% CI 0.30–1.39). As for RH, 
the highest risk was found at 2.31 (95% CI 0.82–6.56) at lag 14 when the RH was 46%. AH 
has the highest risk of 2.29 (95% CI 0.93–5.66) at lag 14 when the value was 23 g/m3.

We represented the lag-response relationship for the 1-unit increase in all meteorological 
indicators in different lag days (up to 14-day) (Fig. 5). The highest RR of MaxT was found 
1.00 (95% CI 0.99–1.01) in lag 6 where the lowest value was found 0.92 (95% CI 0.88–0.95) 
in lag 0. The greatest RR of MinT was found to be 1.04 (95% CI 1.01–1.06) in lag 11, while 
the lowest was 1.01 (95% CI 0.99–1.02) in lag 2. For DT and WS, the highest RR was 0.97 
(95% CI 0.97–0.98) and 1.03 (95% CI 1.00–1.07) in lag 8 and 0, respectively. Also, both DT 
and WS had the lowest association of 0.95 (95% CI 0.92–0.99) and 1.00 (95% CI 0.99–1.02) 
in lag 0 and 4, respectively. RH and AH had the highest association of lag response curve in 
lag 14 [1.00 (95% CI 0.98–1.01); 1.05 (95% CI 1.01–1.09)] where the lowest RR was found 
for these 3 variables [0.96 (95% CI 0.94–0.98); 0.94 (95% CI 0.90–0.98)] in lag 0.

We depicted unidimensional curves regarding the cumulative effects of meteorological 
indicators along various lag days (Fig.  6). MinT and WS were positively related to the 
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Fig. 4   3-dimensional plots of the relative risk of climatic factors on SARs-CoV-2 cases including maximum 
temperature (MaxT), minimum temperature (MinT), diurnal temperature (DT), wind speed (WS), relative 
humidity (RH) and absolute humidity (AH)

Fig. 5   Single effects of MaxT, MinT, DT, WS, RH and AH. The Y lab denotes the value of relative risk 
(RR); the X lab indicates the value of relevant parameters. The red lines denote mean RR, and the gray 
regions represent 95% CIs. The black vertical line indicates the medians of the climatic variables, respec-
tively
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COVID-10 transmission, which was the opposing to MaxT, and DT. Figure 6 displays the 
incremental cumulative effects of meteorological variables in 14 lag days. The highest RR 
of MaxT, DT and RH was found [0.92 (95% CI 0.88–0.95); 0.95 (95% CI 0.92–0.99); 0.96 
(95% CI 0.94–0.98)], respectively, in lag 0 where the lowest RR was found in [0.76 (95% 
CI 0.70–0.81); 0.64 (95% CI 0.59–0.68); 0.80 (95% CI 0.72–0.90)] consecutively in lag 14. 
MinT had the highest RR 1.39 (95% CI 1.29–1.49) in lag 14, while the lowest association 
was found 1.01 (95% CI 0.97–1.05) in lag 0. The greatest RR of WS was found to be 1.27 
(95% CI 1.09–1.50) in lag 14 while the lowest was 1.03 (95% CI 1.00–1.07) in lag 0. As for 
AH, the highest and lowest RR values were found to be 0.94 (95% CI 0.90–0.98) and 0.61 
(95% CI 0.50–0.75) in lag 0 and 11, respectively.

3.4 � Nexus between meteorological factors and number of COVID‑19 cases

We have used wavelet transform coherence (WTC) to inquire about the association of the 
time–frequency band between COVID-19 confirmed cases and climatic parameters. The 
vertical direction represents the period, the horizontal direction represents the date scale, 
and the red hot region represents the coherence of a significant period (Fig.  7). WTC 
between COVID-19 and MaxT (Fig.  7a) exhibited significant coherence within the 0–4 
and 4–8 frequency bands. The most significant coherence occurred within the frequency 
band of 4–8, correlating 0.8 during April 11-April 30. The phase angle indicated that the 
two signals were having an in-phase relationship approximately during that period. WTC 
between COVID-19 and MinT elicited multiple bands of coherence within the 0–4 and 
4–8 frequency bands (Fig. 7b). The most significant one was observed in the 0–4 bands 
with a correlation value of 0.85 during May 18-May 26. The phase angle denoted that the 
COVID-19 series was ahead of the MinT series during that time. COVID-19 case series did 

Fig. 6   Cumulative effects of maximum temperature (MaxT), minimum temperature (MinT), diurnal tem-
perature (DT), wind speed (WS), relative humidity (RH), and absolute humidity (AH) over 14 days. The 
Y lab denotes the value of relative risk (RR); the X lab indicates the value of relevant parameters. The red 
lines denote mean RR, and the gray regions represent 95% CIs. The black vertical line indicates the medi-
ans of the meteorological variables, respectively
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not have any significant coherence with diurnal temperature series (Fig. 7c) while MT had 
multiple significant coherence bands within the 0–4 and 4–8 frequency bands (Fig.  7d). 
The largest of them occurred at the 4–8 bands during April 19-May 6 periods with an in-
phase relationship. Multiple coherence bands also occurred between the COVID-19 and 
WS series (Fig. 7e). The most significant coherence occurred with a variation of 2–5 peri-
ods from April 18 to April 28 where the COVID-19 series was ahead of the WS series. 
WTC between COVID-19 and AP (Fig. 7f) series elucidated a significant in-phase rela-
tionship with a variation of 2–4.3 period during April 20-April 28. COVID-19 and RH 
(Fig. 7g) exhibited a very long coherence throughout the period at the most exterior band. 
But most of the areas with coherence were outside the cone of influence. During the April 
8-May 1 period, COVID-19 and RH series were having an in-phase relationship at the 
exterior band. For the AH series (Fig. 7h), no significant coherence was observed with the 
COVID-19 series.

Among the temperature parameters, MaxT showed greater significance in WTC, and 
among the remaining parameters, WS and AP showed greater significance compared to 
the other climatic parameters. So, we aimed to examine the standalone coherence of these 

Fig. 7   Wavelet coherence (WTC) between COVID-19 confirmed case series with MaxT (a), MinT (b), DT 
(c), MT (d), WS (e), AP (f), RH (g) and AH (h). (The thick black cone-shaped contours show the 95% 
significance level, and the black line is the cone of influence. “→” denotes that the two series are in phase, 
while “←” means anti-phase relationship; “↓” indicates that the COVID-19 confirmed case series is ahead 
of the climatic indices, whereas “↑” means that the COVID-19 confirmed case series is lagged behind the 
climatic indices.)
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parameters while controlling the common influence of the other parameter at a time using 
partial wavelet coherence (PWC).

Figure  8a depicts the PWC between COVID-19 confirmed cases and the MaxT 
series while minimizing the common effects of WS. If we compare the result with the 
WTC between COVID-19 and MaxT (Fig. 4a), we can see that similar coherence bands 
appeared, which indicated that the WS did not influence the coherence between COVID-19 
and MaxT, and MaxT had a significant standalone coherence with COVID-19 confirmed 
cases. PWC between COVID-19 and WS (Fig. 8b) showed a slight difference in the result 
than that of the WTC result (Fig. 7e) while taking out the common effects of MaxT. A new 
coherence band appeared within the 0–4 band stretched from April 7 to April 10, 2020, 
while a coherence band during the May 13–May 16 period diminished. It indicates that 
MaxT had a slight influence on the coherence between COVID-19 and WS, and WS also 
had a standalone coherence with COVID-19. Figure 8c elicits the PWC between COVID-
19 and MaxT series while controlling the common effects of AP. The size of the resonance 
circle increased at the 0–4 frequency band while it decreased at the 4–8 frequency band, 
indicating that AP affected the coherence between COVID-19 and MaxT. Figure 8d rep-
resents the PWC between COVID-19 and AP series while controlling the common effect 
of MaxT. Compared to WTC between COVID-19 and AP (Fig. 7f), the size of the coher-
ence band decreased, indicating that MaxT had influenced their coherence. A new coher-
ence band appeared for the PWC between COVID-19 and WS (Fig. 8e) while the com-
mon effects of AP were eliminated. The size of the coherence band also changed from the 
WTC (Fig. 7e) between these two variables, suggesting that WS had a greater standalone 
coherence with COVID-19 while the effect of AP was eliminated. In contrast, no coher-
ence band appeared between COVID-19 and AP (Fig. 8f) when the common effects of WS 
were minimized, indicating that WS had a substantial impact on the coherence between 
COVID-19 and AP.

3.5 � Contact transmission and reproduction factor

Previous studies indicate that the Ro of COVID-19 2 to 2.5, somewhat less than 3. For 
that reason, we considered Ro values less than 3 as the marginal range of reproduction and 
contact transmission is low. Results were greater than 10, which means Ro = 10 indicates 
an extreme level of reproduction factor and a high level of contact transmission. Our study 
period was 45 days; 3 phases of 15 days were divided into R1, R2 and R3, respectively. 
Generally, COVID-19 symptoms take 5 to 14 days to show up in Bangladesh. As shown 
in Table 4, the situation is not worse so far due to low Ro values in seven climatic regions. 
The patient number increased the Ro almost decreased in most of the regions. The results 
indicate that the lower mid- to low level of contact transmission in the seven regions of 
Bangladesh.

4 � Discussion

Meteorological indicators like temperature, humidity, wind speed and air pressure have 
been exhibited to play a vital role in the transmission of infectious diseases (Lu et al. 2020). 
We observed a significant effect between COVID-19 and meteorological variables. This 
finding is alike to results reported by Sajadi et al. (2020) from selected cities over the globe 
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with contact transmission. Temperature, a key factor, can play a vital role in the human 
living system and their health regarding epidemic containment, and control (Tobías and 
Molina 2020). Furthermore, the wind could influence the suspension time of the coronavi-
rus and its diffuse distancing. Our research found that the RR increased evidently, whereas 
the WS increased more than 21 km/h. In favor of the resuspension events, the concentration 
of the coronavirus might be diluted by elevated WS, which can provide a likely elucidation 
of this result. Temperature and wind speed a strong relationship with the COVID-19 out-
break in Bangladesh. In addition, our research found a strong effect at higher temperatures 
and wind speed and is supported by prior studies (Sajadi et al. 2020) and other infectious 
diseases (Lu et al. 2020).

Conversely, Biktasheva (2020) reported that local humidity was negatively associated 
with SARS-CoV-2 death in German federal states. Generally, AH shows a stronger effect 
than RH on the SARS-CoV-2 virus spread out (Ma et al. 2020). The transmission of influ-
enza (Metz and Finn 2015) and SARS-CoV-1 (Chan et al. 2011) infectious diseases was 
strongly associated with humidity. The wind is a vital factor in SARS-CoV-2 virus trans-
mission, which can likely regulate the dynamics of different vector-borne diseases (Ell-
wanger and Chies 2018). Alike in our study, WS was positively correlated with COVID-19 
confirmed cases in Istanbul, Turkey (Sahin 2020) and Norway (Menebo 2020). Conversely, 
anti-correlation between COVID-19 and WS was found over Singapore (Pani et al. 2020) 
and Iran (Ahmadi et al. 2020).

Our study gives a novel insight into the association of meteorological indicators with 
SARS-CoV-2 in Bangladesh, but no direct associations of CT1, CT2 and CT3 with this 
infectious disease were observed during the study period, which may help health-care 
decision-makers. Outcomes from our research may assist to develop a meteorology-based 
warning or alert system or predicting model to accelerate the on-time response to the rise 
of COVID-19 outbreak (Chakraborty and Ghosh 2020; Sardar et al. 2020). For example, 
WS exhibited strong positive relationships with SARS-CoV-2 cases in Bangladesh; thus, 
the health authorities might give an alert to precaution the susceptible groups within the 
children and elderly people if the atmospheric prediction model is forecasting high WS 
values for the forthcoming months. This type of preliminary appraisal will likely provide 
upsurge to hypotheses for future study in epidemic dynamics of COVID-19 in Southeast 
Asian countries.

We employed DLNM’s model in Bangladesh for the first time to identify the nonlinear 
effects of meteorological indicators on COVID-19 infected cases. This study revealed a 
nonlinear association, the RR reduced when the MaxT rose above 27 °C. This finding is 
consistent with an earlier DLNM research in tropical regions (Lolekha et al. 2001), who 
revealed a reverse impact of MaxT on the infectious disease. MinT was found as a potential 
risk factor for the SARS-CoV-2. The MinT changes rapidly increase the risk of respira-
tory coronavirus by influencing the respiratory epithelium (Graudenz et al. 2006). In such 
a case, people may be infected by pathogens more simply. We observed that when MinT 
increased 18 °C, the RR of COVID-19 infection was enhanced. The possible reason is that 
the MinT related to a monsoonal rainy day, which stimulated people, indoor activity and 
increased the RR of COVID-19 spread by airdrop and closed contact. Meanwhile, the pro-
found effect of MinT was found to raise the RR of SARS-CoV-2 spread at various lag days.

The effect of humidity on COVID-19 incidence was prominent. The RR increased 
apparently, whereas the RH increased more than 46% and AH enhanced 23 g/m3. Humid-
ity demonstrated a nonlinear dose–response effect on COVID-19 transmission followed by 
MinT and wind speed. A similar association between variability in RH and the incidence of 
COVID-19 outbreak is well documented in the literature (Luo et al. 2013; Shi et al. 2020; 
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Oliveiros et  al. 2020). Similar to our study, Xie and Zhu (2020) found a positive strong 
association between MT and the COVID-19 pandemic cases, in 122 cities from China. On 
the other hand, low temperature and humidity were probably to enhance the SARS-CoV-2 
transmission from January 20 to March 2, 2020, in 130 Chinese cities (Liu et al. 2020). 
Unlike these earlier studies, no relationship between COVID-19 outbreak and temperature 
in Chinese cities was observed by Yao et al. (2020). Méndez-Arriaga (2020) highlighted 
the negative relationships of temperature with COVID-19 positive cases in the capital city 
of Mexico and found that MT nearly 25.95 °C and mean rainfall about 8.74 mm can sup-
press the local SARS-CoV-2 onset outbreak. A contrary association between temperatures 
and COVID-19 spread out was observed by Tobías and Molina (2020) in Barcelona, Spain. 
Similarly, a reverse but significant relationship between temperature and COVID-19 cases 
was observed by Shi et al. (2020) in China and reported that temperature is a key driver 
of the COVID-19 transmission. Bi et al. (2007) also claimed that the opposite association 
between temperature and SARS-CoV-1 outbreak was found. MinT can favor the advance-
ment of SARS-CoV-2 in the early stage of the pandemic (Holtmann et al. 2020). A signifi-
cant relationship between MT and COVID-19 outbreak was detected in Jakarta, Indonesia 
(Tosepu et  al. (2020). Bashir et  al. (2020) found a direct relationship with the elevated 
temperatures predicting elevated COVID-19 positive cases.

Overall, the wavelet analysis confirmed the results of Pearson’s correlation analysis. 
Results demonstrated that a rise in MaxT, and AP, along with a decrease in WS served as a 
driving role in suppression of the COVID-19 outbreak in Bangladesh. This finding is simi-
lar to the studies by Ma et al. (2020), who claimed that a rise in temperature may assist to 
limit the COVID-19 outbreak, however, contrary to recent works of Iqbal et al. (2020) from 
Wuhan, China. The main reason for conflicting outcomes is that the geographical scope 
and diverse climatic regions may be affected in their results.

The Ro in Bangladesh comparatively low, but the limited number of tests did not 
result in these low values. Ro fractionated result of the COVID-19 positive patient and 
the number of tests remains almost the same during the observation period. This indi-
cates the better immunity system of the people of Bangladesh, along with the sub-con-
tinent rather than the humid climatic region although some climatic factors showed sig-
nificant outcomes. Zhang et al. (2020) applied Ro in China that presumed Ro value 2.7, 
indicating high contamination. In that case, one affected person can infect more than 
30 persons, where a strong invention case scenario stops contamination to the exact Ro 
value or less regarding the World Health Organization as Ro of COVID-19 is between 2 
and 2.5. (WHO 2020b). WHO stated that one individual can spread the virus from 1.5 
to 3.5 per person dependent on various factors including population density, lockdown 
and isolation maintenance, government functions, climate and mass awareness medical 
condition of the individuals (WHO 2020a). Later, WHO published a report on May 20, 
2020, and they corrected the value and declared the contamination rate varied from 2 to 
2.5 (WHO 2020b).

Sahafizadeh and Sartoli. (2020) estimated the Ro for Iran and found that the first out-
break value was 4.86, which was after the 14th day first the patient was detected. They 
determined the second-week value was 4.5, and the third and fourth weeks were 4.2 and 
2.1 consecutively. Another study by Zhao et al. (2020) found the estimated Ro value of 2.24 
to 3.58. They used quarterly data to determine the change in the number of patients and 
compare them to the Ro actual values. Wu et al. (2020) used similar approaches and found 
the estimated Ro value of 2.68. Although the number is rising rapidly in Bangladesh, the 
result confirms that if Bangladesh government did not force the intervention measure in 
time, the situation will worsen. The current Ro of Bangladesh is reasonably compared to 
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Southeast Asia, even the world. The climatic region is related to the transmission of coro-
navirus. The virus is mobile, can pass about 6 feet through the air and can sustain a long 
period in weather; some factors like wind speed and humidity require some investigation. 
The variation in climatic factors differs from the transmission, and affection rate proves the 
statement.

Although this research provides strong evidence of the relationship of meteorological 
indicators with COVID-19 cases, the following limitations are found. First, more param-
eters such as air quality, rainfall and solar radiation must perform a detailed study as 
COVID-19 is an infectious disease. Second, as the COVID-19 is an infectious disease and 
initially exaggerated by population dynamics, health-care facilities (Shammi et al. 2020a), 
social distancing and human isolation, and individual’ immunity and tolerance, more 
parameters must conduct a detailed study (Shammi et al. 2020b). Third, the epidemiologi-
cal data including gender and age group population require to be conducted to explore the 
sensitive group. Fourth, the data regarding individual hygiene, including hand washing and 
utilization of hand sanitizer, require to be examined more obviously. Finally, the SARS-
CoV-2 outbreak is affected by population density, mass behavior, immunity mechanisms, 
and virus infection (Cory 2015), and environmental factors (Menebo 2020).

The epidemiological data required to maintain more cautiously and systematically to 
differentiate the number of infected cases and local outbreak rates in further investigation. 
However, the mixed findings on the influence of air pressure on the COVID-19 outbreak 
underscore the need for more research over various geographic settings and longer time 
series dataset. Further research works should be considered such as daily testing rate and 
other social and environmental factors as control parameters for investigating the relation-
ship between meteorological variables and COVID-19 confirmed cases. Additionally, data-
sets for SARS-CoV-2 vaccination and human serum antibody levels were still unavailable. 
Thus, more research should be taken into consideration the vaccination variables.

5 � Conclusions

Our results showed that MinT and WS have a positive significant correlation with the num-
ber of COVID-19 confirmed cases, while SARS-CoV-2 revealed significant anti-correla-
tion with MaxT, DT and AP. COVID-19 transmission was observed to be favored by high 
AH than RH settings in Bangladesh. The coupling influence of meteorological indicators 
on COVID-19 cases may be profound in Bangladesh. MinT and WS demonstrated a sig-
nificant nonlinear dose–response cumulative effect on COVID-19 transmission followed 
by AH, which is contrary to MaxT and DT. Based on the Pearson correlation and wavelet 
coherence results, it can be concluded that an increase in MaxT and AP and a decrease in 
WS could aid in the containment of COVID-19 transmission in Bangladesh. The PWC 
findings suggested that MaxT and WS had a standalone influence on the SARS-CoV-2 
spreading and these parameters were also influencing the relationship between COVID-19 
cases and other meteorological parameters. There was no direct association between CT1, 
CT2 and CT3 with the spreading of the COVID-19. The results of low Ro values indi-
cate a low outbreak of COVID-19 in Bangladesh. This research gives useful information 
for public health-care decision-makers to insights into the meteorological dependency of 
SARS-CoV-2 across Bangladesh. Effective measures such as zone-based lockdown should 
be taken to suppress the COVID-19 outbreak and further spreading.
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