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Surface thermal hot-spot areas, and especially industrial and commercial areas, mainly characterized by high
artificial surfaces and low vegetation coverages, consistently affect the livability in urban areas. In this study, one
of the warmest areas of Florence (Italy), the main agri-food market was selected to perform three tree design
mitigation scenarios: a) mitigation intervention by using 5-m high trees (Ts), b) intervention with 10-m high

GIS tools . . . .
Nature-based solutions trees (T10) and c) intervention alternating 5- and 10-m high trees (Ts.19). The methodology was based on the
Shading microclimate monitoring and simulation by urban characterization, involving open GIS data from different data

sources by using spatial software tools (QGIS and the ENVI-met software). Thermal patterns (air Temperature,
AT; Mean Radiant Temperature, MRT; Surface Temperature, ST; Universal Thermal Climate Index, UTCI) were
simulated at 9 a.m. and 3 p.m. by the three scenarios and were then compared through a non-parametric sta-
tistical test with the ex-ante thermal situation. The results revealed that a 10% increase in the tree canopy on
road surfaces had a significant impact on the thermal environment, showing the greatest effect at the surface
level. The greatest cooling impact was observed during the afternoon (3 p.m.) considering the T three design
scenario: MRT, ST and UTCI decreased by 6.0 °C, 4.1 °C and 1.7 °C respectively when compare to the ex-ante
situation. These findings provide very useful information for urban planners and landscape architects to plan

targeted interventions aimed at mitigating urban thermal anomalies in industrial areas.

1. Introduction

It was widely recognized that climate change has led to an increase in
the level of risk for people, infrastructure, and nature due to the increase
in magnitude and frequency of weather extremes [1]. Several natural
ecosystems and economic sectors are exposed to related climate change
phenomena, especially in built-up areas where human activities, land
use, and high soil consumption levels affect the urban microclimate [2].

Urban areas, in particular industrial and commercial zones, are
recognized as areas capable of negatively influencing the urban thermal
pattern creating significant thermal hot-spot areas [3,4] because of high
imperviousness and low reflectivity properties of materials, the absence
(or very low presence) of vegetation and the anthropogenic heat emis-
sion from industrial sites.

It was widely demonstrated that soil consumption, defined as the
change of land cover from natural to artificial areas to perform urban
functions, is affecting our cities [2-6], and high imperviousness con-
centrations contribute to worsen the thermal environment, especially in
the industrial and commercial areas [4]. A recent case study conducted

on the city of Florence investigated the surface thermal hot-spot areas on
industrial sites, where over 80% of impervious surfaces (including
buildings and pavements) were detected [4].

The high thermal conductivity of construction materials and high
levels of soil consumption increase the absorption of solar radiation,
limits soil permeability, increase runoff, and reduce vegetation cover
limiting evapotranspiration [5,6]. These urban characteristics can
contribute to a microclimate up to 10 °C warmer in heavy industry areas
than the surrounding rural areas [4,6], as confirmed by several studies
involving the Urban Heat Island (UHI) phenomenon [7]. The UHI phe-
nomenon, defined as higher temperatures in city areas as compared to
surrounding rural areas, was widely recognized as a well-documented
impact of urbanization, typically in highly built-up zones such as
urban and industrial areas.

Elevated temperatures due to UHI effects affect the thermal comfort
of humans and induce heat-related health problems, leading to heat
strokes, respiratory difficulties, heat cramps, dehydration, and heat
related-morality [1]. These impacts vary across different geographical
regions and employment sectors. Workers engaged outdoor in activities
from moderate to intense levels directly exposed to the sun are among
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Abbreviations
AT Air Temperature
CDSM  Canopy Digital Surface Model

DEM Digital Elevation Model
DSM Digital Surface Model

DSP Daily Shadow Pattern

MRT Mean Radiant Temperature

RH Relative Humidity

SVF Sky View Factor

SH Shadow Hours

ST Surface Temperature

WS Wind Speed

WD Wind Direction

UTCI Universal Thermal Climate Index

the most exposed categories, as also demonstrated by recent publica-
tions on Italian agricultural and construction workers [8,9]. However,
heat stress can determine significant problem also for industrial and
commercial workers involved in semi-outdoor unventilated shaded
areas, under covers, or still in indoor settings such as
non-air-conditioned sheds or if the temperature levels inside factories
are not regulated properly [10].

According to the International Labour Organization [10], heat stress
is increasingly an obstacle to economic activity since it reduces the
ability of business to operate during the hottest hours.

Since the effects of heat stress in urban areas have become more
severe in the last decade, many countries have decided to implement
national and local strategies for climate change adaptation and mitiga-
tion, including nature-based solutions (NBS), green and blue in-
frastructures (GBI), high-reflective materials for pavements, roads, and
roofs [11]. Urban planners have to develop city models to reduce ther-
mal stress impact on the urban environment, with particular attention to
industrial areas as priority zones for heat mitigation strategies. Among
the urban mitigation strategies, greenery has been regarded as one of the
valid measures to have a significant cooling effect and provide better
thermal comfort for urban dwellings [12,13].

The development of urban forestry and the application of vegetation
provide better thermal comfort for urban dwellings by reducing the
thermal stress from pavements during the day. Trees and vegetation
provide direct shading to pavements, which also decreases pavement
maintenance costs by reducing the rate of pavement deterioration. By
increasing the quantity of vegetation or vegetation ratio, applying
appropriate plant layout, and choosing the right vegetation species, the
urban heat load can be alleviated efficiently [14,15]. Further research
underlined the cooling effect of green space is closely related to coverage
area, tree canopy size and coverage, average leaf area index (LAI) [16],
and other landscape metrics useful to evaluate the geometry composi-
tion and configuration of land cover classes [17]. As a result, vegetation
can counteract the effects of solar radiation by shading and evapo-
transpiration by trees, shrubs, and lawns that reduce local temperatures.
In addition, it was widely demonstrated that urban trees can reduce
energy demand effectively more than urban lawns due to their shading
effect [16].

Recent studies [18] showed the effect of trees on urban mitigation,
verifying that vegetation scenarios reduce air temperature by 0.5 K in
built-up areas and enhance thermal performance (in terms of Physio-
logical Equivalent Temperature, PET). Several studies have shown that
urban microclimatic conditions are not only affected by vegetation and
surface thermal properties of materials but also by physical properties
regarding the urban morphology (surface fraction, building height, SVF,
etc.), which affect local climate through their modification of airflow,
atmospheric heat transport, shortwave, and longwave radiation
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balances [13,19,20].

A previous study [14] indicated that the cooling effect of urban trees
is highly associated with the Sky View Factor (SVF) effect, showing that
trees are more effective in low urban density (high SVF) than in compact
urban areas (low SVF).

Global case studies have shown that scenario simulations employing
techniques and microclimate environmental modeling software allow
for the study of physical microclimate phenomena with great precision
[21-27]. Among the most used software for microclimate modeling, the
ENVI-met, a holistic three-dimensional microclimate model [28], has
been widely used to assess vegetation thermal effect simulation [29,30].
Most studies were conducted in Asia and Europe, and in the temperate
zone, and the vegetation effect combined by different GBI types was
mostly investigated [31].

Through the ENVI-met software, it is possible to simulate the surface-
plant-air interactions in a complex urban environment by using a
detailed 3D-plant module and considering the plant evapotranspiration.
The 3D-plant module enables the characterization of tree features in
detail, like the tree height, the canopy shape, and the trunk height, also
specifying the LAD and tree species (or simply defining deciduous and
coniferous trees).

In this study, ENVI-met was used to simulate different tree design
scenarios in an industrial and commercial area, an agri-food area located
in the city of Florence (Italy), identified in a previous study [4] among
the warmest in the Florentine area. In fact, this area is characterized by
very strong heat stress during daytime (UTCI >38 °C) and significant
positive surface thermal anomalies.

In this study, thermal stress was calculated for workers performing
moderate activities, therefore concerning handling, transport, loading
and unloading of material, driving vehicles for the movement of mate-
rial and alternating direct exposures to the sun or in shady areas, under
natural or artificial covers or in not air-conditioned halls. The selected
area was located in a complex urban context where high impervious-
ness, low albedo pavement and vegetation surfaces contributed to
modify the urban microclimate. This area was selected to perform three
tree design mitigation scenarios with different characteristics:

a) mitigation intervention by using 5-m high trees, b) intervention
with 10-m high trees and c) intervention alternating 5- and 10-m high
trees. The thermal patterns obtained by the three scenarios were then
compared with the ex-ante thermal situation.

The results of this study can provide very useful information for
urban planners and landscape architects to plan targeted interventions
aimed at mitigating urban thermal anomalies in building areas that are
particularly strategic for the urban economy, but having a strong impact
from a microclimatic and environmental point of view, such as indus-
trial sites.

2. Materials and methods
2.1. Study area

The study area (Fig. 1) is located in the municipality of Florence
(central Italy) and it was identified on the basis of a recent study [4]
which selected this area as one of the warmest of Florence, with an
average daytime summer LST values of about 45 °C.

The primary agri-food market in the Florentine municipality was
located in this area (about 250,000 m?). The area shows the most
thermal critical urban characteristics: low albedo surfaces (around
0.20), high imperviousness (>80% of the whole area), low tree and
grassland (<15%), and no water body surfaces. In addition, one of the
main thermal stress indicators outdoor, the Universal Thermal Climate
Index (UTCI), revealed a sub-daily period with very strong heat stress
(UTCI >40 °C) especially during the central part of the day from 9 a.m.
to 4 p.m [4].

The agri-food market plays an important role in the commercial
activities of the municipality. From the Local Climate Zones (LCZ) map
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Fig. 1. The study area.

of Florence, available on the WUDAPT platform [32], the study area is
recognized as LCZ 8 class “Large low-rise” characterized by: open ar-
rangements of large low-rise buildings, few or no trees, land cover
mostly paved, steel, concrete, and construction materials.
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2.2. Study framework and methodological approach

The methodology was based on the microclimate monitoring and
simulation by urban characterization, involving open spatial GIS data
from different data sources by using two software tools: a QGIS appli-
cation [33], coupled with UMEP (Urban Multi-scale Environmental
Predictor) plugin [34], and the ENVI-met software [28]. High spatial
resolution of analyses and simulations (between 1 m and 5 m) was
adopted with the aim to perform microclimate area description at the
local scale. Particular attention was placed on the assessment of thermal
comfort for workers and the thermal variation effects at different heights
by comparing indicators of the thermal environment (air temperature,
mean radiant temperature, surface temperature) and UTCI (Universal
Thermal Climate Index) [35]. The results were obtained from micro-
climate modeling simulations of different design scenarios involving
different tree patterns in order to verify the thermal variation and
discuss the improvement strategies for outdoor thermal comfort.

The study framework (Fig. 2) was based on the following analyses.

1. Analyses of the urban morphology and shading: LIDAR (Laser Im-
aging Detection and Ranging) data was used in order to obtain the
Digital Elevation Model (DEM), the Digital Surface Model (DSM) and
the Canopy Digital Surface Model (CDSM) of the study area. The
Urban Multi-scale Environmental Predictor (UMEP) plugin was used
by combining Python and the QGIS software. Output layers (raster
data) at 1 m spatial resolution were obtained.

2. Analysis of urban elements and microclimatic monitoring: data on
land cover, surface material, building height, tree height, tree
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Fig. 2. The study framework. Note: UMEP is the Urban Multi-scale Environmental Predictor tool used within the QGIS and Python environment.
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canopy size, and species were collected in order to characterize the
study area and the urban elements potentially affecting the outdoor
environment microclimate. Urban data (vector data) were collected
by QGIS in order to obtain input data necessary for the following
simulations performed by ENVI-met software. In addition, the
microclimatic monitoring of the study area was conducted through
in-situ measurements (during the period from 20 to June 22, 2021)
to collect input data for simulations.

3. Urban microclimate simulations: were focused on environmental
simulations by considering the current microclimate condition and
investigating three tree mitigation scenarios. The ex-ante scenario (A
scenario) and the three tree design scenarios (Ts, T1o and Ts.10
considering trees with a height of 5 m, 10 m and alternating the two
heights, respectively) were performed by collecting spatial data in
QGIS and ENVI-met simulation. Several output layers at 5 m spatial
resolution were retrieved for each scenario, considering environ-
mental indicators of the thermal environment (air temperature,
mean radiant temperature, surface temperature), the Urban Thermal
Climate Index (UTCI), and indicators on morphology (Sky View
Factor) and solar access (shadow hours).

In this study, open data from the GEOscopio platform of the Tuscany
Region (source: http://www502.regione.toscana.it/geoscopio/cartotec
a.html) and the Open Data Portal of the Florence Municipality
(source: http://opendata.comune.fi.it/) were used.

2.3. Urban morphology and shading analyses

The first spatial analyses were conducted in order to describe the
morphology and shading of the study area by using LIDAR data. The
latter were collected during the year 2017 by the Information System
Department of the Florence municipality and were provided in LAS
(LASer) format, including height data of the single-point geometry of the
surface. The original LIDAR data recorded the height of every single
point on the surface and contained one single LAS classification code (as
0 = created, never classified). The FUSION plugin was applied on the
latter through a specific code within QGIS, in order to detect the ground
points and classify LIDAR data into two classes (ground and no ground).
The classified LIDAR data was manipulated within the UMEP plugin by
using the Python procedure developed by the Urban Climate Group of
the University of Gothenburg (Sweden) [36,37]. The code was further
adapted to LIDAR data (the classified LAS layer), using building geom-
etry (vector data), and applying a specific threshold (>1 m) to filter out
the vegetation canopy layer. Subsequently, three models (raster data)
were retrieved at 1 m spatial resolution, including information on the
height of terrain (DTM), surface (DSM), and vegetation canopy (CDSM).
In addition, two urban layers (raster data) describing the urban
morphology and the summer daily shading patterns were obtained from
the DSM and CDSM at 1 m spatial resolution by using the UMEP plugin.

@ The Sky View Factor (SVF) describes the urban morphology and
returned, with values between 0 and 1, the degree of exposure of a
surface to the celestial vault or portion of sky visible from a given
point located at ground level [38]. SVF is useful to characterize the
radiation properties: the higher its value, the greater the incidence of
direct solar radiation [39]. Four categories of urban space can be
detected by SVF values [40]: dense space (SVF <0.25); semi-dense
space (0.25 < SVF <0.50); semi-open space (0.50 < SVF <0.75);
and open space (SVF >0.75).

@ The Daily Shadow Pattern (DSP) is the shadow fraction ranging be-
tween 0 and 1, where 1 corresponds to the maximum sunlight
throughout the day [41] and the position of the sun is calculated
using PySolar (http://pysolar.org/). The summer daily shadow
pattern of 21st June was selected (from 6:00 to 20:00 local time) in
order to perform coherent analyses in the same period of the mete-
orological monitoring.
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2.4. The urban model characterization

The aims of the analyses were to describe the spatial and microcli-
mate characteristics of the study area and to retrieve the necessary input
data for the microclimate modeling simulations. Urban data based on
meteorological monitoring and the spatial detection of urban elements
(buildings, trees, and surfaces) were collected.

2.4.1. Urban spatial characterization

The urban spatial characterization involved the detection of geom-
etry, surface materials, and height of buildings and trees. The geometries
of urban elements were provided from the regional topographic data-
base on a scale of 1:2000, available from the GEOscopio Regional
Platform previously cited. Data collected from the previous analyses
(2.3. Urban morphology and shading analyses) were used to retrieve
essential information of the model, i.e. height data of buildings and trees
from the DSM and CDSM, respectively.

The material detection was performed on surfaces (roads and pave-
ments) and buildings through an on-site survey, while elevation data of
buildings and trees were retrieved by using Zonal Statistics Tool in QGIS
software [33] from digital models (DSM and CDSM). In addition, open
data from the 2017 Florence Municipality Portal and the 2019 Orto-
photo data of the Regional GEOscopio Portal (data source previously
cited) were used to retrieve tree species and canopy cover, respectively.

2.4.2. Microclimatic monitoring

Microclimatic monitoring was carried out by positioning sensors in
the center of the study area on a building roof at 6 m height. The
microclimate monitoring involved the use of a globe-thermometer
(DELTA OHM HD 32.1), a thermo hygrometer (Humidity/Tempera-
ture Datalogger EXTECH RHT10) and an anemometer (Anemometer
Datalogger DT-187). These devices allow the measurement of the main
microclimate parameters [31] necessary to evaluate the outdoor ther-
mal environment experienced by the worker according to the interna-
tional standard regulation (EN ISO 7726).

Hourly globe thermometer temperature, air temperature (AT), rela-
tive humidity (RH), wind speed (WS) and wind direction (WD) were
recorded by the microclimate station from 20 to June 22, 2021, with the
aim to describe microclimatic conditions when the solar altitude is at its
maximum levels, i.e. close to the summer solstice in the study area. The
monitoring height of measurements of all parameters was about 1.50 m
(7.50 m, considering the ground level) and the sample rate was 30 min.

2.5. ENVI-met models

The microclimate modeling simulations were based on the following
steps.

@ Model set-up and initialization: this section included the model set-
tings, boundary and initial conditions. Information on the simulation
data, time settings and the meteorological boundary conditions were
also provided.

@ Microclimate simulation design and processing: this part provided
information on the design settings and output of the simulations
carried out on the ex-ante condition and the design scenarios based
on three different tree patterns.

In this study, the ENVI-met software was selected to perform
microclimate simulations in order to assess the thermal variation from
the ex-ante and different tree design scenarios. ENVI-met is an envi-
ronment modeling software widely used in the research field [26-30] to
model different urban characteristics within a specific area and to
perform a microclimate simulation. Through this software, different
spatial data information of the outdoor model environment (such as data
on land cover, urban morphology, tree cover characterization), as well
as the meteorological conditions can be managed. The ENVI-met
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simulations were performed by combining spatial data of the urban
characterization of the model and the meteorological monitoring pa-
rameters. The ultimate outputs are biometeorological spatial data,
providing spatial and temporal variations of the modeling area (such as
air temperature, radiative temperature, wind speed and direction,
thermal comfort indices, etc.).

2.5.1. Model set-up and initialization

In this study, the model was centered on the main industrial area of
Florence. The model digitizing was based on the setting related to the
following elements: surface and soil materials, building height, vegeta-
tion cover, and tree height and species. Data from the spatial charac-
terization of urban elements (buildings, roads, and trees) and the
microclimatic monitoring, related to the previous section (2.4 The urban
model characterization), were used in the Envi-met software. In
particular, the Geodata to ENVI-met plugin in QGIS was used to convert
GIS data (vector data of surfaces, buildings, vegetation cover, and trees
including height data) to ENVI-met model area input files. Through this
plugin, each model cell was modeled using the GIS vector data related to
soil and surface materials, vegetation cover, building height and trees.

The model domain size (X, Y, Z) was set to 600 m x 600 m x 36 m,
with 120 x 120 x 12 three-dimensional cells, and the size grid was
selected to 5 m x 5 m x 3 m in order to simulate the microclimate of the
entire study area at the urban scale. The highest point building was 12 m
and the height of 3D model top was 36 m in order to provide sufficient
space between building top and model border. However, the real area
extent considered in simulations (X and Y dimensions) was 500 m x 500
m, because the most peripheral 50 m for each side of the former study
area was potentially affected by boundary bias during simulation.

The ENVI-met runs were carried out for 48 h starting from 20th June,
and 21st June was selected as the target day in order to avoid possible
simulation errors 24 h before.

Regarding the settings of the meteorological boundary conditions,
the Full Forcing method was used, instead of the Simple Forcing method
(recommended only when information about air temperature and hu-
midity are present), since it represented the highest precision. In
particular, the Full Forcing allowed a forcing of the main meteorological
parameters, including air temperature, humidity, wind speed and di-
rection. In this study, the Full Forcing method was applied by using the
microclimatic parameters recorded during the days of 20 and June 21,
2021.

Considering the radiation settings, the Indexed View Sphere (IVS)
module was enabled in order to enhance the accuracy of radiative heat
transfer calculations, in particular of reflected shortwave and longwave
radiation fluxes by taking into account multiple interactions between
surfaces, buildings and vegetation.

A summary of the main input parameters of the model area was
collected by Table 1.

Table 1
Summary of the input parameters of the model.

Parameter Parameter specification Study setting
Location Name of location Florence, Tuscany Region,
Italy
Latitude 43° 48'N
Longitude 11° 13'E
Simulation Start date (YYYY MM DD) 2021 06 20
date
Simulation Start time (HH:MM) 00:00
time
Total simulation time (h) 48
Meteorology Meteorological boundary Full forcing method
conditions
Radiation Raytracing precision Finer resolution

Indexed View Sphere (IVS)
module

IVS module enabled
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2.5.2. Microclimate simulation design and processing

Four modelling simulations were conducted in this study: the ex-ante
simulation (Scenario A), based on the current spatial characteristics, and
three tree design simulations were performed in order to provide in-
formation on the new simulated thermal situation, compared with the
ex-ante condition.

A preliminary analysis involved a comparison between the simulated
air temperature obtained by the ex-ante simulation and the observed
measurements collected by the microclimate monitoring, in this way
providing a support for the validity of the ENVI-met model. The coef-
ficient of determination (RZ) and the root mean square error (RMSE)
were chosen to verify the accuracy of the ENVI-met model.

Subsequently, particular attention was paid to design proper miti-
gation scenarios for the future: involving new dominant tree species
(deciduous) and preserving the current urban function simultaneously,
in addition to the available areas for truck handling (loading/unloading
goods). The design simulations involved three design scenarios
including 133 trees positioned in rows considering distances of 10 m
between one plant and another, accounting for different tree patterns.

1) Scenario Ts: trees with 5 m height;
2) Scenario Tyq: trees with 10 m height;
3) Scenario Ts.1¢: alternating trees with heights of 5 m and 10 m.

The tree distance of 10 m in rows was selected considering the space
needed to allow the typical working activities (i.e. handling, transport,
loading and unloading of material) and movement of the working ve-
hicles, such as for example trucks that were usually parked in front of the
buildings of the simulated area.

Regarding the selection of trees with heights of 5 m and 10 m,
medium-sized trees were selected in the model with the aim of reaching
a compromise between the needs of thermal comfort and the manage-
ment of working space. In addition, medium-sized trees were selected
paying particular attention to maintain the size of the current trees and,
especially, considering the growth potentially achieved by the design
trees over a period of 3-5 years.

The rows of trees were designed on the middle line of roads for
functional reasons related to working activities specific of the agri-food
area and to consider only the shading effect provided by trees, thus
avoiding any interaction with the contribution due to the shading by
buildings. Output data of microclimatic indicators were analyzed
considering the daytime period at 9:00 and 15:00 on 21st June. The
following environmental indicators describing the meteorological and
surface thermal conditions were obtained: Air Temperature (AT), Mean
Radiant Temperature (MRT), Surface Temperature (ST). In addition, the
Universal Thermal Climate Index (UTCI) [35], was obtained from the
ENVI-met outputs in order to quantify the thermal stress levels of each
scenario. UTCI, the state-of-the-art of outdoor rational biometeorolog-
ical indices, is considered as an equivalent temperature (°C) based on the
most recent scientific progress in human thermo-physiology, biophysics,
and the heat exchange theory [42]. The UTCI model was applied
internationally in several application areas, including occupational
thermal stress [43]. The UTCI is based on advanced human thermo-
regulation and air-temperature-related clothing models and is able to
predict the impact of outdoor climate referred to a male person of 35
years, about 1.70 m height, 73 kg weight, generating a total metabolic
rate of about 135 W/m? that corresponds to a moderate activity ac-
cording to the international regulation (UNI EN ISO 8996:2004).

Thus, thermal stress in this study was calculated for workers per-
forming moderate labor activity represented by the following tasks:
sustained work with hands and arms, with arms and legs (driving off-
road trucks, tractors or work machinery); work with arms and trunk
(work with jackhammer, tractor assembly, plastering, intermittent
handling of moderately heavy material, weeding, hoeing, picking fruit
or vegetables); push or pull light wagons or wheelbarrows; walk at
speeds between 3.5 and 5.5 km/h. These work activities fall well within
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those performed by most of the workers employed in the industrial area
under study, therefore above all operations of handling, transport,
loading and unloading of materials from trucks, trailers, and storage
shelves, driving of vehicles not conditioned for moving of material,
alternating exposures outdoors (directly exposed to the sun) or in shaded
areas (under covers or non-air-conditioned sheds).

UTCI is categorized by ten thermal heat and cold stress classes in
terms of equivalent temperature [42].

@ Extreme heat stress: UTCI >46 °C;

@ Very strong heat stress: 38 °C < UTCI <46 °C;

@ Strong heat stress, 32 °C < UTCI <38 °C;

@ Moderate heat stress: 26 °C < UTC <32 °C;

@ No thermal stress: 9 °C < UTCI <26 °C;

@ Slightly cold stress: 0 °C < UTCI <9 °C;

@ Moderate cold stress: —13 °C < UTCI <0 °G;

@ Very strong cold stress: —27 °C < UTCI < —40 °C;
@ Extreme cold stress: UTCI < - 40 °C.

Hourly AT, MRT and UTCI were analyzed at the pedestrian height of
1.5 m, while the first parameter was further investigated at a medium
modeling height of 15 m.

The averaged values of the previously mentioned parameters were
calculated considering two daytime periods (morning and afternoon) on
the road surfaces, as the most affected by tree design scenarios. A non-
parametric statistical test, the Wilcoxon signed-rank test [44], was
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used to investigate the significance of the null difference hypothesis
(HO) within the selected parameters between no intervention and
mitigation scenarios.

Additional ENVI-met outputs regarding urban morphology and solar
access were considered for the target day (21st June) in order to
compare potential differences on the design areas: averaged values of
SVF and shadow hours were retrieved for each scenario. All ENVI-met
outputs were transformed into raster data and manipulated in the
QGIS (QGIS Development Team, 2023) and R software (using the
package “exactextract”™) [45] by retrieving averaged values recorded on
the road surfaces.

3. Results
3.1. Urban microclimate characterization

The area analyzed in this study was 250,000 m? size, where the most
represented surface was road pavements (about 55%), mainly covered
by asphalt, followed by building areas (40%) and green areas (5%).
Additional information about the urban characteristics related to land
cover, height of buildings and trees, tree species, Sky View Factor and
Daily Shadow Pattern were included in Fig. 3.

Table 2 summaries the dimensional and morphological characteris-
tics related to the three main urban elements of the study area (build-
ings, pavements and green areas).

The average height of buildings was 8 m (ranging from 3 m to 12 m)
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Fig. 3. Urban characteristics of the study area obtained from geospatial and LIDAR data.
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Table 2
Coverage area and morphology characteristics of urban surfaces.

Urban characteristics Buildings Pavements Green areas
Area [mq] 100,300 137,275 12,425
Area [%] 40.1 54.9 5.0

SVF (mean) [adim.] - 0.77 0.52

DSP (mean) [adim.] - 0.70 0.56

Notes: SVF: Sky View Factor; DSP: Daily Shadow Pattern.

and the road width ranged between 35 m and 60 m. A number of 112
trees were recorded (49 in street canyons, and 63 in green areas) with an
average coverage of less than 5%. In addition, the most common tree
species were deciduous (such as Celtis Australis, Tilia Europaea, and
Ulmus) with an average height of 10 m and a canopy of 10 m in diameter.
The average meteorological parameters recorded from 20 to June 21,
2021 on the study area were shown in Table 3.

3.2. Indicators of the thermal environment of the tree design scenarios

A preliminary support to the validity of the ENVI-met model was
provided by the verification of the air temperature simulated by the ex-
ante model compared with the air temperature collected by the micro-
climate monitoring for the selected day (21st June 2021). This analysis
revealed a good model reliability showing an R? value of 0.940 and
RMSE of 1.25 °C (Fig. S1), in agreement with previous studies [46,47].

The modeling maps of the ex-ante (A) and the tree design scenarios
(Ts, Ts.10, T10) about soil and surface materials, vegetation cover, and
three-dimensional models are shown in Fig. 4. The maps showed the
input data necessary to define and develop the model area (in the
SPACES component of the ENVI-met software) to be used for the
simulations.

The microclimate output maps of the ex-ante (A) and tree design
scenarios (Ts, Ts.19, T19) were shown in Fig. 5.

Averaged morning and afternoon variations of the environmental
indicators of the thermal environment were investigated for the selected
urban domain (road surfaces) where different tree patterns were plan-
ned (Table 4).

From Wilcoxon signed-rank test, the averaged values of the investi-
gated parameters revealed in the three tree design scenarios were all
significantly different (p < 0.001) from the ex-ante situation. The
parameter that showed the least variability was AT, showing a
maximum difference of 0.4 °C in the Ty scenario compared to the ex-
ante situation. On the other hand, greater variations were observed
considering the MRT and above all at the surface level. In particular, the
highest MRT (6.0 °C in the afternoon and 5.6 °C in the morning periods),
ST (4.1 °Cand 3.0 °C) and UTCI (1.7 °C and 1.5 °C) variations compared
to the ex-ante situation were observed in Tyo scenario. Less marked
variations were observed in the Ts.1g scenario while the lowest ones
concerned the Ts scenario during both daytime periods. All scenarios
revealed “very strong heat stress” conditions (UTCI ranging between
39.9 °C and 41.5 °C) during afternoon, whereas transition from “strong
heat stress” (33.1 °C-32.3 °C) in A, Ts and Ts.19 Scenarios to “moderate
heat stress levels” (31.6 °C) in Tjo scenario were observed during the
morning period.

Table 3
Meteorological parameters of the microclimatic monitoring analysis of the study
area.

Meteorological parameters (at 7.5 m height above ground)

29.0 (19.7-33.5)
37.7 (25.9-48.9)
50.9 (39.9-80.0)

Average air temperature (min-max) [°C]
Average globe temperature (min-max) [°C]
Average relative humidity (min-max) [%]

Average wind speed (min-max) [m/s] 2.0 (1.6-2.5)
Wind direction (0: N, 90: E, 180: S, 270: W) (mode value) [°] 180 (S)
Roughness length [m] 0.01
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The 133 trees planned to be planted on street canyons during the
three simulations represented about 6%, 9%, and 13% of the road
coverage, respectively in the Ts, Ts.19, T19 design scenarios (Table 5).
The highest Tree Canopy Coverage (TCC) on road surfaces (about 13%)
were in Ty scenario, where the new TCC (trees with 10 m of height and
canopy diameter) represented about 10% of the road surfaces. Consid-
ering the urban morphology and solar access, the highest SVF decrease
(about 23%) and SH increase (2.5 h) were observed in Ty, followed by
Ts.10 scenario (16% and 1.5 h) and Ts (6% and 0.3 h).

4. Discussion

Since the early 2000s, the need for climate-sensitive urban design is
significantly increasing [11] and many countries decided to implement
national and local strategies for climate change adaptation and mitiga-
tion, including NBS, GBI, high-reflective materials for pavements, roads,
and roofs.

According to several research centers, rapid and sustained mitigation
and accelerated implementation of adaptation actions in this decade
would reduce projected losses and damages for humans and ecosystems,
and deliver many co-benefits, especially for air quality and health [1].
Urban planners and designers need to develop city models to accom-
modate increasing population pressures reducing the impact on the
urban environment and climate change, with particular attention to
industrial areas considered priority zones for heat mitigation strategies.
Numerous studies discussed heat-mitigating design solutions related to
urban form [48], such as building arrangement and street orientation,
urban vegetation [49], cool materials [50], and water-based cooling
systems [51].

The predominance of impervious cover and the absence or scarcity of
vegetation determine critical thermal environments in urban areas:
direct solar radiation increases pavement surface temperatures, effect-
ing the local microclimate. This aspect is more pronounced in industrial
and commercial areas, mainly covered by artificial surfaces and char-
acterized by the scarcity of tree cover, in this way unable to reduce the
surface temperature through the shading effect and evapotranspiration.

Urban landscaping and the development of tree cover spaces (tree
species, height and canopy cover) play a key role in UHI mitigation,
influencing the variations of temperature in cities [52,53]. Currently,
research on heat mitigation scenarios based on tree patterns was con-
ducted at various scales [25,54-57] and several studies demonstrated
that trees provide better cooling effects on high-temperature asphalt
surfaces [25,27,58]. In particular, trees provide direct shading on
pavements, which also decrease pavements maintenance costs by
reducing the rate of pavement deterioration [13]. Recent studies have
shown that trees cooling capacity depends on different physical or
structural characteristics of trees and their location of placement in an
urban environment [55]. However, the costs associated with the main-
tenance of the greenery should also be considered, which in any case are
significantly lower than the benefits obtained from the plants [59].

Moreover, it was widely recognized that the transmission of light
through the canopy cover plays an important role in effecting the surface
temperature [60] and the increases in the percentage of vegetative cover
reduces solar absorption during summer [61].

Several studies conducted in urban areas worldwide observed a
reduction between 5 °C and 25 °C in pavement temperature under the
tree shading compared to the non-shaded areas [13]. In addition, the
larger the tree canopy is the more effective the shading result [27,62]:
trees with larger crowns favor a decrease of the SVF below the tree, in
this way reducing the amount of solar radiation received and allowing
the cooling effect. A previous study [15] showed that trees were more
effective in low urban density (high SVF) than in compact urban areas
(low SVF). The modeling study revealed that air temperature reduction
(1.5 °C reduction) is the most profound for the high SVF scenario.

The assessment of urban morphology and solar radiation access, for
instance by considering SVF and SH, in the design area is extremely
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important in order to consider the shading conditions of the buildings on
both sides of the street [13], better describing the relation between
cooling and shading effects provided by trees and further urban ele-
ments (such as buildings).

Our study provides an important contribution regarding the impact
of street-level greenery on environmental and surface temperatures,
taking into account human height and morphological factors like SVF
and SH. Spatial data on urban morphology and solar exposure was
essential to detect the most solar-exposed areas where to simulate tar-
geted design scenarios aimed at improving the thermal environment of
the industrial area. The best-planned tree scenario in terms of reduction
in UTCI and thermal parameters involved trees with a height and a
canopy diameter of 10 m (Ty¢). In this scenario, the design tree pattern
(133 trees representing a 10% increase on the road surface cover) was
characterized by the highest decrease in MRT, ST and UTCI, respectively
during both afternoon and morning periods, and the highest decrease of
SVF and increase of SH. The highest thermal decreases were observed in
the afternoon (at 3:00 p.m.) for almost every scenario and this result is in
accordance with previous studies [27,63], showing that the best cooling
effect occurs between 1:00 p.m. and 3:00 p.m.

In particular, our microclimate simulations showed that trees play a
crucial role in cooling the road surfaces, in accordance with recent
simulation results [27]: trees with a height of 10 m showed the best
cooling effect favoring significant decreases of 6 °C in MRT and 4 °C in
ST compared with the ex-ante situation.

In accordance with previous studies [64,65], trees had minimal

effect on air temperature, but showed a significant effect on lowering
surface temperature and mean radiant temperature thereby improving
the thermal comfort. It was widely demonstrated that mean radiant
temperature is mostly affected by surfaces’ albedo and by the shading
from both buildings and trees because of its dependence on radiative
fluxes (especially direct shortwave radiation) [28].

As expected, surface and mean radiant temperatures played an
important role on the tree mitigation scenarios, instead of air tempera-
ture. Low airflow values (values under 2 rn/sz) were measured within
the study area during the entire day, and, little daytime variations in
wind speed (below 0.5 m/s?) were simulated between the ex-ante and
the tree design scenarios under the new tree canopies at 1.5 m height.
These results were in agreement with a previous study [65] that
confirmed that light wind (under 2 m/sz) can limit its potential effect on
the local heat exchange processes.

The urban characteristics linked to tree shading changed moving
from A to Tjg scenario, determining potentially better shading features:
a 23% decrease in SVF (with SVF = 0.59, corresponding to “semi-open
space” category) and about 2.5 h increase in SH were observed in Tqg
when compared with A.

The best thermal improvement in the agri-food market will be
potentially achieved by the tree design scenario considering trees of 10
m height, whereas lower cooling effect will be obtained by the scenario
involving trees of 5 m height. Our findings revealed the importance of
tree height and canopy cover dimension to provide significant variations
of urban microclimate in a complex urban area such as industrial and
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commercial zones. For this reason, it should be considered that, in urban
complex contexts, a significant cooling effect could be reached several
years after planting (depending on tree species), therefore upon reach-
ing a height of about 10 m. Our results suggest that, with the aim of
achieving the best result, it is worth planning new trees in target areas
with proper characteristics (tree density, height, canopy cover size),

therefore selecting proper trees with large canopies and rapid growth. A
virtuous tree example at fast growth is the Paulownia Tomentosa, a
deciduous tree (Paulowniaceae family), being able to grow from small
cracks in pavements and walls. This specific tree is widely cultivated as
an ornamental tree in parks and gardens [66] and was highlighted as a
good solution to reach the selected goal in urban and specifically
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industrial areas [67].

Despite tree benefits in industrial areas were widely demonstrated,
specially referred to thermal comfort, air temperature regulation,
emissions, and air pollution reduction [65,68,69], this study addressed
particular attention also concerning the design intervention selection, in
terms of tree location and dimensions.

This study selected specific parameters in order to conduct micro-
climate simulations in the industrial area of Florence with particular

10

attention to tree patterns, according to a sustainable pattern for both
thermal comfort needs and the conduct of work activities. Appropriate
tree distances, tree height, and crown size were selected properly in
order to allow the regular performance of the work activities, as well as
for the work vehicles’ movement. In this study, the selection of tree rows
in the middle of the road with a distance of 10 m between trees and a
maximum height of 10 m was designed with particular attention to
allowing adequate road space for the work activities and producing
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Table 4

Averaged values of the indicators of the thermal environment in the selected periods (at 9:00 a.m. and 3:00 p.m.) recorded on the overall road surfaces from the A, Ts,

T10, and Ts.10 scenarios.

Analyses on the overall road surfaces

Indicators of thermal environment Morning period (9:00 a.m.)

Afternoon period (3:00 p.m.)

A Differences from the current ex-ante situation (A) A Differences from the current ex-ante situation (A)
Ts Ts.10 Tio Ts Ts.10 Tio
AT at 1.5 m (mean =+ sd) [°C] 28.6 £ 0.4 -0.0 -0.1 -0.2 36.4 + 0.6 -0.1 -0.2 —-0.4
AT at 15 m (mean =+ sd) [°C] 27.9 £ 0.4 -0.0 -0.1 -0.2 349+0.8 —0.0 -0.1 -0.2
ST (mean =+ sd) [°C] 385 +6.2 -0.6 -1.8 -3.0 525+7.9 —-0.6 -2.3 —4.1
MRT at 1.5 m (mean =+ sd) [°C] 479 +12.4 -1.0 -3.3 —5.6 57.2 +£11.8 -0.8 -3.4 —6.0
UTCI at 1.5 m (mean =+ sd) [°C] 33.1+33 -0.2 -0.8 -1.5 41.5 £ 3.1 —0.2 -0.9 -1.7

Note: AT: Air Temperature; ST: Surface Temperature; MRT:

Table 5
Tree number and Tree Canopy Coverage (TCC) on road surfaces, and averaged
Sky View Factor (SVF) and Shadow Hour (SH) values.

Road surfaces

A Ts Ts.10 Tio
Tree (n.) 49 182 182 182
TCC (mq) 4600 7925 12,875 17,900
TCC (%) 3.4 5.8 9.4 13.1
SVF mean (adim.) 0.77 0.72 0.65 0.59
SH mean 4.6 4.9 6.1 7.1

Note: TCC: Tree Canopy Coverage; SVF: Sky View Factor; SH: Shadow Hours.
TCC% values are referred to road coverage.

processes, especially for vehicle operations.

Moreover, this study referred to an industrial area that has charac-
teristics corresponding to the “Large low-rise” Local Climate Zone (LCZ)
classification, therefore characterized by open arrangements of large
low-rise buildings, few or no trees, land cover mostly paved, steel,
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Mean Radiant Temperature; UTCI: Urban Thermal Climate Index; sd: standard deviation.

concrete, and construction materials. It is possible to classify and iden-
tify this class of urban typology through the WUDAPT platform also for
other Italian and international cities [32]. The findings of this study can
certainly provide a contribution for those urban areas that have similar
characteristics in terms of distribution of large low-rise buildings,
vegetation types and imperviousness cover. In addition, the work also
can certainly be extended to those industrial contexts that envisage work
activities similar to those considered in this study, where it is not
possible to intervene by distorting the paved area which must maintain
productive characteristics.

The originality and scientific contribution of this study lay in the
performance of detailed urban model characterization within the
selected industrial area, mainly from open geospatial data and meteo-
rological monitoring, followed by urban microclimate simulations based
on realistic tree design approaches for mitigating thermal conditions.

The scientific contribution also lays in the area selection within an
industrial fabric, mainly characterized by typical industrial elements
that potentially determined surface thermal anomalies (such as large
low-rise buildings, impermeable surfaces and scarce vegetation cover)
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and that made interesting the comparison with mitigation interventions
in other industrial context at the same latitude.

Furthermore, the microclimate simulations were characterized by
realistic methodology approaches, in particular regarding the detailed
analyses conducted for the model characterization (including urban
features and meteorological parameters) and the tree design mitigation
scenarios.

The realistic approach of this study was mainly based on three tree
design scenarios, depending on different tree heights, considering the
tree location in the most solar exposed areas, with particular attention at
preserving the work space.

4.1. Study limitation

The microclimate model output of this study showed some limita-
tions linked to the ENVI-met modeling. Despite ENVI-met has a solid
physical foundation, simulation still cannot fully represent the real
world because of the use of “approximations” [31,70]. For this reason,
further studies will perform in-situ measurements in order to validate
results from design scenario simulations and to avoid possible
misjudgment. Additional limitations were included in the simulation as
the anthropogenic heat generated by humans, vehicles, and mechanical
cool systems is not accounted for in the model [55,56,71], as the
ENVI-met software has not been implemented for these aspects [64].
Recent studies on microclimate modeling [64,65,72,73] confirmed the
ENVI-met software limitation in not considering the heat anthropogenic
heat emissions and the need to carry out further effort and improve-
ments in this direction. In addition, further important tree parameters
might be parameterized, such as LAI (Leaf Area Index), LAD (Leaf Area
Density), and further indicators of landscape metrics related to green
cover [17] that are important indicators for urban surface temperatures
and tree cooling [56]. In our study, an average default LAD value (equal
to 1) was used.

Despite this study was not focused on the airflow patterns, important
meteorological parameters like the wind speed were considered in the
ENVI-met simulations, but not included in the results because of little
daytime variations in wind speed (under 0.5 m/s%) between scenarios
under the new tree canopies at 1.5 m height. Another limit concerns the
use of the UTCI for occupational purposes. In our study, only the
simulation of heat stress associated with moderate physical activity has
been considered, while the implementation of other situations related to
occupational thermal stress (i.e. the modification of metabolic rate,
clothing levels and exposure duration) should be considered for future
developments [42].

In addition, future analyses should also consider the effect of cool
materials on pavements and roofs, in this way considering also other
potential thermal mitigation solutions to be integrated with the use of
NBS with the aim to improve the thermal environment.

5. Conclusion

Mitigating the surface thermal hot-spots in industrial areas during
daytime hours represents a pressing challenge that requires immediate
attention from the scientific and academic communities. Our findings
revealed that increasing the number of trees and thus improving the
canopy cover significantly enhances the cooling effect depending on tree
characteristics.

In particular, a 10% increase in the tree canopy on road surfaces
revealed a significant impact on thermal environments, showing the
greatest effect at the surface level on both daytime periods analyzed. The
greatest cooling impact was observed during the afternoon (3 p.m.)
considering the tree design scenario covering overall about 13% of road
surfaces and represented by trees with 10-m height and the largest
canopy cover (T1p): MRT, ST and UTCI decreased by 6.0 °C, 4.1 °C and
1.7 °C respectively when compare to the ex-ante situation. The lowest
cooling effect (but still statistically significant) was observed
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considering a mitigating three design scenario by using trees with 5 m
height (Ts), leading to a 0.6 °C and 1 °C decrease in ST and MRT,
respectively compared to the ex-ante situation.

Based on our simulations, it is concluded that thermal mitigation
strategies based on trees should be focused on criteria accounting for
specific tree characteristics, with particular regard to selecting trees
with fast growth able to reach the most effective height to mitigate
thermal effects (10 m height and with a canopy cover of almost 10 m
diameter).

The results of this study indicated that trees are important elements
for urban mitigation strategies and that tree shading on urban surfaces
can strongly contribute to mitigating surface thermal hot-spot areas and
improve the thermal comfort for outdoor workers. However, urban
planners and policy makers should be aware of the different impacts
these strategies have and their application must be analyzed according
to the local climatic, morphological, and urban functional contexts.
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