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Abstract 

The thesis addresses the contributions of urban geometry under hot-arid summer condition in 

the Riyadh City, Saudi Arabia, toward; (1) the development of comfortable microclimate 

conditions in outdoor spaces at pedestrian level, and (2) energy consumption from urban 

dwellers. The urban geometry is described in this thesis by three variables, including (a) 

building height to street width aspect ratios (H/w), (b) sky view factor (SVF) at pedestrian 

level, and (c) the solar orientations of the urban canyons. These three variables are used in 

this study to investigate their influence on the microclimate conditions and the associated 

outdoor thermal comfort and energy consumption from urban dwellers. 

The work intends to shed light on the existing geometries of different urban locations in 

Riyadh City and the associated thermal conditions, as well as the thermal perceptions and 

preferences of outdoor users. Therefore, integrated empirical studies that are composed of 

three original surveys are carried out, including a study of Land Surface Temperature (LST) 

of Riyadh City, outdoor thermal comfort survey, and in situ microclimate measurements in 

different urban locations at neighbourhood scale and within urban canyons. Following that, 

microclimate and energy modelling are carried out on a number of hypothetical urban 

geometries that proposed according to the current buildings and planning regulations in  the 

Riyadh City, i.e. building materials, opening ratios on building facades, buildings and streets 

layouts and minimum width of local streets. Yet, since the study measures the impact of 

scenarios modifications of urban geometry on the issues under investigation, thus, additional 

buildings heights and different setback aspect ratios have been added. The proposed 

hypothetical urban geometries investigated include various street aspect ratio (H/st.) equal to 

0.5, 1, 1.5 and 2, and setback aspect ratio (H/sb.) equal to 0, 2, 4 and 8. The proposed urban 

settings that resulted from the combination of the various streets and setbacks aspect ratios 

are modelled on four different orientations, including EW, NS, NE-SW and NW-SE, and a 

total of 64 different urban geometries are evaluated. 

The land surface temperature study through the use of the remotely sensed data reveals the 

existing variations in surfaces temperatures between the different urban locations in Riyadh 

City as a result of the influence of their geometrical characteristics. The average surface 

temperature in the highly dense built-up area was found to be, on average, 3°C higher in 

comparison to that observed in the low dense built-up areas. Such variation in surface 

temperatures was found to influence the intensity of nocturnal heat island in the urban areas. 
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The average rural-urban air temperature variations observed during the in situ microclimate 

measurements at buildings’ roof-top was 3°C warmer in the densely built-up area and about 

2°C in the low-dense area. At pedestrian level, however, the thermal conditions are warmer 

and are closely influenced by the canyon’s geometry, i.e. canyon’s height to width aspect 

ratio (H/w), sky view factor (SVF) and orientations. With a special emphasis placed on a 

human bio-meteorological assessment by using the Physiological Equivalent Temperature 

index (PET), the study of outdoor thermal comfort shows that the average upper comfort 

limit in outdoor spaces under such hot-arid climate condition is 38.8°C PET. This PET value 

was associated with external air temperature equal to 38.7°C and mean radiant temperature 

equal to 37.6°C. Some physiological factors, i.e. age, previous environment, as well as 

previous food and beverages consumed, were found to influence the tolerance of the outdoor 

user to extreme hot climate conditions. The subjects who were indoors, fasting, and over 30 

years old were more tolerant to sever hot climate conditions. The microclimate and energy 

modelling reveal the dual impact of canyons’ geometry on the outdoor thermal comfort at 

pedestrian level and energy consumption from urban buildings. In all of the proposed urban 

settings of pavilion building typology, the setback aspect ratios proved to have an important 

role in determining both issues studied. The NE-SW oriented canyons show some advantage 

over the other orientations studied, including EW, NS and NW-SE. This is expressed by a 

shorter duration of exposure to solar radiation at street level and lower PET maxima. Three 

of the hypothetical urban geometries were found to regulate an average external thermal 

condition below 39°C PET. These are one Street/Court urban setting with streets aspect 

ratios (H/st.) equal to 2 and setbacks’ aspect ratio (H/sb.) equal to 0, and two Pavilion urban 

settings with street aspect ratio (H/st.) equal to 1.5 and 2, and setback aspect ratio (H/sb.) 

equal to  8. The lower PET values observed in these urban settings were also associated with 

lower energy consumption in comparison to that observed from the remaining hypothetical 

urban geometries. In general, the heat gained from the external air temperature was found to 

be the main contributor to the building cooling load. In respect to the hypothetical geometry 

that represents the existing scenario in residential neighbourhoods in the Riyadh City (H/st. = 

0.5, H/sb. = 2), the best hypothetical urban geometry (H/st. = 1.5, H/sb. = 8) was 12.8% 

cooler outdoors and 13.1% lower in energy consumption.  

The conclusions derived from the in situ microclimate measurements and from the 

microclimate and energy modelling point out the necessity for promoting shading and 

radiative cooling in urban design to keep the external microclimate conditions in comfort 

range and to minimise the energy consumption from urban buildings. 
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1.1. Research’s background: the Global Context 

Since the Industrial Revolution that occurred during the eighteenth and nineteenth centuries, 

and the onset of Globalisation, the world has experienced numerous significant changes and 

major turning points that were fundamental in shaping the contemporary built environment 

and which have contributed to creating the environmental and energy challenges that we are 

facing today.  

The rapid world urbanisation and vast migration from rural to urban areas that were driven 

by the economic growth during the last centuries, as well as the changes in development 

trends, have produced variation in the urban tissue. Consequently, various climate changes 

have become manifest (Schiller et al. 2006; Calthorpe 2011). This is can be clearly observed 

in today’s mega cities, and in particular in densely built-up areas, where the typologies of 

buildings with varying heights and dimensions, as well as the large surface area of urban 

structure compared to rural, display high thermal mass in their surrounding environments 

(Arnfield and Herbert 1999; Oke 2002). In 2007, in their Fourth United Nation Report, the 

Inter-governmental Panel on Climate Change (IPCC) points out that the global mean 

surface-air temperatures have risen by 0.74°C ± 0.18°C based on a linear trend over the last 

100 years, from 1906 to 2005 (IPCC 2007), Figure  1.1. The same report indicates that the 

rate of warming over the last 50 years was almost double that observed over the whole last 

100 years, at 0.13°C ±0.03°C and 0.07°C ±0.02°C per decade, respectively.  

 

Figure  1.1. Annual global mean temperatures observed during the period from 1850 to 2005, source: 
IPCC (2007) 
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Indeed, these increased rates in surface-air temperature has been found, in addition to 

contributing to discomfort in urban spaces, to further reduce the habitability of urban and 

sub-urban areas in a number of ways, including; increased pollution, health problems, and 

even an increase in mortality rates (Changnon et al. 1996; Rosenfeld et al. 1998; Akbari and 

Konopacki 2004). In addition to the adverse impact caused by warming on the well-being of 

inhabitants, these rises in urban air temperature can be associated with increasing energy 

demands in urban buildings. The International Energy Agency (IEA) indicates in their 

energy report that the percentage of the total energy use in non-industrial buildings, i.e. 

residential, schools, hospitals and offices, ranges between 30% and 50% (IEA 2008). While, 

the same report states that the potential energy saving of 20 - 60% in residential space 

heating and air conditioning could be achieved with the adoption of sustainable strategies, 

such as the use of new technology. As the world’s urban population has already surpassed 

the number living in rural areas for the first time (UN 2009), the interest in mitigating the 

adverse impacts of urbanisation has grown with the increased heat stress in cities and high 

energy demands from urban dwellers. 

The relationship between the built environment and microclimate condition has been widely 

investigated  since the first attempts by Luke (1818) who studied the artificial excess of heat 

in London compared to various places in the UK (e.g. Oke 1973; Roth et al. 1989; Rosenfeld 

et al. 1998; Saaroni et al. 2000; Golden 2004; Unger et al. 2010; Pichierri et al. 2012). Most 

of the literature dedicated to the investigation of urban microclimate has concluded that the 

alteration in urban microclimate and the elevated air temperature in urban areas, or the so-

called Urban Heat Island phenomenon (UHI), are to large extent formed by a number of 

man-made causative factors, including (a) the urban geometries, (b) the thermal properties of 

urban surfaces, and (c) the heat released from anthropogenic sources (Oke 2002; Gartland 

2008; Rizwan et al. 2008). As there is an increasing belief in the importance of the role of 

external microclimate conditions in promoting sustainable built environment, the evaluation 

of the environmental quality and comfort in outdoor spaces has become the central issue in 

most of the recent scientific conferences that have been dedicated to urban climate studies, 

e.g. The International Conference on Urban Climate (ICUC), The Inter-governmental Panel 

on Climate Changes, (IPCC). Indeed, the great attention that is given to the external 

environmental quality was in fact driven by the concept of promoting a comfortable indoor 

environment from outdoors, since it is found that the connection between outside and inside 

living spaces affect, to varying degrees, the way the occupants perceive the indoor 
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environment. A number of studies that focused on evaluating the influence of external 

environmental conditions on the indoor microclimate has found a strong inverse correlation 

between the energy consumption in urban buildings and the thermal satisfaction of occupants 

with outdoor thermal conditions (see e.g. Thomas 2006; Rijal et al. 2007). In other words, 

this finding indicates that the greater the satisfaction of people with the external thermal 

environment the less to become dependent on active cooling systems, more to use outdoor 

living spaces and, consequently, less energy consumed by cooling or heating loads in indoor 

spaces.  

The notion of comfort through a climate responsive design that ensures both the 

psychological and physiological well-beings of inhabitants, of which ‘thermal comfort’ is a 

key factor, becomes necessary in the design of the contemporary built environment. Thus, 

the design of outdoor spaces should be made in response to the local climate conditions in 

order to increase the use of outdoor spaces and provide outdoor thermal comfort while 

reducing energy loads in buildings. For this reason, there has been a considerable amount of 

research that aim to identify the sustainable built environment, and which urban forms may 

most affect sustainability (e.g. Jenks and Burgess 2000). The findings from such studies 

suggest that not one, but a number of urban forms may be sustainable (Willams 2001). 

Typically, the debate about the sustainable built environment, and urban form in particular, 

focused on increasing the density of built-up area, insuring a mix of uses, and achieving 

economic diversity, while meeting the social, cultural, and ethical norms of the communities 

involved (Kennedy 2007). With respect to that, some believe that a sustainable built 

environment could be achieved by applying the principles of the bioclimatic design to the 

design of outdoor spaces (Mills 2006). Thus, in recent years, there has been an increasing 

number of applied urban climate studies which take into consideration the climate dimension 

in designing the urban street canyon (e.g. Barring et al. 1985; Oke 1988; Pearlmutter et al. 

1999; Santamouris et al. 1999; Ali-Toudert and Mayer 2006; Kruger et al. 2010). However, 

the quantitative technique and the relationships of the available theoretical knowledge in the 

real-world urban design practice are still lacking including standardisation and lack of 

guidelines for those wishing to use the climatological principles in urban design and 

planning (Oke 1984b). In addition, and in relation to the nature of the study in hand which 

investigates the influence of urban geometry on outdoor thermal comfort and energy use in 

urban dwellings at the same time, the majority of the studies that utilise the urban geometry 

as an urban design tool to investigate its influence on human thermal comfort in outdoor 
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spaces (e.g. Gulyas et al. 2006; Johansson 2006a; Ali-Toudert and Mayer 2007; Fahmy and 

Sharples 2009; Lin et al. 2010; Berkovic et al. 2012), and on the energy consumption from 

urban buildings (e.g. Gupta 1984; Jones et al. 2007; Kruger et al. 2010; Yang et al. 2012) 

have tackled these issues separately and from different points of view. For instance, outdoor 

thermal comfort studies have focused mainly on the outward influence of urban geometries, 

which were mostly carried out on a single street canyon with continuous façade, while the 

energy use studies evaluate the inward influence of different urban geometries on the internal 

microclimate conditions and energy required to maintain a comfortable microclimate 

condition in indoor spaces. Hence, studies that investigate the influence the geometry of the 

contemporary urban settings, such as gridiron, on both issues at the same time are needed.  

1.2. Statement of the problem and the research just ifications 

In many parts of the world, urban development occurs over a long period, thus allowing 

urban policy-makers time to respond to any further changes that could induce adverse 

impacts on the environment and the well-being of inhabitants. In some countries, however, 

urbanisation is very rapid and occurs within a relatively short period of time creating a range 

of environmental and energy challenges. One such country is Saudi Arabia.  

Driven by the massive oil revenues, Saudi Arabia was transformed into a modern developing 

nation during the last 80 years. In a relatively short time-span, the country has experienced 

several significant urban changes that have transformed the urban fabric in major cities from 

the vernacular urban form into a modern one, which was introduced at the beginning of the 

last century by the major foreign companies and planning expertise who were working in the 

country during that period. For instance, in 1938, the Arabian-American Oil Company 

(ARAMCO) established its first housing settlements for its employees, and this is considered 

as the origin of the contemporary built environment in Saudi Arabia according to Al-Naim 

(2008). These projects, however, initially followed the western style and as such were 

mainly imported from the United States as Al-Naim states. Following that, in 1947, the 

Arabian-American Oil Company established the first planned cities in the eastern province 

based on the western urban planning principles which follow the gridiron pattern, which was 

originally planned to give more priority to transportation. Later, in the early 1950s, the 

country experienced a massive rapid urban growth and economic development in urban areas 

- due to oil revenues - which took place in major cities, one of which was Riyadh City, the 

capital of Saudi Arabia.  
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Due to the growth of an urban-based economy and the associated large local and foreign 

labour migrations to the Riyadh City during the early 1950s, there was an emergence to 

adopt a new urban design approach to accommodate the increasing demand for new 

residential units and the ever-increasing number of automobiles in the city. Similar to the 

urban development scenario previously mentioned which took place in the eastern province, 

the government laid out the first gridiron sub-division of the Al-Malaz residential project in 

the early 1950s, which signalled a departure from the traditional urban pattern of Riyadh, to 

accommodate the large number of employees after the transfer of the Kingdom’s 

government offices and the major ministries from the Western Province to the Riyadh City 

(Al-Hathloul 2002). The Al-Malaz residential project was constructed over an area of about 

500 hectares and consisted of about 750 detached villas and three apartment buildings, as 

well as the necessary supporting facilities, Figure  1.2.  

 

Figure  1.2. Master plan of the Al-Malaz residential area in 1950, source: Al-Hathloul (2002) 

At the time of planning, the Al-Malaz layout followed the formal requirements on a gridiron 

network, that comprises a hierarchical street network ranging in width from about 55m for 

the highways to about 18m for the collector streets (Mubarak 2004). In addition, other 

regulations such as the planning and building regulations, including building setbacks, 

building heights, and construction materials, were also implemented in the Al-Malaz 

residential project. Twenty years later, the example of the gridiron planning system that was 
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adopted in the Al-Malaz residential project was widely used in conjunction with the urban 

expansion of the Riyadh City through the city’s first and second Master Plans in 1973 and 

1982, respectively (Mubarak 2004). In general, these urban Master Plans, which were 

prepared by foreign companies and planning expertise - namely Doxiadis International and 

SCET International - have produced a city-wide gridiron comprising a system of highways 

that circumscribe super-blocks of gridiron sub-divisions. It is important at this point to 

mention that, historically, the built environments in the Middle Eastern regions were 

traditionally managed by the residents. Thus, the urban forms, and the urban public spaces in 

particular, are generally shaped according to the socio-economic and cultural norms of the 

community involved (Akbar 1988). However, the transfer of the responsibility for managing 

the built environments from the residents to the central government, as it was in the case of 

the Riyadh City, was at the expense of many considerations, one of which was the 

environmental quality. In addition to the growth of urban sprawl, which is seen by many as 

costly and inefficient, and the associated increase of exploration of ground water that 

resulted from the increase growth of urban sprawl (El-Sharif 1985), the modest efforts of 

adopting climatic considerations and human dimension during the design process has 

exacerbated the severity of the microclimate conditions in such desert region. Indeed, this 

increases the reliance on the active cooling systems in indoor spaces to overcome such 

degradation in the environmental quality of outdoor spaces. A field study, by Al-Saud 

(2006), investigated the existence, intensity, and magnitude of the urban heat islands in the 

Riyadh City has showed that such climatic phenomenon does exist in the city and is more 

evident during the night time. This condition increases the energy demands for cooling 

during the summer time from the urban dwellers by 7.7% compared to that consumed in 

buildings located in the surrounding rural areas. Such an increase in the energy demands for 

cooling costs the city over US$30 million annum. Al-Saud (2006) concluded that more 

attention should be given to minimise the severity of urban microclimate conditions in the 

Riyadh City by proposing various urban design strategies including (a) maintaining low 

building density in order to reduce heat emissions that are usually associated with highly 

populated urban areas, (b) increasing the distance between high-rise buildings to accelerate 

the process of heat loss, (c) increasing the surface albedo for solar radiation by using lighter 

colours, and (d) increasing the vegetated and green cover areas in the city.  

The extreme climate condition in Saudi Arabia in general, and the lack of urban design 

strategies that take into account the local climate conditions in such desert region has led to 
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Jazirah 2008). According  to Said et al. (2003), 65% of the total 

generated energy in Saudi Arabia is used for operating the urban buildings, and 65 % of this 

generated energy is consumed by active cooling systems alone. Recently, the Saudi Arabian 

Secretary of Energy stated that; about 80% of the generated energy during the time from 

12:00 to 17:00 is consumed in cooling loads in Saudi Arabia (Alarabiya.net 2013

Jowair (2006), the consumption of energy per capita in Riyadh City is 

considered the highest in comparison to the corresponding energy consumed per c

some developed countries including Australia, the UK and the USA, Figure 

. Comparison of per capita consumption of energy in Riyadh City, Australia, the UK and 
the USA, source: reproduced by the author from Al-Jowair (2006
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29.6%, 4.7%, 3.8%, and 2.1% are consumed in the governmental, industrial, commercial, 

premises, respectively (Elhadidy et al. 2000). Based on the previous 
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Figure  1.4. Annual means temperature and urban population growth of Riyadh city, source: appeared 
first in Jentsch (2012), the figure acquired from the author by personal communication 

Driven by the success of the vernacular urban forms in accommodating the socio-economic 

and cultural aspects of the residents, it is commonly claimed that such vernacular urban 

patterns are also perfectly arranged to suite local climatic conditions. However, this is has 

not yet been proven, and the positive climatic effects of the vernacular urban design 

solutions may in fact be overestimated (Givoni 1998; Ali-Toudert 2005). Moreover, the 

impact of transportation and new development trends in the contemporary built environment 

have, to some extent, limited the opportunities to apply the traditional urban design 

principles. In particular, those principles were applied in the traditional urban fabric of desert 

climate regions to accelerate the wind flow through the use of narrow winding-street, or by 

the use of irregular street network to enhance the shading patterns in outdoor spaces are 

conflicting with the modern requirements in city planning.  

With respect to the previous statements, the present demand for a sustainable built 

environment in Riyadh City in particular, and Saudi Arabia in general, is coupled with the 

need to minimise the effect of the severe microclimate conditions during the summer time on 

users of outdoor spaces, as well as to reduce the reliance on the use of active cooling among 

urban dwellers. The configuration of neighbourhood, quantified by the sky view factor and 

street orientations, is utilised in the present study as a means of bioclimatic urban design to 

investigate the influence of different neighbourhoods’ configurations on the human thermal 

comfort in urban spaces and energy use among urban dwellers in a hot-arid region. 



Chapter One Introduction 

 

10 

 

1.3. Research’s aim, questions, and objectives 

The aim of this study is to investigate the impact of different urban geometries on the 

external microclimate conditions and, consequently, the associated outdoor thermal comfort 

and energy demand from urban dwellers under hot-arid summer condition in the Riyadh 

City. The research is essentially motivated by the need to examine the potential of different 

urban geometries, which are described in this thesis by the building height to canyon width 

aspect ratio (H/w), sky view factor (SVF) and the solar orientation of the urban canyons, on 

reducing the profound effects of the micro-meteorological conditions in such severe hot 

climate conditions during the summer season on thermal satisfaction of outdoor users, and 

energy consumption from urban dwellings. Therefore, urban geometry was considered to be 

the main research’s tool that is used in the present study to answer the following key 

research questions: 

� To what extent do the existing urban geometries in the Riyadh City influence the 

local microclimate condition?  

� How could different urban patterns contribute in creating their own microclimate 

conditions in the Riyadh City and within their surroundings vicinity? 

�  At pedestrian level, what is the upper thermal comfort limit in urban outdoor spaces 

in the Riyadh City?  

� What are the environmental and physiological parameters that would influence 

people’s thermal perception under summer condition in Riyadh City? 

� What could be the convenient neighbourhood geometries that would provide 

comfortable outdoor thermal conditions, while minimising the energy consumed by 

cooling loads? 

To accomplish the aim of this research and to answer its related questions, some essential 

objectives have to be met:  

1. To assess the Land Surface Temperature (LST) over the Riyadh City and its relation 

to the existing urban form and buildings’ patterns.  

2. To assess the thermal perception and preferences of local people in outdoor spaces in 
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the Riyadh City in order to identify the influence of scenarios modification on their 

comfort level in outdoor spaces.  

3. To assess the micro-meteorological conditions of two existing neighbourhoods those 

have different physical and spatial urban characteristics in order to evaluate their 

impacts on their surrounding environments at neighbourhood scale and within the 

urban canyon at pedestrian level. 

4. To propose different hypothetical urban geometries, represented by the canyon’s 

aspect ratio, sky view factors (SVF) and solar orientations, in order to evaluate their 

impacts on outdoor thermal comfort and on the indoor energy consumption. 

5. To evaluate the outcomes of the simulated configurations based on their impact on 

the human thermal comfort in outdoor spaces and on buildings energy use under 

summer condition. 

1.4. Methodology and research framework 

Climate studies in urban areas are often characterized in the form of understanding the 

mutual influences between the urban structure and its immediate environments. The majority 

of these studies, however, place a particular attention on evaluating the adverse impacts of 

the alteration found in urban microclimate conditions on the well-being of inhabitants, 

whether indoors or outdoors. Hence, a number of research approaches have been used in the 

study of people and their built-environment, but varies according to the variables most 

related to the problem under investigation. Therefore, a good choice of research method for 

data collection must be based on careful consideration of the nature of the problem under 

study (Ittelson 1978). Given that the present study is multidisciplinary in character, it was 

necessary to combine various methods in order to answer the research questions. Therefore, 

field studies, including in situ microclimate measurements, questionnaire survey, and 

numerical modelling will be carried out. Prior to that, however, a comprehensive review of 

the available knowledge will be performed to shed light on the size of the problems under 

investigation at the global context and within the local built-environment in the Riyadh City. 

Hence, the present study will include a combination of the following methodologies:  

• Literature review. 

• Empirical studies, including land surface temperature (LST), in situ microclimate 
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measurements, and outdoor comfort survey. 

• Numerical modelling of the external microclimate conditions and building energy use. 

Within each methodology, however, different methods are used for data collection and will 

be presented in details in the relevant chapters. Although the general characteristics of the 

methodologies used in this research is of quantitative in nature (field works and modelling), 

the final conclusion, however, will qualitatively interpret the findings from this research to 

obtain basic knowledge of the urban planning and design processes, including the role of 

urban geometry on outdoor thermal comfort at pedestrian level and the energy consumption 

in urban dwellings. The theoretical foundation for the present study is obtained by reviewing 

the available knowledge in climate-responsive urban design in hot-arid climate regions and 

climate related issues such as outdoor thermal comfort and energy consumption in urban 

dwelling. Thus, recommendations and suggestions derived from the previous literature are 

considered. In order to achieve reliable and efficient data to inform the final results and 

conclusions, the empirical part of this study aims to map variations in urban surface 

temperature and microclimate conditions in Riyadh City, as well as to highlight factors 

affecting the human thermal perception in outdoor spaces in desert climate region. Thus, at 

the first stage, a comprehensive study on the surface temperature variations in Riyadh City is 

performed in order to map thermal distribution pattern of the existing urban areas in Riyadh 

City and its relation to the existing urban characteristics, including form and density. The 

surface temperature map will be also used to identify two urban areas with significantly 

different characteristics, including surface temperature and urban geometry, for the in situ 

measurements of microclimate in Riyadh City. At the second stage, the empirical part aims 

to highlight and analyse, by means of field works, the thermal perceptions and preferences of 

people in outdoor spaces, as well as the micro-meteorological conditions in Riyadh City, and 

their relations to the existing urban geometries. The third stage is the numerical modelling 

which simulates the external microclimate conditions of a number of proposed urban 

settings, and evaluates the alterations in external conditions that resulted from the modelling 

of different proposed urban settings on the outdoor thermal comfort at pedestrian level and 

buildings’ energy use. The simulated microclimate conditions and associated comfort at 

street level will be criticised according to the findings obtained from the empirical studies 

carried out in the second stage. Figure  1.5 illustrate the framework of the thesis which 

comprises four phases, including literature review, preliminary studies empirical studies, and 

finally the numerical modelling.  
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1.5. Scope and limitations 

Driven by the lack of urban climate studies in Riyadh City in particular, and in the 

quantitative assessments studies that dedicated to investigate the influence of urban 

geometries on the outdoor thermal comfort in hot-arid regions, the present study is mainly 

motivated by the need to examine the role of the urban geometry, quantified by canyons 

height to width aspect ratio (H/w), the sky view factors (SVF) and soar orientations, on 

regulating street comfort. The determination of the convenient urban geometry will be 

addressed according to the thermal satisfaction of users in outdoor spaces and the amount of 

energy consumed in active cooling load in urban dwellings.  

Urban geometries and buildings’ typologies: The main focus is on residential buildings and 

in particular the pattern of a group of Pavilion and Court/Street building typologies within a 

scale of neighbourhood. Therefore, a detailed street design and vegetation are not treated 

here. The human thermal comfort and energy consumption will be evaluated according the 

microclimate condition at street level, i.e. the urban canopy layer UCL (the atmospheric 

layer that extends from the ground up to the average heights of the urban buildings). 

Riyadh’s climate characteristics: The general thermal characteristics of the Riyadh City is 

going to be evaluated by the use of thermal infrared TIR data obtained from satellite sensors 

in order to indentify two neighbourhood locations that have different urban geometries, 

including traditional and modern, and varies in their surface temperatures for the purpose to 

study their microclimate conditions at street level. The amount of air pollution and the 

effects of vegetation and anthropogenic heat on the climate condition are not considered. 

Therefore, the microclimate condition is evaluated with strictly in regards to the effects of 

the characteristics of the geometries of the chosen neighbourhoods. 

Outdoor thermal comfort: The outdoor thermal comfort study in Riyadh City is going to be 

carried out by means of close ended questionnaire survey to determine the upper value of the 

comfort index (PET in this study) under summer condition. Thus, the lower value of the 

comfort index is not included in this study since the comfort survey is going to be conducted 

during the summer. The thermal perceptions and preferences of outdoor users are evaluated 

during daytimes. Thus, the thermal satisfactions of outdoor users during night-time are not 

included.  
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Urban microclimate studies: In situ microclimate measurements are going to be carried out 

in July, since the prevailing climate conditions in this month is considered representative of a 

typical summer in Riyadh City. Thus, microclimate conditions in the other seasons are not 

measured. Two types of microclimate measurements are carried out, including continuous 

and instantaneous measurements. The continues measurements will be carried out in two 

neighbourhood areas at two levels, including buildings’ rooftops and within selected street 

canyons at pedestrian level, in order to compare their microclimate conditions with the 

corresponding ones located in rural area. On the meantime, the instantaneous microclimate 

measurements will be carried out during the daytime in selected street canyons that have 

different geometries in order to evaluate the potential of different canyon’s geometries in 

regulating the microclimate condition at pedestrian level. 

Numerical modelling: The numerical models that are going to be generated will be in 

agreement with the building regulations followed in Riyadh City in terms of local street 

width, building’s setback from the local street, maximum ratio of opening allowed in 

building façades, and the common building materials used in Saudi Arabia. The assessment 

of outdoor thermal comfort on the numerical models will be according to the findings of the 

comfort survey, namely the value of the upper comfort index - the Physiological Equivalent 

Temperature index (PET) in this study - at street level. In terms of the energy consumption, 

the present study assumes a consistent indoor air temperature at 24°C. Therefore, the 

analyses of the energy performance is measured according to the cooling load needed to 

maintain such temperature in indoors spaces. 

1.6. Organization of the thesis 

This study contains eight chapters and is organised under four key sections. The first section, 

covered by chapters 1 to 2, sets out the background for the problem under investigation, 

discusses the methodology of the research and reviews the relevant literature. Chapters 3 to 

5, which comprise the second section, present the empirical studies, including the 

preliminary studies, the comfort questionnaire survey, and microclimate measurements 

which were all designed to answer most of the research questions. The third section, chapters 

6 and 7, present the numerical modelling, including the urban setting used in the present 

studies, and the results of the microclimates and energy consumptions of a number of 

proposed neighbourhoods’ configurations. Finally the fourth section, chapter 8, highlights 

the findings of the research and draws the final conclusions and recommendations. 
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1.6.1. Section One: Research background, methodolog ies, and literatures  

Chapter One: Presents a comprehensive background on the problem under investigation and 

the current knowledge in the field, followed by the research problems and the justifications 

for the present study. The aim, questions and objectives of the research are presented in this 

chapter along with the methodology, research scope and limitations. 

Chapter Two: Sets out the theoretical background for the problem under investigation by 

covering various aspects related to the impact of urban and canyon geometries on outdoor 

microclimate and its relation to the human comfort in outdoor spaces and energy 

consumption indoors. Four areas in the literature reviews are going to be covered including; 

(a) urban heat islands, the causative factors of the UHI, and the methods used to estimate the 

intensity and the magnitude of such urban climate phenomena. (b) The urban energy balance 

and the thermal structure of the urban canyon, such as surface and air temperature, and the 

wind flow over the urban areas and within the urban canyon (c) human energy balance and 

comfort in outdoor spaces, and finally (d) review of literatures that dedicated to investigate 

the influence of urban and canyon geometry and the resulted microclimate condition on 

outdoor thermal comfort and energy consumption in urban dwellings. 

1.6.2. Section Two: Empirical studies  

Chapter Three: Presents the preliminary studies including (a) a brief description of the 

geographical characteristics and climatic features of Riyadh City. More details are given for 

the City within the urban context including the urban sprawl and population density, (b) land 

surface temperature study to evaluate the surface temperature patterns over Riyadh City, and 

finally (c) pilot studies that were carried out in the city including the comfort questionnaire 

survey and the urban microclimate measurements.  

Chapter Four: Presents the comfort surveys which were carried out in outdoor spaces under 

summer conditions in Riyadh City. In this chapter, the methodology and instrumentation 

used in the outdoor comfort survey are presented along with the results which highlight the 

upper comfort limit in outdoor spaces in Riyadh City presented by the PET index and its 

equivalent air and mean radiant temperatures, as well as the effects of a number of 

physiological factors, including age, previous environment, food and beverages consumed by 

the subjects on their thermal satisfaction in outdoor spaces. 
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Chapter Five: Presents the microclimate measurements which were carried out in two 

neighbourhoods in Riyadh City. The methodology and the instrumentations used in the 

continuous measurements and instantaneous measurements of the microclimate condition are 

presented in this chapter along with the results.  

1.6.3. Section Three: Numerical modelling  

Chapter Six: Presents in detail the methodology used in generating the hypothetical urban 

geometries. In this chapter, more about the layouts, building typologies and the computer 

based design aid tools used, including the microclimate model (Envi-Met), the energy model 

(HTB2), and the RayMan model that used to calculate the PET index, are presented and 

discussed. 

Chapter Seven: Presents the results of the microclimate and energy modelling of the 

proposed neighbourhoods’ configurations. The outcomes of the simulated numerical models 

are categorised into four groups and evaluated according to their micro-meteorological data, 

outdoor comfort and energy performance. At the end of this chapter, a comprehensive study 

over the average outdoor comfort and energy performance of all numerical models is 

presented. 

1.6.4. Section Four: Discussion and final conclusio n 

Chapter Eight: Concludes and discusses the findings from the research including that 

obtained from (a) the in situ microclimate measurements, and highlights the rural-urban and 

intra-urban surface and air temperature variations found in the Riyadh City, (b) from the 

outdoor thermal comfort survey. Following that, the modelling effect of different canyon 

geometries and orientations on the microclimate conditions, outdoor thermal comfort and 

energy consumption from the urban buildings in Riyadh City are presented. Finally, the 

considerations for climate in urban design in the Riyadh City and recommendations for 

climate-conscious urban design are presented along with future studies. 
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This chapter presents the theoretical backgrounds underpinning this study of the subject of 

urban microclimate and design, as well as the related aspects in terms of outdoor human 

thermal comfort and energy consumption in urban dwellings. It initially presents the 

classifications of urban microclimate and the related literatures that were dedicated to the 

investigation of climatic phenomena that are commonly observed in urban areas. Following 

that, more attention is given to the literature that focused on urban climate design, and in 

particular the effects of urban canyon geometries on the microclimate condition at pedestrian 

level and its relation to human thermal comfort and energy use. Therefore, four main aspects 

regarding urban climate design and comfort are covered in this chapter, including:  

1- Urban climatic characteristics and the related climatic phenomena (sections  2.1 and  2.2),  

2- The canyon energy balance and its environmental characteristics including its wind flow 

regime and surface-air temperatures (sections  2.3,  2.3.2 and  2.3.3),  

3- The human energy balance in outdoor spaces and thermal comfort (sections  2.4), and 

lastly,  

4- Selective studies that dedicated to the investigation of the impact of urban geometries on 

(a) human thermal comfort in outdoor spaces, and (b) indoor microclimate conditions in 

urban buildings (section  2.5). 

2.1. Urban microclimate 

Understanding the drivers of the urban microclimate is of prime importance for climate-

responsive urban design, which in turn, has strong implications for the sustainable built 

environment. In general, microclimatology deals spatially with the region of atmosphere 

above the earth surface known as the Atmospheric Boundary Layer (ABL). This layer 

extends from the earth surface upward according to the underlying roughness and wind 

velocity, which could range from 200m over an open area to more than 500m over urban 

centres (Szokolay 2008), and is characterised by the exchange of momentum, heat, and water 

vapour at the ground surfaces. Hence, every small-scale turbulent transfer and exchange 

process that may occur within the first 100m from the ground surface is important in 

determining the state of the whole layer (Garratt 1994; Kaimal and Finnigan 1994).  

On the contrary, the region of atmosphere above the ABL reacts slowly to any changes that 

may occur near the ground and the condition within such an atmospheric region mainly 

depends upon the changes at the larger scale.  
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Over an urban area, the atmosphere can be further divided into sub-layers since a number of 

additional variables become involved in determining the climate condition near the urban 

surface. Figure  2.1 illustrates a two-layer classification of atmosphere within and above 

urban areas, these comprise the Urban Boundary Layer (UBL) and the Urban Canopy Layer 

(UCL) (Oke 2002). Within the urban boundary layer (UBL), which grows as the wind passes 

over an urban area and extends upward from the average height of buildings’ rooftops to 

about ten times the average building’s height, the climate condition in such an atmospheric 

region is homogeneous and decisively determined by the roughness of urban structure as 

well as the surface characteristics, and the anthropogenic activities within the built 

environment. The atmospheric condition within the UBL can extend horizontally over the 

rural areas according to the regional wind direction. Below the UBL is the urban canopy 

layer (UCL), which extends from the ground surface up to about the average height of the 

roof tops of urban buildings. Within this atmospheric layer, the climate condition is 

relatively heterogeneous, and in addition to the effects of the urban and regional 

environment, the micro-meteorological conditions within the UCL are mainly determined by 

the nature of its surroundings, particularly by the urban geometries and the thermal 

properties of the surrounding urban surfaces (Oke 1988). Thus, a complex urban form could 

increase the turbulence processes and leads to a mosaic of microclimate conditions within 

the UCL which usually take place in a quite limited area and produces radical changes in the 

nature of the surface and atmospheric properties in an urban location (Oke 2002). 

 
Figure  2.1. A schematic representation showing the atmospheric sub-layers over an urban area 

including the homogeneous boundary layer above a built environment and the heterogeneous canopy 
layers between buildings, source: Oke (2002) and Erell et al. (2011) 

In between these two main urban atmospheric layers is the surface layer which is known as 

the transitional zone between the upper homogeneous boundary layer and the lower 
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heterogeneous canopy layer. This transitional zone extends from the average height of the 

buildings’ rooftops to about four to five times the average height of urban buildings, and 

contains a highly variable roughness sub-layer at a height of twice the average building 

height above roof-level in which the air-flow is characterised more by the sharp-edged 

structure and heat generated within the city. Among the above classifications of urban 

atmosphere, the microclimate condition within the UCL has received the largest amount of 

research efforts since it is found to have a great impact on the well-being of inhabitants (e.g. 

Oke 1988; Shen and Leclerc 1997; Pearlmutter et al. 2006; Marciotto et al. 2010; Pichierri et 

al. 2012).  

It is quite difficult in the present study to highlight the impact of every single factor that may 

contribute to the formation of a microclimate in urban areas since there are a number of 

factors involved and each has its own contribution, but at varying extents. Hence, the 

following discussion will highlight the urban design aspects that are found to influence urban 

microclimate conditions, and more attention is given to the role of urban canyon geometries 

on microclimate, and its relation to human thermal comfort in outdoor spaces and energy 

consumption in urban dwellings. First, however, a general review of the climatic phenomena 

that is commonly observed in urban areas is undertaken, such as the urban heat island (UHI) 

and the literature dedicated to investigating the generation of such climatic phenomena. 

2.2. Urban heat island 

The phenomenon of excessive warmth of air near the ground in urban areas compared to 

rural or non-urbanised areas - the so-called Urban Heat Island (UHI) - has been widely 

investigated (e.g. Oke 1973; Yamashita et al. 1986; Saitoh et al. 1996; Cenedese and Monti 

2003; Unger et al. 2010; Peng et al. 2011) since the first attempts by Luke (1818) who 

studied the artificial excess of heat in London compared to various places around it in the 

UK. This increasing interest in studying the intensity of the UHI was driven by the fact that 

the existence of such a phenomenon in the built environments has been found to have 

adverse impacts on the well-being of inhabitants reduces the habitability of urban and sub-

urban areas in a number of ways, including human discomfort in outdoor urban spaces, 

higher energy consumption in urban dwellings, increased air pollution, health problems, and 

even an increase in mortality rates (Changnon et al. 1996; Rosenfeld et al. 1998; Akbari and 

Konopacki 2004).  
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Generally, the phenomenon of an urban heat island (UHI) is described as: a dome of raised 

air temperatures that lies over an urban area and is caused by the heat absorbed by buildings 

and structures (Park 2007). Although the geographical locations of the urban areas influence 

the magnitude of the UHI, the formation of such a phenomenon is closely linked with the 

extent of thermal and mass exchanges between the external surfaces of the urban 

components and the surrounding environment. As shown in figure  2.2, the generation of the 

UHI can be ascribed to a number of causative factors, some of which are uncontrollable, 

such as from natural components including sun, wind, and cloud cover, while the others are 

controllable including man-made structures and air pollution caused by anthropogenic 

activities in the city (Rizwan et al. 2008). 

 

Figure  2.2.  Generation of Urban Heat Island (UHI), source: Rizwan et al. (2008) 

In terms of the controllable factors, it has been found that (a) the effects of thermal properties 

of urban materials on heat storage including; reflectivity for solar radiation (albedo) and 

emissivity for long-wave radiation (b) the effects of urban geometries on the energy balance 

of urban facets including the aspect ratio of urban canyon, street orientation with respect to 

sun, and sky view factors of urban areas, and (c) the amount of heat and air pollution 

released from anthropogenic heat sources and activities, such as from urban buildings, 

transportations, and power generators, are the three main controllable factors that have so far 

been found to determine the magnitude and the intensity of the UHI in the built environment 

(Oke 2002; Gartland 2008). Indeed, the previously mentioned controllable factors have been 

found to influence other possible urban factors which could exacerbate the intensity of the 

UHI, including urban greenhouse as a result of the anthropogenic activities, reduction in 

turbulent transfer caused by the urban geometries, and the reduction of evaporating surfaces 

due to the increase in the waterproof textures in urban components (Oke 2002). Due to the 
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fact that the formation of the UHI is closely linked with the urban materials and forms 

characteristics, as well as the anthropogenic activities that occur within the city, higher air 

temperature is usually observed in highly populated (Oke 1973) and densely built-up areas 

with low sky view factors (Yamashita et al. 1986), such as city centres and business districts. 

In contrast, lower air temperatures – the so-called Urban Cool Islands UCI (Rizwan et al. 

2008) - are usually observed over and in the vicinity of green parks. Therefore, the heat 

island profile over an urban area, and specifically over mega cities, can contain several 

‘Plateaus’ according to the underlying urban characteristics and activities of individual urban 

location, where a steep temperature dropdown ‘Cliff’ is commonly observed at urban 

boundaries as shown in figure  2.3.A.  

The term “intensity” of the UHI refers to the maximum differences recorded in temperature, 

whether on surfaces or in the air, between two measurement locations, mostly urban and 

rural, and abbreviated as [�T u-r] to indicate the difference in temperature between the 

urban and rural locations. Figure  2.3.B. shows an example of the typical diurnal variation of 

urban and rural air temperature (top) and the nocturnal intensity of UHI (�Ta u-r), which 

usually reaches its maximum and become more pronounced at night under clear sky in a 

region with light wind speed (Santamouris 2001b; Emmanuel and Fernand 2007).  

 

Figure  2.3.  Schematic profile of heat islands over urban, sub-urban, and rural areas (A), as well as 
the differential warmth between urban and rural areas and UHI intensities (�T u-r), source: Oke 

(2002),  and Erell et al. (2011) 

It should be mentioned here that the UHI can be observed in every urbanised area, whether 

town or city (Bonan 2002), and its intensity varies according to the geographical location and 

the climate characteristics of the studied urban location; generally, however, the magnitude 

of the UHI intensity is mainly governed by the thermal balance of the urban structure, which 

sometimes causes the maximum difference between the urban and rural locations to reach 
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above 11°C, particularly in large cities (e.g. Oke 1973; Klysik and Fortuniak 1999; 

Santamouris 2001b; Tran et al. 2006). 

2.2.1. Types of the UHI  

Urban heat island is classified into two main types according to their locations, temporal 

behaviour, degree of homogeneity, and their spatial form within the built-up environment 

(Gartland 2008). These are (a) Urban Surface Heat Islands (USHI), and (b) atmospheric heat 

island including the Canopy Layer Heat Island (CLHI) and the Boundary Layer Heat Island 

(BLHI). Although these two types of heat islands differ in their underlying mechanism and 

in the method used to estimate their intensities (Oke 1982; Roth et al. 1989), however, both 

are affected by the energy budget of the urban structure which is closely determined by the 

thermal properties of urban materials, the sky view factor of the urban structure, and the 

prevailing anthropogenic activities (Chudnovsky et al. 2004). In addition to the similarity in 

the causative factors, both types are related to each other in the sense of the mutual responses 

since Land Surface Temperature (LST) modulates the air temperature of the lower layer of 

urban atmosphere and determines the rate of thermal and mass exchange between the urban 

surfaces and the surrounding air volume (Santamouris 2001b). In the meantime, warmed air 

transfers sensible heat from irradiated surfaces to shaded or lower temperature urban 

surfaces by convection. 

2.2.1.a. Urban surface heat island (USHI): 

The urban surface heat island (USHI) represents the temperature variation on horizontal 

surfaces, such as buildings’ roofs, streets, pavements and vegetation. (Roth et al. 1989; 

Weng et al. 2004; Peng et al. 2011). The USHI is known as a diurnal phenomenon which 

usually becomes more pronounced in urban areas soon after solar noon, particularly in 

regions with clear skies and during seasons of high sun position, when the temperature of 

horizontal urban surfaces become warmer than the ones in rural areas. However, this not 

always true, since it has been found that in desert climates, which are hot and dry, the surface 

temperature in rural areas, where there is dry soil and bare ground with an absence of 

overshadowing, is higher (e.g. Kwarteng and Small 2005; Peng et al. 2011).  

The variation in the SHI in urban areas is usually studied using the remotely sensed data - the 

so called the thermal infrared TIR satellite images - which basically represent the 
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temperature of the horizontal surfaces in urban areas that can be seen by the satellite sensor 

and, therefore, the temperature of vertical surfaces, such as walls, are not detected. The 

spatial patterns of upwelling thermal radiance that detected by the remote sensors vary 

according to the surface energy balance of the urban structure (Voogt and Oke 2003), the 

biophysical and meteorological factors, including the distribution of land use and land cover 

characteristics (LULC) (Dousset and Gourmelon 2003), and vegetation (Weng et al. 2004). 

In addition, the urban form, represented by the urban density and canyon geometries 

(Eliasson 1996; Bottyan and Unger 2003), as well as the population distribution and the 

intensity of anthropogenic activities (Elvidge et al. 1997; Fan and Sailor 2005; Weng et al. 

2006; Xiao et al. 2008) were all found to influence the thermal characteristics of urban 

surfaces. This valuable information and the wide availability of TIR data provided by a 

series of satellite and airborne sensors over large spatial and temporal scales, e.g. Landsat 

TM/ETM+, MODIS, TIMS, etc, makes the use of the remotely sensed thermal data an 

attractive and inexpensive method to study the thermal characteristics of the urban areas, 

which has been widely utilised in the recent urban microclimate studies (e.g. Saaroni et al. 

2000; Voogt and Oke 2003; Weng 2009; Fabrizi et al. 2011; Pichierri et al. 2012). It should 

be noted here that the use of thermal images detected by the remotely sensed technology has 

some limitations regarding the spatial resolution and temporal scale provided by satellites, as 

well as the difficulties in obtaining the emissivity values of different combinations of surface 

materials at the urban scale. 

2.2.1.b. Atmospheric urban heat islands (UHI): 

As described earlier in this chapter, the atmospheric urban heat islands, or the UHIs, is 

typically refer to the increased air temperature within and above an urban area compared to 

non-urbanised rural areas. In general, the magnitude of the UHI intensity begins to increase 

immediately after the sunset and reaches its maximum during the night hours. This is 

because the formation of such a phenomenon is closely influenced by the thermal and mass 

exchanges between the external surfaces of the urban components and the surrounding 

atmosphere. The UHI may be further divided into two levels according to the classifications 

of urban atmosphere introduced earlier in this chapter (section  2.1). These are (a) the 

boundary layer heat island (BLHI) and, (b) the canopy layer heat island (CLHI). This is 

because these two atmospheric heat islands varies in terms of location, height, intensity, the 

spatial form and temporal behaviour, homogeneity, and even in the instrumentation used to 

estimate their intensities (Oke 1976).  
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Unlike the measurement approach used to estimate the intensity of the USHI which is 

commonly detected by the remote sensing technology, the atmospheric heat islands are 

generally estimated by the in situ measurements. Although the in situ measurements used to 

estimate the intensity of the UHI provide high spatial and temporal resolution, the climate 

data obtained from such type of measurement are limited to the immediate surroundings of 

the measuring instruments. 

1.    The Boundary Layer Heat Island (BLHI) represents a layer of warm air that lies 

within the urban boundary layer UBL. The range of the BLHI extends from the 

average height of buildings’ roof-tops to about 1km during the day time, shrinking 

to 100m at night forming a dome shape over the urban area and could be changed to 

a plume with the presence of sufficient wind speed at the regional scale. The BLHI 

is estimated by the in situ measurements with the use of specialised sensor platforms 

such as tall towers or tethered balloon, or from instruments mounted on aircraft. In 

general, the air temperatures that characterise the BLHI are homogeneous and are 

mainly shaped by the thermal characteristics of the underlying urban structure, and 

typically located above the CLHI. 

2.    The Canopy Layer Heat Island (CLHI) refers to the portion of warm air that lies 

within the urban canopy layer - UCL, which extends from the ground to about the 

average heights of the roof tops of the buildings. The magnitude of CLHI depends 

upon the urban characteristics of its surrounding vicinity including geometries, 

materials, activities, and the presence of vegetation. Therefore, the magnitude and 

intensity of such phenomenon within the urban canopy vary within a limited area. 

The CLHI is commonly measured by the in situ sensors at ground level using 

various measuring techniques such as a fixed weather station or from the traverses of 

vehicle-mounted sensors. Since the alteration in urban microclimate condition is 

generally felt within the UCL, the CLHI has received great attention from the 

majority of climate studies. 

2.2.2. Urban heat island studies in hot-arid climat e regions  

Studies of urban heat islands in hot dry climate regions have been conducted using several 

measuring approaches; some of which were undertaken by utilising thermal infrared TIR 

images to analyze the urban thermal environment by evaluating the Land Surface 
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Temperature (LST), whereas the other were carried out by the in situ measurements to 

evaluate the intensities of UHI at the UBL and UCL. Numerical modelling was also utilised 

in some climate studies to simulate the spatial and temporal behaviours of the UHI in several 

climate regions including hot and dry ones. Kwarteng and Small (2005), for instance, have 

conducted a comparative analysis of thermal environments in New York City and Kuwait 

City, which are located in temperate and desert environments respectively, by utilising the 

remotely sensed thermal images obtained from Landsat ETM+ to analyse the dependence of 

energy fluxes on the urban surface properties. Indeed, the study has utilised the thermal 

images in conjunction with multispectral imagery to evaluate the temperature distribution 

patterns of urban surfaces in the context of vegetation abundances. Figure  2.4 shows the land 

cover characteristics derived from the Landsat TM bands 7, 4 and 2 for Kuwait City (left) 

and New York City (right).  

 
Figure  2.4. Colour composite images showing the land cover over Kuwait City and New York City, 

source: Kwarteng and Small (2005) 

In both images, significant vegetation was depicted in shades of green, and the built-up area 

appears in purple to blue-green, while water bodies show up in dark blue to black. The 

surrounding desert area in Kuwait City appears in yellowish-brown. The analysis of the 

abundance and spatial distribution of urban vegetation has shown a strong influence on the 

urban and suburban environmental condition.  As depicted in figure  2.5, the desert areas that 

surround Kuwait City, where the surface of the bare, dry soil is totally exposed to solar 

radiation and no overshadowing exists due to the absence of vegetation, has relatively high 

surface temperatures, presented in light tone, compared to the surface temperature of the 

residential areas. Lower surface temperatures are observed in the built-up areas, which can 

be related - as mentioned in the study - to the cooling effect of vegetation notwithstanding its 

low fraction. On the contrary, higher surface temperature was observed in residential and 
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industrial areas in New York City compared to the surface temperature recorded in the 

suburban areas.  

 
Figure  2.5.Greyscale images of vegetation fraction and surface temperature derived from Sat. Images 
(Landsat TM). The significant abundance of vegetation appears in light tone (top), while the minimum 

surface temperature recorded in both cities were given a dark tone, source: Kwarteng and Small 
(2005) 

The physical limits imposed by vegetation cover, soil water content, and different 

combinations of surface materials are presented by the scatterplots of surface temperature 

and vegetation fraction, Figure  2.6. It shows that land areas with low vegetation fraction 

attain a much wider range of surface temperatures which clearly appears in the plots parallel 

to the surface temperature axis.   

  
Figure  2.6. Scatterplots of surface temperature and vegetation fraction for the New York City and the 

Kuwait City, source: Kwarteng and Small (2005) 
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In addition, the large variation in surface temperature was associated with changes in land 

cover and surface properties. With respect to the important role that the surface temperature 

plays in governing the thermal and mass exchange in urban areas, the use of such an 

approach can provide reliable information about the urban microclimate conditions. The 

study of the surface heat island through the use of remotely sensed data to analyse the 

surface temperature and vegetation fraction can be utilised to evaluate the energy flux and 

surface properties at any given urban location which, in turn, can have a strong implications 

for the urban microclimate studies. 

Emmanuel and Fernand (2007) studied the urban heat island in humid and arid climate 

regions in Pettah, Colombo (Sri Lanka) and Phoenix, Arizona (USA), respectively, by the 

use of numerical modelling (Envi-Met). The intention was to examine some UHI mitigation 

strategies based on human comfort by examining the sensitivity of air temperature (Ta) and 

mean radiant temperature (Tmrt) at the urban canopy layer, UCL, to various urban 

geometries, quantified by densities, and thermal properties of urban structure including the 

reflectivity of urban surfaces, and the presence of green cover. In the case of Phoenix, which 

has a dry climate, none of the mitigation options, whether the urban density or the thermal 

properties modifications, produce significant changes in air temperature. However, high 

surface albedo for solar radiation produces a higher air temperature at night compared to the 

temperature recorded during the daytime. In general, the lowest average air temperature 

occurs with the ‘high density’ scenario.   

Apart from the insignificant air temperature (Ta) differences observed among the adopted 

mitigation strategies, a great variation was observed in mean radiant temperature (Tmrt). A 

scenario of high albedo produces higher Tmrt of street-oriented east-west during the day 

time (57°C-87°C) when compared the base scenario (51°C-83°C).  However, lower 

maximum Tmrt was recorded in the high density option. The authors concluded that the 

density enhancement could be a viable mitigation strategy, since it brings significant 

improvements in Tmrt.  

2.2.3. Urban microclimate and UHI studies in Riyadh  City  

There is a scarcity of urban climate studies on Riyadh City, and specifically concerning the 

impacts of urban design, including canyon geometries and urban materials, on microclimate 

conditions. In general, the available studies focus mainly on measuring the variations of air 
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temperature among different urban locations within the Riyadh’s metropolitan with respect 

to the nature of the investigated sites. Al-Ohaidib (2002b), for instance, has conducted a field 

study in Riyadh City to evaluate the air temperature variations between four locations that 

vary in terms of their physical and site characteristics. Air temperature records for the period 

from 1961 to 1998 were obtained from four weather stations located at (1) King Khalid 

International Airport (OERK), which is located to the north of the city and surrounded by 

desert areas, (2) Riyadh’s Old Airport, which is located in an open area within Riyadh’s 

urban boundary and surrounded by the built-up area, (3) an area within the industrial district 

to the south-east of Riyadh City, and finally (4) an area that is mostly vegetated and located 

to the south of the city, Figure  2.7.  

 

Figure  2.7. Map of Riyadh City showing the measuring locations including (1) OERK, (2) Riyadh’s 
old airport, (3) industrial area, and (4) the agricultural area, source: reproduced from Al-Ohaidib 

(2002b) 

The comparison of mean air temperatures between the evaluated locations has shown that the 

industrial area was the warmest during the different seasons, while, in contrast, the 

agricultural area has recorded the lowest mean air temperature among the other investigated 

locations, except for the Winter and Spring seasons since the mean air temperature in the 

OERK was lower during those seasons as shown in figure  2.8. These high and low 

temperatures can be understood when taking into account the high heat emissions usually 

released in industrial districts, and, on the other hand, the cooling effects of vegetation in the 

agricultural areas particularly during the summer, and the high energy loss in open areas 

such as the desert. 
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Figure  2.8. Mean air temperature from four locations in Riyadh during the period from 1961-1998 for 
different seasons, source: reproduced from Al-Ohaidib (2002b) 

Interestingly, the mean air temperature obtained from the weather station located at King 

Khalid International Airport (OERK), which is situated in the surrounding desert area, has 

shown a temperature that was slightly lower than the temperature recorded at the Riyadh’s 

Old Airport, which is situated in the heart of the city and expected to be much higher than 

the surrounding rural areas as a function of higher energy budget that usually characterises 

the urban areas. This slight difference in mean air temperature between the two monitored 

locations may be a result of the cooling effects of vegetation and to lower surface 

temperature, due to the effects of vegetation and overshadowing, in urban areas particularly 

in hot and dry regions as found in the urban climate study in Kuwait City, which is sharing 

similar climate characteristics, hot and dry, see (Kwarteng and Small 2005).  

It is worth mentioning here that, in his study, Al-Ohaidib has defined a comfortable zone of 

external air temperature ranging between 18°C and 24°C. He did so in order to highlight the 

number of days in which people could feel uncomfortable considering a temperature above 

24°C as uncomfortable. With regards to the temperature data obtained from 1961 to 1998, he 

found that in 282 days the air temperature was above 24°C (this is almost 77% of a year), 

and only 22 days in which the air temperature was below 18°C. He concluded that the 

number of days in which the air temperature could be within the comfortable temperature 

would not exceed 61, and could be less, and generally occurred during spring season. In 

addition to the previous study, Al-Ohaidib also evaluated the impact of vegetation and small 

green cover areas on its microclimate and the microclimate of the surrounding vicinity (Al-

Ohaidib 2002a). Four locations were chosen for the studies which are located within the 

city’s built-up area. Three of the monitored locations have green areas but at varying sizes 
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(location 2= 25680m2, Location 3= 10321m2, and location 4= 42000m2), while one has no 

vegetation and is mostly open site with bare soil (Location 1), Figure  2.9. Continuous 

measurements of air temperature from all locations were carried out for one month during 

the period from 16 April to 19 March.  

 

Figure  2.9. Map of Riyadh city showing the location of the monitored areas, source: reproduced from 
Al-Ohaidib (2002a) 

Figure  2.10 shows the average minimum, maximum, and mean air temperature recorded 

from the four monitored locations. In general, Hezam Park (location 04) which occupies an 

area of 42000m2 has recorded the lowest average temperatures among the other monitored 

locations, while the open location (location 01), which has no vegetation, has reported higher 

air temperatures.  

 

Figure  2.10. The average Minimum, Maximum, and Mean air temperature from the monitored 
locations in Riyadh City during one month from 16/04 to 19/05, source: reproduced from Al-Ohaidib 

(2002a) 
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(Al-Ohaidib 2002a) has related that to the size of the green cover and intensity of vegetation 

in location 04, and due to the fact that such a large expanse of green cover usually holds 

more water content in the soil. The mean temperatures from the other public gardens, 

location 02 (green cover area = 10321m2), and location 03 (green cover area=25680m2), 

were almost similar at 22.7°C and 22.9°C respectively, despite the differences in sizes since 

location 03 is 15359m2 larger than location 02. According to Al-Ohaidib (2002a), this may 

be a result of the effect of location since Al-Maseef (location 02) is situated in the north 

district which usually experiences lower air temperature due to the lower population and 

urban density. Moreover, the mean temperature in Al-Maseef public garden (location 02) 

was about 1.4°C lower than the mean temperature in its nearby open area which has no 

vegetation content and both are located in the north district.  

In terms of the urban heat island phenomenon (UHI) in Riyadh City, a limited study was 

conducted by Al-Saud (2006) who measured the intensity, boundaries, and the magnitude of 

the UHI phenomenon in Riyadh City by means of field measurements. Records of air 

temperature (Ta) and relative humidity (RH) were obtained from 240 measurement points 

assigned within and around the City of Riyadh that were randomly distributed along eight 

major axes that extending from East to West and 5km apart, and on two axes from North to 

South, Figure  2.11.  

 

Figure  2.11. Map of Riyadh City showing the main transportation network as well as the measuring 
points, source: Al-Saud (2006) 
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The Ta and RH measurements were taken at 6:00am and 3:00 pm from each measurement 

point on four days in 2001 and in particular on 28/2/2001, 10/5/2001, 5/7/2001, and 

2/11/2001. This was done in order to measure the variations in air temperatures within the 

built-up areas and between the city and the surrounding open area on a particular day, as well 

as the variation in the intensity magnitude of UHI over the four seasons. It should be noted 

here that the few samples of air temperature and relative humidity that were taken from the 

measuring points may limit the generality of conclusions of this study. The results showed 

that the UHI phenomenon does exist in Riyadh City but is not endemic, and varies in terms 

of its size and intensity according to time and day of year. The magnitude of such a 

phenomenon was found to be at its maximum early in the morning, and extends for about 

85%, 75%, 80%, and 60% over the city area in the winter, spring, summer, and autumn 

seasons, respectively. It maintains its size over the city in winter at 3:00 pm, but changed to 

80%, 40%, and 70% in spring, summer, and autumn, respectively. For instance, figure  2.12 

represents the magnitude and intensity of the heat island phenomenon in Riyadh City during 

the summer season on 5 July 2001, at 6:00 in the morning (left), and 3:00 in the afternoon 

(right).  

 

Figure  2.12. The magnitude, boundary, and intensity of UHI in Riyadh City at 6:00 am (left) and 3:00 
pm (right) in the summer season on 5 July 2001, source: Al-Saud (2006) 

Early in the morning, at 6:00am, the data analysis showed that a high intensity of the heat 

island is mainly located in the centre of the city which extends toward the eastern districts. 

This elongation in the form of the heat island from the centre to the east, according to the 
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author, refers to the influence of the prevailing winds from the north-west on that day. In 

addition to that, hot and cool spots were observed in the far south-west and in the centre of 

the city, respectively, with 19°C of difference between the maximum air temperature 

(35.2°C) and minimum (16.2°C) during the morning measurements. In the afternoon, the hot 

spots that were observed in the morning in the east and far south-west were converged in the 

south and created a large heat island that extends from east to west. The maximum air 

temperature recorded in the afternoon was 50.5°C and the minimum was 33.4°C with mean 

air temperature on that day of 42°C. The author concluded that, although the influence of the 

UHI on the environmental quality in the city is not as severe as in some other mega cities, 

e.g. Los Angeles or Mexico City, the existence of such a phenomenon costs the city over 30 

million USD annually. Al-Saud (2006) also mentioned that, the increase in energy demand 

that consumed for cooling, which is related to the Cooling Degree Days (CDD), caused by 

the UHI in Riyadh during the summer season ranges between 4.2% and 4.8%. In addition, 

the study has showed that the increase in the Cooling Degree Days in the city compared to 

the surrounding rural areas is about +7.7%. The study has suggested a number of UHI 

mitigation strategies: 

� Maintaining low building density in order to reduce heat emissions that usually 

accompany highly populated urban areas. 

� Increasing the distance between high-rise buildings to accelerate the process of heat 

loss. 

� Increasing the surface albedo for solar radiation by using lighter colours. 

� Increasing the areas of vegetation and green cover, particularly in the industrial 

district and near major roads. 

From what has been presented so far, it appears that the alteration in urban microclimate at 

the lower layer of urban atmosphere, as well as the formation of the UHI, are closely linked 

with the state of energy balance of the urban environment which differs from one urban 

location to another according to the influence of some urban factors including urban 

geometries, thermal properties of urban materials, and anthropogenic activities. These 

influential factors, therefore, could make the thermal balance in urban areas, and particularly 

within the urban canyon, more positive and contributing to the warming of the urban 

environment.  
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Since the present study deals with urban geometries as a factor that affects the level of 

human comfort in outdoor spaces and energy consumption indoors, the next part of the 

discussion refers to the most relevant literature and studies that are dedicated to investigating 

the role of canyon geometry on its microclimate condition and how the urban canyon 

geometry affects human comfort in outdoor spaces and energy consumption in urban 

dwellings.  

2.3. Urban energy balance 

As the main source of energy, the sun provides huge quantities of electromagnetic radiation 

that reaches the Earth’s surfaces, including land and oceans, in the forms of short-wave and 

long-wave radiations. About half of the incoming solar radiation (51%) is absorbed by the 

Earth’s surfaces, whereas 20%, 6%, and 4% are reflected by cloud, particles, and earth 

surfaces, respectively, and 16% and 3% are absorbed by the atmospheric elements before 

they reach the Earth’s weather, such as water vapour and dust, or by clouds, respectively, as 

demonstrated in figure  2.13 (Santamouris 2001b). Equivalent to 70% of the heat absorbed 

from the incoming solar radiation and stored in the Earth’s surface is emitted back to the 

surrounding atmosphere in the form of long-wave radiation or by evaporation, and the rest is 

stored in the Earth’s surface in order to maintain its energy balance.  

 

Figure  2.13. The energy balance of the Earth, source: Santamouris (2001b) 

In general, the net balance of the Earth’s surface is quantified by the energy inputs from the 

solar radiation, whether from direct or reflected solar radiations, the energy outputs from the 

Earth’s surface, and finally the energy stored in the Earth’s surface. Hence, the final energy 

gain of the Earth surface can be expressed in the following: 
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In the urban setting, the scenario of energy budget becomes more complex since there are 

other heat sources involved in manipulating the energy balance of urban surfaces. These 

including heat absorbed by urban facets from solar radiation (Q*), from anthropogenic heat 

sources (QF), and from the surrounding irradiant urban surfaces that are transferred by 

advection (�QA), as a function of their exposure to solar radiation and their absorptivity 

(Santamouris 2001b). Hence, the stored heat is transferred back again by convection to the 

surrounding environment in the form of sensible (QH) and latent (QE) heat fluxes, and by 

conduction to other materials in the lower layers, as shown in figure  2.14 (A and B). Hence, 

the surface energy balance in the urban area is given by: 

 

 

Figure  2.14. Schematic section (A), and 3D presentation (B) of urban surface energy balance, 
sources: (A) Erell et al. (2011), (B) Santamouris (2001b) 

With respect to the parameters that involved in determining the urban energy budget, highly 

populated and dense urban areas usually have positive net balance due to high anthropogenic 

activities and larger surface area compared to the surrounding suburban and un-urbanized 

rural areas. 

2.3.1. Canyon energy balance  

For decades, the energy balance in urban areas has been widely investigated through the 

design of urban street canyon (e.g. Nunez and Oke 1977; Mills 1993; Mills and Arnfield 

1993; Marciotto et al. 2010), as it represents the essential three-dimensional nature of the 

urban canopy because of its geometric combination of vertical and horizontal surfaces (walls 

and floor), and due to the fact that the surface-air energy exchanges, and the alterations in the 

micro-meteorological conditions become more pronounced within this urban unit (Oke 1988, 

Energy input (gain) = Energy output (losses) + Energy storage (change in stored energy) Eq.  2-1 

Q* + QF  =  QH + QE + �QS + �QA Eq.  2-2 
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2002). Indeed, it is found that the exposure of urban street canyon to solar irradiation, which 

is mainly controlled by its height to width ratios (H/w) and orientations, can have a profound 

impact on the thermal and mass exchange between the canyon facets and the canyon air 

volume (Nunez and Oke 1977). As a result, this has been found to have a great influence on 

both the outdoor and indoor microclimate conditions (Ali-Toudert and Mayer 2006). Figure 

 2.15 shows a schematic presentation of the role of canyon geometry on the energy balance of 

a single urban canyon.  

 

Figure  2.15. Generic effects of urban geometry on the penetration, absorption and reflection of solar 
radiation, and on the emission of long-wave radiation, source: Erell et al. (2011) 

As shown in the figure above, the canyon geometry can play a central role in controlling the 

penetration, absorption, and reflection of solar radiation in the urban street canyon, figure 

 2.15.a. It also governs the intensity of the emitted long-wave radiation from the urban 

canyon, figure  2.15.b. Thus, in the deep urban canyon, the radiant heat loss is much slower if 

compared with that in the surrounding open area. This is in fact makes the net balance 

between the solar gain and loss more positive and results in higher air temperatures in urban 

areas. With respect to that, the net all-wave radiation of the canyon facet can be expressed in 

the following equation: 

in which the Q* is the net radiations, K is the short-wave solar radiations whether received 

from the sky (s) and defused from the surrounding surfaces (t), or reflected from the surface 

itself (r). L is the long-wave radiations whether received from the sky (s), from the terrestrial 

urban surfaces (t), or emitted from the surface (e). The arrows represent the direction to (�) 

or from (�) the surface. One of the well-known studies dedicated to investigating the energy 

balance of urban surfaces was conducted by Nunez and Oke (1977) who evaluated the 

energy exchange between the urban facets and the air volume within an urban canyon that 

Q* =  Ks�  +  Kt�  +  Kr�  +  Ls�  +  Lt�  +  Le� Eq.  2-3 
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has an aspect ratio close to unity (H/w ≈ 1) Figure  2.16. The study was conducted in a 

canyon located in sub-urban area, 6 km from the downtown of Vancouver, during the 

summer time over three days with clear skies and light wind. The long-canyon axis was 

oriented to N-S direction with 79m length and 7.54m width. The canyon’s floor was covered 

with gravel and clay with some sparse grass and herbs along both canyons’ long sides. The 

east facing façade (west building) and the west facing façade (east building) were 5.59m and 

7.31m in height, respectively. Both building’s façades were built of concrete and painted in 

white comprising several flat coats. No significant sources of artificial heat were observed to 

be received from the bounding buildings to the canyon volume, and the advection heat 

transport from the surrounding areas was considered minimal; therefore, its influence on the 

canyon energy budget was neglected. 

 

Figure  2.16. Schematic depiction of (a) the urban/atmosphere interface, including an urban canyon 
and its canyon air volume; and (b) sensible heat exchange into and out of the canyon air volume, 

source: reproduced by the author from Nunez and Oke (1977) 

The net all-wave radiation of the canyon surfaces is expressed in the following equation: 

where Q* is the net all-wave radiation of the surface, QH is the sensible heat flux to the air, 

QE is the latent heat flux, and �QS is the energy stored in the surface. Since concrete walls 

do not have water content and all radiation flux is assumed sensible, therefore the net all-

wave radiation of walls is as follows: 

The results showed that the canyon geometry and orientation have strong impacts on the 

timing and magnitude of the surface energy balance of the canyon surfaces, walls and floor 

and, consequently, on the radiation exchange between the canyon’s surfaces and its air 

volume. Figure  2.17 illustrates the diurnal energy flux densities for (a) east facing wall, (b) 

Q* =  QH +  QE + �QS Eq.  2-4 

Q*wall  =  QH + �QS Eq.  2-5 
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west facing wall, (c) canyon floor and, (d) canyon top. It shows that about 60% of the 

midday radiant energy surplus is released in the form of sensible heat to the canyon air, and 

10% by latent heat flux from the floor. The remaining 30% of the heat gained is stored in the 

canyon fabric. 

 

Figure  2.17. Daily energy flux density of urban facets of an urban canyon oriented north - south with 
aspect ratio: 1,  source: Nunez and Oke (1977) 

A further study has also investigated the impact of various scaled canyon geometries located 

within an urban array on its energy balance (Pearlmutter et al. 2005). The study concluded 

that deeper canyon traps more radiant energy and stores a larger amount of heat in the urban 

fabric. This finding, in fact, was in agreement with another numerical study by Marciotto et 

al. (2010), which found that the energy balance in an urban canyon is closely influenced by 

the aspect ratio, where the net radiation and sensible heat fluxes at the top of the canyon 

decrease and the stored heat in the canyon fabric increases as the aspect ratio increases. By 

implication, it is understood that the net balance of an urban canyon closely depends upon its 

geometry which determines the amount of heat gained and released from the canyon facets. 

For instance, the more exposure of street canyon to solar radiation, the greater the amount of 

solar heat is gained by the canyon facets and, consequently, the higher the surface 

temperature compared to the temperature of shaded surfaces which is usually lower. In turn, 

the stored heat in the canyon fabric is released to its surroundings, whether by convection in 

the form of sensible and latent heat fluxes to the canyon air, or by conduction through the 

canyon’s fabric to the internal building surfaces. At this stage, the thermal and mass 

exchange system between the canyon facets and its surroundings is mainly governed by the 
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surface temperature, the surface view factor, and the wind regime, including speed and 

pattern (Arnfield and Grimmond 1998; Santamouris 2001a; Pearlmutter et al. 2005). Hence, 

the impacts of these three factors on the energy exchange within the urban canyon are 

significant for the outdoor pedestrian comfort and the energy consumption of buildings. 

2.3.2. Wind flow in urban areas  

The characteristics of wind regime, including speed and patterns, are decisively affected by 

the underlying surface characteristics. Any changes in the wind flow that may occur as a 

result of changes in the characteristics of the underlying surface are usually observed within 

the atmospheric boundary layer (ABL - the portion of air that is affected by the 

characteristics of the underlying ground as described at the beginning of this chapter). For 

instance, over natural surfaces or open sites where no artificial obstacles such as buildings 

exist, wind speed and patterns are more likely to be affected by the land topography and 

pressure differences resulting from the differences in surface temperature, such as between 

land and water bodies. On the other hand, the wind regime over an urban area is more likely 

to be dominated by the roughness of the underlying urban structure, and in particular by the 

geometry, which is rougher than most natural surfaces. Therefore, the nature of the 

underlying surfaces can have a strong impact on the behaviour of the wind regime above it, 

whether on the wind velocity profile or on the height of the boundary layer above the 

ground, Figure  2.18.  

 

Figure  2.18. The profile of wind velocity as well as the depth of the boundary layer over different 
topography; Urban centres, Rough wooded country, and Open country or sea, source: Szokolay 

(2008) 

Understanding the characteristics of wind flow and pattern within the urban canyon is of 

prime importance for the studies related to thermal comfort in urban spaces as well as natural 
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ventilation and energy conservation for urban dwellings. Within the urban canopy layer, 

wind flow is a secondary circulation feature driven by the primary wind flow above the 

canyon, and is decisively affected by the canyon geometry, i.e. the canyon ratios (H/w) and 

orientations with respect to the angle of the above-roof wind. When a primary wind flow 

above a street canyon is perpendicular to the long axis of an urban canyon that is located 

within an urban array, three distinctive wind regimes may be identified within the canyon 

according to the canyon aspect ratios, as shown in figure  2.19.a. According to Oke (1988), if 

the buildings are well apart (H/w > 0.05), an isolated roughness flow regime is observed, 

meaning that the interaction between the bolster and cavity eddies around successive 

buildings does not occur, and the flow patterns around urban array are similar to those 

patterns around an isolated building. 

 

Figure  2.19. (a) Wind flow pattern over and within urban canyons, and (b), and threshold lines 
dividing flow into three regimes as functions of the building (L/H) and Canyon (H/W), source: Oke 

(1988) 

With greater aspect ratio (0.5 < H/w < 0.65), the flow changes to wake interference flow 

which generates a secondary flow within the canyon space as a function of the interaction 

between the downward of the cavity eddy and the windward face of the next building 

downstream. When the space between successive buildings becomes tighter, H/w > 0.65, the 

interaction between the main flow over the buildings and the winds at street level becomes 

isolated, where the bulk of the above-canyon flow does not enter the canyon, creating a 

stable circulatory vortex within the canyon; such a wind regime is known as the skimming 

flow. The transitions from one regime to another occur at critical combinations of H/w and 

L/w as shown in figure  2.19.b. In terms of the secondary air-flow patterns within the urban 

canyon, Figure  2.20 shows the four possible forms of air-flow patterns within the canyon 

with respect to the angle of the above-roof wind. Basically, in a symmetrical canyon that has 
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an aspect ratio close to unity, the following air-flow patterns are likely to be observed:  

• with the primary flow above the canyon that is directed perpendicular to the canyon’s 

long axis, figure  2.20.a, a lee vortex within a canyon is generated;  

• when the direction of the above-roof wind is parallel to the canyon axis, figure  2.20.b, a 

longitudinal flow is created following the upper primary wind direction, and  

• when the direction of the above-roof wind is at an angle to the canyon axis, figure  2.20.c, 

neither perpendicular nor parallel, a corkscrew-like flow is generated within the canyon.  

 
Figure  2.20. Secondary wind flow patterns with respect to the primary flow directions above 

building’s roof, source: Erell et al. (2011) 

In a deep canyon (H/w > 2) with perpendicular above-roof wind to the canyon long axis, two 

vortices are generated that are 180° apart in direction, as shown in figure  2.20.d. However, it 

should be mentioned here that, the behaviour of the wind flow within the urban canyon, 

particularly for the lee vortex that results from the perpendicular direction of the above-roof 

wind in a symmetrical canyon, can be changed according to the temperature of the canyon 

facets as shown in figure  2.21, particularly when the above-roof wind velocity is weak and 

radiant loads are strong (Xie et al. 2005).  

 
Figure  2.21. Effect of differential heating of canyon facets on the lee vortex., sources: Xie et al. (2005) 

and Erell et al. (2011) 
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2.3.3. Air and surface temperature distributions wi thin the urban canyon  

Considering the distinctive influence of canyon geometry on its energy balance and wind 

flow patterns, which have been introduced in the preceding section, the pioneering 

investigation by Nakamura and Oke (1988) was conducted to evaluate the spatial and 

temporal air temperature variations above and within an urban canyon, as well as wind speed 

and direction with reference to meteorological condition recorded at roof level. The study 

was conducted in Kyoto, Japan, (35°00’N, 135°45’E) in an east-west oriented street canyon 

with ratio close to unity (H/w: 1.06), under summer condition, Aug. 1983. The south and 

north facing façades of the canyon were made with concrete and the windows area reserved 

about 33% and 50% of the area of the south and north facing façades, respectively. Wind 

speed and direction were measured at both the building roof-tops and within the canyon and 

a grid network containing 63 points of thermocouples was placed in a vertical cross-section 

of the canyon to measure the air temperature, along with similar thermocouples embedded in 

the canyon’s walls and floor to measure the surface temperature as shown in figure  2.22. The 

results showed that the wind speeds above and within the canyon were correlated with the 

decrease in wind velocity within the canyon for about 2/3 when compared with the above-

roof wind speed. 

 
Figure  2.22. The canyon cross-section showing its dimensions and the instrument locations, source: 

Nakamura and Oke (1988) 
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Wind direction within the canyon was also related, and depends upon the angle of the 

primary wind direction above the canyon. For instance, with primary flow being 

perpendicular to the canyon’s long-axis, two lee vortices were generated which were 180° 

apart in direction, while it follows the direction of the parallel primary wind flow above the 

canyon. In terms of the roof-canyon air temperature variations, no significant difference 

between the air temperatures was observed above and within the canyon, < 1°C, while 

acknowledging that the air temperature within the canyon volume was systematically 

warmer during the day time and cooler by night. This small roof-canyon air temperature 

variations - usually 0.5°C - were also observed within the canyon volume, excluding the air 

temperature near irradiant surfaces at about 0.5m from the canyon’s floor and from the south 

facing façade at midday, which could reach about 2°C higher if compared with the mean air 

temperature recorded from the canyon centre at 4m above the floor, Figure  2.23.  

 

Figure  2.23. Spatial and temporal air temperature distribution within a canyon located in Kyoto, 
Japan, (35°00’N, 135°45’E) with ratio nearly to unity and oriented east-west. Wind speed and 

direction were also measured at 1m above the centre of the canyon floor, source: Nunez and Oke 
(1977) 

The finding in this study, in terms of the vertical variations in air temperature within the 

urban canyon and above it, was in agreement with other studies, which found no such 

significant differences in air temperature measures near the ground, or within a canyon with 

aspect ratio of < 2, and in the upper layer (see e.g. Armstrong 1974; Taesler 1980; 

Pearlmutter et al. 1999; Niachou et al. 2008). This can be ascribed to the turbulent mixing of 

air within the canyon volume and with the air above it, and due to the fact that air 
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temperature is flux-divergence per unit volume of air including the effects of the horizontal 

transport (Santamouris 2001a). However, a later observation of air temperature structure 

within a deep canyon, H/w=3.3, oriented NW-SE, showed that the ambient air temperature 

inside the deep canyon was always 5°C lower that the corresponding temperature recorded 

above the canyon and 2C higher than that recorded by the suburban weather station 

(Georgakis and Santamouris 2006). The lower air temperature in comparison to the one 

recorded above the canyon was attributed to the lower surface temperature caused by the 

shading provided by the canyon itself. In fact, large variation in temperatures within the 

canyon volume was found between surface and air temperatures, Figure  2.24. The south 

facing façade, and its floor which is generally exposed to direct solar radiation, has recorded 

a surface temperature up to 14°C higher than the air temperature within the canyon volume 

during the day time and 3 to 4°C by night caused by the residual heat in the surface. The 

corresponding values for the north facing façade and its floor, which mostly shaded during 

the day time, were 8-9°C at midday and 2-3°C by late night.  

 

Figure  2.24. Temporal variation of the canyon surface temperature together with that for the air 
temperature recorded from the canyon centre at 0.5m above the ground, source: Nakamura and Oke 

(1988) 

Bourbia and Awbi (2004) and Pearlmutter et al. (1999), examined and evaluated the effect of 

canyon aspect ratio (building height to street width) and orientation (EW and NS) on the 

shading of the canyon facets (walls and ground) in hot arid climate zone. The aim was to 

explore the extent of which these parameters affect the temperature at the street level. Both 

studies found the strong correlation between the canyons geometry SVF, and surface 

temperature. Minor air temperature variations were found between the orientations studied. 

NS oriented street canyon tends to be cooler than the EW. Air temperature within the canyon 

was found to be warmer than above-roof air. 
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2.4. Outdoor thermal comfort 

The American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) 

has defined human thermal comfort as: ‘The condition of mined which express satisfaction 

with the thermal environment and is assessed by subjective evaluation’ (ASHRAE 2009c). 

According to this definition, thermal comfort is a subjective sensation, however, when the 

thermal parameters at any given place are within the acceptable range, at least 80% of 

sedentary or slightly active persons can find the environment thermally acceptable 

(ASHRAE 2004). Another more rational definition pairs the human thermal comfort with the 

heat balance of the human body (Fanger 1970). Fanger (1970) defined the states of three 

parameters of human body to describe the state of comfort as satisfied: (a) the body is in heat 

balance where the heat flows to and from the human body are balanced; (b) skin 

temperature; and (c) sweat rate, are within the comfort limits. In more measurable terms, 

these three parameters can be expressed as body-core within a range of 36.5-37.5 °C, skin 

temperature of 30 °C at the extremities and 34 - 35 °C at body stem and head, and the body 

with free of sweating (Hensel 1981). In both definitions, however, the state of the human 

thermal comfort is strongly influenced by the nature of the surrounding environment as well 

as by the personal information. ASHRAE described the primary factors that have been found 

to affect the state of human thermal comfort (ASHRAE 2004), and these can be classified 

into two categories as follow: 

1.    The environmental parameters including: 

• Ambient air temperature (Ta) °C 

• Relative humidity (RH) % 

• Wind velocity (v) ms-1, and 

• Mean radiant temperature (Tmrt) °C 

2.    The thermo-physiological parameters including: 

• Clothing resistance (clo), and 

• Metabolic rate (Met) 

With respect to the definitions stated above, various research projects have been conducted 

to evaluate the thermal sensations of inhabitants in different environmental settings 

including; indoors and outdoors. The majority of these efforts, however, were carried out in 

the indoor context, especially in developed countries whereas the majority of people are 

usually spend more than 90% of their time indoors (Leech et al. 2000). Aside from the 
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importance of the environmental and physiological factors on the thermal comfort, the 

thermal satisfaction of people with the thermal environment is also more likely to be 

influenced by the psychological factors, some of which are associated with the preferences 

and experience of the subjects. For instance, in indoor spaces, furniture, materials, and even 

the colour of a space and noise can influence the occupants’ thermal satisfactions (Fanger et 

al. 1977; Rohles Jr 2007), as well as sleep and  gender (Rohles Jr and Munson 1981). 

Moreover, in outdoor spaces, the thermal history of the subject, the nature of the surrounding 

environment and its characteristic (Höppe and Seidl 1991), can all contribute to the 

satisfaction of the subjects with the surrounding thermal environment. The human body in 

the outdoor space is subjected to the influence of various parameters that can influence, at 

varying degrees, the body energy budget and heat exchange with its surroundings 

environment as shown in figure  2.25. Some of which are induced by the meteorological 

parameters, whereas the other are related to the personal information, and can be expressed 

by the following equation: 

All parameters in Eq.  2-6 are measured in Watt in which M is the metabolic rate (internal 

energy production by oxidation of food and is always positive), W is the physical work 

output, R is the net radiation of the body, C is the convective heat flow, ED is the latent heat 

flow to evaporate water into water vapour diffusing through the skin (imperceptible 

perspiration), ERe is the sum of heat flows for heating and humidifying the inspired air, ESw 

is the heat flow due to evaporation of sweat, and S the storage heat flow for heating or 

cooling the body mass.   

 
Figure  2.25. Factors affecting the energy balance of human being in outdoor spaces. source: drawn 

by the author from Havenith (1999) and SKAT (1993) 

M + W + R + C + ED + ERe + ESw = S  Eq.  2-6 
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Yet, a person being satisfied with the thermal condition in a given urban location does not 

depends only on the environmental or physiological means as there are a number of factors 

involved when trying to determine what would affect thermal comfort. Some of the factors, 

however, are not well understood how they affect thermal comfort, these including age, 

gender, body shape, state of health, ethnic grouping, diet, sleep, colour of clothing, 

acclimatization, availability of fresh air, transients, colour of a space enclosure and noise 

(Fanger et al. 1977; Höppe and Seidl 1991).  

It is important at this point to highlight the significance of the psychological adaptation of 

outdoor users in perceiving their surrounding environment. Such an adaptive approach on the 

thermal perceptions of outdoor users has become now widely acknowledged (e.g. 

Nikolopoulou and Steemers 2003; Lin 2009; Aljawabra and Nikolopoulou 2010; Nasir et al. 

2012), along with the other adaptation approaches including physical and physiological (e.g. 

Nikolopoulou et al. 2001). Apart from the strong affects of physical and physiological 

adaptation on the thermal perceptions of outdoor users, including the physical changes that a 

person makes to adjust oneself to his/her surrounding environment i.e. altering clothing level 

or increasing consumption of cool drinks with increasing temperature, or changes occur in 

the physiological responses resulting from the repeated exposure to a certain climate 

condition, the psychological adaptation is become increasingly important in determining the 

thermal satisfactions of people in outdoor urban spaces, particularly in regions with extreme 

climate conditions. Theoretically, the psychological adaptations approach is the way that 

people perceive the environment according to the information and experience they have for a 

particular environment, which, in turn, makes them more tolerant , influence their thermal 

perception for such environment and the changes occurring in it (Nikolopoulou and Steemers 

2003). According to Nikolopoulou and Steemers (2003), the psychological adaptation 

parameters that are found to influence the thermal of outdoor users are: naturalness, 

expectations, experience, time of exposure, perceived control, and environmental 

stimulation. Although these parameters were found to have a considerable influence on the 

thermal sensation of outdoor users, however, the relative influential weight of each 

parameter has not been identified yet. 

2.4.2. Thermal Comfort Indices  

The thermal satisfaction of the human body with its surrounding environments is basically 

influenced by a combined effect of a number of influential factors. Some of which are 
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related to the environmental variables (e.g. Ta, Tmrt, RH, v, radiation fluxes, etc.). For that 

reason, the thermal comfort indices are basically developed to sum up the simultaneous 

effects of two or more variables on the sensory and physiological responses of the human 

body and describe the state of human comfort in a singly variable. So far, the available 

thermal comfort indices can be classified into two groups according to Ali-Toudert (2005) 

including (a) empirical (e.g. ET, RT, and WCI), and (b) rational (e.g. PET, ET*, SET*, and 

PMV). The empirical indices were basically designated to estimate the combined effect of 

air temperature (Ta), relative humidity (RH), and wind speed (v) on people with light 

activity, but excluding the role of human physiology, cloth resistance, rate of activities, and 

other personal data such as height, weight, age, sex. Effective Temperature (ET) and 

Resultant temperature (RT) indices represent the thermal sensation estimated experimentally 

as a combination of Ta, RH and v but vary in terms of time assigned for each one to meet 

assumed thermal equilibrium, which take longer in the RT index. On the other hand, the 

rational indices are more toward assessing the thermal condition of the human body based on 

the human energy balance. For instance, the new Effective Temperature (ET*) and Standard 

Effective Temperature (SET*) indices (Gagge et al. 1986; Doherty and Arens 1988) 

calculate the heat exchange between the environment and a cylinder in an iterative process 

and within a thermal condition of a standard environment (Ta = Tmrt, RH = 50%, v < 

0.15ms-1), until the subject experience the same sweating (SW) and skin temperature (Tsk) 

as in the actual environment, normally after one hour (Fountain and Huizenga 1997), and 

expressed in °C. The difference between them is that that SET* accounts for the level of 

activity and thermal resistance of clothing, whereas these thermo-physiological variables are 

assumed light in the ET* model, or equal to 80Wm-2 and 0.9clo. Apart from the fact that the 

majority of thermal comfort indices in both groups were first designated to estimate the 

human comfort in indoor settings, the human heat balance based indices – the so called 

rational indices - are commonly used in outdoor comfort studies. However, with the 

increasing interest in evaluating the human comfort in outdoor spaces, some of them were 

further developed to be used in outdoor applications such as OUT-SET*, which was adapted 

from SET* model to account for solar radiation (Spagnolo and de Dear 2003), while some 

other indices were specifically developed for outdoors, such as PET (Höppe 1999), and 

UTCI (ISB 2009).  

All of the above mentioned examples of comfort indices, and more, are extensively reviewed 

and well documented in a number of relevant literature (e.g. Fanger 1970; Ogunsote and 
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Prucnal-Ogunsote 2003; Epstein and Moran 2006; Monteiro and Alucci ; Tseliou et al. 

2010), and some of them, particularly rational indices, are exemplarily listed in table  2.1 

along with their advantages and limitations. In the present study PET was used, and more 

about it is discussed in the following two pages. 

Table  2.1. Selected rational thermal comfort indices alongside their advantages, limitations and 
reference conditions 

Comfort Index Advantages Limitations 

Universal Thermal 
Climate Index. 
(UTCI ) 

- Valid in all climate, seasons, and scales. 
- Thermo-physiologically significant in the 

whole range of heat exchange. 
- Uses a widely known unit (°C). 

- Particularly developed for outdoor 
application. 

- Difficulties in estimating the thermo-
physiological variables if derived from table 
based on given activities and cloth 
resistance, thus an error in the order of ± 
20% can be assumed. 

Reference condition:  Tmrt = Ta, VP = 20hPa, v = 0.5 ms-1 [Walking or equal to 135 Wm-2, Variable clothing resistance] 

OUT. Standard 
Effective 
Temperature. 
(OUT-SET* ) 

- Accounts for both the environmental and the 
thermo-physiological variables, thus human 
adaptive behaviour is included. 

- Uses a widely known unit (°C). 

- Requires “Standard” People. 
- It considers a relative humidity (50%) which 

is changing with Ta, thus, less accurate in 
outdoor settings.  

Reference condition:  Tmrt = Ta, RH = 50%, v = 0.15 ms-1 [Light activities or equal to 80 Wm-2, Variable clothing 
resistance] 

Physiological 
Equivalent 
Temperature. 
(PET) 

- It can be used for the assessment of both hot 
and cold conditions and therefore all year 
around.  

- The system of equations used in PET index 
enables the calculation of all relevant heat 
flows, as well as actual body temperatures 
and sweat rate. 

- More accurate for the use in outdoor 
application since it takes into account the 
thermoregulations of a human body. 

- Applicable for indoors and outdoors 
applications. 

- Uses a widely known unit (°C). 

- Some argue that it is impossible to obtain a 
complete input dataset such as v and Tmrt, 
particularly in outdoor settings. 

- Does not account for activities and clothing 
variables, thus only the thermal environment is 
assessed. 

- Given that the PET index is calculated based 
on the thermal regulation of a human body, 
some argue that it is difficult to achieve 
equilibrium in the heat balance of the human 
body and, thus, the PET values derived from 
comfort studies carried out in dynamic 
environments, such as that found in outdoor 
settings, may not be representative. 

Reference condition:  Tmrt = Ta, VP = 12hPa, v = 0.1 ms-1 [light activities or equal to 80 Wm-2, Clothing  resistance  = 
0.9clo] 

It should be mentioned here that there are a plenty of models available, whether online or by 

designated software, to do the calculation needed to estimate most of the comfort indices, 

such as RayMan model which has the ability to calculate the SET*, PMV, PET, and UTCI 

indices (Matzarakis et al. 2010). 
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2.4.3. Physiological Equivalent Temperature (PET)  

The Physiological Equivalent Temperature index (PET) is used in this study since it presents 

several advantages for the outdoor thermal comfort studies over the other available thermal 

indices as stated by others (see e.g. Matzarakis et al. 1999; Deb and Ramachandraiah 2010). 

Some of which include the following: (a) it is a universal index and irrespective of clothing 

and metabolic activity (b) it gives a real effect of the sensation of climate by the human 

beings, (c) it is measured in a well know unit (°C) which can be easily related to common 

experience and makes results more comprehensible to urban or regional planners, (d) it is 

useful in both hot and cold climates, so it can be applied successfully in arid climate regions 

such as in Riyadh City, and last but not least (e) it is comparable, so the results from this 

study, i.e. the upper comfort PET value, can be compared with the PET values from other 

outdoor comfort studies carried out in different climate regions, i.e. hot-humid, temperate, 

subtropical, etc.  

The PET index was first introduced to describe the thermal environment at any given 

location, especially outdoors, in a thermo-physiologically weighted way (Höppe 1999). PET 

is defined as; the air temperature in a typical indoor environment (where Ta and Tmrt = 

21°C, V=0.1 ms-1, and VP=12hPA), in which the heat budget of the human body is 

maintained with the core and skin temperature, as in the actual outdoor condition (Mayer and 

Höppe 1987). In other words, PET physiologically compares the thermal condition of a 

person at any given location in outdoor space with the thermal condition of person in a 

typical indoor space in which his/her heat balance is maintained with the core and skin 

temperature. For instance, a person with 43°C PET outdoors will have equal thermo-

physiological status of a person in indoor with air temperature of 43°C (Höppe 1999). This is 

because PET is calculated by the Munich Energy-balance Model for Individual (MEMI) 

which takes into account the human thermoregulations. Therefore, all variables that found to 

influence the heat balance of the human body are necessary for the calculation of the PET 

(Matzarakis and Amelung 2008; Tseliou et al. 2010). This is including the values of air 

temperature (Ta), relative humidity (RH), wind speed (v), and mean radiant temperature 

(Tmrt), from the centre of average person height at approximately 1.1 above the ground, 

along with the thermo-physiological parameters of the subjects including, clothing thermal 

resistance value (clo = 0.9) and metabolic rates (Met = 80 Wm-2). Munich Energy-balance 

Model for Individuals (MEMI) uses the equation of the heat energy balance of the human 

body, Eq.  2-6, to model the thermal conditions in physiologically equivalent way.  
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As illustrated in Figure  2.26, some of the individual heat flows mentioned in the heat energy 

balance equation, Eq.  2-6, are directly influenced by the meteorological parameters of the 

surrounding environment, but at varying degrees. For instance, mean radiant temperature 

(Tmrt) affects only the net radiation of the body (R), while both air temperature (Ta) and 

wind speed (v) affect the value of the convective heat flow (C). On the meantime, Ta and 

relative humidity (RH) can influence the sum of heat flows for heating and humidifying 

(ERe). On the other hand, while the rate of the latent heat flow (ED) is only influenced by 

RH, the heat flow due to evaporation of sweat ESw is influenced by both the relative 

humidity (RH) and wind velocity (v). 

 

Figure  2.26. Effects of the environmental parameters on the physiological state of human body, 
source: drawn by the author from Höppe (1999) 

Next to the modelling of heat balance of the human body, MEMI uses the following 

equations to model the heat flows which take in to account the core temperature, skin 

temperature, and clothing surface temperature. This is done by first modelling the heat flow 

from the body core to skin surface: 

Where; (vb) is the blood flow from the body core to skin surface (1s-1 m-2, depending on the 

level of skin and core temperature); (pb) the blood density (kg/1); (cb) the specific heat  (W 

sK-1 kg-1); Tc: the core temperature; and Tsk: the skin temperature. 

And secondly by modelling the heat flow from the skin surface through the clothing layer to 

the clothing surface is: 

Where; (Icl) is the heat resistance of the clothing (K m2/W); (Tcl) the clothing surface 

temperature. This procedure used to estimate the PET index (from Eq.  2-6, to Eq.  2-8) 

enables the calculation of all relevant heat flows in the human body - from the body core to 

clothing outer surface, and in turn, actual body temperatures and sweat rate.  

FCS = vb.pb.cb ( Tc – Tsk ) Eq.  2-7 

FSC = ( 1 / Icl ) ( Tsk – Tcl ) Eq.  2-8 
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2.5. Urban geometry and microclimate conditions 

It is generally agreed that urban geometry plays an important role in determining the 

environmental condition within the lower layer of urban atmosphere – the so called UCL 

(Oke 1988; Arnfield 2003). Hence, any alteration in the condition of this lower layer of 

urban atmosphere caused by the changing in urban geometry can have direct influences on 

the human well-being and comfort, whether indoors or outdoors. Thus, considerable amount 

of research effort has been dedicated to assess the environmental behaviour of urban 

geometries over a number of urban settings (e.g. Lobo ; Golany 1996; Pinho et al. 2003; 

Santamouris 2006). Nevertheless, a representative urban geometry is quite impossible to find 

if all modifying parameters have to be considered including, archetypal building form, urban 

degree of compactness, street aspect ratio, and orientation. For that reason, Martin and 

March (1972) have introduced simplified archetypal building forms in order to limit the 

complexities found in real urban textures and to examine and compare the impact of 

geometry alone. In their study, they have classified buildings into three basic types, that is; 

the Pavilion, the Street and the Court, Figure  2.27. 

 

Figure  2.27. Three archetypal urban form and patterns introduced by Martin and March (1972) 
including Pavilion (a), Street (b), and Court (c), source: reproduced by the author of this thesis from 

Martin and March (1972) 

This inspired other researchers to utilize these forms in a number of studies related to urban 

design and environmental performance (e.g. Gupta 1984, 1987; Ratti et al. 2003). It should 

note that, the primary concern of most of these studies were dedicated to assess the 

environmental and energy performances of such archetypal building forms, but excluding the 

assessment of the influence of such urban settings on the thermal perceptions at pedestrian 

level in outdoor spaces.  
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2.5.1. Effects of urban geometry on outdoor thermal  comfort  

The interest in assessing human thermal comfort in urban spaces has received much attention 

in most of the recent urban climate studies. Some of these were carried out to assess, by 

means of questionnaire, the impact of urban microclimate condition and micro-

meteorological variables on the human thermal satisfaction in outdoor spaces (e.g. 

Matzarakis et al. 1999; Ahmed 2003; Spagnolo and de Dear 2003; Stathopoulos et al. 2004; 

Zhang and Zhao 2009; Tseliou et al. 2010). Other outdoor comfort studies, however, were 

more toward investigating the shading and geometrical effects of various urban components, 

such as urban street canyons and trees, on the microclimate conditions at pedestrian level and 

consequently on the human thermal comfort in outdoor spaces (e.g. Johansson 2006a; 

Johansson and Emmanuel 2006; Lin et al. 2010; Hwang et al. 2011; Krüger et al. 2011; 

Shashua-Bar et al. 2011; Lin et al. 2013), while others were carried out by utilizing three-

dimensional (3D) microclimate models, e.g. Envi-Met, to predict the influence of various 

urban geometries, such as street configuration, on the external microclimate conditions and 

consequently on outdoor thermal comfort (e.g. Ali-Toudert and Mayer 2006, 2007; Fahmy 

and Sharples 2009; Berkovic et al. 2012). In addition, some studies were carried out using a 

combination of field observation and thermal modelling approaches to predict the 

geometrical impact of various street canyons on the microclimate conditions at pedestrian 

level and consequently on the human thermal comfort in outdoor spaces (e.g. Ali-Toudert 

2005; Gulyas et al. 2006; Johansson 2006b). Given that the present study considers the 

human thermal comfort in desert climate region of Riyadh City, the following material will 

present studies that dedicated to the investigation of the geometrical impact of urban 

components on the human thermal comfort in hot arid climate regions. It should be noted 

that, the thermal comfort in following couple comfort studies was assesses according to the 

temporal evolution and spatial variations of PET values, rather than on a predefined comfort 

zone. 

Johansson (2006a) has carried out a field measurement to investigate the influence of urban 

geometry on outdoor thermal comfort in hot arid climate region of Fez, Morocco. The study 

was done by comparing the microclimate conditions within an extremely deep canyon (H/w 

= 9.7) and a shallow street canyon (H1/w= 0.63, H2/w = 0.51) by means of contentious 

measurements over 1.5 years during the hot summer and cool winter seasons, in which the 

mean maximum of Ta under such condition could reach 34°C. The meteorological data 

obtained from both investigated canyons were compared to the corresponding data obtained 
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from rural weather station. The results show that, by day, the Ta measured within the deep 

canyon was considerably cooler than the shallow one. The maximum Ta difference between 

the studied canyons was on average 6K under summer condition and as great as 10K during 

the hottest days, Figure  2.28. However, the Ta within the deep canyon becomes warmer than 

the corresponding one in shallow canyon by night, owing to very efficient radiative cooling 

in the shallow canyon because of the much higher SVF. 

 

Figure  2.28. Average Ta within the studied canyons and from the rural station during the summer 
season (a) as well as the average Ta for the 15 hottest days (b), source: Johansson (2006a) 

Because it had shorter duration of solar penetration at street level, walls temperatures within 

the deep canyon were lower and stable by daytime and most of night times due to almost 

complete shade and low SVF, but slightly higher during the short period before the sunrise 

owing to the low rate of heat loss from the deep canyons facets caused by the low SVF.  An 

analysis of the temporal evolution of PET values during the summer period in both studied 

canyons showed considerable differences during the daytime between the measured canyons, 

particularly from 11:00 to 17:00. 

According to the author, this large differences in the PET values measured within the studied 

canyons can be mainly explained by the combined effect of air temperatures (Ta) and mean 

radiant temperature (Tmrt) which were mainly affected by the amount of solar radiation 

reaches the street level. Thus, the temporal evolution of PET values within the deep canyon 

was very stable between 23°C and 28°C PET, whereas the PET values within the shallow 
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canyon were extremely high exceeding 40°C, owing to the combined effect of very high Ta 

and high Tmrt between 11:00 and 17:00, in which the shallow canyon during such period of 

times is totally exposed to solar radiations. Ali-Toudert and Mayer (2006) have carried out a 

numerical modelling to evaluate the effects of various street aspect ratios and orientations – 

namely: H/w: 0.5, 1, 2, and 4 on E-W and N-S oriented canyons - on micro-meteorological 

conditions and outdoor thermal comfort for a subtropical region, hot and dry, under a typical 

summer condition. The study acknowledged the dependence of the duration and time of 

thermal stress as well as the spatial distribution of the comfort index (PET) within street 

canyons on aspect ratios and orientations. The results showed that the simulated air 

temperatures within the studied canyons decrease with the increase of canyon’s aspect ratio 

(H/w), Figure  2.29. The differences between the simulated Ta within the widest canyon (H/w 

= 0.5) and within the deepest canyon (H/w = 4) could reach above 3°C during afternoon, 

particularly at 15:00. However, a comparison between the studied orientations (E-W and N-

S) of the same aspect ratios shows small differences in the simulated Ta. As the aspect ratio 

increase, the E-W become slightly warmer than the N-S oriented canyon. 

 
Figure  2.29. Diurnal variation of the simulated Ta of an aspect ratio of H/w = 0.5, 1, 2, and 4 

oriented E-W and N-S, source: Ali-Toudert and Mayer (2006) 

Figure  2.30 presents the spatial and temporal variations of PET within the studied canyons. It 

shows that the thermal environment of shallow street (H/w = 0.5) was highly stressful 

despite the canyons’ orientations, whether E-W or N-S. In general, the simulated thermal 

environment within wide streets (H/w = 0.5), irrespective of canyon’s orientations, is highly 

stressful. Thus, shading strategies (e.g. galleries or rows of trees) within such wide canyons 

that implemented directly at street level are recommended in order to mitigate the heat stress 

at pedestrian level. Also, it appears difficult to magnitude the heat stress in an E-W oriented 
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street within the deep canyons, H/w ≥ 2. However, the N-S oriented canyon provides a much 

better thermal condition with lower PET maxima and clearly shorter period of high stress as 

shown in the corresponding figures above. 

 

Figure  2.30. Spatial and temporal variations of the physiological equivalent temperature PET within 
E-W and N-S oriented canyons of: (a) H/w = 0.5, (b) H/w = 1, (c) H/w = 2 and (d) H/w = 4, source: 

Ali-Toudert and Mayer (2006) 

From the above mentioned studies, Johansson (2006a) and Ali-Toudert and Mayer (2006), 

one can see the clear relationship between canyons geometries, quantified by aspect ratios in 

particular, and the microclimate conditions at street level. Indeed, both studies have 

acknowledged the great influence of solar radiation in hot-dry climate regions on the thermal 

environment within street canyons and, consequently, on comfort. Thus, increasing the 

amounts of shading through the design of street canyons, including aspect ratios and 

canyon’s galleries, along with other urban shading elements, such as trees and artificial 

shading devices, have to be considered as a key strategy for promoting comfort in outdoor 

spaces under hot summer condition. Although the thermal environment within the deep 

canyons were much better during the daytimes compared to the shallow ones, the former 

field measurement of Johansson (2006a) shows that the Ta within the deep canyon becomes 

warmer at night, owing to the lower rate of heat loss from the canyons facets because of the 

much lower SVF. This is, in fact, highlights the importance of considering the other design 

strategies, such as providing sufficient wind flow within deep canyons, whether through 

orientations or buildings’ pattern, to increase cooling ventilation at night. 
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2.5.2. Effects of urban geometry on indoor microcli mate and energy use  

The interest of assessing the effects of building forms and urban design on the indoor 

microclimate conditions and energy consumption has received a great attention among the 

individual design professionals, which can be verified through the wide literature available in 

this field (e.g. Jones et al. 2007; Jones and Lannon 2009; Kruger et al. 2010; Yang et al. 

2012). So far, the influence of outdoor microclimate condition (solar radiation, air 

temperature, wind flow, etc.) on the indoor microclimate conditions and energy consumption 

is well understood, especially when indoor thermal comfort become an issue. For that 

reason, a number of researchers have been carried out in order to predict the comfortable 

environment in indoor spaces according to the external climate condition (de Dear and 

Brager 2002; Nicol and Humphreys 2002). 

The pioneering study of Gupta (1984) evaluated and compared the thermal performance of 

three archetypal building forms, including Pavilion, Street and Court, that introduced by 

Martin and March (1972). The performance of the three archetypal building forms were 

analysed in a case of a standalone building and within a cluster when they are realised as 

non-air conditioned buildings in a hot and temperate climate. The performance of the three 

archetypal building forms was compared with that measured from reference building with 

assumed volume as 800000 m3. In his study, Gupta (1984) calculated the building 

performance, efficiency (E) and solar exposure, using the following equation:  

The evaluation carried out with respect to a number of variables, including buildings’ height, 

building height to street width aspect ratio (H/w), and the orientations of the buildings’ 

façades. The main results show that the thermal performance, exemplified by the solar 

efficiency (E), increases as the buildings’ heights increase for the three archetypal building 

forms studied. The maximum efficiency measured was from buildings with four storeys 

height. The increase in efficiency was found to be modest from four to eight storeys height in 

all of the three buildings forms studied, and negligible above eight storeys, Figure  2.31. 

Among the three archetypal building forms studied, the Pavilion presents the maximum 

performance, Figure  2.31.a. In the case of building cluster, the Pavilion showed the highest 

efficiency up to eleven storeys, and after that the Court becomes more efficient, Figure 

���������� � 	1 �	�������	�����	��������	��	������
������	�����	��������	��	������ � 	100% Eq.  2-9 
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 2.31.b. The efficiency of the Street archetypal building form was always in between those 

measured from the Pavilion and the Court archetypal building forms.  

 

Figure  2.31. Solar efficiency with respect to building height of single building blocks (a) and building 
cluster (b) of Pavilion, Street and Court types, source: Gupta (1984) 

In terms of the influence of street aspect ratio (H/w = 0.5 and 4) and subdivision, Figure  2.32 

shows the effect of subdivision of the reference volume (800000 m3) and street aspect ratios 

on efficiency for building heights of 3m, 6m, and 12m. The figure shows that the efficiency 

for the Pavilions is reduced as the number of subdivisions increases, Figure  2.32.a. This drop 

in efficiency is partially made up by a narrower width of street. The Court, on the other hand, 

exhibits unique characteristics as the efficiency increases with greater subdivision and with 

deeper street canyon, Figure  2.32.b. For the Street-type buildings, the efficiency is not 

affected by either change of street aspect ratio or by the number of subdivisions, Figure 

 2.32.c. 

In all of the previously mentioned calculations, the building clusters were oriented to face the 

NS direction. The efficiency of building forms varies with the orientation of the facades as 

shown in Figure  2.33. The single Pavilion was found to be the most efficient, and the single 

Court and Street were found to be less efficient. The efficiency of multiple Courts is similar 

to that of multiple Streets, and both were found to be more efficient than the multiple 

Pavilions. Similar efficiency was measured from the multiple Streets with building facade 

oriented NS and EW, due to the mutual shading of buildings which is almost 0 with the NS 

orientation (0°) and reach it maxima in the EW orientation (90°). With deep street canyons 

(H/w > 2) the efficiency of the multiple Streets with EW oriented facade will be even higher. 
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Figure  2.32. The effect of subdivision (N) on solar efficiency for Pavilions (a), Courts (b), and Streets 
(c) (the numbers on the lines are the values of the canyons aspect ratio, H/w), source: Gupta (1984) 
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Figure  2.33. Effect of orientation of building facade on solar efficiency of the tree archetypal building 
forms as a single and within a cluster, source: Gupta (1984) 

It is important for the sake to draw a clear picture on the relationship between the urban 

microclimate conditions and the thermal perception in indoor spaces to shed light on the 

significance of the adaptive approach used to predict the thermal sensation of indoor users 

according to the external air temperature. Several field surveys in dwellings, offices etc. 

carried out over the last decades have shown that the calculated thermal sensation of indices 

such as PMV in indoor spaces differs from the actual thermal sensation of interviewed 

people (e.g. Humphreys and Fergus Nicol 2002; Humphreys and Hancock 2007). The reason 

is linked to the fact that the existing comforts standards i.e. ASHRAE scale of subjective 

warmth, are ignoring important aspects, including cultural, climatic, and social aspects, as 

well as the occupants behaviour and thermal adaptation (Nicol and Humphreys 1973). Thus, 

a number of studies, based on field survey, were carried out to predict the neutral indoor 

temperatures as a function of the monthly outdoor temperatures for active (air conditioned) 

and passive (naturally ventilated) buildings. Humphreys (1978) examined and evaluated 

indoor comfort temperature determined in a number of survey carried out world-wide in air 

conditioned and naturally ventilated buildings, and plotted them against the outdoor monthly 

mean temperature at the time of the survey. He found a clear division between comfort votes 

obtained from survey carried out in naturally ventilated buildings (free-running) and those in 

air conditioned buildings (Heated or cooled), Figure  2.34. The figure shows the dependence 

of thermal sensation and comfort of the occupants in naturally ventilated buildings on the 

outdoor mean monthly air temperatures, while the perceived thermal sensation in the active 
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buildings does not seem to depend on the outdoor temperature. The correlation found 

between the mean monthly outdoor temperatures and comfort in naturally ventilated 

buildings was strong (R2 = 0.97). Similar finding was also reported from latter study by de 

Dear and Brager (1998) who found a strong correlation between the mean monthly outdoor 

temperatures and comfort in naturally ventilated buildings (R2 = 0.95). 

 
Figure  2.34. Neutral temperature vs. outdoor temperature for air conditioned and naturally ventilated 

buildings, source:Humphreys (1978), cited in: Nicol and Humphreys (2002) 

Nicol and Humphreys (2002) employ the datasets used in the Humphreys (1978) and de 

Dear and Brager (1998) studies mentioned above and generated the following adaptive 

comfort equation for the naturally ventilated buildings according to the outdoor temperature: 

Tn = 13.5 + 0.54 *	Tout Eq.  2-10 

Another evaluation study of same kind was carried out by de Dear and Brager (2002) to 

predict the adaptive comfort based on survey. The database used contains approximately 

21,000 records obtained from indoor comfort studies funded by ASHRAE carried out on 160 

different office buildings located on four continents, including North America, Europe, 

Central Asia, south-east Asia and Australia, and covering a broad spectrum of climate zones. 

The study resulted in the following relationship between the neutral indoor temperature and 

outdoor temperature: 

Tn = 17.8 + 0.31 *	Tout Eq.  2-11 

de Dear and Brager (2002) concluded that the comfort zone is defined as a range above and 

below the line derived from Eq. 2-11 as shown in Figure  2.35. The comfort zones of 80% 

and 90% satisfaction were also highlighted. 
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Figure  2.35. Adaptive thermal comfort standard according to ASHRAE showing the comfort zone for 

8% and 90% acceptance, source: de Dear and Brager (2002) 

The pioneering adaptive comfort study of Nicol and Roaf (1996) carried out in Pakistan 

during the summer and winter seasons in different regions that varies in climates and in 

cultural and architectural traditions as well. The climate regions included in their study are 

almost similar to that found in Saudi Arabia, including the cool in the mountains, composite 

climate, and hot desert and warm humid. The majority of the subjects entered the survey 

occupied naturally ventilated buildings and nearly all used fans in the summer and few used 

evaporative coolers. Figure  2.36 shows the linear relationship found between the comfort 

temperature and outdoor mean temperature in Pakistan, which is expressed in Eq. 2-12. 

 

Figure  2.36. Neutral temperature vs. outdoor temperature in Pakistan, source: Nicol and Roaf (1996) 

Tn = 17.0 + 0.38 *	Tout Eq.  2-12 
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Nicol and Roaf (1996) in their study found that the comfort temperatures for the summer fall 

within the 95% limit of the relationship for naturally ventilated buildings found by 

Humphreys (1978) and shown in Figure  2.34. For the winter, however, the situation is found 

to be more complex. For the hot desert climate region, where the outdoor temperature is high 

and the minimum daily value is slightly below the comfort temperature such as that found in 

Riyadh City (the case study in this thesis), the authors mentioned the necessity for some 

form of cooling in summer to cope with the severity of the climate condition and the use of 

appropriate evaporative coolers to reduce the aridity found in hot-arid desert climate 

conditions.  

It can be seen from the adaptive comfort examples presented above that the slope of the 

linear relationship between the comfort temperatures in naturally ventilated buildings and the 

outdoor temperatures varies from study to study. This is because the cultural and behavioural 

aspects vary from place to place, (Humphreys and Hancock 2007). However, all of the 

adaptive comfort studies presented above, amongst many others, emphasised the importance 

of outdoor air temperature on regulating indoor thermal comfort. 

2.6. Summary 

This chapter presented an overview on the available knowledge on the influence of urban 

geometry on the microclimate conditions at street level, including the energetic, thermal and 

wind flow characteristics within the urban canyon and above it. Studies of outdoor thermal 

comfort, indoor microclimate and energy consumption from urban dwellers, and the 

dependence of outdoor and indoor comfort upon the external microclimate conditions that 

regulated by the urban geometry were also highlighted, with a special attention given to 

those carried out in hot and arid climate regions.  

The architectural and urban design approaches that derived from literature and practice for 

regulating the climate comfort at the street level and energy consumption from urban 

buildings are, to large extent, recognised. However, the quantitative studies that dedicated to 

investigate the influence of urban geometry, i.e. the design of urban canyon, on outdoor 

comfort and energy consumption are typically carried out separately and treated from 

different point of views. For instance, the typical outdoor comfort studies are dedicated to 

investigate the impact of urban geometries, e.g. the design of urban canyon, the use of 

vegetation and other landscaping features, on the thermal sensation of outdoor users at 
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pedestrian level. These studies, however, do not take into account the thermal conditions 

within the indoor context. On the other hand, energy saving studies in urban areas focus 

mainly on the influence of the architectural and urban design modifications on indoor 

microclimate conditions and energy use, but do not take into account the influence of such 

design modifications on the external microclimate conditions and thermal sensations of 

outdoor users. In addition, the studies of outdoor thermal comfort that carried out in hot-arid 

climate regions that dedicated to investigate the influence of urban geometries on outdoor 

climate conditions were typically carried out on the design of a single urban canyon with 

continuous facade, where the urban geometries that found in real urban scenario, e.g. 

gridiron settings and canyons with a number of gaps in the buildings’ front, on outdoor 

comfort are, to large extent, neglected.  

These statements and the lack of quantitative information, based on scientific methodology, 

about the optimal urban geometry for regulating the climate comfort at street level in Riyadh 

City, while reducing the energy consumption from urban dwellers, are the main motivation 

of the following investigation. 

 



 

 

 

 

3. Preliminary Studies 
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This chapter develops a knowledgeable understanding of the existing thermal and 

environmental conditions in Riyadh City. At the beginning of this chapter, a general view of 

the geographical location, physical environment, and climate condition in Riyadh City, as 

well as the urban characteristic and population density is presented as a basis for 

understanding the need in this thesis (section  3.1). Following that, an integrated empirical 

study that is composed of three original surveys, including (a) Land Surface Temperature 

study (LST) to identify the temperature distribution patterns of urban surfaces in the 

Riyadh’s metropolitan and its relation to the existing urban form and density, (b) Urban 

microclimate study to evaluate the meteorological variation at different locations within a 

selected urban area according to their sky view factor SVF and orientation. And finally (c) 

Questionnaire survey to evaluate users’ thermal perceptions and preferences in outdoor 

spaces. The thermal pattern distribution that presented in section  3.2, which is going to be 

acquired from the LST study, aims to answer one of the research questions that related to the 

influence of the existing urban form on the microclimate condition in Riyadh City which 

stated previously in the research questions  (see chapter one). In addition to that, the outcome 

will be used for the purpose to identify the sites’ locations where the microclimate studies 

and questionnaire surveys are going to take place, whether in the pilot study which is 

presented in this chapter or in the main field works which are going to be discussed in detail 

in chapters four and five. The two tasks in the pilot study, the microclimate measurements 

and comfort questionnaire survey, will allow the researcher to identify the advantages and 

limitations of the methods used on both tasks before carrying out the main field works. In 

addition to that, the climate data that are going to be obtained from the microclimate 

measurements during the pilot study will be used to validate the adopted three dimensional 

microclimate models (Envi-Met 3.1) before running the proposed microclimate and energy 

models which are presented in chapter seven.  

3.1. Riyadh City, Saudi Arabia 

The kingdom of Saudi Arabia was first established by the founder king Abdul-Aziz in 1932. 

Since its creation, Saudi Arabia has gained its importance in the Islamic world level as being 

the land of the two holy cities of Makah and Medina, and due to the size of its land, as being 

the largest state in the Arabian Peninsula. A few years after its creation and due to the 

discovery of oil in the Eastern province in 1938, which began large-scale oil production in 

1960, the country become known on the world scene as one of the largest oil exporter and 

has a quarter of the global oil reserves. Driven by the vast oil revenues, Saudi Arabia has 
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experienced spectacular changes in the spatial and socio-economic patterns in the country, 

which occurred over a relatively short period of time. Most of these changes, however, were 

spent in building new infrastructures to accommodate the rapid urban and population 

growths that took place during that period. One such city that can best document that era is 

Riyadh City, the capital of Saudi Arabia, which is considered as one of the most booming 

cities in the desert climate of the Arabian Peninsula. Riyadh City has received the largest 

share of Saudi Arabian’s urban development plans, being the central capital, and houses the 

central governmental, administrative and financial activities. As a result of the high attention 

in development plans that were given to the city from the central government, Riyadh has 

transformed from a small walled mud town with an area of 3.5 km2 into a capital of a 

modern country with an area of about 3000 km2, Figure  3.1.  

 
Figure  3.1. The master plan of old Riyadh (top left) with an aerial view to the central market of the 
city (top right), and a panorama view to the kingdom tower showing the central business district in 

Riyadh today (bottom), source:RDA (2011a) 

3.1.1. The geographical location and Physical Envir onment  

The Kingdom of Saudi Arabia (KSA) is located in the far western Asia at 24° N 45° E above 

the equator, and occupies an area of approximately 2,149,690 km2, equal to the area of the 

Eastern Europe, Figure  3.2. Saudi Arabia comprises about 80% of the Arabian Peninsula, 

and shares borders with several countries including; Jordan and Iraq from the North, Kuwait, 

Bahrain, Qatar, and United Arab Emirates from the East, and Oman and Yemen from the 

South. It also has access to water bodies from the East to the Arabian Gulf and to the Red 

Sea from the West.  
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Figure  3.2. World map showing the location of Saudi Arabia 

The country has a population of approximately 27.2 million according to the last statistics of 

census (GMID 2010). Indeed, over 23 million, or equal to 82.29% of the population, are 

living today in urban areas as reported by the World Bank (WB 2011). Riyadh City, the 

capital and the largest city in Saudi Arabia, is situated in the central region of Saudi Arabia 

between 24° 31̍N, 46° 40̍E and 24° 49̍N, 46° 47̍E at approximately 612m above the sea 

level, Figure  3.3, on a large plateau of Tuwaiqh Mountains, the most prominent escarpment 

in the central of Arabian Peninsula.  

 

Figure  3.3. The location of Riyadh city in Saudi Arabia, the city built-up area, and major roads, 
source: drawn by the author from different sources 

The city extends over a large area and covers a wide range of geomorphological and 

geographic features. Although the topography of Riyadh’s metropolitan is relatively flat, a 

series of steep escarpments characterise the area to the west, south-west, and south from the 

city built up areas, Figure  3.4. In these areas, where deep dry water basins (Hanifah and 

Nissah Valleys) are located, most of the agricultural activities have taken place since the 

establishment of the country in 1932. In the meantime, the north and north-east area is a 
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comparatively flat surface of limestone that is partly covered with gravel and sand. Huge 

sand dunes of the Al-Dahana desert, which is located to the west beyond Tuwaiqh 

Mountains, form a sand corridor connecting the Al-Nafud desert in the north with the Al-

Rub Al-Khali to the south (Barth 1987). 

 

Figure  3.4. The geographical features of Riyadh City,  source: Barth (1987) 

3.1.2. The climate characteristics  

According to Köppen climate’s classifications (Peel 2007), the climate in Saudi Arabia, in 

general, is classified in the climate region of [BWh] as Hot-arid, Figure  3.5. Countries that 

are located within the climate zone [BWh] have a desert climate, having an extremely high 

temperature, extreme diurnal temperature differences, low humidity, high evaporation, and 

scarce precipitation. However, various climate conditions can be observed in the countries 

that are characterised by hot-arid depending upon the land topography and distance from 

water bodies. For instance, in Saudi Arabia, which is categorised within the hot-arid climate 

regions, high relative humidity is commonly observed during the summer seasons in the 

coastal cities that are located close to the Arabian Gulf and Red Sea on the eastern and 

western regions, respectively, and mild climate conditions with high average precipitations 

throughout the year in the cities that are located in the south-west region.  
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Figure  3.5. World map of the Köppen-Geiger climate classification, source: Peel (2007) 

Due to its location in the middle of the Arabian Peninsula between three main desert areas, 

namely; Al-Dahana, Al-Nafud, and Al-Rub Al-Khali, the climate condition in Riyadh City is 

characterized by mostly desert, extremely hot in summer and cold in winter. Air temperature 

that reaches above 45°C is common in the city during the summer season. 

Table  3.1 shows the climatological data recoded from the Riyadh meteorological station, 

which is located at the Old Airport within the Riyadh’s built-up area at 24 42 40N, 46 44 

18E and 619.63 above sea level, during the period from 1980 to 2007 (MDA 2008). The 

climate data shows that the maximum mean air temperature during the period of observation 

was 36.6°C in July, and the minimum mean air temperature was 14.4°C in January. 

However, the air temperature in the city could reach 48°C and fall below zero as reported in 

July 1987 and January 1989, respectively. The relative humidity in general is low in the city 

with maximum mean of 47% as reported in January and December, and the lowest in July 

with 10%. The precipitation in such climate region is very low especially during summer 

season. The maximum mean precipitation recorded during the period from 1980 to 2007 was 

24.7mm in March. The mean surface-wind speed ranges between 3.6 and 2.57 ms-1, and 

prevailing wind directions from South and South-East during the months from October to 

April and North direction from May to September. Since the climate in the city is 

characterized by mostly clear sky with high solar radiation intensities during daytime, 

extreme diurnal temperature differences are usually observed in the city which can reach 

over 14°C in summer time, especially in the month of July when the night-day variations in 

air temperature reaches its maximum. 
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Figure  3.6 shows the monthly mean air temperature profiles, as well as the monthly average 

rainfall in Riyadh City for the period from 1980 to 2007. It appears from the temperature 

profile that the city experiences high air temperatures in most months of the year, from April 

to October, and low precipitation. During these months, people are more likely to be exposed 

to high heat stress in outdoor spaces and high energy is mainly consumed in cooling indoor 

spaces.  

 
Figure  3.6. Mean monthly rainfall, as well as the mean maximum and mean minimum air temperature 

(Ta) obtained during the period from 1980-2007, source: Ministry of Defence and Aviation. KSA 

Due to the high aridity of the climate condition in the city which is usually associated with 

high temperature, water spray nozzles to generate water mist are commonly used at night in 

most of the public settings to reduce the heat stress in outdoor spaces, Figure  3.7. Outdoor 

activities, if any, during the months of high temperatures, are usually arranged at night due to 

high solar radiation intensity and extreme heat waves during daytime. The thermal condition 

in outdoor spaces becomes neutral in October and such pleasant condition last till March 

with the evidence of rainfall and low temperatures. 

 
Figure  3.7. Water sprays allocated near pedestrian walkway in Riyadh City to reduce the aridity and 

heat stress at night during summer season, source: Al-Zaydan (2005) 
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In general, the fluctuation in air temperature between the mean maximum and mean 

minimum is significantly large around the year and reach its maximum in July of 14.8°C, as 

shown in the mean temperature line chart below. 

In the last few decades, the city has witnessed several manifestations of climate change. 

These include; increasing droughts, increasing frequency of cyclones and sandstorms, and 

increasing annual mean temperature. The urban sprawl of Riyadh has participated in creating 

other environmental degradations, one of which is the scarcity of water sources due to the 

increasing rate of exploitation of ground water (El-Sharif 1985). There are also other specific 

weather events such as sand storm, blowing dust, and others as listed in table  3.2.  

Table  3.2. Number of days with occurrence of weather phenomena, source: Ministry of Defence and 
Aviation, Residency of Meteorology and Environment Protection, Kingdom of Saudi Arabia 

Month Thunder Strom Precipitation Mist Fog Blowing Dust Dust/Sand Storm Haze 

January 0.9 5.8 4.7 0.9 2.8 0.1 12.4 

February 2.2 4.8 2.5 0.3 5.2 0.5 14 

March 3.7 9.8 2 0.1 6.8 0.9 16.5 

April 4.4 10 0.9 0 8.1 1.4 17.2 

May 1.9 3.5 0.1 0 8.4 1.3 21 

June 0.1 0 0 0 6 0.3 17 

July 0 0.2 0 0 5.8 0.3 16.4 

August 0.2 0.2 0 0 4.6 0.2 15 

September 0.1 0 0 0 2.8 0 12.3 

October 0.3 1.2 0.4 0 1.8 0.2 12.3 

November 0.7 3.4 2.2 0 2.9 0.2 11.7 

December 1.3 6.3 4.8 0.8 2.3 0 12.8 

Total 15.8 45.2 17.6 2.1 57.5 5.4 178.6 

3.1.3. The Urban and Population Characteristics of Riyadh City  

In addition to its importance as the capital of Saudi Arabia, Riyadh City is considered as an 

important commercial, industrial, cultural, and educational centre for the central region, and 

as an incubator of many governmental development projects in Saudi Arabia. The rapid 

growth of the city during the last seventy years makes it among the fastest growing desert 



Chapter Three Preliminary studies 

 

76 

 

cities in the world. In about sixty years, the population has grown from 46,000 in 1940 to 

more than 5,000,000 in 2012, with the present population density of approximately 3000/km2 

(Demographia 2010). This explosive growth in the city’s population was associated with 

expansion in the built-up areas. For instance, in ten years span, from 1976 to 1987, the built-

up area in the city has increased by about 1000%, while the population increased by 100% 

during the same period (Al-Gabbani 1992) 

Considering the growth in housing sector alone as an indicator of urbanization in the city, 

such growth during the last seventy years in Riyadh City would make it among the fastest 

growing cities in the world (Al-Oteibi et al. 1993). This dramatic expansion in the urban area 

and population growth were in fact driven by the economic prosperity that occurred during 

the seventies and the early eighties. Another factor that facilitated the city’s growth was the 

low or no-interest loan during the same period of the economic boom which allowed 

countless business and global firms, as well as small developing local firms to expand as far 

as needed to make it an important capital city as planned by the Saudi government (Al-

Hemaidi 2001). This happened in two stages. According to Mubarak (2004), the first stage 

took place in 1973 by the adoption of the first master plan which was prepared by Doxiadis 

Associates International. This plan has extended the city toward the North direction, Figure 

 3.8.  

 

Figure  3.8. Map showing the urban growth in Riyadh since 1973, including the first and second 
development plans, source: (RDA 2011b) 
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The concept of such urban development, by the time when it was approved, was to create a 

more economically and efficient urban systems in line with national economic growth plan. 

The layout of the first development plan can be described as a city-wide gridiron plan that 

comprises a system of highways. The total area of the first development plan was 635km2 

(RDA 2011b). The second Master Plan was introduced to update the first Master Plan to 

accommodate the exponential growth of the city’s population and the unprecedented urban 

sprawl which was associated with huge financial savings in the real estate market. Almost 

1150km2 of new urban areas had been added to the first development plan. Nowadays, the 

city built-up area compromises around 3000km2, stretching from north to south in a length of 

about 75 km and 50km from east to west.  

A recent report showed that the present urban development in Riyadh City is taking place 

today in the North and North-East districts beyond the boundaries of the second Master Plan 

(HCDA 2011). The same study has also mentioned that 749km2 or equal to 61% from the 

total area are already developed, and about 29% of these developed areas are residential. The 

contemporary urban areas of Riyadh City can be divided into three urban zones in terms of 

location and grow stages. These are the core, the inner, and the outer zones (Al-Gabbani 

1992), Figure  3.9.a.  

The core zone, or what is commonly known as the old district, has high urban and population 

densities. The inhabitants who live in the old district differ from those living in the other 

zones either in ethnic identities and family structure, or in their living condition. The 

majority of the residents in the core zone are immigrants’ labour forces and low income 

groups. Almost 64% of land in the core area is occupied by buildings, Figure  3.9.b, and its 

population of more than 8,000/km2 are living in the area, Figure  3.9.c. The urban fabric of 

the core area is more traditional, extremely compact with an irregular street network.  

The inner zone, which is surrounding the core zone from the north and the east side, 

represents the first stage of the modern urban development which occurred during the fifties 

and early seventies with the introduction of the first urban Master Plan (Al-Hathloul 2002). 

This area, however, was planned based on the gridiron planning system which gives more 

priority to transportation and can be considered as the beginning of the modern urban 

development after the demolishing of the old city wall in 1950 (Barth 1987). The inner zone 

has a population density of 4,000 to 8,000/km2.  
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The outer zone, which is highlighted by yellowish colour, is relatively new and has low 

urban and population densities as shown in the figures below, b and c. The majority of land 

use is residential. This urban zone is compromises of the areas that are located in the North 

and East regions of the city and was proposed by the second Master Plan in 1982.  

 

Figure  3.9. Urban zones (a) as well as the urban and population densities (b) and (c) respectively, in 
Riyadh City, Saudi Arabia, source: Riyadh Development Authority (RDA 1999) 

3.1.4. Land uses and buildings’ typologies in Riyad h City  

A recent study carried out by the Riyadh Development Authority RDA revealed that the 

current built up area in the city occupied an area of about 1295 square kilometres. Most of 

these developed areas are residential which comprised 45% from the built up area with about 

903,499 dwellings, where 12% is used for the commercial and industrial and the rest are for 

other uses such as governmental, cultural, and educational (RDA 2012).  

It is worth mentioning that, all the new residential developments are taking places in the 

north and north east region, Figure  3.10, whereas the industrial activities are located in the 

south region. In terms of buildings’ typologies, the apartment and traditional buildings are 

mainly located within the core zone, where the detached residential units (villas) are 

generally located within the north and north-east areas from the core zone. 
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Figure  3.10. Land use and buildings’ typologies, source: Riyadh Development Authority (RDA 1999) 

3.1.5. Concluding remarks  

The urban and geographical natures of Riyadh City, as well as the scarcity of vegetated and 

green cover areas in the city, make it an ideal example to study the effects of urban 

geometries on the microclimate condition in urban areas. In addition to that, the variety in 

urban geometries that exist in the city, whether in the core zone or in the inner and outer 

zones which were built using similar construction materials, provides an opportunity to 

compare the role of different urban geometries on determining the microclimate condition at 

street level. 

3.2. Land Surface Temperature (LST) of the Riyadh C ity 

Prior to the investigation of microclimate conditions and before launching questionnaire 

surveys to measure the users thermal perception and preferences in outdoor spaces, an 

analytical study of Land Surface Temperature (LST) is introduced to identify the thermal 

environment of individual urban locations, and to illustrate the current map of thermal 

distribution patterns over the Riyadh’s metropolitan.  
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The energy balance of urban fabric plays an important and central role in determining the 

thermal and environmental characteristics of urban areas. As a function of their absorptivity, 

the urban fabric’s components absorb radiant energy from different heat sources, whether 

from sun, from atmosphere, or from other surroundings terrestrial surfaces, and release the 

stored heat back to its immediate vicinity in the form of sensible and latent heat flux. This 

continual thermal and mass exchange between the urban components, whether they are 

streets, buildings, or vegetation, and the surrounding outdoor environment is depending upon 

the thermal balance of the external surfaces which, consequently, govern their temperature 

(Santamouris 2001a). Surface temperature has a substantial effect on urban microclimate and 

is closely linked with the canopy layer heat island intensities that commonly observed in the 

lower urban atmosphere (Weng 2009). Theoretically, the changes in the heat stored in the 

urban fabric, or the net storage heat flux (∆Qs), varies at any given point within the urban 

canopy and depends upon the thermal, physical, and spatial characteristics of individual 

urban locations. Hence, various thermal characteristics and microclimate conditions can be 

observed at any given urban area as both the surface and microclimate are determined by the 

nature of their immediate surroundings and, in particular, their geometry and the thermal 

properties of the urban surfaces (Oke 2002). Given the fact that the radiant surface 

temperature of the urban fabric is of prime importance to urban climate research, as it may 

account for up to half of diurnal net radiation, hence, the study of the impact of urban 

surfaces and geometries on climate has become a central issue in the majority of the latest 

related scientific meetings, such as Passive and Low Energy Architecture (PLEA), 

International Conference on Urban Climatology (ICUC) and The American Meteorological 

Society (AMS), as well as in the practice oriented literature.  

Various methods and approaches have been developed to evaluate the impact of the urban 

fabric on its microclimate. These vary depending upon the area under investigation and the 

spatial and temporal resolutions. In addition to the numerical and physical models that were 

developed to study urban surface temperature, including energy balance models, laboratory 

models, and three-dimensional modelling (e.g. Saitoh et al. 1996; Oke et al. 1999; Cenedese 

and Monti 2003; Tong et al. 2005), in situ measurements, or data obtain from direct contact 

with the subject, is typically used to measure heat island intensities in the urban atmospheric 

layers, UCL and UBL (Oke 2002). Standard weather stations or vehicle-mounted sensors are 

typically two methods used to acquire the thermal and meteorological data within the Urban 

Canopy Layer (UCL), the layer of the urban atmosphere that extends upwards from the 
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ground to approximately mean building heights. In terms of the Urban Boundary Layer 

(UBL), which is the layer above the urban canopy layer that influenced by the underlying 

urban roughness, data are usually obtained from more specialized sensor platforms such as 

tall towers, tethered balloon flight, or from aircraft-mounted instruments. In both 

atmospheric layers, high spatial and temporal data resolution can be acquired. However, the 

obtained data through in situ measurements are not generally feasible to study urban surface 

temperature and its climate because of limited sampling density.  

Over a large geographical scale, Thermal Infrared data (TIR) that obtained from satellite 

sensors, therefore, provide an appropriate and inexpensive method to study the thermal 

characteristic of urban areas. The spatial patterns of upwelling thermal radiance detected by 

remote sensors are varies in response to the surface energy balance (Voogt and Oke 2003), 

and the biophysical and meteorological factors, including the distribution of land use and 

land cover characteristics LULC (Dousset and Gourmelon 2003), vegetation (Weng et al. 

2004), urban morphology, represented by the urban density and buildings’ heights (Bottyan 

and Unger 2003), and urban and canyon geometries (Eliasson 1996), as well as the 

population distributions and the intensity of human activities (Elvidge et al. 1997; Fan and 

Sailor 2005; Weng et al. 2006; Xiao et al. 2008). In the present study, the land surface 

temperature over Riyadh City will be analyzed by the use of TIR data obtained from satellite 

sensors (Landsat ETM+).  

3.2.1. Methodology  

Remotely sensing TIR data are utilized in this study to evaluate the existing thermal 

characteristics of Riyadh’s metropolitan. Among the available thermal satellites sensors that 

provide thermal infrared snapshots e.g. (ASTER, MODIS, and AVHRR), The Landsat 

Enhanced Thematic Mapper Plus ETM+, Landsat7 (USGS 2010) provides the best and high 

spatial resolution accuracy (60m) compared to the previously mentioned thermal satellite 

sensors. In addition, ETM+ uses two bands to determine the thermal imaging, Band 6-1 and 

Band 6-2, where low and high gain acquisitions are used respectively.  

It is worth mentioning here that both thermal infrared bands, 6-1 and 6-2, are similar in 

results obtained over cloudless lands with low humidity. In both thermal bands, however, the 

emissivity of land surfaces is recorded and stored in the form of digital number ranging from 

0 to 255. Generating the Directional brightness temperature (also known as blackbody 
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temperature) from the stored digital numbers (DN) can be carried out by following the 

conversion procedure given according to Landsat 7 handbook.  Firstly, by converting the 

digital numbers or pixel values stored by Landsat 7 ETM+ thermal infrared band 6 (10.4 – 

12.5 µm) to radiance by the use of the following equation: 

This is can be also expressed as:  

Where: Lλ is the spectral radiance at the sensor’s aperture (Wm-2 * ster * µm), LMAX is the 

spectral radiance that is scaled to QCALMAX (Wm-2 * ster * µm), LMIN is the spectral 

radiance that is scaled to QCALMIN (Wm-2 * ster * µm), QCALMAX is equal to 255, 

QCALMIN is the minimum quantized calibrated pixel value 1(LPGS Products), 0 (NLAPS 

Products), QCAL = the quantized calibrated pixel value in Digital Number.  

Secondly, the spectral radiance values for each pixel resulted from Eq. 3-1 are then 

transformed to surface temperature, in Celsius (°C), through Planck’s law using the 

following relationship: 

Where: Ts= Effective at-satellite temperature in Celsius (°C), K2 is the calibration constant 2 

(1282.71), K1 is the calibration constant 1 (666.09), Lλ= Spectral radiance (Wm-2 * ster * 

µm) 

The thermal infrared band 6-1, low gain acquisition, obtained from ETM+, Landsat 7, was 

used to generate the Land Surface Temperature over Riyadh City using licensed ArcMap 

program v.9.3, which is a comprehensive map authoring and data analysis component of 

ArcGIS 9 (ESRI 1999-2008) and available at Cardiff University. The spatial analysis tool in 

ArcGIS program was used to generate the surface temperature of the original thermal 

infrared image that was taken in July, 20 2002 at 07:05:42 GMT, 10:05:42. The conversion 

was done based on the previously mentioned conversion method to generate the surfaces 

temperature from the pixels values as recorded by ETM+. More details about the procedures 

followed to generate the surface temperature map using the ArcGIS are shown in Appendix 

A.1. It should be mentioned here that no major urban form changes were reported within the 

Riyadh’s built-up area since 2002 which, therefore, makes the utilization of the thermal 

Lλ = gain * DN + offset Eq.  3-1 

Lλ = ((LMAX-LMIN) / (QCALMAX -QCALMIN)) * (QCAL-QCALMIN) + LMIN 

Ts = (K2 / ln (K1 / (Lλ) + 1)) – 273 Eq.  3-2 
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infrared image that acquired by ETM+ on 2002 feasible for the present study which takes 

into account the influence of urban form on surface temperature. More details about the 

utilized thermal infrared image are presented in table  3.3. 

Table  3.3. Details of the original thermal image used for the study, source: USGS (2010) 

Satellite Sensor Band name Wavelength Acquisition date 
Acquisition 

time 
Resolution 

Landsat 7 ETM+ 
Thermal infrared 

Band 6-1 / Band 6-2 
10.4 – 12.5 µm July, 20 2002 07:05:42 GMT 60m 

   Coordinates 

Upper-left Corner (lat) Upper-left Corner (lon) Upper-right Corner (lat) Upper-right Corner (lon) 

25.5211755 46.3026773 25.4802427 48.7003419 

3.2.2. Results and discussions  

Before the surface temperature patterns over the city are described, it is beneficial to 

highlight some facts regarding the thermal properties of the urban surfaces as well as the 

solar energy estimation over the city. Basically, the urban structure in Riyadh City is made 

by the common construction materials available in Saudi Arabia such as reinforced concrete, 

concrete hollow blocks, cement plaster, and asphalt. Vegetation areas are quite limited in the 

city except for the contemporary districts where fractions of vegetation can be observed 

within the neighbourhoods’ areas and along the major roads. The estimated mean clear-sky 

surface albedo over the city in July - the acquisition month of the original remotely sensed 

thermal infrared - is 0.37 (Maghrabi and Al-Mostafa 2009). The daily Direct, Diffuse, and 

Global solar radiation on horizontal surfaces on the 21st day of July are 23.34 MJ/m2, 4.35 

MJ/m2, and 27.69 MJ/m2 per day, respectively, and the average solar radiation is 1085 Wm-2 

(Al-Sanea et al. 2004).  

3.2.2.a. Surface Heat Island of Riyadh City 

In general, the generated land surface temperature map over Riyadh City shows significant 

surface temperature variations among the different urban locations in Riyadh City, Figure 

 3.11.  
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Figure  3.11. Riyadh’s land surface temperature map, source: generated by the author of this thesis 

from remotely sensed thermal imaging obtained from USGS (2010) 
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The maximum and minimum surface temperatures over the Riyadh area were reported in the 

rural areas. The highest surface temperatures are recorded in the surrounding desert area that 

is situated out of the urban boundary to the north and north-east (46°C - >50°C), where 

typically the levelled surface of bare soil that covered with dry gravel and sand is totally 

exposed to solar radiations. On the other hand, the lowest surface temperature (<40°C) is 

recorded from the dry valleys that are mainly located at the west part and extend from the 

North-West to the South-East. The influence of the over-shadowing that produced by the 

topography on the surface temperatures within the valleys, at the acquisition time around 

10:00 when the satellite thermal image was taken, and the agricultural activities have all 

contributed to the reduction in the surface temperatures. Within the urban areas, however, 

the hottest and coolest spots are generally associated with the land use and land cover 

characteristics. For instance, the coolest spots within the urban boundary of the Riyadh City 

were reported in the areas with green cover, i.e. large parks, whereas the hottest spots were 

reported in open areas that covered with asphalt or bare soil, i.e. parking lot, undeveloped 

land, etc. One good example that illustrates the influence of land cover and land use 

characteristics on the urban surface temperatures in Riyadh City is the high and low surface 

temperatures that were recorded from the Riyadh airbase and from a vegetated area in the 

vicinity of the airbase, Figure  3.12. 

  
Figure  3.12. Surface temperature map of Old Airport in Riyadh City and the vegetated area (let) and 

a satellite image showing the outline of both locations (right). 

Figure  3.13 illustrates the surface temperature profiles obtained from the rural location that 

located in the north-east region, and from the two urban locations that have different urban 

geometries and densities, including high density from the core zone (Al-Marqab) and low 

density from the outer zone (Al-Quds). In general, the rural location has reported the highest 

surface temperatures in comparison to the other urban locations studied. The surface 

temperatures from the rural location were ranging between 46°C and >50°C with an average 

of 48.44°C.   
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Figure  3.13. Surface temperature profiles from the rural and the urban areas. 

On the other hand, the surface temperature from the densely built-up urban area of the Al-

Marqab was ranging between 44°C and 49°C, with an average of 45.7°C, while the surface 

temperatures in the low-dense urban location of the Al-Quds was ranging between 40°C and 

44°C, with an average of 42.05°C. It should be noted that, the variation in the urban surface 

temperatures in hot and dry climate regions might not be always attributed to the influences 

of land cover and land use characteristics, since other factors can play an important role in 

determining the surface temperature, such as the surface albedo and the thermal capacity of 

the surface materials (e.g. Kwarteng and Small 2005; Peng et al. 2011). In the present study, 

the land surface temperature was found to be influenced by the urban characteristic and 

population density of the individual urban locations. For instance, the compacted urban area, 

which is located in the core zone, reports higher surface temperatures in comparison to that 

observed within the less compacted urban areas in the inner and outer zone. The average 

surface temperature on the highly dense built-up area in the Al-Marqab in the core zone can 

be in average 3.7°C higher in comparison to that observed within the low dense built-up area 

in the Al-Quds in the outer zones. Figure  3.14 compares the generated land surface 

temperature map with the existing population density, buildings densities and buildings 

typologies in Riyadh City. Although the relationship between the urban characteristics, e.g. 

buildings and population densities, and the land surface temperature is to large extent visible, 

more investigation about how such variations found in surface temperatures between the 

core zone and inner and outer zones affect the local microclimate conditions is needed for 

the comfort and energy studies, which are presented in chapter seven. In this thesis, 

therefore, in situ microclimate measurements will be carried out in the core and outer zones 

and the findings will be presented in chapter five. 
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Figure  3.14. Maps showing the population density (a), the buildings’ density (b) and the existing 
buildings’ typology (c), alongside the urban surface temperature map (d) of the developed and 

undeveloped urban areas in Riyadh City, source: the  population and building densities and building 
typologies maps (RDA 1999) 

3.3. Pilot study 

The pilot study is based on survey data that was carried out during the summer, 2010, in 

Riyadh city. As a matter of interest, this study intends to measure, by means of field work, 

the reliability of the methods used to investigate how the physical characteristics of the built 

environment influence microclimate and thermal comfort at street level. The aim of carrying 

out such study is to have a clear understanding on the advantages and limitations of the 

methodology used, whether in the microclimate measurements or comfort study. So it can be 

considered, avoided, or adjusted before launching the major field works. In addition, the 

micrometeorological data obtained during this pilot study will be used to validate the three-

dimensional microclimate model Envi-Met (Bruse 2004), which is utilised in this research to 

model the microclimate conditions of a number of proposed urban settings (see chapter six). 
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3.3.1. Methods and instrumentations  

The chosen neighbourhood, namely Al-Quds, is located at 24° 45̍ N, 46° 44̍E, and 623m 

above the sea level, and extends over an area of 48 hectares. Al-Quds is situated in the outer 

zone (Figure  3.9.a) to the north-east of the Riyadh urban area which hosts must of the 

contemporary urban developments, and is surrounded by other residential neighbourhoods 

from North and South, and by undeveloped real estate land from the East, Figure  3.15. The 

eastern ring-road highway passes from the west side, separating the Al-Quds neighbourhood 

from the Riyadh Airbase. Al-Quds has a low population density, and the majority of people 

who are living in this area are local families with mid-income according to the national 

statistics census (RDA 2004). Street networks, which were originally designed for motor 

vehicles, are regular and wide, bounded by 1m of paved curbs from both sides, Figure  3.16.  

 

 

Figure  3.15. The selected neighbourhood for the pilot studies of microclimate and outdoor thermal 
comfort, source: drawn by the author based on digital maps obtained from the Riyadh Development 

Authority (RDA) 

    

Figure  3.16. Street view showing the street characteristics in Al-Quds neighbourhood, source: the 
author 
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In general, this neighbourhood area has two storeys residential buildings, which are outward 

looking with front and back yards. Except for tree-lined avenues, there are few elements 

providing shade at street level, and much of vegetations and green areas are located within 

the territories of the individual houses. Apartment buildings, of normally three storeys, are 

located along the major traffic arteries that surrounding the area and host much of the small 

commercial activities in the area, including groceries and small business stores. 

3.3.1.a. Microclimate Measurements 

Continuous microclimate measurements were carried out over a one month period in five 

different locations - named remote stations (RS) - as well as at a central location - named 

central station (CS) - within Al-Quds neighbourhood. For the central station, which was used 

as a reference point, a ‘T’ shape mast was mounted on an unobstructed roof level and fitted 

with Vaisala probe (HMP45C-L) to record air temperature (Ta), and relative humidity (RH) 

at about 2.5m above the roof level and about 12m from the ground, Figure  3.17. In addition, 

Anemometer (Vector instruments, model A100R with a starting threshold of 0.6 ms-1 and 

accuracy of 1% of reading 10-55 ms-1 and 2% of readings higher than 55 ms-1) was also 

mounted on the other end of the ‘T’ shape vertical mast to record the wind speed. The 

Vaisala probe was shielded by Stevenson type Screen (Series DTR500) to protect the 

temperature and humidity sensors from direct sunlight and wind. Global radiation was 

measured with Pyranometer (Kipp & Zonen model CM5 accuracy ±3%). All data from the 

central station were recorded in a data-logger (Eltek model 1000 series). 

   

Figure  3.17. Images showing the instrumentations used for the continues measurements in the 
reference point at building rooftop (left), including  Pyranometer for solar radiations (middle), 

Vaisala probe  for Ta and RH, and Anemometer for wind speed (Right), source: the author 
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In terms of the remote stations, Tinytag data-loggers (Gemini Tinytag Ultra 2 model TGU-

4500 accuracy ±3.0% RH at 25°C) were mounted in five different locations within Al-Quds 

area to record air temperature (Ta), and relative humidity (RH).  The instruments were put at 

4m above the ground level in order to neither attract pedestrian’s attention nor interfere with 

the local traffic, and shielded by Stevenson type Screen (HDL model ACS-5050) to protect 

the temperature and humidity sensors from direct sunlight and wind allowing measurements 

of true air condition.  

 

Figure  3.18. Tinytag datalogger (left) and the Stevenson type Screen used at the remote stations, 
source: the author 

Figure  3.19 and 3.20 shows the locations of the measuring points, including the central and 

remote stations, as well as fisheye images and the SVF of each remote station, respectively. 

 

Figure  3.19. The locations of the central station (CS) and remote stations (RS) , source: drawn by the 
author based on digital maps obtained from the Riyadh Development Authority (RDA)
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Remote station 3 (RS1) 
Sky view factor = 0.716 
 

 
 

Remote station 2 (RS2) 
Sky view factor = 0.613 
 

 
 

Remote station 3 (RS3) 
Sky view factor = 0.675 
 

 
 

Remote station 4 (RS4) 
Sky view factor = 0.686 
 

 
 

Remote station 5 (RS5) 
Sky view factor = 0.764 
 

Figure  3.20. Sky view factor from 1.2m a.g.l. from the five locations studied 

In all locations, including the central station and the five remote stations, the data-loggers 

were programmed to start recording the meteorological variables at 00.00.00 AM on 

15/07/2010, and end at 11:50:00 PM n 14/08/2010, and were set to save the data in 10 

minutes interval. 
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3.3.1.b. Outdoor thermal comfort study 

A subjective comfort questionnaire survey was carried out in outdoor spaces during the same 

period of the microclimate measurements in the Al-Quds neighbourhood. The comfort 

questionnaire was designed to report both the physical and physiological characteristics of 

the subjects - a sample of the questionnaire used is included in appendix A.2. A nine-scale 

point, ranging between extremely low (-4) to extremely high (+4), was used to measure the 

perception and preferences of the respondents to air temperature (Ta), wind speed (v), 

relative humidity (RH), shading, and mean radiant temperature (Tmrt). In general, the 

questionnaire was divided into three main sections comprising close ended questions. The 

first section contains questions related to the personal data of each respondent, including 

height, weight, group of ages, the relationships of the interviewees to the area that being 

investigated, and an estimation of the metabolic rates and overall cloth resistant values. The 

second section measure the perception and preferences of the interviewees to the 

surrounding environmental conditions, including the ambient air temperature (Ta), relative 

humidity (RH), wind velocity (v), and the mean radiant temperature (Tmrt). And finally, the 

third section reports the users’ preferences for a number of factors related to urban design 

and planning, including streets widths, buildings heights and shading in the neighbourhood 

under investigation, using open ended questions. A sample of the questionnaire used in this 

comfort study is included in Appendix A.2. During each individual questionnaire survey, the 

meteorological variable (Ta, RH, v, and globe temperature Tg) were simultaneously 

recorded using a handheld climate meter (4-in-1 Environmental Meter, Model 45170), 

Figure  3.21. This handheld instrument used in this study is designed to measure air 

temperature (Ta), relative humidity (RH), wind speed (v) and Light intensity. In addition, the 

Type K thermocouple input Jack was used to connect the globe temperature probe to 

measure the globe temperature (Tg) during the questionnaire survey. 

 
Figure  3.21. The handheld environmental meter used during the questionnaire survey 
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It should be mentioned here that the comfort study at this stage was intended to measure the 

perception and preferences of people being in outdoor spaces to the environmental 

parameters found to influence their comfort, such as Ta, RH, v, and Tmrt. Hence, the 

geometrical impacts of street canyons on their comfort is initial, at least in this pilot study, 

but such factor will be included in the later advanced studies. 

3.3.2. Results and discussion  

3.3.2.a. Microclimate measurement 

Figure  3.22 shows the daily average air temperatures (Ta) obtained from the measuring 

points in the Al-Quds area (Figure  3.19), alongside the corresponding Ta obtained from the 

weather station located in the rural area OERK (Figure  3.15). The data shows that no 

significant variations were found between the daily average Ta measured within the street 

canyons, RS1 to RS5, and the corresponding one from the central station at rooftop (CS) in 

Al-Quds area. The maximum difference of the daily average Ta found between the central 

station and the remote stations was about 1°C. However, the variation in the daily average Ta 

become more evident between the urban area, represented by Al-Quds neighbourhood, and 

the rural area, in which the daily average deference in Ta could reach above 3.5°C, owing to 

the better nocturnal cooling, sharp decline in Ta at night, and absence of anthropogenic 

activities in the desert rural area. It should be noted that, on certain days, such as on the 28th 

of August, the difference in Ta between the urban and rural reaches its minimal, about 2°C, 

with the existence of regional heat waves which affect both the urban and the rural areas. 

 

Figure  3.22. Daily average air temperature from Al-Quds neighbourhood and from King Khalid Inter. 
Airport (OERK) 
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In terms of the impact of canyons geometries on the microclimate conditions within the 

built-up area of Al-Quds, the hourly average air temperatures obtained from the remote 

stations within the street canyons and from the central station at building’s rooftop during the 

monitoring period showed considerable differences during the daytime, but for short period 

of time and particularly from 11:00 to 17:00. However, these variations become modest for 

the rest of the day and during the night times owing to the well mixed air between the Ta 

measured near the ground and the corresponding ones above the canyons. The maximum 

�Ta found between the five measuring locations was about 0.5°C. Figure  3.23 shows the 

hourly average air temperature (Ta) obtained from all remote stations as well as from the 

central weather station in Al-Quds area from 15/07/2010 to 14/08/2010. 

 
Figure  3.23. Hourly average air temperature obtained from the remote stations and the central 

station in Al-Quds neighbourhood during the period from 15/07/2010 to 14/08/2010. 

In general, readings of the hourly average air temperatures show that the critical time, in 

which the Ta reached its peaks in all measuring points, occurred afternoon and particularly 

from 14:00 to 15:00, owing to the high intensities of solar radiation that reaches the ground 

during this time and the long-wave radiations emitted from the urban surfaces at street level. 

The maximum hourly average was 45.8 °C observed in RS5 at 14:00 and 15:00. On the other 

hand, the minimum daily average ambient air temperature recorded during the period of 

investigation was at the early hours in the morning at 6:00, just before the sunrise. The 

minimum Ta observed was about 32 °C in RS2 at 6:00. Note the increased night-day 

variation in Ta (>12 °C), which is assumed in such desert climate region due to clear skies 

and dry climate condition. During the period of high Ta, the differences between the remote 

stations and the central station become more pronounced at 15:00, which could reach up to 

4°C. From the geometrical point of view, these maximum differences of Ta from 14:00 to 
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15:00 within the street canyons can be attributed to the effects of long-wave radiations 

released from the irradiated urban surfaces near the ground, in which the intensity of such 

radiations are mainly determined by the geometrical form of the street canyons, 

(Santamouris 2001b; Matzarakis et al. 2007). The following will briefly discuss the 

relationship found between the canyon geometries and microclimate conditions according to 

the hourly average of Ta obtained from two remote stations (RS4 and RS5) with reference to 

the corresponding Ta measured from the central station at buildings’ rooftop (CS), Figure 

 3.24. 

 
Figure  3.24. Hourly average Ta obtained from the RS4, RS5, and CS during the period from 

15/07/2010 to 14/08/2010 in Al-Quds neighbourhood. 
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remote station 4 (RS4), which has a SVF equal to 0.686 and is protected from the afternoon 

solar radiations by tall trees, has recorded the minimum hourly average Ta during the 

daytime. The maximum difference observed between RS4 and CS was 1.2 °C from 14:00 to 

15:00. In addition to the influence of the surrounding vegetation that provide protection from 

the afternoon radiation, the RS4 is located at the corner of T-intersection of local streets 

which, to some extent, provides better cooling ventilation and reduce the effects of long-

wave radiation emitted from the location facets on Ta readings. 

Although the SVF of street canyons in such urban context can, to some extent, determine the 

thermal condition of the microclimate at pedestrian level, particularly during the daytime, it 

appears from the above two examples, RS4 and RS5, that the urban layout and protection 

from direct solar radiation provided by shading elements, such as trees, can play an 

important role in determining the thermal condition at street level. 

Concluding remarks from the microclimate measuremen ts 

From what has been discussed above, it can be observed that the heat island does exist in the 

urban area, represented by Al-Quds neighbourhood. The daily average of �Ta urban-rural 

found during the microclimate measurements was +3.5 °C. However, due to the daily 

average climate data that provided by the rural weather centre, a detailed study of Ta 

variations between the urban and rural, i.e. hourly Ta comparison, was not possible. 

Therefore, the study cannot determine the temporal characteristics of the urban heat island 

phenomenon.  

In terms of the influence of the geometrical characteristics of the measured locations, it was 

found that in such an urban context, where there were no considerable differences between 

the SVFs of the urban canyons, the factors of urban layout and the existence of shading 

elements that provide protection from direct solar radiations, such as trees, become dominant 

in determining the thermal characteristics of the microclimate conditions at street level. 

According to the Ta readings obtained from the remote station 5 (RS5), which is located 

close to the heavy motorway that pass from the west side of the investigated neighbourhood, 

no evidence of advection heat, transferred from the nearby heavy motorway was found. This 

is can be clearly acknowledged from the hourly average Ta obtained from the RS5 during the 

nighttimes (the time of day at which heavy traffics are usually observed on the motorway) 

when compared to the corresponding Ta obtained from the other remote stations that, 
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relatively, are located far from the motorway. Indeed, this undetectable influence of 

advection heat can be caused by a number of factors. One of which can be the direction of 

the prevailing wind, which was not reported in this study. The limitations found in the 

methods used during the microclimate study can be summarised in the following points: 

� Although the Ta and RH data obtained from the remote stations can, to some extents, 

describe the thermal condition within the street canyons, more information about the 

characteristics of the other meteorological variables, such as the global radiation (K), 

wind speed (v) and mean radiant temperature (Tmrt), are necessary to clearly 

understand the influence of canyons geometries on the microclimate conditions at 

street level and consequently the human thermal comfort. In addition, it will be more 

convenient to continuously measure the surface temperatures of canyons’ facets, 

walls and ground, in order to have an overall understanding on the mutual influences 

between canyon geometry, surface temperature, and microclimate condition. 

� Since there were no considerable differences in the geometrical characteristics 

between the measured street canyons, quantified by their SVFs, thus, it would be 

more convenient to perform the microclimate measurements in a neighbourhood area 

that has street canyons with considerable SVFs differences in order to acquire more 

descriptive data on the role of canyons’ geometries on determining the microclimate 

condition at street level. 

� For the sake of understanding how different urban geometries affect microclimate 

conditions, it will be more convenient to perform microclimate measurements in two 

urban locations that have different urban characteristics in order to find out to what 

extent different urban geometries affect the local microclimate conditions in Riyadh 

City. 

3.3.2.b. Outdoor thermal comfort study: 

A total of 28 sets of records were obtained from males participants during the comfort 

questionnaire survey. Samples with some missing data or that the respondents were unclear 

about their answers in section 1 and 2 were considered invalid and, therefore, a total of three 

samples were excluded from the final survey’s outcomes. In addition, the feedback from the 

third section in the questionnaire survey, which reports the users’ preferences in terms of a 
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number of factors related to urban design and planning, are not discussed here because of the 

very few responses obtained from this section. Hence, the following material discusses the 

responses obtained from a total of 25 valid records. The comfort survey was conducted 

during noon, afternoon and evening times with outdoor users found near public premises, 

such as mosques, groceries, and within the local streets. Figures 3.25.a to 3.25.f show the 

frequencies of the following classifications: (a) the respondents’ ages, (b) the local residents 

who permanently live in the area, (c) the period of day that the respondents usually spend 

times outdoors, (d) the previous activities and (e) environments of the respondents within the 

last 30 minutes, and finally, (f) the drinks/foods consumed by the respondents within the last 

30 minutes before their participation in the comfort questionnaire survey. Basically, the 

majority of the participants ranged in ages between 20 and 30 years old, were indoors, 

walking, and had no drinks or food consumed within the last 30 minutes.  

 

 

 

Figure  3.25. Frequencies of the respondents, including age group (a), residency (b), and time of the 
day spent outdoors (c), alongside the previous activities (d), previous environments (e) and foods and 

drinks consumed prior to the comfort questionnaire survey. 
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Frequency related to the type of residency shows that 57.7% of the participants are local 

residents and permanently live in the area, whereas 42.3% are visitors. In addition, frequency 

readings show that the periods of day that the respondents usually spend times outdoors are 

during the morning and evening. However, few numbers of participants spend time in 

outdoor spaces during afternoon. In terms of the respondents’ thermal perception votes 

(TPV), regression models were generated to find out the relationship between the TPV and 

the environmental parameters measured during the questionnaire survey, namely; (a) air 

temperatures (Ta), (b) globe temperatures (Tg), (c) relative humidity (RH), and (d) wind 

velocity (v), Figure  3.26.a to 3.26.d. It should be mentioned here that in these regression 

models the set of measured Ta and GR during the questionnaire survey were divided into a 

total of 10 data bins with an increment of 2°C. Mean thermal perception vote (MTPV) of the 

number of subjective responses that fall within each data bin was given. In addition, relative 

humidity and wind velocity obtained were also divided into groups with increment of 2% for 

the relative humidity and 0.4ms-1 for the wind speed in order to measure the respondents’ 

mean acceptable values in both meteorological variables. 

 

 

Figure  3.26. The mean perceptions of the respondents to Ta, RH, v, and Global temperature (Tg) 
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and 36 °C, respectively. Correspondingly, no significant correlations were found between the 

respondents preferences in terms of the other two meteorological parameters of v and RH - 

R2 = 0.5131 and 0.2156 for the v and RH, respectively - owing to a number of possible 

reasons. Some of which is caused by a high variability in time and space of relative humidity 

and wind velocity in such open and dynamic environment. Another reason for the 

randomness found in the respondents’ perceptions to relative humidity seems to be related to 

the inability of the respondents to determine their perceptions to the relative humidity in such 

dry climate condition (maximum RH measured during the survey was 18%). It should be 

mentioned here that it was quite difficult, especially with a use of such handheld 

instantaneous measuring device (4-in-1 Environmental Meter, Model 45170), to determine 

the average of wind velocity (v) and relative humidity (RH) values for the perceptions and 

preferences scales. In addition, the built-in anemometer in the measuring device has to be 

facing to the direction of wind flow in order to accurately measure the speed, which becomes 

impossible within such unstable and turbulent wind regime. 

Concluding remarks from the outdoor comfort survey 

Although there were few numbers of responses obtained during the comfort questionnaire 

survey, the following conclusions can be drawn. From a statistical point of view, it appears 

from the frequencies that the periods of day in which the majority of respondents prefer to 

spend their times outdoors in such severe hot climate condition in summer are during the 

morning and evening. These are the periods of day in the summer in which the Ta in outdoor 

spaces become relatively low compared to the corresponding values measured during noon 

and afternoon. Almost all respondents who were interviewed during the noon and afternoon 

times have said they were in indoor spaces within the last 30 minutes, about 73.1% from the 

total. Correspondingly, the respondents who said they were in outdoor spaces were 

interviewed during the evenings. These latter frequencies, in fact, indicate the severity of the 

outdoor thermal conditions during the daytimes which, as a result, limit the use of outdoor 

spaces in such urban area.  In terms of the subjects’ thermal perceptions and preferences, the 

regression models of Ta (a) and Tg (b) show agreements among the participants in terms of 

their perceptions to Ta and Tg values. In general, the respondents consider the thermal 

condition during the daytime as extremely hot and dry, whereas the few participants who 

were interviewed during the night-times (4 participants) consider the thermal during night-

times as comfortable. The limitations found in the methods used during the outdoor comfort 

survey can be summarised in the following points: 
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� Given that the Al-Quds neighbourhood, where the pilot outdoor comfort survey was 

carried out, was planned to give more priority to transportation than pedestrians, 

thus, the chances of meeting people in outdoor spaces were found to be very limited. 

� The limited number of participants has, to some extent, limited the reliability of the 

results, particularly in that related the respondents’ perceptions to humidity and wind 

speed. Thus, more samples have to be targeted in the major comfort survey of this 

thesis in order to compensate any defects that might be found, particularly in the 

respondents’ perceptions to RH and v. 

� The handheld environmental meter used during the questionnaire survey (4-in-1 

Environmental Meter, Model 45170) was basically designed to provide readings for 

the immediate meteorological variables, but not the averages which might overcome 

any randomness found due to a high variability in space and time of the 

meteorological quantities, and particularly in relative humidity and wind speed 

during interviews. 

� Some concerns in regard to the reliability of the adopted nine-point scale comfort 

questionnaire were derived during the interviews and will be taken into 

consideration in the design of the major outdoor comfort questionnaire survey, 

including the duration of interview in such sever hot climate condition, the relevant 

of the nine-point scale for specific questions, such as for that inquire about relative 

humidity, wind velocity, and sun/shade perception and preferences. Therefore, it 

seems it will be more convenient to just inquire about such factors preferences using 

a scale of: [prefer less - no change - prefer more]  

All of the above mentioned limitations, whether in the method used in the macroclimate 

measurements or during the comfort survey, will be taken into account before commencing 

the major outdoor comfort study and in the microclimate studies, which are presented in 

chapters 4 and 5, respectively. 

3.4. Summary 

This chapter presented an overview on the urban and climate characteristics of Riyadh City, 

such as the prevailing climate condition in the city, the urban and population densities and 

the existing urban forms and buildings typologies. A study of urban surface heat islands was 
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also presented in this chapter by the use of satellite thermal images. Form the satellite 

images, a map of thermal distribution patterns of the urban surfaces in Riyadh City was 

generated and the result was discussed in relation to the existing urban land cover, urban 

zones, and the urban and population densities in the City. Finally, the results from the pilot 

study of microclimate and thermal comfort in outdoor spaces were briefly discussed to 

highlight some findings, as well as the limitations found in the methods used in both tasks. 

These findings were used in the development of the methods used in the following chapters. 

 



 

 
 

4. Outdoor Thermal Comfort 
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This chapter reports the study of outdoor thermal comfort which was carried out under 

summer condition in Riyadh city, as assumed for the main microclimate and energy 

modelling (see chapters 6 and 7). The comfort study intends to assess the thermal 

perceptions and preferences of local residents within the urban street canyons in Riyadh City 

by means of questionnaire survey. This is done in order to determine the acceptable thermal 

condition in outdoor spaces by identifying the upper limit of the comfort index, PET, and to 

highlight the influence of personal and physical information of the outdoor users such as 

ages, height, weight, as well as the physiological factors including, cloth resistance and 

activities on their tolerance to extreme environmental condition in such hot and dry climate 

region. Findings derived from this study will be used to assess the geometrical impacts of 

different urban settings on thermal satisfactions of outdoor users in the microclimate studies 

(chapter five), and in the numerical modelling as well. 

4.1. Introduction  

In hot arid climate regions, people are more likely to be exposed to heat stress in outdoor 

spaces during daytimes compared to other climate regions, i.e. tropical and sub-tropical 

regions, particularly during the summer season where high and intense solar radiation is 

usually observed. Indeed, the duration of being exposed to heat stress in urban areas can be 

extend to include nighttimes, owing to the fact that the retained heats in the urban surfaces 

are released to the lower urban atmosphere – the so called urban canopy layer (UCL) - which 

makes people more vulnerable to heat stress and more concern of their thermal comfort in 

urban spaces. For that reason, there are a considerable amount of studies aimed to evaluate 

the roles of urban geometry and street design on determining the climate condition at 

pedestrian level. Some of these have dealt with this issue by evaluating the impact of 

vegetation and tree shading on thermal conditions at pedestrian level and, consequently, on 

the human thermal comfort (e.g. Lin et al. 2010; Shashua-Bar et al. 2011; Lin et al. 2013), 

while others have focused on understanding the role of urban geometries, i.e. buildings and 

street canyons, in regulating comfortable microclimate conditions within the urban canopy 

layer UCL (e.g. Golany 1996; Ali-Toudert and Mayer 2006; Gulyas et al. 2006; Johansson 

2006a; Berkovic et al. 2012).  

Apart from the available knowledge in this field, which is derived from studies carried out in 

mid-latitude regions, the assessment of outdoor thermal comfort in hot-arid climate regions 

has probably received the least research efforts compared to other climate regions. In 
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addition to that, no such universal thermal comfort range has been identified yet to be 

applicable in all climate conditions (Hwang et al. 2011), since it can vary according to the 

climate region and other psychological factors, including cultural and social background 

(Aljawabra and Nikolopoulou 2010). Thus, further investigations in regards to the 

determination of comfort index in such hot and dry climate conditions are recommended 

(Johansson 2006b). Hence, the present outdoor comfort study intends to evaluate the thermal 

perceptions and preferences of people in outdoor spaces in hot an arid climate regions with 

reference to Riyadh City, Saudi Arabia.  

4.2. Methods and instrumentations 

4.2.1. Location  

A thermal comfort questionnaire survey was carried out in the Al-Marqab neighbourhood, 

which is located in the Riyadh’s Core Zone at 24° 38ˈ N, 46° 43̍ E, and 595m above the sea 

level and extends over an area of 40 hectares, Figure  4.1. More about the urban 

classifications in Riyadh City is presented in details in chapter 3, section  3.1.3. The purpose 

of carrying out the outdoor comfort survey in such an urban area is due to the fact that this 

area has a unique urban fabric with different canyon geometries and orientations which, as a 

result, makes it a typical sample where every location in the area can create its own 

microclimate condition.  

 

Figure  4.1. Al-Marqab neighbourhood, Riyadh City, source: drawn by the author based on digital 
maps obtained from the Riyadh Development Authority (RDA) 

In addition to the unique urban fabric of the Al-Marqab neighbourhood, there are more 

pedestrians in this area compared to the majority of the contemporary residential 
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neighbourhood districts in Riyadh City which are planned basically based on imported urban 

planning systems to give more priority to transportations than to pedestrians. Therefore, the 

chance of meeting people in outdoor spaces to accomplish the comfort survey successfully is 

more likely to occur in the Al-Marqab than in any other urban areas. 

4.2.2. Outdoor comfort survey  

A subjective thermal comfort survey was carried out by means of questionnaire. The 

structure of the questionnaire is designed to report the thermal perception and preferences of 

outdoor users at pedestrian level during the summer season, particularly in July which is 

considered to be representative of a typical summer in Riyadh City. The structure of the 

comfort questionnaire is adapted from similar comfort studies carried out in outdoor spaces 

(e.g. Ealiwa et al. 2001; Spagnolo and de Dear 2003; Krüger et al. 2011), which also satisfies 

the recommendations derived from pilot comfort study presented in Chapter Three under the 

preliminary studies. Basically, the questionnaire is designed to evaluate the human thermal 

perception and preferences by votes based on seven-point scale model adopted from 

ASHRAE (2009b), which was developed from field studies (Rohles Jr and Nevins 1971; 

Rohles Jr 1973). It takes into account the environmental and personal factors found to 

influence the human comfort, Figure  4.2. In addition to time, date, and geographical location, 

the first section on the questionnaire reports the environmental parameters during the survey 

that found to influence human comfort, including air temperature (Ta), relative humidity 

(RH), wind velocity (v), and mean radiant temperature (Tmrt). The environmental conditions 

of the locations, where the interviews were taking place, were also described quantified by 

the global radiation (K) in the location and the availability of shading. The second section of 

the questionnaire describes the personal information of the participants, including gender, 

age group, height, weight, clothing insulation, activity, food and drinks consumed. The 

previous environments (indoor or outdoor) were also reported in this section for each 

interviewee and limited to the last 15 minutes before entering the questionnaire survey as 

recommended by ASHRAE Standard (ASHRAE 2004). Clothing insulation values (clo) of 

the participants were estimated by the interviewer according to the sum of the insulation 

value of individual garments (McCullough et al. 1984; ASHRAE 2004), see Appendix B.1. 

However, the resistance values of some traditional clothes, if found, were estimated 

according the closest garments available in the standard. For instance, the traditional white 

thoub, which is usually made from light fabrics and covers almost 80% of the body, was 

given a value of 0.3 (clo), similar to the value of long-sleeved gown (thin). 
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Outdoor Thermal Comfort Questionnaire 

Date:            /            / Time        :         : am/pm 
 

Questionnaire #: 
   

Geo. Location:         LAT:   24°. 
  

LON:    46°. 

Metrological data: SVF: Spatial Char: � Shaded 
 
� Sunlit 

Ta (°C) Tmrt (°C) V (m/s) RH (%) GR Ts (°C) 

                    
N S E W 

                        
 

A- Personal Data 

 

A1- Gender: � M � F 
  

A2- Weight: 
 

Kg/lb 
  

A3- Height: 
 

cm/f 

A4- Age Group: A5- Clothing: 

 
� < 20 

      
� Ghutra / Shemagh � Cap 

 
� 20 - 30 

     
� Emma � None 

 
� 31 - 40 

     
� Hat 

  

 
� 41 - 50 

      

 
� 51 - 60 

     
� Sleeveless Shirt 

 
� L. Sleeve. Shirt � Jacket 

 
� > 60 

      
� Underwear. Shirt � Blouse � Pak. Blouse 

A6- Activity: (Within last 15 min) � C. T-Shirt 
 

� Vest 
    

 
� Sleeping � Walking 

 

 
� Sitting � Jogging � Pants � Normal trouser � W. Thoub 

 
� Selling � Cons. Work � Sunna trouser � Jeans � C. Thoub 

 
� Standing � Other � Walking Short � wizra � Pak. Trouser 

 
� Praying 

 
� 

    

          
� Shoes & Socks � Sandal � Thongs 

 

A7- Foods and Drinks: (Within last 15 min) 
             

 
� Meal � Snack � Hot Drink � Cold Drink � None 

 

A8- Previous Environment: (Within last 15 min) 
            

 
� Indoor � Outdoor 

               
 

B- Thermal sensation votes: 

 

B1- How do you currently feel? - Circle the appropriate answer: 
       

   
0 +1 +2 +3 

  

     
Neutral Warm Hot Very Hot 

  
 

 
B2- Adjust the temperature: 

        
Less  � � More 

        

  
-3 -2 -1 No Change +1 +2 +3 

  
 

� B3- Wind preferences: 

  
� Less Air Movement � Prefer no change � More Air Movement 

 

� B4- Humidity preferences: 

  
� Less Humidity � Prefer no change � More Humidity 

 

� B5- Shading preferences: 

  
� less solar radiations � Prefer no change � More solar radiations 

 

Note: 

Figure  4.2. Sample of the questionnaire used during the outdoor thermal comfort survey
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In terms of the metabolic rates given, the participants were asked about their previous 

activities during the last 15 minutes and an estimated value of metabolic rate, measured in 

Wm-2, was assigned to each participant following the typical metabolic heat generation 

values for various activities listed in ASHRAE standard (ASHRAE 2004), see Appendix 

B.2. The last section in the questionnaire survey is designed to measure the participants’ 

thermal perceptions and preferences in terms of the ambient thermal conditions, as well as 

preferences of wind speed, humidity, and sun/shade. In terms of the thermal perceptions and 

preferences, the scale used in this study was adapted from ASHRAE scale of subjective 

warmth, which uses seven-point scale to measure people thermal perceptions. In the present 

comfort study, however, this scale has been slightly adjusted to suit the nature of the 

environmental condition in Riyadh during the summer season. For instance, in the thermal 

votes, the scales of warm, hot, and very hot have been used instead of slightly warm, warm, 

and hot, Table  4.1. This is because the climate condition in summer during daytimes in 

Riyadh can be extremely hot and the globe temperature could reach up to 56°C under sunny 

condition. Thus, a person being extremely stressed under such thermal condition is assumed. 

Another reason for such adjustment was due to the fact that the ASHRAE scale was basically 

designed for indoors settings and thermal sensations of being slightly warm or warm are 

expected, whereas in outdoor spaces people might find it difficult to distinguish between 

such thermal scales, especially in severe hot climate condition. Moreover, since the 

questionnaire was conducted during the summer, where extreme hot condition in Riyadh city 

is usually observed in outdoor spaces, the thermal sensation votes of being slightly cool, 

cool, and cold were omitted. 

Table  4.1. ASHRAE scale of subjective warmth, as well as the scale used in this study 

ASHRAE Scale Cold Cool Slightly cool Neutral Slightly warm Warm Hot 

Code -3 -2 -1 0 +1 +2 +3 

The scale used in the present study - - - Neutral Warm Hot V. Hot 

In terms of wind speed, relative humidity, and sun/shade preferences, the participants were 

asked to express their preferences using a scale of prefer less, prefer no change, and prefer 

more. It should be mentioned here that, the structure of the comfort questionnaire used in this 

study was designed to limit the duration of the interview with the subjects (two minutes in 

average) in order to limit the influence of the continues changing in the values of the 

environmental variables in outdoor settings on the heat balance of the subjects. 
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4.2.3. Instantaneous microclimate measurements  

Along with the comfort questionnaire survey, the microclimate condition was simultaneously 

measured and recorded using a mobile weather station during the comfort survey.  It 

included all the environmental parameters considered to influence human thermal comfort in 

outdoor spaces, including air temperature (Ta), relative humidity (RH), wind velocity (v), 

globe temperature (Tg), and global radiations (K). Meteorological instruments provided by 

the WSA, Cardiff University, were mounted and carefully assembled on a light and 

adjustable aluminium tripod at varying heights according to its function, Figure  4.3.  

 

Figure  4.3. Detailed drawing showing the locations of the instruments on the portable station that 
used during the questionnaire survey, source: the author 

The blackened hollow globe, which measures globe temperature, was put at 1.1m above the 

ground level at the middle of average height of a standing adults’ centre of gravity (Mayer 

and Höppe 1987; Gulyas et al. 2006). Anemometer and Pyranometer instruments were kept 

at the top of the mobile station at 1.46m and 1.50m, respectively, to obtain representative 

wind speed and incoming solar radiations sensed by the a standing person during the 

questionnaire survey, and to avoid any interruptions in readings of both variables that may 

caused by the other instruments, or by the station itself.  

Table  4.2 lists the specifications of the sensors mounted on the mobile station. Air 

temperature (Ta) and relative humidity (RH) are measured with Vaisala temperature and 

humidity probe (Campbell model HMP45C-L, temperature accuracy at 20 °C ±2°C and ±2% 

Pyranometer (SP Lite2)

Anemometer (A100R)

Datalogger
(Eltek - 1000 series)

Globe thermometer

Vaisala temperature and humidity probe

110cm

136cm

150cm

146cm
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RH from 0 to 90% Relative Humidity) at approximately 1.3m above the ground and shielded 

by Gill Radiation Shield (RM Young model 41003 10-Plate) to protect the temperature and 

humidity sensors from direct sunlight and wind allowing measurements of true air condition.  

Table  4.2. The environmental parameters and instrumentations used in the mobile weather station 

Parameter Height (m) Unit Instrument 

Air temperature (Ta) ~ 1.3 °C Vaisala Ta and RH probe (HMP45C-L) 

Relative humidity (RH) ~ 1.3 °C Vaisala Ta and RH probe (HMP45C-L) 

Globe temperature (Tg) ~ 1.1 °C Thermistor (Type: AVX 2000Ω) 

Wind speed (v) ~ 1.5 ms-1 Anemometer (A100R) 

Global radiation (K) ~ 1.5 Wm-2 Pyranometer  (Kipp & Zonen SP Lite2) 

Datalogger - - Eltek (1000 series Squirrel meter/Logger) 

Global radiation is measured with Pyranometer mounted at the top of the mobile station at 

1.5m above the ground level (Kipp & Zonen model SP Lite2 sensitivity 10.1 µV/Wm-²). 

Wind speed is also measured with a three-cup anemometer  (Vector instruments, model 

A100R with a starting threshold of 0.6 ms-1 and accuracy of 1% of reading 10-55 ms-1 and 

2% of readings higher than 55 ms-1), at approximately 1.46m above the ground level. Finally, 

globe temperature is measured with thermistor at the centre of a 38mm blackened hollow 

globe at about 1.1m above the ground level. Data from all sensors are recorded in a 

datalogger (Eltek model 1000 series Squirrel meter/Logger). All of the mentioned 

meteorological parameters were continuously recorded in a datalogger (Eltek 1000) in form 

of 2-minutes-averages (scan interval: 5 s) over 9-hour-period from 9:00 to 18:00.  

4.2.4. Calculation procedures used to estimate the Tmrt and PET  

Mean Radiant Temperature (Tmrt): The mean radiant temperature can be several degrees 

higher than air temperature in outdoor setting (e.g. Mayer and Höppe 1987; Gulyas et al. 

2006; Lin et al. 2010; Tan et al. 2013). It is of critical importance for governing the human 

energy balance in outdoor spaces, especially under sunny condition. In addition, it is an 

essential factor in calculating the PET index – the comfort index used in the present study. 
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Several studies have used different approaches to estimate this variable in outdoor settings. 

Some estimate the Tmrt using the integral radiation measurements and angular factors 

approach, which is done by dividing the surrounding environment of the human body in 

outdoor spaces into two sections facing the upward and downward directions (e.g. Spagnolo 

and de Dear 2003), or into six directions (e.g. Hoppe 1992; Tan et al. 2013). This is done to 

measure all radiation fluxes and waves absorbed by the human body, including short-wave 

and long-wave radiation as well as the diffuse and reflected radiation. Although these two 

methods provide accurate estimations of Tmrt in outdoor environments, they are time-

consuming and costly (Spagnolo and de Dear 2003; Thorsson et al. 2007).  Another simple 

approach would be to use the standard globe thermometer consisting of a blackened copper 

hollow sphere similar to the one used for indoor setting with a diameter of 150 mm and a 

thickness of 0.4 mm. However, the 150 mm copper globe thermometer takes up to 20 

minutes to reach equilibrium (McIntyre 1980; de Dear 1987), and such thermal state will be 

never achieved if the air speed or ambient temperature change over the time, such as of that 

in outdoor environments. 

To avoid such limitations which might be found in the above mentioned approaches, whether 

in cost and time or even in response time, one simple and low cost approach is to use a 38 

mm flat gray globe thermometer (e.g. Ng and Cheng 2012; Tan et al. 2013), which is 

considered to provide a good and reliable estimations of Tmrt in outdoor environment 

(Thorsson et al. 2007). In this approach, the Tmrt is calculated from the measured 

meteorological variables, including globe temperature obtained from a 38 mm globe 

thermometer, air temperature and wind velocity, according to ASHRAE (2009c) using the 

following equation : 

Where Tg is the globe temperature (°C), Ta is the air temperature (°C), v is the wind speed 

(ms-1), D is the globe diameter (mm), and (ε) is the globe emissivity.  

In the present comfort study, the globe thermometer was constructed and made with 

reference to prior studies to improve the response time and accuracy (e.g. Humphreys 1977; 

Nikolopoulou et al. 1999; Thorsson et al. 2007). Therefore, a thermistor is held in the centre 

of a 38mm diameter table-tennis ball painted with matt black, ε = 0.95, instead of matt grey, 

and was kept at 1.1m above the ground level. Therefore, the measured Tg alongside with Ta 

and v are used to estimate the Tmrt values using Eq.  4-1.  

Tmrt = ((Tg + 273.15)4 + ((1.1×108 v 0.6) / (εD0.4)) x (Tg − Ta)) ¼ - 273.15 Eq.  4-1 
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Physiological Equivalent Temperature (PET): The PET index is calculated in the present 

comfort study using RayMan Pro 2.1 model (Matzarakis et al. 2007). RayMan model has 

been widely used to estimate thermal indices such PET, PMV and SET* in complex urban 

settings from measured meteorological data, including Ta, Tmrt, RH, and wind speed (e.g. 

Gulyas et al. 2006; Lin et al. 2010; Hwang et al. 2011). Similarly, the meteorological data 

obtained during the individual comfort survey will be used to calculate the PET index of the 

subjects entered the comfort survey. 

4.3. Results and discussions: 

The results presented here describe the thermal comfort of outdoor users obtained by a 

questionnaire survey in the Al-Marqab neighbourhood, Riyadh, Saudi Arabia. The survey 

was conducted on eight days namely on the 2nd, 4th, 6th, 9th, 12th, 14th, 18th, and 24th of 

July 2011. In general, the interview with the participants begins at 9:00, and ends just before 

the sunset at 18:20. However, on couple days the interview was extended until 20:00 after 

sunset. Except for few interviews that were done in sunlit locations, the majority of 

participants were interviewed in shaded areas within street canyons, Figure  4.4. 

  

Figure  4.4. Images taken during the comfort survey in shaded locations within street canyons, source: 
the author 

A total of 211 sets of valid samples were obtained during the comfort questionnaire survey. 

The date and the local standard time were set in both the data logger of the mobile weather 

station and in the interviewer hand watch according to the computer date and time, in order 

to precisely correlate the time recorded at the beginning of each interview with the measured 

meteorological parameters recorded in the data logger. All participants are local residents 

who have been living in the area, where the questionnaire was conducted, for more than one 
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year, and were different in terms of their ethnics, nationalities, education level, and even in 

their spoken languages. To avoid any miscommunications during the interviews, an educated 

interpreter was hired during the questionnaire survey to ensure a clear understanding of the 

concept of the questionnaire and to precisely explain the questions asked to those who do not 

speak Arabic or English. Samples with some of chronic diseases such as diabetes, heart 

problems or blood pressure, as well as handicapped were considered invalid and, therefore, a 

total of five samples were excluded from the final outcomes. Most of these invalid samples 

were aged over 60 years old. Females were excluded from the comfort survey due to cultural 

aspects that hinder from interviewing them, in addition to the fact that women are rarely seen 

in outdoor spaces, particularly in the area where the comfort survey was taking place. Hence, 

only male genders were interviewed and accounted for 100% of the total samples. 

4.3.1. Meteorological conditions  

Table  4.3 shows the summary of the measured meteorological variables, as well as the 

minimum, maximum, and mean of the calculated PET index during the comfort survey. One 

can notice that the mean values of some of the measured environmental variables were 

slightly biased toward the minimum values, such as in the glob temperature (Tg) and mean 

radiant temperature (Tmrt), and greatly in the global radiation (K). This was probably due to 

the fact that the largest proportion of interviews with the subjects were carried out  in shaded 

locations, where the thermal conditions in such locations are relatively low compared to the 

corresponding ones measured under sunny conditions. This state can be also acknowledged 

by the narrow distance to the means which is expressed by the standard deviation (Sd). Later 

in this chapter, the values of some meteorological variables obtained under sunlit location, 

such as mean radiant temperature (Tmrt) and air temperature (Ta), will be removed in order 

to determine their equivalent PET values without the influence of direct solar radiation. 

Table  4.3. Descriptive statistics of the meteorological data measured during the questionnaire survey 

Parameters Min  Max Mean St. dev. 
Measured air temperature - Ta (°C )  35.90 43.80 40.94 1.79 

Measured globe temperature - Tg (°C )  36.60 48.60 40.81 2.07 

Calculated mean radiant temperature – Tmrt (°C ) 36.67 60.81 40.72 3.45 

Measured wind velocity – v (ms-1)  0.00 1.88 0.58 0.35 

Measured relative humidity – RH (%)  7.03 12.03 8.79 0.86 

Measured global radiation – K (Wm-2)  0.00 780.20 48.06 119.46 

Estimated thermal comfort index – PET (°C ) 36.40 52.20 41.61 2.66 
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4.3.2. Frequencies  

4.3.2.a. Personal data - Section (A), questions: [A1 – A8]  

The following shows the frequency distributions of the participants in relation to the personal 

questions asked, including ages, heights and weights, clothing, previous environments and 

activities, as well as food and drinks consumed by the participants within the last 15 minutes 

before entering the survey. It should be stressed that, the average values derived from each 

question asked, particularly from personal data, activity and clothing resistance, will be used 

to estimate the PET index in outdoor spaces of the numerical models (see chapter 7).  

Ages: Figure  4.5 shows the age distributions of the participants which ranged between less 

than 20 and more than 60 years old. A considerable number of the participants, or 42% from 

the total valid samples, were ranging in ages between 20 and 30 years old, and the numbers 

decrease as the age increases. Only one valid sample aged over 60 years old has been 

considered, since the rest of the participants within this age group have been reported with 

chronic diseases, such as blood pressure or diabetes, and considered invalid. The numbers of 

participants that fall in age groups 31-40 and 41-50 were almost in convergent rates ranging 

from 24.2% and 21.8%, respectively. In the age group of less than 20 years old, only eight 

were participated and accounted for 3.8% from the total valid samples.  

 

Figure  4.5. Frequency distributions of participants’ ages 

It is worth mentioning here that, the World Urbanization Prospects in their 2010 Revision 

(UN 2010) has stated that the median age of population in Saudi Arabia is 25.9. Indeed, this 

median age of population in Saudi Arabia gives the comfort survey some kind of 
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representation since the largest proportion of participants in the comfort survey are aged 

between 20 and 30 years old, and account for about 42.2% from the total valid samples. 

Heights and Weights: In terms of the participants’ heights and weights, Figure  4.6 shows 

that about 40.3% of the participants fall within the heights range between 161cm and 170cm, 

whereas about 28% and 23.7% of the total were in the height groups of 151-160 cm and 171-

180 cm, respectively. By implication, about half of the total participants ranged in heights 

between 151cm and 180 cm.  

The average height of the whole valid samples is 162.97cm. In terms of weight, about 45% 

of the total valid samples were within the weight between 55 and 69 kg, followed by 28.9% 

of participants weighted between 70kg and 84kg. The numbers of participants were 

dramatically decreased as the weights increase. Only two participants weighted less than 

39kg and more than 115kg have been reported during the survey. In general, the weights of 

the majority range between 55kg and 84kg with an overall average weight of the total 

number of participants of about 65.76 kg. 

 
Figure  4.6. Frequency distributions of participants’ heights and weights 

Clothing: Clothing resistance values of the participants are estimated from the sum of the 

insulation value of individual garments (McCullough et al. 1984; ASHRAE 2009a). To 

maintain consistency, the individual garments were estimated by the interviewer rather than 

by the subjects and the sum of insulation values was given to each participant. Figure  4.7 

shows that about 80% of the total participants are wearing clothes with insulation resistance 

values ranging between 0.40 and 0.60 clo, while only 15.2% of the total participants had 

clothing resistance values between 0.61 and 0.80 clo. The average clothing insulation value 

of the total valid samples is approximately 0.54 clo. 

1.4%

28.0%

40.3%

23.7%

5.7%

0.9% 0.5%

13.3%

45.0%

28.9%

10.0%

1.9%
0.5%

0

5

10

15

20

25

30

35

40

45

50

0

5

10

15

20

25

30

35

40

45

50

<= 150 cm 151 - 160 

cm

161 - 170 

cm

171 - 180 

cm

181 - 190 

cm

191+ cm <= 39 kg 40 - 54 kg 55 - 69 kg 70 - 84 kg 85 - 99 kg 100 - 114 kg 115+ kg

%%

Heights (%) Weights (%)



Chapter Four Outdoor thermal comfort 

 

116 

 

 
Figure  4.7. Frequencies distribution of participants according to their clothing resistance values 

Along with the personal data of the participants, i.e. ages, heights, weights, and clothing 

resistance, other data related to the previous environments, activities, food and drinks 

consumed are also reported. It should be mentioned here that, all data related to previous 

environments and previous activities, foods and drinks consumed reported in this survey 

were limited to the last 15 minutes before the participant entered the survey.  

Previous environments: In terms of the previous environment, Figure  4.8 shows that about 

two thirds of the total valid samples have stated that they were in outdoor spaces within the 

last 15 minutes before conducting the survey with a total of 131 out of 211. In contrast 

participants who were indoors have accounted for about 37.9% with 80 participants. 

 
Figure  4.8. Frequency distributions of the participant’s previous environments 

Previous activities: In terms of the previous activities, the majorities of participants were 

performing outdoor activities and accounted for about 93%. These activities were including, 

walking (50.2%), sitting (29.9%), standing (11.4%), and working outdoors (1.4%). Only 

7.1% of respondents were performing indoors activities, Figure  4.9.  
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Figure  4.9. Frequency distributions of the participants’ pervious activities  

It should be noted that, the disproportion between the number of participants who voted they 

were in indoor spaces (n = 80), and those who were performing indoor activities (n = 15) 

occurred due to the fact that the majority of them were in indoor spaces within the last 15 

minutes, but were performing outdoor activities, i.e. walking, within the last 10 minutes 

before the interview. 

Food and Drinks: Responses obtained from the question relating to foods consumed show 

that the majority of the participants were fasting at the time when interviewed. Those 

respondents who voted [none], or had no food consumed, accounted for about 76% of the 

total valid samples. Correspondingly, few number of participants (n = 25) have reported they 

had snacks or meals within the last 15 minutes before entering the survey, Figure  4.10. 

 
Figure  4.10. Frequencies distribution of foods and drinks consumed 

In terms of the question related to the type of drinks consumed by the participants within the 

last 15 minutes, almost equal proportions have said they had no drinks or had cold drinks 

with 44.5% and 42.1% from the total, respectively. Only 26 participants, or equal to 12.3% 

from the total, have said they had hot drinks, i.e. tea or coffee, within the last 15 minutes 

before the interview. 

14

63

24

1

106

36.6%

29.9%

11.4%
0.5%

50.2%

1.4%

0

20

40

60

80

100

120

Sleeping (In) Sitting (Out) Standing (Out) Selling (In) Walking (Out) Working (Out)

Activities

Counts Percent

11.4% 12.3%

76.3%

44.5% 43.1%

12.3%

0

20

40

60

80

100

0

20

40

60

80

100

Meal Snack None None Cold Drink Hot Drink

%%

Food (%) Drinks (%)



Chapter Four Outdoor thermal comfort 

 

118 

 

4.3.2.b. Perceptions and preferences – Section (B), questions: [B1 – B5] 

The second part of the comfort questionnaire survey reports the participants’ thermal 

perceptions and preferences in outdoor spaces. It should be mentioned here that all 

participants were informed with the concept that, their thermal perceptions and preferences 

votes have to be consistent in order to achieve neutrality. For instance, if thermal perception 

vote is Hot (+2), the preference has to be (-2) in order to achieve Neutrality (0). Yet, in some 

cases this was not acknowledged due to the fact that some participants preferred to be in a 

cooler environment than being in neutral condition and this may be attributed to high heat 

stress. In addition, votes were subjected to the meteorological condition at given time and 

location which may vary according to the meteorological condition during the interview, 

such as the availability of acceptable wind speed and shadows. Thus, we may find, for 

example, a large proportion of participants voted “no change” in their preferences to wind 

speed, humidity, or shading.  

Thermal perception and preferences: In response to the beginning of section [B], which 

measures the thermal perceptions and preferences of participants (B1 and B2), Figure  4.11 

shows that about half of the total valid questionnaire samples felt that their overall thermal 

perception to the surrounding outdoor environment is “Hot” (50.7%), and almost equal 

proportion (53.6%) preferred to decrease the thermal condition of a given location two stages 

to achieve neutrality.  

 
Figure  4.11. Frequency distributions of questionnaire responses to thermal perceptions and 

preferences 
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the other hand, considerable variations were found among the participants who either prefer 

“no change” with only 11.8% and who preferred to decrease the thermal condition by one 

stage. No much difference is reported between in the number of participants who felt the 

thermal condition was “very hot” and those who preferred to decrease such thermal 

condition three stages down. 

Wind speed (v), relative humidity (RH), and shading preferences: In the last part of the 

questionnaire, which measures the participant’s preferences in terms of the ambient wind 

speed, humidity and shading (B3 to B5), the majority of participants have voted “prefer no 

change” across all questions asked as shown in Figure  4.12. Indeed, this is can be 

understood, particularly in the question of shading preferences as the majority of participants 

were interviewed in shaded areas during the daytimes.  

 

Figure  4.12. Frequencies of Wind, Humidity, and Shading preferences 

The frequency distributions presented in the figure above show that 91% were satisfied with 

the shading condition and preferred no change, and the rest (9%) preferred more shading. In 

terms of wind speed preferences, the votes were divided between the respondents who prefer 

no change (56.9%), and those who prefer more speed (32.2%). Only 1.9% of the total has 

voted they prefer less wind speed. Finally, although the humidity in Riyadh city is relatively 

low, the majority of respondents showed their satisfaction with the ambient humidity with 

76.8% from the total who preferred no change, and only 19% and 4.3% preferred more or 

less humidity, respectively. 
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Concluding remarks from the frequency distributions  study: 

The frequency distributions study presented above, outline the personal and physiological 

facts of the participants obtained during the outdoor comfort survey, as well as some data 

related to their previous environments, activities and food and drinks consumed. In general, 

the average participant’s age = 34, height = 1.62m, weight = 66kg, and had average cloth 

resistance equal to 0.54 clo.  

The majority of participants were in outdoor spaces performing light activities, i.e. walking, 

standing, sittings, etc., and were fasting during the last 15 minutes by the time when 

interviewed. In terms of the perceptions and preferences to the thermal conditions, about half 

of the participants (50.7%) found that the thermal condition during the comfort survey was 

Hot (+2) and almost equal proportion (53.6%) prefers to reduce it two stages down (-2). 

Equal proportions of participants have voted Warm (+1) and Neutral (0) with 24.2% 23.7%, 

respectively, and few numbers voted V. Hot (1.4%). In general, the majority of participants 

found the wind speed (v), relative humidity (RH), and shading during the interviews were 

acceptable and have preferred no changes. 

4.3.3. Correlations  

In this section, the relationships between the comfort index (PET) and the respondents’ 

thermal perception votes (TPV), air temperature (Ta), and mean radiant temperature (Tmrt) 

are assessed. In addition, the impacts of personal and physiological parameters on 

respondents’ thermal perceptions are also evaluated. In the most part, linear regressions 

models are used to assess the correlation coefficients between the variables of interest.  

In the first part ( 4.3.3.a to  4.3.3.b), the relationship between the PET index and the thermal 

perceptions votes and its equivalent Ta and Tmrt is highlighted, and a rage of PET values is 

determined for the mean of individual thermal perception votes.  

In the second part ( 4.3.3.c to  4.3.3.f), the influence of the respondent’s personal and 

physiological parameters - namely age, previous environments, activities, food and drinks 

consumed, on their tolerance to such sever hot climate condition in outdoor spaces are 

assessed, in addition to their preferences in terms of the ambient wind velocity (v), relative 

humidity (RH), and shading. 
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4.3.3.a. Relationship between TPV and PET 

With 211 thermal perceptions votes obtained during the comfort survey, it seems it is quite 

difficult, particularly in subjective comfort studies, such as the one in hand, to determine the 

PET value of thermal neutrality for all respondents, owing to randomness found in responses 

to the surrounding thermal conditions – the correlation coefficient (R2) found between the 

PET and TPV is 0.238, Figure  4.13. This is because, people in outdoor spaces can be 

influenced by various influential factors, some of which could be the subject’s history of 

exposure to the environment under investigation (Nagara et al. 1996), or their expectations 

and thermal history with environment under investigation, alongside with the other 

psychological adaptations, including naturalness, perceived control, and etc (Höppe 2002; 

Nikolopoulou and Steemers 2003).  

 
Figure  4.13. Thermal perceptions of 211 vs. PET outdoors of the total questionnaire samples 
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been found (R² = 0.9284, P < 0.001) between the mean thermal perception votes MTPV of 

all respondents and PET, which can be expressed by the following equation:  
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≈ 39°C), in which the respondents find the ambient thermal condition comfortable, is 

relatively high compared to other outdoor comfort studies done in different climate regions, 

including subtropical and hot-humid climate regions (e.g. Matzarakis et al. 1999; Spagnolo 

and de Dear 2003; Lin et al. 2013). However, This might be attributed to the high rate of heat 

loss from the human body through sweat evaporation in hot and dry climate conditions, 

which makes people relatively more tolerant to high temperatures compared to other regions, 

e.g. hot-humid (Smolander et al. 1987). In addition to the fact that people in sever climate 

conditions, such as the climate under investigation, are more likely to be psychologically 

adapted and have a high degree of control over a source of discomfort. 

 
Figure  4.14. Mean thermal perceptions Vs.PET outdoors of the total questionnaire samples 

In general, the majority of the respondents who believed the thermal conditions were 

acceptable and voted (comfortable) were interviewed during the morning times between 9:00 

and 10:00, and few numbers of participants who voted comfortable were interviewed at 

13:00, when the average air temperature was 43°C. By further asking the participants who 

voted comfortable during afternoon times about their previous environment, food and drinks 

consumed within the last 15 minutes, some of them have answered that they were walking in 

an exposed street canyon to solar radiation in which the globe temperature (Tg) could reach 

up to 56°C and, therefore believe that the thermal condition in such shaded area is relatively 

comfortable if compared to the exposed ones. Another respondent who voted comfortable 

during such high ambient temperature was fasting. Thus, his vote might be influenced to his 

low metabolic rate due to fasting. Indeed, these cases and other similar ones may justify the 

error found in the mean thermal perceptions, particularly in the votes of (Neutral) and 

(Warm), since the minimum and maximum thermal perceptions votes that fallen within these 

two categories range between (Comfortable) and (Hot), Table  4.4.  
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It is important to mention here that, no lower or minimum PET value is determined in the 

present comfort study since the survey was conducted during the daytimes in the summer 

where the lowest estimated PET was 36°C. Table  4.4 lists the ranges of PET values and the 

corresponding mean thermal perceptions votes, alongside the number of votes, number of 

votes, and standard error of mean. 

Table  4.4. PET values of the mean thermal perception votes of the total valid sample. 

PET (°C) 
Mean 
TPV  

No. Std. Deviation 
Std. Error of 

Mean 
Grouped 
Median 

Min. 
recorded 

Max. 
recorded 

36.01 - 37.00 0.75 

�� ��
   

 N
eu

tr
al

   �� ��
 4 0.5 0.25 0.75 Neutral Warm 

37.01 - 38.00 0.8333 6 0.98319 0.40139 0.75 Neutral Hot 

38.01 - 39.00 0.5385 26 0.70602 0.13846 0.4783 Neutral Hot 

39.01 - 40.00 1.0769 

�� ��
   

   
   

   
  W

ar
m

   
   

   
   �� ��

 

26 0.74421 0.14595 1.1 Neutral Hot 

40.01 - 41.00 1.15 40 0.8638 0.13658 1.2143 Neutral Hot 

41.01 - 42.00 1.5357 28 0.74447 0.14069 1.625 Neutral Hot 

42.01 - 43.00 1.4286 21 0.74642 0.16288 1.5 Neutral Hot 

43.01 - 44.00 1.4783 23 0.79026 0.16478 1.5789 Neutral Hot 

44.01 - 45.00 1.7778 18 0.54832 0.12924 1.8235 Neutral Hot 

45.01 - 46.00 1.8333 12 0.57735 0.16667 1.8333 Neutral Hot 

46.01 - 47.00 2 

�� ��
   

 H
ot

   
 �� ��

 2 0 0 2 Hot Hot 

47.01 - 48.00 2 1 0 0 2 Hot Hot 

49.01 - 50.00 2 1 0 0 2 Hot Hot 

51.01 - 52.00 3 

�� ��
   

V
. H

ot
   
�� ��

 

2 0 0 3 V. Hot V. Hot 

52.01+ 3 1 0 0 3 V. Hot V. Hot 

Total 1.2986 
 

211 0.84569 0.05822 1.3797 Neutral V. Hot 
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From Table  4.4 the majority of participants (n = 168) during the comfort survey found the 

thermal conditions Warm (79.6%), and the rest were distributed between the other mean 

thermal perception votes including Neutral (17.1%), Hot (1.9%), and Very Hot (1.4%), 

Figure  4.15.  

 
Figure  4.15. Frequency distribution of mean thermal perception votes MTPV 

4.3.3.b. The estimated PET and its equivalent Ta, and Tmrt 

A regression model is generated to assess the relationship between the estimated PET, and 

the measured environmental variables of interest, including air temperature (Ta) and mean 

radiant temperature (Tmrt), since both were found crucial in assessing the human comfort 

whether indoors (e.g. Nicol et al. 1999; Nicol and Humphreys 2002; Rijal et al. 2007), or 

outdoors (e.g. Mayer and Höppe 1987; Gulyas et al. 2006). Figure  4.16 shows the linear 

relationship between the estimated PET, and the environmental variables including the 

measured Ta and the calculated Tmrt on a scatterplots. 

 
Figure  4.16. Correlations of the calculated PET, air temperature, and mean radiant temperature 
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The above figure shows a significant positive correlation between the estimated comfort 

index (PET) and the calculated mean radiant temperature (R² = 0.7294), and their 

relationship can be expressed in the following equation:  

On the other hand, the relationship found between the estimated PET and the measured air 

temperature Ta was moderate (R² = 0.5273). This lower correlation coefficient compared to 

that found between the PET and Tmrt seems to be caused by the influence of some records 

obtained under sunny condition, in which the Tmrt within street canyons can be of 30K 

higher than Ta (e.g. Mayer and Höppe 1987; Ali-Toudert and Mayer 2006). In addition to 

that, air temperatures within street canyons were found to be homogenous due to the well-

mixed turbulent air within a canyon, except for that measured near irradiated surfaces (e.g. 

Nakamura and Oke 1988; Niachou et al. 2008). Therefore, and in order to reduce error in 

assessing the relationships between the PET and its corresponding Ta and Tmrt values, some 

data obtained in sunlit locations were omitted and only meteorological records obtained 

under shaded conditions were considered. Hence, a total of five Ta records were removed. A 

new linear regression model is generated to assess the relationship between the PET and the 

corresponding Ta and Tmrt values without the affects of direct solar radiation, Figure  4.17.  

 

Figure  4.17. Linear regression model showing the correlation of air temperature and radiant 
temperature with the PET index in shaded areas 

The new regression model shows a significant relationship between the PET and the 

environmental variables measured, Ta (R2 = 0.7976, P = 0.001) and Tmrt (R2 = 0.7443). The 

new relationship between the PET and Ta can be expressed in the following equation: 

Ta vs PET

y = 1.1435x - 5.4347
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y = 0.9625x + 2.622

R² = 0.7443

30

34

38

42

46

50

54

58

62

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62

P
E

T
 (

°C
)

Temperature (°C) - Ta\Tmrt

Ta Tmrt Linear (Ta) Linear (Tmrt)

PET = ( Tmrt * 0.6622 ) + 14.65 Eq.  4-3 



Chapter Four Outdoor thermal comfort 

 

126 

 

Correspondingly, the new relationship between the PET and Tmrt for the same records can 

be represented in the following equation:  

By only considering the records obtained under shaded conditions, a new relationship 

between the PET and the MTPVs is established and can be expressed in the following 

equation: 

Table  4.5 lists a range of PET values starting from 36°C PET - the minimum value observed 

during the questionnaire - and its equivalent MTPV, Ta and Tmrt values. According to Eq. 

 4-4, Eq.  4-5 and Eq.  4-6, if to consider 39°C PET as the upper limit of thermal comfort, this 

is equal to 1 MTPV, 38.9°C Ta and 37.8°C Tmrt.  

Table  4.5. The PET value and its equivalent MTPV, Ta, and Tmrt values in shaded areas 

PET (°C) 36 37 38 39 40 41 42 43 44 45 46 47 48 

MTPV 0.6 0.8 0.9 1.0 1.2 1.3 1.4 1.6 1.7 1.8 2.0 2.1 2.2 

Ta (°C) 36.2 37.1 38.0 38.9 39.7 40.6 41.5 42.4 43.2 44.1 45.0 45.9 46.7 

Tmrt (°C) 34.7 35.7 36.8 37.8 38.8 39.9 40.9 42.0 43.0 44.0 45.1 46.1 47.1 

  The upper comfort limit in outdoor spaces �������� 

4.3.3.c. Impact of age 

As mentioned in several comfort studies, some factors are not well understood how they 

affect thermal comfort. One such factors is age (Fanger et al. 1977; Höppe and Seidl 1991). 

Prior to the assessment of the effect of age on the thermal perceptions, the participants were 

classified according to their ages into two groups; the first group ranges in age from less than 

20 to 30 years old, and the second group ranges from 31 to more than 60 years old. Figure 

 4.18 shows that, strong correlations have been found between the PET of both age groups 

and their thermal perception votes. However, the respondents aged from less than 20 to 30 

years old have a slightly higher MTPV compared to the other group when both assessed 

within the thermal conditions above the upper comfort limit of 39°C PET.  

PET = ( Ta * 1.1435 ) - 5.4347 Eq.  4-4 

PET =  ( Tmrt * 0.9625 ) + 2.622  Eq.  4-5 

PET =  ( MTPV + 4.0794 ) / 0.1312 Eq.  4-6 
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Figure  4.18. The mean thermal perception and the corresponding PET values for the respondents 

aged from 20 – 30 years old and from 31 years old to more than 60 years old 

By implication, this indicates that respondents aged from 31 to more than 60 years old are 

more tolerant to heat stress in such hot climate condition. Nevertheless, one can notice from 

the above linear regression model that, higher correlation coefficient is acknowledged in 

MTPV between the respondents aged between less than 20 and 30 years old (R2 = 0.9141, P 

< 0.001), compared to the other group (R2 = 0.8019, P < 0.001). 

4.3.3.d. Impact of previous environment 

It is important in summer time to highlight previous environments of participants, whether 

indoor or outdoor, and the duration of time being exposed to the thermal condition under 

investigation, since both factors were found to greatly influence the heat balance of the 

human body and, consequently, the thermal satisfaction (Nagara et al. 1996; Höppe 2002). 

Figure  4.19 shows the relationship generated between the mean thermal perception votes and 

the PET according to the respondents’ previous environments.  

 
Figure  4.19. The MTPV and the corresponding PET values according to the participants’ previous 

environments 
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It appears from above linear correlation model that, the respondents who were indoors have a 

slightly lower MTPV at 39°C PET compared to those who were outdoors. It can be said that 

respondents who were indoors were more tolerant to such hot climate condition by the time 

when interviewed, owing might be to their lower body and skin temperatures compared to 

those who were exposed for longer duration to higher temperatures in outdoor spaces. 

Indeed, this finding shed some light on the importance of the duration of outdoor users being 

exposed to heat stress on their heat strain in such severe hot climate condition. 

4.3.3.e. Impact of food and drinks consumed on thermal perceptions 

Figure  4.20 shows the relationship between the PET and MTPV of the participants according 

to drinks consumed before entering the comfort survey. Respondents who answered [none] 

were more tolerant to hot climate conditions among the other groups of respondents who had 

hot and cold drinks. The upper comfort limit estimated for the group of participants who had 

no drinks consumed was about 39.5°C PET, and almost 2°C - 4°C PET higher than the other 

groups in hot condition as shown in the figure below. Also, there votes agreement among the 

other categories was stronger (R2 = 0.8865, P < 0.001).  The correlation coefficients for the 

other groups were moderate for the participants who had hot drinks (R2 = 0.6511, P < 0.001) 

and significant for those had cold drinks (R2 = 0.7768, P < 0.001) 

 
Figure  4.20. The MTPV and the corresponding PET values according to drinks consumed. 
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perceptions of the participants in relation to food consumed within the 15 minutes before 

entering the survey and their corresponding PET values. 

 
Figure  4.21. The MTPV and the corresponding PET values according to food consumed. 
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levels, (b) the Thermic Effect of Food (TEF), or the amount of energy expended above the 

basal metabolic rate due to processing food for use and storage, which varies substantially 

for different food components, and (c) the Thermic Effect of Activity (TEA). In this respect, 

it appears from the thermal perception votes presented in the last two regression models that, 

the influence of the thermic effect of food on the participants’ thermal perceptions was 
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the thermal perception votes of participants who previously consumed food compared to 

fasting participants (None: R2 = 0.9061, Meal: R2 = 0.5122, Snack: R2 = 0.4132). It seems 

that such moderate agreements found between the participants who previously had food were 

affected by the variations in the thermic effect of food which varies substantially for 

different food components as stated before. 

4.3.3.f. Wind speed and shading preferences 

A similar data processing approach was used to estimate the PET values of thermal 

perception votes, wind speed (v) and global radiation (K), which were divided into 11 and 7 

data bins, respectively, with increments of 0.2 ms-1 for wind speed and 60 Wm-2 for global 

radiation.  The polynomial lines are generated from the mean of the respondents’ preferences 

votes to determine the convenient wind speed and shading, Figure  4.22 and Figure  4.23.  

 
Figure  4.22. Mean votes of wind preferences during the comfort survey 

 
Figure  4.23. Mean votes of solar radiation preferences during the comfort survey 
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In terms of wind speed preferences, it appears from polynomial line in Figure  4.22 that, the 

convenient wind speed for the majority of participant, or at which the majority believe that 

such speed is acceptable, ranges between >1.2 and <1.4 ms-1. Such range indeed seems 

accepted in desert climate regions, such as of Riyadh City, since higher wind velocities 

sweep dust and usually associated with sand storm. In addition, and from the thermal 

comfort point of view, the heat balance of the human body in desert climate conditions, 

generally hot-arid, is well maintained by the process of heat loss through sweat evaporation. 

Thus, low wind velocities helps in maintaining the continuous dissipation of body heat in 

such arid climate condition, unlike in the case of hot-humid climate condition, where high 

wind velocity in outdoor spaces is usually felt pleasant and improve comfort (e.g. Johansson 

and Emmanuel 2006; Ng and Cheng 2012). In terms of solar radiation preferences, the 

polynomial line in Figure  4.23 shows that the majority of participants were satisfied with the 

shading status when the values of global radiation were ≤180 Wm-2. Above this limit, 

however, almost all participants voted for more shading. It is worth at this point to highlight 

the importance of shading as a key strategy for promoting comfort in outdoor spaces under 

hot summer condition, since shading leads to a reduction of the direct solar radiation 

absorbed by the human body and by the canyon facets and, therefore, a reduction of the heat 

released from the surroundings, in particular the ground.  

To find out the impact of the different environmental variables, including Ta, Tmrt, v and 

RH, that used to calculate the PET index on the on the thermal perception votes (TPV) of the 

subjects, a multiple regression is performed and the following equation is created: 

TPV = (0.166 * Ta) + (0.068*Tmrt) + (0.084*V) + (0.09*RH) - 9.11 Eq.  4-7 

The result shows that both the air temperature (Ta) and the mean radiant temperature (Tmrt) 

have significant impact on the thermal perception vote of the subjects, exemplified by the 

low P-value for the both variables (P < 001), Table  4.6.  

Table  4.6. Multiple regressions for the four environmental parameters used to calculate the PET 
including Ta, Tmrt, v and RH. 

Model Unstandardized Coefficients Standardized Coefficients t P-value 

  B Std. Error Beta     

(Constant) -9.11 1.478   -6.165 0.000 

Ta .166 .031 .352 5.273 0.000 

Tmrt .068 .016 .278 4.307 0.000 

V .084 .149 .037 .565 0.573 

RH .09 .064 .091 1.411 0.160 
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The impact of the wind speed (v) and relative humidity (RH) on the thermal perceptions of 

the subjects in outdoor settings, however, were found to have no significant impact on the 

subjects’ thermal perception votes. This is can be acknowledged through the higher P-value 

of both environmental parameters (P > 0.05). Among the environmental variables studied, 

the wind speed (v) appears to have the least impact on the subjects’ thermal perception votes 

(P = 0.573), followed by the relative humidity (RH) as the second environmental variables 

that has low impact on the thermal perception vote of the subjects (P = 0.160). 

In terms of the impact of solar radiations, previous outdoor comfort studies in various 

climate condition, e.g. hot and humid, showed that people under hot summer condition feel 

cooler in shaded locations than those in sunlit, as a result of the main contribution of the 

solar radiation on the thermal environment of open public spaces and on the thermal 

sensations of outdoor users as well (e.g. Hwang et al. 2011; Lin et al. 2013). Thus, a great 

percentage of a public space users prefer to gather in outdoor spaces that are shaded by 

buildings or by other physical elements, i.e. trees, artificial shading devices, (Lin et al. 2010). 

Such people’s behaviour outdoors and their preference to stay in shaded areas were also 

observed in a number of shaded locations during the present comfort study. One of which 

was even prepared with used furniture to be allocated as a sitting area, Figure  4.24. One can 

notice from the figure below the common technique used by the outdoor users in hot-arid 

climate regions to improve the quality of the surrounding environment by spraying water on 

the ground to reduce the aridity of the climate condition and to reduce the sensible heat flux 

from the ground surface as well.  

 

Figure  4.24. Shaded street canyon is allocated as a sitting area, source: the author 
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4.4. Concluding remarks 

The thermal perceptions and preferences of outdoor users to external microclimate 

conditions in Riyadh city were assessed during the summer season, July, and the following 

conclusion can be drawn: 

� The participants’ thermal satisfaction with the surrounding microclimate conditions 

varies substantially for different locations according to the availability of shading. 

Sunlit locations were found extremely uncomfortable, in which the Tmrt in such 

locations could reach above 60°C. 

� About half of the participants (50.7%) described the thermal condition during the 

comfort survey in outdoor spaces as [Hot]. However, a large proportion of mean 

thermal perception votes (79.6%), fall within the thermal perception scale of [Warm] 

that ranges between 39.1°C and 46°C PET. 

� Under both shaded and sunlit locations, the mean thermal perception was strongly 

correlated with thermal comfort index (PET), R2:0.9284. However, such correlation 

coefficient was slightly lower when the records obtained under sunny condition are 

omitted, R2:0.9132. 

� The estimated mean upper comfort limit of all participants was 38.8°C PET. In such 

hot and dry condition, this upper limit of PET was associated with air temperature 

(Ta) equal to 38.7°C and mean radiant temperature (Tmrt) equal to 37.6°C. 

� The participants preferences for wind speed range between >1.2 and <1.4 ms-1. In 

terms of solar radiation, showed their satisfaction when the values of global radiation 

were ≤180 Wm-2.  

� Among the four environmental parameters that used to calculate the PET index, the 

air temperature (Ta) and the mean radiant temperature (Tmrt) were found to have a 

significant impact on the thermal sensation votes of the subjects in outdoor settings. 

Both the wind speed (v) and the relative humidity were found to have no significant 

impact. 

� The participants who were in indoor spaces were more tolerant to thermal conditions 

above the comfort limit i.e. warm, hot and very hot. 
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� Respondents who were fasting, or those who had no food or drinks consumed within 

the last 15 minutes before the interview, were more tolerance to heat stress in 

outdoor spaces compared to those who previously consumed food or drinks. Indeed, 

such tolerance can be attributed to the fact that fasting often associated with low 

metabolic rates and, therefore, low internal heat is produced. 

4.5. Summary 

This chapter presented the outdoor thermal comfort study done in Riyadh City during the 

summer, July 2011. The thermal perceptions and preferences of outdoor users to the external 

microclimate conditions were assessed by means of a subjective comfort evaluation, and a 

thermo-physiological based model index (PET) was assigned for individual participant. The 

upper limit of the comfort index PET in such sever hot climate conditions during the 

summer, and its upper equivalent comfort values of Ta and Tmrt in outdoor spaces, was 

determined from the mean thermal sensation votes MTPV of all participants. In addition, 

impacts of some personal information, such as ages, previous environments and previously 

consumed food and beverages on the participants’ tolerance to extreme climate condition 

were assessed. Findings from this comfort study will be used in the following investigations 

of urban microclimate measurements and numerical modelling to assess the thermal comfort 

of outdoor users.  

 



 

 
 

5. Microclimate Measurements 
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This chapter reports the microclimate studies that were conducted during the summer period 

in Riyadh City, as assumed for the main atmospheric and energy modelling (See chapter 7). 

The first section in this chapter describes the spatial and climate scales of the microclimate 

studies (Section  5.1). The second section presents the method and techniques used in the 

present study in general and in the microclimate studies in particular to estimate the sky view 

factors (Section  5.2). The third section describes the locations of the chosen urban areas 

where the microclimate measurements took place (Section  5.3).  

Finally, the last sections present the two types of microclimate measurements and the 

methods used along with the results (Sections  5.4 5.5). In these latter sections, results of air 

temperature variations between the monitored locations, surface temperatures, and the study 

of the intensity of UHI are presented, alongside the evaluation of thermal comfort according 

to the upper limit of comfort index PET obtained from the comfort study presented in the 

previous chapter.  

5.1. Scale of the climate studies 

To identify the area of the microclimate study and to avoid any interference between the 

urban environments, there is no more significant input to the success of urban climate study 

than an appreciation of the concept of scale including, the spatial and the atmospheric scales.  

According to Oke (1984a), the spatial in the built-up areas can be divided into three scales of 

interest, including Microscale, Local scale, and Mesoscale, according to their climate 

characteristics and the factors effecting their climate conditions. Among these urban spatial 

scales, the present studies focuses mainly on Microscale, since every surface and object 

within this scale can create its own microclimate on it and in its immediate vicinity within 

the urban canopy layer UCL (Oke 2002). On the other hand, the climate conditions of the 

other urban spatial scales, Local scale and Mesoscale, are influenced by other factors 

including topography, but exclude Microscale effects. Due to the fact that this study is 

mainly focusing on the influence of neighbourhood and canyons geometries on the 

microclimate conditions of the surrounding vicinities, therefore, the micro-meteorological 

measurements in the present study will be carried out within the urban microscale and 

considering the microclimate condition located within the urban canopy layer (UCL) as 

shown in Figure  5.1. 
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Figure  5.1. Schematic section of urban area illustrates the spatial and atmospheric scales considered 
in the present climate and comfort studies. Redrawn from different sources: Oke (2002), Oke (2004b) 

5.2. Estimating the sky view factor SVF  

In urban areas, the methods used to describe the canyon geometries depend mainly upon on 

its settings. For instance, in a symmetrical urban canyon, commonly a street bounded on both 

sides by continuous vertical elements; the height to width ratio (H/w) is used to describe the 

geometry of such urban location. However, in real urban settings, where various building 

geometries and height are usually exist, the canyon geometry is described by identifying the 

amount of sky dome seen from the ground at pedestrian level – a term called Sky View 

Factor (SVF or ѱs). Basically, this term represents the fraction of visible sky on the upper 

hemisphere seen from the ground in built-up areas. The value of the sky view factor, which 

ranges between zero and one, represent the amount of the sky dome seen out of the total 

view of the upper hemisphere. There are different approaches used to estimate the sky view 

factor (ѱs) in urban areas (Grimmond et al. 2001). One of which is based on mathematical 

calculation, which sums the angles of the hemispheric environment and the associated 

elevation angle (�) and azimuth angle (a) using the following equation: 

Ψ � !sin%�&
'

&()
* �&
360°. 

Another approach utilizes three dimensional numeric models to calculate the sky view 

factors from 3D digital urban models (Hämmerle et al. 2011). Examples of these numeric 

models can be ArcGIS, Envi-Met, VirVill, SkyHelios, etc. These two approaches, however, 

require knowledge to precisely estimate the SVFs. For instance, the former method requires 

knowledge of the angle elements for each individual wall in complex urban spot, while the 

latter requires knowledge of three dimensional numeric models used to estimate the SVF. 

Otherwise, the estimation of the SVF using the methods mentioned above may undergo a 

lack of accuracy, especially if detailed objects such as vegetation and trees are parts of the 
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surroundings. On the other hand, a useful approach is used to estimate the SVF from the sky 

view information derived from fisheye photographs (Holmer 1992). In this approach, the sky 

view information of the top hemisphere of a given location is first taken by a fisheye camera 

in order to extract the sky view information. This is done either by tracing the sky view 

manually, or by the use of specialized programs for image processing, e.g. Adobe 

Photoshop, to automatically trace the surroundings. The extracted sky view information is 

then imported in designated programs that equipped with features to estimate the SVF 

information from fisheye photos. One such models is RayMan (Matzarakis et al. 2007, 

2010). The present study uses fisheye digital camera and involves three steps to estimate the 

SVF, including taking digital images, adjusting the size and colours, and finally calculating 

the digitized images using RayMan model. The fisheye digital images are taken by Nikon 

digital camera (Coolpix 990) that equipped with Nikon fisheye converter FC-E8 0.21x lens. 

Both the digital camera and the fisheye lens were provided by the WSA, Cardiff University. 

The camera was mounted at 1.1m above the ground on a lightweight aluminium tripod that 

equipped with built-in bull's eye level. In addition, a compass is used to determine the north 

direction in relation to the orientation of a street under investigation, Figure  5.2. 

 

Figure  5.2. The camera and fisheye lens used to estimate the SVF, source: the author 

The obtained digital fisheye images are then processed in Photoshop program to change the 

sky and buildings colours to white and black respectively.  Following that, the images format 

are changed to indexed format and saved in bmp. The processed images are then imported in 

RayMan model to evaluate the sky view factor.  



Chapter Five Microclimate measurements 

 

139 

 

5.3. Neighbourhoods studied 

Two residential neighbourhood areas - namely Al-Marqab and Al-Quds - were chosen 

according to the land surface temperature study that presented earlier (see chapter 4) to 

perform the microclimate measurements. Both neighbourhoods are located within the urban 

built-up area of Riyadh City, and specifically in the mid-south and the north-east built-up 

areas, respectively, Figure  5.3. 

 

Figure  5.3. The locations of the chosen neighbourhood (Al-Marqab and Al-Quds) in Riyadh's 
metropolitan, source: drawn by the author from different resources 

The chosen neighbourhoods are well suited for a comparison of the influence of urban 

geometries on microclimate conditions since, apart from the differences in their urban forms 

and being located in urban zones that varies in terms of their Land Surface Temperature 

(LST) as presented in chapter 4, both neighbourhoods are residential and located within the 

city built-up areas and sharing similar surface materials (concrete and asphalt). In addition, 

the proportion of vegetation in both neighbourhoods is very low or non-existence, such as in 

the case of Al-Marqab neighbourhood, and therefore the influence of vegetations on the 

microclimate on both chosen neighbourhoods has been neglected and was not considered as 

an influential factor.  

According to Oke (2004a) classifications of urban forms and their ability to impact local 

climate, the Al-Marqab neighbourhood can be classified in the urban climate zone 2 (UCZ 2) 

as intensely developed, high density urban with 2-5 storey. The average aspect ratio in such 

urban zone ranges between 1 and 2.5, with average proportion occupied by urban features of 

more than 85%. On the other hand, Al-Quds, with respect to the previously mentioned urban 

classifications, can be classified in the Urban Climate Zone 5 (UCZ 5) as medium 
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development, low density with 1 or 2 storey houses. The average aspect ratio (H/w) in such 

urban zone ranges between 0.2 and 0.6, and could be more than 1 if vegetation is part of the 

area. The average proportions of ground plan occupied by built features ranges between 35% 

and 65%. 

5.3.1. Al-Marqab residential neighbourhood  

The extension of Riyadh for the first time beyond the old city wall in 1930 has opened the 

door widely for new urban developments which took place around the old city. These urban 

developments are located today in the core zone of Riyadh City, also attributed to as the old 

district, which were built during the first stage of the urban expansion that the city of Riyadh 

had witnessed over the course of the last eighty years. Along with the 16 residential 

neighbourhoods that were built to the East side beyond the walls of the old Riyadh – namely: 

Al-Shumaisi, Al-Oud, Manfuhah, Al-Futah, etc (Al-Gabbani 1992) - Al-Marqab was first 

planned in the first half from the last century and was built using the local building 

techniques and materials (Al-Hathloul 2002). By the time when Al-Marqab was found, it 

retained much of the general features of the traditional urban fabrics of the central region of 

Najd, such as solid building masses, with a maximum of two storeys height, open public 

spaces (Baraha), and irregular streets’ networks Figure  5.4 

 

Figure  5.4. Al-Marqab location in Riyadh and its urban layout, source: drawn by the author based on 
digital maps obtained from the Riyadh Development Authority (RDA) 

In the mid of the seventies and after the economic boom that occurred in Saudi Arabia, The 

majority of the urban dwellings in the core zone including, Al-Marqab neighbourhood, were 

gradually demolished and reconstructed based on their original buildings’ layouts using the 
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modern construction materials such as plaster, blocks, and reinforced concrete. Al-Marqab is 

located at 24° 38̍ N, 46° 43̍ E, and 595m above the sea level, and extends over an area of 

40 hectares. In general, Al-Marqab is highly populated and extremely compacted, with 

population density of 408.2 per hectare (RDA 2004). 

The majorities of the inhabitants who are currently reside in Al-Marqab are foreign labours, 

low-income, and differ from those who are living in the other urban zones, the Inner and 

Outer zone, in terms of income, ethic identities, family structure, and in their living condition 

(Al-Gabbani 1992). The streets networks in Al-Marqab, which were shaped by the time 

when motor vehicle was not popular, are irregular as it was in its original. With the increase 

in buildings’ heights, from two storeys to up to four storeys height, the streets networks 

became narrower and cut deep canyons through the district which increase the mutual 

shading between buildings, Figure  5.5.  

    

Figure  5.5. Narrow pedestrian alleys in Al-Marqab neighbourhood, source: the author 

Except for the few streets that are allocated for motor vehicles, the majority of pathways and 

alleys between buildings are designated for pedestrians and covered with asphalt. Apart from 

a small number of mud houses in the area, buildings are made by reinforced concrete and 

walls are covered with 1-2 cm concrete plaster painted with light colours (Beige). Windows 

constitute about 10% of buildings’ facades as required by the municipality for buildings’ 

regulations. In general, the commercial activities in Al-Marqab took place along the local 

traffic arteries. Vegetation and trees in the area are almost non-existent. Nowadays, the 

majorities of the existing buildings are more than 30 year old, and vary in heights ranging 

between two and four storeys height, Figure  5.6.  
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Figure  5.6. Top view showing the variations in building heights in Al-Marqab, source: the author 

5.3.2. Al-Quds residential neighbourhood  

Al-Quds, the second monitored residential area, is located at 24° 45̍ N, 46° 44̍E, and 623m 

above the sea level, and extends over an area of 48 hectares, Figure  5.7. Unlike Al-Marqab 

residential neighbourhood, which is located in the city core area, Al-Quds is located in the 

outer zone to the north-east of Riyadh urban area which host must of the contemporary urban 

developments. The area is surrounded by residential neighbourhoods from North and South, 

and by undeveloped real estate land from the East.  

 

Figure  5.7. Al-Quds location map in Riyadh and its urban layout, source: drawn by the author based 
on digital maps obtained from the Riyadh Development Authority (RDA) 

The eastern ring-road highway passes from the west side and separating Al-Quds 

neighbourhood from the Riyadh’s old airport. This area is a sharp contrast to Al-Marqab 

residential neighbourhood in terms of population and urban form. Al-Quds has a low 
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population density, and the majority of people who are living in this area are local families 

with mid-income according to the national statistics census (RDA 2004). Buildings were 

made using the common construction materials such as plaster, blocks, and concrete, and 

painted with light colours (White and Beige). Street networks, which are originally 

designated for motor vehicles, are regular and wide bounded by 1m of paved curbs from 

both sides, Figure  5.8. 

Figure  5.8. Wide motor vehicles and Pedestrian Street in the Al-Quds, source: the author 

In general, this neighbourhood area is residential, private houses with two storeys high, and 

outward looking with front and back yards. Except for tree-lined avenues, there are few 

elements providing shade at street level, and much of vegetation and green areas are located 

within the territories of individual houses. Apartment buildings, normally three storeys, are 

located along the major traffic arteries that surrounding the area and host much of the small 

commercial activities in the area, including groceries and small business stores, Figure  5.9.  

 

Figure  5.9. Top view showing the apartment buildings and commercial stores in Al-Quds, source: the 
author 
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The urban density in this area is lower than in the other investigated neighbourhood as the 

portion of occupied area by buildings in Al-Quds neighbourhood is much smaller compared 

to Al-Marqab. Much of the heavy traffic can be observed on the highway road that passes 

from the west side of the investigated area, whereas very low traffic movements are existed 

on the local roads between buildings. Two types of microclimate measurements were carried 

out during July, 2011. Continuous and instantaneous measurements were conducted to 

evaluate the microclimate conditions in Al-Marqab and Al-Quds neighbourhood areas. For 

the continuous measurements, the climate data were measured from in both areas from 

buildings’ roof-tops during the summer period, July 2011, and compared with the 

meteorological data recorded from the OERK weather station located in rural area. 

Moreover, microclimate data were continuously measured from a shallow street canyon in 

Al-Quds and from deep street canyon in Al-Marqab and compared in order to evaluate their 

micro-meteorological conditions in relation to their canyons’ geometries. On the meantime, 

the instantaneous measurements were carried out in the Al-Margab neighbourhood within 

different urban canyons in order to evaluate the influence of their geometries, quantified by 

SVF and orientations, on reducing the severity of climate condition in such sever hot climate 

region under summer condition. 

5.4. Continuous microclimate measurements, July, 20 11 

A one month continuous measurements were conducted in Al-Marqab and Al-Quds 

neighbourhoods during the summer time, July 2011. Air temperatures (Ta) and relative 

humidity (RH) were measured from the roof-tops and from two street canyons. Due to the 

limitations in the quantity of the available monitoring instruments, and in order to compare 

the microclimate data obtained from the instantaneous measurements, which were carried 

out during the same period, with the microclimate data at roof-tops, wind speed (v) and solar 

radiation (K*) values at building’s roof-top were only measured from Al-Margab 

neighbourhood. In addition, the measurements of surfaces temperatures were only conducted 

within the street canyons. 

5.4.1. Method and instrumentations  

5.4.1.a. At building’s roof-top 

Table  5.1 lists all the instrumentation used in the continuous measurements as well as their 

locations at the roof level. All instruments were programmed to record the relevant climate 
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data in 10 minutes interval. 

Table  5.1. Instrumentation used at the chosen neighbourhoods for the continuous measurements 

Location Parameter Unit Instrument 
Height 
(a.g.l.) 

Roof-top     

Al-Marqab Air temperature (Ta) °C Tinytag Ultra 2 (TGU-4500) 15m 

Al-Marqab Relative humidity (RH) % Tinytag Ultra 2 (TGU-4500) 15m 

Al-Marqab Wind speed (v) ms-1 Anemometer (A100R) 15m 

Al-Marqab Global radiation (K) Wm-2 Pyranometer (Kipp & Zonen CM5) ~ 13m 

Al-Quds Air temperature (Ta) °C Tinytag Ultra 2 (TGU-4500) 15m 

Al-Quds Relative humidity (RH) % Tinytag Ultra 2 (TGU-4500) 15m 

At an unobstructed roof level at both Al-Marqab and Al-Quds, a ‘T’ shape mast was 

mounted on the parapet wall Figure  5.10.a, and fitted with Tinytag datalogger (Gemini 

Tinytag Ultra 2 model TGU-4500 accuracy ±3.0% RH at 25°C) to record air temperature 

(Ta), and relative humidity (RH) at about 2.5m above the roof level and about 15m from the 

ground, Figure  5.10.b.1. The Tinytag Ultra 2 data logger was shielded by Stevenson type 

Screen (HDL model ACS-5050) to protect the temperature and humidity sensors from direct 

sunlight and wind allowing measurements of true air condition as shown in the 

corresponding figure. Wind speed was measured from Al-Marqab only using Anemometer 

(Vector instruments, model A100R with a starting threshold of 0.6 ms-1 and accuracy of 1% 

of reading 10-55 ms-1 and 2% of readings higher than 55 ms-1), Figure  5.10.b.2, which was 

mounted on the other end of the ‘T’ shape vertical mast.  

Global radiation from Al-Marqab was also measure from unobstructed roof level at about 

13m from the ground level using Pyranometer (Kipp & Zonen model CM5 accuracy ±3%), 

Figure  5.10.c. Both wind speed and solar radiations data obtained from the roof-top were 

recorded in a datalogger (Eltek model 1000 series). 
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Figure  5.10. Images showing the ‘T’ shape mast used to mount the climate sensors (a) to continuously 
measure the air temperature (Ta) and Relative humidity (RH) (b1) and wind speed (b2). Pyranometer 

(c) was used to measure the global radiation at unobstructed roof, source: the author 

5.4.1.b. At the street level (1.2m above the ground level) 

Table  5.2 lists the instrumentations used to measure the relevant climate data and surface 

temperature, as well as the SVFs from the centre of the chosen canyons at 1m above the 

ground level.  

Table  5.2. Instrumentation used at the chosen canyons for the continuous measurements 

Location Parameter Unit Instrument 
Height 
(a.g.l.) 

Canyon     

Al-Marqab  
&  

Al-Quds 

Air temperature (Ta) °C Tinytag Ultra 2 (TGU-4500) 5m 

Relative humidity (RH) % Tinytag Ultra 2 (TGU-4500) 5m 

Globe temperature (Tg) °C Tinytag Talk (TK-0014-S3) 5m 

Wall surface temperature (Ts) °C Tinytag Talk 2 (TK-4023) 4m 

Within the chosen canyons, Tinytag data logger was used to measure the air temperature 

(Ta) and Relative humidity (RH) (Tinytag Ultra 2 model TGU-4500). Globe temperature 

(TG) was also measured above the pedestrian level with Tiny Talk 2 (model TK-4023). Both 

instruments were mounted at 4m above the pedestrian level, Figure  5.11. This is done in 

order to neither attract undue attention nor interfere with the traffic especially in the Al-Quds 

neighbourhood. 
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Figure  5.11. The instruments' locations in the deep canyon during the continuous measurement (The 

image was taken from the deep canyon located in Al-Marqab neighbourhood), source: the author 

The surface temperatures of the canyon’s walls were measured using Tinytag data logger 

(Gemini Tiny Talk 2 model TK-4023 with PB-5005-0M6 external probe accuracy +0.4 °C 

from 0 – 70 °C). The external thermistor probe (PB-5005-0M6) that used to measure the 

surface temperature was bounded in the surface material and shaded with white tube that 

covered with insulation material and foil to protect it from the direct solar radiation, Figure 

 5.12.  

Figure  5.12. Detailed plan and image showing the techniques used to protect the external thermistor 
probe from direct solar heat, source: the author 

Figure  5.13 presents the physical and spatial characteristics of the investigated locations and 

cross sections showing the locations of the instrumentations used to measure the 

microclimate data at roof-tops and within the street canyons, as well as the surface 

temperature of the canyons’ walls. 

 
 

PB-5005-0M6 Tiny Talk 2
(TK-4023)

Foil

Insulation

Whit �e plastic tube
Dia. = 0.5 mm
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Figure  5.13. The physical characteristics of the chosen neighbourhoods as well as a cross section 

showing the locations of the instrumentations used for the continuous measurements at roof-tops and 
within the canyons, source: drawn by the author based on digital maps obtained from the Riyadh 

Development Authority (RDA) 
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5.4.2. Results of the microclimate measurements at roof-top  

Table  5.3 shows the mean, maximum, and minimum air temperature, as well as the values of 

the relative humidity that derive mainly from the continuous measurements from the airport 

(OERK), which is located in the surrounding rural area, and from the investigated 

neighbourhoods of Al-Marqab and Al-Quds during the summer from 1 July to 27 July 2011.  

Table  5.3. The mean, maximum, and minimum air temperatures (Ta) and Relative humidity (RH) 
observed at the monitoring locations (Al-Marqab and Al-Quds) and at the airport during July 2011 

Days Airport Al-Marqab Al-Quds 

 
Ta (°C) RH (%) Ta (°C) RH (%) Ta (°C) RH (%) 

 
Av + - Av + - Av + - Av + - Av + - Av + - 

1 34.2 41.2 27.4 15 27 9 37.0 41.9 32.5 14 18 11 35.9 40.8 31.3 15 19 12 

2 34.3 42.0 25.8 14 21 9 37.4 42.5 32.0 12 14 10 36.2 41.8 30.5 13 15 10 

3 34.9 43.0 26.0 15 28 10 37.7 43.2 32.5 13 16 11 36.7 42.3 30.8 14 17 11 

4 35.2 42.3 26.5 13 18 9 37.9 43.4 32.8 12 14 10 37.0 42.6 31.3 13 15 11 

5 34.7 41.4 26.3 19 27 12 38.3 43.3 33.0 12 15 10 37.6 42.7 32.0 13 15 11 

6 34.7 41.7 25.6 18 23 12 38.2 42.7 32.7 12 15 10 37.8 42.6 32.1 12 15 10 

7 34.7 42.0 26.1 14 26 5 38.5 43.1 32.9 9 11 7 37.5 42.6 32.1 9 12 7 

8 35.5 43.8 25.8 11 20 6 38.8 43.8 32.5 11 14 10 37.9 43.7 31.1 12 14 10 

9 38.1 45.1 28.2 11 23 7 40.3 45.5 34.2 11 16 9 39.4 45.3 32.7 11 15 10 

10 39.9 44.2 35.0 7 11 5 41.0 44.7 37.1 9 12 7 40.4 44.5 35.9 9 13 7 

11 39.3 45.5 32.4 9 15 5 41.1 44.9 36.8 9 12 8 40.2 44.5 35.0 10 13 8 

12 37.9 45.2 30.7 16 32 10 40.2 44.9 35.2 19 32 11 39.6 45.3 33.3 20 36 12 

13 37.8 45.4 30.8 19 44 9 40.5 44.7 35.6 16 28 10 39.9 44.8 34.0 18 33 10 

14 37.6 45.2 27.3 15 27 6 41.2 46.0 35.3 10 15 8 40.5 45.8 34.6 10 15 8 

15 38.6 46.1 29.8 10 15 6 41.7 46.4 36.0 9 11 8 40.9 46.3 35.2 9 11 8 

16 37.6 45.7 30.0 12 23 5 40.7 45.5 35.8 10 12 7 39.7 45.2 33.7 10 12 8 

17 36.8 45.4 27.5 15 25 8 40.3 45.7 34.8 11 13 8 39.5 44.7 33.5 11 14 9 

18 36.6 44.0 27.8 16 34 8 38.6 44.4 33.3 13 18 10 38.3 44.4 32.6 15 21 11 

19 36.9 42.9 30.1 14 25 8 38.9 44.0 33.2 13 16 10 38.3 43.6 33.2 13 17 11 

20 37.0 43.5 30.0 14 27 6 39.0 44.1 32.3 12 20 8 38.1 42.9 33.0 14 22 9 

21 36.2 43.6 28.1 15 28 6 39.5 44.3 34.5 11 16 8 38.7 43.5 33.2 12 18 8 

22 35.9 43.4 27.9 10 21 5 39.5 44.1 33.9 9 11 8 38.4 43.4 32.5 9 12 8 

23 35.3 44.0 26.4 13 23 7 38.9 43.3 33.9 9 10 8 37.7 42.3 31.7 10 12 8 

24 35.7 43.0 27.2 11 19 7 39.1 43.4 35.0 10 11 8 38.0 42.8 32.7 10 12 9 

25 35.7 43.6 27.1 13 23 8 38.5 42.5 34.1 11 18 9 37.5 42.2 32.0 12 18 9 

26 35.6 43.4 27.2 16 26 9 38.4 43.2 33.2 15 22 10 37.5 43.5 31.3 16 22 11 

27 37.6 45.0 26.9 11 16 8 40.3 45.4 34.4 11 13 9 39.3 45.2 33.2 11 13 10 

Ta: Air temperature | RH: Relative humidity | M: Mean Ta | (+): Maximum Ta  | (-): Minimum Ta 

Relative Humidity (RH): Although the relative humidity in such arid climate region was 

expected to be low, the urban locations, in general, reported lower relative humidity 
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compared to the rural area. The average relative humidity (RH) obtained from Al-Marqab 

and Al-Quds during the monitoring period were 11.6% and 12.2%, respectively, while it was 

13.6 in the rural area. Although the differences between the monitored locations were small, 

however, this is would give an indication about the effect of densely built-up area, such as in 

the case of Al-Marqab, on further increasing the aridity in such dry climate region which is 

usually associated with the increase in air temperature. Figure  5.14 shows the average 

relative humidity reported from the rural area at the airport and from the urban areas of Al-

Marqab and Al-Quds which are located within the city’s built-up area. 

 
Figure  5.14. Daily average relative humidity from the investigated locations at the airport, Al-Marqab 

and Al-Quds neighbourhoods 

5.4.2.a. Urban–Rural air temperature variations: 

Figure  5.15 shows the daily average air temperatures at buildings’ roof-tops from the chosen 

neighbourhood areas of Al-Marqab and Al-Quds, and the corresponding average air 

temperatures obtained from the airport (OERK), which assumed to represent the climate 

condition in the surrounding desert area. In general, the rural maintains lower air temperature 

and was in average 2°C lower than the closest average temperature recorded in urban area. 

However, the daily average temperature in the rural areas could be 3°C cooler as a result of 

the increase water vapour contents in air in rural area as it appear in figure  5.14 above on the 

5th and 6th of July. A closer look on the line graphs of the relative humidity (above) and 

temperatures (below) reveals the dependency of air temperatures in such arid climate region, 

particularly in rural area, on the amount of water vapour contents in the air and the effects of 

heat waves which could shrink the differences between the locations to less than 1°C, such 

as on the 10th of July. 
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Figure  5.15. Daily average air temperature from the two monitored neighbourhood areas and from 
the airport weather station 

Indeed, in desert climate regions, such as Riyadh City, the evolution of air temperature is 

greatly influenced by the presence and the intensity solar radiations. This is can be clearly 

acknowledged in the large differences between the day-time and night-time air temperatures. 

Figure  5.16 shows the maximum and minimum air temperature obtained from Al-Marqab 

and Al-Quds neighbourhoods and from the airport as well, which is located in the 

surrounding rural area, during the monitoring period from 1 to 27 July 2011. Note that the 

maximum air temperatures recorded during the measuring period were almost similar and 

consistent in all locations whether urban or rural. All these maximum values were in fact 

recorded during the day-time, particularly during afternoon times from between 14:00 to 

15:00 in urban areas.  

 

Figure  5.16. The daily maximum and minimum air temperatures observed from the monitored 
locations of Al-Marqab and Al-Quds neighbourhoods and from the rural area. 
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On the other hand, the variations in air temperatures between the measuring locations 

become more pronounced at their minimum, particularly between the urban and the rural, 

which usually recorded at night and early in the morning at 6:00 before the sun rise. It is 

noted that the high fluctuation in air temperatures between day and night which could reach 

above 10°C in urban areas and 16°C in rural area. It should be mentioned here that the large 

difference in air temperatures in non-urbanised area is mainly caused by the high heat 

dissipation that usually acknowledged in rural desert area, where the open and clear sky, as 

well as the absence of obstructions, such as buildings, accelerate the process of heat loss 

from ground surface. On the meantime, larger surface in urban areas and the low sky view 

factors within urban canyons, particularly in densely built-up area, increase the ability of 

urban surfaces to store more heat whether from the short-waves radiations from the sun, or 

from the emitted long-waves radiations from the surrounding urban surfaces, which make 

urban areas warmer.  

5.4.2.b. Intra-urban air temperature variations 

Apart from the influence of the regional climate condition and heat waves which could affect 

the whole city including its surroundings, as it is clearly apparent in the attitude of air 

temperature on the 10th of July as mentioned before, it appears that the geometrical 

characteristics can significantly affect the climate conditions of the area under investigation. 

For instance, the densely built-up area of Al-Marqab was always warmer than the other 

monitored urban locations of Al-Quds neighbourhood and the rural area, which might be 

attributed to the large building masses and human activities in Al-Marqab and the ability of 

trapping more heat in the urban surfaces. Figure  5.17 shows the variations in the daily 

average air temperature with reference to the corresponding value obtained from the airport 

weather station (OERK).  

 
Figure  5.17. The differences of the daily average air temperature at the chosen neighbourhoods with 

reference to the daily average air temperature obtained from the rural weather station. 
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The figure above shows the intensity of urban heat island UHI in both urban locations, and 

the ability of individual location in determining the intensity of the UHI. For instance, the 

daily average air temperature in Al-Marqab neighbourhood, which is characterized by highly 

populated and densely built-up area, could be 4°C higher than the rural area such as on the 

7th of July, and 2°C warmer than the other investigated neighbourhood of Al-Quds in certain 

days. On the meantime, Al-Quds neighbourhood, which is located within the contemporary 

urban district that has lowered urban and population density than Al-Marqab, maintains 

lower intensity of heat island. Although the intensity of UHI in both neighbourhoods varies 

from day to day across the monitoring period, however, its attitude in both locations in 

general remained consistent. It should be mentioned here that the variations found in the 

mean air temperatures between the investigated neighbourhood areas of Al-Marqab and Al-

Quds were in agreement with the findings of the land surface temperature study which 

showed that the urban surface temperatures over Al-Marqab neighbourhood were warmer 

than the one observed over Al-Quds area.  

Figure  5.18 compares the weekly average air temperature obtained from Al-Marqab and Al-

Quds residential areas from buildings’ roof-tops along with the average absolute difference 

AAD and the root mean square error RMSE values between the air temperatures during 

nighttimes from 18:00 to 06:00. Note that the weekly average air temperature in the densely 

built-up area of Al-Marqab was in general higher during the night and become greater at 

early in the morning before the sun rise from 5:00 to 6:00. 
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Thermal comfort: In reference to the upper limit of comfort index (PET) and its 

corresponding air temperature of 38.9°C, which has been discussed earlier in the previous 

chapter, all locations appear to have the ability to maintain comfortable air temperatures 

since the minimum air temperatures in urban areas were in average 5°C below the upper 

limit of comfortable air temperature (the dashed blue line) and, of course, much lower in the 

rural area, Figure  5.19. 

 

Figure  5.19. The daily maximum and minimum air temperatures along with the assumed upper limit 
of comfortable Ta (horizontal dashed line) 

Apart from the excessive air temperature which is usually observed during daytimes in all 

locations, the comfortable mean air temperature that reported in the rural area might be 

attributed to the high heat dissipation from irradiated surfaces that usually occur in such open 

dissert area, as well as to the large fluctuation in air temperature between the day-time and 

night-time. Although air temperatures in summer season reach its maxima during daytime, 

whether in urban or rural areas, the high fluctuation in air temperatures showed that 

comfortable outdoor air temperature can be achieved especially at night and early in the 

morning. Traditionally, people in desert climate regions often use building’s rooftops for 

sleeping during the hot summer (Fathy 1973; Mubarak 2007), taking the advantages of 

nocturnal cooling and sharp decline in air temperature at night to escape from the 

uncomfortable indoor environment. Indeed, this feature of nocturnal cooling in hot-arid 

climate regions has been frequently mentioned in a number of literatures to be exploited in 

the design of naturally ventilated buildings in desert areas (e.g. AboulNaga and Abdrabboh 

2000; A'zami et al. 2005). 
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5.4.3. Results of the microclimate measurements wit hin the street canyons  

At lower level, the climate data including, air temperature (Ta), relative humidity (RH), and 

globe temperature (TG), alongside with surfaces temperature, were measured continuously 

within the deep and shallow urban canyons in Al-Marqab and Al-Quds neighbourhoods, 

respectively. This is carried out to evaluate the effects of canyon’s geometry on the thermal 

environments within the canyon’s volume and to compare it with the corresponding climate 

data measured from the unobstructed rooftops. The methodology and physical properties of 

investigated canyons have been presented earlier in this chapter (section  5.4.1) 

5.4.3.a. Roof – Canyon temperatures variations: 

The daily average air temperatures that were obtained from the deep and shallow canyons 

are presented in Figure  5.20 alongside the corresponding air temperatures measured from the 

buildings’ rooftops at both locations. Basically, the air temperatures within the urban 

canyons appear warmer than the ones recorded from the rooftops in both locations. However, 

the temperatures attitudes from all measuring points, whether at the buildings’ rooftops or 

within the canyons, were consistent during the monitoring period.  

 
Figure  5.20. Daily average air temperature within the deep and shallow canyons as well as from the 

buildings' rooftops in Al-Marqab and Al-Quds neighbourhood areas 

In general, the average canyon-roof temperatures variation in Al-Marqab (�Ta (deep – roof) 

= 0.51°C) was slightly higher than the corresponding value observed in Al-Quds 

neighbourhood (�Ta (shallow – roof) = 0.34°C). This is in fact confirmed the trend that the 

radiant heat loss in deep canyon is much slower when compared with the rate of heat loss in 

shallow one which makes the net balance between the solar gain and loss more positive and 
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results in high air temperature. For that reason, the deep canyon had the highest average air 

temperature among the other measuring points, where the lowest average air temperature 

was observed at the building’s rooftop in Al-Quds neighbourhood. Note that the 

temperatures variation between the measuring points within the canyons and buildings’ 

rooftops on the 18th of July was in its minima. This is in fact can be attributed to the effect 

of some un-controllable factors, such as the regional climate condition, wind speed, and 

prevailing wind direction during that day which all found to have an influential role on 

determining the intensity and magnitude of UHI in urban areas (Gartland 2008; Rizwan et al. 

2008). 

5.4.3.b. Deep - Shallow canyons temperatures variations: 

The comparison of the average temperatures within both canyons reveals that the deep 

canyon was in average 3°C warmer than the shallow one that located in Al-Quds 

neighbourhood at early in the morning between 5:00 and 6:00 just before the sun rise, which 

is a period that often has the lowest recorded temperature in the city. Figure  5.21 shows the 

hourly average air temperatures obtained from the deep and shallow canyons.  

 
Figure  5.21. Hourly average air temperature within the deep and shallow canyons in Al-Marqab and 

Al-Quds neighbourhood areas, respectively 

Note that the low sky view factor of the deep canyon did not help to maintain low air 

temperature within the canyon volume during the daytime as expected and confirmed from 

previous field study that done under similar climate condition (Johansson 2006a), since it 

was almost similar to the daytime’s temperature that obtained from the shallow canyon, 

which has longer duration of exposure to solar radiations. This is might be attributed to the 
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influence of advection heat, but not to the location of the instrument, which was put at the 

mid of the canyon’s height, since the instantaneous measurements, which were made at a 

lower level (1.2m a.g.l.) within the same canyon sh

temperature during daytime. One might say that the air conditioning units that directly open 

to the deep canyon and emit heats to the canyon volume might have a significant influence 

on the thermal condition within the cany

canyon to study the effect of geometry on its thermal condition inappropriate. In fact, this 

concern has been frequently asked and has been taken into consideration during the study. 

Al-Marqab neighbourhood, where the deep canyon is located, is in general a deteriorated 

area with old infrastructure which has become unable to meet the energy demands of the 

local residents, especially after the increase in the number of residential units in the area. 

Therefore, electricity outage is not rare in the area especially during the summer time due to 

high energy load that mainly consumed in air conditioning. During the field study, the 

electricity outage occurred several times and one of which occurred for three cons

days, on the 14th, 15th and 16th of July. 

variations between the deep and shallow canyons du

It appears that the intensity of heat within the deep canyon was in general in agreement with 

the average temperatures variations during the whole investigation period. 

Figure  5.22. The hourly average differences in air temperatures from the deep and shallow canyons 
during the electricity outage on the 14th, 15th, and 16th of July in Al

Note the nocturnal temperature variation wit

the one recorded within the shallow canyon which confirms the inconsiderable effects of the 

emitted heat, if any, from the air conditioning units on the overall thermal condition within 

the volume of the deep canyon.
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Microclimate measurements

influence of advection heat, but not to the location of the instrument, which was put at the 

mid of the canyon’s height, since the instantaneous measurements, which were made at a 

lower level (1.2m a.g.l.) within the same canyon showed similar outputs of high air 

temperature during daytime. One might say that the air conditioning units that directly open 

to the deep canyon and emit heats to the canyon volume might have a significant influence 

on the thermal condition within the canyon which, consequently, makes the adoption of such 

canyon to study the effect of geometry on its thermal condition inappropriate. In fact, this 

concern has been frequently asked and has been taken into consideration during the study. 

d, where the deep canyon is located, is in general a deteriorated 

area with old infrastructure which has become unable to meet the energy demands of the 

local residents, especially after the increase in the number of residential units in the area. 

e, electricity outage is not rare in the area especially during the summer time due to 

high energy load that mainly consumed in air conditioning. During the field study, the 

electricity outage occurred several times and one of which occurred for three cons

days, on the 14th, 15th and 16th of July. Figure  5.22 shows the hourly average temperature 

variations between the deep and shallow canyons during the electricity outage in Al

It appears that the intensity of heat within the deep canyon was in general in agreement with 

the average temperatures variations during the whole investigation period.  

. The hourly average differences in air temperatures from the deep and shallow canyons 
during the electricity outage on the 14th, 15th, and 16th of July in Al-Marqab neighbourhood

Note the nocturnal temperature variation within the deep canyon was almost 3°C higher than 

the one recorded within the shallow canyon which confirms the inconsiderable effects of the 

emitted heat, if any, from the air conditioning units on the overall thermal condition within 

canyon. 
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influence of advection heat, but not to the location of the instrument, which was put at the 

mid of the canyon’s height, since the instantaneous measurements, which were made at a 

owed similar outputs of high air 

temperature during daytime. One might say that the air conditioning units that directly open 

to the deep canyon and emit heats to the canyon volume might have a significant influence 

on which, consequently, makes the adoption of such 

canyon to study the effect of geometry on its thermal condition inappropriate. In fact, this 

concern has been frequently asked and has been taken into consideration during the study. 

d, where the deep canyon is located, is in general a deteriorated 

area with old infrastructure which has become unable to meet the energy demands of the 

local residents, especially after the increase in the number of residential units in the area. 

e, electricity outage is not rare in the area especially during the summer time due to 

high energy load that mainly consumed in air conditioning. During the field study, the 

electricity outage occurred several times and one of which occurred for three consecutive 

shows the hourly average temperature 

ring the electricity outage in Al-Marqab. 

It appears that the intensity of heat within the deep canyon was in general in agreement with 

 

 
. The hourly average differences in air temperatures from the deep and shallow canyons 

Marqab neighbourhood 

hin the deep canyon was almost 3°C higher than 

the one recorded within the shallow canyon which confirms the inconsiderable effects of the 

emitted heat, if any, from the air conditioning units on the overall thermal condition within 

2
0

:0
0

2
1

:0
0

2
2

:0
0

2
3

:0
0



Chapter Five Microclimate measurements 

 

159 

 

Surface temperatures (Ts): Surface temperatures from both canyons are presented in Figure 

 5.23. Basically, the deep canyons had low and stable surface temperatures on the east-facing 

façade and west-facing façade due to the low SVF which reduces the amount direct solar 

radiations and increases the mutual shading between buildings. Although the surfaces 

temperatures within the deep canyon were markedly lower than the ones observed from the 

shallow canyons during the daytime, the low sky view factor within the deep canyon reduces 

the rate of nocturnal radiative cooling from the canyon facets and, as a result, the deep 

canyon maintained higher surface temperatures at night.  

 
Figure  5.23. Hourly average surface temperatures of the east facing facade and west facing facade 

within the deep and shallow canyons 

It is noted that the surface temperature of the east-facing facade in the deep canyon was in 

average 1°C higher than the west-facing facade due to the fact that the western façade is part 

of an air-conditioned room which was influenced by the lower temperature of the internal 

surface of the air-conditioned room, while the east-facing façade is part of the building’s 

staircase that naturally ventilated. The slight increase in the temperature of the east-facing 

façade at 11:00 was due to the short period of solar exposure. Correspondingly, the shallow 

canyon had large swings in surface temperature as well as in the durations of high 

temperatures. For instance, the surface temperature of the east-facing faced reaches its 

maxima (Av. maximum = 47°C) at 10:00 during its exposure to solar radiation and maintains 

steady temperature at 44°C from 12:00 to 15:00, then starts to decline from 16:00 till it 

reaches its minima at 6:00 in the following day. On the other hand, the surface temperature 

of the west-facing façade begins to rise at a stationary rate from 6:00 till it reaches its 

maxima at 16:00 (Av. Maximum = 52.4°C), and begin to decline till it reaches its minima at 

6:00 on the following day. 
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Thermal comfort (PET): Figure  5.24 shows the hourly average of Tmrt within the deep and 

shallow canyons, which describes the thermal condition for a person under the effect of 

convection and radiation coming from the different heat sources in the canyons including the 

short-waves radiation from the sun and the long-waves radiation from the surroundings 

radiated surfaces. Indeed, the Tmrt variations were strongly driven by the canyons SVFs. 

This is can be clearly apparent in the attitude of temperature especially in the deep canyon 

through the increase in Tmrt during the short period of solar exposure from 11:00 to 12:00. 

Basically, the Tmrt within the deep canyon during the daytime was markedly lower than the 

one measured within the shallow especially during the period from 14:00 to 15:00, which is 

considered as the warmest period in the day.  

 
Figure  5.24. Hourly average mean radiant temperatures (Tmrt) within the deep and shallow canyons 

at 5m above the ground level along with the upper limit of Tmrt of 37.8°C that appears in the blue 
dashed line 

However, the slow nocturnal radiative cooling makes the deep canyon almost 3°C warmer at 

night. In relation to the upper limit of comfortable Tmrt at 37.8°C (see chapter 5, section 

5.4.2), it seems difficult in such sever hot climate condition to maintain comfortable 

microclimate during most of the day time in both canyons, roughly from 7:00 to 21:00. 

During the nighttimes and early in the morning, however, the microclimate condition within 

the shallow canyon was markedly below the upper limit of comfortable Tmrt, due to high 

sky view factor which associated with better nocturnal radiative cooling, comparing to the 

deep canyon which had in general warmer microclimate condition. 

Heat Island within the canyons (UCHI): Figure  5.25 shows the actual air temperature from 

the deep and shallow street canyons (a), alongside the air temperatures variations between 

the investigated canyons (b).  
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It should be noted that, the temperature variations in the figure above presents the heat 

intensity within the deep canyon in comparison with air temperature obtained from the 

shallow one. In general, the deep canyon had nocturnal heat island with an average of 3°C 

and it could reach 5°C in certain days. However, the deep canyon had a slightly lower 

temperature than the shallow one during the daytime because of low exposure to solar 

radiations. 

5.4.4. Concluding remarks from the continuous micro climate measurements:  

The microclimate measurement at buildings’ rooftops showed that the air temperatures were 

almost similar during daytime and the variations in air temperature become more 

pronounced during nighttimes, especially between the rural area and the densely built-up 

area of Al-Marqab neighbourhood. Although the air temperature within the deep canyon was 

slightly below the corresponding temperature obtained from the shallow one due to the 

effects of shadowing within the canyon, the air temperatures obtained from the rooftop in the 

densely built-up area of Al-Marqab neighbourhood were warmer than the ones obtained 

from the low-dense urban area of Al-Quds neighbourhood at both the daytime and 

nighttimes. This day and night variations found in air temperature between the Al-Marqab 

and the Al-Quds sheds light on the importance of utilizing the remotely sensed data in the 

study of the microclimate condition in urban areas, since in this study the land surface 

temperature variations found over the Riyadh City were correlated with the variations found 

in air temperature between the urban locations (see also chapter 3). The densely built up area 

in the core zone, where the Al-Marqab is located, tends to be warmer in surface and air 

temperatures. The continuous microclimate measurement programme in Riyadh city show 

that no significant variations found in air temperature between the urban locations studied 

and the rural area during the daytimes, since all location were showing almost similar 

temperature during the daytime. However, the UHI in the city become more pronounced at 

night and early in the morning just before the sun rise, particularly in the densely built-up 

area of Al-Marqab neighbourhood, whether at the building’s rooftop or within the deep 

canyon, in which the temperature in the Al-Marqab neighbourhood could be 3.5°C higher 

than the rural area, Figure  5.17.  

The wall temperatures in the shallow canyon in Al-Quds residential neighbourhood tend to 

be warmer during the daytime in comparison to those observed in the deep canyon in the Al-

Marqab residential neighbourhood. However, the high sky view factor from the shallow 
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canyon helps to accelerate the rate of heat loss from the canyon facets causing lower surface 

temperatures by night. In general, the continuous microclimate measurements show that 

thermal comfort is difficult to reach in such an extreme hot climate condition, particularly 

during daytime in all measuring points, i.e. whether at the rooftops or within the canyons. 

However, the nocturnal cooling, especially at rooftops in which the temperatures in typical 

days can be 4°C below the upper limit of comfortable air temperatures (see Figure  5.24).  

5.5. Instantaneous microclimate measurements, July,  2011 

This part of the microclimate studies measures, by means of instantaneous measurement, the 

microclimate condition within a number of different canyon geometries, quantified by the 

SVFs and orientations, in order to evaluate the potential of different canyon geometries on 

reducing the severity of such hot climate condition in Riyadh City. This measurement 

campaign seeks to provide some knowledgeable understanding in the field of climatic urban 

design, and the potential of utilizing the urban geometry, as an urban design tool, to 

minimize the profound effects of extreme climate condition on human comfort under 

summer condition in Riyadh City. More about the method and instrumentation used are 

presented in the following materials followed by the results. 

5.5.1. Methodology  

5.5.1.a. Location 

The instantaneous measurements were carried out during the daytimes from 9:00 to 18:00 

within five street canyons in the Al-Marqab neighbourhood. The urban characteristic of Al-

Marqab neighbourhood has been introduced earlier in this chapter (section  5.3.1), since it 

was one of the chosen neighbourhoods in the continuous measurements campaign. In 

general, the Al-Marqab neighbourhood is located in the core zone at 24° 38ˈ N, 46° 43̍ E, 

and 595m above the sea level, and extends over an area of 40 hectares. Al-Marqab can be 

described as densely built-up area, highly populated, and the majority of residents who are 

living in the area are immigrant labour with low-income. The purpose of choosing Al-

Marqab neighbourhood to carry out the instantaneous microclimate measurements is because 

the urban fabric of Al-Marqab neighbourhood provides a variety of canyon geometries, since 

most of urban canyons in contemporary residential districts have homogeneous SVF and 

orientations. Moreover, most of the narrow canyons in Al-Marqab are allocated for 

pedestrian and no motor vehicles are able to pass through which eliminate the chance of 



Chapter Five Microclimate measurements 

 

164 

 

having artificial heat sources within the canyons. Although there were a number of valid 

street canyons across Al-Marqab neighbourhood that can be adopted to conduct the 

instantaneous microclimate measurements, however, it was keen to choose street canyons 

that close to each other and not far from the reference point. This is done in order to evaluate 

the role of different canyon geometries and settings under similar climate and thermal 

condition. Figure  5.26 shows the locations of the chosen canyons, from 1 to 5, where the 

instantaneous measurements were taking places, as well as the location of the continuous 

measuring point at building rooftop, which was used as a reference point. 

 

Figure  5.26. Al-Marqab master plan showing the locations of the reference point, alongside the 
locations of the remote stations from 1 to 5, source: drawn by the author based on a digital map 

obtained from the Riyadh Development Authority (RDA) 

Figure  5.27 to 5.31 illustrate in details the physical and spatial characteristics of the five 

chosen canyons, as well as the location of the instrumentations used during the measurement 

campaign.  
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Figure  5.27. The reference point and location 01 (SVF=0.068, Orientation: 7° CCW or 173° CW from 
North direction), source: drawn by the author based on a digital map obtained from the Riyadh 

Development Authority (RDA) 

 
 
 
 
 

 

Figure  5.28. Location 02 (SVF=0.063, Orientation: 106° CCW or 74° CW from North direction), 
source: drawn by the author based on a digital map obtained from the Riyadh Development Authority 

(RDA) 
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Figure  5.29. Location 03 (SVF=0.099, Orientation: 92° CCW or 88° CW from North direction), 
source: drawn by the author based on a digital map obtained from the Riyadh Development Authority 

(RDA) 

 
 
 
 
 

 

Figure  5.30. Location 04 (SVF=0.076, Orientation: 10° CCW or 170° CW from North direction), 
source: drawn by the author based on a digital map obtained from the Riyadh Development Authority 

(RDA) 
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Figure  5.31. Location 05 (SVF=0.102, Orientation: 129°CCW or 51°CW from North direction), 
source: drawn by the author based on a digital map obtained from the Riyadh Development Authority 

(RDA) 

Table  5.4 lists the spatial and material properties of the five chosen canyons where the 

instantaneous measurements were taking place in Al-Marqab neighbourhood. 

Table  5.4. Physical and material properties of the five chosen canyons in the Al-Marqab 
neighbourhood 

Name 
Distance from 

reference 
point 

Street width Aspect ratio SVF Orientation 
Ground 
material 

Wall  
material 

Ref. 0 NA NA 1 NA concrete NA 

Loc. 01 ≈ 4.5m 3.11 H/w = 3.48 0.068 7° CCW soil 
concrete 
plaster 

Loc. 02 ≈ 178m 2.40 H1/w: 5.62, H2/w: 4.08 0.063 74° CW asphalt 
concrete 
plaster 

Loc. 03 ≈ 67m 4.44 H1/w: 2.14, H2/w: 2.61 0.099 88° CCW asphalt 
concrete 
plaster 

Loc. 04 ≈ 153m 3.85 H1/w: 2.52, H2/w: 3.17 0.076 10° CCW asphalt 
concrete 
plaster 

Loc. 05 ≈ 210m 3.10 H1/w: 3.72, H2/w: 2.57 0.102 51° CW asphalt 
concrete 
plaster 

At first glance at the physical characteristics of the chosen canyons, one can notice the great 

similarity among them in terms of their sky view factors and, in some cases, in their 

orientations such as in locations 01 and 04, which in turn may pose a question about the 

validity of adopting such canyons to achieve the anticipated objectives of measuring the 

impact of different canyons geometries on their microclimate conditions. In fact, a closer 

look on the physical and spatial characteristics of each canyon reveals clear variations 
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between them such as in the buildings’ heights along the individual canyon, their locations 

within the urban context, and the existence of public open spaces in the vicinity of the 

canyons, such as in locations 04 and 05. To get better impression of the spatial 

characteristics of the chosen canyons, more images are presented in Appendix C.1, alongside 

with fisheye photos taken from the measuring point in each canyon. 

5.5.2. Instrumentation  

According to the objectives of this study, micro-meteorological data, including air 

temperature (Ta), relative humidity (RH), globe temperature (Tg), wind speed (v) and solar 

radiations (K), were instantaneously measured from locations 01, 02, 03, 04, 05 on the 16th, 

17th, 19th, 20th, and 23rd of July 2011, respectively. All meteorological parameters within 

the chosen canyons were recorded in form of 10-minute-average over a 9-hour-period during 

the daytime from 9:00 to 18:00. Surface temperatures of the chosen canyons including, walls 

and ground, were manually measured using handheld IR thermometer for every 30 minutes. 

Figure  5.32 shows the portable weather station as well as a detailed drawing showing the 

locations of the instrumentations used in this study. 

 

Figure  5.32. Detailed drawing showing the locations of the instruments on the portable station that 
used for the instantaneous microclimate measurements within the street canyons, source: the author 

In addition to the instrumentations used to measure the climate parameters at roof-top, Table 

 5.5 lists the instrumentations used to measure the environmental parameters of interest 

within the chosen canyons and the distances of measuring points from the ground level. 

Pyranometer (SP Lite2)

Anemometer (A100R)

Datalogger
(Eltek - 1000 series)

Globe thermometer

Vaisala temperature and humidity probe

110cm

136cm

150cm

146cm
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Table  5.5. The environmental parameters and instrumentations used in the mobile weather station 

Parameter Type Height a.g.l.(m) Unit Instrument 

At rooftop     

Air temperature (Ta) 

co
n

tin
uo

u
s 

~ 15 °C Tinytag Ultra 2 (TGU-4500) 

Relative humidity (RH) ~ 15 °C Tinytag Ultra 2 (TGU-4500) 

Wind speed (v) ~ 15 ms-1 Anemometer (A100R) 

Solar radiation (K) ~ 13 Wm-2 Pyranometer (Kipp & Zonen CM5) 

Datalogger  - - 
Eltek (1000 series Squirrel 
meter/Logger) 

     

Within canyons     

Air temperature (Ta) 

in
st

an
ta

n
eo

u
s 

~ 1.3 °C Vaisala Ta and RH probe (HMP45C-L) 

Relative humidity (RH) ~ 1.3 °C Vaisala Ta and RH probe (HMP45C-L) 

Globe temperature (Tg) ~ 1.1 °C Thermistor (Type: AVX 2000Ω) 

Wind speed (v) ~ 1.5 ms-1 Anemometer (A100R) 

Solar radiation (K) ~ 1.5 Wm-2 Pyranometer  (Kipp & Zonen SP Lite2) 

Datalogger  - - 
Eltek (1000 series Squirrel 
meter/Logger) 

Surface temperature  ~ 1.1 °C Fluke 62 Mini Infrared Thermometer 

It should be noted that, the Vaisala probe was shielded by Stevenson type Screen (Series 

DTR500) to protect the temperature and humidity sensors from direct sunlight and wind. 

Additional photos of the instruments used to measure the microclimate condition within the 

street canyons are presented in Appendix C.2.  

5.5.3. Results and discussions  

The following results are presented for the instantaneous microclimate measurements, which 

were carried out on the 16th, 17th, 19th, 20th, and 23rd of July 2011 in locations 01, 02, 03, 

04, and 05, respectively. Although the instantaneous microclimate measurements were 

carried out on different days and during short period, the prevailing climate conditions 

during the measuring period were considered representative of typical summer in Riyadh 

City, clear sky with high solar irradiance. In addition, the obtained micrometeorological data 

within the studied canyons were simultaneously compared with the data measured from a 

reference point at the unobstructed rooftop in order to clarify any microclimatic changes 

within the canyons due to the obstructing effects of the buildings. The micrometeorological 
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data presented here are for the purpose to analyze the microclimate variations among the 

canyons due to the effects of geometries. As a matter of interest, additional meteorological 

data that obtained during this field study, whether within the individual canyons or form the 

rooftop, are presented in Appendix C.3.  

5.5.3.a. Measured environmental parameters and surface temperatures 

Air temperature (Ta): Figure  5.33 shows the daytime evolution of Ta within the studied 

canyons, as well as the average air temperature at the unobstructed rooftop during the five 

measuring days. Basically, there were considerable differences in air temperatures measured 

within the canyons before 13:00 with respect to the average Ta at rooftop, owing to the 

effects of shading pattern caused by the canyons’ configurations. During this period, the 

minimum Ta observed was 36.35°C at 9:30 in Loc. 04, and the maximum was 45.75°C at 

12:30 in Loc. 04. In general, the Ta measured within the canyons during the period from 

11:00 to 13:00, except of that measured within Loc. 04, were significantly above the average 

Ta at the rooftop during the five measuring days.  

 

Figure  5.33. Air temperature at all measuring locations during selected days in July 2011 within Al-
Marqab neighbourhood alongside the average air temperature at rooftop 

However, the Ta measured in all measuring points within the canyons starts to decline after 

14:00 and reached its minimal at 18:00 immediately after sunset. During this period, the 

majority of the observed air temperatures within the studied canyons were below the average 

Ta at rooftop as shown in the figure above. 
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Compared to the corresponding Ta measured at rooftop during the individual measuring 

days, the maximum variation of Ta within the studied canyons was observed at 11.30 in Loc. 

05 (+ 4.2°C), which is NE-SW oriented and has the highest SVF among the measured street 

canyons (SVF = 0.102), Figure  5.34. Indeed, this higher Ta value was associated with the 

short period of canyon’s exposure to solar irradiance at pedestrian level from 11:00 to 13:00. 

The Ta variation between Loc. 05 and rooftop during the peak time range between +1.97°C 

at 11:00 and + 4.2°C at 11:30. In contrast, the lowest Ta was recorded in Loc. 04 around 

9:30 (-3.11°C) which is N-S oriented and has a SVF = 0.76. Note that, Loc. 01 which is also 

N-S oriented and has lower SVF than Loc. 04 equal to 0.068 showed higher Ta during the 

period from 9:00 to 13:00. 

 

Figure  5.34. Differences in Ta with reference to the corresponding air temperature at rooftops during 
the measuring days 

This is, in fact, can be attributed to the higher energy budget of Loc. 01 due to the influence 

of its configuration including, its aspect ratio and location within the urban context. For 

instance, Loc. 04 is situated beside an open public space and opens from one end to a wide 

local street as shown earlier in its corresponding figure 5.30. Hence, this allows more wind 

to flow within the canyon volume which helps to dissipate the stored heat, whether from the 

canyons facets or from its air volume.  

With respect to the previous evaluation of Ta and its relation to the canyon’s configuration of 

Loc. 01 and Loc. 04, the remaining couple canyons, Loc. 02 and Loc. 03, which, to some 

extent, have similar orientation (E-W), have shown different scenario in terms of the daytime 
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evolution of Ta. The Ta evolution within the Loc. 02, which has a SVF equal to 0.063 and 

assumed to have higher energy budget due to lower SVF, was almost similar to the Ta 

measured in Loc. 03, which has higher SVF equal to 0.099, duri

13:00, but both were maintaining Ta values that almost similar to the corresponding Ta 

measured at rooftop. Moreover, during the evening time, from 13:30 to 18:00, Loc. 03 

showed higher Ta values compared with the corresponding T

both canyons are relatively E

attributed to the longer duration of exposure to solar energy, but not to the low rate of heat 

loss from the canyon’s air volume as occurr

Figure  5.35 shows the average daytime differences between the measuring locations, and the 

corresponding Ta at rooftop. In this figure, the daytime average difference of Ta was 0.83°C 

and 0.37 warmer in Loc. 05 and Loc. 03, respectively. In contrast, the average differences 

were 1.14°C, 0.57°C and 0.15°C cooler in Loc. 04, Loc. 02, and Loc. 01, respectively. 

Figure  5.35. The daytime average differences in Ta between the measuring locations and the 

Wind velocity (v): The relationship between wind velocity within the canyons and at rooftop, 

discussed below, should be read bearing in mind the following: The distance between the 

measuring points within the canyons and the reference point at rooftop varies from one to 

another. The closest measuring point to the reference is Loc. 01 (less than 5m), while the 

farthest is Loc. 05 (210m). In general, wind data reported within the studied canyons showed 
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evolution of Ta. The Ta evolution within the Loc. 02, which has a SVF equal to 0.063 and 

assumed to have higher energy budget due to lower SVF, was almost similar to the Ta 

measured in Loc. 03, which has higher SVF equal to 0.099, during the period from 9:30 to 

13:00, but both were maintaining Ta values that almost similar to the corresponding Ta 

measured at rooftop. Moreover, during the evening time, from 13:30 to 18:00, Loc. 03 

showed higher Ta values compared with the corresponding Ta measured in Loc. 02. Since 

both canyons are relatively E-W oriented, the higher Ta value in Loc. 03 can be directly 

attributed to the longer duration of exposure to solar energy, but not to the low rate of heat 

loss from the canyon’s air volume as occurred in the N-S oriented of Loc. 01. 

shows the average daytime differences between the measuring locations, and the 

oftop. In this figure, the daytime average difference of Ta was 0.83°C 

and 0.37 warmer in Loc. 05 and Loc. 03, respectively. In contrast, the average differences 

were 1.14°C, 0.57°C and 0.15°C cooler in Loc. 04, Loc. 02, and Loc. 01, respectively. 

. The daytime average differences in Ta between the measuring locations and the 
corresponding air temperature at rooftop 

: The relationship between wind velocity within the canyons and at rooftop, 

discussed below, should be read bearing in mind the following: The distance between the 

measuring points within the canyons and the reference point at rooftop varies from one to 

other. The closest measuring point to the reference is Loc. 01 (less than 5m), while the 

farthest is Loc. 05 (210m). In general, wind data reported within the studied canyons showed 
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evolution of Ta. The Ta evolution within the Loc. 02, which has a SVF equal to 0.063 and 

assumed to have higher energy budget due to lower SVF, was almost similar to the Ta 

ng the period from 9:30 to 

13:00, but both were maintaining Ta values that almost similar to the corresponding Ta 

measured at rooftop. Moreover, during the evening time, from 13:30 to 18:00, Loc. 03 

a measured in Loc. 02. Since 

W oriented, the higher Ta value in Loc. 03 can be directly 

attributed to the longer duration of exposure to solar energy, but not to the low rate of heat 

S oriented of Loc. 01.  

shows the average daytime differences between the measuring locations, and the 

oftop. In this figure, the daytime average difference of Ta was 0.83°C 

and 0.37 warmer in Loc. 05 and Loc. 03, respectively. In contrast, the average differences 

were 1.14°C, 0.57°C and 0.15°C cooler in Loc. 04, Loc. 02, and Loc. 01, respectively.  

 
. The daytime average differences in Ta between the measuring locations and the 

: The relationship between wind velocity within the canyons and at rooftop, 

discussed below, should be read bearing in mind the following: The distance between the 

measuring points within the canyons and the reference point at rooftop varies from one to 

other. The closest measuring point to the reference is Loc. 01 (less than 5m), while the 

farthest is Loc. 05 (210m). In general, wind data reported within the studied canyons showed 
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low wind speed compared to that reported at rooftop. 

differences of wind velocity (v) within the canyons with reference to the corresponding 

average wind speed measured above the canyons

Figure  5.36. Average differences of wind speed within the canyons compared to the corresponding 
wind speed measured at rooftop during the measuring days

Loc. 01 has an average wind

speed measured at roof top while loc. 2 has shown less difference in wind speed of that 

measured at roof top, 1.24 ms

followed by Loc. 04 with 1.36 ms

Compared to the average differences of Ta measured within the chosen canyons, 

 5.35, one can notice that the two 

have also better wind circulations among the studied street canyons. For instance, the 

daytime average wind speed measured within Loc. 02, which is E

higher than the corresponding one measured in Loc. 03. On the mean time, the daytime 

average wind speed within Loc. 04, which is N

corresponding one measured within Loc. 01.

Global radiations:  Figure 

within the street canyons at pedestrian level compared to the average measured at rooftop 

during the five measuring days, and the variations of solar intensities between the individual 

canyons with reference to the corresponding values measured at rooftop, respec
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low wind speed compared to that reported at rooftop. Figure  5.36 shows the daytime average 

differences of wind velocity (v) within the canyons with reference to the corresponding 

average wind speed measured above the canyons at building’s rooftop.  

. Average differences of wind speed within the canyons compared to the corresponding 
wind speed measured at rooftop during the measuring days 

Loc. 01 has an average wind speed of 2.9 ms-1 less than the corresponding average wind 

speed measured at roof top while loc. 2 has shown less difference in wind speed of that 

measured at roof top, 1.24 ms-1 less. This indicates that Loc. 02 has better wind circulation 

c. 04 with 1.36 ms-1 less.  

Compared to the average differences of Ta measured within the chosen canyons, 

, one can notice that the two locations, Loc. 02 and Loc. 04 which have shown lower Ta, 

have also better wind circulations among the studied street canyons. For instance, the 

daytime average wind speed measured within Loc. 02, which is E-W oriented, was 1.15 ms

ponding one measured in Loc. 03. On the mean time, the daytime 

average wind speed within Loc. 04, which is N-S oriented, was 1.54 ms

corresponding one measured within Loc. 01. 

Figure  5.37 and 5.38 show the hourly global radiations values measured 

the street canyons at pedestrian level compared to the average measured at rooftop 

during the five measuring days, and the variations of solar intensities between the individual 

canyons with reference to the corresponding values measured at rooftop, respec

-1.24

-2.39

-1.36

Loc. 02 Loc. 03 Loc. 04

Average differences

Microclimate measurements 

173 

shows the daytime average 

differences of wind velocity (v) within the canyons with reference to the corresponding 

 
. Average differences of wind speed within the canyons compared to the corresponding 

less than the corresponding average wind 

speed measured at roof top while loc. 2 has shown less difference in wind speed of that 

less. This indicates that Loc. 02 has better wind circulation 

Compared to the average differences of Ta measured within the chosen canyons, Figure 

locations, Loc. 02 and Loc. 04 which have shown lower Ta, 

have also better wind circulations among the studied street canyons. For instance, the 

W oriented, was 1.15 ms-1 

ponding one measured in Loc. 03. On the mean time, the daytime 

S oriented, was 1.54 ms-1 higher than the 

show the hourly global radiations values measured 

the street canyons at pedestrian level compared to the average measured at rooftop 

during the five measuring days, and the variations of solar intensities between the individual 

canyons with reference to the corresponding values measured at rooftop, respectively.  
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Figure  5.37. Solar radiations measured within the street canyons as well as the average value of solar 
radiation measured at rooftop during the measuring days

Figure  5.38. Variations in solar radiations within the street canyons compared to the corresponding 
solar radiations measured at rooftop during the measuring days

As expected, the east-west oriented street canyons, Loc. 02 and Loc. 03,

durations of exposure to solar radiations than the other studied canyons. However, the period 

of exposure to solar radiations at pedestrian level within Loc. 02 was shorter than the one 

observed within Loc. 03 due to the lower SVF, from 

to 16:00 in Loc. 03.  
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. Solar radiations measured within the street canyons as well as the average value of solar 
radiation measured at rooftop during the measuring days 

. Variations in solar radiations within the street canyons compared to the corresponding 
solar radiations measured at rooftop during the measuring days

west oriented street canyons, Loc. 02 and Loc. 03, have shown longer 

durations of exposure to solar radiations than the other studied canyons. However, the period 

of exposure to solar radiations at pedestrian level within Loc. 02 was shorter than the one 

observed within Loc. 03 due to the lower SVF, from 9:30 to 13:00 in Loc. 02 and from 9:30 
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. Solar radiations measured within the street canyons as well as the average value of solar 

 
. Variations in solar radiations within the street canyons compared to the corresponding 

solar radiations measured at rooftop during the measuring days 

have shown longer 

durations of exposure to solar radiations than the other studied canyons. However, the period 

of exposure to solar radiations at pedestrian level within Loc. 02 was shorter than the one 

9:30 to 13:00 in Loc. 02 and from 9:30 
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On the other hand, the north

shorter durations of exposure to solar radiation than the east

from 11:30 to 12:30 in Loc. 01 and from 12:00 to 12:30 in Loc. 04. The intermediate 

oriented street canyon, Loc. 05, has an exposure to solar radiation at pedestrian level from 

11:00 to 13:00. It should be noted that, since the measurements were carried out on diffe

days, the radiations intensities at noon were slightly different due to particles and dust. 

Figure  5.39 shows the average global radiation during

and 23 July 2011, as well as the global radiations measured within the studied canyons at 

pedestrian level. Note that in addition to the  of orientations and SVF on determining the 

amount of solar radiations received 

an important role in determining the duration of solar exposure at pedestrian level as 

observed  the N-S oriented street canyons in Loc. 01 and Loc. 04. 

Figure  5.39. The average global radiation during the measuring days and the global radiations 
measured within the canyons at pedestrian level with the vertical cross sections of the studied 
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On the other hand, the north-south oriented street canyons, Loc. 01 and Loc. 04, have shown 

shorter durations of exposure to solar radiation than the east-west oriented street canyons, 

to 12:30 in Loc. 01 and from 12:00 to 12:30 in Loc. 04. The intermediate 

oriented street canyon, Loc. 05, has an exposure to solar radiation at pedestrian level from 

11:00 to 13:00. It should be noted that, since the measurements were carried out on diffe

days, the radiations intensities at noon were slightly different due to particles and dust. 

shows the average global radiation during the measuring days on 16, 17, 19, 20, 

and 23 July 2011, as well as the global radiations measured within the studied canyons at 

pedestrian level. Note that in addition to the  of orientations and SVF on determining the 

amount of solar radiations received at pedestrian level, the canyons’ aspect ratios also plays 

an important role in determining the duration of solar exposure at pedestrian level as 

S oriented street canyons in Loc. 01 and Loc. 04.  

 

 

 

. The average global radiation during the measuring days and the global radiations 
measured within the canyons at pedestrian level with the vertical cross sections of the studied 

canyons. 
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south oriented street canyons, Loc. 01 and Loc. 04, have shown 

west oriented street canyons, 

to 12:30 in Loc. 01 and from 12:00 to 12:30 in Loc. 04. The intermediate 

oriented street canyon, Loc. 05, has an exposure to solar radiation at pedestrian level from 

11:00 to 13:00. It should be noted that, since the measurements were carried out on different 

days, the radiations intensities at noon were slightly different due to particles and dust. 

the measuring days on 16, 17, 19, 20, 

and 23 July 2011, as well as the global radiations measured within the studied canyons at 

pedestrian level. Note that in addition to the  of orientations and SVF on determining the 

at pedestrian level, the canyons’ aspect ratios also plays 

an important role in determining the duration of solar exposure at pedestrian level as 

 

 

 

. The average global radiation during the measuring days and the global radiations 
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For instance, despite the fact that the Loc. 04 has higher SVF than Loc. 01, the short period 

of solar exposure at pedestrian level in Loc. 04, from 12:00 to 12:30, was decisively 

determined by the height of east building in Loc. 04 which is higher than the east building in 

Loc. 01, 12.2m and 10.84m respectively. Similar principle can be also applied on the other 

canyons. 

Mean radiant temperature (Tmrt): The mean radiant temperature (Tmrt) was calculated in 

this study using Eq.  4-1, which has been also used in the comfort study. Because the 

microclimate measurements were conducted in different days and the Tmrt is decisively 

influenced by the intensity of solar radiation, which are varies from one day to another, the 

Tmrt comparison study cannot be established among the studied canyon. Instead, an analysis 

of the duration of extreme Tmrt within individual canyon is compared. In addition to the 

obstacles mentioned here, the reference point at rooftop was not equipped with an instrument 

to measure the globe radiation, which is fundamental in calculating the Tmrt using the above 

equation. Hence, a comparison study between the Tmrt values within the studied canyons 

and the reference point was also not possible. Figure  5.40 shows the evolution of Tmrt 

within the studied street canyons in Al-Marqab neighbourhood from 9:30 to 18:00.  

 
Figure  5.40. The hourly evolution of Tmrt within the measured canyons from 9:30 to 18:00 

The E-W oriented street canyons, Loc. 02 and Loc. 03, had the longer duration of extreme 

Tmrt since both have longer duration of exposure to solar radiation as shown earlier. Both 

were above 52°C at 9:30 and reach it maximal from 13:00 in Loc. 02 (60.3°C) to 14:00 in 

Loc. 03 (61.2°C). However, the Tmrt takes longer in Loc. 03, about three hours, to meet the 

Tmrt in Loc. 02. In contrast, N-S oriented street canyons, Loc. 01 and Loc. 04, had shorter 
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period of extreme Tmrt, particularly during the period of hi

almost half hour of extreme Tmrt ranging from 63.4°C to 66.6°C in Loc. 01, and from 

60.2°C to 62.9°C in Loc. 04.Although the duration of extreme Tmrt within Loc. 01 and Loc. 

04 were similar (half hour), the extreme Tmrt wi

where it occur at 12:00 in Loc. 04. Finally, the duration of extreme Tmrt within the 

intermediate oriented street canyon, Loc. 05, last longer that the N

but shorter than the E-W ones

two hours of exposure to solar radiations at pedestrian level from 11:00 to 13:00, ranging 

between 59.5°C at 11:00 and 65.2°C at 12:30. 

temperature Tmrt within the studied canyon, as well as the measured global radiations at 

pedestrian level. One can notice from the figures below the great influe

on the evolution of Tmrt within the individual canyon, which is decisively affected even with 

slightly changes in solar intensity.

Figure  5.41. Calculated mean radiant 
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period of extreme Tmrt, particularly during the period of high sun position at noon. Both had 

almost half hour of extreme Tmrt ranging from 63.4°C to 66.6°C in Loc. 01, and from 

60.2°C to 62.9°C in Loc. 04.Although the duration of extreme Tmrt within Loc. 01 and Loc. 

04 were similar (half hour), the extreme Tmrt within Loc. 01 occur half hour earlier at 11:30, 

where it occur at 12:00 in Loc. 04. Finally, the duration of extreme Tmrt within the 

intermediate oriented street canyon, Loc. 05, last longer that the N-S oriented street canyons 

W ones. In general, the extreme Tmrt within Loc. 05 occur during the 

two hours of exposure to solar radiations at pedestrian level from 11:00 to 13:00, ranging 

between 59.5°C at 11:00 and 65.2°C at 12:30. Figure  5.41 shows the calculated mean radiant 

temperature Tmrt within the studied canyon, as well as the measured global radiations at 

pedestrian level. One can notice from the figures below the great influence of solar radiation 

on the evolution of Tmrt within the individual canyon, which is decisively affected even with 

slightly changes in solar intensity. 

 

 

. Calculated mean radiant temperatures in relation to the measured solar radiation within 
the canyons at pedestrian level. 
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gh sun position at noon. Both had 

almost half hour of extreme Tmrt ranging from 63.4°C to 66.6°C in Loc. 01, and from 

60.2°C to 62.9°C in Loc. 04.Although the duration of extreme Tmrt within Loc. 01 and Loc. 

thin Loc. 01 occur half hour earlier at 11:30, 

where it occur at 12:00 in Loc. 04. Finally, the duration of extreme Tmrt within the 

S oriented street canyons 

. In general, the extreme Tmrt within Loc. 05 occur during the 

two hours of exposure to solar radiations at pedestrian level from 11:00 to 13:00, ranging 

shows the calculated mean radiant 

temperature Tmrt within the studied canyon, as well as the measured global radiations at 

nce of solar radiation 

on the evolution of Tmrt within the individual canyon, which is decisively affected even with 

 

 

 

temperatures in relation to the measured solar radiation within 

28

33

38

43

48

53

58

63

68

73

78
T

m
rt

 (
°C

)

28

33

38

43

48

53

58

63

68

73

78

1
6

:0
0

1
6

:3
0

1
7

:0
0

1
7

:3
0

1
8

:0
0

T
m

rt
 (

°C
)



Chapter Five Microclimate measurements 

 

178 

 

Surface temperature (Ts): Surface temperatures of canyons’ grounds and walls are given in 

figure  5.42 and 5.43. In terms of the ground temperatures, one can see that the temperature 

profile of the ground surface in each canyon is greatly influenced by its duration of exposure 

to solar radiations which is determined by the configuration of individual canyon, such as the 

SVF, orientations, and the street aspect ratios quantified by the variation of buildings heights 

along the street canyons. In addition, the thermal properties of ground materials can also play 

a distinguish role in determining the surface temperature as clearly appears in the ground 

temperature of Loc. 01 which is covered by soil and recorded the lowest temperatures among 

the others during the measuring period. It should be noted that, the daytime evolution of 

ground temperature in Loc. 01, which is covered by soil, was not significantly correlated 

with the temporal exposure to solar radiations at pedestrian level owing to the moisture 

contents and thermal conductivity of soil material.  

 
Figure  5.42. The evolution of daytime ground temperature in the chosen canyons 

 
Figure  5.43. Daytime walls temperatures at the canyons 01, 02, 03, 04, and 05 during the measuring 

days on 16, 17, 19, 20, and 23 July 2011, respectively, within Al-Marqab neighbourhood 
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Apart from the influence of ground materials on their temperatures, the E-W oriented street 

canyons have recorded longer duration of high temperatures, e.g. Loc. 02 and Loc. 03, 

whereas the high ground temperatures in the N-S oriented street canyons, e.g. Loc. 01 and 

Loc. 04, were more associated with the period of exposure to solar radiation. However, low 

variations in ground temperatures are observed at 18:00, immediately after sunset. In terms 

of walls temperatures, no significant temperature variations were observed between both 

sides when shaded in each canyon. In general, the wall temperatures were below the 

corresponding Ta in the N-S oriented canyons, e.g. Loc. 01 and 04, and above the 

corresponding Ta in the E-W oriented street canyons, e.g. Loc. 02 and 03, and in the NE-SW 

oriented canyon, e.g. Loc. 05. 

Thermal comfort (PET): The daytime evolution of PET within the individual canyons has 

been calculated using RayMan model, which is a calculation model that being widely 

utilized to generate predictions of thermal comfort in outdoor environment (e.g. Gulyas et al. 

2006; Matzarakis et al. 2007; Lin et al. 2010; Hwang et al. 2011). The PET was calculated 

here using the meteorological parameters measured from a central point in each canyon 

during the daytime including, Ta, RH, v, and Tmrt. In addition, the following personal data 

including, Height: 1.63m, Weight: 67kg, Age: 34y, Clo: 0.6, and Act: 88 Wm-2, were also 

used in order to estimate the PET of a person standing at the measuring points in each 

canyon. It should be noted that, these values of personal data used here represent the 

averages of personal data obtained from the respondents during the outdoor comfort study 

(see chapter 05). Figure  5.44 shows the daytime evolution of PET within the studied canyons 

(Loc. 01, 02, 03, 04, and 05) in Al-Marqab neighbourhood, alongside the estimated upper 

comfort limit (PET) in outdoor environment during daytime.  

 
Figure  5.44. Physiological Equivalent Temperature (PET) within the chosen street canyons in Al-

Marqab neighbourhood, alongside with the average PET at the unobstructed rooftop 
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At all locations, the calculated values of PETs are above the assumed upper comfort limit 

(39°C) during the measuring period from 9:30 to 18:00. In the N

Loc. 01 and Loc. 04, and in the intermediate oriented street canyon, Loc. 0

this threshold reaching 52

of PET last longer in the E

and 54.8°C at 14:00 in Loc. 03. 

As stated above, the main reason for extremely high daytime PET is the exposure to direct 

solar radiation. In addition, one can notice that the PET values after solar exposure, generally 

from 13:00, in the N-S and intermediate oriented street canyons are higher than the 

calculated PET before the time of exposure to solar radiation in each canyon, owing to the 

influence of heat emitted from the canyons facets and to the overall thermal environment in 

the area, which is usually become warmer afternoon. 

differences between the calculated PET within the studied canyons and the assumed daytime 

upper comfort limit at 39°C PET in Riyadh City. It can be s

N-S oriented street canyons were maintaining the lowest PET above the assumed daytime 

upper comfort limit (DUCL) with +5.39°C PET in Loc. 04 and +7.6°C PET in Loc. 01. On 

the other hand, the E-W oriented street canyons rep

DUCL with +10.43°C PET in Loc. 03 and +8.75°C PET in Loc. 02. The average difference 

PET value within the intermediate oriented street canyon, Loc. 05, was in between the 

calculated PET values within the other canyons

DUCL. 

Figure  5.45. The average differences of PET values within the studied canyons based on the daytime 
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At all locations, the calculated values of PETs are above the assumed upper comfort limit 

(39°C) during the measuring period from 9:30 to 18:00. In the N-S oriented street canyons, 

Loc. 01 and Loc. 04, and in the intermediate oriented street canyon, Loc. 0

this threshold reaching 52-58°C before and after solar noon. The duration of extreme value 

of PET last longer in the E-W oriented street canyons, reaching 54°C at 13:00 in Loc. 02, 

and 54.8°C at 14:00 in Loc. 03.  

in reason for extremely high daytime PET is the exposure to direct 

solar radiation. In addition, one can notice that the PET values after solar exposure, generally 

S and intermediate oriented street canyons are higher than the 

ed PET before the time of exposure to solar radiation in each canyon, owing to the 

influence of heat emitted from the canyons facets and to the overall thermal environment in 

the area, which is usually become warmer afternoon. Figure  5.45 shows the average 

differences between the calculated PET within the studied canyons and the assumed daytime 

upper comfort limit at 39°C PET in Riyadh City. It can be seen from the graph below that the 

S oriented street canyons were maintaining the lowest PET above the assumed daytime 

upper comfort limit (DUCL) with +5.39°C PET in Loc. 04 and +7.6°C PET in Loc. 01. On 

W oriented street canyons reported the highest PET values above the 

DUCL with +10.43°C PET in Loc. 03 and +8.75°C PET in Loc. 02. The average difference 

PET value within the intermediate oriented street canyon, Loc. 05, was in between the 

calculated PET values within the other canyons with + 8.19°C PET above the assumed 

. The average differences of PET values within the studied canyons based on the daytime 
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At all locations, the calculated values of PETs are above the assumed upper comfort limit 

S oriented street canyons, 

Loc. 01 and Loc. 04, and in the intermediate oriented street canyon, Loc. 05, they far exceed 

58°C before and after solar noon. The duration of extreme value 

W oriented street canyons, reaching 54°C at 13:00 in Loc. 02, 

in reason for extremely high daytime PET is the exposure to direct 

solar radiation. In addition, one can notice that the PET values after solar exposure, generally 

S and intermediate oriented street canyons are higher than the 

ed PET before the time of exposure to solar radiation in each canyon, owing to the 

influence of heat emitted from the canyons facets and to the overall thermal environment in 

shows the average 

differences between the calculated PET within the studied canyons and the assumed daytime 
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with + 8.19°C PET above the assumed 
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With respect to the physical characteristics of the canyons studied, including the SVF and 

aspect ratio, it appears that the canyon’s orientation with respect to sun plays an influential 

role in regulating the climate comfort within the street canyons. This is can be clearly 

evident in the E-W oriented street canyons, Loc. 02 and Loc. 03, through their average 

daytime PET values when compared to the value of the assumed daytime upper comfort 

limit, owing to the longer duration of exposure to solar radiation within the E-W oriented 

street canyons. 

5.5.4. Concluding remarks from the instantaneous mi croclimate measurements  

Given that the prevailing climate condition in Riyadh City during the daytime in summer 

season is extremely hot, therefore, thermal comfort is difficult to reach passively, but it can 

be possible by means of appropriate canyons geometry that limits the duration of exposure to 

solar radiation. The instantaneous microclimate measurements carried out in the five 

canyons showed that the microclimate conditions at pedestrian level are closely influenced 

by the presence of solar radiations.  

The study of the effect of canyon orientations on air temperature was not feasible due to a 

number of factor that hinder from measuring the effect of orientation on the air temperature, 

including; (a) the differences found in the geometrical characteristics of the canyons studied 

(see Figures 5.27 to 5.31), (b) some of the street canyons studied are not perfectly oriented to 

the targeted orientations, e.g. Loc. 02 (EW), and lastly (d) although the hourly air 

temperature measured from the canyons studied was correlated with that measured from the 

reference point at building roof-top, the measuring programme was carried out on different 

days and, thus, the comparison of air temperature variations between the canyons studied  

might be inaccurate. In addition to that, some factors related to the urban and canyons 

design, e.g. the availability of open areas in the vicinity of the canyons and protection from 

the eastern solar radiation, were found to influence the air temperatures, such as that 

observed in loc.04 (see e.g. Figures 5.33 and 5.34). Apart from the above mentioned 

obstacles that hinder from measuring the effect of orientation on air temperature accurately, 

the instantaneous measurement showed that canyons with almost similar sky view factors 

tend to be cooler in the NS orientation than those with EW, e.g. Loc. 04 vs. Loc. 03 (see e.g. 

Figure  5.35). This lower air temperature found in the NS orientated street canyons in 

comparison to the EW agrees with other studies carried out in similar climate condition (see 

e.g. Pearlmutter et al. 1999; Bourbia and Awbi 2004). 
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The environmental parameter that most affected by the canyon’s geometry and orientation 

was found to be the mean radiant temperature (Tmrt) (see. Figure  5.41). Wall temperature 

tends to be warmer in the deep canyons than those with slightly lower aspect ratios, 

irrespective the protection they afford against the direct solar radiation, e.g. Loc. 01 vs. Loc. 

04 (see Figure  5.43). These warmer wall temperatures found in the deep canyon (Loc. 01) 

was also associated with higher Tmrt (see Figure  5.40). The ground surface temperature 

tends to be warmer in the EW oriented canyons than those in the NS, irrespective of canyon 

aspect ratio and sky view factor (see Figure  5.42). The minimum surface temperature was 

measured from the ground surface that covered with soil (Loc. 01), owing might be to the 

lower thermal capacity of the soil and the higher water content in comparison to the other 

ground surfaces measured which are covered with asphalt. 

5.6. Summary 

This chapter presented the results of the one month continuous and hourly instantaneous in 

situ microclimate measurements carried out in Riyadh City under summer condition during 

July 2011. The results showed that the local microclimate conditions can be closely 

influenced by the urban geometry. The urban microclimate conditions were found to be 

correlated with the land surface temperature over the Riyadh City. The densely built-up area 

in the core zone, which found to be warmer in land surface temperature, has higher air 

temperature in comparison to the low-dense urban area with evidence of nocturnal heat 

island. Urban canyon was also found to influence the microclimate conditions at pedestrian 

level. However, more investigation about the influence of urban canyons geometry on the 

microclimate conditions, outdoor thermal comfort at street level and energy consumption in 

the urban dwellings will be carried out in the following chapters. 

 



 

 
 

6. Hypothetical Urban Geometry 
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This chapter presents the methodologies used in generating the physical and spatial attributes 

of the hypothetical urban geometries, as well as in the microclimate and energy models used 

in this study. The first part (section  6.1) presents in details the method used to generate the 

urban settings and their relevance to the existing urban planning and building regulations 

being followed in Riyadh City, including those related to street widths, building setbacks, as 

well as the building materials and the opening ratios in building façades. In the second part 

(section  6.2) the simulation and calculation models used, including Envi-Met, RayMan, and 

HTB2, are presented, and more details about the structure of the modelling engines used and 

their relevance to the nature of the investigated issues are highlighted. Finally, the third part 

(section  6.3) highlights the methodology used in presenting the results of the microclimate 

and energy modelling along with the comfort evaluations of the proposed urban settings. 

6.1. The physical and spatial attributes of the hyp othetical urban geometries 

6.1.1. Approach used in generating the hypothetical  urban geometries  

Given the fact that the nature of the present study is toward on evaluating the influence of 

neighbourhood’s configurations in real urban settings, thus, there was a need to propose 

various neighbourhood configurations according to the typical urban forms being used in 

Riyadh City. In terms of the physical characteristics of buildings, the present study utilizes 

three building typologies adopted from the study of Martin and March (1972) who carried 

out a general analysis of building forms based on their land utilization, and these are the 

Pavilion, the Court and the Street, Figure  6.1.  

 

Figure  6.1. Building typologies including Pavilion (a), Street (b), and Court (c), source: reproduced 
by the author of this thesis from Martin and March (1972) 
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These three archetypal forms simplify the complexity of urban texture found in real urban 

areas and in fact examine and compare the impact of the geometry alone on determining the 

external microclimate condition. It is important to mention here that the Court and Street 

building typologies were combined in the present study into one building because such 

individual archetypal forms do not exist individually in Riyadh City, and in addition to the 

fact that both building typologies are traditionally combined in the vernacular architecture in 

hot-arid regions. The adopted Pavilion and the combined Court/Street building typologies 

were placed on a plot of 20 x 20 m - the minimum plot allowed for individual residential unit 

in Riyadh City - and laid out according to the neighbourhood planning and building 

regulations followed in Riyadh City (MMRA 2006). Figure  6.2 shows some of building 

regulations being followed in Riyadh City, such as plot coverage, floor area ratio, setbacks, 

and in the design of local streets. For instance, the minimum width allowed for local streets 

in residential areas is 10m including 1m allocated for curbs from both sides as shown in the 

figure below. Building setback from the local street side has to be 1/5 of the street width 

(minimum of 2m and maximum of 6m for residential buildings). The minimum widths 

allowed for building setbacks that face the surrounding neighbours are 2m. 

  
Figure  6.2. Building lot and unit’s layouts 

However, and for the purpose to generate different neighbourhood configurations and to 

evaluate their impacts on the external microclimate conditions, the following exceptions in 

regards to the building regulation used in Riyadh City were made: 

� The minimum width of building setbacks that face the neighbours sides, which 

stated in the building regulations to be not less than 2m, were not followed in order 

to evaluate the geometrical impacts of various setbacks on microclimate conditions 

and energy performance. Therefore, various setbacks widths were applied from the 

neighbour sides. However, the building setback from the street sides was kept 

consistent in all models within the acceptable range at 3m. 
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� The building heights used in the present study exceeds the maximum height allowed 

for residential buildings defined in the regulation guide which is two storeys or equal 

to 8m height for detached unit or villa, and four storeys or equal to 16m height for 

apartment buildings. Therefore, the heights of two, four, six, and eight storeys height 

were used and these are equal to 8m, 16m, 24m, and 32m height, respectively. 

By maintaining a constant width of 16m between the buildings that facing the local street – 

10m for the street width (8m for the street width and 2m for curbs from both sides) and 6m 

for buildings setbacks (3m from both sides) - a matrix diagram is used to generate the 

neighbourhood configurations using various streets setbacks ratios and various street 

orientations, Figure  6.3.  

 

Figure  6.3. Diagram shows the matrix used to generate 64 hypothetical urban geometries 
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The proposed neighbourhood configurations that result from the matrix, which contains the 

Pavilion and Street/Court building typologies, were arranged over a typical neighbourhood 

layout that being used in Riyadh City, Figure  6.4. The adopted layout accommodates 30 

units and maintains the minimum width allowed for Local Street, 10m, as well as the 

minimum land size allocated for individual residential unit in Riyadh city, 400m2 (20m x 

20m). 

 

Figure  6.4. Neighbourhood’s layout used for the numerical modelling (all measurements are in meter) 

Since it is one of the tools used in the present study to describe the neighbourhood geometry, 

the sky view factor (SVF) for each case study is going to be measured from the middle of the 

street and set-back canyons at 1.2m above the ground level. The street orientation in the 

present study is basically attributed to the orientation of the main street that located in the 

middle of the proposed urban settings. 

6.1.2. The physical characteristics of the hypothet ical urban geometries  

The following two pages illustrate the three-dimensional illustrations of the generated 

neighbourhood configurations, which were categorised into four groups according to their 

setback ratios. The first group contains the proposed Court/Street building typology which 

are sharing similar setback ratios, (H/sb: 0) and varies in terms of the street ratios, H/st.: 0.5, 

1, 1.5, and 2. The second group, the third group, and the fourth group contain the Pavilion 

building typology with setback ratios H/sb. = 2, 4, and 8, respectively. 
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Group One  

  
Street ratio: H/st. = 0.5 | Setback ratio: H/sb. = 0 Street ratio: H/st.  = 1 | Setback ratio: H/sb. = 0 

  
Street ratio: H/st.  = 1.5 | Setback ratio: H/sb. = 0 Street ratio: H/st.  = 2 | Setback ratio: H/sb. = 0 

Group Two  

  
Street ratio: H/st.  = 0.5 | Setback ratio: H/sb. = 2 Street ratio: H/st.  = 1 | Setback ratio: H/sb. = 2 

  
Street ratio: H/st.  = 1.5 | Setback ratio: H/sb. = 2 Street ratio: H/st.  = 2 | Setback ratio: H/sb. = 2 
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Group Three  

  
Street ratio: H/st.  = 0.5 | Setback ratio: H/sb. = 4 Street ratio: H/st.  = 1 | Setback ratio: H/sb. = 4 

  
Street Ratio: H/st.  = 1.5 | Setback ratio: H/sb. = 4 Street ratio: H/st.  = 2 | Setback ratio: H/sb. = 4 

Group Four  

  
Street ratio: H/st.  = 0.5 | Setback ratio: H/sb. = 8 Street ratio: H/st.  = 1 | Setback ratio: H/sb. = 8 

  
Street ratio: H/st.  = 1.5 | Setback ratio: H/sb. = 8 Street ratio: H/st.  = 2 | Setback ratio: H/sb. = 8 
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Table  6.1 lists the spatial properties of the proposed numerical models including, the aspect 

ratios of the street and set-back, as well as the sky view factors from the middle of the street, 

court, and set-backs at 1.2m above the ground level.  

Table  6.1. Aspect ratios and sky view factors at 1.2m above the ground level from the middle of the 
street, the courts, and the set-backs of the proposed numerical models 

Model ID 
Aspect Ratios 
(street , set-backs) 

SVF 
( Street) 

SVF 
(Court ) 

SVF 
(Perpendicular Sb) 

SVF 
(Parallel Sb) 

Group One      

Court/Street:  
H/st. = 0.5, H/sb. = 0 

Street: 0.5, Set-back: 0 0.71 0.173 - - 

Court/Street 
H/st. = 1, H/sb. = 0 

Street: 1, Set-back:  0 0.512 0.065 - - 

Court/Street 
H/st. = 1.5, H/sb. = 0 

Street: 1.5, Set-back: 0 0.401 0.046 - - 

Court/Street 
H/st. = 2, H/sb. = 0 

Street: 2, Set-back: 0 0.34 0.04 - - 

Group Two      

Pavilion 
H/st. = 0.5, H/sb. = 2 

Street: 0.5, Set-back: 2 0.722 - 0.343 0.327 

Pavilion 
H/st. = 1, H/sb. = 2 

Street: 1, Set-back: 2 0.556 - 0.38 0.361 

Pavilion 
H/st. = 1.5, H/sb. = 2 

Street: 1.5, Set-back: 2 0.509 - 0.454 0.497 

Pavilion 
H/st. = 2, H/sb. = 2 

Street: 2, Set-back: 2 0.599 - 0.58 0.63 

Group Three      

Pavilion 
H/st. = 0.5, H/sb. = 4 

Street: 0.5, Set-back: 4 0.716 - 0.222 0.21 

Pavilion 
H/st. = 1, H/sb. = 4 

Street: 1, Set-back: 4 0.528 - 0.204 0.185 

Pavilion 
H/st. = 1.5, H/sb. = 4 

Street: 1.5, Set-back: 4 0.42 - 0.241 0.21 

Pavilion 
H/st. = 2, H/sb. = 4 

Street: 2, Set-back: 4 0.367 - 0.262 0.238 

Group Four      

Pavilion 
H/st. = 0.5, H/sb. = 8 

Street: 0.5, Set-back: 8 0.704 - 0.123 0.123 

Pavilion 
H/st. = 1, H/sb. = 8 

Street: 1, Set-back: 8 0.519 - 0.111 0.099 

Pavilion 
H/st. = 1.5, H/sb. = 8 

Street: 1.5, Set-back: 8 0.401 - 0.105 0.099 

Pavilion  
H/st. = 2, H/sb. = 8 

Street: 2, Set-back: 8 0.352 - 0.13 0.105 
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6.2. Numerical modelling 

This section presents overviews on the modelling engines used as the main investigation 

tools in the present study to predict the microclimate conditions, to calculate the comfort 

conditions at street level, and to estimate the energy consumptions from predefined buildings 

within the investigated urban settings. More about the general structures and relevancies of 

the microclimate and energy modelling engines are presented in this section. 

6.2.1. Microclimate model (Envi-Met V3.1)  

A considerable number of numerical modelling predicting urban microclimate conditions 

and energy balance of urban surfaces within the urban canopy layer (UCL) have been 

developed, e.g. CTTC, Envi-Met, and RayMan. These models, however, vary substantially 

according to their physical basis and their temporal and spatial resolution. In addition to their 

variations, some of them are too complicated and require a certain level of computational 

skill to run, e.g. the model of Mills (1997) and Kusaka and Kimura (2004), while others are 

too limited in term of microclimatic outputs, e.g. CTTC. In the present study, the Envi-Met 

V3.1 microclimate model developed by Bruse (1999) was considered the most appropriate 

tool for the task of predicting the microclimate conditions of the proposed urban settings 

since it has user-friendly interface, requires few input data and provides a large number of 

detailed microclimatic outputs. The microclimate model Envi-Met is based on a three-

dimensional computational fluids dynamic CFD and energy balance model. The model is 

designed to reproduce the major processes in the atmosphere that affected the microclimate 

on a well-founded physical basis (i.e. the fundamental laws of fluid dynamics and thermo-

dynamics) (Ali-Toudert 2005), which takes into account the physical processes and thermal 

interaction between the atmosphere, ground, buildings and vegetation and simulates the 

climate within a defined urban area. Typically, Envi-Met model has high spatial resolution 

(up to 0.5 m horizontally) and high temporal resolution (up to 10 s). A detailed description of 

the three-dimensional microclimate model Envi-Met and further information such as the 

general schema of the Envi-Met model, can be accessed through its official website (Bruse 

2004).  

6.2.1.a. Relevance of Envi-Met to the present study 

Envi-Met is a freeware program designed to simulate the surface-plant-air interactions in 

urban environment (Bruse 2004). The adopted three-dimensional microclimate model, Envi-
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Met v3.1, is well suited for the purpose of studying the influence of urban geometry on the 

urban microclimate conditions since it is designed to prognosticate the microclimatic 

changes of an urban area within a daily cycle. This microclimate model has been widely 

used for the calculation of the microclimatic changes implied by urban geometry (e.g. 

Johansson 2006b; Ali-Toudert and Mayer 2007; Fahmy and Sharples 2009). In relation to 

the objectives of the present study, Envi-Met presents several advantages: 

� The three-dimensional prediction of the Envi-Met model for the microclimate 

changes within the UCL makes the study of influence of complex urban geometry on 

microclimate conditions possible, such as that found in real urban textures.  

� The high spatial and temporal resolutions outputs of Envi-Met allows the study of 

microclimate changes within the UCL with good precision, especially sensible to 

urban geometry and pertinent for outdoor comfort and energy consumption issues in 

the built environment.  

� The model prognoses all changes process within the UCL including all key variables 

required for the evaluation of comfort condition at street level, such as air 

temperature (Ta), relative humidity (RH), wind velocity (v) and, most importantly,  

mean radiant temperature (Tmrt). 

� The model provides microclimate outputs unique to the physical characteristics of 

urban area of study. Thus, a study of energy performance resulted from changes in 

external microclimate conditions of different urban geometry is possible.   

6.2.1.b. General data flow in Envi-Met (input and output data) 

Figure  6.5 shows the necessary files required to run a microclimate modelling with Envi-Met 

v3.1. The input data consist of the Area Input File, which define the physical and special 

characteristics of the urban area under investigation as well as receptors, and the main 

Configuration File, which contains the initial meteorological data, date and duration of the 

modelling, geographical location of the urban area of study, and some thermal properties of 

the building materials used in the model, such as U-value and surface albedo, as well as the 

indoor building temperature. Besides the two basic files needed for each microclimate 

modelling (Area Input File and Configuration File) the model requires additional information 

about the surfaces, plants or emission sources in the model. 
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Figure  6.5. General data flow in Envi-Met, source: Bruse (2004) 

The input data are then used by Envi-Met model to simulate the microclimate conditions of 

the urban area of study. The output data compose the three-dimensional predictions of 

atmosphere, and surfaces and soils temperatures, as well as the vertical profile (1D) of wind 

flow and meteorological variables from receptors. In relation to the nature of the present 

study, Envi-Met model provides all meteorological variables required to calculate the 

comfort index at street level (PET in this study) and to predict the energy consumption in 

urban buildings, such as air temperature (Ta), relative humidity (RH), wind velocity (v), 

mean radiant temperature (Tmrt), and solar radiation components, including global (K), 

direct (Ks.) and defuse solar radiations (Kt). 

6.2.1.c. Validating the 3D microclimate model (Envi-Met v3.1) 

In order to validate the accuracy of the three-dimensional microclimate model Envi-Met and 

to determine the adequate initial climate data for the purpose to run the microclimate 

modelling for the adopted urban settings, the microclimate measurements obtained from Al-

Quds residential area during the pilot study carried out in July 2010 were used. More 

information about the site, measurement locations, and instrumentation used are presented in 

details in chapter 3 (section  3.3). The chosen site is well suited for purpose of validating the 

Envi-Met model since it has low population density, low traffic, and is surrounded by 

undeveloped lands from the east and west sides, which might reduce chances of having 

external heat transferred from the surrounding areas or from anthropogenic activities. In 
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general, the microclimate measurements during the pilot study were carried out in five 

locations within Al-Quds residential area. The measured air temperatures (Ta) and relative 

humidity (RH) that obtained during the measuring period from the five locations were 

averaged, and two successive days that have relatively stable Ta and RH readings were 

selected, namely on the 26th and 27th of July, Figure  6.6. The time period of the selected 

climate data used starts at 6:00 on the 26th of July and ends on the 28th of July at 6:00. 

 
Figure  6.6. The daily average air temperature (Ta) and relative humidity (RH) from 15 July to 16 Aug 

2010 alongside the period of the selected climate data used for the comparison 

Physical characteristics of the simulated area: Part of Al-Quds residential area, where the 

microclimate measurements were taking place during the pilot study, was built in Envi-Met, 

Figure  6.7. The selected urban segment is built in the Envi-Met over a 3D grid of x = 4m, y = 

4m and z = 1m. The physical characteristics of the selected urban segment, i.e. building 

heights and outlines, was built according to the satellite victor map obtained from the Riyadh 

Development Authority RDA, which provides information about the existing urban 

components in the adopted urban area of Al-Quds, including buildings’ heights and outlines, 

buildings types, location of trees, and the outlines and widths of the local streets. However, 

due to the fact that Envi-Met represents buildings by cubic forms and the horizontal grid 

used in Envi-Met was limited to 4x4x1m; some details in the buildings’ geometries, such as 

curves or angles, were either simplified or in some cases not considered. The thermal 

properties of building materials used in the modelling, such as the U-values of walls and 

roof, are in agreement with the thermal insulation specifications used in Saudi Arabia which 

identified the overall heat transfer coefficient for walls and roof by 0.741W/m²K and 

0.67W/m²K, respectively (GCC 1984). Typical surface albedo values of 0.3 and 0.15 were 

used in the model for walls and roof, respectively (Oke 2002). The indoor air temperature 
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was kept constant in all buildings at 297K, or equal to 24°C. It should be noted that, this 

indoor Ta value was also assigned for the indoor Ta in the energy model (HTB2) and was 

also kept constant (see section  6.2.3). One climate receptor (R1) is placed in the middle of 

the simulation model at the location of one of the measuring points during the pilot study, 

namely the remote station 3 (RS3). 

 

Figure  6.7. Illustration of the model built in Envi-Met showing the buildings layout and heights in 
meters, the different types of vegetation used, and the positions of the climate receptor (R1) 

R1 



Chapter Six Hypothetical Urban Geometry 

 

196 

 

Modelling conditions: The main modelling conditions, building and soil properties and 

position used to simulate the microclimate condition are listed in Table  6.2. 

Table  6.2. Typical inputs' configuration of the microclimate modelling as used in this study 

 
% ---- Basic Configuration File for ENVI-met  Version 3 ------------------------------------------------------------------------------------ 

% ---- MAIN-DATA Block ----------------------------------------------------------------------------------------------------------------------- 

[INITIAL DATA ] --------------------------------------------------------------------------------------------------------------------------------- 

Start Simulation at Day (DD.MM.YYYY): 26.07.2010 

Start Simulation at Time (HH:MM:SS): 06:00:00 

Total Simulation Time in Hours: 48 

Save Model State each? Min 120 

Wind Speed in 10 m ab. Ground [m/s] 1.6 

Wind Direction (0:N..90:E..180:S..270:W..) 315 

Roughness Length z0 at Reference Point 0.1 

Initial Temperature Atmosphere [K] 306.1 

Specific Humidity in 2500 m [g Water/kg air] 7 

Relative Humidity in 2m [%] 17 

Database Plants [sys.basedata]\Plants.dat 

(-- Following: Optional data. The order of sections is free. --) 

[POSITION ] -------------------------------------------------------------------------------------------- Where the area is located on earth 

Longitude (+:east -:west) in dec. deg: 46.75 

Latitude (+:northern -:southern) in dec. deg: 24.75 

Longitude Time Zone Definition: GMT +3 

[SOILDATA ] ---------------------------------------------------------------------------------------------------------------- Settings for Soil 

Initial Temperature Upper Layer (0-20 cm) [K]: 301 

Initial Temperature Middle Layer (20-50 cm) [K]: 305 

Initial Temperature Deep Layer (below 50 cm) [K]: 305 

Relative Humidity Upper Layer (0-20 cm): 20 

Relative Humidity Middle Layer (20-50 cm): 20 

Relative Humidity Deep Layer (below 50 cm): 20 

[BUILDING ] -------------------------------------------------------------------------------------------------------------- Building properties 

Inside Temperature [K]: 297 

Heat Transmission Walls [W/m²K]: 0.74 

Heat Transmission Roofs [W/m²K]: 0.67 

Albedo Walls: 0.3 

Albedo Roofs: 0.15 

[CLOUDS] ------------------------------------------------------------------------------------------------------------------------------------------ 

Fraction of LOW clouds (x/8): 0 

Fraction of MEDIUM clouds (x/8): 0 

Fraction of HIGH clouds (x/8): 0 

[TURBULENCE ] ----------------------------------------------------------------------------------------------- Options Turbulence Model 

Turbulence Closure ABL (0:diagn.,1:prognos.): 1 

Turbulence Closure 3D Modell (0:diag.,1:prog): 1 

Upper Boundary for e-epsilon (0:clsd.,1:op.): 0 

[SOLARADJUST] --------------------------------------------------------------------------------------------------------------------------------- 

Factor of shortwave adjustment (0.5 to 1.5): 0.9 

[LBC-TYPES] --------------------------------------------------------------------------------------- Types of lateral boundary conditions 

LBC for T and q (1:open, 2:forced, 3:cyclic): 2 
LBC for TKE (1:open, 2:forced, 3:cyclic): 2 
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It is important here to mention two things in regard to the modelling starting time and 

duration. The simulation was set to start preferably at 6:00, just at the sunrise time, at which 

most atmospheric processes are slow allowing the Envi-Met model to calculate the evolution 

of meteorological variables from a steady climate condition. In term of the duration, the 

simulation is run for 48h, allowing full atmospheric processes to take place in the first 24h 

cycle, therefore, things heat up; soil dries out, and so on. This is might overcome the 

underestimation found in diurnal temperature variation reported in previous studies (e.g. Ali-

Toudert 2005; Jansson 2006; Emmanuel and Fernand 2007). A probable  explanation of such 

underestimation was attributed to the fact that the simulation uses the ‘area average’ 

approach for the estimation of direct short-wave radiation in the nesting area (the area 

between the lateral border and the core model), which probably resulted in an 

underestimated temperature amplitude of the air entering the lateral boundary of the core 

model (Jansson 2006). Figure  6.8 shows a comparison between the averages measured Ta 

and RH from Al-Quds residential area over 48h in July and the Envi-Met simulation results 

of Ta and RH from a segment area in Al-Quds during the same period. Both of the measured 

and simulated Ta and RH used for the comparison were obtained from the middle of average 

buildings heights, ≈ 4m above the ground level. 

 
Figure  6.8. Average Ta and RH in Al-Quds neighbourhood area during 48h (26th and 27th July 2010) 
plotted against Envi-Met simulation results for a segment area located within Al-Quds for Ta and RH. 

It appears from the above comparison between the measured and simulated Ta and RH the 

strong correlations between the measured and simulated climate variables on the second 24h 

cycle (Average absolute difference (AAD) of the diurnal Ta variations during the second 24h 

cycle from 6:00 to 18:00 = ±0.025°C, R2 = 0.9976, and the AAD for diurnal RH variations 

for the corresponding period = 0.807%, R2= 0.9246). Figure  6.9 shows the measured and 
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simulated Ta and RH obtained on the second 24h cycle along with Envi-Met solar radiations 

quantities used, including direct (Ks), diffuse (Kt), and global (K).  

 
Figure  6.9. Averages Ta and RH plotted against the simulated Ta and RH on the second 24h cycle 

(from 6:00 on 27th to 6:00 on the 28th of July) alongside the Envi-Met direct, diffuse and global solar 
radiations 

According to that the simulation conditions defined in Table  6.2 will be used to run the 

microclimate simulations on the 16 proposed urban settings that presented previously in 

section  6.1.2 using the three-dimensional microclimate model, Envi-Met v3.1. Each urban 

setting will be simulated for 48h at four different orientations including N-S and E-W and 

the intermediate orientations, including NE-SW and NW-SE. Therefore, a total of 64 

microclimate conditions will be obtained in order to evaluate the outdoor thermal comfort 

and energy consumption. The calculation of comfort index at street level (PET in this study) 

and the estimation of energy consumption from predefined buildings within the proposed 

numerical models will be carried out according to the microclimatic outputs obtained from 

the second 24h cycle of 48h simulation time. The following describes the method used to 

calculate the spatial distribution and temporal evolution of the thermal index (PET) at street 

level.  

6.2.2. Outdoor thermal comfort (Ray-Man)  

Following the microclimate simulations, the calculation of thermal comfort index (PET in 

this study) will be carried out by RayMan model (Matzarakis et al. 2007). RayMan model 

was originally developed to calculate the short-wave and long-wave radiations fluxes in a 

complex urban structure. The model requires basic meteorological data, including air 
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temperature (Ta), air humidity (RH) and wind speed (v) for the simulation of radiation flux 

densities. Also, other parameters describing the surroundings of the human body must be 

known, such as the SVF of the urban location under investigation along with the view factor, 

albedo and emissivity of the different solid surfaces within the investigated urban location 

(Matzarakis et al. 2010). The final output of the model is surface temperatures and the 

calculated mean radiant temperature Tmrt, which is required for the human energy balance 

and, therefore, for the assessment of human comfort using indices like PMV, PET or SET*. 

However, since the environmental variables, including Ta, RH, v, and Tmrt, are going to be 

acquired in the present study from the microclimate simulations of the proposed urban 

settings done by Envi-Met model as described in the previous stage, the RayMan model is 

utilised at this stage for the purpose only to calculate the comfort index (PET) using the 

environmental variables obtained from streets and setback canyons. Therefore, a horizontal 

slice of the meteorological variables at 1.2m above the ground level that derived from the 

Envi-Met simulation during the second 24h cycle of microclimate simulation will be taken to 

calculate the spatial distributions and temporal evolution of the PET index, Figure  6.10.  

 

Figure  6.10. The micro-meteorological layer used to calculate the comfort index (PET) at 1.2m above 
the ground level, source: the author 

Given that the assessment of thermal comfort within the proposed urban settings, which will 

be presented latter in chapter 7, will be according to the findings derived from the outdoor 

thermal comfort survey presented earlier in chapter 4, i.e. the upper outdoor comfort limit, 

quantified by PET index value, the above calculation of the PET index in this study assumes 

a standing person with preferably the following personal information: Age = 26y, Height = 

1.63m, Weight = 65.7kg, Clo. Insulation = 0.6clo, and Metabolic rate = 88 Wm-2, which 

represent the average personal values of subjects during the thermal comfort survey. 
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6.2.3. Energy model (HTB2)  

A number of energy models are available today for the purpose of estimating the energy and 

thermal performance of buildings according to their location, geometries, construction 

materials, weather conditions, daily patterns of operation and type of active systems used, 

e.g. DOE-2 (York and Tucker 1980), EnergyPlus (Crawley et al. 2000), Thermal Analysis 

Software TAS (EDSL 2012), HTB2 (Alexander and Jones 1996), etc. Each of them, 

however, has its potential and limitations, which varies in term of estimation accuracy, level 

of expertise required, and accessibility. For instance, DOE-2, which has been frequently 

developed to simplify its use, was found to underestimate the energy saving as much as 50% 

as a result of the low accuracy in modelling radiative, convective and conductive processes 

(Gartland et al. 1996). On the other hand, the high accuracy and detailed simulation 

capabilities of EnergyPlus require high level of expertise and good level of details, 

particularly, in defining the mechanical systems. Apart from the available energy simulation 

engines and their limitations, HTB2 offers a simple and accurate method in simulating the 

energy and thermal performance of buildings. The Heat Transfer through Building 

simulation program HTB was first developed in 1971 in Cardiff University (Alexander and 

Jones 1996). HTB2 calculates the influence levels of buildings’ fabric, ventilation, solar 

gain, shading, occupancy and external climate condition on a short-time scale, normally less 

than a minute, in order to predict the internal thermal condition and, consequently, the 

energy consumed by the active ventilation systems, whether cooling or heating, according 

the preferred indoor temperature (Jones and Alexander 1999). The calculations that take 

place in each time step in HTB2 model constitute all heat transport and changes to the 

boundary conditions, such as determining the new space temperature, updating the external 

conditions, determining radiative fluxes due to insulation, calculating the fabric heat 

transport, calculating the ventilation heat and moisture transport, and calculating the 

incidental gains of heat and moisture. These complex and dynamic thermal calculations 

performed by HTB2 show its capability of providing predictions that match well with 

measurements in buildings (Lomas and Eppel 1992; Lomas 1996).  

The following will present the relevance of HTB2 model to the nature of issues investigated 

in this thesis, the general structure of HTB2 input data files, and the simulation condition, 

including the external condition derived from the microclimate simulations, the 

methodologies used to calculate the internal gain, the value of ventilation rate, and the 

materials used in buildings under investigation. 
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6.2.3.a. Relevance of HTB2 to the present study 

The Heat Transfer through Building simulation program HTB2 is able to simulate the 

comprehensive operation of a building for internal environmental conditions and energy 

demand from buildings during both the design stage and its occupancy period. The model 

has been widely used in a number of studies at the Welsh School of Architecture (WSA), 

Cardiff University, to predict the thermal performance and estimate the energy demands 

from building. Recently, the Low Carbon Research Institute (LCRI) at the WSA developed a 

plug-in for HTB2, named VirVil (Lannon et al. 2011; Bassett et al. 2012), to connect the 

SketchUp user interface with HTB2 to enable the analysis of structures at an urban scale 

allowing the calculation of annual solar radiation levels falling on building facades that 

located within an urban context at regional and neighbourhood scales. In relation to the 

objectives of the present study, HTB2 presents several advantages which can be summarized 

in the following points: 

� HTB2 simulates the thermal performance of a building on a short-time scale, 

normally less than a minute. The model prognoses all thermal transport and gain, 

e.g. fabric conduction, insulation and internal gain, providing data for energy 

required for cooling or heating. 

� Creating the outline for 64 configurations of the proposed urban settings in HTB2 is 

time consuming, particularly at urban scale when assessing the energy performance 

for a number of buildings. However, the use of the VirVil plug-in that designed 

specifically for HTB2 to use the 3D geometry created in SketchUp makes such a 

task feasible. 

� The influence of over-shadowing received on building’s facades from its 

surroundings, which varies according to urban geometry under investigation, on heat 

transferred through walls and windows to indoor spaces, and consequently on energy 

use, is now considered through the calculation of shading mask on building facades 

using the VirVil plug-in. 

� The external condition, as a part of initial inputs in HTB2, can be easily altered or 

changed. This feature allows the present study to evaluate the impacts of different 

microclimate conditions derived from Envi-Met simulations on energy performance 

of buildings located within the proposed urban settings. 
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6.2.3.b. General structure of input data files in HTB2 

The input data in HTB2 model are organised into three levels of files as illustrated in Figure 

 6.11. These levels are organised in hierarchy according to their functions, and reflecting 

broadly the three levels of subroutines in the model itself (Alexander 1996). The Top Level 

file responsible for the managing the parameters of the simulation run, including the length 

of time step, the subsystem to be used, the name of the data file used from the second and 

third levels subroutines, and the output required. The second level files contains general data 

on the main subsystems, including buildings, services, diary, and the external meteorological 

condition. The third level files contain the bulk of the problem definition data for the 

subsystems required for the simulation run, such as the Layout of the building under 

investigation and its materials and construction, Services within the simulated building and 

the associated heat gain e.g. Occupancy, Lighting, Ventilation, etc. It is important here to 

mention that the distinction between the Lighting, Small Power and Occupancy services in 

the third level is largely for convenience only; that is to HTB2 they are all just sources of 

heat to the building interior and, therefore, it is not required that all three be used. Instead, it 

is feasible to setup a realistic incidental gain pattern solely through the use of the small 

power system. 

 

Figure  6.11. HTB2 input data file structure, source: Alexander (1996) 

The outputs of HTB2 provide two types of data. One of which reports the progress of the 

simulation and information about the run e.g. file name, space volume, etc. The second type 

of data provided from the simulation outputs report the instantaneous temperature and heat 

flux profiles, and the interval averages of key data resulting from the simulation, such as the 

total physical solar entry through transparent openings (solar gain), the total energy 
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movement due to infiltration and ventilation (ventilation gain), and the convective part of the 

fabric transfer only, across “internal” surfaces of space (fabric gain), and most importantly 

the estimation of total “output” of all cooling and heating systems to the space under 

investigated. 

6.2.3.c. Simulation condition 

Meteorological conditions: The micro-meteorological parameters that derived from the 

individual microclimate simulations from the Envi-Met are going to be used to run the 

energy simulations with HTB2 on the proposed numerical models to measure the energy 

consumed in cooling load of two particular buildings (BLDG-01 and BLDG-02) that located 

within a neighbourhood context  as appear in red in the figure below, Figure  6.12.a. Apart 

from the values of the solar radiations parameters used in the run, which were equal to the 

values used to run the microclimate simulations, the rest of the micro-meteorological 

parameters used, including Ta, RH, and wind speed (v) and direction, were obtained from 

the middle of the average buildings heights within the street canyon, Figure  6.12.b and 

6.12.c. This is done because of two reasons: First and foremost, to evaluate the impacts of 

the simulated microclimate conditions for individual neighbourhood configurations on the 

energy consumption, quantified by the cooling load requirements, and second, because the 

meteorological conditions derived from the centre of the proposed urban settings represent 

the external shared vicinity of the buildings under investigation. 

 
Figure  6.12. The simulated buildings (a) and the location of meteorological data within the street 

canyon used in the run (b) that taken from the middle of the average buildings heights (b), source: the 
author 

Internal heat gain and diary: The contributions of the lighting system, appliance, and 

occupant gains to peak sensible and latent loads in residential buildings can be estimated 
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according to ASHRAE (2009c) using the following equations: 

Where; Qig is the cooling load from internal gains in watt per hour, Acf is the conditioned 

floor area of building measured in m2 (or ft2), and Noc is the number of occupants; if not 

known, estimated as (number of bedrooms + 1). The coefficients for the sensible and latent 

heat are as follow: Go.S = 136 watt\h, Go.L = 20 watt\h, Gcf.S = 2.2 watt\h, Gcf.L = 0.22 watt\h, 

Goc.S = 22 watt\h, Goc.L = 12 watt\h. It should be mentioned here that, the above method of 

calculating the internal gains using Eq.  6-1 is for typical U.S homes and further allowances 

should be considered when unusual lighting intensities or other equipment are in continuous 

use. For that reason, the present study estimates the total value of internal gains by utilizing 

an existing residential unit in Riyadh City. The adopted unit represents an ideal residential 

detached unit (villa) in Riyadh City in terms of the preferred number of bedrooms per 

occupant, and area per occupant (see Al-Harigi 2005). The adopted residential unit is built 

with the common building materials used in Riyadh City (reinforced concrete and block) and 

is a two storeys height with four bedrooms, one living room, one dining room, two halls, as 

well as facilities rooms, including kitchen and toilets. Figure  6.13. Each floor has an area of 

196m2 (14m x 14m) with a total of 392m2 for the two floors. The maximum expected number 

of occupants in this building during typical usage is 7. 

 
Figure  6.13. The adopted residential unit used to estimate the internal gain, source: the author 

Table  6.3 shows the estimated internal gain for individual spaces in the adopted building on 

hourly interval according to occupants’ usage of the spaces, as well as the expected sources 

of heat in each space, i.e. appliances, lighting system, and their normal operating schedule. 

Qig = Go + Gcf x Acf + Goc x Noc Eq.  6-1 
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From the estimation of internal gains for individual spaces presented in table  6.3, lighting 

appears to be the major source of incidental heat for most of the spaces in the building, 

except for kitchen. In terms of occupants, the estimation assumes seven occupants living in 

the building with 80W assigned for each one. Thus, the maximal internal gain expected from 

all occupants during typical usage is 560W, that is 7 x 80W. Given that the estimations of 

hourly internal gains presented here is going to be used for the purpose to calculate the 

internal gains of predefined buildings located within the proposed urban settings, the hourly 

total estimated internal gain is going to be divided by the total floors areas of the adopted 

building presented earlier in figure  6.13. This is used in order to determine the hourly 

internal gain per square meter (Wm-2), which will be used latter to calculate the hourly total 

internal gain of the simulated buildings that located within the proposed urban settings 

according to their total floor area. 

Figure  6.14 shows the estimated hourly internal gain per square meter (Wm-2) from the 

adopted existing building, along with the simplified one used for the purpose to calculate the 

total internal gains of the predefined buildings within the proposed urban settings. One can 

notice the hourly variations in the estimated internal gains which, in fact, reflect the diary or 

operating schedule of the assumed internal heat sources beyond those of the fabric of a 

building, i.e. lighting system, appliances, and the number of occupants in the building.   

 
Figure  6.14. The estimated internal gain from existing building (dashed line) and the simplified one 

used for simulation purposes (solid line) 

Table  6.4 shows the values of the hourly total internal gain (kWh) for one building located 

within the proposed urban settings. Note that, the buildings located within each urban setting 

have similar floor area. 
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Table  6.4. The estimated hourly internal gains (kWh) for individual buildings located within the 
proposed urban settings 

Model ID 

H/w ratios 

H
/s
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H
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. 
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t.
  =
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H
/s

b
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=
 4

 

H
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t.
  =

 0
.5

, 
H

/s
b

. 
=

 8
 

H
/s

t.
  =

 1
, 

H
/s
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=
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H
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t.
  =
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.5

, 
H

/s
b

. 
=

 8
 

H
/s

t.
  =

 2
 ,

 H
/s
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=
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No. of Floors 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 

BLDG Vol.(m
3
) 2592 5184 7776 10368 1920 2496 2112 1152 2304 3840 4704 4992 2508 4608 6528 7680 

Total floor area (m
2
) 648 1296 1944 2592 480 624 528 288 576 960 1176 1248 627 1152 1632 1920 

Internal gain (kWh) 
                

00:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

01:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

02:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

03:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

04:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

05:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

06:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

07:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

08:00 0.65 1.30 1.94 2.59 0.48 0.62 0.53 0.29 0.58 0.96 1.18 1.25 0.63 1.15 1.63 1.92 

09:00 0.65 1.30 1.94 2.59 0.48 0.62 0.53 0.29 0.58 0.96 1.18 1.25 0.63 1.15 1.63 1.92 

10:00 0.65 1.30 1.94 2.59 0.48 0.62 0.53 0.29 0.58 0.96 1.18 1.25 0.63 1.15 1.63 1.92 

11:00 0.65 1.30 1.94 2.59 0.48 0.62 0.53 0.29 0.58 0.96 1.18 1.25 0.63 1.15 1.63 1.92 

12:00 0.65 1.30 1.94 2.59 0.48 0.62 0.53 0.29 0.58 0.96 1.18 1.25 0.63 1.15 1.63 1.92 

13:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

14:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

15:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

16:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

17:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

18:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

19:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

20:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

21:00 4.54 9.07 13.61 18.14 3.36 4.37 3.70 2.02 4.03 6.72 8.23 8.74 4.39 8.06 11.42 13.44 

22:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 

23:00 1.94 3.89 5.83 7.78 1.44 1.87 1.58 0.86 1.73 2.88 3.53 3.74 1.88 3.46 4.90 5.76 
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Ventilation Rate: According to (ASHRAE 2007), air and its circulation (return, transfer, or 

exhausted) in buildings can be classified into four main categories according to the relative 

contaminant concentration within building spaces. These categories are ranging from Class 1 

(air with low contaminant concentration, low sensory-irritation intensity, and offensive 

odour) to Class 4 (air with highly objectionable fumes or gases or with potentially dangerous 

particles, bio-aerosols, or gases, at concentrations high enough to be considered harmful. In 

this respect, ASHRAE (2007) has determined the minimum ventilation rate (outdoor airflow 

required) for each category in order to maintain an accepted air-quality using the following 

equation: 

Where Vbz is the breathing zone outdoor airflow, Rp is the outdoor rate required per person, 

Pz is the number of people expected to occupy the zone during typical usage, Ra is the 

outdoor airflow rate required per unit area, and Az is the zone floor area (m2 or ft2).  

Both Rp and Ra vary according to the class of air in a space and the contaminant 

concentration. Typically, the Rp and Ra for dwelling unit are 2.5 L/s.person (9 m3/h.person) 

and 0.3 L/s.m2 (1.08 m3/h.person), respectively. Thus, and in order to calculate the 

ventilation rate to run the energy simulation in HTB2, the existing residential unit used to 

estimate the internal gains in the previous task is used here to calculate the ventilation rate 

required for dwellings (air with low contaminant concentration, low sensory-irritation 

intensity, and inoffensive odour) using Eq.  6-2 as follow: 

Vbz = 9 x 7 + 1.08 x 196 = 274.68m3 of fresh air per hour  

The zone floor area used in Eq. 6-2 (196m2) represents the area of one floor in the existing 

residential unit used. This is because the use of Eq.  6-2 is the means of accounting for people 

related-sources and area-related sources, in which in the maximum number of occupants 

expected in one floor of the adopted building is seven. With respect to the total value 

obtained from the calculation above, the ventilation rate per square meter will be almost 

1.5m3/h of fresh air per hour; that is 274.68m3/h divided by 196m2. 

Building definition in HTB2: The building layout, the opening ratios, the location of the 

building, as well as the site shading, which is influenced by the surrounding geometries and 

orientation, are all generated in SketchUp and defined in HTB2 through VirVil plug-in. The 

construction materials for building components and their thermal properties are specified in 

Vbz = (Rp x Pz) + (Ra x Az) Eq.  6-2 
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separate files used during the simulation run. Table  6.5 lists the construction materials of the 

building components including that used in roof construction, external and internal walls, 

internal floor and ceiling, ground materials, and the materials used in external windows.  

Table  6.5. The thermal properties of the building materials (Thickness, U-values) 

Element 
Name 

Layer Order Layer Name 
Thickness 

(cm) 
Resistance 
(m2C/W) 

Indicative 
U-value 
(W/Cm2) 

Roof 

 
Concrete Tiles 2.5 0.0227 

0.25 

Top (External) Cement Mortar 2 0.0215 

�
 

Sand And Gravel 10 0.2857 

========== High Polymer Waterproof Sheet 1 0.0667 

�
 

XPS Plate 10 3.3330 

Bottom (Internal) SBS Modified Asphalt Rolling Materials 1 0.0435 

 
Reinforced Concrete 15 0.0862 

 
Cement Plaster 2 0.0215 

External 
walls 

 
Cement Plaster 2 0.0215 

0.41 External�||�Internal 

Leca Hollow Block 7.5 0.2679 

Polystyrene 5 1.6670 

Leca Hollow Block 7.5 0.2679 

 
Cement Plaster 2 0.0215 

Internal 
Walls 

Internal�||�Internal 

Cement Plaster 2 0.0215 

1.07 Leca Hollow Block 15 0.7143 

Cement Plaster 2 0.0215 

Indoor 
Floor-
Ceiling 

Top (Internal) Concrete Tiles 2.5 0.0227 

1.62 

�
 

Cement Mortar 3 0.0215 

========== Sand And Gravel 5 0.2857 

�
 

Reinforced Concrete 15 0.0862 

Bottom (Internal) Cement Plaster 2 0.0215 

Ground 

 
Concrete Tiles 2.5 0.0227 

0.54 

 Cement Mortar 2 0.0215 

 
Sand And Gravel 10 0.2857 

Top (Internal) Reinforced Concrete 6 0.0345 

�
 

Autoclaved Aerated Conc. Block 626-725 14 0.7778 

======== SBS Modified Asphalt Rolling Material 3 0.0130 

Ground Fine Aggregate Concrete 2300 6 0.0397 

 
Earth 60 0.4688 

External 
windows 

External�||�Internal 

Glass 0.6 0.0079 

2.8 Cavity 0.161 0.1610 

Glass 0.6 0.0079 
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Heating and cooling schedule: heating and cooling schedule during the simulation is set to 

maintain constant air temperature at 24°C. This indoor temperature used during the 

simulation, indeed, represents the mid-range of acceptable operative temperature in domestic 

buildings in desert climate regions, in which such acceptable indoor temperature found to 

range between 23.3°C to 25.2°C during summer season (Al-ajmi and Loveday 2010). 

Energy simulation condition: In respect to what have been stated above, Table  6.6 

exemplifies the energy simulation conditions of the buildings under investigation, BLDG 01 

and BLDG 02. 

Table  6.6. Simulation condition of the energy models. 

Parameter Value 

External condition: 
Vary according to the meteorological outputs obtained from the second 24h 
cycle of microclimate simulations for individual urban setting. 

Buildings Layout: Vary according to the models under investigation (see section  6.1.2). 

Windows ratio: 10% from the external building facades, 20% from the court facades 

Orientations of the buildings’ main 
facades that facing the street canyon: 

- BLDG 01: North, East, South-East, and North-East. 
- BLDG 02: South, West, North-West, and South-West. 

Internal heat gains and diaries: As defined in table 6.4. 

Building material: As defined in table 6.5. 

Ventilation rate: 1.5m3/h. 

Indoor temperature: Forced to maintain constant air temperature at 24°C 

Total simulation time: 10 days 

6.3. Approach used in presenting the modelling resu lts (the external microclimate 
conditions, the outdoor thermal comfort and the ene rgy consumption) 

Due to the large number of simulated case studies and to avoid redundancy, the results of the 

microclimate and energy simulations, as well as the analyses of outdoor thermal comfort, are 

presented in the next chapter according to the following approach: 

Results outline: The results of are organised and presented into four sections. Each section 

delivers the simulations results of a group of four urban settings that have similar setback 

ratio. For instance, section one discuses the results obtained from the microclimate and 

energy simulations of four urban settings that have setbacks ratios equal to zero (H/sb = 0), 

and section two for the four urban settings with setbacks ratios equal to two (H/sb = 2), and 

so on. In each section, therefore, detailed analyses of the meteorological parameters such as 
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Ta, Tmrt, and wind velocity (v) are presented, along with the evaluation of thermal comfort 

at street level. In addition, the average energy consumption of the buildings located within 

each urban setting is going to be assessed.  

Using the meteorological data obtained from the second 24h cycle of the microclimate 

simulations, the evaluations of the external microclimate conditions and outdoor thermal 

comfort at pedestrian level will be dedicated to area located in the middle of the urban 

settings, and particularly to the central street canyon and its parallel setback, Figure  6.15. At 

the end of this chapter, a comparison study between the average outdoor thermal comfort at 

pedestrian level and energy consumptions of the simulated urban settings and buildings is 

presented.  

 

Figure  6.15. The study area in which the microclimate and the outdoor thermal comfort studies are 
taking place, as well as the location of the buildings used in the energy simulation (BLDG-01 and 

BLDG-02) 

Meteorological data analyses: Results of microclimate variables presented here, such as air 

temperature (Ta), mean radiant temperature (Tmrt), and wind speed (v), were obtained from 

receptors located in the middle of the central street canyon at pedestrian level (1.2m a.g.l.). 

In some case studies, such as pavilion building clusters, microclimate variables obtained 

from the setback canyon parallel to the central street canyon are presented in order to 



Chapter Six Hypothetical Urban Geometry 

 

212 

 

highlight the meteorological variations between both canyons. The comparisons of changes 

in air temperature (Ta), however, will be among the individual numerical models, and 

changes in air temperature resulted from changing the model’s orientation are not included. 

However, the maximum difference in air temperature among different orientations in each 

numerical model will be highlighted. 

Comfort analysis: With respect to the classifications of the urban settings, which divides the 

proposed urban settings into four groups according to buildings setbacks, the outdoor 

thermal comfort analysis will be conducted on one urban setting from each group according 

to the optimal Tmrt profile quantified by the minimum durations of extreme Tmrt values 

during daytime at street level. The meteorological data obtained from the second 24h cycle 

of microclimate simulations, i.e. Ta, Tmrt, RH and v, will be used to calculate the thermal 

index (PET in this study) assuming a standing person with preferably the following personal 

information: Age = 26y, Height = 1.63m, Weight = 65.7kg, Clo. Insulation = 0.6clo, and 

Metabolic rate = 88 Wm-2. The spatial and temporal distributions of PET index of the 

selected urban settings at pedestrian level within the street canyons and its parallel setback 

will be presented and assessed according to the adopted scale of warmth derived from the 

comfort study (chapter 5). 

Energy analysis: Given that the buildings under investigation have different floor areas, the 

assessment of energy performance will be according to the daily average cooling load per 

square meter (kWh/m2/day) that calculated from the 8th day of the simulation run, since it 

represents a typical stable energy profile, Figure  6.16.  

 
Figure  6.16. Sample of energy profile obtained from a building located within one of the proposed 

urban setting showing the data used 
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6.4. Summary 

This chapter presented the methodology used in generating the physical and spatial attributes 

of the hypothetical urban settings, as well as in the microclimate and energy models used in 

this study and their relevance to the nature of the issues under investigation, including the 

outdoor thermal comfort at pedestrian level and the energy consumption form the urban 

buildings. The results of the microclimate modelling, the calculation of the outdoor thermal 

comfort, and the prediction of the energy consumption for the proposed urban settings are 

presented in the next chapter. 

 



 

 

 

7. Numerical Modelling
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This chapter presents the results of the microclimate (Envi-Met) and energy modelling 

(HTB2), as well as the outdoor thermal comfort analyses (RayMan) for the proposed urban 

settings (see chapter six). The first part (sections  7.1 to  7.4) discusses the main findings 

obtained from the microclimate and energy modelling, e.g. the variations of Ta, Tmrt and 

wind velocities between the investigated urban settings at street level. In addition, the 

temporal and spatial distributions of PET in outdoor spaces at pedestrian level and the 

energy consumption from the predefined buildings located within the proposed urban 

settings are presented. The last part (section  7.5) compares the averages of thermal comfort 

index (PET) at street level and energy consumption from the predefined buildings that are 

located within the urban settings under investigation.  

7.1. Group one: Court/Street urban settings (H/st. = 0.5, 1, 1.5, and 2, H/sb. = 0) 

The first group contains four urban settings of Court/Street building typology with four 

successive heights, including 8m, 16m, 24m, and 32m. The modelled urban setting varies in 

their street aspect ratios and SVFs (H/st. = 0.5, 1, 1.5 and 2, SVF = 0.71, 0.51, 0.40 and 

0.34), but have similar set-back ratio equal to zero (H/sb. = 0). Each urban setting was 

modelled at four different orientations, including EW, NS, NE-SW, and NW-SE, and 

Therefore, a total of 16 microclimate and energy results are presented and discussed in this 

section. Figure  7.1 shows cross vertical sections and 3D visual representation of the 

simulated urban settings along with the sky view factors that obtained from the mid-street 

canyon distance at 1.2m above the ground level. 

  
Street SVF = 0.71 Street SVF = 0.51 Street SVF = 0.40 Street SVF = 0.34 

Figure  7.1. Cross vertical sections through the streets and setback canyons (top), and 3D illustrations 
of the urban settings in group one (bottom).  (H/st = 0.5, 1, 1.5, and 2 – H/sb = 0) 
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7.1.1. Air temperature (Ta)

Air temperature variations among the urban settings in group one are evaluated according to 

the canyon’s orientations, aspect ratios and SVFs. In terms of orientations, no significant Ta 

variations were observed betw

diurnal Ta variations observed was 1.1°C (see appendix D.1). Hence, the comparison of Ta 

between the four urban settings in group one will be done according to the hourly average Ta 

obtained from different orientations in each urban setting. 

the hourly average Ta between the four urban settings in group one. The A

urban setting begins to rise at 7:00 and continue to increase during the next seven hours until 

it reaches its maxima at 14:00 in the afternoon, and last for one hour until 15:00. The 

differences between the hourly average Ta between the shal

(H/st. = 0.5, SVF = 0.71 and H/st. = 2, SVF = 0.34) reaches its maxima during the period 

from 14:00 - 15:00 (�Ta (Max)

was 48.1°C in the shallow street canyon (H/st. =  0.5, SVF = 0.71), and 45°C in the deep 

street canyon (H/st. = 2, SVF = 0.34). If to criticize the evolution of the Ta according to the 

street SVF of the urban setting under investigation, the results show positive relationship 

between the Ta and SVF, since the air temperatures decrease as the SVFs decreases. The Av. 

Ta, as well as the Ta variations between the urban settings in group one, begin to 

16:00 and take about 11 hours until it reach its minimum at 6:00 on the next day. It is 

important here to mention that, since no heat storage is included in the microclimate model 

Envi-Met, the nighttimes Ta is underestimated, particularly withi

result, caused such uniformity in Ta values between the simulated urban settings during the 

nighttimes. 

Figure  7.2. Average air temperature (Ta) of the urban settings in group on
canyons at 1.2m (a.g.l.). (H/st. = 0.5, 1, 1.5 and 2, St. SVF: 0.71, 0.51, 0.40 and 0.34)
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Air temperature variations among the urban settings in group one are evaluated according to 

the canyon’s orientations, aspect ratios and SVFs. In terms of orientations, no significant Ta 

variations were observed between different orientations in each model 

diurnal Ta variations observed was 1.1°C (see appendix D.1). Hence, the comparison of Ta 

between the four urban settings in group one will be done according to the hourly average Ta 

rent orientations in each urban setting. Figure  7.2 shows the variations of 

the hourly average Ta between the four urban settings in group one. The A

urban setting begins to rise at 7:00 and continue to increase during the next seven hours until 

it reaches its maxima at 14:00 in the afternoon, and last for one hour until 15:00. The 

differences between the hourly average Ta between the shallow and deep street canyons 

(H/st. = 0.5, SVF = 0.71 and H/st. = 2, SVF = 0.34) reaches its maxima during the period 

(Max) = 3°C). During this peak hours, the maximum Av. Ta observed 

was 48.1°C in the shallow street canyon (H/st. =  0.5, SVF = 0.71), and 45°C in the deep 

street canyon (H/st. = 2, SVF = 0.34). If to criticize the evolution of the Ta according to the 

of the urban setting under investigation, the results show positive relationship 

between the Ta and SVF, since the air temperatures decrease as the SVFs decreases. The Av. 

Ta, as well as the Ta variations between the urban settings in group one, begin to 

16:00 and take about 11 hours until it reach its minimum at 6:00 on the next day. It is 

important here to mention that, since no heat storage is included in the microclimate model 

Met, the nighttimes Ta is underestimated, particularly within deep canyons which, as a 

result, caused such uniformity in Ta values between the simulated urban settings during the 

. Average air temperature (Ta) of the urban settings in group one obtained from the street 
canyons at 1.2m (a.g.l.). (H/st. = 0.5, 1, 1.5 and 2, St. SVF: 0.71, 0.51, 0.40 and 0.34)
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Air temperature variations among the urban settings in group one are evaluated according to 

the canyon’s orientations, aspect ratios and SVFs. In terms of orientations, no significant Ta 

een different orientations in each model - the maximum 

diurnal Ta variations observed was 1.1°C (see appendix D.1). Hence, the comparison of Ta 

between the four urban settings in group one will be done according to the hourly average Ta 

shows the variations of 

the hourly average Ta between the four urban settings in group one. The Av. Ta in each 

urban setting begins to rise at 7:00 and continue to increase during the next seven hours until 

it reaches its maxima at 14:00 in the afternoon, and last for one hour until 15:00. The 

low and deep street canyons 

(H/st. = 0.5, SVF = 0.71 and H/st. = 2, SVF = 0.34) reaches its maxima during the period 

= 3°C). During this peak hours, the maximum Av. Ta observed 

was 48.1°C in the shallow street canyon (H/st. =  0.5, SVF = 0.71), and 45°C in the deep 

street canyon (H/st. = 2, SVF = 0.34). If to criticize the evolution of the Ta according to the 

of the urban setting under investigation, the results show positive relationship 

between the Ta and SVF, since the air temperatures decrease as the SVFs decreases. The Av. 

Ta, as well as the Ta variations between the urban settings in group one, begin to decline at 

16:00 and take about 11 hours until it reach its minimum at 6:00 on the next day. It is 

important here to mention that, since no heat storage is included in the microclimate model 

n deep canyons which, as a 

result, caused such uniformity in Ta values between the simulated urban settings during the 
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7.1.2. Mean radiant temperature (Tmrt)

Mean radiant temperature (Tmrt) was evaluated individually in each model in group one 

according to the street orientations. The results show some similarities and differences in 

Tmrt values among the modelled urban settings in group one which were, in fact, greatly 

influenced by the presence of solar irradiations and the availability of over

street level. Indeed, street orientations, with respect to sun, played a distinguish role in 

determining the time and duration of extreme Tmrt within the street canyons in all urban 

settings studied in group one during the daytime. Correspondingly, the street’s 

(H/st.) was effective in reducing the duration of Tmrt maxima in the NS, NE

SE, but not within a street with an EW axis where the heat

ratios counterbalance the smaller benefits of shading.

Figures 7.3 to 7.6 show the evolutions of the Tmrt that observed from the mid

distance at 1.2m for the individual urban settings in group one, with respect to street 

orientations. According to the results, the case studies with street canyons with EW axes 

produced the warmest condition at pedestrian level expressed by the longer duration of

maxima, irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The 

duration of extreme radiant temperature in such street orientation begins at 7:00 and last for 

10 hours until 17:00. During this period, the Tmrt values vary betwe

85°C at 15:00.  On the other hand, the duration of extreme Tmrt on other orientations studied 

(NS, NE-SW, and NW-

progressively reduced within the street canyon as the ratios inc

Figure  7.3. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
NE-SW, and NW
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Mean radiant temperature (Tmrt) was evaluated individually in each model in group one 

et orientations. The results show some similarities and differences in 

Tmrt values among the modelled urban settings in group one which were, in fact, greatly 

influenced by the presence of solar irradiations and the availability of over

level. Indeed, street orientations, with respect to sun, played a distinguish role in 

determining the time and duration of extreme Tmrt within the street canyons in all urban 

settings studied in group one during the daytime. Correspondingly, the street’s 

(H/st.) was effective in reducing the duration of Tmrt maxima in the NS, NE

SE, but not within a street with an EW axis where the heat-trapping effects of deeper aspect 

ratios counterbalance the smaller benefits of shading. 

show the evolutions of the Tmrt that observed from the mid

at 1.2m for the individual urban settings in group one, with respect to street 

orientations. According to the results, the case studies with street canyons with EW axes 

produced the warmest condition at pedestrian level expressed by the longer duration of

maxima, irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The 

duration of extreme radiant temperature in such street orientation begins at 7:00 and last for 

10 hours until 17:00. During this period, the Tmrt values vary between 65°C at 7:00 and 

85°C at 15:00.  On the other hand, the duration of extreme Tmrt on other orientations studied 

-SE) was more dependent on street aspect ratios (H/st.) and 

progressively reduced within the street canyon as the ratios increased, but at varying degrees. 

. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
SW, and NW-SE. (H/st. = 0.5 and H/sb. = 0, St. SVF= 0.71)
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Mean radiant temperature (Tmrt) was evaluated individually in each model in group one 

et orientations. The results show some similarities and differences in 

Tmrt values among the modelled urban settings in group one which were, in fact, greatly 

influenced by the presence of solar irradiations and the availability of over-shadowing at 

level. Indeed, street orientations, with respect to sun, played a distinguish role in 

determining the time and duration of extreme Tmrt within the street canyons in all urban 

settings studied in group one during the daytime. Correspondingly, the street’s aspect ratio 

(H/st.) was effective in reducing the duration of Tmrt maxima in the NS, NE-SW, and NW-

trapping effects of deeper aspect 

show the evolutions of the Tmrt that observed from the mid-street canyon 

at 1.2m for the individual urban settings in group one, with respect to street 

orientations. According to the results, the case studies with street canyons with EW axes 

produced the warmest condition at pedestrian level expressed by the longer duration of Tmrt 

maxima, irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The 

duration of extreme radiant temperature in such street orientation begins at 7:00 and last for 

en 65°C at 7:00 and 

85°C at 15:00.  On the other hand, the duration of extreme Tmrt on other orientations studied 

SE) was more dependent on street aspect ratios (H/st.) and 

reased, but at varying degrees.  

 

. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
SE. (H/st. = 0.5 and H/sb. = 0, St. SVF= 0.71) 
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Figure  7.4. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
NE-SW, and NW

Figure  7.5. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
NE-SW, and NW

Figure  7.6. Diurnal and nocturnal evolution of the Tm
NE-SW, and NW
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. Diurnal and nocturnal evolution of the Tmrt within the street canyons oriented EW, NS, 
SW, and NW-SE. (H/st. = 1 and H/sb. = 0, St. SVF= 0.51) 
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For instance, in the deep street canyon (H/st. = 2, SVF = 0.34) with NS axis, the duration of 

extreme Tmrt last only for one hour from 11:00 to 12:00, Figure  7.6. Similar duration of 

extreme Tmrt was also observed in similar canyon’s ratio oriented NE-SW but shifted to 

latter time from 12:00 to 13:00. Correspondingly, the duration of such extreme condition in 

the deepest street canyon oriented NW-SE lasts longer for 3 hours, but in earlier hours from 

10:00 to 12:00.  

Similarities in the Tmrt values between the four urban settings, with respect to their street 

aspect ratios and orientations, can be drawn into two situations. First, at midday (12:00), 

when solar angles approach the zenith, the four urban settings produce similar Tmrt of 

approximately 75°C, owing to the absence of over-shadowing within the street canyon 

during this period and the direct solar radiation received within the canyon volume. 

Secondly, similarities in Tmrt were also observed at night-time and early in the morning just 

before the sunrise, from 18:00 to 6:00. During this period, mean radiant temperatures are 

almost equal in all orientations, particularly in the widest street canyon (H/st. = 0.5). The 

maximum Tmrt reported during nighttimes was approximately 35°C at 18:00, just after the 

sunset. 

7.1.3. Wind velocity (v)  

Figure  7.7 shows the daily average wind velocities from the mid-street canyons distance at 

1.2m above the ground level. With reference to the wind speed at 10m above the ground, 

which is 1.6ms-1, the minimum wind velocity observed was within a street canyon with NE-

SW axis that perpendicular to the prevailing wind direction, which was NW-SE.  

 
Figure  7.7. Average wind speed within street canyon at 1.2 m (a. g. l), with respect to aspect ratios 

and orientations (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 0) 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

EW NS NESW NWSE

A
v

. 
W

in
d

 s
p

e
e

d
 

(m
/s

-1
)

Street orientations

St. SVF = 0.71 St. SVF = 0.51 St. SVF = 0.40 St. SVF = 0.34



Chapter Seven Numerical modelling 

 

220 

 

In contrast, the highest wind speed observed among the four case studies in group one were 

in models with street canyons oriented NW-SE, which is parallel to the prevailing wind 

direction. The urban settings with street canyons oriented EW and NS have produced a 

relatively lower wind speed at 1.2m in relation to the reference wind speed at 10m. In these 

two orientations, the wind speed within the urban setting with shallow street canyon (H/w = 

0.5, SVF = 0.71), was reduced by 31% in comparison to the reference wind speed and 

continue to progressively decrease by an average of 5% as the street ratio increases. 

7.1.4. Outdoor thermal comfort (PET)  

Given that the values of PET in outdoor spaces in hot-arid climate regions is closely driven 

by the solar irradiations (see appendix D.2), which is found to have a great influence on the 

human energy balance (Mayer and Höppe 1987), the analysis of outdoor thermal comfort 

that is going to be presented here, and in the next three groups as well, will be carried out on 

one case study that maintained the minimum durations of extreme Tmrt during daytimes 

among the other evaluated urban settings. This is done in order to avoid redundancy and to 

discuss in details the potential of urban geometries in regulating street comfort at pedestrian 

level. In this respect, the following thermal comfort analysis will be carried out exclusively 

on the fourth urban setting in group one (H/st. = 2, St. SVF = 0.34). Figure  7.8 and 7.9 show 

in detail the temporal and spatial distributions of PET within the street canyons oriented E-

W, N-S, NE-SW, and NW-SE of the selected urban setting on a typical summer day in 

Riyadh City (27th July) during the daytimes from 6:00 to 18:00.  

With respect to the outdoor scale of warmth used in this study, which was determined during 

the comfort survey in Riyadh City (see chapter 4), the street canyon with EW axis is 

generally uncomfortable, Figure  7.8 (top). This is mostly perceptible after 6:00, particularly 

from 8:00 to 16:00, in which the PET during these hours ranges between Hot (>46°C PET) 

to Very Hot (>50°C PET). In such street orientation, a PET value less than or close to the 

upper comfort limit (39°C PET) is calculated across the street canyon at 6:00 in the morning. 

On the other hand, the other orientations (NS, NE-SW, and NW-SE) offer principally a 

better thermal situation at street level, which can be acknowledged from the PET patterns 

within the NS orientation and the intermediate orientations, including the NE-SW and the 

NW-SE. Interestingly, the duration of discomfort in which the thermal condition is 

considered Hot and Very hot (> 46°C PET) last longer in the NS and the NW-SE 

orientations in comparison to the NE-SW orientation. 
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Figure  7.8. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the E-W oriented street (top), and the N-S oriented street (bottom) (H/st. = 2, H/sb.= 0) 
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Figure  7.9. The temporal and spatial distributions  of PET within the street canyon at 1.2m a.g.l for 
the NE-SW oriented street (top), and the NW-SE oriented street (bottom) (H/st. = 2, H/sb.= 0) 
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Excluding the EW orientation, which is noticeably uncomfortable for a much longer periods 

compared to that observed within the other orientations, uncomfortable thermal conditions at 

street level, in which the PET values exceeded 46°C, are recorded during four time intervals 

in the NW-SE axis (10:00, 12:00, 14:00 and 16:00), three time intervals for a NS axis (12:00, 

14:00 and 16:00) and only for two time intervals within the NE-SW street axis (12:00 and 

14:00). In addition to the shorter period of uncomfortable thermal condition that observed 

within the NE-SW oriented street canyon, one can notice that the extreme thermal stress (≥ 

50°C PET) within such orientation at noon (12:00), when solar angles approach the zenith, 

affects about two-third of the street space, while one-third of the street width will always 

experience lower values of PET, mainly on the NW-facing side due to shading produced by 

the surrounding buildings. Correspondingly, the extreme thermal condition affects almost the 

whole space within a street with NS axis at noon. In general, comfortable outdoor conditions 

were observed during two time intervals in the NS and NW-SE axes at 6:00 and 8:00 and 

three time intervals in the NE-SW axis at 6:00 and 8:00 in the morning and at 18:00, just 

after the sunset. 

7.1.5. Energy consumption  

The resulting cooling loads refers exclusively to the energy consumed for cooling in the two 

predefined buildings located within the urban settings under investigation, which have 

different main facade orientation according to street axis orientations. Table  7.1 exemplifies 

the daily average energy consumed for cooling per square meter (kWh/m2/day) from the 

buildings under investigation that located within urban settings that have various street 

aspect ratios and, consequently, various SVFs.  

Table  7.1. The daily average cooling load (kWh/m2/day) from BLDG-01 and BLGD-02 located within 
the urban settings in group one (H/st. = 0.5, 1, 1.5, and – H/sb. = 0, St.  SVF = 0.71, 0.51, 0.40, and 
0.34) 

 
BLDG-01 BLDG-02 

Street Orientation EW NS NE-SW NW-SE EW NS NE-SW NW-SE 

Main façade orientation N E SE NE S W NW SW 

Cooling load (kWh/m
2
/day) 

        
H/st. = 0.5, H/sb. = 0 

St. SVF = 0.71 
0.04486 0.04528 0.04521 0.04551 0.04545 0.04511 0.04452 0.04592 

H/st. = 1, H/sb. = 0 

St. SVF = 0.51 
0.04304 0.04294 0.04312 0.04327 0.04362 0.04289 0.04255 0.04372 

H/st. = 1.5, H/sb. = 0 

St. SVF = 0.40 
0.04194 0.04154 0.04181 0.04185 0.04252 0.04150 0.04134 0.04228 

H/st. = 2, H/sb. = 0 

St. SVF = 0.34 
0.04106 0.04054 0.04084 0.04077 0.04165 0.04050 0.04048 0.04110 
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Figures 7.10 and 7.11 show the daily average cooling load per square meter (kWh/m2/day) 

from BLDG-01 and BLDG-02, respectively. These energy profiles represent the energy 

consumed by cooling load in order to maintain constant indoor air temperature at 24°C, in 

which such indoor temperature is affected by heat gained from different sources, including 

outdoor air temperature, building fabric, solar and from internal heat sources, such as 

lighting, appliances and occupants.  

 
Figure  7.10. The daily average energy consumption (kWh/m2/day) from BLDG-01 that located within 

the urban settings in group one with respect to street orientations (EW, NS, NE-SW, and NW-SE) 

 
Figure  7.11. The daily average energy consumption (kWh/m2/day) from BLDG-02 that located within 

the urban settings in group one with respect to street orientations (EW, NS, NE-SW, and NW-SE) 

Apparently, the above figures show an inverse relationship between the energy and the street 

aspect ratio (H/st.), since the energy consumed for cooling the indoor spaces decreases as the 

street aspect ratio increases. The energy consumed by cooling load in the buildings that 

located within urban settings with the deepest street canyon (H/st. = 2, SVF = 0.34) is 
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observed from the buildings located within urban settings with the widest street canyon 

(H/st. = 0.5, SVF = 0.71). Indeed, these reductions in cooling load 

buildings located within the urban setting with the deepest street canyon can be attributed to 

a number of influential factors, including: (a) the external microclimate condition, (b) the 

amount of shading on the external building’

surrounding buildings and from the building itself on the court’s facades, and (c) the heat 

gained from the solar access. 

surfaces of the buildings located within the urban settings in group one printed against their 

daily average energy consumption per square meter (kWh/m

Figure  7.12. The daily average energy consumption (kWh/m
(BLDG-01 and BLDG-02) and its relation to street orientations and the amount of shading on 

buildings surfaces, including 

The role of shading on determining the 

be clearly acknowledged through the strong correlation between both variables (R

0.9396), and by the reductions in cooling loads in BLDG

amount of shading available on their external surfaces. Although the role of shading is 
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observed from the buildings located within urban settings with the widest street canyon 

(H/st. = 0.5, SVF = 0.71). Indeed, these reductions in cooling load that observed within the 

buildings located within the urban setting with the deepest street canyon can be attributed to 

a number of influential factors, including: (a) the external microclimate condition, (b) the 

amount of shading on the external building’s surfaces (roof and walls) that received from the 

surrounding buildings and from the building itself on the court’s facades, and (c) the heat 

gained from the solar access. Figure  7.12 shows the amount of shading on the external 

surfaces of the buildings located within the urban settings in group one printed against their 

daily average energy consumption per square meter (kWh/m2/day). 
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02) and its relation to street orientations and the amount of shading on 
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mainly caused by the influence of the main building’s facade orientations

factor become dominant in determining the energy consumption within the individual urban 

setting. The maximum average energy reductions due to orientation were 1.09% in BLDG
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lower energy compare to those located on similar street axes but have the main facade facing 

South, South-East and South-West. This indicates that where possible the shading strategies 

in urban areas in such geographical location should be dedicated on the latter facades 

orientations in order to minimise the energy consumed by cooling load in buildings. Figure 

 7.13 shows the potential range of cooling load reduction in the best case study (ratios: H/st. = 

2, H/sb. = 0) compared to the worst case study (ratios: H/st. = 0.5, H/sb. = 0), as a result of 

alteration in the external air temperature, the amount of shading on external buildings’ 

surfaces, and the reduction in the heat gained from solar access.  

 

Figure  7.13. Cooling load saving in the best case compared to the worst case in group one 

The lower temperature of external microclimate condition within the urban setting with the 

deepest street canyon (H/st. = 2) has contributed to a reduction in the cooling load by 7.13%, 

while the increased shading on external surfaces of the buildings located within the same 

urban setting can give an average reduction of 9.76% in cooling load in BLDG-01 and 

9.54% in BLDG-02. On the meantime, the energy conservation due to reduction in solar 

access was 43.80% in BLDG-01 and 39.03% in BLDG-02. 

7.1.6. Concluding remarks from group one  

The following conclusions can be drawn from the results of the microclimate and energy 

modelling of the urban settings in group one: 

� The urban setting with the deepest street canyon (H/st. = 2, SVF = 0.34) has a 

relatively better performance compared to the other urban settings in group one in 
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terms of the outdoor thermal condition at pedestrian level and energy consumed by 

cooling loads from the buildings. 

� Outdoor thermal comfort: the deepest street canyon (H/st. = 2 and St. SVF = 0.34) 

has produced a relatively cooler condition at pedestrian level and a shorter duration 

of extreme discomfort (>46°C PET) in comparison to the other urban settings in 

group one. Within the urban setting with the deepest street canyon, the NE-SW axis 

has in average proved to have a better thermal condition, whether in its shorter 

duration of extreme discomfort at pedestrian level, in which the PET values exceed 

50°C, or in its larger proportion of over-shadowing provided by the surrounding 

buildings at street level during noon times, Figure  7.9 (top). 

� Energy consumption: the energy reductions that resulted from changing the street 

aspect ratio in the urban setting of group one is 9.76% in average as observed in 

BLDG-01 and 9.54% in BLDG-02, Figures 7.10 and 7.11. The orientation of the 

building’s main facade also plays some role in determining the cooling loads. Within 

the urban setting with the widest street canyon (H/st. = 0.5), the buildings with main 

facade oriented south-west has relatively higher energy consumption compared to 

the other facades orientations. However, within a deeper street canyon (H/st. ≥ 1.5) 

the buildings with south-facing facade have relatively higher energy consumption. In 

general, buildings with main facade facing North, North-West and North-East, 

respectively, consume lower energy. Apart from the fact that the external air 

temperature is considered as the main contributor to the internal energy use in the 

urban settings studied in group one, the energy saving observed from the best case in 

comparison to that within the worst case was due to a reduction in the amount of 

heat gained from solar access, Figure  7.13. 
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7.2. Group two: Pavilion urban settings (H/st. = 0. 5, 1, 1.5, and 2, H/sb. = 2) 

The second group contains four urban settings of pavilion buildings typology with four 

successive heights: 8m, 16m, 24m, and 32m. Each urban setting in this group was modelled 

at four different orientations (EW, NS, NE-SW, and NW-SE) in order to evaluate the impact 

of their physical form and orientations on outdoor thermal comfort and energy consumption. 

The evaluated models are varies in their street aspect ratios (H/st = 0.5, 1, 1.5 and 2), but 

have similar setback ratio equal to two (H/sb. = 2). Although these urban settings are sharing 

similar setback’s ratio, they varies in their setbacks’ sky view factors (SVF). Figure  7.14 

shows cross vertical sections through the street and setback canyons along with the 3D visual 

representation of the modelled urban settings in group two and their sky view factors 

obtained from the central street and its parallel setback at pedestrian level (1.2m a.g.l.) 

    
SVFs: Street = 0.72, 

Parallel Setback = 0.33 
SVFs: Street. = 0.56 

Parallel Setback = 0.36 
SVFs: Street. =  0.51, 

Parallel Setback =  0.50 
SVFs: Street = 0.60 

Parallel Setback = 0.63 

Figure  7.14. Cross vertical sections through the street and setback canyons (top), as well as 3D 
representation of the simulated models in group two (bottom), ( H/st = 0.5, 1, 1.5, and 2, H/sb = 2) 

7.2.1. Air temperature (Ta)  

The results show no significant Ta variations between the different orientations in each urban 

setting, whether within the street canyon or its parallel setback, since the maximum diurnal 

�Ta observed within both canyons with respect to orientations was 0.8°C in the street and 

0.6°C in the setback (see appendix D.1). Hence, the analysis of Ta in the following material 

will be done according to the hourly Av. Ta obtained from different orientations in each 

urban setting. Figures 7.15 and 7.16 show the evolutions of the Av. Ta within both canyons 

(street and setback) for the four urban settings in group two. The Av. air temperatures begin 

to rise at 7:00 one hour after sunrise and continue to increase during the next seven hours 
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until it reaches its maxima at 14:00 in the afternoon. The maximum Ta variations found 

between the urban settings in the streets was 2.5°C and 2.1°C in the setbacks at 13:00. Note 

that, the Av. Ta within the

identical, either in streets or in its parallel setback (diurnal Max. 

canyons) due might be to the fact that these two urban setting are far less compacted 

compared to the other urban settings in group two. The result from individual urban setting, 

however, shows an inverse relationship between the Av. Ta and the setback’s SVF, since the 

Av. Ta decreases as the setback’s sky view factors increase. The maximum Ta observed 

from the urban settings under investigation in group two were 47.8°C and 47.3°C in the 

street and the parallel setback, respectively. Both of these maximum Ta values were 

observed in the urban setting with the widest street canyon (H/st. = 0.5, SVF: St. = 0

= 0.33). Correspondingly, the minimum Ta observed during daytimes was 45.4°C in the 

street and parallel setback of the urban setting with the highest street aspect ratio H/st. = 2 

(SVF: St. = 0.59, Sb. = 0.63).

Figure  7.15. Average air temperatures (Ta) of all orientations (EW, NS, NE
street canyons in each case study (Street H/w = 0.5, 1, 1.5, 2 

Figure  7.16. Average air temperatures (Ta) of all orientations (EW, NS, NE
the setbacks in each case study (Setback H/w = 2 
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until it reaches its maxima at 14:00 in the afternoon. The maximum Ta variations found 

between the urban settings in the streets was 2.5°C and 2.1°C in the setbacks at 13:00. Note 

that, the Av. Ta within the urban settings with street aspect ratios of 1.5 and 2 are almost 

identical, either in streets or in its parallel setback (diurnal Max. �Ta = 0.2°C in both 

canyons) due might be to the fact that these two urban setting are far less compacted 

e other urban settings in group two. The result from individual urban setting, 

however, shows an inverse relationship between the Av. Ta and the setback’s SVF, since the 

Av. Ta decreases as the setback’s sky view factors increase. The maximum Ta observed 

rom the urban settings under investigation in group two were 47.8°C and 47.3°C in the 

street and the parallel setback, respectively. Both of these maximum Ta values were 

observed in the urban setting with the widest street canyon (H/st. = 0.5, SVF: St. = 0

= 0.33). Correspondingly, the minimum Ta observed during daytimes was 45.4°C in the 

street and parallel setback of the urban setting with the highest street aspect ratio H/st. = 2 

(SVF: St. = 0.59, Sb. = 0.63). 

. Average air temperatures (Ta) of all orientations (EW, NS, NE-SW, and NW
street canyons in each case study (Street H/w = 0.5, 1, 1.5, 2 - Street SVFs = 0.72, 0.56, 0.51, and 

0.60) 

. Average air temperatures (Ta) of all orientations (EW, NS, NE-SW, and NW
the setbacks in each case study (Setback H/w = 2 - Setback SVFs = 0.33, 0.36, 0.50, and 0.63)
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between the urban settings in the streets was 2.5°C and 2.1°C in the setbacks at 13:00. Note 
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Ta = 0.2°C in both 
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Av. Ta decreases as the setback’s sky view factors increase. The maximum Ta observed 

rom the urban settings under investigation in group two were 47.8°C and 47.3°C in the 

street and the parallel setback, respectively. Both of these maximum Ta values were 

observed in the urban setting with the widest street canyon (H/st. = 0.5, SVF: St. = 0.72, Sb. 

= 0.33). Correspondingly, the minimum Ta observed during daytimes was 45.4°C in the 

street and parallel setback of the urban setting with the highest street aspect ratio H/st. = 2 
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7.2.2. Mean radiant temperature (Tmrt)

Figures 7.17 to 7.24 show the evolutions of the Tmrt within the central street canyon and its 

parallel setback with respect to their orientations in the urban settings of group two at 

pedestrian level (1.2m a.g.l

settings with canyons oriented east

irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The duration of 

extreme radiant temperature within such orientation in both canyons (the street and its 

parallel setback) begins at 7:00 and last for 10 hours until 17:00. During this extreme period, 

the Tmrt values range between 65

parallel setback, respectively. In terms of the other orientations (NS, NE

however, the results show two Tmrt conditions which were mainly driven by the setback 

SVFs. For instance, the Tmrt within the urban settings with setbacks’ SVFs 

relatively stable within the street and setback canyons compared to the corresponding ones 

observed from the other two urban settings with setbacks’ SVFs 

urban settings the Tmrt varies in hourly bases, particularly with

SW and NW-SE, Figures 7.21

Figure  7.17. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.18. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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show the evolutions of the Tmrt within the central street canyon and its 

parallel setback with respect to their orientations in the urban settings of group two at 

pedestrian level (1.2m a.g.l.). According to the results, the Tmrt values within the urban 

settings with canyons oriented east-west have the longest duration of extreme Tmrt, 

irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The duration of 

mperature within such orientation in both canyons (the street and its 

parallel setback) begins at 7:00 and last for 10 hours until 17:00. During this extreme period, 

the Tmrt values range between 65-60°C at 7:00 and 85-90°C at 15:00 in the street and its 

arallel setback, respectively. In terms of the other orientations (NS, NE-SW, and NW

however, the results show two Tmrt conditions which were mainly driven by the setback 

SVFs. For instance, the Tmrt within the urban settings with setbacks’ SVFs 

relatively stable within the street and setback canyons compared to the corresponding ones 

observed from the other two urban settings with setbacks’ SVFs ≥ 0.50, in which in the latter 

urban settings the Tmrt varies in hourly bases, particularly within the canyons oriented NE

7.21 to 7.24. 

. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 0.5 and SVF = 0.72

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 2 and SVF = 0.33

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

Numerical modelling 

230 

show the evolutions of the Tmrt within the central street canyon and its 

parallel setback with respect to their orientations in the urban settings of group two at 

.). According to the results, the Tmrt values within the urban 

west have the longest duration of extreme Tmrt, 

irrespective of canyon’s geometry, i.e. aspect ratio and sky view factors. The duration of 

mperature within such orientation in both canyons (the street and its 

parallel setback) begins at 7:00 and last for 10 hours until 17:00. During this extreme period, 

90°C at 15:00 in the street and its 

SW, and NW-SE), 

however, the results show two Tmrt conditions which were mainly driven by the setback 

SVFs. For instance, the Tmrt within the urban settings with setbacks’ SVFs ≤ 0.36 was 

relatively stable within the street and setback canyons compared to the corresponding ones 

0.50, in which in the latter 

in the canyons oriented NE-

 
. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 0.5 and SVF = 0.72 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 2 and SVF = 0.33 
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Figure  7.19. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.20. Diurnal and nocturnal evolution of the Tmrt
EW, NS, NE-SW, and NW

 
 

Figure  7.21. Diurnal and nocturnal evolution of the Tmrt for the central street canyon or
NS, NE-SW, and NW

Figure  7.22. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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rnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 1 and SVF = 0.56

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 2 and SVF = 0.36

. Diurnal and nocturnal evolution of the Tmrt for the central street canyon or
SW, and NW-SE with street ratio: H/st. = 1.5 and SVF: 0.51

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 2 and SVF = 0.50
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rnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 1 and SVF = 0.56 

 
for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 2 and SVF = 0.36 

 
. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 1.5 and SVF: 0.51 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

setback ratio: H/sb. = 2 and SVF = 0.50 
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Figure  7.23. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.24. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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mention that, the Tmrt profiles presented in the figures above do not represent the overall 

condition of Tmrt within the canyon’s space, rather the condition of the immediate area that 
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parallel setback. Thus, it is possible within the north
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a fluctuated Tmrt profile in some areas away from the climate recep

In general, the first and the second urban settings in group two, which both have stable Tmrt 

profiles during daytimes, have shown relatively better thermal conditions at pedestrian level 

as a result of the shorter durations of extreme Tmrt, Figures

durations of extreme Tmrt within these both urban settings were observed relatively in 
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. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 
SW, and NW-SE with street ratio H/st. = 2 and SVF = 0.60

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 2 and SVF = 0.63
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. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 

SE with street ratio H/st. = 2 and SVF = 0.60 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 2 and SVF = 0.63 

observed within the less compacted urban settings 
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comparison to the other urban settings in group two, in general, and to the first urban setting, 

particularly within the street canyons with NS, NE-SW and NW-SE axis, Figure  7.19. 

Correspondingly, the first urban setting (H/st. = 0.5, H/sb. = 2) shows relatively better Tmrt 

within the setback canyon, particularly within the NW-SE axes in comparison to the second 

urban setting, Figure  7.18. However, by comparing the Tmrt profiles from both urban 

settings, it appears that the second one (H/st. = 1) has in average better Tmrt over the first 

urban setting, since it shows a considerable reduction in the duration of extreme Tmrt in the 

street canyon, particularly within the north-south and intermediate orientations (NE-SW and 

NW-SE). Therefore, the analysis of the spatial and temporal distributions of PET at 

pedestrian level will be done exclusively on the second urban setting. 

7.2.3. Wind velocity (v)  

Figure  7.25 shows the daily average wind speed within the street canyons and their parallel 

setback at pedestrian level (1.2m a.g.l.), with respect to canyons’ geometry and orientations. 

The results show no differences in wind speed between the canyons (streets and setbacks) 

with EW and NS axes, which are diagonal to the direction of the prevailing wind above-roof. 

On the other hand, the wind speed in the the parallel and perpendicular street axis to the 

prevailing wind direction varies according to the street and setbacks SVFs. Excluding the 

wind speeds observed within the canyons with NE-SW axes, which are perpendicular to the 

prevailing wind direction, the minimum values were observed within the less compacted 

urban settings with setbacks sky view factors ≥ 0.50, due to the wind flows disturbance 

caused by the scattered buildings, which as a result increase turbulence and low pressure in 

the buildings’ wake regions causing such reduction in the horizontal wind speed at ground 

level, (Santamouris 2001a). 

 

Figure  7.25 Av. wind speed within the street and its parallel setback at pedestrian level (1.2m a. g. l.) 
of the urban settings in group two, with respect to SVF and orientations 
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7.2.4. Outdoor thermal comfort (PET)  

In light to the previous Tmrt discussion (section  7.2.2), the thermal comfort analysis will be 

done on the second urban setting in group two (ratios: H/st. =1, H/sb = 2 - SVFs: St. = 0.56, 

Sb. = 0.36) which has shown to have relatively better thermal condition within the street 

canyon (see appendix D.2). Figures 7.26 and 7.27 show a detailed temporal and spatial 

distributions of PET within such urban setting on a typical summer day in Riyadh City (27th 

July) during the daytimes from 6:00 to 18:00.  

The calculated PET values within the urban canyons (streets and setbacks) of the second 

urban setting in group two show that such urban setting produces a very dynamic shading 

pattern at pedestrian level. This is can be seen in the street canyons in particular, in which the 

thermal conditions in shaded areas within the street canyons drop considerably from Very 

Hot (≥50°C PET) to two grades down to comfortable and warm at 8:00 and 10:00, 

respectively, in the street with north-south and intermediate axes, Figures 7.26 (bottom) and 

7.27 (top and bottom). At latter hours in the afternoon (e.g. at 16:00), however, the thermal 

conditions variations between the shaded and sunlit areas become modest ranging between 

Hot and Very Hot. This is might be caused by the insufficient rate of heat dissipation from 

the canyons’ volumes due to poor ventilation.  

In respect to the adopted scale of warmth in outdoor spaces in Riyadh City, however, the 

spatial and temporal distributions of the PET index show that the selected urban setting is 

generally uncomfortable, either within the street canyon or in its parallel setback. This is 

mostly perceptible from 10:00 to 16:00, in which the PET index during these periods ranges 

between Hot (>46°C PET) to Very Hot (>50°C PET). If to criticise the thermal conditions 

within the canyons of the selected urban setting according to the proportions of extreme 

conditions (>50°C PET), the intermediate orientations have relatively larger proportions of 

lower PET values compared to that observed within the canyons with EW and NS axes. This 

is can be particularly acknowledged at 8:00 within the intermediate orientations, in which 

extreme thermal affects only small portions near the SE- and NE-facing facade of the streets 

with NE-SW and NW-SE axes, respectively. It should be noted that, the lower PET values 

that recorded across the NE-SW street canyon during the late hours of the day (from 16:00 to 

18:00) can be attributed to the larger portion of lower PET during the day in comparison to 

that observed within the NS and NW-SE axes. Apart from that, no such differences worth to 

be mentioned. 
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Figure  7.26. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the E-W oriented street (top), and the N-S oriented street (bottom) (H/st. = 1, H/sb.= 2) 
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Figure  7.27. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the NE-SW oriented street (top), and the NW-SE oriented street (bottom) (H/st. = 1, H/sb.= 2) 
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7.2.5. Energy consumption  

The resulting cooling loads presented in this section refers exclusively to the energy 

consumed for cooling in the two predefined buildings (BLDG-01 and BLDG-02), which 

have different main facade orientations. Table  7.2 exemplifies the daily average energy 

consumed by cooling loads per square meter (kWh/m2/day) from the buildings under 

investigation that located within urban settings with various street aspect ratios and, 

consequently, various SVFs. 

Table  7.2. The daily average cooling load (kWh/m2/day) from BLDG-01 and BLGD-02 located within 
the urban settings in group two (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 2, St.  SVF = 0.72, 0.56, 0.51, and 
0.60 – Sb. SVF = 0.33, 0.36, 0.50, and 0.63) 

 
BLDG-01 BLDG-02 

Street Orientation EW NS NE-SW NW-SE EW NS NE-SW NW-SE 

Main façade orientation N E SE NE S W NW SW 

Cooling load (kWh/m
2
/day) 

        
H/st. = 0.5, H/sb. = 2 

St. SVF = 0.72, Sb. SVF = 0.33 
0.04643 0.04684 0.04677 0.04726 0.04644 0.04668 0.04638 0.04737 

H/st. = 1, H/sb. = 2 

St. SVF = 0.56, Sb. SVF = 0.36 
0.04777 0.04799 0.04851 0.04847 0.04778 0.04792 0.04802 0.04850 

H/st. = 1.5, H/sb. = 2 

St. SVF = 0.51, Sb. SVF = 0.50 
0.05241 0.05268 0.05325 0.05339 0.05241 0.05276 0.05330 0.05346 

H/st. = 2, H/sb. = 2 

St. SVF = 0.60, Sb. SVF = 0.63 
0.06668 0.06717 0.06799 0.06846 0.06668 0.06717 0.06800 0.06846 

Figures 7.28 and 7.29 show the daily average cooling load that required to maintain constant 

indoor air temperature at 24°C in BLDG-01 and BLDG-02, in which such indoor 

temperature is affected by heats that gained from different sources, including outdoor air 

temperature, building fabric, solar, and from internal heat sources, such as lighting, 

appliances and occupants. 

 
Figure  7.28. The daily average energy consumption (kWh/m2/day) from BLDG-01 that located within 

the urban settings in group two with respect to canyons’ orientations 

0.040

0.045

0.050

0.055

0.060

0.065

0.070

Ratios: H/st. = 0.5, H/sb. = 2 Ratios: H/st. = 1, H/sb. = 2 Ratios: H/st. = 1.5, H/sb. = 2 Ratios: H/st. = 2, H/sb. = 2

D
a

il
y

 A
v

. 
E

n
e

rg
y

 c
o

n
su

m
p

ti
o

n

(k
W

h
/m

2
)

Models Aspect ratios and SVF

EW NS NE-SW NW-SEStreet orientations:

Main facade orientations: North                          East                           South - East       North - East

Energy increased by 30.70%

SVFs: St. = 0.72, Sb. = 0.33 SVFs: St. = 0.56, Sb. = 0.36 SVFs: St. 0.51= , Sb. = 0.50 SVFs: St. = 0.60, Sb. = 0.63

Average = 0.0675 (kWh/m2/day)

Average =

0.0468 (kWh/m2/day)



Chapter Seven Numerical modelling 

 

238 

 

 
Figure  7.29. The daily average energy consumption (kWh/m2/day) from BLDG-02 that located within 

the urban settings in group two with respect to canyons’ orientations 

The energy profiles presented in the figures above show a direct relationship between the 

energy consumption and the sky view factors of the setbacks of the proposed urban settings 

in group two, since the energy consumed by cooling increases as the setbacks’ sky view 

factor increases. The energy consumed by cooling loads in the buildings located within 

urban settings with the highest setback sky view factors (Sb. SVF = 0.63) is increased in 

average by 30.70% in BLDG-01 and 30.87% in BLDG-02 in comparison to those located 

within the urban settings with the lowest setback’s sky view factor (Sb. SVF = 0.33). Indeed, 

reduction in energy consumption due to geometry could reach up to 31.8% as observed in 

BLDG-02 with the lowest setback SVF with NE-SE axis. Given that the buildings under 

investigation have various setbacks sky view factors, the noticeable energy saving observed 

in the urban settings with the lower setback SVFs, can be attributed to a number of factors. 

Some of which are: (a) the gradual decreased in heat gained from solar access and (b) the 

gradual increase in shading on the external building’s surface. The influence of the latter 

factor, however, is perceptible only within the urban settings with setback SVF ≤ 0.5. Figure 

 7.30 shows the amount of energy consumed by cooling loads from the building under 

investigation printed against the amount of shading on the external buildings’ surfaces. The 

figure shows that the effect of shading on regulating the cooling load in the buildings is 

generally minor, while the influence of heat gained from the solar access appears to be 

relatively greater. Note the dramatic increases in cooling load in the urban setting with the 

highest setback SVF (Sb. SVF = 0.63) compared to that observed from the setting with 

setback SVF = 0.50, which is mainly caused as a result of the increase of heat gained from 

solar access.  
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Figure  7.30. The daily average energy consumption (kWh/m
(BLDG-01 and BLDG-02) and its relation to street orientations and the amount of shading on 

buildings surfaces, including roofs and facades
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investigation (BLDG-01 and BLDG

with setback’s SVF ≥0.50. This is, in fact, indicates the inconsiderable effect of orientations 

on energy consumption in such urban settings, since no sufficient protection from direct 

solar radiation is received from the surrounding buildings. 

range of cooling load reduction in the best case (H/st. = 0.5, H/sb. = 2, St. SVF = 0.72, Sb. 

SVF = 0.33) compared to the worst case (H/st. = 2, H/sb. = 2 

0.63), due to the influence of the outdoor air temperature, shading on external 

surfaces, and solar access. 

Figure  7.31. Cooling load saving in the best case compared to the worst case in group two
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f cooling load reduction in the best case (H/st. = 0.5, H/sb. = 2, St. SVF = 0.72, Sb. 

SVF = 0.33) compared to the worst case (H/st. = 2, H/sb. = 2 – St. SVF = 0.60, Sb. SVF = 

0.63), due to the influence of the outdoor air temperature, shading on external 

surfaces, and solar access.  
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According to Figure  7.31, a great saving in energy in the best case was mainly caused by the 

considerable reduction in solar access, and then by the larger over-shadowing received on 

the external buildings’ surfaces from the surrounding buildings in comparison to that 

observed within the worst case. In fact, the potential of the best case in saving the energy 

resides in its narrower setback canyon compared to the worst case, which provides protection 

from the direct solar access and increase the over-shadowing on at least three facades. 

Interestingly, the worst case receives an average of 4.68% reduction in cooling load over the 

best case in the buildings as a result of its lower external air temperature during daytimes.  

7.2.6. Concluding remarks from group two  

From the results of the microclimate and energy modelling from the urban settings in group 

two; the following conclusions can be drawn: 

� The outdoor microclimate conditions and energy consumptions were closely 

determined by the setbacks sky view factors of the urban settings. Two of the 

investigated urban settings in group two have shown a relatively better performance 

in reducing the duration of extreme thermal conditions in outdoor spaces at 

pedestrian level and have lower energy consumptions. These are the first and the 

second urban settings with the street aspect ratios (H/st.) of 0.5 and 1, respectively. 

� Outdoor thermal comfort: The overall outdoor thermal conditions within the 

investigated urban settings in group two is generally uncomfortable according to the 

adopted scale of warmth used in the present study. However, the first and the second 

urban settings have relatively shorter durations of extreme thermal conditions in the 

setback and street canyons, respectively. These lower thermal conditions observed 

within both urban setting were mainly driven by the better over-shadowing produced 

by the surrounding buildings at pedestrian level, particularly within the setback 

canyon with NS and NW-SE axes in the first urban setting and within the street 

canyon with EW and NW-SE axes in the second urban setting.  

� Energy consumption: The cooling loads observed from the buildings under 

investigation in group two are generally high in comparison to the cooling loads 

observed from the urban setting in group one, which have no setbacks, since the 

minimum cooling load observed in group two was above the maximum cooling load 

observed in group one. In general, the first urban setting (H/st. = 0.5, H/st. = 2 and 
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St. SVF = 0.72, Sb. SVF = 0.33) has the minimum daily average energy 

consumption in comparison to the corresponding ones observed within the other 

urban settings in group two. This minimum energy consumption was mainly caused 

by the reduction in the amount heat gained from solar and the increased of over-

shadowing on the external building surfaces as a result of relatively deeper setbacks 

in the first urban setting in comparison to the other urban settings in group two. 

Although the buildings in the best case (the first urban setting) have relatively better 

protection from solar radiation, particularly on the facades facing the setbacks sides, 

the higher external air temperature observed in the first urban setting (see Figures 

7.15 and 7.16) has contributed to about 4.68% increase in energy consumed by 

cooling load in comparison to the worst case (Sb. SVF = 0.63), which is far less 

compacted and recorded the maximum energy consumption. This is, in fact, shed 

light on the disadvantages of compacted urban geometry, which usually associated 

with poor cooling ventilation within the urban canyons leading to higher energy 

budget that causing an increase in external air temperature and, consequently, higher 

energy consumption.  

 

 
 
 



Chapter Seven Numerical modelling 

 

242 

 

7.3. Group three: Pavilion urban settings (H/st. = 0.5, 1, 1.5, and 2, H/sb. = 4) 

The third group contains four urban settings of pavilion building typology with four 

successive heights: 8m, 16m, 24m, and 32m. Each urban setting was modelled at four 

different orientations, including EW, NS, NE-SW, and NW-SE. Therefore, the results of a 

total of 16 microclimate conditions were obtained in order to evaluate their impacts on 

outdoor thermal comfort and energy consumption. The evaluated models varies in their street 

aspect ratios (H/st = 0.5, 1, 1.5 and 2 - St. SVF = 0.72, 0.53, 0.42 and 0.37), but have similar 

set-back ratio equal to four (H/sb = 4) with various SVFs, including 0.21, 0.185, 0.21 and 

0.24. Figure  7.32 shows the cross vertical sections through the street and setback canyons 

along with the 3D visual representations of the urban settings and their sky view obtained 

from the street and setback canyons at pedestrian level (1.2m a.g.l). 

  
SVFs: Street = 0.72 

Parallel Setback = 0.21 
SVFs: Street = 0.53 

Parallel Setback = 0.185 
SVFs: Street = 0.42 

 Parallel Setback = 0.21 
SVFs: Street = 0.37 

Parallel Setback = 0.24 

Figure  7.32. Cross vertical sections through the street and set-backs of the simulated canyons (top), 
as well as 3D representation of the simulated models in group three (bottom) - Street ratios: H/st = 

0.5, 1, 1.5, and 2 – Setback ratios: H/sb = 4. 

7.3.1. Air temperature (Ta)  

Air temperature variations between the urban settings in group three are evaluated according 

to the models’ orientations and canyons’ aspect ratios, and SVFs as well. In general, the Ta 

results show no significant Ta variations found in this group between the orientations in each 

urban setting, whether in the street or in its parallel setback - the maximum diurnal �Ta 

observed within both canyons between different orientations were 0.9°C in the streets and 

0.7°C in the setbacks (see appendix D.1). Hence, the comparison of Ta variations will be 



Chapter Seven 

 

 

done according to the hourly Av. Ta of the different orientations in each urban setting. 

Figures 7.33 and 7.34 show the hourly evolutions of the Av. Ta within the canyons (street 

and setback) for the four urban settings in group three. The Av. temperature begins to rise at 

7:00 and continue to increase during the next seven hours until it reaches its maxima at 14:00 

in the afternoon. The maximum Ta differences found between the urban settings during 

daytimes was 3.4°C for the street and 2.7°C for the parallel setback during noon time from 

12:00 to 14:00. In respect to the configurations of the urban settings under investigation, the 

results show a direct relationship between the street’s SVFs and the Av. Ta observed within 

both the street canyons and its parallel setback, since the Ta decrea

view factors decrease. The maximum Av. Ta observed were 47.9°C and 47.2°C in the street 

and its parallel setback, respectively, in the urban setting with the highest street sky view 

factor (St. SVF = 0.72). Correspondingly, the mini

period was almost 44.5°C at 14:00 in the street and its parallel setback of the urban setting 

with the lowest street sky view factor (St. SVF = 0.37).

Figure  7.33. Average air temperatures (Ta) of all orientations (EW, NS, NE
street canyons in each case study (Street H/w: 0.5, 1, 1.5, 2 

Figure  7.34. Average air temperatures (Ta) of all orientations (EW, NS, NE
the setbacks in each case study (Setback H/w: 2 
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e according to the hourly Av. Ta of the different orientations in each urban setting. 

show the hourly evolutions of the Av. Ta within the canyons (street 

and setback) for the four urban settings in group three. The Av. temperature begins to rise at 

e to increase during the next seven hours until it reaches its maxima at 14:00 

in the afternoon. The maximum Ta differences found between the urban settings during 

daytimes was 3.4°C for the street and 2.7°C for the parallel setback during noon time from 

2:00 to 14:00. In respect to the configurations of the urban settings under investigation, the 

results show a direct relationship between the street’s SVFs and the Av. Ta observed within 

both the street canyons and its parallel setback, since the Ta decreases as the street’s sky 

view factors decrease. The maximum Av. Ta observed were 47.9°C and 47.2°C in the street 

and its parallel setback, respectively, in the urban setting with the highest street sky view 

factor (St. SVF = 0.72). Correspondingly, the minimum Ta observed during the extreme 

period was almost 44.5°C at 14:00 in the street and its parallel setback of the urban setting 

with the lowest street sky view factor (St. SVF = 0.37). 

Average air temperatures (Ta) of all orientations (EW, NS, NE-SW, and NW
street canyons in each case study (Street H/w: 0.5, 1, 1.5, 2 - Street SVFs: 0.72, 0.53, 0.42, and 0.37)

Average air temperatures (Ta) of all orientations (EW, NS, NE-SW, and NW
the setbacks in each case study (Setback H/w: 2 - Setback SVFs: 0.33, 0.36, 0.50, and 0.63)
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e according to the hourly Av. Ta of the different orientations in each urban setting. 

show the hourly evolutions of the Av. Ta within the canyons (street 

and setback) for the four urban settings in group three. The Av. temperature begins to rise at 

e to increase during the next seven hours until it reaches its maxima at 14:00 

in the afternoon. The maximum Ta differences found between the urban settings during 

daytimes was 3.4°C for the street and 2.7°C for the parallel setback during noon time from 

2:00 to 14:00. In respect to the configurations of the urban settings under investigation, the 

results show a direct relationship between the street’s SVFs and the Av. Ta observed within 

ses as the street’s sky 

view factors decrease. The maximum Av. Ta observed were 47.9°C and 47.2°C in the street 

and its parallel setback, respectively, in the urban setting with the highest street sky view 

mum Ta observed during the extreme 

period was almost 44.5°C at 14:00 in the street and its parallel setback of the urban setting 
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7.3.2. Mean radiant temperature (Tmrt)

Figures 7.35 to 7.42 show the evolutions of the Tmrt within the central street c

parallel setback at pedestrian level (1.2m a.g.l) for the urban settings in group three with 

respect to canyons orientations. According to the results, the street canyons with EW axis 

have the longest duration of extreme Tmrt, irrespective of

ratio and sky view factors. The duration of extreme Tmrt within such orientation in the street 

begins at 7:00 and last for 10 hours until 17:00. During this extreme period, the Tmrt values 

in the street canyon range between 

orientations (NS, NE-SW, and NW

duration of extreme Tmrt within the deep streets as a result of relatively larger shading 

produced by the surrounding

considerable reduction in the duration of extreme Tmrt within the deepest street canyon 

oriented NE-SW (H/st. = 2, st. SVF = 0.37) in comparison to the corresponding one 

observed within the widest street canyon (H/st. = 0.5, st. SVF = 0.72) in which the duration 

of extreme Tmrt at pedestrian level is reduced from 7h to 1h during daytimes. 

Figure  7.35. Diurnal and nocturnal evolution of the Tmrt
NS, NE-SW, and NW

Figure  7.36. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon orien
EW, NS, NE-SW, and NW
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show the evolutions of the Tmrt within the central street c

parallel setback at pedestrian level (1.2m a.g.l) for the urban settings in group three with 

respect to canyons orientations. According to the results, the street canyons with EW axis 

have the longest duration of extreme Tmrt, irrespective of canyon’s geometry, i.e. aspect 

ratio and sky view factors. The duration of extreme Tmrt within such orientation in the street 

begins at 7:00 and last for 10 hours until 17:00. During this extreme period, the Tmrt values 

in the street canyon range between 65°C at 7:00 and 85°C at 15:00. In terms of the other 

SW, and NW-SE), the results show considerable reductions in the 

duration of extreme Tmrt within the deep streets as a result of relatively larger shading 

produced by the surrounding buildings at street level. This is can be evident through the 

considerable reduction in the duration of extreme Tmrt within the deepest street canyon 

SW (H/st. = 2, st. SVF = 0.37) in comparison to the corresponding one 

est street canyon (H/st. = 0.5, st. SVF = 0.72) in which the duration 

of extreme Tmrt at pedestrian level is reduced from 7h to 1h during daytimes. 

. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 0.5 and SVF = 0.72

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon orien
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.21
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show the evolutions of the Tmrt within the central street canyon and its 

parallel setback at pedestrian level (1.2m a.g.l) for the urban settings in group three with 

respect to canyons orientations. According to the results, the street canyons with EW axis 

canyon’s geometry, i.e. aspect 

ratio and sky view factors. The duration of extreme Tmrt within such orientation in the street 

begins at 7:00 and last for 10 hours until 17:00. During this extreme period, the Tmrt values 

65°C at 7:00 and 85°C at 15:00. In terms of the other 

SE), the results show considerable reductions in the 

duration of extreme Tmrt within the deep streets as a result of relatively larger shading 

buildings at street level. This is can be evident through the 

considerable reduction in the duration of extreme Tmrt within the deepest street canyon 

SW (H/st. = 2, st. SVF = 0.37) in comparison to the corresponding one 

est street canyon (H/st. = 0.5, st. SVF = 0.72) in which the duration 

of extreme Tmrt at pedestrian level is reduced from 7h to 1h during daytimes.  

 
for the central street canyon oriented EW, 

SE with street ratio: H/st. = 0.5 and SVF = 0.72 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 4 and SVF = 0.21 
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Figure  7.37. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.38. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW

 
 

Figure  7.39. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.40. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 1 and SVF = 0.53

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.1

. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 1.5 and SVF: 0.42

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.21

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02

Local standard time (Hours)

NS NESW

Numerical modelling 

245 

 
. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

street ratio: H/st. = 1 and SVF = 0.53 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 4 and SVF = 0.185 

 
. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 1.5 and SVF: 0.42 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 4 and SVF = 0.21 
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Figure  7.41. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.42. Diurnal and nocturnal evolution of the Tmrt f
EW, NS, NE-SW, and NW

On the meantime, the setbacks canyons appear to have lower Tmrt but with unstable profiles 

at pedestrian level during daytimes as a result of expo

intermittent periods during the daytime. It is important to mention that, the width of the 

setbacks can contribute in determining the periods of exposure to solar radiation at street 

level in some cases, irrespectiv

can be seen through the Tmrt profiles observed within the setbacks of the second and third 

urban settings in group three, with the knowledge that both urban settings have similar 

setback ratios and sky view factors (H/sb. = 4 and Sb. SVF = 0.21). In these two cases, 

specifically, the periods of exposure to solar radiation at street level varies in hourly bases 

and remains slightly longer within the setback of the third setting, which has wider set

(width = 6m), particularly within the setback with EW and NW

In general, the results of the Tmrt within the street canyons and their parallel setbacks of the 

four urban settings in group three show that the third and fourth urban settings (H/

and 2, respectively) have relatively shorter period of exposure to solar radiations within the 

street canyons compared to the other remaining urban settings in group three. However, the 

third urban setting recorded the minimum duration of extreme
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Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 
SW, and NW-SE with street ratio H/w = 2 and SVF = 0.37

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.24

On the meantime, the setbacks canyons appear to have lower Tmrt but with unstable profiles 

at pedestrian level during daytimes as a result of exposure to solar radiation, which occurs at 

intermittent periods during the daytime. It is important to mention that, the width of the 

setbacks can contribute in determining the periods of exposure to solar radiation at street 

level in some cases, irrespective of canyon’s geometry. Such contribution of setback’s width 

can be seen through the Tmrt profiles observed within the setbacks of the second and third 

urban settings in group three, with the knowledge that both urban settings have similar 

nd sky view factors (H/sb. = 4 and Sb. SVF = 0.21). In these two cases, 

specifically, the periods of exposure to solar radiation at street level varies in hourly bases 

and remains slightly longer within the setback of the third setting, which has wider set

(width = 6m), particularly within the setback with EW and NW-SE axes. 

In general, the results of the Tmrt within the street canyons and their parallel setbacks of the 

four urban settings in group three show that the third and fourth urban settings (H/

and 2, respectively) have relatively shorter period of exposure to solar radiations within the 

street canyons compared to the other remaining urban settings in group three. However, the 

third urban setting recorded the minimum duration of extreme Tmrt values within the 
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Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 

SE with street ratio H/w = 2 and SVF = 0.37 

 
or the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 4 and SVF = 0.24 
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setback canyons oriented EW and NS, while the fourth urban setting shows the minimum 

durations of extreme Tmrt within the street canyons with intermediate axes. 

7.3.3. Wind velocity (v)  

Figure  7.43 shows the average wind speed within street canyon and its parallel setback at 

pedestrian level (1.2m a.g.l.) with respect to canyons’ ratio, SVF and orientations. The 

results show no differences in wind speed within a canyon with EW and NS axes, which are 

diagonal to the direction of the prevailing wind that blows from the NW-SE direction. On the 

other hand, the minimum and maximum wind speeds were observed within the perpendicular 

(NE-SW) and parallel (NW-SE) canyons to prevailing wind direction, respectively. Apart 

from wind speeds observed within the NE-SW street axis, the minimum speeds at pedestrian 

level (1.2m a.g.l.) was observed within the urban setting with the deepest street canyon (H/st. 

= 2, St. SVF = 0.37), while the maximum was within the widest (H/st = 0.5, SVF = 0.72).     

With reference to the prevailing wind speed (1.6ms-1), the average wind speed graph below 

shows that the wind speed decreases gradually by 33%, 56%, 75% and 83% within the street 

canyons as the SVF decreases.  

 
Figure  7.43 Av. wind speed within the street and its parallel setback at pedestrian level (1.2m a. g. l), 

with respect to aspect ratios at different orientations (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 4). 

7.3.4. Outdoor thermal comfort (PET)  

According to the results of Tmrt profiles presented in section  7.3.2, the thermal comfort 

analysis will be done on the fourth urban setting in group three (ratios: H/st. = 2, H/sb = 4 - 

SVFs: St. = 0.37, Sb. = 0.24) which has proven to have relatively shorter durations of 

discomfort within the street canyons and to have, in certain orientations i.e. NE-SW and 

NW-SE, lower average PET (see appendix D.2). Figures 7.44 and 7.45 show the temporal 

and spatial distributions of PET within the canyons (the street and its parallel setback) on a 

typical summer day in Riyadh City (27th July) during the daytimes from 6:00 to 18:00.  
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Figure  7.44. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the E-W oriented street (top), and the N-S oriented street (bottom) (H/st. = 2, H/sb.= 4) 
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Figure  7.45. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the NE-SW oriented street (top), and the NW-SE oriented street (bottom) (H/st. = 2, H/sb.= 4) 
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Apparently, the NE-SW orientation shows a noticeable amelioration in the thermal condition 

at pedestrian level in comparison to the conditions within the other orientations in this urban 

setting, Figure  7.45 (top). This is can be acknowledged through the larger proportions of 

lower PET values during the daytimes in comparison to the other orientations. In contrast, 

and with respect to the scale of warmth in outdoor spaces that determined during the comfort 

survey in Riyadh City (see chapter 4), the selected urban setting with EW axis produces 

extreme thermal stress (≥ 50°C PET) at street level within the street canyon and its parallel 

setback, Figure  7.44 (top). This is mostly perceptible from 8:00 to 16:00, in which the 

extreme thermal condition during such period affects the majority of the street space and its 

parallel setback. The potential of the NE-SW street in regulating the climate comfort resides 

in its ability to maintain better over-shadowing at street level, particularly from 8:00 to 

12:00, as well as in its cooler conditions at latter hours (16:00 and 18:00) as a result of the 

shorter duration of exposure to extreme climate condition during the daytimes. 

7.3.5. Energy consumption  

Energy results are shown here in terms of energy consumption for cooling within the urban 

settings of group three. The resulting cooling loads refer exclusively to the energy consumed 

for cooling in the buildings that have different main facade orientation according to street 

axis orientations. Table  7.3 exemplifies the daily average energy consumed for cooling per 

square meter (kWh/m2/day) from the buildings under investigation (BLDG-01 and BLDG-

02) that located within the urban settings with various canyons’ aspect ratios (street and 

setbacks) and, consequently, various sky view factors (SVF). 

Table  7.3. The daily average cooling load (kWh/m2/day) from BLDG-01 and BLGD-02 located within 
the urban settings in group three (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 4, St. SVF = 0.72, 0.53, 0.42, 
and 0.37 – Sb. SVF = 0.21, 0.185, 0.21, and 0.24) 

 
BLDG-01 BLDG-02 

Street Orientation EW NS NE-SW NW-SE EW NS NE-SW NW-SE 

Main façade orientation N E SE NE S W NW SW 

Cooling load (kWh/m
2
/day) 

        
H/st. = 0.5, H/sb. = 4 

St. SVF = 0.72, Sb. SVF = 0.21 
0.04497 0.04539 0.04512 0.04555 0.04501 0.04520 0.04451 0.04589 

H/st. = 1, H/sb. = 4 

St. SVF = 0.53, Sb. SVF = 0.185 
0.04392 0.04407 0.04383 0.04409 0.04394 0.04405 0.04332 0.04455 

H/st. = 1.5, H/sb. = 4 

St. SVF = 0.42, Sb. SVF = 0.21 
0.04398 0.04407 0.04400 0.04378 0.04400 0.04406 0.04333 0.04433 

H/st. = 2, H/sb. = 4 

St. SVF = 0.37, Sb. SVF = 0.24 
0.04492 0.04504 0.04474 0.04429 0.04496 0.04494 0.04415 0.04477 
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Figures 7.46 and 7.47 show the daily average cooling load per square meter (kWh/m2/day) 

recorded from BLDG-01 and BLDG-02 respectively. Both figures present the estimated 

energy used to maintain constant indoor air temperature at 24°C, in which such indoor 

temperature is affected by heat gained from different sources, including outdoor air 

temperature, building fabric, solar, and from internal heat sources, such as lighting, 

appliances and occupants. 

 
Figure  7.46. The daily average energy consumption (kWh/m2/day) from BLDG-01 that located within 

the urban settings of Group Three with respect to canyons’ orientations 

 
Figure  7.47. The daily average energy consumption (kWh/m2/day) from BLDG-02 that located within 

the urban settings of Group Three with respect to canyons’ orientations 

In general, the effect of orientations on energy consumption becomes noticeable in BLDG-

02 in comparison to that observed in BLDG-01, particularly in buildings located within the 

urban settings with street aspect ratios ≤ 1, Figure  7.47. In respect to facades’ orientations, 
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axis, with main street facade facing the SE direction and setback facades facing the NE, NW 

and SW directions. On the other hand, the maximum observed was generally in BLDG-02 

that located on the street with NW-SE axis with the street canyon facade facing the NE 

direction and setback facades facing the NW, SE and SW directions. 

In reference to the energy profiles presented in figures 7.46 and 7.47, one can notice the 

unsteady decline in the average energy consumed by cooling load as the street aspect ratio 

increases. To understand such changes, particularly within the second and third urban 

settings, it is important to highlight the contribution of the amount of heat received from the 

assumed external heat sources in each urban setting, whether from the external air 

temperature, in one hand, or from the combination effects of heat gained from solar access 

and that resulted from the reduction in the amount of shading on building facades on the 

other hand. Figure  7.48 show an example of the daily average energy consumption observed 

from BLDG-01 as a result of the heat gained from the external air temperature, solar access, 

and from the buildings fabric. In all cases, the external temperature appears to be the main 

contributor to the internal energy consumption, particularly within the first and the second 

urban settings. In the third and fourth urban settings, however, the heat gained from solar 

access and though the external building’s fabric, which is resulted from the decline in the 

amount of shading received on building’s facades, have both contributed to the slight 

decrease in cooling loads in the third urban setting in comparison to the second one and the 

remarkable increase in the fourth urban setting. 

 
Figure  7.48. The daily average energy consumption (kWh/m2/day) due to the heat gained from 

different sources, including solar, external Ta and from buildings fabric, along with the daily average 
energy consumption from BLDG-01 that located within the four urban settings in group three 
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setting in group three, Figure  7.49 shows the potential range of cooling load reduction from 

the best case study (H/st. = 1.5, H/sb. = 4) and the worst case study (H/st. = 0.5, H/sb. = 4), 

as a result of heat gained from the external air temperature and solar access, as well as the 

shading on external building surfaces. 

 
Figure  7.49. Cooling load saving in the best case compared to the worst case in group three 

The figure above shows that the lower external air temperature that associated with the urban 

geometry in the best case has contributed to 7.08% reduction in cooling load. Due to the 

lower heat gained indoors from solar access and the larger proportion of shading on the 

building facades, however, the worst case shows some advantages over the best case in 

reducing the cooling loads by 8.7% and 10.3% in BLDG-01 and BLDG-02, respectively, as 

a result of the relatively lower heat gained from solar. In addition, the worst case study 

shows 5.61% and 6.13% in energy saving over the best case scenario as a result of relatively 

the lower heat gained in indoor spaces from the solar access, and from the building fabric 

due to the reduction in the amount of shading received on the external building’s surfaces 

from the surrounding buildings, particularly on the building’s surfaces that facing the 

setbacks sides. 

7.3.6. Concluding remarks from group three  

The following conclusions can be drawn from the results of the microclimate and energy 

modelling of the urban settings in group three: 

� The modelled microclimate conditions and energy consumption obtained from the 

urban settings in group three points out the necessity of promoting shade at street 

level and efficient radiative cooling from canyon facets as two main urban design 
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strategies for regulating street comfort and to prevent the excessive energy use from 

urban dwellers. Apart from the different variables used to estimate the comfort index 

in outdoor spaces and energy use from buildings, setback canyons were found in this 

group to be dominant in determining both issues investigated.  

� Outdoor thermal comfort: Two of the urban settings studied in this group have 

maintained relatively lower thermal conditions outdoors in comparison to the 

remaining urban settings in group three. These are the third and the fourth urban 

settings with street aspect ratios equal to 1.5 and 2, respectively. Due to a relatively 

considerable decline in the thermal condition within the NE-SW oriented street 

canyon expressed by the shorter duration of heat stress and lower PET maxima, the 

fourth urban setting (H/st. = 2, H/sb. = 4) has in average lower PET among the 

remaining other urban settings studied in group three. Apparently, the NE-SW 

orientation shows a noticeable amelioration in the thermal condition at pedestrian 

level in comparison to the conditions within the other orientations in this urban 

setting, Figure  7.45 (top). The potential of the NE-SW street in regulating the 

climate comfort resides in its ability to maintain better over-shadowing at street 

level, particularly from 8:00 to 12:00, as well as in its cooler conditions at latter 

hours (16:00 and 18:00) as a result of the shorter duration of exposure to extreme 

climate condition during the daytimes. In reference to the best case scenario found 

from the Street/Court urban settings (H/s. = 2, H/sb. = 0), the best case scenario of 

the Pavilion urban settings in group three (H/st. = 2 H/sb. = 4) was in average 

slightly warmer, due to less protection afford by the geometry itself against the direct 

solar radiation, particularly from the setbacks. 

� Energy consumption: The external air temperature was found to be the main 

contributor for the building cooling loads in group three (see Figure  7.48). Although 

the fourth urban setting in group three was found to be second in promoting comfort 

at street level, the increased heat gained from building fabrics and solar access due to 

its higher setback SVF makes it third in terms of the energy consumption. 
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7.4. Group four: Pavilion urban settings (H/st. = 0 .5, 1, 1.5, and 2, H/sb. = 8) 

The last group contains four urban settings of pavilion building typology with four 

successive heights, including 8m, 16m, 24m, and 32m. Each urban setting was modelled at 

four different orientations, including EW, NS, NE-SW, and NW-SE. The microclimate 

modelling results were used to evaluate the impacts of the urban settings under investigation 

the on outdoor thermal comfort and energy consumption. The evaluated models are varies in 

their street aspect ratios (H/st = 0.5, 1, 1.5 and 2), but have similar set-back ratio equal to 

eight (H/sb. = 8), but with various SVFs ranging between 0.10 and 0.123. Figure  7.50 shows 

cross vertical sections through the street and setback canyons along with 3D visual 

representations of the simulated urban settings and their sky view obtained from the street 

and setback canyons at pedestrian level (1.2m a.g.l.). 

  
SVFs: Street = 0.70 

Parallel Setback = 0.123 
SVFs: Street = 0.52 

Parallel Setback = 0.10 
SVFs: Street = 0.40 

Parallel Setback = 0.10 
SVFs: Street = 0.35 

Parallel Setback = 0.105 

Figure  7.50. Cross vertical sections through the street and setback canyons (top), as well as 3D 
representation of the simulated models in group four (bottom) (H/st = 0.5, 1, 1.5, and 2 – H/sb = 8) 

7.4.1. Air temperature (Ta)  

Air temperature variations between the urban settings in group four are evaluated according 

to the canyon’s aspect ratios, and/or SVFs, and orientations with respect to sun. The results 

of the modelled show no considerable Ta variations between the orientations studied in each 

urban setting, whether in the street or in its parallel setback - the maximum diurnal �Ta 

observed within both canyons between different orientations were 0.8°C in the streets and 

1°C in the setbacks (see appendix D.1). Thus, the comparison of Ta variations will be done 

according to the hourly Av. Ta obtained from the different orientations in each urban setting. 

Figures 7.27 and 7.28 show the evolutions of the Av. Ta within the studied canyons (the 
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street canyons and its parallel setback). The Av. temperature begins to rise at 7:00 in the 

morning and continue to increase during the next seven ho

14:00 in the afternoon. The maximum Ta variations found between the urban settings was 

3.3°C in the street and 2.5°C in the parallel setback during noon at 14:00 and 13:00, 

respectively. The hourly average air temperature

in group four show a positive impact of the canyons’ SVF on the Ta at street level, since the 

Ta decreases as the street’s sky view factors decrease, particularly within the street canyon. 

The maximum Av. air temperature observed were 48.2°C and 46.9°C at 14:00 in the street 

and the parallel setback, respectively, in the urban setting with the widest street canyon, H/st. 

= 0.5 (SVF: St. = 0.70, Sb. = 0.123). Correspondingly, the minimum Ta observed during the 

extreme period at 15:00 was 44.8°C and 44.6°C in the street and its parallel setback 

respectively of the urban setting with the deepest street canyon H/st. = 2 (SVF: St. = 0.35, 

Sb. = 0.105). 

Figure  7.51. Average air temperatures (Ta) of all orientations (EW, NS, NE
street canyons in each case study (Street H/w: 0.5, 1, 1.5, 2 

Figure  7.52. Average air temperatures (Ta) of all orientations (EW, NS, NE
the setbacks in each case study (Setback H/w: 2 
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morning and continue to increase during the next seven hours until it reaches its maxima at 

14:00 in the afternoon. The maximum Ta variations found between the urban settings was 

3.3°C in the street and 2.5°C in the parallel setback during noon at 14:00 and 13:00, 

respectively. The hourly average air temperatures that obtained from the four urban settings 

in group four show a positive impact of the canyons’ SVF on the Ta at street level, since the 

Ta decreases as the street’s sky view factors decrease, particularly within the street canyon. 
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7.4.2. Mean radiant temperature (Tmrt)

Figures 7.53 to 7.60 show the evolutions of the Tmrt within the central street canyon and its 

parallel setback at pedestrian level (1.2m a.g.l) for the urban settings in the fourth group with 

respect to canyons orientations. According to the results, the Tmrt values within the street 

canyons with EW axis have the longest daytime duration of extreme Tmrt, irrespective of 

canyon’s geometry, i.e. aspect ratio and sky view factors. The duration of extreme Tmrt 

within such orientation in the street begins at 7:00 and last for 10 hours until 17:00. During 

this extreme period, the Tmrt values in the street canyon range between 65°C at 7:00 and 

85°C at 15:00. The results from the other orientations (NS, NE

show considerable reductions in the duration of extreme Tmrt within the deep streets as a 

result of relatively greater shading produced by the surrounding buildings at street level. This 

is can be seen through the considerable reduction in the dur

deepest street canyon (H/st. = 2, st. SVF = 0.37) with NE

corresponding one observed within the widest street canyon (H/st. = 0.5, st. SVF = 0.72), in 

which the duration of extreme Tmrt at pedestrian

Figure  7.53. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.54. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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show the evolutions of the Tmrt within the central street canyon and its 

parallel setback at pedestrian level (1.2m a.g.l) for the urban settings in the fourth group with 

rientations. According to the results, the Tmrt values within the street 

canyons with EW axis have the longest daytime duration of extreme Tmrt, irrespective of 

canyon’s geometry, i.e. aspect ratio and sky view factors. The duration of extreme Tmrt 

such orientation in the street begins at 7:00 and last for 10 hours until 17:00. During 

this extreme period, the Tmrt values in the street canyon range between 65°C at 7:00 and 

85°C at 15:00. The results from the other orientations (NS, NE-SW, and NW

show considerable reductions in the duration of extreme Tmrt within the deep streets as a 

result of relatively greater shading produced by the surrounding buildings at street level. This 

is can be seen through the considerable reduction in the duration of extreme Tmrt within the 

deepest street canyon (H/st. = 2, st. SVF = 0.37) with NE-SW axis compared to the 

corresponding one observed within the widest street canyon (H/st. = 0.5, st. SVF = 0.72), in 

which the duration of extreme Tmrt at pedestrian level is reduced from 7h to 2h.

. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 0.5 and SVF = 0.70

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.123
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corresponding one observed within the widest street canyon (H/st. = 0.5, st. SVF = 0.72), in 

level is reduced from 7h to 2h. 
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Figure  7.55. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.56. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW

 
 

Figure  7.57 Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
NS, NE-SW, and NW

Figure  7.58. Diurnal and nocturnal evolution of the
EW, NS, NE-SW, and NW
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. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
SW, and NW-SE with street ratio: H/st. = 1 and SVF = 0.53

nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.185

Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 
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. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.21
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. Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 1 and SVF = 0.53 

 
nocturnal evolution of the Tmrt for the parallel setback canyon oriented 

SE with setback ratio: H/sb. = 4 and SVF = 0.185 

 
Diurnal and nocturnal evolution of the Tmrt for the central street canyon oriented EW, 

SE with street ratio: H/st. = 1.5 and SVF: 0.42 
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Figure  7.59. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon ori
NS, NE-SW, and NW

Figure  7.60. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
EW, NS, NE-SW, and NW
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. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon ori
SW, and NW-SE with street ratio H/w = 2 and SVF = 0.37

. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
SW, and NW-SE with setback ratio: H/sb. = 4 and SVF = 0.24
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. Diurnal and nocturnal evolution of the Tmrt for parallel setback canyon oriented EW, 

SE with street ratio H/w = 2 and SVF = 0.37 

 
. Diurnal and nocturnal evolution of the Tmrt for the parallel setback canyon oriented 
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street SVF (0.40 versus 0.35) which leads to more heat dissipation from the canyon’s 

volume, and larger shaded areas in the setback canyons results in a lower amount of heat 

absorbed by the canyon facets and consequently lower radiant heat transfer to air.  

7.4.3. Wind velocity (v)  

Figure  7.61 shows the average wind speed within the street canyons and its parallel setback 

at pedestrian level (1.2m a.g.l.) in the urban settings of group four with respect to canyons’ 

orientations, aspect ratios and SVFs. The results show that the urban settings with EW and 

NS canyons axes, which are diagonal to the direction of the prevailing wind that blows from 

the NW-SE direction, have maintained similar wind speeds. On the other hand, the canyons 

with NE-SW and NW-SE axes, which are perpendicular and parallel to prevailing wind 

direction, have recorded the minimum and maximum wind speeds, respectively. Apart from 

the wind speed observed within the NE-SW axis, the minimum wind speeds within the street 

canyons were observed in the urban setting with the deep street canyons (H/st. ≥ 1.5, St. SVF 

≤ 0.40). In these urban settings, the daily average wind speeds observed were about half of 

that observed within the wider street canyons (H/st. ≤ 1, St. SVF ≥ 0.52). 

 
Figure  7.61. Av. wind speed within the street and its parallel setback at pedestrian level (1.2m a. g. l), 

with respect to aspect ratios at different orientations (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 8) 

7.4.4. Outdoor thermal comfort (PET)  

According to the results of Tmrt profiles presented above for group four, the thermal comfort 

analysis will be carried out on the third urban setting (ratios: H/st. = 1.5, H/sb = 8 - SVFs: St. 

= 0.40, Sb. = 0.10) which has proven to have relatively shorter durations of extreme Tmrt 

within the setback canyon and its potential to maintain better radiative cooling from canyon 

facets. Figures 7.62 and 7.63 show detailed temporal and spatial distributions of PET within 

the canyons (the street and its parallel setback) of the studied urban setting on a typical 

summer day in Riyadh City (27th July) during the daytimes from 6:00 to 18:00. 
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Figure  7.62. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the E-W oriented street (top), and the N-S oriented street (bottom) (H/st. = 1.5, H/sb.= 8) 
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Figure  7.63. The temporal and spatial distributions  of PET within the  street canyon at 1.2m a.g.l for 
the NE-SW oriented street (top), and the NW-SE oriented street (bottom) (H/st. = 1.5, H/sb.= 8) 
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With respect to the scale of warmth used in this study, the canyons with NE-SW axes (Figure 

 7.63.top) show a noticeable amelioration in the thermal condition at pedestrian level in 

comparison to that calculated within the other orientations, including the EW, NS, and NW-

SE axes. This is can be clearly acknowledged through the lower average PET within the 

street canyon during the majority of the daytime hours. In particular, the potential of the NE-

SW axis in regulating street comfort at pedestrian level is mostly perceptible at noon (12:00) 

and from 16:00 to 18:00. Given that the investigated canyons in the selected urban setting 

(H/st. = 1.5) are sharing similar canyons’ geometries but varies in orientations, the lower 

PET observed within the NE-SW axis can be attributed to the better over-shadowing patters 

produced by the surrounding buildings at pedestrian level in comparison to that observed 

within the other orientations studied. As mentioned in the previous Tmrt discussion, the 

advantage of the selected urban setting (H/st. = 1.5) to loss heat by radiative cooling from the 

canyons’ volume can be seen through the noticeable reduction in the thermal condition of the 

NS street axis from Hot at 16:00 to Comfortable at 18:00, and in the NE-SW street axis from 

Very-hot at 14:00 to Warm at 16:00. 

7.4.5. Energy consumption  

The resulting cooling loads shown here refer exclusively to the energy consumed for cooling 

in the two predefined buildings located within the urban settings under investigation, which 

have different main facade orientation. Table  7.4 exemplifies the daily average energy 

consumed for cooling per square meter (kWh/m2/day) from the buildings under investigation 

that located within urban settings in group four and have various canyons’ aspect ratios and, 

consequently, various SVFs. 

Table  7.4. The daily average cooling load (kWh/m2/day) from BLDG-01 and BLGD-02 located within 
the urban settings in group four (H/st. = 0.5, 1, 1.5, and 2 – H/sb. = 8, St. SVF = 0.70, 0.52, 0.40, and 
0.35 – Sb. SVF = 0.123, 0.10, 0.10, and 0.105) 

 
BLDG-01 BLDG-02 

Street Orientation EW NS NE-SW NW-SE EW NS NE-SW NW-SE 

Main façade orientation N E SE NE S W NW SW 

Cooling load (kWh/m
2
/day) 

        
H/st. = 0.5, H/sb. = 8 

St. SVF = 0.70, Sb. SVF = 0.123 0.04374 0.04391 0.04398 0.04426 0.04420 0.04372 0.04333 0.04466 

H/st. = 1, H/sb. = 8 

St. SVF = 0.52, Sb. SVF = 0.10 0.04272 0.04272 0.04262 0.04317 0.04314 0.04270 0.04212 0.04362 

H/st. = 1.5, H/sb. = 8 

St. SVF = 0.40, Sb. SVF = 0.10 0.04095 0.04031 0.04046 0.04057 0.04138 0.04031 0.04002 0.04102 

H/st. = 2, H/sb. = 8 

St. SVF = 0.35, Sb. SVF = 0.105 0.04129 0.04112 0.04117 0.04116 0.04173 0.04109 0.04069 0.04158 
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Figures 7.64 and 7.65 show the daily average cooling load per square meter (kWh/m2/day) 

from BLDG-01 and BLDG-02 respectively, that required to maintain constant indoor air 

temperature at 24°C, in which the indoor temperature is affected by heat gained from 

different sources, including external air temperature, building fabric, solar, and from internal 

heat sources, such as lighting, appliances and occupants. 

 
Figure  7.64. The daily average energy consumption (kWh/m2/day) from BLDG-01 that located within 

the urban settings of Group Three with respect to canyons’ orientations 

 
Figure  7.65. The daily average energy consumption (kWh/m2/day) from BLDG-02 that located within 

the urban settings of Group Three with respect to canyons’ orientations 
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irrespective of orientations. The energy saving in the best case is ranging between 7.73% in 
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BLDG-01 and 7.49% in BLDG-02. The effect of facades orientations on energy use, 

however, becomes more pronounced in BLDG-02. In this building the maximum energy 

saving due to orientation can be 3.45%, such as that observed in the BLDG-02 that located 

within the second urban setting in group four (H/st. = 1) with main facade facing the north-

west direction and setback facades facing north-east, south-east, and south-west directions. 

Figure  7.66 shows an example of the contributions of different external heat source from 

BLDG-01 on the amount of energy consumed by cooling load. Similar to what have been 

observed in the previous groups, the external air temperature appears to be the main 

contributor to the internal energy consumed by cooling. Although the external air 

temperature has almost equal contributions to the energy use in the third and the fourth urban 

settings, H/st. = 1.5 and 2 respectively, yet, the third urban setting benefits from the 

reduction in the heat transferred through the building fabric, due to larger shading received 

on the external buildings surfaces, causing the slight saving in the average energy use. 

 
Figure  7.66. The daily average energy consumption (kWh/m2/day) in the investigated buildings 
(BLDG-01 and BLDG-02) and its relation to street orientations and the amount of shading on 

buildings surfaces, including roofs and facades 

With respect to the maximum and minimum energy consumption from the urban setting in 

group four, Figure  7.67 shows the potential range of cooling load reduction from the best 

case study (H/st. = 1.5, H/sb. = 8) and the worst case study (H/st. = 0.5, H/sb. = 4), as a result 

of heat gained from the external air temperature and solar access, as well as the shading on 

external building surfaces. The figure shows that the lower external air temperature that 

associated with the urban geometry in the best case has contributed to a reduction of 8.53% 

in cooling load in both investigated buildings. On the meantime, the lower heat gained from 

solar access indoors has contributed to about 12% saving in energy use in BLDG-01 and 

about 8.40% in BLDG-02 in the best case in comparison to that observed in the worst case. 
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Figure  7.67. Cooling load saving in the best case compared to the worst case in group four 

The larger amount shading that received on the external buildings’ surfaces from the 

surrounding building in the best case has contributed to 7.73% and 7.50 in BLDG-01 and 

BLDG-02, respectively. 

7.4.6. Concluding remarks from group four  

The following conclusions can be drawn from the results of the microclimate and energy 

modelling of the urban settings in group four: 

� The third urban setting (H/st. = 1.5) has shown relatively better performance for 

regulating street comfort and energy from urban buildings. This urban setting, in 

particular, has benefited from (a) the reduced amount solar irradiations received 

within the street canyon at pedestrian level in comparison to that observed within the 

other urban settings with wider street canyon (H/st. = 0.5 and 1), as well as (b) the 

better radiative cooling and night ventilation due to larger street SVFs in comparison 

to the more restricted SVF within the successive deeper street canyon in this group 

(0.40 vs. 0.35). 

� Outdoor Thermal Comfort: Two of the studied urban settings in this group have 

maintained relatively lower thermal conditions at street level. These are the third and 

the fourth urban settings with street aspect ratios equal to 1.5 and 2, respectively. In 

respect to the thermal conditions observed from the  Street/Court urban settings in 

group one, which found, so far, to be cooler than that observed from the second and 
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third groups, the fourth group has shown better thermal condition in outdoor spaces, 

and even cooler than that observed from the Street/Court urban settings in group one. 

This is can be attributed to the good shading provided by the urban geometries in 

group four at street level, but at most to the sufficient cooling ventilation provided 

by the setback canyons (see appendix D.3). Due to a relatively considerable decline 

in the thermal condition within the NE-SW oriented street canyon expressed by the 

shorter duration of heat stress and lower PET maxima, the third urban setting (H/st. 

= 1.5, H/sb. = 8) has an overall average lower PET among the studied urban settings 

in group four. 

� Energy Consumption: The lower external thermal conditions observed in the fourth 

group were associated with lower cooling loads from the buildings, particularly in 

the third and fourth urban settings with deep canyons. The energy consumption 

observed from these two urban settings in group four were below those observed 

from the urban settings with deep canyons in the other groups, including that 

observed from the Street/Court and Pavilion urban settings. The third and fourth 

urban settings in group four (H/st. = 1.5 and 2, H/sb. = 8) with street canyons 

oriented NE-SW have the minimum average cooling load in comparison to the other 

urban settings in group four, and even lower than those observed from the former 

groups. 
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7.5. Impact of urban geometry on outdoor comfort an d energy consumption 

The resulted daily average PET and energy consumption obtained from the 16 hypothetical 

urban geometries show the dual impacts of the urban geometries studied that varies in 

building height to width aspect ratio (H/w), canyon sky view factor (SVF) and orientation 

(EW, NS, NE-SW, and NW-SE) on the outdoor thermal comfort and energy use from 

buildings. This is can be clearly seen through the correlation found between the average PET 

and indoor energy use profiles as shown in Figure  7.68. It should be noted that the PET 

values given in the figure represent the daily average of the calculated PET from the outdoor 

spaces at pedestrian level, whether from the street canyon and court yard in the case of the 

Street/Court buildings, or from the street canyon and its parallel setback in the case of the 

Pavilion buildings. On the other hand, the energy use represent the daily average energy 

consumed by cooling loads from the two predefined buildings that located within the 

hypothetical urban settings under investigation and have different facades’ orientations (see 

chapter 6), and the results are presented according to the classification used previously in this 

chapter into four groups.  

Apart from the different variables that used to calculate the PET, such as Ta, RH, v, and 

Tmrt, or that used to estimate the energy use from the buildings, such as the heat gained from 

the external Ta, from the solar access and from building fabric, the external thermal 

condition that determined by the characteristic of the individual urban geometry, e.g. H/w 

and SVF, was found to be the major contributor to the determination of both issues studied. 

The modelled effect of orientation showed that the the EW oriented canyons is highly 

uncomfortable. On the other hand the NS and intermediate orientations (NE-SW and NW-

SE) turned out to be less problematic in terms of thermal comfort. Whereas other studies 

have found the NS axis to be slightly comfortable that the intermediate axes, e.g. NE-SW 

and NW-SE (see e.g. Ali-Toudert and Mayer 2006; Pearlmutter et al. 2006), the NE-SW axis 

was found in this study to be more comfortable, particularly for the urban settings with deep 

canyons, e.g. H/st. ≥ 1.5 and H/sb. = 0 or ≥ 4. The results show that, four of the studied 

urban settings have regulated an average external thermal condition below 39°C PET, 

particularly within the canyons with NS, NE-SW and NW-SE axes. These are the 

Street/Court urban settings with streets’ aspect ratios (H/st.) equal to 1.5 and 2 and setbacks’ 

aspect ratio (H/sb.) of 0, and the Pavilion urban settings with street aspect ratio (H/st.) equal 

to 1.5 and 2, and setback aspect ratio (H/sb.) equal to  8.  
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The four best case scenarios of urban settings mentioned above were also associated with 

relatively lower energy use. On the other hand, extreme discomfort and high energy use was 

observed in the dispersed Pavilion urban setting (H/st. = 2 and H/sb. = 2). It should be 

mentioned that, the hypothetical urban geometry that represent the existing scenario of urban 

geometry in residential neighbourhood in Riyadh City (H/st. = 0.5, H/sb. = 2) was found to 

be among the worst hypothetical case scenarios studied in terms of the outdoor thermal 

comfort and energy consumption. In reference to the PET and energy consumption obtained 

from the worst case scenario (H/st. = 2 and H/sb. = 2), the best case scenario (H/st. = 1.5 and 

H/sb. = 8) was found to be 18.5% cooler in outdoor spaces and 39.9% lower in energy 

consumption, due to about 4.9% reduction in heat gained from the external air temperature, 

and about 83.6% and 69% reductions in heat gained from the solar access and from the 

building fabrics, respectively, as a result of the protection afford by the surrounding 

buildings against the direct solar radiation. In reference to the Riyadh’s urban geometry 

(H/st. = 0.5, H/sb. = 2), the best case scenario was found to be about 12.8% cooler in outdoor 

spaces and about 13% lower in energy consumption, due to about 9.2% reduction in heat 

gained from the external air temperature, and about 46.65% and 22.3% reductions in heat 

gained from the solar access and from the building fabrics, respectively. 

Figure  7.69 shows the relationship between the average sky view factors of the hypothetical 

urban geometries and the comfort index (PET) in outdoor spaces and the daily average 

energy consumption (kWh/m2/day) from two urban buildings located within the investigated 

urban settings. The linear relationship shows the strong correlation between the average SVF 

and the PET (R2 = 0.783) and energy consumption (R2 = 0.805). 

 
Figure  7.69. Relationship between the averages SVF obtained from the street and setbacks of the 

urban settings studied and the energy use from the buildings and the PET index in outdoor spaces at 
pedestrian level 
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The above figures (7.68 and 7.69) showed a clear relationship between the urban geometry 

(canyon aspect ratios and sky view factors) on the external microclimate condition within the 

urban canopy layer (UCL) and consequently, on the outdoor thermal comfort and energy 

consumption from urban dwellers. Urban geometries with deep canyons tend to be more 

comfortable in outdoor spaces and typically associated low energy consumption. According 

to Figure  7.68, the NS oriented canyons tend to be more comfortable in the Street/Court 

urban settings with wide canyons, e.g. H/st. = 0.5. In urban settings with deep canyons, 

particularly in those with street aspect ratio (H/st.) equal to/or greater than 1.5 and setback 

aspect ratio equal to/or greater than 4, the NE-SW orientation is always associated with 

lower PET at pedestrian level. In general, the canyons with EW axis tend to be extremely 

uncomfortable far above the other orientations studied, irrespective of canyon geometry. 

7.6. Summary 

This chapter presented the results of the microclimate (Envi-Met) and energy modelling 

(HTB2), as well as the outdoor thermal comfort analyses (RayMan) for the proposed urban 

settings. The first part discusses the main findings obtained from the microclimate and 

energy modelling, e.g. the variations of Ta, Tmrt and wind velocities between the 

investigated urban settings at street level. The temporal and spatial distributions of PET in 

outdoor spaces at pedestrian level were evaluated along with the predicted energy 

consumption from the predefined buildings located within the proposed urban settings were 

presented. The last part compared the average thermal comfort index (PET) at street level 

and energy consumption from the predefined buildings that are located within the urban 

settings under investigation. The findings showed clear evidence in the impact of urban 

geometries on outdoor thermal comfort and energy use from urban dwellers.    

 
 



 

 

 

8. Discussion and Conclusions 
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This chapter discusses the main findings and final conclusion from the previous chapters, 

and their implications for climatic urban design in hot-arid climate regions, exemplified by 

the city of Riyadh. The first section compares the urban-rural and intra-urban differences 

found in surface temperatures and microclimate conditions (section  8.1). The second section 

discusses the findings obtained from the outdoor thermal comfort study carried out under 

summer condition (section  8.2). The third section deals with the influence of different design 

parameters, i.e. canyons’ H/w ratios, SVF, and orientations, on the outdoor microclimate 

conditions and the associated thermal comfort in outdoor spaces at pedestrian level and the 

energy use from urban buildings (section  8.3). Finally, the last two sections contain 

recommendations for the climate-conscious urban design, and suggestions for future studies 

(sections  8.4 and  8.5). 

8.1. Influence of urban geometry on surface tempera tures and local microclimate 
conditions in Riyadh City. 

In Riyadh City, rural-urban and intra-urban surface and air temperatures differences were to 

large extent found to be influenced by the geometrical characteristics of the areas studied. 

The in situ microclimate measurements showed the existence of the nocturnal urban heat 

islands in the city. However, its magnitude varies substantially according to the buildings 

and population densities at the city level. At pedestrian level, the thermal conditions are 

closely determined by the geometry of the urban canyons through the protection they afford 

against solar radiation by day and radiative cooling from the canyons’ facets and ground 

surface by night. 

8.1.1. Rural-urban differences  

The study of the daytime land surface temperatures in Riyadh by the use of remotely sensed 

thermal imaging (section  3.2) showed that, the rural-urban land surface temperature 

differences are significant, where the surface temperatures are found to be, on average, 2.7°C 

warmer in the rural area than those observed in densely built-up areas, such as in the Al-

Marqab, and could reach up to 6°C higher in comparison to the minimum average surface 

temperature than typically observed in the urban areas with low buildings and population 

densities, such as in the Al-Quds, Figures 3.11 and 3.13. This higher surface temperature 

observed in the Riyadh’s rural area agrees fairly well with other findings from land surface 

temperature studies conducted in hot-arid climate regions using the remotely sensed thermal 

data (see e.g. Kwarteng and Small 2005). Such rural-urban surface temperatures variations 
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found in Riyadh can be interpreted as a result of the influence of the reflectivity and thermal 

capacity of the land cover materials, i.e. soil, vegetation, asphalt, concrete, etc, but they are 

mainly linked to the influence of the geometrical characteristics, where buildings and trees 

afford protection against direct solar radiation in the urban areas and, consequently, lower 

absorption of solar radiation. During the continuous in situ microclimate measurements, 

however, the rural and urban areas studied have almost similar maximum air temperatures, 

which were typically driven by the high intensity of solar radiation during the daytimes (see. 

Figure  5.16). Yet, the daily average air temperatures observed from the chosen urban 

locations (the Al-Quds and the Al-Marqab) at buildings’ roof-tops were found to be 3°C 

warmer in the urban than that measured from the rural, particularly in the densely built-up 

urban location of the Al-Marqab, Figure  5.15. This is mostly perceptible by night (Figure 

 5.16) owing, principally, to the higher energy budget of the urban fabric and the associated 

positive net radiation flux, and the anthropogenic heat released from human activities in the 

urban areas (see e.g. Nunez and Oke 1977; Santamouris 2001b). Correspondingly, the nature 

of the relatively levelled topography, the higher openness of surfaces to the sky dome, and 

the absence of obstacles to wind flow (i.e. buildings), as well as the absence of human 

activities in rural areas and the associated anthropogenic heat generation, have all 

contributed to limit the influence of such sever hot climate conditions during the daytimes on 

the air temperatures of the rural area by night. Explicitly, the rural-urban surfaces and air 

temperature variations found in Riyadh indicate the importance of shading by day and 

radiative cooling and thermal driven air movement by night to be considered as urban design 

strategies to reduce the severity of the climate conditions in Riyadh during the summer. 

8.1.2. Intra-urban differences  

Within the urban boundary of the Riyadh City, the land surface temperatures vary between 

the urban locations and were found to be closely associated with the buildings and 

population densities of the different urban areas (see Figure  3.14). The surface temperature 

from the densely built-up location of the Al-Marqab was found to be, on average, 3.7°C 

higher by day in comparison to the less compacted urban location of the Al-Quds (see Figure 

 3.13). The air temperatures measured at the buildings’ roof-tops in both urban locations was 

found to be warmer in the densely built-up location of the Al-Marqab, both by day and by 

night, with an average absolute difference (AAD) of 1.23°C during the nighttimes from 

18:00 to 6:00 (see Figure  5.18). At pedestrian level within the urban canyons, the thermal 

characteristics of the deep and shallow canyons studied in the Al-Marqab and Al-Quds, 
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respectively, were closely related to the canyons’ geometry, i.e. canyons’ height to width 

ratios (H/w) and sky view factors. The air temperature within the deep canyon was found to 

be slightly cooler (< 1°C) during the daytimes. This is typically from 10:00 to 17:00 (see 

Figure  5.21). During this period, the wall temperatures of the deep canyon were considerably 

below the corresponding wall temperatures measured from the shallow canyon. The wall 

temperature difference was measured to be 10°C cooler in the deep canyon (see Figure  5.23). 

Such lower air and surface temperatures within the deep canyon during the daytime can be 

interpreted as a result of the shading and the protection that the deep canyon afforded against 

the solar radiations. By night, however, the deep canyon tended to be warmer in air and wall 

temperatures. The reason for that is likely to be resulted from the combination effect of poor 

cooling ventilation and insufficient radiative cooling from the canyon’s facets due to the 

limited sky view factor of such deep canyon (see e.g. Pearlmutter et al. 2005). This day and 

night temperature situation observed within the deep canyon indicates the importance of the 

canyon’s geometry for the climate-conscious urban design in Riyadh City.  

In respect to the above discussion, the day-night oscillations in surfaces and air temperatures 

that were observed in the rural and the urban areas indicate the importance of urban 

geometry as an influential factor in determining the local microclimate conditions in the 

Riyadh City. The influence of the land surface temperatures on the local microclimate 

condition was manifested in the urban areas than in rural. Although the maximum air 

temperature found in the rural area was in general equal to those observed in the urban 

locations studied, the nature of the rural geometry led to lower air temperature by night. On 

the other hand, the variations in the geometries between the urban locations studied, 

expressed by the design of the urban canyons, were dominate in determining the air 

temperature by night. The compacted urban location of the Al-Marqab tended to be warmer. 

8.2. Outdoor thermal comfort in Riyadh City 

8.2.1. Thermal comfort under hot-arid summer condit ion  

The subjective thermal comfort survey carried out under hot summer climate conditions in 

Riyadh City reveals that the thermal perceptions and preferences of outdoor users under such 

hot climate condition are affected by a number of physiological factors, including thermal 

experience, expectation, and duration of exposure, but at most by the thermal conditions and 

the availability of shading in the outdoor spaces. Sunlit locations were typically found to be 
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extremely uncomfortable, where heat fatigue and sunstrokes are more likely to occur, 

particularly with prolonged exposure to solar radiation. Thus, the outdoor users are more 

likely to stay and gather in shaded locations, as observed in a number of locations during the 

outdoor comfort survey in this thesis (e.g. Figure  4.24). The upper comfort limit of outdoor 

users calculated in shaded areas was found to be 38.8°C PET. This upper comfort limit was 

significantly far above the corresponding ones obtained in other climate regions (e.g. 

temperate climate in Central Western Europe i.e. 23°C PET (Matzarakis and Mayer 1996), in 

subtropical Sydney Australia , i.e. 24.8°C PET (Spagnolo and de Dear 2003), or that in hot-

humid climate regions in Asia, i.e. 29.4°C PET (Lin et al. 2013). The reason for such a 

higher comfort PET value found in this study can be attributed to the fact that a human body 

under arid climate condition performs higher rate of heat loss through sweat evaporation in 

comparison to that under humid climate condition (Smolander et al. 1987). In addition, 

outdoor users in sever hot-arid climate regions, are more likely to be physiologically adapted 

to high temperatures and have a high degree of control over a source of discomfort 

(Nikolopoulou and Steemers 2003). According to the linear regression model that was 

generated between the PET and the air temperature (Ta) and mean radiant temperature 

(Tmrt) (Figure  4.17), the calculated upper comfort limit (38.8°C PET) obtained from the 

participants responses during the comfort survey in outdoor spaces in Riyadh City was 

associated with an air temperature equal to 38.7°C and a mean radiant temperature equal to 

37.6°C. It is important here to know that, these calculated meteorological values that 

associated with the upper comfort limit are obtained from the relationship between the PET 

and the microclimate measurements that carried out in shaded location (Figure  4.17) and, 

therefore, are not applicable for sunlit locations. It should be mentioned here that, according 

to the adaptive indoor comfort study carried out in Pakistan, which covers different climate 

zones similar to that found in Saudi Arabia, including the hot-arid desert climate condition, 

the neutral indoor temperature in naturally ventilated buildings that associated with the 

above mentioned comfort air temperature that associated with the upper comfort PET in 

outdoor spaces in Riyadh City will be 31.7°C according to Eq. 2-12 (see Nicol and Roaf 

1996). Such neutral indoor temperature will be 3°C higher at 34.4°C according to the 

adaptive thermal comfort equation of Nicol and Humphreys (2002) (Eq. 2-10), and is 2°C 

lower at 29.8°C according to ASHRAE adaptive standard (Eq. 2-11), which is derived from 

studies carried out on 160 buildings and included a wider range of climate zones (see de 

Dear and Brager 2002). 
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In terms of the wind speed, relative humidity and shading preferences, the majority of the 

participants showed for outdoor comfort their satisfaction with those three environmental 

variables examined at the time when interviewed, with 65.9%, 76.8% and 91%, respectively 

(Figure  4.12). The results showed that the subjects were satisfied with the ambient shading 

condition when the global radiation in shaded locations was ≤180 Wm-2. Above this limit, 

however, almost all of the participants voted for more shading. The preferable wind speeds 

found were ranging between >1.2 and <1.4 ms-1, which is relatively below the corresponding 

preferred wind speed determined in other climate regions, i.e. hot-humid, in which higher 

wind speed in outdoor spaces in hot-humid climate is needed to offset the higher mean 

radiant temperature (see e.g. Johansson and Emmanuel 2006; Ng and Cheng 2012). 

Although the main scope of the outdoor thermal comfort survey in this thesis was to 

determine the upper comfort limit under hot-arid summer condition in Riyadh City, it is 

important here to shed light on the effects of some physiological factors, including metabolic 

rate and duration of exposure, on the thermal perceptions of outdoor users under such hot 

climate temperatures, since both of the physiological factors studied can influence the heat 

balance of the human body and, therefore, its comfort, (see e.g. Fanger 1970; Nagara et al. 

1996). In the present outdoor comfort study, the influence of metabolic rate was examined 

through the age of the participants and their previous food and drinks consumed, while the 

influence of duration of exposure on thermal perceptions was examined through the previous 

environments of the participants within the last 15 minutes before interviewed. Interestingly, 

the participants who were fasting, had no food or drinks within the last 15 minutes before 

interviewed, and aged over 30 years old were more tolerant under such hot climate 

condition, Figures 4.18, 4.20 and 4.21. This finding can be related to the influence of two 

factors. First, the Metabolic Process and its associated energy expenditure in the human 

body, which can be influenced by age, muscle mass, external work, and other factors related 

to illness and stress levels. Secondly, the Thermic Effect of Food (TEF), or the amount of 

energy expended above the basal metabolic rate due to processing food for use and storage, 

which varies substantially for different food components. In this respect, the participants 

who were fasting, had no food or drinks within the last 15 minutes before interviewed, and 

aged over 30 years old and, consequently, assumed to have relatively lower metabolic rates, 

were more tolerant to hot climate condition. It should be mentioned here that the influence of 

thermic effect of food on thermal perceptions was evident through the strong relationship 

found between the mean thermal perception votes (MTPV) and the PET of the participants 
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who were fasting or had no food within the last 15 minutes before interviewed (R2 = 0.9061), 

whereas this relationship was found to be modest for the participants who had meal (R2 = 

0.5122) or snack (R2 = 0.4132), owing may be to the variations in the thermic effect of food 

that associated with the different food components. In terms of the influence of duration of 

exposure under the hot climate condition in Riyadh City, a comparative analysis shows that 

the participants who were indoors within the last 15 minutes before interviewed were found 

to be more tolerant to such hot climate condition than those who were outdoors (Figure 

 4.19), due might be to their lower body and skin temperatures that resulted from the shorter 

duration of exposure to heat stress on their heat strain. Yet, the correlation coefficient found 

between the MTPV and PET was stronger for the subjects who were outdoors (R2= 0.9221) 

than for those who were indoors (R2= 0.7982), which indicates the strong agreement in the 

perceptions votes of the subjects who were outdoors.  

8.2.2. The significance of the environmental variab les on outdoor thermal comfort  

The thermal comfort of outdoor users under hot-arid summer condition in Riyadh City was 

found to be greatly influenced by the mean radiant temperature (Tmrt) and the ambient air 

temperature (Ta) among the other environmental parameters studied, including relative 

humidity (RH), and wind speed (v) (see Table  4.6 for the P-value of each parameter). The 

fact that the Tmrt was found to influence the outdoor thermal comfort under hot-arid summer 

condition agrees well with other studies carried out under similar climate condition (Ali-

Toudert 2005). However, none of these studies determined the upper comfort limit (PET) 

and the associated Tmrt and Ta in outdoor spaces as done in this study. The influence of 

relative humidity and wind speed on outdoor comfort were found to be secondary. Yet, low 

wind speeds in such desert region are preferable: for a wind speed of about 1.2 to 1.4 ms-1, 

since higher wind speeds sweeps dust and are more likely to be associated with sand storms. 

Although the relative humidity under hot summer condition in Riyadh City is generally low 

(the mean maximum recorded was about 12%), the majority of the subjects (about 76.8%) 

were satisfied with such low humidity by the time when interviewed. 

8.3. Urban geometry and outdoor thermal comfort and  energy use in Riyadh City 

The results of the numerical modelling carried out on a number of proposed urban settings 

prove the dual and impact of urban geometry on the outdoor thermal comfort and the energy 

use that consumed by cooling loads from urban buildings (see Figure  7.68). The setback’s 
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geometry, exemplified by the setback height to width aspect ratio (H/w) and sky view factor 

SVF, were found to have a distinguishing role in determining the outdoor comfort and 

energy use. The best and worst performances of the urban settings studied result from 

changing the setback geometries. The urban setting of pavilion buildings with street aspect 

ratio (H/st.) of 2 and setbacks aspect ratio (H/sb.) equal to 8 (group four, section  7.4) shows 

some advantage over the urban settings with Street/Court buildings (group one, section  7.1) 

and is considered as the best case scenario among the studied urban geometries. This is can 

be seen in its lower average PET at pedestrian level, and lower average energy consumed. 

Presented below are the modelled effects found of urban geometry, presented by the canyon’ 

aspect ratios (H/w), sky view factors (SVF) and orientations, on the external environmental 

parameters, outdoor thermal comfort, and energy use that consumed by cooling loads from 

two buildings located within the urban geometries investigated. 

8.3.1. Effects of canyon’s aspect ratio (H/W) and s ky view factor (SVF)  

8.3.1.a. The microclimate conditions and outdoor thermal comfort (PET) 

The numerical modelling shows the influence of canyons’ geometry (H/w and SVF) on the 

environmental parameters measured, particularly air temperature (Ta) and mean radiant 

temperature (Tmrt). The fact that the maximum Ta and the Tmrt were found to decrease with 

increasing aspect ratio (H/w) agrees with other studies carried out in similar climate 

condition (see e.g. Ali-Toudert 2005; Johansson 2006b). However, the modelled effect of 

canyon geometry examined in these studies was exclusively conducted on a single street 

canyon with continuous facade, whereas in this study a wider range of canyon’s geometries 

are studied, including that formed by the Street/Court buildings with continuous facades and 

those with a presence of a number of gaps formed by the setbacks of the Pavilion buildings 

typology. In this study, the air temperatures (Ta) at street level were found to be closely 

determined by the canyons’ height to width ratio (H/w) and sky view factor (SVF). The 

modelled urban settings with deep canyons (e.g. Street/Court: H/st. ≥ 1.5, Pavilion: H/st. ≥ 

1.5 and H/sb. ≥ 4) tended to be cooler than the shallow ones due to the protection afford 

against solar radiation at street level. On the other hand, the canyons with higher openness to 

sky cool faster by night than those with limited sky view factors through radiative cooling 

and ventilation. For that reasons, some of the Pavilion’s urban settings studied with deep 

canyons (e.g. H/st. ≥ 1.5, H/sb. = 8, and St. SVF ≤ 0.4, Sb. SVF ≤ 0.13) show some 

advantage over the Street/Court ones (e.g. H/st. ≥ 1.5, H/sb. = 0, and St. SVF ≤ 0.4), since 
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they benefit from the combination effect of cooling mentioned above from the canyon’s 

aspect ratio through shading, and from the sky view factor through radiative cooling and 

ventilation.  

The maximum daytime air temperatures in the deep canyons located in the Pavilion’s urban 

settings (e.g. H/st. = 2, H/sb. = 4) can be 0.5°C cooler than those observed in a deep street 

canyon in the Street/Court urban settings (H/st. = 2). At early morning hours, particularly at 

6:00 when the air temperature reach its minima, the Ta from the previously mentioned 

canyons can be 0.25°C cooler in the Pavilion urban settings. It should be noted that since the 

version used of the three dimensional microclimate model (Envi-Met v.3.1) accounts only 

for the heat storage in the ground surface materials and underestimate the additional air 

warming caused by the irradiated building surfaces, therefore, the Ta variation found 

between the deep canyons in the Pavilions and Street/Court urban setting might be 

underestimated and could be greater. Experimentally, the effects of aspect ratio and sky view 

factor on air temperatures were also acknowledged during the continuous and instantaneous 

microclimate measurements carried out at pedestrian level in Riyadh City under summer 

conditions. Deep canyons with limited sky view factors tended to be slightly cooler by day 

and warmer by night (3°C warmer), while shallow canyons with higher openness to the sky 

were warmer by day and cooler by night (see e.g. Figure  5.21). In addition, some factors 

related to the urban and canyons design, e.g. the availability of open areas in the vicinity of 

the canyons and protection from the eastern solar radiation, were found to influence the air 

temperatures, such as that observed in loc.04 during the instantaneous microclimate 

measurements (see e.g. Figures 5.33 and 5.34). 

Apart from the modelled and measured effects found of the canyon geometry on air 

temperatures, the environmental parameter that most affected by the canyon’s aspect ratio 

and sky view factor at pedestrian level was found to be the mean radiant temperature (Tmrt). 

The canyon geometry influences the radiation fluxes and the temperatures of the canyons 

facets, and consequently, the canyon’s thermal conditions and the pedestrian’s radiative heat 

exchange. The fact that the maximum Tmrt was found to be strongly dominated by the 

exposure to solar radiation during the daytimes (see Figure  5.41) confirms that previously 

reported by others (see e.g. Mayer and Höppe 1987). The modelled effect of canyon 

geometry on the Tmrt shows that the deep street canyons (e.g. H/w ≥ 1.5) reduce the 

duration of extreme Tmrt during the daytimes due to protection afford against solar 
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radiation, particularly in Street/Court urban settings. In Pavilion’s urban settings, however, 

such lower duration of extreme Tmrt produced by the deep street canyons were found in the 

urban settings when the setback aspect ratios is equal to or greater than 4 (H/sb. ≥ 4). Based 

on the instantaneous measurements carried out on a number of canyons in the compacted 

urban location of the Al-Marqab, the daytimes wall temperatures were found to be warmer in 

the deep canyons than those with slightly lower aspect ratios, irrespective the protection they 

afforded from the solar radiation, e.g. Loc. 01 vs. Loc. 04 (see Figure  5.43). These warmer 

wall temperatures found in the deep canyon (Loc. 01) was also associated with higher Tmrt 

(see Figure  5.40). 

Given that the PET at pedestrian level under hot-arid summer condition is visibly more 

sensitive to the Tmrt, which is found to be influenced by the solar radiation and radiant heat 

from the surrounding surface as presented in the previous section, thus, wide canyons (e.g. 

H/w ≤ 1), or that forming the dispersed urban settings (e.g. H/st. = 1.5 and 2, H/sb. = 2), are 

found to be highly uncomfortable during the largest part of daytime. On the other hand, deep 

canyons (e.g. H/st. ≥ 1.5, H/sb. = 0 and ≥ 4) were found to ameliorate the thermal comfort at 

pedestrian level, since increasing the canyons’ aspect ratio can reduce the extreme 

discomfort period (Tmrt maxima) from 8 hours to 2 hours,   (see e.g. Figures 7.3 and 7.6). In 

comparison to the urban setting that represents the existing scenario of urban geometry in 

residential neighbourhoods in Riyadh City (H/st. = 0.5, H/sb. = 2), the best case scenario 

(H/st. = 1.5, H/sb. = 8) was found to be about 12.8% cooler in outdoors at pedestrian level 

(see Figure  7.68). That was mainly due to relatively better shading produced by the canyons 

with higher aspect ratios, particularly within the street canyon.  

8.3.1.b. The energy use (kWh/m2/day) 

The modelled effect of canyons’ geometry on the building cooling loads was found to be 

significant. Increasing the street aspect ratio from 0.5 to 2 in the Street/Court urban settings, 

where the building’s setback sides are attached to the surrounding buildings and considered 

as highly compact among the numerical proposed urban settings, can reduce the building 

cooling loads by about 9.7%. Correspondingly, the building cooling loads from dispersed 

urban setting (e.g. H/st. = 2, H/sb. = 2), where the buildings’ facades are exposed to solar 

radiations, can be 60% higher in comparison to the compacted one, due mainly to the higher 

heat gained from solar access and from building fabric as well. It should be noted that, 

although the external air temperature was found to be the main contributor to the building 
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cooling loads, the dispersed urban settings have shown a small advantage over the 

compacted ones from the energy use perspective as they benefit from the lower external air 

temperature and, therefore, can have some energy saving as observed in the most dispersed 

urban setting in this study (see e.g. Figure  7.31). In general, the compacted pavilions urban 

settings with deep canyons (e.g. H/st. ≥ 1.5, H/sb. ≥ 4), where the surrounding buildings 

afford a good protection for the building’s facades against solar radiation, the external air 

temperature was found to be the main contributor to the indoor energy use (see e.g. Figures 

7.48 and 7.66). This noticeable effect of the external temperatures on a buildings cooling 

load, which was regulated through the canyon height to width aspect ratio, sheds light on the 

importance of the canyon geometry as an influential factor for both the external and internal 

microclimate conditions. In comparison to the case study that represents the existing scenario 

of urban geometry in residential neighbourhoods in Riyadh City (H/st. = 0.5, H/sb. = 2), the 

best case scenario (H/st. = 1.5, H/sb. = 8) was found to be about 13.1% lower in energy 

consumption. That is 9.2% saving due to lower external air temperature, 46.6% saving due to 

less heat transfer through solar access, and 22.3% due to less heat transferred through the 

building fabric. 

8.3.2. Effect of canyon orientation  

8.3.2.a. The microclimate conditions and outdoor thermal comfort (PET) 

The modelled effect of orientation show small differences in air temperature between the 

orientations studied (EW, NS, NE-SW and NW-SE) of a canyon with the same aspect ratio 

(�Ta ≤ 1°C). This finding of small variations in air temperature between the different 

orientations agrees with other numerical modelling studies carried out in similar climate 

condition (see e.g. Ali-Toudert and Mayer 2006; Johansson 2006b). It should be noted that 

comparing the effect of canyon’s orientations on air temperature, based on the instantaneous 

measurements (section  5.5), was not feasible in this study due to a number of factor that 

hinder from measuring the effect of orientation on the air temperature, including; (a) the 

differences found in the geometrical characteristics of the canyons studied (see Figures 5.27 

to 5.31), (b) some of the street canyons studied are not perfectly oriented to the targeted 

orientations, e.g. EW, NS, etc., and lastly (d) although the hourly air temperature measured 

from the canyons studied was correlated with that measured from the reference point at 

building roof-top, the measuring programme was carried out on different days and, thus, the 

comparison of air temperature variations between the canyons studied  might be inaccurate. 
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However, the modelled and the measured effect of canyon orientation on the environmental 

parameters was found to be significant in determining the time and duration of extreme mean 

radiant temperature (Tmrt) at pedestrian level (see e.g. Figure  5.41). In general, the canyons 

with EW axis was found to be highly uncomfortable during the largest part of daytime, 

irrespective of canyon height to width aspect ratio (H/w) or sky view factor (SVF). The 

modelled effect of orientation showed that the highest discomfort period in the EW oriented 

canyons occurs from 8:00 to 16:00 when the sun rays irradiate a large surface of the canyons. 

On the other hand the NS and intermediate orientations (NE-SW and NW-SE) turned out to 

be less problematic in terms of thermal comfort. Whereas other studies have found the NS 

axis to be slightly comfortable that the intermediate axes, e.g. NE-SW and NW-SE (see e.g. 

Ali-Toudert and Mayer 2006; Pearlmutter et al. 2006), the NE-SW axis was found in this 

study to be more comfortable. This is can be clearly seen through the lower temporal and 

spatial evolution of the PET across the NE-SW canyons, whether street or setback, 

particularly in that with high aspect ratios, e.g. H/st. ≥ 1.5, H/sb. = 0 or ≥ 4. For instance, the 

discomfort period (≥ 46°C PET) within the NE-SW last only for 2 hours; while such 

discomfort period lasts longer in the NS and NW-SE for 3h and 4h, respectively (see e.g. 

Figures 7.8 and 7.9 for a Street/Court urban setting). Moreover, a preference for the NE-SW 

street could be observed at midday, when solar angles approach the zenith, as the street 

canyon being partly in shade, particularly in the south-east side of the canyon space (see e.g. 

Figures 7.9 (top) and 7.63 (top)).  

8.3.2.b. Energy use (kWh/m2/day) 

Although the energy use predicted from the buildings investigated was found to be closely 

determined by the external temperatures (see e.g. Figures 7.48 and 7.66), yet, some 

orientations of buildings facades show some advantage over the others. For instance, in the 

Street/Court archetypal building form, the buildings located on a street with EW, NE-SW 

and NW-SE axes ,with main facade facing the North, North-West and North-East directions, 

consume lower energy compare to those located on similar street axes but have the main 

facade facing South, South-East and South-West directions. For the pavilion buildings, 

however, the effect of the orientation on energy use was found to be influenced by the 

setback aspect ratio. For instance, in setback aspect ratios (H/sb. = 2) the effect of orientation 

was found to be minor in both buildings investigated (see e.g. Figures 7.28 and 7.29), due to 

the least protection afford on the buildings’ facades from the surrounding buildings. 

Correspondingly, in urban settings with deeper setback canyons, H/sb. ≥ 4, the effect of 



Chapter Eight Discussion and conclusions 

 

284 

 

orientation on energy become visible. This is particularly acknowledged in the building with 

main street facade facing the south, west, north-west and south-west directions (see e.g. 

Figures 7.47 and 7.65). Among the studied orientation in urban settings with deep setback 

aspect ratios, the minimum building cooling loads observed were from the building located 

on a street with NE-SW axis and with main street facade facing the NW direction and 

setback facades facing the NE, the SE and the SW directions. 

8.4. The considerations for climate in urban design  in the Riyadh City 

Neighbourhoods planning (e.g. streets widths and orientations, public open plazas, etc.) and 

building regulations (e.g. buildings heights, plot coverage, setbacks, etc.) can have a major 

impact on the microclimate conditions and consequently on outdoor comfort and energy use 

from urban buildings. In Riyadh City, these regulations are respected and tend to be followed 

strictly in residential areas. However, the current situation shows that the regulations being 

followed are largely inappropriate from a climate point of view. This is mostly perceptible 

through the uncomfortable outdoor spaces and high energy consumption from the urban 

dwellers, particularly during the summer. Instead of promoting shade, which is crucial in 

such hot-arid desert climate condition with intense solar radiation, the current building and 

planning regulations stipulate large distance between buildings. Such “inappropriate” 

planning and building regulations applied in Riyadh City have been reported from a number 

of studies (e.g. Al-Hemaidi 2001; Gamboa 2008). In the last few years, however, some 

changes have taken place on the building regulation to accommodate the increasing 

population in the city. The latest permitted the owners of two-storey dwellings to build on 

50% of the roof area, specifically from the back roof’s area adjacent to the neighbours. 

Although this minor change is in the right direction, it will not improve the microclimate 

conditions at pedestrian level significantly as they will only result in minor increases in part 

of the aspect ratios of the building setbacks. 

8.4.1. Ways to improve thermal comfort at street le vel and to minimise the energy 
consumption in urban dwellings in Riyadh City  

Although the planning and building regulations play an important role in the provision of 

sustainable built environment, yet, governing climate-sensitive urban design solely through 

neighbourhood planning and building regulation is not feasible. Thus, it is important for the 

successful move toward the integration of the climate aspect in the design of urban areas to 

be in collaboration with the climatologists, and to meet the social and cultural norms and 
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moral of the communities involved. Presented below are proposals for climate-conscious 

urban geometry for hot-arid climate conditions, exemplified by the Riyadh City. These are 

based on the microclimate modelling results, the outdoor comfort survey, and the in situ 

microclimate measurements. It should be noted that the given proposals are for the summer 

condition, since it lasts longer than the winter in the Riyadh City, and is indeed far more 

problematic for thermal comfort and energy consumption. 

The microclimate modelling and the calculation of the outdoor thermal comfort index and 

energy consumption showed that the Pavilion’s urban settings with deep streets and setbacks 

canyons (H/st. ≥ 1.5, H/sb. ≥ 4), where buildings provide shade and permit for radiative 

cooling and night ventilation; represent an advantage over the Street/Court urban settings 

under summer conditions. Moreover, a pavilion urban setting is favourable from the 

perspective of the dispersion of pollution since it allows the wind to pass through and 

ventilate the canyons between buildings. Based to the typical residential urban geometry in 

Riyadh City (H/st. = 05, H/sb. = 2), the suggested canyons aspect ratios (H/st. ≥ 1.5, H/sb. ≥ 

4) can be archived either by increasing the buildings heights in the existing residential urban 

areas for good summer comfort, or by making the street narrower in future residential urban 

areas. It should be noted that the setback aspect ratio used in the typical urban settings in 

Riyadh City (H/sb. = 2) was found to promote comfortable conditions due to a sufficient 

protection afford by such setback aspect ratio against solar radiation as reported in this study 

and previously by other studies carried out in similar climate conditions (see e.g. Ali-Toudert 

and Mayer 2007; Pearlmutter et al. 2007). However, setbacks canyons, which could be 

suitable for pedestrians, are typically situated within the private land properties and generally 

considered as dead areas. Thus, in the suggested urban geometries, the setback canyons 

should be designed for the public pedestrians. Moreover, the front setback along the street 

canyon (minimum allowed is 3m in the current building regulation) should be also allocated 

for public pedestrian and could be shaded by projected upper floors. In a society, such as that 

in the Riyadh City, where residents are largely dependent on cars for movement (Newman 

and Kenworthy 1989), it is recommended that the buildings front setback is also designed for 

residents parking. This transition of building setbacks from being within the private use to 

public might revitalise the use of courtyards in the design of private houses as external sitting 

areas, which were widely used in the vernacular architecture in such hot-arid climate region 

and found to be climatically successful and offer privacy to the occupants. On the meantime, 

open public spaces should be designed within the urban settings to allow for good wind 
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circulation between buildings, but preferably be small to maintain a sufficient protection 

against solar radiation at pedestrian level. They should be provided with overhead artificial 

shading devices (e.g. pergola, gallery) in sunlit areas within the open public spaces to reduce 

the direct solar radiation absorbed by a standing person and by the ground surface as well. 

According to the modelled effect of orientations, it is recommended that the major urban 

canyons, whether streets or setbacks, be oriented to the NE-SW direction. 

8.5. Future studies 

In this study, the outdoor thermal comfort survey was carried out under hot-arid summer 

condition in Riyadh City. The upper comfort limit (PET) at pedestrian level in outdoor 

spaces was calculated from a subjective outdoor thermal comfort survey carried out under 

summer condition. Moreover, the effects of some physiological factors, i.e. age, previous 

environments, and food and drinks consumed, on thermal sensation of outdoor users were 

generally examined. Therefore, there is a great need to conduct field surveys under cold 

climate conditions during the winter season to determine the lower comfort limit in outdoor 

spaces, and to examine the effect of the climate adaptation as well. Such field surveys should 

also include an observation of users’ behaviour to climate adaptation in outdoor spaces. 

Since several thermal comfort studies have been carried out to measure the influence of the 

history of exposure to outdoor condition on the human thermal sensation in different climate 

regions, i.e. tropical (see e.g. Nagara et al. 1996; Yang et al. 2013), it would be interesting to 

examine the influence of such factor on the human thermal comfort under hot-arid climate 

condition, particularly in shaded urban locations, whether by measuring the maximum 

duration of the subjects being comfortable under such climate condition, or by examine the 

influences of air-conditioned (AC) and naturally ventilated (NV) experiences on human 

thermal sensation in outdoor condition in hot-arid climate regions. 

This study examined the impact of the urban geometries and the spatial arrangement between 

buildings on the microclimate conditions and, consequently, on the outdoor thermal comfort 

and cooling load from air conditioned building. Future studies should include in situ 

measurements to develop more detailed knowledge on the effect of the thermal mass of the 

canyons facets (walls and ground) on its microclimate conditions and outdoor thermal 

comfort. Happily, this factor can be now investigated using the updated version of the three-

dimensional microclimate model (Envi-Met v.4) which is now takes into account the 

building thermal mass in the calculation of the external microclimate conditions.  
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Apart from the obstacles that hinder from using vegetation and water features as design 

options in such desert climate region due to the scarcity of water sources, future studies may 

examine the effect of selected trees that typically found in the desert regions, i.e. Phoenix 

Dactylifera, on the external microclimate condition and outdoor thermal comfort. Some of 

the common drought tolerant species that have proved efficiency and used for environmental 

management are Albizia Lebbeck, Delonix Regia, and Prosopis Juliflora. 

This study examined the influence of a number of urban geometries on the indoor energy 

consumption from air condition buildings and predicted the cooling load needed to maintain 

a consistent indoor temperature at 24C. Future studies may investigate the influence of urban 

geometries on the thermal comfort of the occupants in the naturally ventilated buildings 

using the adaptive comfort approach. 
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Appendix A 

A.1 - Procedures used to generate the LST Map from the Landsat EM+ thermal images  

1. [Download] Landsat EM+ satellite images from http://glovis.usgs.gov (Typically 
images that were acquired before 2003). 

 
2. Open [ArcGIS] and make sure the spatial analysis tools window is active, from: 

view toolbars � spatial analyst. In this example ArcGIS 9.3 is used. 
 

3. [Right click] on layers icon on the lift side and [select] the plus sign (+) then �Add 
Data…, (to add the Satellite image to ArcGIS). 
 

 
 

4. [Select] the satellite image named [B6.tiff] from the folder that contains the Landsat 
images that downloaded from USGS website. The thermal images [B6.tiff] will 
appear in the lift side with its name. Notice, if the downloaded folder contains two 
thermal images, e.g. B61.tiff and B62.tiif, use the B61.tiff image. 

 
5. [Right click] the B6.tiff image that you just added and select [Data� Export Data]. 

 

 
 

6. In the Export Data dialog box, give the image a new name (e.g. radiance) and 
change the format to GRID as shown in the figure below.  
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7. Click [Save]. A new image is created in the layer window to the left and named 
(radiance). 

 
8. Now make sure the spatial analyst toolbar is open, by going to: toolbars � spatial 

analyst. 
 

9. From spatial analyst toolbar make sure the image radiance is active (image below) 
 

 
 

10. Click on the spatial analyst dropdown menu and select Raster Calculator … 
 

11. Now add the following formula to the space provided in the dialog box of the Raster 
Calculator to convert the digital numbers to radiance: 

 
(0.067) * ([radiance] - 1) 
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* Note that [radiance] is the name of the image you just created in step 6, so if different 
name is given, change that name in the formula accordingly. 
 

 
 

12. Click Evaluate (a new image is created in the layer window, usually called 
Calculation). 

 
13. Right click on the new generated Calculation image to change its name and format 

as done in steps 5, 6, and 7, and name it temperature, and change the format to 
GRID. A new image is created called temperature. 

 
14. Now, to convert the radiance to temperature, follow the steps from 9 – 12, but with 

different name (e.g. temperature) using the following formula: 
 

((1282.71) / ln(((666.09) / [temperature]) + 1)) - (273) 
 

15. Now, the surface temperature map is generated named Calculation2. Double click 
the last image calculation2, or right click and select properties, and click on 
Symbology tab to change the colours from black and white to any colours of your 
choice.  
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A.2 - Sample of the outdoor comfort questionnaire u sed during the pilot study  

ر��ن �� ا�����ن: ا
	�م ا�ول��
ت ا��� �ن ا. ���� ا 1.ا��
     11.إ
�� �ن ا إ(�ر إ)�� وا'دة �	ط �و#" ! �� ��*
� ا 1.
�� ا -  9.إ��*
 ����ك إ(��ر أ�+ر �ن إ)�� 11.وا 10.

 9.ا�
�� أم �'ت أ��1 ا
��س؟, '� ھل أ�ت �� ��ط�3 �ظ
01- ��� �� ��ط	� �ظ
 �'ت أ��1 ا
��س -02

------------------------------------------------------------
 ا
� �س ا
�� �ر�د�5؟ 10.ا

01- Short Sleeved Shirt 01-  ����� دا(���)��( 
02- Long Sleeved Shirt 02- س ��8 طو�ل�
 
03- Blouse 03- �9رة 
04- T-Shirt 04- غ�� 
05- Long Pants 05- 8�; ط
06- Jeans 06- وب أ��ض+ 
07- Hat 07- ون� +وب �
08- Vest / Jacket / Suit 08-  1طف/ <د�ر���  
09- Shoes and Socks 09- ذاء و)وارب' 
10- Sandal or Thongs 10- ل1� 

-----------------------------------------------------------
�	� ;�ل ��1�� ھذا  11.ا�
ھل ��و
ت ط1م أو �راب ( ل ا
�<ف �!� ا

ا�����ن؟

م أ��ول -01 C
02- �����و)�� ر
و)�� (�3�3 -03
)��روب 9زي/ �ء (��روب �رد  -04
);5وة/ �ھ� ('ر ��روب  -05

----------------------------------------------------------

�����

��F(دام ا 
Date:      /        / 2010             Time:             am/pm 

Location: 

 
Metrological Info: 
Ta:          °C  |  RH:            %   |   V:              ms-1 
Light:     lux |  Tg         °C   

 ا
)�س 1.ا
 ذ�ر -01
02- � أ�+

-------------------------------------------------------- 
ت 2.ا��	
 ا

�G......... ا
وزن   -01� 
 �م......... ا
طول   -02

-------------------------------------------------------- 
3�� ا
�1ر�� 3.ا
 ا

01- )20-30( 
02- )31-40( 
03- )41-50( 
04- )51-  >( 

------------------------------------------------------- 
 :���(د�� ا
�و;" 4.ا

 ؟)'� ا
	دس(ھل أ�ت �ن ��ن ھذه ا
��ط	� 
 �1م -01
02- C 

------------------------------------------------------ 
 ھل أ�ت؟, إذا ��ت ا�)�� �1م

 �	�م -01
 زا�ر -02
 أ(رى -03

------------------------------------------------------ 
رج �� ��ط	� �9ر  5.ا)
5�# �و�� �� ا	� ��
 ����3؟�م ا
�3رة ا

 د;�	�)   30 – 20( -01
02- )1   –   2   (�!� 
ن -03�!ت(......) 'دد , أ�+ر �ن �!� 

------------------------------------------------------- 
ر)��؟ 6.ا)
طق ا��
 ��وا)د �� ا� �
 �� أي ��رة 9

ح -01�>
 �� ا
 �1د ا
ظ5ر -02
ء -03��
 �� ا

------------------------------------------------------ 
�	�  7.ا�
ط ا
ذي ;�ت �8 ( ل ا
�<ف �!� ا��
 ھو ط���1 ا�

 ;�ل ��1�� ھذا ا�����ن؟
 ا
�وم -01
�وس -02(
 ا
 ا
و;وف -03
ا
��ر -04
ا
ر�ض -05
أ(رى -06

------------------------------------------------------
ن ا
ذي �وا)دت �8 ;�ل ��1�� ھذا ا�����ن؟ 8.ا��
ط���1 ا

01-  ��)���ف(دا(

)�9ر ���ف((ر)�  -02
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��+
  �	��م ا
�(<�� ا
'رار�� 
�و;" ا
درا�� وا
�3#� ت:ا
	�م ا
 

�� �ن ب��*
� ب 1طر�	� ا�)�� !ن 
���: 10إ��
  .#" دا�رة 'ول ا�)�� ا

س ا
	�م�	�:  
ر )داً  - 4+'  
ر - 3+'  
+2 - Pدا�  
+1 -  ً ��; Pدا�  
��1دل -   0  
�رودة (�3�3 – 1-  
�رودة – 2-  
رد – 3-�  
رد )داً  – 4-�  

خ ا
�'�ط؟: �+ل���
ھو �	���ك �  

ر )داً ' +4  +3  +2  +1  00 -1  -2  -3  -4 رد )داً  � 
 

 
 

-----------------------------------------------------------------------------------------  
ً  :ا�'�س �'رارة ا
5واء – 1.ب�
  �	���ك 
'رارة ا
5واء؟�ھو , '

رد )داً   4-  3-  2-  1-  00  1+  2+  3+  4+  'ر )داً �  
  

  
؟ً :�3#� ت 'رارة ا
5واء – 2.ب�
 ا
ذي �3#ل أن ��ون !��8 در)� 'رارة ا
5واء '�  

�  أ�رد  4-  3-  2-  1-  00  1+  2+  3+  4+  أد�
  

 ---------------------------------------------------------------------------------------  

ً  :ا�'�س �'ر�� ا
5واء – 3.ب�
 ھو �	���ك 
'ر�� ا
5واء؟, '�  

�3>!  +4  +3  +2  +1  00  -1  -2  -3  -4  ����  
  

  
؟ً� ا
ذي �3#ل أن ��ون !��8 �ر!�  :�3#� ت 'ر�� ا
5واء – 4.ب�
  ا
5واء '

�ن  4-  3-  2-  1-  00  1+  2+  3+  4+  !<ف�  
  

 --------------------------------------------------------------------------------------  


رطو�� – 5.بً  :ا�'�س ��
ھو �	���ك 
رطو�� ا
5واء؟, '�  

ف )دا  4-  3-  2-  1-  00  1+  2+  3+  4+  رطب )دا(  
  
  
؟ً :�3#� ت رطو�� ا
5واء – 6.ب�
 ا
ذي �3#ل أن ��ون !��8 رطو�� ا
5واء '�  

  أ)ف  4-  3-  2-  1-  00  1+  2+  3+  4+  أرطب
  

 ---------------------------------------------------------------------------------------  

ً  :ا�'�س ��+�� أ��1 ا
��س – 7.ب�
�� أ��1 ا
��س؟�ھو �	���ك , '+�
  


�� )دا  ��(3#� )دا  4  +3  +2  +1  0  -1  -2  -3  -4+  !
  

  
؟ً :�3#� ت �+�� أ��1 ا
��س – 8.ب�
�� أ��1 ا
��س '+� 8��
ذي �3#ل أن ��ون !�  

��  أ;ل �+��  4-  3-  2-  1-  0  1+  2+  3+  4+  أ�+ر �+
  
 
1م �'رارة ا
�و;" – 9.ب

� ا�'�س ا'
ً  :ا�
ن؟, '��
ھو �	���ك ���ل !م 
'رارة ا�  

رد )داً   4-  3-  2-  1-  0  1+  2+  3+  4+  'ر )داً �  
  

  

� – 10.ب'
؟ً :�3#� ت 'رارة ا
�و;" ا�
ن '��
 ا
ذي �3#ل أن ��ون !��8 'رارة ا�  

�  أ�رد  4-  3-  2-  1-  0  1+  2+  3+  4+  أد�
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  ��راً 
ك
 

  


ث+
  �	��م �و;" ا
درا�� وا
�	�ر'ت: ا
	�م ا

�� �ن ج إ(�ر إ)�� وا'دة �	ط �و#" ! �� ��*
� ج 1.
  6.إ

 
�� 1.ج��
ت ا!��  :إر�3��
ت ا!ھو �	���ك �ر�3�

  �� '� ا
	دس؟
�� 5.ج��
�ب  :أر�3ع أدوار ا��
 ھو �رأ�ك ا�ر�3ع ا�

�� ا
�����؟��
  �دوار ا
� إ+�ن - 01  ��(�#3 - 01
  وا'د إا
02 - ���� أر�02 - �1  ��
  + +� إ
  أ�+ر �ن أر��1 أدوار - 03  �ر��13 - 03

 -----------------------------------------   -------------------------------------------  
�� 2.ج��
�  :إر�دادات ا����
ھل �ؤ�د و)ود إر�دادات 

ور؟(�
� ا���
  !ن ا
ھو �	���ك �!راض ا
�وراع  :!روض ا
�وراع 6.ج�

  �'� ا
	دس؟
  #�	� - 01  أؤ�د - 01

��� - C  02 أؤ�د - 02��  
  !ر�#� - C  03 أ!رف - 03

 ------------------------------------------   --------------------------------------- 
� 3.ج���
�؟ :��ء ا���
   أ�ن �	�رح أن ��ون ��ء ا
01 - ��    دا(
ر)� - 02)    

  C أ!رف - 03
 ------------------------------------------  

ھو �	���ك 
���� ا
ظل �� : ا
ظل وا
ظ ل 4.ج�
ر)�� �'� ا
	دس؟)
طق ا��
  ا

01 - ��
!  
  ��و�ط� - 02
03 - �#3)��  
  �1دو�� - 04
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Appendix B 

B.1 - Clothing insulation  

Source: McCullough et al (1984). 
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Source: ASHRAE (2004). 
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B.2 - Metabolic rates for typical tasks  

Source: ASHRAE (2004). 
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Appendix C 

C.1 - Canyons studied (Instantaneous microclimate m easurements)  

The following presents some photos taken from selected street canyons in which the 

instantaneous measurements were taking place in Al-Marqab neighbourhood. 

Location 01 

  
  

A view toward the north direction A view toward the south direction 
  
  

  
 SVF  = 0.068 

  
Source: the author 
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Location 02 

  
  

Views toward the east direction 
  
  

  
 SVF = 0.063 

 
Source: the author 
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Location 03 

  
  

Views toward the west direction 
  
  

  
 SVF = 0.099 

  
Source: the author 
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Location 04 

  
  

A view toward the north direction A view toward the south direction 
  
  

  
 SVF = 0.076 

  
Source: the author 
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Location 05 

  
  

Views toward the NW-SW direction 
  
  

  
 SVF = 0.102 

  
Source: the author 
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C.2 - Instrumentation (Mobile weather station)  

 

  
  

Assembled mobile weather station Pyranometer  (Kipp & Zonen SP Lite2) 
  
  

  
  

Anemometer (A100R) Vaisala Ta and RH probe (HMP45C-L) 
 

Source: the author 
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Globe thermistor ((Type: AVX 2000Ω), Sphere 

Ø= 3.5cm) 
Radiation shield (Series DTR500) 

  
  

  
  

Eltek (1000 series Squirrel meter/Logger) Fluke 62 Mini handheld IR Thermometer 
 

Source: the author 
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C.3 - Readings  

Location 01 (16/07/2011) 

 
Meteorological data Surface temperature 

 

Time 
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P
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09:30 39.95 40.4 8.85 89.11 0.45 39.4 39 31 39.1 
09:40 40.3 40.65 8.8 94.06 0.76       40.3 
09:50 40.5 40.95 9.1 103.96 0.75       41 
10:00 40.85 41.4 9.15 108.91 0.62 37 37 28.6 41.5 
10:10 41 41.55 8.65 118.81 0.69       42.1 
10:20 41.35 42.05 8.8 133.66 0.66       43.2 
10:30 41.7 42.6 8.75 148.51 0.62 39.6 38.8 30.2 44.2 
10:40 41.8 43 8.9 168.32 0.75       45.3 
10:50 42.65 44.45 8.25 173.27 0.51       46 
11:00 43.2 45.5 7.9 178.22 0.49 41.2 40.2 30.8 46.8 
11:10 43.75 50.25 7.65 762.38 0.63       54.9 
11:20 43.8 51 7.6 787.13 0.86       54.6 
11:30 44.75 53 6.9 826.73 0.53 42.8 41.4 40.2 56.4 
11:40 44.75 52.9 6.85 891.09 0.94       57 
11:50 45.2 53.6 6.45 861.39 0.70       57 
12:00 45.35 53.6 6.2 841.58 0.83 43 41.6 45 56.6 
12:10 45.5 53.85 5.8 856.44 0.74       57 
12:20 45.85 53.7 5.95 876.24 0.57       58.2 
12:30 45.75 48.1 5.85 678.22 0.61 42.4 42.2 42.6 57.5 
12:40 45.5 46.75 6.25 138.61 0.62       47.6 
12:50 45.7 46.8 5.9 128.71 0.58       47.2 
13:00 45 45.7 5.8 123.76 0.78 43.8 43.6 37.2 46.6 
13:10 45.1 45.85 6.1 118.81 0.75       46.6 
13:20 44.7 45.4 6.1 108.91 0.81       45.8 
13:30 44.85 45.15 6.05 108.91 0.53 42.6 42.4 35.8 45.2 
13:40 44.85 45.05 6 89.11 0.68       44.7 
13:50 44.35 44.15 6.7 74.26 0.48       43.1 
14:00 44.35 44.3 6.1 69.31 0.72 41.6 41.4 33.8 43.3 
14:10 44.55 44.4 5.95 59.41 0.57       42.6 
14:20 44.75 44.45 5.7 59.41 0.73       43.2 
14:30 44.75 44.55 5.85 54.46 0.73 41.6 42.2 35.2 43.1 
14:40 44.15 43.35 6.05 49.50 0.57       41.6 
14:50 44.7 44.4 5.7 49.50 0.66       42.5 
15:00 44.55 43.9 6.05 39.60 0.98 41.2 41.6 40.8 42.9 
15:10 44.4 43.65 6 39.60 0.71       41.9 
15:20 44.15 43.4 5.85 34.65 0.78       41.5 
15:30 44.05 43.35 5.95 39.60 0.59 42.2 42.2 41.8 41 
15:40 44.25 43.55 6.2 34.65 0.70       41.5 
15:50 43.9 43.25 5.95 24.75 0.84       40.9 
16:00 43.75 43 6.15 29.70 0.72 42.4 42.6 41.8 40.6 
16:10 43.35 42.55 5.8 24.75 0.47       38.9 
16:20 43.85 43.1 5.85 29.70 0.88       41.1 
16:30 43.7 42.7 5.75 19.80 0.70 41.4 41.4 38.4 39.8 
16:40 43.35 42.6 5.7 24.75 0.90       40.2 
16:50 43.4 42.55 5.95 19.80 0.77       39.8 
17:00 43.3 42.45 6.15 14.85 0.70 40.6 40.6 38 39.2 
17:10 42.95 42.2 5.85 14.85 0.62       38.4 
17:20 42.55 41.4 6.45 19.80 0.47       37.9 
17:30 42.35 41.25 6.35 9.90 0.51 40.8 41.4 40.2 37.2 
17:40 42.55 41.7 6.5 9.90 0.59       37.8 
17:50 42.2 41.4 7.2 14.85 0.47       37.4 
18:00 42.35 41.5 7.15 9.90 0.64 39.8 40.4 39.8 37.9 
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Location 02 (17/07/2011) 

 
Meteorological data Surface temperature 
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09:30 41.2 46.85 8.68 440.59 0.38 43 40.8 47.2 51.1 
09:40 41.2 46.1 8.2 493.07 0.43       51.6 
09:50 41.2 46.6 8.23 530.69 0.51       51.9 
10:00 41.2 46.8 8.45 545.54 0.38 43.8 42.6 48.4 52.5 
10:10 41.95 47.65 7.95 569.31 0.39       53.5 
10:20 42.3 48.1 7.88 554.46 0.37       54 
10:30 41.85 46.8 7.93 562.38 0.67 43.8 42.8 56.2 53.2 
10:40 41.9 47.95 7.78 642.57 0.52       53.6 
10:50 41.9 47.95 7.6 659.41 0.55       53.6 
11:00 42.05 48.5 7.7 639.60 0.38 44.6 44 58.8 54.2 
11:10 42.65 49.1 7.55 649.50 0.50       54.6 
11:20 42.85 49.65 7.5 659.41 0.40       55 
11:30 42.9 49.2 7.55 658.42 0.48 46.6 45.4 61.6 54.9 
11:40 43.05 49.2 7.4 604.95 0.52       55.1 
11:50 43.15 49.3 7.35 637.62 0.51       55.1 
12:00 43.25 49.15 7.4 609.90 0.65 46.8 45.4 60.8 55.1 
12:10 43.1 49.45 7.68 552.48 0.40       55.2 
12:20 43.1 48.35 7.48 491.09 0.59       54.3 
12:30 43.3 49.8 7.23 608.91 0.64 47.6 46.6 62.6 55.2 
12:40 43.85 50.9 7.33 619.80 0.42       56.1 
12:50 44.25 51.1 7.28 663.37 0.59       56.3 
13:00 44.4 51.65 7.1 692.08 0.48 50.8 48.6 65.6 56.3 
13:10 44.95 51.8 7.13 658.42 0.58       57 
13:20 44.75 51.55 7 622.77 0.54       56.7 
13:30 44.75 50.95 6.93 609.90 0.53 48.2 46.6 63.8 56.6 
13:40 44.7 51.1 6.65 636.63 0.62       56.1 
13:50 44.85 51.55 6.58 592.08 0.38       56.4 
14:00 44.7 50.5 6.4 124.75 0.26 48 46.6 59.6 45 
14:10 44.3 46.25 6.55 83.17 0.61       43.8 
14:20 43.85 45.45 7.15 75.25 0.58       43 
14:30 43.65 45 6.75 69.31 0.47 47 46.6 56 42 
14:40 43.75 44.9 6.88 64.36 0.46       41.9 
14:50 43.8 44.7 6.98 58.42 0.50       41.8 
15:00 43.75 44.45 6.65 50.50 0.62 46.8 46.6 53.8 41.6 
15:10 43.55 44.1 6.95 45.54 0.55       41 
15:20 43.3 43.85 7.18 39.60 0.33       39.6 
15:30 42.95 43.45 7.75 35.64 0.31 45.6 45.2 52.2 39.1 
15:40 42.55 43 8.65 30.69 0.39       38.9 
15:50 42.5 42.95 7.7 29.70 0.29       38.1 
16:00 42.85 43.15 7.53 24.75 0.37 44.6 45 50.8 38.5 
16:10 42.95 43.05 7.43 20.79 0.43       38.7 
16:20 42.85 42.95 7.05 20.79 0.84       39.7 
16:30 42.7 42.7 7.9 17.82 0.43 44.4 44.4 49 38.3 
16:40 42.35 42.3 8.13 14.85 0.30       37.3 
16:50 42.4 42.4 7.73 13.86 0.32       37.2 
17:00 41.85 41.75 8.55 9.90 0.27 43.6 43.8 48.4 36.4 
17:10 41.6 41.55 8.75 9.90 0.16       35.6 
17:20 41.45 41.35 8.78 8.91 0.17       35.4 
17:30 41.65 41.5 8.78 5.94 0.20 42.6 42.8 47.6 35.6 
17:40 41.55 41.35 8.45 4.95 0.11       34.8 
17:50 41.4 41.25 8.45 4.95 0.15       34.9 
18:00 41.15 40.85 9.03 4.95 0.04 42.6 42.6 46.8 34 
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Location 03 (19/07/2011) 

 
Meteorological data Surface temperature 
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09:30 38.85 43.95 8.9 558.42 0.91 40.6 39.6 49.8 48.2 
09:40 39.05 44.2 8.83 584.16 0.85       48.8 
09:50 38.9 43.95 8.75 606.93 0.85       48.8 
10:00 39.4 45.05 8.48 627.72 0.69 39.8 39.2 51.6 49.8 
10:10 39.6 45.25 8.48 637.62 0.97       49.8 
10:20 40.4 46.9 8.3 653.47 0.49       51.7 
10:30 40.75 47.15 7.85 674.26 0.61 41.8 41.2 54.2 51.8 
10:40 40.65 46.6 7.73 684.16 0.86       51.4 
10:50 41.1 47.25 7.58 688.12 0.80       52 
11:00 41.3 47.25 7.58 702.97 0.76 40.8 40.4 55.4 52.3 
11:10 41.3 47.4 7.65 705.94 0.80       52.3 
11:20 41.35 47.45 7.8 707.92 0.73       52.5 
11:30 41.55 47.9 8.03 693.07 0.70 42.8 42 58.2 53 
11:40 42.1 48.45 7.88 708.91 0.83       53.3 
11:50 42.05 48.5 7.9 725.74 0.88       53 
12:00 42.1 48.25 8.03 715.84 0.83 44.6 43.2 60 53.2 
12:10 42.4 48.95 8.08 712.87 0.79       53.7 
12:20 42.6 48.6 7.98 715.84 1.13       53.6 
12:30 42.45 48.45 8 717.82 0.81 44.8 43.2 60.6 53.7 
12:40 43.15 50.15 7.83 722.77 0.68       54.6 
12:50 42.85 49.2 7.73 722.77 0.91       54 
13:00 43.1 49.65 7.88 697.03 0.89 45.4 44.4 61.4 54.5 
13:10 43.75 50.45 7.65 686.14 0.86       55.3 
13:20 43.75 50.6 7.73 678.22 0.58       55.5 
13:30 43.95 50.6 7.58 657.43 0.66 44.8 43.6 60.6 55.6 
13:40 44 50 7.63 639.60 0.90       55.4 
13:50 44.2 50.8 7.63 646.53 0.76       55.5 
14:00 44.6 51.2 7.65 626.73 0.76 46.4 44.6 61.2 55.8 
14:10 44.25 50 7.63 592.08 0.70       55.3 
14:20 44.4 50.5 7.78 558.42 0.59       55.3 
14:30 44.45 50.15 7.58 537.62 0.78 46.4 45.2 60.8 54.9 
14:40 44.75 50.45 7.58 498.02 0.55       54.9 
14:50 44.75 49.95 7.75 454.46 0.70       54.4 
15:00 44.55 49.25 7.68 420.79 0.71 45.8 44.8 58.8 53.6 
15:10 44.35 48.9 7.78 395.05 0.57       52.8 
15:20 44.6 49.15 8.03 360.40 0.59       52.5 
15:30 44.4 48.2 7.6 322.77 0.58 45.2 44 56.2 51.3 
15:40 44.15 47 7.88 222.77 0.46       48.6 
15:50 44.15 47.3 7.65 260.40 0.53       49.3 
16:00 43.95 46.25 7.68 226.73 0.72 45.2 44.4 55.2 48.4 
16:10 43.7 44.55 7.8 127.72 0.75       45.3 
16:20 43.35 44.1 7.9 79.21 0.57       42.6 
16:30 43.25 44 8.1 72.28 0.40 44.4 43.6 52.2 41.6 
16:40 43.3 43.9 8 58.42 0.53       41.4 
16:50 43.15 43.5 8 48.51 0.38       40.3 
17:00 42.8 43.1 8.1 38.61 0.65 44.4 44.4 51.8 40.3 
17:10 42.7 43 8.05 35.64 0.47       39.4 
17:20 42.6 42.8 8.48 32.67 0.35       38.8 
17:30 42.35 42.5 8.33 24.75 0.67 43.6 43.4 49.6 39.1 
17:40 42.25 42.35 8.53 20.79 0.56       38.5 
17:50 41.95 41.9 9.5 18.81 0.38       37.7 
18:00 41.8 41.7 9.03 15.84 0.36 43.2 42.8 48.4 37.1 
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Location 04 (20/07/2011) 

 
Meteorological data Surface temperature 
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09:30 36.35 37.15 12.1 34.65 1.05 38.4 36.8 39.2 33.4 
09:40 37.2 37.35 11.65 34.65 0.70       34 
09:50 37.85 37.85 10.75 35.64 0.94       35.1 
10:00 38 38 10.93 39.60 0.67 38.2 37 39.2 35.1 
10:10 38.2 38.25 10.3 44.55 0.90       35.8 
10:20 38.35 38.5 10.25 48.51 0.82       36.1 
10:30 38.35 38.6 11.55 54.46 0.30 37.2 37.2 39.4 35.8 
10:40 38.85 39.25 10.38 62.38 0.63       37.2 
10:50 39 39.5 10.53 70.30 0.31       37.2 
11:00 39.15 39.9 10.5 80.20 0.34 39.2 37.2 39.8 38 
11:10 39.65 40.4 9.73 88.12 0.88       39.6 
11:20 40.05 41.2 9.68 89.11 0.35       39.3 
11:30 40.4 41.6 9.63 101.98 1.14 41.8 39.6 43 41.4 
11:40 40.8 43.6 9.45 478.22 1.01       51.5 
11:50 41.4 48.1 8.68 755.45 0.77       52.2 
12:00 41.55 49.35 8.95 756.44 0.64 40.4 39.2 52.2 52.7 
12:10 41.9 50.1 9 763.37 0.60       53.1 
12:20 42.8 50.75 8.15 758.42 0.61       54 
12:30 42.95 50.2 7.83 829.70 1.03 41.4 40.8 56.8 54 
12:40 43.1 50.75 8 763.37 0.59       54.3 
12:50 43.45 50 7.95 626.73 0.65       55.5 
13:00 43.45 45.45 7.38 111.88 0.67 41.6 41.8 49.8 44.5 
13:10 43.55 44.95 7.25 95.05 0.65       43.8 
13:20 43.3 44.55 7.1 87.13 0.91       43.6 
13:30 43 44.15 7.23 79.21 0.67 41.8 45.2 46.8 42.4 
13:40 43.1 43.9 6.9 72.28 1.02       42.9 
13:50 43.05 43.8 6.88 67.33 0.72       41.9 
14:00 43.05 43.6 7.05 65.35 1.03 42 42.2 46.2 42.6 
14:10 42.8 43.2 7.13 62.38 1.01       42.1 
14:20 42.95 43.25 7.23 57.43 0.85       41.7 
14:30 43 43.2 7.23 52.48 0.81 40.8 40.6 44.4 41.5 
14:40 42.85 43.05 7.03 48.51 0.84       41.1 
14:50 42.85 43 7.1 44.55 0.80       40.8 
15:00 43.15 43.2 6.63 42.57 0.86 41.6 41.2 44.6 41.1 
15:10 42.95 42.95 6.88 40.59 1.03       41.2 
15:20 43 42.95 7 39.60 0.98       41.1 
15:30 42.9 42.9 6.48 37.62 1.51 41.6 40.6 43.8 41.8 
15:40 42.7 42.65 6.88 34.65 0.93       40.4 
15:50 42.75 42.65 6.68 30.69 0.94       40.2 
16:00 42.9 42.75 6.63 30.69 0.95 42 41.6 44.4 40.4 
16:10 42.65 42.5 7.2 25.74 0.69       39.4 
16:20 42.45 42.25 7.48 24.75 0.49       38.5 
16:30 42.7 42.5 7.33 24.75 0.58 41 39.8 42.8 39 
16:40 42.6 42.4 7.43 22.77 1.02       40 
16:50 42.4 42.15 7.53 20.79 0.70       38.9 
17:00 42.5 42.3 7.13 19.80 0.78 42.2 40.6 43.8 39.1 
17:10 42.3 42.05 7.43 15.84 0.85       38.9 
17:20 42.35 42.05 7.88 15.84 0.60       38.4 
17:30 42.25 41.9 7.48 14.85 0.67 41.4 40.2 42.6 38.3 
17:40 42.3 41.8 7.55 9.90 0.59       37.9 
17:50 42.3 41.75 7.43 10.89 0.76       38.4 
18:00 41.85 41.25 7.95 4.95 0.67 41.8 40.8 42.8 37.4 
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Location 05 (23/07/2011) 

 
Meteorological data Surface temperature 
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09:30 39 40.65 8.05 797.03 1.66 42.2 42.6 41.6 39.7 
09:40 39.1 40.7 8.03 795.05 1.66       40 
09:50 39.5 41.25 7.95 787.13 1.64       40.4 
10:00 39.95 41.9 7.93 785.15 1.64 43.2 42.8 42 40.9 
10:10 40.5 42.35 7.83 775.25 1.62       41.8 
10:20 40.8 42.7 7.68 760.40 1.58       42 
10:30 41.1 43.1 7.68 760.40 1.58 44.6 43.6 42.6 42.7 
10:40 41.6 43.8 7.6 752.48 1.57       43.1 
10:50 41.9 46.3 7.53 745.54 1.55       50.1 
11:00 42.15 49.4 7.28 720.79 1.50 45.4 44.4 44.4 55.7 
11:10 43.5 51.65 7.03 696.04 1.45       57.7 
11:20 44.65 52.6 6.4 633.66 1.32       58.7 
11:30 44.8 52.35 6.4 633.66 1.32 46.2 45.4 54.6 58.4 
11:40 43.95 52.65 6.68 661.39 1.38       57.4 
11:50 44.2 53 6.33 626.73 1.31       57.5 
12:00 44.05 52.95 6.2 613.86 1.28 44.6 44.2 57 57.7 
12:10 44.05 53 6.15 608.91 1.27       57.2 
12:20 44.25 53.2 6 594.06 1.24       57.5 
12:30 44.5 52.9 5.85 579.21 1.21 46.2 45.8 60.8 57.8 
12:40 44 52.75 5.9 584.16 1.22       57.2 
12:50 44.55 54.45 5.73 567.33 1.18       58.4 
13:00 44.05 51.7 5.68 562.38 1.17 46.4 47.8 54.2 57 
13:10 43.5 47.15 5.78 572.28 1.19       54.8 
13:20 44.2 46.25 5.68 562.38 1.17       43.8 
13:30 43.5 45.2 5.63 557.43 1.16 46.4 48 52.2 43.5 
13:40 43.25 44.65 5.68 562.38 1.17       42.3 
13:50 43.25 44.75 5.63 557.43 1.16       42.6 
14:00 43.55 44.9 5.55 549.50 1.14 46 46.8 50.4 42.6 
14:10 42.95 43.95 5.65 559.41 1.17       41.7 
14:20 42.5 43.6 5.83 577.23 1.20       40.4 
14:30 42.75 43.55 5.85 579.21 1.21 44.8 45.4 48.6 40.5 
14:40 43.05 43.65 5.78 572.28 1.19       41.5 
14:50 42.85 43.35 5.8 574.26 1.20       40.9 
15:00 42.65 43.15 5.78 572.28 1.19 44.2 44.8 47.4 39.8 
15:10 42.45 42.9 5.9 584.16 1.22       40.3 
15:20 42.5 42.85 6.03 597.03 1.24       40.3 
15:30 42.55 42.8 6.03 597.03 1.24 43.8 44.4 46.4 40.2 
15:40 42.5 42.7 5.98 592.08 1.23       38.7 
15:50 42.55 42.7 6 594.06 1.24       39.4 
16:00 42.55 42.65 6.18 611.88 1.27 43.6 44.4 46 39.3 
16:10 42.45 42.5 6.25 618.81 1.29       39.8 
16:20 42.3 42.4 6.2 613.86 1.28       39.3 
16:30 42.05 42.1 6.18 611.88 1.27 44 44.8 46.2 38.9 
16:40 42.15 42.25 6.23 616.83 1.29       38 
16:50 42.2 42.2 6.13 606.93 1.26       38.3 
17:00 42.15 42.1 6.25 618.81 1.29 43.2 44 45 38.9 
17:10 41.95 41.85 6.25 618.81 1.29       37.6 
17:20 41.5 41.5 6.43 636.63 1.33       36.9 
17:30 41.8 41.7 6.3 623.76 1.30 43.4 44.2 45.2 37.9 
17:40 41.6 41.45 6.28 621.78 1.30       37.7 
17:50 41.4 41.15 6.53 646.53 1.35       36.3 
18:00 41.5 41.3 6.5 643.56 1.34 42.8 44.2 44.6 36.4 
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Appendix D 

D.1 - The Modelled air temperature (Ta) from the st reet canyons  

Group One: 
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Group Two: 
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Group Three: 
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Group Four: 
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D.2 – The calculated Physiological Equivalent Tempe rature (PET) from the street 
canyons  

Group One 
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Group Two: 
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Group Three: 
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Group Four: 
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D.3 - The average modelled wind velocity and patter s at 1.2m a.g.l. from selected 
urban geometries  

Street/Court urban setting  (H/st. = 2, H/sb. = 0) 
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Pavilion urban setting  (H/st. = 1, H/sb. = 2) 
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Pavilion urban setting  (H/st. = 2, H/sb. = 4) 
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Pavilion urban setting (H/st. = 1.5, H/sb. = 8) 
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Appendix E 

List of Symbols  

Symbol Quantity Unit 

   
C convective heat flow to and from the human body W 

cb specific heat W sK-1 kg-1 

clo cloth thermal insulation Wm-2 

ED latent heat flow to evaporate water  through the skin W 

ERe sum of heat flows for heating and humidifying W 

ESw heat flow due to evaporation of sweat W 

ET effective temperature ˚C 

ET* new effective temperature ˚C 

FCS heat flow from body core to skin surface  Wm-2 

FSC  heat flow from skin surface to clothing surface Wm-2 

H/sb. building height to setback width aspect ratio - 

H/st. building height to street width aspect ratio - 

H/w building height to canyon width aspect ratio - 

Icl heat resistance of the clothing  K m2/W 

K global radiation Wm-2 

K1 Calibration constant 1 (666.09) - 

K2 Calibration constant 2 (1282.71) - 

Kr reflected short-wave radiations (by the surface) Wm-2 

Ks direct short-wave radiations (from the sky) Wm-2 

Kt defused short-wave radiations (from the surroundings) Wm-2 

Le emitted long-wave radiations (by the surface) Wm-2 

LMAX spectral radiance that is scaled to QCALMAX Wm-2.ster.µm 

LMIN spectral radiance that is scaled to QCALMIN Wm-2.ster.µm 

Ls received long-wave radiations (from the sky) Wm-2 

Lt defused long-wave radiations (from the surroundings) Wm-2 

Lλ Spectral radiance Wm-2.ster.µm 
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M metabolic rate (in equation) W 

Met metabolic rate W 

OUT-SET* standard effective temperature for outdoor settings ˚C 

pb blood density  kg/1 

PET physiological equivalent temperature ˚C 

PMV predictive mean vote - 

Q* net all-wave radiations Wm-2 

QCAL quantized calibrated pixel value in Digital Number - 

QE latent heat flux density  Wm-2 

QF heat released from anthropogenic activities W 

QH sensible heat flux density  Wm-2 

QS energy stored in urban surfaces W 

R net radiation of the human body W 

RH relative humidity  % 

SET* standard effective temperature ˚C 

SVF sky view factor  - 

SW Sweating - 

Ta air temperature  ˚C 

Tc core temperature ˚C 

Tcl clothing surface temperature ˚C 

Tg globe temperature ˚C 

Tmrt mean radiant temperature ˚C 

Ts Effective at-satellite temperature ˚C 

Tsk skin temperature ˚C 

UTCI universal thermal climate index ˚C 

v wind Speed ms-1 

vb blood flow from the body core to skin surface  1s-1 m-2 

W physical work output W 

 

 


