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A B S T R A C T

Cities in the Eastern Mediterranean and Middle East region face rising temperatures and
intensifying heatwaves that are amplified by the urban heat island effect. These challenges
pose significant threats to human health, agriculture, and the water–energy nexus, emphasizing
the need for in-depth analysis and effective mitigation strategies at the urban scale. To address
this need, we model the effects of seven interventions over 19 days, from July 23rd to August
10th, 2021, during a heatwave in Nicosia, Cyprus. We assess three key outcomes using the
Weather Research and Forecasting (WRF) model coupled with the multilayer Building Energy
Parameterization/Building Energy Model (BEP/BEM) scheme: 2m air temperature, outdoor
heat stress, and air-conditioning energy use. Our results demonstrate that urban trees are
the most effective single intervention, reducing energy consumption by approximately 46%
and decreasing heat stress-degree hours by 20–25 h over the analyzed period. The combined
implementation of cool roofs and urban trees proved to be the most effective overall, reducing
energy consumption by over 50% and lowering 2m air temperatures by up to 1.2 ◦C during the
day. A promising adaptive mitigation strategy emerged through the integration of photovoltaic
panels and urban trees, which reduced heat stress while generating energy that significantly
contributes to cooling demands. The efficacy of these interventions varied with urban geometry,
with maximum benefits in areas characterized by medium building heights and densities. These
findings offer guidance for developing urban climate resilience strategies in semi-arid regions,
underscoring the importance of location-specific application of heat adaptation and mitigation
measures.

1. Introduction

In recent decades, the urban population has grown drastically worldwide. While it was close to 1 billion in 1960, it grew to 4.1
billion in 2017, corresponding to 55% of the world population. Along with this population increase, the density of cities has also
reached unprecedented levels (Santamouris, 2023). Replacement of natural surfaces with light-absorbing materials, lack of green
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spaces, increasing urbanization and evapotranspiration, and the critical amount of anthropogenic heat released into the atmosphere
have contributed to urban temperatures increasing, adding to urban warming the urban heat island effect causing these areas to
experience higher temperatures than their rural counterparts, especially during heat waves (Cartalis et al., 2001; Santamouris, 2001;
Oke et al., 2017).

The consequences are particularly severe in the Eastern Mediterranean and Middle East (EMME) region, where urbanization
trends intensify climate change impacts. The EMME region is recognized as a ‘‘climate change hotspot’’, with temperatures rising
almost twice as fast as the global average and increasingly frequent and intense heatwaves expected in the coming decades (Lelieveld
et al., 2012). For instance, in Cyprus, historical analysis has shown a statistically significant increase in temperature trends (0.4 ◦C–
0.6 ◦C per decade), especially during the summer and spring months (Zittis et al., 2022). Future projections indicate that under
high emission scenarios, the island could experience an annual temperature increase of over 4 ◦C by the end of the 21st century,
along with a significant reduction in rainfall, up to 30% less than current levels (Lazoglou et al., 2024).

Recent studies have highlighted the compounding effects of climate change and urbanization in the Middle East and North
Africa (MENA) region. Hadjinicolaou et al. (2023) found that urban stations in MENA region exhibited temperature trends 0.1 ◦C
per decade higher than rural stations from 1981–2020. Tzyrkalli et al. (2024) identified consistent upward trends in the urban
heat island effect across MENA cities, particularly at night, further exacerbating the impacts of regional warming. Furthermore, the
amplified warming in the EMME region poses serious threats to human health, agriculture, water resources, and the energy sector.
Studies have highlighted the growing incidence of heat stress and related health issues, with significant correlations between high
temperatures, hospital admissions, and mortality in regions like Cyprus (Lubczyńska et al., 2015; Kekkou et al., 2023). These trends
highlight the urgent need for targeted adaptation and mitigation measures to counteract the effects of urban overheating and climate
change (Simpson et al., 2024).

In response to these challenges, the research community has shown increased interest in cities and urban climates to explore
limate adaptation and mitigation strategies that can tackle the challenges of climate change in urban environments. Notably, these
trategies aim to reduce air temperature at the city scale since, during hot periods, increased likelihood of thermal discomfort and
igher mortality rates are observed (Heaviside et al., 2016; Salmond et al., 2016; Brousse et al., 2023; Iungman et al., 2023). Different

active and passive strategies have been proposed to counteract the adverse effects of urban overheating on public health and indoor
and outdoor comfort. Santamouris (2019) identified four major intervention clusters to counterbalance the urban overheating. The
olutions can be classified according to their capacity to increase the albedo of building façades and roofs, provide shade, improve

vegetation coverage and green spaces, enhance natural ventilation, and dissipate excess heat to low-temperature environmental sinks
ithout needing external energy (e.g., electricity, natural gas, mechanic work). Among those measures capable of directly reducing

emperatures (e.g., outdoor air temperature and surface temperature), increased urban vegetation, green roofs, or cool roofs are
the most adopted. As it concerns active technologies, i.e., solutions that transform incoming radiation into energy or mechanically
change temperatures, air conditioning (AC) is one of the most adopted to protect from extreme heat. However, it commonly requires
a significant amount of energy, contributing to greenhouse gas emissions and exacerbating climate change (Salamanca et al., 2014;
Sharma et al., 2016; Santamouris et al., 2017; Stone et al., 2021; Brousse et al., 2023). In addition, photovoltaic panels (PV) deserve
particular attention. Although they are primarily considered renewable energy sources, they can also be regarded as passive–active
solutions for influencing the outdoor and indoor air by increasing the albedo of the roofs and converting the incoming solar radiation
nto electricity to power the AC system (Salamanca et al., 2016; Ma et al., 2017; Brousse et al., 2023). Active and passive strategies
ave mainly been investigated in the literature in recent years, and their effect has been discussed in different case studies. Several
ave focused on applying at least one of the abovementioned strategies on the building scale (Zinzi and Agnoli, 2012; Kolokotsa

et al., 2013; Piselli et al., 2019; Samaro et al., 2024). However, as Zonato et al. (2022) stated, the results obtained on the building
scale cannot be directly applied to evaluate mitigation at the city scale because the impact of these solutions depends on different
variables such as urban geometry, thermal properties of building materials, and climatic conditions. Therefore, a different approach
is required.

Following this view, several recent studies exploited mesoscale meteorological models to analyze the impact of the adaptation
trategies at the city scale. For instance, Li et al. (2014) investigated to what extent cool and green roofs were effective in mitigating

at the city scale the urban overheating in the Baltimore–Washington metropolitan area using the Weather Research and Forecasting
(WRF) model coupled with the Princeton Urban Canopy Model (PUCM). Broadbent et al. (2020) incorporated the effect of cool roofs
n the multilayer Building Effect Parameterization (BEP) (Martilli et al., 2002) to examine their cooling impacts at the pedestrian level

in Atlanta, Detroit, and Phoenix cities in the USA, while Brousse et al. (2023) employed the WRF Building Effect Parameterization-
Building Energy Model (BEP-BEM) (Salamanca et al., 2010; Salamanca and Martilli, 2010) mesoscale model to investigate the
impacts of the building- and street-level interventions on air temperature at the urban scale in the Great London Authority area.

Nevertheless, no single heat adaptation strategy fully addresses all relevant considerations. For instance, studies indicate that
while cool roofs effectively reduce air temperature and air conditioning (AC) energy use (Broadbent et al., 2020; Viguié et al., 2020),
they do not provide shade for pedestrians. Similarly, while street trees can substantially mitigate outdoor heat stress (Lee et al., 2016;
Zölch et al., 2016; Aminipouri et al., 2019; Geletič et al., 2022), they may also increase street-level air pollution through inhibited
mixing (Rui et al., 2019) and organic aerosol emissions (Kulmala et al., 2013). Furthermore, PV roofs that generate electricity to
potentially power AC systems have ambiguous effects on air temperature (Sailor et al., 2021). Oke (1988) and Martilli (2014)’s work
has shown that different urban morphologies and vegetation levels can involve trade-offs between thermal comfort, air quality,
and energy use. Additionally, the background climate influences urban heat adaptation strategies, suggesting that distinct urban
configurations in varying climatic contexts may respond differently to each strategy (Li et al., 2014; Tewari et al., 2019; Wang
et al., 2020). Consequently, there is a need to evaluate adaptation measures across diverse neighborhoods and climates.
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Therefore, despite the increasing application of such approaches globally, large-scale controlled experiments of urban interven-
ions and assessments of the performance of these strategies are still rare in the EMME region, and given the fact that the region
as been labeled as a ‘‘climate change hotspot’’ (Giorgi, 2006; Lelieveld et al., 2012; Zittis and Hadjinicolaou, 2017; Cramer et al.,

2018; Zittis et al., 2022), it is of great importance to investigate to what extent these strategies can help to counteract the effect of
urban overheating.

To address this gap, following evidence from the literature, this study employs detailed urban climate modeling to quantify the
impacts of adaptation and mitigation strategies, including cool roofs, green roofs, increased urban tree canopy, and photovoltaic
roofs, on air temperature, outdoor heat stress, and building energy consumption during a heat wave in the semi-arid environment
of Nicosia, Cyprus. More specifically, our research questions are: How do cool roofs, green roofs, urban trees, and photovoltaic panels
perform during a heat wave in Nicosia, Cyprus? How do these strategies affect 2m air temperature, outdoor heat stress, and AC energy
use? Can synergistic effects of combined strategies provide more significant benefits than individual implementation? To what extent does
the strategies’ impact depend on the building’s geometry? Our methodology considers the urbanized WRF mesoscale model to obtain
information on outdoor climate and building energy use during the simulation period. To assess outdoor heat stress, we adopt the
Universal Thermal Comfort Index (UTCI), which captures the physiological impacts of radiant temperature, humidity, wind speed,
and air temperature. The simulations of adaptation strategies illustrate maximum strategies and potential applications to group their
possible effects.

This study aims to bridge significant gaps in urban climate research by focusing on the dual aspects of heat stress and building
energy use within the specific context of the Eastern Mediterranean and Middle East (EMME) region. By analyzing the effects
of various adaptation and mitigation strategies across different urban densities and leveraging detailed, high-resolution data on
Nicosia’s urban features, this work provides a nuanced understanding of the interplay between urban design, thermal comfort, and
energy demand. Although some strategies evaluated may be challenging to implement on a large scale, the insights gained can guide
policymakers in formulating climate resilience measures suited to the semi-arid environments of the EMME region. This multifaceted
approach offers a novel contribution to the field by moving beyond simplistic assessments of temperature extremes.

The paper follows this structure: Section 2 provides a description of the region of interest and case study along with the model
set-up adopted to run the simulations, information about the urban morphology of the case study, and the observational dataset
used to validate the model and evaluate its performance. Section 3 describes the results of the various simulations, 4 discusses the
findings, and finally, in Section 5, conclusions are derived.

2. Methods and data

2.1. Region of interest and case study

This study uses a comprehensive three-dimensional urban scheme to investigate the impact of different cooling strategies on the
air temperature of the city of Nicosia. The city is situated near the Mesaoria plain’s center, on the banks of the Pedieos River, in
the eastern part of the Mediterranean island of Cyprus. The island is located in the Eastern Mediterranean at the crossroads of three
ontinents: Europe, Asia, and Africa. After Sicily and Sardinia, Cyprus is the third-largest island in the Mediterranean, covering an
rea of approximately 9251 km2.

The island is characterized by mild, rainy winters and long, hot, and dry summers (Köppen, 1884; Kottek et al., 2006;
Hadjinicolaou et al., 2011; Zittis et al., 2020; Castaño-Rosa et al., 2021), while, according to the Köppen–Geiger system, some
parts of the island are classified as hot and dry (Köppen, 1884; Kottek et al., 2006; Peel et al., 2007; Zittis et al., 2017). Annually,
he region experiences over 300 days of sunshine. In July, temperatures range from 22 to 37 ◦C in inland areas, from 21 to 32 ◦C
long the southern and eastern coastlines, between 20 and 30 ◦C at western and northern parts, and from 17 to 28 ◦C in mountainous
egions with an elevation above 1000 m (Tymvios et al., 2018).

The surrounding areas of the city exhibit varying land use patterns, including urban developments, agricultural lands, and
atural vegetation. The region’s topography consists of undulating terrain with hills to the north and south, significantly influencing
ocal weather patterns and airflow. The city of Nicosia has a population of approximately 262 thousand people, making it the
argest city on the island. The area covers about 111 km2, resulting in a population density of around 3150 people per square

kilometer (Statistical Service of Cyprus, 2023).
Our case study focuses on the period from July 23rd, 2021, to August 10th, 2021. During this period, a 12-day heatwave event

occurred (defined here as a period of three or more consecutive days with maximum temperature exceeding the 95th percentile Zittis
et al., 2021) from July 27th to August 7th, with temperatures exceeding 40 ◦C on several days, with a peak of 44.3 ◦C on August
4th.

2.2. Observational dataset

The observational meteorological data for three different locations in the Greater Nicosia Area were provided by the Cyprus
Department of Meteorology. Specifically, the meteorological stations are Nicosia Downtown, an urban station (35.1653◦ N, 33.3550◦

E), Athalassa, a suburban station (35.1444◦ N, 33.4033◦ E), and Astromeritis, a rural station (35.1327◦ N, 33.0198◦ E). These stations
belong to the Department of Meteorology network of automatic stations and provide data from July 24th, 2021, to August 10th,
2021.
3 
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Fig. 1. Distribution of the meteorological stations in and around the Greater Nicosia Area. The three stations in red are those used in this study. The insert
shows Cyprus’s geographical location (yellow circle) in the eastern Mediterranean.

Table 1
Meteorological stations.

Station number Station name Distance fromNicosia (km) Elevation (m) Longitude (◦E) Latitude (◦N)

1415 Astromeritis 30.84 159 33.02 35.13
1668 Athalassa (Environmental) 4.84 154 33.40 35.14
1640 Nicosia 162 33.35 35.16

The observational database includes mean, maximum, and minimum 2m air temperature, relative humidity, and 10 m wind
speed and direction at 1-hour resolution. This data has been processed to create daily and diurnal averages of all parameters. The
spatial distribution of the stations is illustrated in Figs. 1 and 3, and Table 1 summarizes the characteristics of each station in terms
of official names, latitude, longitude, and elevation above sea level. Notably, the urban station did not have wind speed and direction
data due to equipment unavailability. Following recommendations from prior research Pyrgou et al. (2020), the wind profile from
the suburban station, located 4.6 km away, was used as a substitute for the urban station.

2.3. WRF implementation

2.3.1. Model set-up
The Advanced Research version of the Weather Research and Forecasting (WRF-ARW) model, version 4.5.1 (Skamarock et al.,

2019, 2021), is used to run simulations over the Greater Nicosia Area with a horizontal resolution of 1 km and 57 vertical levels, with
the top one set at 50 hPa and the lowest considered with a 10-meter thickness. The WRF model is a highly adaptable atmospheric
simulation system that can be used effectively at various scales, from regional to urban. This is due to its nesting features and the
ability to be coupled to an urban canopy parameterization (UCP) (Chen et al., 2011).

In this research, the WRF model with the BEP-BEM multilayer scheme is used to enhance the representation of physical surface
energy interactions within urban areas, wind drag effects, and spatial variations in urban environments. The WRF configuration
adopted for this study consists of three nested domains with horizontal resolutions of 12 km, 3 km, and 1 km. The domains were
selected to include all the geographical features that might have a synoptic or regional influence on the Greater Nicosia Area
meteorology. The outermost domain encompasses the EMME region. The second domain covers the island of Cyprus, part of the
Atlas Mountains, and part of the Levant region. Finally, the innermost domain considers the entire island exclusively (Fig. 2).

All the simulations cover the period from 00:00 EET on July 23rd, 2021, to 00:00 EET on August 10th, 2021, allowing us to
simulate all the heat wave events during that period. The first 24 h have been considered as a spin-up period. Furthermore, only
the innermost domain simulations are evaluated against the observed data. The corresponding model evaluation against the urban
meteorological stations is found in Supplementary Sect. 1.

Further details regarding the model characteristics and configurations, such as the domain resolution and physical parameteri-
zations, are shown in Table 2.
4 
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Fig. 2. Domains of the WRF model for this study: EMME Region (d01), Levant Region (d02), and Cyprus (d03) with 12 km, 3 km, and 1 km horizontal
resolution, respectively.

Table 2
Model characteristics and configurations.

Resolution and initial conditions

Horizontal resolution 12 km×12 km; 3 km×3 km; 1 km×1 km
Vertical layers 57
Top of the atmosphere 50 hPa
Initial conditions ERA5 (Hersbach et al., 2020) with 31 km horizontal resolution,137 vertical levels, and hourly output
Physics parameterizations
Microphysics WRF Single-Moment 6-Class Scheme (Hong and Lim, 2006)
Shortwave and longwave radiation RRTMG scheme (Iacono et al., 2008)
Cumulus Kain-Fritsch scheme (only d01 and d02) (Kain, 2004)
Surface Noah Land Surface Model (Chen and Dudhia, 2001)
UCP Building Effect Parameterization-Building Energy Model (BEP-BEM) (Martilli et al., 2002)
PBL Bougeault and Lacarrere (Bougeault and Lacarrere, 1989)
Surface layer Revised MM5 Monin–Obukhov scheme

2.3.2. Gridded urban parameters
Urban canopy models like BEP-BEM usually rely on Local Climate Zones (LCZs) to assign urban parameters through predefined

tables. This approach categorizes areas based on broad thermal and aerodynamic characteristics, such as conductivity and resistance,
which were then applied uniformly to all grid cells within each LCZ. However, recent versions of the model can now take certain
parameters directly at the level of each grid cell, enabling finer-scale representation of urban morphology. The urban parameters
corresponding to building plan area fraction, building surface area to plan area ratio, and weighted mean building height were
computed by integrating three complementary datasets: the Microsoft Building Footprints dataset (Microsoft, 2024), the World
Settlement Footprint 3D (WSF3D) dataset (Marconcini et al., 2021), and the World Urban Fraction dataset (Patel and Roth, 2022).
The last two datasets were extracted for the area of interest with the wrfup python package (Gabeiras, 2024). For parameters that
are not available at the grid-cell level, such as material properties, the LCZ-based approach remains essential. By combining these
two approaches, the model leverages both fine-scale variability and broader land use classifications, ensuring a more accurate
representation of the urban environment.

The Microsoft Building Footprints dataset provides the shapes of each building in the island, defined by their vertices in the
form of a vector file. From this, the planar surface area (𝐴𝑃 ) and perimeter of each building can be extracted. However, it does
not include information about building heights. The WSF3D dataset is a raster file with a resolution of 90 meters that provides the
mean building height (𝐻) within each grid cell, though it lacks detailed information about individual building shapes. The World
5 
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Fig. 3. Details of (a) urban fraction, (b) 𝜆𝑝, and locations of the meteorological stations.

Urban Fraction dataset, with a resolution of 100 m, quantifies the proportion of built-up area in each grid cell and was averaged to
1-km resolution to match the model domain.

The mean building heights from the WSF3D dataset were assigned to each building based on the grid cell with the largest
overlap. The necessary urban parameters—the building plan area fraction (𝜆𝑝), the building surface area to plan area ratio (𝜆𝑏), and
the weighted mean building height (ℎ𝑚)—were calculated at the level of each grid cell as follows:

𝜆𝑝 =
∑

𝑖 𝐴𝑃 ,𝑖
𝜆𝐹 ⋅ 𝐴𝑇

(1)

𝜆𝑏 =
∑

𝑖(𝐴𝑊 ,𝑖 + 𝐴𝑃 ,𝑖)
𝜆𝐹 ⋅ 𝐴𝑇

(2)

ℎ𝑚 =
∑

𝑖(𝐻𝑖 ⋅ 𝐴𝑃 ,𝑖)
∑

𝑖 𝐴𝑃 ,𝑖
(3)

In these equations:

- 𝜆𝑝 is the building plan area fraction, quantifies the planar density of buildings within the built-up portion of the grid cell.
- 𝜆𝑏 is the building surface area to plan area ratio, reflects the three-dimensional complexity of the urban fabric.
- ℎ𝑚 is the weighted mean building height, representing the average height of buildings in the grid cell.
- 𝜆𝐹 is the urban fraction, derived from the World Urban Fraction dataset and averaged to 1-km resolution.
- 𝐴𝑇 is the total area of the grid cell.
- 𝐴𝑃 ,𝑖 is the planar surface area of each building (equivalent to the roof area).
- 𝐴𝑊 ,𝑖 is the wall area of each building, calculated as 𝐴𝑊 = Perimeter ⋅𝐻 .
- 𝐻𝑖 is the height of each building.

2.3.3. Local climate zone based urban parameters
Thermal properties of building components, which are not available at the grid-cell level, were assigned to the model through

the Local Climate Zones (LCZs) framework. These properties were first identified through site visits and the analysis of construction
ages and building archetypes and, then, assigned to the building models of the area of study distinguishing between those within
the ancient Venetian walls in the old town and those outside. Specifically, based on information provided in Fokaides et al.
(2014), we assigned thermal characteristics typical of masonry and roof constructions prior to the Energy Performance of Buildings
Directive (EPBD) adoption to buildings in old town while assigning post-EPBD adoption characteristics to buildings outside. Detailed
information about materials, including thicknesses, thermal conductivity (𝜆), and resistance (𝑅), can be found in Tables 3, 4, 5, and
6.

2.4. Cooling strategies

We establish eight passive strategies that could be implemented across Nicosia. In similar research contexts, the selected strategies
have been demonstrated to reduce urban heat and improve thermal comfort effectively (Brousse et al., 2023; Jiang et al., 2025).
Most of these strategies involve rooftop interventions, and each intervention is evaluated against a control run that did not consider
any intervention. Thus, the control run serves as a baseline for understanding the influence of urban areas on local climate, allowing
us to investigate temperature variability further.
6 
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Table 3
Typical masonry construction pre-EPBD. The terms 𝑅𝑠𝑖 (m2K ∕W), 𝑅𝑠𝑒 (m2K ∕W), and 𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) represent the internal and external surface resistance and
the thermal transmittance, respectively.
𝑈𝑣𝑎𝑙 𝑢𝑒 Calculation (External wall) pre-EPBD

Material (Starting from the inner side) Thickness (m) Thermal Conductivity 𝜆 (W∕mK ) Thermal Resistance 𝑅 (m2K ∕W)
Plaster 0.025 1 0.025
Brick 0.2 0.4 0.5
Plaster 0.025 1 0.025
𝑅𝑠𝑖 (m2K ∕W) 0.13
𝑅𝑠𝑒 (m2K ∕W) 0.04
𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) 1.388

Table 4
Typical masonry construction post-EPBD. The terms 𝑅𝑠𝑖 (m2K ∕W), 𝑅𝑠𝑒 (m2K ∕W), and 𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) represent the internal and external surface resistance and
he thermal transmittance, respectively.
𝑈𝑣𝑎𝑙 𝑢𝑒 Calculation (External wall) post-EPBD

Material (Starting from the inner side) Thickness (m) Thermal Conductivity 𝜆 (W∕mK ) Thermal Resistance 𝑅 (m2K ∕W)
Plaster 0.025 1 0.025
Perforated Thermal Brick 0.3 0.2 1.5
Plaster 0.025 1 0.025
𝑅𝑠𝑖 (m2K ∕W) 0.13
𝑅𝑠𝑒 (m2K ∕W) 0.04
𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) 0.581

Table 5
Typical roofs construction pre-EPBD. The terms 𝑅𝑠𝑖 (m2K ∕W), 𝑅𝑠𝑒 (m2K ∕W), and 𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) represent the internal and external surface resistance and the
hermal transmittance, respectively.
𝑈𝑣𝑎𝑙 𝑢𝑒 Calculation (Roof) pre-EPBD

Material (Starting from the inner side) Thickness (m) Thermal Conductivity 𝜆 (W∕mK ) Thermal Resistance 𝑅 (m2K ∕W)
Trowel 0.01 0.8 0.0125
Reinforced Concrete 0.15 2.5 0.06
Screed 0.1 1.35 0.074
Waterproofing Layer 0.005 0.23 0.021
𝑅𝑠𝑖 (m2K ∕W) 0.1
𝑅𝑠𝑒 (m2K ∕W) 0.04
𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) 3.252

Table 6
Typical roofs construction post-EPBD. The terms 𝑅𝑠𝑖 (m2K ∕W), 𝑅𝑠𝑒 (m2K ∕W), and 𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) represent the internal and external surface resistance and the
thermal transmittance, respectively.
𝑈𝑣𝑎𝑙 𝑢𝑒 Calculation (Roof) post-EPBD

Material (Starting from the inner side) Thickness (m) Thermal Conductivity 𝜆 (W∕mK ) Thermal Resistance 𝑅 (m2K ∕W)
Trowel 0.01 0.8 0.0125
Reinforced Concrete 0.15 2.5 0.06
Ins. Material (polystyrene) 0.1 0.03 3.333
Screed 0.1 1.35 0.074
Waterproofing Layer 0.005 0.23 0.021
𝑅𝑠𝑖 (m2K ∕W) 0.13
𝑅𝑠𝑒 (m2K ∕W) 0.04
𝑈𝑣𝑎𝑙 𝑢𝑒 (W∕m2K ) 0.274

Notably, we calculate daily 2m air temperature reductions and their associated standard deviations (𝜎) over the simulation period,
uantitatively measuring model uncertainty. Owing to computational limitations, a deterministic modeling approach was deemed
ore feasible than an ensemble methodology. Nevertheless, the literature indicates that temperature measurements generally exhibit

lower internal variability compared to precipitation (Giorgi and Bi, 2000; Alexandru et al., 2007; Lavin-Gullon et al., 2021; Petrovic
et al., 2024), thus bolstering the reliability of single-simulation analyses focused on temperature-related outcomes.

At the same time, all the following scenarios assess the impact of each intervention on this urban climate. It is worth mentioning
that all the simulations take into account the activation of the air conditioning to ensure indoor thermal comfort. In particular, the
set-point temperature is fixed at 26 ◦C, and the comfort range varies between ±3.5 ◦C (Fanger, 1970; ISO7730, 2005; ASHRAE,
2017).

All the simulations model the maximum possible implementation of each strategy to delineate their potential impact. Further-
more, for all the scenarios, including the baseline one, we evaluate the outdoor thermal comfort by calculating the Universal Thermal
Comfort Index (UTCI) using the 𝑊 𝑅𝐹𝑐 𝑜𝑚𝑓 𝑜𝑟𝑡 model (Martilli et al., 2023), and the building energy consumption using the BEM
component.
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Following, a brief description of the standalone strategies is provided:

1. Photovoltaic panels (𝑃 𝑉 𝑠) We considered the WRF BEP-BEM PV roof module developed by Zonato et al. (2022). We set
a 100% rooftop coverage for each simulation where PVs were included. As provided in the reference paper, we assume an
upward emissivity of 0.79 and an efficiency 𝜂𝑃 𝑉 of 19%.

2. Cool roofs (𝐶 𝑅) Roof albedo is increased to 0.85 in WRF BEP-BEM for cool roof simulations (Brousse et al., 2023). We
changed the albedo of all the roofs within the city’s urban boundaries. For the control scenario, we adopt a roof albedo of
0.30.

3. Green roofs (𝐺 𝑅) The green roofs strategy has been included in the simulations adopting the WRF BEP-BEM green roof
module of Zonato et al. (2022). As for the PVs strategy, we considered a 100% rooftop grass coverage for Nicosia. In addition,
we consider the irrigation of the roofs occurring from 11.00 pm EET to 01.00 am EET each day, for a total of 7.5 mm/day.
The control scenario does not assume the implementation of green roofs.

4. Urban trees (𝑈 𝑇 ) To estimate the effect of street trees at the city level, we use the WRF BEP-BEM trees module adapted
from Stone et al. (2021), Fung et al. (2024) WRF-BEP-Tree model. While the control scenario presents a tree fraction of 20%
to represent the existing tree coverage for Nicosia, we increased the fraction to 80% in this scenario, considering a leaf area
index (LAI) of 3, considered a reasonable value for urban trees (Fung et al., 2024), and crown height between 5 m and 10 m.
This study aims to evaluate the effects of increasing street tree coverage to capture the interactions between buildings and
trees. The baseline scenario and street tree simulations include existing trees as represented by the Noah land surface model
The additional street trees incorporated into the model are assumed to be unirrigated.

In addition to examining the standalone strategies, we explored the effects of implementing combined strategies. Specifically,
e investigated:

- Combination of green roofs with photovoltaic panels (𝐺 𝑅𝑃 𝑉 );
- Combination of cool roofs with urban trees (𝐶 𝑅𝑈 𝑇 );
- Combination of green roofs with urban trees (𝐺 𝑅𝑈 𝑇 );
- Combination of photovoltaic panels with urban trees (𝑃 𝑉 𝑈 𝑇 ).

It is worth mentioning that the combined strategies maintain the same proportional coverage as their standalone counterparts.
For instance, when the GRPV (green roof and photovoltaic) approach is implemented, green roofs and photovoltaic panels will
ccupy 100% of the available rooftop area. In particular, green roofs are located below the photovoltaic panels.

The rationale for assuming full implementation of the proposed strategies is to assess their maximum potential impact. This
pproach directly compares the strategies under standardized conditions, identifying their advantages, limitations, and optimal
olutions. While recognizing that 100% coverage may not be economically feasible, this methodology provides valuable insights
hat can inform more practical, partial implementations and guide policy decisions.

Previous studies have highlighted the effectiveness of urban adaptation strategies under idealized conditions (Georgescu et al.,
2014; Salamanca et al., 2016; Krayenhoff et al., 2018). For example, green and cool roofs have been shown to mitigate urban heat
ffectively (Sharma et al., 2016; Macintyre and Heaviside, 2019), while targeted and citywide implementations offer additional

opportunities for optimization (Broadbent et al., 2020, 2022; Brousse et al., 2023). Although not always practically viable, these
comprehensive assessments help pinpoint the most effective strategies for reducing urban heat and improving energy efficiency.

3. Results

3.1. 2m air temperature

The average difference in 2m air temperature, calculated as the scenario run minus the control run, for each strategy allows us
to identify the effectiveness of each intervention in reducing temperature. Generally, all strategies except the added PVs reduce the
2m air temperature in the city. In particular, averaged over the 19 days, we found that when comparing rooftop-only strategies,
ool roofs reduce temperatures by approximately 0.41 ± 0.12 ◦C within the Nicosia boundaries, while the combination of cool roofs
nd trees achieves a more substantial reduction of up to approximately 0.74 ± 0.17 ◦C. In addition, the reduction of the 2m air
emperature, in all scenarios, is much larger during daytime than at night (Supplementary Sect. 2, Figures 9 and 10) when urban
urfaces are exposed to high solar radiation and particularly susceptible to interventions involving trees (Fig. 4).

During the day, both cool and green roofs, combined with trees, reduce the temperature by 1.75 ± 0.35 ◦C and 1.47 ± 0.55 ◦C,
respectively. Though the impact is less pronounced at night, a cooling trend persists along a northwest–southeast axis. This is driven
by the prevailing winds from the northwest (Supplementary Sect. 2, Figure 8), which help disperse heat, particularly in areas with
lower building density. (Supplementary Sect. 2, Figures 9 and 10).

To better understand the impact of the different strategies, we examined Nicosia’s urban geometry. In order to quantify the
average effect of the proposed interventions based on the urban configuration, we studied the relationship between the impact of
the strategies on the air temperature at 2m, 𝐻 , and 𝜆𝑝.

Different bins have been created and analyzed to represent the spatial variability of 𝜆𝑝 and 𝐻 within the urban area. For 𝜆𝑝,
ranging from 0 to 0.41, four bins are considered: 0.15, 0.25, 0.35, and 0.41. Likewise, we considered three ranges for building
8 
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Fig. 4. Average over the 19 days 2m air temperature of the Control run (T2; top left box) and the average difference (𝛥T2) of each strategy, Photovoltaic panels
(PVs), Cool Roofs (CR), Green Roofs (GR), Urban Trees (UT), Green Roofs combined with Photovoltaic panels (GRPV), Cool Roofs combined with Urban Trees
(CRUT), Green Roofs combined with Urban Trees (GRUT), and Photovoltaic panels combined with Urban Trees (PVUT), respectively. Black contours represent
WRF urban pixels.

height: 0–5 m, 5–10 m, and 10–15 m. For instance, the 0.15 𝜆𝑝 bins contain all the buildings with density values between 0 and
0.15. In the same way, the 5 m 𝐻 bin represents all the buildings with a height between 0 and 5 m.

Fig. 5 shows the average difference of each strategy. The first row of plots considers only the rooftop strategies (PVs, CR, GR,
and GRPV), whereas the second considers the presence of trees (UT, CRUT, GRUT, and PVUT). Regarding the displacement of the
tallest buildings in the city, they are located in a medium-density area characterized by a 𝜆𝑝 value of 0.35. The most dense area of
the city corresponds to the old town, enclosed within the Venetian walls.

As mentioned above, when considering only the rooftop strategies, the most effective strategy is CR, with an average 2m air
temperature reduction, over the 19 days, of about 0.35 ◦C. Almost all the rooftop strategies show negative temperature differences
that increase quasi-linearly by increasing the buildings’ density and height. An exception is the PVs strategy, which shows a negligible
temperature reduction for buildings up to 10 meters tall.

When trees are included, the CRUT strategy is, once again, the one that reduces air temperature the most. It should be noted
that the largest reduction in the CRUT strategy occurs for a 𝜆𝑝 value of 0.35 and buildings with a height greater than 5 m. Notably,
for buildings between 5 and 10 m in height, an increase in the roof area does not result in enhanced cooling. This can be explained
by the fact that as building density increases, the available area for tree planting within each cell decreases. Also, taller buildings
already cast significant shadows, reducing the additional shading impact of trees. In general, the effect of interventions, especially
for rooftop strategies, diminishes as building height increases.

3.2. Outdoor heat stress

Heat stress has been studied by considering the 50th percentile of the Universal Thermal Comfort Index (UTCI) of the distribution
of subgrid scale values obtained with the methodology described in Martilli et al. (2024). In particular, for each simulation, the
frequency of hours falling within one of the heat stress categories was calculated and averaged for the whole period. Each heat
9 
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Fig. 5. Average 2m air temperature differences (Y-axis) between each intervention (symbol legend) and the control run for different ranges of building area
ratio 𝜆𝑝 (X-axis) and building heights H (left: 0 < 𝐻 < 5, middle: 5 < 𝐻 < 10, right: 10 < 𝐻 < 13.5). Top row: rooftop strategies; bottom row: urban trees.

stress category is characterized by a threshold. In particular, no thermal stress is experienced when the UTCI lies between 9 and
26 ◦C. Moderate heat stress occurs at UTCI between 26 and 32 ◦C, while strong heat stress refers to a UTCI between 32 and 38 ◦C.
Very strong heat stress is characterized by a UTCI that ranges between 38 and 46 ◦C, and finally, extreme heat stress is experienced
for UTCI above 46 ◦C. When adaptation strategies are not considered (control scenario), 32 h (7% of the total period) fall within the
category of very strong heat stress, 121 h (26.6%) belong to the category of strong heat stress, 113 h (24.8%) are in the category of
moderate heat stress, and 189 (41.5%) are in the category of not thermal stress, for the entire urban area of Nicosia, respectively.
Most adaptation strategies analyzed reduce heat stress (Fig. 6). When we focus solely on street trees (UT), they emerge as the most
effective strategy for mitigating heat stress. Their shade-providing capability plus the cooling effect from evapotranspiration make
them highly effective in reducing UTCI. Under this scenario, the number of hours in very strong heat stress is only 11 (2.4%), with
125 h (27.5%) in strong heat stress, 115 h (25.3%) in moderate heat stress, and 204 h (44.8%) in no thermal stress.

No other strategy is able to reduce heat stress as much as trees. The second best strategy turns out to be cool roofs (CR), which
decrease the number of hours to 25 (5.5%), 125 (27.5%), and 108 (23.7%) for very strong heat stress, strong heat stress, and
moderate heat stress, respectively, while slightly increase to 197 (43.2%) the hours spent in no thermal stress.

Green roofs (GR) and photovoltaic panels (PVs) are less effective, however, they show comparable results in reducing hours
spent in one of the heat stress categories. For instance, when comparing the hours in very strong heat stress for the PV strategy and
GR against the control scenario, we find PVs do not reduce heat stress at all, while GR’s reduction consists of three hours.

It is important to note that urban trees can be combined with rooftop strategies to achieve even more significant heat stress
reduction. The cool roofs combined with urban trees (CRUT) scenario, which combines the air temperature cooling of cool roofs
with the shading of street trees, leads to the maximum reduction in heat stress among all the cases investigated.

Analyzing the hourly distribution of the heat stress categories during the 19 days of simulation (Fig. 7), reveals a concentration of
the very strong heat stress category during the peak daytime hours. The beneficial effects of the interventions are evident across most
strategies. Among the rooftop interventions, cool roofs demonstrate most significant reduction of UTCI by lowering air temperature.
However, this strategy shows limited effectiveness in alleviating nighttime heat stress. On the other hand, urban trees prove to be
more effective in mitigating very strong heat stress and reducing moderate heat stress at night. Trees provide shade to buildings
during the day, resulting in decreased heat storage and reduced longwave emissions, thereby enhancing pedestrian comfort. The
combined cool roofs and urban trees (CRUT) scenario best illustrates this synergistic effect. It showcases the trees’ capacity to
lower pedestrian UTCI during the hottest daytime hours while also providing nighttime benefits. The CRUT strategy demonstrates a
10 
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Fig. 6. Frequency of UTCI 50th percentile heat stress categories averaged for the 19 days for each intervention.

reduction of very strong heat stress around 3:00 PM and maintains a reduction of moderate heat stress at night hours, highlighting
its round-the-clock effectiveness.

The relationship between UTCI and building density and height indicates that the proximity of buildings, particularly in the
most densely built-up areas, generates a beneficial effect due to the building shade. This effect is particularly notable for cool roofs,
which emerge as the most effective strategy among rooftop interventions. However, this mitigation effect is even more pronounced
at the pedestrian level, where urban trees alone or in combination with cool roofs are considered. Conversely, the mitigation effect
is diminished for the tallest buildings when considering standalone strategies or combined approaches.

3.3. AC energy use

Fig. 9 shows the cumulative spatial distribution of AC energy use for the control run and the strategies. The analysis has focused
solely on the energy required for cooling and does not account for the energy generated by the photovoltaic systems.

The baseline scenario without mitigation interventions exhibits high energy consumption, particularly in the high-density core
of the city, exceeding 2.1 kWh/m2. Implementing photovoltaic panels across the entire area does not significantly reduce energy
consumption compared to the baseline.

Adopting cool roofs produces an evident reduction, with consumption lowered to approximately 1.9 kWh/m2 in the denser areas.
Moreover, the lower is 𝜆𝑝, the lower the energy use per unit surface. Similarly, using 100% green roofs leads to a less pronounced
energy reduction than cool roofs, but still better than PVs. In contrast, when urban trees are considered, there is a clear reduction
in energy use for space cooling.

When the synergistic effect of the two strategies is examined, the results indicate that combining urban trees with cool roofs
produces the most significant energy reduction, with consumption lowered to around 1.0 kWh/m2 in the core areas. This shows
that the combination of reflective materials on roof tops and the shading provided by trees helps significantly reduce cooling energy
consumption. This trend can also be identified in the scenarios considering green roofs along with urban trees and photovoltaic
panels with urban trees, with the former slightly less effective than the cool roofs with urban trees.

To quantify the reduction in cooling energy use delivered by each strategy, we examine the percentage decrease in energy
consumption relative to the baseline scenario, as illustrated in Fig. 10. This analysis reveals that urban trees are the most effective
single approach, reducing energy consumption by approximately 46%. Among combined strategies, the most impactful combination
is cool roofs and urban trees, which together lower energy consumption by over 50%. An additional noteworthy effect emerges
from the combination of photovoltaic panels and urban trees. While slightly less effective than cool roofs and trees, this approach
still reduces energy use by around 50%, outperforming urban trees alone. This demonstrates the synergistic benefits of integrating
vegetation and renewable energy technologies into urban design.

Finally, to better understand the temporal dynamics of energy consumption, AC energy use was analyzed during three distinct
periods: pre-heat wave (July 24–25), heat wave (August 3–4), and post-heat wave (August 8–9). Results indicate a significant
11 
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Fig. 7. Heatmap of UTCI 50th percentile showing the hourly distribution of heat stress categories across each day of the simulation period. Top left panel shows
the control scenario.

increase in energy consumption during the heatwave period compared to the pre- and post-heatwave periods across all scenarios.
For instance, in the baseline scenario, the AC energy consumption increased to 21.32 kWh during the heatwave, contrasting with
15.22 kWh and 14.94 kWh in the pre- and post-heatwave periods, respectively. This pattern of heightened energy consumption
during the heatwave, followed by a decline toward pre-heatwave levels, was observed across all the scenarios examined. For
example, the energy consumption during the heat wave was 11.07 kWh for the CRUT scenario and 20.60 kWh for the ACPV during
the heatwave, while post-heatwave values fell to 6.15 kWh and 14.39 kWh, respectively. The scenarios incorporating combined
mitigation approaches, such as cool roofs and urban trees (e.g., CRUT, GRUT, PVUT), used the least energy across all periods. The
CRUT scenario achieved the most favorable energy consumption, with values of 6.84 kWh pre-heatwave, 11.07 kWh during the
heatwave, and 6.15 kWh post-heatwave. Compared to the baseline and other individual strategies, these findings underscore the
ffectiveness of combined mitigation strategies in reducing cooling energy demands, even during extreme heat events.

This underscores the profound impact of temperature extremes on AC energy demand, emphasizing the importance of developing
adaptive cooling strategies to mitigate peak loads during heat waves.

To estimate the energy produced by photovoltaic panels and determine if it could offset cooling energy consumption, we
calculated the difference between the AC energy use for the three scenarios involving PVs and the energy generated by the PVs. The
results indicate that the energy generated by the PV systems fully covers the cooling energy consumption in the dense core areas,
leading to a net positive energy balance in those zones. As mentioned in Section 2.4, the analysis considered a PV efficiency of 19%
and the complete coverage of the building roofs. Furthermore, Fig. 11 demonstrates that while the PV systems maintain a positive
energy balance across all investigated scenarios, combining PV panels and urban trees proves to be the most effective. Specifically,
in some locations within the densest part of the city, the total net energy available reaches approximately 2.5 kWh/m2.

As for the 2m air temperature and outdoor heat stress, we investigated the effect of the building’s morphology on AC energy
use. The bins for 𝜆𝑝 and 𝐻 are the same considered for the 2m air temperature. In contrast, we consider the percentage reduction
between the control run and the different interventions for AC energy use.

Fig. 12 shows the results of this analysis. In the same way as presented for 2m air temperature, the first row of the plot shows
rooftop-only strategies, while the second considers urban trees and the combined strategies.
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Fig. 8. Reduction of UTCI 50th percentile between each intervention and control run depending on 𝜆𝑝 and building height (H). Building height is constant
along the columns, while the rows refer to the strategies. The first row shows rooftop strategies; urban trees are considered in the second.

Photovoltaic panels can moderately reduce cooling energy consumption, typically by 10%–20%, primarily by blocking a portion
of direct solar radiation. However, the energy generated by the PV systems has not been considered in the energy use calculations,
and the observed reduction in air conditioning energy demand is solely attributable to the shading effect of the PV panels on the
building roofs. This PV-based strategy is limited in lowering cooling demand, especially compared to strategies incorporating natural
elements such as urban trees or green roofs.

Cool roof surfaces mitigate heat absorption through their high solar reflectance and thermal emissivity, yielding up to 15%
cooling energy savings. While effective in lowering rooftop surface temperatures, cool roofs exhibit a limited influence on ambient
air temperatures and tend to be less effective in taller building contexts. In contrast to photovoltaic systems, cool roofs directly
reduce cooling demands through increased surface albedo but do not match the benefits provided by green-based strategies.

Green roofs, both standalone and in combination with photovoltaic panels, produce almost the same result in every city
configuration. For less dense areas characterized by medium-low building heights, the air conditioning energy use reduction is
approximately 10%. In contrast, the reduction increases slightly up to 12% for the densest areas. When the buildings are taller, the
two strategies become less effective, with the reduction in air conditioning use only around 5%–6%. Compared to PVs and cool
roofs, both standalone and combined with photovoltaic panels, green roofs exhibit intermediate performance, performing better
than PVs but not as effectively as cool roofs.

Urban trees provide cooling through shading and evapotranspiration, making them a more effective cooling solution than rooftop-
based strategies. However, the performance of this approach is influenced by the urban context. As the density of buildings increases,
the cooling effectiveness of urban trees decreases, with energy use reductions dropping to around 30%. Similarly, taller building
heights also diminish the cooling impact of trees, further reducing energy use savings. This can be attributed to the reduced space
available for trees as building density rises and the decreased shading effect when buildings exceed the height of the trees, exposing
them to more direct solar radiation and increasing the energy demands for space cooling.

Combining cool roofs and urban trees significantly enhances both strategies’ effectiveness, resulting in up to 60% of energy
reductions. Trees provide cooling through shading and evapotranspiration, while cool roofs reduce rooftop heating. However, the
overall effectiveness of this strategy may be diminished in taller buildings, where shading from trees is less impactful.

Integrating green roofs and urban trees reduces energy use slightly less than the combination of cool roofs and urban trees.
The most substantial impact can be found for low buildings and medium-density city configurations, with an approximately 55%
reduction in air conditioning energy use. However, when the buildings’ height increases, as already seen for the other strategies,
13 
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Fig. 9. Total AC energy use [k Wh∕m2] for the 19 days for the control run and each strategy. Note that for the scenarios that include PVs the energy generated
has not been considered.

AC energy use reduction decreases to approximately 45% for the city’s densest area with buildings’ height between 5 and 10 m.
The smallest reduction is found for buildings’ heights between 10 and 13.5 m. For this urban configuration, the energy reduction
is around 20% for less dense areas and approximately 40% for denser areas.

Finally, photovoltaic panels combined with urban trees perform better than urban trees alone but worse than cool roofs and
green roofs combined with urban trees.

4. Discussion

4.1. Adaptation strategies and 2m air temperature - AC energy use interactions

Our findings highlight the significant potential of integrating cool roofs, green roofs, and urban trees in urban planning as
a means to reduce 2m air temperatures and energy consumption. As illustrated in Fig. 4, combining these adaptation strategies
produces more pronounced cooling effects, demonstrating their capacity to mitigate urban overheating effectively. Cool roofs, for
example, reflect solar radiation, reducing heat gains indoors and thus lowering the demand for air conditioning (AC) use. Similarly,
green roofs leverage shading and evapotranspiration, resulting in further cooling benefits and reducing energy needs.

An intriguing aspect of our study is the synergistic relationship between photovoltaic (PV) panels and urban trees. Urban trees
provide shading, which reduces cooling loads on buildings, while PV panels, when connected to energy storage systems, generate
sufficient energy to meet diurnal cooling demands. This combination maximizes energy savings and reduces urban temperatures,
particularly during peak AC demand.

The extent of each strategy’s impact, however, can vary depending on specific configurations. For instance, while cool roofs
remain the most effective rooftop intervention by reflecting solar radiation, green roofs provide slightly less cooling due to their
lower albedo. However, integrating PV panels with green roofs enhances overall cooling performance by leveraging additional
shading and evapotranspiration. Urban trees, particularly when paired with rooftop interventions, significantly reduce energy use
as well.
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Fig. 10. Percentage reduction of total AC energy use for each strategy for the 19 days. The reduction has been calculated as ((𝐶 𝑜𝑛𝑡𝑟𝑜𝑙−𝑆 𝑡𝑟𝑎𝑡𝑒𝑔 𝑦)∕𝐶 𝑜𝑛𝑡𝑟𝑜𝑙) ∗ 100.

Fig. 11. Total net energy available for the three interventions that implement PVs. The net energy has been calculated as AC energy use — Energy produced
by PVs.

Interestingly, Fig. 13 shows that temperature reductions are almost negligible across simulations, revealing a critical disconnect
between ambient air temperatures and AC energy use. It is feasible to reduce the energy required for space cooling without neces-
sarily lowering 2m air temperatures. The shading from trees, for instance, maintains cooler building surfaces, which subsequently
reduces indoor temperatures and, therefore, the demand for artificial cooling.
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Fig. 12. Total AC energy use percentage reduction between each intervention and control run depending on 𝜆𝑝 and building height (H). Building height is
constant along the columns, while the rows refer to the strategies. The first shows rooftop strategies; urban trees are considered in the second.

These findings align well with recent studies that have documented the cooling potential of such adaptation strategies in urban
environments. Previous research has shown that cool roofs can decrease air temperatures by up to 2 ◦C in areas with intense solar
exposure, especially during the daytime when AC demand is highest (Wong et al., 2021). Green roofs have similarly demonstrated
their ability to lower air temperatures by approximately 1.5 ◦C while also reducing the need for AC due to their insulating
properties (Park et al., 2018). At the street level, trees contribute additional cooling through shade and evapotranspiration, reducing
air temperatures by as much as 2–3 ◦C and mitigating the urban heat island effect (Johnson and Breil, 2012; Feyisa et al., 2014).
These studies underscore the role of green infrastructure and cool surfaces as effective measures for reducing urban heat stress and
improving energy efficiency, aligning closely with the synergistic strategies highlighted in our study.

4.2. Adaptation strategies and outdoor heat stress - AC energy use interactions

Our analysis shows that, beyond reducing 2m air temperatures, these interventions have a significant impact on outdoor heat
stress at the pedestrian level. The results, particularly noticeable during daytime, indicate that urban trees play a critical role in
reducing pedestrian heat stress (Fig. 7). This reduction is primarily driven by the shade provided by trees, which reduces direct solar
exposure and lowers longwave radiation emitted from shaded urban surfaces. When urban trees are combined with other strategies,
such as cool roofs, the reduction in heat stress becomes even more pronounced and extends into nighttime hours. As with 2m air
temperature reductions, the effect’s magnitude is location-specific, largely influenced by surrounding building geometry and usage
patterns.

In examining the relationship between 2m air temperature, outdoor heat stress, and AC energy use, we focused on three UTCI
percentiles—10th, 50th, and 90th—to represent cool spots, average conditions, and hot spots. Our analysis of these adaptation
strategies’ impact reveals substantial reductions in AC energy consumption, with urban trees proving to be the most effective
intervention in mitigating heat stress. Specifically, urban trees consistently reduced heat stress-degree hours by 20 to 25 h, compared
to the 5-hour reduction achieved by cool roofs and green roofs across all three UTCI percentiles (Fig. 14). This cooling effect
extended well beyond individual grid cells, lowering heat stress-degree hours across the study period, particularly for high-stress
UTCI conditions.

When strategies were combined, cool roofs paired with urban trees yielded the most effective reduction in heat stress, followed
closely by the combination of green roofs and urban trees. Although the combination of photovoltaic panels and urban trees showed
16 
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Fig. 13. Effects of strategies on average 2m air temperature and total AC energy use over the 19 days. Top left panel shows the Control run. The PVs energy
generated has not been considered.

a smaller reduction in heat stress hours, it provided an added advantage by meeting cooling energy demand through solar energy
generation. Based on the IPCC definitions of adaptation and mitigation strategies (Watson et al., 2001), this approach—pairing urban
trees with photovoltaic panels—emerges as a comprehensive intervention. The trees reduce outdoor heat stress through shading
and cooling. At the same time, the photovoltaic panels generate renewable energy to support air conditioning, distinguishing this
approach from other strategies that do not produce energy for cooling.

These findings are in line with other research, which highlights urban tree cover as a primary strategy for improving outdoor
thermal comfort. Studies indicate that urban vegetation can reduce air temperatures by 1 to 7 ◦C compared to nearby urban
areas (Zölch et al., 2016; Piselli et al., 2018; Meili et al., 2021; Stone et al., 2023). The substantial cooling impact found in our
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Fig. 14. Effects of strategies on outdoor heat stress and AC energy use based on the three different UTCI percentiles: 10th, 50th, and 90th. The decrease in AC
energy use has been determined considering the energy produced by PVs, while for outdoor heat stress the hourly degree-hours exceeding the slight heat stress
UTCI threshold of 26 ◦C have been calculated.

study, especially during daytime, reflects these broader findings and underscores the importance of vegetation in alleviating urban
heat stress. The shade provided by trees and the reduced surface radiation contribute to notable improvements in outdoor comfort,
supporting the efficacy of green infrastructure as a valuable tool in urban adaptation strategies.

4.3. Adaptation strategies and building geometry

Beyond examining the effect of strategies on 2m air temperature, outdoor heat stress, and AC energy use at the city scale, this
study also provides insights into the relationship between the intervention and the city geometry. We focused on two key parameters:
building density 𝜆𝑝 and building height 𝐻 . To account for the heterogeneous layout of buildings within the city, we categorized
density and height into distinct bins. The 𝜆𝑝 bins were established at 0.15, 0.25, 0.35, and 0.41, representing different levels of
urban density. For building height, we considered three categories: 5, 10, and 13.5 m. This classification allows a more refined
analysis on how urban interventions interact with varying city structures.

Across all variable examined, two distinct patterns emerge: one for rooftop interventions and another for urban trees (Figs. 5, 8,
and 12). When urban trees are combined with rooftop strategies the resulting effect mirrors that of urban trees alone. Generally, all
rooftop strategies contribute to air temperature mitigation, with the most significant reductions occurring in areas with medium-
height and higher-density buildings. Photovoltaic panels stand out as the sole rooftop strategy that produces negligible temperature
reductions. This differentiation in effectiveness highlights the varying impacts of different urban cooling strategies depending on
the built environment characteristics.

In contrast to rooftop strategies, urban trees generate more pronounced temperature reductions. Rooftop strategies exhibit a
quasi-linear reduction tendency, while urban trees display a quasi-quadratic trend with a minimum point at 𝜆𝑝 = 0.35 across all
building heights. The strongest reduction is achieved by pairing urban trees with cool roofs in the city configuration characterized
by 𝜆𝑝 = 0.35 and 5 < 𝐻 < 10 m. A similar outcome is found for the tallest buildings, whereas the mitigation is less pronounced for
the lowest buildings. This may be attributed to the shading provided by the trees and the taller and denser buildings. The mitigation
of outdoor heat stress aligns with air temperature trends, showing a more significant effect when considering urban trees alone or
combined with rooftop strategies, particularly cool roofs.

Examining AC energy use, cool roofs yield the most substantial decrease among rooftop strategies alone, followed by green roofs
and green roofs with photovoltaic panels. Nevertheless, the benefits of rooftop strategies are reduced for taller buildings, and a
similar effect is observed for rooftop strategies combined with urban trees. The relationship between building density, height, and
AC energy use reaches a minimum point when 𝜆𝑝 = 0.35 and building heights are between 5 and 10 m, similar to the trend observed
for 2m air temperature.

To further explore the topic, it is worth examining the relationship between the AC energy use for space cooling per square meter
of floor area and the surface-to-volume ratio (S/V) based on the varying densities across the city. The specific energy consumption
is calculated by dividing the total energy consumption by the product of 𝜆𝑝 and the normalized average building height, where the
latter is represented by the ratio of average building height to 5 m, the typical story height. This calculation indicates energy use
efficiency based on the total floor area rather than solely the building footprint.

The analysis revealed some notable patterns in Nicosia’s energy consumption. Fig. 15 shows that specific energy consumption
decreases as building density increases. For instance, energy consumption is the lowest for buildings between 5 and 10 m, and 𝜆𝑝=
0.41 following the idea that more compact cities typically exhibit smaller surface-to-volume ratios and lower potential for heat
gains (Martilli, 2014). However, Fig. 16 shows that for buildings with a height between 10 and 15 m, specific energy consumption
rises significantly as urban density increases. This cannot be attributed solely to the diminished ventilation and natural cooling
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Fig. 15. Energy consumption per square meter of floor area for all urban areas within Nicosia’s boundaries without considering the old town, according to
different buildings density 𝜆𝑝 and height H.

capabilities in denser areas or the urban heat island effect but also to the varying construction materials used in this part of the city.
Despite having a more favorable surface-to-volume ratio, older buildings are sensibly less energy-efficient. As a result, they require
more energy to maintain comfortable indoor conditions, or they experience higher indoor temperatures without air conditioning.
This would explain why the higher energy consumption appears in the city’s old town, where buildings are characterized by
lower-performing materials compared to the rest of the city, as mentioned in Section 2.3.3.

The analyses underscore a nuanced understanding that refutes the simplistic notion that increasing urban tree cover is
inherently beneficial. Instead, it highlights the complex interplay of factors, including the specific functions and built environment
characteristics of different urban settings, which influence the efficacy of cooling interventions. Further investigation is necessary
to identify these underlying elements, as this knowledge could inform the development of tailored, optimal configurations suited to
the unique attributes of diverse urban environments, ultimately enabling more targeted and efficient urban cooling strategies.

5. Conclusions

As cities face escalating challenges from overheating, particularly in regions identified as climate change hotspots, such as the
Eastern Mediterranean and Middle East, the need for effective adaptation strategies is becoming increasingly urgent. To enhance
resilience against the intensifying impacts of extreme heat, municipalities are exploring various infrastructure-based adaptation
strategies, such as street trees, rooftop photovoltaic systems, and cool and green roofs. However, each of these strategies comes
with potential benefits and drawbacks. In this study, we employed an urbanized mesoscale atmospheric model to quantify the
impacts of these four adaptation strategies and their combination over 19 summer days in Nicosia, assessing their effects on 2m air
temperature, outdoor thermal stress, and space cooling energy use. The key findings are summarized below:

1. All examined adaptation strategies (cool roofs, green roofs, urban trees, photovoltaic panels) impact the outcomes of air
temperature, outdoor thermal comfort, and energy use and involve trade-offs. The results also suggest that underlying factors,
such as the diverse functions of specific urban areas, warrant further investigation. Identifying these factors could enable
the development of optimal strategy configurations tailored to the unique characteristics of different urban environments,
ultimately enhancing their resilience to climate change challenges.
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Fig. 16. Energy consumption per square meter of floor area for all urban areas within Nicosia’s boundaries, according to different buildings density 𝜆𝑝 and
height H.

2. Substantial urban tree cover is more effective than rooftop strategies alone in mitigating daytime outdoor heat stress. The
decrease in temperature and mean radiant temperature outweighs any minor increase in UTCI from higher relative humidity
from transpiration, especially in semi-arid climates like Nicosia.

3. Extensive tree cover can also reduce energy use for space cooling.
4. PVs are the least efficient rooftop strategy for reducing air temperature and outdoor heat stress. However, given adequate

electrical or thermal storage, comprehensive PV roof coverage could potentially generate enough energy to satisfy the city
center’s diurnal air conditioning needs during a typical summer.

5. Cool roofs are more effective than green roofs in reducing heat stress, lowering 2m air temperature, and decreasing energy
use for space cooling. Additionally, studies have suggested that street trees should preferably be planted on the north side of
streets to maximize reductions in heat exposure (Zhao et al., 2018; Lachapelle et al., 2023). Furthermore, attention should
be paid to the planting configuration to minimize impacts on pollutant ventilation (Vos et al., 2013).

6. An intricate relationship exists between adaptation strategies, their outcomes, and the city’s configuration and geometry.
Varying the urban geometry can significantly impact the performance of certain strategies. This suggests that defining
optimal strategy configurations requires considering the unique characteristics of different urban environments. Ultimately,
the optimal implementation of heat adaptation strategies must be tailored to the specific location.

In summary, the study highlights two key strategies for urban climate adaptation and mitigation:

- Combining urban trees with cool roofs offers the most effective heat mitigation across the multiple dimensions evaluated in
this research.

- Combining street trees with photovoltaic panels is a promising strategy due to the energy generation capabilities of PVs,
which can power cooling systems along with trees’ cooling effect, thereby enhancing the resilience of the thermal environment
during heat waves, making them crucial to a comprehensive climate change strategy. However, their heat stress reduction is
less pronounced than urban trees and cool roofs.

Overall, this study offers a comprehensive analysis that extends beyond typical evaluations focused solely on temperature
reduction. A more holistic understanding of their effects is achieved by assessing the dual impacts of adaptation and mitigation
strategies on thermal comfort and energy use. The novel incorporation of high-resolution urban data, coupled with examining
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outcomes across varying urban densities, yields insights into the localized implications of these strategies. While the feasibility of
some approaches may face practical or economic constraints, the findings nonetheless offer valuable guidance to policymakers tasked
with developing tailored climate resilience measures for semi-arid environments. By addressing heat stress and energy consumption,
this work contributes meaningful insights to the growing body of scholarship on urban climate adaptation, particularly within the
vulnerable Eastern Mediterranean and Middle East region.
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