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Abstract:

Urban heat island effect is almost always neglected in building ‘energy simulations, due to difficulties in
obtaining site-specific climate data with a district-scale resolution. This study aims at filling this gap for the
Mediterranean urban context, presenting a set of tools to,estimate the climatic performance of urban fabric at
the local scale.

The results are based on climatic analysis conducted in Rome (Italy) and Barcelona (Spain) with the Urban
Weather Generator (UWG) model, validated using temperature measurements taken in urban meteorological
stations. Parametric analysis of the WHI)intensity were performed considering five key variables: urban
morphology, vegetation cover, anthropogenic heat from buildings, anthropogenic heat from traffic and
albedo. The results showithat the variability of urban morphology has the major impact on urban
temperature. Two robust relationships between three morphology descriptors of urban fabric and UHI
intensity were,established applying multiple regression analysis. Such relationships indicate that both the
horizontal and the vertical density of buildings play a major role on the temperature increase in urban areas.
Easy-to-usengraphical tools have been provided to compare the climate performance of different urban

textures and to estimate the average UHI intensity variability in Mediterranean cities.



1. Introduction

Heat vulnerability in urban areas is one of the most concerning impacts of climate change in hot climates [1].
The increase in frequency of strong heat waves observed in Europe and the Mediterranean region since
2000 has caused severe impacts on population’s health and comfort [2—4]. Mediterranean urban
environments are particularly prone to temperature increase because of some inherent characteristics, such
as lack of humidity, scarce vegetation, high building density and presence of anthropogenic heat sources,
which are responsible of the so-called ‘Urban Heat Island’ (UHI) effect. In this context, the«Combination of
heat waves and UHI causes a significant increase of buildings cooling demand and electricity consumption
[5-7], which already accounts for the biggest share of the carbon emission related to the building stock [8].
For this reason, the impact of UHI intensity on building energy consumption in urban environments should be
carefully considered to effectively meet the target of CO, emission reduction set for/the next decades [9].

The increase of temperature in urban areas is due to anthropogenic,sources of heat, such as the buildings'
cooling and heating systems, and to mechanical and thermal phenomena determined by the interaction of
urban surfaces with the lower layers of atmosphere. The.dmpact of built environments on air temperature
increase has been computed coupling mesoscale meteorological models with building energy models [10—
13]; these studies showed that the waste heat from buildings’ systems and the albedo of surfaces play a
fundamental role on the increase of urban temperature. On the other way round, the increase of urban
temperature affects the energy performance of buildings in urban areas. Recently, new methodologies for
predicting buildings energy loads at‘a district’and an urban scale have been proposed [14—19]. Most of these
take into consideration the impact of microclimatic modifications produced by built environments, such as the
UHI effect. The results indicate that'the energy performance of buildings is influenced by the urban form and
building density, which.maodify both urban temperature and indoor solar gains [20-25].

The influence of urban geometry on UHI intensity has been investigated in several experimental and
numerical studies [26—30]. However, the findings of these kind of studies are not of help to obtain urban
climate'data with a local scale resolution, because they are normally based on a sole geometrical parameter,
namely the canyon “aspect ratio” - the ratio of the buildings height (H) to the width (W) of the road - or the
canyon “Sky View Factor” (SVF). These dimensionless parameters alone are not fully adequate to
characterise the three-dimensional features of different urban morphologies, because to same values of SVF
or H/W ratios, different urban configurations may exist (figure 1). Other studies on urban morphology
demonstrated in fact that more than one metric is needed to understand the urban typologies associated to a

certain density [25,31,32]. The dimensions and the shape of buildings are fundamental variables to



understand the interaction between atmosphere and urban surfaces that determines the local urban climate;
therefore, a more suitable set of morphology descriptors should be identified to quantitatively assess the
climate performance of urban textures.

This work aims at filling this research gap for the Mediterranean context, introducing a set of analytical and
graphical tools capable of predicting the climatic performance of different urban textures based on relevant
morphological descriptors. This is aimed at providing easy-to-use analysis tools for designers and planners
to perform urban climate analyses at the local scale and to adjust weather files for building energy modelling
so as to include the UHI effect in urban areas. To this aim, the objective of this studysis threefold. First, to
validate the climate model ‘Urban Weather Generator’ in the Mediterranean context.,Second, to identify
quantitative relationships between a set of descriptors of urban morphology and the estimated UHI intensity
during winter season and summer season at the local scale. Third, to jprovide graphical tools to compare

easily the climatic performance of different urban textures in a Meditetranean urban context.

1.1 Background

The UHI and its impact on building energy performance, have-been widely investigated in previous studies
[33-35]. In the Mediterranean zone, the maximum UHI, intensity has been found to vary between 2°C and
10°C or even more [34,36]. Many experimental and. numerical studies have been carried out in Rome and
Barcelona, two of the largest urban areas, of the Mediterranean basin. The results showed a variation of the
average maximum UHI intensity between 12°C and 5°C [37—41], determining an increase up to 57% of the
cooling demand of residential‘buildings'[37,42,43]. The impact on non-domestic buildings (e.g. university) is
instead around 10% in this climate [44,45]. The negative impact of UHI intensity on cooling loads and cooling
potential of naturalaventilation has been highlighted also in colder climates, such as in London, UK, or in

Basel, Switzerland [6,46,47].

Limitations of Urban Canyon parametrisation:
A hidimensional parametrisation does not consider:
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Figure 1: Limitations of dimensionless parameters in describing urban morphology (2-column fitting image)



Other studies on the UHI highlighted that the spatial distribution of urban temperature is not uniform, the
latter being dependent mainly on the density of buildings [48,49]. This fact can be explained by considering
three typical phenomena that characterize densely built environments: 1) solar radiation absorption is
increased because of multiple reflections between the surfaces of the urban canyons [50], 2) turbulent
sensible heat transfer out of the canyon is reduced due to the building proximity that decreases wind speed
[51,52] and 3) long-wave radiation loss from within the canyon is reduced due to the screening by the
flanking buildings [28,46].

An analytical relationship between urban geometry and UHI intensity was firstly presented by Oke [53], who
found a logarithmic relationship between the increase of UHI intensity and the increase of the canyon aspect
ratio. Many other empirical relationships have also been identified for different cities and climates, as
presented in the reviews by Unger [50,54-56]; the results are however. quite inconsistent and hardly
comparable, due to the different climates, urban characteristics and ebservational periods.

Oke also proposed a practical methodology to link urban climatology analysis to urban planning, introducing
the concept of ‘Urban Climate Zones’ (UCZ) [57], successively evolved in ‘Local Climate Zones’ (LCZ) [49].
The LCZ method divides the urban fabric into homogeneous,categories in terms of built types, land cover
types and land use, with the aim of predicting intra-urban temperature patterns and UHI intensities. Built
types are classified in ten categories, comprehensive of compact, open and sparse developments with
different building height (high-rise, midrise, low-rise). Recently, effective methodologies to produce LCZ
maps using data from remote sehsing  images and GIS databases have also been presented [58—60].
However, the classification ofdbuilt.types in the LCZ method has limitations regarding the possibility to cover
the many building configurations typically observed in real urban environments [61].

To estimate the UHI intensity at the district scale, many urban energy balance models (UEB) [62,63] and
computational  fluid dynamic models (CFD) have also been proposed. UEBs simulate the urban energy
fluxes at the local scale based on the building-air volume balance defined by Oke [64]. They use incoming
shortwave jand long wave radiative fluxes, air temperature, specific humidity, wind components and
anthropogenic heat flux as forcing conditions and model the outgoing radiative fluxes, turbulent sensible heat
flux, turbulent latent heat flux and net heat storage flux of a given urban system. In these models, urban

morphology is described using different sets of parameters, varying from model to model [62].

CFD models can be much more accurate than UEBs, because they solve the governing equation of fluid

motion with high spatial resolution [26]. Many studies on the impact of urban morphology on urban



microclimate have been developed with CFDs [65-68]. Procedures for coupling building energy models with
CFD models or urban canopy parametrizations have also been proposed to account for the reciprocal
interaction between indoors and outdoors in urban contexts [12,26,69-72].

UEB and CFD models thus represent an important progress for climate analysis in urban areas.
Nevertheless, they have had poor application in urban planning and building design. CFD tools and coupled
models can provide high-resolutions microclimate data for short times, but presuppose expert knowledge
and suffer from very long calculation times, which limit their adoption especially for analysis,at the district
scale [73]. UEB models are less sophisticated but they also need a basic knowledge of urban climate
physics to be used properly; also, their application is limited by the fact that the output data - i.e. urban
energy fluxes or surface temperatures - are not directly usable to perform building energy analysis. In fact,
this lack of communication between tools, disciplines and expertise remains the main limitation for an
integrated assessment of the building energy performance in urban environment.

A step forward was done with the development of the ‘Urban Weather Generator’ (UWG) [74]. UWG is based
on the UEB model ‘Town Energy Balance’ [63,75],including a detailed Building Energy Model [76,77] to
account for the reciprocal interaction between buildings energy performance and urban climate (i.e. heat
transfer through building fabric and waste heat from\heating, ventilation and air conditioning systems). UWG
uses hourly data measured at rural meteorological stations as forcing conditions to calculate urban energy
fluxes and to generate urban weatherAfiles that capture the UHI intensity for a reference urban area. The
model consists of four calculation®.components: the “Rural Station Model" (RSM), the "Vertical Diffusion
Model" (VDM), the "Urban Boundary-layer model" (UBL) and the "Urban Canopy and Building Energy Model”
(UC-BEM)”. The model workflow is as follow: the input weather data are used by the RSM to calculate the
rural sensible heat flux; which'is used by the VDM to calculate the vertical profile of air temperature above
the rural weather station. These data, along with the urban sensible heat flux calculated by the UC-BEM, are
used by the UBL to calculate air temperature above the urban canopy layer. The UC-BEM calculates urban
sensible heat flux and urban canyon air temperature and humidity from radiation and precipitation data, air
velocity and humidity measured at the weather station and from the air temperature calculated by the UBL.
The equations and interrelations between models are described in detail in the relevant publication [74].
The main advantages of this model with respect to others are: 1) short computation time, 2) use of hourly
weather files to force the calculation, which allows for an assessment of the hourly variability of UHI intensity
over a year and 3) direct usability of the output weather files to run building energy performance simulations

with EnergyPlus. To perform simulations with UWG, two files are needed: a rural weather file and an XML file



which describes all the features of the urban area that affect the phenomenon, urban morphology included
[74]. The first version of the model (V 1.0) has been validated in Boston, Basel and Toulouse, showing an
average Root Mean Squared Error (RMSE) of about 1K [74,78]. Updated versions of the model have
recently been validated in Singapore and Abu Dhabi [79,80].

UWG appears to be particularly suitable for comparative analysis of the climatic performance of the urban
textures as it considers a morphology parameterization based on three independent descriptors: the “site
coverage ratio”, the “average building height” in the area and the “fagade to site ratio”. This setiof parameters
provides quantitative details on building density and qualitative information on the urban, typology (this point
is discussed in detail in section 4). Results from this model could thus be used for_quantitative comparisons
of the climatic performance of different urban textures as well as to derive. qualitative insights into the

relationship between urban morphology and climate performance at the local scale;

2. Materials and method

In this study, the climatic performance of the urban texture (from this point on considered as a portion of
urban fabric homogeneous for morphology) is defined as'the average UHI intensity occurring during summer
season and winter season. UWG model has been usedto assess the variability of the UHI intensity at the
local scale, considering different urban textures of Rome and Barcelona as case studies. The local scale is
defined as an urban area of diameter-around 10° m with similar types of surface cover, land use and building
density [57], which thus corresponds to the assessment of UHI intensity in different urban textures.

UWG has been validated using air temperature measurements from urban meteorological stations located in
Rome and Barcelona, two large urban areas representative of the typical Mediterranean climate (both cities
are “Csa — Hot-Summer. Mediterranean climate” in Képpen-Geiger climate classification). A parametric
analysis of UHI variability according to different urban variables has been carried out considering specific
characteristics_of the two cities. Quantitative relationships between three descriptors of urban morphology

and the estimated climatic performance at the local scale are obtained applying multiple regression analysis.

2.1. Survey cities and validation of UWG model
Rome and Barcelona are located at very close latitude (table 2). Previous meteorological studies on the
cities showed that both Rome [81-83] and Barcelona [84] are characterized by mild synoptic wind speeds

and that the sea-breeze is usually predominant for most part of the year, with a pronounced daily cycle. They



show similar trends of the monthly average temperature (figure 2), even though the thermoregulatory effect
of the sea tends to lower the amplitude of the temperature range in Barcelona.
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Figure 2 Comparison between the monthly average, minimum and maximum temperature in Rome (blue) and Barcelona
(grey) based on historical series of data from ‘El Prat’ airport weather station for-Barcelona (period 1981-2010) and
Ciampino Airport weather station for Rome (period 1951-1970) - (1.5 column fitting image)

2.1.1. Model validation with field data

The validation of UWG model v 1.0 is based on one-year data of hourly air temperatures collected at two
weather stations located in the city centre of Rome and Barcelona (figure 3). The rural weather files used as
input to run the simulations refer to cities airport weather stations, namely Ciampino Airport (Rome) and El
Prat Airport (Barcelona).

UWG uses hourly data of temperature, radiation, humidity and wind speed from the rural weather file to
calculate the hourly average.urban, temperature, but it does not calculate wind speed and direction in the
urban area. For this reason; the model validation is based only on temperature data. Nevertheless, this
important limitation“must.be/taken into consideration when performing urban building energy analyses with
UWG weatherfiles.

The simulation period was one year for both cities. The model accuracy has been assesses comparing
monthly‘average temperatures and diurnal cycles of air temperature estimated by UWG and measured at the
urban weather stations. The discussion of the model performance is presented separately for summer
season and winter season.

2.1.2. Data sources and model set-up

The hourly temperature data recorded at the airports weather stations were taken from the website ‘Weather

Underground’ [85,86], while the Meteorological service of Catalunya (METEOCAT) and the Regional



Environmental Protection Agency (ARPA LAZIO) provided hourly temperature data for the two urban
weather stations in Barcelona and Rome, respectively. Both weather stations are located in the old town
centre of the cities, in very similar contexts in terms of building density and vegetation cover and land use

characterised by a mix of residential buildings, public facilities and offices.

Figure 3 Location of the urban weather stations in Ravaly(Barcelona) on the left and in Via Arenula (Rome) on the right.
The yellow stars indicate the positions of the weather stations - (2 column fitting image)

Table 1: Urban weather station and sensorsdocation,

Weather Station Dist.  from Airport.. Dist. from the Sea Height sensor Position Reference
(Km) (Km) (m) Year
Raval, Barcelona 13 1,3 33 as.l. Rooftop 2013

Via Arenula, Rome 13 24 31 as.l. Street level 2003
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Figure 4 The yellow areas represent the footprints of Raval weather station (leff) and Via Arenula weather station (right).
- (2 column fitting image)

o

The two weather stations differ in the position of the temperature’sensors: the one in Barcelona is located on
the top of a building while the one in Rome is at 2'myabove ground level. Therefore, the two stations have
also different footprints [87,88]. Since the temperature sensor in Rome was placed near the ground level,
where buildings significantly modify wind directions, an area of about 500m radius centred in the station has
been used as footprint (right panelin figure 4). Conversely, at Raval, only the downwind portion of the 500m
radius area around the station has been considered as footprint, considering that North-West and South-
Southwest are the main wind directions both in winter and in summer (left panel in figure 4). Each footprint
has been used as source area for the calculation of the input parameters for UGW simulations. Table 2 lists
the sources and the values of the main parameters used for the validation runs. More information on the
calculation of UWG input parameters can be found also in a previous work [89].

Table 2= input parameters for UWG validation

Raval Via Arenula (Rome) Data source and reference studies
(Barcelona)

Reference Site

Latitude [°] 41.4 41.47
Longitude [°] 2.2 12.34
Urban Area
Average Building height [m] 16.7 19.9
Site coverage ratio [m2/m2] 0.63 0.49 GIS data and CAD models
Fagade-to-site ratio [m2/m2] 2.19 1.44
o 8.0 7.0 Aerial images from Google
Tree coverage [%] Earth®.

sensible anthropogenic heat 8.0 8.0 Pigeon et al [90]



[W/m2]
Building

D.aytlrpe coollr!g set p0|n.t [ (03] 26 26 Zangheri et al. [91]
Nighttime cooling set point[°C] 35 35 . . . .
. . s The night time cooling set point set
Daytime heating set point [°C] 20 20 R .
. . e to 35 °C means absence of air
Nighttime heating set point [°C] 20 20 -
conditioning
Elements
Wall albedo [--] 0.25 0.25 Site surveys and literature [74,92]
Wall materials and thickness Brick, plaster - 43 cm Brick, plaster —43 cm  Estimated considering a typical
Roof albedo [--] 0.25 0.25 masonry construction with low
Hollow-brick slab, Hollow-brick slab, insulation
Roof materials and thickness screed, insulation, screed, insulation,
tiles, 38cm tiles, 38cm
Road albedo [--] 0.08 0.08 Site surveys and literature [74,92]
Rural reference
Albedo [--] 0.25 0.15 Areal images andliterature [74,92]
Emissivity [--] 0.92 0.96 Bueno et al. [84]
Vegetation coverage [%] 20 48 Arealimages’from Google Earth®.

2.2. Baseline model and parametric analyses of UHI intensity

A parametric analysis of the UHI intensity variability has been performed with UWG to highlight what

characteristic of the urban fabric affects more the UHI intensity in the two Mediterranean cities. The

parametric analysis aims at assessing the range of variability of UHI intensity considering real characteristics

of the urban fabric of Rome and Barcelona. For this.reason, 10 urban textures (figure 5) have been chosen

as case studies to calculate the average, maximum.and minimum values of the most important variables of

UHI. The following key variables were considered: urban morphology, vegetation cover, anthropogenic heat

from traffic, waste heat from cooling/systems and surface albedo. The corresponding UWG parameters are

reported in table 3. More detailson theicalculation of the parameters are reported in the Appendix A.

Table 3: Definition of the UWG"parameters used to perform the parametric analysis of UHI intensity variability

Variable

UWG Parameter

Definition

Urban Morphology

Average Building height - (npia):
Site coverage ratio - (purb):
Facade-to-site Ratio (VHu):

average building height normalized by building footprint [m]
ratio of the building footprint to the site area [--]
ratio of the vertical surface area (walls) to the site area [--]

Vegetation Cover

Tree coverage:

ratio of the tree coverage in the urban area to the site area
[%]

Anthropogenic “heat
from traffic

Sensible heat flux from traffic:

amount of heat released to the urban canyon as sensible
heat from traffic (not from buildings) [W/m2]

Waste heat from
cooling systems

Daytime Cooling Setpoint:

indoor setpoint for mechanical cooling system during the
day [°C]

Surfaces albedo

Wall albedo
Roof Albedo
Road Albedo

Ratio of reflected radiation from the surface (wall, roof,
road) to incident radiation upon it
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Figure 5 Urban textures of Rome and Barcelona used as case studies for the parametric analysis of UHI intensity - (2
column fitting image)

Table 4: Input values for the parametric analysis of UHI intensity with UWG. The values for the baseline model
correspond to the average values among the 10 case studies.

Max value Min Value Baseline Model
Reference Site
Latitude [°] - - 4147
Longitude [°] - - 12.34
Urban Area
Average Building height [°] 25.5 11.6 19.5
Site coverage ratio [--] 0.8 0.2 0.49
Fagade-to-site ratio [--] 2.23 0.63 1.43
Tree coverage [%] 28 5 12.0
sensible anthropogenic heat [W/m?] 30 3 8.0
Building
Daytime cooling set point [°C] 35 22 26
Night-time cooling set point [°C] - - 35
Daytime heating set point [°C] - - 20
Night-time heating set point [°C] - - 20
Elements
Wall albedo 0.5 0.2 0.35
Roof albedo 0.35 0.1 0.25
Road albedo 0.2 0.04 0.08
Rural reference
Albedo 0.15
Emissivity 0.96
Vegetation coverage [%] 48

The sample of textures’is representative of typical urban patterns of Mediterranean cities corresponding to
different ages of development: from compact medieval structures to wide orthogonal networks typical of the
Nineteenth century. up/to contemporary urban sprawl layouts [93,94]. The average values among the 10
case studies were/used to define a ‘Baseline model’ for the Mediterranean context (table 5).

The parametric analysis of UHI intensity was performed testing the maximum and minimum values of each
variable while maintaining all the other parameters to the values of the baseline model. To obtain
comparable results, the rural weather file of Rome-Ciampino airport was used as input in all the simulations.
The differences between the average maximum and minimum UHI intensity determined by the variability of

each parameter were compared between each other and against the baseline model results (figure 7).



The variability of UHI intensity in different urban morphologies was analysed in more detail, performing one
simulation for every set of morphology parameters corresponding to each of the 10 case studies, keeping
constant all the other parameters to the baseline model.

2.3. Regression-based analysis

Quantitative relationships between the three morphological parameters used by UWG and the estimated UHI
intensity have been established applying multiple linear regression analysis, considering the average UHI
intensity as dependent variable and the three morphological parameters as independent variables. The input
data for the regression analysis consists of 108 simulation results, obtained fixing all the parameters to the
baseline model except for the morphological ones, which varied according to defined ranges. The range of
variability of each parameter was chosen in relation to the maximum and minimum values observed in the 10
sample textures. This was intended to include any possible urban configuration within the typical urban
typologies of the Mediterranean context. Two different analyses were performed for the average summer
and winter UHI intensity. The results from this wider set of simulations were used also to develop graphical

tools for the analysis of the climate performance of urban textures in the Mediterranean context.

3. Results

3.1 Accuracy of UWG predictions in the Mediterranean context

The comparisons between the daily cycle.of‘air temperature on the hottest and coldest months of the year as
measured at the two urban weather stations and calculated by UWG are depicted in figure 6.The
Coordinated Universal time (UTC)'is used in the graphs; the local time zone is UTC+1 in winter and UTC+2
in summer. The results show that UWG captures reasonably well the average daily trends of air temperature
in both cities. However, the model provides more accurate night-time predictions than the daytime ones for

both cases, as alréady found in other studies [79].
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Figure 6 Comparison of the average daily profiles of air temperature calculated by UWG and measured at Via Arenula
weather station (Rome) and Raval weather station (Barcelona). The dotted line represents the air temperature measured
at the airport weather stations of the two cities, used as input for the simulations. - (2 column fitting image)

During daytime, the model underestimates the temperature for Rome (via Arenula) and overestimates those
for Barcelona (Raval). The largest discrepancy between measurements and estimations regards Via Arenula

between 12:00 and 15:00 UTC, when UWG underestimates urban temperature both in January and August.



With regard to Barcelona, the comparison between measurements and predictions shows that UWG tends to

overestimate urban temperature in summer (Mean Bias Error = +0.4).

These inaccuracies could be explained by the different location of the urban temperature sensor, which was
located at the street level at Arenula station and at the roof level at Raval station; this means that they
measured the air temperature of different layers of atmosphere, namely the canopy layer in Rome (Via
Arenula) and the roughness sub-layer in Barcelona (Raval). The fact that UNVG is less accurate on daytime
estimations is thus not surprising, because the diurnal cycle of air temperature in the two, layers of
atmosphere is significantly different [37,51,95], while the model only calculates aniaverage value of the
urban canyon temperature. It is in fact known that a vertical gradient exists in_the/urban canyon air
temperature, which can be substantially warmer near ground level than roof level due to a combination of
radiative and convective phenomena such as radiative trapping and_wind obstruction [52,96—98]. This
difference was clearly detected in a previous study on the experimental assessment of the UHI intensity in
Barcelona, when a temperature difference of about 2°C was found during daytime in summer between the
street level (higher temperature) and the roof level [37]+So, the\temperature overestimation for Raval during
summertime is probably due to an underestimation’ of convective effects by UWG, such as of the beneficial
influence of sea breeze on temperatures at‘roofulevel, while the underestimation of air temperature for
Arenula is probably due to an underestimation of the effect of radiative trapping in the canyon. These
inaccuracies were predictable because UWG does not calculate the vertical profile of air temperature in
urban canyons; so, they are not due:to” specific features of the two Mediterranean cities but are rather
inherent limitations of the model. As/opposite to the daytime inaccuracies, UWG estimates well the afternoon
and night air temperature.in both cities. The average monthly UHI intensity is also well estimated by the
model: according(to the observations, the average UHI intensity in Rome is equal to 1.9 °C in August and 1.1
°C in January, while'the model estimates 2.0 °C and 1.0 °C, respectively. In Barcelona, the average monthly
UHI intensity isrequal to 0.6 °C in July and 1.5 °C in January while the model estimates 1 °C.

Considering all the results above, the average model error is in line with previous validations in Basel,
Switzerland, and in Toulouse, France [74,80], which confirms its ability to capture the average trend of urban
air temperature also in the Mediterranean climate. UWG estimations can thus effectively improve the
accuracy of building energy simulations for the urban context, because the average trend of urban
temperature is well captured by the model. Conversely, the model is not suitable to assess specific urban

microclimate at the street level, where temperature gradients should be carefully assessed.



3.2 UHI intensity variability in the Mediterranean urban context

The graphs in figure 7 represent the variability of UHI intensity resulting from the parametric analysis
performed with UWG. The length of the black bars indicates the maximum variability of the monthly average
UHI intensity in January and August determined by the maximum and minimum value of each variable, as
defined in table 4. The UHI variability is between 0 °C to more than 2.4 °C, depending on the season and the

parameter considered.

Summer Winter
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Figure 7: Variability of the monthly average UHI intensity during August (left) and January (right) in the Mediterranean
urban context in relation to the variability of 5 fundamental variables of UHI intensity. The dotted vertical line represents
the average UHI intensity in each season, corresponding to the baseline model. For details about the calculation of the
parameters see the Appendix A. - (2 column fitting image)

The results indicate a hierarchy of importance‘ofithe impact of the five variables analysed on the average
UHI intensity. The most important variablesisyurban morphology, which can determine substantial variations
of the UHI intensity in both seasons (figure.7)/ In August, the average monthly UHI intensity calculated with
the baseline model for the reference context is equal to 2.2°C and the daily maximum UHI intensity equal to
4.6 °C (during night-time at“00:00). The parametric analysis shows that the variability of urban morphology
which characterises the two Mediterranean cities can decrease the average UHI intensity to 0.8 °C or
increase it up to 2.7 °C; the’daily maximum intensity can also increase up to 5.6 °C in the worst scenario. In
January, accordingsto”the baseline model, the average UHI intensity is equal to 1.5 °C and the daily
maximum UHl,intensity is 2.7°C, always occurring during night-time. In this season, urban morphology can
determine”a variability of the average UHI intensity between 0.7 °C and 3.1 °C and a daily maximum UHI
intensity up to 5.2 °C; this means that urban morphology has an impact on UHI intensity up to 442% in winter
and to 337% in summer.

According to the results of the parametric analysis, another key parameter of UHI intensity is the
anthropogenic heat, both from air conditioning systems and traffic. Anthropogenic heat from cooling systems
is relevant only in summer. The use of air conditioning with low cooling set point temperatures may cause an

increase of the average UHI intensity up to 1.7 °C in comparison to the absence of air conditioning use in the



buildings; the use of air conditioning with the lowest cooling set point (22°C) also determined the maximum
daily UHI intensity among all the scenarios, equal to 6.4 °C. The excessive use of air conditioning systems
can thus determine a relative change of about 220% of the UHI intensity in summer. This result is in line with
the findings from other studies on the impact of the increase in use of air conditioning systems on urban
temperature [99,100].

The anthropogenic heat released from traffic is the third significant factor of the summer UHI; considering
maximum and minimum traffic conditions, the UHI variability is between 2°C and 3 °C in_summer; for the
highest value of heat from traffic (30 W/mz), the daily maximum UHI intensity reaches up'to 6.1 °C. However,
this result is probably a bit overestimated, since UWG assumes that the heat released from traffic is constant
during the day, while the maximum value used in this analysis corresponds/to the peak traffic hours (see
Appendix A). This variable has, however, an appreciable effect also during wintertime compared to other,
causing an increase of the average UHI intensity of 0.3 °C.

The variability of tree coverage and surface albedo across the cities affected much less both the average
and the daily maximum UHI intensity in summer and resulted definitely negligible on the winter UHI intensity.
This outcome may be explained in view of the facts thati,).the range of variability of these variables is
smaller than others, so their potential impact on the\UHI intensity is decreased and 2) some of the "causes"
of the UHI are significantly more important than others.

Actually, the values of surfaces albedo.and tree coverage are quite similar among the 10 urban textures
analysed here. The tree coverage“varies between a minimum of 5% to a maximum of 28% of the total site
area, determining a variability of the ‘'summer UHI intensity between 1.6 °C and 2.4 °C; for the least
favourable value (5%), the daily maximum UHI intensity reaches 5 °C, which is less than the one determined
by the alike values of urban morphology or anthropogenic heat. The fact that tree coverage is less influential
on the UHI intensity is consistent with other urban studies [1,35,101]. Similarly, the variability of albedo of
walls, roads and roof within the two urban areas area is not so significant to determine appreciable effects on
the UHI intensity at the local scale. Even though this variable has a huge potential on reducing surface
temperature, an increase of albedo of an entire neighbourhood would be needed to appreciate significant

effects at the local scale.
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Figure 8 Samples of urban textures,of Rome Jand Barcelona used as study cases for the parametric analysis of UHI
intensity in the Mediterranean contéxt. The radar graphs represent the standardized values of the three morphological
parameters: Average Building height’(hbld), ‘Site coverage ratio’ (purb) and ‘Facade-to-site ratio’ (VHurb). The numbers
in the circles indicates the average UHl'intensity during January (grey) and July (yellow). - (2 column fitting image)
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Table 5: values of the three morphology parameters for the 10 urban textures

A B C D E F G H | L
Barceloneta Ensanche MarBella Borrely Soler Raval Gracia Balduina Don Bosco Prati Centocelle
Purb 0,52 0,62 0,33 0,20 0,80 0,64 0,43 0,43 0,49 0,34
VHur 2,23 0,71 0,92 0,63 1,38 0,89 1,28 1,68 1,43 1,35
Hpig 16,50 15,95 19,52 15,00 19,50 11,60 19,50 25,50 19,50 14,67

It has also to be highlighted that Rome and Barcelona are characterised by dense and compact urban
textures (table 5), which play an important role in modifying the actual albedo through urban geometry.
These results in fact suggest that the most important causes of the UHI in the Mediterranean context are the
radiative and mechanic phenomena that take place in the urban canyons. Since anthropogenic heat from
buildings and traffic also depend on urban density and morphology, this variable appears to be the most

important determinant of UHI intensity in the Mediterranean context.



Figure 8 shows the variability of UHI intensity in July (summer) and January (winter) on the 10 represented
morphologies. The highest UHI intensity is estimated for the morphology of Raval, during wintertime. The
maximum summer UHI intensities are instead calculated for Don Bosco and Barceloneta. The results also
suggest that the climatic behaviour of the same urban morphology can be different in summer and in winter,
as clearly shown by the results for Don Bosco, Barceloneta and Prati. Therefore, while it is clear that denser
urban structures perform worse in terms of UHI intensity, the relationship between the three characteristics of

urban morphology and the climatic performance of the texture is not at all intuitive.

3.3 Quantitative relationships between urban morphology parameters and UHI intensity
Multiple linear regression analysis applied to a wide set of simulation results (180 "UWG runs) allowed
deriving the two following relationships between the three morphological parameters and the summer and

winter UHI intensity:

UHly = 0.92 X1(p, ), +0.34 X2(VH,4) +0.05X3(hyq) (1)
UHIg = 0.42 X1(p;), +0.90 X2(VHypp) o+ 032 X3(hpia) ~ (2)

In the two relationships, the dependent variables UHIw and UHIs are the standardized values of the average
UHI intensity in winter and summer and the independent variables X7(pub), X2(VHup) and X3(hyg) are the
standardized values of ‘Site coverage .ratio’, ‘Facade-to-site ratio’ and ‘Average building height’. The
statistical significance of the results/is very high for both relationships (table 7) as well as the fit of the
regression model, with adjusted R? equal to 0.9 and 0.8, respectively.

Table 6: standardized values-ofthe three morphology parameters for the 10 urban textures

Original variables Standardized Variables
purb VHurb Hbld X1 (purb) X2 (VHurb) X3 (Hbld)
0.10 0.50 12 -1.33631 -1.33631 -1.26491
0.25 1.00 15 -0.80178 -0.80178 -0.63246
0.40 1.50 18 -0.26726 -0.26726 0
0,55 2.00 21 0.267261 0.267261 0.632456
0.70 2.50 24 0.801784 0.801784 1.264911
0.85 3.00 1.336306 1.336306

Average 0.475 1.750 18.000 0.000 0.000 0.000

St. Deviation 0.280624 0.935414 4.743416 1 1 1

Table 7: Regression statistics and significance

Regression Statistics UHIg UHIy,
Multiple R 0.9497 0.8972
R Square 0.9020 0.8050
Adjusted R Square 0.9004 0.8017
Standard Error 0.3155 0.4452

Observations 180 180



Significance F

1.58874E-88 3.07E-62
Coefficients
Intercept 1.17222E-15 -1.7E-15
Variable X 1 0.4187 0.9194
Variable X 2 0.8962 0.3364
Variable X 3 0.3191 0.0468

One of the most interesting implication of this analysis is the fact that the relationship between urban
morphology and UHI intensity varies over the year. The coefficients in equation (1) and (2) highlight in fact
the different importance of the three morphological features on the climatic performance of the‘texture during
winter season and summer season. This is interesting because the impact of UHI intensity on the building
energy performance is opposite during the two seasons: during summer time it is obvioeusly,detrimental, but
during winter time it allows a decrease of energy consumptions [22].

Equation (1) shows that during wintertime the most important parameter for UHI intensity is the site coverage
ratio, because its standardized value has the highest coefficient (0.92)7in the equation. Secondary for
importance, there is the fagade-to-site ratio, with a coefficient equal to 0.34. The average building height is
instead much less important on the UHI in winter, being its coefficient equal to 0.05. Therefore, this indicates
that an increase of site coverage ratio determines a significantjincrease of the average UHI intensity in the
urban texture during wintertime, while variations of the fagade-to-site ratio or of the average building height
are expected to have much less impact on winter.urban temperature.

Equation (2) shows instead a different hierarchy of importance of the three parameters on the summer UHI
intensity; in this case, the most important parameter is the fagade-to-site ratio, which is multiplied to the
maximum coefficient (0.90), followed by:the site coverage ratio (0.42) and the average building height (0.32).
Therefore, the relative weight of the three parameters on the climate performance of urban textures in
summer is more balanced than in winter. However, according to the equation, the amount of building
facades in the urban area’is the most impacting variable on the UHI intensity in the hot season.

The two equations explain the variability of the summer and winter climate performance of the ten case
studiesyin_light”of their morphological features (figure 8). The maximum winter UHI intensity was in fact
predicted\for Raval, which is the texture with the highest value of site coverage ratio among the ten.
Furthermore, all the textures with high values of site coverage ratio showed a high UHI intensity during
wintertime rather than summer time (e.g. Ensanche, Raval and Gracia). Conversely, the importance of the
facade-to- site ratio is clear looking at the result for Barceloneta, whose building typology with high amount of
facades is detrimental on the summer UHI intensity. The equations also explain why Don Bosco is the urban

texture with the worst climatic performance among the ten case studies, having the highest summer UHI



intensity and one of the lowest winter UHI intensity; this behaviour is caused by the fact that the value of the
site coverage ratio in not very high, and so the corresponding winter UHI intensity, while the high values of
average building height and the fagcade-to-site ratio determine a high summer UHI intensity.

3.2.1. Climatic performance of the urban textures: graphic tools

The results discussed so far also allowed to create some graphic tools (figure 9) to compare the climatic
performance of urban textures in summer and winter based on their morphological features. These can be
used for any other urban texture of Rome and Barcelona whose morphological parameters aresknown and
for similar urban areas with the limitations reported in paragraph 4.2.

The graphic tools are designed to identify the climatic performance of an urbandexture based on its location
on the corresponding graph; there are 5 different graphs corresponding to different average buildings
heights: 12 m, 15 m, 18 m ,21 m and 24 m (the 5 graphs can be found in_figure 9 and Appendix b). Each
band of colour represents an increase of the average UHI intensity of about®0.2 °C.

The use of the graphs to compare the climatic performance of three of the previous case studies is reported
as an example. Ensanche, Borrel y Soler and Centocelle have\similar average building height around 15m,
so their performance can be analysed on the same graph. The comparison highlights a good climatic
performance of Ensanche, which has a low UHIintensity during both seasons. It also highlights the poor
climatic performance of Centocelle, whichthas a higher UHI intensity in summer than in winter; the
morphology of Centocelle determines a summer UHI intensity around 1.8-2.0 °C, which is even higher than
the one of Ensanche (1.4-1.6 °C), despite'this latter is a much denser urban texture in terms of built volume.
This happens because the“morphology of Centocelle is composed of small buildings arranged on a dense
network of roads, which results,in an high amount of facade surfaces (i.e. fagade-to-site ratio) in comparison
to the buildings footprint.

From the graphs, itscan also be deduced that for values of the site coverage ratio below 0.55, the UHI
intensity in winter’is rather low, regardless of the values of the other parameters. Above that threshold, any

further increases of the site coverage ratio would instead result in a significant increase of the UHI intensity.
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surface on the horizontal X-Y plane gave the corresponding 2D graphs, as those reported in the bottom of the picture. An
example on ho se them is provided using the values of the three textures represented in the upper left side of the
picture. - (2 column image)

4. Discussion

4.1. Impact of ‘Vertical Density’ and ‘Horizontal density’ on climate performance of urban textures

The significance of the results presented lies in the identification of a seasonal variability of the impact of
urban morphology on UHI intensity in a Mediterranean urban context. Two types of density differently affect
the trend of urban temperature in the hot and the cold season, namely the ‘Horizontal density’ and the

‘Vertical density’.



Horizontal density is synonymous of urban compactness, namely it indicates how close the buildings are in
an urban area; so, the horizontal density increases proportionally to the value of the site coverage ratio
(figure 10).

‘Vertical density’ indicates the quantity of vertical surfaces (fagades) in an urban area, which is obviously
dependant on the average building height but also on the building typology. In fact, the same volume can be
built using building typologies with different ratios of envelope area to floor area [102] , such as for example
detached houses or apartment blocks. Therefore, depending on the prevalent building Aypology, urban
textures with the same average coverage ratio and building height, but different facade-to-site ratios exist
(figure 10). That is why the ‘Vertical density’ is proportional to both the Average building height and the
Facade-to-site ratio of an urban texture.

In light of the results, an increase of horizontal density of urban textures,determines an increase of the UHI
intensity in winter, while an increase of vertical density entails an increase of UHI intensity in summer.

This can be explained considering the variability of solar radiation ‘and anthropogenic heat generation during
the year in the Mediterranean context and their interaction with urban geometry.

At these latitudes (around 41.5° N), solar radiation and selar altitude increase significantly in summer
compared to winter. This entails that some of the causes of UHI effect such as the multiple reflections of
solar radiation in urban canyons during daytime [28,50] and the decrease of long-wave radiation loss during
night time [28,46] have their maximum.impact in summer. Higher solar altitudes and intensity mean in fact a
higher absorption of solar radiation, during the day which is dissipated slowly during night time due to
reduced values of SVF in urban ecanyons; in summer, these are probably the most important cause of UHI
intensity in the Mediterranean context. This explains why the summer UHI intensity is maximum in urban
textures with high values of ‘vertical density’, since their building typologies with high amounts of facades
optimize solar radiation /absorption and allows for heat storage during the day than in turn provokes higher
temperatures at night time. The impact of fagade density on radiation absorption and trapping had been
already highlighted in computational and experimental studies on urban albedo [103,104].

The same’phenomena occur also in winter, but they are probably less important because solar radiation
intensity and altitude is much lower than in summer. As opposite to this, the anthropogenic heat from
buildings is higher in winter than in summer, because space heating is present in almost all the buildings,
while space cooling is much less common in residential buildings in the Mediterranean context. Therefore,
the anthropogenic heat generated by buildings is probably the most important cause of UHI intensity in

winter in the Mediterranean context. This is sure for higher latitudes such as in London, where it was found



that the heat from anthropogenic sources was much higher than the one from solar radiation in winter [105].
In compact urban textures, the heat released from buildings is most likely to remain within the canopy layer,
because wind velocity is greatly reduced in the canyon and so the exchange rate with the upper layer of
atmosphere. So, the closer are the buildings (or the higher it is the horizontal density) and the lower is the
turbulent transport of heat out of the canyon and, consequently, the maximum is the difference of
temperature with respect to rural unobstructed environments.

These results thus indicate that to improve the climatic performance of urban textures in the"Mediterranean
climate, building height should be reduced and urban compactness should be increased. This would lead to

a mitigation of UHI in summer while taking advantage of the beneficious effect of higherwurban temperatures

in winter.
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Figure 10 morphological meaning.of horizontal density and vertical density - (2 column fitting image)

The three morphological parameters used by UWG could be used also to improve the classification of built
types for the LCZ classification, overcoming the limitations of describing urban morphology by adimensional
parameters such as the SVF or the canyon aspect ratio. It is clear that also the three UWG parameters still
provide a very simplified representation of urban morphology. However, they catch the most important
features, of'urban form influencing air temperature in the urban canopy layer - the horizontal density and the
vertical density - and could be used to provide more accurate estimations of the seasonal variability of UHI
intensity at the local scale. The validity of these findings is also strengthened by the results of a recent study
[103] showing that the net radiation balance calculated over detailed geometrical models of real urban
textures and over equivalent simplified urban layouts are very similar if the simplified models have the same
site-coverage ratio and facade-to-site ratio of the real urban textures.

4.2. Limitations and range of applicability of the tools



The relationships identified between morphology parameters and UHI intensity are statistically-based and
thus to be considered valid only when the same boundary conditions apply in terms of climate (i.e. Csa in
Koppen-Geiger classification), location (similar latitude and proximity to the sea) and average values of
anthropogenic heat from traffic and buildings, vegetation coverage and albedo of surfaces. In any case, the
climatic performance calculated with the graphic tools should be interpreted as a relative assessment rather
than an absolute value of UHI intensity; the accuracy of the absolute estimation depends on the conformity
of the other parameters to the values set in the baseline model. In particular, considering the,results of the
parametric analysis, a range of variability of the climatic performance is expected .if. the values of tree
coverage and anthropogenic heat from traffic and buildings are significantly different from the values set in
the baseline model. Furthermore, the calculations have been performed usingithe latitude of Rome as
reference (Lat 41.47N); therefore, the validity of results for other regions with Mediterranean climate in the
world such as California, central Chile and Australia should be furthet investigated, as well as for other cities
in the Mediterranean basin characterised by a different macroclimate/in terms of precipitation and wind
speed.

The validity of results is also subject to the limitations 'of WW.G model, which is a bulk model designed to
estimate an average value of air temperature in urban, canyons; the results can be considered reliable for
homogeneous urban areas, where climate is not.influenced by the presence water bodies, vast parks or
orographic conditions, which are not considered in the calculation [74,106]. The tools provided can be used
to estimate the variability of the average UHI intensity at the local scale across a Mediterranean city [57] but
should not be used for an estimations’ of the UHI intensity at the city scale neither to performed detailed
microclimate studies of specific urban spaces.

The average summer and winter UHI intensities calculated with the tools can be used to adjust the weather
files for urban building/ energy modelling, as shown in previous works [22,46,107]. However, also the
modification. of wind field, shadows and radiant environment in the urban texture should be carefully
considered)when estimating building energy demand in urban contexts, otherwise the impact of UHI intensity
could be overestimated, as shown in a recently published work on the topic [19]. Finally, urban morphology
parametrisation adopted by the model has also some limitations. UWG uses the three morphological
parameters to obtain the characteristics of the average urban canyon and perform the calculations under the
following hypothesis: 1) all the urban canyons in the area are the same, 2) the urban canyon is considered of
infinite length and 3) the urban canyons have an average orientation. This simplification entails some errors

in the calculation of the solar gains; Cantelli et al. [108] provided an accurate analysis of this topic,



highlighting that the error varies in relation to the value of the site coverage ratio and the main orientation of
the urban fabric. These finding can be used to improve further the geometrical representation adopted by

UWG in future works.

5. Conclusions

This study used the climate model UWG to provide tools for comparative analysis of the climatic
performance of urban textures in a Mediterranean urban context.

UWG was validated using actual temperature observations from urban weather stations in Rome and
Barcelona. The model performed a very good estimate of the UHI intensity during night<time; during daytime,
it tended to over-estimates the temperature observed at the roof level and to under-estimate temperature at
street level. In spite of these inaccuracies on the daytime temperature, the"model is deemed suitable to
improve the accuracy of climate data for building energy modelling, because'it calculates reasonably well the
average increase of urban temperature.

A base-line model for the Mediterranean context was set identifying'the average value of the most significant
urban variables over a sample of 10 urban textures of Rome_and Barcelona. The range of variability of the
three morphology parameters used by UWG were ‘alsovyidentified. These were used to perform a
representative set of simulations with UWG, so as to analyse the variability of UHI intensity using multiple
regression analysis.

Two distinct relationships were identified:between the three morphological parameters and the UHI intensity
in summer and winter. Based on these’results, some graphical tools were created to perform fast evaluations
of the climatic performance of‘urban textures based on their morphology.

The results suggested that urban heat island in winter is higher in compact urban textures with site coverage
ratios above 0.5, where’ buildings are very close one to another. This kind of layout contributes to urban
temperature increase because it enhances the storage of anthropogenic heat from buildings and vehicles
within the canopy. ,Conversely, during summer time, urban heat island is higher in urban textures with high
‘vertical \density’, which are characterised by building types that optimise solar absorption on the facades
during daytime and then tend to remain warmer also at night, because the heat losses through long-wave
radiation are reduced by the low values of sky view factor.

The novelty of this study hence consists in the identification of a parameterisation system of urban geometry
able to capture the three-dimensional features of the urban texture that affect the climatic performance and

to quantify the expected UHI intensity during winter and summer. The tools provided allow for rapid



evaluations of the average UHI intensity in different urban textures, just using the three morphological
parameters, easily obtainable from GIS data.

These results should be of great interest to planners and urban designers to deeper the understanding of the
relationships between urban morphology and climate performance. Quantitative results also provided new
insights on how to improve the climatic performance of urban textures controlling key morphological features
such as height of buildings, depth of buildings plan and urban layouts that could allow enhancing the winter
UHI intensity and decreasing the summer one, providing a good behaviour during the whole year.

The implementation of tools capable of handling the complexity of urban phenomena, with a’ degree of
approximation suitable for the application to the construction industry, is necessary toisupport the work of
professionals involved in the challenge of reducing the energetic and environmental impact of the built
environment.

In the attempt of improving the sustainability of urban systems, the<opportunity of densifying existing urban
areas may have contrasting outcomes in terms of energy and environmental impacts, which are not always
taken into account at the urban planning stage. The present study*aims at giving an original contribution in
this field, encouraging the integration of urban climatology knewledge into the practice of urban planning and
design, by providing professionals and planners withy,adequate quantitative analysis tools to understand

complex energy phenomena that take place at an urban scale.
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Appendix A

The computation of the three parameters of ‘Urban Morphology’ was performed over CAD models of the10
urban textures, built from detailed GIS data of the buildings’ footprints and heights. The tree coverage was
computed on aerial images derived from Google Earth®.

The maximum variability of anthropogenic heat from traffic was calculated according to the formulation of
Sailor and Lu [109], considering statistics of the ‘daily vehicle distance per capita’ and population density
variability for Spanish and Italian citiesy[110]. The maximum value corresponds to peak hour in the densest
urban context. The average urban value has been assumed equal to 8 W/m? based on literature [74,90].

The average maximum and minimum value of surfaces’ albedo was assessed on the 10 urban textures
through site surveys and analysis of google street maps images.

The definition of cooling setpoint variability is much harder, since it would require the acquisition of
information from~all the buildings within the urban area; the value of this parameter is also likely to be
different ‘within the same building. In the model, it is used to calculate the average building cooling
consumption and proportionally the waste heat released in the urban canyon. For this study, an ‘a priori’
variability has been fixed, ranging from very low values (22°C) to a very high value (35°), which indicates the
absence of mechanical cooling. Further details on the methodology and results of the parametric analysis of

UHI intensity for the Mediterranean climate can be also found in a previous work of Salvati et al. [89].
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