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Abstract  
 
This thesis is concerned with investigating the influence of shading on the outdoor thermal 

comfort in the hot humid city of Jeddah. Shading is considered one of the mitigation techniques 

that can deal with the negative thermal environment. It is a solution to a problem that continues 

to grow. The problem began when the cities of Saudi Arabia including the city of Jeddah 

transformed from organic and pedestrian oriented cities to grid and car-oriented cities. This 

change negatively altered the thermal environment of the open spaces and influenced their 

usage significantly. This issue coupled with the continuous rise in temperature and the heat 

island effect insinuate the desperate need for climatic design interventions where shading is 

considered one of the most effective methods. Therefore, this research focused on investigating 

the influence of shading in enhancing the thermal environment and its level of effectivity. 

Different studies were undertaken to achieve the aim of this study including a theoretical study 

and a field study. The results proved the extreme significance of shading in this region as they 

make the open space functional as opposed to areas exposed to the sun. Furthermore, the study 

revealed the appropriate tools to measure the mean radiant temperature as well as the most 

suitable index to assess the outdoor thermal comfort in Jeddah and its need for adjustment.  
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1.1 Introduction 
 

In an urban setting, open spaces play a fundamental role as they constitute the aesthetical 

aspects of the built environment. Successful open spaces positively influence the image of the 

city as well as improve the quality of life for its citizens. In the city of Jeddah where the 

temperature and humidity reach high values, the design of open spaces must consider the 

extreme climatic conditions that have a high effect on the usage of open spaces. Hence, it is 

crucial to evaluate and understand the thermal comfort conditions suitable for open spaces in 

order to prolong the periods of their usage and contribute to the liveability of the city. 

Moreover, controlling sources of discomfort will further promote walking, cycling, and other 

social and economic activities not only when the weather is comfortable but throughout the 

whole year. The existing open spaces within the city of Jeddah need design interventions in 

order to enhance the thermal comfort conditions. One of the most influential ways to improve 

the thermal comfort is minimizing the intensity of solar radiation through proper shading which 

can be achieved through vegetation and shading device.   

 

1.2 Research Problem 
 

During the last six decades with the discovery of oil and improvement of the economic status, 

the cities of Saudi Arabia transformed from organic and pedestrian oriented cities to a grid and 

car-oriented cities where the use of open space were significantly influenced (Saleh, 1997). 

Moreover, due to rapid urbanization and misinterpretation of the concept of urbanism in 

western countries, the urban environment of the hot humid region neglected to properly address 

its local climate leaving it insensitive to its own climate (Thani, Mohamad, & Idilfitri, 2012). 

In addition, “due to the improper and unreasonable planning of city structure, materials used 

in the city construction and building settlements and arrangements, thermal environment of 

cities has been getting worse, e.g. air pollution and heat island of cities has been significantly 

existed” (Zhang, Qi, & Li, 2009). This combined with increase in temperature due to climate 

change and the urban heat island effect negatively influenced the thermal environment of the 

open spaces within the city of Jeddah, altering the perception and satisfaction of pedestrians. 

The open spaces of the city of Jeddah are rarely used during periods of high temperature 

compared to the comfortable and pleasurable months of winter due to lack of climate sensitive 
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design. Therefore, there’s a desperate need for design interventions in order to enhance the 

thermal comfort of open spaces and consequently their performance. One of the most effective 

solutions to enhance outdoor thermal comfort is the shading strategy (Grimmond et al., 2010; 

Lee, Voogt, & Gillespie, 2018; Takebayashi & Kyogoku, 2018). However, for the shading 

strategy to be successful in a hot humid environment similar to Jeddah, there are many factors 

to consider such as sun angles, cross ventilation, material properties, proper dimension, and 

structure. 

 

1.3 Research Aim  
 

The aim of this study is to investigate to what extent can shading devices enhance the thermal 

comfort of Jeddah’s open spaces in order to improve the performance of open spaces and 

achieve a better experience that will ultimately contribute to the liveability of the city.  

 

1.4 Research Objectives 
 

1. Understand the concept of outdoor thermal comfort and identify the appropriate index 

for measuring it in the hot climate  

2. Determine the aspects that can affect the design of shading devices in the hot humid 

region. 

3. Evaluate the effectiveness of shading devices. 

 

1.5 Research Scope and Limitations 
 

The context of this research will be geographically restricted to the city of Jeddah and more 

precisely its open spaces. As for thermal comfort, there are personal and environmental 

parameters; this research will focus on the latter.  Additionally, this research will focus on 

shading devices as they are one of the most influential methods that can affect and enhance 

thermal comfort outdoors. 
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1.6 Research Methodology 
 

This research will adopt the procedure of a scientific research where the 

study will follow the following steps: 

 

The 1st step is observation of the current situation to identify the problem subjectively and the 

various relevant factors that play a role in its existence. A questionnaire will be conducted to 

establish the existence of a relationship between thermal comfort and the use of open spaces as 

well as identify the specific location that will be studied. The survey will also help form an idea 

about the users’ shading preferences.  

 

The 2nd step is identifying the problem subjectively & objectively by assessing the context of 

the chosen site. The first tactic used is a fielding monitoring technique which will be applied 

through the use of field equipment to measure the environmental parameters of thermal comfort 

which are: air temperature, mean radiant temperature, relative humidity, and wind speed both 

in the sun and in the shade. This process will assess the existing context objectively using 

gathered date in the RayMan Software to calculate the PET index.  The second tactic is a field 

survey about the site users’ thermal perception which will be conducted while taking 

measurements in order to assess the site subjectively. This stage will generate the required data 

regarding the existing condition both in the sun and under the shade. 

 

The 3rd step is to measure to what extent does shading influence the outdoor thermal comfort 

by analysing and comparing the objective and subjective assessment of the chosen site.  
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1.7 Research Structure 
 

The research consists of six chapters as follows:  

Chapter 1: Introduction  

The first chapter contains a brief about the research that includes research introduction, 

research problem, research aim and objectives, research scope and limitation, and research 

methodology.  

 

Chapter 2: Outdoor Thermal Comfort 

This chapter reviews the concept of outdoor thermal comfort, its influence on human activity, 

its different approaches, its various parameters, the numerous indices used to measure it, and 

end with identifying the appropriate index to measure the outdoor thermal comfort in the hot 

climate. 

 

Chapter 3: Design Interventions to Improve the Outdoor Thermal Comfort 

This chapter introduces the different measures that can enhance the outdoor thermal comfort 

of existing open spaces with emphasis on shading devices. 

 

Chapter 4: Subjective & Objective Assessment of Outdoor Thermal Comfort  

This chapter subjectively and objectively assesses the outdoor thermal comfort in an open space 

in Effat campus both under the shade and in the sun in order to measure the influence of shade 

on the outdoor thermal comfort through a field survey. 

 

Chapter 5: Conclusion  

The final chapter includes the conclusion of all previous chapters and end with the final results. 
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1.8 Research Organization 
 

 

Figure 1: Thesis Organization & Structure 
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2.1 Introduction  
 

Any urban design project must take into consideration the climatic conditions in order to 

provide a healthy adequate environment especially in open spaces as they are the main drivers 

of a prosperous urban life. The outdoor thermal comfort is one of the important complex factors 

that influence the quality of open spaces and the activities that take place.  A better 

understanding of the parameters that influence the urban microclimate will enable designers to 

manipulate the microclimate and dramatically improve the quality of life (Rakha, Zhand, & 

Reinhart, 2017). This chapter will discuss the influence of outdoor thermal comfort on human 

activity as well as the concept of outdoor thermal comfort and its related aspects, and end with 

the appropriate index to measure it.  

 

2.2 Detailed Methodology 
 

 
In this chapter, a systematic literature review was conducted to determine the most suitable 

outdoor thermal comfort index in the hot region. It is a stand-alone literature review that is 

defined as “systematic, explicit, and reproducible method for identifying, evaluating, and 

synthesizing the existing body of completed and recorded work produced by researchers, 

scholars, and practitioners” (Okoli & Schabram, 2010). The process of preforming a systematic 

literature review has six steps which can be seen in Figure 2. 
 
 
 
 
 
 

 

 

 

 

 

As previously mentioned the objective of this chapter is to define the appropriate outdoor 

thermal comfort index for the hot climate, and the methodology used is the systematic literature 

review. To choose the eligible literature, two screening protocols were used; the first is the 

Figure 2: Systematic Literature Review Process. Source: ("Writing a Systematic Literature Review," 
2019) 
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context of the conducted study which should represent the hot climate region. The other 

screening process is the use of a thermal comfort index to evaluate the outdoor thermal comfort 

and measure the mean radiant temperature. The search process to retrieve the relevant studies 

included using topic related keywords as well as exploring the list of references found in the 

already chosen articles. To ensure the quality of the chosen literature, any studies that didn’t 

clarify the reasons or process behind their outcomes were excluded. A collection of 59 articles 

were screened and classified to provide the necessary data. The results and findings of the 

systematic literature review Section 2.5.6. 

 

 

2.3 Outdoor Thermal Comfort & Human Activity 
 

The success of open spaces can be measured by the number of people using that space. 

Therefore, there have been many studies conducted to analyze the relationship between thermal 

comfort and the number of people using the space.  These studies have been carried out in 

various climatic conditions, however they all confirm a significant relationship between the 

outdoor thermal environment and the number of people using the space (Gherraz, Guechi, & 

Benzaoui, 2018). Moreover, there have been studies that compared the number of users in 

urban settings with distinct special pattern such as various degrees of shading, and the results 

show that environmental design influences the outdoor thermal comfort and consequently 

effects the number of users (Gherraz, Guechi, Benzaoui,2018). To further elaborate the 

importance of outdoor thermal comfort, a study revealed that “improvement of microclimatic 

conditions in urban spaces can enable people to spend more time outdoor”(Aljawabra & 

Nikolopoulou, 2010). Moreover, recent researches show that the microclimate plays a vital role 

in the use of outdoor spaces and the activities that take place making thermal comfort 

conditions more significant (Boumaraf & Tacherift, 2012).  

 

The type of human activity is another important factor to consider in relation to outdoor thermal 

comfort. In the book Life Between Buildings: Using Public Space, the author Gehl (2011) 

defines three types of outdoor activities: Necessary, optional, and social activities. The 

necessary activities are compulsory activities that are essential in everyday life. These activates 
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will occur in all city spaces regardless of the quality of the space or the thermal environment. 

The optional activities take place if there’s a desire to do so, time to do so, and when 

environmental conditions are favorable. As for the social activities, they happen when people 

gather in public spaces, and they originate from the occurrence of necessary and optional 

activities.  All three mentioned activates form the public life of a space. 

 

As for the hot humid climate such as the case of Jeddah, there’s an essential need to enhance 

the outdoor thermal comfort in order to provide an operable and functional open space that 

allows and encourages all forms of activates to take place throughout the year. According to 

Gherraz et al. (2018), there are many positive contributions of open spaces with comfortable 

thermal conditions such as increasing the quality of life, enhancing the image of the city, 

increasing the use of open spaces for activities such as meetings, relaxation, recreational as 

well as reduce the energy consumption related to the use of indoor spaces. 

 

Rakha et al. ( 2017) convey that designers aspire to create spaces that entice outdoor activities 

where it is noted that thermal comfort plays a vital role in users’ daily interaction and 

amusement. Moreover, they explain that people’s choice to walk or cycle is dependent on their 

comfort and satisfaction with their thermal environment. This indicates the significance of 

outdoor thermal comfort and the ability to measure it in the field of urban design as well as 

urban planning. 

 
 

2.4 Outdoor Thermal Comfort Requirements for Hot Humid Environment 
 

According to Angelotti, Dessì, and Scudo (2007), one of the significant roles of a designer is 

the ability to comprehend people’s need properly and express them in a morphological setting 

and material requirements . They further explain that with the daily and seasonal variations as 

well as the types of activity that occurs in public spaces, people’s needs change.   

As for the hot and humid region located close to the equator seen in Figure 3, the region is 

characterized with an average uniform temperature, high humidity, and low wind speed all year 



 
 

 11 

round. Moreover, hot and humid tropics obtain intense levels of solar radiation due to long 

hours of daily exposure to sun as seen in Figure 4. 

 According to Thani et al. (2012), all these aspects form challenges for designers to incorporate 

climate-sensitive elements that can successfully mitigate harsh climate condition and provide 

a comfortable thermal environment. Furthermore, Hassan Fathy (1986) said: “People living in 

the hot, climates, are faced with a different problem: amplified ultraviolet rays that hit our 

concrete structures and rebound onto us in hot and humid weather conditions”. Attia and 

Hensen (2014) further stress on the necessity of protection against sensible and latent heat gains 

through all measures in order to reach thermal comfort conditions in a hot and humid 

environment.  Thani et al. (2012) also believe that solar shading should be given first priority 

for tropical climate as well as urban ventilation due to light wind and high humidity. 

 

 

 

 

 

Figure 3: Hot Humid Region Close to the Equator. Source: ("Which city has the best climate in the world?," 2016) 
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Figure 4: World Map of Direct Radiation showing annual and daily sum of direct solar radiation. Source: ("Which city has 
the best climate in the world?," 2016) 

 

Therefore, regions with a hot and humid climate such as the case of Jeddah city, the main 

concern is the dominant need to mitigate the hot weather especially during the summer season 

which is escalating in duration and intensity due to the phenomenology of climate change. The 

main requirements for hot and humid climate are oriented toward the reduction of solar and 

thermal radiation by all means as well as the increase of cross ventilation to promote wind flow 

and directed to where it is needed. These approaches will help produce a healthy and more 

tolerable thermal environment. 

 

 

2.5 Outdoor Thermal Comfort 
 

Understanding the concept of thermal comfort is essential to the field of urban design.  It lays 

the foundation for the design of open spaces and significantly influence the use of the space as 

there have been many cases where poor outdoor comfort conditions led to feeling of distress 

and caused the departure of users. Therefore, comfort is a vital concern for planners and 

designers in order to produce a healthy and thermally comfortable environment. 
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 2.5.1 Definition 

Thermal comfort is an impression used to demonstrate whether a person does not feel too hot 

or too cold in regards to a given thermal environment (Attia & Hensen, 2014).  It is a concept 

that attracted the attention of a number of scientists and scholars. Thermal comfort is defined 

as that condition of mind which expresses satisfaction with the thermal environment 

(ASHRAE, 2005), whereas thermal sensation is defined as the state of mind which express’s 

the person’s evaluation of its thermal environment (Pantavou, Theoharatos, Santamouris, & 

Asimakopoulos, 2013).  

 

 

 2.5.2 Assessment Approach for Outdoor Thermal Comfort 

The outdoor thermal comfort is a complex function of atmospheric conditions and physical, 

physiological, psychological, and behavioral factors (Middel, Selover, Hagen, & Chhetri, 

2016). Recent research recognized two main approaches to thermal comfort: the heat-balance 

approach or the physiological approach and the adaptive approach (Sanborn, 2017). The heat 

balance approach is simply based on the concept that the heat loss from the body is equal to 

the heat gained permitting the body to reach thermal equilibrium. This theory insinuates that 

all people are the same and the comfort of all individuals can be explained by physiological 

approach (La Roche, 2012). As for the adaptive approach, it relies on people’s perception of 

comfort where psychological factors, cultural background and people’s preferences are 

involved (Sanborn, 2017). According to Nikolopoulou and Steemers (2003) psychological 

factors may lead to a variance close to fifty percent between the subjective and objective 

assessment of thermal comfort. However, there are no clear way of quantifying these intangible 

psychological parameters. 
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2.5.2.1 Heat Balance Approach 
 

The heat balance of the human body is crucial in order to function properly. According to La 

Roche (2012), this implies that the heat produced by the metabolism or gained from the 

surrounding environment must disperse at the same rate that it is obtained.  He further explains 

that the body is homeothermic meaning it has a number of ways to regulate and control heat 

loss. One of the methods mentioned to deal with warm temperature is sweating, as an 

evaporative cooling technique, where body heat is used to evaporate sweat. However, with cold 

temperature, the body increases the production of heat through shivering. These are some of 

the physiological mechanisms that help regulate body temperature. The equation for the heat-

balance approach which is the basis for many thermal comfort indices is the following (Höppe, 

1999):  

                                                         

 

Where M is the metabolic rate, W the physical work output, R the net radiation of the body, C 

the convective heat flow, ED the latent heat flow diffusing through the skin, ERe the sum of heat 

flows for heating and humidifying the inspired air, ESw the heat flow due to evaporation of 

sweat, and S the storage heat flow for heating or cooling the body mass. If the mentioned terms 

in the equation have positive signs, they indicate energy gained. Whereas negative signs 

indicate energy lost (M is always positive; W, ED and Esw are always negative).  The individual 

terms are affected by meteorological parameters where C, and ERe   are influenced by air 

temperature, ED, ERe, ESw are influenced by air humidity, C, ESw are influenced by air velocity, 

and R is influenced by the mean radiant temperature.  

According to Honjo (2009),  in sedentary conditions, comfort is experienced when sweat 

production is limited or  ESw is close to zero.  He continues to explain that at higher levels of 

activity, comfort is achieved through modest levels of sweating which means that combinations 

of skin temperature and the body’s core temperature indicating the comfortable range are 

activity-dependent. Another condition that influences comfort is the changes of S where 

comfort is achieved when the value of S does not exceed a certain small value i.e., the amount 

Equation 1 
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of metabolic heat generated in the body (M +W) is approximately equal to the amount of heat 

lost from the body. 

  

To sum up, thermal Comfort is maintained 

when the body reaches thermal equilibrium 

meaning that the heat generated equals heat 

lost. Any excess heat gain or loss beyond this 

provokes substantial discomfort (Raish). The 

heat balance approach combines six parameters 

that influence thermal comfort: air temperature, 

mean radiant temperature, air velocity, relative 

humidity, metabolic rate, and clothing 

insulation to predict user’s thermal sensation. 

 

 

2.5.2.2 Adaptive Approach 
 

The adaptive approach is based on the assumption of the adaptive principle which states “If a 

change occurs such as to produce discomfort, people react in ways which tend to restore their 

comfort” (Nicol & Humphreys, 2002). Nicol and Humphreys (2002) continue to explain that 

when people are presented with more options to adapt themselves to their environment or the 

environment to their needs, people are less likely to experience discomfort.  

According to (Sanborn, 2017; Yao et al., 2009),there are three forms of adaptation methods: 

physical, physiological, and psychological. The physical adaptation is considered reactive, 

where a person adds or removes a layer of clothing to adapt to their environment, or interactive 

where a person changes his environment such as opening a window to allow cool breeze to 

enter. Physiological adaptation indicates that after prolonged or recurring exposure, more 

tolerance is developed leading to a decrease in strain. As for psychological factors, a study by 

Nikolopoulou and Steemers (2003) indicated that thermal perception is influenced by 

Figure 5: Heat Balance. Source:("Thermal Comfort," n.d.) 
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psychological factors where a person’s experience of a place is based on his or her information 

about it.  The study established six intangible elements that influence people’s perception of 

the outdoor environment, namely: naturalness, expectations, past experience, time of exposure, 

and environmental stimulation. It conveyed the inadequacy of designing open space based 

purely on the physical model.  The study further stressed on the notion that both the physical 

environment and the psychological adaptation play an interdependent role in regards to thermal 

comfort. Therefore, designs that offer spaces with different environmental setting promote 

maximum physical and psychological adaption where people are likely to stay longer (Sanborn, 

2017). Nikolopoulou, Baker, and Steemers (2001) clarify that the thermal environment is what 

first attracts people to spend time outdoors. Once they are there, the psychological elements 

start to take effect. Yao et al. (2009) explain that the relationship between the occupants and 

the thermal environment is complex where the occupant’s adaptation and thermal sensation is 

influenced by the three adaptive methods. Figure 6 shows the thermal comfort adaptive model 

mechanism. 

 

 

Figure 6: The Thermal Comfort Adaptive Model Mechanism. Source:(Yao, Li, & Liu, 2009)  
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To measure the effects of the thermal environment on humans, it has been noted that the best 

way to evaluate and assess the thermal comfort outdoors is through the use of thermal indices 

that are dependent on the heat-balance approach of the human body (Santos Nouri et al., 2018). 

 

2.5.3 Variables that Effect Outdoor Thermal Comfort 

Thermal comfort is affected by several factors that affect the rate of heat dissipation from the 

body which are either environmental or human parameters; these factors are: air temperature, 

mean radiant temperature, air velocity, humidity, metabolic rate and clothing insulation 

(ASHRAE, 2005). To further clarify, the heat exchange between the human body and the 

surrounding environment occurs through the process of convection, conduction, radiation, and 

evaporation. According to Setaih (2016), the effect of the environmental parameters on heat 

exchange processes are the following: 

• Heat transfer through convection is influenced by air temperature. 

• Heat exchange through radiation is influenced by the mean radiant temperature. 

• Heat convection is influenced by air velocity. 

• Heat exchange through evaporation is influenced by the relative humidity. 

 Figure 7: Variables that Effect Outdoor Thermal Comfort. Source: (Diéguez, Duckart, & Coccolo, 2017) 
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2.5.3.1 Environmental Parameters 
 

Environmental parameters are physical micro-meteorological measurements of the immediate 

surroundings which include: air temperature, mean radiant temperature, air velocity, and 

relative humidity. 

 
2.5.3.1 a) Air Temperature 

Air temperature commonly given in degree Celsius is defined by Barakat, Ayad, and El-Sayed 

(2017) as the temperature of the air surrounding the human body. It is considered one of the 

widely known indicators of thermal comfort and the most essential environmental parameter 

measured by a dry-bulb thermometer (La Roche, 2012). Air temperature is a microclimate that 

influence thermal comfort by affecting the evaporative and convective mode of heat exchange 

to and from the body (CIBSE, 2006) quoted by (Setaih, 2016).  

 

2.5.3.1 b) Mean Radiant Temperature  

The mean radiant temperature (MRT) is one of the most critical environmental parameters that 

significantly influence the outdoor thermal comfort. The MRT is defined as the “uniform 

temperature of an imaginary enclosure in which the radiant heat transfer from the human body 

equals the radiant heat transfer in the actual nonuniform enclosure” (ASHRAE, 2005).   The 

main factors that influence the value of MRT are mainly divided to short-wave radiation and 

long-wave radiation which include direct, diffuse, and reflected solar radiation as well as 

infrared radiation from sky and urban surfaces (Barakat et al., 2017; Rakha et al., 2017). 

According to Kántor and Unger (2011), the MRT values outdoor in an urban setting are much 

more complex than in an indoor setting. They continue to explain that the MRT value indoors 

is approximately equivalent to the air temperature whereas the MRT value outdoors can reach 

up to 30 OC higher than the air temperature in sunny conditions. This is due to the fact that the 

MRT values vary specially and temporally in an urban environment as there are a wide range 

of surfaces that absorb, reflect, and emit solar radiation at different rates and intensity (Barakat 

et al., 2017). A study by Kántor and Unger (2011) mentioned the following as the main 

components of the MRT:  
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1.Solar or short-wave radiation reaching the lower atmosphere which includes: 

(a) I – direct solar radiation  

(b) D – diffuse solar radiation  

(c) R – reflected short wave radiation (parts of direct and diffuse solar radiation reflected 

from the ground and other surrounding surfaces)  

2.Terrestrial or long-wave radiation which included: 

(a) A – atmospheric counter radiation (thermal radiation from the sky)  

(b) E – long wave radiation of the environment (thermal radiation from the ground and other 

surrounding surfaces) 

Th study continued to mention the importance of the long and short-wave radiation in relation 

to the MRT and how it is dependent on the time of day, time of year, and the location.  To 

further elaborate, during night time, radiation exchange is limited to long wave elements, 

whereas the role of short-wave components take place during sunlight periods only and their 

significance increases with the altitude of the sun. On a clear sunny day without any sky 

obstruction, solar exposure is the main cause of thermal stress; however, in an urban setting, a 

standing person is mainly exposed to long wave radiation derived from the ground and other 

urban surfaces and only 30% is attributed to solar or short-wave radiation during the daytime. 

Figure 8: Effects of urban surface geometry on the penetration, absorption, and reflection of solar radiation, and on the 
emission of long-wave radiation. Source: (Bhatt, 2016) 
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Due to the variety of radiation density spatially and temporally as previously mentioned, 

obtaining the value of the MRT in an urban environment is one of the leading challenges that 

urban designers face during the assessment of thermal comfort. For example, even though 

natural and man-made obstacles block direct solar radiation in accordance to their dimension, 

structure, orientation, transmittance and position of the sun, they concurrently act as thermal 

radiators producing diverse levels of long wave radiation dependent on their surface 

temperature, emissivity, solid angle proportion, and the position of the person under study 

(Kántor & Unger, 2011). The main concern regarding the calculation of the MRT is the 

stipulation of the immediate surfaces with their solid angle proportions and the measurement 

of the short and long wave radiation reaching the subject under consideration (Kántor & Unger, 

2011).  There are several methods to calculate the value of the MRT. The most accurate method 

is by integral radiation measurements and the calculation of angular factors which is the 

proportion of radiation received by the human body from different directions (Sofia Thorsson 

et al., 2007). The method requires using a pyranometer and a pyrgeometer (Figure 9) to measure 

the short and long wave radiation from six different direction (Kántor & Unger, 2011; Krüger, 

Minella, & Matzarakis, 2013; Sofia Thorsson et al., 2007). However, not only is it a 

complicated procedure, but the equipment is costly and difficult to acquire due to lack of 

availability. 

Figure 9: Instrument setup for measuring both shortwave radiation, using pyranometers, and longwave 
radiation, using pyrgeometers, simultaneously from six directions (downward, upward, north, east, south, 

west). Source: (Sofia Thorsson, Lindberg, Eliasson, & Holmer, 2007) 
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Another method, a more common method, used to determine the value of MRT is the globe 

thermometer combined with the measurements of air temperature and wind speed which is 

considered the simplest and cheapest method. The globe thermometer reacts to the radiation 

from the surrounding environment; if the global temperature is higher than the dry bulb 

temperature, it indicates that the surrounding surfaces is warmer than the air and vice versa (La 

Roche, 2012). After acquiring the global temperature, the MRT is calculated using the 

following equation (Sofia Thorsson et al., 2007):  

                                                                                

…… 

where: Tg is the globe temperature (°C), Va is the wind speed (ms 1), Ta is the air temperature 

(°C), D is the globe diameter (mm) and e is the globe emissivity (0.95 for a black globe). 

Practically, the measured value of Tg represents the average of both the Ta and Tmrt values 

(Kántor & Unger, 2011). A typical globe thermometer consists of a black-painted copper 

sphere 15 cm in diameter (Erik Johansson, Thorsson, Emmanuel, & Krüger, 2014; Kántor & 

Unger, 2011; La Roche, 2012). There have been several concerns in regards to the use of a 

standard global thermometer to measure the MRT outdoors.  Some of the concerns are the 

following: 

• Disregard to the black color of the sphere where the absorption of the short-wave 

radiation is overestimated (Kántor & Unger, 2011). 

• The lengthy duration for the globe thermometer to reach a state of equilibrium where it 

takes 15 to 20 minutes. The duration presents a challenge especially as the Ta and Va 

tend to change rapidly outdoors rendering it difficult to reach equilibrium (Erik 

Johansson et al., 2014; Sofia Thorsson et al., 2007). Hence, the value of the calculated 

MRT becomes questionable.  

Proposed solutions to the previous concerns involve a sphere with a smaller size to speed up 

the response time, however not too small where the results become inaccurate (Kántor & 

Unger, 2011). Thus, an optimum sphere size balances between accuracy and response time.  

Moreover, the color of the sphere can be changed to a grey color to better present the radiant 

Equation 2 
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properties of the skin and general clothing (Erik Johansson et al., 2014).  One of the tested grey 

globe thermometers and proven to be suitable for measuring Tg outdoors is a 38 mm table 

tennis ball (a hollow acrylic sphere) painted grey (color: RAL 7001) with PT 100 temperature 

sensor inside the middle of the ball (Figure 10) (Sofia Thorsson et al., 2007). Afterwards, the 

previous equation Eq.Error! Reference source not found. ) was used to calculate the MRT 

using 5-minute mean values. It has been noted that results of the equation are valid only when 

the air velocity is between 0.1 and 4.0 ms−1 and the incoming short-wave radiation range 

between 100 and 850 Wm−2.  

 

Figure 10: The 38 mm flat grey globe thermometer. Source:(Sofia Thorsson et al., 2007) 

 

Another method for calculating the MRT is using a simulation software to model the radiation 

environment within an urban context.  However, it is a challenging task to model the MRT as 

it relies on heat transfer principles to generate the surface temperatures for the studied period 

of time in the chosen site (Rakha et al., 2017). Yet, several software have been developed which 

provide such a task including RayMan and ENVI-met. 

Rayman is considered one of the commonly used tools for thermal comfort researchers. The 

model calculates the MRT based on: Temporal description (date, and time of day), 

geographical location (longitude, latitude, altitude, and time zone), meteorological input (air 

temperature, air humidity, global radiation or cloud cover at least, turbidity), albedo of 

surrounding surfaces, information regarding horizon limitation such as topography and any 

form of obstacles including buildings (length, width, and height) and vegetation (type, height, 

width of canopy), the Bowen-ratio, and the ratio of diffuse and global radiation (Sofia Thorsson 

et al., 2007). It should be noted that the simulation refers to a single point in the examined area 

not a continues surface of the obtained values as it would increase the duration of the running 
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time (Kántor & Unger, 2011). According to Abdel-Ghany, Al-Helal, and Shady (2013), 

RayMan is valid for hot and sunny climate in where the value of the MRT exceed 60∘C at 

around noon. The software can be further utilized to generate sun path diagram, sunshine 

duration, shadow spaces, and various thermal comfort indices (PET, PMV, SET, UTCI). 

 

 

As for ENVI-met, it is a 3-dimensional grid-based tool that can calculate wind flow, turbulence, 

temperature, humidity, comfort indices (PMV), radiation fluxes, as well as the MRT  with a 

high spatial resolution of 0.5-10 m horizontally and temporal resolution of up to 10 s  (Rakha 

et al., 2017). The software enables the user to create a detailed 3d model within a 250x250x25 

grid layout that contains buildings (height, shape, and design), vegetation (type, dimension, 

physiological process), and soil type.  The software simulates the microclimate parameters for 

daily cycles of each grid; therefore, the duration of the running time can take up to several days 

to generate accurate and comprehensive output variables (Kántor & Unger, 2011). The ENVI-

met calculate the MRT at a surface level where as RayMan calculates it at one point. Hence, 

the broad difference in running time. According to Rakha et al. ( 2017), some of the limitations 

of ENVI-met software is the extensive workflow, the duration of the running time where is 

takes 24 hours to simulate a 24-hour simulation, and the limitation in calculating the long-wave 

radiation fluxes.  

Figure 11: Modelling of Mean Radiant Temperature within Urban Structures. Source:(Fontanesi, 2013) 
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Figure 12: Envi-met Simulation Process. Source:(Unal, Uslu, Cilek, & Altunkasa, 2018) 

 

2.5.3.1 c) Air Velocity 
 

Air velocity or wind speed is considered one of the most influential methods that can help 

achieve a cooler body temperature especially in a hot and humid environment (La Roche, 2012; 

Sealey, 1979). Air movement impacts the evaporation of moister from the skin where a high 

air velocity increases the evaporative cooling and reduces thermal discomfort (La Roche, 

2012). Air velocity less than 0.1m/s and more than 6m/s causes discomfort (CIBSE, 

2006)quoted by (Setaih, 2016). However, Sealey (1979)sates that air velocity over 5 m/s leads 

to discomfort. Moreover, Sealey (1979) and La Roche (2012)   mention that air velocity up to 

2 m/s can enhance thermal comfort in over heated conditions especially spaces with high 

humidity. Air velocity recommendations for a hot and humid environment similar to Hong 

Kong was presented by (Cheng & Ng, 2006). They claimed that the appropriate air velocity for 

a person under shade to remain in comfortable conditions exposed to solar radiation of about 

100 W/m2 and air temperature between 27 and 34 oC is: 

• 0.1to 2.5 m/s for sitting activity  

• 2.5-4 m/s for a standing activity 

• 4-5 m/s for a walking activity 
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2.5.3.1 d) Relative Humidity 
 

According to Barakat et al. (2017) relative humidity is defined as “the ratio between the actual 

amount of water vapor in the air and the maximum amount of water vapor that the air can retain 

at that air temperature”. The extent of moister in the air is mainly dependent on pressure and 

air temperature (CIBSE, 2006) quoted by (Setaih, 2016). Therefore, when the air temperature 

and pressure increase, the air’s moister content increase, and vice versa. A low relative 

humidity enables sweat to evaporate and cool the skin, whereas a higher relative humidity 

(above 70%) prevents sweating as the amount of moister in the air is already elevated (Sealey, 

1979). The acceptable range of humidity is from 30 to 60% where humidity has a limited effect 

on thermal comfort (La Roche, 2012). Anything below the acceptable range will be too dry, 

and anything above will be too moist and therefore causes discomfort.  

 

 

2.5.3.2 Human Parameters  
 

The human parameters represent the characteristics of the users and they include the metabolic 

rate (activity level) and the clothing insulation.  

 

2.5.3.2 a) Metabolic Rate 
 

The metabolic rate is defined by La Roche (2012) as heat generated by the human body 

which can be of two types: 

• Basal metabolism: the result of biological process that are carried out 

continuously and unconsciously. 

• Muscular metabolism: generates heat through physical actives which are 

preformed controllably and consciously. 

The mount of energy produced per unit of time is called metabolic rate and it is expressed in 

Watt/ m2 of body surface (Mukherjee & Mahanta, 2014). The metabolic rate ranges from 0.8 

Met while sleeping up to 10 Met during sport activities or intensive workouts (INNOVA, 
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2004). Table 1 presents the metabolic rate for various activities. In order to evaluate the 

metabolic rate for an individual, it is crucial to calculate the average metabolic rate of the 

performed activities within the last hour due to the fact that the body heat capacity “recalls” up 

to one hour of activity level (INNOVA, 2004). 

Table 1: Metabolic Rate for Typical Tasks 
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2.5.3.2 b) Clothing Insulation 
 

Clothing acts as a barrier between the human body and the surrounding environment 

(Mukherjee & Mahanta, 2014). Each clothing type has a different insulation value expressed 

in Clo Value. The amount of clothing worn by a person significantly influences their thermal 

comfort due to its influence on heat loss and subsequently its influence on thermal balance. 

Therefore, layers of clothing can either keep a person warm or lead to overheating which makes 

it an important behavioral adjustment that a person may consciously or unconsciously make to 

modify and adapt to the surrounding environment. Commonly, the thicker the clothing item, 

the higher insulating capacity it has. Table 2 presents the clo value for different clothing items. 

The clo value for an individual can be calculated by adding the different clo values for each 

garment (INNOVA, 2004).  

 

The clothing insulation and the activity level both present an adaptive opportunity for comfort, 

however complete adaptation to the extreme thermal microclimates cannot be accomplished 

on its own especially outdoors (Setaih, 2016). Therefore, there’s a need for urban design 

support to deal with the environmental parameters. 

 

 Table 2: Clothing Insulation Values for Typical Ensembles 
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2.5.4 Designing for Outdoor Thermal Comfort 

 

Designers with the intent to enhance thermal comfort in an outdoor environment are faced with 

several challenges such as the lack of control over the concerned variables. For example, it’s 

very difficult to examine or identify the impact of a certain design on the various 

meteorological variables. Moreover, (Brown, Vanos, Kenny, & Lenzholzer, 2015) explain that 

some environmental parameters such as air temperature or relative humidity are difficult to 

change or control where they require large scale design interventions like a regional park. They 

continue to explain that other environmental parameters such as air velocity, radiant heat, and 

solar exposure are more easily adjustable or controllable and can be modified through small 

scale design intervention. Although not all meteorological factors can be manipulated, there’s 

still a need to understand how the manipulation of certain environmental parameters can 

influence the thermal sensation outdoors. Also, according to Sealey (1979), it is important to 

recognize the subjective nature of comfort where it is very difficult to reach a condition where 

everyone feels comfortable. He further explains that the best comfort conditions are known as 

optimum conditions where 50 to 75 % of people feel comfortable. Another concern for outdoor 

spaces, is the more extreme climatic fluctuations where comfortable conditions cannot be 

expected at all times; therefore, a more logical design is to increase the frequency of 

comfortable conditions throughout the year (Rose, Wu, & Beyers, 2010). 

 

2.5.5 Outdoor Thermal Comfort Indices 

The calculation of thermal comfort is a crucial procedure to evaluate human thermal comfort, 

but more importantly it is essential to design adequate urban open spaces. Thus, any assessment 

of thermal comfort in relation to practical design must consider all six variables of thermal 

comfort simultaneously which are air temperature, mean radiant temperature, air velocity, 

relative humidity, metabolic rate, and clothing insulation. Hence, a scale is needed to measure 

the combined effect of all six factor such a scale is referred to as thermal index.   

 

Due to climate change as well as the more frequent and intense heat stresses that the cities of 

the world are facing today, there’s a rising interest in the assessment of outdoor thermal 

comfort; however, limited research has been done on outdoor thermal comfort in comparison 
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to indoor thermal comfort (Honjo, 2009).  While both indoor and outdoor thermal comfort are 

influenced by the same six variables, the outdoor environment is much more complex and less 

stable where climatic conditions are influences by local physical characteristics and vary 

widely across time and space (Middel et al., 2016). Another concern regarding the assessment 

of outdoor thermal comfort is mentioned by Walls et al. (2015) where people’s preferences and 

thermal perception vary widely in regards to outdoor temperatures which results in a broader 

acceptable range of thermal comfort. they continue to explain that people’s preferences are 

comprehended to be influenced by geographic location and acclimatization of users to certain 

conditions. 

 

In design, it is crucial to comprehend the various types of output that are provided by the 

outdoor thermal comfort indices.  The understanding of what is being measure will determine 

the usefulness of the indices and how it can be applied in the design.  According to Walls et al. 

(2015), design proposals for existing sites require measurements of the exiting thermal 

conditions as well as the prediction of future changes. Therefore, an indication of difference is 

more beneficial than precise measurement in order to identify the performance level of the 

proposed design which is the case of this study. 

Numerous indices have been developed to measure thermal comfort in hot and cold conditions. 

Each index presents a distinct way of informing the design. There are many demands to 

standardize the assessment of thermal comfort (Erik Johansson et al., 2014). However, there 

are no guidelines that reveal the most suitable thermal index for certain conditions, or how to 

use the thermal index to order to inform the design, hence guidelines on the use of thermal 

indices as predictive design tool requires further research (Brown et al., 2015; Chen & Ng, 

2012).  

 

Commonly used thermal comfort indices for outdoor assessment make a necessary number of 

assumptions or standardize variables for practicality reasons. The following section reveals 

some of the commonly used thermal indices for the assessment of the outdoor environment 

based on recent studies conducted outdoors. 
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2.5.5.1 PMV 
 

One of the mostly used indices for thermal comfort is the Predictive Mean Vote (PMV).  It 

investigates whether a given thermal environment abides to the criteria of comfort by 

calculating the mean thermal response of a large group of persons on a seven-point scale 

ranging from +3 (cold) to -3 (hot) as seen in Figure 14 (ISO7730, 2005). The equation is based 

on the heat balance approach where it uses heat transfer to calculate the equilibrium thermal 

balance between an individual and their surrounding environment in reference to the 

environmental factors (air temperature, mean radiant temperature, air velocity, and relative 

humidity) and human factors (metabolic rate and clothing insulation). Even though the PMV 

index was initially developed to measure the rate of thermal comfort indoors, it has been 

utilized to assess the thermal comfort outdoors in many studies (Thanh Ca, Asaeda, & 

Mohamad Abu 1998; Sofia Thorsson, Lindqvist, & Lindqvist, 2004; Zakhour, 2015).   

 

 

 

2.4.6.2  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 14: 7 Point Thermal Sensation Scale. Source: (Beizaee, K Firth, Vadodaria, & Loveday, 2012) 

Figure 13: PMV model: Input & Output Data. Source: (by the author) 
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2.5.5.2 PET 

The Physiological Equivalent Temperature (PET) index was developed especially for outdoor 

environments. It is based on the Munich Energy-balance Model for Individuals (MEMI). The 

PET was developed by (Höppe, 1999) to compare the outdoor thermal conditions with the 

indoor thermal conditions in order to assess the outdoor thermal environment in relation to a 

standardized indoor condition for a standardized individual. The PET, expressed in degree 

Celsius, is defined by Höppe (1999) as “the air temperature at which, in a typical in- door 

setting (without wind and solar radiation), the heat budget of the human body is balanced with 

the same core and skin temperature as under the complex outdoor conditions to be assessed”. 

Therefore, it enables a layperson to compare the integral effects of complex thermal conditions 

outside with his or her own experience indoors. The PET index takes into account the four 

environmental parameters (air temperature, MRT, air velocity, and relative humidity); 

however, the human parameters are fixed where the standardized individual is assumed to have 

metabolic rate of 80 W (light activity) in addition to the basic metabolism and clothing 

insulation of 0.9 clo (Höppe, 1999). The following assumptions are made for the indoor 

reference climate:  

• Mean radiant temperature equals air temperature (Tmrt=Ta) 

• Air velocity is set to 0.1 m/s 

• Water vapor pressure is set to 12 hPa (approximately equivalent to a relative humidity 

of 50% at Ta=20°C)  

 

 

 

 

 

Figure 15: Explanatory Figure for PET. Source: (Kántor, Kovács, & Takács, 2016)  
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According to (Deb & Alur, 2010), there are several advantages to the use of PET: 

• It is a universal index and it is calculated regardless of clothing and metabolic rate.  

• Due to its thermos-physiological background, it provides the real effect of the 

sensation of climate on human beings.  

• It is measured in °C which makes it relatable and easier to comprehend.  

• It does not rely on subjective measures. 

• It is suitable in both hot and colder climates. 

Simply, PET was designed in a physiologically relevant way to model the thermal conditions 

of the human body in any given environment (Setaih, 2016). Table 3 seen above, presents the 

variation of PET in different climatic conditions. For example, in warm and sunny condition 

the PET value is equal to 43 oC which means that an occupant of a room with an air temperature 

of 43°C reaches the same thermal state as in the warm and sunny outdoor conditions. If the 

person moves to a shaded area away from direct solar radiation, then the PET value will be 

reduced to 29 oC.  Thus, the same outdoor air temperature will result in a different thermal 

strain that can be clearly quantified with the PET index. It should be noted that the PET index 

does not indicate if the thermal environment causes thermal stress or discomfort (Höppe, 1999); 

it merely presents what the thermal environment feels like by considering all the influential 

meteorological data. Table 4 shows that ranges of PET for various levels of thermal perception 

and physiological stress.  

Table 3: Variation of PET in different scenarios. Source: (Deb & Alur, 2010) 
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The PET Index is recommended by German guidelines for urban and regional planners, and it 

is used to predict changes in the thermal component of urban or regional climates (Honjo, 

2009). PET is the most commonly used index in outdoor thermal comfort studies (Erik 

Johansson et al., 2014) and it has been proven suitable for the warm humid climate (E. 

Johansson, Yahia, Arroyo, & Bengs, 2018). The PET values can be easily calculated by the 

software RayMan (freely available online). The RayMan Software requires the six parameters 

seen in Figure 16 that influence thermal comfort in order to calculate the PET Values.  

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Interface of RayMan software to obtain PET values. The required six main inputs are numbered in this image 
from 1 to 6. Source: (Setaih, 2016) 

Table 4: Different PET Ranges referring to thermal sensation as well as grade of physiological stress. Source: (Brosy, 
Zaninovic, & Matzarakis, 2013) 
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2.5.5.3 SET & OUT_SET 
 

The Outdoor Standard Effective Temperature (OUT_SET ) index was developed by de Dear 

and Pickup (1999). It is a modified version of the Standard Effective Temperature (SET) in 

order to be suitable for the outdoor environment. The SET is defined as “the equivalent dry 

bulb temperature of an isothermal environment at 50% RH in which a subject, while wearing 

clothing standardized for activity concerned, would have the same heat stress (skin 

temperature) and thermoregulatory strain (skin wettedness) as in the actual test environment” 

(Gagge, Fobelets, & Berglund, 1986).  According to Walls et al. (2015) the SET is a model for 

calculating the dry-bulb temperature which relates the real conditions of an environment to the 

(effective) temperature assuming standard clothing, metabolic rate and 50% relative humidity. 

He continues to explain that this assessment gives an equivalent air temperature measurement 

to compare thermal sensations in a range of conditions and from this the effective temperature 

can be related to a subjective thermal comfort response. Table 5 shows the correspondence 

between SET, sensation, and Physiological state. As for the OUT_SET, it involves a simplified 

mean radiant temperature and assumes activity and clothing value suitable for outdoor 

conditions. However, according to Erik Johansson et al. (2014), OUT_SET* index is less 

widely used in comparison with PET index.  

 

Table 5: Correspondence between SET, Sensation, and Physiological State. Source:(Gherraz et al., 2018)  
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2.5.5.4 UTCI 

The Universal Thermal Climate Index (UTCI) was developed by a commission established by 

the International Society of Biometeorology and the World Meteorological Organization 

(Setaih, 2016).  The main purpose was to create an index suitable for all climates, seasons, and 

scale where personal characteristics such as age, gender, clothing, and activity were dissociated 

(Jendritzky, de Dear, & Havenith, 2011). The UTCI, expressed in oC  indicates how the weather 

feels, taking into account all climatic factors (air temperature, mean radiant temperature, air 

velocity, and relative humidity) (Mukherjee & Mahanta, 2014). The UTCI thermal comfort 

classification seen in Table 6 includes 10 categories that range from extreme heat stress to 

extreme cold stress. 

UTCI is newest thermal index and is considered the most advanced rational thermal indices. 

Figure 17 shows the concept of the UTCI. The parameters that are taken into account for 

calculating UTCI involve dry temperature, mean radiation temperature, the pressure of water 

vapor or relative humidity, and wind speed (at the elevation of 10 m)(Zare et al., 2018).  

 

 

 

 

 

 

 

Table 6: Ranges of UTCI thermal comfort classifications. Source: (Walls, Parker, & Walliss, 2015) 

Figure 17: The Concept of UTCI. Source: (Bröde, Krüger, & Rossi, 2011) 
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According to (E. Johansson et al., 2018), the UTCI takes into account the reduction of clothing 

insulation due to wind speed; moreover, the clo value is dependent on the outdoor air 

temperature where the value is high when the air temperature is low and vice versa. As for the 

value of the metabolic rate, the UTCI has a fixed value for walking as it developed for outdoor 

studies. One of the advantages of UTCI is that it can be easily calculated online.  

 

 

2.5.6 Choice of Outdoor Thermal Comfort Index 

After examining hundreds and hundreds of case studies concerned with the outdoor thermal 

comfort indices, 59 case studies were reviewed thoroughly. The selection criteria were based 

on the study being conducted in the hot humid region similar to the region of the selected field 

study, the use of the outdoor thermal comfort indices, as well as the use of tools to measure the 

MRT. The schedule containing all the thoroughly reviewed case studies is seen below in Table 

7. 

No. Source, Year City, Country Climate Index Tools MRT 
Calculation 

1 (Thanh Ca et al., 
1998) 

Tokyo, Japan Humid 
Subtropical 

PMV N/D Pyranometer 
& 

Pyrgeometer  
 

2 (Nikolopoulou 
et al., 2001) 

Cambridge, 
England  

 

Oceanic  PMV N/D N/D 

3 (Sofia Thorsson 
et al., 2004) 

Göteborg, 
Sweden 

 

Humid Contental PMV RayMan N/D 

4 (Gulyás, Unger, 
& Matzarakis, 

2006) 

Szeged, 
Hungary 

 

Oceanic 
Continental 

PET RayMan RayMan 
(Global 

Radiation) 
5 (Ali-Toudert & 

Mayer, 2006) 
Ghardaia, 
Algeria 

 

Hot Desert 
 

PET Envi-met Envi-met 

6 (Erik Johansson, 
2006) 

Fez, Morocco 
 

Mediterranean  PET N/D RayMan 

7 (Hodder & 
Parsons, 2007; 

Sofia  Thorsson, 
Honjo, 

Lindberg, 
Eliasson, & 
Lim, 2007) 

Tokyo, Japan Temperate  PET RayMan Globe 
Thermometer, 
Pyranometer 

& 
Pyrgeometer 

8 (Knez & 
Thorsson, 2008) 

Goteborg, 
Sweden 

& 

Maritime PET RayMan Globe 
Thermometer, 
Pyranometer 
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Tokyo, Japan & 
Pyrgeometer 

9 (Andrade & 
Alcoforado, 

2008) 

Lisbon, 
Portugal 

Subtropical 
Mediterranean 

PET N/D Pyranometer, 
Pyrgeometer, 

RayMan 
10 (Lin & 

Matzarakis, 
2008) 

Sun Moon 
Lake, Taiwan 

Tropical PET RayMan Globe 
Temperature 

& 
Global 

radiation 
 

11 (Lin, 2009) Taichung, 
Taiwan 

Tropical PET RayMan Global 
Radiation 

& 
Globe 

Temperature 
 

12 (Kwon & 
Parsons, 2009) 

United 
Kingdom 

Temperate PMV N/D Globe 
Thermometer 

& 
Pyranometer 

13 (Aljawabra & 
Nikolopoulou, 

2010) 

Marrakech,  
North Africa 
& Phoenix, 

Arizona 

Hot Semi-arid & 
Hot Desert 

PMV N/D Globe 
Thermometer 

& 
Pyranometer 

14 (Lin, 
Matzarakis, & 
Hwang, 2010) 

Yunlin, 
Taiwan 

Tropical PET RayMan RayMan 

15 (Bröde et al., 
2011) 

Curitiba, 
Brazil  

 

Subtropical UTCI N/D N/D 

16 (Hwang, Lin, & 
Matzarakis, 

2011) 

Yunlin, 
Taiwan  

Tropical PET RayMan Globe 
Temperature 

 
17 (Mahmoud, 

2011) 
Cairo, Egypt Hot Desert PET RayMan N/D 

18 (Boumaraf & 
Tacherift, 2012) 

Biskra, 
Algiers 

 

Subtropical Hot 
Desert 

PMV N/D Globe 
Temperature 

 
19 (Ng & Cheng, 

2012) 
Hong Kong, 

China  
Humid 

Subtropical 
PET N/D Globe 

Temperature 
 

20 (Andreou, 2013) Tinos, Greece Mediterranean PET RayMan RayMan 
21 (Cohen, 

Potchter, & 
Matzarakis, 

2013) 

Tel Aviv, 
Israel 

Coastal 
Mediterranean 

PET RayMan Pyranometer 

22 (Pantavou et al., 
2013) 

Athens, 
Greece 

Mediterranean UTCI N/D Globe 
Temperature 

 
23 (Setaih, Hamza, 

& Townshend, 
2013) 

Medina, 
Saudi Arabia 

 

Hot Desert PET RayMan Globe 
Temperature 

 
24 (Yang, Wong, & 

Jusuf, 2013) 
Singapore 

 
Tropical Top (Operate 

Temperature) 
N/D N/D 

25 (Yahia & 
Johansson, 

2013) 

Damascus, 
Syria 

Desert PET, 
OUT_SET, 

PMV 
 

RayMan (PET) 
 

ASHRAE 
Thermal 

Globe 
Temperature 



 
 

 38 

Comfort 
Program 

(OUT_SET & 
PMV) 

 
26 (Pantavou, 

Santamouris, 
Asimakopoulos, 
& Theoharatos, 

2014) 

Athens, 
Greece 

Mediterranean UTCI, PET, 
PMV, 

OUT_SET 
 

N/D Globe 
Temperature,  
Pyranometers, 
Pyrgeometer, 

& Infrared 
Thermometer  

 
27 (Lai, Guo, Hou, 

Lin, & Chen, 
2014) 

Tianjin, 
China 

Topical 
Monsoon 

UTCI, PMV, 
PET 

 

RayMan Globe 
Temperature 

28 (Amirtham, 
Horrison, & 

Rajkumar, 2014) 

Chennai, 
India 

 

Tropical PET RayMan N/D 

29 (Farajzadeh, 
saligheh, 
Alijani, & 

Matzarakis, 
2015) 

Iran Mediterranean PET, SET, 
UTCI 

 

RayMan N/D 

30 (Zakhour, 2015) Aleppo, Syria  Semi-Arid  PET, PMV ENVI-met 
(PMV) 

RayMan (PET) 
 

Infrared 
Thermometer  

 

31 (Acero & 
Herranz-

Pascual, 2015) 

Bilbao, Spain Oceanic PET ENVI-met Global 
Thermometer 

 
32 (M. Akif  Irmak 

& Yılmaz, 
2015) 

Erzurum, 
Turkey 

Humid 
Continental 

PET RayMan N/D 

33 (Lobaccaro & 
Acero, 2015) 

Bilbao, Spain Oceanic PET N/D ENVI-met 

34 (Niu et al., 
2015) 

Hong Kong, 
China  

Humid 
Subtropical 

PET RayMan Globe 
Thermometer 

35 (Taleghani, 
Kleerekoper, 
Tenpierik, & 

van den 
Dobbelsteen, 

2015) 

Netherlands Temperate PET RayMan ENVI-met 

36 (Martinelli, Lin, 
& Matzarakis, 

2015) 

Rome, Italy 
 

Mediterranean PET RayMan N/D 

37 (Wang, de 
Groot, Bakker, 

Wörtche, & 
Leemans, 2016) 

Groningen,	
Netherlands 

Mild Maritime PET RayMan Globe 
Thermometer 

38 (Achour-Younsi 
& Kharrat, 

2016) 

Tunis, 
Tunisia  

 

Mediterranean 
Subtropical  

UTCI N/D ENVI-met 

39 (Elnabawi, 
Hamza, & 

Dudek, 2016) 

Cairo, Egypt 
 

Hot Desert PET RayMan Globe 
Temperature 

40 (Hirashima, 
Assis, & 

Belo, Brazil  
 

Tropical PET N/D Globe 
Thermometer 
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Nikolopoulou, 
2016) 

41 (Li, Zhang, & 
Zhao, 2016) 

Guangzhou, 
China  

Humid 
Subtropical 

 

PET RayMan Pyranometer 
& Globe 

Temperature 
 

42 (Liu, Zhang, & 
Deng, 2016) 

Changsha, 
China  

 

Humid 
Subtropical 

PET RayMan Globe 
Temperature 

43 (Maleki & 
Mahdavi, 2016) 

Vienna, 
Austria 

 

Oceanic PET ENVI-met N/D 

44 (Middel et al., 
2016) 

Tempe, 
Arizona 

Semi-Arid PET RayMan Globe 
Temperature 

45 (Perkins & 
Debbage, 2016) 

Phoenix, 
Arizona  

& 
Atlanta, 
Georgia 

 

Hot Desert 
& 

Humid 
Subtropical 

PET RayMan Sky Cover 

46 (Salata, Golasi, 
de Lieto 

Vollaro, & de 
Lieto Vollaro, 

2016a) 

Rome, Italy  Mediterranean PET RayMan Pyranometer 
& Globe 

Temperature 
 

47 (Salata, Golasi, 
de Lieto 

Vollaro, & de 
Lieto Vollaro, 

2016b) 

Rome, Italy  Mediterranean PMV ENVI-met ENVI-met 

48 (Zhao, Zhou, Li, 
He, & Chen, 

2016) 

Guangzhou, 
China  

 

Subtropical SET N/D Globe 
Thermometer 

 
49 (Barakat et al., 

2017) 
Alexandria, 

Egypt 
Hot Arid PMV ENVI-met ENVI-met 

50 (Du, Mak, 
Huang, & Niu, 

2017) 

Hong Kong, 
China 

 

Hot Humid PET RayMan Pyranometer 
& 

Pyrgeometer  
 

51 (M. Akif Irmak, 
Yilmaz, & 

Dursun, 2017) 

Erzurum, 
Turkey 

Humid 
Continental 

PET RayMan RayMan 

52 (Kruger, Rossi, 
& Drach, 2017) 

Curutuba, 
Brazil  
Rio de 
Janeiro, 
Brazil & 

Glasgow, UK  

Subtropical, 
Tropical, & 

 Oceanic 

PET RayMan Globe 
Thermometer 

& 
Pyranometer 

53 (Cheung & Jim, 
2018a) 

Hong Kong, 
China 

 

Hot Humid PET, UTCI RayMan (PET) 
Bioklima 
(UTCI) 

 

Globe 
Thermometer 

54 (Cheung & Jim, 
2018b) 

Hong Kong, 
China 

 

Hot Humid PET, UTCI RayMan (PET) 
Bioklima 
(UTCI) 

 

Globe 
Thermometer 

55 (Gherraz et al., 
2018) 

Ouargla, 
Algeria  

 

Hot Desert PMV, PET, 
SET 

 

RayMan RayMan 
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56 (Sodoudi, 
Zhang, Chi, 

Müller, & Li, 
2018) 

Berlin, 
Germany  

Oceanic 
 

PET RayMan ENVI-met 

57 (Lee et al., 
2018) 

London, 
Canada 

 

Humid 
Continental 

COMFA 
 

N/D N/D 

58 (E. Johansson et 
al., 2018) 

Guayaquil, 
Ecuador  

 

Warm Humid PET, SET 
 

N/D Globe 
Thermometer 

 
59 (Zare et al., 

2018) 
Kerman, Iran 

 
Arid  

 
UTCI, SET, 
PET, PMV 

 

Bioklima 
(UTCI) 
RayMan 

(PET,SET,PMV) 
 

N/D 

Table 7: Reviewed Case Studies 

The following bar chart ( Figure 18 ) created based on the reviewed case studies reveals that the 

PET is the most commonly used outdoor thermal comfort index in the hot humid region.  

 

 

 

 

 

 

 

 

Figure 18: Type of Thermal Indices Used in the Reviewed Studied 

The collected studies used the outdoor thermal comfort index for one of the following reasons: 

1. Validation the Index  

2. Validate a simulation software 
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3. Difference between various urban areas, or urban morphology to generate design 

guidelines or measure influence of different mitigation techniques such as shade, 

vegetation, material  

4.  To identify the influence of one or each climatic variable on outdoor thermal comfort  

5. Define neutral temperature, preferred temperature, and acceptable range (calibrate the 

scale) 

6. To view the influence of culture on people's thermal perception 

7. The influence of an outdoor thermal comfort on the usage of a public space 

The different aims for using the PET as an outdoor thermal comfort in the reviewed studies is 

shown in the following bar chart ( Figure 19 ) where most studies used the PET to indicate the 

influence of design on outdoor thermal comfort or to adjust the scale as there is a need for 

adjusting proposed comfort/stress ranges of a given index when using it in different climatic 

contexts (Kruger et al., 2017). 

 

 

 

 

 

 

 

 

Figure 19: The different aims for using the PET scale 

As for the tools or software used to calculate the outdoor thermal comfort, there are few tools 

that can assess either the outdoor thermal comfort or mean radiant temperature in this filed. 

However, the most common and comprehensive tools that can assess both outdoor thermal 

comfort and the mean radiant temperature are RayMan and Envi-met. As for the tools used to 
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measure the mean radiant temperature on site, the most common method is the use of a globe 

thermometer to measure the globe temperature and calculating the mean radiant temperature 

through the use of the previously mention equation (2) in section 2.5.3.1 b). 

 In summary, this study will use the PET for assessing the outdoor thermal comfort in hot 

humid Jeddah. The RayMan software will be used to calculate the chosen thermal index.  this 

study will also use the globe thermometer and the discussed equation to calculate the mean 

radiant temperature. 

 

2.6 Summary  
  

This chapter discussed the concept of outdoor thermal comfort and its significance in relation 

to the success of open spaces. It revealed all the different variable that take part in the model 

of thermal comfort. It mentioned the different approaches in the field of thermal comfort where 

Table 8 shows the most common outdoor thermal comfort indices and Table 9 shows the 

different ranges of thermal perception of the most common outdoor thermal indices. It 

highlighted the sources of discomfort for the hot humid region and what is required to deal 

with such discomfort. For the assessment of thermal comfort in Jeddah, the PET index will be 

used. The required data for calculating the PET has been discussed which are the air 

temperature, relative humidity, mean radiant temperature, wind speed, metabolic rate, and 

clothing insulation level. The mean radiant temperature will be calculated by measuring the 

globe temperature and using the previously mentioned equation (2). RayMan was identified as 

the choice of software for calculating the PET index. 

 It has been noted that outdoor thermal comfort (or discomfort) in urban open spaces is a 

complex matter. However, empirical data from in-situ measurements on urban microclimate 

and the subjective human perception level in the outdoor context would provide a broader 

perspective regarding the thermal comfort of urban spaces (Setaih, 2016). Figure 20 shows the 

process of assessing the outdoor thermal environment. 
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Table 8: Summary About the most common outdoor thermal indices. Source:(Walls et al., 2015) 

Table 9: Comparing thermal perceptions in various bioclimatic indices. 
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Figure 20: Flowchart of the humain-biometeorological assessment of the thermal environment. Source:(Matzarakis, Martinelli, & 
Ketterer, 2016) 
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CHAPTER THREE: Design Interventions to Improve 
the Outdoor Thermal Comfort 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 
 

 46 

3.1 Introduction 
 

Studies have shown that prolonged exposure to hot conditions can have a negative influence 

on human health (Lee et al., 2018).  With that in mind, there’s a pressing need to enhance the 

outdoor thermal comfort. This chapter will present the various methods that can be used to 

moderate the microclimate of the existing built environment. There are several methods that 

can help reduce the magnitude of  the  urban  heat  island  effect  either  by  reducing  the  

accumulation  of  heat  or  adopting  cooling  techniques (Sailor, 2006). This chapter will use 

an analytical literature review as a methodology to introduce four mitigation techniques with 

significant emphasis on shade in order to mitigate the excessive heat and reach a more 

thermally comfortable urban setting and in particular, open spaces. With the appropriate design 

intervention such as vegetation, water features, choice of material, and shading, cooling effects 

can be achieved and the overall outdoor thermal conditions can improve (Setaih et al., 2013). 

The increase in thermal comfort will reduce the extreme hot conditions as well as increase the 

use of open spaces.   It is the urban designers and planners’ roles to consider the following 

measures especially when designing an open space within a built environment. 

 

 

3.2 Shade  
 

Shading is one of the preferable urban design interventions that can help mitigate heat in hot 

climates (Setaih et al., 2013) especially when the modification of  the height and width in an 

existing urban environment is often unfeasible (Santos Nouri et al., 2018). Shade plays an 

important role addressing such a limitation during periods of extreme heat.  Shading by 

physical elements such as trees, buildings, or artificial shading devices can enhance the thermal 

environment by blocking incident solar radiation and decreasing the amount of radiation 

absorbed by an individual which in return will influence the thermal comfort of pedestrians in 

outdoor areas. To further explain the effect of shading on thermal comfort, it is noted that shade 

restrains solar access where direct shortwave radiation fluxes are reduced which consequently 

decreases the temperature of the shaded surface (Martinelli et al., 2015). This reduces the 

longwave radiation fluxes from the surfaces and helps achieve a general cooling effect. While 

the ambient temperature is the same under a shading canopy and an area fully exposed to the 

sun, the amount of solar radiation will differ which will influence the value of the MRT 
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significantly. Thus, influencing the pedestrians thermal comfort levels.Shade of all forms have 

been proved as an efficient strategy in regards to increasing thermal comfort in an urban setting 

(Lee et al., 2018). Several studies highlighted the significance of shade where people’s thermal 

comfort sensation vote differ significantly between areas exposed to the sun and shaded areas 

(Setaih et al., 2013). Moreover, a study in Malaysia observed that despite the temperature being 

higher than the acceptable range of comfort, people still gathered outdoors where there are  

high levels of shading (Makaremi, Salleh, Jaafar, & GhaffarianHoseini, 2012). Another study 

revealed that  90% of pedestrians chose to stay under shade (Santos Nouri et al., 2018). This 

shows the importance of shade availability and more importantly the role of urban designers in 

ensuring such an availability of choice for thermal adaptability where different degrees of 

shading enables people to perceive their use of outdoor facilities as under their control. 

Therefore, even when people decide not use these spaces, there existence increase their 

tolerance of a thermal environment and enhances thermal comfort (Lin, 2009).  It should be 

noted that shade offers many benefits including environmental and health benefits (T. C. P. 

Coalition, 2010). Some environmental benefits include the reduction of the urban heat island 

effect by cooling pavements and the improvement of energy efficiency by reducing the cost of 

air conditioning. As for the health benefits, shade protects humans from overexposure to solar 

radiation and heat related illnesses, it provides a cool & comfortable environment that 

encourages physical activity contributing to a healthier life. 

 

 

3.2.1 Types of Shading  

According to Greenwood et al. (2000), there are two types shading solutions: Natural Shade, 

Built Shade, or a combination of both. 

 
A) Natural Shade 

 

Natural shade is considered one of the most effective and aesthetical ways for providing shade. 

The level of shade provided by a tree depends on the density of the foliage and the size of the 

canopy. Moreover, the height of the branches from the ground is another factor the influences 

the effectiveness of the provided shade where low branches provides better protection from 
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solar radiation. Natural shade provides many benefits other than being aesthically appealing 

and offering seasonal variation in perfume, color, and sounds. Some benefits of using 

vegetation include blocking unwanted views, providing privacy, providing protection from the 

wind, and absorbing carbon dioxide in the atmosphere potentially dealing with the “greenhouse 

effect”. Further details about vegetation as a mitigation technique and the various characteristic 

that must be taken into account when vegetation is used will be provides in section 3.3. 

 

 

B) Built Shade 

 

Built shade includes all shading system that are constructed which includes permanent systems, 

demountable systems, and adjustable systems. Moreover, built shading systems comprise 

stand-alone structures or systems incorporated into an existing building.  The permanent 

systems are characterized as shading systems with a lifespan of at least 10 years. They are 

commonly compromised of a roof and a supporting system with an additional side protection 

occasionally. Permanent systems must be durables in the face of harsh conditions such as sun 

exposure, wind, and rain. The demountable systems are regarded as a more practical and cost-

effective substitute to permanent structures. They are used when shading needs are infrequent, 

when different locations demand temporary shading, or when a permanent structure interferes 

with the varied activities taking place on site. Demountable systems are made of lightweight 

framework and fabric that acts as an overhead cover; they must be easy to assemble and 

dismantle. As for the adjustable systems, they are known for their flexibility and their ability 

to offer various degrees of protection through modification in accordance to time of day and in 

response to users’ needs. The adjustable systems are commonly attached to permanent 

structure. They must be easy and convenient to operate; otherwise the use of the device might 

be discouraged. The adjustable systems come in two forms either as retractable devices or 

louvred devices.  The retractable devices can cover large areas and the devices can be either in 

motorized form or manually operated. The louvred devices are a range of manually adjusted 

roof systems that offer a high range of flexibility and control in regards to shading outdoor 

areas. They can be modified to totally or partially block solar access. Moreover, there are 

louvered roof that automatically open and close by sensor in response to wind and solar 

radiation. 
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According to (Greenwood et al., 2000), the built shade is made up of two components the 

primary shading element (material that makes up the roof) and the supporting structure. The 

required supporting structure is strongly influenced by properties of the shading element such 

as the mass and the span where a lightweight material that has a long span requires a less 

supporting structure than a heavy metal material. Moreover, solid fabrics that does not allow 

wind to pass through contrary to fabrics with an open-weave that permit the passage of the 

wind require a supporting structure that can resist a higher level of wind. The functional 

performance of the shading system is dependent on the relationship between the primary 

shading element and the supporting structure where a short-span means a higher number of 

supporting columns. This might interfere with the function of an open space as it requires 

shaded areas substantially free of columns. Table 10 reveals a few structural systems and their 

spanning distances. 

 

A B 

C D 

Figure 21: A. Permanent System B. Demountable System C. Adjustable System (Louvre) D. Adjustable System                 
(Retractable) 
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Table 10: Structural Systems. Source: (Greenwood et al., 2000) 
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To elaborate further, the supporting structure is comprised of two elements which hold the 

shading elements in place: the footing and the support system.  

The footing’s role is to transfer the loads of the structure to the ground. The amount of load is 

influenced by the weight of the structure as well as the force of the wind where wind can cause 

significant uplift to lightweight structures. Therefore, the footing needs to be strong enough to 

hold the structure in place. As for the support system, it consists of the column and the beam 

which hold the roof of the shading device in place. When selecting the support system, there 

are several factors that must be taken into consideration such as the length of the span that will 

be covered as well as the nature and magnitude of loads on the structure which depends on 

wind loads and the weight of the roofing material.  

As for the primary shading element, it is the material that makes up the roof of the shading 

system. There are many types of material; however, they are classified as rigid materials, semi-

rigid materials, and soft materials. There are several considerations to take into account when 

selecting a shade material such as suitability for the proposed design, desired level of light 

transmission, desired level of solar heat gain, waterproofing qualities, wind resistance and 

structural implications, maintenance requirements, life span, ease of replacement, and other 

particular properties. Table 11 provides a brief about the qualities of a few common shade 

materials. Appendix A contains detailed information on the qualities of different shade 

materials.  Section 3.4 will discuss further consideration for the color and properties of the 

materials that will influence their performance.  
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Table 11: List of common shade materials and their qualities. Source: (Blunden & Comfort, 2012)  
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C) Combination of both Natural and Built Shade 

Combining both natural and built shade can yield the benefits of both. According to Blunden 

and Comfort (2012), there are several ways where a combination of natural and built elements 

can provide sufficient shade, for example: 

• Plants can be grown onto a built structure, such as a pergola or lattice screen.  
•  Built shade structures can protect people from direct radiation while the vegetation 

reduces exposure to indirect radiation and helps cool the space by letting in breezes.  
•  Temporary built structures can be used to provide shade until trees planted for shade 

purposes mature.  

 

3.2.2 Guidelines for Effective Shade Planning  

According to Santos Nouri et al. (2018), “the use of shade canopies in the public realm is far 

from uncommon. However, and similar to the use of vegetation, very few of them originate as 

a result of a wholesome bioclimatic approach, and are often a product of urban ‘cosmetic 

beautification’” However, they continue to mention a few broad characteristics of shading 

devices from the design point of view seen in Figure 22. 

 

 

 

 

 

 

 

 
Figure 22: Variables that influence the performance of shade canopies (Santos Nouri, Costa, Santamouris, & Matzarakis, 2018) 
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Furthermore, in order to design an adequate shading system, one must ensure that the shading 

system provides shade at the right place, at the right time of the day, at the right time of the 

year. However, most shade structures cast their shadows differently than anticipated. Thus, to 

accurately predict the shadows cast by an object, it is crucial to understand the sun’s path. Three 

things must be known about the site in order to accurately assess the effect of the sun’s path 

which are the latitude, the longitude, and the direction of the true north.  According to 

Greenwood et al. (2000), the following must be comprehended in order to plan an effective 

shading system. 

1. Sun angles and their influence on shadows 

To precisely determine where an object will cast its shadow, it is essential to comprehend the 

solar azimuth angle and the solar altitude angle 

• Solar azimuth angle  

The solar azimuth specifies in which direction will the object cast its shadow on the 

ground. The solar azimuth is defined as “the angle, in a horizontal plane, between true 

north and the direction of the sun, measured clockwise from true north. It can have 

any value from 0o to 360o”. 

• Solar altitude angle  

The solar altitude angle specifies the length of the shadow cast by the object on the 

ground. The solar altitude is defined as “the angle between the sun and the horizon at 

a given latitude. It varies according to the time of the day and according to season”. 

 

 

 

 

 

Figure 23: Solar Azimuth Angle & Solar Altitude Angle. Source: ("Azimuth," 2019) 
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2. Daily sun path 

During the day, the sun is constantly moving across the sky from the east to the west which 

effects the shadows cast on the ground by solid objects. The shadows slowly shift from sunrise 

to sunset in accordance to the changes in the altitude and azimuth of the sun. There are three 

basic patterns in a day as seen in Figure 24 : 

Morning where the shadow falls on the west of the object casting the shadow. 

Midday where the shadow falls directly beneath the object casting the shadow. 

Afternoon where the shadow falls on the east of the object casting the shadow. 

This pattern applies every day of the year; however, the area influenced by the shadow differ 

depending on the time of the year. The path of the sun changes throughout the year, but these 

changes follow the same sequence every year.  

 

   

 

 

 

 

 

3. Annual sun path 

Because the earth’s axis is tilted to the plane of its solar orbit, the north–south angle of the sun 
(measured by the azimuth) moves according to the season. This is the reason for the occurrence 
of the four different seasons where the sun path is highest during the summer causing more 
intense heat and longer days and lowest in the winter causing less heat and shorter days. 

 

 

Figure 24: Daily Sun Path. Source: (Greenwood, Soulos, & Thomas, 2000) 
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Figure 25: How the earth's axial is tilted and the sun works to create the June Solstice which is the start of the summer on 
the northern hemisphere. Source:(Thorsen, 2019) 

 

 

 

 

 

Figure 26: The intensity of sunlight striking the ground depends on the sun's angle in the sky. when the sun is at a higher 
angle (summer), the suns intense energy is focused on a smaller area compared to when the sun is at a lower angle 

(winter). It can be seen that the same amount of energy is spread out over as larger area of the ground. Thus, there’s less 
heat in the winter. Source:(Schroeder, 2011) 
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4. Equinox and solstice 

There are four important days of the year for establishing the sequence of the sun’s path: 

• The March and September Equinox  

They mark the beginning of the spring and autumns season when day and night are of 

equal lengths, 12 hours each.  

• The June and December Solstice  

They mark the beginning of the summer and winter where the shortest days occur in 

the winter and the longest days occur in the summer.    

Figure 27 shows how during the four mentioned days, certain regions of the earth’s surface get 

more sunlight, leading to the creation of seasonal temperatures and weather variations. The 

equinox and solstice are essential dates for shade planners to plot the shadows cast by shade 

objects such as trees, buildings, or shading devices. This will help ensure that the designed 

shade object provides shade at the right place during the right time of day at the right time of 

the year.  

 
Figure 27: How earth with its axial tilt and the sun create equinoxes, solstice, and seasons. Source:(Thorsen, 2019) 
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5. Shadow angles 

As previously mentioned, in order to design an effective shading system, the designer must 

anticipate where the shade structure will cast its shadow. This is possible by calculating the 

solar altitude and azimuth angles as previously discussed. This is applicable for many outdoor 

situations where the shade pattern from a tree or a structure can be anticipated using the solar 

altitude and azimuth angles only. However, in some situations where solar access must be 

blocked in the summer but permitted in the winter, it is necessary to accurately determine sun 

and shade patterns by using the horizontal and vertical shadow angles. It should be noted that 

the horizontal and vertical shadow angles help determine the performance of a shade-producing 

object or structure against the direct solar rays by predicting where the shade will fall on any 

day of the year and the pattern of that shade at any time of the day. 

• Horizontal shadow angle 

A vertical shading object such as a wall, fence, screen or a line of trees is distinguished by the 

horizontal shadow angle. The horizontal shadow angle is defined as “the difference between 

the solar azimuth angle and the angle at which the wall is oriented.  

• Vertical shadow angle  

A horizontal shading object such as a canopy or other projection is distinguished by the vertical 

shadow angle. The vertical shadow angle is measured on a vertical plane perpendicular to the 

edge of the area to be shaded.  

 
Figure 28: Horizontal & Vertical Shadow Angles. Source: (Settlements, 1990) 
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3.2.3 Shade Planning Considerations for the Hot Humid Region  

With high temperature, high humidity becomes intolerable. This is because high humidity 

prevents or reduces the evaporation of perspiration that achieves a cool effect. Therefore, 

increasing wind flow can serve as a solution to high humidity, even though it does not influence 

the air temperature, it can still compensate the effects of high humidity. This shows that with a 

clear understanding of the climatic variables, it is possible to design an outdoor space with a 

comfortable thermal environment. In the hot humid region, there are certain things that must 

be considered when designing a shading system for an outdoor space. Even though shading 

provides a sensation of a change of temperature as it shelters the area from direct heat, other 

aspects of the shading device must be considered to properly design a shading system in the 

hot humid region. For instance, the shading device must prevent solar access to avoid the 

accumulation of heat while simultaneously allow cross-ventilation. This is critical in order to 

capture the breeze and limit the influence of high humidity as well as prevent the space from 

overheating. Wind speed or airflow is considered a very important factor in relation to thermal 

comfort in the hot humid region; thus a trade off exists between reducing solar radiation and 

promoting wind speed. (Lin, 2009).  Figure 29 shows a shading design proposal where the roof 

is spaced at regular interval in order to allow free airflow and prevent overheating.  

 

 

 

 

 

 

 

In order to permit cross-ventilation, shade designers must orient the openings towards the 

direction of the wind. However, if the activates taking place on site prohibits the ideal 

orientation, other measure to channel the wind and change its direction should be taken. 

Moreover, it should be noted that the air flow throughout the whole structure is due to a pressure 

Figure 29: Shading Design proposal for a pedestrian street in Greece. Source: 
(Nikolopoulou, 2004) 
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difference between the windward and the leeward sides. A dense group of bushes positioned 

on opposite sides of a structure will have the effect of inducing airflow. 

Another factor to consider when designing a shade for a temperate climate is the necessity for 

solar attenuation during the summer and the general need for solar radiation during winter 

(Santos Nouri et al., 2018). There a shade structure must be designed to block solar radiation 

is the summer, but permit solar access during the winter as seen in Figure 30 and Figure 31. 

  

According to McGee and Reardon (2013), “as a rule of thumb, the spacing (S) between fixed 

horizontal louvres should be 75% of their width (W). The louvers should be as thin as possible 

to avoid blocking out the winter sun.” 

The choice of material is another factor to be considered when designing a shade. It has been 

noted by T. C. P. Coalition (2010) that the choice of material depends on its reflectivity, 

expected uses, and its suitability for the location. 

All in all, there are no straightforward measures to follow as each action influences other 

comfort parameters; nevertheless, design proposals must conduct an integrated study of all the 

parameters of comfort and the specific morphological and climatic characteristics of the site 

(Nikolopoulou, 2004). In general, constructed shade whether temporary or permanent must be 

designed to provide comfort when needed, it also must be attractive and practical. A well-

designed shade will consider questions of context, use, operation, sun orientation, durability, 

safety, budget and aesthetics.  

Figure 30: Slopes of the shades designed to provide full shade 
in the summer while permitting shade in the winter. Source: 

(Nikolopoulou, 2004) 

Figure 31: Shading Louvres spaced correctly to allow 
winter heating and summer shading. Source: (McGee & 

Reardon, 2013) 
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3.3 Vegetation  
 

Vegetation can play a vital role as a microclimate design strategy. It can be applied at various 

scales whether in building-scale, street level, or urban level (Thani et al., 2012). Vegetation can 

enhance the outdoor thermal comfort by influencing the climate through shading, 

humidification, and windbreak (Gherraz et al., 2018).  It is clear that vegetation affects the 

microclimate as it reduces the air temperature while providing shade. However, it also offers 

many other benefits such as improving the environmental quality of the outdoor spaces by 

purifying the polluted air. In addition to thermal comfort, vegetation also offers visual comfort 

as it brings as an aesthetical improvement to an environment dominated by asphalt and 

concrete(Gherraz et al., 2018). Other advantages of vegetation include blocking unwanted 

views and serving as a noise control method. 

 

As for the influence of vegetation on the climate., Mahdavinejad, Khademi, and Sadeghnejad 

(2013) mention that trees can improve the ambient air temperature by up to 15%, whereas 

Blunden and Comfort (2012) claim that carefully selected trees can reduce the air temperature 

by up to 30%. (Kleerekoper, van Esch, & Salcedo, 2012) declare that on a sunny day, the 

evapotranspiration of a standalone tree cools with a power equal to 20-30 kW, a power 

comparable to that of more than 10 air-conditioning. Moreover,  a study by Kántor et al. (2016) 

revealed that the atmosphere under a tree from a species called “Sophora japonica” was 0.5 oC 

lower in air temperature compared to a sunny location. The study continues to mention that the 

tree reduced the mean radient temperature by 22.1 oC, and the PET was reduced by 9.3 oC 

which is two categories of stress lower on the human body. 

 

3.3.1 Vegetation Characteristics that Must be Considered  

There are five  characteristics that must be addresses when using vegetation as a cooling 

method or as a tool to cool the ambient air temperature or to reduce the intensity of solar 

radiation (Santos Nouri et al., 2018). Each characteristic will be presented and explained below.   
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1. Type of Vegetation Species  
 

The first characteristic depends on the type of vegetation species as it gives a 

comprehensive understanding about the characteristics of the tree itself. Thani et al. 

(2012) state that in order to ensure the effectiveness of thermal improvement, the 

survival and the ability of the plants to associate with its given atmosphere is extremely 

crucial.  They continue to explain that success of relationship between the tree and its 

atmosphere is dependent on the nativity or the species of the plant as well as the 

atmosphere of the planting area such as local conditions, soil type, climate, and salinity. 

Another feature related to vegetation species that must be considered is the invasive 

roots. Therefore, trees with invasive roots must be avoided as they may become a 

problem to nearby buildings, paths, or other services (Blunden & Comfort, 2012).  

 

2. Type of Vegetation Configuration  

 

The second characteristic relates to type of vegetative configurations and biomass (or 

vegetation coverage) where the configurations were noticed to have significance 

relevance to the design of open space in order to modify the surrounding microclimates. 

The types of configuration and their influence are presented below. 

• Linear Plantation (LP)—which is able to deflect radiation and wind currents 

• Group Plantation (GP)—which is able to deflect larger amounts of radiation and wind 

currents 

• Surface Plantation (SP)—which is able to change albedo, emissivity, and thermal 

storage/conductance 

• Pergola (PG)—which, depending on its configuration, is able to deflect radiation and 

wind.  

Studies have shown that individual trees spaced out in great distances have a limited 

cooling effect; hence, several smaller groups of trees are recommended to ensure a more 

effective cooling in urban sites (Mahdavinejad et al., 2013). Furthermore, Gherraz et al. 

(2018) suggests that several small area of trees are efficient more in cooling than a large 

green area. 
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3. Dimensional Features of Trees 

The third characteristic exhibits the dimensional features the tress which includes the 

crown spread, height, and growth speed. These features are crucial in defining the level 

of influence offered by the tree on the microclimate. The dimension of the tree helps 

determine the surface areas that will be shaded by the tree. Therefore, the size of the tree 

when it its fully grown as well as the time needed for the tree to reach its full growth 

must be considered when choosing the tree to ensure it is appropriate for the space 

available.  

 

4. Vegetation Shading Coefficient 

Each type of vegetation species differs in its transmissivity depending on its twig/leaf 

density and foliage development.  The density of the tree controls the level of 

permeability to light and radiation. According to Gherraz et al. (2018), “urban trees can 

be three types of screen: an opaque screen (coniferous), a screen semi-transparent 

(deciduous trees) and a transparent screen (some fruit trees or species of PINE)”. 

Whereas  Blunden and Comfort (2012) explain that tree canopies have three levels of 

density: heavy, medium, and light ( Figure 32 ). Trees with heavy density provide over 

90% of radiation protection, and trees with medium density prove around 60% of 

radiation protection, and trees with light density provide less than 30% radiation 

protection. 

 

 

 

 

 

 

 Figure 32: Tress canopies with different density levels (heavy, medium, and light) 
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5. Foliation and Defoliation Period  

The fifth characteristic to be considered is information regarding the foliation and 

defoliations months for each species. Deciduous trees are trees that prove shade during 

the summer and allow solar access in the winter when they lose their leaves, whereas 

coniferous trees provide shade all year long as they maintain their leaves throughout the 

year (T. Y. R. S. Coalition). Nonetheless, in the case of deciduous trees, they may not 

provide shade precisely where desired, and the timing in which many trees lose their 

foliage may not correspond with heating season (Santos Nouri et al., 2018) . Figure 33 

visually present the mentioned five vegetation characteristic that must be considered.  

 

 

 

 

 

 

 

 

  

6. Maintenance & Cost  

The six characteristics to be considered  is an additional feature  mentioned by (Blunden 

& Comfort, 2012) which is the consideration for the ongoing maintenance and cost needs 

of vegetation such as watering, fertilizing, and trimming. According to Nuruzzaman 

(2015), the maintenance cost of a tree ranges between 10$ to 500$; however, the savings 

accompanied with the benefits of shade trees may be up to 200$ in its’ entire life.  

 

Figure 33: The first five vegetation characteristic that must be addressed 
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3.3.2 Vegetation Considerations for the Hot & Humid Climate 

According to Thani et al. (2012), in the hot humid region, the landscape approach must properly 

address the  issue of light wind and high humidity where the design must allow optimum 

ventilation. They continue to explain that even though trees and vegetation are considered great 

shade providers as they reduce the amount of solar infiltration especially when clustered in a 

large number; however, they must be carefully designed to properly promote ventilation and 

avoid obstructing wind velocity as well as intensifying the relative humidity. Otherwise, trees 

might disrupt the users’ thermal comfort if they block the wind and increase the level of 

humidity. Therefore, the selection of the appropriate vegetation based on its the mentioned 

characteristics is essential to ensure their effectiveness in improving the thermal environment 

in the hot humid region. Thani et al. (2012) suggest that tall (evergreen) trees with a wide 

canopy, massive leaves (Leaf Area Index (LAI) value >5) and dense branches to filter radiation 

are suitable for the hot humid region. Another concern regarding vegetation is that the 

configuration of any type of vegetation should be consistent with the surrounding environment 

both built & natural where vegetation must be carefully placed in order not to disturb or 

interfere with the function of the space. 

 

 

3.4 Evaporative Cooling (Water)  
 

There has been a growing interest in the design of water bodies as climatic regulators among 

urban designers due to its cooling abilities and thermal stabilizer effects in an urban setting 

(Thani et al., 2012).  Water bodies are known to modify and cool the urban microclimate by 

absorbing heat from the surroundings when there’s a large water mass or by transporting heat 

out of an area through movement as in rivers, or by evaporation (Kleerekoper et al., 2012). A 

study in Bucharest shows that a 4-meter by 4-meter pond has a cooling effect of about 1 oC at 

a height of 1 meter, and at a 30-meter distance, whereas flowing water has a higher cooling 

effect compared to stagnant water and dispersed water from a fountain has the highest cooling 

effect reaching up to 3oC (Kleerekoper et al., 2012). Therefore, the cooling effect of water 

bodies is between 1 and 3 oC to the extent of 30-35 meters.  
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According to Nuruzzaman (2015), there has been contradicting believes towards the influence 

of waterbodies  on air temperature  where one study’s opinion is that the increased amount of 

water bodies reduce air temperature through its evaporative process and enhanced wind speed 

while the other study oppose to that statement and explains that the high thermal inertia limits 

of water prevent nocturnal cooling once it is warmed and that the stable nocturnal condition 

limits the wind speed . Therefore, further studies are need to determine whether extended water 

bodies in urban areas help to lower the temperature or not.  

 

3.4.1 Evaporative Cooling Considerations for the Hot Humid Climate 

Water features might be suitable for the hot dry built environment as they serve as good heat 

sink technique and enhance the pedestrian thermal comfort; however, they may not be suitable 

for the hot humid region as they might negatively influence the level of humidity. Yet, 

researchers in Japan proved that artificial water fall, spray fountains, and urban canal facility 

can alter the temperature and the humidity level in hot humid region creating a better 

microclimate for pedestrian comfort (Setaih et al., 2013). According to Thani et al. (2012), the 

cooling effect of wet surfaces are more obvious when combined with shadow surface; 

moreover, they explain that the cooling effects of water bodies depend on its physical 

environment where water bodies must be position to take advantage of air movement patterns 

to increase the cooling potential of air. 

 

 

  

3.5   Material  
 

The application of “cool materials” is an increasingly explored mean of counterbalancing the 

elevated levels of high temperature and the urban heat island effects. Cool materials are 

materials that have high reflectivity and high thermal emissivity values. These cool materials 

perform better when exposed to high solar temperature and ambient temperatures (Santos 

Nouri et al., 2018).  The use of  high albedo material that have the ability to reflect the solar 

radiation off their surfaces are considered a highly effective and promising method to reduce 

the negative effect of the thermal environment on pedestrians’ thermal comfort (Setaih et al., 
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2013). Moreover, preamble material such as previous pavements are emerging as a potential 

cool material. Overall, cool materials serve as a mitigation tool that can help improve the 

thermal environment by trapping less heat and reflecting the majority of the solar radiation 

therefore limiting the negative influence on thermal comfort or by allowing the penetration of 

water thus cooling the surface. The influence of cool materials on the thermal environment can 

be seen in many studies. For instance, a study showed that increasing the albedo city-wide in 

Sacramento, California from 25 to 40% achieved a temperature reduction of 1-4 oC whereas 

another study measured the difference in temperature between light and dark building façades 

where the temperature difference was about 8-10 oC (Kleerekoper et al., 2012). Another study 

revealed that increasing the solar reflectance of materials by 0.25 can lead to a reduction of  the 

material temperature by up to 10 oC (Gaitani et al., 2011). There are many other benefits for 

using cool materials such as decrease of ambient temperatures, reduced summertime air 

conditioning expenditure, lower peak electricity demand in conditioned buildings ranging from 

10% to 40%, improvement of thermal comfort conditions in non-AC buildings, mitigation of 

the UHI, reduction of resulting air pollution and CO2 emissions and increased durability of 

materials (Gaitani et al., 2011). The thermal performance of covered surfaces which depends 

on the reflectivity and permeability of the material is a crucial element that must be considered 

in order to increase the livability of urban areas (M. Akif Irmak et al., 2017). The following 

section will explain the characteristic of cool materials. 

 

 

 

3.5.1 Cool Materials 

 

According to Gaitani et al. (2011), cool materials are known to have high solar reflectance and 

infrared emittance values which leads to a lower external surface temperatures, the reduction 

of heat penetrating into the building, as well as decreasing the ambient air temperature. They 

continue to explain that highly reflective and emissive materials are mostly bright white colors 

and can remain 30 oC cooler that traditional material during the summer. Additionally, 

permeability is considered one the characteristics of cool material which is the ability of the 

surface to absorb water and reach a cooler temperature.  
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A) Albedo  

Albedo is explained by Office (1998) as “a measure of how much light that hits a surface is 

reflected without being absorbed”. Hence, albedo is another name for reflectivity. Material 

with a white or a light color is known to reflect most the light the hits its surface which indicates 

that it has high albedo, whereas a material with black or dark color absorb most of the light that 

hits its surface indicating a low albedo. The albedo of a surface will indicate how much sunlight 

will be absorbed increasing the temperature of the surface in comparison to other surfaces that 

reflect most of the light that hit theirs surfaces without causing a change in their surface 

temperature.  Figure 34 shows the difference between high and low albedo material, and Figure 

35 shows the influence of the albedo on the surface temperature. It should be noted that the 

albedo of the material doesn’t only affect the temperature of its surface, it also effects the 

surrounding air temperature as well as the surrounding environment (Shahidan, Shariff, Jones, 

Salleh, & Abdullah, 2010). 

 

 

 

 

 

 

 

Figure 34: The difference between high and low albedo materials where high albedo material reflect 80% of the incoming 
solar radiation and low albedo material only reflect 10%. Source: (Office, 1998) 

 

Figure 35: The effect of the albedo on the surface temperature. The white strip on the brick wall is 3-5 oC cooler than the 
surrounding darker areas. Source:(Office, 1998) 
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B)  Thermal Emittance  

Thermal emittance plays a role in determining a material’s contribution to urban heat islands 

and the urban thermal environment. Ferguson et al. (2005) explains that “a material’s thermal 

emittance determines how much heat it will radiate per unit area at a given temperature, that 

is, how readily a surface sheds heat.” They continue to say that any surface exposed to radiant 

energy will heat up until it reaches thermal equilibrium.  Moreover, a surface with high 

emittance value will reach thermal equilibrium at a lower temperature than a surface with low 

emittance when exposed to sunlight. This is due to the high-emittance value where the surface 

gives off its heat more readily.   

 

C) Permeability “pervious pavement" 

Even though permeable pavement was invented for storm-water control, it is progressively 

considered as a cool material. When wet, permeable pavement allows water, air, and water 

vapor into to voids of pavement surface which helps lower the temperature through evaporative 

cooling while impervious pavement accumulate heat (Ferguson et al., 2005; Kleerekoper et al., 

2012). Ferguson et al. (2005) states that “some permeable pavement systems contain grass or 

low-lying vegetation, which can stay particularly cool because the surface temperature of well-

hydrated vegetation typically is lower than the ambient air temperature”.  If impermeable 

pavements were to be replaced with pervious pavements , there will be a reasonable extent of 

temperature reduction as infiltrated water will help keep the pavement cool and directly 

affecting the temperature (Nuruzzaman, 2015).  

 

3.5.2 Material Considerations  

According to Nuruzzaman (2015), there are two things that must be considered when using 

high albedo material.  The first consideration is the glaring problem which is associated with 

high albedo materials. Despite the fact the high albedo material such as pavements may 

increase visibility at night and reduce the amount of light required, they have a negative effect 

on day time visibility due to glaring. The second consideration is durability where the wearing 
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action reduces the reflectivity of the material. Therefore, both visibility and durability must be 

considered when using high albedo material. In regard to glaring issue, researchers have 

proposed paving material that have high albedo and low brightness as a solution to potential 

glare and visibility problems and other researchers and manufacturers are also developing cool 

material with high reflectance values in comparison to conventionally pigmented materials of 

the same color (Gaitani et al., 2011). This becomes a suitable option to deal with the glare issue 

or when the use of darker colors is preferred for aesthetical reasons. 

 

 

3.6 Summary  

This chapter presents the four mitigation methods that can help enhance the thermal 

environment within an existing urban setting. The four mitigation strategies included shading, 

vegetation, evaporative cooling, and choice of material. The characteristics or guidelines that 

must be understood and considered in order to adopt any of the mentioned mitigation 

techniques successfully were explained. Moreover, the consideration for each mitigation 

method to be applied in hot humid region were presented in order to ensure the success of the 

mitigation tool in this region. The shading strategy will be applied on the selected case study 

in order to measure the extent of its influence on outdoor thermal comfort in the hot humid 

region. 
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CHAPTER FOUR: Subjective & Objective 
assessment of Outdoor Thermal Comfort 
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4.1 Introduction  
 

This chapter will introduce the location of the field study where the outdoor thermal comfort 

of an open space will be assessed.  The chapter will discuss the detailed methodology used for 

the subjective and objective assessment of the outdoor thermal comfort from the selection of 

the open space that will be studied to the assessing thermal comfort of the exiting open space. 

Then, the chapter continues to reveal the results and analysis of the various phases mentioned 

in the detailed methodology in order to assess the outdoor thermal comfort of the chosen 

outdoor space. 

 

4.2 The City of Jeddah 
 

The case study is conducted in the city of Jeddah in Saudi Arabia. It is considered one of the 

major urban centers in western Saudi Arabia. It is located along the red sea coast where is has 

a hot and humid climate.  

 

4.3 The Chosen Case Study “ Effat University Campus” 
 

As this study aims to study the influence of shading on outdoor thermal comfort in the hot 

humid region of Jeddah, the study requires the selection of an open space in the city of Jeddah. 

The choice of the open space to be studied was based on familiarity with the space and the 

various functions and activities taking place, the size of the area, and accessibility to the site. 

Therefore, Effat University was chosen as the place to conduct the field study. Effat University 

is a private institution of higher education for women in Saudi Arabia. The University is located 

in the south of Jeddah at “An Nazlah Al Yamaniyyah”. The map in Figure 36 shows the layout 

of the buildings at Effat campus and the various selected outdoor spaces.  
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4.4 Detailed Methodology  
 

In this chapter, online questionnaire, field monitoring, and field surveys are used as data 

collection tools to select and assess the open space that will be studied as well as build a clear 

and comprehensive picture of the existing thermal comfort conditions. The methodology 

follows a systematic procedure consisting of two main phases. The first phase is the subjective 

assessment for the users of Effat University. It is considered a preliminary data collection using 

an online questionnaire in order to gather data describing the user’s current usage of the outdoor 

space and its relation to outdoor thermal comfort. The tactic used in this phase is a self-

completion online questionnaire to obtain the essential data from the university users at a 

limited cost and a timely manner. The main objectives of the questionnaire are to establish the 

need for shade, to identify the open space that needs shade the most, and to form an idea about 

the users’ shading preferences. The second phase is the subjective and objective assessment of 

the chosen open space. Two tactics are used which are field monitoring technique and field 

survey. The field monitoring is done using filed equipment to assess the thermal comfort 

conditions objectively. While the field survey is used to assess the user’s thermal comfort 

subjectively. Both phase one and two are dedicated to studying the current condition and 

identifying the problem.  

Figure 36: Map of Effat Campus 
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4.5 Phase 1: Data collection “Online questionnaire” 

  
The main purpose of the online questionnaire is to investigate the need for shade in Effat’s 

outdoor spaces and to identify the outdoor area that needs shade the most. The criteria for 

selecting the outdoor space depends on the level of usage, duration of usage, and time of usage. 

Moreover, the questionnaire will help recognize the user’s shading preference in regards to the 

style and type of shade. The questionnaire is made up of closed-ended questions such as 

multiple-choice questions, rating scale questions, dichotomous questions, and rank order 

questions to yield a preliminary analysis of the current condition. The questionnaire is divided 

into three sections, each section is dedicated to achieve one objective. The first section is called 

the need for shade. It contains question about the usage of the outdoor spaces in relation to 

Figure 37: Chapter 4 Detailed Methodology 
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different variables of outdoor thermal comfort. it also indicates the significance and the need 

for shade outdoors. The second section is an evaluation of the outdoor spaces on campus where 

the users are asked to determine their time or usage and duration of usage for seven outdoor 

spaces on campus. This will help in choosing the outdoor space that needs shade the most. The 

third section is devoted to form an idea about the users’ shading preferences where the users 

are asked questions about their preferences in regards to type of shading, style of shading, 

preferred material for shading, and preferred type of structure. The questionnaire ends with an 

open-ended question asking the users to mention any comment or suggestion they have for the 

design of the shading elements. Appendix B contains the questions and format of the online 

questionnaire.  

  

As for the survey sample, it follows the non-probabilistic voluntary sampling method where 

the sample is made up of the people who self-select into the survey. There are several common 

survey errors such as under coverage, nonresponsive, and measurement errors that must be 

dealt with to ensure that the survey will yield accurate results. The under coverage error was 

handled by sending the questionnaire to the whole targeted population via the university’s 

email system. Whereas the nonresponsive error was handled through a clear statement of the 

importance of participation and how the study might be beneficial to the participants as well as 

offering an two value points for participating students as an incentive. As for the measurement 

error or vulnerable response bias, a pilot study was conducted to address poor question 

wording, wrong assumption behind the questions, or wrongly focused questions.  Overall, the 

outcome of this stage is to establish the need for shade and the selection of the outdoor space 

that will be assessed as well as distinguishing the users’s shading preference. The gathered 

information will be statistically analyzed and visually presented using excel sheets and 

diagrams. 

 

4.5.1 Online Questionnaire Findings and Discussion. 

The survey received a total of 419  responses from students, faculty, and staff. The total number 

of students enrolled at the university is 1594 and the total number of participating students is 

409 which mean that 25.7 % of the students participated in the survey.  
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4.5.1.1 Demographic Profile  
 

The demographic profile of respondents can be seen in the following pie charts (Figure 38, 

Figure 39, & Figure 40) where: 

• 83.1 % of the respondents were between the age of 18-24 

• 99% of the respondents were female 

• 97.6% of the respondents were students 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Age of respondents 

Figure 40: Occupation of respondents 

Figure 39: Gender of respondents 
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4.5.1.2 The Significance of Outdoor Thermal Comfort on the Usage of the Outdoor Space 
on Campus 
 

In the first section of the survey, it is shown in Figure 41 that 57.8 % of the respondents use 

the outdoor spaces depending on the weather conditions. This indicates the significance of 

thermal comfort in relation to the usage of outdoor spaces. 

Figure 41: Percentage of people using the outdoor spaces in relation to weather conditions 

 

 

Also, when participants were asked if the thermal environment influenced their usage of the 

outdoor spaces on campus, 64.2 % voted yes (Figure 42). 

 

 

 

 

 

 

 

 Figure 42: Percentage of the influence of outdoor thermal comfort on the usage of outdoor spaces 
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People who voted yes were asked to clarify how the outdoor thermal comfort influenced their 

usage of the outdoor spaces. There responses can be categorized into the following: 

 

• They avoid going anyplace where they might be exposed to intense solar radiation even 

if they want to go. 

• They look for shaded areas to go to classes even if it takes more time. 

• They use shortcuts to avoid the hot weather or they use the bridges between buildings 

to get to classes. 

• When the weather is comfortable, they spend more time outdoors, and when the weather 

is hot or humid they go inside or limit their time spent outdoors. 

 

There responses prove that the majority of campus users are influenced by the uncomfortable 

thermal environment where they limit their usage of outdoor space or avoid it completely. This 

shows that there’s a pressing need to enhance the outdoor thermal comfort in order to encourage 

the usage of the outdoor spaces. This point is further proved when the respondents were asked 

to rank the reasons that encourage them to use the outdoor spaces in campus, their response in 

order of importance was: 

1. Comfortable thermal environment (suitable weather conditions, availability of shade) 

2. Aesthetic design 

3. Held events 

4. Available Services (café, restaurants) 

5. Distance  

237 respondents chose comfortable thermal environment as the first element that encourage 

them to use toe outdoor spaces on campus.  
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Another question that further proves the significance of thermal comfort in relation to the use 

of outdoor spaces on campus is when respondents were asked if they would use the outdoor 

spaces more if the thermal environment improved Figure 43.  It is shown that 93.6 % of the 

respondent answered yes. This shows that there’s a high possibility of using the outdoor spaces 

more if a climatic design approach were to be considered.  

 

Figure 43: Possibility of using the outdoor spaces more in the thermal environment was improved 

 

4.5.1.3 The Need for Shade  
 

The first section of the survey also proves the need for shade where 93.1 % of the respondents 

noted that they look for shade when using the outdoor spaces on campus, and 85.7% of the 

respondents believe that there aren’t enough shaded areas on campus (Figure 44 and Figure 45) 
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Figure 45: users' opinion towards the availability of shade on campus 

 

Moreover, when respondents were asked what type of action they prefer to take when the 

weather is too hot outdoors on campus, even though 48.9 % choose to leave, 40.6 % choose 

the option of moving to a shaded space (Figure 46). All this prove the need for shade and the 

possibility of using the outdoor spaces more once efficient shading is provided.  

 

Figure 44: percentage of user's looking for shade when using the outdoor spaces on campus 
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Figure 46: Actions preferred by campus users when weather is too hot 

 

4.5.1.4 The Quality of the Thermal Environment and Users Preference in regards to the 
Elements of the Thermal Environment  
   

The first section of the questionnaire ends with revealing the user’s perception of the quality 

of the thermal environment as well as their preference in regards to the different element of the 

thermal environment. From Figure 47, it can be seen that the respondent perception of the 

thermal environment differs relatively. The reason behind the different responses might be the 

timing of the disseminating the questionnaire where the weather conditions were in changeable 

and inconstant.  

Figure 47: Users perception of the outdoor thermal environment 
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As for the user’s preference in regards to the air temperature, level of humidity, and air 

movement. They can be seen in Figure 48, Figure 49, and Figure 50. 44.9 % of the users prefer 

the air temperature to be much cooler and 43.4% prefer the air temperature to be slightly cooler.  

This shows that about 88% of users wish for the air temperature to be cooler. As for the level 

of humidity, 44.4% prefer a slightly drier level of humidity, 33.2 % are comfortable with the 

current level of humidity and desire no change, whereas 14.3% prefer a much drier level of 

humidity. This shows that people are a bit more comfortable with the existing level of humidity 

than with existing air temperature. Yet about 59% of the users favor a drier level of humidity. 

As for the air movement, 45.1% prefer much more air movement, and 40.6% prefer a bit more 

air movement. This shows that about 85 % prefer a more air movement. All in all, air 

temperature and wind speed are preferred to be cooler where as a slight change is preferred in 

regards to humidity level. 

Figure 48: Users’ air temperature preferences 

Figure 49:  Users’ Humidity level Preferences 
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Figure 50: Users' air movement preferences 

 
 
4.5.1.5: Selection of the Outdoor Space that will be Studied 
 

The second section of the questionnaire was titled “Evaluation of the outdoor spaces on 
campus”. It was dedicated to selecting the outdoor space that needs shade the most based on 
time and duration of usage. The table below shows seven outdoor spaces and their time and 
duration of usage according to the respondents ( 

Table 12).  

Outdoor Space   Duration of Usage  Time of Usage 
  #1   

#2  
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#3  
 
 
 
 
 
 

 
 

 

#4 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

#5 
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#6 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

#7 

 
 
 
 

 

 

Table 12: The duration and time of usage of seven outdoor spaces on campus 

 

After reviewing the table above, it was clear that the outdoor space that needs shade the most 

is outdoor space number 6 “Paul café area”  where it ranked the highest in both time of usage 

and duration of usage. Therefore, outdoor 6 was selected as the study site to be assessed as it 

appears to be the most used space and more than 50% of the respondents seem to use it for 20 

minutes to 2 hours a day or even more.  

  

 

 
4.5.1.6 The Users’ Shading Preferences  
 

The third and final section of the questionnaire gives an idea about the campus users’ 

preferences in regard to different aspects of the shading design Table 13.  
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Preferred 
type of 
shading  

 
 
 
 
Preferred 
style of 
shading  

 
 
 
 
 
Preferred 
shading 
material  

 
 
 
 
 
Preferred 
shading 
structure  
 
 
 
 
 

 
 
 

Table 13: Users Shading Preferences 
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From the users’ responses, the first preferred type of shading is natural shade followed by 

temporary shade. As for the style of shading, 44.6% prefer the shading style to be in harmony 

with the surroundings. The preferred type of material is between flexible material and semi-

rigid material, and the preferred shading structure is the tensile structure.  

 

 

4.6 Phase 2: Data Collection “Field Measurements & Survey” 
 

The second phase is the subjective and objective assessment for the thermal condition of the 

selected open space where measurements of the environmental parameters (air temperature, 

relative humidity, wind speed, and mean radiant temperature) were carried out at the pedestrian 

level 1.5 m except for wind speed which was measured at a point far away from any 

obstruction. The measurements were taken at two points: under the direct sun and under the 

shade of the selected site “Paul Café Area”. The measurements were taken from 9:30 am to 4 

pm on April 11th 2019. The measurements were taken for one day due to time limitation. The 

following tools were used to conduct physical measurements of the environmental parameters 

to obtain climatic data about the selected site. The Hobo-12 data logger shown in Figure 51-a 

was used to measure the air temperature and relative humidity. A hand-held anemometer shown 

in Figure 51-b was used measure wind speed. Whereas the WBGT SD Card Logger with a 

black globe thermometer 75 mm in diameter and emissivity of 0.95 shown in Figure 51-c was 

used to measure the globe temperature. The physical measurements were later used to calculate 

the mean radiant temperature and consequently the PET index. 
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Simultaneously, a field survey was conducted with the users of the space to obtain data about 

their thermal perception. The field survey included close-ended questions to form statistical 

analysis regarding the user’s thermal perception. The question of the field survey can be seen 

in Figure 52. 

(a) (b) (c) 

Figure 51: Tools used for field measurements 
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Figure 52: Field Survey Questions 

The survey receives a total of 51 responses; 9 of which were in the sunny area and 42 were in 

the shaded area. 41 of the responses were from students and 10 were from faculty and staff.  

The survey results were used to calculate the average users’ thermal perception on the seven-

point scale and compare it to the PET values of the physical measurements.  
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4.6.1 RayMan “Modeling the chosen site” 

After acquiring the necessary measurements and calculating the mean radiant temperature 

using the recorded globe temperature, wind speed, and air temperature in the previously 

mentioned equation (2), a model of the studied site was created using the RayMan Software. 

Figure 53 shows a satellite image of the studied site and Figure 54 shows the modeled version 

of the site using the RayMan software. The model shows the surrounding environment of the 

selected site which includes the architecture and the humanities building on the north, the 

business and engineering building on the south and a bridge from the north to the south that 

connects all the four buildings. The model also includes a kiosk, Paul café and its shaded sitting 

area as well as a number of scattered palm trees through of the site which all can be seen in 

Figure 55. Figure 55 also shows the two points of measurements point one under shade and 

point two under the sun.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: A satellite image of the studied site 
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Figure 54: The RayMan Model of the selected site 

 

 

 

 

 

 

 

 

 

 

 

Figure 55: A close up of the RayMan model showing points of measurement 
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4.6.2 PET Calculation  

In order to compare between the sunny and shaded areas objectively, the PET index was 

calculated using the RayMan software. The program requires several input variables in order 

to perform the necessary calculations. First, the geographic location and time zone was set to 

match the chosen site. Second, the recorded microclimate measurements and the mockup 

digital model of the studied area was used as input data. Third, the personal data regarding the 

height, weight, age, and gender were set to fit the description of the average student as they 

make up most of the population on campus. Whereas the clothing and activity rate are always 

set as at 0.9 clo and 80 w for the calculation of the PET.  

 

 

4.6.3 Assessment of Outdoor Thermal Comfort at the Selected Open Space “Paul Café 

Area” 

After the second phase of data collection, the data obtained from the field study was used to 

assess the outdoor thermal comfort subjectively and objectively in order to measure the 

influence of shading on the outdoor thermal comfort. 

 

4.6.3.1 Sunny Verses Shaded Area  
 

In order to compare between the shaded and sunny area objectively, the PET index was 

calculated for each hour of the day from 9 am to 4 pm for both the shaded and sunny area as 

seen in Figure 56. The PET values for the sunny area ranges from 38.7 to 48.9 whereas as the 

PET values for the shaded area ranges from 32 to 34.6. According to Figure 57, the PET values 

of the sunny area indicates that the thermal perception at the beginning of day is considered 

“hot”, but quickly changes to “very hot” where people experience an extreme level of heat 

stress. As for the shaded area, the PET value shows that thermal perception is “warm” 

throughout the whole day where people experience moderate heat stress. This proves the 

extreme significance of shading where it reduces the high risk of extreme heat stress. Another 

indicator of the significance of shade is the lack of responses from people in the sunny area 

where only 9 out of 51 were questioned in the sunny area. Moreover, these respondents were 
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in the sun for an average of two minutes just passing by to reach their destination. Both the 

objective assessment and the subjective assessment demonstrate that staying out in the sun is 

not even a viable option due to the negative thermal environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: PET Difference between the Shaded & Sunny Area 

Figure 57: Different ranges of PET, their thermal perception and grade of physiological stress 
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4.6.3.2 Shade Subjective and Objective Assessment  
 

According the survey results, the overall subjective assessment reveals that the average thermal 

perception of the respondents under shade is equal to 0.97 which means that the respondents 

feel “slightly warm”. However, the average PET for the whole day indicates the thermal 

environment is perceived as “warm” which is one level higher on the thermal perception scale. 

This difference between the overall subjective and objective assessment is possibly due to 

different adaptation methods which includes behavioral adaptation such as consuming a cold 

drink or psychological adaptation where people’s past experiences greatly influence their 

expectations of the existing thermal environment. Another adaptation method is physiological 

adaptation such as acclimatization where people become gradually accustomed to warmer 

conditions after ample exposure. This further proves that people within different climatic 

regions have a different comfort range. A study in Cairo, Egypt which is similar to the climate 

of Jeddah revealed that the neutral range for the PET in the city of Cairo is between 21.6 and 

30.1 oC  (Potchter, Cohen, Lin, & Matzarakis, 2018). Therefore, when comparing the average 

PET values for the whole day which is 33.7 to the neutral comfort range in Egypt, it indicates 

that the calculated PET value is considered “slightly warm”. Hence, the Objective and 

subjective assessment results match proving that the PET index is a suitable index for outdoor 

thermal comfort in Jeddah once the scale is adjusted to represent the true comfort range of this 

particular climate.    

 

Taking a closer look at the hourly PET values and the corresponding thermal perception of the 

users’, it was found that during the last hour of the day between 3 and 4 pm people started to 

feel slightly cooler and the PET value was at it second lowest at 32.6 oC as the cross ventilation 

increased. The reason behind the improvement of cross ventilation is the increase in difference 

between the air temperature in the sun and under the shade triggering the phenomenon of 

deferential pressure which in return increases the air movement. The increase in wind velocity 

allows the air to circulate and encourages the human body to sweat and get rid of the excessive 

latent heat. This is considered one of the advantages of the shading strategy not only does it 

block solar radiation, but more importantly it helps create differential pressure between the 

sunny and shaded area enabling an increase in wind velocity. This is proven a highly effective 

way to deal with high humidity and achieve a better thermal environment. However, further 

study is required to make a more in-depth analysis. 
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Additionally, the data obtained from the field study was used to calculate the PMV index. The 

results of the subjective assessment under shade regarding the respondents’ thermal perception 

which was 0.97 and the calculated average PMV value under shade based on physical 

measurements which was 2.59 show a great discrepancy. This implies that the PMV is not a 

suitable index to measure the outdoor thermal comfort. 

This study was intended to determine the percentage of enhancement that shade provides in 

terms of thermal comfortability against the areas exposed to the sun. However, the study 

revealed that there’s no percentage as shading is permitting people to use the space that 

otherwise would be completely unusable under the sun. Therefore, this indicates that shading 

is not an option, it is a must for the outdoor spaces to be functional.   

 

 
 

 

4.7 Summary  
 

This chapter was mainly concerned with identifying the outdoor space that will be studied. 

Afterwards, the chapter continues to investigate the outdoor thermal comfort subjectively and 

objectively using field measuring equipment and a survey at two points one under shade and 

the other under the direct sun.  This process revealed the following: 

 

• The influence of shading on outdoor thermal comfort and how significant it is in the 

success of the open spaces where the availability of shade makes an open space 

functional as opposed to an open space exposed to the direct sun where it is rarely used 

due to the negative thermal environment.  

 

• The importance of cross ventilation in shade design as well as its positive influence on 

the thermal environment especially in the hot humid region. 

 
 



 
 

 96 

• The PET was proven a suitable index for measuring the outdoor thermal comfort in 

Jeddah with the slight difference to people’s thermal perception due to possible 

adaptation measures. However, if the scale is adjusted to suit the climatic conditions 

of the city of Jeddah, more accurate results will be formed. 

 

 
• The PMV was proven to be an unsuitable index for measuring the outdoor thermal 

comfort as there was a great level of inconsistency between the calculated PMV values 

and the user’s thermal perception.  

 

These results confirm the extreme importance of shade in achieving a better thermal 

environment which in return contributes to the success of the open space. Moreover, the results 

confirmed the suitability of using the PET as an outdoor thermal comfort index as opposed to 

the PMV index. 
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CHAPTER 5: Conclusion 
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5.1 Introduction 
 

This chapter provides a brief overview of this study and presents a summary of the key findings, 

a set of recommendations, and further future work. 

 

5.2 Summary  
 

This thesis is concerned with investigating the influence of shading as a mitigation technique 

on the outdoor thermal comfort in the hot and humid climate.  The main issue is that the design 

of urban environment of the city lacks climatic consideration which negatively influences the 

use of the open spaces. This issue coupled with the continuous rise in temperature due to 

climate change and the urban heat island effect led to the creation of a detrimental thermal 

environment which alerted the usage and the success of the open spaces within the city.  This 

research has been carried out to study the various mitigation techniques that can be applied to 

the exiting built environment and positively alter the thermal environment with consideration 

to the hot humid climate. Yet, the main concern for this study is measure to what extent can 

shading enhance the thermal environment and therefore the performance of the open space in 

the hot humid region.   

 

The aim of this research was achieved by employing studies of different approaches including 

a theoretical study and a field study. The thesis covers five main chapters where each chapter 

partially contributes to the fulfillment of the main aim of this study. The first chapter introduces 

the study and highlights the main problem and its significance. Whereas the second chapter 

provides a comprehensive understanding of the concept of outdoor thermal comfort, its 

influencing variables, different approaches, and the proper index to measure it with 

consideration to software and tools. The third chapter mentions four mitigation techniques that 

can help enhance the thermal environment of the existing open spaces and states a set of 

guidelines or characteristics that must be considered when applying the proposed mitigation 

technique in the hot humid region. After building a theoretical framework about the elements 

concerned in this research, a field study was conducted in chapter four. The chapter includes 

two phases of data collection, the first phase was mainly dedicated to choosing the open space 

that will be studied whereas the second phase of data collection was focused on the subjective 
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and objective assessment of the outdoor thermal comfort of the selected site both under the 

shade and in the direct sun. The aim of this study was achieved by analyzing the results of the 

field study. As for chapter five, the final chapter, it includes a summary of the results and key 

findings and produces a set of recommendations and suggestions for future work. 

 

 

5.3 Key Findings 

 
This study was committed towards investigating the extent of influence that shading has on the 

enhancement of the outdoor thermal comfort in the hot humid region. Each chapter revealed 

important findings which can be summarized as follows: 

 

• The thermal environment is an important factor that influences the usage and success 

of the open spaces within the city. Moreover, it contributes positively to livability of 

the city and its overall image.  

 

 

• The most problematic variable to measure in the assessment of the outdoor thermal 

comfort is the mean radiant temperature. However, the use of a globe thermometer to 

measure the globe temperature and using the previously mentioned equation (2) to 

calculate the MRT has been proven the most appropriate and cost-effective method for 

calculating the mean radiant temperature. 

 

• The PET is the most commonly used index in the hot region to assess the outdoor 

thermal comfort. 

 

• There are several softwares that can calculate different indices or help assess the 

outdoor thermal environment; however, RayMan is the most dominant software used 

in the field where it can calculate several outdoor thermal comfort indices including the 

PMV, SET, UTCI, and the PET as well as the mean radiant temperature. Moreover, it 

can provide many other calculations and visualizations such as the shadows and the sun 
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path. RayMan has many qualities that surpass other softwares such benefits include its 

availability online free of charge and its ability to perform the necessary calculations in 

a timely manner.  

 

• In regards to enhancing the thermal environment of the existing open spaces, there are 

four mitigation techniques which are shading, vegetation, choice of material, and water 

bodies. Yet, when chosen to be applied in the hot humid region, there several guideline 

or characteristics that must considered first in order to ensure positive and effective 

results.  

 

• The field study objectively proved the extreme significance of shading in enhancing the 

outdoor thermal comfort and the performance of the open spaces by default where the 

shading improved the thermal environment from being exposed to extreme heat stress 

to experiencing moderate level of heat stress. Furthermore, the subjective assessment 

agrees with the objective assessment where none of the respondent have a desire to stay 

under sun, they simply pass by to get their intended destinations. However, under the 

shade people spend more time there from 15 minutes up to 30 or 45 minutes. This 

proves that without the existence of shading, the open spaces will not be used.  

 

• The significance of shade is further proved when the campus users revealed that they 

sometimes take longer routes to reach their classes or intended destination just to avoid 

being exposed to the intense solar radiation. Other respondents revealed that they even 

avoid going to certain spaces on campus altogether just for the sake of avoiding the 

extreme heat and the intense solar radiation. 

 

• The PMV index was proven unsuitable for assessing the outdoor thermal comfort in the 

hot climate where the values of the calculated PMV and the users’ thermal response 

showed great discrepancies. 

 

• The PET index was proven to be a more suitable outdoor thermal comfort assessor 

where the objectively calculated PET values were close the users’ subjective thermal 

response. The slight difference in outcomes is due to adaptation reasons which suggests 
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that the scale need to be adjusted to fit the hot humid climate of the city of Jeddah or 

that other factors must be considered in the assessment of outdoor thermal comfort 

 

 

5.4 Recommendations  
 

Alternative shading devices must be designed for the open spaces of Effat campus in order to 

enhance their thermal environment and make them functional. Nevertheless, there should be a 

balance between the shaded and sunny areas in order to encourage cross ventilation results 

from the deferential pressure.   

The open spaces of the city must be prioritized according to their level of usage, duration of 

usage, and time of usage and properly addressed in regards to their needs for climatic 

interventions. Afterwards, they can serve as a prototype for the remaining open spaces.  

Designers must consider shading as the first design intervention when appropriate in order to 

enhance and thermal environment outdoors as they have been proven extremely effective. 

However, there’s are certain consideration and guidelines that must be followed to design 

proper shading and achieve positive results. 

 Planners must take into consideration the climatic conditions of the city when planning the 

city in order to avoid the creation of open spaces with negative thermal environment from the 

start and limit the need for design interventions. 

 
 

 

5.5 Future Work  
 

This study proved that shading can objectively enhance the thermal environment from being 

“very hot” and experiencing extreme heat stress to being “warm” and dealing with moderate 

heat stress. However, the study was conducted for one day which did not represent the hottest 

day of the year. Therefore, further study is needed for measuring the influence of shading 

throughout the different seasons.  
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The study also revealed a slight variation between the calculated PET values and the users’ 

subjective thermal sensation vote which indicate the need for the following: 

• Either adjusting the scale to fit climate of the city of Jeddah after assessing the outdoor 

thermal comfort subjectively and objectively throughout the year and adjusting the PET 

scale according the subjective assessment using statistical analysis to determine the 

neutral temperature, comfort range, and preferred temperature.  

 

• Or investigating the relationship between outdoor thermal comfort and the different 

adaptation methods which include behavioral, physiological, and psychological 

adaptations and including them in the assessment of outdoor thermal comfort to achieve 

a more accurate results for different climatic regions. 

Furthermore, further research can study the influence of different shading design in the 

enhancement of the outdoor thermal comfort in the hot humid region in order to propose a set 

of shading design guidelines tailored for the hot humid climate. 
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Appendix A 

The information contained in this appendix has been sourced from: 
Under cover: Guidelines for shade planning and design, 2005  

 

 



 
 

 112 

 

 

 

 

 

 

 

 

 

 

 



 
 

 113 

 

 

 

 

 

 



 
 

 114 

 

 

 

 

 

 

 

 



 
 

 115 

 

 

 

 

 

  

 

 

 



 
 

 116 

 

 

 

 

 

 

 

 

 

 

 



 
 

 117 

 

 

 

 

 

 

 

 

 



 
 

 118 

 

 

 

 

 

 

 

 



 
 

 119 

 

 

 

 

 

 

 



 
 

 120 

 

 

 

  

 

 

 



 
 

 121 

 

 

 

 

 

 

 

 



 
 

 122 

 

 

 

 

 

 

 



 
 

 123 

 

 

 

 

 

 

 

 

 

 



 
 

 124 

 

 

 

 

 

 

 



 
 

 125 

 

 

 

 

 

 

 

 



 
 

 126 

 

 

 

 

 

 

 

 



 
 

 127 

 

 

 

 

 

 

 

 

 

 

 



 
 

 128 

Appendix B  
Questionnaire Sample  

 

 

 



 
 

 129 

 

 

 

 

 

 

 



 
 

 130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 131 

 

 

 

 

 

 

  

 

 



 
 

 132 

 

 

 

 

 



 
 

 133 

 

 

 

 

 



 
 

 134 

 

 

 

 

 

 

 

 

 



 
 

 135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 



 
 

 137 

 

 

 

 

 

 

 



 
 

 138 

 

 

 

 

 

 



 
 

 139 

 

 



 
 

 140 

 



 
 

 141 

 


