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Abstract
The novel COVID-19 is a worldwide transmitted pandemic and has received global attention. Since there is no effective 
medication yet, to minimize and control the transmission of the COVID-19, non-pharmaceutical interventions (NPIs) are 
followed globally. However, for the implementation of needful NPIs through effective management strategies and plan-
ning, space–time-based information on the nature, magnitude, pattern of transmission, hotspots, the potential risk factors, 
vulnerability, and risk level of the pandemic are important. Hence, this study was an attempt to in-depth assess and analyze 
the COVID-19 outbreak and transmission dynamics through space and time in Bangladesh using 154 day real-time epide-
miological data series. District-level data were analyzed for the geospatial analysis and modelling using GIS. Getis‐Ord 
Gi* statistics was applied for the hotspot analysis, and on the other hand, the analytical hierarchy process-based weighted 
sum method (AHP-WSM) was used for the modelling of vulnerability zoning of COVID-19. In Bangladesh, the status of the 
pandemic COVID-19 still is in exposure level. Disease transmitted at a high rate (20.37%), and doubling time of the cases 
were 11 days (latest week of the study period). The fatality rate was comparatively low (1.3%), and the recovery rate was 
about 57.50%. Geospatial analysis exhibits the disease propagates from the central parts, and Dhaka was the most exposed 
district followed by Chattogram, Narayanganj, Cumilla, and Bogra. A single strong clustering pattern in the central part, 
which spread out mainly to the south-eastern part, was identified as a prime hotspot in both the cases and deaths distribu-
tions. Additionally, potential linkages between the transmission of disease and the selected factors that gear up the spreading 
of the disease were identified. The central, eastern, and south-eastern parts were recognized as high vulnerable zone, and 
conversely, the western, south-western, north-western, and north-eastern parts as medium vulnerable zone. The vulnerable 
zoning exercise made it possible to identify vulnerable areas with the different magnitude that require urgent intervention 
through proper management and action plan, and accordingly, comprehensive management strategies were anticipated. Thus, 
this study will be a useful guide towards understanding the space–time-based investigations and vulnerable area delineation 
of the COVID-19 and assist to formulate an effective management action plan to reduce and control the disease propaga-
tion and impacts. By appropriate adjustment of some factors with local relevance, COVID-19 vulnerability zoning derived 
here can be applied to other regions, and generally can be used for any other infectious disease. This method was applied at 
a regional scale, but the availability of larger scale data of the determining factors could be applied in small areas too, and 
accordingly, management strategies can be formulated.

Keywords  COVID-19 · Geospatial modelling · GIS and hotspots · Vulnerability zoning · Management strategies · 
Bangladesh

Introduction

The present world is facing a unique health problem due 
to an outbreak of a novel coronavirus disease known as 
COVID-19. This is a great threat to humankind. This virus 
has extended almost all of the populated world and the 
impact of the pandemic is being felt in almost every aspect 
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of our lives. COVID-19 is a respiratory infectious disease, 
first recognized in the city Wuhan, China on 31 December 
2019 and the first reported death from COVID-19 also in 
China in January 2020 (WHO 2020a). It was also reported 
that on 13 January 2020, the first case outside of China was 
identified in Thailand (Hui 2020). It is caused by a new virus 
from the SARS (Severe Acute Respiratory Syndrome) fam-
ily called severe acute respiratory syndrome coronavirus 
(SARS-CoV-2) or coronavirus 2019-nCoV or COVID-19 
(WHO 2020b). It is transmitted from person-to-person via 
airborne respiratory droplets, direct contact with body flu-
ids or secretions, or through contaminated objects (Xu et al. 
2020). Viewing the spread of COVID-19 outside of China, 
on 30 January 2020 World Health Organization (WHO), 
has declared the outbreak as a Public Health Emergency of 
International Concern (PHEIC) (WHO 2020c). WHO has 
suggested further to follow the practices to interrupt human-
to-human spreading and preventing the level of spreading, 
and also avoiding further international spread on 01 March 
2020 (Böhmer et al. 2020). Later, on 11 March 2020, WHO 
announced COVID-19 outbreak as a world pandemic when 
it spreads to 114 countries with 118,000 infections and 4291 
deaths (WHO 2020d). As of 29 August 2020, there were 
25,016,706 confirmed cases and 843,120 deaths recorded 
worldwide due to COVID-19 (WHO 2020e). On that day, 
the USA, Brazil, India, Russia, Peru, South Africa, Colom-
bia, Mexico, Spain, and Chile were in the top ten worst listed 
countries based on confirmed cases. On the contrary, accord-
ing to the death toll, the top ten listed countries were USA, 
Brazil, India, Mexico, UK, Italy, France, Spain, Peru, and 
Iran (WHO 2020e). Again, estimation through model projec-
tion depicted that if there is no implementation of interven-
tions against COVID-19 spreading, about 40 million deaths 
may occur globally this year (Walker et al. 2020). Moreover, 
statistics of COVID-19 cases depict that some countries are 
experiencing the second wave of attacking of the virus, e.g., 
a new outbreak of COVID-19 cases had infected scores of 
people in China’s capital, Beijing on 19 June 2020 (CGTN 
2020), South Korea confirms the second wave of infections 
on 22 June 2020, the USA preparing for the second wave 
of coronavirus as 12 States hit daily records on 22 June 
2020, and health experts in Britain were warning ministers 
to prepare for the next wave of virus attack on 24 June 2020 
(BBC 2020). A century ago, the second wave of infection 
of Spanish flu was more severe than the first (Kenner 2010). 
Besides, according to the reports of United Nations Develop-
ment Programme (UNDP), as of mid-May 2020, the number 
of daily deaths due to COVID-19 was higher than the num-
ber of deaths due to common causes such as malaria, suicide, 
road traffic accidents, and HIV/AIDS (UNDP 2020). Thus, 
COVID-19 pandemic may force to face a big challenge to 
comprehensive healthcare systems and managements, soci-
ety, economy, environment, and international relations in the 

coming days. Additionally, the COVID-19 will also effect 
on the achievement of the United Nations (UN) sustainable 
development goals (SDGs) for health, economic, and social 
development towards sustainable development (UNDP 
2015; Zhou et al. 2020). Moreover, the extensive spread of 
COVID-19 and its consequences all over the globe has led 
societies to suffer severe health-related problems, including 
fear, panic, anxiety, depression, racial discrimination, and 
intolerance (Bodrud-Doza 2020; Khan et al. 2020a).

Like other countries, Bangladesh is not an exception, 
and on 13 June 2020, it exceeds China considering the total 
number of confirmed cases (recorded a total number of 
84,379 cases, while China experienced 83,075), and as of 
29 August 2020, country’s rank was 15th in the list (with 
308,925 confirmed cases) of COVID-19 worst-hit countries 
(WHO 2020e). Up to now, for the prevention and treatment 
of COVID-19 disease, there is no effective medication avail-
able and therefore, to control the transmissions of COVID-
19 virus, mainly community-based and non-pharmaceutical 
intervention (NPI), including isolation, quarantine, social 
distancing, protection of vulnerable groups, school clo-
sures, restricting public events, and lockdown are followed 
globally. These measures are mainly to minimize person-
to-person spreads of COVID-19 through social distancing 
and protection (Ainslie et al. 2020; Ferguson et al. 2020; 
Chowdhury et al. 2020). Viewing the severity of COVID-
19 till now, it is necessary to work to control the spreading 
of COVID-19 within a least possible time and to minimize 
the impact of the disease on the inhabitants. Based on the 
past experiences of other epidemics, information from pub-
lished literature, and measures taken by different countries 
related to COVID-19, two possible ways or approaches 
can be implemented to control the disease (Chinazzi et al. 
2020; Zhu et al. 2020a; Aleta and Moreno 2020; Li et al. 
2020; Xiong et al. 2020). Development of new vaccines and 
medication, i.e., pharmaceutical interventions (PI) approach 
could be the one effective way to stop the infection, but gen-
erally needs much of time to introduce new vaccines for 
the new virus. Since COVID-19 virus is transmitted from 
person-to-person, the nature of the spreading, spatial pat-
tern of spreading, identification of vulnerable people, and 
vulnerability through spatial analysis and modelling, which 
can help the governments, policymakers, and other deci-
sion-making personnel to formulate effective planning and 
control measures for the proper lockdown, isolation, pro-
tection of vulnerable groups, and restricting public events, 
i.e., non-pharmaceutical intervention (NPI) approach could 
be another way to minimize and control the rate of infec-
tion or delay the disease spreading. To control COVID-19 
emergencies through NPI, Geographic Information System 
(GIS) along with geospatial data can be played an important 
role, since GIS is competent and a widespread technologi-
cal way for capturing, preparing, managing, aggregating, 
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analyzing, and visualizing the multi-source, non-geospatial, 
and geospatial data (Rahman and Saha 2008; Rahman et al. 
2014, 2015; Rahman and Lateh 2016a, b; Rahman and Lateh 
2017). Using GIS, it is also possible to do spatial tracking, 
identification of the geographical pattern of transmission, 
spatial segmentation for vulnerability and risk assessment, 
spatial modelling, and visualization of any event that can 
provide compact spatial information support for decision-
making, measures formulation, and effectiveness assessment 
of the event to prevent and control (Zhou et al. 2020;). It is 
long back that in 1854, mapping and spatial analysis was 
used by the British physician John Snow to detect and ana-
lyze a cholera outbreak in London. The findings of that study 
helped to save many lives and assisted to formulate a modern 
water and waste management systems in London. Later, it 
was followed by other cities and made a significant change 
in general public health around the world (Brody 2003).

The analysis of the pandemic situation over the space and 
time is crucial to understand the nature, magnitude, geo-
graphical pattern of transmission, the potential risk factors, 
vulnerability and risk level, and hotspots of infection (Cliff 
and Ord 1981; Kandwal et al. 2009; Lyseen et al. 2014). 
Spatiotemporal analysis of the COVID-19 outbreak is also 
important to formulate a comprehensive policy to control 
the adverse situation of the pandemic using the resources 
available. Although spatial and spatio-temporal autocorrela-
tion and analysis are important in epidemiology (Cliff and 
Ord 1981) and, past 2 decades, spatial epidemiology has 
been involved in and has found a great response in medi-
cal applied research (Kirby et al. 2017); however, after the 
outbreak of COVID-19, the geospatial technologies, such 
as GIS, is treated only marginally. Literature supports that 
some certain studies were carried out over different parts 
of the world regarding the analysis of COVID-19 spatially 
(Zhou et al. 2020; Fan et al. 2020, Gatto et al. 2020, Murug-
esan et al. 2020; Kamel-Boulos and Geraghty 2020; Meyer 
et al. 2017; Mo et al. 2020; Roy et al. 2020). Particularly, a 
comprehensive study on the nature of spatial spreading, geo-
spatial pattern of transmission, vulnerability, and risk level 
along with hot spots analysis of COVID-19 were not widely 
analyzed (Ramírez-Aldana et al. 2020; Huang et al. 2020; Jia 
et al 2020; Kang et al. 2020; Melin et al. 2020; Ghosh et al. 
2020; Mishra et al. 2020; Acharya and Porwal 2020). Con-
versely, in case of Bangladesh, in-depth study of COVID-19 
using geospatial approach was very rare (Sakamoto et al. 
2020; Masrur et al. 2020) and which were available mostly 
epidemiological, temporal, and modelling based and some 
of those mainly highlighted the impacts of COVID-19 on 
the economy, society, health, and environment (Anwar 
et al. 2020; Bodrud-Doza 2020; Hossain et al. 2020; Jahan 
et al. 2020; Khan et al. 2020a, b; Khan et al. 2020a; Zabir 
et al. 2020). Considering the above facts, the objectives of 
this study were fixed to (i) find out the spreading nature of 

COVID-19 in 154 days of the outbreak of the disease in 
Bangladesh concerning the interventions which have been 
taken and implemented, (ii) find out the spatio-temporal 
patterns of the disease for exploring the spatial epidemic 
dynamics, (iii) identify the hotspots of the COVID-19 at the 
district level, (iv) correlate the spatial pattern of the disease 
with some bio-socio-economic factors to generate a COVID-
19 vulnerability zoning (Cov19VZ) map using GIS-aided 
method, and, finally, (v) formulate a management strategy 
based on the vulnerability zoning that can be used as a basis 
for the next-step planning and prevention the spread of the 
infectious diseases.

Data used and methods

Study area

In this study, we try to analyze the spatio-temporal pattern 
of COVID-19 propagation in Bangladesh using available 
daily and district-level data. Thus, Bangladesh was selected 
as a study area and the districts, which are the second level 
of the administrative unit from the top were selected as the 
spatial units for this study. The geographical boundary of 
Bangladesh is between 20° 34′ N–26° 38′ N latitude and 
88° 01′ E–92° 41′ E longitude (Fig. 1), and occupied an area 
of total 144,000 km2 (Rahman and Lateh 2016a). Bangla-
desh is situated in the Indian subcontinent and surrounded 
by India in the north, east, and west and by Myanmar in the 
southeast. The southern part of the country is surrounded 
by the Bay of Bengal. There are 64 districts in Bangladesh 
under 8 divisions (first level of the administrative unit from 
the top). The divisions are Dhaka, Chattogram, Khulna, 
Rajshahi, Rangpur, Barishal, Mymensingh, and Sylhet with 
consist of 13, 11, 10, 8, 8, 6, 4, and 4 districts, respectively 
(Fig. 1). Climatically, the country belongs to subtropical 
region and has a typical monsoon climate that characterized 
by wide seasonal variations in rainfall, moderately warm 
temperature, and high humidity. The total population of the 
country is about 160 million, and the population density 
is about 1125 people per square kilometres (BBS 2015c). 
Dhaka, the capital, is one of the highest densely populated 
areas of the world (23,234 people per square kilometres, 
BBS 2015c). The urban population in the country is about 
21% of the total population, and about 28% of the urban pop-
ulation live in Dhaka alone. Dhaka, Chattogram, Narayan-
ganj, Gazipur, and Khulna are the main business hub of the 
country. The economy of the country is largely dependent on 
foreign remittances and export earnings from the garments 
industry. About 41 and 37% of the total migrant household 
(international migrant family from Bangladesh) are in Dhaka 
and Chattogram divisions, respectively (BBS 2015e). Again, 
49 and 11% industry/factory workers are engaged in Dhaka 
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and Chattogram divisions, respectively (BBS 2015a). High 
population density, urban housing density, location of eco-
nomic hubs, migrant households, concentration of industry/
factory workers, etc. gear up the spreading of the virus and 
make the country vulnerable to the disease.

Data used

The daily time-series COVID‐19 data, including confirmed 
cases, deaths, and recovery from 08 March to 08 August 
2020 (154 days), were used here and mainly obtained from 
the Institute of Epidemiology, Disease Control and Research 
(IEDCR) website (IEDCR 2000) that updated real-time 
information on COVID-19 every day by date and district. 
Two data sets, daily country wise and district wise were col-
lected and analyzed. Some missing data and anomalies in the 
datasets were verified, adjust and added in the datasets using 
the information from the daily national and local newspaper 
and internet. Information regarding interventions taken by 
government and people movement and activities were col-
lected from the daily press release, Directorate General of 
Health Services (DGHS), TV news bulletins, and newspa-
per. It may be mentioned here that the district-wise death 

information, IEDCR, has not published regularly; therefore, 
apart from IEDCR, the available deaths data in the local 
and national newspapers, local authorities, and offices (Dis-
trict Commissioner office, Civil Surgeon office etc.), were 
collected and used. These data again were crosschecked 
with the division-based deaths data which were regularly 
released by the IEDCR (IEDCR 2020). The age–sex-
related country-level COVID-19 data were collected from 
the WHO weekly coronavirus situation report, Bangladesh 
(WHO 2020f). For comparison, data from others countries 
were used and collected from the COVID-19-related inter-
national web portal and dashboard [Worldometers < https​
://www.world​omete​rs.info/coron​aviru​s/ > , WHO < https​://
covid​19.who.int/ > , Statista < https​://www.stati​sta.com > , 
Our World in Data < https​://ourwo​rldin​data.org/coron​aviru​
s > , IndexMundi < https​://www.index​mundi​.com/coron​aviru​
s/ >]. Besides, district-wise data for the selected factors were 
used in the COVID-19 vulnerability zoning, mainly col-
lected from the yearly statistical reports of the Bangladesh 
Bureau of Statistics (BBS) (BBS 2015a, b, c, d, e, 2019). 
All population-related datasets were collected for the year 
2011–2016; these were the most recent published data that 
we could obtain.

Fig. 1   Study area: Bangladesh is selected as study area and the dis-
tricts, which are the second level of administrative unit from the top 
were selected as the spatial units for this study. There are 64 districts 

in Bangladesh under eight divisions (first level of administrative 
unit from the top). The divisions are Dhaka, Chattogram, Khulna, 
Rajshahi, Rangpur, Barishal, Maymensing, and Sylhet

https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/
https://covid19.who.int/
https://covid19.who.int/
https://www.statista.com
https://ourworldindata.org/coronavirus
https://ourworldindata.org/coronavirus
https://www.indexmundi.com/coronavirus/
https://www.indexmundi.com/coronavirus/
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Methods

In the analysis process, Microsoft MS Excel software was 
used to store and organize the original data and calculate the 
incident parameters as required in this study. The processed 
data in Excel were then converted into geographic informa-
tion system (GIS) data. ArcGIS Desktop software (version 
10.7; Environmental Systems Research Institute, Inc) was 
used to analyze data spatially. In ArcGIS environment, we 
analyze data spatially for spreading, emerging spatial and 
temporal hotspot identification, vulnerability zoning, and 
providing the visualization of the results.

For hotspot analysis, we used Getis‐Ord Gi* (G-i-
star) statistics (Getis and Ord 1992), and Z score, p value, 
and classification of each bin were calculated and mapped. 
The resultant z scores and p values tell where features with 
either high or low values cluster spatially. A high z score and 
small p value indicate a spatial clustering of high values and 
vice versa. Thus, this method provides statistically signifi-
cant hot and cold spots of the incidence. The G-i-star statis-
tics can be calculated as Eq. 1:

where, xj is the attribute value of feature j, wi,j is the spatial 
weight between feature i and j , n is the equal to the total 
number of features, and X and S calculated as Eqs. 1.1 and 
1.2, respectively:

Moreover, for vulnerability zoning of COVID-19, ana-
lytical hierarchy process (AHP) and weighted sum method 
(WSM) were used, and an integrated COVID-19 vulnerabil-
ity zoning index (Cov19VZI) was computed and grouped 
into high, medium, and low vulnerable zones. In the process, 
first, relevant factors were selected and spatial distribution of 
each factor reclassified into five categories-very high, high, 

(1)
G∗

i
=

∑n

j=1
wi,jxj − X

∑n

j=1
wi,j

S

�

�

n
∑n

j=1
w2

i,j
−

�

∑n

j=1
wi,j

�2
�

n−1

,

(1.1)X =

∑n

j=1
xj

n

(1.2)S =

�

∑n

j=1
x2
j

n
−

�

X

�2

.

medium, low, and very low to standardize the factor. After-
wards, the threshold of the degree of vulnerability for each 
category of each factor to COVID-19 was established and 
reclassified. A 0–1 scale and pairwise comparison technique 
along with the AHP was used to determine the degree of vul-
nerability for each category. In this scale, 0 and 1 represent 
the lowest and highest vulnerability, respectively. Between 
the values of 0 and 1, as values increase from 0, the degree 
of vulnerability also increases gradually. The AHP is based 
on pairwise comparisons of elements in a decision hierarchy, 
and in this study, pairwise comparisons were made using a 
scale designed by Saaty (1977), which provides ratings on 
a nine-point continuous scale (Table 1). Details of the AHP 
method can be found in Saaty (1977), Malczewski (2006), 
Rahman and Saha (2007, 2008), and Rahman et al. (2009, 
2014). For assigning the threshold of the degree of vulner-
ability using the AHP technique, the emphasis was given 
more in the very high category than high, and again more in 
the high than medium category, and so on (very high > high 
> medium > low > very low). After standardization (assign-
ing degree of vulnerability for each category) of all factors, 
the next step was to establish a set of weights for the factors 
based on its relative significance to each of the other factors 
to vulnerability. Here, we also calculated weights for each 
factor by pairwise comparison and AHP. The weights, which 
were calculated, are shown in Table 2. Details of the selected 
factors are discussed in the Results section. For assigning 
the weights using the AHP technique with expert knowl-
edge, WEIGHT module of IDRISI Andes software was used. 
Finally, Cov19VZI was computed numerically by a weighted 
sum method (WSM) for each district. In the WSM, stand-
ardized factors multiplied by its corresponding weights and 
then summed to obtain the vulnerability zoning index of the 
COVID-19. Therefore, Cov19VZI can be expressed as Eq. 2:

where Cov19VZIi is the vulnerability zoning index of the 
district i, Xij is the standardized score of district i of factor 
j, Wj is the weight of factor j , and n is the total number of 
factors. Using Eq. 2, Cov19VAZIi was calculated for each 
district, and the computed vulnerability area index was 
standardized using the maximum value method (Eq. 3) to 
get vulnerability indices that range from 0 to 1 (Rahman 
et al. 2009, 2014, 2015):

(2)Cov19VZIi =
∑n

j=1
Xij ×Wj,

Table 1   Continuous rating scale for pairwise comparison of Saaty’s method (Saaty, 1977)

Scale Rating

Level 1/9 1/7 1/5 1/3 1 3 5 7 9

Level Extremely Very strongly Strongly Moderately Equally Moderately Strongly Very strongly Extremely
Impact Less important Equal More important
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where Cov19VHIsi is the standardized value of Cov19VHIi 
of the district i , and Cov19VHImax is the maximum value of 
Cov19VAZI among the district. In the standardized index, 
high values represent a high vulnerability, and in contrast, 
low values represent the low vulnerability for COVID-
19. Finally, to a meaningful zonation of vulnerable area, 
obtained vulnerability zoning index was graded into three 
levels of vulnerable areas defined as high, medium, and low.

Results and discussion

COVID‑19: outbreak, interventions, transmission, 
fatality, and recovery (154 days)

Outbreak, interventions, and transmission

Challenges of the outbreak of COVID-19 are not only the 
virology and epidemiological-related issue but also encom-
passes with society, economy, and the environment of a par-
ticular territory. Hence, a special attention needs to be paid 
and detail analysis of the nature of the disease is utmost 
needed to control the spread of the virus and to formulate 
comprehensive planning against COVID-19. The outbreak 
of COVID-19 was first reported on 8 March 2020 and three 
cases were identified in the country (DGHS 2020). Out of 
three confirmed cases, two of them were returning Bangla-
deshi emigrant (non-resident Bangladeshi) from Italy and 
the rest was a female member of the emigrant family return-
ing to Italy. Later, on 15 March 2020, two more cases were 
identified. One of them was again from Italy and the other 
from Germany (DGHS 2020). According to the information 
provided by the IEDCR on 15 March 2020, hundreds of 
emigrant Bangladeshi have arrived in Bangladesh from Italy 
by this time. However, a large part of them has observed 
the home quarantine and institutional quarantine as admin-
istration decision (DGHS 2020). On 16 March 2020, three 
more new cases were recorded and they all were the family 

(3)Cov19VZIsi = Cov19VZIi/Cov19VZImax,
members of one of the patients identified on 15 March 2020 
(DGHS 2020). Just next day, i.e., on 17 March 2020, two 
more new cases were added in the infected list and, sur-
prisingly, one of them was returning emigrant from Italy 
and was in quarantine. The other one was in contact with a 
person with symptoms of COVID-19 from USA. However, 
the USA citizen returned to the USA without any contact 
with the COVID-19 control room in Bangladesh (DGHS 
2020). Moreover, all those who were infected with COVID-
19 while living in the country other than returning Bang-
ladeshi emigrants in the initial days of the outbreak, they 
were either relatives or with the contact of those infected 
returning emigrants (DGHS 2020). Thus, based on the infor-
mation outbreak and nature of spreading of COVID-19 in 
Bangladesh in early days, it may be said that the COVID-
19 outbreak and initial transmission has taken place in the 
country by the returning Bangladeshi emigrants, and first 
two returned emigrants from Italy on 8 March 2020 can 
be considered as patient 0 (zero) for Bangladesh. Besides 
confirmed cases, afterwards, it was observed that infections 
remained low until the end of March (reported 51 confirmed 
cases and five deaths on 31 March), but saw a steep rise in 
April and later, and the number of infections in the country 
has grown significantly (IEDCR 2020).

Despite taking initiatives before the first case identifica-
tion in the country, on 14 March, the Bangladesh govern-
ment suspended on arrival visas for all nationalities and on 
16 March 2020 closed all educational institutes. Later, the 
country declared the general holidays as lockdown from 26 
March to 4 April 2020 to contain the spreading of COVID-
19. The lockdown has extended several times until 30 May 
2020 (DGHS 2020). The major interventions that were taken 
by the government to prevent the spreading of the virus and 
the activities followed by the mass people are highlighted 
in Fig. 2 as the major timeline for COVID-19 outbreak in 
the country. One of the main objectives of the study was to 
analyze the nature of the spreading of COVID-19 over the 
stipulated time. The analysis of the 154 days data depicts 
that in the initial days of the outbreak, the number of affected 
people by COVID-19 remained very low and a total number 

Table 2   weights by AHP for 
each category of each factors, 
and factors weight individually

Standardized weight 
(Scale 0–1)

Factors weight (scale 0–10)

Category Weight Factors Weight Factors Weight

Very high 0.37 1. Urban population 2.10 7. Industry worker 0.50
High 0.23 2. Urban male population 1.90 8. Population density 0.30
Medium 0.17 3. Establishments employee 1.60 9. Floating population 0.20
Low 0.13 4. Male population 1.20 10. Working population 0.20
Very Low 0.10 5. Number of migrants 1.00 11. Senior citizen 0.20

6. Household consumption 0.70 12. Literacy rate 0.10
Consistency ratio = 0.06 Consistency ratio = 0.06
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of confirmed cases exceeded 100 (123 total cases) on 6 April 
2020 at the day 30 of the virus outbreak. However, infec-
tions increased sharply afterwards in both the circumstances, 
daily and total confirmed cases (Table 3). The total cases 
of COVID-19 touched the number 1000 on 14 April 2020 
(1012 total cases at day 38), and a recorded of 209 infected 
individuals in a single day. Again, with a new hit of 688 
cases in a single day, total cases reached 10,000 scale on 

04 May 2020 (10,143 total cases at the day 58) [Table 3]. 
Furthermore, on 02 June 2020 at outbreak day 87, total cases 
crossed 50,000 scale (recorded 52,455 total cases) with a 
2911 daily infected persons. Surprisingly, just after 16 days 
(at the day 103), i.e., on 18 June 2020, the total cases jumped 
over 100,000 scale and recorded 102,292 total cases with 
3803 daily cases. It may be mentioned here that on 13 June 
2020, considering the total confirmed cases, Bangladesh was 

Fig. 2   Timeline of major interventions/activities (green and red cir-
cles represent positive and negative interventions/activities, respec-
tively). Activities indicated in the green circles act to control the 

spreading of the disease, and activities mentioned in the red circles 
act to spread the disease

Table 3   Transmission of COVID-19 at different level of scale

Day of outbreak Date Time taken 
(days)

Level of scale Total con-
formed cases

Daily confirmed 
cases

Daily death Total death

Day 1 08 March 0 1 3 3 0 0
Day 30 06 April 29 100 123 35 3 12
Day 38 14 April 08 1000 1012 209 7 46
Day 58 04 May 20 10,000 10,143 688 5 182
Day 87 02 June 29 50,000 52,445 2911 37 709
Day 103 18 June 16 100,000 102,292 3803 38 1343
Day 117 02 July 14 150,000 153,277 4019 38 1926
Day 133 18 July 16 200,000 202,066 2709 34 2581
Day 153 07 August 20 250,000 252,502 2851 27 3333
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ahead of China, the Zero (0) ground country of the virus out-
break (Penerliev and Petkov 2020). The situation becomes 
further worsen on 02 July 2020 (at day 117) and the total 
cases crossed 150,000 within 14 days only (Table 3). Later, 
on 07 July 2020 (at day 122), the total number of COVID-
19 cases of Bangladesh (168,645 total cases) exceeded the 
total number of cases of France (168,335 total cases) [DGHS 
2020; IndexMundi 2020]. Then again, on 18 July and 07 
August 2020, total infections crossed the bar of 200,000 
and 250,000 and recorded 202,066 and 252,502 cases, 
respectively (Table 3). Thus, the transmission of COVID-
19 depicts that rapid rise in the number of confirmed cases 
was observed from May and onward (Table 3, Fig. 4). On 
the other hand, though there was a very limited number of 
test for COVID-19 at the beginning, however, the number of 
tests was increased gradually (Fig. 3), and as of 29 August 
2020, total 1,525,815 tests were conducted which amounts 
to 9250 tests per million people. The country’s rank was 
30th in the most impacted countries worldwide according to 
the rate of COVID-19 tests performed per million popula-
tion, and as of 29 August 2020, in South Asia, Bangladesh 
position was just behind the position of India (28,563/mil-
lion) and Pakistan (11,552/million) [Statista 2020]. This was 
mainly because of the insufficient PCR machines and kits, 

biosafety labs, and skilled health workers and technicians 
(Sakamoto 2020).

It is a fact that NPIs, such as lockdown, social distanc-
ing, isolation, quarantine, restricting public events, etc., 
are followed globally to control the spread of COVID-
19, since there is no effective medication available. The 
impact of NPIs which were taken time to time in the coun-
try can be analyzed viewing the timeline of interventions 
implementation and the daily number of confirmed cases 
and the rate of daily confirmed cases. Figure 4 depicts that 
the implementation of necessary steps at the beginning of 
the outbreak, the number of infection, and rate of infec-
tion were very low till mid of April. However, from the 
mid-April to the end of April, the rate of confirmed cases 
was a little bit high and increased gradually soon after. On 
06 May 2020, coronavirus outbreak spreads over to all 64 
districts of Bangladesh (DGHS 2020). This widespread of 
the infection may be correlated with the unexpected move-
ment and activities of the mass people, like the movement 
of millions of people to home districts from Dhaka on 25 
and 26 March owing to the declaration of general holydays 
that aided to spread the disease nationwide, movement of 
garment workers to Dhaka from different parts on 05 April 
to join the workplace and again a force to move back from 

Fig. 3   Daily confirmed cases 
verses daily test conducted. 
X-axis represents time (day) and 
y-axis represents number

Fig. 4   Daily confirmed cases 
(number) and rate of daily con-
firmed cases against daily test 
conducted. X-axis represents 
time (day), and y1 and y2 axes 
represent number for daily cases 
and % of the rate of cases. Ver-
tical green and red broken lines 
represent the timeline of major 
positive and negative interven-
tions/activities, respectively. For 
details for vertical line (inter-
ventions/activities) descriptions, 
see Fig. 2
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Dhaka on 06 April 2020 due to the shutdown of all gar-
ment industries (Fig. 2). Again, Fig. 4 illustrates that the 
rate of infection was comparatively low in the lockdown 
days (from 26 March to 30 May 2020). Therefore, it may 
be noted here that though the government has taken some 
effective measures to minimize the spreading of COVID-
19, ignoring to maintain the social distance, government’s 
advice and proper health safety measures by the citizen 
worsen the situation in later days. Furthermore, there was 
a decreasing trend was observed in the number of daily 
confirmed cases from 3 July 2020, and apparently, we can 
understand that this may be the starting of a downward 
trend of infarction (Figs. 3 and 4); however, if we look 
at the number of daily tests conducted in Fig. 3, it would 
be clear that the downtrend of infection was mainly the 
result of less number of daily tests conducted compared 
to the previous days. Thus, there was inconsistency in the 
tests conducted daily, and hence, to explain the COVID-
19 situation based on only the distribution of daily cases 
over time would not be practical. As therefore, time-series 
plot of the rate of daily and total confirmed cases against 
the daily and total test conducted, and their growth factors 
were analyzed. As shown in Fig. 5, the rate of both daily 
and total cases was comparatively low in the early days of 
spreading of COVID-19, but in the later days, both were 
increased continuously. The daily infection rate against the 
number of daily tests conducted was more than 20 (20 out 
of 100 people) from the 25 May 2020 and reached height 
31.91% on 03 August 2020, which denoted that the rate 
of infection was in rising trend (Fig. 5), and during the 
study period, transmission presents an increasing trend. 
The continuous increasing rate of both daily and total 
cases also indicated the severity of the transmission of the 
virus in these days. Moreover, the growth factor (GF), i.e., 
change of daily, and total infection rates (rate of particular 
day/rate of the previous day) were also analyzed. The GF 
value < 1, 1, > 1, and persistently > 1 indicate a decline, 
which remains the same, increase and exponential increase 
of the change or growth, respectively. Highest but uneven 
change or growth in both daily and total infection rates 

were observed in the beginning days of COVID-19 cases 
in Bangladesh (Fig. 5). Though there were up (increased) 
and down (declined) in daily infection rate during the time, 
however, since 3 May 2020 (day-57), the GF of total infec-
tion rates were within 1.00–1.02, indicating that the attack 
rate of the virus was mostly in same or greater magnitudes 
during the time (Fig. 5) and the same trend of infection 
continues. Thus, a special attention and interventions are 
required to minimize the spreading of the virus.

Furthermore, the analysis of the doubling time of the 
confirmed cases over time is important to know how 
quickly the number of cases increased. For instant, Bang-
ladesh recognized 123 cases on 06 April 2020 and 330 
cases just after 3 days on 9 April 200, means that it took 
3 days to double (cases doubling time). In Fig. 6, back-
ground broken grey lines are the models for the paths of 
doubling times 1, 2, 3, 4, 5 days and so on. If the cases 
distribution line is steeper than a particular model grey 
line, then doubling time of the cases will be faster than 
the model line. As seen in Fig. 6, in the beginning, the 
doubling time of infection spreading counted double faster 
than every 3 days, and till the end of April, the doubling 
time of infection spreading was faster than every 4 days. 
Nonetheless, from 30 April 2020, the doubling time of 
the number of confirmed cases began to decline gradually, 
and as of 08 August 2020, the overall case doubling time 
was 11 days. Figure 6 further gives a comparative pic-
ture of the increase of infection between Bangladesh and 
among some selected countries of South Asia, South East 
Asia, and Europe. The figure depicts that the disease in 
most countries develops a common and faster logarithmic 
upward trend during the first 15–20 days after that the first 
100 cases identified. However, in the days to come infec-
tion continued to increase but at comparatively slower rate. 
The figure further shows that Bangladesh observed much 
higher increasing trend and faster doubling time compare 
to the cases of Sri Lanka, Malaysia, Indonesia, and Paki-
stan. Even as of 08 August, the doubling time was faster 
than China, Germany, and France and almost same as Italy 
and the UK, denoting the severity of the infection.

Fig. 5   Rate (y1-axis in %) and 
growth factor (change) [y2-axis 
in unit] of daily and total con-
firmed cases (infection)
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Fatality

The death toll or fatality of any disaster is an important 
concern and the severity of the incident is intended by the 
number of deaths. In case of the pandemic COVID-19, as of 
29 August 2020, there were 843,165 deaths recorded world-
wide, and Bangladesh ranked was 29th in fatality with 4206 
deaths (25 deaths per million people) (Worldometer 2020). 
Bangladesh reported its first coronavirus death on 18 March 
2020. (IEDCR 2020). In this study, we consider the analysis 
of fatalities as daily deaths and fatality rate over time. The 
fatality rate is the number of deaths outcomes as a percent-
age of the total number of confirmed cases (Penerliev and 
Petkov 2020). This measure reflects the severity of a disease 
in a specific time. In Fig. 7, it can be seen that the daily death 
toll was below 10 up to 6 May 2020, but a sharp increase of 
daily deaths was observed thereafter. The highest deaths in 
a single day were recorded 64 on 30 June 2020. Conversely, 
although the death toll was low in the beginning, the fatal-
ity rate was comparatively high, and the highest single-day 
fatality rate was recorded 12.82 (12.82 deaths out of 100 
infected persons) on 25 March 2020 (Fig. 7). However, as 

seen in Fig. 7, from 17 April 2020, the fatality rate began 
to decline gradually and the rate was between 1.28 and 1.32 
from 01 June to 08 August 2020, denoting the fatality rate 
remained almost same during the period. In a developing 
country like Bangladesh, this is actually an alarming situ-
ation and to reduce the fatality due to COVID-19, health, 
and medical infrastructure along with highly improved 
healthcare system need to be developed. Since prevention 
is better than cure, the spreading of COVID-19 also needs 
to be controlled by taking appropriate measures. Although 
the fatality rate was far below in Bangladesh (only 1.35%, 
as of 28 August 2020) compared to the global rate (3.37%) 
and rates in the highest recorded countries, Yemen (29.07%), 
Italy (13.44%), UK (12.55%), Belgium (11.84%), Hungary 
(11.41%), and even South Asian countries Pakistan (2.13%) 
and India (1.82%) (Statista 2020), the country needs to be 
prepared as if the situation does not deteriorate further.

In addition, confirmed cases and deaths analysis based 
on demographic aspect reveal that there was a strong demo-
graphic variation related to the age–sex group in COVID-19 
pandemic. As seen in Fig. 8, compared to the male–female 
ratio, there was a considerably higher proportion of cases 

Fig. 6   Doubling time of the 
growth of COVID-19 confirmed 
cases in Bangladesh and some 
other selected countries starting 
from the day of 100 confirmed 
cases. Broken grey lines (d1–
d60) represent the models for 
the paths of doubling times. 
X-axis represents days (time) 
and y-axis represents cumula-
tive number of confirmed cases 
at logarithmic scale

Fig. 7   Daily death and fatality 
rate. X-axis represents time 
(day), y1-axis represents daily 
death in number, and y2-axis 
represents fatality rate in %



Modeling Earth Systems and Environment	

1 3

and deaths among the male population than female in all 
the stipulated times, i.e., 8 June, 29 June, and 20 July 2020. 
As of 20 July 2020, male contributed to 71% among the 
confirmed cases and,, in contrast, female contributed to 29% 
only among the reported cases [Fig. 8a]. Although in some 
different age-sex groups, there was a slight variation in per-
centage distribution of cases in the different time period, as 
of 20 July 2020, the infection rate was the highest among 
those aged 21–50 years for both male (48.5%) and female 
(18.3%). The highest confirmed cases for the male popula-
tion were among the age grouped 31–40 (27.6%), followed 
by 21–30 (14.4%) and 41–50 (13.8%) age grouped. In con-
trast, the highest cases were identified for female among 
the age grouped 21–30 (6.9%), followed by age group 
31–40 (6.6%) [Fig. 8a]. Again, as seen in Fig. 8b, as of 
20 July 2020, of the total deaths, 79% and 21% were male 
and female, respectively. The fatal outcome was the high-
est among both the male and female patients aged-grouped 
61–70 years (male 23.7%, female 6.1%), followed by those 
aged-grouped 51–60 (male 20.3%, female 4,4%) and 71–80 
(male 15.1% and female 2.8%). Among patients aged 40 and 
below, the death toll was significantly lower, 4.6% and 1.4% 
for male and 2.0% and 1.2% for female for the age-groups 
31–40 and 21–30, respectively. It was even lower, below 
1% among patients aged 20 or younger for both genders 
(Fig. 8b). Therefore, the infection rate was more among the 
male and working-age people, while the fatality rate was 
more among the male and above-working age (age 60 and 
above) people. The finding is broadly consistent with the 
global findings, particularly for the fatal cases for aged 
people (60 and above) (Penerliev and Petkov 2020; Chan 
et al. 2020; Bergquist and Rinaldi 2020; Wu and McGoogan 
2020). Hence, in Bangladesh, younger male people are more 
vulnerable to get the infection and senior male citizens more 
prone to fatal than female. From a demographic point of 
view, age group and gender can be treated as important vul-
nerable factors for COVID-19 consequences. In Bangladesh, 

for social or cultural reasons usually, men do more outdoor 
activities than women, and women are some extent depend-
ent on male family members, and they are introverted too. 
Moreover, the working-age male population are more 
active for outdoor activities than female. This may be one 
of the main reasons for having a higher rate of infection for 
male. However, the reasons for this sex difference remain 
unclear, and it was suggested that due to the defense of X 
chromosomes and sex hormones which play a major role in 
immunity for women could be a factor for women’s reduced 
vulnerability to viral infections (Zhu et al. 2020b; Voinsky 
2020). Again, a higher rate of male infection could reflect 
a relaxed social distancing, avoiding the use of protective 
kits, overconfidence, and ignoring severity of the disease 
among the young male population than female. Therefore, 
to prevent the spreading of virus and reduce the fatality, 
preventive measures like social/physical distancing, tempo-
ral separation, movement restrictions, use of protective kits 
(mask, hand gloves, and sanitizer), and awareness develop-
ment in these vulnerable groups should be implemented as 
current preventive measures. Most countries in the world 
particularly, the countries of high and very high human 
development group, have widely applied NPIs to slow the 
transmission of the COVID-19 (UNDP 2020).

Recovery

In any pandemic, the recovery from the infection is impor-
tant in a sense of overcoming the crisis and generating natu-
ral immunity among the people. As of 29 August, there were 
25,027,198 confirmed cases identified worldwide and among 
those 17,388,940 cases were recovered. Bangladesh ranked 
was 17th based on people recovered from the pandemic 
COVID-19 (recovered 198,863 patients, as of 29 August 
2020). The USA, Brazil, and India were among the top 
three listed countries according to the number of recover-
ies (Worldometer 2020). Here, we analyze the total number 

Fig. 8   Age–sex composition 
of COVID-19 (as of 20 July 
2020): a reported cases and b 
deaths. X-axis represents % of 
the total number of cases/deaths 
and y-axis represents age group. 
Shaded portion represents most 
vulnerable groups
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of recovery and rate of recovery (the number of recovery 
outcomes as a percentage of the total number of confirmed 
cases) over time. From the data analysis of recovery in Bang-
ladesh, as seen in Fig. 9, it can be noted here that, until 13 
April 2020, the total number of recoveries of reported cases 
was very low but higher than the cumulative death. After-
wards, the number of recoveries increased gradually, and 
from 15 June 2020, an accelerating number of recoveries 
was recorded. This somehow indicates that natural immunity 
is taking place among the people to COVID-19, and also the 
patient’s ability to adapt to COVID-19 infection is increased. 
Again, as it is highlighted in Fig. 9, the recovery rate was 
always higher compared to the fatality rate except for 12 
April to 02 May 2020. The recovery rate was only 02–06% 
which was almost same as the fatality rate at this time. How-
ever, after that the recovery rate increased rapidly and on 
29 August 2020, the recovery rate reached at 62 (about 62 
out of 100 cases) which was quite close to the global aver-
age recovery rate (69.48%), even it was pretty higher than 
the USA (55.32%), the 1st ranked country according to the 
number of confirmed cases (Statista 2020). However, the 
rate was much lower than Brazil (78.08%), India (76.59%), 
and Russia (81.63%) (calculate using data from Worldom-
eter 2020). The recovery of the patients mainly depends on 
the availability of the effective health system, immunity 
level, and mental health of the patients and the rules and 
regulation which needs to be followed by the patients of 

COVID-19. Thus, to recover more, it is necessary to develop 
effective health system, and on the other hand, it is also 
required to take needful steps to boost up the immunity level 
and improvement the mental health of the patients, and also 
patients need to be followed the rules and regulations which 
are recommended by the authority and the health experts.

Again, to get the clearer picture of the pandemic, we ana-
lyzed the circumstances based on epidemiological weeks, 
since it was stated that the incidence varied greatly by weeks 
of disease onset and can be effectively examined accordingly 
(Chan et al. 2020). Figure 10 portraits that in Bangladesh, 
the number of tests conducted and the number of confirmed 
cases were increased in every week gradually until the week 
17, total 119,976 tests were conducted, and 25,701 cases 
were confirmed in this week which was the highest recorded 
statistics for both the incidences. However, in weeks 18–20, 
the test conducted and case confirmed both were decreased. 
Increasing the number of tests conducted gradually over time 
indicates the ability to strengthening the capacity of the test-
ing facilities in the country. In the beginning, IEDCR lab 
was the only dedicated laboratory for COVID-19 testing; 
later, the number of laboratories for COVID-19 testing has 
increased gradually, and as of 29 August 2020, there were 
total 92 testing labs functioning all over the country, and 
the ratio of total testing reached 9250 per million people 
(IEDCR 2020). Yet, this ratio is still not enough to get a real 
picture of the pandemic in a country more than 160 million 

Fig. 9   Total recovery, total 
deaths (in number, y2-axis), 
recovery rate, and fatality rate 
(in %, y1-axis) by dates. X-axis 
represents time (day)

Fig. 10   Epidemiological weekly 
distribution of test conducted, 
confirmed cases, recovery 
(number, y2-axis) and the rates 
of confirmed cases, deaths, and 
recovery (in %, y-axis) by week 
(x-axis)
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inhabitants. Moreover, the analysis of Fig. 10 shows that 
as the number of tests increased, the number of infections 
increased and vice versa. Thus, increasing testing coverage 
will make the data of positive cases more reliable. Further-
more, although the rate of weekly infection was compara-
tively less during week 1–11, the rate was more than 20% in 
the later weeks and the highest rate (23.81%) was recorded 
in week 22. This is really an alarming situation, since the 
condition was uncontrolled and people were getting infected 
with a high rate for a long. On the other hand, weekly fatal-
ity statistics depicts that the number of deaths increased up 
to week 18 except weeks 8, 9, 15, and 16. The highest 308 
deaths were recorded in week 18. Nevertheless, the deaths 
again decreased in weeks 19 and 20 (Table 4). And, in com-
parison to the early weeks particularly, weeks from 1 to 5, 
the fatality rate of COVID-19-related death was higher than 
the later weeks and from week 6 and onward, the fatality rate 
began to decline. However, from weeks 11 to 21, the fatality 
rate varies between 1.3 and 1.4%, denoting that there was no 
improvement in the control of deaths situation for the last 
11 weeks. Besides, the number of recovery by weeks high-
lighted that the number of patient’s recovery was increased 
remarkably from the week 15. The recovery rate reached to 
57.47% in the week 19. This is a positive sign and people 
are getting recovered almost closed to the global average 
rate of recovery (69.48% as of 29 August 2020). It is also 
favourable that the rate of recovery was always higher than 
that of the rates of attack (confirmed cases) and fatality from 
the week 9 and ahead (Fig. 10).

COVID‑19: spatio‑temporal pattern and hot spots 
(154 days)

Spatiotemporal pattern: reported confirmed COVID‑19 
cases

“Everything is related to everything else, but near things are 
more related than distant things”—the first law of Geogra-
phy (Tobler 2020) highlights the significance of the space in 
the study of any phenomenon of the Earth, like COVID-19. 
The geospatial analysis helps to analyze the spatial depend-
ence and explain the direction and intensity of the spreading 
of disease on the space as well as in time. Here, we analyzed 
the infected cases and related deaths due to COVID-19 spa-
tially to get the spatial pattern and the nature of spreading 
of the disease. Sixty-four (64) districts were selected as the 
spatial units of analysis (Fig. 1). In the country, the first three 
confirmed cases were identified on 8 March 2020 in two 
districts, namely Madaripur and Narayanganj of Dhaka Divi-
sion (Table 5). On 15 March 2020, the first cases were iden-
tified in Dhaka, the capital and Gazipur districts. In March 
2020, the first cases were identified in only seven districts. 
However, the transmission of the virus spread out widely 

by April 2020, and the first cases were identified in 55 new 
districts out of 64. By identifying the first patient in Ranga-
mati on 07 May 2020, the virus was spread to all districts 
of Bangladesh. Complementarily to Table 5, results on the 
temporal and spatial evolution of the disease dynamics were 
further presented in Fig. 11. The figure depicted that the dis-
ease propagates from the central parts of the country initially 
by three (3) infectious individuals. Afterwards, in week 2 of 
the outbreak of disease, infection transmitted to the capital 
Dhaka and some surrounding districts within 50–100 km. 
Also, in this week, the infection spread to new two separate 
locations (Gaibandha and Chuadanga), even though they 
are relatively far geographically (about 200–250 km from 
the capital). These two districts located in north-western 
and eastern parts of the country, respectively (Fig. 11b). In 
week 3, infection diffused to new two south-eastern districts, 
namely Chattogram and Cox’ Bazar. Hence, the spatial 
spread of the disease signals that initially there were mainly 
four separate locations which act as prime locations to fur-
ther spread the infection, and the infection was mainly trans-
mitted by the imported cases and the movement of infected 
people to those areas or somehow close contact of the people 
with the infected people of those locations. In week 4, the 
situation remained almost the same; very few were infected 
in those locations. However, the distribution and spatial 
pattern of the cases in week 5 indicates that the number 
of infection increased remarkably compared to the week 4 
(about 20 times higher, Table 4), which was an indication 
of speed up the spatial dynamics of the disease and starting 
the community transmission as well. Later, spreading and 
intensity of the infected cases were mainly concentrated in 
Dhaka and its adjacent districts (within 100 km) up to week 
10. Chattogram and Cox’s Bazar, the two south-eastern dis-
tricts came up as second intensified areas of infected cases 
in weeks 11 and 12. It is worth mentioning here that until 
week 12, the number of infected cases was limited, and con-
centrated in some particular locations, mainly because of the 
lockdown and other interventions which have taken by the 
Government during this time. Figure 11 further highlighted 
that in week 13 to week 22, the transmission of the disease 
widely and quickly took place in the central, south-eastern, 
north-eastern, and some north-western and south-western 
districts with high intensity. Withdrawing the lockdown, 
relaxing in restrictions of the people movement, lack of 
awareness, reluctance to follow the rules and regulations etc. 
increased the spreading of the virus in these areas in recent 
weeks. Thus, these parts of the country are more vulnerable 
to COVID-19, and a special attention needs to be paid in 
these parts of the country to control the further spreading.

Additionally, to get the most infected districts by COVID-
19, we analyzed and ranked the top 15 districts based on the 
percentage distribution of cases, as shown in Table 6. As of 
08 August 2020, Dhaka was the most affected district and 
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accounts for the highest 34.44% of the total cases. Chat-
togram, Narayanganj, Cumilla, and Bogra were the sec-
ond, third, fourth, and fifth ranked districts, respectively. 
Remarkably, the top 15 districts account for about 73% of 
the total cases. Thus, these districts are more exposed dis-
tricts judging by the percentage of total infection of COVID-
19, and mainly located in the central and eastern parts except 
Rajshahi, Bogra, and Khulna (western part) [Fig. 12a]. The 
spatial pattern of the highest distribution of cases by districts 
signals that the number of victims was higher in the eastern 
part than in the western part. The eastern and western parts 
of Bangladesh are sharply divided through channels of the 
mighty rivers Jamuna and Padma (Fig. 12a). This acts as a 
physical barrier for the east–west connectivity and mobil-
ity, and, hence, it may influence in the spreading of the dis-
ease, COVID-19. However, details geographical research are 
required on this issue to get a clear picture.

The changing nature of the transmission of disease over 
time and space is crucial to understand the spatial dynamics 
of transmission. As seen in Fig. 13a, out of 14 top-ranked 

districts, the percentage distribution of the total cases 
reduced in three districts, namely Dhaka, Narayanganj, and 
Gazipur over time. Conversely, this proportion was increased 
in the remaining 11 districts, and particularly, from the 
week 14, the cases increased rapidly in these districts. 
The increase of the cases in several districts in later weeks 
proves that the disease has spread out across the country and 
intensity of the infection has also increased at a wider scale. 
Again, complementarily to Fig. 13a, we present in Fig. 13b 
further the temporal and spatial progression of the disease 
dynamics by calculating the correlation coefficient between 
the time (weeks 1–22) and the percentage of cases by dis-
tricts. The figure signals that the districts where the disease 
outbreaks and concentrated initially; the number of victims 
has decreased in those districts over time (negative value 
of correlation coefficient, r). The districts having a positive 
coefficient (r) represents an increase in the number of cases 
over time, and particularly, the high r value indicates a high 
rate of increase of the cases and vice versa. Thus, the spatial 
dynamics of the reported cases indicates that the spreading 

Table 5   Geo-temporal 
spreading of first confirmed 
cases over time by district

Month Day District Total Total 
by 
month

March 2020 08 Madaripur, Narayanganj 2 8
15 Dhaka, Gazipur 2
19 Chuadanga, Gaibandha 2
24 Cox’s Bazar 1
27 Chattogram 1

April 2020 02 Jamalpur, Shariatpur 2 55
05 Manikganj, Moulovi Bazar, Sherpur, Sylhet 5
06 Kishoreganj 1
08 Cumilla, Narshingdi, Nilphamari, Rajbari, Rangpur, Tangail 6
09 Gopalganj, Munshigonj 2
12 Barguna, Hobiganj, Jhalokathi, Laksmipur, Netrokona, Lalmonirhat, 

Chandpur, Mymensingh, Panchagar, B.Baria, Potuakhali, Thakur-
gaon

12

13 Barishal, Rajshahi, Sunamganj 3
14 Faridpur, Khulna, Kurigram, Narail, Pirojpur 4
15 Dinajpur, Noakhali 2
17 Bandarban, Bogra, Feni, Joypurhat, Pabna 5
18 Bagerhat, Jessore 2
20 Sirajganj 1
21 Chapainawabganj, Naogaon 2
22 Kushtia, Magura, Meherpur 3
23 Natore 1
24 Bhola 1
26 Jhenaidah 1
29 Satkhira 1
30 Khagrachari 1

May 2020 07 Rangamati 1 1
Total 64 64
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of infection was taking place more in the western, south-
eastern, and north-eastern districts, and transmitted nation-
wide in later weeks (weeks 14–22) [Fig. 13b].

Spatiotemporal pattern: reported COVID‑19 deaths

Deaths, due to the outbreak of any infectious disease, is a 
vital concern, since it acts as an important indicator of the 
severity of the disease. Results on the temporal and spa-
tial distribution and pattern of the dynamics of death due 

to COVID-19 are presented in Fig. 14. Here, we symbol-
ised the distribution of the number of deaths by district and 
epidemiological week (weeks 7–22). The figure illustrated 
that initially the death toll was limited and concentrated 
only to Dhaka and its adjoining district Narayanganj, and 
until week 11, the number of fatalities was high in this two 
districts and some surrounding districts within 50–100 km. 
However, in week 14, the death toll increased remarkably 
compared to the previous weeks, and with 293 deaths in this 
week, the total fatality crossed 1000 level (1139) [Table 4]. 

Fig. 11   Spatiotemporal distribution and pattern of the COVID-19 transmission in Bangladesh by districts and epidemiological weeks. Each cir-
cle in the background represents 50 km buffer zone from the centre point of Dhaka. W week
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Chattogram and Cox’s Bazar, the two south-eastern districts, 
came up as second intensified areas of deaths in this week 
and later. Furthermore, Fig. 14 reports, in weeks 17–22, 

the death toll remarkably took place in the central, south-
eastern, north-eastern, and some north-western and south-
western districts. Thus, concerning deaths incidence, these 

Table 6   The top 15 ranked districts based on the percentage distribution of the total cases and deaths

Confirmed cases (as of 08 August 2020) Deaths (as of 08 August 2020)

Rank District % of total cases Cumulative Rank District % of total death Cumulative

1 Dhaka 35.64 35.64 1 Dhaka 29.87 29.87
2 Chattogram 7.88 43.52 2 Chattogram 7.79 37.66
3 Narayanganj 3.19 46.71 3 Cumilla 5.56 43.22
4 Cumilla 3.03 49.74 4 Narayanganj 4.40 47.62
5 Bogra 2.74 52.48 5 Bogra 3.51 51.13
6 Faridpur 2.73 55.21 6 Sylhet 3.33 54.46
7 Khulna 2.46 57.67 7 Chandpur 2.64 57.10
8 Sylhet 2.43 60.10 8 Munshigonj 2.38 59.48
9 Gazipur 2.30 62.40 9 Noakhali 2.32 61.80
10 Rajshahi 1.87 64.27 10 Khulna 2.20 64.00
11 Cox’sbazar 1.87 66.14 11 Mymensingh 2.14 66.14
12 Noakhali 1.81 67.94 12 Cox’s Bazar 1.87 68.01
13 Munshigonj 1.69 69.63 13 Gazipur 1.87 69.88
14 Mymensingh 1.60 71.24 14 Barishal 1.55 71.43
15 Barishal 1.37 72.60 15 Faridpur 1.55 72.98
16 Other districts 27.40 100.00 16 Other districts 27.02 100.00

Fig. 12   The top 15 ranked districts based on the percentage distribution of the total numbers: a reported cases and b reported deaths [as of 08 
August 2020]
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parts of the country are highly vulnerable to COVID-19. 
Again, the comparison between the spatial distribution of 
the deaths (Fig. 14) and the cases (Fig. 11) indicates that 
where the number of victims/infections was high, the num-
ber of fatalities was also high and vice versa. Therefore, it is 
necessary that with the improvement of the health system, 
measured should be taken to reduce the number of infections 
as well in the highly concentrated areas.

Similar to the cases distribution analysis, to get the most 
affected districts by deaths, we evaluated and ranked the top 
15 districts based on the percentage distribution of deaths, 
as shown in Table 6. As of 08 August 2020, Dhaka was the 
most affected district and accounts for the highest 29.87% 
of the total deaths. Chattogram, Cumilla, Narayanganj, 
and Bogra were the second, third, fourth, and fifth affected 
ranked districts, respectively. The top 15 districts account for 
about 73% of the total deaths, meaning that these districts 
were the most exposed districts judging by the percentage of 
total deaths. These districts are mainly located in the central 

and south-eastern parts of the country except Bogra, Syl-
het, and Khulna districts [Fig. 12b]. The spatial pattern of 
the highest distribution of deaths by districts shows that the 
number of deaths was higher in the eastern part compared 
to the western part of the country. As mentioned earlier that 
the eastern and western parts are divided by the rivers chan-
nel and may influence in the spreading of the disease, it 
may also influence death incidence. The spatial dynamics 
of fatality, as seen in Fig. 15a reports, out of 14 top-ranked 
districts, the percentage distribution of the total deaths 
reduced in three districts, namely Dhaka, Narayanganj, 
and Mymensing over time. The proportion was increased 
in the remaining 11 districts, especially from the week 14 
(Fig. 15a). The increase in the number of deaths in several 
districts in week-14 and later evidences that the occurrence 
and intensity of the death amplified across the country at 
a wider scale. Complementarily to Fig. 15a, we present in 
Fig. 15b further the temporal and spatial progression of the 
dearth dynamics by calculating the correlation coefficient 

Fig. 13   a Temporal spreading: percentage distribution of cases in the top 14 districts, x-axis represents week and y-axis represents % of total 
cases; b correlation coefficient (r) distribution between time (weeks 1–22) and percentage of the cases by districts
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between the time (weeks 7–22) and the percentage of deaths 
by districts. The figure points out that the districts where the 
deaths initially reported and concentrated more, the number 
of deaths decreased in almost all of those districts over time 
(negative value of correlation coefficient, r). The districts 
having a positive coefficient (r) represents an increase in 
the number of deaths over time, and particularly, the high r 
value indicates a high rate of increase of the deaths and vice 
versa. Thus, the spatial dynamics of the reported deaths, as 
seen in Fig. 15b, which indicates that the number of deaths 
increased more in the south-western and north-western dis-
tricts in later weeks (weeks 14–22) [Fig. 15b].

Spatiotemporal hot spots (reported cases and deaths)

Hotspot analysis is a spatial analysis and mapping tech-
nique interested in the identification of clustering of 
spatial phenomena. Space–time pattern mining allows 
for the detection of statistically significant hot and cold 

spots within an area. It also allows to identify trends and 
defines whether the hot or cold spot is persistent, increas-
ing, or decreasing. To detect the statistically significant 
hot and cold spots of the incidence of the infected cases 
and deaths, here, we used Getis-Ord Gi* (G-i-star) statistic 
(Getis and Ord 1992) and Z score, p value, and classifica-
tion of each bin were calculated and mapped. The result-
ant z scores and p values tell where features with either 
high or low values cluster spatially. Thus, the output of 
the G-i-star analysis demonstrated the locations of hot and 
cold spots, as highlighted in Fig. 16. The spatio-temporal 
analysis of three selected times hotspots shows a high spa-
tial clustering hotspot in the central part of the country 
for both the cases and death distribution. This core loca-
tions of hotspots include Dhaka, Narayanganj, Gazipur, 
Narshingdi, Munshiganj, and Manikganj districts were the 
most affected areas in terms of infection and related deaths 
(Fig. 16). After time being, in week 22, a second high spa-
tial clustering hot spot was identified in the north-eastern 

Fig. 14   Spatio–temporal distribution and pattern of the COVID-19 deaths in Bangladesh by districts and epidemiological weeks (weeks 7–22). 
Each circle in the background represents 50 km buffer zone from the centre point of Dhaka. W week
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district namely Cartogram, exhibiting that the epidemic 
situation in this area was deteriorated and the incidence 
rate was increased. Again, comparatively low spatial clus-
tering but emerging separate hotspots (isolated clustering 
pattern) were also recognized in Sylhet, the north-eastern 
district and Bogra, the north-western district in week 22 
for both the reported cases and deaths, indicating that there 
is a possibility of developing more single clustering pat-
terns in some other parts of the country if the situation is 
not controlled. The results of the hotspots analysis pointed 
out that the outbreak presented a strong clustering pattern 
during the period of study, and the spatiotemporal clus-
tering pattern of COVID‐19 was dominated mainly by a 
single clustering pattern and concentrated significantly in 
the central part, and spread out mainly from the central 
(capital and neighbouring districts) to the south-eastern 
part of the country. High population density, high urban 
population and housing density, location of the economic 
hubs, migrant households, concentration of industry/

factory workers, etc. gear up the spreading of the virus in 
these areas and make these areas as hotspots to the disease.

COVID‑19: vulnerability zoning (Cov19VZ)

The outbreak of COVID-19 is an unexpected threat to 
inhabitant worldwide. Since there is no effective medica-
tion against COVID-19 virus, management practices to 
minimize this problem can be effectively carried out if the 
magnitude, spatial distribution and transmission pattern, and 
vulnerability of COVID-19 are known. Since this study was 
able to identify the spatial pattern of the transmission and 
dynamics of the disease along with hotspots, the spreading 
and the magnitude of the disease in a particular location/
area somehow could be related to many associated inherent 
conditions and environmental setups of the area. It is clear 
that COVID-19 virus transmitted from human to human; 
therefore, the transmission of virus depends on human 
nature and behaviour, mobility, and social and economic 

Fig. 15   a Temporal spreading: percentage distribution of deaths in top 14 districts, x-axis represents week and y-axis represents % of the total 
deaths; b spatial distribution of the correlation coefficient (r) between time (weeks 7–22) and percentage of deaths by districts
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conditions/status of the inhabitants of the area. Thus, for 
effective management, COVID-19 vulnerability zoning 
(Cov19VZ) based on some bio-socio-economic factors can 
be an essential tool in an outbreak area, as vulnerability 
zoning explains and displays the distribution of areas that 
likely to be affected to different magnitudes. Viewing this, 
based on the spatial pattern and dynamics of the cases and 
deaths distributions, combined professional expert judg-
ment and relationship between the cases distribution and 
factors; the dominating twelve (12) factors were selected 
and assessed for the Cov19VZ. The selected relevant 12 fac-
tors were (i) total industry/factory worker, (ii) total estab-
lishments employee, (iii) monthly household consumption, 
(iv) floating population, (v) male population, (vi) number of 

migrants, (vii) population density, (viii) urban male popula-
tion, (ix) urban population, (x) senior citizen (above 60 age 
group), (xi) working-age population (21–59 age group), and 
(xii) literacy rate (Fig. 17). Urban areas tend to have more 
cases and deaths compared to rural areas, the infection more 
often occurs in crowded places, workers and employees need 
to move frequently to their workplaces to earn and meet 
the consumption of the family, the transmission of the virus 
and related deaths are often associated with the age group 
and gender issue, and migrants and their family members 
incline to have more possibilities to spread of the disease, 
etc. were under the consideration to select factors primarily. 
Before selecting these factors, finally, we also analyze the 
relationship between factors and the distribution of the cases 

Fig. 16   COVID-19 spatio-temporal hotspots: a reported cases and b deaths
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of COVID-19 in different times (here weeks) by districts 
through correlation coefficient (r), to know how strongly 
the factors are related to the distribution of the reported 
cases. As seen in Fig. 18, initially, the number of cases was 
very few that’s why the r value was low for all the factors; 
however, as the number of cases increases, the r value also 
increases, representing strong relationships between the 
cases distribution and the factors except literacy rate. The 
comparatively low relationship in literacy rate indicates that 
both literate and illiterate people either were not aware or 
ignoring/violating the intervention measures which have 

been taken to reduce the transmission of the virus. How-
ever, for the urban population, urban male population, total 
establishments employee, and male population, we got very 
high r values followed by the number of migrants, monthly 
household consumption, and total industry/factory worker 
by districts. r value of population density rightly represents 
that spreading of the cases initially was higher in the high 
densely populated areas and later spread gradually to other 
parts.

In this study, in another way, we consider to find out 
the interactive effects of selected factors for COVID-19 

Fig. 17   Selected factors for COVID-19 vulnerability zoning: a total 
industry/factory worker b total establishments employee, c monthly 
household consumption, d floating population, e male population, f 

number of migrants, g population density, h urban male population, 
i urban population, j senior citizen [above 60 age group], k working-
age population [21–59 age group]), and l literacy rate
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vulnerability zoning. Using GIS-aided AHP-WSM method, 
above-mentioned factors, and calculated COVID-19 vulner-
ability zoning index (Cov19VZI), we developed a district-
level Cov19VZ map, as shown in Fig. 19a. The figure rep-
resents the magnitude of the vulnerability (as high, medium 
and low) of each district of Bangladesh. The spatial pat-
tern of the vulnerability zoning of COVID-19 illustrated 
that the high vulnerable zone was mainly concentrated in 

the central, eastern, and south-eastern parts as a compact 
zone. Also, two districts in the south-western, one in the 
central-southern, one in the north-eastern, and two more in 
the north-western parts belong to this zone separately, indi-
cating the most vulnerable area of the country to COVID-
19 threat (Fig. 19a). The medium level of vulnerable areas 
was widely distributed in the western, south-western, north-
western, and north-eastern parts of the country. On the 

Fig. 18   Temporal distribu-
tion of correlation coefficient 
(r) between selected factors 
and reported cases by district. 
X-axis and y-axis represent time 
(weeks) and correlation coef-
ficient (r), respectively

Fig. 19   COVID-19 vulnerability zoning (Cov19VZ) and model vali-
dation: a vulnerability zoning; b relationship between Cov19VZI and 
reported cases; c relationship between Cov19VZI and deaths. X-axis 

and y-axis represent Cov19VZ index and percentage distribution of 
cases/deaths, respectively
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contrary, the area under low vulnerability was mainly found 
in the south-eastern and extreme north-western parts, and 
scattered way in a few districts in the south-western region 
(Fig. 19a). Again, Table 7 further depicts that out of 64 dis-
tricts, 22, 31, and 10 districts were found to be under high, 
medium, and low vulnerable areas, respectively. The Dhaka 
and Chattogram were the most vulnerable divisions having 
the highest number of districts under high vulnerable zone 
(six districts in each division), followed by Rajshahi (3), and 
Khulna (2) divisions. (Table 7). Thus, the vulnerability zon-
ing of COVID-19 exposed that the degree of vulnerability 
has a geographical horizontal belt distribution, and in gen-
eral, the vulnerability was comparatively high in the eastern 
part compared to the western part of the county. Size of 
the urban population, the male population including urban 
male, number of employees in establishments and workers in 
industry/factory, number of migrants, and, of course, popu-
lation density of the district influence the spreading of the 
disease and make the area more vulnerable. Therefore, it is 
recommended that proper attention needs to be paid in high 
and medium vulnerable zones on a priority basis in control-
ling the spread of the disease.

To validate the effectiveness of the predictive vulnerable 
area zone map of COVID-19 (Fig. 19a), the vulnerabil-
ity zoning index (VAZI) was spatially correlated with the 
case and death distribution by districts for three different 
times, Week 11, Week 16, and Week 22. Here, the coef-
ficient of correlation (r) was computed using the IDRISI 
TerrSet GIS and image processing software, and plotted with 
trend line (regression) [Figs. 19b and 18c]. Linear correla-
tion coefficient analysis between Cov19VZI and reported 
cases revealed that these two variables were positively cor-
related at all the three weeks (r =  + 0.68, + 0.80, and + 0.81 
at week 11, week 16, and week 22, respectively), and the 
value of r increased with time (Fig. 19b). On the other hand, 
the correlation coefficient between Cov19VZI and reported 
deaths showed that the distribution of the deaths was posi-
tively correlated with the vulnerable area at all the three 
times (r =  + 0.62, + 0.76, and + 0.81 at week 11, week 16, 
and week 22, respectively), and the value of r also increased 
with time (Fig. 19c). Increasing of r value over time also 
highlighted the dependency of the occurrences on the degree 
of vulnerability (graded vulnerable zone). Thus, correlation 

coefficient analysis ascertains that the number of cases and 
deaths was associated with the degree of vulnerability, and 
both the cases and deaths were increased with respect to the 
increased of VAZI, which validated the vulnerability zoning 
distribution described here. Hence, the vulnerability zoning 
can be used as a basic unit area for the management plan-
ning of COVID-19 situation, and it can also be very useful 
to planners and policymakers initiating remedial measures 
based on prioritizing areas.

COVID‑19 management strategies

It was mentioned earlier that there is no effective medica-
tion against COVID-19 virus yet, and therefore, management 
practices to reduce the propagation and related deaths can be 
effectively carried out if the magnitude, spatial distribution 
and transmission pattern, and vulnerable areas to COVID-
19 information are available. One of the objectives of our 
study was to provide a comprehensive management strategy 
to cope with and control the spreading of the disease. The 
developed vulnerability zoning map of COVID-19 can be 
incorporated into management strategies and planning deci-
sions. For formulation the effective management policies, 
the vulnerability zoning can be used as basic unit areas, and 
this may help to formulate a comprehensive management 
plan for each zone with careful consideration of certain acti-
vates. Worldwide accepted practices of NPIs are lockdown, 
isolation, quarantine, maintaining social distance, using 
protecting kits (face mask, hand sanitizer, hand gloves), etc. 
However, lockdown and complete isolation are more effec-
tive in the early days of the outbreak of the disease, if it is 
implemented effectively (Ferguson et al. 2020; Chan et al. 
2020; Masrur et al. 2020; Chinazzi et al. 2020). Neverthe-
less, these cannot be effectively implemented for a long time, 
since it has an impact on socio-economic settings, particu-
larly, in a developing country, like Bangladesh. Similar 
findings were found in our study too. Therefore, from these 
perspectives, a comprehensive management strategies need 
to be formulated. Table 8 presents an example of overall 
management strategies based on spatial dynamics, vulner-
able area zoning, expert opinion, and guideline provided by 
the WHO and DGHS. These strategies could serve as basic 

Table 7   Number of districts by division and vulnerability zoning

Vulnerability Zone Division Total

Dhaka Chattogram Rajshahi Khulna Sylhet Barishal Mymensing Rangpur

High 6 6 3 2 1 1 2 1 22
Medium 6 2 5 6 3 3 2 4 31
Low 1 3 – 2 – 2 – 3 10
Total 13 11 8 10 4 6 4 8 64
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components in a comprehensive COVID-19 management 
plan for the study area.

Since COVID-19 transmitted from human to human, the 
accelerated propagation of the disease mainly arises due to 
the activities, movement, behavioural pattern, carelessness, 
and unconsciousness of the people. It may also arise due 
to the lack of proper knowledge, management policies, and 
practices. Therefore, top priority should be given on taking 
the right steps and raising awareness of the people, proper 
planning, and appropriate management practices when 
formulating policy for the management of the COVID-19 
circumstances. It may be mentioned here that the vulner-
ability zoning, i.e., high, medium, and low, can be treated 
as so-called red, yellow, and green zones, respectively, in 
the formulation management strategy and policy. The high 

vulnerable areas are the most significant areas to concentrate 
management effort due to their vulnerability. These areas 
are mainly distributed in the areas where the concentration 
of establishment employees, industry workers, population 
density, and the urban population including urban male 
and migrants are high. In the high vulnerable areas, the 
observed cases and deaths due to COVID-19 were recorded 
as medium-to-high, and these areas are the core areas of eco-
nomic development. Moreover, most of the districts under 
this zone are within the hotspots cluster area of COVID-
19. Therefore, in these areas, priority should be given to 
reduce the rate of infection and recovery of the patients 
through emergency response, recovery, and action planning 
(Table 8). The medium vulnerable areas can be considered 
as focal regions for protection and recovery. Thus, the first 

Table 8   Overall management strategies for COVID-19 based on vulnerability zoning—Bangladesh

Vulnerability  
zoning

Reported cases  
and deaths

Planning  
actions

Overall management strategies

High Medium-to-high Emergency response, 
recovery and action

Priority to be given on emergency basis to limit the movement of the people by 
travel restrictions, partial lockdown can be implemented in some areas

High restriction should be implemented on daily life activities
Activities with mass gathering (socio–cultural) need to be closed for specific 

time period
Educational institutes should be closed. If problem persist for longer, alternative 

way may be applied, like net based virtual class and office works
Use of protective kits must be mandatory during outside movement, if possible 

provide kits at free of cost or a subsidized rate
Involve the law and order enforcement authority to monitor the NPIs practices
Need to create/provide/expand necessary facilities to meet local daily demands 

maintaining social distance
Initiative should be taken to share the information and awareness development 

to the people of this area. Health facilities including testing facilities need to 
be increased

To take steps to provide financial assistance to the poor
Emergency activities and works should be done in a limited extent and main-

taining with proper hygiene and health rules
Medium Low-to-medium Protection, response and 

recovery
High probability to increase the infection rate in these areas, therefore, need to 

carry out a scheme for effective NPIs practices based on expert opinion and 
research findings

Strictly need to be maintained NPI practices like social distancing, using protec-
tive kits, avoiding mass gathering, and social and cultural agglomeration

Use of face mask mandatory during outdoor activities
Involve the law and order enforcement authorities to monitor the NPI practices
Strictly implications of law to verify COVID-19 do’s or don’ts
Community-based COVID-19 management program including sharing informa-

tion and awareness development activities should be introduced
Testing facilities need to be simplified and increased

Low Low-to-medium Preparedness and pro-
tection

Need to be protected from further spreading and all of those activities that play 
role in the spreading of infection should be controlled and monitored to keep 
the zone safe

Mandatory to use a face mask outside
Community based COVID-19 management program including sharing informa-

tion and awareness development activities need to be introduced
Testing facilities need to be simplified and increased
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step should be taken to protect the area from further infec-
tion, and then, the priority should be given to reduce the 
infection and recovery of the patients. The low vulnerable 
areas should be the key regions for strict protection due to 
reasonable rates of infection and associated deaths. This 
region was mainly located in the hilly areas and extreme 
north-western parts of the country, it will be difficult for the 
protection and recovery if the people infected more, since 
these areas are far away from the central business districts 
(Dhaka, Chattogram, and Rajshahi). Therefore, these areas 
need to be protected from further spreading, and all of those 
activities that play a role in the spreading of infection should 
be controlled and monitored to keep the zone safe.

Conclusions

This study was an effort to in-depth assess and analyze the 
COVID-19 outbreak and transmission dynamics through 
space and time in Bangladesh using 154 days (08 March–08 
August 2020) real-time data series of confirmed cases and 
associated deaths. For geospatial analysis and modelling of 
the epidemic dynamics, hotspot identification, and vulner-
ability zoning (Cov19VZ), we conducted this study at the 
district level and analyzed using GIS. Overall, the study 
reveals that in Bangladesh, the status of the pandemic was 
in exposure level during the study period. And, though the 
Government has taken some effective measures to mitigate 
and control the spreading of COVID-19, lack of awareness, 
reluctance to follow the rules and regulations, ignoring to 
maintain the social distance, health safety measures, etc. 
increased the spreading of virus and worsen the situation in 
the recent weeks. The major findings of the temporal analy-
sis were (i) in a large populated country, the number of test 
conducted per day was not enough, and as the number of 
tests increased, the number of positive cases increased and 
vice versa, thus, increasing the number of tests can be an 
effective measure to get the real picture; (ii) decreasing of 
the number of cases in recent time (particularly in weeks 
18–22) does not reflect the recession period of infection, 
since the rate of confirmed cases (daily, weekly, and total) 
shows increasing/same trend; (iii) the disease transmitted 
at almost the same rate (between 20 and 24%) from the last 
12 weeks that considered as a high rate of infection; (iv) 
as of 08 August 2020, the cases were doubled in 11 days, 
denoting faster spreading; (v) the male people were infected 
more than the female (71% verses 29%), and younger were 
more infected compare to elder; (vi) the fatality rate was 
remained almost the same (1.1–1.3%) for the last 12 weeks, 
and fatality rate was higher among male and elder people 
than female and younger (male 79% and female 21%); and 
(viii) the recovery rate was nearly the same as the global 
average rate of recovery and as of 29 August 2020, recovery 
rate was about 62% of the total cases.

On the contrary, geo-spatial analysis exhibits that the 
disease propagates from the central parts of the country 
initially and then spread out in other parts over time. In 
the central, south-eastern, north-eastern, and some north-
western and south-western districts, the disease transmit-
ted widely and at a high rate, and consequently, the death 
toll was also high in these districts. Dhaka was the most 
exposed district followed by Chattogram, Narayanganj, 
Cumilla, and Bogra (the top five ranked districts) based 
on the number of cases and deaths. A single strong clus-
tering pattern in the central part, which spread out mainly 
to the south-eastern part, identified as a prime hotspot in 
both the cases of infection and deaths. Isolated low spa-
tial clustering but emerging hotspots were also recognized 
in the north-eastern and north-western parts for both the 
reported cases and deaths, indicating the possibility of 
developing more single clustering patterns as hotspots in 
some other parts, if the situation is not controlled. This 
study was able to identify the potential linkages between 
the transmission of diseases and the selected bio-socio-
economic factors that gear up the spreading of the disease 
in the area. Based on selected bio-socio-economic factors 
and the method described, the COVID-19 vulnerability 
zoning categorized the central, eastern, and south-eastern 
parts as high vulnerable zone, and on the contrary, the 
western, south-western, north-western, and north-eastern 
parts as the medium vulnerable zone. The rest of the area 
was grouped as the low vulnerable zone. The Cov19VZ 
exposed that the degree of vulnerability has a geographical 
horizontal belt distribution, and in general, the vulnerabil-
ity was comparatively high in the eastern part compared to 
the western part, which consistent with the delineated top 
15 ranked districts based on the percentage distribution of 
the reported cases and related deaths.

Finally, it can be concluded that, despite the space–time-
based analysis of the transmission dynamics of COVID-19, 
we described a method for the modelling of vulnerability 
zoning supported by GIS-aided AHP-WSM and selected 
bio–socio–economic factors, and the method delineated vul-
nerable area quantitatively over a comparatively large area. 
The advantage of the method is the incorporation of spatially 
variables into the decision-making process to determine the 
degree of vulnerability. Thus, this could be useful as an ana-
lytical and decision-making tool for the incorporation of spa-
tially variable risk perception in GIS-based decision support 
systems. Furthermore, the vulnerability zoning was validated 
against the distribution of the cases of infection and deaths 
with correlation coefficient and trend line (regression). The 
vulnerable zoning exercise in this study made it possible to 
identify the vulnerable areas with different magnitude that 
require urgent intervention through proper management and 
action plan (preparedness, emergency response, recovery, 
and action). Therefore, based on this study, comprehensive 
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management strategies were anticipated (Table 8). As this 
study was involved in assessing, monitoring, and vulnerabil-
ity zoning of the transmission of COVID-19 based on space 
and time, and provides a comprehensive management strate-
gies, it is expected that this will be a useful guide towards 
understanding the space–time-based characteristics of the 
COVID-19 and assist to policy makers to prioritize resource 
allocation, and to formulate an effective management and 
action plan to mitigate the COVID-19 problem in Bangla-
desh. By appropriate adjustment of some factors with local 
relevance, COVID-19 vulnerability zoning index (i.e., Cov-
19VZI) derived by GIS-based AHP-WSM modelling along 
with relevant factors can be applied to other regions, and or 
any other infectious disease, in general. This method was 
applied at a regional scale, but if the data of determining 
factors are available at a larger scale, it could be applied 
to evaluate the vulnerability for small areas too. However, 
only some selected factors were considered; therefore, fur-
ther application and validation of this method to more com-
plicated landscapes may be needed.
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