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Abstract: The Mediterranean is recognized among the most responsive regions to climate change,
with annual temperatures projected to increase by 1–5 ◦C until 2100. Large cities may experience
an additional stress discomfort due to the Urban Heat Island (UHI) effect. In the present study,
the WRF-ARW numerical weather prediction model was used to investigate the climate change
impact on UHI for two Mediterranean cities, Rome and Thessaloniki. For this purpose, three 5-year
time-slice simulations were conducted (2006–2010, 2046–2050, 2096–2100) under the Representative
Concentration Pathway (RCP) 8.5 emission scenario, with a spatial resolution of 2 km. In order
to comprehensively investigate the urban microclimate, we analyze future simulation data across
sections crossing urban/non-urban areas, and after grouping them into three classes depending on
the location of the grid cells. The urban areas of both cities present increased average minimum
temperature (Tmin) in winter/summer compared to other rural areas, with an UHI of ~+1.5–3 ◦C
on average at night/early morning. Considering UHI under future climate change, we found no
significant variations (~±0.2 ◦C). Finally, we found that the numbers of days with Tmin ≥ 20 ◦C will
mostly increase in urban coastal areas until 2100, while the largest increase of minimum Discomfort
Index (DImin) is expected in urban low-ground areas.

Keywords: Urban Heat Island; WRF; heat stress; future projections; climate change; discomfort
index; urban microclimate; Mediterranean climate

1. Introduction

Climate change is considered to be one of the most significant global threats of the
current century, while it has been proven that the leading contribution to global warming
is made by the anthropogenic emissions of greenhouse gases [1,2]. However, the extent
of the temperature increase cannot be accurately estimated, as the concentrations of the
greenhouse gases are unknown in the future atmosphere. For such reason, the estimations
of the future climate are based on various Representative Concentration Pathway (RCP)
emission scenarios. Four different scenarios are provided by the Coupled Model Intercom-
parison Project phase 5 (CMIP5) based on the additional amount of energy into the Earth’s
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climate system (radiative forcing). Thus, the RCP 2.6, 4.5, 6 and 8.5 scenarios correspond
to a radiative forcing increase of 2.6, 4.5, 6 and 8.5 W m−2 by the year 2100, relative to
preindustrial levels [3–8]. According to these scenarios, the mean global temperature is
expected to increase on average by 1–4.5 ◦C by the end of this century, relative to the
1850–1860 mean temperature [9]. Studies focusing on the Mediterranean Sea estimate that
the temperature will increase by 3–5 ◦C under the RCP 8.5 emission scenario until the end
of the century, varying with the region and the season [10–13].

Summer is the season most affected by global warming [14,15], and also the most
threatening season to human life due to the increasing temperature and number of heat
waves in the next 80 years. In the future, due to the warming Earth, heat waves, which
are considered as extremes in the present climate, may be more frequent [16]. In particular,
in a “business-as-usual” (RCP 8.5) scenario, there will be 40–60 extra days of maximum
temperature > 30 ◦C and an average temperature increase by 4–5 ◦C in Europe by the end of
the 21st century. Furthermore, the occurrence of 3–4 heat waves per year is projected until
2100, which may have a significant impact on public health in future summers [14,17–20].
Focusing on Greece, an increase in hot days, with Tmax > 35 ◦C ranging between 14 and
21 days for 2021–2050 and between 49 and 56 days for 2071–2100, was projected under the
A1B scenario [21].

Urban areas will experience an enhanced impact of the earlier described climate
change, as they are characterized by different land uses. In fact, urban areas are constructed
from materials (e.g., asphalt and concrete) with properties (such as albedo and heat ca-
pacity) different than the natural environment surrounding them [22–26]. As a result,
the temperature is usually higher within urban centers rather than in the surrounding
areas, especially during calm nights [27–31]. This phenomenon, which is enhanced by the
anthropogenic heating, is referred to as Urban Heat Island (UHI). As urban populations
in Europe are expected to increase to 84% by 2050 from 70% in 2014 and the average rate
of urbanization in Mediterranean cities is ~+1.9% per year [3,32], the investigation of the
urban microclimate change may provide insight into modifying the landscape of our cities
to mitigate the UHI effect.

Investigating UHI is of high importance, as the added heat load caused by UHI can
cause greater heat stress and adverse health effects in Mediterranean cities [23,32–38].
The UHI usually seems to be stronger at night. The urban structures store heat during
the day, preventing cities from cooling as much as rural areas. Thus, prolonged heat
waves usually produce long periods of stressful temperatures, which increase public health
risk compared to isolated hot days [9,39–41]. According to [41], there was an excess in
heat-related mortality within the urban center of Shanghai by 20 deaths per 100,000 of
population, compared to the exurban areas. In addition, various studies show that extreme
and prolonged heat waves can have a significant impact on mortality in large urban
areas [42–47].

Various studies have been conducted focusing on the microclimate of Mediterranean
cities, where discomfort due to warm summers may become fairly unaffordable. Such
studies present variable results regarding the season and daytime of the occurrence of the
strongest UHI, but generally similar in terms of the intensity. In order to comprehensively
simulate the urban environments, urban canopy models (UCMs) are used to provide with
urban parameterizations [48,49]. Over the last decade, various studies have focused on the
UHI change using climate models coupled to UCMs [50–59]. References [30,60] showed
that UHI in Athens can exceed 4 ◦C during the night, while the effect is almost eliminated
during the day. In Thessaloniki, the UHI effect varies between 1 and 4 ◦C, being stronger
on summer nights but exhibiting greater variability during the winter [61]. In Cyprus, in
the city of Nicosia, UHI appears to be weaker, not exceeding 1.5 ◦C, while the effect is
stronger during the winter [62]. Moving to cities of the central and western Mediterranean,
UHI in Rome usually fluctuates between 3 and 5 ◦C during summer nights, while in winter
it is often <2 ◦C [63,64]. Finally, while UHI in Barcelona may exceed 7 ◦C every 1000 days,
the UHI effect is more intense in the winter (2–5 ◦C) and weaker in summer [65]. A satellite
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analysis conducted by [66] reveals that the UHI effect in five Mediterranean cities has been
intensified within the period 2001–2017, by +0.3 to +0.9 ◦C.

Many recent studies show that especially minimum temperature may be regionally
amplified due to urbanization under present or future conditions [67–71]. As an illustration,
the authors of [72] report that an urbanization scenario would increase minimum temper-
ature in European urban areas by +0.6 ◦C until 2035, which is fairly comparable to the
temperature change suggested by the RCP 8.5 scenario. Some of the previously mentioned
studies conclude that the temperature over rural areas increases more significantly than
in the urban ones. This would result in reducing the UHI effect. On the other hand, there
are studies reporting that even appropriate urban parameterization in regional climate
models cannot sufficiently represent the UHI during heat waves [73]. Finally, there is a
part of the literature review that shows no significant changes in the UHI intensity in the
future under various RCP scenarios in different cities, such as Athens [74], New Jersey [75],
Brussels [76] and Montreal [77]. Meanwhile, the authors of [78] indicate that 13 out of
20 cities in Canada will experience an enhancement of the UHI effect by up to +0.25 ◦C
under the RCP 8.5 scenario, a result which does not significantly differentiate under the
moderate 2.6 scenario. In addition, the UHI change seems to be proportional to the city size,
exhibiting an inverse relationship with the altitude. Hence, as there are various conclusions
through various studies and methodologies, it seems that there is still uncertainty on the
evolution of UHI under the future climate.

The present study aims to analyze the present and future climate (under the RCP
8.5 scenario) of the urban and surrounding non-urban areas of two Mediterranean cities
with different structure, shape, size, location and topographical characteristics. In order
to investigate the microclimate of the cities and the differentiation of the urban to the
non-urban microclimate of them, the UHI effect, but also the discomfort caused by the
urban structure, as part of the climatology of the cities, is examined. For the purposes of this
analysis, we deployed a high-resolution model coupled with a single-layer urban canopy
model. The data and the methodology used in this work are presented in Section 2, the
validation results of the numerical weather prediction model for the cities of Thessaloniki
and Rome are shown in Section 3, the results are described in Section 4 and the conclusions
in Section 5.

2. Data and Methodology
2.1. The Regional Climate Modeling System

In this study, the climate simulations were conducted through the regional WRF-ARW
numerical weather prediction model. The WRF model simulations were produced for
the purposes and needs of the forecasting system for urban heat island effect (LIFE-ASTI)
project (https://app.lifeasti.eu/, accessed on 6 July 2021). In total, four nested domains
were set for Europe, central–east Mediterranean and Thessaloniki/Rome, with horizontal
grid resolutions of 50 km (d01), 10 km (d02) and 2 km (d03, d04), respectively (Figure 1).
We analyzed part of the datasets referring to the domains of Thessaloniki and Rome,
d03 and d04. The physics schemes used for these simulations are based on the set up
of previous simulations focusing on the analysis of the UHI effect in Greece [79]. The
selected schemes are shown in Table 1. In order to better simulate physical processes in the
urban areas, the single-layer urban canopy model (SLUCM) was used to comprehensively
represent the urban environment and the physical processes that take part within it (i.e.,
energy fluxes between urban surface and atmosphere, street canyons and urban geometry,
shadowing of buildings affecting radiation, temperature over artificial surfaces) [80,81].
This scheme incorporates three distinct types of urban land-use type: (a) high-density
residential, (b) low-density residential and (c) industrial-commercial areas. In order to
properly represent the urban fabric of these Mediterranean cities, the urban area fractions
from [79] were adopted for these three types (i.e., 0.5, 0.9 and 0.95, respectively). It should
be noted that the WRF model comprises three sub-models for the estimation of the urban
fabric’s feedback on climate: (a) the SLUCM [80], which assumes a 2D canyon-like urban

https://app.lifeasti.eu/
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morphology, (b) the Building Effect Parameterization (BEP) [82] with 3D morphology and
(c) BEP coupled with the Building Energy Model (BEP + BEM) [83]. The first sub-model
utilizes a single layer approach, while the other two follow a multi-layer approach, suitable
for applications on regions where the height of the buildings is higher than that represented
by the first sub-model. Taking into account the lack of detailed information about properties
of the buildings being demanded by BEP and BEP + BEM, the relatively coarse first layer
utilized in climate modeling (30 m in the present study) and the good performance of
SLUCM in other Mediterranean cities [84], the latter is chosen for the investigation of the
effect of urban environment on climate.
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and Thessaloniki/Rome (d03/d04).

Regarding the land use input, the Global Land Cover by National Mapping Orga-
nizations version 1 (GLCNMO v1), with a resolution of 30” (arcseconds), was used for
d01 and d02 [85]. The land use of all the other domains was represented by the version
2012 of the Corine Land Cover (CLC), which provides a spatial resolution of 100–250 m
and categorizes the land use into 5 main classes (artificial areas, agricultural areas, forests,
wetlands and water bodies) and 44 different sub-classes [86].

The WRF model was run for three periods, the reference period 2006–2010, which
represents the present climate, and the periods 2046–2050 and 2096–2100, which provide
an insight into the climate of the middle and end of the 21st century. The boundary
conditions used for these periods were obtained from the National Centre for Atmospheric
Research (NCAR) and the Community Earth System Model (CESM), which participated
in phase 5 of the Coupled Model Intercomparison Experiment (CMIP5). The data, with
a spatial resolution of 1◦, were used in a 6 h time-step, referring to the Representative
Concentration Pathway 8.5 (RCP8.5) [87], the so-called “business-as-usual” or “worst-case”
high emissions scenario.

2.2. Study Areas

The LIFE-ASTI project focuses on the development of a forecasting system for the
UHI effect for two Mediterranean cities, Thessaloniki and Rome. Then, the system may be
replicated to other cities experiencing the impacts of the UHI effect. The two cities were
selected as they are located in the Mediterranean area, which usually experiences hot and
dry summers, and the discomfort is estimated to be fairly unaffordable in the future, as
described in the introduction. Some general characteristics of the cities are described in the
following paragraphs.
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Thessaloniki is a medium sized city located in the eastern Mediterranean, in northern
Greece, on the north coast of the Thermaikos gulf and to the east of the mount Chortiatis
(with a peak of 1202 m). It is the second largest city in Greece, with a metropolitan
population of ~1.1 million residents and an area of ~112 km2. The climate of the city can be
characterized as Mediterranean with dry and hot summers, but wet and mild winters. The
mean annual temperature of Thessaloniki is ~16 ◦C and the mean annual precipitation is
~450 mm [61].

On the other hand, Rome is a larger city of 3.7 million people, which is located in
central–west Italy in a valley enclosed by mountains (Colli Albani, Sabatini and Tolfa
mounts, not exceeding 1300 m). The climate of the city is similarly characterized by hot
summers and mild winters, with mean annual temperature of ~16.5 ◦C and mean annual
precipitation of 802 mm [88].

Table 1. Physics parametrizations used in the present study.

Physics Parametrization References

Microphysics (clouds) WRF single-moment 6-class (WSM6) [89]
Cumulus (convection) * Kain-Fritsch (KF) [90]

Planetary boundary layer YSU scheme [91]
Surface layer Monin-Obukhov (Janjic Eta) Scheme [92,93]
Land surface Noah model [94]

Short-wave radiation RRTMG [95]
* Cumulus parametrization is only used in d01 and d02.

2.3. The Observational Data

The model performance was assessed with the evaluation of near-surface air tem-
perature (SAT, ◦C), defined at 2 m above ground level. The WRF-simulated and the
observational data were paired in space with the “nearest neighbor” technique, in which
the model grid point nearest to the location of the measuring site is selected for extracting
the model data. As the d03 and d04 results were used for the evaluation process, the
maximum distance between a model grid point and actual station location was of up
to 2 km.

Daily measurements of mean temperature were retrieved for Rome and Thessaloniki,
covering the period 2006–2010 or 2008–2010 depending on the availability of the data. To
represent the area of Thessaloniki (Figure 2a), 10 ground-based stations from 4 weather
networks were selected (Department of Geology of the Aristotle University of Thessaloniki,
Region of Central Macedonia, Municipality of Thessaloniki, National Centers for Envi-
ronmental Information-National Oceanic and Atmospheric Administration (NOAA)) and
clustered according to CORINE Land Cover (CLC) classes. Out of these 10 sites, 9 were
categorized as Artificial Surfaces and 1 as Forest and semi-Forest natural Areas. The area
of Rome was represented by 14 ground-based stations (Figure 2b) from Meteo Lazio and
Agenzia Regionale per la Protezione Ambientale del Lazio (ARPA Lazio) weather monitor-
ing networks, which were again classified according to CLC. Most of them (i.e., 9) were
located in areas classified as Artificial Surfaces, while 4 of them were found in Agricultural
Areas, and 1 in Forest and semi-Forest natural Areas.

To perform model validation, simulated time series for SAT were compared with daily
averaged time series for observed temperatures for both cities. Several statistical measures
were computed to quantitatively evaluate the model performance, as proposed in similar
previous studies [83]. These measures include: mean bias (MB), mean absolute error (MAE),
root mean-squared error (RMSE), correlation coefficient (R) and index of agreement (IoA).
MB, MAE and RMSE measure the error or deviation between observed and simulated
values, while R and IoA are used to determine the trend relationship between observed
and predicted values [96].
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The statistical distribution of modeled and observed data was displayed using boxplot
graphs with a five-number summary (“minimum”, first quartile (Q1), median, third quartile
(Q3) and “maximum”). Boxplots are used to show the variability or dispersion of the data.

2.4. Cross-Sections and Grid Cell Classification

In order to analyze the urban microclimate and UHI effect in the present and future,
we deployed two different approaches. The first approach focuses on the analysis of the
temperature along three sections, which cross the urban and non-urban areas. The choice of
these three sections was based on the different topographical characteristics of the two cities
and surrounding areas. In the case of Thessaloniki (Figure 3a), which is an elongated rather
than a circular shaped city, (a) the WNW section is representative of the western areas
(i.e., katabatic wind occurrence being called “Vardaris” [97] and larger temperature range
due to continental low-ground fields), which are located closer to the low-ground areas
of Axios valley, (b) the SSE section crosses the southeastern parts of the city, the climate
of which is affected by the sea and the smaller Anthemus valley, which is surrounded by
mounts and hills (400–1200 m), and (c) the NE section, which crosses elevated areas across
the narrow dimension of the city. For the city of Rome (Figure 3b), the NNW cross-section
comprises low-level areas far from the sea, while the ENE section represents an area of
elevation (~800–1000 m) and the SSE section is placed over low-level areas, which are close
to the coastline and affected by the sea. All temperatures have been reduced to the sea
level using an average lapse rate of 6.5 ◦C km−1.

In the second approach, we consider all the cells of the city domain, classifying them
according to the following: (a) all the cells neighboring to the sea (coastal cells), (b) cells with
an altitude between 0 and 100 m (ground cells) and (c) cells with an altitude of 100–300 m
(elevated cells) (Figure 3c,d). The limit of 300 m is roughly the highest altitude in the cities
of Thessaloniki and Rome. In Thessaloniki, the grid cells were selected excluding elevated
areas to the east of the city (Figure 3a,c). Land use characterization is defined based on the
Corine land use categories described in Section 2.1.

2.5. The Discomfort Index (DI)

One of the goals of the present study is to investigate the heat sensation in the urban
areas during the summertime at present and in the future. Discomfort Index (DI) is one of
the most commonly used indices in climate studies referring to urban areas, as it describes
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the thermal sensation experienced by the residents of an urban area [37,56]. For this reason,
we used the Discomfort Index (DI), proposed by [98]:

DI = T2m − 0.55·(1 − 0.01·RH2m)·(T2m − 14.5)

where T2m is the temperature at 2m (in ◦C) and RH2m is the relative humidity at 2m (in %).
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Figure 3. The cross-sections (blue lines) across the urban and surrounding areas (a,b) and the
classified grid cells according to land use, elevation and location (see Section 2.3 for the method
description) (c,d) in Thessaloniki and Rome, respectively. In maps (a,b), the altitude is shown in color
shades, and the urban areas with globe Corine land use categories ≤ 11 (artificial urban surfaces) are
depicted with white lines. The administrative area of Rome is shown with a pink solid line in (b) and
red in (d).

The DI scale a priori defines a classification of discomfort for a population, as shown
in Table 2.

Table 2. The Discomfort Index (DI) and the relation to the discomfort feeling of the population.

DI ≤ 21 ◦C No Discomfort

21 ◦C ≤ DI < 24 ◦C Less than half of the population feels discomfort
24 ◦C ≤ DI < 27 ◦C More than half of the population feels discomfort
27 ◦C ≤ DI < 29 ◦C Most of the population suffers discomfort
29 ◦C ≤ DI < 32 ◦C Everyone feels severe stress

DI ≥ 32 ◦C State of medical emergency

3. Model Evaluation

Daily temperature values have been averaged separately for each city according to
CLC class. Error statistics from daily mean temperatures are shown in Tables 3 and 4.
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All stations exhibit a satisfactory correlation suggested by the index of agreement (IoA)
(IoA > 0.91 and IoA > 0.92, for Thessaloniki and Rome, respectively) between the mod-
eled and the observed near-surface air temperatures. It should be noted that all stations
demonstrate IoA above the least desirable value of 0.8 in WRF simulations, a threshold
that is being used extensively in similar studies [99,100]. In addition, the high correlation
coefficient (R) shows that the model results and the observations are fairly correlated (>0.84
for Thessaloniki and >0.85 for Rome). On the contrary, mean absolute error (MAE) fails to
remain below 2 ◦C.

Table 3. Thessaloniki model performance metrics grouped by CLC.

Category MB (◦C) MAE (◦C) R IoA RMSE (◦C)

Artificial Surfaces 0.40 3.36 0.85 0.92 3.36

Forest and semi-Forest
natural Areas 0.46 3.69 0.84 0.91 3.69

Table 4. Rome model performance metrics grouped by CLC.

Category MB (◦C) MAE (◦C) R IoA RMSE (◦C)

Artificial Surfaces 0.05 2.71 0.88 0.93 2.71

Agricultural Areas 0.77 2.93 0.87 0.93 2.93

Forest and semi-Forest
natural Areas 0.72 3.13 0.85 0.92 3.13

Overall, the model is biased hot, overestimating SAT in terms of total mean bias (MB)
and MAE (averaged MB = 0.43 ◦C and 0.51 ◦C, averaged MAE = 3.52 ◦C and 2.92 ◦C,
Thessaloniki and Rome, respectively) for all CLC classes. Literature has already confirmed
the magnitude of error metrics for Thessaloniki [79] and Rome [63]. Artificial Surfaces
perform better in Rome than Thessaloniki; in contrast, Forest and semi-Forest natural Areas
exhibit the opposite behavior. A plausible reason for this differentiation might be the degree
of the sufficient representation of the urban surface properties of the two cities assigned to
the modeling system. However, MAE and RMSE perform better for both land categories
in Rome rather than Thessaloniki. For both sites, model performance is comparatively
weaker for non-urban areas. MB and MAE are lower for man-made surfaces (MB = 0.4 ◦C
and 0.05 ◦C, MAE = 3.36 ◦C and 2.71 ◦C, Thessaloniki and Rome, respectively) than forest
areas (MB = 0.46 ◦C and 0.72 ◦C, MAE = 3.69 ◦C and 3.13 ◦C, Thessaloniki and Rome,
respectively). In agreement to the above, R and IoA show better performance for urban
areas (R = 0.85 and 0.88, IoA = 0.92 and 0.93, Thessaloniki and Rome, respectively). Root
mean square errors (RMSEs) improved from 3.69 ◦C (3.13 ◦C) to 3.36 ◦C (2.71 ◦C) between
forest and artificial forest areas for Thessaloniki (and Rome), which confirms that urban
characteristics were easier to simulate with this model.

Comparative boxplots between observed (blue boxes) and modeled values (red boxes),
grouped by CLC, are shown in Figure 4. Classes for both sites appear to be balanced to
a satisfying degree, fairly consistent with a normal distribution. The median (black line
inside box) is fairly close to the center of the box, the whiskers are of approximately equal
length, extending symmetrically from either side of the box, and data are equally spread
around medians and whiskers. Modeled and observed boxes were overall even in size and
medians are at the same level. However, this seems to be less the case for Agricultural
Areas in Rome, which depict slightly disturbing uneven boxes. Indicatively, the largest
difference between modeled and observed medians was detected in the category “Forest
and semi-Forest natural Areas” in Rome (1.03 ◦C) and the minimum difference between
medians was detected in the category “Artificial Surfaces”, again in Rome (0.01 ◦C). This
confirms the conclusion stated above that non-urban areas are generally more complex
for the model to represent. Boxes in Thessaloniki were shorter than Rome, suggesting
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that dispersion is smaller in the first city. However, in the case of Thessaloniki, the largest
difference between modeled and observed medians was detected in the category “Artificial
Surfaces” (−0.22 compared to 0.13 for “Forest and semi-Forest natural Areas”). This may
be a result due to the narrow and elongated shape of the city of Thessaloniki.
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Considering all of the above, model performance is considered satisfying based on
MB, R and IoA, that are in line with previous studies [79,99,101]. Although there are studies
showing that the WRF may perform better in urban than non-urban (agricultural and forest)
areas [26,30], our study seems to agree with a significant body of literature demonstrating
that the WRF model provides the most representative simulations over large urban areas
across the world rather than forests, cropland and pasture areas [99,102–105].

4. Results and Discussion
4.1. Regional Temperature Changes over the Two Domains

Temperature is one of the meteorological parameters that is expected to be significantly
affected until the end of this century. In this section, we provide an overview of the
temperature trends occurring at present and in the future climate during summer and
winter, focusing on the urban areas. As the topography, the distance from the sea and
the existence of artificial structures (i.e., urban areas) can strongly impact on the surface
temperature, an analysis of the entire domains of Thessaloniki and Rome should give a
better insight of the present and future climate of urban and non-urban areas.

During summertime, the average temperature (Tavg) at 03UTC is ~22–24 ◦C along the
coastlines in the metropolitan areas of Thessaloniki and Rome, while low-ground areas
further to the inland present Tavg ~ 19 ◦C (Figure 5a–d). Such an impact is extended
in a reverse way throughout the day (26–28 ◦C to 32 ◦C, respectively), regardless of the
existence of urban areas. However, early in the morning (03UTC), urban areas of Rome
and Thessaloniki present increased temperatures similar to those of the maritime/lake
areas (Figure 5a,c). It is fairly illustrative the fact that the center of Rome is characterized
by similar surface air temperatures (~23 ◦C) to the lake Bracciano located at the north-east
of the city (Figure 5c). Similarly, the urban area of Thessaloniki seems to be the only area
on the coastline extended to ~4 km to the inland, where Tavg at 03UTC is ~25 ◦C, as over
Thermaikos Gulf at the south and lakes Koronia and Volvi at the northeast (Figure 5a).
It should be noted that at 12UTC, parts of the urban areas of both cities present similar
temperatures to the low-ground areas far from the sea (~32 ◦C). It is interesting though
that generally, the temperatures along the coastlines at 12UTC are increased by ~1 ◦C in
Thessaloniki compared to Rome, which could be attributed to the spatially restricted and
shallow gulf of Thermaikos against the open sea body to the west of Rome.
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Figure 5. Summer average temperature (Tavg) at 03UTC and 12UTC in Thessaloniki (a,b) and Rome (c,d) during the
reference period (2006–2010). Summer Tavg difference at 03UTC and 12UTC between 2046 and 2050 and reference period
in Thessaloniki (e,f) and Rome (g,h). Summer Tavg difference at 03UTC and 12UTC between 2096 and 2100 and reference
period in Thessaloniki (i,j) and Rome (k,l). The white solid line indicates the urban areas with globe Corine land use
categories ≤ 11 (artificial urban surfaces), while the pink solid line shows the administrative area of Rome. Summer period
is defined as the three-month period of June, July and August.

In the middle of the century, the expected temperature increase is of the order of
+0.9 ◦C along the coastline and +1.4 ◦C across the inland in both cities. Furthermore,
until 2100, Tavg will increase by an order of +3.7 ◦C, over the coastline, to +4.7 ◦C, over
the inland. While Tavg increase seems to be fairly uniform during the day/night around
Rome (Figure 5g,h,k,l), temperature differences around Thessaloniki are higher by ~+0.4 ◦C
during night/early morning compared to the noon (Figure 5e,f,i,j). Finally, it should
be highlighted that Tavg increase is slightly larger over the domain of Thessaloniki by
+0.2–0.3 ◦C compared to the domain of Rome. This finding may be associated with the
presence of the large sea body to the west of Rome, which is in contrast to the much
narrower sea body to the south of Thessaloniki. According to [106–108], a significant part
of the increasing heat (due to global warming) is used by the evaporation mechanism over
the sea, and thus the land/sea surface warming ratio varies between 1.36 and 1.84 [109].
Our results suggest surface land/coastal warming ratios between 1.2 and 1.5 (Figure 5e–l),
in agreement with such studies.

Regarding the winter, it seems that the temperature variations, in general, are more
subtle in both cities in the present climate. The urban areas present an increased temper-
ature at 03UTC, by ~1 ◦C or slightly more (Figure 6a,c). At this time of day, the city of
Thessaloniki seems to be colder by ~2–3 ◦C, relative to the maritime area, while the city of
Rome is colder by ~4–5 ◦C than the temperature over the sea. However, Thessaloniki is



Atmosphere 2021, 12, 884 11 of 24

colder than Rome by ~1 ◦C in an average winter, which can again be attributed to the lack
of significant sea bodies nearby. At 12UTC, average winter temperature seems to be fairly
similar (~11 and 13 ◦C in Thessaloniki and Rome, respectively) across low-ground areas
(Figure 6b,d).
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defined as the three-month period of December, January and February.

In the future climate, temperature changes are estimated to be smaller during winter
compared to summer, while Rome exhibits minor increases (by 0.3 and 0.7 ◦C until 2050 and
2100, respectively) compared to Thessaloniki (Figure 6e–l). In particular, for the domain of
Thessaloniki, there is a range of increase of 0.5–1.3 ◦C and 2.3–2.9 ◦C for the middle and
the end of the 21st century. Respectively, these ranges are 0.3–0.9 ◦C and 1.8–2.5 ◦C for
Rome. The temperature increase over the urban area of Thessaloniki appears to be around
the middle of the above-mentioned ranges, with the exception of the very coastal urban
regions at 03UTC during the period 2096–2100, which are in those with the largest increase
(+2.7 ◦C). Nevertheless, the urban area of Rome is of the areas of the lowest increases
within the ranges previously described. An exception is observed again at 03UTC, when
the urban area demonstrates a large (comparatively to other areas) increase of +2.2 ◦C. It
is observed that the warming land/sea ratio pattern does not follow the same trend as in
summer. In fact, this ratio can be unity or even less in most cases, though preserving a high
value of ~1.8 at 12UTC within the period 2046–2050.
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4.2. Seasonal UHI Effect (UHI(s))

UHI effect shows different intensity in different seasons. In this section, we consider as
UHI(s) the temperature difference between areas with urban and other land use areas (gray
and other various colors respectively, in Figures 7 and 8). Increased temperatures cause
discomfort to local populations during summer, when there is significant heat load [36,37].
However, during the winter, this regime may be considered favorable in large cities due
to lower energy demands for heating [110–112]. This seems to occur in both the cities we
investigated in the current study, Thessaloniki and Rome (Figures 7 and 8).
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Figure 7. Minimum and Maximum temperature (Tmin and Tmax, with solid and dashed lines, respectively) along the
cross-section of the figure (e) for summer (a,b) and winter (c,d) for the greater area of Thessaloniki. Each of the simulated
periods, 2006–2010, 2046–2050 and 2096–2100, is represented by pink, red and dark red color, correspondingly.

Generally, the UHI(s) effect has a significant impact on the minimum temperatures in
both Thessaloniki and Rome during either winter (Figure 7c,d and Figure 8c,d) or summer
(Figure 7a,b and Figure 8a,b) nights. For the reference period, minimum temperature
(Tmin) in Thessaloniki within the urban area is on average ~7.3 ◦C, while it drops to
~4.5–5.5 ◦C in the suburban or rural areas around UHI(s) intensity ~+1.8–2.8 ◦C. It should
be noted that west and north surrounding areas are colder, especially during the night,
where average Tmin is lower by up to 0.5–1.5 ◦C when comparing with the eastern parts
(Figure 7c,d). In Rome, Tmin is ~8.1 ◦C in the city and 6.2–6.5 ◦C in the suburban/rural
areas, correspondingly (UHI(s) intensity ~+1.6–1.9 ◦C). During summer nights, Tmin in
Thessaloniki drops to 21.9–22.7 ◦C on average in the rural areas, while in the urban area,
Tmin remains at higher levels, ~24.9 ◦C (UHI intensity ~+2.2–3 ◦C). In Rome, Tmin in the
city center is ~22.6 ◦C, while in rural and suburban areas, Tmin drops on average to
mboxtextasciitilde20.5–20.6 ◦C, respectively (UHI(s) intensity ~+2–2.1 ◦C).
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During the day, the UHI effect is practically eliminated or even reversed, especially in
Thessaloniki. In particular, during winter in Thessaloniki, maximum temperature (Tmax)
reaches 11.4, while in the surrounding areas, it fluctuates between 10.9 and 11.5 ◦C (UHI(s)
intensity ~ −0.1–+0.5 ◦C). In a similar pattern, Winter Tmax does not exceed 13.7 ◦C on
average in the center of Rome, while it varies between 13.1 and 13.9 ◦C in the surrounding
areas (UHI(s) intensity ~ −0.2–+0.6 ◦C). During summertime, Tmax seems to be strongly
affected by local factors (such as the topography), and thus the UHI effect is either weak
or unclear. In Thessaloniki, Tmax reaches 31.3 ◦C, but in suburban/rural areas, Tmax can
be between 29.6 and 31.7 ◦C. Theoretically, this means that the UHI(s) intensity may be
between −1.7 and +0.4 ◦C. However, there are factors, such as the distance from the sea
and consequently the impact of the sea breeze, that distort the UHI signature, especially
in the summer. This can be seen in both cities. In Thessaloniki, areas west–northwest
from the city are slightly warmer (by up to +0.4 ◦C). However, there is a sudden drop of
Tmax (by −1.7 ◦C) at a location 12 km further to the southeast (Figure 7a), which is fairly
close to the coastline. Possible reasons for this temperature drop may be the impact of
the sea in combination with the land use (forest and semi-natura areas; this particular
grid point falls into the category of scrub and/or herbaceous vegetation associations—
sclerophyllous vegetation). In a similar pattern, in Rome, Tmax slightly increases (up to
+0.1 ◦C) when comparing urban to northern surrounding areas, while it decreases (up to
−3.2 ◦C) moving from the urban area to the southern surroundings located close to the sea
(Figure 8a; regions at +16–30 km further to the south). In both cities, when moving further
to the inland (Figures 7b and 8b), the UHI(s) intensity during the day is reversed by up
to 1.1–1.3 ◦C.

Looking to the future, and considering that geometry and size and all the traits of the
cities remain the same, the UHI effect across the cross-sections of Figures 7 and 8 seems to
not significantly change. The temperature is expected to increase almost uniformly in and
around the cities of Thessaloniki and Rome. Thus, we should expect an increase of winter
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(summer) Tmin by +0.4 ◦C (+1.2 ◦C) and +2.1 ◦C (+4.1 ◦C) in Rome and by +0.8 ◦C (+1.2 ◦C)
and 2.7 ◦C (+4.3 ◦C) in Thessaloniki by 2050 and 2100, respectively. Similar changes are
predicted for Tmax.

4.3. The UHI from Classified Grid Cells

In this section of the current study, we try to analyze and compare urban and non-
urban grid cells with similar geomorphological characteristics (such as altitude and distance
from the sea).

4.3.1. Temperature Diurnal Cycle

Firstly, we try to detect any changes regarding the UHI effect along the diurnal cycle
until the end of this century during summer and winter, comparing to the reference period.
For the city of Rome, it seems that there are no significant changes or clear trends in the UHI
effect during both seasons. Nevertheless, we should note that by 2100, during summertime,
UHI seems to be enhanced by +0.1 ◦C between 6 and 18UTC in the low-level urban area
(thus the city center) (Figure 9b). Meanwhile, coastal urban areas appear to be cooler by
−0.1 ◦C on summer nights (21-00UTC) (Figure 9d). In winter, the only change is observed
in the night–morning (18-06UTC) in coastal areas, by up to +0.15 ◦C. Significant changes
were also not observed in Thessaloniki. However, some trends may need further discussion.
During winter, there is a decreasing trend (by ~−0.1 ◦C) of the UHI between 15 and 21UTC
in all classes. In summer, UHI is expected to be weaker by 2100 in the morning (0–9UTC)
by up to −0.23 ◦C in coastal and low-level areas, and −0.14 ◦C in elevated areas (Figure 9a).
In contrast, UHI seems to strengthen by <0.1 ◦C during the afternoon (12–18UTC) by 2100
in all areas, except for coastal, where UHI enhances by 0.2 ◦C (Figure 9b).
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4.3.2. UHI under Tropical Nights

It is also of high importance to examine the UHI effect during periods of increased
heat stress, when urban populations are affected the most. For this reason, we present
UHI statistics for days with Tmin ≥ 20 ◦C or tropical nights as they are defined [113]. It
should be noted that such nights, following a heatwave day, can add extra heat stress
and discomfort to populations. For both cities, urban areas of the classes “coastal” and
“low-level” exhibit a larger number of tropical nights per year, while elevated areas in urban
and rural areas present similar frequency (Figure 10). In particular, coastal urban areas are
characterized by the largest frequency of tropical nights per year compared to the other
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two classes. For the coastal class, the urban/reference (from now on, we will refer to the
rural/non-urban areas as reference areas) areas of Thessaloniki exhibit 81/60, 120/78 and
209/120 tropical nights per year during the periods 2006–2010, 2046–2050 and 2096–2100,
respectively (Figure 10a). This suggests an increasing urban/reference ratio of tropical
nights by the end of the century, from 1.35 to 1.74. For Rome coastal areas, tropical nights
appear 82/63, 120/82 and 210/125 times per year during the periods 2006-2010, 2046–2050
and 2096–2100, respectively (Figure 10b). This results in slightly lower ratios from 1.3 to
1.68 until the end of the 21st century compared to Thessaloniki. Regarding the low-level
areas, there is also an increasing trend from 74 (73) to 148 (144) tropical nights per year
for Thessaloniki (Rome). However, the ratio between urban and reference tropical nights
seems to remain the same (~1.16) until 2100 in both cities, with an insignificant increase to
1.19 for Thessaloniki. Elevated areas present an increase from ~50 to ~120 tropical nights
per year, exhibiting a ratio of ~1.
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Figure 10. Number of days with Tmin ≥ 20 ◦C in coastal (blue), low-level (green) and elevated
(brown) urban/reference areas (darker/lighter color shade) as simulated for 5-year periods 2006–2010,
2046–2050 and 2096–2100 for Thessaloniki (a) and Rome (b).

Deepening this analysis, it was found that coastal urban areas (in both cities) in the
present climate are characterized by ~20 extra tropical nights per year, with Tmin between
20 and 23 ◦C compared to reference areas in both cities, which will increase to ~90 extra
tropical nights per year by 2100 (Figures 11a and 12a). Minimum Discomfort Index (DImin)
between 24 and 27 ◦C also presents an increasing trend in the future. However, the urban
coastal areas will exhibit only 6 extra tropical nights per year in Thessaloniki, with DImin
between 24 and 27 ◦C, and just 3 more tropical nights per year in Rome by the end of the
century (Figures 11b and 12c). Regarding Tmax and maximum Discomfort Index (DImax),
there were no significant trends in both cities, except for cases of DImax 27–29 ◦C (where
most of the population suffers discomfort), in which urban areas of Thessaloniki will
present almost 5 more days per year with such DImax (Figures 11 and 12c,d).

Focusing on the low-level urban areas, it seems that Tmin > 26◦C will be recorded
during 7 more days per year by 2100 in both cities compared to the reference areas, where
in the present climate there is no difference between them (Figures 11e and 12e). Another
significant finding is the fact that DImin between 24 and 27 ◦C (a regime where >50% of
the population feels discomfort) will be observed on 7 extra nights per year compared to
the reference area in both cities. In addition, extra days with DImin between 27 and 29 ◦C
(at which most of population suffers discomfort) will increase by 1 per year in the urban
areas relative to the reference areas (Figures 11f and 12f). Although extra days in urban
areas in both cities with Tmax > 30 ◦C will increase from ~30 in 2010 to ~90 per year by
2100, urban areas will present ~20 more days per year with DImax ≤ 24 ◦C, which may
be due to the relatively drier environment of the urban environment throughout the day
(Figures 11 and 12g,h). Additionally, it should be noted that the number of extra days with
DImax between 24 and 27 ◦C in reference areas will decrease by ~40 per year in both cities,
which also suggests a warming urban environment.
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Finally, concerning the elevated areas, it seems that there are no significant trends in
the differences of the number of the days of all the aforementioned classes between urban
and reference areas of Thessaloniki, fluctuating around an order of ±2 days per year. In
other words, urban and reference elevated areas do not demonstrate significant differences
in the present, which will be preserved in the future (Figure 11i–l). On the other hand,
urban areas of Rome may present some trends. Urban elevated areas will present 5 extra
days of Tmin between 20 and 23 ◦C compared to reference ones by 2100, up from just 2 extra
days in the present. Furthermore, tropical nights in reference areas with Tmin ≥ 26 ◦C will
increase to an extra 3 compared to the urban areas, up from just 1 in the present (Figure 12i).
Such changes do not seem to have a significant impact on DImin (Figure 12j). However,
extra days with Tmax ≥ 36 and DImax between 27 and 29 ◦C in urban elevated areas will
increase by 2 days until 2100 (Figure 12k,l).

5. Conclusions

High-resolution simulations (2 × 2 km) were carried out with WRF-ARW coupled
to a single-layer urban canopy model for the two Mediterranean cities, Thessaloniki and
Rome, in the framework of the LIFE-ASTI project (https://app.lifeasti.eu/, accessed on
6 July 2021), for the period 2006-2010, referred to as the reference period, and the two
future periods 2046-2050 and 2096-2100. The simulations were conducted under the RCP
8.5 emission scenario, considering no changes in the structure and size of the cities. The
model evaluation with observed data based on statistical measures, such as MB, R and IoA,
indicated that the overall model’s performance is satisfactory.

It should be noted that the current analysis did not include any possible future
changes in the land use of the two cities and the surrounding areas. Furthermore, any
future changes in urban pollutant emissions were not considered. Therefore, the present
work was a sensitivity study of UHI as affected by the warming level raised due to the
well-mixed greenhouse gases, though preserving the land use and local air pollution as
fixed and non-interactive. In addition to the previous limitations, we should highlight
the fact that the empirical approach of the flow pattern (turbulence, eddy circulation, etc.)
cannot represent the interaction between temperature and velocity fields appropriately,
adding an extra uncertainty on the simulation outputs [114].

In order to investigate the UHI effect in the two cities, we followed two approaches.
The first approach was based on the use of representative horizontal cross-sections, span-
ning both urban and surrounding areas with similar environmental characteristics. The
second approach was based on grid cell classification of the simulated data into six classes,
namely, coastal urban, coastal reference, low-ground urban, low-ground reference, elevated
urban and elevated reference.

Regarding the entire domains of Thessaloniki and Rome for the summer and winter
climate, we noted the following:

• During the summertime of the reference period, the coastal areas (including the urban
areas) for both the domains of Thessaloniki and Rome exhibit an average temperature
range between 23 and 27 ◦C (at 03 and 12UTC), while the low-ground areas far from
the sea show a wider range (19-32 ◦C).

• The average temperature under the business-as-usual scenario is expected to increase
by ~1.5/4.5 ◦C and ~1.3/4.2 ◦C in summer and ~0.8/2.6 ◦C and ~0.6/1.8 ◦C in winter
until 2050/2100 in the domains of Thessaloniki and Rome, respectively.

Focusing on the traits and changes of the UHI simulated for the two cities, we
conclude that:

• Urban areas of Thessaloniki and Rome exhibit an UHI(s) intensity of +1.8-2.8 ◦C and
+1.6-1.9 ◦C in the winter and +2.2-3 ◦C and ~+2 ◦C in the summer, respectively.

• The UHI(s) effect exhibits higher variation in Thessaloniki (than in Rome) due to its
complex surrounding landscape. Thus, west and north low-ground surrounding rural
areas are colder (by 0.5-1.5 ◦C) than eastern ones.

https://app.lifeasti.eu/
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• In both Thessaloniki and Rome, the UHI on an average winter or summer afternoon
can be around 0 ◦C.

Finally, following the grid cell classification, we found that UHI may present different
characteristics at each of the three classes (coastal, low-ground, elevated) in the future. The
most important conclusions are mentioned below:

• Although UHI changes insignificantly until the end of the century, some changes may
be detected. Rome urban low-ground areas seem to exhibit a change of +0.1 ◦C UHI
intensity in summer daytime in contrast to coastal areas, which present a negative
UHI intensity trend of −0.1 ◦C on summer nights. In Thessaloniki, the largest UHI
changes are expected along the coastline in summer, where UHI tends to increase by
+0.2 in the afternoon and decrease by −0.2 in the morning. The latter decrease seems
to occur in all classes. Winter UHI changes are fairly subtle (around or less than 0.1 ◦C)
in both cities.

When we chose to analyze the UHI effect under the criterion of Tmin ≥ 20 ◦C in
the low-ground urban area, it seems that both cities present similar trends. Here, we
summarize the most important findings:

• The ratio of days with Tmin ≥ 20 ◦C between urban and reference areas is expected
to increase in coastal areas, from 1.3 to 1.7, in both cities by 2100 in coastal areas.
This ratio is ~1.15–1.19 and ~1, and remains similar until the end of the century in
low-ground and elevated areas.

• Coastal urban areas of both cities presented the most significant excess in the number
of days with Tmin between 20 and 23 ◦C of all classes with ~30 days/year (in the
reference period). This number will increase to ~90 days/year until 2100.

• The largest increase of the number of days with Tmin > 26 ◦C and DImin between
24 and 27 ◦C was observed in the class of low-ground areas by the end of the century.
We expect an excess of 7 days with such a discomfort regime in urban areas against
the surroundings in both cities. In addition, although days with Tmax > 30 ◦C will
increase by 60/year in urban areas against the surroundings until 2100, this change is
not depicted in the number of days with DImax > 24 ◦C, possibly because of the dry
urban environment.

• Regarding elevated areas, the changes seem to be insignificant (of the order of up to
5 days/year) in both cities until 2100, but with a decreasing trend in the number of
extra days in urban areas with Tmin ≥ 26 ◦C (−2 days/year compared to the present)
and an increasing number of days with Tmax ≥ 36 ◦C (+2 days/year compared to
the present).

From the present analysis, we assume that, under a “business-as-usual” emission
scenario (RCP8.5), although no significant changes should be expected in UHI in both cities
on average, when focusing on days with increased Tmin coastal and especially low-ground
urban areas, there seems to be a slightly enhanced heat stress by the end of the century.
Future work should be conducted with higher resolution simulations and under other
emission scenarios, also focusing on trends of the wind flow and heat fluxes in and around
Mediterranean urban centers in order to completely investigate their future microclimate.
Such work may be useful for planning mitigation strategies aiming to upgrade the urban
microclimate.
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