
1. Introduction
The entire world is currently grappling with deadly infections from a novel coronavirus disease, COVID-19. 
The COVID-19 infection is caused by the outbreak of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) (Lai et al., 2020). The disease has flu-like symptoms and affects each individual differently 
(Wu, 2020). The World Health Organization (WHO) has declared this catastrophe as a pandemic in March, 
2020. Because, a widespread case of COVID-19 infection is observed in many countries across the globe 
during the initial months of 2020. As of December 31, 2020, more than 83 million people globally have been 
infected with the COVID-19 virus, together with a total global deaths of 1.8 million people (Johns Hopkins 
University & Medicine, 2020). Due to this pandemic, the global economy has taken a serious blow. Many 
people have lost their livelihood, and faced serious challenges in getting healthcare facilities and food for 
survival. The disease has brought a serious hardship to the people in every spheres of life together with 
interruption in social and human interactions.

Abstract The COVID-19 pandemic has affected daily lives of people around the world. People have 
already started to live wearing masks, keeping a safe distance from others, and maintaining a high level 
of hygiene. This paper deals with an in-depth analysis of riskness associated with COVID-19 infections in 
Kolkata Municipal Corporation (KMC) at the subcity (ward) level. Attempts have been made to identify 
the areas with high or low risk of infections using GIS-based geostatistical approach. Cosine Similarity 
Index has been used to rank different wards of KMC according to the degree of riskness. Four indices 
were computed to address intervention objectives and to determine “Optimized Prevention Rank” of 
wards for future policy decisions. The highest risk areas were located in the eastern and western part of 
the city, to a great extent overlapped with wards containing larger share of population living in slums and/
or below poverty level. On the other hand, highly infected areas lie in central Kolkata and in several wards 
at the eastern and northeastern periphery of the KMC. The “Optimized Prevention Rank” have indicated 
that the lack of social awareness along with lack of social distancing have contributed to the increasing 
number of containments of COVID-19 cases. The rankings of the wards would no doubt provide the 
policy makers a basis to control further spread of the disease. Since effective antiviral drugs are already in 
the market, the best application of our research would be in the ensuing vaccination drive against further 
COVID-19 infections.

Plain Language Summary We examined the degree of riskness associated with COVID-19 
infections in Kolkata Municipal Corporation at the subcity (ward) level based on socioeconomic and 
health indicators. We identified high risk and hard hit areas of COVID-19 transmission in Kolkata. Our 
analysis based on four risk criteria and associated methodologies would help policy makers to formulate 
various prevention and/or intervention strategies against COVID-19 transmissions. Our study deals in 
details the risk factors that are common to any possible pandemic viral outbreak. Hence, the scientific 
analysis outlined in this research provides a global context to fight not only against COVID-19 infections 
but also any other future viral outbreak.
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COVID-19 infections have shown no barriers in terms of geography, race, wealth, religion, and ethnicity 
(Johns Hopkins University & Medicine, 2020). Among the hard hit countries, the USA, India, Brazil, and 
Russia together share the burden of over 50% of all positive cases. Increasing trend of COVID-19 infections 
especially in the developing countries has put the health infrastructure nearer to its breaking point (Nguyen 
et al., 2020). The risk of COVID-19 infections has been rising all over the world. People are worried about the 
pace of the disease spreading to the society. Several potential risk factors have been identified, such as age, 
race/ethnicity, preexisting medical conditions, poverty, crowding, hygiene, and certain occupations, that 
are associated with the spread of COVID-19 infections (CDC, 2020). Social factors such as housing, physical 
environment, food, and poverty have shown a detrimental effect on COVID-19 infections and mortality 
(Abrams & Szefler, 2020; Sasikumar et al., 2020). In addition to that, poor living conditions, lack of clean 
drinking water, and proper sanitation facilities could increase the risk to the problem (Das et al., 2020; UN 
SDG, 2020). Lack of access to quality healthcare would add further risk to the contraction and transmission 
of the virus. Homeless people living in shelters or on streets are prone to much higher risk of transmitting 
the virus due to their inability to maintain social distancing and also due to lack of basic hygiene supplies 
(Baggett et al., 2020; Tsai & Wilson, 2020). It might take several months before the general public would get 
a chance for vaccination (Kormann, 2020). Till that happens, a focused planning is absolutely essential to 
protect people from contracting this infectious virus.

India is one of the poorest countries in the world with a total population of 1.35 billion. About 22% of the 
total population are below poverty level (BPL), while the literacy rate is about 74% (Census, 2011). A large 
section of the workforce in the country is in the unorganized sectors (typically employed on a daily wage 
basis). Various preventive measures including social and economic lockdown initiated at the early phase 
of COVID-19 infection had no doubt helped India to slow down the spread of the virus (Mahajan & Kau-
shal, 2020). However, such measures have badly affected the economy in almost every sector, especially 
the unorganized sectors. Migrant workers have returned to their native place in a miserable condition (Sur 
& Mitra, 2020; Thachil, 2020). The U.S. and other developed countries also adopted stringent measures to 
control COVID-19 infection. The U.S. Government has taken care of the vulnerable population by pro-
viding foods, shelters, and other stimulus packages during the critical time of economic lockdown (U.S. 
Government response to coronavirus, COVID-19, 2020). Despite several policies undertaken by the Gov-
ernment of India and other State Governments to combat the disease, India shows an exponential rise in 
COVID-19 cases. However, the reported COVID-19 cases varied regionally and are mostly clustered around 
large cities coinciding with higher population densities, such as Delhi, Mumbai, Kolkata, and Chennai (Das 
et al., 2020; Sasikumar et al., 2020).

The city of Kolkata, which is under Kolkata Municipal Corporation (KMC), with 141 wards (subcity), has a 
total of 4.5 million inhabitants (Census, 2011). Roughly 30% of inhabitants are living in slums where living 
conditions are poor (S. Ghosh, 2013). The total number of COVID-19 infections is over 120,000 along with 
a total death of 9,700 (COVID-19 India, 2020). The heightened COVID-19 cases are reported from few pock-
ets and/or settlements (The New Indian Express, 2020). The West Bengal State Government has followed 
a strategy to identify the areas of heightened COVID-19 cases for the purpose of containing those areas to 
break the chain of virus transmission (West Bengal State Government, 2020). These contained areas are 
of three types: broad-based zones, which are typically a locality where the number of infections are many, 
isolation zones/units where the number of infections are one to many, and standalone houses/premises 
where the number of infections are limited to family members (typically one to a few). The detailed list of 
contained areas were made public to alert people regarding the risks of virus transmission (West Bengal 
State Government, 2020). Our interest is to have a closer scrutiny of the COVID-19 infections at the subcity 
level based on the containment zone listings till August 31, 2020 to identify infected areas and analyze the 
risk of virus transmission.

Several articles have published highlighting the role of socioeconomic conditions and physical environ-
ments on the COVID-19 transmissions by comparing large cities and countries (e.g., Acharya & Porw-
al,  2020; Sasikumar et  al.,  2020; You & Pan,  2020). However, a few studies have highlighted the risk at 
the subcity level that considered the heterogeneity in the distribution of various risk factors including im-
portant heath indicators (e.g., Hu et al., 2020). In this article, we analyzed subcity (ward) level COVID-19 
infections in Kolkata city and considered several socioeconomic and health indicators to examine the cause 
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GeoHealth

of virus transmission and its containments in different locations. Hence, this paper had attempted to: i) 
identify locations with high or low risk of COVID-19 infection, and ii) examine the nature and causes of 
infections within the KMC area. The paper also analyzed various intervention criteria under optimized 
conditions for future policy decisions in order to control further spread of SARS-CoV-2 and/or to prevent 
new virus infections. It is no doubt the fact that the disease is highly infectious and transmits rapidly to the 
communities. Therefore, attention from the part of the state to be given in order to control the spread of 
virus transmission through intervention measures such as to plan for an effective vaccination drive. So the 
risk mapping of different zones of COVID-19 transmission and the identification of nature and causes of 
such risk would no doubt benefit the policy makers to undertake various prevention and/or intervention 
programs at the subcity level.

2. Data and Methodology
2.1. Data Used

The data were collected from the Primary Census Abstract, 2011 of the Government of India (Census, 2011). 
The data were extrapolated to reflect the current situation on the basis of decadal growth rate from census 
record. We have computed ward wise population living in slums and below poverty level from Basu (2015) 
and Das Gupta, (2009). The data on homeless people sleeping on the streets were collected from Sabuj 
Sangha (2014). Average persons per household in each ward is computed by dividing total population with 
total households. The description of socioeconomic variables used in our analysis are detailed in Table 1.

Lack of clean drinking water and proper sanitation are the major causes of disease intensity in developing 
countries like India (Nath, 2003). The use of water from untreated sources is likely to cause weak immune 
systems due to the presence of pathogens, and toxic trace elements such as As, Fe, and Mn (Chakraborti 
et al., 2017). In India, the poorer section of the community is highly susceptible to Tuberculosis (TB) and 
poses greater risk of COVID-19 infections (Dey et al., 2019; MOHFW, 2020). Hence, arsenic (As) concentra-
tion in untreated groundwater used for drinking, cancer risk in southern KMC wards, and TB burden were 
used in the analysis (data from Chakraborti et al., 2017 and Dey et al., 2019).
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Risk criteria Independent variables Descriptions (ward wise)

Lack of social distancing Population density People per km2

Large family (9+ people) residential households Percentage of household to total households

Nonexclusive bedroom Percentage of household to total households

Drinking water sources—far away from home Percentage of household to total households

Lack of social awareness Uneducated population Percentage of uneducated population

Slum population Percentage of population living in slums

Susceptibility Households below poverty level Percentage of household to total households

Marginal workers Percentage of marginal workers

Homeless sleeping on streetsa Percentage of homeless people

Poor health and hygiene condition Untreated water sources Percentage of household to total households

Community latrines Percentage of household to total households

Open/No wastewater drains Percentage of household to total households

Other variables (used in the discussion) Arsenic in untreated groundwaterb Average concentration

Cancer risk indexb Calculated from average As concentrations 
and consumption rate

Tuberculosis (TB) burdenc High or low

Data source: Census 2011 of India (Census, 2011). Decadal growth rate was used to extrapolate the data to reflect the current situation.
aHomeless people sleeping on streets are from Sabuj Sangha (2014). bArsenic in untreated groundwater used for drinking and cancer risk index from Chakraborti 
et al. (2017) cTuberculosis (TB) burden is from Dey et al. (2019).

Table 1 
Descriptions of Demographic and Other Variables Used in the Analysis and Discussion
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To understand the status of COVID-19 infections in different KMC wards, we have collected the record 
of publicly accessible containment zones and/or isolation units till the end of August, 2020 (Deccan Her-
ald, 2020; Javed,  2020; Mehta,  2020; Shaurya,  2020; The Bengal Story,  2020; West Bengal State Govern-
ment, 2020). These containment zones and/or isolation units were established when one or more positive 
COVID-19 cases were reported in these zones/units. These zones/units were contained for 14 days of no 
new cases to control virus transmission.

2.2. Identification of COVID-19 Risk Locations

We used Cosine Similarity Index (CSI) to identify locations of the highest risk of contracting COVID-19 
across different wards of KMC. In order to compute this index, the relevant input variables were standard-
ized through a z-transformation. This means that all the input values (X) were subtracted from the mean (X̅) 
for all variables and then divided by the standard deviation (σ) to keep all the variables on the same scale. 
We then used Cosine similarity mathematics to compare vectors of standardized data for each KMC wards 
(a candidate feature) and the vectors of standardized data for the worst-case scenario (a target feature).

The Cosine similarity of two vectors, A and B, was computed using the following formula:
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The analysis was performed using the “Similarity Search” tool in ArcGIS Pro 2.5.1 (ESRI). The tool finds 
features similar to a worst-case scenario based on input variables. A hypothetical “target feature” was creat-
ed by adding all the worst values of input variables. These variables were: population density, percentage of 
households with nonexclusive bedrooms, percentage of households with more than nine family members, 
percentage of households depending on community water source, percentage of uneducated population, 
percentage of slum population, percentage of marginal workers, percentage of BPL population, percentage 
of houseless population sleeping on the street, percentage of households drinking water from untreated 
source, percentage of households using community latrine, and percentage of households with no waste-
water drains.

The CSI ranges between 1.0 (perfect similarity) and −1.0 (perfect dissimilarity). The wards were then ranked 
on the basis of values of the CSI. The wards with the highest ranking indicate the highest risk, while the 
ward with the lowest ranking indicate the lowest risk for contracting COVID-19.

2.3. Measuring the Risk of COVID-19 Infection

In order to assess the degree of riskness of COVID-19 infection, we have formulated four risk indices as so-
cial distancing index, social awareness index, susceptibility index, and health and hygiene index. These in-
dices were based on several socioeconomic factors which affect mostly to the spread of COVID-19 infections 
(CDC, 2020). Since all these indices associated with different indicators show nonattainment situations, 
larger index values indicate higher risk, for example, a ward with the largest social distancing index would 
rank the highest, suggesting that the social distancing is lacking.

Social distancing or physical isolation is one of the most important risk factors that control the transmission 
of the virus (Kaur et al., 2020). Following variables were used in the calculation of social distancing index:

 (a)  Population density, that is, the number of people per km2.
 (b)  Percentage of households with more than nine persons.
 (c)  Availability of exclusive bed room for household members (in percentage).
 (d)  Percentage of households having access to community drinking water sources.

The choice of these variables were based on the notion that the areas with high population density will pose 
a greater risk of getting infections from an asymptomatic and/or infected individuals. Likewise, we have 
considered that a household with more than nine persons would make it extremely difficult to maintain 
physical isolation in case one of the family members gets infected (or become asymptomatic). We choose 
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nine persons by considering an extreme scenario where the average household size within the KMC area is 
4.5 (Census, 2011). Similarly, physical isolation would be difficult to maintain in the absence of an exclusive 
bedroom for a household member. This is also true for a household member when he/she has to collect 
drinking water from community wells or tap water sources. The chance of social distancing or physical 
isolation is compromised to an extent in our society during drinking water collection (Sur & Mitra, 2020).

For social awareness index, we have used two important demographic variables, such as the percentage 
of population living in slums and percentage of uneducated population. Social awareness is an important 
indicator fighting COVID-19 infections. Adequate knowledge of virus transmission would reduce the risk 
of infections to any individuals because the COVID-19 transmission can occur by both direct and indirect 
contacts with an infected individual (Jayaweera et al., 2020). Additionally, individuals living in slums are 
naturally lagging behind in terms of COVID-19 pandemic (Sur & Mitra, 2020). Thus, the transmission of 
virus would still be higher even if the area has been contained due to lack of social awareness. Therefore, 
educational attainment and proper knowledge are needed to keep the infection under control.

For susceptibility index, we have used the following indicators:

 (a)  Percentage of BPL households.
 (b)  Percentage of homeless people sleeping on the streets.
 (c)  Percentage of marginal workers.

Susceptibility index was computed to address the needs of the most vulnerable population in the commu-
nity. Because during the pandemic and economic lockdown, most of these vulnerable groups of people as 
determined by the associated variables would be out of work. It would be essential to address the needs of 
these people otherwise deprivation for foods and/or poverty may create conditions for the greater transmis-
sion to infectious diseases (Quinn & Kumar, 2014).

Lastly, we have calculated a health and hygiene index to address vulnerable areas where people have the 
greater likelihood of a weak immune system due to lack of access to clean drinking water, sanitation, and 
hygiene and thereby increasing the risk of COVID-19 infections (Das et al., 2020). Such areas are typically 
prone to greater incidences of TB and other infectious diseases (Dey et al., 2019). Therefore, we have con-
sidered the following variables:

 (a)  Percentage of households having drinking water from untreated sources (typically contain patho-
gens, toxic trace elements such as As, Fe, and Mn, and chances of waterborne viruses, Chakraborti 
et al., 2017).

 (b)  Percentage of households without proper sanitation facilities within the premises (community latrine 
usually have poor hygiene conditions).

 (c)  Percentage of households having no proper drainage system for wastewater.

Data of each indicator variable was normalized to create an index, that is, IX. Normalization was done by 
using the formula outlined in United Nations Development Programme (UNDP) for Human Development 
Index (UNDP, 2010):
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Then, four risk indices (XCI) were computed through weighted average of all individual index values (IX), 
that is,
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where ranks were used as weights. IXri denotes the rank (across location) of an individual index for ith 
indicator/variable.
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2.4. Identification of Priority Wards for Future Policy Decisions

Spearman's rank correlation coefficient was applied to derive “optimized prevention rank” of the wards 
based on social distancing, social awareness, susceptibility, and health and hygiene index. We have used a 
different combination of weight factors to each of the risk criteria to compute “optimized prevention ranks” 
of wards for future policy decisions.

The Spearman's correlation (ρ) was used as follows:
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where, di = difference in paired ranks and n = number of cases.

3. Results and Discussion
3.1. COVID-19 Infections in KMC Area

We have considered a total of 3,288 COVID-19 case records from March 17 to June 30, 2020 to identify 
hard hit areas of KMC. The total number of infected people in different wards of KMC were estimated by 
assigning one positive case for each case record. In doing so, we could assign wards to about 60% of the 
government reported positive cases reported to June 30, 2020. This indicates that some of the case records 
are either missing in our database or there could be several infected persons in one record. In total, 43 out of 
141 wards within the KMC area have greater than or equal to 25 COVID-19 cases (Figure 1a). These wards 
are in the central and eastern part of the city. While, the intensity of COVID-19 cases (i.e., the number of 
cases per 1,000 people) is significantly higher in the wards of central Kolkata together with a few wards in 
northeast Kolkata (Figure 1b).

The summary of containment zones have revealed a total 2,413 locations in the KMC area contained be-
tween April 27 and June 30, 2020. Among them, nine wards have contained more than 40 locations over 3 
months (Figure 1c). The data further revealed that the containment zones have increased over time, from 
227 locations in April 27 to 724 locations in June 8. On April 27, more than four containment zones or 
isolation units were reported in 12 wards located in central and north Kolkata, while the number of wards 
have increased to 21 on May 11 and spread toward east and west of the city. On June 8, 61 wards have been 
contained in more than four locations. The data suggests that the most contained areas are associated with 
the most case records (Figure S1).

The hotspots of highly intensive containment zones (i.e., greater than one containment zones per 1,000 
population) were localized in central Kolkata than in other parts of the KMC area (Figure 1d). While, the 
July and August “broad-based” containment zones were shown to scatter in three areas of central, north-
east, and southeast Kolkata, which largely overlapped the areas contained extensively till June 30, 2020. 
The majority of July and August containment zones were apartment complexes where individuals live in 
high-rise buildings. The report suggested that almost 50% of COVID-19 cases during the first 25 days of July 
were recorded in these apartment complexes (D. Ghosh, 2020). This indicates a greater community trans-
mission of COVID-19 infections in apartment complexes perhaps due to a greater level of social interactions 
and lack of physical separation. Which is contrary to the general belief that slums are potential coronavirus 
hotspots (Pasricha, 2020). Effectively three most important safety protocols were suggested, that is, wearing 
masks, keeping a safe distance, and maintaining hand hygiene that helped minimize the risks to COVID-19 
transmission (Brauer et al., 2020; NIPH, 2020).

3.2. Community Characteristics of KMC Wards

Since there is a heterogeneity in the distribution of containment zones, it is important to analyze com-
munity characteristics of infected wards before making a plan for intervention so that resources could be 
readied in the event of a second wave of virus infections and/or controlling the further transmission of the 
disease. Analysis of the community characteristics revealed that a combination of demographic factors is 
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responsible for the spread of virus infections (Figure S2). Our data showed that five wards with low popu-
lation density (less than 50,000 people per km2) have been contained greater than 40 times. In contrast, 16 
wards with high population density (greater than 75,000 people per km2) have been contained for less than 
20 times. Hence, population density is not the only determinant for virus transmission which is analogous 
to other studies (e.g., Hamidi et al., 2020). Similar relationships were also observed between households 
with more than nine individuals and total containment zones. We observed an inverse relationship be-
tween the percentage of households using untreated water and total containment zones, and percentage 
of households with no wastewater drains and total containment zones. While, the relationship between 
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Figure 1. The map shows: (a) Ward wise distribution of total COVID-19 case records until June 30, within the Kolkata Municipal Corporation (KMC), (b) 
intensity of COVID-19 case records (per 1,000 population) in different wards, (c) ward wise distribution of total COVID-19 containment zones on the basis of 
over 2,413 containment zone listings until June 30, and (d) intensity of containment zones (per 1,000 population) illustrate the per capita distribution that helps 
identifying the worst hit locations. Broad-based containment zones (between July 1 and August 31, 2020, total = 135) are shown as a point symbol in cyan color 
and are not included in (b and d), due to changes in the definition of these containment zones.
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total marginal workers and total containment zones is positive. Similar relationship was also observed for 
the percentage of BPL households, total uneducated population, and total population in slums with total 
containment zones.

We then chose 15 highly infected wards where the intensity of containments were greater than 1 per 1,000 
population and analyzed demographic characteristics so that interward comparison can be made to un-
derstand the reason behind the observed hotspots of containments (Figure 2). The analysis revealed that 
in three wards (ward no. 7, 63, and 72) greater than 8% households have nonexclusive bedrooms for family 
members, while in four wards (ward no. 13, 63, 70, and 71) greater than 6% households were crowded with 
more than nine family members (Figure 2). In addition to that, in six wards (ward no. 7, 13, 73, 76, 82, and 
85) population density was greater than 40,000 people per km2 (figure not shown). Among other variables, 
six wards (ward no. 7, 13, 33, 74, 76, and 85) have higher share of population living in slums (greater than 
30% of the total population). In three wards (ward no. 7, 13, and 82) greater than 25% households were be-
low poverty level. In addition to that, in six wards (ward no. 7, 68, 82, 85, 86, and 94) greater than 7% house-
holds have access to community latrines only, while in 1 ward (ward no. 13) greater than 5% households 
have access to untreated water sources only. This suggests heterogeneity in the community characteristics 
across highly infected wards. Therefore, it is important to formulate multiple planning scenarios based on 
the heterogeneous community characteristics to achieve an optimal outcome.

3.3. COVID-19 Risk Mapping at the Ward (Subcity) Level

Different wards were identified as high or low risk of COVID-19 infections based on the values of CSI. The 
highest risk wards (rank between 1 and 30) based on CSI were clustered to the eastern and western parts 
of the KMC area (Figure 3). However, the wards with moderate risk were scattered throughout the KMC 
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Figure 2. Demographic characteristics of 15 hard hit wards (greater than 1 containment zone per 1,000 population) of Kolkata Municipal Corporation.
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area covering both northern and southern parts. The spatial pattern of CSI rank has indicated a widespread 
nature of COVID-19 risk across different wards of Kolkata city. This risk map could help policy makers to 
prioritize prevention strategies to formulate suitable planning.

COVID-19 risk mapping showed the ranking of different wards on the basis of different levels of risk, that 
is, high, moderate, and low. This risk variation across different wards may be explained by variations in 
different socioeconomic variables. Population density is the highest in north Kolkata and some pockets in 
central and west Kolkata (Figure 4a). Whereas, population density is less than 25,000 people per km2 in 
south Kolkata. Population density is one of the major determinants of COVID-19 infections unless social 
distancing guidelines are maintained (Hamidi et al., 2020). In New York City, the majority of the infected 
individuals were reported from the low income zip (PIN) codes and living in crowded households (Comer & 
Nowlin, 2020). In our study site, the large family households are mostly located (more than 6% households) 
in the west near Garden Reach and Metiabruz region and parts of north Kolkata. While, in south Kolkata, 
less than 3% households share their space with more than nine people (Figure 4b). Therefore, population 
density along with other demographic variables (such as large households and lack of exclusive bed rooms 
for family members) should play an important role in the virus transmission.

Higher percentage of BPL households can be found in several pockets in the eastern and western parts of 
Kolkata (Figure 4c). These areas also accommodate a larger share of population in slums (Figure 4d). In 
addition to that higher percentage of uneducated population (greater than 25% of the total population) is 

NATH ET AL.

10.1029/2020GH000368

9 of 17

Figure 3. Map showing COVID-19 risk based on multiple demographic variables. The risk areas were identified on the 
basis of a “similarity search” in ArcGIS Pro 2.5 (ESRI) using attribute profile and calculation of Cosine Similarity Index 
(CSI) for 141 wards of Kolkata Municipal Corporation.
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closely associated with the people living in slums and BPL (Figure S3a). However, the higher percentage of 
marginal workers (greater than 6% of the total population) have been located in 24 wards throughout the 
KMC (Figure S3b). In several wards, people use community latrines of poor hygienic condition which could 
potentially increase the risk of virus transmission (Figure S3c). In addition to that, a larger share of house-
holds in south Kolkata have only access to untreated water sources (Figure S3d). All these factors contrib-
ute, to an extent, to the variations in COVID-19 risk across different wards, because these socially excluded 
demographics (such as people living in slums and BPL households) lack space and physical environment, 
access to clean drinking water, sanitation and proper hygiene (Mayne, 2017).

According to the study on groundwater quality, high concentrations of As above WHO guidelines of 10 μg/l 
were largely found in groundwater sources from southern KMC wards (Figure S4a; Chakraborti et al., 2017). 
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Figure 4. Ward wise distribution of demographic characteristics: (a) Population density (per km2), (b) percentage of 9+ person households, (c) percentage of 
households below poverty level (BPL), and (d) percentage of people living in slums in Kolkata Municipal Corporation.
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Drinking of As-contaminated water for a long time could cause carcinogenicity and other noncancerous ef-
fects and thus weaken the immune system (Dangleben et al., 2013). Additionally, COVID-19 virus could po-
tentially source from untreated wastewater (Quilliam et al., 2020). As a larger percentage of households in 
south Kolkata either do not have drainage systems or connected to an open drainage system for wastewater 
passing, the chances of infections effectively increases. We believed that case fatality rates could be higher in 
south Kolkata compared to other parts of KMC due to poor health and hygiene conditions. Additionally, the 
large parts of east and south Kolkata together with several pockets in slums areas north and west of Kolkata 
coincided with high TB burden (Figure S4b; Dey et al., 2019). Studies showed that the TB is associated with 
a 2.1-fold increased risk of a severe COVID-19 disease (MOHFW, 2020). According to the WHO, COVID-19 
is expected to affect patients with TB. However, the responses of COVID-19 and TB complement each other 
(Dara et al., 2020). Our results showed that some slums and/or other regions in Kolkata with high TB bur-
den exhibited high COVID-19 infections.

3.4. Nature and Causes of COVID-19 Infections in KMC Area

Four risk indices were formulated to address the degree of transmission of COVID-19 virus within the KMC 
area. These are social distancing index, social awareness index, susceptibility index, and health and hygiene 
index. All the wards were ranked by using respective index values (Figure 5).

According to the social distancing rank map, the higher ranked wards are located as a cluster which in-
cludes parts of north Kolkata, Garden Reach, and Metiabruz in the west, and east Kolkata. These areas have 
higher population density, higher percentage of large family households (more than nine members), and 
greater percentage of households access water from outside sources (Figures 5a and S3). According to the 
Spearman rank correlation coefficient, population density (rR = +0.82) and crowded households (rR = +0.5) 
have contributed the most in the social distancing ranking.

According to the susceptibility ranking, the eastern and western Kolkata have received higher ranking, 
which suggests the presence of greater share of susceptible individuals in these locations. Additionally, 
these are the areas where a larger fraction of the population live below the poverty level together with a 
higher share of population as marginal workers (Figures 5b and S3). This group of population is among 
the most vulnerable due to job losses and lockdown of the economy (Sur & Mitra, 2020). According to the 
Spearman rank correlation coefficient, the percentage of BPL population (rR = +0.95) have contributed the 
most to the overall rank weighted susceptibility index.

Social awareness index ranking showed highest priority areas in the east and northeastern Kolkata along 
with parts of Kalighat, Alipore, Mominpore, Garden Reach, and Metiabruz (Figure 5c). Again, these local-
ities included a greater share of slums and uneducated populations. Likewise, Spearman rank correlation 
coefficient showed that the percentage of uneducated (rR = +0.75) and slum (rR = +0.94) population have 
contributed to the social awareness ranking and hence the risk of COVID-19 infections.

Health and hygiene are one of the important factors for COVID-19 infection because the virus can attack 
people with weak immune systems. According to health and hygiene index ranking, most of the higher 
ranked areas are located in the east, south and west Kolkata (Figure 5d). These are the areas where people 
have limited access to treated water, access to unhygienic community latrines, and households with no 
drainage system for wastewater (Figure S3). However, the rR values have indicated that the access to un-
treated water (rR = +0.72) and lack of wastewater drains (rR = +0.85) have played an important role in the 
health and hygiene ranking.

Health and social inequities can lead to increased risk of virus infection, such as discrimination, occupation, 
access to healthcare facilities, and choices in job situation (Quinn & Kumar, 2014). Lower socioeconomic 
status together with poor health and hygiene conditions may exacerbate COVID-19 infections (Okoi & Bwa-
wa, 2020). According to a study in peri-urban Tamil Nadu, India, the study population perceived low or no 
risk of contracting virus instead they feared for economic losses due to COVID-19 pandemic (Kuang et al., 
2020). A considerable proportion of this community did not increase their practice of preventive behaviors, 
such as social distancing and restricting gatherings. In Kolkata, a section of urban population is still lagging 
behind from improved living conditions, drinking water, and sanitation facilities. Slum dwellers suffer the 
most in terms of health and hygiene (Goli et al., 2011). Hence the risk analysis based on four risk indices 
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portrays a clear picture to the policy makers to plan for reducing the risks of COVID-19 infections in Kolkata 
as well as in other cities.

4. Implications for Future Policy Decisions
It is easy to emphasize one single risk criterion in an ideal situation when all the other potential risk impos-
ing criteria remain either inert or under control. However, in a real-world situation all the risk criteria act 
simultaneously, and thus making it difficult for the policy makers to take immediate measures considering 
risk criteria individually. Hence, any intervention strategy should focus on an optimized condition based on 
intertwined rankings to make a greater impact.
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Figure 5. Ranking of KMC wards on the basis of (a) social distancing index, (b) susceptibility index, (c) social awareness index, and (d) health and hygiene 
index for the formulation of priority strategy(s) to prevent and control transmission of virus infections.
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We used Spearman's rank correlation coefficient to “optimize” the rankings of the wards by combining 
social distancing, social awareness, susceptibility, and health and hygiene rankings. A “weighted average” 
approach was used to evaluate the impact of individual risk criteria during optimization. We then compared 
the results with current scenarios and highlighted its future usefulness. A “weighted average value” for each 
risk factor was chosen based on our understanding from interviewing individuals battling the pandemic. 
It has been well known that the adherence to social distancing would significantly slow the spread of the 
virus till a scientifically approved clinical solution is achieved and the healthcare system would not be over-
whelmed (Tammes, 2020). While, other factors such as susceptibility and health and hygiene conditions 
should have a lesser impact unless social distancing is not maintained (Hamidi et al., 2020). However, social 
awareness of the COVID-19 risk could be as important as social distancing since infections may occur from 
indirect contacts (Jayaweera et al., 2020). Therefore, we chose to emphasize social distancing and social 
awareness (while not discarding other indicators) because Kolkata is one of the overcrowded metropolitan 
cities in the world, where large sections of population are living below the poverty level (Kolb, 2019). The 
following formulations were considered based on different assigned weight in the optimized ranking of the 
wards: a) 0.5, 0.3, 0.1, 0.1; b) 0.3, 0.5, 0.1, 0.1; c) 0.4, 0.4, 0.1, 0.1; and d) 0.25, 0.25, 0.25, 0.25, respectively to 
social distancing, social awareness, susceptibility, and health and hygiene (Figure 6). The calculated Spear-
man's rank's (rR) positive value indicates that a particular risk criterion in the formulation is playing a more 
important role than the other on the “optimized performance rank,” whereas negative value highlights less 
significance (Table S1).

The results indicate that while considering formulation a, the largest ranked wards are mostly located in the 
north and west of the city, in addition to some wards in the east (Figure 6a). The Spearman's rank correla-
tion coefficient (rR) indicate the greater importance of social awareness (rR = +0.86) and social distancing 
(rR = +0.73) in formulation a ranks than the susceptibility (rR = +0.57) and health and hygiene (rR = −0.08). 
However, the highest ranked wards are more intensified to the east and west of the city when the weight of 
social distancing is lowered to 0.3 and social awareness is increased to 0.5 (formulation b). The rank map 
showed a few highly ranked wards in central Kolkata (Figure 6b). In this formulation, the major contri-
bution is attributed to social awareness based on Spearman's rank correlation coefficient (rR = +0.96). In 
formulation c, the largest ranked wards are clustered to the east and west of the city, while majority of the 
wards in south Kolkata ranked low (Figure 6c). Likewise, Spearman's rank correlation coefficient indicated 
a major contribution of social awareness (rR = +0.92) in this formulation. When equal weight (0.25) was 
considered (formulation d), the largest ranked wards are found scattered throughout the KMC, mainly in 
the east and west of the city (Figure 6d). Again, Spearman's rank correlation coefficient indicated a major 
contribution of social awareness (rR = 0.79) in this formulation. This suggests that social distancing is not 
exclusively controlling the transmission of COVID-19 infections in different parts of Kolkata. Rather, a 
combination of other factors such as lack of social awareness and high susceptibility are contributing to the 
current condition of virus transmission in Kolkata.

Our analysis has revealed slow COVID-19 community transmission in the areas with poor health & hy-
giene, typically in south Kolkata, perhaps due to lower the number of susceptible individuals than in other 
localities of the KMC. The knowledge of heterogeneity in the number of susceptible individuals evidently 
makes varied levels of disease propagation within the KMC area, also suggested by the observed greater 
containments of COVID-19 cases in central and northeast Kolkata during early phase of the pandemic 
(Figure 1c). While modeling the spread of epidemics, Smilkov et al. (2014) had considered heterogeneous 
susceptibility in their model for an accurate understanding of the epidemic spreading processes. On the 
other hand, a positive association between ambient temperature and surge in COVID-19 cases in large cities 
with higher population densities is indicative of the role physical factors in the survival and transmission 
of SARS-CoV-2 (Sasikumar et al., 2020). The heterogeneity in such physical factors at a subcity level would 
essentially contribute to the greater success in tackling the pandemic. Hence, while tackling such a pan-
demic, the policy makers should collectively consider all the risk criteria, rather than focusing on one single 
risk factor at a time. However, we need to keep in mind that this finding is case sensitive as the assigned 
“weighted average value” were specific to Kolkata and thus, it could vary from place to place.
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5. Limitations of This Research
Due to lack of data at the time of inception of this study, we could not incorporate some other potentially 
important variables that could have made our analysis a bit more robust. Hence, we had to selectively focus 
on the reported variables as we have the related data for them in hand (and are publicly available). One may 
surely look at it as a compromise. However, we are committed to extend this work to explore those missed 
out variables in the future and incorporate these attributes through machine learning approaches such as 
“decision tree” and “random forest model” to aid in the decision making process.
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Figure 6. Future scenarios based on the optimized prevention ranking of KMC wards: (a) 0.5 weight to social distancing, 0.3 weight to social awareness, and 
0.1 weight equally to the remaining factors; (b) 0.3 weight to social distancing, 0.5 weight to social awareness, and 0.1 weight equally to the remaining factors; 
(c) 0.4 weight to social distancing, 0.4 weight to social awareness, and 0.1 weight equally to the remaining factors; and (d) 0.25 weight to all four intervention 
criterion. Based on these optimized rankings targeted prevention on a priority basis would be required to control COVID-19 infections/transmissions or in the 
case of future outbreak. Further work is needed to optimize the contributions of different weight factors.
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6. Conclusion
The identification of high risk and hard hit wards (subcity) of KMC along with associated community 
characteristics helps formulation of planning scenarios for the future to minimize the impact and ensuing 
vaccination drive against future COVID-19 infections. Three major COVID-19 hotspots have been identi-
fied, which are central Kolkata, southeast Kolkata, and northeast Kolkata. Our results have indicated that 
social distancing alone is not causing the transmission of virus, instead a combination of multiple risk 
factors is playing a critical role in increasing COVID-19 containments in Kolkata. Raising awareness among 
the population living in the areas of higher risk regarding use of masks, hand hygiene, and keeping a safe 
distance would reduce the spread of virus to a great extent until we have the vaccines available for the gen-
eral public. Ranking of wards in terms of the degree of riskness as measured by four risk indices would no 
doubt help policy makers to address various preventive measures to control virus infections. We strongly 
believe that our scientific analysis provides the policy makers and Government agencies an idea to fight 
a possible second wave of COVID-19 infections. Finally, our study presents a universal application of the 
methodology to tackle any pandemic situation just by tweaking and tuning the parameters and values a bit 
according to necessity.
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