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Editor: Paulo Pereira Exposure to heat poses a pressing challenge in cities, with uneven health and environmental impacts across the
urban fabric. To assess disparities in heat vulnerability and its environmental justice implications, we model
Keywords: supply-demand mismatches for the ecosystem service (ES) urban temperature regulation. We integrated remote
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sensing, health, and socio-demographic data with Artificial Intelligence for Environment and Sustainability
(ARIES) and geographical information system tools. We computed composite indicators at the census tract level
for urban cooling supply, and vulnerability to heat as a measure of demand. We do so in the context of the mid-
size city of Vitoria-Gasteiz, Basque Country (Europe). We mapped relative mismatches after identifying and
analysed their relationship with socio-demographic and health factors. Our findings show disparities in heat
vulnerability, with increased exposure observed among socio-economically disadvantaged communities, the
elderly, and people with health issues. Areas associated with higher income levels show lower ES mismatches,
indicating higher temperature regulation supply and reduced heat vulnerability. The results point at the need for
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nature-based heat mitigation interventions that especially focus on the more socio-economically disadvantaged

communities.

1. Introduction

Over the past decades, heatwaves have increased in frequency, in-
tensity, and duration (Cowan et al., 2014; Fischer and Schar, 2010), with
expectations of further intensification due to accelerated global warm-
ing (Ballester et al., 2023). Urban areas are particularly vulnerable to
rising global temperatures due to the urban heat island (UHI) effect,
which results in substantially higher temperatures in dense urban en-
vironments compared to suburban-rural areas (Marando et al., 2022;
Massaro et al., 2023). The synergistic effects of heatwaves and UHIs
affects human health and the urban environment (Grimm et al., 2008;
Chen et al., 2023), constituting a major hazard for urban residents with
far-reaching health and well-being impacts (IPCC, 2021; Kuras et al.,
2015). For instance, elevated urban temperatures can reduce work
productivity, impair cognitive performance and learning capacity
(Lenton et al., 2023), while also contributing to increased morbidity,
mortality rates, and maternal health risks (Ballester et al., 2023; Lenton
et al., 2023).

With the expansion and densification of urban environments, there is
a an increased interest in the provision of urban ecosystem services (ES)
(Liu et al., 2020) through the implementation of urban green infra-
structure strategies, particularly regarding urban heat mitigation
(Francoeur et al., 2021; Langemeyer et al., 2020; Wolch et al., 2014).
Urban green infrastructure (UGI) helps reduce land surface and air
temperatures during hot periods by providing shade, limiting the ab-
sorption of solar radiation in artificial surfaces, and promoting evapo-
transpiration (Errea et al., 2023; Massaro et al., 2023).

Urban development shapes the distribution and balance between
green and grey infrastructure, influencing heat absorption and release
(Schell et al., 2020; Marando et al., 2019). Inequities in exposure and
access to UGI and associated ES can also be driven by socioeconomic and
urban planning factors whose interaction further exacerbate disparities
(Aznarez et al., 2023; Baro et al., 2019). A key contributing factor to
these disparities is the ‘legacy effect’”, where historical management
practices contribute to increased canopy cover and plant diversity in
older neighbourhoods, reflecting extended successional times (Clarke
etal., 2013). To illustrate, areas that historically received more attention
and investment in UGI development accumulate greater biodiversity,
perpetuating environmental disparities. This ‘legacy effect’ intersects
with the ‘luxury effect’, linking affluence to increased canopy cover and
biodiversity. Affluent areas, historically benefiting more from UGI
development, experience cumulative impacts over time (Leong et al.,
2018). These disparities compound, hindering equitable provision of
urban temperature regulating ecosystem service (TR-ES) and perpetu-
ating ‘luxury effects’ on canopy cover and its related benefits (Jenerette
et al., 2013). In turn, this can contribute to a complex mosaic of tem-
peratures within cities that may expose residents to a continuum of heat,
ranging from thermal comfort to potential hyperthermia (Lenton et al.,
2023; Jenerette et al., 2011). Social inequities amplify heat-related
disparities and their health implications, particularly among socioeco-
nomically disadvantaged communities (Wang et al., 2023; Schell et al.,
2020; Chakraborty et al., 2019).

Equitable access to UGI for mitigating heat vulnerabilities requires
evaluating the distribution of the supply of TR-ES and the societal de-
mand for such ES. We refer to ‘supply’ as the capacity of urban eco-
systems to provide TR-ES, and ‘demand’ as the societal need to reduce
heat-related vulnerability and risk through UGI (Burkhard and Maes,
2017). Despite increasing recognition, understanding and mapping ES
demand remain challenging due to this multifaceted nature, influenced
by factors like access, technological influences, socio-economic condi-
tions or demographics (Dworczyk and Burkhard, 2021; Gonzalez-Garcia

et al., 2020). Unlike traditional ES assessments that rely on indirect
inferences of demand by considering the magnitude of pressures and
assessing the population exposed to these pressures (Baker et al., 2021;
Wolff et al., 2015), our research integrates the multifaceted character of
demand. We contribute to addressing this gap by integrating the de-
mand side of TR-ES into our assessment, considering that heat vulner-
ability is unevenly distributed among urban residents, reflecting
different TR-ES needs. By adopting the heat vulnerability assessment
framework from the IPCC (2007), encompassing exposure, sensitivity,
and adaptive capacity, we quantify heat vulnerability as a proxy for
estimating TR-ES demand (Langemeyer et al., 2020; Mallen et al., 2019;
Bradford et al., 2015).

Through spatially explicit assessments of TR-ES supply-demand
mismatches, we aim to provide evidence-based information that can
guide urban planning, addressing environmental inequities and identi-
fying priority intervention areas for reducing heat-related vulnerabil-
ities. This aligns with existing literature emphasizing the importance of
such assessments in guiding effective urban interventions (Baro et al.,
2015; Herreros-Cantis and McPhearson, 2021). We refer to TR-ES
mismatch as the difference in either the quality or quantity between
TR-ES supply and demand (Sebastiani et al., 2021; Geijzendorffer et al.,
2015). We specifically aim to i) develop an integrated modelling
approach that combines remote sensing, field data, and socio-
demographic information to assess TR-ES supply and demand; ii) anal-
yse the spatial distribution of the TR-ES supply-demand mismatches as a
way to target priority intervention areas; iii) identify the sociodemo-
graphic and health factors that influence TR-ES supply-demand
mismatches.

2. Methods
2.1. Study area

Our study focused on the mid-sized city of Vitoria-Gasteiz (Basque
Country), located in the North of the Iberian Peninsula (Fig. 1) and
internationally known by its ambitious urban greening policies, as re-
flected by the 2012 European Green Capital award. Vitoria-Gasteiz has
numerous green and blue spaces designed as part of its publicly acces-
sible UGI, including a 35 km-long green belt from the 1990s (Fig. 1). The
city, with a population of 253,672 inhabitants (Instituto Nacional de
Estadistica (INE), 2022), experiences a temperate and humid climate.
The average annual temperatures have ranged between 4.4 °C and 17.1
°C over the period from 1991 to 2021 (Errea et al., 2023). Surface UHI
has been rising from approximately 5 °C in 2012 to 10.9 °C in 2022
(Olazabal et al., 2012; Errea et al., 2023). The natural value of some
features within the green belt, notably the Salburua wetlands, the
Zadorra River and Vitoria Mounts, were included in the Natura 2000
network and protected as community interest sites. In addition, the
current local urban green infrastructure planning aims at the creation of
nature-based solutions that also contribute to mitigating urban heat in
strategically selected areas (Centro de Estudios Ambientales CEA, 2014).

2.2. Analytical framework

To address compatibility and transferability challenges in ES
assessment models (Balbi et al., 2022), we adopted an integrated
modelling approach based on FAIR (Findable, Accessible, Interoperable,
and Reusable models and data) principles (Wilkinson et al., 2016). This
involved combining the Artificial Intelligence for Environment & Sus-
tainability (ARIES) modelling platform (Villa et al., 2014, 2017) with
GIS tools to produce results that are accessible to urban planners. ARIES
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modelling was performed on k.LAB, an advanced modelling web-based
software that connects spatial data and model components through se-
mantics and machine reasoning (Marquez-Torres et al., 2023; Capriolo
etal., 2020; Villa et al., 2014). ARIES, facilitated by k.LAB, automates ES
and urban heat assessment through a modular approach, constructing
models based on context-specific data (Villa et al., 2014). The Al engine
in k.LAB optimizes workflows, enhancing the modelling process and
aiding in the quantification of urban heat. All spatial data used for the
assessment, including the workflow for various additions and geo-
processes to quantify urban heat and map ES dynamics, is loaded into k.
LAB. This data is accessible for reuse, aligning with the FAIR principles.
The incorporation of semantic technologies within k.LAB efficiently
organizes and retrieves information. By hosting our models (i.e. heat
exposure, ES supply and demand) data in the cloud, we improve the
replicability and accessibility for both researchers and decision-makers.
Notably, k.LAB's web-browser interface enables access to information,
bridging the gap between research and practical application in urban
planning.

Our integrated modelling approach was designed to comprehen-
sively assess the spatial distribution of TR-ES supply and demand
(Fig. 2). We used composite indicator that combines the ecological,
biophysical and societal aspects of TR-ES supply and demand into a
unitless, normalized value (Alam et al., 2016). To quantify the supply of
urban TR-ES, we examined the ecological properties and functions of
UGI (Fusaro et al., 2023; Sebastiani et al., 2021), including habitat
quality as indicator of ecological integrity, and vegetation cover as a
proxy for shading and evapotranspiration capacity. For assessing ES
demand, we followed the IPCC AR5 framework (IPCC, 2014), which
considers risk as the combination of urban heat hazard, exposure and
associated vulnerability (Wang et al., 2023; Hsu et al., 2021). To assess
these components of ES demand, we built a Heat Vulnerability Index
(HVI), as a function of exposure, sensitivity and adaptive capacity, in
order to account for vulnerability to urban heat hazard. Lastly, the
assessment of TR-ES mismatches involved subtracting the supply from
the demand at the census tract level. To operationalize this workflow
(Fig. S1, Supp. Mat.), we developed different modules within the ARIES
platform, along with an associated ontology and semantics. We also
incorporated different data types to ARIES including environmental and
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socio-demographic data across different spatial scales.

2.3. Urban temperature regulation (TR-ES) supply

To quantify TR-ES supply we employed a composite indicator
approach at the census tract level (Alam et al., 2016). We based our
assessment on three indicators: i) the first indicator refers to the canopy
cover, as the proportion of ground area covered by layers of leaves and
woody vegetation when viewed from above (Locke et al., 2021),
expressed as a percentage and used as a proxy for the vegetation shading
effect. The indicator was estimated from PNOA LiDAR data (year 2017)
at 1 m resolution (Instituto Geografico Nacional, 2023) (Fig. S2, Supp.
Mat.); ii) the second indicator is the mean Normalized Difference
Vegetation Index (NDVI) and was obtained from Sentinel 2 images for
the summer period of 2021-2022 at 10 m of spatial resolution. NDVI
values above 0.25 were considered and validated by spatial overlay with
orthophotos and urban land use maps (resolution of 10 m) (CEA, 2020).
NDVI has been previously used as a proxy of TR-ES provision (Sebastiani
et al., 2021; Marando et al., 2019); iii) the third indicator is based on a
10 m-resolution raster map of the spatial distribution of UGI habitat
quality, derived from prior research conducted in Vitoria-Gasteiz
(Aznarez et al., 2022) (Table S1, Supp. Mat). In this context, habitat
quality is the ability of urban ecosystems to offer the necessary resources
and conditions to support wildlife. Habitat quality is shaped by the
proximity to and intensity of anthropic activities, resulting in a contin-
uous spatial indicator that spans from 0 (low) to 1 (high). Higher habitat
quality indicates higher productivity and ecological integrity, while
lower habitat quality suggests habitat the influence of threats (e.g.
fragmentation by roads and imperviousness) and edge effects, reducing
the evapotranspiration and hence cooling potential of vegetation
(Aznarez et al., 2022; Ewers and Banks-Leite, 2013). TR-ES supply for
urban temperature regulation is calculated by Eq. (1) adapted from
Sebastiani et al. (2021):

TRES = Cc+ NDVI + HQ (@)

where Cc represents the percentage of canopy cover by census tract,
NDVI refers to the mean NDVI calculated for vegetation from 2022

2.3 Urban boundaries
Landuse cover

Municipality of Vitoria-Gasteiz 2.5  5km|

—)

Canopy cover
Urban fabric
Herbaceous
Water bodies
Industrial polygons
Old town

Zadorra River.\lr; :
E : R\

Fig. 1. Study area of Vitoria-Gasteiz with its location within the urban and municipal boundaries and main land covers, such as urban fabric, canopy cover, her-
baceous cover, and water bodies. Black diamonds indicate industrial polygons and the black star indicates the historical city centre. Arrows indicate the major natural

landmarks of the green belt.
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Fig. 2. Conceptual framework on urban temperature regulation ES (TR-ES) supply and demand, and their mismatches based on composite indicators. TR-ES supply is
evaluated based on the ecological attributes of urban green infrastructure and TR-ES demand is based on urban heat vulnerability assessments. Spatial mismatches
among TR-ES supply-demand underscores its significance for (distributive) environmental justice.

summer Landsat 8 imageries and HQ represents the mean habitat quality
of UGL

2.4. Urban temperature regulation (TR-ES) demand

The societal demand for urban temperature regulation was estimated
based on the spatial distribution of the heat vulnerability index (HVI).
To identify priority areas for heat-related risk reduction, we used a
unitless characterization of social factors. We considered vulnerability
to heat as a subtype of social vulnerability, defined by IPCC AR5 as the
predisposition of social groups to adverse impacts including the sensi-
tivity to harm and lack of capacity to adapt (Wisner, 2016). We built and
calculated the HVI for Vitoria-Gasteiz for each census tract following
Reid et al. (2009). To this, we summed up the exposure level (E;) and
sensitivity level (S;) to heat and then we summed up indicators of
reduced adaptive capacity while subtracting those associated with
enhanced adaptive capacity level (A;) as given in Eq. (2):

HVI = Ei+ Si + Ai 2)

For the development of the HVI specific to Vitoria-Gasteiz, we used
spatial data on socio-economic and demographic variables at the census
tract level, which was the finest resolution at which data was accessible
and is generally the relevant spatial scale to urban planning and policies
(Table S1, Supp. Mat.). Highlighting the importance of a finer spatial
scale, our approach recognises the localised nature of urban green space
usage. Residents predominantly experience urban green spaces in their
immediate surroundings, aligning with the “distance decay” effect (Yok-
Tan and Samsudin, 2017). This underscores the need for smaller scales
in spatial studies, which is key for understanding dynamics that impact
daily living experiences. Such an approach aligns with Maantay's (2002)
recommendations for environmental health hazard assessments.
Assessing hazards like heat at the census tract level, as opposed to
aggregated city or county scales, enhances precision in identifying
affected residents and comprehending the nuanced aspects of exposure
within specific local contexts.

Heat exposure refers here to the urban population being exposed to
high temperatures and related health impacts. This was assessed using
LST (Fig. S4, Supp. Mat.) and population density as indicators (Wang
et al., 2023). High-density urban areas with elevated temperatures are
known to pose increased heat exposure risks (Manoli et al., 2019). The
spatial distribution of exposure was mapped (Table S2, Supp. Mat.) by
incorporating four overlapping spatial layers into our analysis: i) a raster
map of population density to map the hotspots of anthropogenic heat,
serving both as a measure for heat exposure and an aggravating factor
for the UHI effect (Manoli et al., 2019; Jin et al., 2019); ii) NDVI to
depict the density of vegetation, with areas with significantly low NDVI
(<0.1) indicating bare soil, which contributes to LST intensity and
therefore higher heat exposure (Marando et al., 2019; Tesfamariam
et al., 2023); iii) LST to estimate the extent and magnitude of urban heat,
as input for assessing the spatial distribution of heat hazards; and iv)
land cover data to identify urban impervious surfaces.

To calculate sensitivity, we considered factors that could either
amplify or mitigate the impact of heat exposure. These factors encom-
passed residents' age and health aspects (Mallen et al., 2019; Kuras et al.,
2015; Reid et al., 2009). Our data included age-related metrics (per-
centage of the population aged <14 and > 65) and health indicators,
including respiratory diseases, diabetes and pulmonary conditions in
both, male and female populations (see detailed information in Table S1,
Supp. Mat.). For the health variables, we employed the Standardized
Mortality Ratio (SMR), which measures the likelihood of higher-than-
expected mortality rates within a specific group compared to a refer-
ence population. The SMR data were obtained from the Basque Mor-
tality Atlas for the period 2013-2017, and the age-related metrics were
sourced from the EUSTAT, the Basque Bureau of Statistics (2021).

Finally, to map heat-related adaptive capacity, we examined the
capacities and resources accessible to city residents to cope with heat
exposure. We identified education attainment, income, and foreign
origin as potential factors influencing adaptive capacity to heat (Kuras
et al., 2015; Reid et al., 2009). Specifically, above the median annual
household gross income (€34,473) and high educational attainment (i.e.
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residents with and above tertiary education) were assumed to be factors
that can enhance adaptive capacity, potentially leading to reduced
exposure to heat (Wang et al., 2023). Conversely, lower income and
education attainment (i.e. residents with primary or no formal educa-
tion), along with foreign origin (i.e. from Asia, Africa and America),
were expected to indicate a lower adaptive capacity. The latter can be
attributed due to difficulties in getting sufficient support from educa-
tional and healthcare institutions, as well as linguistic barriers for
accessing knowledge and information (Keeler et al., 2019; Nayak et al.,
2018). The lack of adaptive capacity was determined by summing fac-
tors indicating a lower adaptive capacity and subtracting those
contributing to adaptive capacity. Consequently, higher values in this
component indicate an increased lack of adaptive capacity to address
heat-related challenges.

To allow for comparisons, we standardized the initial set of
vulnerability-related variables to have an average of 0 and a standard
deviation of 1. We then assessed the correlation between the selected
variables by calculating pairwise Spearman's correlation coefficients
(Fig. S3, Supplementary data) using the “ggally” package in R (Schloerke
et al., 2021). Highly correlated variables were considered for elimina-
tion when deemed redundant to ensure a robust dataset. To simplify the
interpretation and mitigate the influence of outliers, we categorized
each variable into six distinct scores based on their standard deviations,
i.e. z-score values (Table S3, Supp. Mat.). The specific scores were
assigned to each category, ranging from 1 (i.e. minimal vulnerability) to
6 (i.e. highest vulnerability).

Drawing from Reid et al. (2009), and given the limited understand-
ing of the individual impacts of each identified factor on vulnerability to
urban heat, we assumed an equal weight and aggregated the assigned
scores for each variable. This aggregation produced a cumulative HVI
value for each census tract. To ensure that higher values align with
increased vulnerability, the considered variables were adjusted. If a
variable had a positive impact suggesting lower vulnerability, it was
computed by subtracting it to contribute to the cumulative measure of
increased vulnerability. To spatially represent the HVI values at the
census tract level, these were normalized between 0 and 1 to also make
them more easily comparable.

2.5. Spatial TR-ES supply-demand mismatch analysis

Each census tract was assigned TR-ES supply and demand values
ranging from 0 (lowest) to 1 (highest). Supply indicated the normalized
estimation of TR-ES attributed to UGI, while demand reflected the so-
cietal need for exposure reduction and the calculated HVI. To map TR-ES
supply-demand mismatches, we adopted a pragmatic approach
involving the subtraction of the supply from the demand index to esti-
mate a TR-ES budget for each census tract (following Burkhard et al.,
2012; Herreros-Cantis and McPhearson, 2021). The resulting values
spanned from 1 to —1, with a value of 1 representing the highest po-
tential for mismatch, indicating high TR-ES demand in the face of low
supply. Lower values indicated areas where the supply of TR-ES excee-
ded potential demand, with values near 0 suggesting a balance between
potential demand and supply. To identify the patterns driving sup-
ply-demand mismatches, we used the Getis-Ord Gi* hotspot analysis
within ArcMap 10.7.1 (ESRI). This analysis consists in grouping census
tracts into (seven) clusters based on their z-scores and p-values where
high or low values exhibited spatial clustering based on their initial
supply-demand mismatch value. These clusters represent cold (very low
values) and hot (very high values) spots with specific confidence in-
tervals (90 %, 95 %, and 99 %), and non-significantly clustered
mismatch.

To discern the individual influences of the selected variables
comprising the HVI index and identify the key socio-demographic and
health variables influencing the spatial mismatches in TR-ES, we used
generalized linear models (GLMs). GLMs, an extension of classical linear
models, accommodate a broader range of response variables with non-
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normal distributions and non-constant variance. To associate the
mismatch values with the combination of these variables, we used a
stepwise regression approach (Table S1, Fig.S7, Supp. Mat.). Stepwise
regression systematically adds or removes predictors based on statistical
criteria (here we used Akaike Criterion) to identify the most influential
variables in the model. We iteratively refined the model by considering
the contribution of each variable until achieving the best-fitting and
parsimonious model. We then checked the model assumptions by visual
inspection of the residual plots. To describe how socio-demographic and
health-related variables were associated with the generated clusters
(cold and hot spots), we applied a principal component analysis (PCA).
The PCA allowed us to discern patterns and relationships among vari-
ables, providing an initial understanding of the data structure. We then
identified the contribution and significance of each variable that
differentiated the cold and hot clusters performing a similarity per-
centage analysis (SIMPER). These analyses were conducted using R,
version 1.4.1717 (R Core Team 2022), with specific packages dedicated
to: ‘vegan’ for multivariate statistics, ‘tidyverse’ for data handling,
‘sjPlot’ for representation, and ‘performance’ for model validation.

3. Results
3.1. Spatial patterns of urban exposure to heat hazard

To analyse heat spatial distribution, we mapped summer LST. Tem-
perature ranged between 24.93 and 55.80 °C (Fig. S4, Supp. Mat). The
zones with higher temperatures were primarily observed in industrial
areas that are characterized by heat-absorbing materials and sparse
vegetation cover. The heat exposure map (see Fig. S5, Supp. Mat.),
shows moderate to high values (ranging from 0.4 to 1) in areas sur-
rounding the city centre, including industrial and residential areas.
These areas correspond to higher urban densities, compactness and LST.
Heat exposure values decreased towards periurban areas.

3.2. Spatial patterns of urban temperature regulation (TR-ES) supply and
demand

Fig. 3 shows the spatial distribution of (a) TR-ES supply and (b) TR-
ES demand in Vitoria-Gasteiz at the census tract level. Higher TR-ES
supply values (0.6 to 1) were predominantly found within and around
large urban parks, forests, wetlands and foothills in the green belt, which
constituted 12.04 % of the census tracts. The green belt is characterized
by land uses such as forests, wetlands, and foothills extending towards
the periurban border. Lower TR-ES supply values (ranging from 0 to 0.2)
were primarily focused in the urban core and industrial zones. These
zones (Fig. 1), often featured industrial polygons and older de-
velopments with sparse vegetation cover and higher impervious surface
densities.

Regarding ES demand, 65 out of 166 census tracts (39.16 %), dis-
played either high (55 census tracts) or very high (10 census tracts)
levels of vulnerability to heat. The old town of Vitoria-Gasteiz (see
Fig. 1), central areas and the recently developed periurban areas,
exhibited relatively higher heat vulnerability (Fig. S6d, Supp. Mat). As a
result, residents living in these areas face increased heat exposure (Fig.
S5, supp. Mat), contributing to a greater demand for TR-ES.

3.3. Spatial patterns of TR-ES mismatches

The average general TR-ES supply—demand mismatch index was
0.21, with positive values (i.e. supply < demand) prevalent in 75 % of
the census tracts (Fig. 4a). The highest mismatch values (0.4 to 1), were
observed in the city centre, industrial zones, and recent urban de-
velopments. Conversely, areas with the lowest mismatch values (—0.4 to
—1) were primarily found in residential census tracts located around the
green belt and to the Southern part of the city.

Hotspot analysis of TR-ES mismatches values (Fig. 4b), showed
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Fig. 3. Spatial distribution of urban temperature regulation (TR-ES) supply and vulnerability to heat index (as demand) indicators at the census tract level.
Interpretation values refer to Very low (0-0.2), Low (0.2-0.4), Moderate (0.4-0.6), High (0.6-0.8) and Very high (0.8-1).

clustering patterns based on their z-scores. The top 10 % of z-scores (hot
spots) accounted for 39.76 % of the census tracts, which suggest un-
satisfied demand for TR-ES in these areas, as also shown in the HVI
(Fig. 3). Hot spots were associated with a higher average exposure (0.74)
and a lower (than the median) household income (avg.: €32,663)
compared to cold spots (Table S4, Supp. Mat). They also had a higher
proportion of individuals with low educational attainment (40.68 %)
and born in the American continent (9.22 %). Conversely, the lowest 10
% confidence interval supply-demand balance z-score values (cold
spots) covered 18.07 % of the census tracts, suggesting satisfied demand
for TR-ES. Cold spots showed considerably lower median heat exposure
(0.54) and higher (than median) household income (avg.: €44,918).
Furthermore, 42.17 % of census tracts displayed no significant spatial
clustering.

TR-ES mismatches were associated in 76.3 % of the variance, nega-
tively with household income and positively with SMR of lung cancer in
men, population below the age of 14, population born in America, and
exposure to heat (Table 1). Household income had a low but significant
negative effect on the TR-ES mismatch, while the other health and de-
mographic variables showed positive and statistically significant effects,

although relatively small, except for heat exposure, which had a medium
effect (Fig. S7, Supp. Mat.).

The PCA accounted for 53 % of the total variance on its first two
components and showed a differentiated association of cold spot from
hot spot clusters regarding the socio-environmental and health variables
(Fig. 5, Table S5, Supp. Mat.). Cold spot clusters were positively asso-
ciated with income, high education attainment, and female SMR for
respiratory diseases (these variables were negatively associated with hot
clusters). Contrastingly, hot clusters were positively associated with
heat exposure, elderly population, foreign origin, low education
attainment, and male and female SMR for diabetes and lung cancer.

Complementing PCA, which facilitated dimensionality reduction and
the identification of overarching patterns in our data structure, SIMPER
offered a detailed examination of individual variables, quantifying their
contribution and significance in distinguishing between hot and cold
spots. The SIMPER analysis identified that the main variables associated
with the difference between hot and cold spots were higher heat expo-
sure, lower education attainment, SMR of respiratory diseases in men,
SMR of lung cancer in women, and residents of American origin in hot
spot clusters. In contrast, cold spots were mainly characterized by higher
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Fig. 4. Spatial distribution of a) Accumulated supply-demand mismatch values at the census tract level, ranging from —1 (supply > demand) to 1 (supply < demand),
with values closer to 0 indicating balance (supply = demand). b) Spatial clustering analysis (Getis Ord Gi*) of supply-demand mismatch values at the census tract
level. Clusters are categorized based on z-scores and p-values (p > 0.05) from the cluster analysis. Coldspots (supply > demand) are represented in shades of blue,
while hotspots (supply < demand) are depicted in shades of red and orange at 90 %, 95 %, and 99 % confidence intervals. Census tracts in yellow indicate no

significant spatial clustering.

Table 1
GLM model outputs for the effects of heat exposure, population below the age of
14, SMR of lung cancer in men, population born in America, and household
income on model-estimated ES supply-demand mismatch values in Vitoria-
Gasteiz.

Mismatch = Income + M_lung_cancer + <14 age + American + Heat exposure

Estimates  std. Error  CI F P
(Intercept) 0.21 0.01 0.18-0.24 14.52 <2e-16
Income —0.12 0.02 —0.15 to —0.08 —6.53 8.21e-10
M_lung_cancer 0.08 0.02 0.05-0.11 4.88 2.60e-06
< 14 age 0.13 0.02 0.10-0.17 7.90 4.31e-13
American 0.08 0.02 0.04-0.11 4.01 9.27e-05
Heat exposure 0.21 0.02 0.17-0.24 12.20 <2e-16
Observations 166
R? adjusted 0.763

income, high education attainment, and SMR of respiratory diseases in
women (Table 2).

4. Discussion
4.1. Novel contributions in the assessment of TR-ES supply and demand

Central areas, like the medieval quarter, and residential census tracts
near industrial sites (Fig. 3), exhibit high values of heat vulnerability
marked by increased heat hazard (Fig. S4, Supp. Mat.) and low values of
TR-ES supply, suggesting unsatisfied demand for this ES. These areas are
characterized by heat-absorbing materials, compact structures, high
population density and sparse vegetation. These characteristics exacer-
bate local temperatures, leading to UHI effects and TR-ES mismatches.
These mismatches also result from the city's exposure to heat and the
limited capacity to increase TR-ES supply, thereby increasing heat-



C. Aznarez et al.

Science of the Total Environment 922 (2024) 171215

o |
N
e Cold
(o)
LR Hot
< 14 years
° ¥
o
-~ [ ] M_resp_dis
F_resp_dis.
N 2 4 ¢ affican
O o PY
o o american
income lung—cahcer
tertiary_e |_diabet
e s o o e N D e e e e
o [ Y asian
[
[ primary_ed
el e o
o —
[

! o

.

T — heat_exposure

> 65ygars
T T T T T T
=2 -1 0 1 2 3
PC1

Fig. 5. Principal Component Analysis (PCA) ordination biplot for hot (red dots) and cold spots (blue dots) clustering units and socio-economic and health variables
used as indicators of heat vulnerability. Abbreviations: Tertiary education (tertiary_ed), respiratory disease in women (F_resp_dis), children (< 14 years), elderly (>
65 years), diabetes in women (F_diabet), respiratory disease in men (M_resp_dis), diabetes in men (M_diabet), primary education (primary_ed), lung cancer in men
(M_lung_cancer), lung cancer in women (F_lung_cancer). The first two axes components (axes) accounted for 53 % of the variance (Axis 1: 32.5 %, Axis 2: 20 %).

Table 2

SIMPER analysis results for variables that contributed to the dissimilarity between a) HOT spots and
b) COLD spots clustering patterns. Bold variables are significant and organised by relative contri-

bution.

Variable Dissimilarity SD Contribution p Ratio Abundance

(%) (%)
Heat exposure 2.58 2.36 14.50 0.001 1.089 HOT > COLD
M_lung_cancer 1.96 1.49 25.50 0.189 1.315 HOT > COLD
Income 1.54 1.49 34.10 0.001 1.033 HOT < COLD
Tertiary_ed 1.46 1.02 42.30 0.001 1436 HOT <COLD
F_resp_dis 1.45 1.18 50.40 0.013  1.221 HOT < COLD
Primary_ed 1.43 0.92 58.50 0.001 1.553  HOT > COLD
> 65 years 1.42 1.00 66.50 0.127 1419  HOT>COLD
M_resp_dis 1.30 0.97 73.80 0.010 1.340 HOT>COLD
F_lung_cancer 1.24 0.93 80.70 0.010 1.325 HOT > COLD
F_diabet 0.87 0.68 85.60 0.067 1.283 HOT>COLD
M_diabet 0.82 0.66 90.20 0.246 1235 HOT>COLD
American 0.56 0.44 93.40 0.005 1.275 HOT>COLD
< 14 years 0.55 0.56 96.50 0.557 0.9741 HOT>COLD
African 0.50 0.54 99.30 0.375 0.9324 HOT > COLD
Asian 0.13 0.12 100 0.179 1.0481 HOT < COLD

related vulnerability among residents. Our findings align with previous
research in Vitoria-Gasteiz that has identified central and industrial
areas as the most unfavourable, characterized by elevated temperatures
and insufficient UGI, making them particularly prone to urban heat
impacts (Olazabal et al., 2012; Rodriguez-Gomez et al., 2022; Errea
et al., 2023).

Our study introduces a novel approach by integrating heat vulnera-
bility indicators into TR-ES demand assessments (Fig. 2), highlighting
the multifaceted nature of ES demand often overlooked when assess-
ments rely solely on population distribution (Baker et al., 2021; Wolff
et al., 2015). The HVI index (Fig. 3 and Fig. S6, Supp. Mat.) highlights
the importance of identifying heat-vulnerable communities, empha-
sizing the need for tailored interventions that integrate both public
health and greening initiatives (Langemeyer et al., 2020; Nayak et al.,
2018; Reid et al., 2009). This approach is a valuable tool for priority-
setting of UGI projects and promoting equity within urban manage-
ment plans.

We have also mapped urban TR-ES supply, based on UGI quantity,
quality and its ecological functions (Park et al., 2017; Yang and Wang,

2017). By using ecological indicators like habitat quality, canopy cover
and NDVI, we have expanded upon traditional assessments of UGI ca-
pacity to provide cooling effects solely based on vegetation indexes
while providing comprehensive, easily adaptable and replicable esti-
mators (Aznarez et al., 2022; Wang et al., 2023). This approach aligns
with recent research indicating that factors like ecological integrity and
connectivity significantly influence the temperature regulation supply of
urban ecosystems (Luo and Fu, 2023). Moreover, prior studies empha-
size that vegetation cover, patch size, species composition, and diversity
are key drivers of microclimate temperature regulation (Kraemer and
Kabisch, 2022; Gillerot et al., 2022; Zhang et al., 2022). Integrating the
habitat quality indicator into TR-ES supply mapping complements
widely-used proxies like canopy cover and NDVI. A higher habitat
quality indicates relatively higher productivity and ecological integrity,
whereas a lower habitat quality indicates higher exposure to anthro-
pogenic threats such as mechanised access and urban densification.
These threats contribute to habitat fragmentation and the resulting in-
fluence of edge effects, reducing the evapotranspiration and hence
cooling potential of vegetation. Consequently, vegetation patches



C. Aznarez et al.

exposed to external microclimatic conditions can limit forests capacity
to supply TR-ES (Ewers and Banks-Leite, 2013).

We have found that areas with extensive and less fragmented green
spaces, such as the green belt and large urban parks (Fig. 3), are asso-
ciated with higher levels of TR-ES supply. In contrast, industrial and
central areas, which have limited TR-ES supply exhibit higher ecological
fragmentation (Aznarez et al., 2022). This emphasizes the relevance of
considering land-use patterns, particularly fragmentation, when exam-
ining TR-ES dynamics in urban landscapes. Understanding how compact
and extensive urbanization models influence ES offer valuable insights
for optimizing urban land management for effective TR-ES provision
(Stott et al., 2015). Our study highlights the role of ecological integrity
and fragmentation in shaping temperature regulation ES in urban areas.

4.2. Implications of TR-ES mismatches for urban environmental justice

Our analysis of TR-ES supply-demand mismatches (Fig. 4) has
revealed significant urban climate inequalities shaped by socio-
demographic factors, including health aspects, reflecting various
vulnerability dimensions. TR-ES mismatches are primarily associated
with variables related to health condition, age, foreign origin, and
increased heat exposure, leading to higher unsatisfied demand for TR-ES
in areas with these characteristics (Table 1, Fig. S7, Supp. Mat.). This
finding aligns with previous research indicating that vulnerable groups,
such as the elderly, children, migrants, people with chronic diseases, and
those with limited exposure to UGI face elevated health risks from
extreme heat (e.g. Amorim-Maia et al., 2023; Keeler et al., 2019; Nayak
et al., 2018; Bradford et al., 2015; Reid et al., 2009). Notably, high-
income neighbourhoods in Vitoria-Gasteiz, characterized by higher
vegetation cover and lower population density, exhibit lower TR-ES
mismatch values.

Spatially clustering of TR-ES mismatch values into hot spot and cold
spot areas can (Figs. 4b and 5) provide valuable information for priority-
setting and designing of UGI interventions addressing the unique needs
of these areas. Hot spots in Vitoria-Gasteiz, associated with socioeco-
nomically disadvantaged areas with higher heat vulnerability, contrast
with cold spots primarily found in more affluent areas (Table 2; Table
S4. Supp. Mat.). This finding aligns with prior research highlighting the
uneven distribution of canopy cover in cities, which is influenced by
socioeconomic factors, ultimately contributing to the stratification of
environmental stressors, such as the UHI effect (Chakraborty et al.,
2019; Jenerette et al., 2011). These disparities hinder equitable access to
regulating ES, as shown by luxury effects related to canopy cover (Schell
et al., 2020; Jenerette et al., 2013). Higher-income areas benefit from
reduced urban heat vulnerability and better TR-ES supply, while lower-
income areas being more exposed to heat and rely more on public re-
sources to cope with it (Jenerette et al., 2011).

Our findings also highlight the heat risks for residents in hot spots,
especially in areas with high LST (i.e. heat hazard), limited vegetation,
and high population density (Figs. S4 and S5, Supp. Mat.). We thus
emphasize the need to explicitly integrate environmental and climate
justice principles into UGI development plans to address distributional
environmental injustices and mitigate heat-related risks by those who
are more vulnerable. The uneven distribution of UGI contributing to TR-
ES mismatches in Vitoria-Gasteiz also aligns with prior research on
environmental injustices and increased climate vulnerability (Herreros-
Cantis and McPhearson, 2021). This finding complements prior research
in Vitoria-Gasteiz that suggests that management and land use legacies
are key factors in shaping the distribution of UGI-based regulating ES, as
is the case of older areas with well-established canopy (Aznarez et al.,
2023). However, the socioeconomic status also influences UGI accessi-
bility, quality, and quantity (Schell et al., 2020). Our results further
indicate that the majority of residents Vitoria-Gasteiz (75 % of census
tracts), lack access to UGI that can supply TR-ES, in contrast to those
living in higher-income areas. This observation holds significance,
especially considering the extensive city-wide green space coverage,
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where 31 % census tracts in the city have over 30 % canopy cover (Fig.
S2, Supp. Mat.).

4.3. Considerations for urban planning and policy

Addressing the challenges posed by the rising temperatures in urban
landscapes requires strategic interventions. Areas with the highest heat
exposure, such as the central and nearby industrial areas in Vitoria-
Gasteiz (Fig. S5, Supp. Mat.), offer opportunities for long-term in-
terventions. These may involve extensive tree planting, enhancing
canopy cover, and allowing vegetation to mature (Aznarez et al., 2023).
In locations where greening measures may not be feasible, the use of
heat-reflective materials could be considered (Mallen et al., 2019).

However, areas characterized by high vulnerability to heat, partic-
ularly those with inequalities in access to TR-ES (Fig. 4), require
establishing adaptation strategies that address multifaceted and inter-
secting factors associated with increased demand for TR-ES (Table 1;
Fig. 5). Potential approaches would include greening initiatives
designed to enhance TR-ES supply and the establishment of climate
shelters. These shelters can be outdoor settings integrated within UGI,
providing shade and canopy cover, or indoor facilities offering refuge
and assistance during extreme heat events. Both approaches aim to
minimize outdoor exposure through favourable environmental condi-
tions and access to drinking water, particularly for vulnerable groups
like the elderly (Amorim-Maia et al., 2023; Keeler et al., 2019; Bradford
et al., 2015). Effective implementation of these measures relies on un-
derstanding the spatial variability of heat-related vulnerability, as
highlighted by our TR-ES mismatch mapping approach (Fig. 4). There-
fore, enhancing adaptive capacities within urban landscapes goes
beyond increasing overall green cover; it involves targeted efforts that
address specific population needs, community-based resilience actions,
awareness-raising, and measures beyond green spaces expansion.

Increasing urban vegetation mitigates UHI effects and reduces local
temperatures (Marando et al., 2019, 2022). However, compact cities like
Vitoria-Gasteiz must balance effective urban development with UGI
preservation and expansion. Urban densification, while resource-
efficient, may hinder TR-ES provision (Mascarenhas et al., 2019;
Sebastiani et al., 2021; Aznarez et al., 2023). Given the limited space for
expanding greenery, an integrated approach that combines grey-green
infrastructure is key (Langemeyer et al., 2020). While recognizing that
UGI benefits are not linearly correlated with vegetation quantity
(Whitlow et al., 2014), enhancing canopy coverage can help achieve a
better TR-ES supply-demand balance. Optimizing UGI spatial distribu-
tion through green roofs, green walls, pocket parks, and larger green
spaces where feasible, all interconnected for efficient resource use, is
seen as crucial. Diversifying vegetation structure within existing UGI,
beyond traditional lawns, can also offer a cost-effective approach for
addressing urban heat hazards, especially in areas where tree planting is
not feasible due to physical constraints or management considerations
(Francoeur et al., 2021). This approach can help balance TR-ES supply
and demand while also providing habitat for biodiversity, with synergies
with other urban ES like pollination and storm water mitigation (Fran-
coeur et al., 2021; Kremer et al., 2016).

UGI should be biodiverse and multifunctional, considering tree
species that are resilient to climate change (Lanza and Stone Jr, 2016).
While deciduous tree species are effective for urban heat mitigation due
to their shading and evapotranspiration (Sebastiani et al., 2021), a sole
focus on increasing TR-ES supply may pose risks, including increased
vulnerability to climate change-related impacts like pests and diseases.
Evaluating tree-planting schemes for their impact on urban biodiversity
and ecological functions and services is crucial, emphasizing the
importance of maintaining a diverse plant species range for supporting
biodiversity. Successful implementation of these strategies, especially in
socially vulnerable areas, requires collaborative efforts, legislative sup-
port, and community involvement. Recognizing that UGI design and
management are also influenced by cultural and aesthetic aspects, these
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factors should be considered in urban planning (Francoeur et al., 2021;
Grove et al., 2014).

4.4. Limitations and future research

Our study has various limitations. The reliance on relative values for
TR-ES (supply, demand, and mismatches) (Figs. 3 and 4), may limit
applicability and comparability across other cities and locations. The use
of standardized indicators for TR-ES supply and demand, lacking a
common framework may introduce subjectivity (Sebastiani et al., 2021),
which is also related to the incommensurability of considered variables.
Partially addressing this incommensurability, we used unitless com-
posite indicators which integrates multiple dimensions of different
variables (Alam et al., 2016). The decision to assign equal weights in our
HVI index simplified the modelling process but potentially overlooked
variation in the actual contributions of the individual variables. To
address this, GLM and PCA helped discern the individual influences of
variables, enhancing the understanding of their roles in TR-ES mis-
matches. Additionally, our analysis of TR-ES demand does not consider
residents' preferences and values, which can significantly affect their
subjective vulnerability to heat. For instance, individuals prioritizing air
conditioning or engaging less with urban green spaces may experience
higher heat risks. Integrating these insights into the analysis is essential
for targeted interventions. However, collecting representative data on
people's preferences and values can be time-consuming and resource-
intensive. Integrating the HVI index in TR-ES demand quantification,
may offer a cost-effective way to account for intersecting factors shaping
resident's needs, improving current methods.

Additionally, advancing our understanding of urban TR-ES mis-
matches can benefit from incorporating multi-temporal data, including
seasonal variations in LST or NDVI indicators and addressing spatial and
temporal variability (Yao et al., 2021). Satellite-derived LST is a prac-
tical way for mapping ambient temperature indicators (Fig. S4, Supp.
Mat.), but it also has limitations. Future research may benefit from
integrating air temperature data from urban weather monitoring sta-
tions, closely associated with human perceptions of heat, comfort, and
health (Wang et al., 2023; Chakraborty et al., 2019). In our case, remote
sensing seems suitable for capturing the spatial heterogeneity of urban
climate variability. Our combination of satellite-derived LST with NDVI
and population density yielded consistent results (Figs. 3, S4 and S5,
Supp. Mat.), aligning with previous research in the study area (Rodri-
guez-Goémez et al., 2022).

It should also be noted that equal weighting of TR-ES demand in-
dicators may overlook variations in their contribution to heat vulnera-
bility, requiring further refinement to consider the distinct impacts of
each individual indicator (Wang et al., 2023). Data limitations led to the
exclusion of factors like access to air conditioning, and living alone,
which can exacerbate vulnerability, particularly among socially isolated
elderly individuals who may not recognize heat-related symptoms or
seek help (Bradford et al., 2015). Addressing heat-related vulnerabilities
from a distributive justice perspective requires examining the multi-
faceted barriers faced by the most heat-vulnerable groups, including
inadequate housing, limited access to urban cooling, and socioeconomic
inequalities (Amorim-Maia et al., 2023). We thus emphasize the need for
further research to address urban heat risks and the interplay between
socioeconomic and biophysical factors in vulnerability assessments,
calling for exploration and resolution of methodological and data-
related challenges.

5. Conclusions

Exposure to urban heat poses a pressing challenge in the face of
climate crisis, with uneven health and environmental impacts in cities.
UGI can play a key role in mitigating these impacts by reducing ambient
temperatures. Our study offers valuable insights into the complex re-
lationships among urban heat, the spatial distribution of TR-ES, and heat
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vulnerability in urban areas. Through a comprehensive assessment of
TR-ES mismatches in the Vitoria-Gasteiz case, combining remote
sensing, field data, and socio-demographic data we have identified key
priorities for UGI planning at the intersection of environmental justice
and climate adaptation.

To plan effective urban heat mitigation interventions, it is crucial to
understand the social and health determinants contributing to unequal
heat risks. Our research contributes a replicable workflow and model-
ling approach that serves as a monitoring and spatial prioritization tool.
We have identified the locations of vulnerable communities affected by
heat hazards, enabling evidence-based recommendations tailored to
specific needs for mitigating heat-related vulnerabilities. Addressing
these challenges is key to ensuring the well-being of urban residents as
cities confront growing climate impacts. Integrating vulnerability con-
siderations and ES distribution analyses into practical urban planning
and management strategies is crucial. This represents not only a shift
towards urban sustainable and green transitions, but more importantly,
towards just and green transitions. By optimizing UGI and addressing
local community needs, urban adaptation plans can work towards
mitigating urban heat while promoting equity and creating sustainable
urban environments.
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