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A B S T R A C T

Urban heat risk arises from the interaction of thermal hazard, population distribution, and socioeconomic 
conditions, yet comparative high-resolution assessments across European cities remain limited. We develop a 
harmonised 100 m heat-risk framework for three climatically contrasting mid-sized cities, Iași (Romania), Jena 
(Germany), and Turku (Finland), using ten years of observation-based daytime and nighttime air-temperature 
data. The framework distinguishes societal heat risk, which reflects the number of residents exposed, from 
per-capita heat risk, which normalises exposure to reveal inequalities that aggregated metrics may conceal. To 
our knowledge, this is the first study to provide an integrated heat-risk assessment of this kind for each of the 
three cities, combining diurnally resolved hazard, exposure, and rent-based vulnerability at high spatial 
resolution.

As a fine-scale and timely proxy for vulnerability, we incorporate apartment rent from geolocated real-estate 
listings; while not a comprehensive socioeconomic indicator, it captures affordability- and housing-related 
conditions relevant to heat sensitivity. To characterise environmental context, we quantify local (100 m) and 
neighbourhood-scale (300 m) land-cover fractions (tree cover, impervious surfaces, grassland) and assess their 
statistical associations with hazard, exposure, vulnerability, and risk components using Spearman correlations. In 
addition, we use Lorenz curves and Gini coefficients to quantify spatial inequalities in heat risk and green 
infrastructure within each city.

Across all cities, societal heat risk closely follows the residential population distribution, whereas per-capita 
risk aligns more strongly with spatial patterns of thermal hazard and adaptive capacity. Nighttime conditions 
(Tropical Nights) emerge as particularly influential for both risk measures, underscoring the importance of 
nocturnal heat for recovery and health. Green land cover exhibits predominantly negative, and impervious 
surfaces predominantly positive, associations with hazard and risk, with effect sizes varying across cities and 
spatial scales; these relationships are interpreted as correlational rather than causal. Lorenz and Gini analyses 
further show that societal heat risk and green infrastructure are unevenly distributed, with pronounced in
equalities in exposure and nighttime hazard, particularly in Iași and Turku.

Overall, societal heat risk is primarily governed by where people live, while per-capita risk reveals how hazard 
and adaptive capacity shape the burden experienced by individuals. Apartment rent offers a practical, location- 
specific proxy for vulnerability that can be applied where detailed socioeconomic data are limited. The proposed 
framework provides a transferable basis for identifying both areas where many residents are exposed and areas 
where individuals may face disproportionate heat burdens, supporting more context-sensitive and equitable 
urban heat-adaptation planning.

1. Introduction

Heat is among the most lethal weather hazards in Europe, and both 
the frequency and intensity of hot extremes are increasing under 
anthropogenic climate change [1–5]. Urban areas further amplify this 

burden through the urban heat island (UHI), as built materials, 
morphology and anthropogenic heat raise temperatures above sur
rounding rural areas [6,7]. With ongoing urbanization, a growing share 
of Europeans will experience hazardous thermal conditions during 
summer in their residential environments [4,8].
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Urban heat risk arises from the interaction of hazard (thermal con
ditions), exposure (population distribution) and vulnerability (suscep
tibility and adaptive capacity) [9]. Importantly, heat hazard is 
temporally dynamic: daytime and nighttime heat pose distinct mecha
nisms and health implications [10–13]. Daytime heat is dominated by 
outdoor exposure and radiative loads, whereas nighttime heat impedes 
physiological recovery and affects individuals primarily in their homes 
[14–19]. Despite these differences, many risk assessments still aggregate 
across the diurnal cycle, potentially obscuring when and where in
terventions should differ between daytime (e.g., shade, evapotranspi
ration) and nighttime (e.g., ventilation, building fabric) conditions 
[20–23].

Although our analysis uses outdoor air temperature, indoor condi
tions represent the dominant exposure setting in Europe, where people 
spend ~80–90% of their time indoors [24,25]. Indoor temperatures 
typically track and can exceed outdoor values, especially at night, 
depending on building characteristics such as insulation, ventilation and 
thermal mass [16,26–30]. We therefore interpret outdoor metrics as 
proxies for potential indoor stress while acknowledging that building- 
specific decoupling may occur.

Vulnerability to heat is shaped by socio-spatial inequalities. Housing 
conditions, location, affordability, and interior and exterior character
istics, strongly influence both the intensity of heat exposure and the 
ability to cope with it [31–35]. Access to green and blue space, an 
important moderator of outdoor heat, is unevenly distributed: neigh
bourhoods with higher imperviousness, lower tree cover and limited 
cooling resources often coincide with lower socioeconomic status (SES) 
[36–40]. This persists despite planning recommendations that all resi
dents should live within approximately 300 m of green space [41–44]. 
As a result, socioeconomically disadvantaged or low-rent households 
face elevated risks of heat-related discomfort, illness or mortality 
[45–52], and young low-income renters – such as students or early- 
career workers - may be particularly vulnerable due to limited adap
tive capacity and restricted agency to modify their housing conditions 
[53].

A major barrier for fine-scale risk mapping in Europe is the limited 
availability of high-resolution socioeconomic data as an indicator of 
vulnerability. Official indicators are typically not accessible at micro- 
scale, outdated or simply unavailable across countries. To address this 
gap, we use geolocated apartment rents as a pragmatic, spatially 
detailed proxy for vulnerability at 100 m resolution. While rent is not 
conceptually new in vulnerability research, previous applications have 
primarily focused on the United States [54–56] or China [57–60], and 
operate at administrative scales or using land-surface temperature 
rather than air temperature.

Existing European evidence shows that only a small number of 
studies directly integrate housing-market indicators, such as rents, sales 
prices, or price-to-income ratios, into analyses related to heat [61–63]. 
However, these studies primarily investigate how temperature or 
extreme heat affects housing markets, for example through changes in 
property values, rental prices, search intensity, transaction volumes, or 
affordability ratios. Recent work from Spain and Italy demonstrates that 
hotter days can depress housing prices and reduce market activity, while 
global analyses link climate hazards to shifts in housing affordability. 
Crucially, these contributions use housing-market metrics to measure 
market responses to heat, not as indicators of socioeconomic vulnera
bility or spatial heat risk.

Most European heat-risk studies instead rely on socioeconomic 
proxies, such as, deprivation indices or personal data, to characterise 
vulnerability [64,65], meaning that the potential of housing-market 
data to capture both neighbourhood-scale exposure conditions (via 
links to green infrastructure and urban form) and household vulnera
bility (via rent burden and affordability constraints) remains largely 
unexploited. The present study therefore differs conceptually and 
methodologically from prior work by using fine-scale rent data directly 
as a spatial proxy for vulnerability within a harmonised, multi-city heat- 

risk framework.
Here, we conduct a comparative, high-resolution assessment across 

three mid-sized European cities with distinct climatic, morphological 
and socioeconomic contexts – Iași (Romania), Jena (Germany) and 
Turku (Finland) - to examine how relationships between heat hazard, 
land cover and vulnerability vary across urban environments. For each 
of the three cities, this work represents the first integrated heat-risk 
assessment at such spatial resolution and conceptual depth - linking 
diurnally resolved hazard, exposure, and rent-based vulnerability. 
Further to our knowledge, no European study (i) employs apartment 
rent as a standalone proxy for vulnerability at ≤100 m resolution, (ii) 
applies this approach consistently across climatically and socioeco
nomically diverse cities, or (iii) combines such a proxy with harmonised 
observation-based daytime and nighttime air-temperature metrics.

To achieve this, we (i) derive 10 years of observation-based air- 
temperature fields and construct daytime (temperature days) and 
nighttime (tropical nights) hazard metrics at 100 m resolution; (ii) map 
exposure using residential population grids; (iii) operationalize vulner
ability using apartment rent; and (iv) compute societal and per-capita 
risk. We then relate hazard and risk components to land-cover vari
ables to quantify their statistical associations with green and built 
infrastructure.

2. Study area

Iași is a major city in north-eastern Romania with over 400,000 in
habitants. It is situated mainly on the lower terraces of the Bahlui River 
(40–80 m a.s.l.), with urban development extending onto surrounding 
hills up to about 400 m, creating pronounced elevation gradients and 
locally distinct microclimates. Summer temperatures are the highest 
among the three study cities (Fig. 1): mean values reach around 
21–23 ◦C in June–August and remain above 17 ◦C in September, with 
typical midsummer maxima of 25–28 ◦C and nighttime minima of 
15–18 ◦C. The dense urban core limited green space and extensive 
impervious surfaces contribute to a marked urban heat island (UHI), 
especially in central lowland areas. Although six artificial lakes and the 
Bahlui River provide some cooling, their influence is spatially limited.

Multiple studies using both satellite-based land-surface temperature 
and in situ air-temperature observations document strong intra-urban 
thermal contrasts in Iași, with surface UHI intensities exceeding 5 ◦C 
during heat-prone periods and restricted air dispersion that can aggra
vate air pollution under stable conditions [66–68].

Iași was selected to represent Eastern European urban conditions 
characterized by rapid urbanization, socioeconomic disparities and 
often insufficient adaptation infrastructure. As one of Romania's main 
urban centres, it combines high population density with relatively low 
green-space availability and social inequality, making it a relevant case 
for studying heat vulnerability in a post-socialist context.

Jena, located in central Germany, is a medium-sized city of about 
110,000 inhabitants in the Saale valley at roughly 143 m a.s.l. The 
corridor-shaped valley topography moderates the local climate relative 
to the surrounding uplands but also limits air exchange and can promote 
heat accumulation.

Climatologically, Jena experiences warm but moderate summers 
(Fig. 1): mean temperatures are about 16.6 ◦C in June, 18.7 ◦C in July, 
18.3 ◦C in August and 14.4 ◦C in September, with daytime maxima 
around 21–23 ◦C and nighttime minima of roughly 11–14 ◦C. On 
average, there are 54 summer days (Tmax ≥25 ◦C) and 13 hot days 
(Tmax ≥30 ◦C) per year [69], and mean annual temperature has 
increased by about 1.2 K since 1901–1930. Jena was selected as a 
representative example of a Central European, medium-sized city with 
marked topographic constraints and well-documented urban heat island 
dynamics [70], with average intensities around 1 K and peak differences 
of 4–7 K during calm, anticyclonic nights [71].

The combination of pronounced valley morphology, historical urban 
structure and ongoing expansion makes Jena a representative Central 
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European case for examining intra-urban heat-risk disparities under a 
moderate but warming climate.

Turku is a coastal city in south-western Finland with approximately 
182,000 residents. Situated at the mouth of the Aura River and 
embedded in a fragmented coastline and archipelago, it exhibits both 
maritime and inland climatic characteristics.

Despite its northern location, Turku experiences comparatively mild 
to warm summers (Fig. 1): mean temperatures are about 14.7 ◦C in June, 
18.1 ◦C in July, 16.6 ◦C in August and 12.1 ◦C in September 
(1991–2021), with typical midsummer maxima of 18–22 ◦C and night
time minima of 10–14 ◦C.

Turku shows moderate UHI effects, with mean intensities of 1–2 ◦C 
and elevated nighttime temperatures particularly in densely built-up 
inland neighbourhoods [72]. The city centre is on average around 
2 ◦C warmer than the rural surroundings, and UHI intensities can oc
casionally reach up to 10 ◦C. Urban land use has been identified as the 
primary driver of spatial temperature variation, while topography 
generally plays a minor role except during nocturnal cold-air drainage or 
temperature inversions [73].

In the broader Finnish context, time-series analyses and climate 
projections indicate that warm spells and tropical nights are becoming 
more frequent in southern Finland, including Turku, accompanied by 
rising heat-related hospitalisations and fatalities [74–76].

Although Finland is often associated with cold climates, recent 
climatological and epidemiological studies show that Nordic pop
ulations are particularly vulnerable to heat due to limited physiological 
acclimatization, specific housing characteristics and rapidly increasing 
temperatures [18,77–79]. Even moderate heatwaves and elevated 
summer temperatures have been linked to indoor overheating and 
increased mortality and hospital admissions 
[18,30,74,75,77,78,80–84]. These developments underline the rele
vance of analysing urban heat risk in Turku alongside the Central and 
Eastern European cases.

3. Data and methods

3.1. Data

3.1.1. Temperature data
City-specific temperature datasets were obtained from regionalized 

observational sources covering a ten-year period (June–September). For 
Iași, daily mean and minimum air temperature rasters at 700 m reso
lution were provided by the University of Iași [85] for the period 
2013–2022. For Jena, 30-min temperature fields at 25 m resolution were 
provided by the Thuringian State Office for the Environment, Mining 
and Nature Conservation (TLUBN) for 2021–2023. For Turku, air- 
temperature records from 57 fixed loggers spanning 2014–2023 were 
obtained from the University of Turku from the TURCLIM research 
group. Together, these datasets provide consistent, observation-based 
temperature fields suitable for the derivation of heat-hazard indicators 
at high spatial resolution.

3.1.2. Apartment rent
Geolocated apartment rent listings were collected from leading na

tional online platforms, representing local housing markets in each city. 
The data include imobiliare.ro for Iași (1239 listings, August 2023), 
immowelt.de for Jena (1984 listings, April 2021 – January 2024), and 
vuokraovi.fi for Turku (9135 listings, January 2023 – June 2024). To 
enable cross-country comparison of socioeconomic indicators, infor
mation on national median equivalized net income was retrieved from 
Eurostat [86] (update 16 June 2025: Finland € 2391; Germany € 2302; 
Romania € 653). These datasets jointly form the basis for the construc
tion of city-specific indicator of adaptive capacity and vulnerability.

3.1.3. Residential population
Population distribution data were derived from the Eurostat GEO

STAT 2021 population grid (1 km resolution). To represent the built 
environment, we used the DBSM R2023 conflated building-footprint 
dataset [87] and the Copernicus Building Height Model 2012 (v3, 10 
m) [88]. Together, these layers provide harmonised, open-access in
formation on buildings, forming a consistent basis for estimating resi
dential population across the three study cities.

Fig. 1. (Left) Location of the three study cities Iași (Romania), Jena (Germany) and Turku (Finland) in Europe. The cities locations are highlighted as diamond 
markers. The map is displayed in the equal-area ETRS89 / LAEA Europe projection (EPSG:3035). Country outlines are based on Natural Earth data. (right) Monthly 
climatology (1991–2021) of minimum, mean, and maximum air temperature for Iași, Jena, and Turku. Ribbons show the monthly temperature range (min–max), 
with solid lines indicating monthly means. The summer months used in this study (June–September) are highlighted.
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3.1.4. Land cover and green infrastructure
The land cover was characterized using Copernicus and Urban Atlas 

datasets. Specifically, we used the Tree Cover Density 2021 [89], 
Imperviousness 2018 [90] and Grassland [91] rasters at 100 m resolu
tion from Copernicus. These data provide standardized, high-resolution 
information on vegetation cover and built-up structure within and 
across European cities.

3.1.5. Spatial extent and delineation
To ensure comparability and analytical consistency, the study area 

for each city was delineated using the Copernicus Urban Atlas 2018 
[92]. We selected features and data within the Urban Core boundary and 
further restricted the analysis to built-up and residential land-use clas
ses, including Discontinuous very low–to–dense urban fabric (< 10%– 
80% sealing level (S.L.)), Continuous urban fabric (> 80% S.L.), and 
Industrial, commercial, public, military and private units. This selection 
focuses the analysis on inhabited, structurally dense urban zones where 
heat exposure and vulnerability are most relevant. The delineation en
sures that all datasets and subsequent analyses refer to comparable 
urban contexts across the three cities.

3.2. Methodology

3.2.1. Harmonization and analysis mask
All datasets were reprojected to the common equal-area projection 

EPSG:3035 and resampled to a 100 m grid. The spatial analysis was 
constrained to an urban residential mask derived from the Copernicus 
Urban Atlas 2018. We first selected all features belonging to the “Urban 
Core” and then restricted the extent further to land-use classes repre
senting built-up residential and mixed-use areas, including: Discontin
uous very low, low, medium, and dense urban fabric (S.L. <10%, 
10–30%, 30–50%, 50–80%), Continuous urban fabric (S.L. >80%) and 
Industrial, commercial, public, military, and private units.

Only grid cells intersecting these classes and containing non-zero 
downscaled population were retained. This mask defines the inhabi
ted, structurally dense urban fabric where heat exposure and risk are 
substantively relevant. All component layers, risk metrics, and figures 
were computed and reported within this spatial domain; blank areas in 
maps indicate regions outside the analysis extent.

3.2.2. Risk framework
We follow the IPCC risk framing [93] and first state the standard 

multiplicative form, which is widely applied in risk assessments 
[94–96]. 

R = H× E×V (1) 

where R is societal heat risk (unitless), H the thermal hazard, E exposure 
(residential population), and V vulnerability (susceptibility and lack of 
capacity).

We adopt an inverse vulnerability formulation, where risk increases 
with decreasing C (adaptive capacity) and compute day- and night- 
specific risk as: 

Rday = Hday ×E×(1 − C) (2) 

Rnight = Hnight ×E×(1 − C) (3) 

In addition to societal risk, we compute per-capita, defined as: 

Rcap = H×(1 − C) (4) 

This component represents the per-capita risk potential arising from 
thermal hazard and vulnerability while holding exposure constant, and 
is not intended to capture psychological, behavioral, or perception- 
based individual risk.

In quantitative risk analysis, this distinction parallels the established 
separation between individual and societal risk, where individual risk 

describes the hazard-vulnerability relationship independent of popula
tion size [97]. Accordingly, we treat Rcap as a structural element of the 
risk framework that helps disentangle the relative contributions of 
hazard and adaptive capacity.

Before computing risk, all component rasters were harmonised to a 
common 100 m grid and scaled to a 0–1 range: hazard and exposure 
layers were divided by their city-specific maxima, and the rent-based 
adaptive-capacity layer was normalized using national median equiv
alised net income.

3.2.3. Hazard
Hazard (H) was quantified using two temperature-based indicators 

representing daily and nighttime thermal stress: 

1. Temperature days (Hday) – days with daily mean temperature ≥
20 ◦C

2. Tropical nights (Hnight) – nights with minimum temperature ≥ 20 ◦C 
between 20:00 and 08:00 local time

Both indicators were expressed as mean annual counts for the period 
June–September over ten years (Iași 2013–2022; Jena 2014–2023; 
Turku 2014–2023), a suitable timeframe for such investigation [98].

Temperature data were processed city-specifically: 

• Iași: Daily mean and minimimun air temperature rasters (700 m) for 
2013–2022 were downscaled to 100 m using a linear dry-adiabatic 
lapse rate of 10 K km− 1 and then filtered based on the thermal in
dicators of this study.

• Jena: Half-hourly 25 m rasters from TLUBN were aggregated to daily 
means and resampled to 100 m. As the provided data only covered 
2021–2023, we hindcasted 2014–2020 using pixel-wise linear re
gressions (R2 > 0.8) against local weather station data.

• Turku: Half-hourly air temperatures from 57 fixed loggers were 
aggregated to daily and nightly means and then regionalized using 
kriging with external drift (KED), with predictors including distance 
to the coast, local impervious fraction, and tree cover density within 
100 m [72].

Given the evidence that elevated temperatures can trigger acute 
health impacts within just a few days, individual days were selected as 
the analytical unit instead of heatwave periods [99]. The 20 ◦C threshold 
for temperature days was chosen based on epidemiological findings 
from Finland and Romania that indicate increased mortality above this 
temperature [18,84,100,101]. According to the Finnish Meteorological 
Institute (FMI), hot days are characterized by a daily maximum tem
perature exceeding 27 ◦C and a daily mean temperature above 20 ◦C 
[102]. These thresholds are used in official heat warnings aimed at 
protecting vulnerable populations and outdoor workers. While the 
present study adopts the 20 ◦C daily mean threshold in line with prior 
epidemiological findings from Finland, the FMI's classification supports 
the relevance of this value for operational heat risk communication in 
Northern Europe. Although no equivalent threshold is defined for Ger
many, the Robert Koch Institute (RKI) considers extended periods with 
daily means ≥20 ◦C in its heat assessments [103], while other studies 
from Germany suggest thresholds for heat-related mortality between 
19 ◦C and 22 ◦C [19,99,104].

3.2.4. Exposure
Exposure (E) was defined as the residential population distribution at 

100 m resolution. Eurostat GEOSTAT 2021 population counts (1 km) 
were downscaled proportionally using a residential building-volume 
proxy [105] derived from building footprints and height data. For 
each cell c, total residential building volume was estimated as: 

Vc = Afootprint,c × h
ˉ

(5) 
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where Afootprint,cis the total footprint area and h
ˉ
the mean height from 

Copernicus.
Population within each city was then allocated from the 1 km grid 

proportionally to Vc, yielding a continuous surface of residential expo
sure normalized to [0,1].

This approach provides a reproducible method for estimating high- 
resolution population distribution using openly available geospatial 
datasets [105]. We are focusing explicitly on inhabited built-up areas, 
ensuring that exposure reflects where people reside and sleep, consistent 
with the night-time hazard emphasis and the vulnerability concept used 
here [15,95,106].

3.2.5. Vulnerability and adaptive capacity
Adaptive capacity (C) was operationalized using geolocated apart

ment rents. Following best practices for data collection via web-scraping 
[107–110], listings were scraped from national real-estate platforms, 
and only entries with valid geolocation and complete pricing informa
tion were retained. Outliers and spatially unreliable records were 
removed.

Spatially continuous rent surfaces were generated via kriging with 
external drift (KED) [111,112], using exponential semivariogram 
models with city-specific nugget-to-sill ratios and practical ranges. 
Predictor variables included: 

• Euclidean distances to the city center, public transport, supermar
kets, and parks (OpenStreetMap, [113])

• Fraction of impervious surface, grassland and tree cover density 
within 100 m (Copernicus Landcover Monitoring Service, EEA, 
[89–91])

• Euclidean distance to the sea (Turku only)

These predictors were selected based on their demonstrated rele
vance for explaining spatial variation in housing markets and rental 
patterns [114–120].

To obtain adaptive capacity, monthly rents were normalized by the 
national median equivalised net income (Eurostat, 2025 update: Finland 
2391€; Germany 2302€; Romania 653€), resulting in a dimensionless 
relative-rent measure.

The resulting adaptive-capacity layer C reflects relative socioeco
nomic and housing-related resilience, with higher values indicating 
greater capacity. Vulnerability was then defined directly from adaptive 
capacity as V = 1 − C for use in the risk formulation.

This is justified because vulnerability is closely linked to adaptive 
capacity, in risk assessment, and understood as the economic, social, and 
material resources that enable people to manage and recover from 
environmental stress [121]. Vulnerability does not indicate the absence 
of capacity but rather a relative deficit of it, meaning that lower adaptive 
capacity manifests as higher vulnerability.

We use apartment rent in this context as it reflects key socioeconomic 
and housing-related factors that shape heat resilience. Rent levels are 
closely linked to household income [119], which determines access to 
protective resources and the capacity to cope with heat. Higher-rent 
areas are more likely to contain dwellings with better insulation, some 
degree of cooling infrastructure, and greater flexibility to use cooler 
interior spaces, whereas lower-rent housing is often associated with 
poorer thermal performance and limited options for reducing indoor 
heat [122–124].

Rent also captures affordability constraints: rental burden dispro
portionately affects low-income households [123,125,126], reducing 
their ability to invest in adaptive measures—such as fans or portable 
cooling—and increasing the likelihood of living in overcrowded or 
thermally inadequate dwellings [53,127]. Lower rents may further 
indicate older or less renovated building stock, where insufficient 
insulation and ventilation contribute to elevated indoor heat exposure, 
discomfort, and heat-related health risks during warm periods 

[29,34,35].

3.2.6. Land cover and green infrastructure
To characterise the environmental context of inhabited grid cells, we 

used Copernicus 100 m raster layers of tree cover density (2021), 
imperviousness (2018), and grassland (2018). The analysis was based on 
inhabited 100 m grid cells. For each inhabited cell, we calculated the 
relative share of each landcover class at two spatial scales: within the 
100 m grid cell itself and within a 300 m circular buffer centred on the 
grid-cell centroid. The 100 m scale represents the immediate sur
roundings of each inhabited cell, whereas the 300 m buffer captures the 
broader neighbourhood context commonly used in urban studies 
[42,128]. These buffers are not intended to imply uniform cooling ef
fects at these distances, but rather describe both local and near- 
neighbourhood environmental conditions around each dwelling.

Given that green infrastructure can influence thermal conditions 
[29,39,129] and is often unevenly distributed within cities [32–34,36], 
we examined statistical associations between land cover and the com
ponents of heat risk, without assuming causal relationships. Associations 
between risk components and landcover variables were quantified using 
Spearman rank correlations, chosen for their robustness to non-linearity 
and non-normality. To assess potential inequalities in both risk and 
green infrastructure, we computed Lorenz curves and Gini coefficients. 
Lorenz curves depict the cumulative share of a variable (e.g. risk) versus 
the cumulative share of urban residential areas in each city. A diagonal 
line indicates a uniform distribution, while deviations from this line 
reflect a degree of inequality. The Gini coefficient, ranging from 0 (per
fect equality) to 1 (complete inequality), summarises this distribution 
numerically and has been widely applied in similar urban- 
environmental contexts [127].

4. Results

4.1. Exploratory statistics

Regarding hazard (Fig. 2), Iași exhibits the highest average number 
of temperature days and tropical nights, followed by Jena, while Turku 
shows the lowest overall heat exposure. The spatial distribution of 
temperature days is relatively similar across all three cities, although Iași 
displays slightly greater variability. In contrast, tropical nights are more 
unevenly distributed, particularly in Iași, where extensive urban areas 
are affected by elevated nighttime temperatures.

The residential population (Fig. 2) shows a comparable spatial 
pattern in all cities, characterized by a peak below 50 inhabitants per 
10,000 m2. Within this low-density range, Turku emerges as the least 
densely populated city, indicating lower potential exposure in large 
parts of its urban fabric.

For normalized apartment rent (Fig. 2), Iași shows the highest rela
tive rent, with most values ranging between 0.3 and 0.6. In contrast, 
Jena and Turku mostly remain below 0.3. These patterns reflect sub
stantial socioeconomic disparities between the cities, with direct im
plications for residents' vulnerability and adaptive capacity.

4.2. Land cover distribution

Fig. 3 shows the relative share of selected land-cover classes within 
the 100 m grid cells and the 300 m buffers surrounding inhabited lo
cations. Tree cover is lowest in Iași, accounting for 7.6% (100 m cell) 
and 10.6% (300 m buffer) of the analysis area. Jena exhibits similarly 
low tree cover values. Turku, by contrast, has roughly double the 
amount of tree cover at both scales, with 20.5% and 22.2%, respectively.

Impervious surfaces dominate the local environment in Jena, 
reaching 47.2% within the 100 m cells and 36.8% within the 300 m 
buffers. Turku ranks second in imperviousness and Iași third, with both 
cities showing approximately two-thirds of Jena's values at the local 
scale.
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Grassland shares are remarkably similar across all three cities. 
Within the 100 m cells, grassland accounts for approximately 10–11% of 
the analysis area in each city, and within the 300 m buffers, it increases 
slightly to about 13–14%. This indicates that, unlike tree cover or 
impervious surfaces, grassland availability around inhabited areas is 
relatively consistent across the three differing urban contexts.

Fig. 4 shows Lorenz curves and Gini coefficients that summarise the 
spatial distribution of green and built surfaces across the three cities. All 
land-cover types exhibit spatial inequality, but the magnitude and di
rection differ across cities and scales. Tree cover is most evenly 
distributed in Turku (Gini = 0.44 at 100 m; 0.47 at 300 m), whereas Iași 
displays the strongest inequality (0.76 at both scales). Jena shows 

Fig. 2. Kernel density distributions of risk components by city. Temperature days (mean yr− 1), Tropical nights (mean yr− 1), Residential population, Apartment rent 
(rel., unitless).

Fig. 3. Mean relative share of selected land cover classes (tree cover, impervious surface, and grassland) across all inhabited areas in Iași, Jena, and Turku. To 
capture different spatial contexts, the analysis compares two scales: the immediate local environment within the respective 100 m inhabited grid cells (left) and the 
broader neighbourhood context captured by a 300 m circular buffer around the grid-cell centroids (right). Values do not sum to 100% as other land-cover classes (e. 
g., water bodies, bare soil) are excluded from this visualization.
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intermediate values (0.58 at 100 m; 0.61 at 300 m), with only minor 
scale-related changes.

Grassland also exhibits substantial inequality in all three cities. Iași 
shows the highest Gini values (0.84 at 100 m; 0.81 at 300 m), indicating 
that grassland is concentrated in a small portion of the analysis area. 
Jena and Turku show lower but still pronounced inequalities 
(≈0.63–0.64 across both scales), with little change between the local 
(100 m) and neighbourhood (300 m) contexts. These results reflect the 
strongly clustered distribution of grassland within urbanised areas.

Impervious surfaces show patterns nearly opposite to those of 
vegetation. Jena exhibits the most even distribution of imperviousness 
(0.29 at 100 m; 0.44 at 300 m), while Iași and Turku show stronger 
inequalities, particularly at the local scale (Iași 0.47; Turku 0.37). At 
300 m, inequality increases in both Iași (0.57) and Turku (0.47), indi
cating that built-up areas become more spatially concentrated when 
viewed at neighbourhood scale.

Overall, these results demonstrate that vegetation – both tree cover 
and grassland - is substantially more unevenly distributed than imper
vious surfaces in all cities. Iași consistently exhibits the strongest spatial 
concentration of both vegetation types, whereas Turku shows the most 
balanced tree-cover distribution and Jena the most homogeneous 
imperviousness pattern. Differences between the 100 m and 300 m 
scales are modest, indicating that spatial inequalities in urban land cover 
persist across local and neighbourhood contexts.

A complete set of correlations between hazard, exposure, vulnera
bility and land cover is provided in Supplementary Fig. S1. Daytime and 
nighttime hazard metrics are positively correlated in all cities, although 
the strength of this relationship differs. In Iași, Temperature Days and 
Tropical Nights show strong coupling (ρ ≈ 0.83), indicating that hot 
days and warm nights frequently co-occur. Both hazard metrics exhibit 
moderate negative correlations with apartment rent (ρ ≈ − 0.47 and −
0.37), suggesting that higher-rent areas tend to experience slightly lower 
temperatures. Hazard–land-cover relationships are weak at 100 m but 
more pronounced at 300 m: tree cover and grassland correlate nega
tively with daytime hazard (down to − 0.30), while imperviousness 
shows moderate positive correlations (up to 0.50). Nighttime hazard 
follows similar but generally weaker patterns. Vegetation types correlate 
negatively with imperviousness (ρ ≈ − 0.50 to − 0.71), and tree cover 

and grassland are moderately positively correlated at 300 m (ρ ≈ 0.50). 
Population–hazard associations are weak to moderate.

In Jena, Temperature Days and Tropical Nights are moderately 
correlated (ρ ≈ 0.54), reflecting weaker day–night coupling than in Iași. 
Associations between hazard and apartment rent are small and positive 
(ρ ≈ 0.13–0.16), indicating limited alignment between thermal condi
tions and socioeconomic patterns. Hazard–land-cover relationships 
show the expected physical signal: vegetation correlates negatively with 
both daytime and nighttime hazard (− 0.30 to − 0.45), while impervi
ousness correlates positively (≈ 0.60). Tree cover shows a stronger 
negative relationship with daytime heat, whereas grassland correlates 
more strongly with nighttime heat. Vegetation and imperviousness are 
strongly inversely correlated at 100 m (≈ − 0.70). Population shows low 
to moderate associations with hazard, increasing for nighttime 
conditions.

Turku exhibits the strongest day–night hazard similarity of the three 
cities (ρ ≈ 0.77). Hazard–rent associations are small and negative (≈
− 0.22 to − 0.26), indicating that slightly cooler areas tend to coincide 
with higher rents. Hazard–land-cover relationships resemble those in 
Iași and Jena but are more pronounced: tree cover correlates moderately 
with lower daytime heat (≈ − 0.50) and strongly with lower nighttime 
heat (≈ − 0.60 to − 0.74). Imperviousness shows moderate to strong 
positive associations with hazard, particularly at night. As in the other 
cities, vegetation and imperviousness are negatively correlated, with 
moderate to strong inverse relationships at both scales.

4.3. Urban heat-related risk patterns

Fig. 5 shows the spatial distribution of societal heat risk across the 
three study cities. In Iași, the highest societal risk occurs in the central 
and western districts, which comprise dense mixed-use neighbourhoods, 
the university area, and extensive residential blocks. In Jena, elevated 
societal risk is concentrated in the large housing estates of Lobeda 
(south) and Winzerla (west), both characterized by high residential 
densities and predominantly lower- to middle-income populations. In 
Turku, the highest values cluster in the inner city, where compact 
mixed-use structures and substantial economic activity coincide with 
limited vegetation. Across all cities, these high-risk zones generally 

Fig. 4. Lorenz curves and Gini coefficients illustrating the equality in spatial distribution of land cover variables – grassland, tree cover density, and impervious 
surfaces - at both the local (100 m) and neighbourhood (300 m) scale for Iași, Jena, and Turku.
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correspond to strongly built-up areas with comparatively low vegetation 
cover.

Within all cities, societal heat risk is shaped predominantly by the 
distribution of residential population, resulting in distinct and stable hot 
spots (Fig. 6). This dominance of exposure is reflected in the near-perfect 
correlations between population and both daytime and nighttime soci
etal risk (ρ ≈ 0.93–0.99). Thus, areas with high societal risk are pri
marily those where many inhabitants are concentrated, largely 
independent of local thermal variability. As a consequence, daytime and 
nighttime societal-risk maps are highly similar; in Iași, for example, they 
are almost identical (ρ ≈ 0.99), with similarly high diurnal consistency 

in Jena and Turku.
Thermal hazard contributes to spatial variation in societal risk, 

though to a more modest extent. In Iași, societal risk correlates moder
ately with both Temperature Days and Tropical Nights (ρ ≈ 0.30–0.50), 
while in Jena and Turku these relationships are weaker and typically 
below 0.40. Associations with vulnerability are consistently negative but 
small (≈ − 0.20), indicating that higher-rent areas tend to show slightly 
lower societal risk; however, this influence is minor compared with the 
overwhelming effect of population distribution. Societal heat risk should 
therefore be interpreted primarily as a measure of where many people 
live relative to hazardous thermal conditions, rather than a direct 

Fig. 5. Societal heat-risk maps at 100 m resolution for the three cities - top: Iași, middle: Jena, bottom: Turku. The left column shows daytime societal risk; the right 
column shows nighttime societal risk. Urban core boundaries are shown as black outlines. Maps are masked to populated residential and mixed-use areas; blank areas 
indicate non-residential or no-value cells. Absolute values are not directly comparable across cities because risk components were max-scaled within each city.
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reflection of socio-economic sensitivity.
To complement this aggregated perspective, per-capita risk isolates 

the contribution of hazard and vulnerability by holding exposure con
stant (Fig. S2). In Iași, per-capita risk correlates moderately with day
time hazard but becomes strongly aligned with nighttime conditions (ρ 
≈ 0.83 for Temperature Days; ρ ≈ 0.92 for Tropical Nights). Exposure, 
by definition, contributes little (ρ ≈ 0.15–0.30). Most notable is the very 
strong negative association with vulnerability: per-capita risk correlates 

with rent at − 0.97 (day) and − 0.67 (night), indicating that residents in 
lower-rent areas face substantially higher individual heat burden.

Jena shows a similar but more pronounced pattern. Daytime per- 
capita risk has no meaningful association with Temperature Days or 
exposure but exhibits an almost perfect negative correlation with 
vulnerability (ρ ≈ − 0.99). Nighttime per-capita risk becomes more 
responsive to hazard (ρ ≈ 0.34–0.50), while correlations with exposure 
remain weak (ρ ≈ 0.26). The negative association with rent (ρ ≈ − 0.68) 

Fig. 6. Spearman correlation matrices of the risk components – hazard, exposure, vulnerability, and the resulting risk metrics (societal risk: daytime and nighttime; 
per-capita risk: daytime and nighttime) - for Iași, Jena, and Turku. Each matrix shows pairwise correlation coefficients (ρ), where red indicates negative and blue 
positive relationships. In all cities, residential population is almost perfectly correlated with societal risk (ρ ≈ 0.99), whereas the relationships between hazard, 
vulnerability, and per-capita risk vary by context. Only correlations that are significant at a nominal α level of 0.05 are shown (t-tests, no adjustment for multiplicity).

Fig. 7. Lorenz curves illustrating the spatial distribution of daytime and nighttime risk, as well as the individual unscaled components. Gini indices are shown within 
each plot and quantify the degree of inequality. The curves highlight unequal distribution patterns, particularly for Tropical Nights and Exposure.
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demonstrates that socio-economic disparities strongly shape individual 
heat burden in Jena, even though their imprint on societal risk remains 
modest.

In Turku, per-capita risk is consistently driven by thermal hazard. 
Daytime values correlate moderately to strongly with Temperature Days 
and Tropical Nights (ρ ≈ 0.62–0.75), and nighttime per-capita risk ex
hibits very strong correlations with nighttime hazard (up to ρ ≈ 0.97). 
Exposure contributes minimally (ρ ≈ 0.07–0.11). Negative correlations 
with vulnerability remain substantial (ρ ≈ − 0.43 to − 0.77), though 
generally weaker than in Iași and Jena.

Additional correlations between risk components and land cover are 
provided in Supplementary Fig. S3.

4.4. Spatial inequalities of risk and its components

Lorenz curves and Gini indices (Fig. 7) illustrate the degree of spatial 
inequality in societal heat risk and its components, revealing substantial 
differences among the three cities. Daytime societal risk is strongly 
concentrated in all cases, with Iași showing the highest inequality (Gini 
= 0.71) and Jena (0.62) and Turku (0.58) somewhat lower but still 
pronounced disparities. Nighttime societal risk follows a similar pattern; 
however, inequality increases markedly in Turku (Gini = 0.67), indi
cating a more uneven distribution of nocturnal risk. These patterns are 
consistent with the risk maps, where a small number of densely popu
lated hot spots exhibit very high risk values, while large parts of the 
urban area show comparatively uniform and low risk.

This pronounced inequality in societal risk mirrors the distribution of 
exposure—identified in the previous section as the dominant component 
of societal risk. High Gini values for both risk and exposure underscore 
their close relationship.

In contrast, daytime hazard is distributed almost uniformly within 
each city. Lorenz curves lie close to the line of equality, resulting in low 
Gini coefficients and indicating that neither the hilly topographies of Iași 
and Jena nor the coastal setting of Turku generate substantial spatial 
disparities in daytime thermal hazard.

Nighttime hazard presents a different picture, with significantly 
greater inequality, particularly in Iași and Turku. Here, elevated 
nocturnal temperatures are concentrated in specific urban areas, 
reflecting stronger spatial structuring of nighttime thermal 
environments.

Vulnerability, operationalized via apartment rent, is comparatively 
evenly distributed across all cities. Jena is an exception, showing a more 
unequal pattern likely related to contrasts between high-rent hillside 
districts near the city centre and lower-rent areas such as Lobeda.

Overall, these findings demonstrate that spatial inequalities in soci
etal heat risk are primarily shaped by exposure, with additional con
tributions from nighttime hazard—especially in Iași and Turku—and, to 
a lesser extent, from socio-economic vulnerability, most notably in Jena.

Results for per-capita risk and its components are provided in Sup
plementary Fig. S4.

5. Discussion

Within all three cities, the spatial patterns of societal risk are shaped 
predominantly by the distribution of residential population. Our anal
ysis shows a clear divergence between societal and per-capita heat risk. 
Societal risk closely mirrors the spatial distribution of residents, with 
only modest modulation by thermal hazard and a weak imprint of so
cioeconomic vulnerability. In contrast, per-capita risk, aligns much 
more strongly with hazard intensity and, most notably, with socio- 
economic vulnerability, revealing patterns that remain largely masked 
in the population-weighted societal metric.

Heat-risk studies support this finding globally [130] and at city scale 
[131]. Prior work shows that aggregated societal risk patterns at the city 
scale largely follow the spatial distribution of population, while differ
ences in hazard intensity – whether daytime maxima or nighttime 

minima - modulate rather than determine the overall pattern 
[54,132,133] (e.g., Seoul, Phoenix, Philadelphia). Even when daytime 
and nighttime thermal fields differ, the broad structure of societal risk 
often remains similar because risk “moves with people”: high daytime 
exposure in employment centres and high nighttime exposure in dense 
residential neighbourhoods [20].

These studies further demonstrate that socioeconomic vulnerability 
tends to alter the magnitude of risk within exposed areas but rarely re
shapes the citywide spatial footprint of societal risk once population 
distribution is accounted for [54]. This aligns with our results: hazard 
contributes modestly, and vulnerability only weakly, while exposure 
overwhelmingly dominates the spatial pattern of societal risk in all three 
cities. Looking at individual-level and per-capita heat-risk studies, we 
see that the geography of heat risk becomes more tightly linked to 
hazard intensity and socioeconomic conditions [134,135]. Evidence 
from epidemiological and urban climate research indicates that low- 
income or low-rent areas systematically experience higher individual 
heat burden – even under the same citywide heat event - because 
housing quality, microclimatic conditions, and limited cooling options 
accentuate exposure at the person level [55,136]. This is particularly 
pronounced for nighttime conditions, where elevated minimum tem
peratures and poor indoor thermal performance compound individual 
heat stress [137,138]. The strong negative correlations between per- 
capita risk and rent in Iași, Jena, and Turku may reflect these broader 
patterns.

A key finding in our study is that nighttime hazard exerts a stronger 
influence on both societal and per-capita risk than daytime heat. This is 
particularly evident in Turku and Iași, where Tropical Nights show 
greater spatial heterogeneity and stronger association. The temperature 
generation and distribution within the cities is well studied. In Iași, the 
patterns are consistent with previous urban-climate studies that docu
ment a pronounced summer urban heat island, with nocturnal air- 
temperature differences of around 2.5–4 ◦C between inner-city and 
rural sites and persistent warm anomalies during heat-prone periods 
[139,140]. Mobile transect measurements further show that topography 
plays a decisive role: strong cold-air drainage along valley floors and 
thermal inversions below ~400 m altitude create local cooling pockets 
of 3–5 ◦C, fragmenting the UHI into multiple warm cores [66].

In Jena, the dominance of exposure in shaping societal risk and the 
strong role of vulnerability in per-capita risk reflect its characteristic 
valley morphology and documented thermal behavior. Climate- 
planning studies identify Jena as one of the warmest cities in central 
Germany, partly because the Saale valley and surrounding limestone 
slopes store heat and limit nocturnal ventilation [69]. Projections indi
cate strong increases in hot days and nighttime heat stress (tropical 
nights) by the end of the century [71], and municipal assessments 
emphasise that heat-risk patterns are most pronounced in large housing 
estates such as Lobeda and Winzerla.

In Turku studies show that maritime influences and sea-breeze 
penetration frequently produce daytime urban cool-island effects in 
spring and summer, whereas a robust nighttime UHI persists year-round, 
averaging ~2 ◦C and occasionally reaching 4–10 ◦C in summer [73].

These findings are of high importance with extensive public health 
research showing that nighttime minimum temperatures have inde
pendent, and often stronger, effects on heat-related morbidity and 
mortality, even after adjusting for daytime heat [137,141,142]. Mech
anistically, this is well understood. Physiological recovery primarily 
occurs at night, and several controlled-environment studies demonstrate 
that elevated nighttime temperatures reduce sleep duration, prevent 
thermoregulatory recovery, and maintain elevated core body tempera
ture into the daytime, thereby compounding cardiovascular strain 
[143]. Crucially, individuals experience nighttime heat indoors, where 
temperatures often track or exceed outdoor minima [144]. Studies show 
that indoor temperature dynamics depend strongly on insulation, 
shading, ventilation, building orientation, and floor level [16,28]. Re
views of indoor overheating in Europe highlight that such conditions 
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disproportionately impact older adults, low-income groups, and resi
dents of social or rental housing without mechanical cooling [16]. Evi
dence from Jena underscores the behavioral dimension: vulnerable 
individuals tend to remain indoors on hot days and avoid public spaces 
[145].

Our results show that apartment rent functions as a proxy for envi
ronmental conditions that shape heat exposure. In Turku and Iași, higher 
rents are associated with more favourable microclimates – characterized 
by higher tree-cover density and lower imperviousness - which corre
spond to lower hazard levels and reduced heat risk. These patterns are 
consistent with extensive research from Europe and North America 
showing that higher-income or higher-price neighbourhoods tend to 
have more green infrastructure, less impervious surface, and lower 
ambient and indoor heat exposure, while lower-income or low-rent 
areas are systematically hotter and less green - a disparity often re
flected in housing markets, where greener, cooler neighbourhoods 
command higher rents [37,119,129,146,147]. Within this broader 
context, the city-specific patterns observed in our results align well with 
international evidence.

Land cover patterns further modulate the geography of temperature 
patterns and consequently risk. Consistent with the urban climate 
literature, we observe negative correlations between green land cover 
(tree cover, grassland) and both hazard components, particularly during 
daytime when shading, evapotranspiration, and albedo effects are 
strongest [148]. Impervious surfaces, by contrast, show robust positive 
correlations with hazard and risk in all cities, in agreement with global 
evidence that built-up surfaces absorb and re-emit heat, elevating both 
daytime and nighttime temperatures [149]. Finally, our inequality 
analysis shows that green space availability is unevenly distributed, 
reflecting broader environmental-justice patterns [147,150–152]. In 
Jena, previous work has shown that although cooling green spaces are 
generally abundant, accessibility varies substantially, with vulnerable 
populations in northern districts facing reduced access to suitable green 
areas [145]. In Turku and Iași, green space is positively associated with 
apartment rent, while in Jena this pattern is less pronounced. Combined 
with the negative correlations between per-capita risk and vulnerability, 
these findings indicate that socio-economic disparities in heat risk are 
intertwined with disparities in availability of green infrastructure, 
though the strength and direction of these relationships differ across 
cities.

In addition to these empirical insights, the study offers several 
methodological contributions. It provides a comparative, high- 
resolution analysis across three European cities in different climatic 
and socioeconomic contexts, using a 100 m grid that captures intra- 
urban risk patterns more precisely than typical administrative units. 
The use of apartment rent as a vulnerability proxy introduces a flexible, 
fine-scale alternative to census-based data, which are often outdated or 
aggregated due to privacy constraints. The parallel assessment of soci
etal and per-capita risk enables a nuanced distinction between aggregate 
population-level impacts and individual-level vulnerability. Finally, the 
use of ten years of observation-based, downscaled air-temperature data 
allows for a more realistic representation of both daytime and nighttime 
heat stress than approaches relying solely on satellite-derived land 
surface temperature.

6. Limitations and methodological considerations

While this study provides a high-resolution, multi-component anal
ysis of urban heat risk across three European cities, several limitations 
should be acknowledged.

First, the regionalization of air temperature data was carried out 
using different methods across cities—ranging from kriging with 
external drift (KED) to random forest models and dry-adiabatic lapse 
rates. While each approach was selected based on data availability and 
local expertise, these methodological differences may affect intercity 
comparability. Future studies should aim to harmonize thermal 

modeling procedures or apply cross-city validation schemes.
Second, our analysis is based on outdoor air temperature as a proxy 

for heat exposure. While this may represent a meaningful approximation 
for outdoor and indoor conditions [82,144], we did not have informa
tion about indoor conditions, which may differ substantially depending 
on building quality, insulation, orientation, inhabitant behavior or vi
cinity to cooling infrastructure [26,144,153,154]. This limitation is 
particularly relevant at night, when people are indoors and nighttime 
heat stress becomes critical. The lack of spatially comprehensive indoor 
temperature data remains a general challenge in urban climate research 
and should be addressed in future studies using in-situ monitoring, smart 
home data, or building energy models.

Third, the study applies a uniform threshold of 20 ◦C to define both 
temperature days and tropical nights across all cities. While this facili
tates cross-city comparison, it may underrepresent local physiological 
acclimatization and regional climatic baselines [11,18,155,156]. For 
example, the health implication of a 20 ◦C-day may differ between 
Turku and Iași. Future research could test the sensitivity of findings to 
alternative definitions.

Fourth, the use of apartment rent as a proxy for vulnerability remains 
context dependent. Moreover, scraped rental data reflect only the formal 
housing market and may underrepresent lower-income groups living in 
informal, subsidized, or non-standard housing arrangements. To address 
this, future research could include several sources of rental offer data 
and triangulate rent data with additional indicators such as energy 
poverty, building age, or census-based deprivation metrics.

Despite these limitations, the methodological framework presented 
here remains robust and adaptable. Future applications could benefit 
from integrating behavioral data [157], longitudinal analyses, and 
community-based validation [158–160]. Especially the use of rental 
data – as a widely accessible, spatially detailed, and flexible proxy - 
holds considerable potential for urban climate risk research, particularly 
in data-scarce or privacy-sensitive environments.

7. Conclusion

To our knowledge, this is the first study for each of the three cities to 
provide an integrated heat-risk assessment at this spatial resolution and 
conceptual detail – combining diurnally resolved hazard, exposure, and 
rent-based vulnerability - even though their urban heat islands have 
previously been described in detail. This study shows that urban heat 
risk in Iași, Jena, and Turku is shaped by distinct but interacting drivers. 
Societal risk is dominated by exposure: areas with high residential 
population consistently exhibit the highest aggregated risk, while spatial 
differences in temperature or vulnerability only modestly modify this 
pattern. In contrast, per-capita risk reveals inequalities that remain 
largely invisible at the societal scale, highlighting places where in
dividuals face disproportionately high heat burden despite lower pop
ulation density.

Across all cities, nighttime heat emerges as a particularly influential 
hazard component. Tropical Nights show stronger and more spatially 
variable associations with both societal and per-capita risk than daytime 
conditions, underscoring the importance of nocturnal cooling for re
covery and health. Patterns of vulnerability also vary by context. 
Apartment rent – used here as a fine-scale proxy for socioeconomic 
conditions - aligns closely with per-capita risk in Iași and Turku, whereas 
in Jena this relationship is weaker and shaped by local topography and 
urban form. This highlights that vulnerability indicators derived from 
housing markets can be informative but must be interpreted within city- 
specific contexts.

Land cover further modulates spatial patterns of hazard and risk. 
Tree cover and grassland are consistently associated with lower daytime 
temperatures, while impervious surfaces intensify both daytime and 
nighttime conditions. The uneven distribution of green infrastructure 
mirrors broader socio-environmental inequalities and suggests that 
equitable access to cooling landscapes is still lacking, but essential for 
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effective heat-adaptation planning.
By integrating high-resolution, observation-based temperature met

rics with harmonised exposure and vulnerability indicators, this study 
provides a transferable framework for assessing urban heat risk in set
tings where detailed socioeconomic data are limited. The findings un
derscore the need for policies that jointly address population-level 
exposure, individual vulnerability, and the spatial distribution of envi
ronmental cooling resources.

Future work could build on this framework by incorporating indoor 
temperature measurements, alternative or complementary vulnerability 
indicators, especially building characteristics and heat-protective ame
nities, and longitudinal analyses to examine how risk patterns evolve 
under changing climatic and socioeconomic conditions.
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