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ABSTRACT
Climate change is disrupting the fundamental conditions of human life
and exacerbating existing inequity by placing further burdens on
communities that are already vulnerable. Risk exposure varies by where
people live and work. In this article, we examine the spatial overlap of
the compound risks of COVID-19 and extreme heat in New York City.
We assess the relationship between socio-demographic and natural,
built and social environmental characteristics, and the spatial
correspondence of COVID-19 daily case rates across three pandemic
waves. We use these data to create a compound risk index combining
heat, COVID-19, density and social vulnerability. Our findings
demonstrate that the compound risk of COVID-19 and heat are public
health and equity challenges. Heat and COVID-19 exposure are
influenced by natural, built, and social environmental factors, including
access to mitigation infrastructure. Socio-demographic characteristics
are significant indicators of COVID-19 and heat exposure and of where
compound vulnerability exists. Using GIS mapping, we illustrate how
COVID-19 risk geographies change across the three waves of the
pandemic and the particular impact of vaccinations before the onset of
the third wave. We, then, use our compound risk index to assess heat
interventions undertaken by the City, identify neighborhoods of both
adequate and inadequate coverage and provide recommendations for
future interventions.
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1. Introduction

Climate change and the COVID-19 pandemic are disrupting the fundamental conditions of human
life and exacerbating existing inequities by placing further burdens on communities that are
already vulnerable. Some are better positioned and resourced to adapt to or avoid the worst
impacts of climate change, while others find their homes becoming uninhabitable, their livelihoods
vanishing and their health and security threatened (Islam and Winkel 2017; King and Harrington
2018; Oppenheimer et al. 2022). The overlapping nature and multiplicity of risks associated with
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climate change are captured in the concept of “riskscapes”, a term that calls attention to interactions
among risks, or potential dangers and harms, such as exposure to natural environmental harms like
extreme heat and flooding, built and social environmental risks such as inadequate or crowded
housing and social risk, such as lack of access to social support and economic opportunity
(Neisser and Müller-Mahn 2017; Davies et al. 2020). Vulnerable neighbourhoods are disproportio-
nately exposed to elevated risks and cumulative impact across several dimensions of human life
and the biophysical environment (Liévanos 2020; Renn 2008).

Exposure to risk varies by where people live, work and the multiplicity of other contexts in which
they engage in social interaction. Too often, however, these risks have been studied in isolation. For
example, heightened environmental exposure is studied separately from elevated exposure to crime,
elevated exposure to health risks is studied without concern for heightened economic risks and so
forth (Müller-Mahn, Everts, and Stephan 2018). Studying riskscapes enables an understanding of the
origins, interdependencies and spillovers between risk clusters that operate on multiple spatial
scales from the local to the global as well as the factors that sustain risk (Beck 2012; Renn 2008).
For example, the COVID-19 crisis has had substantial interwoven health, economic, political and
social implications as well as simultaneous interactions with the changing climate. Responding to
climate change and COVID-19 requires a consideration of the complexities, nuances and place-spe-
cificities of riskscapes.

In this paper, we explore the combined factors that are spatially associated with both high temp-
erature and COVID-19, two major stresses on New York City (NYC) neighbourhoods, as well as the
interventions that the NYC government has undertaken to respond to them. Our analysis is
spatial and seeks to identify places of highest risk and show the ways multiple hazards impact
general social vulnerabilities which are also tied to place. Specifically, social, environmental and
built structural factors interact and overlap in specific places. Figure 1 shows a map of NYC land
surface temperature (LST) averaged across June, July and August 2019 and 2020 as captured by
Landsat 8; first and second COVID-19 waves mapped; and the daily cases counts of COVID-19
from February 2020 to February 2022.

Figure 1. New York City land surface temperature (LST) and COVID-19 mapped for combined Waves 1 and 2, and graph of COVID-
19 case counts showing Waves 1, 2 and 3 from February 2020 to February 2022. COVID-19 waves are defined as the periods
between days with no change in 7-day case counts.
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We focus our analysis on geographies of exposure and interventions to identify riskscapes that
incorporate diverse viewpoints on the threats of loss across NYC (Davies et al. 2020; Morello-
Frosch and Shenassa 2006). Our study seeks to determine whether the neighbourhoods most
impacted by COVID-19 are also more exposed to the compound risks of high levels of extreme
heat1 and whether interventions have targeted the most vulnerable neighbourhoods. In recognising
the roles that both physical and social factors play in shaping risk (Davies et al. 2020; Locke et al.
2021; Nayak et al. 2019; Ortiz et al. 2022), we assess the relationships between a range of environ-
mental, built and social infrastructure and socio-demographic characteristics and the spatial corre-
spondence of heat and COVID-19 case rates across three waves of the pandemic – spanning
2020–2022.

We use these data to create a compound risk index that combines heat, COVID-19, density and
social vulnerability from factor analysis of natural environment characteristics, built and social
environmental characteristics and social factors. We then use this compound risk index to assess
heat interventions undertaken by NYC and examine areas where existing policies provide adequate
coverage as well as areas of shortfall. The compound risk index could be used by NYC policymakers
to inform efforts to reduce exposure to both heat and COVID-19 in the most vulnerable neighbour-
hoods. The results could also provide insight into other cities and broader geographies.

The article proceeds in five sections. In Section 2, we provide background on heat and COVID-19
exposure in NYC and describe physical and social factors such as urban density, ethnicity and access
to greenspace and cooling centres that influence compound risk. In Section 3, we present the data-
sets and methods used to conduct our analysis. In Section 4, we discuss key findings of the factor and
regression analysis and the efficacy of city-wide interventions. Finally, in Section 5 we review key con-
clusions and make recommendations for improving policy and future research.

2. Heat exposure, COVID-19, physical and social factors and interventions

2.1. Heat exposure and COVID-19 in New York City

Between the summers of 2010–2018, there were on average 100 heat-exacerbated deaths in
New York City, disproportionately impacting vulnerable communities like the elderly, those with
health conditions and those in low-income, Black and Brown communities (Kaiser Family Foun-
dation 2022; NYC Environmental Health 2021). Studies increasingly show the impacts of climate
change and extreme weather events like heat waves disproportionately affect low-income popu-
lations, the elderly, children and ethnic minorities (Patz et al. 2000; Reckien et al. 2018). Currently,
the government of NYC estimates heat vulnerability based on a study by Madrigano et al. (2015),
from which it developed a heat vulnerability index (HVI) using measures including land surface
temperature (LST), green space, access to home air conditioning and the percentage of residents
who are low-income or non-Latinx Black (NYC Environmental Health 2021). Our index has been
inspired by the HVI index created by Madrigano et al. and the City. We seek to provide a comp-
lementary index utilising a geographic assessment of risk built from spatial correlation. For the
heat data, we have also utilised a LST dataset that sampled Landsat data from all days during
summers 2019 and 2020 that passed quality control, rather than just a single day. However, LST
data from all summer days were used instead of only from the hottest day, or an extreme heat
event, to capture possible variation in LST spatial distribution between hot days. In addition, we
include spatially-associated risk factors related to the social and built environment, such as
density, which provide a deeper understanding of the areas most exposed to heat. Finally, we
further evaluate the role of interventions, making our index a complementary tool for policy
decision making.

Climate change is expected to increase the frequency and intensity of both extreme heat waves and
non-extreme hot days, contributing to higher heat-related morbidity and mortality; climate change
projections show communities in the Northeastern USA, low-income populations, the elderly and
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children will be among groups the most vulnerable to these health effects (Madrigano et al. 2015;
McGeehin and Mirabelli 2001; O’Neill and Ebi 2009; Patz et al. 2000; Reckien et al. 2018; Rosenzweig
et al. 2009). Specifically in NYC, climate change is projected to increase summer heat-related premature
mortality by an estimated 70% by the 2050s compared to the 1990s, even with acclimatisation efforts
like cooling shelters and heat alerts (Knowlton et al. 2007). The NYC Panel on Climate Change found
that increasing temperatures and heat waves and coastal storms and flooding are the principal climate
hazards posing health risks to NYC and the surrounding region (Kinney et al. 2015), while a CDC report
based on data between 2000 and 2011 estimated that 447 heat-related emergency department visits,
152 hospital admissions and 13 deaths occurred annually in NYC (CDC 2013). Previous studies have
shown that NYC heat-related mortality, like that related to COVID-19, disproportionately impacts
neighbourhoods that are predominantly low-income and communities of colour (Kinney et al. 2015;
Madrigano et al. 2015; NYC Council n.d.; NYC Department of Health n.d.; NYC Environmental Health
2021; Rosenthal et al. 2014). The NYC Council Heat and Cooling Equity map (NYC Council n.d.)
shows that residents in the Brownsville, Jamaica, Rockaways, East Tremont and Mott Haven/Hunts
Point neighbourhoods experience the highest levels of extreme heat, high comorbidity and relatively
less access to air conditioning.

High temperature, especially accompanied by low humidity, has been correlated with increased
daily cases and deaths of COVID-19 (Bock et al. 2021; Meo et al. 2020a, 2020b; Ortiz et al. 2022; Wil-
helmi et al. 2021). Ortiz et al. (2022) created a multi-hazard risk framework to map areas in which
urban heat island (UHI) extremes, social vulnerability and COVID-19 infection rates overlapped in
NYC, finding several multi-hazard risk hot spots in which high social vulnerability, COVID-19 cases
and temperatures coincided. Wilhelmi et al. (2021) found that millions of people in the USA had
difficulty responding to or coping with extreme heat due to direct or indirect effects of COVID-19,
and the groups most vulnerable to this compound risk included low-income people, women, the
unemployed and racial and ethnic minorities. Moreover, Bock et al. (2021) demonstrate how
COVID-19 in NYC compounded the risk of heat-related health impacts as people were forced to
isolate at home and how inequitable access to cooling centres, air conditioning and green space
compounded social vulnerabilities by making low-income minority populations the most vulnerable.

Heat adaptation strategies used in the USA prior to the pandemic, such as heat warnings or
cooling centres, were either diminished by stay-at-home orders or compounded the risk of
COVID-19 exposure and were thus ineffective in protecting populations from heat-related health
impacts (Bose-O’Reilly et al. 2021; Jin and Sanders 2022; Martinez et al. 2020). This risk is exacerbated
by unequal access to air conditioning systems or poor housing quality, which burdens low-income
and minority populations, who, if leaving their homes to visit cooling centres, are at higher risk for
COVID-19 exposure (Boateng et al. 2021; Martinez et al. 2020). The growing research demonstrates
the compound risks of heat and COVID-19 and the lack of adequate protection against both for many
citizens, across the USA but particularly in NYC, reinforcing the need for additional analysis that facili-
tates targeted interventions by identifying which NYC neighbourhoods are most vulnerable.

2.2. Natural environment and access to green space

The natural and built environments do not generate risks in isolation. Rather, risks are generated
through use and access to different features of these environments. For example, a number of
studies demonstrate that disadvantaged communities have the least access to green space like
trees and parks, partially resulting from systemic disinvestment in minority, low-income areas
(Locke et al. 2021; Mitchell and Chakraborty 2018; Wilson 2020). Hoffman et al. (2020) found that for-
merly redlined areas in the USA show consistently higher temperatures partially due to a lack of trees
and green space, while Locke et al. (2021) mapped historically redlined areas to the lowest percen-
tage of tree canopy cover. These effects are systematic and embedded through years of discrimina-
tory policies that draw investment away from these neighbourhoods.
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2.3. Role of density

The social conditions of built infrastructure are also significant to understanding risk and vulner-
ability. For example, city density has been linked with COVID-19 infection and mortality rates
(Davies et al. 2020; Dong et al. 2020). In particular, severe rental overcrowding, exacerbated by evic-
tions during the pandemic, was documented as causing higher COVID-19 infection rates, com-
pounding the disproportionate impacts of COVID-19 on lower-income populations and people of
colour (Benfer et al. 2021). Harlem (2020) finds that severe overcrowding is one of the factors
leading to extremely high COVID-19 cases in Queens, NYC alongside lower educational status and
less access to healthcare. Dasgupta (2020) also demonstrates that in the USA, high-density
housing structures and crowded housing units were at higher risk for turning into COVID-19 infec-
tion hotspots. In our study, we integrate analysis of density, but further qualify density into different
types, mixed density and rental overcrowding. From a risk standpoint, Midtown, Manhattan, which
has very dense built infrastructure consisting of mostly high-rise elevator buildings, is not the same
as Corona, Queens, which has less dense physical infrastructure mostly characterised by detached
single-family housing and low-rise walk-up buildings, but very high rental crowding. These factors
correlate with differential heat and COVID-19 impact.

2.4. Systemic inequities

Disproportionate health impacts from urban heat island (UHI) are compounded by social patterns and
a (lack of) social capital like social community networks, social norms and cultural behaviours, demon-
strating the compound risk of heat and social vulnerability (Guardaro, Hondula, and Redman 2022;
Rydin et al. 2012, Guardaro et al. 2022). Social determinants of health like income, education and
race/ethnicity, among other socio-demographic and -economic factors, significantly influence tem-
poral and regional variations in health, including vulnerability to climate change impacts like heat
(Arthurson and Baum 2015; Gu et al. 2020). Consistently, those exposed to the highest land surface
temperatures (LST) and who experience the most heat-related hospital visits are “disadvantaged com-
munities” as defined by New York State’s (NYS) Climate Act and approved by the NYS Climate Justice
Working Group, and comprised of low-income, minority residents with high exposure to environ-
mental hazards and/or living in formerly redlined neighbourhoods (Bill S6599 2019; Hoffman,
Shandas, and Pendleton 2020; Li et al. 2022; Mitchell and Chakraborty 2018; New York State 2021;
Wilson 2020). Moreover, Wallace andWallace (1990) demonstrate a connection between health dispar-
ities and the deliberate withdrawal of City services from African American and Latino communities
during the 1970s, particularly in the Bronx. These patterns of historic disinvestment still impact health-
care access for those communities today. Bolitho and Miller (2017) propose a social vulnerability
approach rather than a risk management approach to reducing the impacts of extreme heat given
the underlying social causes of certain populations’ chronic, long-term vulnerability to heat from
factors like lack of housing quality and lack of access to green space. Guardaro et al. (2022) similarly
utilise a social capital approach to identifying urban heat indicators, finding that social factors like
trust and reciprocity, personal relationships and community engagement impact communities’
levels of resilience to urban heat.

Numerous studies have illuminated the socioeconomic disparities and inequalities of COVID-19
infection and mortality rates (Dasgupta 2020; Kaiser Family Foundation 2022; Karaye and Horney
2020; Nayak et al. 2020; Wilhelmi et al. 2021). Dasgupta (2020) found that USA counties with a
higher percentage of racial and ethnic minority residents were at higher risk for COVID-19 morbidity
and mortality. Specifically, Black, Hispanic and American Indian and Native Alaskan people experi-
ence a disproportionate number of COVID-19 cases and deaths and are at least twice as likely as
White individuals to die of COVID-19 (Kaiser Family Foundation 2022). Karaye and Horney (2020)
also found social vulnerability indicators like minority status and language, household composition
and transportation, and housing and disability impact access to adequate medical care and nutrition,
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are predictors for COVID-19 case counts in the USA including disproportionate rates of COVID-19
infection and mortality in morbidity. Overall, studies highlight the ways existing systemic inequities
exacerbate the disproportionate burden of COVID-19 on low-income, minority communities (Gaynor
and Wilson 2020; Wilhelmi et al. 2021).

2.5. Interventions

Urban green infrastructure is a critical strategy for addressing urban heat and can deliver co-benefits
for physical and mental health (Aram et al. 2019; Lai et al. 2019; Norton et al. 2015). Urban parks and
trees are particularly effective green infrastructure interventions for urban cooling, and larger parks
have the highest effect in both cooling intensity (effect on surrounding areas) and cooling distance
(range of cooling beyond the park area) (Aram et al. 2019; Feyisa, Dons, and Meilby 2014; Zölch et al.
2016). Moreover, parks have a higher cooling effect on urban heat island in dense areas if they have
higher canopy cover; more dense, complex and diverse vegetation; and a higher number of water
bodies (Aram et al. 2019; Feyisa, Dons, and Meilby 2014; Xu et al. 2017). Cooling centres can also
help mitigate heat risk impact, though access to cooling centres can also be limited for more vulner-
able populations based on lack of transportation proximity, disability and lack of risk awareness
(Nayak et al. 2019).

Context and community-based planning interventions targeted towards disadvantaged commu-
nities experiencing the highest heat risk can promote more equitable distribution of green space and
cooling centres, supporting increased cooling effects for the most vulnerable populations (Groulx
et al. 2021; Nayak et al. 2019; Norton et al. 2015; Ruiz-Luna et al. 2019). In time, risks, inadequate
income, poor quality housing, lack of public facilities and lack of access to green space compound.
Studies have, for example, demonstrated that the lack of access to quantity and quality of green
spaces links to low-income, high-vulnerability residents feeling hotter in the summer, a “heat injus-
tice” that could be corrected with more targeted allocation of green space and cooling facilities to
more vulnerable areas (Burbidge et al. 2022; Mitchell and Chakraborty 2018).

3. Methods

3.1. Data

To understand the compound riskscape at the neighbourhood scale across NYC, we analysed spatial
associations of the built environment, proximity to and typology of parks and socio-economic data
with heat exposure (surface temperature) and COVID-19 cases. Across the data, which are drawn
from multiple sources, census tract is the common unit of analysis. In addition, even though we are
pursuing spatial rather than temporal correlation, we sought to maintain comparable time-spans of
data proximate to the 2020–2022 COVID-19 pandemic. For census tracts, we rely on the 5-year
2014–2018 estimates from the American Community Survey (ACS). Census tracts have undoubtedly
experienced some transition since the data were collected; however, we rely on the fact that factors
such as racial composition, education and income level tend to be relatively stable over time.

Our results are consistent with the communities documented as “disadvantaged communities”
according to the criteria proposed by the NYS Climate Justice Working Group created “to ensure
that frontline and otherwise underserved and disproportionately burdened communities benefit
from the state’s historic transition to cleaner, greener sources of energy, reduced pollution and
cleaner air, and economic opportunities” (New York State 2021). Nevertheless, the data compared
are by no means meant to reveal causal trends, but rather the spatial correspondence of proximate
risk factors. Similarly, with our factor and regression analysis, we do not seek to provide a causal or
predictive model, but rather seek to identify spatial trends in the relationships between heat-
exposure and COVID case rates, as well as an understanding of the attributes of the places with
the highest risk. The full list of the 30 variables used in this analysis is provided in Appendix 1.
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We use Landsat data to assess heat but evaluate LST on all days during the summers of 2019 and
2020 that satisfy a quality control. Our heat assessment focuses on satellite data and purely on heat
exposure potential, which we conceptualise as the potential to experience high temperatures in the
city, particularly during summer months. We augment these data with attributes of the natural and
built environment, incorporating measures for vegetation cover and building density as well as
social environmental factors such as density type (rental crowding or mixed residential and commer-
cial density, see Supplementary Table 2 for additional detail) and access to parks and green space
and public cooling facilities. We assess vulnerability spatially, from correlates of census tracts, and
include socio-demographic measures from census data including education, income and race.
After examining physical, built and social correlates of heat exposure, we combine this assessment
with correlation analysis of the spatial distribution of COVID-19 across the three prominent waves
from 2020 to 2022.

3.1.1. Heat
Land surface temperature (LST) from the summer months (June, July and August) of 2019 and 2020
was used as a proxy for heat during the COVID-19 pandemic, which is a function of air temperature
and humidity. While the exact relationship between heat and surface temperature is complex, higher
surface temperatures generally correlate with higher heat, so LST is often used to understand urban
heat at the city scale (Ho et al. 2016; Krüger 2017; Unger et al. 2010). Census tract mean summer
daytime surface temperature was calculated from Landsat 8 TIRS provisional surface temperature
images of NYC for 27 June 2019, 29 July 2019, 30 August 2019, 13 June 2020 and 6 July 2020
(Cook 2014; Cook et al. 2014). These dates were selected as they are the only Landsat 8 images of
NYC for the summers of 2019 and 2020 with less than 10% cloud cover and no striping, which
causes data loss. All Landsat scenes of New York City were captured at a 30-meter resolution
between 11:32 and 11:39 AM Eastern Standard Time from Landsat 8 path 13 and row 32 and
were obtained from the US Geological Survey’s EarthExplorer website (US Geological Survey n.d.).

Quality assessment was performed by removing all pixels that contained clouds, and thus abnor-
mally low surface temperature data, based on the Landsat 8 pixel quality assessment file (PIXELQA)
(U.S. Landsat Collection 1 (C1) Analysis Ready Data (ARD) Data Format Control Book (DFCB) 2019). If any
part of a census tract was missing data for a certain day, no mean surface temperature was calculated
for that census tract for that day to avoid bias from capturing only a part of the census tract.

3.1.2. COVID-19
NYC was one of the original “hotspots” for the coronavirus pandemic in the United States, experien-
cing some of the highest case rates in the world. In early March 2020, the presence of the COVID-19
virus exponentially increased in NYC, with case rates rising to a 7-day average2 of 5,921 confirmed
cases per day on 6 April 2020 (NYC Department of Health and Mental Hygiene 2021). The second
wave began on 2 September 2021 and lasted until 3 June 2021, reaching a maximum on 8
January 2021 with 5246 confirmed cases (NYC Department of Health and Mental Hygiene 2021).
The pandemic continued into Spring 2022 with a subsequent Omicron wave occurring between
31 October 2021 and 8 March 2022.

As seen in Figure 1, case rates have varied significantly across the three waves. However, it is
important to note that many factors changed as the pandemic (including predominant strains of
the virus) and public health responses evolved. The first COVID-19 wave was a summer wave,
making the correspondence of heat and COVID-19 risk more prominent. The second wave can be
characterised by standardised mask and social distancing mandates, increased testing and vacci-
nation roll-out. See Table 1 for a further assessment of the COVID-19 waves, City intervention and
associated start and end dates.

For these reasons, we assess spatial correlates of COVID-19 and corresponding physical and social
factors across the three waves independently. We assume relative spatial consistency of viral con-
ditions within each wave (strain predominance is at least city wide) in order to understand relative
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spatial variations in case counts within each wave to assess the relative risk or vulnerability of geo-
graphies within the city. We combine Waves 1 and 2 for some analyses because they occurred before
the major intervention of vaccination.

COVID-19 case rates during three waves of COVID-19 peaks were used as a proxy for COVID-19
exposure. The boundaries of the waves were defined as the days on which the number of 7-day
cases did not change. Only confirmed positive cases were used, defined by NYC Health as a posi-
tive result from a molecular test, such as a PCR test (NYC Department of Health and Mental
Hygiene 2021). COVID-19 data was accessed through the NYC Department of Health and
Mental Hygiene’s online data repository on 15 August 2021. These data are collected and organ-
ised geographically based on patients’ home addresses aggregated to MODZCTA geography,
which are modified versions of the NYC ZIP Code Tabulation Areas (NYC Department of Health
and Mental Hygiene 2021). Data include NYC residents and internationals who are being
treated in NYC.

The COVID-19 data were disaggregated to the census tract geography, as shown in Supplemen-
tary Figure 1. We used the derived case rate (case count divided by the estimated 2018 ACS census
tract population) as the basis of our analysis so that the data were normalised by population. Using
case rates rather than death rates avoids accounting for co-morbidities, which can be influenced by
many factors beyond COVID-19 and the environment in which a person lives. We focused on
confirmed cases rather than deaths because we were interested in the community characteristics
that make an individual exposed to the virus in the first place. Using death counts would have
restricted the data too narrowly to individuals who were fatally exposed to the virus and experienced
some combination of individual factors, such as underlying health conditions or access to medical
care. The disaggregation process distributes the MODZCTA COVID data evenly throughout the
census tracts that lie within it, according to the Census Tract’s estimated population. This means
that different census tracts belonging to a single MODZCTA should have the same COVID case
rates but different case counts depending on the varying census tract populations. A limitation of
this process is that census tract estimates may not accurately represent the prevalence of COVID
cases across neighbouring tracts, since certain areas of a MODZCTA may have experienced a
higher rate of infection for a number of reasons unrelated to the geography’s population density.
However, the disaggregation process was reviewed with the NYC Department of Health and
Mental Hygiene and was perceived as an acceptable option that allows for statistical processing
at a more granular level.

3.1.3. Heat vulnerability, green space and built environment variables
Heat vulnerability variables include neighbourhood microclimate (tree canopy, greenery, impervious
land cover and open space access) from the 2017 NYC Light Detection and Ranging (LiDAR) data
capture and NYC Planimetrics; and vegetation quality (NDVI and NDMI), derived from Landsat 8
imagery (See Supplementary Material for further information). Planimetric mapping is the capture
and digitisation of visible geographic features from aerial photography, traditionally mapped in
two dimensions. The most recent NYC Planimetrics data, created by NYC DoITT in 2016, were

Table 1. Timeline of COVID-19 waves and interventions in New York City.

WAVE 1 WAVE 2 WAVE 3

Wave start 9 March 2020 2 September 2021 31 October 2021
Peak date 6 April 2020 8 January 2021 4 January 2022
Stay-at-home start 22 March 2020
Stay-at-home end 7 June 2020
Widespread testing November 2021 – Present
Vaccination 11 January 2021 – Present
Mask mandate start 12 April 2020 – –
Mask mandate end – – 7 March 2022
Wave end July 2020 3 June 2021 8 March 2022
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used to provide further detail on land use. These data capture imagery from the 2014 New York Sta-
tewide Flyover, which covered Manhattan on 24 June 2014 and the Bronx, Brooklyn, Queens and
Staten Island between 1 April and 25 April 2014, at a 6-inch resolution (NYC DoITT 2019).

3.1.4. Social variables
We used US Census American Community Survey (ACS) data to assess demographic, socioeco-
nomic and housing factors and their impact on risk. We include age, poverty, race, housing con-
ditions and air conditioning (AC) availability from the latest ACS survey available at the time of
the research. The ACS sample compiles data according to census tract for the 5-year period
2014–2018. Exploratory factor analysis revealed that the most significant variables associated
with heat and COVID-19 risk are education, income (median household income), access to
health care (percent of residents in a census tract without health insurance), access to social
infrastructure (percent of residents in the census tract experiencing language isolation) and
race (percent of census tracts that are comprised of Black and African American residents
and percent of census tracts comprised of Hispanic residents). We retained these variables in
our analysis (For further comparison of how our data compare with other Social Vulnerability
Indices, please see Appendix 2).

3.1.5. Analysis methods
We used exploratory Principal Component Analysis (PCA) and Factor Analysis (FA) to assess the
relationships between natural environment, built and social environment and social factors (See
supplementary material for additional detail). Our analysis yielded seven significant factor
groups: Vegetation Density, Impervious Surface, Distance to Green Space, Rental Overcrowding,
Mixed Density, Public Cooling Distance and Social Vulnerability. For example, Vegetation Density
gives an indication of how dense vegetation is as measured by NDMI and NDVI data (for a full
listing of the composition of scaled variables see Supplementary Table 2). We ran exploratory
factor analysis of the scaled variables and combined LST (proxy for heat), COVID-19 Wave 1
and Wave 2 case counts, Rental Crowding and Social Vulnerability into a combined Heat and
COVID-19 Vulnerability Index. We combined Waves 1 and 2 because they were before the
major intervention of vaccinations, which affected the data in Wave 3. The significance of
these factors was assessed with the covariance and Chronbach’s alpha and the standardised vari-
ables of each factor were combined into scaled variables for use with regression analysis. The
composition and significance test results for all of the scaled variables derived from the factor
analysis are shown in Appendix 1.

We then conducted a series of regression analyses to assess the relationships between these
factors and heat and COVID-19 across three waves. Since our LST Heat variable follows a normal
linear distribution, we used Ordinary Least Squares (OLS) Regression analysis to examine the
relationship between LST and Built and Social Factors. We then used Multivariate Multiple
Regression (MMR) analysis to model the relationship between the natural and built environment,
density and systemic inequity variables. We also used MMR to analyse the relationship between
COVID-19 case counts across the three waves and physical, built and social environmental variables
and social explanatory variables.

Finally, the results were mapped in ArcGIS to develop visual representations of the compound
riskscape. The maps represent each variable in quintile segments, with the first quintile representing
the lowest effect and the 5th quintile representing the highest effect. To conduct the neighbour-
hood analysis, we focused on the corresponding NYC neighbourhoods that are defined by the
NYC government (Figure 1).

3.1.6. Interactions with stakeholders
We consulted with City stakeholders from the Mayor’s Office of Resiliency, the Department of Health
and Mental Hygiene, the Department of City Planning, the Department of Transportation and the
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Department of Parks and Recreation throughout the research process. Based on these discussions,
we explored how the interventions conducted in the summer of 2020 – Cool Streets and Open
Streets – related to the compound riskscape (See Section 4.3).

4. Results and discussion

4.1. Ordinary Least Squares (OLS) regression for heat

Ordinary Least Squares (OLS) regression analysis of LST and natural, built and social environ-
mental and social factors is shown in Table 2. Vegetation Density is the most significant determi-
nant of areas that are cooler in the city, which is consistent with the literature on urban heat
impact. Results demonstrate that LST has a significant inverse correlation with areas of higher
density. Since variables are standardised scales, the coefficients are difficult to interpret. For
example, the 0.57 coefficient for vegetation, statistically significant at the 99% confidence inter-
val, suggests that a one-unit increase in the Vegetation Density (a scaled variable where one unit
is equivalent to a change of 1 on a scale of −1.5–4.1 with a standard deviation of 0.96) corre-
sponds with a 0.57 unit decrease in LST (with one unit representing a degree Celsius change
in average temperature readings across the 6 hottest days in the summers of 2019 and 2020).
In contrast, a one-unit increase in the Impervious Surface variable (which is a scaled variable
from 0 to 1.6 with standard deviation of 0.71) correlates with a 0.08 unit decrease in heat (sig-
nificant to the 95% confidence interval).

To make these results easier to interpret and compare across independent variables, we also
report standardised coefficients such that each variable (dependent and independent) is standar-
dised to have a mean of 0 and a standard deviation of 1. For example, reading from the third
column in Table 2 (OLS regression of heat and other variables), a 1 standard deviation increase in
Vegetation Density leads to a 0.42 standard deviation decrease in temperature.

Heat relationships cannot be understood based on physical parameters alone. For this
reason, we have classified density into two types: rental overcrowding (combination of total
crowding weighted with rental overcrowding) and mixed density (combination of population

Table 2. Ordinary least squares regression of LST heat and built and social factors.

***p < .01; **p < .05; *p < .1; OLS regression, red/green indicates positive/negative correlations.
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density, percent 1–2 family buildings, percent mixed residential and commercial and percent
multi-family elevator buildings; See Supplementary Table 2). Areas of rental crowding corre-
spond with hotter areas in the city. Areas with mixed density correspond with relatively
cooler areas in the city. Here, one can understand why Midtown Manhattan with its tall build-
ings, high impervious surfaces with greater shading and predominantly mixed commercial and
residential density is not one of the hottest areas in the city (Nath, Ni-Meister, and Özdoğan
2021) (see Figure 1). In contrast, Corona and North Corona, Queens and East Williamsburg,
Brooklyn, with relatively higher vegetation density and lower impervious surface, but with
less shading and high rental overcrowding, are also some of the hotter areas in the city. Simi-
larly, social vulnerability (as measured by income, education, language isolation and lack of
health insurance) is a correlate of heat, with areas having higher social vulnerability also
being hotter in the summer.

4.1.1. Multiple multivariate regression analysis: understanding the relationship between
heat and the built environment
To further understand the interrelationship between Heat, Vegetation, Density and Impervious
Surface and Built/Social Environmental Factors and Social Factors, we conducted a multiple multi-
variate regression analysis (Table 3). Model results are illustrated in the maps below.

Here, we can see some changes to the Heat effects, particularly with respect to Distance to Green
Space. Without controlling for vegetation density and impervious surface, distance to green space is
a highly significant predictor of heat. Census tracts that are further from green space (parks and other
open recreation areas) are hotter. This is consistent with findings from the literature. For Vegetation
Density, areas with Mixed Density have less dense vegetation.

In contrast, areas that are further from Public Cooling Infrastructure have more vegetation
density, suggesting that as shown in Figure 2, Public Cooling is concentrated in denser
urban areas. Areas with more Impervious Surface, such as Manhattan, have more mixed
density and are closer to public cooling infrastructure. These areas generally have fewer socially
vulnerable, Black and Hispanic residents (see Figure 2 and Figure 6 below). However, areas that
are located outside of Manhattan that have high Impervious Surface also have higher percen-
tages of Black and Hispanic residents, greater distance from green space and a significant cor-
relate of rental overcrowding.

Table 3. Multiple multivariate regression analysis of heat, vegetation density and impervious surface.

***p < .01; **p < .05; *p < .1; multiple multivariate regression, red/green indicates positive/negative correlations.
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4.2. Assessing impact of natural, built and social factors across three COVID-19 waves

To understand the physical geography of COVID-19 across the three waves, we ran another multi-
variate multiple regression with the first COVID-19 wave, the second wave, the combined first and
second waves, and the third wave of the pandemic (Table 4). The dependent variables are measured
as cumulative COVID-19 case rates for each census tract (N = 2078) across each wave. Some of the
independent variables are measured as percentages such as percent of census tracts that lack AC,
Percent Black and African American and Percent Hispanic. For these variables, interpretation is
straightforward. For example, a 1% increase in the percent of a census tract that is Black or

Figure 2. New York City key neighbourhoods of risk and distance to major open space, with vegetation density and impervious
surface mapped in quintiles (Q1 lowest effect to Q5 highest effect)

Table 4. Multiple multivariate regression analysis of COVID-19 across three waves.

***p < .01; **p < .05; *p < .1; multiple multivariate regression.
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African American is associated with a 780-case increase in the number of cases across Wave 1. Since
many of the other variables are composites, and interpretation is more challenging, we have also
standardised all variables and report the standardised coefficient, which is also helpful in under-
standing the relative impact of the different independent variables. For example, a 1 standard devi-
ation increase in Percent Black or African American residents in a census tract leads to a 0.30 standard
deviation increase in COVID-19 case counts in Wave 1. The statistical significance of variables is not
affected by standardsing the variables.

4.2.1. Wave 1
In the first wave of the pandemic, LST and COVID-19 case rates were concentrated in similar neigh-
bourhoods. As shown in Figure 4, the LST hotspot neighbourhoods – the South Bronx; Jamaica,
Queens; Elmhurst, Queens; Maspeth and Sunnyside, Queens; Greenpoint and Williamsburg, Brooklyn
– tended to also have high COVID-19 case rates. The inverse correlation with Vegetation Density and
positive correlation with Impervious Surface (shown in Figure 3) demonstrate that the pandemic was
worse in neighbourhoods in the boroughs of Bronx, Brooklyn, Queens and Staten Island, whereas
areas such as mid and upper Manhattan had lower case rates (all variables statistically significant
to the 99% confidence interval). This was the only summer wave and the compound risk with
heat can be seen in the positive coefficients for Distance from Green Space, Distance to Public
Cooling and Percent Lacking AC (Figure 3).

The neighbourhoods farther from green space and public cooling infrastructure (Figure 3), and
also those with lower percentages of households having AC, had higher COVID-19 case counts.
This demonstrates the significance of green space not only for mediating heat, but also mitigating
the impact of the pandemic. As we explore in Section 5, public cooling is also a potentially useful
mediator of summer pandemics. Access to outdoor greenspace and public outdoor cooling facilities
such as pools and open streets gave individuals a relatively safe way to mediate the impact of
extreme heat while limiting the potential virus spread. Subsequent studies have for example
shown that the risk of catching COVID-19 is diminished outdoors. As expected, access to private
air conditioning is also correlated with lower COVID-19 case counts.

Figure 3. COVID-19 Wave 1 mapped with distance to cooling infrastructure and percent of population in each census tract that
lacks AC
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With respect to social factors, Social Vulnerability (as measured by median household income,
language isolation, percent lacking diploma and percent lacking health insurance) is highly signifi-
cant (Figure 4). Some of the areas with the highest levels of social vulnerability are located in neigh-
bourhoods such as Sunset Park, Coney Island and Brighton Beach in Brooklyn; Concourse, Port
Morris, Mott Haven and Soundview in the Bronx; Corona, North Corona, Jackson Heights, Elmhurst
and Flushing in Queens; and the Lower East Side of Manhattan. In the first wave the standardised
coefficient of Social Vulnerability (0.011) is not as strong as the included race variables of percent
African American residents (0.301) and Percent Hispanic (0.364) residents in each neighbourhood
(Table 3). With standardised coefficients of 0.30 and 0.364 respectively in Wave 1, the race variables
are the strongest predictors in the model. During the first wave of the virus much was reported about
the impact of the virus, particularly on Black and African American communities (NYC Department of
Mental Health and Hygiene 2021).

4.2.2. Waves 1 and 2: social vulnerability, race and essential work
In the second wave, which was the first winter wave of the pandemic, the relationship between
access to Green Space and COVID-19 case counts is reversed and the significance of Rental Crowding
falls away (Table 4). The areas most impacted by the second wave of the virus as measured by case
counts are still the farthest from public cooling. As with the first wave, these are still in boroughs
other than Manhattan. However, there is a noticeable transition between the first and the second
wave (Figure 5).

Looking at Figure 5, the geography of the virus shifted with highest levels of concentration
moving from the Northern Bronx, Eastern Queens, Northern Staten Island, to the South Bronx, North-
west Queens, South Brooklyn and areas between Brooklyn and Queens.

Figure 6 (Composite of Waves 1–2 and Race) shows a side-by-side comparison of Waves 1 and
2, and the geography of the virus shifted. The composition of neighbourhoods might explain
some of the variation. Census tracts with the highest concentrations of Black or African American3

Figure 4. Distance to green space mapped with the social vulnerability scale as represented in quintiles. Hatched overlays indi-
cate census tracts that have both the highest quintile case rates and temperature.
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residents are more concentrated in the Northwest and South Bronx and particularly Southeast
Queens and East Brooklyn. These represent areas where Black and African American residents
have historically settled as a consequence of policies such as redlining and urban renewal. Neigh-
bourhoods such as Bedford Stuyvesant, Brownsville and East New York (Brooklyn) also represent
areas with strong and historic grass roots community organisations that have helped to highlight
and reveal continuing inequalities and injustice. Areas of the Northwest and South Bronx such as

Figure 5. COVID-19 Waves 1 and 2 combined mapped in comparison to Wave 1 and Wave 2.

Figure 6. COVID-19 Wave 1 and Wave 2 mapped in comparison to census data on Percent Black or African American and Percent
Hispanic residents in each census tract.
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Hunts Point, Longwood, Mott Haven, Port Morris and Soundview have historically rooted popu-
lations of both Black and Hispanic residents. This has led to different forms of community-led
research and advocacy campaigns, like the NYC Environmental Justice Alliance (NYC-EJA) Water-
front Justice Project that has advocated to address differential climate change impacts associated
with the dislocation of chemicals during flooding events and disproportionate infrastructure
improvements to advance adaptation inside the city’s Significant Maritime and Industrial Areas
(Bautista et al. 2015; Reckien et al. 2018). Indicative of the history of systemic racism and dispro-
portionate environmental justice burden, these areas are all adjacent to industrial sites.

In the second wave, the Social Vulnerability standardised coefficient (0.36) is higher than both the
Percent Black (−0.16) and Percent Hispanic (0.121) standardised coefficients (Table 4). Indeed, the
sign of the Black coefficient is reversed indicating that case counts were actually lower in the neigh-
bourhoods with higher percentages of Black and African American residents (Figure 6).

While our data clearly demonstrates this transition, we cannot explain the reasons or causes for
the shift. There may be some connection to the nature of social vulnerability and how this bears out
across the waves. Percent Hispanic is indeed a strong correlate of high case count across all waves
(Table 4). A direct correlation analysis between Percent Black, Percent Hispanic and Social Vulner-
ability shows a statistically significant 0.54 (54 percent) positive correlation between Social Vulner-
ability and Percent Hispanic, and a statistically significant −0.053 (5 percent) negative correlation
between Percent Black and Social Vulnerability. This finding suggests that the Social Vulnerability
variable corresponds strongly with Hispanic populations in New York, while Black communities
are not necessarily as socially vulnerable as measured by household income, education, language
isolation and lack of health insurance.

Other census tracts with higher percentages of Hispanic residents are located in the South Bronx,
North Staten Island and distributed in smaller clusters throughout Brooklyn and Queens. In the
second wave, the virus shifted, particularly away from predominant Black communities in Brooklyn
and Queens and towards, neighbourhoods with higher Hispanic populations particularly in the
South Bronx. Neighbourhoods such as Sunset Park, Sunnyside, Middle Village and Queensboro
Hill were particularly affected in wave 2 (Figure 6). These neighbourhoods were vulnerable to
COVID-19 across both waves 1 and 2. The severity of impact extended across Staten Island and
the Rockaways.

Vulnerability may also correspond with populations disproportionately engaged in essential
work, as outlined in the NYC Comptroller’s report on Frontline Workers (2020). The NYC Comptrol-
ler’s report (2020), reinforced by other studies (Department of Labour 2021; Fiscal Policy Institute
2020; NYC Mayor’s Office of Immigrant Affairs 2021b; Rho, Fremstad, and Brown 2020), finds that
one-third of essential workers are Black and one third are Hispanic, and that across various essen-
tial worker categories, Black employees make up the largest share of transit workers (41%), while
Hispanic workers represent the largest share (60%) of cleaning service employees. As a conse-
quence of both lower social vulnerability and differences in the nature of work, Black residents
may have been able to better overcome some of the challenges (work-related exposure, lack of
health care access, etc.) that severely impacted Hispanic residents during the second wave of
the pandemic.

While the nature of essential work (cleaning versus transit work for example) may have played a
role in the shift in case counts between waves 1 and 2, the predominant causes are likely to be found
in a combination of public intervention, behavioural change, or other epidemiological causes. For
example, Skinner-Dorkenoo et al. (2022) demonstrate that social psychology can influence the per-
ception of COVID-19 vulnerability; specifically, exposure to information about racial disparities in
COVID-19 vulnerability reduced empathy and support for safety precautions targeted to support
those groups, perpetuating racial inequalities. In any case, the differential racial impact between
waves 1 and 2 is a notable finding that should be further explored by scholars in a range of fields
including public health. For example, if public health interventions helped to mediate the disparities
of impact for Black and African American residents in the second wave, it would be important to
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understand how and why these interventions were successful, as well as whether the same interven-
tions were applied to Hispanic populations.

4.2.3. Waves 1 and 2: differential density
In considering the pandemic from the start of the first wave to the end of the second, most of the
variables maintain their significance. Heat, Vegetation Density, Rental Overcrowding, Distance to
Public Cooling, Percent Lacking AC, Social Vulnerability and Percent Hispanic are positive correlates
with higher COVID-19 case counts (Table 4). In contrast Impervious Surface and Mixed Density are
strong correlates of lower COVID-19 case counts. Several studies have already identified the relation-
ship between density and COVID-19 spread (Davies et al. 2020; Dong, Du, and Gardner 2020), with
most studies suggesting that increased density leads to heightened spread of the virus. Neverthe-
less, the significance here is not only of the structures of physical infrastructure and how it affects
density, but also of the social use of infrastructure (Association for Neighborhood & Housing Devel-
opment 2021; New York City Environmental Justice Alliance 2020). In particular, the Rental Crowding
variable captures areas where rental overcrowding is high, meaning that living spaces tend to house
far more than one person (Figure 7). Neighbourhoods such as Corona and North Corona, Queens
have high rental crowding and high COVID-19 case counts. Although these areas have more
general vegetative density than areas such as Manhattan, because infrastructure consists of
detached and single-family houses rather than high-rise buildings, occupation rates are high
(Badger and Bui 2019; NYC Planning n.d.; ANHD 2021). There are fewer parks and other green ame-
nities in these neighbourhoods (Closson 2021; Huber 2020; Trust for Public Land n.d.).

Additionally, these areas tend to have higher food insecurity and poorer access to social services
and amenities (Kucklick and Manzer 2021; NYC Health 2021; Teirlinck n.d.). Many new immigrant
families have limited English skills and longer commute distances to work, while lacking access to
health care, affordable nutritious food, and childcare (NYC Health 2021; NYC Mayor’s Office of Immi-
grant Affairs 2021a; NYC Mayor’s Office of Immigrant Affairs 2021b; Teirlinck n.d.). Areas of Mixed
Density, such as Upper East and West Sides of Manhattan, have high-end population and infrastruc-
tural density, but significantly lower COVID-19 case counts. These are often wealthy residential
spaces and predominantly White non-Hispanic communities, which have multiple amenities and

Figure 7. COVID-19 Wave 1 and Wave 2 mapped in comparison to rental overcrowding and mixed density in each census tract.
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services to attend to public health needs. In contrast, low income and communities of colour located
near industrial neighbourhoods that in NYC concentrate in other boroughs, particularly in the South
Bronx and North and Southwest Brooklyn, suffer from the lack of basic necessities creating a nega-
tive impact on social determinants of local health (Brooklyn Borough President 2023; NYC-EJA 2020).
Areas such as certain neighbourhoods in Manhattan have affluent communities with private ame-
nities that allow individuals to more successfully isolate. Due to their mixed nature, with residential
facilities in close proximity to shops, restaurants and places of work, they allow for easier access to
the full range of services that individuals need (Kucklick and Manzer 2021; NYC Planning n.d.). They
are also correlated with areas that are cooler and that have better access to green space and public
cooling (as a broader indicator) of social infrastructure (Closson 2021; Huber 2020; Lane et al. 2014).
This is consistent across the first and second waves.

The relatively lower risks experienced in areas of Mixed Density in our data may in fact demon-
strate the benefits of the “15-minute city,” a model adopted by cities around the world to
promote equity and sustainability and most recently by Paris as a post-pandemic recovery strategy
(Ferer-Ortiz et al. 2022; Moreno et al. 2021; Pisano 2020). By decentralizing the city into “complete”
neighborhoods with a mix of services and amenities, studies have shown that “15-minute cities” can
improve accessibility to healthy and affordable food, health and other basic services, quality green
space, jobs, education, retail, and recreation (Allam et al. 2022; Camerin 2020; Ferer-Ortiz et al. 2022;
Kakderi et al. 2021; Milner et al. 2021; Moreno et al. 2021; Pisano 2020; Pozoukidou and Chatziyian-
naki 2021). Density is important in understanding vulnerability, including the vulnerability to heat
effects and the pandemic, but the nature of the vulnerability cannot be understood in isolation of
other built and social factors.

4.2.4. Wave 3: the impact of vaccinations
New York City deployed a number of different strategies to combat the COVID-19 pandemic. The
third wave of the virus was accompanied by significant shifts in the geography of the pandemic.
Between the second and third waves, the rate and accessibility to COVID-19 testing increased sub-
stantially, and the predominant strand of the virus evolved from Delta to Omicron. Studies indicate
that Omicron was more contagious (CDC 2022; Ito, Piantham, and Nishiura 2022; HKUMed 2021; UK
Health Security Agency 2021; WHO 2022), which bears out in the increased case counts relative to
other waves, and possibly had less severe health impacts (CDC 2022; HKUMed 2021; UK Health Secur-
ity Agency 2021; WHO 2022). However, perhaps the most significant public intervention was the
introduction of COVID-19 vaccinations prior to the start of the wave. Vaccinations became available
beginning on 11 January 2021 in a process based on CDC guidelines determined by age, frontline
worker status and other comorbidities (Chokshi 2021; Dooling et al. 2021; Kates, Tolbert, and
Michaud 2021). As of 8 April 2022, over 77 percent of the population was reported to be fully vac-
cinated (NYC Health 2022).

The impacts in reducing, and in some cases reversing, built and social vulnerabilities are consider-
able. The right column in Table 3 shows that the significance of most variables fell away, with census
tracts with higher rates of rental overcrowding and higher percentage lacking AC seeing sign rever-
sals indicating that these census tracts experienced statistically significant lower case counts. Indeed,
the veracity of the model, as indicated by the R2, likewise drops away from 45+ percent as measured
across the first, second and combined first and second waves drops to 8 percent for the third wave.
However, some predictors of vulnerability remain significant including heat and Percent Hispanic
population. This likely reflects co-vulnerability of areas that tend to be hotter, as well as areas
with higher percentages of Hispanic population, which may again correspond with higher levels
of essential work and exposure.

The geographic shift of the pandemic can also be seen in Figure 8. Wave 3 which includes quin-
tiles of COVID-19 case count in purple (highest quintile in dark purple) and top 4 and 5 heat and
COVID-19 Waves 1 and 2 quintiles hashed in red. Some areas that had less vulnerability including
in the northern area between Queens and Brooklyn, Central Manhattan and parts of Staten Island
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saw higher case counts of COVID-19. Areas such as the South Bronx and Central North Queens saw
lower case counts. Some of the underlying vulnerability, including in Central North Queens and
South-Central Bronx, remains.

Our analysis reveals a profound shift in the geography of COVID-19 riskscapes between each
wave, but particularly the second and third wave of the pandemic once vaccines became avail-
able. In line with epidemiological studies of vaccine impact (Makhoul et al. 2020; Toor et al.
2021; Rodrigues and Plotkin 2020), access to vaccines seems to have helped mitigate COVID-
19 risks and helped reduce or even reverse disparities in case counts in many physically and
socially vulnerable census tracts. This is demonstrated both by factor and regression analysis
and by mapping of the COVID-19 waves. Whereas associated physical and social factors of vul-
nerability are reasonably consistent between the first and second wave, there are considerable
differences in the third wave. For these reasons, we incorporate case data from the first and
second wave into our analysis and index of COVID-19 and heat vulnerability, but not data
from the third wave (Figure 8).

4.2.5. The compound risk of heat and COVID-19
Exploratory factor analysis revealed the most significant and related factors of vulnerability and com-
pound risk of COVID-19 and Heat during Waves 1 and 2 to be Rental Crowding and Social Vulner-
ability (Appendix 1). The variables were loaded and rotated in Stata’s combined PCA and FA as a
single factor with an eigenvalue of 1.96. The variables were then standardised and scaled into the
index with a reliability test Cronbach’s alpha of 0.29 and an average interim covariance of 0.63.
We mapped the Compound Risk Index as shown in Figure 9. The index incorporates a range of phys-
ical, built, social environmental and social factors, but once again as determined through their spatial
statistical interrelationships. Finally, these results are reported with finer grain at the level of the
census tract.

According to our Compound Risk Index (Figure 9), the most vulnerable areas of the city are Kings-
bridge Heights, Parkchester, Concourse, Soundview, Mott Haven, Port Morris and Rikers Island in the
Bronx; Flushing, Corona, North Corona, Jackson Heights, Elmhurst, Flushing, Richmond Hill and

Figure 8. COVID-19 Wave 3 mapped in quintiles with highest quintile of compound risk index in hashed red overlay.
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Jamaica in Queens; Sunset Park, Borough Park, Coney Island and Brighton Beach in Brooklyn and Sta-
pleton in Staten Island. Several of these neighbourhoods, like Sunset Park (Brooklyn) and Mott Haven
and Port Morris (Bronx) are known for the disproportionate concentration of environmental burdens
and historic environmental justice issues given their location in NYC-designated Significant Maritime
and Industrial Areas (SMIAs) (Bautista et al. 2015). However, less is known about heat impacts in other
residential communities located near inland industrial areas like Jamaica or Maspeth (Queens) or
Soundview (Bronx); or low-income immigrant communities like North Corona, Corona, Jackson
Heights (Queens) – including waterfront neighbourhoods like Flushing (Queens).

4.3. NYC public interventions for heat and COVID-19 risk

4.3.1. City wide cooling interventions
At the height of the COVID-19 pandemic, NYC introduced Open Streets to provide New Yorkers with
nearby access to outdoor public spaces to combat the isolation effects of the pandemic. As part of
the Cool It! NYC programme, the City expanded the Open Streets initiative to include Cool Streets,
which provide tree-based shade and flowing water from fire hydrant spray caps (The City of New
York 2020; “Cool It! NYC : NYC Parks” n.d.; NYC DOT - Open Streets 2020). All Open and Cool
Streets are mapped as part of the spatial analysis. The goal was designating 100 miles of streets,
and around 70 miles were achieved in the summer of 2020. We compare the location of these inter-
ventions to our findings as they relate to distribution and concentration of density, ethnicity and
access to greenspace, and cooling centres that influence compound risk. We observe neighbour-
hoods experiencing “high risk and high distance to cooling infrastructure”, “high risk and low dis-
tance to cooling infrastructure” and “low risk and low distance to cooling infrastructure”. Our
study identifies neighbourhoods of concern where the City could focus future efforts to connect
people living in high risk areas with additional cooling infrastructure.

While the City is generally targeting vulnerable areas with its mitigation programmes, the cov-
erage of these neighbourhoods by mitigation measures is uneven. Figure 9 demonstrates the

Figure 9. Compound risk map showing the overlap of high temperature, COVID-19 case rates across Waves 1 and 2, rental crowd-
ing and social vulnerability; NYC interventions including open and cool streets, pools open in summer 2020 and major open
space; key high-risk and low-risk neighbourhoods and high and low distance to cooling centers.

20 J. KNOX-HAYES ET AL.



uneven mitigation measures to address the compound risk of heat, COVID-19 and overcrowding.
Of the hotspot neighbourhoods vulnerable to the compound risk of heat and COVID-19, Jamaica
and Elmhurst, Queens could benefit from further interventions due to their lack of existing
measures.

Only some of these neighbourhoods have City mitigation measures. In particular, our analysis
identifies areas such as Parkchester and Rikers Island (Bronx), East Williamsburg, Sunset Park,
Borough Park, Coney Island and Brighton Beach (Brooklyn), Corona, North Corona, Flushing,
Jamaica and Far Rockaway (Queens) to have high compound risk and low interventions. In addition,
we found that other communities, like Mott Haven and Port Morris (Bronx) and Jackson Heights and
Elmhurst (Queens) have high compound risk and moderate interventions. Identifying the top 50
census tracts with the highest compound risk according to our index highlights these neighbour-
hoods in particular (Figure 9). These are areas where the City can direct resources to address both
issues of environmental justice and climate resilience. Some of these neighbourhoods appear to
have potential for both high heat risk as well as either coastal or estuary inundation from sea
level rise, with high-tide or so-called nuisance flooding now occurring in some neighbourhoods.
Further study of the relationship between heat and both inland and coastal flood risk is warranted.

5. Conclusions and recommendations

Our findings demonstrate that the compound risks of COVID-19 and heat stress are both public
health and equity challenges. Several areas were identified as vulnerable to the compound risk of
extreme heat and COVID-19. The heat and COVID-19 riskscape as mapped in our Compound Risk
Index serves as a tool for policymakers seeking to develop interventions for responding to both
extreme heat and COVID-19 in urban areas. New York City’s programmes on Open Streets for
COVID-19 and risk reduction and Cool Streets for temperature risk reduction are examples of inter-
ventions that can be established in tandem to deal with compound risks.

In addition, our findings shed light on the way compound risks affect vulnerable populations in
dense cities such as New York. Notably, these risks can be neither understood nor addressed in silos.
Heat and COVID-19 exposure are both influenced by natural and built environmental factors, as well
as social ramifications including the ways in which physical infrastructure is used, and the availability
and accessibility of mitigation infrastructure (for example, see Benfer et al. 2021; Locke et al. 2021;
Ortiz et al. 2022). Socio-demographic characteristics, although not necessarily direct causes of vul-
nerability, are significant indicators of both heat and COVID-19 exposure, and of where compound
vulnerability exists, even taking all other factors into account (for example, see Gaynor and Wilson
2020; Li et al. 2022; Rydin et al. 2012).

Strategies to address vulnerability must likewise address underlying natural, built and social
environmental and social factors targeting interventions where and in ways such that they can
most effectively address underlying causes (See e.g. Burbidge et al. 2022; Hoffman, Shandas, and
Pendleton 2020; Karaye and Horney 2020). For the pandemic, the findings suggest that useful inter-
ventions are not just to be found in the domain of public health, but that the natural and built/social
environment to which individuals are exposed and have access matters. Shoring up social infrastruc-
ture and amenities, such as access to quality green spaces and public cooling facilities, can also be of
benefit to public health resilience (See e.g. Groulx et al. 2021; Lai et al. 2019; Nayak et al. 2019).
Indeed, resilience requires that cities remain flexible in their approach, and that interventions be tar-
geted to generate co-benefits.

In this article, we examine COVID-19 and heat, but the compound nature of these results seems to
generate insights into more general forms of vulnerability. In particular, as our statistical analysis and
layered maps suggest, natural, built and social vulnerabilities are often overlapped. As such, our
compound risk index is specific to COVID-19, heat, rental crowding and a few measures of social vul-
nerability but is likely also capturing more general physical, built-environmental and socio-economic
vulnerability that hold regardless of the type of risk considered. In this regard, the Index could
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provide the city guidelines of areas to target resilience interventions across a range of different
phenomena, including heat, pandemic vulnerability, increasing coastal and inland flood risk due
to sea level rise, migration and job loss and other catastrophes.

There are many avenues through which the work presented could be expanded in the future. In
particular, there are several findings that require further inquiry. Our data show the significance of
not just population density, but particularly the type of density on both heat and COVID-19 vulner-
ability. Areas such as Manhattan, which have very high density, but mixed (commercial and residen-
tial) density fare better than areas that are more suburban, have better vegetation quality and less
impervious surface, but high levels of rental crowding for both heat and COVID-19 exposure. This is a
finding with significance to a range of planning and design disciplines. For the planning field, it is
worth considering how measures such as access to high quality mediation infrastructure (green
spaces, cooling facilities, shopping facilities, food and health care centres, etc.) can allow for
enhanced resilience even where urban density is maintained or even increased.

Our data likewise demonstrate a shift in the racial composition of impact of the virus between
Waves 1 and 2, with census tracts with Black and African American populations being more severely
impacted in the first wave (as also widely reported in new media) but less severely impacted in the
second wave. This trend is not the same for census tracts with higher percentages of Hispanic resi-
dents, which were more severely impacted across all waves of the pandemic (including the post-
vaccine third, Omicron wave). There could be a range of reasons, epidemiological, policy interven-
tions, or social and behavioural interventions that are worth studying by scholars in a range of dis-
ciplines (Skinner-Dorkenoo et al. 2022).

The nature of our analysis clearly indicates the significance and geographic shift of the pan-
demic in the third wave away from areas that are otherwise more vulnerable. Given that the intro-
duction and wide-deployment of vaccines contributed to this shift, we believe that vaccinations
are the likely cause. In this regard, our findings support epidemiological studies showing the sig-
nificance of vaccination as a public health intervention to combat COVID-19 (Andrews et al. 2022;
Bruxvoort et al. 2021; CDC 2020; Feikin et al. 2022a; Feikin et al. 2022b; Fowlkes et al. 2021; Higdon
et al. 2022; Johnson et al. 2022; Lopez Bernal et al. 2021; Lewis et al. 2022; Makhoul et al. 2020;
Rodrigues and Plotkin 2020; Toor et al. 2021). However, we do not have access to adequately geo-
coded vaccine data to be able to directly analyse the impacts of the vaccine. In particular, although
most factors are mediated by the introduction of the vaccine, areas with high heat exposure poten-
tial and high percentages of Hispanic residents are still more significantly impacted. As vaccine
data become more readily available this is a finding other scholars should further investigate.

Finally, in understanding compound risk wewould like to extend the scope and scale of our analysis
of risks to include predominant climate change-related environmental effects in New York City, includ-
ing sea level rise, coastal flooding and storm surge risks, as well as ambient air quality risks. We can then
integrate these factors into the compound risk scale. We would like to use this methodology to
examine compound risks in other cities and believe this is an avenue where collaboration with a
range of other scholars could be productive. Multi-city comparison would give a more complete analy-
sis of the trends and impacts of the virus across all waves, as well as a better understanding of the scale
at which the pandemic operated. The analysis can likewise be replicated at larger scales, across the
state of New York, for example, to understand more complex urban-rural dynamics. Taken together,
these techniques, findings and avenues of future research offer new ways to understand compound
climate and pandemic risks and fruitful new strategies to develop related co-benefits of interventions.

Notes

1. Here we are examining potential exposure to heat from built environmental factors such as impervious surfaces,
urban density and lack of tree cover. We are correlating these with direct spatially calibrated temperature
measurements at the census tract level. We are spatially associated these attributes to summary data of
census tracts most impacted by COVID. The analysis is spatial in nature.
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2. Largest observed value on the 7-day average trend line.
3. We use Black and African American in keeping with ACS census data to acknowledge African as well as non-

African descendants. For tables, we have condensed this term to “Black”.
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