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INTRODUCTION

This document aims to analyse the effects of urban heat islands (hereinafter: UHIs), explore the factors
contributing to their creation, and assess their influence on urban space residents and users.

Special attention has been dedicated to the literary sources, focused on regional and national research of the
creation, consequences and methods of the mitigation of UHI impact.

This document comprises four main chapters:

URBAN HEAT ISLANDS — term definition, as well as creation and effect analysis

IDENTIFICATION AND MAPPING — review of specialist UHI-focused literature, importance of remote
sensing with regard to UHI identification, proposal of identification and mapping methodology adapted
to the Croatian context

INTENSITY CHANGE SUPERVISION — defining guidelines for the supervision of UHI intensity change

UHI MITIGATION MEASURES — proposing measures for the mitigation of UHI effects; the measures refer
to the development of green and blue infrastructure, space shaping and technology use
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GLOSSARY
Glossary of the most important expressions/terms
English term Croatian translation Description
Albedo Efekt albeda The ability of a surface to reflect sunlight

(albedo is a physical value referring to the
light reflected from the surface of a body
that does not produce light by itself)

Atmospheric urban
heat island (AUHI)

Atmosferski urbani
toplinski otok

The temperature of the atmospheric layer
above an urban area which is higher in
comparison to the temperature of the same
layer in the surroundings of the city

Boundary layer urban
heat island

Urbani toplinski
otok prizemnog
sloja atmosfere

The temperature of the atmospheric layer
at a height of max. 2000 meters in the city
which is higher in comparison to the
temperature in the surrounding rural areas

Canopy layer urban
heat island (CUHI)

Urbani toplinski
otok u razini
kroSanja drveda

Temperature at canopy level (below roof
level) in the urban area which is higher in
comparison to the temperature at the same
level in the surroundings of the city

Climate sensitive
urban design (CSUD)

Klimatski osvijesten
urbanisticki dizajn

Urban spatial planning processes which take
into account the effects of UHIs

Global warming level
(GWL)

Razina globalnog
zatopljenja

The level of global temperature increase by
the end of the 21st century

Land surface
temperature (LST)

Temperatura
povrsine tla (TPT)

Land surface temperature/temperature of
the Earth’s crust is measured directly or by
satellite

Land use/Land cover
(LULC)

ZemljiSta prema
namjeni i pokrovu

Classification of land by use and type of
cover (e.g. urban area, forest, agricultural
land, water body, etc.)

Representative
concentration
pathways (RCP)

Predvidena
koncentracija
staklenickih plinova

Climate change scenarios predicting four
possible concentration pathways (not
emissions) of greenhouse gases as a result
of climate change

Shared Globalni pravci Set of scenarios predicting socioeconomic
socioeconomic drustveno- pathways which are likely to occur by 2100
pathways (SSPs) ekonomskih due to climate change

promjena
Urban heat island Urbani toplinski An urbanised area that is significantly
(UHI) otok (UTO) warmer than its rural environment as a

result of artificial infrastructure and human
activities

Urban heat resilience
planning matrix

Okvir za planiranje
otpornosti gradova
na vrudine

Matrix created for the purpose of planning
a range of activities aimed at achieving
urban resilience to UHI effects through heat
reduction and control strategies
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URBAN HEAT ISLANDS

BACKGROUND INFORMATION

UHI is a microclimatic phenomenon, which occurs in urban environments and manifests itself in the elevation of
temperatures in urban built-up areas in comparison to the surrounding undeveloped, i.e. green areas.
Understanding the impact and pronounced effects of UHIs can be of use in detecting areas with a particular impact
of economic activity, energy consumption, health factors, ecosystems, etc.?

City dwellers are exposed to higher air temperatures than rural residents due to UHI effects, which by default
encompass a difference in air temperature between urban areas and their rural surroundings. In terms of number
of days, the duration of heatwaves in European cities is two times longer than in the rural areas surrounding
them.2 UHIs are caused by factors limiting evaporative cooling, such as the high thermal capacity of cities,
anthropogenic heat sources and impermeable surfaces.®> Within European cities, UHIs cause large variations in
temperature (e.g. during heatwaves, night-time temperatures in central Paris vary by 9 °C)* and their effects
intensify in hot periods.®

Given their origin, UHIs are a microclimatic phenomenon characterised by elevated areal temperatures, which
can be reduced by adequate planning and the inclusion of green infrastructure in urban space. At the moment,
approximately 40% of European urban surfaces are green surfaces, with an average of 18.2 m? of publicly
accessible green spaces per capita. In addition, only 44 % of the European urban population lives within walking
distance (300 m) of urban parks.®

Anthropogenic modifications of natural spaces within urbanized areas have led to changes in weather conditions
that are monitored within the frames of UHI impact research. The negative effects of UHIs have been observed in
all urban areas, but particularly in bigger ones. By monitoring these changes, it is possible to identify and link the
main impacts on UHIs on the basis of which the most effective measures for the mitigation of negative effects can
be recommended.

1 Mesari¢ et al., 2019
2 Hooyberghs et al., 2017; Wouters et al., 2017
3 Lauwaet et al., 2016
4 Tzavali et al., 2015
5 Dodman et al., 2022
6 Maes et al., 2019
10
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SITUATION IN CROATIA

Croatia is both a Central European country and a Mediterranean country whose climate is significantly influenced
by its position in the temperate latitudes of the northern hemisphere. The most important regional climate factors
in Croatia are the Mediterranean Sea, the Dinaric relief and the Pannonian Basin, in accordance with which Croatia

is divided into three main climate areas: continental, mountainous, and coastal’ (Figure 1).
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Figure 1 Cllmate zones of the Republlc of Croatla (adapted from Zgela et al., 2024)
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Zagreb is the largest urban area in Croatia, with a metropolitan area populated by approximately million residents.
It is followed by Split and Rijeka, the only remaining cities in the country with more than one hundred thousand
inhabitants. The majority of other urban areas in Croatia are small in comparison to European standards. During
the summer, many coastal cities in Croatia become popular tourist hotspots, leading to an increase in the number
of people at risk of heat hazards. This is indicated by the high average air temperatures during the Summer, along
with less precipitation in comparison to continental cities. Additionally, the Mediterranean has been identified as
one of the world's climate hotspots, meaning it is extremely exposed to the negative effects of climate change,
combined with the effects of UHIs. This is an additional reason to plan the mitigation of these effects with the
purpose of reaching a milder climatic future.

The impacts of UHIs are often discussed only in the context of million cities. However, UHIs may occur in smaller
cities, as well, given that they are primarily a result of the concentration of artificial materials such as concrete,
asphalt, glass, etc. Thus, it must be emphasised that UHIs may also appear in smaller urban areas, which are a
frequent occurrence in Croatia. This may negatively affect the health of a great portion of Croatian resident.
However, larger cities suffer a greater amount of more intensive UHI effects, as the difference between the
temperature in the city centre and the surrounding area of major cities is more pronounced than in smaller cities.

Furthermore, certain cities are characterised by a significantly different urban morphology, greatly influenced by
physical and geographical modifiers. For example, coastal cities are often more densely populated than
continental cities, partly due to geographical reasons, and partly as a result of economic and financial reasons that
cause littoralisation, which is why they tend to spread over narrow coastal zones. A large number of coastal towns
in the hinterland of Croatia are limited by a mountain barrier that does not allow expansion into the continent,
with littoralisation keeping a strong connection between the majority of the population and the coastal zone. As
a consequence, coastal towns in Croatia have significantly more heterogeneous urban morphology than
continental towns, which are commonly characterised by a simpler topography and are often located in river
plains. The urban structure of towns in the Croatian interior is therefore more proper, as the expansion of the city

7 Zaninovic et al., 2008
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could have been somewhat planned. Furthermore, riverside towns are characterised by a cooling effect, caused
by the proximity of a water body which reduces the heat load.

The planning and implementation of heat load mitigation measures in different towns requires a well-thought-
out approach that takes into account their geographical, climate and urban specificities.

The negative impact of UHIs on the city population and visitors is particularly pronounced in major Croatian cities
and tourist destinations during the summer season. The intensification of negative UHI effects due to climate
change is much more pronounced in the Mediterranean coastal area than in the mountainous and continental
Croatia. In addition to different weather patterns, the given regions display differences with regard to the relief,
urban morphology, and the materials traditionally used for construction, all of which contributes to an increase
or a decrease with regard to the intensity of negative UHI effects. It is, thus, crucial to recognise all positive and
negative elements and adapt measures for the mitigation of the negative effects of UHIs.

12
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CLIMATE FACTORS INFLUENCING THE EFFECTS OF URBAN HEAT ISLANDS

Climate factors, such as air temperature, relative humidity, wind and precipitation play a key role in the
emergence, development and intensity of UHIs. Elevated air and surface temperatures in urban areas come as a
result of anthropogenic activities such as traffic, industry and heating. Furthermore, the impact of UHIs can be
additionally enhanced by low relative humidity in cities due to drier soil and less impermeable surfaces, which are
more prone to heating®. Slower air flows in cities make heat dispersion more difficult, and changes in humidity
levels can increase residents’ thermal stress.® During heatwaves, the effects of UHIs intensify and their scope
varies from location to location and depending on the time of day.*

In the future, the dangers of heatwaves for cities and infrastructure can only increase.!! By 2100, depending on
the representative concentration pathways (RCP), as a result of the intertwined effects of heat and humidity,
between half (RCP 2.6) and three-quarters (RCP 8.5) of the human population could be exposed to periods of life-
threatening climate conditions.!? According to all RCP projections by 2050, cities in medium latitudes will
potentially be exposed to a heat stress level which is two times more intense than heat stress in their rural
environments.*?

In the Europe-focused chapter of the sixth report of the Intergovernmental Panel on Climate Change (IPCC)*, it is
stated that the risk of heat stress, including mortality and discomfort, depends on the level of socio-economic
development. According to the same source, mortality and illness rates associated with elevated temperatures
will be the highest in Southeastern Europe.?®

Climate changes are already making a significant impact on UHIs, and, in the coming decades, higher air
temperatures and changed weather patterns will only exacerbate the problem. The complex impact of climate
change on UHIs involves numerous interactions between meteorological, ecological and urban factors.®

AIR TEMPERATURE INCREASE

In the past few decades, average temperatures in European urban areas have already increased by approximately
1-3 °C. Climate changes are caused by elevated average temperatures throughout the seasons. This leads to a
greater thermal load in cities (Figure 2) due to an increased amount of heat being transferred to urban surfaces,
such as asphalt, concrete, and roofs.

MORE FREQUENT AND INTENSE HEAT WAVES

In Central and Southern Europe, the number of days with extremely high maximum air temperatures (above 35°C)
has increased, contributing to more frequent and intense heat waves that occur as early as in June and are possible
even in September. In addition, they no longer last a few days, but rather a week or longer, and their intensity
increases both during the day and during the night. Heatwaves caused by climate change further contribute to
greater temperature differences between cities and their surroundings, emphasising UHI effects, which can have
serious consequences for urban residents.

8 Dodman et al., 2022

9 Arnfield, 2003

10 Dodman et al., 2022.

11 Dodman et al., 2022; Leal Filho et al., 2021; Arias et al., 2021
12 Dodman et al., 2022; Mora et al., 2017; Zhao et al., 2021

13 Wouters et al., 2017

14 Bednar-Friedl et al., 2022

15 Bednar-Friedl et al., 2022

16 Ziberna et al., 2021

13
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Figure 2 The combined effect of climate change (a) and UHIs (b) leads to additional temperature increases in cities?’.

CHANGES IN PRECIPITATION PATTERNS

Climate change also leads to changes in precipitation patterns, which can affect water availability in urban areas.
Longer dry periods during the summer further enhance UHIs’ effects, as green areas, such as grasslands and parks,
are affected by physiological stress. Lack of precipitation can also limit cooling options and affect the water supply
of the urban population.

Climate change can indirectly affect certain plant species by enhancing the reproduction of cohabiting organisms
and stimulating the emergence of diseases that decrease the quantity and quality of green cover in cities, resulting
in reduced urban shade and cooling capacities. Climate change also carries an increased risk of natural disasters,
such as fires.

PROJECTIONS OF CLIMATE CHANGE IMPACT ON THE EMERGENCE OF UHIs IN CROATIA

Analyses conducted by the Croatian Meteorological and Hydrological Service clearly point to the UHI issue caused
by climate change. Temperature increase in Croatia has been recorded in all temperature extremes indices. There
is a significant rise in the number of warm days in spring and summer, as well as warm summer nights, in the
Adriatic region. Temperature changes in continental Croatia are characterised by enhanced temperature
increases in the Zagreb City area, which indicates a strong warming effect.’ A particularly steep increase has been
observed in the number of warm nights as a result of enhanced heating of concrete surfaces.

Compared to the period between 1981 and 2010, a minimum of 12 warm days more is expected to be measured
every year in the whole of Croatia in the period from 2041 to 2070. The easternmost part of the country is
expected to experience 12-15 warm days more, whereas central Croatia is predicted to record additional 15-18
warm days. Mountainous Croatia, as well as the interior parts of Dalmatia and Istria, will have up to 21 warm days
more, and the narrow coastal area is expected to have up to 24 warm days more in the period between 2041 and
2070 in comparison to the period between 1981. and 2010. The summer season is the greatest contributor to the
annual increase in the number of warm days. Interestingly, the largest spring increase (2-5 days) can be expected

17 Brown, Helen et al, 2018
18 Nimac et al., 2021
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in the areas in which the increase in the number of warm summer days is the least pronounced compared to
1981-2010 (in certain parts of Central and Eastern Croatia and in Dalmatia). The largest increase in the number of
warm days in the autumn season (between 5 and 7.5 additional warm days) is expected in the coastal Adriatic
region, with the number of additional warm days decreasing as the proximity to the interior reduces.
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Figure 3 The change in the number of warm days between 2041 and 2070 compared to the period between 1981 and 2010 under the RCP
4.5 scenario. Annual change (GOD; top left), spring change (MAM,; top right), summer change (JJA; bottom left) and autumn change (SON;
bottom right)

Annual changes during warm periods (the number of days in periods with at least 6.0 consecutive days with a
maximum air temperature surpassing 25°C, displayed in Figure 3) are consistent with the change in the number
of hot days. The length of these periods gradually increases, starting from the east of Croatia (increase of 17.5—
20 days), through the central and mountainous Croatia (increase of 20—32.5 days), reaching a maximum in the
coastal region (increase of 50 days). This increase from eastern regions to coastal areas characterises all four
seasons, but is the most pronounced in summer, and the least pronounced in winter. Spring and autumn warm
periods will experience the longest extension in the coastal area, with 10 or more additional warm days in both
seasons.

2 4 6 8 10 12 14 16 20 30
day/season CDHMZ

Figure 4 Change in the duration of warm periods in the period between 2041 and 2070 compared to the period between 1981 2010 for
scenario RCP 4.5. Winter change (DJF; top left), spring change (MAM,; top right), summer change (JJA; bottom left) and autumn change
(SON; bottom right)
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To identify UHIs, scientists use direct and indirect methods, numerical modelling and estimates based on empirical
models. Remote sensing is often used to estimate surface temperatures. Based on the data collected,
thermographic images, such as those in Figure 4, are produced.

Agapito et al. conducted an analysis of the expected heat load in the 21 century in Dubrovnik, Osijek, Rijeka,
Zadar and Zagreb.’® A significant increase has been observed with regard to average, maximum and minimum
temperatures across all combinations of regional and global climate models in all cities analysed. In warmer
climatic conditions, the number of days with a maximum air temperature surpassing 25°C increases in all cities
analysed (especially in Dubrovnik), and so does the number of days with a minimal air temperature surpassing
20°C (especially in Rijeka and Zadar)®. The number of days with maximum air temperature in Dubrovnik
surpassing 25 C (summer days — SU) and the number of days with a minimum daily air temperature surpassing
20°C (tropical nights — TR) are shown in Figure 5.
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Figure5 Temporal series of climate indices of summer days (SU) and tropical nights (TR) for the RCP 4.5 (blue) and RCP 8.5 (red) scenario.
The results for the city of Dubrovnik presented have been calculated on the basis of a combination of regional (RCM DHMZ-RegCM4) and
global climate models (GCM EC). Trends with/without a statistical significance of 95 % are marked with a full or intermittent line.
Summarised on the basis of: Agapito et al., 2023.

Climate factors contributing the most to negative UHI effects are rising temperatures, longer hot periods and
changes in precipitation patterns, which further negatively affect the heat sensation and heat stress of the urban

population.

19 Agapito et al., 2023
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IMPACT OF SPATIAL PLANNING AND CONSTRUCTION ON THE EFFECTS OF URBAN HEAT
ISLANDS

In terms of urban revitalisation, the international scientific community sees climate change as a major challenge
for global development and sustainability in the 21°t century.?’ There are two main aspects of this challenge: (1)
difficulties with regard to reaching an agreement on greenhouse gas emission reductions in international
negotiations and (Il) the need for urgent development of climate change adaptation strategies at national,
regional and local levels.?

Climate forecasts for the future stem from different scenarios based on greenhouse gas emissions, which depend
on population growth, consumer behaviour patterns, economy and politics.?? The highest temperature increases
during heatwaves are expected in Central Europe, and cities such as Ljubljana, Prague and Zagreb are expected
to face significantly more frequent heatwaves.?®* Given that any prediction regarding future climate is highly
uncertain, these predictions should not be seen as a forecast, but as a possible climate scenario.?

There are studies suggesting that socially and economically vulnerable members of society are more likely to
inhabit warmer parts of cities, which are usually associated with a higher population density and higher
construction rates. According to the results of these studies, these city parts consist of less thermally insulated
housing units built from older materials of lower quality.?> Reduced thermal comfort and increased risk of
overheating to a large extent depend on the technical characteristics of buildings. These characteristics include
thermal resistance, shading ability, heat mass, ventilation systems, as well as building orientation and its
geographical location.

Urban areas in Europe where the health impacts of heatwaves are exacerbated by unfavourable microclimatic
conditions in buildings, negative impacts of infrastructure, ATT and air pollution in 74% of the population.?®

From a perspective of climate change adaptation, a city that has been adequately planned and designed is
characterised by the following features?’ (Figure 6):

o its resources (space, energy, materials, water, etc.) are used efficiently with the purpose of minimising
the city’s global and regional environmental impact (e.g. particulate pollutant emissions and
greenhouse gases, water pollution, waste generation)

o its parts are planned and constructed so as to improve the microclimate around buildings and their
surroundings (or at least to block the deterioration of this microclimate);
o people and infrastructure in it are protected from extreme weather events, with current and future

climate variability and extremes being taken into account.

20 UNDP 2005, 2010; OECD 2009; World Bank 2012; UN-Habitat 20114, b, 2014

21 Musco and Magni, 2014

22 |pCC 2007, 2012

23 Guerreiro et al., 2018

24 Brandenburg et al., 2018

25 Dodman et al., 2022; Oke et al., 2017; Chow et al., 2014; Susca and Pomponi, 2020
26 Smid et al., 2019

27 Oke et al., 2017
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Figure 6 Hierarchy of decision-making on changes in urbanised landscapes (adapted in accordance with: Oke et al., 2017)

In addition to natural disasters, sustainability, mitigation, adaptation, renewable energy, the transition to a low-
carbon economy, ecosystem planning and recovery planning are some of the new key concepts in spatial planning
and governance discussions.?® During the last couple of years, there has been an increase in the number of natural
disasters, and planning is increasingly focused on building resilience, especially to UHIs. This falls within the scope
of a fast-developing practice, and the urban planning profession is in a good position to take the leading role in
this regard.®

Developing plans to make cities resilient to UHIs encompasses seven holistic and practical steps:*°
1. setting clear planning targets, focused on preventing urban warming, and associated success
measures
building a comprehensive heat risk database
developing a range of heat mitigation and control strategies
Managing risks
coordinating urban planning activities
involving other actors in planning processes
conducting effective implementation, monitoring and evaluation.

Nous~wnN

By summarising strategies for the management of thermal effects and processes, as well as documents and
activities for practical application, it is possible to create a Heat Resistance Planning Framework illustrated by
Matrix 1 (hereinafter: the Framework).3! The Framework requires adaptation to local processes and serves as a
tool for the process of making planning decisions and for project design, as well as a basis for discussing possible
activities at different governance levels. Such a framework is potentially useful to all stakeholders in the
implementation process.

28 Musco et al., 2016
23 Ladd, Meerow and Wagner, 2020
30 Meerow and Woodruff, 2019
31 Ladd and Meerow, 2022
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Matrix 1 Framework for planning urban resilience to UHI effects adapted to specific national needs and sources (Ladd, Meerow, 2022)
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The Spatial Development Strategy of the Republic of Croatia (OG 106/2017) emphasises the need to strengthen
natural capital through the development of green infrastructure and to make the areas most exposed to UHI
effects a priority for the introduction of such infrastructure. Two national programmes relevant to the UHI topic
are:

. The Urban Green Infrastructure Development Programme 2021-2030 (Gl Development Programme);
and
. Circular Management of Space and Buildings Development Programme for the Period 2021-2030 (CM

Development Programme).

The Gl Development Programme lists temperature reduction and the mitigation of UHI effects as one of the
environmental benefits of green infrastructure, and the infrastructure’s economic benefit consists of reduced
heating and cooling costs in residential and commercial premises. In terms of benefits to society, green
infrastructure can alleviate the health problems associated with heatwaves and improve life in cities in general.
These benefits resulted in the creation of specific objective 1: improved, expanded, connected and easily
accessible green infrastructure in cities that solves various problems, including the emergence of UHIs. In view of
the proven connection between UHIs and how built-up an area is, it is necessary to consider the reduction of the
construction rate, i.e. the possibility of renovation and regeneration of unused or underutilized existing spaces
and buildings, during spatial planning and construction. The CM Development Programme led to the creation of
specific objective 2: circular renovation of unused spaces and buildings that includes abandoned individual
buildings and monofunctional and polyfunctional zones of abandoned spaces.

At the moment, the whole Croatian system of spatial planning is undergoing transformation, especially as regards
the digitalisation of the system of spatial planning, construction and state property, including the development of
next generation spatial plans. For this reason, the Regulations on Spatial Plans (OG 152/2023) were adopted. Since
the transformation process is still underway, it is not possible to predict the impact of the new system on UHls.
However, with the new Regulations in place, the possibility to define and designate the area in the green
infrastructure system as an Area of Special Limitations has been enabled. For the purpose of ensuring efficient
and focused green infrastructure planning processes, local self-government units will be given the ability to use
the Green Infrastructure Registry. The Registry will contain a descriptive list and a map of the current state of
green and other open public spaces in accordance with the typology of the Green Infrastructure Development
Methodology.3?

32 Ministry of Physical Planning, Construction and State Assets, 2023
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CLIMATE-CONSCIOUS URBAN DESIGN

Climate-conscious urban design is based on the application of nature-inspired solutions. Throughout history,
numerous approaches and measures have been known to enable the coexistence of man and nature in the most
adapted and least destructive way. Literature has helped popularise the concept of bioclimatic construction of
cities and houses with the use of a number of available measures, applying the name “Design with climate” to the
concept.®

Green spaces in urban environments have the ability to absorb toxic pollutants, thus contributing to air
purification and ecosystem conservation. Additionally, they can improve microclimatic conditions and help
address the ecological challenges of urbanisation and construction.?*

Creating city parks and other green spaces is one way to create conditions for a pleasant stay in urban spaces.
Climate-conscious urban design extends such an approach to the whole city.3> When designed and executed well,
such space design should enable the urban population to stay outdoors longer by implementing the following
measures®: (ibid.)

¢ using materials and shaping process that are resilient and sustainable (planting deciduous tree species, utilizing
smart materials, canopies, and water sprayers, taking into account insolation factors)

¢ implementing shaping processes which are adapted to local conditions (shaping processes that take into account
the diversity of microclimatic conditions within city districts to provide residents with more opportunities to be
outdoors in different weather conditions and seasons; for example, created microclimatic zones can provide
shelter from wind, sun or precipitation).

Furthermore, during periods of highest traffic intensity, it is necessary to act with a focus on reducing emissions
of harmful particulate matter and greenhouse gases from traffic, thermal energy of fossil-fuelled motorised
vehicles, as well as the presence of cars in spaces exposed to direct solar radiation. At the same time, or even
before such measures are introduced (starting from the city centre), sustainable urban mobility should be
promoted. From the outset, efforts should be invested into creating efficient and easily accessible public
transport, an accessible network of city bicycles, good cycling infrastructure and a fossil-free vehicle sharing
system. Additionally, pedestrians need to be protected from the sun.

The scientific community has worked hard on defining potential strategies for climate change mitigation, but
these strategies often cannot be applied in cultural and historical units and within the frames of individual cultural
goods due to numerous limitations in heritage conservation,®” e.g. architectural or urban modifications are often
not allowed. Nowadays, reusing historical buildings is a common practice, but applying active or passive solutions
for the purpose of interior desigh improvement is not always feasible due to architectural constraints.3®

For architectural heritage and UHI mitigation measures to be successfully conducted, a dialogue and certain
modifications are required, but the potential for developing such solutions is high. Cultural and natural heritage
are key elements of sustainable and resilient urban communities because they create common values and connect
people with the past and with nature. It is necessary to take a step forward and explore opportunities to integrate
green initiatives into the practice of preserving and managing cultural heritage, both in the context of individual
cultural assets and cultural landscapes.

For the process of planning measures focused on the mitigation of negative UHI effects to be successful,
coordination between different levels, i.e. the national level and local self-government units, as well as the
engagement of community stakeholders are required. UHI mitigation activities will involve the employment of
experts in planning, architecture, construction, landscape architecture, forestry, climatology, energy and other
fields; administrative departments of local self-government units for urban planning, physical planning,
construction, communal infrastructure, transport, environmental protection, etc.; non-profit organisations

33 Victor Olgyay, 1963

34 Zellweger et al., 2020

35 Oke et al., 2017

3¢ |bid

37 Castaldo et al., 2017

38 Leijonhufvud and Henning, 2014
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focused on nature-inspired solutions and environmental issues, as well as private investors. Heat control activities
require coordination between public health and emergency management departments, emergency services,
energy distributors and local community organisations. The knowledge a local community possesses can be useful
in planning UHI prevention measures, as it might provide a new perspective, new ideas and insights on risk
sharing®, so close cooperation with planners is desirable. Such a cooperation can enhance community members’
awareness of UHI resilience measures and bring more balance to local circumstances connected to microclimate,
resources and materials. The approach to architectural heritage should be based on innovative reinterpretation
of the reasons that have “naturally” encouraged construction for centuries.*

Many authors have already recognised the great impact urban planning and design have on exposure to UHI
effects. Considering the expected increase in the city's population, emphasis in spatial planning should be placed
on the introduction of good practices and innovative measures focused on the mitigation of negative UHI effects.
There are direct connections and consequences between spatial planning, construction practice and UHlIs. Spatial
plans and regulations and building standards must include measures focused on the mitigation and prevention of
the negative effects of UHIs, both in buildings and in the built-up urban environment. Scientific insights with
regard to UHIs must be included in the urban space planning and construction phases, whereas the extremely
complex relationships between different influences that require a multidisciplinary approach and cooperation
with different experts and representatives of the public should also be kept in mind.

39 Corburn, 2003
40 Musco et al., 2016
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IMPACT OF URBAN HEAT ISLANDS ON THE ENVIRONMENT, RESIDENTS’ HEALTH
STATUS, AND SOCIO-ECONOMIC CIRCUMSTANCES

Impacts of UHIs on the environment and the health status of residents represents an important challenge in urban
areas around the world. Rapid urbanisation has led to an increasing number of UHIs in areas where urban
temperatures are significantly higher than in extra-urban areas. As the temperature rises and cities expand, the
intensity and severity of UHIs is increasing.*! This can lead to a number of adverse consequences, ranging from
changes in ecosystems, to increased energy consumption due to greater cooling needs, all the way to various
health problems among the residents. Elevated UHI temperatures can cause various health problems, including
heat strokes, dehydration, respiratory diseases, as well as the exacerbation of chronic health conditions such as
asthma and cardiovascular diseases.*

ELECTRICAL ENERGY CONSUMPTION

UHIs play a major role within the frames of energy consumption in buildings, as it causes increased use of air
conditioners. In summer, total electricity consumption and peak energy load can rise by as much as 20%. With
each additional degree by which air temperature rises in the 20-25°C temperature range, the demand for
electricity for air conditioning or cooling increases by 3 to 4%. Cities may thus require 5-10% of electrical energy
more to be able to control UHI effects. Energy consumption is usually the highest during hot summer weekday
afternoons, when air conditioners, lighting and other appliances are used in offices and homes. During extreme
heat which amplifies UHI effects, increased use of air conditioners can burden power systems or even lead to a
disruption in electricity supply.

Research conducted in Modena, Italy®® has shown that the use of new materials and technical solutions can lower
surface roof temperatures by as much as 6°C, which also points to the possibility of saving cooling energy and
reducing thermal pollution in urban spaces.

One of few positive effects of UHIs is the decrease in energy consumption for heating in dwellings during the cold
period of the year. This is evidenced by a study conducted in Chinese cities,** which concludes that the decrease
in the need for heating results not only in reduced coal consumption, but also in improved air quality and lower
pollution levels in cities. The impacts of climate change and UHIs were also analysed in all three Croatian regions
and® the correlation between energy consumption and climate change in the warmer and colder part of the year
has been recorded.

INCREASED GREENHOUSE GAS AND PARTICULATE MATTER EMISSIONS

An increase in the electricity consumption caused by cooling needs leads to higher emissions of air pollutants and
greenhouse gases, as fossil fuels still account for a large share of the energy mix. These pollutants have a
detrimental effect on human health, as they exacerbate air quality by creating low ozone (smog), fine particulate
matter and acid rains.

ENDANGERING THE HEALTH, PRODUCTIVITY AND COMFORT OF CITY DWELLERS’ LIVES

Heat stress is linked to a number of health problems urban residents face, with its health effects unevenly
distributed among the urban population. UHIs contribute to higher daily temperatures, reduced night cooling and
higher air pollution, and these factors may contribute to heat-related deaths and health conditions associated
with heat waves, such as general discomfort, respiratory problems, heat spasms, heat exhaustion and heat stroke.
(Figure 7). The elderly display a particularly high vulnerability to heat due to physiological, psychological and socio-
economic reasons. The elderly population, especially women, is often of poor health, is more vulnerable to high

41|PCC, 2023
42 Santamouris, 2020
43 Magli et al., 2015
44 Ding et al., 2018
45 Cvitan and Sokol-Jurkovi¢, 2016
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temperatures, deals with poor mobility, is isolated and has lower incomes. Children also belong to the sensitive
group due to their low body weight and other age-related factors. For example, the combination of their rapid
breathing rhythm, prolonged outdoor stay and their developing respiratory system increases the risk of worsening
asthma symptoms and other pulmonary diseases caused by poor air quality during heat waves. Lower-income
populations are also at greater risk due to poor housing conditions, including a lack of air conditioning. During
heatwaves, people with diabetes, physical impairments and cognitive impairments are particularly vulnerable.

There is clear evidence of increased health risks for older people in cities, in particular increased mortality rates
during heatwaves as a result of UHIs.*® Research conducted in European cities points to a correlation between the
intensity of UHIs effects and an increased mortality rate,*” which has been confirmed in studies*® on mortality
rates during heatwaves in Croatia. Compared to stabilisation at 2°C, the stabilisation of global warming at 1.5 Cin
major European cities would reduce the number of premature deaths during the summer months by 15-22 %.%°

Figure 7 High air temperatures can seriously endanger human health, causing dehydration and heat exhaustion

Heat stress and dehydration are also associated with behavioural and learning problems, as dehydration
interferes with concentration and cognitive functions in both adults and children.*® According to the literature on
the impact of heat on children, there is an increased need for urgent medical care due to heat-related diseases,
electrolyte disturbances, fever, kidney diseases and respiratory diseases in young children.>?

Studies on climatic factors that affect the incidence of epileptic seizures, apart from air pressure and other
biometeorological factors,** have pointed to a number of negative events in the warmer part of the year.

The negative influence of temperature growth on the human body has been observed in Croatia-focused research
as well*?, and during temperature increases, especially above 36 C, a more frequent incidence of neurovegetative
symptoms has been discovered. In Croatian research on the interrelation between different types of climate
change®, it has been found that during heatwaves, in addition to a rise in population mortality rate, there has
been a rise in the number of infectious diseases due to the impact on participants in the transmission cycle.

46 Arias et al., 2021
47 Huang et al., 2023
48 Zaninovi¢ and Matzarakis, 2014
49 Mitchell et al., 2018
50 Merhej, 2019
51 Winquist et al., 2016
52 Tomasovi¢ et al., 2022
53 Zeninovi¢, 2003
54 Zeninovi¢ and Gaji¢-Capka, 2008
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Higher temperatures in urban areas also represent an economic burden for residents and households due to
higher energy consumption during warm periods, but also due to medical costs associated with heat-induced
conditions, increased absenteeism and other consequences.”® There is a disproportion with regard to the increase
in risk levels for people of lower socio-economic status exposed to urban heat. These risks are connected to
inadequate housing conditions, more difficulties in access to air conditioners, work in intense occupations and
waste collection in the open air.>®

OTHER ENVIRONMENTAL ASPECTS: WATER QUANTITY AND QUALITY, FIRE RISK, HABITAT
FRAGMENTATION, GREEN INFRASTRUCTURE

The emergence of UHIs affects not only air quality in the city, but also the urban water supply system. Due to
higher temperatures, the stability of water reserves, biochemical cycles and biological activity change indirectly
and directly. High temperatures on the surface of roads and roofs can heat up rainwater that drains into the
drainage channels and consequently raise the temperature of the river, lake or sea into which it is discharged.
Water temperature affects all aspects of freshwater and marine life, especially the metabolism and reproduction
of many aquatic species. If there are not enough green infrastructural elements, such as rain gardens, permeable
pavements, green parking lots and green roofs, in the city, there is also a lack of possibilities to cool rainwater
during its run off.

UHIs negative effects, which will become even more severe due to climate change, will also have a major impact
on urban demand and water consumption. Excessive consumption of water from nearby sources due to increased
heat can burden water resources and lead to water scarcity in cities, which can in turn affect the water supply of
a wider area.

UHIs are among the various factors contributing to fire risk in the city or its surroundings as they increase
evaporation, drain the ground and lead to the drying of vegetation, which then helps fire to spread. Such fires are
easily spread by wind from the outskirts to the centre of the city. UHIs also play a role in reducing biodiversity by
further incentivising the loss and fragmentation of wildlife habitats.

Extreme heat is an additional aggravating factor in the organisation and maintenance of outdoor sports and
cultural events, as it can have a negative impact on sports results,®” but also on the viewers’ perception and
health.>®

As urbanisation intensifies, UHIs’ intensity is increased by factors such as the expansion of impermeable surfaces,
reduction of the share of green infrastructure, and implementation of heat-producing activities. Average
temperatures also affect the values of real estate, their utilisation and occupation rate and the general
attractiveness of investments, and higher temperatures lead to a decrease in the value of real estate.>® In addition
to this, the discomfort and health risks associated with urban heat increase rent cancellations and reduce the
attractiveness of housing.®® This is why spatial planners, urban planners and similar experts are increasingly
working on mitigating UHIs by designing green roofs, planting trees and installing cooling technologies to improve
the quality of life and the value of real estate.®! These activities not only contribute to climate resilience, but also
strengthen the long-term sustainability and competitiveness of urban real estate markets.

In Croatia, the implementation of certain measures of the Gl Development Programme aims, among other things,
to raise the quality of green infrastructure standards and its accessibility, which will contribute to health and social
inclusion of all population groups. One of these measures covers the renovation of existing infrastructure and the
development of different types of green infrastructure, with an approach combining energy efficiency measures

55 Jovanovic et al., 2015; Liu et al., 2019; Schmeltz, Petkova and Gamble, 2016; Soebarto snd Bennetts, 2014; Zander and Mathew, 2019;
Zander et al., 2015

56 Chu and Michael, 2018; Santha et al., 2016

57 Brocherie, Girard and Millet, 2015

58 Aleksandria et al., 2018, Grundstein and Williams, 2018

59 Oberoi et al., 2019

60 Chakraborty et al., 2019

61 shi et al., 2020
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and circular management of space and buildings.%? The second set of the measures includes informing the
population about the importance of green infrastructure in urban areas and its positive impact on all aspects of
life — economic, social, environmental and cultural. Its aim is to raise the population’s awareness of green
infrastructure due to the importance of nature representation in everyday urban life.%!

Studies focused on the impact of temperature increases on tree growth and development in European cities have
shown that temperature increases stimulate earlier development of stages of the biological cycle (phenophasis).®
It is important to note that urban space is viewed mosaically, so that the intensity of UHIs, which varies within
cities as well, can be defined in detail.®* In addition, the increase in temperature leads to the extension of the
growing season of different species in warmer urban habitats compared to the same species in the surrounding
rural areas with lower air temperatures.®®

The negative impact of UHIs on urban green infrastructure is manifested in increased physiological stress, as well
as in disruptions of plant physiological processes, which can decrease green infrastructure’s efficiency with regard
to reducing temperatures in the city. These processes reduce plants’ expected life span,® especially when it comes
to plant species that are not adapted to arid and warm conditions.

62 Ministry of Physical Planning, Construction and State Assets, 2021
63 Chmielewski and Rétzer, 2001, Holz et al., 2011

64 Celina, 2019

65 Zipper et al., 2016

66 Roloff, 2013
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IDENTIFICATION AND MAPPING

BRIEF REVIEW OF SPECIALIST LITERATURE FOCUSING ON CASE STUDIES ON URBAN
HEAT ISLAND IDENTIFICATION

Due to the major importance of climate change adaptation, a number of studies have been carried out on the
intensity of UHI effects with regard to the type of land by purpose and cover®’, as well as in relation to the detailed
land use categories defined in the Urban Atlas. One of the studies focused on measuring temperatures in the City
of Karlsruhe, Germany.%® Values which were measured there were compared with remote sensing data and
characteristic land uses for all measurement areas.

The results of the abovementioned analysis are showcased in Figure 8,%° where the authors calculated the average
summer temperature at ground level in the period from 2001 to 2010 and for 30 different types of land use.
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Figure 8 Average summer air temperature at the ground level for the city of Dubrovnik in the period from 2001 to 2010 based on LANDSAT5
satellite data (a) and an indication of the average soil temperature in relation to land categories (b). Summarised on the basis of: Boras et
al. (2022).

Given the similarities in the context of climatic and geographical characteristics of certain areas of Croatia, the
analysis of UHIs in Ljubljana,’”® which determined the soil temperature based on Landsat satellite images, should
also be discussed. The results of the analysis indicated that UHIs emerge in spring, summer and autumn. It has
also been established that the highest surface temperatures occur in industrial zones and commercial and
business centres, especially in summer.

As for Croatia, a UHI analysis was made for the city of Zagreb based on the measurements of nine meteorological
stations in the Croatian Meteorological and Hydrological Service (DHMZ) and Pljusak (amateur networks of
automatic meteorological stations) networks in the period from 2013 to 201772, Based on the analysis, the highest
UHI intensity in Zagreb was recorded during the winter months, while the lowest was observed in the summer.
The Zagreb Airport station stood out as the coldest station with an average annual temperature of 16.2°C, while
Dugave and Zagreb-Gric¢ stations stood out as the hottest stations with an annual average of 18.3°C and 17.9°C
respectively (Table 1).7°

57 Mohan et al., 2003; Unger et al., 2001; Zou et al., 2021; Rendana et al., 2023
68 Gangwisch et al., 2023

69 Boras et al., 2022

70 Cedilnik, 2015

1 7gela, 2018
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Monitorin Mean annual

. E Winter (°C) Summer (°C) January (°C) | temperature
station .

(°c)

Dugave 1,5 2,8 1,5 2,1
Gornje Vrapce 0,9 1,9 1,1 1,5
Retkove 0,8 0,9 0,9 1,0
Ferenscica 1,2 1,6 1,3 1,5
Mlinovi 1,5 0,1 2,0 1,1
Zagreb-Gric 2,0 1,2 2,1 1,7
Zagreb-
Maksimir 0,6 0,0 0,6 0,4
Zagreb-Rim 1,0 0,1 1,0 0,7

Table 1 The intensity of UHIs according to data from monitoring stations in winter, summer and January, as well as their annual mean
values for the period from 2013 to 2017. Summarised on the basis of: Zgela, 2018.

Figure 9 shows the results of UHI analysis prepared as part of the Climate Change Adaptation Plan of the City of
Dubrovnik. This map combines building surfaces, impermeable surfaces and surface temperatures. Impermeable
surfaces (percentage within the hexagon) and surface temperature (average value within the hexagon) constitute
a sensitivity indicator, and the surface area of buildings within the hexagon represents the exposure value.”?

Dukeov nik - UHI
B 08085--0414
L 415..0073
LD074.-0143
N 0144. 0950
Bl 0351- 0816

Figure 9 Map of sensitivity to urban heat islands in the city of Dubrovnik. Summarised in accordance with Mesaric et al., 2019.

Although a fraction of Croatia-based analyses have been partially carried out, they” lack an integrated approach.
Zgela et al.”* considered only a few individual points within the city, so their results are not suitable for mapping.

72 Mesari¢ et al., 2019
73 Boras et al., 2022; Mesaric et al., 2019; Seletkovi¢ et al., 2023; Zgela et al., 2018
74 7gela et al., 2018
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A good example of UHI analysis in Zagreb is the study by Seletkovié et al.”®, but they used remote sensing data
only for certain days, not for a larger number of summer days for a given year. The analysis of results based on a
one-day measurement cannot be considered as a representative sample. The climate change adaptation plan of
the city of Dubrovnik is’® also a good example of remote data sensing utilisation, but for the purposes of our
methodology, there is no link with the types of land use. Likewise, the resolution of the hexagons shown in Figure
97 is equal to 160 m only. The most suitable results for the analysis would be the results published by Boras et
al.”’, who calculated the average temperature of the soil surface in the field for different types of land according
to the purpose in Dubrovnik. However, these data are not available in the form of a table but in the form of a
graph (Figure 10), so their values cannot be derived with sufficient accuracy.

Seletkovi¢ et al.”* calculated the effect of UHIs in Zagreb using Landsat 8 remote sensing data for a day only in
2013, 2015, 2017, 2019, 2020 and 2022, i.e. throughout the six years. The UHI limit value was defined according
to the following equation: UHI > pu + ¢/2, where p and o represent the average soil surface temperature of the
Zagreb area and the standard deviation from that temperature.

The methodology used by Ziberna and Ivanjsi¢’® for the city of Maribor is based on the surface temperature data
produced by a Landsat satellite with a spatial resolution of 30 m, with the calculation of the average seasonal
temperature of surfaces calculated by categories of the Urban Atlas. UHI intensity according to the
abovementioned methodology is defined as the difference between the average temperature of a given land
category in a given period, and the reference surface temperature in the same period, with the authors employing
the average temperature of the ‘pastures’ category (one of land use categories according to the urban atlas: 2300)
as the reference temperature.

The analyses for the city of Maribor were carried out from 12 April 2013 to 8 August 2020. During this period the
land use in Maribor has not changed significantly. For the calculation of average seasonal surface temperatures
(Table 2), meteorological seasons were taken into account. The results of that analysis showed that surface UHIs
were the most pronounced in spring and summer. More specifically, the highest temperature differences in
Maribor during this period were recorded in summer (6.6 C) and in spring (6.2 C). The autumn temperature
differences amounted to an average of 4.3°C, and the least pronounced differences were observed in winter, with
an average of 1.7°C. In summer, the most prominent temperature differences /in comparison to the temperature
reference value of the pasture category) were recorded in the following categories: enclosed areas, densely built-
up surfaces with impermeability levels surpassing 80% (4°C), industrial, commercial, public and military surfaces
(3.7°C), as well as railways and related lands (3.3°C). Compared to the reference surface, lower temperatures were
recorded in the following categories: water surfaces (lower by 2.6°C), forest surfaces (lower by 1.8°C) and
independent buildings (lower by 0.2°C), where surrounding gardens and lawns help reduce temperatures (Table
2).

Given the differences in UHI intensity in large cities, which were calculated by Zgela et al., as well as Ziberna and
Ivanjsi¢, as part of their research, it is necessary to emphasise the importance of research methodology and data
collection. Improved data accuracy could be achieved by increasing the quantity of the results of the measured
temperature on the unit surface. Therefore, the source of data from satellite imagery used by Ziberna and Ivanjsi¢
is more robust, i.e. more usable than measurements by individual sparsely distributed sensors. It is also important
to recognise the differences between the data obtained by measuring the temperatures at soil surface level, data
obtained by measuring the temperatures at a height of 2 m above the ground, which is the standard height for
air temperature measurements in meteorological stations, and data obtained by measuring the temperatures
above the canopy. Thus, there are different forms of UHIs — surface islands (SUHI) and atmospheric islands (AUHI).
The severity of UHIs can also be influenced by other factors, such as the density of buildings in tan area, as well
as the building material used, especially in the identification methodology with a small number of measuring
points.

75 Seletkovi¢ et al., 2023

76 Mesari¢ et al., 2019

77 Boras et al., 2022

78 Ziberna and Ivanjsi¢, 2022
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Land Use/Land Cover classes

Summer (°C) Spring (°C) Fall(°C) Winter(°C)

Continuous Urban Fabric (S.L. >80 %) 21,1 29,1 22,0 3,7
Disontinuous Dense Urban Fabric (S.L. 50 - 80 %) 20,8 28,2 21,5 3,5
Discontinuous Medium Density Urban Fabric (S.L. 30 - 50 %) 19,9 271 21,0 3,4
Discontinuous Low Density Urban Fabric (S.L. 10- 30 %) 18,9 25,7 20,1 3,4
Discontinuous Very Low Density Urban Fabric (S.L. <10 %) 18,7 25,5 20,0 3,4
Detached buildings 18,2 24,9 29,6 3,5
Industrial, commercial, public and military areas 21,2 28,8 22,1 3,7
Highways and associated areas 19,3 26,3 20,4 3,2
Roads and associated areas 20,0 273 21,0 3,4
Railroads and associated areas 20,9 28,4 21,9 3,6
Mines and dump sites 18,8 26,3 20,3 2,8
Land Without Current Use 19,9 27,0 20,9 3,4
Urban green areas 18,9 26,2 20,1 3,9
Sport and leisure facilities 19,2 26,3 20,3 3,0
Agricultural land 189 25,6 20,3 3,0
Orchards (Vineyards, Olive groves) 19,2 25,6 20,2 4,0
Pastures 18,5 251 19,8 3,6
Forests 16,0 23,3 18,2 2,3
Water surfaces 15,0 22,5 17,8 2,4

source: Landsat 8 TIRS [22], source autors own calculations, 2021.

Table 2 Surface temperatures in Maribor by land use categories and by season. Summarised on the basis of: Ziberna and Ivanjsi¢, 2022.
Note: no port area in accordance with the Urban Atlas.

Important analyses of UHI effects on different LULC (Land use/Land cover types) land use types is also represented
in the work conducted by Boras’ et al., as well as Ziberna’® et al. As shown in Figure 10, Boras et al. estimated
UHI impact using the remote sensing method by studying temperatures in different parts of the city during the
summer and linking data that were observed in this period to land use data.”®
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Figure 10 Satellite images of the area of the Dubrovnik City area and the land category according to the land classification by use and cover.

Summarised by Boras et al., 2022.

As temperature data are not always available, using UHIs’ intensity categories according to existing literature,
indicating the link between the Urban Atlas land use categories and UHI intensity categories (e.g. Table 2) is

recommended).
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OVERVIEW OF METHODS OF URBAN HEAT ISLAND IDENTIFICATION

There are numerous methods and techniques in the literature that can be used to determine the scope and
properties of UHIs, differing in terms of research aim, input data, precision and the level of complexity. The most
commonly used methods are numerical modelling, remote sensing analysis and field measurements.

Numerical modelling

Microclimate modelling enables the simulation of cities’ thermal characteristics, taking into account factors such
as construction, green areas and urban matrix. Furthermore, such modelling allows the use of different temporal
and spatial scales, as well as the administration of sensitivity tests. However, their results depend on the models’
settings (resolution, parametrisation, small-scale physical processes, etc.) and therefore only roughly describe
urban thermal characteristics.

Remote sensing

Remote sensing analysis largely depends on the thermal sensors found on satellites (example of sensor types in
Table 3). These sensors measure surface temperatures which differ from the air temperatures measured by
meteorological stations. Surface temperatures actually represent the temperature of the substrate. It differs with
regard to the material and is most often lower in natural materials. The remote sensing technique allows data to
be downloaded in different spatial and temporal resolutions and helps establish a spatial sample of surface UHIs
(SUHIs). SUHIs depend on surfaces’ thermal properties and are estimated by variations between surface
temperatures (not air temperatures) of urban and rural areas. Surface temperature data are available from
various sources, such as Landsat-8 and Sentinel-3 satellite imagery. The resolution of the Landsat-8 imagery is 30
m, and the resolution of Sentinel-3 imagery is equal to 20 m. Table 3 displays the characteristics of remote data
collection device, and other data can be found via the link.” In addition, other data sources, such as MODIS®
(characterise by low spatial, but high temporal resolution) and ECOSTRESS® (characterise by high spatial and
temporal resolution) are available.

73 Copernicus, CORINE: https://land.copernicus.eu/en/products/corine-land-cover
80 MODIS: https://modis.gsfc.nasa.gov/data/dataprod/modi11.php
81ECOSTRESS: https://Ipdaac.usgs.gov/products/eco2lstev001/
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CHARACTERI CLC 1990 CLC 2000 CLC 2006 CLC 2012 CLC 2018
STICS
SPOT-4/5 and IRSPELISS .
Landsat-5 Landsat-7 ETM ] Sentinel-2 and
Satellite data |MSS/TM, sinale date ' g Landsat-8 for
single date g IRS P& LISS III, {29 gap filling
dual date RapidEye,
dual date
Z;:Etora' 1986-1998 | 2000 +/- 1 year | 2006+/- 1 year | 2011-2012 | 2017-2018
Geometric
£10m
accuracy, <50m <25m <25m <25m (Sentinel-2)
satellite data
Min. Mapping
UnitWidth 25ha/100m| 25ha/100m | 25ha/100m |25 ha /100 m|25 ha/ 100 m
Geometric
acouracy, 100 m better than 100 m better than 100 | better than better than
m 100 m 100 m
CLC
> 9
Thermatic = 85% > 85% > 85%
accuracy, (probably not = 85% = 85%
CLC achieved) (achieved) (probably
achieved)
Thematic
-~ 0,
accuracly, not checked = 85% = 85% = 85%
CHA (achieved)

Table 3 Data on Corine land cover, a spatial sensor for data collection — extract

Field measurements

This method involves data from official weather stations or networks of temperature sensors across the city, as
well as mobile measurements, conducted by e.g. cars or bicycles that measure air temperatures at different
locations in the city. It is often used to analyse the lower layer of urban atmosphere (CUHI). CUHI refers to
differences in air temperature of the lower layer of urban atmosphere and non-urban/rural areas. Standard spot
measurements in meteorology offer continuous data for different parameters, but do not allow a detailed study
of the spatial distribution of thermal load in the city due to the limited number of stations, resulting in data
scarcity. For example, the Croatian Meteorological and Hydrological Service keeps data from only three stations
in the City of Zagreb, which is useful for long-term UHI research, but not for a detailed understanding of the spatial
distribution of heat in the city.

Other methods include:

thermographic imaging with infrared cameras for temperature measuring at local level
measurements taken by balloons or drones with the purpose of determining temperatures at different
altitudes above urban areas
surveys and other forms of social research that provide insight into the exposure of residents to high
temperatures in urban areas.
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PROPOSAL FOR A BASIC UHI IDENTIFICATION AND MAPPING METHODOLOGY

UHI identification is a process focused on identifying and quantifying temperature differences indicating UHI
effects, and its main objective is to determine the presence and intensity of these effects. Mapping involves a
visual representation of these effects on the basis of cartographic representations and a Geographic Information
System (GIS).

Identification — UHI presence and intensity information

Mapping - facilitates spatial analysis and decision-making by visualising UHI samples and distribution

THEORETICAL FRAMEWORK

Solar radiation

Understanding the patterns of spatial distribution of sunlight is particularly important for a quality UHI analysis.
For a better insight into the key aspects of the recommended methodology described in the upcoming chapters,
the theoretical framework and the main terms connecting solar radiation and UHlIs are presented below.

Human activity is the most important cause of UHIs, as it leads to their creation. However, their main natural
driver is solar radiation, i.e. thermal energy reaching urban surfaces. Different locations within cities receive a
different amount of sunlight, depending primarily on shading objects such as buildings and trees. A good
illustration of this is the common habit of pedestrians to choose the shaded side of the street in times of great
heat for movement.

It is the urban structure that influences the limitation or facilitation of exposure to the sun’s rays. In many cities
around the world, urban planning takes into account the orientation of buildings with the purpose of influencing
the amount of solar energy that a building, i.e. some urban areas, receive during the day. This includes a set of
rules and decisions aimed at maximising energy efficiency and reducing energy consumption.

To begin with, it is important to emphasise that the energy balance of the city depends on incoming and outgoing
heat fluctuations, to whose source is solar radiation and longwave radiation from atmosphere. However, there
are significant differences between the city and its rural surroundings precisely due to the large number of
anthropogenic elements that alter this balance. This is clearly explained in Figure 11. All incoming solar energy is
shortwave solar radiation. It heats up the surface and can be direct or diffuse. Diffuse radiation is scattered from
particles in the atmosphere or from constructions on the Earth’s surface. In cities, there are various other
processes of energy movement that need to be kept in mind. First and foremost, there are urban surfaces
reflecting less incoming energy compared to natural surfaces, which store more heat. Therefore, compared to
rural areas, a higher percentage of heat remains trapped in the city. Here it is especially important to emphasise
that urban geometry plays a role in retaining this energy in the urban atmosphere. Street canyons do not allow
energy to leave the area, trapping it and leading to an increase in city temperatures. Another source of heat
playing an important role is anthropogenic heat, i.e. the heat generated by the exhaust gases of cars and
refrigerating appliances, which intensifies UHIs’ effects.

At night, UHIs’ effects are more pronounced as artificial surfaces absorb all incoming solar radiation during the
day and emit it at night in the form of longwave radiation. Therefore, unpleasantly high night temperatures in
cities are common during the summer months, which increases heat risk, especially for vulnerable groups such as
children and the elderly.
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Short-wave radiation

Sensible heat
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Thermal storage \ l

Figure 11 Urban Energy Balance (US EPA, 2008.)

Basic starting points for UHI identification and mapping methodology selection:

The methodology in the first phase should be relatively simple, should not include additional satellite or
other more complex measurements, and may include additional data (from local stations, satellite
imagery, etc.) in the upgrade phase or in cases of local availability.

The methodology should enable analyses of the current state of land cover and heat load for all local self-
government units in Croatia, which implies the availability of data at national level.

The method used for intensity identification and mapping should be appropriate and compatible for use
in the Green Infrastructure Registry of the Republic of Croatia (Table 4), i.e. it should provide an overview
of UHIs with the aim of defining and implementing measures to combat UHIs (especially those measures
related to the development of green infrastructure in cities).
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Green Infrastructure Typology Classes
1 Park
2 City/Urban forest
3 Sports and recreational area
4 Meadow
5 Botanical garden/Arboretum/ZO0O
6 Historical garden
7 Green constructive elements on buildings
8 Productive green infrastructure - urban gardens, urban farms, greenhouses, public orchards
9 Integrated urban drainage systems
10 Urban wetland
11 Park cemetery
12 Brownfield area
13 Watercourse, wetland, riparian zone and surface inland waters
14 Square
15 Sea coast
16 Touristic zone
17 Green areas next to residential buildings
18 Green areas next to public, social and economic buildings
19 Theme park
20 Archaeological park
21 Green traffic corridors
22 Planting trees

Table 4 Classification of green infrastructure typologies in the Green Infrastructure Application Manual. Summarised on the basis of:
Ministry of Physical Planning, Construction and State Property, 2023.

DESCRIPTION OF METHODOLOGY

In view of the abovementioned basic starting points, a methodology that combines available data on land use,
aerial imaging data and mathematical modelling of solar radiation is proposed.

As the basic spatial piece of data for UHI mapping, it is possible to use the map of vegetation and land type
available in the form of basic topographic database (BTD) which are made in accordance with the CROTIS
methodology and are within the scope of authority of the State Geodetic Administration. These data are available
on request and mapped in the 1:10.000 scale, which is currently the only data of this type and detail available for
the entire territory of the Republic of Croatia. Satellite measurements would allow mapping categories from BTDs
with UHI impact categories.

BTDs shall contain a description of the land cover at any point of the surface, thus identifying areas with natural
cover and those with constructions. This base also specifies the purpose/type of human activity. As previously
mentioned, human activity has the greatest impact on the UHIs’ emergence, so understanding the surfaces we
have built and our activity in different areas is crucial to conclude which anthropogenic elements contribute more
to an increased thermal risk than others.

Cover and land use under BTD (Table 5) covers the following categories:

Agricultural land
Forest area

Tree

Tree line and hedge
Other natural areas
Economic territory
Public spaces

Special purpose areas
Land use.

Category in accordance | Contribution to the UHI emergence
with BTD
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Although agricultural land is of natural origin, due to the high exposure
to solar radiation, agricultural areas often have similar or even higher
temperatures compared to urban areas. In addition to that, they are not
Agricultural land covered with greenery all year round, but rather come in the form of
bare land, contributing to rising temperatures. Understanding these
areas is extremely important because farmers spend a lot of time
outdoors, exposed to heat.

Forest area, tree, tree High vegetation allows surfaces to cool naturally through processes such
line and hedge, other as evapotranspiration. Trees and natural surfaces absorb the sun’s
natural areas energy, but evaporate water through their leaves, which helps cool the

environment. Therefore, areas under natural cover are cooler than
urban areas.

Economic territory Urban surfaces such as industrial zones are characterised by a high
proportion of asphalt, concrete, metals and other artificial materials, as
well as a low proportion of greenery. In addition, heat emissions from
industrial processes further increase the thermal risk of these areas.
Such areas refer to the most common parts of the city with the highest
temperatures and they need to be carefully analysed as many citizens
work and live in them.

Public spaces Public spaces are the most important category, as citizens gather in
them the most in their free time. As a rule, they are characterised by
artificially made or arranged surfaces, usually with solid cover such as
asphalt and concrete. Such areas include squares, commercial surfaces,
areas for sport and recreation, yards etc. Public areas are a rather
diverse category, and each of the elements they consist of should be
analysed separately.

Special purpose areas They are mostly made up of objects used for defensive purposes.

Land use Category covering areas of specific human activity, e.g. bus and train
stations, road service areas, sports and recreation sites, as well as other
areas where the population often spends time.

Table 5 Description of cover and land use categories in accordance with the BTD

As for taking aerial images, the digital surface model created on the basis of multi-sensor aerial imaging of the
Republic of Croatia, which resulted in LiDAR recordings, can be used for that purpose.

When the algorithm for the calculation of solar radiation is used, it is possible to mathematically define the
amount of radiation per surface unit. One of the tools which may be used for this purpose is the Modelling solar
radiation®? system, which calculates the sum of direct and diffuse radiation, and takes into account the topography
of the terrain, the construction and the presence of certain elements that affect the amount of radiation.

By overlapping cover layers and land use according to the BTD, when solar radiation is calculated and the GIS
spatial analysis tool is used, it is possible to identify areas with a potential UHI emergence.

This method has some shortcomings, such as the temporal update of BTDs and insufficient level of detail, but it is
proposed as a basic methodology with regard to the availability of data in Croatia. In case other data is available
at the level of local government units (hereinafter: LGUs), such as those from temperature sensor networks, it is
possible to carry out a more detailed identification procedure.

Furthermore, it is also possible to use publicly available and comparable data at the EU level for LGUs for which
these data are available. One example of such data is the Urban Atlas Land Cover/Land Use 2021 that exists within
the frames of the Copernicus programme.® Possible additional methods are described in more detail below.

82 Tool reference: Modelling solar radiation: https://pro.arcgis.com/en/pro-app/3.1/tool-reference/spatial-analyst/modeling-solar-
radiation.htm
83 Urban Atlas Land Cover-CLSM, 2021: https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018
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ADDITIONAL POSSIBILITIES FOR UHI IDENTIFICATION AND MAPPING METHODS

Depending on availability, other methods explained below may be used as an upgrade of the basic UHI
identification and mapping methodology.

USE OF METEOROLOGICAL STATION DATA

The first step in this process is the use of data collected by the official meteorological stations of the Croatian
Meteorological and Hydrological Service. However, not all LGU’s have a meteorological station within their
administrative boundaries, and the stations they have are often not located within built-up areas, but on the
outskirts of the city. As a result, the impact of UHIs cannot always be registered. In order to compensate for the
lack of official stations, LGUs are advised to invest in the installation of a temporary network of meteorological
instruments in order to collect extremely important data on the distribution of heat in the city during certain
periods. More specifically, the installation of such instruments would help define sites that are extremely hot and
where the implementation of adaptation measures is required. The range of instruments available on the market
is large and the ratio between the quality of the data obtained and the assets invested is very good. Examples of
such adaptation measures include the Citizen Weather Stations set by amateur observers, for example, in their
own garden. Owners can enter the results of their observations via online platforms, making them available to
different applications.®

CLASSIFICATION OF LOCAL CLIMATE ZONES

By collecting and analysing high-resolution data, it is possible to gain insight into the spatial distribution of surface
temperatures throughout different LGUs. It is important to emphasise that the surface temperature differs from
the air temperature measured by meteorological stations. It is also necessary to analyse the link between the
measured temperature (air or surface temperature) and cover and the use of land. For this purpose, the use of
local climatic zones (LCZ) is possible. Since the thermal characteristics of individual parts of a city may differ due
to different building density rate, a classification type that takes into account the local characteristics of individual
city parts has been developed. LCZs are areas of uniform land cover, urban structure, building materials and similar
human activities that stretch from several hundred meters to several kilometres on a horizontal scale.?> This type
of classification defines ten classes of plot ratio (three classes of compact construction depending on the height
of the buildings, areas with single-storey buildings, scattered construction in the natural environment, industrial
areas) and seven classes of land cover (areas with dense tall vegetation, areas with sparse tall vegetation, areas
with shrubland vegetation, areas with grassy and herbaceous vegetation, stone or paved areas, earthy or sandy
areas, water surfaces) — see Figure 13. It is a classification that defines the same characteristics for individual
classes, and its greatest advantage is the fact that it is applicable regardless of the location of the city, thus
enabling the possibility of city comparison. The data on LCZs (Figure 12) from the whole world are freely available,
and thus include the areas of local self-government units in Croatia.?® The data are available in a TIFF data format
that is compatible for use with GIS tools, given that further analyses are carried out.

84 World Bank, 2020
85 Stewart and Oke, 2012
86 | ocal climate zones available at: https://zenodo.org/records/8419340
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Figure 12 Local climate zone in nine Croatian cities (Zgela et al., 2024)
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Built types

Definition

Land cover types

Definition

I. Compact high-rise

2. Compact midrise

4. Open high-rise

J

5. Open midrise

7. Lightweight low-rise

8. Large low-rise

Dense mix of tall buildings to tens of
stories. Few or no trees. Land cover

mostly paved. Concrete, steel, stone,
and glass construction materials.

Dense mix of midrise buildings (3-9
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Dense mix of low-rise buildings (1-3
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials,

Open arrangement of tall buildings to
tens of stories. Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of midrise buildings
(3-9 stories). Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of low-rise buildings
(1-3 stories). Abundance of pervious
land cover (low plants, scattered trees).
Wood, brick, stone, tile, and concrete
construction materials.

Dense mix of single-story buildings.
Few or no trees. Land cover mostly
hard-packed. Lightweight construction
materials (e.g., wood, thatch,
corrugated metal).

Open arrangement of large low-rise
buildings (1-3 stories). Few or no
trees. Land cover mostly paved.
Steel, concrete, metal, and stone
construction materials,

Sparse arrangement of small or
medium-sized buildings in a natural
setting. Abundance of pervious land
cover (low plants, scattered trees).

Low-rise and midrise industrial struc-
tures (towers, tanks, stacks). Few or
no trees, Land cover mostly paved
or hard-packed. Metal, steel, and
concrete construction materials.

A. Dense trees

B. Scattered trees

E. Bare rock or paved

L

F. Bare soil or sand

Heavily wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Lightly wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Open arrangement of bushes, shrubs,
and short, woody trees. Land cover
mostly pervious (bare soil or sand).
Zone function is natural scrubland or
agriculture.

Featureless landscape of grass or
herbaceous plants/crops. Few or
no trees. Zone function is natural
grassland, agriculture, or urban park.

Featureless landscape of rock or
paved cover. Few or no trees or
plants. Zone function is natural desert
(rock) or urban transportation.

Featureless landscape of soil or sand
cover. Few or no trees or plants.
Zone function is natural desert or
agriculture.

Large, open water bodies such as seas
and lakes, or small bodies such as
rivers, reservoirs, and lagoons.

VARIABLE LAND COVER PROPERTIES

Variable or ephemeral land cover properties that change
significantly with synoptic weather patterns, agricultural practices,

and/or seasonal cycles.

b. bare trees

$. Snow cover

d. dry ground

w. wet ground

Figure 13 Classification of local climate zones (Stewart and Oke, 2012)

Leafless deciduous trees (e.g., winter).

Increased sky view factor. Reduced
albedo.

Snow cover >10 ¢cm in depth. Low
admittance. High albedo.

Parched soil. Low admittance. Large
Bowen ratio. Increased albedo.

Waterlogged soil. High admittance.
Small Bowen ratio. Reduced albedo.
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Integration of local climate zones and surface temperatures

Since local climate zones describe microclimatic conditions in cities and their surroundings, they are an optimal
tool for the detection of UHI impacts. With their help, it is possible to calculate the zonal characteristics of specific
parts of the city, i.e. the spatial distribution of heat.

Data on surface temperatures in the whole world, including Croatia, have been publicly available in high spatial
resolution since the 1980s. Thus, they enable and help determine the temporal and spatial heat changes of a
particular urban area. The data is available on the United States Geological Service (USGS site).®” Downloading
data from it is easy and user-friendly.

Steps to data download
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erter Coordeates or Chck B map 10 Gefine your search ared (Yor
Sdvanced mag Kok, vew Te hetp Gooumertaton ). S
Choose a date range

[ Covcoter [ RTR
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Figure 14 Selection of temporal and spatial scope of research

1. Register via the following site: https://earthexplorer.usgs.gov/.
Select ‘World features’ in the menu and enter the name of the LGU (Figure 14) you would like to see.
3. Select the period for which the data is needed.

N

4. Search Results

I you selected more than one data set 10 search, use the
dropdown 10 500 the search results for each spociic data set.

2. Select Your Data Set(s)

Chack the boxes for the data set(s) you want to search. When
done selecting data set(s), click the Additonal Criteria or Results

buttons below. Click the plus sign next 10 the category name 1o Show Result Controls .
show a list of data sets. .
Select satelite
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Figure15 Overview and download of surface temperature data

4. Select “Data sets” (Figurel5).

87 United States Geological Service, USGS; available at: https://earthexplorer.usgs.gov/

41


https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/

Urban Heat Island Identification and Mapping Methodology

a. At this point, the high spatial resolution data of the Landsat satellite mission, which provides
information on surface temperature from 1984 to the present, is downloaded. It is possible to
select any of the three satellites listed as each offers data for a different period of time.

b. Once the satellite is selected, press “Results”.

5. Select the desired satellite image.

a. ltis necessary to check if the clouds cover the chosen LGU area. In case they do, there will be no
surface temperature data, so another cloudless satellite image should be selected.

b. After searching, click on “Download options”, thus opening a new window

c. Select “Level-2 Surface Temperature Bands”.

i. The selected data is downloaded in a TIFF data format that can be opened in any GIS
software, e.g. ArcGIS or QGIS.

ii. The surface temperature layer is named after the satellite scene and ends in
ST _Band10.tif. Since the data in question is “raw”, a simple calculation of values in
degrees Celsius should be conducted, which can be accomplished with the help of the
Raster Calculator option in the GIS software.

LST (°C) = (LST (raw) * 0.00341802 + 149) — 273.15

The last step is to display the surface temperature in the GIS software you have chosen and in the selected colour
scale, which allows you to spot high temperature locations. Additionally, by overlapping layers of local climatic
zones and surface temperature, it is possible to calculate UHI effects with the help of the “Zonal statistics” tool.®®
The result is displayed in a table containing surface temperature statistics per class of local climatic zones.

88 Tool: Zonal statistics; available at: https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/zonal-statistics.htm
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URBAN ATLAS

The European Urban Atlas® provides an insight into the morphological features of cities, such as building density
or land use in them, and its typology is shown in Table 6. It is important to emphasise that the Urban Atlas data
cover six urban areas in Croatia, so it cannot be used for all LGUs at the moment.

Class code Nomenclature

11100 Continuous Urban Fabric (Sealing Degree > 80%)

11210 Discontinuous Dense Urban Fabric (Sealing Degree 50% - 80%)

11220 Discontinuous Medium Density Urban Fabric (Sealing Degree 30% - 50%)
11230 Discontinuous Low Density Urban Fabric (Sealing Degree 10% - 30%)
11240 Discontinuous Very Low Density Urban Fabric (Sealing Degree < 10%)
11300 Isolated Structures

12100 Industrial, commercial, public, military and pnivate units
12210 Fast transit roads and associated land

12220 Other roads and associated land

12230 Railways and associated land

12300 Port areas

12400 Aurports

13100 Mineral extraction and dump sites

13300 Construction sites

13400 Land without current use

14100 Green urban areas

14200 Sports and leisure facilities

20000 Agricultural + Semi-natural areas + Wetlands
30000 Forests

50000 Water bodies

Table 6 Nomenclature of land categories by purpose from the Urban Atlas database in English. Summarised in accordance with the EEA,
2021.

Below is an overview of the methodology used when the data from the Urban Atlas are available. The
methodology encompasses remote sensing of soil temperature with the necessary adaptation to the specific
Croatian context and in accordance with the defined preconditions for the development of the methodology. The
data on surface temperature should actually be linked to data on land use and utilisation in accordance with the
appropriate category of the Urban Atlas. For each category defined, it is necessary to make a calculation of the
average temperature. It is also necessary to calculate average temperatures for individual categories in
accordance with the defined Green Infrastructure Typology. Green infrastructure categories must be
complemented by the built-up area categories covered by the landscape classification methodology used in the
Atlas.

For a precise calculation of UHIs effects at different locations in the city, the temperature of the selected locations
should be measured accurately. As satellite data (such as those produced by Landsat-5) with temperature maps
of a resolution high enough to fulfil our needs were not available, we advise using reference temperature values
for individual land types, i.e. applying the results that were used in the calculation of UHI effects for different
types of land per cover and use in Maribor. The reference categories of effects for different types of land in
Maribor (with awareness of the limitations of this methodology) that were thereby obtained can be used to map
UHI effects in Croatian cities as well.® Furthermore, data on the current stage of land use are also based on the
Green Infrastructure Registry and®! are complemented by more relevant and detailed categories of built-up land,
such as those in the Urban Atlas®%.

As the impact of UHIs represents the difference in the temperature of urban areas and surrounding rural areas,
this methodology proposes to identify UHIs as follows: UHIs effect at a given location within a city can be identified
if the difference between the temperature of that location and the temperature outside the city is greater than
orequalto2 C(AT>2C).

UHI mapping implies a spatial representation of UHIs’ recorded effects. Mapping does not simply imply the
presence and intensity of UHIs have been recognised with the purpose of establishing a visual display of their
distribution in space and the extent of temperature variations within the urban landscape. Mapping is based on
a Geographic Information System (GIS) and cartographic techniques applied for the purpose of visual

89 EEA, 2021

9 Ziberna and Ivanjsic, 2022

91 Ministry of Physical Planning, Construction and State Property, 2023
92 Copernicus Land Monitoring Service, 2021
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representation of the forms and exposure of UHIs. Mapping provides a comprehensive perspective allowing
participants to understand the spatial relationships and implications of UHI effects on the urban environment and
its population.

THEORETICAL BASIS, ASSUMPTIONS AND LIMITATIONS OF THE MAPPING METHODOLOGY:

e The input data we are working with is the Green Infrastructure Registry. Based on the existing Green
Infrastructure Registry, mapping UHIs effects is, first and foremost, not possible, as green infrastructure
in itself reduces these effects. The morphological elements, i.e. categories caused by UHIs, in the Green
Infrastructure Registry are not specified with sufficient precision.

e |n order for the Green Infrastructure Registry to be used for the purpose of identifying and mapping UHI
effects, it needs to be updated with data on urbanisation density. To accomplish this, various spatial data
sources can be used, such as Corine Land Cover® or Urban Atlas®. For a maximally precise mapping
process, spatial resolution of the land category should be as high as possible, e.g. the Corine Land Cover
base has a spatial resolution of 100 m, whereas the Urban Atlas has the highest possible resolution of
10 m.

e In order for us to carry out the UHI mapping based on the Croatian data that is currently available, it is
proposed to use the procedure presented below. The Green Infrastructure Registry, defined precisely
enough for 22 open spaces, as well as green and blue area typologies, is connected to the Urban Atlas
network. In further research of this area, a spatial-resolution scale that is more precise than the Urban
Atlas scale can be used. Ideally, a map would be available for individual infrastructure elements with a
spatial resolution of 10 m or higher.

URBAN HEAT ISLAND MAPPING PROCEDURE

UHI mapping is usually carried out using input data on land use, with the typologies of the Green Infrastructure
Registry being used first. As the name suggests, the Green Infrastructure Registry primarily refers to green areas.
In order to identify UHI effects in accordance with the green infrastructure typology, a supplementation of the
typology with the appropriate classes of the built-up areas which are defined in the Urban Atlas, but not in the
existing green infrastructure typology, is advised. For this purpose, as shown in Table 6%°,UHI effect categories
shall be used as a benchmark

Note 1: The green infrastructure typology is essentially a classification of certain categories of open areas which are more
detailed than the Urban Atlas, meaning it does not replace the categories unambiguously. However, we aim to present UHI
effects in different categories of green infrastructure. For this purpose, the Urban Atlas Mapping Guide®* is used, as the green
infrastructure categories are contained within the categories of the Urban Atlas.

Note 2: Using a different approach for these categories of the Urban Atlas was very important, as there were no UHI value
calculations for certain categories.®’ The results of the analysis were used for the classification of the missing categories in
accordance with their contribution to UHI effects.® Categories that are only classified by the level of contribution to UHI effects
are shown in Table 7 under the “/” sign in the column “UHI impact”.

Categories of land use according to the Land use categories according to the UHI impact
typology of the Green Infrastructure .

Urban Atlas . [°C]
Registry

1110 Continuous urban fabric (S.L. > 80%) | 14 Square 4

12.1.0 Indus.trlal, commercial, public and 9 Integrated urban drainage system 3.7

military units

1223 Railways and associated land / 3.3

1121 Discontinuous dense urban fabric / 31

(S.L.: 50%—80%) '

1222 Other roads and associated land / 2.2

93 European Environment Agency, 2018.
94 Copernicus Land Monitoring Service, 2020.
95 Boras et al., 2022.
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Land use categories according to the

surface inland waters

t i fl ing to th HIi t
Categories of land use according to the typology of the Green Infrastructure li impac
Urban Atlas . [°C]

Registry
1122 Discontinuous medium density / )
urban fabric (S.L.: 30%—50%)
1340 Land without current use 12 Brownfield area 1.9
1330 Construction sites / /
1310 Mineral extraction and dump sites / 1.2
1221 Fast transit roads and associated 21 Green traffic corridors 12
land
lei 16 Touristi
1420 Sports and leisure facilities 03 Sports and leisure areas, 16 Touristic 1.2
zone, 19 Theme park
01 Park, 05 Botanical
141 ! 1.1
0 Green urban areas garden/Arboretum/Z00
1240 Airports / /
1230 Port areas / /
7 i I
Fabric (S.L. : 10%-30%) IS, '
buildings
2100 Arable land / 0.5
P - of —
2500 Orchards at the fringe of urban 08 Productive green infrastructure — urban
gardens, urban farms, greenhouses and /
classes .
public orchards
2200 P i frui
00 Permanent crops (vineyards, fruit 22 Planting trees 05
trees)
Hi ical 11 Park 1
1124 Discontinuous very low density 06 Historical garden, ‘ar cgmetery, 8
urban fabric (S.L. < 10%) Green areas next to public, social and 0.4
o economic buildings, 20 Archaeological park
3300 Open spaces with little or no
vegetation (beaches, dunes, bare rocks, 15 Sea coast /
glaciers)
2400 Complex and mixed cultivation / /
patterns
3200 Herbaceous vegetation associations / /
(natural grassland, moors...)
2300 Pastures 04 Meadow 0
1130 Isolated structures / -0.2
3100 Forests 02 City/Urban forest -1.8
4000 Wetland 10 Urban wetland /
13 W | ipari
5000 Water bodies 3 Watercourse, wetland, riparian zone and 26

Table 7 UHI impact during summer in accordance with Urban Atlas categories and Green Infrastructure Typology

Mapping procedure: the user will download the necessary input data, such as land categories per purpose as
defined by the Urban Atlas and green infrastructure elements, using the GIS programme, and then record these
categories in accordance with the UHI impact categories displayed in Table 7.
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Below is an example of the results of the UHI impact map for the City of Zagreb (Figure16). It is apparent that the
categories with the highest impact (AT > 2°C) are as follows:

Continuous urban fabric (S.L. > 80%) (UHI = 4°C)

Industrial, commercial, public, military and private units (UHI = 3.7°C)
Railways and associated land (UHI = 3.3°C)

Discontinuous dense urban fabric (S.L.: 50%-80%) (UHI = 3.1°C)

Other roads and associated land (UHI = 2.2°C)

Discontinuous medium density urban fabric (S.L.: 30%-50%) (UHI = 2°C).

On the other hand, the categories that actually have a UHI mitigation effect are:

e Water bodies (-2.6°C compared to pastures)
e Wetlands, forests (-1.8°C compared to pastures)
e |[solated structures (-0.2°C compared to pastures)

 od

UHI Green Infrastructure

UHI = 4,0 °C: 14 Square / Continuous Urban Fabric (S.L. >80 %)
UHI = 3,7 °C: 09 Integrated urban drainage systems / 1210 Industrial, commercial, public and military areas
UHI = 3,3 °C: 1123 Railroads and associated areas
UHI = 3,1°C: 1121 Disontinuous Dense Urban Fabric (S.L. 50 - 80 %)
UHI = 2,2 °C: 1222 Roads and associated areas
UHI = 2,0 °C: 1122 Discontinuous Medium Density Urban Fabric (S.L. 30 - 50 %)
UHI = 1,9 °C: 1122 Brownfield / 1340 Land without current use
1330 Construction sites
UHI = 1,2 °C: 1310 Mines and dump sites
UHI = 1,2 C: 21 Roadway associated green areas / 1221 Highways and associated areas
UHI = 1,2 °C: 03 Sport and leisure activities, 16 Tourism zones, 19 Theme park / 1420 Sport and leisure facilities
UHI = 1,1 °C: 01 Park, Botnical garden/Arboretum/ZOO / 1410 Green Urban Areas
UHI = 0,6 "C: 07 Green Infrastructure elements on buildings, 17 Residential buildings green areas / 1123 Discontinuous Low Density Urban Fabric (S.L. 10 - 30 %)
UHI = 0,5 "C: 2100 Agricultural land
UHI = 0,4 C: 06 Historical garden, 11 Landscaped cemeteries, 18 Commercial, public and industrial buildings green areas, 20 Archeological park / 1124 Discontinuous Very Low Density Urban Fabric (S.L. <10 %)
15 Sea coast / 3300 Open spaces with minimal or no vegetation cover (beaches, dunes, bare rocks, icesheets
2400 Complex and mixeed growing forms
3200 Herbacious vegetation communities
- UHI = 0,0 °C: 04 Pastures / 2300 Pastures
UHI = -0,2 "C: 1130 Detached buildings
UHI = -1,8 °C: 02 City/Urban Forest / 3100 Forest areas
10 Urban wetlands / 4000 Wetlands
UHI = -2,6 "C: 13 Waterways, marshes and water surfaces / 5000 Water surfaces

Figure1l6 Example of a UHI effects map for the City of Zagreb with the associated UHI categories in accordance with the Urban Atlas and
the Green Infrastructure Registry

Maps showing the spatial distribution of UHI effects allow us to get a better understanding of temperature
variations in urban areas. As previously mentioned, maps can be created using the GIS programme and Table 7
for the purpose of connecting UHI effects to different green infrastructure categories, complemented by the
Urban Atlas categories.

For the purpose of presenting UHI effects within the Physical Planning Information System (PPIS), it is
recommended to create a new layer called “The thermal urban island effect,” which would include maps such as
the one shown in Figure 16.

UHI effect maps allow users to analyse, interpret and use spatial data on UHI effects via GIS software. They are a
source of important data on temperature differences within cities, which can be useful in the process of urban
planning, adoption of climate change adaptation measures, and mitigation of heat hazards.
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Potential restrictions on the use of the Urban Atlas and overlap with the Green Infrastructure Registry

e The Urban Atlas for the territory of Croatia refers to six urban areas — more specifically, Osijek, Rijeka,
Slavonski Brod, Split, Zadar and Zagreb, including the given cities and local self-government units that
surround them or jointly form urban areas. Thus, only certain LGUs can access the Urban Atlas for the
purpose of improving basic methodology.

e Furthermore, a complete overlap between the Green Infrastructure Registry and the categories defined
by the Urban Atlas is not possible because the Urban Atlas typology elaborates green and other open
areas in more detail, whereas the Green Infrastructure Registry only lists areas located within the
construction area of the settlement.

e The minimum mapping width in the Urban Atlas, e.g. for categories 14100 Green urban areas and 14200
Sports and leisure facilities, is 10 m. However, the minimum mapping width in the Green Infrastructure
Registry is greater because it represents a more detailed database at the level of each LGU. The same
goes for the minimum mapping surface, which varies from 0.25 to 1 ha in the Atlas.

e Although certain categories of the Urban Atlas correspond with the individual typologies of the Green
Infrastructure Registry, by nature, they do not represent the same areas, with one type of area in the
Green Infrastructure Registry potentially referring to several categories in the Atlas. For example, category
14200 Sports and leisure facilities covers several types and/or subtypes in the Green Infrastructure
Registry, such as Sport and leisure areas, Tourism zones i.e. Camps, Urban Gardens, etc.

e It is partly possible to include certain typologies from the Green Infrastructure Registry into the Atlas
categories, but it should be borne in mind that the level of detail, the method of mapping and
categorisation in the two systems are not the same. Some examples with notes:

o 14100 Green urban areas — Park, Botanical garden/Arboretum/Z0OO0, Historical garden, Park
cemetery, Sports and recreational areas (subtype: children’s playground), Archaeological park

o Note —Inthe Urban Atlas, areas with vegetation that are smaller than 0.25 ha are merged with the
surrounding categories, whereas areas whose surface ranges from 0.25 to 1 ha are classified into
category 13400 Land without current use. On the other hand, the Green Infrastructure Registry
provides more detailed mapping, even classifying areas with a surface smaller than 0.25 ha.

o 14200 Sports and leisure facilities — Sports and recreational facilities, Productive green
infrastructure — urban gardens, urban farms, greenhouses and public orchards®®, Theme park,
Touristic zones

o 31000 Forests — City/urban forest

o Note 1—Urban Atlas also includes nurseries into category 31000, whereas the Green Infrastructure
Registry places them in a separate category (Productive green infrastructure —urban gardens, urban
farms, greenhouses and public orchards).

o Note 2 — According to the Urban Atlas, forests located in urban areas are categorised as 14100
Green urban areas.

o Note 3 — Minimum mapping unit for urban forests is 1 ha.

o 23000 Pastures — According to the Urban Atlas, this category includes pastures and meadows used
for agricultural purposes, and according to the Green Infrastructure Registry grasslands include
ornamental and usable Lawns on publicly accessible areas.

The limitation within the frames of direct connection between different land categories in the Urban Atlas on the
one hand and the Green Infrastructure Registry on the other is particularly evident when it comes to private
spaces, since private gardens are not registered as green areas in the Atlas, but are part of the categories depicting
urban tissue (e.g. continuous and discontinuous urban tissue). For example, the Green Infrastructure Registry
includes green areas adjacent to public, social and economic buildings and green areas adjacent to residential
buildings. Attempting to directly overlap and map UHIs without taking this fact into account is likely to result in
erroneous results, i.e. misinterpretation of the data.

% Urban Atlas defines urban vegetable gardens as complexes of several to several hundred land parcels intended for population use, in
which most parcels contain individual agricultural areas with fruit or vegetables, as well as a storage for tools and shelters, and as such
places them in category 1.4.2. Sports and leisure facilities.
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Other update options and alternative methodology approaches

e For further work, we suggest planning precise temperature measurement procedures at different
locations within Croatian cities. This would allow updating UHI intensity categories implemented by
Ziberna and Ivanjsi¢,” which we use in the current version of the methodology, with UHI impact size
categories measured on the basis of Croatian cities. Nevertheless, the calculations referring to UHI effects
for different types of land by use in Maribor are currently the best source of data we have.

e Moreover, the next phase of methodology development, which is presented in this document, could
include the use of land classification of higher spatial resolution (the spatial resolution limit in the Urban
Atlas is currently 10 m). In the final stage of the mapping methodology development, it is necessary to
base the mapping on the individual elements within the land use categories.

e Furthermore, the upgrade of the methodology could include an additional set of data from the Copernicus
Land Monitoring Service, more specifically, data on the height of buildings in cities.®® At the moment, only
the 2012 data are available, meaning an updated version has only yet to come.

e Due to the extremely negative impact of heat emissions of refrigerating appliances, in particular
refrigeration units within large complexes and places of public gatherings, such as shopping malls, we
advise introducing a mapping procedure for refrigerating units in order to more accurately predict UHI
emergence and intensification.

In conclusion, it can be stated that there are a number of methodologies focused on studying UHIs in various
ways. They differ by their research focus/objective, input data, precision and complexity. The three most
commonly used methods are numerical modelling, analysis of remote sensing data and field measurements.

Taking into account all the specificities of Croatian territory and sources, availability and structure of available
data, a methodology has been proposed. The proposed methodology combines data on land use (basic
topographic database, BTD), data from multisensor aerial imaging of Croatia, and mathematical modelling of solar
radiation.

As an option for further development, we propose considering the implementation of modelling procedures
based on the use of remote sensing data on surface temperature and comparing them with data on land use and
cover.

97 Ziberna and Ivanjsi¢, 2023
98 EEA, 2022
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MONITORING CHANGES IN INTENSITY

In Croatia, short, medium and long-term monitoring of changes in UHI intensity requires systematic research
tailored to the specificities of different regions and settlements. For the purpose of efficient monitoring of UHI
effects in Croatia, a list of research guidelines shall be proposed below.

MONITORING INTERVALS — RECOMMENDATIONS

SHORT-TERM MONITORING (DAILY TO MONTHLY)

Collect daily temperature data from meteorological stations to monitor short-term fluctuations in UHI
intensity.

Analyse satellite images with data on average surface temperature on a monthly basis to identify seasonal
trends in temperature change and UHI emergence.

Carry out periodic mobile research to identify dynamic changes with regard to UHI intensity within urban
areas.

MID-TERM MONITORING (SEASONAL TO ANNUAL)

Compile daily air temperature data during the seasons to estimate seasonal variations in UHI intensity.
Perform a quarterly analysis of satellite imagery to track changes in soil surface characteristics and size of
the UHI.

Carry out annual analyses of urban morphology in order to monitor long-term modifications in land use
and form, as well as the layout of the built-up space.

LONG-TERM MONITORING (MULTIANNUAL)

Compress multiannual temperature datasets to identify long-term trends in UHI intensity.

Use previous satellite imagery to analyse decades of changes in urban heat patterns and land use
dynamics.

Implement periodic surveys on the perception of residents’ living comfort every few years to assess the
effectiveness of UHI mitigation measures and urban interventions.

ADAPTATION TO THE CROATIAN CONTEXT

COASTAL URBAN AREAS

Focus on monitoring UHI intensity in coastal cities with a high building density, taking into account the
impact of marine air flows on local temperature patterns.

Focus on short-term monitoring during the summer months, when UHI effects are the most pronounced.
Include mid-term monitoring to assess the impacts of tourism and seasonal influx into the area on changes
in UHI characteristics.

CONTINENTAL URBAN AREAS

Focus on long-term monitoring with the purpose of detecting gradual changes in UHI intensity due to
urbanisation and infrastructure development.

Carry out mid-term monitoring during the winter months to create a better understand of the variations
in UHI effects caused by heating.

Consider the impact of surrounding agricultural land on the emergence and expansion of UHIs.
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MEASURES TO MITIGATE THE EFFECTS OF URBAN HEAT
ISLANDS

The negative effects of the expansion of high density settlements, such as increases in urban space temperatures
and more frequent and longer-lasting heatwaves, will intensify, so it is necessary to implement measures to
reduce energy consumption and protect the environment and human health in cities.®® These topics have been
addressed through the scientific research of Rojas-Fernandez et al., Santamorius and Yun and many others.1®
Among the various urban planning and design strategies for more resilient cities, the most studied topics in the
scientific literaturel®® in this regard are the use of evaporative systems and soil shading, as well as the introduction
of green infrastructure, air and soil heat exchangers and reflective technologies. When implementing UHI
mitigation strategies and measures, it is necessary to focus on nature-based solutions. Furthermore, educational
activities at all levels can significantly help reduce UHI effects. However, many citizens are not yet sufficiently
aware of environmental problems arising in conditions of high heat load. Investing in the education of city dwellers
can encourage citizens to actively participate in the reduction within their own home, and help strengthen the
integrity of the community.

When it comes to the development of quality and climate-neutral settlements and adaptation to climate change,
spatial planning and construction processes should focus on:

. providing a sense of safety in the face of climate change risks (droughts, fires, floods, landslides)

o ensuring water availability needs and sustainable water management (water retention measures,
reuse of rainwater, deregulation of regulated watercourses, etc.)

o securing the accessibility of green areas with diverse ecosystem services (planning and development

of high-quality, accessible, connected green spaces and other nature-based solutions, including blue
infrastructure elements)

. helping to cool settlements, urban spaces and buildings (morphological form of built-up settlement
parts, ventilation, building density, relationship between built-up areas and areas that were not built
on)

o conducting circular management of space and buildings (impact on reducing demand for new building
sites and expansion spaces, as well as natural materials)

o incorporating sustainable mobility elements (decrease in the share of motorised traffic, multi-
purpose use of parking and space, efficient pedestrian and cycling infrastructure)

o ensuring the use of renewable energy sources and energy efficiency.

The following part of the document contains proposals for UHI mitigation measures in accordance with the
following categories:

e Green and blue infrastructure
e Urban design elements
e Technological measures.

9 Carnielo and Zinzi, 2013
100 Rpjas-Fernandez, Galan-Marin and Fernandez-Nieto, 2017; Santamouris and Yun, 2020
101 Santamouris et al., 2017; M. Taleghani, 2018
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GREEN INFRASTRUCTURE

The use of urban green infrastructure (UGI) can partially mitigate UHI effects, increasing the resilience of urban
spaces to climate change. In order to achieve this, UGI needs to be systematically integrated into urban planning
and legislation. However, this process depends on the availability of widely applicable, easily accessible and
guantitative evidence.

UGI has been acting as a positive factor influencing temperature reduction in European cities by an average of
1.07°C, and a possibility of reaching as much as 2.9°C. To achieve a 1°C urban temperature reduction, the amount
of tree canopy cover should reach at least 16%. The regulation of the microclimate mainly depends on the amount
of vegetation within a city, as well as the rates of tree canopy and soil moisture evaporation. Furthermore, more
than half of the population in almost 40% of European countries does not benefit from the microclimate
regulation enabled by urban vegetation. The broad implementation of the UGI, especially in arid regions and in
cities with an insufficient rate of tree canopy cover, is key to ensuring healthy living conditions for the urban
population.

Using nature-based solutions (NBS) has a positive impact on UHI mitigation, but also on a number of other related
factors, such as biodiversity conservation, impact on citizens’ health and cognitive abilities, energy savings and
many others. Moreover, apart from the spatial components, the interaction of the environment and different
types of NBS entails a temporal component, as well, which further points to the complexity of measuring and
evaluating the efficiency of investments in such solutions. For this reason, it is necessary to standardise reliable
methods for the evaluation of the effectiveness of investments in line with local specificities, in addition to
developing new NBS integration methods.

When discussing UHI negative effects, it must be emphasised that habitats, i.e. urban soil, as an indispensable
part of the NBS system complexity, also have a significant impact on the efficiency of their reduction.
Characteristics of different habitats can have a significant negative impact on the rates of water transpiration
through plant organs growing above ground, which has a twofold negative impact on UHIs, but also on the survival
and resilience of the plants themselves. This impact, although known, is ignored due to the increased cost of using
NBS through the employment of the underground pit method. However, compensating this by planting larger
guantities of same species will only worsen the situation in the long run, as it may lead to a significant increase in
the cost of maintenance, as well as encourage competition for space both under and above ground and for the
biogenic elements and available moisture between the elements of urban greenery. In other words, in addition
to the spatial component of tree canopy cover, the focus should also be put on the temporal component of long-
term cover development, as well as on the sustainability of UGI development strategies.

In view of the previously mentioned restrictive factors, the text below shall provide an overview of the interaction
between the environment and nature-based solutions, in the form in which they are found in UGI typology. This
shall be followed by guidelines on mitigating UHI effects.

Measures for the successful mitigation of UHI effects need to be adapted to the specific purpose of the categories
and to the specific location of individual sites. That is why it is important to apply a multidisciplinary approach
while considering other factors that occur in a given space primarily or secondarily.

Simple UGI elements include:

2.1. Parks and urban forests
- Expanding parks and urban forests helps reduce UHI effects through shading, surface temperature
reduction and increased environmental cooling through evaporation and transpiration effects.
- Planting trees and expanding tree canopy cover areas within urban forests and parks reduces the
absorption of sun rays and consequently the temperature of the environment.

2.2. Wide avenues and streets with trees
- Planting trees along wide avenues and streets helps reduce UHI effects by lowering surface temperatures
and cooling the environment through evaporation and transpiration. In addition, it leads to an
improvement in the overall air quality.
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Planting heat-resistant species along avenues and streets allows urban greening to become more adapted
to urban environmental conditions and increases the effectiveness of mitigating negative UHI effects.
The integration of urban trees, as well as bushes, perennials and similar elements within the rainwater
drainage system, combined with urban cooling corridors, increases the efficiency of the UGI when it
comes to UHI effects reduction.

2.3. Green roofs, green walls and urban gardens

Roofs of buildings covered with greenery that absorbs solar radiation reduce heat influx into objects and
the temperature of the immediate environment.

Green walls refer to vertical surfaces covered with greenery that provides shading to surfaces and reduces
the thermal absorption of a building, improves general air quality and reduces UHI impact.

The establishment of urban gardens and green spaces encourages the integration of green infrastructure
elements into the urban fabric, leads to positive evapotranspiration effects and reduces the accumulation
of heat, which has a positive impact on the reduction of UHI effects.

Green living fences subsume bushes, trees, climbing plants, etc. that function as separate units, and their
planting positively affects the increase and transfer of temperature, provision of shade in urban spaces,
as well as air quality, the general aesthetic atmosphere and the feel of a space.

2.4. Green squares and street trees

Planting trees in existing city squares helps reduce heat absorption, expand shaded areas and improve
general environmental conditions for space users.

Planting trees along roads helps reduce UHI effects by covering surfaces, reducing surface temperatures,
improving air quality and aesthetic perception of the urban environment, as well as reducing noise.

2.5. Small parks and yards

Surfaces of small parks and yards are smaller than square, park and urban forest surfaces, resulting in a
relatively low impact on the reduction of UHI effects. However, they can be efficiently used in combination
with other elements of green infrastructure.

Permeability surfaces and specific materials affecting the reduction of absorbed thermal energy can make
an additional positive contribution to the mitigation of UHI effects.

Given their size, these areas are suitable for smaller trees and shrubs of narrow, upright treetop habits,
as well as climbing plants and ground covers.

2.6. Green islands along roads

They represent belts of greenery that contain various elements of vegetation, such as grasslands,
perennials, bushes, but also trees of narrower habits.

They have a relatively small impact on the reduction of UHI effects, but with careful design and placement
in space, they can cover larger areas of space, thereby reducing the amount of energy absorbed and local
surface temperatures.

By carefully selecting species, they can have a significant positive impact on the improvement of air
quality, reduction of noise and light pollution.

2.7. Rain gardens

2.8.

Rain gardens are a nature-based solution for the temporary collection (and, in certain cases, filtering) of
rainwater from built-up impermeable areas. They are often designed as low maintenance intensity areas
and must be distinguished by a specific selection of species that can withstand both intermittent water
saturation of soil and intermittent dry periods.

Their role in water reception relieves urban drainage systems and helps reduce flood risk.

They can cover and cool the immediate environment, as well as improve air quality by removing pollutants
from plant surfaces.

Pots for planting trees and urban planting pits

When combined with grey infrastructure elements, these pots and pits function as hybrid solutions. They
also function as green infrastructure dots. and may have a permanent or temporary character.
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- Their primary contribution lies in the fact that they provide shade to areas that easily absorb large
amounts of heat and reduce surface temperature for the purpose of decreasing UHI effects.

- Theyare recommended for use only in places where planting is not possible due to the previously installed
underground infrastructure. The pots and pits in which they are to be planted should have a capacity of
1250 litres max.

- Due to space limitations, we advise using these pits and pots for low trees with intensively maintained
and shaped tree canopies.

- As a result of their adaptability to different spaces, they can be used to connect elements of green
infrastructure into continuous shaded spaces, which has a significant impact on the improvement of
quality with regard to the ecological characteristics of the space.

- Adequate integration and investment in urban planting pits can lead to a significant improvement in the
growth and development conditions of urban trees. In turn, this may lead to a prolongation of the trees’
life cycle, an increase in their resistance to windthrows, a reduction in the costs of their maintenance and
nurturing, and a significant decrease in water losses. Nevertheless, their physiological functions will
remain normal throughout their life cycle, which greatly exceeds the monetary values of implementing
such urban tree planting methods.

This division represents the simplest classification of UGl elements, as well as the most prominent positive impacts
on UHI effects and the most important environmental factors. These elements may, either on their own or in
different combinations, form components of unique green infrastructure categories. The chosen green
infrastructure should be defined with particular regard to the specificity of a given space. A positive example of
conducting such a unique typology process was made when green infrastructure (Gl) categories were defined in
Croatia.

Table 8 Category of Gl typology and a list of measures applied to Gl species UHI effects mitigation

Category of green infrastructure typology

Action proposal

Park

Parks are fully landscaped, open and clearly
recognizable green areas that are reserved for the
public needs of citizens and intended primarily for
recreation. They are multifunctional spaces primarily
covered by vegetation, as well as water elements,
pathways, park and sports equipment, monuments,
etc. Functional park design process determine the
natural characteristics of the area, the intended
purpose of the space, and the residents’ needs. Parks
in city centres are very often arranged as
promenades with grassy areas that have been
planted according to planned designs, most often
with very few trees.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- improving habitat conditions with a view to
improving water absorption rate

- reducing the area of impermeable surfaces

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

City/urban forest

City or urban forests are natural or planted forests
located in an urban area; in other words, they have
been integrated into or located next to the built-up
space and are mostly surrounded by residential
zones. They can be shaped as park areas, and when
managed meaningfully, their original forest structure
can remain the same. Functional-forming
characteristics of city forests are determined by
natural features; they consist of trees and shrub
vegetation, as well as ground-level vegetation and
grass. City forests can consist of separate parts for
recreation with walking and cycling paths, children’s

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- improving habitat conditions with a view to
improving water absorption rate

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors
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Category of green infrastructure typology

Action proposal

playgrounds, free walking areas for pets and spaces
for public events.

Sports and recreational area

These areas are usually self-contained areas that are
purposefully designed and equipped for sport and
recreation. They often contain elements of landscape
value in their design. Sports and recreational areas
include open sports fields and accompanying sports
buildings. The main element in their structure must
be natural green surfaces on the ground intended for
various outdoor sports, e.g. football, athletics,
archery, golf, equestrian sports, outdoor swimming
pools, as well as for recreation with outdoor exercise
equipment, playgrounds for children and young
people, playgrounds and training polygons for dog,
and other purposes. All outdoor spaces are
completely landscaped, publicly accessible and often
located near public transport stations.

- suitable areas for planting different types of trees,
shrubs and perennials to expand the areas shaded
by treetops and increase the maintenance of local
biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

Lawn

Green areas whose vegetation is primarily made up
of different types of grass; these areas rarely contain
trees and bushes and are the result of human activity.
They function as independent green areas and are
the most common infrastructure form in open
spaces. They form a clearly bounded space without a
complex structure and are dominated by a relatively
uniform texture and colour. Depending on their
purpose, grasslands in urban areas can function as
ornamental grasslands next to significant public
buildings, residential buildings or as parts of parks,
sports lawns and golf courses; this typology includes
the ornamental grasslands in public areas with
unrestricted public access.

- improving habitat conditions with a view to
improving water absorption rate

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Botanical garden/ Arboretum/ ZOO

Botanical gardens, arboretums and ZOOs are not
classified as public parks, but are rather considered
open-air museums. They function as independent
green areas. and are clearly bounded by recognizable
entrances. Their internal structure is complex, and is
a combination of different elements, free landscape
design, and a geometric approach; it also includes a
number of elements of appropriate design value,
equipment, as well as necessary buildings. Botanical
gardens, arboretums and ZOOs play a prominent role
as leisure, relaxation and strolling destination within
urban fabric. Due to the very characteristics of these
spaces and often their historical importance, they
stand out as go-to locations for cultural events, as
well as sources of inspiration for arts and numerous
events. Additionally, they have a pronounced
educational role.

- areas suitable for planting different types of trees,
shrubs and perennials whose treetops would
provide cover and the potential to maintain local
biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

Historical garden
Historical gardens are different from regular parks

and gardens in terms of artistic and creative ambition

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
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Category of green infrastructure typology

Action proposal

— Historical gardens are literally an architecture in the
form of organic material. Historical garden are a
highly cultivated outdoor area that is either
independent or very often located next to historic
buildings, castles, manor houses, churches and
summer residences. Historical gardens can be built
within various urban areas, including public, medical,
or parochial spaces. Their design depends on the
historical period in which they were established and
are very often landscaped. Their composition consists
of four basic elements — terrain, vegetation, water
and rocks. Their grassy surfaces are primarily
adorned with trees and bushes, whereas flowers take
a secondary role in this regard. In addition, Historical
garden contains numerous functional and aesthetic
elements such as pavilions, bridges, gazebos, and
water bodies, as well as defined paths and garden
plastics; occasionally, they also entail decorative
gardens and orchards. Historical garden are inspiring
places for purposeful or recreational gatherings of
residents, as well as for cultural and other events. As
such, they help attain social inclusion and create a
sense of belonging in the community.

increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using permeable surfaces

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool and pedestrian corridors
limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Green constructive elements on buildings

Green roofs usually have a flat surface and are less
often sloping/tilted. They are covered with
vegetation, with the composition of green roofs
consisting of several different functional layers,
drainage systems, filters, substrates and a final layer
of vegetation. There is a difference between
extensive green roofs, consisting mainly of resistant
perennials such as succulents and drought-resistant
grasses, and intense green roofs, which are more
complex and made up of a combination of different
plants, such as perennials, shrubs, grasses and trees,
and can also be used for the cultivation of vegetables
and fruits. Green walls are independent structures
which are built vertically and covered with
vegetation; their structure is often made out of
modular tiles or other constructive frames that serve
to accommodate different types of cultivation media.
This, in turn, depends on the choice of vegetation
dictating the forms of maintenance needs.

areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool corridors

Productive green infrastructure - urban gardens,
urban farms, greenhouses, public orchards
Productive green infrastructures are located in urban
settlements and are maintained by the inhabitants of
the settlements concerned. They are either
unplanned communal gardens, created on free public
land as a result of informal initiatives undertaken by
occupants of nearby buildings and civil society
associations, or official city gardens, established
following a public call addressed to cities and

municipalities, allowing citizens to use the parcel

areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using permeable surfaces

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool and pedestrian corridors
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Category of green infrastructure typology

Action proposal

either for free of or for a small annual fee. Spaces of
official city gardens are clearly landscaped, with a
defined division into individual row-shaped parcels
that are interconnected by paths. These parcels are
used for growing vegetables and fruits (berries),
herbs and flowers for personal use. Other types of
productive green infrastructure, such as urban farms,
nurseries and public orchards, have a more
pronounced economic function and represent an
associated type of Gl element.

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Integrated urban drainage systems

The most common solution for an integrated urban
drainage system is a rain garden, i.e. bioretention.
Such gardens are depressions covered with plants,
allowing the collection of rainwater from
impermeable surfaces such as roofs, pedestrian areas
and paved surfaces, and activating the absorption of
water into the underground. They mostly appear in
trapezoidal forms with shallow depressions. There
are several basic types of rain gardens in nature:
classic rain gardens, rain gardens on impermeable
surfaces, and rain gardens in pots. They consist of a
bottom (impermeable) substrate, a drainage layer
with a perforated pipe, granulation material and
plants (perennials, shrubs and trees). Due to their
noticeable vegetation, rain gardens can improve the
visual and aesthetic perception of the city space.
When in the vicinity of holiday infrastructure, rain
gardens can be used for passive holidays and informal
citizen gatherings.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Urban wetland

Urban wetlands are shallow depressions densely
covered with plants and located within or around
urban areas. They can be natural or artificial.
Artificially built wetland systems are functionally
designed for the purification of rainwater and
permanent retention of a certain volume of water,
consisting of several sections of different depth,
usually up to six meters. They are designed to imitate
natural wetland systems and are often the dominant
element in space dimension-wise. Wetland systems
play a significant role in reducing the occurrence of
urban floods and droughts, purifying rainwater,
adapting to climate change, as well as reducing the
impact of urban heat islands and soil erosion. They
can also be used as a place for rest and recreation and
other educational activities harmoniously linked to
spending time in nature.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- connecting with other UGI elements for the
establishment of cool corridors

Park cemetery Cemeteries are enclosed areas of land
with burial plots, communal infrastructure and
accompanying buildings. They are classified as
communal buildings owned by the city or
municipality in which they are located. Due to their

park-like features, some cemeteries have been

- areas suitable for different types of trees, shrubs
and perennials, allowing for a simple increase in
the tree canopy cover surface and the potential to
maintain local biodiversity

- possibility of using permeable surfaces
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Category of green infrastructure typology

Action proposal

declared monuments of park architecture. Park
cemeteries and cemeteries with both park-like and
architectural landmarks that stand out as
components of green infrastructure. Park cemeteries
contain grass elements with straight rows of trees;
they have an orthogonally shaped plan with properly
arranged burial plots. In the coastal part of Croatia,
park cemeteries are also characterised by rows of
chapels. Architectural cemeteries are characterised
by buildings of different types and shapes, and are
most often bounded by porches.

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

Brownfield area

Brownfield area are former industrial and military
complexes, larger complexes of other purposes, or
undeveloped surfaces, which have lost their basic
function over the years. When it comes to urban
renewal, these areas are of great importance as they
are very often located within the very core of urban
centres. Such surfaces can have two potential
functions, i.e. be used as either temporary or
permanent green infrastructure. Each Brownfield
land needs to have a defined method of use. This
method should be selected in accordance with the
inventory of vegetation created by natural succession
and the significance of the existing condition in the
context of wider green infrastructure development.
Brownfield lands are characterised by a closed
structure, often bounded from surrounding area, and
visually protected, with a limited access. Their design
needs to be adapted to the needs of new users and
to the infrastructure of the previous purpose.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Watercourse, wetland, riparian zone and surface
inland waters Watercourses include water zones and
all publicly accessible coastal areas with a
predominant proportion of natural elements. They
are characterised by a line shape and, as a rule, have
anti-flood and other water management measures in
place. There are several types of watercourses in
construction areas: rivers, streams, ephemeral
streams, diversion channels, navigation channels,
irrigation canals, lakes and ponds, which, together
with rain gardens, form the urban water system
network. Inundation areas have a great potential for
rainwater management and for the development of
recreation and outdoor living areas. Additionally,
they are safe havens for plant and animal species
living in wetlands.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- connecting with other UGI elements for the
establishment of cool corridors

Square

Squares are open city spaces completely or partially
bounded by buildings or streets. They can be entirely
paved and without green areas, with their size
depending on their location and purpose, ranging
from small urban plateaus to large city squares.

When it comes to green infrastructure, if they contain

- suitable areas for different types of trees, in
particular the use of urban planting pits

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors
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Category of green infrastructure typology

Action proposal

elements of greenery and water, squares can
significantly contribute to the creation of an
environmentally sustainable city, having a positive
impact on air quality, as well as on noise and stress
reduction. Additionally, they can contribute to a
general feeling of comfort for people spending time
outdoors. In city squares, vegetation should be

limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

resistant to specific rainfall conditions, soil

compactness and maintenance requirements.

Sea coast - areas suitable for planting different types of trees,
Anthropogenic seashore forms include ports, shrubs and perennials with the purpose of

marinas, watercourses and docks, coastal roads, city
beaches and beaches along tourist complexes; the
seashore category also includes waterfronts as the
most frequent gathering destination for residents.
This typology also includes city coasts, promenades
and beaches. When green infrastructure is planned,
cities located along the sea coast should make sure
that their coastal area is protected environmentally,
as well as that the specific identity of their location is
preserved. The design of a city coast and beach
depends on the primary function of the space, the
existing level of built-up, and the environmental and
spatial management measures defined.

increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool and pedestrian corridors

Touristic zones

Touristic zones are areas that are intended
exclusively for tourism through spatial planning, i.e.
hotel complexes, campsites, as well as sea or other
coastlines along water surfaces belonging to them.
Green infrastructure elements within tourism zones
have multiple benefits. In addition to promoting
biodiversity, UHI and microclimate change
mitigation, these zones are beneficial for the health
of their users as they provide leisure, pleasant views,
and the possibility to spend time outdoor in air and
sunshine. Additionally, they often function as an
incentive for physical activity. Outdoor recreational
facilities should be made available to the local
population throughout the year.

areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using permeable surfaces

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool and pedestrian corridors
limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Green areas next to residential buildings

Private gardens adjacent to family houses, public and
semi-public open spaces (within residential
settlements and between multi-residential buildings)
can significantly contribute to the functions and well-
being of green infrastructure, and, when shaped
properly, can form urban corridors. In spatial plans,
the conditions for the construction of residential
areas insufficiently define the guidelines for the
arrangement and functions that the independent
part of a building plot should accomplish.
Nevertheless, these spaces are often oases in which
people spend most of their everyday life, with which
they identify, and which are of particular importance

when it comes to increasing life quality. At the same

areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

possibility of using permeable surfaces

possibility of using materials with an impact on the
reduction of UHI effects

connecting with other UGI elements for the
establishment of cool corridors

60



Urban Heat Island Identification and Mapping Methodology

Category of green infrastructure typology

Action proposal

time, it is very clear that there is a lack of such green
areas in everyday life and that these areas are
designed without the necessary standards of green
infrastructure.

Green areas next to public, social and economic
buildings

When it comes to green infrastructure, open areas
alongside public institutions, health institutions,
nursing homes, educational institutions,
kindergartens, campuses, shopping and business
centres and buildings in economic zones are an
important  element of sustainable urban
development and the formation of green
infrastructure corridors. In spatial plans, the
conditions for the construction of areas of public,
social and economic use insufficiently define the
guidelines for the arrangement and functions that
the free part of building plots should achieve, so it is
necessary to pay additional attention to their design
and the creation of continuous green spaces. In
addition to the quality of the ambiance they create
and their visual quality, green areas play a significant
role in the improvement of microclimatic conditions
and in the possibility that a part of the activities
related to their basic use takes place in the open
space.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Theme park

Theme parks are generally single-function spaces
whose activities, equipment and overall structure are
guided by one recognizable topic or concept. Theme
parks in the Mediterranean can, thus, have a sea or
tropical theme, parks in mountainous areas may
focus on the topic of research or adventure, and
areas with numerous water bodies can put an
emphasis on the theme of water sports or
exploration of aquatic flora and fauna. Theme parks
are structurally and aesthetically landscaped, they
must be adapted to the climatic characteristics of the
area, and must provide protection against all adverse
weather conditions and changes. Their role in urban
areas is often cultural, scientific, educational,
recreational, entertainment-related and aesthetic.
They have a permanent character and offer
accommodation capacities and gastronomic facilities
that allow visitors to stay for a longer time.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on the
reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Archaeological park

Archaeological parks are a type of landscape that
testify to the long-standing presence of humans in an
area. They have an artistic, historical and
anthropological value and are often registered
cultural objects. They may take the form of a
grassland or a meadow with sparse vegetation and
archaeological remains, building complexes or

assemblies, or zones with linear outlines of structures

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- possibility of using materials with an impact on
the reduction of UHI effects

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors
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Category of green infrastructure typology

Action proposal

or scattered spatial elements. They can also be
located within narrow urban matrices. Depending on
the degree of research conducted and the protection
measures defined for a given site, by decorating,
presenting and promoting an archaeological park, it
can be valorised appropriately. Moreover, by adding
attractive cultural, tourist-focused and educational
facilities, the number of visitors in the park can be
increased, leading to the creation of an attractive
space for an interrelation between tradition,
environment and humans.

Green traffic corridors

Transport corridors are linear infrastructure
structures defined in spatial plans. They consist of a
traffic area and accompanying structural facilities
such as footpaths, bicycle lanes, and parking areas.
However, each of these elements can also appear as
individual traffic areas, especially in narrow city
circuits and centres. When it comes to green
infrastructure, supporting elements such as green
areas, lines of trees, narrow grasslands, as well as
areas with low and high vegetation, play an
important role. Such protective greenery functions as
a buffer between the pavement and the rest of the
built-up space, directs the panoramic view, blocks the
noise, provides protection from dust, glare and gusts
of wind, and reduces the heating intensity of paved
and asphalted surfaces. In addition, creating smaller
spaces between trees can lead to reduced driving
speed and better road safety, whereas planting more
greenery within the frames of transport corridors
reduces the exposition to urban flooding and helps
keep rainwater off the roads.

- areas suitable for planting different types of trees,
shrubs and perennials with the purpose of
increasing tree canopy cover surface and the
potential to maintain local biodiversity

- possibility of using permeable surfaces

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

Planting trees

The typology refers to individual trees that will be
planted by 2030 within all other typologies listed in
the manual. This typology allows for a horizontal
approach. Individual planting in public and private
spaces will be registered, regardless of how they are
planted (selectively, in straight lines, etc.). All tree
planting processes, organised on the basis of various
initiatives by the local self-government, civil society
associations, as well as other institutions and
organisations that have defined reducing CO2
emissions and increasing the quality of life in the local

community as their strategic goal, will be registered.

- connecting with other UGI elements for the
establishment of cool and pedestrian corridors

- limiting access to vehicles with the purpose of
reducing ground compaction outside the road
corridors

- provide sufficient space for the parts of three
aboveground, and even more so below ground.
Minimum recommended volume of uncompacted
soil
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INCORPORATING TREES AND PLANTS IN THE BUILT ENVIRONMENT

During their phylogenetic development, plants adapted to
specific habitat niches occupying space in cohabitation with
other living beings. When integrating plants into the urban
space, in addition to aesthetic appearance and physical
placement in space, it is necessary to look at the habitat
conditions into which plants should fit, as well as the specific
relationships that can result from the interaction of other living
beings and people living in the said space. When species for
planting are selected, special attention is paid to soil analysis
and the amount of space available as, depending on the
species, half of each plant’s organism is found and developed in
the soil and is adapted to certain conditions.

Given that the space for root development in the soil is often
very limited, various methods allowing uninterrupted root
development (Figure 17), as well as limiting and preventing
negative root interactions with underground infrastructure,
have been developed. When it comes to other uses of this
planting method, among the most important ones is the
adequate volume of uncompacted soil which enables the
development of healthy and resistant trees, an almost
unlimited access to vehicles (with a bearing capacity of
minimum 25t/m?), an increase in the trees’ resistance to
windthrows, the creation of temporary zones for precipitation
collection, etc.

In the context of UHI mitigation adaptation measures, it is
possible to use tree canopies to almost completely cover the
areas that are traditionally a major source of solar radiation
absorption, such as large car parks around shopping malls,
without losing parking spaces, and reducing the number of
SUHIs.

spae, Dubrvni Photos author: Mia Er

It is important to emphasise there is a need for adequate individual dimensioning of the volume of uncompacted
soil for root development, which is done in accordance with the dimensions of adult trees’ treetops. However, in
principle, it is recommended to provide large trees (25-30 m tall) with 35-40 m? of soil, medium-sized trees (15-
25 m tall) with 18-35 m3 of soil, and small trees (4-15 m tall) with 10-18 m? of soil. This greatly exceeds the current
capacities, and is negatively manifested by the degraded physiological condition of our urban tree population and
reduced areas covered by tree canopies.

Given the projections of changing climate conditions, especially in the season of above-ground tree parts growth,
when it comes to the choice of urban tree species, special attention should be given to species which are to be
planted along the streets and other spaces with a high proportion of impermeable surfaces. Such trees must be
specially adapted to growth in arid conditions and exposure to intense solar radiation. Since these are intensively
used areas, it is recommended to choose species that are more resistant to the negative impact of mechanical
loads by wind bursts and that can be further enhanced by an urban canyon effect. By respecting these features,
it is necessary to leave the domain of selecting strictly native and domesticated species and look for suitable
species in the environment. Given the very diverse microclimatic conditions, there can be significant complications
if several species are singled out, so using a multidisciplinary approach to the development of projects focused on
integrating greenery into urban spaces by employing both landscape architects and experts in the field of urban
forestry and arboriculture is recommended. When choosing climate-adapted and biomechanically suitable new
species, upon researching the potential specie’s invasiveness in the new environment and its compatibility with
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the existing flora and fauna in it, as well as before mass planting, it is recommended to conduct monitoring tests
to assess the suitability of the given species in the area.

Some of the species that should be assessed include species which have been specially selected for urban habitats,
such as the Ulmus Oresista ‘New Horizon’ and other resistant elm cultivars, as well as the species Alnus x sphaetii,
Quercus texana ‘New Madrid’, Zelkova serrata ‘Green Vase’, Gleditsia triachanthos ‘Skyline’, Acer rubrum cvs.,
Pyrus calleriana ‘Aristocrat’, Parotia persica, Jacaranda mimosifolia, Nyssa sylvatica, Fagus orientalis ‘Iskander’,
Platanus orientalis ‘Minaret’ and similar. When it comes to indigenous species, plants such as Acer campestre cvs.,
Acer monspessulanum, Quercus frainetto, Celtis australis (warmer continental part of the Republic of Croatia),
Cercis siliquastrum, Corylus collurna, Fraxinus ornus, Vitex agnus-castus, Quercus coccifera and the like should be
considered.

In addition to conducting an appropriate selection process, it is important to ensure that the quality of the work
execution has also been conducted and monitored. Apart from choosing a specie, the biggest challenge currently
is the quality control of the planting material delivered, as low quality planting material significantly impairs the
positive effects of planting and reduces the efficiency in the interaction between trees and the environment by
reducing the tree canopy cover surface. This is mostly negatively affected by high mortality and a significantly
prolonged period of new trees’ adaptation to the new habitat. An additional negative effect leading to a decrease
in the efficiency of the reduction of UHI negative effects is caused by tree topping, i.e. the removal of all thinner
branches with leaves. It is recommended to explore the possibilities of defining legal frameworks, aiming to
prohibit the given procedure. The only exception in this regard should be cases where topping is prescribed as a
form of sanitation based on advanced biomechanical diagnostic tree control methods or as part of the
maintenance of special growing habit canopy forms. For the purpose of long-term protection of covered areas,
there should also be compensations for the excessive loss of such areas due to aggressive and unprofessional
tree-care operations, with the exception of abovementioned cases.

Given the climate challenges, integrating Gl into various spaces through nature-based solutions is becoming
evermore important in spatial planning processes. Such a practice requires increasingly intensive research,
development and standardization of methodologies for UHI effects mitigation. Initiatives dealing with UGI
integration are gaining importance in public perception due to a series of positive effects both on the urban space
and on the people who live in the city.

One such standardisation is the so-called “3-30-300” rule, which imposes that one should have a view of three
visible trees from the vicinity of their home, workplace or place of study, at least 30% of tree canopy cover and a
residence no more than 300 m away from a large and well planned public green space. This rule was presented
by Cecil Konijnendijk, who thereby laid the foundations for the integration of green infrastructure in urban spaces,
emphasising the importance of tree visibility, tree canopy cover and easy and fast access to public green spaces
within 300 meters. This rule has been adopted in various cities around the world and has been supported by
international organisations. Its aim is to promote equal access to nature for mental and physical well-being and
adaptation to climatic conditions, as well as to improve urban living standards in general.
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BLUE INFRASTRUCTURE

As a measure of UHI negative effects mitigation, blue infrastructure can be combined with green infrastructure.
This creates nature-based solutions that, in addition to mitigating UHI effects, support simple and complex
relationships between the elements of green and blue infrastructure and cohabitant organisms that are an
essential part of nature development. Blue infrastructure elements are most effective when they act in synergy,
increasing evaporative cooling, improving natural water cycles and including vegetation such as trees, shrubs,
perennials and others, which mitigate heat accumulation in urban environments.

Their efficiency is primarily determined by cooling mechanisms that exhibit daily and seasonal variability and
depend on background climatic conditions and characteristics of surrounding urbanised areas. The combination
of blue and green infrastructure elements and their interconnection increases UHI mitigation potential.

The basic elements of blue infrastructure are:

natural (rivers, lakes, etc.) and artificial bodies of water (artificial lakes, reservoirs, etc.). Artificial bodies of water
have been created to meet specific spatial needs and represent an important part of blue infrastructure. They can
be used for water storage, flood control, recreational purposes, as well as for UHI effects mitigation in following
ways:
. by acting as heat reservoirs absorbing excess heat during the day; stored heat is then slowly released
throughout the night, soothing temperatures in the surrounding areas
. evaporation of bodies of water provides a cooling effect, further reducing temperatures because part of
the sun’s radiation is not used to heat the space but to stimulate water evaporation from the water
surface.

Guiding principles aimed at the reduction of UHI effects:
. consideration of restoration of river watercourses, as well as maintenance of vegetation along the
watercourses
. consideration of closed stream reactivation through the removal of impermeable materials
. landscape design of watercourses as part of cool corridors network.

Wetlands and floodplains form an ecosystem characterised by water-saturated soils and specifically adapted
plants. Wetlands and floodplains act as natural sponges (buffer zones) and are characterised by a great ability to
absorb rainwater. Additionally, they have an effect on the reduction of UHIs in the following forms:
. they act as natural absorption surfaces for of large amounts of water, absorbing rainwater from
impermeable surfaces, and thus taking some of the heat from the paved surfaces
. evapotranspiration from swamp vegetation helps cool of the ambient air; part of the solar radiation
emitted is not used to heat the space, but to stimulate the evaporation of water from the soil and the
plant.

Guiding principles aimed at the reduction of negative UHI effects:
. design of water elements in existing public spaces surrounded by vegetation adapted for growth in a
saturated water habitat
. arrangement of new public green areas with water elements and plants that are adapted to life in a
saturated water habitat (hydrophilic vegetation).

Channels designed to transfer water for cooling purposes, such as industrial processes or energy production, also
have an impact on reducing UHI effects in the following forms:

e they facilitate the transfer of water for cooling purposes and form airflow corridors; water flow through
channels helps dissipate heat generated by industrial activities

e evapotranspiration from wetland vegetation also helps cool the ambient and further reduce
temperatures by inducing water vapour to reflect a part of the solar radiation emitted.
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Rainwater treatment and drainage systems consist of infrastructure for rainwater drainage from impermeable
surfaces (e.g. roads, roofs, parking lots, etc.). The means of UHI effects reduction related to this type of
infrastructure include:

reception and drainage of rainwater from impermeable surfaces

drainage of heated water, which helps transfer thermal energy from the area of built-up surfaces to the
area with cooler natural surfaces

stimulation of infiltration and evapotranspiration, which reflect part of the thermal energy

use of smaller green infrastructure elements within rainwater treatment systems such as rain gardens,
which improve cooling through evaporation and transpiration due to physiological activities of plants.

Guiding principles aimed at the mitigation of UHI effects:

integration of sustainable rainwater drainage systems into the existing grassland strips of various street
networks

planning and development of sustainable rainwater drainage systems during new road planning processes
development of design elements for temporary water retention for the purpose of cooling areas
characterised by extreme temperatures after extreme rainfalls in the summer months (e.g. rain gardens
or retention for temporary swamping).

Blue roofs are spaces built with the aim of controlling rainwater drainage. They can be pond-shaped or integrated
into the green roofing system. Blue roofs can help reduce UHI effects because:

the temporary retention of water on the roof surface helps provide cooling through evaporation and
transfer of a part of heat energy

they provide insulation and further contribute to the reduction of surface temperatures on the basis of
evapotranspiration through the physiological functions of the embedded green infrastructure that can be
an integrated part of the infrastructure in question.

Guiding principles aimed at reducing the negative UHI effects:

encouraging the development of water elements within green roofs (e.g. micro ponds, fountains or smart
irrigation systems).
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SPACE PLANNING METHODS WHICH MITIGATE URBAN HEAT ISLANDS

1.1. Building morphology and orientation play a key role in the mitigation of UHI effects, in particular through
measures such as building layout and orientation optimisation, as well as the improvement in natural air flow. A
careful arrangement of buildings (1.1.1.) enables the construction of corridors for the circulation of cooler air,
allowing heat trapped inside the city to be dispersed. In addition, designing buildings so as to make them
maximally exposed to the direction of prevailing winds supports natural cooling and ventilation processes.
Together, these measures reduce reliance on energy-intensive cooling systems.

1.1.1. Morphology

The morphology of the city, including the construction density, the height of buildings and Gl, is extremely
important in mitigating the effects of UHIs.1%1%! Low and high values of the Sky View Factor in combination with
tall urban trees may help reduce UHI intensity.}?? Additionally, by broadening one’s understanding of urban
morphology and heat dispersion, we can reduce the impact of anthropogenic heat load on air temperature.1®
However, depending on the local microclimate and urban geometry, the efficiency of specific mitigation
strategies, such as green or cold roofs, may vary.1%

1.1.2. Orientation

The orientation of buildings also plays an important role in alleviating UHI effects, as it influences airflows and
reduces surface temperatures. That way, it can also have an effect on optimal thermal comfort from the
pedestrian perspective.l%% Also, a significant level of mitigation of negative UHI effects, as well as the reduction
of radiation from the eastern and western building facades, can be achieved by using cold materials, which has a
very favourable effect on the microclimate of the space.'®” With the demonstrated positive effects in mind, in his
research, Loh goes a step further and suggests certain solutions to changing climate conditions based on specific
design and development for the purpose of improving the morphology of buildings and facades in a way that
minimises the negative UHI effects.1%®

1.2. Open spaces

Open spaces are very important in the context of mitigation of UHI effects, with the role of space cooling
generated by tree canopy cover and the potential of urban gardens to reduce the effects of UHIs especially
emphasized. 1%1° The use of land and open spaces!'?, as well as the methodology of planning open spaces,!?
also have a significant impact on cooling, as they exploit natural temperature gradients.

1.2.1 Urban canyons

Urban canyons, areas with high-rise buildings and narrow streets, play a key role in the mitigation of UHI effects.
Innovative cold materials, such as those with high albedo (ratio of light reflected from a surface and light absorbed
by a surface, usually expressed as a percentage), can be applied to building surfaces with the purpose of reducing
additional space heating and decelerating the deterioration of the local microclimate.'*® Facades with reflective
features, especially white cold diffuse materials, can also significantly reduce temperatures within urban
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canyons.'** Green roofs and walls further reduce temperatures by decreasing the rate of the absorption of energy

from solar radiation and increasing the feeling of comfort in a space by means of water heat transfer.'?

Optimisation of air flow and strategic location of tall buildings in space further reduces air temperature in urban
116

canyons.

1.2.2. Street profiles

Research has shown that street profiles are also important in the mitigation of UHI effects. Urban warming
mitigation strategies, such as the implementation of new technologies and surface materials that absorb less solar
radiation (cold surfaces), including reflective surfaces and installation of solar collectors, have proven to be
effective in reducing surface temperatures.'” The development of green infrastructure and the use of shading
elements, such as pergolas, canopies and solar panels, can help alleviate negative warming factors.?'® These
strategies, when integrated into street profiles, can help reduce the overall impact of UHIs in urban spaces.

1.2.3. Parking spaces and car parks

Parking spaces and car parks also play an important role in mitigating UHI effects on the basis of various
interactions and impacts. Converting asphalt-covered parking spaces into grass-covered parking spaces can
reduce surface temperatures and heat circulation.’?° Furthermore, increasing parking lot albedos can
significantly reduce air temperature and improve thermal comfort for pedestrians'?. Finally, the integration of
radiating reflective road surfaces with elements of green infrastructure has proven to be a significant step toward
the reduction of air and surface temperature.'?2

1.3. Urban equipment and materials play an important role in mitigating UHI effects by offering different
measures to counteract its effects. Shading structures and elements provide shelter from direct sunlight, reducing
surface temperatures and alleviating overheating and heat stress. Cooling benches consist of materials with high
thermal conductivity or cooling mechanisms that aim to provide comfortable seats, dispersing the heat of the
seated surfaces. In addition, water elements, such as fountains or ponds, contribute to cooling by evaporation.
Due to their ability to reduce heat absorption and retention, materials and paints can significantly contribute to
reducing the effects of UHIs. Using materials with a high albedo helps lower surface temperatures and alleviate
the retention of thermal energy. Similarly, using paving materials designed to reflect heat rather than absorb it
can further reduce the UHI effects. Such mitigation strategies not only contribute to the creation of cooler urban
spaces, but also reduce the demand for cooling energy, promoting sustainability and resilience in urban
environments.

1.3.1 Urban equipment, fountains and water elements

Research has shown that elements of urban equipment, such as fountains and other water elements, can help
mitigate the effects of UHIs. As Steeneveld'®® concluded in his research, Although water bodies can slightly
increase the daily maximum UHI, water features such as fountains and canals have proven to be a means of
reducing heat and increasing thermal comfort in urban areas'?*. The integration of wetlands into the construction
of city districts has also proven to lead to a decrease in surface and air temperatures.'? These studies suggest
that the presence of water elements in urban areas can play a significant role in the mitigation of undesirable UHI
effects.
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1.3.2. Materials and colours

Various materials and colours can also be used for the purpose of UHI mitigation. The cooling potential of natural
materials with high thermal resistance, such as bamboo and compacted soil, stands out as particularly useful in
construction this regard.'?® The development of cold and super cool materials, including those of low surface
temperatures, with the purpose of urban heat absorption minimisation, is also an important step forward in the
minimisation of negative UHI effects.'?” Materials with high albedo, low heat absorption potential and low thermal
energy storage capacity used for pavements and roofing play a significant role in the reduction of surface
temperature of built-up areas?®1?°,

In addition, the albedo effect is a phenomenon that represents the proportion of sunlight diffusely reflected from
the surface. It is measured on a scale of 0 (corresponding to a black body absorbing all radiation) to 1
(corresponding to a body reflecting all radiation). White surfaces, such as snow hills, have a high albedo time and
a relatively low temperature because most of the sunlight that falls on the surface is reflected from the surface of
the soil, while dark surfaces such as asphalt have a low albedo and a relatively high temperature.
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TECHNOLOGICAL MEASURES

In order to reduce the negative effects of urban warming, research and development of new technologies that
can be implemented in the urban environment have been initiated. These technologies are divided in accordance
with their interaction with negative factors and their mode of cooling.

The following are descriptions of energy saving measures by type of technology:

1. Photovoltaic systems convert sunlight into electricity using solar cells. In the context of UHI effects, they can be
implemented to mitigate the effects of existing UHIs, but also to prevent the emergence of new ones. By including
photovoltaic systems in urban infrastructure, cities can save on the energy needed for heating. Furthermore, they
can help improve energy resilience of urban areas as they decentralise energy supply and reduce the baseload on
centralised networks during peak times.

. The installation of photovoltaic systems with the purpose of producing clean, renewable energy
reduces dependence on fossil fuels and the amount of heat emissions generated by conventional
energy production systems.

o The integration of photovoltaic systems into buildings enables surfaces to receive cover and decrease
solar heat load, which helps lower the temperatures in the interior of buildings.
. With the exception of the buildings sector, solar panels can also be used in open spaces, such as public

transport stops or as part of urban equipment (shade structures, benches, etc.), which at the same
time provides protection from solar radiation and to energy production.

2. Highly reflective coatings are specially formulated to reflect sunlight instead of absorbing it. Applied to surfaces
such as roofs and pavements, such coatings reduce the amount of solar radiation absorbed by buildings and other
urban infrastructure, resulting in a decrease in surface temperatures. This helps mitigate the effects of UHIs as it
prevents heat accumulation. Furthermore, they are a source of energy savings, but also of financial savings, as
they reduce the need for air conditioning and cooling systems. In addition, highly reflective coatings can
contribute to the improvement of air quality by reducing the formation of ozone in the soil (as a by-product of
the physical interaction of sunlight and air pollutants).

3. Thermal insulation technologies are designed to minimise heat transfer between the interior and the exterior
of buildings, thus reducing the need for heating and cooling. In urban environments, where buildings are densely
clustered, effective insulation is essential for the mitigation of UHI effects. Such isolation can be achieved through
energy renovation of buildings, given that strengthening the protective envelope of buildings functions as an
energy efficiency measure.'* By improving the thermal performance of buildings, insulation reduces the amount
of heat absorbed and helps to maintain more comfortable temperatures in the interior. Common insulation
materials include fibreglass, foam and reflective foil, which are placed in walls, roofs and floors to create a barrier
against heat flow. In addition, innovative insulation technologies, such as aerogel and vacuum insulation panels,
offer higher levels of thermal resistance in thinner profiles, allowing more efficient use of space. In the context of
nearly zero-energy buildings, the optimal thickness of thermal insulation is 16 cm for continental and 8 cm for
coastal Croatia. It is also important to emphasise the impact of building design on the efficiency of thermal
protection (more compact buildings have greater energy savings), the influence of the type of glazing, as well as
the possibility of using devices for protection against solar radiation (devices on the inward-facing part of glass or
between glass layers, devices on the outside, loggias, eaves, marquees, etc.).’3!

4. Cooling technologies cover a range of strategies and systems aimed at reducing temperatures in the urban
environment. When it comes to the mitigation of UHI effects, cooling technologies play a key role in the reduction
of heat absorption caused by urbanisation and human activities. Passive cooling strategies use natural phenomena
such as wind and thermal physical factors to stimulate air flow and to move and disperse heat generated by
activities from the building and transport sectors. On the other hand, active cooling systems rely on mechanical
or technological temperature reduction methods, such as cooling cycles or spraying systems. By combining
passive and active cooling approaches, it is possible to improve the resilience and quality of space in cities, while

130 Energy Efficiency Act, OG No. 127/14, 116/18, 25/20, 41/21
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reducing energy consumption and negative environmental impacts. In this context, it is important to develop
efficient cooling systems in the building sector, i.e. systems that measurably reduce the primary energy
consumption needed to supply one unit of delivered energy within the relevant system boundary in a cost-
effective manner, in accordance with the cost-benefit analysis and the law governing the heat market, and taking
into account the energy needed for extraction, conversion, transport and distribution.?® It is also important to
emphasise the need for the construction of nearly zero-energy buildings combining the use of renewable energy
sources and energy efficiency measures, including efficient space cooling. In the building sector, the energy
required for cooling depends on the climatic conditions at the location of the building, the architectural-
construction characteristics of the building, the method of ventilation (natural or mechanical) and the purpose of
the building (family house, multi-residential building, office building, educational building, store building, hotel
and restaurant, hospital, sports hall, other non-residential buildings).'? With all this in mind, it is possible to apply
measures related to the improvement of architectural-construction characteristics, i.e. to design and build
buildings with high-quality envelopes, to adapt the shape of the building to the climate context and the
environment in which it is located, and to take into account the orientation of the openings in accordance with
the cardinal directions and the exposure to solar radiation.

5. Solar ventilation systems use solar energy to power fans or ventilation vents that circulate air to remove heat
from buildings. By harnessing renewable energy, these systems reduce dependence on conventional energy
sources and help mitigate UHI effects. Solar ventilation systems can be particularly effective in hot climates where
cooling needs are high and the amount of sunlight abundant. By integrating solar ventilation systems into the
design of buildings, cities can improve air quality, increase user comfort and reduce energy costs used by classical
space cooling methods. In addition, these systems can contribute to the overall sustainability of urban
infrastructure by reducing carbon emissions and dependence on non-renewable resources. Furthermore, solar
ventilation systems can be combined with other passive cooling strategies, such as natural ventilation and space
shading, for the purpose of cooling efficiency maximisation. In conclusion, solar ventilation systems offer a cost-
effective and environmentally friendly solution to the mitigation of UHI effects and for the promotion of
sustainable urban development.
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CONCLUSION — MEASURE IMPLEMENTATION

In order to mitigate the effects of UHIs, it is important to implement measures into spatial planning and
construction processes and to use available instruments that enable a comprehensive approach to the mitigation
of negative consequences. When creating spatial plans (or their amendments), it is necessary to adapt their
purpose to the climatic context and to define the measures for the most critical parts of the settlement in the
rules of implementation, namely those where the existence of UHIs has been determined by identification. When
new interventions are planned, it is also important to take into account the spatial characteristics that contribute
to the creation of UHI effects and to try to prevent them. These may refer to:
o the morphology and orientation of buildings and their interrelationship for the purpose of forming
cool corridors, which can be defined on the basis of the location of the building, construction of the
building plot, building coefficient, height, and the number of floors

. a more detailed prescription of the typology, proportion and shape of buildings in the context of
thermal insulation efficiency
. the use of highly energy-efficient materials, as well as colours and materials which help reduce the

effects of UHIs and can be defined within the frames of the requirements for the development of
buildings, i.e. prescribing the required building materials and their properties

o the implementation of nature-based solutions (e.g. green roofs and facades) in parts of settlements
with higher construction density through defining the conditions of building design
o an increase in the share of green spaces and tree canopy cover on the basis of conditions prescribing

the regulation of the scope of interventions in the area (defining the share of natural terrain that can
affect the creation of a pleasant microclimate)

o the development of diverse public green spaces and their interconnection with the green
infrastructure system through the provision of specific measures for areas of special constraints;
o integral reflection on and implementation of UHI mitigation measures in areas suitable for

comprehensive renovation by prescribing measures for urban renovation and transformation.

In addition to the spatial plans themselves, when it comes to the mitigation of the negative impacts of UHIs and
the achievement of climate resilience by urban areas, other available instruments and tools must be mentioned,
including:

o Green Urban Renovation Strategies (GURS) as a strategic basis that, among other things, aims to help
urban areas adapt to climate change and strengthen resilience to risks. It is important to include the
results of UHI identification and mapping in the analytical part of the URBS Strategy and, based on
the results, to define measures and projects whose integration into spatial plans and direct
implementation will ensure favourable microclimatic conditions for residents.

o Demographic projections, forecasts and analyses (expert studies).

o Modelling scenarios for the prediction of climate change impacts; tools for modelling (overheating,
noise, and air quality, etc.)

o Instruments for public engagement and participatory management of urban spaces (workshops, focus
groups, survey questionnaires and research).

o Economic instruments (providing co-financing to projects under the Operational Programme
Competitiveness and Cohesion 2021—- 2027, National Recovery and Resilience Plan, etc.).

o Project management tools (for the coordination of multiple projects and the integrity of individual
projects).

. Education, continuous professional development and dissemination of awareness (for administrators,

decision-makers and the general public).

Green and blue infrastructure in correlation with the environment has proven to mitigate the negative effects of
UHI. Given the relative size of the embedded elements, this infrastructure can have a negligible effect, but by
increasing the area of space influenced by green and blue infrastructure, it is possible to produce a significant
positive impact on the surrounding area, as confirmed by many studies. With the implementation of examples of
positive practice, it is possible to synergistically enhance the cooling effects in urban spaces within the frames of
urban planning processes. The evaluation of the use of space, the use of information related to the typology of
green infrastructure and the development of special legal and regulatory frameworks that enable the long-term
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preservation and stability of the elements of green infrastructure play an important role in that synergistic
approach.

Mitigating the impacts of UHIs in cities requires a comprehensive approach involving different urban elements,
open spaces, urban equipment and materials, green infrastructure and technology. The design and orientation of
the construction of urban areas is extremely important when it comes to controlling air flow and exposure to
sunlight. This is particularly pronounced in narrow streets with an adequate location of buildings that facilitates
airflow and minimises heat retention. Open spaces, such as urban canyons, can be adapted for better air flow and
shading, and large shopping malls and public buildings offer a safe haven during extreme heat. Urban equipment
and materials, such as shaded seating areas and water surfaces which reflect light, help cool the environment by
offering shade and reflecting heat. Green infrastructure, including parks, urban forests, urban gardens, green
squares, etc. reduces temperature through evapotranspiration and shading. Advanced technologies such as cool
roofs, intelligent irrigation systems, passive cooling methods and special materials that respond to changes in
meteorological conditions can also be used to improve urban cooling performance. By integrating these
strategies, cities can effectively face UHIs, creating cooler and more resilient urban spaces for their inhabitants.
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CLOSING REMARKS

The UHI phenomenon - general information

Anthropogenic modifications of natural spaces within urbanized areas have led to changes in weather conditions
that are monitored within the frames of UHI impact research. Although the negative effects of UHIs have been
observed in smaller urban areas, they are even more pronounced in larger urban areas. By monitoring changes in
weather patterns, it is possible to identify and link the main factors influencing UHIs and, on that basis,
recommend the most effective measures for the mitigation of the negative UHI effects.

UHIs in the context of Croatia

The negative UHI impact on the urban population and visitors is particularly pronounced in major Croatian cities
and tourist destinations in the summer months. When it comes to an increase of this impact due to climate
change, particular emphasis is placed on the Mediterranean part of the coastal area, where this process is most
pronounced. Apart from the climate, the coastal, mountainous and continental parts of Croatia also differs with
regard to the relief, city morphology and materials traditionally used in construction, all of which are factors that
in a specific way enhance or reduce UHI effects. For this reason, before mitigation measures are defined, it is
important to define all regionally-specific factors. A well-thought-out approach to the process of planning and
implementation of urban heat load mitigation measures is of explicit importance and must take into account the
specificities of the landscape in which the city is located, in particular the geographical, climate and urban
specificities.

Climate change factors affecting UHI effects

The climate factors with the greatest negative contribution to UHI effects include an increase in temperature,
longer duration of heatwaves and changes in precipitation regimes. They represent an additional negative impact
on the heat and heat stress of the urban residents. These are all very good reasons for planning and carrying out
activities aimed at reducing the negative UHI effects in cities.

The impact of spatial planning and construction on the effects of UHIs

The scientific community has already proven how important urban planning and design are for the intensity of
UHls. Considering the expected increase in city population, emphasis in spatial planning should be placed on the
introduction of good practices and innovative measures focused on the mitigation of negative UHI effects. Spatial
planning and the construction method are directly reflected in the manifestation of UHIs, so it is necessary that,
in the decision-making phase, these processes take into consideration the results of UHI focused research.
Furthermore, spatial planning documentation and construction rules and standards must also include measures
that will mitigate and prevent the negative effects of UHIs both in buildings and in the built-up urban environment.
In order to take into account all the complexities of UHI-related interrelationships and impacts, spatial planning
and construction processes require a multidisciplinary approach and the involvement of a wide range of experts
and representatives of the public.

UHI impact on the environment and health

The negative impact of UHIs has been studied through a number of scientific research in the world and Croatia.
Of course, the most important negative UHI impacts affect human health, with socially vulnerable groups being
at particularly high level of risk from. The appropriate solutions to this issue have yet to be found. Among other
impacts, the increased energy consumption (for cooling) and its consequences on pollution, habitat fragmentation
and the increased risk of fires that may further deteriorate the quality of life in urban areas should not be
overlooked. The conclusions of the studies Croatian researchers have conducted are in line with the conclusions
of global research and contribute significantly to the understanding of the importance of UHI mitigation measures.
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UHI identification and mapping

There are already a number of methods for UHI research, and they differ with regard to the purpose of research,
input data, precision and complexity. The three most commonly used methods are numerical modelling, analysis
of remote sensing data and field measurements.

Taking into account all the specificities of Croatian territory, as well as the data sources, availability and structure,
here is a proposed methodology that combines the data on land use from the basic topographic database (BTD),
the data from the multisensor aerial imaging of Croatia and the process of mathematical modelling of solar
radiation.

For developing the methodology further, modelling based on remote measurements of the surface temperature
of the soil is suggested, as is referencing this data with the data on land types by cover and purpose.

Implementing measures into space planning and material technology

When creating spatial plans (or their amendments), it is important to adapt land use to the climate context in
question, and to define the implementation rules for measures aimed at parts of urban settlements with the
greatest exposure to UHI effects determined. When new interventions are planned, it is necessary to take into
account the spatial characteristics that contribute to the creation of UHIs (in order to avoid them), as well as the
construction measures that can be legally stipulated, and also help reduce the effects of UHIs. This is specifically
referring to:

. the morphology and orientation of buildings and their interrelationship (the formation of cool
corridors is desirable)

. the typology, proportions and shape of buildings (in terms of thermal protection)

. the selection of materials (it is recommended to use high energy efficiency materials, as well as heat
reflective paints and materials)

. the implementation of nature-based solutions (e.g. green roofs and facades)

. an increase in/prescription of the share of green spaces

. encouragement with regard to increasing the diversity of public green spaces and the interconnection
of green spaces and green infrastructure systems where special constraints apply;

o a comprehensive approach to UHI issues in areas suitable for comprehensive renovation (prescribing

measures for urban rehabilitation and urban transformation).

In terms of mitigating the negative effects of UHIs and strengthening the resilience of cities to extreme weather
events, in addition to spatial planning, other instruments and tools available include:

o Green Urban Renewal Strategies (GURS; it is important to include UHI identification and mapping
results)

o demographic predictions and analyses

o elaboration of scenarios for predictions with regard to climate change impacts

o tools for modelling (overheating, noise, air quality, etc.)

o models of public engagement for the participatory management of urban spaces (workshops, focus
groups, survey questionnaires and research)

o economic instruments (providing co-financing to projects under the Operational Programme
Competitiveness and Cohesion 2021—- 2027, National Recovery and Resilience Plan, etc.)

o project management tools

. education, continuous professional development and dissemination of awareness (for administrators,

decision-makers and the general public).

Green and blue infrastructure

Green and blue infrastructure in interaction with the environment has proven to mitigate the negative effects of
UHI. Their effectiveness thereby depends on the size of the space: the larger the affected area, the greater the
positive effect on the surrounding space, as has been confirmed by many studies. By employing positive practices
in urban planning, it is possible to synergistically increase cooling effects in urban spaces. Additionally, the type
of cover and the purpose of the premises, the typology of green infrastructure and the development of specific
legal and regulatory frameworks made to enable the long-term preservation and stability of green infrastructure
elements play an important role in this process.
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Mitigating the effects of UHIs in cities requires a comprehensive approach involving different urban elements,
open spaces, urban equipment and materials, green infrastructure and technology. The design and orientation of
urban areas play a key role in controlling air flow and exposure to sunlight. Adequate positioning of buildings is
especially important when it comes to narrow streets, open spaces can ensure better airflow and shading,
whereas large shopping malls and public buildings offer a safe haven during extreme heat. Urban equipment and
materials, blue and green infrastructure elements, as well as advanced technologies such as cold roofs, intelligent
irrigation systems, passive cooling methods and special tools that respond to changes in meteorological conditions
can also help cool the environment. By adopting these solutions, cities can effectively tackle urban heat islands,
creating more comfortable and resilient spaces for their residents.
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