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Urban environments tend to
experience higher temperatures
than their rural surroundings, a
phenomenon called urban heat
island (UHI). Land Surface
Temperature (LST) measurements
are widely used to monitor surface
UHLI. Despite this, they are
considered unsuitable to support
effective UHI mitigation strategies
since they cannot capture air
mixing mechanisms contributing to
determining the variability of urban
air temperatures, which is the

main parameter depicting urban
thermal discomfort associated with
UHLI. Options to spatially assess
air UHI exist but are based on

semi-natural areas landcov-
er such as forests, water bod-
ies, cropland, and urban green
spaces (e.g., various authors
in Yu et al., 2020). Further-
more, human activities (e.g.,
heating buildings, driving cars,
heat released during industri-
al processes) also contribute
to warming the surroundings,
while narrow streets with a
low sky view factor can trap
heat by reducing air flow (Kim
et al., 2022). All these fac-
tors contribute to the forma-
tion of UHI, which is most pro-



fine-scale local data observations

or complex climate models. This
study presents a simple and quick
method to assess the vulnerability to
UHI of urban areas that combines
measurements of LST and an
assessment of the cooling effects
provided by ecosystems. The method

is applied in the city of Udine (Italy).

Results show the urban areas that
are potentially more vulnerable to
UHI and reveal the potentialities
of the method in improving LS'I-
based assessments to support UHI
mitigation strategies. The method
is then discussed in light of its
advantages, limitations, and future
improvements.

nounced at night when temperatures in urban
areas can be significantly higher thanin rural ar-
eas (e.g., Steigerwald et al., 2022). This is be-
cause during the night artificial structures such
as buildings and roads slowly release back to the
atmosphere the heat accumulated during the
day; this process limits the natural decrease of
temperatures during night hours in urban areas
(Azevedo et al., 2016; Parker, 2010).

The UHI phenomenon is an important issue in
cities since it exacerbates the negative impacts
of high temperatures on human health, includ-
ing cardiovascular and respiratory disorders, as
well as heat stroke (Reiners et al., 2023). Living

in a city during a heatwave is therefore particu-
larly dangerous as people have to deal with the
aggravating heat-related health consequences
of this phenomenon. Hence, it becomes crucial
to lower heat stress in urban environments by
mitigating its effects.

Urban planners and local governments are
called to design strategies and implement solu-
tions to reduce this heat stress in cities (Aflaki
et al., 2017). But to provide more effective out-
comes and target the urban areas that are most
in need of these solutions, they have to be in-
formed about what areas should be prioritized
because of more vulnerable to UHI effects.

The only rather simple, quick, and low-cost
method to assess UHI effects at large spa-
tial and temporal scales is through remote-
ly-sensed spatially-explicit measurements of
Land Surface Temperature (LST), which capture
the land surface’s contribution in determining
the UHI phenomenon (i.e., the so-called surface
UHI) and its spatially varying intensity (Reiners
et al., 2023). Especially during heatwaves, and
the summer period in general, the temperature
of the land surface tends to be hotter than the
temperature of the air, with building and pave-
ment areas showing the highest surface tem-
peratures, while water and green patches the
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lowest (e.g., Tang et al., 2023; Wei and Wang,
2022). LST is often used as a relevant proxy to
assess air UHI (Bird et al., 2022), also known as
‘canopy UHI’ or ‘near-surface UHI’ (e.g., Xiang et
al., 2023; Azevedo et al., 2016). The urban cano-
py represents “the thin layer of the atmosphere
between ground level and rooftop height and
is strongly influenced by urban geometry and
microscale energy exchange” (Azevedo et al.,
2016). Measurements of air UHI are thus the pri-
mary information to support effective planning
of solutions to mitigate UHI, since it is the most
direct indicator of residents’ perception and a
crucial factor in evaluating urban thermal dis-
comfort associated with UHI (Xiang et al., 2023)
and, consequently, to health risks (Venteret al.,
2021a).

However, despite the plenty of studies that fo-
cus on spatially-explicit assessments of surface
UHI (e.g., Park and Cho, 2016), measurements
of LST are often considered unsuitable to prop-
erly reflect the air UHI of a city and its spatial-
ly varying intensity (e.g., Shiflett et al., 2017).
This is because LST data is not able to fully cap-
ture the thermal dynamics and air mixing mech-
anisms occurring in the air layers above the sur-
face, which are driven by the complex thermal
interactions between urban and vegetated land
covers (Sunetal., 2020). Establishing a relation-
ship between LST and air temperature, and con-
sequently between surface UHI and air UHI, is
therefore not so straightforward, given that LST
measurements often neglect the micro-advec-

tion processes in the near-surface air layer that
promote the mixing of the different thermal
properties (i.e., warming and cooling air flux-
es) generated across a wider area surrounding
a specific location (various authors in Shiflett
et al., 2017). Several authors (e.g., Xiang et al.,
2023; Venter et al., 2021a) warn that using sur-
face UHI as a proxy to evaluate air UHI with the
ultimate objective of producing urban heat risk
assessments and inform effective UHI mitiga-
tion strategies could be misleading given their
non-linear relationship that leads to frequent
overestimations of UHI effects by LST (e.g., Pe-
na Acostaetal., 2023; Venter et al., 2021a).

On the other side, measurements of air tem-
perature that can be directly used to assess UHI
effects in cities are rather unlikely due to the
limited distribution of urban weather stations,
among others (Xiang et al., 2023). Other meth-
ods for measuring air temperature exist, but
they are based on (occasional) field measure-
ment campaigns requiring specificinstruments,
e.g., through mobile measurements (Schwarz
etal., 2012), thus they are difficult toreplicate in
space and time.

To overcome the abovementioned issues relat-
ed to LST and air temperature measurements
for characterizing UHI risk in cities, during the
last years several climate modeling tools (e.g.,
WRF model) integrating air temperature mea-
surements and remotely-sensed LST data have
been developed to estimate temperature varia-
tionsin urban areas with high spatial resolution,



thus being able to capture UHI effects (Azevedo
etal., 2016). However, the successful implemen-
tation of climate models depends on the avail-
ability of local observation data and time for ini-
tialization and verification meaning, as well as
rather complex technical skills for setting and
using the modeling tools; all aspects that often
do not align with the decision-making context
where urban planning decisions are formulated.
As anticipated, green areas made of natural and
seminatural ecosystems and, more in general,
vegetation, play a key role in mitigating UHI ef-
fects in cities by providing cooler air flows that
can cool down temperatures in warmer urban
environments. Depending on their typology and
structure, green areas can provide more or less
intense cooling effects that contribute to reduc-
ing temperatures locally. This benefit can also
be denominated as ‘local climate regulation’ or
‘microclimate regulation’ service, among oth-
ers, and is one among the regulating ecosystem
services (ES) that most natural and seminatu-
ral ecosystems, with different intensities, can
supply (e.g., Goldenberg et al., 2021; Zardo et al.,
2017). These cooling effects are mainly delivered
thanks to the shading and evapotranspiration
processes of vegetation that mask downward
solar radiation and absorb latent heat (Park et
al., 2021). From the areas of ES provision, the
cooling effects can flow (through natural air
movement) towards and benefit the nearby ar-
eas (Goldenberg et al., 2021), through the so-
called (distance) decay effect or function (e.g.,

Geneletti et al., 2016; Zardo et al., 2017), which
is a critical factor to consider when supporting
strategies to mitigate UHI effects in cities (e.g.,
green space planning/design) (e.g., Longato et
al., 2023).

This study proposes a method that can be rath-
er easily and quickly deployed at no cost to spa-
tially assess the vulnerability of urban areas in
relation to their propensity to suffer from more
or less intense UHI effects by combining LST
measurements with a simple spatial simulation
of the ecosystem’s cooling benefits. The study
aims to provide a step-by-step procedure that
can be used in the absence of more sophisti-
cated methods (e.g., air temperature measure-
ments or climate modeling tools). It attempts
to enhance the quality of satellite-based proxy
information for assessing UHI vulnerabili-
ty in cities by capturing some of the possible
near-surface air mixing processes that are not
fully accounted for in the assessment that us-
es the LST data only. The method is applied in
the city of Udine (Italy) but is potentially replica-
ble worldwide.

Case study

The case study is represented by the city of
Udine (Italy), a medium-sized city of 97,887 in-
habitants (ISTAT, 2023) located in the Friuli Ven-
ezia Giulia region, at the north-eastern borders
of the Po Valley area.

According to the land use and cover map (Figure
1), Udine is characterized by a rather compact ur-
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Overview of the main land
use and cover classes in
the municipal area of Udine

Credits: elaboration of the authors

Fig.1
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ban structure with dense urban fabric and scat-
tered urban green areas, which are not evenly
distributed but mainly located north of the city
center. Industrial areas are especially located in
the southern and northern peri-urban borders.
Few natural areas are disseminated within the
rural surroundings, often characterized by high
fragmentation and small size. Only the areas ly-
ing along the two rivers flowing east and west
of the city are characterized by a more signifi-
cant presence of natural ecosystems.

Concerning the climatic profile of the city we
can observe the following characteristics accor-
ding to the regional climate report (ARPA FVG,
2023). The city is located in one of the regional
areas with the highest annual temperature va-
riation and the hot days (i.e., days in which the

X
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temperature reaches 30°) are usually between
40 and 50 in a year. Maximum temperature va-
lues are typically registered during July and Au-
gust. There are two precipitation peaks in a ye-
ar: one in late-spring/early-summer (May and
June) and one in autumn (especially November).
However, all over the year, the precipitations are
not scarce with an average of 1,500 mm and a
minimum registered in February (60-90 mm).
However, during the summer season, precipi-
tations are mainly originated from rainstorm
events with heavy rain in a relatively short time,
which alternate with dry periods that can last up
to two weeks without rain.

Data and methods
The spatially explicit assessment of the vulne-
rability of the urban area of Udine in relation to



its propensity to suffer from UHI effects is carri-
ed out by combining two major factors contribu-
ting to the UHI spatially varying intensity: i) the
firstis related to the urban land surface’s contri-
bution in determining the UHI phenomenon; ii)
the second is related to the possibility to benefit
from cooling effects flowing from nearby ecosy-
stems that can locally cool down temperatures.
According to the IPCC risk assessment fra-
mework, the vulnerability of a system can be de-
scribed as its “propensity or predisposition to be
adversely affected. Vulnerability encompasses a
variety of concepts and elements including sen-
sitivity or susceptibility to harm and lack of ca-
pacity to cope and adapt” (IPCC, 2014). Among
the two factors considered in the proposed vul-
nerability assessment, the first can be conside-
red as a factor depicting the sensitivity (i.e., “the
degree to which a system is affected [...] by cli-
mate-related stimuli” (IPCC, 2007)) of the urban
area to UHI. The second can be considered as a
factor depicting the coping capacity (i.e., “the
ability [...] to manage adverse conditions” (UN,
2016)), namely the capacity to cope with the ad-
verse effects of UHI thanks to the ecosystem’s
ability to mitigate high temperatures.

To assess the factor related to the urban land
surface's contribution in determining the UHI
phenomenon, the remotely-sensed data of
Land Surface Temperature (LST) was used. The
LST is derived from satellite images acquired by
the platform Landsat 8, which - to date - pro-

vides the most accurate (in terms of spatial re-
solution, corresponding to 30x30 meters) ther-
mal data that is freely accessible among the
ongoing satellite missions.

The LST data used in the assessment was ela-
borated using the Google Earth Engine pla-
tform, which allows the elaboration of a large
amount of (satellite) data in a relatively small
amount of time taking advantage of the elabo-
ration power of Google servers. This way, it was
possible to use the whole time series of avai-
lable Landsat 8 images covering the case study
area (from 2013 - launch of the Landsat 8 mis-
sion - to 2022) to calculate the average LST du-
ring the summer season (i.e., months of June,
July, and August).

The average LST summer values were subse-
quently re-classified into five classes depicting
the different sensitivity to UHI. To do so, fi-
ve different ranges of LST values (subsequent-
ly called ‘LST classes’) were obtained by cate-
gorizing the LST values into five quantilesin a
GIS environment (i.e., using the “Natural brea-
ks (Jenks)” statistical method that clusters da-
ta into groups that minimize the within-group
variance and maximize the between-group va-
riance). Scores from1to 5 - corresponding to the
increasing sensitivity condition - were assigned
to the LST classes according to the increasing
LST values (Table 1).

To assess the factor related to the possibility of
benefiting from cooling effects flowing from
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LST class (quantiles) Sensitivity Score

> 41.82° Highest 5 (worst condition)
39.55° - 41.82° 4

38.06° - 39.55° 3

36.57° - 38.06° 2

<36.57° Lowest 1 (best condition)

LST classes and associated sensitivity

conditions with corresponding scores
Tab.1

Cooling benefits Coping capacity

(qualitative score)

Not benefitting from any cooling ~ Null 5 (worst condition)
effect (0)

Benefitting from cooling effects 4
with low (1) to moderate (2)
cooling intensity potential

Benefitting from cooling effects 3
with medium (3) cooling intensity
potential

Benefitting from cooling effects 2
with high (4) cooling intensity
potential

Benefitting from cooling effects  Highest 1 (best condition)
with very high (5) cooling intensity
potential

Cooling benefits according to cooling
intensity potential and associated coping
capacity conditions with corresponding

scores
Tab. 2



nearby ecosystems, thus the capacity to cope
with the adverse effects of UHI, the following
procedure was adopted.

First, the potential to provide the local climate
regulation service by ecosystems was assessed
by using the matrix developed by Burkhard and
colleagues (2014), in which for each Corine Land
Cover class a qualitative score (from O, null, to
5, highest potential; elaborated starting from
expert judgments) depicting ES potential (sup-
ply) is assigned for provisioning, regulating, and
cultural ES. Concerning the local climate regula-
tion service, the highest ES potential is provided
by woodland areas, followed by shrubland, agri-
cultural areas with significant natural elements,
arable land and natural grassland, pastures,
and permanent crops (for more details see the
ES potential matrix in Burkhard et al. (2014)).
To this aim, the regional Habitat Map (updated
in 2021) was used, being preferred to the Corine
Land Cover map since more updated and with
higher spatial resolution. To apply the matrix
and assign the scores in the case study area, the
habitat categories of the Habitat Map were con-
verted into the corresponding Corine Land Cover
classes using the conversion matrix elaborated
by the European Environment Agency.

Second, the urban areas potentially benefitting
from this ES - which spatially radiates omnidi-
rectionally from the ecosystem patches provid-
ing cooling effects towards the surrounding ar-
eas (e.g., Longato et al., 2023) - were identified,
also denominated as service benefitting areas

(Dworczyk and Burkhard, 2021). Since the spa-
tial extent of these cooling effects is rather lim-
ited in terms of linear distance from the ES pro-
viding areas (Geneletti et al., 2022), the service
benefitting areas are those located in the im-
mediate surroundings of the ecosystem patch-
es. In this study, standard distances retrieved
from the literature were used to map the ser-
vice benefitting areas, namely 100 linear me-
ters from ecosystem patches with a size of less
than 2 ha and 250 linear meters from the bigger
ones (Geneletti et al., 2016). This size threshold
is typically used to discriminate between small-
er ecosystems with a shorter cooling decay ef-
fect and the bigger ones being characterized by
a larger decay effect (e.g., Majekodunmi et al.,
2020; Zardo et al., 2017).

To all the ecosystem patches located within at
such a distance that urban areas can benefit
from their cooling effects, a distance buffer was
applied depending on the size threshold (i.e.,
100-m-buffer for ecosystem patches small-
er than 2 ha, and 250-m-buffer for ecosystem
patches larger than 2 ha) to simulate the cooling
decay effect omnidirectionally radiating from
the ES providing areas. To capture the differ-
ent intensities of the cooling effects potentially
provided by different types of ecosystems, each
buffer is assigned the corresponding ES poten-
tial scare of the providing ecosystem patch that
generated it (i.e., the higher the ES potentia-
lof an ecosystem patch, the higher the intensi-
ty potential of its cooling effect in the benefit-
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ting areas). When an area is covered by two or
more buffers (i.e., an area can benefit from the
cooling effects provided by two or more ecosys-
tem patches), the highest ES potential score is
assigned to that area to capture the maximum
benefit.

Finally, scores from 110 5 - corresponding to the
decreasing capacity to cope with the adverse ef-
fects of UHI - are assigned to allocate the worst
condition (i.e., lack of coping capacity: score of 5)
to areas not benefitting from any cooling effect,
and the best condition (i.e., highest coping ca-
pacity: scare of 1) to areas benefitting from the
most intense cooling effect (Table 2).

Once assessed the two factors, they were com-
bined using the method of weighted sum to ob-
tain the final vulnerability condition. A high-
er (relative) weight was assigned to the factor
related to the urban land surface’s contribution
in determining the UHI phenomenon mapped
through the LST (weight of 0.6 versus weight
of 0.4 assigned to the factor related to the cool-
ing benefits). This is justified by the fact that,
especially during the night when the UHI phe-
nomenon is more evident, it was statistically
proved that the most relevant factor influencing
the trend of temperatures in urban areas is the
presence and amount of man-made impervious
surfaces, namely those most likely to accumu-
late heat, while vegetation and its mitigation
effects have a relatively lower influence (Ziter
et al., 2019; Yan et al., 2014). This is somewhat
confirmed by the findings of other authors who

Spatial distribution of the
average LST summer values
(reference period: 2013-2022) in
the urban area of Udine

Credits: elaboration of the authors

assessed the relative contribution of potential
factors that may influence UHI intensity and/or
cooling effects of green areas. For example, Na-
serikia and colleagues (2022) found that in trop-
ical, cold, and temperate climates (the latter is
the background climate of the case study area),
the share of built-up impervious surfaces is the
strongest contributor to LST variability during
warm months followed by the presence of vege-
tation. In another recent study (Liu et al., 2023),
it was showed that the factors related to the
proportion of built-up land within and in the sur-
rounding of urban green spaces, if considered
altogether, may statistically have a higher influ-
ence on the cooling profile of such spaces com-
pared to the factors related to vegetation (e.g.,
patch density and tree cover share).

The formula used to combine the two factors is
the following:

V,, = (F,*0.6)+(F.*04)

where V , indicates the vulnerability in relation
to the propensity of urban areas to suffer from
UHI effects, F ., indicates the factor related to
the urban land surface’s contribution in deter-
mining the UHI phenomenon (i.e., ‘sensitivi-
ty’ factor), F_indicates the factor related to the
cooling benefits provided by ecosystems (i.e.,
‘coping capacity’ factor).

The result of this operation allows to spatial-
ly-explicit map the final vulnerability indicator,
with vulnerability scores ranging from 1 (lowest
vulnerability condition) to 5 (highest vulnerabil-
ity condition).

Fig.2
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Results
Concerning the urban land surface’s contribu-
tion in determining the UHI phenomenon, Fig-

ure 2 shows the spatial distribution of the av-
erage LST summer values (years 2013-2022)
elaborated for the case study area.

The spatial variability of temperature values hi-
ghlights that the higher temperatures are espe-
cially recorded in the historic city center and
immediate south-eastern surroundings, cha-
racterized by a high proportion of sealed sail
with high building density and narrow streets,
and an almost absence of green elements, as
well as in the highly impervious (i.e., characte-
rized by large building footprints and car par-
king areas) industrial areas that can be espe-
cially found towards the southern and northern
periphery. Cooler spots correspond to green ur-
ban areas, as well as to low-density residential
neighborhoods (i.e., extensively characterized
by private gardens) diffusely located in the are-
as external the city center.

When converting these values into scores de-

picting the sensitivity to UHI (Figure 3), the ro-
le of man-made surfaces in contributing to
UHI is even more evident, with industrial areas
showing the highest propensity to accumulate a
huge amount of heat into the surface.

As regards the factor related to the cooling be-
nefits provided by ecosystems, Figure 4 shows
the spatial distribution of the qualitative scores
depicting the different potential intensities of
the cooling effects within the benefitting are-
as. Figure 5 instead shows the scores assigned
to depict the capacity to cope with the adverse
effects of UHI according to the cooling benefits
potentially provided in the study area.

Large portions of the central urban area (i.e., hi-
storic city center and immediate southern sur-
roundings) cannot benefit from any cooling ef-
fect since they are located far away (i.e., more
than 100/250 linear meters) from natural or se-
mi-natural ecosystems (including urban green
spaces), thus having assigned the worst condi-
tion (i.e., the highest score). The greatest bene-
fits in terms of cooling, being consequently as-

—
[S¥]
N

(ATVLI) INIGN NI AGNLS ISVI V :¥LVA 3IIAYIS WILSAS0IT ANV JLITTILYS ININIEWOD ANVTISI LYIH NVAYN 0L ALITIEYYINTNA HL INIddVIN I



M CONTESTI CITTA TERRITOR! PROGETT

-~
w
(0%}

[ Municipal administrative
boundary

Vulnerability in relation
| to Land Surface

-| Temperature (summer
average 2013-2022)

| C3 Municipal administrative
boundary

| Spatial effect of cooling
‘ j flows from ecosystems
Cooling intensity potential

[ Municipal administrative
boundary

Vulnerability in relation
to the cooling effects
from ecosystems [coping
capacity factor],

| according to cooling

| intensity potential

5 Vulnerability scores




Spatial distribution of

the scores depicting the
vulnerability condition
according to the sensitivity
factor related to the urban
land surface’s contribution
(i.e., the LST) to UHI (i.e., the
higher the score the higher
the vulnerability because of
the higher sensitivity)

Credits: elaboration of the authors
Fig.3

Spatial distribution of the
qualitative scores depicting
the potential intensities of
the cooling effects from
ecosystems

Credits: elaboration of the authors
Fig. 4

Spatial distribution of the
scores depicting the
vulnerability condition
according to the capacity to

cope with the adverse effects

of UHI thanks to the cooling

effects from ecosystems (i.e.,
the higher the score the higher

the vulnerability because of
the lower capacity to cope)

Credits: elaboration of the authors
Fig.5

sociated with the best condition (i.e., the lowest
scare), are especially found towards the western
urban periphery, located in the proximity of the
(relatively large) woodland ecosystem that fol-
lows the course of the river flowing west of the
city. The few other spots characterized by coo-
ling benefits with high cooling intensity poten-
tial are the ones located near the fragmented
and dispersed woaodland and/or shrubland pa-
tches that can be (randomly) found in peri-ur-
ban fringes.

The final vulnerability map depicting the pro-
pensity to suffer from UHI effects (according to
the two factors considered) in the urban area of
Udine is presented in Figure 6. More vulnerable
areas are found where the worst conditions
for both the factors considered overlap. This is
especially true for the dense urban core and for
some industrial sites located in the southern
and northern peri-urban areas that are far away
from ecosystem typologies with a high poten-
tial to provide cooling benefits.

When comparing the scores obtained in the fi-
nal vulnerability map with the ones obtained
using the LST data only, thus only based on sen-
sitivity to UHI without accounting for the capa-
city to cope with UHI effects provided by ecosy-
stems (i.e., as done in many LST-based studies,
see Introduction), some differences are revea-
led (Figure 7). It can be noted that the urban are-
as that are far away from ecosystem patches
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Final vulnerability map with the spatial distribution
of the vulnerability scores depicting the propensity
to suffer from UHI effects in the urban area of
Udine (i.e., the higher the score the higher the
vulnerability condition)

Credits: elaboration of the authors

Fig. 6
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Overall vulnerability
%17 scores compared
1| to LST-derived
vulnerability scores
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Differences in vulnerability scores between

the scores obtained in the final vulnerability

map and the ones obtained according to the
sensitivity factor only (i.e., the urban land surface’s
contribution to UHI assessed through the LST
shown in Figure 3)

Credits: elaboration of the authors
Fig.7



Number and percentage

of pixels classified into the
five scores depicting the
vulnerability/sensitivity
condition: final vulnerability
map (Figure 6), LST-derived
sensitivity map (Figure 3),

and their difference
Tab.2

Score depicting Pixels in LST-derived
the vulnerability/ sensitivity map [1]

sensitivity condition Number %

Pixels in the final Pixel difference in %
vulnerability map [2]  ([1] - [2])

Number %

Lowest (1) 3706 11,39 4648 14,28 -2,89
(2) 10272 31,56 8330 25,59 +5,97
(3) 12280 3773 12845 38,47 -1,74
(4) 5334 16,38 5239 16,10 +0,29
Highest (5) 955 2,93 1485 4,56 -1,63

are characterized by an overall waorse condition
in the final vulnerability map even if not having
the highest LST values (i.e., a higher score of +
1). In parallel, some peripheral areas are inste-
ad characterized by an improved condition (i.e.,
a lower score of -10r, in some isolated cases, -2),
since, despite having among the highest LST
values, can benefit from (substantial) cooling
effects provided by nearby ecosystem patches.
Table 2 reports the number and percentage of
pixels broken down per vulnerability/sensitivi-
ty condition (according to the associated scores)
obtained in the two cases and their comparison.
Differences in vulnerability scores between the
scores obtained in the final vulnerability map
and the ones obtained according to the sensi-
tivity factor only (i.e., the urban land surface’s
contribution to UHI assessed through the LST
shownin Figure 3.

Discussion and conclusions

Urban areas are likely to become ‘islands’ of
higher temperatures compared to outlying ru-
ral areas. This difference tends to be more pro-
nounced at night when the UHI phenomenon
is more evident. Measurements of LST are im-
portant to understand and monitor UHI and
their contributing factors due to the large spa-
tial and temporal availability of data. LST data
has been extensively used in the literature to
assess and map surface UHI in many parts of
the world (e.g., Xu et al., 2023; do Nascimien-
to et al., 2022). However, surface UHI usually
does not fully match air UHI since it is not able
to properly capture thermal exchange processes
occurring above the city's surface, which instead
is the main parameter to understand UHI-relat-
ed thermal discomfort in cities to guide priori-
tization of mitigation strategies (see the Intro-
duction section for more information).
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Zoom-in map showing the LST
distribution across a rural-urban
interface area
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Fig. 6

In this study, a simple and quick method that
combines measurements of LST depicting land
surface’s contribution to UHI (i.e., sensitivity
to UHI) with the spatial effects of the local cli-
mate mitigation ES provided by ecosystems is
proposed to enhance the quality of LST-based
UHI assessments. This way, cooling spatial ef-
fects of natural and semi-natural ecosystems
that instead are not (fully) accounted for by
LST are captured, accounting for the capacity to
cope with the adverse effects of UHI provided by
ecosystems. The method is applied in the city
of Udine (Italy) to map the vulnerability profile
of the city in relation to its propensity to suffer
from (more or less intense) UHI effects.

As a matter of fact, Figure 8 shows a zoom-in
map with the LST distribution in a rural-urban
interface area where two contrasting condi-
tions are contiguous: the likely-coolest ecosys-
tem type (i.e., a woodland area) and the like-
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ly-warmest urban land cover type (i.e., a highly

impervious industrial site). It can be noted that
immediately beyond the border of the wooded
patch, the pavement and building areas of the
industrial site show significantly higher surface
temperatures, shifting from about 35° (in the
wooded pixels located near the border with the
industrial site) to 42° in few tens of meters (1to
2 pixels, which resolution is 30 meters), which is
avalueinline with those found in otherindustri-
al sites not bordering with any vegetated patch.
For this reasan, accounting for the cooling spa-
tial effects of ecosystem patches can improve
the assessment by discriminating between ur-
ban hot areas that however are relatively close
to ES providing areas and that can thus benefit
from their cooling effects and the ones that are
similarly hot but cannot benefit from this ES. As
shown in the Results section, adding this sec-
ond factor partially modifies the vulnerability
profile of the city compared to using solely the
LST data. In particular, in our proposed method



many peri-urban areas were assigned a lower
vulnerability condition compared to the assess-
ment based on the LST data only, especially in
the western side of the city located near a rel-
atively large woodland area, while the contrary
occurred in the dense urban city center with ma-
ny areas that were assigned a higher vulnera-
bility condition. This is (partly) in line with the
results of studies that used more sophisticat-
ed methods. For example, Steigerwald and col-
leagues (2022) used a climate model to assess
the benefits of cooling processes promoted by
natural and seminatural ecosystems (i.e., ‘cold
air formation areas’) in reducing nocturnal ur-
ban temperatures in a medium-sized city in
Germany. They found that the city’s ‘thermal
hotspots’ (i.e., areas with the highest air tem-
peratures) cover the majority of the central ar-
eas characterized by dense or very dense urban
fabric (65% to 93%) since they cannot benefit
from the cooling effects flowing from the sur-
rounding countryside, where most of the ‘cold
air formation areas’ are located. Instead, more
than half of the industrial areas were not includ-
ed within the ‘thermal hotspot' areas, despite
being among the most problematic land cov-
ers in terms of surface heat accumulation, giv-
en their proximity to extra-urban ‘cold air for-
mation areas’ (such as in Udine). Similar results
were found by Schwarz and colleagues (2012),
who measured air temperatures through mobile
measurements during night hours and found
that built-up areas showing similar characteris-

tics were characterized by higher or lower tem-
peratures (also) according to their greater or
shorter distance to green spaces, respectively.
This is an important element to consider when
developing mapping tools aimed at spatially as-
sessing vulnerability to UHI in cities, since when
these maps are used as a decision support sys-
tem to guide spatial allocation and prioritization
of solutions to mitigate UHI effectsin cities, the
resulting spatial variability of the different vul-
nerability conditions will affect the decision to-
wards one rather than another area to prioritize
for theirimplementation.

In this sense, possible adaptation actions that
can be implemented include, for example, the
creation of new green areas (e.g., pocket parks,
urban afforestation), the heat-resilient reno-
vation of public squares and parking lots (e.g.,
de-sealing actions, cool pavements, public
greenery), the adaptation of existing streets
(e.g., street trees, cooler materials instead of
asphalt, more permeable surfaces), and the
greening of infrastructures and buildings (e.g.,
green roofs and walls, cool roofs, linear green
corridors along transport infrastructures) (Pet-
sinaris et al., 2020). While most of the mea-
sures require available ground space to be im-
plemented (e.g., Longato et al., 2023), within
the most compact urban areas (i.e., very lit-
tle or no infill space available, no garden areas,
highest building density, and narrow streets)
- which are among the ones typically showing
amang the highest vulnerability to UHI, such as
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in Udine - interventions that do not require new
space on the ground (e.g., greening buildings
or de-sealing actions in existing public spac-
es) are extremely important (e.g., Langemeyer
et al., 2020; Venter et al., 2021b). A rapid visu-
al analysis of the urban built form of Udine re-
veals that, in the most vulnerable areas, oppor-
tunities to mitigate UHI are mainly related to
green (or cool) roof installation in private resi-
dential buildings and de-paving and/or green-
ing actions (i.e., more tree-covered spaces) in
public spaces (e.g., squares) in the city center.
The same actions could be promoted in private
industrial buildings and large pavement areas
in the peri-urban industrial sites, together with
increasing the potential of surrounding ecosys-
tems to cool down temperatures through, e.g.,
green-belt-likely re-naturalization projects in
the urban fringes.

The limitations of the study mainly involve the
rather simplified method used for assessing the
cooling effects that is just based on standard
values from the literature for both the distance
decay function and the ES potential scores from
which is derived the cooling intensity poten-
tial profile. This latter aspect, in addition, re-
lies on land use and cover maps which resolu-
tion and accuracy are not always good enough
to depict all the urban green spaces (e.g., small-
er green patches, private gardens), which in-
stead are usually among the most widespread
green space typologies that can be found in a
city and which play a great role in ES delivery, in-

cluding in mitigating local temperatures (Balz-
an et al., 2021). Possible improvements of the
method may include the assessment of dis-
tance decay functions and cooling intensity pro-
files that rely not only on ecosystem types but
on more specific ecosystem characteristics that
may contribute to influencing both the spatial
extent and the intensity of the cooling effects
they provide (e.g., vegetation structure, ecosys-
tem condition, patch shape, etc.) (e.g., Gallay et
al., 2023; Zhou et al., 2023; Fu et al., 2022; Aram
et al., 2019). However, the method proposed in
this study can have the advantage of being eas-
ier to use and more understandable than (more)
complex methods (i.e., less demanding in da-
ta collection and elaboration) by decision-mak-
ers working in everyday planning practices and
routines, as well as being in principle replicable
in any other city. To this aim, it has to be not-
ed that, while LST data are provided worldwide,
and thus can be easily obtained for any city,
the assessment of the cooling benefits provid-
ed by the ecosystems depends on the availabil-
ity of suitable land use and cover maps, which
not always can be easily obtained (at least with
an accuracy/resolution that is sufficiently good
enough). However, methods for deriving/im-
proving land use and cover maps exist through
satellite data and can be applied in data-scarce
environments (e.g., Balzan et al., 2021). Further-
more, the land-cover-based ES scores used in
this study are specifically tailored to the Corine
Land Cover classification system. To directly ap-



ply them, a land use and cover map that uses
this classification system or that can be rather
easily re-classified according to it (such as in the
case study presented) is needed. Contrary, oth-
ermore suitable ES-based scoring matrices may
be searched and applied (e.g., see Adem Esmail
et al., 2023)) or a new one can be developed in-
volving local experts to tailor the ES scores to
the specific case study (Campagne et al., 2020).
Another field deserving future work to fur-
ther advance the proposed method is related
to the combination of the UHI vulnerability as-
sessment with sociodemographic data about
the distribution of population within the city
and its socio-demographic and economic pro-
file. Adding this type of data enables the inte-
gration of heat vulnerability and exposure (i.e.,
the exposed elements that can be harmed, in
this case by high temperatures exacerbated by
UHI effects) metrics that can be used to better
target the urban areas where the implementa-
tion of mitigation measures could provide bene-
fits to both a larger number of beneficiaries (i.e.,
areas that combine a high vulnerability with a
high-density resident population) and to the
population groups that are more vulnerable to
heat stress (e.g., areas with higher rates of chil-
dren and elderly, economically disadvantage
people, etc.) (e.g., Tieskens et al., 2022).

This way, also the demand for ES is used to in-
form decision-making in prioritizing urban areas
where greenspace interventions can have the
most (positive) impact, which is one of the main

gapsinthe field of ES science application in spa-
tial planning (Longato et al., 2021). However, it
has to be noted that different approaches for
assessing the demand can be used depending
on the scope of the assessment and the groups
of beneficiaries that one is willing to target. For
example, using only the resident population as
the target beneficiary group can lead to neglect-
ing industrial areas. In some cases, multiple ex-
posure and vulnerability metrics related to dif-
ferent aspects of the city life and to different
city users (e.g., resident population, public ser-
vice areas attracting people and/or more disad-
vantaged groups such as schools and hospitals,
areas in which people work such as industrial
sites, etc.) can be used and combined, perhaps
by weighting them in terms of relative impor-
tance/relevance according to empirical evidence
or political willingness, to account for multiple
beneficiaries’ demand profiles.
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