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Abstract

Urban expansion and urbanization in cities like Addis Ababa are increasing the vulnerability of
the areas to urban heat island intensity (UHII) phenomena, with an increasing trend in urban
thermal dynamics. This research analyzed the spatial and temporal variations along the route from
"Piassa” to "Megenagna" before and after corridor development through field observation, using
a combination of remote sensing data, and Landsat 8 imagery by the tools Google Earth Engine,
and ArcMap. The results demonstrate that the study area’s UHII elevated higher during the research
period due to increased land surface temperature (LST), fluctuation in normalized difference built-
up index (NDBI), and reduced normalized difference vegetation index (NDVI). The annual
average mean LST in 2024, with a value of 32.82467°C, shows an increasing trend with a value
of 31.226°C from 2015 and 30.84431°C from the result in 2020. The NDVI result shows a
consistently decreasing trend over time. In 2015, the NDVI was 0.34475; in 2020, it declined to
0.265243; by 2024, it further dropped to 0.199966, indicating a reduction of vegetation cover. The
mean annual NDBI in 2015 was -0.03495, which increased to 0.001339 in 2020, which indicates
built-up area expansion, but in 2024, the value dropped to -0.02705 due to the demolished
residence in the area. From the combined impacts of these results, the most negative UHII annual
mean average value was recorded in 2015 with the value of 0.246969, which increased in 2020 to
-0.257157 and further increased to -0.273355. These results revealed that surface urban heat island
intensity (SUHI) was more concentrated in the ‘urban’ area than in the ‘rural’ area. The findings
also reveal a significant inverse relationship between NDVI and LST, highlighting the role of
sustainable corridor design and Green infrastructure for mitigating the impact of UHII. Future
studies should explore in-depth analysis through adaptive advanced approaches by integrating
satellite imagery data with the baseline situation (ground truth) for the accuracy and spatially

detailed results to develop an effective mitigation strategy.

Key Words: Corridor development, impervious surfaces, street scape, and urban heat island
effect



CHAPTER ONE: INTRODUCTION

1.1 Background of the Study

Roads are spreading all across the world due to major factors, including rising populations and
improved connectivity. With the right planning and placement, they can benefit the environment
rather than damaging it (Laurance et al., 2009; Balmford et al., 2012). The infrastructure of roads
and highways plays a pivotal role in facilitating the movement of individuals and goods over
extensive distances, which underscores the profound reliance that both developed and developing
nations exhibit towards road transportation, as this mode of transit is not only integral to the
functionality of contemporary society but also contributes significantly to economic growth, social
connectivity, and cultural exchange on a global scale (Mlambo, 1994). The demand for more
minerals, fossil fuels, lumber, and agricultural land, as well as the efforts of developing countries

to upgrade their energy and transportation infrastructure, all contribute to this worldwide road rush.

The accelerated pace of urbanization is a defining feature of the 21% century. According to the
World Bank, urban populations are growing at an annual rate of approximately 1.8%. Due to this
growth, metropolitan road networks require expansion and modifications to handle rising traffic
loads and a variety of transportation requirements. The development and operation of these routes
also greatly contribute to climate change by altering the natural environment. Metropolitan regions
are now grappling with two severe environmental problems: flooding and a rise in the urban Heat
Island effect (UHI) under the favorable influence of larger-scale flow Therefore, a smaller city
with upstream urbanization can have a larger UHI than a larger city with no upstream urbanization
(Zhang et al. 2009, and 2011).

In Ethiopia, roadways serve as the principal infrastructure that has developed drastically,
accounting for more than 95% of both passenger and freight transportation (AACRA, 2009). The
Ethiopian government emphasizes the need to develop high-quality infrastructure to support the
country's rapid urban expansion, as well as the significance of building organizational frameworks

to ensure infrastructure sustainability.

Urban road networks are essential for environmental sustainability in addition to being crucial for
transportation. The metropolis of Addis Ababa, which has been the driving force behind the robust

8 economic growth, is rapidly urbanizing and constructing several roadways. Furthermore, the city



of Addis Ababa encourages the building and upgrading of city roadways as part of its long-term
development strategy presented on the Addis Ababa City Structure Plan (AACRA, 2009).

Hence, the purpose of this research is to enhance urban resilience through sustainable urban
planning by developing a research-based alternative strategic approach on the theme of urban roads
by investigating the urban heat island effect before and after corridor development. Finally, it will
provide a recommendation to mitigate the imposed impacts.

1.2. Statement of the Problem

The proportion of the world’s population living in urban areas was only 30% in 1950 but reached
55% in 2018, and is projected to be 68% by 2050 (World Urbanization Prospects, 2018). The
population of developing countries’ metropolitan areas will rise from 2.6 billion in 2010 to 5.3
billion in 2050 (Madlener et al., 2011). Sub-Saharan Africa (SSA) has the highest urban growth
rate, at around 3.6% per year (Yiral et al., 2020; Bocquier, 2005). It is widely recognized as the
world's fastest-urbanizing area, with an urban population of around 472 million, which is expected
to double within the next 25 years (Saghir & Santoro, 2018).

According to the Ethiopian Central Statistics Agency in 2011, the country was grouped among the
fastest urbanization processes in the world. In the agencies' Projection for the year 2007, the urban
population in Ethiopia will triple to 42.3 million by 2037, growing at 3.8% a year. According to
the Ethiopian urbanization review report in 2015, the rate of urbanization will be even faster, at
about 5.4% a year. Addis Ababa City, which has been driving the robust economic growth (7~8%
of GDP) of the country in recent years, is rapidly urbanizing, and many new roads are being
developed (AACRA, 2019).

Urbanization has led to a rapid expansion in road construction and extension. Ethiopia has a total
road network of approximately 3,761 km, of which only 26.3% (about 990 km) are paved
(AACRA, 2019). The asphalt pavement ratio varies by road type, and the arterial roads have high
ratio of 95.7% in average, while the others (Collector Streets and Local Streets) have low ratio of
15.9%. Although AACRA report on 2019, shows that the road occupancy ratio increase from
13.5% (approx. 5,199 ha) in 2016 to 18% by March 2019, it is still below the 25% generally
recommended for urban area.

The development of road networks and changes in land use and land cover (LULC) will lead to

the conversion of natural environments to impervious surfaces, which will have substantial impacts



on climate, hydrology, and urban ecosystems. Increased surface temperatures, changed carbon
cycle, and decreased soil organic carbon density are the results of this change, which is mostly
caused by urbanization. The equilibrium between increased air temperature induced by solar
energy (heating process) and decreased air temperature owing to evaporation (cooling process) is

affected by urbanization.

Increased impervious surfaces contribute to the urban heat island effect, raising surface
temperatures by up to 3 K with a 50% increase in surface sealing. The warming is exacerbated by
the heat retention of materials like concrete, which affects local air temperatures and boundary
layer dynamics (Mohajerani et al., 2017). Impervious surfaces have an impact on the urban
environment and are typically seen as a sign of the hydrology of urban watersheds (Wu et al.,
2019).

Increased built-up area, road network development, natural landscape fragmentation, decrease
drainage efficiency, increased stormwater runoff generation, increased flood frequency, water
channelization into streams and other surface water bodies, decreased agricultural land, and altered
regional microclimate are the main effects of urbanization (Shuster et al., 2005; Ladson et al.,
2006; McGrane, 2016).

The Asphalt pavement and other dark surfaces in urban environments are the primary causes of
the UHI (Calkins, 2012). The asphalt pavement absorbs the radiation of the sun rather than
reflecting it, increasing the temperature of ambient air and pavement surfaces. The paved surfaces
in urban and suburban areas are often warmer than the less-paved surfaces in rural areas. Pavement

is usually comprised of materials with very low reflectivity (Dobos, 2003).

Over all, the study of urban roads is crucial for creating sustainable urban settings since it has an
impact on the environment, livelihood and climate. In addition, this study can be utilized as a
foundation for further researches and as a framework for city-wide in order to create sustainable

urban corridor roadways.



1.3. Objectives of the Study

1.3.1. General Objective

The General objective of the research is to analyze the spatial and temporal variations in the Urban

Heat Island (UHI) along the route from "Piassa" to "Megenagna" before and after corridor

development.

1.3.2. Specific Objectives

a

d

To analyze the variation in land surface temperature (LST) before and after corridor
development along the roadway route from ‘Piassa’ to ‘Megenagna’.

To assess trends in vegetation abundance using the Normalized difference vegetation index
(NDVI) in the study area over the periods 2015, 2020, and 2024.

To investigate the extent of built-up areas and their correlation with temperature increase
using Normalized difference built-up index (NDBI).

To formulate and evaluate the combined impact of integrating LST, NDVI, and NDBI on
UHII.

1.4. Research Questions

1. What is the variation between the Land Surface Temperature (LST) before and after
corridor development along the road from "Piassa" to "Megenagna"?

2. What are the trends in vegetation abundance, and NDVI (Normalized difference vegetation
index)?

3. What are the extents of built-up areas (NDBI) and the gradual increase in LST and UHII?

4. What is the combined impact of integrating LST, NDVI, and NDBI on Urban heat island
intensity?

1.5 Scope of the Study

Spatial scope

The administrative level that the research aims to cover is at the ‘Arada’ and ‘Yeka’ sub-cities,

Addis Ababa; on the road from ‘Piassa Jegol’ Square to ‘Megenagna Diaspora’ Square, which

covers about 7.5 Km.



ii.  Temporal scope

The research focus on a comparative temporal analysis of land surface temperature (LST),),
Normalized Difference Vegetation Index (NDVI), Normalized Difference Built-up Index (NDBI),
and Urban heat island intensity (UHII) for the years 2015, 2020 and 2024.

iii.  Thematic scope

The study focuses on the intensity of the Urban Heat Island (UHI) using spatial and temporal
variations in Land Surface Temperature (LST), Normalized Difference Vegetation Index (NDV1),
and Normalized Difference Built-up Index (NDBI) along the route from "Piassa" to "Megenagna”

before and after corridor development.

1.6 Significance of the Study

Urban roads have an array of effects on climate change, as a result, they are mainly susceptible to
UHII, which aggravates the risk of global warming. Assessing the implications of urban roads on
climate change is critical since the outcomes of the research will likely have a substantial impact
on global environmental issues for developing sustainable urban environments. As urban roadways
aggravate the urban heat island effect, research-based strategies must be implemented to mitigate
these impacts and reduce their major contribution to global warming.

In general, the findings of this study paper may be used as a baseline document since the city is
undergoing corridor development along road sides, which will provide prospective solutions for
growth in other sections of the city and contribute to a sustainable urban environment at the city
level. Furthermore, the document will be used as an input document for environmental advocates,
future researchers, non-government organizations (NGOs), and policymakers, as it can serve as a
blueprint for future projects by emphasizing the pros and cons of an inclusive research-based

approach to the development of sustainable cities.

1.7 Research Limitations

As the research aims to insight the environmental impacts on the theme of UHII of corridor
development from ‘Piassa’ to ‘Megenagna’ route from the first phase corridor development in
which the project initially was securely processed; the research is thoroughly limited by data
accessibility as the research needs maps that show before and after corridor development there is



a variation on the corridor development proposal and implemented design due to political factors.
And there was a lack of willingness to share data related to the project, mainly due to security
concerns because of the sensitive nature of the project, and still ongoing process of corridor

development in other areas of the city.

1.8 Organization of the paper

The first chapter presents introductions to the research including the Background of the Study,
Statement of the Problem, Research Questions, Objectives of the Study, Objectives of the study,
Scope of the Study, Significance of the Study, and Research Limitations. The second chapter
presents theoretical and conceptual reviews of the kinds of literature. In chapter three, the materials
and methods used in the research were discussed, including a description of the Study area, Data
types and sources, Research Design, Method of data collection, Method of data analysis, Method
of data presentation, Methodological framework, and reliability and validity of the data. The fourth
chapter presents the results with specific discussions in each session on LST, NDVI, NDBI, and
UHII. The Fifth chapter of the research describes the conclusion of the research, which includes
the major findings of the research and recommends data-based possible scenarios for resolving the

problem.



CHAPTER TWO: LITERATURE REVIEW

2.1. Definition of Terms

Convection

The process of convection is the movement of energy from a solid surface to a fluid, such as a
liquid or gas. In UHIE, it is an energy transferred from the Earth's surface to the air above it.

Corridor development /Roadside corridor development/ (Dimoudi, 2003).

Impervious surface area

The term "impervious surface area” describes surfaces, such as concrete, asphalt, and some types
of roofing, that prevent water from penetrating the ground. These surfaces can increase runoff,

which can cause flooding and water quality problems in adjacent bodies of water (Barnes, 2001).
Urparian

Explains the green spaces that surround walkways and roadways. The name was created by fusing

the words "urban” and "riparian” (Raciti et al., 2006).

Streetscapes

Streetscapes are essential city organs that represent public life. A well-designed streetscape
enhances quality of life and promotes community. Street furniture, walkways, and trees all
promote social contact and pedestrian activity. Roads, greenery, people, buildings, animals,
sidewalks, trees, street lights, and other components are all considered to be part of a streetscape.
The streetscapes have an experience element and serve to portray the shape of the organically
constructed environment. Additionally, streetscapes depict local inhabitants' public lives.
There are several activities going on in these areas. The streetscape becomes the city's success

criterion as it represents the culture of its residents (Rao, 2022).
2.2. Theoretical Review

2.2.1. The Complexity Theory

The Complexity Theory states that the metropolis is an ecosystem with intricate relationships
across people, resources, material flows, and knowledge that affect one another. In Vienna at the



beginning of the 20th century, Schmidt discovered these conditions (Schmidt, 1917). In the first
half of the 20th century, research on heat islands in the US got underway (Mitchell, 1953).

2.2.2. Modernization theory

The study of modernization theory focuses on how societies evolve and change. It describes how
civilizations evolve from traditional to contemporary states, particularly in light of social change,
industrialization, and economic expansion. In the middle of the 20th century, especially following
World War I, it became more well-known as researchers attempted to figure out how developing
nations might catch up to the West in terms of development (Goorha, 2010). Theory of
modernization aims to explain how and why societies develop, with a special emphasis on the shift
from traditional to contemporary. Despite its influence, it is frequently criticized for being overly
Western-centric and unsophisticated (Przeworski et al., 1997).

2.2.3. Urban system theory

Urban System Theory is a paradigm used in sociology, geography, and urban planning to
comprehend how cities (urban areas) are structured, interact, and change over time as part of a
larger economic and geographical system (Whebell, 1969s).

2.2.4. Urban Heat Island Theory

A British scientist Luke Howard's study provides a fundamental framework for comprehending
the Urban Heat Island Effect in the 1810s on his observation in city of London is warmer than the
nearby rural surroundings. He was the first to demonstrate that metropolitan air temperatures are
frequently greater than those in the surrounding rural areas (Howard, 1833). According to Halder
and Bandyopadhyay in 2021, the natural landscape is changed by urban expansion, which
substitutes impermeable surfaces, greatly influencing the local climate and weather.

The intensity of the UHI is closely correlated with both internal city features (such as land-use
pattern, building density, and city size) and external factors (such as climate, weather, and season)
(Oke, 1982).

2.2.5. Urban Canopy

Multilayer buildings exist in an array of forms throughout metropolises. The heat radiated by a
building is trapped by the adjacent higher building, resulting in the urban canopy. The creation of
an urban canopy exacerbates UHI (Masson, 2006). Related to a concept of urban canopy, there is
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a concept termed as urban tree canopy; from an aerial perspective, the layer of leaves, branches,

and stems covering the ground is known as the urban tree canopy (Raciti et al., 2006).

2.2.6. Wind Blocking

In urban and suburban regions, buildings serve as wind barriers, reducing wind speeds by as much
as 60% (Landsberg, 1981). Wind speed is decreased by the presence of buildings that are situated
close to one another. Consequently, the convectional cooling effect lowers. Thus, the impact is
intensified since the heat that is stored is unable to released away (priyadarsini, 2008).

2.2.7. Urban rural Energy Balance

Featuring an emphasis on the variations in thermal absorption, retention, and the emission, it
examines the distribution and transfer of energy between a metropolis and a nearby rural area. In
a causal sense, disparities in energy balance and stability within urban and rural areas contribute
to varying rates of warming and cooling near the surface. These distinctions generate distinct 15
periodic air temperature states, which at any one moment determine the extent of the UHI (Quart,
1982).

According to Chunhua in (2023), large tracts of low-permeable artificial surfaces took over high
permeable natural underlying surfaces during this unprecedented urbanization, changing the

energy balance and surface- water cycle and ultimately leading to the UHIE.
The energy balance equation is:
Convection + Evaporation + Heat storage = Anthropogenic heat + Net radiation

2.2.8. Urban evapotranspiration

The absence of vegetation in cities further affects the energy balance because it reduces
evapotranspiration, which cools the surface naturally. Urbanization has an impact on the dynamics
of the water cycle, denaturalizing the hydrological processes and increasing their complexity.
Studies show that the expansion of impermeable surfaces in metropolitan areas can seriously
disrupt the water balance by raising surface runoff and lowering evapotranspiration and
groundwater recharge (Haase, 2009; Lee et al., 2010; Macdonald et al., 2021; Mejia et al., 2014;
Wang et al., 2021).



Urban evapotranspiration from green infrastructure has received greater emphasis since it is
acknowledged as a viable adaptation and mitigation approach for confronting the potential threat
of urban heat stress resulting from urbanization and global climate change (Wang et al., 2021). As
urban density rises, surface characteristics typically change as a result of less green space and more
built-up areas (Oke, 1987).

Vegetation evapotranspiration also raises air humidity, and since humid air absorbs more heat, less
heat builds up on the ground and building surfaces (Yan et al., 2023).

2.2.9. Spatial Analysis

The phrase "spatial analysis" is frequently used in the literature on Geographic Information
Systems (GIS) and Geographic Information Science. In geography, the word "spatial analysis™ has
rooted that date at least to the 1950s, when it was first used to describe a summary of historical
changes (Berry et al., 1968). Rearranging the spatial distribution of values or changing the spatial
structure of the system being studied would affect the outcomes of any spatial study substantially
(Chorley, 1972).

2.3. Conceptual review

According to Theeuwes in (2012), by weighting the effects of water basins and vegetation in
metropolitan areas, they discovered that every 10% increase in vegetation lowers the temperature
by 0.6K, and they highlighted that tree may significantly mitigate the impact. However, they 16
reached the conclusion that the presence of water bodies had the opposite effect of lowering the

temperature.

2.3.1. Land surface temperature (LST)

Whereas vegetated regions and water bodies reduce LST, a larger percentage of impervious
structures raises it (Dai et al., 2019). Variations in LST are influenced by the layout of these land
covers (Li et al., 2016).

Thermal infrared (TIR) bands from satellites (like Landsat and MODIS) can be used to calculate
LST. The following general formula (Planck’s law) is used to convert thermal infrared radiation

to temperature:

LST = K2/ In ((K/ L)L) + 1)
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Where:

o LA is the radiance at wavelength A(lambda),
o Kiand K are calibration constants specific to the sensor,

o LST is the Land Surface Temperature in Kelvin.

2.3.2. Normalized difference vegetation index/NDV 1/

The principle behind NDVI is that the presence of chlorophyll pigments causes "green™ leaves to
absorb light at red wavelengths, but their interior structure causes them to scatter light at near-
infrared wavelengths (Farooq, 2012).

The NDVI, which is computed from the red and near-infrared bands of remote sensing data, is

used to estimate vegetation cover. The following general formula is used to calculate NDVI:
NDVI=NIR - RED/NIR + RED

Where:

o NIR is the reflectance in the near-infrared band,
o RED is the reflectance in the red band,

o NDVI ranges from -1 to +1, where higher values indicate more vegetation.

Table 2.1: NDVI value range description

NDVI value range Land cover type

High (0.5 to 1.0) Dense and healthy vegetation

Moderate (0.3 to 0.5) Sparse vegetation or lower-density vegetation

Low (0 to 0.3) Barren land, urban areas, or minimal
vegetation

Negative (-1 to 0) Non-vegetative surfaces(Water bodies, snow,
clouds, bare soils)

Source: Atun et al., 2020

The formula for calculating the mean NDV1 is:

NDVImin + NDVImax
2

Mean NDVI =

Where:
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¢ NDVImin - is the minimum NDVI value,
e NDVImax - is the maximum NDV!I value.

The following formula is used for the standard deviation of two values:

SD =/(xmax—p)2+ (Xmin—u)? /2

Where:

e Xmax - is the maximum NDVI value,
e Xmin - is the minimum NDV!I value,
e - isthe mean NDVI.

2.3.3. Normalized difference built-up index/NDBI/

Normalized Difference Built-Up Index Method, makes use of the middle infrared (SWIR 1) and
near-infrared (NIR) channels. Studies that further highlight the density of urban buildings using
the NDBI score. An efficient transformation for determining the appearance of an awakened area
is NDBI (Danoedoro et al., 2018).

NDBI uses the short-wave infrared (SWIR) and near-infrared (NIR) bands to detect urban or built-

up regions. The following general formula is used to calculate NDBI:
NDBI=SWIR - NIR / SWIR + NIR
Where:

o SWIR is the reflectance in the short-wave infrared band,
o NIR is the reflectance in the near-infrared band.
o NDBI values are typically positive for urban/built-up areas and negative for non-urban

areas.

2.3.4. Urban heat island intensity

According to prior studies, rising temperatures in numerous cities globally have had a substantial
effect on public health and well-being (Kotharkar et al., 2018). The UHIE is an inherent tendency
of metropolitan regions to experience warmer outdoor temperatures (up to 12 K higher) than the

surrounding rural area (Aleksandrowicz et al., 2017).
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UHII measures how much the land surface temperature of the adjacent rural region varies from

that of the urban area.
UHII= LST urban — LST rural
Where:
e LST urban is the land surface temperature of the urban area,
e LST rural is the land surface temperature of the rural or non-urban area.

Table 2.2: UHI classification range

UHI Class Formula

Class 1 low ' LST<mean-(2xSD)

Class 2 Sub-low ' Mean-(2xSD)<LST<mean-SD
Class 3 Moderate ' Mean-SD<LST<mean

Class 4 Sub-high ' mean<LST<mean+SD

Class 5 High | LST>mean+SD

Source: Liu et al., 2021
The urban thermal field variance index (UTFVI)

There are several thermal comfort indices available to assess how the UHI affects urban life
quality. In this work, the ecological assessment of UHI zones was conducted using the UTFVI by
using the following equation (Zhang, 2006).

(Ts — Tmean)

UTFVI =
Tmean

Where:

UTFVI — Urban Thermal Field Variance Index
Ts—LST (°C)

Tmean — Mean LST (°C)

Table 2.3: Threshold range of UTFVI

UTFVI range Effect of Phenomenon
< 0.005 ' Least significant heat island effect
0.005-0.015 | Weak urban heat island effect
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0.015-0.025 ' Moderate urban heat island effect
0.025-0.035 ' Strong urban heat island effect
UTFVI>0.035 ' Very strong urban heat island effect

Source: Waleed et al., 2023

2.3.5. Planning strategies and models
2.3.5.1. Urban Planning Strategies

According to Yamamoto in (2006), the Mitigation of the UHI effect can be greatly enhanced by
an effective urban planning strategy. By logically orienting the buildings, a wind route is formed
to allow cool airflow from the river into the metropolis. By reducing thermal accumulation, it is
anticipated that in various types of urban areas, an adequate amount of open space and a wind
channel will help to lessen the impact of the urban microclimate. In metropolitan spots, strategies

such as creating wind corridors can improve ventilation and lessen heat buildup.

Road settings in urban areas are not exclusively intended for motor vehicle drivers and passengers,
as well as for Vulnerable Road users, such as cyclists, pedestrians, those with disabilities,
youngsters, and the elderly, who should receive a lot of care. As a result, a road infrastructure that
is both acceptable and human-oriented should include the infrastructure necessary to meet their
demands (Flores et al., 2021). As a result, segregated cycling infrastructure (bike lanes or tracks),
walking infrastructure (wide, well-maintained sidewalks and pedestrianized areas), and
infrastructure designed to make more accessible for people with disabilities to move around (such
as curb ramps and tactile paving) create an important urban road principle (Macmillan et al., 2014;
Oxley et al., 2010).

2.3.5.2. Permeable Pavements

Road and highway pavements made of high albedo materials might reflect more solar energy
(Akbari et al., 2001). Cool paving lowers the temperature of the surface by 19.5°C (30°F) or more
(Asaeda et al., 1996). The UHI impact can thus be lessened by choosing pavement materials

carefully (Levinson et al., 2001).

In contrast to conventional pavements, permeable pavements have several benefits such as

decreasing storm water runoff, ground water recharge, minimizing pollution discharges, enhancing
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air quality, and decreasing noise disturbances on roads and highways (Ferguson, 2005; Scholz et
al., 2007).

According to Xu et al. in (2013), indicated that the impervious surface and land surface
temperature had a substantial positive exponential connection. According to their findings, a 10%
rise in imperviousness, when the impervious surface subsequently makes up over 70% of the land,

may raise the land surface temperature by over 3.3 °C.

The two types of pavements that are most frequently constructed are Portland cement concrete,
sometimes known as concrete, and asphalt cement concrete, also known as asphalt. When placed,
asphalt is dark grey or black, and its initial solar reflectance ranges from 5 to 10%. Asphalt
becomes lighter with time, and its solar reflectance rises to 10% to 20%. Heat from asphalt can
reach 65°C (150°F) (Lisa, 2008). Laboratory testing of concrete that has been artificially
brightened revealed solar reflectivity rates of up to 80% (Akbari, 2001).

Concrete pavements and light-colored asphalt

Concrete pavement is the most prevalent type of pavement which is light grey, with solar
reflectance values usually between 35 and 40 percent when the pavements are new and reducing

their solar reflectance to 25-35 percent over time due to the dirt in the pavement (Lisa, 2008).

Asphalt pavements can be lightened and cooled in various ways including adding Light pigment
can be added to the asphalt mix or lighter-colored aggregates (rocks in the pavement mixture) or
sand can be added and lighter aggregates to emulsion seal coats and chip seals that is used to top
existing pavements during routine asphalt maintenance (Cartwright, 1998; Ting et al., 2001).

These measures can increase the solar reflectance of the pavement by up to 30 percent (Lisa, 2008).

Lighter-colored aggregates and cement binders can further cool concrete pavements, since studies
of particularly lightened concrete have demonstrated solar reflectance levels of up to 80%
(Levinson et al., 2001).

2.3.5.3. Green Infrastructure

It is a systematic approach to land conservation that addresses the social and ecological effects of
open space fragmentation and consumption (Benedict et al., 2006). UHIE can be effectively

reduced through urban green spaces that are mostly made up of Vegetation and water features
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(Chen et al., 2014). Reduced heat absorption (and consequently emission) by low albedo man-
made urban surfaces results in lower temperatures brought on by both evapotranspiration and
direct shadowing (Dimoudi et al., 2003).

By reviewing 75 research, the most prevalent characteristics that contribute to UHI were identified,
including vegetation cover (44%), season (33%), built-up area (28%), day/night (25%), and
population density (14%) (Deliami et al., 2018).

According to Goodman in 2018, rising temperatures impact human health, either directly through
heat exposure or indirectly through heat-induced alterations to pollutants in the atmosphere. It has
been shown that urban greenery has a significant ability to regulate urban temperatures (Qiu et al.,
2013). The cooling effects of varying vegetation distributions can also be influenced by the spatial

arrangement of vegetation (Li et al., 2012).
Trees and other vegetation cool their surroundings in two primary ways:

I.  Evapotranspiration cools the air and vegetation by converting solar energy into vaporized
water rather than heat, and

[l.  They shade surfaces from the sun's heat, which cools the surfaces and releases stored
energy (Fadhil, 2023).

2.3.5.4. Concept of Green Roads

Green roads are an innovative approach to road construction and maintenance that emphasizes
environmental friendliness and ecological sustainability. Green road construction's key goals are
to minimize pollution in the natural environment and enhance sustainability in the transportation
industry (Benedict, 2006).

2.3.5.5. Shading and Design

The shadow areas projected by buildings have recently become a novel indicator that was missing
in earlier studies (Morrison et al., 2018; Dai et al., 2019) capturing ground shades cast by tall
buildings through satellite images as one distinct type of land cover. Their results show that an
increase of 1% in building shade area leads to LST decreases between 0.24% and 0.79%.
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Shade trees, as defined by Sailor (2006), have a large canopy and may shield buildings and
pedestrians from sunlight while keeping them relatively cool. Shade trees also contribute to

lowering temperatures through evapotranspiration.

Akbari in (2001), stated that Shade trees are primarily responsible for keeping buildings relatively
cool by blocking sunlight. It lessens the air temperature, reduces the building's air conditioning,
and enhances the quality of the air. Also, Sailor in (2006), Trees that provide shade are also

susceptible to severe storms that might endanger human life.

According to Liu in 2002, the green roof is limited to around 30°C (90°F), but the regular roof can
achieve temperatures of 65°C (150°F).

2.3.6. Urban Road
2.3.6.1. Environmental impacts of Urban Road

Numerous studies demonstrate how urban roads affect the environment and climate change,
including the effects of emissions and how road infrastructure exacerbates UHIE. The elevated
temperatures in urban areas impact urban environmental quality and human well-being
(Mohajerani et al., 2017).

2.3.6.2. Urbanization, Urban Road, and UHIE

Roads may occupy up to approximately 35% of the metropolitan landscape (Yang et al., 2021).
Although urbanization has several advantages, it is also a key driver of concerns regarding the
environment (Unal et al., 2020). The surface energy balance is susceptible to severely affected by
urbanization, leading to a decline in latent heat flow and a rise in sensible heat flux (Imran et al.,
2019; Barnes et al., 2001). Urbanization, which fueled elements like road infrastructure, factories,
building developments, etc., contributes considerably to climate change by warming the
atmosphere and producing emissions linked to higher surface temperature termed as UHI (Mufioz
et al., 2020).

Because of infrastructure and anthropogenic activity, cities have greater temperatures than their
rural counterparts due to a phenomenon exacerbated by metropolitan roadways. Cities'
temperatures rise as a result of more impermeable surfaces as well as reduced greenery (Wang et
al., 2024).
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Due to high population density, lack of green/open space areas, tall structures, and air pollution
from industrial zones and transportation networks, urban regions are more susceptible to increased
LST and UHI (Bijay et al., 2021).

2.3.6.3. Urban Road Expansion, corridor development and UHIE

Urban roads contribute to the UHI effect and change the microclimate at numerous scales (Millard,
2022; Mirabi et al., 2022).
The expansion of urban built-up regions results in the replacement of rural areas' undeveloped

surfaces, which causes temperatures of the air and surface (Akbari et al., 2008; Gao et al., 2019).

Urban expansion could potentially have a substantial impact on the surface energy balance, leadi
ng to a decrease in latent heat flow and a rise in sensible heat flux (Barnes et al., 2001). Urban
expansion could increase urban air temperature and the surface temperatures by 0.75-2.80 °C and
by 1.9-5.4 °C, respectively (Imran et al., 2019).

Road geometry will also alter wind patterns, direction, and solar radiation gains, leading to more
concentrated heated and dirty air (Adiguzel & Cetin, 2023).

Table 2.4: Variable classification in urban heat island

Variables Type Description
Urban heat island effect | Dependent variable UHII is DV whereas LST, NDBI,
(UHIE) and NDVI are IV.
Land surface temperature | Dependent variable Represents UHII and influenced by
(LST) Land cover
Normalized difference built- | Independent variable Indicated Built-up areas Increase in
up index (NDBI) NDBI increases LST
Normalized difference | Independent variable Indicates vegetation cover; Increase
vegetation index (NDVI) in NDVI lowers LST
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CHAPTER THREE: MATERIALS AND METHODS

3.1. Description of the Study Area

The study area is located in Addis Ababa, ‘Arada’, and ‘Yeka’ sub-city, particularly along the
route from ‘Megenagna’ diaspora light, to ‘Piassa’ Jegol traffic light. It’s geographically located
between 9°01'17.9"N to 9°01'57.4"N and 38°48'04.8"E to 38°45'14.7"E.
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Figure 3.1. Location map of the study area

3.1.1. Site selection criteria

This study region was chosen among other areas because it was the first fully operational corridor
that can be used for thoroughly analyze the environmental impact with regard to LST, NDVI, and
NDBI. UHII In-depth analysis requires a close proximity to a rural or forest ecosystem, as it
provides a baseline for studying correlations with the urban corridor, Therefore the study area has

a nearby forest on the “Yeka” mountain which makes it suitable for the research.
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The total study area is 7.5 kilometers along the roadside from ‘Megenagna’ to ‘Piassa corridor’.
The study area /7.5Kilometer/ is selected as the total corridor length, i.e., from ‘Megenagna’ to
‘Piassa’ is 7.5 kilometers. The research is computed in the years 2015, 2020, and 2024 as the years
clearly indicate periods before corridor development as a baseline and after corridor development

i.e. 2024 indicating the post corridor condition.

3.2. Research design

The study employed both Descriptive and Exploratory research.

Descriptive method: This method is used for describing the temporal and spatial variations among
the baseline status and the present circumstance before and after corridor development in terms of
LST, NDVI, and NDBI to determine UHII. It is also used to describe various factors that contribute

to the sustainable urban environment in the study area.

Exploratory method: This method is used to explore variations in LST, NDVI, and NDBI in
order to determine whether the development of the corridor has altered the extent of vegetation
and the environmental variables, particularly thermal environment, which are intimately linked to

the intensity of urban heat islands.

3.3. Data types and sources

The study used a combination of both primary and secondary data to investigate urban heat island
intensity (UHII) along the route from "Piassa" to "Megenagna" before and after corridor
development.

Primary data: The major source of data for the study was direct field observation in the study
area. Furthermore, information was obtained through interviews with administrations and other
stakeholders pertaining to urban roads, environmental groups, and primarily corridor development
projects in order to get opinions about the baseline condition and changes after corridor

development.

Secondary data: The main sources of the secondary data include remote sensing data from the
United States Geological Survey (USGS), Landsat 8 of the same dry season, and Google Earth
Engine (GEE). Archives and published papers, as well as case studies of urban heat islands in

urban areas, were also examined concerning sustainable urban road and design interventions.
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Table 3.1: Data source, Data set used, spatial resolution, and date of Acquisition

Data Source Data set used Spatial resolution Date of Acquisition

USGS Earth explorer | Landsat 8 30 Meters 2015 (01/01/15-31/12/15)
2020 (01/01/20-31/12/20)

2024 (01/01/24-31/12/24)

Satellite Imagery Data

The research's thematic focus is on UHII utilizing spatial and temporal deviations; hence, GEE
was employed to track baseline conditions with post-corridor development, as well as remote
sensing data, of Landsat 8 imagery from the USGS.

Table 3.2: Satellite imagery description

Source Level Collection Tier Spatial Data set availability
resolution

Landsat | 02 02 01 30 Meters  2013/03/18 to 2025/03/08

8 (USGS)

Table 3.3: Remote sensing data used in the study

Remote sensing data Band Wavelength( Spectral Band
description m) resolution(m)
LANDSAT 8 image | Band 1 — Coastal aerosol 0.43-0.45 30
and Thermal Infrared | Band 2 — Blue 0.45-0.51 30
Sensor (TIRS) | Band 3 — Green 0.53-0.59 30
Band 4 — Red 0.64-0.67 30
Band 5 — Near Infrared (NIR) 0.85-0.88 30
Band 6 — SWIR | 1.57-1.65 30
Band 7 - SWIR 11 2.11-2.29 30
Band 8 — Panchromatic 0.50-0.68 15
Band 9 — Cirrus 1.36-1.38 30
Band 10-TIR | 10.60-11.19 100
Band 11 -TIR 1 11.50-12.51 100

Table 3.4: Remote sensing data used in the study for surface reflectance
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Remote Mi Max Band Scale Offset  Wavelength  Spectral

sensing data n (tm) Band
description resoluti
on(m)
LANDSAT 8 | 1 65455 Band 1 — Coastal 2.75¢-05  -0.2 0.435-0.451 30
Level 02, aerogo' |
. Band 2 — Blue 0.452-0.512
collection Band 3 — Green 0.533-0.590
02, Tier 01 Band 4 — Red 0.636-0.673
Band 5 — Near Infrared 0.851-0.879
(NIR)
Band 6 — SWIR | 1.566-1.651
Band 7 — SWIR Il 2.107-2.294
SR_QA AEROSOL
attributes

Field Observation

To achieve the study's objective, a field survey was conducted to sort out the changes within the
baseline condition and the present corridor development, which will include comprehensive
observations on the corridor development road and landscape by focusing on urban road expansion
with their heat retention character, extent of vegetation cover, and spread of built-up index and

bare lands carried out to evaluate UHII deviation in the study area.
Key informant interview

A key informant interview were conducted with various governmental and private organizations
to gather detailed and specific information relevant for the study. These organizations include
Addis Ababa city land development and administration bureau, Addis Ababa city plan preparation
and administration office, urban beautification and green development bureau, Addis Ababa city
road authority (AACRA), Ethiopian metrological agency, Compass architectural and engineering

consultancy plc. The individual’s interviews are selected by a purposive sampling method.

Table 3.5: Key informant for the research interview

R.no Institution Title Qty.(Person)

1.| Addis Ababa city land development and General manager 1

administration bureau

2.| Addis Ababa city plan preparation and 2
administration office

3. | Addis Ababa city land administration office Office head 1

4. | Addis Ababa City Road Authority Team leader 2
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Junior engineer
5. | Urban Beautification and Green Development Head of Design 1
Bureau teams
6. | Ethiopian Metrological Agency Office head 1
7. | Private consultancy organization General manager 2
Design head
Grand Total 10

3.4. Method of data analysis

The data was analyzed using a Geographic Information System (GIS) tool, employing a
combination of quantitative and qualitative analytical approaches. Additionally, software tools
such as SPSS, Python, and Microsoft Excel were used to support the data analysis. Non-

measurable features, especially those related to quality, were described using qualitative methods.

3.4.1. Spatial analysis

This method is used to investigate the demographic deviations from the geographic environment
by exploring patterns, spatial distribution, and spatial relationships, including the proximity
between various elements, such as built-up area, roads, vegetation, etc. These were done by using
the three primary elements (i.e. mathematical modeling, statistical methods, and cartographic

modeling) in the Arc GIS by feeding the geospatial data.

According to Longley in (2015), since the outcomes of spatial analysis depend on the locations of
the items under study, which was also applied for this research. The potential to investigate the
spatial arrangements and interactions of points, lines, areas, and surfaces including adjacency,
connectedness, distance, and directional linkages sets spatial analysis distinct from other data

analysis (Unwin et al., 2002).

3.4.2. Temporal analysis

The temporal analysis method is used as a technique for creating an extensive timeline with
multiple time points to compare the baseline, or pre-corridor development, and present, or post-
corridor development, focuses on sequential trends in the temporal change in the study area over
time. Various techniques, such as plotting to a histogram and change detection, are used to assess

the shifts in the conditions in place. In order to analyze the changes in UHII, this technique enables
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a comprehensive investigation to discover the sequential trends in the research region throughout

time, as well as temporal patterns directly related to roads, vegetation cover, and built-up index.
I.  Temporal analysis of LST

The temporal analysis of LST can be done using the change detection method, where you compare
LST at different time point’s t1, t2, tnt_1,t 2,t ntl, t2, tn:

ALST (t) = LST (tn) —LST (t1)
Where:

o LST (tn) is the land surface temperature at time tn,
o LST(t1) is the land surface temperature at time t1,
o ALST (t) is the temporal change in LST between the two times.

Imagery
(Landsat 8)

Band 10

BAND 2-5 -
(TIR 1)

Data
Processing

Urban heat

island (UHI) Urban heat

island Map

Change
detection

LST Analysis

Figure 3.2. LST Analysis workflow chart in Arc Gis
Il.  Temporal analysis of NDVI
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NDVI is utilized to track the dynamics of vegetation cover over time. Changes in vegetation over
time can be examined with a method similar to LST. The temporal change in the NDVI can be

computed as follows:
ANDVI (t) = NDVI (tn) -NDVI (1)
Where:

= NDVI (tn) is the NDVI at time tn,

= NDVI(t1) is the NDVI at time t1,

= ANDVI(t) is the temporal change in NDVI
I1l.  Temporal analysis of NDBI

The NDBI evaluates the size of built-up or urban regions, and its temporal analysis aids in
monitoring developments in urbanization. Like the other indices, the NDBI's temporal change can
be calculated by comparing values across time:

ANDBI (t) = NDBI (tn) -NDBI (t1)

Where:

= NDBI (tn) is the NDBI at time tn,

= NDBI(tl1) is the NDBI at time t1,

= ANDBI(t) is the temporal change in NDBI
IV.  Temporal analysis of UHII

For computing UHII, initially the temporal change in LST was computed for both urban and rural

areas:

ALST urban(t) =LST urban(tn) —LST urban(tl)
ALST rural(t) =LST rural(tn) —LST rural(t1)

Then, the temporal change in UHII was calculated using the following equation:

AUHII (t) = [LST urban(tn) —LST rural(tn)] — [LST urban(tl) — LST rural(t1)]
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Figure 3.3. Code script of a) LST, b) NDVI, c) NDBI, and d) UHIE retrieval

3.4.3. Correlation analysis

Correlation is a statistical measure that demonstrates the degree to which two or more variables
fluctuate. This approach is used to examine the negative and positive correlations or relationships
that exist between the major variables, notably LST, NDVI, NDBI, and UHII, by analyzing how
each variable relates to the one another. This study examines the correlation between LST and
NDVI, LST and NDBI, LST and UHII, NDVI and NDBI, NDVI and UHII, and NDBI and UHI|I
to investigate trends that influence UHII and identify factors contributing to the urban heat island

effect, offering data-based findings to propose mitigating strategies.

Correlation is Positive or direct when the values increase together, and Negative when one value

decreases as the other increases, and so-called inverse or contrary correlation.
Correlation can have a value:

o 1is a perfect positive correlation
o 0isno correlation (the values don't seem linked at all)
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o -1isa perfect negative correlation

For computing the correlation analysis; the most widely used technique is Pearson's correlation

coefficient (r), which has the following equation:
r =Y (i = %) (vi — y) [ VY= (i = %) 2 Y (yi — ) 2
Where x is the mean of variable x values, and y is the mean of variable y values.

3.4.4. Regression analysis

The regression analysis method is used for computing and determining the relationship that exists
between two or more variables which involves identifying and evaluating the relationship between
a dependent variable and one or more independent variables, which are also called predictor or
explanatory variables i.e. LST, NDVI, NDBI, and UHII statistically as it helps to recognize the
trends of the correlation and how the changes in the dependent variable i.e. the variable we want
to predict, is related to the independent variable i.e. the variable used to predict for providing

valuable insight by quantifying the relationships between those variables.
Simple Regression Model

A simple linear regression analysis is one in which there is just one continuous dependent variable

and one independent variable.

The following equation serves as a mathematical representation of the regression model:
y=p0+p1lxl+el

Where:

o X independent variable,

o Yy dependent variable,

o m Number of cases or individuals,

o Y xy Sum of the product of dependent and independent variables,

o (1 The Slope of the regression line, /B1=nY xy-YxYy/nYx2—- (X x)?
o PO the intercept points of the regression line and the y axis, /0 =y — B1x/

o Y x =Sum of independent variable,
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o Y y=Sum of dependent variable,

o Y x 2 =Sum of square independent variable,

Multiple Regression Model

The multiple regression model is an extension of simple linear regression. The purpose of multiple
regression is to get a better understanding of the connection between a dependent or criterion

variable and multiple independent or predictor variables (SESRIC, 2015).
The following equation represents the multiple regression model mathematically:
Y=BO+BiXi........tBfnXn+u

Where:

o Xi to Xn Represent independent variables
o Y Dependent variable.

o f1, the regression coefficient of variable x1,

B1=(Tx1y) (X))~ (X x2y) (X x1x2) [ (X x12) (L x22) = (X x1x2) °

B2 the regression coefficient of variable x2,
B2 = (T x2y) (X x%1) — (X x1y) (X x1x2) / (X x12) (¥ x22) — (X x1x2) ?
B0 the intercept points of the regression line and the y axis,
BO=y—B1x1— B2x2/

O

O

3.5. Method of data presentation

Analytical and empirical results are presented in the form of: narrative, tabular, and graphical. A
combination of text and illustrations are used to demonstrate the information gathered in a written
form. Statistical data is presented using the tabular form. Additionally, maps and figures are

presented in several graph and diagram forms.

28



3.6. Methodological Framework
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Figure 3.4. Methodological workflow of the study
3.7. Reliability and Validity
Research validity

UHII is directly influenced by factors LST, NDVI and NDBI. These influencing key variables are
recognized as reliable indicators in various literatures and used in several of previous research. For
the spatial and temporal variations study from a reliable source, i.e., Landsat 8 image from the

United States Geological Survey (USGS) Earth Explorer. Furthermore, as an additional validation,
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the findings from the research were cross-checked with previous research and empirical data from

a relatively similar area in the country.

Data and Method reliability

All remote sensing satellite imagery data are from a reliable source USGS Earth Explorer taken
from a similar season across the study year to reduce seasonal variation. The results were cross-
checked between each other, and their correlation is verified as expected. The NDVI, and NDBI
data area was cross-checked with ground truth from google and further analyzed with the field
observation data. The method used for the image processing and analysis is put in the
methodological framework to justify that the research utilizes standardized procedures for data

analysis.

Confusion (Error) matrices

Confusion matrices sometimes known as Error matrices, are the most common method of
expressing classification accuracy (Lillesand et al., 2008), utilized in the research by creating 50
randomly taken sample reference points from the study area result and ground truth taken from
Google images the accuracy was analyzed. The kappa coefficient, user accuracy, producer
accuracy and overall accuracy were computed when the error matrix for both classifications is

finalized.
According to Lillesand et al., (2008), the following formulas were utilized for the process

number of coorrectly classified pixel

User A =
ser Accuracy total number of pixel

number of coorrectly classified pixel

Producers Accuracy = — -
total number training set pixel

The kappa coefficient (Khat) is a degree of convergence between two maps that account for every

aspect of the confusion matrix.

Y'(Sum of the diagonal elements )
Overall accuracy = _ - x 100
Total number of accuracy sites(pixels)
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Obs — Exp
1—Exp

Khat =
Where:
Khat - Kappa coefficient
Obs. - is Observed correct or overall accuracy (OAC)
Exp. - is it represents correct classification.

3.8. Ethical Consideration

For ensuring that the research is conducted responsibly, various ethical considerations were taken
with respect to people, community, socio-cultural, and environment. While collecting primary data
through mainly key informant interview the respondents have been clearly informed the purpose
of the study and how their data will be utilized in the research so as to receive factual and more

accurate information voluntarily.
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CHAPTER FOUR: RESULT AND DISCUSSION

4.1. Results
4.1.1. Spatial and temporal patterns in LST
Spatial patterns on the road before and after corridor development

Due to the corridor development project in the study area region which covers a total length of
7.5Km of roadway, the core result from Figure 4.1 shows that there is an expansion of roads after
the project implementation mainly due to the expansion of Pedestrian Street and the new concept

of bicycle lane.

a) road before corridor development b) road after corridor development
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Figure 4.1. Spatial patterns on the road before and after corridor Development

The total area from the baseline condition before the corridor development from the result is
216111.149 Square meters (21.61Ha) of area which is expanded to 327558.757 Square meters
(32.76Ha) (Figure 4.1). From the overall expansion of the road, the major parts of the expansion
lie on grey infrastructure due to the expansion on vehicular road, Pedestrian Street, and bicycle

lane.
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Spatial and temporal patterns in Addis Ababa City LST
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Figure 4.2. Addis Ababa City: a) LST in 2015, b) LST in 2020, and c) LST in 2024

Based on the statistical value on the above Figure 4.2, the temporal trends of the land surface
temperature in Addis Ababa city show a moderate value in 2015, which decreases on the year 2020
and results in a high increasing trend on the year 2024. Based on this result, we can justify that the

mean annual land surface temperature of Addis Ababa city shows an increasing trend.
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Figure 4.3. Temporal Trend line in LST of Addis Ababa (2015, 2020, and 2024)
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As a cross reference, Temperature data from the Ethiopian Meteorological Institute (EMI) for the
years 2015, 2020, and 2024 were investigated concerning Addis Ababa city temperature,
specifically around the study area in their specific station point, i.e., Addis Ababa Bole Station,
and Addis Ababa Obs Station results. The results from Figure 4.2, Figure 4.3, and annex 6 ShOWS
the core finding that the Land surface temperature trend in 2024 shows the highest value than 2020
as well as 2015 with LST mean value of 32.66975°C higher with 3.72681°C with the baseline of
2020 year with a LST mean value of 28.94294°C and that of 2015 with LST mean value of
30.04213°C.

Based on the slope of the trend line on Figure 4.3, the result shows an upper parabola, which
implies Addis Ababa city LST shows a moderate result in the months January, February, March,
September, and October. In comparison, relatively higher LST is experienced in November, April,
and May. The lowest LST is around June, July, and August. In general, at the beginning and end
of the year, the LST is relatively moderate, and around June and July, the LST in Addis Ababa
lowers possibly due to seasonal change, which will increase rain and cloud cover in the area (Figure
4.3).

On the temperature result from Annex 6, the highest temperature data recorded in 2015 is in the
month of April with the value 36.29118°C, the highest temperature on 2020 is recorded on the
month May with a value 31.87929°C, and the highest temperature recorded on the year 2024 is on
the month April with value 36.877°C.

From the statistical result on figure 4.8, the extreme highest temperature recorded in 2024 is in the
month of August with a value rated 31.80°C. Addis Ababa city's extreme maximum temperature
data for the year 2024 shows the highest temperature from the previous year’s taken, i.e., 2015 and
2020, which shows the city's average mean annual temperature shows an increasing trend from the

previous year’s data.
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Figure 4.4. Addis Ababa city minimum, mean, and maximum temperature line

The annual mean minimum temperature on 2020 with the value 11.62°C shows the highest from
that of 11.27°C in 2015 and the lowest 9.52°C result on the year 2024 further more; As a city scale
the average mean maximum temperature on 2024 is 23.4°C which is the lowest value on that of
23.79°C in 2020 and 23.84°C on the year 2015 (figure 4.4). Even though the average mean
temperature in 2024 is the lowest of all, the maximum mean annual temperature in the year is
29°C, which shows more than 5.16°C increase from the highest recorded mean value in 2015
(figure 4.4).
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Spatial and temporal patterns in the study area LST
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Figure 4.5. Study Area LST, a) 2015, b) 2020, and c) 2024

By computing the average LST in 2015, 2020, and 2024 comparatively the highest annual average
LST from the years is recorded in 2024. In 2020, the mean annual average LST is relatively
moderate, and in 2015, the lowest mean annual average LST is recorded. Based on these results,

we can identify that the LST in the study area shows an increasing trend from 2015 to 2024 (Figure

4.5).
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Figure 4.6. Temporal Trend line in LST of the study area in 2015

LST result for the year 2015 examined by taking the study corridor with a two kilometers (2KM.)
buffer on both sides to analyze the urban-rural comparison shows a notable variation across

different months. The lowest monthly average mean LST of 28.359°C is recorded on the month
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June which have cooler LST during this month possibly due to seasonal weather pattern of the
study area such as rainfall and cloud cover and the highest monthly average mean LST value of
31.226°C is recorded on the month March which directly implies that the area is significantly
warmer during this month. Furthermore, the annual average mean LST of the year was calculated
to be 30.077300 °C (Figure 4.6).
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Figure 4.7. Temporal Trend line in LST of the study area in 2020

In the year 2020, the LST calculated by taking a two-kilometer (2KM.) buffer shows noticeable
variation among the months. The average highest mean LST of 32.1210°C is recorded in the month
of February, which means that the surface temperature during the month was elevated. In contrast,
the lowest mean average LST of 29.159°C °C is recorded on the month June. The possible scenario
for the decreasing factor of LST during this month could be seasonal shifts from warmer to winter
months. The annual average mean LST on the year 2020 is recorded at 30.84431°C which is taken
as a baseline measurement before the implementation of the corridor development project in the

study area (Figure 4.7).
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Figure 4.8. Temporal Trend line in LST of the study area in 2024

Based on the statistical analysis on the year 2024; the lowest LST is recorded on the month June
with monthly average mean LST of 30.759°C which indicates that the LST of the study area is the
coolest of the months and the maximum LST result of 33.726°C is recorded on the month May
which implies that the study area experiences the highest LST on this month. The calculated mean
average annual LST is 32.82467°C (Figure 4.8).
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Figure 4.9. Temporal Trend line in LST of study area (2015, 2020, and 2024)
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By comparing the average annual mean LST, in 2015 the mean value of 30.07733°C shows the
lowest than 2020 with an annual average mean LST of 30.84431°C with an annual mean value of
0.76698°C, and the highest annual mean average LST recorded in 2024 with a value of
32.82467°C, which is the highest of all. The LST annual average mean LST in 20204 shows an
increasing trend with a value of 2.74734°C from 2015 and 1.98036°C from the result in 2020
(Figure 4.9).

In general, the LST trend analyzed in the study is utilized to examine the trends of urban heat
island intensity before and after corridor development in the study area. The results reveal an
increasing trend over time as the results in 2024 show significantly higher LST values than the
baseline taken before corridor development on the year 2020, as well as in 2015.

4.1.2. Spatial and temporal patterns in NDVI

Spatial and temporal patterns in Addis Ababa city NDVI
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Figure 4.10. Addis Ababa city NDVI in a) 2015, b) 2020, and c¢) 2024

Recently, Addis Ababa city has undergone an inclusive transformation on environmental-related
issues, which is reflected in the spatial pattern of NDV1 in the city. Based on the result in the earlier
years, the city vegetation cover was moderate in inner cities and high mainly in the highland areas
and river sides. Due to unprecedented urbanization, the vegetation coverage shows a decreasing
value, which indicates that the vegetation cover across the city is reducing. In 2024, due to the
corridor development initiative in the city, the green coverage in the specific areas is resulting in

a potential impact in enhancing vegetation cover across the city (Figure 4.10).
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Figure 4.11. Temporal Trend bar in NDVI of Addis Ababa (2015, 2020, and 2024)

The NDVI results in Addis Ababa city in the years 2015, 2020, and 2024 show a significant
decreasing trend. In 2015, the NDVI maximum value recorded is 0.814903, which is higher by
0.016369 from the result in 2020, recorded value of 0.798534, and higher than the Maximum
NDVI value in 2024, recorded 0.754389 by a value of 0.060514. The NDVI minimum results,
which show negative values, indicate a minimum vegetation cover in the area. The highest mean
NDVI result is recorded in 2015 with a value of 0.338629 in comparison with the moderate record
with a value of 0.273437 in 2020, and the lowest record in 2024 is 0.267435. The results in the
NDVI mean show a decreasing trend, which indicates the vegetation cover in the area is reducing
(Figure 4.11).
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Spatial and temporal patterns in the study area NDVI
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Figure 4.12. Study Area NDVI in a) 2015, b) 2020, and c) 2024

The result in NDVI of the year 2015 indicates various vegetation conditions in the study area. The
maximum NDVI value recorded is 0.751356, which signifies that areas are having densely
vegetated, i.e., “Yeka’ mountain forestry taken as a ‘Rural’ for the comparison, as the higher
recorded value is computed by exhibiting a strong reflectance in the near infrared spectrum. The
mean and minimum NDVI values are 0.34475 and -0.06186, respectively (Figure 4.12 and Table
4.1). The negative magnitude of the NDVI result indicates either that there is a low amount of
vegetation in some part of the study area or some parts have no vegetation at all, i.e., the Study

area corridor route /Road/ which is taken as an ‘Urban’ for the study.

Table 4.1: Temporal Trends in NDVI of the Study Area (2015, 2020, and 2024)

YEAR NDVI_MAX NDVI_MEAN NDVI_MIN NDVI_STDDEV
2015 | 0.751356 0.34475 -0.06186 0.529485
2020 | 0.782146 0.265243 -0.25166 0.529485
2024 | 0.729451 0.199966 -0.32952 0.529485

In the year 2020, the minimum annual average NDVI record value is -0.25166, the annual mean
average NDVI is 0.265243, and the maximum annual average NDVI value is 0.782146 (Table
4.1). From the previous 2015 result we can identify that there is a noticeable decrease on both
factors which indicates that there is a decrease on the densely vegetated area as the high value on
2015 reduces on 2020 and there is a decrease in NDVI minimum annual average value which
implies that there is either of urban expansion, increased impervious surfaces, increased

infrastructural change, environmental degradation, or vegetation loss over the past five year period.
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In 2024, the average annual minimum NDVI result is -0.32952, the annual mean average NDVI is
0.199966, and the maximum average annual NDVI is 0.729451 (Table 4.1). While comparing
these results in the year 2024 with those of 2020, which was previously considered as the data
before corridor development, the result shows a significant reduction in both ‘rural’, the densely

vegetated areas, and ‘urban’, the roadways and sparsely vegetated areas of the study area.
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Figure 4.13. Temporal Trend bar in NDVI of the Study Area (2015, 2020, and 2024)

By comparing the average minimum annual NDVI on Figure 4.13 in the years 2015, 2020, and
2024, the recorded values are -0.06186, -0.25166, and -0.32952 respectively. The result shows an
increase in the negative value of the NDVI minimum value indicating that there is a reduction of

vegetation over time (Figure 4.13).

The maximum NDVI annual average result in 2015 is 0.751356 which indicates there is a high
vegetation density in the study area i.e. ‘Yeka’ mountain taken as a ‘Rural’ for the study
comparison. In 2020 the recorded result 0.782146 shows slight improvement from 2015 but again
in 2024 the value reduced to 0.729451 indicates the vegetation cover in the study area is reduced
(Figure 4.13).

By investigating the activities in the study area, the main reason for the increase in vegetation
cover around 2020 is the conservation effort in the period and mainly the green initiative at that
time. In the results of 2024, the potential reasons for the decrease of vegetation cover are mainly
related to anthropogenic activity in the area, including environmental impact due to infrastructure

development including urban road expansion on the corridor development. In general, the overall
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results from NDVI show a noticeable decrease over time which implies that there is a reduction in

vegetation cover in the study area.

4.1.3. Spatial and temporal patterns in NDBI

Spatial and temporal patterns in Addis Ababa city NDBI
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Figure 4.14 Addis Ababa city NDBI in a) 2015, b) 2020, and c) 2024

Addis Ababa city has undergone unprecedented urbanization over the past years, which has led to
noticeable changes in the NDBI of the city. Based on the results of the investigation at the city
scale, there is a significant change in the built-up areas from the year 2015 to 2020, possibly due
to urbanization and urban sprawl (Figure 4.14). In 2024, the trend shows a decreasing effect with
reduced built-up areas. By checking different literature and investigating the baseline condition,
the possible reason for the decreased built-up index in 2024 is due to the inclusive urban corridor

and redevelopment sites, which seek the demolition of dense low-rise residential areas.
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Figure 4.15. Temporal Trend bar in NDBI of Addis Ababa (2015, 2020, and 2024)

The NDBI result for Addis Ababa city from 2015 to 2020 shows a significantly increasing trend,
which implies that there is a substantial expansion of built-up areas during the period. The mean
average annual NDBI recorded in 2015 is -0.04792, which is higher than that of 2020 with a value
of -0.03238, which implies that there is a noticeable change in built-up areas over the five-year

period. In 2024, the result became -0.04831, showing a decreasing trend from the previous 2020 (Figure
4.15).
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Figure 4.16. Spatial and temporal patterns of NDBI in the study area, a) 2015, b) 2020, and c)
2024

Based on the results of NDBI, the study area clearly shows that the trends of built-up index on
2015 was relatively moderate and in 2020 the built-up value shows an increasing effect which
implies that the area is exhibiting urban expansion, in 2024 this value extensively increase along
the road way which means that built-up areas in the study area are showing increasing effect and
the green spaces are reduced as investigated by an in depth analysis which indicates there is an

increasing trend in NDBI over time (Figure 4.16).
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Figure 57. Temporal Trend bar in NDBI of Study Area (2015, 2020, and 2024)

The results of NDBI in 2015 indicate that there is a high built-up density compared to other years
in the study. The average annual maximum built-up index value is 0.25323 which indicates the
concentrated built-up areas including infrastructure, roads, and buildings. The average minimum
NDBI value is -0.41486, which shows that there is a densely vegetated area, i.e. ‘Yeka’ mountain,

given that green spaces have weak reflectance in the near infrared spectrum (Figure 4.17).
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In 2020, the average annual maximum NDBI recorded 0.490157 which have significant increase
from 2015 which clearly indicates there is a high built-up area expansion on the period. The

average annual minimum NDBI value is -0.70388 (Figure 4.17).

In 2024, the minimum annual average NDBI value is -0.41639 shows that there are green spaces
with low built-up density specifically ‘Yeka’ mountain which is taken as a ‘Rural’ for comparison,
and the maximum annual average NDBI value is 0.300674 which indicates the roads, buildings

and other impervious surfaces which are taken as an ‘urban’ for the study (Figure 4.17).

4.1.4. Combined result of variations on UHIE

Spatial and temporal patterns in Addis Ababa city UHIE
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Figure 4.18. Addis Ababa city UHIE in 2015, 2020, and 2024

Addis Ababa city is experiencing significant changes in the trends of UHII due to several driving
factors. Various reports, literature, and studies documented that the city temperature increases over
time due to different reasons, i.e., urbanization, infrastructure development, urban expansion,

environmental degradation, etc. (Figure 4.18).
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Figure 4.19. Temporal Trend bar chart in UHIE of Addis Ababa (2015, 2020, and 2024)

Based on the result on Figure 4.19 from the three UHII mean values the most negative which
indicates the least UHII is recorded in 2015 with the value -0.193205, the second most negative
value is recorded in 2020 as -0.237157 whereas the least negative value which describes relatively
higher UHII is recorded in 2024 with the value -0.263355. From the trend analysis, the major

finding of this mean result clearly shows that there has been a gradual increase in UHII of Addis

Ababa city over time (Figure 4.19).
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Based on the combined results in 2015 from LST, NDBI, and NDVI, the UHII for 2015 is analyzed
within the study area by taking an area of Two kilometers (2KM.) buffer from ‘Megenagna’ to

‘Piassa’ corridor road.

The average annual minimum UHII value is -0.6951 with a negative value which indicates that the
vegetation cover in the area majorly ‘Yeka’ mountain taken as a ‘rural’ counterbalanced the urban
heat generated from the built-up areas mainly the road from ‘Megenagna’ to ‘Piassa’ taken as an
‘Urban’ for comparison. The average annual maximum UHII value is 0.201162, which indicates
the ‘Urban’ areas, i.e. road from ‘Megenagna’ to ‘Piassa’ in the study region, have relatively higher

temperature as compared to the surrounding ‘Rural’ area, i.e., ‘Yeka’ mountain (Figure 4.20).

The average annual maximum UHII value in 2020 is 0.217746, which means that the ‘Urban’ areas
in the study region are experiencing substantial urban heat than their surrounding ‘Rural’ area,
mainly the densely vegetated area ‘Yeka’ mountain. In this year, the average annual minimum
UHII value is -0.73206, which indicates that the densely vegetated area i.e., “Yeka’ mountain and
other green infrastructure in the study area, counterbalanced the urban heat generated from the

built-up areas (Figure 4.20).

In the year 2024, the annual average minimum UHII value recorded is -0.79431, which means that
the vegetation cover in the study area including the densely vegetated “Yeka’ mountain
counterbalanced the urban heat generated from the built-up areas. The average annual maximum
UHII value recorded in the year is 0.2476, which implies that the ‘Urban’ areas in the study region
are experiencing substantially higher temperature as compared to the surrounding ‘Rural’ area

mainly ‘Yeka’ mountain.

Based on the above results in the study from the years 2015, 2020, and 2024, it is justified that the
urban temporal trends of UHII in the study areas clearly show an increasing trend over time. The
major finding of this result intensifies the UHIE is increasing, which means that urban areas in the
study region, i.e. ‘Megenagna’ to ‘Piassa’ road, IS experiencing warmer temperatures as compared

to the surrounding ‘Rural’ areas mainly the densely vegetated ‘Yeka’ mountain.
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Figure 4.21. Temporal Trend bar chart in UHII of the study area (2015, 2020, and 2024)

From the result on figure 4.21 the most negative UHII mean value from the three years is recorded
in 2015 with value of -0.246969 which indicates the least UHII with relatively high cooling effect,
in 2020 the recorded value increased to -0.257157 which indicates moderate UHII and the least

negative value recorded is in the year 2024 with the value -0.273355 which indicates relatively

Higher UHII than the result in 2020 as well as 2015 (Figure 4.21).

By analyzing the results of the annual average mean UHII value, the UHII value is showing a
consistent increase over time. The shifts in the temporal trend of UHII shows the growing impacts
of the corridor development i.e. anthropogenic intervention as it encompasses urban expansion
and urbanization for the execution of the project, on the micro climate of the road side taken as an

‘Urban’ area for the study which emphasizes the need for incorporating mitigating strategies

including sustainable urban planning strategies to mitigate the UHIE in the study area.
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4.2 Discussions
4.2.1. Spatial and temporal patterns in LST

Recently, Addis Ababa city’s inner urban areas have been experiencing relatively higher
temperatures as compared to their surrounding ‘Rural’ areas a resulting in LST showing a
substantial increase over time. As UTFVI is directly correlated with LST, it is the most commonly
used index for the ecological assessment of the urban environment (Alfraihat et al., 2016; Li et al.,
2013). The trends of LST in Addis Ababa city investigated by UTFVI result in 2015 shows a mean
value of 30.04213°C which is slightly higher with 1.09919°C from 2020 and this value extensively
increased to 3.72681°C on 2024 with a mean annual average value of 32.66975°C which shows a

clear substantial increase of LST in the city (Figure 4.3).

Urban settings are dominating over green and open spaces which resulting in an increase in UHIE
in different areas of the city, which is making the city warmer (Mathias et al., 2016). There are
various contributing factors for these phenomena are mainly driven by city-wide rapid
urbanization and urban expansion, which leads to an increase in road infrastructure, including

pedestrian, bicycle lanes, and impervious surfaces, which absorb more heat than greenery.

The LST on the study area, i.e. corridor development road from ‘Megenagna’ to ‘Piassa’ route,
shows an increasing trend over time (Figure 4.5). The LST is computed by taking the ‘Yeka’
mountain and other vegetation cover mainly on road roadside with a catchment area of a Two-
kilometer buffer (2Km.) as a ‘Rural’ and the road as an ‘Urban’ result that the urban areas are

experiencing relatively higher LST than the ‘rural’.

Before the corridor development, the study area's total road coverage was 216111.149 square
meters (21.61 hectares), and it increased to 327558.757 square meters (32.76 hectares) following
the corridor development. The majority of the expansion is on grey infrastructure because of the
expansion of the bicycle lane, Pedestrian Street, and vehicle road. Based on previous researchers
finding, there was a substantial positive linear correlation among impervious surface and LST; a
10% increase in imperviousness might result in around 3.3°C increase in land surface temperature
when the impervious surface eventually accounts for more than seventy percent /70%/ of the land
(Xu et al., 2013,). An expansion in urban areas could raise LST by approximately 1.9-5.4 °C and
the urban air temperature around 0.75-2.80 °C (Imran et al., 2019), which implies that an increase
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in the study areas road coverage with over fifty percent /50%/ ratio will increase the areas LST

evidentially on a high rate.

The anthropogenic intervention in the study area impacts the LST and leads to increasing UHIE
as Infrastructures, including roads, buildings, pedestrians, and other constructions, minimize urban

vegetation cover (Siti et al., 2013).

According to the study area LST result; the ‘Rural’ i.e. vegetation cover including street side
greeneries relatively balanced the ‘Urban’ i.e. Buildings, roads, and other infrastructures area heat
by provisioning cooling effect mainly through balancing Incoming solar energy from sun light and
outgoing radiation from surfaces to the environment to manage excessive heating by regulating
temperature (Ries, 2002; Baccini et al., 2008).

Land surface temperature has an extensive impact on microclimate change and vegetation growth
(Shahid, 2014). Therefore, as the trends on LST of the area increase, the microclimate also
increases, which will directly impact the surrounding area’s livelihood and roadside activities,

including minimizing walkability for pedestrians.

The primary contributing factor of urban heat islands in cities is a rise in LST (Qaid et al., 2016;
Vasenev et al., 2021). Due to anthropogenic activities and alterations to the natural environment
through various infrastructures such as roads having low thermal albedo materials that do not

reflect sunlight effectively, will lead to an increase in LST, which is directly proportional to UHI.

Urban built-up areas expansion, which incorporates urban road expansion, results decline of
vegetation cover, which contributes to an increase in LST and intensifies UHI (Warkaye et al.,
2018; Teferi et al., 2017). Because green spaces absorb heat mostly during the dry season, which
lowers LST, reducing them due to urban growth will have a major detrimental impact on the

environment (Samson et al., 2018).

Material selection in urban infrastructure plays a crucial role in mitigating UHIE (Voogt et al.,
2003), as the main causes of UHIE are the high heat-absorbing characteristics of pavements,
concrete structures, and other various impervious surfaces to rising surface temperature in urban
areas, which leads to an increase in UHIE of the area. Higher albedo lowers pavement surface

temperatures (Yang et al., 2015).
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4.2.2. Spatial and temporal patterns in NDVI

The most popular technique for analyzing the amount of vegetative coverage in an area using
remote sensing images is the NDVI (Angadi et al., 2020; Ghosh et al., 2020). The NDV1 is widely
recognized effective indicator for LST (Weng et al., 2004) with a strong negative correlation, i.e.
Increase in vegetation index decreases LST; accordingly, the decreasing trend in the result of the
study shows an increasing trend in the SUHI.

Due to unprecedented urbanization and urban expansion, Addis Ababa city vegetation cover trend
shows a substantial decrease, even though recently there has been a focus given to environmental
protection and green development by establishing an urban beautification and green development

bureau as a governmental institution.

In remote sensing, NDVI is a useful measure of vegetation cover (Mackey et al., 2012). Even
though considerable focus has been given to environmental protection, results show a potential
improvement in enhancing vegetation cover in the city, the vegetation cover on a city scale still
shows a decreasing trend, as the result in Map 4, indicating the extent of green coverage within
the city over time.

The Addis Ababa city NDVI results in the years 2015, 2020, and 2024 is a justification for the
visible decreasing trend (Figure 4.10). In 2015, the NDVI maximum value recorded is 0.814903
which is higher than the result in 2020 recorded value of 0.798534 and higher than the Maximum
NDVI value in 2024 recorded 0.754389 (Figure 4.11); This progressive decreasing result in NDVI
means that the vegetation density as a city scale is reducing over time which will have direct impact
on increasing LST as their correlation is negative and an increase trend in NDBI which will results
in an increasing trend the cities UHIE and urban air temperature; As Vegetation cover is the main
contributing factor of UHI, accounting for around 44% of the total (Deliami et al., 2018).

NDVI value ranges from -1 to +1; values near or trending towards -1 indicate bareland, an open
space, or a water body, while values near or trending towards 1 imply vegetative cover. According
to th study area NDVI result, the average minimum annual NDVI for 2015, 2020, and 2024 is -
0.06186, -0.25166, and -0.32952, respectively. The outcome demonstrates that a decrease in
vegetation over time is indicated by an increase in the negative value of the NDVI minimum value.
This decreasing trend in urban green spaces impacts the study areas UHIE as these green spaces
have better cooling effect (Kong et al., 2014).
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Land cover in urban environment plays significant role in providing ecosystem services (Bradley,
1995; Bastian et al., 2002), including regulating service by controlling local temperature through
absorbing and storing carbon dioxide majorly by vegetation cover; therefore the decreasing trend
in the study areas NDVI (Table 4.1) showing a reduction in green coverage which implies that the
vegetation cover including densely vegetated ‘Yeka’ mountain, street side greeneries ... etc. in the

study area is incapable of provisioning ecosystem service in the area majorly regulating service.

Change in Land use Land cover (LULC) by the conversion of green spaces into impermeable
surfaces has led to extensive environmental problems, including UHIE (Weng et al., 2001). As
vegetation cover helps to mitigate UHIE through processes such as evapotranspiration and cooling
the environment through shading, enhancement of green coverage by fostering sustainable green
infrastructure should be prioritized to enhance green coverage in the study area. Having a linear
correlation, a ten percent (10%) increase in vegetation coverage would cool the air by 0.23°C
(Wong et al., 2005)

The ecology will be significantly impacted since vegetative cover is replaced by impermeable
surfaces. An Increase in impervious surface i.e., asphalt roads, concrete pedestrian etc., will
linearly increase the LST in the area, while green infrastructures decrease it (Dai et al., 2019; Li et
al., 2016); areas with more green infrastructure show less tendency of having the highest LST.

According to Kong el al., in 2014; urban green areas including densely vegetated areas, street side
green areas, green open spaces... etc. have a better cooling effect than urban water bodies (Kong
etal., 2014) due to several reason mainly by the process of evapotranspiration as which they release
moisture in to the air that will minimize the surface temperature and providing shading that can

minimize the direct contact of sunlight to surface by absorbing solar radiation.

Changes in LULC primarily impact the surface temperature of the urban area and its surrounding
environments by replacing vegetated areas and open spaces with impermeable surfaces (Balew et
al., 2020; Sisay et al., 2019) by exposing the urban areas to direct solar radiation which increases
the Surface urban heat island (SUHI). Therefore, the decreasing trends in NDV1 of the study area,
which means the loss of vegetation cover in the area, will increase SUHI along the roadside

corridor, which will have a direct impact on walkability.
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4.2.3. Spatial and temporal patterns in NDBI

The NDBI algorithm is used to detect changes over time in the built-up environment by analyzing
the built-up area using the NIR and Red bands (Varshney, 2013; Xu, 2007). Using this method;
Due to unprecedented urbanization Addis Ababa city is undergoing a noticeable changes in NDBI
studied on the years in 2015, 2020 and 2024 overtime (Figure 4.10) Confirmed by Regassa et al.,
in 2020 by the calculated result of the city NDBI as in 1990 it was only 125.1km2 (23.7%), which
was increased to 132.8km2 (25.2%) in 2003 and expanded to 208.3km2 (39.5%) in 2020 (Figure
4.15).

In the city, urban built-up areas expansion is becoming common (Kassa et al., 2015), with highly
expanding mainly over green areas, urban forests, and grasslands (Regassa et al., 2020), which
will lead to an extensive decrease in the NDVI of the city that linearly impacts the UHIE.

In the study area, the NDBI trend shows an increasing trend from 2015 to 2020 with an implication
of elevated built-up areas through urban expansion (Figure 4.17), surprisingly, this result shows a
unexpected gradual decrease from 2020 to 2024 (Figure 4.17) due to the major reason investigated
through historical imagery over time and key informant interview on the areas that low rise dense
residences were demolished and relocated by corridor development project on road sides including

buildings without proper setbacks and the other by ‘Chaka’ project for Future expansion.

The value of the NDBI indicator varies from -1 to +1; the highest values represent the constructed
area, while the lowest values represent the lack of construction for the given area. Based on this,
the result shows that from 2015 to 2020 shows that there is a reduction in the mean NDBI value

from -0.0808 to -0.1069, which suggests that there is a reduction in Built-up area.

Through further investigation in the area through field observation and compiling the results with
key informants’ information, the mean result from NDBI is from the increased vegetation from
the government initiative in the period. From the year 2020 to 2024, the mean NDBI result shows
a noticeable increase, which indicates there is a rise in built-up area which is directly linked mainly

to the urban road expansion, as it’s one of the major components in the study.

Based on the spatial scope of the study the expansion on the road i.e. ‘Megenagna’ to ‘Piassa’

road; which leads an increase in Built-up density and impervious surfaces alters urban landscapes
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to have a faster absorption rate and smaller thermal capacity (Bornstein, 1968; Rosenfeld et al.,
1995; Song, 2004) which will increase the LST and linearly elevates UHIE in the area.

LULC changes induced by rapid urbanization are one of the biggest environmental concerns
(Weng et al., 2001; Regassa et al., 2020) as the changes in LULC are mainly related to the
expansion of built-up areas, which directly alter the natural environment which increasing the
vulnerability of the area to environmental issues such as an increase in LST and an increase in
SUHLI.

The study area NDBI result, which was computed by comparing the road before and after corridor
development, primarily focuses on the road's extension from "Megenagna" to "Piassa" as a result
of the corridor development, which intends to establish a new bicycle lane and extend the
pedestrian line. According to field observation findings, a concrete pavement technology was used
to create the bike and pedestrian lanes. Lighter-colored aggregates and cement binders can further
cool concrete pavements, since studies of particularly lightened concrete have demonstrated solar

reflectance levels of up to Eighty percent /80%/ (Levinson, 2001).

Additionally, various studies have explored strategies to enhance concrete pavement performance.
Concrete pavement can be renovated by using a technique called white topping, which uses fiber
reinforcement to strengthen the pavement, keeping additional layers thinner and reducing the
curing time (Lisa, 2008; Hurd, 1997).

The enhancement of concrete pavements is significant due to their higher solar reflectance
compared to conventional asphalt pavements. The concrete pavement with forty-five percent
(45%) solar reflectance, which is higher than asphalt pavement, has ten percent (10%) solar
reflectance (Lisa, 2008).

Various Previous studies on UHI have concentrated on assessing the relationship between LST
and land cover composition (Chen et al., 2014; Weng et al., 2004) this implication and the result
from studies indicates that an increase in NDBI which is an effective indicator on identifying

impervious surfaces in an area increases the Built-up land cover substantially rises the UHII.

4.2.4. Trends on urban heat island intensity (UHII)

Due to an increasing trend in LST (Figure 4.3), increasing trend in NDBI (Figure 4.15) and
decreasing trend in NDVI (Figure 4.11) which impacts the value of UHII; the combined UHII
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result of Addis Ababa city (Figure 4.19) shows an increasing trend and the city is experiencing
significant changes on the trends of UHII due to several driving factors including urban road

expansion.

From the three years of the study i.e. 2015, 2020, and 2024 in Addis Ababa, the most negative
value of average mean UHII is recorded in 2015 with the value -0.193205 (Figure 4.20), the second
most negative value is recorded in 2020 as -0.237157, and the least negative value which describes
relatively higher UHII is recorded in 2024 with the value -0.263355 (Figure 4.21).

According to the study area's results, the lowest UHII was recorded in 2015 with a mean value of
-0.2469609; this value increased to -0.257157 in 2020, and by 2024, the value of -0.273355 rises
drastically, indicating a comparatively higher UHII than the results in 2020 and 2015 (Figure 4.21).
This result should be seriously considered, as UHI adversely affects population health and
intensifies the effects of heatwaves, which have resulted in illnesses and death worldwide (Li et
al., 2013; Stone, 2012).

As a result of NDVI shows a continuous decreasing trend (Table 4.1). Investigating the impact of
UHI and SUHI, using remote sensing to track shifts in LULC types and patterns of landscape
provides essential information for the evaluation and analysis of SUHI (Korme et al., 2019) to
statistically analyze the shifts mainly in NDVI, as Vegetation cover is the main driving factor of
UHI (Deliami et al., 2018).

By understanding the relationship, specifically the correlation and regression between LST, NDVI,
and NDBI (Isufi et al., 2021), the observed increasing dynamics in LST of the study area over time
that have a strong linear correlation with NDBI with an increased value, and a decreasing trend in

NDVI imply that the area is experiencing an increasing trend on the aspects of UHIE.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

The findings reveal a substantial increase in UHI over the study period, as it is conducted to analyze
the study areas’ spatial and temporal variations in the UHI trends over time before and after
corridor development. UHII is a critical phenomenon extensively influenced by factors,
specifically LST, NDVI, and NDBI, which shows the variations through interaction among the
natural landscape and urban environment. From the major findings of the research illustrated, we
can conclude that the substantial increase in the UHII of the study area resulted from an
intensification of built-up areas and a reduction in the amount and density of vegetation cover,
leading to an upward trend in LST, which linearly increases the UHII.

LST, NDVI, and NDBI have an interconnected role in which LST is a dependent variable over
NDVI and NDBI. The finding of the research on the Primary objective on LST shows a noticeable
increase on the study period over time with an increasing trend on NDBI which have positive
correlation with NDBI. Based on the finding we can conclude that an expansion in impervious
surfaces and decrease in NDVI due to a decrease in the density and amount of vegetation cover
which minimizes the shading purposes of vegetation to the impervious surfaces that will minimize
the solar radiation and reduction in vegetation cover reduces the evapotranspiration that
contributes to the substantial increase in UHII which reflects the root causes and impacts of
urbanization and urban expansion on the environment which will have substantial implication on

the urban resilience, environmental sustainability which gradually affects public health.

The investigation aimed to attain the second objective of the study on NDVI, which shows a
downward trend which have a linearly negative correlation with UHII, implying an extensive
increasing trend on LST as the cooling effect from the vegetation is prominently reduced. Based
on these findings it’s possible to conclude that urban green infrastructure can mitigate UHII
naturally. Additionally, reduction in vegetation cover will impact the thermal dynamics of urban
areas by increasing their vulnerability to heat retention which results increase in LST and at the

same time increases the susceptibility of the areas to higher UHII. Therefore, enhancing green
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infrastructure with a proper scientifically based approach considering various environmental

factors and their purpose, i.e., Shading, ornamental, perennial vegetation’s can mitigate UHII.

From the results of NDBI based on the third objective of the study, an extensive increasing trend
in NDBI value is observed that is linearly correlated with LST, which will increase the UHII in
the study area. This increasing trend in NDBI resulted from the road expansion due to corridor
development in the study area that leading to an increase in the impervious surfaces by altering the
natural environment, which is positively correlated with LST and UHII. The rise in urban
infrastructure and impervious surfaces directly alters the natural environment, which exacerbates
the UHII which suggesting inclusive urban planning strategies for balancing both the urban

environment and natural landscape to a sustainable urban environment.

By utilizing remote sensing data, the research emphasized the interconnection among the main
factors of UHII i.e. LST, NDVI and NDBI, to insight the major finding of this research resulted
from combined impacts of reducing vegetation cover and rise in built-up area density implying an
elevated UHII along roadway from ‘Megenagna’ to ‘Piassa’ corridor development which implies
urban area expansion in the study area specifically road expansion including pedestrian and Bike
lane leads the area to micro climate change by exposing to higher thermal retention and increase
in LST which simultaneously rises the UHI and SUHI/.

On the other hand, finding from key informants and detail investigation by comparing road before
corridor development plan on structural plan 9, structural plan 10, and the road map before corridor
development from AACRA with corridor development proposal and After corridor development
road on the route from ‘Megenagna’ to ‘Piassa’ section which shows a result with more than Fifty
percent /50%/ road expansion. This road expansion highly increases the impervious surfaces in the

study area, which exacerbates the urban-rural temperature difference.

As the study utilizes remote sensing, Google Earth Engine, and Geographic Information System
(G1S), it enhances how these systems can be effectively used for analyzing the spatial and temporal
dynamics of urban areas UHII by investigating the LST, NDVI, and NDBI through the variation
in vegetation cover and built-up density, which will influence the surface temperature linearly with
UHII.
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5.2. Recommendation

[0 As an initial management recommendation, Addis Ababa city municipality should
implement urban management strategies which focus on enhancing vegetation coverage,
waste management, and sustainable urban drainage systems.

I It is highly recommended for Addis Ababa city municipality to develop and implement
urban heat island action plan, integrating mitigating strategies, sustainable building codes
and standards.

I Additionally, Policy makers are expected to propose and implement a proactive inclusive
policy, rules and enforcing regulations to minimize the adverse impacts of UHII on the
environment to achieve a sustainable, resilient environment in urban areas.

[0 To evaluate the corridor development project's implications on UHII, the main
recommendation based on the research findings emphasizes the significance of a
comprehensive environmental impact assessment.

I Itis strongly recommended to apply the concept of wind blocking by green infrastructure
mainly in the areas with a high building density for enhancing the cooling effect by
designing urban spaces that avoid the accumulation of urban heat, which is linearly
correlated with LST and UHII.

————— - Block with setback

----® Largecanopytree = lo_____,

Block e--=-

.......

Figure 5.1. Green infrastructure, and wind blocking conceptual model
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[0 Providing an urban street canopy method is highly recommend proactive method and
nature- based solution which reduce the LST by providing shading for the area which
linearly minimizes the UHII in the area, enhance air quality, reduces noise pollution as
trees can be used as a sound barrier, increase aesthetical value; which increase the urban

resilience of the area.
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Figure 5.2. Proposed Permeable pavement strategy

[0 As there is a high rate of streetscapes and roadway expansion in the study area projected
for enhancing non-motorized transport, parking facilities, and adding bicycle lanes, the rate
of impervious surface increased as the construction employs reinforced concrete pavement
technology, which needs to promote permeable pavement strategies.

O 1It’s extensively recommended to adopt Permeable pavement strategies with a proper
material selection and construction technique as the sample model in Figure 27 as
permeable pavements minimize overheating, reduce surface runoff, and increase ground
water, which will help to achieve urban resilience and a sustainable urban environment.

O It’s recommended to integrate biophysical parameters such as Humidity, precipitation, soil
type, plant species listed on Annex 10, focusing more on indigenous, surface albedo rate,
Material characters, surrounding building radiation rates, etc., in future research for a
holistic evaluation to increase the result effectiveness.

0 While planting trees, it’s thoroughly recommended to consider species variety as a

preliminary criterion for various reasons, including diversity in aesthetic value, and the
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major reason to protect damage to the plant from rapidly spreading plant disease, which

will attack the natural environment due to uniformity in species.

S\

N

¢) Case study in Virginia

b) Green Wall Nature based solution ¢) Proposed nature based design with tree canopy S | 2012
ource: Lynn, 2012

= = .

tudy in california nature based design with tree canopy g) Casestudy of nature based design with urban canopy model in canada

Source: I'red, 2021 Source: Canadian Socicty of Landscape Architects , 2024

Figure 5.3. Shades, Nature-based solutions, and case study

[0 Priority should be given to enhance green infrastructure through adaptive urban planning
strategies to ensure a sustainable and resilient urban environment by integrating the natural
ecosystem with the urban environment.

0 Enhancing Nature-based solutions for mitigating UHII should be promoted such as
enhancing purpose-based plantations like shaded plants as shown on Annex 10 that reduce
direct solar radiation.

I Priority should be given to climate adaptive strategy on the theme of UHII including
enhancing blue-green infrastructure, encouraging natural ecosystem preservation and

conservation mechanisms, promoting permeable pavement etc.
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I An adaptive urban green strategy should be promoted for provisioning the most efficient
and effective species type as specified in Annex 10 that can regulate micro temperature by

reducing the surface temperature in the area by cooling the environment.

Promoting green wall and vertical
gardening in sloppy areas

Permeable
vertical gardening

Enhancing wind blocking
mechanism for artificial shading >

7—* Enhancing shading capacity

by tree species selection
-—

Enhancing nature based shade by tree canopy

Figure 5.4. Proposed strategies with corridor development road

0 Cross-sectoral and multi-disciplinary approach should be enhanced to ensure
comprehensive inclusive solution with experts’ integration to achieve effective and
sustainable intervention to mitigate the increasing impacts of UHII.

O 1It’s recommended to further study the spatial and temporal dynamics of UHII using
methods i.e. and advanced technique to increase the accuracy of the result,

I As the study demonstrates that Google Earth Engine with remote sensing and GIS is
effective in analyzing UHII dynamics of urban areas, it is strongly recommended that using
GEE future research using GEE will help to improve the efficiency and accuracy of the
result.

I Future studies should explore in-depth analysis through adaptive advanced approaches by
integrating satellite imagery data with the Baseline situation (ground truth) for the accuracy
and spatially detailed result to develop effective mitigation strategy.
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Abstract

Urban expansion and unprecedented urbanization in cities like Addis Ababa are increasing the
vulnerability of the areas to urban heat island intensity (UHII) phenomena with an increasing trend
in urban thermal dynamics. This research analyzed the spatial and temporal variations in the Urban
Heat Island (UHI) along the route from "Piassa" to "Megenagna™ before and after corridor
development through field observation, using a combination of remote sensing data, and Landsat
8 imagery by the tools Google Earth Engine, and ArcMap. The results demonstrate an increasing
trend in LST 30.08° in 2015 to 32.82467°C in 2024. Concurrently, the NDVI result shows a
decreasing trend over time 0.34475 in 2015, to 0.265243 in 2020, and further dropped to 0.199966
in 2024. The mean annual NDBI in 2015 was -0.03495, increased to 0.001339 in 2020 indicating
built-up area expansion, but dropped to -0.02705 in 2024 due to the demolished residence in the
area. The overall UHII value shows an increasing trend over time with the most negative UHII
annual mean average value in 2015 is 0.246969, increased to -0.257157 in 2020 and further
increased to -0.273355 in 2024. The findings reveal a significant inverse relationship between
NDVI and LST, highlighting the role of sustainable corridor design and Green infrastructure for
mitigating the impact of UHII. Furthermore, Future studies should explore in depth analysis
through adaptive advanced approaches by integrating satellite imagery data with the Baseline
situation (ground truth) for the accuracy and spatially detailed result to develop effective mitigation

strategy.

Key Words: Corridor development, impervious surfaces, Streetscape, and Urban heat island
effect
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1. Introduction

Roads are spreading all across the world due to major factors, including rising populations and
improved connectivity. According to the World Bank, urban populations are growing at an annual
rate of approximately 1.8%; Sub-Saharan Africa (SSA) has the highest urban growth rate, at
around 3.6% per year (Yiral et al., 2020; Bocquier, 2005). It is widely recognized as the world's
fastest-urbanizing area, with an urban population of around 472 million, which is expected to
double within the next 25 years (Saghir & Santoro, 2018).

In Ethiopia, roadways serve as the principal infrastructure that has developed drastically,
accounting for more than 95% of both passenger and freight transportation (AACRA, 2009). The
Ethiopian government emphasizes the need to develop high-quality infrastructure to support the
country's rapid urban expansion, as well as the significance of building organizational frameworks

to ensure infrastructure sustainability.

The metropolis of Addis Ababa, which has been the driving force behind the robust 8 economic
growth, is rapidly urbanizing and constructing several roadways. Furthermore, the city of Addis
Ababa encourages the building and upgrading of city roadways as part of its long term
development strategy presented on the Addis Ababa City Structure Plan (AACRA, 2009).

Urbanization has led to a rapid expansion in road construction and extension. Due to this growth,
metropolitan road networks require expansion and modifications to handle rising traffic loads and
a variety of transportation requirements. The development and operation of these routes also
greatly contribute to climate change by altering the natural environment. Urbanization can alter
local climate and form an urban heat island (Landsberg, 1981). Metropolitan regions are now
grappling with two severe environmental problems: flooding and a rise in the urban Heat Island
effect (UHI) under the favorable influence of larger-scale flow Therefore, a smaller city with
upstream urbanization can have a larger UHI than a larger city with no upstream urbanization
(Zhang et al., 2009).

The development of road networks and change in land use and land cover (LULC) will lead the
conversion of natural environments to impervious surfaces has substantial impacts on climate,
hydrology, and urban ecosystems. Increased built-up area, road network development, natural

landscape fragmentation decreased drainage efficiency, increased storm water runoff generation,
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increased flood frequency, water channelization into streams and other surface water bodies,
decresed agricultural land, and altered regional microclimate are the main effct of urbanization
(Shuster et al., 2005; Ladson et al., 2006, and McGrane, 2016). With the right planning and
placement, they can benefit the environment rather than damaging it (Laurance et al., 2009, and
Balmford et al., 2012).

Assessing the implications of urban roads on climate change is critical since the outcomes of the
research will likely have a substantial impact on global environmental issues for developing
sustainable urban environments. Hence, this research aimed to enhance urban resilience through
sustainable urban planning by developing a research-based alternative strategic approach on the
theme of urban roads and further providing a recommendation to mitigate the imposed impacts.

2. Materials and methods

2.1. Area
The study area is located in Addis Ababa, ‘Arada’, and ‘Yeka’ sub-city, particularly along the route

from ‘Megenagna’ diaspora light to ‘Piassa’ Jegol traffic light. It’s geographically located between
9°01'17.9"N 38°48'04.8"E and 9°01'57.4"N 38°45'14.7"E.

This study region was chosen from among other areas because it was the first fully operational
corridor that could be used to thoroughly analyze the environmental impact of LST, NDVI, and
NDBI. For in-depth analysis of UHII, there should be a close proximity to a rural or forest ecosystem,
which provides a baseline for studying correlations with the urban corridor, Therefore, the study area

has a nearby forest ecosystem, “Yeka” mountain, which makes it suitable for the research.

87



1
1z 1
1B 1
[ ~ N N !
1 A ~ ~ 1
1 1
1 z 1
1 Y ) 2 1
1 & y { ) G T !
1 37 / <2 Ti,vl ; 2 1
12 ONe oS A 1 1
1 A ke ) " 1
1 & | 7 g 1
1 o P 1
1 Voo ¥ 1
1 £ af i/ / 1

- é z ' i
- St N g , Addis Ababa '

N I i B 3 « ~
1 ;—;_;—._,)—""(_,ﬁx,m!zthlopla b s I Tiometers 1
1 i T = 2 = % 2 m 5 s = 1
1 35°1420°E 40°1440°E 45°150°E 38°4320'E 38°5340'E 1
1 1
1 ‘ < 1
1 N ‘ 1
1 Z oy QLA 1
1 &4 X AR R 1
1z Pk 1
1 ® L. 1
! z 7 1
1 g 1
1 2 o 1
1 ) 1
1 1
1 1
S 1
1 21 1
1 2 A 1
y
! Study Area = Corridor Development !
1 e = q Kilometers 1
1 > e z * 2 I 0 05 1V 2 3 4 1
T T T o T T T

1 34°30'40°E 34°320°E WIIN'E L IWAS0E 38°47'20"E 38°4940"E |

——————————————————————————————————————————————————— 4

Figure 1: Location map of the study area

2.2. Type and source of data

The study utilizes both primary and secondary data sources. The primary data were gathered through
direct field observation and key informant interviews with stakeholders involved in corridor

development Phase I. Secondary data were remote sensing satellite images, i.e., Landsat 8, collected

from USGS Earth Explorer and Google Earth Engine.

Table 1: Data source, Data set used, spatial resolution and date of Acquisition

Data Source Data set used Spatial resolution (M) Date of Acquisition

USGS Earth explorer ‘ Landsat 8 30 2015 (01/01/15-31/12/15)
‘ 2020 (01/01/15-31/12/15)
2024 (01/01/15-31/12/15)

The research's thematic focus is on resolving UHII utilizing spatial and temporal deviations; hence,
GEE was employed to track baseline conditions with post-corridor development, as well as remote
sensing data, and Landsat 8, imagery from the USGS.
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Table 2: Remote sensing data used in the study

Remote sensing da Band Wavelength Spectral Band
descriptic (Ttm) resolution(m)
LANDSAT 8 image Band 1 — Coastal aerosol 0.43-0.45 30
and Thermal infrared sensor | Band 2 — Blue 0.45-0.51
(TIRS) Band 3 — Green 0.53-0.59
Band 4 — Red 0.64-0.67
Band 5 — Near Infrared (NIR) 0.85-0.88
Band 6 — SWIR | 1.57-1.65
Band 7 — SWIR 11 2.11-2.29
Band 8 — Panchromatic 0.50-0.68 15
Band 9 — Cirrus 1.36-1.38 30
Band 10-TIR | 10.60-11.19 100
Band 11 -TIR 1 11.50-12.51

2.3. Method of data analysis

Data gathered and analyzed using a tool Global information system (GIS) is examined using a
combined approach of quantitative and qualitative analysis methodologies. Additionally, analytical
tools such as SPSS, Python, and Microsoft Excel have been utilized for the data analysis. Non-
measurable features, particularly those associated with quality, are also given a qualitative

description.

Spatial analysis

Is Utilized to investigate the demographic deviations from the geographic environment by exploring
patterns, spatial distribution, and spatial relationships, including the proximity between various
elements, such as built-up area, roads, vegetation, etc. Using three primary elements i.e. mathematical
modeling, statistical methods, and cartographic modeling using ArcMap by inputting the gathered

geospatial data.

Temporal analysis

Is used for creating an extensive timeline with multiple time points to compare the baseline, or pre-
corridor development, and present, or post-corridor development, focuses on sequential trends in the
temporal change in the study area over time. Various techniques, such as plotting to a histogram and
change detection, are used to assess the shifts in the conditions in place. In order to analyze the
changes in UHII, this technique enables comprehensive investigation to discover the sequential trends
in the research region throughout time, as well as temporal patterns directly related to roads,

vegetation cover, and built-up index.
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The temporal analysis of LST, NDVI, and NDBI can be done using the change detection method
where you compare LST at different time point’s t1, t2, tnt 1,t 2, t ntl, t2, tn:

ALST (t) = LST (tn) —LST (t1)
Where:

o LST (tn) is the land surface temperature at time tn,

o LST(t1) is the land surface temperature at time t1,

o ALST (t) is the temporal change in LST between the two times.
N.B. NDVI, and NDBI can be executed by replacing them on LST.

For computing UHII, initially we compute the temporal change in LST for both urban and rural areas:

ALST urban(t) = LST urban(tn) — LST urban(tl)
ALST rural(t) = LST rural(tn) — LST rural(tl)

Then, we will calculate the temporal change in UHII:
AUHII (t) = [LST urban(tn) —LST rural(tn)] — [LST urban(tl) — LST rural(tl)]

Correlation analysis

This approach is used to examine the negative and positive correlations or relationships that exist
between the major variables, notably LST, NDVI, NDBI, and UHII, by analyzing how each variable
relates to the one another in order to investigate trends that influence UHII and identify factors

contributing to the urban heat island effect.

Correlation value ranges from 1 to -1. 1 is a perfect positive correlation, 0 is no correlation (the values
don't seem linked at all), and 1 is a perfect negative correlation.

For computing the correlation analysis; the most widely used technique is Pearson's correlation
coefficient (r), has the following the following equation:

r=YM=1 (xi — %) (yi— ) [ NYi=1 (xi — ) 2 YN=12 (yi — y) 2
Where: x is the mean of variable x values, and y is the mean of variable y values.

Regression analysis
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The regression analysis method is utilized for computing and determining the relationship that exists
between two or more variables which involves identifying and evaluating the relationship between a
dependent variable and one or more independent variables, which are also called predictor or
explanatory variables i.e. LST, NDVI, NDBI, and UHII.

The following equation serves as a mathematical representation of the regression model:
y=B0+Blxl+el
Where:

x independent variable, y dependent variable, n Number of cases or individuals, 51 the Slope of the

regression line, B0 the intercept points of the regression line and the y axis.

24. Methodological Framework
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Figure 2 Methodological workflow of the study

3. Result and Discussion
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3.1. Results
3.1.1. Spatial and temporal patterns in LST

a) 2015 b) 2020 ¢) 2024
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Figure 3 Study Area LST a) 2015, b) 2020, and c¢) 2024

By computing the average LST in 2015, 2020, and 2024 comparatively the highest annual average
LST from the years is recorded in 2024. In 2020, the mean annual average LST is relatively moderate,
and in 2015, the lowest mean annual average LST is recorded. Based on these results, we can identify

that the LST in the study area shows an increasing trend from 2015 to 2024.
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Figure 4 Spatial patterns on road before and after corridor Development

Due to the corridor development project in the study area region which covers a total length of 7.5Km

range roadway, the core result from Figure 4 shows that there is an expansion of roads after the project
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implementation, mainly due to the expansion of Pedestrian Street and a new concept of bicycle lane.
The total area from the baseline condition before the corridor development from the result is
216111.149 Square meters (21.61Ha) of area, which is expanded to 327558.757 Square meters
(32.76Ha) (Figure 5). From the overall expansion of the road, the major parts of the expansion lie on

grey infrastructure due to the expansion of vehicular roads, Pedestrian streets, and bicycle lanes.

LST result for the year 2015, examined by taking the study corridor with a two-kilometer (2KM.)
buffer on every side to analyze the urban-rural comparison, shows a notable variation across different
months. The lowest monthly average mean LST of 28.359°C is recorded on the month June which
have cooler LST during this month possibly due to seasonal weather pattern of the study area such as
rainfall and cloud cover and the highest monthly average mean LST value of 31.226°C is recorded on
the month March which directly implies that the area is significantly warmer during this month.
Furthermore, the annual average mean LST of the year was calculated to be 30.0773°C °C (Figure 4).
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Figure 5 Temporal Trend line chart in LST of study area a) 2015, b) 2020, and c) 2024 in °C

In the year 2020 the LST calculated by taking Two two-kilometer (2KM.) buffer shows noticeable
variation among the months. The average highest mean LST of 32.121°C is recorded on the month
February which means that the surface temperature during the month was elevated high. In contrast,
the lowest mean average LST of 29.159°C is recorded on the month June. The possible scenario to
the decreasing factor of LST during this month could be seasonal shifts from warmer to winter
months. The annual average mean LST on the year 2020 is recorded at 30.84431°C which is taken as

a baseline measurement before the implementation of corridor development project in the study area.

Based on the statistical analysis on the year 2024; the lowest LST is recorded on the month June with
monthly average mean LST of 30.759°C which indicates that the LST of the study area is the coolest
of the months and the maximum LST result of 33.726°C is recorded on the month May which implies
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that the study area experiences the highest LST on this month. The calculated mean average annual
LST is 32.82467°C (Figure 5).

34 S ~
\(\/ﬁ Yo W o

33 e T # \,\/ N
9 3 . \// ~<a
c
é 31 ] i
= 30 ’k
©
S 29
§ 28
-

X e X S < < <
& E @ X S S & & & &
N ‘Qk @ S Q/(Q (o Q,((\ Q/(Q
N & e & Q S &
B < Q
Months
—@&— LST mean 2015 LST mean 2020 —@— LST mean 2024 Linear (LST mean 2024)

Figure 6 Temporal Trend line chart in LST of study area (2015, 2020, and 2024)

By comparing the average annual mean LST; in 2015 the mean value of 30.07733°C shows the lowest
than 2020 with annual average mean LST of 30.84431°C with annual mean value of 0.76698°C and
the highest annual mean average LST recorded in 2024 with a value 32.82467°C which is the highest
of All. The LST annual average mean LST in 20204 shows an increasing trend with a value of
2.74734°C from 2015 and 1.98036°C from the result in 2020.

In general, the LST trend analyzed in the study is utilized to examine the trends of urban heat island
intensity before and after corridor development in the study area. The results reveals an increasing
trend over time as the results in 2024 shows significantly higher LST value than the baseline taken
before corridor development on the year 2020 as well as in 2015.
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3.1.2. Spatial and temporal patterns in NDVI

9°1 ’fO"N

T T T T Staon T T T T T
LN S )
o
@
9°1'40"N

B°51:20"N
8‘51"20"N

1% ——

[} 38“4:;'20"E

38‘43:‘20"E 38”53!'40“E

Figure 7 Study Area NDVI in a) 2015, b) 2020, and c¢) 2024

The result in NDVI of the year 2015 indicates various vegetation condition in the study area. The
maximum NDVI value recorded is 0.751356 which signifies that there are areas having densely
vegetated i.e. “Yeka’ mountain forestry taken as a ‘Rural’ for the comparison; as the higher recorded
value is computed by exhibiting a strong reflectance in the near infrared spectrum. The mean and
minimum NDVI value is 0.34475, and -0.06186 respectively (Figure 7).

The negative magnitude of the NDV1 result indicates either there is a lowest amount of vegetation in
some part of the study area or there are some parts having No vegetation at all i.e. Study area corridor

route /Road/ which is taken as an ‘Urban’ for the study.

In the year 2020, the minimum annual average NDVI record value is -0.25166, the annual mean
average NDVI is 0.265243, and the maximum annual average NDVI value is 0.782146 (Figure 8).
From the previous 2015 result we can identify that there is a noticeable decrease on both factors which
indicates that there is a decrease on the densely vegetated area as the high value on 2015 reduces on
2020 and there is a decrease in NDVI minimum annual average value which implies that there is
either of urban expansion, increased impervious surfaces, increased infrastructural change,

environmental degradation, or vegetation loss over the past five year period.

In 2024, the average annual minimum NDVI result is -0.32952, the annual mean average NDV1 is

0.199966 and the maximum average

Annual NDVI is 0.729451 (Figure 8). While comparing this results in the year 2024 with that of 2020
which is previously considered as the data before corridor development the result shows significant
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reduction on both ‘rural’ the densely vegetated areas and ‘urban’ the road ways and sparsely vegetated

areas of the study area.
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Figure 8 Temporal Trend bar chart in NDVI of Study Area (2015, 2020, and 2024)

By comparing the average minimum annual NDV1 on figure 8 in the years 2015, 2020 and 2024 the
recorded value is -0.06186, -0.25166, and -0.32952 respectively. The result shows an increase in the

negative value of NDVI minimum value indicates that there is a reduction of vegetation over time.

The maximum NDVI annual average result in 2015 is 0.751356 which indicates there is a high
vegetation density in the study area i.e. ‘Yeka’ mountain taken as a ‘Rural’ for the study comparison.
In 2020 the recorded result 0.782146 shows slight improvement from 2015 but again in 2024 the
value reduced to 0.729451 indicates the vegetation cover in the study area is reduced (Figure 8).

By investigating the activities in the study area the main reason for the increase in vegetation cover
around 2020 is the conservation effort in the period and mainly the green initiative at that time. In the
results of 2024 the potentials reasons for the decreasing of vegetation cover is mainly related to
anthropogenic activity in the area including environmental impact due to infrastructure development
including urban road expansion on the corridor development. In general, the overall results from
NDVI shows a noticeable decrease over time which implies that there is a reduction in vegetation
cover in the study area.
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3.1.3. Spatial and temporal patterns in NDBI

¢) 2024

Figure 9 Study Area NDBI in a) 2015, b) 2020, and c¢) 2024

Based on the results of NDBI, the study area clearly shows that the trends of built-up index on 2015
was relatively moderate and in 2020 the built-up value shows an increasing effect which implies that
the area is exhibiting urban expansion, in 2024 this value extensively increase along the road way
which means that built-up areas in the study area are showing increasing effect and the green spaces
are reduced as investigated by an in depth analysis which clearly indicates there is an increasing trend
in NDBI over time.
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Figure 10 Temporal Trend bar chart in NDBI of Study Area (2015, 2020, and 2024)
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The results of NDBI in 2015 indicates that there is a high built-up density compared to other years in
the study. The average annual maximum built-up index value is 0.25323 which indicates the
concentrated built-up areas including infrastructure, roads, and buildings. The average minimum
NDBI value is -0.41486 which shows that there is a densely vegetated area i.e. “Yeka’ mountain given

that green spaces have weak reflectance in the near infrared spectrum (Figure 10).

In 2020 the average annual maximum NDBI recorded 0.490157 which have significant increase from
2015 which clearly indicates there is a high built-up area expansion on the period. The average annual
minimum NDBI value is -0.70388 (Figure 10).

In 2024, the minimum annual average NDBI value is -0.41639 shows that there are green spaces with
low built-up density specifically ‘Yeka’ mountain which is taken as a ‘Rural’ for comparison and the
maximum annual average NDBI value is 0.300674 which indicates the roads, buildings and other

impervious surfaces which are taken as an “urban’ for the study (Figure 10).

3.1.4. Combined result of variations on UHIE
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Figure 11 Study Area UHII in a) 2015, b) 2020, and c) 2024

Based on the combined results in 2015 from LST, NDBI and NDVI, the UHII for 2015 is analyzed
within the study area by taking an area of Two kilometers (2KM.) buffer from ‘Megenagna’ to

‘Piassa’ corridor road.

The average annual minimum UHII value is -0.6951 with a negative value which indicates that the
vegetation cover in the area majorly ‘Yeka’ mountain taken as a ‘rural’ counter balanced the urban
heat generated from the built-up areas mainly the road from ‘Megenagna’ to ‘Piassa’ taken as an

‘Urban’ for comparison. The average annual maximum UHII value is 0.201162 which indicates the
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‘Urban’ areas i.e. road from ‘Megenagna’ to ‘Piassa’ in the study region have relatively higher

temperature as compared to the surrounding ‘Rural’ area i.e. ‘Yeka’ mountain (Figure 11).

The average annual maximum UHII value in 2020 is 0.217746 which means that the ‘Urban’ areas
in the study region is experiencing substantial urban heat than their surrounding ‘Rural’ area mainly
the densely vegetated area ‘Yeka’ mountain. In this year, the average annual minimum UHII value is
-0.73206 which indicates that the densely vegetated area i.e. ‘Yeka’ mountain and other green
infrastructure in the study area counter balanced the urban heat generated from the built-up areas
(Figure 11).

In the year 2024, the annual average minimum UHII value recorded is -0.79431 which means that the
vegetation cover in the study area including the densely vegetated ‘Yeka’ mountain counter balanced
the urban heat generated from the built-up areas. The average annual maximum UHII value recorded
in the year is 0.2476 which implies that the ‘Urban’ areas in the study region is experiencing
substantially higher temperature as compared to the surrounding ‘Rural’ area majorly ‘Yeka’

mountain.

Based on the above results in the study from the years 2015, 2020, and 2024, it is justified that the
urban the temporal trends of UHII on the study areas clearly shows an increasing trend over time. The
major finding of this result intensifies the UHIE is increasing which means that urban areas in the
study region i.e. ‘Megenagna’ to ‘Piassa’ road is experiencing warmer temperature as compared to

the surrounding ‘Rural’ areas majorly the densely vegetated ‘Yeka’ mountain.
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Figure 12 Temporal Trend bar chart in UHII of study area (2015, 2020, and 2024)

From the result on figure 4.21 the most negative UHII mean value from the three years is recorded in
2015 with value of -0.246969 which indicates the least UHII with relatively high cooling effect, in
2020 the recorded value increased to -0.257157 which indicates moderate UHII and the least negative
value recorded is in the year 2024 with the value -0.273355 which indicates relatively Higher UHII
than the result in 2020 as well as 2015.

By analyzing the results of the annual average mean UHII value, the UHII value is showing a
consistent increase over time. The shifts in the temporal trend of UHII shows the growing impacts of
the corridor development i.e. anthropogenic intervention as it encompasses urban expansion and
urbanization for the execution of the project, on the micro climate of the road side taken as an ‘Urban’
area for the study which emphasizes the need for incorporating mitigating strategies including

sustainable urban planning strategies to mitigate the UHIE in the study area.

3.2 Discussions
3.2.1. LST Dynamics

Urban settings are dominating over green and open spaces which results increasing UHIE in different
areas of the city which is making the city warmer (Mathias et al., 2016). There are various contributing
factors for this phenomena mainly driven by city wise rapid urbanization and urban expansion which
leads to an increase in road infrastructure including pedestrian, bicycle lane, and impervious surfaces

which absorb more heat than greeneries.

The LST on the study area i.e. corridor development road from ‘Megenagna’ to ‘Piassa’ route shows
an increasing trend over time (Figure 5). The LST is computed by taking the ‘Yeka’ mountain and
other vegetation cover mainly on road side with a catchment area of Two kilometer buffer (2Km.) as
a ‘Rural’ and the road as an ‘Urban’ results that the urban areas are experiencing relatively higher

LST than the ‘rural’.

Before the corridor development, the study area’s total road coverage was 216111.149 square meters
(21.61 hectares) and it was increased to 327558.757 square meters (32.76 hectares) following the
corridor development. The majority of the expansion is on grey infrastructure because of the
expansion of the bicycle lane, Pedestrian Street, and vehicle road. Based on previous researchers

finding, there was a substantial positive linear correlation among impervious surface and LST; a 10%
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increase in imperviousness might result in around 3.3°C increase in land surface temperature when
the impervious surface eventually accounts for more than seventy percent /70%/ of the land (Xu et al.
in 2013,). An expansion in urban areas could raise LST by approximately 1.9-5.4 °C and the urban
air temperature around 0.75-2.80 °C (Imran et al., 2019), which implies that an increase in the study
areas road coverage with over fifty percent /50%/ ratio will increase the areas LST evidentially on a

high rate.

The primary contributing factor of urban heat islands in cities is a rise in LST (Qaid et al., 2016;
Vasenev et al., 2021). Due to anthropogenic activities and alteration on the natural environment leads
to increasing UHIE as Infrastructures including roads, buildings, pedestrians, and other constructions
minimizes urban vegetation cover (siti et al., 2013).

According to the study area LST result; the ‘Rural’ i.e. vegetation cover including street side
greeneries relatively balanced the ‘Urban’ i.e. Buildings, roads, and other infrastructures area heat by
provisioning cooling effect mainly through balancing Incoming solar energy from sun light and
outgoing radiation from surfaces to the environment to manage excessive heating by regulating
temperature (Ries, 2002 and Baccini et al., 2008).

Land surface temperature have an extensive impact on micro climate change and vegetation growth

(Shahid, 2014) impact the surrounding area livelihood and road side activities including walking.

Urban built-up areas expansion which incorporates urban road expansion results decline of vegetation
cover which contributes to an increases in LST and intensifies UHI (Warkaye et al., 2018 and Teferi
et al., 2017). Because green spaces absorb heat mostly during the dry season, which lowers LST,
reducing them due to urban growth will have a major detrimental impact on the environment (Samson
etal., 2018).

Material selection in urban infrastructure plays a crucial role in mitigating UHIE (Voogt et al., 2003),
as the main causes of UHIE is the high heat absorbing characters of pavements, concrete structures,
and other various impervious surfaces by rising surface temperature in urban areas which leads to as
increase in UHIE of the area. Higher albedo clearly lowers pavement surface temperatures, (Yang et
al., 2015).
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3.2.2. NDVI Dynamics

The most popular technique for analyzing the amount of vegetative coverage in an area using remote
sensing images is the NDVI (Angadi et al., 2020, and Ghosh et al., 2020). In remote sensing, NDVI
is a useful measure of vegetation cover (Mackey et al., 2012).

According to Figure 8 NDVI result, the average minimum annual NDVI for 2015, 2020, and 2024 is
-0.06186, -0.25166, and -0.32952, respectively. The outcome demonstrates a decrease in vegetation
over time. This decreasing trend in urban green spaces impacts the study areas UHIE as these green

spaces have better cooling effect (Kong et al., 2014).

Land cover in urban environment plays significant role in providing ecosystem services (Bradley,
1995, and Bastian et al., 2002), including regulating service by controlling local temperature through
absorbing and storing carbon dioxide majorly by vegetation cover; therefore decreasing trend in
NDVI (Figure 8), showing a reduction in green coverage which implies vegetation cover in the area

is incapable of provisioning ecosystem.

Change in Land use Land cover (LULC) by the conversion of green spaces in to impermeable surfaces
have evolved extensive environmental problems including UHIE (Weng et al., 2001). As vegetation
cover helps to mitigate UHIE through process such as evapotranspiration and cooling the environment
through shading, enhancement of green coverage by fostering sustainable green infrastructure should
be prioritized to enhance green coverage on the study area. Having a linear correlation, a ten percent

(10%) increase of vegetation coverage would cool the air 0.23 C (Wong et al., 2005)

The ecology will be significantly impacted since vegetative cover is replaced by impermeable
surfaces. An Increase in impervious surface i.e. asphalt roads, concrete pedestrian... etc. will linearly
increase the LST in the area, while green infrastructures decreases it (Dai et al., 2019, and Li et al.,

2016); areas with more green infrastructure shows less tendency of having highest LST.

According to Kong el al., in 2014; urban green areas including densely vegetated areas, street side
green areas, green open spaces... etc. have a better cooling effect than urban water bodies (Kong et
al., 2014) due to several reason mainly by the process of evapotranspiration as which they release
moisture in to the air that will minimize the surface temperature and providing shading that can

minimize the direct contact of sunlight to surface by absorbing solar radiation.
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Changes in LULC primarily impacts the surface temperature of the urban area and its surrounding
environments by replacing vegetated areas and open spaces with impermeable surfaces (Balew et al.,
2020, and Sisay et al., 2019) by exposing the urban areas for direct solar radiation which increases
the Surface urban heat island (SUHI). Therefore the decreasing trends in NDV1 of the study area that
means the loss of vegetation cover in the area will increase SUHI along the road side corridor which

will have direct impact on walkability.

3.2.3. NDBI dynamics

NDBI algorithm is to detect changes over time in built-up environment by analyzing the built-up area
using the NIR and Red bands (Varshney, 2013, and Xu, 2007). The findings of NDBI trend shows an
increase from 2015 to 2020 with an implication of elevated built-up areas through urban expansion,
surprisingly, this result shows a unexpected gradual decrease from 2020 to 2024 (Figure 9) due to the
major reason investigated through historical imagery over time on the areas that low rise dense
residences were demolished by corridor development project on road sides including buildings

without proper setbacks and the other for ‘Chaka’ project expansion.

Based on this the result shows from 2015 to 2020 shows that there is a reduction in the mean NDBI
value from -0.0808 to -0.1069 which suggests that there is a reduction in Built-up area. Through
further investigation in the area through field observation and compiling the results with key
informant’s information the mean result from NDBI is from the increased vegetation from the
government initiative in the period. From the year 2020 to 2024 the mean NDBI result shows a
noticeable increase which indicates there is a rise in built-up area which is directly linked mainly to

the urban road expansion as it’s one of the major components in the study.

Based on the spatial scope of the study the expansion on the road i.e. ‘Megenagna’ to ‘Piassa’ road;
which leads an increase in Built-up density and impervious surfaces alters urban landscapes to have
a faster absorption rate and smaller thermal capacity (Bornstein, 1968; Rosenfeld et al., 1995; and

Song, 2004) which will increase the LST and linearly elevates UHIE in the area.

LULC changes induced on by rapid urbanization are one of the biggest environmental concerns
(Weng and Lo 2001 and Regassa et al. 2020) as the changes in LULC mainly related to expansion of
built-up areas which directly alters the natural environment which increase the areas vulnerability to

environmental issues such as increase in LST and increase in SUHI.
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The study area NDBI result, which was computed by comparing the road before and after corridor
development, primarily focuses on the road's extension from "Megenagna" to "Piassa" as a result of
the corridor development, which intends to establish a new bicycle lane and extend the pedestrian
line. According to field observation findings, a concrete pavement technology was used to create the
bike and pedestrian lanes. Lighter-colored aggregates and cement binders can further cool concrete
pavements, since studies of particularly lightened concrete have demonstrated solar reflectance levels
of up to Eighty percent /80%/ (Levinson in 2001).

Additionally, various studies have explored strategies to enhance concrete pavement performance.
Concrete pavement can be renovated by using a technique called white topping which uses fiber
reinforcement to strengthen the pavement, keeping additional layers thinner and reducing the curing
time (Lisa, 2008, and Hurd, 1997).

The enhancement of concrete pavements is significant due to their higher solar reflectance compared
to conventional asphalt pavements. The concrete pavement with Forty five percent (45%) solar
reflectance which is higher than asphalt pavement have ten percent (10%) solar reflectance (Lisa,
2008).

Various Previous studies on UHI have concentrated on assessing the relationship between LST and
land cover composition (Chen et al., 2014; and Weng et al., 2004) this implication and the result from
studies indicates that an increase in NDBI which is an effective indicator on identifying impervious

surfaces in an area increases the Built-up land cover substantially rises the UHII.

3.2.4. UHI Dynamics

The finding of the research shows that the lowest UHII was recorded in 2015 with a value of -
0.246969; increased to -0.257157 in 2020; and by 2024, the value of -0.273355 rises drastically,
indicating a comparatively higher UHII than the previous years. This result should be seriously
considered, as UHI adversely affect population health and intensify the effects of heatwaves, which

have resulted in illnesses and death worldwide (Li et al., 2013 and Stone, 2012).

As the result on NDVI shows a continuously decreasing trend (Figure 4.11); Investigating the impact
of UHI and SUHI, Using remote sensing to track shifts in LULC types and patterns of landscape
provides essential information for the evaluation and analysis of SUHI (Korme et al., 2019) to
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statistically analyze the shifts mainly in NDVI as Vegetation cover is the main driving factor of UHI
(Deliami et al., 2018).

By understanding the relationship specifically the correlation and regression between LST, NDVI,
and NDBI (Isufi et al., 2021); the observed increasing dynamics in LST of the study area over time
that have a strong linear correlation with NDBI with an increased value, and decreasing trend in NDVI
implies that the area is experiencing an increasing trend on the aspects of UHIE.

4. Conclusion

UHII is a critical phenomenon extensively influenced by factors specifically LST, NDVI, and NDBI
which shows the variations through interaction among the natural landscape and urban environment.
The major finding of the research illustrated that the substantial increase in the UHII of the study area
resulted from an intensification of built-up areas and reduction in amount and density of vegetation

cover, which leads an upward trend in LST which linearly increases the UHII.

The finding of the research on the Primary objective on LST shows a noticeable change over time
with an increasing trend on NDBI resulted mainly from expansion in impervious surfaces and
decrease in NDVI due to a decrease in vegetation cover which minimizes the shading purposes to the
impervious surfaces that will minimize the solar radiation and reduces the evapotranspiration that
contributes to the substantial increase in UHII which reflects the root causes and impacts of
urbanization and urban expansion on the environment which will have substantial implication on the

urban resilience, environmental sustainability which gradually affects public health.

On the investigation aimed to attain the second objective on NDVI shows downward trend which
have a linearly negative correlation with UHII implies an extensive increasing trend on LST.
Additionally, reduction on vegetation cover will impact the thermal dynamics of urban areas by
increasing their vulnerability to heat retention which results increase in LST which increases the
susceptibility of the areas to higher UHII. Therefore enhancing green infrastructure with a proper
scientific based approach considering various environmental factors and their purpose i.e. Shading,

ornamental, perennial vegetation’s can mitigate UHIIL.

From the results of NDBI based on the third objective of the study, the extensive increasing trend in
NDBI value that is negatively correlated with LST increases UHII. This increasing trend in NDBI is

resulted from the road expansion due to corridor development that leads an increase in the impervious
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surfaces by altering the natural environment. This rise in UHII suggests an inclusive urban planning
strategies for balancing both the urban environment and natural landscape to sustainable urban

environment.

By utilizing remote sensing data, the research emphasized the interconnection among the main factors
of UHII i.e. LST, NDVI and NDBI, to insight the major finding of this research resulted from
combined impacts of reducing vegetation cover and rise in built-up area density implying an elevated
UHII along roadway from ‘Megenagna’ to ‘Piassa’ corridor development which implies urban area
expansion specifically road expansion including pedestrian and Bike lane leads to micro climate

change by exposing higher thermal retention and increase in LST which simultaneously rises UHI.

As the study utilizes remote sensing, google earth engine, and geographic information system (GIS)
it enhances how this systems can be effectively used for analyzing the spatial and temporal dynamics
of urban areas UHII by investigating the LST, NDVI, and NDBI through the variation in vegetation
cover and built-up density which will influence the surface temperature linearly with UHII.

Priority should be given to climate adaptive urban green strategy for provisioning the most
efficient and effective species type that can regulate micro temperature by reducing the surface
temperature in the area by cooling the environment, encouraging natural ecosystem preservation
and conservation mechanism, promoting permeable pavement, and enhancing blue green
infrastructure through adaptive urban planning strategies should be promoted to ensure sustainable
and resilient urban environment by integrating the natural ecosystem with the urban environment
and Nature-based solution with purpose-based plantation should be enhanced like shaded plants

that reduce direct solar radiation.

Policy makers are expected to propose and implement a proactive inclusive policies, rules and
enforcing regulations to minimize the adverse impacts of UHII on the environment to achieve
sustainable resilient environment in urban areas. Future studies should explore in depth analysis
through adaptive advanced approaches by integrating satellite imagery data with the Baseline
situation (ground truth) for the accuracy and spatially detailed result to develop effective mitigation

strategy.
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Annex 2 Corridor development roads and Study Area Road
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Annex 3 Asphalt Pavement heat flow per day
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Source: Asaeda et al., 1996

Annex 4 Variation of solar reflectance of asphalt and concrete pavement over time

Concrete pavements

solar reflectance in %

Asphalt pavements

Source: Asaeda et al., 1996
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Annex 5 Concrete pavement temperature per day
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Annex 6 Addis Ababa mean, minimum, and maximum temperature
Months Minimum Maximum
2015 2020 2024 2015 2020 2024 2024
Max Extreme
January 7.96 10.482 7.5 23.841 24.18 23.7 28
February 10.171 11.875 9 23.841 25.5 24.8 29.1
March 10.789 13.606 10.6 23.841 26.351 25.3 31
Apri/ 12.503 13.562 11.4 23.841 25.955 24.9 30.5
May 13.643 13.19 11.2 23.841 24.783 25.2 30
June 13.083 11.996 10.7 23.841 23.203 235 29
July 12.435 12.244 11.1 23.841 20.606 21.2 27.2
August 12.2 12.244 11.1 23.841 20.917 21 31.8
September 12.093 12.165 10.5 23.841 22.032 21.9 26.2
October 12.016 10.377 8.3 23.841 23.99 23 28.5
November 8.143 9.234 6.4 23.841 24.26 23.1 30.1
December 10.209 8.5 6.5 23.841 23.787 23.2 26.6

Annex 7 Temporal Trends in LST of Addis Ababa (2015, 2020, and 2024)
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Month LST mean 2015 LST mean 2020 LST mean 2024
January 31.12296 28.499 33.748
February 33.84141 30.983 35.233
March 34.42367 31.584 34.219
April 36.29118 31.46 36.877
May 31.18678 31.879 34.12

June 26.60491 24.94 28.84

July 24.11921 24.154 27.283
August 25.88767 24.995 28.741
September 26.95352 27.5 30.714
October 30.99536 30.403 33.622
November 29.74201 30.649 34.743
December 29.33691 30.269 33.897
Average 30.04213 28.94294 32.66975

Annex 8 Temporal Trends in LST of study area (2015, 2020, and 2024)

Month LST mean 2015 LST mean 2020 LST mean 2024
January 31.034 31.634 32.934
February 31.211 32.121 33.821
March 31.226 31.024 33.184
April 29.795 31.896 33.395
May 30.147 29.147 33.726

June 28.359 29.159 30.759

July 28.691 29.291 31.691
August 30.237 32.017 33.537
September 30.184 31.722 32.847
October 29.867 30.4867 32.567
November 30.06 30.995 33.396
December 30.117 30.639 32.039
Average 30.07733 30.84431 32.82467

Annex 9 Tree, Shrub and grass species recommended for roadside

Typ Commo  Scientifi Famil Purpose Heig
e nName cName 'y
Jacaran  Jacarand Bigno Orname  7.5-
da a niacea ntal, 15
mimosif e shade
olia
Siris Albizial Fabac Dense 15-
tree ebbeck  eae Shade, 20

(M)
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Spre

6-9

12-
20

ad
(M)

Description

Deciduous, fast-growing, drought-

tolerant, termite resistant, sprouts
easily if damaged Evergreen

crown

Drought tolerant, adaptable, tolerate
high temperature, umbrella like



Tree species for roadside

African
Tulip

Flame
tree
Golden
flower
tree
Neem

Yellow
cassia,
Bombay
blackwo
od
(English
)
Tropical
almond

white
cassia,
mhomb
a
(Kiswah
ili)
Chocola
te Berry
Indian
Ashoka

brown
ivory

Bastard
almond

Prosea

Spathod
ea
campan
ulata
Delonix
regia
Cassia
fistula

Azadira
chta
indica
Senna
Siamea

Termina
lia
catappa
Senna
spectabi
lis

Vitex
payos
Polyalth
ia
longifoli
a
Bercha
mia
dischola
r
Termina
lia
catappa
Anthoce
phalus

Bigno
niacea
e

Fabac
eae

Meliac
eae

Fabac
eae

Combr
etacea
e
Fabac
eae

Lamia
cae
Annon
aceae

Rham
nacea
Rham
naceae
Combr
etacea
e
Rubia
ceae

ornamen
tal
Orname
ntal,
shade

Orname
ntal,
shade,
wood,
purificati
on

ornamen
tal,
shade,
Timber
producti
on

ornamen
tal,
shade

ornamen
tal,
shade,
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10-

25

8-15

10-
15

15-
20

10-
20

15-
25

6-12

4-10
10-
15

10-
15

to 35

20-
30

Up
to 10

6-12

10-
20

3-5

2-7

Up
to 20

Up
to 18

10-
15

Large leaf, broad crown; drought-
resistant, termite resistant

Deciduous, spreading canopy;
drought resistant, termite resistant
Semi deciduous, Widely planted
along roadside, spreading canopy

Fast-growing, evergreen, drought
and pest resistant

evergreen (drought resistant), fast-
growing

Deciduous, Excellent road shade and
pedestrian shade plant

evergreen (drought resistant) fast-
growing, boundary marker

Drought resistant tree found near
rock outcrops, high water tables
Provides shades, pollution tolerant,
safe for sidewalks and paved areas

Grows naturally, adaptable in semi-
desert and grassland regions, large
deciduous

evergreen tall tree, distinctive
canopy and eatable nuts

evergreen Large foliage, tall tree



Golden
shower
tree
Tamarin
d tree

Pongam

Orchid
tree

Bunyan
tree

Sacred
Fig

Gmelin
a

Putranji
va
Peepal

tree

Ficus
tree

Croton

Bougain
villea

Wild
Sage

chinensi
S

Cassia
fistula

Tamarin
dus
indica
Pongam
ia
pinnata
Bauhini
a
variegatt
a

Ficus
benghal
ensis
Ficus
religiosa

Gmelina
arborea

Putranji
va
roxburg
hii

Ficus
religiosa

Ficus
Benjami
na
Croton
macrost
achyus

Bougain
villea
spectabi
lis
Lantana
camara

Fabac
eae

Morac
gae

Lamia
ceae

Putran
jivace
ae

Morac
gae

Eupho
rbiace
ae

Nycta
ginace
ae

Verbe
naceae

Orname

ntal,
shade

Shade,
timber,
eatable

Orname

ntal,
shade,
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10-
15

12-
25

8-15

8-12

20-
30

15-
30

25-
30

8-15

20-
30

10-
25

12-
25

6-12

0.5-2

6-10

15-
20

5-12

6-10

Up
to 50

10-
17
8-12

6-10

15-
20
6-10

4-10

6-10

Evergreen, medium-sized tree with
large leaves, deciduous

Draught tolerant, good for street and
urban planting

evergreen dense foliage, umbrella
like

Shade with broad canopy, drought
tolerance

Semi evergreen spreading canopy
and compact leaves

Semi evergreen shiny leaves

Deciduous tree with hairy leaves

evergreen shiny leaves tree

Shade provider with its Rounded
canopy, erosion control, air
purification,

Provide shade, common as Street
tree, suitable for urban environment

evergreen well adapted to a dry
climate and numerous side roots

Evergreen, climbing shrub
producing stems up to 10 m long,
ornamental

Evergreen, can grow up to 2 m tall,
erosion control



Yellow
oliander

Commo
n
ironwee
d
Oleande
r

Shrub for roadside

Yellow
bells

Jungle
flame

Sideoats
grama/
mosquit
0 grass
Prairie
dropsee
d

Kikuyu
grass

Grass for roadside

Pemba
grass/
buffalo
grass/
St.
Augusti
ne grass
Zimbab
we
grass

Thevetia
Peruvia
na
Vernoni
a
angustif
olia
Nerium
oleander

Tecoma
stans

Ixora
coccinea

Boutelo
ua
gracilis

Sporobo
lus
heterole
pis
Penniset
um
clandest
inum
Stenotap
hrum
secundat
um

Chloris
gayana

Apocy
naceae

Astera
ceae

Apocy
naceae

Bigno
niacea
e

Rubia
ceae

Poace
ae

3-5

1-3

2-6

1-3

2-3

1-4

2-4

1-35

1.5-2

Attractive foliage, effective barrier
plant, drought tolerant

Drought tolerant, ornamental, stalks

Evergreen, Drought tolerant, dense
cover for wind break

Commonly knowns as a roadside
weed, ornamental, adapts well in
tropical and subtropical
environments

Moderate light shade, Best for
hedges and borders,

Excellent drought tolerance

Perennial, deciduous, ornamental grass with hair-like leaves

Very fast-growing grass, good shade tolerance, excellent cold
tolerance, and has the ability to smother weeds.

Excellent shade tolerance, completely

Shade tolerant grass, suitable for weed and erosion control

Annex 10 Interview Questions for Key informants
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This is to declare that all the answers in this interview question is forwarded without any external

force, voluntarily with a full willingness to support the research in providing actual information

based on my position, knowledge and data.

1.

10.

What was the baseline situation regarding roads, pedestrian, and road sides before corridor
development?

What was the design objective and the plan formulated to achieve through the corridor
development?

What was the general process from design to implementation?

What environmental consideration was employed in the design as well as execution phase?
Is there any project team related to environmental concerns participated in the Design as
well as execution?

What strategies do you utilize for enhancing green coverage in the project?

What key considerations was taken in material selection? Is there any consideration about
permeable pavements?

Do you know about urban heat island effect? And is there any design consideration to
mitigate the urban heat island effect in the area?

What was the major challenge you encounter in design as well as implementation and how
do you resolved the issue?

What innovative technologies were employed to achieve the plan through design as well
as implementation?

What prioritizing standards were taken for the urban road expansion?

Is there any mitigating strategy employed for mitigating environmental impact due to the

human intervention?
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