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Abstract

Presently, the urban heat island (UHI) phenomenon and its impacts are gaining momentum as a major research
focus in South Asian urban climate literature. However, the case of Karachi, despite recurring heatwaves and
increasing temperatures in parallel with sustainability challenges of urbanization, governance, high-density and
vulnerable population, lacks in-depth scientific investigations. Hence, this thesis explores the UHI effect in
Karachi with respect to the urban morphology and assesses the associated drivers. The methodology employs the
LCZ classification, remote sensing data and traverse/stationary devices and establishes the intraurban temperature
differences along with temporal UHI intensity, hotspots, and heat sinks. The built form explored via LCZ
classification identified a disproportionately heterogenous presence of all 17 LCZ classes with a significant mix
of compact built-up classes in the city’s urban core along with a terrible lack of blue-green infrastructure. While
the summer 2019 Land Surface Temperature along with traverse surveys carried out during the winter 2020
(January-February 2020) established the temperature anomalies among LCZs and the overall UHI magnitude.
During the traverses, the nocturnal UHI magnitude was observed to be much higher than that of the day, with the
maximum UHI magnitude of 3,0°C during nighttime and 1,5°C during the daytime. Moreover, the high-rise
buildings presented with conflicting temperature patterns and served as the heatsinks in the day and the hotspots
at night-time. Moreover, in combination with vegetation covers, they enhanced the cooling effects in different
LCZ classes during the day. Meanwhile, the UHI effects were consistently found to be prevailing in the compact

low-rise (LCZ3) zones.

This study also attempted the extrapolation of future growth/trends and anticipated intense densification in future
which may push the UHI effect up, insinuating a likeliness for worse climatic impacts. The critical zones thus
identified were simulated for mitigations in ENVI-met and quantified in terms of air temperature and MRT values
to determine the degree of efficacy in various mitigation scenarios. Whereby, the midrise densifications seemed
like a stable middle ground among density enhancement and climatic repercussions. Along with the midrise
density recommendations, the cooling implications of mixed LCZs may also offer opportunities for policies in
urban planning in avoiding the exaggerating UHI effects in future and may suit the practical realities of the

heterogenous developing cities.
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Introduction

Chapter 1.
1.1. Context

Despite struggling with sustainability issues for the past two decades, Pakistan continues to face exacerbating
climate change challenges and ranks among the top ten most affected countries by the global climate risk index
and fatalities (Germanwatch, 2018) bearing setbacks of billions of dollars to its economy (ADB, 2017) and losing
millions in human resource (DAWN, 2019; Express Tribune, 2020). Meanwhile, Pakistan’s economic capital
‘Karachi’ is home to 18 million people (CDGK, 2007) and forms 10% of Pakistan’s entire population and 22%
of its urban population (Hasan, 2016). The city is massively beset by a crisis of governance visible in the destitute
state of service delivery (World Bank, 2018), unplanned and unsustainable urbanisation trends and extreme
climatic strain on the local population (Hassan, et al., 2015). The current shortcomings and challenges have
holistically created multi-scaled vulnerabilities which have intensified climate change impacts (Hasan, et al.,

2017) and environmental problems (Qureshi, et al., 2010).

1.2. Rationale/ Problem Statement

In the recent years, Karachi has faced repeated deadly heatwaves characterized by consistently high temperatures
that has left little relief to the local people (CDKN, 2017). During such an episode in 2015, more than 1,200
people died while over 50,000 cases of heat illness were recorded (CDKN, 2017; BBC, 2015; CDKN, 2015;
Salim, et al., 2015). However, such an event was not a onetime incident and has persisted over the recent years.
Moreover, these deaths were observed to be disproportionately distributed in certain towns and areas of Karachi
(CDKN, 2017), as shown in figure 1. This variance in susceptibility to climatic effects hints to the inconsistent
levels of preparedness and response to climatic extremes and invites attention to the local drivers of such urban
climatic conditions. Meanwhile, the IPCC warns that the growing cities, particularly in the low and mid-income
countries such as Pakistan, have been escorted by the intense growth of highly vulnerable informal urban
communities, where most of them end up living on highly risky lands of extreme weather (Field & Barros, 2014).
Unfortunately, the city of Karachi is one such example. It’s not surprising that surveys and statistics project a
huge population (Bradnock & William, 2002) residing in informal settlements in Karachi including slums and
squatter settlements of the inner city along the beds of drainage channels and rivers as well as in the growing
urban sprawl (Hasan & Mohib, 2003). Further, the consistent growth of this vulnerable group (The Express
Tribune, 2018) is a serious cause of concern as the IPCC suggests that the disadvantaged populations are at
disproportionately higher risk of harmful outcomes of global warming (IPCC, 2018). The main trends that
collectively add to the vulnerability in Karachi are: unplanned densification, poor governance, and in-migration
(Hasan, et al., 2017). And thus, the resulting unregulated land-use trends call for immediate attention at various

fronts (IIED, 2015). In this context, the exacerbating climatic challenges are a severely urgent issue, most

1



importantly for the vulnerable stakeholders living in underserviced poorly constructed informal settlements

(Hasan, et al., 2017).

By far, the case of Karachi presents little to no scientific exploration in this crucial issue. Hence, the given
situation implores one to investigate the Urban Heat Island (UHI) affect, its hotspots, the planning aspects and
the local climatic changes brought about by the urban variables to determine mitigation strategies, plans and

approaches for the resiliency of the stakeholders.

21X " Individual heatwave mortalitie]

o
=% [ vulnerability ratings

E

Figure 1. Deaths (white dots) reported during the Karachi heatwave 2015, and the union councils’ vulnerability ratings (1-6 = low

vulnerability in yellow to high vulnerability in red). Source: CDKN, (2017)

1.3. Aims

The aim of this work is to study the impact of urbanization in strengthening the UHI effect in the city of Karachi,
and to evaluate the intra-city canopy layer UHI in relation to the prominent determinants such as urban land

use/land cover, population, and urban morphology etc. to identify the critical high risk areas.
1.3.1. Objectives
a) To critically review the literature to identify key urban development/growth factors influencing UHI in South

Asia with a specific focus on Karachi and to examine the current data and knowledge gaps to outline

methodologies, their relevancy and contextual appropriation for Karachi.



b) To document the variation of intra-city/ inter-LCZ UHI and assess the thermal anomalies through traverse

and fixed survey stations

¢) To locate the microscale hotspots and cold spots present in the heterogeneous urban fabric at various times.

d) To explore the associated drivers in UHI development such as land use, building density, population density

and vegetation etc. for evaluation and repercussion assessment.

e) To extrapolate how future growth in the city may impact the UHI effect and warming patterns.

f) To explore mitigation strategies for complex heterogeneous environments for building resilient infrastructure

systems to climate-related shocks.

1.4. Methodology

This study employs mixed methods for documentation/mapping, data collection, analysis and mitigations
informed by a detailed literature review. Mainly, the Local Climate Zone (LCZ) classification is adopted to
analyze the urban morphology and the corresponding UHI effects which is facilitated by the World Urban
Database and Access Portal Tools (WUDAPT). While the intracity UHI magnitude and temperature difference
assessment is carried through Land Surface Temperature (LST) datasets in GIS substantiated with data collected
through field (fixed and traverse) surveys during January and February 2020. This is followed by data analysis
using various formats like percentage-based area assessment, interpolation of thermal effects and extrapolation
of heating patterns, etc., thereby leading to the identification of critical areas. Eventually, the literature guided
mitigations are explored for the critical areas through micro-modelling using ENVI-met to quantify efficacy and
thus propose recommendations. The software tools/devices employed for the data collection, segregation and
analysis include WUDAPT Saga, Google Earth Pro, ArcGIS, ENVI-met, Leonardo, MS Excel, Tinytag Plus 2
(TGP-4500), Tiny Tag explorer etc. Lastly, the conclusion gathers a holistic picture of the research and identifies
the usefulness of the research methodology, followed by recommendations to stakeholders and conclude future

research pathways.

1.5. Structure

The chapter 1 establishes the rational for this research in the context of Karachi and identifies the key aims and
objectives. This is followed by a literature review in chapter 2 that serves as the backbone for this thesis. The
detailed review informs three main areas i.e., ‘the scope of this research in the local context’, ‘the previously used
methodologies’, and ‘urban form and its influence on the climate and its drivers’. This will not only locate the

case of Karachi in the south Asian context but will also identify holistic as well as particularly appropriate



strategies from similar settings and highlight the best procedures/software tools for the data collection and

analysis.

Chapter 3 then establishes the context of Karachi in terms of land use, climate, density and physiography followed
by details of the most applicable methods, as identified by the literature review, used in this study and their
intended outcomes such as the LCZ classification mapping to identify the dominant land uses in the city, etc. It

also informs analysis protocols at each stage and limitations.

Chapter 4 takes forward the results of these processes after which chapter 5 follows deeper analysis, discussions
and relationships to identify the most critical zones on the city such as various urban canyons and building heights

being evaluated to understand their relation to population density, temperature, and thermal comfort.

Chapter 6 then explores the positive and negative dynamics of the current scenario to enhance the climate
sensitivity of Karachi and evaluates the appropriation of the mitigations in the identified critical zones via ENVI-

met modelling. This eventually leads to the successful strategies and possible recommendations for various levels.

Lastly, Chapter 7 is the conclusion which identifies the success of the overall approach opted for along with an

introspection into future possibilities for research.



Literature Review

Chapter 2.
2.1. Background

In the urban climate literature, the study of UHI is not a new subject and has been well and widely explored
globally (Arnfield, 2003; Gartland, 2008; Cardoso, et al., 2018) across its origin, causes and mitigations via on
site investigations, remote sensing applications as well as numerical and physical models (Ramakreshnana, et al.,
2019). Consequently, there is a notable collection of observational heat island studies (Stewart, 2011). Although
the first of the UHI studies was recognized in London (Howard, 1833; Mills, 2008), due to the heatwaves
persistency in the last decades and its potential threats, the study of this phenomenon has expanded to thousands
of cities (Zhou, et al., 2017) in Europe, China, America, South Asia, etc, albeit there’ve been concerns regarding
the methodology, reporting and the accuracy associated with them (Stewart, 2011). The scope of such studies is
particularly apt for regions with a UHI presence throughout the year (Jonnson, 2004), including several south
Asian cities. Moreover, given that the climate change and its unmitigated cum unprecedented combination of
severe natural hazards are presenting a serious risk in South Asia (Im, et al., 2017), recently the number of the
UHI studies has increased immensely in the region. However, the research scope shows quite a limited capacity
i.e., only quantifying the UHI phenomenon and lack of in-depth explorations (Kotharkar, et al., 2018). While,
Pakistan despite being home to few of the most populous cities lags far behind in UHI studies (Kotharkar, et al.,
2018). It must be noted that globally, there is a substantial development made in surface UHI mapping of cities
located in humid and temperate regions, but such studies are still quite limited in arid and semi-arid areas (Rasul,
et al., 2017). And even though the south Asian studies seem to be leaning towards tropical-climatic studies, it’s
substantiated that not only is there a lack of studies on the urban thermal comfort, the existing work is biased and
more inclined towards descriptive studies (Perera & Emmanuel, 2016). Therefore, for Karachi as an arid south
Asian city, this literature review is informed through a global overview of methodologies, and then particularly
locates these practices in the context of South Asia and/or Pakistan. This is to establish a relative as well as general
understanding of UHI approaches and to allow comparative references along with finding possibilities for the

appropriation.

2.2. The Big Picture- Climate Change, Urban Form and Its Effects, and Vulnerability

The global urban population is projected to reach 68% in the next 2 decades (UN, 2018) which will consequently
cause an expansion in the urban areas (The World Bank, 2020). It is anticipated that this increase will not only
exacerbate issues pertaining to resilience and sustainability for countries with highly concentrated urban populace
(Romero-Lankao, et al., 2016) but also poses a responsibility towards implications of this urban expansion (Filho,
et al., 2016). Moreover, it may not only give rise the UHI effect but also add to higher urban energy consumption,

raising the peak electricity demand and eventually cause lower thermal comfort amplifying risks to human health
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(Wang & Akbari, 2016). More recently, the global climate change and its impacts are exaggerating the episodes
of extreme heat, their frequency, intensity, and duration (Meehl & Tebaldi, 2004; Alexandera & Arblaster, 2009;
Collins, et al., 2013), including countries commonly considered cold (Wang, et al., 2015). Such conditions not
only further prolong and amplify due to the presence of UHI (Butera, 2010; Leconte, et al., 2015) adding strain
on resources (WHO, 2020) but also outline tremendous effect on human health particularly for highly populated
urbanized and sprawling cities (Shi, et al., 2018). They may trigger dramatic consequences if proper mitigation
measures are not taken (Sherwood & Huber, 2010). It is no surprise that the incidences of heat-related illness and
mortality are becoming more common lately (McMichael, 2000; Sailor, et al., 2002; Tomlinson, et al., 2011) and
have caused thousands of deaths in various parts of the world (Katsouyanni, et al., 1988; Kosatsky, 2005; Solecki,
et al., 2005; Hass, et al., 2016; Taleghani, 2018; Khan, et al., 2019; WHO, 2020). The impacts have been more
concentrated in cities where the housing practice has exposed the vulnerables (Demuzere, et al., 2019) with a
greater susceptibility for disadvantaged groups towards future morbidity and higher mortality (Nazrul Islam &
Winkel, 2017). Although heatwaves are regarded as the first natural cause of mortality (Taleghani, 2018), the
studies go on to substantiate the relativity of temperature increase in relations to increased mortality rate such as
in Canada and Netherlands (Wang, et al., 2015). With such dangerous repercussions in the developed contexts, it
is alarming to even think what impact temperature increases would have in the poverty stricken UHI prevalent
developing cities (Ramakreshnana, et al., 2019), especially when the scope of vulnerable population goes much
beyond the old and very young, severely bending towards those with low socioeconomic status and health
compromised (McMichael, 2000; Solecki, et al., 2005; WHO, 2016). This implores a reconsideration of policies
for climate-related threats in the developing cities (McMichael, 2000) and calls for a strategy review to reduce

the magnitude of human costs.

2.3. Previous Studies- Regional to Local Overview

2.3.1. Previous Studies in South Asia

The heatwave related incidences have been reported to increase in South Asia more recently (Khan, et al., 2019)
effecting the urban areas with impacts such as heat-related deaths, food and water shortages, etc. (IPCC, 2014).
And with this claim, South Asian cities being home to approximately 15 % of the total urban population
(Kotharkar, et al., 2018), the UHI serves as a severely prominent urban environmental concern (Surawar &
Kotharkar, 2017). Although the research publications have greatly increased in the recent years for south Asian
cities (Kotharkar, et al., 2018), most of these studies primarily rely on the observations of surface temperature
instead of ambient air temperature (Jacobs, et al., 2019). Meanwhile, the investigations on outdoor thermal
comfort are still fairly scarce (Kotharkar, et al., 2018) given that this region is deemed to be a climate change
hotspot juxtaposed with a massive concentration of vulnerable, poor, or marginalized population (De Souza, et
al., 2015). And despite such studies, though few, the results of urban climatology fail to be communicated

efficiently or well understood by city planners (Perera & Emmanuel, 2016).



In spite of these faults and failures, detailed examination has allowed introspection into the diversity in range as
well as the validity of methodologies for various scales, contexts and foci such as LCZ classification and its
heating impacts (Perera & Emmanuel, 2016; Perera, et al.,, 2012), Land Use and Land Cover (LULC)
classification with respect to LST variations (Surawar & Kotharkar, 2017), LCZ and thermal comfort analysis via
fixed stations (Kotharkar, et al., 2019) and density/ street canyon-based modelling simulations for thermal comfort
analysis along with mitigation options (Emmanuel & Fernando, 2007; Vidanapathirana, et al., 2017; Emmanuel,
et al., 2007), etc. However, in terms of field measurement surveys for the assessment of canopy layered UHI,
there are a few examples one can find exploring traverse surveys and UHI magnitude assessment (Yadav &
Sharma, 2018) juxtaposed with LCZ classification (Kotharkar, et al., 2019; Jacobs, et al., 2019; Kotharkar &
Bagade, 2018) and LULC classification (Kotharkar & Surawar, 2016).

Among these studies includes one study from India, Delhi which looks at spatial variations of intra-city UHI via
mobile surveys through the kriging interpolation via ArcGIS. The study drew comparisons from different times,
seasons and locations to determine the variability of temperatures (Yadav & Sharma, 2018). While another study
in Colombo introspects into the influence of high-density developments on the street level utilising the LCZ
classification to identify the critical zones (Vidanapathirana, et al., 2017). However, given the complexly built
heterogenous form of Karachi, the extensively adopted LCZ classification seems like a viable strategy for land
use classification to examine the induced canopy layer temperatures (Kotharkar & Bagade, 2018). The case of
Nagpur with similar heterogeneous urban fabric seems useful where the city is studied across various LCZ
(Kotharkar & Bagade, 2018) and land use/ cover typologies (Surawar & Kotharkar, 2017) explored via traverse
surveys. These studies established the intra-city UHI differences and validated the impact of the population
density on the UHI formation with the most prevailing Canopy UHI effects found in high building density with
less vegetation and high population density areas (Kotharkar & Surawar, 2016). Contrarily, Emmanuel &
Fernando (2007) in their study in Pettah, Sri Lanka found the best thermal comfort in high-density developments
and suggested the density enhancement as a practical UHI mitigation choice in warm cities (Emmanuel &
Fernando, 2007). They argued that the approaches that lead to better air temperature effects may not certainly
create better thermal comfort effects and suggested density manipulations (as a result of shading) highly capable
of enhancing the urban thermal comfort (Emmanuel, et al., 2007). Although, these studies acknowledge the role
of changes in land cover and the corresponding vegetation cover and population density distribution towards the
UHI formation, there are conflicting views in terms of ‘high-density’ being a positive and/or negative influence
for UHI and thermal comfort. Therefore, such views need to be evaluated in case of Karachi to find the validity
of these claims in the local context. However, contrary to Karachi, Nagpur is a compact city with a population of
approximately 2 million people, meanwhile Pettah/Colombo also significantly differs in the scale as Karachi is
huge in size and population. Hence, cases such as Delhi and/or Dhaka appear to be more relevant in scale and
density. On the other hand, considering comparative studies in south Asia, assessments have been developed
among major cities, particularly in outdoor heat exposure pattern and its effects on the vulnerable populations and

informal settlements. One evaluation by Jacobs, et al. investigates intra-urban differences in Faisalabad, Delhi



and Dhaka using observations from mobile and stationary devices while using the same measurement protocol in
all cases. The given report examines the LCZ classification to accommodate for the clustering of urban
characteristics and their capability to impact the local microclimate. The conclusions affirmed the fact that “the
people living in informal neighbourhoods are consistently more exposed to heat than people in richer
neighbourhoods” (Jacobs, et al., 2019), as the temperatures are higher in compact and densely built settlements,
particularly during the night time. The methodologies opted in this study seem appropriate in terms of scale/size
as well as to maintain uniformity with other local analysis methods. Although generally, the UHI study
distribution in South Asia are based in India, Sri Lanka and a few in Pakistan, these lack precise references for

arid cum coastal cities like Karachi and are more inclined towards tropical studies.

2.3.2. Previous studies in Pakistan and Karachi

Apart from studies based in south Asia, the UHI body of literature in Pakistan is almost non-existent with only a
few observational studies across big cities like Karachi, Faisalabad, and Lahore. Sajjad, et al. (2015) analyse the
long-term annual and seasonal temperature trends using linear regression over a period of 40 years for Lahore
(Sajjad, et al., 2015), while Azeem, et al., 2016 use remote sensing and GIS techniques to compare the LST among
the land cover typologies. Such LST based assessment with reference to vegetation density and other urban
parameters have affirmed a significant presence of UHI in more developed highly built-up areas as compared to
the surrounding areas (Azeem, et al., 2016). Meanwhile, there are studies focused on heatwave prediction models
and their accuracy. One such study showed that the wind and relative humidity are the key influencers in defining
the heatwaves in Pakistan (Khan, et al., 2019). Such observations are substantiated with studies presenting the
humidity increase over the years along with its exaggerated impacts of thermal comfort in case of Karachi

(Naveed, 2017).

Specific to Karachi, there have been only few studies in the area on UHI. One of these studies investigates the
rising temperature trends analysed via time series data from the years 1947 to 2005 (Sajjad, et al., 2009), while
the other signifies UHI presence with 5,6 °C to 13,5 °C higher temperatures in the urban areas than the
surrounding non-urban areas by using finite volume mesoscale modelling (Sajjad, et al., 2015). While another
study investigated on the empirical microclimate analysis of Karachi to draw comparisons with its urban and rural
vicinity based on temperature along various interconnected meteorological parameters like precipitation, rainy
days, wind, relative humidity, clouds and solar insolation and focused on the 5 types of physiographic divisions
within the city (Sadiq & Ahmad, 2010). The study was built on the idea that the general pattern of weather differs
accordingly to the micro-geography along with several other factors, including the population, pollution, and
infrastructure. Hence, different parts of the city offering different climatic peculiarities and microclimate zones.
The study highlighted that although there is an increase in precipitation in South Asia, Karachi doesn’t seem to
conform to this notion, while the trend of rising temperatures is expected to persist as the climate change impacts
intensify (Sadiq & Ahmad, 2010). These studies although sought to analyse and define the origins and effects of

UHI phenomena, none of these identify the drivers of higher UHI in Karachi and /or propose prevention or



mitigation approaches. Neither do the above studies shed light on the contributions of anthropogenic activities to
the climatic parameters or meteorological variables. Meanwhile, there have been critiques from the local
researchers and scholars who blame the recent trend of high-rise buildings for the worsened heatwave and
windless conditions (The Express Tribune, 2018). Global microclimate studies also second such arguments that
high-rise buildings adversely contribute to the street-level wind flow (Emmanuel & Fernando, 2007). Given that
sea breezes have a cooling effect on UHI (Emmanuel, et al., 2007), they argue that not only these developments
block breezes particularly along the coast (The Express Tribune, 2018) and complicate the city's water and

electricity shortages (Cheema, 2015).

On a positive note, LST, NDVI and LULC (Yasmeen, et al., 2017) along with UHI formation and its effects on
environment and population (Khan & Omar, 2014) have been somewhat explored. These studies validate the
drastic effects of urbanization and land cover change over the years through GIS comparisons. And although they
attempt to shed light on the urban rural UHI difference, the appropriation of scientific approaches in intra-urban
UHI assessment such as one of the most widely used frameworks such as LCZ classification and thermal comfort
assessment seem entirely absent. Kotharkar, et al. (2018) in their review of south Asian UHI studies, identify
Karachi as one of the least developed cities in terms of explorative methodologies of assessment (Kotharkar, et
al., 2018), figure 2. That being said, the UHI research domain in Karachi lacks scientific depth with majority of

the studies based on urban-rural differences and vegetation vs built-up density analysis.
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Figure 2. Methods and approaches used in UHI research in South Asia. Source: Kotharkar, et al. (2018)

2.4. Urban Climate and its Influences

2.4.1. Urban Developments and UHI Effect

The environmental conditions have been incessantly modified in cities to adapt to human interventions (Cardoso,

et al., 2018) where these interventions lead to radical land cover changes (Surawar & Kotharkar, 2017). And



consequently, the urban form and structure are closely yet complexly intertwined with the urban climate (Eliasson,
1990) influencing the local climatic conditions (Grimmond, 2007). This effect is called the urban heat island
(UHI) effect which is particularly characterized by the increase in the air/surface temperature in urban areas as
compared to the surrounding suburban vicinity (Solecki, et al., 2005; Yamamoto, 2006; Synnefa, et al., 2008).
While its magnitude is constituted by both, the geographical conditions and meteorological parameters
(Yamamoto, 2006) and hence, may be characterized by the uncontrollable and controllable variables (urban
morphology and land use, use of material and anthropogenic sources, etc.) (Rizwan, et al., 2008; Leconte, et al.,
2020). But, in a heterogeneous urban scenario, the previous UHI description may be insufficient in representing
the intra-urban differences between different districts within a big city (Stewart & Oke, 2012; Shi, et al., 2018).
And further, the complexity regarding the urban rural dichotomy and selection of an urban area with an external
thermal reference in UHI quantification has led to the exclusion of any rural comparison altogether (Martin, et
al., 2014). Therefore, UHI effect is also expanded to the variation between the urban temperature thresholds
within neighbourhoods in the city’s urban limits (Martin, et al., 2014; Hass, et al., 2016). While, the phenomenon
is typical to all cities and all climates, regardless of cold or warm (Adinna, et al., 2009), its intensity may vary
between and within cities (Hass, et al., 2016) and can construe positive or negative implication depending on the
city macroclimate (Stewart & Oke, 2012). However, the city’s size, population (Oke, 1973; Taleghani, 2018) and
morphology are vital in moderating the UHI magnitude (Roth, 2012) and hence may vary from tropical to
temperate climates (Arnfield, 2003) and exhibit higher intensity in case of large-scale cities (Yao, 2013).

Although the UHI may be observed at both, at the surface and in the atmosphere (Erell, et al., 2011), among its 4
sub-classifications (Sun, et al., 2015), the most relevant are the surface layer heat island (SLHI) and the canopy-
layer heat island (CLHI), which refer to the relative warmth of the surface and the canopy-layer air temperatures,
respectively and may differ in characteristics, intensity, origin, spatial form and temporal behaviour (Erell, et al.,
2011). The literature offers a juxtaposed focus on both of these and attributes the relationship between the two as
beneficial in understanding the CLHI according to studies of the SLHI (Voogt & Oke, 2003) as the CLHI is more

complex due to the direct involvement of various anthropogenic heat/energy flows (Erell, et al., 2011).

Its insinuated that normally the UHI may be 1-3°C warmer, however under proper conditions, it may be as high
as 10-15°C (Oke, 1982). However, the heatwave periods further reinforce this effect (Leconte, et al., 2015; Butera,
2010) leading to amplified cost and energy demand (Synnefa, et al., 2008; Stewart & Oke, 2012) to maintain
thermal comfort (Adinna, et al., 2009). Due to the wider scope of UHI effects on urban lives and complex
generating mechanism with numerous accountable factors (Yamamoto, 2006), increased discomfort and potential
threat of heat stress and mortality (Wang & Akbari, 2016) and the likeliness to coincident with the heatwaves in
summers (Solecki, et al., 2005), UHI has been the focus of many studies globally (Danylo, et al., 2016; Yadav &
Sharma, 2018; Shi, et al., 2018). Though alternatively, the increase in population with inadequate urban planning
priorities and a disregard for social and environmental aspects has also caused negative consequences on the urban

thermal climate and inhabitant wellbeing (Cardoso, et al., 2018).
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2.4.2. Influence of City Design, Street Geometry and Outdoors Spaces

Cities being the warp and weft of streets, differ in geometry by height/width ratio (H/W), length/width (L/W) and
the streets’ orientation identified by the long axis (Shishegar, 2013). The impact of street geometry (Eliasson,
1990) and orientation (Al-Sallal & Al-Rais, 2012) contribute immensely to how heat builds up and influences the
extent of solar radiation received by the urban surfaces (Arnfield, 2003). While, they also effect the permeability
of airflow (Taleghani, 2018; Shishegar, 2013; Al-Sallal & Al-Rais, 2012) along with the cooling potential of the
whole urban system (Ali-Toudert & Mayer, 2006). Meanwhile, the outdoor spaces play a vital role to urban
liveability as they encourage pedestrian traffic and outdoor activities (Chen & Ng, 2012). However, their usability
can be highly impacted due to the deteriorating outdoor thermal environment (Lin, 2009) caused by
climate change (Huang, et al., 2018). While alternatively, having a thermally comfortable outdoor design of
spaces favours outdoor activities and social vivacity thereby, contributing towards the overall well-being
(Fischereit & Schliinzen, 2018). ASHRAE Standard 55 defines thermal comfort as “condition of mind
that expresses satisfaction with the thermal environment” (Hensen & Lamberts, 2019), hence identifying the
subjectivity in its perception. Meanwhile, literature advocates that the case of thermal comfort is juxtaposed by
both, the climatic/environmental and behavioural/personal aspects (Chen & Ng, 2012), and influenced by four
‘environmental’ factors (such as air temperature, relative humidity, wind speed, and radiant temperature)
(Ramakreshnana, et al., 2019) as well as solar radiation (Taleghani, et al., 2015; Lin, 2009) and two personal
factors (level of clothing insulation and metabolic rate) (Havenith, et al., 2002) to create a subjective,
individualized response (IWBI, 2019). Further, it is argued that there are psychological factors involved such
as thermal perception, preference and satisfaction (Lin, et al., 2010) and hence may be difficult to measure due to
the subjectivity and complexity of the variables involved (Gatto, et al., 2020). In any case, the consideration of
thermal comfort is crucial as it impacts the likeliness of people being in the outdoors, particularly in the hot
regions (Lin, 2009) and can even potentially expose the people to health risks, stress and vulnerability (Huang, et
al., 2018). Alternatively, one of the main rationales for developing a thermally desirable outdoor ambience are
the repercussions that go beyond the requisites of urban design and well into the design of buildings (Ahmed,
2003), specifically in the in access to air conditioning systems (Taleghani, 2018). This implies that a thermally
comfortable outdoor situation is likely to influence the indoor climate positively which may lead to
better/comfortable ambient conditions for free-running buildings (Ahmed, 2003) and lower energy use for
mechanically controlled spaces (Emmanuel, 2006), thereby destressing the energy environment relationship
(Ahmed, 2003). Such a situation is more so apt as air conditioning is an expensive/inaccessible adaptation for the
urban poor (Solecki, et al., 2005) in buildings dependent on passive design with a situation afflicted with power
outages like in Karachi. And therefore, necessitates the need for comfortable ambient climate in the outdoors.
Thereby, the UHI problem enhances the dual importance of passive cooling as an efficient methodology in saving

cooling energy and enhancing thermal comfort for naturally ventilated buildings (Shashua-Bar & Hoffman, 2003).
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2.4.3. Land Use Classifications

The literature review provides an introspection into several climate-based land classification schemes to analyze
the effects of urbanization and urban form (Auer, 1978; Lotfian, et al., 2019). These classifications are carried
out to enhance the spatial awareness related to local climate and assist planners in improving the urban form based
on the climatic concerns (Shi, et al., 2018). These land use classifications include, FRAISE scheme (Flux Ratio-
Active Index Surface Exchange) (Loridan & Grimmond, 2012), the Urban Zones characterizing Energy
partitioning (Loridan, et al., 2013) Urban Climatic Map system built using land use, topographic and climatic
data/information (Ren, et al., 2011; Ren, et al., 2019), Urban Climate Zone scheme (Oke, 2004; Oke, 2006) and
Local Climate Zone (LCZ) scheme (Stewart & Oke, 2012). All of these are recognised through a variety of urban
indicators and via such characterizations, urban form/function classifications are standardized allowing a more

precise spatial insight into the inconsistency of intra-urban temperatures (Stewart & Oke, 2012).

However, within these, LCZ classification serves as one of the most widely applicable universal approaches (Ng
& Ren, 2015) to study local air/surface temperature features, UHI, outdoor thermal comfort and exposure to air,
etc. (Ren, et al., 2019). The scheme was devised to deal with the shortcomings of urban-rural description for UHI
researchers (Stewart & Oke, 2012) and comprises of 17 unique zone typologies as a standard framework for
reporting and comparing temperature observations across LCZ fields and across-cities (Ng & Ren, 2015). The
site classification into typical LCZs needs basic metadata and surface characterization. However, in the South
Asian context of high-density urban scenarios, Kotharkar & Bagade (2018) insinuate that LCZ scheme is not
always apt due to the exclusively local urban contexts and the combinations/mixed form of land-use and building
morphology. And hence, propose a slight modification to the standard classes to fit to the local contextual realities
(Kotharkar & Bagade, 2017). Given the problems associated with the system such as in heterogeneous cities
where typical zones do not exist as chunks, Stewart and Oke (2012) also provided the provision for creating new
subclasses for zones that differ from the standard LCZ classes’ description. Such subclasses are resultant of
combinations of built types, land covers types and other land cover properties. Thereby, befitting appropriations
have been carried out by Kotharkar & Bagade (2018) and Perera & Emmanuel (2018) with additional LCZ
subclasses as a result of mixing of two or more classes of built type in case of Nagpur and Colombo, respectively.
Such an approach is also proposed for other data-poor developing cities to suit the local realities and enhance

applicability (Perera & Emmanuel, 2016).

2.4.4. Comparison of WUDAPT vs GIS

Within the LCZ classification/mapping, there are three approaches i.e., the manual sampling, remote sensing, and
GIS (Zheng, et al., 2017), while only the latter two are widely used on a city scale (Kotharkar & Bagade, 2018).
The reduction-based GIS approach involves the mapping of LCZ classes using various secondary and primary
data sources and necessitates expert knowledge on the landcover, while the remote sensing mainly depends on
supervised pixel-based classification techniques to develop the LCZ map from satellite images (Bechtel &

Daneke, 2012) and has been adopted into the World Urban Database and Access Portal Tools (WUDAPT) (Mills,
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et al., 2015). While its asserted that the GIS results are more thorough and precise in examining the urban built-
up areas (LCZ1 to 6) (Shi, et al., 2018), this approach is quite data-intensive (Zheng, et al., 2017). Alternatively,
the WUDAPT philosophy is facilitated by Landsat remote sensing images and follows a simple workflow
implemented in SAGA (Danylo, et al., 2016) and can be appropriated for any city in the world. This efficient,
low-cost and fast method produces maps of moderate quality and serves a large coverage with an overall accuracy
of 50-60% generally (Bechtel, 2019), and 70-90% for high-density urban areas (Ren, et al., 2019). Although all
the data required, software and generated maps of WUDAPT are free of charge and publicly accessible, there is
a likeliness of errors due to the subjective interpretation of areas and training sites. However, in terms of the
applicability on large highly dense heterogeneous cities, Shi, et al., (2018) compares and evaluates two cases of
LCZ classification in the city of Hong Kong. One developed an LCZ classification map using GIS-based mapping
method (Zheng, et al., 2017), while the other one investigated a set of LCZ maps using the WUDAPT procedure
to line up the LCZ map of Hong Kong with worldwide database (Ren et al. 2016). It was observed that although
both the resultant LCZ maps showed a high consistency with the other mapping systems, each mapping method
holds its own pros and cons. Hence, it is advised that a mixture of both these would offer a more versatile and
precise LCZ mapping/classification for other research endeavors (Shi, et al., 2018). Moreover, due to the variation
in the urban indicators intra-LCZ, Shi, et al. (2018) suggest that there is still a compulsion of authentication using
field measured air temperature data. On the other hand, Wang, et al.(2017) suggest that both GIS-based and
WUDAPT methods as suitable methods for detecting different LCZ classes in high-density urban areas and notes
that the GIS-based method offers higher accuracy at district level, while the WUDAPT (level 0) method is more
appropriate at the city scale (Wang, et al., 2017).

2.5. Materials and Methods for Field Measurements

The field experiments allow recording screen-height air temperature data in numerous streets of the LCZs where
there are three types of approaches employed, i.e., fixed station, traverse/mobile surveys, and a combination of
both. However, the mobile surveys using moving vehicles have been extensively used (Leconte, et al., 2015) and
regarded as a cost-effective, albeit short term, tool to investigate many of the intra-urban environmental variables
at street/canopy levels on a predetermined path (Peters, et al., 2012; Yadav & Sharma, 2018). For the
measurement, temperature sensors are usually mounted on the roof of the moving vehicle, and the vehicular path
allows the potential to fill the monitoring gaps of the sparsely dispersed fixed monitoring sites by offering a larger
spatial data coverage (Yadav & Sharma, 2018). Due to the flexibility for varied vehicular options depending on
the locations and street widths, the technique has been expediently adopted and enhanced in a variety of studies
including the characterization of the urban-rural air temperature difference, correlation of the urban air
temperature with remotely sensed LST, relationship between the urban morphology and the microclimate
conditions, and the effects of urban greenery (Shi, et al., 2018). Although by far appropriated in many of the major
cities of the world (Yadav & Sharma, 2018) including some in south Asia, none of such studies pertaining to UHI

have been conducted in Karachi yet.
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In recent times, the traverse measurement method has become more popular in LCZ classification studies
(Kotharkar & Bagade, 2018; Shi, et al., 2018; Yadav & Sharma, 2018) given the insufficiency associated with
fixed monitoring networks and seems more apt in complex urban contexts of densely populated cities with huge
air temperature anomalies across and within different LCZ classes at a somewhat smaller spatial scale (Shi, et al.,
2018). The consideration is particularly relevant to street canyons in the high-density areas as the measured data
has an improved scope to represent the real situations of heat exposure. Previous studies with mobile measurement
in both urban and rural settings have confirmed the viability of monitoring microscale spatial variation of
temperatures (Zheng, et al., 2017) and yet acknowledge the potential of validating future researches in utilizing

this method (Shi, et al., 2018).

2.6. Mitigation Pathways

UHI is considered too complex a problem and interdisciplinary subject that requires a wide range of mitigation
perspectives ranging from geography, meteorology, architecture, and civil engineering, etc. (Yamamoto, 2006).
However in the scope of urban planning and buildings, many potential measures have been identified to encounter
UHI effect such as using high albedo/cool materials (Synnefa, et al., 2008; Emmanuel & Fernando, 2007), green
features (such as vegetation, shade trees and roofs) (Wong, et al., 2007; Ottelé, et al., 2011; Santamouris, 2014),
urban planning strategies (such as urban design and density manipulation), shading techniques, pervious
pavements, and water bodies/water misting techniques in city areas, etc. (Nuruzzaman, 2015; Nouri, 2015;

Emmanuel, 2016; Ramakreshnana, et al., 2019).

However, the scales of application and efficacy at which these mitigations may apply be different, i.e., individual
building versus neighbourhood, new development versus redevelopment and retrofittingg, etc. and even expand
to broader implications such as management of energy resources (Grimmond, 2007). Over the surface, mitigations
such as changes in material properties allow modification to the existing buildings without compromising the
costs or time for new developments (Grimmond, 2007) as opposed to suggestions of alteration of the spatial
arrangement. Meanwhile in case of outdoor comfort, the greatest benefit is attributed to the introduction of green
infrastructure(GI) (Shashua-Bar, et al., 2011; Emmanuel & Loconsole, 2015) as a better heat-mitigation strategy
in contrast to using high albedo materials for improving thermal comfort (Gatto, et al., 2020). The incessantly
proposed green interventions as an effective strategy have been validated in several studies among which are the
UHI mitigation by temperature control, the passive cooling of buildings by shading of trees and urban thermal
comfort (Coutts, et al., 2007; Nuruzzaman, 2015; Taleghani, 2018; Shinzato, et al., 2019; Gatto, et al., 2020) and
even across issues of energy poverty (Tsilini, et al., 2015) as an economically viable way to reduce energy
consumption and costs (Solecki, et al., 2005). However, what amount of green and what type of green is a
question? Its argued that the intensity of cooling by vegetation is relative to the soil wetness and plants
characteristics along with influencing factors such as tree location and typology (Guhathakurta & Gober, 2010),
canopy coverage, and leaf density (Coutts, et al., 2007) and shading potential etc. (Middel, et al., 2014; Shinzato,
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et al., 2019). While other studies suggest that as low as 20% increase in GI via the German guideline (GAR) can
mitigate UHI effects sufficiently (Emmanuel & Loconsole, 2015). However, these interventions are context
specific, therefore the validation of the effects is carried out via 3D-micro modelling simulations where the effects
are quantified as air temperature(Tair) and thermal comfort expressed in terms mean radiant temperature (MRT)

and predicted mean vote (PMV) in replicated urban settings.

2.6.1. Outdoor Thermal Comfort

As previously discussed, thermal comfort has implications on human health as well as it re-establishess and
sustains life outdoors. Studies suggest that the Tair along with Relative humidity (RH) serve as the most important
parameters for thermal comfort especially in hot and humid countries (Lee, et al., 2014). A variety of scales and
indices have been proposed for thermal comfort and heat stress (Freitas & Grigorieva, 2016) which provide
numerical relations and/or graphical assessments (Abdel-Ghanyl, et al., 2014). However, each index offers its
own set of strengths in terms of comprehensiveness, usability, validity and completeness, etc. (Freitas &
Grigorieva, 2016). Meanwhile, Thom’s Discomfort Index (DI) (Thom, 1959) and Heat Index (HI) (Steadman,
1979) have been among the most broadly used indices in urban climate studies (Kotharkar, et al., 2019;
Stathopoulou, et al., 2005). Both only employ the Tair and RH to deduce the thermal comfort, unlike other indices
with extensive factor requisites. Thereby, the DI and HI are well suited for limited datasets, cost-effectiveness
and ease of data access and have been previously employed in south Asian studies by Kotharkar, et al.(2019), and
Jacobs, et al. (2019), respectively. DI is representative of the level of thermal sensation experienced by people
because of the modifications in the climatic conditions in the urban areas (Thom, 1959). While the HI (Steadman,
1979) builds an apparent temperature to categorize possible heat disorders (Blazejczyk, et al., 2012). The

calculations are carried out as,
DI = T-(0.55-0.0055*RH) (T-14.5)

HI=—8.784695 + 1.61139411. T + 2.338549. RH — 0. 14611605.T. RH — 1.2308094 .107. T? —1.6424828 .10°
2 RH? +2.211732.10°. T.RH + 7.2546.10°.T.RH’ - 3.582.10°°. T".RH’

where T [°C] is the air temperature and RH [%] is the relative humidity.

2.6.2. Simulation Approaches

Currently, there are various computer-based outdoor microclimatic simulation tools being used. Albdour &
Baranyai (2019) compare the features of eight primary microclimatic simulation tools (Albdour & Baranyai,
2019) and identify ENVI-met as the most capable of predicting and simulating the thermal comfort indices,
meteorological parameters as well as most of the design strategies in outdoor spaces. ENVI-met is a 3d non-
hydrostatic model for the simulation of surface-plant-air interactions, particularly but not exclusive to the urban
canopy layer, designed with a typical time-space resolution of 10 s/0.5—10 m for the model and a typical time
frame of 24 to 48 h (Ng, etal., 2012; Yang, et al., 2012; Emmanuel & Fernando, 2007; ENVI-met®, 2020; Middel,

et al., 2014). The software is regarded for its accurate quantification and replication of the physiological and
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geometrical properties and effects (Simon, et al., 2018.) in offering different scenarios, seasonal and long-term
predictability comparisons (Simon, 2016). Based on this, ENVI-met has been used by several studies where the
investigation/ mitigation criteria ranges from thermal properties to albedo enhancement (Emmanuel, et al., 2007),
GI (Shinzato, et al., 2019; Gatto, et al., 2020) and urban-area geometry, aspect ratio and building density
(Emmanuel & Fernando, 2007), etc.

2.7. Learnings

. The literature review establishes the poorly documented case of Karachi in terms of scientific exploration
and methodologies of assessment. Although more focused on tropical UHI studies, the south Asian studies yet

offer a relative starting point for Karachi.

. In terms of exploratory methods, the applicability of WUDAPT-LCZ classification in high-density,
heterogeneous urban contexts of developing cities is highly substantiated where the intra-LCZ urban drivers can
be investigated with cost-effective methods like in-situ surveys and remote sensing data and hence may be

explored in Karachi.

. Efficacy of the most common mitigations need to be assessed for practical applicability locally.
Moreover, the role of high-density developments/mitigations offer dubious effects such as better thermal comfort
and shade enhancement at daytime (Emmanuel & Fernando, 2007) and contrarily beset with increased
temperatures in the night-time (Surawar & Kotharkar, 2017). This lack of consensus towards densification’s

influence on UHI (Lemonsu, et al., 2015) needs to be locally assessed for Karachi.
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Methodology
Chapter 3.

The literature review has established the scope of this study ranging from mapping approaches, methodologies
for analysis, and mitigation strategies in terms of scale, climatic and social scenarios. As the thesis intends to
document the intra-city UHI variation and assess the thermal anomalies in the heterogenous city fabric (objective
b), given the applicability of LCZ classification across different UHI explorations, this study first employs LCZ
classification to study the distribution of LCZs within the city using WUDAPT. This establishes the most common
LCZ typologies along with the associated factors like land use, density and vegetation, etc. and will serve as the
base map (for objective b and c i.e.,) to assess the presence of UHI at various times by employing two methods.
Firstly, deriving the LST through remote sensing and secondly, street level temperature and thermal comfort
assessments achieved from the traverse and fixed survey data. The cross-comparison of this data leads to the
identification of the microscale hotspots /cold spots present at different times based on the LCZ distribution and
the associated drivers (objective ¢ and d). Further, in the next chapter, to analyze how the future growth in the
city may impact the UHI effect and the linked warming patterns, a comparison of year 2019 and 2009 LCZ maps
is carried out to quantify the change in land use along with extrapolation of extreme temperatures. This identifies
the anticipated climatic effects for future (objective e). The critical areas thus recognized are explored with

mitigation strategies verified through micro-modelling simulations using ENVI-met (objective f).

The research design workflow is established in fig. 3, while the detail of the sources of data and methods follows.

| Literature Review |

v

| Establishing the context of Karachi | Selection of thermal comfort
¢ indices through lit. review

4| WUDAPT LCZ mapping Ii

< L

A
Chapter 3 & 4
Methodology and initial results

Identification of dominant LCZs Land Surface Temperature via remote Data collection using traverse and
sensing data Stationary surveys (Tair, RH)

LCZ trends identification- . ‘ . #
Comparison of 2009 and 2019 Identification of intra-LCZ thermal anoma-

¢ lies, UHI magnitude and diurnal trends
I Extrapolation for future scenarios |1 ¢

Outdoor thermal comfort study ¢!

"l Identification of Critical LCZs )‘J

4

Micro-modeling simulations for mitigations |

\

Chapter 5 & 6
Analysis and discussions

the hottest day in 2019

| Conclusions and recommendations |

Meteorological Data for |

Figure 3. The research design steps
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3.1. Context-

The city of Karachi as the only meta-city (Hassan, et al., 2015) and the economic hub of Pakistan (DAWN, 2012)
is home to the country’s major industries and businesses (Hasan & Mohib, 2003). However, the city’s nature is
characterized with the dichotomy of being a beacon of urbanization’s promises and being the epitome
multifaceted challenges (World Bank, 2018). Once proudly known as the ‘city of lights’, the city now holds
interpretations like the ‘ugly concrete jungle’ (The News, 2008) and “Planet of Slums” (Davis, 2006) and has
been declared as the sixth least liveable city in the world (Economist Intelligence Unit, 2015). This is mainly
because the city has suffered myriad problems in the absence of a proper long-term plan and poses severe
sustainability risks dictated by substantial rural-urban migration trends, industrialisation, socio-political conflicts
and transportation challenges (Hasan, 2006). Thereby, exaggerating massive environmental (Qureshi, et al., 2010)
and socio-economic repercussions (Mangi, et al., 2020). Moreover, the rapid expansion, in terms of population
and area, in the last few decades has resulted in over densification and the urban developments’ spreading into
the city sprawl (Hasan, 2015). Although, the city population is recorded to be slightly over 16 million in 2017
(Pakistan Bureau of Statistics, 2018), many argue these numbers to be politically biased (Samaa.tv, 2017).
According to one report, the city is expected to accommodate 27.5 million people in 2020 (Qureshi, 2010).
Administratively, the metropolitan area along with its suburban area spreads over 3530 sq. km and consist of six
districts (Raza, et al., 2019), further sub-divided into eighteen towns that are administered by the city government,

and six military cantonments.

Figure 4. Location of Karachi in red (a) in Pakistan and (b) in the southern province of Sindh.

18



3.1.1. Climate and Physiography

Karachi (Coordinates: 24° 56' 46.3848" N, 67° 0' 20.2140" E) being located in the South of Pakistan can be
divided into two distinct categories, the north-western hilly areas of Kirthar range and the undulating plains and
coastal area in the south-east along the Arabian sea (Hasan & Mohib, 2003). The city has a long coastline in the
south characterized with mudflats, sandbanks, estuaries and mangrove swamps (Kanwal, et al., 2020). Although,
there are three major rivers that flow through Karachi and define its physical characteristics, two of them now

serve as major drains carrying the city waste and discharging it into the southern sea (Alamgir, et al., 2019).

Climatically, the region is considered to have temperate climatic conditions with the worst summers characterised
by very low annual precipitation (Raza, et al., 2019), but according to the Kdppen-Geiger system, the climate
is classified as BWh, i.e., hot desert climates (Climate-data.org, n.d.). As shown in figure 5, the summer
conditions are dominant for most part of the year which intensify due to high humidity conditions adding to the
discomfort and leaving little relief for the people (Qureshi, 2010; Naveed, 2017). While in cases of heatwaves,
the consistency of high night-time temperatures over a sustained period with no relief in terms of minimum
temperatures (The urban Unit, 2017), the coincidence of no wind activity and worsened power outages have

caused catastrophic consequences (Salim, et al., 2015).

Karachi, Pakistan Climate Graph (Altitude: 4 m)
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Figure 5.Karachi Climate Graph. Source: climatemps.com (2020)
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3.1.2. Density and Land use/Landcover

Karachi is characterized with a heterogeneous urban form. With a rich historical background, the city mainly
developed around trade/port related activities (Hasan & Mohib, 2003) and has inherited various layers of built
elements from different periods during its 250 years’ timeline (Hasan, 1996). These include medieval, colonial,
Indo-European, post-colonial, modern and post-modern buildings along with the industrial development. Similar
may be the case with most south Asian cities having evolved with a colonial legacy (Kotharkar, et al., 2018).
Through the years, the inadequate/affordable housing delivery has been a major concern resulting in informal
settlements/slums (Soomro & Soomro, 2018; Ellis & Roberts, 2016) and has resulted in a mixed / haphazard
spatial growth (Ellis & Roberts, 2016), having older areas in the nucleus with the growing newly planned areas
and satellite towns, along with informal settlements and dense slums within inner city and urban sprawl (Hasan
& Mohib, 2003). Currently, Karachi is one of the densest cities of south Asia (Kolb, 2019) where the density stats
i.e., 2280- 4,000 persons/ha (Hasan & Mohib, 2003), are considered way higher than the allowable density of
1625 persons/ha (Hasan, 2016) and far exceed other densely populated South Asian cities (Yeung, 2011). Experts
credit such a situation to land mismanagement and constrained urban land supply (Ellis & Roberts, 2016; Bertaud,
2009), as well as the current land use planning i.e., entirely determined by the land value (Hasan, 2006) as most
of the population (62%) in informal settlements lives on 23% of the city’s residential land, while in contrast the
remaining 34% lives in planned settlements on 77% of the city’s lands (Hasan, 2016). This extreme distribution
has resulted in densities as high as 1,500 to 4,500 persons/ha in informal areas, and even to as less as 80 persons/ha
in formal developments (Hasan, 2016). And even though the sustainability of such megacities, like Karachi, has
been questioned incessantly (Annan, 2002; Wu, 2006; Grimm, et al., 2008; Sorensen & Okata, 2010), it is obvious
from these disproportionate figures that this development is neither sustainable nor inequitable in terms of socio-

economic and environmental development (Mangi, et al., 2020).

Whilst having said that, Qureshi, et al. (2012) note that Karachi’s land use is too complex to be identified as per
internationally existing classical models due to its complexly developed planned and unplanned areas (Hasan &
Mohib, 2003). The fragmented land use along with the incremental city planning phases (Qureshi, et al., 2010)
has made the demarcation of specific typologies impossible (Qureshi, et al., 2012). In the two studies employing
LULC classification for the city’s vegetation, open space, built-up areas and barren land between 1986-2018, it
is no surprise that the vegetation covers and open spaces are being taken over hugely by built-up land for
residential and commercial purposes (Qureshi, et al., 2012; Raza, et al., 2019), fig 7. Whereas the agricultural
areas of Karachi are now almost close to extinction as the barren land in the last decade increases (Raza, et al.,
2019). Planners blame the improperly planned development and altered land cover patterns for blocking the
flow of natural drains effecting water needs of agriculture (The Express Tribune, 2018) as well as the extreme
shortage of blue-green infrastructure for depleting water resources (Veerbeek, 2017). These effects in turn
majorly influence the climatic conditions as the increase in vegetation can reduce the surface temperature, while

alternatively the increase of urbanization is a symptom of vegetation loss itself (Raza, et al., 2019). Validating
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these observations, the LST differences of the congested built up area has also increased alarmingly in the past

20 years (Raza, et al., 2019)

In short, the high population density and the contested land resources have shaped the high-density urban
morphology of Karachi associated with compactly packed buildings (formal and informal), reduced open and

green space and increased LST.

Figure 6. High-density urban morphology of Karachi. Source: Compilation of own images and Google Earth open source data.
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Figure 7. LULC map of Karachi, 1998-2018. Source: Raza et. al. 2019

3.1.3. UHI, Heatwaves and Karachi

The recent South Asian heatwaves have caused death of hundreds and thousands of people (Khan, et al., 2019;
BBC, 2015), in June 2015 only in Karachi over a thousand people died (Imtiaz & Ur-Rehman, 2015) and
thousands suffered from heat related illnesses is an evidence to this claim (CDKN, 2017; BBC, 2015; CDKN,
2015; Salim, et al., 2015). Not only was it identified that most of those who suffered belonged to low-income
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neighbourhoods and had no alternative but to be outdoors for daily wages (DAWN, 2015; Hasan, et al., 2017).
This demonstrates the influence of UHI intensity on the economic situations (Lee, et al., 2020), particularly the
low socio-economic status as a significant factor in enhancing the vulnerability to climate change (Jacobs, et al.,
2019). Such a situation is alarming considering that the almost 50% of the vulnerable population living in the city
slums and squatter settlements 20 years back (Qureshi, et al., 2012) has now grown to almost a 60% (Bradnock
& William, 2002; Hasan, 2016; The Express Tribune, 2018). And though research suggests that the usage levels
of urban space are more likely to increase if the outdoor environment is thermally comfortable (Emmanuel, 2006;
Emmanuel & Fernando, 2007), but the question remains: how to cope with the usage of urban space in a thermally
uncomfortable outdoor environment? Moreover, one must note here that these deaths were more in number in
certain towns and areas of Karachi (as observed in fig.1) which suggests different levels of vulnerability in
different areas and points to an associated spatial relationship. Its speculated that along with other factors, the
UHI intensity exaggerated due to the air-deprived living circumstances in low-income settlements with extended
power outages (Hanif, 2017). The UHI effects hence dictate emergency actions targeted towards the vulnerable

populations to deal with the urgency of death threat and the sustenance of life.

3.2. Sources of Data

This chapter details out all the direct and indirect data sources appropriated in this study. The LCZ mapping, LST
and the meteorological surveys follow previously identified standard procedures as well as experimental
approaches and serve as the central data for this UHI study, while the city meteorological data acquired via PMD

will be used post-analysis in the mitigation testing phase.

3.2.1. LCZ Mapping

The LCZ classification was opted to enable an exploratory analysis of the recent urban/ spatial trends on the
distribution of UHI phenomenon. Its anticipated that the result of LCZ mapping not only will serves as a base
map for thermal analysis in relation to the LST and traverses temperatures and identify the distribution of the land
use but will also determine the associated warming/cooling trends based on the abundance of LCZ in the overall
cityscape (carried out in the next chapter). Although GIS as a mapping method can usually achieve high
accuracies, but not every city’s GIS data is complete or accessible to the public especially in developing
countries/regions (Wang, et al., 2017). Alternatively, WUDAPT methodology has high accuracy and considerably
simple workflow (yet time consuming) for city scale maps (Cai, et al., 2017) Hence, given the scale of the city, it
was decided to follow the generalized WUDAPT method. The previous studies identified that the urban form of
Karachi shares many similarities with Colombo, Sri Lanka, in terms of low-rise development (Perera &
Emmanuel, 2016) along with ad-hoc informal slum developments in Nagpur, India (Kotharkar & Bagade, 2017,
Kotharkar & Bagade, 2018), albeit building characterizations do not replicate exactly as the slums and informal

low-rise constructions in Karachi are more permanent in comparison (Hasan & Mohib, 2003). However, these
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studies provide a locally relatable reference for cities like Karachi with highly dense arrangement of informal

classes.

3.2.1.1. Towards a Universal LCZ Mapping Scheme - WUDAPT
The WUDAPT (level 0) mapping pursues a standard set of steps for data compilation and processing. Following
the method explained by Bechtel, et al. (2015), Landsat 8 imagery (30m) with a cloud cover of less than 10% was
downloaded for June 9, 2019 from the US Geological Survey (USGS) Earth Explorer site. The algorithm to create
the LCZ classification requires training data using google earth where these samples should cover homogeneous
areas that are at least of the minimum size of an LCZ, i.e., approcimatley 1 km? (Danylo, et al., 2016). The
classification was carried out based on land cover types identified by Stewart & Oke (2012) while the main source
of information for training samples was visual interpretation informed by my own urban and social knowledge of
the city substantiated by field campaigns and photos along with secondary data from Karachi Development
Authority-KDA and historical/ recent urban maps from the urban planners’ archives of Karachi, etc. Although
the LCZ scheme is considered “sufficiently generic” in its design and applicability, there is a huge disparity in
how researchers have offered their own context specific interpretation of urban landscapes (Bechtel, et al., 2015).
Previous studies establish that developing cities due to their organic/haphazard nature may be hard to be
recognized at the standard LCZs as opposed to other well-planned developed cities (Kotharkar & Bagade, 2017).
Consequently, for Karachi various LCZ classes required sub-classification/adjustment. And, even though the need
for local customisation (Perera & Emmanuel, 2016), and the possibility to define mixed subclasses is recognized
(Bechtel, et al., 2015), the WUDAPT method doesn’t provide a detailed description for identifying sub-classes
(Kotharkar & Bagade, 2017). Hence, for the purpose of this research, I have stuck to the preestablished LCZ
classes only. Subsequently, the WUDAPT level 0 map at a resolution of 100m was generated. Based on a
qualitative inspection using Google Earth to identify any poor classification, further training areas were added,
and the classification was rerun. The main characteristics and typical features of each LCZ are summarized in

table 1.

1. Built Types
A LCZ B. Aerial View

LCZ1

i

C. Eve Level Photos
by :

\
)

D Description

- ] Form: Dense Cluster of highrise buildings
R= ; 4 with few or no trees. Heavy materials use

like concrete, glass, stone and steel.

Function: Residential apartments,

Commercial (offices, hotels and malls) and

mixed use buildings.

Compact high-rise

Form: Closely spaced 4-8 storey buildings
along narrow streets with less or no
vegetation. Heavy materials like concrete,
glass. stone and steel.

Function: Residential, Commercial, and
mixed use buildings. Even include tightly
packed informal settlements.

LCZ 2

LT

Compact midrise

Form: Closely spaced 1-3 storey blocks
along narrow streets with less or no
vegetation. Both formal/informally
developed areas. Heavy material use like
concrete, glass, stone, steel with some
light materials like brick. wood,
corrugated metal roof etc.
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LCZ 4

s

Open high-rise or

Form: Open arrangement of highrise
buildings mainly along main roads mostly
with low plants and scattered trees but
sometimes infused with open lowrise.
Heavy materials like concrete, glass, stone
and steel. Function: Residential
apartments, office/commercial buildings
including, hotels, malls, etc.

Open midrise or
o'y
LR

LCZ 6

S

Open low-rise

Form: 4-8 storey open arrangement of
buildings . built of heavy material but
mostly covered with/without pervious
features.

Heavy matenals like concrete, glass, stone
and steel.

Function: Residential, commercial and
mixed use buildings.

Form: Cluster of open lowrise buildings
with pervious surfaces and scattered trees.
Function: Residential bungalows and
apartments.

Heavy materials like conerete, glass, stone
and steel.

LCZ7

Lightweight low-rise or

Form: Densely packed 1 story buildings
along narrow streets. Sometimes a mixture
of lightweight along with LCZ 3 features.

§| Mostly informal settlement with
lightweight materials such as brick,
Wood. thatch, corrugated metal sheets/roof
and fabric. Function: Informal residential
areas or shums and/or commercial.

LCZ 8
p - Z.‘H.
éfnge“

Large low-rise or

=r
AT
LCZ 9
) @
* fa
o L
Sparsely built

Form: Open arrangement of large lowrise
buildings. Heavy buiding material such as
concrete, glass, stone and steel. Mostly
with an abundance of pervious land and
trees or paved surfaces. Function: Mostly
institutional buildings, ie, schools, colleges
and hospitals, along with warehouses,
commercial services and storages.

Form: Sparse arrangement of small or
midsize buildings, in a variety of natural
settings, such as pervious land, scattered
trees or dry barren land.

Function: Sprawl, informal settlements,
newly developing plots.

Mixed materials.

LA 2
o '/

Heavy industry

Form: Low/midrise industrial structures in
a variety of settings, such as pervious land,
scattered trees or dry soil along with paved
and harpacked surfaces.

Function: Industries, refineries, mills,
warehouses, etc.

Note: The maps and street views are only meant for visual reference and are unrelated to each other.

2. Land Cover Types

1LCZ

2.Aerial View

3 Description

LCZA

Dense trees

Heavily wooded landscape including natural forest, cultivated trees, mangrove forests
and vurban parks.

LCZB

L WY )
vyl ot
m' Q'ﬁ'ﬁ’

Scattered trees

Lightly wooded landscape with mostly low plants. Includes urban parks, golf clubs,
urban forests, cultivated vegetation, natural indeginous tree growth.

LCZC

b J e SR g
f** '4. oh de
P e 2
% T et
Bush/scrub

Open bushes, short woody trees and shrubs around bare soil mostly growing naturally.
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Landscape with abundant pervious cover such as grass, crops and low plants with no or

LCZD scattered trees such as grassland, agriculutural lands and parks.
Low plants
Hard surface covers such as bituman roads, paved or rock such as airports, terminals,
parking lots and other urban transportation.

LCZE

Bare rock or paved

Large, open and small water bodies such as the sea. lakes, rivers and estuaries.

LCZ G

Water

Landscape of soil/sand with no or very few scattered trees. mostly natural barren land
and the sandy coastline.

LCZF

Bare soil or sand

Table 1. Description of LCZs as adjusted in Karachi. Source: A. LCZ images from Stewart & Oke (2012) adjusted; B. Google Earth Pro,

circle area covering 200 m radius; C. Field survey; D. Own elaboration.

3.2.2. Linking LCZs with LST

This part focuses on the LST as UHI is related to the spatial distribution of LST (He, et al., 2007) and hence,
allows the surface UHI representation through LST (Cai, et al., 2017). The acquired LST map is overlaid on LCZ
map and independent LSTs are calculated for each class. The overall variation of LST is explored within the LCZ
classes using mean LST values generated in ArcMap. The analysis herein assumes that certain features typical of
a given LCZ regime should demonstrate typical LST ranges. While one must note that given the overall accuracy
of these LCZ classification maps may range from 50-90% (Bechtel, 2019; Ren, et al., 2019), a certain level of
manual resampling was carried out before the LST analysis. This analysis determines the degree of

warmness/coolness associated to each LCZ class and will be cross compared with field data in the next section.

3.2.2.1. LST Retrievals

To determine the mean LST in Karachi, the daytime Landsat 8 datasets (30 m) were downloaded for Karachi
from the USGS Landsat Data Access Portal, where only two datasets were selected between April and June 2019

due to the presence of clouds, details mentioned in table 2.

Table 2. Satellite Images acquired for LST analysis.

Satellite Imagery Entity ID Acquisition date
Landsat 8 LCO8 LITP 152043 20190609 20190619 01 T1 2019/06/09
Landsat 8 LCO8 LITP 152043 20190422 20190507 01 T1 2019/04/22
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The procedure defined by Avdan and Jovanovska (Avdan & Jovanovska, 2016) is used to obtain the LST maps
in °C (in fig. 8). These are then overlaid with the LCZs maps and the LST pixels for each LCZ class are extracted.
Moreover, a buffer is applied to all the LCZ classes where the smaller areas not equivalent to the minimum LCZ
area requirements were disregarded. The mean LSTs thus calculated for each class (averaged over 2 days (i.e.,
April 22, 2019 and June 09, 2019) identified the overall differences in mean LST and the comparative degree of

warmness and coldness among LCZs.

Band 10 / / Band 5 Band 4

Calculation of Top of
Atmospheric (TOA)
spectral radiance

TOA to brightness
temperature Calculation of NDVI

l

Calculation of
proportion of

conversion

Calculation of Land
Surface Temperature

(LST)

vegetation

Calculation of ground
emissivity

Figure 8. Calculation of Land Surface Temperature from Landsat8 images

3.2.3. Meteorological Surveys

In this study, mobile measurement campaigns in parallel with a fixed measurement station were conducted to
investigate the intra-urban spatial distribution of UHI across various LCZs at the day and night-time. Seven winter
surveys on five routes were carried out between the last week of January and the first week of February 2020

under similar dry condition (clear skies, rain free and less windy days). This mobile measurement method has
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been specifically identified since it allows to probe into street level temperature distribution while the routes for
the campaigns were planned to accommodate a variety of LCZ combinations spread across the city geography.
This assessment is followed by a comparison with LSTs in the next phase to conclude common 'hot spots' and

vice versa.

3.2.3.1. Measurement Platforms
Mobile survey setups in previous studies were examined for equipment selection, speed of vehicle and accuracy
of the sensors. Finally, the device Tinytag Plus 2 (TGP-4500) was selected for collecting the meteorological data
due to cost and ease of availability as well as validity in use by previous studies such as (Emmanuel & Kruger,
2011; Kriiger & Emmanuel, 2013; Kriiger, et al., 2018; Maharoof, et al., 2020). A trial run on selected routes
offered examination of the traffic, road conditions and the device response, and thus determined the car/bike
itineraries. While two specific times during different stages of a diurnal cycle were selected for the traverses. The
first set of measurement campaigns approximately took place between 2:00 to 4:30 p.m. (that is closer to the daily
maximum temperature which on average occurred at 3:00 p.m.), and the second were conducted between 7:00
to10:00 p.m. The day-time was chosen when the air temperatures were most stable, such as in studies by (Jacobs,
et al., 2019; Maharoof, et al., 2020), while the 2nd time was chosen to find the extent of the UHI at its max as the

greatest temperature difference is observed a few hours post-sunset (Grimmond, 2007).

In total, two cars and one motorcycle served as the mobile platforms for all measurement campaigns where
measuring instrument was mounted approx. 2 m high on a PVC pipe over the roof of the car. While the fixed
station was similarly setup on the rooftop of an apartment building. This was considered a reasonable compromise
overcoming some of the inherent difficulties in positioning instruments on the ground floor such as security from
vandalism and anthropogenic influences. During the day, the loggers were placed inside a ventilated and insulated
cardboard box to prevent direct sunlight. The detailed equipment description is provided in table 3, while figure

9 shows the device mounting during surveys.

Table 3. Summary of measurement equipment installed on both the platforms

Instrument Param- | Accuracy Resolu- Response time Logging Reading types
eter tion interval

Tinytag Plus 2 Tair Accuracy, +3.0% RH at 25°C/ | Better Tair: 25 mins to 1 sec to Actual, Min, Max

Dual Channel RH 77°F than 0.3% | 90% FSD in mov- 10 days Logging Interval 1

Temperature/Rela- Refer to the image for Tair RH and ing air. RH: 40 sec to 10 days

tive Humidity ' 0.01°C or | seconds to 90%

TGP-4500 (-25 to i better FSD (current data

+85°C/0 to 100% ’ loggers, from SN

RH) i : 613165)
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Figure 9. (a) Device mounted on the fixed location, (b) mobile stations and (c) the insulated and ventilated cardboard box for daytime

surveys.

3.2.3.2. Routes
This traverse survey follows an exploratory methodology which is a bit unique and experimental in its own way,
as instead of conventional repeated runs on the same routes such as in studies like Kotharkar & Surawar, (2016)
and Jacobs, et al. (2019), this study has focused on maximizing the extent of the samples and number of routes to
be representative of the larger city area. Moreover, there is an attempt to explore various elements beyond the
defined 17 LCZ types such as combinations and edges of various LCZs, i.e., a point, a road, or a junction between
two LCZs. This may not be the standard procedure; however, such as approach allows qualitative inspection into

the relative temperature patterns in the heterogenous city as a result of mixing of LCZs.

The literature generally indicates two route approaches for surveys, however, this study has opted for the one-
way routes to deal with reasons like covering maximum city areas and varying geographical features, traffic, long
distances of pre-decided locations and time for device stability at each pre-decided location. Eventually, five
routes with identified stops spread across the city were finalized as shown in figure 10 and table 4. The response
time and stability of the device required a stop of 2 minutes 30 sec at each pre-identified spot whereby the GIS
location and time were manually collated during the survey. At a measurement interval of 10 seconds, this
provided 15 measurements for each point. The first 7 measurements were discarded to allow the logger to stabilize

and the last seven were then averaged out.
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Table 4. Itinerary details

Route Trip Dis. Km | Date Time IDevice Used Time Interval Mode
Route 01 01 18 31/01/2020 14:10-16:50 [Tinytag Plus 2 (TGP-4500) 1 sec. (averaged over 10 sec interval), Car
Route 02 |02 12 01/02/2020 13:50-15:20  |Tinvtag Plus 2 (TGP-4500) 1 sec. Car
Route 03 |03 12 02/02/2020 15.20-16.50 |Tinytag Plus 2 (TGP-4500) 1 sec. Car
Route 04 |04 25 02/02/2020 14.35-16.35  |Tinytag Plus 2 (TGP-4500) 1 sec. Car
Route 05 |05 36 03/02/2020 20:05-21:55 [Tinytag Plus 2 (TGP-4500) 10 sec average Car
Route 04 |06* 36 04/02/2020 14.35-16.35 |Tinytag Plus 2 (TGP-4500) 10 sec average Car
Route 02 |07 12 04/02/2020 19:00-21:10  [Tinytag Plus 2 (TGP-4500) 10 sec average Bike

Route 01
Route 02
Route 03
Route 04
Route 05

I E

Figure 10. (a) Karachi on the Google map, (b) Karachi LCZ map and (c)focused route location in the city

3.2.3.3. IUHI Magnitude and Temperature Difference (AT) Calculations

The data obtained by the traverse surveys were overlaid on the LCZ map and the corresponding Tair readings and
time stamps were coordinated. Moreover, Tai: difference and the inter-LCZ UHI (IUHI) magnitude is measured

using the formula,
T 4ir difference (AT) = T Fixea station- Trcz

Where the T Fixed station 1S the Tair at the fixed station and Ticz is the Tair at the LCZ in the mobile route. Note that
negative AT values indicate fixed station noted higher Ta;- during the traverse than the observed Tair at the mobile

route.
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Where, AT 1.cz max 1S the Tair of LCZ having the highest AT value & AT Lcz min 1S the Tair of LCZ having the lowest
AT value compared to the fixed station. This value may be in + or -, however, the magnitude is irrespective of the

+ or - value.

The filtered datasets of the traverses were tabulated and the UHI magnitude was calculated.

3.2.3.4. Preconditions, Observations and Anomalies

e The canopy layer covers a combination of urban (built and green) elements and anthropogenic heat
sources such as vehicles, air conditioning outlets etc. Therefore, the data reporting was filtered and the
potential influences and errors such as high traffic and congestion etc. were scrutinized by identifying

outliers.

e For the calculation of Tai difference, the Tair data from fixed station and the mobile station have been
measured in parallel. Hence, the Ta; differences are assumed to be stable and independent of time

considering that the temporal air temperature changes occur simultaneously at all locations.

e The measurements on certain points despite 2.5 mins of stopover continued to change. This suggested
that the device takes more time to stabilize than expected. Hence, the temperature noted may not have
been the final temperatures, however, in cases of no alternate temperature data these values have been

used for this research

e Trip no. 6 was discarded from comparative measurements since there was an instrumental issue

encountered in the afternoon run on Feb 4, 2020, however, the data was used to derive other analysis.

3.2.4. Meteorological Data

To evaluate mitigation potential for real settings, the study required meteorological data for input parameters to
run the ENVI-met simulations. This weather data was facilitated by the Pakistan Meteorological Department

(PMD) - Airport station readings for 12" June 2019 and 13™ June 2019 i.e., the hottest day of the year 2019.

3.4. Simulations

One of the objectives of this study is to explore mitigation strategies for complex heterogeneous environments.
Although there is a variety of urban climatic models (Albdour & Baranyai, 2019) widely varying with regards to
their physical basis and spatial/temporal resolution (Emmanuel & Fernando, 2007), however, the most suitable
for complex micro scales seems to be Envi-met as perhaps the only one capable of examining the thermal comfort
regime within the street canyon at fine resolutions (Ali-Toudert & Mayer, 2006). Moreover, its completeness in
terms of human comfort calculations (Taleghani, et al., 2015) and reliable performance for fine analysis of the

microclimate at street level has been validated by many previous studies (Taleghani, et al., 2015; Ali-Toudert &
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Mayer, 2006; Emmanuel & Fernando, 2007; Shinzato, et al., 2019; Gatto, et al., 2020). Therefore, due to the
compact nature of LCZ3 as the critical zone (as identified in chapter 5 and 6), ENVI-met Version 4.4.5 was

selected to simulate the environmental conditions and analyze the effect of UHI mitigation options.

3.4.1. Scenarios for Mitigation

The literature offers abundant research evidences for the use of green roofs, adequate amount and/or location of
vegetation, albedo enhancement, modification of urban designs and pavement materials. However, mitigations
are advised to take into account the contextual issues that impact the design choices (Emmanuel, 2006) and hence,
dictate low-cost and independent solutions in the given context (Hasan, 2006). The two strategies that stand out
in term of cost efficacy and efficiency are albedo/reflective surfaces and vegetation (Solecki, et al., 2005). Both
have different impacts not only related to the mitigation potential but also in terms of the economic tradeoff value
(Sproul, et al., 2014), however, the form and spatial arrangement are considered to pose more influence on cooling
than only being a function of the two (Middel, et al., 2014). Therefore, this study explored all three of these

options to test their efficacy and hence simulated the following cases for the site:

* ‘Base Case’-existing

* ‘High albedo case’-all building surfaces painted white, pavements to be light colored
* ‘Green Case’- with green roof

* ‘Medium Density (Height enhancement) case’-all buildings in the model area to be taller (mid-rise) than the

existing ones bearing in mind the anticipated future expansion.

3.4.2. Site Selection

The selected area, Moosa colony, is a highly dense low-rise informal residential neighborhood in Karachi. The
built fabric is mostly characterized by wall-to-wall low-rise buildings (1 to 3 stories) and a few mid-rises with
extremely narrow streets and scarce trees. The surface cover is dominated by concrete-laid streets. Most of the
buildings show poor architectural quality made of concrete blocks and at times feature metal roofing on higher
floors. The selected area is intended to be representative of ‘typical’ informal LCZ3 found in Karachi. Since
ENVI-met requires an area input file which defines the 3d geometry of the target area including the physical urban
factors like buildings, vegetation, soils and the receptors, the model is created by tracing building outlines from
the Google maps directly into ENVI-met. The screen shot of the model is shown in figure 11, where the north is
at an angle of 34° and the exact parameters of longitude and latitude are (24.96, 67.07).
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[ Simulated area.
70mx 70 m

b. C.

Figure 11. The case study; Moosa colony, Karachi. (a) Building footprint (from Google Earth™), (b) ENVI-met representation. Grid cells
in ENVI-met panel are 1 x 1 m; numbers in grid cells: building height (m). Grey/black lines: change in building height (m). Grey/black
lines: change in building height between adjacent buildings; SS: Deciduous tree; DS: Palm tree and (c) 3D view of the ENVI-met model.

3.4.3. Simulation Parameters

Since the objective is to compare the effects of mitigations on human thermal comfort, simulations are carried out
to derive MRT along with Tai instead of exclusively attempting to enhance Tai. MRT is defined as “the
temperature of a uniform, black enclosure that exchanges the same amount of heat by radiation with the occupant
as the actual surroundings” (ASHRAE, 2016) and has been investigated in various studies such as Emmanuel &
Fernando (2007), Jacobs, et al. (2019), Taleghani, et al. (2015), Gatto, et al. (2020), etc. as a thermal comfort
parameter. The hottest summer day of the year-2019 is selected to perform the simulation, such as in other studies
by Taleghani, et al (2015), and has been assumed as representative of a heatwave state (intense solar radiation
and absence of cloudiness) considering that the study aims to scrutinize the potential scenarios of mitigation for

reducing UHI in the most extreme situation. The 30 hr. hourly data was acquired from the Pakistan meteorological
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department (PMD) since 18:00 pm 12 June 2019 to begin the simulations for 13" June 2019. The detailed initial

input parameters are shown in table below. All parameters not mentioned were kept at the default values for

ENVI-met.

Table 5. Input details for ENVI-met simulations

Model Parameters

Parameter Definition Value
Main Data Domain Size 70m x 70m x 35m
Cell Size Imx Imx lm
Simulation Time Start Date 12 June 2019
Start Time 18:00
Simulation Time 30 hrs
Meteorological Conditions Wind Speed 2.05 m/s
Wind Direction 180.00

Min and max. Tai(°C)

Min= 30.50, Max= 41.00

Min and max. RH

Min= 35.00, Max=82.00

Case Parameters

Scenarios Urban Geometry Green cover Surface properties
Base Case 3-1lm None/sparse 4” Concrete block walls, 6” Cast
concrete roof
High Albedo Same as Base Same as Base All walls and roofs to be painted

white, Street to be light concrete.

Green roofs

Same as Base Green roofs for buildings

Same as Base

Medium Density

24m Same as Base

Same as Base

3.5. Analysis Protocol

This study follows a combination of methods, which are often juxtaposed and interrelated with each other to form
multidimensional collective assessments. Firstly, the LCZ map is analysed via a comparative percentage and area
distribution calculation, thereby identifying the spread of the dominant land uses in the city’s overall geographical
vicinity. This map then serves as the base to facilitate mean LST extrusion from remote sensing data as well as
area profile identification for traverse surveys. The mean LST for all LCZs are numerically/ graphically compared
to find the highest and lowest temperature impacts while the temperature data obtained in traverse surveys is
translated into route-wise area patterns and temperature profiles. This leads to the identification of relative thermal
anomalies among LCZs, the diurnal behaviours and the minimum and maximum temperature thresholds, thereby,
identifying the UHI magnitude. The similar heating and cooling behaviours with respect to the associated drivers
are also established in this process. This data is then collectively processed to identify qualitative relative
temperature patterns among standard built-up classes LCZ 1-6. Further assessments include the study of future
trends and their climate impact via comparative percentage and area distribution between 2009 to 2019 and
extrapolation of temperatures in the tentative LCZ change. The critical zones thus identified were simulated for
mitigation in ENVI-met and quantified in Tair and MRT values to determine the efficacy in the reduction of degree

of warmth.
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WUDAPT LCZ Mapping, LST and Traverse Survey Results
Chapter 4.

This chapter articulates the initial findings of the WUDAPT LCZ mapping, LST and the traverse surveys. Since
chronologically, the simulations served as the last step of this thesis study, the results will be discussed later in

chapter 6.2.

4.1. LCZ Mapping Results and Discussion

The WUDAPT level 0 map, figure 12, highlights the LCZ layout for Karachi identifying the dominant land
characters. The built-up area (LCZ 1-10) is mostly found near the city core constituting almost one third (33.8%)
of the total peri-urban area of Karachi and is predominantly surrounded by barren land-LCZF (48%). Generally,
the built-up areas show extreme scarcity of green/blue LCZ classes where the green covers (LCZ A, B, C and D)
collectively and the water resources-LCZG only formed 14% and 2.7% of the total peri urban area, respectively.
The built-up cover identified that although Karachi is majorly dominated by industrial areas i.e., LCZ10 (24%)
and the abundance of low-rise zones i.e., LCZ3(15%) and LCZ6 (15%), the compact low rise often intersects with
compact midrise (3.5%), followed by the LCZ7-lightweight low rise (4%). Although the significant chunk of
LCZ10 is no surprise given the industrial relevance of Karachi, the dominant LCZ3 and LCZ6 may correspond
to the extensive residential land use in the city and insinuate a dichotomy of extremes, in terms of density as well
as social classes in the low-rise built form. Interestingly, it has been observed that LCZ3 covered a wide range of
aspect ratios in different regions of the city and included both, the unplanned informal and formally planned areas.
It also displayed an association with the lightweight low-rise (LCZ7) building elements in cases of low-income
social status and/or informal development nature. Similarly, the LCZ7 also indicated likeliness towards sub-
classes in combination with LCZ3. However, since the mix is very organic, the boundaries are hard to distinguish.
This may be like other developing south Asian cities with mixed urban fabric and a high dominance of LCZ3
such as Nagpur (Kotharkar & Bagade, 2018) and Colombo (Perera, et al., 2012). Fig. 13 shows LCZ3 and its

types across different areas in the city.

Meanwhile, the low-rise blocks, mostly LCZ6, are infused with loosely distributed high-rise buildings i.e., LCZ1
and LCZ4. These LCZs associated with high-rises form a very small portion of Karachi’s built fabric and
especially LCZ1 is insignificant in size comparatively. Moreover, the built-up areas also seems to be spreading
outwards as the sparsely built areas-LCZ9, which comprise of almost 1/3 of the total built area (36%), are most
prominently found towards its boundaries often extending into the surrounding barren/ agricultural land. This
truly reflects the exponential expansions of the city in terms of urban sprawl (Anwar, 2012). Further, land parcels
in urban planning are generally divided by the road network (He, et al., 2018). The role of the road network in
the LCZ formation may be an important consideration for the professional planners and hence, as an alternate

insight, such a juxtaposition was attempted in Fig 14. and feels true to a degree. In case of Karachi, it not only
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shows new developments along the main highways but also identifies the infusion of high and midrise

developments along the main roads on closer inspection.
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Figure 12. WUDAPT LCZ map of Karachi, 2019
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Table 6. LCZ Statistics-2019

LCZ Description Areain Sq.km. | % of Built-up Area | Total Built-up Area = % of Total Area Total Area
1. Compact High-rise 2,83 0,003 1022,822 33,83 302297
2 Compact Mid-rise 30,87 3.34

3. Compact Low-rise 145,09 15,72

4. Open High-rise 13,60 1.47

5. Open Mid-rise 17,73 1,92

6. Open Low-rise 138.32 14,98

7. Light Weight Low-rise 40,23 4,359

8. Large Low-rise 75,26 8.15

9. Sparsely built 331,19 35,88

10. Heavy Industrial 227.64 24,66

101. | Dense Trees 30,33 0,99

102. | Scattered trees 12,90 042

103. Bush /Shrub 51,17 1,67

104. Low plants 324,81 10,63

105. | Bare rock or Paved 10,85 0,35

106. | Bare soil/sand 1485,35 48,64

107. Walter 84,82 2,77
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Figure 13. LCZ3 and its different forms. (a) Moosa Colony, low-income informal residential which may have infusion of lightweight
materials; (b) F.B. Area, mid-income planned residential; (c) PIB colony, low-income planned residential. Source: Google Earth, pro.
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Figure 14. Road network vs Built-up LCZ juxtaposition, 2019
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4.1.1. Accuracy Assessment

It can be observed that a portion of LCZ classes, built areas and land surfaces, notably have misclassification
errors. Therefore, an accuracy assessment via a confusion matrix was carried out to assess the performance of the
LCZ map to quantify the inaccuracies. The classification is validated using a new set of randomly selected ground
truth samples different from training areas and digitized from Google Earth. The overall accuracy was found to
be 68.3 %, and Kappa coefficient was 0.53 respectively, which indicated the classified map may need more

scrutiny to satisfy the requirements for further analysis.

The main observations suggest that the heavy industry (LCZ10) seemed to be mistakenly recognized as large low-
rise (LCZ8) as well as compact low-rise (LCZ 3) and may possibly contain large paved surfaces (LCZE). Similar
mixing is the case of compact low-rise (LCZ 3) and compact mid-rise (LCZ 2). Moreover, the findings suggest
that the sparsely built (LCZ9) in open settings is difficult to distinguish such as from bare soil (LCZF) and even
misinterpreted when found in large agricultural fields. The green surfaces (LCZA-D) also seemed to overlap

among each other.

Furthermore, since the high rises were observed to be scattered in very small chunks across the city during the
sampling, it was hard to find training samples with size larger than 100m? which may have likely caused
misclassification (Cai, et al., 2017), or under-classification. These considerations were kept in mind before the

LST retrieval.

4.2. LST Results and Discussion

In general, there are no large variations in the mean LST across built-up LCZ classes. However, contrary to the
common observations where the densely built-up area exhibits highest temperatures and the temperature reduces
with decrease in built-up density, in case of Karachi, during the day the densely built-up areas exhibit lesser
temperatures as compared to the barren surrounding areas as observed in Figure 15. The highest LST values were
observed in the non-urban barren land (LCZG) followed by the sparsely built-up areas with less/no vegetation
(LCZ9). While the coolest LST was correspondent with the water body coverage (LCZG) followed by dense trees
(LCZA). The highest (barren land-LCZG) and the coolest (Water-LCZF) mean LST values insinuate an SUHI
magnitude of almost 15°C. In addition, the results of the LST analysis of the built classes LCZ 1-6 show that the
compact low-rise buildings (LCZ3) and open mid-rise buildings (LCZ 5) were the warmest. Contrarily, the LCZs
that are higher vertically (both, open and compact) except for LCZ5, exhibit lower LST than others. Meaning that
during the day, LCZ1, LCZ4 and LCZ2 are almost 1°C cooler in comparison with LCZ3. One must note here that
despite open arrangement, most of the LCZ5 in Karachi exhibits minimal vegetation. Overall, the warmest built
classes are LCZ7, LCZ9 and LCZ10. Given that the adaptation to climate change holds better scope at the city-
scale (Mills, 2007; Perera & Emmanuel, 2016), the proportion of spatial distributions of LCZs with respect to
LST can identify the overall city impact to identify the collective SUHI effect and will be explored in the next
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chapter. However, further investigations of the SUHI phenomenon at night-time are still needed to understand

the diurnal cooling behavior of these LCZs.

Moreover, there are unlikely (extreme) LST patterns observed within the same LCZs, for instance in LCZ6 in fig.
15. The visual inspection points towards the different amounts of vegetation, spatial arrangement, and aspect
ratios in different geographical vicinity of the city. Further, it was also observed that generally, many of the LCZs
exhibited higher temperatures as they moved away from the coast and hence, the areas closer to the southern side
of the city were cooler in comparison. These findings seem to relate well with previous studies as the literature
identifies the different thermal temperatures within the same LCZs attributing to the impact of street orientation,
street aspect ratio, surface properties (Maharoof, et al., 2020), asymmetric urbanization patterns and even to the
vicinity to the coast (Campbell-Lendrum & Corvala’n, 2007; Chakraborty, et al., 2019) with the sea breeze and
its effects on adding to the moisture and blowing heat away (L1, et al., 2016). Additionally, on closer examination,
the LST maps highlight higher temperature patterns associated with the road/street network as shown in the LST
vs road network juxtaposition in fig. 17. Several other studies have validated these observations concerning the
temperatures of the major roads due to the impervious nature of roads and the reduced likelihood for cooling (Ibrahim,
et al., 2016). However, such observations seem unaligned with shading effects of building on streets during the
day substantiated during the traverse surveys (discussed in 4.3.2). These broad observations implore deeper

analysis of LCZs in the context of Karachi.
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Figure 17. LST juxtaposition with and without the road network, April 2019

4.3. Traverse Survey Results

4.3.1. The IUHI Magnitude

This methodology not only establishes the UHI magnitude and typical thermal characters associated to the
standard LCZs defined by Stewart and Oke (2012), but also provides an introspection into unique combinations
and subclasses of these LCZs in Karachi. This is a relevant consideration bearing in mind the formal/informal
nature as well as mixed built typologies of Karachi’s development. Table 7. identifies the UHI magnitude
observed on each route during the winter 2020 traverse surveys. Through these, the overall UHI magnitude

observed is between 0.99-3.00°C where the results show that the daytime UHI intensity observed is weaker than
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that of night-time, as expected from Oke (1982). However, the night-time traverses identify the highest UHI
magnitude observed on 3rd Feb 2020 i.e., 3°C. The highest UHI magnitude during the day was only half as much
observed on 2nd Feb 2020 i.e., 1.5°C. In general, the results show a lesser temperature variation within LCZs.
However, inter-zone temperature differences tend to be underestimated as temperatures are taken over paved
roads and across areas accessible to cars (Stewart, et al., 2014). Similar observations are the case of many other
cities showing a lesser temperature variation (Eliasson, 1990), while in terms of night-time UHI (Yadav &

Sharma, 2018; Lemonsu, et al., 2015) had similar observations.

Table 7. UHI magnitude on various routes (°C)

Route Dis. Km | Date Time Lowest AT | Lowest AT LCZ | Highest AT Highest AT LCZ UHI Mag.
Route 01 18 31/01/2020 | 14:10-16:50 | -0.115 LCZ6/B 0.88 LCZ5 0.995
Route 02 12 01/02/2020 | 13:50-15:20 | -0,978 LCZ2 0276 LCZ5 1.254
Route 02 (Night) | 12 04/02/2020 | 19:00-21:10 | 0449 LCZ6 1,674 LCZ5 1.225
Route 03 12 02/02/2020 | 15.20-16.50 | -1,484 LCZ1 -0,222 LCZ2 1.262
Route 04 25 02/02/2020 | 14.35-16.35 -0,531 LCZ4 0,937 LCZ3; 1.468
Route 05 (Night) | 36 03/02/2020 | 20:05-21:55 | -1,448 LCZ8 1,55 LCZ1 3.000

4.3.2. Relative Differences in Temperature among LCZs

Figure. 18 and 19 establish the detailed temperature difference profiles on each route and the relative temperature
patterns. The overall pattern identifies the temperature variation among various LCZ classes as well as deflections
across the same LCZs, reflecting the inconsistencies within the same built typologies as observed in LST. During
the day, the coolest LCZs were found to be LCZ 1 and LCZ4 (commercial areas) with the maximum difference
of 1,3 and 1,5 °C respectively from the fixed station, followed by LCZ2. Alternatively, at night, the LCZ8 and
LCZ6 were found to be the coolest with the maximum temperature difference of 1,5 °C from the fixed station.
While the warmest LCZs were noted to be LCZ5 and LCZ 37-compact low rise nested in lightweight low-rise
with the temperature difference of 0,93°C and 0,88°C during the daytimes, respectively. While at night the LCZ4
(commercial) showed significantly high temperatures followed by LCZ1 (Residential- Bahadurabad). Comparing
the temperatures difference associated with each LCZ, the maximum AT was found to be 3 °C between LCZ 1
and LCZ 8§ at night-time while the maximum difference in day time featured between LCZ 37 and LCZ4 where
the AT was found to be 1.5°C.

Also, LCZ3 and LCZ5 (without vegetation) were consistently warm during the day as well as night. Contrarily
despite the absence of greens, the high-rise buildings still showed steadily lesser temperatures during the day. The
extreme temperature pattern associated with high-rises (LCZ1 and LCZ4) at day and night may be explained by
the street level shading effects (Emmanuel, 2006; Jacobs, et al., 2019) as ample shading can lead to stronger
cooling at daytimes and vice versa (Giridharan & Emmanuel, 2018). Similar holds true for compact midrise
(LCZ2) buildings as it was roughly noted that the higher the building height, the lesser the temperature during the
day, especially on route 3. It could be due to the same reason or perhaps the variation in building heights being
beneficial likely for stimulating air movement (Emmanuel, 2006) that the high-rises even in combination with

other LCZs, such as LCZ3/1 on route 1 and LCZ6/1 on route 4 exhibited lesser temperatures as compared to
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standard LCZ classes on the same routes during the day. Such observations also extended towards combinations
of other open LCZs and green covers often serving as relative cold spot among the dense and compact LCZS.
Such as LCZ 6/B on route 1 and LCZ 6/B route 2, along with LCZ 2/D and 2/8 on route 3 exhibited lesser
temperatures as compared to standard LCZ 6 and 2 respectively on the same routes (refer to figure 18 for clarity).
Thereby, identifying correlation between the juxtaposition of LCZs with high rise buildings, open forms, and

green covers in subduing the heat intensity in comparison to standard LCZ zones.

Moreover, it is also observed that despite being characterized as a certain LCZ, there is an effect of the surrounding
LCZs and geographical context on the temperature pattern. For instance, large or open low-rise classes (LCZ8
and 6) adjacent with abundance of soft land covers (LCZ A through D) were observed to greatly modulate the
local warming intensity. As in the Karachi University (KU) vicinity on route 4- 03 February, both the large or
open low-rise classes (LCZS8 and 6) in combination with green land covers(LCZA, B, D) served as the cold spots
during the nighttime. All these observations, although limited, attest that diverse types of adjacent zones influence
the UHI intensity of standard zones (Thomas, et al., 2014 ), and may contribute as cold spots such as in
combination with LCZ1 and 4 and green surfaces in the day and open forms and green surfaces/elements at
nighttime. And for heterogenous cities which are unlikely to have standard zones, such variation may be explored

to find the best possible situations.

It is acknowledged that this procedure may not be reflective of traditional ways, however it does shed light on the
relative temperature patterns of the LCZs and may be useful to assess limited datasets. However, more data in
different times and seasons is needed to establish better understanding and precision. While, it must be noted that
this approach although acknowledges the role of building density, it doesn’t necessarily identify the dynamics of

population density in the temperature patterns due to the density dynamics as discussed in 3.1.2.
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Figure 18. Temperature difference(°C) profiles from fixed station during traverse surveys across the city routes.
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Route 1, 31 January 2020
Time LCZS LCZF LCZ 3-For LCZ 3/1 LCZ 37 LCZ6 LCZS8 LCZ6 LCZ6/B TUHI
FBA SG DG 13D AKUH KDA QM Mag.
o o o e o o sabah 1
v 4 - A ‘;’_‘,‘rﬂ A SRV

Day 0,88 0,75 0,573 0,239 045 0,353 0,066 0,052 -0,115 0,995
Temperature pattern- Day: LCZ5 > LCZF > LCZ3-Formal> LCZ3; > LCZ6 > LCZ3/1> LCZ8 > LCZ6 > LCZ6/B
Route 2, 01-Feb & 04-Feb 2020
Time LCZ 5 LCZ 3-For LCZ2 LCZ 3-Inf LCZ 6 LCZ 3-For LCZ 3/6 LCZ6/B - IUHI

FBA MC KC MC FCA LK MQ QM Mag.
o - - oot 1
el 4F SV v 4V 4V aF .

Day 0,276 -0,323 -0,978 -0,526 -0.393% -0.345 -0,197 -0,58 - 1,254
Night 1,674 0,986 0,779 1,302 0.449* 1,285 1,383 1,03 - 1,225
Temperature pattern- Day: LCZ5> LCZ3/6 = LCZ3 Formal> LCZJ3 Formal> LCZ6 > LCZ3-Infomal > LCZ6/B > LCZ2
Temperature pattern- Night: LCZ5> LCZ3/6> LCZ3-Infomal > LCZ 3-Formal > LCZ6/B> LCZ3- Formal = LCZ2 > LCZ6
Route 3, 02-Feb 2020
Time LCZ2 LCZ2 LCZ2 LCZ2D LCZ2/8 LCZ 4 LCZ4 ICZ1 LCZ4 TUHI

SB PM SD AB NED HBL LL LI.CR FTIC AM Mag.
v | Vg
L | BT | B | BT | S| i

Day -0,698 -0,222 -0,372 -0.631 -0.8 -0.938 -1,246 -1.484 -1,296 1,262
Temperature patter - Night: LCZ2> LCZ2> LCZ2/D> LCZ2 > LCZ 2/8 > LCZ4> LCZ4 > LCZ4 > LCZ1
Route 4, 02-Feb 2020
Time LCZ 37 LCZ 10 LCZ 10 LCZ2 LCZ A/F LCZD LCZ 4 LCZ 6 LCZ 1/6 IUHI

MC WW WWR KH MF BQP DM DH DA Mag.
’ P, £ _— llﬂ!l Bads
| W) W s | e Y| | i

Day 0,037 0,06 0,115 0,244 -0,005 20,244 -0,531 -0,005 -0,161 1,468
Temperature pattern- Day: LCZ37 > LCZ10 > LCZ1/6> LCZ AF=LCZ6 > LCZ2 =L.CZD > LCZ4
Route 5, 03-Feb 2020
Time LCZ8 LCZ2 LCZ1 LCZ 4 LCZ8 LCZ 4 LCZ 6 LCZ 6 LCZ8 IUHI

AKUH BB BB BB JPMC SHF KDA KUR KU1 Mag.
2 shage® oy AN AR, 22t
e | | ey | A LB | G | g
Night 0,781 0,826 1,374 1,239 0.744* 1,552 1.139* -0.805 -1.448 3,00
Temperature pattern- Night: LCZ4 > LCZ1 > LCZ4 > LCZ8 > LCZ6* *LCZ2 = LCZS

Figure 19. Temperature difference(°C) patterns in LCZs during traverse surveys.

Note 1: Image source: Stewart and Oke (2012) and self-elaboration. References: ‘For’ refers to the formally planned ; ‘Inf’

refers to informally planned; the */° between LCZs refers to the edge between two LCZs, this may be a road dividing two

LCZs or

a junction *

" on the temperature values shows the unstable( decreasing or increasing) temperature trend while

the temperature is noted.
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Analysis of Current Conditions

Chapter 5.

The previous section has identified the dominant LCZs in the city along with the respective temperature trends
substantiated with LST maps and traverse surveys. This also tracked the unique behavioral identification of
patterns relating to spatial arrangement, greens, vicinity to coast, effect of adjacent LCZs and other urban
elements. This section extends this analysis and collectively looks at the results of all three of the previous
methods to identify the most critical zones. The points of discussion are the future LCZ trends and associated
heating, role of density and effects of street canyons on thermal comfort and usage typology of LCZs, among

others.

5.1. Trend Identification

The LCZ map of the Karachi shows an irregular pattern which conforms to its heterogeneity. Further, within the
built forms (1-6), open and compact low-rise (LCZ3 and 6) are the majorly dominant LCZs and present us with
the possible juxtaposition of both, the formal and informally planned areas. Given the current information of
LCZs and their impact on the temperature trends, it is possible to estimate the likely UHI in the rapidly evolving
areas of the city. This is studied via two methods. Firstly, a comparative cross analysis of overall LCZ change is
explored for year 2009-2019 to shed light on the anticipated/potential increase in the LCZs in the future. And
secondly, by extrapolating the expected effect on the temperature and local warming in the ‘built up’ LCZ classes
(LCZ 1-8) when these are subjected to more intense developments. Both exercises will not only inform future

directions but will also allow preparedness in extreme cases.

5.1.1. Simulating LCZ Maps for 2009 and 2019

Researchers have widely employed LULC studies to quantify urban change detection (Aguirre-Gutiérrez, et al.,
2012; Zhan, et al., 2002), urban climatic effects (Auer, 1978; Kotharkar & Surawar, 2016; Mustafa, et al., 2019),
and environmental variables on urban-rural land dynamics. However, it is argued that such traditional approaches
are based on inconsistent scopes and functions (Stewart & Oke, 2012) due to a lack of a standardized classification
system (Verma & Jana, 2019). The absence of strict class boundaries and a well-documented approach to generate
these maps has resulted in opting for subjective requirement-based classes to distinguish intra-urban features
(Verma & Jana, 2019) and are even often incapable of quantifying factors of change and multilevel relationships
(Millington, et al., 2018). Since, the LULC’s purpose or intent of design hasn’t been to classify heat island field
anyway, the LCZ as a standard well-classified research framework may be construed as an equivalent to LULC
for UHI studies (Stewart & Oke, 2012). The previously LULC studies in Karachi (Yasmeen, et al., 2017; Zaidi
& Zafar, 2018; Raza, et al., 2019; Mangi, et al., 2020) fail to detail out the climate-based classifications and
change. Therefore, a percentage-based assessment with respect to LCZs is attempted in this study. In this case,

another LCZ map was generated for 2009 along with the already developed 2019 LCZ map where the same
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WUDAPT sampling procedure as mentioned in 3.2.1 was carried out. However, Landsat 5 dataset was used
instead of Landsat 8 for 2009 (as recommended by http://www.wudapt.org/prepfeat overview/path2step3a/) as
Landsat 8 data is available only after 2013. The new developed map is manually compared to determine accuracy

from Google Earth. Both maps are further analysed to establish the specific change in the land use.

5.1.2. LCZ Change Trends and Discussions

From an LULC perspective, previous studies substantiate that the built-up areas of Karachi have been expanding
intensively overtime (Mangi, et al., 2020). This multiyear analysis of LCZ change verifies this claim as the built
cover increases from 690,10 km? to 1022,82 km? from 2009 to 2019 along with the identification of specific
classes. Various accounts have attested to the expedient change of land use in Karachi where both the formal and
informal settlements have noted the low-rise residences and other such buildings being expanded vertically and/or
being consumed into high-rise developments (Hasan & Mohib, 2003; Khan, 2010; Hasan, 2016; The News, 2019)
along with subdivisions of larger plots (Anwar, 2012). The resultant substandard narrow building blocks (Hasan,
et al., 2017) not only impact the over densification across all classes, including the illegal (UN-Habitat, 2017) and
the informal (Hasan, 2016), but also pose major risks of system collapse in the absence of any civic infrastructure,
service provisions and environmental reporting to support such changes (Anwar, 2012; DAWN, 2016). These
discussions insinuate a probable change of low-rise classes (LCZ6 and LCZ8, and LCZ3) to further compaction

or conversion into high and mid-rises (i.e., LCZ1, LCZ4 and LCZ3, and LCZ2 and LCZ1, respectively).

This study validates this assertion as the comparison of both the maps identify that generally significant areas of
the built-up area in Karachi remain low-rise (LCZ3 and LCZ6) in both the years, however, LCZ6 is the only as
well as massively decreasing LCZ class observed in terms of area, while LCZ3 and LCZ2 are hugely increasing.
This implies the identification of vertical and/or horizontal expansion among the low-rise and/or less dense LCZ
types. Meanwhile, several areas along major roads are witnessing an infusion of mid-rise and high-rise blocks (a
change from LCZ6 to LCZ1, 4 and 2). However, the change observed in LCZ1 and LCZ4 is quite insignificant
to other LCZs, albeit, it shows strong inclination towards this trend in future. Moreover, the huge increase in
sparsely built class (LCZ9) affirms the growing sprawl development as observed by Raza, et al. (2019). Both
these trends authenticate the vertical as well as horizontal densification of the city. This also establishes the claim
of heavy strain on the resources of the city, and questions whether such densification is supported by
infrastructural layout and amenities of the city. Meanwhile, the hugely diminishing green areas which pretty much
illustrates in the significant reduction in LCZA-D(14%) and water resources(1%) along with the substantial
increase in barren land (3,8%) not only justify the previous claims of the urban development costing the cut down
of trees and vegetation, diminishing greenbelts (Qureshi, et al., 2010; Raza, et al., 2019) and the surrounding
agricultural land, and the reclaimed land from the sea (Mangi, et al., 2020) but also identify the current city’s GI
to be in a disproportionate state (Qureshi, et al., 2010). These results recognize the previously identified challenges

to UHI, i.e., the increase in density, urban sprawl, unplanned growth and the shrinking green areas (Anwar, 2012).
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Table 8. clearly identifies the LULC statistical change from 2009 to 2019, table 9 depicts the rate of change in

built-up areas between the time frame of 2009 to 2019, while the fig. 20 shows visual evaluation of both the maps.
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Figure 20. LCZ maps of Peri-urban Karachi, 2009 & 2019

Table 8. LULC statistics, 2009 and 2019

LCZ Distribution | 2009 2019 Change Detection

Km? % Km? % Km? %
Built-up 690,10 22,82 1022,82 33,83 332,71 11,00
Agriculture 871,44 28,82 419,22 13,86 -452,21 -14,95
Hard Surface 5,18 0,16 10,85 0,35 5,67 0,185
Barren 87,34 2,86 1485,35 48,64 116,45 3,8138
Water 87,34 2,86 84,82 2,77 -2,52 -0,082




Table 9. LCZ Change statistics, breakdown of built-up 2009 and 2019

Type 2009 2019 Change Detection
LCZ Km? % of Built- | Total Built- | Km’ % of Built- | Total Built- | Km’ % of Built-
up Area up Area up Area up Area up Area
Compact High-rise 1,30 0,0013 690,10 2,83 0,003 690,10 1,53 0,0016
Compact Mid-rise 18,56 2,70 30,87 3,34 12,30 0,64
Compact Low-rise 124,91 18,19 145,09 15,72 20,17 -2,47
Open High-rise 9,56 1,39 13,60 1,47 4,03 0,08
Open Mid-rise 1,48 0,21 17,73 1,92 16,24 1,70
Open Low-rise 157,48 22,93 138,32 14,98 -19,16 -7.94
Light Weight Low-rise 13,36 1,946 40,23 4,359 26,87 2,413
Large Low-rise 37,98 5,93 75,26 8,15 37,27 2,622
Sparsely built 136,04 19,81 331,19 35,88 195,15 16,071
Heavy Industrial 189,37 27,57 227,64 24,66 38,27 -2,914
LCZ A Dense tree 42,47 1,39 3022,97 30,33 0,99 3022,97 -12,14 -0,39
LCZ B Scattered trees 3,47 0,11 12,90 0,42 9,43 0,308
LCZ C Busl/ shrubs 386,26 12,65 51,17 1,67 -335,09 | -10,97
LCZ D Low plants 439,22 14,38 324,81 10,63 -114,40 | -3,74
LCZ E Bare rock or paved. | 5,18 0,16 10,85 0,35 5,67 0,185
LCZ F Bare soil or sand 1368,90 44,83 1485,35 48,64 116,45 3,8138
LCZ G Water 87.34 2,86 84,82 2,77 -2,52 -0,082

5.1.3 Future LCZ Development and Implications for Urban Planning

To identify which modifications hold the most harmful heating implications, a scenario of land use and planning
proposition is studied. By appropriating Perera & Emmanuel’s strategy to predict the likeliness of local warming
in the ‘built-up’ LCZ classes (LCZ 1-8) when these are subjected to more intense development, an attempt is
made to possibly guide future developments with the issues of land use and associated thermal effects (Perera &

Emmanuel, 2016) to incorporate climate-sensitive planning.

The satellite imagery data has limited capacity in terms of spatial and temporal resolution (Voelkel & Shandas,
2017), and thus considered too broad to take preventative actions (Sobrino, et al., 2011) as the temporal
insufficiency deprives the understanding of how fast specific areas heat up or vice versa (Voelkel & Shandas,
2017). Alternatively, ground-based measurements serve as a balanced approach in potentially providing accurate
readings throughout the day (Yokobori & Ohta, 2009; Kotharkar & Surawar, 2016). Therefore, to analyze future
LCZs and their associated thermal behavior, the maximum temperature differences acquired via traverse surveys

are extrapolated for the day and night times.

5.1.3.1. Transformation- Extrapolation of temperatures
The results of Table 10 and 11 allow identification of the possible extent of temperature changes in future
scenarios. At daytime, all LCZ intensifications lead to cooling effects except for open mid-rise (LCZ5), and
mostly increase as the LCZs go higher in terms of height. However, the same association to building heights at
night-time leads to extreme heating. This night-time UHI is pertinent given that people spend a significant amount
of time indoors (Giuli, et al., 2012; IWBI, 2019), particularly during night-time and the high susceptibility of
outdoor temperature impacting indoor is high for naturally ventilated buildings (Jacobs, et al., 2019). Further,
under the pretext that LCZ 6(open low-rise) and LCZ8(open low-rise) (as discussed 5.1.2) are drastically being
transformed in to LCZ4, LCZ1, LCZ5 and LCZ2, it is evident that all the tentative intensifications cause extreme
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local warming at nighttime except for LCZ 2, with the greatest nighttime heating observed in LCZ1, LCZ4 and

LCZ5, i.e., 2,81 °C, 2,99°C and 3,11°C respectively. Given the above repercussions of high-rises, the previous

legislations in Karachi in favor of high-density zones not just merely exploit enhanced constructions (with

increased building sizes and elimination of setbacks) along with a disregard for corresponding infrastructure and

utility networks (DAWN, 2016), but their growing numbers now may also insinuate extreme climatic

consequences at the city scale if unregulated.

Meanwhile, horizontal densification of low-rise towards a more compact form i.e., LCZ6 to LCZ3 also induces

1,78 °C at nighttime. Since LCZ3 is already dominant in the city, more additions may have a disproportionate

temperature impact on the overall city heating. While interestingly the vertical transition of LCZ3 (formal and

informal towards LCZ2) seems to be most stable, balanced and least harmful change from a diurnal perspective.

Lastly, the most beneficial transformation is LCZ8 changing into LCZ6 with a reduction of 0,33 °C, at daytime,

and the least temperature increase at night i.e., of 0,64 °C.

Note: It is recommended to carry out this study with values verified with a bigger data set across different season.

However, this exercise has merely utilised the limited dataset for this thesis purpose only due to covid-19

limitations and may not be reflective of summer extremes as the dataset was gathered in the winter season.

Table 10. Projected daytime temperature differences

Existing LCZ Projected LCZ

LCZ Title 1 2 3-For 3-Inf 4 5 6 8

1 Compact High-rise -1.48

2 Compact Mid-rise -1.48 -0,97

3 Compact Low-rise -1.48 -0,97 -0,33 -0,52

4 Open High-rise -1.48 -0,97 -0,33 -0,52 -1.12

5 Open Mid-rise -1.48 -0,97 -0,33 -0,52 -1.12 0,88

6 Open Low-rise -1.48 -0,97 -0,33 -0,52 -1.12 0,88 -0,393

7 Light weight low-rise -1.48 -0.97 -0,33 -0,52 -1.12 0,88 -0,393

8 Large Low-rise -1.48 -0,97 -0,33 -0,52 -1.12 0,88 -0,393 0,06
Table 11. Projected night-time temperature differences

Existing LCZ Projected LCZ

LCZ Title 1 2 3-For 3-Inf 4 S 6 8

1 Compact High-rise 1,37

2 Compact Mid-rise 1.37 0,82

3 Compact Low-rise 1,37 0,82 0,98 1,30

4 Open High-rise 1,37 0,82 0,98 1,30 1,55

5 Open Mid-rise 1,37 0,82 0,98 1,30 1,55 1,67

6 Open Low-rise 1,37 0,82 0,98 1,30 1,55 1,67 -0,80

7 Light weight low-rise 1,37 0,82 0,98 1,30 1,55 1.67 -0,80

8 Large Low-rise 1,37 0,82 0,98 1,30 1,55 1,67 -0,80 1,44
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5.2. Collective Results for LCZ map, LST, Traverse Surveys

This section collectively explores the comparative relationships between temperature patterns obtained from LST
maps and traverse surveys (day and night) in the standard LCZ 1-6 to identify the most sustainable LCZs with
the least harmful warming effect and vice versa. The hypothesis is that each LCZ demonstrates unique and typical
character due to the different building density, surface features (Ansar, 2012) and exposed surface area
(Emmanuel & Steemers, 2018) and hence, may offer inter-comparisons for identifying the most critical zones.

For comparative purposes within typical LCZs, all transitional LCZs are disregarded for the summary.

5.2.1. Summarized Results

Table 12. identifies that all three patterns show mostly coherent results. During the day, both the LST and the
traverse surveys identified LCZ3 and LCZ5 as the warmest built-up LCZs. Meanwhile, although LCZ1 and LCZ4
are the coolest at daytime in both the methods, their nighttime temperatures are the warmest in comparison. This
suggests an association of building height contributing to the comparative coolness in the day and vice versa.
Moreover, even though LCZ3 may not be the warmest at nighttime, it consistently remains a high temperature
zone, however, LCZ2 despite being denser than LCZ3, seems to perform better i.e., less warmer in comparison
with LCZ3 for both the day and nighttime. Also, it is important to simultaneously analyse the spatial coverage
associated with these LCZs since LCZs with major heat impact covering a huge chunk of the built area may have
a city level implication in contributing to UHI development. The spatial coverage (as observed in 5.1.2.) suggests
that LCZ3 is the most dominant (15%) among the built-up classes1-6 at this point of time and may likely continue
to do so. And therefore, the current thermals pattern may lead to consistently high day and nighttime temperature
for a huge area of the city. Meanwhile, LCZ 1 and 4 although currently insignificant in size, are likely to increase
in future, thereby causing extreme temperature repercussion for the nighttime. While the increasing LCZ2 trends
may play a cathartic role to balance the repercussions of other LCZs. Generally, the nocturnal temperatures
observed in compact built zones tend to be highest, followed by open built zones with the exception of LCZ5
which has been observed to be consistently one of the warmest. Such observations are also seen in other
comparative studies (Stewart, et al., 2014; Middel, et al., 2014). Also, given that densification is a widely
supported strategy in urban planning (Lemonsu, et al., 2015) where high-building with open spaces are advised
in order to meet the density needs and yet leave room for open space, this exceptional role of LCZ5 suggests that

it may exacerbate thermal effects and hence, not recommended at this point for future developments.

Given this exercise, the next chapter explores LCZ3 along with LCZ 1 and 4 to derive a better understanding with

reference to the thermal comfort and functional roles and follows mitigation for the critical areas.

Table 12. Comparative summary of the Tair pattern in LCZ 1-6

Method Time Indicator °C Summary of the temperature difference (AT)

LST Day Tair LCZ5>LCZ3>LCZ6 > LCZ2 > LCZ1 > LCZ74

Traverse Surveys Day Tair LCZ5> LCZ3-Formal > LCZ3-Informal > LCZ6 > LCZ2 > LCZ7Z4 > LCZ1
Traverse Surveys | Night Tair L.CZ4 > L.CZ1 > LCZ5 > LCZ3-Infomal > LCZ 3-Formal> LCZ2 >1.CZ6
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5.3. Street Canyons and Thermal Comfort

‘Streets’ are identified as the most fundamental and stable element in the physical urban form due to their greater
resistance to the process of urban transformation as well as their capacity of serving as the only open public space
in most urban areas (Maharoof, et al., 2018). Although, in Karachi, streets are starting to identify as the opposite
in terms of resistance to the vertical street character due to their susceptibility to new commercial developments
and vertical expansions (Anwar, 2012), however, the latter identification of streets as the only open public space
couldn’t be truer with the intensely rising compact built character, the diminishing green and open areas of
Karachi (DAWN, 2019). Moreover, along with the streets/urban canyons being a dominant element in traditional
place/zone-based approaches to urban planning with their value associated with placemaking, a similar
association is carried forward in urban climatology in enhancing thermal comfort (Maharoof, et al., 2020) and
building energy (Stremann-Andersena & Sattrup, 2011). In this process, acknowledging the influences of the
street on the typology/functional role is an important consideration despite the applicability of LCZ classification
(Mabharoof, et al., 2018). Moreover, as discussed in 4.2. and 4.3.1, roads and street network exhibit higher
temperatures during the day in LST analysis, while patterns in the traverse surveys identified the opposite that the
building heights around streets exhibit lower temperatures due to shading effects, even substantiated by other
studies (Emmanuel, et al., 2007; Emmanuel & Fernando, 2007). Thereby, the dubious role of streets and roads in
Karachi implores a deeper investigation in different contexts and functional scenarios and may be well-related to
the street aspect ratios. The present study explores the association between Tair along with DI and TI (detail of

indices in 2.6.1) and the street aspect ratios (AR) to find correlations for the outdoor thermal comfort.

Note: HI is valid for air temperatures above 20°C (Blazejczyk, et al., 2012) and since this dataset is conducted
in winter, some measurements may not satisfy the criteria. And hence, DI also assessed simultaneously as an

alternate

5.3.1. Scenarios Investigated for Thermal Comfort

The section assesses the role of street canyons based on time of occupancy and thermal comfort. The three street
typologies explored are, Casel- the central business district dominated by high-rise building (LCZ1&4) in several
variations of street canyons; Case2- the residential area of “Bahadurabad”, a mid-high-income neighborhood
mostly dominated by high-rises (LCZ1&4) on the main street and LCZ6 otherwise; and Case3- two high-density
low-rise (LCZ3 formal and informal) residential neighbourhoods in F.B. Area, i.e., (a) Moosa colony- a

residential informal settlement and (b) Memon colony, residential planned settlement, as shown in fig 21.
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Figure 21. (i) Case 1, Central Business District- Commercial Area, (ii) Case 2, Bahadurabad- Residential Area, (iii) Case 3, (a) Moosa
Colony and (b) Memon Colony- Residential Area. Source: Google Earth Pro.

Table 13. Case 1, LCZ1 & 4, Central Business District- Commercial Area

Type LCZ Street Street H/W=AR Tair°C TI°C | DI°C | Dif. from Fixed °C | Tair at Fixed °C
orient. prof.
LI Chand. Rd LCZ4 | E-W A 0.93 26,44 26,01 | 21,71 | -1,24 27,23
B 1.44 26,16 2588 | 21,59 | -1,13 27,29
C 1.5 25,98 258 21,57 | -0,93 27,38
Sh.-Liaquat Rd LCZ1 | NE-SW | D 2.08 25,75 2560 | 2122 | -1.48 27,23
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Case 1, LCZ1 and 4 Commercial( Only Day time)
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Table 14 .Case 2, LCZI-Residential Area
Type LCZ Street Street H/W=AR | Tay°C TI°C DI°C | Dif from Fixed °C | Tajat Fixed °C
orient. prof.
Bahadurabad LCZ1 | NE-SW | A-Day 3.6 25,78 26,16 2221 - -
A-Night 20,03 | 2434 | 18,87 | 1,374 18,65
LCZ4 | NE-SW | B-Day 1.78 25,70 26,10 22,14 - -
B-Night 19,98 24,36 18,83 1,2393 18,74
Case 2, LCZ1 and 4- Residential
26,5
255 \
24,5 <
23,5
22,5 P—
21,5
20,5
19,5 -
18,5
3,6 Day 1,78 Day 3,6 Night 1,78 Night
®==TAir ®==H| ®==D|
Table 15. Case 3, LCZ 3 Residential Area
Type LCZ Street Street H/W= Tae°C | TI®C | DI®C | Dif. from Fixed °C | Tairat Fixed °C
orient. prof.
Moosa Colony | LCZ3- NE-SW A-Day 3.6 26,58 25,86 21,34 -0,534 27,11
Inforal A-Night 22,93 [ 2509 | 2035 [ 1,302 21,63
Memon LCZ- NE-SW B-Day 3 26,24 25,75 21,32 -0,328 26,55
Colony Formal B-Night 23,25 24,98 21,17 0.986 22,26
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Case 3, LCZ 3 Residential
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5.3.2. Results

In case 1, it was previously established that LCZ4 and LCZ1 are cooler in Ta;r as compared to other LCZs during
the day. The detailed introspection, table 13, shows that for commercial developments, there is generally a
synonymous behavior of different street widths and aspect ratios in LCZ4, however increasing the aspect ratio
resulted in slightly lesser effects consistently. Moreover, LCZ1 seems to be more efficient in term of TI, Tair, DI
in all three as compared to LCZ4, albeit the differences are minute. Although, this area is characterized as LCZ4
due to the building aspect ratios and built form, the vegetation or trees are sparse in the immediate vicinity. Based
on this limited dataset, LCZ1 seems like least harmful in the daytime, and may suit well for the areas with daytime

uses.

While in case 2, despite a huge variation of aspect ratios, on street level both residential scenarios present similar
observations. There is no insightful difference in terms of Tair, HI or DI observed apart from the fact that in both
cases night-time temperatures are much higher than that on fixed station and the HI values remain high even at
nighttime despite a significant drop in Taj, as shown in table 14. Similar extends to case 3 as well as although the
low-rise informal developments have higher aspect ratios in LCZ3, their thermal effects do not display much of
an exaggerated difference in Tai, HI or DI as compared to the formal settlements but both scenarios are

consistently high in HI values for nighttime despite lower temperatures, as shown in table 15.

This small data set acknowledges the shading effect of deeper street canyons in creating lesser impacts on Tair,
HI or DI in the daytimes, however, it doesn’t identify a significant impact of the variation of aspect ratios within
the same LCZ apart from case 1. However, it is evident that mitigations need to be evolved for night-time thermal

comfort along with Tair in LCZ1 and LCZ4 residential and LCZ3 residential.
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Options to Enhance Climate-Sensitivity of Karachi

Chapter 6.
6.1. Discussions

This section follows the previous analysis and builds on other studies pertaining to UHI to find niches of

opportunity within the current climate situation of Karachi and ways to ameliorate the negative areas.

6.1.1. Positive Trends vs Negative Trends

The high-rise LCZs in Karachi offer contrasting temperature observations for day and night. However, the link
between urban canyons and building energy use offers a complex juxtaposition and opportunity with the climatic
factors and usage patterns of urban spaces and buildings. Such as in hot regions, the alignment of timing of use
and shading provided by deeper forms is reciprocally beneficial for both, the outdoor as a ‘solar umbrella’
(Emmanuel, 1993) and indoors via decreasing the energy demand, such as for areas with dominated commercial
buildings with peak daytime functions (Futcher, et al., 2013). Hence, the so appearing dichotomy may suit the
commercial high-rises (LCZ1 and 4) in Karachi. However, the implication of the urban canyon geometry has
varying effects on residential and office building types (Stremann-Andersena & Sattrup, 2011) as this limited
daytime phenomena (Brazel, et al., 2000; Georgescu, et al., 2011) of ‘cool island’ effect (Pearlmutter & Berliner,
1999) may contrarily lead to greater UHI intensity at night (Emmanuel, 2006) and hence, dis-serve other building
typologies whose occupancy is independent of peak insolation hours (Emmanuel & Steemers, 2018). This trend
under deeper consideration of disadvantages like the potential decrease in ventilation and night-time cooling of
buildings (Emmanuel, 2006) may even be disastrous for Karachi. This study has validated the extremity of these
assertions via traverse surveys (4.3.2) as well as thermal comfort analysis (5.3.1) for both, residential and
commercial buildings. And it has been established that along with air temperature, the thermal comfort also needs
attention at nighttime as despite the reduction in air temperatures, the thermal comfort values yet remain high.
And although, this LCZ in question only features an insignificant of chunk of built-up area at this point, the strong
likeliness towards future developments under these heating implications further jeopardizes the climatic situation

for Karachi besetting the city with extreme dangers of local warming.

Meanwhile, Karachi is facing a considerable increase in compact midrise(LCZ2) buildings which may continue
to grow, however this LCZ offers a more stable transformation in comparison to high-rises by offering sufficiently
low daytime temperatures as well as moderate warming intensity at night. Alternatively, the regularised midrise
buildings are also suggested as a viable density tool in converting the informal settlements to serve the dire
housing needs of the Karachi (Hasan, 2020). Thereby, this balance between accommodation needs, climatic
effects and their confluence with the ongoing urban development trends may be a blessing in disguise for

Karachiites.
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Moreover, generally the dynamics of ventilation are crucial in buildings with the consideration of energy
efficiency and reducing environmental load (Hyde, 2000), albeit this consideration is more pertinent for Karachi’s
disadvantaged settlements with poorly constructed free running buildings with issues of affordability of heat
alleviating amenities (Nazrul Islam & Winkel, 2017) as well as frequent protracted spans of power outages
(Samaa News, April 2018). These may likely be the informal settlements in LCZ3 which Karachi is in abundance
of, that remain consistently warm at all times. In these compact communities with extremely narrow streets, the
outdoor temperatures are bound to impact the indoor temperatures due to impeded airflow between the built
spaces and adjacent environments (Nicol, et al., 1999). Hence, these settlements are at the losing end with the
implications of reasonably expected strong relationship between indoor and outdoor temperature (Jacobs, et al.,

2019) as well as the vulnerability dimensions.

6.1.2. High-Density/Population Debate

The UHI literature recognizes the role of population, urban density and street canyons in urban thermal
environments (Toy & Yilmaz, 2010) and advises high-density developments as a viable strategy for UHI
mitigation (Emmanuel & Fernando, 2007). And with this statement, it is contradictory that Karachi, despite being
considered high-density is majorly dominated by low-rise zones (LCZ3 and LCZ6), and yet exhibits a
considerable UHI magnitude. Hence, it is imperative to establish that the typical reference to the high-density
developments in literature recommendations is the idea of urban-area geometry enhancement/manipulation via
taller buildings/high-rises (Rescha, et al., 2016), and not necessarily high population density. whilst, it must be
understood that the dynamics between outdoor climate, population density and urban form are context oriented
(Chatzipoulka & Nikolopoulou, 2018) and relative to the community of the development (Urban Land Institute,
2005). Subsequently, the recent literature evidences that density and height of the built form may not be
synonymous, unlike the popular opinion that high densities can only be achieved via high buildings (Steadman,
2017). Chatzipoulka and Nikolopoulou (2018) offer insights to define ‘urban form’ in relation to ‘density’ and
differentiate between ‘horizontal” and ‘vertical’ densities. They assert that to achieve a certain level of density,
the horizontal surface coverage or the vertical building height may be altered (Chatzipoulka & Nikolopoulou,
2018). While, in case of Karachi, the characterization of high density, more obviously seen in the growing
compact informal settlements with excessively overcrowded living conditions (Hasan, 2016), may be an intense
combination of both the vertical as well as horizontal densities characterized with intensely high population
density, and hence may require targeted interventions. Additionally, this also establishes that the LCZ studies do
not necessarily identify the population dynamics as the population density is a relative concept in Karachi based
on the socioeconomic situations, not merely the built form. In this context, the density analysis and its effect on

temperature need to be understood as;

e The connotation of high-density does not translate into high-rise buildings in Karachi as LCZ classes

vertically high featuring higher aspect ratio may not be equivalent to high population density given the
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disparity in formal / informal growth and dominance of highly dense compact low/mid-rise informal

developments.

o The high-rise buildings have contradictory roles for day and nighttime heating patterns and may instigate

positive or negative implications based on usage.

e Karachi is anticipated to have increasing number of high-rise buildings and the intensification of the
already high population density (Mangi, et al., 2020), both critical for UHI formation (Coutts, et al., 2007;
Kotharkar & Surawar, 2016) and causing/increasing vulnerability towards heat health risks (Harlan, et

al., 2006; Dolney & Sheridan, 2006; Tomlinson, et al., 2011; Hass, et al., 2016).

6.1.3. Disproportionate Vulnerability and Adaptations to UHI Exposure

The consideration for vulnerability is essential in developing cities given the massive volume of vulnerable
populations forming a majorly ignored stakeholder. It is asserted that vulnerability is not just a condition, but a
consequent process of the physical, social and environmental factors that enhances the susceptibility to the impact
of hazard (Westlund, et al., 2007). It also entails the response and coping mechanism to withstand or react to a
disaster (Rafiq & Blaschke, 2012). In case of UHI, although atmospheric conditions form its basis, the features
of the human systems such as the intra-city socio-economic disparity, characteristics of individuals/community,
building structure and density and the resultant inaccess to resources (Wilhelmi & Hayden, 2010) not only cause
the disadvantaged groups to suffer disproportionately from the adverse effects of climate change (Nazrul Islam
& Winkel, 2017), elevated heat exposures (Solecki, et al., 2005; Chakraborty, et al., 2019; Jenerette, et al., 2007),
socio-economic vulnerabilities (Uejio, et al., 2010; Nayak, et al., 2018) and susceptibility towards associated
health hazards but also determine the response mechanism/adaptive ability to cope with these exposures
(Wilhelmi & Hayden, 2010; Nazrul Islam & Winkel, 2017). These effects also stretch towards mitigative
capacities to UHI, for instance GI and green features. Despite the incessant recognition as a UHI mitigation
strategy, three factors impede the practical utility of these vulnerable neighborhoods to adopt it. These include,
less available open space for tree planting in compact areas (Solecki, et al., 2005), weak structural integrity of
built forms to support roof/wall greens (Naveed, 2017), and the need for water (Lemonsu, et al., 2015) and its
varying economic and social equity implications associated across neighbourhoods (Jenerette, et al., 2011),
especially, in the dry and arid cities like Karachi with dire shortage of water in the informal settlements (Anwar,
et al., 2019). Hence, despite appearing the most sustainable option, it may not be ideal from a human vulnerability
viewpoint (Jenerette, et al., 2011; Middel, et al., 2012) and of least potential benefit (Solecki, et al., 2005) for the
less affluent neighbourhoods in dry-arid regions facing the greatest hazard potential. Hence, these observations
not only entail a comprehensive understanding of the complex interplay between the temporal and spatial
phenomena but also implore a recognition of the qualitative and quantitative attentions (Stremann-Andersena &

Sattrup, 2011) for bespoke identification of drivers to UHI and mitigation capacities.
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Bearing in mind all these discussions, the informal developments which may potentially be a major part of LCZ3
thus, not only identify as highly dense in terms of population but may also be contrasted with social and
environmental vulnerability dimensions which highlight its potential to risks and preparedness concerns for UHI.
Hence, the LCZ3 with the current dominance in the city scale, likeliness towards further growth and extreme
temperature patterns in parallel with vulnerable populations and lack of planning and guidelines in case of
informal situations unanimously distinguish it as the most critical LCZ. Therefore, further simulations and
mitigations will be studied specific to this LCZ class. The most common mitigation scenarios have been
appropriated according to the contextual limitations. And even though green elements as a mitigation scenario
are unlikely given the above-mentioned considerations, a hypothetical scenario of green roof is still simulated for

comparative purposes.

6.2. ENVI-met Simulations Results- Comparison of Mitigation Strategies

The ENVI-met process and protocols specific to LCZ3 are explained in 3.4. The simulated cases identify the

following observations:

» The largest day and nightme Tai decrease occur with the density manipulations followed by high albedo

strategies leading to the second lowest Tair. While no noticeable improvement is seen with the green scenario.

* The most significant Ta;- differences during peak day hours are observed in the ‘Medium Density’ scenario with
the difference of 3+°C from the ‘Base Case’, however, the night-time temperatures show lesser effects i.e., almost

1°C lesser temperature than that of ‘Base Case’ and all the other mitigation scenarios.

* The second most significant Ta;: differences during peak day hours are observed in the ‘High albedo’ scenario

with the difference of 1+°C, however, at night-time, there was no considerable difference.

* Meanwhile, greater variation was observed in terms of daytime MRT. The lowest spread of MRT occurred in
the ‘Medium Density’ scenario. While during the daytime, the ‘High albedo’ scenario strikingly accentuated the
effect of MRT up to 14-15°C greater than that of the base case making the thermal comfort situation much over
the comfort zone (extreme danger state). However, the night-time results of the ‘High albedo’ showed slight

increase in the thermal comfort intensity.

» The MRT variations in the ‘Medium density’ scenario at peak day hours was up to 4-5°C lesser than the base
scenario. While as observed in case of Tai, no noticeable MRT improvement is seen with the green scenario.
Generally, the overall night-time MRT variations were small but the ‘Medium Density’ scenario performed the

best.

Generally, it appears that density enhancement has a positive mitigating effect, although more pronounced on
MRT than Tai. With this implication for lower thermal discomfort in the heavily built sections of the city and

given the likeliness towards such future trends, the density manipulation might prove as a viable UHI mitigation

58



choice. However, the entirety of these interventions i.e., the associated adverse effects like air circulation and
pollution distribution need to be assessed further to allow well-rounded recommendations. Alternatively, high
albedo leads to significantly lower daytime temperatures, but holds extreme consequences in terms of thermal
comfort. Moreover, the practical utility of high albedo interventions is dubious, hence it may serve as an
alternative strategy (Emmanuel & Fernando, 2007) for reducing temperatures. This study further endorses that
the approaches that lead to better Tair may not automatically have synonymous effects on the thermal comfort

(Emmanuel & Fernando, 2007; Emmanuel, et al., 2007).
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Figure 22. Comparison of (a)Air temperatures and (b) Mean Radiant Temperature for different UHI mitigation scenarios measured at 1.5
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Conclusions and Limitations

Chapter 7.
7.1. Results

The scope of urban climate studies, particularly UHI investigations, is nascent in Karachi. As a pioneer study,
this thesis appropriates the application of LCZ framework along with LST analysis and traverse surveys and
delivers a multidimensional process within a complex urban fabric to study UHI and its effects to facilitate

climate-sensitive urban planning and mitigations.

For LCZ classification, although the WUDAPT method offered a simple process and yet established an accuracy
of 68% in the data-scarce developing context of Karachi, for future studies local customisation/subclassification
is proposed to fit to the local realities which could enhance the assessment. However, in this study the LCZ
mapping results highlighted the presence of all 17 LCZ classes with a significant mix of built-up LCZ classes in
the city’s urban core along with a terrible lack of blue-green infrastructure. Further, the LST maps identified the
SUHI differences among various LCZ classes forming the summer SUHI magnitude across the city of
approximately 15°C at daytime. While the small dataset of traverse surveys established the temporal effect of
these LCZ classes on the street level. In both the methods, the intra-zone UHI differences were coherent and relate
well with previous studies attesting the common drivers such as spatial arrangement/ landcover, building density,
green cover and vegetation, among others. The LST maps identified compact low-rise(LCZ3) and open mid-rise
(LCZ5) as the warmest among the built-up classes (1-6) for the daytime, while the traverses identified a more
accentuated role of the high-rises (LCZ1 and LCZ4) as cold spots on the street level. However, for nighttime, the
high-rises (LCZ1 and LCZ4) served the opposite role. The traverse survey method was more apt for not only
establishing temporal temperature changes associated to the standard LCZs defined by Stewart and Oke (2012),
but also provided an introspection into unique combinations and subclasses of these LCZs in creating cooler spots
and vice versa. This is a relevant consideration bearing in mind the formal/informal nature as well as mixed built
typologies of Karachi’s development and may offer better practical utility than examining standard LCZ classes.
However, a bigger dataset along with a comprehensive understanding of these mixtures would be vital in
facilitating future research. The inconsistencies within the same LCZ were also observed which may be attributed
to the formal and informal development patterns, vegetation distribution, the spatial arrangements, and the coastal
vicinity. Generally, the temperatures contrasts between zones with large differences in surface morphology and
land cover was established such as the high-rises (LCZ1 and LCZ4) in contrast with open low-rise and large
buildings(LCZ6 and 8), creating the maximum nighttime UHI magnitude of 3 °C. On the contrary, the daytime
UHI magnitude was relatively lesser with 1,5 °C between compact low-rise infused with lightweight low-rise

(LCZ37) and open high-rises (LCZ4).

Further, the LCZ maps’ comparisons between 2009 and 2019 show a continuous increase in more built-up areas,

particularly the densification of the city core with the infusion of compact low, mid-rise and high-rise blocks.
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This trend towards intense densification in terms of vertical as well as horizontal expansion is shown to push the
UHI effect up and insinuates a likeliness for worse climatic impacts for the coming years. But the daytime
advantages via shading, etc., allow potential for appropriation towards positive energy management (Futcher, et
al., 2013). Albeit, its suggested to avoid the construction of dense, airless, overpopulated communities altogether
(Toy & Yilmaz, 2010), the practical utility of such suggestions in developing cities is almost impossible to ensure.
However, the densification into compact mid-rises (LCZ2) has been observed to be the least harmful among all
LCZ classes validated via ENVI-met and extrapolation for future scenario. However, the exploration of the wind

flow dynamics in these LCZs is a relevant research area for future studies to derive holistic recommendations.

On the other hand, the way forward must also offer inclusive UHI mitigation strategies to the unprivileged and
disproportionately affected (Chakraborty, et al., 2019). Thereby, implying the need for design interventions which
align with the social and economic reality of the low-income settlements (Hasan & Mohib, 2003; Kotharkar, et
al., 2018). Aiding this observation, one design implications of this study is that density (in terms of height)
enhancement is a viable UHI mitigation option in such contexts, albeit considering the limited wind movement
and other undesirable repercussions in these high-density settings, the albedo enhancement may be a suitable
alternative. However, these strategies require careful consideration as they may not have a synonymous effect
towards reducing air temperature and offering better thermal comfort as observed by Emmanuel, et al.(2007) and
Emmanuel & Fernando (2007). Alternatively, the cooling implications of mixed LCZs may offer opportunities
for policies in urban planning for new developments advocating the idea of tall irregularly positioned building
with varied heights and freed up open space (Chatzipoulka & Nikolopoulou, 2018), thereby, encouraging airflow
(Emmanuel, 2006) and vegetation channels. And at this point, seem like a stable middle ground for practical

density requirements and local climate, energy consumption and comfort effects.

7.2. Conclusions

Through this process, this thesis identifies two main perspectives. Firstly, a deeper change classification for the
rapidly growing developing cities in terms of climate. This implies that the currently dominant practice of the
LULC change studies needs to be elaborated into LCZ change (LCZC) classification to understand heating
behaviours associated with growth/change patterns in urban settings. This is the first study to the knowledge of
the author that demonstrated an LCZC comparison over the years instead of employing LULC. Such a study not
only quantifies densification of land change by going beyond the traditionally simplistic descriptors of rural/urban
land but also specifies precise thermal trends associated with specific land typologies to facilitate future planning.
Moreover, it offers identification of actual urban growth as opposed to planned growth and hence vital for city
planning and policy making, specifically for developing cities pertaining to extreme poverty (Millington, et al.,

2018).

Secondly, the thesis identifies the distinction of density-based assumptions in the LCZ classification and

mitigation which seem to be context specific and not synonymous in all situations. More precisely, the informal
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developments in Karachi, which may be the case in other south Asian developing cities, often exhibit a
combination of vertical and horizontal building densities juxtaposed with high population density and hence,
require bespoke assessment and interventions. Having said that the insufficiency of LCZ framework to rightly
address population density needs to be alternatively addressed. Meanwhile, UHI mitigation in response to the
perspectives of disaster/risk origins being embedded in the physical environment (Gilbert, 1995) vs the societal
conditions and vulnerabilities (Flint & Luloff, 2005) puts the spatial planning at a vital point in maintaining a
balance between these two standpoints and may enhance the capacity towards disaster risk reduction (Rafiq &
Blaschke, 2012). Both the above-mentioned perspectives aid the recognition of these debates. Hence, such an
approach may be useful for contexts like Karachi with a huge chunk of illegal and informal settlements for

documentation as well as identification of the scale of mitigation.

In general, Karachi, as one of the most-dense cities of the world (Hasan, 2016), requires an urgency-instinct
approach for UHI mitigation for the current issues and yet offers potential to be developed with climate as an

important concern considering the mitigative potential in the current scenarios.

7.3. Limitations

This is a hybrid UHI study where some existing protocols along with some new methods are collectively explored.
Ideally, the traverses as well as SUHI analysis were intended to synchronize for the summer season of 2020 to
analyze summer UHI effects, however, due to the Covid-19 restrictions associated to travel/field data collection,
the small winter dataset was utilized for traverses. Due to the limited data, a new experimental method was devised
for data assessment which may serve other data poor situations to build preliminary investigations. However, in
exercises such as 5.1.3., it would have been ideal to employ values verified with a bigger data set inclusive of

summer season. And due to the mentioned limitations merely, the available data has been utilized.

Further, as an architect, my exposure to remote sensing and statistics is new. Therefore, some of the assessment
methods may have been based on simple, well-stablished and convenient approaches, none the less, have served

the purpose of this thesis in my opinion.
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