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Abstract
This paper discusses on the increasing relevancy of geospatial technologies such as geographic information system (GIS) in

the public health domain, particularly for the infectious disease surveillance and modelling strategies. Traditionally, the

disease mapping tasks have faced many challenges—(1) authors rarely documented the evidence that were used to create

map, (2) before evolution of GIS, many errors aroused in mapping tasks which were expanded extremely at global scales,

and (3) there were no fidelity assessment of maps which resulted in inaccurate precision. This study on infectious diseases

geo-surveillance is divided into four broad sections with emphasis on handling geographical and temporal issues to help in

public health decision-making and planning policies: (1) geospatial mapping of diseases using its spatial and temporal

information to understand their behaviour across geography; (2) the citizen’s involvement as volunteers in giving health

and disease data to assess the critical situation for disease’s spread and prevention in neighbourhood effect; (3) scientific

analysis of health-related behaviour using mathematical epidemiological and geo-statistical approaches with (4) capacity

building program. To illustrate each theme, recent case studies are cited and case studies are performed on COVID-19 to

demonstrate selected models.
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Introduction

The public health sector’s increasing demand for mapping,

analytics and visualization had started a date back in the

last 20 years, which has resulted in a growing information-

age technology for communicable disease surveillance and

epidemiology (Baker et al. 1995; Bos and Blobel 2007;

Friede et al. 1993; Friede 1995; Khan et al. 2010; Reeder

et al. 2012; Yu and Edberg 2005). This continuous public

health burden with advances in information technology

combined with spatial data led to the development of

various tools and systems that provides visualization of

disease data in space and time (Dredger et al. 2007; Kothari

et al. 2008; Robertson and Nelson 2010; Schriml et al.

2009).

The first integral definition of public health was given by

Winslow (1920) as ‘‘science and art of preventing disease,

prolonging life, and promoting health through the orga-

nized efforts and informed choices of society, organiza-

tions, public and private communities, and individuals’’.

The American Public Health Association (APHA) men-

tioned public health as a practice of preventing the spread

of disease and an aim of promoting good health from small

communities to across the world (Turnock 2012). Advan-

ces in information technology and spatial features resulted

in geospatial technology which is acute for mapping,

surveillance, predicting outbreaks, detecting clustering and

analysing spread patterns of infectious diseases with epi-

demic or pandemic potential in communities and across

territories (AvRuskin et al. 2004; Carpenter 2011; Cas-

tronovo et al. 2009; Dominkovics et al. 2011; Gao et al.
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2008; Heymann and Brilliant 2011; Hills et al. 2008;

Klompas et al. 2011; Reis et al. 2007). Geospatial tech-

nology has provided visualization and analytical tools to

public health professionals and decision makers to execute

diseases control programs in affected and/or suspected

regions and make analysis and predictions possible that

was once technologically out of reach.

Geospatial technology includes geographical informa-

tion systems (GIS), global positioning systems (GPS) and

satellite-based technologies such as remote sensing (RS).

GIS is known for geographic data capture, input, update,

manipulation, transformation, analysis, query, modelling

and visualization of all forms of geographically referenced

information through the set of computer programs (Bon-

ham-Carter 2014). GPS provides positioning, navigation

and timing (PNT) services by capturing data from satellites

and providing it to users (Eldredge et al. 2010), and RS is

an earth observation instrument that delivers regional

information on climatic factors and landscape features.

Therefore, GPS and RS provide regional and spatial

information, while GIS provides geospatial data integration

as well as accurate geospatial analysis in real-time manner

(Zhen et al. 2010).

Geospatial Technology and Infectious
Disease Surveillance

Infectious diseases mostly adapts anti-microbial and

mobility features later formed in a shape of pandemic and/

or epidemic (Chen et al. 2019; Cheng et al. 2019; Lee and

Nishiura 2019), which forced public health authorities to

understand not only the diseases virulence, but also its

demographic and environmental factors that helps in

making spread patterns though space and time domain

(Croner 2004). For example, the global spread of highly

pathogenic avian influenza (HPAI) H5N1 in 2005–06 with

no effective vaccines led to concern among public health

decision makers, in spite of many international programs

(Rappole and Hubálek 2006)32. The reason behind their

concern was they were lacking of disease surveillance tool

in its initial stage which caused inaccessibility to popula-

tions at risk, and faced difficulties in implementing

immunization strategies at a global scale (Kitler et al. 2002;

Stoto et al. 2004). However, the impact of environmental

and demographic factors also plays a major role as this can

inform about the interaction between hosts and pathogens,

and patterns of spread in space and time.

The GIS provides dynamic maps to understand geo-

graphical distribution of diseases for analysis on frequency

of cases, disease mapping, spatial cluster of diseases, dis-

ease association with environmental factors, network

analysis, etc. With such a visualization and analytical

capabilities, GIS technology is holding a widespread

growth in public health (Ahmad et al. 2011a, b; Booman

et al. 2000; Hanafi-Bojd et al. 2012; Kolivras 2006; Martin

et al. 2002; Nykiforuk and Flaman 2011; Abdul Rasam

et al. 2011; Zhang et al. 2008; Zhen et al. 2010). The

seamless integration of GIS with real-time infectious dis-

ease-related diverse datasets through web-based mapping

leads to the development of geospatial dashboard,

geospatial service framework, for infectious disease

surveillance (Dent 2006; Gao et al. 2008; Yun 2007). The

infectious disease-related data might include disease

surveillance data (active/confirmed cases) and health sys-

tem data (hospital visits, emergency services availability,

nurse/doctor availability, ICU/bed availability). Many

open-source geospatial standards of Open Geospatial

Consortium (OGC) are used as a Web Map Service

(WMS), Web Coverage Service (WCS), Web Processing

Service (WPS), Web Feature Service (WFS), etc, (Bula-

tović et al. 2010; Gao et al. 2008) to visualize, access,

publish and manipulate geospatial resources. Also, many

other popular industrial geospatial standards are developed

by ESRI, Google, Yahoo, and MapInfo (Granell et al.

2014) to fetch location-based data and provide infectious

disease surveillance dashboard to monitor and control the

geographically spread of disease (Zhang et al. 2007). The

Geocoded Really Simple Syndication (GeoRSS) tagged

XML files from GeoRSS services can also be used to

provide geocoded infectious disease news from social

media platform (Tolentino et al. 2007; Kass-Hout and

Alhinnawi 2013a, b; Kodong et al. 2020).

Historical Context

The mapping of infectious diseases using geospatial and

information technology to benefit public health is not a new

way of tracking the diseases (Ahmad et al. 2017; Cui et al.

2011; Hirsch 1883; Hornsby 2000; Matthew et al. 2004;

May 1951; Mujica 2013; Nicholson and Mather 1996;

Noble et al. 2012; Perl and Moalem 2006; Williams et al.

1986). The historical disease mapping has faced many

challenges—(1) authors rarely documented the evidence

that were used to create map, (2) after mapping had been

implemented before the beginning of geographical infor-

mation systems, many errors arouse which were expanded

extremely at global scales, and (3) there were no fidelity

assessment of maps which resulted in inaccurate precision.

But nowadays, wide range of geospatial applications are

available in public health community with a possibilities of

visualization, analysis, detection of clusters formed and

calculate disease-related metrics such as incidence and

prevalence rate (Beck et al. 2000; Clarke et al. 1996; Hay

2000; Jacquez 2000; Kleinschmidt et al. 2000; Lawson and

1122 Journal of the Indian Society of Remote Sensing (August 2020) 48(8):1121–1138

123



Leimich 2000; Moore and Carpenter 1999; Robinson 2000;

Wilkinson et al. 1998).

The earliest mapping for visualisation of the link

between disease and place was done in 1694 on plague

epidemic in Italy (Dent 2006). During cholera outbreak in

1854, the study of physician John Snow had made a novel

contribution in history of public health and epidemiology

by using cartography applications and geographic visual-

ization in fighting cholera. After 225 years, the maps were

identified as a communication tool in understanding and

tracking of infectious diseases, such as the 1918 influenza

pandemic, yellow fever, and cholera. Since then revolution

of web-based tools started in applied health geography

(Boulos 2008). The trend of infectious disease mapping

could be seen from 2014 review of the Health GIS litera-

ture which demonstrated that 248 research papers out of

865 were focused on infectious disease mapping (Lyseen

et al. 2014).

Covid-19

The ongoing pandemic outbreak targeting humans’ respi-

ratory system was recently discovered in December 2019

by the name of Coronavirus Disease 19 (Covid-19) (World

Health Organization) from a cluster of patients with acute

respiratory distress syndrome in Wuhan, Hubei Province,

China (Huang et al. 2020; Lu et al. 2020a, b) and spread

globally by March 2020. This pathogenic disease is struc-

turally related to the Coronavirus (CoV), which belongs to

family Coronaviridae and the order Nidovirales. This

family is classified into four genera—Alphacoronavirus,

Betacoronavirus, Gammacoronavirus, and Deltacoron-

avirus, on the basis of their phylogenetic and genomic

analysis. The species of Alphacoronavirus and Betacoro-

navirus infect mammals, causes respiratory illness in

humans and gastroenteritis in animals, while species of

Gammacoronaviruses and Deltacoronaviruses infect birds,

but some of them can also infect mammals (Woo et al.

2012). The two virus species from Betacoronavirus

genus—Severe Acute Respiratory Syndrome (SARS-CoV)

or Middle East Respiratory Syndrome (MERS-CoV)—had

earlier demonstrated that coronaviruses can cause signifi-

cant public threat (Ge et al. 2013). The COVID-19 is cat-

egorized into Betacoronavirus by World Health

Organization (WHO) on the basis of genomic sequencing

analysis of lower respiratory tract samples, which is

obtained from total of nine patients (Huang et al. 2020; Lu

et al. 2020a, b). COVID-19 has started behaving like the

once-in-a-century pandemic by affecting healthy adults as

well as elderly people with some health issues and by

infecting others at an exponential rate of increase than

SARS or MERS.

Geospatial Technology

During occurrence of diseases, geospatial technologies and

services could help in representing the spatio-temporal

information and in analysing the dynamic spread of dis-

eases. As mentioned by Boulos (2004), geospatial tech-

nologies and services, which performs in real time manner,

are tremendously relevant to create a ‘‘spatial health

information infrastructure’’. In this section, a review on

many geospatial technologies with enabled IT services is

carried out to understand and analyse the spread and out-

break of disease with a case study on COVID-19 pandemic.

Citizen Science

The expansion of Citizen Science from biodiversity and

ecological domain (Haklay 2013; Miller-Rushing et al.

2012) to public health community across spatial extents

made an urgent need to study its different forms (Crowl

et al. 2008). The in-depth report of EU describes taxonomy

of Citizen Science in three levels (European Commission

2013), described in Roy et al. (2012), Wiggins and

Crowston (2011) and Haklay (2013). Roy et al. (2012)

categorized Citizen Science by participant’s number and of

their spread (‘‘local’’ and ‘‘mass’’) and ‘‘thoroughness’’

(time and resource investment), or King et al. (2016)

described ‘‘for the people, with the people, or by the peo-

ple’’ about Citizen Science activities. Wiggins and

Crownston (2011) classified Citizen Science projects in

conservation (managing natural resources), action (ad-

dressing local issues and concerns), investigation (an-

swering scientific questions), and education (providing

knowledge to citizens). Haklay (2013) classified Citizen

Science into four levels based on participant’s engage-

ment—(1) level 1 is crowdsourcing in which citizens with

less or no knowledge on activity perform as sensors to

complete computing tasks, (2) level 2 is distributed intel-

ligence where citizens are being trained with skills for

interpretation of collected data, (3) level 3 is participatory

science in which citizens decide about research questions

and types of data to be collected, and (4) level 4 is extreme

where citizens are fully involved in defining research

strategies, data collection, data interpretation, and per-

forming scientific analysis. Apparently, the concept of

Citizen Science is rare in public health domain, but some of

its contribution seen in some studies which not only helps

in predicting disease risks but also in combating the

infectious diseases (Curtis-Robles et al. 2015; Palmer et al.

2017; Smolinski et al. 2015; Wilson et al. 2014).

Another approach similar to Citizen Science is ‘popular

epidemiology’, in which experts and laypersons jointly
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collect environmental data responsible for particular health

consequences (Brown 2013), or ‘street science’ as a pro-

cess in which general public communities actively engaged

in defining problems, framing of research questions, and

decision-making activities about research design (Corburn

2007).

Crowdsource/VGI Mobile Apps

Despite technological and computational developments in

GeoWeb, many web technologies (such as jQuery and

AJAX), mapping APIs (like Google), and GPS devices

resulted in a new revolution of neogeography (Turner

2006), where mapping is done by crowd and can be

reached by anyone from general public members group.

Such revolution brought a trend of Volunteered Geographic

Information (VGI), which is first coined and explained by

Goodchild (2007a). According to Goodchild (2007b), VGI

highlighted the human capabilities in collecting geospatial

information by using five senses and then integrating with

external sensors of mobile devices like GPS, accelerome-

ter, camera, digital compass and microphone gives valu-

able datasets which can neither be retrieved from satellite

imagery nor collected with any GPS receivers. Another

successful term in geospatial mapping using mobile tech-

nology is crowdsourcing (Heipke 2010; Hudson-Smith

et al. 2009), which was coined by Howe (2006), that

involves the collection of geospatial information or map-

ping of any particular activity by an undefined crowd or

network of people. Both terms, VGI and crowdsourcing,

slightly differ but they are usually recognized as a syn-

onyms or even as a combined term, ‘‘crowdsourcing geo-

graphic information’’ (Sui et al. 2013). Over the last

decade, VGI-oriented open-source mobile apps are

EpiCollect (Aanensen et al. 2009) for ecology and epi-

demiology; NoiseTube (Maisonneuve et al. 2010) (http://

noisetube.net) and Noise Battle (Garcia-Martı́ et al. 2013)

for noise monitoring; Skywatch Windoo (http://windoo.ch)

for weather monitoring; Mappiness (http://www.mappi

ness.org.uk) for behavioural analysis (MacKerron and

Mourato 2010).

The open-source mechanism for data collection using

Android devices can be performed by Open Data Kit

(ODK) suite107 (https://opendatakit.org), which is com-

posed of ODK Collect and ODK Aggregate. ODK Collect

(https://opendatakit.org/use/collect) provides a customiz-

able framework for geospatial data collection, and ODK

Aggregate is a web application that runs on Apache

Tomcat server (http://tomcat.apache.org) to store collected

data through a synchronization with a database, for

example, PostgreSQL (Brunette et al. 2013). As such,

suite’s performance can be seen in various activities like

agricultural monitoring (Krosing and Roybal 2013),

monitoring of deforestation and school attendance, docu-

mentation of war crimes, and health programs (Anokwa

et al. 2009).

Digital Contact Tracing

Nowadays, COVID-19 has become the greatest threat for

public health in last 100 years, and due to such pandemic,

various levels of lockdown are issued across the world to

break its chain of infection transmission. However, this is

the first approach to invade the contagion, but once it

would be lifted, this pandemic would start in a new way

and might reach its highest peak by infecting more and

more population (Ferguson et al. 2020). Therefore, to

combat with such a global pandemic threat, another

approach is discovered by a group of researchers, known as

digital contact tracing.

Smartphone-based contact tracing is known as a digital

contact tracing which presents a sustainable solution to

limit the transmission of infectious disease by tracing their

potential transmission routes in a population; however,

such an app presents significant concerns regarding pri-

vacy. The digital contact tracing works on the principle of

‘crowdsource data’ by measuring the proximity to an

infectious person. In previous diseases risk surveillance,

the contact tracing apps were used to pool location times-

tamped data to determine the exposures to risk of infections

(Sacks et al. 2015). Such data are highly personal and lead

many privacy concerns (Smith et al. 2012), but they were

not always accurate to infer the exposure risks due to noisy

data (Farrahi et al. 2014). Therefore, various smartphone

apps are developed in COVID-19 pandemic in which some

apps use location for proximity and some of them are not

using location services of mobile device subject to the

privacy-preserving nature.

COVID-19 Contact Tracing

In order to illuminate the epidemiology of COVID-19 and

to characterize its severity (Lipsitch et al. 2020), there is an

urgent need of digital platform that captures real-time

accurate information on COVID-19 patients, diseases,

diagnosis, treatment, and clinical reports, and whom they

get interacted at which place to detect clusters and generate

alerts. Such information may help in understanding risk

factors of infection and in predicting the next generation of

infectious persons (FitzGerald 2020). Addressing this

unprecedented challenge, many mobile apps have been

developed and are being used at large scale, and some of

them are as follows:
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• COVID Symptom Study (COVID Symptom Tracker)—

This mobile app is developed in collaboration of Zoe

Global Ltd., a digital health care company, and a group

of academic scientists from Massachusetts General

Hospital and King’s College London, which was

launched in UK on March 24, 2020, and became

available after 5 days in USA. This app enquires about

age, location, and other diseases risks, and also, a self-

reporting function is enabled which is associated with

COVID-19 infection and exposure (Drew et al. 2020).

This app retrieve updates on healthcare worker’s

experiences who are on COVID-19 duty, their stress

and anxiety, and use of personal protective equipment

(PPE) kits are being surveyed through this app to

observe intensity of health care workers (Drew et al.

2020).

• Aarogya Setu—This mobile app is launched on April 2,

2020, by Government of India to aware general public

on COVID-19 symptoms, government advisory mea-

sures, online consultation facility, and dynamics of

disease. This app implemented crowdsourcing

approach by which general public members enter their

details for self-assessment, and this assessment is then

used to trace the infectious contacts or agents as a

digital contact tracing concept. This app uses location

services to geolocate the users and Bluetooth to

maintain the log of contacts when one user/device

comes in contact with another user/device, and as such,

digital contact tracing activity helps in identifying the

cluster of diseases and communities which are at risk of

infection. The Aarogya Setu app was downloaded

by * 100 million users within 40 days of its launch

(Upadhyay 2020), and by using app’s crowdsource

data, the Indian government detected approx. 13,000

positive cases, informed 130,000 probable users of

being at risk, and identified 300 potential clusters (The

Times of India).

Numerous digital contact tracing apps are in use in

different parts of world—TrackCOVID (Yasaka et al.

2020), TraceTogether (Bay et al. 2020), WeTrace (De Carli

et al. 2020), and Google and Apple’s recently announced

joint initiative (Li and Guo 2020).

COVID-19 Data Visualization and Exploratory
Data Analysis

With early experiences of epidemics such as 2002–2003

SARS-CoV (Boulos 2004) and the 2012–2014 MERS-CoV

(Gikonyo et al. 2018), and other seasonal flu’s, online real-

time or near-real-time mapping of diseases’ occurrences

using geospatial technologies and web applications have

always been used as a pivotal web-based tools in tracking

health threats and combating infectious diseases. This

section described a range of mapping dashboards based on

geospatial technologies for tracking and unfolding the

coronavirus disease around the world. Some of the global

and national geospatial initiatives with an aim to supply

information faster than diseases are as summarized in

Table 1.

Infectious Diseases Modelling

The intention of infectious diseases surveillance is to detect

epidemics in their early stages so that the countermeasures

could be taken for preventing its wide spread. Such

surveillance tasks require many epidemiological and sta-

tistical methods with geospatial features in investigating

epidemics, preferably from localized areas. The reason for

preferring the local areas for investigation is because epi-

demics generally emerged in small areas and then spread

widely, if they are not controlled. However, some methods

require rigorous conventions in their underlying models

and are too problematical to be applied on small areas.

Therefore, this section discusses simple methods for

detecting diseases prevalence with case studies on small

datasets which would be more useful for public health

activities.

Clustering

Clustering deals with the study of spatial-temporal patterns

of the spread of communicable diseases and identification

of other disease-related aspects allied with heterogeneous

geographical distribution which might be helpful in eluci-

dating the diseases’ spread mechanism. Such study and

analysis on space-time patterns is a kind of disease

surveillance which involves detecting the outbreak clusters

of active cases, monitoring of localisation and isolation of

infectious agents, and relative risks assessment of affected

sites at early stage (Clements et al. 2013; Cromley 2019;

Kulldorff 2001). This study on geographical clustering of

infectious diseases with temporal features helps in making

strategies that dynamically update on emergence source of

disease outbreak to help epidemiologists and decision

makers for identification of spread and risk zones. Thus,

clustering helps to enable timely prevention and contain-

ment measures and timely resource allocation to mitigate

the diffusion of diseases.

Based on space-time surveillance of diseases, space-

time scan statistic (Kulldorff 1997) is one of the cluster

detection tools which is widely used in geographical

surveillance of diseases during epidemic and/or pandemic.

The space-time scan statistic comes with two versions—

prospective and retrospective (Desjardins et al. 2018;
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Owusu et al. 2019), and difference between both is that

prospective neglects historical clusters which may have

previously occurred before the most current time period of

analysis with no health threat (Kulldorff 2001). Therefore,

the prospective version of space-time scan statistic is

commonly used to detect statistically significant active or

evolving clusters of diseases for the present time period,

and when more data become available, the tool can be re-

run to detect new evolving clusters with update on relative

risks for each affected sites. Previously, the prospective

space-time scan statistic was used in thyroid cancer

(Kulldorff 2001), shigellosis (Jones et al. 2006), measles

(Yin et al. 2007), syndromic surveillance (Yih et al. 2010),

and many other diseases. However, cluster analysis of

Table 1 Summary table for geospatial dashboards for COVID-19

Project name Datasets Scope Purpose

WHO Coronavirus Disease (COVID-19)

Dashboard (Dong et al. 2020)

(https://covid19.who.int)

WHO’s official data Global Visualization of official daily counts of

confirmed cases and deaths related to

COVID-19 with time stamps using Esri

ArcGIS Online service

Exploratory data analysis using 3D graph

to perform country-wise analysis using

population, confirmed cases, cumulative

cases, deaths and cumulative deaths

Provides daily aggregate case and death

count in CSV

Johns Hopkins University COVID-19

Dashboard (Dong et al. 2020) https://

coronavirus.jhu.edu/map.html)

Aggregated data from WHO, European

Centre for Disease Prevention and

Control (ECDC), WorldoMeters, BNO

News, US CDC, 1Point3Arces, COVID

Tracking Project and DXY

Global Dashboard for visualizing real-time

mapping of COVID-19 with graphs on

confirmed and daily cases

Critical trend analysis on new cases per

day, mortality and fatality analysis in

population, timeline of outbreak, etc.

ISRO’s BHUVAN COVID-19 Geospatial

Solution (https://bhuvan-app3.nrsc.gov.

in/corona/corona_dashboard/dashboard/

dashboard.php?type=citizen)

COVID-19 data (Source: MoHFW) India Time series visualization of active,

recovered and deceased cases from

March 26 to till date

Graphical analysis on spread trend of

COVID-19 day-wise and state-wise

COVID19INDIA (https://www.

covid19india.org)

CM, Health M) handles, Press Trust of

India, state press bulletins, PBI and ANI

reports

India Visualization of cumulative and daily

numbers of confirmed, active, recovered,

deceased and tested state-wise cases

through maps and graphs

Provides daily COVID-19 cases in state

and district, and cases reassigned to states

through API

MapmyIndia COVID-19 (https://maps.

mapmyindia.com/corona?districts_

containment_zone,containment_zone_

gradient)

COVID-19 data (Source: MoHFW)

Hunger Relief Centres (Source: MyGov)

Hunger & Night Shelter (Source: MyGov,

NDMA)

India Provides API on corona dashboards to

visualize cases at district and state level,

hotspots, treatment centres, testing labs,

quarantine centres, containment zones,

lockdown issues, hunger relief, hunter

and night shelters

Monthly climate explorer for COVID-19

(https://cds.climate.copernicus.eu/apps/

c3s/app-c3s-monthly-climate-covid-19-

explorer)

Monthly COVID-19 cases (Source: JHU

CSSE)

Atmospheric composition—PM10 and NO2

(Source: CAMS EAC4)

Meteorological data—humidity (1000 hPa)

and surface air temperature on hourly and

monthly average rate (Source: ERA5

reanalysis)

Global Visualization of COVID-19 fatalities with

climatic and atmospheric variations on

monthly basis

Exploratory analysis on correlation of

pollutants and specific humidity with

COVID-19 deaths

Experimental COVID-19 and Global

Seismic Risk Map (https://maps.

openquake.org/map/covid-19-2020-05-

20v3-grm/#2/34.9/0.0)

COVID-19 cases (Source: JHU CSSE)

Global earthquake risk map (Source: GEM

Global Earthquake Model)

Global Visualize earthquake as a cause of increase

in COVID-19 cases due to people’s

displacement from damaged buildings
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diseases can be performed through several packages and

libraries in R (Gómez-Rubio et al. 2005) and Python

software (Yeng et al. 2019).

The contribution of cluster detections and analysis in

COVID-19 pandemic is becoming useful nowadays as it

detects active and emerging clusters of COVID-19 and

notify epidemiologist, decision makers, and public health

care officials, which can help in eradicating infections from

affected sites, and improving interventions, quarantine, and

isolation measures. The significant applications of clus-

tering with respect to infectious diseases modelling are

demonstrated across the world (Zarikas et al. 2020), for

example, India (Bhosale and Shinde 2020), USA (Des-

jardins et al. 2020; Hohl et al. 2020), Brazil (Martines et al.

2020), Italy (Cereda et al. 2020), China (Ji et al. 2020; Liu

et al. 2020a, b; Qiu et al. 2020; Zhang et al. 2020), Sin-

gapore (Bhosale and Shinde 2020; Pung et al. 2020), South

Korea (Shim et al. 2020), French Alps (Danis et al. 2020),

Germany (Pfefferle et al. 2020), Sergipe (Andrade et al.

2020), etc.

Outlier Analysis

The outlier is defined by Hawkins (1980) as ‘‘an observation

which deviates so much from the other observations as to

arouse suspicions that it was generated by a different

mechanism.’’ In other words, when data generation process

starts behaving abnormal and reflects the abnormalities or

errors in data, such abnormalities are known as outliers

(Bansal et al. 2016). However, the outliers generally hold

advantageous information about the systems unusual char-

acteristics and entities, which impact the data generation

process. Some of the useful applications of outliers in dis-

eases are (Cleynen et al. 2016; Dai and Bikdash 2016;

Krishnan et al. 2017; Lo et al. 2015; Prensner et al. 2011;

Washington 2007; Wu and Krishnan 2010). Clustering

algorithms are optimized to find clusters rather than outliers,

and the accuracy of outlier detection depends on how good

the clustering algorithm captures the structure of clusters.

Maximum Entropy Modelling (Maxent) Approach

In context of disease systems, disease transmission risks

depend on distribution of pathogens (species) in space and

time in some complex environmental conditions (Townsend

2015), and as such treatments are focused mainly on spatial

dimensions; therefore, diseases transmission risks are purely

handled through geographical phenomena. Such geograph-

ical link with diseases leads to the challenge of spatial

mapping of disease transmission which overcame through

the branches of biodiversity science—ecology and bio-

geography. Such approach of ecological and biogeographi-

cal modelling can be seen from various studies on disease

transmission risks mapping, for example, Arboleda et al.

(2009), Deka and Morshed (2018), Ferreira et al. (2020),

Holt et al. (2009), Mweya et al. (2013), Nakazawa et al.

(2013), Reeves et al. (2015), Samy et al. (2014), Qian et al.

(2014), Zhao et al. (2016), Zhu et al. (2017).

Following recent studies on geographical mapping of

pathogens causing disease transmission, machine learning-

based maximum entropy method (Maxent) (Elith et al.

2011; Phillips 2010) is applied on spatial records of

COVID-19 with a set of 19 bioclimatic environmental

variables from WorldClim (Poggio et al. 2018; Ramı́rez

Villegas and Bueno Cabrera 2009) to analyse their

favourable environmental conditions (as shown in Fig. 1

and Table 2), required in maintaining its population. The

Maxent principle is to estimate the target probability dis-

tribution by applying the maximum entropy to distribution

which is most spread or closest. This study is carried out in

R software (Ihaka and Gentleman 1996), and a geograph-

ical dataset consists of latitude and longitude of those

regions which were affected till March, 2020.

Figure 1 depicts the habitat suitability map of virus with

probability range in colour scale to visualize the high

suitability (light and dark green colour), medium suitability

(yellow and dark brown), low suitability (light brown

colour) and unsuitable (grey colour). Table 2 lists the

favourable bioclimatic variables and their contribution in

percent in maintaining the suitability of virus.

Susceptible-Infectious-Recovered (SIR) Model

Epidemiology deals with the study of pattern and occur-

rence of diseases in space and time associated with other

factors such as environment demography, and the transla-

tion of epidemiology into mathematical equations to

describe the spread of infectious diseases is known as

mathematical epidemiology (Allen et al. 2008; Rayner and

Bender 1980). The mathematical epidemiology model is

implemented to understand the transmission dynamics of

communicable diseases by categorizing population into

susceptible, infectious, and recovered compartments. The

first basic model, known as Susceptible-Infectious-Recov-

ered (SIR) model, was proposed by Kermack and

McKendrick (1991) to describe the transmission of epi-

demic diseases from individual to individual. The SIR

model is a set of nonlinear ordinary differential equations,

which is mathematically defined as follows:

dS

dt
¼ l N þ Sð Þ � bSI ð1Þ

dI

dt
¼ bSI � cI � lI ð2Þ

dR

dt
¼ cI � lR ð3Þ
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Here,

• S is the class of susceptible individuals who are not yet

contracted to disease,

• I is the class of infectious people who are now infected

with disease and become infectious to infect others,

• R is class of recovered individuals who have recovered

now and are removed from class S,

• N is a total population size, N = S ? I ? R, and t is

time in days or weeks

• b is the contact rate of infected person with suspected

person per day,

• c is the infectious period and average infectious period

is 1/c,

• l is the per capita death rate which is adjusted by birth

rate lN.

There are many other compartment models derived from

the basic epidemic model, (SIR), with more compartments

and transitions—(1) Susceptible-Exposed-Infectious-Re-

covered (SEIR) (Li and Muldowney 1995), (2) Suscepti-

ble-Infectious-Exposed-Recovered-Dead (SEIRD)

(Piccolomiini and Zama 2020), (3) Susceptible-Infectious-

Exposed-Recovered-Susceptible (SEIRS) (Liu and Zhang

2011), (4) Susceptible-Infectious-Quarantine-Recovered

(SIQR) (Erdem et al. 2017), etc.

Fig. 1 Predicted suitability of Betacoronavirus using data till March, 2020

Table 2 Responsible bioclimatic variables in suitability modelling

Bioclimatic variables Percent contribution

Mean temperature of coldest quarter 22.3

Precipitation of wettest month 14

Mean diurnal range 13.2

Isothermality 8.8

Annual mean temperature 8.2

Max temperature of warmest month 5.9

Precipitation of coldest quarter 5

Precipitation of wettest quarter 4.2

Annual precipitation 3.2

Precipitation of driest quarter 2.6

Mean temperature of driest quarter 2.6

Mean temperature of wettest quarter 2.4

Precipitation seasonality 2.4

Temperature seasonality 1.6

Precipitation of warmest quarter 1.4

Mean temperature of warmest quarter 1.1

Temperature annual range 0.7

Precipitation of driest month 0.5

Min temperature of coldest month 0.1
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The SIR model is implemented for COVID-19 to

understand its dynamics of transmission from individual to

individual in India for first 25 days of this pandemic. The

data on actual cases of COVID-19 are obtained from

COVID-19 India (https://www.covid19india.org/) and then

used in SIR model in R software. The SIR model is opti-

mized using parameters, b ¼ 0:00021 and c ¼ 1
14

, against

actual cases of disease (Fig. 2), and then, the probable SIR

model is constructed using the above parameters for next

90 days to understand that how much of the population

could be infected in upcoming days, as shown in Fig. 3.

However, the SIR model can be constructed and optimized

for more days by increasing the population size and

decreasing the contact rate.

Google Earth Engine

Google Earth Engine (GEE) is a web-based free cloud

computing platform introduced by Google, Inc., to provide

a high-performance geospatial computing platform with

multi-petabyte analysis-ready remote sensing big data

(Casu et al. 2017; Gorelick et al. 2017). The GEE has

opened an intrinsically parallel processing way for the

researchers to swiftly process millions of satellite images

by reducing massive computations. GEE provides a

dynamic web explorer for data cataloguing, visualization,

and analysis in JavaScript (Goodman 2007) and Python

(Oliphant 2007). Also, GEE provides a time-lapse video

tool for measuring, tracking, and visualizing changes to the

Earth’s surface over the past 35 years (1984–2018). Some

applications of GEE can be seen in time series analysis of

snakebites (Reis et al. 2020), forest cover (Hansen et al.

2013; Johansen et al. 2015), tree cover loss (Tracewski

et al. 2016), surface water (Donchyts et al. 2016; Pekel

et al. 2016; Tang et al. 2016), populated areas (Patela et al.

2015), cropland and soils (Padarian et al. 2015; Xiong et al.

2017) and various applications (Dong et al. 2016; Joshi

et al. 2016; Lee et al. 2016).

COVID-19 affects respiratory system of humans (Marini

and Gattinoni 2020; Rothan and Byrareddy 2020;Xu et al.

2020), and based on previous studies, this can be more

prone to those who are in old age (Wu et al. 2020),

smoking habits (Liu et al. 2020a, b), respiratory compli-

cations (Chen et al. 2020; Sohrabi et al. 2020) due to long-

term exposure to harmful pollutants. For instance, NO2 is

one of the harmful air pollutant gases which might be

responsible for causing chronic obstructive pulmonary

disease (COPD) (Abbey et al. 1993; Euler et al. 1988),

Fig. 2 Model optimization as per actual cases for first 25 days
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hypertension (Shin et al. 2020), heart diseases (Gan et al.

2012; Mann et al. 2002), diabetes (Shin et al. 2020), lung

injuries (Bowatte et al. 2017), and even death in humans,

which can make them susceptible to various respiratory

viruses or syndromes. In the current pandemic situation,

many studies are carried out to analyse that NO2 could be

one of the responsible factors for COVID-19 fatality

(Baldasano 2020; Dutheil et al. 2020; Frontera et al. 2020;

Kumari and Toshniwal 2020; Nakada and Urban 2020;

Ogen 2020; Pansini and Fornacca 2020; Ranjan et al. 2020;

Zoran et al. 2020).

Hotspot and Coldspot Analysis

The aim of many geosurveillance systems or surveys is to

find hazard level of the subject, which can be later con-

verted to risk. The idea of risk mapping is to assign a

probability value to the occurrence of defined condition

indicating some form of unusual aggregation in spatial

information (Jeefoo et al. 2011; Osei and Duker 2008). The

spatial clustering of high values is known as hotspot,

whereas the cluster with low values is known as coldspot

(Jana and Sar 2016). With advancements in GIS, the hot-

spot (or coldspot) detection method is widely used in dis-

ease surveillance system (Ahmad et al. 2015; Bhunia et al.

2013; Jana and Sar 2016; Jeefoo et al. 2011; Ng et al. 2018;

Osei and Duker 2008; Panahi et al. 2020; Willerson et al.

1981). In the current pandemic situation, various studies

were carried out on detecting hotspot as well as coldspot in

different countries to fight against it, for example, Al-

Jumaili and Hamed (2020), Arab-Mazar et al. 2020,

Bouffanais and Lim (2020), Eckerle and Meyer (2020), Mo

et al. (2020).

With the help of such disease modelling algorithms,

various tasks are carried out for surveillance of current

pandemic, and some of them are summarized in Table 3.

Capacity Building

The online capacity building and outreach programme was

organized at Indian Institute of Remote Sensing (IIRS),

Dehradun, to make public aware about application and

services of geospatial technology, and various mathemati-

cal and statistical modelling tools for automated analysis

on infectious disease surveillance and control. The pro-

gramme on geospatial technology in conjunction with

COVID-19 was held during June 15–19, 2020, on the topic

‘‘Health GIS: Geoinformatics for COVID-19’’ with 3601

participants from 494 institutions and universities (https://

www.youtube.com/watch?v=_I09X4jdbfg&t=29s). The

lectures were delivered on role of geospatial technology,

mobile and web GIS in COVID 19 pandemic, public health

surveillance system, geo-processing for public health, dis-

ease risk mapping, exploratory data analysis, and dynamic

epidemiology modelling (https://www.youtube.com/

watch?v=u2UOGCgTlo4&t=269s).

Fig. 3 SIR model for 90 days
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Conclusions

This comprehensive review on geospatial technology and

services for infectious diseases surveillance is to illuminate

the path for decision makers and public health officials for

implementation of web-based spatio-temporal health

information system and epidemiological modelling tools.

Geospatial technology is having rich set of tools for

understanding spatial and temporal aspects in wide range

of disciplines, dominantly in geospatial health research for

establishing the links between diseases and in its

suitable environment. Also, this provides various geo-sta-

tistical approaches to perform analysis in finding the

interconnectedness spatial and temporal links, outbreak

detection, identifying population at risk, movement tracing

of infectious agents, investigation of environmental factors

responsible in outbreak, and hotspot and coldspot analysis

of outbreak location. However, there are many mathemat-

ical modelling algorithms also used for estimating the

prevalence and incidence rate of disease, proportion of

population that would be infected at any particular time,

and severity and potential scale of epidemic or pandemic.

Such analytical capable information systems are for auto-

mated visualization and analysis of every dimensions of

infectious disease related to its transmission, demographic

and environmental recognitions, and statistics. This review

paper concluded that geospatial applications and dynamic

modelling algorithms could offer a well-timed solution to

all time historic challenge of humankind in understanding

the disease outbreaks, vulnerabilities to population health

and adaption of upcoming generation.
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À., & Caylà, J. A. (2011). Development of spatial density maps

based on geoprocessing web services: Application to tuberculo-

sis incidence in Barcelona Spain. International Journal of Health
Geographics. https://doi.org/10.1186/1476-072X-10-62.

Donchyts, G., Baart, F., Winsemius, H., Gorelick, N., Kwadijk, J., &

Van De Giesen, N. (2016). Earth’s surface water change over the

past 30 years. Nature Climate Change. https://doi.org/10.1038/

nclimate3111.

Dong, E., Du, H., & Gardner, L. (2020). An interactive web-based

dashboard to track COVID-19 in real time. The Lancet Infectious
Diseases. https://doi.org/10.1016/S1473-3099(20)30120-1.

Dong, J., Xiao, X., Menarguez, M. A., Zhang, G., Qin, Y., Thau, D.,

et al. (2016). Mapping paddy rice planting area in northeastern

Asia with Landsat 8 images, phenology-based algorithm and

Google Earth Engine. Remote Sensing of Environment. https://

doi.org/10.1016/j.rse.2016.02.016.

Dredger, S. M., Kothari, A., Morrison, J., Sawada, M., Crighton, E. J.,

& Graham, I. D. (2007). Using participatory design to develop

(public) health decision support systems through GIS. Interna-
tional Journal of Health Geographics. https://doi.org/10.1186/

1476-072X-6-53.

Drew, D. A., Nguyen, L. H., Steves, C. J., Menni, C., Freydin, M.,

Varsavsky, T., et al. (2020). Rapid implementation of mobile

technology for real-time epidemiology of COVID-19. Science.

https://doi.org/10.1126/science.abc0473.

Dutheil, F., Baker, J. S., & Navel, V. (2020). COVID-19 as a factor

influencing air pollution? Environmental Pollution. https://doi.

org/10.1016/j.envpol.2020.114466.

Eckerle, I., & Meyer, B. (2020). SARS-CoV-2 seroprevalence in

COVID-19 hotspots. Lancet.
Eldredge, L., Enge, P., Harrison, M., Kenagy, R., Lo, S., Loh, R.,

et al. (2010). Alternative positioning, navigation & timing (PNT)

study. In International civil aviation organisation navigation
systems panel (NSP), Working Group Meetings, Montreal,
Canada.

Elith, J., Phillips, S. J., Hastie, T., Dudı́k, M., Chee, Y. E., & Yates, C.

J. (2011). A statistical explanation of MaxEnt for ecologists.

Diversity and Distributions. https://doi.org/10.1111/j.1472-4642.

2010.00725.x.

Erdem, M., Safan, M., & Castillo-Chavez, C. (2017). Mathematical

analysis of an SIQR influenza model with imperfect quarantine.

Bulletin of Mathematical Biology. https://doi.org/10.1007/

s11538-017-0301-6.

Euler, G. L., Abbey, D. E., & Hodgkin, J. E. (1988). Chronic

obstructive pulmonary disease symptom effects of long-term

cumulative exposure to ambient levels of total oxidants and

nitrogen dioxide in california seventh-day adventist residents.

Archives of Environmental Health. https://doi.org/10.1080/

00039896.1988.10545950.

European Commission. (2013). Science for Environment Policy In-

Depth Report: Environmental Citizen Science. https://ec.europa.

eu/environment/integration/research/newsalert/pdf/IR9_en.pdf.

Accessed 25 July 2020.

Farrahi, K., Emonet, R., & Cebrian, M. (2014). Epidemic contact

tracing via communication traces. PLoS ONE. https://doi.org/10.

1371/journal.pone.0095133.

Ferguson, N., Laydon, D., Nedjati-Gilani, G., Imai, N., Ainslie, K., &

Baguelin, M., et al. (2020). Report 9—Impact of non-pharma-

ceutical interventions (NPIs) to reduce COVID-19 mortality and

healthcare demand | Faculty of Medicine | Imperial College

London. Imperial College COVID Response Team.

Ferreira, A. A. F., dos Reis, V. P., Boeno, C. N., Evangelista, J. R.,

Santana, H. M., Serrath, S. N., et al. (2020). Increase in the risk

of snakebites incidence due to changes in humidity levels: A

time series study in four municipalities of the state of Rondonia.

Journal of the Indian Society of Remote Sensing (August 2020) 48(8):1121–1138 1133

123

https://doi.org/10.1016/j.jiph.2019.05.017
https://doi.org/10.3201/eid0202.960202
https://doi.org/10.1016/S1473-3099(13)70140-3
https://doi.org/10.1016/S0140-6736(15)00465-1
https://doi.org/10.1016/S0140-6736(15)00465-1
https://doi.org/10.1016/j.envsci.2006.09.004
https://doi.org/10.1007/s40471-019-00193-6
https://doi.org/10.1007/s40471-019-00193-6
https://doi.org/10.1300/J230v01n01_07
https://doi.org/10.1300/J230v01n01_07
https://doi.org/10.1890/070151
https://doi.org/10.1007/978-3-642-22039-5_9
https://doi.org/10.1371/journal.pntd.0004235
https://doi.org/10.1109/SECON.2016.7506752
https://doi.org/10.1109/SECON.2016.7506752
https://doi.org/10.1093/cid/ciaa424
http://arxiv.org/abs/2004.08812
https://doi.org/10.3390/tropicalmed3020057
https://doi.org/10.3390/tropicalmed3020057
https://doi.org/10.1016/j.apgeog.2020.102202
https://doi.org/10.1016/j.apgeog.2020.102202
https://doi.org/10.1016/j.actatropica.2018.04.023
https://doi.org/10.1186/1476-072X-10-62
https://doi.org/10.1038/nclimate3111
https://doi.org/10.1038/nclimate3111
https://doi.org/10.1016/S1473-3099(20)30120-1
https://doi.org/10.1016/j.rse.2016.02.016
https://doi.org/10.1016/j.rse.2016.02.016
https://doi.org/10.1186/1476-072X-6-53
https://doi.org/10.1186/1476-072X-6-53
https://doi.org/10.1126/science.abc0473
https://doi.org/10.1016/j.envpol.2020.114466
https://doi.org/10.1016/j.envpol.2020.114466
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1007/s11538-017-0301-6
https://doi.org/10.1007/s11538-017-0301-6
https://doi.org/10.1080/00039896.1988.10545950
https://doi.org/10.1080/00039896.1988.10545950
https://ec.europa.eu/environment/integration/research/newsalert/pdf/IR9_en.pdf
https://ec.europa.eu/environment/integration/research/newsalert/pdf/IR9_en.pdf
https://doi.org/10.1371/journal.pone.0095133
https://doi.org/10.1371/journal.pone.0095133


Revista da Sociedade Brasileira de Medicina Tropical. https://

doi.org/10.1590/0037-8682-0377-2019.

FitzGerald, G. A. (2020). Misguided drug advice for COVID-19.

Science. https://doi.org/10.1126/science.abb8034.

Friede, A. (1995). Public health informatics: How information-age

technology can strengthen public health. Annual Review of
Public Health. https://doi.org/10.1146/annurev.publhealth.16.1.

239.

Friede, A., Reid, J. A., & Ory, H. W. (1993). CDC WONDER: A

comprehensive on-line public health information system of the

Centers for Disease Control and Prevention. American Journal
of Public Health. https://doi.org/10.2105/AJPH.83.9.1289.

Frontera, A., Cianfanelli, L., Vlachos, K., Landoni, G., & Cremona,

G. (2020). Severe air pollution links to higher mortality in

COVID-19 patients: The ‘‘double-hit’’ hypothesis. Journal of
Infection. https://doi.org/10.1016/j.jinf.2020.05.031.

Gan, W. Q., Davies, H. W., Koehoorn, M., & Brauer, M. (2012).

Association of long-term exposure to community noise and

traffic-related air pollution with coronary heart disease mortality.

American Journal of Epidemiology. https://doi.org/10.1093/aje/

kwr424.

Gao, S., Mioc, D., Anton, F., Yi, X., & Coleman, D. J. (2008). Online

GIS services for mapping and sharing disease information.

International Journal of Health Geographics. https://doi.org/10.

1186/1476-072X-7-8.

Garcia-Martı́, I., Rodrı́guez-Pupo, L. E., Dı́az, L., & Huerta, J. (2013).

Noise battle: A Gamified application for environmental noise

monitoring in urban areas. In 16th AGILE conference on
geographic information science, Leuven, Belgium, 14–17 May
2013.

Ge, X. Y., Li, J. L., Yang, X. Lou, Chmura, A. A., Zhu, G., Epstein, J.

H., et al. (2013). Isolation and characterization of a bat SARS-

like coronavirus that uses the ACE2 receptor. Nature. https://doi.

org/10.1038/nature12711.

Gikonyo, S., Kimani, T., Matere, J., Kimutai, J., Kiambi, S. G., Bitek,

A. O., et al. (2018). Mapping potential amplification and

transmission hotspots for MERS-CoV, Kenya. EcoHealth.

https://doi.org/10.1007/s10393-018-1317-6.
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Granell, C., Fernández, Ó. B., & Dı́az, L. (2014). Geospatial

information infrastructures to address spatial needs in health:

Collaboration, challenges and opportunities. Future Generation
Computer Systems. https://doi.org/10.1016/j.future.2013.04.002.

Haklay, M. (2013). Citizen science and volunteered geographic

information: Overview and typology of participation. In Crowd-
sourcing geographic knowledge: volunteered geographic infor-
mation (VGI) in theory and practice. https://doi.org/10.1007/

978-94-007-4587-2_7.

Hanafi-Bojd, A. A., Vatandoost, H., Oshaghi, M. A., Charrahy, Z.,

Haghdoost, A. A., Zamani, G., et al. (2012). Spatial analysis and

mapping of malaria risk in an endemic area, south of Iran: A GIS

based decision making for planning of control. Acta Tropica.

https://doi.org/10.1016/j.actatropica.2012.01.003.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova,

S. A., Tyukavina, A., et al. (2013). High-resolution global maps

of 21st-century forest cover change. Science. https://doi.org/10.

1126/science.1244693.

Hawkins, D. M. (1980). Identification of outliers. London: Chapman

and Hall. https://doi.org/10.1007/978-94-015-3994-4.

Hay, S. I. (2000). An overview of remote sensing and geodesy for

epidemiology and public health application. Advances in Par-
asitology. https://doi.org/10.1016/s0065-308x(00)47005-3.

Heipke, C. (2010). Crowdsourcing geospatial data. ISPRS Journal of
Photogrammetry and Remote Sensing. https://doi.org/10.1016/j.

isprsjprs.2010.06.005.

Heymann, D. L., & Brilliant, L. (2011). Surveillance in eradication

and elimination of infectious diseases: A progression through the

years. Vaccine. https://doi.org/10.1016/j.vaccine.2011.12.135.

Hills, R. A., Lober, W. B., & Painter, I. S. (2008). Biosurveillance and

biosecurity. Lecture Notes in Computer Science. https://doi.org/

10.1007/978-3-540-89746-0.

Hirsch, A. (1883). Handbook of geographical and historical pathol-
ogy (Vol. 1). London: New Sydenham Society.

Hohl, A., Delmelle, E., & Desjardins, M. (2020). Rapid detection of

COVID-19 clusters in the United States using a prospective

space-time scan statistic. SIGSPATIAL Special. https://doi.org/

10.1145/3404111.3404116.

Holt, A. C., Salkeld, D. J., Fritz, C. L., Tucker, J. R., & Gong, P.

(2009). Spatial analysis of plague in California: Niche modeling

predictions of the current distribution and potential response to

climate change. International Journal of Health Geographics.
https://doi.org/10.1186/1476-072X-8-38.

Hornsby, K. (2000). Shifting granularity over geospatial lifelines.

In AAAI Workshop on Spatial and Temporal Granularity.

Howe, J. (2006). The rise of crowdsourcing. Wired Magazine. https://

doi.org/10.1086/599595.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020).

Clinical features of patients infected with 2019 novel coron-

avirus in Wuhan, China. The Lancet. https://doi.org/10.1016/

S0140-6736(20)30183-5.

Hudson-Smith, A., Batty, M., Crooks, A., & Milton, R. (2009).

Mapping for the masses: Accessing web 2.0 through crowd-

sourcing. Social Science Computer Review. https://doi.org/10.

1177/0894439309332299.

Ihaka, R., & Gentleman, R. (1996). R: A language for data analysis

and graphics. Journal of Computational and Graphical Statis-
tics. https://doi.org/10.1080/10618600.1996.10474713.

Jacquez, G. M. (2000). Spatial analysis in epidemiology: Nascent

science or a failure of GIS? Journal of Geographical Systems.
https://doi.org/10.1007/s101090050035.

Jana, M., & Sar, N. (2016). Modeling of hotspot detection using
cluster outlier analysis and Getis-Ord Gi* statistic of educa-
tional development in upper-primary level. India: Modeling

Earth Systems and Environment. https://doi.org/10.1007/s40808-

016-0122-x.

Jeefoo, P., Tripathi, N. K., & Souris, M. (2011). Spatio-temporal

diffusion pattern and hotspot detection of dengue in Chacho-

engsao province, Thailand. International Journal of Environ-
mental Research and Public Health. https://doi.org/10.3390/

ijerph8010051.

Ji, L. N., Chao, S., Wang, Y. J., Li, X. J., Mu, X. D., Lin, M. G., et al.

(2020). Clinical features of pediatric patients with COVID-19: a

report of two family cluster cases. World Journal of Pediatrics.
https://doi.org/10.1007/s12519-020-00356-2.

Johansen, K., Phinn, S., & Taylor, M. (2015). Mapping woody

vegetation clearing in Queensland, Australia from Landsat

imagery using the Google Earth Engine. Remote Sensing

1134 Journal of the Indian Society of Remote Sensing (August 2020) 48(8):1121–1138

123

https://doi.org/10.1590/0037-8682-0377-2019
https://doi.org/10.1590/0037-8682-0377-2019
https://doi.org/10.1126/science.abb8034
https://doi.org/10.1146/annurev.publhealth.16.1.239
https://doi.org/10.1146/annurev.publhealth.16.1.239
https://doi.org/10.2105/AJPH.83.9.1289
https://doi.org/10.1016/j.jinf.2020.05.031
https://doi.org/10.1093/aje/kwr424
https://doi.org/10.1093/aje/kwr424
https://doi.org/10.1186/1476-072X-7-8
https://doi.org/10.1186/1476-072X-7-8
https://doi.org/10.1038/nature12711
https://doi.org/10.1038/nature12711
https://doi.org/10.1007/s10393-018-1317-6
https://doi.org/10.1007/s10109-005-0156-5
https://doi.org/10.1007/s10109-005-0156-5
https://doi.org/10.1007/s10708-007-9111-y
https://doi.org/10.1007/s10708-007-9111-y
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.future.2013.04.002
https://doi.org/10.1007/978-94-007-4587-2_7
https://doi.org/10.1007/978-94-007-4587-2_7
https://doi.org/10.1016/j.actatropica.2012.01.003
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1007/978-94-015-3994-4
https://doi.org/10.1016/s0065-308x(00)47005-3
https://doi.org/10.1016/j.isprsjprs.2010.06.005
https://doi.org/10.1016/j.isprsjprs.2010.06.005
https://doi.org/10.1016/j.vaccine.2011.12.135
https://doi.org/10.1007/978-3-540-89746-0
https://doi.org/10.1007/978-3-540-89746-0
https://doi.org/10.1145/3404111.3404116
https://doi.org/10.1145/3404111.3404116
https://doi.org/10.1186/1476-072X-8-38
https://doi.org/10.1086/599595
https://doi.org/10.1086/599595
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1177/0894439309332299
https://doi.org/10.1177/0894439309332299
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1007/s101090050035
https://doi.org/10.1007/s40808-016-0122-x
https://doi.org/10.1007/s40808-016-0122-x
https://doi.org/10.3390/ijerph8010051
https://doi.org/10.3390/ijerph8010051
https://doi.org/10.1007/s12519-020-00356-2


Applications: Society and Environment. https://doi.org/10.1016/

j.rsase.2015.06.002.

Jones, R. C., Liberatore, M., Fernandez, J. R., & Gerber, S. I. (2006).

Use of a prospective space-time scan statistic to prioritize

shigellosis case investigations in an urban jurisdiction. Public
Health Reports. https://doi.org/10.1177/003335490612100206.

Joshi, A. R., Dinerstein, E., Wikramanayake, E., Anderson, M. L.,

Olson, D., Jones, B. S., et al. (2016). Tracking changes and

preventing loss in critical tiger habitat. Science Advances. https://

doi.org/10.1126/sciadv.1501675.

Kass-Hout, T. A., & Alhinnawi, H. (2013a). Social media in public

health. British Medical Bulletin. https://doi.org/10.1093/bmb/

ldt028.

Kass-Hout, T. A., & Alhinnawi, H. (2013b). Social media in public

health. British Medical Bulletin. https://doi.org/10.1093/bmb/

ldt028.

Kermack, W. O., & McKendrick, A. G. (1991). Contributions to the

mathematical theory of epidemics-I. Bulletin of Mathematical
Biology. https://doi.org/10.1007/BF02464423.

Khan, A. S., Fleischauer, A., Casani, J., & Groseclose, S. L. (2010).

The next public health revolution: Public health information

fusion and social networks. American Journal of Public Health.

https://doi.org/10.2105/AJPH.2009.180489.

King, A. C., Winter, S. J., Sheats, J. L., Rosas, L. G., Buman, M. P.,

Salvo, D., et al. (2016). Leveraging citizen science and

information technology for population physical activity promo-

tion. Translational Journal of the American College of Sports
Medicine. https://doi.org/10.1249/TJX.0000000000000003.

Kitler, M. E., Gavinio, P., & Lavanchy, D. (2002). Influenza and the

work of the World Health Organization. Vaccine. https://doi.org/

10.1016/S0264-410X(02)00121-4.

Kleinschmidt, I., Bagayoko, M., Clarke, G. P. Y., Craig, M., & Le

Sueur, D. (2000). A spatial statistical approach to malaria

mapping. International Journal of Epidemiology. https://doi.org/

10.1093/ije/29.2.355.

Klompas, M., Murphy, M., Lankiewicz, J., McVetta, J., Lazarus, R.,

Eggleston, E., et al. (2011). Harnessing electronic health records

for public health surveillance. Online Journal of Public Health
Informatics. https://doi.org/10.5210/ojphi.v3i3.3794.

Kodong, F. R., Shanono, N. M., & AL-Jaberi, M. A. A. (2020). The

monitoring infectious diseases diffusion through GIS. SciTech
Framework, 2(1), 23–33.

Kolivras, K. N. (2006). Mosquito habitat and dengue risk potential in

Hawaii: A conceptual framework and GIS application. Profes-
sional Geographer. https://doi.org/10.1111/j.1467-9272.2006.

00521.x.

Kothari, A., Driedger, S. M., Bickford, J., Morrison, J., Sawada, M.,

Graham, I. D., et al. (2008). Mapping as a knowledge translation

tool for Ontario Early Years Centres: Views from data analysts

and managers. Implementation Science. https://doi.org/10.1186/

1748-5908-3-4.

Krishnan, A., Xu, T., Hutfless, S., Park, A., Stasko, T., Vidimos, A.

T., et al. (2017). Outlier practice patterns in Mohs micrographic

surgery: Defining the problem and a proposed solution. JAMA
Dermatology. https://doi.org/10.1001/jamadermatol.2017.1450.

Krosing, H., & Roybal, K. (2013). PostgreSQL Server Programming.

Community experience distilled.

Kulldorff, M. (1997). A spatial scan statistic. Communications in
statistics—Theory and methods. https://doi.org/10.1080/

03610929708831995.

Kulldorff, M. (2001). Prospective time periodic geographical disease

surveillance using a scan statistic. Journal of the Royal
Statistical Society. Series A: Statistics in Society. https://doi.

org/10.1111/1467-985X.00186.

Kumari, P., & Toshniwal, D. (2020). Impact of lockdown measures

during COVID-19 on air quality—A case study of India.

International Journal of Environmental Health Research.

https://doi.org/10.1080/09603123.2020.1778646.

Lawson, A. B., & Leimich, P. (2000). Approaches to the space-time

modelling of infectious disease behaviour. IMA Journal of
Mathemathics Applied in Medicine and Biology. https://doi.org/

10.1093/imammb17.1.1.

Lee, H., & Nishiura, H. (2019). Sexual transmission and the

probability of an end of the Ebola virus disease epidemic.

Journal of Theoretical Biology. https://doi.org/10.1016/j.jtbi.

2019.03.022.

Lee, J. S. H., Wich, S., Widayati, A., & Koh, L. P. (2016). Detecting
industrial oil palm plantations on Landsat images with Google
Earth Engine. Remote Sensing Applications: Society and

Environment. https://doi.org/10.1016/j.rsase.2016.11.003.

Li, J., & Guo, X. (2020). COVID-19 Contact-tracing apps: A survey

on the global deployment and challenges. arXiv preprint arXiv:

2005.03599.

Li, M. Y., & Muldowney, J. S. (1995). Global stability for the SEIR

model in epidemiology. Mathematical Biosciences. https://doi.

org/10.1016/0025-5564(95)92756-5.

Lipsitch, M., Swerdlow, D. L., & Finelli, L. (2020). Defining the

epidemiology of Covid-19—Studies needed. New England
Journal of Medicine. https://doi.org/10.1056/NEJMp2002125.

Liu, Y. F., Li, J. M., Zhou, P. H., Liu, J., Dong, X. C., Lyu, J., &

Zhang, Y. (2020). Analysis on cluster cases of COVID-19 in

Tianjin. Zhonghua Liu Xing Bing Xue Za Zhi = Zhonghua
Liuxingbingxue Zazhi. https://doi.org/10.3760/cma.j.cn112338-

20200225-00165.

Liu, W., Tao, Z. W., Wang, L., Yuan, M. L., Liu, K., Zhou, L., et al.

(2020b). Analysis of factors associated with disease outcomes in

hospitalized patients with 2019 novel coronavirus disease.

Chinese Medical Journal. https://doi.org/10.1097/CM9.

0000000000000775.

Liu, J., & Zhang, T. (2011). Epidemic spreading of an SEIRS model

in scale-free networks. Communications in Nonlinear Science
and Numerical Simulation. https://doi.org/10.1016/j.cnsns.2010.

11.019.

Lo, Y. W., Zhao, Q., Ting, Y. H., & Chen, R. C. (2015). Automatic
generation and recommendation of recipes based on outlier

analysis. In IEEE 7th international conference on awareness
science and technology, iCAST 2015—proceedings. https://doi.

org/10.1109/ICAwST.2015.7314050.

Lu, H., Stratton, C. W., & Tang, Y. W. (2020a). Outbreak of

pneumonia of unknown etiology in Wuhan, China: The mystery

and the miracle. Journal of Medical Virology. https://doi.org/10.

1002/jmv.25678.

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020b).

Genomic characterisation and epidemiology of 2019 novel

coronavirus: implications for virus origins and receptor binding.

The Lancet. https://doi.org/10.1016/S0140-6736(20)30251-8.

Lyseen, A. K., Nøhr, C., Sørensen, E. M., Gudes, O., Geraghty, E. M.,

Shaw, N. T., & Bivona-Tellez, C. (2014). A review and

framework for categorizing current research and development

in health related geographical information systems (GIS) Stud-

ies. Yearbook of Medical Informatics. https://doi.org/10.15265/

IY-2014-0008.

MacKerron, G., & Mourato, S. (2010). LSE’s mappiness project may

help us track the national mood: but how much should we

consider happiness in deciding public policy?.

Maisonneuve, N., Stevens, M., & Ochab, B. (2010). Participatory

noise pollution monitoring using mobile phones. Information
Polity. https://doi.org/10.3233/IP-2010-0200.

Mann, J. K., Tager, I. B., Lurmann, F., Segal, M., Quesenberry, C. P.,

Lugg, M. M., et al. (2002). Air pollution and hospital admissions

for ischemic heart disease in persons with congestive heart

Journal of the Indian Society of Remote Sensing (August 2020) 48(8):1121–1138 1135

123

https://doi.org/10.1016/j.rsase.2015.06.002
https://doi.org/10.1016/j.rsase.2015.06.002
https://doi.org/10.1177/003335490612100206
https://doi.org/10.1126/sciadv.1501675
https://doi.org/10.1126/sciadv.1501675
https://doi.org/10.1093/bmb/ldt028
https://doi.org/10.1093/bmb/ldt028
https://doi.org/10.1093/bmb/ldt028
https://doi.org/10.1093/bmb/ldt028
https://doi.org/10.1007/BF02464423
https://doi.org/10.2105/AJPH.2009.180489
https://doi.org/10.1249/TJX.0000000000000003
https://doi.org/10.1016/S0264-410X(02)00121-4
https://doi.org/10.1016/S0264-410X(02)00121-4
https://doi.org/10.1093/ije/29.2.355
https://doi.org/10.1093/ije/29.2.355
https://doi.org/10.5210/ojphi.v3i3.3794
https://doi.org/10.1111/j.1467-9272.2006.00521.x
https://doi.org/10.1111/j.1467-9272.2006.00521.x
https://doi.org/10.1186/1748-5908-3-4
https://doi.org/10.1186/1748-5908-3-4
https://doi.org/10.1001/jamadermatol.2017.1450
https://doi.org/10.1080/03610929708831995
https://doi.org/10.1080/03610929708831995
https://doi.org/10.1111/1467-985X.00186
https://doi.org/10.1111/1467-985X.00186
https://doi.org/10.1080/09603123.2020.1778646
https://doi.org/10.1093/imammb17.1.1
https://doi.org/10.1093/imammb17.1.1
https://doi.org/10.1016/j.jtbi.2019.03.022
https://doi.org/10.1016/j.jtbi.2019.03.022
https://doi.org/10.1016/j.rsase.2016.11.003
http://arxiv.org/abs/2005.03599
http://arxiv.org/abs/2005.03599
https://doi.org/10.1016/0025-5564(95)92756-5
https://doi.org/10.1016/0025-5564(95)92756-5
https://doi.org/10.1056/NEJMp2002125
https://doi.org/10.3760/cma.j.cn112338-20200225-00165
https://doi.org/10.3760/cma.j.cn112338-20200225-00165
https://doi.org/10.1097/CM9.0000000000000775
https://doi.org/10.1097/CM9.0000000000000775
https://doi.org/10.1016/j.cnsns.2010.11.019
https://doi.org/10.1016/j.cnsns.2010.11.019
https://doi.org/10.1109/ICAwST.2015.7314050
https://doi.org/10.1109/ICAwST.2015.7314050
https://doi.org/10.1002/jmv.25678
https://doi.org/10.1002/jmv.25678
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.15265/IY-2014-0008
https://doi.org/10.15265/IY-2014-0008
https://doi.org/10.3233/IP-2010-0200


failure or arrhythmia. Environmental Health Perspectives.
https://doi.org/10.1289/ehp.021101247.

Marini, J. J., & Gattinoni, L. (2020). Management of COVID-19

respiratory distress. JAMA Journal of the American Medical
Association. https://doi.org/10.1001/jama.2020.6825.

Martin, C., Curtis, B., Fraser, C., & Sharp, B. (2002). The use of a

GIS-based malaria information system for malaria research and

control in South Africa. Health and Place. https://doi.org/10.

1016/S1353-8292(02)00008-4.

Martines, M. R., Ferreira, R. V., Toppa, R. H., Assuncao, L.,

Desjardins, M. R., & Delmelle, E. M. (2020). Detecting space-

time clusters of COVID-19 in Brazil: Mortality, inequality,

socioeconomic vulnerability, and the relative risk of the disease

in Brazilian municipalities. MedRxiv. https://doi.org/10.1101/

2020.06.14.20131102.

Matthew, S. R., Peter, H., & Andrew, C. (2004). World atlas of

epidemic diseases. Cartographic Perspectives. https://doi.org/

10.14714/cp52.381.

May, J. M. (1951). Map of the world distribution of malaria vectors.

Geographical Review. https://doi.org/10.2307/210709.

Miller-Rushing, A., Primack, R., & Bonney, R. (2012). The history of

public participation in ecological research. Frontiers in Ecology
and the Environment. https://doi.org/10.1890/110278.

Mo, C., Tan, D., Mai, T., Bei, C., Qin, J., Pang, W., et al. (2020). An

analysis of spatiotemporal pattern for COIVD-19 in China based

on space-time cube. Journal of Medical Virology. https://doi.org/

10.1002/jmv.25834.

Moore, D. A., & Carpenter, T. E. (1999). Spatial analytical methods

and geographic information systems: Use in health research and

epidemiology. Epidemiologic Reviews. https://doi.org/10.1093/

oxfordjournals.epirev.a017993.

Mujica, F. C. (2013). Disease maps: Epidemics on the ground.

Cartography and Geographic Information Science. https://doi.

org/10.1080/15230406.2013.776209.

Mweya, C. N., Kimera, S. I., Kija, J. B., & Mboera, L. E. G. (2013).

Predicting distribution of Aedes aegypti and Culex pipiens

complex, potential vectors of Rift Valley fever virus in relation

to disease epidemics in East Africa. Infection Ecology &
Epidemiology. https://doi.org/10.3402/iee.v3i0.21748.

Nakada, L. Y. K., & Urban, R. C. (2020). COVID-19 pandemic:

Impacts on the air quality during the partial lockdown in São

Paulo state, Brazil. Science of the Total Environment, 730,
139087.

Nakazawa, Y., Lash, R. R., Carroll, D. S., Damon, I. K., Karem, K.

L., Reynolds, M. G., et al. (2013). Mapping monkeypox

transmission risk through time and space in the Congo Basin.

PLoS ONE. https://doi.org/10.1371/journal.pone.0074816.

Ng, K. C., Chaves, L. F., Tsai, K. H., & Chuang, T. W. (2018).

Increased adult aedes aegypti and culex quinquefasciatus
(Diptera: Culicidae) abundance in a dengue transmission
hotspot, compared to a coldspot, within Kaohsiung city. Taiwan:

Insects. https://doi.org/10.3390/insects9030098.

Nicholson, M. C., & Mather, T. N. (1996). Methods for evaluating

lyme disease risks using geographic information systems and

geospatial analysis. Journal of Medical Entomology. https://doi.

org/10.1093/jmedent/33.5.711.

Noble, D., Smith, D., Mathur, R., Robson, J., & Greenhalgh, T.

(2012). Feasibility study of geospatial mapping of chronic

disease risk to inform public health commissioning. British
Medical Journal Open. https://doi.org/10.1136/bmjopen-2011-

000711.

Nykiforuk, C. I. J., & Flaman, L. M. (2011). Geographic information

systems (GIS) for health promotion and public health: a review.

Health Promotion Practice. https://doi.org/10.1177/

1524839909334624.

Ogen, Y. (2020). Assessing nitrogen dioxide (NO2) levels as a

contributing factor to coronavirus (COVID-19) fatality. Science
of the Total Environment. https://doi.org/10.1016/j.scitotenv.

2020.138605.

Oliphant, T. E. (2007). Python for scientific computing. Computing in
Science & Engineering. https://doi.org/10.1109/MCSE.2007.58.

Osei, F. B., & Duker, A. A. (2008). Spatial and demographic patterns

of Cholera in Ashanti region, Ghana. International Journal of
Health Geographics. https://doi.org/10.1186/1476-072X-7-44.

Owusu, C., Desjardins, M. R., Baker, K. M., & Delmelle, E. (2019).

Residential mobility impacts relative risk estimates of space-

time clusters of chlamydia in Kalamazoo county, Michigan.

Geospatial Health. https://doi.org/10.4081/gh.2019.812.

Padarian, J., Minasny, B., & McBratney, A. B. (2015). Using

Google’s cloud-based platform for digital soil mapping. Com-
puters & Geosciences. https://doi.org/10.1016/j.cageo.2015.06.

023.

Palmer, J. R. B., Oltra, A., Collantes, F., Delgado, J. A., Lucientes, J.,

Delacour, S., et al. (2017). Citizen science provides a reliable

and scalable tool to track disease-carrying mosquitoes. Nature
Communications. https://doi.org/10.1038/s41467-017-00914-9.

Panahi, M. H., Parsaeian, M., Mansournia, M. A., Khoshabi, M.,

Gouya, M. M., Hemmati, P., et al. (2020). A spatio-temporal

analysis of influenza-like illness in Iran from 2011 to 2016.

Medical Journal of The Islamic Republic of Iran (MJIRI), 34(1),

464–469.

Pansini, R., & Fornacca, D. (2020). COVID-19 higher induced

mortality in Chinese regions with lower air quality. 10(2020.04),

04-20053595.

Patela, N. N., Angiuli, E., Gamba, P., Gaughan, A., Lisini, G.,

Stevens, F. R., et al. (2015). Multitemporal settlement and

population mapping from landsatusing google earth engine.

International Journal of Applied Earth Observation and Geoin-
formation. https://doi.org/10.1016/j.jag.2014.09.005.

Pekel, J. F., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-

resolution mapping of global surface water and its long-term

changes. Nature. https://doi.org/10.1038/nature20584.

Perl, D. P., & Moalem, S. (2006). Aluminum, Alzheimer’s disease

and the geospatial occurrence of similar disorders. Reviews in
Mineralogy and Geochemistry. https://doi.org/10.2138/rmg.

2006.64.4.

Pfefferle, S., Kobbe, R., Guenther, T., Noerz, D., Santer, R., Oh, J.,

et al. (2020). Infection control and virological assessment of the

first cluster of COVID-19 in Northern Germany. SSRN Elec-
tronic Journal. https://doi.org/10.2139/ssrn.3572733.

Phillips, S. (2010). ‘‘A brief tutorial on maxent’’ in species

distribution modeling for educators and practitioners. Lessons
in Conservation.

Piccolomiini, E. L., & Zama, F. (2020). Monitoring Italian COVID-

19 spread by an adaptive SEIRD model. MedRxiv. https://doi.

org/10.1101/2020.04.03.20049734.

Poggio, L., Simonetti, E., & Gimona, A. (2018). Enhancing the

WorldClim data set for national and regional applications.

Science of the Total Environment. https://doi.org/10.1016/j.

scitotenv.2017.12.258.

Prensner, J. R., Iyer, M. K., Balbin, O. A., Dhanasekaran, S. M., Cao,

Q., Brenner, J. C., et al. (2011). Transcriptome sequencing across

a prostate cancer cohort identifies PCAT-1, an unannotated

lincRNA implicated in disease progression. Nature Biotechnol-
ogy. https://doi.org/10.1038/nbt.1914.

Pung, R., Chiew, C. J., Young, B. E., Chin, S., Chen, M. I. C.,

Clapham, H. E., et al. (2020). Investigation of three clusters of

COVID-19 in Singapore: implications for surveillance and

response measures. The Lancet. https://doi.org/10.1016/S0140-

6736(20)30528-6.

1136 Journal of the Indian Society of Remote Sensing (August 2020) 48(8):1121–1138

123

https://doi.org/10.1289/ehp.021101247
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.1016/S1353-8292(02)00008-4
https://doi.org/10.1016/S1353-8292(02)00008-4
https://doi.org/10.1101/2020.06.14.20131102
https://doi.org/10.1101/2020.06.14.20131102
https://doi.org/10.14714/cp52.381
https://doi.org/10.14714/cp52.381
https://doi.org/10.2307/210709
https://doi.org/10.1890/110278
https://doi.org/10.1002/jmv.25834
https://doi.org/10.1002/jmv.25834
https://doi.org/10.1093/oxfordjournals.epirev.a017993
https://doi.org/10.1093/oxfordjournals.epirev.a017993
https://doi.org/10.1080/15230406.2013.776209
https://doi.org/10.1080/15230406.2013.776209
https://doi.org/10.3402/iee.v3i0.21748
https://doi.org/10.1371/journal.pone.0074816
https://doi.org/10.3390/insects9030098
https://doi.org/10.1093/jmedent/33.5.711
https://doi.org/10.1093/jmedent/33.5.711
https://doi.org/10.1136/bmjopen-2011-000711
https://doi.org/10.1136/bmjopen-2011-000711
https://doi.org/10.1177/1524839909334624
https://doi.org/10.1177/1524839909334624
https://doi.org/10.1016/j.scitotenv.2020.138605
https://doi.org/10.1016/j.scitotenv.2020.138605
https://doi.org/10.1109/MCSE.2007.58
https://doi.org/10.1186/1476-072X-7-44
https://doi.org/10.4081/gh.2019.812
https://doi.org/10.1016/j.cageo.2015.06.023
https://doi.org/10.1016/j.cageo.2015.06.023
https://doi.org/10.1038/s41467-017-00914-9
https://doi.org/10.1016/j.jag.2014.09.005
https://doi.org/10.1038/nature20584
https://doi.org/10.2138/rmg.2006.64.4
https://doi.org/10.2138/rmg.2006.64.4
https://doi.org/10.2139/ssrn.3572733
https://doi.org/10.1101/2020.04.03.20049734
https://doi.org/10.1101/2020.04.03.20049734
https://doi.org/10.1016/j.scitotenv.2017.12.258
https://doi.org/10.1016/j.scitotenv.2017.12.258
https://doi.org/10.1038/nbt.1914
https://doi.org/10.1016/S0140-6736(20)30528-6
https://doi.org/10.1016/S0140-6736(20)30528-6


Qian, Q., Zhao, J., Fang, L., Zhou, H., Zhang, W., Wei, L., et al.

(2014). Mapping risk of plague in Qinghai-Tibetan Plateau,

China. BMC Infectious Diseases. https://doi.org/10.1186/1471-

2334-14-382.

Qiu, Y. Y., Wang, S. Q., Wang, X. L., Lu, W. X., Qiao, D., & Li, J.

B., et al. (2020). Epidemiological analysis on a family cluster of

COVID-19. Zhonghua Liu Xing Bing Xue Za Zhi = Zhonghua
Liuxingbingxue Zazhi. https://doi.org/10.3760/cma.j.cn112338-

20200221-00147.

Ramı́rez Villegas, J., & Bueno Cabrera, A. (2009). Working with

climate data and niche modeling: I. Creation of bioclimatic

variables.

Ranjan, A. K., Patra, A. K., & Gorai, A. K. (2020). Effect of

lockdown due to SARS COVID-19 on aerosol optical depth

(AOD) over urban and mining regions in India. Science of the
Total Environment, 141024.
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