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Abstract

Due to the combined effects of urban growth and climate change, rapid urbanisation is partic-
ularly challenging in African cities. Areas that will house a large proportion of the urban popu-
lation in the future coincide with where natural hazards are expected to occur, and where
hazard risk management institutions, knowledge, and capacity are often lacking. One of the
challenges posed by rapid urbanisation is the Urban Heat Island (UHI) effect, whereby urban
areas are warmer than the surrounding rural areas. This study investigates urbanisation pat-
terns and alterations in surface UHI (SUHI) intensity for the Kampala urban cluster, Uganda.
Analyses show that between 1995 and 2017, Kampala underwent extensive changes to its
urban built-up area. From the centre of the city to adjoining non-built up areas in all directions,
the urban land cover increased from 12,133 ha in 1995 to 25,389 ha in 2016. The area of
SUHI intensity in Kampala expanded significantly over the 15-year period of study, expanding
from 22,910 ha in 2003 to 27,900 ha in 2016, while the annual daytime SUHI of 2.2°C in 2003
had decreased to 1.9°C by 2017. Although SUHI intensity decreased in some parts of the
city, elsewhere it increased, suggesting that urbanisation does not always lead to a deteriora-
tion of environmental conditions. We postulate that urban development may therefore not
necessarily create an undesirable impact on local climate if it is properly managed. Rapidly
growing cities in Africa and elsewhere should ensure that the dynamics of their development
are directed towards mitigating potentially harmful environmental impacts, such as UHI effect
through careful planning that considers both bluespaces and greenspaces.

Introduction

One of the major phenomena associated with the dual challenges of climate change and urban-
isation is the urban heat island (UHI) effect, which is when the temperature in urban areas is
higher than surrounding suburban and rural areas [1, 2]. The differences in the urban and
rural areas’ energy balance results in the UHI effect. Urbanisation processes inevitably increase
impervious surfaces, encroache on green and bluespaces, and alter albedo and geometry com-
pared to rural surfaces [3, 4]. The UHI effect not only alters the environment in urban areas
including net primary production, biodiversity, water and air quality [5, 6], but also affects
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human health and well-being, increasing the risk of heat-related morbidity and mortality [7,
8]. Typically, urban heat problems will be exacerbated by the combined impact of heat waves
and UHI, when taking future climate projection into consideration [9].

According to the methodological approaches to investigate temperature differences between
urban and rural areas, UHI can be described as the subsurface heat island, air heat island or sur-
face heat island [10-12]. The subsurface heat island refers to the coupling between surface air
temperatures and the ground surface temperature [13]. The air heat island represents UHI
effects in the urban canopy layer or the urban boundary layer [14]. The canopy UHI measure-
ment is mainly based on situ sensors mounted from ground to roof level (aeronautical meteoro-
logical stations or vehicle-mounted sensors) [10, 11]. The boundary layer UHI measurement
relies on special platforms above the roof level (tall towers, radiosondes, tethered balloon flights
and aircraft) [12]. Developing and installing such measurement stations is expensive and time-
consuming. This means that they are only used in a few large cities around the world. Due to
this limiting factor, insufficient data on atmospheric UHIs usually fail to provide adequate spa-
tial details for land use strategies and climate change management in urban areas of most devel-
oping countries [15]. The surface heat island is also known as surface urban heat island (SUHI),
and is measured from land surface temperature (LST), which is primarily observed by satellite
thermal remote sensing data [16]. Advancements in remote sensing and spatial information sci-
ences provide researchers with consistent and repeatable observation data to analyse the urban
thermal environment at various spatial and temporal scales [17, 18].

East Africa has witnessed rapid urbanisation over the past few decades, which is likely to con-
tinue into the future [19]. Cities in this region will undergo enormous change in urban infra-
structure and population, leading to increases in UHI intensity, with implications for heat
stress, public health, and cooling energy consumption [20], particularly under projected climate
changes. Various studies have documented the UHI effect in selected cities in East Africa (e.g.
for Dar es Salaam [21]; Nairobi [22] and Addis Ababa [23, 24]) but knowledge gaps remain.
Two crucial environmental challenges rapidly expanding cities are facing relate to the need to
prevent flooding after heavy rain, and to reduce excessive heat due to the UHI effect [25, 26].
There is a complex relationship between these two phenomena, as rainfall increases with rising
air temperature [26]. Indeed, the UHI effect and higher flood risk are different aspects of urban
development issues, and need to be addressed together. UHI effects are often associated with, or
even drive, more intense rainfall events over cities [27-30], and could therefore result in the
greater likelihood of flooding. While studies in the literature focus on other locations, quantifi-
cation and analysis of the magnitude and spatial pattern of UHI effects in case study cities in
East Africa are less well studied. Such analyses can not only help in further comprehending the
characteristics and driving forces of the SUHI effect, which is already reasonably well under-
stood [8], but will also be crucial for seizing opportunities for land-based adaptation and to
develop optimal climate mitigation strategies in the region. This paper adds a valuable East Afri-
can analysis to the growing body of literature, focusing on the Ugandan capital city, Kampala,
investigating the relationship between urbanisation and SUHI intensity change. The main
objectives of the study are to: a) evaluate the urban growth pattern of Kampala, b) calculate the
variations of annual SUHI intensity of Kampala, and c) explore how urban expansion results in
SUHI intensity change and how the transformation of urban areas influences the SUHIL

Method
Study area and data sources

As one of the most densely populated areas in East Africa, the Great Lake Victoria Region
(GLR) has over 30 million residents [31, 32]. Over the past decade, this region has experienced
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Fig 1. The location of Kampala in Uganda and Africa.
https://doi.org/10.1371/journal.pone.0254371.9001

radical urbanisation, with large influxes of people to urban areas [33]. All countries in GLR are
projected to experience increases in the duration, frequency and intensity of extreme heat
events, with parts of Kenya, Uganda, and the Democratic Republic of Congo expected to be
the locations with the highest growth [34]. Because of the complex and dynamic land-lake-
atmosphere interactions, several studies highlight the importance of climate relevant research
over the GLR [35, 36]. Since climate change is expected to stimulate change to land and lake
breezes and to have significant impacts on local communities [37-39], associated possible
extreme weather and climate events [36, 40] may cause severe socio-economic impacts on vul-
nerable groups [41]. To support the development of proper mitigation and adaptation strate-
gies, it is imperative to understand the impacts of rapid urbanisation in this part of Africa.

Kampala, the capital and main commercial centre of Uganda, is one of the most populated
and fastest growing cities in East Africa (Fig 1). The city’s population was nearly 1.75 million
in 2015 [54], and has been estimated to be growing at an average annual rate of 1.97% between
2015 and 2021 [42]. Characterized by the presence of uncontrolled informal settlements [43],
Kampala is located on the northern shore of Lake Victoria at a mean altitude of 1203 m above
sea level. The urban topography is characterized by rounded hills and wetlands, while the
urban structure is shaped by the socio-economic stratification of wealth: richer neighbour-
hoods are located typically at the top of the hills, and poorer areas are at lower altitudes, closer
to wetlands [39, 44]. Residential density has been reported to increasingly be concentrated on
the hillslopes, with the wetlands gradually being encroached and filling with informal settle-
ments, in spite of wetland protection laws [39, 45]. Flooding is the major climate hazard expe-
rienced by Kampala [46, 47]. However, Kampala is also defined as one of the region’s most
vulnerable cities when it comes to heat stress [48]. Urbanisation and climate change could
cause heat stress [34, 49] and flood risks [25, 50, 51] to increase. These two challenges could
both be magnified by the SUHI effect [52, 53].

In this research, three kinds of data were linked within the analysis. Firstly, we used Landsat
imagery through Google Earth Engine (GEE) to quantify the extent of the impervious surfaces
associated within the city. The urbanized extent of Kampala is already larger than the adminis-
trative boundary of the city [39]. We therefore based our research on the built-up area within a
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Table 1. Data sources used to examine historical patterns of urbanisation in Kampala, Uganda.

Data Layer Spatial Resolution (m) Date Scale
Built-up Landsat 8 Surface Reflectance (SR) 30 2017 20 km-radius subset from the city centre
Landsat 5 SR 30 1995, 2010
MODIS Land Cover Type 500 2010
LST MOD11A2.006 1000 2003, 2017 100 km? square from city centre
SUHI Global Surface UHI Explorer 1000 2003, 2017 Kampala urban cluster

https://doi.org/10.1371/journal.pone.0254371.t001

20 km-radius from the city centre [54, 55]. Then, we used MODIS average 8-Day
(MOD11A2.006) within a zone 100 km?* from city centre through GEE to detect the annual
daytime LST change in Kampala. Finally, we used the Global Surface UHI Explorer within
GEE to retrieve annual daytime SUHI intensity, during this step, the “urban cluster” concept
was used to compare the urban-rural LST differences [56, 57]. Data sources and processing
steps, and the overall methodology are summarised in next section and Table 1.

Historical patterns of urbanisation

To understand how SUHI intensity and location altered with increased urbanisation, we
examined historical patterns of urbanisation in Kampala by quantifying the extent of the
impervious surfaces associated with the city. The extent of impervious surfaces can be mea-
sured unambiguously by remote sensing data, and therefore can be used in a consistent man-
ner to compare urban areas over time and space [58]. We used Landsat imagery available
through Google Earth Engine (GEE) to assess the changes in urbanisation across the Kampala
urban cluster. Landsat data were processed using the cloud-computing technology in the GEE
platform (https://code.earthengine.google.com/). Kampala’s economic zone extends to about
20 km from the city centre and 40 km along the rapidly developing peninsula up to Entebbe
Airport [59]. We therefore calculated the built-up within a 20 km radius subset from the city
centre [54, 55]. The islands in the Lake that fell with the urban cluster were also included.

Landsat imagery scenes were selected based on availability of high-resolution aerial imagery
for Kampala. Many Landsat images inevitably suffer from cloud contamination in the tropics
[60], which reduces the accuracy in land cover classification and land cover change [61]. To
select Landsat scenes that are clear from cloud and cloud shadow, the Fmask (Function of
mask) algorithm was applied by selecting the best cloud-free pixel. Due to cloud contamina-
tion, no images could be found that were suitable for extracting urban land cover in the years
2003 and 2017. Landsat imagery scenes were used from 1995, 2010 and 2016. To enhance the
classification of results and ensure an objective identification of the Landsat imagery data, we
used MODIS Land Cover Type 2010 in this study. Since the reference dataset is an important
consideration in terms of the accuracy of remotely sensed data. When analysing the imagery,
the random forest classifier with 10 trees was used to downscale MODIS data to Landsat reso-
lution and generating two random samples (training and validation) from the MODIS data.
The training sample is used to train the classifier [62]. From the validation sample, we assessed
the classifier performance by Confusion Matrix [63], and set the limits of the training overall
accuracy as 90% and the validation overall accuracy as 80%. Training overall accuracy ranged
from 0.906 in 1995 to 0.967 in 2016; validation overall accuracy ranged from 0.814 in 2016 to
0.906 in 1995, indicating that overall accuracy is good.

After obtaining the urban built-up classification result, we estimated the intensity of urban
built-up area coverage across the Kampala urban cluster using the kernel density (KD) func-
tion of ArcGIS Spatial Analyst. Generally, the KD tool estimates the density of point features
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around each output raster cell [64]. This measures Euclidean distances by calculating a
smoothly continuous curved surface to fit the frequency distribution [65-67]. In the visualiza-
tions provided by KD estimation, the peak of the surface value is the location of the point rep-
resenting the presence of clusters or ‘hot spots’ in the distribution of events [64, 68]. The
surface values diminishing with increasing distance from the point represent events that occur
much less frequently in the area [64, 68]. KD has often been used for the purpose of point-pat-
tern analyses, such as population analysis [69], crime hot spots analysis [65, 70] and wildlife
management [71]. It is consequently becoming more common to use a KD approach to study
ecological networks and landscape changes [68, 72-74]. The results of KD estimation directly
reflect the spatial patterns of the mutation in the built-up area [75]. ArcGIS uses the KD func-
tion calculation (Eq (1)), originally developed by Silverman in 1986 [64, 76]:

£ =$2k(xhxi) (1)

Where f,,(x) is the estimated value of probability density of point x, k() is the KD function, &
(h > 0) is the bandwidth of the estimation model, which is the radius of the analysis neighbor-
hood; and (x—xi) is the distance from the estimation point to the sample xi [75]. In KD estima-
tion, the bandwidth h plays an important role on the computed outcome. The dot density in
the space becomes smoother accompany with the /4, which may reduce the density structure.
Conversely, the estimation point distributes uneven when h decreases [68]. In this study, we
used the 30m bandwidth.

Estimation of land surface temperatures and the SUHI effect

We used MODIS Collection-6 MODIS /Terra Land Surface Temperature/Emissivity products
here, as Kampala is located in a very cloudy region due to the bi-annual overpassing of the
intertropical convergence zone and lake-induced convection [77-79]. The accuracy of the
MODIS Collection 6 (C6) Land Surface Temperature product (MOD11) has been assessed
over a widely distributed set of locations and time periods via several ground-truth and valida-
tion efforts [80]. MODIS Collection based approach has been found to be acceptable even in
locations with frequent cloud cover within global SUHI studies [56, 81]. Generally, the
MODIS LST accuracy is better than 1°C in the range from —10 to 50°C [82]. The fine space-
based climatic information provided by MODIS LST has been validated for detailed spatial
assessment of climate variability in Africa, such as in Egypt [83] and other locations in north
Africa [80].

To detect the annual daytime LST change in the Kampala urban cluster, we used GEE to
generate LST from the MODIS average 8-Day (MOD11A2.006) within 100 km? from city cen-
tre in 2003 and 2017.

To quantify SUHI effects in Kampala over time in relation to urbanisation, we used the
Global Surface UHI Explorer within GEE to retrieve annual daytime SUHI intensity. The
SUHI dataset was created based on the simplified urban-extent (SUE) algorithm [63], by using
the concept of an urban cluster and rural areas as the basis for the calculation of SUHI inten-
sity. An urban cluster is more appropriate than using administrative boundaries, as the latter
can frequently change over time. Equally, administrative boundaries are sometimes not com-
parable across cities and often do not include the full extent of a city [56, 57]. Our chosen
approach allows us to focus on the locations where the expansion and SUHI is occurring. In
the SUE algorithm, SUHI is calculated from the difference between the mean of the land sur-
face temperature (LST) over the urban land use pixels, or the non-urban, non-water land use
pixels. These two subsets of pixels are based on the urban extent dataset MODIS land cover
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classification (MCD12Q1.051) and the European Space Agency Climate Change Initiative
(ESA CCI) land cover data.

To detect the variability of SUHI and extent of impervious surfaces within the Kampala
urban cluster, change detection analysis was used to designate differences between images of
the same area at different times. The change detection approach was applied intervals 2003
and 2017, which provides “from-to” change information and the type of change that has
occurred can be easily calculated and mapped [84]. The change areas are illustrated using
mosaic plot methods to provide a visual representation of SUHI intensity losses and gains and
urban built-up expansion.

There are some limitations in our research that need to be acknowledged. First, we only dis-
cuss changes in SUHI, whether positive or negative. However, what might bring about the
changes cannot be discerned in detail from our approach. Second, our results illustrate what
might be expected from the expansion of urban areas, while there is relatively little detail on
the actual urban surface cover or its characteristics through the methods used. Further consid-
erations would include topography, morphology and biodiversity of the study cities [85, 86].
These features could be explained more by using alternative approaches, such as a local climate
zone maps [87-89], which is our next step in this research.

Results
Historical patterns of urbanisation

Between 1995 and 2016, Kampala underwent extensive changes to its urban built-up area
(Fig 2). Urban land cover extended from the centre of the city to adjoining non-built up areas
in all directions, but in particular to the southwest, east, northwest and north along major
transport corridors. The urban built-up area of Kampala was 25,389 ha in 2016, representing
an average annual rate of increase of 6.9% since 2010. The urban built-up area in 2010 was
15,952 ha, increasing at an average annual rate of 1.8% since 1995, when its urban built-up
area was 12,133 ha. In total, 13,256 ha of non-built up land has been converted to urban land
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Fig 2. The built-up distribution of Kampala in 1995 (A), 2010 (B) and 2016 (C); the built-up kernel density of Kampala in
1995 (D), 2016 (E) and the new built-up area in 2016 compared to 1995 (F) significantly or show strong evidence of infilling
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of city growth from 1995 to 2016, defined as compact growth within the city.
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use. Different parts of the city experienced different patterns of development. Fig 2D-2F
shows KD outputs for built-up areas in 1995, 2016 and the new built-up areas in 2016 com-
pared to 1995, and their default value, respectively. The central region consolidated over time
and the eastern regions underwent relatively compact growth, while the southwest and western
regions showed fragmentation followed by infill and expansion at the edge of the city. The
northern and the peri-urban regions were the most fragmented, with scattered areas of urban
land cover, indicative of leapfrog development.

Changes in land surface temperatures and SUHI effect

In 2003, the annual LST within the Kampala urban cluster was 26.5°C. This increased to
26.8°C in 2017 (Fig 3). In both years, the built-up areas of Kampala were hotter than the sur-
roundings, indicating a SUHI effect (Fig 3C and 3D). In 2003, the annual daytime SUHI was
2.2°C,and 1.9°Cin 2017. The SUHI intensity area expanded from 22,910 ha in 2003 to 27,900
ha in 2017.

The areas affected by SUHI expanded in two different ways that directly linked to patterns
of urbanisation, namely (i) infilling areas that were already experiencing a SUHI, and (ii)
extending SUHI into areas of the region that were previously unaffected. By 2017, SUHI inten-
sification was spreading from the centre of the Kampala urban cluster towards the north,
northwest and east. These areas were relatively unaffected by SUHI effects in 2003. At the
same time, the intensity of the SUHI effect in the centre of the urban cluster dropped.

The violin plots (Fig 4) show the different distribution of daytime SUHI in 2003 and 2017
in the Kampala urban cluster [90]. The widest width of the curve which indicated the peak fre-
quency distribution located in the third quartile in 2003 moved to the first quartile with a lon-
ger tail in 2017. The changes in the violin plots could be explained by the difference spatial
distribution of the SUHI between the two years. The frequency of SUHI value presents an

[ Administrative boundary

Main railways
—— Main roads

LST (°C)

—

o > Lake Vi 2
1 &l ake Victoria
* A7 (B)

b | ¥

| / ( SUHI intensity (°C)
[ \ [ \ <2
\ \‘x \ \u B -2to -1

- \ [-1t00

\ [10to1
L ( [11to2

[2t03

EW3to4
| ]

i/

gl

Lake Victoria

S

/ Lake Victoria
13 l;(

(©) D)

Fig 3. Average annual daytime temperature in 2003 (A) and 2017 (B) for Kampala and the surrounding region.
Annual daytime SUHI intensity of Kampala in 2003 (C) and 2017 (D).

https://doi.org/10.1371/journal.pone.0254371.g003
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overall rise (the peak of violin plot width), with more below negative SUHI outliers present
(longer tail of the violin plot in 2017).

In 2003, the highest intensity of SUHI effect (5.9°C) was in the centre of the urban cluster,
this dropped to 3.9°C in 2017. The mean annual LST also drop from 34.7°C to 34.0°C. The
highest intensity of SUHI effect in 2017 was 4.3°C, and this was located in northwest of the
urban cluster where in 2003 the SUHI was 4.4°C. And the mean annual LST increased from
32.9°Cto 34.7°C. In other words, the intensity of SUHI experienced in areas that were already
affected in 2003 became less intense, but new areas, subject to even more intense SUHI effects
emerged. Further, the southeast and east of the urban centre became cooler relative to the sur-
rounding rural areas—and urban cooling effect. The largest cooling effect also shifted from the
very south of the urban cluster (-2.0°C in 2003, -2.8°C in 2017) in 2003 to the south and south
east (non-urban areas in 2003, -3.0°C in 2017) by 2017. Annual mean LST of these two loca-
tions both increased in 2017, the former increased from 26.5°C to 27.7°C and the latter rose
from 27.4°C to 28.2°C. The reduced SUHI and the cooling effect is likely due to the proximity
of Lake Victoria.

Changes in SUHI intensity were spatially coincident with alterations in the distribution of
built-up land cover within the Kampala urban cluster (Fig 5). Although patterns of change
were similar, they were not totally synchronized. The areas exhibiting the greatest SUHI inten-
sity change were towards the north and northeast of the urban cluster, but these parts of the
city did not expand.

Discussion

Kampala is situated on the northern shores of Lake Victoria, and has experienced exponential
urban population growth since 1970 [37-39], largely influenced by rural-urban migration
[91]. Fast urban population growth requires the construction of more infrastructure and the
conversion of greater areas of land to coverage by built structures, such as buildings and sealed
surfaces. We found that the spatial patterns of urbanisation in Kampala showed urban sprawl
along radial corridors, such as major traffic lines from the city centre, as well as a more general
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spread around the edges of the existing urban areas [39, 54]. This is a very common phenome-
non, both historically in high-income countries in the past [92] and across many cities in
Africa at present [93-95]. The SUHI affected areas of the Kampala urban cluster also expanded
concomitant with the urbanisation process. In particular, the relentless urban built-up land
expansion at the expense of bluespace or green space (such as wetland, cropland and forest)
has caused the SUHI effect to increase in certain areas of the city and its fringe [93, 96].

Such rapid urbanisation could increase the vulnerability of informal communities to natu-
ral hazards as green and blue spaces are converted to built uses. Over 60% of the population
live in informal settlements in Kampala [47], and many of these unplanned developments
occur in low-lying areas which are vulnerable to natural hazards [45]. Green and blue spaces
can provide important climate change mitigation services, such as carbon sequestration and
shade through presence of trees in greenspaces, so their loss has important implications.

As in many other cities, rapid urbanisation in Kampala is characterised by poor and vulner-
able groups moving into large informal settlements [45, 97]. In these parts of the city, SUHI
was exacerbated, perhaps caused by the presence of informal settlements in peri-urban areas
that create densely built-up sites. Houses in informal settlements are often poorly constructed,
which means that many are unlikely to withstand climate impacts and lack adequate air circu-
lation or insulation, which is particularly threatening for vulnerable groups during heat waves
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[9, 98]. Even these SUHI intensity changes do not provide direct evidence of the unprece-
dented challenge of human health, wellbeing and economic development [99]. Such transfor-
mations could enhance the vulnerabilities of informal communities in this climate and
environmentally sensitive area. Indeed, the 50-year flood zone map developed by World Bank
Group [100], suggests the high risk flooding areas in Kampala are largely located in middle
and low employment density areas, which overlap with emerging SUHI intensity and urban
built-up sprawl areas identified in the present study.

In contrast, in the south east of the city, near Lake Victoria, SUHI is negative, and the inten-
sity of SUHI has decreased over time. This is likely to be due to the urban breeze effect, which
will have been strengthened as the urban area changed. Former studies have highlighted the
importance of lake breezes resulting from the thermal contrast between land and water sur-
faces [79]. Urbanisation can impact the intensity of the main wind flows, either increasing or
decreasing its intensity [79, 101]. Also, changes in city roughness could impact lake breezes,
and modulate wind velocities [101].

The interaction between the global phenomenon of climate change and the local phenome-
non of the SUHI effect [102], driven by an accelerating urbanisation path is creating a poten-
tially dangerous heat stress risk that is expected to increase. However, in most East African
cities, the problem of SUHI has received less attention, as planners instead put emphasis on
water management and flood control in city development plans [103-105]. Since there is a
close connection between these two phenomena of flooding and SUHI [25], extra warming
caused by SUHI may lead to greater upward motion and turbulence of the air, which in turn
induces precipitation [25, 27]. Urban surface roughness, and the presence of aerosols from air
pollution can also induce precipitation [25, 27]. There has therefore been a growing recogni-
tion that both flooding and SUHI need to be tackled together [53], and efforts to mitigate the
SUHI effect are gradually becoming an increasing priority in city planning [43].

For the Kampala urban cluster, one study has suggested that sustainable urban development
should use restrictive urban planning measures to stop wetland encroachment, developing sat-
ellite towns to secondary urban hubs, and building a more structured metropolitan area [39].
In the meantime, contributions of greenspace and bluespace to urban cooling should be con-
sidered in Kampala’s urban future development. Greenspace and bluespace (e.g., green roofs,
green alleys and streets, urban forests, parks, gardens, wetlands) are often highlighted as pro-
viding significant ecosystem services: improving residents’ health and wellbeing, providing
food, lowering wind speeds, reducing storm-water run-off, modulating ambient temperatures,
reducing energy use and sequestering carbon [106, 107]. Bluespace and green space can miti-
gate the SUHI effect, providing cooling benefits, important for reducing energy consumption
and improving human health and well-being [108, 109]. Research has suggested that tree dom-
inated greenspace offers greater heat stress relief while improperly designed bluespace may
exacerbate heat stress [109]. To address the SUHI effect in Kampala, a collaborative effort
between scientists and urban planners to devise contextually relevant strategies is needed
[110].

Related impacts can be anticipated from urban development combined with potentially
more frequent occurrences of extreme climatic events such as heat stress and flooding [25].
Kampala is located in a tropical rainforest climate zone (Képpen climate classification) with
two dry seasons per year (December to February and June to July). SUHI exacerbation in
this area during the dry season has been detected by previous research [111]. Urban resi-
dents in the most built-up parts of the urban areas are the most vulnerable to heat stress, as
well as heat-related health complications [49]. Accompanied with rising poverty, and vul-
nerability of the urban poor to these impacts, these combined issues are bringing about
greater awareness for the need to sustainably mitigate and adapt to climate change risks [98,
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110]. Increased temperature combined with flooding has introduced health challenge and
caused a surge in disease outbreaks of malaria, dysentery and cholera since 1997’s El Nino
oscillations [112, 113]. To cope with these, basic urban infrastructure such as drainage, sup-
ply of sanitation and water are required and need to adequately maintained [113]. To
enhance adaptive capacity, more equitable and adequate access to basic urban infrastructure
should be a priority for poorer communities [114]. In addition innovative community-
based adaptations coupling climate change impacts and poverty reduction have proved
effective [115], including domestic energy briquettes from waste, productive greening and
urban agriculture, as well as household-level rainwater harvesting and nutrient recycling
from waste [113, 116].

The growth of cities will inevitably continue and successfully managing city growth will
be critical to economic development and social stability [104]. Climate change and its
impacts cannot be tackled by a single solution that is universally applicable. Since 2015,
Uganda government has been adopting explicit National Urban Policies (NUPs) for coordi-
nated policy responses to enhance sustainable urban growth in line with Sustainable Devel-
opment Goal (SDG #11) and the New Urban Agenda (NUA). For instance, Uganda’s NUP
highlights that: “The SDGs provide an opportunity for Uganda to bring all stakeholders
together to decide and embark on new paths to improve the lives of people in urban areas, and
to make cities and human settlements inclusive, safe, resilient and sustainable by creating
mechanisms to ensure good urban governance” [117]. Even though governments are becom-
ing more sensitive to the threats and opportunities posed by the process of rapid urbanisa-
tion [118], identifying appropriate implementation pathways to achieve the policy
aspirations is still a challenge, as NUPs remains high-level policy expressions, with little
impact in practice [119]. NUPs are conducive to but not sufficient to achieve sustainable cit-
ies [120], and require concrete action plans and tools to enforce practical actions on the
ground [118].

The urban design approach will need to vary according to the humidity and the amount of
ventilation needed [87, 121], as climate change and urbanisation not only affect the land and
lake breezes over the Lake Victoria region but also alter the urban humidity [79]. In particular,
the enhanced surface temperatures associated with UHI can actually result in shorter vegeta-
tion growing seasons; a contrast with results reported for temperate cities [122]. SUHI mitiga-
tion strategies using bluespace and green space could potentially realise synergies for SUHI
mitigation and urban flooding [104], as well as support adaptation to climate change [123].
The possibility of harnessing both mitigation and adaptation benefits from bluespace and
greenspace opens up a ‘window of opportunity’ to achieve climate compatible development,
by simultaneously realising double- or triple-wins [124, 125].

Conclusions

This study tracked the dynamics of annual SUHI intensity in the Kampala urban cluster,
Uganda, and their response to urban built-up area changes over the period 2003-2017. We
extracted the urban built-up area using GEE for the study area between 1995 and 2017, then
explored the SUHI growth patterns and their responses to the urbanisation processes. We
used Global Surface SUHI Explorer for retrieval of annual daytime SUHI intensity to reduce
uncertainties in SUHI estimation and to investigate the long-term variability of the SUHI [56].
Our analysis allowed us to reach the following conclusions:

1. The expansion of SUHI effect areas and urban built-up areas in Kampala urban cluster is
substantial in the study period. The main increment of SUHI effect areas in 2017 appeared
in the peri-urban parts of the study area, accompanied with SUHI effect mitigation in the
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urban cluster centre. In particular, SUHI in Kampala occurred as a spatial process of diffu-
sion and coalescence, originally being located around the urban cluster centre, and subse-
quently stretching across previously unaffected areas, and detracting from the centre.

. The SUHI effect areas of Kampala urban cluster show expansion concomitant with the

urbanisation process. Relentless expansion of urban built-up land at the erosion of blue-
space or greenspace (e.g. wetland, cropland and forest) has caused the SUHI effect impacted
areas to be dramatically expended. The fast urbanisation could enhance the vulnerabilities
of informal communities with the loss of bluespace and greenspace in rural and peri-urban
areas, particularly where strong institutions for risk management are lacking.

. Kampala is one of the most populated cities in GLR region, and is growing in a frag-

mented-complex way [126], with urban expansion partly accompanied with densification
[127]. Fast urbanisation and climate change accompany complex and changing land-lake-
atmosphere interactions, requiring city planners and policy makers to carefully determine
the direction of their urban growth strategies and consider the cooling effect provided by
greenspace and bluespace. Efforts should be more targeted to ensure that they optimise the
health and wellbeing of vulnerable inhabitants by maximising ecosystem services, as well as
utilising collaborative approaches involving different groups of stakeholders [128].

Author Contributions

Conceptualization: Lindsay C. Stringer, Sarah Chapman, Martin Dallimer.
Data curation: Sarah Chapman.

Formal analysis: Xueqin Li.

Methodology: Xueqin Li, Lindsay C. Stringer, Sarah Chapman, Martin Dallimer.
Software: Xuegin Li.

Supervision: Lindsay C. Stringer, Martin Dallimer.

Writing - original draft: Xueqin Li.

Writing - review & editing: Lindsay C. Stringer, Martin Dallimer.

References

1. Oke TR. City size and the urban heat island. Atmospheric Environment (1967). 1973; 7(8):769-79.
https://doi.org/10.1016/0004-6981(73)90140-6

2. Oke TR. The energetic basis of the urban heat island. Quarterly Journal of the Royal Meteorological
Society. 1982; 108(455):1-24. https://doi.org/10.1002/qj.49710845502

3. Haaland C, van den Bosch CK. Challenges and strategies for urban green-space planning in cities
undergoing densification: A review. Urban Forestry & Urban Greening. 2015; 14(4):760-71. https://
doi.org/10.1016/j.ufug.2015.07.009

4. Manoli G, Fatichi S, Schlapfer M, Yu K, Crowther TW, Meili N, et al. Magnitude of urban heat islands
largely explained by climate and population. Nature. 2019; 573(7772):55—-60. https://doi.org/10.1038/
s41586-019-1512-9 PMID: 31485056

5. Reid WV. Biodiversity hotspots. Trends in Ecology & Evolution. 1998; 13(7):275-80. https://doi.org/
10.1016/s0169-5347(98)01363-9 PMID: 21238297

6. Imhoff ML, Bounoua L, DeFries R, Lawrence WT, Stutzer D, Tucker CJ, et al. The consequences of
urban land transformation on net primary productivity in the United States. Remote Sensing of Envi-
ronment. 2004; 89(4):434—43. https://doi.org/10.1016/j.rse.2003.10.015

7. GongP, Liang S, Carlton EJ, Jiang Q, Wu J, Wang L, et al. Urbanisation and health in China. The Lan-
cet. 2012; 379(9818):843-52. https://doi.org/10.1016/S0140-6736(11)61878-3 PMID: 22386037

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 12/18


https://doi.org/10.1016/0004-6981%2873%2990140-6
https://doi.org/10.1002/qj.49710845502
https://doi.org/10.1016/j.ufug.2015.07.009
https://doi.org/10.1016/j.ufug.2015.07.009
https://doi.org/10.1038/s41586-019-1512-9
https://doi.org/10.1038/s41586-019-1512-9
http://www.ncbi.nlm.nih.gov/pubmed/31485056
https://doi.org/10.1016/s0169-5347%2898%2901363-9
https://doi.org/10.1016/s0169-5347%2898%2901363-9
http://www.ncbi.nlm.nih.gov/pubmed/21238297
https://doi.org/10.1016/j.rse.2003.10.015
https://doi.org/10.1016/S0140-6736%2811%2961878-3
http://www.ncbi.nlm.nih.gov/pubmed/22386037
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

Zhou D, Zhao S, Liu S, Zhang L, Zhu C. Surface urban heat island in China’s 32 major cities: Spatial
patterns and drivers. Remote Sensing of Environment. 2014; 152:51-61. https://doi.org/10.1016/j.rse.
2014.05.017

He B-J, Wang J, Liu H, Ulpiani G. Localized synergies between heat waves and urban heat islands:
Implications on human thermal comfort and urban heat management. Environmental Research. 2021;
193:110584. https://doi.org/10.1016/j.envres.2020.110584 PMID: 33285157

Yow DM. Urban heat islands: Observations, impacts, and adaptation. Geography Compass. 2007; 1
(6):1227-51. https://doi.org/10.1111/j.1749-8198.2007.00063.x

Oke TR, Mills G, Christen A, Voogt JA. Urban climates. 1sted. New York: Cambridge University
Press; 2017.

Oke TR. The Heat Island of the Urban Boundary Layer: Characteristics, Causes and Effects. In: Cer-
mak JE, Davenport AG, Plate EJ, Viegas DX, editors. Wind Climate in Cities. Dordrecht: Springer
Netherlands; 1995. p. 81-107.

Ferguson G, Woodbury AD. Urban heat island in the subsurface. Geophysical Research Letters.
2007; 34(23). https://doi.org/10.1029/2007GL032324

Arnfield AJ. Two decades of urban climate research: a review of turbulence, exchanges of energy and
water, and the urban heat island. International Journal of Climatology. 2003; 23(1):1-26. https://doi.
org/10.1002/joc.859

Anniballe R, Bonafoni S, Pichierri M. Spatial and temporal trends of the surface and air heat island
over Milan using MODIS data. Remote Sensing of Environment. 2014; 150:163—71. https://doi.org/10.
1016/j.rse.2014.05.005

Voogt JA, Oke TRJR. Thermal remote sensing of urban climates. Remote Sensing of Environment.
2003; 86(3):370-84. https://doi.org/10.1016/S0034-4257(03)00079-8

Deilami K, Kamruzzaman M, Liu YJIJ, Geoinformation. Urban heat island effect: A systematic review
of spatio-temporal factors, data, methods, and mitigation measures. International Journal of Applied
Earth Observation and Geoinformation. 2018; 67:30—42. https://doi.org/10.1016/j.jag.2017.12.009

Weng QH. Thermal infrared remote sensing for urban climate and environmental studies: Methods,
applications, and trends. ISPRS Journal of Photogrammetry and Remote Sensing. 2009; 64(4):335—
44. https://doi.org/10.1016/j.isprsjprs.2009.03.007

DESA. World Urbanization Prospects: The 2018 Revision 2018 [cited 2020 July 17]. Available from:
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf.

Kumar R, Mishra V, Buzan J, Kumar R, Shindell D, Huber M. Dominant control of agriculture and irriga-
tion on urban heat island in India. Scientific Reports. 2017; 7(1):14054. https://doi.org/10.1038/
s$41598-017-14213-2 PMID: 29070866

Gombe K, Asanuma |, Park J. Characterization of urban heat island (UHI) changes from MODIS times
series using principal component analysis (PCA): Case of Dar es Salaam City Tanzania. 2017 IEEE
International Geoscience and Remote Sensing Symposium (IGARSS). 2017 July 23-28; Fort Worth,
USA: IEEE; 2017. p. 1554-1557.

Ochola EM, Fakharizadehshirazi E, Adimo AO, Mukundi JB, Wesonga JM, Sodoudi S. Inter-local cli-
mate zone differentiation of land surface temperatures for Management of Urban Heat in Nairobi City,
Kenya. Urban Climate. 2020; 31:100540. https://doi.org/10.1016/j.uclim.2019.100540

Arsiso BK, Mengistu Tsidu G, Stoffberg GH, Tadesse T. Influence of urbanization-driven land use/
cover change on climate: The case of Addis Ababa, Ethiopia. Physics and Chemistry of the Earth.
2018; 105:212-28. https://doi.org/10.1016/j.pce.2018.02.009

Feyisa GL, Dons K, Meilby H. Efficiency of parks in mitigating urban heat island effect: An example
from Addis Ababa. Landscape and Urban Planning. 2014; 123:87-95. https://doi.org/10.1016/j.
landurbplan.2013.12.008

Richards DR, Edwards PJ. Using water management infrastructure to address both flood risk and the
urban heat island. International Journal of Water Resources Development. 2018; 34(4): 490—-498.
https://doi.org/10.1080/07900627.2017.1357538

Koomen E, Diogo V. Assessing potential future urban heat island patterns following climate scenarios,
socio-economic developments and spatial planning strategies. Mitigation and adaptation strategies for
global change. 2017; 22(2):287-306. https://doi.org/10.1007/s11027-015-9646-z PMID: 30197566

Han J-Y, Baik J-J, Lee H. Urban impacts on precipitation. Asia-Pacific Journal of Atmospheric Sci-
ences. 2014; 50(1):17-30. https://doi.org/10.1007/s13143-014-0016-7

Lei M, Niyogi D, Kishtawal C, Pielke RA, Beltran-Przekurat A, Nobis TE, et al. Effect of explicit urban
land surface representation on the simulation of the 26 July 2005 heavy rain event over Mumbai, India.
Atmospheric Chemistry and Physics. 2008; 8(20):5975-95. https://doi.org/10.5194/acp-8-5975-2008

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 13/18


https://doi.org/10.1016/j.rse.2014.05.017
https://doi.org/10.1016/j.rse.2014.05.017
https://doi.org/10.1016/j.envres.2020.110584
http://www.ncbi.nlm.nih.gov/pubmed/33285157
https://doi.org/10.1111/j.1749-8198.2007.00063.x
https://doi.org/10.1029/2007GL032324
https://doi.org/10.1002/joc.859
https://doi.org/10.1002/joc.859
https://doi.org/10.1016/j.rse.2014.05.005
https://doi.org/10.1016/j.rse.2014.05.005
https://doi.org/10.1016/S0034-4257%2803%2900079-8
https://doi.org/10.1016/j.jag.2017.12.009
https://doi.org/10.1016/j.isprsjprs.2009.03.007
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://doi.org/10.1038/s41598-017-14213-2
https://doi.org/10.1038/s41598-017-14213-2
http://www.ncbi.nlm.nih.gov/pubmed/29070866
https://doi.org/10.1016/j.uclim.2019.100540
https://doi.org/10.1016/j.pce.2018.02.009
https://doi.org/10.1016/j.landurbplan.2013.12.008
https://doi.org/10.1016/j.landurbplan.2013.12.008
https://doi.org/10.1080/07900627.2017.1357538
https://doi.org/10.1007/s11027-015-9646-z
http://www.ncbi.nlm.nih.gov/pubmed/30197566
https://doi.org/10.1007/s13143-014-0016-7
https://doi.org/10.5194/acp-8-5975-2008
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Meng W, Yan J, Hu H. Urban effects and summer thunderstorms in a tropical cyclone affected situa-
tion over Guangzhou city. Science in China Series D: Earth Sciences. 2007; 50(12):1867-76. https://
doi.org/10.1007/s11430-007-0142-5

Rozoff CM, Cotton WR, Adegoke JOJJ. Simulation of St. Louis, Missouri, land use impacts on thun-
derstorms. Journal of Applied Meteorology and Climatology. 2003; 42(6):716-38. https://doi.org/10.
1175/1520-0450(2003)042<0716:SOSLML>2.0.CO;2.

Smith K. The Role of the Dominant Modes of Climate Variability over Eastern Africa in Modulating the
Hydrology of Lake Victoria 2011 [cited 20 June, 2020]. Available from: http://climatechange.cs.umn.
edu/docs/ws11_Semazzi.pdf.

Verschuren D, Johnson TC, Kling HJ, Edgington DN, Leavitt PR, Brown ET, et al. History and timing of
human impact on Lake Victoria, East Africa. Proceedings of the Royal Society of London Series B: Bio-
logical Sciences. 2002; 269(1488):289-94. https://doi.org/10.1098/rspb.2001.1850 PMID: 11839198

Linard C, Gilbert M, Snow RW, Noor AM, Tatem AJ. Population distribution, settlement patterns and
accessibility across Africa in 2010. PloS one. 2012; 7(2):e31743. https://doi.org/10.1371/journal.pone.
0031743 PMID: 22363717

Asefi-Najafabady S, Vandecar KL, Seimon A, Lawrence P, Lawrence D. Climate change, population,
and poverty: vulnerability and exposure to heat stress in countries bordering the Great Lakes of Africa.
Climatic Change. 2018; 148(4):561-73. https://doi.org/10.1007/s10584-018-2211-5

Camberlin P, Gitau W, Planchon O, Dubreuil V, Funatsu BM, Philippon N. Major role of water bodies
on diurnal precipitation regimes in Eastern Africa. International Journal of Climatology. 2018; 38
(2):613-29. https://doi.org/10.1002/joc.5197

Souverijns N, Thiery W, Demuzere M, Lipzig NPMV. Drivers of future changes in East African precipi-
tation. Environmental research letters. 2016; 11(11):114011. https://doi.org/10.1088/1748-9326/11/
11/114011

Gasper R, Blohm A, Ruth M. Social and economic impacts of climate change on the urban environ-
ment. Current Opinion in Environmental Sustainability. 2011; 3(3):150-7. https://doi.org/10.1016/j.
cosust.2010.12.009

Mabasi T. Assessing the impacts, vulnerability, mitigation, and adaptation to climate change in Kam-
pala city. World Bank Fifth Urban Research Symposium; 2009 June 28-30; Marseille, France: World
Bank. p. 28-30.

Vermeiren K, Van Rompaey A, Loopmans M, Serwajja E, Mukwaya P. Urban growth of Kampala,
Uganda: Pattern analysis and scenario development. Landscape and Urban Planning. 2012; 106
(2):199-206. https://doi.org/10.1016/j.landurbplan.2012.03.006

Thiery W, Davin EL, Seneviratne Sl, Bedka K, Lhermitte SLM, van Lipzig NPM. Hazardous thunder-
storm intensification over Lake Victoria. Nature communications. 2016; 7(1):12786. https://doi.org/10.
1038/ncomms12786 PMID: 27658848

Hendrix W, Tetteh IK, Agrawal A, Semazzi F, Liao W-k, Choudhary A. Community dynamics and anal-
ysis of decadal trends in climate data. 2011 IEEE 11th International Conference on Data Mining Work-
shops; 2011 December 11-11; Vancouver, BC: IEEE. 2011. p. 9-14.

UBOS. Population Projections by District, 2015 to 2021. Uganda Bureau of Statistics, 2020. [cited 22
June, 2020]. Available from: https://www.ubos.org/population-projections-by-district-2015-t0-2021/.

Brousse O, Wouters H, Demuzere M, Thiery W, Van de Walle J, van Lipzig NPM. The local climate
impact of an African city during clear-sky conditions—Implications of the recent urbanization in Kam-
pala (Uganda). International journal of climatology. 2020. https://doi.org/10.1002/joc.6477.

Kabumbuli R, Kiwazi FW. Participatory planning, management and alternative livelihoods for poor wet-
land-dependent communities in Kampala, Uganda. African Journal of Ecology. 2009; 47(s1):154—60.
https://doi.org/10.1111/j.1365-2028.2008.01063.x

Amy Richmond IMHN. Urban informality and vulnerability: A case study in Kampala, Uganda. Urban
Science. 2018; 2(1):22. https://doi.org/10.3390/urbansci2010022

Kampala Capital City Authority. Kampala Physical Development Plan. Kampala: Kampala City Coun-
cil; 2012. [cited 25 June, 2020]. Available from: https://www.kcca.go.ug/uploads/KPDP%20Draft%
20Final%20Report.pdf.

Lwasa S. Climate change assessment for Kampala, Uganda: a summary: United Nations Human Set-
tlements Programme (UN-HABITAT) [cited 25 June, 2020]. Available from: https://unfccc.int/files/
adaptation/knowledge_resources/databases/partners_action_pledges/application/pdf/un-habitat_
furtherinfo5_060511.pdf.

Parkes B, Cronin J, Dessens O, Sultan B. Climate change in Africa: costs of mitigating heat stress. Cli-
matic Change. 2019; 154(3-4):461-76. https://doi.org/10.1007/s10584-019-02405-w

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 14/18


https://doi.org/10.1007/s11430-007-0142-5
https://doi.org/10.1007/s11430-007-0142-5
https://doi.org/10.1175/1520-0450%282003%29042%26lt%3B0716%3ASOSLML%26gt%3B2.0.CO%3B2.
https://doi.org/10.1175/1520-0450%282003%29042%26lt%3B0716%3ASOSLML%26gt%3B2.0.CO%3B2.
http://climatechange.cs.umn.edu/docs/ws11_Semazzi.pdf
http://climatechange.cs.umn.edu/docs/ws11_Semazzi.pdf
https://doi.org/10.1098/rspb.2001.1850
http://www.ncbi.nlm.nih.gov/pubmed/11839198
https://doi.org/10.1371/journal.pone.0031743
https://doi.org/10.1371/journal.pone.0031743
http://www.ncbi.nlm.nih.gov/pubmed/22363717
https://doi.org/10.1007/s10584-018-2211-5
https://doi.org/10.1002/joc.5197
https://doi.org/10.1088/1748-9326/11/11/114011
https://doi.org/10.1088/1748-9326/11/11/114011
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.landurbplan.2012.03.006
https://doi.org/10.1038/ncomms12786
https://doi.org/10.1038/ncomms12786
http://www.ncbi.nlm.nih.gov/pubmed/27658848
https://www.ubos.org/population-projections-by-district-2015-to-2021/
https://doi.org/10.1002/joc.6477
https://doi.org/10.1111/j.1365-2028.2008.01063.x
https://doi.org/10.3390/urbansci2010022
https://www.kcca.go.ug/uploads/KPDP%20Draft%20Final%20Report.pdf
https://www.kcca.go.ug/uploads/KPDP%20Draft%20Final%20Report.pdf
https://unfccc.int/files/adaptation/knowledge_resources/databases/partners_action_pledges/application/pdf/un-habitat_furtherinfo5_060511.pdf
https://unfccc.int/files/adaptation/knowledge_resources/databases/partners_action_pledges/application/pdf/un-habitat_furtherinfo5_060511.pdf
https://unfccc.int/files/adaptation/knowledge_resources/databases/partners_action_pledges/application/pdf/un-habitat_furtherinfo5_060511.pdf
https://doi.org/10.1007/s10584-019-02405-w
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Chapman S, Watson JEM, Salazar A, Thatcher M, McAlpine CA. The impact of urbanization and cli-
mate change on urban temperatures: a systematic review. Landscape Ecology. 2017; 32(10):1921—
35. https://doi.org/10.1007/s10980-017-0561-4

Douglas |, Alam K, Maghenda M, Mcdonnell Y, McLean L, Campbell J. Unjust waters: climate change,
flooding and the urban poor in Africa. Environment and urbanization. 2008; 20(1):187-205. https://doi.
org/10.1177/0956247808089156

Pérez-Molina E, Sliuzas R, Flacke J, Jetten V. Developing a cellular automata model of urban growth
to inform spatial policy for flood mitigation: A case study in Kampala, Uganda. Computers, environ-
ment and urban systems. 2017; 65:53-65.

Oleson KW, Monaghan A, Wilhelmi O, Barlage M, Brunsell N, Feddema J, et al. Interactions between
urbanization, heat stress, and climate change. Climatic Change. 2015; 129(3—4):525—41. https://doi.
org/10.1007/s10584-013-0936-8

Richards DR, Edwards PJ. Using water management infrastructure to address both flood risk and the
urban heat island. International Journal of Water Resources Development. 2017; 34(4):490-8. https://
doi.org/10.1080/07900627.2017.1357538

Amin TK, Stephen M. Landuse and transport planning in the Greater Kampala, Uganda. Geomatics
Research for Sustainable Development Conference; 2011 August 03; Uganda: Makerere University
Institutional Respository. 2012. p. 1-11.

Simwanda M, Ranagalage M, Estoque RC, Murayama Y. Spatial Analysis of Surface Urban Heat
Islands in Four Rapidly Growing African Cities. Remote sensing (Basel, Switzerland). 2019; 11
(14):1645. https://doi.org/10.3390/rs11141645

Chakraborty T, Lee X. A simplified urban-extent algorithm to characterize surface urban heat islands
on a global scale and examine vegetation control on their spatiotemporal variability. International Jour-
nal of Applied Earth Observation and Geoinformation. 2019; 74:269-80. https://doi.org/10.1016/j.jag.
2018.09.015

Semboloni F. The growth of an urban cluster into a dynamic self-modifying spatial pattern. Environ-
ment and Planning B: Planning and Design. 2000; 27(4):549—64. https://doi.org/10.1068/b2673

Slonecker ET, Jennings DB, Garofalo D. Remote sensing of impervious surfaces: A review. Remote
Sensing Reviews. 2001; 20(3):227-55. https://doi.org/10.1080/02757250109532436

Makita K. Urban and peri-urban agriculture and its zoonotic risks in Kampala, Uganda [dissertation].
Scotland: University of Edinburgh; 2009.

Asner GP. Cloud cover in Landsat observations of the Brazilian Amazon. International Journal of
Remote Sensing. 2001; 22(18):3855—-62. https://doi.org/10.1080/01431160010006926

Zhu Z, Woodcock CE. Object-based cloud and cloud shadow detection in Landsat imagery. Remote
Sensing of Environment. 2012; 118:83-94. https://doi.org/10.1016/j.rse.2011.10.028

Waske B, Braun M. Classifier ensembles for land cover mapping using multitemporal SAR imagery.
ISPRS Journal of Photogrammetry and Remote Sensing. 2009; 64(5):450-7. https://doi.org/10.1016/j.
isprsjprs.2009.01.003

Stehman SV. Selecting and interpreting measures of thematic classification accuracy. Remote Sens-
ing of Environment. 1997; 62(1):77-89. https://doi.org/10.1016/S0034-4257(97)00083-7

ESRI. How Kernel Density works 2020. Available from: https://pro.arcgis.com/en/pro-app/tool-
reference/spatial-analyst/how-kernel-density-works.htm.

Bailey TC, Gatrell AC. Interactive spatial data analysis: Longman Scientific & Technical Essex; 1995.

Davis RA, Lii K-S, Politis DN. Remarks on Some Nonparametric Estimates of a Density Function. In:
Davis RA, Lii K-S, Politis DN, editors. Selected Works of Murray Rosenblatt. New York, USA:
Springer; 2011. p. 95-100.

Parzen E. On Estimation of a Probability Density Function and Mode. The Annals of Mathematical Sta-
tistics. 1962; 33(3):1065—76. https://doi.org/10.1214/aoms/1177704472

Cai XJ, Wu ZF, Cheng J. Using kernel density estimation to assess the spatial pattern of road density
and its impact on landscape fragmentation. International Journal of Geographical Information Science.
2013; 27(2):222-30. https://doi.org/10.1080/13658816.2012.663918

Jenkins SP. Did the middle class shrink during the 1980s? UK evidence from kernel density estimates.
Economics Letters. 1995; 49(4):407—13. https://doi.org/10.1016/0165-1765(95)00698-F

Yutaka H, Shimada T. Attempt To Identify Crime Hot Spots Using Kernel Density Estimation. Reports
of the National Research Institute of Police. 2000; 40(2):30—40. https://www.ncjrs.gov/App/
Publications/abstract.aspx?|D=186696.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 15/18


https://doi.org/10.1007/s10980-017-0561-4
https://doi.org/10.1177/0956247808089156
https://doi.org/10.1177/0956247808089156
https://doi.org/10.1007/s10584-013-0936-8
https://doi.org/10.1007/s10584-013-0936-8
https://doi.org/10.1080/07900627.2017.1357538
https://doi.org/10.1080/07900627.2017.1357538
https://doi.org/10.3390/rs11141645
https://doi.org/10.1016/j.jag.2018.09.015
https://doi.org/10.1016/j.jag.2018.09.015
https://doi.org/10.1068/b2673
https://doi.org/10.1080/02757250109532436
https://doi.org/10.1080/01431160010006926
https://doi.org/10.1016/j.rse.2011.10.028
https://doi.org/10.1016/j.isprsjprs.2009.01.003
https://doi.org/10.1016/j.isprsjprs.2009.01.003
https://doi.org/10.1016/S0034-4257%2897%2900083-7
https://pro.arcgis.com/en/pro-app/tool-reference/spatial-analyst/how-kernel-density-works.htm
https://pro.arcgis.com/en/pro-app/tool-reference/spatial-analyst/how-kernel-density-works.htm
https://doi.org/10.1214/aoms/1177704472
https://doi.org/10.1080/13658816.2012.663918
https://doi.org/10.1016/0165-1765%2895%2900698-F
https://www.ncjrs.gov/App/Publications/abstract.aspx?ID=186696
https://www.ncjrs.gov/App/Publications/abstract.aspx?ID=186696
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Amstrup SC, McDonald TL, Durner GM. Using satellite radiotelemetry data to delineate and manage
wildlife populations. 2004; 32(3):661-79. https://doi.org/10.2193/0091-7648(2004)032[0661:
USRDTD]2.0.CO;2

Adeel M. Methodology for identifying urban growth potential using land use and population data: A
case study of Islamabad Zone IV. Procedia Environmental Sciences. 2010; 2:32—41. https://doi.org/
10.1016/j.proenv.2010.10.006

Leslie TF. Identification and Differentiation of Urban Centers in Phoenix Through a Multi-Criteria Ker-
nel-Density Approach. International Regional Science Review. 2009; 33(2):205-35. https://doi.org/10.
1177/0160017610365538

YangJ, ZhuJ, Sun'Y, Zhao J. Delimitating Urban Commercial Central Districts by Combining Kernel
Density Estimation and Road Intersections: A Case Study in Nanjing City, China. ISPRS international
journal of geo-information. 2019; 8(2):93. https://doi.org/10.3390/ijgi8020093

PengJ, Zhao S, Liu Y, Tian L. Identifying the urban-rural fringe using wavelet transform and kernel
density estimation: A case study in Beijing City, China. Environmental Modelling & Software. 2016;
83:286—-302. https://doi.org/10.1016/j.envsoft.2016.06.007

Silverman BW. Density estimation for statistics and data analysis. 1sted. New York: Chapman and
Hall; 1986.

Nicholson SE. A review of climate dynamics and climate variability in Eastern Africa. The limnology,
climatology and paleoclimatology of the East African lakes. 2019. pp. 25-56.

Thiery W, Davin EL, Seneviratne S, Bedka K, Lhermitte S, van Lipzig NPM. Hazardous thunderstorm
intensification over Lake Victoria. Nature Communications. 2016; 7(1):12786. https://doi.org/10.1038/
ncomms12786 PMID: 27658848

Brousse O, Wouters H, Demuzere M, Thiery W, Van de Walle J, van Lipzig NPM. The local climate
impact of an African city during clear-sky conditions—Implications of the recent urbanization in Kam-
pala (Uganda). International Journal of Climatology. 2020; 40(10):4586—608. https://doi.org/10.1002/
joc.6477

Status for: Land Surface Temperature and Emissivity (MOD11) 2018 [cited 2021 20/05/2021]. Avail-
able from: https://modis-land.gsfc.nasa.gov/ValStatus.php?ProductiD=MOD11.

Peng S, Piao S, Ciais P, Friedlingstein P, Ottle C, Bréon F-M, et al. Surface Urban Heat Island Across
419 Global Big Cities. Environmental Science & Technology. 2012; 46(2):696—703. https://doi.org/10.
1021/es2030438 PMID: 22142232

Wan Z, Zhang Y, Zhang Q, Li Z-L. Quality assessment and validation of the MODIS global land sur-
face temperature. International journal of remote sensing. 2004; 25(1):261-74. https://doi.org/10.
1080/0143116031000116417

El Kenawy AM, Hereher ME, Robaa SM. An assessment of the accuracy of MODIS land surface tem-
perature over Egypt using ground-based measurements. Remote Sensing. 2019; 11(20):2369. https://
doi.org/10.3390/rs11202369

Yuan F, Sawaya KE, Loeffelholz BC, Bauer ME. Land cover classification and change analysis of the
Twin Cities (Minnesota) Metropolitan Area by multitemporal Landsat remote sensing. Remote Sensing
of Environment. 2005; 98(2):317-28. https://doi.org/10.1016/j.rse.2005.08.006

Yang J, Wang Y, Xiu C, Xiao X, Xia J, Jin C. Optimizing local climate zones to mitigate urban heat
island effect in human settlements. Journal of Cleaner Production. 2020; 275:123767. https://doi.org/
10.1016/}.jclepro.2020.123767

Guo A, Yang J, Sun W, Xiao X, Cecilia JX, Jin C, et al. Impact of urban morphology and landscape
characteristics on spatiotemporal heterogeneity of land surface temperature. Sustainable Cities and
Society. 2020; 63:102443. https://doi.org/10.1016/j.scs.2020.102443

Ng E, Ren C. The urban climatic map: a methodology for sustainable urban planning. 1sted. New
York: Routledge; 2015.

Yang J, Zhan Y, Xiao X, Xia JC, Sun W, Li X. Investigating the diversity of land surface temperature
characteristics in different scale cities based on local climate zones. Urban Climate. 2020; 34:100700.

Bechtel B, Demuzere M, Mills G, Zhan W, Sismanidis P, Small C, et al. SUHI analysis using Local Cli-
mate Zones—A comparison of 50 cities. Urban Climate. 2019; 28:100451. https://doi.org/10.1016/j.
uclim.2019.01.005

Patil I. Visualizations with statistical details: The’ggstatsplot’approach. Journal of Open Source Soft-
ware. 2021; 6(61).

Nyakaana J, Sengendo H, Lwasa S. Population, urban development and the environment in Uganda:
the case of Kampala city and its environs. Faculty of Arts, Makerere University, Kampala, Uganda.
2007:1-24. https://doi.org/10.1186/1471-2148-7-244 PMID: 18093290

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 16/18


https://doi.org/10.2193/0091-7648%282004%29032%5B0661%3AUSRDTD%5D2.0.CO%3B2
https://doi.org/10.2193/0091-7648%282004%29032%5B0661%3AUSRDTD%5D2.0.CO%3B2
https://doi.org/10.1016/j.proenv.2010.10.006
https://doi.org/10.1016/j.proenv.2010.10.006
https://doi.org/10.1177/0160017610365538
https://doi.org/10.1177/0160017610365538
https://doi.org/10.3390/ijgi8020093
https://doi.org/10.1016/j.envsoft.2016.06.007
https://doi.org/10.1038/ncomms12786
https://doi.org/10.1038/ncomms12786
http://www.ncbi.nlm.nih.gov/pubmed/27658848
https://doi.org/10.1002/joc.6477
https://doi.org/10.1002/joc.6477
https://modis-land.gsfc.nasa.gov/ValStatus.php?ProductID=MOD11
https://doi.org/10.1021/es2030438
https://doi.org/10.1021/es2030438
http://www.ncbi.nlm.nih.gov/pubmed/22142232
https://doi.org/10.1080/0143116031000116417
https://doi.org/10.1080/0143116031000116417
https://doi.org/10.3390/rs11202369
https://doi.org/10.3390/rs11202369
https://doi.org/10.1016/j.rse.2005.08.006
https://doi.org/10.1016/j.jclepro.2020.123767
https://doi.org/10.1016/j.jclepro.2020.123767
https://doi.org/10.1016/j.scs.2020.102443
https://doi.org/10.1016/j.uclim.2019.01.005
https://doi.org/10.1016/j.uclim.2019.01.005
https://doi.org/10.1186/1471-2148-7-244
http://www.ncbi.nlm.nih.gov/pubmed/18093290
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

Hamidi S, Ewing R. A longitudinal study of changes in urban sprawl between 2000 and 2010 in the
United States. Landscape and Urban Planning. 2014; 128:72—82. https://doi.org/10.1016/j.
landurbplan.2014.04.021

Douglas I. The challenge of urban poverty for the use of green infrastructure on floodplains and wet-
lands to reduce flood impacts in intertropical Africa. Landscape and urban planning. 2018; 180:262—
72. https://doi.org/10.1016/j.landurbplan.2016.09.025

Xu G, Dong T, Cobbinah PB, Jiao L, Sumari NS, Chai B, et al. Urban expansion and form changes
across African cities with a global outlook: Spatiotemporal analysis of urban land densities. Journal of
Cleaner Production. 2019; 224:802—10. https://doi.org/10.1016/j.jclepro.2019.03.276

Azécar G, Romero H, Sanhueza R, Vega C, Aguayo M, Mufioz MD. Urbanization patterns and their
impacts on social restructuring of urban space in Chilean mid-cities: The case of Los Angeles, Central
Chile. Land Use Policy. 2007; 24(1):199-211. https://doi.org/10.1016/j.landusepol.2005.04.003

LinY, Jim CY, Deng J, Wang Z. Urbanization effect on spatiotemporal thermal patterns and changes
in Hangzhou (China). Building and Environment. 2018; 145:166—76. https://doi.org/10.1016/j.
buildenv.2018.09.020

Kahangirwe P. Linking environmental assessment and rapid urbanization in Kampala City. Impact
Assessment and Project Appraisal. 2012; 30(2):111-5. https://doi.org/10.1080/14615517.2012.
660353

Mark H, Trevor K, Brian R. Sustainable Urbanization and Poverty Reduction: A Strategy Paper for
Asia and the Pacific. Bangkok: United Nations Development Programme; 2013 30 June 2013.

Martilli A, Krayenhoff ES, Nazarian N. Is the Urban Heat Island intensity relevant for heat mitigation
studies? Urban Climate. 2020; 31:100541. https://doi.org/10.1016/j.uclim.2019.100541

Rentschler J, Braese J, Jones N, Avner P. Three feet under: The impact of floods on urban jobs, con-
nectivity, and infrastructure. Washington, DC.: World Bank; 2019.

Roth M. Review of atmospheric turbulence over cities. Quarterly Journal of the Royal Meteorological
Society. 2000; 126(564):941-90. https://doi.org/10.1002/qj.49712656409

Santamouris M, Ding L, Osmond P. Urban heat island mitigation. In: Newton P, Prasad D, Sproul A,
White S, editors. Decarbonising the Built Environment: Springer; 2019. p. 337-55.

Li X, LiJ, Fang X, Gong Y, Wang W. Case studies of the sponge city program in China. World Environ-
mental and Water Resources Congress 20162016. p. 295-308.

He B-J, Zhu J, Zhao D-X, Gou Z-H, Qi J-D, Wang J. Co-benefits approach: Opportunities for imple-
menting sponge city and urban heat island mitigation. Land Use Policy. 2019; 86:147-57. https://doi.
org/10.1016/j.landusepol.2019.05.003

Bakibinga-lbembe JD, Said VA, Mungai NWJA. Environmental laws and policies related to periodic
flooding and sedimentation in the Lake Victoria Basin (LVB) of East Africa. African Journal of Environ-
mental Science and Technology. 2011; 5(5):367—-80.

Hathway EA, Sharples S. The interaction of rivers and urban form in mitigating the Urban Heat Island
effect: A UK case study. Building and Environment. 2012; 58:14-22. https://doi.org/10.1016/].
buildenv.2012.06.013

Vélker S, Baumeister H, Classen T, Hornberg C, Kistemann T. Evidence for the temperature-mitigat-
ing capacity of urban blue space—A health geographic perspective. Erdkunde. 2013; 67:355-71.
https://doi.org/10.3112/erdkunde.2013.04.05

Thomas G, Elavinamannil Z. Urban Heat Island in a Tropical City Interlaced by Wetlands. Indian Jour-
nal of Environmental Health 2011; 5(2):234—40.

Gunawardena KR, Wells MJ, Kershaw T. Utilising green and bluespace to mitigate urban heat island
intensity. Science of The Total Environment. 2017;584-585:1040-55. https://doi.org/10.1016/j.
scitotenv.2017.01.158 PMID: 28161043

Corburn J. Cities, climate change and urban heat island mitigation: Localising global environmental
science. Urban studies. 2009; 46(2):413-27. https://doi.org/10.1177/0042098008099361

Kabano P, Harris A, Lindley S. Spatiotemporal dynamics of urban climate during the wet-dry season
transition in a tropical African city. International Journal of Biometeorology. 2021:1-12. https://doi.org/
10.1007/s00484-020-02061-1 PMID: 33409647

Twinomugisha B, Byarugaba B, Nalugya P, Kovats S, Bell J. Climate Change and Health in Uganda.
CLACC Working Paper 8. Kampala: IIED, 2008.

Lwasa S. Adapting urban areas in Africa to climate change: the case of Kampala. Current Opinion in
Environmental Sustainability. 2010; 2(3):166—71. https://doi.org/10.1016/j.cosust.2010.06.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 17/18


https://doi.org/10.1016/j.landurbplan.2014.04.021
https://doi.org/10.1016/j.landurbplan.2014.04.021
https://doi.org/10.1016/j.landurbplan.2016.09.025
https://doi.org/10.1016/j.jclepro.2019.03.276
https://doi.org/10.1016/j.landusepol.2005.04.003
https://doi.org/10.1016/j.buildenv.2018.09.020
https://doi.org/10.1016/j.buildenv.2018.09.020
https://doi.org/10.1080/14615517.2012.660353
https://doi.org/10.1080/14615517.2012.660353
https://doi.org/10.1016/j.uclim.2019.100541
https://doi.org/10.1002/qj.49712656409
https://doi.org/10.1016/j.landusepol.2019.05.003
https://doi.org/10.1016/j.landusepol.2019.05.003
https://doi.org/10.1016/j.buildenv.2012.06.013
https://doi.org/10.1016/j.buildenv.2012.06.013
https://doi.org/10.3112/erdkunde.2013.04.05
https://doi.org/10.1016/j.scitotenv.2017.01.158
https://doi.org/10.1016/j.scitotenv.2017.01.158
http://www.ncbi.nlm.nih.gov/pubmed/28161043
https://doi.org/10.1177/0042098008099361
https://doi.org/10.1007/s00484-020-02061-1
https://doi.org/10.1007/s00484-020-02061-1
http://www.ncbi.nlm.nih.gov/pubmed/33409647
https://doi.org/10.1016/j.cosust.2010.06.009
https://doi.org/10.1371/journal.pone.0254371

PLOS ONE

How urbanisation alters the intensity of the urban heat island

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

Van Aalst MK, Cannon T, Burton |. Community level adaptation to climate change: the potential role of
participatory community risk assessment. Global environmental change. 2008; 18(1):165-79. https://
doi.org/10.1016/j.gloenvcha.2007.06.002

Moser C, Satterthwaite D. Toward pro-poor adaptation to climate change in the urban centers of low-
and middle-income countries. Social dimensions of climate change: Equity and vulnerability in a warm-
ing world. 2010:231-58.

Jerneck A, Olsson L. Adaptation and the poor: development, resilience and transition. Climate Policy.
2008; 8(2):170-82. https://doi.org/10.3763/cpol.2007.0434

Ministry of Lands, Housing and Urban Development. The Uganda National Urban Policy 2017 [cited
2020 July]. Available from: https://mlhud.go.ug/wp-content/uploads/2019/07/National-Urban-Policy-
2017-printed-copy.pdf.

Bandauko E, Annan-Aggrey E, Arku G. Planning and managing urbanization in the twenty-first cen-
tury: content analysis of selected African countries’ national urban policies. Urban Research & Prac-
tice. 2021; 14(1):94—104. https://doi.org/10.1080/17535069.2020.1803641

Turok I. Turning the tide? The emergence of national urban policies in Africa. Journal of Contemporary
African Studies. 2015; 33(3):348—69. https://doi.org/10.1080/02589001.2015.1107288

Hohmann RP. National Urban Policies: a policy lever to foster a New Urban Agenda? Raumplanung.
2017; 193(5):36—43.

He B-J. Potentials of meteorological characteristics and synoptic conditions to mitigate urban heat
island effects. Urban Climate. 2018; 24:26-33. https://doi.org/10.1016/j.uclim.2018.01.004

Kabano P, Lindley S, Harris A. Evidence of urban heat island impacts on the vegetation growing sea-
son length in a tropical city. Landscape and Urban Planning. 2021; 206:103989. https://doi.org/10.
1016/j.landurbplan.2020.103989

Matthews T, Lo AY, Byrne JA. Reconceptualizing green infrastructure for climate change adaptation:
Barriers to adoption and drivers for uptake by spatial planners. Landscape and urban planning. 2015;
138:155-63. https://doi.org/10.1016/j.landurbplan.2015.02.010

Broto VC, Ensor J, Boyd E, Allen C, Seventine C, Macucule D. Participatory planning for climate com-
patible development in Maputo, Mozambique: UCL Press; 2015.

Ryan-Collins L, Ellis K, Lemma A. Climate compatible development in the infrastructure sector 2011
[cited 2020 July]. Available from: https://www.odi.org/sites/odi.org.uk/files/odi-assets/publications-
opinion-files/7141.pdf.

Lemoine-Rodriguez R, Inostroza L, Zepp H. The global homogenization of urban form. An assessment
of 194 cities across time. Landscape and Urban Planning. 2020; 204:103949. https://doi.org/10.1016/
j-landurbplan.2020.103949

Li X, Stringer LC, Dallimer M. The Spatial and Temporal Characteristics of Urban Heat Island Intensity:
Implications for East Africa’s Urban Development. Climate. 2021; 9(4):51. https://doi.org/10.3390/
cli9040051

Guenat S, Porras Lopez G, Mkwambisi D, Dallimer M. Unpacking stakeholder perceptions of the ben-
efits and challenges associated with urban greenspaces in sub-Saharan Africa. Frontiers in Environ-
mental Science. 2021;9. https://doi.org/10.3389/fenvs.2021.591512

PLOS ONE | https://doi.org/10.1371/journal.pone.0254371  July 13, 2021 18/18


https://doi.org/10.1016/j.gloenvcha.2007.06.002
https://doi.org/10.1016/j.gloenvcha.2007.06.002
https://doi.org/10.3763/cpol.2007.0434
https://mlhud.go.ug/wp-content/uploads/2019/07/National-Urban-Policy-2017-printed-copy.pdf
https://mlhud.go.ug/wp-content/uploads/2019/07/National-Urban-Policy-2017-printed-copy.pdf
https://doi.org/10.1080/17535069.2020.1803641
https://doi.org/10.1080/02589001.2015.1107288
https://doi.org/10.1016/j.uclim.2018.01.004
https://doi.org/10.1016/j.landurbplan.2020.103989
https://doi.org/10.1016/j.landurbplan.2020.103989
https://doi.org/10.1016/j.landurbplan.2015.02.010
https://www.odi.org/sites/odi.org.uk/files/odi-assets/publications-opinion-files/7141.pdf
https://www.odi.org/sites/odi.org.uk/files/odi-assets/publications-opinion-files/7141.pdf
https://doi.org/10.1016/j.landurbplan.2020.103949
https://doi.org/10.1016/j.landurbplan.2020.103949
https://doi.org/10.3390/cli9040051
https://doi.org/10.3390/cli9040051
https://doi.org/10.3389/fenvs.2021.591512
https://doi.org/10.1371/journal.pone.0254371

