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Abstract

According to the challenge of global warming, treésy an effective role in reducing heat islands
and improving thermal comfort. In this study, timepact of urban greening on microclimate and
pedestrian comfort is studied using ENVI met v4 doresidential district in Tabriz, Iran. In-situ
measurements of air temperature and relative htynidive been preliminary performed on ten
points in the studied site and collected data wgesiccessfully validate the model. Four scenarios
with different trees species and patterns were Isit@d during typical summer and winter days, to
assess benefits and disadvantages during diffeesgons, in terms of air temperature (Ta) and
relative humidity (RH), mean radiant temperaturem(fl) and physiologically equivalent
temperature (PET). Result showed that the bestasiceprovides great summer cooling without
compromising winter comfort. In summer Ta and Tamg decreased by respectively 0.29 °C and
20.04 °C; while in winter, they reach respectivél92 °C and 13.22 °C, compared the reference
scenario characterized by 6.28 °C (Ta) and 23.47(T@rt). These results in a summer PET
improvement from 34.92 °C to 26.16 °C, thus movirmgn an original hot thermal sensation to a
slightly warm one. Based on the outcomes of theystit is possible to provide useful design
recommendation for urban adaptation plans.

Key words: Pedestrian comfort, Urban greening, Trees deslgrhan microclimate, UHI
mitigation, ENVI-met
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1. Introduction

Extreme thermal stress events have considerablgased in recent years, both in frequency and in
magnitude, and this trend is expected to continiik future global warming, especially in some
world regions as southwest Asia [1, 2]. This withsh probably exacerbate other challenges, such as
the buildings energy use for cooling with consequgrenhouse gas (GHG) emissions; the ability
to work resulting in lower productivity; the durdétyi of building materials and infrastructures, the
possibility to use public spaces thus constraisiogal life and, above all, public health direcily
well as by increasing the burden of air polluti@xcess heat is an increasing threat to human life.
According to Mora et al. around 30% of the worlgspulation is currently exposed to climatic
conditions exceeding a deadly threshold for attl2@sdays a year and this percentage is projected
to increase to~48% even in a scenario with drastic reduction ofGsémissions [3]. The world
population will reach 9.9 billion by 2050, up 2.Blibn or 29 percent from an estimated 7.6 billion
people now, while 66% of the population will liva tities (85% in more developed regions)
according to projections by Population ReferenceeBu (PRB) [4]. Urban Heat Island (UHI), the
phenomenon resulting in the increase of temperatudense areas of cities in comparison with
rural areas, is then exacerbating too. Thus, tingpooind effect of climate change and urbanization
on urban comfort and health problems is more andenmoncerning especially for weak and
disadvantaged groups (elderly and sick people)N&ny cities, especially in Europe, are already
working on mitigation strategies for climate chanige. decreasing energy use and GHG emissions
[6]. However, even if global GHG emissions werestop today, climate change would continue for
many decades as a result of the inertia of theatérsystem. Therefore, it is also vital and urgent
develop strategies to adapt cities to the unavéedebpacts of heat stress. Urban adaptation is a
systemic approach, with a long-term perspectivat #ims to change urban design and structures,
an integral part of city development and regenendi]. It is still a novel challenge and item bt
agendas of most cities, thus the level of awareagsslaptation still needs to be improved, while
the UHI assessment methods and countermeasuresrtmie and more investigated and applied.
Recommendations for urban design mitigation stiagegeed to be based on scientific findings
from the urban human-biometeorological perspectfivgé The human thermo-physiological
processes and the local thermal environment, imdeof air temperature (Ta) mean radiant
temperature (Tmrt), wind speed (v) and relative tiitm (RH), affects the human perception of
heat. In the last four decades several thermal adraésessment indices have been developed and
applied to urban contexts, to represent the theemaronment from a human thermo-physiological
perspective. Among them, the physiologically eqlemttemperature (PET) [8] is preferable to
other thermal indexes because of its unit (°C),cwhnakes results more comprehensible to urban
planners not so familiar with modern human-biometlagical terminology [9]. In literature, a
growing number of studies have been conducted @tegies for improving the urban thermal
environment and pedestrian thermal comfort suchclenging the urban geometry, planting
vegetation, using cool surfaces, and incorpordimgjes of water [10]. Some existing research [11,
12] focuses on urban form in various countries wiiffierent climatic characteristics. Their results
illustrated that changing the urban dimensions @noportions considerably impacts the air
temperature and shading of the cities envelopeetlal. [13] studied and analysed the landscape
morphology of the street canyon in Harbin. Theydwad that changing the landscape morphology



of the street canyon is the better way to imprdwe thermal environment of the urban areas as it
does not require changing the forms of existindduugs.

The use of “green” in the cities, including greeofs, green walls, parks and tree planting, is a
well-established adaptation strategy, which affecbsan microclimate and comfort through several
processes, especially evapotranspiration, shadlvigraction with air movement. Compared to
other solutions, it presents several advantageserms of environmental and aesthetic benefits,
effectiveness, reduced costs and relative easaplémentation [14, 15]. Several authors compared
the performance of different overheating mitigatswiutions. Taleghani compared the effect of
vegetation and high albedo materials on thermalfodnn urban open spaces, demonstrating that
although highly reflective materials reduce urbant@mperature, they increase the re-radiation of
sun to the pedestrians. The author then suggegttat®n as a better design choice for improving
pedestrian thermal comfort [16]. Also a recent wogported a comparison of mitigation effect
(maximum reductions in Ta and PET) among differstnategies - urban geometry, vegetation,
reflective surface, water bodies- based on fieldasneements and numerical studies [10]. The
results revealed similar median reductions in TAK2 2.0K, 1.9K, and 1.& for changing
geometry, adding vegetation, using reflective ssefand incorporating a water body, respectively),
while major variations were obtained for PET. Chaggurban geometry presented the greatest
cooling effect (a median reductiohl8.0K), followed by adding vegetation (a median
reductionof 13.0K). However, Aboelata [17] believed that trees areffective in reducing air
temperature in the streets of aspect ratio (H/V\) ifh: all orientations in hot arid climates. He
evaluated different three suggested vegetationasimen(20% trees, 50% trees and 70% grass) and
his results showed that scenario (50% trees) emlsgitysiologically equivalent temperature (PET)
in streets of aspect ratio (H/W) 1:1 in all oridias. In addition, a number of studies have shown
that reflective surface causes a median increa$gEih of 2.7, worsening the outdoor thermal
comfort in summer [10]. Therefore, correlation beéw the mean radiant temperature (Tmrt) with
physiologically equivalent temperature (PET)is hayhd is the most important factor influencing
PET in the urban area [18].

In recent decades, a number of studies especwllyséd on the cooling effect of urban greening, as
demonstrated by several review works in the fiéfl [L9, 20].

The majority of field experimental works demonstrétat urban greening contributes to the UHI
mitigation in open spaces during daytime, focusingair and surface temperature reduction, while
cooling magnitude depends on several factors anwshbape, vegetation typologies and extensions,
climate and period of the year [17, 21-24]. Yaralef25] analysed one-year field experiment data
with various land-use types in a subtropical clenat China. Their findings illustrated that adding
vegetation significantly impact on air temperatveeuction and areas with vegetation coverage
greater than 55% create a relatively stable theremlironment for the dwellers. Based on
observational data of existing green spaces reiérom about fifty papers, Bowler et al. in 2010
demonstrated that urban greening, such as parkgreesl, may act to cool the environment on
average by 1°C compared to a non-green site, whibding differences are due to the vegetation
extension and typologies [26]. However, conductiredd studies in real urban settings can be
challenging due to the combined effect of multipégiables and the lack of experimental control.
Thus, numerical modelling and simulations have bieereasingly used to validate, analyse and
predict urban thermal environments. Among compaoitai fluid dynamic models, ENVI-met is a
three-dimensional small-scale CFD model that siteslasurface-plant-air-interactions in urban
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environments resulting micro-meteorological phenomeithin the urban canopy and boundary
layer [27]. It is extensively and successfully aggl in literature to evaluate the micro-
meteorological and human-biometeorological impadtslifferent urban climate design strategies
[28, 29] and can be considered as a very helpfll fr urban climate analysis provided a deep
knowledge and understanding of the tools’ limit8][3

ENVI-met applications related to the assessmentlzdn greening can be found in several studies,
limited to microclimate (e.g. [31-33] or extendedpedestrian comfort evaluation (e.g. [7, 14, 24,
34]. A comprehensive review of ENVI-met use in tligntext is reported in [30]. Especially
focusing on trees, Wang et al. simulated diffessr@narios of tree planting patterns and trees.sizes
They emphasize the beneficial effect on Ta of iasmg tree crown diameter and on planting trees
without space between the tree crowns [32]. Wul.eteated four scenarios with different spatial
arrangements of trees in an ENVI-met model of adesdial neighbourhood with high-rise
apartment buildings in Beijing. They found how dint spatial arrangements had differentiated
effects depending on the location of buildings slvegl[35]. Aminipouri et al. [36] in their research
on six local climate zones for a hot summer daychkated that adding street trees has the potential
to offset Tmrt increases under the best scendRecently, Zolch et al. assessed the microclimate
influence of typical greening design options fastemgular public squares during a hot summer day
during day and night time conditions, by applyingadidated version of the ENVI-met V4 against
field Ta and RH data. They highlighted the impathomber and placement of trees as well as
share and placement of meadow areas for better flandand less heat storage at least for night
time cooling [24]. As recently observed by sevenathors, the findings of studies on the impact of
urban greening show large variations of air temjpeeaand PET reductions, due to the different
configurations of the compared cases and the difteclimate conditions in various studies [10].
The cooling potential of trees varies accordingheir characteristics, which are leaf area index,
tree height, trunk height, crown height and crowdtiw[12]. Deng et al. [37] worked on tree crown
spectroscopy on the radiative performance of temtpl tree species in the UK. Their results
showed that tree species selection in urban hessssmitigation depends on the combination of tree
crown morphology, solar altitude and leaf size. yT peesented that infrared transflection towards
pedestrians and buildings is considerable. Henee arown transflection should be primarily
towards sky on the sunlit side of trees. Bartes&gu et al. analysed 165 studies from 2010 to
2017 investigating the cooling effects of greenrasfructure to identify knowledge gaps and
potential directions for future research. Resuétéerled that little is known about the thermal
benefits of urban greening in tropical and desémates, developing countries, and southern-
hemisphere regions which are experiencing sigmficabanization and population growth and are
severely affected by heatwaves [38]. Lai et alhhgit that a larger cooling effect is achieved
when mitigation strategies are applied in hottemates, due to the greater potential for heat
reduction [10]. Furthermore, they stress that nafsthe existing studies focused on only a few
typical summer days in one city. However, a desigt improves thermal comfort in summer may
cause discomfort in winter. To our best knowledgdy few studies so far investigated the effects
of greenery and trees on outdoor climate and thecomfort in winter [12, 39, 40]. Thus, it is
necessary to consider the influence of climataftdgrdnt times of the year [10].

The necessity of this research is expanding th&tiagi knowledge on urban trees design, focusing
on tree cover and tree species (local and non-kpmaties) impact on human thermal comfort next
to the microclimate, on summer and winter seastmserify how to reach a proper control of
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summer heat stress while not worsening the winieratlimate. The case study(Aseman-e-Tabriz
residential complex) have been chosen in Tabrian,Ircharacterised by a steppe climate.
Microclimate and human-biometeorological simulasiarsing ENVI-met software were conducted
for typical summer and winter days.

With respect to human thermal comfort and urbangdesecommendations, the following issues
are stressed by the study: (i) the current treefigmation and four alternative trees design
scenarios in the study site, (ii) the ENVI-met miodaidation against field measurements (iii) the
local microclimate in terms of Ta and RH (iv) petie®n comfort in terms of Tmrt and PET, (v)
summer and winter days, (vi) steppe climate.

2. Material and methods
2.1 Study area microclimate monitoring

The study site is a residential area in the cityrabriz (38°8North, 48°15East, 1350 m asl), the
largest city in northwestern Iran, with a populataf nearly 1,400,000. Tabriz has a steppe climate
[41] (Figure 1), with low precipitation (318 mm @awerage). The average temperature for the year
in Tabriz is 12.8°C. The warmest month, on avereagéuly with an average temperature of 26.7°C.
The coolest month on average is January, with arege temperature of 2.8°C.

- — Tabriz Map, Iran
m
21}
Tabriz
20
m
iz Grand Bazaar §3
21 3 G
KHIYABAN
LL oy,
21 ar gy
MARALAN VALIASR
Niyayesh Blvd Niyayesh Bvd 9
a —
' Location of Aseman-e-Tabriz E‘LGOIU
Latitude: 38.04312295
Longitude:  46.3610816
Sea level: 154l m

Fig.1. Location of the selected site in Tabriz, Iran.

Aseman-e-Tabriz residential complex is designe#l.4nhhectares and in the form of 928 residential
units. The complex has 16 towers with 18 floorsiraunded by street canyons with asphalt
surfaces, grasslands and trees (Table 1).

The index of “FAR”(Floor Area Rate) of the apartrhdslocks is 20% and the ratio of open
space(green space and road area) to the totaisasgout 65% (Table 1) and the index of open
space per unit in the complex is 66, while the standard rate of open space per (negalpinit is

20 nf as the building code in City Plam detail, greening (grass and vegetation) actuzdlyers
about 46% of the district surface, however, thaltaumber of trees on the site is quite limited,
totaling 153. In other words, there is a tree e\@8¢ nf (green space) and 17 trees per hectare.



Almost all the trees in the site are coniferousé€ptypress, a needle tree) which are non-local
species, approximately 7 meters high with a crowmmeter of about 3 meters (Figure 2).
Table. 1.Profile of land cover types (area and percentagt)e Aseman-e-Tabriz study area

Open space elements Area (th Percent (%)
Apartment blocks 19000 20.25
Green spaces (grass and vegetation) 43875 46.65
Roads (Asphalt) 16963 18.04
Water 420 0.44

Fig. 2. A view of the residential complex of Aseman-e-Talfe tree’s exemplary dimensions in red)

Air temperature (Ta) and relative humidity (RH) eeneasured in 10 points of the site of Aseman-
e-Tabriz. The measurement device was placed 1.5weafjround (Figure 3). The measured data
were collected from 09:00-17:00 in the local time 81 January, 2 and 3 February. The
specifications and technical data of the measuresogripment are illustrated in Table 2.

2 " Measurement Points

N l Water
B Building B Grass
‘ [ Asphalt @ Tree
O Walkway ® Mecasurement point

Fig. 3.Land cover type and measurement points on th@shseman-e-Tabriz.
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Table. 2.Specifications and technical data of the measurisiguments

Parameter Sensor Measuring range Accuracy Output Measuring

type resolution rate
Temperature Testo 610 -10to +50 °C 0.5 °C 0.1°C 1ls
Relative Testo 610 0 to 100 %RH +2.5 %RH (5 to 95 0.1 %RH 1ls
Humidity %RH)

2.2 ENVI-met modelling and validation

In this study, numerical simulations are conductsihg ENVI-met v4 and output data were used in
the RayMan model 2.1 (Matzarakis, Rutz, & Mayer020to calculate PET [8].10 thermal
sensation levels are defined over a scale rangomg £xtreme heat stress to extreme cold stress,
related to 9 PET classes. The thermal comfort Zzermnsidered between 18 and 23°C PET [9]
(Table 3).

Table. 3.Categorization of PET level for different thernsahsation and physiological stress

PET Thermal sensation Grade of Physiological stress
Below -4

Very cold Extreme cold stress
4

Cold Strong cold stress
8

Cool Moderate cold stress
13

Slightly cold Slight cold stress
18

Comfortable Neutral
23

Slightly warm Slight heat stress
29

Warm Moderate heat stress
35
a1 Hot Strong heat stress
Above +41 Very hot Extreme heat stress

The simulated domain representing the study area disaded into a three-dimensional grid of
90*60%60 cells with dimensions 6*6*6, covering ddbsurface of 194400 hand 5 nesting grids to
each side. The vertical grid near the ground saerfaas divided into five equidistant sub-grids of
0.2 m to improve calculation efficiency.

For each grid cell the specific soil profiles ortgiees of surfaces was modeled considering the
available natural or artificial materials of theta@mre database.

The meteorological variables, including dry air parature, air pressure, specific humidity, wind
speed and direction, and cloud sky cover, werdased on the meteorological data collected by
Tabriz stations and reported in the Iranian Metkgioal Organization website [42]. Data were
extracted for the software validation days (31 dapu2 and 3 February 2017) and for the summer
and winter days (respectively 22 June 2017 and &&Mber 2017) considered as simulation days.
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A daily simulation period 9:00-17:00 was definegble 4 summarizes the main domain features,
simulation timing and meteorological data of the\E¥het model on both simulation days.

Table. 4. Domain features, simulation timing and meteoratabidata of the ENVI-met model on both
simulation days.

Domain features

Location 38°8N 48°15E

Elevation (m asl) 1350

Climate BSk

Domain size 90*60*60

Grids spatial resolution Horizontally:6m; Vertically: 6m

Simulation timing

Simulation day 2017.06.22 2017.12.22

Simulation period 9:00 am - 17:00 pm
Initial meteorological data

Dry Bulb Temperature (°C) 24.2 2.9

Relative Humidity (%) 32 73

Wind Speed 10 m a.g.l.(m/s) 4.9 2.1

Wind Direction (degree) 120 250

Cloud cover 0 0

Height, crown length and diameter, and leaf ardaxn(LAI) were estimated for the trees within the
simulation domain (coniferous-deciduous) using ib@-seasurements and set in the “Albero”
subcategory database included in ENVI-met. The features were left as the software default
values.

RayMan was used for the PET evaluation, considandiidual variables such as physiological
characteristics, height, weight, age and gendethigistudy, a population composed by males of
about 35 years old, 175 cm and 75 kg has beentsé)adth a static clothing insulation index of
0.2 in summer and 0.9 in winter, and metabolic gt80 W/ni based on ISO 9920:2007 and ISO
8996:2004.

10 virtual receptors to get climatic data in ENVéimsimulation (A to J) have been defined
according to the field measurement points. Figureptesents the simulation domain with the main
surfaces’ properties and the receptors.
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Fig. 4. Representation of the base ENVI-met model (cumgesgning situation)

2.3 Numerical ssmulations

Once the ENVI-met model, representing the curresgman-e-Tabriz study area configuration, has
been validated against field measurement datasthieen used to evaluate the impact of different
greening patterns on microclimate characteristreduding air temperature, relative humidity and
mean radiant temperature. Finally, has been caeunilthe PET values with the RayMan model.
Four different scenarios with regard to trees nunarel species were simulated on the selected
summer solstice (22.06.2014) and winter solstic2.122014), to assess the impact of the
mitigation strategy on summer and evaluate the teaéisadvantages on winter season (Figure 5,
Table 5):

- case 1: as the base model (same number of tre8s,blis with a different tree species
(acacia-beech, a deciduous tree);

- case 2: compared to the base model, a greater muwhliees (270) and a different tree
species (acacia-beech, a deciduous tree);

- case 3: as case 2, but with a greater numbered (405);

- case 4: as case 3, but with a greater numberex {610).

With these configurations, the comparison amongotise case and case 1 could reveal the impact
of trees species, while the differences among cas&and 4 will be more related to the trees
number.
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Fig.5. Visualization of the four different simulation segivs on ENVI-met

Table. 5. Simulated cases in terms of number and specieges for the different scenarios in the ENVI-
met model.

Simulation scenarios
Base case cl c2 c3 c4
Needle tree Deciduous tree Deciduous tree Deciduous tree Deciduous tree
(pine-cypress) (acacia- beech) (acacia- beech) (acacia- beech) (acacia- beech)

Trees species

Number of trees per

17 17 30 45 60
hectare
Total number of trees 153 153 270 405 540
Trees distance from i i 12m 10m 9m

each other (~)

3. Results
3.1 Fiedld measurements and modd validation

The ENVI-met model was validated considering tharlyoobserved and predicted air temperature
and relative humidity during 31 January, 2 and Breary 2017 in the period 09:00-17:00. Figure 6
and Figure 7 represent the measured and simulat] tespectively for Ta and RH, in the
measurement average value among all receptors. &qumlitative point of view, trends highlight a
good agreement among observed and predicted data.
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A quantitative measure of the model performance w@sducted considering the data in all
measurement points/receptors and calculating threlation coefficients (B, the root mean square
error (RMSE), the probability value (P-values). &béd results are reported in Figure 8 and
demonstrate a satisfactory performance of the medé! R over 0.89, and a P-value under 0.05.
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3.2 Impact of greenery scenarios on microclimate

The simulation results in terms of Ta, RH, Tmrt aeported for a height of 1.5 m agl to
approximate the human-biometeorological refereraght [43] and presented in two ways: (i) 2-D
maps with colored-coded ranges extracted from LEGRA tool included in ENVI-met (Figure 9,
10, 11, 12), (ii) box-plots of the values collectedll receptors (Figures 13, 14, 15, 16).

Figure 9 show the distribution in the simulationmdon of the air temperature and relative humidity
at 13:00 (22.06.2017), for the base case model.TEhenge is 25.48-29.36 °C, and that for RH is

43.30-54.49 % in summer. On the other hand, intimer day, the Ta range is 2.48-9.02 °C and
RH is 72.65-89.76 %.

Abbildung 1: Simulation
Summer (Base Model) 13:00:00
22.06.2017

Xy Sehnitt bei k=1 (z=15000 m)

Air Temperature

< 25.48°C
25.86°C
26.25°C
2664°C
27.02°C
27.42°C
27.80°C
28.19°C
28.58°C
> 2897°C

Y(m)

Min: 25.48°C
Max: 28.36°C
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Fig. 9. Distribution of simulated air temperature at agheiof 1.5 m agl in the simulation domain at 1 pm i
the hot summer day (22 June 2017), base case model

Abbildung 1: Simulation
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Fig. 10.Distribution of simulated and relative humidityaaheight of 1.5 m agl in the simulation domain at
pm in the hot summer day (22 June 2017), basemnadel
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Fig. 11.Distribution of simulated air temperature at aghtiof 1.5 m agl in the simulation domain at 1 pm i
the cold winter day (22 December 2017), base caskmn

Abbildung 1: Simulation
Winter (Base Model) 13:00:00
22.12.2017
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Fig. 12.Distribution of simulated relative humidity at aight of 1.5 m agl in the simulation domain at 1 pm
in the cold winter day (22 December 2017), base oasdel

To assess the influence of trees on microclimagyepresented the box-plots of Ta, Tmrt, Rh at
the pedestrian level (1.5 m agl) during the simarfatdays, distributed for all receptors and
averaged during the simulation time (09:00-17:@d)dll scenarios.

The average TA and Tmrt during the whole day in blase model are respectively 26.20 and
59.93°C.Concerning the summer heat mitigation eféédhe different greening scenarios, results
show benefits provided by the four scenarios (c#)compared to the base case, with average Ta
reduction of respectively 0.1 °C, 0.2 °C, 0.29 “ad &.33 °C (Figure 13) and average Tmrt
reduction of respectively 6.23 °C, 12.17 °C, 2004and 21.18 °C (figure 14).
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“With regard to results, the base model and c1 shaignificant difference with the cases 2-4. This
is because the number of trees in the base modetasel are less than in other cases and these
differences have created a wide zone of Tmrt ifedeht parts of the site.

According to these results, scenario c1 (wherentlmaber of trees is the same of the base case, but
a different tree species is selected) presentmgasiperformance to the reference scenario, while
c4, which presents a more than tripled number eédr supplyies the greater cooling benefit
compared to the base model.

Concerning the winter evaluation, it is useful ssess if the most performing scenarios in summer
could provide disadvantages in winter time, incrgashe pedestian cold stress. Compared to the
base model, the four scenarios (c1 — c4) providdaation of Ta by respectively 0.34 °C, 0.49 °C,
0.64 °C and 0.77 °C and of Tmrt by respectively’&68.67 °C, 10.25 °C and 10.78 °C.
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Fig. 13. Average air temperature values at the pedestrial ([@.5 m agl) in the base model and the four
scenarios, during the summer (a) and winter (bukition days. “The rectangle (the "box") is delieditby
the first and third quartiles, and divided insidetbe median. The segments (the "whiskers") areniteld
by the minimum and maximum values.”
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Fig. 14. Average mean radiant temperature values at thespéh level (1.5 m agl) in the base model and
the four scenarios, during the summer (a) and widesimulation days.

Figure 15 shows the air relative humidity trenathe four scenarios. As expected, increasing the

tree number in the residental district also induceight increase of the relative humidity, eveeit i
can be considered rather negligeble.
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According to figure 16, the results show that iasiag the number of trees, as well as changingpkeies

of trees can reduce the wind speed compared toate model in summer and winter.
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Fig.16. Average wind speed values at the pedestrian IgvBlv m agl) in the base model and the four
scenarios, during the summer (a) and winter (bykition days.

3.3 Impact of greenery scenarios on human comfort

When the physiological equivalent temperature (PIEDetween 18 - 23 °C, thermal condition can
be considered in comfortable zone (Table 1). Sitanaresults show that the average PET in the
base model is 34.92 °C (hot sensation) and 5.9in W@nter (cold sensation). Therefore, based on
PET index, the site suffers from both hot stressuimmer and cold stress in winter.
Figure 17 represents the box-plots of calculated BEthe pedestrian level (1.5 m agl) during the
simulation days, distributed for all receptors awdraged during the simulation time (09:00-17:00)
for all scenarios. According to the results, thstlperforming scenarios in terms of summer thermal
comfort are c3 and c4 with 26.16 °C and 25.14 °§peetively (slightly warm sensation), while

they provide only a slight worsening of the thermahsation in winter (c3: 5.34 °C and c4: 5.08

°C).
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Figure 17. Average of PET values at the pedestrian level (i.&gl) in the base model and the four
scenarios, during the summer (a) and winter (bykition days

For better understanding, table 6 summarizes tleeage differences of Ta, RH, Tmrt and PET
compared to the base model in summer and wintspgea

Table.6.Average Ta, RH, MRT and PET changes compared t® inaslel in summer and winter season

Average air Avergge
. . Relative Average MRT  Average PET
Simulation cases temperature . . .
change (°C) humidity change (°C) change (°C)
change (%)
. Case 1 -0.10 +0.92 -6.23 -1.95
£ Case 2 -0.20 +2.32 12.17 -4.92
% Case 3 -0.29 +3.51 -20.04 -8.76
@ Case 4 -0.33 +4.72 -21.18 -9.78
Case 1 -0.34 +0.30 -5.6 -1
o Case 2 -0.49 -0.12 -8.67 -0.90
-'g Case 3 -0.64 -0.20 -10.25 -0.63
Case 4 -0.77 +0.15 -10.78 -0.89

4. Discussion

Urban design should increasingly take into acco@timpact of climate -and even more of actual
“changing” climate- on pedestrian comfort outdo@s this strongly affect human health and well-
being in cities.

As demonstrated in literature, the use of urbarmrand especially of trees, is beneficial for the
mitigation of UHI, and testified by an air tempena&t reduction, whose magnitude depend on the
specific climates. However, also the human-bionretegical perspective should be considered,
and variables such as mean radiant temperature thadno-physiological indices (e.g.
physiologically equivalent temperature, PET) arefuisto express human thermal comfort. In this
sense, the use of trees is particularly benefthiaing summer season for its shading action against
solar radiation [26, 44, 45].

Nevertheless, urban greening configuration coukb affect human thermal sensation in cold
season, in those climates characterised by a aabi@ temperature range between summer and
winter. This aspect is less investigated in therditure [10, 12, 39]. Moreover, few studies address
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the beneficial effect of greening in desert clinsand developing countries [38]. This work
contributes to fill these gaps by providing an egp&ary application of numerical assessments of
microclimate and comfort outdoor in a residentiakritt in Tabriz, Iran, characterised by a Steppe
climate.

Urban design with climate implications should felleecommendations based on systematical and
accurate analysis of the local microclimate andeptthn comfort in relation to alternative
configurations. This can be obtained through nuecaérsimulation tools such as ENVI-met,
validated against measurement data, whose efficaleygely testified in the literature [30]. In $hi
research, a model of the residential district waalised with ENVI-met v4 and satisfactorily
validated against data of Ta and RH collected fwed days. It was then used to test different
realistic trees scenarios implementable in theistudrea. Based on the simulation results, the
optimized green scheme for summer and winter canefauld be determined. In the specific study,
it is scenario c3, characterised by 405 deciduoess facacia- beech). In this case, the following
main microclimate and comfort outcomes can be sunzet

* The average daily air temperature in summer isedsad by 0.29 °C (reaching 25.91 °C) while
the maximum peak by 28.86 °C (against original 80€). In winter, the counterproductive
average daily air temperature decrease is only.®&¢ OC, compared to an initial average Ta of
6.28 °C;

* The corresponding change of RH both in summer antewis modest and can be considered
irrelevant for the environmental comfort;

* The average daily Tmrt in summer in scenario c3i89 °C, which corresponds to a reduction
of 20.04 °C compared to the base case. In wintart flecreases by 10.25 °C, against 23.47 °C
of the base case. Thus, the environmental micratérm winter has only slightly deteriorated,;

* Based on PET indexes, the main problem on theirsiiés actual configuration is summer
thermal overheating, numerically expressed by a &E3#.92 °C (hot sensation). In scenario c3
in summer, PET reaches 26.16 °C which is closérdéaomfort zone (slightly warm sensation).
By contrast, in winter, PET slight worse, reaching4 °C.

Even if provided in a specific climate and urbamteat, the present work aims to contribute to
push more and more urban designers and policymageeke into account the benefits of using
greening in the cities for the improvement of pédas comfort, by using accurate and validated
assessment tools.

5. Conclusions

In a series of investigations that have been caeduon the improvement of outdoor thermal
comfort, trees have played an important role in tihgan ecosystem; Including optimal use of
sunlight, creating a microclimate in urban spaceducing the impact of heat islands, improving
the urban landscape are indicated. Therefore, tomap usage of the trees in urban areas, it is
imperative to use the principles that make treecisgemore selective and systematical. In this
study, the effect of number and tree species anaté characteristics and thermal comfort in a
residential district in Tabriz, which is locatedBi$k climate, is investigated. Numerical simulasion

were conducted using the micro-meteorological m&dd¢V1-met V4, validated against Ta and RH

data, on four different greening scenarios. Resalltsved to suggest the optimal design option
compared to the actual district configuration fettbheat and cold stress, respectively typical of
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summer and winter seasons in the studied areainhmsry, the average daily air temperature and
Tmrt in summer are decreased by 0.29 °C and 2@0#Spectively; Hence PET reaches 26.16 °C
which is closer to the comfort zone (slightly wasensation). The best scenario consists of adding
to the site a number of trees more than tripled @mdising a deciduous tree typology to avoid
excessive solar shading in winter.

In future work, further design features could bealradsed, especially taking into account the
relation among trees and the extent and placenfentisting grass areas, and results translated into
a set of practical rules and design guidelinesifoan designers and policymakers.
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Highlight

* Four scenarios with different trees species antepes were simulated during typical
summer and winter days.

* From a qualitative point of view, trends highlighgood agreement among observed and
predicted data.

* Urban greening design can reduce mean radiant tamopes by 20.04 °C.

* The corresponding change of RH both in summer amdewis modest and can be
considered irrelevant for the environmental comfort
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