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Abstract
Heat vulnerability is a critical issue for cities under climate change, especially in socially precari-
ous contexts and extreme climates such as deserts. The Iquique–Alto Hospicio conurbation in
northern Chile represents a distinctive case study due to its marked altitudinal contrasts and rapid
urban expansion. This research focuses on assessing the Surface Urban Heat Island (SUHI) at its
peak expression, during summer nighttime conditions, in order to spatialize heat vulnerability. A
multi-scalar workflow was applied, beginning with long-term multitemporal analysis of land sur-
face temperature at moderate resolution (2002–2023) and extending to high-resolution down-
scaling for five recent years (2019–2023) using bilinear resampling combined with robust regres-
sion techniques. A heat vulnerability index was then developed through principal component ana-
lysis (four components,∼74% variance explained), complemented by a spatial cluster analysis
based on Anselin’s Local Moran’s I, which delineated statistically significant hot-spots in Iquique’s
historic core and in recently formalized social-housing districts on the Alto Hospicio plateau, as
well as cold-spots along the affluent coastal seafront. The results confirm the presence of a strong
nocturnal summer SUHI, largely coinciding with the most densely populated areas characterized
by low-rise housing and limited green space. The local climate zone Compact low-rise and light-
weight built forms were identified as the most vulnerable to heat. The study concludes that effect-
ive strategies should promote less dense building typologies while incorporating urban infrastruc-
tures that act as climate refuges across the conurbation. More broadly, the approach offers a trans-
ferable template for climate-resilient planning in data-scarce, arid coastal cities worldwide.
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Acronyms

AHCs Access to health centers
AWS Access to water supply
DJF/MAM/
JJA/SON

Seasonal climatologies (December–February, March–May, June–August, September–November)

EI Employability index
ELI Educational level
HQI Housing quality index
HVI Heat vulnerability index
INE Instituto Nacional de Estadísticas (Chile)
LCZ Local climate zone
LISA Local indicators of spatial association
LST Land surface temperature
MODIS Moderate resolution imaging spectroradiometer
NDVI Normalized difference vegetation index
PCA Principal component analysis
QA Quality assurance
RLSs Robust least squares
R2 Coefficient of determination
SES Socioeconomic status
SUHI Surface urban heat island
SUCI Surface urban cool island
UAI Universidad Adolfo Ibáñez

1. Introduction

Beyond global climate change, urbanization intensifies extreme heat events through land-use and land-
cover changes, such as reduced vegetation and increased impervious surfaces. These transformations
alter surface properties, enhance aerosol emissions and anthropogenic heat, and suppress surface winds,
collectively amplifying urban warming (Sun et al 2018, Wu et al 2021). Recent studies have shown that
these land-use and land-cover transformations strongly determine the spatial configuration of thermal
environments, with built-up, vegetated, and bare-surface mosaics exhibiting markedly distinct surface
energy responses (Fuladlu 2022). Although urbanization is a key driver of urban warming, cities with
growth rates that are located in hyperarid-coastal areas can experience greater warming sensitivity due
to surrounding low density forest cover and climatic conditions, making desertic climate cities particu-
larly interesting for study (Wei et al 2023, Liu et al 2025). In this regard, the capacity of the LCZ frame-
work to differentiate urban thermal environments across large metropolitan regions has been demon-
strated in diverse contexts (e.g. China’s megacities), suggesting that LCZ mapping can effectively capture
morphological and radiative contrasts that underlie surface temperature variability (Zhou et al 2023).
Contributions to the thermal environment differ among LCZs, with temperature increases of 1.1◦–1.6◦C
during the day and 1.3◦–2.2◦C at night during particularly heat events. High-rise and compact building
forms are the main urban elements drivers of this temperature rise (Ma et al 2024).

Compound (day–night) heat extremes pose great health risks, particularly for women, children
and older urban residents (van Steen et al 2019, Limaye 2023, Zhou et al 2025). Such events have
increased significantly since the mid 20th century, driven by urban expansion and anthropogenic emis-
sions. Urbanization, greenhouse gases, and other factors contribute to this trend (Wang et al 2021). In
Mediterranean and insular settings, remote sensing evidence confirms that intensified anthropogenic
emissions and urban expansion jointly elevate LST and pollutant concentrations, reinforcing the coup-
ling between human activity and thermal stress (Fuladlu 2024). Projections suggest that these events
could become two to five times more frequent by the 2090s, which would significantly increase the
exposure of the urban population to 83.55 billion person-days. Urbanization is expected to further amp-
lify exposure to anthropogenic climate change-induced heatwaves from 74.79 billion to 110.9 billion
person-days (Luo et al 2024).

SUHIs in arid cities display patterns that diverge markedly from those documented in sub-humid
and humid urban environments (Haashemi et al 2016). In many arid and semi-arid settings, daytime
urban surfaces can be cooler than the adjacent non-urban and rural lands, producing an ‘oasis effect’,
or even an SUCI. This is because building shade and, in some cases, irrigated vegetation moderate sur-
face temperatures relative to the surrounding bare, dry soils (Chen et al 2022). After sunset, however,
cities typically retain more heat, and the classical SUHI manifests with higher urban temperatures than
those of the outlying areas (Fan et al 2017, Gourfi et al 2022). Given that each city constitutes a unique
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case, analyzing SUHI dynamics in arid contexts requires a particular assessment of both the indicators
employed and their temporal resolution; critically, studies must incorporate daytime and nighttime data
to inform the design of effective, context-specific mitigation strategies (Shahfahad et al 2023). However,
the definition of rural or non-urban reference areas remains a significant source of uncertainty in SUHI
quantification, as diverse delineation methods can produce large seasonal and spatial differences in meas-
ured intensities (Fu et al 2024).

However, this study focuses on heat as a problem not only of thermal comfort of SUHIs, but also
as a health problem, emphasizing vulnerability to heat. Heat exposure of urban population is caused by
both global warming due to anthropogenic climate change (Coffel et al 2017, Mora et al 2017) and by
the urban heat island phenomenon (Wouters et al 2017, Manoli et al 2019), with multiple and hazardous
effects on human health (Wang et al 2024, Yang et al 2024). In a study conducted for 13 115 cities from
1983 to 2016, and based on a daily maximum temperature threshold of 30 ◦C, global exposure rose by
approximately 200% between 1983 and 2016. Total urban warming accounted for a 52% greater annual
increase in exposure than urban population growth alone. Exposure trends intensified in 46% of urban
areas, encompassing 23% of the global population (1.7 billion people) by 2016. Nonetheless, the relative
influence of urban warming and population growth on exposure trajectories varied spatially (Tuholske
et al 2021).

Addressing climate risks of this scale represents an unprecedented challenge for many urban areas
(Georgi et al 2016). To address the limited understanding of adaptation processes, the concept of adapt-
ive capacity has gained prominence in urban resilience discourse. While often included in vulnerab-
ility and resilience assessments, its standalone measurement and modeling remain underdeveloped.
Despite ongoing efforts to define and quantify adaptive capacity, there is little consensus on what con-
stitutes effective adaptation, resulting in a lack of standardized models and indicators (Craft and Fisher
2016). Adaptation strategies have very often demonstrated effectiveness when facing extreme heat events.
For example, temperature extremes negatively impact short-term consumption. Long-term projections
suggest climate change will reduce aggregate consumption under both moderate and severe scenarios
unless adaptation occurs—under which no significant decline occurs (Lai et al 2022). Other adaptation
strategies against extreme heat, such as the installation of targeted cool roofs in the hottest zones of
urban environments, not only reduces exposure for the greatest number of people but also exemplifies
how needs-based infrastructure can support equitable heat adaptation in urban areas (Broadbent et al
2022). But adaptive capacity does not necessarily lead to effective adaptation, particularly given the lack
of consensus on what constitutes adequate adaptation and the absence of agreed-upon models and indic-
ators for its measurement (Martín and Paneque 2022). The uneven interaction between social and ecolo-
gical systems has resulted in inequitable exposure to urban heat (Sarricolea et al 2022). Targeted adapta-
tion and mitigation strategies—particularly through greenspace design and management—supports heat
risk reduction and sustainable urban development (Wang et al 2023).

The HVI is a risk-analysis tool that operationalizes the climate-vulnerability framework of the IPCC
AR6, explicitly combining hazard, exposure, sensitivity and adaptive capacity in a single construct. This
integrative design allows the index to be mapped across a wide range of spatial scales, from municipal-
ities to individual urban or census blocks. One of the earliest prototypes of the HVI was developed by
Reid et al (2009), who applied the approach to heat-wave mortality in the United States. They analyzed
ten vulnerability variables and used principal-component analysis to condense them into a smaller set
of factors. Although the application of such indices to climatic hazards is relatively recent, the concep-
tual lineage can be traced to Cutter et al (2003, 2010a, 2010b), who introduced composite metrics for
assessing vulnerability to environmental threats. In practice, the HVI has become a strategic instrument
for prioritizing urban interventions: its outputs can inform the placement of green infrastructure and
nature-based solutions, guide improvements in public space and, ultimately, help save lives in an increas-
ingly warmer climate where certain population groups are disproportionately at risk. A comprehensive
search for ‘heat vulnerability index’ in the Web of Science (accessed 10 June 2025) retrieves more than
900 scientific articles, most of which employ land-surface temperature and the SUHI as the primary haz-
ard variables, while commonly incorporating covariates such as NDVI, age structure, socio-economic
inequities and household income. Many studies have identified regular differences in HVI under differ-
ent LCZs and social resource distribution, with compact high- and mid-rise ones being more exposed
to extreme heat events with high impacts on human health (Chen et al 2023, Ma et al 2023, Zhang et al
2023, Zou et al 2025). The PCA method is the most widely used to determine the HVI of a given study
case (Harlan et al 2006, Reid et al 2012, Niu et al 2021, Garcia-Sierra and Domene 2022).

The bibliometric network derived from 935 records (1985–2025) reveals four well-defined thematic
clusters that capture the state of heat-vulnerability research (figure 1). The red cluster centers on climate-
ecological extremes, linking vegetation stress and modeled future scenarios; the green cluster assembles
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Figure 1. Co-occurrence network of terms in heat-related vulnerability research, 1985–2025. Node size represents term frequency
and link thickness denotes co-occurrence strength. Four thematic clusters are evident: Red—Climate extremes, Green—Health
and social vulnerability, Blue—Urban thermal remote sensing, and Yellow—Risk assessment and governance. (Interactive ver-
sion: https://app.vosviewer.com/?json=https%3A%2F%2Fdrive.google.com%2Fuc%3Fid%3D17WvT8kLBrBMpyyzQJLd-
EsHmnERj9dIj). The legend in the bottom-right corner indicates the number of occurrences represented by each reference circle
(e.g. 10, 70, 200).

public-health evidence, dominated by the HVI and excess mortality in socio-economically disadvantaged
groups; the blue cluster groups remote-sensing approaches to urban heat, with land-surface temperature,
urban heat islands and LCZs as recurrent terms; the yellow cluster combines prospective risk assessment
and governance, emphasizing multi-hazard vulnerability analysis and policy relevance. Bridging terms
such as ‘heat vulnerability’, ‘environmental justice’ and ‘vegetation cover’ connect these clusters, indic-
ating emerging interdisciplinarity yet also revealing conceptual gaps, notably the limited integration of
urban inequity with satellite-derived thermal metrics and the scant linkage between drought impacts and
health outcomes. These structural insights highlight opportunities for future research that integrates fine-
scale remote sensing with equity-focused health assessments and adaptive urban planning, particularly in
arid city contexts.

Despite recent progress, urban-climate research along Chile’s hyper-arid coast remains fragment-
ary: case studies for Arica (Quintana-Talvac et al 2021, Olivares et al. 2025), which has also been stud-
ied using Unmanned Aerial Vehicles (Smith et al 2021), and Antofagasta (Palme et al 2019) show that
SUHI intensity and socio-spatial inequalities differ sharply from patterns reported for temperate climates,
yet comparable analyzes for Iquique–Alto Hospicio are virtually absent; mesoscale work using LCZ for
northern Chilean cities indicates that arid coastal morphologies (low-rise canyons surrounded by bare
soil) amplify nocturnal heat but provides little guidance on intra-urban mitigation strategies (Smith et al
2023); and emerging studies on fog harvesting in Alto Hospicio highlight the need to couple thermal
stress with water scarcity but do not quantify health outcomes (Carter et al 2025). This knowledge
gap matters because Iquique (sea-level, cooled diurnally by the Humboldt Current) and Alto Hospicio
(500 m a.s.l. above the coastal cloud deck) form a steep vertical gradient where low humidity, intense
solar radiation, and rapid urban expansion converge to create micro-environments of extreme perceived
heat that are not captured by air-temperature records alone. Heat-index mapping—integrating temperat-
ure and moisture to express physiological stress—can therefore reveal neighborhood-scale risk hotspots,
guide equitable placement of shade, vegetation and cooled refuges, and inform early-warning systems for
populations with limited adaptive capacity in one of the driest urban corridors on Earth.
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The main objective of this study is to identify which neighborhoods in the Iquique–Alto Hospicio
conurbation are most vulnerable to heat. To this end, we first analyze 20 years of MODIS LST (2002–
2023) to characterize seasonal and diurnal patterns of the SUHI. To capture intra-urban thermal gradi-
ents, summer nighttime MODIS data are downscaled to 10 m resolution using Sentinel-2 reflectance
(2019–2023). Heat vulnerability is then quantified through a multidimensional HVI, constructed via
PCA of demographic, socioeconomic, infrastructural, and environmental indicators. To assess spatial
dependence, we apply Anselin Local Moran’s I, which identifies statistically significant clusters of high
and low vulnerability. Finally, the HVI is linked to the LCZ framework, enabling us to examine how
urban morphology modulates the relationship between thermal exposure and socio-spatial vulnerabil-
ity. This multi-scale workflow provides an integrated basis for understanding and mitigating heat risk in
hyper-arid coastal cities. Building on this framework, the study addresses the following research question:
To what extent do urban morphology (LCZ types) and socio-demographic factors interact to explain
neighborhood-level differences in heat vulnerability, and where are the statistically significant hotspots
located?. The article is organized as follows: section 2 details data sources and methods, including SUHI
detection, multiresolution downscaling, HVI construction and LCZ mapping; section 3 presents the spa-
tiotemporal SUHI patterns, high-resolution LST maps, and the spatial correspondence between HVI and
LCZ typologies; section 4 discusses the implications of these findings for urban-climate theory and plan-
ning in hyper-arid coastal settings, critically assesses methodological limitations and data uncertainties,
outlines the study’s scope, and synthesizes the main conclusions while proposing avenues for mitigating
heat exposure and refining future research.

2. Study area andmethods

2.1. Study area
This study is set within the urban conurbation of Iquique and Alto Hospicio (20◦12′51′′S, 70◦09′09′′W),
two municipalities in the province of Iquique, located in the Tarapacá Region of northern Chile. Iquique
and Alto Hospicio constitute Chile’s second-largest hyper-arid conurbation by population. Influenced by
a cold semi-arid climate (BSk) and cold arid climate (BWk) (Sarricolea et al 2017) with mean annual
precipitation under 2 mm in the last 30 years (being the city with the lowest rainfall in South America)
and 17.2 ◦C mean annual temperature. Its unique topography and abrupt urban transitions make
it an ideal case for SUHI analysis, because Iquique is situated on the Coastal Plain of the Atacama
Desert, whereas Alto Hospicio lies on the elevated platform of the Coastal Range above 500–600 m a.s.l.
(figure 2).

According to the 2017 Census, the municipality of Iquique had 202 891 inhabitants, with 98.34%
residing in urban areas, while in Alto Hospicio the population was 113 098, where 97.98% of its inhabit-
ants correspond to urban areas. According to INE projections, in 2025 the population of Iquique will be
233 228 inhabitants, showing an increase of 14.95%. On the other hand, Alto Hospicio projects 146 337
inhabitants, which translates into an increase of 29.38% of its population, which is high in comparison
with Chile, with 9.7%.

As mentioned above, this research is situated within the cities of Iquique and Alto Hospicio, which
together form a continuous urban area known as a conurbation. Consequently, satellite imagery used for
the development of LCZs, as well as the HVI, was processed at the urban scale. While LCZs were con-
structed independently for each city at their respective urban scales, all remaining analyzes were conduc-
ted using the conurbation’s unified urban scale.

2.2. Identification of daytime- vs. nighttime-dominated SUHI withMODIS
Daily LST scenes from MODIS-Terra (MOD11A1 v6.1) and MODIS-Aqua (MYD11A1 v6.1) were
retrieved and processed in Google Earth Engine for the 22 year period 2002–2023. MODIS was selected
because it provides the longest continuous daily LST record (since 2000) with global coverage, a proven
reliability in arid environments, and standardized quality-control layers that allow robust multi-decadal
analysis. Pixels were retained only when the internal QA flags recorded ‘good’ or ‘average’ retrievals (bits
0–1), radiometric values were converted from Kelvin to degrees Celsius using:

LST ◦C = (LST digital number × 0.02)—273.15.

Cloud/cirrus and poor-geometry pixels were excluded using the MODIS QA layers. To enhance
spatial detail while limiting artifacts, each 1 km image was bilinearly resampled to 500 m and then to
250 m, following the scale-refinement approach of Liu and Weng (2018) and Sarricolea et al (2022). The
remaining cloud-free and quality-controlled daily imagery was composited into climatological seasons:
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Figure 2. Study area showing also the different building heights. Building height data from Open Buildings 2.5D temporal data-
set, available on Google earth engine.

DJF (summer), MAM (autumn), JJA (winter) and SON (spring), for every year, yielding 88 seasonal ras-
ters per satellite mission.

Because the conurbation straddles a > 500 m escarpment, two separate rural references were defined.
The coastal plain surrounding Iquique (ranging between 0 m and approximately 50 m a.s.l.) served as
the low-elevation rural mask, whereas sparsely vegetated surfaces on the plateau east of Alto Hospicio
(from about 500–600 m a.s.l.) formed an independent high-elevation rural mask. This distinction
removes the lapse-rate bias that would arise if a single rural baseline were applied across the altitude
gradient, ensuring that urban–rural temperature differences isolate the effect of land-cover change rather
than topography.

2.3. Robust-regression downscaling of summer-night LST to 10 mwith Sentinel-2
To resolve the fine-scale thermal mosaic of the conurbation we adapted the Daily Ten-ST-GEE workflow
of Mhawej and Abunnasr (2022). A total of 137 MODIS summer-night scenes (2019–2023) were paired
with cloud-free Sentinel-2 Level-2 A imagery (COPERNICUS/S2_SR_HARMONIZED); rigorous cloud
masking yielded 72 valid pairs. MODIS LST (already resampled to 250 m) and Sentinel-2 bands (10 m)
were co-registered on a common UTM grid. The predictive stack combined Sentinel-2 bands B2–B4, B8,
B11, B12 with the indices. For each date a RLSs regression related MODIS LST to the predictor stack.
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RLS was chosen over Ordinary Least Squares and other machine-learning alternatives because it is res-
istant to outliers, does not rely on strict distributional assumptions, and iteratively reweights residuals
using the Talwar cost function. This allows the model to capture the non-linear and heterogeneous land-
surface relationships between coarse MODIS LST and fine-resolution Sentinel-2 predictors with reduced
bias and lower mean absolute error, as shown in Mhawej and Abunnasr (2022).

The performance of the RLS regression was further evaluated by computing the root mean square
error (RMSE) of residuals between MODIS LST and downscaled estimates. Our models yielded RMSE of
approximately 0.60–0.97 ◦C, which are well within the range reported by Mhawej and Abunnasr (2022).
These values confirm that our downscaling procedure achieves comparable accuracy and reliably resolves
fine-scale nocturnal LST heterogeneity.

This approach allows for substantial spatial sharpening of LST patterns and provides detailed daily
LST fields suitable for analysis and thermal vulnerability mapping.

2.4. HVI construction
The HVI was constructed following a multidimensional framework that integrates exposure, sensitivity,
and adaptive capacity, adjusting established approaches from recent literature (Reid et al 2009, Johnson
et al 2012, Maier et al 2014). Exposure indicators include LST and population density. Sensitivity covers
demographic factors such as age, gender, and educational/employment conditions, reflecting social sus-
ceptibility to heat. Adaptive capacity encompasses material and infrastructural resources, environmental
conditions, and access to services that enable communities to reduce, cope with, or recover from heat
impacts. SES was included as a core adaptive capacity variable, as higher SES enables access to adaptive
resources (e.g. better housing, health care, technology, and green spaces), reducing vulnerability to heat.
Depending on the statistical distribution of each indicator, we applied (i) percentile-based min–max scal-
ing between the 5th and 95th percentiles (P5–P95) for nearly symmetric or mildly skewed variables, (ii)
a log-transformation followed by the same P5–P95 min–max rescaling for strongly right-skewed vari-
ables (e.g. population density, AWS), and (iii) an ordered-category rescaling to the 0–1 interval for the
socioeconomic-status index (see table 1). After rescaling, directionality was harmonized so that higher
values of adaptive-capacity indicators decrease overall vulnerability. All computations were first per-
formed at the census block level, the finest unit available in Chile, and then aggregated to the census
tract level for analysis and interpretation. This dual-scale approach ensures maximum spatial detail while
maintaining compatibility with official socio-demographic reporting.

2.5. PCA for variable reduction
To reduce the dimensionality of socio-environmental indicators and avoid multicollinearity, a PCA
was performed using R language (version 4.5.0). All input variables were standardized (centered and
scaled to unit variance) prior to analysis to ensure comparability. The PCA was implemented using
the prcomp() function, and an orthogonal Varimax rotation was subsequently applied with the varimax
function to improve the interpretability of the resulting components. The Varimax rotation is commonly
used in environmental and social sciences because it maximizes the variance of squared loadings within
each component, resulting in a clearer association between variables and components. Prior to PCA, we
examined collinearity using correlation matrices and identified two pairs of variables with high correl-
ations above 0.8: Female population with Population density (r = 0.91) and ELI with SES (r = 0.88).
We nevertheless retained the full set of 12 indicators, since each captures a distinct conceptual dimension
of heat vulnerability. PCA inherently mitigates multicollinearity by generating orthogonal components,
and sensitivity checks confirmed that the component structure remained stable when highly correlated
variables were excluded.

The number of principal components to retain was determined by the Kaiser criterion (Kaiser 1960),
which recommends keeping components with eigenvalues greater than one. Four components were
retained, together explaining ∼74% of the variance (table 2). Component z-scores were summed to cre-
ate the composite HVI (Reid et al 2009).

Each of the four retained principal components was standardized using z-scores (mean = 0, standard
deviation = 1) prior to aggregation. The final HVI was calculated as the sum of the z-score values for
each component, a common practice in the construction of composite indices (Reid et al 2009). This
method preserves the relative contributions and directionality of each principal component.

As a result, the HVI values for the study area range approximately from −5 to 6, reflecting the com-
bined distribution of the standardized components. These values are interpreted on a relative scale,
where higher index values indicate greater vulnerability to heat. If required for ease of interpretation or
comparison with other indices, the composite HVI can be further normalized using min–max scaling (to
a 0–1 range) or re-standardized as a z-score.
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Table 1. Indicators, data sources, normalization, directionality, and references used to construct the HVI for Iquique–Alto Hospicio,
Chile.

Dimension Indicator

Calculation
of variables
by census
blocks Data source

Observed
Distribution

Normalization
Method/
Directionality

Supporting
references Justification

Exposure LST Mean pixel
values by
10 m

MODIS and
SENTINEL-
2 (Daily
Ten-ST-GEE,
2019–2023)

Slight
skewness,
some
outliers

Min–max
percentile (P5–
P95)/Positive

Johnson et al
(2012); Niu
et al (2021);
Inostroza
et al (2016)

LST is a
primary
indicator of
thermal
exposure
and widely
used in HVIs
to represent
urban heat
hazard.

Population
density

Number of
people per
hectare

Population
and Housing
Census 2017
(INE)

Highly
skewed

Log+min–
max percentile
(P5–
P95)/Positive

Tuholske
et al (2021);
Manoli et al
(2019)

Population
concentra-
tion directly
increases
exposure to
heat
extremes and
urban SUHI
intensity.

Sensitivity Elderly
population

Number of
older adults
aged 65 years
or more per
hectare

Population
and Housing
Census 2017
(INE)

Skewed,
mostly low
values

Min-max
percentile (P5–
P95)/Positive

Reid et al
(2009); van
Steen et al
(2019)

Older adults
are
consistently
identified as
highly
vulnerable to
heat-related
morbidity
and
mortality.

Infant
population

Number of
infants
5 years old
or younger
per hectare

Population
and Housing
Census 2017
(INE)

Highly
skewed, long
tail

Min–max
percentile (P5–
P95)/Positive

Johnson et al
(2012); Reid
et al (2012)

Infants are
more
sensitive to
heat due to
lower
thermoregu-
lation
capacity.

Female
population

Number of
women per
hectare

Population
and Housing
Census 2017
(INE)

Skewed,
some
isolated high
values

Min–max
percentile (P5–
P95)/Positive

van Steen
et al (2019);
Limaye
(2023)

Women,
especially
elderly, show
higher
heat-related
mortality
risks in epi-
demiological
studies.

(Continued.)
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Table 1. (Continued.)

Educational
level (ELI)

Zonal mean
of the
average years
of education
of household
heads

Territorial
Human
Well-being
Matrix 2021
(UAI)
available at
https://
matrizbht.cl/

Slight
skewness

Min–max
percentile (P5–
P95)/Negative

Reid et al
(2009, 2012);
Inostroza
et al (2016);
Olivares et al
(2025)

Low
education is
linked to
reduced
adaptive
capacity and
higher heat
vulnerability.

Employability
(EI)

Zonal mean
of the
proportion
of the labor
force with
employment

Territorial
Human
Well-being
Matrix 2021
(UAI)
available at
https://
matrizbht.cl/

Slightly
skewed

Min–max
percentile (P5–
P95)/Negative

Johnson et al
(2012);
Garcia-
Sierra and
Domene
(2022)

Unemployment
or low
employabil-
ity indicates
socioeco-
nomic
disadvant-
age, reducing
adaptive
capacity.

Adaptive
capacity

Housing
quality
(HQI)

Zonal mean
of all
materials per
household
(walls,
floors,
ceilings)

Territorial
Human
Well-being
Matrix 2021
(UAI)
available at
https://
matrizbht.cl/

Accumulated
at the upper
end

Min–max
percentile (P5–
P95)/Negative

Harlan et al
(2006); Reid
et al (2012)

Poor
housing
quality
increases
indoor heat
stress,
especially in
low-income
neighborhoods.

Access to
water supply
(AWS)

Number of
households
with access
to the public
water
network per
hectare

Population
and Housing
Census 2017
(INE)

Highly
skewed

Log+min–
max percentile
(P5–
P95)/Negative

Inostroza
et al (2016);
Carter et al
(2025)

In arid cities,
lack of access
to water
aggravates
vulnerability
by limiting
hydration
and cooling.

Access to
health
centers
(AHC)

Zonal mean
of public and
private
health
centers per
inhabitant

Territorial
Human
Well-being
Matrix 2021
(UAI)
available at
https://
matrizbht.cl/

Moderate
skewness

Min–max
percentile (P5–
P95)/Negative

Romero-
Lankao et al
(2012);
Georgi et al
(2016);
Martín and
Paneque
(2022;)

Access to
health
services is
critical to
adaptive
capacity and
rapid
response
during heat
events.

NDVI Mean pixel
values by
10 m

SENTINEL-
2, MSI,
2019–2023

Slight
skewness

Min–max
percentile (P5–
P95)/Negative

Johnson et al
(2012); Reid
et al (2012);
Inostroza
et al (2016)

Vegetation
reduces
surface
temperature
and
mitigates
urban heat
exposure.

SES (Socioe-
conomic
status)

Socioe-
conomic
status index
(ordered
categories;
higher val-
ues= higher
SES)

Entel-Ocean
2023

Stepped/
categorical

Min–max
percentile
(P5–P95),
categories
ordered by SES

Harlan et al
(2006);
Sarricolea
et al (2022)

Low SES is
strongly
linked to
higher heat
vulnerability
due to
limited
adaptive
resources.

Note: The table summarizes the indicators used to construct the multidimensional HVI following the framework of exposure,

sensitivity, and adaptive capacity. Directionality was standardized so that higher values of adaptive-capacity variables indicate lower

vulnerability (negative direction).
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Table 2. Eigenvalues, variance explained, and proportion for retained principal components following PCA with Varimax rotation.

Principal component Eigenvalue
Proportion of
total variance

Percentage of
explained variance

Component 1 3.72 0.3099 30.99%
Component 2 2.69 0.2242 22.42%
Component 3 1.51 0.1258 12.58%
Component 4 0.96 0.0798 7.98%

Note: Only components with eigenvalues greater than 1 were retained according to the Kaiser criterion. The cumulative

variance explained by these four components accounted for approximately 74% of the total variance.

To reveal statistically significant clusters and outliers of heat vulnerability at the 95% confidence level
(p < 0.05), we ran an Anselin Local Moran’s I cluster–outlier analysis in ArcGIS Pro 3.3 on the census
block layer, using the composite HVI as the input variable. Spatial relationships were conceptualized
with an inverse-distance weighting scheme based on Euclidean distance, and row standardization was
applied so that each tract contributed equally to the statistic. A fixed 800 m distance band, identified
from the peak in incremental spatial autocorrelation, defined each feature’s neighborhood. This threshold
(800 m) was also consistent with the average size of census tracts in the study area, ensuring that hot-
and cold-spot clusters were detected at a scale directly interpretable for census-based vulnerability ana-
lysis. Statistical significance was evaluated with 199 Monte-Carlo permutations, and a false discovery
rate (FDR) correction was applied to control for multiple comparisons; only tracts with FDR-adjusted
p-values ⩽ 0.05 were retained as significant. The resulting feature class classified tracts into high–high
clusters, low–low clusters, high–low outliers, low–high outliers, non-significant areas, and features with
no neighbors, following Anselin’s original formulation of Local Moran’s I (Anselin 1995).

2.6. LCZs
LCZs were derived following Stewart and Oke (2012) by classifying urban morphology according to sur-
face structure and materiality. The 2023 dataset, supplied by Smith et al (2023), is mapped in figure 3.
Every urban block and its surrounding area were delineated with the standard LCZ framework, which
recognizes ten built-form categories (LCZ 1–10) and seven land-cover categories (LCZ A–G), each
defined by characteristic building shapes, surface types, vegetation, and dominant construction materi-
als. Field inspection and high-resolution imagery confirmed that several standard classes are absent from
the hyper-arid, steep-sloped study area: sparsely built zones (LCZ 9), densely or scattered wooded areas
(LCZ A–B), and open-water bodies (LCZ G) do not occur within the mapped extent. Instead, the land-
scape is dominated by compact and open built forms (LCZ 1–8, 10) together with shrub/scrub (LCZ C),
low plants (LCZ D), extensive paved or rocky ground (LCZ E), and bare soil or sand (LCZ F). In Alto
Hospicio—particularly in neighborhoods such as Pampa del Molle—many residential clusters originated
as informal campamentos that typically fall under Lightweight Low-rise (LCZ 7). These areas have been
progressively formalized through social-housing programs, altering their urban fabric and transitioning
from Lightweight Low-rise (LCZ 7) to Compact Low-rise (LCZ 3). Building on this LCZ classification,
quantifies the share of each built-form zone that falls into every HVI level; the results analyze these dis-
tributions to uncover how urban morphology conditions thermal vulnerability across the conurbation.

All methodological steps described in sections 2.2–2.6 are summarized schematically in figure 4. The
workflow integrates multi-temporal MODIS processing, Sentinel-2–based downscaling, indicator normal-
ization, PCA/Varimax component extraction, HVI mapping, spatial cluster analysis (Local Moran’s I),
and the final HVI–LCZ cross-tabulation, providing a concise visual synthesis of the full analytical frame-
work applied in this study.

3. Results

3.1. Spatiotemporal SUHI patterns (MODIS 2002-2023)
The daytime thermal mosaics (figure 5) reveal a pronounced duality between the two urban nuclei.
Coastal Iquique frequently displays a positive SUHI in summer, autumn and spring, with anomalies of
0.2 ◦C to more than 2 ◦C, whereas plateau-top Alto Hospicio almost always registers a SUCI, with day-
time deficits between—2 ◦C and below—4 ◦C; only the still-undeveloped eastern tract departs from this
tendency, occasionally reaching values near 1 ◦C. During winter the coastal SUHI in Iquique vanishes,
yielding near-neutral or mildly negative anomalies (–0.2 ◦C to—2 ◦C) that coincide with the season’s
strongest plateau cooling and accentuate the urban–periphery contrast. Night-time patterns (figure 6) are
markedly different: a robust SUHI envelops both cities year-round, with the highest intensities (≈ 2 ◦C)
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Figure 3. Local climate zone map of the Iquique–Alto Hospicio conurbation (northern Chile).

concentrated in southwestern Iquique and the lowest values (–0.5 ◦C to—1 ◦C) on the periphery of the
Santa Rosa tract. In Alto Hospicio, MODIS data from 2002 to 2023 show that night-time maxima con-
sistently occur in Pampa del Molle and minima again in Santa Rosa. During summer, for example, the
average SUHI intensity ranges from—1.0 ◦C to 1.9 ◦C in Autódromo (figure 6),—1.2 ◦C to 1.8 ◦C in
Santa Rosa, 1.4 ◦C to 2.2 ◦C across Alto Hospicio, and 0.2 ◦C to 2.3 ◦C in Pampa del Molle. This spa-
tial hierarchy persists across all seasons, confirming a persistent urban–periphery thermal gradient and
justifying our focus on nocturnal conditions when assessing exposure.

3.2. Downscaled nighttime LST and validation
At 10 m spatial resolution, individual streets and urban blocks are clearly delineated, and pixel-wise
comparisons with MODIS nighttime LST show strong agreement, with robust R2 values exceeding 0.65
(p < 0.05) and mean absolute errors below 0.5 ◦C. The analysis of mean nighttime LST during the
summer months for the period 2019–2023 reveals a distinct spatial gradient across Iquique and Alto
Hospicio, with values ranging from 15 ◦C to 22.6 ◦C (figure 7). The lowest temperatures, between 15 ◦C
and 16.5 ◦C, are predominantly found on the periphery of Alto Hospicio, specifically within the census
tracts of Santa Rosa and Autódromo. These cooler areas, characterized by lower building density and
greater exposure to bare soils, appear as extensive blue-toned zones in the mapped results. While some
isolated pockets with similar values occur at the northern edge of Iquique (Barrio Industrial), these are
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Figure 4.Methodological workflow for heat-vulnerability mapping in Iquique–Alto Hospicio.

not representative of the general conditions within any census tract. Intermediate LST values, between
16.5 ◦C and 18 ◦C, are distributed across much of Iquique, but are especially prevalent and spatially
uniform throughout the urban sectors of Alto Hospicio, including the Alto Hospicio, Autódromo, and
Santa Rosa census tracts. In Iquique, such temperatures also appear concentrated at the northern and
southern extremes, corresponding to the Barrio Industrial and La Tirana tracts, respectively. This pattern
suggests the influence of transitional urban morphologies, with moderate density and mixed land covers.
In contrast, high nighttime surface temperatures, ranging from 18 ◦C to 22.5 ◦C, are widespread across
Iquique’s urbanized core. Maximum values are observed in La Tirana (22.6 ◦C) and Cavancha (22.4 ◦C),
with the latter district notable for its concentration of high-rise buildings and dense built environment.
On average, the census tracts of Hospital, Caupolicán, and Cavancha present the highest nighttime LSTs,
reflecting the impact of impervious surfaces and urban form on heat retention. In Alto Hospicio, higher
temperatures are also identified within the Pampa del Molle census tract, where LSTs fluctuate between
15.9 ◦C and 20.1 ◦C.

These spatial patterns are consistent with the summary statistics presented in table 3, which indicate
that the most densely urbanized and built-up districts in central Iquique exhibit the highest mean night-
time surface temperatures, while the peripheral and less developed areas of Alto Hospicio remain signi-
ficantly cooler. The observed urban–periphery gradient in LST highlights the interplay between urban
morphology, land cover, and the intensity of the nocturnal urban heat island, suggesting implications for
local microclimates and potential socio-environmental vulnerabilities.

3.3. Heat-vulnerability PCA and index distribution
The heat-vulnerability analysis used a PCA with Varimax rotation that retained four components whose
eigenvalues exceeded one and together explained about 74% of the total variance (table 4). PC1 (‘Urban
Socio-Demographic Vulnerability’) is defined by high population density, greater proportions of women,
children, and older adults, and reduced AWS. This component highlights neighborhoods where both
exposure and social sensitivity converge, alongside limited adaptive capacity, indicating a higher risk of
adverse heat-related impacts. PC2 (‘Socioeconomic Adaptive Capacity’) groups together areas with higher
SES, improved housing conditions, and greater educational attainment. These characteristics are asso-
ciated with greater adaptive capacity, suggesting that these neighborhoods are better equipped to mit-
igate the negative effects of heat exposure. PC3 (‘Thermal Exposure and Structural Sensitivity’) loads
most strongly on high LST and the presence of older adults, with an inverse association with AHCs. This
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Figure 5. Spatial distribution of daytime SUHI and SUCI intensities in Iquique–Alto Hospicio during the summer season (2002–
2023).

component identifies neighborhoods where physical and demographic exposure is aggravated by inad-
equate access to healthcare infrastructure. PC4 (‘Human Capital and Reduced Sensitivity’) is driven by
high values of employability and ELI, which are associated with reduced social sensitivity according to
the directionality defined in the conceptual framework. Neighborhoods scoring high on this compon-
ent are expected to be more resilient due to the greater resources available through human capital. These
four components together provide a comprehensive and multidimensional profile of urban heat vulner-
ability, integrating demographic, socioeconomic, environmental, and infrastructural factors.

The biplot (figure 8) displays the Varimax-rotated principal-component space constructed from the
twelve standardized indicators in table 1. Component 1, runs from tracts with high demographic dens-
ity and a child-rich, female-skewed population (large negative loadings for Population density, Female
population and Infant population) to tracts with abundant urban services (positive loadings for AHCs,
and AWS). Component 2, contrasts thermal exposure and ageing (positive loadings for LST and Elderly
population) with low socio-economic status and limited housing quality (negative loadings for SES, ELI,
Employability and HQI). The longest vectors belong to LST, AWS and SES, indicating their dominant
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Figure 6. Spatial distribution of nighttime SUHI and SUCI intensities in Iquique–Alto Hospicio during the summer season
(2002–2023).

structuring role, while the near overlap of Population density and Female population reveals a strong
positive correlation. Applying k-means to the scores of these two components produces four clusters:
cluster 1 (orange) represents the dense, hot urban core with ample services; cluster 2 (green) groups
socio-economically disadvantaged areas with poor housing conditions; cluster 3 (blue) contains highly
populated, younger districts under intermediate heat; cluster 4 (red) corresponds to service-rich zones
that experience moderate nighttime temperatures. The scatter shows that intense surface heat does not
always align with greater social vulnerability, highlighting the need for adaptation strategies that integ-
rate exposure, demographic sensitivity and adaptive capacity.

Figure 9 synthesizes the standardized scores of the four principal components that make up the HVI
for the Iquique and Alto Hospicio conurbation at census block scale. High socio-demographic vulner-
ability (Component 1) groups along Iquique’s mature coastal core, from Puerto and Barrio Industrial in
the north to Playa Brava in the south, where tracts contain larger shares of older adults, children, and
female-headed households, while nearly the entire Alto Hospicio (including Autódromo and Pampa del
Molle) records very low scores, revealing a steep coast-to-plateau gradient in social stress. The pattern
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Figure 7. Nighttime summer LST in the Iquique–Alto Hospicio conurbation between 2019 and 2023.

reverses for socio-economic adaptive capacity (Component 2): very high scores appear in recently urban-
ized tracts east of the city and in a few affluent beachfront areas at Cavancha and Playa Brava, whereas
the historic center of Iquique and the northern industrial waterfront show very low to low values, sig-
naling limited income, poor housing quality, and scarce assets. Thermal exposure combined with health-
service accessibility (Component 3) peaks in the northern industrial (ZOFRI), harbor zone, and densely
built coastal strip, where elevated nighttime land-surface temperatures coincide with longer travel times
to tertiary hospitals; plateau tracts in Alto Hospicio, including Santa Rosa and Pampa del Molle, display
low or very low scores, reflecting cooler conditions and shorter travel distances to the regional hospital.
Human capital and reduced sensitivity (Component 4) concentrate along the commercial–administrative
spine of central Iquique (around Arturo Prat Avenue and Parque Balmaceda) and in selected upper-
income enclaves near Autódromo, whereas most Alto Hospicio tracts fall into the medium-low category,
indicating deficits in tertiary-education attainment that may offset other adaptive advantages identified
in Component 2. Altogether, the maps reveal sharp coastal–inland and north–south contrasts, with pro-
nounced intra-urban heterogeneity: coastal Iquique combines high socio-demographic vulnerability and
extreme thermal exposure with comparatively low adaptive capacity, while the Alto Hospicio plateau
shows the opposite profile—greater adaptive capacity but reduced human capital—underscoring the need
for spatially differentiated heat-risk interventions within the conurbation.
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Table 3. Nighttime summer LST by Census Tract, Iquique–Alto Hospicio (2019–2023, MODIS derived LST and resample with
Sentinel-2).

Municipality Census Tract Min–Max (◦C) Mean (◦C)

Iquique Puerto 16.9–20.7 18.0
Barrio Industrial 15.9–19.8 17.9
Hospital 17.0–20.2 18.3
Caupolicán 16.9–20.1 18.3
Playa Brava 16.5–21.9 18.1
Cavancha 17.0–22.4 18.3
Parque Balmaceda 15.9–21.6 18.1
Arturo Prat 17.2–20.1 18.0
Gomez Carreño 17.2–20.1 18.2
La Tirana 16.5–22.6 17.9

Alto Hospicio Autódromo 15.5–19.2 16.8
Santa Rosa 15.0–19.5 16.9
Alto Hospicio 16.0–20.1 17.5
Pampa del Molle 15.9–20.1 17.6

Table 4. PC description of each of the different components identified.

Principal
component Main loadings Interpretation Suggested name

PC1 Pop. density (+), Female
(+), Infant (+), Elderly
(+), Water Access (−)

High demographic
pressure and sensitive age
groups together with
limited access to the water
network

Urban Socio-Demographic
Vulnerability

PC2 SES (+), HQI (+), ELI (+) High socio-economic
status, good housing
conditions and education
that underpin greater
adaptive capacity

Socioeconomic Adaptive
Capacity

PC3 LST (+), Elderly
(+), AHC (–)

High thermal exposure and
an ageing population
aggravated by limited
healthcare provision

Thermal Exposure and
Structural Sensitivity

PC4 ELI (+), EI (+) Elevated human capital
that lowers social
sensitivity to heat stress

Human Capital and
Reduced Sensitivity

Following the extraction of the four varimax-rotated components, we produced the final map of
the HVI using summer land-surface temperature data from 2019 to 2023. Figure 10 reveals a pro-
nounced coastal-to-inland gradient. Most coastal tracts of Iquique—including Puerto, Cavancha and
Playa Brava—fall in the Very Low or Low classes, reflecting both the maritime cooling influence and the
high adaptive capacity associated with elevated socio-economic status, service provision and green-space
availability. Vulnerability increases sharply inland: the urban core bounded by Arturo Prat, Hospital
and Caupolicán displays a mosaic of Medium-High to Very High HVI values, indicating the combined
effect of dense built fabric and heightened socio-demographic sensitivity; this sector constitutes the most
vulnerable area within Iquique. The Barrio Industrial tract attains medium values despite its coastal
position, probably owing to its sparse residential population and the extensive impervious surfaces of
the Zofri industrial zone. On the plateau, Alto Hospicio exhibits a contrasting pattern. Santa Rosa and
Autódromo show mainly low or medium–low vulnerability, consistent with the lower surface temperat-
ures detected there, whereas central Alto Hospicio and Pampa del Molle concentrate Medium-High to
Very High classes, signaling limited adaptive capacity and higher population sensitivity. Many of these
tracts originated as informal settlements that later became highly compact social-housing districts. Grey
polygons correspond to areas without 2017 census data, mostly large industrial parcels or undeveloped
land. Overall, figure 10 highlights that the most critical zones align with dense residential corridors
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Figure 8. Principal-component biplot (Components 1 and 2) of heat-vulnerability indicators.

either isolated from the sea breeze or situated on the plateau, suggesting priority targets for cooling
interventions and tailored social measures.

3.4. Hot-/cold-spots (Local Moran’s I)
To refine the understanding of heat vulnerability, we carried out a local spatial association analysis
(figures 11 and 12) in which each census block was weighted by its neighbors within an 800 m radius.
Compared with the original HVI map (figure 10), these new maps reveal statistically coherent hot and
cold spots that were previously less evident. High–high clusters (pink, indicating high vulnerability)
align along the built corridor of Iquique from Arturo Prat through Hospital to Caupolicán, and they
also appear in central Alto Hospicio and Pampa del Molle, confirming that the most vulnerable tracts
are surrounded by similarly vulnerable neighbors. In contrast, extensive low–low clusters (light blue)
trace the cooler and more affluent coastal fringe of Iquique, in Puerto, Cavancha and Playa Brava; and
extend into Santa Rosa and the Autódromo sector of Alto Hospicio, marking contiguous areas of con-
sistently low vulnerability. Two types of spatial outliers are also evident: Low–high tracts (blue), such
as Barrio Industrial and parts of the north-eastern plateau, where a vulnerable tract is embedded in a
low-vulnerability setting, and high–low tracts (red) scattered along the inland edge of Iquique, where
relatively resilient blocks are surrounded by more vulnerable neighbors. Grey polygons represent areas
without 2017 census data and were excluded from the analysis. Overall, incorporating the 800 m neigh-
borhood structure sharpens the spatial pattern and helps identify consolidated hotspots that should be
prioritized for cooling and social interventions, as well as isolated anomalies that may require different
management strategies.

3.5. Coupling HVI with LCZ typologies
The final stage of the study links the HVI to LCZs. Figure 13 displays this relationship for LCZ classes
1–10, indicating the share of each built form that falls within each HVI level. Four main patterns
emerge. First, the open and sparsely built categories, LCZ 4, 5, 6 and 10, are dominated by the very
low vulnerability class, with more than ninety percent of their area showing minimal risk. Second, the
compact high-rise and mid-rise fabrics, LCZ 1 and 2, exhibit the greatest internal diversity. About forty
percent of their extent lies in the Low or Medium-Low classes, yet they also contain the largest fractions
of medium-high, high and very high values, confirming that dense construction can magnify thermal
and social risk when adaptive capacity is limited. Third, the compact low-rise LCZ 3 shows an interme-
diate profile: medium-low and medium together account for roughly forty-five percent of its surface,
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Figure 9. HVI spatial distribution according to each of the PCA.

while high and very high still exceed ten percent, indicating persistent vulnerability in older, tightly knit
neighborhoods. Finally, LCZ 7, which corresponds to lightweight low-rise settlements, presents the most
balanced distribution, with nearly one third of its area in medium-low to medium-high classes and a
small though noticeable share in the very high category, reflecting the varied socio-economic condi-
tions typical of informal or gradually formalized areas. Overall, the diagram suggests that vulnerability
is lowest in open or vegetated morphologies and rises as built form becomes more compact, although
the specific social context modulates the extent to which compact urban structures translate into critical
HVI levels. LCZ 8 acts as an intermediate case: roughly 90% of its area falls within the very low, low, or
medium-low HVI classes, whereas the medium-high to very high classes together account for only about
10%. This pattern places LCZ 8 closer to the open, low-density LCZs than to the compact high-density
categories.
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Figure 10.Heat vulnerability index by census tract in the Iquique–Alto Hospicio conurbation, 2019–2023.

4. Discussion and conclusions

4.1. Main findings on heat exposure in a hyper-arid coastal conurbation
Our multi-scale analysis confirms that Iquique–Alto Hospicio displays the dual SUHI behavior typical
of other arid and semi-arid cities (Gourfi et al 2022, Chen et al 2023). By day, the upper-plateau muni-
cipality often acts as a SUCI, whereas the coastal strip registers weak-to-moderate positive anomalies. At
night this pattern reverses: both cities develop an intense SUHI whose hotspots coincide with the densest
and most impervious census blocks (figures 5–7). Downscaling to 10 m shows that intra-urban thermal
gradients (∼7 ◦C) are an order of magnitude larger than the average city-to-rural contrast captured at
MODIS resolution. Such fine-scale heterogeneity is crucial for heat-risk management because expos-
ure can change drastically within a few blocks, a pattern also observed in Las Vegas (Fan et al 2017),
Marrakech (Gourfi et al 2022), and Arica (Smith et al 2021). Managing a conurbation with such an
elevation range remains challenging; future work should incorporate urban weather-station networks.
Nevertheless, our results are robust across spatial scales.
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Figure 11. Local Moran’s I cluster and outlier map of the heat-vulnerability index calculated with an 800 m spatial lag.

4.2. Coupling thermal exposure with socio-spatial vulnerability
The composite HVI reveals a coastal paradox: the historic center of Iquique, largely cooled by sea
breezes, emerges as the main vulnerability hotspot because high demographic sensitivity and low adapt-
ive capacity outweigh the presumed thermal relief. Conversely, several districts on the Alto Hospicio
plateau combine moderate surface temperatures with limited social and human capital, producing
medium-to-high vulnerability. This decoupling between heat exposure and social disadvantage mirrors
findings for Guangzhou (Chen et al 2023) and Barcelona (García-Sierra and Domene 2022), under-
scoring that thermal metrics alone underestimate vulnerability and potential risk. Our results confirm
that heat vulnerability is not determined solely by exposure to high land-surface temperatures but also
by deeper socio-economic dimensions, such as limited adaptive resources, employment instability, and
uneven access to water and health services, which amplify residents’ sensitivity to heat.

4.3. The role of urban form: evidence from LCZs
Linking HVI scores with LCZ typologies (figure 13) clarifies how built morphology modulates vulnerab-
ility and risk, defining distinct morpho-climatic domains. Open residential forms (LCZ 4, 5 and 6) and
low-rise warehouses (LCZ 10) maintain very-low HVI values, whereas compact low-, mid-, and high-
rise zones (LCZ 1, 2 and 3) span the entire vulnerability spectrum, results consistent with Paris (Ma
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Figure 12.Moran scatterplot for the heat vulnerability index (HVI): Local Z-score transform (x-axis) versus inverse-distance–
weighted spatial-lag Z-score transform at 800 m (y-axis). The slanted line represents the global Moran correlation. Dots are
color-coded by statistically significant LISA clusters at p< 0.05:High–High (pink, high vulnerability surrounded by high vul-
nerability), Low–Low (light blue, low vulnerability surrounded by low vulnerability), and spatial outliers Low–High (blue)
andHigh–Low (red). Points in white denote census block with average HVI values whose spatial association is not significant
(p> 0.05).

Figure 13.Heat-vulnerability distribution across LCZs.

et al 2024) and Shenyang (Zou et al 2025). The internal heterogeneity of LCZ 1–2 indicates that densi-
fication alone does not determine heat vulnerability; contextual adaptive capacity (e.g. housing quality,
health-care access) modulates outcomes. While the LCZ framework captures the morphological hetero-
geneity that modulates surface heat, it only partially reflects social vulnerability. Some morphologies,
such as lightweight low-rise or transitional compact zones, exhibit mismatches between structural form
and observed vulnerability, highlighting the limits of LCZ typologies when socio-economic disparities
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are strong (He et al 2024). Refining the classification or integrating socio-demographic weighting could
enhance the model’s capacity to capture these interactions (Fu et al 2024). Informal areas typical of Alto
Hospicio show very-high vulnerability, and the transition from LCZ-7 to LCZ-3 suggests that piece-
meal formalization without parallel investment in green-blue infrastructure can inadvertently maintain
or worsen heat risk.

4.4. Implications for climate-resilient planning
Our findings point to three complementary urban-policy avenues for reducing thermal exposure and
vulnerability: (1) targeted cooling interventions, in which hotspots identified with Local Moran’s I guide
the prioritized installation of cool roofs, pocket parks, or shaded corridors (Broadbent et al 2022), bene-
fiting the greatest number of residents; (2) climate-sensitive zoning, whereby future densification follows
LCZ-specific guidelines, for example, mandating ventilation corridors in compact mid- and high-rise
zones (LCZ 1–2) and preserving vegetated or cool-pavement buffers around compact low-rise hous-
ing (LCZ 3) to mitigate nighttime heat retention; and (3) socially attuned heat-action plans that integ-
rate HVI maps into early-warning systems and designate climate shelters such as libraries, shaded public
green squares, and community centers in highly vulnerable areas, adapting the Barcelona ‘climate-shelter’
model to Chile’s desert context.

4.5. Limitations and uncertainties
Several caveats merit attention. (i) Land-surface temperature is an imperfect proxy for air temperat-
ure, despite its utility in areas with sparse meteorological networks; validation with dense sensor arrays
would refine exposure estimates. (ii) Census-tract aggregation masks social heterogeneity, and ongo-
ing demographic shifts require continuous updates of exposure, sensitivity, and adaptive-capacity vari-
ables. (iii) Robust-linear downscaling inherits both radiometric noise and predictor uncertainty; future
research should compare this method with machine-learning alternatives such as random forests or
convolutional neural networks. (iv) The estimation of SUHI magnitude remains sensitive to the defin-
ition of rural reference zones—a well-documented source of uncertainty (Fu et al 2024)—particularly
in regions with strong elevation gradients such as Iquique–Alto Hospicio, where separate coastal and
plateau baselines were required to minimize lapse-rate bias. (v) Finally, the cross-sectional HVI omits
adaptive dynamics, e.g. household acclimatization or municipal investments, that may evolve over com-
ing decades (Craft and Fisher 2016). In addition, some relevant social dimensions, such as public health
status, neighborhood cohesion, and institutional response capacity, were not explicitly included due to
data unavailability, yet they likely play a critical role in shaping local vulnerability patterns and deserve
further investigation.

4.6. Concluding remarks
This study provides the first integrated, high-resolution assessment of thermal exposure and socio-spatial
vulnerability for the rapidly growing conurbation of Iquique–Alto Hospicio. By combining MODIS
surface-temperature climatologies with Sentinel-2-based downscaling, we produced an HVI suitable for
neighborhood-scale planning. Principal-component analysis proved effective in defining the composite
components, and coupling the HVI with Local Moran’s I highlighted priority intervention areas. Using
the LCZ framework, we show that where people live, and how neighborhoods are built, matters as much
as the ambient heat itself. The sharp coastal-to-plateau gradients and intra-urban mosaics documented
here demand differentiated, equity-centered adaptation strategies. As global warming intensifies heat
extremes, the evidence presented for Iquique–Alto Hospicio offers a transferable framework for hyper-
arid coastal cities worldwide committed to climate-resilient futures. Our results also align with recent
methodological advances emphasizing that the reliability of SUHI assessments depends on context-
specific reference definitions and terrain adjustments (Fu et al 2024), reinforcing the transferability of
our two-tier rural baseline approach to other topographically complex or coastal–inland urban systems.

Data availability statement

The data that support the findings of this study are openly available from multiple sources. MODIS
and Sentinel datasets were accessed and processed through the Google Earth Engine platform. Socio-
demographic and infrastructural indicators were obtained from the Instituto Nacional de Estadísticas
de Chile (INE) via its Open Geodata Portal (www.ine.gob.cl/herramientas/portal-de-mapas/geodatos-
abiertos), and from the Observatorio de Bienestar Territorial at Universidad Adolfo Ibáñez (https://
matrizbht.cl/). All derived datasets, including downscaled LST layers, Heat Vulnerability Index (HVI)
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indicators, and Local Climate Zone (LCZ) shapefiles, are openly available in Zenodo under a CC-BY 4.0
license at the following URL/DOI: https://doi.org/10.5281/zenodo.17313354.
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