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Abstract: This paper is devoted to the application of the modelling approach, as one of the methods for
the evaluation of thermal comfort, to neighborhoods located in two cities characterized by a di erent
climate, i.e., a Mediterranean city in southern Italy (Lecce) and a northern European city in southern
Finland (Lahti). The impact of the presence of vegetation in both places is evaluated and compared,
further considering alternative scenarios for thermal comfort improvement. The thermal comfort
condition is expressed in terms of indices (mean radiant temperature (MRT) and predicted mean vote
(PMV)). Results show that at pedestrian level the presence of vegetation lead to an improvement of
thermal comfort in summer of about 2 points in both neighborhoods. Thisimprovement is also evident
observing the spatial distribution of MRT with a di erence of 7 C in the Lecce neighborhood and
3 Cin Lahti. In winter, thermal discomfort is observed in the presence of vegetation with a di erence
of 1.3 Cinthe Lecce neighborhood and 1.5 C in Lahti in terms of MRT. However, trees and green
cover have the important potential to o set climate change impact and to make urban environments
less thermally stressful. This study aims to guide urban planners towards a motivated and necessary
transaction towards new green infrastructure whose e ect should, however, be analyzed and
investigated case by case.

Keywords: thermal comfort; urban vegetation; modelling; Mediterranean city; northern European city

1. Introduction

In the face of rapid changes to global climate [1] as well as increasing urbanization [2], the role
of cities in both mitigating the changes to climate as well as adapting to cope with the negative
consequences of such changes is receiving great attention [3]. Given the superimposing e ect of
microclimate variations due to urbanization (the so-called urban heat island e ect [4]), the importance
of making urban space attractive and accessible has the double benefit of climate change mitigation
as well as social, cultural and economic benefits [5]. Furthermore, the optimization of the outdoor
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environment could also save heating and air-conditioning energy consumption by buildings, leading
to reductions in carbon emissions, thus positively contributing to tackling climate change itself [6].

There are several ways comfort, usability and attractiveness of outdoor spaces could be enhanced.
The key principle is to integrate local climate with urban form and the fabric of the building [7].
These could be achieved by the manipulation of settlement geometry, street orientation and external
factors [8] as well as climatically linking the inside of buildings with the outside [9]. Perhaps the
greatest benefit to outdoor comfort is achieved by the introduction of green infrastructure (e.g., [10-14]).
In general, green infrastructure provides health and climate-related ecosystem services in urban
environments. In this way, the role of vegetation is related to the following environmental improvements
([15,16]):

microclimate: increasing urban vegetation induces decreasing air and surface temperatures.
In particular, trees influence the thermal environment by providing shade, intercepting radiation
with their canopy and reducing surface temperature, followed by heat transference through
convection from warmer areas. Additional cooling is provided by the conversion of radiation into
latent heat and evapotranspiration [17,18];

pollutant dispersion: vegetation modifies wind-flow patterns in the streets;

deposition and absorption of pollutants: urban vegetation increases the pollutants removed from
air by means of deposition or uptake via leaf stomata;

noise attenuation: trees can attenuate tra ¢ noise, in particular close to roads or open busy streets.

In contrast, the presence of vegetation may induce adverse e ects such as the direct emission of
biogenic volatile compounds (precursor of the formation of secondary pollutants like ozone) and pollen.

In this context, the aim of this paper is to quantify the e ect of vegetation on thermal comfort
(in terms of mean radiant temperature (MRT) and predicted mean vote (PMV)) in real urban
environments. Specifically, two di erent neighborhoods in cities with di erent climate conditions are
studied, a Mediterranean city in southern Italy and a Northern European city in Southern Finland.
For each neighborhood three vegetation scenarios in winter and summer are analyzed with the objective
of assessing the influence of vegetation on outdoor thermal comfort and providing helpful knowledge
to urban planners that can improve living conditions in the urban environment.

2. Outdoor Thermal Comfort

2.1. Thermal Comfort and Vegetation

Thermal comfort is “a condition of mind which expresses satisfaction with the thermal
environment” [19]. Given the subjective nature of this definition, Hoppe [20] suggested there could
be two additional bases to define comfort: thermo-physiological and heat balance of the human body.
Although indoor comfort has been studied for a long time, studies on outdoor comfort only began to
increase around the early 2000s [21], and as such developments in the field remain experimental in nature.

Outdoor spaces are important to sustainable cities because they encourage pedestrian tra ¢ and
outdoor activities, and contribute greatly to urban liveability. The influence of thermal comfort on
outdoor activities is a complex issue comprising both climatic and behavioral aspects, as recently
underlined by Chen and Ng [22] in their review of the behavioral aspects of outdoor thermal comfort
focusing on perceptions of outdoor thermal comfort and the use of outdoor space in the context of
urban planning. In fact, while thermal comfort indoors is influenced by four ‘environmental’ variables
(air temperature, air velocity, humidity and mean radiant temperature) as well as two ‘subjective
variables (level of clothing insulation on the body and metabolic rate [23]), there is no clear agreement
on the factors influencing outdoor comfort beyond those of the indoors. Hoppe [20] argued that
psychological aspects are more important to outdoor comfort than the indoors. Outdoor comfort is
more di cult to measure than that indoors since the outdoor environment is much more complex; the
spatial and temporal microclimatic variations of meteorological variables are often very large. The lack
of climate control in outdoor spaces makes measurements di cult [21].
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Urban vegetation is recommended as a heat-mitigation strategy in cities [24-26]. This strategy
is considered better than using high albedo materials on the ground for improving pedestrians’
thermal comfort [17,18]. Outdoor thermal comfort is altered by vegetation through evapotranspiration
processes, sun reflection, solar protection (shading) and alteration of wind flow. Specifically, vegetation
provides transpirational cooling because the absorbed solar energy causes an increase of latent heat
(water from vegetation is evaporated into the atmosphere) thus cooling the leaf surfaces and the air
around them. These processes are usually modelled by means of a volumetric cooling power per unit
volume vegetation as a function of the leaf area density (LAD) [27-29]. In addition, the presence of
vegetation increases the overall short-wave reflectivity of the city. Therefore, vegetation absorbs and
stores less heat than building materials. Moreover, tree shading prevents the rise of air and surface
temperature because trees intercept solar radiation [30].

2.2. Methods and Indices for the Evaluation

The outdoor thermal comfort evaluation is usually carried out following two methods in
combination: micro-meteorological measurements or modelling and guided user questionnaire survey.
The first method includes physical measurements or modelling of the microclimatic conditions at the
immediate surroundings of the subjects. The four main physical parameters that characterize the
thermal environment and the thermal comfort sensation are air temperature, relative humidity, wind and
solar radiation. The second method consists, instead, of a questionnaire survey addressing the subjects
thermal comfort sensation and also record of subjects’ demographic background (height, weight,
gender and age) during the survey. The thermal comfort sensation can be recorded in any one of
the thermal comfort scales, such as, for example, the American Society of Heating, Refrigeration and
Air conditioning Engineers (ASHRAE) scale and the Bedford scale [31]. A subject’s thermal comfort
sensation votes are obtained by face-to-face interviews while a subject’s demographic background,
clothing and activities are observed and recorded by the interviewer while conducting the survey.
The results of the questionnaire survey are correlated with the micro-meteorological data obtained
from measurements or modelling to analyze the general thermal comfort conditions in the outdoor
spaces of that place and the comfort requirement of the local people [32].

Several outdoor thermal comfort indices currently exist and Blazejczyk et al. [33] listed more
than 100 thermal comfort indices, but the vast majority of these were developed for indoor conditions.
Reviewing the most common comfort indices used in outdoor comfort studies, Johansson et al. [21]
found only two indices that were specifically developed for the outdoors: the Physiologically Equivalent
Temperature (PET) [34] and the Universal Thermal Climate Index (UTCI) [33,35]. PET is based on the
four environmental variables mentioned earlier, while keeping clothing and activity rate constant. UTCI,
on the other hand, is independent of clothing insulation (assumed to be a function of air temperature
and wind speed, using an adaptive clothing model [36]) with activity rate “standardized” (for a
walking person at 1.1 m/s speed, expending 135 W/m? of energy). Nevertheless, Johansson et al. [21]
found several indoor comfort indices commonly used in outdoor studies as well (such as PMV [19];
the Standard E ective Temperature (SET) and the E ective Temperature (ET) [37]). They also provided
an overview of instruments and methods in outdoor thermal comfort measurements, while Cheung
and Jim [13] systematic reviewed outdoor neutral temperature. Comprehensive reviews of available
tools for modelling outdoor human comfort and thermal stress, physical equations that drive these
models, and their applicability based on climate and the findings of previous research were given by
Coccolo et al. [38] and Binarti et al. [39].

The increasing attention on outdoor comfort in recent years has led to wider geographical
coverage, from sub-Arctic [40] to hot, dry climate (Fez, Morocco) [41], to the tropics (Dhakka [42];
Rio de Janeiro, [43]; Putra Jaya, Malaysia, [44]). A comprehensive review of outdoor comfort and
thermal stress was recently presented by Coccolo et al. [38].
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3. Application of the Modelling Method

3.1. Study Areas

The neighborhoods analyzed here are located in Lecce (southern Italy) and Lahti (southern Finland),
two medium-sized cities representative of Mediterranean and European Northern cities in terms
of architectural design and climate. The two neighbourhoods are San Pio in Lecce (Figure 1) and
Aleksanterinkatu in Lahti (Figure 2). Both sites are centrally located and highly populated, therefore they
are important objects of study. The details about building arrangement and height were acquired
through computer-aided design (CAD) files already available for the two cities.

Lecce (italy)

Figure 1. Top: position of the city of Lecce in southern Italy with a focus on the study area (referred to
as San Pio hereinafter). Bottom: 3D view of San Pio neighbourhood (modified from Google Earth).

Figure 2. Top: position of the city of Lahti located in southern Finland with a focus on the study area
located in the city centre (referred to as Aleksanterinkatu hereinafter. Bottom: 3D view of Aleksanterinkatu
neighbourhood (modified from Google Earth) and street pictures showing Tilia cordata Mill. and the square.
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Lecce (UTM coordinates: 40 21°7.24” N, 18 108.9” E) (Figure 1, top), with about 95,000 inhabitants
(http://demo.istat.it/pop2019/index.html), is built on a flat land, approximately 40-50 m a.s.l. In the
Koppen-Geiger classification, Lecce belongs to the Warm Mediterranean Climate Csa class, with dry
and hot summers, due to the domination of subtropical high-pressure systems, and mild and wet
winters with moderate and changeable temperatures. The selected neighborhood is located about
13 km west from the Adriatic sea and about 25 km east from the lonian sea. The Mediterranean
region is potentially vulnerable to climatic changes because it is a ected by interactions between
mid-latitude and tropical processes being in a transition zone between the arid climate of North Africa
and the temperate and rainy climate of central Europe [45]. The area has already been investigated
in Maggiotto et al. [46] and was found to be characterized by higher air temperatures compared to
surrounding areas. For these reasons, it is interesting to study possible climate change mitigation
strategies in this area. The urban morphology is characterized by two- to three-story buildings and
narrow street canyons. The selected neighborhood (San Pio) is located on the western side of the city
(Figure 1, top and bottom) and, as mentioned, it has been considered interesting to study since it is
a very busy residential area, not far from the city center, inhabited by students and families. It is
also currently involved in a local urban regeneration project. Buildings, despite the di erent heights
ranging between 4 m to 16 m with an average height of 9 m, are distributed in a rather regular pattern
covering 33% of the area. There are 36 trees and hedges species covering 9% of the area, with the
most abundant being Tilia sp. (deciduous), Pinus halepensis Mill. (evergreen), Magnolia grandiflora L.
(evergreen), Quercus ilex L. subsp. ilex (evergreen). Trees heights range between 3 m and 14 m, while
hedge heights range between 2 m and 3 m.

Lahti (UTM coordinates: 60 59°1.291%° N, 25 39°1.141% E) has about 119,000 inhabitants. It is
located roughly 70 km to the north of the average coastline of the Gulf of Finland. In Kdppen’s
climate classification, it belongs to the Warm Summer Continental Climate Dfb class, with warm to
hot summers and cold winters. It is situated in the region of Paijat-Hame, which is dominated by
several lakes. Lake area begins on the northern side of the city where Lake Vesijarvi (located about 1
km north-east from the selected neighbourhood) is connected with one of the biggest Finnish inland
lakes, Lake Paijanne (located about 12 km north-east from the selected neighbourhood), that has a
significant impact on the climate of the region, especially in winter when it stays unfrozen for a long
period. The coldest month on the region is usually February during which the average temperature
isbetween 7 Cand 8 C.July is typically the warmest month of the year and the temperature
is on average +16.5 C in the whole region [47-49]. The urban morphology is characterised by a
regular grid plan with asphalted streets and 4 to 8 story stone houses [47]. The selected neighbourhood
(Aleksanterinkatu) is located in the city centre (Figure 2, top). Similar to the Lecce neighbourhood,
the buildings, despite the di erent heights ranging between 13 m and 20 m with an average height of
16 m, are distributed in a rather regular pattern covering 22% of the area. Rows of Tilia cordata Mill.
(deciduous) with an average height of 15 m are present, covering 5% of the area (Figure 2, bottom).

Table 1 lists all the species identified during ad hoc field campaigns (see Section 3.3) in both
neighbourhoods. Please note that in San Pio some individuals of the same species (indicated by di erent
numbers in the table) are morphologically di erent and, therefore, characterized by di erent LADs.
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Table 1. List of species identified within the two neighbourhoods with indication of the leaf area

density (LAD).
Species LAD (m?m 3) Species LAD (m?m 3)
San Pio Neighbourhood (Lecce, Italy)
Casuarina equisetifolia L. 1.0 Phothinia x fraseri Dress. 17
Cedrus atlantica (Endl.) -
G Manetti ex Carrire 0.5 Phytolacca dioica L. 0.8
Celtis australis L. 0.6 Picea abies (L.) H.Karst. 0.3
Pinus halepensis Mill. (1) 0.3
Tilia sp. 0.3 (2) 0.2
3) 0.4
Ceratonia siliqua L. 0.5 Pinus pmas_ter Aiton subsp. 1.0
Pinaster
Cercis siliquastrum L. subsp. 03 Pittosporum tobira (Thunb.) 17
Siliquastrum ' W.T.Aiton '
- Populus nigra var. italica
Chamaerops humilis L. 0.9 Minchh. 0.1
Citrus aurantium L. 0.3 Nerium oleander L.. subsp. 1.2
oleander
Cupressus sempervirens L. 0.5 Morus alba L. 0.4
Erlobotryajaponlca (Thunb.) 0.4 Prunus sp. 03
Lindl.
Eucalyptus camaldulensis 0.2 Punica aranatum L 03
Dehnh. subsp. camaldulensis ' g ' '
Hesperocyparis arizonica Quercus ilex L. subsp. ilex (1) 0.2
(Greene) Bartel 0.1 2) 04
@) 0.6
Hesperocyparis macrocarpa
(Hartw. ex Gordon) Bartel 04 Olea europea L. 08
Quercus ithaburensis Decne.
Laurus nobilis L. 0.9 subsp. macrolepis (Kotschy) 0.1
Hedge & Yalt.
Ligustrum japonicum Thunb. 1.6 Rhamnus alaternus L. subsp. 1.2
Alaternus
Lycianthes rantonnei . .
(Carri-re) Bitter 0.8 Phoenix dactylifera L. 0.7
Magnolia grandiflora L. 0.2 Salix babylonica L. 0.1
Schinus molle L. (1) 0.3 Viburnum lucidum Mill. 24
() 0.1
Aleksanterinkatu neighbourhood (Lahti, Finland)
Picea abies (L.) H.Karst.
(added for the “new 0.5 Tilia cordata Mill. 1.0

scenario”)

3.2. Scenarios Investigated

The two neighbourhoods are characterized by several street canyons. In this study, the focus is
on the street canyons highlighted in red in Figure 3. In San Pio, the street canyon aspect ratio H/W
(where H is the mean height of the buildings and W the mean width of the street) is equal to 1.8 for
the street canyon “a” and 1 for the street canyon “b”. In Aleksanterinkatu, the street canyon “a” has
an aspect ratio H/W of 1. Further several points shown in the figure are considered since they fall
within areas of interest: in San Pio P1 and P3 are located in street canyons “a” and “b”, respectively,
while P2 is located in the pocket park “Parco Corvaglia”, which isatra c-free open space di erent
from the surrounding areas and characterized by several types of vegetation (evergreen and deciduous
trees) and soil (aerate soil bounded by a concrete sidewalk). In Aleksanterinkatu, P1 is located in
the tra c-free square, while P2 is located in the street canyon “a”. The selected points enable the
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investigation of the impact of vegetation on air temperature and thermal comfort in summer and winter
under di erent local microclimate (Lecce and Lahti), taking into consideration leaf types (deciduous vs.
evergreen) and LAD for vegetation, and street canyons vs. open space for urban geometry.

Figure 3. Investigated scenarios of the San Pio neighbourhood in Lecce (top) and the Aleksanterinkatu
neighbourhood in Lahti (middle), with indication of the deciduous and evergreen species in
Aleksanterinkatu, the investigated points P1, P2 and P3, the measurement position denoted by
the yellow dot “VD” in the current scenario of San Pio and the investigated street canyons denoted
by the red dotted line. Some evergreen species, deciduous species and hedge species present in the
current scenario of San Pio (bottom) (base maps from Spaces tool of ENVI-met model, see Section 3.4).

For both neighbourhoods, three scenarios are investigated (Figure 3): (i) a no vegetation scenario
for comparison and evaluation of the e ects of vegetation, (ii) the current scenario and (iii) a new
scenario. In particular, for San Pio (Figure 3 top and bottom), following a local urban regeneration
project which consists in the reconstruction of some decaying buildings and green repaving, concrete
surfaces are replaced by grass in one area, the distribution of buildings (+2% respect to the current
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one) is changed in a specific area at the right of the map where 7 evergreen Quercus ilex subsp. ilex are
added; further in the street canyon “b” one row of deciduous trees (Tilia sp.) is removed. In the street,
in fact, the local municipality intends to remove such trees because their roots are causing damage to
the road and the sidewalks. The new scenario has 2% more vegetation with respect to the current one.
For Aleksanterinkatu (Figure 3 middle), Tilia cordata (LAD = 0.5 m*m~2) is replaced by a 11 m high
Picea abies (evergreen) with a LAD equal to 1.00 m?m~3. In this way, as well as evaluating the e ect
of two di erent species which strongly characterise the landscape of the study area, it is possible to
evaluate the e ect of the presence of tree crown in winter, being Picea abies an evergreen species.

3.3. Field Measurements

The height and the width of all trees and hedges present in both neighborhoods (current scenarios)
were measured and/or estimated using the comparative method with subjects of known height. LAD
was only estimated for San Pio using an Accu-PAR LP80 ceptometer. Specifically, the leaf area index
(LAI) of tree crowns was calculated considering the change in photo-synthetically active radiation
(PAR) acquired by the ceptometer above (where the sensor measured unobstructed PAR) and below
(where it was supposed that the LAI is maximum) the crown (Figure 4, left). All measurements were
taken parallel to the ground. Ten replicas were undertaken to avoid the influence of incorrect values,
due to other shadows, or being taken out of the canopy. The measurements were taken at midday
in two sunny days to prevent the influence of the solar zenith angle. The LAD was thus estimated
dividing LAI by the depth of the tree crown (Table 1). For Aleksanterinkatu, the values of LAD already
available in the database of the ENVI-met model employed in this study (see Section 3.4) were used.

Figure 4. San Pio neighbourhood. Lead area index (LAI) measurements with the ceptometer (left)
and map (middle) with indication of the position (VD in Figure 3) of the thermo-hygrometer (right)
employed for the validation of ENVI-met simulations (see Section 3.4).

In order to validate ENVI-met simulations, air temperature T, and relative humidity (Rh)
measurements were carried out continuously in San Pio in the period 22 November—18 December
2018 using a Vaisala HMP45C thermo-hygrometer (Figure 4, right). The sensor was mounted on the
banister of a balcony at the first floor of a building, 5 m above ground level (a.g.l.) to be representative
of the urban canyon conditions. This was considered a reasonable compromise overcoming some
of the inherent di culties in positioning instruments in urban street canyons such as security from
vandalism and limited access. The sensor was connected to a Campbell CR3000 data logger which
stored 10 min average values.

Experimental Limitations

In Lecce, meteorological measurements in the summer period July—August were not performed
due to the unavailability of any other appropriate location, but they are scheduled for summer 2020.
In Aleksanterinkatu, meteorological instruments and the ceptometer were not available in the selected
periods, but measurements are planned in the near future.
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3.4. Modelling Set-Up and Evaluation

With the aim of showing the application of the modelling method to evaluate the outdoor
thermal comfort and compare the e ect of vegetation in both neighbourhoods, modelling simulations
were performed using the computational fluid dynamics (CFD) and microclimate model ENVI-met.
ENVI-met is a prognostic non-hydrostatic model for the simulation of surface-plant-air interactions
composed by a 3D main model and in addition a one dimensional (1D) atmospheric boundary
layer (ABL) model which extends from the ground surface up to 2500 m. ENVI-met has a typical
horizontal resolution from 0.5 m to 5 m and a typical time frame of 24 h to 48 h with a time step
of 1 s to 5 s, which meet the criteria for the accurate simulation of physical processes, suitable for
microclimate studies at the neighbourhood scale. The atmospheric system solves Reynolds-averaged
Navier-Stokes equations using a 1.5 order turbulence closure k-"" model. See the ENVI-met o cial
website (https://www.envi-met.com/) for a complete documentation.

The 3D simulation area (computational domain) of the San Pio neighbourhood had a dimension of
350 m (x direction) 282 m (y direction), while the Aleksanterinkatu neighbourhood had a dimension
of 400 m (x direction) x 450 m (y direction), with a vertical height of 60 m both. The areas, which include
buildings and vegetation described in Sections 3.1-3.3, were meshed with a grid resolution of 2 m
2m 2 m, except for the lowest five cells (close to the ground) whose vertical resolution was 0.4 m.
To improve model accuracy and stability, 5 nesting grids were also employed. Hourly air temperature
and relative humidity were forced at the model boundary to drive the simulation with meteorological
input obtained from a 10 m-high ARPA-Puglia (the Regional Agency for Environmental Protection of
the Apulia region) meteorological station for the San Pio neighbourhood and from a 10 m high Finnish
Meteorological Institute (FMIdata™) meteorological station for the Aleksanterinkatu neighbourhood.
These stations are located over a distance of about 4 km from the study areas. The hottest summer day
and the coldest winter day with the prevailing wind speeds and directions were chosen considering
the winter period 22 November-20 December 2018 (field campaign period) and the summer period
June-August 2019 for San Pio, and the winter period January—March 2019 and the summer period
June-July 2019 for Aleksanterinkatu. The cyclic-type method was selected for the lateral boundary
conditions (LBC) because the study areas are located in the city with a similar layout. For each case,
ENVI-met was run for a 16 h period, starting at 05:00. Details about initial and boundary conditions
used in ENVI-met simulations are collected in Table 2.

For validation purposes, Figure 5 shows the time evolution of T, and Rh obtained from
measurements and simulations at the VD position (see Figure 3, bottom) for the current scenario.
The comparison shows that ENVI-met was able to reproduce the T, and Rh behaviour, with a lower
overestimation after 16:00. Excluding the first 4 h (spin up), the correlation coe cient R is equal to 0.9
for both the meteorological variables. Please note that such evaluation of ENVI-met simulations is
limited to the winter season in Lecce. It is worth underlining that the recent review by Tsoka et al. [50]
concluded that ENVI-met studies have evaluated the model performance during summer rather than
in winter, with T,;, the most widely evaluated variable with the existing evidence suggesting the model
can generally accurately capture the diurnal profile of the parameter. Concerning MRT, the model
was found to accurately simulate the daytime peak MRT values, a feature of high importance when it
comes to the investigation of pedestrians’ thermal comfort analysis as undertaken in the present paper.
We thus considered the ENVI-met set-up employed here acceptable for the purpose of the paper.
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Table 2. Initial and boundary conditions used in ENVI-met simulations.

10 of 22

Parameter Definition Value
3 December 2018 (winter case) Lecce
Start Date 7 July 2019 (summer case)
Simulation Time 18 February 2018 (winter case) Lahti
17 July 2018 (summer case)
Start of simulation (h) 05:00
Total simulation time 16 h (4 h spin-up + 12 h)
- 0.9 m/s Lecce
Wind speed 1.1m/s Lahti
. . 210 Lecce
Meteorological conditions i irecti
g Wind direction 0 Lahti
Temperature of atmosphere (forced) Daily profile
Relative humidity (%) (forced) Daily profile
Roughness length 0.1 (urban area)
o Cover of low clouds (octas) 1.00 (clear sky)
Roughness, solar radiation and clouds -
g Cover of medium clouds 0.00 (clear sky)
Cover of high clouds 0.00 (clear sky)
Initial temperature (K) and relative humidity 293-50 (default values)
Soil (%) of upper layer 0-0.2 m
Initial temperature (K) and relative humidity
(%) of middle layer 0.2-0.5 m 293-60 (default values)
initial temperature (K) and relative humidity
(%) of deep layer below 0.5 m 293-60 (default values)
Grid cells (x,y,2) 175 141 30 Lecce
200 225 30 Lahti

Computational domain and grid

XX yX z
Nesting grids
Boundary conditions
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5
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Figure 5. Time evolution of air temperature T,;, (left) and relative humidity Rh (right) measured and
obtained from ENVI-met at the measurement position VD in San Pio (Lecce).

3.5. Thermal Comfort Indices

In this study, MRT and PMV indices were calculated by ENVI-met at pedestrian level (1.4 m
a.g.l.). MRT is defined as “the temperature of a uniform, black enclosure that exchanges the same
amount of heat by radiation with the occupant as the actual surroundings” (ASHRAE Standard 55-92
Thermal environmental conditions for human occupancy). Specifically, it considers all short- and
long-wave radiation fluxes issued from solar irradiation and from surroundings with di erent surface
temperatures [51] and its spatial distribution is found to be influenced by the location and spatial
pattern of vegetation. MRT is defined as [52]:

1

1 1 8,,0.71 4
185 WOV g Tl 27315

4
MRT =[Tg+27315 + ==

where Ty = globe temperature ( C), v = wind velocity (m s 1), Tair = air temperature ( C), D = globe
diameter = 40 mm and " = globe emissivity = 0.97.

Using the simulated T, Rh, wind velocity (v) and MRT, the outdoor PMV was calculated for the
evaluation of the thermal sensation based on the heat balance of the human body [53]. It takes into
consideration also the personal factors of heat resistance of clothing and human activity. PMV was
originally developed for steady-state indoor situations, but by extending the energy flux related
parts of the model with solar and longwave radiation and allowing wind speeds above an indoor
room situation, PMV can also be applied to outdoor situations [32,33]. Outdoor PMV ranges from

4 (very cold) to 4 (very hot), with 0 being neutral. These values di er from the theoretical limits
( 3; +3) (ASHRAE Standard 55-92 Thermal environmental conditions for human occupancy) because
the application of the PMV equation to outdoor conditions, in summer heat stress situations or in
extremely cold conditions, can easily produce PMV values above +4 (+8 and more) and below 4
( 8and less) [14,54-56].

4. Results from the Modelling Method

4.1. Time Evolution of Air Temperature

Figure 6 shows the time evolution of T, calculated at P1, P2 and P3 in San Pio and P1 and P2
in Aleksanterinkatu (see Figure 3) in the chosen summer and winter days. In general, at each point,
both in San Pio and in Aleksanterinkatu, T, is higher in winter days and lower in summer days in the
presence of vegetation with respect to the other scenarios.

Specifically, in the winter day San Pio shows T, higher in the current scenario with maximum
di erences with respect to the no vegetation case of 0.6 C, 0.2 Cand 0.4 C at points P1, P2 and
P3, respectively, at 15:00. The time evolution for the new scenario does not change at P2 and P3,
while it changes at P1 where the maximum increase with respect to the no vegetation case is 0.2 C.
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In Aleksanterinkatu, Ty, of current scenario is about 1 C higher during the entire period at P1 and P2,
while in the new scenario at P1 the time evolution is similar to that without vegetation and at P2 there
is a maximum increase of 0.7 C at 11.00 that tends to decrease during the evening.

In the summer day, in San Pio at P2, where there is the pocket park “Parco Corvaglia”, a maximum
decrease of 1.4 C can be noted in the presence of vegetation (i.e., in the current and new scenarios)
compared with the no vegetation scenario at 15:00. At P1, such a decrease in the presence of vegetation
is less evident, with a maximum decrease of 0.4 C in the current scenario and of 0.9 C in the new
scenario, both from 15:00 to the late afternoon. At P3, the maximum decrease in the presence of
vegetation is about 0.3 C in the mid-afternoon, and the current and the new scenarios are similar.
In Aleksanterinkatu, the new scenario has the lowest T, in both points with a maximum decrease of
1.6 CatP2at11.00 in comparison with that of 0.9 C in the current scenario.

The results above can be summarized as follows:

in winter, at P1 in the new scenario (i.e., after the introduction of grass in the current empty street
canyon “a”) of San Pio and at P2 in the current and new scenarios (i.e., in the presence of deciduous
trees and after the introduction of evergreen trees in the street canyon “a”) of Aleksanterinkatu
show a similar T, time evolution, i.e., the presence of vegetation induces a decrease of T,j, during
all day. The presence of trees (current and new scenarios) induces a decrease of T, also in the
street canyon “b” in San Pio. This suggests that in winter time, independent on the di erent
local microclimate (Lecce and Lahti), on the street orientation and aspect ratio and on the LAD,
the presence of vegetation (trees or grass) may induce a decrease of T, and this should thus
be avoided. Furthermore, the presence of vegetation in an open space does not a ect T, in
San Pio (see P2 where no di erences were found also in the presence of grass), while it does in
Aleksanterinkatu by increasing Tair (see P1) but for trees with larger LAD, suggesting that in open
space trees with larger LAD are preferable to mitigate the cold winter;

in summer, the e ect of the presence of vegetation on the decrease of T, in San Pio is more
significant in the open space (see P2) rather than in the street canyons (see P1 and P3), and the
introduction of grass does not have additional influence with respect to trees. In Aleksanterinkatu
the e ect is more evident in the street canyon (see P2) where the lower LAD of evergreen trees in
the new scenario are more favourable in decreasing T, than the deciduous trees with larger LAD.
This suggests that in summer the presence of vegetation may induce a decrease of T,j, in both
street canyons and open space, with trees of lower LAD preferable inside street canyons.

San Pio (Lecce)

Figure 6. Cont.
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AleksanterinkatyLahti)

Figure 6. Profiles of air temperature T, obtained at points P1, P2 and P3 in San Pio (top) and P1 and
P2 in Aleksanterinkatu (bottom) in the investigated summer and winter days. The extraction data
points are indicated with a red star in the maps.

4.2. Spatially Averaged Values of Microclimate Variables

The analysis above has shown maximum di erences of T, between no vegetation and vegetation
scenarios, which are more evident at 15:00 in San Pio and at 11:00 in Aleksanterinkatu, in both winter
and summer days (see Section 4.1). Thus here the analysis is extended to the investigation of the spatial
distribution of MRT and PMV at those hours to better understand how tree morphology, locations and
species, combined with di erent urban geometries, influence the outdoor thermal comfort.
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Figure 7 shows the spatial distribution of MRT, where it can be noted that in general the addition of
vegetation reduces the spatially-averaged values of MRT in both winter and summer days. This reduction
is evident in Aleksanterinkatu in the summer day, with a decrease of about 3 C for the new scenario with
respect to the no vegetation scenario, in the the open area (square) due to limited shade sources. Also in
San Pio, a difference of about 7 C is found in the summer day in the presence of vegetation.

Figure 7. Spatial distribution of mean radiant temperature (MRT) at 15:00 in San Pio (a,b) and at
11:00 in Aleksanterinkatu (c,d) at height of 1.4 m for the no vegetation scenario (left), current scenario
(middle) and new scenario (right) in winter and summer days.
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In the winter day, the presence of the evergreen Picea abies in Aleksanterinkatu leads to an averaged
decrease of about 1.3 C compared with the current scenario with the deciduos Tilia cordata which
di ers little from the scenario without vegetation. Similarly, in San Pio in the current scenario and no
vegetation scenario average values of MRT are similar, while in the new scenario a decrease of about
1.5 Cisfound.

The results above can be summarized as follows:

in winter, the presence of vegetation induces a decrease of MRT over the entire neighbourhood
(not only locally where the vegetation is located), with a significant decrease especially in the
open spaces, i.e., in “Parco Corvaglia” in San Pio (both in the current and new scenarios, thus
independent of the presence of grass in the new scenario) and in the square in Aleksanterinkatu
(both in the current and new scenarios, thus independent of the LAD), while in the investigated
street canyons no particular di erences are found. This suggests that in winter time, independent
of the di erent local climate (Lecce and Lahti), on the street orientation and aspect ratio and on
the LAD, the presence of trees may induce a decrease of MRT, especially in open spaces;

in summer, the e ect of the presence of vegetation on the decrease of MRT in San Pio is more
significant both in the street canyons and in the open space (“Parco Corvaglia”), especially in the
new scenario, i.e., with the introduction of grass. In Aleksanterinkatu the e ect is also evident,
especially in the square, but no significant di erence is found between the current scenario and
the new scenario, with a slight improvement in the latter due to lower LAD. This suggests that in
summer the presence of vegetation may induce a decrease of MRT in both street canyons and
open spaces (where not only trees but also grass has a significant influence), with a preference for
trees of lower LAD.

The spatial distribution of PMV is shown in Figure 8 and Table 3 shows the PMV values at each
extracted point. Despite the observed decrease in spatially averaged values of MRT in winter in both
neighbourhoods, especially in the new scenarios, it can be noted that the presence of vegetation leads
to an overall improvement of thermal comfort more significant in summer.

Figure 8. Cont.
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Figure 8. Spatial distribution of predicted mean vote (PMV) at 15:00 in San Pio (a,b) and at 11:00 in
Aleksanterinkatu (c,d) at height of 1.4 m for the no vegetation scenario (left), current scenario (middle)
and new scenario (right) in winter and summer days.

In the winter day, on average, a slight improvement in both neighbourhoods is observed in the
presence of vegetation. In San Pio, the improvement in the presence of vegetation (both in the current
and new scenarios, thus independent of the presence of grass) is more evident looking at the maximum
and minimum values and occurs especially within the street canyons (P1 and P3) due to the e ect
on T,ir and Rh (through shading and evapotranspiration) and v (through obstruction to the wind).
Anyway, in the “Parco Corvaglia (see P2), where there is more vegetation, a slight deterioration of
thermal comfort of 0.3 and 0.4 is observed in the current and new scenarios, respectively, probably
due to the increase of Rh. At 20:00 (not shown here), the average values are 2.6 (no vegetation),
2.4 (current and new scenarios), indicating that the trapping e ect of vegetation induces an increase of
temperature also during the night and thus an improvement of thermal comfort. In Aleksanterinkatu, a
more evident improvement in the street canyon (see P2) of about 0.3 can be appreciated in the presence
of vegetation (both in the current and new scenarios, with a slight improvement for lower LAD).

In the summer day, in Aleksanterinkatu there is a reduction of average PMV values of about 0.2
in the presence of vegetation, while, in San Pio, of about 0.5 for the current scenario and 0.6 for the
new scenario. Here, by observing the values at the extraction points, a significant positive e ect of
vegetation on thermal comfort at P2 (Parco Corvaglia) is found with a decrease, and so an improvement
of thermal comfort, of 1.9 in the current scenario and 2.0 in the new scenario. At P3, this improvement
is better in the current scenario because in the new one a row of Tilia sp. was removed. In the same
way, in Aleksanterinkatu there is a decrease of 0.8 in the current scenario and 1.6 in the new scenario at
P2 (street canyon).
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Table 3. PMV values in San Pio and Aleksanterinkatu at the extraction points indicated in Figure 6.

PMV Values
New Scenario

No Vegetation Scenario Current Scenario

San Pio
(Lecce, IT) P1 P2 P3 P1 P2 P3 P1 P2 P3
Summer 578 5.88 579 5.56 394 - 5.20 5.14 386 5.54
Winter 1.87 1.26 1.85 1.68 161 S 1.65 177 164 S 1.70

Aleksanterinkatu
(Lahti, F1) P1 P2 - P1 P2 - P1 P2 -
Summer 4.10 4.54 - 4.00 3.70 - - 3.90 205 -
Winter 77 7.01 - 7.00 6.70 - 711 6.64 -
: indicates a very positive e ect of vegetation on thermal comfort; S indicates a negative e ect of vegetation on

: indicates a positive e ect of vegetation on thermal comfort;

thermal comfort.
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Comparing the e ects of the evergreen and deciduous trees in Aleksanterinkatu, in the street
canyon “a” where there is the highest concentration of vegetation it is noteworthy that thermal comfort
(PMV) in summer is better in the presence of the evergreen species Picea abies by about 0.2 than in the
presence of the deciduous species Tilia cordata. On the other hand, in winter, the e ect is the opposite.
Also in San Pio, considering the evergreen species Quercus ilex subsp. ilex and the deciduous species
Celtis australis (see Figure 3) (characterized by the same LAD) in the pocket park “Parco Corvaglia”,
both species have a similar positive e ect on thermal comfort in summer, with an improvement of 1.5
compared to the no vegetation scenario; while in winter a deterioration of PMV (0.1) occurs in the
presence of the evergreen species. Furthermore, the evergreen hedge Viburnum lucidum has a positive
e ect in summer compared to the no vegetation scenario, with an improvement of 1.5 and a negative
e ect in winter with a deterioration of 0.1.

The results above can be summarized as follows:

in winter, both in San Pio and Aleksanterinkatu, on average PMV is only slightly positively
a ected by the presence of vegetation. However, local impacts are observed, both in the street
canyons and in the open spaces. Specifically, the presence of vegetation induces an improvement
of PMV in the street canyons independent on the di erent local microclimate (Lecce and Lahti),
the street orientation and the LAD. Furthermore, the presence of vegetation in an open space
negatively a ect PMV in the “Parco Corvaglia” in San Pio (where no di erences were found
also in the presence of grass), while it positively a ects PMV in the square in Aleksanterinkatu,
slightly more for trees with larger LAD, suggesting that in open space trees with larger LAD are
preferable to improve the thermal comfort;

in summer, the e ect of the presence of vegetation on the decrease of average values of PMV is
more significant than in winter. Great improvements are observed in the open spaces, especially
for lower LAD trees, with no particular influence of grass with respect to trees. This suggests that
in summer the presence of vegetation (especially trees) may induce a decrease of PMV in both
street canyons and open space, with trees of lower LAD preferable inside street canyons.

5. Discussion

The analysis of results has shown that the vegetation has, in general, a positive effect on air temperature
mitigation and thermal comfort improvement both in summer and winter. This is in accordance with
literature studies, i.e., trees and other plants help cool the environment, making vegetation an effective
way to ameliorate the microclimate and enhance the human thermal comfort.

Specifically, this study has shown that:

increasing vegetation cover in urban areas leads to e ectively marked reductions in MRT especially
in summer. MRT is in fact the most a ected parameter by tree-shading e ect and radiative fluxes
(especially direct shortwave radiation), as recently also observed by several authors [14,57,58]
reporting the mitigating e ect of plants on MRT;

in winter, in both neighborhoods located in di erent climate zones, there is a better thermal
comfort (in terms of the improvement of PMV) with vegetation in the street canyons.
Locally, thermal discomfort caused by the vegetation is evident in the pocket park “Parco
Corvaglia” in San Pio (Lecce). Thise ect is not due to the reduction of T, that is mostly higher in
the presence of vegetation, but to the decrease of MRT, which plays the most important role in
thermal comfort [59]. In Aleksanterinkatu (Lahti), not having similar clusters of vegetation, such
thermal discomfort cannot be observed, and a better comfort in the presence of deciduous species
is observed, which provides less shade than evergreen species;

the presence of green covers instead of the concrete surface moderates radiant heat load leading
to an improvement of thermal comfort during summer days. In fact, in the new scenario in San
Pio, the use of grass in some areas decreases the reflection of incoming solar radiation leading to
an important reduction of MRT and PMV;
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the observed winter thermal discomfort in the presence of vegetation appears less important than
the improvement of thermal comfort observed in summer in both neighborhoods.

As found in the literature, the comparison carried out here between di erent tree locations
and species, pavements and arrangement scenarios reveals the importance of considering several
parameters in urban green planning. Di erent types of green infrastructures (parks, street trees or
green roofs) are commonly used in urban areas. Urban parks, like those analyzed in this paper
(“Parco Corvaglia” in Lecce and partially the square in Lahti), present a lower temperature than their
surroundings, with a greater e ect in summer [17,24,60]. This phenomenon is known as “park cool
island” (PCI). The temperature di erence depends on the size and shape of park, type of vegetation
and local meteorology and can be found during the night and day periods. The review of Givoni [24]
found a temperature di erence ofuptol Cto7 C and the review of Taleghani [17] distinguished
between night and day periods. It was found that PCI intensity ranges from 0.5 Cto 10 C with an
average value of 1.15 C during the night time, while during the day time it ranges from 0.3 Cto7 C
with an average around 0.94 C.

Finally, as shown in the present paper, the study of the impact of street trees is more complex because
in addition to trees’ attributes, the cooling e ects also depends on the surrounding characteristics like
building height and density, location of trees within the street or surface materials [24]. For example,
Taleghani et al. [59] showed that the courtyard provides the most comfortable microclimate in the
Netherlands in June compared to other urban forms. Lobaccaro et al. [61], through a study in Bilbao,
found that the orientation and aspect ratio strongly a ected the magnitude and duration of the thermal
peaks at pedestrian level, with the vegetation elements improving the thermal comfort. This suggests
that there is not a general mitigation strategy using vegetation which could be applied for all scenarios,
but ad hoc studies are necessary to optimize the benefits of introducing vegetation for thermal comfort
improvement purposes [24-26].

6. Conclusions

This study evaluated the e ects of vegetation on microclimate and thermal comfort in two
neighbourhoods characterized by a di erent climate, i.e., a Mediterranean city in southern Italy (Lecce)
and a northern European city in southern Finland (Lahti) using the CFD and microclimate model
ENVI-met. The neighbourhoods studied are located in residential areas of the cities that are particularly
important, and frequented and inhabited by families and young students. According to this study,
urban greenery planners are advised to:

focus on urban regeneration interventions that involve the restoration of large concrete areas to
green areas. In particular, grass planting, together with trees, may improve thermal comfort and
thus contribute to improving urban resilience to climate change;

in areas of northern Europe where winter is colder, deciduous species with larger LAD for a better
thermal comfort are preferred;

in Mediterranean areas, plant deciduous species together with evergreen species in equal numbers
in order to balance the di erent e ects on thermal comfort in summer and winter. In this
regard, the recently proposed MOCI (Mediterranean Outdoor Comfort Index) empirical index
for the evaluation of outdoor thermal comfort of the Mediterranean population is worthy of
application [62,63].

Future studies will quantify the annual total benefit (which can be quantified as summer
comfort-winter discomfort) based on several measurement days across the two sites and, moreover,
they will focus the attention to the e ect of other meteorological conditions (i.e., wind speed and
direction) and other e ects of vegetation, for example on air quality and ventilation.
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