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Abstract: Thermal comfort in cities is an influential factor for citizens” wellbeing and life quality.
Urban microclimate studies have gained popularity following increasing urbanization trends and
global climate change in recent years. Urban fabric and morphology in traditional cities represent a
unique pattern both spatially and climatically. However, few studies have investigated traditional
cities” urban thermal comfort conditions. Therefore, this study aimed to assess the thermal comfort in

different subspaces of Algiers Casbah’s historic urban fabric, which falls in the hot Mediterranean
climate (Csa). This research evaluated the human thermal sensation by applying the physiological
equivalent temperature (PET) index. The methodology used was a mixed approach, including field
measurements, calculations, and a survey questionnaire. The results indicate the presence of a
high-stress level during the measurement periods, and notable differences between the subspaces
in January (APETpjax jan = 3.7 °C) and August (APETpax.aug = 2-2 °C). The highest discomfort was
recorded in spaces with collapsed buildings, especially during the hot hours of the day. The findings
also highlight a strong impact of the sky view factor on the mean radiant temperature (Tmrt) and
the physiological equivalent temperature (PET). The study discusses recommendations and ways
to improve the design of outdoor spaces and relieve heat stress in the streets of traditional cities.
Finally, this work helps urban managers and heritage conservators in urban rehabilitation policies
concerning outdoor microclimate improvement.

Keywords: urban; heritage; morphology; PET; mean radiant temperature; Rayman model

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) [1,2], urbaniza-
tion and global climate change are two significant factors affecting cities’ climates. Indeed,
today’s world is experiencing a considerable acceleration in terms of urbanization; more
than 50% of the world’s population lives in an urban area, and this proportion is expected
to increase. By 2050, 70% of the population will live in towns and cities [3]. Through
different mechanisms, these climatic changes affect human health, tourism, and outdoor
activities [4,5]. Several studies have investigated the impacts of urbanization on the urban
climate and human thermal comfort [6-8]. Therefore, ensuring wellbeing and comfort in
the city is an essential indicator for Sustainable Development Goal 11 [9] regarding sustain-
able cities and human settlements, established by the United Nations General Assembly
in 2015.
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Air temperature, relative humidity, and solar radiation affect thermal comfort in urban
climates [10]. The study by Nikolopoulou [11] revealed that air temperature, wind speed,
and sunshine are the most critical parameters for outdoor comfort and influence thermal
sensation. More recent research defines outdoor pedestrian thermal comfort by both meteo-
rological (air temperature, relative humidity, wind speed, and mean radiant temperature)
and personal factors (clothing type and activity level) [12]. Urban geometry, defined by the
aspect ratio, sky view factor, street orientation, and neighborhood configuration, greatly
impacts outdoor thermal comfort [13,14].

Several studies [15,16] entailing field measurements and simulations have highlighted
the influence of urban morphology on the thermal comfort of inhabitants. These studies
can be classified into two main groups. First, some studies have investigated the effect of
urban morphology on the outdoor microclimate in contemporary and modern urban cities.
Second, other studies have investigated the influence of urban morphology on the outdoor
microclimate in historic urban cities.

Most of the studies that have evaluated outdoor thermal comfort have been carried
out in modern cities. Modern cities mean the modern compact city is identified as a
high-density and mixed-use pattern [17], with fragmented and discontinuous morphology.
Historically, the development of transportation pushes cities beyond their limits and
hinders a fragmented and discontinuous urban fabric [18]. Modern cities are presented as
a patchwork of very diverse urban forms and are known as the postliberal model, such as
Paris, Barcelona, Vienna, and Amsterdam. Some cities are a result of the urban planning of
the CIAM, such as Brasilia, and some have skyscrapers in the central business district, such
as Singapore, Toronto, and Chicago.

Several studies have been carried out on modern urban typologies [19-24]. Table A1l
presents the research investigating the correlation between outdoor thermal comfort and
urban morphology in modern cities. Givoni investigated the urban design effects on the
urban climate and the impact of green areas. Similarly, Ratti studied solar radiation and its
height-to-width ratio (H/W). The findings showed that large courtyards are environmen-
tally adequate in cold climates. Steemers [25] proposed six archetypal generic urban forms
for London and compared the incidence of solar radiation, built potential, and daylight
admission. Johanssen [20] meanwhile, investigated the influence of urban geometry on
outdoor thermal comfort in Fez, Morroco. Taleghani [26] evaluated the outdoor thermal
comfort within five different urban forms using the physiological equivalent temperature
(PET) based on real models as well as simulation (Rayman, ENVI-met).

In life quality studies, Kruger [13] studied the impact of urban geometry on outdoor
thermal comfort and air quality through the sky view factor, PET, and Tmrt. Jamei [12]
explored the impact of urban geometry and pedestrian level greening on outdoor thermal
comfort. The findings showed that the main pedestrian level green infrastructures are
urban geometry, street trees, and city parks. Venhari and He [27,28] studied the significant
relationship between the sky view factor and outdoor thermal comfort in Isfahan, Iran,
and Beijing, China. Lai [29] investigated the mitigating strategies to improve thermal
comfort in urban outdoor spaces. The findings demonstrated that urban geometry changes
the radiative and convective heat transfer in outdoor areas. Other studies [30-32] have
explored specific climatic parameters, such as the oasis effect or the wind cooling potential
on outdoor thermal comfort. These studies have dealt with the link between the urban
morphology of modern cities and different climate parameters, indexes, and mitigation
strategies. At the same time, they highlighted their impact on outdoor thermal comfort.

On the other hand, few studies have addressed the issue of outdoor thermal comfort
in traditional urban morphologies. Table A2 summarizes the studies on outdoor thermal
comfort in traditional urban morphologies, which are characterized by narrow and shallow
street corridors, resulting in closer public interactions and closed private spaces [33]. The
urban morphology of these cities consists of an assemblage of houses’ courtyards (patios)
linked by a hierarchical street network [34]. The form was almost completely homogeneous,
organized by a system of open spaces and pathways present at all scales [35]. The main
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characteristics of traditional urban fabric are inward planning, the use of local materials,
and the low H/W ratio [36]. Historic centers have mostly undergone reconfigurations at
the city limits, thus making this part of the traditional fabric “hybrid” [37].

Some studies have been carried out on the impact of urban morphology on these
traditional urban fabrics. Ali-Toudert et al. [38,39] first investigated the old desert city of
Gherdaia, Algeria, and outdoor thermal comfort in a hot and dry climate in relation to
urban geometry. At the same time, they studied the development of comfortable street-
scale microclimates through design, aspect ratio (H/W), and solar orientation. These
studies demonstrated that building materials associated with deep streets play a decisive
role in mitigating heat stress in the daytime. In addition, traditional constructions” high
and heavy walls provide more shading and more heat storage, leading to lower surface
temperatures. Johansson and Achour [40,41] studied the street canyon microclimate in
traditional neighborhoods in Fez, Morocco, and Tunis, Tunisia, located in the Mediterranean
climate, where they found that the large mass of the traditional fabric contributes to a more
stable outdoor thermal comfort.

In his studies on the city of Cairo, Egypt, Elnabawy [42,43] evaluated the microclimate
of the traditional urban form of Fatimid city through measurements and simulation to de-
velop a micro-scale numerical model. Matallah and Sharmin [14,44] studied the variation in
microclimatic conditions in Biskra, Algeria, and Dhaka, Bangladesh. Within several urban
fabrics (traditional and new geometries) using ENVI-met software and different weather
datasets, Lucchi [45] carried out a cluster analysis, describing the influence of climatic
parameters on the design of city morphology and building envelopes. Benchekroun [46]
investigated the parameters that influence the microclimate of houses in the Casbah of
Algiers. Other studies [47-49] have investigated attenuation and mitigation strategies
in historical urban canyons. In this sense, the bioclimatic aspect and the impact of inno-
vative materials on outdoor thermal comfort have been studied in Porto, Portugal, and
Rome, Italy.

Although there have been studies that dealt with the morphological and bioclimatic
specificities of traditional urban fabrics and outdoor thermal comfort, their number remains
low compared to studies on contemporary cities, as demonstrated in Figure 1. Nevertheless,
several studies [38,41,50] have quantified outdoor thermal comfort in traditional urban
morphologies, specifically in the Mediterranean climate, following an empirical approach
using PET and Tmrt.

This study was motivated by the limited knowledge regarding microclimate character-
ization in historical urban fabrics. This study investigated outdoor urban comfort through
a validated empirical mixed approach to shed light on the microclimatic specificities of
these urban fabrics. More specifically, the study examined the outdoor thermal comfort
conditions in the subspaces of a complex urban morphology in a Mediterranean climate.
The results of this research are significant because they are a part of an incremental effort
to bridge the knowledge gap regarding the influence of traditional urban morphology
on thermal comfort. This work could serve as a basis to aid urban designers and urban
managers to obtain answers for future environmental strategies to be adopted to renovate
and rehabilitate their cities’ fabrics.
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Figure 1. Review of the literature on outdoor thermal comfort in traditional and modern cities. Studies
in traditional cities: 1—Porto, Portugal, [47], 2—Rome, Italy, [48], 3—Beni Isguen, Algeria, [39],
4—M'zab, Algeria, [38], 5—Biskra, Algeria, [44], 6—Cairo, Egypt, [42], 7—Alexendria, Egypt, [43],
8—Tunis, Tunisia, [41], 9—Fez, Morocco, [40], 10—Dhaka, Bengladesh, [14]. Studies in modern
cities: 11—Colombo, Sri Lanka, [7], 12—Goteborg, Sweden, [24], 13—Rotterdam, Netherlands, [26],
14—Arnhem, Netherlands, [26], 15—De Bilt, country, [26], 16—Curitiba, Brasil, [13], 17—Ardebil,
Iran, [31], 18—Gordan, country, [31], 19—Tolga, Algeria, [30], 20—Tinos, Greece, [51], 21—Annaba,
Algeria, [52], 22—Constantine, Algeria, [23], 23—Sydney, Australia, [53], 24—Athenes, Greece, [54],
25—Crete, Greece, [55], 26—Rome, Italy, [56], 27—Athens, Greece, [57], 28—Lisbon, Portugal, [58],
29—Melbourne, Australia, [59], 30—Victoria, Australia, [60], 31—Santa Maria, Brasil, [13], 32—Perugia,
Italy, [50], 33—Konya, Turkiye, [61].

Evaluating the existing outdoor thermal comfort is imperative for the characteriza-
tion of this morphological typology. This study aimed to quantify the microclimate in
different subspaces of the Casbah of Algiers. More specifically, the following questions
were answered:

What are the thermal comfort levels in the historical urban fabric?
How much do the subspaces of historical urban fabrics affect the subjective and
objective effects of microclimatic thermal comfort?

e  To what extent does the sky view factor affect the outdoor thermal comfort within the
Casbah of Algiers?

o  What is the effect of the sea breeze on the outdoor thermal comfort inside a historical
urban fabric?

In this context, our study was developed to characterize the traditional urban space
and characterize the study area as the first step in urban rehabilitation. This approach can
be generalized to other cities with similar traditional urban morphology, including Fatimid
Cairo (Egypt), Aleppo center (Syria), Sidon historic center (Lebanon), Medina of Tunis
(Tunisia), and Medina of Fez (Morocco).
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The second benefit of this work is its role in improving the occupants’ quality of life.
Indeed, the characterization of the outdoor thermal comfort and the thermal stress range
will allow for identifying the hotspots in traditional cities. Consequently, different urban
managerial strategies can improve human interaction and revive public spaces. Achieving
thermal comfort in outdoor spaces will encourage leisure activities, such as restaurants,
cafeterias, and hotels. In addition, local citizens will benefit from outdoor activities and an
overall improved quality of life in the traditional built environment.

This research makes it possible to highlight the thermal comfort in a specific urban
morphology. Indeed, a literature review revealed a scarcity of existing knowledge regarding
traditional cities. It is necessary to evaluate the current state of the streets by following an
empirical approach to propose targeted solutions. This study can serve as an input for urban
planning decision-making and guide urban designers and managers of traditional fabrics.

2. Materials and Methods

A conceptual framework was developed that summarizes and visualizes the research
methodology of this study. As shown in Figure 2, the conceptual study framework is based
on three methods, combining a literature review, in situ measurement of microclimatic data,
and a calculation process to assess the thermal comfort levels in the urban fabric. Each step
is described in detail in Sections 2.1-2.3.

[Quantification of outdoor thermal levels under sea breeze in historical urban fabric ]

o Review of literature ]

Calculation of comfort 1

J

(" Calculation }
_____ of Tmrt |
Characteristics of the
old neighborhood ‘Casbah’
e ——————————— . '"Ef%il'é'dié't'fé'ﬁ"‘i
IL ______ § '_tf _c_ r_i t_e ria ! _of PET Index !

S 1 e e e e o -
Insitu measurement 5, t \
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4
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| Relative Humidity [ 1 ! Comfortin historical cities assessment i
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Figure 2. Study conceptual framework.

2.1. Literature Review

The literature review included recent publications whose purpose is to evaluate the
outdoor thermal comfort zone; however, it was focused on the most relevant publications
regarding the Mediterranean climate. The review was based on the Scopus Web of Science
and Google scholar, resulting in more than 60 publications. The literature review section
included three mains concepts—outdoor thermal comfort, assessment methods, and the
Mediterranean climate. This article is mainly focused on studies that have been carried
out using objective measurements through instrumentation (meteorological monitoring)
from 2010 to 2022 and subjective analysis through a questionnaire. Other studies that have
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been carried out with different approaches have been excluded. The results of the literature
review are presented in Section 2.

2.2. Characteristics of the Old Neighborhood of the Casbah of Algiers
2.2.1. Site Criteria

The study was conducted in the Casbah of Algiers, situated in the north of Algeria
(36°47'00” N, 3°03/37” E) at an elevation of 107 m (Figure 3). The Casbah is the historic
center of the city of Algiers and a historic neighborhood listed as a world heritage site
by UNESCO (United Nations Educational, Scientific and Cultural Organization) since
1992. It represents a type of morphology of traditional Islamic architecture construction.
The building materials are generally local (terracotta, lime) [62,63]. The upper part of
the Casbah overlooks the sea; the buildings are dense and the streets winding. There are
residential areas with local shops and oratories. The lower part is adjacent to the coast [64],
and the layout of the roads is more regular, following an orderly route. Its proximity to the
city gates favors the concentration of its economic, spiritual, political, and administrative
functions. The urban space is subdivided into several subspaces, which is one of the
characteristics of the traditional urban space (Figure 3). For this study, the Permanent Plan
for the Safeguarding and Enhancing Safeguarded Sectors PPSMVSS) for the Casbah was
consulted at the National Office for the Management and Exploitation of Protected Cultural
Assets (OGEBC) and several google maps and satellite images. Our study was focused on
the residential area of the Upper Casbah.

Figure 3. Location of the historic urban fabric studied in the territory of the city of Algiers.

Based on the climatic classification found in the literature [65], Algeria has five climate
zones according to the Koppen classification [66] and seven climatic zones according
to the heating and cooling degree days classification approach [67]. According to the
meteorological station “Algiers 603900” the estimated number of heating degree days
during the last 30 years is 1440 HDD, and the number of cooling degree days is 956 CDD.
The average high temperature registered is 35 °C on hot days, with temperatures soaring
up to 42 °C, and the lowest is 6 °C, with temperatures on cold nights reaching 0 °C. For
climatic classification, according to Képpen-Geiger, Algiers is of the Mediterranean climate
type (Csa, hot summer).
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2.2.2. Morphological Characteristics of the Conducted Stations

Several measurement points were taken to assess outdoor thermal comfort and deter-
mine the impact of the sky view factor on comfort. First, several visits to the site were made
to investigate the urban fabric and screen the neighborhood’s subspaces, where about forty
points were measured. Then, the 14 most representative and significant subspaces were
measured (Figure 4), depending on the street type, width, length, and orientation. The
urban morphological details are explained in Table 1 and summarized in Figure 4. The
methodology followed for the in situ measurements is explained in Sections 2.2.3, 2.2.4

and 2.3.1-2.3.4.

Figure 4. Map of the selected points in the Upper Casbah.

Table 1. Morphological characteristics of sites and measurement points.

. Measurement Street . . Covered
Site Point SVE Direction Width Height Area
1 0.01 N-S 1.30 3.15 Y
2 0.24 E-W 5.50 13.20 N
Casbah of 3 0.18 E-W 2.80 11.30 N
Algiers
4 0.00 N-S 217 3.30 Y
5 0.01 N-S 2.10 2.90 Y
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Table 1. Cont.

Site Meaf,‘gfl‘t“e“t SVF Disrf::t‘:m Width  Height C‘X’r‘::d
6 0.56 N-S 18.6 8.10 N
7 0.24 E-W 3.95 8.20 N
8 0.10 N-S 0.90 12.50 N
9 0.05 N-S 1.80 8.60 N
10 0.07 N-S 197 9.00 N
11 0.00 E-W 1.80 2.20 Y
12 0.29 N-S 490 8.95 N
13 0.25 E-W 455 8.60 N
14 0.01 N-S 1.95 2.50 Y

2.2.3. Morphological Characteristics of the Conducted Stations

The collected data were obtained from in situ measurements and a field survey. The
in situ measurement protocol was designed to measure microclimate variables, including
air temperature (T,), relative humidity (Ry), wind speed (Ws), and surface temperature
(Ts); this last one was necessary to calculate the Tmrt. The measurements were taken using
the Testo 175H1, a reliable and validated instrument for data acquisition (Table 2). All the
instruments used were newly acquired, mainly for the study.

Table 2. Instruments used for the study: (a) fish-eye camera; (b) Testo 175H1 temperature/humidity
data logger; (¢) PEAKMETER Anemometer; (d) Testo 830 Infrared Thermometer.

Fish-Eye Image Parameters

Camera Focal Length Resolution Dimensions Color . -~
Representation
@ Canon I]E:)OS 1100 32 mm 230,000 pixels 4272 x 2848 sRGB ‘
Meteorological Data Parameters
Variable Device Unit Accuracy Range fa) (b)
®) Alr te’;‘TI; ’;rature Testo 175H1 °C +0.4°C ~20to0 +55°C
®) Relative humidity . 175171 °C +£2% 0 to 100%RH
(RH) 1
I
. PEAKMETER
(c) Wind speed (Ws) PM6252A m/s +0.1m/s 0.2 t030.0 m/s !
@ Surface Testo 830-T2 °C +15°C —30 to +400 °C 3 (d)

temperature (Ts)

Sensors were kept at a 1.40 m height from the ground to avoid the effect of sur-
face contact [68]. The Testo 830 Infrared Thermometer was used for surface temperature
measurements (ground and walls). Table 2 lists the names, ranges, and accuracy of the
instruments used in the monitoring study. Meteorological measurements were conducted
for a period of 7 days twice a year, once in winter (26 January to 1 February) and the other
in summer (5 to 11 August). The measurements took place every two hours, from 6 a.m. to
8 p.m. Fish-eye images were taken to measure the degree of openness to the sky. Processing
of the photos and the calculation of the SVF will be done by Rayman software.

2.2.4. Survey Questionnaire

A survey was carried out for the inhabitants and visitors of the Casbah to determine
the subjective feeling of comfort. Our questionnaire was carried out during the January
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period on a sample of 60 people, including 44 men and 16 women, 40 residents, and
20 tourists visiting the Casbah. It was adapted according to various studies conducted on
outdoor thermal comfort (Table 3). The field survey was performed in the same periods as
the meteorological measurements. First, the participants were asked personal questions
about their age, height, and weight, as well as the state of their health and their clothing.
Then, they were asked questions about the meteorological parameters that influence their
daily comfort, with a 5-point scale of importance. They were asked about their satisfaction
regarding different parameters (air temperature, relative humidity, wind, solar radiation,
and shading) in the subspaces, with an ASHRAE 7-point scale for pleasantness. Finally,
they classified the proposed outdoor spaces from the most to the least comfortable. The
survey is accessible in the dataset [69].

Table 3. List of studies that engaged subjective thermal perception with a questionnaire.

Re er( :gnce City (Country) Sensation Scale S;i::{gy C;::l:te
Lametal, Melbourne ASHRAE 7-point scale 2198 Ctb
2019 [70] (Australia) (Thermal sensation)
9—point scale, McIntyre 3-point scale
Kenawi et al., Geelong (Thermal sensation, thermal preference, 100 Ctb
2011 [60] (Australia) perception of individual
weather parameters)
ASHRAE 7-point scale (Thermal
Shooshtarian M acceptance, thermal sensation,
elbourne
etal., (Australia) overall comfort) 1059 Cfb
2017 [59] McIntyre 3-point scale
(Thermal preference)
Sharifi et al., Sydney ASHRAE 7-point scale ) Cfa
2017 [53] (Australia) (Thermal sensation)
Tsitoura ASHRAE 5/3-point scale
etal., Crete (Greece) (Microclimatic parameter, thermal 200 Csa
2014 [55] comfort, and wind tolerance)
Tseliou et al., 5-point scale
2010 [54] Athens (Greece) (TherrFr)lal sensation) o189 Csa
le(;ltoiiulou Athens (Greece) Microclimatic conditions and use of 1503 Csa
2007 [57] open space
Andrade Lisbon 5/3-point scale (Atmospheric
etal., (Portugal) conditions, thermal and 943 Csa
2011 [58] 8 wind preferences)
Pantavou
etal., Athens (Greece) 7-point scale (Thermal sensation) 1706 Csa
2014 [71]
S ASHRAE 7-point scale and the
alata et al., .
2016 [56] Rome (Italy) MclIntyre scale (Thermal perception, 941 Csa
thermal preference)
De Freitas Caloundra ASHRAE 9-point scale
etal, (Australia) Pleasantness scale 179 Csb
2015 [72]
Canan et al. ASHRAE 7-point scale .
2020 [61] * Konya (Turkey) McIntyre scale (Thermal perception, 2000 Csa
thermal preference)
G-Ramos Sao Paulo
et al., (Brazil) Thermal adaptive behavior 3259 Cfa
2021 [73]
Labdaoui Annaba
et al., . ASHRAE 7-point scale 1230 Csa
(Algeria)

2021 [52]
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2.3. Calculation of Comfort

In this section, we describe the steps in the data processing to calculate the PET index
and the Tmrt for the quantification of thermal comfort.

2.3.1. Measured Data

The shared dataset [74] gathered meteorological data measured during the referenced
weeks. Figure Al shows the distribution of the average daily air temperature in the
measurement points. Table 4 is an example of the measured data summarized in the
figure. Fish-eye images used in the data inputs to calculate the sky view factor, taken
by Canon EOS 1100D cameras, are summarized in Figure 5 according to the order of the
measurement points.

Table 4. Example of measured meteorological data.

Summer Day: 7 12 p.m.
Unit °C % m/s °C °C °C

Points Ta Hg Ws TGround Twall 1 Twall 2
1 18.5 71.6 14 18.1 18.0 179
2 20.0 66.7 0.3 18.0 18.2 18.1
3 19.1 69.2 1.1 18.6 18.5 18.2
4 19.0 69.1 0.1 18.3 18.3 18.2
5 18.1 72.0 1.1 18.1 18.0 17.7
6 19.1 69.5 0.2 21.5 20.4 19.9
7 19.1 70.0 0.1 18.1 179 17.6
8 19.8 67.2 1.4 19.0 18.6 18.5
9 18.6 70.9 15 18.1 18.0 18.0
10 194 68.8 0.0 18.1 18.2 18.0
11 18.7 70.0 0.7 18.0 18.0 17.9
12 19.0 68.8 0.7 17.9 18.7 18.5
13 18.9 68.8 1.2 19.2 18.9 18.7
14 19 69.1 2.0 18.6 18.5 18.6

Figure 5. Fisheye images at different measurement points.

2.3.2. Calculation Process (Rayman Model)

Rayman pro 3.1 Beta software is a micro-scale radiation model developed at the Chair
for Meteorology and Climatology [75,76]. The program was used to calculate the mean
radiant temperature (Tmrt) and the physiologically equivalent temperature (PET) at the
fourteen selected points. The Tmrt was calculated by using the surface temperature and
the air temperature in Rayman. For the SVF calculation, it was necessary to process the
fish-eye images with GNU Image Manipulation Program (GIMP) 2.10 on a square shape
with high resolution (300 dpi) and transfer it into the Rayman software [30].
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To proceed with the calculation in Rayman, it was necessary to select the day and time
for the start of the in situ measurements. The main input parameters were air temperature
(Ta), relative humidity (Ry), wind speed (Ws), and surface temperature (Ts). Rayman
then automatically determined the mean radiant temperature (Tmrt) and proceeded to the
calculation of the PET values. Personal metabolism data were based on the standard case
described by Taleghani [26] for a normal 35-year old male person with a height of 1.75 m,
weight of 75 kg, and a metabolic rate of 80 Watt. An activity level of 80 W arises when a
normal person is walking at 1.2 m/s.

All meteorological parameters and SVF were inserted as input data in the Rayman
model to calculate the physiologically equivalent temperature (PET). The geographical
data, (36°47'00” N, 3°03/37” E) and an elevation of 107 m, were also used in the study.

2.3.3. Calculation of Tmrt

The mean radiant temperature (Tmrt) is an essential meteorological input parame-
ter for the human energy balance. Therefore, the most substantial influence is on thermo-
physiologically significant indexes such as the physiological equivalent temperature (PET) [77].
In this study, a globe temperature sensor was not used. According to the Rayman model, the
mean radiant temperature was calculated through metrological and site-specific parameters,
as described by Matzarakis [78].

The mean radiant temperature was calculated by Rayman software using the following
parameters: air temperature, relative humidity, and surface temperature, as well as fish-eye
images. This was done based on the meteorological parameters and the location of interest.
The validation of the results of the Rayman calculation is in agreement with similar results
obtained from experimental studies [75]. This is why Rayman software, as described in
all papers by Matzarakis, does not use the globe temperature for calculating the mean
radiant temperature.

2.3.4. Calculation of PET Index

The most critical factors of PET are the mean radiant temperature (Tmrt) (°C) [79],
wind speed (m/s), and air temperature (°C) [78]. The relative humidity RH (%) only shows
a very weak impact on PET [80]. The thermal impact of the actual environment on PET was
assessed through the human energy balance, as shown in Equation (1), based on the MEMI
model “Munich Energy Balance Model for Individuals” [81].

M+ W + R+ C + Egg + Egg + Esw +S = 0 )

M: metabolic heat production

Egk: latent heat (skin)

W: mechanical work

ERg: latent heat (respiratory system)
R: fluxes of radiation

Esw: latent heat sweating

C: sensible heat

S: heat storage

The PET results were classified into nine classes of thermal perception (very cold, cold,
cool, slightly cool, comfortable, slightly warm, warm, hot, and very hot).

3. Results
3.1. Thermal Comfort and Heat Stress Level Assessment

The assessment of the PET shows that during the studied period, there were seven
different thermal comfort zones (Tables 5 and 6), including cool, slightly cool, neutral,
slightly warm, warm, hot, and very hot, based on the PET ranges for the Mediterranean
climate [82] (Table 7). Table 5 shows almost a similar evolution for all measuring points.
In January, the PET temperatures were stable from 6:00 a.m. to 8:00 a.m., and from 6:00
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p-m. to 8:00 p.m. The PET values increased during the daytime from 8:00 a.m. to 12:00 p.m.
After midday, from 1:00 p.m. to 6:00 p.m., the PET temperatures decreased, with values in
the neutral zone of thermal comfort, as well as some values of slightly warm (26-28 °C)
and warm values (>28 °C), creating slight and moderate heat stress (points 2, 3, 6, 7, and
10) at 12:00 p.m.

Table 5. Assessment of the outdoor thermal comfort level stress via PET index in the 14 study cases
in January 2021.

Measurement PET PET PET PET PET PET PET PET
District Point 6:00 8:00 10:00 12:00 2:00 4:00 6:00 8:00
a.m. a.m. a.m. p-m. p-m. p-m.

1 18 17.4
2 17.1 17.7
3 17.3 16.5 17
4 18.6
5 16.1
6
Casbah of 7 16.5 16.6
Algiers 8 16.8 16.9
9 18.5 18.5
18.8 18.7
18.9 18.4
16.4 153
17.7 15.9
17 15.6
15-19 26-28 28-34
;rggfréﬁl Slightly Cool Slightly warm Warm
Slight cold stress Slight heat stress BilpelzEe e
stress

Table 6. Assessment of the outdoor thermal comfort level stress via PET index in the 14 study cases
in August 2021.

Measurement PET PET PET PET PET PET PET PET
District Point 6:00 8:00 10:00 12:00 2:00 4:00 6:00 8:00
om a.m. p-m. p-m. p.m.

1
2
3
4
5
6
Casbah of 7 26.2
Algiers 8 26.9
9 27.1 28.7
27.8 28.8
27.9 289
26.6 28.2
26.1 28.1
27.4 32.1
26-28 28-34
;l":::fr;atl Slightly warm Warm
Slight heat stress Moderate heat
stress

The assessment of the PET shows extremely low temperatures at points 8 (14.9 °C)
and 12 (14.5 °C) at 8:00 p.m. and at point 6 (14.8 °C) from 6:00 a.m. to 8:00 a.m. and 6:00
p-m. to 8:00 p.m., creating a period of discomfort called moderate cold stress. Measurement
point 6 was in the zones of thermal stress most of the time and the most affected by
temperature variations.
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Table 7. PET range for Middle/Western Europe and the adjusted PET for the Mediterranean climate.

Mid/West Europe Csa Mediterranean

Thermal Sensitivity Grade of Physiological (Matzarakis, (Potchter et al.,
Stress 1999) [83] 2018) [82]

Cfb Csa

Very Cold Extreme cold stress <4 <8
Cold Strong cold stress 4-8 8-12
Cool Moderate cold stress 8-13 12-15
Slightly Cool Slight cold stress 13-18 15-19
Neutral No thermal stress 18-23 19-26
Slightly warm Slight heat stress 23-29 26-28
Warm Moderate heat stress 29-35 28-34
Hot Strong heat stress 35-41 34-40

Extremely hot Extreme heat stress >41 >40

Table 6 shows two phases in the variations of PET in August’s values and an overall
similarity. From 6:00 a.m. to 12:00 a.m. there was an increase in the values at all points, and
from 2:00 p.m. to 8:00 p.m., a decrease in the PET. There was an apparent period of dis-
comfort (>28 °C) throughout the day (from 8:00 a.m. to 8:00 p.m.), with only measurement
point 6 at 6:00 a.m. (24.8 °C) being in the neutral thermal comfort zone.

The results demonstrate an extreme heat stress level (>36 °C) from 10:00 a.m. to
4:00 p.m. at all points studied. The peak zone of over 40 °C was reached at midday hours
(12:00 p.m. to 2:00 p.m.), except for the measurement points 5, 9, and 13. It should be noted
that the extreme temperatures are in measurement point 6 with the lowest temperature
(24.8 °C at 6:00 a.m.) and the peak temperature (42.7 °C at 12:00 p.m.).

3.2. Assessment of Comfort in Historical Cities
3.2.1. Assessment of Tmrt Values

The Tmrt values are very sensitive to solar radiation hours. Figure 6 shows the mean
radiant temperature in January and August in the 14 measurement points. In January, three
phases are observed in the graph. First, there were stable temperatures during sunrise and
sunset (6:00 a.m. to 8:00 a.m.; 6:00 p.m. to 8:00 p.m.), then an increase in Tmrt values all
morning long (8:00 a.m. to 12:00 p.m.). Lastly, there was a drop in temperature during the
afternoon (2:00 p.m. to 6:00 p.m.). However, in August, the graph shows two phases—an
increase in temperature from 6:00 a.m. to 12:00 p.m. and a decrease from 2:00 p.m. to
8:00 p.m. The highest values in January (35 °C) were recorded at points 2 and 6 at 12:00
p-m. and at point 7 at 2:00 p.m. In August, extreme values (>50 °C) were recorded at points
6 and 12.

In January, the curves of the measured points are parallel with a maximum interval
of 3 °C. Curve 6 presents the specific variations strongly affected by the daylight hours,
going from the coldest point (12 °C) at 6:00 a.m., to the hottest point (35.5 °C) at 12:00 p.m.
For August, all the curves show the same development, except for points 6 and 12, which
recorded the highest temperatures during the day (8:00 a.m. to 6:00 p.m.). Figure 6 shows
that point 6 is the least comfortable in January, with extremely low temperatures, and in
August, with temperatures above average by ~4 °C.
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Figure 6. The average daily mean radiant temperature distribution at the 14 points studied in January
(a,b) and August (c,d) 2021.

3.2.2. Subjective Comfort

According to our observations and based on 60 respondents, the air temperature and
humidity have the most significant impact on daily comfort (Figure A2). Figure A3 shows
the point pleasantness scale in the subspaces for different parameters (air temperature,
humidity, wind speed, shading, and sun effect). Point 5 stands out with the most positive
votes on the pleasantness scale. Figure 7 shows the users’ preferences for subspaces. As
stated by the results of the votes, the subspaces are distributed into three categories—the
most comfortable (ranging from 1 to 2), moderately comfortable (ranging from 3 to 6), and
the least comfortable (7 to 9).

Spaces that emerged to be the most comfortable were the points with a low sky view
factor (5, 7, and 9), with more than 15 votes ranking 1/9 or 2/9. On the other hand, the
measurement points 6 and 10, with large openings to the sky, were the most uncomfortable
for the users, with the lowest ranking (over 25 votes for each at the last position).
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Preference vote according to the type of space

Ranking by preference

T

o
o

10 15 20 25 30
Number of responses

uP14 wP10 «P9 mP7 uP6 ~P5 =P3 P2 mP1
Figure 7. Users’ feeling of comfort according to the type of space in Casbah of Algiers.

3.3. Sky View Factor Effect on PET and Tmrt

The assessment of PET and Tmrt depending on the SVF during different day hours is
illustrated in Figure 8. In January, the PET values were higher than the Tmrt values during
sunrise (6:00 a.m. to 8:00 a.m.). During daylight (10:00 a.m. to 4:00 p.m.), the Tmrt values
were greater than those of the PET (°C). The curves remain parallel despite a significant
difference (8 °C), which was recorded at midday (12:00 p.m.—2:00 p.m.) (Figure A4).
Thus, the mean radiant temperature is very impacted by the sun since its values increase
significantly during daylight.

In August, the assessment represents two distinct thermal periods of the day. The first
period was observed during sunrise and sunset (6:00 a.m. and 8:00 p.m.), and the second was
during daylight (8:00 a.m. to 6:00 p.m.). The PET and Tmrt values were too close in the first
period (6:00 a.m. and 8:00 p.m.), as seen in Figure A4 In the middle of the day (from 8:00 a.m.
to 6:00 p.m.), the values of Tmrt were much higher than those of the PET (£7 °C), but the
curves are parallel, which demonstrates a stable difference throughout the day but with an
increasingly significant variation in the middle of the day (12:00 p.m. and 2:00 p.m.).
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Figure 8. Assessment of PET and Tmrt levels at 14 studied points during January (a,c,e,g,ik,m,o0)
and August 2021 (b,d,f,h,j,1,n,p) from 6:00 a.m. to 8 p.m.
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3.4. Effect of the Sea Breeze on Outdoor Thermal Levels

This section reports on the impact of wind and relative humidity on overall comfort
in the Casbah of Algiers. According to the shared dataset [74], very low wind speed
measurements were noticed inside the study site, with averages of <0.5 m/s in almost all
of the subspaces. Given the proximity of the sea, a strong impact on relative humidity is
highlighted, with values reaching more than 70% in January and almost 80% in August.

A correlation analysis was conducted to examine the significance of the impact of
relative humidity on outdoor thermal comfort (PET) under different combinations of exter-
nal meteorological conditions and urban morphological configurations (14 measurement
points). According to Figure 9, there was a very important correlation rate between the
values of the relative humidity and the PET, with R2=0.811in January, where we noticed a
gradual decrease in the relative humidity with the increase in temperature at midday:.

Correlation between R, and PET in the urban spaces (January 2021)
85

80
75

70

=
- 3
=4

65

60

55

y =-0.8154x + 81.082
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PET°C
(a)
Correlation between R, and PET in the urban spaces (August 2021)
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Figure 9. Overall correlation between relative humidity and PET at the 14 points studied in January
(a) and August (b).
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In August, the correlation was R? = (.79, with relative humidity values of more than
75%, recorded mainly at the beginning of the day (6:00 a.m.) and in the evening (8:00 p.m.),
with a drop in humidity values at midday at the points measured.

4. Discussion

The present study was conducted to assess the outdoor thermal comfort in the historic
fabric of the Casbah of Algiers and the impact of the urban subspaces on microclimates in
Mediterranean climatic conditions. The study was focused on investigating the thermal
comfort parameters and values at 14 measurement points during January and August.

4.1. Major Findings and Recommendations

Our study dealt with the existing microclimatic variations in the subspaces of the
Casbah of Algiers. Firstly, covered passages and streets with low SVF present the best
performances of thermal comfort across all the measurement periods. Indeed, in the two
subspaces, solar radiation control played a decisive role in mitigating and protecting from
heat perception in hot seasons. Indeed, the high level of shade and the punctual winds
made it possible to reduce the temperature by up to 2 °C more than the other subspaces.
During cold periods, covered passages store heat by the destratification of the air, allowing
these subspaces to have warmer temperatures. In fact, a difference that reached APET\fax jan
= 3.7 °C was recorded between covered passages and other subspaces. These findings align
with the work of Ali-Toudert [38], Andreou [51], and Elnabawy [43] on the influence of the
urban morphology of traditional cities in creating urban microclimates.

Secondly, the measurement points 6 and 12 (see Figure 4) present the most uncomfort-
able points during January and August (PETjan ps = 19.1 °C, PETjan p12 = 18.8 °C) (PET Aug pe
=35.6 °C, PET g p12 = 36.1 °C). Indeed, for point 6, these significant variations are justified
by the size of the square. The wide opening to the sky in this space is a result of the collapse
of buildings, which induces strong solar radiation during the day and increases the place’s
temperature considerably. The rehabilitation of collapsed houses in this space is strongly
recommended to avoid these high-temperature variations and thus, find a comfortable
microclimate in this area. For point 12, the north-south orientation benefits from the sun all
day long. In addition, the high sky view factor of the street and its multiple intersections
increase the sunshine of the street canyon throughout the day. A suspended vegetation
cover is recommended in this type of street to increase its shade and, thus, reduce the
perceived temperature.

Thirdly, the values of the mean radiant temperature are related to the sky view factor; in
January, a negative correlation exists (r = —0.96). Points with a low opening to the sky, such
as at points 4, 11, and 14, had the highest temperatures and are, therefore, comfortable in
winter (Tmrtpy = 23.7 °C, Tmrtpy; =23.7 °C, Tmrtpy4 = 24.0 °C). At the same time, the points
with a high opening to the sky, such as points 6, 12, and 13, had the lowest temperatures
(Tmrtpg = 20.5 °C, Tmrtpyp = 22.1 °C, Tmrtpys = 22.5 °C). Indeed, this is explained because
the points with a low sky view factor store heat and emit it in cold weather. According
to [84], when the correlation is negative, this means that during this time, surfaces start to
release the heat back into the atmosphere. In August, the existing correlation is positive
(r = 0.82). The higher the SVE, the higher the mean radiant temperature is. In summer, the
solar radiations are longer and, therefore, as was also demonstrated in the study of [85],
the more open an area is will result in receiving more solar radiation. This results in a
higher Tmrt (i.e., Tmrtpg = 40.7 °C, Tmrtpjp = 41.2 °C, Tmrtpy = 39.6 °C). On the contrary,
areas with a low sky view factor can maintain temperatures in August at a cool level
(Tmrtp; =37.9 °C, Tmrtpy = 37.8 °C, Tmrtps = 37.7 °C). According to [86], shading is the
most important factor in providing a cooler temperature. These findings align with the
work of Wang and Venhari [27,87] on the role of the sky view factor in human thermal
comfort and heat stress. We recommend increasing shading in areas with a high sky view
factor by rehabilitating deteriorated areas or by introducing specific shading strategies to
improve the inhabitants” urban thermal comfort.
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Fourthly, we refer to the insignificant effect of the sea breeze despite the proximity
between the Casbah of Algiers and the sea. Indeed, the wind values recorded during the
two measurement campaigns remained relatively low, which induced the concentration of
a high rate of humidity in the measured streets, except for the PET values of measurement
points 12 and 13. Although the streets are adjacent, with a similar height and width
ratio (H/Wpp = 1.82, H/Wpi3 = 1.89), the APET between them is 2.2 °C. The value is
linked to the orientation (point 12: north—south, point 13: east-west) and to the average
wind velocity (Wsayg p12 = 0.20 m/s; Wsayg p13 = 0.48 m/s), as well as to the presence of
suspended vegetation in the entrances of the street at point 13. We recommend conducting
a more in-depth study of the impact of traditional urban morphology on wind flows.

Finally, the results of our survey campaign are consistent with the outdoor thermal
comfort calculations. Figure A2 shows that relative humidity is the parameter that most
influences the comfort of the inhabitants. In addition, according to the survey, measurement
points 6 and 10 are the most uncomfortable subspaces, as indicated in the PET comfort
results (PETaug.ps = 42.7 °C; PETaug.p10 = 42.2 °C). The survey questionnaire was able to
bring out the subjective feelings of residents and visitors.

4.2. Strength and Limitations of the Study

One of the specificities of this study is its empirical and comparative approach to
assessing the outdoor thermal comfort in historical urban fabrics [38,50]. A mixed ap-
proach was adopted, involving in situ measurements, the calculation of two indexes, the
mean radiant temperature (Tmrt) and the physiological equivalent temperature (PET), and
subjective questionnaires for inhabitants.

The durations of in situ measurements in similar studies have been from two to three
days [52,88]. However, in this study, the period of in situ measurements was extended
to 7 days in January and August. The reason for the extension was to have more precise
results during these periods. Therefore, the study can shed light on a different urban
morphology that has not been commonly investigated in the mainstream literature. The
Casbah of Algiers displays a H/W ratio different from the classical modern cities [89], with
pedestrian traffic inside the historical site. The absence of trees and vegetation within the
historic fabric means that specific mitigation strategies must be developed [90].

Finally, this study allows scientists to understand the outdoor conditions in historic
cities better. Knowledge collected through this study can indeed be exported to similar
urban fabrics worldwide. Since our survey sample included only 60 people, a larger
number of respondents could be explored in future studies to have more precise answers
regarding the perception and sensation of subjective comfort [55,58], and thus, make it
possible to conduct a complete study on TSV in Mediterranean climates [52,56].

4.3. Implication on Practice and Future Work

Planners should consider mitigation strategies for cases of extreme heat stress to
improve the comfort of the inhabitants in traditional urban cities, as well as for visitors to
the Casbah of Algiers, a UNESCO World Heritage Site, making it a very attractive region
for tourists [91] and economic activities.

One of the strategies that can be developed is the introduction of vegetation [92] in the
streets to reduce exposure to the sun [93] and, thus, the heat stress level. Future studies
may have longer measurement periods to study the outdoor thermal behavior of the urban
fabric over a whole season and then over a full year. Then, the creation of local urban
climate model-based measured climatic parameters can improve the overall evaluation
accuracy. This can be done by placing a climatic station in the historic fabrics, thus taking
measurements over long periods and characterizing the outdoor thermal comfort [94]. Next,
interventions at the urban scale can be carried out to improve users’ comfort by testing and
implementing adaptation and mitigation strategies. The introduction of vegetation into the
subspaces of the urban fabric and optimization of the solar reflectance index (SRI) of the
facade can play a major role.
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Finally, one of the interesting research projects to investigate is the likelihood of discom-
fort in the future under climate change [95]. This refers to long-term shifts in temperature
and weather patterns, which could greatly influence outdoor thermal comfort. This study
can be carried out by coupling current measurements with future climate scenarios, using
software such as ENVI-met or Rayman. This research may have significant implications for
advising decision-makers in similar Mediterranean environmental contexts to improve the
existing urban fabric, contributing to more livability and vitality in outdoor areas.

5. Conclusions

The present study evaluated the microclimatic comfort conditions in the historical
urban fabrics in the Mediterranean environment of the Casbah of Algiers. To this end, an
empirical investigation was performed in 14 subspaces. In the present study, the research
scale was limited to the most significant subspaces in the historical city to evaluate the
thermal comfort conditions within their microclimates. The measured data (air temperature,
relative humidity, wind velocity, surface temperature, and fish-eye images.) were taken
between 26 January-1 February and 5-11 August, several times in the day (from 6 a.m. to
8 p.m., every 2 h).

The outdoor comfort indexes of the physiologically equivalent temperature (PET) and
the mean radiant temperature (Tmrt), as well as the sky view factor (SVF), were evaluated
through the Rayman tool at the 14 reference points, by which modeling and calculations
were performed to identify the heat stress level. In January, it emerged that the PET},, was
in the “no thermal stress” zone for 38.4% of the daytime. The cold stress percentage was
49.1% and was recorded mainly at sunrise and sunset, while a 12.5% rate of heat stress
was present at midday. In August, heat stress was almost permanent. In fact, 52.67% of
the time, the PETAug was in strong or extreme heat stress, while the rest of the daytime
was in slight heat stress. The impact of the SVF on the Tmrt has been demonstrated in
the various subspaces of the Casbah, with the most significant temperature variations
occurring in vacant spaces following collapses. Additionally, the “sea breeze effect” on
the outdoor thermal comfort was insignificant (during the study period). Future studies
should investigate to expand our knowledge on heat stress and sea breeze with both in situ
and station measurements for various climatic parameters during all months and seasons
in historic cities.
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Appendix A
Table A1l. Studies on outdoor thermal comfort and corresponding modern cities.
City Koppen ..
(Country) Classification Investigation Index Reference
Colombo Af Urban design; outdoor PET Johansson
(Sri Lanka) thermal comfort etal., 2006
Urban geometry;
Gothenburg Ctb climate change; outdoor PET Thorsson
(Sweden) etal., 2010
thermal comfort
L Urban geometry;
Cur1t1.ba Cfb outdoor thermal Ta- NOx Kruger etal.,
(Brazil) . . 2011
comfort; air quality
Rotterdam, Urban heat Steeneveld
Arnhem Cfb Island urban PET otal. 2011
(Netherlands) morphology v
Tinos (Greece) Csa Thermal comfort; urban PET Andreou
canyon etal., 2013
De Bilt Ctb Urban forms; outdoor PET Taleghani
(Netherlands) thermal comfort etal., 2015
.. Several Urban geometry; level Jameiet al.,
Several cities ) greening; outdoor -
climates 2016
thermal comfort
Tolga Outdoor ‘thermal Matallah
. BWh comfort in oases PET
(Algeria) etal., 2018
settlements
Urban morphology;
Sydney Cfa urban ventilation; urban PET He et al., 2020
(Australia) .
heat island; sea breeze
Ardebi, Bandar
Abbas, Gorgan, Csb, BWh, Wind cooling potential PET Roshan etal,
. Csa, BSh 2020
Shiraz (Iran)
Table A2. Studies on outdoor thermal comfort in traditional cities.
City Koppen C
(Country) Classification Investigation Index Reference
Beni-Isguen Outdoor thermal Ali-Toudert
(Algeria) Bwh comfort PET et al., 2006
Gherdaia Aspect ratio and Ali-Toudert
(Algeria) Bwh orientation PET etal., 2006
Fez Outdoor urban Johansson
(Morocco) BSk environments PET, OUT_SET et al., 2006
Tunis Outdoor Thermal Younsi et al.,
(Tunisia) Csa Comfort- Geometry UTcl 2013
Dhaka Aw Mediterranean climate- ) Sharmin et al.,
(Bengladesh) vernacular architecture 2017
Alexandria Csa Microclimate- human Tt Ragheb et al.,
(Egypt) comfort 2016
Innovative materials- Rosso et al.,
Rome (Italy) Csa outdoor thermal MOCI- PMV 2018
. microclimate of an Elnabawi
Cairo (Egypt) Bwh outdoor urban form Tmrt etal., 2019
. . Outdoor Thermal Matallah
Biskra (Algeria) BWh Comfort PET etal, 2021
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Figure A1l. Distribution of the average daily air temperature at the 14 points studied in January
(a,b) and August (c,d).
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Figure A2. Parameters influencing daily comfort of people questioned in the Casbah of Algiers on a
scale of 1 to 5.
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Figure A3. The 7-point pleasantness scale of climatic parameters at points with different sky view
factors. Air temperature (a), relative humidity (b), wind (c), sun effect (d), shading (e).
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