
Article

The Contribution of Urban Morphology to the Formation of the
Microclimate in Compact Urban Cores: A Study in the City
Center of Thessaloniki

Georgios-Rafail Kouklis and Athena Yiannakou *

����������
�������

Citation: Kouklis, G.-R.; Yiannakou,

A. The Contribution of Urban

Morphology to the Formation of the

Microclimate in Compact Urban

Cores: A Study in the City Center of

Thessaloniki. Urban Sci. 2021, 5, 37.

https://doi.org/10.3390/urbansci

5020037

Academic Editor: Panagiotis Nastos

Received: 11 March 2021

Accepted: 14 April 2021

Published: 16 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Spatial Planning and Development, Aristotle University of Thessaloniki, 541 24 Thessaloniki, Greece;
giorgoskou95@gmail.com
* Correspondence: adgianna@plandevel.auth.gr

Abstract: The purpose of this paper is to investigate the contribution of urban morphology to
the formation of microclimatic conditions prevailing within urban outdoor spaces. We studied
the compact form of a city and examined, at a detailed, street plan level, elements related to air
temperature, urban ventilation, and the individual’s thermal comfort. All elements examined are
directly affected by both the urban form and the availability of open and green spaces. The field study
took place in a typical compact urban fabric of an old city center, the city center of Thessaloniki, where
we investigated the relationship between urban morphology and microclimate. Urban morphology
was gauged by examining the detailed street plan, along with the local building patterns. We used a
simulation method based on the ENVI-met© software. The findings of the field study highlight the
fact that the street layout, the urban canyon, and the open and green spaces in a compact urban form
contribute decisively both to the creation of the microclimatic conditions and to the influence of the
bioclimatic parameters.

Keywords: compact urban form; open and green spaces; urban canyons; urban ventilation; ther-
mal comfort

1. Introduction

Intense urbanization contributes to dramatic changes in built-up areas: changes
in urban densities, land use, and land cover. As a result of these changes, very high
temperatures are recorded in the urban environment. These high temperatures are related
to controlled factors (such as urban design) and uncontrolled factors (such as meteorological
parameters and environmental conditions) [1–3]. It has long been acknowledged that cities
face multiple problems related to the variety of microclimates that prevail within the
various urban open spaces. In general, the parameters of the urban climate are the result
of human interventions, with the most influential of these being how cities have been
designed, developed, and built and the activities they host [4–7].

The environmental, or bioclimatic, approach to urban design is based on an under-
standing of the characteristics of the urban microclimate [8–11]. The microclimate refers
to the climatic conditions prevailing in the cities, mainly as a result of the form of the
urban fabric. Specific forms of urban fabric are determined by land-use planning and
urban design and, of course, by the activities of people within this physical form of urban
development [4]. Therefore, the microclimate is impacted by human interventions in the
built environment, which often leads to unintended climatic conditions, localized within
small enclaves of the urban fabric [5,6,12].

The urban microclimate describes the climatic conditions prevailing within any urban
locality, such as a neighborhood, a square, etc. The climatic conditions prevailing within
this locality usually differ significantly from the climatic conditions of the wider region.
Both morphology and the activities within cities can cause changes in the atmospheric
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and surface properties of the affected areas, disturbances in the thermal equilibrium, the
airflows, the inflow of solar radiation, etc. [7]. It is also worth noting that significant
differences in air temperature, wind speed, solar radiation, etc., are often observed between
the different localities within the urban fabric, even when there is a very short distance
between them. This is due to the different spatial configurations of urban morphology
including orientation, height to width ratio, and other factors such as the presence of
vegetation [1,13].

Urban morphology largely determines airflow (ventilation), the inflow of solar radia-
tion, shading, etc. Therefore, it is responsible for the variation in climatic conditions across
different localities within the city [7,14–16]. Characterized as either a “lose” or a “compact”
urban form, a locality’s either “scattered” or “cohesive” building complex affects the spatial
distribution of the built-up areas, which in turn, causes the commensurate variation in
airflow, solar radiation, etc. [17,18]. The ratio “envelope surface-to-volume” (S/V) and
the ratio “building height-to-width outdoor space” (H/W) are two basic indicators of the
spatial distribution of the built-up area, both of which directly affect the microclimate.
The S/V factor expresses the degree of coherence of the building volume. In contrast,
H/W expresses the degree of “openness”, i.e., the relationship of the building size to the
surrounding outdoor spaces, which can be described by the sky view factor (SVF). SVF
is a measure of the solid angle of view of the sky as seen from an urban space [16]. It is
directly related to the phenomenon of urban heat island (UHI) [7,16,19] and temperature
variations across different urban environments. If the value of this factor is equal to 1, it
means that there is a complete view of the sky. Consequently, temperatures tend to be in
line with predicted meteorological values, while if the value is 0, the sky view is blocked,
and the temperatures are affected by the urban environment [16,19].

The compact urban form is characterized by a small S/V ratio, a large H/W ratio,
reduced sky openings (SVF), and large amounts of land occupied by built-up areas. It
is structured in cohesive building blocks that ”protect” roads and open spaces. As a
result, compact urban forms are presenting difficulties in exploiting the winter sun due to
increased shadows and the different orientations of each side of the building blocks. In
addition, high urban densities help to shade the surfaces of urban canyons and reduce solar
radiation absorption, trapping long-wave radiation emitted from the ground and building
surfaces at night, thus preventing cooling. In contrast, loose urban forms are characterized
by a large S/V and small H/W ratio, less ground covered by buildings, wider outdoor
spaces, and a lower density of a building volume [1,18–21].

The H/W ratio directly affects the urban microclimate as it affects the inflow of solar
radiation into the urban canyon, wind flows, and the trapping of radiation emitted by
materials. Additionally, the building volumes, the shading, and the form of the openings of
the buildings affect the configuration of the microclimate [15]. Different H/W ratios have
different effects on individual environmental parameters. For example, a high H/W ratio
may mean low to moderate winter solar gains, moderate or high exposure to the summer
sun, high trapping of sunlight with reflections, high obstruction of air movement, and
the low to moderate available area for tree planting [18]. On the other hand, a low ratio
means large solar gains, low exposure to the summer sun, low to moderate trapping of
sunlight with reflections, low to moderate obstruction of air movement, and large available
area for tree planting [18]. Therefore, it is not easy to achieve an optimal H/W rate that
corresponds to all the case-by-case parameters.

The phenomenon of UHI is directly related to the climate prevailing within urban areas
as it significantly affects the formation of the urban microclimate [22]. This phenomenon
is reflected in the microclimatic changes caused by anthropogenic interventions in the
urban environment [23]. These changes can be attributed to multiple factors such as urban
morphology, discarded heat, properties of building materials, and insufficient presence
of free spaces, green spaces, and water surfaces [4,7,23–26]. Regarding the relationship
between urban geometry and the phenomenon of UHI, according to Emmanuel and
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Johansson [27] and Oke [19,28], the intensity of the UHI phenomenon increases as the H/W
ratio increases.

In addition to the above, more than a quarter of compact urban areas are generally
covered by a network of roads, the design of which has a significant effect on the urban
climate. Urban roads differ geometrically, as they are defined not only by the height/width
(H/W) and length/width (L/W) ratios but also by the orientation of their axes. These
parameters directly affect the absorption and emission of solar radiation, as well as the
ventilation of the urban environment, resulting in significant temperature variations [29,30].
Different climatic conditions are observed on the roads with different orientations (East-
West or North-South). The E-W roads are the least thermally comfortable roads, as they
shade in winter and “sunbathe” in summer. Conversely, the N-S roads are considered
to be thermally comfortable as they are exposed to the sun’s rays in winter, while in
summer, they are sufficiently shaded in the morning and evening hours. Finally, roads
with a northeast/southwest (NE–SW) and a northwest/southeast (NW- SE) orientation
lie somewhere in between these two poles of thermal comfort, being partially sunny in
summer and partially shaded in winter [31–33].

Apart from the urban form, which mainly concerns the built environment, green and
tree-planted areas that affect the urban climate usually have a positive impact on thermal
comfort. More specifically, urban greenery affects the microclimate by absorbing a high
percentage of solar radiation, reducing air temperature through transpiration, reducing air
speed near the ground, etc. [34,35]. Tree planting, in particular, has a significant impact
on the reduction of urban temperatures, and it is an effective strategy for reducing the
effect of the UHI phenomenon, improving the air quality, and creating conditions that
cause a reduction in temperature [36–38]. Bowler et al. [39] pointed out that data from
different studies suggested that, on average, an urban park would be around 1 ◦C cooler
than a non-green site. However, this phenomenon, often referred to as “urban oasis”, is
also affected by other parameters such as local climatic conditions, the degree of tree cover,
and tree types. [39–41].

Finally, special mention should be made of wind and urban air ventilation issues as
they are important factors in improving the microclimate and achieving thermal comfort in
outdoor urban areas [16]. Givoni [4] stated that the flow of wind in the urban environment
changes more than any other climatic element. The wind speed in cities changes signifi-
cantly over relatively short distances and within relatively short time intervals, creating
gusts of wind, which are perceived as sharp increases in speed [7,42]. Modern compact
urban environments, whose form consists of accumulated buildings of different heights,
experience a phenomenon in which the tallest buildings break the flow of strong winds
and often divert them to the axis of the roads, resulting in their ventilation [43].

The present paper examines the microclimatic conditions within a typical urban
compact form, focusing on an area within the historical and commercial center of the city of
Thessaloniki. Further, it evaluates the contribution of urban morphology to and the effect of
open spaces and greenery on such compact forms, examining how the specific parameters
of urban morphology contribute to the formation of specific microclimatic conditions.

2. Materials and Methods
2.1. Field Study Methodology, Characteristics of the Study Area, and Typology of the
Building Blocks

The overall methodological framework of the present paper follows the diagram
in Figure 1, which summarizes all the controlled factors related to urban morphology
impacting the formation of the microclimate.
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Figure 1. Controlled factors related to urban morphology and influencing the formation of the microclimate.

The field research focused on an area within the city center. To facilitate comparison,
the area that was selected included two sections with certain crucial differences regarding
the availability of open and green spaces. Section A represents a typical morphological
structure within the city, characterized by a complete lack of open and green spaces.
Section B differs from the first in that, apart from the compact built-up structure, it also
contains urban “openings” such as open spaces and green parklets.

Field study methodology adhered to the following procedure. First, a detailed analysis
of the urban characteristics of the study area was carried out, paying close attention to
the spatial differences between the two sections of the study area. More specifically, this
analysis included data concerning the height of the buildings and the width of the urban
canyon, which was then used to calculate the H/W ratio of different/formations within
the two areas. In addition, an urban assessment was carried out regarding land uses,
the relationship between the built and unbuilt/open space, the orientation of the urban
canyons, and the amount of green cultivation—a crucial parameter.

The second step was recording a typology of the built areas within each of the sections
and the calculation of their main geometric characteristics, such as the height of buildings
and the width of the urban canyon. These findings were then used to classify urban
canyons, categorizing them according to airflow regime.

The final step was using ENVI-met© software (version 4.4.3) to simulate the microcli-
matic conditions prevailing in both sections of the study area. Using this simulation, we
estimated the air temperature, the wind speed, and the average expected thermal index
predicted mean vote (PMV) in order to gain a detailed understanding of the variations in
the microclimatic phenomena and their links to the urban morphology.

2.2. Analysis of the Urban Characteristics

The study area consisted of 8 building blocks and covered a total area of 50,753 sq.m.
This area is located on the south-eastern edge of the main historical and commercial center
of Thessaloniki in immediate proximity to the seafront (Figure 2).
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Figure 2. (a) The study area and the historic and commercial center of Thessaloniki; (b) Delimitation of the study area and
the individual sections, ArcGIS software (basemap: orthophoto Cadastral SA).

The study area is a typical mixed-use area, within the center of an old Mediterranean
city [44]. This area has high residential densities and is characterized by apartment build-
ings of 7 to 8 stories. These have a variety of uses, with retail, cafes, restaurants, and other
businesses on the ground floors and offices on the upper floors of the apartment buildings.
The field record showed that retail is the dominant use of the ground floors with recreation
(cafés, bars, etc.) being the next most frequent use (Figure 3a).

Limited public, open, and green spaces are the norm. It is worth mentioning here that,
in general, in the compact part of the city of Thessaloniki, an important feature in terms
of the formation of the urban microclimate is the low percentage of green spaces—among
the lowest in European cities. This lack of open and green spaces in a very compactly
built-up city with high population densities intensifies the phenomenon of UHI [45]. The
uncovered spaces within the building blocks are also limited, and therefore, the built-up
space prevails over the unstructured space within the building blocks (Figure 3b). The
8 building blocks within the study area contain 86 buildings, with heights ranging from 17
to 38 m. With an average height of about 31.5 m. (Figure 4a,b).

Regarding urban canyons, their width varies from 8.6 m (i.e., narrow urban canyons)
to 24 m (i.e., wider urban canyons), depending on the road in question (Figure 5a,b). The
orientation of urban canyons is mainly NE-SW or NW-SE (Figure 3c), where the roads
with this orientation are partially shaded in winter and partially sunny in summer [18].
Following the street layout that pertains to the wider area of the city center, the study
area has several roads perpendicular to the sea, facilitating the ventilation of the urban
space. However, there are also some parts where the location of the buildings and the
orientation of the roads create obstacles to airflow, resulting in insufficient ventilation and
higher temperatures.

Furthermore, although the area is characterized by the insufficient presence of open
and green spaces, it has a sufficient number of large trees planted along its streets, especially
in the narrowest urban canyons. However, insufficient tree planting is recorded along the
coastal road Avenue Nikis where there are only a few small trees with sparse foliage. In
combination with seafront “glare”, this absence of tree shading creates a feeling of intense
thermal stress (Figure 3d).

Table 1 summarizes the urban characteristics of the study area.
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Figure 3. (a) Land-use map; (b) Structured—unstructured space (within each building block) map; (c) Urban canyon
orientation map; (d) Green space and tree planting map, ArcGIS software.



Urban Sci. 2021, 5, 37 8 of 22

Urban Sci. 2021, 5, x FOR PEER REVIEW 6 of 22 
 

  

(c) (d) 

Figure 3. (a) Land-use map; (b) Structured—unstructured space (within each building block) map; (c) Urban canyon ori-

entation map; (d) Green space and tree planting map, ArcGIS software. 

  

(a) (b) 

Figure 4. (a) Building heights (in meters) of the first section; (b) Building heights (in meters) of the second section (the 

numbers from the heights have been rounded), ArcGIS software (basemap: orthophoto Cadastral SA). 

Regarding urban canyons, their width varies from 8.6 m (i.e., narrow urban canyons) 

to 24 m (i.e., wider urban canyons), depending on the road in question (Figure 5a,b). The 

orientation of urban canyons is mainly NE-SW or NW-SE (Figure 3c), where the roads 

with this orientation are partially shaded in winter and partially sunny in summer [18]. 

Following the street layout that pertains to the wider area of the city center, the study area 

has several roads perpendicular to the sea, facilitating the ventilation of the urban space. 

However, there are also some parts where the location of the buildings and the orientation 

of the roads create obstacles to airflow, resulting in insufficient ventilation and higher 

temperatures. 

Figure 4. (a) Building heights (in meters) of the first section; (b) Building heights (in meters) of the second section (the
numbers from the heights have been rounded), ArcGIS software (basemap: orthophoto Cadastral SA).

Urban Sci. 2021, 5, x FOR PEER REVIEW 7 of 22 
 

  

(a) (b) 

Figure 5. (a) Urban canyon with large width (Dim. Gounari street: 24 m.) which represents a wide urban gorge; (b) Urban 

canyon with very small width (P. Koromila street: 8.6 m.) which represents a narrow urban gorge, SketchUp software. 

Furthermore, although the area is characterized by the insufficient presence of open 

and green spaces, it has a sufficient number of large trees planted along its streets, espe-

cially in the narrowest urban canyons. However, insufficient tree planting is recorded 

along the coastal road Avenue Nikis where there are only a few small trees with sparse 

foliage. In combination with seafront “glare”, this absence of tree shading creates a feeling 

of intense thermal stress (Figure 3d). 

Table 1 summarizes the urban characteristics of the study area. 

Table 1. Analysis of urban characteristics of the study area. 

A
n

al
y

si
s 

o
f 

U
rb

an
 C

h
ar

ac
te

ri
st

ic
s 

o
f 

th
e 

S
tu

d
y

 A
re

a 

Location 
Southeastern end of the his-

toric center of Thessaloniki 

Area of study area and 

individual sections 

Total: 50,753 sq.m. 

Section A: 20,297 sq.m. Sec-

tion B: 30,456 sq.m. 

Morphological 

characteristics 

Compact city with strong 

residential development 

Average percentage of 

green areas for the 

municipality of 

Thessaloniki 

2.7 sq.m. per inhabitant 

Free spaces—green spaces 

Lack of free space—green 

spaces, adequate tree plant-

ing 

Construction rules 
Building ratio: 4.8; coverage 

ratio: 60% 

Building construction 

system 
Continuous 

Land use Urban center 

Relationship of 

structured—unstructured 

space 

Problematic predominance of 

the structured 

Building height 
Ranging from 17 to 38 m. Av-

erage height: 31.5 m. 
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canyon with very small width (P. Koromila street: 8.6 m.) which represents a narrow urban gorge, SketchUp software.

2.3. Typology of the Building Blocks and Initial Findings for the Microclimate Conditions

An analytical, quantitative typology of the study area building blocks was carried
out to record their main characteristics. These last included calculating the geometric
characteristics (ratio H/W) of the streets’ urban canyons and their categorization into
three different categories of airflow regime. Thus, we were able to investigate ventilation
and other elements that shape the microclimate (Figures 6 and 7). In addition, we exam-
ined whether the actual development strictly followed the official building regulations
or whether it contravened these regulations. According to the official urban plan of the
area, the coverage ratio should not exceed 60% of a plot’s area, and the highest building
ratio (i.e., the figure which, when multiplied by the m2 of a plot, gives the total m2 that are
allowed to be built in the plot) is defined as 4.8 [46]. The latter is a recurrent issue in the
city development patterns. Here, it should be borne in mind that creating the urban space
is a complex process, one which does not always precisely follow the specific geometric
rules that result from the application of the official land-use planning legislation.
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Table 1. Analysis of urban characteristics of the study area.
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Figure 6. Numbering of building blocks of the study area, ArcGIS software.
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In section A of the study area, which includes several deep urban canyons, the average
width of a road is 13 m. In section B, we recorded a wider average of 17 m. This is
due to the inclusion of wider roads in this section. With regard to actual development,
the building blocks in the study area are densely built, having a high average “ground
cover” ratio (i.e., percentage of a plot covered by built-up area), frequently exceeding the
official building regulations. This means that the built-up areas are disproportionately
large in relation to the uncovered spaces, which have extremely limited coverage. While
a 60% “ground cover” ratio is the upper limit permitted by building regulations, in the
great majority of building blocks within the study area, ratios of up to or in excess of
this limit were recorded. Similarly, within certain building blocks, many of the building
coefficients (i.e., total built-up area per plot area) we recorded exceeded the official limits,
sometimes including buildings with more floors than the number officially permitted. The
building blocks also lacked transparent openings in the uncovered areas, and in these cases,
ventilation was very limited as the renewal of the air was inhibited [18].

Significant findings were also drawn from the geometrical analysis of the urban
canyon within the study area. The largest H/W ratio of 3.5 was recorded in two of the
roads in section A, and the lowest H/W ratios of 1.6 and 1.4 were taken from two roads
within section B (Figure 6). Therefore, according to these results, all the urban canyons
examined fall into the category of “skimming flow” (where the H/W ratio has a value
greater than 0.7) [19], where the air cannot easily flow along a road. As a result, in such
cases, when the wind direction is at right angles to the direction of the road, the road is not
ventilated, or its ventilation is very limited. Such a condition (skimming flow) is found
in most urban canyons as the H/W ratio is usually high [34]. However, it is worth noting
that no definite conclusion regarding ventilation in the study area can be safely drawn, as
other factors may play an important part in the ventilation of the urban canyon, such as its
orientation, proximity to the sea, etc.
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In addition to the ventilation of the urban space, according to Bartholomeos [18], the
high H/W ratio found in the study area’s urban canyons may mean small winter solar
gains, large exposure to the sun, great obstruction of air movement, a small allocation
of land for tree planting, large trapping of gaseous pollutants, etc. Moreover, according
to Emmanuel and Johansson [27] and Oke [19,28], a high value of this ratio intensifies
the phenomenon of UHI. In addition, the deeper urban canyons, for example, in the Chr.
Smirnis and L. Margariti streets, are likely to be colder during the day and have a more
favorable temperature in summer when compared to the shallowest. This fact was also
validated by the field research in the area. However, the opposite effect will occur in
winter, as the deeper canyons have less exposure to the sun, while the shallower ones, for
example, Str. Kallari and Dim. Gounari, are probably more favorable to solar access. It is
worth mentioning here that deeper canyons may also easily trap waste heat emitted from
transport and reflective radiation (radiative trapping) and lead to a higher temperature
at night.

3. Simulations of the Microclimate in the Compact Center of Thessaloniki and
Main Results
3.1. Modeling the Study Area Using ENVI-met©

Figure 8 shows, diagrammatically, the process followed to create the model of the
study area in the ENVI-met© simulation software. It should be noted here that modeling
in the ENVI-met© software requires a background image in bmp format which allows
the user to successfully identify the various elements one wishes to design and display.
These elements are buildings, uncovered areas of the building blocks, roads, sidewalks,
green spaces, and tree positions in the present study. For the design of the study area
by the ENVI-met software, various input data were required. Table 2 presents this input
data, while Table 3 shows the necessary data input for temperature, wind, and thermal
comfort simulations. The Albedo, or “solar reflectivity”, indicator, which refers to the
materials used in the model, comes from the database provided by ENVI-met (Database
Manager) and is presented in Table 4. The Albedo values from the ENVI-met database
were compared to those provided by Androutsopoulos et al. [47] that include the official
national specifications of parameters for calculating the energy efficiency of buildings. The
differences between these two sets of values were found to be very small and insignificant.

Figure 9 shows the final models of the study areas in both two-dimensional and three-
dimensional forms, as they were designed in ENVI-met©. In addition, as the airflow within
an area is naturally affected by the surrounding building, the outside walls of the buildings
that “skirted” the study area were also designed to rule out errors in wind simulation.
However, due to the design of the tiles in the software used, it was difficult to capture
complex urban geometries, such as angle, circular shapes of buildings, sidewalks, etc. For
this reason, the model of the study area designed by ENVI-met© represents a geometrically
simplified one.

Table 2. Input data of the study area in ENVI-met© software. (The meteorological factors come
from https://www.meteo.gr/ (accessed on 9 December 2020) [48], and the human parameters were
randomly selected.)

Study Area Input Data

Location on earth Thessaloniki

Geographic location
(latitude, longitude) 40.64, 22.93

Reference longitude 30

Model dimensions (number of grids) xyz-grids 50 × 50 × 40

Size of grid cell (meters) dx,y,z 2 × 2 × 2

Model rotation out of grid north 42◦

https://www.meteo.gr/
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Table 3. Input simulation data in ENVI-met© software.

Simulation Input Data

Simulation date 5/8/2019

Start and duration of simulation 05:00, 24 h

Wind speed 3.1 m/s

Wind direction SW, 225◦

Temperature of atmosphere Hot

Min temperature 24 ◦C

Max temperature 31 ◦C

Age of person (y) 35

Gender Male

Weight (kg) 75

Height (m) 1.75

Static clothing insulation (clo) 0.90

Total metabolic rate (W) 164.49
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Table 4. Element types used in ENVI-met© software and Albedo.

Element Type Albedo

Default wall—moderate insulation 0.2

Asphalt road 0.2

Dark granit pavement 0.3

Concrete pavement gray 0.5

Tree 10 m very dense, leafless base 0.2

Hedge dense, 2 m 0.2

Deep water 0.0
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Figure 9. (a) Two-dimensional display of the first section where the buildings are shown in gray and the positions of the
tree planting in green; (b) Two-dimensional display of the first section which shows the surfaces of the model where brown
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3.2. Simulation Results

In the following paragraphs, we present the microclimate simulation results for each
of the two sections of the study area. The simulations concern the air temperature, the wind
speed, and the average expected PVM thermal index for a summer day (5/8/2019). More
specifically, investigation of a typically hot day revealed the time at which the temperature
reached its maximum. This was then recorded using the actual meteorological values. The
readings were taken at 16:00, which was a time when the maximum temperature for this
day, of 31 ◦C, was recorded. It is worth noting that on the day of the simulation, as well as
during previous days, we made empirical observations within the area, which confirmed
the following results. According to https://www.meteo.gr/ (accessed on 9 December

https://www.meteo.gr/
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2020) [48] for the day of the simulation, the maximum temperature was recorded at 16:00 h,
a fact which was confirmed by empirical observation of the authors. The observation
height was set at 180 cm above ground level.

3.2.1. Air Temperature

Temperatures in the study area were high and reached 31.6 ◦C and 31.8 ◦C in sections A
and B, respectively. The highest temperatures were observed mainly in the southern section
B, probably due to the direction of the wind, which, as mentioned above, is southwesterly.
This wind, known in Greek as “livas” or “garbis” (SW—225◦) [49,50], appears mainly
during summer months and is characterized by the intense thermal loads that it carries,
while it is also responsible for the sharp increases in temperature.

Despite the fact that section A is totally lacking in open and green spaces, we recorded
lower temperatures there than in section B, which does have open and green spaces. This
may be due to the fact that warm wind flows unhindered in urban canyons with a NE-SW
orientation, thus raising the temperature, in this case to over 31%. In such conditions,
greenery cannot have a positively cooling effect on the air. However, it was observed that
the greenery that exists on the sidewalks, that is, tree planting, managed to reduce the
wind speed, as a result of which, the air temperature gradually decreased as we moved
further north on the roads. It was also observed that in cases where there was a decrease in
wind speed, such as in urban canyons with NW-SE orientation, temperatures of about 2 ◦C
lower were recorded. This was because the rapid decrease in the wind’s speed, before it
entered these canyons, rendered it incapable of transmitting the same amount of heat it
was previously carrying.

The reduced speed of the wind in the urban canyons of NW-SE orientation, in combi-
nation with tree planting, had the effect of reducing the air temperature. There was an even
more noticeable drop in temperature on roads with more moderate wind speeds and where
trees were planted densely on both sides of the road. In contrast, the temperature drop
was less noticeable on roads with the same orientation, where the trees were more sparsely
planted. In addition, the high ratio of H/W with deep canyons played an important role
in reducing the temperature in section A, resulting in less exposure of outdoor areas to
the summer sun, through the provision of adequate shading. In other words, this is a
case where the higher H/W ratios have a positive effect on the microclimate during the
summer period.

Conversely, in section B, higher temperatures were recorded due to the almost unob-
structed flow of hot air along the wider streets with a NW-SE orientation and subsequent
transfer to the northern parts of the area. In addition, in this section, the adversely affected
and comparatively lower H/W ratio allows more sunlight exposure. It is also noteworthy
that very high temperatures were recorded in the park area in section B. Despite being
planted with grassy areas and trees, this park is exposed both to the sun, due to the lack
of buildings on its south and east side, and to the hot winds. Therefore, the absence of
buildings to protect the park from the sun and the hot wind, which flows unhindered,
results in very high temperatures. It also seems that, although there were large trees with
dense foliage, they failed to cool the surrounding space due to the fact that they were
neither densely planted nor adequate in number.

The air temperature simulation and comparison between the two sections are shown
in Figure 10.

3.2.2. Wind Speed

In the present simulation, the wind had a southwesterly direction, and in the northern
areas, it sharply decreased in speed, mainly due to the obstacles that it encountered from
the compact and large building blocks, the narrow gorges, and tree planting. However,
despite this fact, high acceleration of wind speed was observed in the “pressure zones”
located in the corners of buildings. This “corner phenomenon” [7,18,34,42] was responsible
for wind speed acceleration, sometimes reaching 4.5 m/s in section B, and 6 m/s in section
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A, also due to the narrow streets. Furthermore, the tall buildings found in the corners of
the building blocks create strong vortices, further disrupting the speed of the air at ground
level where pedestrians move, apparently causing discomfort. In section A, the very deep
and relatively narrow urban canyons contributed to what seemed to be a sharper decrease
in wind speed than in section B. This was the result of these narrowly constricted passages
slowing down the flow of air. On the other hand, section B is characterized by a high H/W
ratio; however, the wider roads allow an easier airflow.

By examining the wind speed, important conclusions can be drawn about the ventila-
tion of the urban space. It seems that streets with NW-SE orientation are well ventilated,
with the air flowing unhindered and accelerating in the urban canyons. The direction of the
wind, which is almost parallel to the road axis, obviously contributes to this phenomenon,
described in the literature as a “channel phenomenon” [16,18]. On the other hand, there
was a significant reduction in air movement in the urban canyons of NW-SE direction, with
the result that their ventilation was insufficient.
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Figure 10. (a) Two-dimensional display of the first section where the buildings are shown in gray and the positions of the
tree planting in green; (b) Air temperature simulation for the first section of the study area; (c) Two-dimensional display of
the second section where the buildings are shown in gray and the positions of the tree planting in green; (d) Air temperature
simulation for the second section of the study area, ENVI-met© software.
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The vegetation seems to be a significant obstacle to the flow of air. On the roads with
sufficient tree planting in rows, there was a decrease in the air speed near the ground and
along the sidewalk. The same, rather sharp decrease in wind speed, was observed in the
park of Section B, where there are sufficient trees. At the same time, very limited ventilation
of the uncovered areas of the building blocks was observed. This was due to the absence of
bright openings between the buildings allowing the entry of air.

The wind speed simulation and comparison between the two sections are shown
in Figure 11.
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simulation for the second section of the study area, ENVI-met© software.

3.2.3. Predicted Mean Vote (PMV) Index

Tree planting and grass cultivation seemed to significantly affect air temperature,
especially in areas where there had been a reduction in the flow of warm air. Moreover, it
seems to be a more perceptible, positive, human thermal comfort factor [51]. There is also a
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decrease in the average expected thermal index in places where there is a sufficiency of tree
cover, with denser foliage trees naturally having a greater positive effect. In addition, the
impact on thermal comfort can be felt for up to the vegetation. This effect is most noticeable
in the section B park, where there are sufficient trees and grassy areas. The PMV index
ranges from 1.95 to 3, corresponding to both moderate and high thermal loads. The PMV
index values of these parts correspond to a fairly high thermal load, but they are still less
than those for parts without tree cover. Another important parameter for thermal comfort
in the urban canyons is the high H/W ratio in the area. As a result of this high ratio, there
is little exposure to the sun and significant shading of streets from the buildings.

The PMV index is expressed as PMV = [0.303 exp(−0.036M) + 0.028] × L, where
PMV = predicted mean vote index, M = metabolic rate, and L = thermal load—defined
as the difference between the internal heat production and the heat loss to the actual
environment—for a person at comfort skin temperature and evaporative heat loss by
sweating at the actual activity level. Within the PMV index, +3 translates as very hot, while
−3 translates as very cold [52–55], as indicated in Table 5.

The PMV simulation and comparison between the two sections are shown in Figure 12.
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Figure 12. (a) Two-dimensional display of the first section where the buildings are shown in gray and the positions of the
tree planting in green; (b) PMV simulation for the first section; (c) Two-dimensional display of the second section where
the buildings are shown in gray and the positions of the tree planting in green; (d) PMV simulation for the second section,
ENVI-met© software.
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Table 5. Predicted mean vote (PMV) index values and the corresponding thermal comfort values.

−3 cold −2 cool −1 slightly
cool 0 neutral +1 slightly

warm +2 warm +3 hot

3.3. Validation of ENVI-Met Software

The reliability, validity, and sensitivity of the ENVI-met results were verified by several
numerical/quantitative studies, which entail comparisons between simulation results and
measurements [38,56,57]. In this paper, the model’s reliability and validity were verified by
making hourly comparisons of the meteorological measurements and simulation results.
We added the information about per hour temperature to the ENVI-met software. This
information was taken from the official, national meteorological site [48] and its nearest
meteorological station, which is located 700 m away from the study area. ENVI-met
software allows the user to enter temperatures for each hour manually, via the “Simple
Forcing” command. The model ran for 24 h and calculated the “normal” distribution of
temperatures per hour. We checked the simulation results for every hour for a period of
24 h, and the distribution was found to be correct. The maximum temperature of 31 ◦C,
recorded at 16:00, was selected for examination. The model indicated fluctuations in the
temperatures in various parts of the examined sections, along with the fluctuations which
accorded to the various meteorological values that were inputted (e.g., in some spots, the
temperature reached 31.8 ◦C). These higher temperatures were mainly due to the impact
of urban morphology and the density of tree planting in the area, these being two main
parameters addressed in this paper. However, there were other influential factors, such as
the materials used to build the urban environment.

Regarding wind speed and urban ventilation, the model’s validity can be verified
by the findings in Section 2.3. As shown in Figure 7, the urban canyons with a high
H/W ratio are not adequately ventilated, a fact that is also evidenced by the theoretical
framework. For example, Figure 7 shows that P. Koromila street has a ratio of H/W = 3.4
and is not adequately ventilated. This lack of ventilation is due to the fact that the air
does not enter easily because the street is perpendicular to the wind, and the adjacent
buildings are disproportionately high in relation to the width of the road. This condition is
fully confirmed by the simulation model, where a complete absence of ventilation and air
movement is observed. Therefore, it seems that the theory itself can confirm the validity of
the results of the ENVI-met software.

4. Discussion

The findings of the present study indicate a strong relationship between urban mor-
phology and the microclimate, as defined by the local climatic conditions prevailing within
the urban environment, even at a very local scale. Geometrical characteristics of the urban
form, such as building height, street width, etc., directly and variously affect the ventila-
tion and insolation of the urban fabric, thereby significantly impacting the formation of
microclimatic conditions. In particular, within the compact urban forms, it is easy to detect
differences in climatic conditions between areas that lie very short distances from each
other. These variations are due to small differences in urban morphology, for example, the
availability of open and green spaces or the properties of building materials, etc. In the
present research, the emphasis was placed on very compact forms within the city center,
characterized by the high coherence of building blocks and the great soil sealing. The
findings of the simulation developed in the field study show that this particular urban
form can, in some cases, have a positive effect on the microclimate in the summer period
due to outdoor protection areas and road shading, whereas, during the winter, this form
presents obstacles exploiting the winter sun and increased shading.

Comparisons were drawn between the two, adjacent sections of the study area. These
differed in terms of the urban canyon’s width, the availability of open spaces, green spaces,
and tree planting, and there were indications that these disparities lead to disparate effects
on the microclimate. This was evidenced by the significant variations in values for variables



Urban Sci. 2021, 5, 37 19 of 22

recorded in areas that lay a very short distance from each other, within the same urban
space. For example, the simulations have shown that while the type of urban fabric is
equally compact in both sections, a small change in the H/W ratio of the urban canyon can
cause an unimpeded flow of hot air (if the ratio is small), thereby increasing the temperature
inside the urban space, or it can act as a barrier (in case of a bigger ratio) to the access of
hot air to the interior of the urban fabric, thereby creating a cooling effect.

Another significant finding of the paper concerns how the design of roads and urban
canyons, the geometry and orientation of which greatly affect the ventilation of urban
space, solar radiation, shading, etc., affects the overall indoor and outdoor environment.
According to the season, the effect of the orientation of the canyons on the microclimate can
differ, therefore choosing a suitable design to achieve optimum microclimate conditions
in all seasons is a difficult task. For example, wind and temperature simulations showed
that urban canyons perpendicular to the wind flow showed a significantly improved
atmospheric temperature, compared to canyons whose orientation was parallel to the wind
flow. It should be emphasized here that the simulations generated from the present study
concern the summer season. As mentioned in the introduction, the morphology of the
urban space can have different results in different seasons.

Urban morphology affects the ventilation of urban space significantly. This is a
complex process and one of the most important factors in shaping the microclimate. In
general, the compactly built-up space is responsible for the reduction of the wind speed.
However, high H/W ratios obstruct its movement, creating local gusts. Given that the
ventilation factor is the most changeable climatic factor within the urban space, it was
examined in detail in this work. The findings show that the H/W ratio, along with the
orientation of the urban ravine and the through openings in the building blocks, is the
factor mainly responsible for the urban space’s ventilation. Within the study area, in cases
where airflows were perpendicular to the urban canyon, the high H/W ratio and the lack
of through openings were responsible for the urban environment’s lack of ventilation. At
the same time, the tall buildings at the corners of the building blocks appeared to create
strong local gusts of wind.

It is well known and widely acknowledged that urban greenery and tree planting
within the urban areas affect the urban climate, mainly having a positive impact on thermal
comfort. In addition to lowering air temperature, urban greenery can also reduce other
factors which harm the microclimate, such as pollution, and is also an effective strategy
for dealing with the UHI [45]. However, the results of the simulation show that planting’s
positive effects on air temperature can only be seen in cases of dense tree cover, as sparse
and spot planting cannot have significant effects. The simulations of the present case
study indicated that positive effects are recorded only in cases where there is adequate
tree planting on both sides of the streets. At the same time, on roads with sparse and
spot planting the air temperature remains high. In addition, the simulations for section B
showed that, due to the lack of dense tree cover and shading in existing parks, the latter
does not necessarily function as an obstacle to the flow of hot wind, with the result that
there is an invasion of intense thermal loads, especially within the built-up area.

This study has, of course, certain limitations, which, however, affect neither its main
findings nor the issues raised in the discussion above. To begin with, a simulation model to
be fully validated should be tested and compared to field measurements of air temperature,
humidity, wind speed, etc. Sensitivity analysis and a spin-up period of more than 24 h
would also provide much safer results. Significant limitations of such a study relate also to
the limited availability of similar studies with field measurements in the city of Thessaloniki.
Moreover, there is a lack of data reporting measurements of both air pollution and the heat
released from vehicle traffic. If such studies were available, even for other compact urban
cores within Greek cities with similar characteristics, they could be used to investigate other
factors affecting the formation of the microclimate and to provide further validation of the
reliability of our results. Our main purpose was to focus on issues of urban morphology
and open and green spaces. In other words, to focus on issues, determined, to a large
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extent, by urban planning and design. Therefore, a further assessment of all the factors
that may influence the formation of the microclimate in compact urban fabrics is critical.

Another limitation of the study is that the simulations were carried out for the summer
period and an average hot day, for which we examined a typical afternoon hour. Hence, the
results extracted concern this specific period. During the winter period, simulations will,
of course, deviate significantly from the findings reported in the present study. Therefore,
a comparative assessment of the microclimate for different time periods/seasons is also
necessary. Among the critical challenges ahead is the use of such models to implement
appropriate regeneration proposals for improving the microclimatic conditions in the
compact inner cores of the cities. Urban morphology, in the areas which are already built-
up, is difficult to change. The use of simulation models enables planners and policymakers
to look into various alternative solutions for implementation within different urban forms
and within different seasons of the year.

5. Conclusions

This study aimed to analyze how critical elements of urban morphology, such as
the street layout, the urban canyon, and the open and green spaces in a compact urban
form, contribute decisively both to the creation of the microclimatic conditions and to the
influence of the bioclimatic parameters. In the context of a compactly planned and built-up
city center with a Mediterranean climate, our findings, based on simulations, are generally
in line with findings from previous studies regarding the impact of urban morphology on
microclimate. Within this field of literature, we paid particular attention to the detailed,
street plan level, where we examined the microclimatic variations in elements such as air
temperature, urban ventilation, and the individual’s thermal comfort.

Overall, our study highlighted that, in highly compact areas, it is important to conduct
a detailed investigation of the typological relationship between the building blocks within
the urban fabric and the microclimate. This would enable the evaluation of microclimatic
conditions and provide insights into the necessary and appropriate urban planning and
design interventions to improve these conditions. Compact areas, especially densely built-
up ones, with open and green spaces comprising a low percentage of the total area, are the
norm in older cities with old housing stocks. In such areas, improving the microclimate
conditions due to urban morphology is a very difficult and multi-dimensional task, made
even more complex when the related effects of UHI and general adaptation to climate
change are considered. In these cases, it is equally important that the simulation models
used are supported by field measurements of specific parameters such as air temperature,
humidity, and wind speed so as to acquire more accurate and much safer results which are
needed to find adequate solutions for improvements.

The current evidence base shows that to make specific recommendations for best
handling of the microclimate problem in these urban forms, we need detailed investigation
at the very local scale. There is no doubt that some of the most accessible measures would
be nature-based. These may include increasing the various forms of urban greenery, its
detailed distribution and design within the street layout, as well as on building facades
and roofs, creating bright openings in building blocks for ventilation of the entire urban
space, and a change of materials used to build structures, roads, and sidewalks, along with
the pedestrianization of roads. Finally, as there are no “one-size-fits-all” solutions, this
detailed planning and design should be continuously evaluated in order to substantially
contribute to the improvement of diverse urban forms and their microclimates.

Author Contributions: Conceptualization, G.-R.K. and A.Y.; methodology, G.-R.K. and A.Y.; investiga-
tion, G.-R.K.; supervision, A.Y.; writing—original draft preparation G.-R.K. and A.Y.; writing—review and
editing, G.-R.K. and A.Y. Both authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.



Urban Sci. 2021, 5, 37 21 of 22

Conflicts of Interest: The authors declare no conflict of interest.

References and Note
1. Tsoka, S.; Tsikaloudaki, K.; Theodosiou, T.; Bikas, D. Urban Warming and Cities’ Microclimates: Investigation Methods and

Mitigation Strategies—A Review. Energies 2020, 13, 1414. [CrossRef]
2. Rizwan, A.M.; Dennis, L.Y.C.; Liu, C. A review on the generation, determination and mitigation of Urban Heat Island. J. Environ.

Sci. 2008, 20, 120–128. [CrossRef]
3. Lin, P.; Gou, Z.; Lau, S.; Qin, H. The Impact of Urban Design Descriptors on Outdoor Thermal Environment: A Literature Review.

Energies 2017, 10, 2151. [CrossRef]
4. Givoni, B. Climate Considerations in Building and Urban Design; John Wiley & Sons, Inc.: New York, NY, USA, 1998; ISBN

978-0-471-29177-0.
5. Goulding, R.J.; Lewis, J.O. Energy Conscious Design. In A Primer for Architects, Revised ed.; Steemers, T.C., Ed.; B T Batsford Ltd.:

London, UK, 1994; ISBN 978-0-7134-6919-6.
6. Hatzidimitriou, A. Evaluation of the Effect of Design Parameters on the Formation of the Microclimate of Urban Outdoor Spaces

and on the Conditions of Thermal Comfort, during the Summer Season, in a Mediterranean Climate. Ph.D. Thesis, Aristotle
University of Thessaloniki, Thessaloniki, Greece, 2012.

7. Oke, T.R. Boundary Layer Climates, 2nd ed.; Taylor & Francis e-Library: London, UK, 1987; ISBN 978-0-203-40721-9.
8. Oke, T.R.; Crowther, J.M.; McNaughton, K.G.; Monteith, J.L.; Gardiner, B. The Micrometeorology of the Urban Forest. Philos.

Trans. R. Soc. B Biol. Sci. 1989, 324, 335–349. [CrossRef]
9. Oke, T.R. Siting and Exposure of Meteorological Instruments at Urban Sites. In Air Pollution Modeling and Its Application XVII;

Borrego, C., Norman, A.-L., Eds.; Springer: Boston, MA, USA, 2006; pp. 615–631, ISBN 978-0-387-28255-8.
10. World Meteorological Organization. Organisation Météorologique Mondiale Guide to Meteorological Instruments and Methods of

Observation; WMO: Geneva, Switzerland, 2008; ISBN 978-92-63-10008-5.
11. Oke, T.R. Initial Guidance to Obtain Representative Meteorological Observations at Urban Sites; World Meteorological Organization:

Vancouver, Canada, 2006.
12. Bougiatioti, F.M. The Urban Microclimate. Bioclimatic Interventions for Its Use. Manuscript Notes/Lesson Lecture. 2010,

unpublished.
13. Gaitani, N.; Mihalakakou, G.; Santamouris, M. On the use of bioclimatic architecture principles in order to improve thermal

comfort conditions in outdoor spaces. Build. Environ. 2007, 42, 317–324. [CrossRef]
14. Polixronopoulos, D. The Integration of Bioclimatic Principles in Urban Planning. The Control of Insolation and Shading in the

Urban Fabric. Ph.D. Thesis, National Technical University of Athens, Athens, Greece, 2002.
15. Ko, Y. Urban Form and Residential Energy Use: A Review of Design Principles and Research Findings. J. Plan. Lit. 2013, 28,

327–351. [CrossRef]
16. Nikolopoulou, M.; Likoudis, S.; Kikira, M.; Kofoed, N.-U.; Gaardsted, M.; Scudo, G.; Dessi, V.; Rogora, A.; Steemers, K.A.; Ramos,

M.C.; et al. Designing Open Spaces in the Urban Environment: A Bioclimatic Approach; Nikolopoulou, M., Ed.; Centre for Renewable
Energy Sources (CRES): Attiki, Greece, 2004; ISBN 960-86907-2-2.

17. Roger, R. The Urban Task Force towards an Urban Renaissance, 1st ed.; Routledge: London, UK, 1999; ISBN 978-0-203-49774-6.
18. Bartholomeos, A. Environmental Urban Planning of Greek Cities with Climatic Criteria. Ph.D. Thesis, Aristotle University of

Thessaloniki, Thessaloniki, Greece, 2016.
19. Oke, T.R. Street Design and Urban Canopy LayerClimate. Energy Build. 1988, 11, 103–113. [CrossRef]
20. Gupta, V.K. Solar radiation and urban design for hot climates. Environ. Plan. B 1984, 11, 435–454. [CrossRef]
21. Oke, T.R. The energetic basis of the urban heat island. Q. J. R. Met. Soc. 1982, 108, 1–24. [CrossRef]
22. Synnefa, A.; Santamouris, M.; Livada, I. A study of the thermal performance of reflective coatings for the urban environment. Sol.

Energy 2006, 80, 968–981. [CrossRef]
23. Tzavali, A.P. Urban Heat Island: Analysis of the Phenomenon in Attica and Investigation of Its Effect on the Energy Behavior of

School Buildings. Ph.D. Thesis, University of Patra, Patra, Greece, 2015.
24. Athanasiou, E. City and nature. In Nature’s Views on Urban Planning; Association of Greek Academic Libraries: Athens, Greece,

2015; ISBN 978-960-603-175-5.
25. Synnefa, A.; Santamouris, M.; Apostolakis, K. On the development, boptical properties and thermal performance of cool colored

coatings for the urban environment. Sol. Energy 2007, 81, 488–497. [CrossRef]
26. Mihalakakou, G.; Santamouris, M.; Papanikolaou, N.; Cartalis, C.; Tsangrassoulis, A. Simulation of the Urban Heat Island

Phenomenon in Mediterranean Climates. Pure Appl. Geophys. 2004, 161, 429–451. [CrossRef]
27. Emmanuel, R.; Johansson, E. Influence of urban morphology and sea breeze on hot humid microclimate: The case of Colombo,

Sri Lanka. Clim. Res. 2006, 30, 189–200. [CrossRef]
28. Oke, T.R. Canyon geometry and the nocturnal urban heat island: Comparison of scale model and field observations. J. Climatol.

1981, 1, 237–254. [CrossRef]
29. Shashua-Bar, L.; Hoffman, M.E. Geometry and orientation aspects in passive cooling of canyon streets with trees. Energy Build.

2003, 35, 61–68. [CrossRef]

http://doi.org/10.3390/en13061414
http://doi.org/10.1016/S1001-0742(08)60019-4
http://doi.org/10.3390/en10122151
http://doi.org/10.1098/rstb.1989.0051
http://doi.org/10.1016/j.buildenv.2005.08.018
http://doi.org/10.1177/0885412213491499
http://doi.org/10.1016/0378-7788(88)90026-6
http://doi.org/10.1068/b110435
http://doi.org/10.1002/qj.49710845502
http://doi.org/10.1016/j.solener.2005.08.005
http://doi.org/10.1016/j.solener.2006.08.005
http://doi.org/10.1007/s00024-003-2447-4
http://doi.org/10.3354/cr030189
http://doi.org/10.1002/joc.3370010304
http://doi.org/10.1016/S0378-7788(02)00080-4


Urban Sci. 2021, 5, 37 22 of 22

30. Shishegar, N. Street Design and Urban Microclimate: Analyzing the Effects of Street Geometry and Orientation on Airflow and
Solar Access in Urban Canyons. J. Clean Energy Technol. 2013, 52–56. [CrossRef]

31. Ali-Toudert, F.; Mayer, H. Numerical study on the effects of aspect ratio and orientation of an urban street canyon on outdoor
thermal comfort in hot and dry climate. Build. Environ. 2006, 41, 94–108. [CrossRef]

32. Capeluto, I.G.; Yezioro, A.; Bleiberg, T.; Shaviv, E. Solar Rights in the Design of Urban Spaces. In Proceedings of the 23rd
Conference on Passive and Low Energy Architecture, Geneva, Switzerland, 6–8 September 2006; p. 6.

33. Swaid, H.; Bar-El, M.; Hoffman, M.E. A bioclimatic design methodology for urban outdoor spaces. Theor. Appl. Climatol. 1993, 48,
49–61. [CrossRef]

34. Andreou, E. The Investigation of the Factors that Shape the Microclimate in Urban Gorges. The Example of the Traditional and
Newly Built Settlements of TINOS. Ph.D. Thesis, Aristotle University of Thessaloniki, Thessaloniki, Greece, 2011.

35. Kim, H.; Gu, D.; Kim, H.Y. Effects of Urban Heat Island Mitigation in Various Climate Zones in the United States. Sustain. Cities
Soc. 2018, 41, 841–852. [CrossRef]

36. Lopes, C.; Adnot, J.; Santamouris, M.; Klitsikas, N.; Alvarez, S.; Sanchez, F. Managing the Growth of the Demand for Cooling in
Urban Areas and Mitigating the Urban Heat Island Effect. In Proceedings of the Eceee Summer Studies 2001, Mandelieu, France,
11 June 2001; p. 13.

37. Martins, T.A.L.; Adolphe, L.; Bonhomme, M.; Bonneaud, F.; Faraut, S.; Ginestet, S.; Michel, C.; Guyard, W. Impact of Urban Cool
Island Measures on Outdoor Climate and Pedestrian Comfort: Simulations for a New District of Toulouse, France. Sustain. Cities
Soc. 2016, 26, 9–26. [CrossRef]

38. Fahed, J.; Kinab, E.; Ginestet, S.; Adolphe, L. Impact of Urban Heat Island Mitigation Measures on Microclimate and Pedestrian
Comfort in a Dense Urban District of Lebanon. Sustain. Cities Soc. 2020, 61, 102375. [CrossRef]

39. Bowler, D.E.; Buyung-Ali, L.; Knight, T.M.; Pullin, A.S. Urban greening to cool towns and cities: A systematic review of the
empirical evidence. Landsc. Urban Plan. 2010, 97, 147–155. [CrossRef]

40. Dimoudi, A.; Nikolopoulou, M. Vegetation in the urban environment: Microclimatic analysis and benefits. Energy Build. 2003, 35,
69–76. [CrossRef]

41. Wang, C.; Wang, Z.-H.; Wang, C.; Myint, S.W. Environmental Cooling Provided by Urban Trees under Extreme Heat and Cold
Waves in U.S. Cities. Remote Sens. Environ. 2019, 227, 28–43. [CrossRef]

42. Spirn, A.W. Air Quality at Street-Level: Strategies for Urban Design; Harvard Graduate School of Design: Cambridge, MA, USA,
1986.

43. Golany, G.S. Urban desing morthology and thermal performance. Atmos. Environ. 1995, 30, 455–465. [CrossRef]
44. Papagiannakis, A.; Vitopoulou, A.; Yiannakou, A. Transit-Oriented Development in the Southern European City of Thessaloniki

Introducing Urban Railway: Typology and Implementation Issues. Eur. Plan. Stud. 2020, 29, 117–141. [CrossRef]
45. Yiannakou, A.; Salata, K.D. Adaptation to Climate Change through Spatial Planning in Compact Urban Areas: A Case Study in

the City of Thessaloniki. Sustainability 2017, 9, 271. [CrossRef]
46. Ministry of Environment and Energy. Ministry of Interior E-PLANNING Geographic Information Search. Available online:

http://gis.epoleodomia.gov.gr/v11/#/ (accessed on 9 October 2020).
47. Androutsopoulos, A.; Aravadinos, D.; Gonis, N.; Dimoudi, A.; Doulos, L.; Droutsa, K.; Efthymiadis, A.; Theodosiou, T.; Karaoulis,

A.; Karellas, S.; et al. Detailed National Specifications of Parameters for Calculating the Energy Efficiency of Buildings and the Issue of the
Energy Performance Certificate; Ministry of Environment and Energy—Ministry of Environment General Secretariat for Energy and
Mineral Raw Materials, Technical Chamber of Greece: Athens, Greece, 2017.

48. Meteo.Gr. The Weather in Greece. Available online: https://www.meteo.gr/ (accessed on 9 December 2020).
49. List of Local Winds. Available online: https://www.wikiwand.com/en/List_of_local_winds (accessed on 9 August 2020).
50. Windmill. Direction, Degrees, Intensity and Compass—Wind Names. Available online: https://www.helppost.gr/kairos/

anemologio-dieythinsi-onomata-anemon/ (accessed on 9 August 2020).
51. Grimmond, C.; Souch, C.; Hubble, M. Influence of tree cover on summertime surface energy balance fluxes, San Gabriel Valley,

Los Angeles. Clim. Res. 1996, 6, 45–57. [CrossRef]
52. Ye, G.; Yang, C.; Chen, Y.; Li, Y. A New Approach for Measuring Predicted Mean Vote (PMV) and Standard e Ective Temperature

(SET*). Build. Environ. 2003, 38, 33–44. [CrossRef]
53. d’Ambrosio Alfano, F.R.; Palella, B.I.; Riccio, G. The Role of Measurement Accuracy on the Thermal Environment Assessment by

Means of PMV Index. Build. Environ. 2011, 46, 1361–1369. [CrossRef]
54. Alfano, F.R. d’Ambrosio Palella, B.I.; Riccio, G. Notes on the Calculation of the PMV Index by Means of Apps. Energy Procedia

2016, 101, 249–256. [CrossRef]
55. Ku, K.L.; Liaw, J.S.; Tsai, M.Y.; Liu, T.S. Automatic Control System for Thermal Comfort Based on Predicted Mean Vote and

Energy Saving. IEEE Trans. Autom. Sci. Eng. 2015, 12, 378–383. [CrossRef]
56. Tsoka, S.; Tsikaloudaki, K.; Theodosiou, T. Urban Space’s Morphology and Microclimatic Analysis: A Study for a Typical Urban

District in the Mediterranean City of Thessaloniki, Greece. Energy Build. 2017, 156, 96–108. [CrossRef]
57. Elnabawi, M.H.; Hamza, N.; Dudek, S. Thermal Perception of Outdoor Urban Spaces in the Hot Arid Region of Cairo, Egypt.

Sustain. Cities Soc. 2016, 22, 136–145. [CrossRef]

http://doi.org/10.7763/JOCET.2013.V1.13
http://doi.org/10.1016/j.buildenv.2005.01.013
http://doi.org/10.1007/BF00864913
http://doi.org/10.1016/j.scs.2018.06.021
http://doi.org/10.1016/j.scs.2016.05.003
http://doi.org/10.1016/j.scs.2020.102375
http://doi.org/10.1016/j.landurbplan.2010.05.006
http://doi.org/10.1016/S0378-7788(02)00081-6
http://doi.org/10.1016/j.rse.2019.03.024
http://doi.org/10.1016/1352-2310(95)00266-9
http://doi.org/10.1080/09654313.2020.1724267
http://doi.org/10.3390/su9020271
http://gis.epoleodomia.gov.gr/v11/#/
https://www.meteo.gr/
https://www.wikiwand.com/en/List_of_local_winds
https://www.helppost.gr/kairos/anemologio-dieythinsi-onomata-anemon/
https://www.helppost.gr/kairos/anemologio-dieythinsi-onomata-anemon/
http://doi.org/10.3354/cr006045
http://doi.org/10.1016/S0360-1323(02)00027-6
http://doi.org/10.1016/j.buildenv.2011.01.001
http://doi.org/10.1016/j.egypro.2016.11.032
http://doi.org/10.1109/TASE.2014.2366206
http://doi.org/10.1016/j.enbuild.2017.09.066
http://doi.org/10.1016/j.scs.2016.02.005

	Introduction 
	Materials and Methods 
	Field Study Methodology, Characteristics of the Study Area, and Typology of the Building Blocks 
	Analysis of the Urban Characteristics 
	Typology of the Building Blocks and Initial Findings for the Microclimate Conditions 

	Simulations of the Microclimate in the Compact Center of Thessaloniki and Main Results 
	Modeling the Study Area Using ENVI-met© 
	Simulation Results 
	Air Temperature 
	Wind Speed 
	Predicted Mean Vote (PMV) Index 

	Validation of ENVI-Met Software 

	Discussion 
	Conclusions 
	References

