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mature tree canopy, no recently planted street trees) 
that may enhance heat vulnerability. We used modi-
fied Poisson regression models to estimate associa-
tions of HOLC grades with the property character-
istics, unadjusted and adjusted for historical and 
contemporary measures of the neighborhood soci-
odemographic environment. Compared to grade A 
areas, higher proportions of properties in grade B, 
C, and D areas had dark roofs, low/no mature tree 
canopy, and no street trees. Adjusting for histori-
cal sociodemographics attenuated associations, with 
only associations with low or no tree canopy remain-
ing elevated. Adjusting for present-day concentrated 
racial and socioeconomic deprivation did not sub-
stantially impact overall findings. In Philadelphia, 
PA, HOLC maps serve as spatial representations of 
present-day housing and land cover heat vulnerability 

Abstract Historical, institutional racism within the 
housing market may have impacted present-day dis-
parities in heat vulnerability. We quantified associa-
tions between historically redlined areas with present-
day property and housing characteristics that may 
enhance heat vulnerability in Philadelphia, PA. We 
used color-coded Home Owners Loan Corporation 
(HOLC) maps and tax assessment data to randomly 
select 100 present-day (2018–2019) residential prop-
erties in each HOLC grade area (A = Best; B, C, and 
D = Most hazardous; N = 400 total). We conducted 
virtual inventories of the properties using aerial and 
streetview imagery for land cover and housing char-
acteristics (dark roof color, flat roof shape, low or no 
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characteristics. Further analyses incorporating longi-
tudinal data on urban redevelopment, reinvestment, 
and neighborhood change are needed to more fully 
represent complex relationships among historical rac-
ism, residential segregation, and heat vulnerability.

Introduction

Rising global temperatures coupled with intensive 
urbanization contributes to dangerously hot urban 
spaces [1, 2]. This represents a critical public health 
concern; in the absence of appropriate interventions, 
by the end of the twenty-first century, extreme heat 
will cause tens of thousands of excess deaths [3]. 
Risk of mortality from extreme heat is not distrib-
uted equally. Past heat wave events, in Philadelphia, 
[4] Chicago, [5] and Paris [6] have revealed tremen-
dous inequities in vulnerability, with disproportion-
ate impacts on marginalized racial groups, elderly, 
and poor populations [7]. Built-environment and land 
cover are modifiable features that contribute to het-
erogeneity in exposure intensity or adaptive capac-
ity, and thus, to differences in heat vulnerability [8, 
9]. For example, lighter surfaces on roofs, pavement, 
or buildings may cool neighborhoods because they 
reflect solar radiation [10]. Likewise, more greens-
pace, such as grass or trees, may cool through evapo-
transpiration or by providing shade [1, 11]. Impervi-
ous surfaces, such as concrete or asphalt, contribute to 
micro-urban heat islands [1, 12, 13] because they are 
often dark in color. This translates to low solar reflec-
tance because they absorb and store heat [14]  and 
lack the evapotransporative properties of vegetation 
[15]. Housing characteristics, such as roofing color, 
may also contribute to differences in indoor tempera-
ture intensity, and thus to differences in heat vulner-
ability. It is important to consider the determinants of 
variable indoor temperatures since most heat-related 
deaths occur indoors [16, 17], and because most peo-
ple, and especially the elderly and those with chronic 
conditions or impaired mobility who may be particu-
larly heat sensitive, spend the majority of their time 
inside [18]. Past studies have documented racial dis-
parities in the spatial distribution of greenspace, [19] 
tree canopy, and impervious surfaces [20]. No stud-
ies, to our knowledge, have documented disparities 
in housing characteristics, such as roofing color, that 
might enhance heat vulnerability. Also, few studies 

have empirically documented the historical contribu-
tors to inequities in built environment features that 
may confer present-day heat vulnerability.

Redlining is a historical form of institutional rac-
ism that contributes to present-day racial residential 
segregation, [21] a fundamental cause of racial dis-
parities in health and neighborhood environments 
[22-25]. Redlining refers to maps that the federally 
sponsored Home Owners’ Loan Corporation (HOLC) 
created in the early 1930s, for cities across the USA 
[21]. During the new deal era and following the 
Great Depression, when the USA was in the midst of 
a foreclosure crisis, the HOLC issued loans to help 
homeowners avoid losing their homes, or to reac-
quire their already-lost homes. The HOLC assessed 
the so-called riskiness of borrowers, and thus their 
willingness to issue loans, by creating maps that 
delineated neighborhoods into the following grades: 
A, or most desirable (color = green); B, slightly less 
desirable (color = blue); C, declining neighborhoods 
(color = yellow); D, undesirable (color = red). These 
grades were assigned, in large part, based on the 
neighborhood’s sociodemographic composition, and 
areas with high percentages low-income immigrant or 
Black residents received a grade D rating. Redlining 
has been linked with present-day adverse health out-
comes, including higher rates of emergency depart-
ment visits for asthma [26], higher risk of adverse 
birth outcomes [27, 28], and late-stage cancer diag-
nosis [29]. The pathways underlying links between 
redlining and present-day population health inequities 
are hypothesized to include neighborhood disinvest-
ment (e.g., disinvestment in built environment infra-
structure) and residential segregation, which, in turn, 
have critical implications for health-promoting, place-
based resources [28]

Here, we explore a built-environment pathway that 
may explain links between historical redlining and 
present-day disparities in heat-related morbidity and/
or mortality. We empirically estimated associations 
between HOLC risk grades with present-day built-
environment characteristics—housing and land cover 
features—that might confer heat vulnerability. We 
used high-resolution aerial orthoimagery and 360° 
streetside panoramic imagery, accessed via Google 
Maps and Street View services, to virtually inven-
tory residential properties by human observation. The 
use of these images allowed us to characterize certain 
housing features, such as roofing color, or land cover 
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features, such as recently planted, immature street 
trees, at the property level. Because these features are 
not represented in publicly available data sources, our 
work represents an important contribution to the lit-
erature on inequities in heat vulnerability, and links 
between structural racism and built-environments.

The study setting is Philadelphia, PA, which is one 
of the most racially segregated cities in the USA [30], 
a city with a history of tragic heat waves [31], and 
one in which rates of heat-related mortality are higher 
in neighborhoods with higher proportion Black resi-
dents [8].

Methods

Design

We used an ecologic study design, and the primary 
unit of observation was present-day residential prop-
erties clustered within neighborhoods. In primary 
analyses, we defined present-day neighborhoods 
using the 2010 United States census tract boundaries 
[32]. Census tracts are small, relatively permanent 
subdivisions of a county or equivalent area, with a 
population size between 1,200 and 8,000 (optimally 
4,000) [32]. As a sensitivity analysis, we redefined 
neighborhoods using tract boundaries from the 1940s 
decennial census.

HOLC Maps

We used a publicly available, digitized HOLC “risk” 
map from the University of Richmond’s Mapping 
Inequality Project [33] to identify HOLC-assigned 
color-coded risk categories (A–D) across Philadel-
phia (Supplemental Material 1). The HOLC risk map 
comprised 253.8  km2 of land area from the within 
the boundaries of contemporary Philadelphia; HOLC 
grade A areas comprised 37.3  km2, grade B areas 
comprised 97.5  km2, grade C areas 50  km2, and grade 
D areas comprised 68.6  km2.

Residential Properties

The City of Philadelphia’s Office of Property Assess-
ment inspects properties approximately every 3 years 
to determine taxes [34]. The assessment data contain 
latitude and longitude coordinates for every property, 

an indicator for whether it is residential, and addi-
tional attribute information. These data were down-
loaded from the city of Philadelphia’s Open Data 
portal in year 2016 [34]. We used ArcGIS Pro ver-
sion 2.8.1 to assign the properties to an HOLC grade 
area, and to a 2010 census tract. We then created four 
separate HOLC-grade specific databases containing 
all properties assigned to the relevant grade. We then 
used an evenly distributed random real number gen-
erator to select 100 residential properties to inventory 
from each of the four databases (coded A, B, C, or 
D), resulting in 400 total properties for the analysis. 
This number of properties represented a minimum of 
one inventoried residence for every  km2 of the area 
represented by each HOLC risk category, or 2.7, 
1.0, 2.0, and 1.5 properties per  km2 in areas A, B, C, 
and D, respectively. This number of properties was 
selected based on consideration of the time it takes to 
conduct manual virtual inventories, while also aiming 
to include a sufficient number of properties to be rep-
resentative of the area and allow statistical contrasts.

Sociodemographic Variables from the 1940s 
Decennial Census

The HOLC grade assignments were informed, at 
least in part, by the sociodemographic composition 
of neighborhoods [21, 35]. As a result, it is possible 
that present-day housing and land cover characteristics 
were impacted by neighborhood compositional factors 
that pre-dated the establishment of the HOLC map. 
We used data from the 1940 decennial census to adjust 
for potential confounding by historical sociodemo-
graphic neighborhood characteristics. This approach 
is consistent with other analyses using HOLC grade 
maps [36, 37]. We assigned the residential properties 
to the 1940s census tract boundaries using ArcGIS 
Pro version 2.8.1. We downloaded the 1940 decen-
nial census tract-level counts of residents who were 
Black and White: total population, counts of adults 
ages 25 years and older with at least 4 years of high 
school education, counts of homes without a radio, 
counts of homes in need of repair, counts of homes 
without central heat, counts of homes without a refrig-
erator, counts of homes with more than one person per 
room, and counts of people ages 14 and older report-
ing unemployment, from the IPUMS National Histori-
cal Geographic Information System [38].
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Historical Sociodemographic Measures

We used the 1940s census data to quantify differ-
ences in proportions of census tract residents who 
were White vs. Black as the Index of Concentration 
at the Extremes (ICE) [28, 39].  Following the meth-
ods described by Krieger et al., [39] we calculated the 
ICE for race as  ICEi = (Wi – Bi / Ti) where  Wi is equal 
to the number of white residents in the census tract 
i,  Bi is the number of Black residents in the census 
tract i, and T is equal to the total population in the 
census tract i for whom a race was reported. ICE val-
ues range from − 1 to 1; a value of − 1 indicates that 
all residents belong to the most deprived group and 
a value of 1 indicates that all residents belong to the 
most privileged group.

In addition, we constructed a summary neighbor-
hood score to represent the socioeconomic environ-
ment of the 1940s census tract, using seven variables 
that represented housing conditions and amenities 
(proportion of homes without a radio, proportion of 
homes in need of repair, proportion of homes without 
central heat, proportion of homes without a refrigera-
tor, proportion of homes with more than one person 
per room); unemployment (proportion of people ages 
14 and older reporting being unemployed), and edu-
cation level (proportion of adults ages 25 and up with 
fewer than 4 years of high school education). To cal-
culate the summary measure, we calculated a z-score 
for each variable, and then summed each of the 
z-score standardized variables. This method of creat-
ing a neighborhood socioeconomic score is consistent 
with methods used in other analyses of neighborhood 
socioeconomic position [40], and the selection of var-
iables for inclusion was informed by previous HOLC 
grade analyses that, similarly, adjusted for historical 
sociodemographics [36, 37].

Contemporary Index of Concentration at the 
Extremes

Historical redlining may directly impact contempo-
rary racial and socioeconomic segregation, which in 
turn, may have implications for present-day housing 
and land cover features. We used 5-year average esti-
mates from the American Community Survey (years 
2014–2018) [41, 42] to calculate an ICE measure that 
combines information on race and household income 
(contrasting counts of wealthy and white residents 

with counts of Black and poor residents). This meas-
ure has been used previously to measure racialized 
socioeconomic deprivation [28, 39]. Following meth-
ods described by others,   [28, 39] we calculated the 
contemporary ICE measure as (Ai − Di)/Ti, where Ai 
is defined as the total non-Hispanic white residents of 
census tract i with a median house income ≥ 100,000 
USD, Di is the total non-Hispanic Black residents 
whose median household income was < 25,000 in 
the census tract i, and Ti is the total residents in the 
census tract i for whom race and household income 
were known  [28, 39]. The $100,000 and $25,000 cut-
points correspond to the 80th and 20th percentiles of 
contemporary household income distributions in the 
USA  [28, 39].

Land Cover and Housing Characteristic Inventories

We used aerial and 360° panoramic photographic 
datasets in Google to conduct virtual inventories of 
housing and land cover features of the 400 randomly 
selected residential properties. To conduct the inven-
tories, we manually entered, one by one, the latitude 
and longitude coordinates of each randomly selected 
property into a Google Maps search engine. We then 
recorded the following characteristics of each of the 
properties, using both aerial and streetside imagery: 
roof color (dark, light, other); roof shape (flat vs. not 
flat); presence and amount of mature tree canopy on 
or immediately adjacent to the property; and presence 
of immature/newly planted street trees on or immedi-
ately adjacent to the property. The selection of hous-
ing and land cover features was informed by previ-
ous work suggesting that these factors might impact 
indoor heat exposure intensity or contribute to intra-
urban heat islands [9, 43, 44]. Before beginning the 
inventories, two study personnel developed a struc-
tured collection tool. To do so, the researchers exam-
ined and discussed various residential areas across 
the city of Philadelphia and established structured 
definitions for each measure and categorical response 
option. After developing the structured form, two 
study personnel inventoried ten randomly selected 
properties. After these inventories were conducted, 
the researchers compared results, discussed discrep-
ancies, and came to an agreement about any discrep-
ancies. One individual then conducted all additional 
inventories and consulted the second study personnel 
member about any ambiguities. Google Maps offers 
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snapshots of the same area, at various points in time. 
We always used the most recent image available. All 
images were taken in year 2019, except for one image 
captured in September 2018. All results from the 
inventories were entered into the structured Google 
form. The full form that we used is included in Sup-
plemental Material 2 and is shareable as a Google 
form upon request of the corresponding author. 
Within the form, sample photos are shown to illus-
trate the built-environment characteristics that were 
inventoried and to show, for example, what is meant 
by roof shape or immature and mature tree presence.

Data Analysis

The primary explanatory variable was the four-cate-
gory HOLC grade (A (reference category), B, C, D). 
The primary outcomes in this analysis were each of 
the following property characteristics, which we mod-
eled separately in five sets of distinct models: (1) roof 
color (dark vs, light (ref)); (2) roof shape (flat vs. not 
flat (ref)); (3) roof shape and color combined (flat and 
dark vs other (ref)); (4) presence of mature tree can-
opy on or immediately adjacent to the property (none 
or < 25% vs more (ref)); and (5) presence of immature 
street trees or immediately adjacent to the property 
(none vs. any (ref)).

We estimated associations using modified Pois-
son generalized estimating equation models with an 
exchangeable correlation matrix, which accommo-
dated clustering of properties within the 2010 census 
tracts. We used modified Poisson regression approach 
with a robust error variance because of convergence 
issues when we used a log-binomial distribution, and 
because the outcome was common, making the use of 
logistic regression models inappropriate [45].

We first ran bivariate models to estimate the crude 
(unadjusted) associations between the HOLC grade 
and each of the distinct heat vulnerability character-
istics (Models 1A–5A). We then ran models adjusted 
for the 1940s census tract level socioeconomic 
environment and racial segregation (ICE) (Models 
1B–5B). In a third set of models (Models 1C–5C), 
we ran models adjusted for present-day measures of 
racialized economic deprivation, estimated using 
2014–2018 American Community Survey ICE meas-
ures, which could partly explain (i.e., mediate) asso-
ciations. As a sensitivity analysis, we reran all models 
(crude and adjusted), specifying clustering by 1940s 

rather than the 2010 census tract boundaries. We ran 
the analyses using the package geepack in R version 
4.0.3 [46].

Results

Table  1 provides descriptive statistics on contempo-
rary and historical Philadelphia census tracts, across 
the entire city, and among those tracts that were rep-
resented in the analysis (71 of 384 total 2010 census 
tracts, and 69 of 404 total 1940s census tracts). The 
71 present-day census tracts to which the invento-
ried properties belonged had higher percentage non-
Hispanic Black residents (median: 49.7%; interquar-
tile range [IQR]: 16.7–90.2%) compared to census 
tracts across all of Philadelphia (median: 29.8%; 
IQR: 9.9–78.8%). Percentages of residents living in 
poverty, identifying as Hispanic, and reporting less 
than a high school education were similar in the sub-
set of tracts included in the analysis and across all 
of Philadelphia’s 384 modern-day census tracts. The 
modern-day census tracts of the properties included 
in this analysis were more densely populated com-
pared to the entire city (median: 7,493.5 people/
km2; IQR: 5,679.1–10,470.1 vs. median: 6,990.8 
people/km2; IQR: 4287.6–9,903.4). The 69 histori-
cal census tracts to which the residential properties 
belonged had lower percentages of residents who 
were Black (median: 0.3%; IQR: 0.0–1.4%) as com-
pared to all census tracts across the entire city in 1940 
(median: 1.1%; IQR: 0.0–9.6%), but higher percent-
ages who had less than 4  years of high school edu-
cation (median: 24.6%; IQR: 14.4–34.3% vs. median: 
17.5%; IQR: 8.7–31.6%). The historical census tracts 
included in the analysis were also more densely pop-
ulated compared to all Philadelphia census tracts in 
1940 (median: 10,063.5; IQR: 4881.3–14,283.8 vs. 
median: 5,354.8; IQR: 630.1–14,141.9).

Table  2 provides descriptive statistics on the 400 
properties for which we conducted inventories. Over-
all, 70.2% of the properties had low (< 25%) or no 
mature tree canopy cover, and 49.5% had no imma-
ture street trees. The majority of properties invento-
ried were town/row homes (90.5%). Of the 400 prop-
erties, 38.2% had a dark roof, 87.8% had a flat roof, 
and 36.2% had a roof that was both dark and flat. 
Nearly all (93%) of the properties located in grade 
A areas were also located in the most racially and 
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socioeconomically deprived areas, based on the con-
temporary ICE statistic (Supplemental Material 3). 
By contrast, 75% and 50% of the properties in grade 
B and C areas, respectively, were located in areas 
characterized by the lowest levels of modern-day dep-
rivation. A majority (79%) of properties in HOLC 
grade D areas were in the second-most deprived 
areas. Percentages of properties with heat vulnerabil-
ity characteristics increased as levels of present-day 
racialized socioeconomic segregation increased (Sup-
plemental Material 1). For example, 91.3%, 79.5%, 
and 50.4% of 127 properties in census tracts with the 

highest levels of racial/socioeconomic deprivation 
had low or no tree canopy, no newly planted/imma-
ture street trees, and a flat, dark roof, respectively. By 
contrast, 17.0%, 12%, and 20% of 100 properties in 
the least deprived (most privileged) tracts had these 
respective characteristics.

Crude Analytic Results

Figure  1 presents crude relative risk (RR) estimates 
of association between the HOLC grades (properties 
in grade B, C, and D neighborhoods, each compared 
with properties in grade A neighborhoods) and the 
housing or land cover characteristics. Compared to 
properties in grade A neighborhoods, higher propor-
tions of properties in grade B, grade C, and grade D 
areas had the following characteristics, all of which 
may enhance heat vulnerability: a dark roof, a flat 
roof, a dark and flat roof, low or no mature tree 
canopy cover, and no immature street trees. In many 
cases, proportions of properties with many of the 
heat vulnerability factors were higher in grade B and 
C than in grade D neighborhoods, although there 
was not always a consistent dose–response relation-
ship. For example, compared to properties in grade 
A neighborhoods, those in grade B neighborhoods 
had 2.45-fold higher risk of having a flat, dark roof 

Table 1  Descriptive statistics for the 1940s and 2010 census tracts included in the analysis and across all of Philadelphia, PA

Tracts included in analysis All of Philadelphia census tracts

2010 census tracts
Total census tracts (N) 71 384

Median (IQR)
Total properties per census tract 1 (1–2)
% Non-Hispanic Black 49.7 (16.7, 90.2) 29.8 (9.9, 78.8)
% Hispanic 4.5 (2.1, 11.0) 6.3 (3.1, 13.4)
% Living in poverty 24.3 (12.9, 39.2) 22.4 (12.7, 36.7)
% Adults with less than a high school education 14.7 (8.0, 22.2) 14.4 (8.2, 20.9)
Population density (population/km2) 7493.5 (5679.1, 10,470.1) 6990.8 (4287.6, 9903.4)

1940s census tracts
Total census tracts 69 404

Median (IQR)
Total properties per census tract 1 (1–2)
% Black 0.3 (0.0, 1.4) 1.1 (0.0, 9.6)
% Non-White 0.3 (0.1, 1.5) 1.2 (0.1, 10.0)
% Adults with less than a high school education 24.6 (14.4, 34.3) 17.5( 8.7, 31.6)
Population density (population/km2) 10,063.5 (4881.3, 14,283.8) 5354.8 (630.1, 14,141.9)

Table 2  Housing and land cover characteristics of the 400 
residential properties, inventoried using aerial and streetside 
imagery captured in years 2018–2019, Philadelphia, PA

N (%)

Single family home 30 (7.5)
Town or row home 362 (90.5)
Apartment building 8 (2.0)
Low tree canopy cover 281 (70.2)
No immature street trees 198 (49.5)
Dark, flat roof 145 (36.2)
Flat roof 351 (87.8)
Dark roof 153 (38.2)
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(95% CI: 2.20–2.73), and those in grade C neighbor-
hoods had 2.80-fold higher risk (95% CI: 2.32–3.37), 
while those in grade D neighborhoods had 1.45 
times the risk (95% CI: 1.26–1.67). Of all the fea-
tures, we observed the most substantial contrasts for 
mature tree canopy cover, with properties in grade 
B, C, and D neighborhoods having 5.97 (95% CI: 
5.48–6.51), 6.35 (95% CI: 5.91–6.82), and 6.16 (95% 
CI: 6.01–6.31) times the risk of having low/no tree 
canopy cover compared to those in grade A neighbor-
hoods, respectively.

Analyses Adjusted for Historical Socioeconomic and 
Racial Deprivation

Adjusting for historical socioeconomic and racial 
deprivation measures caused estimates of associa-
tion between HOLC grades and the heat vulnerabil-
ity characteristics to move towards the null (Fig. 2). 
After adjustment, associations comparing proportions 
of properties with dark roofs in grade B, C, and D vs. 
grade A areas were 1.74 (95% CI: 1.13–2.70), 1.92 
(95% CI: 1.11–3.34), and 0.93 (95% CI: 0.38–2.30), 
respectively (Fig. 2). Associations with lack of imma-
ture street trees remained elevated but moved towards 
the null; the estimate for the grade D to grade A 
became very imprecise with CIs that crossed the null 
(moving from RR: 2.74, 95% CI: 1.04–7.24 to RR: 
2.31, 95% CI: 0.61–8.70). RR estimates of association 
with low or no tree canopy were slightly attenuated 

but remained elevated (e.g., RR for comparisons 
with grade A: comparing properties to 5.67, 95% CI: 
4.06–7.90 for grade B; 5.92, 95% CI: 4.24–8.26 for 
grade C; and 5.14, 95% CI: 2.76–9.57 for grade D).

Analyses Adjusted for Contemporary Racialized 
Socioeconomic Deprivation

After adjustment for present-day racialized economic 
segregation, estimates comparing properties in grade 
D to grade A areas were relatively unchanged. RR 
estimates comparing properties in grade B and C 
areas with properties in grade A areas moved closer 
to the null compared to the crude estimates, though 
they remained elevated (Supplemental Material 5).

In sensitivity analyses, results were similar when 
we specified clustering by 1940s rather than 2010 
census tracts (data not shown).

Discussion

In the first study to examine historic redlining prac-
tices and contemporary measures of housing heat vul-
nerability in a major city in the USA, we found that 
higher proportions of properties in HOLC grade B, 
C, and D neighborhoods had low or no tree canopy, 
lacked immature street trees, and had more dark, 
flat roofs, compared to properties in HOLC grade A 
neighborhoods. Adjustment for measures of historical 

Fig. 1  Crude risk ratio 
estimates of asssociation 
comparing the proportion 
of 100 residential properties 
in grade B, C, and D vs. 
grade A areas of Philadel-
phia, PA, with present-day 
heat vulnerability enhanc-
ing housing or land cover 
characteristics
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racial deprivation and socioeconomic environment 
caused nearly all estimates of association to become 
null and/or to become very imprecise, apart from 
the estimate of association with mature tree canopy, 
which remained elevated. After adjustment for pre-
sent-day racialized socioeconomic deprivation, esti-
mates comparing properties in grade D with grade 
A areas were unchanged, but contrasts of properties 
in grades B and C with grade A areas were attenu-
ated, suggesting that present-day racialized economic 
deprivation may partly explain associations. Overall, 
these results contribute to a growing body of litera-
ture documenting impacts of historic and present-day 
structural racism on present-day heat vulnerability 
[47] and land cover and built-environment character-
istics that exacerbate heat vulnerability [19, 30, 37].

Philadelphia, PA, is a city with old housing stock, 
and many of the properties inventoried were con-
structed before the HOLC maps were established. 
Nevertheless, decades of neighborhood develop-
ment following the construction of the properties 
and the HOLC maps may have led to inequities 
in property infrastructure and characteristics that 
align with the historical HOLC grades, or with sub-
sequent patterns of racial residential segregation. 

The most substantial association we observed was 
between the HOLC grades and low or no presence 
of mature tree canopy at or immediately surround-
ing the property. Mature tree canopy takes years to 
grow and develop, and resource and asset depriva-
tion that accompanies historical, institutional dis-
investment (or neglect) may be best characterized 
by this community resource compared to housing 
characteristics, which may experience more change 
from neighborhood redevelopment and investment 
over time. Our results related to tree canopy are 
consistent with previous nation-wide analyses of 
associations between HOLC grades and tree canopy 
[48] and greenspace density [37].

HOLC grade ratings were based, in large part, 
on neighborhood sociodemographic composition, 
including race [35]. Thus, the sociodemographic of 
neighborhoods that were in place before the estab-
lishment of HOLC maps may partly explain observed 
associations. Adjustment for historical measures of 
sociodemographic deprivation caused estimates of 
association between HOLC grades and the heat vul-
nerability characteristics to move towards the null. 
These results are consistent with an analysis of asso-
ciations between HOLC grades and contemporary 

Fig. 2  Risk ratio estimates of asssociation comparing pro-
portion of 100 residential properties in grade B, C, and D 
vs. grade A areas of Philadelphia, PA, respectively, with pre-
sent-day heat vulnerability enhancing housing or land cover 
characteristics, adjusted for neighborhood socioeconomic 

environment (measured using an index measure combining 
dimensions of housing environment, educational attainment, 
and unemployment), and for racialized segregation (measured 
using the Index of Concentration at the Extremes comparing 
proportion Black vs. proportion white) in the 1940s
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rates of violent crime in Philadelphia, in which asso-
ciations became null after adjusting for historical 
sociodemographic compositional measures [36].

Since the creation of the HOLC maps in the late 
1930s, there have been shifts in the spatial patterns 
of deprivation across the city of Philadelphia. These 
shifts are reflected by the fact that the majority of 
properties located in HOLC grade A areas are now 
located in neighborhoods characterized by the highest 
levels of contemporary racialized socioeconomic dep-
rivation. We hypothesized that historical segregation 
and historically redlined areas may have impacted 
present-day racial residential segregation and that 
present-day racialized economic segregation might be 
a causal intermediate between the HOLC grades and 
present-day heat vulnerability characteristics. Even 
after adjusting for contemporary measures of racial-
ized socioeconomic deprivation, estimates compar-
ing properties in grade D areas with those in grade 
A areas remained fairly unchanged, while those com-
paring properties in grade B or grade C areas moved 
towards the null. These results suggest that contem-
porary racialized economic deprivation either con-
founds or explains some of the associations with heat 
vulnerability characteristics in properties in grade 
B or grade C areas, but not with properties in grade 
D areas. The results with respect to grade D areas 
point to enduring impacts of historical racist systems, 
even following shifts in the geographic patterns of 
deprivation.

Strengths of this work include the use of pub-
licly available, high-resolution aerial, and streetside 
imagery to characterize, at an extremely high spatial 
resolution, land cover, and structural features of indi-
vidual properties. Consideration of housing charac-
teristics, such as roof color, that may impact indoor 
exposures is an important novelty and contribution 
to research on heat vulnerability. The methods used 
in this study can be replicated in future empirical 
research on housing and land cover characteristics 
that may impact outdoor and indoor temperatures—
a potentially important but understudied determinant 
of heat vulnerability. Nevertheless, we acknowledge 
several limitations. While streetside and aerial view 
imagery is an excellent tool for characterizing hous-
ing and land cover features at a high resolution, the 
images represent only single snapshots in time; iden-
tification of features is subject to errors that come 
from user interpretation and photograph obstruction. 

Another limitation is that we randomly selected 
properties for assessment from within HOLC grade 
categories, but did not doubly or triply stratify Phila-
delphia neighborhoods by categories of present or 
historical sociodemographics composition, or by 
population/housing density. As a result, there was 
little variation in sociodemographic composition 
variables within (or, surprisingly, even across) grade 
categories, and results may be biased due to residual 
confounding. We did not have long-term longitudinal 
data describing shifts in sociodemographics, urban 
neighborhood change (including gentrification), and 
decisions about housing renovation and development. 
As a result, our data did not meet the strong assump-
tions needed to estimate causal mediation, including 
no unmeasured exposure-mediator or mediator-out-
come confounding [49], and we did not formally test 
mediation of the association between HOLC grades 
and heat vulnerability characteristics by present-day 
racial residential segregation. This is an important 
area for future work. We also did not have the statisti-
cal power to conduct analyses stratified by categories 
of contemporary racialized economic deprivation. 
Adjusting for data from the 1930 decennial census 
would have been preferable to the 1940 census, since 
these data would better represent the characteristics 
of neighborhoods before the HOLC map was estab-
lished. However, because of data availability, we 
relied on the 1940s decennial census. We assume 
that, overall, the sociodemographic composition 
of neighborhoods in 1930 was similar to that repre-
sented by the 1940s decennial census data. Finally, 
large sections of present-day Philadelphia, some of 
which are highly racially segregated [30], were not 
included in the HOLC maps developed in the 1930s. 
Therefore, results from this analysis illuminate rela-
tionships between historical, rather than contempo-
rary racial residential segregation and heat vulnerabil-
ity. Further work is needed to explore links between 
contemporary residential racial segregation and heat 
vulnerability across all sections making up modern-
day Philadelphia.

Conclusion

Vulnerability to extreme heat is one of the most criti-
cal public health issues of our time. Previous empiri-
cal research has showcased vast spatial variability in 
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the distribution of heat-related mortality rates, with 
higher rates clustering in only a fraction of neighbor-
hoods from across major US cities, many of which are 
characterized by high proportion ethnic/racial minori-
ties and people living in poverty [50. In this paper, we 
explored one potential historical and social explana-
tion for this spatial variability. We analyzed associa-
tions between high resolution estimates of residential 
property characteristics with historical racial segrega-
tion and present-day sociodemographic composition. 
Overall, our results suggest that historically redlined 
areas are home to present-day housing and land cover 
features that may enhance heat vulnerability, but the 
relationship between these historical policies with 
present-day neighborhood features may be explained 
by historical and/or present-day neighborhood soci-
odemographics. Overall, this work highlights cli-
mate change as an important issue of environmental 
justice, [51] and demonstrates that historical HOLC 
maps are spatial representations of present-day heat 
vulnerability. Further research with historical data 
representing changes in neighborhood redevelop-
ment, gentrification, and housing over time is needed 
to fully understand relationships between structural 
racism, residential segregation, and heat vulnerability.
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