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ABSTRACT 

South Asian cities have entered the group of fastest growing megacities in the world in recent 

times. Two megacities, Dhaka in Bangladesh and Kolkata in India across borders, have 

experienced similar political changes in the 20th Century, which have molded and transformed 

the cities, culturally, demographically and environmentally over the past century. The three 

major political events have induced migrations within and beyond borders between the two 

countries. The transformation of the shape and form of the two cities over time had profound 

impact on the local environment. Traffic congestion, air pollution, increased whereas natural 

landscapes decreased. Thus in this study, comparison of Dhaka and Kolkata have been 

performed in three steps - the political events and its influence on urban growth and policy; the 

impacts of urban growth on land cover and local environment in terms of particulate matter 

pollution; and correlation between land cover change, environmental impacts and peoples 

accessibility to healthy environment. 
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CHAPTER 1: INTRODUCTION AND STUDY AREA 
 

1.1 Introduction 

Urbanization is proven to be one of the most instrumental factors in shaping social growth and 

natural development (Li et al. 2012). Worldwide urban population exceeded rural population in 

2007. Asia and Africa are expected to see the maximum urban growth in the coming years 

(Griffiths et al. 2010). Besides development, urbanization also incurs some economic and 

environmental losses especially in the developing countries due to the inefficiency of urbanization 

process (Bertinelli and Black, 2004). Urbanization and globalization are the causes behind the 

emergence of mega cities, resulting in the weak functioning of the cities (Griffiths et al. 2010).  

 

Urban areas occupying 10 million people are regarded as mega cities (UNICEF, 2012). Numbers 

of megacities are increasing at a rapid rate around the world. In 1975, there were only 3 megacities 

and among them, Tokyo were the only one outside America. In 2009, out of 21 megacities across 

the world, 9 were from Asia (UNICEF, 2012).  In 2018, there were 7 cities from Asia among 10 

largest mega-cities across the whole world (UN, 2018). The factors that triggered the growth of 

the megacities are employment opportunity, division of labor, centralization and large-scale 

industrialization (UNICEF, 2012). Aguliar, Ward and Smith Sr (2003) found that, the form and 

shape change over time. At present mega cities are expanding their domain to nearby small towns 

and peripheries of the cities instead of going for compact development. Cities in developing 

regions especially in South Asia have hugely experienced urban sprawl, once which was the 

characteristics of the developed countries of North America too (Moghadam and Helbich, M, 

2013).    

 

The formation and expansion of megacities have created immense pressure on the infrastructure 

and environment of the urban core as well as the peripheries of the cities. Demand of land for 

industrial, commercial and institutional activities not only affects the urban ecosystem but also 

increases other associated land uses too (Aguliar, Ward and Smith Sr, 2003). These landcover 

transformations into impervious surfaces are also the root cause for urban heat island effect and 

environmental degradation (Kalnay, and Cai, 2003).   Vegetation and agriculture, which are 
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gradually disappearing in urban areas, are the prime elements to increasing the minimum 

temperature and decreasing of maximum temperature (Kalnay and Cai, 2003). Besides that, 

urbanization factors namely population growth, density, burning fossil fuels, transportation 

intensity etc. are responsible for decreasing the air environment quality (Wang et al. 2011).  

Dhaka and Kolkata are two of South Asian mega cities, having similar languages, cultures and 

lifestyles, situated across borders.  Dhaka is the capital of Bangladesh and Kolkata is the capital of 

the state of West Bengal in India. Bangladesh’s economy, education, commerce, industry etc. are 

highly centralized in Dhaka (Siddiqui et al. 2016). The centralization of the major activities and 

high density have a demand on the land cover to be changed. Kolkata, once the capital of British 

India was the first city in India to have one million people and has experienced rapid growth till 

1971 (Yadav and Bhagat 2014). Now the cities have expanded to include the suburban settlements 

around the main city. The growth of both cities has also seen increased urban infrastructures, water 

scarcity and air pollution which compromises healthy livable conditions (Ahmed, Hasan and 

Maniruzzaman, 2014). 

 

The pertinent problem associated with urban growth in these two South Asian megacities have 

given rise to the following research questions: 

1. How has major political events before and after independence of the two countries, Bangladesh 

and India, impacted the growth of Dhaka and Kolkata? How the land cover has been changed and 

what is the pattern of change for the two cities? 

2. What is the impact of land cover change on air pollution of Dhaka and Kolkata as they have 

grown bigger? How the air pollution is correlated with the land covers (Greenspace: Normalized 

Difference Vegetation Index (NDVI), Built-up Area: Normalized Difference Built-up Index 

(NDBI), and Waterbody: Normalized Difference Water Index (NDWI)) from continued urban 

growth in Dhaka and Kolkata?   

3. What are the lower polluted areas? What is the accessibility to those areas from building blocks 

and how this accessibility is correlated with people’s demographic and socio-economic 

characteristics? 

 

This research has also some scope for further study. This study tries to find how the urban areas 

of these two cities has changed politically and geographically. How these changes have shaped the 
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cities environment comprehensively how these changes have an influence on people’s accessibility 

to healthy environment. The significance of this research is, it worked on temporal urban 

transformation of these cities and at the same why and how these changes are important for the 

humans. This research is important for researchers want to conduct further study on urban 

expansion, environmental pollution, urban residents’ exposure to healthy environment and urban 

accessibility and connectivity. This research will also complement urban planners and policy 

makers decision of providing more natural landscapes considering urban livability of these cities. 

 

1.2 Location of Study Areas:  

1.2.1 Dhaka, Bangladesh 

 

Dhaka is one of the six South Asian mega cities having a population over 16 million according to 

2010 housing survey of Bangladesh (Kamruzzaman, 2019). The capital city is also the 3rd most 

densely populated cities in the world (World Atlas, 2018). The country’s economy, education, 

commerce, industry etc. are highly centralized in Dhaka (Siddiqui. K et al., 2016). Rural-urban 

migration is a common phenomenon in Dhaka where 39.36% of total population of the city came 

from rural areas (Chaudhary, 1978). To accommodate these people, a large portion of land is being 

converted to residential areas with over 40% land used as informal settlements (Dewan and 

Yamaguchi 2009). Moreover, establishments have been built for commercial and industrial 

purposes to fulfil the need of employment for the influx of people. From 1975 to 2003 waterbodies 

(2.3%), wetland (9.7%), cultivable land (8.6%) and vegetation (6.2%) all have been significantly 

reduced in the city. The two increasing land cover types by percentage are built up and land fill 

(Dewan and Yamaguchi, 2009). 
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Figure 1.1: Study Area: Dhaka (OCHA, 2015) 

With this rate of decrement, vegetation and waterbody will be not be more than 4% and 5% 

respectively by 2020 whereas the built-up area will occupy 46% of the total Dhaka city land (Islam 

and Ahmed 2012). With this estimate, it is high time to identify the land cover changes and its 

impact on other aspects of urban environment.  

 

1.2.2 Kolkata, India 

 

Kolkata is the capital of the state of West Bengal in India. East side of West Bengal shares the 

Indian country boundary with Bangladesh. The city has a humid and wet climate with a larger pre-

monsoon and monsoon period (Sharma et al. 2015). Kolkata has number of administrative areas. 

The core city has a boundary of 200 km2 and occupies about 4.5 million people (Mukherjee, 

Bebermeier and Schutt, 2018). Kolkata Municipal Corporation (KMC) area is situated on the 

eastern bank of the river Hooghly. KMC (205 km2) contains the center of Kolkata Metropolitan 

Area (KMA) and corresponds to the urban agglomeration of the city of Kolkata. The industrial 

hub and the port, both attract migrants not only from eastern India but also from neighboring 

countries of eastern part of South Asia (Mukherjee et al. 2018). Kolkata metropolitan area (KMA) 

contains the core city, suburbs and some other places which totals 1851.41 km2 (Bhatta, 2012). The 

area has a population not less than 15 million. It makes the city the 3rd largest among India 

(Mukherjee, Bebermeier and Schutt, 2018). With the increase in demography, the city also 

expanded geographically followed by urban sprawl along the rural roads outside the downtown of 

the city (Sharma et al. 2015). The city grew naturally till 1947. After 1947, the growth started at a 
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very fast rate as more people started coming to the city for employment. The partition of the Indian 

subcontinent and influx of people from Bangladesh were other major reasons behind that. From 

1947 to 1990, the spatial growth was about 30 km2 (Mitra et al.2012) 

 

 

 

 

 

Figure 2: Study area: Kolkata 

Data: 

Figure 1.2:  Study area: Kolkata (Center for Geographic Analysis, Harvard University) 

During 1990-2000, the growth rate was 192.55% and in the next decade it became 0.02% (Bhatta, 

2012). Bhatta (2012) also found that the growth rate between 2001 – 2010 was lowest compared 

to other time periods. This happened due to the spatial variation in the built-up concentrations in 

different geographic location within the city. Some areas are highly concentrated such as in south 

Kolkata, and newly developing areas in east Kolkata. This increasing growth rate happened at a 

faster rate than gradually.  Previously developed areas have low growth rate. When the newly 

developed areas reach to saturation point, the growth rate declines dramatically (Bhatta, 2012).  

 

 

 

 

 

 

 

 

 



6 
 

CHAPTER 2: HISTORICAL URBAN GROWTH AND LAND COVER 
CLASSIFICATION 
 

2.1 Historical Urban Growth of Dhaka And Kolkata 

Dhaka and Kolkata cities have undergone the brunt of several major political events from the 

beginning of 20th century. These political events shaped the city’s boundaries, ideology, culture 

and political scenarios again and again. These political events have also impacted the cities land 

use, land cover, economic activity, form and infrastructure.  

2.1.1 Major Political Events in Twentieth Century 

 

2.1.1.1 Partition of Bengal (1905-1911) 

In the British period (from 1772 to 1911), Kolkata was the capital of British India. Kolkata, known 

at that time as Calcutta, was also the principal city for the undivided Bengal which included West 

Bengal, Assam, Orissa, Bihar, Tripura and East Bengal. The government found it difficult to rule 

these large areas from Kolkata. The other cities and areas of the vast presidency (state) also got 

less attention and benefits from the government in terms of development activities and 

opportunities. On 19th July 1905, government of India declared the consent of setting up new 

province of ‘Eastern Bengal and Assam’ comprising Chittagong, Dhaka and Rajshahi divisions, 

Hill Tippera (present Tripura), Malda and Assam. The formal proclamation came on the first of 

September and Bengal was partitioned on 16th October of 1905. Dhaka became the capital of the 

new province (Sarkar, S, 1973). After long protest from masses, the government decided to annul 

the partition and it was on effect from 12th December 1911. After 1911, both Dhaka and Kolkata 

lost their significance. Dhaka lost the crown of capital of a province. Similarly, the capital of 

British India was also shifted from Kolkata to Delhi. (Saxena, 1987).  
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2.1.1.2 Indian Independence and East-West Pakistan (August 1947) 

After the cancellation of the Bengal partition in 1911, the relation between Hindus and Muslims 

deteriorated. In 1946-47, when Britain was on the verge of leaving Indian Subcontinent, communal 

tension between Hindus and Muslims gained much prominence.  Some key questions were 

considered, firstly whether they want to keep the united Bengal instead of being two different 

provinces of India and Pakistan. Secondly, if the whole of Bengal remained within India then the 

separate electorates would’ve been the preferable solution. Third, whether they can endure the 

dominance of Muslim League (political party for Muslims in Indian subcontinent) in the united 

Bengal in India. So, partition of the province (state) was the most desirable solution for each 

religious group’s dominance in provincial government and central government as well (Roy, 

2009).  

After continuous and devastating communal riots between Hindu and Muslim in 1946 followed 

by unstable political conditions, partition became inevitable. So, Bengal legislative assembly met 

to decide the future of Bengal on 20th June 1947. The administrative power from the British was 

then transferred the administrative power to India and Pakistan on 14th and 15th August of 1947 

respectively. The province as well as the whole country was divided by Radcliff Line, a line which 

divided India and Pakistan (Mukherjee, 1968). 

 

2.1.1.3 Independence of Bangladesh, 1971 

After 1947, Dhaka became the capital of East Pakistan. East and West Pakistan (present Pakistan) 

were separated from each other by more than 1,000 miles with distinct differences in language, 

cultural heritage, physical appearance and climate. The only common thing between them was the 

religion. East Pakistan was treated as a province of Pakistan and the administrative power, foreign 

ministry, finance ministry, defense ministry was controlled from West Pakistan. After the birth of 

East Pakistan, most of the people in East Pakistan had high aspirations of a new state. Though East 

Pakistan had 15% of the total area of the country it had majority population of the whole Pakistan 

(Bangladesh Documents, 1971-73). After those incidents, the liberation war happened in 1971. 

During the liberation war of Bangladesh, a lot of people from East Pakistan fled to India to save 

their lives from the massive killings of Pakistan military (Bangladesh Documents, 1971-73). 
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2.1.2 Historical Growth of The Cities 

 

2.1.2.1 Dhaka City, Bangladesh 

Dhaka city became an important city in 1608 when Islam Khan became the subedar (administrator) 

of the city appointed by Mughal emperor and it is termed as the birth year of prominent Dhaka 

(Kabir and Parolin, 2012). Dhaka became an important city after being the capital of Bengal 

province in the Mughal period (1600 to 1700).  

 

Islam khan, the then 

subedar of Bengal made 

Dhaka his capital in 

1610. After the Mughal 

period Dhaka entered the 

British period when the 

city lost its importance 

and development was 

reduced. 

 

Figure 2.1:  Historical expansion of Dhaka (Ahmed et al. 2014) 

 

Development plan of Dhaka by Sir Patrick Geddes in 1906 

is the only development steps during the British period 

(Kabir and Parolin, 2012). After becoming the capital of 

East Pakistan in 1947, Dhaka experienced rapid change. 

The city started to expand towards the north, and the 

northern part was called the new Dhaka. Dhaka 

Improvement Trust (DIT) was established in 

1956 to develop the plan of the city. DIT has 
Figure 2.2: Dhaka city in 1924 

(Murray, 1926) 
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developed 4 new major urban area named Gulshan. 

Model town, Banani, Uttara and Baridhara model town of the city (Kabir and Parolin, 2012). Like 

the DIT initiative, the city developed other planning projects and reports since the beginning of 

19th century like Dacca Town Planning Report (1917), East Pakistan Planning Sub-Committee 

  

Figure 2.3: Dhaka Master Plan in i) 1958, ii) 1995 and iii) 2016) (RAJUK, 2020) 

(1948) and Dacca Master Plan (1959). The City Development authority of Dhaka, named RAJUK, 

initiated some projects demarcating the area of the city. The first one named ‘Dhaka Metropolitan 

Area Integrated Urban Development Project’ came in 1981. Then RAJUK launched the project of 

‘Dhaka Metropolitan Development Plan’ in 1995. In 2015 RAJUK started the Detail Area Plan 

(DAP) project including the suburban areas of the city (Kabir, and Parolin, 2012).   
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2.1.2.2 Kolkata City, India 

Kolkata city, formerly known as Calcutta, has controversy regarding its birth. The year 1690 is 

considered as the birth year of Kolkata referenced from the maps available. The establishment of 

the city is related with the establishment of East India Company during 1600. In 1690, Kolkata 

began with three 

villages (Kolkata, 

Gobindapur and 

Sutanuti) along river 

Hooghly as a trading 

post by Job 

Charnock and then 

Fort William was 

established in 1698 

(Yadav and Bhagat, 

2014). The first plan 

of Kolkata by Mark 

Wood was published 

in 1792. It featured  

Figure 2.4:  Kolkata in 1893 (Pritchett, 2020)  

division of the town according to the European and native inhabited areas. The developed 

European colony areas around the ‘Great Tank’ extended along the Bytaconnah or Bow Bazar 

street, and along present-day Lenin Sarani both ending at Mahratta ditch (NATMO, 2010). Figure 

2.4 shows that, during 1893, Kolkata was only concentrated on the eastern bank of Hooghly river 

and very small areas were contained within its boundary.  

After 1793, Kolkata started to become an administrative center. The treasury of British East India 

Company was established in Kolkata. Real power and authority moved from the Nawab of Bengal 

to the Company, so the center of power shifted from Murshidabad to this town. Several educational 

institutions, foundations, and clubs were established for the educated middle class. During 1793-

1856, built up areas surrounding the ‘Tank square’ increased substantially. The townscape which 

developed during the period had a lot of similarity with London (NATMO, 2010).  
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Figure 2.5: Map of Kolkata in i) 1906, ii) 1914 and iii) 1927 (India Water Portal, 2010) 
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The design, architecture and planning of Kolkata were highly influenced by the planning and 

design of the capital of British empire like The grid-iron pattern of roads, squares, the strand along 

the river, names on the street like Park street or Russel street, architecture of buildings, open spaces 

like Esplanade (NATMO, 2010).  

The development process continued in 20th century as well. Kolkata became the center of initiating 

development activities within India. Figure 2.5 shows the temporal expansion of Kolkata from 

1906 to 1927. The light green portion of the image was greenspace (Maidan) and the red portion 

was inner city. One-mile scale of the image represents the smaller boundary of the city. the images 

show that, during that British period, the city’s urban areas have been developed in a grid iron 

pattern along the Hooghly river on the eastern bank. The images show some temporal expansion 

on the western part of the Hooghly river in these time periods. Introduction of electric trams (1902), 

and aero plane (1910), establishment of Indian Broadcasting Company (1927), building of Victoria 

Memorial (1929) and construction of Howrah Bridge (1941) were some of the significant 

developments in Kolkata. Some of the major activities of the freedom movement also initiated and 

concentrated in the city at that time (NATMO, 2010).  

Figure 2.6 shows expansion of Kolkata from its early establishment. It shows that the growth rate 

was slower in the early periods and it accelerated after 1793 when Kolkata became the capital of 

British India. The growth accelerated again after 1947, after the independence of India. After the 

independence, the city became the capital of West Bengal state and the city started to grow 

dramatically (NATMO, 2010)..  

Figure 2.7 shows the urban growth of the city in 1952 and 1972. In 1972, Bangladesh became 

independent and the migration of Bangladeshi people had some influence over the city’s expansion 

in this time period.  

Presently the Kolkata agglomeration has an area of 1851.42 sq. km including both sides of 

Hooghly River, the levee of the river and the marshy tract of the east. During the last decade, 

Kolkata have experienced rapid development by changing the proper city and adding the suburban 

areas. Several new roads, flyovers and third bridge over Hooghly river have accelerated the pace 

of development and made the communication with Delhi and Mumbai easier. These initiatives 

have triggered the city growth and responsible for land use change of hundreds of acres of 

Chandana
What kind of data do you have to back this up?I think these are just facts and figures that you are stating here. What I am missing in your writing is what impacts did the major events have on these two cities. That is missing in your write-up. Let’s talk about this. 
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agricultural land which have transformed into uses other than agriculture and vegetation (NATMO, 

2010). 
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Figure 2.6: Urban growth of Kolkata from 1756 to 2000 (Source: Mitra et. al. 2012) 

Figure 2.7: Urban growth of Kolkata from 1952 to 1972 (Mahata et al. 2017)
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2.2 Land Cover Change of The Cities 

Land use land cover change has both direct and indirect influence on urban sprawl especially in 

developing countries (Mosammam et al. 2017). Decrease of vegetation and agricultural lands, their 

productivity and several climate impacts (Mosammam et al. 2017). Land cover change is 

considered a key factor for global environment and climate change. It has noteworthy influence 

on global and regional scale policy and planning decisions too (Oyugi, Odenyo and Karanja, 2016). 

Some studies say that, land cover change has profound impacts on precipitation, increases carbon 

dioxide (CO2) and other pollutants, modifies the microclimate, change in vegetation dynamics etc. 

(Mahmood et al. 2010). To understand this climate change, land surface temperature (LST) is used 

as an indicator (Feddema et al. 2005). The surface temperature depends on the distribution of land 

covers based on area’s geographical location, atmosphere and anthropogenic factors (Feddema et 

al, 2005).  Several studies say that urban areas across the globe is experiencing rapid changes in 

land use and land cover resulting in changes of land surface temperature too (Carlson and Arthur 

2000). Due to unplanned urbanization these areas are suffering from increasing pollution and 

changes in the climate with no specific plan in hand to cope with them. (Carlson and Arthur, 2000). 

 

The formation and expansion of megacities have created immense pressure on the infrastructure 

and environment of the urban core as well as the peripheries of the cities. Demand of land for 

industrial, commercial and institutional activities not only affects the urban ecosystem, but also 

impacts associated land covers and land uses contributing to urban sprawl (Aguliar, Ward et al., 

2003). Suburban and peri-urban areas are losing natural landscapes, protected areas, flood flow 

zones, agricultural areas and waterbodies. Loosing of these landcovers don’t impact the 

environment instantly rather provide more economic value from converted land uses making the 

transformation worthy. Gradually, these transformations take massive toll on the habitat as they 

cannot work as a barrier to natural hazards and calamities (Yuan et al., 2005). The lost agricultural 

lands threaten the availability of required food supply which traditionally came from the suburban 

areas of the city (Lopez et al., 2001). As a result, catchment area of the city’s demands for food is 

becoming larger gradually (Haregeweyn et al., 2012).  Decreasing of natural places also affect the 

air quality of the city. These landcover transformations into impervious surfaces are also the root 

cause for urban heat island effect and environmental degradation (Kalnay, and Cai, 2003). 
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Vegetation and agriculture, which are the prime elements to increasing the minimum temperature 

and decreasing of maximum temperature, are gradually disappearing in the fringe and suburban 

areas of major cities (Kalnay and Cai, 2003).  

 

Multi-temporal LULC (Land Use Land Cover) classification has become a popular method for 

land cover classification in recent times (Kantakumar and Neelamsetti, 2015). In Dhaka, several 

researches have been conducted using post classification method. In most of those research’s, only 

4 classes have been selected which are Waterbody, Vegetation, Built Up area and Barren Land. 

Wetlands and agricultural lands are also a major part of Dhaka city though these 2 land covers are 

decreasing dramatically (Ahmed et al., 2013). These land covers are most often merged with other 

land covers like waterbody, vegetation and barren land. So, identification of these land covers is 

challenging and time consuming. There are several sophisticated methods of classifying land 

covers for example Very High-Resolution Imagery (VHRI), Normalized Difference Vegetation 

Index (NDVI), Normalized Burn Index (NBR2), Liquid Surface Water Index (LSWI), etc. 

(Oliphant et al., 2019).  

 

Training sample data is an instrumental part for supervised land cover classification and the 

accuracy of the classification mostly depend on it (Abdi, 2019). Training data are those based on 

which the classification algorithm works and run the classification taking the range of spectral 

signatures of the training samples. As this study has classified six classes and differentiated some 

classes which have very close range pixel values, selection of training data was also a very 

necessary part of this study.  For resource constraint this paper employed simple random sampling 

method to select the training data. Land covers referenced from previous images and google earth 

timeline images were used to select the training data. The freely available highest resolution 

images for these cities is Landsat which provides 30 m*30 m image. For selection of training data, 

very high-resolution images or hyper spectral images are a better option. Field survey is also an 

efficient option for selecting training data where very high-resolution images are not available. 

One of the limitations of this research is, it has used only secondary sources (medium resolution 

imageries) for selecting training data. These training data were used for supervised classification. 

Training sample references and references for accuracy assessment have been collected from 

secondary sources. In this research, stacked multiple seasons images have used to efficiently 
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distinguish the land covers, as some land covers unlikely show same reflectance in all seasons. It 

required processing large amount of high resolution of images simultaneously. Google Earth 

Engine (GEE), which is a platform, enriched with a high-resolution data catalog with high 

performance computing functions (Gorelick et al., 2017) provides the opportunity to process a 

large amount of data from high resolution satellite imagery like Landsat and Sentinel (Oliphant et 

al. 2019). The platform more specifically provides internet-accessible application programming 

interface (API) and an associated web-based interactive development environment (IDE) for 

satellite image processing more efficiently. It also provides the opportunity of creation of 

prototyping and visualization of results swiftly (Gorelick et al., 2017). GEE also gives the privilege 

of processing big data from satellite images without downloading for cropland mapping, tree cover 

change detection due to natural disaster, disease etc., ecosystem mapping for both land and aquatic 

environment and so on (Shelestov et al., 2017).  Shelestov et al. (2017) stacked three seasons 

images, where each season image is made into a median image of 6 to 12 images of that respective 

season. From each image we have selected 5 bands. So, the final stacked image was composed of 

all available images of that season. So, the input data of this research was heavier to manage. The 

major benefit of using GEE is that it let the researcher to process large volume of high-resolution 

imagery simultaneously on cloud without downloading (Oliphant et al. 2019). So, GEE has been 

used in this research for land cover classification.  

 

2.3 Land Cover Classification: 

2.3.1 Data: 

 

2.3.1.1 GIS Shapefiles 

Dhaka: 

For this study, the city boundary shapefile for Dhaka has been collected and extracted from the 

digital database of “United Nations Office for the Coordination of Humanitarian Affairs” 

(https://data.humdata.org/dataset/administrative-boundaries-of-bangladesh-as-of-2015)website 

and from DDC (Development Design Consultant) based on the Draft Dhaka Structure plan Report 

(2016-2035) of the city development authority named ‘RAJUK’ of Dhaka city, Bangladesh 
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(RAJUK, 2015). The city boundary has been projected to World Geographic System 1984, a 

standard geographic projection system. 

Kolkata: 

The boundary shapefile for Kolkata Metropolitan Development Authority (KMDA) area has been 

collected from Stanford University online library 

(https://earthworks.stanford.edu/catalog/stanford-br919ym3359). Kolkata has different types of 

jurisdictional area like Kolkata Metropolitan City (KMC) and KMDA 

(https://earthworks.stanford.edu/catalog/stanford-br919ym3359/metadata). KMC contains only 

the core city area with CBD (Central Business District) where KMDA covers the suburban areas 

of Kolkata too. KMDA has been selected for better comparison with Dhaka Metropolitan Area 

(DMA).  

 

2.3.1.2 Satellite Imagery 

     Landsat 7 Enhanced thematic mapper (ETM) and Landsat 8 Operational Land Imager (OLI) 

30m time series images have been used for land cover classification. Images have been collected 

for last 15 years with a 5-year time span. Images were collected for years 2008, 2013, and 2018. 

The Landsat satellite series launched by the National Aeronautics and Space Administration 

(NASA) and the U.S. Geological Survey (USGS) produce high quality imagery on a consistent 

basis. The blue, green, red, near infrared, short-wave infrared 1, and short-wave infrared 2 bands 

were used for the classification. Top of Atmosphere (TOA) images were used in lieu of Surface 

Reflectance (SR) images due to better availability. Temporal resolution of Landsat images is 16 

days. For this analysis, median images of every images have been selected. The temporal median 

values of each band of each collection have been taken in this method and then computed to 

produce the resulted image (Gorelick et al., 2017). For identifying the difference between two 

seasonal composites, using ‘median’ images is instrumental (Gorelick et al., 2017).  

Seasons have been selected in three temporal periods. Three dominant seasons are prevalent 

climatically in Bangladesh and West Bengal: (1) the dry winter season from December to 

February, (2) the pre-monsoon hot summer season from March to May, and (3) the rainy monsoon 

season which lasts from June to October (Shahid, 2011). Images have been collected according to 
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those seasons. November 16 to February 15 as winter season, March 16 to May 15 as summer and 

June 16 to October 15 as monsoon have been selected as three seasons. All the images during a 

season have been taken to compute the median image of that season. To retrieve cloud free images, 

cloud masking algorithm has been used.  

 

Table 2.1: Characteristics of multi-temporal Landsat 7 and Landsat 8 data (Oliphant, A. J., 2019) 

Band Name Landsat 8 OLI spectral range Landsat 7 ETM+ spectral range 

Blue 0.45-0.51 0.45-0.52 

Green 0.53-0.59 0.52-0.60 

Red 0.64-0.67 0.63-0.69 

NIR 0.85-0.88 0.77-0.90 

SWIR1 1.57-1.65 1.55-1.75 

SWIR2 2.11-2.29 2.09-2.35 
 

 

2.3.2 Methodology: 

 

2.3.2.1 Classification and Training sample 

There are two types of classification, which are supervised and unsupervised (Doski, 2013). 

Supervised classification is where a user can select sample pixels from an image representing a 

specific class and the image processing software has been used those to classify the image. 

Training sites are selected based on the knowledge of the user. Software processes the image 

using maximum likelihood, and minimum distance based on statistical analysis (Doski, 2013).  

Whereas, unsupervised classification is where the user has no prior ground information. The 

computer decides which classes are related and shows them to the user. The user must define the 

classes and number of classes. Using specific statistical criteria, the pixels having same or close 

spectral characteristics are grouped in the same class (Wang and Cheng, 2010). 

In this study, the supervised classification method has been applied using GEE. Google Earth 

Engine uses satellite images from NASA as well as the Landsat Program and provides the 

opportunity to do land cover classification and other spatial analysis online (Patel et al., 2015). 
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There are numbers of supervised classification methods. These are Bayes, Classification and 

Regression Trees (CART), Random Forest, Support Vector Machine (SVM), Perceptron, 

Mahalanobis, etc (Patel et al., 2015). CART method has been used in this research  

CART was introduced by Breiman et al. (1984). It is a powerful tool for land cover classification 

based on large tree method (Pham, B. T., Prakash, I and Bui, D. T., 2018). The two approaches in 

this method are classification tree and regression tree. Classification tree works on predefined class 

and regression tree does not work on predefined class. Regression tree predict classes and 

classification tree classify based on new observations (Choubin et al., 2018).  

In this study, the images have been classified in six classes. These are Waterbody, Vegetation, 

Built-up, Barren land, Wetland, and Agriculture. For classifying these selected classes, training 

samples have been collected using secondary data and google earth view. Historical images of 

selected time periods of Dhaka city and Kolkata were used as the reference of selecting training 

sample data. For 2018-19 image, google earth time series maps and google map have been selected 

as a reference. Local knowledge of authors has also been used as a reference for selecting training 

samples. Both true color images and false color images have been used for better understanding 

during selection of training sample data.  

Wetlands in cities have lower depth and are mainly visible during the rainy season. Waterbodies 

have higher depth and exist all the year round. Agricultural lands look green during the cropping 

season, but low-lying agricultural lands are flooded during the rainy season. As a result, during the 

rainy season wetlands, waterbodies, and agricultural lands merged with one another in many areas 

and become hard to identify. Image stacking made it possible to identify wetland, waterbody, 

vegetation, and agricultural lands separately and properly. In GEE, it is possible to train the 

classification function with the training sample from multiple images. Training samples for 

waterbodies were selected from images of winter and summer season’s images. The differences of 

waterbodies from the rainy season and the winter season were selected as training sites for 

wetlands.  

Training samples for agricultural lands were selected from winter and summer season’s images 

considering winter (Rabi) crops season, which lies between November and April in Bangladesh 

(Mohsenipour et al. 2017). During the cropping season, difference between vegetation and 

agricultural land lie in their irregular and regular shapes respectively. So, the training samples for 
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these four classes have been selected accordingly. Selection of training samples for barren land is 

quite challenging. Some agricultural lands can look like barren land after cutting off crops. There 

is possibility of merging of wetland and barren lands too. Therefore, training sites for barren land 

were selected from the rainy season images, considering those barren lands which are not too low 

to be submerged by flood waters. Training sites for built-up areas were selected from all season’s 

images, as it is not mutually exclusive from other land covers. 

Number of training samples were selected considering the quality of the imagery and convenient 

understanding of classes over the years, and seasons as well. The difference between waterbody, 

wetland, agricultural, and barren land largely depend on the difference of monsoon image with 

other images. Often cloud free and clear images were not available during monsoon periods. 

Therefore, there may still be some errors in classification for that reason.  

Before executing classification, three seasons images have been merged using the ‘addBands’ 

function which added the bands of all three images. Then the training samples have selected from 

each three images based on the requirement of distinguishing land cover types. The classification 

was executed on the merged image which had all the bands of the three seasons images. 

Classification function was trained by giving training samples of respective classes from that 

seasons image/images which represent that class most efficiently. The classification function 

classified the classes based on different pixel values of respective classes from any season.  

In this research, CART models make a class prediction for each pixel using the predictor variables 

of regression tree that were used as inputs to that CART model. It took the observations from the 

user and made classes of dependent variable using some exogenous rules using the classification 

tree.  

2.3.2.2 Image processing using Google Earth Engine (GEE) 

This study used (CART) method in GEE. This study stacked multi-seasons images which makes 

it possible to distinguish some overlapped land covers. Merging high resolution imageries was 

possible for using GEE because it uses the images from cloud and process also in clouds. In this 

study, 24 images for each year have been merged and processed simultaneously where five bands 

were considered for every single image. Besides, three merged images from three years were in 

function simultaneously for distinguishing the classes. As a result, the system has processed a large 

data containing 72 images and their bands. Processing these large datasets in a single computer 
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system require high configuration and speed. As a result, this study has used cloud-based GEE to 

execute the analysis. This study also validated the classification results using accuracy assessment 

method (Accuracy assessment results are explained in the analysis part). Though the accuracy was 

below 80%, this study paved the way to employ online satellite image processing using cloud data 

for this region.  

2.3.2.3 Accuracy assessment  

This study took all the images of the selected years. In monsoon period, most often Landsat images 

have significant amount of cloud cover. As a result, selecting pixels from the images of monsoon 

periods created some null values. To minimize errors, this study took pixel values from monsoon 

images only for wetland areas. Accuracy assessment of the classification have been done by “Error 

matrix (confusion matrix) method”. Error matrix algorithm compares ground truth data taken as 

the true reference point of specific land covers with results of classification. The study also 

measured kappa coefficient which is a parameter to assess how much better the classification is 

than a random classification. The study then measured the user’s accuracy which is the proportion 

of the pixels of a specific class which have been correctly classified on the total pixel assigned to 

that particular class. The study also measured producer’s accuracy which is the number of correctly 

classified pixels of a class / number of reference pixels. Accuracy assessment results for Dhaka 

and Kolkata have explained in the analysis section. 

 

2.3.3 Limitations in Base Map Preparation and Accuracy Assessment  

There are few limitations in land cover classification and accuracy assessment. There are some 

specific reasons for that.  

1. This research has used all the satellite images of the selected years for land cover 

classification. In monsoon period, almost all the Landsat images have cloud covers. 

Wetlands training samples were taken from monsoon images where there were cloud 

covers. So, taking training samples from these images created some error in classification.  

2. There were few incidents where the spectral signature of barren land and built up area were 

close. Landsat has 30m spatial resolution. Usually, agricultural lands are smaller, and it 
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was hard to agricultural land and vegetation. QUICKBIRD, IKONOS or other high-

resolution images could minimize the errors in classification.  

3. Another limitation is the reference data. it is important for ground truthing purpose. Google 

Earth time series images were taken as reference. Some literatures images were also have 

taken as reference data, but extensive field survey could minimize the errors in 

classification. 
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Figure 2.8: Flow Chart of Land Cover Classification in GEE 
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2.4 Land Cover Classification of Dhaka 

For Dhaka, training samples have been taken for better understanding and accuracy. As most 

monsoon images have clouds, more samples have been taken for wetland from the monsoon 

images. As vegetation merges with agricultural lands often, more samples have been taken for 

vegetation to distinguish it from agricultural land.  

Table 2.2: Training samples of the study area 

Class Name Year-2007-08 Year-2012-13 Year-2017-18 

Waterbody 31 36 22 

Vegetation 55 83 53 

Built Up 51 36 29 

Barren Land 43 29 49 

Wetland 23 21 42 

Agricultural 21 29 29 

 

 

2.4.1 Results and Discussion: 

 

The city of Dhaka has been established on south-western part of the bank of the Buriganga River, 

and the river had also a profound impact on its development and growth. The city has established 

on eastern bank of the river. 

2.4.1.1 Geographical Change 

Figure 2.9 shows the land cover of Dhaka in 2008, 2013 and 2018. It shows that the urban built up 

area was concentrated in the southern part, more specifically along the bank of Buriganga in 2008. 

The northern part was mostly barren land and vegetation and waterbody were on the eastern part 

of the city. In 2013 urban built up area increased. It has spread through the northern part of the city 

from 2008 to 2013 and majorly from 2013 to 2018. From the expansion pattern, it seems that there 

was a lot of dependence on the Buriganga River but with time and urban growth that dependency 

diminished.  
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Principally the barren land has been transformed into urban built up area. Waterbodies in the north-

eastern and western part has been transformed into greenspace. There were still some waterbodies 

in the center and north-western part of the city. In 2018, the urban built up area expanded in south-

eastern part and in the center of the city. A large green area in the eastern part has been transformed 

into barren land. Waterbodies in the center of the city have also been narrowed and changed into 

barren land and impervious surfaces. Overall, the eastern part of the city has experienced major 

change in these time periods than other parts of the city. The change detection map can explain the 

overall change of the city from 2008 to 2018 (Appendix). 
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Figure 2.9: Land Cover Changes of Dhaka in 2008, 2013 and 2018.
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2.4.1.2 Statistical Change 

Statistically land cover change of Dhaka gives some interesting facts. The change of waterbody is 

consistent and has no surprising ups and downs. From 2008 and 2018, about 30%of the 

waterbodies have decreased (Table 2). Agricultural lands Agricultural lands have also decreased 

significantly from 2008 to 2013. It has increased in small amount in last 5 years. The city has 

experienced consistent increase (188%) of built-up areas from 2008 to 2018. Amount of barren 

land has also decreased at a notable amount from 2008 to 2013 and surprisingly it has increased 

again in next 5 years. Wetlands have increased in noteworthy manner. Vegetation have showed 

different scenarios in these two periods. From 2008 to 2013, vegetation has increased by 38% of 

its total amount but it lost of its 83% landcovers in next 5 years. 

Table 2.3: Statistical table of Land Cover of Dhaka from 2008 to 2018 

Land Cover Type Land Cover Area (In percentage)  

Land Cover in 

2008 

Land Cover in 

2013 

Land Cover in 

2018 

Changes from 

2008 to 2018 

Waterbody 3.64 3.75 8.71 5.07 

Vegetation 10.31 21.14 6.23 -4.08 

Built Up 25.99 34.03 51.21 25.22 

Barren Land 15.97 15.19 26.64 10.67 

Wetland  14.68 6.00 7.21 -7.47 

Agriculture 29.41 19.88 3.57 -25.84 

 

The visual and statistical analysis of temporal land cover change over these periods reveals one 

fact that, in Dhaka generally the process of increasing built-up area has few steps. 

Except vegetation and barren lands, all other land covers consistently increased or decreased. 

Figure 2.9 shows that these two land covers changed among themselves in a large extent. 

Vegetations have increased from 2008 to 2013 but have decreased from 2013 to 2018 surprisingly. 

Moreover, barren land has been decreased rapidly from 2008 to 2013 but increased at a significant 

amount from 2013 to 2018.  
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The visual analysis of the image’s states that, in the first step, waterbodies and agricultural lands 

convert into vegetation or wetlands, then the vegetation or wetlands transforms into barren land 

and in the next step it converts into impervious land surfaces. It also states that, transformation of 

barren lands always results into built-up areas. Again, the waterbody which transformed into 

vegetation may not be the real vegetation rather it may be the dumped waterbody/wetlands which 

has water hyacinth and other aquatic plants which seems like vegetation from the satellite.  

Without image-stacking in GEE, these wetlands and agricultural lands could be identified as 

waterbody and vegetation. Image stacking and the provision of taking training samples for each 

land covers from their best representative season’s images respectively made it possible to 

delineate every land cover exclusively.  

The figure 2.9 further shows that, in 2008, in the north-east and north-west part of the city, there 

were many wetlands and agricultural lands. Mainly these wetlands and agricultural lands have 

converted into barren land from 2008 to 2013. Some of these barren lands have transformed into 

barren land in the next 5 years. Increasing of wetlands may happen due to increasing of flooded 

area during monsoon as the city is losing its flood flow zones (Rahman, M.A. and Islam, S., 2019). 

It may also be the fact that, the waterbodies have been dumped with soil and it remains fallow for 

some time before the establishment starts. Another reason can be people’s tendency to fill up 

waterbody and use it for growing crops for more profit till they utilize the land for more 

remunerative purposes like urban establishments. In the period before establishment, grass grows 

there, and the area seems like perfect vegetation in the land covers.  

 

2.4.1.3 Accuracy assessment of Dhaka 

The classification system used google earth historical imagery from “Google Earth Pro” software 

as reference for the land covers. The study also has used historical imageries of Dhaka from 

RAJUK and other organizations. Literatures on land cover classification of Dhaka and historical 

urban growth of Dhaka was also used for the zonal reference of specific land covers in a region of 

the study area. Accuracy assessment has been done using error matrix (confusion matrix) method 

which takes all the training sample data and validate the classification result. About 50 random 

points have been selected as reference point based on ground truth data for accuracy assessment. 

According to Table 2.4, the accuracy results also show that, the classification was efficient.       
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Table 2.4: Results for Accuracy Assessment of Classified Output (Conditional Kappa (K^) 
Statistics) 
Category Years 

2008 2013 2018 

Overall accuracy 95% 94% 95% 

Kappa value 0.95 0.93 0.94 

Producers accuracy 93% 91% 95% 

Users Accuracy 95% 96% 91% 

 

Land covers of Dhaka have been changing since its declaration as a capital city right after the 

nation of Bangladesh was born in 1971. The city, which has massive demand on land resulting 

from increasing population, experienced change of land covers gradually over the last few decades. 

At the same time, few landcovers changes temporarily over the years such as waterbody to 

wetland, wetland to vegetation, vegetation to barren land and agricultural to barren land with the 

change of seasons. Though these conversions are temporary, these conversions work as a step to 

the ultimate conversion of any land cover to build up area. Land cover change detection using 

multi seasonal images makes it convenient to distinguish the land covers which have close range 

pixels and overlap with one another throughout the year. Delineating these land covers also 

explained unique patterns of land cover change from visual analysis. The pattern reveals how the 

land covers of the city has been changing so far gradually, and more strategically. This strategic 

land cover change is responsible for the loss of waterbody, vegetation, and other natural landscapes 

of the city. Most often, these land covers changes seem natural and draw no attention to the policy 

makers or conservationist of natural landscapes. This multi-seasonal image analysis using GEE 

can identify these alteration works as the foundation of dynamic land cover policy.  
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2.5 Land Cover Classification of Kolkata 

The city of Kolkata is becoming a megalopolis from metropolis in a very short time. In last 100 

years, the city population has been increased by 100 times (Mandal et al. 2019). The city has 

experienced significant human induced land cover change, followed by adverse impacts of air, 

sound and odor pollution and deterioration of the city’s civic life. In last 30 years, built have been 

increased from 23% to 57% of the total land covers of the city. Vegetation has been dropped from 

35% to 19% over the period. Most surprisingly, half of the fallow lands of the city has been 

transformed into other types of land covers in this time. If the trend goes, then close to 70% of the 

city will become impervious areas making it more susceptible to urban heat island and other urban 

issues. The natural landscapes will be confined within 20% area of the city (Mandal et al. 2019).  

 

2.5.1 Results and Discussion 

 

2.5.1.1 Geographical Change 

Figure 2.10 shows land covers of Kolkata in 2002, 2013 and 2018. Kolkata city was established 

on both sides of the river Hooghly. KMA contains areas on both sides of the river. On eastern bank 

of the river, urban growth and development was more significant from early stage of the city. 

Hooghly river shares the major portion of the waterbodies of the city. except river Hooghly, there 

are few waterbodies on the eastern fringes of the city. Figure 2.9 shows that, waterbodies of the 

city increased from 2008 to 2013 but then decreased again in 2018. Transformation of the 

waterbody in the southern side of the city to wetland and agricultural land is the reason for 

decreasing the share of waterbody in KMA’s landcover.  

The figure also shows that wetlands of KMA has decreased dramatically from 2008 to 2018. The 

northern side and southern side had few wetlands in 2008 which have been disappeared mostly by 

2018.  

Vegetation has been decreased at a significant rate from 2008 to 2013. From 2013, the rate has 

been slowed down. Primarily, northern and southern part of KMA had high concentration of 

vegetation in 2008. Vegetation in southern and south-western side have been decreased over the 
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time period. In other areas, concentration of vegetation has been decreased almost equally. Figure 

2.9 shows that, from 2013 to 2018, the distribution of vegetation was almost equal.  

Agricultural lands are significant in eastern and southern part of KMA. In eastern part of the city, 

agricultural lands exist close to the waterbodies. The urgency of water supply for agriculture can 

explain the distribution pattern of agricultural lands. Agricultural lands are also clustered in some 

places. There is no significant change of agricultural lands distribution over these years from visual 

interpretation.  

KMA has experienced noteworthy change of built-up areas over the selected years. The increase 

of built up areas was remarkable during second slot of the selected time period (2012 – 2013). 

Concentration of built up areas is higher at the center of the city on both side of the river Hooghly. 

Three bridges named Vidhyasagar setu, Howrah bridge and Vivekanda setu made a connection 

between the two sides of Hooghly river. That can be one of the reasons behind concentration of 

built up areas on both side of the river, which was not the case for Dhala city across the Buriganga 

river. Comprehensively,  the central part and the peripheries of the central part of the city has 

experienced major changes within the selected ten years time periods.  It reveals that the 

development pressure is on the central areas and areas surrounding it in Kolkata. The change 

detection map explains also this situation (Appendix)  
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     Figure 2.10: Land Cover Changes of Kolkata in 2008, 2013 and 2018 
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Figure 2.10 shows that, the portion of barren land in 2008 was more significant than other two 

time periods. In 2008, barren land existed on the northern part of the city. there were also some 

barren lands at the center of the city. In 2018, barren lands at the center of the city remained but 

on the northern part of the city transformed to other types of land covers.  

 

2.5.1.2 Statistical Change 

Table 2.5: Statistical table of Land Cover of Kolkata from 2008 to 2018 
Land Cover Type Land Cover Area (In percentage) 

Land Cover in 

2008 

Land Cover in 

2013 

Land Cover in 

2018 

Changes 

from 2008 

to 2018 

Waterbody 5.10 7.45 5.25 0.16 

Wetland 9.50 2.21 3.13 -6.37 

Vegetation 42.22 27.02 26.95 -15.26 

Agriculture 26.13 26.01 27.69 1.56 

Built up 14.47 14.69 26.32 11.85 

Barren land 2.54 22.56 10.61 8.07 

 

Table 2.5 shows the percentage distribution of landcovers of Kolkata in three time periods. Table 

shows that, percentage of waterbody is always insignificant in Kolkata (5 – 7 %) . The share rises 

from 2008 to 2013 but it decreases again in 2018. Except the Hooghly river, there are very few 

waterbodies in Kolkata at the eastern fringe areas of KMA.  

Portion of wetlands also have decreased in these time periods at a faster rate. In 2008, KMA had 

about 10% area as wetlands which becomes less than 4% in 2018. Vegetation is the landcover 

which experienced highest extinction. Almost 40% of all the vegetations have disappeared within 

15 years. Agricultural haven’t changed much but showed consistency and is concentrated outside 

the main city boundary. Agricultural lands exist in eastern and western part of KMA. Built up 

areas have increased by 100% in these time period. Barren land showed some interesting statistics. 

It has been increased by 11 times from 2008 to 2013 but again 50% of the barren land again 
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disappeared by 2018. Sharma et. Al (2015) worked on KMC and found less than 5% area as 

wetland vegetation in 2010. KMC contains mainly the CBD of Kolkata and as the agricultural land 

are mainly outside the CBD, it showed a different scenario for KMC. The scenario of sparse 

settlement (mainly barren land) and dense settlement (mainly built-up) shows the trend of barren 

land and built up lands in KMA too.  

Sahana et. al. (2018) worked on KMA and found that the change of agricultural area (combinedly 

agricultural land and agricultural fallow land) had minimal changes from 2000 to 2015. He also 

found similar kinds of changes of land covers for Kolkata in those time periods. In the study period, 

non-urban area has decreased due to rapid urbanization of KMA.  

Figure 2.10 shows that, though both banks of Hooghly river has built up and barren land, 

concentration of urbanization is dominant on the right bank (eastern part of KMA) of the river. 

One of the reasons can be the existence of KMC on the right bank. Jahan et. al. (2015) and 

Mukherjee (2012) also found that, municipalities on the suburban areas had more urbanization rate 

from 2000 to 2015. The figures also show that expansion of built up and barren lands are occurring 

along the river.  

 

2.5.1.3 Accuracy Assessment of Kolkata 

 

Table 2.6: Results for Accuracy Assessment of Classified Output (Conditional Kappa (K^) 
Statistics) 
Category Years 

2008 2013 2018 

Overall accuracy 94.7% 93% 94% 

Kappa value 0.93 0.92 0.92 

Producers accuracy 93% 91% 92% 

Users Accuracy 94% 93% 95% 
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About 50 points have been selected as reference point based on ground truth data for accuracy 

assessment. The reference points have been selected randomly. Then the confusion matrix and 

error matrix function were used in GEE for the accuracy measurement. Table 6 shows that, for 

Kolkata overall accuracy ranges from 93 to 94%. Producers and user’s accuracy ranges from 91% 

to 95%.  

Comparison between Dhaka and Kolkata: 

Dhaka is an older city than Kolkata. Partition of Bengal, Indian independence and independence 

of Bangladesh, all of those political events have boosted up the urban growth and expansion of 

built-up areas. The land cover of Dhaka has been changed with the change of urban areas 

simultaneously. Temporal changes of land cover in three time periods reveals that, there may have 

a pattern of land cover change in Dhaka. Though the end result of most land covers is to transform 

into built-up area, there are few stages. Most often, very unlikely waterbody or vegetation directly 

transform into built-up areas. There are some laws regarding transformation of flood flow zones, 

waterbody and vegetation in Dhaka structure plan. According to the land cover change, waterbody 

and vegetations are transformed into wetland or agricultural land. In the second step, wetlands and 

agricultural lands are filled and prepared for development. In this stage, land covers become barren 

lands and then those barren lands transform into built-up areas.  

Kolkata is comparatively a newer city of south Asia comparing its significance. All of the political 

events have an impact on Kolkata’s urban development. Kolkata is divided into two parts by the 

river Hooghly. Initially, the development started on eastern side of the river but after a passage of 

time, both side of the river has been developed. The connectivity of two side of river Hooghly can 

be one of the reasons behind that. Though, Kolkata has been developed on both side, central part 

of the city has more significance. Establishment of urban areas has been largely influenced by the 

river as urban built-up concentration is mostly aligned on the bank of the river. Land cover change 

of Kolkata over three time periods reveals that, Kolkata’s agricultural land has been consistent 

over these years. Built-up areas and barren lands have increased. Hooghly river is the main part of 

waterbody for Kolkata, so transformations of waterbody didn’t happen there. Kolkata lost its 

vegetation and wetlands in these time periods but still the urban concentration is clustered in the 

central part of the metropolitan area. 

 



37 
 

CHAPTER 3: IMPACT OF LAND COVER CHANGE: AIR POLLUTION 
 

3.1 Land Cover Change and Air Pollution: Global Perspective 

Land cover change is a global common phenomenon. It is more prevalent in South Asian countries 

where land per capita is below 5 sq. km. per 1000 people (Nationmaster, 2008). Due to high 

demand on land, cities of south Asia have experienced dramatic land cover changes followed by 

massive urbanization. Coincidently, several cities in South Asia have become some world largest 

mega cities. Some of these megacities also marked their footsteps in the list of most polluted cities 

(Marlow and Dormido, 24 Feb. 2020). Land cover change has some impacts (Loarie et al. 2011). 

Some visible direct impacts are unplanned urbanization, deforestation, agricultural loss, urban heat 

island (UHI) effect, and variation in biogeochemical processes (Deng et. Al. 2013). Among these 

impacts, land covers impacts on biogeochemical process is the least prioritized topic of research 

specially in south Asian cities. Impacts on biogeochemical processes are several types. Among  

them,  the impact on pollution caused by the absorption of greenhouse gases and creation of 

particulate matter (PM) in large concentrations (Deng et al. 2013).  

Among all the pollutants on earth, particulate matter is regarded as the most important especially 

for health effects and reduced urban visibility (Begum et. al. 2008). Urbanization rate, more 

specifically increasing rate of urban built up areas and other impervious surfaces followed by 

increasing number of roads, vehicles, industries etc. is one of the main reasons for the creation of 

particulate matter. Han et. al. (2014) discussed the significant impact of urbanization on particulate 

matter concentration. They found significant positive and strong correlation between urban PM2.5 

concentration and urban population (0.99), urban PM2.5 concentration and urban secondary 

industry fraction (0.71), and urban PM2.5 concentration and urban built up area size (0.36) (Han 

et. al. 2014). Lo and Quattrochi discussed how urban-induced convergence zone in the southern 

cities of the United States has become the areas of high ground-based ozone concentration. They 

also found that, rapid highway development, urban sprawl and peri-urban fringe areas have higher 

concentration of ozone. Feizazadeh and Blaschke (2013) also found that higher pollution 

concentration is attributed to the commercial and highly populated areas generating large amount 

of traffic. Air pollution in South Asian cities are correlated with industrialization, urbanization and 

increased demand from the energy sector (Vadrevu et. al. 2017). Ostro et. al. (2011) identified 
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secondary sulfate/organics (power plants, ship emissions, long-range transport), road dust 

(brake/tire/road wear and restrained PM), minerals (urban and construction dust), fuel oil 

combustion (ship emissions and industrial combustion), industrial (process emissions), secondary 

nitrate/organics (mobile sources and other fuel combustion), vehicle exhaust, and aged sea salt as 

the sources of PM2.5 and PM10 in Barcelona, Spain.  

Begum et. al. (2008) found that diesel-powered vehicles, two stroke engine gasoline vehicles, and 

brick kilns are the major sources of particulate matter for Dhaka. These findings attribute to 

urbanization, increasing urban built up, decreasing of natural landscapes to atmospheric pollution 

increase, more specifically particulate matter concentration of cities.  

 

3.2 Air Pollution in South Asian Cities: Dhaka And Kolkata 

Urban areas across the world occupy almost half of its population where urban centers and 

megacities are thought to be the major sources of air pollution (Akimoto, 2003). World Health 

Organization (WHO) says that most of the people around the world must breathe polluted air 

(Mendoza, 2018). Particulate matter is one of the major pollutants which is composed of solid and 

liquid particles, varied and in size and suspended in the air (Gupta et al., 2006). It is also 

responsible for lung cancer and other respiratory diseases. The cross-sectional study considering 

land cover, air pollution and asthma hospitalization by Aclock et. al. (2017) discovered that 

number of hospitalizations can be reduced by increasing urban natural environments. In Asian 

countries, air pollution is also increasing at a rapid rate with the increasing economy. In Indian 

subcontinent, land use is one of the major factors for air pollution (Leliveld et al., 2001).  

Dhaka is one of the fastest growing megacities in the world. Currently the city has 8.9 million 

people in an area of 590 sq. miles. Large population along with a lot of infrastructures, transports 

and impervious surfaces are contributing to the air pollution of the city (Dhaka Structure Plan 

2016—2035, 2015). In 1996-97 air pollution of the city was severest and concentration of lead 

was the highest than any other place in the world. From 2002 to 2010 PM2.5 has increased from 

69.11 μg/m3 to 83.91 μg/m3 where the standard for the country was 15 μg/m3 (Motalib and lasco, 

2013). Other pollutants have also increased by the passage of time. Moreover, a lot of new massive 

construction works like metro rail, flyover, widening the streets, establishment of UBER resulting 
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to increasing the number of private vehicles on the road, new residential areas started in this decade 

has accelerated the pollution in the city. (Begum et al. 2013).  

The ambient air quality of Kolkata is deteriorating day by day too. Being the capital of West Bengal 

state and one of the largest megacities in India, it has significant population pressure. Many people 

from the nearby suburbs also come to the city every day for job and other activities. Suspended 

particulate matter concentration in the city varies from 227.1 µg/m3 to 397 µg/m3 with an overall 

mean concentration of 310 µg/m3 (Ghose, Paul and Banerjee, 2004). It is far worse than the 

National Ambient Air Quality Standard (NAQS) (Ghose, Paul and Banerjee, 2004).   

This chapter derives air pollution map (Particulate Matter 2.5 for Dhaka and Particulate Matter 10 

for Kolkata) from Landsat satellite images and ground station data. It also discovers how is air 

pollution and land uses are correlated for the two cities, Dhaka and Kolkata. 

 

3.3 Air Pollution Mapping Methods 

Satellite remote sensing for pollution mapping is becoming a new and exciting way to measure the 

pollution of a space specially the aerosol. Instruments were sent from the satellite to measure 

pollution like Carbon Monoxide (CO) in 1981 through Columbia satellite. Pollution mapping from 

satellite in south Asian cities has become popular in very recent times (Akimoto, H., 2003). 

Traditionally, air pollution is measured by using ground-based stations which incur large costs for 

installation and maintenance. In Dhaka, there are only 3 clustered stations (DOE, 2019) giving 

monthly pollution data from 2012 inconsistently. In Kolkata, 16 stations have been collecting 4 

types of pollution data from 2002 on an inconsistent daily basis (WBPCB, 2019). For the 

developing world’s cities especially in south Asia, it is hard to maintain ground-based stations. So, 

pollution measurement through satellite data is easier and efficient here.  

Satellite systems like TERRA and AQUA have made pollution mapping from satellite image 

easier. Terra was launched at 18th December 1999. NOAA is another US satellite collects climate, 

clouds and air quality data which are freely available. The additional benefits of TERRA are that 

it has a special sensor for collecting clouds, air quality and pollution data named moderate 

resolution imaging Spectro-radiometer (MODIS) from its orbiting satellite. AQUA started to 
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collect data from 2002 (Sohrabinia and Khorshiddoust, 2007). The difference between TERRA 

and AQUA is only the time of collecting data over a day. Some studies also used ETM+ sensor of 

Landsat 7 and OLI sensor of Landsat 8 to retrieve pollution map of PM10 (Mendoza. C.I.A. et al., 

2018). In those study aerosol optical thickness (AOT) has been used to measure the pollution. AOT 

is the atmospheric extinction from the ground surface to the top of atmosphere. There are some 

challenges to do this. One is satellite derived quantities provide columnar information for 

conditions whereas particulate matter represents near-surface dry mass concentrations. Other 

issues are variations of aerosol and hygroscopicity (Gupta et al., 2006).  

Aerosols in the atmosphere are found in three size ranges: (a) very fine transitional smaller than 

0.1 m. (b) fine particles in accumulation mode between 0.1 to a few micrometers and (c) coarse 

particles more than a few micrometers (Sohrabinia, and Khorshiddoust, 2007). Objects smaller 

than the wavelength of satellite sensors cannot be detected, so only the last group of aerosols can 

be detected by MODIS bands. Band combinations of 1, 3 and 7 of MODIS image can be used to 

extract this map. Bands 1 and 3 cover optical region of electromagnetic spectrum, so it can be used 

to collect information on aerosols and particulate matters while band 7 covers infra-red region 

(2105–2155 nm) and can be used for calibration purposes only (Sohrabinia, and Khorshiddoust, 

2007).  

Landsat images also provides data of the distribution of aerosol optical thickness (Sifakis, 1998).  

 

3.4 Method 

This study tries to find the impact of land cover changes of Dhaka and Kolkata on the concentration 

of particulate matter. In this study, pollution maps are made both for Dhaka and Kolkata in years 

2014 and 2018. Land cover changes were from years 2008 to 2018. Particulate matter pollution 

mapping have been done from 2014 and 2018 because of data availability. Pollution mapping done 

at the same time periods of land cover change can explain the correlation between changes of 

landcover followed by changes of pollution both temporally and spatially. Following methods ere 

used for this study. 
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3.4.1 Data Acquisition  

In this study, Landsat satellite images of 2014 and 2018 were used for producing air pollution map. 

Landsat 8 Operational Land Imager (OLI) and TIRS sensor was used in this study. Spatial 

resolution of Landsat is 30 m which is better than other freely available satellites like MODIS and 

gives more accurate results (Fernández-Pacheco et. al. 2018). Table 3.1 gives the information of 

the Landsat data used in this study and their spectral and spatial resolution. 

Table 3.1: Landsat Data used for Pollution mapping 
Band Name Landsat 8 OLI spectral range Spatial Resolution 

Blue 0.45-0.51 30 m 

Green 0.53-0.59 30 m 

Red 0.64-0.67 30 m 

NIR 0.85-0.88 30 m 

 

For NDVI, NDBI and NDWI calculations same Landsat images were used. Table 3.2 represents 

the Landsat data acquired for two study areas for 2014 and 2018.  

Table 3.2: Landsat data of Study location 
 Landsat Data for the Study 

 Dhaka 2014 Dhaka 2018 Kolkata 2014 Kolkata 2018 

Date 30-MAR-14 21-FEB-18 05-MAR-14 28-FEB-18 

Path 137 137 138 138 

Row  44 44 44 44 

 

Ground station data were collected from different sources. PM with particle size less than 2.5 

microns (PM 2.5) data were collected for Dhaka and Particulate Matter with particle size less than 

10 microns (PM 10) data were collected for Kolkata.    

For Dhaka, ground station data were collected from 3 different sources.  

1. Monthly report of Clean Air and Sustainable Environment (CASE) project (CASE, 2019). 
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2. Dhaka US Consulate Air Pollution: Real-time Air Quality Index (AQI) (World Air Quality 

Index, 2020). 

3. Berkley Earth’s daily Regional Average Particulate Air Pollution (PM2.5) Dhaka, 

Bangladesh (Berkeley Earth, 2020). 

In 2014, six ground station data were used. In 2018, 10 ground station data were used. 

Table 3.3 and 3.4 shows the ground stations and pollution data associated of study areas in Dhaka 

(maps attached in appendix). Ground stations were insignificant in the exact study area. So, ground 

stations in the area of the satellite images were also taken for analysis. Pollution map have made 

for the whole area of the satellite image and then clipped to the study area.  

Table 3.3: Location of Ground station and Pollution in 2014 
Place Longitude Latitude PM 2.5 (µg/m3) 

Farmgate 90.39 23.76 75.2 

Darus Salam 90.36 23.78 91.2 

Gazipur 90.42 23.99 99.1 

N.Ganj 90.51 23.63 86 

Gazipur 90.42 23.99 113 

Notun Bazar 90.43 23.8 115 

 

Table 3.4: Location of Ground station and Pollution in 2018 
Place Longitude Latitude PM 2.5 (µg/m3) 

Farmgate 90.39 23.76 167 

Darus Salam 90.36 23.78 171 

Gazipur 90.42 23.99 174 

N.Ganj 90.51 23.63 165 

Us Consulate 90.43 23.8 166.5 

Dhaka 90.41 23.71 156.7 

Kishoreganj 90.78 24.44 166.5 

N.ganj 90.5 23.61 138.6 

Paltan 90.41 23.74 137.1 
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Tongi 90.4 23.89 142.1 

 

For Kolkata, ground station data were collected from  

1. Open Government Data (OGD) Platform India (OGD, 2020). And 

2. Air Quality Information System of West Bengal Pollution Control Board (WBPCB) 

(WBPC, 2020). 

Table 3.5 and 3.6 shows the ground stations and pollution data associated in the study area of 

Kolkata (map attached in appendix). For Kolkata, all ground stations were within Kolkata as 

WBPCB collects data from a good range of ground stations. There is still some inconsistency of 

collecting the data. Data collected from one station in 2014 had unavailability of data in 2018 in 

some cases. In that case, closer ground stations data were used as proxy data.  

Table 3.5: Location of Ground station and Pollution in 2014 
Place Longitude Latitude PM 10 

(µg/m3) 

Dunlop Bridge, Kolkata 88.38 22.65 153 

Baishnabghata,Kolkata 88.38 22.47 45 

Behala Chowrasta,Kolkata 88.31 22.49 92 

Salt Lake, Kolkata 88.42 22.59 123 

Minto Park, Kolkata 88.36 22.54 140 

Cossipore Police Station, B.T. 

Road, Kolkata 

88.38 22.62 206 

Lal-Bazar, Dalhousie Square, 

Lal Bazzar Police Headquarter, 

Kolkata 

88.35 22.57 207 

Paribesh Bhawan 88.41 22.56 101.5 

Shyambajar 88.37 22.6 154.33 

Ultadanga 88.39 22.6 145.33 
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Table 3.6: Location of Ground station and Pollution in 2018 
Place Longitude Latitude PM 10 

(µg/m3) 

Dunlop Bridge, Kolkata 88.38 22.65 161.33 

Baishnabghata,Kolkata 88.38 22.47 98.33 

Behala Chowrasta,Kolkata 88.31 22.49 121.67 

Salt Lake, Kolkata 88.42 22.59 97.33 

Minto Park, Kolkata 88.36 22.54 119.33 

CESE, Mandevitle Garden 

(Gariahat) 

88.37 22.52 129.33 

Paribesh Bhawan 88.41 22.56 124.33 

Shyambajar 88.37 22.6 131.33 

Ultadanga 88.39 22.6 144.67 

Beliaghata 88.39 22.57 97 

Tollugunge 88.35 22.5 92 

Topsia 88.4 22.54 132.33 

 

 

3.4.1 Data Processing 

 

Backscattering to space by particles and molecules creates atmospheric path radiance  

in the atmosphere (Techarat, 2014). Spectral radiance of the surface recorded by a satellite received 

at sensor, represent the modified spectral radiance of the surface. This radiance is absorbed by 

Aerosol and Particulate Matter. To obtain the true radiance, the recorded values need to be 

corrected using the sensor calibration can correct the radiance by using TOA reflectance and sensor 

radiance. During pre-processing of some remote sensing data, path radiance is removed from the 

image which mainly contain the noises created by aerosol. In this study, “atmospheric path 

radiance” is calculated using sensor radiance and TOA reflectance (Fernández-Pacheco). MODIS 
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is widely used for measuring air pollution, but it has a lower spatial resolution (250 m to 1 km). 

Aster (14m) has higher spatial resolution but lower temporal resolution (Techarat, 2014).  

After processing remote sensing images, “atmospheric path radiance”values were collected for the 

ground station places. Then the algorithm of pollution mapping was derived utilizing both ground 

station data and “atmospheric path radiance” data using Multiple Linear Regression (MLR) model 

in R (Zhang et. al. 2018). 
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Figure 3.1: Flow Chart of Pollution Mapping 
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3.4.2 Measuring Air Pollution (Particulate Matter (PM) Concentration) 

 

To measure particulate matter concentration, it is needed to measure the atmospheric path radiance 

or Aerosol Optical Thickness (AOT) from the satellite images. A lot of studies used AOT to 

measure particulate matter concentration, but this study has used atmospheric path radiance. 

Measuring AOT requires solving more equations comparing to atmospheric path radiance. More 

equations require more input parameters and is susceptible to more errors (Techarat et. al. 2018).  

Techarat et al. (2018) used two concepts: dark pixel concept and atmospheric correction concept 

to measure atmospheric path radiance. Dark pixel was used to select suitable Landsat bands. 

Techarat et. al. (2018) experimented on band 1, band 2, band 3 and band 4 for measuring 

particulate matter of Saskatchewan, Canada. They found small degree of autocorrelation between 

band 3 and band 4 values and strong statistical significance of band 3 and band 4 in measuring 

PM10 and PM2.5. Roy et. al. (2017) used band 1, band 3 and band 4 for measuring particulate 

matter of Vadodara, Gujrat, India and found strong statistical significance of these bands in 

measuring PM10. Schiebe et. al. (1992) also used band 1, band 2, band 3 and band 4 for measuring 

atmospheric path radiance from Landsat MSS data. In our study, band 1, band 2, band 3 and band 

4 has been used based on the findings of previous literatures.  

Another concept of measuring particulate matter concentration was atmospheric correction 

concept which is necessary to remove noises caused by scattering process. When spectral energy 

interacts with PM or SO2, then scattering happens. Concentration of PM or SO2 defines the amount 

of spectral energy employed. From this idea, PM or SO2 is measured from scattered energy 

(atmospheric path radiance) (Techarat et. al. 2018).  

 

3.4.3 Measuring Atmospheric Path Radiance 

 

The potential of atmospheric path radiance to measure particulate matter concentration depends 

on its principal. Sun is the major source of energy for Landsat. Sun radiance passes through the 

atmospheric layers, particles and gas molecules to hit different target objects. When it hit the 

objects, some radiance is absorbed by the object and some are reflected. Amount of reflected 
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radiance vary based on the properties of the object or landscapes. The reflected radiance goes 

through the atmosphere on the top. Some of these reflected radiances are absorbed and scattered 

by different gas molecules and particulate matter exist in the atmosphere above the object. These 

absorbed and scattered radiance are called atmospheric path radiance. The rest of the radiance hit 

the sensor of the satellite and produce Landsat data (Techarat et. al. 2018).  

The value of atmospheric path radiance is determined by following formula 

Atmospheric path radiance = 
𝝆𝝆𝝆𝝆∗𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝝆𝝆∗(𝒄𝒄𝒄𝒄𝒄𝒄(𝜽𝜽))𝟐𝟐

𝝅𝝅∗𝒅𝒅𝟐𝟐
 (Tesarat et. al. 2018) 

 

Where, 

Ρλ is TOA reflectance with a correction for the sun angle (TOA planetary reflectance) 

 
𝝅𝝅∗𝐋𝐋𝛌𝛌∗𝒅𝒅𝟐𝟐

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝝆𝝆∗𝑪𝑪𝒄𝒄𝒄𝒄𝜽𝜽𝒄𝒄
 

Landsat 8 TOA reflectance will be the same whether calculated based on the standard TOA 

equation using the ESUN values or with the Landsat 8 Conversion TOA Reflectance equation 

(shown near bottom of page which does not include ESUN values but has them embedded in the 

equation) (GIS AG Maps). That’s why, Ρλ has been calculated using the following formula. 

 

Ρλ is surface reflectance of band λ. 𝚸𝚸𝛌𝛌 = 𝐌𝐌𝐌𝐌 ∗  𝐐𝐐𝐐𝐐𝐐𝐐𝐐𝐐 +  𝐀𝐀𝐌𝐌   

Where, 

ρλ   = TOA planetary reflectance, without correction for solar angle.  Note that ρλ' does not contain 

a correction for the sun angle. 

Mρ=Band-specific multiplicative rescaling factor from the metadata 

Aρ =Band-specific additive rescaling factor from the metadata  

Qcal = Quantized and calibrated standard product pixel values (DN) 
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And  

Lλ is at sensor radiance for band= 𝑴𝑴𝑴𝑴 ∗ 𝑸𝑸𝒄𝒄𝑸𝑸𝑸𝑸 + 𝑨𝑨𝑴𝑴  

Where, 

ML = Radiance multiplicative scaling factor for the band 

AL = Radiance additive scaling factor for the band 

Qcal = Level 1-pixel value in DN 

 

d is correction factor for Earth-sun Distance=𝟏𝟏 + 𝟎𝟎.𝟎𝟎𝟏𝟏𝟎𝟎𝟎𝟎𝟎𝟎 𝑬𝑬𝑺𝑺𝑺𝑺(𝟐𝟐𝝅𝝅(𝒋𝒋 − 𝟗𝟗𝟗𝟗.𝟓𝟓)/𝟗𝟗𝟎𝟎𝟓𝟓) 

 

ESUNλ is needed to measure atmospheric path radiance. ESUNλ=irradiance arriving at the top of 

atmosphere. 

ESUNλ values for Landsat 8 satellite are given below 

Table 3.7: ESUNλ values for Landsat 8 bands (GIS AG Maps) 
Landsat 8 

Bands 

ESUN TOA 

1 1857 

2 2067 

3 1893 

4 1603 

 

θ is Solar Incidence angle  

𝒄𝒄𝒄𝒄𝒄𝒄(𝜽𝜽) = 𝑬𝑬𝑺𝑺𝑺𝑺(𝑸𝑸)𝑬𝑬𝑺𝑺𝑺𝑺(𝜹𝜹)𝒄𝒄𝒄𝒄𝒄𝒄(𝜷𝜷)𝒄𝒄𝒄𝒄𝒄𝒄(𝑸𝑸)𝒄𝒄𝑺𝑺𝑺𝑺(𝜹𝜹)𝑬𝑬𝑺𝑺𝑺𝑺(𝜷𝜷)𝒄𝒄𝒄𝒄𝒄𝒄(𝒁𝒁𝒄𝒄) +

𝒄𝒄𝒄𝒄𝒄𝒄(𝑸𝑸)𝒄𝒄𝒄𝒄𝒄𝒄(𝜹𝜹)𝒄𝒄𝒄𝒄𝒄𝒄(𝒉𝒉)𝒄𝒄𝒄𝒄𝒄𝒄(𝜷𝜷) + 𝒄𝒄𝑺𝑺𝑺𝑺(𝑸𝑸)𝒄𝒄𝒄𝒄𝒄𝒄(𝜹𝜹)𝒄𝒄𝒄𝒄𝒄𝒄(𝒉𝒉)𝒄𝒄𝑺𝑺𝑺𝑺(𝜷𝜷)𝒄𝒄𝒄𝒄𝒄𝒄(𝒁𝒁𝒄𝒄) +

𝒄𝒄𝒄𝒄𝒄𝒄(𝜹𝜹)𝒄𝒄𝑺𝑺𝑺𝑺(𝒉𝒉)𝒄𝒄𝑺𝑺𝑺𝑺(𝜷𝜷)𝒄𝒄𝑺𝑺𝑺𝑺(𝒁𝒁𝒄𝒄) (Kalogirou, 2014) 
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Where, 

l=Latitude 

β= Surface Tilt angle  

For Dhaka, β=10 degree (Ghosh et. al. 2010) 

For Kolkata, β=21 degree (Wessley et. al. 2017) 

Zs=Surface azimuth angle (SUN AZIMUTH from Metadata) 

𝛿𝛿  is Declination angle   𝜹𝜹  = 𝟐𝟐𝟗𝟗.𝟎𝟎𝟓𝟓 𝒄𝒄𝑺𝑺𝑺𝑺(𝟗𝟗𝟎𝟎𝟎𝟎/𝟗𝟗𝟎𝟎𝟓𝟓(𝟐𝟐𝟐𝟐𝟎𝟎 + 𝑺𝑺)) (Kalogirou, 2018) 

 

n=day of the year=52 

h is hour angle 

h= 𝟏𝟏𝟓𝟓(𝑴𝑴𝑬𝑬𝑳𝑳 − 𝟏𝟏𝟐𝟐) (Kalogirou, 2018) 

where, LST=Local solar time 

LST= 𝑪𝑪𝑳𝑳 + (𝟏𝟏/𝟏𝟏𝟓𝟓)(𝑴𝑴𝒄𝒄𝑳𝑳𝒅𝒅 − 𝑴𝑴𝑸𝑸𝒄𝒄𝒄𝒄) + 𝑬𝑬 − 𝑫𝑫𝑳𝑳 

CT=Clock Time 

Lstd=Standard Meridian for Local time zone (degree west) 

Lloc=Longitude of actual location 

E=equation of time 

E=𝟎𝟎.𝟏𝟏𝟎𝟎𝟓𝟓𝑬𝑬𝑺𝑺𝑺𝑺𝟐𝟐𝟏𝟏 − 𝟎𝟎.𝟏𝟏𝟐𝟐𝟎𝟎𝑪𝑪𝒄𝒄𝒄𝒄𝟏𝟏− 𝟎𝟎.𝟎𝟎𝟐𝟐𝟓𝟓𝑬𝑬𝑺𝑺𝑺𝑺𝟏𝟏 

B=((𝟗𝟗𝟎𝟎𝟎𝟎(𝑺𝑺 − 𝟐𝟐𝟏𝟏))/𝟗𝟗𝟎𝟎𝟎𝟎 

n=day of year 
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3.4.4 Measuring Final Pollution Algorithm 

 

After measuring the atmospheric path radiances of four bands, Multiple Linear Regression (MLR) 

was used to develop the algorithm of pollution in statistical computing programming language and 

software “R”.  intercepts, coefficients and R2 value of every analysis were derived and final 

algorithm was developed. A series of statistical testing were done to the algorithms (e.g. 

multicollinearity, autocorrelation).  

Regression Model: The regression model is a statistical model that allows someone to examine the 

relationship between two or more variables. Typically, in a regression model, there is one 

dependent variable that someone wants to predict and one or more independent variables that also 

called predictor (Bai, 2006). In this study, air pollution will be used as the dependent variable for 

regression where the band’s atmospheric path radiances will be used as observations. Again, 

different economic sectors and determinant factors will be used as an independent variable (Wang, 

2015). 

MLR is slightly different from linear regression. It makes the correlation between dependent 

variable with multiple independent variable. MLR considers more than one determinant to predict 

the dependent variable. The model can be represented as a mathematical equation given below: 

𝒀𝒀 =  𝑨𝑨 + 𝟏𝟏𝑩𝑩𝟏𝟏 + 𝑪𝑪𝑩𝑩𝟐𝟐 + 𝑫𝑫𝑩𝑩𝟗𝟗 + ⋯ 

Where, y is the dependent variable 

A is the intercept of the model 

B, C, D are the coefficient of variables x1, x2 and x3 respectively. 

For linear regression, standard number of subjects per variable is regarded as 10 as a thumb rule. 

Austin and Styerberg (2015) found that, even two subjects per variable can give a good regression 

result.  Vittinghoff and McCulloch (2007) also found that, results of regression were acceptable 

even after having less than 10 EVP (Events per Predictor Variable). Normality test of the data have 

checked using skewness and kurtosis.  

R2 value determines the goodness of fit of the regression algorithm. The value denotes the 

percentage of variance of dependent variable that is explained by the independent variables. For 
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example, 0.75 R2 value means, on that specific regression model, 75% variance of the dependent 

variable can be explained by the independent variables (Wang, 2015). 

 

3.5 Limitation of the research: 

For Dhaka, PM 2.5 data were available for only three stations from the monthly report of CASE 

project. Inn 2014, CASE project was the only source for pollution data. Ground stations outside 

the study area but in the same Landsat satellite image were taken for better data representation. 

Dhaka US Consulate air pollution data bank and Berkeley Earth both provided data only for PM 

2.5. These two sources have been producing data from 2016 and 2018 respectively. For 2018, 

pollution data for Dhaka were collected from all three sources. In 2014, only 6 variables (ground 

station point data) were available. In 2018, there were 10 variables. 

For Kolkata, WBPCB and OGD provide data only for PM 10. PM 2.5 data were available only in 

some station. These two sources provide data since 2001. There were other data sources like US 

consulate and Berkley Earth who provide PM 2.5 data and only from 2016. In this study, pollution 

mapping has done for 2014 and 2018. To maintain synchronization and consistency, PM 10 data 

has used for pollution mapping of Kolkata.    

Both for Dhaka and Kolkata, number of ground station point were lower as the monitoring system 

for air pollution in south Asian cities are not efficient. Again, the city development authority or 

government organizations monitoring system has inconsistency.  
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3.6 Results and Discussion: 

3.6.1 Dhaka: 

3.6.1.1 Air pollution of Dhaka in 2014 

Dhaka city air pollution (Particulate Matter 2.5 concentration) were measured for year 2014 and 

2018. In 2014, six ground stations data were available and used for regression analysis with the 

atmospheric path radiance. Table 3.8 shows the ground stations PM 2.5 values and the atmospheric 

path radiance values of the geographical locations of those ground stations for Dhaka in 2014. It 

shows that, in 2014, band 1 and band 2 had more closer data to the ground station PM 2.5. these 

ground station points were used as dependent variable and the atmospheric path radiances of 

different bands were used as independent variables. 

Table 3.8: Ground station and atmospheric path radiance values of selected stations of Dhaka in 
2014 
Ground Station 

PM 2.5 

Band 1 Band 2 Band 3 Band 4 

75.2 78.41 71.28 57.84 45.28 

91.2 80.17 73.26 60.3 49 

99.1 70.88 62.06 49.5 38.87 

86 85.6 80.09 67.95 57.91 

113 73.04 65.07 53.02 41.7 

115 81.58 75.57 62.17 51.26 

 

Table 3.9 shows the regression statistics of the regression analysis. the multiple R and R squared 

(0.82) value represent the significance of the regression model. The table also shows that adjusted 

R square value varies a lot from the R squared value for this year. One of the reasons behind it is 

the lower (6) number of variables (ground station point) were available for this year.  

Table 3.9: Regression Statistics of Dhaka air pollution in 2014 
Regression Statistics 

Multiple R 0.908328 
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R Square 0.82506 

Adjusted R Square 0.125299 

Standard Error 14.56866 

Observations 6 

 

Thus, the statistically valid predictive regression model to measure PM 2.5 concentration for 

Dhaka in 2014 is  

 

𝑷𝑷𝑴𝑴 𝟐𝟐.𝟓𝟓 =  𝟏𝟏𝟎𝟎𝟏𝟏𝟎𝟎.𝟐𝟐𝟐𝟐 − 𝟎𝟎𝟎𝟎.𝟎𝟎𝟐𝟐 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟏𝟏 + 𝟓𝟓𝟎𝟎.𝟎𝟎𝟎𝟎 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟐𝟐 − 𝟏𝟏𝟎𝟎.𝟓𝟓𝟓𝟓 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟗𝟗 + 𝟗𝟗.𝟐𝟐𝟎𝟎

∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟎𝟎 

 

3.6.1.2 Air Pollution of Dhaka in 2018 

In 2018, ten ground station data were available for pollution mapping. All ground stations in 2014 

were also kept in 2018 for better comparison. Table 3.10 shows the ground stations PM 2.5 values 

and the atmospheric path radiance values of the geographical locations of those ground stations 

for Dhaka in 2018. 

Table 3.10: Ground station and atmospheric path radiance values of selected stations of Dhaka in 
2018 
Ground Station 

PM 2.5 

Band 1 Band 2 Band 3 Band 4 

167 43.48 36.46 28.7 22.76 

171 39.84 32.44 25.18 19.41 

174 42.94 35.69 27.83 21.83 

165 45.23 38.5 31.04 24.88 

166.5 24.07 30.31 38.29 45.32 

156.7 45.33 37.35 28.62 21.17 

166.5 42.17 34.58 26.53 19.82 

138.6 39.95 33.55 25.98 19.41 
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137.1 41.94 34.3 26.69 19.26 

142.1 40.74 33.22 25.19 18.78 

 

Table 3.11 shows the statistical analysis of the regression for measuring PM 2.5 concentration for 

Dhaka in 2018. Decent R2 values (0.76) represent the significance of the research.  

Table 3.11: Regression Statistics of Dhaka air pollution in 2018 
Regression Statistics 

Multiple R 0.873681 

R Square 0.763319 

Adjusted R Square 0.573975 

Standard Error 9.140852 

Observations 10 

 

Thus, the statistically valid predictive regression model to measure PM 2.5 concentration for 

Dhaka in 2018 is 

 

𝑷𝑷𝑴𝑴 𝟐𝟐.𝟓𝟓 = 𝟗𝟗𝟐𝟐.𝟎𝟎𝟎𝟎 + 𝟏𝟏𝟎𝟎.𝟎𝟎𝟎𝟎 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟏𝟏 − 𝟏𝟏𝟏𝟏.𝟎𝟎𝟐𝟐 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟐𝟐 − 𝟐𝟐𝟎𝟎.𝟎𝟎𝟐𝟐 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟗𝟗 + 𝟐𝟐𝟐𝟐.𝟏𝟏𝟐𝟐

∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟎𝟎 

 

3.6.1.3 Comparison of air pollution of 2014 and 2018 in Dhaka 

 

According to National Ambient Air Quality Standards for Bangladesh, standard for PM 2.5 

concentration is 65 (CASE, 2019).  

Figure 3.1 shows the PM 2.5 concentration of Dhaka in 2014 and 2018. It shows that, in 2014, 

northern, southern and south-eastern part of Dhaka had lower air pollution (<75 µg/m3). Few areas 

like, new airport, old airport and areas near the CBD had pollution greater than 250 µg/m3. South 

western part which is mainly the older part of Dhaka has a high population density. Apart from 
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south-eastern part, the central part which contains the CBD of the city has comparatively higher 

PM2.5 concentration (151 to 200 µg/m3). Few areas on western and eastern part of the city still 

had PM 2.5 concentration greater than 250 µg/m3. It can be because of high amount of barren land 

contain more sand or other particulate matter.  

Figure 3.2 also shows the PM 2.5 concentration of Dhaka in 2018. The figure shows that, whole 

Dhaka has pollution beyond the national standard. Few areas on north-eastern, north-western and 

south-eastern part of the city has pollution within the range between 75 µg/m3 to 150 µg/m3. 

Waterbodies like Hatirjhil lake and lake at the national zoo is two areas at the center of the city 

having pollution below 150 µg/m3. Except these places, all areas of the city have higher PM2.5 

concentration (151 to 200 µg/m3). 

Comparison of these two images show that, within these four years particulate matter 

concentration has risen dramatically in whole areas. Areas which had pollution below national 

standard have experienced pollution rise by two times within this time period. According to 

Rahman et. al. (2019), recent unplanned infrastructure development (eg. Highway, flyovers and 

buildings) followed by increase of motor vehicles can be attributed as the major contributor of 

dramatic pollution increase in Dhaka city.  
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Figure 3.2: Air Pollution (PM2.5 concentration) of Dhaka city in 2014 and 2018
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3.6.2 Kolkata 

 

Air pollution (PM 10 concentration) of Kolkata has also been retrieved for the years 2014 and 

2018.  

3.6.2.1 Air Pollution of Kolkata in 2014 

In 2014, ten ground station point data of PM 10 were available for Kolkata.  

Table 3.12 shows ground stations PM 10 concentrations of Kolkata and atmospheric path radiance 

values for band 1, band 2, band 3 and band 4 in the respective locations of those ground control 

points for the year 2014. These atmospheric path radiance values were used as independent 

variable and ground station values were used as dependent variable for developing an algorithm 

to predict the PM 10 concentration of whole area for 2014. 

Table 3.12: Ground station and atmospheric path radiance values of selected stations of Kolkata 
in 2014 
Ground Station 

PM 10 

Band 1 Band 2 Band 3 Band 4 

153 55.33 48.89 38.69 32.93 

45 52.28 45.41 38.4 31.89 

92 50.39 43 32.18 24.39 

123 56.2 49.89 42.58 35.84 

140 50.8 42.98 33.44 26.21 

206 52.32 45.08 34.62 29.17 

148 53.72 46.69 36.44 29.69 

101.5 54.19 47.33 38.61 32.4 

154.33 53.89 46.68 37.91 30.76 

145.33 51.27 43.82 34 26.36 

 

Table 3.13 shows the statistical significance of the regression analysis to measure PM 10 

concentration of Kolkata in 2014. Better R2 (0.75) value denotes the validity of the algorithm. 
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Table 3.13: Regression Statistics of Kolkata air pollution in 2014 

Regression Statistics 

Multiple R 0.86852 

R Square 0.754326 

Adjusted R Square 0.557787 

Standard Error 28.96893 

Observations 10 

 

Thus, the statistically valid predictive regression model to measure PM 10 concentration for 

Kolkata in 2014 is 

𝑷𝑷𝑴𝑴 𝟏𝟏𝟎𝟎 = −𝟐𝟐𝟏𝟏𝟎𝟎𝟏𝟏.𝟎𝟎𝟗𝟗 + 𝟏𝟏𝟗𝟗𝟎𝟎.𝟐𝟐𝟏𝟏 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟏𝟏 − 𝟗𝟗𝟐𝟐.𝟐𝟐𝟗𝟗 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟐𝟐 − 𝟗𝟗𝟎𝟎.𝟐𝟐𝟐𝟐 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟗𝟗 + 𝟏𝟏𝟗𝟗.𝟎𝟎𝟓𝟓

∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟎𝟎 

 

3.6.2.2 Air Pollution of Kolkata in 2018 

Most of the station used in 2014 were kept in 2018 also for better comparison of the models.  

Table 3.14: Ground station and atmospheric path radiance values of selected stations of Kolkata 
in 2018 
Ground Station 

PM 10 

Band 1 Band 2 Band 3 Band 4 

156.67 57.54 49.62 37.53 28.83 

98.33 58.11 50.31 39.11 30.78 

121.67 54.76 46.21 35.1 26.5 

97.33 56.54 48.84 38.15 30.1 

119.33 53.8 45.7 34.22 26.34 

129.33 55.75 47.83 36.2 28 

124.33 55.74 47.84 36.23 27.5 

131.33 55.74 47.56 35.83 27.57 

97 55.78 47.71 36 27.4 
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104 55 46.9 36 29.4 

92 54.03 45.9 34.84 26.55 

132.33 57.72 49.45 38.33 29.3 

 

Table 3.14 shows ground stations PM 10 concentrations of Kolkata and atmospheric path radiance 

values for band 1, band 2, band 3 and band 4 in the respective locations of those ground control 

points for the year 2014.  

Table 3.15 shows the statistical significance of the regression analysis to measure PM 10 

concentration of Kolkata in 2014. This algorithm has a little bit lower R2 value (0.58) which means 

that, 58% variance of the final PM 10 concentration are explained by the atmospheric path 

radiances of four bands in respective ground station point locations. 

Table 3.15: Regression Statistics of Kolkata air pollution in 2018 
Regression Statistics 

Multiple R 0.759879 

R Square 0.577417 

Adjusted R Square 0.33594 

Standard Error 15.8787 

Observations 12 

 

Thus, the statistically valid predictive regression model to measure PM 10 concentration for 

Kolkata in 2018 is 

𝑷𝑷𝑴𝑴 𝟏𝟏𝟎𝟎 = −𝟎𝟎𝟗𝟗𝟏𝟏.𝟓𝟓𝟗𝟗 + 𝟗𝟗𝟐𝟐.𝟗𝟗𝟐𝟐 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟏𝟏 − 𝟏𝟏.𝟎𝟎𝟎𝟎 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟐𝟐 − 𝟗𝟗𝟎𝟎.𝟗𝟗𝟓𝟓 ∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟗𝟗 + 𝟗𝟗.𝟏𝟏𝟎𝟎

∗ 𝟏𝟏𝑸𝑸𝑺𝑺𝒅𝒅𝟎𝟎 

 

3.6.2.3 Comparison of air pollution of 2014 and 2018 in Kolkata 

In India, daily average PM 10 concentration standard is 100 µg/m3 (Das et al. 2015). Kolkata is 

among the highly polluted cities because of its high rate of Solid Particulate Matters (SPM) and 
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PM10 levels (Gurjar et. al. 2016). Figure 3.3 shows the PM 10 concentration of Kolkata in 2014 

and 2018.  

Figure 3.3 shows that, in 2014, most of the areas of KMA except the central part had PM 10 

concentration below 65 µg/m3. According to the land cover classification, urban growth of 

Kolkata expanded across the Hooghly river to the other side. The PM 10 concentration also 

followed the same trend and path. CBD area of Kolkata had the highest PM 10 concentration 

(greater than 250 µg/m3). Areas surrounding CBD area has pollution between 65 to 150 µg/m3. 

Some areas on the farthest northern part of KMA has also PM10 concentration beyond 250 µg/m3.  

In 2018, domain of pollution in Kolkata had changed dramatically. There are very few areas on 

the southern part of KMA having pollution below 65 µg/m3. Most of the areas have PM 10 

concentration between 151 to 200 µg/m3. Sahu (2019) found that increasing of motor vehicles, 

industrialization, thermal power plants, popularization of stubble-burning in rural areas, burning 

of crops, burning of waste, rapid urbanization, uncontrolled population growth and deforestation 

are responsible for this rapid pollution increase of Kolkata. Majumdar et al. (2020) found that 

domestic and commercial combustion is the major contributor of PM10 pollution. They also found 

that, by 2030, PM 10 can rise to 43% if the increasing rate follows present trend.  

Comparing two images of 2014 and 2018, it is evident that, horizontal area under PM 10 

concentration has been increased. The intensity and degree of concentration have also increased 

in few places near the CBD and newly transformed barren lands from greenspaces. 

Air pollution has become one of the deadliest problem people of south Asia are facing (Reddy and 

Roberts, 2019). In recent times, these two cities have become one of the ten polluted cities for 

generating extreme pollution (Brauer et al. 2019). This study also found that, with the expansion 

of geographical and demographic boundaries of the cities along with the significance, the air 

pollution is also becoming a prior concern. The rate of pollution of these cities have already 

surpassed the benchmark of pollution fixed by their respective governments or any organizations.    

Research also found that, due to low density ground monitoring of pollution. 
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Figure 3.3: Air Pollution (PM2.5 concentration) of Kolkata in 2014 and 201
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CHAPTER 4: ACCESSIBILITY TO LOWER AIR POLLUTION AREAS  
 

4.1 Urban Natural Landscapes and Air Pollution 

Urban form and landscapes of a city is instrumental for its environment and air quality. Weng and 

Yang (2006) tried to find out the source and mostly affected places of air pollution. They found 

that areas of industrial intensity, population density and commercial activities are sources of 

Sulpher Di Oxide (SO2) concentration. The magnitude of higher pollution is also found within the 

area having these infrastructures. Highway corridors and urban street canyons are notoriously 

affected for severe levels of Nitrogen Oxides (NOx) (Weng and Yang, 2006). High density 

transportation network and places nearby are more vulnerable to these types of pollution.  

According to their study, road networks are the sources and affected areas of NOx pollution and 

high density urban/built up areas, construction sites, and closed spaced buildings are the areas 

suffering from dust related pollution (Particulate Matter). 

Exposure of city dwellers to air pollution is one of the most common problem of urban life. 

Nearness to industrial and commercial hubs, high density and proximity to road networks make 

the urban dwellers more vulnerable to air pollution. Green spaces and green infrastructures can 

mitigate the pollution and decrease people’s exposure to air pollution to a large scale (Kumar et 

al. 2019). Trees and green spaces also act as a natural filtering barrier for air pollution. Apart from 

vegetation, waterbody also plays an important role in decreasing pollution from particulate matter. 

Escape CASE study in Stockholm county found that waterbody in 500m buffer area can decrease 

the particulate pollution in a significant amount (Wu et al. 2015). The study also found that, though 

effect and significance of water is often neglected, water’s contribution is inevitable for air 

pollution emission as it absorbs and deposits particulate matter.   

 

4.2 Lower Pollution and Urban Dwellers Vulnerability 

Open spaces and recreational public spaces are also an integral part of a city’s landscape, 

contributing to the citizens’ physical and mental wellbeing. Access to these natural landscapes also 

decrease people’s exposure to air pollution. Some studies found that, very often, poorer people are 
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more exposed to air pollution (Schio et al. 2019).  Houston et al. (2016) found that minority and 

high-poverty neighborhoods are more exposed to traffic related air pollution in California, USA. 

However, green spaces, waterbodies and other natural landscapes work as a natural filter to air 

pollution and active recreation spaces need to be equally accessible to all the residents of the city. 

Sometimes, many factors work behind allocation and preservation of both manmade and natural 

open spaces. Specially in high density cities, very few people have access to these open spaces 

within walking distance from their homes and offices (Houston et al.2016).  

 

4.3 Urban Natural Landscapes of Dhaka and Kolkata 

Dhaka, one of the most densely populated cities in the world with 2.8% growth rate has 

experienced excessive decrease in green and public spaces (Hassan and Southworth, 2017). Dhaka 

is the also 11th largest megacity in the world, where 18.2 million people live in an area of 590 

square miles (Sharmeen and Houston, 2019). A study shows that in the 1990s, Dhaka had 61% 

non-urban or semi-rural, agriculture land use. It became 525 in 2013 and among these non-urban 

land use, only 0.30%) of the land is used for recreational activities (Dhaka Metropolitan 

Development Plan (DMDP) Structure Plan, 2016). This is mostly due to population pressure and 

associated land demand. The other factors of limited accessibility to green parks is unplanned 

distribution of green open space throughout the city.   

Kolkata is another high-density city of South Asia. The city has experienced rapid urban growth 

specially after 1975. From 1975 to 1990, growth rate for urban built up area was 57.61 and from 

1990 to 2005, it increased to 64.91 (Bhatta, 2008). The city’s boundaries have been expanded by 

18.17% (Bhatta, 2008). From 2001 to 2018, built-up areas have been increased by 34% (Mandal 

et al. 2019). At the same time vegetation and waterbodies have combinedly decreased by 16% 

(Mandal et al. 2019).  Mitra and Banerji (2018) found that, in last 16 years, only New Town of 

Kolkata (north eastern part) has experienced significant depletion of waterbodies. With the 

continuous decrease of these landscapes are decreasing people’s accessibility at a large scale in all 

over Kolkata. West Bengal Housing Infrastructure Development Corporation (WBHIDCO) has 

created 1,130,000 m2 of waterbodies but ever-increasing expansion of real estate builders demand 

and encroachment has made the waterbodies filled for construction in many cases. WBHIDCO is 
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also making some parks in Kolkata to increase people’s accessibility to green and natural 

landscapes (Mitra and Banerji, 2018). 

DMDP is the guideline for land use distribution of Dhaka. According to DMDP, 1995-2015, the 

standard requirement for open space is 0.16 acre for 1000 people (Jafrin and Beza, 2018). DAP 

(Detail Area Plan)2010 proposed 10 acres of open space in neighborhood level for 12500 people 

(DMDP Structure Plan, 2016). For new master plan, DMDP 2016-2035 proposed 0.86-acre open 

space requirement for a neighborhood of 1000 people. Though the city has guidelines for open 

spaces, every part of it may not match the criteria. Again, some part of the city may have required 

open spaces but there can be lower accessibility due to inefficient road network 

Kolkata currently have no policy regarding park, playground, natural landscapes and waterbodies. 

Recent Prospective Plan of CMA: 2025 has no direct guidelines for rules, regulations and policy 

for park’s inclusion in city, conservation of natural landscapes and functioning of these public 

spaces. 

This paper aims to use network analysis to find out the shortest path to the public spaces from the 

building blocks. It has measured the total service areas of these natural landscapes. The study has 

also measured accessibility based on road hierarchy to assess how many peoples are benefited by 

the public space. It also tells the readers how many people can go there using local road, how many 

with service roads and how many must use major highway. This will help in planning purposes 

for a more sustainable and healthy living in overpopulated cities like Dhaka and Kolkata.  

  

4.4 Methodology 

4.4.1 Data Acquisition 

4.4.1.1 Satellite Images 

At first, the correlation between different landcovers and pollution has been assessed to find out 

the general lower polluted areas of the cities. The hypothesis of this study is to see whether air 

pollution is greater in urban built up areas like buildings, barren lands and roads or in areas with 

vegetation, waterbodies and other natural landscapes. For this purpose, Normalized Difference 

Vegetation Index (NDVI), Normalized Difference Built up Index (NDBI) and Normalized 
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Difference Water Index (NDWI) layers have been made. These image layers have been derived 

using Landsat images. Table 4.1 represents the information of the Landsat images used for both 

study areas. 

Table 4.1: Landsat data of Study location 

Landsat Data for the Study 

City Dhaka 2018 Kolkata 2018 

Date 21-FEB-18 28-FEB-18 

Path 137 138 

Row 44 44 

 

4.4.1.2 GIS Shapefiles 

Road network data for this study have been collected from open street map (OSM) (source: 

http://download.geofabrik.de/). 

4.4.1.3 Demographic Data 

For the third research question, demographic characteristics of the city has been collected. The city 

shapefile has been collected in ward (smallest statistical unit available for Dhaka) level (BBS, 

2010). The collected data regarding demographic characteristics are i) population density and ii) 

percentage of poor.  

 

4.4.2 Non-spatial Correlation  

 

Particulate Matter Pollution: 

Non-spatial correlations between cities air pollution and land covers have been done. For air 

pollution particulate matter concentration has been used. Air pollution increase is one of the 

inevitable impacts of landcover changes  in south Asia where, particulate matter concentration has 

become one of the major contributor of cities pollution (Brauer et al. 2019). Particulate matter 

concentration often defines the cities degree of health too (Balakrishnan et al. 2019). 

http://download.geofabrik.de/
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In this study, Particulate Matter (PM) 2.5 pollution was measured for Dhaka and Particulate Matter 

(PM) 10 pollution was measured for Kolkata. Both types of data were not available for selected 

study years for both the cities. Data has been used based on the availability.  

PM 2.5 is Particulate matter with aerodynamic diameter < or = 2.5 micrometer  

PM 10 is Particulate matter with aerodynamic diameter < or = 10 micrometer 

PM 2.5 is finer than PM 10 and more detrimental to health. Both types of particulate matter go 

through human’s breath and do respiratory illnesses. That’s why, cities environmental quality 

largely depends on the concentration of these particulate matters (Schwartz et al. 2002) 

NDVI has the following formula (Ke et al. 2015) 

𝑬𝑬𝑫𝑫𝑵𝑵𝑵𝑵 =  (𝑬𝑬𝑵𝑵𝑵𝑵 − 𝑵𝑵𝑬𝑬𝑫𝑫/𝑬𝑬𝑵𝑵𝑵𝑵 + 𝑵𝑵𝑬𝑬𝑫𝑫) 

where RED and NIR are TOA or surface reflectance at red and near-infrared band, respectively. 

The NDVI value varies from -1 to 1. Higher the value of NDVI reflects high Near Infrared (NIR), 

means dense greenery. Generally, we obtain following result: 

NDVI = -1 to 0 represent Water bodies 

NDVI = -0.1 to 0.1 represent Barren rocks, sand, or snow 

NDVI = 0.2 to 0.5 represent Shrubs and grasslands or senescing crops 

NDVI = 0.6 to 1.0 represent Dense vegetation or tropical rainforest 

NDBI is retrieved using the following formula (Zha et al. 2003) 

𝑬𝑬𝑫𝑫𝟏𝟏𝑵𝑵 =  (𝑬𝑬𝑺𝑺𝑵𝑵𝑵𝑵 − 𝑬𝑬𝑵𝑵𝑵𝑵/𝑬𝑬𝑺𝑺𝑵𝑵𝑵𝑵 + 𝑬𝑬𝑵𝑵𝑵𝑵) 

where SWIR and NIR are TOA or surface reflectance at shortwave infrared and near-infrared band, 

respectively.  

The Normalize Difference Build-up Index value lies between -1 to +1. Negative value of NDBI 

represent water bodies whereas higher value represents build-up areas. NDBI value for vegetation 

is low. 

NDWI is retrieved using the following formula (Gao, 1996) 
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𝑬𝑬𝑫𝑫𝑺𝑺𝑵𝑵 =  (𝑬𝑬𝑵𝑵𝑵𝑵 − 𝑬𝑬𝑺𝑺𝑵𝑵𝑵𝑵/𝑬𝑬𝑵𝑵𝑵𝑵 + 𝑬𝑬𝑺𝑺𝑵𝑵𝑵𝑵) 

where SWIR and NIR are TOA or surface reflectance at shortwave infrared and near-infrared band, 

respectively.  

Normalize Difference Water Index (NDWI) value lies between -1 to 1. Generally, water bodies 

NDWI value is greater than 0.5. Vegetation has much smaller values which distinguishing 

vegetation from water bodies easily. Build-up features having positive values lies between 0 to 

0.2. 

To check the correlation of different landscapes and air pollution of the city, correlation analysis 

was executed in R programming language. For the correlation analysis, the raster file of NDVI, 

NDBI, NDWI and pollution map were converted into ASCII format in Erdas Imagine. It was then 

transformed into text file and further processed by appending the row number at the beginning of 

each row. Every time, two raster images were taken and merged and converted into ASCII format 

(Figure 4.1).  

Figure 4.1: Raster data to ASCII format (Das et al. 2017)  

That ASCII file was converted into text file. In the text file, there were two rows, one for pollution 

and another for either NDVI, NDBI or NDWI. These rows contained the pixel value of respective 

image in each point. The null values and missing values were filtered by filtering tool in RStudio. 

Then the correlation analysis was made to run.  In each analysis, about 3.6-million-point data were 

used to measure the correlation analysis and trend line. The summary of the correlation value gives 

the R2 value. The graphs of correlations were also generated. 
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4.4.3 Network Analysis: 

 

The first two research questions are concerned about public open space and accessibility through 

road hierarchy. For selecting natural landscapes, parks, playgrounds, gardens, zoo, waterbodies 

and public cemeteries having an area of 0.86 acres (3480 sq. m) have been considered. As 0.86 

acres is the requirement for 1000 people, it has been selected as the criteria of this study assuming 

1000 people make the smallest neighborhood in Dhaka and Kolkata. Dhaka has a structure plan 

describing minimum area allocation for natural landscapes, but Kolkata has no guideline. As these 

two cities have similar physical and demographic characteristics, in this study the DMDP 

guidelines are used for Kolkata too. There are 15 types of roads in OSM data. Those roads have 

been reclassified into three types of roads based on their width and services. The reclassified road 

types are i) primary, ii) secondary and iii) tertiary.  

Different types of roads from OSM data has been classified into these three types of roads. The 

classification of those roads their functions are given in table 4.2. 

 

Table 4.2: Types of roads and functions from OSM (Open Street Map) data 
Road types  Road types from OSM Functions 

Primary Bridleway  Paths for horse riding 

Cycleway Paths for cycling 

Footway Footpath  

Living street Streets where pedestrians have 

priority 

Path Unspecified paths 

Pedestrian Pedestrian only streets 

Residential Roads in residential areas 

Steps Flights of steps on footpaths 

Service Service roads for access to 

buildings, parking 



                                                                                               

70 
 

lots, etc. 

Secondary Track  For agricultural use, in forests, 

etc. Often 

gravel roads. 

Track grade 1 Tracks can be assigned a 

“tracktype” from 1 

Unclassified  Smaller local roads 

Unknown  Unknown type of road or path 

Secondary  Secondary roads, typically 

regional. 

Secondary link Highway link from secondary 

roads 

Tertiary Primary Primary roads, typically 

national (Major roads) 

Primary link Highway link  

Tertiary  Tertiary roads, typically local 

(Major roads) 

Trunk  Important roads, typically 

divided (Major roads) 

Trunk link Roads that connect from one 

road to another 

of the same of lower category. 

 Motorway Motorway/freeway 

 

In network analysis, green spaces and waterbodies were used as facilities (destination). Buildings 

were selected as origin of the analysis.  

In OSM, different types of greenspaces and waterbodies exists. Following are the examples of 

origin and destinations of the network analysis. 

Facilities: Castle, fort, garden center, graveyard, park, picnic site, playground, stadium, theme 

park, zoo, botanical garden 
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Origin: Buildings 

Any facilities which are not less than 0.86 acres, were selected as facilities or destination places 

for people.  

For accessibility, the study selected 400-meter (0.25 miles) areas as service area. The service area 

of these open spaces refers the extent of area it is serving.  

The study considered service areas based on walking distance. All people in a neighborhood 

including aged and children must have access to the nearest open spaces. As a result, 400 meters 

has been selected as the criteria for service area. Average walk trips of Dhaka are 15 minutes where 

people walk at a speed of 5 km/hour (Sharmeen and Houston, 2019). Based on that information, 

5-minute walking distance has been derived.  

Then a network dataset has been made using modified OSM street shapefile. Based on that network 

dataset, service areas have been made. From OSM data, Polygon files of green spaces and 

waterbodies have been merged and then converted to point file. For converting, the study used 

“densifying the geometry” method of QGIS. Centroid point-based conversion was avoided as it 

sometimes leaves the service areas beyond 400 meter of the public spaces if the public space itself 

has an area more than 400 meter. Break point for service area measurement was taken as 400 

meters. 

 

4.4.4 Accessibility Mapping 

 

After measuring the service area for all types of roads, service areas were divided into three types. 

Service areas accessible by i) primary roads, ii) secondary roads and iii) tertiary roads. Service 

areas were used as target layer feature and road types were used as source layer feature. Service 

areas “touch the boundary of the source (either primary, secondary or tertiary road) layer feature” 

were selected using “select by location” tool of ArcGIS. Service areas touch primary roads, 

secondary roads and tertiary roads were termed as i) primary service areas, ii) secondary service 

areas and iii) tertiary service areas respectively.  
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Another “select by location” operation was executed to distinguish the buildings of specific service 

areas. Selected “service areas” then used as source layer and “buildings” shapefiles were used as 

target layer feature. Buildings are “completely within the source layer feature” were selected 

afterwards. Buildings are completely within i) primary service areas, ii) secondary service areas 

and iii) tertiary service areas were selected. Thus, the buildings having accessibility to service 

areas (facilities) through i) primary roads, ii) secondary roads and iii) tertiary roads were retrieved 

(Lin et. Al. 2019).  The percentage of buildings having access to nearest public open space using 

different roads have been measured using data of attribute table. 

4.4.5 Correlation Analysis 

Correlation analysis between hierarchical accessibility and people’s demographic characteristics 

was performed. Local spatial autocorrelation method was used for this study. Both Univariate 

Local Moran’s I and Bivariate Local Moran’s I methods were used.  

Demographical data of Kolkata were unavailable, so correlation analysis was performed only for 

Dhaka. The correlations between  

i) Correlations between service areas  

ii) Correlations between service areas and Percent of poor  

iii) Correlations between population density and Percent of poor 

Were done using GEODA software.           

 



                                                                                               

73 
 

 

Figure 4.2: Flow Chart of Accessibility Analysis 

 



                                                                                               

74 
 

4.5 Results and Discussion 

4.5.1 Dhaka: 

4.5.1.1 Correlation Analysis Between Landscapes and Air Pollution 

PM 2.5 pollution and NDVI: 

PM 2.5 pollution of Dhaka and NDVI of Dhaka is negatively correlated. Figure 4.3 represents the 

PM 2.5 pollution map and NDVI map of Dhaka for the year 2018. The map shows that, air 

pollution is higher mainly in the central places of Dhaka where the density of built-up areas is 

higher. NDVI values in those places are also negative. On north-eastern and south-eastern part of 

Dhaka, NDVI value is higher and positive, similarly pollution on those areas is comparatively 

lower.  

Figure 4.2:  Correlation between PM 2.5 pollution and NDVI for Dhaka in 2018 

 

Negative correlations between PM 2.5 pollution and NDVI values for Dhaka is represented in 

figure 4.2. The R2 value of this correlation is -0.52 that means that, 52% variations of pollution are 

explained by NDVI values. So, significantly, where the pollution is higher, NDVI values are lower. 
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Figure 4.3: PM 2.5 pollution and NDVI map of Dhaka in 2018
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PM 2.5 Pollution and NDBI: 

PM 2.5 pollution and NDBI values of Dhaka are also highly correlated. Figure 4.5 shows that, 

NDBI values are lower in north-eastern and south-eastern part of Dhaka which areas also have 

lower pollution rate. One small part in north western part of Dhaka has also negative and lower 

value which also matches the lower pollution rate geographically. North-western, eastern and 

central part of the city has higher NDBI values as these places have high-density built-up areas 

and barren lands which are source of pollution. PM 2.5 pollution rate is also higher in these areas. 

 

Figure 4.4: Correlation between PM 2.5 pollution and NDBI for Dhaka in 2018 
Positive correlations between PM 2.5 pollution and NDBI values for Dhaka is represented in figure 

4.4. The distribution of data and trendline shows that, these values have a positive correlation 

which means, where pollution is higher, NDBI values are also higher. The R2 value of this 

correlation is +0.88 that means that, 88% variations of pollution are explained by NDBI values
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Figure 4.5: PM 2.5 pollution and NDBI map of Dhaka in 2018
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PM 2.5 Pollution and NDWI: 

PM 2.5 pollution and NDWI has also significant relations. Figure 4.7 represents the PM 2.5 

pollution map and NDWI map of Dhaka for the year 2018. The map shows that, air pollution is 

higher mainly in the central places of Dhaka where the density of built up areas are also higher. 

NDWI values in those places are also negative. On north-eastern and south-eastern part of Dhaka, 

NDWI value is higher and positive, similarly pollution on those areas is comparatively lower. 

Though NDWI value of Dhaka don’t have a high range for the quality of waterbodies, still NDWI 

value has strong correlation with PM 2.5 pollution. 

 

 

Figure 4.6: Correlation between PM 2.5 pollution and NDWI for Dhaka in 2018 
Negative correlations between PM 2.5 pollution and NDWI values for Dhaka is represented in 

figure 4.2. The distribution of data and trendline shows that, these values have a negative 

correlation which means, where pollution is higher, NDWI values are lower. The R2 value of this 

correlation is -0.88 that means that, 88% variations of pollution are explained by NDWI value.
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Figure 4.7: PM 2.5 pollution and NDWI map of Dhaka in 2018 
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4.5.1.2 Measurement of Accessibility to Public Open Space  

Service area: 

Service areas of the public open spaces of Dhaka is shown in figure 4.7. The service areas covered 

almost 46% areas of Dhaka city. The figure represents that, service area of all green spaces and 

waterbodies are distributed all over the city.  

 

Figure 4.8:  Service area of natural landscapes 

In this study, green spaces and waterbodies have taken from OSM data which is not real time data. 

These areas are not officially recognized as public areas by the government rather all the green 
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spaces and waterbodies have taken into consideration in this study. There may be some green areas 

and waterbodies which are not functioning well, or which is restricted for common people to go.  

Figure 4.9 represents the road networks of Dhaka. It shows that, in Dhaka the share of primary 

roads is significantly higher than secondary and tertiary roads. This can be one reason of 46% areas 

of the city under service areas.  

 

Figure 4.9: Road network of Dhaka 
In hierarchy, secondary roads come after the primary roads and tertiary roads are very few in 

Dhaka.  

The map also depicts that, tertiary roads and secondary roads are concentrated mainly in the central 

part and northern part of the city. Major roads of the city goes through the center of the city from 
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north to south. Except that, few northern and southern part have major portion of secondary and 

tertiary roads where the built-up density is also lower. The map reveals that, higher density of the 

city can be attributed as one of the reasons of the city’s more primary roads.  

Figure 4.10 shows buildings accessibility to the nearest public open space through A) primary, B) 

secondary and C) tertiary roads. The figures show that most of the buildings within service areas 

have access to open spaces by primary roads. In Dhaka, total number of buildings are 399658. 

Among them 58% buildings have natural landscapes within five minutes walking distances 

through primary, secondary or tertiary roads or through any combination of these roads.  

Table 4.3: Buildings accessibility to public open space through road network hierarchy 

Buildings within service area 

through 

Number of buildings Percentage 

All roads 233551 58 

Primary roads 229168 57 

Secondary roads 143625 36 

Tertiary roads 107864 27 

 

Table 4.3 also reveals that, among all the buildings, 57% buildings have at least one public open 

space within five-minute walking distances through primary roads, 36% buildings have this 

accessibility through secondary roads and 27% buildings must use tertiary roads. Data of the 

accessibility shows that the total percentage goes beyond 100. This is because there are many 

buildings those have combination of these three or any two types of road hierarchy. In this study, 

exclusively primary, secondary and tertiary roads were used to build network dataset. That didn’t 

work as one single road type of Dhaka is not well connected to build network dataset. That reveals 

that, to go to any public open space almost all buildings must use combination of road types. So, 

57% buildings have primary roads accessibility to go to a public open space but in the whole trip, 

there must be either secondary or tertiary road or both to complete the trip.   
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Figure 4.10: Buildings having access to public areas through i) primary roads, ii) secondary roads and iii) tertiary roads. 
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To measure the correlations between accessibility and demographic characteristics, the spatial 

distribution of selected demographic data needs to be reviewed. Figure 4.11 shows the correlations 

between A) Correlations between population density and poor percentage (percentage of poor 

people), B) Correlations between service areas and population density and C) Correlations between 

service areas and population density. It shows that, population density and poor percentage of 

Dhaka has some correlations.  

Figure A shows that, in central part, northern part and south-western part, a smaller number of 

poor people live-in low-density areas. In southern part, which is also the older part of Dhaka, 

population density is higher and smaller number of poor live in those places. In Dhaka city, 

location of poor people depends mostly on their income source. Lower density areas are 

comparatively cheaper and affordable for poor people, but it has less influence over the residence 

of poor people. Poor people in the city works as day laborers, garments/industry workers, rickshaw 

pullers and maid servants. Very often they settle in low income areas or in slum areas near high 

income neighborhoods more profitable for their livelihoods.  

Figure B shows Correlations between service areas and population density. It shows that in 

northern part and some places in the southern part of the city distribution of service areas and 

population density, both are lower. That may be the results of some planned distribution of public 

open space. Some places in the central part and southern part of Dhaka, higher amount of public 

spaces is available for a smaller number of people. That is because of the high living cost of those 

areas. Rich and higher-middle income people can only live there, so very few people can enjoy 

more numbers of natural landscapes there.  

Figure C shows correlation among service areas distribution and percentage of poor people. Figure 

shows that, there is eleven significant clusters where 8 is low-low clusters and 3 is high-low 

clusters. That means, in 8 clusters, places where service areas density is low, percentage of poor 

is also low. That means that poor people are not the only group to be always deprived of the easy 

accessibility to natural landscapes. In other 3 clusters, places where service areas density is high, 

percentage of poor is also low. This correlation proves that, in some places poor people have lower 

accessibility to natural landscapes. The figure C proves that, poor people don’t live only those 

areas where population density is higher. As in rich areas, population density is lower, poor people 

living in those areas can have access to the public spaces in those areas.  
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Figure 4.11: A) Correlations between population density and poor percentage, B) Correlations between service areas and population 
density and C) Correlations between service areas and population density 
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4.5.2 Kolkata 

 

4.5.2.1 Correlation Analysis Between Landscapes and Air Pollution 

PM 10 pollution and NDVI: 

PM 10 pollution of Dhaka and NDVI of Kolkata is negatively correlated. Figure 4.13 represents 

the PM 10 pollution map and NDVI map of Kolkata for the year 2018. The map shows that, air 

pollution is higher mainly in the central places of Kolkata where the density of built-up areas is 

higher. NDVI values in those places are also negative. On eastern and south-eastern part of 

Kolkata, NDVI value is lower and negative, but pollution on those areas is comparatively lower.  

 

Figure 4.12:  Correlation between PM 10 pollution and NDVI for Kolkata in 2018 
Kolkata has lots of crop land and barren land which increases air pollution. Left over crop land 

also act as barren land. They can increase pollutant by burning. (Wu et al. 2015). Negative 

correlations between NDVI and PM 10 pollution of Kolkata in 2018 is shown in figure 4.12. The 

R2 value of this correlation is -0.28 that means that, 28% variations of pollution are explained by 

NDVI values. So, insignificantly, where the pollution is higher, NDVI values are lower. 
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Figure 4.13: PM 10 pollution and NDVI map of Kolkata in 2018
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PM 10 Pollution and NDBI: 

PM 10 pollution and NDBI values of Kolkata are also highly correlated. Figure 4.15 shows that, 

NDBI values are lower in north-eastern and north-western part of Kolkata which areas have have 

higher pollution rate. Central part of Kolkata has higher pollution rate and NDBI values as well. 

One small part in north western part of Kolkata has also negative and lower value which also 

matches the lower pollution rate geographically. Areas along both side of the river of the city has 

higher NDBI values as these places have high-density built-up areas and barren lands which are 

source of pollution. PM 10 pollution rate is also higher in these areas. 

 
 

Figure 4.14: Correlation between PM 10 pollution and NDBI for Kolkata in 2018 
Positive correlations between NDVI and PM 10 pollution of Kolkata in 2018 is shown in figure 

4.14. The distribution of data and trendline shows that, these values have insignificant but a 

positive correlation which means, where pollution is higher, NDBI values are also higher. The R2 

value of this correlation is +0.1 that means that, only 10% variations of pollution are explained by 

NDBI values.  
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Figure 4.15: PM 10 pollution and NDBI map of Kolkata in 2018
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PM 10 Pollution and NDWI: 

PM 10 pollution and NDWI has also insignificant relations. Figure 4.17 represents the PM 10 

pollution map and NDWI map of Kolkata for the year 2018. The map shows that, air pollution is 

higher mainly in the central places of Kolkata where the density of built up areas are also higher. 

NDWI values in those places are also negative. On northern part of Kolkata, NDWI value is higher 

and positive, but pollution on northern part is higher and southern part is comparatively lower. 

Though NDWI value of Kolkata don’t have a high significance, still NDWI value has negative 

correlation with PM 10 pollution. 

 

 

Figure 4.16: Correlation between PM 10 pollution and NDWI for Kolkata in 2018 
Negative correlations between NDWI and PM 10 pollution of Kolkata in 2018 is shown in figure 

4.16. The distribution of data and trendline shows that, these values have a negative correlation 

which means, where pollution is higher, NDWI values are lower. The R2 value of this correlation 

is -0.1 that means that, only 10% variations of pollution are explained by NDWI value.
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Figure 4.17: PM 10 pollution and NDWI map of Kolkata in 2018 
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4.5.2.2 Measurement of Accessibility to Public Open Space  

Service area: 

Figure 4.7 shows the service areas of the natural landscapes of Kolkata. The service areas covered 

almost 26% areas of Kolkata city. The figure represents that, service area of all green spaces and 

waterbodies are distributed in mainly central part of the city and along the river Hooghly.  

 

Figure 4.18:  Service area of natural landscapes 

In this study, same as the Dhaka study, green spaces and waterbodies have taken from OSM data 

which are not real time data. These areas are not officially recognized as natural landscapes by the 

government rather all the green spaces and waterbodies have taken into consideration in this study. 
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There may be some green areas and waterbodies which are not functioning well, or which is 

restricted for common people to go. In those cases, service areas of some natural landscapes may 

sometimes represent wrong ideas.  

Figure 4.19 represents the road networks of Kolkata. It shows that, in Kolkata the share of primary 

roads is significantly higher than secondary and tertiary roads. This can be one reason of 26% areas 

of the city under service areas.  

 

Figure 4.19: Road network of Kolkata 
In hierarchy, secondary roads come after the primary roads and tertiary roads are very few in 

Kolkata.  
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The map also depicts that, tertiary roads and secondary roads are concentrated mainly in central 

part and northern part of the city. Major road of the city goes through the center of the city from 

north to south. Kolkata is regarded as a hub of districts neighboring it. So, major roads also go 

through all direction from center of Kolkata. Except that, few northern and southern part have 

major portion of secondary and tertiary roads where the built-up density is also lower. The map 

reveals that, higher density areas of the city have major portions of primary roads.  

Figure 4.20 shows buildings accessibility to the nearest public open space through A) primary, B) 

secondary and C) tertiary roads. The figures show that very few of the buildings within service 

areas have access to open spaces through primary roads. In Kolkata, total number of buildings are 

578378. Among them 25% buildings have natural landscapes within five minutes walking 

distances through primary, secondary or tertiary roads or through any combination of these roads.  

Table 4.4: Buildings accessibility to public open space through road network hierarchy 
Buildings within service area 

through 

Number of buildings Percentage 

All roads 145976 25 

Primary roads 61939 11 

Secondary roads 12143 2 

Tertiary roads 41879 7 

 

Table 4.4 also reveals that, among all the buildings, only 11% buildings have at least one public 

open space within five-minute walking distances through primary roads, 2% buildings have this 

accessibility through secondary roads and 7% buildings must use tertiary roads. There are many 

buildings those have combination of these three or any two types of road hierarchy. In this study, 

exclusively primary, secondary and tertiary roads were not used to build network dataset. The 

reason behind that is one single road type of Kolkata is not well connected to build network dataset. 

That reveals that, to go to any public open space almost all buildings must use combination of road 

types. So, 11% buildings have primary roads accessibility to go to a public open space but in the 

whole trip, there must be either secondary or tertiary road or both to complete the trip. 



                                                                                               

95 
 

 

Figure 4.20: Buildings having access to public areas through i) primary roads, ii) secondary roads and iii) tertiary roads. 
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Green and natural landscapes are an important part of city life for giving people relief from the 

monotony and stress of city life. It is also important for healthy environment of the city. it is 

necessary to have these spaces within walking distances from every people’s houses. The study 

revealed the inaccessibility of the available public spaces of Dhaka and Kolkata and their spatial 

dependence on people’s demographic characteristics. The distribution of these spaces should be 

distributed according to population density ensuring every person’s efficient accessibility to it.   
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CHAPTER 5: SIGNIFICANCE OF THE RESEARCH AND CONCLUSION 
 

5.1 Significance of the research 

This study analyzed historical urban growth, land cover classification, impact of land cover change 

on pollution, and impact of pollution on people’s accessibility to urban natural landscapes of 

Dhaka and Kolkata. Dhaka and Kolkata are two cities of two neighboring countries Bangladesh 

and India respectively, sharing same language, similar physical geography, culture and 

demographic characteristics. Analyzing these two cities from same point of research is the 

highlight of this research.  

This study has performed land cover classification of the two study areas using Google Earth 

Engine (GEE). Using the GEE platform gave the researcher the opportunity to work with all the 

images of a selected year simultaneously and work with six landcovers types. It helped to 

distinguish each landcovers from the other more efficiently comparing their change of reflectance 

over several seasons. This method also revealed the pattern of land cover change in these two cities 

from the analysis. The reasons behind the land cover change and different changing pattern of 

geographically and demographically similar cities have also addressed in this research.  

In the second part of the research, impacts of land cover change have been reviewed. Among the 

impacts, impact of Particulate Pollution (PM 2.5 and PM 10), one of the least acknowledged 

impacts in South Asia have been analyzed.  

In south Asia, regular pollution measurement methods using ground stations are less popular due 

to cost incurred and maintenance challenge. So, method to measure pollution using satellite images 

and few ground stations have been used in this research. The changes of pollution in two different 

years for both the cities have been done which describes the change and geographical extent of 

change of particulate pollution over the years. Due to recent air pollution severity in south Asian 

cities, air pollution mapping integrating satellite images has become an emergence (Brauer et al. 

2019). This study also complements the necessity of pollution mapping of the cities having 

insignificant amount of ground stations and shorthanded maintenance and monitoring system.  
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In the third part of the research, accessibility to natural landscapes by the city dwellers have been 

figured out after analyzing the impacts of pollution over the environment and people. The 

particulate pollution has expanded all over the cities. The areas of lower pollution have been found 

out. The accessibility to the lower pollution areas have been measured using network analysis 

method. Accessibility was divided into three types based on road hierarchy. Three types of 

accessibility show availability of low pollution areas for people to go to take a fresh breath, have 

recreation and a health environment. Hierarchy of accessibility shows degree of complexity that 

people must endure to go to those places. It also explains the distribution of those places using the 

actual trip length. It also analyzed the influence of demographic characteristics over the 

establishment and distribution of these natural landscapes. It also discussed about the correlations 

of the distribution of these places with people’s socio-economic characteristics for cross-checking 

the spatial equity in the distribution.  
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5.2 Conclusion 

Due to high population density followed by high land value in South Asia, land covers are 

changing in a dramatic manner. Land cover of Dhaka have been changing since it was declared 

the capital city for the newborn nation Bangladesh in 1971. Kolkata has been experiencing change 

since division of Indian subcontinent in 1947. Both, Dhaka and Kolkata have massive demand on 

land resulting from increasing population. The cities have experienced change inf landcovers 

gradually over the last few decades.  

In Dhaka, landcovers like built up area and barren land have increased in a significant amount. At 

the same time, few landcovers changes in a transitory basis over the years like waterbody to 

wetland, wetland to vegetation, vegetation to barren land and agricultural to barren land with the 

change of seasons. Though these conversions are interim, these conversions work as a step to the 

ultimate conversion of any land cover to build up area.  

In Kolkata, built up areas and barren lands have increased but no significant pattern was found. 

Kolkata has grown on both side of Hooghly river. Concentration of built up areas and barren lands 

also expanded on both side of Hooghly river considering KMC as the center. Suburban areas of 

Kolkata, specially the western and eastern part had many agricultural lands which is transforming 

at a rapid rate.  

Land cover change detection using multi seasonal images makes it convenient to distinguish the 

variations which have close range pixels and overlap with one another throughout the year. A 

thorough visual analysis also revealed the unique patterns of landcover change (Oliphant et al. 

2019). The pattern reveals how the land covers of the cities has been changing so far gradually and 

more strategically. This strategic land cover change is responsible for the loss of waterbody, 

vegetation and other natural landscapes of the city. Most often, these land covers change seems 

natural and draw no attention to the policy makers or conservationist of natural landscapes. This 

multi-seasonal image analysis using Google Earth Engine can identify these alterations work as 

the foundation of dynamic land cover policy.  

Air pollution increase is one of the inevitable impacts of landcover change (Brauer et al. 2019). 

Land cover change acts as a catalyst to increase the source of pollution. The study found a 

significant correlation between land cover change and the increase of pollutant sources like 
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impervious spaces, roads followed by increasing vehicles, industrialization and commercialization 

at a large scale. the pollution maps from satellite images showed the change of pollution and extent 

in these two cities in a different pattern but in a similar increasing direction.  

Both in Dhaka and Kolkata, in 2014, particulate matter concentration was concentrated in the 

center of the city in a higher degree. In 2018, though the extent of pollution decreased in a smaller 

amount at the center of the cities, it expanded in greater areas.  

In Dhaka, particulate matter pollution is highly correlated with landcovers where NDVI and NDWI 

values are negatively correlated to particulate pollution and NDBI value is positively correlated.  

In Kolkata, landcovers correlations to pollution exists but not in a significant manner. Kolkata city 

is mainly centered within KMC. Kolkata has more agricultural areas on western and eastern side 

of Hooghly river. Agricultural areas produce more pollution than waterbodies and green spaces 

covered with trees and grass (Wu et al. 2015). This can be the reason for insignificant correlation 

between NDVI values and pollution of Kolkata.  

Accessibility to green and other natural landscapes is always a basic need for people to live a 

healthy life. Increasing pollution is highly correlates to the loss of natural landscapes. On the other 

hand, increasing pollution has made natural places an emerging need to the city dwellers. With 

time, these places are disappearing from the neighborhoods and accessibility to the remaining 

natural environment are becoming difficult. Again, these places are not distributed maintaining 

social justice and spatial equity rather influenced by socio-economic characteristics of the residents 

of several neighborhoods.   

In Dhaka, service areas of natural landscapes are more accessible to people than Kolkata. Dhaka’s 

natural landscapes are inadequate but distributed all through the cities. Though Dhaka has better 

accessibility, most often the accessibilities are not provided using only local or primary roads. 

Though service areas are within walkable distance, people need to use secondary and even tertiary 

roads to go to those places.  

In Kolkata, service areas are very few. In Kolkata, residential areas are concentrated at the center, 

along with the Hooghly river. The service areas of natural landscapes are concentrated mostly on 

the south-western part of the city. Due to the distribution and lack of public natural landscapes, 

people of Kolkata have lower accessibility to public natural landscapes. 



                                                                                               

101 
 

REFERENCES 
 

“Administrative Boundaries, Kolkata, India, 1990 - NYU Spatial Data Repository.” Accessed May 

30, 2019. https://geo.nyu.edu/catalog/stanford-br919ym3359. 

“Administrative Boundaries, Kolkata, India, 1990 in EarthWorks.” Accessed February 19, 2020. 

https://earthworks.stanford.edu/catalog/stanford-br919ym3359. 

“Air Quality Information System”. West Bengal Pollution Control Board. Accessed February 27, 

2020. http://emis.wbpcb.gov.in/airquality/filter_for_aqi.jsp. 

Aggarwal, Shagun, and Mandvi Misra. “Comparison of NDVI, NDBI as Indicators of Surface 

Heat Island Effects for Bangalore and New Delhi: Case Study.” In Remote Sensing 

Technologies and Applications in Urban Environments III, 10793:1079314. International 

Society for Optics and Photonics, 2018. https://doi.org/10.1117/12.2325738. 

Aguilar, Adrián Guillermo, Peter M Ward, and Carroll. Bradford Smith Sr. “Globalization, 

Regional Development, and Mega-City Expansion in Latin America: Analyzing Mexico 

City’s Peri-Urban Hinterland.” Cities 20, no. 1 (February 1, 2003): 3–21. 

https://doi.org/10.1016/S0264-2751(02)00092-6. 

Ahmed, Bayes, Md Kamruzzaman, Xuan Zhu, Md Shahinoor Rahman, and Keechoo Choi. 

“Simulating Land Cover Changes and Their Impacts on Land Surface Temperature in 

Dhaka, Bangladesh.” Remote Sensing 5, no. 11 (November 2013): 5969–98. 

https://doi.org/10.3390/rs5115969.Akimoto, Hajime. “Global Air Quality and Pollution.” 

Science 302, no. 5651 (December 5, 2003): 1716–19. 

https://doi.org/10.1126/science.1092666. 

Ahmed, Bayes, Rakibul Hasan, and K. M. Maniruzzaman. “Urban Morphological Change 

Analysis of Dhaka City, Bangladesh, Using Space Syntax.” ISPRS International Journal of 

Geo-Information 3, no. 4 (December 2014): 1412–44. https://doi.org/10.3390/ijgi3041412. 

Akimoto, Hajime. “Global Air Quality and Pollution.” Science 302, no. 5651 (December 5, 2003): 

1716–19. https://doi.org/10.1126/science.1092666. 



                                                                                               

102 
 

Alcock, Ian, Mathew White, Mark Cherrie, Benedict Wheeler, Jonathon Taylor, Rachel McInnes, 

Eveline Otte im Kampe, et al. “Land Cover and Air Pollution Are Associated with Asthma 

Hospitalisations: A Cross-Sectional Study.” Environment International 109 (December 1, 

2017): 29–41. https://doi.org/10.1016/j.envint.2017.08.009. 

Alvarez-Mendoza, Cesar I., Ana Teodoro, Nelly Torres, Valeria Vivanco, and Lenin Ramirez-

Cando. “Comparison of Satellite Remote Sensing Data in the Retrieve of PM10 Air 

Pollutant over Quito, Ecuador.” In Remote Sensing Technologies and Applications in 

Urban Environments III, 10793:107930I. International Society for Optics and Photonics, 

2018. https://doi.org/10.1117/12.2325324. 

Anselin, Luc, Ibnu Syabri, and Youngihn Kho. “GeoDa : An Introduction to Spatial Data 

Analysis.” Geographical Analysis 38, no. 1 (2006): 5–22. https://doi.org/10.1111/j.0016-

7363.2005.00671.x. 

Anyamba, Assaf., and Compton. J. Tucker. “Analysis of Sahelian Vegetation Dynamics Using 

NOAA-AVHRR NDVI Data from 1981–2003.” Journal of Arid Environments, Special 

Issue on the “Greening” of the Sahel, 63, no. 3 (November 1, 2005): 596–614. 

https://doi.org/10.1016/j.jaridenv.2005.03.007. 

Austin, Peter C., and Ewout W. Steyerberg. “The Number of Subjects per Variable Required in 

Linear Regression Analyses.” Journal of Clinical Epidemiology 68, no. 6 (June 1, 2015): 

627–36. https://doi.org/10.1016/j.jclinepi.2014.12.014. 

“Bangladesh Administrative Level 0-4 Boundary Polygons, Lines, Points, Tabular Data, and Live 

Services - Humanitarian Data Exchange.” Accessed February 19, 2020. 

https://data.humdata.org/dataset/administrative-boundaries-of-bangladesh-as-of-2015. 

Begum, Bilkis A., Swapan K. Biswas, and Philip K. Hopke. “Assessment of Trends and Present 

Ambient Concentrations of PM2.2 and PM10 in Dhaka, Bangladesh.” Air Quality, 

Atmosphere & Health 1, no. 3 (November 1, 2008): 125–33. 

https://doi.org/10.1007/s11869-008-0018-7. 



                                                                                               

103 
 

Begum, Bilkis A., Philip K. Hopke, and Andreas Markwitz. “Air Pollution by Fine Particulate 

Matter in Bangladesh.” Atmospheric Pollution Research 4, no. 1 (January 1, 2013): 75–86. 

https://doi.org/10.5094/APR.2013.008. 

Bertinelli, Luisito, and Duncan Black. “Urbanization and Growth.” Journal of Urban Economics 

56, no. 1 (July 1, 2004): 80–96. https://doi.org/10.1016/j.jue.2004.03.003. 

Bhatta, Basudeb. “Urban Growth Analysis and Remote Sensing: A Case Study of Kolkata, India 

1980–2010.” | SpringerLink, Dordrecht (2012).” Accessed June 5, 2019. 

https://link.springer.com/book/10.1007/978-94-007-4698-5. 

Braun, Boris, and Tibor Aßheuer. “Floods in Megacity Environments: Vulnerability and Coping 

Strategies of Slum Dwellers in Dhaka/Bangladesh.” Natural Hazards 58, no. 2 (August 1, 

2011): 771–87. https://doi.org/10.1007/s11069-011-9752-5. 

Brown, Daniel. G. et al. 2014: Ch. 13: “Land Use and Land Cover Change. Climate Change 

Impacts in the United States: The Third National Climate Assessment”, J. M. Melillo, Terese 

(T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research Program, 318-332. 

http://doi:10.7930/ J05Q4T1Q. 

Carlson, Toby N, and S Traci Arthur. “The Impact of Land Use — Land Cover Changes Due to 

Urbanization on Surface Microclimate and Hydrology: A Satellite Perspective.” Global and 

Planetary Change 25, no. 1 (July 1, 2000): 49–65. https://doi.org/10.1016/S0921-

8181(00)00021-7. 

Chatterji, Joya. Bengal Divided: Hindu Communalism and Partition, 1932-1947. Cambridge: 

Cambridge University Press, 2002. 

Chaudhury, RH. Determinants of and Consequences of Rural Out Migration: Evidence from   

Some Villages in Bangladesh̕, Oriental Geographer 22, no. 1 & 2 (1978): 1- 20. 

Chen, Longyin, Mengyun Li, Fang Huang, and Shuangling Xu. “Relationships of LST to NDBI 

and NDVI in Wuhan City Based on Landsat ETM+ Image.” In 2013 6th International 

Congress on Image and Signal Processing (CISP), 2:840–45, 2013. 

https://doi.org/10.1109/CISP.2013.6745282.Choubin, Bahram, Gholamreza Zehtabian, 

Ali Azareh, Elham Rafiei-Sardooi, Farzaneh Sajedi-Hosseini, and Özgür Kişi. 

https://doi.org/10.1007/s11069-011-9752-5


                                                                                               

104 
 

“Precipitation Forecasting Using Classification and Regression Trees (CART) Model: A 

Comparative Study of Different Approaches.” Environmental Earth Sciences 77, no. 8 

(April 20, 2018): 314. https://doi.org/10.1007/s12665-018-7498-z. 

“Countries Compared by Geography > Area > Land > Per Capita. International Statistics at 

NationMaster.Com.” Accessed February 25, 2020. http://www.nationmaster.com/country-

info/stats/Geography/Area/Land/Per-capita. 

Clean Air and Sustainable Environment Project, Monthly Air Quality Monitoring Report: 

Reporting Month: February 2018 (Dhaka, Department of Environment, 2018), Page 6-7.  

Clean Air and Sustainable Environment Project, Monthly Air Quality Monitoring Report: 

Reporting Month: March 2014 (Dhaka, Department of Environment, 2014), Page 6-7.  

Das, Monidipa, and Soumya K. Ghosh. “Measuring Moran’s I in a Cost-Efficient Manner to 

Describe a Land-Cover Change Pattern in Large-Scale Remote Sensing Imagery.” IEEE 

Journal of Selected Topics in Applied Earth Observations and Remote Sensing 10, no. 6 

(June 2017): 2631–39. https://doi.org/10.1109/JSTARS.2017.2660766. 

Das, Reshmi, Bahareh Khezri, Bijayen Srivastava, Subhajit Datta, Pradip K. Sikdar, Richard D. 

Webster, and Xianfeng Wang. “Trace Element Composition of PM2.5 and PM10 from 

Kolkata – a Heavily Polluted Indian Metropolis.” Atmospheric Pollution Research 6, no. 5 

(September 1, 2015): 742–50. https://doi.org/10.5094/APR.2015.083. 

Deng, Xiangzheng, Chunhong Zhao, and Haiming Yan. “Systematic Modeling of Impacts of Land 

Use and Land Cover Changes on Regional Climate: A Review.” Review Article. Advances 

in Meteorology, 2013. https://doi.org/10.1155/2013/317678. 

Department of environment. 2013. Monthly Air Quality Monitoring Report Reporting Month: 

May,2013. Government of the People’s Republic of Bangladesh Ministry of Environment 

and Forests, Dhaka, Bangladesh. 

Dewan, Ashraf M., and Yasushi Yamaguchi. “Land Use and Land Cover Change in Greater Dhaka, 

Bangladesh: Using Remote Sensing to Promote Sustainable Urbanization.” Applied 

Geography 29, no. 3 (July 1, 2009): 390–401. https://doi.org/10.1016/j.apgeog.2008.12.005. 

Dhaka Metropolitan Development Plan: Dhaka Structure Plan 2016-2035.  



                                                                                               

105 
 

Dhaka Structure plan 2016-2035. 2015. Saman, Hana, Dercom, Sheltech. 

          doi: 10.5923/j.ajgis.20170603.04 

Al-doski, Jwan, Shattri B. Mansor, and Helmi Zulhaidi Mohd Shafri. “Image Classification in 

Remote Sensing.” Journal of Environment and Earth Science 3, no. 10 (2013): 141-147–

147.Faqe Ibrahim, Gaylan Rasul, and Gaylan Rasul. “Urban Land Use Land Cover 

Changes and Their Effect on Land Surface Temperature: Case Study Using Dohuk City in 

the Kurdistan Region of Iraq.” Climate 5, no. 1 (March 2017): 13. 

https://doi.org/10.3390/cli5010013. 

Feddema, Johannes J., Keith W. Oleson, Gordon B. Bonan, Linda O. Mearns, Lawrence E. Buja, 

Gerald A. Meehl, and Warren M. Washington. “The Importance of Land-Cover Change in 

Simulating Future Climates.” Science 310, no. 5754 (December 9, 2005): 1674–78. 

https://doi.org/10.1126/science.1118160. 

Feizizadeh, Bakhtiar, and Thomas Blaschke. “Examining Urban Heat Island Relations to Land 

Use and Air Pollution: Multiple Endmember Spectral Mixture Analysis for Thermal 

Remote Sensing.” IEEE Journal of Selected Topics in Applied Earth Observations and 

Remote Sensing 6, no. 3 (June 2013): 1749–56. 

https://doi.org/10.1109/JSTARS.2013.2263425. 

Fernández-Pacheco, V. M., C. A. López-Sánchez, E. Álvarez-Álvarez, M. J. Suárez López, L. 

García-Expósito, E. Antuña Yudego, and J. L. Carús-Candás. “Estimation of PM10 

Distribution Using Landsat5 and Landsat8 Remote Sensing.” Proceedings 2, no. 23 (2018): 

1430. https://doi.org/10.3390/proceedings2231430. 

Gao. "NDWI—A normalized difference water index for remote sensing of vegetation liquid water 

from space." 1996.  

“GIS Ag Maps - Landsat 8 ESUN.” Accessed February 28, 2020. 

http://www.gisagmaps.com/landsat-8-atco/. 

Geofabrik Download Server.” Accessed May 30, 2019. 

http://download.geofabrik.de/asia/bangladesh.html. 



                                                                                               

106 
 

Geofabrik Download Server.” Accessed May 30, 2019. 

http://download.geofabrik.de/asia/india.html. 

George, Jeena Elsa, J Aravinth, and S. Veni. “Detection of Pollution Content in an Urban Area 

Using Landsat 8 Data.” In 2017 International Conference on Advances in Computing, 

Communications and Informatics (ICACCI), 184–90, 2017. 

https://doi.org/10.1109/ICACCI.2017.8125838. Ghose, Mrinal K., R. Paul, and R. K. 

Banerjee. “Assessment of the Status of Urban Air Pollution and Its Impact on Human 

Health in the City of Kolkata.” Environmental Monitoring and Assessment 108, no. 1–3 

(September 2005): 151–67. https://doi.org/10.1007/s10661-005-3965-6. Ghosh, H. R., N. 

C. Bhowmik, and M. Hussain. “Determining Seasonal Optimum Tilt Angles, Solar 

Radiations on Variously Oriented, Single and Double Axis Tracking Surfaces at Dhaka.” 

Renewable Energy 35, no. 6 (June 1, 2010): 1292–97. 

https://doi.org/10.1016/j.renene.2009.11.041. 

Gorelick, Noel, Matt Hancher, Mike Dixon, Simon Ilyushchenko, David Thau, and Rebecca 

Moore.       “Google Earth Engine: Planetary-Scale Geospatial Analysis for Everyone.” 

Remote Sensing of Environment, Big Remotely Sensed Data: tools, applications and 

experiences, 202 (December 1, 2017): 18–27. https://doi.org/10.1016/j.rse.2017.06.031. 

Griffiths, Patrick, Patrick Hostert, Oliver Gruebner, and Sebastian van der Linden. “Mapping 

Megacity Growth with Multi-Sensor Data.” Remote Sensing of Environment 114, no. 2 

(February 15, 2010): 426–39. https://doi.org/10.1016/j.rse.2009.09.012. 

Gurjar, B. R., Khaiwal Ravindra, and Ajay Singh Nagpure. “Air Pollution Trends over Indian 

Megacities and Their Local-to-Global Implications.” Atmospheric Environment 142 

(October 1, 2016): 475–95. https://doi.org/10.1016/j.atmosenv.2016.06.030.  

“Historical Maps of Indian Towns and Cities (1893, 1909, 1924).” Accessed February 19, 2020. 

https://www.indiawaterportal.org/articles/historical-maps-indian-towns-and-cities-1893-

1909-1924. 

Han, Lijian, Weiqi Zhou, Weifeng Li, and Li Li. “Impact of Urbanization Level on Urban Air 

Quality: A Case of Fine Particles (PM2.5) in Chinese Cities.” Environmental Pollution 194 

(November 1, 2014): 163–70. https://doi.org/10.1016/j.envpol.2014.07.022. 



                                                                                               

107 
 

Haque, Md. Inzamul, and Rony Basak. “Land Cover Change Detection Using GIS and Remote 

Sensing Techniques: A Spatio-Temporal Study on Tanguar Haor, Sunamganj, Bangladesh.” 

The Egyptian Journal of Remote Sensing and Space Science 20, no. 2 (December 1, 2017): 

251–63. https://doi.org/10.1016/j.ejrs.2016.12.003. 

Haque, Md. Inzamul, and Rony Basak. “Land Cover Change Detection Using GIS and Remote 

Sensing Techniques: A Spatio-Temporal Study on Tanguar Haor, Sunamganj, 

Bangladesh.” The Egyptian Journal of Remote Sensing and Space Science 20, no. 2 

(December 1, 2017): 251–63. https://doi.org/10.1016/j.ejrs.2016.12.003. 

Haregeweyn, Nigussie, Genetu Fikadu, Atsushi Tsunekawa, Mitsuru Tsubo, and Derege Tsegaye 

Meshesha. “The Dynamics of Urban Expansion and Its Impacts on Land Use/Land Cover 

Change and Small-Scale Farmers Living near the Urban Fringe: A Case Study of Bahir Dar, 

Ethiopia.” Landscape and Urban Planning 106, no. 2 (May 30, 2012): 149–57. 

https://doi.org/10.1016/j.landurbplan.2012.02.016. 

Hassan, Mohammad Mehedy, and Jane Southworth. “Analyzing Land Cover Change and Urban 

Growth Trajectories of the Mega-Urban Region of Dhaka Using Remotely Sensed Data and 

an Ensemble Classifier.” Sustainability 10, no. 1 (January 2018): 10. 

https://doi.org/10.3390/su10010010. 

Houston, Douglas, Jun Wu, Paul Ong, and Arthur Winer. “Structural Disparities of Urban Traffic 

in Southern California: Implications for Vehicle-Related Air Pollution Exposure in 

Minority and High-Poverty Neighborhoods.” Journal of Urban Affairs 26, no. 5 (2004): 

565–92. https://doi.org/10.1111/j.0735-2166.2004.00215.x.  

Income, expenditure and poverty, Bangladesh Bureau of Statistics, Statistics and Informatics 

Division, Ministry of Planning, Zila level poverty map estimates,2010, Available from 

http://203.112.218.65:8008/WebTestApplication/userfiles/Image/LatestReports/Banglade

sh_ZilaUpazila_pov_est_2010.pdf 

“Image Classification Using the ArcGIS Spatial Analyst Extension—ArcGIS Help | ArcGIS 

Desktop.” Accessed March 27, 2019. 

http://desktop.arcgis.com/en/arcmap/latest/extensions/spatial-analyst/image-

classification/image-classification-using-spatial-analyst.htm. 

https://doi.org/10.1016/j.ejrs.2016.12.003


                                                                                               

108 
 

“India and Pakistan AMS Topographic Maps - Perry-Castañeda Map Collection - UT Library 

Online.” Accessed February 19, 2020. https://legacy.lib.utexas.edu/maps/ams/india/. 

“India GIS Data | Center for Geographic Analysis, Harvard University.” Accessed February 19, 

2020. https://gis2.harvard.edu/resources/data/india-gis-data. 

Ishtiaque. Asif, Ullah. M. Sofi, “The Influence of Factors of Migration on The Migration Status 

Of Rural-Urban Migrants In Dhaka, Bangladesh”. Human Geographies – Journal of 

Studies and Research in Human Geography 7.2 (2013) 45–52. ISSN-print: 1843–6587.  

Islam, Md. S., Ahmed, Raquib.  “(18) (PDF) Land Use Change Prediction in Dhaka City Using    

Gis Aided Markov Chain Modeling.” ResearchGate, (February 2012). Accessed February 

20,  2019. 

https://www.researchgate.net/publication/314366690_Land_Use_Change_Prediction_In_

Dhaka_City_Using_Gis_Aided_Markov_Chain_Modeling. 

Jafrin, Maharina, and Beau Beza. “Developing an Open Space Standard in a Densely Populated 

City: A Case Study of Chittagong City.” Infrastructures 3, no. 3 (September 19, 2018): 40. 

https://doi.org/10.3390/infrastructures3030040. 

John Murray, London & Thacker, Spink, & Co. Calcutta. 11th Edition. "A Handbook for Travelers 

in India, Burma and Ceylon including all British India, the Portuguese and French 

Possessions, and the Indian States"  

Kabir, Ahsanul, and Bruno Parolin. “PLANNING AND DEVELOPMENT OF DHAKA – A 

STORY OF 400 YEARS,” 2012.Kalnay, Eugenia, and Ming Cai. “Impact of Urbanization 

and Land-Use Change on Climate.” Nature 423, no. 6939 (May 2003): 528–31. 

https://doi.org/10.1038/nature01675. 

Kantakumar, Lakshmi N., and Priti Neelamsetti. “Multi-Temporal Land Use Classification Using 

Hybrid Approach.” The Egyptian Journal of Remote Sensing and Space Science 18, no. 2 

(December 1, 2015): 289–95. https://doi.org/10.1016/j.ejrs.2015.09.003. 

Ke, Yinghai, Jungho Im, Junghee Lee, Huili Gong, and Youngryel Ryu. “Characteristics of 

Landsat 8 OLI-Derived NDVI by Comparison with Multiple Satellite Sensors and in-Situ 

https://www.researchgate.net/publication/314366690_Land_Use_Change_Prediction_In_Dhaka_City_Using_Gis_Aided_Markov_Chain_Modeling
https://www.researchgate.net/publication/314366690_Land_Use_Change_Prediction_In_Dhaka_City_Using_Gis_Aided_Markov_Chain_Modeling
https://doi.org/10.1038/nature01675


                                                                                               

109 
 

Observations.” Remote Sensing of Environment 164 (July 1, 2015): 298–313. 

https://doi.org/10.1016/j.rse.2015.04.004. 

Khan, Adil, “Revisiting Planning Standards for Recreational Facilities in 

Urban Areas.” World Town Planning Day 2014_Bangladesh Institute of Planners Souvenir 

Kumar, Prashant, Angela Druckman, John Gallagher, Birgitta Gatersleben, Sarah Allison, 

Theodore S. Eisenman, Uy Hoang, et al. “The Nexus between Air Pollution, Green 

Infrastructure and Human Health.” Environment International 133 (December 1, 2019): 

105181. https://doi.org/10.1016/j.envint.2019.105181. 

Kumari, Maya, Kiranmay Sarma, and Richa Sharma. “Using Moran’s, I and GIS to Study the 

Spatial Pattern of Land Surface Temperature in Relation to Land Use/Cover around a 

Thermal Power Plant in Singrauli District, Madhya Pradesh, India.” Remote Sensing 

Applications: Society and Environment 15 (August 1, 2019): 100239. 

https://doi.org/10.1016/j.rsase.2019.100239. 

“Location wise monthly Ambient Air Quality of West Bengal for the year 2018”. Historical Daily 

Ambient Air Quality Data | Data.Gov.In. Open Government Data (OGD) Platform India. 

Accessed January 12, 2020. https://data.gov.in/catalog/historical-daily-ambient-air-

quality-

data?filters%5Bfield_catalog_reference%5D=1140581&format=json&offset=0&limit=6

&sort%5B_score%5D=desc&query=west+bengal.  

Lelieveld, J., P. J. Crutzen, V. Ramanathan, M. O. Andreae, C. a. M. Brenninkmeijer, T. Campos, 

G. R. Cass, et al. “The Indian Ocean Experiment: Widespread Air Pollution from South 

and Southeast Asia.” Science 291, no. 5506 (February 9, 2001): 1031–36. 

https://doi.org/10.1126/science.1057103.Li, Yangfan, Yi Li, Yan Zhou, Yalou Shi, and 

Xiaodong Zhu. “Investigation of a Coupling Model of Coordination between Urbanization 

and the Environment.” Journal of Environmental Management 98 (May 15, 2012): 127–

33. https://doi.org/10.1016/j.jenvman.2011.12.025. 



                                                                                               

110 
 

Lo, C. P., and Dale A. Quattrochi. “Land-Use and Land-Cover Change, Urban Heat Island 

Phenomenon, and Health Implications.” Text, September 2003. 

https://doi.org/info:doi/10.14358/PERS.69.9.1053. 

Luyssaert, Sebastiaan, Mathilde Jammet, Paul C. Stoy, Stephan Estel, Julia Pongratz, Eric Ceschia, 

Galina Churkina, et al. “Land Management and Land-Cover Change Have Impacts of 

Similar Magnitude on Surface Temperature.” Nature Climate Change 4, no. 5 (May 2014): 

389–93. https://doi.org/10.1038/nclimate2196. 

Ma, Lin, Hongtao Wang, and Bing Liu. “Convenience Analysis of Citizen Using Garden Green 

Space Basing on Road Network’s Accessibility.” Current Urban Studies 07 (September 3, 

2019): 311. https://doi.org/10.4236/cus.2019.73015. 

Mahmood, Rezaul, Roger A. Pielke, Kenneth G. Hubbard, Dev Niyogi, Gordon Bonan, Peter 

Lawrence, Richard McNider, et al. “Impacts of Land Use/Land Cover Change on Climate 

and Future Research Priorities.” Bulletin of the American Meteorological Society 91, no. 

1 (January 1, 2010): 37–46. https://doi.org/10.1175/2009BAMS2769.1. 

Majumdar, Dipanjali, Pallav Purohit, Anil D. Bhanarkar, Padma S. Rao, Peter Rafaj, Markus 

Amann, Robert Sander, Ankita Pakrashi, and Anjali Srivastava. “Managing Future Air 

Quality in Megacities: Emission Inventory and Scenario Analysis for the Kolkata 

Metropolitan City, India1.” Atmospheric Environment 222 (February 1, 2020): 117135. 

https://doi.org/10.1016/j.atmosenv.2019.117135. 

Mandal, Jayatra, Nupur Ghosh, and Anirban Mukhopadhyay. “Urban Growth Dynamics and 

Changing Land-Use Land-Cover of Megacity Kolkata and Its Environs.” Journal of the 

Indian Society of Remote Sensing 47, no. 10 (October 1, 2019): 1707–25. 

https://doi.org/10.1007/s12524-019-01020-7. 

Marlow, Iain. and Hannah Dormido,. (2010). “Two-Thirds of the World’s Most Polluted Cities 

Are in India.” Bloomberg.Com, February 25, 2020. 

https://www.bloomberg.com/news/articles/2020-02-25/china-clears-air-to-leave-indian-

cities-unrivaled-smog-centers. 

https://doi.org/10.1038/nclimate2196


                                                                                               

111 
 

Md. Kamruzzaman. “An Outlook of Housing Transformation in Dhaka City.” Journal of Civil 

Engineering and Architecture 13, no. 1 (January 28, 2019). https://doi.org/10.17265/1934-

7359/2019.01.006. 

Mitra, Chandana, J. Marshall Shepherd, and Thomas R. Jordan. “Assessment and Dynamics of 

Urban Growth in the City of Kolkata.” Chapter. In Facets of Social Geography: 

International and Indian Perspectives, edited by Ashok K. Dutt, Vandana Wadhwa, 

Baleshwar Thakur, and Frank J. Costa, 541–55. Foundation Books, 2012. 

doi:10.1017/UPO9788175969360.031. 

Mitra, Chandana, J. Marshall Shepherd, and Thomas R. Jordan. “Assessment and Dynamics of 

Urban Growth in the City of Kolkata.” Facets of Social Geography: International and 

Indian Perspectives, January 2012. /core/books/facets-of-social-geography/assessment-

and-dynamics-of-urban-growth-in-the-city-of-

kolkata/F7224FF3E3F83D8B87590C25B256FA76. 

Mitra, Deblina, and Suranjana Banerji. “Urbanisation and Changing Waterscapes: A Case Study 

of New Town, Kolkata, West Bengal, India.” Applied Geography 97 (August 1, 2018): 

109–18. https://doi.org/10.1016/j.apgeog.2018.04.012. 

Mohsenipour, Morteza, Shamsuddin Shahid, Eun-sung Chung, and Xiao-jun Wang. “Changing 

Pattern of Droughts during Cropping Seasons of Bangladesh.” Water Resources 

Management 32, no. 5 (March 1, 2018): 1555–68. https://doi.org/10.1007/s11269-017-

1890-4. 

Mosammam, Hassan Mohammadian, Jamileh Tavakoli Nia, Hadi Khani, Asghar Teymouri, and 

Mohammad Kazemi. “Monitoring Land Use Change and Measuring Urban Sprawl Based 

on Its Spatial Forms: The Case of Qom City.” The Egyptian Journal of Remote Sensing 

and Space Science 20, no. 1 (June 1, 2017): 103–16. 

https://doi.org/10.1016/j.ejrs.2016.08.002. 

Motalib. Mohammad. Abdul and Rodel. D. Lasco. 2013. Assessing Air Quality in Dhaka City. 

International Journal of Science and Research (IJSR) 



                                                                                               

112 
 

Mukherjee, Soumyendra Nath. Bangladesh Documents: Volume II. New Delhi, Ministry of 

External Affairs. 1971-73. Retrieved from  

https://www.tandfonline.com/doi/pdf/10.1080/146235022000000463 

Mukherjee, Subham, Wiebke Bebermeier, and Brigitta Schütt. “An Overview of the Impacts of 

Land Use Land Cover Changes (1980–2014) on Urban Water Security of Kolkata.” Land 

7, no. 3 (September 2018): 91. https://doi.org/10.3390/land7030091. 

Ostro Bart, Tobias Aurelio, Querol Xavier, Alastuey Andrés, Amato Fulvio, Pey Jorge, Pérez 

Noemí, and Sunyer Jordi. “The Effects of Particulate Matter Sources on Daily Mortality: 

A Case-Crossover Study of Barcelona, Spain.” Environmental Health Perspectives 119, 

no. 12 (December 1, 2011): 1781–87. https://doi.org/10.1289/ehp.1103618. 

Oyugi, Maurice Onyango, Victor A. O. Odenyo, and Faith N. Karanja. “The Implications of Land 

Use and Land Cover Dynamics on the Environmental Quality of Nairobi City, Kenya.” 

American Journal of Geographic Information System.  6(3) (2017): 111-127 

Patel, Nirav N., Emanuele Angiuli, Paolo Gamba, Andrea Gaughan, Gianni Lisini, Forrest R. 

Stevens, Andrew J. Tatem, and Giovanna Trianni. “Multitemporal Settlement and 

Population Mapping from Landsat Using Google Earth Engine.” International Journal of 

Applied Earth Observation and Geoinformation 35 (March 1, 2015): 199–208. 

https://doi.org/10.1016/j.jag.2014.09.005. 

Pet Techarat, Amornvadee Veawab, Joseph M. Piwowar and Magfur Rahman (2018). Mapping 

Spatial Distribution of Ambient Particulate Matter and Sulfur Dioxide Concentrations 

Using LANDSAT Data: A Case Study for the Province of Saskatchewan, Canada. 

Advances in Environmental Research, Volume 62, New York, Nova Science Publishers. 

ISBN: 978-1-53613-530-5. 

Pham, Binh Thai, Indra Prakash, and Dieu Tien Bui. “Spatial Prediction of Landslides Using a 

Hybrid Machine Learning Approach Based on Random Subspace and Classification and 

Regression Trees.” Geomorphology 303 (February 15, 2018): 256–70. 

https://doi.org/10.1016/j.geomorph.2017.12.008. 

https://www.tandfonline.com/doi/pdf/10.1080/146235022000000463


                                                                                               

113 
 

Prasad, Anantha M., Louis R. Iverson, and Andy Liaw. “Newer Classification and Regression Tree 

Techniques: Bagging and Random Forests for Ecological Prediction.” Ecosystems 9, no. 2 

(March 1, 2006): 181–99. https://doi.org/10.1007/s10021-005-0054-1.  

Project, The World Air Quality Index. “Dhaka US Consulate, Bangladesh Air Pollution: Real-

Time Air Quality Index.” aqicn.org. Accessed February 25, 2020. 

https://aqicn.org/city/bangladesh/dhaka/us-consulate/. 

“Regional Average Particulate Air Pollution (PM2.5), Dhaka, Bangladesh.” Berkeley Earth. 

Accessed February 25, 2020. http://berkeleyearth.lbl.gov/air-

quality/local/Bangladesh/Dhaka/Dhaka. 

Rahman, Md Asif, and Sadya Islam. “Climate Change Adaptation in Urban Areas: A Critical 

Assessment of the Structural and Non-Structural Flood Protection Measures in Dhaka.” In 

Confronting Climate Change in Bangladesh: Policy Strategies for Adaptation and 

Resilience, edited by Saleemul Huq, Jeffrey Chow, Adrian Fenton, Clare Stott, Julia Taub, 

and Helena Wright, 161–73. The Anthropocene: Politik—Economics—Society—Science. 

Cham: Springer International Publishing, 2019. https://doi.org/10.1007/978-3-030-05237-

9_11. 

Rahman, Md Mostafijur, Shakil Mahamud, and George D. Thurston. “Recent Spatial Gradients 

and Time Trends in Dhaka, Bangladesh, Air Pollution and Their Human Health 

Implications.” Journal of the Air & Waste Management Association 69, no. 4 (April 3, 

2019): 478–501. https://doi.org/10.1080/10962247.2018.1548388. 

RAJUK. 2015. Draft Dhaka Structure Plan Report 2016-2035(Full Volume). Accessed on 20th 

March 2019. Retrieved from 

http://www.rajukdhaka.gov.bd/rajuk/image/slideshow/1.%20Draft%20Dhaka%20Structu

re%20Plan%20Report%202016-2035(Full%20%20Volume).pdf 

Roy, Ajay, Anjali Jivani, Bhuvan Parekh, and (doi: 10.23953/cloud.ijarsg.284). “Estimation of 

PM10 Distribution Using Landsat 7 ETM+ Remote Sensing Data.” International Journal 

of Advanced Remote Sensing and GIS 0, no. 0 (July 24, 2017): 2246-2252–2252. 



                                                                                               

114 
 

Roy, Haimanti. A Partition of Contingency? Public Discourse in Bengal, 1946–1947. Modern 

Asian Studies 43, no. 6 (2009): 1355–84. doi:10.1017/S0026749X08003788.Sir William 

Jones: a study in eighteenth-century British attitudes to India 

Sahana, Mehebub, Haoyuan Hong, and Haroon Sajjad. “Analyzing Urban Spatial Patterns and 

Trend of Urban Growth Using Urban Sprawl Matrix: A Study on Kolkata Urban 

Agglomeration, India.” Science of The Total Environment 628–629 (July 1, 2018): 1557–

66. https://doi.org/10.1016/j.scitotenv.2018.02.170. 

Sahu, Monalisha. “While All Eyes Are Set on Delhi, Kolkata Sitting on Ticking Time Bomb of 

Air Pollution.” Journal of Advanced Research in Medical Science & Technology (ISSN: 

2394-6539) 6, no. 1 & 2 (2019): 18–24.  

“Show Air Quality Index (AQI).” Accessed May 30, 2019. 

http://emis.wbpcb.gov.in/airquality/filter_for_aqi.jsp. 

Sarkar, Sumit. The Swadeshi Movement in Bengal 1903-1908. Ranikhet : Bangalore: Orient 

Blackswan, 2011. 

     Saxena, Vinod Kumar. The Partition of Bengal, 1905-1911: Select Documents. Delhi: Kanishka 

Publ. House, 1987. Retrieved from 

https://archive.org/stream/in.ernet.dli.2015.100011/2015.100011.The-Partition-Of-

Bengal-1905-1911_djvu.txt 

SCHIEBE, F. R., J. A. HARRINGTON JR, and J. C. RITCHIE. “Remote Sensing of Suspended 

Sediments: The Lake Chicot, Arkansas Project.” International Journal of Remote Sensing 

13, no. 8 (May 1, 1992): 1487–1509. https://doi.org/10.1080/01431169208904204. 

Schio, Nicola da, Kobe Boussauw, and Joren Sansen. “Accessibility versus Air Pollution: A 

Geography of Externalities in the Brussels Agglomeration.” Cities 84 (January 1, 2019): 

178–89. https://doi.org/10.1016/j.cities.2018.08.006. 

Schwartz Joel, Laden Francine, and Zanobetti Antonella. “The Concentration-Response Relation 

between PM (2.5) and Daily Deaths.” Environmental Health Perspectives 110, no. 10 

(October 1, 2002): 1025–29. https://doi.org/10.1289/ehp.021101025. 



                                                                                               

115 
 

Shafizadeh Moghadam, Hossein, and Marco Helbich. “Spatiotemporal Urbanization Processes in 

the Megacity of Mumbai, India: A Markov Chains-Cellular Automata Urban Growth 

Model.” Applied Geography 40 (June 1, 2013): 140–49. 

https://doi.org/10.1016/j.apgeog.2013.01.009. 

Shahid, Shamsuddin. “Impact of Climate Change on Irrigation Water Demand of Dry Season Boro 

Rice in Northwest Bangladesh.” Climatic Change 105, no. 3 (April 1, 2011): 433–53. 

https://doi.org/10.1007/s10584-010-9895-5. 

Sharma, Richa, Anusheema Chakraborty, and Pawan Kumar Joshi. “Geospatial Quantification and 

Analysis of Environmental Changes in Urbanizing City of Kolkata (India).” Environmental 

Monitoring and Assessment 187, no. 1 (December 12, 2014): 4206. 

https://doi.org/10.1007/s10661-014-4206-7. 

Sharmeen, Naila, and Douglas Houston. “Spatial Characteristics and Activity Space Pattern 

Analysis of Dhaka City, Bangladesh.” Urban Science 3, no. 1 (March 18, 2019): 36. 

https://doi.org/10.3390/urbansci3010036. 

Sheela Evangeline, M.R. Rajkumar and Saritha G. Parambath. Recent Advances in Materials, 

Mechanics and Management: Proceedings of the 3rd International Conference on 

Materials, Mechanics and Management (IMMM 2017), July 13-15, 2017, Trivandrum, 

Kerala, India. CRC Press, May 14, 2019. Accessed January 28, 2020. 

https://www.crcpress.com/Recent-Advances-in-Materials-Mechanics-and-Management-

Proceedings-of-the/Evangeline-Rajkumar-Parambath/p/book/9780815378891. 

Shelestov, Andrii, Mykola Lavreniuk, Nataliia Kussul, Alexei Novikov, and Sergii Skakun. 

“Exploring Google Earth Engine Platform for Big Data Processing: Classification of Multi-

Temporal Satellite Imagery for Crop Mapping.” Frontiers in Earth Science 5 (2017). 

https://doi.org/10.3389/feart.2017.00017. 

Shoba Ranganathan, Michael Gribskov, Kenta Nakai and Christian Schönbach. Encyclopedia of 

Bioinformatics and Computational Biology: ABC of Bioinformatics. Elsevier, 2018.  

Siddiqui, Kamal, Jamshed Ahmed, Kaniz Siddique, Sayeedul Huq, Abul Hossain, Shah Nazimud-

Doula, Nahid Rezawana, et al. Social Formation in Dhaka, 1985-2005: A Longitudinal 



                                                                                               

116 
 

Study of Society in a Third World Megacity. Routledge, 2016. 

https://doi.org/10.4324/978131560944 

SIFAKIS, N. I. “Quantitative Mapping of Air Pollution Density Using Earth Observations: A New 

Processing Method and Application to an Urban Area.” International Journal of Remote 

Sensing, August 6, 2010. https://doi.org/10.1080/014311698213975.Sohrabinia, 

Mohammad, and Ali Mohammad Khorshiddoust. “Application of Satellite Data and GIS 

in Studying Air Pollutants in Tehran.” Habitat International 31, no. 2 (June 1, 2007): 268–

75. https://doi.org/10.1016/j.habitatint.2007.02.003. 

Soteris A. Kalogirou. McEvoy’s Handbook of Photovoltaics: Fundamentals and Applications. 

Elsevier, 2018. https://doi.org/10.1016/C2015-0-01840-8. 

Soteris. A. Kalogirou. Solar Energy Engineering: Processes and Systems. Elsevier, 2014. 

https://doi.org/10.1016/C2011-0-07038-2. 

“The State of the World’s Children 2012: Children in an Urban World,” December 21, 2011. 

https://www.unicef.org/sowc2012/. 

“The World’s Most Densely Populated Cities.” WorldAtlas. Accessed April 26, 2019. 

https://www.worldatlas.com/articles/the-world-s-most-densely-populated-cities.html. 

"The World’s Cities in 2018." Statistical Papers - United Nations (Ser. A), Population and Vital 

Statistics Report, 2018. doi:10.18356/c93f4dc6-en. 

Tsai, Yu Hsin, Douglas Stow, Hsiang Ling Chen, Rebecca Lewison, Li An, and Lei Shi. “Mapping 

Vegetation and Land Use Types in Fanjingshan National Nature Reserve Using Google 

Earth Engine.” Remote Sensing 10, no. 6 (June 2018): 927. 

https://doi.org/10.3390/rs10060927. 

University of Oregon Solar Radiation Monitoring Laboratory. “UO SRML: Solar Position 

Results.” Accessed February 28, 2020. http://solardat.uoregon.edu/cgi-

bin/SolarPositionCalculator.cgi. 

University, © Stanford, Stanford, and California 94305 Copyright Complaints. “Administrative 

Boundaries, Kolkata, India, 1990.” Accessed May 30, 2019. 

https://purl.stanford.edu/br919ym3359. 



                                                                                               

117 
 

Urban Areas.” World Town Planning Day 2014_Bangladesh Institute of Planners Souvenir 

Vadrevu, Krishna, Toshimasa Ohara, and Chris Justice. “Land Cover, Land Use Changes and Air 

Pollution in Asia: A Synthesis.” Environmental Research Letters 12, no. 12 (December 

2017): 120201. https://doi.org/10.1088/1748-9326/aa9c5d. 

Vittinghoff, Eric, and Charles E. McCulloch. “Relaxing the Rule of Ten Events per Variable in 

Logistic and Cox Regression.” American Journal of Epidemiology 165, no. 6 (March 15, 

2007): 710–18. https://doi.org/10.1093/aje/kwk052. 

“What’s the Difference between a Supervised and Unsupervised Image Classification? - 

EXtension.” Accessed March 27, 2019. https://articles.extension.org/pages/40214/whats-

the-difference-between-a-supervised-and-unsupervised-image-classification. 

Wang, Duo, and Bo Cheng. “An Unsupervised Classification Method of Remote Sensing Images 

Based on Ant Colony Optimization Algorithm.” In Advanced Data Mining and 

Applications, edited by Longbing Cao, Yong Feng, and Jiang Zhong, 294–301. Lecture 

Notes in Computer Science. Springer Berlin Heidelberg, 2010.  

Wang, F. (2015). Quantitative Methods and Socio-Economic Applications in GIS. CRC Press, 

New York, 2015. Second Edition. 

Wang, Qingsong, Xueliang Yuan, Chunyuan Ma, Zhen Zhang, and Jian Zuo. “Research on the 

Impact Assessment of Urbanization on Air Environment with Urban Environmental 

Entropy Model: A Case Study.” Stochastic Environmental Research and Risk Assessment 

26, no. 3 (March 1, 2012): 443–50. https://doi.org/10.1007/s00477-011-0493-5. 

Weng, Qihao, and Shihong Yang. “Urban Air Pollution Patterns, Land Use, and Thermal 

Landscape: An Examination of the Linkage Using GIS.” Environmental Monitoring and 

Assessment 117, no. 1 (June 1, 2006): 463–89. https://doi.org/10.1007/s10661-006-0888-

9. 

Wessley, Jims John, R. Starbell Narciss, and S. Singaraj Sandhya. “Modelling of Optimal Tilt 

Angle for Solar Collectors Across Eight Indian Cities.” International Journal of Renewable 

Energy Research (IJRER) 7, no. 1 (March 22, 2017): 353–58. 

https://doi.org/10.1007/s00477-011-0493-5


                                                                                               

118 
 

Wu, Jiansheng, Wudan Xie, Weifeng Li, and Jiacheng Li. “Effects of Urban Landscape Pattern on 

PM2.5 Pollution—A Beijing Case Study.” PLOS ONE 10, no. 11 (November 13, 2015): 

e0142449. https://doi.org/10.1371/journal.pone.0142449. 

Yadav, Vidya, and R. B. Bhagat. “Spatial Dynamics of Population in Kolkata Urban 

Agglomeration.” In Urban Development Challenges, Risks and Resilience in Asian Mega 

Cities, edited by R.B. Singh, 157–73. Advances in Geographical and Environmental 

Sciences. Tokyo: Springer Japan, 2015. https://doi.org/10.1007/978-4-431-55043-3_9. 

Yuan, Fei, Kali E. Sawaya, Brian C. Loeffelholz, and Marvin E. Bauer. “Land Cover Classification 

and Change Analysis of the Twin Cities (Minnesota) Metropolitan Area by Multitemporal 

Landsat Remote Sensing.” Remote Sensing of Environment 98, no. 2 (October 15, 2005): 

317–28. https://doi.org/10.1016/j.rse.2005.08.006. 

Zhang, Guangyuan, Xiaoping Rui, and Yonglei Fan. “Critical Review of Methods to Estimate 

PM2.5 Concentrations within Specified Research Region.” ISPRS International Journal of 

Geo-Information 7, no. 9 (September 2018): 368. https://doi.org/10.3390/ijgi7090368. 

Zhang, Youshui, Inakwu O. A. Odeh, and Chunfeng Han. “Bi-Temporal Characterization of Land 

Surface Temperature in Relation to Impervious Surface Area, NDVI and NDBI, Using a 

Sub-Pixel Image Analysis.” International Journal of Applied Earth Observation and 

Geoinformation 11, no. 4 (August 1, 2009): 256–64. 

https://doi.org/10.1016/j.jag.2009.03.001. 

Y. Zha, J. Gao & S. Ni (2003) Use of normalized difference built-up index in automatically 

mapping urban areas from TM imagery, International Journal of Remote Sensing, 24:3, 

583-594, DOI: 10.1080/01431160304987 

 

 

 

 

 



                                                                                               

119 
 

APPENDIX 
 

 

Figure 1: Land cover classification code 



                                                                                               

120 
 

 

Figure 2: Land cover classification code 
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Figure 3: Land cover classification code 



                                                                                               

122 
 

 

Figure 4: Land cover classification code 
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Figure 5: Change detection of Dhaka Land cover from 2008 to 2018 
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Figure 6: Change detection of Kolkata landcover from 2008 to 2018 
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Figure 7: Ground station for pollution measurement of Dhaka 
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Figure 8: Ground station for pollution measurement of Kolkata 
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Figure 9: R code for non-spatial correlation 
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Figure 10: R code for non-spatial correlation 
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