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Abstract 

 

Mitigation of urban heat islands and improving thermal comfort 

conditions for the city of Bangalore, India, by evaluating the cooling 

potential of vegetation in an urban neighborhood.  

 

Vajreshwari Patil, Master of Advanced Architectural Design  

The University of Texas at Austin, 2021 

 

Supervisor: Juliana Felkner 

Co-Supervisor: Katherine Lieberknecht 

                                 

 

This thesis report aims to evaluate the summer cooling effect of vegetation to reduce UHI 

and improve thermal comfort in Bangalore, India. The city is experiencing a microclimatic 

shift due to urbanization. The spatial growth of the town has continuously increased from 

696 sq. km to 2185 sq. km within ten years (2006 to 2016) (Heather S, 2019). Using the 

ENVI-met model for simulations at the pedestrian height, the study investigated the 

influence of adding greenery on the urban microclimate. The results show the combination 

of trees and grass has a more significant cooling effect with potential air temperature 

reduction between 4°C to 11°C and relative humidity of 6% to 26% during the hottest hours 



 vi 

of the day when compared to the base model. Overall thermal mass map of the relative 

humidity indicates that percentage is lower at night and higher in the morning. This study 

can help planners better understand the role of vegetation in reducing Urban Heat Island 

(UHI), which gives them the necessary, cost-effective tools to implement new solutions for 

the city’s urban development to mitigate the impacts of UHI on the environment provide a 

better living for all.  
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CHAPTER 1:  INTRODUCTION 

 

              The world is facing environmental problems such as climate change and global 

warming. According to NASA, since 1880, the average global temperature has risen over 

1°C (NASA, 2020). The Intergovernmental Panel gives the global mean surface air 

temperature projection on Climate Change (IPCC, 2013) will increase from 0.3 to 4.8 °C 

by 2100 (Matthew, 2018). Due to the intervention of human activities as a part of 

urbanization, we face unanticipated climatic changes (Xiaoshan, 2019). More than 50% of 

the world’s population lives in cities as a consequence of rapid urbanization in the past 

half-century; the growth of world urbanization has been extensively accelerating, and by 

2050 is predicted that inhabitants in cities will reach 68% of the global population (Roser, 

2019). On the report given by IPCC, human activities have caused 1°C of global warming, 

which is expected to reach 1.5°C between 2030 and 2050 (IPCC). The spatial growth of 

the city is expanding with the increase in population. As a result, the physical infrastructure 

of cities has replaced native soil and vegetation (Oke, 1997). These changes due to 

urbanization have led to the towns getting warmer than the surrounding non-urbanized 

areas called an Urban Heat Island (UHI) (Abbas 2017). This mesoscale influence of UHI 

will lead to the rise in building energy consumption since the increase in air temperature is 

the leading cause of the surge of building cooling load and electricity demand (Xiaoshan, 

2019). 
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             According to the research, in the low-latitude cities of Asia and Africa, these 

occurrences could be harmful. They are likely to increase in population rapidly and mainly 

concentrate their energy demand in the cooling season (C. Fabiania, 2019). The impact of 

this causes cities to face environmental problems. The number of cities exposed to extreme 

temperature will nearly triple over the next decades (C40), and urban populations are at 

risk from extreme heatwaves (C40) Fig 1. The Indian population is continuously 

increasing; it is the second-most populous country with 1.39 billion inhabitants. More than 

32% of people live in urban areas, which is projected to increase by 2050 (UN, 2014). 

During the last few decades, India has witnessed rapid urbanization that is likely to 

continue in the future (Dholakia, 2015), leading to severe heat formation with the increase 

in UHI intensity. The temperature difference between urban and rural can be up to 10 °C. 

(Asimakopoulos, 2001). Due to urban warming, the frequency of temperature increases 

leading to the death of many people due to the impact of UHI, which is estimated to be 1.1 

deaths per million people (Lowe, 2016).  Heat stress mortality has been shown to increase 

in urban or developing areas (Smoyer, Rainham, & Hewko, 2000). This intensification of 

future severe heatwaves in India could lead to higher heat stress and mortality (Mazdiyasni, 

2017). Despite rapid urban growth in India, the major driving factors of surface UHI 

intensity have been mainly unexplored (Shastri, 2017).  

           The study of UHI is helpful for urban planners better to understand the relationship 

between urban microclimate and planning characteristics to mitigate UHI in newly 

developing areas of the city. Proving better urban outdoor spaces contributes to people’s 

physical, environmental, economic, and social benefits (Edward, 2012).   By improving the 
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thermal environment of outdoor spaces, can provide social support. Urban microclimate 

and citizens’ outdoor thermal comfort have become fundamental issues. Therefore, 

planners need to understand the impact of buildings and urbanization on the city’s climate. 

Thus, for low carbon urban growth in the country, it is essential to address this Urban Heat 

Island effect (Yunfei et al., 2020). 

 

Figure 1: The urban population at risk 2050s (C40) 
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Chapter 2: Literature review 

 

               In this chapter, the theoretical basis for my analysis of UHI is reviewed. I begin 

with defining the UHI effect, followed by a discussion of (1) the physical factors that 

allow UHI to arise, (2) causes of UHI, (3) impacts of UHI, and (4) mitigation strategies. I 

then explain the role of thermal balance in the urban environment. 

1 URBAN HEAT ISLAND  

             UHI was first observed by Luke Howard, who measured the weather in the London 

area for forty years (1801-1841) (Howard, 1833) has been widely regarded and researched 

around the world ever since (Huang 2017). It is one of the most documented climatological 

effects of human impact on the environment (Oke 1973). A UHI is best visualized as a 

dome of stagnant warm air over the heavily built-up areas of cities (Emmanuel, 2005). The 

air temperature in most cities is significantly higher than in rural areas. The building, roads, 

and other construction in urban areas absorb heat during the day and are emitted at night, 

resulting in a higher temperature difference in urban and rural areas. (Asimakopoulos, 

2001) Fig 2.  For a city with 1 million people, the temperature difference can reach up to 1 

to 3ᵒC, while on a clear, calm night, the difference can be as much as 12ᵒC (EPA, 2008). 

Due to meteorological, regional, and urban characteristics, these occurrences’ exact form 

and size vary in time and space (Oke, 1987). Therefore, each city’s unique character, UHI 

morphology, is greatly influenced by the unique nature of each town. Today, most cities 
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are around 2◦C warmer than rural areas, and commercial and high-density residential areas 

are hotter by 5 to 7◦C (Bonan, 2002).  

1.1 Types of UHI 

             There are two types of heat islands: Surface Heat Islands (SHI) and Atmospheric 

Urban Heat Islands (AUHI) (see Fig 3). These two heat island types vary in many ways, 

including how they are formed, their characteristics, and their impacts (EPA, 2008). On 

summer days, exposed surfaces like roofs and pavements absorb more heat than most 

natural surfaces. Surface heat islands tend to be most intense during the day when the sun 

is shining (Simmons, 2008). This surface temperature difference is known as a Surface 

Heat Island. These are weaker throughout the night but are stronger during the day (18 to 

27°F temperature difference during the day compared to 9 to 18°F at night) (Research, 

2017). On the other hand, the difference in air temperature between cities and rural areas 

is called an Atmospheric Urban Heat Island. Atmospheric heat islands are divided into two 

groups: 1) Canopy Layer urban heat islands and 2) Boundary Layer urban heat islands. 

Urban Canopy Layer starts from the ground where people live, up to the tops of trees and 

roofs. The Boundary Layer begins from where the canopy layer ends. Fig 3. UHI of 

Boundary-Layer is smaller in magnitude than the other type (Research, 2017). 
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Figure 2:  UHI effect source (EPA, 2008) 

Figure 3: Difference between urban canopy layer and near-surface layer 

(Junyan, 2020) 
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1.2 Formation of UHI 

             Many factors cause a UHI; according to Santamouris, Akbar & Oke, the leading 

cause of UHI is urbanization, which has many impacts on human and natural systems. The 

continuous increase in the density of the cities, decrease in natural vegetation, thermal 

properties of the material, and anthropogenic heat are the main donates to the heat island 

effect. Fig 4. With the increase of urban settlers, more people are prone to UHI (Oke, 1967); 

Oke showed that UHI is approximately proportional to the fourth root of the population. 

Today’s cities continue to increase in size, a phenomenon known as urban sprawl (Stone, 

2010). According to Stone, Hess, and Frumkin, urban growth causes growth in the number 

of heatwaves, and sprawling cities experience more extreme heat events when compared 

to rural areas. This is because the materials used are concrete and asphalt as pavement and 

building material, which are impermeable surfaces, reducing moisture and 

evapotranspiration (Chudnovsky A, 2004). Another reason is that urban materials of higher 

specific heat capacity will adsorb and retain solar radiation and reduce solar reflectance. 

As a result, higher heat storage in metropolitan cities, resulting in higher surrounding 

temperatures (Zhang et al., 2010).  

            Studies have found that the city’s infrastructure properties differ from soil, trees, 

and plants (Douglas, 2015) as the heat re-radiated by the urban surfaces plays the most 

crucial role (Memon, 2007). For example, on a hot day, conventional rooftops can sustain 

up to 90°C (162° Fahrenheit) higher than the air around them, contributing to the UHI 

effect and increasing the cooling loads of the floors below (Hawken, 2017). The color, 

roughness, and composition of urban materials contribute to this formation. The urban 
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fabric and low albedo materials absorb and store heat from the sun throughout the day and 

release it slowly at night, increasing the UHI intensity, particularly at night (T.R, 1982). 

Darker materials with a lower albedo absorb and retain more heat than light-colored 

surfaces. As presented in (Santamouris 2013), numerous studies have been performed to 

correlate different colored materials’ impacts on their surface temperature and sensible heat 

release.  

             Urban morphology plays a vital role in forming Urban Heat Island as a city’s three-

dimensional for, size, and shape varies (EPA, 2008). The tall buildings and narrow streets 

reflect and absorb sunlight, increasing the efficiency of the heated urban area. Fig 5. The 

geometry of urban surfaces obstructs wind circulation resulting in more radiation trapping 

due to in-canyon reflections (Coutts, 2008). In addition, the reduction of the sky view factor 

limits net radiative losses of buildings and streets. The combined effect of these properties 

causes the UHI phenomenon. The UHI happens throughout the year, but it is stronger 

during the night as heat stored in the urban surfaces during the daytime is released at night, 

resulting in a lower cooling rate. During the day, it is believed that asphalt paved roads and 

rooftops are the dominant warm urban elements in the urban environment (Chudnovsky, 

2004). Studies have shown the highest intensity is often reached between 11 pm and 3 am  

(Douglas, 2015). Numerous experimental data show the UHI intensity varying between 

0.5° Celsius (0.9° Fahrenheit) and 11° Celsius (19.8° Fahrenheit) (Santamours, 2015). 

Further studies have concluded that the UHI intensity is highly reduced during rainy days, 

that high relative humidity corresponds to a lower UHI intensity, and that coastal cities 

have a considerably lower UHI intensity. Anthropogenic heat release from human activities 
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such as vehicles’ emissions, air conditioners, and industrial action also adds to the 

accumulation of heat (EPA, 2008). Air-conditioners and refrigeration releases a 

considerable amount of heat into the air, especially during summer when the energy 

demand is higher (Onwuchekwa, 2017) 

 

Figure 4: Occurrence of Heat Island Phenomenon (Cassandra) 

 

Figure 5: Morphological causes of UHI (Chudnovsky, 2004). 
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1.3 EFFECTS OF UHI 

The UHI effect has significant consequences for the livability in our cities and is the source 

of a considerable number of environmental problems in urban areas (Yang, 2015). The 

main negative impacts of UHI, according to Environmental Protection Agency (EPA), 

include 1) energy consumption, 2) elevated emissions of air pollutants and greenhouse 

gases, 3) compromised human health and comfort (EPA, 2008), 4) other effects.  

 

1.3.1 Increased Energy Consumption 

             The UHI effect is significant in building energy consumption. According to 

Akbari, for every 10°C temperature increase, the energy demand may increase by 2-4% in 

the summertime (Akbari, 2001). Another Study reveals that electricity demand for air 

conditioning or cooling increases in the ranges of 1.5 to 2% for every 0.6°C rises in 

temperature, implying that the community requires about 5 to 10% more electricity demand 

to cater for the urban heat effect (Abbas, 2016). The increased urban temperatures on the 

cooling energy demand depend on the magnitude of the urban overheating, the quantitative 

and qualitative characteristics of the building stock, and the local climate characteristics. 

An analysis of the existing assessments reported in (Santamouris 2014) concluded that in 

cooling-dominated climates with an average summer ambient temperature above 27°C, 

urban overheating is causing a significant increase in the cooling demand. It is estimated 

that the additional energy penalty induced by the UHI phenomenon at the city scale is close 

to 0.74 kWh//m2/C, while the Global Energy Penalty per person is close to 237, (±130) 

kWh/p. Santamouris, in his research, states that most heated urban area in a city with an 
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average summer temperature is below 23℃, decreases the heating load than the 

corresponding increase of the cooling load. (Phadke, 2014). This increased energy 

consumption increases costs to citizens and governments, causing significant economic 

impacts.  Countries like the U.S have most air-conditioned buildings which have the 

highest electricity demand and expenditure (Santamouris, 2020). According to the U.S 

Energy Information Administration (EIA), 87% of U.S houses use air-conditioning 

equipment, accounting for 12% of U.S home energy consumption (EIA). Fig 6. 

 

  

Figure 6: U.S average residential air-conditioning expenditure by climate region, 2015 

(EIA) 
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1.3.2 Emissions of air pollutants and greenhouse gases: 

             As a result of increased electricity demand, the power plant must supply the needed 

extra energy. Hence there is an increase in greenhouse gas emissions and air pollutants. 

Also, vehicular pollution contributes to the cause. Increased greenhouse gases cause global 

warming and climate change, while the contaminants negatively impact human health and 

causes air quality to decline (Rinkesh 2015). Research shows that high UHI correlates with 

increased levels and accumulation of air pollutants at night, affecting the next day’s air 

quality. Also, Increased use of ozone-depleting refrigerants such as CFCs in the air-

conditioning system cause depletion in the stratospheric ozone layer. Elevated temperature 

also promotes the formation of ground-level ozone acid rain.  A study revealed that with 

continued high greenhouse gas emissions, the average annual temperature in India is 

projected to increase from about 24°C to about 28°C by the end of the century (Climate 

Impact Lab 2019). In addition to the air pollution, UHIs affect meteorological features of 

urban areas by reducing precipitation, snowfall, and the diurnal and seasonal ranges of 

freezing days (UHI 2016). UHIs also contribute to the formation of thunderstorm events. 

Moreover, high temperatures negatively influence plants’ and urban forests' physiological 

and phonological processes (The Green City, n.d.). 

1.3.3 Compromised human health and comfort 

             The warming effect of urbanization impacts human health and well-being, human 

comfort, and the local atmosphere, especially for tropical and arid regions in the 

summertime. Humans’ bodies cannot control their internal temperature from high 

environmental temperatures, resulting in heat-related diseases such as heat syncope, 



 13 

cardiovascular stress, thermal exhaustion, or even heat stroke. The optimal outdoor 

temperature related to the lower mortality is 17◦C (Christopher, 2015). Excessive heat and 

air temperature increases can result in above-average rates of mortality. The significant 

impact of heat on human health is considered deadly, and many people die because of 

unexpected increases in air temperatures (Grimmond, 2007). According to The Centers for 

Disease Control and Prevention data, “from 1999 to 2010, a total of 7,415 deaths in the 

United States were associated with exposure to excessive natural heat” (QuickStats, 2012) 

which is more than the total number of mortalities due to hurricanes, lightning, tornadoes, 

floods, and earthquakes (Onwuchekwa, 2017). In India, more than 2500 people were killed 

in 2015 heatwave. Reports of people dying from heat dominate headlines each summer, 

with even cooler countries like France reporting 1,500 deaths due to the hot temperatures 

in Summer 2019. In 2009, the Australian provinces of Victoria and South Australia 

experienced a heatwave that killed 432 people (NewaComAu, 2016). Vulnerable groups, 

such as people already suffering from ailments, people recovering from illness, pregnant 

women, the elderly, and children, are most affected by heat island impacts (Urban Green, 

2017).  

1.3.4 Other effects 

             Another effect of intense temperature is impaired water quality. The high 

temperatures of pavement and roof surfaces can heat stormwater runoff which drains into 

sewers and raises the temperature of streams, rivers, ponds, and lakes. Rapid temperature 

changes in aquatic ecosystems resulting from warm stormwater runoff can be particularly 
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stressful and even fatal to marine life. One research found that urban streams are getting 

hotter than the forested stream and temperature in urban streams rises over 7°F during small 

storms due to heated runoff from urban materials (EPA, 2008)  

Urban overheating seriously impacts the low-income population while increasing urban 

vulnerability (Kolokotsa, 2015). The vulnerable and low-income people mainly live in low 

thermal quality houses in deprived urban zones, presenting a significant overheating 

(Smoyer, 1998). As a result, low-income households can be seriously exposed to higher 

indoor and outdoor ambient temperatures and pollution levels. At the same time, they have 

to consume more energy than the average to satisfy their energy needs (D. Kolokotsa, 

2015). Of the 2.8 billion people living in the hottest parts of the world, only 8% currently 

have air conditioners (ACs), compared with 90% of people in the US and Japan. Access to 

comfort cooling is critical for many communities worldwide (Radhika, 2019) Fig 7. Most 

emerging countries’ demand for air cooling is continuously getting stronger to raise the 

population’s comfort. For example, Household ownership of ACs in India today is a mere 

20million( total population 1.38billion) and demand is expected to increase by over 1 

billion by 2050. But many devices will be low-cost and inefficient models that will only 

consume more energy powered by the fossil fuels that contribute to global warming 

(Radhika, 2019). But the direct and indirect emissions from room ACs alone could 

contribute to as much as a 0.5-degree Celsius increase in global warming by 2100.  

            In conclusion, all these consequences of heatwaves are intertwined, and that to 

increase a city’s heat resilience, an integrated framework assessing all of these 
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consequences is required. Such a policy framework would aim to reduce the dependency 

on air-conditioning and increase the knowledge and awareness of heat stress resilience 

about the built environment. Measuring heatwave vulnerability depends mainly on the 

choice of heat stress indicators. Therefore, Possible countermeasures should affect the 

thermal balance of the cities by increasing the thermal losses and decreasing the thermal 

gains. In recent years, significant research has been conducted to design, develop, and 

apply efficient mitigation techniques for the urban environment (Hashem, 1992) (Akbari, 

2001). Among the most efficient of the proposed methods are those aiming to expand green 

spaces in cities, increase the reflectance of urban surfaces, decrease the generation of 

anthropogenic heat, and use low-temperature heat sinks to dissipate the excess urban heat 

(Santamouris, 2014). 

 Figure7: Per capital space cooling consumption (kWh per person) (Radhika, 2019) 
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2. UHI MITIGATION 

             For decades, experts have been developed some mitigation strategies to face the 

Urban Heat Island phenomenon. Some of the designs have a significant impact on the 

environment. Vegetation has been used extensively as a UHI mitigation strategy worldwide 

(Wong & Chen, 2009) (Kong, Yin, James, Hutyra, & He, 2014). Fig 8. Properties of 

vegetation include high albedo and low heat admittance that reduce the accumulation of 

incoming solar energy in the urban area. Vegetation affects urban climate through several 

processes. Firstly, evapotranspiration refers to transpiration from plants and evaporation 

from water bodies and soils. The absorbed solar energy is converted into the latent heat of 

evaporation; thus, the surrounding area’s temperature is cooled. (Pearlmutter, Krüger, & 

Berliner, 2019). Secondly, vegetation can provide shading for building surfaces and canyon 

ground. Shading from vegetation reduces ambient air temperature by blocking solar 

radiation, thus restricting the increase in air temperature and ground surface temperature 

(Picot, 2004). Last but not least, vegetation can help to reduce undesirable airflow when 

strategically arranged. Research showed that the cooling effect of vegetation on surface 

temperature is more significant than on air temperature (Bowler, 2010). Fig 9. 

             Trees and other leafy plants reduce their surrounding air temperature through 

transpiration by absorbing water from the soil and releasing the vapor through their leaves 

(Austin, 2012). Moreover, they absorb 70 percent of the sun’s energy, keeping the area 

below them cooler (EPA, 2008). Using trees as a mitigation strategy is helpful when they 

are planted in the right location (i.e., not blocking desired sunlight during winter time). 

Factors like tree species, growth rate and size at maturity, and deciduous or evergreen are 
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also important when planning for an urban area. Fig10. Depending on the density of their 

canopies, plants can intercept 70–90% of incoming solar radiation  (Simpson, 2002), still 

reaching 50% for deciduous trees during winter when leaf counts are substantially lowered 

(Heisler, 1986). Shade from green infrastructure can also lower energy requirements for 

cooling, reduce anthropogenic heat sources, and potentially reduce energy savings by 20–

80% (McPherson, 1988) 

 

Figure 8: Types of Green Infrastructure (GI) in the reviewed papers (Anne, 2020) 
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Figure 9: Effects of vegetation in Urban areas (Wong, 2021) 

 

Figure 10: Energy balance of leaf (Urban Green-Blue Grids) 
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             Among all vegetation types, trees are considered more influential on air 

temperature reduction since tree canopy can provide shading in addition to the 

evapotranspiration effect (Yang, Lau, & Qian, 2010). More trees provide shade for 

buildings and people, reduce the wind speed under the canopies, and cool the air through 

evapotranspiration (Pomerantz, 2003) (Santamouris, Regulating the damaged thermostat 

of the cities—Status, impacts andmitigation challenges, 2015). Studies have found 

suburban areas with mature trees 2 to 3ºC cooler than new suburbs without trees (Huang, 

1990). A study in Manchester found that increasing 5% of mature deciduous trees can 

reduce the temperature by 1 ◦C (Skelhorn, Lindley, & Levermore, 2014). According to U.S 

geological survey, A large oak tree, for example, can transpire 40,000 gallons of water per 

year; an acre of corn can transpire 3,000 to 4,000 gallons a day (Survey, 2007). Trees and 

vegetation can reduce indoor energy consumption by enhancing thermal performance in 

outdoor spaces and mitigating urban heat islands. Urban trees can reduce the energy use 

from air conditioning by 20% and save over $10 billion per year (Akbari, 2001). Akbari 

reported that increasing shade trees could reduce carbon emissions and directly reduce the 

cooling energy demand by 25% (Akbari, 2002). On the other hand, grass ground cover as 

a mitigation strategy plays a vital role in improving thermal comfort by maintaining low 

surface temperature (Onishi, 2010). most of the energy absorbed by well-irrigated grass 

would be converted into latent heat by the mechanism of evapotranspiration, which would 

lead to a substantial reduction in surface temperature. Moreover, the albedo value of grass 

(0.20–0.25) is smaller than construction materials painted in a light color, which means 

that it would reflect less radiation to the human body and thus result in less thermal stress 
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(Erell, 2010). According to Huang J, Akbari, and Taha, Temperatures over grass sports 

fields that are 2 to 4ºF (1 to 2ºC) cooler than over bordering areas. (Huang J. H., 1990) . 

Contrarily, there is very little research on the combined effect of trees and grass for UHI 

mitigation.  Shashua-Bar et al. (Shashua-Bar, 2011)compared different combinations of 

mature trees, grass, overhead shading mesh, and paving in a hot-arid region. It was found 

that grass can help reduce the duration of hot periods, and it showed an even more 

pronounced effect when combined with trees, making the place comfortable at all hours. 

The studies showed that the combination of trees and grass reduced ambient temperature 

up to 2 ◦C ◦C  (Srivanit & Hokao, 2013). 

             In terms of thermal comfort, some studies have found that by increasing tree 

quantity, the physiological equivalent temperature (PET) can be reduced by up to 14 °C in 

the spots where the trees are added, and it is reduced by an average of 4 °C in the general 

area (Yahia, 2018). Similarly, providing trees in streets decreased PET by up to 10 °C in 

Guayaquil, Ecuador (Johansson & Yahia, 2012). Greenery in high-density areas can lead 

to a PET reduction of 2.2–3.4 °C, while in open setting areas, it can reduce PET by 1.5 °C.  

At the same time, studies have found a maximum PET reduction of 4 ◦C  (Lobaccaro & 

Acero, 2015) and 3.90 ◦C (Müller, 2013)by applying grass. Tobacco et al. found that the 

maximum improvement can be achieved up to 10 ◦C PET with the combination of trees 

and grass (Lobaccaro & Acero, 2015). Moreover, the ability of trees to improve thermal 

comfort is highly associated with their canopies. A study by Kong et al. (Kong, 2017) 

investigated the impact of 12 species of trees on thermal comfort conditions in a high-

density area. It was found that large crowns and dense canopy trees can effectively reduce 
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the mean radiant temperature (Park, 2019), which will eventually improve the thermal 

comfort condition. Additionally, sparse leaves have a better cooling ability compared to 

scattered leaves. In addition to the canopy, tree position also decreases the temperature and 

improves thermal comfort (Kleerekoper, 2017). Planting trees is a helpful strategy to be 

considered UHI mitigations, but they are not deep and long-term solutions for their 

negative impacts. For example, trees might be destroyed or removed due to storms and 

strong winds. Moreover, compared to the rapid development of urban areas, a tree usually 

takes years to mature and reduce air temperatures. 
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CHAPTER 3: A CASE STUDY  

This chapter introduces the case study location of the city I have chosen, Bangalore, 

India, to evaluate the cooling potential of vegetation in the Urban neighborhood for 

mitigation of UHI. This chapter presents the climatic condition, urban characteristics, and 

land-use dynamics, and finally, the region’s environmental issues. 

1. Introduction of the city of Bangalore 

           Bangalore is the capital of the Indian state of Karnataka.  In southern India, the city 

is located at over 900 m (3,000 ft) above sea level on the Deccan Plateau, Fig 11. Bangalore 

is marked as a “Silicon Valley of India’’ and is one of the rapidly growing cities in the 

developing world. Due to the booming of its information technology (IT) in recent years, 

the city is experiencing massive migration from other cities due to increased advancements 

in biotechnology and manufacturing. About 35% of India’s IT workforce lives in 

Bangalore (Sudhira, 2007). The remarkable extent of the city increased from 69 km2 in 

1949 to 741 km2 in 2020.  The urban population of Bangalore has risen by 48%, from 

5.84millon in 2001 to 8.64 million in 2011 (IISC). Fig 12. The city’s people are expected 

to increase to 18 million by 2035, and at present, the city’s population is 12.3 million 

(Population, 2019).  
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Figure 11: Location maps (Ramachandra, 2017) 

 

Figure 12: Population growth from 2001 to 2011 (Ramachandra, 2017) 



 24 

1.1 CLIMATE 

           Bangalore lies under Tropical Savanna climate that has a warm-humid environment 

that is distinct from wet and dry seasons. The city enjoys a moderate climate throughout 

the year due to its high elevation with occasional heat waves that make summer very 

uncomfortable. The average temperature in January goes as low as 15°C and the hottest 

month is April, with an average high temperature of 35 °C (95 °F). Bangalore receives an 

average rainfall of 35.6 inches (906mm) per year from both the northeast and the southwest 

monsoon and the wettest months are August, September, and October (Bangalore, 2019) 

Fig 13. The average annual percentage of humidity is 63.0%, but it varies from 32% in 

March to 87% in August- September. 

Figure 13: Bangalore Weather (hikerbay.com) 
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1.2 URBAN CHARACTERISTICS AND LAND-USE DYNAMICS: 

           The city’s historical background shows massive afforestation drive in mid 18th 

century due to extreme temperature rise. Rulers created the tank culture (retention ponds), 

lake chains and canals were built to connect them and help the growing population with 

water, thereby cooling the city. But the problem shifted when there was not enough rain to 

satisfy an increasing population, so a significant investment in tree planting was made. As 

the trees grew, their breath became more extensive and influenced the climate. Then around 

1800, the temperature dropped to 14-16 °C, and Bangalore was branded as an air-

conditioned city (Rajesh, 2016). Later the city was known as a garden city, as the city 

landscape was found with trees (70%) and water bodies (5-8%) (Ramachandra, 2017).  

           Bangalore has been experiencing rapid urbanization, large-scale land cover change, 

unhealthy transition with uncoordinated governance, and numerous para-state agencies 

leading to taking over the city by land, water, and waste mafia. A study done by 

Ramachandra using satellite platform on land cover changes found an increase of paved 

surfaces by 1005% with a decrease in vegetation by 32% from 1973 to 1992, by 38% from 

1992 to 2002, and by 63% from 2002 to 2009 and the reduction of water bodies by 34.48% 

during 1973 to 1992, 56.90% during 1973-2002 and 70.69% during 1973-2007 in the 

Bangalore city limits (Ramachandra, 2017) Fig 14. There were 256 water bodies in 1962, 

which later decreased to 98 in 2010 due to urbanization Fig 15.  

           Outskirts of the city grew, and the inner area became more crowded with an 

increasingly congested road network. The city decided to widen roads by cutting trees. The 

land mafia took many lakes and tanks and converted them to residential layouts, multi-
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story buildings, playgrounds, bus stands, etc. Some lakes were used to dump municipal 

solid waste or building debris (Mujumdar, 2009) Fig 16. This has put the city’s 

infrastructure and natural resources under pressure, leading to severe problems, such as 

climate change, greenhouse gas emissions, lack of appropriate infrastructure, traffic 

congestion, and lack of basic amenities (electricity, water, and sanitation) in many 

localities, etc. 

 

1973                                             1992                                        1999 

 

 

                                  2006                                                 2012 

  

Figure 14: Land Use Change (Ramachandra, 2017) 
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Figure 15: Bangalore with 256 water bodies (Ramachandra, 2017) 

Figure 16: Master Plan (Ramachandra, 2017) 
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1.3 ENVIRONMENTAL ISSUES: 

1.3.1 Air pollution 

           Bangalore faces severe air pollution issues due to increased vehicular population 

and industrial and construction activity. In 2017, 67 lakh vehicles were registered and grew 

at 8% per annum. Old cars with worn-out engines, adulterated fuels, and slow-moving 

traffic increase emissions. The total emissions in 2015 due to vehicular traffic are estimated 

at 196 tons of CO per day (BDA Revised Master Plan 2031). As can be seen, the increasing 

number of vehicles directly correlates to increasing air and noise pollution levels. 

1.3.2 Greenhouse gas emissions 

           Rapid urbanization is contributing to growing emissions in Bangalore with a GHG 

footprint of 19.796 million tons, and the major contributing sectors are transportation 

(43.48 percent), domestic (21.6 percent), and industrial sectors (12.31 percent) Fig 17. 

shows the contributions of various sectors to the city’s GHG footprint (T.V. Ramachandra, 

2019). Emissions are due to extensive usage of private vehicles, contributing to 60% of 

total emissions due to the lack of a public transport system and unplanned urbanization. 

The city is dumping untreated waste, causing methane and co2 emission.  

           Another main contributor to Bangalore’s emissions is energy use, 60% of a total 

carbon footprint, as seen in As Fig 18. residential, commercial, and industrial sectors 

contribute just over 75% of the energy component in electricity usage combined (T.V. 

Ramachandra, 2019). Residential buildings consume about 33%, Commercial and 

industrial buildings, on the other hand, down 30% and 29.6% respectively. While the 
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transportation component is approximately 30% of the total carbon footprint, while 

emissions from municipal solid waste constitute the remaining 10% (Kulkarni, 2012) 

Figure 17:  GHG emission sector-wise (Kulkarni, 2012) 

Figure 18: Total carbon footprint (Kulkarni, 2012) 
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1.3.3 Urban Heat Island  

           Air pollution, greenhouse gas emissions, and outward growth contribute to an urban 

heat island effect. Research done by Ambinakudige on impacts of UHI on land cover 

change found that temperature in the outer area of the city is higher than the city’s inner 

area even though temperature varied from 1to 7℃ within the center core area with different 

land cover. Outer space has experienced tremendous development with reduced vegetation, 

leading to increased temperature. (Ambinakudige, 2011) Fig 19. Similarly, a study on 

impacts of increased urbanization on surface temperature, vegetation, and aerosols over 

Bengaluru shows UHI intensity was found to be higher during the dry season at nighttime 

and daytime during wet season (Heather 2019). 

         In the coming years, the city needs to maintain greenness to minimize the UHI effect, 

and city planners play an essential role in this. The city is getting hotter; a report given by 

the Bangalore climate change initiative says that the city's temperature would increase by 

1 to 2°C from 2021-2035. However, there are no norms or authorities to control a city’s 

growth and development. (Karnataka Climate Action Plan 2011) 
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 Figure 19:  Urban heat island effect in Bangalore. (Ramachandra, 2017)           

 

 

 



 32 

CHAPTER 4: METHODOLOGY 

This chapter introduces the software used to model and run simulations. A brief 

overview of the ENVI-met software is presented, followed by a description of the 

parameters and settings used in the two models created for this analysis. 

 

1. ENVI-met 

             ENVI-met is a three-dimensional urban microclimate analyzing software that 

simulates micro-scale thermal interactions within urban environments. It is one of the most 

widely employed dynamic simulation tools for microclimate analysis (Toparlar, 2017). 

Professor Michael Bruse designed this software in 1994 with his team at the University of 

Mainz (Envi-met, 2021). This model is based on the computational fluid dynamic (CFD) 

has a graphical user interface (GUI) to generate modeling domains and graph results. The 

software simulated 2D surface points and 3D atmospheric points. ENVI-met provides the 

calculations of short- and longwave radiation fluxes concerning shading, reflection, and re-

radiation from buildings systems and vegetation. This also includes transpiration, 

evaporation, sensible heat flux from vegetation into the air, pollutant dispersion at different 

levels of the domain, and bio-meteorological parameter values (www.envi-met.com). The 

model is computationally intensive, runs in nearly real-time simulation for 24h. In one of 

their studies, Jamie et al. (Jamei, Sachdeva, & Rajagopalan, 2014) reported that ENVI-met 

took approximately 7 to 8 days to simulate a case. A simulation should at least run for six 

http://www.envi-met.com/
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hours to get good results. The optimal time to start a simulation is at night or sunrise to 

follow the solar radiation daily increase. Tzoka et al. found that the number of papers 

published using ENVI-met has increased since 2011, with most studies conducted in 

Europe and Asia. Finally, the author found that adding greenery was the most commonly 

investigated mitigation strategy. The majority of the studies focused on the cooling 

potentials of street trees and green roofs and focused much less on green walls or the 

combination of various strategies. 

2. Simulation Model 

             After carefully studying Bangalore city’s UHI, I have selected the Bellandur area 

for my study, where there is a significant UHI formation. I considered three scenarios for 

my analysis: adding trees, two adding grass, and three a combination of tree and grass. I 

created a baseline model to measure and compare the impacts of these strategies. The 

model area 100mx100mx30m covers the estimated building and its surrounding urban 

elements, including roads, pedestrian corridors, and sections of adjacent buildings. In 

ENVI-met, I created the new building material to match the existing building construction 

type, default soil, and vegetation listed in Table 1 were used in all models. I set the models 

to run for 24 hours starting at 7 am on April 24th, 2016, with simple forcing boundary 

conditions using self-defined minimum and maximum air temperatures (25°C to 39°C) and 

wind speed and direction (2.5 m/s winds coming from the south). A special resolution of 

2m x 2m (dx, dy) and 2m height (DZ) was used. Rest all the parameters were left 

unchanged. The intervention model consisted of adding trees and grass to every building 

and orientation; the purpose of this model is to investigate the maximum impact direct 
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green facades have on the air temperature, surface temperature, and relative humidity at a 

neighborhood scale. Key input parameters and data acquisition information are given in 

Table 1 and Table 2. The model´s plan configuration and layout can be seen in Fig 20 and 

Fig 21, along with the 3D view of the model.  

Table 1: Key input parameters for ENVI-met Modeling 

Table 2: Model Domain Setting 
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Figure 20: Model Plan View 

Figure 21 Model 3D View 
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CHAPTER 5: RESULTS AND FINDING 

This chapter analyzes simulated results at a pedestrian height (1.8m), representing 

what people experience outdoors. Results are analyzed in terms of air temperature (℃), 

relative humidity (%). Fig. 22 and Fig 23 show a thermal map of the spatial distribution of 

Air Temperature and Humidity at different day hours (i.e., 9 am, 3 pm, 11 pm). For each 

model scenario, three receptors are identified to appreciate the temperature oscillations 

simulated by the software and compare modeled air temperatures and relative humidity in 

specific areas Fig 20. 

After running the simulation, the base model air temperature in outdoor areas 

ranges between 20.95℃ to 36.84℃ during the day. At 3:00 p.m. highest temperature of 

36.84℃ and a minimum temperature of 20.95 ℃ at 9 am are detected in table 3. 

Accordingly, relative humidity varies from 50.2% to 87.9%.  At 9 am, humidity reaches 

90.49% and drops to 48.76 at 3 pm. To Summarize, the temperature peaks at night and 

lowest in the morning. At the same time, more humidity is located high in the morning and 

less at night.  

The overall minimum and maximum potential air temperature were robust at 3 pm 

registering 25.47℃ to 36.32℃, and weaker at 9 am writing 20.54 to 26.54 after adding 

trees. Similarly, for grass intervention, maximum temperature found at 3 pm reporting 

25.47℃ to 36.32℃ and minimum at 9 am 20.75℃ to 26.43℃. Likewise, the combination 

of tree + grass, the highest temperature of 26.36℃ to 36.49℃ registered at 3 pm and lowest 
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temperature of 20.75℃ to 26.43℃ at 9 am. However, compared to the base model, a 

difference of 0.5℃ to 2℃ is observed in the tree and grass scenario. Likewise, for the tree 

+ grass scenario, a difference of 2℃ to 10 ℃ is seen. In terms of relative humidity for tree 

intervention, the overall minimum and maximum difference are highest at 9 am, showing 

64.85% to 77.91%, and lowest at 3 pm, depicting 44.92% to 61.66%, 43.43% to 66.5% at 

11 pm. The minimum and maximum difference for grass relative humidity are highest at 9 

are, showing 64.74% to 74.62%, and lowest at 3 pm depicting 40.37% to 56.33%. At the 

same time, the relative humidity for the combination of tree + grass peaked at 9 am, i.e., 

57.17% to 73.33, and dropped at 3 pm showing 40.37% to 56.33%. However, a significant 

difference of 2% to 15% change is found for both tree and grass scenarios compared to the 

base model. Highest difference of 10% to 30% for tree + grass intervention. Table 3 and 

Table 4. 

Compared to the base model located at a pedestrian height at noon, the overall 

minimum and maximum temperatures for the specific receptors show significant 

modifications in the Tree + green model, with a total air temperature difference of 13°C 

registered at R1 at the pedestrian height. The model grass shows some cooling effects of 

9°C, but the tree model presents the lowest differences. Whereas morning time-temperature 

difference of 7°C is visible for both the grass and tree + grass model, a very slight 

difference is seen in the tree model. Overall, a difference of 3°C is seen in the tree model 

and grass model for both R2 and R3 receptors and 8°C of change in the tree + grass model. 

These temperature reductions are highest between 3 pm and 8 pm in R1. Although in R2 

and R3, more change is seen in the morning and night. Fig 24.  
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Similarly, the base model adding tress increased the simulated overall potential 

relative humidity by 2% to 5% in both R1 and R3 receptors, and R2 relative humidity 

started decreasing from 7 pm to 4 am by 1% to 3%. Still, it increases from 8 am to 6 pm 

by 1% to 5 %. Whereas adding grass, relative humidity barely made a difference; it reduces 

in the morning. It starts increasing at night in all receptors, but the opposite trend is seen 

by adding a combination of tree + grass in the R1 Receptor. Overall relative humidity in 

R2 and R3 continuously increases by 2% to 8%. Fig 27. 
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Figure 22: Thermal map of the spatial 

distribution of Air Temperature at different hours of the day  
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Figure 23: Thermal map of the spatial distribution of Humidity in different hours of the 

day 
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Table 3: Minimum and Maximum Potential Air Temperature 

 

Table 4: Minimum and Maximum Relative Humidity Difference 
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Figure 24: Graph maps showing Air temperature and Relative humidity results of the specific 

receptors (R1, R2, R3) 



 43 

 

CHAPTER 6: DISCUSSION AND CONCLUSION 

             This research aimed to study the summer cooling effects of vegetation to reduce 

UHIs and improve thermal comfort using ENVI-met model simulations. This study 

investigated the influence of vegetation on the ambient air temperature and relative 

humidity for Bangalore, India, with a primary focus on pedestrian height. 

             The results of this research indicate that the overall simulated potential air 

temperature slightly reduces by 0.5 °C to 1.5°C when trees and grass is added, and results 

are congruent with previous research. In contrast, the combination of tree + grass has a 

more significant effect in reducing air temperature by 4°C to 11°C. The added greenery 

mainly impacted the surface temperature between 2 pm to 6 pm, registering maximum 

temperature reduction around 1°C (tree), 5°C (grass), and 15°C (tree + grass).  

Additionally, the thermal mass map of the relative humidity indicates that the percentage 

is lower at night and higher in the morning. Similarly, simulation results of the specific 

receptors indicate that relative humidity slightly increases in the morning and decreases at 

night by 1% to 3% after adding greenery. The research shows that UHI temperature is 

higher at night and lower in the morning; a similar trend is seen in the simulation results. 

This phenomenon shows heat trapped by reflection and absorption of sunlight in urban 

areas is released at night. But the place where the building height is higher, the overall 

temperature increases in the afternoon decreases at night, and even more drops down in 

early mornings; this is due to the reduced wind ventilation.  
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In conclusion, adding vegetation temperature reduces during the peak hours when energy 

demand is higher, which reduces the need for electricity and cost by avoiding the stress 

imposed on the electrical grid and preventing the likelihood of power outages. 

Furthermore, the surface temperature reduction indicates the greenery protects the building 

facades from the heat, reducing its heat absorption, potentially reducing its cooling load, 

and improving thermal comfort conditions indoors and outdoors. Moreover, as urbanized 

land increases in area and thus induces a UHI effect, increased temperatures may cause an 

increased risk for heat-related illnesses and fatalities. In the coming years, it will be 

necessary for city planners in areas such as Bengaluru to determine ways to maintain 

vegetation greenness to minimize harm to the environment and not amplify the UHI effect. 

             This research has several limitations that could be addressed in future studies. First, 

other mitigation strategies such as adding a green roof, green wall, green pavement, or 

combinations of these, which previous research has found to provide additional cooling 

effects, would give a more comprehensive understanding of the possible cooling effects of 

integrating greenery into the built environment. Second, this study ran the model for 24 

hours due to time limitations, but other studies have found better results running the model 

for a 48-to-72-hour period; therefore, a more extended period should be considered. Third, 

the wind speed and direction are kept constant in the study because the total forcing of the 

flow of these variables is not possible in the ENVI-Met model (Tsoka, 2018). Fourth, 

validating the computer simulation results with field measurements would provide 

additional evidence of the thermal benefits of greenery. Finally, simulating the building’s 
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energy loads using other tools would provide more holistic analysis and an accurate 

estimation of the energy effect of vegetation. 
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