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Abstract: Urban heat vulnerability varies within and across cities, necessitating detailed studies to un-
derstand diverse populations’ specific vulnerabilities. This research assessed urban heat vulnerability
at block group level in three Alabama cities: Birmingham, Montgomery, and Auburn-Opelika. The
vulnerability index combines exposure, sensitivity, and adaptive capacity subindices, incorporating
Landsat 8 satellite-derived Land Surface Temperature (LST), demographic, and socioeconomic data
using factor analysis and geospatial techniques. Results showed strong positive correlations between
LST and impervious surfaces in Auburn-Opelika and Montgomery, with a moderate correlation
in Birmingham. An inverse correlation between LST and Normalized Difference Vegetation Index
was observed in all cities. High LST correlated with high population density, varying across cities.
Birmingham and Montgomery’s central areas exhibited the highest heat exposure, influenced by im-
perviousness, population density, and socioeconomic factors. Auburn-Opelika had limited high heat
exposure block groups, and high sensitivity did not always align with exposure. Correlations and
cluster analysis were used to dissect the heat vulnerability index, revealing variations in contributing
factors within and across cities. This study underscores the complex interplay of physical, social, and
economic factors in urban heat vulnerability and emphasizes the need for location-specific research.
Local governance, community engagement, and tailored interventions are crucial for addressing
unique vulnerabilities in each urban context.

Keywords: urban heat island; land surface temperature; vulnerability; exposure; sensitivity; adaptive
capacity; Landsat 8; factor analysis; geographic information systems; Alabama

1. Introduction

Urbanization has been increasing steadily over the past decades. According to the
World Bank, the world’s urban population increased from 33.7% of the total population to
56.6% during the 1960-2020 period. In the United States, the number of people living in
cities increased from 70% to 82.7% during the same period. By 2050, 68% of the world’s
population is expected to live in urban areas [1]. Although urban centers cover a relatively
small area, urbanization constitutes one of the most significant changes of land surface
properties. Urbanization significantly impacts the environment in many ways, including a
substantial decrease in evapotranspiration and local atmospheric moisture content due to
the reduction of vegetative cover; environmental pollution and degradation of air quality
caused by industrial and domestic activities; a heavy contribution to the carbon footprint;
modification of soil moisture distribution and groundwater availability caused by the
expansion of impervious surfaces and subsequent changes in runoff patterns; changes in
surface energy partitioning, heat distribution, and wind flow patterns caused by the lay-out
of urban structures; and changes in rainfall patterns over urban areas [2-10].

One of the most notable effects of urbanization is the emergence of urban heat islands
(UHI). In the urbanization process, natural landscapes such as various types of vegeta-
tion are replaced with hard, dry, and impervious materials with more heat-absorbing
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and heat-emitting capacity (e.g., parking lots, buildings/roofs, roads, sidewalks). As a
result, urban areas constitute heat islands, since they are much warmer than surrounding
rural areas. Both daytime and nighttime temperatures are higher in urban areas, with
differences of up to 4 °C during the day, and 2 °C at night [8]; in urban areas of the United
States, the heat island effect causes daytime temperatures to be approximately 0.54 °C
warmer than temperatures in surrounding regions, while nighttime temperatures are about
2-5 °F higher [11]. Other factors contribute to UHIs: human activities generate substantial
amounts of heat (anthropogenic heat release) from running engines, air conditioning sys-
tems, industrial units, and various other domestic sources [8,12-16]. Recent studies have
shown that the drop in human activities during the COVID-19 lockdown has resulted in
a significant reduction in UHI intensity [17-22]. Urban geometry, street design, size and
shape of buildings can modify wind flow, reduce natural ventilation, and influence the way
urban heat is released [23-30]. Land cover types constitute another important factor: UHI
intensity partly depends on the amount of greenery and the ability of urban surfaces to
reflect radiation [31-34]. Prevailing climate conditions also play an important role in the
intensity of UHIs. Depending on the type of climate and geographical settings of urban
areas, various levels of UHI intensity have been found [8,35-41]; heatwaves occurring at a
regional scale often amplify UHIs [42-48].

UHlIs can have a significant impact on both the environment and people’s livelihoods.
Urban overheating increases energy demand and causes a higher consumption of electricity,
which results in increased emission of greenhouse gases from power plants and pollutants
such as particulate matter and ground level ozone, which is highly toxic [49-54]. UHIs
also result in impaired water quality: warm and polluted stormwater runoff from urban
impervious materials can cause substantial increase in nearby water bodies’ temperature
and harm aquatic life [55-58].

Urban heat constitutes a major source of health risk for city dwellers. Exposure
to heat is associated with a range of adverse health outcomes including dehydration,
heat stroke, heat exhaustion, heat cramps, and the exacerbation of comorbid conditions
such as various cardiovascular, cardiopulmonary, and cerebrovascular diseases, diabetes,
mental and behavioral disorders, and diseases of the digestive system [14,59-63]. The
amplification of UHI during periods of heat wave events exacerbates adverse health
impacts: surges in demands for emergency and healthcare services (e.g., ambulance calls,
hospitalization), increased morbidity, and heat-related deaths [46,64—67]. This situation is
aggravated by the fact that intense urban heat causes increase in concentrations of harmful
pollutants, including various types of particulate matter, greenhouse gases (increased
demand of electricity generated by fossil fuel power plants), and ground-level ozone
(smog), which is strongly related to cardiovascular and respiratory diseases and urban
heat-related deaths [49,50,68,69].

UHI adverse impacts affect urban populations differently, and the associated risk is
unevenly distributed. Many studies have shown that demographic and socioeconomic
factors, which vary considerably between neighborhoods in urban areas, influence the risk
of exposure and the capacity to cope with UHI impacts [52,70-75]. Older people are among
those most likely to be affected by UHI adverse effects and to experience disproportionate
risks of mortality related to extreme heat [11,45,72,76-80]. Higher UHI intensity generally
occurs over inner cities, where poorer populations tend to be concentrated, leading to
disproportionate adverse impacts [70,81-84]. Such areas are heavily populated and have
low vegetation cover; hence, they are much more exposed to urban overheating, in contrast
with more recent and affluent neighborhoods located in suburban areas [33,72]. Low-
income residents are often unable to access public support systems needed to mitigate
UHI adverse effects. In general, they live in the poorest urban zones with low thermal
quality houses often lacking air conditioning [82,84-86]. Low-income households equipped
with air conditioning are found to consume more cooling energy than average due to
higher urban heat exposure and poor thermal performance [52,87-92]. Other factors further
exacerbate the differential vulnerability to urban heat. Low income is often associated with
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a low level of human capital (low level of education, limited knowledge and expertise in
the face of natural hazards), which limits the ability of such populations to (i) effectively
communicate, (ii) have a sound understanding of adaptive measures, and (iii) appropriately
respond to warnings [83,93-95]. The lack of strong social support further contributes to the
differential vulnerability to urban heat; studies have found that socially isolated people are
the most vulnerable [70,94-99].

Although UHI impacts affect urban areas regardless of their size [100,101], most of
the studies have focused on major individual cities. As a result, there exists a notable re-
search gap regarding various aspects of UHI in mid-sized and small-sized cities [11,14,75].
Moreover, the case of each city is unique, given the varying regional geographic settings,
microclimates, heterogeneity and diversity of local urban populations, and the relevance
of the socioeconomic drivers of vulnerability to urban heat at a local scale [8,11,17,75,100].
Therefore, although UHIs generally exhibit fairly uniform physical features across urban
areas, their impacts may vary significantly, since each city may experience specific types of
interaction between environmental and socioeconomic variables, face specific challenges,
and require policies that are shaped based on the local context [11,100]. In this study,
we examined vulnerability to urban heat for four cities in Alabama: two of the largest
cities in the state, namely Birmingham and Montgomery, and two smaller cities which
form a conurbation: Auburn and Opelika. Surrounding suburban neighborhoods were
included in the analysis. We first extracted the land surface temperature (LST) for each of
the cities using Landsat satellite images. Unlike many studies that relied on satellite images
capturing surface temperature for a single day to calculate LST, our approach involved
utilizing a collection of satellite images spanning several years for each city. We then
developed a UHI vulnerability index at block group level by aggregating environmental
and socioeconomic variables into three determinants: exposure, sensitivity, and adaptive
capacity. The resulting scores were mapped using Geographic Information Systems (GIS)
tools. Lastly, we decomposed the resulting index to create for each specific urban area a
detailed profile that can serve as the basis for designing policies that consider the local
context and effectively address specific challenges.

2. Materials and Methods
2.1. The Cities

Figure 1 shows the location of the four cities involved in this study, along with some
of their demographic and socioeconomic characteristics.

Birmingham is located in a hilly area of north-central Alabama. The city’s climate
is characterized by mild winters and hot summers: the mean temperature is 6.6 °C in
January and 27.3 °C in July [101]. According to the 2020 US Census, with 200,733 peo-
ple, Birmingham is the second largest city in Alabama, after being recently overtaken by
Huntsville. During the past decade, the city has experienced a sharp decline in popu-
lation (—5.4%). Birmingham is densely populated, with a racial makeup characterized
by a strong proportion of minority population, and exhibits, on average, a relatively low
household income.

Montgomery is located in south-central Alabama, in a region with gentle slopes and
modest variations in topography. Winters are mild and short, but the summer season
is much longer and muggy because of the combination of warm temperatures and high
humidity. With a population of 200,603 and a density of 1289 people per square mile, it is
the third most populous city in the state. However, Montgomery’s population has declined
during the 2010-2020 period (—2.5%). The city lies within the southern Black Belt and is
mainly populated by minority groups which currently constitute 70% of the population
(US Census, 2020).
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Birmingham

City Birmingham Montgomery  Auburn Opelika
Population 200,733 200,603 76,143 30,995
Opelika Population Change (%) =54 =25 +43 +17
Auburn ®® Population Density (sq mi) 1453 1289.5 919.3 444.3
L i Simery Minority (%) 75 70 31 28
f . Median Household Income ($) 38,832 49,608 49,028 50,488

>z

Mies

Figure 1. Location of the Alabama cities investigated in this study and associated demographic
characteristics (based on 2020 Census).

Auburn and Opelika constitute a metropolitan area located in east-central Alabama.
The conurbation lies in a region with diverse topography including rugged foothills of the
southern tip of the Appalachian Mountain, rolling plains and sandy coastal plains [102]. The
two cities enjoy a short and mild winter, with an average temperature of 6.9 °C in January,
which is the coldest month. Summers are hot and muggy, with an average temperature of
26.7 °Cin July. According to the 2020 US Census, the two cities have a combined population
of 107,138 people. The population of the metropolitan area has considerably increased
during the past decade, with the largest gains occurring in Auburn (+3%). Both Auburn
and Opelika exhibit a much lower proportion of minority population than Birmingham
and Montgomery (31% and 48%, respectively).

2.2. Vulnerability Framework

In this study, vulnerability is considered as a function of three determinants: exposure,
sensitivity, and adaptive capacity. This framework, presented by the Intergovernmental
Panel on Climate Change in its third Assessment Report [103], is widely used, as attested
by many studies [104-110]. Exposure and sensitivity represent the potential impacts of
a hazard (here, urban heat), while adaptive capacity denotes the ability of a system to
use its resources and institutions to adapt, mitigate, and cope with impacts. We define
vulnerability as follows:

Vulnerability = (Exposure + Sensitivity) — Adaptive Capacity (1)

Typically, a system is vulnerable when it exhibits high values of exposure and sensitiv-
ity and low values of adaptive capacity.

2.3. Indicators

Regarding the environmental data, land surface temperatures were derived from
Landsat 8 images obtained from the US Geological Survey (USGS). Urban imperviousness
data were obtained from the 2019 National Land Cover Database (NLCD) and repre-
sent urban impervious surfaces as a percentage of developed surface over every 30 m
pixel [111,112]. Urban canopies were derived from the NLCD 2019 Land Cover [111-115].
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The demographic and socioeconomic data from the US Census bureau were obtained from
the Environmental Systems Research Institute (2021 ESRI Demographics and 2016-2020
American Community Survey—ACS). Each year, ESRI updates the census data and con-
verts it to standard geographies used by the US Census Bureau; the resulting datasets are
stored in geodatabase format ready to use for mapping and spatial analysis; ESRI also
provides data enrichment by deriving new variables from the original census data, for
example, ESRI’s Wealth Index used in this study is derived from various indicators of
affluence that include average household income and average net worth [116].

The 24 indicators used in this vulnerability assessment are presented in Table 1, along
with related data sources and brief definitions. Although most of the indicators are well-
established variables that have already been used in many studies dealing with climatic
hazards and social vulnerability, we included new variables that are relevant to urban heat
impacts, such as the number of old and new houses and the number of those aged 16+
who walked to the workplace. Overall, high values of indicators denote higher exposure,
sensitivity, and adaptive capacity, except for the mean distance to recreational centers and
parks; since shorter distances mean higher adaptive capacity, the values of this variable
were inverted during the normalization process.

Table 1. Indicators, description, and data sources for the sensitivity and adaptive capacity indices.

Indicators Description Source

Exposure

Land Surface Temperature (LST) Radiative skin temperature of the land surface Landsat 8 thermal band (USGS)

Sensitivity

Impervious Area covered by urban imperviousness (%) NLCD

Seniors Senior population, age 65+ (%) ESRI Demographics

Youth Child population, age < 18 (%) ESRI Demographics

Minority Minority population (%) ESRI Demographics

Density Population Density ESRI Demographics

Isolation Non-family household with one person (%) ACS and ESRI

Isolation Pop 65+ One-person household, 65+ (%) ACS and ESRI

Linguistic Isolation Eopglaticzn speaking other language but no ACS and ESRI

nglish (%o)

Disability Households with 1+ person with disability (%) ACS and ESRI

Unemployment Unemployment rate ESRI Demographics

No Social Security Households with no social security income (%) ACS and ESRI

No Insurance Population with no health insurance (%) ACS and ESRI

HH Below Poverty Households Below the Poverty Level (%) ACS and ESRI

No HS Diploma Some high school but no diploma (%) ESRI Demographics

No Vehicle Households with no vehicle (%) ACS and ESRI

Old Houses Housing units before 1960 (%) ACS and ESRI

Mobile Homes Housing units that are mobile homes (%) ACS and ESRI

Walkers Workers aged 16+ who walked to go to ACS and ESRI
workplace (%)

Adaptive Capacity

Recreational Mean distance to recreational centers and parks  City websites

Urban Canopy Area covered by trees (%) NLCD

New Houses Housing units built in 2000 or later (%) ACS and ESRI

Wealth Wealth Index ESRI Demographics

Vehicles Households with 2+ vehicles (%) ACS and ESRI

USGS: US Geological Survey; NLCD: National Land Cover Database; ACS: American Community Survey (US
Census Bureau); ESRI: Environmental Systems Research Institute.

2.4. Data Processing

Our study employed for each city a collection of ten images from Landsat 8 satellite
data. These images were obtained over a period of nine years, ranging from 2013 to 2021
(Table 2). All images were acquired during summer months. Landsat 8 bands 4 and



Urban Sci. 2023, 7, 121

6 of 34

5 and thermal band 10 were used to retrieve LST. All processing steps were completed
using various tools in ArcMap, a component of ArcGIS, which is a software developed by
the Environmental Systems Research Institute (ESRI). Subsets were created by clipping
all satellite images over the urban areas. To eliminate or minimize cloud effect and other
residual noise, ArcMap’s Cell Statistics tool was used to create a maximum-value composite
(MVC) for band 10 [115,116]. This combination of all bands resulted in a single cloud-free
image over the 2013-2021 period. Given that clouds and other atmospheric constituents
reduce vegetation index values, MVC was also used after calculating the Normalized
Difference Vegetation Index (NDVI) from all pairs of bands 4 and 5 [115].

Table 2. Metadata of Landsat 8 images.

Date of Acquisition

Birmingham Montgomery Auburn Opelika
29 July 2013 23 August 2013
16 August 2014 9 July 2014
4 July 2015 13 August 2015
19 June 2016 12 June 2016
10 September 2017 18 August 2017
27 July 2018 18 June 2018
28 June 2019 20 August 2019
14 June 2020 6 May 2020
16 July 2020 10 August 2020
21 July 2021 28 July 2021
Band 10 (Qa1) Thermal Constant
Ky 774.8853
K 1321.0789
Band 10 Rescaling Factor
ML 0.0003342
Ar 0.1

Band 10 Correction
O; 0.29

LST was retrieved from Landsat 8 B and 10 using a well-known algorithm which
is detailed in many studies [117-123]. The steps for retrieving LST are displayed in
Figure 2. The dates of acquisition of the satellite images are shown in Table 2, along
with the associated metadata used in the algorithm. The main steps are (1) to retrieve
from Band 10 (Qcal) the Top of Atmospheric Spectral Radiance (TOA); (2) convert TOA
(or L) to Brightness Temperature (BT); (3) compute the Normalized Difference Vegetation
Index (NDVI) from Landsat 8 bands 4 and 5; (4) calculate the Proportion of Vegetation (Pv)
from NDVI; (5) derive Ground Emissivity (¢) from NDVI and Pv, considering that m and n
values are obtained from soil emissivity, vegetation emissivity, and a shape factor whose
mean value is 0.55 [124]; and (6) calculate LST using BT and ¢, along with A, which is the
wavelength-emitted radiance, and p which is computed from the Boltzmann constant, the
velocity of light, and the Planck’s constant and has a value of 14,388 [119]. All calculations
to retrieve LST from Landsat 8 data were performed using ArcMap’s Raster Calculator.
ArcMap’s Zonal Statistics tool was used to compute the average LST for each block group.
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Landsat 8
Band 10

Landsat 8
Band 4

Landsat 8
Band 5

1
Top of Atmospheric Spectral Radiance
TOA(L)=M, #Q,, +A, — O, (Band 5 — Band 4) / (Band 5 + Band 4)

NDVI 3

Proportion of Vegetation 4
P, = ((NDVI — NDVImin)/(NDVImax — NDVImin))?

BT = (K, / ((In (K,

2 L
Brightness Temperature Ground Emissivity
/L) +1)) — 273.15 e=m *P,+n

|

LST
LST = BT/(1 + (4 *BT/9)*In(s,))

6

Figure 2. Methods for LST retrieval from Landsat 8 bands.

Other data processing includes, for each block group, the calculation of percent area
covered by trees (urban canopy), the mean distance from parks and recreational centers,
and the average percentage of impervious surfaces. The urban canopy layer was obtained
by clipping NLCD land use over urban areas, extracting all forest types, and computing for
each block group the percent area covered. We used ArcMap’s Euclidean Distance tool to
calculate the distance from parks and recreational centers. The output raster indicates the
distance of each cell from the source (here, parks and recreational centers). Zonal Statistics
was used to compute the mean distance for each block group.

2.5. Statistical Analysis

The statistical analysis steps are shown in Figure 3. The procedures used in this study
are described in detail by Fall et al. [108]. Factor analysis (FA) with varimax rotation was
used to assign weights to variables for two subindices: sensitivity and adaptive capacity.
Before performing FA, the variables were normalized to have an identical range (0, 1) (step
1 of Figure 3, where X’ is the normalized value, and x is an original value). For indicators of
the sensitivity subindex, larger (smaller) values indicate high (low) sensitivity. Likewise,
larger values of the adaptive capacity subindex denote high adaptive capacity. Since
smaller values of the recreational indicator mean shorter distances from parks and other
recreational areas, the values were inverted during the normalization process so that small
distances were assigned the highest scores. Then, two tests were used to verify whether
the data were suited for FA (step 2 of Figure 3). The Kaiser-Meyer-Olkin (KMO) test and
Bartlett’s test of sphericity were used to verify whether FA was suitable for the data.

The KMO test measures the sampling adequacy (MSA) of each variable and also
returns an overall MSA [123]. KMO values range from 0 to 1, and a value smaller than
0.6 indicates that FA may not be appropriate for the data [124]. The Bartlett’s test of
sphericity tests the hypothesis that the individual indicators in the correlation matrix are
uncorrelated [125]. Small values of the significance level (p-value less than 0.05) indicate
that it is appropriate to use FA. In this study, KMO and Bartlett’s tests for all subindices
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indicated that it was appropriate to use FA for the data, since all MSA values were larger

than 0.6, and all Bartlett’s test p-values were smaller than 0.05, as shown in Table 3.

Normalization of the data 1
Normalized: X" = (X = Xin) / (Xax = X
To invert: X" = (Xya = X) / (Xpax = X

min)

min)

* Kaiser-Meyer-Olkin test (KMO) 2
* Bartlett’s Test of Sphericity

|

Factor Analysis (with Varimax Rotation) 3
Number of retained factors determined using parallel
analysis.

|

Squared factor loadings scaled to sum to unity 4
* Normalizer: N = 1/(x; + X, + ... + X,)
o Sum: [(x;* N)+ (x, * N) +... +(x, * N)] = 1

|

* Grouping of intermediate composites 5

* Composites multiplied by corresponding variances

)

Final Weights 6
Resulting weight scores scaled to sum to unity; values of
each indicator multiplied by corresponding weight.

|

Mapping 7
Aggregation into subindices and overall index; index
scores classified in ArcMap using the quantile method.

Figure 3. Statistical and geospatial analysis steps.

After running FA with Varimax rotation, the number of factors to retain was deter-
mined using parallel analysis (step 3 of Figure 3). The procedure consists in generating
random data of the same dimensions as the data being analyzed, extracting eigenvalues
from the random data correlation matrix, averaging eigenvalues, comparing the real data set
with the parallel random data, and retaining only the factors whose eigenvalues are greater
than the eigenvalues from the random data [126-128]. The analysis was implemented using
the “paran’ package in R statistical software [129]. Parallel analysis is recommended as one
of the best methods to determine how many factors should be retained [130,131]. Based
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on the procedure, factors for each determinant were retained as follows: sensitivity: five
factors for Birmingham, four for Montgomery, and four for Auburn/Opelika; adaptive
capacity: two factors for each urban center. After Varimax rotation, the factor loadings
were squared and then scaled to sum to unity using a normalizer (step 4 of Figure 3, where
N is the normalizer, and x is an item from the list of numbers to be normalized; next,
every number in the list was multiplied by the normalizer, and the resulting total was 1.0).
Indicators with the highest loadings (salient loadings) were grouped into intermediate
composites, aggregated, and their values were multiplied by corresponding variances.
Final weights were obtained by scaling resulting scores to sum to unity.

Table 3. Results of the Kaiser-Meyer-Olkin (KMO) test and Bartlett’s test of sphericity for
all subindices.

City Subindex MSA BTS p-Values
Birmingham Sensitivity 0.81 4.61 x 1077
Adaptive Capacity 392 x 10713
Montgomery Sensitivity 0.68 2.20 x 10716
Adaptive Capacity 0.64 2.26 x 1078
Auburn-Opelika Sensitivity 0.75 0.014
Adaptive Capacity 0.62 0.039

MSA: Measure of sampling adequacy; BTS: Bartlett’s test of sphericity.

For each subindex, scores were calculated by multiplying the normalized value of
indicators to corresponding final weights, and then summing the resulting values. Finally,
to create the final vulnerability index, the scores of the three subindices were combined, as
indicated in Equation (1).

2.6. Geospatial Analysis and Visualization

Statistical analysis resulted in tables for each subindex (weighted scores of each indica-
tor and the resulting subindex) and for the overall vulnerability index (scores of subindices
and resulting vulnerability index). Each row in the tables represented a block group. The
tables were joined to the attribute tables of each city’s shapefile at block group level, using
ArcMap. Spatial distribution maps of subindices and vulnerability index were created
by classifying subindex and vulnerability index scores using the Quantile method and
the graduated colors classification scheme. The spatial distribution of vulnerability index
scores was further analyzed with ArcMap using the Cluster and Outlier Analysis tool
(Anselin Local Moran’s I) which is a local spatial autocorrelation statistic based on the
Moran’s I statistic [132]. The tool outputs z-scores and p-values associated with different
types of clusters/outliers: statistically significant cluster of high values (HH), statistically
significant cluster of low values (LL), high value surrounded by features with low values
(HL), low value surrounded by features with high values (LH), and not statistically sig-
nificant values (significance based on a 95% confidence level). We further examined the
characteristics of block groups with the highest and lowest vulnerability index scores by
selecting block groups that fell within HH and LL clusters, averaging their index scores
for each indicator, and visualizing the results as spider diagrams. We also overlaid block
groups that fall within HH clusters (most vulnerable block groups) with the ones that
exhibit the highest exposure to urban heat (LST). The resulting maps showed block groups
where high vulnerability and high LST co-occurred, representing areas of high risk that
need more attention from urban managers.

3. Results

In this section, we present the results from the statistical analysis and geospatial
processing for each subindex and the overall vulnerability index.
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3.1. Spatial Patterns of Exposure to Urban Heat

The spatial distribution of LST over the cities is shown in Figure 4. The highest LST
values are found in the most urbanized areas of the cities, usually in the central city and
adjacent zones, while low LST values are mainly found away from inner cities.

b)

~ o .
) ’ : N &G
2 R

e High: 41.07

L Low: 23.36

- — —
012525 5 75 10

ST (°C)

N

e High: 40.05 P High: 40.53
A ... _Low:21.03 . Low:22.73

Figure 4. Spatial distribution of LST over the cities: (a) Birmingham; (b) Montgomery; (c) Auburn-
Opelika. Black lines denote the boundaries of block groups.

Spatial patterns of LST are generally consistent with the distribution of impervious
surfaces and the Normalized Difference Vegetation Index (NDVI, used an indicator of
live green vegetation) shown in Figure 5; high exposure to urban heat occur in zones
predominantly covered by impervious surfaces which exhibit low NDVI values. Conversely,
outlying areas with little to no impervious areas and higher NDVI show much cooler
temperatures, indicating that urban canopy constitutes an important mitigating factor. An
assessment of the relationship between LST and impervious surfaces pixels shows a strong
positive correlation for Auburn-Opelika and Montgomery (0.98 and 0.93, respectively),
and a moderate one for Birmingham (0.53). All correlations are significant at the 5% level
(p > 0.05). The relationship between LST and NDVI shows a strong inverse correlation for
Montgomery (—0.92, p < 0.05), and smaller but statistically significant coefficients values
for Birmingham and Auburn-Opelika (—0.42 and —0.38, respectively; 0.16; p < 0.05).
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IMPERVIOUSNESS
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_Low: 0
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Figure 5. Urban imperviousness (from the National Land Cover Database—NLCD, 2019) and
Normalized Difference Vegetation Index (NDVI, from Landsat 8 composite [images from 2013 to
2021]): (a) Birmingham; (b) Montgomery; (c) Auburn-Opelika. Black lines denote the boundaries of
block groups.

In general, high LST values are associated with areas of high population density
(Figure 6). This close coincidence is attested by the statistically significant correlation
between mean LST and population density at the block group level. The relationship
is much stronger in Auburn-Opelika (0.75) and Birmingham (0.63), while Montgomery
exhibits a smaller coefficient (0.43).
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Figure 6. Population density per square mile at block group level (2020 Census): (a) Birmingham;
(b) Montgomery; (c) Auburn-Opelika.
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3.2. Statistical Analysis for Sensitivity and Adaptive Capacity
3.2.1. Sensitivity

FA results of the sensitivity subindex for Birmingham are summarized in Table 4. The
five factors retained after performing parallel analysis explain 21.0, 12.9, 10.7, 0.8, and
7.7% of the total variance. Overall, the retained factors account for 62.1% of the variance.
Except for Factor 3, which depicts isolated people, and Factor 4, which is dominated by
demographic variables, all other factors are formed by a mix of various socioeconomic
indicators. The variables with the highest weights include isolation (non-family households
with one person), disability and no insurance. Linguistic isolation, households below
poverty level, and walkers (workers aged 16+ who walked to workplace) were assigned
the lowest weights.

Table 4. Squared factor loadings (scaled to sum to unity), variances, and resulting weight scores of
the sensitivity subindex for Birmingham.

Variables Factorl Factor2 Factor3 Factor4 Factor5 Combined Variance Weight F11.1a1
Factors Score Weight

Density 0.207 0.026 0.207 0.129 0.027 0.059
Youth 0.003 0.007 0.361 0.361 0.098 0.035 0.078
Seniors 0.019 0.021 0.349 0.049 0.349 0.098 0.034 0.075
Minority 0.134 0.063 0.049 0.022 0.020 0.134 0.210 0.028 0.062
No Diploma 0.121 0.013 0.090 0.121 0.210 0.026 0.056
Disability 0.194 0.194 0.210 0.041 0.090
HH B. Pov. * 0.028 0.070 0.068 0.013 0.070 0.129 0.009 0.020
Walkers 0.071 0.071 0.129 0.009 0.020
Unemp. Rate ** 0.105 0.020 0.008 0.025 0.105 0.210 0.022 0.049
No Insurance 0.056 0.015 0.016 0.009 0.471 0.471 0.077 0.036 0.080
No S. Security *** 0.111 0.018 0.115 0.057 0.115 0.098 0.011 0.025
Linguistic 0.108 0.108 0.077 0.008 0.018
Isolation NF **** 0.023 0.006 0.534 0.534 0.107 0.057 0.126
Isolation 65+ 0.007 0.058 0.244 0.009 0.244 0.107 0.026 0.057
No Vehicles 0.095 0.073 0.040 0.095 0.210 0.020 0.044
Mobile Homes 0.068 0.151 0.151 0.077 0.012 0.026
Old Houses 0.084 0.030 0.042 0.017 0.084 0.210 0.018 0.039
Impervious 0.018 0.272 0.054 0.042 0.272 0.129 0.035 0.077
Proportion Var (%) 21.0 12.9 10.7 9.8 7.7

Cumulative Var (%) 21.0 33.9 44.6 54.4 62.1

* Households below poverty level; ** Unemployment rate; *** No social security; **** NF: Non-Family households.

Table 5 displays the FA results for the city of Montgomery. The first four factors
retained explain 63.2% of the variance in the data set. Regarding Factor 1, a meaningful
explanation of factor loadings is not straightforward due to a mix of demographic and
socioeconomic indicators dominated by no vehicle (0.244) and no diploma (0.203). Factor
2 is formed by isolation of non-family populations and demographic indicators (youth
and seniors). Factor 3 is dominated by no social security income (0.563) followed by
disability and isolation 65+ (0.179 and 0.164, respectively), while for Factor 4, impervious
and density lead other socioeconomic indicators. The highest weights were assigned to no
social security income (0.147) and no vehicle (0.115). No insurance and linguistic isolation
received the lowest weights (0.003).



Urban Sci. 2023, 7, 121

13 of 34

Table 5. Squared factor loadings (scaled to sum to unity), variances, and resulting weight scores of
the sensitivity subindex for Montgomery.

Variables Factor 1 Factor 2 Factor 3 Factor 4 Combined Variance Weight Fu.lal
Factors Score Weight

Density 0.010 0.265 0.265 0.098 0.026 0.053
Youth 0.233 0.007 0.233 0.175 0.041 0.083
Seniors 0.290 0.042 0.036 0.290 0.175 0.051 0.103
Minorities 0.120 0.113 0.016 0.020 0.120 0.231 0.028 0.057
No Diploma 0.203 0.009 0.203 0.231 0.047 0.096
Disability 0.087 0.179 0.042 0.179 0.128 0.023 0.047
HH B. Pov. 0.031 0.080 0.159 0.159 0.098 0.016 0.032
Walkers 0.034 0.029 0.034 0.231 0.008 0.016
Unemployment 0.162 0.027 0.162 0.231 0.037 0.076
No Insurance 0.008 0.013 0.013 0.098 0.001 0.003
No S. Security 0.006 0.060 0.563 0.009 0.563 0.128 0.072 0.147
Linguistic 0.013 0.013 0.098 0.001 0.003
Isolation NF 0.030 0.012 0.030 0.175 0.005 0.011
Isolation 65+ 0.019 0.114 0.164 0.164 0.128 0.021 0.043
No Vehicle 0.244 0.006 0.022 0.244 0.231 0.056 0.115
Mobile Homes 0.017 0.040 0.040 0.098 0.004 0.008
Old Houses 0.083 0.014 0.083 0.231 0.019 0.039
Impervious 0.011 0.007 0.352 0.352 0.098 0.034 0.070
Proportional Var (%) 23.1 17.5 12.8 9.8

Cumulative Var (%) 23.1 40.6 53.4 63.2

FA results for Auburn-Opelika are shown in Table 6. The first factor loads on people
without vehicles, with a disability, without social security, living in isolation, and in old
houses. This factor clearly relates to social insecurity. Factor 2 is composed of a mix of
environmental, demographic, and socioeconomic indicators. It loads heavily on imper-
viousness, walkers, density, seniors, youth, and household income. Similarly, Factor 3 is
composed of a variety of indicators, including minority populations, no insurance, mobile
homes, linguistic isolation, and unemployment rate. Indicators with the highest weights
loaded on Factor 1 (no vehicles: 0.102; no social security: 0.091; disability: 0.082) and Factor
2 (impervious: 0.086). The lowest weights were assigned to indicators loaded in Factor 3:
unemployment rate (0.025) and linguistic (0.026).

Table 6. Squared factor loadings (scaled to sum to unity), variances, and resulting weight scores of
the sensitivity subindex for Auburn/Opelika.

Variables Factor 1 Factor 2 Factor 3 Combined Variance Weight Final Weight
Factors Score
Density 0.134 0.134 0.238 0.032 0.071
Youth 0.082 0.093 0.014 0.093 0.238 0.022 0.050
Seniors 0.079 0.103 0.047 0.103 0.238 0.024 0.055
Minority 0.086 0.173 0.173 0.122 0.021 0.047
No Diploma 0.026 0.082 0.082 0.238 0.019 0.044
Disability 0.127 0.019 0.127 0.287 0.036 0.082
HH B. Pov. 0.014 0.058 0.036 0.058 0.238 0.014 0.031
Walkers 0.018 0.136 0.020 0.136 0.238 0.032 0.072
Unemp. Rate 0.090 0.090 0.122 0.011 0.025
No Insurance 0.156 0.156 0.122 0.019 0.043
No S. Security 0.143 0.039 0.143 0.287 0.041 0.091
Linguistic 0.008 0.097 0.097 0.122 0.012 0.026
Isolation NF 0.076 0.061 0.076 0.287 0.022 0.049
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Table 6. Cont.
Variables Factor 1 Factor 2 Factor 3 Combined Variance Weight Final Weight
Factors Score

Isolation 65+ 0.086 0.019 0.009 0.086 0.287 0.025 0.055

No Vehicles 0.159 0.009 0.041 0.159 0.287 0.046 0.102
Mobile Homes 0.026 0.017 0.144 0.144 0.122 0.018 0.039
Old Houses 0.052 0.026 0.052 0.287 0.015 0.034
Impervious 0.161 0.161 0.238 0.038 0.086
Proportion Var (%) 28.7 23.8 12.2

Cumulative Var (%) 29.7 52.5 64.7

3.2.2. Adaptive Capacity

Table 7 summarizes FA results of the adaptive capacity subindex for all cities. After
using parallel analysis, two factors were retained for each urban area. The retained factors
explain 61% of the total variance for Birmingham, 60.2% for Montgomery, and 66.3% for
Auburn-Opelika. FA results for Birmingham show that indicators with the highest loadings
and weights are urban canopy and recreational (mean distance to recreational centers and
parks). For Montgomery, vehicles and recreational are the predominant indicators, while
for Auburn-Opelika, recreational and urban canopy exhibit the highest loadings (0.568 and
0.314, respectively). Overall, across the three urban centers, the most determinant factors
are urban canopy, vehicles, and recreational. Vehicles and recreational received the highest
weights for both Montgomery and Auburn-Opelika, while for Birmingham, the highest
weights were assigned to urban canopy and recreational.

Table 7. Squared factor loadings, variances, and resulting weight scores of the adaptive capacity
subindex for Birmingham, Montgomery, and Auburn-Opelika.

Birmingham

. Combined . Weight Final
Variables Factor 1 Factor 2 Factors Variance Score Weight
Wealth 0.135 0.135 0.218 0.029 0.061
Recreational 0.058 0.540 0.540 0.218 0.118 0.245
Vehicles 0.024 0.024 0.309 0.008 0.016
New Houses 0.065 0.282 0.282 0.218 0.062 0.128
Urban Canopy 0.853 0.043 0.853 0.309 0.264 0.550
Proportion Var (%) 33.5 27.5
Cumulative Var (%) 335 61.0
Montgomery
Wealth 0.251 0.251 0.276 0.069 0.118
Recreational 0.489 0.031 0.489 0.326 0.159 0.271
Vehicles 0.011 0.709 0.709 0.276 0.196 0.333
New Houses 0.250 0.008 0.250 0.326 0.082 0.139
Urban Canopy 0.250 0.250 0.326 0.081 0.139
Proportion Var (%) 32.6 27.6
Cumulative Var (%) 32.6 60.2
Auburn-Opelika
Wealth 0.209 0.209 0.278 0.058 0.085
Recreational 0.568 0.568 0.385 0.219 0.318
Vehicles 0.025 0.912 0.912 0.278 0.253 0.369
New Houses 0.093 0.088 0.093 0.385 0.036 0.052
Urban Canopy 0.314 0.314 0.385 0.121 0.176
Proportion Var (%) 38.5 27.8

Cumulative Var (%) 385 66.3
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3.3. Spatial Patterns of the Subindices and Final Vulnerability Index
3.3.1. Birmingham

The distribution patterns of sub-indices and index scores for Birmingham are shown
in Figure 7. The highest exposure to urban heat occurs in central parts of the city, while
exposure decreases away from central urban zones (Figure 7a). As shown in Figure 7b,
those areas highly exposed to urban heat also exhibit high sensitivity due to several factors
including extensive imperviousness, reduced urban canopy, high population density, and
poor socioeconomic conditions. Block groups with the highest adaptive capacity scores
are mainly located away from central Birmingham (Figure 7c). As a result, the spatial
distribution of vulnerability scores shows clearly that populations living in the inner city
are much more vulnerable to urban heat, while less vulnerable populations are found in
suburban areas to the north, east, and south (Figure 7d). A more detailed observation
shows that very high vulnerability is explained by varying factors; while many block
groups exhibit very high exposure, sensitivity, and very low adaptive capacity, various
combinations of the three subindices can also lead to very high vulnerability. Although
some block groups are only moderately exposed to urban heat, they exhibit a high level of
sensitivity and low adaptive capacity, while others are highly exposed to urban heat but
have relatively lower sensitivity levels.

- Very High
[ High
[ Average
|:| Low

- Very Low

Figure 7. Spatial distribution of the subindices and vulnerability index scores for the City of
Birmingham (Alabama) at block group level: (a) exposure; (b) sensitivity; (c) adaptive capacity;
(d) vulnerability index.

3.3.2. Montgomery

Figure 8 shows the spatial distribution of vulnerability components for the city of
Montgomery. The block groups mostly exposed to urban heat are mainly found in central
Montgomery, although they are less compactly clustered than in Birmingham (Figure 8a).
The least exposed block groups extend away from central Montgomery, particularly in
the northern, eastern, and southern parts of the city. Highly sensitive block groups are
mainly found in west central areas, in contrast with eastern Montgomery where most of
the block groups exhibit low sensitivity scores (Figure 8b). This east/west pattern also
characterizes the distribution of adaptive capacity scores; while a few scattered spots of
high adaptive capacity can be found in the western part of the city, most of block groups
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with high scores are found in eastern Montgomery (Figure 8c). Relative to Birmingham, the
spatial distribution of high vulnerability index scores across Montgomery is heterogeneous;
except for a main cluster of 18 block groups located in the west central part of the city, other
most vulnerable block groups are found in many smaller spots also dispersed over the
western and central areas, and the magnitude of the urban heat vulnerability scores varies
rapidly over short distances (Figure 8d). The least vulnerable block groups clearly prevail
in the eastern half of the city.

- Very High
[ High
| Average
[ Low
B very Low

Miles
8

0 1 2 4 6

Figure 8. Spatial distribution of the subindices and vulnerability index scores for the City of
Montgomery (Alabama) at block group level: (a) exposure; (b) sensitivity; (c) adaptive capacity;
(d) vulnerability index.

3.3.3. Auburn-Opelika

Figure 9 displays the spatial patterns of vulnerability for Auburn-Opelika. High
exposure to urban heat is limited to nine small block groups only: seven form a cluster
located in central Auburn, and two individual ones are isolated pockets located in Auburn
and Opelika. Block groups with very low exposure are mainly located in northern, western,
and southern suburban areas surrounding the central city (Figure 9a). The most prominent
pattern of very high sensitivity is a cluster of six small block groups located in Opelika.
This single cluster is complemented by one small block group of high sensitivity located in
central Auburn (Figure 9b). The least sensitive areas are generally found in the western and
southern part of the urban agglomeration. A pattern of spatial heterogeneity characterizes
the distribution of adaptive capacity scores; very high, average, as well as very low scores
of adaptive capacity are found in small clusters across the whole urban area (Figure 9c¢).
Overall, a noteworthy feature is the spatial heterogeneity in the distribution of scores for all
subindices. High exposure scores do not often coincide with high sensitivity, for example,
some block groups exhibit very high sensitivity but very low exposure to urban heat;
conversely, some block groups are highly exposed but show very low sensitivity. Therefore,
determining the impacts of urban heat on populations by just examining score distribution
maps is not a straightforward method. The resulting composite vulnerability index is
shown in Figure 9d. The main vulnerability hotspot is a small cluster of six block groups
located in Opelika. A second cluster of two small block groups is located in central Auburn.
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Between the two clusters, there is a single block group of high vulnerability located in
the central part of the urban agglomeration. In the main cluster located in Opelika, high
vulnerability is mainly driven by very high sensitivity and very low adaptive capacity.
Average scores (out of 100) for the constituting block groups are as follows: exposure, 44.3;
sensitivity, 95.6; adaptive capacity, 26.1. High vulnerability of the smaller cluster in Auburn
is explained by very high exposure to urban heat (with an average score of 90.2), moderate
to high sensitivity (61.3), and slightly below average adaptive capacity (44.5). Areas of
very low vulnerability are generally located in northern and southern suburban areas and
surround the inner cities.

007818 3

007515 3 45

Figure 9. Spatial distribution of the subindices and vulnerability index scores for the Cities of Auburn
and Opelika (Alabama) at block group level: (a) exposure; (b) sensitivity; (c) adaptive capacity;
(d) vulnerability index.

3.4. Deconstructing the Heat Vulnerability Index

Deconstructing composite indicators helps policymakers to better understand the
scores and rankings of subindices and individual indicators and make more informed
decisions. One way to look at the contribution of subindices and associated indicators to
the composite index is to use correlations. Moreover, index deconstruction means further
analyzing the results and capturing local variations. Results can be further explored by
identifying clusters of high and low index scores and analyzing their characteristics.

3.4.1. Correlations

Table 8 summarizes the relative importance of the subindices to the vulnerability
index. All correlations are statistically significant at the 5% level. For Birmingham, the
index is strongly correlated with the exposure and sensitivity subindices. For Montgomery
and Auburn-Opelika, the vulnerability index is more strongly related to sensitivity and
adaptive capacity.
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Table 8. Correlation between subindices and the Urban Heat Vulnerability Index. Values are cor-
relation coefficients (correlation method: Pearson’s R). All values are statistically significant at
the 5% level.

Birmingham Montgomery Auburn-Opelika
Exposure 0.8 0.7 0.6
Sensitivity 0.8 0.8 0.9
Adaptive Capacity —0.4 —0.8 —0.8

Table 9 presents the results of a more detailed examination of the linear relationships
between the vulnerability index and all constituting indicators. For Birmingham, 21 indica-
tors (out of 23) are significantly correlated with the Urban Heat Vulnerability index. The
index is highly correlated with LST, which is the lone variable of the exposure subindex
(0.82) and, to a lesser extent, isolation (0.67), minority (0.65), and impervious (0.64), which
are variables of the sensitivity subindex. This indicates that in Birmingham, environmental
factors (LST and impervious) contribute greatly to the magnitude of the vulnerability index.
In contrast, some of the demographic factors are poorly correlated with the index: youth
(0.02), seniors (0.03), and linguistic (0.03). Indicators moderately correlated with the index
include old houses (0.58), no vehicle (0.57), isolation 65+ (0.55), urban canopy (0.53), and
recreational (0.50).

Table 9. Correlation between the Urban Heat Vulnerability Index and all constituting indicators.
Values are correlation coefficients (correlation method: Pearson’s R). Bold values are statistically
significant at the 5% level.

. . .. Auburn
Sub-Indices Variables Birmingham Montgomery Opelika
Exposure LST 0.82 0.60 0.60
Density 0.34 0.47 0.41
Youth 0.02 0.12 0.10
Seniors 0.03 —-0.12 —0.04
Minority 0.65 0.50 0.59
No Diploma 0.43 0.45 0.08
Disability 0.35 0.16 0.41
HH Below Pov 0.26 0.46 0.16
Lev
Sensitivity gsll;?rsl . t 0.17 0.30 0.07
ploymen 0.4 0.43 0.28
Rate
No Insurance 0.44 0.03 0.35
No Social 017 0.07 ~0.21
Security
Linguistic 0.03 0.05 0.12
Isolation 0.67 0.04 0.26
Isolation 65+ 0.55 0.13 0.28
No Vehicle 0.57 0.62 0.70
Mobile Homes —0.17 —0.14 —0.06
Old Houses 0.58 0.31 0.13
Impervious 0.64 0.75 0.62
Wealth —0.45 —0.60 —0.57
Adaptive Rec?eational 0.50 0.44 0.12
Capacity Vehicles —0.23 —0.81 —0.86
New Houses —0.45 —0.30 —0.32
Urban Canopy —0.53 —0.42 —0.36

The results for Montgomery presented in Table 9 show that 16 indicators are signif-
icantly correlated with the vulnerability index. Vehicles, which is one of the adaptive
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capacity subindex indicators, shows the strongest relationship with the vulnerability index
(—0.81). Indicators with highest correlation also include impervious, no vehicle, LST, and
wealth (0.75, 0.62, 0.60, —0.60, and 0.50, respectively). Hence, the highest correlations
involve indicators from all three subindices. The index is weakly correlated with indicators
of the sensitivity subindex: no insurance (0.03), isolation (0.04), linguistic (0.05), and no
social security (0.07). For the Auburn-Opelika conurbation, the Pearson correlation is
statistically significant for 11 indicators. The top correlations with the vulnerability index
are vehicles (—0.86) and no vehicle (0.70), followed by moderate ones: impervious (0.62),
LST (0.60), minority (0.59), and wealth (—0.57). Like in Montgomery, the possession (or not)
of a vehicle contributes substantially to shaping the urban heat vulnerability index. Seniors
(—0.04), mobile homes (—0.060, walkers (0.07), and no diploma (0.08) exhibit the weakest
correlations with the index. Overall, the indicators that have demonstrated a statistically
significant correlation with the index in all three urban centers are as follows: LST (exposure
subindex); density, minority, disability, no vehicle, and impervious (sensitivity subindex);
wealth, vehicles, new houses, and urban canopy (all adaptive capacity indicators except for
recreational). On average, indicators that were more strongly correlated with the vulnera-
bility index are LST, impervious, vehicles, no vehicle, minority, and wealth. The weakest
correlations went to seniors, linguistic, and youth.

The analysis can be further extended by decomposing each subindex to better under-
stand the contribution of underlying indicators. Figure 10 displays the results of correlations
between the sensitivity subindex and associated indicators. Indicators most strongly corre-
lated with the subindex are isolation (0.82) and minority (0.81) for Birmingham (Figure 10a);
old houses (0.78) for Montgomery (Figure 10b); and no vehicle (0.83) and minority (0.70)
for Auburn (Figure 10c). Weakly correlated indicators are linguistic isolation (0.05) and
seniors (0.05) for Birmingham; isolation 65+ (0.01), mobile homes (—0.03), and linguistic
isolation (—0.03) for Montgomery; household income below poverty level (—0.07), and
mobile homes (—0.10) for Auburn. Although the strength of the relationship between
the subindex and components varies from one urban center to another, there are notable
similarities across urban centers; regardless of the city, (i) some indicators are strongly and
significantly correlated with the sensitivity subindex (isolation and no vehicle), while some
are weakly correlated (mobile homes, linguistic isolation).

The adaptive capacity subindex (Figure 11) is strongly correlated with urban canopy
(Birmingham) and vehicles (Montgomery and Auburn-Opelika). Recreational (Birmingham
and Montgomery) and urban canopy (Auburn-Opelika) exhibit the lowest correlations. In
general, the contribution of indicators to the subindex varies considerably. For example,
while urban canopy is the primary contributor to the index for Birmingham, its relationship
with the index is weaker in Montgomery and Auburn-Opelika. Correlation analysis can
offer some insight into the relationship between variables and indices and their potential
impacts on urban heat vulnerability in different cities. However, it is important to note that
correlation does not necessarily imply causation. Therefore, more detailed and localized
analyses are required to gain a better understanding of the underlying factors that drive
the vulnerability to urban heat.
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Figure 10. Correlation of the sensitivity subindex with its indicators: (a) Birmingham; (b) Mont-
gomery; (c) Auburn-Opelika. All correlation coefficients are significant at the 5% level, except for
those marked with an asterisk.
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Figure 11. Correlation of the adaptive capacity subindex with its indicators: (a) Birmingham;
(b) Montgomery; (c¢) Auburn-Opelika. All correlation coefficients are significant at the 5% level,
except for those marked with an asterisk.

3.4.2. Cluster Analysis

Cluster analysis allows a more precise identification of spatial clusters consisting
of block groups exhibiting very high or low vulnerability. It also facilitates a deeper
exploration of each subindex score and its corresponding rankings [133,134].

Figure 12 shows the spatial patterns of clusters for Birmingham and spider charts
depicting the structure of sensitivity and adaptive capacity subindices in areas of HH and
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LL clusters (very high and very low vulnerability, respectively). There is a single cluster
of block groups with high vulnerability values located in central Birmingham consisting
of 32% of the block groups over 7.2% of the total urban area (Figure 12a). This hotspot
is surrounded by two large, connected clusters of low vulnerability located in suburban
areas to the north and east of central Birmingham, and two smaller ones to the south. The
low-vulnerability clusters are composed of 23% of the block groups covering 40.2% of the
urban area. Figure 12b,c are spider diagrams that show an example of disaggregation of
subindices for a better understanding of the overall composite index. For each subindex,
the scores of associated indicators for block groups located in very high- and very low-
vulnerability areas (HH and LL clusters, respectively) are displayed along with the sample
mean (average for all block groups). Scores of the eighteen indicators for the sensitivity
subindex are shown in Figure 12b. Block groups in HH clusters exhibit very high sensitivity
to urban heat. All indicators score higher than the sample mean except for no social security
and mobile homes. The high sensitivity in HH clusters is mainly explained by the very
high score of the minority indicator (93%), followed by isolation (70%), old houses (70%),
no social security (61%), and impervious (55%). Block groups in LL clusters show very
low sensitivity. Indicators score lower than the sample mean, except for no social security
(64%), youth (42%), and seniors (34%). Low-vulnerability areas have no or little concern
about all types of isolation, walkers, no vehicle, and density. Indicators with the largest
score gaps between HH and LL areas are isolation (difference: 70%), minority (65%), old
houses (50%), isolation 65+ (38%), and impervious (38%). Deconstruction of the adaptive
capacity subindex is shown on Figure 12c. Block groups in LL areas score higher than the
sample mean and block groups in HH areas for all indicators except for recreational (96%
in HH areas, 73% in LL areas). One notable feature is the contrast between the very high
scores of recreational and the very low scores of urban canopy, new houses and wealth,
regardless of the level of vulnerability.

b)
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Figure 12. Cluster analysis for the city of Birmingham and spider diagrams representing the de-
construction of subindices associated with HH and LL clusters (clusters with higher and lower
vulnerability scores): (a) spatial patterns of the cluster analysis; (b) deconstruction of the sensitivity
subindex; (c) deconstruction of the adaptive capacity subindex. Values of indicators are scaled
between 0 (lowest performance) and 100 (highest performance).
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Figure 13 displays the cluster and outlier analysis for Montgomery, along with
subindices and indicators associated with each cluster and shown as spider diagrams.
There are two well defined clusters: a HH cluster located in the west central city that
consists of 39 small block groups, representing 22.5% of the total number of block groups,
but only 8.6% of the urban area; a cluster of LL values located in eastern suburban areas
that is composed of 16 larger block groups, representing 8.7% of the total number of block
groups over 31.4% of the urban area (Figure 13a). Regarding the sensitivity subindex
(Figure 13b), HH clusters score higher than LL ones for twelve indices (out of eighteen).
The minority and isolation indicators display the highest scores in HH clusters (90% and
89%, respectively), as well as in LL clusters (72% and 88%, respectively). Other relatively
high scores in HH areas include impervious (65%) and no social security (61%). Indicators
with the highest score difference between HH and LL clusters are impervious (a difference
of 45.3%), and, to a lesser extent, density (20.7%), minority (18%), and old houses (16.3%).
In general, the contrast between HH and LL clusters is less apparent in Montgomery than
in Birmingham; the magnitude of score differences is much smaller in Montgomery. More-
over, up to five sensitivity indicators have scores that are higher in low-vulnerability areas:
mobile homes, disability, seniors, youth, and no health insurance. A deconstruction of the
adaptive capacity is shown in Figure 13c. Indicators have higher scores in low-vulnerability
areas (LL clusters), except for recreational. Block groups in those areas are wealthier and
have more urban canopy, new houses, and vehicles.
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Figure 13. Cluster analysis for the city of Montgomery and spider diagrams representing the de-
construction of subindices associated with HH and LL clusters (clusters with higher and lower
vulnerability scores): (a) spatial patterns of the cluster analysis; (b) deconstruction of the sensitivity
subindex; (c) deconstruction of the adaptive capacity subindex. Values of indicators are scaled
between 0 (lowest performance) and 100 (highest performance).

Spatial patterns of high- and low-vulnerability clusters and associated spider diagrams
for Auburn-Opelika are shown in Figure 14. A group of nine east-central block groups
(19.6% of the total number of block groups) centered over Opelika form one HH cluster
(high vulnerability), covering 9.7% of the urban area (Figure 14a). Cluster and outlier
analysis (Anselin Local Moran’s I) did not yield any LL cluster. Only two block groups
exhibited relatively low vulnerability but were classified as low-high outliers (LH) which
are low values surrounded by features with high values. Therefore, those block groups were
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retained as low-vulnerability areas. Figure 14b displays the scores of sensitivity indicators
for HH and LH clusters, along with average scores of all block groups. In HH areas, no
social security is the indicator which scores higher (83%), followed by impervious (68%),
isolation (68%), and household income below poverty level (55%). Linguistic isolation,
mobile homes, and isolation 65%+ exhibit lowest scores (1%, 3%, and 9%, respectively).
In LH areas, the sensitivity subindex is mainly explained by isolation (87%), no social
security (67%), youth (63%), and seniors (50%). Therefore, two indicators have high scores
in both HH and LH clusters: no social security and isolation. Figure 14b paints a mixed
picture; it is generally expected that sensitivity indicators score much higher in most
vulnerable areas, but this is not the case in Auburn-Opelika. Only eight indicators (out
of eighteen) score higher in HH areas. The impervious indicator takes the lead with a
score 61% higher in HH areas, followed by walkers (43%), density (37%), and household
income below poverty level (32%). Uncharacteristically, a majority of sensitivity indicators
(ten) score higher in low-vulnerability areas. The largest differences (HH scores minus
LH scores) include demographic indicators (youth: —31%; seniors: —30%), mobile homes
(—26%), no diploma (—22%), and isolation (—20%). These atypical differences suggest
that vulnerability index structure may vary substantially depending on the size of urban
areas. Figure 14c displays the scores of the adaptive capacity subindex in HH and LH areas,
along with the overall average. The graph depicts patterns that resemble those observed in
Birmingham and Montgomery, with higher scores in LH areas, except for the recreational
indicator. Indicators with the largest score differences are urban canopy (55% in LH areas,
5% in HH areas, hence a difference of 50%) and recreational, which scores much higher in
HH areas (a difference of 43%).
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Figure 14. Cluster analysis for the cities of Auburn and Opelika and spider diagrams representing
the deconstruction of subindices associated with HH and LL clusters (clusters with higher and lower
vulnerability scores): (a) spatial patterns of the cluster analysis; (b) deconstruction of the sensitivity
subindex; (c) deconstruction of the adaptive capacity subindex. Values of indicators are scaled
between 0 (lowest performance) and 100 (highest performance).

The above method, which consists of deconstructing subindices and visualizing the
results using spider diagrams, can be applied at individual unit level; a spider diagram
can be created for each block group and compared with the overall average. The diagram



Urban Sci. 2023, 7,121

24 of 34

can be displayed alongside the associated vulnerability index and subindex, as shown in
Figure 15. This information can be complemented with demographic and socioeconomic
original values of each indicator. In addition to the block group’s data, the average for all
block groups can be added as a reference. Such a combination will result in the creation of
a block group profile that can be very useful for policymakers.
Block Group ID: 11010001001
City: Montgomery

Vulnerability Index: 87.6%
Sensitivity Subindex: 79.5%

Density

Linguistic Isolation

No Social Security Unemployment Rate

No Insurance

~@-Block Group =@=Average

Figure 15. Example of a Montgomery block group profile. Values of the block group’s indicators are
compared with the average for all the city’s other block groups.

Cluster analysis can be used to find which highly vulnerable block groups are more
exposed to urban heat by overlaying HH clusters of vulnerability with HH clusters of LST.
Block groups where high vulnerability and high heat exposure co-occur, referred to as “hot
hotspots” [104], should be given priority when implementing urban heat risk management
plans. Figure 16 displays the results of the spatial overlay.
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Figure 16. Overlay of block groups of high vulnerability (HH clusters of vulnerability) and block
groups of high LST (HH clusters of LST) for (a) Birmingham; (b) Montgomery; (¢) Auburn-Opelika.
Co-occurrence is observed in Birmingham and Montgomery, but not in Auburn-Opelika.
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In Birmingham, co-occurrence happens for 164 block groups (87.2% of highly vulnera-
ble block groups) located in the central part of the city. To the south of this cluster, a smaller
one formed by 29 block groups exhibits high heat exposure but is not highly vulnerable.
Block groups classified as highly vulnerable but not exposed to high urban heat are adjacent
to and mainly located to the north of the central cluster (Figure 16a). In Montgomery, the
spatial overlay revealed a west central cluster of 21 highly vulnerable block groups exposed
to high urban heat (53.8% of all highly vulnerable block groups). Two clusters of high heat
exposure but not high vulnerability (a total of 29 block groups) are located in east central
Montgomery (Figure 16b). There is no co-occurrence in the Auburn-Opelika conurbation.
Highly vulnerable block groups are clustered over Opelika, while high urban heat exposure
occurs over Auburn (Figure 16c).

4. Discussion and Conclusions

The world is experiencing a sustained wave of urban growth associated with increased
levels of socioeconomic disparities and environmental hazards, not the least of which is
urban heat. Although it is difficult to find consistent baselines due to (i) the differences in
methods used to quantify urban heat and assess the vulnerability of urban populations,
and (ii) the specific characteristics of each city (environmental, structural, and demographic
patterns), a substantial majority of studies concur that poorest urban neighborhoods face
higher exposure to heat and have less capacity to cope with it compared to wealthier areas.
Vulnerable populations such as the elderly, young children, those with pre-existing medical
conditions, and populations of lower socioeconomic conditions are the most affected. For
example, Chakraborty et al. [14] used NASA’s Moderate Resolution Imaging Spectrora-
diometer (MODIS) data to (i) calculate UHI intensity as the area-averaged differential in LST
between urban neighborhoods and their corresponding rural reference, and (ii) combine it
with NDBI, NDVI, and albedo and merge the resulting data with urban neighborhood-scale
income and population data. Their analysis showed that in 72% of cases across twenty-five
cities, neighborhoods with lower socioeconomic status encounter higher heat exposure,
in accordance with the distribution of income within cities. De La Barrera et al. [135]
combined LST obtained from Landsat 15, NDVI, and normalized difference of built-up
index (NDBI) with socioeconomic data at a census track level in Santiago (Chile). They
found that temperatures in low-income neighborhoods were 2.5 °C to 3.3 °C higher than
those in high-income districts. Jenerette et al. [136] combined satellite-derived surface tem-
perature and vegetation data from an early summer day with US Census and topographic
data. Their research demonstrated that in Phoenix, for every USD 10,000 increase in the
annual median household income of a neighborhood, there was an associated decrease of
0.28 °C in summer surface temperature. Voelkel et al. [137] collected urban temperature
data for the City of Portland (Oregon) using a vehicle traverse collection method (cars with
a mounted temperature sensor and global positioning system), then used ArcGIS Zonal
Statistics to compute the average temperature at census block group level. The resulting
data were combined with socioeconomic data including income, race, education, English
speaking ability, and the presence of affordable housing. They found that groups with
limited adaptive capacity, including those in poverty and non-white populations, were
at higher risk for heat exposure. Dialesandro et al. [73] investigated thermal inequities
by retrieving LST from Landsat 8 data for twenty southwestern U.S. urban regions and
using spatial regression models to analyze the variation of urban heat according to income
and race at the census block group level. They found that, on average, the poorest 10% of
urban neighborhoods were 2.2 °C to 3.7 °C hotter than the wealthiest 10%. Such results
are consistent with our findings. Like Dialesandro et al. [73], we calculated LST from
Landsat 8 images and conducted a vulnerability assessment at block group level. After
classifying block groups based on ESRI’s Wealth Index and computing the average LST
for each block group using the ArcGIS Zonal Statistics tool, we compared the top 10%
wealthiest and poorest block groups and found that (i) for Auburn-Opelika, LST was 3.4 °C
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higher in the poorest block groups. The differences were 3.6 °C for Birmingham and 2.1 °C
for Montgomery.

In addition to the previously mentioned examples, various approaches have been
employed to evaluate vulnerability to urban heat. Most of these studies have observed
noticeable inequalities in exposure to urban heat. However, heat distribution patterns
vary between cities and within each urban area due to several factors, including local
climate conditions, urban configuration and size, urban canopy density, the presence of
water bodies, and the extent of impervious areas. Additionally, the demographic and
socioeconomic makeup of cities can vary considerably. As a result, vulnerability to urban
heat depends on a complex interplay of physical, social, and economic factors. To develop
effective strategies to mitigate the impacts of urban heat on people’s health and well-
being, it is crucial to conduct vulnerability assessments at individual city and granular
scales. In this study, we utilized a collection of Landsat 8 satellite images to derive LST
and created a UHI vulnerability index for three cities in Alabama at a block group level.
This level of analysis is much more refined than the typical scales usually employed in
comparable studies.

Distinct disparities in the spatial distribution of urban heat vulnerability are already
evident among the three cities. Spatial patterns suggest that the distribution of vulnera-
bility scores is significantly influenced by urban configuration. The city of Birmingham
displays a noticeable difference between the densely packed buildings and pavements in
its central area and the suburbs which consist of a combination of residences and green
cover. The central part of the city forms a compact cluster of highly vulnerable block
groups (high exposure to urban heat associated with high sensitivity and low adaptive
capacity). Compared to Birmingham, the combination of impermeable surfaces and urban
greenery in Montgomery is more notable. The distribution of high vulnerability index
scores exhibits heterogeneity, with a prominent cluster of block groups concentrated in the
west-central region of the city, alongside smaller dispersed clusters found throughout the
western and central areas. As a result, the magnitude of the urban heat vulnerability scores
can vary greatly over short distances. In Auburn-Opelika, the distribution of scores for all
sub-indices displays a marked spatial variability. High scores of exposure do not always
concur with high sensitivity. Thus, interpreting the impacts of urban heat on populations
merely by examining the distribution of scores on maps is not a straightforward task.

Considering the variations observed across different cities, a deconstruction of the
vulnerability index becomes even more valuable. Analysis of the correlation between the
vulnerability index and its constituting indicators shows that there were both consistent
and varying indicators associated with the heat vulnerability index across the cities of
Birmingham, Montgomery, and Auburn-Opelika. Variables which consistently showed a
strong relationship with the vulnerability index across all three cities included impervious,
LST, no vehicle, minority, and wealth. On the other hand, some indicators demonstrated
weak and non-significant correlations with the vulnerability index across all cities: linguis-
tic, youth, and seniors are prominent examples. In terms of the variation among cities,
certain variables displayed varying levels of correlation with the vulnerability index in
different cities. For example, the variable vehicles exhibited a strong relationship with the
vulnerability index in Auburn-Opelika and Montgomery but showed a weak correlation
with the index in Birmingham. Similarly, the variable isolation was significantly correlated
with the vulnerability index in Birmingham but did not display a significant relationship
with the index in Auburn-Opelika and Montgomery.

Further, the cluster analysis and associated spider charts consist of a more detailed and
localized analysis which aimed at identifying block groups with high and low urban heat
vulnerability and decomposing the index to analyze the contribution of each indicator. Such
an analysis enables a more pointed examination of the contributing factors specific to each
city, ultimately leading to tailored policy recommendations for addressing urban heat vul-
nerability at local scale. Like the correlation analysis, the cluster analysis found consistent
patterns across all cities regarding the indicators contributing to high urban heat vulnerabil-
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ity, as well as variations in the importance of certain indicators between cities. Consistent
across all cities, highly vulnerable areas were characterized by high sensitivity, which was
mainly explained by indicators such as minority, isolation, impervious surfaces, and no
social security. These indicators consistently contributed to the high sensitivity in block
groups across all cities. Additionally, low adaptive capacity was consistently associated
with weak scores in wealth and urban canopy. Interestingly, across all cities, the recreational
indicator exhibited the strongest adaptive capacity score in highly vulnerable block groups.
This suggests that access to recreational spaces might not be a major contributing factor
to urban heat vulnerability in those specific locations. Therefore, policymakers may not
need to prioritize increasing the number of recreational areas in those areas, as they might
already have sufficient access to such spaces. Minority was the strongest contributor to
the sensitivity subindex in Birmingham and Montgomery, but its contribution was modest
in Auburn-Opelika. Similarly, old houses had higher scores and contributed more signifi-
cantly to sensitivity in Birmingham and Montgomery compared to Auburn-Opelika. In
contrast, no social security prominently contributed to sensitivity in Auburn-Opelika but
scored much lower in Birmingham and Montgomery. In summary, despite the existence
of consistent indicators that contribute to high urban heat vulnerability across all cities,
variations in the importance of certain indicators between cities suggest that policymakers
should consider city-specific factors when developing targeted interventions to address
urban heat vulnerability. These findings can guide policymakers in prioritizing resources
and implementing tailored strategies to mitigate the specific vulnerabilities observed in
each city. For example, the results of our analysis indicate that minority populations and
old houses emerge as more significant factors contributing to urban heat vulnerability in
larger urban areas such as Montgomery and Birmingham. However, these factors do not
appear to have the same level of prominence in smaller cities such as Auburn-Opelika.

Overall, the development of the Urban Heat Index for three different cities based on the
aggregation of subindices, along with the subsequent deconstructions, yielded significant
knowledge. Information obtained from the cluster analysis and associated spider charts
can be further scaled down to a block group level to detect strengths and weaknesses of
each unit, identify indicators that are relevant or less important, and develop block group
profiles that will guide decision makers. However, it is important to consider the potential
limitations associated with such an approach. The choice of underlying indicators and the
statistical methods used to normalize the data, assign weights, and aggregate the results
involve making certain assumptions, simplifications, and subjective judgements. Some of
the statistical limitations are well documented, and there is no perfect solution for building
a composite index [133,138,139]. Moreover, it is necessary to consider the dynamics of
vulnerability. Various factors may cause vulnerability to change over time, including
urban development and other land use changes, environmental changes, demographic
shifts, socioeconomic dynamics, and long-lasting or compounding disasters [140-142].
In addition, with the increasing implementation of adaptation and resilience-building
measures by urban planners, the capacity to handle heat stress is enhanced, leading to a
reduction in vulnerability in targeted areas.

This study emphasizes the importance of conducting more comprehensive and location-
specific research, which plays a critical role in the development of efficient mitigation strate-
gies. It should be noted that the study’s findings may not be readily applicable to other
cities or regions due to the unique characteristics exhibited by each city or neighborhood.
These distinctive attributes stem from a variety of factors, including demographics, environ-
mental conditions, infrastructure, urban configuration, and socioeconomic conditions [143].
Therefore, such studies provide a granular understanding of urban heat vulnerability
through the identification of localized hotspots which allows the determination of targeted
and priority interventions that address the specific vulnerabilities. They also allow a better
identification of local governance structures and facilitate community engagement and
participation, since local populations will accept to implement strategies that are based on
local knowledge and aim at addressing community needs.
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The statistical approach used to construct our vulnerability index incorporates estab-
lished procedures commonly utilized in the development of widely recognized indices,
such as the Product Market Regulation Index [144], the Internal Market Index [145], the
Business Climate Indicator [146], the Environmental Sustainability Index [147,148], the Gen-
eral Indicator of Science and Technology [149], and the Socioeconomic Status Index [150].
Various studies have conducted uncertainty and sensitivity analyses and other validation
tests on these indices, as documented in numerous works [133,138,151,152]. To enhance
the quality of this study, future efforts should involve two key aspects. Firstly, an uncer-
tainty analysis and/or sensitivity analysis should be incorporated to further evaluate the
robustness of the composite index. Secondly, a comprehensive review of the indicators can
be conducted by engaging stakeholders and communities, including the insights of subject
matter experts, and considering the removal of less significant indicators while introducing
new relevant ones. By regularly updating and refining the outputs of this study, decision
makers will be empowered to take data-driven actions based on the underlying factors
influencing the composite index and subindices. Integrating this tool within the broader
framework of urban management will enable the development of tailored strategies for
each block group, facilitate targeted resource allocation, and assist local communities in
building resilience to urban heat challenges.
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