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ABSTRACT 

 

A Microclimatic Analysis of Ancient and Contemporary Urban Landscape 

Patterns in Lahore-Pakistan 

 

Naveed Mazhar                         Advisor: 

University of Guelph, 2012             Professor Dr. Robert D. Brown. 

 

A contemporary urban plaza and an ancient 16th century garden were selected for a 

microclimatic analysis in the hot and arid city of Lahore, Pakistan. The objective of this 

comparative study was to analyze microclimatic components on these two locations and 

in the end to optimize thermal comfort of open urban plazas employing site-specific 

design solutions. Based on the energy budget values of a person calculated using 

COMFA, the study sites were compared with the local weather station. It was found that 

the energy budget of a person standing on an un shaded urban plaza would be 150-219 

W/m2 more than in Shalamar garden, which was measured at 139 to 184 W/m2. Total 

amount of radiation absorbed by a person (Rabs) on an urban plaza was found to be the 

variable most influencing the overheating. In the end, informed design interventions 

aimed at mitigating the impact of Rabs were proposed.  

 

Keywords: Energy budgets; Microclimate; Lahore urban plaza; Human thermal comfort  
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1.0 Introduction 

“Landscapes and buildings are built for use, not to look on, therefore, let use be 

preferred before uniformity except where both may be had.” (Bacon, n.d).  This statement is 

as relevant today as it has always been for designers.  Conversely, due to prodigious growth 

of the building industry, modern urban cities seemed to have always been developed devoid 

of this basic principle. 

 

Around the world, cities and man-made surfaces tend to create urban heat islands 

(UHI) effects. Due to this, air in the urban canopy is usually warmer than that in the 

surrounding countryside. Urban heat island effects worsen when unequal portioning of 

energy streams occurs and is best-documented example of inadvertent climate modification 

(Oke, 1987), largely because materials city are being built with repel water and absorb solar 

radiation. Since UHIs are a function of densely built up areas, the annual mean air 

temperature of a city with one million or more people can be 1.8 to 5.4°F (1 to 3°C) warmer 

than its surroundings (Akbari et al., n.d). As cities are known for their relative warmth 

distinct from the cool surroundings of rural landscapes and thus exhibit a rural/urban 

boundary of temperature gradient which is olny interrupted by the influence of intra-urban 

land-uses such as parks and open areas (Oke, 1987).  

 

In South Asia, higher temperatures are continuing to intensify due to the impact of 

climate change (The World Bank, 2006). Situated immediately above the Tropic of Cancer 

Pakistan is a warm and temperate zone as it lies on 24!N and 70!  E. Usually ranging from 

warm to very warm, cities in the Punjab province of Pakistan show wide temperature 
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variations. Temperatures in Punjab range from -2° to 45°C, but can reach 47°C (117°F) in 

summer and can touch down to -5°C in winter. With an average temperatures range of 

43°C, hot weather in Punjab usually falls between April to June.  

 

Lahore, the provincial capital of the Punjab province, has witnessed rapid 

industrialization. The urbanization of Lahore has been unprecedented. Today, the 

population of this city is 10 million up from .9 million in 1947. Future demographic 

projections estimate that, by 2020, the city will have a population of 15 million (Pakistan 

Supreme Court, 2009). The resulting increase in population has added more vehicles so the 

city had to accelerate road-widening projects. In this process, the number of mature trees 

was decreased which resulted in surfaces being exposed to more sun, which created more 

urban heat islands in the city (Akbari et al., n.d). 

 

In many regions of hot and arid climate, building open front courtyards seemed the 

most appropriate indigenous design adaptation for a daily heat balance.  As a result, open 

courtyards as a design element punctuated the city’s landscape and became indispensable.   

Over time however, the pleasant microclimates of open urban plazas were gradually 

challenged due to exponential urban growth, largely causing a surface to air temperature 

imbalance. Compromised human thermal comfort was the ultimate result. In Lahore, 

human-induced changes, like reduced vegetation and broad impermeable surfaces, have put 

limits on the use of outdoor open public plazas leaving them less desirable (Hassaan & 

Mahmoud, 2011). 
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This study will explore appropriate design solutions that could help ameliorate the 

negative microclimates of a typical outdoor open public. 

 

Goal  

The purpose of this study was to explore informed design interventions for a typical 

hot outdoor public plaza by analyzing the physical site characteristics of widely differing 

microclimates at two different urban sites in Lahore, Pakistan. 

 

Study Objectives 

• Establish site selection criteria for two study sites of opposing microclimates based 

on the comparative study of physical landscape design elements. 

• Collect microclimatic data on both study sites 

• Analyze microclimatic components of the two sites. 

• Examine how various design characteristics affect the microclimate and human 

thermal comfort levels of both sites. 

• Explore methods of optimizing human thermal comfort of an open urban plaza 

employing proposed site-specific design intervention. 

• Discuss design implications regarding improvised design of an urban plaza and 

whether that is implementable under the same local weather conditions. 
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  Figure 1: Research flow chart: showing sequence of work adapted for this study. 
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A step-by-step overview of thesis research is provided in Fig 1. Sequence of process 

adopted to accomplish this study has been outlined above.  

2.0 Literature Review 
	  

2.1 Global Heat Stress 

Cities around the world are reeling under constant heat loads mainly due to shifts in 

climate patterns (Akbari et al., n.d).  The Industrial revolution (1750-1850) is likely the 

biggest human-induced change that affected earth climate. This was the beginning of ever-

increasing levels of emissions into the environment. It has been debated and referred to as 

the single most influential reason for adverse changes to our urban climate causing global 

temperatures to rise  (Pakistan, Supreme Court, 2009; Dada, n.d.; Hallaj, 1998; Irfan et al., 

n.d).  We see urban centers as synonymous to smoke emitting chimneys adding heat to the 

environment at a very rapid speed (The World Bank, 2006; Aronin, 1927).  The ultimate 

outcome of this along with climate change and fast depletion of forest cover has been the 

increase of warming temperatures year after year. This increase in temperature has a 

cumulative climatic impact on different regions. Heat repercussions are therefore more for 

some regions than others depending upon their geographic location.  

 

We know from (Oke, 1987) that in the case of atmospheric systems, how human 

activities can bring about imbalance causing pollution and heat stress. In urban areas, due to 

excessive anthropogenic activities, the net result is an increase in heat concentration in local 

landscape characteristics.  
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The southern region of Asia called South Asia sits mostly on the Indian plate. These 

countries are densely populated and are known for high temperatures (Khan, 2008; System, 

Press, 2010). Pakistan is a hot-arid climate zone in this region. The summer season is 

known to be oppressively hot and is longer than the mild winter season. Forests in Pakistan 

cover less than 5% of the land but despite that, deforestation is not curbed so Pakistan as a 

whole is at a disadvantage from a surface and air temperature point of view (Pakistan, 

Supreme Court, 2009). Pakistan saw great migrations to the cities from economically 

depressed rural areas and therefore, consequently impermeable surface areas grew in 

proportion to the vegetated lands dotting cities with areas of intense urban heat island (UHI) 

effects.  

 

2.2 Regional Climatic Effects  

Pakistan with 187 million people is the world’s 6th most populous country. Its 

indusry growth rate was one of the higest between1951-1998 up from 17.4%  to 32.5% . A 

move away from the rural areas in the 1970s put big cities under tremendous pressure to 

expand to cater to the needs of the influx of people and cities started pushing their 

boundaries. With the south and southeast being the warmest, depending on the topography, 

temperature variations in Pakistan are extreme, (Pakistan, Supreme Court, 2009). The 

country is ‘essentially arid except for the southern slopes of the Himalayas and the sub-

mountainous tract where the annual rainfall varies between 760 and 1270 mm’ (Khan, 

2008).  Weather patterns in Pakistan comprise cool dry winters; mild springs with the rainy 

monsoons and oppressively hot and dry summer seasons  (Pakistan, Supreme Court, 2009).  

Appropriate design consideration for city and urban planning can help achieve desirable 
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microclimates (Bekele et al., 2008). Capital city of Islamabad is so far the only precedence 

of planned development in Pakistan.  The present form that cities in Pakistan take is the 

result of incremental growth and is in essence are organic.   

 

There are several reasons for creating more thermally comfortable places in urban 

centers (Johansson & Emmanuel, 2006), in warm countries like Pakistan. According to 

(Arif & Hamid, 2009):  

 

§ The level of urbanization in Pakistan increased from 17.4% in 1951 to about 32.5% 

in 1998. 

§ The highest share of the population live in cities among south Asian countries. 

§ In 1998 seven large cities in Pakistan namely Karachi, Lahore, Faisalabad, 

Rawalpindi, Multan, Hyderabad and Gujranwala, shared 40% of the urban 

population increase.  

§ Pakistan’s urban population is expected to hit equilibrium with its rural population 

by 2030.  

§  

Changes start to appear in urban landscapes with the building of roads, 

infrastructures replacing open land and vegetation, leading to the formation of Urban Heat 

Island effects, all of which appears to link with human modified cities generating high 

temperatures. (Akbari et al., n.d). 
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2.3 Lahore – Urban Climate 

	  

Urban microclimates are the function of one or all of the following design factors 

combined: (Bekele et al., 2008): 

§ Local Climate 

§ Location of City 

§ Density of built up area 

§ Orientation and width of Streets 

§ Anthropogenic Heats 

§ Traffic (Vehicular load) Fuel emissions 

§ Immediate Neighborhood 

§ Suburb’s shape and Land use 

§  

According to (Mahmoud, 2011) in big urban centers, components of built 

environments go a long way toward influencing outdoor thermal environments. There is 

evidence of how different ground surface covers (World Bank et al., 2006) have significant 

impact on surface and air temperature differences in a typical city.  

 

For this study, it was very important to include a short excerpt in this chapter, given 

below, from a comprehensive and detailed supreme court of Pakistan decision order on 

‘Cutting Of Trees For Canal Widening Project, Lahore’. This order is pertinent for this 

study showing how city of Lahore is going through environmental degradation and denuded 

of mature trees hence causing more damage to the UHI effects.     (Suo Motu Case No. 25 

of 2009, decided on 15th September 2011).   
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Lahore also witnesses rapid industrialization due to phenomenal success of the textile 

industry in Pakistan. As a consequence whereof, at present there are currently hundreds 

of industrial units. …Vehicles in the city have increased from 13 per1000 to 35 per 1000 

inhabitants. Number of trees to be cut down are estimated to be 1850 instead of 30,000 

reported to this court initially…WWF-Pakistan, in its study found that there were some 

21,430 trees along canal road only, home to some forty-four (44) different bird species. . 

Such apprehended effect may not be violative of fundamental rights of right to life unless 

it was shown by placing incontrovertible material before the court that same would lead 

to hazardous effects on environment and ecology to an extant that it would seriously 

affect human living.  Even if one were inclined to support the pleas of the Punjab 

Government for the widening of the road on the ground of increasing traffic congestion, 

the most revealing admission before the Committee was that this widening would, in the 

absence of other required mitigating measure, serve the traffic needs only for the next 4-5 

years. In effect, we would need more lanes in future. This way most of the green belts, a 

valuable part of Lahore’s legacy and landscape heritage, could be lost for future 

generations. The committee cannot, in all conscience, be a party to the disappearance of 

the Canal and its green belts. (Pakistan, Supreme Court, 2009). 

 

In 2007, a similar study on urban microclimates in Colombo, Sri Lanka found that 

urban canyons, which are usually in the central core of city help, decrease maximum daily 

temperatures.  Evidence points to hotter outdoor public places in the outlying areas of a city 

that are under an open sky (Emmanuel et al., 2007). Within short distances in cities, 

deviations in climate are noticeable forming microclimates (Gaitani et al., 2007) depending 

upon their respective urban settings.  Microclimates are of great importance in terms of their 
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impact on making places comfortable or uncomfortable and therefore, limiting use of an 

outdoor space. 

 

There are many types of energy processes that can be altered to create urban heat 

islands in a city (Akbari et al., n.d) and according to (Oke, 1981) rural and urban 

temperature differences can be up to 12!C under clear and calm nights. At present, 

Lahore’s urban fabric is comprised of a mosaic of mild to warm and very warm areas based 

on the distinct changes in urban land use patterns. Being no exception from other big city 

centers, higher heat levels may also partly be associated, among other climatic forces, with 

sky view factor (SVF) as has been shown in (Svensson, 2001). The street geometry in 

Lahore, in general, does not help obstruct direct shortwave radiation from penetrating into 

the built-up urban core. An oppressive impact of urban heat island in this city is noticeable 

during the summer season. Urban climate is dependent on land-use, building geometry, and 

building materials (Eliasson, 2000). In Lahore, as urban climates have also been noted for 

their impact on human mood and behavior (Lin, 2009), increasing public use of open urban 

squares is extremely important to ameliorate the deteriorating health conditions and 

morbidity levels because shading urban courtyards in the city of Lahore had traditionally 

been a decisive design strategy in mitigating heat stress. 

  

2.4 Outdoor Thermal Comfort Conditions 

In temperate zones around the world, built environments are fast becoming a public 

concern (Ahmed, 2003).  Since we know the impact climate has on urban settlements, 

understanding the richness generally associated with thermally comfortable outdoor places 
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and their pleasant microclimates is very important (Nikolopulo et al., 2001). In cities, due to 

intense urbanization trends, outdoor open public spaces have been extensively studied and 

their loss has been the source of increased human discomfort (Lin et al., 2009; Lin, 2009; 

Nikolopoulou & Lykoudis, 2006). With temperatures on the rise, and urban sprawl a major 

concern, sustaining outdoor places has become an important consideration.  An objective 

examination of how to make outdoor spaces thermally comfortable for use and level of 

activity is necessary (Thorsson et al., 2007). Arguments in (Nikolopoulou & Steemers, 

2003) explain how open urban spaces have psychological benefits and in (Thorsson et al., 

2007) to cultural values.    In addition, physical inactivity leads to various illnesses and the 

lack of suitable outdoor open public places ‘play a large role’ in deteriorating human health 

(Vanos et al., 2009).    

 

2.5 Urban Plazas 

Urban plazas are open areas for public use. They are an integral part of urban design 

around the world. Due to their design relevance, in hot-arid climatic regions, outdoor public 

plazas have not just dotted the urban mosaic for climatic reasons but have also been used 

due to their immense cultural underpinnings (Aronin, 1927). 

 

Several studies have shown that rural-urban temperature differences are on opposite 

sides of the microclimate scale. This is usually due to materials used in urban construction 

that contribute to heat island intensive urban pockets, largely due to their ‘greater ability to 

store heat’ (Eliasson, 2000). Since clear skies and higher sky view factor values are 

characteristic of a hot climate region, therefore as result there is usually greater heat stress 
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on open public plazas (Eliasson,2000). Also, height to width ratio of urban streets affect 

solar radiation (Toudert & Mayer, 2006), consequently affecting large number of outdoor 

open public plazas under clear skies.  Most of the research on the importance of comfortable 

outdoor open urban spaces has been carried out in developing countries where numbers are 

increasing for people preferring to stay inside (Aljawabra & Nikolopoulou, 2009). 

Noticeable rise in surface temperatures and resulting rise in terrestrial radiation loads have 

significantly influenced human thermal comfort and thus discouraged the use of these 

places.  Exploring the underlying reasons that cause poor microclimates in urban plazas and 

suggesting ways to appropriately address them through informed design interventions may 

help minimize the risk of further alienation of these viable open public gathering places 

(Greenwood & Soulos, 1998). 

    

2.6 Urban Parks 

Parks in cities with green spaces help create pleasant microclimates. Lahore, also 

known as city of gardens, have several gardens built by Mughal emperors and offer pleasant 

microclimates relative to their urban core and have ameliorated the UHI mainly through 

their inherent evapotranspirational cooling abilities and shading. The importance of urban 

parks has been revealed through various studies both in terms of their objective as well as 

subjective comfort evaluation (Jr & Bulmahn, 1996). There are several reasons why parks 

with comfortable outdoor environments should be created.  In addition to pleasant 

microclimates, parks have cultural and economic benefits to them (Jr, Hussain, & Rehman, 

1996).  Improved microclimatic conditions in urban parks can be an inviting recreational 

opportunity for people to spend more time outdoors (Aljawabra & Nikolopoulou,2009), 
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thus parks have an influence on the social cohesion of a space as well. Since human 

psychological adaptations broadly decrease when repeated exposure to negative stimulus 

occur (Nikolopoulou & Steemers,2003) parks can be a welcome design relief in a stressful 

urban setting.  Urban planning theories clearly state that every neighborhood should have 

urban parks and green vegetated areas as they have a very important role to play in 

enhancing the quality of ailing urban air (Bekele et al., 2008). The importance of ‘climate 

sensitive’ open public spaces within cities may efficiently enhance the ‘dimensions of 

sustainability by affecting economical, social and environmental factors (Aljawabra & 

Nikolopoulou, 2009). The presence of urban parks improve urban microclimatic conditions 

and ‘enable people’ to spend more time outdoors. Urban parks are not only embodiments of 

thermally comfortable outdoor environments but also influence the social cohesion of a 

space.  

 

2.7 Parks and Urban Square – Microclimate 

Comfortable spaces are welcome additions to outdoor environments. Large spatial 

variations occur in thermal conditions owing to different material characteristics in urban 

pockets. Similarly, different urban places like parks and squares represent temporal 

variations in thermal environments (Thorsson et al., 2007). 

In a study looking into the microclimates of parks and squares in Japan (Thorsson et 

al., 2007) it found that 80% of the visitors in parks sought shade when temperatures were 

higher than 20!C. Comparing it with an open plaza in close proximity of the park showed 

clear differences in heat loads. Contrary to the general perception, although studies 

(Nikolopoulou & Lykoudis, 2006) have found that people are usually not very good at 
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judging changes in microclimate characteristics unless the change is high, which is largely 

due to differences in the amount of shade and ground cover, microclimates in urban parks 

have been noted for pleasant affects on users. (Thorsson et al., 2007; Lin et al., 2009). For 

the most part, urban life is regimented to a strict lifestyle and spatial planning is a highly 

prioritized issue for achieving climate responsive outdoor public places.  

 

2.8 Importance of Outdoor Open Spaces  

Outdoor open public spaces are now fundamental for contemporary urban planning 

practices. Just as important are other arguments presented in different studies (Nikolopoulou 

& Lykoudis, 2006;Toudert et al., 2005; Thorsso et al., 2007; Johansson & Emmanuel, 2006) 

highlighting different aspects, issues and benefits of outdoor open public areas. Outdoor 

open public places in hot-arid regions are needed for relaxation, resting and sitting (Lin, 

2009). The overriding need during hot summer season when temperatures are high and long 

wave radiation at its highest, individuals prefer pleasant outdoor public places and typically 

seek shade and prefer sunshine in mild winters (Greenwood & Soulos, 1998). The Supreme 

Court of Pakistan remarked on the city of Lahore and its open spaces “the intense 

urbanization in Lahore has placed … and will continue to place…. A considerable stress on 

the available outdoor open public sites ” (Pakistan, Supreme Court, 2009). Following this, 

the Court noted with concern that environmental damage is at a greater rate than the 

remediating efforts to restoring and melding them back into the urban fabric. Focused 

studies on effects that landscape design elements may have on the microclimates of open 

urban spaces might be a good starting point. 
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2.9 Previous Research 

Although a significant amount of general information on data related to outdoor 

open public places in hot-arid regions appeared to be available, there is a lack of specific 

published work directly addressing these issues in Pakistan. Since it is noted that assessing 

landscapes based on their microclimatic evaluations can help formulate informed design 

decisions for future landscape designs (Brown, 2011) relevant studies carried out in regions 

of similar climatic conditions were selected for a literature review.  It is also worth noting 

that since importing design ideas from other regions without understanding the need to 

adapt does not help but rather proves counter-productive (Brown, 2010), only references to 

the context are included in this study.  

 

2.10 Summary  

The main portion of studies that have been cited above in this chapter helped 

establish the fact that there is an ongoing need for the subjective as well as objective 

assessment of urban microclimates. It is also established that global temperatures are hitting 

hard on various regions of the world at large. Big urban centers are experiencing urban heat 

islands so the warming effects are disturbing urban microclimates. 

 

As a result, outdoor thermal conditions of public places are at stake. While the 

whole city’s landscape as a general phenomenon is under heat stress, open spaces like urban 

parks and urban squares are two extremes in terms of their microclimatic impact on users.  
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It is important to study the research done on urban parks and plazas to assess their 

importance in hot-arid climatic zones. Urban microclimates mitigate outdoor heat stress 

under hot scorching summer conditions. While they are challenged due to intense urban 

heat island effects, strategic design approach and recommendations are very important.  

 

Scholarly work has shown that outdoor public spaces are important social and public 

meeting places especially in hot-arid regions. Research in Pakistan on the assessment of 

urban microclimate is virtually non-existent. Given this, a microclimatic assessment of 

urban landscape patterns appeared to be an excellent research opportunity in Pakistan.  
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3.0 Methods 
	  

For the assessment of on-site human thermal comfort, the following set of methods 

was employed to assess the microclimatic features of the two study sites located in Lahore, 

Pakistan. The methodology can be divided into the following parts:  

3.1 Study Sites (Selection Criteria): 

3.2 Instruments:  

3.3 Solar radiation: Shadow analysis 

3.4 Wind Analysis - wind tunnel test 

3.5 Placement of test stations: 

3.6 Data collection times in the front courtyard-Alhamra 

3.7 Data collection times at Shalamar garden 

3.8 Data Analysis 

3.9 Summary 

 

3.1 Study Sites: Selection Criteria 

Considering cities as a single entity does not help understand the complex 

agglomeration of many natural or man-made structures and their cumulative as well as 

independent role in creating thermally pleasant microclimates.  High temperatures in urban 

centers (commonly known as urban heat islands) are caused by a combination of low sky 

view factors (SVF), less vegetation, hard surfaces and latent, sensible as well as 

anthropogenic heats (Aljawabra & Nikolopoulou, 2009). Conversely, pleasant 
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microclimates are invariably associated with the gardens (public) offering pleasant 

microclimates (known as park cool islands).  

 

3.1.1 Lahore 

About half of the population of Pakistan will be living in urban centers by 2030 due 

to the skewed distribution of rural lands (Arif & Hamid, 2009). The city of Lahore was 

selected for this study because of environmental vulnerability, due to population growth 

either by natural increase or due to a trend of moving to a big city.  Thinning of natural 

shading patterns in Lahore is an alarming trend (Pakistan, Supreme Court, 2009) and, 

corresponding decreases in pleasant outdoor areas is on the rise so must be addressed 

through appropriate design interventions helping improve their quality (Pihlak, n.d).  In Fig 

2 below (Khan, 2008) temperature variations in different parts of Pakistan are displayed. 

Lahore appears to fall into the hottest part of the country. Local architectural trends, social 

practices, weather patterns and climatic conditions were employed to identify study sites in 

the middle of the city, which met the study objectives. Lahore is located at 31° 32’ N 74° 

20’ E 

 



	   19	  

	  

 Figure 2: City of Lahore, blue oval, is shown in the context of Pakistan. This city is faced with ever 

deteriorating climatic conditions due to intense urbanization.   

	  

3.1.2 Two Study Sites: On Site Comparison of Physical Site Characteristics    

A parallel comparison of the two study sites was performed, in order to see how 

physical characters of the sites have likely affected microclimates. The comparison was 

based on differing physical determinants present on both study sites responsible for 

affecting microclimates. There are five main elements of microclimate, which may affect 
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human thermal comfort and also result in heating surfaces hence increasing the amount of 

the emitted radiation.  

 

3.1.3 Microclimate Elements  

As we know deviation in thermal sensation experienced within few distances and is 

called microclimate (Oke, 1987), which is largely a function of hard and soft landscape 

element’s configuration. Five elements of microclimate, fundamental to the basis of this 

phenomenon, are:  

• Air Temperature 

• Wind 

• Solar radiation 

• Precipitation 

• Humidity 

 

Of the five main forces driving microclimates, two are considered least modifiable 

which are Air temperature (Tair) and relative humidity (RH). This is because wind is a 

“remarkably efficient mixer of heat and moisture” (Brown & Gillespie, 1995, p.46) 

Therefore modification is difficult and has miniscule influence over human thermal comfort 

level at the microclimate scale. Following three of the five main forces, which are wind, 

solar radiation and Precipitation (the only variable not measured in the context of this study) 

are modifiable. 
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We know from (Brown & Gillespie, 1995) that energy is the key to microclimatic 

analysis. Above-mentioned microclimatic forces affect human thermal comfort in the 

following four main ways. It can reflect, absorb, transmit or radiate, nothing else can 

happen to it.  

 

In overhead regions, short wave (solar) and long wave (terrestrial) radiation loads 

are the most dynamic incoming energy force reaching landscape elements as it drives their 

function, which leads to protection from the sun (Brown & Gillespie, 1995).  

For the initial assessment of landscape characteristics, two prime design precedents were 

chosen for this study.   

1- An outdoor open public plaza (Alhamra Arts Council Building)  

2- Shalamar Garden.  

 

3.1.4 Physical Site Characteristics of Alhamra: Front courtyard 

  The physical surface characteristics that affect solar radiation at Alhamra arts 

council building front courtyard are found to be brick, steel, glass, asphalt and concrete and 

there is no water available for evaporative cooling. These materials conduct and store heat 

more readily and are poor heat insulators. 

 

3.1.5 Physical Site Characteristics of Shalamar Garden  

The physical surface characteristics at Shalamar include water, grass, brick 

pathways, thick brick boundary wall and abundant shade. These design characteristics 

impede loads of solar radiation and provide enough shade to produce cooler environments.  
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Both sites were compared for the effects the on-site building materials might have on the 

microclimates see Fig 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	  
	  

Sn	   Tin	   Tout	   E	   Cv	   Co	  

Figure 3: Energy partitioning of net short and long wave radiations at both study sites.  
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Where  

Sn = Net Solar radiation; Tin = Incoming Terrestrial radiation from sky; Tout= Emitted 

Terrestrial radiation; E = Evaporation; Cv = Convection and Co = Conduction. 

 

3.1.6 Assessment of Landscape Elements on Both Study Sites  

The albedo of grass as ground cover at 16 (%) at Shalamar is less reflective than 

brick and more than asphalt clad surfaces at Alharmra at 20-50 and 5-15 % respectively 

(Oke, 1987). Emissivity levels of brick and concrete as ground cover are similar at 90-95 

(%) with grass (Brown & Gillespie, 1995).  

 

Water, like in Shalamar garden, is not available at the Alhamra front courtyard thus 

no energy goes into evaporative cooling. Alhamra front courtyard is also exposed with little 

shade cover. Therefore the incoming radiant energy is mostly absorbed by the hard 

impermeable surfaces at Alhamra site raising terrestrial radiation emissions. In contrast, 

mature evergreen trees intercept short wave radiation and grass areas allow 

evapotranspiration at Shalamar garden.  

 

Prevailing winds in Lahore are westerly in summer and easterly in winter. During 

the summer time, winds blow over a predominantly vast treeless urban development and 

therefore are usually warmer than skin temperature before reaching the front courtyard 

(Alhamra). Given that the shelterbelt to the south, the front courtyard stands isolated in 

terms of its ability to affect in-flowing warmer winds approaching from the NW direction. 

The isolated environment developed with, due to the high boundary wall around Shalamar 
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Garden and the water pond in the middle terrace, could inherently help mitigate the effects 

of hot and dry air (Brown, 2010). 

 

The contrasting landscape characteristics of the two sites have shown to have an 

overall impact on the human thermal comfort levels and provided a strong basis for the 

selection of the following sites for microclimatic landscape assessment.  
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3.1.7 Study Sites  

In Fig 4 Shalamar garden and Alhamra front courtyard are shown in the context of 

the city of Lahore. These study sites are known for their exemplary design features.

 
Figure 4: Shalamar garden & Alhamra front courtyard are see in the context of Lahore.   

	  

3.1.7.1 Alhamra: Front Courtyard 

The Alhamra arts Council, which was built in three phases and completed in 1992, 

won the prestigious Aga Khan Award for Architecture in 1998. The front courtyard 
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measures 210’ East-West and 158’ along its North South axis.  On the south and west ends, 

there are two main roads that see heavy traffic use. There are no architectural extensions on 

or about this open space providing climatic amelioration at different times of the day or 

seasons of the year (Hallaj, 1998; Dada, n.d.). 

 

Neighboring facilities to the east of the front courtyard include big office buildings 

and a five star hotel. A zoological garden, Governor’s house and a famous garden are to the 

southeast of the front courtyard and a vast expanse of built up urban core surrounds the 

upper northeast and northwest areas of the front courtyard. One of the halls overlooking the 

front courtyard is 50’ high. Access to the main front courtyard is from the south road and a 

limited number of parking spaces are available inside for the administration staff. This site 

is a raised platform ≤ 4’ from ground level. A metal fence guards this courtyard in all 

directions. 
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Figure 5:  Alhamra- Front courtyard- Site context and immediate surroundings 

A- Top left: The image of the front courtyard shows the entrance gateway seen from 

the center of the front courtyard where people take refuge under shade trees (picture taken 

in December, 2010). 

 

B-Top right: The shadow which falls onto the front courtyard from the south end 

during December at Alhamra hall # 1 overlooks the north end of this study site. Although 

shadows during this time of the year are undesirable on this site the longest of the shadows 

covers only a minimal portion of this site.  

 

C- Bottom left: A glimpse of built up urban core seen from above the far north west 

corner of the front courtyard. 
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D- Bottom right: The west end of this site is flanked by one of the busiest roads. A 

metal fence separates the front courtyard from the sidewalk, which runs parallel to the study 

site.  

 

3.1.7.2 Shalamar Garden 

Shalamar garden is considered to be the one of the finest Mughal Garden of South 

Asia (Rehman, 2011). Shah Jahan constructed it in 1641-42. Layering Persian influences 

over medieval Islamic garden traditions, it bears witness to the apogee of Mughal artistic 

expression (Clark, 2004). Enclosing walls, a rectilinear layout of axial paths, and large 

expanses of flowing water characterize the Mughal garden. The Shalimar Gardens cover 16 

hectares measuring 2006’ north south x874’ east west and is arranged in three terraces 

descending from the south to the north (Crowe et al., 1972). A crenellated wall of red 

sandstone encloses the regular plan. Disposed square beds and plenty of mature shade trees 

on the upper and lower terraces make them identical in design.  Elongated blocks on the 

narrower, intermediate terrace with a vast water basin in the middle stands contrast to the 

upper and lower terraces. At present, there are saplings on the middle terrace and therefore 

no shade. 

 

Situated in the northeast quadrant of Lahore city, Shalamar Garden, from all sides, is 

predominantly surrounded by the residential core. Typical houses around Shalamar garden 

are 2-3 stories and a boundary wall defines this garden. Over time this garden has 

undergone various transformations. An array of works has reflected on this garden and its 

various aspects of design. This garden is currently the focus of many researchers from 
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around the world and has been placed on UNESCO’s world heritage list. The environmental 

implications portray the gardens as places of relief from torrid, dusty disorderly landscapes 

as open pavilions and gardens are seen as perfect adaptations to a hot, humid climate (Jr & 

Bulmahn, 1996) Shalamar garden stands as a true example of this (Clark, 2004).  

 

Figure 6: Shalamar Garden overlooking three terraces: Site context and immediate surroundings. 

A-Top left: The middle terrace called ‘Bestower of Goodness’ is seen from one of 

the minarets built into the east end boundary wall of the garden.  

 

B-Top right: A view of the central pavilion is seen from the middle of the first 

terrace. In the foreground, the water tank is shown at the end of the central canal. Water 

passes between the tanks before it flows down the carved marble cascades and on to the 

lowest level. 
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C-Bottom left: A great water tank (over 200’ across) in the middle terrace once 

contained 152 fountain heads of which over one hundred remain (Crowe, Haywood, 

Jellicoe, & Patterson, 1972). 

 

  D-Bottom right: The lowest terrace is seen from ‘chini Khana’ a three sided 

waterfall. The fourth side, seen in this picture is open. Three walls contain a series of small 

niches.  

 

3.1.7.3 Geographic Co-ordinates 

Front Courtyard (Alhamra Arts Council Building) geographic coordinates: 31° 33’ 

N, 74° 19’ E. Shalamar Garden’s geographic coordinates:  31° 35’ N, 74° 22’ E. 

 

3.2 Instruments 

The primary aim of this research was the assessment of on-site microclimatic 

conditions. For that purpose two meteorological stations were set up on site, equipped 

according to Table 1. Stations were used to collect microclimatic data, which included Air 

Temperature (!!"#), Solar Radiation (!!), Relative Humidity (RH), Wind speed (!!) and 

Wind Direction, for the manufacturer’s information see Table 1.  All instruments were 

carefully attached to the top of a custom made aluminum plate which sat horizontally atop a 

tri-pod measuring exactly 1.5 meters above ground level. Before transferring data to the 

computer, all instruments sent recorded measurements to a storage device called a data 

logger to which they were carefully wired as per instructions.  In the following sections, the 

instruments and the methodology are described in detail.  
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3.2.1 Mobile Station 

The Figure 7 below shows a mobile meteorological station used at both study sites 

to collect data. This station was used under sunny and shady conditions depending upon the 

location of the designated test points at the site, which were carefully determined after 

modeling on-site shadow patterns of equinoxes and solstices.  Microclimatic 

instrumentation, used on mobile station for measuring variables, included cylindrical 

radiation thermometer (CRT) instead of temperature and humidity probe as was the case in 

stationary station. It is a cylindrical modified form of the global thermometer used to 

monitor the ‘outdoor radiation absorption of a person’ (Brown & Gillespie, 1986).  
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Figure 7:  Mobile station: Instruments are shown set up on a metal plate. CRT (Cylindrical radiation 

Thermometer) measured the amount of solar radiation absorbed by a person; Cup Anemometer measured wind 

speed (m/s); Pyranometer (Li-COR) records short wave solar radiation. 

	  

3.2.2 Stationary Station  

The second research station used for this study on both study sites was called a fixed 

station. This station was placed at the most open point available at each site so remained 

under sun for the entire time of data collection. Pyranometer used to calculate incoming 

solar radiations however, malfunctioned on fixed station. Recorded solar radiation values 

when compared and calibrated were found to be incorrect. Hence, all measurements were 

replaced with the theoretical estimates of solar radiation calculated using COMFA for the 

month of December.  
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Figure 8: Stationary station: Arrangement of instrumentation can be seen.   

Table 1: Instrumentation -- Accuracy levels 

Measured Factors:  Instruments and their Accuracy. 

Tair HC-S3 temperature and relative humidity 

probe 

-30°C to + 60°C is (±) 

0.2°C   

RH HC-S3 temperature and relative humidity 

probe 

At 23°C is ± 1.5%. 

Vw cup anemometers: (NRG # 40C) 2% failure rate(estimated)  

Dw wind vane, NRG #200 ±2°(right or Left) 

S↓ Pyranometer (LI-200)   Under natural daylight<5% 
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Where Tair = Air Temperature; RH= Relative Humidity; Vw = Wind velocity (speed); Dw = 

Wind Direction; S↓= Incoming short-wave solar radiation.  

  

Table 1 shows six microclimatic variables measured for this study and the type of 

instrumentation used. Accuracy levels are given in the far right side of this table. In Figure 

9, fixed meteorological station with instrumentation 1.5 meters above ground level are 

shown.   
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  Figure 9: A full view of a stationary meteorological research station. 

 



	   36	  

The instruments used for measuring microclimatic variables and brief details about 

them is provided in the following section: 

 

 3.2.3 Solar Radiation  

An instrument called the Pyranometer (LI-200) was used to measure the on-site load 

of short wave solar radiation. This radiation sensor was set up so that it was 1.5 meters 

above ground level. For the most part during the data collection period, this device stayed 

under an open sky. The LI-200 features a silicon photovoltaic detector mounted in a fully 

cosine- corrected miniature head. The current output, which is directly proportional to solar 

radiation, is calibrated against ‘Eppley’ Precision Spectral Pyranometer (PSP) under natural 

daylight conditions in units of watts per square meters (W m-2). There are certain limitations 

to this instrument’s usage. Under most conditions of natural daylight, the error is <5%. It is 

also recommended that for optimum results it should be used in direct sunlight. This 

instrument is lightweight and has a very high response. The LI-200 is extensively used for 

measuring global solar radiation. 

 

3.2.4 Wind  

The wind was measured on-site, both in terms of its speed and direction. For this 

purpose two different instruments were used, namely a cup anemometer and a wind vane. 

Both instruments used to measure wind speed and direction were NRG manufactured 

products.  
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3.2.5 Wind Speed  

A cup anemometer (NRG # 40C) that is considered a highly accurate and reliable 

instrument was used on-site to measure wind velocity. Two anemometers were used for 

recording wind speed data, one each for the two study stations. These instruments are 

known for their low moment of inertia and fine bearings, which permit a rapid response to 

even, the slightest gusts of wind. Both anemometers used for wind measurements were 

calibrated according to the National Institute of Standards and Technology- NIST (USA) 

certificates.  

 

Its three conical cups are made of one fine continuous piece of plastic and were 

found to be highly sensitive to the slightest winds on both study sites. Cup anemometers 

were mounted upon each of the two meteorological stations to record wind speeds.  This 

instrument was assumed to be the best for this study, as these devices are known for 

recording winds in all atmospheric conditions with equal efficiency.  Wind speed is 

measured in meters per second (m/s).  

 

3.2.6 Wind Direction  

Wind direction was measured using a wind vane, NRG #200. Mounted only to the 

fixed station it measured wind directions relative to the orientation of the fixed base on the 

sensor. Another consideration for measuring the wind direction was the Magnetic 

declination which, for the city of Lahore is 1! 38’ E and was carefully observed while 

setting up the wind vane.  It is made of corrosion resistant steel components making it the 

most reliable instrument. The scaling unit of the wind vane is degrees.  
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3.2.7 Air Temperature and Humidity Probe  

Relative humidity (RH) and air temperature (Tair) were recorded using an HC-S3 

temperature and relative humidity probe. This instrument has been noted for (±) 8-10 meters 

reading lags and is slow in response (12-15 seconds) when mounted on a continually 

moving research station such as a bicycle. For this study however, this instrument proved to 

be accurate for it did not need to be fastened with a running base and was securely clamped 

to the fixed station for data recording. The accuracy range of relative humidity recorded at 

23°C is at ± 1.5%. Housed in a 41003-X 10-plate radiation shield, the air temperature 

accuracy range is (±) 0.2°C when used between temperature ranges of  -30°C to + 60°C 

(Scientific, 2007). 

  

3.2.8 Data Loggers   

Two micro loggers (CR21x) programmed to record data sent from the instruments 

mentioned above, were used. The instruments were wired to micro loggers. Loggers were 

programmed to record data from instruments at 1-minute intervals.  

 

3.3 Solar Radiation: Shadow Analysis in the Front Courtyard 

Shadow analysis helped provide a basis, which led to the selection of different test 

locations in the front courtyard. Four particular days in a year are very important for 

marking solar sequences while the sun moves across the sky.  
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Figure 10: A scaled model of the front courtyard was built using Google Sketch up and is shown in the 

background of Alhamra arts council hall#1 

	  

Using the exact geo-location in Google sketch up, a scaled model, according to the 

architectural drawings, was built see Figure 10. It was important to observe small-scale 

shadow patterns at the study site before choosing the test locations. 

 

Figure 11 shows the measured amount of shadow occurring at different times of the 

year. Incoming solar radiation and shadows were used to establish that the site remains 

under constant heat loads of radiant energy.  
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Since there are no moderating factors in energy remediation against the persistent 

loads of short wave radiation, the front courtyard was broken down into five main data 

collection points. More detail will be provided in the following section.  

 
Figure 11: Shadows constructed in relationship to Alhamra front courtyard are shown over a scaled model 

built using Google sketch up. 

	  

3.3.1 Shadow at Equinoxes: March 21st and September 22nd 

Twice a year, when the sun shines on the celestial equator, both day and night are 12 

hours long. Since the sun is above the equator, the shadows cast on the front courtyard will 

be shorter during this time than during the June solstice. As it is shown in figure7, the 

shadows in September and March are almost identical.  
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3.3.2 Shadows at Solstice June 21st and December 22nd 

During the summer solstice, the shortest shadow patterns occurred. The longest 

shadows were found on the front courtyard during the month of December. The overall 

shadow scheme on this site suggested that the front courtyard remained exposed to sunlight 

all year long. 

  

3.4 Wind Analysis: On-Site Analysis (Front courtyard) 

The study model for the front courtyard built according to the size of the turntable’s 

dimensions inside the wind tunnel, is scaled at 1”=8’-0” see Figure 12.  Winds blowing into 

the front courtyard during the summer season are predominantly from the northwest.  Wind 

analysis of this site was essential in seeing the importance of wind-induced energy 

consumption to the benefits of creating thermally comfortable outdoor places (Stathopoulos 

et al., 1994). 

 

Wind analyses performed on this site are the result of wind tunnel readings recorded 

using a scaled building model of the Front courtyard with hall # 1. An image of the model 

used for this study is shown below in Figure 12.  
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Figure 12: A scaled model of front courtyard and Hall # 1 is seen. This model was used for wind tunnel 

analysis 

	  

Winds were estimated using the scaled model inside the wind tunnel before 

interpolating points of high and low winds on the front courtyard. This helped to 

differentiate the wind swept zones from the low wind pockets present on the site. While 

specifying further design intervention, this information proved to be a valuable asset. 

 

3.4.1 Wind Tunnel Test  

Typical open courtyards in hot and arid climates are designed to respond well to the 

prevailing winds and should be designed parallel to the wind direction in order for the good 

airflow. (Thorsson et al., 2007). In the core of the city of Lahore, where effects of urban 

heat island are at their highest level, open outdoor public places are not ventilated well to 
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offer relief. Therefore, a basic piece of wind information taken from the wind tunnel study 

is explained below.  

 

In order to characterize the tree windbreak present on the south and southeast areas 

of the front courtyard, a tree model was designed and tested before actually using it in the 

study model.  All measurements were recorded 1.5 meters above ground level. A hot wire 

anemometer was used to calculate wind speeds on points uniformly spaced and laid out in a 

grid over the front courtyard. A wind variation map of the front courtyard, from the wind 

tunnel data, is included for a basic understanding of how the wind affects this study site and 

may be used as a means of convective cooling.     
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Figure 13: Impact of NW winds on front courtyard: Where A= Highest wind swept zone (In summer, warmer 

than skin temperature), B= Medium velocity winds; C= Low winds; D= Lowest wind; E= No impact wind 

zone, where wind velocity is near 0 w/m2. Results were drawn from wind tunnel tests. 

	  

Developing a surface chart representative of the mosaic of wind pressures see Figure 

13 on the front courtyard was crucial in determining the data collection. Using these results 

along with on site shadow patterns a balance was achieved in establishing the points where 

meteorological stations were to be set up. 

 

3.5 Placement of Test Stations 

Instrument stations and measuring points were marked at the both test sites based on 

the above-mentioned criteria. Figures 14 and 15 show exact test locations in the context of 
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each study site. For this study, placing instruments at locations both under direct sun and 

mature trees, was important for the analysis of human thermal comfort levels and hence for 

design intervention guidelines. In Figure 14 five mobile test locations; A, B, C, D and E and 

one point right in the middle denoting stationary station (S.st) are shown.  

 

 

Figure 14: Test locations used for data collected at front courtyard Alhamra arts council-Lahore are shown in 

this figure, where A= Mobile station test location 1; B= Mobile station test location 2; C= Mobile station test 

location 3; D= Mobile station test location 4; E= Mobile station test location 5 and Sst.= test location for fixed 

station.  
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3.5.1 Instrumentation in the Front Courtyard 

The test locations for data collection in the front courtyard were based on shadow 

analysis. All six sites in the front courtyard can be categorized into two main types A) under 

shade and B) in close proximity to hard impermeable surfaces, which induce heat due to 

excessive irradiation. 

S.st.: Fixed station;( under an open sky) 

A fixed meteorological station remained at one designated test site for data 

collection throughout the length of each study day. 

 

A: Mobile station 1;( under an open sky) 

  This location was next to a hard surface wall standing 50’ high. The building is 

constructed of red brick. 

   

B: Mobile station 2; (Under shade)  

A location under shade was chosen to see how and to what extent microclimatic 

variables contrast from those recorded under an open sky.  The shading plant species found 

in Lahore are predominantly evergreen fruit trees. Mature trees, shading edges of Alhamra 

front courtyard, which included test location B, are the same.  

  

C: Mobile station 3; (Under an open sky) 

This test location is sited to the far east end of the front courtyard next to a main 

road. The meteorological station sat parallel to B. 

 

D: Mobile station 4; (Under shade) 
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Test location D was positioned under shade. It is the south end of Alhamra front 

courtyard.  

 

E: Mobile station 5; (Under an open sky). 

This station was sited against the north end of the square and next to a small green 

space. This location was also close to Alhamra Hall # 1 like in the case of test location A. 

Solar access at test locations E and A were however observed to be different during typical 

day wherein location A remained under sun all day long, test locations E would be partly 

shaded by the time instrumentation reached this test point. 

     

Table 2: Geometric and Material properties of test locations are shown in the context of Alhamra front 

courtyard.  

Description: Test locations at Alhamra front courtyard 

Location Description Orientation angle CP1 SVF G.Albedo G-Cover 

S st. CPFC2 Center point .7 .55 Conc. slabs 

A Near hall #1 0° N .7 .55 Conc. slabs 

B Close to Ent: 90° E .7 .55 Conc. slabs 

C Near road 270° W .7 .55 Conc. slabs 

D 

E 

Green area 

Far up North 

180° S 

327° NNW 

.7 

.7 

.35 

.55 

Grass 

Conc. slabs 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Center	  point	  of	  fixed	  station.	  
2	  Center	  point	  of	  front	  courtyard-‐	  Alhamra	  Arts	  council	  building	  	  
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The main objective was to study the landscape design elements paying particular 

attention to the small-scale pockets of differing microclimates on this site. To avoid a 

potential error margin, empirical evidence-driven demarcation of microclimatic 

instrumentation was avoided. Recorded measurements at these locations played a basic role 

in explaining climatic variables affecting microclimates.  

 

3.5.2 Instrumentation at Shalamar Garden 

The placement of the instruments at Shalamar Garden is shown in Figure 15. Notice 

that the upper and lower terraces are divided into four equal square gardens by water canals 

and raised brick pathways running parallel to both sides of these water channels and are 

identical in design.  All four square gardens on the upper and lower terraces were carefully 

compared before choosing sites for data collection.  Based on mature trees and identical 

design, southeast square garden of the lower terrace and the northwest square garden of the 

upper terrace were chosen.  The middle terrace, elongated plan, was found to be different in 

design .The amount of shade on this terrace was far less than the other two terraces.  A 

water tank in the middle of this terrace made this an interesting test location as water 

predominantly replaces grass as ground cover. Test locations and their immediate 

environment are shown in Figure 15.  
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Figure 15: Shalamar Garden: Test locations on all three terraces inside Shalamar garden are shown. 
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Testing stations and their locations on three terraces are clearly marked in Figure 15. 

Subscripts, 1,2 and 3 have been used to denote terraces starting from highest to lowest. The 

fixed meteorological station was set up in the middle of each level, surrounded by the 

mobile stations’ test sites. Because this garden is arranged in three different layers, the 

investigations were divided into three steps.  

− Test locations at the lowest terrace – First step  

− Test locations at the middle terrace – Second step 

− Test locations at the upper terrace – Third step 

 

3.5.2.1 Test Location at Lowest Terrace  

Lowest terrace is comprised of 4 typical square gardens and thus one was selected 

for study. This study site was used as a model for the overall microclimatic parameters on 

the remaining three gardens on this terrace.      

1- A-T3 = First test location (Mobile station): 

2- B-T3  = Second Test Location (Mobile station) 

3- C-T3  = Third Test Location (Mobile station) 

4- D-T3  = Fourth Test Location (Mobile station) 

5- S-st3  = Fixed station 
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Table 3: Test locations at Lowest terrace -showing relative description of the test locations to their immediate 

surroundings. 

Description: Test locations at Shalamar Garden: Lowest Terrace 

Location Description Orientation angle-CP3 SVF G.Albedo G-Cover 

A-T3 Near B. wall 135°SE .7 .35 Grass 

B-T3   Near water 45°NE .7 .35 Grass Brick 

C-T3   Near water 315°NW .7 .35 Grass Brick 

D-T3   Near water 225°SW .7 .35 Grass 

S st.3   CPLTr4 Center point .7 .35 Grass 

 

The instruments collected data under both sunny and shady conditions on this 

terrace. On the lowest terrace, starting from point A-T3, on the south east corner of the 

square garden, which is to the north east of the middle terrace, the mobile station followed 

counter clockwise path along parametric corners , measuring variables of microclimatic 

components.  

  

3.5.2.2 Test Locations Middle Terrace 

The process for placing instruments on this level was straightforward since the 

whole terrace was largely shade free.  

1- A-T2 = First test location (Mobile station): 

2- B-T2  = Second Test Location (Mobile station) 

3- C-T2  = Third Test Location (Mobile station) 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Center	  point	  where	  fixed	  station	  is	  placed	  at	  lowest	  terrace.	  
4	  Center	  point	  at	  lowest	  terrace.	  	  
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4- D-T2  = Fourth Test Location (Mobile station) 

5- S st.2  =Fixed station  

 

Table 4: Test locations at Middle terrace -showing relative description of the test locations to their immediate 

surroundings 

Description: Test locations at Shalamar Garden: middle Terrace 

Location Description Orientation angle-CP5 SVF G.Albedo G-Cover 

A-T2 UMSG6 67.5°ENE .7 .35 Grass 

B-T2   LMSG7 112.5°ESE .7 .35 Grass 

C-T2  LMSG8 247.5°WSW .7 .35 Grass 

D-T2   UMSG9 292.5°WNW .7 .35 Grass 

S st.2   CPMTr10 Center point .7 .70 White 

marble 

 

The central water tank appeared critical for the placement of the research station as 

it covered up significant amount of ground cover on the middle terrace.  A raised marble 

stone platform in the middle of the water tank, selected as test location, is right at the center 

point of the middle terrace. Conditions sampled on this terrace were mainly sunny as there 

are no mature trees.  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  Center	  point	  of	  the	  fixed	  station	  is	  the	  middle	  terrace.	  
6	  Upper	  middle	  square	  garden	  on	  the	  right	  flank	  of	  the	  great	  water	  tank	  
7	  Lower	  middle	  square	  garden	  on	  the	  right	  flank	  of	  the	  great	  water	  tank	  
8	  Lower	  middle	  square	  garden	  on	  the	  left	  side	  of	  the	  great	  water	  tank	  
9	  Upper	  middle	  square	  garden	  on	  the	  left	  of	  the	  great	  water	  tank	  
10	  Center	  point	  of	  the	  garden	  plot	  at	  middle	  terrace.	  	  
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3.5.2.3 Test Location at upper terrace: 

In terms of the design and number of trees, the upper terrace is almost identical with 

the lowest. A northwest end square garden was selected on this terrace.  

1- A-T1 = First test location (Mobile station): 

2- B-T1  = Second Test Location (Mobile station) 

3- C-T1  = Third Test Location (Mobile station) 

4- D-T1  = Fourth Test Location (Mobile station) 

5- S st.1  =Fixed station  

 

Table 5: Test locations at Upper terrace -showing relative description of the test locations to their immediate 

surroundings. 

Description: Test locations at Shalamar Garden: Upper Terrace 

Location Description Orientation angle-CP11 SVF G.Albedo G-Cover 

A-T2 NSBW12 67.5°ENE .7 .35 Grass 

B-T2   NWT13 112.5°ESE .7 .35 Grass 

C-T2  NEC14 247.5°WSW .7 .35 Grass 

D-T2   NM15 292.5°WNW .7 .35 Grass 

S st.2   CPUTr16 Center point .7 .35 Grass 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11	  Center	  point	  of	  fixed	  station	  in	  the	  upper	  terrace.	  
12	  	  Near	  south	  end	  boundary	  wall.	  	  
13	  Near	  water	  tank	  in	  the	  middle	  of	  upper	  terrace.	  
14	  Northeast	  corner:	  This	  test	  location	  is	  close	  to	  the	  central	  pavilion	  standing	  in	  the	  
middle	  of	  the	  north	  wall	  overlooking	  the	  middle	  terrace.	  	  
15	  Located	  near	  minaret	  in	  the	  west	  end	  wall	  of	  the	  upper	  terrace.	  	  
16	  Center	  point	  of	  garden	  point	  at	  upper	  terrace.	  	  



	   54	  

Comparison of square gardens at lowest and upper terraces showed that Water 

canals however ran to the different sides, which in this case are to the southeast and 

northwest corners of the investigated gardens respectively. 

  

3.6 Data Collection Timings: Front Courtyard 

Alhmara front courtyard was investigated before the Shalamar garden. Following is 

a table showing 5 days worth of data collection in the front courtyard.  

Table 6: Data collection times and locations- Alhamra-Front courtyard. 

Mobile and Stationary stations  

Day-01 Days Start Time End time Locations Duration 

Nov27,28,29 Dec 1 & 2 05 1000 1100 A 1Hour 

Nov27,28,29 Dec 1 & 2 05 1105 1205 B 1Hour 

Nov27,28,29 Dec 1 & 2 05 1210 1310 C 1Hour 

Nov27,28,29 Dec 1 & 2 05 1320 1420 D 1Hour 

Nov27,28,29 Dec 1 & 2 05 1430 1530 E 1Hour 

Nov27,28,29 Dec 1 & 2 05 1000 1530 S st. 5.5 Hours 

 

In total, five days were spent at the Ahamra front courtyard study site Lahore. Data 

collection began on November 27, 2010, which marks the first day of study.  

 

3.7 Data Collection Timing: Shalamar Garden 

Since Shalamar is a three terraced garden, Data collection days and intervals at 

Shalamar garden can be divided into three sections, each covered once terrace at a time. 
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3.7.1 Lowest Terrace 

Two days were spent on the lowest terrace starting December 03, 2010. Table 7 

below shows times and intervals for the instrumentation used on lowest terrace.  

 

Table 7: Data collection times and locations- Lowest terrace Shalamar Garden 

Mobile and Stationary station  

Day-01 &2 Days Start Time End time Locations Duration 

Dec 3 & 4 02 1100 1200 A 1Hour 

Dec 3 & 4 02 1205 1305 B 1Hour 

Dec 3 & 4 02 1310 1410 C 1Hour 

Dec 3 & 4 02 1415 1520 D 1Hour 

Dec 3 & 4 02 1100 1520 S.st. 4Hr-20min 

 

3.7.2 Middle Terrace  

After data was recorded at the lowest level, three days, December 6,7 and 8 2010, 

worth of data collection time was spent on the middle terrace. See Table 8 below for times 

and intervals for the instrumentation used on lowest terrace. 
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Table 8: Data collection times and locations- Middle terrace Shalamar Garden. 

Mobile and Stationary station  

Day-3,4&5 Days Start Time End time Locations Duration 

Dec 6,7,8 03 1100 1200 A 1Hour 

Dec 6,7,8 03 1205 1305 B 1Hour 

Dec 6,7,8 03 1310 1410 C 1Hour 

Dec 6,7,8 03 1415 1520 D 1Hour 

Dec 6,7,8 03 1100 1520 S.st. 4Hr-20min 

 

3.7.3 Upper Terrace  

Upper terrace was investigated during the final two days of December 9 and 

10,2010. Times and intervals for the instrumentation used on lowest terrace are shown in 

Table 9 below.  

 

Table 9: Data collection times and locations- Upper terrace Shalamar Garden. 

Mobile and Stationary station  

Day-6&7 Days Start Time End time Locations Duration 

Dec 9,10 02 1100 1200 A 1Hour 

Dec 9,10 02 1205 1305 B 1Hour 

Dec 9,10 02 1310 1410 C 1Hour 

Dec 9,10 02 1415 1520 D 1Hour 

Dec 9,10 02 1100 1520 S.st. 4Hr-20min 

 

After data collection was completed it was ensured that values, recorded during 

intervening times when the mobile research station was moved between the test locations, 
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were removed.  The final data set obtained included values only when the research stations 

were in perfect stationary condition at their respective test locations.  

 

3.8 Data Analysis  

Two following methods were used to systematically analyze data: 

1- Microsoft office Excel 2011.  

2- COMFA--- ‘COMfort FormulA’ 

 

3.8.1 Preliminary Analysis 

Once data was adjusted according to the set timings, Microsoft Excel 2011 was used 

for the initial analysis. According to the objective of this study, the basic information 

obtained included comparing air temperature (Ta), relative humidity (RH), Solar radiation 

(Rsolar), wind speed (Vw),, wind direction (Dw). Average changes in variables− ∆, to 

averaged sums − ∑ were computed for analysis in the end.  

 

3.8.2 Advanced Analysis 

For this study, the COMFA model was used for the assessment of thermal comfort 

of people using data measured on six different test locations at the Alhamra front courtyard 

and fifteen more at Shalamar garden. The energy budget approach is based on a model 

where near zero balance between incoming and outgoing energy fluxes is desirable for 

achieving outdoor comfort (Brown & Gillespie, 1986).  The budget values indicate the 

human thermal sensation in an outdoor environment see Table 10.  
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Table 10: Human Thermal Budget Values of a person (W/m-2) (after Brown, 1995). 

Values Interpretation 

Budget  < -150 Would prefer to be much warmer 

-150 < Budget < -50 Would prefer to be warmer 

-50 < Budget < 50 Would prefer no change  

50 < Budget < 150 Would prefer to be cooler 

150 < Budget Would prefer to be much cooler 

 

Since study sites are situated in Lahore, Input data required to run COMFA 

efficiently called for certain city specific information to be added such as solar elevation 

and information of local ensembles. Shalwar Kameez, (Loose straight shirt and trouser), a 

popular local dress and is very different from clothing types used in original COMFA 

model. See in Table 11 below for a list of clothing generally used in Lahore and later added 

to the COMFA model for this study.  

 

Table 11: Lahore: Local ensembles- (mostly used by people on both study sites) where Rc= Clothing 

resistance and P= Polyester – information taken from COMFA. 

Clothing types rco  P 

Salwar Kameez: loose trousers (65P/35C), loose fitting tunic 

(65P/35C) 
110.33 27 

Salwar Kameez: loose trousers (C), loose fitting tunic (C) 86.02 4.9 

Salwar Kameez: loose trousers (Nyl), loose fitting tunic (Nyl) 100.98 577 

Sherwani: national dress, long (flannel (80P/20C)) 59.84 70 

Sherwani: national dress (C) 93.5 84 

T-shirt, long pants, socks, shoes or boots  

 
75 150 
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Besides clothing and solar elevation information, other important variables used to 

run COMFA include location, time, M17, Tair, Vw, RH, clothing Ag
18

 , Rabs
19,  SEl

20 and SVF. 

In the end Rabs and human thermal comfort values (W/m-2) were computed for the final 

assessment of microclimatic conditions.  

 

According to the initial arrangement of study, various and different set of design 

permutations, developed on the summary of results, were to be tested using COMFA for 

their potential viability. It could not be achieved however because the upper temperature 

limit provided in COMFA did not match the higher temperatures recorded in the city of 

Lahore. It was actually to determine whether or not a person would feel comfortable and 

how much effect a certain design would have on the microclimatic conditions at Alhamra 

front courtyard and hence the most appropriate.  

 

In order to address this issue, proposed design interventions were carefully based on 

strong research findings that have been founded to be in close agreement with this study. In 

the following chapter, comparison charts of mobile and fixed stations were presented. 

Numeric budget values were used to graph charts in Microsoft Excel 2011 towards the very 

end. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17	  Metabolic	  rate	  
18	  Albedo	  of	  ground	  
19	  Total	  amount	  of	  radiation	  absorbed	  
20	  Solar	  Elevation	  of	  particular	  study	  location.	  	  
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3.9 Summary  

This chapter has described the processes that were adopted and means of details 

involved in collecting on-site data. Two sites were selected within Lahore. Data were 

collected under clear conditions, mostly sunny.  More than 12 study days were spent on 

both sites for the data collection. Study could not be performed on one certain day because 

of the overcast weather conditions in the city. Data was sampled every 1 minute using an 

accurate set of instruments. Results were gained through data analysis using Microsoft excel 

and the COMFA model. The COMFA model could possibly relate well in modeling 

alternating design scenarios in the Alhamra front courtyard if certain prior changes would 

have been made. The following chapter describes the results obtained through data collected 

using the above-mentioned methodology.  

 

4.0 Results and Analysis  

This chapter is mainly comprised on two parts. First part describes raw data and the 

initial analysis. Second part will mainly discuss COMFA analysis and more detailed results. 

  

 First section on raw data may be further divided into the following sub sections 

where microclimatic measurements, interpretive charts and results are discussed.  

 

 Second section of COMFA analysis will describe on difference of energy budget 

values between Alhamra front courtyard and Shalamar garden. Hottest day conditions were 

modeled next. Last section will conclude this chapter with a summary of final results.   
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4.1 Weather Conditions and Data Collection: 

The two study sites are 6 km away and Alhamra front courtyard is WSW of the 

Shalmar garden. Similar data collection day condtions were ensured and when on certain 

days weather conditions were observed to be slightly overcast, data collection was called 

off. 

  

Relative humidity levels at local weather station and Alhamra front courtyard were 

compared. Local weather station was 6% more humid than Alhamra. Shalamar garden when 

compared was less than 1% more humid than the local weather station.  

 

In this study, relationship was measured between data collected on two study sites 

and the local weather station. It was confirmed however, that overall microclimatic data 

recorded on both study sites were in close accordance with the local weather station and  

showed insignificant differences. Therefore it was established that data, collected on-site 

using meteorological instrumentation, appeared an accurate source and is a precise indicator 

of the microclimatic parameters. 

 

The wind speeds at local weather station were recorded using instruments 10m 

above ground level. Whereas on-site wind speeds were measured 1.5m above ground level. 

To see how closely the wind velocities (Vw) recorded on both sites are related, the following 

equations were used: 

W(1.5) = U10  x {[In(1.5/zos)]/6.65} .  

Where 

U10 = Wind speed at 10m above ground level  
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Zos  = a constant based on the height of the vegetation at the test site (zos= 0.13 x 

height of vegetation. 

 

In the end it was noted that wind speeds were almost same and did not differ more 

than 2 m/s and demonstrated a strong relationship of data collected from three different 

locations. The slight variation in  wind speeds, measured between different test locations at 

Alhamra and Shalamar were assessed partly to be the result of immediate physical 

landscape characters present on both sties.   

 

4.2 Data Analysis: 

Raw data measured on both sites provided below in Tables 12 & 13will show both 

average daily and hourly values. In Tables 14 & 15 net difference in values for Alhamra and 

Shalamar garden are given after data from both study sites were subtracted from the 

microclimatic variables measured at local weather station. Out of 12 study days, charts 

worth one day at each site comparing mobile and stationary test locations are included. 

Next, comparative charts of study sites and local weather station are given .  

 

4.2.1 Raw Data– Measured on Both Study Sites  

Original data measured on both study sites is provide below in three steps: 

Daily average max and min values of each variable, measured during 12 days of study 

period, is given, see Table 12. Local weather station’s measurements were also acquired and 

were used for the initial assessment of meteorological data.  
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Data measured on both sites were recorded at1-minute interval. It was than averaged 

out to the hourly values starting from 1000 – 1500 for each study day. In Table 13, hourly 

averaged out data is than compared with the local weather station.  Finally,for net difference 

in change (Δ) , raw data were subtracted from the local weather station see Tables 14 and 

15.    

 

Table 12: Raw Data: Average daily values of 12 study days – Variables given below were concurrently 

recorded at Local weather station and both study sites. 

Date Tw 

(°C) 

Ta 

(°C) 

Ta 

(max)

(°C) 

Ta 

(min) 

(°C) 

RHw 

(%) 

RH 

(%) 
RHmax 

(%) 

RHmin 

(%) 

Vw 

(m/s) 

V 

(m/s) 

Rsolar 

(w/m2) 

 

Wind 

dir. 

Nov 27-Al 23 25 26 21 36 25 36 17 3.14 3 595 WNW 
Nov 28-Al 23 23 25 21 35 29 31 26 3 2.8 595 WNW 
Nov 29-Al 23 23 24 19 31 30 40 22 2 2 595 WNW 
Dec 01-Al 23.5 22 24 20 32 29 35 24 2.5 .6 532 WNW 
Dec 02-Al 21 22 23 19 34 29 42 23 2 .7 532 WNW 
Dec 03-Shl 23 22 22 20 37 30 38 24 1.8 1.5 532 W 
Dec 04-Shl 20 20 21 19 33 39 44 33 2 .8 532 NNW 
Dec 06-Shl 22 21 22 20 46 47 57 42 1.8 .5 532 WNW 
Dec 07-Shl 21 20 21 18 44 45 55 38 2 .5 532 NNW 
Dec 08-Shl 20 20 21 17 41 39 50 33 2 1 532 NNW 
Dec 09-Shl 19 19 20 18 45 44 56 37 1.33 .3 532 WNW 
Dec 10-Shl 19 19 20 17 52 44 54 37 1 .2 532 NNW 

Where Tw= Average daily air temperature at local weather stations; Ta= Daily average air temperature at 

Alhamra front courtyard; Ta(max)= Maximum air temperature at Alhamra; Ta(min)= Minimum air temperature at 

Alhamra; RHw= Daily average relative humidity at local weather station; RH= Daily average relative humidity 

measured at Alhamra; RHmax= Daily maximum relative humidity at Alhamra;  RHmin= Daily minimum relative 
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humidity at Alhamra; Vw= Daily average wind speed at local weather station; V= Daily average wind speed 

measured at Alhamra; Rsolar= Average amount of solar radiation received by person standing under clear sky at 

Alhamra and Wind dir is showing daily wind directions measured at Alhamra.  

 

It is important to note in Tables 12 that all the variables were measured using 

microclimatic instrumentation on both study sites. Due to an error noticed in solar radiation 

values from one of the two pyranometers used for this study, theoretic values were 

calcualted using COMFA as are shown in second column from right, see Table 12. Before 

including, these values were compared with an accurate solar radiation data measured using 

second pyranometer at mobile station. In the en all solar radiation values recorded with 

pyranometer at stationary station were removed and replaced with theoretic solar radiation 

data. Prevailing winds in Lahore were observed to be predominantly westerlies except from 

north for 4 days in December see Table 12. 
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Table 13: Averaged out hourly measurements:  Raw data were used against local weather station.  

Date Time Front Courtyard-Al Shalamar Garden Weather station 

Nov 27	  
	  

 

Avg. 

At. 

Ta 

(°C) 

RH 

(%) 

Rsolar 

(w/m2) 

Vw 

(w/m2) 

 

 

 

 

Ta 

(°C) 

RH 

(%) 

Rsolar 

(w/m2) 
Vw 

(w/m2) 

 

Ta 

(°C) 
RH 

(%) 
Vw 

(w/m2) 

 

 

 

 

 1000 21 33 664 1.33 – – – – 18 40 2 
 1100 22 34 697 .79 – – – – 20 43 3 
 1200 24 30 593 1 – – – – 22 35 3.5 
 1300 25 24 690 1.5 – – – – 24 34 4 
 1400 26 20 434 1.5 – – – – 26 32 3 
 1500 26 19 373 1 – – – – 27 32 3 
Nov 28 
 

1000 21 31 523 1 – – – – 18 49 2 
 1100 23 31 633 .8 – – – – 20 40 3 
 1200 24 30 668 2 – – – – 23 33 5 
 1300 24 28 546 .6 – – – – 24 34 3.5 
 1400 24 28 106 .5 – – – – 25 32 3.5 
 1500 24 26 337 1.5 – – – – 25 32 3 
Nov 29 
 

1000 19 39 499 1.5 – – – – 18 45 1.5 
 1100 22 32 686 .8 – – – – 20 33 1.5 
 1200 23 29 554 1.5 – – – – 22 33 2 
 1300 23 30 611 .6 – – – – 25 26 3 
 1400 24 25 406 .5 – – – – 25 29 2 
 1500 23 30 209 .3 – – – – 25 34 2 
Dec 01 

 

1000 20 35 611 1 – – – – 19 43 1.5 
 1100 21 31 751 .5 – – – – 20 33 2 
 1200 22 30 512 .8 – – – – 23 31 2 
 1300 24 25 636 .1 – – – – 24 29 3 
 1400 23 24 159 .3 – – – – 24 29 3 
 1500 23 25 298 .6 – – – – 25 29 1.5 
Dec 02 

 

1000 21 35 523 .3 – – – – 18 46 .5 
 1100 20 41 261 .8 – – – – 20 40 1.5 
 1200 22 30 606 .5 – – – – 21 35 2.5 
 1300 23 25 613 .8 – – – – 22 33 3 
 1400 23 26 148 .9 – – – – 24 25 3.6 
 1500 22 25 327 .3 – – – – 23 22 3 
Dec 03	  

 

1100 – – – – 21 34 514 .5 17 42 .5 
 1200 – – – – 21 29 508 .5 20 40 1.5 
 1300 – – – – 22 30 405 .5 22 31 2 
 1400 – – – – 22 29 380 1.5 23 31 3 
 1500 – – – – 22 30 194 .5 23 31 3 
Dec 04	  

 

1100 – – – – 19 40 573 .2 18 40 3 
 1200 – – – – 19.5 41 558 .5 20 35 2 
 1300 – – – – 20 39 428 .2 21 31 .5 
 1400 – – – – 21 36 432 .25 21 31 1.5 
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 1500 – – – – 21 37 150 .7 22 29 3 
Dec 06	  

 

1100 – – – – 20 55 458 .6 20 49 1.5 
 1200 – – – – 20 48 527 .8 21 46 1.5 
 1300 – – – – 21 46 463 1 22 43 1.5 
 1400 – – – – 22 43 319 .1 23 44 2.5 
 1500 – – – – 21 46 173 .5 23 44 2.5 
Dec 07	  

 

1100 – – – – 18 55 513 1.5 18 30 2.5 
 1200 – – – – 20 52 553 .8 19 52 2 
 1300 – – – – 22 41 606 .6 21 46 2 
 1400 – – – – 21 42 421 .25 22 46 1.5 
 1500 – – – – 21 40 232 .5 22 43 1.5 
Dec 08	  

 

1100 – – – – 17 49 568 .2 17 52 2 
 1200 – – – – 19 44 540 1 19 43 2.5 
 1300 – – – – 20 38 623 .2 20 40 2.5 
 1400 – – – – 20 36 445 .2 21 38 2.5 
 1500 – – – – 20 36 244 .5 22 38 2 
Dec 09	  

 

1100 – – – – 18 55 320 .5 17 52 .5 
 1200 – – – – 19 46 325 .2 19 46 1.5 
 1300 – – – – 20 41 435 .5 19 46 1.5 
 1400 – – – – 20 42 293 .8 20 43 1.5 
 1500 – – – – 19 41 183 .3 20 40 1.5 
Dec 10 1100 – – – – 17 49 362 .8 16 63 1.5 
 1200 – – – – 19 42 329 .4 18 59 1 
 1300 – – – – 20 41 421 .8 20 52 1 
 1400 – – – – 20 45 274 .5 21 46 .5 
 1500 – – – – 20 46 180 .15 21 43 1.5 
             

 

Contrary to the common belief, the differences between study sites were not bigger 

as it is evident from Table 13. Values recorded between the 1000 to 1200 were however 

relatively higher than afternoon hours. Since  data measured during November and early 

December, morning and noon hours at this time of the year considered usually more hotter 

in Lahore than the afternoons. Relative humidity (RH) decreased by 3-4% as day wore on. 

However air temperature (Ta) rose between the range of 2-3 °C during afternoon hours. In 

afternoon, overall decrease in solar radiation was noticed  and was recorded 200 to 300 
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W/m-2 less than the noon hours. Wind flow on both sites however was not predictable and 

ranged from occasional gusts to absolutely calm through out the day. 

  

In the follwing Table 14 average change in values (Δ) calculated using variables 

measured in Shalamra garden is given. Average change in values (Δ) for all variables 

measured at Alhamra front courtyard is given in Table 15. 

 

Table 14: !  Ta , !  RH , !  Vw: Weather station minus Shalamar Garden. 

Shalamar Garden Days  Δ  Ta (°C) 

W.st-Shal. 

Δ  RH (%) 

W.st-Shal. 
Δ  Vw (m/s) 

W.st-Shal. 

 1 -.47 3.60 1.5 

 2 .66 -5.89 1.83 
Net difference at Lowest terrace  .09 -1.14 1.7 

 3 1.33 -3.14 1.11 

 4 .49 -2.18 1.47 

 5 .69 .84 1.60 
Net difference at Middle terrace .84 -1.49 1.40 

 6 .28 -.19 1.06 

 7 .69 6.0 .23 
Net difference at Upper terrace .48 2.91 .64 

Net Ta diff.: Weather station- 

Shalamar garden– 07 days 

 

.47 

 

.09 

 

1.2 
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Table 15: !  Ta , !  RH , !  Vw: Weather station minus Alhamra front courtyard. 

Alhamra: Front Courtyard 

 Days  Δ  Ta (°C) 

W.st-Al. 

Δ  RH (%) 

W.st-Al. 
Δ  Vw (m/s) 

W.st-Al. 

W.station - Alhamra = Net difference 1 -1.44 10.30 2.64 
W.station - Alhamra = Net difference 2 -0.33 7.37 2.43 
W.station - Alhamra = Net difference 3 0.51 1.59 1.36 
W.station - Alhamra = Net difference 4 .72 4.46 1.70 
W.station - Alhamra = Net difference 5 -0.98 7.83 1.36 

Net Difference– 05 days -.30 6.31 1.90 

 

It may be noted, see Tables 14 & 15 that average change in values obtained, 

subtracting raw data from the local weather station, were negligible.  

 

Air temperature at local weather station was less than .5 (°C) different from Alhamra 

fornt courtyard.Relative humidity at Alhamra front courtyard measured 6% higher than 

Local weather station. Wind speeds were higher by 2 m/s at weather station than at study 

sites. It could be due to the absence of the roughness elements in landscape. 

Wind speeds varied in the case of Alhamra front courtyard, therefore airflow, although 

important in terms of its absolute value, did not appear to have modifying role in its present 

physical design. In the next step, using one day’s of data from each site; interpretive charts 

have been provided below.   

 



	   69	  

4.2.2 On-Site Comparison Charts: Mobile vs. Stationary Test Locations 

The next question of this study was to examine how different are physical 

characteristics around both sites and their impact on human thermal comfort so therefore a 

comparison of mobile and stationary station at each site was performed. In order to compare 

stationary and mobile test locations, raw data of one day at each study site, recorded on 

November 27 and December 03,were used to prepare the following 6 charts that are shown 

below in Figures 17 to 21. Variables compared include air temperature, relative humidity, 

wind speed and solar radiation. Sequence of charts is in the following order: 

− Compare Ta and RH: Shalamar garden stationary station vs. mobile station. 

− Compare Ta and RH: Alhamra stationary station vs. mobile station. 

− Compare Vw : Shalamar garden stationary station vs. mobile station 

− Compare Vw : Alhamra stationary station vs. mobile station 

− Compare Rsolar : Shalamar garden stationary station vs. mobile station. 

− Compare Rsolar : Alhamra stationary station vs. mobile station. 
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Figure 16: Ta &RH : Compared at Shalamar garden : Five mobile test locations vs. Stationary station. 

 

Figure 17: Ta & RH: Compared at front courtyard: Five mobile test locations vs. stationary station. 
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Figure 18: Wind speed compared on Shalamar garden: Five mobile test locations vs. stationary station. 

 

Figure 19: Wind speed compared at Alhamra front courtyard: Five test locations vs. stationary station. 
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Figure 20: Solar radiation compared at Shalmar garden: Five test locations vs. stationary station. 

 

Figure 21: Solar radiation compared at Alhamra front courtyard: Five test locations vs. stationary station. 
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Air temperature, RH and wind speeds at Alhamra front courtyard were not much 

different than Shalamar garden. Noticeable difference were marked in Rsolar, differences in 

solar radiation values were identical when test locations were under sun. Test locations 

under shade measured much less.  

 

Temperature of air (Ta) did not seem to be much affected by both under shade or full 

sun conditions.  The wind speed was also found to be weak between the range of .5 to 1m/s 

both at Shalamar garden and Alhamra front courtyard. However, it was noted that, on test 

location C and D, due to close proximity to the main roads, wind turbulence was relatively 

higher and likely caused by the fast moving vehicles, resulting in occasional peaks as can be 

seen in Figure 19. Relative humidity, before noon, was observed to be higher at Shalamar 

garden by 10% than at Alhamra front courtyard. In general, Alhamra, with 20-30% 

humidity levels, was the least humid site  

    

4.2.3 Study Sites and Local Weather Station: Comparison Charts  

Scope of study also warranted comparison of Shalamar garden and Alhamra front 

courtyard with the local weather station.  Data measured at the local weather station 

between November 27,2010 and December 10,2010 were used to match the on-site 

recorded measurements.  Three variables; Temperature of air (Ta), relative humidity (RH) 

and wind speeds (Vw) were compared on these location, see Figures 22,23,24 and 25.  
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Figure 22: Air temperature and relative humidity comparison: Shalmar garden vs. Local weather station 

 

Figure 23: Air temperature and relative humidity comparison: Alhamra vs. Local weather station. 
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Figure 24: Wind comparison: Shalamar garden vs. Local weather station. 

Figure 25: Wind comparison: Alhamra vs. Local weather station. 
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Physical measurements recorded at both sites were plotted against the local weather 

station. Important findings have been provide below:  

− Given instrumentation height at 1.5 meter above ground, air temperature values, see 

Figure 22 and 23, were not much affected by shaded or un shaded test locations. 

This has agreed well the with the basic principle where any surface to air 

temperature difference that is associated with convection tend to usually occur 

within the first meter of an object and thus remained unaffected when measure under 

different locations at three sites. Since air temperature values at Alhamra front 

courtyard were not measured on the same day as Shalamar garden, Alhamra front 

courtyard measured 5-6 °C hotter than Shalamar.   

− Relative humidity measured at Shalamar garden was in the range of 30% before 

noon and, increased about 3-4% during afternoon hours. However, local weather 

station was 10% more humid than Shalamar garden and measured 40% see Figure 

22. Alhamra front courtyard measured10% and 20% less humid than Shalamar 

garden and the local weather station respectively and therefore was examined to be 

the least humid site.  

− December 03,2010, day 1 at Shalamar garden, was measured with relatively greater 

wind speeds than the remaining 11 days at both sites. Average speed of in-flowing 

wind was measured at .5 – 1.0m/s. Overall, wind speed patterns were either very 

gentle or absolute calm.  

 

After thorough investigation and initial findings discussed above, Tair, RH and Vw 

were not greatly affected by the physical landscape characteristics present on Alhamra front 

courtyard and Shalamar garden. Landscape design elements at Local weather station, when 
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examined against both sites, also showed to have an insignificant affect on three variables 

mentioned above. In the end, therefore to answer what is the main difference between the 

two study sites, it appeared to be the total amount of ‘Radiation’. Distinct differences in 

radiation loads between shaded an un-shaded locations can be seen in Figures 20 and 21. 

High angle of the incoming solar rays, resulting in much of the short wave radiation being 

reflected and absorbed by the impermeable surfaces around, appeared to be causing huge 

difference in human thermal discomfort. This is mainly a combination of short wave 

radiation from above and long wave radiation fluxes from below cumulatively resulting in 

greater heat stress and generating higher energy budgets. In order to see how important is 

radiation factor in human thermal comfort, COMFA was used for the further results.  

4.3 COMFA Analysis 

In the next step of study, using COMFA, comparison between all three measuring 

sites; local weather station, Shalamar garden and Alhamra front courtyard was performed. 

COMFA analysis may be divided into three parts. First part deals with human thermal 

comfort assessment based on energy budget values (W/ m2), calculated from a comparison 

of study sites and the local weather station. To establish whether or not Rabs is the sole 

contributing factor for causing human thermal discomfort, second part compared energy 

budgets with Rabs. Furthermore, in the third and last part, hottest day conditions, using data 

recorded on May 26,2010, were modeled. Hottest day conditions in Lahore were included in 

order to gauge the much greater limits of thermal discomfort experienced by a person 

during peak summer time in Lahore. Data were acquired from website called weather 

underground. Again, when analyzing hottest day conditions, same process of comparing 

energy budget values with Rabs was repeated.  
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4.3.1 COMFA- Analytical Method 

COMFA energy budget calculations are the result of different sets of meteorological 

data inputs. These are primarily based on ground conditions, tree canopy, air temperature, 

wind speed, relative humidity and radiation levels .The primary aim for using COMFA was 

to analyze the effect of solar radiation on the assessment of human thermal comfort. Solar 

radiation values in COMFA can help establish the causing factor for unpleasant 

microclimates at Alhamra front courtyard.  

The COMFA method mainly consists of the following basic formula expressing the 

energy budget of a person in an outdoor environment.  

Budget = M + Rabs – Conv – Evap – TRemitted  

Where M is the metabolic energy used to heat up the person, Rabs is the absorbed 

solar and terrestrial radiation, Conv is the sensible heat lost or gained through convection, 

Evap is the evaporative heat loss and TR emitted is the emitted terrestrial radiation. 

  

When the budget is near zero, a person can be expected to be thermally comfortable. 

If the budget presents a large positive value, the person receives more energy than lost, so 

overheating could occur and the person would be uncomfortably warm. Moreover, if the 

budget is negative the person could be cool. (Brown & Gillespie, 1995). 

 

The overall amount of the toral solar radiation absorbed by a human body can be 

calculated as follows  

Kabs = (T+D+ S+R) ( 1-A),  

Where T is the direct solar radiation received by a person, D is the diffuse solar 

radiation received by the person, S is the diffuse radiation reflected from objects in the sky 
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onto the person, R is the solar radiation reflected from the ground surface onto the person, 

while A is the albedo of the human body. 

  

Using the COMFA, a person, standing outside was modeled under shade and open 

sky.  In order to improve the accuracy, the COMFA model was tailored with specific 

applications appropriate to the city of Lahore. Some external parameters considered 

important for the assessment of human  thermal comfort condition calculations. The main 

differences between human thermal conditions include: 

   

a- Clothing 

b- Activity level 

c- Solar exposure period  

 

These factors were taken into consideration. During data collection days, local 

ensemble called shalwar kameez was observed to be overwhelmingly used on both study 

sites. Activity level of a person was modeled as standing and solar exposure time was one 

hour when test location was under sun.  

 

4.3.2 Solar Exposure at Test Locations: Shalamar Garden 

In Table 16 below, test locations on all three terraces inside Shalamar garden are 

shown. Shaded and unshaded test locations are provided using three rows for each terrace. 

Because of no mature trees at all , middle terrace is the only exceptions where all test 

locations were measured under full sun. Upper terrace was also measured under full sun  
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except for one mobile test location of AT1. This may partly be explained by the placement 

of instumentaton relative to the Solar path which resulted in greater solar exposure at this 

terrace.  

 

Table 16: Solar exposure for a person standing at different test sites inside Shalamar Garden Lahore. 

          Test Locations Shalamar Garden  

Lowest terrace AT3 BT3 CT3 DT3 St.st3 

Sexposure S Sh S Sh S 

Middle Terrace AT2 BT2 CT2 DT2 St.st2 

Sexposure S S S S S 

Upper Terrace AT1 BT1 CT1 DT1 St.st1 

Sexposure Sh S S S S 

      

Where Sexposure = Sun exposure; S= under sun; Sh= Shade  

 

4.3.3 Solar Exposure at Test Locations: Alhamra Front Courtyard 

In the context of Alhamra front courtyard Table 17 shows mobile and stationary test 

locations. During data recording time stationary station remained under full sun. Mobile test 

locations A, C and E were also measured under full sun. Test locations B and D were 

however measured under mature tree shades.  
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Table 17: Solar exposure for a person standing under different test locations at Alhamra Arts council front 

courtyard, Lahore. 

 Test Locations Alhamra Front Coutyard 

Front courtyard A B C D E Fixed st 

Sexp S Sh S Sh S S 

Where Sexposure = Sun exposure; S= under sun; Sh= Shade 

 

4.3.4 Energy Budget Assessments 

	   In the following step, using COMFA, human theraml comfort of a person is 

analyzed. Both study sites are compared with local weather station.  

 	  

4.3.4.1 Alhamra vs. Weather Station  

	   In Figure 26 local weather station against Alhamra front courtyard is shown. Five 

days average energy budget values calculated for Alhamra front courtyard were 114 W/m2, 

compared with 81 W/m2 at the local weather station. Therefore, on an average person at 

Alhamra would experience 33 W/m2  of more energy than at local weather station. 

Maximum energy budget value of 175 W/m2 was recroded at 1300 hours at Alhamra front  

courtyar compared followed by 132 W/m2 of energy budgets values measured for  local 

weather station at precisely the same hour.  
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Figure 26: 05 days Energy budget values comparison: Alhamra front courtyard vs. weather station 
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Shown in figure 27, a person standing in the middle of the front courtyard at 

Alhamra would receive an additional 55 w/m2 of energy than at the weather station. Larger 

net energy budget differences occurred between 1100 –1300 hours and reached their 

maximum values ranging between 44-55 w/m2. Net difference in budget values was less, 

however on days 3 and was measured at 43 w/m2. Alhamra front courtyard and local 

weather station were measured at 175 and 132 w/m2 respectively and thus were the warmest 

locations during the whole 5 days of testing period. Alhamra front courtyard at 175 w/m2 
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 Figure 27: Alhamra vs. Local weather station: Net difference of energy budget values. 
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generated 25 W/m2 more than the energy budget threshold value of 150 w/m2 when a person 

would prefer to be much cooler. Results suggested that local weather station remained well 

within the range 0 – 150 W/m2.  

 

4.3.4.2 Shalamar vs. Weather Station  

It is markedly distinct in Figure 28 that differences were larger for measuring sites 

where there were trees vs. no trees at all. As a consequence, it was evident from results that 

middle terrace inside Shalamar garden was too warm because of no trees. Mature trees, as 

in the case of lowest and upper terraces, promoted pleasant microclimates and has appeared 

to be the most effective strategy in mitigating heat stress as has substantially been advocated 

in (Toudert et al., 2005; Toudert & Mayer, 2007). Difference between shaded and un-

shaded test locations as shown in Figures 28 and 29 were more pronounced during noon 

times. Quantitatively, results show higher levels of energy budget values are produced 

under non-shaded locations than the shaded ones. 

 

Both measuring sites remained well under 0 – 150 W/m2. Seven days data measured 

at local weather station starting Dec 03 2010, consecutively measured less than 100 w/m2. 

Average energy budget value of seven days at Shalamar garden was 70 w/m2 compared with 

57 W/m2 at local weather station.  
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Figure 28: Shalamar garden vs. Weather station: HTC values - Three terraces plotted against local weather 

station. 
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Figure 29: Shalamar garden vs. Weather station: Net difference of energy budget values is shown. Top three 

lines are showing un-shaded middle terrace inside Shalmar garden Bottom four line are representing 2 days 

each on upper and lowest terrace.  
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with saplings  and offers no trees at all. There is a big water pond in the middle of this 

terrace with a series of fountains spraying water mist in the air.  In Figure 29, top three lines 

indicate HTC values of a person standing on middle terrace .  It was found through 

investigation that during the middle of the day neither the upper nor lower terraces were as 

hot as the middle terrace appeared to be. A person standing in the middle terrace under an 

open sky would be receiving on an average upwards of  70 w/m2 more energy than on the 

remaining two terraces.  This is reflected in the month of December and if calibrated with 

the hottest day conditions, would most likely be a decisive factor in human thermal comfort.  

 

The amount of energy received by a person standing at weather station was almost 

similar  as would be for a person standing anywhere in Shalamar garden except for the 

middle terrace which is clearly hotter than its neighboring terraces. Results showed middle 

terrace to be much hotter before and around noon where difference in energy budget values 

reached 89 W/m2 . Afternoon hours showed substantial decrease and were in the range of 

10-20 W/m2.  Energy budget values on lowest and upper terraces were almost identical 

measuring 22-103 W/m2  and 7-104 W/m2,  therefore suggested a relationship  of design 

similarities predicting closely at the amount of energy produced.  

  

Some imporant results are given below  comparing Alhamra front courtyard with 

Shalamar garden.  

 

− The energy budget range for Shalamar garden  (07 days) was recorded between 0 to 

179 W/m2 

− The energy budget range for the weather station was recorded between 0 to 95 W/m2 
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− A person standing in the middle terrace was found to be  receiving 93 W/m2 more 

than at the weather station because of no mature trees at all.  

− Upper  and lower terraces were recorded between 0 to 15 W/m2 higher than the 

weather station.  

 

We know from Figures 26 and 27 that Alhamra front courtyard measured 175 W/m2 

and was hotter than the local weather station by 55 w/m2. Investigation showed even greater 

difference of 80 W/m2 in energy budget values between Alhamra front courtyard and 

Shalamar garden were found, thus far, elucidating Alhamra front courtyard to be the hottest 

place.  

 

4.3.5 Rabs Assessment  

We know from the previous section on energy budget assessment that Alhamra front 

courtyard is the hottest place among three measuring sites in Lahore. Next, it was needed to 

take investigation one-step further and perform focused Rabs assessment aimed at fixing 

microclimatic variable causing discomfort.  

 

4.3.5.1  Alhamra vs. Weather Station 

In Figure 30 Rabs values have been compared between Alhamar front courtyard and 

the local weather station. When upper limit values measured during 1100 – 1300 hours were 

subtracted, Alhamra front courtyard appeared precisely to be generating 40W/m2 more 

energy than at local weather station. Net differences between Rabs and energy budget values 

at Alhamra were also compared and it was found that Rabs values were 15 W/m2 less than 
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the energy budget difference of 55 W/m2, see Figure 27. Both Rabs and energy budget 

values, measured during morning and afternoon hours, are in close accordance see Figures 

26 and 30. Maximum rise in Rabs was noted between noon hours when Alhamra front 

courtyard and local weather station were measured at 491 and 451 W/m2 respectively. 

Minimum values of 334 W/m2 and 337 W/m2   were however measured however 

between1500 –1600.   
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Figure 30: Alhamra front courtyard vs. Weather station: Total amount of radiation absorbed by a person. 
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Figure 31: Alhamra front courtyard vs. Weather station: Net difference in Rabs values 
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courtyard were informed by the the equal amount of corresponding increase in Rabs. This 

finding is in agreement with  (Kantor & Unger, 2011) that in urban environments the 

radiation absorbed by a standing person under a clear and unobstructed sky is derived 

mainly from the long wave radiation domain and less than 30%  results from direct solar 

radiation during the day time. However solar radiation is highly modifiable and thus can be 

effectively controlled.  

 

4.3.5.2  Shalamar vs. Weather Station   

Shalamar garden compared with local weather station was also observed to have 

higher Rabs values. Seven days average of Rabs  values ranged 416 W/m2 at Shalmar garden. 

At local weather station it was 380 W/m2. Reason for this difference in values, although not 

substantial, is due to middle terrace. Three days of data measured on middle terrace caused 

overall number to go up for Shalamar garden. Less middle terrace, when Shalamr garden 

was compared with local weather station, both sites measured equal amounts of Rabs. Values 

respectively ranged 389 and 379 W/m2 for local weather station and Shalamar garden. 

Whereas, comparison of middle terrace and Rabs data of exact dates from local weather 

station showed some interesting results. Middle terrace appeared hottest place and produced 

452 W/m2 during three days as compared with 383 W/m2 at the local weather station see 

Figures 32 and 33.    
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Figure 32: Shalamar garden vs. Weather station: Rabs values. 
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Figure 33: Shalamar garden vs. Weather station: 07 days Net difference in Rabs values. 
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result loclized effect of  urban heat island (UHI) effect  is produced in certain parts of the 

garden.  

 

Figure 33 shows the unshaded middle terrace,where there are no mature trees 

impeding the incoming solar rays. Another explanation for this difference in human comfort 

at this terrace is its size. Because this terrace is smaller in  area, surface area is more as 

opposed to the buildings and walkways.  This results in a person receiving more terrestrial 

and direct solar radiation. Some of the key findings in this regard are provided below. 

− The total amount of radiation absorbed by a person standing at the middle terrace 

ranged  between 354 -502 W/m2.  

− The remaining  four days’ worth of data collected at the upper and lower terraces 

ranged between 323-422 W/m2 and is likely a good predictor of substantially 

pleasant microclimates and can also be a big difference during summer time.  

− A person standing at the middle terrace was found to be  receiving 28-95 W/m2  

more energy loads than at the  weather station, owing largely to its literal 

unshadedness.  

− The upper and lower terraces were measured with 3 and 17 W/m2 higher Rabs values 

than at the local weather station.  

 

At Shalamar garden, Trees and ground cover (grass) together are vital physical 

landscape characteristics responsible for less thermal admittance. Another positive feasture 

throughout summer season is water mist being sprayed into the air enhancing evaporative 

cooling effects.  
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After the assessments of energy budgets and Rabs it is therefore, established in the 

end that net difference in energy budget values in amount appeared almost equal with the 

net difference in values calcualted for Rabs. Figures 27 and 31 showing net energy budget 

values  and  Figures 29 and 33 showing net difference in Rabs values, are suggested for quick 

reference in this regard. This was hence proved that higher Rabs values were reliable 

predictor of the increased energy budgets valeus measured on all three measuring location 

in Lahore.  

 

4.3.6 Hottest Day Conditions: Energy Budget Analysis  

Following section deals with energy budget values and therefore thermal comfort of 

person modeled on a hottest day conditions in Lahore. Alhamra front courtyard, Shalamar 

garden and Lahore prevailing condtions have been carefully examined in the following 

section.  

 

4.3.6.1 Lahore Prevailing vs. Shalamar vs. Alhamra Front Courtyard 

As mentioned already in this study, on-site data measurement time spanned late 

November to early December 2010 and therefore could not be used to reflect on the precise 

human thermal comfort range during summer time in Lahore. In order to understand that 

range, hottest day conditions were deemed necessary and modeled for this study. In that, 

Lahore prevailing conditions were weighted against two study sites. Data downloaded from 

website called weather underground were measured at local weather station that is situated 

at Allama Iqbal International Airport Lahore. First of all, Data measured during calendar 

year 2010, were downloaded. After careful data examination, May 26,2010 was selected as 
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hottest day. Although it was hottest day of the year 2010, yet temperature differences 

between typical hot days in Lahore and the hottest day (May 26 in this this case) were very 

insignificant.  One limitation faced was that that local weather station did not measure solar 

radiation values and hence there was no record. Once again, using COMFA, theoretic solar 

radiation values were generated. A detailed data however, on air temperature, relative 

humidity and wind speeds were readily available for this study.   

 

 

Figure 34: Energy budget assessment modeled on hottest day conditions: Local weather station vs. Alhamra 

front courtyard vs. Shalamar garden. 
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Figure 35: Energy budget assessment modeled on hottest day conditions in Lahore: Net difference of energy 

budget values: Local weather station vs. Alhamra front courtyard vs. Shalamar garden.  
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may take notice of energy budget values around 1200 hours already reaching 173 W/m2. 

Contrary to the general perception that middle terrace will be much hotter; it appeared as 

much pleasant as the remaining two terraces with a difference of just 5 W/m2. Part of 

explanation for this may be that in COMFA ground surface material was changed from 

grass, as was the case in earlier analysis where on-site data were used, to water on a hottest 

day conditions. It was done because middle terrace is predominantly covered with a big 

water pond, covering large surface area in the center of this terrace. Albedo of water surface 

would also have played an important role largely because of the high sun angle during noon 

hours, instantly reflecting much of the incoming solar radiation. Beside water, extensive use 

of light colored surfaces on this terrace (white marble stone) might have resulted in an 

overall less energy to be stored and radiated back onto the users. 

   

Lahore prevailing conditions ranged between 260 – 358 W/m2 and produced 

significantly higher amounts of energy for a person on hottest day conditions than Shalamar 

garden. During noon hours energy loads were measured to be highest and reached over 350 

W/m2 and gradually decreased to 260 W/m2 in the afternoon.  

Alhamra front courtyard was the warmest site with energy budget values reaching 

403 W/m2 at 1200 hours. Minimum values at Alhamra front courtyard measured 289 W/m2 

and were found to be still higher by 105 W/m2 than the maximum values measured at 

Shalamar –184 W/m2.   

During noon hours, all terraces at Shalamar garden were found to be 153 – 183 

W/m2 cooler than Lahore’s prevailing conditions. 
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Alhamra front courtyard appeared to be, as noted before, with 289 – 403 W/m2 of 

energy budget values, as the most inconvenient site. Final results have also shown that 

Alhamra front courtyard was 29 – 43 W/m2 warmer than Lahore’s prevailing conditions and 

150 – 219 W/m2 than Shalamar garden.  

 

4.3.7 Hottest Day Conditions: Rabs Analysis  

Following section deals with total amount of radiation loads absorbed by a person 

out in the open on both study sites. Rabs values generated using COMFA were than analyzed 

for the potential impact these may have on human thermal discompfort.  

 

4.3.7.1 Lahore Prevailing vs. Shalamar vs. Alhamra  

Following same steps as adapted in previous sections of COMFA analysis, net 

differenes of energy budget and Rabs  on hottest days conditions are compared. Some of the 

important result drawn have been described in the following paragraphs, see Figures 35 and 

37.  

 

Shalamar garden again appeared with substantially less amount of Rabs which ranged 

430 – 470 W/m2. All terraces were quite comparable and did not deviated much from the 

middle terrace see Figure 36. Lahore pravailing conditons were measured to be at 545 – 648 

W/m2. Average difference between Alhamar front courtyard and Lahore prevailing 

conditions was calculated to be 40 W/m2. Given that Alhamra front courtyard is the most 

sun lit area throughout the year, Rabs values, like energy budgets, measured at its highest 
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between the range of 573 – 693 W/m2 leaving  users with an additional load of 143 – 223 

W/m2 of  more energy than for a person at Shalamar garden. 

 

In Figure 37, results show that all terraces inside Shalamar garden were much too 

cooler and measured in the range of -85 – -160 W/m2 from  Lahore prevailing conditions. 

For Lahore’s prevailing conditions see horizontal line 0 in Figure 37. It was also noticed  

that unlike Shalamar garden, Rabs values for Alhamra front courtyard and Lahore prevailing 

conditions decreased during afternoon hours, hence results showing fewer differences 

during afternoon hours as seen in Figure 37. 

 

Final results suggest Alhamra front courtyard was 28 – 45 W/m2 warmer than the 

Lahore’s prevailing conditons and 113 – 202 W/m2 than Shalamar garden.   

In the end, after close comparison of Rabs and energy budgets, it is distinctly clear that 

radiation is the most important contributor to the energy budgets.  
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Figure 36: Rabs assessment on hottest day conditions in Lahore: Rabs values Local weather station vs. Alhamra 

front courtyard vs. Shalamar garden. 
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Figure 37: Rabs assessment modeled on hottest day conditions in Lahore: Net difference of values; Local 

weather station vs. Alhamra front courtyard vs. Shalamar garden.  
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on study sites followed by informed design solutions for mitigating unpleasant 

microclimates.  

 

The initial results are based on comparison of human thermal comfort levels at 

different test locations at each study site. Another comparison was performed between study 

sites’ and the local weather station. Important results and their summary is as under:  

 

 First set of results showed the substantial affects physical landscape characteristics 

could have on the microclimate after both shaded and un-shaded test locations at each study 

sites were compared.  

  

 Next, Study sites were compared against local weather station. According to results 

Tair, RH and wind speed were not greatly affected by the physical landscape characteristics 

on both study sites except radiation. In the end it was thus established that radiation 

appeared to have greatly affected the microclimates on both study sites. 

 

 COMFA analysis was performed focusing mainly on energy budgets and Rabs. Most 

intriguing results were found when hottest day conditions were modeled. Although 

quantitative results have already been discussed in this chapter, putting them all together for 

quick overview seemed more appropriate, therefore some of the important findings are 

provided as under: 

  

Tested on May26, 2010, (hottest day conditions) Alhamra front courtyard appeared 

to be the most uncomfortable site. Energy budget values on this site ranged 289 – 403 
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W/m2. Next hottest site was Lahore prevailing conditions (modeled using data from local 

weather station). Energy budget values were not much less than they were at Alhamra front 

courtyard, and measured 260 –358 W/m2. Therefore differences between Alhamra front 

courtyard and Lahore prevailing conditions were 29 – 43 W/m2.  

 

 Similarly Shalamar garden was compared with Lahore prevailing conditions and 

Alhamra front courtyard. Energy budget values of a person were recorded in the range of 

134 – 184 W/m2. Shalamar garden, tested under hottest day conditions in Lahore, offered an 

overall ideal thermal comfort conditions for a person all day long, with only exception 

being noon hours when Shalamar was measured 34 W/m2 hotter than a person’s ideal range 

of 0–150 W/m2. 

 

 Finally, most important result found in this study showed marked differences in 

energy budget values between Shalamar garden, Alhamar front courtyard and Lahore 

prevailing conditions. Shalamar garden was 150 –219 W/m2 cooler than Alhamra front 

courtyard (more than twice as much cooler) and 126 – 174 W/m2 than Lahore prevailing 

conditions. Shalamar garden was hence tested as the most cooling site.  

 

 Total amount of radiation absorbed by a person (Rabs) were than generated using 

COMFA and appeared as the most important contributing force behind enhanced level of 

energy budgets. Alhamra front courtyard (573 – 693 W/m2), Lahore prevailing conditions 

(545 –648 W/m2) and Shalamar garden (430 – 470 W/m2) were measured for Rabs values. 

Net difference in Rabs was obtained by subtracting measuring site’s data from Lahore’s 

prevailing conditions. Alhamra front courtyard and Lahore prevailing conditions showed 
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marginal differences of 28 – 45 W/m2. Largest difference in the range of 143 – 223 W/m2 

occurred between Shalamar garden and Alhamra front courtyard. However, at 115 –178 

W/m2 next set of largest differences were noticed between Shalamar garden and Lahore 

prevailing conditions. Moreover, net differences in energy budgets and Rabs, when 

compared, showed miniscule differences. Therefore, this study found that Rabs is the main 

causing force for generating greater energy budget values on both study sites.   

 

5.0 Discussion 

The results and analysis presented in previous chapter show that Shalamar garden 

was much cooler site than both Alhamra front courtyard and Lahore prevailing conditions.  

Shalamar garden was 150 – 219 W/m2 as much cooler site than Alhamra front courtyard and 

was able to produce a near ideal thermal comfort range modeled on a hottest day conditions. 

This chapter will discuss proposed design guidelines for Alhamra front courtyard. Focus of 

proposed designs will primarily aim at controlling and mitigating the affects Rabs can have 

for a person at Alhamra front courtyard. A discussion of limitation and future research will 

end this chapter.  

 

5.1 Summary of Results: Hottest Day 

Investigations performed at Alhamra front courtyard, of both mobile and stationary 

test locations, showed that the test locations under shade improved substantial amount of 

human thermal comfort levels of a person as opposed to un-shaded locations. Except 

radiation, landscape characteristics did not have much affect on variables measured on-site. 
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Alhamra front courtyard for the most part, remains under clear sun and that explained partly 

why greater surface temperatures produced much higher Rabs. Minimum and maximum 

energy budget values recorded at Alhamra front courtyard were 289 W/m2 and 403 W/m2. 

Full day’s average values were worked out to be at 359 W/m2 for Alhamra front courtyard. 

 

Investigations at Lahore prevailing conditions showed slightly less energy budgets 

than at Alhamra front courtyard. They were not however much varied and difference 

between two sites remained within the range of 29– 50 W/m2. Minimum and minimum 

energy budget values at these locations were measured to be 260 – 358 W/m2. Full day’s 

average of energy budgets on hottest day were calculated to be at 320 W/m2 that is 39 W/m2 

less than Alhamra front courtyard.  

 

Shalamar garden measured much cooler that Alhamra front courtyard and Lahore 

prevailing conditions. With minimum and maximum values measuring 134 – 184 W/m2, 

energy budget values were averaged out to 166 W/m2. In the light of quantitative results it 

was proved that Shalamar garden was twice as much cooler site than Alhamra front 

courtyard, which measure 359 W/m2 and was clearly the hottest site.  

 

Results concluded with finding Rabs being the most important factor to be considered 

in designing Alhamra front courtyard.  
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5.2 Design Implications  

 In the light of known literature resources, no study with this ambit of research has 

ever been conducted inside Pakistan. Therefore, part of objectives was to come up, in the 

end, with design guidelines focusing on reducing Rabs. Question may be asked, why it was 

necessary to take this research one step ahead and put together design guidelines for hot and 

humid outdoor public places such as Alhamra front courtyard. Answer to this question 

appeared straightforward. Profession of landscape architecture and its due share in design 

process is yet to be apportioned in this region. It was therefore very important to make an 

attempt on not just running an investigation between the two sites but providing local 

designers with set of design guidelines addressing unpleasant microclimates. Since we 

know from results that underlying reason for greater energy stress was found to be 

radiation, importance of modifying radiation and its relevance in design is discussed in the 

later part of this chapter.  

 

5.2.1 Modifying Radiation  

In contrast with other microclimatic variables, radiation can be significantly 

modified. Two highly relevant aspects to be considered in these regards are:  

1) Solar Radiation (Controlling sun) 

2) Terrestrial Radiation (Cooling surfaces) 

 

5.2.2 Improving Microclimates: Design Guidelines  

Time of use is very important for an outdoor space to be designed appropriately. In 

the case of Alhamra front courtyard, it is most in use during summer season and afternoons 
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are the busiest time. Relative to the solar path, it was observed that Alhamra front courtyard 

was wrongly oriented and therefore remained under full sun. Material characteristics of 

design elements studied at this site, comprising mostly of dark colors, with capacity to store 

heat and transmissivity levels, proved compounding factors. Size of impermeable surfaces 

is too dominating on Alhamra front courtyard and was noticed to have its adverse affects.  

In the light of these finding, following is the list of proposed design guidelines:  

− Increasing the amount of permeable surfaces in the outdoor surfaces.  

− Improving the natural cooling by providing vegetation, wet surfaces.  

− Dense vegetation with evergreen trees to avoid high wind as well as impeding 

incoming short wave solar radiation. 

− Pergolas with deciduous plants on all sides in order to achieve solar control and to 

create a pleasant feeling during summer period. 

− Ensured small water sources, which can create a feeling of coolness especially 

where high temperature values have been measured. 

− Use of construction materials with high emissivity and reflectivity values.  

− Albedo enhancement 

− Increased vegetation cover. 

− Wet surfaces: use of both horizontal and vertical cool surfaces.  

− Other strategies include ventilation enhancements 
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5.2.3 Proposed Design Interventions  

All design permutations adapted for the proposed remodeling of Alhamra front 

courtyard are aimed at either aimed at reducing incoming solar or emitted terrestrial 

radiation, and can be classified into three groups:  

− General design guidelines 

− Indigenous design solutions 

− Innovative design approach  

A very brief summary on some important design consideration in this regard is 

provided in the following paragraph.  

 

Terrestrial and solar energy should be the primary focus of design if places are being 

designed for summertime (Brown, 2010). Controlling a person’s extended exposure to the 

solar radiation in hot and arid climatic regions is possible by first affecting the direct 

sunlight reaching the human body and secondly concentrating on terrestrial radiation.  

 

 As energy travels through different channels and can neither be created nor 

destroyed, so in relation to the Alhamra front courtyard, identifying the major components 

responsible for energy storage were important for effective design approach.  

 

Convective cooling is another effective design strategy not to be overlooked. 

Strategic placement of wet surfaces upwind of a site is yet another design approach. 

Another effective design response are wind catchers, they have founded their permanent 

place in vernacular architecture design. Old design precedence in this regard can be traced 

as far back in history as 2500 BC when the pharaohs of Egypt employed slaves to fan the air 
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over large porous earthen jars filled with water (Aronin, 1927). Contemporary design 

practices in this ragard show that today in southwestern parts of the United States seeping 

water through brick walls or water mist sprayed into the air or onto a large wetted surface 

are being used for effective evaporative cooling.  In other hot and arid climatic zones 

around the world, different methods for controlling solar and terrestrial radiation have been 

adapted for successful re-designing of outdoor surfaces and with careful attention these 

ideas were examined for their possible relevance with this study.  

  

5.2.4 Alhamra Arts council:  June Solstice and September Equinox 

Figure 38 shows the overall solar assessment relative to the Alhamra front 

courtyard. Since Alhamra front courtyard is meant for public use more during the summer 

than in winter, added emphasis was paid to the time between the June solstice and 

September equinox, which are considered the hottest times of the year in Lahore. 

 

In Figure 38 the thumbnail images − A, C & E − shown under the left side column 

represent June solstice. The opposite column with images B, D & F are of the September 

equinox.  Images A and B show shadows being cast on the front courtyard. Solar elevation 

is seen in images C & D. The last two images E-F show the surface illumination at the front 

courtyard due to the excessive direct shortwave radiation load.  
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Figure 38: Solar path; solar rays and Shadows have been shown mapped on Alhamra front courtyard. 

Empirical evidences suggest that people tend to gather under shaded areas in warmer 

conditions; so providing user with shading devices can substantially minimize the radiative 

June	  Equinox	   September	  solstice	  	  
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gain. Also Convective heat loss from human body from all directions may be possible with 

design interventions making airflow available (Ahmed, 2003).   

 

5.2.5 General Design Guidelines 

Figure 39 addresses the same issues but the focus of design is narrowed down to the 

specifics of Alhamra front courtyard. At 1300 hours during summer time solar elevations 

measured for June and September were 81° and 69°. 

  

A & B: The sun shining to the surfaces during summer is near perpendicular and 

therefore covers less surface area but the intensity of the incoming solar radiation is at its 

highest. Summer and winter sun angles directly influence the albedo of ground surface. 

Appropriate colors for surface materials, responding to solar angles, can produce pleasant 

affects on landscape design. 

   

C: We know that according to the cosine law of illumination, it is suggested that the 

greater the angle to the surface the larger is the area over which it is spread and hence the 

less radiation Therefore, the intensity of solar radiation is less and the albedo of the ground 

materials can be highest for water or light colored surfaces. Surface material response can 

be enormously different as it was observed at middle terrace Shalamar garden, the albedo 

dropping to 5% from 95% when solar rays are at a high angle. There are simple equations 

which may used in this regard are very helpful for landscape design.  

Total amount of radiation received at the surface (S↓) can be given by  

S↓ = S + D   
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(Where S = direct solar radiation and D = diffused long wave radiations).  

Total amount of radiation can be calculated using following equation.  

R= 5.67 x 10-8 x (T+ 273) 4  

Where R = radiation and T = surface temperature.  

  

D & F:  Sun angles are shown falling at Alhamra arts council Hall # 1 and the front 

courtyard is seen on the east end of this cross section. According to the solar elevation 

during noon hours at the Alhamra front courtyard, overhang dimensions can be given by 

using the equation; W (overhang)= H/SLF − overhang dimension ‘W’ can be calculated by 

selecting the shade line factor (SLF) from the particular region’s latitude table.  Designing 

outdoor landscape features using this simple yet powerful principle can help restrict 

incoming solar radiation to a great deal.     
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Figure 39: Set of general design guidelines for an outdoor open public plaza in hot and arid conditions. 

	  

Image E in Figure 39 shows shelterbelts to southwest and southeast sides of 

Alhamra front courtyard, protecting it from prevailing winter winds. However there are no 
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shelterbelts impeding the prevailing summer winds that are predominantly north westerlies. 

These existing conditions were considered while proposing some design modifications to 

Alhamra front courtyard. A water pond to the leeward side of the prevailing summer winds 

is a recommended design strategy for producing pleasant effects and thus was employed as 

one of the possible design adaptations for the front courtyard. Because we know that at all 

levels, the surfaces emit long wave radiation consistent with its temperature therefore, in 

this section all attempts have been made for curbing incoming short wave solar radiation. 

 

 



	   117	  

	  
Figure 40: General design guidelines: Alhamra front courtyard 

Images A & B Figure 40: Vines transpire, water evaporates and cooling occurs. This 

wonderful mechanism will help reduce sufficient amount of terrestrial radiation being 
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emitted from the 50’ tall south facing wall. Vines would decrease the amount of solar 

reflection and they are considered good for energy consumption as well as retaining heat.  

In image F Figure 40, shadowed areas on the Alhamra front courtyard are shown 

hatched. The entire front courtyard is predominantly sun lit and can result in significantly 

higher amount of energy loads and compromised thermal comfort levels. 

 

Orientation of any proposed free standing landscape design elements may have to be 

determined from the solar path relative to the Alhamra arts council front courtyard, as can 

be seen in image C of Figure 40. The solar arc is highest in the sky during summer and 

lowest in the winter season but the sun is always due south of Alhamra front courtyard so it 

remains under intense solar radiation without any real shade. There are two very important 

studies on urban shading. First was carried out in the city Colombo, Sri Lanka and second 

on the effects of overhanging facades and vegetation using numeric methods. Some of the 

findings are discussed below.  

 

Design elements should avoid east west orientation, because we know E-W 

orientations to be warmest and are known to have largest differences occurrence during 

afternoon hours. An additional shading devise, particularly horizontal devices will be 

necessary to provide shade around solar noon. Through N-S orientation, parallel to 

incoming rays, elements are largely shaded and thus confirm potentially faster cooling. 

Furthermore, spaces between landscape characteristics should be shorter than the shadow 

lengths because high angles of the sun in the tropics mandate design element to be placed 

closer to achieve significant shading. (Emmanuel et al., 2007; Toudert & Mayer, 2007). 

Therefore, in the light of these findings it is recommended that all landscape elements for 
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proposed design purposes are to be positioned on Alhamra site in such a way that longer 

solar exposure could be avoided.  

  

Part of design proposal includes using pergolas as two different design variations 

can be seen in Figure 40 images D and E. Pergolas can very efficiently impede incoming 

solar radiation. These landscape elements have been extensively assessed and examined for 

their better cooling abilities as well (Gaitani et al., 2007).  

 

In image A Figure 41 a wall is shown with apertures letting radiant energy in only 

during the winter while interrupting incoming high angle solar rays during the summer 

season. Oriented properly, such designs may be useful in achieving less exacting 

microclimatic conditions for users. A couple of other walls have also been recommended 

for the front courtyard. The wall shown in image B, Figure 41 may have the potential to be 

used during anytime of the year. A design feature such as this may prove a valuable 

addition. Image C Figure 41 is another wall of indigenous design type −well received and 

heavily incorporated in local architecture for its design relevance, this wall is commonly 

constructed using brick. For the airflow, wall is set with perforations. Brick are laid in such 

a way that square openings are vertically aligned in alternating horizontal brick courses. 

These walls are designed with a certain number of holes and may be built according to the 

solar elevations as has been proposed for this study. Mud bricks may also be used for less 

terrestrial radiation. In Figure 41 image E, allées of trees are suggested as another common 

design solution. It is a fairly straightforward yet very powerful medium for sustaining 

desirable thermal comfort values in the front courtyard. Mature canopy trees are known for 

effectively blocking shortwave radiation. Time of use, afternoons saw most users, conflicted 
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with optimum thermal comfort levels, which were likely reached before noon hours at 

Alhamra front courtyard, therefore with shading, Alhamra front courtyard would perhaps be 

a comfortable place for users during afternoons, a time when it is under most use. 

Landscape design element’s compatibility with the existing building complex however 

needed some discussion.  

 

Image F Figure 41 shows another design variation suggested for the front courtyard. 

Existing floor is built with light colored pre-cast octagonal concrete tiles. . The ground 

surface albedo (light color concrete) is high and therefore reflects more energy to be 

consumed by either users or hard surfaces in close proximity. It is therefore proposed that 

the front courtyard may be re-developed with spreading thick enough soil layer over the 

entire surface of front courtyard and this, besides effectively adjusting albedos, might be a 

good design intervention for growing vegetation too.   
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Figure 41: Proposed designs: Different wall types (for shading purposes), Alleys of trees and changed ground 

cover. 
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Focused at minimizing heat stress by modifying radiation, possible design 

permutation is proposed in Figure 41.  As discussed above, all proposed designs may 

potentially be applied in hot arid climatic conditions yet it was highly recommended that 

color (albedo), evaporative cooling methods (controlling terrestrial radiation) and thermal 

admittance values of building material should take preference over landscape element form.   
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Figure 42: General design guidelines: Alhamra front courtyard 
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incoming radiant energy during the summer is effectively blocked from reaching person and 

full solar access with no leaves during the winter when the sun is low in the sky to warm a 

human body. This is, under the existing design conditions, an ideal design scenario. 

Because we know there are only two ways of intercepting incoming solar radiation; woody 

plants or solid structures (Brown & Gillespie, 1995), therefore vertical and horizontal solid 

structures have been proposed in images D, E and F Figure 41.  

 

Images D and E Figure 42 show a person standing underneath louvered overhang 

projections calculated using solar path as a measure of restricting summer and permitting 

winter sun. Both horizontal and vertical uses have been suggested depending upon how 

landscape design elements relative to the solar elevation needed to be juxtaposed. 

 

Image F Figure 42, people sitting under foldable umbrellas are shown out in the 

open. The umbrella or parasol is greatly valued for its effectiveness to protect against direct 

sun. The design suggestions discussed above are in agreement with (Brown, 2010): General 

design principles for controlling terrestrial and solar radiation are:  

− RT = Ideal design scenario − Cool wall and open sky 

− RT = Good design scenario − Cool ground and open sky 

− RS = Ideal design scenario − Solid shade  

− RS = Partial shade. 

Where RT = Terrestrial radiation ( long wave radiation); RS = Solar radiation (shortwave 

radiation)  
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5.2.6 Innovative Design Guidelines 

Couples of more important proposed landscape design elements have been discussed 

in this section. Known for mitigating heat stress and traditionally being adopted in various 

regions around the world, all design decisions were made carefully after following local 

design typologies.  Some of them investigated for this study are provided in the Following 

Figure43. 
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Figure 43: Indigenous design precedence: A = Mud brick house in Punjab, Pakistan; B = Waterfall besides a 

busy cross section in Faisalabad, Pakistan; D = Wind catchers perched on top of houses in Hyderabad, 

Pakistan, typical cross sectional drawing of wind catchers is to the left of image; D = The great mosque of 

Djenne, world’s largest mud brick mosque in Malian city, Africa.  

	  

Images used in Figure 43 were taken using following links:  

A: image source = http://www.google.ca/search?q=mud+brick+house+in+punjab&hl 

B: image source = http://www.google.ca/search?q=faisalabad+image&hl 

C: image source = http://www.google.ca/imgres?q=wind+catchers+hyderabad&hl 

D: image source = http://www.google.ca/search?q=Malian+mud+brick+mosque&hl 
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Mud brick mosque in Africa image D and house in rural Punjab image A, are shown 

in Figure 43, construction of Djenne mosque, image D, dates back to 1240 strengthening 

relevance of mud construction in hot regions like Africa, climatic conditions closely 

associate with Pakistan. Mud covered surfaces have high albedo and reflect much of the 

incoming solar radiation. Less absorption leads to reduced radiations and therefore is a good 

surface material. Mud surfaces however, risk cracking under prolonged heat exposure and 

demand extra maintenance.  

 

Figure 44 images A and B proposed mud brick covered Alhamra front courtyard as 

another possible design intervention. This is fairly common building practice where either 

mud bricks, dried under sun for 25 days or, layering a surface with mud pastes, have been 

effectively used for building open courtyards and houses in rural Pakistan. This technique 

has been around since 700-3300 BCE and is extremely popular in Africa and parts of Asia. 

Open courtyards built with mud bricks, which is an integral part of vernacular architecture 

mainly due to the hot climatic conditions tend to stay much cooler in summer and cozy 

warm in winter.  

 

Mud bricks are also known for their effective insulation qualities so mud bricks 

covering a stretch of the front courtyard would not only be good for the spatial character of 

this study site but also help reduce terrestrial radiation.  

 Image C shows a row of houses in Hyderabad, Sindh with a series of wind catchers 

see Figure 43. Hot air drawn in is run though underground ducts and subsequently cooled 

down. As a result, low-pressure areas develop in chambers constructed underneath ground 
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floors, causing cool winds to blow inside house. City of Hyderabad, known for high 

temperatures, is known to have benefited from wind catchers since long. 

 

Wind catcher is oriented perpendicular to the prevailing winds. Strategically located 

wind catchers have been used for cool air inflow. Based on the same principle, a wall is 

designed as shown in image C fig.44.The wall is designed to rotate on its vertical axis and 

therefore is not rigidly fixed to the ground. Its adjustable orientation relative to the sun and 

wind can be used as the need may be. A cross section of this wall is seen in image D fig.44.  

 

A wall with varied horizontal louvers may also be used for solar protection. Image E 

in Figure 44 shows summer and winter solar angles to be used for louvers with respect to 

the incoming solar rays at Alhamra front courtyard.  
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Figure 44: Innovative design guidelines: Aimed at modifying radiation at Alhamra front courtyard. 
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5.2.6.1 Design Permutations using Wet Surfaces: 

The principle of evapotranspiration from human bodies to solid surfaces may be 

directly used for designing landscape elements. Designing wet surfaces is one way of 

cooling the air through evaporating water into gaseous form, resulting in cooler air 

molecules.  Applying some novel design ideas, we can place our proposed landscape 

element either close to water or provide artificial pools of water in the immediate environs 

of our study area. Another important factor to be considered is the reflectivity of water. It 

can be oriented and raised from ground to such height as to efficiently deflect solar 

radiation away from users. It may also be noted that keeping water in motion helps hot air 

molecules collide with wet surfaces more efficiently than their contact with the still water. 

Although there is a moderate difference between still and running water, it does have an 

effect on the microclimate and small details can go a long way in putting together an 

effective design on ground. 

 

Some of the proposed design ideas in this context are given in Figure 45 followed by 

a brief commentary on each one to examine whether they are good for thermal comfort 

conditions at the Alhamra front courtyard.  
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Figure 45: Design solutions: based on wet surfaces and aimed at controlling terrestrial radiation 
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Image A, Figure 44: Free standing upright landscape design element (may also serve 

as light posts) interspersed in the front courtyard (placed according to the strategic needs of 

users) may be a valuable design addition for evaporative cooling of a person as water mist 

coming off the top will help create a pleasant microclimate. 

 

Images B, C and D in Figure 44 show two of the design variations based on 

evaporative cooling methods.  Image B Figure 43 is one such example from the city of 

Faisalabad where a big wall sits right next to the busiest cross section of the city. Such 

elements have been identified to have a positive impact on microclimates occurring in close 

proximity. Water walls and artificial water rockeries are proposed as design possibilities.  

 

Water jets flushed with ground level are shown imbedded in Alhamra front 

courtyard see images E and F Figure 44.  One of the local practices during peak summer 

season in Pakistan −urban and rural alike − is to washing their front lawns with water hoses 

around sun set times. Making use of  applied design solution, Alhamra front courtyard may 

also become a fairly cool place.  
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Figure 46: Innovative design solutions: Alhamra front courtyard. 
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2010). Its fanning impact will help ensure enhanced convective cooling. It was important 

that walls with seating were placed perpendicular to the incoming wind allowing for the 

necessary contact with users facing windward direction.  A thumbnail design proposal is 

seen in image A Figure 46. In Figure 46 image B it is shown how a person may be able to 

control the adjustable horizontal louvers running between the two vertical posts of a 

proposed wall. These types of landscape design elements, if properly oriented, can be more 

useful for users.  In this design desirable solar radiation may be allowed to reach the human 

body so therefore is relevant during the winter season as well.  Images C and D show two 

cross sectional views. Person enjoying shade during the summer may also receive low 

winter sun and thus be thermally comfortable all year round. Images E and F, were 

developed using this design principle.  

 

5.2.7 Indigenous Design Guidelines 

Tension membrane structures have been locally employed for shading outdoor open 

areas. These are made with stretched fabrics and are usually supported at the perimeters 

with vertical supports and edge cables. Usually the kinds of makeshift structures seen in 

images A, B, C and E Figure 47, built with white stretched cloth fabric are meant for 

temporary use in a local environment and had been used for controlling incoming solar 

radiation. For small areas, these structures have produced good results in terms of their 

shading ability (Greenwood & Soulos, 1998). Next set of proposed design elements for 

Alhamra front courtyard are developed after this principle where, white colored stretched 

cloth, if used at a certain level from ground helps reflect solar energy back into the 

environment.  
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Figure 47: Indigenous design proposals: Aimed at controlling solar radiation. 
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elements of landscape design have been abundantly used for mitigating heat in Pakistan’s 

various parts. Water mist is sprayed from small water nozzles into the immediate 

environment. Energy turning water vapors into gas shall ensure cooling surfaces behind. 

  

5.3 Results: Proposed Design Interventions 

All designs elements proposed for Alhamra front courtyard remodeling, focused on 

reducing the combined affect of radiation. 

   

Locating source of radiation, which is known, is very important in order to be able 

to modify radiation. Various scholarly studies have tested these design elements and 

produced invaluable results on their ability to produce pleasant microclimates. 

  

The distinct representation of the absorbed short wave and long wave irradiances 

revealed that the long wave radiation is a significant source of heat load and the absolute 

values largely exceed the short wave irradiance absorbed. Hence shading the surrounding 

urban surfaces is as crucial as shading the person in mitigating the heat stress (Toudert et 

al., 2005). These findings are in agreement to the results of this study and have shown that 

Rabs have significant impact on the thermal comfort of a person. Therefore, possible ways of 

shading strategies using vertical and horizontal design elements were proposed. There is an 

interesting study where (Ahmed, 2003), came to a similar conclusion about the summer 

climate of Dhaka, Bangladesh, and found that semi-enclosed spaces, which restricted air 

movement were usually comfortable during the hottest period of the day. Although it is 

contradictory to the common belief that in the hot, humid tropics, the most important design 
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strategy is to provide air movement. On the use of proper material (Toudert et al., 2005) 

found that thick and heavy materials with high thermal capacity help decrease the long 

wave radiant heat during the day and minimize the differences between the physical 

landscape characteristics of different geometry and orientation. This finding agrees well 

with the appropriate choice of material employed in all design elements proposed for 

Alhamra front courtyard.  

 

Surface albedo has greater design implications. All light colored surfaces were 

suggested above man height as can be seen in Figure 47 to avoid any additional reflective 

energy loads. High albedo values are good for reflecting incoming solar radiation yet extra 

glare could be  discomfort able if element of design is not properly oriented, colored and 

placed at certain height from ground. Proposed design interventions matched well with 

(Emmanuel et al., 2007) that surfaces could potentially be light colored if they are ensured 

to be above human height. Walls painted with light colors and made of stone, brick, and 

mud brick can further prevent daytime summer overheating. This study, besides albedos, 

has tested other building materials for their effectiveness that stone, brick and mud brick. In 

line with these findings, last two material; brick and mud brick, have been frequently 

proposed as building material for landscape design elements at Alhamra front courtyard and 

are expected to generate pleasant effects.  

 

On the importance of Rabs (Toudert & Mayer, 2007) found using Envi Met3.0 that 

50% of the radiant heat originated from ground. This study partly agrees with the findings 

of this research where radiations fluxes being emitted from all the surrounding surfaces are 

the main cause of human discomfort.  
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Lastly, Design proposals, such as the one recommended for Alhamra front courtyard 

re-modeling have been extensively used for improving microclimates yet these design 

elements have seldom been investigated in terms of their quantitative values. Findings from 

one such study provided solid footings to the proposed design elements incorporated in this 

chapter.  

 

Some interesting results in this regard were found in (Gaitani et al., 2007). Adapting 

same design approach as in this study and using “TS-Givoni” and “COMFA” methods, it 

was found that thermal comfort of a person was significantly improved and this was mainly 

achieved with green and water spaces as well as by the use of materials of high emissivity 

and reflectivity values. In the end it was also observed that thermal comfort of person was 

improved by 40%.  

 

In line with findings discussed above, similar elements of design have been 

proposed to be used in this study and can be safely estimated for producing same pleasant 

effects.  

 

5.4 Limitations and Future Research  

This study has shown that outdoor urban plazas with little vegetation experienced 

higher loads of uninterrupted solar radiation and as a result emitted greater amounts of 

terrestrial radiation. Reduced energy budgets with informed design interventions of 

lowering surface temperatures were achieved through proper microclimatic design 
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assessment. In the following section, some of the limitations faced and suggestions for the 

improvements have been addressed. 

  

Major study results were established on the basis of available data collected on-site 

during late November and early December. Microclimatic parameters thus measured for this 

study were outside the time range of the hottest month in the city of Lahore. If the on-site 

study were performed during the hottest summer days, results suggested thermal comfort 

budgets would have been over 100% in access.  

 

Future research could include testing different activities and clothing types.  

According to this study, long wave radiation is the most important and detrimental climatic 

variable for human thermal discomfort. Research is recommended for conditions where 

outdoor open spaces are predominantly built with impermeable surfaces-and allow 

unobstructed solar access.  

 

In order to assess, within one large city, the applicability of these results to other 

locations built with similar physical landscape characteristics, testing their effects after 

design interventions have been implemented is an important area to be explored.  

 

At each study site, assessment of microclimatic parameters was carried out with the 

use of portable mini-meteorological stations (equipment set up on tri-pods) and each test 

site was compared with a fixed station. This provided patterns in the behaviors of 

microclimatic characteristics. Although in this study measurements recorded at both study 

sites were compared with local weather stations for parallel analysis. For detailed 
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microclimatic monitoring and comparative study, it might be suggested that concurrent 

measurements taking place at each site −in this case Shalamar garden and Alhamra − are 

better for the detailed assessment.  

 

This study primarily focused on bioclimatic design principles but for future studies, 

two of the three main facets, involved in modeling human thermal comfort namely 

Physiology and Psychology are potential research areas. It was found that, many studies 

have failed to consider above-mentioned aspects simultaneously and have incorrectly 

predicted human comfort. (Nikolopulou et al., 2001). Accuracy and validity of the results 

may be enhanced when compared with qualitative feedback from users and their perception 

of the place might help compare results with their predicted levels of microclimatic 

assessment. 

 

Another important consideration for future research would be to assess the response 

and sensitivity level of suggested design guidelines for Alhamra arts council front 

courtyard.  

 

Modeling is particularly necessary in highlighting the connection between physical 

landscape characteristics and their effectiveness. 

 

 Local architecture however by contrast, has been influenced by traditional building 

practices. These were either meant for shading the facades or protect pedestrians from direct 

sun by providing Mucharabiehs in Middle East region. Therefore a re-designed scaled 
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Alhamra front courtyard model would have predicted quantitative results quite accurate if 

tested using wind tunnel.  

 

A main limitation regarding data collection was faced when wind vane and one of 

the two pyranometers malfunctioned. Wind directions were recorded using standard 

orientation compass instead and for clarity purposes, were carefully assessed with the data 

obtained from the local meteorological office. 

 

Pyranometer at stationary station malfunctioned and produced fairly under valued 

data on solar radiation. All solar radiation values for stationary station were therefore 

replaced with the theoretic values, calculated using COMFA.  

   

Another limitation for this study was that COMFA did not have air temperature 

values as high as were recorded during the hottest summer days in Lahore and therefore its 

part B also known as COMFA questionnaire could not be used to re-assess whether or not 

different design permutations suggested for the front courtyard have responded well. 

  

Albedo, the ability of a material to reflect solar radiation, effect of wet surfaces, 

evaporative cooling methods, and thermal admittance values of different materials are found 

to be the main determinants in progressively falling values of microclimates in an outdoor 

urban environment. Future design implications for an outdoor open courtyard/plaza in an 

urban environment can be markedly avoided with research in this area. 

In the assessment of microclimates, one parameter alone is never sufficient for the 

realization of actual thermal comfort conditions. There are endless approaches and design 
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possibilities for a landscape architect. The rationale for developing a thermally comfortable 

environment goes beyond the requisites of the one-sided design approach and thus a 

cohesive and all encompassing approach must be used in design so that questions are 

answered in the most appropriate way possible.  

  

6.0 Conclusion 

Associating urban environmental issues, to which microclimate is a component part, 

with the elements of design has always been an active area of research. Therefore it was felt 

that there was a need for the assessment of microclimate in an urban setting. The purpose of 

this research was to explore informed design interventions for a typical hot outdoor public 

plaza by analyzing the physical site characteristics of widely differing microclimates in 

Lahore, Pakistan. This was achieved by meeting study objectives laid out in view of an 

extensive literature review carried out in relevance to the background of this study.  

 

  This study found that a vegetated urban park created microclimatic conditions that 

were more thermally comfortable than a non-vegetated urban plaza.  

  

Based on the results of an energy budget analysis a set of design guidelines based on 

microclimatic principles were proposed. After deliberations, local/indigenous design 

solutions were incorporated retaining the richness of prevailing architectural trends. The 

physical landscape characteristics and their roles in developing microclimates of different 

types in an urban setting were also assessed. They were found to have an adequate impact 

on the formation of both negative as well as positive outdoor thermal comfort zones.  
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It was noted that there are always unanswered questions, which present great opportunities 

for further research.  

 

Finally, in the light of research and based on results found it this study, proper 

design interventions can significantly improve thermal comfort levels on an outdoor urban 

plaza.  

This study proves quantitatively the knowledge that shading is the key strategy for 

mitigating heat stress outdoors under hot summer conditions. Results also dealt with on how 

this shading can be reached through design strategies. Critical components to ameliorate the 

microclimate were orientation, vegetation, overhangs. Which agrees well with this study.  

 

Today, cities are rapidly increasing in size due to the intense population growth rate. 

Urban fabric is fast turning, due to human modifications, permeable surfaces into 

impermeable ones. An uninformed design approach is leading this phenomenon, which is 

making cities hotter and less livable. Therefore energy consumers −various physical 

landscape characteristics− are becoming less efficient due to their deletion from the urban 

fabric and the grass /shaded surface area ratio is shrinking to the hard surfaces. 

   

Sustainable microclimatic landscape design is indispensable for the future of 

landscape architecture. Rapid urbanization stands in need of climate sensitive and 

environmentally responsive designs, ameliorating urban heat island effects and reducing 

energy demands. Designs based on thorough and informed research are needed to change 

progressively deteriorating conditions of outdoor open public spaces in large cities.   
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